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 thE¥-EHPABRNof increasing the efficiency of mass transfer
from gas phase to Iﬂgg EJﬁhase by 10-fold to 100-fold in comparison with conventional reactors by

improving the SR 615:(9 i'ﬂmgfdﬁéﬁ%ﬁ%ﬁgpmM'@gagﬁﬁﬁb%HQ?MﬁEion process
that uses the same. The present ‘Qﬁ?‘qgﬂr%&g@ﬁ%ga@lﬂg@% Xl\ﬁlgd novel product relating to a
randam gas/nquid p

fixed bed mixed gas/liquid reacto IXe ase 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 oxygenTB&EGKEGROENPART [0002] In recent years, the
development of continuous reaction processes has aggressively proceeded using microchannels

composed

[0001]

The present invention relates to a fixed bed react
carrying out gas/liquid mixed phase reactions and a
mixed phase reaction process, and more particularly
afixedbedgas/liquidmixedphasereactorhavinga
composed of microchannels that is capable of increa
efficiencyofmasstransferfromgasphasetoliqui
to 100-foldin comparison with conventional reactor
the structure of gas/liquid introduction portions,
gas/liquidphasereactionprocessthatusesthesam
invention provides a novel technology and novel pro
toafixedbedmixedgas/liquidreactorandamixed
reaction process thereof which make it possible to,
safelyproducehydrogenperoxideunderconstantcon
high efficiency while saving energy and placing lit
the environment in a direct reaction process, using
of hydrogen and oxygen.

BACKGROUND ART

[0002]
In recent years, the development of continuous rea
processeshasaggressivelyproceededusingmicrocha
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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
controllabilitydh e HRAFIRY AR FEPSEroReliaNM@LRRCs R4LT fluorination reddiBh €fing fRiorine for the
gas phase, and using microchannels to efficientey caontrol reactions between hydrogen and oxygen

|
(Non-Patent [558uMER{eSTOEY 'S CRARTELEELRS FRRIMEAs within a microred 5 E8hposed of

microchannels nz%pofp%ﬁﬁetas? in thre \'/mertfr?é:% Area \é\gtgy})th? microchannels promoteg mass transfer and

. C a remov .
improves reac?lon eﬁ|C|e¥| , Whiie air increase In pemﬁc surface area of the rearg{or?acﬁltates

temperature g&@ﬁr@hm gfrﬁécﬁ@lﬂss%%iﬁg%@%@g%ﬁg&)y being able to achigygsreaction conditions

and reaction selectivity unable to be achieved with conventional reactors. Consequently, the prior art
consists nearyi@otrRl i NepRNspleVRigiHg toBifcreaaiprs, or the shape ipaebaigg@hénicrochannels,
while there have been few disclosures regarding optimum reaction conditions or catalyst usage
environment éffitieseyreftwstass.tf@offef. A production process of epoxy compounds characterized by
epoxidating olefin compounds from hydrogen peroxide has been proposed as an example of a production
process carrié¥@2lt in a microreactor using a catalyst (Patent Document 1). In this document as well,
there are no particular limitations on the oxidation p_atal)(st used and a known oxidation catalyst can be
used, and there al'QSEX8"PRIGRAIRE NEAREOSOBIEREUGTH distributing methB¥ElR&e Ahen supplying
the mixture of ol?rf(i)rn cé)lm{pound nd h droaq%pggroxide.to the microreactor, and a known method can also
r, |

d
be employed??—?owef\i/ HeCAR %4[0 At Meter tidclosed in the examﬁrggeingr%(i: ron or less, and

considerablefmmg[rigrl?g%iﬁogrl?g}&}ﬁgc}ﬁn%qu{hygg' Hﬁe microreactor. It isaglgac{n@ggiﬁ ecial

considerations are required to be given to the liquid distribution method from thé viewpoint of stable
operation of the-reasdianeE¥8Wliciently 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,thepriorartconsistsnea rlyentirelyof
proposals relating to microreactors, or the shape a nd size of
microchannels, while there have been few disclosure S regarding
optimumreactionconditionsorcatalystusageenvir onmentinthese
reactors.

[0005]



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 rutheiBFACEENISRresesH eAARPAt ERTHIaHIER EiRAREa ) drogenation c&88IPdt is normally
preferably about Q.1 to 100 gm and ®articularly referabtlﬁ/ abaut 1 to 50 gm, and the ratio of catalyst

mean particlEBRABIECSABN SRR MHAATHOMNFOLANE I 0.1 or less anBASHEEIarly preferably

about 0.07 or_less th(]?re is no disc osqre re rTn the hg(szlré)aqen flow rate andlelelcz%(I;Xé)f the use of

hydrogen is é)rli()lgglsjg r%smarﬂq%xe{galsoqn?g{ feac 5881 %rf?i%?ency. [0007] A techno?cgjgy has been proposed

for producinw@%g%ﬁgéﬁ%sg%@a{y&e(pgﬁlhpggﬂﬁqém ﬂ_alkene by allowing,ghjydrocarbon-containing

fluid containing an alkane or aralkane and an oxygen source into microchannels having a catalyst therein
and by allowiggcthfdttd®aaiheneee Al nig @ dkikLiRnd hgu@xygen source to reags il the microchannels
within a temperature range of 300 to 1000C (Patent Document 3). In this document as well, there are no
particular limiaitztiemcathlystatayahdaknevaubstatioacmsat, and any convepstoaabetfeetive oxidative
dehydrogenation catalyst can be contained, while there is no particular disclosure relating to the catalyst
usage enviroARSEIREfSrasA AT FREICHEH BMiEAIneg. QR Bddition, the target realifidifl 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 reactidhSYEBEEE Mead yReHEIRD SHRYPHBgREMiKBYSgen are expectel @ # ¥ applied to a
hydrogen percoxideogr%dunc iw #?m%%ssérlg tag lga%ﬁté rm{drro eg&greroxide has beean ro uged by a reaction
process referfd t0 as the & rglaum%ne)ﬁ‘)I ocess.In ﬁigr%?o uction process, FOWey '?, e anthraquinone

successively tﬂ‘éﬁﬂfﬂQ%eé%‘ﬁi@%mo%ﬂqu%&feW%QrQ&ﬁﬁsta”d has been ir&girq@gd as having

problems

diameter disclosed in the examples is 1 micron or | ess, and
considerable pressure loss is predicted to occur wi thin the
microreactor. Itisclearthatspecialconsiderati onsarerequired
to be given to the liquid distribution method from the viewpoint

of stable operation of the reaction.

[0006]

Aprocessforcarryingouthydrogenationofaldehy decompounds
ornitrocompoundsundermildconditionsbycatalyt ichydrogenation
is proposed as an example of a production process ¢ arried outin
a microreactor using a catalyst (Patent Document 2) . In this
document, although the examples of hydrogenation ca talysts used
inthemicroreactorincludeapalladiumcatalyst,n ickelcatalyst,
platinum catalyst and ruthenium catalyst, the mean particle
diameterofthehydrogenationcatalystisnormally preferablyabout
0.1 to 100 um and particularly preferably about 1 to 50 um, and
theratioofcatalystmean particlediametertoflo wpathdiameter
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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
hydrogenatiold Bielsiabirpler Higherrerdand paictHany® tonventional hydrogei®4aehll #88etor based on the
anthraquinone process has been disclosed as an example of a commercially implemented hydrogen

peroxide proddfiBh'Brocbss PARASGEHREREATINPME document as well, NSO Wised in the
hydrogenatioré{g%(r:ﬁa_ﬁcindicoaﬁ&d fbas\éircl)g ﬁ:\rg%osi%e %rgnelosrgetrical shape that is Gom ﬁ]téble for the use
within microchanne S, and the y&rogenatign cgtarfyst may be alternatively filled INtO thé microreactor
channels or mﬁgﬁﬁoﬂ%‘&%ﬁﬁ%@ﬁ&% d 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 reggefen 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 peraxietsh asltiggHfasdlgamuiopb Je0hoplodinengrealection of hydrogeangetiegkite by a direct
reaction process using hydrogen and oxygen, studies have been previously conducted on a reaction
system comp¥etype &h 2lkere asenAighena Ryl iitsde amount of a stabilizer for stably recovering
hydrogen peroxide and a catalyst composed mainly of a precious metal such askgalladium or gold. More

specifically, HHQGEHPRBrEX R HIEe,HIAHIBAARG KBBRGen and oxygen GR86IBEARdvater to react on

a catalyst (N%n-Patenr'%S[())ocgénent 2 'r{)%glllwel This dié{%cg I action process hﬁ%esr%veraldproblems from
the viewpoint gfoé%ﬁ%e[y xnd pr'(%%'allvi y WHeR 3{%8%%%9% thake it industriaﬁy vailaBlE First, since the
hydrogen a”%ﬁmﬂgﬁ{é’ﬁﬁ m{y&mggﬁggﬁglﬁ&\fﬁﬁﬁn extremely wideer&l(}gg%ni%menecessary to

operate under'conditions in"which hydrogen pa pressure was reduced to 4% or less in the prior art. In

addition, sincg hyskparRiPaIexgdeharmed Ritkpastiangdraydrogen and oxyggr digrdvad in water, it
was necessary to improve the dissolution efficiency of each component.

300t01000 °C(PatentDocument3). Inthisdocumentaswell,t here
arenoparticularlimitationsonthecatalystactiv esubstanceused,
andanyconventionaleffectiveoxidativedehydrogen ationcatalyst

canbecontained,whilethereisnoparticulardisc
tothecatalystusageenvironmentforenhancingrea
Inaddition, the targetreaction ofthistechnology
reaction,anditisnotclearwhetherthistechnolo

as itis to a mixed gas/liquid phase reaction.
[0008]

Next, reactions of hydrogen and oxygen are expecte
applied to a hydrogen peroxide production process.
hydrogenperoxidehasbeenproducedbyareactionp
to as the anthraquinone process. In this productio
however, the anthraquinone successively decomposes

operationoftheprocess,andhasbeenindicatedas
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[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 $4#&8 astailsTatisRRfiRPe HoaregelinEioRide both safely and S@EHNNBESIHRE operating
under explosive conditions in which the hydrogen content is 20 to 50% when producing hydrogen
peroxide fron‘?@%ﬁ@@ﬁ%%‘f%@%ﬁ%néﬁﬂe egenPeeifon, quantitativeee"i‘/%'ifﬂ%%% of mass transfer
from the gas FE)r(1)adse t% t%e liguid ase refvse[alcﬁdstng\; mass transfer is 10 to 100 H[Pc?g époorre efficient than

: r L{Ct B FreSUlHereo ) . con
conventional reactors. e reason why an explosive composition of a mixed gas of hydrogen

and oxygen %2%&%@#&?@6@#&%&8@&@%&3@#&%{ is that propagatiop, 9f{iBgsxplesion is prevented

by the use of microchannels, and improvement of efficiency of mass transfer is thought to be the result of
having increagggthgdregtachiesipgentatwasssgas assliligyid due to filling theyanisreeiiannels with a
catalyst having a small particle diameter. [0015]  However, the concentration of the resulting hydrogen
peroxide wasohetptoitelow 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[§88%How (Non-Patent Document 3). [0016]

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
implementedhydrogenperoxide productionprocess(P atentDocument
4). In this document as well, the catalyst used in the

hydrogenationreactorisindicated havinganysize
shapethatiscompatibleforthe usewithinmicroch
hydrogenation catalyst may be alternatively filled
microreactor channels or deposited, dispersed or co
conventional catalyst support introduced therein.
document as well, there is no particular disclosure
the catalystusage environmentforenhancingreacti
In addition, the present technology does not solve
problems of anthraquinone process of successive dec
the anthraquinone and resulting contamination of th
peroxide as the final product.
[0010]

In the production of hydrogen peroxide by a direct
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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 provideBracgetais @ HdiRIRE BRe dX¥eeHr StvditafavftRe®spect to a hydre&R¥A¥EMxide production
process (Patent Document 9|). However, this document does not contain a detailed disclosure of the
reaction condiflBALCEAPHR IRAGHAMIHIE AL PasRtLfi&2aM i 8tely unclear. 5058 OMoreover, Lawal
et al. have prggised a refactor in Whi?h A %?ggﬁﬂiurréfgs{g%a%rted catalyst is filled into Sléjrsm ipes having an

inner diametér a}r'}’g%?n,r%%%aépsoclfgsgdathe syr%t‘]aﬁr ydrogen peroxide h)é\r/?r?gva maximum

concentratiorh%%&%&y&ﬂ%dgﬁ%m%%&%g}nMgwever, in this rgﬁg{%ugd%r@g excess gas of

hydrogen and oxygen are required to flow through the reactor in order to forma stable flow of the mixed
gas/liquid phagenh tiepaladiaaubinsid tererafemcalinayiag to recycle the gasgsnipeeaated. [0019]
Now, in developing a continuous reactor that uses microchannels, it is essential to arrange several to
more than tersfowseaf lnyiatioehag hgts oy eaealteoXfpyeexdisyullrenh order to ensura avegguioed production
volume while ensuring high reaction controllability. In this case, in order to realize productivity as
expected, it isaf6te8suAptRYARIOME atrttidPCEIRIIti8hs uniform for each microchannel. [0020]

[0011]

This direct reaction process has several problems from the
viewpoint of safety and productivity when attemptin g to make it
industriallyavailable. First,sincethehydrogen andoxygenform
anexplosivemixedgasoveranextremelywiderange Jtwasnecessary

tooperateunderconditionsinwhichhydrogenparti
reducedto4%orlessinthepriorart. Inadditio

peroxide is formed by reaction of hydrogen and oxyg
in water, it was necessary to improve the dissoluti

of each component.

[0012]

Inordertosolvetheproblemsofthisdirectreac
acontinuousprocesstechnologyusingmicrochannels
to be effective. For example, the inventors of the
invention developed a microreactor by fabricating m
on silicon, and constructed a microreactor in which
palladium catalyst was filled into the microchannel
microreactor.

[0013]

alpressurewas
n,sincehydrogen
en dissolved

on efficiency

tionprocess,

isconsidered
present
icrochannels
a supported

s of the



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 procesEiJBICERGaAINOMAP £iérfUS FMMEPEUCINGOPMr  On the other h@®RN Kitamori et al.
have disclosed a paralle| arrangement method by laminating glass reactors éPatent Document 11).
However, whilg" R g O pR st e TRt GsRRIIB MR Y ctions, it also had'HFE BRIBRVSS, with
increasing the dn%ﬁree of KH,'aKr: {ﬁéﬁgﬁgation of an.i gase in the possibilitégog\flv %ief}fereor(ljt féow rates of the

. onditionsin contenti nproducing .. .
reaction soluﬁon or each microc ngFguento GII’I which causes a decrease in tr?e proquﬂ:tIVIty of the

reactor. [OOZ%l,dro ﬁ‘ﬂ@@fheﬁ?&lﬁf’é{iﬂ&@&Qda?%‘l’ﬂﬂ%sgpﬁﬁda reactor in whij géi,qrqﬁhannels are

arranged in parallel, and have shown that a fluid can be evenly distributed to each microchannel (Patent
Document 13jdileweysintiégidoevanstiadndy sissiasasstee case of distributingrtis fievges 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 prodytiasetytretgund@Erazetesaied tiaemaf3®28sf Moreover, Wader istl@ltd0@ developed a
reactor for carrying out an ozone oxidation reaction in which 16 microchannels are arranged in parallel,
and have shdifeshaeie gifcieridhian sesreniprakiaaeigres are cumulatively fabricated within each
microchannel using microfabrication technology, and that a mixed gas/liquid phase flow is formed with an
improved mak9#Ahsfer efficiency (Non-Patent Document 4). However, this reactor has problems from the

viewpoint of integ?;[in%a catalﬁst within the microchannelsfwhen cgnsidering applicatior} to a solid
catalyst reaction, hd T °ROLC \)—.(aarnweﬁ(g{ﬂgy BIROIPIR'E0R Y g%gllf&ewd mixed phase #3As formed among

the 16 microgRAROGIH HAGELRIAUATR KaWhidhaERIBYSiLRS been integrajgdeactoris

that propagation of the explosion is prevented by t he use of
microchannels, and improvement of efficiency of mas stransferis
thoughttobetheresultofhavingincreasedtheco ntactinterface
between gas and liquid due to filling the microchan nels with a

catalyst having a small particle diameter.

[0015]

However,theconcentrationoftheresultinghydrog enperoxide
was held to alow 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 toahydrogen
peroxide production process based on microchannels (Patent
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[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] Pafeefuniriimeil &) Japanwat mikdhe AsHiE®0R Laid-open No. 2607324000%  Patent
Document 2: Japanese Patent A}Eplication Laid-ogen No. 20 06-2 489 72 Patent Patent Document

Document 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
innerdiameter of 775 um, and disclosed the synthesis of hydrogen
peroxide havinga 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
ordertoformastable flow ofthe mixed gas/liquid phase,thereby
resultinginthe problemofhavingtorecycletheg asesunreacted.
[0019]

Now indevelopingacontinuousreactorthatuses 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
asexpected,itisnecessarytomakethereactionc onditionsuniform

for each microchannel.



[0020]

For example, in the hydrogen peroxide production p

developed by the inventors of the present invention

Document 3), although ten rows of microchannels are

parallel, variations inthe flow of the mixed gas/|
each microchannel were observed by visually analyzi
This was thought to be the reason for the loss of p
the hydrogen peroxide production process disclosed
Document 3.
[0021]

On the other hand, Kitamori et al. have disclosed
arrangement method by laminating glass reactors (Pa
11). However, while to this method is limited to |

reactions, it also has the problems, with increasin

of parallel operation of an increase in the possibility of

differentflowratesofthereactionsolutionfore

due to drift which causes a decrease in the product
reactor.

