DESCRI PTI ON FI XED BED M XED GAS/ LI QUI D PHASE REACTOR AND M XED
GAS/ LI QUI D PHASE REACTI ON PROCESS USI NG THE SAME TECHNI CAL FI ELD
[0001] The present inventi on relates to a fixed bed reactor for
carrying out gas/liquid m xed phase reactions and a gas/liquid m xed
phase reaction process, and nore pastiephashy. relates to a fixed bed
gas/liquid m xed phase reactor having a piping structure conposed of

m croc i (. i | Gl Vi

tr ana e pab Aepat shE B F et a%%%é%%@r%f%ﬂﬁamﬁéd 38571 3pypPase
conmparison W th conventional reactors ovi ng the structure of
gas/liquid introducti o T FhsERAAES W&% AFi d phase

reacti on process that uses the sane. The present |nvent| on provides a
novel technol ogy and novel product relating to a fixed bed m xed
gas/liquid reactor and a m xed gas/liquid phase reaction process

t her eof which make it possi bl e TRCHNICARXEDFLR, safely produce

hydr ogen per oxi de under constant conditions and with high efficiency
whi l e spyvaoy energy and reducing environnmental footprint in a direct
reacti on process, using a m xed gas of hydrogen and oxygen.

BACKGROUND A &P@Q&ht' ﬂni'réﬁ@%nY§éfL§teEh%od§V§EQQHEBEdOEeSQEB'r”EBHS
reacti on processes has aggressively proceeded using mcrochannel s

Conpos%%rrylng out gas/liquid mixed phase reactions and a gas/liquid

mixed phase reaction process, and more particularly, relates to
a fixed bed gas/liquid mixed phase reactor having a piping structure
composed of microchannels that is capable of increasing the
efficiency of mass transfer from gas phase to liquid phase by 10-fold
to 100-fold in comparison with conventional reactors by improving
the structure of gas/liquid introduction portions, and a mixed
gas/liquid phase reaction process that uses the same. The present
invention provides a novel technology and novel product relating
to a fixed bed mixed gas/liquid reactor and a mixed gas/liquid phase
reaction process thereof which make it possible to, for example,
safely produce hydrogen peroxide under constant conditions and with
high efficiency while saving energy and reducing environmental
footprint ina direct reaction process, using a mixed gas of hydrogen
and oxygen.

BACKGROUND ART

[0002]
In recent years, the development of continuous reaction

processes has aggressively proceeded using microchannels composed
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of m crotubes having a cross-sectional area of about 0.01 cnR or

| ess. This technology is characterized by inproving reaction
controllability by inproving the.efficiency of heat renoval by taking
advant age of the high specific surface area of these m crochannels,
and i I t fiCi by i [ he.efficiency, of =
s PSR I E A A B SREKedCRILAAY ffen 6r PRl L 0N o
significantly_inprove reﬁction controllability.in cont.i nuo

np. I .a us . .
react | ot 0c &S REFHGEIRI HEcC PFRSTERaron e db PO 1GS fgaction
fluorine for the gas phase, and using m crochannels tq efficientl
contr olcql’éta"”cctli]@l%l%ﬁé:ﬁ(/\éféh IRREBY e Bhfgent aMBh-Pathst &%‘Eﬁfﬁg by

1). [0004] Wth respect to reactions within a m croreactor
conposdloingriahoottagelsl the ihigharedif iheuriagd &wearela Wads n
the m crochannel s pronotes mass transfer and inproves reaction

ef fi ci emicyrootterdre:lan, andriggseoring peactionsalf f ackerare dyointhes s ag ttdre
facilitates tenperature control, and these reactions are

char acteers e ity hed ngh bl e dris@chi eve reaction conditions and
reaction selectivity unable to be achi eved with conventi onal
reactorﬁnnggnsequently, the prior art consists nearly entirely of
proposals réelating to mcroreactors, or the shape and size of

m cr ochann [ t.her . f [ r [ :
Opt 1 mum 1 eaeTSh SHE A Ras Lo hehgar e f e e 2R R S eagyom
reactors. [0005] .., , A production process of epoxy conpouynds ..
char actcé?rf'%é%ud"lple]ﬁotﬁ d&t APt SiFSER PFBfﬁeﬁédjr%ﬁ WP et SRitdEt
has been proposed as an exanple of a production_process carried_out,
in a mfineaaoiondiorgtd Fatgipet fiwarehe Injc fengas)phasge, (3d using
docunent as well, there are no particular Iimtations on the

oxi dat imoirc et leityst 1 s efifil cil daiown aptitdali oreacdtiaings toedaie elie hysapgen
and there are also no particular limtations on the liquid

di stri kdd ngcopedrhotNarserh tdren mupmentgllt he m xture of ol efin
conpound and hydrogen peroxide to the mcroreactor, and a known

met hod c@gp4l so be enpl oyed. However, the catal yst particle dianeter
disclosed in the exanples is 1 ptmor |ess, and consi derabl e pressure
drop is pregiched 0. 0ccul AN Dot e AT OTLAGI Alorddot i Uhdoddiflos
speci al considerations are required to be given to the liquid

distri butlonmthod, fram {he vl wegl Nt 0fs ok e onerdl |9 efn g
reacti on. ﬁ?ﬁﬂﬁﬁ

microchannels promotes mass transfer and improves reaction
efficiency, while an increase in specific surface area of the
reactor facilitates temperature control, and these reactions are
characterized by being able to achieve reaction conditions and
reaction selectivity unable to be achieved with conventional
reactors. Consequently, the prior art consists nearly entirely of
proposals relating to microreactors, or the shape and size of
microchannels, while there have been few disclosures regarding
optimum reaction conditions or catalyst usage environment in these
reactors.

[0005]



A process for carrying out hydrogenati on of al dehyde conpounds or
nitro conmpounds under mld conditions by catal ytic hydrogenation is
proposed as an exanple of a production process carried out in a

m croreactor using a catalyst (Patent Docunent 2) . In this docunent,

al t hough th exa&glgf gf h%;drggeggti onxcaggl ¥sts gseg iQ %Q]e:.
mi cror eact of ¥Herudetd p%ﬂ: HaP Ting a?%?ygt, QRAS %‘Fyg , ﬂiizgiii R¥m
catal yst and_rut heni um cat al t he_nmean particle diangter of the

st,
hydr og&iRAF I A T 1R DRSS ph BPR r BRFTOSHR RS HHL4e 88D BRFAnd
particularly preferably about 1 to 50 m and the ratio of catalyst
mean paAYIRPIEE| FFrETereXIRA € rok MUt 1o YRR FoIed. qprin a
| ess and particularly preferably about 0.07 or less, there is no
di scl oswreromzrrithngis ey hy dogely$t olPabert abdecehénici Bhecy Inof thies use
of hydrogen is an issue fromthe viewpoint of reaction efficiency.

[ 0007] documént egdhned DDy thasrdegre piopesetidelapr Diit £€i ¥AE eon abbe at
| east one type of al kene and/or aral kene by allow ng a

hydr oc ag:bofs cOfH @iRiNG < Usda GRR aitideh %&i@lalﬁl%% Qi Al RLkang, @%Ghﬁa,

oxygen source into m Ccrochannel s having a catal yst therein and by

1 ovi ) o i o '
Feact Wb e tHe T e rerea S TRt P LI Ul ST ERIAY
1000C (Pat.ent [%)cume documfnt as t here

nt 3%.Intk%s wel | re. np.
par t i cUPHF T PR T NSRS t 1S L at ATy T HaR Y 1R s TS BB T ! 3?1%9%1%
conventional effective_ oxidative dehydrogenati on catal yst can_be
cont ai AP AR FETAND RRAFIF LU ar© di R IBTHA FHF T nfRD & Heown
catal yst usage environment for enhancing reaction efficiency. In
addi ti orethere eanr getse detemplefed hi dlawssiatol ddie icatalyes peageicle
reaction, and it is not clear whether this technol ogy can be applied
as it iddmetermiiedlgasd inthe ghaseleedct Lom ofAG38], and considerable
pressure drop is predicted to occur within the microreactor. It
is clear that special considerations are required to be given to
the ligquid distribution method from the viewpoint of stable
operation of the reaction.
[0006]

A process for carrying out hydrogenation of aldehyde compounds
or nitro compounds undexr mild conditions by catalytic hydrogenation
1s proposed as an example of a production process carried out in
a microreactor using a catalyst (Patent Document 2). In this
document, although the examples of hydrogenation catalysts used
in the microreactor include a palladium catalyst, nickel catalyst,

platinum catalyst and ruthenium catalyst, the mean particle

diameter of the hydrogenation catalyst is normally preferably about
0.1 to 100 um and particularly preferably about 1 to 50 um, and

the ratio of catalyst mean particle diameter to microchannel is
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Next, reactions of hydrogen and oxygen are expected to be applied to
a hydrogen peroxide production process. Until now, hydrogen peroxide
has been produced by a reaction process called the anthraqui none
process. In this production process however, the anthraqui none

successi Vv u the per ti on of. the process,_.an a
beon | TSP HOARIVE Ry P Brr e SBOdae e 16 PRalron g aEout 8297
inpurities resultlng frontdeco osition products _thereof

cont aniHfatief§ -t hBERFdLEgRA PeFekPHerasrerrding thn dysegsnd oy gate
result thereof, studies have been conducted for many years for

r epl aciangt eﬁfg%eee}éﬁ fhehige oifr eydrege tisoan grsuss §rawi e Wiempgdnt
and oxygen that does not result in the formation of inpurities.

[ 0009] of readintard efdcitdmeeyuse of microreactor technology to a

hydr ogenati on step to inpart higher productivity than a conventi onal
hydr ogefmatdTgn reactor based on the anthraqui none process has been

di scl osed as an exanple of a commercially inplenented hydrogen

peroxi de pro@uehihgn oBLOEEs He £ oE@&QQﬁﬂﬁréhuctﬂghhh§nﬂgﬁaﬂﬁﬁﬁe%%t
wel |, the catalyst used in the hydrogenation reactor is indicated

\r/]mat“hlng Oﬁ‘l{%:/r annel S, andr'sinf:tglcﬁ?%r&gagl'enélfelt orfcg‘t a Lr{gblngyf gtra the use

| t f |l ed int.o.th t h d d
i sper S GARRE SBHTED H ofae A CarEP Bt a4 hpRs ¢ i Dinand
therein. In this docunent as well, there is no partlcular dlsclosure

rel ati i CSYORE SAVFFBNRM Harachannel 585118y 2 fahky Fy HesaitRnd
efficiency. In addition, the present technol ogy does not solve the

f undamérut all Lpwobodre etfdmpﬁm@@i—r@@weaemé@esél@id st Bhsiqyygen source
deconposition of the anthraqui none and resulting contam nation of the

hydr ogerc peraet de tis it édef miairqotedoetl s WAGHAN bBn tehgemadduret ramoef of
hydr ogen peroxide by a direct reaction process using hydrogen and

oxygen,s s Pdi £8o W‘?PQE@Ht%@é’tﬁrﬁ’éﬁé ¥%)Congy e %Bc%m'é%%cé.é%]?])/Sttﬁ@re
conposed of an aqueous sol ution contalnlng a trace anount of

stabilizer_for tabI cov hydr xi de nd a ata
ComposE P B o SRS LR REPAIOT GER S TRar A S e Gar P pe e,
specifically, hydrogen perOX|de i.S forned by al I owi ng hydrogen and

oxygen i 8BV RRAY e ieea L €f fectdiveoRxada i ¥R \AQIYRTEPIR I Batarent
2) .

can be contained, while there ig no particular disclosure relating
to the catalyst usage environment for enhancing reaction efficiency.
In addition, the target reaction of this technology is a gas phase
reaction, and it is not clear whether this technology can be applied
as it is to a mixed gas/liquid phase reaction.

[0o008]

Next, reactions of hydrogen and oxygen are expected to be
applied to a hydrogen peroxide production process. Until now,
hydrogen peroxide has been produced by a reaction process called
the anthraguinone procesgs. In this production process, however,
the anthraquinone successively decomposes during the operation of

the process, and has been indicated as having problems such as the
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[ 0011] This direct reaction process has several problens from
the viewpoint of safety and productivity when attenpting to nmake it
industrially available. First, since the hydrogen and oxygen form an
expl osive m xed gas over an extrenely wide range, it was necessary to

der. diti in. which hyd i al
educed THHOAT TeskRPRthics Farulrtid) rdire Fonboe hbet ivsyshe

peroxide is fornmed by reaction of hydrogen and, oxygen di ssolved in

wat er, TREGRRE FAHATHMATRNT rProbEdrRgehi RSPt Fofefhect ¥ird Rifodyth
conponent. [0012] In order to solve the problens of this direct
react i GRPPRGcRIESWL  sreregduss prétes fav RRenogN st FRA oz BRRH Ra1es
is considered to be effective. For exanple, the inventors of the

pr esentfomves]am e veh opaoreces crortdact olitgetf atracdateomgprocess using
m crochannel s on silicon, and constructed a microreactor in which a
suppor tiegd peddadintdn Sayqéy Sthaasdbed | get | Aéoul bein enechanngt sonfofhe
m croreactor. [0013] This mcroreactor was effective for

pr oduci DygEpgen peroxide both safely and stably despite operating
under expl osive conditions in which the hydrogen content is 20 to 50%
when prﬂﬁﬁgépg hydr ogen peroxide froma m xed gas of hydrogen and
oxygen. In addition, quantitative evaluation of mass transfer from

t he gas phase tp the liguid phasg reveal ed t hat S iransfer is 10

Lo 100 t1 Mo ot b BP1 Tt Chant CBHYERT TORSP:  BRCRBPLOTY obTat

The reason why an expl osive conposition of a m xed gas of_ hydrogen

and oxyJEHr IR Hel PrAntFRl Saf BTRABy LhilkekiR¥edeatt vt ty sthdata

propagation of the explosion is prevented by the use of .

m cr ochepnieet icpal | hploverpatiof efi¢edeneysed emstherantheagusnone

t hought to be the result of having increased the contact interface

bet weemgase andchd s dueen ddestbosed | amgah hexampsl echfinaetsmmetbial 1y

catal yst having a small particle dianeter. [0015]
implemented hydrogen peroxide production process (Patent Document
4). In this document as well, the catalyst used in the
hydrogenation reactor is indicated having any size or geometrical
shape that is compatible for the use within microchannels, and the
hydrogenation catalyst may be alternatively filled into the
microreactor channels or deposited, dispersed or coated onto a
conventional catalyst support introduced therein. In this
document as well, there is no particular disclosure relating to
the environment catalyst is used for enhancing reaction efficiency.
In addition, the present technology does not solve the fundamental
problems of anthraquinone process of successive decomposition of
the anthraquinone and resulting contamination of the hydrogen
peroxide as the final product.
{0010]

In the production of hydrogen peroxide by a direct reaction
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However, the concentration of the resulting hydrogen peroxi de was
held to a | ow val ue of 0.2% by weight, this was considered to be
caused by a problemw th introducing the gas and |iquid phases into
the m croreactor based on the results of experinments consisting of

vi sual i zin as_f.l ow n- Pat ent. Docunent ...[.0016 On_the

ot her Wd%?&% A Sdey OFE TS .OXh’gx‘?él'dFé%’F&%éd }@]"Sr bEETs PEGY+OusLY
produci ng hydrogen peroxide follow ng the production of hydrogen and
oxygen I3pR} Sy & FRAIH Fe TEHET FARARHD R Fo AFHERAE FRigg)en
Ho wever, both the details of the reactor and the concentration of
hydr ogemereviaNinge aartaagsc lagunt @F1 7] stabiligeaddori shablynkegrvhrang
al. have provided a detailed disclosure of a reactor structure with

r especthydryehyde ogeide eraka de tprlgduct dmpo pe d s s 1(Raf entr &ooomenttal
9). However, this docunent does not contain a detailed disclosure of

the reasidioRCRAAIEHONE, cgdNfolle PRIFOIIRNGE ifalllng MeAiRIen Peroxide
conpletely unclear. [0018] Moreover, Lawal et al. have proposed

a reactiqf Adidy ¢y a1A%hiad Wd%‘&@;%‘%{ Lo S Hilstdivieled nl BheesUBo

pi pes having an inner diangter of 775 Ku, and disclosed the synthesis

f hyd i | i tq f 1.196 b
\%ei g%t rr?%:c{‘telr%t?{ %L%%a%yél%?(.%veﬁm %ﬁ%{?e‘dg? o?, a lar geyexcess

gas of [:bydr(ﬁgen and oxygen are required to flow through the reactor
in orde forma stable flow of the m xed gas/liquid phase, thereby

resulting in the necessity of recycling unreacted gases._ [0019]
This direct reaction process has several problems from the

viewpoint of safety and productivity when attempting to make it
industrially available. First, since the hydrogen and oxygen form
an explosive mixed gas over an extremely wide range, it was necessary
to operate under conditions in which hydrogen partial pressure was
reduced to 4% or legs in the prior art. In addition, since hydrogen
peroxide is formed by reaction of hydrogen and oxygen dissolved
in water, it was necessary to improve the dissolution efficiency
of each component.
[0012]

In order to golve 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 gsilicon, and constructed a microreactor in which a supported
palladium catalyst was filled into the microchannels of the
microreactor.

