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DESCRIPTION 

FIXED BED MIXED GAS/LIQUID PHASE REACTOR AND MIXED GAS/LIQUID PHASE 

REACTION PROCESS USING THE SAME 

 

TECHNICAL FIELD  

[0001] 

 The present invention relates to a fixed bed react or for 

carrying out gas/liquid mixed phase reactions and a  gas/liquid 

mixed phase reaction process, and more particularly , relates to 

a fixed bed gas/liquid mixed phase reactor having a  piping structure 

composed of microchannels that is capable of increa sing the 

efficiency of mass transfer from gas phase to liqui d phase by 10-fold 

to 100-fold in comparison with conventional reactor s by improving 

the structure of gas/liquid introduction portions, and a mixed 

gas/liquid phase reaction process that uses the sam e.  The present 

invention provides a novel technology and novel pro duct relating 

to a fixed bed mixed gas/liquid reactor and a mixed  gas/liquid phase 

reaction process thereof which make it possible to,  for example, 

safely produce hydrogen peroxide under constant con ditions and with 

high efficiency while saving energy and placing lit tle burden on 

the environment in a direct reaction process, using  a mixed gas 

of hydrogen and oxygen. 

BACKGROUND ART 

[0002] 

 In recent years, the development of continuous rea ction 

processes has aggressively proceeded using microcha nnels composed 

DESCRIPTION FIXED BED MIXED GAS/LIQUID PHASE REACTOR AND MIXED GAS/LIQUID PHASE
REACTION PROCESS USING THE SAME TECHNICAL FIELD [0001]      The present invention relates
to a fixed bed reactor for carrying out gas/liquid mixed phase reactions and a gas/liquid mixed phase
reaction process, and more particularly, relates to a fixed bed gas / liquid mixed phase reactor having a
piping structure composed of microchannels that is capable of increasing the efficiency of mass transfer
from gas phase to liquid phase by 10-fold to 100-fold in comparison with conventional reactors by
improving the structure of gas/liquid introduction portions, and a mixed gas/liquid phase reaction process
that uses the same. The present invention provides a novel technology and novel product relating to a
fixed bed mixed gas/liquid reactor and a mixed gas/liquid phase reaction process thereof which make it
possible to, for example, safely produce hydrogen peroxide under constant conditions and with high
efficiency while saving energy and placing little burden on the environment in a direct reaction process,
using a mixed gas of hydrogen and oxygen. BACKGROUND ART [0002] In recent years, the
development of continuous reaction processes has aggressively proceeded using microchannels
composed 
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of microtubes having a cross-sectional area of abou t 0.01 cm 2 or 

less.  This technology is characterized by improvin g reaction 

controllability by improving the efficiency of heat  removal by 

taking advantage of the high specific surface area of these 

microchannels, and improving reaction efficiency by  increasing the 

efficiency of mass transfer. 

[0003] 

 Known examples of being able to significantly impr ove reaction 

controllability in a continuous reaction process in clude a direct 

fluorination reaction using fluorine for the gas ph ase, and using 

microchannels to efficiently control reactions betw een hydrogen 

and oxygen (Non-Patent Document 1). 

[0004] 

 With respect to reactions within a microreactor co mposed of 

microchannels, an increase in the interface area wi thin the 

microchannels promotes mass transfer and improves r eaction 

efficiency, while an increase in specific surface a rea of the 

reactor facilitates temperature control, and these reactions are 

characterized by being able to achieve reaction con ditions and 

reaction selectivity unable to be achieved with con ventional 

reactors.  Consequently, the prior art consists nea rly entirely of 

proposals relating to microreactors, or the shape a nd size of 

microchannels, while there have been few disclosure s regarding 

optimum reaction conditions or catalyst usage envir onment in these 

reactors. 

[0005] 

of microtubes having a cross-sectional area of about 0.01 cm2 or less. This technology is characterized
by improving reaction controllability by improving the efficiency of heat removal by taking advantage of the
high specific surface area of these microchannels, and improving reaction efficiency by increasing the
efficiency of mass transfer. [0003]     Known examples of being able to significantly improve reaction
controllability in a continuous reaction process include a direct fluorination reaction using fluorine for the
gas phase, and using microchannels to efficiently control reactions between hydrogen and oxygen
(Non-Patent Document 1). [0004]     With respect to reactions within a microreactor composed of
microchannels, an increase in the interface area within the microchannels promotes mass transfer and
improves reaction efficiency, while an increase in specific surface area of the reactor facilitates
temperature control, and these reactions are characterized by being able to achieve reaction conditions
and reaction selectivity unable to be achieved with conventional reactors. Consequently, the prior art
consists nearly entirely of proposals relating to microreactors, or the shape and size of microchannels,
while there have been few disclosures regarding optimum reaction conditions or catalyst usage
environment in these reactors. [0005]       A production process of epoxy compounds characterized by
epoxidating olefin compounds from hydrogen peroxide has been proposed as an example of a production
process carried out in a microreactor using a catalyst (Patent Document 1). In this document as well,
there are no particular limitations on the oxidation catalyst used and a known oxidation catalyst can be
used, and there are also no particular limitations on the liquid distributing method used when supplying
the mixture of olefin compound and hydrogen peroxide to the microreactor, and a known method can also
be employed. However, the catalyst particle diameter disclosed in the examples is 1 micron or less, and
considerable pressure loss is predicted to occur within the microreactor. It is clear that special
considerations are required to be given to the liquid distribution method from the viewpoint of stable
operation of the reaction. [0006] 
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 A production process of epoxy compounds characteri zed by 

epoxidating olefin compounds from hydrogen peroxide  has been 

proposed as an example of a production process carr ied out in a 

microreactor using a catalyst (Patent Document 1).  In this 

document as well, there are no particular limitatio ns on the 

oxidation catalyst used and a known oxidation catal yst can be used, 

and there are also no particular limitations on the  liquid 

distributing method used when supplying the mixture  of olefin 

compound and hydrogen peroxide to the microreactor,  and a known 

method can also be employed.  However, the catalyst  particle 

diameter disclosed in the examples is 1 micron or l ess, and 

considerable pressure loss is predicted to occur wi thin the 

microreactor.  It is clear that special considerati ons are required 

to be given to the liquid distribution method from the viewpoint 

of stable operation of the reaction. 

[0006] 

 A process for carrying out hydrogenation of aldehy de compounds 

or nitro compounds under mild conditions by catalyt ic hydrogenation 

is proposed as an example of a production process c arried out in 

a microreactor using a catalyst (Patent Document 2) .  In this 

document, although the examples of hydrogenation ca talysts used 

in the microreactor include a palladium catalyst, n ickel catalyst, 

platinum catalyst and ruthenium catalyst, the mean particle 

diameter of the hydrogenation catalyst is normally preferably about 

0.1 to 100 µm and particularly preferably about 1 to 50 µm, and 

the ratio of catalyst mean particle diameter to flo w path diameter 

A process for carrying out hydrogenation of aldehyde compounds or nitro compounds under mild
conditions by catalytic hydrogenation is proposed as an example of a production process carried out in a
microreactor using a catalyst (Patent Document 2). In this document, although the examples of
hydrogenation catalysts used in the microreactor include a palladium catalyst, nickel catalyst, platinum
catalyst and ruthenium catalyst, the mean particle diameter of the hydrogenation catalyst is normally
preferably about 0.1 to 100 gm and particularly preferably about 1 to 50 gm, and the ratio of catalyst
mean particle diameter to flow path diameter  is preferably about 0.1 or less and particularly preferably
about 0.07 or less, there is no disclosure regarding the hydrogen flow rate and efficacy of the use of
hydrogen is an issue from the viewpoint of reaction efficiency. [0007]      A technology has been proposed
for producing water and at least one type of alkene and/or aralkene by allowing a hydrocarbon-containing
fluid containing an alkane or aralkane and an oxygen source into microchannels having a catalyst therein
and by allowing the hydrocarbon-containing fluid and the oxygen source to react within the microchannels
within a temperature range of 300 to 1000C (Patent Document 3). In this document as well, there are no
particular limitations on the catalyst active substance used, and any conventional effective oxidative
dehydrogenation catalyst can be contained, while there is no particular disclosure relating to the catalyst
usage environment for enhancing reaction efficiency. In addition, the target reaction of this technology is a
gas phase reaction, and it is not clear whether this technology can be applied as it is to a mixed gas/liquid
phase reaction. [0008]      Next, reactions of hydrogen and oxygen are expected to be applied to a
hydrogen peroxide production process. In the past, hydrogen peroxide has been produced by a reaction
process referred to as the anthraquinone process. In this production process, however, the anthraquinone
successively decomposes during the operation of the process, and has been indicated as having
problems 
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is preferably about 0.1 or less and particularly pr eferably about 

0.07 or less, there is no disclosure regarding the hydrogen flow 

rate and efficacy of the use of hydrogen is an issu e from the 

viewpoint of reaction efficiency. 

[0007] 

 A technology has been proposed for producing water  and at least 

one type of alkene and/or aralkene by allowing a 

hydrocarbon-containing fluid containing an alkane o r aralkane and 

an oxygen source into microchannels having a cataly st therein and 

by allowing the hydrocarbon-containing fluid and th e oxygen source 

to react within the microchannels within a temperat ure range of 

300 to 1000 °C (Patent Document 3).  In this document as well, t here 

are no particular limitations on the catalyst activ e substance used, 

and any conventional effective oxidative dehydrogen ation catalyst 

can be contained, while there is no particular disc losure relating 

to the catalyst usage environment for enhancing rea ction efficiency.  

In addition, the target reaction of this technology  is a gas phase 

reaction, and it is not clear whether this technolo gy can be applied 

as it is to a mixed gas/liquid phase reaction. 

[0008] 

 Next, reactions of hydrogen and oxygen are expecte d to be 

applied to a hydrogen peroxide production process.  In the past, 

hydrogen peroxide has been produced by a reaction p rocess referred 

to as the anthraquinone process.  In this productio n process, 

however, the anthraquinone successively decomposes during the 

operation of the process, and has been indicated as  having problems 

such as the formation of impurities resulting from decomposition products thereof contaminating the
hydrogen peroxide as the final product, and as a result thereof, studies have been conducted for many
years for replacing this process with a direct reaction process using hydrogen and oxygen that does not
result in the formation of impurities. [0009]     At present, the use of microreactor technology to a
hydrogenation step to impart higher productivity than a conventional hydrogenation reactor based on the
anthraquinone process has been disclosed as an example of a commercially implemented hydrogen
peroxide production process (Patent Document 4). In this document as well, the catalyst used in the
hydrogenation reactor is indicated having any size or geometrical shape that is compatible for the use
within microchannels, and the hydrogenation catalyst may be alternatively filled into the microreactor
channels or deposited, dispersed or coated onto a conventional catalyst support introduced therein. In
this document as well, there is no particular disclosure relating to the catalyst usage environment for
enhancing reaction efficiency. In addition, the present technology does not solve the basic problems of
anthraquinone process of successive decomposition of the anthraquinone and resulting contamination of
the hydrogen peroxide as the final product. [0010] In the production of hydrogen peroxide by a direct
reaction  process using hydrogen and oxygen, studies have been previously conducted on a reaction
system composed of an aqueous solution containing a trace amount of a stabilizer for stably recovering
hydrogen peroxide and a catalyst composed mainly of a precious metal such as palladium or gold. More
specifically, hydrogen peroxide is formed by allowing hydrogen and oxygen dissolved in water to react on
a catalyst (Non-Patent Document 2). [0011]      This direct reaction process has several problems from
the viewpoint of safety and productivity when attempting to make it industrially available. First, since the
hydrogen and oxygen form an explosive mixed gas over an extremely wide range, it was necessary to
operate under conditions in which hydrogen partial pressure was reduced to 4% or less in the prior art. In
addition, since hydrogen peroxide is formed by reaction of hydrogen and oxygen dissolved in water, it
was necessary to improve the dissolution efficiency of each component. 
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such as the formation of impurities resulting from decomposition 

products thereof contaminating the hydrogen peroxid e as the final 

product, and as a result thereof, studies have been  conducted for 

many years for replacing this process with a direct  reaction process 

using hydrogen and oxygen that does not result in t he formation 

of impurities. 

[0009] 

 At present, the use of microreactor technology to a 

hydrogenation step to impart higher productivity th an a 

conventional hydrogenation reactor based on the ant hraquinone 

process has been disclosed as an example of a comme rcially 

implemented hydrogen peroxide production process (P atent Document 

4).  In this document as well, the catalyst used in  the 

hydrogenation reactor is indicated having any size or geometrical 

shape that is compatible for the use within microch annels, and the 

hydrogenation catalyst may be alternatively filled into the 

microreactor channels or deposited, dispersed or co ated onto a 

conventional catalyst support introduced therein.  In  this 

document as well, there is no particular disclosure  relating to 

the catalyst usage environment for enhancing reacti on efficiency.  

In addition, the present technology does not solve the basic 

problems of anthraquinone process of successive dec omposition of 

the anthraquinone and resulting contamination of th e hydrogen 

peroxide as the final product. 

[0010] 

 In the production of hydrogen peroxide by a direct  reaction 

[0012]      In order to solve the problems of this direct reaction process, a continuous process technology
using microchannels is considered to be effective. For example, the inventors of the present invention
developed a microreactor by fabricating microchannels on silicon, and constructed a microreactor in
which a supported palladium catalyst was filled into the microchannels of the microreactor. [0013]       This
microreactor was effective for producing hydrogen peroxide both safely and stably despite operating
under explosive conditions in which the hydrogen content is 20 to 50% when producing hydrogen
peroxide from a mixed gas of hydrogen and oxygen. In addition, quantitative evaluation of mass transfer
from the gas phase to the liquid phase revealed that mass transfer is 10 to 100 times more efficient than
conventional reactors. [0014]      The reason why an explosive composition of a mixed gas of hydrogen
and oxygen can be handled safely by this microreactor is that propagation of the explosion is prevented
by the use of microchannels, and improvement of efficiency of mass transfer is thought to be the result of
having increased the contact interface between gas and liquid due to filling the microchannels with a
catalyst having a small particle diameter. [0015]      However, the concentration of the resulting hydrogen
peroxide was held to a low value of 0.2% by weight, this was considered to be caused by a problem with
introducing the gas and liquid phases into the microreactor based on the results of experiments consisting
of visualizing gas flow (Non-Patent Document 3). [0016] 
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process using hydrogen and oxygen, studies have bee n previously 

conducted on a reaction system composed of an aqueo us solution 

containing a trace amount of a stabilizer for stabl y recovering 

hydrogen peroxide and a catalyst composed mainly of  a precious metal 

such as palladium or gold.  More specifically, hydr ogen peroxide 

is formed by allowing hydrogen and oxygen dissolved  in water to 

react on a catalyst (Non-Patent Document 2). 

[0011] 

 This direct reaction process has several problems from the 

viewpoint of safety and productivity when attemptin g to make it 

industrially available.  First, since the hydrogen and oxygen form 

an explosive mixed gas over an extremely wide range , it was necessary 

to operate under conditions in which hydrogen parti al pressure was 

reduced to 4% or less in the prior art.  In additio n, since hydrogen 

peroxide is formed by reaction of hydrogen and oxyg en dissolved 

in water, it was necessary to improve the dissoluti on efficiency 

of each component. 

[0012] 

 In order to solve the problems of this direct reac tion process, 

a continuous process technology using microchannels  is considered 

to be effective.  For example, the inventors of the  present 

invention developed a microreactor by fabricating m icrochannels 

on silicon, and constructed a microreactor in which  a supported 

palladium catalyst was filled into the microchannel s of the 

microreactor. 

[0013] 

On the other hand, Van den Bussche et al. have disclosed a process for producing hydrogen peroxide
following the production of hydrogen and oxygen by electrolysis with respect to a hydrogen peroxide
production process based on microchannels (Patent  Documents 5 to 8). However, both the details of the
reactor and the concentration of hydrogen peroxide are unclear. [0017]      In addition, Tonkovich et al.
have provided a detailed disclosure of a reactor structure with respect to a hydrogen peroxide production
process (Patent Document 9). However, this document does not contain a detailed disclosure of the
reaction conditions, and the performance of the reactor is completely unclear. [0018]     Moreover, Lawal
et al. have proposed a reactor in which a palladium-supported catalyst is filled into SUS pipes having an
inner diameter of 775 gm, and disclosed the synthesis of hydrogen peroxide having a maximum
concentration of 1.1% by weight (Patent Document 10). However, in this reactor, a large excess gas of
hydrogen and oxygen are required to flow through the reactor in order to forma stable flow of the mixed
gas/liquid phase, thereby resulting in the problem of having to recycle the gases unreacted. [0019]
Now, in developing a continuous reactor that uses microchannels, it is essential to arrange several to
more than ten rows of microchannels in parallel, for example, in order to ensure a required production
volume while ensuring high reaction controllability. In this case, in order to realize productivity as
expected, it is necessary to make the reaction conditions uniform for each microchannel.  [0020] 
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 This microreactor was effective for producing hydr ogen 

peroxide both safely and stably despite operating u nder explosive 

conditions in which the hydrogen content is 20 to 5 0% when producing 

hydrogen peroxide from a mixed gas of hydrogen and oxygen.  In 

addition, quantitative evaluation of mass transfer from the gas 

phase to the liquid phase revealed that mass transf er is 10 to 100 

times more efficient than conventional reactors. 

[0014] 

 The reason why an explosive composition of a mixed  gas of 

hydrogen and oxygen can be handled safely by this m icroreactor is 

that propagation of the explosion is prevented by t he use of 

microchannels, and improvement of efficiency of mas s transfer is 

thought to be the result of having increased the co ntact interface 

between gas and liquid due to filling the microchan nels with a 

catalyst having a small particle diameter. 

[0015] 

 However, the concentration of the resulting hydrog en peroxide 

was held to a low value of 0.2% by weight, this was  considered to 

be caused by a problem with introducing the gas and  liquid phases 

into the microreactor based on the results of exper iments 

consisting of visualizing gas flow (Non-Patent Docu ment 3). 

[0016] 

 On the other hand, Van den Bussche et al. have dis closed a 

process for producing hydrogen peroxide following t he production 

of hydrogen and oxygen by electrolysis with respect  to a hydrogen 

peroxide production process based on microchannels (Patent 

For example, in the hydrogen peroxide production process developed by the inventors of the present
invention (Non-Patent Document 3), although ten rows of microchannels are arranged in parallel,
variations in the flow of the mixed gas/liquid phase to each microchannel were observed by visually
analyzing the flow. This was thought to be the reason for the loss of productivity in the hydrogen peroxide
production process disclosed in Non-Patent Document 3. [0021]      On the other hand, Kitamori et al.
have disclosed a parallel arrangement method by laminating glass reactors (Patent Document  11).
However, while to this method is limited to liquid phase reactions, it also has the problems, with
increasing the degree of parallel operation of an increase in the possibility of different flow rates of the
reaction solution for each microchannel due to drift which causes a decrease in the productivity of the
reactor. [0022]      In addition, Tonkovich et al. have developed a reactor in which microchannels are
arranged in parallel, and have shown that a fluid can be evenly distributed to each microchannel (Patent
Document  12). However, this document only discloses the case of distributing the flow of a single type of
fluid for this reactor, and whether or not it can be applied to a mixed gas/liquid phase reaction as in the
case of producing hydrogen peroxide is not clear.  [0023]     Moreover, Wada et al. have developed a
reactor for carrying out an ozone oxidation reaction in which 16 microchannels are arranged in parallel,
and have shown that in this reactor, post-shape structures are cumulatively fabricated within each
microchannel using microfabrication technology, and that a mixed gas/liquid phase flow is formed with an
improved mass transfer efficiency (Non-Patent Document 4). However, this reactor has problems from the
viewpoint of integrating a catalyst within the microchannels when considering application to a solid
catalyst reaction, and it is not clear whether or not an even gas-liquid mixed phase flow is formed among
the 16 microchannels under conditions in which a catalyst has been integrated. 
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Documents 5 to 8).  However, both the details of th e reactor and 

the concentration of hydrogen peroxide are unclear.  

[0017] 

 In addition, Tonkovich et al. have provided a deta iled 

disclosure of a reactor structure with respect to a  hydrogen 

peroxide production process (Patent Document 9).  H owever, this 

document does not contain a detailed disclosure of the reaction 

conditions, and the performance of the reactor is c ompletely 

unclear. 

[0018] 

 Moreover, Lawal et al. have proposed a reactor in which a 

palladium-supported catalyst is filled into SUS pip es having an 

inner diameter of 775 µm, and disclosed the synthesis of hydrogen 

peroxide having a maximum concentration of 1.1% by weight (Patent 

Document 10).  However, in this reactor, a large ex cess gas of 

hydrogen and oxygen are required to flow through th e reactor in 

order to form a stable flow of the mixed gas/liquid  phase, thereby 

resulting in the problem of having to recycle the g ases unreacted. 

[0019] 

 Now, in developing a continuous reactor that uses microchannels, 

it is essential to arrange several to more than ten  rows of 

microchannels in parallel, for example, in order to  ensure a 

required production volume while ensuring high reac tion 

controllability.  In this case, in order to realize  productivity 

as expected, it is necessary to make the reaction c onditions uniform 

for each microchannel. 

[0024]      In this manner, in the case of technologies relating to conventional microreactors composed of
microchannels, since it is difficult for the mixed gas/liquid phase reaction to accommodate industrial
production, the development of a continuous reactor using microchannels that is able to accommodate
industrial production and allow continuous reaction has been a strongly favored in the technical field.
[0025]      Patent Document 1: Japanese Patent Application Laid-open No. 2007-230908      Patent
Document 2: Japanese Patent Application Laid-open No. 20 06-2 489 72  Patent Patent Document
Document 
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[0020] 

 For example, in the hydrogen peroxide production p rocess 

developed by the inventors of the present invention  (Non-Patent 

Document 3), although ten rows of microchannels are  arranged in 

parallel, variations in the flow of the mixed gas/l iquid phase to 

each microchannel were observed by visually analyzi ng the flow.  

This was thought to be the reason for the loss of p roductivity in 

the hydrogen peroxide production process disclosed in Non-Patent 

Document 3. 

[0021] 

 On the other hand, Kitamori et al. have disclosed a parallel 

arrangement method by laminating glass reactors (Pa tent Document 

11).  However, while to this method is limited to l iquid phase 

reactions, it also has the problems, with increasin g the degree 

of parallel  operation of an increase in the possibility of 

different flow rates of the reaction solution for e ach microchannel 

due to drift which causes a decrease in the product ivity of the 

reactor. 

[0022] 

 In addition, Tonkovich et al. have developed a rea ctor in which 

microchannels are arranged in parallel, and have sh own that a fluid 

can be evenly distributed to each microchannel (Pat ent Document 

12).  However, this document only discloses the cas e of 

distributing the flow of a single type of fluid for  this reactor, 

and whether or not it can be applied to a mixed gas /liquid phase 

reaction as in the case of producing hydrogen perox ide is not clear. 

3:  4:  PCT/U52003/016210(WO/2003/106386) PCT/U52006/033851(WO/2007/027767) Patent
Document 5:  U.S. Patent Specification No. 
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[0023] 

 Moreover, Wada et al. have developed a reactor for  carrying 

out an ozone oxidation reaction in which 16 microch annels are 

arranged in parallel, and have shown that in this r eactor, 

post-shape structures are cumulatively fabricated w ithin each 

microchannel using microfabrication technology, and  that a mixed 

gas/liquid phase flow is formed with an improved ma ss transfer 

efficiency (Non-Patent Document 4).  However, this reactor has 

problems from the viewpoint of integrating a cataly st within the 

microchannels when considering application to a sol id catalyst 

reaction, and it is not clear whether or not an eve n gas-liquid 

mixed phase flow is formed among the 16 microchanne ls under 

conditions in which a catalyst has been integrated.  