[0022]

Inaddition, Tonkovichetal.havedevelopedarea
microchannelsarearrangedinparallel,andhavesh
can be evenly distributed to each microchannel (Pat
12). However, this document only discloses the cas
distributing the flow of a single type of fluid for
and whether or not it can be applied to a mixed gas
reactionasinthecaseofproducinghydrogenperox

9
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[0023]

Moreover, Wada et al. have developed a reactor for
out an ozone oxidation reaction in which 16 microch
arranged in parallel, and have shown that in this r
post-shape structures are cumulatively fabricated w
microchannel using microfabrication technology, and
gas/liquid phase flow is formed with an improved ma
efficiency (Non-Patent Document 4). However, this
problems from the viewpoint of integrating a cataly
microchannels when considering application to a sol
reaction, and it is not clear whether or not an eve
mixed phase flow is formed among the 16 microchanne
conditions in which a catalyst has been integrated.
[0024]

In this manner, in the case of technologies relati
conventionalmicroreactorscomposedofmicrochannel
difficult for the mixed gas/liquid phase reaction t
industrial production, the development of a continu
using microchannels that is able to accommodate ind
production and allow continuous reaction has been a
favored in the technical field.

[0025]

Patent Document 1: Japanese Patent Application Lai
2007-230908

Patent Document 2: Japanese Patent Application Lai
2006-248972
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7: U.S. Patent Specification No. 7192562 Patent Document 8: U.S. Patent

Patent Document 3: PCT/US2003/016210 (WO/2003/1063
Patent Document 4: PCT/US2006/033851 (WO/2007/0277
Patent Document 5: U.S. Patent Specification No. 6
Patent Document 6: U.S. Patent Specification No. 7
Patent Document 7: U.S. Patent Specification No. 7
Patent Document 8: U.S. Patent Specification No. 7
Patent Document 9: U.S. Patent Specification No. 7
PatentDocument10:U.S.PatentPublicationNo.20
PatentDocument11:JapanesePatentApplicationLa
2002-292275

PatentDocument12:U.S.PatentPublicationNo.20
[0026]

Non-PatentDocumentl:VolkerHessel,SteffenHard
Loewe co-authors, "Chemical Micro Process
Engineering-Fundamentals, Modeling and Reactions",
publisher: Wiley-VCH Verlag GmbH & Co., KGaA, Weinh
3-527-30741-9)

Non-PatentDocument2:JoseM.Campos-Martinetal
Peroxide Synthesis: AnOutlook Beyondthe Anthraqui
AngewandteChemielnternationalEdition,Vol.45,6

Non-Patent Document 3: Tomoya Inoue et al., "Micro
Multiphase Reactors forthe Direct Synthesis of Hyd
from Hydrogen and Oxygen", Industrial and Engineeri
Research, Vol. 46, 1153-1160 (2007)

Non-PatentDocument4:YasuhiroWadaetal.,"Flow
and Ozonolysis in Gas-Liquid Multichannel Microreac
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Industrialand Engineering Chemistry Research, Vol.

(2006)

DISCLOSURE OF THE INVENTION

[0027]

With the foregoing in view, the inventors of the p
invention conducted extensive studiesonthe proble
ahydrogenperoxideconcentrationnearthatofcomm
peroxide in a process for direct synthesis of hydro
from hydrogen and oxygen without using an working s
the conventional anthraquinone process for the purp
developing a continuous gas/liquid mixed phase reac
microchannels capable of accommodating industrial p
allowing continuous reaction and gas/liquid mixed p
process. As a result thereof, the inventors of the
invention found that:

1) a reactor that consists of pipings with certain
cross-sectional area
for cross-sectional area of a fixed bed, pressure d
phase/liquidphaseintroductionpiping,pressuredr
phaseisallowedto flowinto afixed bed reactor,
two or more fixed beds are arranged in parallel, a
the gas phase and liquid phase are distributed to e
and a portion where the flows from each fixed bed m
an outlet, and/or a packing material structure that
formation of amixed gas/liquid phase formed so as
same conditions, is constructed, and that

12
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Patent Document 10: U.S. Patent Publication No. 2006/0233695A1 Patent Document 11: Japanese
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e 0g

Synthesis of H)C/Eﬁ%gen Sroxide from egﬁgrB)Qggenr'??ndustrial and r¥girr?eering Chemistry
Blig)n "Flow

Research, VWyé@géﬁ%ﬁﬂé%é%@Q@rryi 'Fa@?d&i@ﬁ%em 4: Yasuhirog

Distribution and Ozonolysis in Gas-Liquid Multichannel Microreactors"”, Industrial and Engineering

Chemistry Resgetalbin@km@s HIEERIE BIISHMGSILOSURE OF THE dMGE)TIRMS0027]

reactionofhydrogenperoxideinthepresenceofhy drogenandoxygen,
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 nin a fixed

bedreactorcomposed of microchannelsenablingaga

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]

Inaddition, an object ofthe presentinventionis toprovide
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
reactionat 10-100times higher mass transfer rate from gas phase
to liquid phase than a conventional reactor.
[0030]

Moreover, an object of the presentinvention is to provide a
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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 miX&g8phhedserEetsiotnapsRe ST ahannels eaprilife of accommod@titdyfyistrial production
and allowing continuous reaction and gas/lirc[’uid mix%hase reaction process, As a result thereof, the

inventors of tAY! BrRYGHIATAAHEHPRARTI GRS At Rr that consists of55iPIABS WMATTertain

cross-sectioqal area formed so as to sa{is. certain c%lditions for cross-sectional ar(taa of a fixed bed,
f o|L(J)|uase ana ventio

pressure drop %?Sg%g%ﬁag% |i88.sdp8ﬁ3§e In ction piping, pressure drop wheh arl]iqurllglphase is allowed

to flow into a@é%%h%é?éﬁ@ﬂriﬂ%%@oﬁ?@c&%ﬁﬁﬁ&%%mere fixed beds are qg@é}gﬁg&iggraﬂel, a portion

where the gas phase and liquid phase are distributed to each fixed bed and aportion where the flows

from each fixggrhagdmeiaeaiay@idie el A8 & ndapaking material strugtisgrdiaidypmotes the
formation of a mixed gas/liquid phase formed so as to satisfy the same conditions, is constructed, and
that 2) reatrongsfidistoppimgdne igpetidichtyhivadiedentyield, is significantly empdoeed and hydrogen
peroxide concentration is increased when synthesizing hydrogen peroxide directly from hydrogen and
oxygen by caaHyIagPe8t & 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 R%4bn in a reducing atmosphere, thereby leading to the completion of the present
invention. [0028] , Namely, the present invention significantly improves controllgbility of a gas/liquid
AB Iﬁ]]egf‘%izﬁbedg Vi Fxedh ﬁj

mixed phase reacti %SFenaért]g?%%]ﬁ%g% (Y& ochannels enabling a gas? quid mixed

phase reactiq@&&mlm;%q%%ﬁwn%‘gwmgﬁag flom the gas phaseotﬁ%g&ué%ilé%ﬁ]hase is 10 to

100 times more efficient than a conve al reactor. 0|029] In addition, an e present
invention is teRfRyicleoAdtxat\VRAISARAIBYIA %@@@N@@ygmtm and mixed ggsdigiighphase reaction
process capable of improving productivity while maintaining the characteristics of carrying out the reaction
by microchararedsdiviguiiangihgringhsirgiiediktia badresatiors having microchanoelecégpeddle of carrying out
a gas/liquid mixed phase reaction at 10-100 times higher mass transfer rate from gas phase to liquid
phase than angisrueatinallewico thpposujavivetionerf Aydotgest of the present imesHisie is to provide a
fixed bed reactor composed of microchannels ca%%ble of carrying out a mixed gas/liquid phase reaction at

10-100 timesAGHREhE2 58 haldAER AYERBIA L 49 ANeNBHGuid phase than d-YNRARInal reactor,
wherein during the direct synthesis of hydrogen peroxide from hydrogen and oxygen, catalyst life is
remarkably irfl Pg%ﬂ%@hﬁ\éfﬁﬁﬁr‘émeﬂgﬁ'ﬂIgbof?‘\%‘?ggé‘[ion both carried out' 4 Pﬁggl']@fﬁfdgatmosphere.

gas/liquid phase reactorwith microchannelsinwhic hspecificgas
phaseintroductionportionsandaliquidphaseintr oductionportion

are formed that enable an explosive composition of hydrogen and
oxygen g as 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
inventionisafixedbedreactorforcarryingouta mixedgas/liquid
phasereaction,whereinthereactorhasapipingst ructurecomposed
ofmicrochannels, withacross-sectionalareaofa fixedbedbeing

0.0001cm 2t00.008cm 2 afixedbedportion,agasphaseintroduction
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[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 inverRSAIB &g dUfdPHReE HE@MHRERD PRsARuidPhase reactor with didiBRhannels in which
specific gas phase introduction portions and a liquid phase introduction portion are formed that enable an
explosive coriPosRIIBISS/HB RERSRHEL SXPEH BRI EhBItHIR $8DB handled safely, dfF@ gas/liquid mixed
phase reaction process. [ 0032] In order to solve the above-mentioned problems, the present
invention is akeHGHENYBALIBR PEAIARIHFDBNASHRRURASSAR uid phase reactiBRSHHEHSR 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%0M LR FREEFBRIFHERIBRSY AN ARSI portion and a liglASRASSEE introduction
tion, and when AP th ; d f pipi f th hase introducti ti h

the ga¢ phast IHBD AR SHSH ERARFSSLN AP VRS the pressure crop WHEAURSTuid phase has

passed throug&ﬁlaﬁ f{ﬁgq%%qogﬁ%%rﬁ@P?%%%géﬁmgtroductlon portion, }Q%Fﬁ?ec(;%rohas a piping

thickness structure formed so asto s e con g > 5AP1 under mixed gas/liquid phase

reaction con 'g%gsaﬁgrg/t%@ ?ﬁe@ﬂg material S_HH%%%%?EWFH%% &%ﬁﬂﬂ%ﬂggemixed gas/liquid

phase formed so as to satis same condition$.
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]

Inadditionthepresentinventionisafixedbed reactorhaving
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
cn? t00.008cm  ?,andthereactorhas,inadditiontothefixedbed 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
apacking(packed)materialintroductionportionand afluidmerging
portion,andwhen APgqand APy, representrespectivelythepressure
drop of the piping of the gas phase distribution po rtion and the
gas phase introduction portion, APy and AP. , represent
respectively pressure losses of the piping of the | iquid phase
distribution portion and the liquid phase introduct ion portion,
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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 0.008cmz2, 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 @i praseseistibatvesporédmpoptirebredbéstsulticing the liquid phageofdhe fixed bed,
and a packing ( packed) material introduction portion and a fluid merging portion, andwhenAPg_g
andAPg_i repriesertadghsuthrilheieivebesrbasepsse ey piping of the g&sighiaseairitbution portion and
the gas phase introduction portion, APlig and APIlix represent respectively pressure losses of the piping of
the liquid pheieaaEeahiiae RestRNG and the Abu i pIeasatFifte aRIRMeIessUEMIPE p represents the
pressure drop of the fixed bed portion of the pressure drops when the liquid phase has passed through
the parallel alfiHg BRFBERPEEASSA v IRbRleR BRI sure loss when #ORAliEBhase has passed

through the fluid merging portion a tﬁe end of the fixed bed, all of the followin consiitions 1) to 4) are
satisfied: elr}dagfj'ﬁ?%%%%egr%gﬁ %{F%E‘?&f'a?&? %‘?'H‘i’e gas phase introducrfi%aw) B’oé} iBi¥ to the
cross-section@é_tgrﬁz 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; 1) 20E of theAR)s 8 adMR0alen %@ﬂ{:e’ggégg 3) AP1 > 2.5APpﬁgge 4) APg_i >
5API_p, and

introduction portiontothe cross-sectional area of thefixed 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
thecross-sectionalareaofthefixedbediswithin arangeof0.0003
to 0.3;

2) AP; >10 APy and APy >10 APgg;

3) AP, >25 AP, and

4) APy >5 APy, ,and
the reactor has a packing material structure in whi cheachliquid
phaseisevenlydistributedinthetwoormorepara llelfixedbeds.
[0034]

Moreover,the presentinventionis aprocessforc arryingout
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 s0.01 m/sto
10 m/s and a superficial velocity of the liquid pha seis10 ° m/s
to 10 2 m/sin asingle microchannel or two or more microc hannels
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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 ved@fostthergidiphase 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 detai[gg?éaplanation is provided of the first aspect of the present invention.  The present
invention is a fixeq bed_reactor for carrying out a gas/|iguid mixed phase reaction, wherein the reactor has
a piping structureﬁcgﬁ’paogs%%l% rﬁf&%ﬁgﬁ%nle grg\%agésgﬁlquﬂ)nal area of a fixed kl;se%lsg 8(.:6001 cm2 to
0.008 cm2, agptﬁiéeppgggﬁq)rim@@oﬁxed 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 gag phasatiarcpasssrhibeietuouaherbdAP| represents the peggsHERGIop when the
liquid phase has passed through the fixed bed reactor via the liquid phase introduction portion, the reactor
has a combiregasiliqiijpipiixg dfcertadaciios svbectiotizd r@@as so as to satisfyotthesapipitign APg > 5AP1
under gas/liquid mixed phase reaction conditions and/or a packing material structure that promotes

formation of &UEHIGENMPRERHSHaHerashABAesD AsRPSEPsHOthe same condifighareaofa

fixed bed is 0.0001 cm 2 t00.008cm 2, and the reactor has a fixed

bed, a gas phase introduction portion and a liquid phase
introductionportion,andwhen APy representsthe pressuredrop of

piping of the gas phase introduction portion when t he gas phase
has passed therethrough and AP, representsthe pressure drop when

the liquid phase has passed through the fixed bed r eactorviathe
liquid phase introduction portion, the reactor has a combination
of piping of certain cross-sectional areas so as to satisfy the

condition APy >5 APy under gas/liquid mixed phase reaction
conditions and/or a packing material structure that promotes
formation of agas/liquid mixed phase formed so as tosatisfy the

same conditions.

[0036]

Inaddition,the presentinventionisagas/liquid mixedphase
reactionprocessforcarryingoutagas/liquidmixe dphasereaction
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
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[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 ty/alogryRféhegespPhaseiHe HrevaiaiRU¥AABH is characterized MesHP8HIg%xed bed reactor
having microchannels for carrying out a mixed gas/liquid phase reaction, when APg representsthe
pressure drofOPHYLL t;gﬁe{?éj'ﬁwgﬁaﬁ%fi%ﬁ%ortion when thd"§ad%hise ha®/Sassed therethrough and API
represents trl%éggjsure 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 portiomgmg%gﬁ;é%%%ggé(,ig&@riggmpmg{igp of piping of certain,grsg;sgctional areas so

as to satisfy the condition APg > 5AP1 under a reaction condition and/or a packing material structure that

promotes therénatiRning smirsdidiidenixeedrhasg datapmkso as to satisfy theysarIRemndition. [0038]
The fixed bed reactor of the present invention has a configuration enabling an operation to be carried out

which consis&ggéwang,m@pectivebpg 1@RecRBARRNEBrasgascaiassrdgtiophigtion portion and a liquid
phase via a liquid phase introduction portion into the fixed bed composed of micro channels, contacting
the gas phaswdtiuthiendigoitphaste oththgatixsthbedanisasstannels followed theeegasiigid mixed phase
formation and a gas/liquid mixed phase reaction, and recovering a reaction product from an outlet of an

outlet portiongprbviead @etensticpressuredropwhentheliquidphase haspassed
throughthefixedbedreactor,thestructureofthe fixedbedhaving
apackingmaterial,agasphaseintroductionportio n,andaliquid
phaseintroductionportionemployastructurehavin gacombination
of piping of certain cross-sectional areas so as to satisfy the

condition APy >5 AP, 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
introductionportionintothefixedbedcomposedof microchannels,
contacting the gas phase with the liquid phase on t he fixed bed
micro channelsfollowed by agas/liquid mixed phase formationand
a gas/liquid mixed phase reaction, and recovering a reaction
product from an outlet of an outlet portion provide d at the end
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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 chaftiBetedRadiohnAraAfEN Mty BaBRgcRIatBYed phase flow is fGRHBENGRIPIAZ portion of the
fixed bed where the actual reaction is carried out may be fabricated independently followed by functioning
as integral coRRi6ABFeIPEHEGRERIBEN[OD39]  In the PRaSentdeRfyRaiAstdE/s8ering 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 phas¥iRtSRIGLER” FEAGIB0N YACBi SRR PBAGI RS discharge portiontRXtEt in the periphery of
the fixed bed are even smayer th(%reactor can be ftab.ri ted by using micro e{egrtromechanical system

(MEMS) techﬁ?&%'&%n?ce)%arﬁ 8?8& TR AR (504G B%,t fs phase introdutioR pori n, liquid phase

introduction parian, @ ?@ﬂ@%ﬂ&ﬂm ﬁﬂﬂ é&%ﬁhgrgp the surface of a Eﬁ;g%ﬁlb%@h 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 fogigshte4esr HissaarNsls £5 foeghbed, gas phase introducﬁm@@ﬁ{g@fliquid phase
introduction portion and discharge portion and the like. [0040] In this case, specific examples of
techniques fah&ogemniggtomisesi mh e Kdnwtaobselogyharaedehplasma etching, eperimalretching and
drilling. In addition, examples of techniques for bonding the plates in which grooves have been formed
include thermveifiisibe aasiliguihinikethaiaseflahdciasmed lsodding silicon and soela@ks, for example) .
[0041] From the viewpoints of maintaining a large specific surface area of the reaction pipe and taking
advantage ofaHB&frsed bedivthest (s RGHALIRHIMHEISAH the reaction, the cr&SsR8EBRRE surface area of

the fixed bed._is preferably 0.008 c less, and from the viewpoint of packing the inside of the reaction
pipe with a S(B"ﬁﬁap\’?%{féﬁg ; ?ﬂg'}fi%}]%i@%‘?@%@b@%&g Y 3s-sectional area 0%6. 1 cm2 or more.
Moreover, in [ i0 sure drop, the cross-sectional area of the fixed bed portion is
preferably Ogé)&ig to %ﬁé%grgﬁg&%}?jﬂ The fixed bed, gas phase introduction portion and liquid
phase introdL[lggjgg] 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 liguidhehareedattihedinroh beH«f toadidedngataeactor. 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 berpesvigeticnesanesraf toetixemsed s @PAcof arrangement and @pessfandordiguration of the
arranged locations of the fixed bed, gas phase introduction portion, liquid phase introduction portion and
discharge pofiigpsceastrnaldiersairegashaspetiaingrd the type of reactiBPRAREPERERITpose of use. In
addition, the specific con_fi%uration of the shape and structure of the grooves corresponding to the fixed

bed portion, §9EBAZ8E HRFOGIRTBR B HSFGAHIPPALE Introduction portiorPSAtFdinthe

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
asametalplate, siliconplateorglassplateused asthematerial