[0013]



Now, in devel oping a continuous reactor that uses mcrochannels , it
is essential to arrange several to nore than ten rows of

m crochannels in parallel, for exanple, in order to ensure a required
production vol unme while ensuring hi gh reaction controllability. In
this case, %n order_to reg ize rocht vity_as exp gcted htdis
necessary to hake the*ras ?Foﬁa ﬁgeu PFoPAYHEF 1BE cHydrogen

m crochannel . [ 0020] in the hydrogen peroxide

pr oductR%‘FP%%é’é’sﬂﬂéﬁéF&b’eﬂn‘Bys‘% 3f rﬂ‘?éiml&es OBETrakaTgr Widet explosive
i nvention (Non-Patent Document 3) , although ten rows of

m croc isiene iarviahgedhenhpdradeelcont@nitai $ G tork Ghwhenay astutimg
m xed gas/liquid phase to each m crochannel were observed by visually
anal yzihyptdged |mevrodhis fasmtaoughtdtgadect heydragen dnd okegéwss Iof
productivity in the hydrogen peroxi de production process disclosed in

Non- Pateid i fosumefiact i § D021d evaluddidiesdtdiess harths #é+ o tHe alas
have di scl osed a parallel arrangenent nethod by | am nating gl ass

react orsh{ £t HROCUFRNY pHade +JIRMRRT £ hYRI &léséocféfﬁéféﬁetﬂéo@o"éo 100
limted to |iquid phaSe reactlons it also has the problens, w't

ng;?gq%ﬂﬁiégf:%gggeren{ oﬁ%#glggggéﬁﬁ%gﬂ?ggc %%ggéfﬁf?ohnfgreeach

nlcrochﬁﬁggi due to drift which causes a decrease in the productivity
of the [0022] I n addi tion, Tonkovich et al. have

devel oped a reactor in which nicrochannels are arranged in parall el
and have shb ¥FPRECR ¥V ancarPbesevenfymapsiEipht 8§ eomésed Jas of

m crochannel (Patent Docunent
hydrogen and oxygen can be handled safely by this microreactor is

that propagation of the explosion is prevented by the use of
microchannels, and improvement of efficiency of mass transfer is
thought to be the result of having increased the contact interface
between gas and liquid due teo filling the microchannels with a
catalyst having a small particle diameter.

[0015]

However, the concentration of the resulting hydrogen peroxide
was held to a low value of 0.2% by weight, this was considered to
be caused by a problem with introducing the gas and liquid phases
into the microreactor based on the results of experiments
consisting of visualizing gas flow (Non-Patent Document 3).
[0016]

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
Documents 5 to 8). However, both the detaills of the reactor and
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12) . However, this docunent only discloses the case of distributing
the flow of a single type of fluid for this reactor, and whether or
not it can be applied to a m xed gas/liquid phase reaction as in the
case of produci ng hydrogen peroxide is not clear. [0023]

Mor eover, Wada et _al.. hav evel oped a reactor_ for_carrying out an
b20ne. GRS SR 4 AT oT0 FE BTl ST 2T anged | n
paral l el , and have shown that in this reactor, post-shape structures
are curhf%t’ilvel y fabricated within each nicrochannel using

m crof abrication technol ogy, and that a m xed gas/|iquid phase fl ow
is formed Wit R &It oviRniRissch redhsfler e @reicldgdNeh-d=fiashied
Docunent 4). However, this reactor has problens fromthe viewpoi nt of
i nt egr atiisng ceswoat alfy st meiadtar tdreruniternec hare lre et dons derdmgen
application to a solid catalyst reaction, and it is not clear whether
or not parcMelR gasdhidtiich Preeekphage ddrawicurn®ed )anopgwkher]6this
m crochannel s under conditions in which a catal yst has been

i nt egr PRmdii0%Hes not lddrdthiih FRBREH: 1kl BhG-Ad%erel JreehBok-agi-e3on
relating to conventional mcroreactors conposed of m crochannel s,
since it i ifficuyltsf ] a il 4. 2hass. 1 |

accom"roct é_{dzj'tﬁ'r%{fs’t lr‘Jﬁlntéjl tg{eo uc%tﬂlg&)rﬁn% c’%e%(déevtg*‘gog:n"ent 0 lgsac%todn H%%u%’
reactor_using m crochannels that is able to accommpdate industri al

pr oductuinc?ﬁre d al | ow continuous reaction has been a strongly favored
in the technical field. [0025] Pat ent Docunent 1: Japanese

Pat ent R9d8lcati on Lai d- open No. 2007- 230908 Pat ent Docunent 2:
Japanese Patent Application Laid-open No. 2006-248972 Pat ent Docunent
3: PCT/ Us20037991621,0 Kanpi R 093/a06386)je proposed a reactor in which a

palladium-supported catalyst is filled into SUS pipes having an
inner diameter of 775 pm, and disclosed the synthesis of hydrogen
peroxide having a maximum concentration of 1.1% by weight (Patent
Document 10). However, in this reactor, a large excess gas of
hydrogen and oxygen are required to flow through the reactor in
order to form a stable flow of the mixed gas/liquid phase, thereby
resulting in the necessity of recycling unreacted gases.

[0019]

Now, in developing a continuous reactor that uses microchannels,
it is essential to arrange several to more than ten rows of
microchannels in parallel, for example, in order to ensure a
required production volume while ensuring high reaction
controllability. In this case, in order to realize productivity
as expected, it is necessary to make the reaction conditions uniform
for each microchannel.

[0020]



Pat ent Docunent 4: PCT/ US2006/ 033851( WD 2007/ 027767) Patent Documnent

5:

U. S. Patent Specification No. 6713036 Patent Docunent

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 preoductivity in
the hydrogen peroxide production process disclosed in Non-Patent
Document 3.

[0021]

On the other hand, Kitamori et al. have disclosed a parallel
arrangement method by laminating glass reactors (Patent Document
11). However, while to this method is limited to liquid phase
reactions, it also has the problems, with increasing the degree
of parallel operation of an increase in the possibility of
different £low rates of the reaction sclution for each microchannel
due to drift which causes a decrease in the productivity of the
reactor.

[0022]

In addition, Tonkovich et al. have developed a reactor in which
microchannels are arranged in parallel, and have shown that a fluid
can be evenly distributed to each microchannel (Patent Document
12). However, this document only discloses the case of
distributing the flow of a single type of fluid for this reactor,
and whether or not it can be applied to a mixed gas/liquid phase
reaction as in the case of producing hydrogen peroxide is not clear.

[0023]



6:

U. S. Patent Specification No. 7115192 Patent Docunent 7: U.S.

Pat ent Specification No.

Moreover, Wada et al. have developed a reactor for carrying
out an ozone oxidation reaction in which 16 microchannels are
arranged in parallel, and have shown that in this reactor,
post-shape structures are cumulatively fabricated within each
microchannel using microfabrication technology, and that a mixed
gas/liquid phase flow is formed with an improved mass transfer
efficiency (Non-Patent Document 4). However, this reactor has
problems from the viewpoint of integrating a catalyst within the
microchannels when considering application to a solid catalyst
reaction, and it is not clear whether or not an even gas-ligquid
mixed phase flow is formed among the 16 microchannels under
conditions in which a catalyst has been integrated.

[0024]

In this manner, in the case of technologies relating to
conventional microreactors composed of microchannels, since it is
difficult for the mixed gas/liquid phase reaction to accommodate
industrial production, the development of a continuous reactor
using microchannels that is able to accommodate industrial
production and allow continuous reaction has been a strongly
favored in the technical field.

[0025]

Patent Document 1: Japanese Patent Application Laid-open No.
2007-230208

Patent Document 2: Japanese Patent Application Laid-open No.
2006-248972

Patent Document 3: PCT/US2003/016210 (WO/2003/106386)
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7192562 Patent Document 8: U.S. Patent Specification No. 7195747
Pat ent Docunment 9: U. S

Patent Document 4: PCT/US2006/033851 (WO/2007/027767)

Patent Document 5: U.S. Patent Specification No. 6713036

Patent Document 6: U.S. Patent Specification No. 7115192

Patent Document 7: U.S. Patent Specification No. 7192562

Patent Document 8: U.S. Patent Specification No. 7195747

Patent Document 9: U.S. Patent Specification No. 7029647

Patent Document 10: U.S. Patent Publication No. 2006/0233695A1

Patent Document 11: Japanese Patent Application Laid-open No.
2002-282275

Patent Document 12: U.S. Patent Publication No. 2007/0246106A1
[0026]

Non-Patent Document 1: Volker Hessel, Steffen Hardt and Holger
Loewe co-authors, "Chemical Micro Process
Engineering-Fundamentals, Modeling and Reactions", 2004,
publisher: Wiley-VCH Verlag GmbH & Co., KGaA, Weinhelm (ISBN:
3-527-30741-9)

Non-Patent Document 2: Jose M. Campos-Martin et al., "Hydrogen
Peroxide Synthesis: An Outlook Beyond the Anthraquinone Process",
Angewandte Chemie International Edition, Vol. 45, 6962-6984 (2006)

Non-Patent Document 3: Tomoya Inoue et al., "Microfabricated
Multiphase Reactors for the Direct Synthesis of Hydrogen Peroxide
from Hydrogen and Oxygen", Industrial and Engineering Chemistry
Research, Vol. 46, 1153-1160 (2007)

Non-Patent Document 4: YasuhiroWada et al., "FlowDistribution
and Ozonolysig in Gas-Liquid Multichannel Microreactors",
Industrial and Engineering Chemistry Research, Vol. 45, 8036-8042
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Pat ent Specification No. 7029647 Pat ent Docunent 10: U.S. Patent
Publ i cati on No. 2006/ 0233695A1 Patent Docunent 11: Japanese Patent
Application Laid-open No. 2002-292275 Pat ent Docunent 12: U. S.
Pat ent Publication No. 2007/ 0246106A1 [ 0026] Non- Pat ent Docunent
1. Vol kgoc%e’ssel, Steffen Hardt and Hol ger Loewe co-aut hors,

"Chem c cro Process Engi neering- Fundanental s, Mdeling and

Reacti ons", 2004, publisher: WIley-VCH Verlag GrbH & Co., KG&A,

Wi nhel m (I SBN:  3- 527- 30P4ECHPSURE Ofn THEL TAVENSIOhent 2: Jose M
Canpos- Martinet al., "Hydrogen Peroxide Synthesis: An Qutl ook Beyond
t he Antlf92qi none Process", Angewandte Chenie International Edition,
Vol . 45, 6962-6984 (2006) Non- Pat ent Docunent 3: Tonobya | noue et
al ., "M crdfzsthide etbMddiphase React drlse firvdries ¥ reicttiBy ndhesdst of
Hydr ogen Peroxi de from Hydrogen and Oxygen", Industrial and

Engi nedrivegh tGancshaycReseas Eons Vob . st46di del 23r $h6CGo (200 of obtainin
Non- Pat ent Docunment 4: Yasuhiro Wada et al . , "Flow Distribution an
Czonol 3é5h§dk?:%@ﬁ_5§é—fc%!ﬂcﬂe MihbkeRanreboM &L PeRG! 8E SomldidstT hakirB8dn
Engi neeri ng em'stry Research, Vol. 45, 8036-8042

peroxide in a process for direct synthesis of hydrogen peroxide

from hydrogen and oxygen without using an working solution as in
the conventional anthraguinone process for the purpose of
developing a continuous gas/liquid mixed phasge reactor that uses
microchannels capable of accommodating industrial production and
allowing continuous reaction and gas/liquid mixed phase reaction
process. As a result thereof, the inventors of the present
invention found that:

1) a reactor that consists of pipings with certain
cross-sectional area formed so as to satisfy certain conditions
for cross-sectional area of a fixed bed, pressure drop of gas
phase/liquid phase introduction piping, pressure drop when a liquid
phase is allowed to flow into a fixed bed reactor, and in the case
two or more fixed beds are arranged in parallel, a portion where
the gas phase and ligquid phase are distributed to each fixed bed
and a portion where the flows from each fixed bed merge towards
an outlet, and/or a packing material structure that promotes the
formation of a mixed gas/liquid phase formed so as to satisfy the

2) reaction efficiency, more specifically hydrogen peroxide
yield over hydrogen introduced, is significantly improved and
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(2006) DI SCLOSURE OF THE | NVENTI ON [ 0027] Wth the foregoing in
view, the inventors of the present invention conducted extensive
studi es on the problem of obtaining a hydrogen peroxide concentration
near that of commercial hydrogen peroxide in a process for direct

synt hesi s. of hydrogen, peroxi de from hydrogen and oxygen w t hout usin
an wor KPR QT B OrO RIS (CORESBOFREHTT of I A7 P S50l Hore ProCace fopd
t he purpose of devel oping_a continuous gas/liquid m xed phase reactor
that uSBEIFRISHDARITEILS Rt el bf fERR dRrtRAS h AR A RISIFeRIPY carrying
production and all owi ng continuous reaction and gas/liquid m xed
phase rewt i teRQEbeRSEATAINY PReUR tiohdresfredumirinabnospbene fdlelowed
present invention found that: 1) a reactor that consists of

pi pi ngbwiddrmermaicutc rosireect spnaheatd eartéactbdnsot dsydogat irsdnoxide
certain conditions for cross-sectional area of a fixed bed, pressure

drop ofigamdhasdfdricilict pRaseqent haduskiganpi KhAos i@ EFs WOy the
when a liquid phase is allowed to flowinto a fixed bed reactor, and

in the {90 of Jop ﬁéfﬁ&ﬁ@gﬂ§sﬁﬁ§r@rranged in parallel, a

portion ere the gas phase and |iduid phase are distributed to each
fixed bed and a poriion.wher he f | frome fixed hed .er .
towar s an BUTTEEY SRArBID ootk e ierer S €F rthe SENRE TR
t he forFation of a m xed gas/liquid phase formed so as to satisfy the
2) react?Wfkfficiency, nore specifically hydrogen peroxide yield
over hydrogen introduced, is significantly inproved and hydrogen
per oxi de coteBaly at FBR P5CFRARE caBBENWAGH SHERAESFANAGYhYBPEGERS
peroxide directly from hydrogen and oxygen by carrying out a reaction
st art i nepoperhtalphl ity aof edud sl Bywid pirered foihd savedediyt oo ri rry fosted
a direct synthesis reaction of hydrogen peroxide in the presence of
hydr ogetedinea@etge aonda et 08l icsdcing] ¢ Rérakddcld angad/ Bideddeiing:d
at mosphere, thereby | eading to the conpletion of the present
invent i ed Q&2 tion to be carried out in which mass transfer from the
gas phase to the liquid phase is 10 to 100 times more efficient
than a conventiocnal reactor.
[0028]
In addition, an ocbject of the present invention is to provide
a fixed bed gas/liquid mixed phase reactor and mixed gas/liquid
phase reaction process capable of improving productivity while
maintaining the characteristics of carrying ocut the reaction by
microchannels by arranging in parallel fixed bed reactors having
microchannels capable of carrying out a gas/liquid mixed phase
reaction at 10-100 times higher mass transfer rate from gas phase
to ligquid phase than a conventional reactor.
[0030]
Moreover, an object of the present invention is to provide a

fixed bed reactor composed of microchannels capable of carrying
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Nanely, the present invention significantly inproves controllability
of a gas/liquid m xed phase reaction in a fixed bed reactor conposed
of m crochannels enabling a gas/liquid m xed phase reaction to be
carried out in which mass transfer fromthe gas phase to the liquid
phase is 10 to 100 times npre efficient than_a conventjonal reactor.