[0024] 

 In this manner, in the case of technologies relati ng to 

conventional microreactors composed of microchannel s, since it is 

difficult for the mixed gas/liquid phase reaction t o accommodate 

industrial production, the development of a continu ous reactor 

using microchannels that is able to accommodate ind ustrial 

production and allow continuous reaction has been a  strongly 

favored in the technical field. 

[0025] 

 Patent Document 1: Japanese Patent Application Lai d-open No. 

2007-230908 

 Patent Document 2: Japanese Patent Application Lai d-open No. 

2006-248972 

6713036 Patent Document 6:  U.S. Patent Specification No. 7115192 Patent Document 
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 Patent Document 3: PCT/US2003/016210 (WO/2003/1063 86) 

 Patent Document 4: PCT/US2006/033851 (WO/2007/0277 67) 

 Patent Document 5: U.S. Patent Specification No. 6 713036 

 Patent Document 6: U.S. Patent Specification No. 7 115192 

 Patent Document 7: U.S. Patent Specification No. 7 192562 

 Patent Document 8: U.S. Patent Specification No. 7 195747 

 Patent Document 9: U.S. Patent Specification No. 7 029647 

 Patent Document 10: U.S. Patent Publication No. 20 06/0233695A1 

 Patent Document 11: Japanese Patent Application La id-open No. 

2002-292275 

 Patent Document 12: U.S. Patent Publication No. 20 07/0246106A1 

[0026] 

 Non-Patent Document 1: Volker Hessel, Steffen Hard t and Holger 

Loewe co-authors, "Chemical Micro Process 

Engineering-Fundamentals, Modeling and Reactions", 2004, 

publisher: Wiley-VCH Verlag GmbH & Co., KGaA, Weinh elm (ISBN: 

3-527-30741-9) 

 Non-Patent Document 2: Jose M. Campos-Martin et al ., "Hydrogen 

Peroxide Synthesis: An Outlook Beyond the Anthraqui none Process", 

Angewandte Chemie International Edition, Vol. 45, 6 962-6984 (2006) 

 Non-Patent Document 3: Tomoya Inoue et al., "Micro fabricated 

Multiphase Reactors for the Direct Synthesis of Hyd rogen Peroxide 

from Hydrogen and Oxygen", Industrial and Engineeri ng Chemistry 

Research, Vol. 46, 1153-1160 (2007) 

 Non-Patent Document 4: Yasuhiro Wada et al., "Flow  Distribution 

and Ozonolysis in Gas-Liquid Multichannel Microreac tors", 

7:  U.S. Patent Specification No. 7192562 Patent Document 8:  U.S. Patent 
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Industrial and Engineering Chemistry Research, Vol.  45, 8036-8042 

(2006) 

DISCLOSURE OF THE INVENTION 

[0027] 

 With the foregoing in view, the inventors of the p resent 

invention conducted extensive studies on the proble m of obtaining 

a hydrogen peroxide concentration near that of comm ercial hydrogen 

peroxide in a process for direct synthesis of hydro gen peroxide 

from hydrogen and oxygen without using an working s olution as in 

the conventional anthraquinone process for the purp ose of 

developing a continuous gas/liquid mixed phase reac tor that uses 

microchannels capable of accommodating industrial p roduction and 

allowing continuous reaction and gas/liquid mixed p hase reaction 

process.  As a result thereof, the inventors of the  present 

invention found that: 

 1) a reactor that consists of pipings with certain  

cross-sectional area  formed so as to satisfy certain conditions 

for cross-sectional area of a fixed bed, pressure d rop of gas 

phase/liquid phase introduction piping, pressure dr op when a liquid 

phase is allowed to flow into a fixed bed reactor, and in the case 

two or more fixed beds are arranged in parallel, a portion where 

the gas phase and liquid phase are distributed to e ach fixed bed 

and a portion where the flows from each fixed bed m erge towards 

an outlet, and/or a packing material structure that  promotes the 

formation of a mixed gas/liquid phase formed so as to satisfy the 

same conditions, is constructed, and that 

Specification No. 7195747 Patent Document 9:  U.S. Patent Specification No. 7029647  
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 2) reaction efficiency, more specifically hydrogen  yield, is 

significantly improved and hydrogen peroxide concen tration is 

increased when synthesizing hydrogen peroxide direc tly from 

hydrogen and oxygen by carrying out a reaction star ting operation 

in a reducing atmosphere followed by carrying out a  direct synthesis 

reaction of hydrogen peroxide in the presence of hy drogen and oxygen, 

and finally stopping the reaction in a reducing atm osphere, 

 thereby leading to the completion of the present i nvention. 

[0028] 

 Namely, the present invention significantly improv es 

controllability of a gas/liquid mixed phase reactio n in a fixed 

bed reactor composed of microchannels enabling a ga s/liquid mixed 

phase reaction to be carried out in which mass tran sfer from the 

gas phase to the liquid phase is 10 to 100 times mo re efficient 

than a conventional reactor. 

[0029] 

 In addition, an object of the present invention is  to provide 

a fixed bed gas/liquid mixed phase reactor and mixe d gas/liquid 

phase reaction process capable of improving product ivity while 

maintaining the characteristics of carrying out the  reaction by 

microchannels by arranging in parallel fixed bed re actors having 

microchannels capable of carrying out a gas/liquid mixed phase 

reaction at 10-100 times higher mass transfer rate from gas phase 

to liquid phase than a conventional reactor. 

[0030] 

 Moreover, an object of the present invention is to  provide a 

Patent Document 10: U.S. Patent Publication No. 2006/0233695A1 Patent Document 11: Japanese
Patent Application Laid-open No. 2002-292275      Patent Document 12: U.S. Patent Publication No.
2007/0246106A1 [0026]      Non-Patent Document 1: Volker Hessel, Steffen Hardt and Holger Loewe
co-authors, "Chemical Micro Process Engineering-Fundamentals, Modeling and Reactions", 2004,
publisher: Wiley-VCH Verlag GmbH & Co., KGaA, Weinhelm (ISBN: 3-527-30741-9)      Non-Patent
Document 2: Jose M. Campos-Martin et al., "Hydrogen Peroxide Synthesis: An Outlook Beyond the
Anthraquinone Process", Angewandte Chemie International Edition, Vol. 45, 6962-6984 (2006)
Non-Patent Document 3: Tomoya Inoue et al., "Microfabricated Multiphase Reactors for the Direct
Synthesis of Hydrogen Peroxide from Hydrogen and Oxygen", Industrial and Engineering Chemistry
Research, Vol. 46, 1153-1160 (2007)      Non-Patent Document 4: Yasuhiro Wada et al., "Flow
Distribution and Ozonolysis in Gas-Liquid Multichannel Microreactors",  Industrial and Engineering
Chemistry Research, Vol. 45, 8036-8042 (2006) DISCLOSURE OF THE INVENTION [0027] 
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fixed bed reactor composed of microchannels capable  of carrying 

out a mixed gas/liquid phase reaction at 10-100 tim es higher mass 

transfer rate from gas phase to liquid phase than a  conventional 

reactor, wherein during the direct synthesis of hyd rogen peroxide 

from hydrogen and oxygen, catalyst life is remarkab ly improved by 

starting and stopping the reaction both carried out  in a reducing 

atmosphere. 

[0031] 

 An object of the present invention is to provide a  fixed bed 

reactor allowing the obtaining of hydrogen peroxide  of 1% by weight 

or more constantly while improving productivity by,  for example, 

arranging microchannels in parallel in contrast to a conventional 

microreactor allowing the concentration of hydrogen  peroxide 

obtained to be held at a low value of 0.2% by weigh t.  Moreover, 

an object of the present invention is to provide a fixed bed mixed 

gas/liquid phase reactor with microchannels in whic h specific gas 

phase introduction portions and a liquid phase intr oduction portion 

are formed that enable an explosive composition of hydrogen and 

oxygen ｇas mixture to be handled safely, and a gas/liquid m ixed 

phase reaction process. 

[0032] 

 In order to solve the above-mentioned problems, th e present 

invention is a fixed bed reactor for carrying out a  mixed gas/liquid 

phase reaction, wherein the reactor has a piping st ructure composed 

of microchannels, with a cross-sectional area of a fixed bed being 

0.0001 cm 2 to 0.008 cm 2, a fixed bed portion, a gas phase introduction 

With the foregoing in view, the inventors of the present invention conducted extensive studies on the
problem of obtaining a hydrogen peroxide concentration near that of commercial hydrogen peroxide in a
process for direct synthesis of hydrogen peroxide from hydrogen and oxygen without using an working
solution as in the conventional anthraquinone process for the purpose of developing a continuous
gas/liquid mixed phase reactor that uses microchannels capable of accommodating industrial production
and allowing continuous reaction and gas/liquid mixed phase reaction process. As a result thereof, the
inventors of the present invention found that:      1) a reactor that consists of pipings with certain
cross-sectional area formed so as to satisfy certain conditions for cross-sectional area of a fixed bed,
pressure drop of gas phase/liquid phase introduction piping, pressure drop when a liquid phase is allowed
to flow into a fixed bed reactor, and in the case two or more fixed beds are arranged in parallel, a portion
where the gas phase and liquid phase are distributed to each fixed bed and a portion where the flows
from each fixed bed merge towards an outlet, and/or a packing material structure that promotes the
formation of a mixed gas/liquid phase formed so as to satisfy the same conditions, is constructed, and
that       2) reaction efficiency, more specifically hydrogen yield, is significantly improved and hydrogen
peroxide concentration is increased when synthesizing hydrogen peroxide directly from hydrogen and
oxygen by carrying out a reaction starting operation in a reducing atmosphere followed by carrying out a
direct synthesis reaction of hydrogen peroxide in the presence of hydrogen and oxygen, and finally
stopping the reaction in a reducing atmosphere,     thereby leading to the completion of the present
invention. [0028]      Namely, the present invention significantly improves controllability of a gas/liquid
mixed phase reaction in a fixed bed reactor composed of microchannels enabling a gas/liquid mixed
phase reaction to be carried out in which mass transfer from the gas phase to the liquid phase is 10 to
100 times more efficient than a conventional reactor. [0029]      In addition, an object of the present
invention is to provide a fixed bed gas/liquid mixed phase reactor and mixed gas/liquid phase reaction
process capable of improving productivity while maintaining the characteristics of carrying out the reaction
by microchannels by arranging in parallel fixed bed reactors having microchannels capable of carrying out
a gas/liquid mixed phase reaction at 10-100 times higher mass transfer rate from gas phase to liquid
phase than a conventional reactor. [0030] Moreover, an object of the present invention is to provide a
fixed bed reactor composed of microchannels capable of carrying out a mixed gas/liquid phase reaction at
10-100 times higher mass transfer rate from gas phase to liquid phase than a conventional reactor,
wherein during the direct synthesis of hydrogen peroxide from hydrogen and oxygen, catalyst life is
remarkably improved by starting and stopping the reaction both carried out in a reducing atmosphere. 
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portion and a liquid phase introduction portion, an d when 

∆Pg represents the pressure drop of piping of the gas p hase 

introduction portion when the gas phase has passed therethrough 

and ∆Pl represents the pressure drop when the liquid phase has passed 

through the fixed bed reactor via the liquid phase introduction 

portion, the reactor has a piping thickness structu re formed so 

as to satisfy the condition ∆Pg > 5 ∆Pl  under mixed gas/liquid phase 

reaction conditions and/or a packing material struc ture that 

promotes formation of a mixed gas/liquid phase form ed so as to 

satisfy the same conditions. 

[0033] 

 In addition, the present invention is a fixed bed reactor having 

a piping structure composed of microchannels for ca rrying out a 

gas/liquid mixed phase reaction, wherein the reacto r has two or 

more parallel fixed beds having a cross-sectional a rea of 0.0001 

cm2 to 0.008 cm 2, and the reactor has, in addition to the fixed bed s, 

a gas phase distribution portion, a portion for int roducing the 

gas phase to the fixed bed, a liquid phase distribu tion portion, 

a portion for introducing the liquid phase to the f ixed bed, and 

a packing (packed)material introduction portion and  a fluid merging 

portion, and when ∆Pg-d  and ∆Pg-i  represent respectively the pressure 

drop of the piping of the gas phase distribution po rtion and the 

gas phase introduction portion, ∆Pl-d  and ∆Pl- ｘ represent 

respectively pressure losses of the piping of the l iquid phase 

distribution portion and the liquid phase introduct ion portion, 

[0031]     An object of the present invention is to provide a fixed bed reactor allowing the obtaining of
hydrogen peroxide of 1% by weight or more constantly while improving productivity by, for example,
arranging microchannels in parallel in contrast to a conventional microreactor allowing the concentration
of hydrogen peroxide obtained to be held at a low value of 0.2% by weight. Moreover, an object of the
present invention is to provide a fixed bed mixed gas/liquid phase reactor with microchannels in which
specific gas phase introduction portions and a liquid phase introduction portion are formed that enable an
explosive composition of hydrogen and oxygen gas mixture to be handled safely, and a gas/liquid mixed
phase reaction process. [ 0032 ]      In order to solve the above-mentioned problems, the present
invention is a fixed bed reactor for carrying out a mixed gas/liquid phase reaction, wherein the reactor has
a piping structure composed of microchannels, with a cross-sectional area of a fixed bed being 0.0001
cm2 to 0.008 cm2, a f ixed bed portion, a gas phase introduction portion and a liquid phase introduction
portion, and when APg represents the pressure drop of piping of the gas phase introduction portion when
the gas phase has passed therethrough andAPIrepresents the pressure drop when the liquid phase has
passed through the fixed bed reactor via the liquid phase introduction portion, the reactor has a piping
thickness structure formed so as to satisfy the condition APg > 5AP1 under mixed gas/liquid phase
reaction conditions and/or a packing material structure that promotes formation of a mixed gas/liquid
phase formed so as to satisfy the same conditions. [0033] 
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∆Pl-p represents the pressure drop of the fixed bed porti on of the 

pressure drops when the liquid phase has passed thr ough the parallel 

arranged fixed beds, and ∆Po represents the pressure loss when the 

liquid phase has passed through the fluid merging p ortion at the 

end of the fixed bed, all of the following conditio ns 1) to 4) are 

satisfied: 

 1) a ratio of the cross-sectional area of the gas phase 

introduction portion to the cross-sectional area of  the fixed bed 

is within a range of 0.0001 to 0.05, and a ratio of  the 

cross-sectional area of the liquid phase introducti on portion to 

the cross-sectional area of the fixed bed is within  a range of 0.0003 

to 0.3; 

 2) ∆Pl-i  > 10 ∆Pl-d  and ∆Pg-i  > 10 ∆Pg-d ; 

 3) ∆Pl-p  > 2.5 ∆Po, and 

 4) ∆Pg-i  > 5 ∆Pl-p , and 

the reactor has a packing material structure in whi ch each liquid 

phase is evenly distributed in the two or more para llel fixed beds. 

[0034] 

 Moreover, the present invention is a process for c arrying out 

a gas/liquid mixed phase reaction using the fixed b ed reactor 

mentioned above 8, wherein a mixed gas/liquid phase  reaction is 

carried out by operating the fixed bed reactor unde r conditions 

such that a superficial velocity of the gas phase i s 0.01 m/s to 

10 m/s and a superficial velocity of the liquid pha se is 10 -5  m/s 

to 10 -2  m/s in a single microchannel or two or more microc hannels 

In addition, the present invention is a fixed bed reactor having a piping structure composed of
microchannels for carrying out a gas/liquid mixed phase reaction, wherein the reactor has two or more
parallel fixed beds having a cross-sectional area of 0.0001 cm2to 0.008cm2, and the reactor has, in
addition to the fixed beds, a gas phase distribution portion, a portion for introducing the gas phase to the
fixed bed, a liquid phase distribution portion, a portion for introducing the liquid phase to the fixed bed,
and a packing ( packed) material introduction portion and a fluid merging portion, andwhenAPg_g
andAPg_i represent respectively the pressure drop of the piping of the gas phase distribution portion and
the gas phase introduction portion, APlig and APlix represent respectively pressure losses of the piping of
the liquid phase distribution portion and the liquid phase introduction portion,  APl_p represents the
pressure drop of the fixed bed portion of the pressure drops when the liquid phase has passed through
the parallel arranged fixed beds, and AP, represents the pressure loss when the liquid phase has passed
through the fluid merging portion at the end of the fixed bed, all of the following conditions 1) to 4) are
satisfied:       1) a ratio of the cross-sectional area of the gas phase introduction portion to the
cross-sectional area of the fixed bed is within a range of 0.0001 to 0.05, and a ratio of the cross-sectional
area of the liquid phase introduction portion to the cross-sectional area of the fixed bed is within a range
of 0.0003 to 0.3;       2) AP' > 10API_g and APg_i > 10APg_g;       3) AP1 > 2.5AP, and       4) APg_i >
5API_p, and 
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arranged in parallel. 

[0035] 

 Next, a detailed explanation is provided of the fi rst aspect 

of the present invention. 

 The present invention is a fixed bed reactor for c arrying out 

a gas/liquid mixed phase reaction, wherein the reac tor has a piping 

structure composed of microchannels, a cross-sectio nal area of a 

fixed bed is 0.0001 cm 2 to 0.008 cm 2, and the reactor has a fixed 

bed, a gas phase introduction portion and a liquid phase 

introduction portion, and when ∆Pg represents the pressure drop of 

piping of the gas phase introduction portion when t he gas phase 

has passed therethrough and ∆Pl represents the pressure drop when 

the liquid phase has passed through the fixed bed r eactor via the 

liquid phase introduction portion, the reactor has a combination 

of piping of certain cross-sectional areas so as to  satisfy the 

condition ∆Pg > 5 ∆Pl  under gas/liquid mixed phase reaction 

conditions and/or a packing material structure that  promotes 

formation of a gas/liquid mixed phase formed so as to satisfy the 

same conditions. 

[0036] 

 In addition, the present invention is a gas/liquid  mixed phase 

reaction process for carrying out a gas/liquid mixe d phase reaction 

by using the above-mentioned fixed bed reactor, whe rein the 

gas/liquid mixed phase reaction is carried out by o perating the 

fixed bed reactor under conditions such that the su perficial 

the reactor has a packing material structure in which each liquid phase is evenly distributed in the two or
more parallel fixed beds. [0034]      Moreover, the present invention is a process for carrying out a
gas/liquid mixed phase reaction using the fixed bed reactor mentioned above 8, wherein a mixed
gas/liquid phase reaction is carried out by operating the fixed bed reactor under conditions such that a
superficial velocity of the gas phase is 0.01 m/s to 10 m/s and a superficial velocity of the liquid phase is
10-5 m/s to 10-2 m/s in a single microchannel or two or more microchannels  arranged in parallel. [0035]
Next, a detailed explanation is provided of the first aspect of the present invention.      The present
invention is a fixed bed reactor for carrying out a gas/liquid mixed phase reaction, wherein the reactor has
a piping structure composed of microchannels, a cross-sectional area of a fixed bed is 0.0001 cm2 to
0.008 cm2, and the reactor has a fixed bed, a gas phase introduction portion and a liquid phase
introduction portion, and when APg representsthe pressure drop of piping of the gas phase introduction
portion when the gas phase has passed therethrough and API represents the pressure drop when the
liquid phase has passed through the fixed bed reactor via the liquid phase introduction portion, the reactor
has a combination of piping of certain cross-sectional areas so as to satisfy the condition APg > 5AP1
under gas/liquid mixed phase reaction conditions and/or a packing material structure that promotes
formation of a gas/liquid mixed phase formed so as to satisfy the same conditions. 
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velocity of the gas phase is 0.01 m/s to 10 m/s and  the superficial 

velocity of the liquid phase is 10 -5  m/s to 10 -2  m/s. 

[0037] 

 The present invention is characterized in that, in  a fixed bed 

reactor having microchannels for carrying out a mix ed gas/liquid 

phase reaction, when ∆Pg represents the pressure drop of a gas phase 

introduction portion when the gas phase has passed therethrough 

and ∆Pl  represents the pressure drop when the liquid phase  has passed 

through the fixed bed reactor, the structure of the  fixed bed having 

a packing material, a gas phase introduction portio n, and a liquid 

phase introduction portion employ a structure havin g a combination 

of piping of certain cross-sectional areas so as to  satisfy the 

condition ∆Pg > 5 ∆Pl  under a reaction condition and/or a packing 

material structure that promotes the formation of a  gas/liquid 

mixed phase formed so as to satisfy the same condit ion. 

[0038] 

 The fixed bed reactor of the present invention has  a 

configuration enabling an operation to be carried o ut which 

consists of supplying respectively a gas phase via a gas phase 

introduction portion and a liquid phase via a liqui d phase 

introduction portion into the fixed bed composed of  micro channels, 

contacting the gas phase with the liquid phase on t he fixed bed 

micro channels followed by a gas/liquid mixed phase  formation and 

a gas/liquid mixed phase reaction, and recovering a  reaction 

product from an outlet of an outlet portion provide d at the end 

[0036]      In addition, the present invention is a gas/liquid mixed phase reaction process for carrying out a
gas/liquid mixed phase reaction by using the above-mentioned fixed bed reactor, wherein the gas/liquid
mixed phase reaction is carried out by operating the fixed bed reactor under conditions such that the
superficial  velocity of the gas phase is 0.01 m/s to 10 m/s and the superficial velocity of the liquid phase
is 10-5 m/s to 10-2 m/s. [0037]      The present invention is characterized in that, in a fixed bed reactor
having microchannels for carrying out a mixed gas/liquid phase reaction, when APg representsthe
pressure drop of a gas phase introduction portion when the gas phase has passed therethrough and API
represents the pressure drop when the liquid phase has passed through the fixed bed reactor, the
structure of the fixed bed having a packing material, a gas phase introduction portion, and a liquid phase
introduction portion employ a structure having a combination of piping of certain cross-sectional areas so
as to satisfy the condition APg > 5AP1 under a reaction condition and/or a packing material structure that
promotes the formation of a gas/liquid mixed phase formed so as to satisfy the same condition. [0038]
The fixed bed reactor of the present invention has a configuration enabling an operation to be carried out
which consists of supplying respectively a gas phase via a gas phase introduction portion and a liquid
phase via a liquid phase introduction portion into the fixed bed composed of micro channels, contacting
the gas phase with the liquid phase on the fixed bed micro channels followed by a gas/liquid mixed phase
formation and a gas/liquid mixed phase reaction, and recovering a reaction product from an outlet of an
outlet portion provided at the end  
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of the fixed bed.  The reactor may be fabricated by  coupling piping 

that satisfies the requirement of ∆Pg > 5 ∆Pl , may be fabricated as 

an integrated reactor in which microchannels that s atisfy the 

requirement are formed by processing a material tha t is stable with 

respect to the reaction conditions in the manner of  a metal plate, 

silicon plate or glass plate, or, as long as the fl ow regime of 

the gas/liquid mixed phase flow does not change, th e portion in 

which the gas/liquid mixed phase flow is formed and  the portion 

of the fixed bed where the actual reaction is carri ed out may be 

fabricated independently followed by functioning as  integral 

components of the reactor. 