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.
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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 {R84f8s phase has passed therethrough, and API represents the pressure loss when the
liquid phase has passed throu%%th_e fixed bed reactor, a combination of piping of certain cross-sectional

areas and/or packih' 5856 P0R GG RACRIGR PP HAYSFIR so that APg > 5APYRMaintained under
the reaction C?QgitiG% S'\/{Eg"dﬁﬂc ﬁb\lfgoqaq ut € ?éjér%%[é?&nﬁ of pressure dro’%g%rlcté)lﬁe ,[((::%Mrolled with the flow
rates of the g%s p%asé/ an IQUIH p%a@é hat pgss through the gas phase In roducton pé]rtion and fixed

bed portion r%ﬁB%ﬁ‘iWﬁﬂhﬁ'&@ﬁﬁiéﬁf@&&%ﬁ]@s‘iﬁ%ﬁ%ﬂgeg to reaction conditigmo%%égﬁgtion parameters

of the reaction process. With respect to a fixed bed reactor, since the operation during which these
parameters tg e saNGERAGI¥SRINULS Mg horfeatmbngdeeaction performaneemiguadidstment of
pressure drop is preferably carried out using the configuration of the reactor per se and the ratio of the
cross-sectioradaeadit boadjag (pithseastothaimingsditiam to the cross-sectamaaaizgladsthe fixed bed, and
more specifically, is determined by the configuration of the cross-sectional area of the fixed bed, the
pressure drofPoERMNGE) 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 introdLﬁg%ﬁ portion to the cross-sectional area of the fixed bed is preferably within the range of

0.0001 to 0.05 an mare \r”eferaok?m Wi}hin .tn e.range Iofr OéOO%Z. 0 0.02. Fabricatingcanri tégduction portion
whose cross-sectional }:w 4 TAlRPIE RS énad'.%gil r%gy BB icult, while in the cade e cross-sectional

ratio exceedsapeggﬁﬁlapeMBHP%%&%%%Q}%Q%QEQgned having a greaterlepgityin order to ensure

the pressure drop required fo ming a stable mixed gas/liquid phase flow, theréﬁy resulting in the size
of the microremedpigRAHIECHARRERRTAERSdRIBA tREEIEBAIING it undesirable. {RGdRAIsuAaeatalyst
corresponding to the target reaction can be filled into the fixed bed of the fixed bed reactor of the present
invention. Foaexafthleindbeeistoefesaiolforab@apurpose of produéinrgebytinggomthe

viewpoint of packing the inside of the reaction pip e withasolid
material, the fixed bed preferably has a cross-sect ional area of
0.0001cm 2ormore. Moreover,inconsiderationofthepressu redrop,
the cross-sectional area of the fixed bed portion i s preferably

0.0008 to 0.008 cm 2,

[0042]

Thefixedbed,gasphaseintroductionportionand liquidphase
introduction portion in the fixed bed reactor is ar ranged so as
to locate the gas phase introduction portion and th eliquid phase
introductionportionbeingnearertheupstreamoft hemicrochannels
of the gas phase and liquid phase to the fixed bed of the fixed
bedreactor. Inaddition,thenumberofthegasph aseintroduction
portion and liquid phase introduction portion is no t limited to
oneforafixedbed,butrathermaybeprovidedat severallocations.
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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 fHetargef peanasmeneadmrerdictorigwasieally a fixed bed redfdie@iia@pideration of the
pressure droP when the liquid phase passes there through, the operation at a superficial velocity in
excess of 10-99?{}8%9](%%&?&%1891@ﬂpstﬂréaﬁﬂﬁw%'ﬁﬂ order to maintain BREYRELHEY in a state in which
it is wetted bg)ﬁ%% liﬂHid Bhase the liqui 198 aseé)reftelr%g% has a linear velg %&8}‘”10“5 m/s or more.

Similarly, in consi era?l%nCt(') ra;irg{r{ar}%e ixed be p&tﬂrl%g e gas/liquid mixe ase reaction and the

pressure dro@éf%ﬂ%%ﬁb@n@ﬁ‘étHB%?&iGFFQQb’ESWQMH@& piping when the Q%Qggﬁ%gasses there

through, the gas phase is préferably not distributed at a linear velocity of more than 10 m/s, and from the
viewpoint of fipraaingon striiccifed erafilisid sthasshipw, the gas phase prejamhidagses through the
fixed bed at a linear velocity of 0.01 m/s or more. [0047]  Although the reactor of the present invention
can preferablyf beeusedvies @mespdrulies o thadied bédmat phase and a liquidrpasehasthe case of filling
the fixed bed with a catalyst in particular, it can be preferably used for a hydrogenation reaction or oxygen
oxidation reattitatlagiiptheaiken Tisig RassentR/y eiPthBdeaction, the liquid pHaB@@dmponent may
contain a reaction substrate, and in the case the reaction substrate is a solid, the reaction substrate may
be allowed tofRENANHSOEHASFBRERCATRIH LGP RRLHINEA in a solvent. [004g]erapP8RS case of using the
reactor of the pre.ieé]t inr\]/ention éo roguc Eyrtr%ro&]enfp%roxid in particular, although the gas component
contains hyd%ﬁ%' f r?dso%[/)gearﬂ other éﬁ% &t peo A Si%s nitrogen may also be contained, and the
main compongps gf 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 kgsREKh AW IRIRE RRERMHES SRRMPEaN also be suitably goniainad. [0049]

mixed phase flow in a fixed bed by adjusting pressu redropinthe
gas phase introduction portion and the liquid phase introduction
portion. At this time, when APy represents the pressure loss of

the gas phase introduction piping when the gas phas e has passed
therethrough,and AP, representsthe pressurelosswhentheliquid

phase has passed through the fixed bed reactor, ac ombination of
piping of certain cross-sectional areas and/or pack ing material
structureisrequiredtobe formedsothat APyg>5 AP, ismaintained

under the reaction conditions.

[0044]

Althoughtheadjustmentofpressuredropcanbeco ntrolledwith
theflowrates of the gas phase and liquid phase th atpassthrough
the gas phase introduction portion and fixed bed po rtion
respectively, these refer to the cases relating to reaction
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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 p&eRFHECRRABH S TMRBarRB e AHRRESLIPR gas phase introdRIG§EA M A-3, and the
liquid phase introduction_portion E-F, the glgas phase fg and the liquid phase fl are respectively supplied to

the fixed bed"BOPESHIABAFSLRRS EaSHY. SHSEMGRAFHAYER phase flow fgl is FOHRHWAH N the fixed bed.
[0050] Although FIG. 1 shows,an example,of the case of a gas phase flow and a liquid phase flow
being suppligﬁ?g(atﬁg rﬁ%%?%fg&(}ggp%%rgﬁ/@% P(f Caasplﬁa é\évgg: %hase introductiéllr?%%?t%jﬁ and liquid phase

introduction QQH&BnﬁbFﬁﬁrﬁ%ﬂ%@fh‘é&ﬁ}&sﬂ??e?ﬁ%@é%m@?’ a configurationcggéﬁ@égg@aly employed in

which the gas phase introduction portion and the liquid phase introduction on are provided from more
than one locatignsdedhesihtideshhgitagahefahonernsntioned microchanngls sexiesending to the type
of reaction and the purpose of use into which the gas phase flow and the liquid phase flow can be
respectively irdtiochicbe sriassiceetibaal areainfibdugADphasdions. [0051]  In therpoeséonhinvention, the
pressure drop of the piping of the gas phase introduction portion is defined to mean the pressure
difference bePREERN 10 dhel rossthecyasaaaee mifsilikedRortion and the fixed bedddN@Ben only the gas
phase has passed through the fixed bed, while the pressure drop when the liquid phase has passed

through the fiXReFHcabe e GINREAIBY D RASEIMRAYANlon portion is defined8 mean the pressure

girtt:;gr:];es %?&%%??Efgé]g Pt%?eé %&iﬂ%ﬂ% gé\)gé%l t(reogrlécsztsigpeportion and the fix%gote)egf W]gen only the liquid

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 portiontothe cross-sectional area of thefixed bed
ispreferablywithintherangeof0.0001to0.05an dmorepreferably
within the range of 0.0002 to 0.02. Fabricating an introduction
portion whose cross-sectional arearatio is less th an 0.0001 may
be difficult, while inthe case the cross-sectional ratioexceeds
0.05, the introduction portion must be designed hav ing a greater
length in order to ensure the pressure drop require d for forming
astablemixedgas/liquidphaseflow,therebyresul tinginthesize
of the microreactor being unnecessarily large, and making it
undesirable.
[0045]

Acatalystcorrespondingtothetargetreactionca nbefilled
intothefixedbedofthefixedbedreactorofthe presentinvention.
Forexample,inareactorusedforthepurposeofp roducinghydrogen
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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 BRECKKSUSHEHBYEHRBSHra88 YRS BAMabRIBEM D is remarkaftedidl in comparison with

APg. in particular, ASPﬁ%@can be a%)roximatelty defined as the pressure loss between A and B (APQ). In
addition, in tHEGERESHEBHRA[H o AT REE BRY RS0 the atmosphere, tR8BIABSEes measured at A

and E directly become APg. (approximately AP

invention, a f)|(>(%€eiaF ec fv?ﬁjgr%a&r?ggmr%g%%}{%%g\gsﬁ% ure of which a pack%% a gﬁgfl@fi”ed into the
microchannels Eaﬂéﬁﬂnf@rgtglﬁ %%dpgqﬂ%m%ﬁqic[grea he 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 flogué| 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 th&lskiapependdstngatueeptapioie aifouthe effetiively promoting thehgroedsn of a mixed
gas/liquid phase flow. [0054] More specifically, although it is important for the formation of the
gas/liquid mixéthp RERSE LAV RN NpRBRfvKEItES Gy Wesigning and settifdemeighéneshape and filling
method of the packing material, the basic configuration of the packing material structure can be arbitrarily

designed corfEPOHaHRE AN WS BARMREEAT DB gas phase and IidigEYRESEsed, and purpose of

using the reactor. Although a catalyst |s an example of a packing material, with.respect to the specific
type of catalyll 4 LSTERE LA S RERS I the type o reaction L REAI Brovided that it can

?ran éPI, respectively. [OOSUS#] In the present

be filled into %}iﬁfggl]@@ﬁgdrop when the liquid phase passest here through,
the operation at a superficial velocity in excess o f10 2 m/sis
undesirable. Ontheotherhand,inordertomainta inthefixedbed
in a state in which it is wetted by the liquid phas e, the liquid
phase preferably has a linear velocity of 10 > mls or more.
Similarly, in consideration of drying the fixed bed during the
gas/liquid mixed phase reaction and the pressure dr op acting on
thegasphaseintroductionportionpipingwhenthe gasphasepasses
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 presentinvention can preferably

beusedforamixedphasereactionofagasphasea ndaliquidphase,
inthe caseoffillingthefixedbedwithacatalys tinparticular,
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[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 asit62sHR Ry efRI 3RS Pt SyHHILBRIRMIEABT APg > 5AP1 undeR AiQ¥YBEAs/liquid phase
reaction conditions. Thus, the fixed bed reactor of the present invention is essentially distinguished from a
fixed bed reaB¥HHQAFFABRRAY HHKE iRPUANLERRNHAY Yoes not promote tRERARIZRon of mixed
gas/liquid ph?ﬁ.e flow, oaa known fixed bed rea?tor h?‘é’énﬁo ordinary microchannéa(ls in Whéch a packing

material struc UGrlelzqi%'drPo af%eﬁr%%rg%%nggttrg% 8 'Heapre\(}lod]s?y described con%lkl)tlorr?t,EF%n> 5API. [0056]

In the preseqhiﬁgggg'@ﬁe@%ﬂng@[%@g@aﬁgtﬁ%action conditions refeg toreactian ganditions 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 phasekajma stietecd twhish e fgratieasbaaméteséd phase is inadequatpdirybisddnplemented in a
state where a mixed phase is formed and a gas/liquid mixed phase reaction is carried out as a result of
reaction conditiarselseah 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 ph&&fdaction is preferably material structure. [0057]  In the present invention, a
combination of pipin% of certain cross-sectional areas refers to a specific thickness structure formed as

the piping of a ga¥'Ph8S8IRPHHBIRESHEISAIA" S RSB ase introduction poriBRte8Hthosed of

microchannels sg as to satisfy the cé)ndition A'P'g >5AP1, namely a cross-ﬁectional area structure, while

the packing R H%‘?@Pﬂgﬁﬁ ey ?g\%agt %ucﬁ’lcagg%ﬂﬂ{]g material structuré ToTiIed 88 & rﬁtacking material
filled i he mi ' ' h diti I ked
illed into the &?m@g%g%@éﬂ?m%%ﬁgagg%ﬁgﬁlémst e condition éJ%g'gsﬁﬁg&erpamey a packe

state of being filled w e specific configuration of the
may also be contained, and the main componentofth e liquid phase
componentispreferablywaterand/ormethanol. Wat erandalcohol,
preferably water and methanol, may be mixed atana rbitrary ratio
corresponding to the purpose of use, and a stabiliz erforkeeping
the hydrogen peroxide stable can also be suitably ¢ ontained.
[0049]

Inordertoprovideadetailedexplanationofthe configuration
ofthereactorofthepresentinventionbasedonth edrawings,FIG.
1showsadrawingofthereactorofthe presentinv entionasviewed
from a direction perpendicular to the direction of the mixed
gas/liquid phase flow thatenables all of the micro channelstobe
seen. Thereactorofthepresentinventioniscomp osedofthefixed
bed portion C-D (of which a packing material is fil led into the
channels), the gas phaseintroduction portion A-B, andtheliquid
phaseintroductionportionE-F,thegasphasef gandtheliquidphase
f| are respectively supplied to the fixed bed portion from B and
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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 e 0rsiiqetcBprsbReapefioMitrochannels in-thefofeeeMisRIvBehsREl 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¥fed bed along with a gas phase introduction portion and a liquid phase introduction
portion, and iﬁaﬁ‘% Pg 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 passe%{p{&@hﬁ@ ﬂ%@,@%ﬁ%ﬁ{pﬂ%ﬂ?ﬁéi%@ ghgse introduction Qﬁgi%aggs a piping

thickness structure formed so as to satisfy the condition APg > 5AP1 under mixed gas/liquid phase
reaction condjgensndadiqlia prstdbmBeHgssithréd eothat promotes the formgtiangelda mixed gas/liquid
phase formed so as to satisfy the same condition, as essential constituents thereof. [0059]  Next, an
explanation isgsprdtieslyofirens@acsingl@gpsqitafsthenpoesetibmpention.  The presiort andention is
characterized in that, in a fixed bed reactor for carrying out a mixed gas/liquid phase reaction, the reactor
has a piping Seietbhasifipediection pfcioahannersastes &vo or more parallel filk@idsesRhaving a
cross-sectional area of 0.0001 to 0.008 cm2, and has, in addition to the fixed beds, a gas phase
distribution pBNRIFIC FHFEEAGBIANRRERERRSHERBNS PR the fixed bed, a fgUitCPB&e distribution
portion, a portion for mt;i%%%lgﬁ?the liquid Rg?ﬁe to tge fixed bed, a packing me{tggal introduction portion,

and a fluid m%?gsiﬁaaﬁgrjt & B% EhEi ﬁ't%'c%),' aﬁ)tlpu Suegh normally severd] r%(g}gr}han ten fixed

beds are arra&gﬁgniQrgﬁpg{}ﬂemﬁ)mg[ﬂnfm&%%@{anged in parallel GaR Ke. sHilgbly setto a

suitable range of two or more. [0060]  In the present invention, when APg_d and APg_i represent
respectively the,/Messai &R &ihscpinibs oh agaschirssgidribution portigiyaaksigdgressure drop of a
gas phase introduction portion, APIlig and API_1 represent respectively the pressure drop of the piping of
a liquid phasefdisittiotiandbiiporposktbeugesasivghittothelya liquid phase intrasiphtiea fimwtion, API_p
represents the pressure loss of a fixed bed portion of the pressure drops when a liquid phase has passed
through the pairdliedyliavid nhaseffiayddseds, reppeaivalgprigents the pressure fbsedviemgre liquid phase
has passed through the fluid merging portion located at the end of the fixed bed, then all of the following
conditions 1) CRRIBEALHEICHAATPESe case of two or more fixed beds arranged in parallel, the reactor
of the presen[toigé/ﬁntion has a packing material structure in which each liquid is evenly distributed:

In the present invention, the pressure drop of the piping of
thegasphaseintroductionportionisdefinedtome anthepressure
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 lig 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 oughthefixed
bed.