[ 0029] OVt & Pixg oﬁ*??mq‘éﬂw dB)ARG TERAHEPRESENT LY AVeis DAGEIqT mass
provide a fixed bed gas/liquid m xed phase reactor and m xed _

gas/ | i (ftﬁadlsgﬁ%i’séfart@a%trpﬁlngﬁﬁoﬁbé§ec%ab1@¥ﬂ R Rheg gr seuvenkiiopal
whil e maintaining the characteristics of carrying out the reaction by
m cr och@mawiay byhereanginging tpar dilrelctf sxathbedsrefdtyuhodeay prgoxide
m crochannel s capabl e of carrying out a gas/liquid m xed phase

react i @raat hi-Arbaent angsoty@ghe, Jmsistanster isatand fiodb Dasinpased by
i quid phase than a conventional reactor. [0030] Mor eover, an

obj ect éﬁaﬂﬂ%@éﬁﬁegﬁopFYﬁgtt@é‘ tadtdt PWtdecart-i ¥8dohedi f @askahicin
conposed of mcrochannels capable of carrying out a m xed gas/lqu|g
phase %%ﬁaé 10-100 tines higher nmass transfer rate from gas
phase to &ﬁ?ﬂ phase than a conventional reactor, wherein during the
di rect @%fgqesis of hydrogen peroxide from hydrogen and oxygen,

catal ys er is remarkably inproved by starting and stopping the
reaction both carried out in a redu¢ing atnosphere. [0031] . An

obj ect of t4fe FIEEPEE r’i&?@nPFSﬁeF% tBVErbYPRe 3 ¥9 @%D‘b]é%e Feddfgd bed
al l ow ng the obtaining of hydrogen peroxide of I A by weight or nore
const a3 b pélPWpRe Vil optadndne\et yyyrogesy Pexanpiie ofal Fdigieaght
m crochannels in parallel in contrast to a conventional m croreactor
al | owi mg tiverec opventnafliyowhol e hymp ogemp arooduwst vht @y ned tieorbexhabde,
at a |l ow value of 0.296 by weight. Moreover, an object of the present
i nvent iatrdrgyitrey pievbdRaanklxetn het-am xed igasbhi gdkd phaseocheaatdbnal
wi th mcrochannels in which specific gas phase introduction portions
and a ljiquidd-dhass: itTREU i1k RAUHdOt @8 e didialgan gl exaiie
expl osi ve conposition of hydrogen and

obtained to be held at a low value of 0.2% by weight. Moreover,
an object of the present invention is to provide a fixed bed mixed
gas/liquid phase reactor with microchannels in which specific gas

prhase introduction portions and a liquid phase introduction portion

are formed that enable an explosive composition of hydrogen and
oxygen gas mixture to be handled safely, and a gas/liquid mixed

phase reaction process.
[0032]

In order to solve the above-mentioned problemg, the presgent
invention is a fixed bed reactor for carrying out a mixed gas/liquid
phase reaction, wherein the reactor has a piping structure composed
of microchannels, with a cross-sectional area of a fixed bed being

portion and a liquid phase introduction portion, and when
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oxygen g as mxture to be handled safely, and a gas/liquid m xed
phase reaction process. [0032] In order to solve the

above- nenti oned problens, the present invention is a fixed bed
reactor for carrying out a m xed gas/liquid phase reaction, wherein
the reactor has a piping structure conposed of mcrochannels, with a
cross-gﬁ%i¥ﬁﬁﬁ$sﬁﬁg§ BReaPTEREETBedr BRI A§ BoPLNENCAnERE PREuPB2PRase
i ntroduction portion, and when LiPg represents the pressure drop of

pi pi ng iofttdiBiqgaisorp haset Aot rvidhre tilen qeoy tolasaies dees sgab thleass hhasigh
passed t herethrough and APl represents the pressure drop when the

l'iquid phage, bagr-passed (AU prghshbe éﬂargﬁghgﬁdcﬂeeﬁiﬁgi?#ﬁstéﬁﬁagipqllés%d

phase introductTon portion, the reactor has a pipi I ckness

structuyre for S0..as satisfy the .conditi.an Arjqg.> 54131 under. .
o ved S Sted Rl s et Tt ok Brash o R o
structure that pronotes formation of a m xed gas/liquid phase forned
so as tRPIEGT Fhithe SSHROT IR 3 P inDddgjckness |strfdiugcof orged so

present invention is a fixed bed reactor having a piping structure
conposedts @b satistharinelconiddrt icar ARy rgSAB{ vaadgashlikqdi gheyd kigh phadese
reaction, wherein the reactor has two or nore parallel fixed beds

havi ng & LI1OS5 G BN RT 63 Mr G QO AR b O OB S c @ikl 1higat

reactor has, in addition to the fixed beds, a gas phase distribution

porti Ofb%cﬁncpég | ) ﬂiér?téfdé’%ﬂge%k%agﬁicﬂbf&epﬂa?sé h%oérhé(&dsﬁgé’s b

| i qui d “phase di stributton portion, ortion for introducing t

l'iquid ase.tq.the fixed b . and a packing material introduction

portio %%ﬁFE¥EHQﬁ(f?ﬁﬁgﬁ?ﬂé%kﬁ?q%h, and when APg_d and APg i

repr ese[noto3r3e]spect ively the pressure drop

Inaddition, the present invention is a £ixed 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
cm? to 0.008 cm?, and the reactor has, in addition to the fixed beds,
a gas phase distribution portion, a portion for introducing the
gas phase to the fixed bed, a liquid phase distribution portion,
a portion for introducing the liquid phase to the fixed bed, and
a packing material introduction portion and a fluid merging portion,
and when APg.g and APg4.; represent respectively the pressure drop
of the piping of the gas phase distribution portion and the gas
phase introduction portion, AP;.g and AP;.; represent respectively
pressure drops of the piping of the liquid phase distribution

portion and the liquid phase introduction portion, AP; , represents

the pressure drop of the fixed bed portion of the pressure drops
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of the piping of the gas phase distribution portion and the gas phase
I ntroduction portion, APi_d and APi _i represent respectively pressure
drops of the piping of the liquid phase distribution portion and the

| i qui d phase introduction portion, APi_p represents the pressure drop

of the fixed bed partion of the pressure drops when_.the |iquid, phas
has padiSh ERP Qg CHERTEF SAPALF s A G Uar e BEde. L apmnged B2
represents the pressure drop when the |liquid phase has passed through
t he fl eflsnergihdPporepresents hdhemedsutee droredihiesd thal Lighiitihphase
followi ng conditions 1) to 4) are satisfied: 1) aratio of the

Ccross- seid pepakdaiesoafh the gRsi® ingt peBULHh @t PREtdRNOEHd1€ixed
cross-sectional area of the fixed bed is within a range of 0.0001 to

0.05, angy a gt i ofhd e 1arRssieeddenalody e ofs the ifé@%%eiﬁze? g

i ntroduction portion to the cross-sectional area of t
W thin a range, qa@ioooooé £10= Ocros’;s—zsezct?’igna@ drea of the gas phase

introduction portion to the cross-sectional area of the fixed bed
ig within a range of 0.0001 to 0.05, and a ratio of the
cross-sectional area of the liquid phase introduction portion to
the cross-sectional area of the fixed bed is within a range of 0.0003
to 0.3;

2) AP1.; > 10AP;4 and APy ; > 10APg4;

3) APy, > 2.5AP,, and

4) APg.y > 5AP;,, and
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, wherein a mixed gas/liquid phase reaction_is
carried out by operating the fixed bed reactor under conditions
such that a superficial velocity of the gas phase is 0.01 m/s to
10 m/s and a superficial velocity of the liguid phase is 107> m/s
to 107 m/s in a single microchannel or two or more microchannels
arranged in parallel.

[0035]
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AP1 1 APl1.. A Pg i > > > 10APi _d and A Pg_i 2.541D0, and 5APl1 _p, and >
10413g-d;

Next, a detailed explanation is provided of the first aspect
of the present invention.

The present invention is a fixed bed reactor for carrying out
a gas/liquid mixed phase reaction, wherein the reactor has a piping
structure composed of microchannels, a cross-sectional area of a
fixed bed is 0.0001 cm? to 0.008 cm?, and the reactor has a fixed
bed, a gas phase introduction portion and a liquid phase
introduction portion, and when AP, represents the pressure drop of
piping of the gas phase introduction portion when the gas phase
has passed therethrough and AP; represents the pressure drop when
the liquid phase has passed through the fixed bed reactor via the
liquid phase introduction portion, the reactor has a combination
of piping of certain cross-sectional areas so as to satisfy the
condition AP; > 5AP; under gas/liquid mixed phase reaction
conditions and/or a packing material structure that promotes
formation of a gas/liquid mixed phase formed so as to satisfy the
same conditions.

[0036]

In addition, the present invention is a gas/liquid mixed phase
reaction process for carrying out a gas/liquid 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> m/s to 10 m/s.
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the reactor has a packing material structure in which each |iquid
phase is evenly distributed in the two or nore parallel fixed beds.

[ 0034] Moreover, the present invention is a process for carrying
out a gas/liquid m xed phase reaction using the fixed bed reactor
nention@% gﬁove, wherein a m xed gas/liquid phase reaction is carried
out by pé% ting the fixed bed reactor under conditions such that a
superficial velocity of the gas phase is 0.01 mis to 10 mls and a
super f i ci alTRRPEEEEP Lol YRR PR UL ChRZSE LR 126951 Rt 10-2 fTHred Red
single mcrochannel or two or nore microchannels arranged in

par al | eaqtEaafpving nicKeghanaedst &pr e ekplanRtor M xgcovpdéd ianid
the first aspect of the present invention. The present invention

is a fiptethdhedateashorwian ACRrEYIrRgeltls eheas/ddAiticdanby et Q?ﬁﬁeﬁphase
reaction, wherein the reactor has a piping structure conposed of

m croc - Sieqt Lanal e f f b IS, 50

0. 008 CrBokiur Dl BTl IR, eI gl Bas BRass ) PRdG e EEPue
portion aqg a Iiguid,Ehase i ntroductjon portion,_ and, when A Pg

r epr esEMSAPHESBFESSHFE [OBTBFSPF pidFPRoreRd Rpas i gpid @heserier eprsR
porti on when the gas phase has passed therethrough and APl represents
t he préssmughdebp fwhkad bhd deapiar phhsethasctpassed the dagkdilbed haxedg
bed reactor via the liquid phase introduction portion, the reactor
has a eophtRahbonaoérpa)j rggak skeisaiimtrets-tSient pomrah oar, easd $0 lasutid
satisfy the condition APg > 5AP1 under gas/liquid m xed phase

react i Qihaaen ﬂht:k@aac_amehgtsoﬁ 5 kinkd offed @ftirdle tildlBh Y BgthabmBh aaRE €8
formation of a gas/liquid m xed phase forned so as to satisfy the

sane ¢ [ : addi Lison .t I nt. . nyenti i

gas/ligﬁ?éhﬁﬁgghc%ﬁgggkfggéf?gﬁsgggggéé 3?%%§%¥§?ﬁb%gu?%agég§%F?zE?ﬁ

m xed phasge r.eaction bg usi ng. t he above-nentioned fixed bed reactor,
d

wher ei (F et Afqur d>AF x et itase Te8EHiBh G K 4Hqre drGPhy Packing

operating the fixed bed reactor under conditions such that the
super f imgitarivdl cdinuctofre Hhagapysmeded $he Eomatitan o | gaend itchei d
superficial velocity of the Iiquid phase is 10-5 mis to 10-2 nis.
mixed phase formed so as to satisfy the same condition.
[0038]

The fixed bed reactor of the present invention has a
configuration enabling an operation to be carried out which
consists of supplying respectively a gas phase via a gas phase
introduction portion and a ligquid phase via a liquid phase
introduction portion into the fixed bed composed of micro channels,
contacting the gas phase with the liguid phase on the fixed bed
micro channels followed by a gas/liquid mixed phase formation and
a gas/liguid mixed phase reaction, and recovering a reaction

product from an outlet of an outlet portion provided at the end

of the fixed bed. The reactor may be fabricated by coupling piping

that satisfies the requirement of APy > 5AP;, may be fabricated as
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[ 0037] The present invention is characterized in that, in a

fi xed bed reactor having mcrochannels for carrying out a m xed
gas/liquid phase reaction, when 4Pu represents the pressure drop of a
gas phase introduction portion when the gas phase has passed

t heret hrough and 4131 represents .the pressure dr en the ligu
bhase. I TSR THT Gt toto 1 r e e et U A e
fi xed bed having a packing material, a, gas phase, introducgtion )
por t i oF S BHEFPMare e Pt PHAGEE? ORI SorFERIBAPIRAL 45sTraRktemd th
havi ng a comnbi nati on of piping of certain cross-sectional areas so as
t o sat ixsfgpadie teohlde ty HC YRR BYPRL igide Anat he AT @6ndinstonl Ada@/ter
a packing material structure that pronotes the formation of a

gas/ | i cuild corx ed gilease fgramsd glatas, taxr,sas dfond ke sdmee fdandirsigome of
[ 0038] The fixed bed reactor of the present invention has a

confi gurad iceiy Anapl idghidte DpRiaid LW deLaidy ethadidle WHHRN peaftSicst Sn
of supplying respectively a gas phase via a gas phase introduction
porti oRand, aHd Qi< BhasEs idad I MRS S d HITQEEC HRN thARN Yot ion
into the fixed béd conposed of m cro channels, contacting the gas
phase w the.ligquidp 0 h . xed 1LCro.C e I

by a g\zggs% ﬁhﬁu?&gﬁ(&xggdpﬂgs%gef gp%a F%{ﬁégnﬁgggg%ﬁl |%1uéllgc?il"r&rnbiéx%dJ ‘%%g%'y%e
reactiqn, and recoverin react | roduct froman outlet of an

it | ot TP AR T GOl e R ot T A=y
be fabricated by coupling piping that satisfies the requirenent of