[0039] 

 In the present invention, when considering that th e 

cross-sectional area of the fixed bed is 0.008 cm 2 or less and the 

cross-sectional areas of the gas phase or liquid ph ase introduction 

portion and discharge port of the discharge portion  located in the 

periphery of the fixed bed are even smaller, the re actor can be 

fabricated by using micro electromechanical system (MEMS) 

technology to form grooves as in the fixed bed, gas  phase 

introduction portion, liquid phase introduction por tion, and 

discharge portion and the like on the surface of a material such 

as a metal plate, silicon plate or glass plate used  as the material 

of the reactor and bonding the plates in which groo ves have been 

formed to form microchannels of the fixed bed, gas phase 

introduction portion, liquid phase introduction por tion and 

discharge portion and the like. 

of the fixed bed. The reactor may be fabricated by coupling piping that satisfies the requirement of APg >
5AP1, may be fabricated as an integrated reactor in which microchannels that satisfy the requirement are
formed by processing a material that is stable with respect to the reaction conditions in the manner of a
metal plate, silicon plate or glass plate, or, as long as the flow regime of the gas/liquid mixed phase flow
does not change, the portion in which the gas/liquid mixed phase flow is formed and the portion of the
fixed bed where the actual reaction is carried out may be fabricated independently followed by functioning
as integral components of the reactor. [0039]      In the present invention, when considering that the
cross-sectional area of the fixed bed is 0.008 cm2 or less and the cross-sectional areas of the gas phase
or liquid phase introduction portion and discharge port of the discharge portion located in the periphery of
the fixed bed are even smaller, the reactor can be fabricated by using micro electromechanical system
(MEMS) technology to form grooves as in the fixed bed, gas phase introduction portion, liquid phase
introduction portion, and discharge portion and the like on the surface of a material such as a metal plate,
silicon plate or glass plate used as the material of the reactor and bonding the plates in which grooves
have been formed to form microchannels of the fixed bed, gas phase introduction portion, liquid phase
introduction portion and discharge portion and the like. [0040]       In this case, specific examples of
techniques for forming grooves by MEMS technology include plasma etching, chemical etching and
drilling. In addition, examples of techniques for bonding the plates in which grooves have been formed
include thermal fusion and anodic bonding (in the case of bonding silicon and soda glass, for example) .
[0041]       From the viewpoints of maintaining a large specific surface area of the reaction pipe and taking
advantage of the characteristic of using microchannels in the reaction, the cross-sectional surface area of
the fixed bed is preferably 0.008 cm2 or less, and from the viewpoint of packing the inside of the reaction
pipe with a solid material, the fixed bed preferably has a cross-sectional area of 0.0001 cm2 or more.
Moreover, in consideration of the pressure drop, the cross-sectional area of the fixed bed portion is
preferably 0.0008 to 0.008 on12. [0042]       The fixed bed, gas phase introduction portion and liquid
phase introduction portion in the fixed bed reactor is arranged so as to locate the gas phase introduction
portion and the liquid phase introduction portion being nearer the upstream of the microchannels of the
gas phase and liquid phase to the fixed bed of the fixed bed reactor. In addition, the number of the gas
phase introduction portion and liquid phase introduction portion is not limited to one for a fixed bed, but
rather may be provided at several locations. The form of arrangement and specific configuration of the
arranged locations of the fixed bed, gas phase introduction portion, liquid phase introduction portion and
discharge portion can be arbitrarily set corresponding to the type of reaction and the purpose of use. In
addition, the specific configuration of the shape and structure of the grooves corresponding to the fixed
bed portion, gas phase introduction portion, liquid phase introduction portion and 
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[0040] 

 In this case, specific examples of techniques for forming 

grooves by MEMS technology include plasma etching, chemical etching 

and drilling.  In addition, examples of techniques for bonding the 

plates in which grooves have been formed include th ermal fusion 

and anodic bonding (in the case of bonding silicon and soda glass, 

for example). 

[0041] 

 From the viewpoints of maintaining a large specifi c surface 

area of the reaction pipe and taking advantage of t he characteristic 

of using microchannels in the reaction, the cross-s ectional surface 

area of the fixed bed is preferably 0.008 cm 2 or less, and from the 

viewpoint of packing the inside of the reaction pip e with a solid 

material, the fixed bed preferably has a cross-sect ional area of 

0.0001 cm 2 or more.  Moreover, in consideration of the pressu re drop, 

the cross-sectional area of the fixed bed portion i s preferably 

0.0008 to 0.008 cm 2. 

[0042] 

 The fixed bed, gas phase introduction portion and liquid phase 

introduction portion in the fixed bed reactor is ar ranged so as 

to locate the gas phase introduction portion and th e liquid phase 

introduction portion being nearer the upstream of t he microchannels 

of the gas phase and liquid phase to the fixed bed of the fixed 

bed reactor.  In addition, the number of the gas ph ase introduction 

portion and liquid phase introduction portion is no t limited to 

one for a fixed bed, but rather may be provided at several locations.  

discharge portion can be arbitrarily designed within the range of a suitable shape and structure for the
microchannels. [0043]      The present invention efficiently and stably formsa gas/liquid mixed phase flow
in a fixed bed by adjusting pressure drop in the gas phase introduction portion and the liquid phase
introduction portion. At this time, when APg represents the pressure loss of the gas phase introduction
piping when the gas phase has passed therethrough, and API represents the pressure loss when the
liquid phase has passed through the fixed bed reactor, a combination of piping of certain cross-sectional
areas and/or packing material structure is required to be formed so that APg > 5AP1 is maintained under
the reaction conditions. [0044]     Although the adjustment of pressure drop can be controlled with the flow
rates of the gas phase and liquid phase that pass through the gas phase introduction portion and fixed
bed portion respectively, these refer to the cases relating to reaction conditions and reaction parameters
of the reaction process. With respect to a fixed bed reactor, since the operation during which these
parameters to be considerably changed, which affects the reaction performance, the adjustment of
pressure drop is preferably carried out using the configuration of the reactor per se and the ratio of the
cross-sectional area of the gas phase introduction portion to the cross-sectional area of the fixed bed, and
more specifically, is determined by the configuration of the cross-sectional area of the fixed bed, the
pressure drop of the gas phase introduction portion piping and the pressure drop when the liquid phase
has passed through the fixed bed reactor. The range of the ratio of the cross-sectional area of the gas
phase introduction portion to the cross-sectional area of the fixed bed is preferably within the range of
0.0001 to 0.05 and more preferably within the range of 0.0002 to 0.02. Fabricating an introduction portion
whose cross-sectional area ratio is less than 0.0001 may be difficult, while in the case the cross-sectional
ratio exceeds 0.05, the introduction portion must be designed having a greater length in order to ensure
the pressure drop required for forming a stable mixed gas/liquid phase flow, thereby resulting in the size
of the microreactor being unnecessarily large, and making it undesirable. [0045]     A catalyst
corresponding to the target reaction can be filled into the fixed bed of the fixed bed reactor of the present
invention. For example, in a reactor used for the purpose of producing hydrogen 
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The form of arrangement and specific configuration of the arranged 

locations of the fixed bed, gas phase introduction portion, liquid 

phase introduction portion and discharge portion ca n be arbitrarily 

set corresponding to the type of reaction and the p urpose of use.  

In addition, the specific configuration of the shap e and structure 

of the grooves corresponding to the fixed bed porti on, gas phase 

introduction portion, liquid phase introduction por tion and 

discharge portion can be arbitrarily designed withi n the range of 

a suitable shape and structure for the microchannel s. 

[0043] 

 The present invention efficiently and stably forms  a gas/liquid 

mixed phase flow in a fixed bed by adjusting pressu re drop in the 

gas phase introduction portion and the liquid phase  introduction 

portion.  At this time, when ∆Pg represents the pressure loss of 

the gas phase introduction piping when the gas phas e has passed 

therethrough, and ∆Pl  represents the pressure loss when the liquid 

phase has passed through the fixed bed reactor, a c ombination of 

piping of certain cross-sectional areas and/or pack ing material 

structure is required to be formed so that ∆Pg > 5 ∆Pl  is maintained 

under the reaction conditions. 

[0044] 

 Although the adjustment of pressure drop can be co ntrolled with 

the flow rates of the gas phase and liquid phase th at pass through 

the gas phase introduction portion and fixed bed po rtion 

respectively, these refer to the cases relating to reaction 

peroxide using hydrogen and oxygen, a catalyst supported by precious metal particles, and preferably a
catalyst containing at least one type of precious metal selected from the group consisting of palladium,
gold and platinum, can be used. [0046]     Next, in providing an explanation about the reaction process of
the present invention, although the conditions under which the reactor is used vary considerably
according to the target reaction, since the reactor is basically a fixed bed reactor, in consideration of the
pressure drop when the liquid phase passes there through, the operation at a superficial velocity in
excess of 10-2 m/s is undesirable. On the other hand, in order to maintain the fixed bed in a state in which
it is wetted by the liquid phase, the liquid phase preferably has a linear velocity of 10-5 m/s or more.
Similarly, in consideration of drying the fixed bed during the gas/liquid mixed phase reaction and the
pressure drop acting on the gas phase introduction portion piping when the gas phase passes there
through, the gas phase is preferably not distributed at a linear velocity of more than 10 m/s, and from the
viewpoint of forming a stable mixed gas/liquid phase flow, the gas phase preferably passes through the
fixed bed at a linear velocity of 0.01 m/s or more. [0047]     Although the reactor of the present invention
can preferably be used for a mixed phase reaction of a gas phase and a liquid phase, in the case of filling
the fixed bed with a catalyst in particular, it can be preferably used for a hydrogenation reaction or oxygen
oxidation reaction and the like. Though depending on the reaction, the liquid phase component may
contain a reaction substrate, and in the case the reaction substrate is a solid, the reaction substrate may
be allowed to flow through the reactor after being dissolved in a solvent. [0048]      In the case of using the
reactor of the present invention to produce hydrogen peroxide in particular, although the gas component
contains hydrogen and oxygen, other gas components such as nitrogen may also be contained, and the
main component of the liquid phase component is preferably water and/or methanol. Water and alcohol,
preferably water and methanol, may be mixed at an arbitrary ratio corresponding to the purpose of use,
and a stabilizer for keeping the hydrogen peroxide stable can also be suitably contained. [0049] 
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conditions and reaction parameters of the reaction process.  With 

respect to a fixed bed reactor, since the operation  during which 

these parameters to be considerably changed, which affects the 

reaction performance, the adjustment of pressure dr op is preferably 

carried out using the configuration of the reactor per se and the 

ratio of the cross-sectional area of the gas phase introduction 

portion to the cross-sectional area of the fixed be d, and more 

specifically, is determined by the configuration of  the 

cross-sectional area of the fixed bed, the pressure  drop of the 

gas phase introduction portion piping and the press ure drop when 

the liquid phase has passed through the fixed bed r eactor.  The 

range of the ratio of the cross-sectional area of t he gas phase 

introduction portion to the cross-sectional area of  the fixed bed 

is preferably within the range of 0.0001 to 0.05 an d more preferably 

within the range of 0.0002 to 0.02. Fabricating an introduction 

portion whose cross-sectional area ratio is less th an 0.0001 may 

be difficult, while in the case the cross-sectional  ratio exceeds 

0.05, the introduction portion must be designed hav ing a greater 

length in order to ensure the pressure drop require d for forming 

a stable mixed gas/liquid phase flow, thereby resul ting in the size 

of the microreactor being unnecessarily large, and making it 

undesirable. 

[0045] 

 A catalyst corresponding to the target reaction ca n be filled 

into the fixed bed of the fixed bed reactor of the present invention.  

For example, in a reactor used for the purpose of p roducing hydrogen 

In order to provide a detailed explanation of the configuration of the reactor of the present invention based
on the drawings, FIG. 1 shows a drawing of the reactor of the present invention as viewed from a
direction perpendicular to the direction of the mixed gas/liquid phase flow that enables all of the
microchannels to be seen. The reactor of the present invention is composed of the fixed bed portion C-D
(of which a packing material is filled into the channels), the gas phase introduction portion A-3, and the
liquid phase introduction portion E-F, the gas phase fg and the liquid phase fl are respectively supplied to
the fixed bed portion from 3 and  F, and a gas/liquid mixed phase flow fg1 is formed within the fixed bed.
[0050]     Although FIG. 1 shows an example of the case of a gas phase flow and a liquid phase flow
being supplied to the fixed bed respectively from a single gas phase introduction portion and liquid phase
introduction portion, in the reactor of the present invention, a configuration can be suitably employed in
which the gas phase introduction portion and the liquid phase introduction portion are provided from more
than one locations to the fixed bed having the above-mentioned microchannels corresponding to the type
of reaction and the purpose of use into which the gas phase flow and the liquid phase flow can be
respectively introduced via more than one introduction portions. [0051]      In the present invention, the
pressure drop of the piping of the gas phase introduction portion is defined to mean the pressure
difference between A and D of the gas phase introduction portion and the fixed bed of when only the gas
phase has passed through the fixed bed, while the pressure drop when the liquid phase has passed
through the fixed bed reactor via the liquid phase introduction portion is defined to mean the pressure
difference between E and D of the liquid phase introduction portion and the fixed bed when only the liquid
phase has passed through the fixed bed. [0052] 
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peroxide using hydrogen and oxygen, a catalyst supp orted by 

precious metal particles, and preferably a catalyst  containing at 

least one type of precious metal selected from the group consisting 

of palladium, gold and platinum, can be used. 

[0046] 

 Next, in providing an explanation about the reacti on process 

of the present invention, although the conditions u nder which the 

reactor is used vary considerably according to the target reaction, 

since the reactor is basically a fixed bed reactor,  in consideration 

of the pressure drop when the liquid phase passes t here through, 

the operation at a superficial velocity in excess o f 10 -2  m/s is 

undesirable.  On the other hand, in order to mainta in the fixed bed 

in a state in which it is wetted by the liquid phas e, the liquid 

phase preferably has a linear velocity of 10 -5  m/s or more.  

Similarly, in consideration of drying the fixed bed  during the 

gas/liquid mixed phase reaction and the pressure dr op acting on 

the gas phase introduction portion piping when the gas phase passes 

there through, the gas phase is preferably not dist ributed at a 

linear velocity of more than 10 m/s, and from the v iewpoint of 

forming a stable mixed gas/liquid phase flow, the g as phase 

preferably passes through the fixed bed at a linear  velocity of 

0.01 m/s or more. 

[0047] 

 Although the reactor of the present invention can preferably 

be used for a mixed phase reaction of a gas phase a nd a liquid phase, 

in the case of filling the fixed bed with a catalys t in particular, 

More specifically, in the present invention, these pressure losses can be measured by installing pressure
gauges at A, D and E. Namely, API can be measured by using the difference in indicated pressures at E
and D when the only the liquid phase has passed through the fixed bed, while APg. can be measured by
using the difference in indicated pressures at A and D when only the gas phase has passed through the
fixed bed. In this case, in the case pressure loss between B and D is remarkably small in comparison with
APg. in particular, APg. can be approximately defined as the pressure loss between A and B (APg). In
addition, in the case the end (D) of the fixed bed is open to the atmosphere, the pressures measured at A
and E directly become APg. (approximately APg) and API, respectively. [0053]      In the present
invention, a fixed bed having a packing material structure of which a packing material is filled into the
microchannels is used for the fixed bed of the reactor. The packing material structure in the fixed bed has
an action that promotes formation of a gas/liquid mixed phase flow by mixing a gas phase flow fg and a
liquid phase flow fl that have been introduced into the microchannels of the fixed bed, and in this packing
material structure, it is important that the packing material be composed so as to have in addition to
catalytic action the shape and structure capable of more effectively promoting the formation of a mixed
gas/liquid phase flow. [0054]     More specifically, although it is important for the formation of the
gas/liquid mixed phase flow to be promoted by arbitrarily designing and setting the size, shape and filling
method of the packing material, the basic configuration of the packing material structure can be arbitrarily
designed corresponding to the type of reaction, types of gas phase and liquid phase used, and purpose of
using the reactor. Although a catalyst is an example of a packing material, with respect to the specific
type of catalyst, a suitable catalyst corresponding to the type of reaction can be used provided that it can
be filled into microchannels. 
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it can be preferably used for a hydrogenation react ion or oxygen 

oxidation reaction and the like. Though depending o n the reaction, 

the liquid phase component may contain a reaction s ubstrate, and 

in the case the reaction substrate is a solid, the reaction substrate 

may be allowed to flow through the reactor after be ing dissolved 

in a solvent. 

[0048] 

 In the case of using the reactor of the present in vention to 

produce hydrogen peroxide in particular, although t he gas component 

contains hydrogen and oxygen, other gas components such as nitrogen 

may also be contained, and the main component of th e liquid phase 

component is preferably water and/or methanol.  Wat er and alcohol, 

preferably water and methanol, may be mixed at an a rbitrary ratio 

corresponding to the purpose of use, and a stabiliz er for keeping 

the hydrogen peroxide stable can also be suitably c ontained. 

[0049] 

 In order to provide a detailed explanation of the configuration 

of the reactor of the present invention based on th e drawings, FIG. 

1 shows a drawing of the reactor of the present inv ention as viewed 

from a direction perpendicular to the direction of the mixed 

gas/liquid phase flow that enables all of the micro channels to be 

seen.  The reactor of the present invention is comp osed of the fixed 

bed portion C-D (of which a packing material is fil led into the 

channels), the gas phase introduction portion A-B, and the liquid 

phase introduction portion E-F, the gas phase f g and the liquid phase 

f l  are respectively supplied to the fixed bed portion  from B and 

[0055]      Essential constituents of the present invention are having a packing material structure able to
promote the formation of a mixed phase of a gas phase flow and a liquid phase flow by mixing the gas
phase flow and the liquid phase flow supplied from the gas phase introduction portion and the liquid
phase introduction portion to the microchannels of the fixed bed, with the packing material structure being
formed so as to satisfy the previously described condition of APg > 5AP1 under mixed gas/liquid phase
reaction conditions. Thus, the fixed bed reactor of the present invention is essentially distinguished from a
fixed bed reactor having a packing material structure that does not promote the formation of mixed
gas/liquid phase flow or a known fixed bed reactor having, ordinary microchannels in which a packing
material structure is  not formed so as to satisfy the previously described condition APg > 5API. [0056]
In the present invention, gas/liquid mixed phase reaction conditions refer to reaction conditions such that
the reaction is not carried out in a state in which a gas phase flow and a liquid phase flow do not form a
mixed phase or in a state in which the formation of a mixed phase is inadequate, but is implemented in a
state where a mixed phase is formed and a gas/liquid mixed phase reaction is carried out as a result of
reaction conditions such that a mixed phase is formed as a result of a gas phase flow and a liquid phase
flow supplied to the fixed bed being favorably mixed in a packing material structure, and a mixed
gas/liquid phase reaction is preferably material structure. [0057]      In the present invention, a
combination of piping of certain cross-sectional areas refers to a specific thickness structure formed as
the piping of a gas phase introduction portion and a liquid phase introduction portion composed of
microchannels so as to satisfy the condition APg > 5AP1, namely a cross-sectional area structure, while
the packing material structure refers to a specific packing material structure formed as a packing material
filled into the microchannels of the fixed bed so as to satisfy the condition APg > 5AP1, namely a packed
state of being filled with a packing material. The specific configuration of the 



 

 25 

F, and a gas/liquid mixed phase flow f g+l  is formed within the fixed 

bed. 

[0050] 

 Although FIG. 1 shows an example of the case of a gas phase 

flow and a liquid phase flow being supplied to the fixed bed 

respectively from a single gas phase introduction p ortion and 

liquid phase introduction portion, in the reactor o f the present 

invention, a configuration can be suitably employed  in which the 

gas phase introduction portion and the liquid phase  introduction 

portion are provided from more than one locations t o the fixed bed 

having the above-mentioned microchannels correspond ing to the type 

of reaction and the purpose of use into which the g as phase flow 

and the liquid phase flow can be respectively intro duced via more 

than one introduction portions. 

[0051] 

 In the present invention, the pressure drop of the  piping of 

the gas phase introduction portion is defined to me an the pressure 

difference between A and D of the gas phase introdu ction portion 

and the fixed bed of when only the gas phase has pa ssed through 

the fixed bed, while the pressure drop when the liq uid phase has 

passed through the fixed bed reactor via the liquid  phase 

introduction portion is defined to mean the pressur e difference 

between E and D of the liquid phase introduction po rtion and the 

fixed bed when only the liquid phase has passed thr ough the fixed 

bed. 

[0052] 

cross-sectional shape of the microchannels of the gas phase introduction portion, the liquid introduction
portion, and the fixed bed can be arbitrarily designed corresponding to their purpose of use and a
preferable fabrication method that achieves the purpose. [0058]      The reactor of the present invention
does not simply have the piping structure composed of microchannels, but rather is essentially
distinguished from a reactor composed of microchannels in that the cross-sectional area of the fixed bed
has values on both ends of the range of 0.0001 cm2to 0.008 cm2 or a specific value within that range, the
reactor has a fixed bed along with a gas phase introduction portion and a liquid phase introduction
portion, and when APg represents the pressure loss of the piping of the gas phase introduction portion
when the gas phase has passed therethrough and API represents the pressure loss when the liquid
phase has passed through the fixed bed reactor via the liquid phase introduction portion, has a piping
thickness structure formed so as to satisfy the condition APg > 5AP1 under mixed gas/liquid phase
reaction conditions, and/or a packing material structure that promotes the formation of a mixed gas/liquid
phase formed so as to satisfy the same condition, as essential constituents thereof. [0059]      Next, an
explanation is provided of a second aspect of the present invention.      The present invention is
characterized in that, in a fixed bed reactor for carrying out a mixed gas/liquid phase reaction, the reactor
has a piping structure composed of microchannels, has two or more parallel fixed beds having a
cross-sectional area of 0.0001 to 0.008 cm2, and has, in addition to the fixed beds, a gas phase
distribution portion, a portion for introducing the gas phase to the fixed bed, a liquid phase distribution
portion, a portion for introducing the liquid phase to the fixed bed, a packing material introduction portion,
and a fluid merging portion. In the present invention, although normally several to more than ten fixed
beds are arranged in parallel, the number of fixed beds arranged in parallel can be suitably set to a
suitable range of two or more. [0060]      In the present invention, when APg_d and APg_i represent
respectively the pressure drop of the piping of a gas phase distribution portion and the pressure drop of a
gas phase introduction portion, APlig and API_1 represent respectively the pressure drop of the piping of
a liquid phase distribution portion and the pressure drop of a liquid phase introduction portion, APl_p
represents the pressure loss of a fixed bed portion of the pressure drops when a liquid phase has passed
through the parallely arranged fixed beds, and AP, represents the pressure loss when the liquid phase
has passed through the fluid merging portion located at the end of the fixed bed, then all of the following
conditions 1) to 4) are satisfied, and in the case of two or more fixed beds arranged in parallel, the reactor
of the present invention has a packing material structure in which each liquid is evenly distributed: 
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 More specifically, in the present invention, these  pressure 

losses can be measured by installing pressure gauge s at A, D and 

E.  Namely, ∆Pl  can be measured by using the difference in indicat ed 

pressures at E and D when the only the liquid phase  has passed through 

the fixed bed, while ∆Pg' can be measured by using the difference 

in indicated pressures at A and D when only the gas  phase has passed 

through the fixed bed. In this case, in the case pr essure loss 

between B and D is remarkably small in comparison w ith ∆Pg' in 

particular, ∆Pg' can be approximately defined as the pressure loss  

between A and B ( ∆Pg).  In addition, in the case the end (D) of the 

fixed bed is open to the atmosphere, the pressures measured at A 

and E directly become ∆Pg' (approximately ∆Pg) and ∆Pl , 

respectively. 

[0053] 

 In the present invention, a fixed bed having a pac king material 

structure of which a packing material is filled int o the 

microchannels is used for the fixed bed of the reac tor.  The packing 

material structure in the fixed bed has an action t hat promotes 

formation of a gas/liquid mixed phase flow by mixin g a gas phase 

flow f g and a liquid phase flow f l  that have been introduced into 

the microchannels of the fixed bed, and in this pac king material 

structure, it is important that the packing materia l be composed 

so as to have in addition to catalytic action the s hape and structure 

capable of more effectively promoting the formation  of a mixed 

gas/liquid phase flow. 