[0052]
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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 presMAFEREHRALYMKEE GERIRGLIBVERESE. 1B&ERON process for carryigssUt® mixed
gas/liquid phase reaction by using the fixed bed reactor described above, wherein the mixed gas/liquid
phase reactidﬂsﬁeée?ﬁféaedﬂ%?”é%%Fﬁﬁﬂ@tﬂq@ﬂféﬁsﬁﬁﬁl%a&iﬁ‘o:r under conditicHd SulhAfht 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 paralfely'd E’ged e EiShi usingthe 8{88¥?éwf}gﬁéfor of the present ffvention, the

h lied 1 ion from the gas phase introduction portion is introduced into th
icrochanneld BT e TR SEAL <AL A MR Bled for reaction NOTRAFEHUTI A hase inroducton

portion is intrgduced, to H-ue nicrochannels of the fixed beds, and, after t as phase and the liquid phase
have been di%pegr'é%%hﬁ dvélgll% of the pggll%{i‘{/] §?rgr$§‘3 r%‘?@%%ﬁigﬂrﬁﬁe?sﬂﬁ/e%egggnching structure using the

portion for inﬁwﬁgﬁﬁgéaﬁegﬁrgﬁgﬁ%m f%ﬁ%%?ﬁ%%&g the portion for igér%&%ca{g atgse Hquid phase to

the fixed bed, the gas phase an phase are tontacted in the fix ed microchannels having a
packing matqral fiFHEE B d9BRA] In tNe¥asier irving &arried out the formatiQfra @ag/liquid mixed

phase and a mixed gas/liquid phase reaction, a procedure is carried out whereby a reaction product is

discharged fr@%@ﬁ@%ﬂ%ﬁ@%ﬂ(&ﬂf?%ﬁw% ﬁh%g%ﬁﬁﬁﬁﬂw Whe reactor maype fabrigated by coupling
piping, or may be fabricated as an integrated reactor in which microchannels that satisty the

above-menti %gg_{?,ditionsﬁ%ecgﬁ Pﬁbﬁ?ﬁﬁ%ﬁfﬁ%ﬁiﬁeﬂ%%?ﬁr@@dﬁeﬁé@'e with respect to the

reaction conditions such as a metal plate, silicon plate or glass plate. [0064]
betweenAandB ( APg). Inaddition, inthe case theend (D) ofthe

fixed bed is open to the atmosphere, the pressures measured at A
and E directly become APg' (approximately APg) and APy,

respectively.

[0053]

Inthepresentinvention,afixedbedhavingapac kingmaterial
structure of which a packing material is filled int o the
microchannelsisusedforthefixedbedofthereac tor. Thepacking
material structure in the fixed bed has an action t hat promotes
formation of a gas/liquid mixed phase flow by mixin g agas phase
flowf gandaliquid phase flow f | 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 I be composed
soastohaveinadditiontocatalyticactionthes hapeandstructure
capable of more effectively promoting the formation of a mixed

gas/liquid phase flow.
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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 p8#8fl and the pressure drop of the gas phase introduction portion, APild and APili represent

respectively the pressure d_rc_gr)qof the Eﬂoin?_o_f the liquid phase distribution portion and the pressure drop
of the liquid phas{RFGRGEHEA NorliSRUAH SRR REthe pressure drop of tREFREWLd portion of

pressure drop when_the liquid. phase _has,passed through the parallel arranged fixed heds, and AP,
represents th%f%%SQSQéqH?%jB“ WReh ﬁﬁ%eﬁfcl]%vlvj %%ggéohr%gst%%%sed through the l?i@fr?ﬁaer:ﬂ&ng portion

following the &‘é@ﬂ el amﬁsr@cﬁﬁbofhié g%ygﬁ%@ Jﬂa*mmeimng thickness struciifg gog{pL 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 phpaexiny aiistianpera o g sHtfaseraiepaof the fixed bed is wishpniaesrringe 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 veithicttine canbge aft@o03des®Bed colpsireihAP1 , and APg_ite 1h©ABg_,, 3) APl_p >
2.5AP" and 4) APg_i >[0065] More specifically, the fixed bed reactor is defined by the configuration
of the cross-séteRfiginaperespisasnaspandtiigriasaedoss of the gas phedanstrsdpes®n piping and the
pressure loss when the liquid phase has passed through the fixed bed reactor. The range of the ratio of

the cross-se@HRAPHIFE M tHe AYHOPABREARYSHERRIBN portion to the croATRIBABRAFKIYA of the fixed bed

material,withrespecttothespecifictypeofcata lyst,asuitable
catalystcorrespondingtothetypeofreactioncan beusedprovided

that it can be filled into microchannels.

[0055]

Essential constituents of the presentinvention ar ehavinga
packingmaterialstructureabletopromotetheform ationofamixed
phase of a gas phase flow and a liquid phase flow b y mixing the
gasphaseflowandtheliquidphaseflowsuppliedf romthegasphase
introduction portionandtheliquid phaseintroduct ionportionto
the microchannels of the fixed bed, with the packin g material
structure being formed so as to satisfy the previou sly described
condition of APy >5 APy under mixed gas/liquid phase reaction
conditions. Thus, the fixed bed reactor ofthe pre sentinvention
is essentially distinguished from a fixed bed react or having a
packing material structure thatdoes not promote th eformation of
mixed gas/liquid phase flow or a known fixed bed re actor having,
ordinary microchannels in which a packing material structure is
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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 invertisfraituaass theatshditepevindelydeschbhe reactor is used virgretii@ideradif;according to
the target reaction, since the reactor is basically a fixed bed reactor, in consideration of the pressure drop
when the liquidbphBse 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 thdRpfitl 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 'ﬁﬁﬁ§§fﬁﬁ%ﬂfdﬂﬂéﬂt@6rtﬁﬁ§%%fﬁb’ﬂ?ﬁ% RR8S§ds phase passes th&AHMPBugh, the gas
phase is preferably not djstributed at a Iinrﬁ%ar veloc't)é]of more than 10 m/s, a}gd from the viewpoint of

S

fprming a st'af)?é' |9@8r8 ﬁ?c[ﬁ%cﬂ?\%% Wnﬁ]Seufj ﬁHase preferably pas %rﬁﬁ%tif’stFhe fixed bed at a
linear velocm(1 gtfa%ggﬁagrrlégtﬁe%%?e {IQ\%W a délsiméi%%vs an explanatory wlga%)@}/dewed from a

direction perpendicu Irection of the'ga mixed phase flow that en s all of the
microchannels\iabasF e WoPfgeh I mrvidsmasdaipiled siplanation of the configyratipmef the fixed bed
reactor of the present invention based on the drawings. In this drawing, the reference symbol 0
represents thi iheavicResingiRedticiiasehd entie trigke g 8)imbol G+L represeniema@a@diguidmixed phase
outlet of the gas phase and liquid phase. [0068]  The fixed bed reactor of the present invention is
composed ofasas wihersa mige d@hsadighidpedsedaigagil a gas phase distiiboitked ploatien (Gd), a liquid
phase distribution portion (Ld), a packing material introduction portion (S-S'), a fixed bed portion from Ck
to Dk (where 83546Kif%) Gl QUIsHIREERHD &f EPREHIMA LA gas phase introductfBiPpsriéifrom Ak to BK,
and a liquid phase introduction partion from Ek to Fk (wherein, k represents a natural number from 1 to n,

(
and correspogsasKEHRIMABEISHPHREH P A&THER)2[8BEB] APg_drepresentddFfe/iB&ltre loss of the
gas phase digfiibtion RO bHS S RIERROG dapArgssure loss of the liquid ARRGied
in a packing material structure, and a mixed gas/Ii quid phase

reaction is preferably material structure.

[0057]

In the presentinvention, a combination of piping of certain
cross-sectional areas refers to a specific thicknes S structure
formedasthepipingofagasphaseintroductionpo rtionandaliquid
phase introduction portion composed of microchannel ssoasto
satisfy the condition APy > 5 APy, namely a cross-sectional area
structure, while the packing material structure ref ersto a
specific packing material structure formed as a pac king material
filled into the microchannels of the fixed bed so a s to satisfy

thecondition APy>5 AP, ,namelyapackedstateofbeingfilledwith

a packing material. The specific configuration of the
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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 p&tRRSgSARIRMRIhadte & WeaialrehanrSRIdBE thto each microchahRBREX-Dk via the
packing material introduction portion S-S'. During_the reaction, a gas phase component is distributed to

the parallely SH2GYEHOR PG EARS NAHHSHNFRAYGUOPRRY inlet G via the gas pREs@Mdbution portion
Gd, and with respect ta the liquid phase compgnent, the gas phase flow fg and.the liquid phase flow fl are
supplied respfrle?\(c(:at‘lg\)/%%9l from %ﬁ%t@?@tﬁgsf&%%gbcgg]r%%?ﬁﬁn d the gas/liquid r%olxﬁ]egﬁphase flow fggl is
formed With"bﬂ?ﬁc@@& Q@awgﬂefeég@%ghﬁl@nm%&s an example in the caseRka gas phase flow
and a liquid phase flow being supplied to a fixed bed from a single gas phase introduction portion and
liquid phase iqsinptien. 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 red0tid8]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 phasé feagier fiERpIRFpHaREENIANGRERIEYSETIPely able to be intryd\awedh® the fixed bed
via more than one introduction portions. In addition, although FIG. 2 shows a structure in which all the

microchanneRIRIA% FHEHAHEE GRMRLPSL L FHRREAI Gl N Beatalyst simultanBBUSly, a structure may

also be emploggg itnaYVQiCh eack rgoil(f:rror%hggn%%%rgn be sﬁél d separately. [0 r7n2lro hFIr(]B.e’T% shows an
explanatory oerawf?lub (JJ¥ ﬁgrf(qH'g S pﬁasae iRt oduetion por?ion, liquid phase Bty Sortion and fixed

bed portion. Trhﬁ]éﬁﬁée&%@sﬁé%lﬁ@hglké% ISRFRSBS Hgaji?(ed bed portion, Ak:BK the.gas phase

introduction portion, and Ek-Fk the liquid phase introduction portion, while fgk represents the gas phase

flow introducegt e éfindixadbew. dddwigrresents the {gnlisbebase fevy psemecariéo the kth fixed bed,
and fgil_k represents the mixed gas/liquid phase flow that flows through the kth fixed

within that range, the reactor has a fixed bed alon g with a gas
phaseintroductionportionandaliquidphaseintro ductionportion,
andwhen APgrepresentsthe pressure loss ofthe piping of the gas
phase introduction portion when the gas phase has p assed
therethrough and AP, representsthe pressure loss whenthe liquid
phasehaspassedthroughthefixedbedreactorvia theliquidphase
introduction portion, has a piping thickness struct ure formed so
astosatisfythecondition APg>5 AP, undermixedgas/liquidphase
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 uentsthereof.
[0059]

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

present invention.
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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. [0

073] Inthe present

invention, the pressure loss APg_gof the piping of a gas phase distribution portion can be defined as the
pressure drop thal BeBIRSSAt tRehHSIBEh A RFIBeABNGSHlon Gd when the gasfre@eelas passed
through, and more s ecific%ilfl?/, can be defined as the pressure drop that occurs between the beginning of

the branchindSPIHE &R

T sapjpingstruciure compose
can be define gPl':Py L?Slngcthe average value o0

%[Bg_g)k as arepr

auh & i eaRias b askHough this pressure988LfaiGriginally be
defined as APg%(%AEg each.branch, in the case t E%rcrj]igfersions in each branch
as APg

r’irﬁ[cI?arly insignificant, it
nnels, has two "
esentative value. In addition,

the pressure gr,%,éggahgfﬁ%g@&sﬂ%%gg%gggg%ggrtion can be defingp.gssthggeressure drop of the

gas phase introduction portion Ak-Bk (where, k is a natural number of 1 to n
loss is originady dened as*/Adhe HKkSan eaahibttedhctioadmudon jashmgase
introduction portion are clearly insignificant, it can be defined as APg_iby us
APg _jj, as a digprésditiapoetioal sep Gtioi dohyinthrmpeesstire drop

), and although this pressure
the dispersiongdn each
ing the average value of

gas phase to

the fixed bed, aliquid phase distribution portion, aportionfor
introducing the liquid phase to the fixed bed, apa cking material
introductionportion,andafluidmergingportion. Inthepresent

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 APgq and APy 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, AP,y and AP, represent respectively the
pressuredropofthe pipingofaliquid phasedistr ibutionportion
andthepressuredropofaliquid phaseintroductio nportion, AP
representsthepressurelossofafixedbedportion ofthepressure
dropswhenaliquidphasehaspassedthroughthepa rallelyarranged
fixed beds, and AP, represents the pressure loss when the liquid
phase has passed through the fluid merging portion located atthe
end of the fixed bed, then all of the following con ditions 1) to
4)aresatisfied,andinthecaseoftwoormorefi xedbedsarranged
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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 thdd@ialtae R pRasiBnS e ERSBIEMRYERFOR IRarly insignificant, it hdRagkMIed as AP1_,T
by using the average value of @PI Cge)k as a representative value. In addition, the pressure drop APili of

the liquid phd B8R GHEGBRHEMEICEAPER LA & MeDressure drop of EXFOMRrein, k is a natural

number of 1 to n), nfg'j altho%qhhthis pressure dr?g is or*qhnallg defined as APilik for each introduction
O 1 e(rjauo the cross-sectional aréa ofine s o ..saPﬁase \
portion, in the cas€ the dispersions’in éach introduction portron are clearly insignificant, it can be defined

as APiliby usingJheRYRIRIBYALIROEABIkRRhEpRISSSMative Value. o fived bed

is within the range of 0.0001 to 0.05, and the rati
cross-sectional area of the liquid phase introducti
the cross-sectional area of the fixed bed is within
0.0003 to 0.3,

2) AP, >10 APy and APy >10 APgyq,

3) AP, >25 AP, and

4) APy >5 APy, .
[0061]

In addition, the presentinvention is mixed gas/Ii
reactionprocessforcarryingoutamixedgas/liqui
by using the fixed bed reactor described above, whe
gas/liquid phase reaction is carried out by operati
bedreactor under conditions such thatthe linear v

gas phaseis 0.01 to 10 m/s and the linear velocity

o of the
on portion to

the range of

quid phase
dphasereaction
reinthe mixed
ng the fixed
elocity of the

of the liquid

phaseisl0 °tol0 “?mi/sineachofparallelyarrangedmicrochannels.

[0062]

Inthefixedbedreactorofthepresentinvention,
supplied for reaction from the gas phase introducti
introduced into the microchannels of the fixed beds
phase supplied for reaction from the liquid phase i

portionisintroducedtothe microchannelsofthef
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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 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 APO. 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 préé§tifbeiaprhasdredBiteehasr BaEPRSMhen the liquid phds®PR88daterough is
sufficiently small such as when Fk and Ck are in close proximity, it may be approximately treated as the

pressure drof3AAC6 G RGN BH #I98R NISIOSANSeitR¥ Ggh API p is also dEHMEESs (APlip)k for each

fixed bed, in the case variations i .ea?h fi>%ed bed are clearly insignificant, it can be defined as API_p by
) Structure usmq‘(\l\ oﬂlgn or Introducin peeqas " hD aSﬁ: I:t,he .y
using the average value o —“I)K'as a representative’value. In addition, althoug , I originally

defined as (W@M@Wﬂé%ﬁgq tBPfﬁit‘Pé'dQ& Iql;@”%d bed and a mergir@pqggg,tmﬁge case the

variations in each are clearly small, it can be defined as AP, by using the average value of (APo)k as a
representativexealbed 0@ fak phAlbangherngssdna sanhecmeasured by attagiinge prégsure gauge to the
above mentioned portion of the reactor, in cases in which it is difficult to attach a pressure gauge, the
estimation offjxexsbereniapchecor ngaarb e jodcvinggregeddlons is effective withinttine. scope of the
present invention. For example, the following Hagen-Poiseuille equation is effective for estimating the
pressure drofPPbdlgas introduction channel and liquid introduction channel. With respect to fluids flowing
through circular piping, the pressure drop can be represented by the Hagen-Poiseuille e(éuation.

Next, after having carried out the formation of a gas/liqui
mixed phase and a mixed gas/liquid phase reaction, aprocedureis
carried out whereby a reaction product is discharge d from a
discharge portion provided in the fixed bed. The r eactor may be
fabricatedbycouplingpiping,ormaybefabricated asanintegrated
reactor in which microchannels that satisfy the abo ve-mentioned
conditionsareformedby processingamaterialthat isstablewith
respecttothe 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
packingmaterialintroductionportionandafluidm ergingportion,

andwhen APyg4 and APy represent respectively the pressure drop
ofthepipingofthegasphasedistributionportion andthepressure

dropofthegasphaseintroductionportion, APy and AP, represent
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[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]
EAIIk- .fir:Pt(2) L

respectively the pressure drop of the piping of the

distribution portion and the pressure drop of the |
introduction portion,
fixedbedportionofpressuredropwhentheliquid

through the parallel arranged fixed beds, and

liquid phase

iquid phase

APy, represents the pressure drop of the

phasehaspassed

AP, represents the

pressure drop when the liquid phase has passed thro ugh the fluid
merging portion following the fixed bed, the reacto risrequired
to form a piping thickness structure and/or packing material
structure such that all of the following conditions 1)to4) are
satisfied:

1)theratioofthe surfaceareaofthe gasphase introduction

portion to the surface area of the fixed bed is wit

hin the range

0f0.0001t0 0.05, and the ratio ofthe surface are aoftheliquid
phase introduction portion to the surface area of t he fixed bed
is within the range of 0.0003 to 0.3,

2) AP; >10 APy and APy >10 APgg,

3) AP, >25 AP, and

4) APy >5 AP, .