Al pu > SHPPNSHEE RF i (X8R €cPAs an integrated reactor in which

m crochannel s that satisfy the requirenment are fornmed by processing a
mat eri al0G3ft is stable with respect to the reaction conditions in
the manner of a nmetal plate, silicon plate or glass plate, or, as

| ong as t hel:d | wve regseniof inhenigash) | goed coxeddehise theaw tees not
change, the portion in which the gas/liquid m xed phase flowis

f or med sk d-heqROIdin s0feat BE thefi-hed peiere b heoacdhfabrr Bags i 0 ithe
carried out may be fabricated i ndependently followed by functioning

as i nt el CONMONGNTS a%a%"@%%{ﬁ%f%&é phbQ@33 1iquid Pnd 88 RIeSRRfction

|
i nvention, when considering t e Cross-sectional™ area of the

fixed hed.is 0,008 - i onal f
e opdertion 200 %E%%%%%g%?&r@%% Lhe ﬁ?o%sfﬁ%ffegl%%@o a&Sgéth J%lt'g'.fhe

gas phase or Tiqui roduct ron iI'scharge por

the discharge portion located . in the periphery of the fixed bed are
e SHATEICRAGT dit dritsm 15 Fil KL GTRL (R nd 1 GAGCEOT CBn be
el ectronmechani cal system (MEMS) technol ogy to formgrooves as in the
fixed Hedrig@tashdde YsnDIUITO e R TIechaitall phaseen nt¥BRikct i on

portion, and discharge portion and the Iike on the surface of a

mat er i deduehlagy daodicain gmevesids con Phatblxed phads pratrhased as

the material of the reactor and bonding the plates in which grooves

have beertfaiuetidro gartdn crhopaindhebisad 1merddueth dedoofasophased

i ntroduction portion, |iquid phase introduction portion and di scharge

porti ongiachdies lddé&ion and the like on the surface of a material such
as a metal plate, silicon plate or glass plate used as the material
of the reactor and bonding the plates in which grooves have been
formed teo form microchannels of the fixed bed, gas phase
introduction portion, liquid phase introduction portion and
discharge portion and the like.
[0040]

In this case, specific examples of techniques for forming
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[0040] In this case, s pecific exanples of techniques for formng
grooves by MEMS technol ogy include plasma etching, chem cal etching
and drilling. In addition, exanples of techniques for bonding the

pl ates in which grooves have been formed include thermal fusion and
anodi ¢ hondin [ case. of hondi silicon _and_sod | ass, for .
e Gt oay ik Ee B3 S SRAVRE: B2t 87 Bedrl i B8R B hing
specific surface area of the reaction pipe and taking advant age, of
the ch&tPEristPg - of TR HiM-oEKEMREES Ph b elEs bAT Rpling the
cross-sectional surface area of the fixed bed is preferably 0.008 cn?
or | es®lahwp firoihisd @xepEisnthese bean feries ilasilgdeothepaade ftusion
pipe with a solid material, the fixed bed preferably has a

cr oss- saci powdlicabeadbdhig0( D0@heca@serofmmandiMyr edalérpni amd soda glass,
consideration of the pressure drop, the cross-sectional area of the
fixed ked pofdngie)is preferably 0.0008 to 0.008 cn2. [0042] The
fi xed bed, gas phase introduction portion and |liquid phase

i ntrodugjgsn portion in the fixed bed reactor is arranged so as to

| ocate the gas phase introduction portion and the |iquid phase

i ntroducti HRrion, hel -1§§%Q§gt%;1 i quﬁge lL.eregha %%%
of the gaso%hase and 17 Gui phase o%t%%ﬁrgg bed “of S?ﬁe l&ﬁxe% e%ce
reactor_._In ition, the nunber  of the S_phase introduction .,
bor ¢ 1 O EAPE A B s O PR Crbri P aT BRSs G T APPaaots s o
for a fixed, bed, but rather pay_ be provided at several |ocations. The
form ofOfaF?éﬂgéﬁé%ﬁO%?dlrsedécFPit@ecﬁ‘ﬂ??Eh?%t iS¢ BFOTFieS e F PRt surface
| ocations of the fixed bed, gas phase introductign portion, liquid
phase ianaso@icthent rd bed aadowk el e Opd0s en” cahlBesarwnd ripant he
set corresponding to the type of reaction and the purpose of use. In
addi t i on,evdweirspedi packiogf theratsiode aff the shapeiandoipe ucitth @ ablid
the grooves corresponding to the fixed bed portion, gas phase
i Nt r oduRiteadi 4101 tHHeN £ ikiedUbedppaseer AbL PAES | DS It t@Nfhal area of
0.0001 cm® or more. Moreover, in consideration of the pressure drop,
the cross-secticnal area of the fixed bed portion is preferably
0.0008 to 0.008 cm’.
[0042]

The fixed bed, gas phase introduction portion and liquid phase
introduction portion in the fixed bed reactor is arranged so as
to locate the gas phase introduction portion and the liquid phase
introduction portion being nearer the upstream of the microchannels
of the gas phase and liquid phase to the fixed bed of the fixed
bed reactor. In addition, the number of the gas phase introduction
portion and ligquid phase introduction portion is not limited to
one for a fixed bed, but rather may be provided at several locations.
The form of arrangement and specific configuration of the arranged

locations of the fixed bed, gas phase introduction portion, liquid
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di scharge portion can be arbitrarily designed within the range of a
sui tabl e shape and structure for the m crochannels. [00431 The
present invention efficiently and stably fornms a gas/liquid m xed
phase flow in a fixed bed by adjusting pressure drop in the gas phase

i ntrodugtion.portion, and the |iqgui hase i ntroduction rtion. At .
D i R R e e e

i ntroduction piping when the gas phase has passed .t heret hrough, and
AP 1 epftls GREE SEREISIEE (Pe CHPORYRRERE (TRAG ) GTEhASE PUEPRES ] Use-

t hrough the fixed bed reactor, a conbination of piping of certain

cr 0ss- st BPGRAAMR O8r ebBe HARE G v St g IaREAcRl o5t ebiprp e and &fgiucdaire
to be fornmed so that My > 5AP1 i s naintai ned under the reaction

condi t imhghe @@4pies corslesponghinghéscathasfmped éd passirr, drasp ldwse
be controlled with the flow rates of the gas phase and |iquid phase

t hat paissctdadotgion heogasomhabiquid rsithuesd | Dt podidid otomnsb it Xed doed
portion respectively, these refer to the cases relating to reaction
condi t i onscraithd @RGHIQM RPALABBLKS Ofa + 1By (RAGIRAM REREESSthdVidhge of
respect to a fixed bed reactor, since the operation during which

t hese rﬂ’@% t consi h%gﬁg ' t he

reacti g‘ﬁ per %I:%n%é%%t he adjgﬁét?%elynﬁgo p?‘gﬂé%m%%jﬁéﬁégsr ef erably
carried 00415%3 using the configuration of the reactor per se and the
ratio o# e1 cross-sectional area of the gas phase introduction
portion to the cross-sectional area qof the fixed bed, and nore , ,
speci i cal |3 PEegers IR YRI 197 EhE LEARPTIY 3R] ShaBt Yiirgms a gas/liquid
cross-sectional area of the fixed bed, the pressure drop of the gas
phase iiasH pEisen fgom iona pf bred ket kvhedjresingepespuiRedrepein the
| i qui d phase has passed through the fixed bed reactor. The range of

t he ratgas ghasee iatossiugddtoropalrtdacaaanfl the aguiphade satimdcctuainon
portion to the cross-sectional area of the fixed bed is preferably

wi thin dhe yange a@f 81800160 Qnan ABd FEOSLPef erabl o4k Rp of
range of 0.0002 to 0.02. Fabricating an introduction portion whose
cross-sectional_.area ratio.is less than 0.0001 .may be difficult,
white [ R R R Sl i IR e i e e passea
i ntroduction portion nust be designed having a greater length in
order thersfihoudte pnessBr @ahrsFardquichede¥orsier Aup dhsnaphe lnigvddl
gas/liquid phase flow, thereby resulting in the size of the

m Ccror gaciy Heed pesaneebssaigh Yheafgredabddnbkiadigot | antasdiradieon of
[ 0045] A catal yst corresponding to the target reaction can be
filled daping her fdesach hiedRisd e dt wath DafkdRAGHR/ & g iHPsRMerial

invention. For exanple, in a reactor used for the purpose of
prodel 10 NILOATD BELAXLAR W10 A0 A, ROSELAF SRR tnea
contal nl.lll'[] er?ltthe reaction conditions.

[0044]

Although the adjustment of pressure drop can be controlled with
the flow rates of the gas phase and liquid phase that pass through
the gas phase introduction portion and fixed bed portion
respectively, these refer to the cases relating to reaction

conditions and reaction parameters of the reaction process. With

respect to a fixed bed reactor, since the operation during which
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| east one type of precious netal selected fromthe group consisting
of palladium gold and platinum can be used. [0046] Next, in
provi di ng an expl anati on about the reaction process of the present
i nvention, although the conditions under which the reactor is used

vary cansi der abl ccording to, the tar reaction, si.nge t r.eact.or
IS basiotc eﬁey paalfalyn}(eeae lbseﬁ:or act o= e%%)?slf acgr}aeﬁqeo o“fshjtcﬁ'é apﬁ]éescsﬁ e":he
drop when the |iquid phase passes.there through, the operation at a
super f i3 33t BgFFEir\%ﬁnE%ets@e B 1B BERE O BTGRARET CdipPel s B sfrgably
other hand, in order to maintain the fixed bed in a state in which it
i s wet t@rped ke vgang phaseonfiguragien ghide pearEpibPgrhes and the
superficial velocity of 10-5 nmis or nore. Simlarly, in consideration
of dryimafidef itded doess stheadaigidieel gadd icfuithearigesd phlasse indacidugrt ion
and the pressure drop acting on the gas phase introduction portion

pi pi Ng phen. dib e @ ashep hases Passasi diel eatdy afithd heilgas phisend more
preferably not distributed at a superficial velocity of nore than 10

n's, angpddomddiery] empUdiie lidad BPk e dabt Byuiaethoast i d
phase flow, the gas phase preferably passes through the fixed bed at

3 SUPCrdi ol e JELGIY R B TS QLD | Q0T roceurAigyah ik

reactor of the present 1 nvention can pre used for a“m xe

h ti f, h .a_liquid ph inth f
P P S ST E pR i B bR PR g A B
preferahly used for. a hydrogenation reaction or_a oxidation reaction
by oxy a4 e BRARE PR RF IR i P i & et (h%sh, TeaHCT § gt

phase conponent may contain a reaction substrate, and in the case the
react i g NF dihe iratd s eifi dhe vy ossa@s O s BrgEe afaFHise Jals phege
to flow through the reactor after being dissolved in a sol vent.

[ 0048] introduet idre poasdcof tosting didvess-esttororsfl Bheappésed £ixed bed
invention to produce hydrogen peroxide in particular, although the

gas Cconpopesceabllgiwisc il ebgaramis ofXy gere1 @bher 0 5 asdanspe peRrife rauaky
as nitrogen may al so be contained, and the main conponent of the

I'iqui d phass G ange icx W frAakly ovaer rand/ieh cTRIhaRolinWalRiccars
al cohol, preferably water and nethanol, may be nmixed ™at an arbitrary

201 LSO L0 e QUOREOL 1S 00 5. LA R { S0z e
(0049) be difficult, while in the case the cross-sectional ratio exceeds
0.05, the introduction portion must be designed having a greater
length in order to ensure the pressure drop required for forming
a stable mixed gas/liquid phase flow, thereby resulting in the size
of the microreactor being unnecessarily large, and making it
undesirable.
[0045]
A catalyst corresponding to the target reaction can be filled
into the fixed bed of the fixed bed reactor of the present invention.
For example, in a reactor used for the purpose of producing hydrogen
peroxide using hydrogen and oxygen, a catalyst supported by
precious metal particles, and preferably a catalyst containing at
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In order to provide a detail ed 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
froma direction perpendicular to the direction of the m xed
gas/liquid phase flow.that enable Il of th i crochannels to he .
Seen. THRATEABEGYRS CEHE: BTLERTS ICRELERCFS COiMbLEE TR FEPFLAsd T
bed portion C D (of which a packing material is filled into the
channel® pPallpdighy FRlsk arl’her)"tﬂFc]trl% PR il YEsl- and the liquid
phase introduction portion E-F, the gas phase fg and the liquid phase
f1 are rd4fdctively supplied to the fixed bed portion fromB and F,
and a gas/liquid m xed phase flow fg+i is formed within the fixed

bed. [005Qext, irAtrasugling &n éxphanataonexaapt eclod ddwetdase pafocass
gas phase flow and a |iquid phase flow being supplied to the fixed
bed regFeehVpt¥séhom@vehibe, ¢S RRaRe thd Eeddetl BAsP@hdéAWidith the
| i qui d phase 1 ntroduction portion, in the reactor of the present

i nventi f.i i ; 1 i i
Phase 1R e g e RN e AN ED sar e,
are Pr i dad Lromamis, 030, a6 1iorald o o (e diaseds ped hadng L,

a
above- fenti oned 'm crochannel’s cor espondi e type of ‘réeaction

and the purpose of use.into i ch the, gas_phase flow and_ the liquid
st A R sg st eo akbryahons tat i AGTa IS te mARte tgare rdSudn,
i ntroduction portions. [0051] In the present invention, the

pr essur@l GRS IS itthe a%i 5 FEPeHE fiivd ada v epipasd Y Ay 6HGEEPoREPSPLT BH S &5
defined to mean the pressure difference between A and D of the gas
phase iuntdesdiustilen pont toa crickrt hanfli xied dyee rot o wiveim tenilry thhef fasd bed
phase has passed through the fixed bed, while the pressure drop when
the |iqui ¢ phate haswpaskedtt hsowgbtédeb{iies Deghi®atiz=pe Vithd Ndquid
| i qui d phase introduction portion is defined to nean the pressure

di f fer eeasdreandp18nthdd of supRrfiGUad RRAR iIAt beduett afy Pt ke .
and the fixed bed when only the |iquid phase has passed through the

fixed - - I i.fical o ' '
t hese %’?Lg%lsll[f' %gl%é]r ol[% Ccoaﬂr\lg)'lbcge Isrfagc'gl(s:dué e%"abc%/ﬁ/%lnﬂg] a‘%lﬁe n%)f}gerscg ;%euc% g%gln{wﬂ 211 %ef

A D angdas/liquid mixed phase reaction and the pressure drop acting on

the gas phase introduction portion piping when the gas phase passes
there through, the gas phase is preferably not distributed at a
superficial velocity of more than 10 m/sg, and from the viewpoint
of forming a stable mixed gas/liquid phase flow, the gas phase
preferably passes through the fixed bed at a superficial velocity
of 0.01 m/s or more.