1) the ratio of the cross-sectional area of the gas phase introduction portion to the cross-sectional area of
the fixed bed is within the range of 0.0001 to 0.05, and the ratio of the cross-sectional area of the liquid
phase introduction portion to the cross-sectional area of the fixed bed is within the range of 0.0003 to 0.3,
2) AP' > 1 OAPI_g and APg_i > 1 OAPg_g,       3) AP1 > 2.5AP, and       4) APg_i > 5API_p. [0061]      In
addition, the present invention is mixed gas/liquid phase reaction process for carrying out a mixed
gas/liquid phase reaction by using the fixed bed reactor described above, wherein the mixed gas/liquid
phase reaction is carried out by operating the fixed bed reactor under conditions such that the linear
velocity of the gas phase is 0.01 to 10 m/s and the linear velocity of the liquid phase is 10-5 to 10-2 m/s in
each of parallely arranged microchannels [0062]      In the fixed bed reactor of the present invention, the
gas phase supplied for reaction from the gas phase introduction portion is introduced into the
microchannels of the fixed beds, the liquid phase supplied for reaction from the liquid phase introduction
portion is introduced to the microchannels of the fixed beds, and, after the gas phase and the liquid phase
have been dispersed into each of the parallely arranged microchannels by a branching structure using the
portion for introducing the gas phase to the fixed bed and the portion for introducing the liquid phase to
the fixed bed, the gas phase and the liquid phase are contacted in the fixed bed microchannels having a
packing material structure. [0063]      Next, after having carried out the formation of a gas/liquid mixed
phase and a mixed gas/liquid phase reaction, a procedure is carried out whereby a reaction product is
discharged from a discharge portion provided in the fixed bed. The reactor may be fabricated by coupling
piping, or may be fabricated as an integrated reactor in which microchannels that satisfy the
above-mentioned conditions are formed by processing a material that is stable with respect to the
reaction conditions such as a metal plate, silicon plate or glass plate. [0064] 
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[0054] 

 More specifically, although it is important for th e formation 

of the gas/liquid mixed phase flow to be promoted b y arbitrarily 

designing and setting the size, shape and filling m ethod of the 

packing material, the basic configuration of the pa cking material 

structure can be arbitrarily designed corresponding  to the type 

of reaction, types of gas phase and liquid phase us ed, and purpose 

of using the reactor.  Although a catalyst is an ex ample of a packing 

material, with respect to the specific type of cata lyst, a suitable 

catalyst corresponding to the type of reaction can be used provided 

that it can be filled into microchannels. 

[0055] 

 Essential constituents of the present invention ar e having a 

packing material structure able to promote the form ation of a mixed 

phase of a gas phase flow and a liquid phase flow b y mixing the 

gas phase flow and the liquid phase flow supplied f rom the gas phase 

introduction portion and the liquid phase introduct ion portion to 

the microchannels of the fixed bed, with the packin g material 

structure being formed so as to satisfy the previou sly described 

condition of ∆Pg > 5 ∆Pl  under mixed gas/liquid phase reaction 

conditions.  Thus, the fixed bed reactor of the pre sent invention 

is essentially distinguished from a fixed bed react or having a 

packing material structure that does not promote th e formation of 

mixed gas/liquid phase flow or a known fixed bed re actor having, 

ordinary microchannels in which a packing material structure is 

At this time, in addition to the fixed bed, the reactor has a gas phase distribution portion, a portion for
introducing the gas phase to the fixed bed, a liquid phase distribution portion, a portion for introducing the
liquid phase to the fixed bed, a packing material introduction portion and a fluid merging portion, and
when APg_d and APg_i represent respectively the pressure drop of the piping of the gas phase
distribution portion and the pressure drop of the gas phase introduction portion, APild and APili represent
respectively the pressure drop of the piping of the liquid phase distribution portion and the pressure drop
of the liquid phase introduction portion, APl_p represents the pressure drop of the fixed bed portion of
pressure drop when the liquid phase has passed through the parallel arranged fixed beds, and AP,
represents the pressure drop when the liquid phase has passed through the fluid merging portion
following the fixed bed, the reactor is required to form a piping thickness structure and/or packing material
structure such that all of the following conditions 1) to 4) are satisfied:       1) the ratio of the surface area
of the gas phase introduction portion to the surface area of the fixed bed is within the range of 0.0001 to
0.05, and the ratio of the surface area of the liquid phase introduction portion to the surface area of the
fixed bed is within the range of 0.0003 to 0.3,       2) AP' > 10AP1_, and APg_i > 1 OAPg_,,       3) APl_p >
2.5AP" and       4) APg_i > [0065]     More specifically, the fixed bed reactor is defined by the configuration
of the cross-sectional area of the fixed bed, the pressure loss of the gas phase introduction piping and the
pressure loss when the liquid phase has passed through the fixed bed reactor. The range of the ratio of
the cross-sectional area of the gas phase introduction portion to the cross-sectional area of the fixed bed 
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not formed so as to satisfy the previously describe d condition ∆Pg 

> 5 ∆Pl . 

[0056] 

 In the present invention, gas/liquid mixed phase r eaction 

conditions refer to reaction conditions such that t he reaction is 

not carried out in a state in which a gas phase flo w and a liquid 

phase flow do not form a mixed phase or in a state in which the 

formation of a mixed phase is inadequate, but is im plemented in 

a state where a mixed phase is formed and a gas/liq uid mixed phase 

reaction is carried out as a result of reaction con ditions such 

that a mixed phase is formed as a result of a gas p hase flow and 

a liquid phase flow supplied to the fixed bed being  favorably mixed 

in a packing material structure, and a mixed gas/li quid phase 

reaction is preferably material structure. 

 [0057] 

 In the present invention, a combination of piping of certain 

cross-sectional areas refers to a specific thicknes s structure 

formed as the piping of a gas phase introduction po rtion and a liquid 

phase introduction portion composed of microchannel s so as to 

satisfy the condition ∆Pg > 5 ∆Pl , namely a cross-sectional area 

structure, while the packing material structure ref ers to a 

specific packing material structure formed as a pac king material 

filled into the microchannels of the fixed bed so a s to satisfy 

the condition ∆Pg > 5 ∆Pl , namely a packed state of being filled with 

a packing material.  The specific configuration of the 

is within the range of 0.0001 to 0.05 and preferably within the range of 0.0002 to 0.02. In addition, the
ratio of the cross-sectional area of the liquid phase introduction portion to the cross-sectional area of the
fixed bed is within the range of 0.0003 to 0.3 and preferably within the range of 0.001 to 0.1. [0066]
Next, in providing an explanation of the reaction process of a gas/liquid mixed phase reaction of the
present invention, although the conditions under which the reactor is used vary considerably according to
the target reaction, since the reactor is basically a fixed bed reactor, in consideration of the pressure drop
when the liquid phase passes there through, it is preferably operated at a linear velocity of the liquid
phase of 10-2 m/s or less. On the other hand, in order to maintain the fixed bed in a state in which it is
wetted by the liquid phase, the liquid phase preferably has a linear velocity of 10-5 m/s or more. Similarly,
in consideration of drying the fixed bed during the mixed gas/liquid phase reaction and the pressure drop
acting on the gas phase introduction portion piping when the gas phase passes therethrough, the gas
phase is preferably not distributed at a linear velocity of more than 10 m/s, and from the viewpoint of
forming a stable mixed gas/liquid phase flow, the gas phase preferably passes through the fixed bed at a
linear velocity of 0.01 m/s or more. [0067]      FIG. 2 shows an explanatory drawing as viewed from a
direction perpendicular to the direction of the gas/liquid mixed phase flow  that enables all of the
microchannels to be seen in order to provide a detailed explanation of the configuration of the fixed bed
reactor of the present invention based on the drawings. In this drawing, the reference symbol 0
represents the flow merging portion, while the reference symbol G+L represents a gas/liquidmixed phase
outlet of the gas phase and liquid phase. [0068]      The fixed bed reactor of the present invention is
composed of a gas phase inlet (G), a liquid phase inlet (L), a gas phase distribution portion (Gd), a liquid
phase distribution portion (Ld), a packing material introduction portion (S-S'), a fixed bed portion from Ck
to Dk (where a packing material is filled into a channel), a gas phase introduction portion from Ak to Bk,
and a liquid phase introduction portion from Ek to Fk (wherein, k represents a natural number from 1 to n,
and corresponds to the number of parallel channels). [0069] APg_drepresents the pressure loss of the
gas phase distribution portion, APild represents the pressure loss of the liquid phase 
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cross-sectional shape of the microchannels of the g as phase 

introduction portion, the liquid introduction porti on, and the 

fixed bed can be arbitrarily designed corresponding  to their 

purpose of use and a preferable fabrication method that achieves 

the purpose. 

 [0058] 

 The reactor of the present invention does not simp ly have the 

piping structure composed of microchannels, but rat her is 

essentially distinguished from a reactor composed o f microchannels 

in that the cross-sectional area of the fixed bed h as values on 

both ends of the range of 0.0001 cm 2 to 0.008 cm 2 or a specific value 

within that range, the reactor has a fixed bed alon g with a gas 

phase introduction portion and a liquid phase intro duction portion, 

and when ∆Pg represents the pressure loss of the piping of the gas 

phase introduction portion when the gas phase has p assed 

therethrough and ∆Pl represents the pressure loss when the liquid 

phase has passed through the fixed bed reactor via the liquid phase 

introduction portion, has a piping thickness struct ure formed so 

as to satisfy the condition  ∆Pg > 5 ∆Pl  under mixed gas/liquid phase 

reaction conditions, and/or a packing material stru cture that 

promotes the formation of a mixed gas/liquid phase formed so as 

to satisfy the same condition, as essential constit uents thereof. 

[0059] 

 Next, an explanation is provided of a second aspec t of the 

present invention. 

distribution portion, and AP, represents the pressure loss that occurs at the merging portion (0) when only
a liquid phase has passed through the reactor. In addition, fgkrepresents the gas phase flow introduced to
the kth fixed bed, flk represents the liquid phase flow introduced to the kth fixed bed, and fg*g_k
represents the mixed gas/liquid phase flow that passes through the kth fixed bed.  [0070]      Prior to the
reaction, a packing material such as a catalyst is introduced into each microchannel Ck-Dk via the
packing material introduction portion S-S'. During the reaction, a gas phase component is distributed to
the parallely arranged microchannels from the gas phase inlet G via the gas phase distribution portion
Gd, and with respect to the liquid phase component, the gas phase flow fg and the liquid phase flow fl are
supplied respectively from B and F to the fixed bed portion, and the gas/liquid mixed phase flow fggl is
formed within the fixed bed. [0071]     Although FIG. 2 shows an example in the case of a gas phase flow
and a liquid phase flow being supplied to a fixed bed from a single gas phase introduction portion and
liquid phase introduction portion with respect to each parallely arranged fixed bed microchannel, the fixed
bed reactor of the present invention can be suitably composed corresponding to the type and purpose of
use of the reaction such that the gas phase introduction portion and the liquid phase introduction portion
are provided from more than one locations to the fixed bed having the above-mentioned microchannels,
and the gas phase flow and the liquid phase flow are respectively able to be introduced to the fixed bed
via more than one introduction portions. In addition, although FIG. 2 shows a structure in which all the
microchannels can be filled with a packed material such as a catalyst simultaneously, a structure may
also be employed in which each microchannel can be filled  separately. [0072]      FIG. 3 shows an
explanatory drawing of the kth gas phase introduction portion, liquid phase introduction portion and fixed
bed portion. The reference symbol Ck-Dk represents the fixed bed portion, Ak-Bk the gas phase
introduction portion, and Ek-Fk the liquid phase introduction portion, while fgk represents the gas phase
flow introduced to the kth fixed bed, f 1k represents the liquid phase flow introduced to the kth fixed bed,
and fgil_k represents the mixed gas/liquid phase flow that flows through the kth fixed 
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 The present invention is characterized in that, in  a fixed bed 

reactor for carrying out a mixed gas/liquid phase r eaction, the 

reactor has a piping structure composed of microcha nnels, has two 

or more parallel fixed beds having a cross-sectiona l area of 0.0001 

to 0.008 cm 2, and has, in addition to the fixed beds, a gas pha se 

distribution portion, a portion for introducing the  gas phase to 

the fixed bed, a liquid phase distribution portion,  a portion for 

introducing the liquid phase to the fixed bed, a pa cking material 

introduction portion, and a fluid merging portion.  In the present 

invention, although normally several to more than t en fixed beds 

are arranged in parallel, the number of fixed beds arranged in 

parallel can be suitably set to a suitable range of  two or more. 

[0060] 

 In the present invention, when ∆Pg-d  and ∆Pg-i  represent 

respectively the pressure drop of the piping of a g as phase 

distribution portion and the pressure drop of a gas  phase 

introduction portion, ∆Pl-d  and ∆Pl-I  represent respectively the 

pressure drop of the piping of a liquid phase distr ibution portion 

and the pressure drop of a liquid phase introductio n portion, ∆Pl-p 

represents the pressure loss of a fixed bed portion  of the pressure 

drops when a liquid phase has passed through the pa rallely arranged 

fixed beds, and ∆Po represents the pressure loss when the liquid 

phase has passed through the fluid merging portion located at the 

end of the fixed bed, then all of the following con ditions 1) to 

4) are satisfied, and in the case of two or more fi xed beds arranged 

bed. In addition, APg_ik represents the pressure loss of the gas phase introduction portion, APilik
represents the pressure loss of the liquid phase introduction portion, and API_pk represents the pressure
loss that occurs when only the liquid phase passes through the fixed bed. [0073]      In the present
invention, the pressure loss APg_gof the piping of a gas phase distribution portion can be defined as the
pressure drop that occurs in the gas phase distribution portion Gd when the gas phase has passed
through, and more specifically, can be defined as the pressure drop that occurs between the beginning of
the branching and the end of the branching (Ak). Thus, although this pressure loss can originally be
defined as APg_gk for each branch, in the case the dispersions in each branch are clearly insignificant, it
can be defined as APg_g by using the average value of (APg_g)k  as a representative value. In addition,
the pressure drop APg_i of the gas phase introduction portion can be defined as the pressure drop of the
gas phase introduction portion Ak-Bk (where, k is a natural number of 1 to n), and although this pressure
loss is originally defined as APg_ik for each introduction portion, in the case the dispersions in each
introduction portion are clearly insignificant, it can be defined as APg_iby using the average value of
APg_jj, as a representative value. Similarly, the pressure drop 
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in parallel, the reactor of the present invention h as a packing 

material structure in which each liquid is evenly d istributed:  

 1) the ratio of the cross-sectional area of the ga s phase 

introduction portion to the cross-sectional area of  the fixed bed 

is within the range of 0.0001 to 0.05, and the rati o of the 

cross-sectional area of the liquid phase introducti on portion to 

the cross-sectional area of the fixed bed is within  the range of 

0.0003 to 0.3, 

 2) ∆Pl-i  > 10 ∆Pl-d  and ∆Pg-i  > 10 ∆Pg-d , 

 3) ∆Pl-p  > 2.5 ∆Po, and 

 4) ∆Pg-i  > 5 ∆Pl-p . 

[0061] 

 In addition, the present invention is mixed gas/li quid phase 

reaction process for carrying out a mixed gas/liqui d phase reaction 

by using the fixed bed reactor described above, whe rein the mixed 

gas/liquid phase reaction is carried out by operati ng the fixed 

bed reactor under conditions such that the linear v elocity of the 

gas phase is 0.01 to 10 m/s and the linear velocity  of the liquid 

phase is 10 -5  to 10 -2  m/s in each of parallely arranged microchannels. 

[0062] 

 In the fixed bed reactor of the present invention,  the gas phase 

supplied for reaction from the gas phase introducti on portion is 

introduced into the microchannels of the fixed beds , the liquid 

phase supplied for reaction from the liquid phase i ntroduction 

portion is introduced to the microchannels of the f ixed beds, and, 

APlig of the piping of the liquid phase distribution portion can be defined as the pressure drop that occurs
in the liquid phase distribution portion Ld when the liquid phase has passed through, and more
specifically, can be defined as the pressure drop that occurs between the beginning of branching and the
end of the branching (Ek). Thus, although this pressure loss is originally defined as API_gk for each
branch, in the case the dispersions in each branch are clearly insignificant, it can be defined as AP1_,T
by using the average value of (API_g)k as a representative value. In addition, the pressure drop APili of
the liquid phase introduction portion can be defined as the pressure drop of Ek-Fk (wherein, k is a natural
number of 1 to n), and although this pressure drop is originally defined as APilik for each introduction
portion, in the case the dispersions in each introduction portion are clearly insignificant, it can be defined
as APiliby using the average value of APilik as a representative value. 
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after the gas phase and the liquid phase have been dispersed into 

each of the parallely arranged microchannels by a b ranching 

structure using the portion for introducing the gas  phase to the 

fixed bed and the portion for introducing the liqui d phase to the 

fixed bed, the gas phase and the liquid phase are c ontacted in the 

fixed bed microchannels having a packing material s tructure. 

[0063] 

 Next, after having carried out the formation of a gas/liquid 

mixed phase and a mixed gas/liquid phase reaction, a procedure is 

carried out whereby a reaction product is discharge d from a 

discharge portion provided in the fixed bed.  The r eactor may be 

fabricated by coupling piping, or may be fabricated  as an integrated 

reactor in which microchannels that satisfy the abo ve-mentioned 

conditions are formed by processing a material that  is stable with 

respect to the reaction conditions such as a metal plate, silicon 

plate or glass plate. 

[0064] 

 At this time, in addition to the fixed bed, the re actor has 

a gas phase distribution portion, a portion for int roducing the 

gas phase to the fixed bed, a liquid phase distribu tion portion, 

a portion for introducing the liquid phase to the f ixed bed, a 

packing material introduction portion and a fluid m erging portion, 

and when ∆Pg-d  and ∆Pg-i  represent respectively the pressure drop 

of the piping of the gas phase distribution portion  and the pressure 

drop of the gas phase introduction portion, ∆Pl-d  and ∆Pl-i  represent 

[0074]     Moreover, the pressure drop that occurs when only a liquid phase has passed through a fixed
bed can be defined as Plip, while the pressure drop that occurs in the merging portion (0) when only a
liquid phase has passed through the reactor can be defined as AP0. As shown in FIG. 3, although API_p
is the pressure drop that occurs between Fk and Dk when the liquid phase has passed through the fixed
bed, if the pressure drop that occurs between Ck and Fk when the liquid phase passes through is
sufficiently small such as when Fk and Ck are in close proximity, it may be approximately treated as the
pressure drop that occurs between Ck and Dk. Thus, although API_p is also defined as (APlip)k for each
fixed bed, in the case variations in each fixed bed are clearly insignificant, it can be defined as API_p by
using the average value of (API_I)k as a representative value. In addition, although AP, is originally
defined as (AP0)k between the end portion Dk of the fixed bed and a merging point, in the case the
variations in each are clearly small, it can be defined as AP, by using the average value of (APo)k as a
representative value. [0075]     Although pressure can be measured by attaching a pressure gauge to the
above mentioned portion of the reactor, in cases in which it is difficult to attach a pressure gauge, the
estimation of pressure drop according to the following equations is effective within the scope of the
present invention. For example, the  following Hagen-Poiseuille equation is effective for estimating the
pressure drop in a gas introduction channel and liquid introduction channel. With respect to fluids flowing
through circular piping, the pressure drop can be represented by the Hagen-Poiseuille equation. 
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respectively the pressure drop of the piping of the  liquid phase 

distribution portion and the pressure drop of the l iquid phase 

introduction portion, ∆Pl-p  represents the pressure drop of the 

fixed bed portion of pressure drop when the liquid phase has passed 

through the parallel arranged fixed beds, and ∆Po represents the 

pressure drop when the liquid phase has passed thro ugh the fluid 

merging portion following the fixed bed, the reacto r is required 

to form a piping thickness structure and/or packing  material 

structure such that all of the following conditions  1) to 4) are 

satisfied: 

 1) the ratio of the surface area of the gas phase introduction 

portion to the surface area of the fixed bed is wit hin the range 

of 0.0001 to 0.05, and the ratio of the surface are a of the liquid 

phase introduction portion to the surface area of t he fixed bed 

is within the range of 0.0003 to 0.3, 

 2) ∆Pl-i  > 10 ∆Pl-d  and ∆Pg-i  > 10 ∆Pg-d , 

 3) ∆Pl-p  > 2.5 ∆Po, and 

 4) ∆Pg-i  > 5 ∆Pl-p . 

[0065] 

 More specifically, the fixed bed reactor is define d by the 

configuration of the cross-sectional area of the fi xed bed, the 

pressure loss of the gas phase introduction piping and the pressure 

loss when the liquid phase has passed through the f ixed bed reactor.  

The range of the ratio of the cross-sectional area of the gas phase 

introduction portion to the cross-sectional area of  the fixed bed 

[0076] [Equation 1] (-AP) -(1) [0077]      On the other hand, the estimation by the following Ergun equation
is effective for estimating the pressure drop according to the flow within a fixed bed. [0078] [Equation 2]
EAllk- .fir:Pt(2) L  
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is within the range of 0.0001 to 0.05 and preferabl y within the 

range of 0.0002 to 0.02.  In addition, the ratio of  the 

cross-sectional area of the liquid phase introducti on portion to 

the cross-sectional area of the fixed bed is within  the range of 

0.0003 to 0.3 and preferably within the range of 0. 001 to 0.1. 

[0066] 

 Next, in providing an explanation of the reaction process of 

a gas/liquid mixed phase reaction of the present in vention, 

although the conditions under which the reactor is used vary 

considerably according to the target reaction, sinc e the reactor 

is basically a fixed bed reactor, in consideration of the pressure 

drop when the liquid phase passes there through, it  is preferably 

operated at a linear velocity of the liquid phase o f 10 -2  m/s or 

less.  On the other hand, in order to maintain the fixed bed in a 

state in which it is wetted by the liquid phase, th e liquid phase 

preferably has a linear velocity of 10 -5  m/s or more.  Similarly, 

in consideration of drying the fixed bed during the  mixed gas/liquid 

phase reaction and the pressure drop acting on the gas phase 

introduction portion piping when the gas phase pass es therethrough, 

the gas phase is preferably not distributed at a li near velocity 

of more than 10 m/s, and from the viewpoint of form ing a stable 

mixed gas/liquid phase flow, the gas phase preferab ly passes 

through the fixed bed at a linear velocity of 0.01 m/s or more. 

[0067] 

 FIG. 2 shows an explanatory drawing as viewed from  a direction 

perpendicular to the direction of the gas/liquid mi xed phase flow 

[0079] [Equation 3] f r41.75+1.50(1- es)/ReNKI- 60/ .5-,3(3) [0080]     Where, in Equation (1), the left side
indicates the pressure loss that occurs due to the flow of a gas phase per unit length in the gas phase or
liquid phase introduction portion, and on the right side of the equation, lig indicates the viscosity of the gas
phase or liquid phase, ug indicates the average linear velocity in the gas phase or liquid phase
introduction portion, and D indicates the inner diameter of the pipe. In the case the cross-sectional shape
of the tubing is not circular, D can be assumed to be the inner diameter of a circle having an equal
cross-sectional area. On the other hand, in Equation (2), the left side indicates the pressure drop per unit
length that occurs when only a liquid phase flows through the fixed bed, and on the right side of the
equation, VlIg indicates the superficial velocity of a liquid phase, plIg indicates liquid density, and
dpindicates the diameter of a packing material. In addition, for f (friction coefficient) calculated in Equation
(3), CB indicates the void fraction of a fixed bed, while Rellg indicates the Reynolds number when a liquid
phase passes through a fixed bed. [0081] 
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that enables all of the microchannels to be seen in  order to provide 

a detailed explanation of the configuration of the fixed bed reactor 

of the present invention based on the drawings.  In  this drawing, 

the reference symbol O represents the flow merging portion, while 

the reference symbol G+L represents a gas/liquid mi xed phase outlet 

of the gas phase and liquid phase. 