[0065]

More specifically, the fixed bed reactor is define d by the
configuration of the cross-sectional area of the fi xed bed, the
pressurelossofthegasphaseintroductionpiping andthepressure
losswhentheliquidphasehaspassedthroughthef ixedbedreactor.
Therangeoftheratioofthecross-sectionalarea ofthegasphase
introduction portiontothe cross-sectional area of thefixed bed
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[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 poMidNNahe Braeiebl0dktmAdioRametelet®ithe pipe. In the case MéHdBS-sectional shape
of the tubing is not circular, D can be assumed to be the inner diameter of a circle having an equal
cross-sectiodd"9%g’ SR BHNH MG eI %the left side indicatesfife pressure drop per unit
length that occurs Wh%n oqlgrggigﬁiﬁl %@f"e %%ws.ahrgéj rhthe fixed bed, and gn the.{)ié_;let[lé side of the

equation, Vllé:ri%stjslé%ﬁ%éotrﬁae super cia oglty of Iaﬁriqw phase, plig indicates?rl]iagfg sity, and

dpindicates t%@@;@geéc%ﬁaq_)gpégr& imatskdal, iy additiaR. for f (friction coefﬁgi,%r}gr{g@gfllated in Equation

(3), CB indicates the void fraction of a fixed bed, while Rellg indicates the Reynolds humber when a liquid

phase passes tuogh @Jixad prdel@99Mithin 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
isbasicallyafixedbedreactor,inconsideration ofthepressure
drop whenthe liquid phase passes there through, it is preferably
operated at a linear velocity of the liquid phase o f10 2 m/sor
less. On the other hand, in order to maintain the fixedbedina
state inwhichitis wetted by the liquid phase, th e liquid phase
preferably has a linear velocity of 10 > m/s or more. Similarly,
inconsiderationofdryingthefixedbedduringthe mixedgas/liquid
phase reaction and the pressure drop acting on the gas phase
introductionportionpipingwhenthegasphasepass estherethrough,
the gas phase is preferably not distributed at a i 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.2showsanexplanatorydrawingasviewedfrom adirection

perpendicularto the direction of the gas/liquid mi xedphase flow
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[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 ftlkétENaRIeRANATNE PEERERANGISICRPESIOre of which a packPREERRREPMEAR 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 SIGHRGIGRETBHNREIC S Atalle R Dfquid phase flow by IEIRELGE Now fg and a liquid

phase flow fl t?'ﬁu]teha\étsaek% %r\llirr]] Egdgcedd%ottg%rrg\;%ocshqnnels of the fixed bt%g (?%‘G'vfrﬁ‘ this packing
material strucc{ure,l?tr IS |mpor?ant that the packing ma fal be composed so as to have,gbther than

catalytic actiqpe %@%H@@%Bﬁ%%iﬁ&ﬁe@ﬁ@iﬁ&fﬂ%@rﬁfffgaive'y promoting)épﬁofpwpﬂgon of a gas/liquid

mixed phase flow. [0083] ~ More specifically, although it is important for the formation of the mixed
gas/liquid phasa dleyete s iasored Iy meytindbyessigming and setting the sidprtvipad filling method
of the packing material, the basic configuration of the packing material structure can be arbitrarily
designed coroéspegds ghasthartyipig il nel@edmn, 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 0&&alyst, a suitable catalyst corresponding to the type of reaction can be used provided it
can be filled into microchannels. [0084H Essential constituents of the present invention consist of

having a packing FtE¥el BEAERaRCABIERRFSARBIBVERIRSHRation of a mixed phERBRASEHES phase flow

and a liquid phase flow by mjxing the gas phase flow and the liquid phase flow supplied respectively from
s8 %?o"ci“ua&e Yn%]{oi#ghaaﬁﬂg @éﬁasednpl)%ta%l Aitroduction portion to i lﬁ?grsoechan nels of the

the gas pha ion Iqui

fixed bed, distributionportion(Gd),aliquidphasedistribut ionportion(Ld),
apackingmaterialintroductionportion(S-S'),af ixedbedportion
from Ckto Dk (where apacking materialisfilledi ntoachannel),
agasphaseintroduction portionfrom Akto Bk, and aliquidphase
introductionportionfromEktoFk(wherein,krepr esentsanatural
number from 1 to n, and corresponds to the number o f parallel
channels).
[0069]

APg.4 representsthepressurelossofthegasphasedist ribution

portion, APy represents the pressure loss of the liquid phase
distribution portion, and AP, represents the pressure loss that
occursatthemergingportion(O)whenonlyaliqui dphasehaspassed
throughthereactor. Inaddition,f gkrepresentsthegasphaseflow
introduced to the kth fixed bed, f ik represents the liquid phase
flowintroducedtothekthfixedbed,andf g+k representsthemixed
gas/liquid phase flow that passes through the kth f ixed bed.
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and the packing material structure being formed so as to satisfy the previously described conditions of
APIill > 10AP1 T, APg_i> 104Pg-d, APl _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 #9X&@ gas/liquid phase flow and from any of the known reactors having, ordinary
microchannels in which the %égﬁ material structure is not formed so as to satisfy the previously

described conditidri®" P {HE - M9BRKOA TYHERRLTHRAR d phase reaction cBFEROR refer to

conditions such that the retaction iS not carriel%f()lﬁ in. 8 state in which a gasap[gase fl?w. nd a liquid phase
ISINTro ucedlp ?eac rwcro%Ha elCK-Dkvigthe . . rP & mL?arl?a efi
flow do not form or In"a state in which the formation of a mixed phase is inadequate as these are not

adequately ”?M%HJ&%FPH&%J@@@Q fﬁﬁﬂ&)@]gqggggfaﬂ,sguch that a mixed phagg bq]g%réned 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 strugigieh@irshasnisehaas/lsiwe phasayanetie@ds preferably carriegnifbdef®fdis In the
present invention, during the direct synthesis of hydrogen peroxide from hydrogen and oxygen, the
reaction is sténdethe gaschasednEnt@aphieegahehdsedisyinthesis reaction obhtidngmetioperoxide is next
carried out in the presence of hydrogen and oxygen, and finally the reaction is stopped in a reducing
atmosphere. e withieapasiéa bt igvEnimsefemImNega hydrogen peroXitRoafthasss catalyst such
as a palladium catalyst into the microchannels, a suitable amount of hydrogen gas or a mixed gas of

hydrogen andMtfogef < iPaLdud PRASSII e microchafieRPINELREPSHEIHIER ensuring a reducing
atmosphere qn th talyst surface and in the microchannels, oxygen is introduced to initiate the reaction.
According to%l%@%@)e%%féﬁéé %yﬁﬁ%'g% 9{%‘?& ot %/??r”agabn peroxide increas%%n%erﬂg&%slﬁy. [0088]

flowf g4 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
introductionportionwithrespecttoeachparallely arrangedfixed
bed microchannel, the fixed bed reactor of the pres entinvention
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
thanoneintroductionportions. Inaddition,altho ughFIG.2shows
a structure in which all the microchannels can be f illed with a
packedmaterialsuchasacatalystsimultaneously, astructuremay
also be employed in which each microchannel can be filled
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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 perféRRAIAE!YA 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 pref I§]contains 1 volume percent or more of hydrogen when converted to volume. Although
there are no partigfar irér%avgsons an the UBREY [imit thg{(ﬁ%, kiphthe case of synthesiziﬁg féydrogen peroxide

e
by contacting hydrogén and ox%eer)]( Rt & @af’éﬁ,"g{??or examplg,a & method that enSbles the hydrogen

content to beiﬁ%’&ﬁdﬂ&ﬂ B%H,Walﬂ&dﬁb@%ﬁrﬁ%%& reaction conditions fagilifdigsdipe in a continuous

reaction process using the microreactor of the present invention. Namely, as an example of such a
method, in theeeRssHRIDroRkIERG Nl 9gRP NEIeRRfepRiREAsgas phase havifgegigeatsegontents of
hydrogen and oxygen, at the start of the reaction, the gas phase flow is started under conditions
consisting of poni@inAig Bintiee gas ammehobdydiog@orand, replacing the equieale BkaFdmt of oxygen with
nitrogen, followed by carrying out the reaction under constant conditions by gradually replacing the
nitrogen with|Skyjd@hasaminiEeRucine PatBppiMdiRe reaction, an exam[Rereésanisdifodamat can be
employed consists of replacing the o%en with an inert gas such as nitrogen from the steady state

|

conditions, aRBAREHPYBERME BACHREIEeHREA dilowing the passidBRbESFRETR  Bfount of time after the

oxygen has been completely replaced. [gg 0 Although there are no particular limitations on the
amount of tin@?’gaﬁﬁ r\]/E/r éHnggﬁ#ﬁ’ntgea \ %g%%bpepﬂth%n & reaction, for exaftile" e Hsunt of the

hydrogen fIo%gm8@3@(&9&@@@*%@5&3@@{@&@9Iy in larger excessyuithrespgct to the mass
n e

(moles) of palladium contained i catalyst. In addition, since the role of the reaction starting and/or

stopping opefalipnis fRiagHvate the @a_gw&gnm%wggmqgsrggpﬁg*bg@cedure to be carried out
1 |

smoothly, the reaction solution is prefer% y supplied under the same conditions under which the

continuous reaclion i SRILERSh Bdtigimilarly, durigg the series ALRIEERSSSie loss of

the liquid phase introduction portion, and AP represents the

pressurelossthatoccurswhenonlytheliquidphas epassesthrough

the fixed bed.

[0073]

Inthe presentinvention,the pressureloss APy.4 ofthepiping
ofagasphasedistribution portion canbe defined asthepressure
dropthatoccursinthe gas phasedistributionport ionGdwhenthe
gasphasehaspassedthrough,andmorespecifically ,canbedefined
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 APg.qx foreach branch,
inthecasethedispersionsineachbranchareclea rlyinsignificant,
it can be defined as APg.4 by using the average value of ( APg.q )k
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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 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 hydrogerapepositatayinthesiselr dnmpdddioyeheapidsstygen by inhibiting thie dnewff ofBatalyst
components in this manner (Japanese Patent Application Laid-open No. H4-16501). However, in a
conventional fikeeDBehasiitioductomposttaihae b annels, in the casidhaRR@Esy e catalyst to be
contacted with an atmosphere of hydrogen and oxygen used in a continuous reaction procedure after
having been EER&ALEE GAR RPASSURIRFLEHRILBAREIRT tMeBlotdhtial for an explodIBfckindt be avoided
since the procerg{ur? is f rcedfti) &o &hrougghIt corﬂqﬁsition containing an explosive mixture of hydrogen
and oxygen. &4 iﬁ%rf}lfrtrﬁeerreols aldd th8 sk OP4A exﬁo%rig%sllﬁ the case of changi gsﬁ1' gas phase

composition fromngt&%éqn conditions towq;ds rFaCt'oﬂiﬁE%’d)'Q cond{tlons. he present invention, which

is characteriz%r(')gby S ULEBFR fixed be& r&4ctor %%(r:npose o] %1'8%&8%% S from the start of the

reaction, durig%%n ﬁ%oﬁry%%%@qrﬁgmiggcﬂr%ﬁ)%&i&q O%g?ﬁ%stopping the reacp%telégr sentially

distinguished nologies using a convent xed bed reactor or other types of a reactor in
the synthesis of. hydragen peroxide using hydrogen and,pxy 0 ﬁ?g Ihe follawing effects are
demonstrateﬁ%e[:pre’sé%t ﬁ%&&n{@. . (1) A novel f&e?i' %%%%Lag |qSL|V Fnﬂzé‘ed8 phase reactor can be
provided thatO?n%tI)_Jes agas/li(?uid mixed phase ea,fti?r} tnoebe carried out stably and UQQ% constant

o i arepresentative value.” Simitarty, the pressur : -
conditions using mictochanne S, and Improves reaction ‘pefformance such as by mcreasmgpthe efficiency

of mass transfer from the gas phase to the liquid phase,. 2) A novel fixed gas gas/liguid mixed phase
reactor can b%Ebi‘O\(/)ﬁQ& '{‘gnﬁﬁ%&“g@o‘%h%c ?vfﬁf%@%?gn%%ﬁg the microchannelsﬁll%np%%”el. (3) The

use of the gag/li@gﬁ% éréi)é%q}%hée%gs Jeactor %ngg&ir gll‘ nrrt1|j]cerochannels of the pﬁ@@rgorgthigggntion makes it

possible to safe lea mi gas confaining an explosive composition of en and oxygen while
controlling floyisfatRiion 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 APg for each branch, in the case the dispersions in
each branch are clearly insignificant, it can be de finedas  AP.q4
by using the average value of ( APy )k as arepresentative value.

Inaddition,thepressuredrop APy oftheliquidphaseintroduction
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 AP for each introduction portion, in

the case the dispersionsineachintroduction porti onareclearly
insignificant,itcanbedefinedas APy byusingtheaveragevalue

of AP,k as arepresentative value.
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(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 if@@ffibn 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 carSY SUEAI AR ERFUIGIOPR ARG I GRAY compared with IS reactors.  (7)

Although reagtians were limited to being carried out under_cqnditions in which hyd artial pressure
is reduced toﬁf%poarslse%(gth{?f{gﬂpﬁg% %Crlt,g%qat\ %nprgsdteerﬁtnlen%gﬁﬁgn, hydrogen pé’?o’x\lN éﬂ %gﬁeﬁe produced both

safely and ur}ggggl%%%}; senrditions iH’iH@h@FBIH iﬂgrggﬂ%ions in which themqéggﬁ{w%pntent is20to

50%. In addition, safety can be further guaranteed even in the case of carrying out the reaction under

conditions in Mmg_ibm@gﬂgggagggﬂ%gaﬁqﬁg isd68vessde 4% or less. g%}i;{é@agsk ogpggplosion can

be avoided by us ing microchannels , and catalyst activity can be maintained by maintaining the catalyst

in a reducing @Wﬁrﬁe. 3, &%J@reaction &P b‘?s‘fﬁérﬂ)‘?gngFéH}9§EﬁQF‘o§E‘Eﬁgy state conditions from

the start, abnormal heating of a catalyst and the exBosure of a catalyst to an oxidative atmosphere

caused by an,exgessiMeRABRWRGNRRIRfUNSKaseRcRARE Prevented, angratalyatdggradation caused by
heat or runoff of catalyst components can be inhibited. BRIEF DESCRIPTION OF THE DRAWINGS

[0093] bed, if the pressure drop that occurs between Ck an d Fk when the
liquid phase passesthroughis sufficiently small s uchaswhenFk
and Ck are in close proximity, it may be approximat elytreated as
the pressure drop that occurs between Ck and Dk. T hus, although
APy, is also defined as ( APy, )k for each fixed bed, in the case
variationsin each fixed bed are clearly insignific ant,itcanbe
defined as AP, Dby using the average value of ( AP )kas a
representative value. In addition, although AP, is originally

defined as ( APy)k between the end portion Dk of the fixed bed and
a merging point, in the case the variations in each are clearly
small,itcanbedefinedas AP, byusingtheaveragevalue of ( AP,k

as a representative value.

[0075]

Althoughpressurecanbemeasuredbyattachingap ressuregauge
to the above mentioned portion of the reactor, in ¢ 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
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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) arl@!@\iiigdisaase"@iseaiereapaion éelapiiRPto the fixed bed por§SHMIRAB and F, and a

mixed gas/ligtl#g hase flow (fggl) is formed within the fixed bed.  FIG. 2 shows an explanatory drawing
as viewed fr [fRSHiD S 9L FeRA GRYIAF RS HTL U HAYPFLRENE mixed gas/liquid Pfidse flow that enables

all of the microchannels tq be seen,... FIG. 3 show explanatory drawing of the kth gas phase
introduction 6%¢t?§Hﬁfaﬂié%p ngsezei\rq/t'% Ge |8§ E%r‘.’é%%‘%’&v fixed bed portion. E)?Igr&ﬁrﬁ%\gﬁON OF

REFERENC%i%HMWt@&@s@?S%W@aﬁ%E@Qb’}éﬁe’ﬁp- 2) G Gas phasgdrg)r/qggction port L Liquid

phase introduction port Gd Gas phase distribution portion
Hagen-Poiseuille equation.

[0076]

[Equation 1]

CAR), 32, (1)
! D?
[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]

APy Sow oy (2)
L . d,

[0079]

[Equation 3]

£ =[L75+1.50(— £;)/ Rey, [(1=55) /55 (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
inthe gas phase or liquid phase introduction porti on,andonthe
right side of the equation, Hg indicates the viscosity of the gas
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Ld Liquid phase distribution portion S-S' Packing material introduction portion Ck-Dk (k: 1 to n)Fixed bed

portion Ak-Bk (k:

phaseorliquidphase,u gindicatesthe averagelinearvelocityin

thegasphaseorliquidphaseintroductionportion,

the inner diameter of the pipe. In the case the cr
shape of the tubing is not circular, D can be assum
inner diameter of a circle having an equal cross-se

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

andDindicates

oss-sectional

ed to be the

ctional area.

ndicates the

pressuredrop perunitlengththatoccurswhenonly aliquidphase
flowsthroughthefixedbed,andontherightside oftheequation,
Viq indicates the superficial velocity of a liquid pha se, Pig
indicatesliquiddensity,andd pindicatesthediameterofapacking

material. Inaddition,forf(frictioncoefficient

Equation (3), egindicatesthe void fraction of afixed bed, while

Rejq indicates the Reynolds number when a liquid phase
through a fixed bed.
[0081]

[References: (1) R. Byron Bird, Warren E. Stewart,
Lightfoot,co-authors,"TransportPhenomenaSecond
publisher: John Wiley & Sons, Inc., Hoboken, N.J. (
0-471-41077-2);(2)H.ScottFogler,author,"Eleme
Reaction Engineering, 3rd Ed.", 1999, publisher: Pr
Inc., Upper Saddle River, N.J. (ISBN: 0-13-531708-8
[0082]

Inthepresentinvention,afixedbedhavingapac
structure of which a packing material is filled int

microchannelsisusedforthefixed bed ofareacto
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material structure in the fixed bed has the effect
theformationofamixedgas/liquid phaseflowbym
f g and a liquid phase flow f
microchannels of the fixed bed, and in this packing
structure, itis important that the packing materia

so asto have, other than catalytic action, a shape
capableofmoreeffectivelypromotingtheformation
mixed phase flow.

[0083]

More specifically, althoughitisimportantforth
of the mixed gas/liquid phase flow to be formed by
designing and setting the size, shape and filling m
packing material, the basic configuration ofthe pa
structure can be arbitrarily designed corresponding
ofreaction, typesofgasphaseandliquid phase us
of using the reactor. Although a catalystisone o
ofpackingmaterials,withrespecttothespecific
a suitable catalyst corresponding to the type of re
used provided it can be filled into microchannels.