[0047]

Although the reactor of the present invention can preferably
be used for a mixed phase reaction of a gas phase and a 1liquid phase,
in the case of £illing the fixed bed with a catalyst in particular,
it can be preferably used for a hydrogenation reaction or a oxidation
reaction by oxygen and the like. Though depending on the reaction,
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E. Nanely, AID can be neasured by using the difference in indicated
pressures at E and D when the only the |liquid phase has passed

t hrough the fixed bed, while APg' can be neasured by using the
difference in indicated pressures at A and D when only the gas phase
has passed .t.hraugh.the fixed bed. In this case, in the case pressure
drop. bettiedr B ehEPBFs CPERRPRAD] YK nEPFLR I Co iR SO WA TRPES 1 And
particular, APg ' can be approxi mately defined_as the pressure_drop
bet weer-TAtRA FaE & by ¥ eackA RGNS BTG ASthectad e thiser eaelt {aBpubs tERée
fixed bed is open to the atnosphere, the pressures neasured at A and
E di r eady Useeddowalgto Eappr okioagkl yhe\ fapctand afRisr hesdper diivelbytved
[ 0053] In the present invention, a fixed bed having a packing
mat eri aln st raectwerec of which a packing material is filled into the

m crochannel s is used for the fixed bed of the reactor. The packing
mat eri ajodgucture in the fixed bed pronotes formation of a
gas/liquid m xed phase flow by m xi ng a gas phase flow fg and a

liquid phasg, flyow £k d gt u%,ad‘l% Qﬁg?régéfgg%Pd:ﬂé{?@:ég&t{ﬁﬁfv%%q_%elt%

of the fixed bed, and in this packing nmateri al ucture, 1t Ts

[ t t Ki ial h i

acdi 11 o b PRSP BEE BRI Baad SRR T LR e R sl od SomPrprat
effectively pro %in the formation %{ a m xed gas/|iquid_phase flow.
[0054] GBI HHREVRFCaPP AR PRRGREN FUDT S SPRETIRRRERGT SLRE 3 HSErgen

of the gas/liquid m xed phase flow to be pronoted by arbitrari

desi gnitRy a¢Csbet Fagtakesdi And dgpaadndepnppiagt nef Hawe digquel phase
packi ng material, the basic configuration of the packing materi al

st r uct wanprmerde ianpie ferdlhly desiegnend tor mespemndilng Wateheand pécohol,
reaction, types of gas phase and |liquid phase used, and purpose of

usi ng tohefeamdilor wakktrhanghmetkahal ysiay Heanivrsanpt eawfarigacikingatio
material, with respect to the specific type of catalyst, a suitable

cat al ydoedRsiongd 16 tRetPerpyde &f uRaCLhAN: CLDE 158d 7 O%kded ng

that it can be filled into m crochannels.
the hydrogen peroxide stable can also be sguitably contained.
[0049]

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 f£low that enables all of the microchannels to be
seen. The reactor of the present invention is compoged of the fixed
bed portion C-D (of which a packing material is filled into the
channels), the gas phase introduction portion A-B, and the liquid
phase introduction portion E-F, the gas phase fjand the liquid phase
f, are respectively supplied to the fixed bed portion from B and
F, and a gas/liquid mixed phase flow fgi1 1s formed within the fixed
bed.
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[ 0055] Essential constituents of the present invention are
havi ng a packing material structure able to pronote the formation of
a m xed phase of a gas phase flow and a |iquid phase flow by m xi ng

t he gas phase flow and the |liquid phase flow supplied fromthe gas
phase iﬁ#&g@uction portion and the |iquid phase introduction portion
to the microchannels of the fixed bed, with the packing materi al
structure being fornmed so as to satisfy the previously descri bed

condi ti on oAlREYUINSAET. hahows @iy G Y@ se st iogas phase
conditions. Thus, the fixed bed reactor of the present invention is

essent i Blow andtd nhiawk@dehasem Blow it wrrbiet tavile hipakikhed
mat erial structure that does not pronote the formation of m xed

gas/ | i mespetiase Ty orar a «khoyre fgxe doliveske r Bact odudiaiem goowr thm aayd
m crochannel s in which a packing material structure is not fornmed so
as to satqisiy gHasepriemiradbict ides poirbédngondi thenrdafgo> SARIhe HrRGRGIE
In the present invention, gas/liquid m xed phase reaction conditions

refer Lonfanctdon £oatldiuit suah chhabe! Bei £ 88! Ol syoatikahtiad the

out in a state in which a gas phase flow and a Tiquid phase fl ow do

not for 1.xed . N I j - ' .
i xed LSRR ARTERORE o Bott 3R pRALE D 1l B MhcRodhotion
m xed phase. i s forned _and_.a_gas/|liquid _m xed phase, reacti i S,
bt of er FTSF 158 AHBUPEHY St FOR i b PP Ate e 19t cinbs §126eH ed
phase flomgsug lied to the fixed bed being favorably mxed in a
packi n e | g? PRI 1ORRA BIFTRETGRSLIS ot B PPeRE FE 44 Fon Gvde
mat erial structure. [0057]

of reaction and the purpose of use into which the gas phase flow

and the liquid phase flow can be respectively introduced via more
than one introduction portions.
[0051]

In the present invention, the pressure drop of the piping of
the gas phase introduction portion is defined to mean the pressure
difference between A and D of the gas phase introduction portion
and the fixed bed of when only the gas phase has passed through
the fixed bed, while the pressure drop when the liquid phase has
passed through the fixed bed reactor wvia the liquid phase
introduction portion is defined to mean the pressure difference
between E and D of the ligquid phase introduction portion and the
fixed bed when only the ligquid phase has passed through the fixed
bed.

[0052]

More specifically, in the present invention, these pressure

drops can be measured by installing pressure gauges at A, D and
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In the present invention, a conbination of piping of certain
cross-sectional areas refers to a specific thickness structure forned
as the piping of a gas phase introduction portion and a |liquid phase

i ntroduction portion conposed of mcrochannels so as to satisfy the
condition APg > 5AP1, nanely a cross-sectional area structure, while
t he padki nJaReL¥r i4F1 3R KRG Upesrerd iy ve1RIS PLEECHSBRPNG: AREAFRERT
structure fornmed as a packing material filled into the m crochannels
of t he dreshHsadas & asd Dovisant ke \orihetheddiduishpiPge haSAR g sedirbrpugh
packed state of being filled with a packing nmaterial. The specific

confi gunad iF9Rc@f bERe GRPEE-ABOT iaRabeShaRSuPEG e JB HPEMRNACkS Qb nce
t he gas phase introduction po%tlon, the liquid i'ntroddction portion,

and the fixed bed.can be arbitrarily_designed corresponding.to their
Ui pose b MSEAEHA B STRTar ek P PRI Hot Thaph AER AR b e e
pur pose. [ 0058] ., The reactor of, the present i nvention does no

si npl y Fhehs it datt e r@&ﬁp ofThitdto drifhdxes e drop
rather is essentially distinguished froma reactor conposed of

m cr oclisrtvweden B arltatD tihe manesdcesdelot isordll areaapathiesdn xeidthedPhadn
val ues on both ends of the range of 0.0001 cnRto 0.008 cnR or a

speci fi 1 it Rion, t a t ; f Led

with a %afslt%'pﬁglség ( rb}!tpﬁo uct P%ng}g%f?%ﬁagﬁgfaﬁﬁlmgghgégﬁ ntro uég'?igg
portion, and when APg represents the pressure drop of the piping of

t he gadgitiess PnapddiicidiFen - poFt iasiitian t B8 §as Cﬁ%%éhﬁ“agnﬁag%)e@f the
t heret hrough and APl represents the pressure drop when the liquid
phase hascgphssed itshppeghtbhehéi xedodeide reactior iessdiheed nguisthyathse A
i ntroduction portion, has a piping thickness structure fornmed so as

to satigzfy d hecondif AR sp SARLOYRARE ni-x8d 08S/ | hayi gpphase
reaction conditions,” and/or a packing material “strdcture that
pronotes the fornmation of a m xed gas/liquid phase forned so as to
sati sf Yy 3¥HESdanE condition, as essential constituents thereof. [0059]
Next, an eﬁflanation is provided of a second aspect of the present

i nvent i giP>31 The present invention is characterized in that, in a
fi xed bed reactor for carrying out a m xed gas/liquid phase reaction,
t he react orIth&eappe PRy ISvanttiore @ dripeseledfhaniqrdatizamicing MRESriad

structure of which a packing material is filled into the
microchannels is used for the fixed bed of the reactor. The packing
material structure in the fixed bed promotes formation of a
gas/liquid mixed phase flow by mixing a gas phase flow fjand a liquid
phase flow f; that have been introduced into the microchannels of
the fixed bed, and in this packing material structure, it is
important that the packing material be composed so as to have in
addition to catalytic action the shape and structure capable of
more effectively promoting the formation of a mixed gas/liquid
phase flow.

[0054]

More specifically, although it is important for the formation
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or nore parallel fixed beds having a cross-sectional area of 0.0001
to 0.008 cn2, and has, in addition to the fixed beds, a gas phase
distribution portion, a portion for introducing the gas phase to the
fixed bed, a liquid phase distribution portion, a portion for

i nt r oduef rithe lgad ilduivd. phesed phialse filredtbede promokéddgpmatmritatarily
i ntroduction portion, and a fluid nmerging portion. In the present

i nvent i dxsiatidpughd sl dy Sievesbde | aiEe ddire €N dd xed hetlo e
arranged in parallel, the nunber of fixed beds arranged in parall el

can be sadit ok YnatRlril0 2 thdi bable O fadh & Eﬁéepaélgﬂ@gjmaterlal
In the present i nvention, when APg_d and APg_i represent respectively

the pregsHi

and the prefcs]%!rée) dﬁgpg%r?a%géa%gmﬁi% &'alts%rp%ﬁ lq}e%&{ I? ngonc,&gq{%é %36’
AP i reg resent. res ectrve t he. pressur of t he in

e o Thaseth ShiAT BisrEthe f ot frean uB B "Tnd inmpee
phase Bﬁ%roductron portron AP p represents the pressure drop of a
fixed BEAUSOPHItE BPAERET pr ALt gl e;gawfezrﬁ%lﬁE&heaawﬁée@ﬂna@ackmg
passed through the parallely arranged fixed beds, and APO represents
the préwxipielak ol emeCtrt@Fbe;ﬂmmtmss@ﬂ celradygit  t Asfiltgikd e
merging portion located at the end of the fixed bed, then all of the
f ol | ow aeg-Cloradti Cb@rmsspprﬁdng)tartelesaypefdﬂdeaandlohmameecased gfrcwikied
or nore fixed beds arranged in parallel, the reactor of the present

i nvent ithmthaisc acqadke N Ted@rimto shiaedatienhdn shi ch each liquid is
evenly distributed: 1) the ratio of the cross-sectional area of the
gas phaggpsdgintroduction 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-sect i pnalar ep Oln e dgul & Phase Latcoduelion, partion o Lhe .

cross-sectional area o I S™W range o

2)  3)

packing mz)JLteL::La? Atructure able to promote the formation of a mixed
phase of a gas phase flow and a liquid phase flow by mixing the
gas phase flow and the liquid phase flow supplied from the gas phase
introduction portion and the liquid phase introduction portion to
the microchannels of the fixed bed, with the packing material

structure being formed so as to satisfy the previously described
condition of APy > 5AP; under mixed gas/liquid phase reaction

conditions. Thus, the fixed bed reactor of the present invention
is essentially distinguished from a fixed bed reactor having a
packing material structure that does not promote the formation of
mixed gas/liquid phase flow or a known fixed bed reactor having,
ordinary microchannels in which a packing material structure is

not formed so as to satisfy the previously described condition APq

= SAP]_ N
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to0.3, APi i > AIDi_p > APg i > 10AP1 d and APa_i > 10A Pg-d,
2. 54P0, and In addition, the present invention is m xed
gas/liquid phase reaction process for carrying out a m xed gas/liquid
phase reaction by using the fixed bed reactor described above,
wher ei HoblB&]m xed gas/|iquid phase reaction is carried out by
operating the fixed bed reactor under conditions such that the |inear

vel ocity ofrr hhedas-qptase drsréhtibri,0 gkl Misnant riiieed iptedle welaadiiah
of the liquid phase is 10-5 to 10- 2 ms in each of paral l el y arranged

m crochapRgls diR062ker to rédbﬂﬂB%fEthQtQ%@srEﬁéhth£E e rBhes8sh is
i nvention, the gas phase supplied for reaction fromthe gas phase

'r‘”odgl%gc 82;%9%18{1& fnlétgt%%cggl g&ghta actcﬁslg% gls of ahﬁlguid

fixed urd phase sup ron1the

phase introd i 0 nis_intro dtot m_cr annel s, of nt
ixeq wease diew B drn Rexgns Masd BRASEne™ tqurd® Sﬁgselﬁawhl e fBe
di spersed into each of the parallely arranged m crochannels by a
branch@ﬁ&“@ﬁﬂﬁ%%6#bau§PH§dtW@aﬁérﬂﬁoﬁnﬁgﬁqpﬁFﬁodGBln@stH@P&8§eBﬁ§§eln
to the fixed bed and the portion for introducing the |iquid phase to
the fivedtbéd, whenee ganipiedsphand ihddumpd anghaseastle @bt gdxed phase
the fixed bed m crochannels having a packing material structure.

[ 0063] reaction is preferably carried out as a result of a gas phase flow

and a liquid phase flow supplied to the fixed bed being favorably
mixed in a packing material structure, and a mixed gas/liquid phase
reaction is material structure.

[-0057]

In the present invention, a combination of piping of certain
cross-sectional areas refers to a specific thickness structure
formed as the piping of a gas phase introduction portion and a liquid
phase introduction portion composed of microchannels so as to
satisfy the condition AP; > 5AP;, namely a cross-sectional area
structure, while the packing material structure refers to a
specific packing material structure formed as a packing material
filled into the microchannels of the fixed bed so as to satisfy
the condition APy > 5AP,, namely a packed state of being filled with
a packing material. The specific configuration of the
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
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Next, after having carried out the formation of a gas/liquid m xed
phase and a m xed gas/liquid phase reaction, a procedure is carried
out whereby a reaction product is discharged froma di scharge portion
provided in the fixed bed. The reactor may be fabricated by coupling
pi ping, or may he fabricated as an integrated reactor i ich |,

i b O IRHTRASE (latiSearFor § PROLSbLE rErer bkt Coth SHohe e Sfhimeee
by processing a material that is stable with respect to the reaction
condi t itdHs BHRAPER a netal plate, silicon plate or glass plate.