[0068] 

 The fixed bed reactor of the present invention is composed of 

a gas phase inlet (G), a liquid phase inlet (L), a gas phase 

distribution portion (Gd), a liquid phase distribut ion portion (Ld), 

a packing material introduction portion (S-S'), a f ixed bed portion 

from Ck to Dk (where a packing material is filled i nto a channel), 

a gas phase introduction portion from Ak to Bk, and  a liquid phase 

introduction portion from Ek to Fk (wherein, k repr esents a natural 

number from 1 to n, and corresponds to the number o f parallel 

channels). 

[0069] 

 ∆Pg-d  represents the pressure loss of the gas phase dist ribution 

portion, ∆Pl-d  represents the pressure loss of the liquid phase 

distribution portion, and ∆Po represents the pressure loss that 

occurs at the merging portion (O) when only a liqui d phase has passed 

through the reactor.  In addition, f gk  represents the gas phase flow 

introduced to the kth fixed bed, f lk  represents the liquid phase 

flow introduced to the kth fixed bed, and f g+l-k  represents the mixed 

gas/liquid phase flow that passes through the kth f ixed bed. 

[References: (1) R. Byron Bird, Warren E. Stewart, Edwin N. Lightfoot, co-authors, "Transport
Phenomena Second Edition " , 2002, publisher: John Wiley & Sons, Inc., Hoboken, N.J. (ISBN:
0-471-41077-2); (2) H. Scott Fogler, author, "Elements of Chemical Reaction Engineering, 3rd Ed.", 1999,
publisher: Prentice-Hall, Inc., Upper Saddle River, N.J. (ISBN: 0-13-531708-8)]. [0082]      In the present
invention, a fixed bed having a packing material structure of which a packing material is filled into the
microchannels is used for the fixed bed of a reactor. The packing  material structure in the fixed bed has
the effect of promoting the formation of a mixed gas/liquid phase flow by mixing a gas flow fg and a liquid
phase flow fl that have been introduced into the microchannels of the fixed bed, and in this packing
material structure, it is important that the packing material be composed so as to have, other than
catalytic action, a shape and structure capable of more effectively promoting the formation of a gas/liquid
mixed phase flow. [0083]     More specifically, although it is important for the formation of the mixed
gas/liquid phase flow to be formed by arbitrarily designing and setting the size, shape and filling method
of the packing material, the basic configuration of the packing material structure can be arbitrarily
designed corresponding to the type of reaction, types of gas phase and liquid phase used, and purpose of
using the reactor. Although a catalyst is one of the examples of packing materials, with respect to the
specific type of catalyst, a suitable catalyst corresponding to the type of reaction can be used provided it
can be filled into microchannels. [0084]      Essential constituents of the present invention consist of
having a packing material structure able to promote the formation of a mixed phase of a gas phase flow
and a liquid phase flow by mixing the gas phase flow and the liquid phase flow supplied respectively from
the gas phase introduction portion and the liquid phase introduction portion to the microchannels of the
fixed bed, 
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[0070] 

 Prior to the reaction, a packing material such as a catalyst 

is introduced into each microchannel Ck-Dk via the packing material 

introduction portion S-S'.  During the reaction, a gas phase 

component is distributed to the parallely arranged microchannels 

from the gas phase inlet G via the gas phase distri bution portion 

Gd, and with respect to the liquid phase component,  the gas phase 

flow f g and the liquid phase flow f l  are supplied respectively from 

B and F to the fixed bed portion, and the gas/liqui d mixed phase 

flow f g+l  is formed within the fixed bed. 

[0071] 

 Although FIG. 2 shows an example in the case of a gas phase 

flow and a liquid phase flow being supplied to a fi xed bed from 

a single gas phase introduction portion and liquid phase 

introduction portion with respect to each parallely  arranged fixed 

bed microchannel, the fixed bed reactor of the pres ent invention 

can be suitably composed corresponding to the type and purpose of 

use of the reaction such that the gas phase introdu ction portion 

and the liquid phase introduction portion are provi ded from more 

than one locations to the fixed bed having the abov e-mentioned 

microchannels, and the gas phase flow and the liqui d phase flow 

are respectively able to be introduced to the fixed  bed via more 

than one introduction portions.  In addition, altho ugh FIG. 2 shows 

a structure in which all the microchannels can be f illed with a 

packed material such as a catalyst simultaneously, a structure may 

also be employed in which each microchannel can be filled 

and the packing material structure being formed so as to satisfy the previously described conditions of
APill > 10AP1_,T, APg_i> 104Pg-d, API_p> 2.5AP0 and APg_i > 5API_punder mixed gas/liquid phase
reaction conditions. [0085]      Thus, the fixed bed reactor of the present invention is essentially
distinguished from a fixed bed reactor having a packing material structure that does not promote the
formation of mixed gas/liquid phase flow and from any of the known reactors having, ordinary
microchannels in which the packing material structure is not formed so as to satisfy the previously
described conditions. In the present invention, gas/liquid mixed phase reaction conditions refer to
conditions such that the reaction is not carried out in a state in which a gas phase flow and a liquid phase
flow do not form or in a state in which the formation of a mixed phase is inadequate as these are not
adequately mixed, but rather refer to reaction conditions such that a mixed phase is formed as a result of
a gas phase flow and a liquid phase flow supplied to the fixed bed being favorably mixed in a packing
material structure, and a mixed gas/liquid phase reaction is preferably carried out. [0086]      In the
present invention, during the direct synthesis of hydrogen peroxide from hydrogen and oxygen, the
reaction is started in a reducing atmosphere, the direct synthesis reaction of hydrogen peroxide is next
carried out in the presence of hydrogen and oxygen,  and finally the reaction is stopped in a reducing
atmosphere. [0087]      In the present invention, after filling a hydrogen peroxide synthesis catalyst such
as a palladium catalyst into the microchannels, a suitable amount of hydrogen gas or a mixed gas of
hydrogen and nitrogen is passed through the microchannels, and after adequately ensuring a reducing
atmosphere on the catalyst surface and in the microchannels, oxygen is introduced to initiate the reaction.
According to this procedure, the synthesis yield of hydrogen peroxide increases remarkably. [0088] 
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separately. 

[0072] 

 FIG. 3 shows an explanatory drawing of the kth gas  phase 

introduction portion, liquid phase introduction por tion and fixed 

bed portion.  The reference symbol Ck-Dk represents  the fixed bed 

portion, Ak-Bk the gas phase introduction portion, and Ek-Fk the 

liquid phase introduction portion, while f gk  represents the gas 

phase flow introduced to the kth fixed bed, f lk  represents the liquid 

phase flow introduced to the kth fixed bed, and f g+l-k  represents 

the mixed gas/liquid phase flow that flows through the kth fixed 

bed.  In addition, ∆Pg-ik  represents the pressure loss of the gas 

phase introduction portion, ∆Pl-ik  represents the pressure loss of 

the liquid phase introduction portion, and ∆Pl-pk  represents the 

pressure loss that occurs when only the liquid phas e passes through 

the fixed bed. 

[0073] 

 In the present invention, the pressure loss ∆Pg-d  of the piping 

of a gas phase distribution portion can be defined as the pressure 

drop that occurs in the gas phase distribution port ion Gd when the 

gas phase has passed through, and more specifically , can be defined 

as the pressure drop that occurs between the beginn ing of the 

branching and the end of the branching (Ak).  Thus,  although this 

pressure loss can originally be defined as ∆Pg-dk  for each branch, 

in the case the dispersions in each branch are clea rly insignificant, 

it can be defined as ∆Pg-d  by using the average value of ( ∆Pg-d )k 

When terminating the reaction, after terminating the hydrogen peroxide synthesis reaction by
discontinuing the supply of oxygen, a suitable amount of hydrogen gas or a mixed gas of hydrogen and
nitrogen is passed through the microchannels, and the process is completed after adequately ensuring a
reducing atmosphere on the catalyst surface and in the microchannels. According to this procedure, the
reaction performance in the case of restarting the reaction can be maintained in a favorable state. [0089]
When starting and/or stopping the reaction, the composition of the gas phase that is contacted with the
catalyst preferably contains 1 volume percent or more of hydrogen when converted to volume. Although
there are no particular limitations on the upper limit thereof, in the case of synthesizing hydrogen peroxide
by contacting hydrogen and oxygen with a catalyst, for example, a  method that enables the hydrogen
content to be at the upper limit value under steady state reaction conditions facilitates use in a continuous
reaction process using the microreactor of the present invention. Namely, as an example of such a
method, in the case of producing hydrogen peroxide using a gas phase having certain contents of
hydrogen and oxygen, at the start of the reaction, the gas phase flow is started under conditions
consisting of containing an equal amount of hydrogen and replacing the equivalent amount of oxygen with
nitrogen, followed by carrying out the reaction under constant conditions by gradually replacing the
nitrogen with oxygen. Similarly, when stopping the reaction, an example of a method that can be
employed consists of replacing the oxygen with an inert gas such as nitrogen from the steady state
conditions, and then stopping the reaction after allowing the passage of a certain amount of time after the
oxygen has been completely replaced. [0090]      Although there are no particular limitations on the
amount of time required when starting and/or stopping the reaction, for example, the amount of the
hydrogen flow when converted to mass (moles) is preferably in larger excess with respect to the mass
(moles) of palladium contained in the catalyst. In addition, since the role of the reaction starting and/or
stopping operation is to activate the catalyst and allow a continuous reaction procedure to be carried out
smoothly, the reaction solution is preferably supplied under the same conditions under which the
continuous reaction is carried out. Similarly, during the series of processes  
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as a representative value.  In addition, the pressu re drop ∆Pg-i  

of the gas phase introduction portion can be define d as the pressure 

drop of the gas phase introduction portion Ak-Bk (w here, k is a 

natural number of 1 to n), and although this pressu re loss is 

originally defined as ∆Pg-ik  for each introduction portion, in the 

case the dispersions in each introduction portion a re clearly 

insignificant, it can be defined as ∆Pg-i  by using the average value 

of ∆Pg-ik  as a representative value.  Similarly, the pressur e drop 

∆Pl-d  of the piping of the liquid phase distribution por tion can 

be defined as the pressure drop that occurs in the liquid phase 

distribution portion Ld when the liquid phase has p assed through, 

and more specifically, can be defined as the pressu re drop that 

occurs between the beginning of branching and the e nd of the 

branching (Ek).  Thus, although this pressure loss is originally 

defined as ∆Pl-dk  for each branch, in the case the dispersions in 

each branch are clearly insignificant, it can be de fined as ∆Pl-d  

by using the average value of ( ∆Pl-d )k as a representative value.  

In addition, the pressure drop ∆Pl-i  of the liquid phase introduction 

portion can be defined as the pressure drop of Ek-F k (wherein, k 

is a natural number of 1 to n), and although this p ressure drop 

is originally defined as ∆Pl-ik  for each introduction portion, in 

the case the dispersions in each introduction porti on are clearly 

insignificant, it can be defined as ∆Pl-i  by using the average value 

of ∆Pl-ik  as a representative value. 

of the continuous reaction procedure from starting to stopping the reaction, the reaction temperature is
preferably as constant as possible. [0091]      The catalyst component of palladium catalysts is known to
elute when exposed to an oxidative atmosphere such as containing only oxygen and nitrogen, and the
present invention is considered to be effective in maintaining the activity of a catalyst containing palladium
during hydrogen peroxide synthesis from hydrogen and oxygen by inhibiting the runoff of catalyst
components in this manner (Japanese Patent Application Laid-open No. H4-16501). However, in a
conventional fixed bed reactor not composed of microchannels, in the case of allowing a catalyst to be
contacted with an atmosphere of hydrogen and oxygen used in a continuous reaction procedure after
having been contacted with a reducing atmosphere, the potential for an explosion cannot be avoided
since the procedure is forced to go through a composition containing an explosive mixture of hydrogen
and oxygen. Similarly, there is also the risk of an explosion in the case of changing the gas phase
composition from reaction conditions towards reaction stopping conditions. The present invention, which
is characterized by the use of a fixed bed reactor composed of microchannels from the start of the
reaction, during a continuous reaction procedure and during stopping the reaction, is essentially
distinguished from the technologies using a conventional fixed bed reactor or other types of a reactor in
the synthesis of hydrogen peroxide using hydrogen  and oxygen. [0092]      The following effects are
demonstrated by the present invention.       (1) A novel fixed bed gas/liquid mixed phase reactor can be
provided that enables a gas/liquid mixed phase reaction to be carried out stably and under constant
conditions using microchannels, and improves reaction performance such as by increasing the efficiency
of mass transfer from the gas phase to the liquid phase.       (2) A novel fixed gas gas/liquid mixed phase
reactor can be provided that enhances productivity by arranging the microchannels in parallel.       (3) The
use of the gas/liquid mixed phase reactor composed of microchannels of the present invention makes it
possible to safely handle a mixed gas containing an explosive composition of hydrogen and oxygen while
controlling flow rate. 
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[0074] 

 Moreover, the pressure drop that occurs when only a liquid phase 

has passed through a fixed bed can be defined as P l-p , while the 

pressure drop that occurs in the merging portion (O ) when only a 

liquid phase has passed through the reactor can be defined as ∆Po.  

As shown in FIG. 3, although ∆Pl-p  is the pressure drop that occurs 

between Fk and Dk when the liquid phase has passed through the fixed 

bed, if the pressure drop that occurs between Ck an d Fk when the 

liquid phase passes through is sufficiently small s uch as when Fk 

and Ck are in close proximity, it may be approximat ely treated as 

the pressure drop that occurs between Ck and Dk.  T hus, although 

∆Pl-p  is also defined as ( ∆Pl-p )k for each fixed bed, in the case 

variations in each fixed bed are clearly insignific ant, it can be 

defined as ∆Pl-p  by using the average value of ( ∆Pl-p )k as a 

representative value.  In addition, although ∆Po is originally 

defined as ( ∆Po)k between the end portion Dk of the fixed bed and 

a merging point, in the case the variations in each  are clearly 

small, it can be defined as ∆Po by using the average value of ( ∆Po)k 

as a representative value. 

[0075] 

 Although pressure can be measured by attaching a p ressure gauge 

to the above mentioned portion of the reactor, in c ases in which 

it is difficult to attach a pressure gauge, the est imation of 

pressure drop according to the following equations is effective 

within the scope of the present invention.  For exa mple, the 

(4) As a result of having a fixed bed of which a catalyst is filled into the microchannels, the efficiency of
mass transfer from the gas phase to the liquid phase can be increased as compared with conventional
reactors by increasing the gas/liquid contact interface.       (5) Although the concentration of hydrogen
peroxide obtained with a conventional reactor is limited to a low value of 0.2% by weight, the reactor of
the present invention allows an aqueous hydrogen peroxide having a concentration of 1.0% by weight or
more  to be obtained under constant conditions.       (6) Mass transfer from the gas phase to the liquid
phase can be carried out at the efficiency of 10 to 100 times compared with conventional reactors.       (7)
Although reactions were limited to being carried out under conditions in which hydrogen partial pressure
is reduced to 4% or less in the prior art, in the present invention, hydrogen peroxide can be produced both
safely and under constant conditions under explosive conditions in which the hydrogen content is 20 to
50%. In addition, safety can be further guaranteed even in the case of carrying out the reaction under
conditions in which hydrogen partial pressure is reduced to 4% or less.       (8) The risk of explosion can
be avoided by us ing microchannels , and catalyst activity can be maintained by maintaining the catalyst
in a reducing atmosphere.       (9) The reaction can be carried out under the steady state conditions from
the start, abnormal heating of a catalyst and the exposure of a catalyst to an oxidative atmosphere
caused by an excessive consumption of hydrogen can be prevented, and catalyst degradation caused by
heat or runoff of catalyst components can be inhibited. BRIEF DESCRIPTION OF THE DRAWINGS
[0093] 
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following Hagen-Poiseuille equation is effective fo r estimating 

the pressure drop in a gas introduction channel and  liquid 

introduction channel.  With respect to fluids flowi ng through 

circular piping, the pressure drop can be represent ed by the 

Hagen-Poiseuille equation. 

[0076] 

 [Equation 1] 

   

[0077] 

 On the other hand, the estimation by the following  Ergun 

equation is effective for estimating the pressure d rop according 

to the flow within a fixed bed. 

[0078] 

 [Equation 2] 

   

[0079] 

 [Equation 3] 

  

[0080] 

 Where, in Equation (1), the left side indicates th e pressure 

loss that occurs due to the flow of a gas phase per  unit length 

in the gas phase or liquid phase introduction porti on, and on the 

right side of the equation, µg indicates the viscosity of the gas 

FIG. 1 is a drawing of a reactor of the present invention as viewed from a direction perpendicular to the
direction of the mixed gas/liquid phase flow that enables all of the microchannels to be  seen. The reactor
of the present invention is composed of a fixed bed portion (C-D, in which a packing material is filled into
the channels), a gas phase introduction portion (A-B) and a liquid phase introduction portion (E-F), a gas
phase (fg) and a liquid phase (f1) are respectively supplied to the fixed bed portion from B and F, and a
mixed gas/liquid phase flow (fgg1) is formed within the fixed bed.     FIG. 2 shows an explanatory drawing
as viewed from a direction perpendicular to the direction of the mixed gas/liquid phase flow that enables
all of the microchannels to be seen.     FIG. 3 shows an explanatory drawing of the kth gas phase
introduction portion, liquid phase introduction portion and fixed bed portion. EXPLANATION OF
REFERENCE NUMERALS [0137] (Reference Symbols of FIG. 2) G Gas phase introduction port L Liquid
phase introduction port Gd Gas phase distribution portion 
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phase or liquid phase, u g indicates the average linear velocity in 

the gas phase or liquid phase introduction portion,  and D indicates 

the inner diameter of the pipe.  In the case the cr oss-sectional 

shape of the tubing is not circular, D can be assum ed to be the 

inner diameter of a circle having an equal cross-se ctional area.  

On the other hand, in Equation (2), the left side i ndicates the 

pressure drop per unit length that occurs when only  a liquid phase 

flows through the fixed bed, and on the right side of the equation, 

νliq  indicates the superficial velocity of a liquid pha se, ρliq  

indicates liquid density, and d p indicates the diameter of a packing 

material.  In addition, for f (friction coefficient ) calculated in 

Equation (3), εB indicates the void fraction of a fixed bed, while 

Reliq  indicates the Reynolds number when a liquid phase passes 

through a fixed bed. 

[0081] 

 [References: (1) R. Byron Bird, Warren E. Stewart,  Edwin N. 

Lightfoot, co-authors, "Transport Phenomena Second Edition", 2002, 

publisher: John Wiley & Sons, Inc., Hoboken, N.J. ( ISBN: 

0-471-41077-2); (2) H. Scott Fogler, author, "Eleme nts of Chemical 

Reaction Engineering, 3rd Ed.", 1999, publisher: Pr entice-Hall, 

Inc., Upper Saddle River, N.J. (ISBN: 0-13-531708-8 )]. 

[0082] 

 In the present invention, a fixed bed having a pac king material 

structure of which a packing material is filled int o the 

microchannels is used for the fixed bed of a reacto r.  The packing 

Ld Liquid phase distribution portion S-S' Packing material introduction portion Ck-Dk (k: 1 to n)Fixed bed
portion Ak-Bk (k: 
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material structure in the fixed bed has the effect of promoting 

the formation of a mixed gas/liquid phase flow by m ixing a gas flow 

f g and a liquid phase flow f l  that have been introduced into the 

microchannels of the fixed bed, and in this packing  material 

structure, it is important that the packing materia l be composed 

so as to have, other than catalytic action, a shape  and structure 

capable of more effectively promoting the formation  of a gas/liquid 

mixed phase flow. 

[0083] 

 More specifically, although it is important for th e formation 

of the mixed gas/liquid phase flow to be formed by arbitrarily 

designing and setting the size, shape and filling m ethod of the 

packing material, the basic configuration of the pa cking material 

structure can be arbitrarily designed corresponding  to the type 

of reaction, types of gas phase and liquid phase us ed, and purpose 

of using the reactor.  Although a catalyst is one o f the examples 

of packing materials, with respect to the specific type of catalyst, 

a suitable catalyst corresponding to the type of re action can be 

used provided it can be filled into microchannels. 

[0084] 

 Essential constituents of the present invention co nsist of 

having a packing material structure able to promote  the formation 

of a mixed phase of a gas phase flow and a liquid p hase flow by 

mixing the gas phase flow and the liquid phase flow  supplied 

respectively from the gas phase introduction portio n and the liquid 

phase introduction portion to the microchannels of the fixed bed, 

1 to n)Gas phase introduction portion Ek-Fk (k: 1 to n)Liquid phase introduction portion  fgk Gas phase
flow introduced to kth fixed bed 
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and the packing material structure being formed so as to satisfy 

the previously described conditions of ∆Pl-l  > 10 ∆Pl-d , ∆Pg-i  > 10 ∆Pg-d , 

∆Pl-p  > 2.5 ∆Po and ∆Pg-i  > 5 ∆Pl-p  under mixed gas/liquid phase reaction 

conditions. 

[0085] 

 Thus, the fixed bed reactor of the present inventi on is 

essentially distinguished from a fixed bed reactor having a packing 

material structure that does not promote the format ion of mixed 

gas/liquid phase flow and from any of the known rea ctors having, 

ordinary microchannels in which the packing materia l structure is 

not formed so as to satisfy the previously describe d conditions.  

In the present invention, gas/liquid mixed phase re action 

conditions refer to conditions such that the reacti on is not carried 

out in a state in which a gas phase flow and a liqu id phase flow 

do not form or in a state in which the formation of  a mixed phase 

is inadequate as these are not adequately mixed, bu t rather refer 

to reaction conditions such that a mixed phase is f ormed as a result 

of a gas phase flow and a liquid phase flow supplie d to the fixed 

bed being favorably mixed in a packing material str ucture, and a 

mixed gas/liquid phase reaction is preferably carri ed out. 

[0086] 

 In the present invention, during the direct synthe sis of 

hydrogen peroxide from hydrogen and oxygen, the rea ction is started 

in a reducing atmosphere, the direct synthesis reac tion of hydrogen 

peroxide is next carried out in the presence of hyd rogen and oxygen, 

flk Liquid phase flow introduced to kth fixed bed  fgu_k Mixed gas/liquid phase flow introduced to kth fixed
bed APg_g Pressure loss of gas phase distribution portion APlig Pressure loss of liquid phase distribution
portion AP, Pressure loss occurring in merging portion (0) when only liquid phase is passed through
reactor 0 Fluid merging portion G+L Mixed gas/liquid phase outlet (Reference Symbols of FIG. 3) Ck-Dk
(k: 1 to n) Fixed bed portion Ak-Bk (k: 1 to n) Gas phase introduction portion 
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and finally the reaction is stopped in a reducing a tmosphere. 

[0087] 

 In the present invention, after filling a hydrogen  peroxide 

synthesis catalyst such as a palladium catalyst int o the 

microchannels, a suitable amount of hydrogen gas or  a mixed gas 

of hydrogen and nitrogen is passed through the micr ochannels, and 

after adequately ensuring a reducing atmosphere on the catalyst 

surface and in the microchannels, oxygen is introdu ced to initiate 

the reaction.  According to this procedure, the syn thesis yield of 

hydrogen peroxide increases remarkably. 