[0084]

Essential constituents of the present invention co

having a packing material structure able to promote

of a mixed phase of a gas phase flow and a liquid p
mixing the gas phase flow and the liquid phase flow
respectivelyfromthegasphaseintroductionportio
phaseintroduction portionto the microchannels of
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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

of promoting
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material
I be composed
and structure

ofagas/liquid

eformation
arbitrarily
ethod of the
cking material
to the type
ed,andpurpose
fthe examples
typeofcatalyst,

action can be

nsist of
the formation
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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 O Fluid merging portion G+L Mixed gas/liquid phase outlet (Reference Symbols of FIG. 3) Ck-Dk
(k: 1 to n) Fixediee RRsHIBE MRIBNE{ISIUEH I e peraRedisoduction portion as to satisfy

thepreviouslydescribedconditionsof APy >10 AP, APgi >10 APgq,

AP, >2.5 APjand APy >5 AP, undermixedgas/liquidphasereaction

conditions.
[0085]

Thus, the fixed bed reactor of the present inventi
essentiallydistinguishedfromafixedbedreactor
material structure that does not promote the format
gas/liquid phase flow and from any of the known rea
ordinary microchannelsinwhichthe packing materia
not formed so as to satisfy the previously describe
In the present invention, gas/liquid mixed phase re
conditionsrefertoconditionssuchthatthereacti
outin a state in which a gas phase flow and a liqu
do notform or in a state in which the formation of
isinadequate asthese are notadequately mixed, bu
toreactionconditionssuchthatamixedphaseisf
of agas phase flow and a liquid phase flow supplie
bed being favorably mixed in a packing material str
mixed gas/liquid phase reaction is preferably carri
[0086]

In the present invention, during the direct synthe
hydrogenperoxidefromhydrogenandoxygen,therea
inareducingatmosphere,thedirectsynthesisreac

peroxideisnextcarriedoutinthepresenceofhyd
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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 CARRYaR&ioally the repqtiarnNg RMPedIap redugifbch the following providesa@&Railed explanation
of the present invention by showing examples and comparative examples thereof, the following examples
and compara[ﬁ\%@xamples do not limit the scope of the present invention. Example 1

In the present invention, after filling a hydrogen
synthesis catalyst such as a palladium catalyst int
microchannels, a suitable amount of hydrogen gas or
of hydrogen and nitrogenis passed through the micr
after adequately ensuring a reducing atmosphere on
surfaceandinthemicrochannels,oxygenisintrodu
thereaction. Accordingtothisprocedure,thesyn
hydrogen peroxide increases remarkably.

[0088]

Whenterminatingthereaction, afterterminatingt
peroxidesynthesisreactionbydiscontinuingthesu
a suitable amount of hydrogen gas or a mixed gas of
nitrogen is passed through the microchannels, and t
completed after adequately ensuring a reducing atmo
catalyst surface and in the microchannels. Accordi
procedure, the reaction performance inthe case of
reaction can be maintained in a favorable state.
[0089]

When starting and/or stopping the reaction, the co
of the gas phase that is contacted with the catalys
contains 1 volume percent or more of hydrogen when
volume. Althoughtherearenoparticularlimitatio
limit thereof, in the case of synthesizing hydrogen
contacting hydrogen and oxygen with a catalyst, for
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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 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 WetombitateNte a tiemikmigeir P8I EREAHg a depth of 20 gt APRPIIBYM of 50 gm. Drilling
was carried out for the fixed portion, the Ii@uid hase introduction portion and the mixed gas/liquid phase

discharge polfUIFSNHsE FRADY TS CRAHL MM HamR B ooves of the reactdPRSEBRER formed by

etching. [OOQGLTQe shaé)e of the fixed gortio had a width of 600 gm and a depth of 300 gm. On the other
acantnuo rea%uon rpcessusingt emlcrgrea%}o : roﬁﬁ?gresent .
hand, holes having a diameter of I mm were formed by drilling to form a gas phase introduction port,

liquid phase iiﬂVQMiQQaQﬁ’éﬁﬁHQé??ééEﬂ\ﬂ%B?%ﬂ%%'?ﬁé%é’dscr‘arge port on g hempax,glass plate of the

same size. Finally, the two Témpax glass plates were laminated by thermal bonding to produce a fixed
bed reactor. [988dtingAMydrs e tadrskissniamdtieonsd Prasdrhsaiie of the fixed Begkreagtor is provided
using FIG. 1. The fixed reactor is composed of two gas phase introduction pipes (A-B), one liquid phase
introduction ppet¢ktsofapdradierehberypertjant{€sia); die two gas phase ingnecgtbarthmpes 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 EGRhpRekeWREFGHieeHOYsTSeREEiNRGaNsisH600 gm, depth of BOQieRRAMIRGgth 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 3" 8aYRhAMSLAHBHRYBApBRTIFTY RFIRG HEFHHY phase introductiGRIGEYYnd F were at

11 mm, 9 mr%f%nd 5 mm. & %%ect%ﬁglwgvdgen measuref’td from C. [0098]

Xygenw rogen, ycarryingou hereactionunder
constantconditionsbygraduallyreplacingthenitr ogenwithoxygen.
Similarly,whenstoppingthereaction,anexampleo famethodthat

canbe employedconsistsofreplacingthe oxygenwi
suchasnitrogenfromthesteadystateconditions,
thereactionafterallowingthe passageofacertai
after the oxygen has been completely replaced.
[0090]

Althoughthere are noparticular limitationsonth
time required when starting and/or stopping the rea
example, the amount of the hydrogen flow when conve
(moles) is preferably in larger excess with respect
(moles)ofpalladiumcontainedinthecatalyst. In
therole of the reaction starting and/or stopping o
activate the catalyst and allow a continuous reacti
to be carried out smoothly, the reaction solution i
supplied under the same conditions under which the
reactioniscarriedout. Similarly,duringtheser
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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
IntroductionpfP BIRaerEEwRds IRABHRNIHAS g FHRMEHBHIRY a stable gas/liquidosiReribse 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 Qﬁﬁ‘gquﬂc@%é?%@r?ﬁ? (ﬁ’rlgtwglésa?f@ﬂcﬁrft%h’nq,sand this closely coff¥$P8RLRY to the pressure
loss between A a cil 3 (gas phase introduction pipe). On the other hand, the pressure difference between
E and D whefe Sosr['}i)ye\ivater passed through the fixed reactor at the rate of 0.01 ml/min was less than 0.1
atm. [0099] goligreover, 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 abjgic4ystt opnistirampahE nhEdfalybkiskead of the poroushsilig@edhgereaction 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/mvhen txposenf tharstadidizidesaotofpheratsuoiess passed through tteningdrided examining the
production of hydrogen peroxide while applying pressure of 10 atm. The reaction solution consisted of an
aqueous soliedARINNE 028N KaIfsetid)\ @IS shosphoric acid afiSagspeidf sodium
bromide (weight ratio). At this time, although the long gas phase introduction pipe was used to Introduce
oxygen havirRf £ TSRS AR sheasiMdRfaride between A and D aYIHISTHRIBINS about 0.6 atm.
This closely corre onged to the pressure lass between A and B (gas phase introduction pipe). On the
it % i 4

other hand, tﬁgl 4y ERCEBERVERNE 3N %%gr%termined to be Ieggrﬁ%er{]&ri atm when only

water was p mé?qm@mﬁ?ﬁﬁ?[ Irl%gfpgpcgga%/tremn a result of the reacfjQn,,ap;@queous hydrogen

peroxide having a coricentratio 1.5% by weight was obtained under constant conditions. Example 2

[0100] A repskewemfrbdsatedhtnppicagonaanebaerNanple 1 with the gxpendion of changing the
shape of the fixed bed portion to

However, in a conventional fixed bed reactor not co mposed of
microchannels, inthe case of allowing a catalystt o be contacted
with an atmosphere of hydrogen and oxygen used in a continuous
reaction procedure after having been contacted with a reducing
atmosphere,thepotentialforanexplosioncannotb eavoidedsince
the procedureisforced to go through a composition containing an
explosivemixtureofhydrogenandoxygen. Similarl y,thereisalso
the risk of an explosion in the case of changing th e gas phase
composition from reaction conditions towards reacti on stopping
conditions. The presentinvention,whichischarac terizedbythe
useofafixedbedreactorcomposedofmicrochannel sfromthestart
ofthereaction,duringacontinuousreactionproce dureandduring
stopping the reaction, is essentially distinguished from the
technologiesusingaconventionalfixedbedreactor orothertypes
of areactorinthe synthesis of hydrogen peroxide using hydrogen
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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 th8N§a@X¥E88e 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 %24 B (gas phase introduction pipe). On the other hand, the pressure difference between
E and D of when qnléi{ E\)/v 5% rpagﬁggtéhérougg thﬁs§irg%g-poach1eed fPe(gd bed at a flow r%tﬁ:- of 0.01 ml/min was
less than 0.1 atm. f& cﬂl oreover, w eh the Teaction was evaluated in the sanie manner as Example
1 by filling a palladigm-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{tdnkecceans gataton alixed’pHassveight. Example 3 [0108} caf\gg@actor was
fabricated in the same manner as Example 1 with the exception of changing the shape of the fixed bed
portion to a widihidd b Otgenatridsde gis hif 0 ROngrRedhaesetheamixed gas/liquid farasedtow of the reactor
was evaluated in the same manner as Example 1 under the same conditions, the formation of a stable
mixed gas/liceArigH4 FERIMATIABSE fRNEIRRY ePNHBINARIIBphase into the gd8Phase introduction
portion were able to be confirmed in the fixed bed portion. The pressure difference between A and D was
about 1 atm, BHIGHQRNELEHR0 I PeRIYFE£8a6 I RSERLNRE 6 between A anB B &A% phase introduction
pipe). On the. other han(ilf th aressur differencef\ b twe(f=hn E and D when only water was passed through
the silica-pac'l'g&rleﬁ?@(ﬁ] Beedeﬁt' A05Y, Valar GBLIAIAAR WSs less than 0.1 atnﬁ?ﬁf%@]se Moreover, when
the reaction WI@Y@?‘QQJ“ 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 mann@l aAsBYamid a3y ASHQALTTVEHBRRPRIREde was obtained Bayigr concentration
of 3.0% by weight.

providedthatenhancesproductivitybyarrangingth emicrochannels
in parallel.

(3) The use of the gas/liquid mixed phase reactor composed of
microchannelsofthepresentinventionmakesitpos sibletosafely
handleamixedgascontaininganexplosivecomposit ionofhydrogen

and oxygen while controlling flow rate.

(4) As aresult of having a fixed bed of which a c atalystis
filledintothemicrochannels,theefficiencyofma sstransferfrom
thegasphasetotheliquidphasecanbeincreased ascomparedwith
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 agueous
hydrogenperoxide havingaconcentrationof1.0%by weightormore
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[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. Whel? \R&teP{RAshE8geH ARSIAH EREFEABET 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 X HIERELEED g"’\ﬁf?gﬁ?ﬁgf?ﬂ‘f)!ﬁgﬁ% and a mixed gas/RGaRFSA%se flow was
unable to be or(r:%erzdew tntea%eed Fh%g ort(i)(?[io% Fai&ttin"ées, the pressure difference breet&vve\:/ﬁﬁ A and D was
less than 0.1 &t Oh the other han , fhe pressure diftéfence between E and D When on y water passed
through the siligRnacked figdred 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 igtgAfieoiRprEEdiNsie @ RiipMaus sdisgdarthe same manner aggy@erl, 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%}atcitifbowimatbict Bydvidgen partiaépstssdes ¢ state flow rate throughcibtodidétor followed by
applying pressure of 10 atm, the experiment was unable to proceed properly since a stable mixed

gas/liquid phiess dhenser ardpibasrsesiim@intiBRatiple 4 [0107]

can be produced both safely and under constant cond
explosive conditions in which the hydrogen content

In addition, safety can be further guaranteed even
carrying out the reaction under conditions in which
partial pressure is reduced to 4% or less.

(8)Theriskofexplosioncanbeavoidedbyusing
andcatalystactivitycanbemaintainedbymaintain
in a reducing atmosphere.

(9) The reaction can be carried out under the stea
conditions from the start, abnormal heating ofaca
exposure of a catalyst to an oxidative atmosphere c
excessive consumption of hydrogen can be prevented,
degradation caused by heat or runoff of catalyst co

be inhibited.

drogenperoxide

itions under

is 20 to 50%.
inthe case of

hydrogen

microchannels,

ingthecatalyst

dy state
talystandthe

aused by an
and catalyst

mponents can

BRIEF DESCRIPTION OF THE DRAWINGS

[0093]

FIG. 1 is adrawing of a reactor of the presentin
viewedfromadirectionperpendiculartothedirect
gas/liquid phase flow that enables all of the micro
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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 ¥p8rbfilifiEaeier. JineBIesentigrbBVECABR: formed into a se?fr@MRfE@Shape having a

depth of 20 gm and width of 50 gm. DriIIingk%vas carried out for the fixed portion, the liquid phase
introduction grp(?r‘?iBHrHﬂH PR G 5R 8 REGINITRE W S rge portion on the PEEEHR Which the

microchannel grooves of a reactor were formed.by etching. [0109] The shape. of the fixed portion had a
wicth of 500 SR R S B S S &R, holes having TAHRIASEL mm were
formed by drﬁWﬂSdchﬂfﬁb&ﬁﬂﬁ@-@, ggbggggkpn port, liquid ph?a?%éﬂi(ﬁﬂ%‘b%&’é ort, and mixed

po

gas/liquid phase discharge port in a Tempax(r) glass plate of thé same size. Fina ly, the two Tempax(r)

glass plates werseelgsBiirigd ppretmatmomndiodéel pertoiee a fixed bed reactaiodPdHld F, Amore detailed
explanation of the structure of the fixed bed reactors is provided using FIGS. 2 and 3. The fixed reactor

consists of foamdixeixbddaslicaidpldaseflavalfel, i.e. n = 4 jn FsGorehddadthited foed 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-D¥dthe two gas phase introduction

FIG.2showsanexplanatorydrawingasviewedfrom adirection
perpendicularto 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
introductionportion, liquidphaseintroductionpor tionandfixed
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-BKk (k: 1 to n) Gas phase introduction portion
Ek-Fk (k: 1 to n) Liquid phase introduction portio n
f g« Gas phase flow introduced to kth fixed bed
f k Liquid phase flow introduced to kth fixed bed
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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 dnatienMikestaestigidiahags flowretiegsaeodtiEike132k (two locationd B8fresponding to
the two gas phase introduction pi|oes) and Fk were at 4 mm, 3 mm and O mm, respectively, when
measured from C.APstn Rg$Hide, 1856 pbeaRsPEaa? SioneigndetHan FIG. 2 was composed of
microchannels having a width of 1 mm and depth of 300 Jim, and the pressure drop of when a gas phase
flew was concentréfa i IRISTkeooF$f BawidRBRsalkistatioRSPMiAPg 1> 104Pg_dwas made

AP, 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 g« Gas phase flow introduced to kth fixed bed

f  Liquid phase flow introduced to kth fixed bed

f g+« Mixed gas/liquid phase flow introduced to kth fixe d bed
APg.ix Pressure loss of gas phase introduction portion

AP Pressure loss liquid phase introduction portion

DApipk  Pressure loss occurring when only liquid phase is

passed through fixed bed

BEST MODE FOR CARRYING OUT THE INVENTION

[0094]

Althoughthefollowing providesadetailed explana tionofthe
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
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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. ThEB8RIlyst was filled up to Dk at all locations (where, k represents a natural number from 1 to
n, and n = 4 in the present exam}g&et), and in contrast to the channel depth following the fixed bed outlet

being 300 gm, the \(KSAREAGRARIY YA LARHERIeH YR Was made to be at IEXEIEY® G and the
relationship 4&%159% §h54fg% }Naarsem?(()jrectoomb% é’é"éi% a{wglsenh% %as phase flew ir}n(f%%%igt%ﬁtion of
preventing a soli ?romnf?owmg OUt 10 the erging por%on'.o[ 1] Next, spherical porous silica having a

mean particl%gliagp@ﬁa[]Qf&%@gﬂmmﬁ@g?dam@é%d bed portion of a ree%cfggptiy}{gtﬁ 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 thied g ad/ryllanprriseafidcAdriasbriodriie@tans; nitrogen gas wagesatpphied from both the
hydrogen introduction pipe (corresponding to the longer one of the gas phase introduction pipes that lead

to each fixed gdpandmegiandrieeduaigpapipedopiras panslibeép the shorter onpsdiisieegas phase
introduction pipes leading to each fixed bed). The formation of a stable mixed gas/liquid phase flow and
almost no enbyfofrttiegligroiolpbaserenibyivh grak pleaskingtvattuction portion wehg@bluteibe confirmed.
[0112] Moreover, a palladium-supported alumina catalyst having a mean particle diameter of 50 pm
(N.E. Chemcagidofhe patyesmesintarad Bl dsemek)ipfioas injected with pasiapehayiag 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 ERslepieof 2Asteadof padoidtBiitz0 a reastiondlingmasarigdnedame 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 2thedixashoertiemide liquid phase introduction po rtion and the
mixedgas/liquid phasedischarge portiononthe pla teinwhichthe
microchannel grooves of the reactor had been formed by etching.
[0096]

Theshapeofthefixedportionhadawidthof600 umandadepth
of300 pm. Ontheotherhand, holeshavingadiameterofl mmwere
formed by drilling to form a gas phase introduction port, liquid
phaseintroduction portand gas/liquid mixed phase discharge port
onaTempaxglassplate ofthe samesize. Finally, thetwo Tempax
glass plates were laminated by thermal bonding top roduce afixed

bed reactor.