[ 0064] At this tinme, in addition to the fixed bed, the reactor
has a gd90®%dse distribution portion, a portion for introducing the
gas phase to the fixed bed, a liquid phase distribution portion, a
portion forThatreaducimeft hrel possenphasesn diheldesx adtbetimp by fackd nge
material introduction portion and a fluid nerging portion, and when
A. Pg_d ﬁgﬁd&’%ﬁm&mﬁé WM ASRE A F Wl Yrddiea i £BS Unsudr apripdr the

pi pi ng of the gas phase distribution portion and the pressure drop of
the ga j g ; i Pj r

espect T e e P e B R e e osgnnets
di stri uti,an,atd on-and Je pressure Jrap ol e dd g ihase  ves on
i ntroduction portion, I p represents the pressure drop of° the

fixed ﬁsqﬂgortion of pressure_drop when,the |iquid,phase has, passe

t hr ougP e SpAraPt &Par PREGERI £i-POQ Lhel's toahd WP e Site efiR St e value
pressure drop when the |iquid phase has passed through the fluid

mer gi ng'igerin (ﬁhaftolﬂaéwqygqcthfé FS3EPH RS taheflr}@aﬁctk@dgiaé-ql’éqmlrtéﬁ & gas
forma piping thickness structure and/or packing material structure
such t Idtassd inbfofhetfiohlmwitnigorcendia Logesidphesetinbredsatishipedtion,
1) the ratio of the surface area of the gas phase introduction

porti Oy wihd® AWl FrRGH A sttl'Ieh?rfe'séﬁQ'eb@Pop oMt Piblﬂﬁgr 8% dlgas
0.0001 to 0.05, and the ratio of the surface area of the Iiquid phase

i ntrodugtion pqartion to the surface ar of the fixed bed is thin
e Caridl BRI M AU R G A gl DI LE B pa2adh |
10, 6, Pg_d, 3) AP > 2.54P0, and
therethrough and AP; represents the pressure drop when the ligquid
phase has passed through the fixed bed reactor via the liquid phase

introduction portion, has a piping thickness structure formed so
as to satisfy the condition APg > 5AP; under mixed gas/liquid phase
reaction conditions, and/or a packing material structure that
promotes the formation of a mixed gas/liquid phase formed so as
to satisfy the same condition, as essential constituents thereof.
[0059]

Next, an explanation is provided of a second aspect of the
present invention.

The present invention is characterized in that, in a fixed bed
reactor for carrying out a mixed gas/liquid phase reaction, the

reactor has a piping structure composed of microchannels, has two
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4) APg_i > [0065] More specifically, the fixed bed reactor is
defined by the configuration of the cross-sectional area of the fixed
bed, the pressure drop of the gas phase introduction piping and the
pressure drop when the |iquid phase has passed through the fixed bed
reactor. The ran of . the rati f the cross-sectiagnal _area of_the
gas ph&e™Pht rff?d%g't]i%%ﬂ)ﬁ?fii T BAVREIF SELSSs GRS 85831°% Re 0001
fixed bed is wthin the range of 0.0001 to 0.05 and_preferably within
t he rartge 00008, 9@52 arfl Magn. 1pnagdaitirentot ke rbi¥ed diedshe @ Jas phase
cross-sectional area of the liquid phase introduction portionto the
cr oss- sEcttirgdmait imme oot itie i redtbed forwintiedudieny dige gsfs pheee3to
to 0.3 and preferably wthin the range of 0.001 to 0.1. [0066]

Next, ighepfavied bgdana exipghanrhpharecofiitheibaatbhopopt Dewss @oraion for
gas/liquid m xed phase reaction of the present invention, although

t he conditridne iHenhei ghifihshd €D rieS figed Nady £PikdeiahbYerial
according to the target reaction, since the reactor is basically a

|1 qui o BvaE fron pPRERRRy (A P e I B pRRE LR P R piBeent

l'iquid ase passes ere throu I | y oper at

super fi.61.a1, el ol ol heclhuhg phase of J0:2. 0, Of J55%:.Qn LG,

111V
ot her han(f ndr(?er o-mal Nt al n I Xe I'n"a state’l

is wetted by the Ijquid phase, the liquid phase preferapbly has a . .
super f iaaealar\ré}f&‘?ﬁ{ &fbfpaﬁ?- L E .E]gioﬁt"is |fa}ﬁﬁ%§{, %%ﬂjsc&%ada%ﬂ i‘gh

of drying the fixed bed during the m xed gas/liquid phase reaction
and t h@agieddsr €38y &5 geiLiagluncehetgad PhERLIQtFBHER Aok Wo P BRTe -
pi pi ng when the gas phase passes therethrough, the gas phase is
pref er al§ios0dot distributed at a superficial velocity of nmore than 10
ms, and fromthe viewpoint of formng a stable m xed gas/liquid

phase flow 14 hendas-dhase preieradiy wassespl hraughs he fdpedsded at
a superficial velocity of 0.01 mis or nore. ﬁ 067] FI'G 2 shows
an expl_anat or.y. draw as_Vvi_ewed om ihrect.i on perpendi_cul 0
he dl PO o e T DA 560t Tttt hat® eha b R o
t he nigipcha nels to be seen kﬂ rder to provjde a detailed

expl an&EHF IRV IR RARSIRT &% RIS TGk S8 Fedo 1S phase

introduction portion, APi.q and AP;.; represent respectively the
pressure drop of the piping of a liquid phase distribution portion
and the pressure drop of a liquid phase introduction portion, APy p
represents the pressure drop of a fixed bed portion of the pressure
drops when a 1liquid phase has passed through the parallely arranged
fixed beds, and AP, represents the pressure drop when the liquid
phase has passed through the fluid merging portion located at the
end of the fixed bed, then all of the folleowing conditions 1) to
4) are satisfied, and in the case of two or more f£ixed beds arranged
in parallel, the reactor of the present invention has a packing
material structure in which each liquid is evenly distributed:

1) the ratio of the cross-sectional area of the gas phase
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of the present invention based on the drawings. In this draw ng, the
reference synbol O represents the flow nerging portion, while the
reference synbol GtL represents a gas/liquid m xed phase outl et of

t he gas phase and |iquid phase. [0068] The fixed bed reactor of
the present invention is conposed of a gas phase inl et %G% , a liguid
phase iiMtEOItion, PeFLismate RS tFHUIR 1GiF pitd-bRTEGIPT, The 1§ gtad bed
phase distribution portion (Ld) , a packing material introduction
portiong Sighin the wange ded Uil de 1¢ o .Cend e (wkare ef pdeki ng
material is filled into a channel) , a gas phase introduction portion
from AkerasBlgearibrml iaqead ofhabe Lhgunbdduchame jportddur f rammdek-ttierFico
(wherein, k represents a natural nunber from1l to n, and corresponds
t o the dHETRGIo0Gf- evtaldrell charnelfsthe FOREQ] LbAROiE wEiHBsedHs ddiRje of
pressure drop of the gas phase distribution portion, AP _d represents
the pressggd AP of, the liquid phase distribution portion, and AP
represents the pressure drop that occurs at the nerging portion (0)

when only i guid ph has ssed thr the reactor. In addition,
f gk represg%)t Mg ﬁaﬁg e PRE oAPI-h T oHUREH It o the kih fixed bed, f
11c represents the liquid phase flow introduced to the kth fixed bed,

and fg+l -k 3episgnt s2 t $vePdyi xedl gas/ | i quid phase flow that passes
through the kth fixed bed. [0070] Prior to the reaction, a packing

mat eri al sug)h @1%-? >ca§@1L,lygg
[0D061]

In addition, the present invention is mixed gas/liquid phase
reaction process for carrying out a mixed gas/liquid phase reaction
by using the fixed bed reactor described above, wherein the mixed
gas/liquid phase reaction is carried out by operating the fixed
bed reactor under conditions such that the linear velocity of the
gas phase is 0.01 to 10 m/s and the linear velocity of the liquid
phase is 10™® to 10 m/s in each of parallely arranged microchannels.
[0062]

In the fixed bed reactor of the present invention, the gas phase
supplied for reaction from the gas phase introduction portion is
introduced into the microchannels of the fixed beds, the liquid
phase supplied for reaction from the ligquid phase introduction
portion is introduced to the microchannels of the fixed beds, and,
after the gas phase and the liquid phase have been dispersed into
each of the parallely arranged microchannels by a branching

structure using the portion for introducing the gas phase to the

31



is introduced into each m crochannel Ck-Dk via the packing material
introduction portion S-S'. During the reaction, a gas phase conponent
is distributed to the parallely arranged m crochannels fromthe gas
phase inlet Gvia the gas phase distribution portion Gd, and with
respect_to the liquid phase conponent, the gas phase flow fg and the
i qui d foeesk Pedodne| the UG €PTr ddfeCanFeny EF%ner‘éh‘él BIass tee the
fi xed bed portion, and the gas/liquid m xed phase flow fg.d is forned
wi t hi n &iked bred bad.ggdEREse and e HoihidpBase sheveonrrekedpite the
the case of a gas phase flow and a |iquid phase flow being supplied
to a fifkkietedéred mom > diangled gydsphras & ipeakoicher tmagrepicrlt isonarndhire .

| i qui d phase introduction portion with respect to each parallely
arrangegbddgxed bed m crochannel, the fixed bed reactor of the present
i nvention can be suitably conposed corresponding to the type and

purpose of mse: 0fadthe MHB’GHPORASHERA Bat tHE A ESe dNE eduolligtid
portion and the liquid phasé introduction portion are provided from

nore tha lacat | £l 1.C |, a
phase AR ani o P Bt Bl r Rl L BHASLELPEORDAR, g PSR Ls
introduced to,the fixed.bed via nore than, one .intyoduyction, portions.
I addi g SR THoIIF R % e o St 4.9 MARAR SaY o 2

m crochannel s can be filled with a packed material such as a catal yst
si nul t SHegiRasge PTG provAspdaisothe Eiprdyeedi n e dfasd@y may be
m crochannel can be filled separately. [0072] FIG 3 shows an

expl andtesi wrted by Ctﬁunlliélwgpéag, wrasey benfalodiea teom agan iogegrated
| i qui d phase introduction portion and fixed bed portion. The

r ef er encmcyorbaln Grilbh mepresértsictlize thiatedalted fpotheonpoe-Blenthened
gas phase introduction portion, and Ek-Fk the liquid phase

i nt rodusdr it s bee, fohheé@ Hokroepsesadt $ idiegias. phaseis|Wble with
introduced to the kth fixed bed, fik represents the |liquid phase flow

intr O_dqr@%;é& e hehrdd defoRehbn @it i isultr 8B 23RS 11808 Xed11icon
gas/liquid phase flow that flows through the kth fixed bed. In

addi ti qp, r s the pressure drop of the gas phase
Wbl ay T

i ntrod .,k represents the pressure drop of the
l'iquid @ﬂﬁi@ i ntroduction portion, and APi _pk represents the pressure
drop th occurs when only the |iquid phase passes through the fixed

bed. [0073] ] ] ] o )
At thigs 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 APy.4 and APy.;: represent respectively the pressure drop
of the piping of the gas phase distribution portion and the pressure
drop of the gas phase introduction portion, AP;.q and AP;_; represent
respectively the pressure drop of the piping of the liquid phase

distribution portion and the pressure drop of the liquid phase

introduction portion, AP;., represents the pressure drop of the
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In the present invention, the pressure drop APg _d of the piping of a
gas phase distribution portion can be defined as the pressure drop
that occurs in the gas phase distribution portion Gd when the gas
phase has passed through, and nmore specifically, can be defined as
the pressure_drop that occurs between the begjnning of the branching

and ¢ he &7 BEABRT BHeR @ RGeEARY S mRighenl PR UG BhBPesats @adees

can originally be defined as APg dk for each branch, in the case the
dispersﬂnmmughluhﬂ:@ahmadeﬁ.am&ambe@rﬁyxbﬂsbgdbtiaathE@trapredynts the
defined as APg_d by using the average value of (APg_d)k as a

repr esgiptald e \@idie whidh @8di 156044t PRaRECRSE 52 40P ARigPfrHNe198%
phase i'ntroduction portion can be defined as the pressure drop of the

h k k
of 1"t ot tiid M AT AR EHE ARG Beay be %ﬁ%ﬁﬁ%ﬁéﬁﬁ 58
APg_i k f h introduct,i t t h
Cach i T GIUat i r PO e S T Tl Qe B et el |
defined as APg i by _usi t he average value of APg_ik,as a
repr es et W% A4 tﬂ‘ﬁa% rat ¢f +he BP%%@UF’égd?%aﬁﬁoﬁsd\‘ the 4) are

pi ping of the liquid phase distribution portion can be defined as the
pr essurstdrfpladvat occurs in the |iquid phase distribution portion Ld
when the |iquid phase has passed through, and nore specifically, can
be defi ned Bs threrpréssaf el sprifhat arearst dtenwgea mheesddgitnmidug tdfon
branchi ng and the end of the
portion to the surface area of the fixed bed is within the range
of 0.0001 to 0.05, and the ratio of the surface area of the liquid
phase introduction portion to the surface area of the fixed bed
is within the range of 0.0003 to 0.3,

2) AP]_..;‘L > lOAPl-d and APg-i > lOAPg_d,

3) APi1p > 2.5AP,, and

4) APg.; > BAP1;.

[0065]

More specifically, the fixed bed reactor is defined by the
configuration of the cross-sectional area of the fixed bed, the
pressure drop of the gas phase introduction piping and the pressure
drop when the liquid phase has passed through the fixed bed reactor.
The range of the ratio of the cross-sectional area of the gas phase
introduction portion to the cross-sectional area of the fixed bed
is 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
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branching (Ek) . Thus, although this pressure drop is originally
defined as APi _dk for each branch, in the case the dispersions in
each branch are clearly insignificant, it can be defined as AP _d by
usi ng the average value of APi _dk as a representative value. In
addition, the pressure drop APl of the |iquid phase introduction
porti orF ke Hes sqercidPrad ereapPéstheef trepd Bed Be Pklt(l?fﬁ'érté'{% raggies O
natural nunber of 1 to n) , and although this pressure drop is

ori gi ndl 100 Gfeftined JasinaPiptiad b laacti ity ddwe tiagrg el oM 0% ra e 1.
case the dispersions in each introduction portion are clearly

I nsignifacsait, it can be defined as AP _i by using the average val ue
of APl ik as a representative value. [0074] Mor eover, the

pressure drgpcit haitn al\fd@eanoakyslanlatﬂahdo@m ﬁb’tﬁ:ﬁaﬁ@@iddérs@uakﬁ
a fixed bed can be defined asAFi while the pressure drop that

occurs J ﬁ]ésh/‘%l_ A R éi}%{be( Ox)eai’éﬁﬁrbrp'ﬁﬁ/ thd UL RS aS fpssed

t hr ough reactor can bé defined as

although the conditions under which the reactor is used vary
considerably according to the target reaction, since the reactor
ig basically a fixed bed reactor, in consideration of the pressure
drop when the liquid phase passes there through, it is preferably
operated at a superficial velocity of the liquid phase of 1072 m/s
or less. On the other hand, in order to maintain the fixed bed in
a state in which it is wetted by the liquid phase, the liquid phase
preferably has a superficial velocity of 107° m/s or more.
Similarly, in consideration of drying the fixed bed during the mixed
gas/liquid phase reaction and the pressure drop acting on the gas
phase introduction portion piping when the gas phase passes
therethrough, the gas phase is preferably not distributed at a
superficial velocity of more than 10 m/s, and from the viewpoint
of forming a stable mixed gas/liquid phase flow, the gas phase
preferably passes through the fixed bed at a superficial velocity
of 0.01 m/s or more.