[0088] 

 When terminating the reaction, after terminating t he hydrogen 

peroxide synthesis reaction by discontinuing the su pply of oxygen, 

a suitable amount of hydrogen gas or a mixed gas of  hydrogen and 

nitrogen is passed through the microchannels, and t he process is 

completed after adequately ensuring a reducing atmo sphere on the 

catalyst surface and in the microchannels.  Accordi ng to this 

procedure, the reaction performance in the case of restarting the 

reaction can be maintained in a favorable state. 

[0089] 

 When starting and/or stopping the reaction, the co mposition 

of the gas phase that is contacted with the catalys t preferably 

contains 1 volume percent or more of hydrogen when converted to 

volume.  Although there are no particular limitatio ns on the upper 

limit thereof, in the case of synthesizing hydrogen  peroxide by 

contacting hydrogen and oxygen with a catalyst, for  example, a 

Ek-Fk (k: 1 to n) Liquid phase introduction portion fgk Gas phase flow introduced to kth fixed bed flk
Liquid phase flow introduced to kth fixed bed fgu_k Mixed gas/liquid phase flow introduced to kth fixed
bed APg_ik Pressure loss of gas phase introduction portion APilik Pressure loss liquid phase introduction
portion Apl-pk Pressure loss occurring when only liquid phase is passed through fixed bed BEST MODE
FOR CARRYING OUT THE INVENTION [0094]     Although the following provides a detailed explanation
of the present invention by showing examples and comparative examples thereof, the following examples
and comparative examples do not limit the scope of the present invention. Example 1  
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method that enables the hydrogen content to be at t he upper limit 

value under steady state reaction conditions facili tates use in 

a continuous reaction process using the microreacto r of the present 

invention.  Namely, as an example of such a method,  in the case of 

producing hydrogen peroxide using a gas phase havin g certain 

contents of hydrogen and oxygen, at the start of th e reaction, the 

gas phase flow is started under conditions consisti ng of containing 

an equal amount of hydrogen and replacing the equiv alent amount 

of oxygen with nitrogen, followed by carrying out t he reaction under 

constant conditions by gradually replacing the nitr ogen with oxygen.  

Similarly, when stopping the reaction, an example o f a method that 

can be employed consists of replacing the oxygen wi th an inert gas 

such as nitrogen from the steady state conditions, and then stopping 

the reaction after allowing the passage of a certai n amount of time 

after the oxygen has been completely replaced. 

 [0090] 

 Although there are no particular limitations on th e amount of 

time required when starting and/or stopping the rea ction, for 

example, the amount of the hydrogen flow when conve rted to mass 

(moles) is preferably in larger excess with respect  to the mass 

(moles) of palladium contained in the catalyst.  In  addition, since 

the role of the reaction starting and/or stopping o peration is to 

activate the catalyst and allow a continuous reacti on procedure 

to be carried out smoothly, the reaction solution i s preferably 

supplied under the same conditions under which the continuous 

reaction is carried out.  Similarly, during the ser ies of processes 

[0095]     A fixed bed reactor was fabricated in the present example. The microchannels of a reactor
composed of a gas phase introduction portion, liquid phase introduction portion, fixed bed portion and
mixed gas/liquid phase discharge portion were fabricated on a Tempax(r) glass plate measuring 30 rnrnx
70 mm with double side polished by forming grooves therein by chemical etching with hydrofluoric acid.
The grooves were formed into a semi-elliptical shape having a depth of 20 gm and width of 50 gm. Drilling
was carried out for the fixed portion, the liquid phase introduction portion and the mixed gas/liquid phase
discharge portion on the plate in which the microchannel grooves of the reactor had been formed by
etching. [0096] The shape of the fixed portion had a width of 600 gm and a depth of 300 gm. On the other
hand, holes having a diameter of 1 mm were formed by drilling to form a gas phase introduction port,
liquid phase introduction port and gas/liquid mixed phase discharge port on a Tempax glass plate of the
same size. Finally, the two Tempax glass plates were laminated by thermal bonding to produce a fixed
bed reactor. [0097]     Amore detailed explanation of the structure of the fixed bed reactor is provided
using FIG. 1. The fixed reactor is composed of two gas phase introduction pipes (A-B), one liquid phase
introduction pipe (E-F) and a fixed bed portion (C-D), the two gas  phase introduction pipes have a width
of 50 gm and depth of 20 gm, and the length of the short pipe is 10 mm while the length of the long pipe is
25 mm. The liquid phase Introductionpipehas a width of 600 gm, depth of 50 gm and length of 13 mm. On
the other hand, the fixed bed portion has a width of 600 gm, depth of 300 gm and length of 55 mm. The
locations of 31, 32 (two locations corresponding to the two gas phase introduction pipes) and F were at
11 mm, 9 mm and 5 mm, respectively, when measured from C. [0098] 
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of the continuous reaction procedure from starting to stopping the 

reaction, the reaction temperature is preferably as  constant as 

possible. 

[0091] 

 The catalyst component of palladium catalysts is k nown to elute 

when exposed to an oxidative atmosphere such as con taining only 

oxygen and nitrogen, and the present invention is c onsidered to 

be effective in maintaining the activity of a catal yst containing 

palladium during hydrogen peroxide synthesis from h ydrogen and 

oxygen by inhibiting the runoff of catalyst compone nts in this 

manner (Japanese Patent Application Laid-open No. H 4-16501).  

However, in a conventional fixed bed reactor not co mposed of 

microchannels, in the case of allowing a catalyst t o be contacted 

with an atmosphere of hydrogen and oxygen used in a  continuous 

reaction procedure after having been contacted with  a reducing 

atmosphere, the potential for an explosion cannot b e avoided since 

the procedure is forced to go through a composition  containing an 

explosive mixture of hydrogen and oxygen.  Similarl y, there is also 

the risk of an explosion in the case of changing th e gas phase 

composition from reaction conditions towards reacti on stopping 

conditions.  The present invention, which is charac terized by the 

use of a fixed bed reactor composed of microchannel s from the start 

of the reaction, during a continuous reaction proce dure and during 

stopping the reaction, is essentially distinguished  from the 

technologies using a conventional fixed bed reactor  or other types 

of a reactor in the synthesis of hydrogen peroxide using hydrogen 

Next, porous silica having a mean particle diameter of 100 gm (FL-100D, Fuji Silysia Chemical Ltd.) was
filled into the fixed bed portion of the reactor. Water at a flow rate of 0.01 ml/min from the liquid phase
introduction port and nitrogen gas at a flow rate of 0.5 ml/min from the long gas phase introduction pipe
were respectively passed through the reactor. On the other hand, the inlet of the short gas phase
Introductionpipewas sealed. At this time, the formation of a stable gas/liquid mixed phase flow and almost
no entry of the liquid phase into the gas phase introduction portion were able to be confirmed. At this time,
the pressure difference between A and D was about 1 atm, and this closely corresponded to the pressure
loss between A and 3 (gas phase introduction pipe). On the other hand, the pressure difference between
E and D where only water passed through the fixed reactor at the rate of 0.01 ml/min was less than 0.1
atm. [0099]       Moreover, a palladium-supported alumina catalyst containing 5% by weight of palladium
and having a mean particle diameter of 50 to 60 gm (N.E. Chemcat Corp.) was filled into the fixed bed
with a length of about 40 mm downstream of B of FIG. 1 Instead of the porous silica, the reaction solution
at a flow rate of 0.01 ml/min and a mixed gas of hydrogen and oxygen (hydrogen content: 40%) at a flow
rate of 5 ml/min in terms of the standard state flow rate were passed through the fixed bed examining the
production of hydrogen peroxide while applying pressure of 10 atm. The reaction solution consisted of an
aqueous solution containing 0.025 M sulfuric acid, 0.005 M phosphoric acid and 50 ppm of sodium
bromide (weight ratio). At this time, although the long gas phase introduction pipe was used to Introduce
oxygen having a large flow rate, the pressure difference between A and D at this time was about 0.6 atm.
This closely corresponded to the pressure loss between A and B (gas phase introduction pipe). On the
other hand, the pressure difference between E and D was determined to be less than 0.1 atm when only
water was passed through at a flow rate of 0.01 ml/min. As a result of the reaction, an aqueous hydrogen
peroxide having a concentration of 1.5% by weight was obtained under constant conditions. Example 2
[0100]     A reactor was fabricated in the same manner as Example 1 with the exception of changing the
shape of the fixed bed portion to  
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and oxygen. 

[0092] 

 The following effects are demonstrated by the pres ent 

invention. 

 (1) A novel fixed bed gas/liquid mixed phase react or can be 

provided that enables a gas/liquid mixed phase reac tion to be 

carried out stably and under constant conditions us ing 

microchannels, and improves reaction performance su ch as by 

increasing the efficiency of mass transfer from the  gas phase to 

the liquid phase. 

 (2) A novel fixed gas gas/liquid mixed phase react or can be 

provided that enhances productivity by arranging th e microchannels 

in parallel. 

 (3) The use of the gas/liquid mixed phase reactor composed of 

microchannels of the present invention makes it pos sible to safely 

handle a mixed gas containing an explosive composit ion of hydrogen 

and oxygen while controlling flow rate. 

 (4) As a result of having a fixed bed of which a c atalyst is 

filled into the microchannels, the efficiency of ma ss transfer from 

the gas phase to the liquid phase can be increased as compared with 

conventional reactors by increasing the gas/liquid contact 

interface. 

 (5) Although the concentration of hydrogen peroxid e obtained 

with a conventional reactor is limited to a low val ue of 0.2% by 

weight, the reactor of the present invention allows  an aqueous 

hydrogen peroxide having a concentration of 1.0% by  weight or more 

a width of 600 gm and depth of 600 gm. When the mixed gas/liquid phase flow of the reactor was
evaluated in the same manner as Example 1, namely when nitrogen was introduced from the long gas
phase introduction pipe at the same flow rate and water introduced at the same flow rate using the same
packed material, the formation of a stable mixed gas/liquid phase flow and almost no entry of the liquid
phase into the gas phase introduction portion were able to be confirmed in the fixed bed portion. The
pressure difference between A and D was about 1 atm, and this closely corresponded to the pressure
loss between A and B (gas phase introduction pipe). On the other hand, the pressure difference between
E and D of when only water passed through the silica-packed fixed bed at a flow rate of 0.01 ml/min was
less than 0.1 atm. [0101]     Moreover, when the reaction was evaluated in the same manner as Example
1 by filling a palladium-supported alumina catalyst into the fixed bed instead of porous silica over a length
of about 40 mm downstream from B of FIG. 1 in the same manner as Example 1, an aqueous hydrogen
peroxide was obtained having a concentration of 2.0% by weight. Example 3 [0102]     A reactor was
fabricated in the same manner as Example 1 with the exception of changing the shape of the fixed bed
portion to a width of 600 gm and depth of 900 gm. When the mixed gas/liquid  phase flow of the reactor
was evaluated in the same manner as Example 1 under the same conditions, the formation of a stable
mixed gas/liquid phase flow and almost no entry of the liquid phase into the gas phase introduction
portion were able to be confirmed in the fixed bed portion. The pressure difference between A and D was
about 1 atm, and this closely corresponded to the pressure loss between A and B (gas phase introduction
pipe). On the other hand, the pressure difference between E and D when only water was passed through
the silica-packed fixed bed at a flow rate of 0.01 ml/min was less than 0.1 atm. [0103]     Moreover, when
the reaction was evaluated in the same manner as Example 1 by filling a palladium-supported alumina
catalyst into the fixed bed instead of porous silica with a length of about 40 mm downstream of B of FIG. 1
in the same manner as Example 1, an aqueous hydrogen peroxide was obtained having a concentration
of 3.0% by weight. 
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to be obtained under constant conditions. 

 (6) Mass transfer from the gas phase to the liquid  phase can 

be carried out at the efficiency of 10 to 100 times  compared with 

conventional reactors. 

 (7) Although reactions were limited to being carri ed out under 

conditions in which hydrogen partial pressure is re duced to 4% or 

less in the prior art, in the present invention, hy drogen peroxide 

can be produced both safely and under constant cond itions under 

explosive conditions in which the hydrogen content is 20 to 50%.  

In addition, safety can be further guaranteed even in the case of 

carrying out the reaction under conditions in which  hydrogen 

partial pressure is reduced to 4% or less. 

 (8) The risk of explosion can be avoided by using microchannels, 

and catalyst activity can be maintained by maintain ing the catalyst 

in a reducing atmosphere. 

 (9) The reaction can be carried out under the stea dy state 

conditions from the start, abnormal heating of a ca talyst and the 

exposure of a catalyst to an oxidative atmosphere c aused by an 

excessive consumption of hydrogen can be prevented,  and catalyst 

degradation caused by heat or runoff of catalyst co mponents can 

be inhibited. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0093] 

 FIG. 1 is a drawing of a reactor of the present in vention as 

viewed from a direction perpendicular to the direct ion of the mixed 

gas/liquid phase flow that enables all of the micro channels to be 

[0104] Comparative Example 1      In this comparative example, a reactor was fabricated using the same
procedure as Example 1 with the exception of drilling the entire gas phase introduction portion. At this
time, the gas phase introduction pipes had a width of 200 gm and depth of 50 gm. [0105] Spherical
porous silica having a mean particle diameter of 100  Jim was filled into the fixed bed portion of the
reactor. When water was passed through the reactor from the liquid phase introduction port at a flow rate
of 0 .01 ml /min and nitrogen gas was passed through at a flow rate of 0.5 ml/min, there was remarkable
entry of the liquid phase into the gas phase introduction portion and a mixed gas/liquid phase flow was
unable to be formed in the fixed bed portion. At this time, the pressure difference between A and D was
less than 0.1 atm. On the other hand, the pressure difference between E and D when only water passed
through the silica-packed fixed bed at a flow rate of 0.01 ml/min was also less than 0.1 atm. [0106]      In
addition, although the production of hydrogen peroxide was examined by filling a palladium-supported
alumina catalyst into the reactor Instead of porous silica in the same manner as Example 1, and passing
an aqueous solution at a flow rate of 0.01 ml/min and a mixed gas of hydrogen and oxygen (hydrogen
content: 40%) at a flow rate of 5 ml/min as the standard state flow rate through the reactor followed by
applying pressure of 10 atm, the experiment was unable to proceed properly since a stable mixed
gas/liquid phase flow was unable to be formed. Example 4 [0107] 
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seen.  The reactor of the present invention is comp osed of a fixed 

bed portion (C-D, in which a packing material is fi lled into the 

channels), a gas phase introduction portion (A-B) a nd a liquid phase 

introduction portion (E-F), a gas phase (f g) and a liquid phase (f l ) 

are respectively supplied to the fixed bed portion from B and F, 

and a mixed gas/liquid phase flow (f g+l ) is formed within the fixed 

bed. 

 FIG. 2 shows an explanatory drawing as viewed from  a direction 

perpendicular to the direction of the mixed gas/liq uid phase flow 

that enables all of the microchannels to be seen. 

 FIG. 3 shows an explanatory drawing of the kth gas  phase 

introduction portion, liquid phase introduction por tion and fixed 

bed portion. 

EXPLANATION OF REFERENCE NUMERALS 

[0137] 

 (Reference Symbols of FIG. 2) 

 G Gas phase introduction port 

 L Liquid phase introduction port 

 Gd Gas phase distribution portion 

 Ld Liquid phase distribution portion 

 S-S' Packing material introduction portion 

 Ck-Dk (k: 1 to n) Fixed bed portion 

 Ak-Bk (k: 1 to n) Gas phase introduction portion 

 Ek-Fk (k: 1 to n) Liquid phase introduction portio n 

 f gk  Gas phase flow introduced to kth fixed bed 

 f lk  Liquid phase flow introduced to kth fixed bed 

A fixed bed reactor having four parallel channels were fabricated in the present example. The
microchannels of the reactors composed of a gas phase introduction portion, liquid phase introduction
portion, fixed bed portion and mixed gas/liquid phase  discharge portion were fabricated on a Tempax(r)
glass plate measuring 30 mm. x 70 mmwith double side polished by forming grooves therein by chemical
etching with hydrofluoric acid. [0108]      The grooves were formed into a semi-elliptical shape having a
depth of 20 gm and width of 50 gm. Drilling was carried out for the fixed portion, the liquid phase
introduction portion and the mixed gas/liquid phase discharge portion on the plate in which the
microchannel grooves of a reactor were formed by etching. [0109] The shape of the fixed portion had a
width of 600 gm and a depth of 900 gm. On the other hand, holes having a diameter of 1 mm were
formed by drilling to form a gas phase introduction port, liquid phase introduction port, and mixed
gas/liquid phase discharge port in a Tempax(r) glass plate of the same size. Finally, the two Tempax(r)
glass plates were laminated by thermal bonding to produce a fixed bed reactor. [0110]     Amore detailed
explanation of the structure of the fixed bed reactors is provided using FIGS. 2 and 3. The fixed reactor
consists of four fixed beds arranged in parallel, i.e. n = 4 in FIG. 2. Each fixed bed is composed of two gas
phase introduction pipes (Ak-Bk in FIG3), one liquid phase introduction pipe (Ek-Fk) and a fixed bed
portion (Ck-Dk), the two gas phase introduction 
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 f g+l-k  Mixed gas/liquid phase flow introduced to kth fixe d bed 

 ∆Pg-d  Pressure loss of gas phase distribution portion 

 ∆Pl-d  Pressure loss of liquid phase distribution portion  

 ∆Po Pressure loss occurring in merging portion (O) whe n 

     only liquid phase is passed through reactor 

 O Fluid merging portion 

 G+L Mixed gas/liquid phase outlet  

 (Reference Symbols of FIG. 3) 

 Ck-Dk (k: 1 to n) Fixed bed portion 

 Ak-Bk (k: 1 to n) Gas phase introduction portion 

 Ek-Fk (k: 1 to n) Liquid phase introduction portio n  

 f gk  Gas phase flow introduced to kth fixed bed 

 f lk  Liquid phase flow introduced to kth fixed bed 

 f g+l-k  Mixed gas/liquid phase flow introduced to kth fixe d bed 

 ∆Pg-ik  Pressure loss of gas phase introduction portion 

 ∆Pl-ik  Pressure loss liquid phase introduction portion 

 ∆Pl-pk  Pressure loss occurring when only liquid phase is 

       passed through fixed bed 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0094] 

 Although the following provides a detailed explana tion of the 

present invention by showing examples and comparati ve examples 

thereof, the following examples and comparative exa mples do not 

limit the scope of the present invention. 

 Example 1 

pipes have a width of 50 gm and depth of 20 gm, and the length of  the short pipe is 9 mm while the
length of the long pipe is 28 mm. The channels of the liquid phase introduction pipe have a width of 50
gm, depth of 20 gm and length of 3.5 mm, and are formed at 50 gm intervals, and five microchannels
function as a group for a single fixed bed. On the other hand, the fixed bed portion has a width of 600 gm,
depth of 900 gm and length of 45 mm. In FIG. 3 the locations of Elk, 132k (two locations corresponding to
the two gas phase introduction pipes) and Fk were at 4 mm, 3 mm and 0 mm, respectively, when
measured from C.      In addition, the portion corresponding to Gd in FIG. 2 was composed of
microchannels having a width of 1 mm and depth of 300 Jim, and the pressure drop of when a gas phase
flew was concentrated in Ak-Ek of FIG. 3, namely, the relationship APg_1> 104Pg_dwas made 
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[0095] 

 A fixed bed reactor was fabricated in the present example. The 

microchannels of a reactor composed of a gas phase introduction 

portion, liquid phase introduction portion, fixed b ed portion and 

mixed gas/liquid phase discharge portion were fabri cated on a 

Tempax glass plate measuring 30 mm x 70 mm with double si de polished 

by forming grooves therein by chemical etching with  hydrofluoric 

acid.  The grooves were formed into a semi-elliptic al shape having 

a depth of 20 µm and width of 50 µm.  Drilling was carried out for 

the fixed portion, the liquid phase introduction po rtion and the 

mixed gas/liquid phase discharge portion on the pla te in which the 

microchannel grooves of the reactor had been formed  by etching. 

[0096] 

 The shape of the fixed portion had a width of 600 µm and a depth 

of 300 µm.  On the other hand, holes having a diameter of 1  mm were 

formed by drilling to form a gas phase introduction  port, liquid 

phase introduction port and gas/liquid mixed phase discharge port 

on a Tempax glass plate of the same size.  Finally,  the two Tempax 

glass plates were laminated by thermal bonding to p roduce a fixed 

bed reactor. 

[0097] 

 A more detailed explanation of the structure of th e fixed bed 

reactor is provided using FIG. 1.  The fixed reacto r is composed 

of two gas phase introduction pipes (A-B), one liqu id phase 

introduction pipe (E-F) and a fixed bed portion (C- D), the two gas 

to always be valid, and, in addition, the portion corresponding to Ld of FIG. 2 is composed of the
microchannels having a depth of 600 gm and depth of 300 gm, and the pressure drop of when a liquid
phase flew was concentrated in Ek-Fk of FIG. 3, namely, the relationship APili > 10AP1d was made to
always be valid. On the other hand, the structure of 0 of FIG. 2 was made to have a width of 600 gm at all
locations. The catalyst was filled up to Dk at all locations (where, k represents a natural number from 1 to
n, and n = 4 in the present example), and in contrast to the channel depth following the fixed bed outlet
being 300 gm, the channel depth at the integrated portion was made to be at least 600 gm and the
relationship 4P1_p> 2.54P0 was made to be valid of when a gas phase flew in consideration of
preventing a solid from flowing out to the merging portion. [0111]     Next, spherical porous silica having a
mean particle diameter of 100 Jim was filled into the fixed bed portion of a reactor. Water was passed
through the reactor at a flow rate of 0.04 ml/min from the liquid phase introduction port and nitrogen gas
was passed through at a flow rate of 2.0 ml/min. Furthermore, nitrogen gas was supplied from both the
hydrogen introduction pipe (corresponding to the longer one of the gas phase introduction pipes that lead
to each fixed bed) and oxygen introduction pipe (corresponding to the shorter one of the gas phase
introduction pipes leading to each fixed bed). The formation of a stable mixed gas/liquid phase flow and
almost no entry of the liquid phase into the gas phase introduction portion were able to be confirmed.
[0112]     Moreover, a palladium-supported alumina catalyst having a mean particle diameter of 50 pm
(N.E. Chemcat Corp., palladium content: 5% by weight) was injected with pressure as an aqueous slurry
via the portion S-S of FIG. 2 so as to be filled into each fixed bed with a length of 40 mm in the same
manner as Example 1 Instead of porous silica, a reaction solution having the same composition as
Example 1 at a flow rate of 0.04 ml/min and a mixed gas of hydrogen and oxygen (hydrogen: 20%) at a
flow rate of 20 ml/min in terms  
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phase introduction pipes have a width of 50 µm and depth of 20 µm, 

and the length of the short pipe is 10 mm while the  length of the 

long pipe is 25 mm.  The liquid phase introduction pipe has a width 

of 600 µm, depth of 50 µm and length of 13 mm.  On the other hand, 

the fixed bed portion has a width of 600 µm, depth of 300 µm and 

length of 55 mm.  The locations of B1, B2 (two loca tions 

corresponding to the two gas phase introduction pip es) and F were 

at 11 mm, 9 mm and 5 mm, respectively, when measure d from C. 