[0097]

Amore detailed explanation of the structure ofth efixedbed
reactor is provided using FIG. 1. The fixed reacto ris composed
of two gas phase introduction pipes (A-B), one liqu id phase
introduction pipe (E-F) and afixed bed portion (C- D),thetwogas
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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 cohaspiotrddddiiotheipeebsvea lgsiitEffeen Ak and Bk inRIGI &ath ob2frast, theypressure
difference between L and 0 in FIG. 2 when an equal amount of water only was passed through did not
reach 0.1 atn@nAshg lergih ef threshaitpine, iahGovwhieiPerogen peroxide hagirgiraddheentration of 3.5%
by weight was obtained under constant conditions. Example 5 [0114]  Production of hydrogen peroxide
was carried JAPEHRAE SAME rd AHUILRRAFFEREGHBRI by filling it with the?REHBSEARfEt 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 an@'&8fert{Ry&BEEH-22000) tHFBGGH ‘& 8ThB MM IPARSBEl@thndard state flow rate,
followed by applying pressure of 10 atm. [0115] At this time, the pressure difference between G and 0
in FIG. 2 wadRhtRANGARATBAYHA MW ERRIEPAnd hydrogen sid®s (gRH PisMbsely EBHEponded to the

pressure loss between Ak andSkinFIG. 3. In contrast, the pressure difference between L and 0 in FIG. 2

of when an elfI9IAHRMPEFWHE I SIS L tHrEUHCRot reach 0.1 atm.U88% result of the reaction,

. . ) 0 . .
an aqueous fydrogen, Berow(de REYIRKL ORISR SR,RR;0% bY weidht wag phtgincd ynder constant
conditions. Examp ]

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

[0098]

Next, porous silica havingamean particle diamete rof100 pm
(FL-100D, Fuji Silysia Chemical Ltd.) was filled in to the fixed
bed portion of the reactor. Water at a flow rate o f0.01 ml/min

fromtheliquid phaseintroduction portand nitroge

rate of 0.5 ml/min fromthe long gas phase introduc
respectively passed through the reactor. On the ot
inletoftheshortgasphaseintroductionpipewas

time, the formation of a stable gas/liquid mixed ph
almostnoentryoftheliquidphaseintothegasph

portion were able to be confirmed. At this time, t
difference between A and D was about 1 atm, and thi
corresponded to the pressure loss between A and B (
introduction pipe). On the other hand, the pressur
between E and D where only water passed through the
at the rate of 0.01 ml/min was less than 0.1 atm.

[0099]
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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 tMiIEgMaha ReAaH = D10RINEFRALAHBRRAIANREE gas of hydrogeRN@AiBstygen

(hydrogen: 20%) throuigh at 20 ml/min in terms of the standard state flow rate, followed by applying
pressure of 1973 WBPTHPT Palagitniand RAYNY AJ0GAN #idince between GEHABSIEHIE. 2 was about

1.0 atm on both the oxygen and hydrogen sides, and this closely corresponded to the pressure loss
between Ak ad&¥hFI m‘:(.'\ll#C%ﬁ%ggtﬁ@%?gﬁfﬂgé?ﬂgé}%g%i%een Land Oin FI@Wﬁ f when an
equal amount of water. onl sed through did not re 0,1 atm. As a result, in contrast to the pressure
drop of the ggs?(a’lﬂgr%]oolj&%}r@%%ét%w 8}’1\4%98?51%?%1%{3@%3%&@ drop of whenﬁt%%aaq?}et%oﬁs solution

passed throu &,g&g ;iﬁ&q tlﬂ%qgfglﬁfé)ﬁf‘émﬁ%%ﬁﬁg\iﬁﬁa%as less than 0.01 atr%fégﬂﬂﬁgﬁgt of the reaction,

an aqueous hydrogen peroxi aving a concentration of 2.7% by weight was obtained under constant
conditions, aaﬁdyﬁmggg%@%wgé&@% W{ﬁy&[@éé@&o A fixed bedeagtabhgwing eight parallel
channels were fabricated in the present example. The microchannels of the reactor composed of a gas
phase introduction estudrs, didirich pinasengbfable stermdparson, fixed bed portioragnitbmiege gas/liquid phase
discharge portion were fabricated on a Tempax(r) glass plate measuring 30 mm. x 70 mm with double
side polishedWsygarassry ghroove's the fededoiedrraiculirgdhmgr@ith hydrofluoricdeidooif19]  The
grooves were formed into a semi-elliptical shape having a depth of 20 gm and width of 50 gm. Drilling was
carried out f&%ﬁ@ﬂﬁ@@%@ﬁﬂﬁwmém)ﬂﬁgmmﬁ%@&m portion and the TAKEReENiquid phase
discharge portion.on thegylasl?tg |Or} which microchannel %roo.ves of the reactor wer% Bozrénﬁd by etching.

[0120] solution consiste an aqueous solution containin g
sulfuricacid,0.005Mphosphoricacidand50ppmo fsodiumbromide
(weight ratio). At this time, although the long ga s phase
introductionpipewasusedtointroduce oxygenhavi ngalargeflow
rate,thepressuredifferencebetweenAandDatth istimewasabout
0.6 atm. This closely corresponded to the pressure loss between
A and B (gas phase introduction pipe). On the othe r hand, the
pressuredifference between Eand D wasdetermined tobelessthan
0.1 atm when only water was passed through ata flo wrate of 0.01
ml/min. Asaresultofthereaction,anaqueoushy drogenperoxide
havingaconcentrationofl.5%byweightwasobtain edunderconstant
conditions.

Example 2
[0100]

Areactorwas fabricated inthe same manner as Exa mple 1 with
the exception of changing the shape of the fixed be d portion to
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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. Theaogsihotegiremenis dod thepteat60complied. WithethtisenikExgasiguid[0121]  Next, the
same palladium-supported titania catalyst having a mean particle diameter of 60 gm as that used in
Example 6 (cPhpasiipnuedberersiovpaenaluatedipiesaingm: 1.0% by weightanasrageyameehe fixed beds,
and the reaction solution at a flow rate of 0.04 ml/min and a mixed gas of hydrogen and oxygen

(hydrogen: 28982ReHIBRERIIG9EH WaRIM RAFISOMHE&SAdard state flow ¥R PR Passed through

to produce h r%rr%ge . %roxide hile a ng pressure of 10 atm. [0122] At this time, the pressure

Vi
difference be weeH(r‘C]E%an%'%ei'ﬁ‘t @%’ﬁ%ﬁ@g{%ﬁ’ f@Jthvr%t%rn' both the oxygen arﬁtaoﬁt%?gg%n sides, and this
closely correfﬁggﬁl[%g fﬁmﬁr%ﬁyﬁ@sﬁ%p@b‘ﬂ?ﬁéﬁ%@f‘iﬁkinFIG' 3.1n contﬁgsfbrm%%@ssure difference

between L and 0 in FIG. 2 when an equal amount of water only was passed through not reach 0.1
atm. As a resyilt dthSRMIREH h IR DIEsRHER RRA Hr@@as introduction being dhihaifthdhe 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 redigjtiofghastsiatiitie, gais plasoing dyutgepgpgsoxide having a conpgeteatinatof 5.6% by weight
was obtained under constant conditions, and hydrogen yield was 17%. Example 8 [0123]

be confirmed in the fixed bed portion. The pressur e difference
between Aand D was about 1 atm, and this closely c orresponded to
the pressure loss between A and B (gas phase introd uction pipe).
Ontheotherhand, the pressure difference between EandD ofwhen
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 inthe s ame manner
asExamplelbyfillingapalladium-supportedalumi nacatalystinto
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 agueous hydrogen peroxide was obtained having a concentration

of 2.0% by weight.

Example 3
[0102]

Areactorwas fabricated inthe same manneras Exa mple 1 with
the exception of changing the shape of the fixed be d portion to

awidth of 600 pum and depth of 900 um. When the mixed gas/liquid
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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 obtainedPliageiivstiarRastpase s HA ApHIBtRINS ield was 18%. [OEPUIRGSIRITRIGe 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 S8R IS FRPaSYMULE W BA JRIBAYIDEL 2518 an aqueous solUBEH™MKEmixed gas of

hydrogen and o>§'\§|1|e. \ﬁ ege%segntg%%ﬁ%h in thet S@Wﬁerpanner as Example 4. As a resntllt, a stable mixed

gas/liquid phggg l\J/\ll\g aa unable 1o osrtrrr]f)ee M the reaction was unableq'tjc')dgro%seee'a.oln this reactor,

the pressure 1%)86{9 ISﬂ%é?eaiﬁtP&ﬁ?&iB?F&ﬂHBH%Pép&ﬁé/‘%%lé”ab'e to be ensured,angiing, conditions of
APg_1> 10APg_g and APg_i > 5API_p of FIGS. 2 and 3 were not satisfied. [0125] Comparative Example

3 A reactofhuasdabsigastesbin theepasssuraimisieasdpsample 4 with the exgegiiearefDisirg a width of 600
gm and depth of 50 gm for the liquid phase introduction pipe, and the reaction was evaluated under the
same conditiabswsl Exarrgid thidd@sedsotrrtspdodéd veetheipable to be uniformegglistribsged and the
reaction was again

betweenAandB (gasphaseintroductionpipe). On theotherhand,
the pressuredifference between Eand Dwhenonlyw aterwas passed
through the silica-packed fixed bed at a flow rate of0.01 ml/min
was less than 0.1 atm.
[0103]

Moreover, when the reaction was evaluated inthe s ame manner
asExamplelbyfillingapalladium-supportedalumi nacatalystinto
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
agueous hydrogen peroxide was obtained having a con
3.0% by weight.
[0104]

Comparative Example 1

In this comparative example, a reactor was fabrica
the same procedure as Example 1 withthe exception
entiregasphaseintroductionportion. Atthistim
introduction pipes had a width of 200
[0105]

Sphericalporoussilicahavingameanparticledia
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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 attemptathtodsfititeidtaie ikedtedidgstioheltbasssaare drop at the outletdnciéhsadaiebecame difficult to
introduce the slurry, and the catalyst was unable to be filled. This reactor did not satisfy the condition of
APilp > 2. 5APG9PFISUhRKamiteregopirpm thgdighedpasent example, thessakrdussietor as Example 3
was used, and a palladium-supported alumina catalyst (loaded amount of palladium: 5% by weight, N.E.

Chemcat CofPfialoH TRt iR MiBaNEH BRI Dver a length of 36HaTPATHESIY Mlfogen at 1.5

ml/min, nitroggl n ?]t 3.? EnI/O@B]ébq}h irr]1 tt?]rmés o; thg starpd%rd state flow rate) and a refaf t(iaon solution
(having the same %'m%gsmoh as that'o Erxa%pﬁé f?aa 801 mi/min were supp‘ﬁgtﬁy%l Wwed by gradually

increasing the pra &W@rtﬁ%e%%%ﬁﬁfsmrﬂﬂﬁin&%ﬁﬂ&goatm’ and then carryjr%ggeou\trﬁn(%aeaction after

switching the introduced gas fr rogen to oxygen and the results in the table below were obtained.

gas/liquid phase flow was unable to be formed in th e fixed bed
portion. Atthistime,thepressuredifferencebet weenAandDwas
less than 0.1 atm. On the other hand, the pressure difference
between E and D when only water passed through the silica-packed

fixedbedataflowrate of0.01ml/minwasalsole
[0106]

Inaddition, althoughthe productionofhydrogenp
examined by filling a palladium-supported alumina c
thereactorinstead of poroussilicainthe samema
1, and passing an aqueous solution at a flow rate o
and a mixed gas of hydrogen and oxygen (hydrogen co
a flow rate of 5 ml/min as the standard state flow
thereactorfollowedbyapplyingpressureofl0atm
wasunabletoproceedproperlysinceastablemixed
flow was unable to be formed.

Example 4
[0107]

A fixed bed reactor having four parallel channels
fabricated in the present example. The microchannel
reactorscomposedofagasphaseintroductionporti

introductionportion,fixedbedportionandmixedg
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[0128] [Table 1] Elapsed time after start of reaction (hr) Hydrogen peroxide concentration(wt%) Hydrogen

yield(%) 0.5t02.5 1.1 3.1

discharge portion were fabricated on a Tempax
measuring30mmx70mmuwithdoublesidepolishedb
therein by chemical etching with hydrofluoric acid.
[0108]

The grooves were formed into a semi-elliptical sha

O glass plate

yforminggrooves

pe having

adepthof 20 pm and width of 50 pum. Drilling was carried out for

the fixed portion, the liquid phase introduction po
mixedgas/liquidphasedischarge portiononthe pla
microchannel grooves of a reactor were formed by et
[0109]

Theshapeofthefixedportionhadawidthof600

of900 pm. Ontheotherhand, holeshavingadiameterofl
formed by drilling to form a gas phase introduction
phaseintroductionport,andmixedgas/liquidphase
inaTempax [glassplateofthesamesize. Finally,thetwoTe
glass plates were laminated by thermal bonding top

bed reactor.

[0110]

Amore detailed explanation of the structure ofth
reactors is provided using FIGS. 2 and 3. The fixe
consists of four fixed beds arranged in parallel, i
FIG. 2. Eachfixed bed is composed of two gas phas
pipes (Ak-Bkin FIG3), one liquid phase introductio
and a fixed bed portion (Ck-Dk), the two gas phase

pipes have a width of 50 um and depth of 20
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2.7t04.7 2.8 7.7 4.9t106.9 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.

the short pipe is 9 mmwhile the length of the long pipeis28 mm.
The channels of the liquid phase introduction pipe have a width
of 50  um, depth of 20 pum and length of 3.5 mm, and are formed at

50 um intervals, and five microchannels function as a g roup for
asingle fixed bed. Onthe other hand, the fixed b ed portion has

a width of 600 pm, depth of 900 pm 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
um,andthe pressuredropofwhenagasphasefleww asconcentrated
inAk-BkofFIG. 3,namely,therelationship APy, >10 APyg4 wasmade
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

of600 pmanddepthof300 pm,andthepressuredropofwhenaliquid

phase flew was concentrated in Ek-Fk of FIG. 3, na mely, the
relationship AP >10 AP.4 was made to always be valid. On the

other hand, the structure of O of FIG. 2 was made t o have awidth

of 600 pm at all locations. The catalyst was filled up to Dk at
all locations (where, k represents a natural number from 1ton,
and n =4 inthe present example), and in contrast tothe channel
depthfollowingthefixedbedoutletbeing300 um,thechanneldepth

at the integrated portion was made to be at least 6 00 pm and the
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[0130] [Table 2] Elapsed time after start of reaction (hr) Hydrogen peroxide concentration(wt%) Hydrogen
yield(%) 0.5t02.5 2.8 10.1
relationship AP, >2.5 AP,wasmadetobevalidofwhenagasphase

flew in consideration of preventing a solid from fl owing out to

the merging portion.

[0111]

Next, spherical poroussilicahavingameanpartic lediameter
of100 pmwasfilledintothefixedbedportionofareacto r. Water
was passed through the reactor at a flow rate of O. 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
(correspondingtothelongeroneofthegasphasei ntroductionpipes
that lead to each fixed bed) and oxygen introductio n pipe
(corresponding to the shorter one of the gas phase introduction
pipesleadingtoeachfixedbed). The formation of astable mixed
gas/liquid phase flowandalmostnoentry oftheli quid phaseinto
the gas phase introduction portion were able to be confirmed.
[0112]

Moreover,apalladium-supportedaluminacatalysth avingamean
particlediameterof50 pm(N.E.ChemcatCorp.,palladiumcontent:

5% by weight) was injected with pressure as an aque ousslurryvia
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 linstead of
poroussilica, areaction solution having the same compositionas
Example 1ataflowrate of0.04 ml/minandamixed gasofhydrogen
and oxygen (hydrogen: 20%) at a flow rate of 20 ml/ min in terms
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ofthe standard state flowrate were passedthrough

to produce hydrogen peroxide while applying pressur
Furthermore,hydrogenandoxygenweresuppliedsepa
gasphasewasmixedonlyafterhavingenteredthef
[0113]

As aresult, the pressure difference between G and
2wasabout0.6 atm on both the hydrogen sideand o
this closely corresponded to the pressure loss betw
in FIG. 3. In contrast, the pressure difference be
in FIG. 2 when an equal amount of water only was pa
did not reach 0.1 atm. As a result of the reaction
hydrogen peroxide having a concentration of 3.5% by
obtained under constant conditions.

Example 5
[0114]

Production of hydrogen peroxide was carried out fo
reactor used in Example 4 by filling it with the sa
thatusedinExample4,andbypassingthereaction
thereactorat0.01ml/minandthe mixedgasofhyd
(hydrogen: 20%) through at 11.3 ml/min in terms of
state flow rate, followed by applying pressure of 1
[0115]

Atthistime, the pressure difference between G an
2wasabout1l.0atmonboththe oxygenandhydrogen
closelycorrespondedtothepressurelossbetweenA
3. In contrast, the pressure difference between L
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eachfixedbed
e of 10 atm.
rately,andeach

ixedbedportion.

OinFIG.
xygenside, and
een Ak and Bk
tween L and O
ssed through
, an agueous

weight was

rthe same
me catalystas
solutionthrough
rogenandoxygen
the standard

0 atm.

dOinFIG.
sides, andthis
kandBkinFIG.

and O in FIG.