[0067]

FIG. 2 shows an explanatory drawing as viewed from a direction
perpendicular to the direction of the gas/liquid mixed phase flow
that enableg all of the microchannels to be seen in order to provide
a detailed explanation of the configuration of the fixed bed reactor
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As shown in FIG 3, although APi _p is the pressure drop that occurs
bet ween Fk and Dk when the |iquid phase has passed through the fixed
bed, if the pressure drop that occurs between Ck and Fk when the

| i qui d phase passes through is sufficiently small such as when Fk and

Ck are | | ose proximty, it be. approximately treated as the .

or cssur®® EPEPBERRERSCLTYSRbAP Rk GIhd N ST FHABISA ¢ HOLGH SAEF i
al so defined as APi _pl, for each fixed bed, in the case variations in
each fibh&l 1edgraneecFERbPy ? gRFRTSHehtthe £ leymeed Heg iprgt 1 Aphige
by using the average value of APi _pk as a representative value. In
addi t i ahe akfhoegheAROnbal GrLoi et ¢ senies pneas A1 & ristedephasheusdet
portion Dk of the fixed bed and a nerging point, in the case the

vari at ichschen gac pladse dmedrliysitlighadd. can be defined as APO by
usi ng the average value of AP.k as a representative value. [0075]

Al t houglpgyagssure can be neasured by attaching a pressure gauge to
t he above nentioned portion of the reactor, in cases in which it is

di fficul t g, Atdaehy Bbr 25UEE, BHAG L2 2o RVEARIBL DL eSSl op

according to the OW ng equations I ective wthin the scope

the present inventiqn. For.exanple.  1he . follow en- Poi seui.lle
cauati on e EHERT e (S MRkt i cl e (ROE 4 Ui S

i ntroduction channel and liqujd introductjon channel.. Wth respect t

f1 ui ds c%li%ﬁﬁwtﬂﬁrbe@ﬁtleﬂr@i#)aragﬂawp ﬁ@eﬁwt&meaﬁlw (ud

represented by the Hagen-Poi seuille equation. [0076]
a packing material introduction portion (S-8'), a £ixed bed portion
from Ck to Dk (where a packing material is filled into a channel),
a gas phase introduction portion from Ak to Bk, and a liquid phase
introduction portion from Ek to Fk (wherein, k represents a natural
number from 1 to n, and corresponds to the number of paraliel

channels) .

[0069]
APgy.q represents the pressure drop of the gas phase distribution
portion, AP;.q represents the pressure drop of the liquid phase

distribution portion, and AP, represents the pressure drop that
occurs at the merging portion (O) when only a liquid phase has passed
through the reactor. Inaddition, f£4 represents the gas phase flow
introduced to the kth fixed bed, £,x represents the liquid phase
flow introduced to the kth fixed bed, and f4,;.x represents the mixed
gas/liquid phase flow that passes through the kth fixed bed.
[0070]

Prior to the reaction, a packing material such as a catalyst
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(Equation 1] 1 - D2 _321.1zuz(1l) [0077] On the other hand, the
estimation by the follow ng Ergun equation is effective for
estimating the pressure drop according to the flowwthin a fixed

bed.

[0078] [Equation 2] .(HAN,JN,prei (2) L. [0079] [Equation 3]

is introduced into each microchannel Ck-Dk via the packing material
introduction portion S$-S'. During the reaction, a gas phase
component is distributed to the parallely arranged microchannels
from the gas phase inlet G via the gas phase distribution portion
Gd, and with respect to the liguid phase component, the gas phase
flow f5 and the liquid phase flow f; are supplied respectively from
B and F to the fixed bed portion, and the gas/liquid mixed phase
flow f4,1 is formed within the fixed bed.

[0071]

Although FIG. 2 shows an example in the case of a gas phase
flow and a liquid phase flow being supplied to a fixed bed from
a single gas phase introduction portion and liquid phase
introduction portion with respect to each parallely arranged fixed
bed microchannel, the fixed bed reactor of the present invention
can be suitably composed corresponding to the type and purpose of
use of the reaction such that the gas phase introduction portion
and the liquid phase introduction portion are provided f£rom more
than one locations per each fixed bed microchannel, and the gas
phase flow and the liquid phase flow are respectively able to be
introduced to the fixed bed via more than one introduction portions.
In addition, although FIG. 2 showg a structure in which all the
microchannels canbe filled with a packedmaterial such as a catalyst
simultaneously, a structure may alsco be employed in which each
microchannel can be filled separately.

[0072]
FIG. 3 shows an explanatory drawing of the kth gas phase
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f ..-4.[1.75+1,51)(1-e16)/Reni al -si VE) 33(3) [0080] Where, in
Equation (1), the left side indicates the pressure drop 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

equati on, i ndi cates .the viscosity of .the s phase or liq

phase, %’?fgt%% PORE1Q0ar SgEULT S%é%éo%ycitﬁr%ﬁoﬁﬁéoﬁrﬁ%‘é fapeed
liquid phase i ntroduction portion, and D indicates the inner dianeter

of the hsih@ontiome Theereherernes =Edal 6halPk spRpesentehehe bitrg bed

not circular, D can be assuned to be the inner diameter of a circle
havi ng ra:rrteiqlra,l Ao tdec gaenphaaeeant Gnduheioh heerbiooml, amd EjueRk dine
(2), the left side indicates the pressure drop per unit |ength that

occur s Mhgendighase lHimtisiydesen fdowmsidly ongild e, f rspdebettsatteodas
the right side of the equation, vlig indicates the superficial

vel oCi tyh e 21blGHd-JNase tBldrk kBdi £ataspbhaqW d stehtsaaﬁecmquld

i ndi cates the dianeter of a packlng material. In addition, for

(fricti FdEis q n ), ndi c

voi d f#acf%%ﬁgé?g ; xéﬁR% %gFJ%ﬁﬁ ggkkﬁdpggtegﬁ?hgmﬁéynoﬁgggg%ts
nunmber . phas sses thro i xed .bed 0081] .
nuber WIEhSidd G Hess basses AUl 2 L Rediol A8 en eixea
nghtfoot co- authors "Transport Phenonmena Second Edition", 2002,

publlsﬁeﬂi J@ﬁnaﬂﬁﬂeyO& SORs- ik | FRPTeSPok e DR sUISBNIrop 'of the gas
0-471-41077-2); (2) H Scott Fogler, author, "Elements of Chem cal

React i 4%&mua%%aaa&¢1%&ﬂ 5§t10n19§91 g :ﬁﬁy@htéptﬁat Eéssﬁ%é dﬂdﬁ%af
Upper Saddle River, N ' SBN: 0-13-5 8-8)] 2?

present i nvention, flxed be havrn ackln naterlal structure
Whi oh kG IR S L TP RO TP i 1D Manrle FERTE SRS ftgre

the fixed bed of a reactor. The packing naterlal structure in the
fixed hetedmere Heopffhat asicuynsowbenmplivheheokimtidphekeapassed through
gas/liquid phase flow by mxing a gas flow fg and a |iquid phase fl ow
fl thattHwveibeerbadit roduced into the

[0073]

In the present invention, the pressure drop APg5q4 of the piping
of a gas phase distribution portion can be defined as the pressure
drop that occurs in the gas phase distribution portion Gd when the
gas phase has passed through, and more specifically, can be defined
as the pressure drop that occurs between the beginning of the
branching and the end of the branching (Ak). Thus, although this
pressure drop can originally be defined as APg.qx for each branch,
in the case the dispersions in each branch are clearly insignificant,

it can be defined as APg.ag by using the average value of (APg.qa)k

as a representative value. In addition, the pressure drop APg.;
of the gas phase introduction portiocon can be defined as the pressure

drop of the gas phase introduction portion Ak-Bk (where, k is a
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m crochannel s of the fixed bed, and in this packing materi al
structure, it is inportant that the packing material be conposed so
as to have, other than catalytic action, a shape and structure
capabl e of nore effectively pronoting the formation of a gas/liquid

m xed phase flow. [0083 More specifically, although it is |

i npor t AREFEL e iloﬁ%fn)tfh@r’r?f) - hprgh ity pessRe Wk ke
formed by arbitrarily designing and setting the size, shape and
fillinpmetined Iof delid npaicks Pyt Eoirakachhenbasdec edof i girrtatadron ief the
t he packing material structure can be arbitrarily designed

correspRd hd it AR ON o QAL Gt ASRES 1Un FRS-RAS &N 1ld iy

phase used, and purpose of using the reactor. Although a catalyst i's
one of .the exanples of _packing terials, wWth respect,to the

opeci f I OF ik oy S FoSaT E BOTS FeaPBryTY Cior Pee pBR driRf A5 PRdUS
type of reaction can be used provided it can be filled into

m cr ocltEnd@h s §9CG84jepresentssent shloenst$imehdaslof thwe ppreesente drop
i nvention consist of having a packing material structure able to

o 2 ed ¢ .
pronot g, he Jorppt 'l?a@)rzﬁ‘?{)? %fmtﬁl% 1RRASE gféua%egﬁisﬁ %‘Etlbﬁwglég@l n can

i quid phase fl ow Ing t gas pha ow and the Iiq phase
flow s | j respectively fromthe gas phase intrqduction,portio

and ¢ ndd R h Es iR FRETESn SR LoR 5 G CHE Snidr CERaniBRsCoPiaRe
fixed bed, and the packing material structure being fornmed so as to
sati sf PUHHEIEIBUEPY tade8ckR pEr’ §id LiigHd dophape has PReAsd ghrapgh.
> 106,Pg d, APi _p > 2 . 5AP0 and APg i > 5AP1 p under m xed

gas/ | i quicd metrss speshditiosnd lgondiami des deffd@8%] as the pressure drop that

occurs between the beginning of branching and the end of the

branching (Ek). Thus, although this pressure drop is originally
defined as APi.g for each branch, in the case the dispersions in
each branch are clearly insignificant, it can be defined as AP 4
by using the average value of AP;.gq as a representative value. In
addition, the pressure drop AP:.; of the liquid phase introduction

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

is a natural number of 1 to n), and although this pressure drop
is originally defined as AP;.ix for each introduction portion, in
the case the dispersions in each introduction portion are clearly
insignificant, it can be defined as AP; ; by using the average value
of AP;_jx as a representative value.

[0074]

Moreover, the pressure drop that occurs when only a 1liquid phase

has passed through a fixed bed can be defined asAP,.,, while the
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Thus, the fixed bed reactor of the present invention is essentially
di stingui shed froma fixed bed reactor having a packing materi al
structure that does not pronote the formation of m xed gas/liquid
phase flow and fromany of the known reactors having, ordinary

M cr ochereed$re ivdy chdtheqeratd e Fhkehbalbialr g6dieni SoNOkhéQr&ed, a
so as to satisfy the previously described conditions. In the present

i nventi u tion condition

condi t|%@%%%ﬂ%%abgﬁ%§§g%§ﬁ§n°&§?% carrfn:e out n%a stnaet%1 aF AP
whi ch a gas phase flow and a |iquid phase flow do not formor in a

st at e AP Whicwm LHeFEGr it iddivhoflugh APxedl phdye Presisvadeduapet kst dwses
are not adequately m xed, but rather refer to reaction conditions
such t hadtwedn mdammnewhenfmmedqaadepmmhesqﬁaes@@&mm@el the v iand
a liquid phase flow supplied to the fixed bed being favorably m xed

N a pagdd Noi B igde sHhAC IR, taRd eceh%edbeeeééhqekdamaﬁe when the
reaction is preferably carried out. [O n t he present

| nvent | Oy QUG d Baslikeeh-SHl Ehfé'éuf)gl dyoapnha rloé'u@ﬁ LEQen Fx

hydr ogen ygen e reactl nis starte

at nospher t he direc nt hesi s. reaction._o roge X|de

ext odt S 85 TR heSY T OF. i Paye Rt %5 P etied oo
t he reactlon is stopped in a reduci ng atnosphere. 0087] In the

pr esenttBHRHRTVH S S4B HAY OFFUE ShPEroGER EEr%Riid%k syfttesidl though
catal yst such as a palladiumcatalyst into the mcrochannels, a

sui t ablAPapoimtaldo half ogedh g@sAPr A X ethada s iofechyrdhgem a:rlte case
nitrogen is passed through the mcrochannels, and after adequately

ensuri ng: 3 Seici NG, aLERSPRRER 08d L calalyst 184 GAGeiaRde Nit hean be
m cr ochannel s, oxygen is introduced to initiate thé reaction.

Accor di hIS ure the S nt hesi s yield of _hydrogen peroxide
nor caste O Pobag A BT Vel S gt 1P sac G

after ternlnatlng the hydrogen per oxi de syntheS|s reacti on by

di scontieprespntet suppralwsd . oxXfygendid ism ,t @dltdcargiudPofi shpdiggenldas
or a mxed gas of hydrogen and nitrogen is passed through the

M cr ochauwy ‘g%§§ éﬂanﬂ ef,sagdegqu

a reduci ng%%dnoagsg%e% gq%ér?{t itak%éal yst surﬁg)élebgngfi gﬁ?hﬂ}%a bR Hdd'%
m cr ochannel s. rding,to this. procedu the reaction perf rnan

"t ho TEHEI 0 DPASEartT RES FEET SRR VORI BIOBS ar A AAHBIC LRRBLY SHall
favorabl e state. [0089] When starting and/or stopping the

reacti ort adre koeBingdrofARhdvgasiphasbet haeragecvnilaet ef WPHh ashe
catal yst preferably contains 1 volune percent or nore of hydrogen
when camerdeshio e ureELue t hough there are no particul ar

limtations on the upper limt thereof, in the case of synthesizing
hydr ogepp gpgsoxi de by contacting hydrogen and oxygen with a catal yst,
for exanpl e, a nethod t hat enabl es the hydrogen content to be at the

upper 11 M a YeAMGHOIEL oSl ead S £0 L 6ACRION, CO0ORLLOOp LRCLLEL AR e
pr esent

to the above mentioned portion of the reactor, in cases in which
it is difficult to attach a pressure gauge, the estimation of
pressure drop according to the following equations is effective
within the scope of the present invention. For example, the
following Hagen-Poiseuille equation is effective for estimating
the pressure drop in a gas introduction channel and liquid