[0098] 

 Next, porous silica having a mean particle diamete r of 100 µm 

(FL-100D, Fuji Silysia Chemical Ltd.) was filled in to the fixed 

bed portion of the reactor.  Water at a flow rate o f 0.01 ml/min 

from the liquid phase introduction port and nitroge n gas at a flow 

rate of 0.5 ml/min from the long gas phase introduc tion pipe were 

respectively passed through the reactor.  On the ot her hand, the 

inlet of the short gas phase introduction pipe was sealed.  At this 

time, the formation of a stable gas/liquid mixed ph ase flow and 

almost no entry of the liquid phase into the gas ph ase introduction 

portion were able to be confirmed.  At this time, t he pressure 

difference between A and D was about 1 atm, and thi s closely 

corresponded to the pressure loss between A and B ( gas phase 

introduction pipe).  On the other hand, the pressur e difference 

between E and D where only water passed through the  fixed reactor 

at the rate of 0.01 ml/min was less than 0.1 atm. 

[0099] 

of the standard state flow rate were passed through each fixed bed to produce hydrogen peroxide while
applying pressure of 10 atm. Furthermore, hydrogen and oxygen were supplied separately, and each gas
phase was mixed only after having entered the fixed bed portion. [0113]     As a result, the pressure
difference between G and 0 in FIG. 2 was about 0.6 atm on both the hydrogen side and oxygen side, and
this closely corresponded to the pressure loss between Ak and Bk in FIG. 3. In contrast, the pressure
difference between L and 0 in FIG. 2 when an equal amount of water only was passed through did not
reach 0.1 atm. As a result of the reaction, an aqueous hydrogen peroxide having a concentration of 3.5%
by weight was obtained under constant conditions. Example 5 [0114]     Production of hydrogen peroxide
was carried out for the same reactor used in Example 4 by filling it with the same catalyst as that used in
Example 4, and by passing the reaction solution through the reactor at 0.01 ml/min and the mixed gas of
hydrogen and oxygen (hydrogen: 20%) through at 11.3 ml/min in terms of the standard state flow rate,
followed by applying pressure of 10 atm. [0115]     At this time, the pressure difference between G and 0
in FIG. 2 was about 1.0 atm on both the oxygen and hydrogen sides, and this closely corresponded to the
pressure loss between Ak andSkinFIG. 3. In contrast, the pressure difference between L and 0 in FIG. 2
of when an equal amount of water only passed through did not reach 0.1 atm. As a result of the reaction,
an aqueous hydrogen peroxide having a concentration of 5.0% by weight was obtained under constant
conditions. Example 6 [0116] 
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 Moreover, a palladium-supported alumina catalyst c ontaining 

5% by weight of palladium and having a mean particl e diameter of 

50 to 60 µm (N.E. Chemcat Corp.) was filled into the fixed be d with 

a length of about 40 mm downstream of B of FIG. 1 i nstead of the 

porous silica, the reaction solution at a flow rate  of 0.01 ml/min 

and a mixed gas of hydrogen and oxygen (hydrogen co ntent: 40%) at 

a flow rate of 5 ml/min in terms of the standard st ate flow rate 

were passed through the fixed bed examining the pro duction of 

hydrogen peroxide while applying pressure of 10 atm .  The reaction 

solution consisted of an aqueous solution containin g 0.025 M 

sulfuric acid, 0.005 M phosphoric acid and 50 ppm o f sodium bromide 

(weight ratio).  At this time, although the long ga s phase 

introduction pipe was used to introduce oxygen havi ng a large flow 

rate, the pressure difference between A and D at th is time was about 

0.6 atm.  This closely corresponded to the pressure  loss between 

A and B (gas phase introduction pipe).  On the othe r hand, the 

pressure difference between E and D was determined to be less than 

0.1 atm when only water was passed through at a flo w rate of 0.01 

ml/min.  As a result of the reaction, an aqueous hy drogen peroxide  

having a concentration of 1.5% by weight was obtain ed under constant 

conditions. 

 Example 2 

[0100] 

 A reactor was fabricated in the same manner as Exa mple 1 with 

the exception of changing the shape of the fixed be d portion to 

Production of hydrogen peroxide was carried out for the same reactor used in Example 4 by filling the
fixed bed with a palladium-supported titania catalyst having a mean particle diameter of 60 gm (original
product, prepared from titania particles, Covalent Material Corp., and palladium chloride as precursor,
followed by hydrazine reduction. Loaded amount of palladium: 1.0% by weight), and by passing the
reaction solution through the reactor at 0.04 ml/min and the mixed gas of hydrogen and oxygen
(hydrogen: 20%) through at 20 ml/min in terms of the standard state flow rate, followed by applying
pressure of 10 atm. [0117]     At this time, the pressure difference between G and 0 in FIG. 2 was about
1.0 atm on both the oxygen and hydrogen sides, and this closely corresponded to the pressure loss
between Ak andSkinFIG. 3. In contrast, the pressure difference between L and 0 in FIG. 2 of when an
equal amount of water only passed through did not reach 0.1 atm. As a result, in contrast to the pressure
drop of the gas introduction portion being 0.1 atm, the pressure drop of when the aqueous solution
passed through the fixed bed filled with porous silica was less than 0.01 atm. As a result of the reaction,
an aqueous hydrogen peroxide having a concentration of 2.7% by weight was obtained under constant
conditions, and hydrogen yield was 15.5%. Example 7 [0118]     A fixed bed reactor having eight parallel
channels were fabricated in the present example. The microchannels of the reactor composed of a gas
phase introduction portion, liquid phase introduction portion, fixed bed portion and mixed gas/liquid phase
discharge portion were fabricated on a Tempax(r) glass plate measuring 30 mm. x 70 mm with double
side polished by forming grooves therein by chemical etching with hydrofluoric acid. [0119]      The
grooves were formed into a semi-elliptical shape having a depth of 20 gm and width of 50 gm. Drilling was
carried out for the fixed portion, the liquid phase introduction portion and the mixed gas/liquid phase
discharge portion on the plate in which microchannel grooves of the reactor were formed by etching.
[0120] 
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a width of 600 µm and depth of 600 µm.  When the mixed gas/liquid 

phase flow of the reactor was evaluated in the same  manner as Example 

1, namely when nitrogen was introduced from the lon g gas phase 

introduction pipe at the same flow rate and water i ntroduced at 

the same flow rate using the same packed material, the formation 

of a stable mixed gas/liquid phase flow and almost no entry of the 

liquid phase into the gas phase introduction portio n were able to 

be confirmed in the fixed bed portion.  The pressur e difference 

between A and D was about 1 atm, and this closely c orresponded to 

the pressure loss between A and B (gas phase introd uction pipe).  

On the other hand, the pressure difference between E and D of when 

only water passed through the silica-packed fixed b ed at a flow 

rate of 0.01 ml/min was less than 0.1 atm. 

[0101] 

 Moreover, when the reaction was evaluated in the s ame manner 

as Example 1 by filling a palladium-supported alumi na catalyst into 

the fixed bed instead of porous silica over a lengt h of about 40 

mm downstream from B of FIG. 1 in the same manner a s Example 1, 

an aqueous hydrogen peroxide was obtained having a concentration 

of 2.0% by weight. 

 Example 3 

[0102] 

 A reactor was fabricated in the same manner as Exa mple 1 with 

the exception of changing the shape of the fixed be d portion to 

a width of 600 µm and depth of 900 µm.  When the mixed gas/liquid 

The shape of the fixed portion had a width of 600 gm and a depth of 900 gm. On the other hand, holes
having a diameter of 1 mm were formed by drilling to form a gas phase introduction port, liquid phase
introduction port and mixed gas/liquid phase discharge port in a Tempax(r) glass plate of the same size.
Finally, the two Tempax(r) glass plates were laminated by thermal bonding to produce the fixed bed
reactors. The design requirements for the reactor complied with those in Example 4. [0121]      Next, the
same palladium-supported titania catalyst having a mean particle diameter of 60 gm as that used in
Example 6 (original product, loaded amount of palladium: 1.0% by weight) was filled into the fixed beds,
and the reaction solution at a flow rate of 0.04 ml/min and a mixed gas of hydrogen and oxygen
(hydrogen: 20%) at a flow rate of 40 ml/min in terms of the standard state flow rate were passed through
to produce hydrogen peroxide while applying pressure of 10 atm. [0122]     At this time, the pressure
difference between G and 0 in FIG. 2 was about 1.0 atm on both the oxygen and hydrogen sides, and this
closely corresponded to the pressure loss between Ak andSkinFIG. 3. In contrast, the pressure difference
between L and 0 in FIG. 2 when an equal amount of water only was passed through did not reach 0.1
atm. As a result, in contrast to the pressure drop of the gas introduction being 0.1 atm, the pressure drop
of when the aqueous solution was passed through the fixed bed filled with porous silica did not reach 0.01
atm. As a result of the reaction, an aqueous hydrogen peroxide having a concentration of 5.6% by weight
was obtained under constant conditions, and hydrogen yield was 17%. Example 8 [0123] 
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phase flow of the reactor was evaluated in the same  manner as Example 

1 under the same conditions, the formation of a sta ble mixed 

gas/liquid phase flow and almost no entry of the li quid phase into 

the gas phase introduction portion were able to be confirmed in 

the fixed bed portion.  The pressure difference bet ween A and D was 

about 1 atm, and this closely corresponded to the p ressure loss 

between A and B (gas phase introduction pipe).  On the other hand, 

the pressure difference between E and D when only w ater was passed 

through the silica-packed fixed bed at a flow rate of 0.01 ml/min 

was less than 0.1 atm. 

[0103] 

 Moreover, when the reaction was evaluated in the s ame manner 

as Example 1 by filling a palladium-supported alumi na catalyst into 

the fixed bed instead of porous silica with a lengt h of about 40 

mm downstream of B of FIG. 1 in the same manner as Example 1, an 

aqueous hydrogen peroxide was obtained having a con centration of 

3.0% by weight. 

[0104] 

 Comparative Example 1 

 In this comparative example, a reactor was fabrica ted using 

the same procedure as Example 1 with the exception of drilling the 

entire gas phase introduction portion.  At this tim e, the gas phase 

introduction pipes had a width of 200 µm and depth of 50 µm. 

[0105]  

 Spherical porous silica having a mean particle dia meter of 100 

Hydrogen peroxide was produced by, in continuation from the reaction of Example 7, passing the reaction
solution through at a flow rate of 0.02 ml/min and a mixed gas of hydrogen and oxygen (hydrogen: 20%)
through at a flow rate of 40 ml/min in terms of the standard state flow rate while applying pressure of 10
atm. As a result of the reaction, an aqueous hydrogen peroxide having a concentration of 10% by weight
was obtained under constant conditions, and hydrogen yield was 18%. [0124] Comparative Example 2
A reactor was fabricated in the same manner as Example 4 with the exception of using a width of 200 gm
and depth of 50 gm for the gas phase introduction pipes, and an aqueous solution and mixed gas of
hydrogen and oxide were passed through in the same manner as Example 4. As a result, a stable mixed
gas/liquid phase flow was unable to be formed and the reaction was unable to proceed. In this reactor,
the pressure drop in the gas phase introduction pipes was unable to be ensured, and the conditions of
APg_1> 10APg_g and APg_i > 5API_p of FIGS. 2 and 3 were not satisfied. [0125] Comparative Example
3     A reactor was fabricated in the same manner as Example 4 with the exception of using a width of 600
gm and depth of 50 gm for the liquid phase introduction pipe, and the reaction was evaluated under the
same conditions as Example 4. As a result, the liquid was unable to be uniformly distributed and the
reaction was again 
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µm was filled into the fixed bed portion of the reac tor.  When water 

was passed through the reactor from the liquid phas e introduction 

port at a flow rate of 0.01 ml/min and nitrogen gas  was passed through 

at a flow rate of 0.5 ml/min, there was remarkable entry of the 

liquid phase into the gas phase introduction portio n and a mixed 

gas/liquid phase flow was unable to be formed in th e fixed bed 

portion.  At this time, the pressure difference bet ween A and D was 

less than 0.1 atm.  On the other hand, the pressure  difference 

between E and D when only water passed through the silica-packed 

fixed bed at a flow rate of 0.01 ml/min was also le ss than 0.1 atm. 

[0106] 

 In addition, although the production of hydrogen p eroxide was 

examined by filling a palladium-supported alumina c atalyst into 

the reactor instead of porous silica in the same ma nner as Example 

1, and passing an aqueous solution at a flow rate o f 0.01 ml/min 

and a mixed gas of hydrogen and oxygen (hydrogen co ntent: 40%) at 

a flow rate of 5 ml/min as the standard state flow rate through 

the reactor followed by applying pressure of 10 atm , the experiment 

was unable to proceed properly since a stable mixed  gas/liquid phase 

flow was unable to be formed. 

 Example 4 

 [0107] 

 A fixed bed reactor having four parallel channels were 

fabricated in the present example. The microchannel s of the 

reactors composed of a gas phase introduction porti on, liquid phase 

introduction portion, fixed bed portion and mixed g as/liquid phase 

unable to proceed. In this reactor, the pressure drop in the liquid phase introduction pipes was unable to
be ensured, and the condition of APlii > 10AP1, of FIGS. 2 and 3 was not satisfied. [0126] Comparative
Example 4 A fixed bed reactor was fabricated in the same manner as Example 4 with the exception of
using a width of 600 Jim and depth of 300 Jim for all of the structures of 0 in FIG. 2. Although the reactor
was attempted to be filled with the catalyst, the pressure drop at the outlet increased, it became difficult to
introduce the slurry, and the catalyst was unable to be filled. This reactor did not satisfy the condition of
APilp > 2.5AP0 of FIG. 2. Example 9 [0127]       In the present example, the same reactor as Example 3
was used, and a palladium-supported alumina catalyst (loaded amount of palladium: 5% by weight, N.E.
Chemcat Corp.) was filled into the fixed bed portion over a length of 36 mm. Initially hydrogen at 1.5
ml/min, nitrogen at 3.5 ml/min (both in terms of the standard state flow rate) and a reaction solution
(having the same composition as that of Example 1) at 0.01 ml/min were supplied, followed by gradually
increasing the pressure over the course of one hour to 10 atm, and then carrying out the reaction after
switching the introduced gas from nitrogen to oxygen and the results in the table below were obtained.  
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discharge portion were fabricated on a Tempax  glass plate 

measuring 30 mm x 70 mm with double side polished b y forming grooves 

therein by chemical etching with hydrofluoric acid.  

[0108] 

 The grooves were formed into a semi-elliptical sha pe having 

a depth of 20 µm and width of 50 µm.  Drilling was carried out for 

the fixed portion, the liquid phase introduction po rtion and the 

mixed gas/liquid phase discharge portion on the pla te in which the 

microchannel grooves of a reactor were formed by et ching. 

[0109] 

 The shape of the fixed portion had a width of 600 µm and a depth 

of 900 µm.  On the other hand, holes having a diameter of 1  mm were 

formed by drilling to form a gas phase introduction  port, liquid 

phase introduction port, and mixed gas/liquid phase  discharge port 

in a Tempax  glass plate of the same size.  Finally, the two Te mpax 

glass plates were laminated by thermal bonding to p roduce a fixed 

bed reactor. 

[0110] 

 A more detailed explanation of the structure of th e fixed bed 

reactors is provided using FIGS. 2 and 3.  The fixe d reactor 

consists of four fixed beds arranged in parallel, i .e. n = 4 in 

FIG. 2.  Each fixed bed is composed of two gas phas e introduction 

pipes (Ak-Bk in FIG3), one liquid phase introductio n pipe (Ek-Fk) 

and a fixed bed portion (Ck-Dk), the two gas phase introduction 

pipes have a width of 50 µm and depth of 20 µm, and the length of 

[0128] [Table 1] Elapsed time after start of reaction (hr)  Hydrogen peroxide concentration(wt%) Hydrogen
yield(%) 0.5to2.5 1.1 3.1 
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the short pipe is 9 mm while the length of the long  pipe is 28 mm.  

The channels of the liquid phase introduction pipe have a width 

of 50 µm, depth of 20 µm and length of 3.5 mm, and are formed at 

50 µm intervals, and five microchannels function as a g roup for 

a single fixed bed.  On the other hand, the fixed b ed portion has 

a width of 600 µm, depth of 900 µm and length of 45 mm.  In FIG. 

3 the locations of B1k, B2k (two locations correspo nding to the 

two gas phase introduction pipes) and Fk were at 4 mm, 3 mm and 

0 mm, respectively, when measured from C. 

 In addition, the portion corresponding to Gd in FI G. 2 was 

composed of microchannels having a width of 1 mm an d depth of 300 

µm, and the pressure drop of when a gas phase flew w as concentrated 

in Ak-Bk of FIG. 3, namely, the relationship ∆Pg-l  > 10 ∆Pg-d  was made 

to always be valid, and, in addition, the portion c orresponding 

to Ld of FIG. 2 is composed of the microchannels ha ving a depth 

of 600 µm and depth of 300 µm, and the pressure drop of when a liquid 

phase flew was concentrated in Ek-Fk of FIG. 3,  na mely, the 

relationship ∆Pl-i  > 10 ∆Pl-d  was made to always be valid.  On the 

other hand, the structure of O of FIG. 2 was made t o have a width 

of 600 µm at all locations.  The catalyst was filled up to Dk at 

all locations (where, k represents a natural number  from 1 to n, 

and n = 4 in the present example), and in contrast to the channel 

depth following the fixed bed outlet being 300 µm, the channel depth 

at the integrated portion was made to be at least 6 00 µm and the 

2.7to4.7 2.8 7.7 4.9to6.9 2.6 7.4  [0129]     The reaction was stopped after 7 hours had passed from the
start of the reaction by switching the oxygen gas to nitrogen gas and reducing the pressure. The following
results were obtained after repeating a similar procedure. Catalyst performance was turned to be
maintained even between reaction starting and stopping procedures. 



 

 59 

relationship ∆Pl-p  > 2.5 ∆Po was made to be valid of when a gas phase 

flew in consideration of preventing a solid from fl owing out to 

the merging portion. 

[0111] 

 Next, spherical porous silica having a mean partic le diameter 

of 100 µm was filled into the fixed bed portion of a reacto r.  Water 

was passed through the reactor at a flow rate of 0. 04 ml/min from 

the liquid phase introduction port and nitrogen gas  was passed 

through at a flow rate of 2.0 ml/min.  Furthermore,  nitrogen gas 

was supplied from both the hydrogen introduction pi pe 

(corresponding to the longer one of the gas phase i ntroduction pipes 

that lead to each fixed bed) and oxygen introductio n pipe 

(corresponding to the shorter one of the gas phase introduction 

pipes leading to each fixed bed).  The formation of  a stable mixed 

gas/liquid phase flow and almost no entry of the li quid phase into 

the gas phase introduction portion were able to be confirmed. 

[0112] 

 Moreover, a palladium-supported alumina catalyst h aving a mean 

particle diameter of 50 µm (N.E. Chemcat Corp., palladium content: 

5% by weight) was injected with pressure as an aque ous slurry via 

the portion S-S' of FIG. 2 so as to be filled into each fixed bed 

with a length of 40 mm in the same manner as Exampl e 1 instead of 

porous silica, a reaction solution having the same composition as 

Example 1 at a flow rate of 0.04 ml/min and a mixed  gas of hydrogen 

and oxygen (hydrogen: 20%) at a flow rate of 20 ml/ min in terms 

[0130] [Table 2] Elapsed time after start of reaction (hr)  Hydrogen peroxide concentration(wt%) Hydrogen
yield(%) 0.5to2.5 2.8 10.1 
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of the standard state flow rate were passed through  each fixed bed 

to produce hydrogen peroxide while applying pressur e of 10 atm.  

Furthermore, hydrogen and oxygen were supplied sepa rately, and each 

gas phase was mixed only after having entered the f ixed bed portion. 

[0113] 

 As a result, the pressure difference between G and  O in FIG. 

2 was about 0.6 atm on both the hydrogen side and o xygen side, and 

this closely corresponded to the pressure loss betw een Ak and Bk 

in FIG. 3.  In contrast, the pressure difference be tween L and O 

in FIG. 2 when an equal amount of water only was pa ssed through 

did not reach 0.1 atm.  As a result of the reaction , an aqueous 

hydrogen peroxide having a concentration of 3.5% by  weight was 

obtained under constant conditions. 

 Example 5 

[0114] 

 Production of hydrogen peroxide was carried out fo r the same 

reactor used in Example 4 by filling it with the sa me catalyst as 

that used in Example 4, and by passing the reaction  solution through 

the reactor at 0.01 ml/min and the mixed gas of hyd rogen and oxygen 

(hydrogen: 20%) through at 11.3 ml/min in terms of the standard 

state flow rate, followed by applying pressure of 1 0 atm. 

[0115] 

 At this time, the pressure difference between G an d O in FIG. 

2 was about 1.0 atm on both the oxygen and hydrogen  sides, and this 

closely corresponded to the pressure loss between A k and Bk in FIG. 

3.  In contrast, the pressure difference between L and O in FIG. 

2.7to4.7 2.8 10.3 4.9to6.9 2.6 10.0  [0131] Comparative Example 5     A fixed bed reactor was produced
in the same manner as Example 1 with the exception of using a width of 1 mm and depth of 900 gm 
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2 of when an equal amount of water only passed thro ugh did not reach 

0.1 atm.  As a result of the reaction, an aqueous h ydrogen peroxide 

having a concentration of 5.0% by weight was obtain ed under constant 

conditions. 

 Example 6 

[0116] 

 Production of hydrogen peroxide was carried out fo r the same 

reactor used in Example 4 by filling the fixed bed with a 

palladium-supported titania catalyst having a mean particle 

diameter of 60 µm (original product, prepared from titania 

particles, Covalent Material Corp., and palladium c hloride as 

precursor, followed by hydrazine reduction.  Loaded  amount of 

palladium: 1.0% by weight), and by passing the reac tion solution 

through the reactor at 0.04 ml/min and the mixed ga s of hydrogen 

and oxygen (hydrogen: 20%) through at 20 ml/min in terms of the 

standard state flow rate, followed by applying pres sure of 10 atm. 

[0117] 

 At this time, the pressure difference between G an d O in FIG. 

2 was about 1.0 atm on both the oxygen and hydrogen  sides, and this 

closely corresponded to the pressure loss between A k and Bk in FIG. 

3.  In contrast, the pressure difference between L and O in FIG. 

2 of when an equal amount of water only passed thro ugh did not reach 

0.1 atm.  As a result, in contrast to the pressure drop of the gas 

introduction portion being 0.1 atm, the pressure dr op of when the 

aqueous solution passed through the fixed bed fille d with porous 

silica was less than 0.01 atm.  As a result of the reaction, an 

for the fixed bed portion (C-D in FIG. 1). The same catalyst as Example 6 was filled into the fixed bed with
a length of 40 mm. The same procedure as Example 6 was carried out with the exception of initially
introducing hydrogen at 1.0 ml/min and nitrogen at 4.0 ml/min (both in terms of the standard state flow
rate) into the reactor, after which a small-scale explosion occurred immediately after switching the
introduced gas from nitrogen to oxygen, the wall surface of the microchannels were ruptued and leakage
occurred, thereby making it impossible to continue the reaction. This indicates that it is essential in the
case of a reactor us ing microchannels to safely carry out a procedure in which the reaction is started in a
reducing atmosphere and then switched to a reactive atmosphere. [0132] Comparative Example 6      In
the present comparative example, the same fixed reactor as that of Example 3 was used. The catalyst
was filled into the fixed bed portion over a length of 36 mm. The following results were obtained when the
reduction and reaction were carried out according to the same procedure as Example 6. [0133] [Table 3]
Elapsed time after 
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aqueous hydrogen peroxide having a concentration of  2.7% by weight 

was obtained under constant conditions, and hydroge n yield was 

15.5%. 

 Example 7 

[0118] 

 A fixed bed reactor having eight parallel channels  were 

fabricated in the present example.  The microchanne ls of the 

reactor composed of a gas phase introduction portio n, liquid phase 

introduction portion, fixed bed portion and mixed g as/liquid phase 

discharge portion were fabricated on a Tempax  glass plate 

measuring 30 mm x 70 mm with double side polished b y forming grooves 

therein by chemical etching with hydrofluoric acid.  