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 gZ9frdiaNARegeR| 2B 8Ny W aIRECVANARAEEER ®f the microcharmigddidiEedtued and leakage

occurred, therebal making it ineézr)['ossible to continue the reaction. This indicates that it is essential in the

case of a realtHriTs A FEHIORLSHRRS B BRAPUERRF But a procedure in WHRGFIREIRYEon is started in a
reducing atmpsphiete and ienewikchs (o adsacivs aimosehere. [0132L gomparaive xample 6 In
the present compagra ve examppe, ie Same Tixed reactor as that of Examplue was used. The catalyst
was filled intq Hagfigd 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 afteExample 6

[0116]

Production of hydrogen peroxide was carried out fo rthe same
reactor used in Example 4 by filling the fixed bed with a
palladium-supported titania catalyst having a mean particle
diameter of 60 pum (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
standardstateflowrate, followedbyapplyingpres sureofl0atm.
[0117]

Atthistime, the pressure difference between G an dOInFIG.
2wasabout1l.0atmonboththeoxygenandhydrogen sides,andthis
closelycorrespondedtothepressurelossbetweenA kandBkinFIG.
3. In contrast, the pressure difference between L and O in FIG.
2ofwhenanequalamountofwateronlypassedthro ughdidnotreach
0.1atm. Asaresult,incontrasttothe pressure drop ofthegas
introduction portion being 0.1 atm, the pressure dr opofwhenthe
agueous solution passed through the fixed bed fille d with porous
silica was less than 0.01 atm. As a result of the reaction, an
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start of reaction (hr) Hydrogen peroxide concentration(wt%) Hydrogen yield(%) 0.5t02.5 2.4 9.0 2.7to4.7
2.810.5

agueoushydrogenperoxidehavingaconcentrationof 2.7%byweight
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 Is of the
reactorcomposedofagasphaseintroductionportio n,liquidphase
introductionportion,fixedbedportionandmixedg as/liquidphase
discharge portion were fabricated on a Tempax [ glass plate
measuring30mmx70mmuwithdoublesidepolishedb yforminggrooves

therein by chemical etching with hydrofluoric acid.

[0119]

The grooves were formed into a semi-elliptical sha pe having
adepth of 20 pum and width of 50 um. 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]

Theshapeofthefixedportionhadawidthof600 umandadepth
of900 pm. Ontheotherhand, holeshavingadiameterofl mmwere
formed by drilling to form a gas phase introduction port, liquid
phaseintroduction portand mixed gas/liquid phase discharge port
inaTempax [glassplateofthesamesize. Finally,thetwoTe mpax]
glassplateswerelaminatedbythermalbondingtop roducethefixed
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4.9t06.9 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 Refrieacersuding #esigaies vEaRRINSCIOh dfoiea@s Example 6. ThiRUERTHSS in hydrogen
peroxide concentration and hydrogen yield indicates that the catalyst had lost the activity as a result of
having stopp@’éfrém%at'ﬁé%(ﬁg@pll@é‘ction in an oxidizing atmosphere. [0135] [Table 4] Elapsed time after

start of reactimétﬂ)

Next, the same palladium-supported titania catalys thavinga

mean particlediameterof60 pmasthatusedin Example 6 (original

product, loaded amount of palladium: 1.0% by weight
into the fixed beds, and the reaction solution at a

0.04 ml/minand amixed gas ofhydrogenandoxygen

) was filled
flow rate of

(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]

Atthistime, the pressure difference between G an dOinFIG.

2wasabout1l.0atmonboththe oxygenandhydrogen

sides, andthis

closelycorrespondedtothepressurelossbetweenA kandBKinFIG.
3. In contrast, the pressure difference between L and Oin 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 ofwhenthe
aqueoussolutionwaspassedthroughthefixedbedf illedwithporous
silica did not reach 0.01 atm. As a result of the reaction, an

agqueoushydrogenperoxide havingaconcentrationof

5.6%byweight

wasobtainedunderconstantconditions,andhydroge nyieldwas17%.
Example 8

[0123]
Hydrogen peroxide was produced by, in continuation from the
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Hydrogen peroxide concentration(wt%) Hydrogen yield(%) 0.5t02.5 2.3 6.5 2.7t04.7 2.4 7.0 4.9t06.9 2.2

reaction of Example 7, passing the reaction solutio n through at
aflow 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 aresult 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

Areactorwas fabricated inthe same manner as Exa mple 4 with
the exception of using a width of 200 um and depth of 50 um for
thegasphaseintroductionpipes,andanaqueousso lutionandmixed
gas of hydrogen and oxide were passed through in th € same manner
as Example 4. As aresult, 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
pipeswasunabletobeensured,andtheconditions of APy, >10 APgq

and APyg; >5 AP, of FIGS. 2 and 3 were not satisfied.
[0125]

Comparative Example 3

Areactorwas fabricated inthe same manneras Exa mple 4 with
the exception of using a width of 600 pum and depth of 50 pm for
theliquidphaseintroductionpipe,andthereactio nwasevaluated
under the same conditions as Example 4. As a resul t, the liquid
was unable to be uniformly distributed and the reac tionwas again
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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 SPAPIIEREISERH HRERRLHRT HIBRIRSSHECFhixed gas safely. A&RIFEREABIhaving a fixed bed
filled with catalyst in the microchannels, the contact interface between gas and liquid is increased, thereby
making it pos%%l%eigt%?&“‘éwa'B%W&S%W%WSP%%’ transfer from ga¥HHES2?9'0id phase than in a
reactor of the prior_art. Although the concentration of hydrogen peroxide obtained with a reactor of the
prior art was ﬂEml%Fd)"to A }&N%%'rﬂeoéﬂ: d%h%?%e?fdﬁﬁsiﬂ%é%l%ﬂ%%‘r of the present invention, hydrogen
peroxide carr:{gf %?tained at a concentration of, for example, 1.0% by weight, under steady state reaction
conditions, § ansfer from gas phase to liquid phase can be promoted at an efficiency 10 to 100

times higher than %%FQI éeégmpgg jhe 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 reactionApREgberBEEohNSPIBREAMMETMIsHgeful for providing fpeesldegimology relating
to a novel fixed bed mixed gas/liquid phase reactor us ing microchannels that makes it possible to

produce hydrogmR prrexide sahely kb nERieenstaNt conditions undgrexrierdperedndigions of a
hydrogen content of 20 to 50%. CLAIMS: 1. A fixed bed reactor for carrying out a gas/liquid mixed

phase reacticmn FRIPSIRINESBRIRIRG SFOGURCOMRPRRA Of microchannels, %)ﬁ'fﬂé%%%@&ona' 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 introdygdio BtREFREY b PIPNEaEIWRe wathigartaia gross-sectional areafgysnasoms to satisfy the
condition APg > 5AP1 under mixed gas/liquid phase reaction conditions and/or a packing material
structure thatattematesritre deanhitiocaoiaifficidtlogas/liquid phase formedrsduasttesiatisfy the same
conditions, when

and the catalyst was unable to be filled. This rea ctor did not
satisfy the condition of AP, >25 AP, of FIG. 2.

Example 9
[0127]

Inthepresentexample,thesamereactorasExampl e3wasused,
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
1.5ml/min, nitrogen at 3.5 ml/min (bothinterms o fthe 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
switchingtheintroducedgasfromnitrogentooxyge nandtheresults

in the table below were obtained.
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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 fiX¢8beds 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 portior[aT%\bﬁ%Hon for introducing the liquid phase to the fixed bed, a packing material

artion-and - a flind maeraina nortion—a - nackinamatarial etrietiire inwhich aaech lia

A i 2

gid phase is

ACTT II\1L
Pg_,1 and
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APg_irepre
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éﬁy)e@y

sent respec(H
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W@ arran
ure drop of the piping of the
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on and the

bp of thig gq§ pligse introdu
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ctiom poytion, APtigand AP

T reprggent respectively th
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2 pressure
op of the

infrodugtog portion, APT_p)
pps when the liquid phase

represergs the pressure dr
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ind AP,

(

he presswrenless when the
d, then all of the following c

iquid phase has passed thi

pnditions 1) to 4) are satisfi

bd: 1) a ratio of the surf

ough ¢ fluid merging port

on following
ace 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 raf@28t 0.0003 to 0.3;  2) AP' > 10API_g and APg_i > 10APg_g;  3) > 2.5AP0" and

4) APg_i > 5API A fixed bed reactor characterized as having materially packed structure that

uniformly distrib&%@@%%ﬁﬁ&%ﬁ GUREANS _ AR50 or more fixed TR ibed above. 3.
The fixed beq,rgactar acaord)d {5l the Shygehaels g

reducingthe pressure. Thefollowingresultswere

ogen gas and

obtained after

repeatingasimilarprocedure. Catalystperformanc ewasturnedto
be maintained even between reaction starting and st opping
procedures.
[0130]
[Table 2]
Elapsed time after Hydrogen peroxide Hydrogen yield (%)
start of reaction concentration (wt%)
(hr)
0.5t025 2.8 10.1
2.7t04.7 2.8 10.3
49106.9 2.6 10.0
[0131]
Comparative Example 5
Afixedbedreactorwasproducedinthe same manne rasExample
1 with the exception of using a width of 1 mmand d epth of 900 pm
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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 th®'chsExe8RMBPEIRA (61 Bhi bifsing)of HS§EY phase introductiof GEAIGH 86 the
cross-sectional area of the piping of the liquid phase introduction portion is 1 or less. 6. The fixed reactor
according to EFAAPISS y’a\ﬁ,ﬂﬁ? iH“{HéhéngE@s@)%ﬂe{Hm 4/88%r the fixed bed is 308 & to 0.008 cm2.
7. The fixed b'%%geactor acc&rding ég(é:laipgév\%[s%awp%relifﬂ a.packing materi?rlwiasea %att:iicl%st. 8. The fixed

bed reactor accorgmg RoCCTaim 167 , wherein a cata?ys Yé'& into the fixed bed Contains elements of

palladium, 9%@'iﬁi’ﬂgfl?/riPﬂ@@d&ﬁﬂg%yﬁr%%eislf@rrﬁ%m%@m a mixed gas/liqui,qtp(g@é?dpaction using the

fixed bed reactor defined in any of claims 1 to 8, wherein 72

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 ¢ ontinue the
reaction. This indicates that it is essential in t he case of a
reactorusingmicrochannelstosafelycarryoutap rocedureinwhich
thereactionisstartedinareducingatmospherean dthenswitched

to a reactive atmosphere.
[0132]

Comparative Example 6

Inthe presentcomparative example, the same fixed reactoras
thatofExample3wasused. Thecatalystwasfille dintothefixed
bed portion over a length of 36 mm. The following results were
obtainedwhenthereductionandreactionwerecarri edoutaccording

to the same procedure as Example 6.
[0133]

[Table 3]
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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
synthesizing hydrogen peroxide from

phase reaction process according to claim 9, wherein when directl

hydrogen an
synthesizing

the reactiony
wherein after filling %%a?zﬁy%t containing

d Bpsed  tife aftestion pro
hyREEA de is next

~esdVdreggtepaPsded ucing
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trirooygrtic ey

im 10,
litable
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amount of t‘yuroger‘ gas-grA mixed-gas
ntly creating a reducing atmosphere on the catalyst sur
g the

and the reac¢
the microchi

"4, : ;
reaction, a suitable amount of hydrogen gas or a mixed gas of hydrogen and nitrogen is passe

tion is sta“teg ‘after sufficie

d
UT Il_y i anriu IIII.IUu\aII

opu. \ w3

reaction pt

ocessaggording to-claim-10;

VVII

face and in

2d through

the microch

nnels afterthe syntneS|s r

action has comptetely ended, and the reaction is stop
sufficiently creating a reducing atmosphere on the catalyst surface and in the microchannels.

ed after
13. The

reaction procgrsagccording 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 lv®reariiog adssiappddadep 7 heuBH@deelatioadbrocess accordiffigpo tblaim 14, wherein

the main component of the liquid phase is water and/or alcohol.
start of the reaction by switching the hydrogen gas

gasandreducingthepressure. Next,pretreatment

using a gas of the same composition as that used wh

thereaction, namely using a mixed gas atmosphere o

oxygen, andthe following results were obtained whe

was carried out using the same reaction conditions

Thedecreaseinhydrogenperoxideconcentrationand

indicates that the catalyst had lost the activity a

havingstoppedandstartedthereactioninanoxidi

[0135]

[Table 4]

to nitrogen
wascarriedout
enterminating
fnitrogenand

nthereaction

as Example 6.

hydrogenyield

s aresult of

zingatmosphere.

Elapsed time after
start of reaction

Hydrogen peroxide
concentration (wt%)

Hydrogen yield (%)

(hr)
0.5t02.5 2.3 6.5
2.7t04.7 2.4 7.0
4.9106.9 2.2 6.6

INDUSTRIAL APPLICABILITY
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[0136]
Ashasbeendescribedindetail,thepresentinven
to a fixed bed reactor for gas/liquid mixed phase a
gas/liquid phase reaction process using the reactor
ofthemixedgas/liquidphasereactorcomposedoft
ofthepresentinventionmakesitpossibletocontr
ofamixedgascontaininganexplosive combination
oxygen and handle the mixed gas safely. As a resul
fixed bed filled with catalyst in the microchannels
interface between gas and liquid is increased, ther
possible to achieve ahigher efficiency of mass tra
phasetoliquidphasethaninareactoroftheprio
the concentration of hydrogen peroxide obtained wit
the prior artwas limited to alow value of 0.2% by
reactorofthepresentinvention,hydrogenperoxide
at a concentration of, for example, 1.0% by weight,
statereaction conditions, masstransferfromgasp
phase canbe promotedatan efficiency 10to 100 ti
thatwithareactorofthepriorart,andwhenfixe
in parallel, gas and liquid are equally distributed
bed, thereby making it possible to improve producti
impairing reaction performance. The presentinvent
forprovidinganoveltechnologyrelatingtoanove
gas/liquidphasereactorusingmicrochannelsthatm
toproduce hydrogen peroxide safely and under const
under explosive conditions of a hydrogen content of

69

tionrelates
nd a mixed
, and the use
hemicrochannels
oltheflowrate
ofhydrogenand
tof having a
, the contact
eby making it
nsferfromgas
rart. Although
hareactor of
weight, inthe
canbeobtained
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CLAIMS:
1. Afixedbedreactorforcarryingoutagas/liqui
reaction,comprisingapipingstructurecomposedof
a cross-sectional area of 0.0001 cm 2 t00.008 cm
thefixedbed,agas phaseintroductionportionand
introduction portion, a piping structure with certa

cross-sectional area formed so as to satisfy the co

5AP, under mixed gas/liquid phase reaction conditions a
packing material structure that promotes the format
gas/liquidphaseformedsoastosatisfythesamec

APy represents the pressure drop of the piping of the g
introduction portion when the gas phase has passed

and AP, representsthepressuredropwhentheliquidphase

through the fixed bed reactor via the liquid phase

portion.

2. Afixedbedreactor havinga piping structure co
microchannels for carrying outagas/liquid mixed p
comprising two or more fixed beds arranged in para
cross-sectional area of 0.0001 cm 2 t0 0.008 cm
distribution portion, a portion for introducing the

the fixed bed, aliquid phase distribution portion,

introducing the liquid phase to the fixed bed, apa

introduction portion and a fluid merging portion, a

materialstructureinwhicheachliquidphaseisev
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ineachofthetwoormore microchannelsarranged inparallel,and

when APyq4 and APg; representrespectivelythepressuredropofthe

pipingofthegasphasedistributionportionandth epressuredrop
of the gas phase introduction portion, APy and AP, represent
respectively the pressure drop of the above mention ed piping of
theliquidphasedistribution portionandthepress uredropofthe
liquid phase introduction portion, AP, represents the pressure
dropofthefixedbedportionofthe pressuredrops whentheliquid
phase has passed through the parallely arranged fix ed beds, and
AP, 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) aratio 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
0.0001t00.05,andaratioofthe surface areaof theliquidphase
introductionportiontothesurfaceareaofthefix edbediswithin

a range of 0.0003 to 0.3;
2) AP, >10 APy and APy >10 APyq;
3) APy, >25 AP, and
4) APy >5 APy, .
Afixedbedreactorcharacterizedashavingma teriallypacked

structurethatuniformlydistributeagasphaseand aliquidphase

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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ratio of the cross-sectional area of the gas phase
portion to the cross-sectional area of the fixed be

range of 0.0002 to 0.02.

4. The fixed bed reactor according to claim 1 or 2,
ratioofthecross-sectionalareaoftheliquidpha
portion to the cross-sectional area of the fixed be

range of 0.001 to 0.1.

5. Thefixed bed reactor according to claim 1 or 2,
ratio of the cross-sectional area of the piping of
introduction portiontothe cross-sectional area of

the liquid phase introduction portion is 1 or less.

6. The fixed reactor according to claim 1 or 2, whe

cross-sectional area of the fixed bed is 0.0008 cm

7. The fixed bed reactor according to claim 1 or 2,

packing material is a catalyst.

8. The fixed bed reactor according to claim 1 or 2,
catalystfilledintothefixedbedcontainselement

gold and/or platinum.

9. Aprocess for carrying out a mixed gas/liquid ph
usingthefixedbedreactordefinedinanyofclaim
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amixed gas/liquid phase reactionis carried out by
fixed bed reactor under conditions such thataline
the gas phase is 0.01 m/s to 10 m/s and a linear ve
liquid phase is 10

parallely arranged microchannels.

10. Thegas/liquidmixedphasereactionprocessacc

9, wherein when directly synthesizing hydrogen pero
hydrogenandoxygen,thereactionprocessisstarte
atmosphere, the reaction for directly synthesizing
peroxideisnextcarriedoutinthepresenceofhyd

and finally the reaction is terminated in a reducin

11. The reaction process according to claim 10, whe
filling a catalyst containing palladium and/or othe
microchannels, a suitable amount of hydrogen gas or
of hydrogen and nitrogenis passed through the micr
the reaction is started after sufficiently creating

atmosphere on the catalyst surface and in the micro

12. The reaction process according to claim 10, whe
terminating the reaction, a suitable amount of hydr
mixed gas of hydrogen and nitrogen is passed throug
microchannels after the synthesis reaction has comp
andthereactionisstoppedaftersufficientlycrea
atmosphere on the catalyst surface and in the micro
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13. Thereactionprocessaccordingtoclaim9,wher

contains oxygen and/or hydrogen.

14. Thereactionprocessaccordingtoclaim9, wher
phase has as a main component water and/or an organ
containing a hydroxyl group.

15. The reaction process according to claim 14, whe

component of the liquid phase is water and/or alcoh
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