[0119] 

 The grooves were formed into a semi-elliptical sha pe having 

a depth of 20 µm and width of 50 µm.  Drilling was carried out for 

the fixed portion, the liquid phase introduction po rtion and the 

mixed gas/liquid phase discharge portion on the pla te in which 

microchannel grooves of the reactor were formed by etching. 

[0120] 

 The shape of the fixed portion had a width of 600 µm and a depth 

of 900 µm.  On the other hand, holes having a diameter of 1  mm were 

formed by drilling to form a gas phase introduction  port, liquid 

phase introduction port and mixed gas/liquid phase discharge port 

in a Tempax  glass plate of the same size.  Finally, the two Te mpax 

glass plates were laminated by thermal bonding to p roduce the fixed 

start of reaction (hr)  Hydrogen peroxide concentration(wt%) Hydrogen yield(%) 0.5to2.5 2.4 9.0 2.7to4.7
2.8 10.5 
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bed reactors.  The design requirements for the reac tor complied 

with those in Example 4. 

[0121] 

 Next, the same palladium-supported titania catalys t having a 

mean particle diameter of 60 µm as that used in Example 6 (original 

product, loaded amount of palladium: 1.0% by weight ) was filled 

into the fixed beds, and the reaction solution at a  flow rate of 

0.04 ml/min and a mixed gas of hydrogen and oxygen (hydrogen: 20%) 

at a flow rate of 40 ml/min in terms of the standar d state flow 

rate were passed through to produce hydrogen peroxi de while 

applying pressure of 10 atm. 

[0122] 

 At this time, the pressure difference between G an d O in FIG. 

2 was about 1.0 atm on both the oxygen and hydrogen  sides, and this 

closely corresponded to the pressure loss between A k and Bk in FIG. 

3.  In contrast, the pressure difference between L and O in FIG. 

2 when an equal amount of water only was passed thr ough did not 

reach 0.1 atm.  As a result, in contrast to the pre ssure drop of 

the gas introduction being 0.1 atm, the pressure dr op of when the 

aqueous solution was passed through the fixed bed f illed with porous 

silica did not reach 0.01 atm.  As a result of the reaction, an 

aqueous hydrogen peroxide having a concentration of  5.6% by weight 

was obtained under constant conditions, and hydroge n yield was 17%. 

 Example 8 

[0123] 

 Hydrogen peroxide was produced by, in continuation  from the 

4.9to6.9 2.8 10.6  [0134]      The reaction was stopped after 7 hours had elapsed from the start of the
reaction by switching the hydrogen gas to nitrogen gas and reducing the pressure. Next, pretreatment
was carried out using a gas of the same composition as that used when terminating the reaction, namely
using a mixed gas atmosphere of nitrogen and oxygen, and the following results were obtained when the
reaction was carried out using the same reaction conditions as Example 6. The decrease in hydrogen
peroxide concentration and hydrogen yield indicates that the catalyst had lost the activity as a result of
having stopped and started the reaction in an oxidizing atmosphere. [0135] [Table 4] Elapsed time after
start of reaction (hr) 
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reaction of Example 7, passing the reaction solutio n through at 

a flow rate of 0.02 ml/min and a mixed gas of hydro gen and oxygen 

(hydrogen: 20%) through at a flow rate of 40 ml/min  in terms of 

the standard state flow rate while applying pressur e of 10 atm.  

As a result of the reaction, an aqueous hydrogen pe roxide having 

a concentration of 10% by weight was obtained under  constant 

conditions, and hydrogen yield was 18%. 

[0124] 

 Comparative Example 2 

 A reactor was fabricated in the same manner as Exa mple 4 with 

the exception of using a width of 200 µm and depth of 50 µm for 

the gas phase introduction pipes, and an aqueous so lution and mixed 

gas of hydrogen and oxide were passed through in th e same manner 

as Example 4.  As a result, a stable mixed gas/liqu id phase flow 

was unable to be formed and the reaction was unable  to proceed.  

In this reactor, the pressure drop in the gas phase  introduction 

pipes was unable to be ensured, and the conditions of ∆Pg-l  > 10 ∆Pg-d  

and ∆Pg-i  > 5 ∆Pl-p  of FIGS. 2 and 3 were not satisfied. 

[0125] 

 Comparative Example 3 

 A reactor was fabricated in the same manner as Exa mple 4 with 

the exception of using a width of 600 µm and depth of 50 µm for 

the liquid phase introduction pipe, and the reactio n was evaluated 

under the same conditions as Example 4.  As a resul t, the liquid 

was unable to be uniformly distributed and the reac tion was again 

Hydrogen peroxide concentration(wt%) Hydrogen yield(%) 0.5to2.5 2.3 6.5 2.7to4.7 2.4 7.0 4.9to6.9 2.2 
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unable to proceed.  In this reactor, the pressure d rop in the liquid 

phase introduction pipes was unable to be ensured, and the condition 

of ∆Pl-i  > 10 ∆Pl-d  of FIGS. 2 and 3 was not satisfied. 

[0126] 

 Comparative Example 4 

 A fixed bed reactor was fabricated in the same man ner as Example 

4 with the exception of using a width of 600 µm and depth of 300 

µm for all of the structures of O in FIG. 2.  Althou gh the reactor 

was attempted to be filled with the catalyst, the p ressure drop 

at the outlet increased, it became difficult to int roduce the slurry, 

and the catalyst was unable to be filled.  This rea ctor did not 

satisfy the condition of ∆Pl-p  > 2.5 ∆Po of FIG. 2. 

 Example 9 

[0127] 

 In the present example, the same reactor as Exampl e 3 was used, 

and a palladium-supported alumina catalyst (loaded amount of 

palladium: 5% by weight, N.E. Chemcat Corp.) was fi lled into the 

fixed bed portion over a length of 36 mm.  Initiall y hydrogen at 

1.5 ml/min, nitrogen at 3.5 ml/min (both in terms o f the standard 

state flow rate) and a reaction solution (having th e same 

composition as that of Example 1) at 0.01 ml/min we re supplied, 

followed by gradually increasing the pressure over the course of 

one hour to 10 atm, and then carrying out the react ion after 

switching the introduced gas from nitrogen to oxyge n and the results 

in the table below were obtained. 

6.6  INDUSTRIAL APPLICABILITY  [0136]      As has been described in detail, the present invention
relates to a fixed bed reactor for gas/liquid mixed phase and a mixed gas/liquid phase reaction process
using the reactor, and the use of the mixed gas/liquid phase reactor composed of the microchannels of
the present invention makes it possible to control the flow rate of a mixed gas containing an explosive
combination of hydrogen and oxygen and handle the mixed gas safely. As a result of having a fixed bed
filled with catalyst in the microchannels, the contact interface between gas and liquid is increased, thereby
making it possible to achieve a higher efficiency of mass transfer from gas phase to liquid phase than in a
reactor of the prior art. Although the concentration of hydrogen peroxide obtained with a reactor of the
prior art was limited to a low value of 0.2% by weight, in the reactor of the present invention, hydrogen
peroxide can be obtained at a concentration of, for example, 1.0% by weight, under steady state reaction
conditions, mass transfer from gas phase to liquid phase can be promoted at an efficiency 10 to 100
times higher than that with a reactor of the prior art, and when fixed beds are arranged in parallel, gas and
liquid are equally distributed to each fixed bed, thereby making it possible to improve productivity without
impairing reaction performance. The present invention is useful for providing a novel technology relating
to a novel fixed bed mixed gas/liquid phase reactor us ing microchannels that makes it possible to
produce hydrogen peroxide safely and under constant conditions under explosive conditions of a
hydrogen content of 20 to 50%.  CLAIMS:   1. A fixed bed reactor for carrying out a gas/liquid mixed
phase reaction, comprising a piping structure composed of microchannels, a cross-sectional area of
0.0001 cm2 to 0.008 cm2 of a fixed bed, the fixed bed, a gas phase introduction portion and a liquid
phase introduction portion, a piping structure with certain cross-sectional area formed so as to satisfy the
condition APg > 5AP1 under mixed gas/liquid phase reaction conditions and/or a packing material
structure that promotes the formation of a mixed gas/liquid phase formed so as to satisfy the same
conditions, when 
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[0128] 

 [Table 1] 

Elapsed time after 
start of reaction 

(hr) 

Hydrogen peroxide 
concentration (wt%) 

Hydrogen yield (%) 

0.5 to 2.5 1.1 3.1 

2.7 to 4.7 2.8 7.7 

4.9 to 6.9 2.6 7.4 

 

[0129] 

 The reaction was stopped after 7 hours had passed from the start 

of the reaction by switching the oxygen gas to nitr ogen gas and 

reducing the pressure.  The following results were obtained after 

repeating a similar procedure.  Catalyst performanc e was turned to 

be maintained even between reaction starting and st opping 

procedures. 

[0130] 

 [Table 2] 

Elapsed time after 
start of reaction 

(hr) 

Hydrogen peroxide 
concentration (wt%) 

Hydrogen yield (%) 

0.5 to 2.5 2.8 10.1 

2.7 to 4.7 2.8 10.3 

4.9 to 6.9 2.6 10.0 

[0131] 

 Comparative Example 5 

 A fixed bed reactor was produced in the same manne r as Example 

1 with the exception of using a width of 1 mm and d epth of 900 µm 

APg represents the pressure drop of the piping of the gas phase introduction portion when the gas phase
has passed therethrough andAPIrepresents the pressure drop when the liquid phase has passed through
the fixed bed reactor via the liquid phase introduction portion.  2. A fixed bed reactor having a piping
structure composed of the microchannels for carrying out a gas/liquid mixed phase reaction, comprising
two or more fixed beds arranged in parallel having a cross-sectional area of 0.0001 cm2 to 0.008 cm2, a
gas phase distribution portion, a portion for introducing the gas phase to the fixed bed, a liquid phase
distribution portion, a portion for introducing the liquid phase to the fixed bed, a packing material
introduction portion and a fluid merging portion, a packing material structure in which each liquid phase is
evenly distributed  in each of the two or more microchannels arranged in parallel, and when APg_,1 and
APg_i represent respectively the pressure drop of the piping of the gas phase distribution portion and the
pressure drop of the gas phase introduction portion, APlig and AP'_i represent respectively the pressure
drop of the above mentioned piping of the liquid phase distribution portion and the pressure drop of the
liquid phase introduction portion, APl_p represents the pressure drop of the fixed bed portion of the
pressure drops when the liquid phase has passed through the parallely arranged fixed beds, and AP,
represents the pressure loss when the liquid phase has passed through the fluid merging portion following
the fixed bed, then all of the following conditions 1) to 4) are satisfied:       1) a ratio of the surface area of
the gas phase introduction portion to the surface area of the fixed bed is within a range of 0.0001 to 0.05,
and a ratio of the surface area of the liquid phase introduction portion to the surface area of the fixed bed
is within a range of 0.0003 to 0.3;       2) AP' > 10API_g and APg_i > 10APg_g;       3) > 2.5AP0" and
4) APg_i > 5API_p.      A fixed bed reactor characterized as having materially packed structure that
uniformly distribute a gas phase and a liquid phase toward two or more fixed bed prescribed above. 3.
The fixed bed reactor according to claim 1 or 2, wherein the 
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for the fixed bed portion (C-D in FIG. 1).  The sam e catalyst as 

Example 6 was filled into the fixed bed with a leng th of 40 mm.  

The same procedure as Example 6 was carried out wit h the exception 

of initially introducing hydrogen at 1.0 ml/min and  nitrogen at 

4.0 ml/min (both in terms of the standard state flo w rate) into 

the reactor, after which a small-scale explosion oc curred 

immediately after switching the introduced gas from  nitrogen to 

oxygen, the wall surface of the microchannels were ruptued and 

leakage occurred, thereby making it impossible to c ontinue the 

reaction.  This indicates that it is essential in t he case of a 

reactor using microchannels to safely carry out a p rocedure in which 

the reaction is started in a reducing atmosphere an d then switched 

to a reactive atmosphere. 

[0132] 

 Comparative Example 6 

 In the present comparative example, the same fixed  reactor as 

that of Example 3 was used.  The catalyst was fille d into the fixed 

bed portion over a length of 36 mm.  The following results were 

obtained when the reduction and reaction were carri ed out according 

to the same procedure as Example 6. 

[0133] 

 [Table 3] 

 

 

 

 

ratio of the cross-sectional area of the gas phase introduction portion to the cross-sectional area of the
fixed bed is within a range of 0.0002 to 0.02.  4. The fixed bed reactor according to claim 1 or 2, wherein
the ratio of the cross-sectional area of the liquid phase introduction portion to the cross-sectional area of
the fixed bed is within a range of 0.001 to 0.1.  5. The fixed bed reactor according to claim 1 or 2, wherein
the ratio of the cross-sectional area of the piping of the gas phase introduction portion to the
cross-sectional area of the piping of the liquid phase introduction portion is 1 or less.  6. The fixed reactor
according to claim 1 or 2, wherein the cross-sectional area of the fixed bed is 0.0008 cm2 to 0.008 cm2.
7. The fixed bed reactor according to claim 1 or 2, wherein a packing material is a catalyst.  8. The fixed
bed reactor according to claim 1 or 2, wherein a catalyst filled into the fixed bed contains elements of
palladium, gold and/or platinum. 9. A process for carrying out a mixed gas/liquid phase reaction using the
fixed bed reactor defined in any of claims 1 to 8, wherein 72 
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Elapsed time after 
start of reaction 

(hr) 

Hydrogen peroxide 
concentration (wt%) 

Hydrogen yield (%) 

0.5 to 2.5 2.4 9.0 

2.7 to 4.7 2.8 10.5 

4.9 to 6.9 2.8 10.6 

 

[0134] 

 The reaction was stopped after 7 hours had elapsed  from the 

start of the reaction by switching the hydrogen gas  to nitrogen 

gas and reducing the pressure.  Next, pretreatment was carried out 

using a gas of the same composition as that used wh en terminating 

the reaction, namely using a mixed gas atmosphere o f nitrogen and 

oxygen, and the following results were obtained whe n the reaction 

was carried out using the same reaction conditions as Example 6.  

The decrease in hydrogen peroxide concentration and  hydrogen yield 

indicates that the catalyst had lost the activity a s a result of 

having stopped and started the reaction in an oxidi zing atmosphere. 

[0135] 

 [Table 4] 

Elapsed time after 
start of reaction 

(hr) 

Hydrogen peroxide 
concentration (wt%) 

Hydrogen yield (%) 

0.5 to 2.5 2.3 6.5 

2.7 to 4.7 2.4 7.0 

4.9 to 6.9 2.2 6.6 

 

INDUSTRIAL APPLICABILITY  

a mixed gas/liquid phase reaction is carried out by operating the fixed bed reactor under conditions such
that a linear velocity of the gas phase is 0.01 m/s to 10 m/s and a linear velocity of the liquid phase is 10-5
m/s to 10-2 m/s in a single microchannel or parallely arranged microchannels.  10. The gas/liquid mixed
phase reaction process according to claim 9, wherein when directly synthesizing hydrogen peroxide from
hydrogen and oxygen, the reaction process is started in a reducing atmosphere, the reaction for directly
synthesizing hydrogen peroxide is next carried out in the presence of hydrogen and oxygen, and finally
the reaction is terminated in a reducing atmosphere.  11. The reaction process according to claim 10,
wherein after filling a catalyst containing palladium and/or other metal into microchannels, a suitable
amount of hydrogen gas or a mixed gas of hydrogen and nitrogen is passed through the microchannels,
and the reaction is started after sufficiently creating a reducing atmosphere on the catalyst surface and in
the microchannels.  12. The reaction process according to claim 10, wherein when terminating the
reaction, a suitable amount of hydrogen gas or a mixed gas of hydrogen and nitrogen is passed through
the microchannels after the synthesis reaction has completely ended, and the reaction is stopped after
sufficiently creating a reducing atmosphere on the catalyst surface and in the microchannels.   13. The
reaction process according to claim 9, wherein the gas phase contains oxygen and/or hydrogen.  14. The
reaction process according to claim 9, wherein the liquid phase has as a main component water and/or an
organic compound containing a hydroxyl group.  15. The reaction process according to claim 14, wherein
the main component of the liquid phase is water and/or alcohol. 
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[0136] 

 As has been described in detail, the present inven tion relates 

to a fixed bed reactor for gas/liquid mixed phase a nd a mixed 

gas/liquid phase reaction process using the reactor , and the use 

of the mixed gas/liquid phase reactor composed of t he microchannels 

of the present invention makes it possible to contr ol the flow rate 

of a mixed gas containing an explosive combination of hydrogen and 

oxygen and handle the mixed gas safely.  As a resul t of having a 

fixed bed filled with catalyst in the microchannels , the contact 

interface between gas and liquid is increased, ther eby making it 

possible to achieve a higher efficiency of mass tra nsfer from gas 

phase to liquid phase than in a reactor of the prio r art.  Although 

the concentration of hydrogen peroxide obtained wit h a reactor of 

the prior art was limited to a low value of 0.2% by  weight, in the 

reactor of the present invention, hydrogen peroxide  can be obtained 

at a concentration of, for example, 1.0% by weight,  under steady 

state reaction conditions, mass transfer from gas p hase to liquid 

phase can be promoted at an efficiency 10 to 100 ti mes higher than 

that with a reactor of the prior art, and when fixe d beds are arranged 

in parallel, gas and liquid are equally distributed  to each fixed 

bed, thereby making it possible to improve producti vity without 

impairing reaction performance.  The present invent ion is useful 

for providing a novel technology relating to a nove l fixed bed mixed 

gas/liquid phase reactor using microchannels that m akes it possible 

to produce hydrogen peroxide safely and under const ant conditions 

under explosive conditions of a hydrogen content of  20 to 50%. 
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CLAIMS:  

1. A fixed bed reactor for carrying out a gas/liqui d mixed phase 

reaction, comprising a piping structure composed of  microchannels, 

a cross-sectional area of 0.0001 cm 2 to 0.008 cm 2 of a fixed bed, 

the fixed bed, a gas phase introduction portion and  a liquid phase 

introduction portion, a piping structure with certa in 

cross-sectional area formed so as to satisfy the co ndition ∆Pg > 

5∆Pl  under mixed gas/liquid phase reaction conditions a nd/or a 

packing material structure that promotes the format ion of a mixed 

gas/liquid phase formed so as to satisfy the same c onditions, when 

∆Pg represents the pressure drop of the piping of the g as phase 

introduction portion when the gas phase has passed therethrough 

and ∆Pl represents the pressure drop when the liquid phase has passed 

through the fixed bed reactor via the liquid phase introduction 

portion.  

 

2. A fixed bed reactor having a piping structure co mposed of the 

microchannels for carrying out a gas/liquid mixed p hase reaction, 

comprising two or more  fixed beds arranged in para llel having a 

cross-sectional area of 0.0001 cm 2 to 0.008 cm 2, a gas phase 

distribution portion, a portion for introducing the  gas phase to 

the fixed bed, a liquid phase distribution portion,  a portion for 

introducing the liquid phase to the fixed bed, a pa cking material 

introduction portion and a fluid merging portion, a  packing 

material structure in which each liquid phase is ev enly distributed 
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in each of the two or more  microchannels arranged in parallel, and 

when ∆Pg-d  and ∆Pg-i  represent respectively the pressure drop of the 

piping of the gas phase distribution portion and th e pressure drop 

of the gas phase introduction portion, ∆Pl-d  and ∆Pl-i represent 

respectively the pressure drop of the above mention ed piping of 

the liquid phase distribution portion and the press ure drop of the 

liquid phase introduction portion, ∆Pl-p represents the pressure 

drop of the fixed bed portion of the pressure drops  when the liquid 

phase has passed through the parallely arranged fix ed beds, and 

∆Po represents the pressure loss when the liquid phase has passed 

through the fluid merging portion following the fix ed bed, then 

all of the following conditions 1) to 4) are satisf ied: 

 1) a ratio of the surface area of the gas phase in troduction 

portion to the surface area of the fixed bed is wit hin a range of 

0.0001 to 0.05, and a ratio of the surface area of the liquid phase 

introduction portion to the surface area of the fix ed bed is within 

a range of 0.0003 to 0.3; 

 2) ∆Pl-i  > 10 ∆Pl-d  and ∆Pg-i  > 10 ∆Pg-d ; 

 3) ∆Pl-p  > 2.5 ∆Po;  and 

 4) ∆Pg-i  > 5 ∆Pl-p . 

     A fixed bed reactor characterized as having ma terially packed 

structure that uniformly distribute a gas phase and  a liquid phase 

toward two or more fixed bed prescribed above. 

 

3. The fixed bed reactor according to claim 1 or 2,  wherein the 



 

 72 

ratio of the cross-sectional area of the gas phase introduction 

portion to the cross-sectional area of the fixed be d is within a 

range of 0.0002 to 0.02. 

 

4. The fixed bed reactor according to claim 1 or 2,  wherein the 

ratio of the cross-sectional area of the liquid pha se introduction 

portion to the cross-sectional area of the fixed be d is within a 

range of 0.001 to 0.1. 

 

5. The fixed bed reactor according to claim 1 or 2,  wherein the 

ratio of the cross-sectional area of the piping of the gas phase 

introduction portion to the cross-sectional area of  the piping of 

the liquid phase introduction portion is 1 or less.  

 

6. The fixed reactor according to claim 1 or 2, whe rein the 

cross-sectional area of the fixed bed is 0.0008 cm 2 to 0.008 cm 2. 

 

7. The fixed bed reactor according to claim 1 or 2,  wherein a 

packing material is a catalyst. 

 

8. The fixed bed reactor according to claim 1 or 2,  wherein a 

catalyst filled into the fixed bed contains element s of palladium, 

gold and/or platinum. 

 

9. A process for carrying out a mixed gas/liquid ph ase reaction 

using the fixed bed reactor defined in any of claim s 1 to 8, wherein 
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a mixed gas/liquid phase reaction is carried out by  operating the 

fixed bed reactor under conditions such that a line ar velocity of 

the gas phase is 0.01 m/s to 10 m/s and a linear ve locity of the 

liquid phase is 10 -5  m/s to 10 -2  m/s in a single microchannel or 

parallely arranged microchannels. 

 

10. The gas/liquid mixed phase reaction process acc ording to claim 

9, wherein when directly synthesizing hydrogen pero xide from 

hydrogen and oxygen, the reaction process is starte d in a reducing 

atmosphere, the reaction for directly synthesizing hydrogen 

peroxide is next carried out in the presence of hyd rogen and oxygen, 

and finally the reaction is terminated in a reducin g atmosphere. 

 

11. The reaction process according to claim 10, whe rein after 

filling a catalyst containing palladium and/or othe r metal into 

microchannels, a suitable amount of hydrogen gas or  a mixed gas 

of hydrogen and nitrogen is passed through the micr ochannels, and 

the reaction is started after sufficiently creating  a reducing 

atmosphere on the catalyst surface and in the micro channels. 

 

12. The reaction process according to claim 10, whe rein when 

terminating the reaction, a suitable amount of hydr ogen gas or a 

mixed gas of hydrogen and nitrogen is passed throug h the 

microchannels after the synthesis reaction has comp letely ended, 

and the reaction is stopped after sufficiently crea ting a reducing 

atmosphere on the catalyst surface and in the micro channels. 
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13. The reaction process according to claim 9, wher ein the gas phase 

contains oxygen and/or hydrogen. 

 

14. The reaction process according to claim 9, wher ein the liquid 

phase has as a main component water and/or an organ ic compound 

containing a hydroxyl group. 

15. The reaction process according to claim 14, whe rein the main 

component of the liquid phase is water and/or alcoh ol. 