introduction channel. With respect to fluids flowing through
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invention. Nanely, as an exanple of such a nethod, in the case of
produci ng hydrogen peroxi de using a gas phase having certain contents
of hydrogen and oxygen, at the start of the reaction, the gas phase
flowis started under conditions consisting of containing an equal
anount cqfrcm@&ogqg)ia@q @Rl pFieRGurRe BYY \RBieMe e c@ift c@X Ygerhel t h
nitrogen, followed by carrying out the reaction under constant
condi ti ﬂlédyégﬁﬁﬁﬂeye@?%kﬂﬁhﬂg the nitrogen w th oxygen.
Simlarly, when stopping e reaction, an exanple of a nmethod that
can be[%%gkﬁyed consists of replacing the oxygen with an inert gas
such as nitrogen fromthe steady state conditions, and then stopping
the reaction after allow ng the passage of a certain anmount of time
after the oﬁ?ﬁ@ﬁ”ﬁﬁb]ﬂeen conpl etely replaced. [0090] Al t hough
there are no particular limtations on the amount of tine required
when startin ?d/ stopping the reagtjon, for exanple, the anount
of the hydrcé%giﬁé f‘ en converted t 1%&55 (nmoles) is preferably in
| arger excess With #espect to the mass (noles) of palladi um contai ned
in the catalyst. In addition, since the role of the reaction starting
and/ or [9fg@pRi ng operation is to activate the catalyst and allow a
conti nuous reaction procedure to be carried out snoothly, the
reaction s t.i ' bl i ; t | td
under whi cﬁilfhﬂek%godn |%%a§$e§é$%ls“g}a%}?gg&f o%fe. %I m%%,é %ﬂrl ng
t he series af proce ges of tge coqginqgus reaction rocgdure fronh.
starti AP Sophi RTERELVBat?T or; -1 HeA TR EEME atlare pgcording
preferably as constant .as possible. _[0091] The cat al yst
conponéft t&e FawadiiiRicatafysesd B&%nown to el ute when exposed to an
oxi dati ve at nosphere such as containing only oxygen and nitrogen, and
the prd9ém8li nvention is considered to be effective in maintaining
the activity of a catal yst containing palladiumduring hydrogen
per oxi de sylRdestiisorf radm hydr ogen and oxygen by inhibiting the runoff
of catalyst conponents in this manner (Japanese Patent Application
Lai d-open No, ,H4-16501). However, in conventional fixed bed reactor
not conposedﬁﬁfiﬂa' annels, in th&kase of allowing a catalyst to
be contacted with afratnobsphere of hydrogen and oxygen used in a
continuous reaction procedure after having been contacted with a
reduci ngoatarosphere, the potential for an expl osi on cannot be avoi ded
since the procedure is forced to go through a conposition containing
an expl osi veeqiad i Af hydrogen and oxygen. Simlarly, there is also
the risk of an explosion in the case of changing the gas phase
conposition fromreaction conditions tgmards reaati on stopping
condi tions. Fhe[lgsedsnll—iayeldns,MeLh is ch cterized by the use
of a fixed bed reactor conposed of mcrochannels fromthe start of
the re g%ﬁ, during a continuous reaction procedure and during
stopping the reaction, is essentially distinguished fromthe
t echnol ogi usi ng _a_convent i | fix ed reactar. or. other types of
Fenctor Tpdi S EAREIar ) ar CRERTBEF G Leis R e e R B u2e
oxygen._[0092] The follomﬁn%‘effects are denonstrated by the present
drop thHat 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, lg indicates the viscosity of the gas

phase or liquid phase, uy indicates the average linear velocity in
the gas phase or liquid phase introduction portion, and D indicates

the inner diameter of the pipe. In the case the cross-sectional
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i nvention. (1) A novel fixed bed gas/liquid m xed phase reactor
can be provided that enables a gas/liquid m xed phase reaction to be
carried out stably and under constant conditions using mcrochannels,
and i nproves reaction performnce such as by increasing the

ef fici %}%@fom tﬁmgs;rig R the- gt Phas e 40 ddiey dd i d @%%cgéqe

(2) A fixed gas gas/liquid mxed phase reactor can be provid

that enhaneesRlRAHStiaf Y BY AL 30010g RNecder QeaInel sl fonay avea.

paral | €l he use of "t he gasFliquid nxé ase reac
conposed of m crochannels of the present, i nventjon makes it. possibl

Lo Saf 5 WA ESr AR ot RBREAGH nif an Wbl B & e e he
hydr ogen and oxygen whil e pontrollig%_flom/rate. (4).As a

resul t RACTEW HGPH PREIPEE GTndit SRk eafRF§sTher only adlidedd these
m crochannels , the efficiency of mass transfer fromthe gas phase to

the |iguiewplrdsouginthe finediedd andoumpdneedight Bictheénthereguation,
reactors by increasing the gas/liquid contact interface. (5)

Al t hough ;} hienBioneedl raid Qe r iyl 00 epe REE 024 deF ertﬁicglefh Whds&

4 - 2 LA : r P1i
conventional reactor is limted to a | ow val'ue of 0.2% by wei ght, the

react ory ol e P1986 AIWEN) 0081 4 Y820, BALGOS AL 008 PET XIS

havi ng @ concent r at I nore ai ne

Che | | QI fbe dahaBatEiPR: Gt (ALY RLOBAACERArer™e T61 51200 n
times conpared with conventional reactors.
Equation (3), & indicates the void fraction of a fixed bed, while
Reyig indicates the Reynolds number when a ligquid phase passes
through a fixed bed.
[0081]

[References: (1) R. Byron Bird, Warren E. Stewart, Edwin N.
Lightfoot, co-authors, "Transport Phenomena Second Edition"™, 2002,
publisher: John Wiley & Sons, Inc., Hoboken, N.J. (ISBN:
0-471-41077-2); (2) H. Scott Fogler, author, "Elementg of Chemical
Reaction Engineering, 3rd Ed.", 1999, publisher: Prentice-Hall,
Inc., Upper Saddle River, N.J. (ISBN: 0-13-531708-8)].

[0082]

In the present invention, a fixed bed having a packing matexrial
structure of which a packing material is filled into the
microchannels is used for the fixed bed of a reactor. The packing
material structure in the fixed bed has the effect of promoting

the formation of a mixed gas/liquid phase flow by mixing a gas flow

fgy and a liquid phase flow f; that have been introduced into the
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(7) Although reactions were Iimted to being carried out under
conditions in which hydrogen partial pressure is reduced to 41 or
less in the prior art, in the present invention, hydrogen peroxide
can be produced both safely and under constant conditions under
expl osi 'JE&%HH ' ' ' r Qe ; ' - AL Jn
additigﬁsjsa eg§k%gi(%21:ur?ﬁg%gg&§¥gnteedJggg%ﬁ%ipkﬁg%%gtglof id1
carrying it the neagti enounder, conditions I i 6h ydrooen partials
pressure’i’s feducéd 8 21P6F Tess" (35 & MNxK o expl 6si on
can be avoi ded by using mcrochannels , and catal yst activify can be
mai nt ai%?e&sbfron%%%? ai‘?ﬁqﬂf‘gr t%%&?&?%fttlfjnaﬁt}%uc%/ R HRTGLcheFeucture
(9) The reaction can be carried out under the steady state conditions
from t reRae of st AhFeRBAVEAY RIoRCtERaEstEamp i efppgasd Lafuad
catal yst to an oxidative atnobsphere caused by an excessive
consunptizsd gfhanedridgen can be prevented, and catal yst degradati on
caused by heat or runoff of catal yst conponents can be inhibited.
BRI EF OESGRIIPTI ON OF THE DRAW NGS [ 0093] FIG 1 is a draw ng of
a reactor of the present invention as viewed froma direction
perpendlCL”Mﬁré<%ﬁé@iﬂ$d%¥ﬂy,oalehohpﬁ M xediggsithavi doPhase tbhfWtion
that enables all of the m crochannels to be séen. The reactor of the
present.d [<QIL 4 i rd | =D, e
Packi ng ot o e RGN Phs iain s PP S ale Bp e AN
i ntrodugti.on .porti A-B) and a |.iquid. phase_ Jntroductiaon rti.on
(B F - B Ao eslieig e o4 e ang Froicre) narkBd brhe
respectively supglied to the fixed bed portion fromB and F, and a,
m xed FRFIIFLMGCFRASS  f FB® RAYLT PO REARPWPE T e HRE Nk dahegdial
FIG 2 shows an explanatory drawing as viewed froma direction
per penditéirune e ki paktiitenreivt vesdigeed gasrespondipgase thewtype
that enables all of the m crochannels to be seen. FIG 3 shows
an explahatecyidnawiyigesfoft keskphagasaphdseuiiat pbdaetwoad partd parpose
l'i quid phase introduction portion and fixed bed portion.

of using the reactoxr. Although a catalyst is one of the examples

of packing materials, with respect to the specific type of catalyst,
a suitable catalyst corresponding to the type of reaction can be
used provided it can be filled into microchannels.

[0084]

Essential constituents of the present invention consist of
having a packing material structure able to promote the formation
of a mixed phase of a gas phase flow and a liguid phase flow by
mixing the gas phase flow and the liquid phase flow supplied
respectively from the gas phase introduction portion and the liquid
phase introduction portion to the microchannels of the fixed bed,

and the packing material structure being formed so as to satisfy

the previously described conditions of APy ; > 10AP;_g, APg_4 > 10APq g,
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EXPLANATI ON OF REFERENCE NUMERALS [0137] (Reference Synbols 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:

AP;_p > 2.5AP, and APg_; > 5AP;_, under mixed gas/liquid phase reaction
conditions.
[0085]

Thus, the fixed bed reactor of the present invention is
essentially distinguished from a fixed bed reactor having a packing
material structure that does not promote the formation of mixed
gas/liquid phase flow and from any of the known reactors having,
ordinary microchannels in which the packing material structure is
not formed so as to satisfy the previously described conditions.
In the present invention, gas/liquid mixed phase reaction
conditions refer to conditions such that the reaction is not carried
out in a state in which a gas phase flow and a liquid phase flow
do not form or in a state in which the formation of a mixed phase
is inadequate as these are not adequately mixed, but rather refer
to reaction conditions such that a mixed phase is formed as a result
of a gas phase flow and a liquid phase flow supplied to the fixed
bed being favorably mixed in a packing material structure, and a
mixed gas/liquid phase reaction is preferably carried out.
[00856]

In the present invention, during the direct synthesis of
hydrogen peroxide from hydrogen and oxygen, the reaction is started
in a reducing atmosphere, the direct synthesis reaction of hydrogen
peroxide is next carried out in the presence of hydrogen and oxygen,
and finally the reaction is stopped in a reducing atmosphere.
[0087]

In the present invention, after filling a hydrogen peroxide
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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 portion

synthesis catalyst such as a palladium catalyst into the
microchannels, a suitable amount of hydrogen gas or a mixed gas
of hydrogen and nitrogen is passed through the microchannels, and
after adequately ensuring a reducing atmosphere on the catalyst
surface and in the microchannels, oxygen is introduced to initiate
the reaction. According to this procedure, the synthesis yield of
hydrogen peroxide increases remarkably.

[0088]

When terminating the reaction, after terminating the hydrogen
peroxide synthesis reaction by discontinuing the supply of oxygen,
a suitable amount of hydrogen gas or a mixed gas of hydrogen and
nitrogen is passed through the microchannels, and the process is
completed after adequately ensuring a reducing atmosphere on the
catalyst surface and in the microchannels. According to this
procedure, the reaction performance in the case of restarting the
reaction can be maintained in a favorable state.

[0089]

When starting and/or stopping the reaction, the composition
of the gas phase that is contacted with the catalyst preferably
contains 1 volume percent or more of hydrogen when converted to
volume. Although there are no particular limitations on the upper
limit thereof, in the case of synthesizing hydrogen peroxide by
contacting hydrogen and oxygen with a catalyst, for example, a
method that enables the hydrogen content to be at the upper limit
value under steady state reaction conditions facilitates use in
a continuous reaction process using the microreactor of the present
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fgk Gas phase flow introduced to kth fixed bed flit Liquid phase flow
I ntroduced to kth fixed bed fg.1-1-k M xed gas/liquid phase flow

I ntroduced to kth fixed bed APg _d Pressure drop of gas phase
distribution portion APi _d Pressure drop of |iquid phase

distri biut_\j,ontfoIE_ti%nmAPO ngsguree drop q curE' n ieq: ne gi.%_g Bortion of
(0) whet S P qui BTS2 F o= B AT T P S PTG i th B RETHT RS
portion GtL M xed gas/|iquid phase outlet (Reference Synpols of F|G
3) producing h}?drogen peroxlide using a gas phase having certailn
contents of hydrogen and oxygen, at the start of the reaction, the
gas phase flow is started under conditions consisting of containing
an equal amount of hydrogen and replacing the equivalent amount
of oxygen with nitrogen, followed by carrying out the reaction under
constant conditions by gradually replacing the nitrogen with oxygen.
Similarly, when stopping the reaction, an example of a method that
can be employed consists of replacing the oxygen with an inert gas
such as nitrogen from the steady state conditions, and then stopping
the reaction after allowing the passage of a certain amount of time
after the oxygen has been completely replaced.
[0090]

Although there are no particular limitations on the amount of
time required when starting and/or stopping the reaction, for
example, the amount of the hydrogen f£low when converted to mass
(moles) is preferably in larger excess with respect to the mass
(moles) of palladium contained in the catalyst. Inaddition, since
the role of the reaction starting and/or stopping operation is to
activate the catalyst and allow a continuous reaction procedure
to be carried out smoothly, the reaction solution is preferably
supplied under the same conditions under which the continuous
reaction ig carried out. Similarly, during the series of processes
of the continuous reaction procedure from starting to stopping the
reaction, the reaction temperature is preferably as constant as
possible.
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Ck-Dk (k: 1 to n) Fixed bed portion Ak-Bk (k: 1 to n) Gas phase
I ntroduction portion Ek-Fk (k:
[0091]

The catalyst component of palladium catalysts is known to elute
when exposed to an oxidative atmosphere such as containing only
oxygen and nitrogen, and the present invention is considered to
be effective in maintaining the activity of a catalyst containing
palladium during hydrogen peroxide synthesis from hydrogen and
oxygen by inhibiting the runoff of catalyst components in this
manner (Japanese Patent Application Laid-open No. H4-16501).
However, in a conventional fixed bed reactor not composed of
microchannels, in the case of allowing a catalyst to be contacted
with an atmosphere of hydrogen and oxygen used in a continuous
reaction procedure after having been contacted with a reducing
atmosphere, the potential for an explosion cannot be avoided since
the procedure is forced to go through a composition containing an
explosive mixture of hydrogen and oxygen. Similarly, there is also
the risk of an explosion in the case of changing the gas phase
composition from reaction conditions towards reaction stopping
conditions. The present invention, which is characterized by the
use of a fixed bed reactor composed of microchannels from the start
of the reaction, during a continuous reaction procedure and during
stopping the reactiocon, is essentially distinguished from the
technologies using a conventional fixed bed reactor or other types
of a reactor in the synthesis of hydrogen peroxide using hydrogen
and oxygen.

[0092]
The following effects are demonstrated by the present
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1 to n) Liquid phase introduction portion fgk Gas phase flow

I ntroduced to kth fixed bed flk Liquid phase flow introduced to kth
fi xed bed fgn-k M xed gas/liquid phase flow introduced to kth fixed
bed APg_i k Pressure drop of gas phase introduction portion APl ik
Pressure drop. liquid phase introduction portion Agi_pk Pressure drop
occurrijﬁb“r%ig Pdnly liquid phase i s passed through fixed bed BEST

MODE FOR CARRYI NG OUT. THE | NVENTI ON [ 0094] ,
(1) A novel fixed bed gas/liquid mixed phase reactor can be

provided that enables a gas/liquid mixed phase reaction to be
carried out stably and under constant conditions using
microchannels, and improves reaction performance such as by
increasing the efficiency of mass transfer from the gas phase to
the liquid phase.

(2) A novel fixed gas gas/liquid mixed phase reactor can be
provided that enhances productivity by arranging the microchannels
in parallel.

(3) The use of the gas/liquid mixed phase reactor composed of
microchannels of the present invention makes it possible to safely
handle a mixed gas containing an explosive composition of hydrogen
and oxygen while controlling flow rate.

{(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 liguid phase can be increased as compared with
conventional reactors by increasing the gas/ligquid contact
interface.

(5) Although the concentration of hydrogen peroxide obtained
with a conventional reactor is limited to a low value of 0.2% by
weight, the reactor of the present invention allows an agqueous
hydrogen peroxide having a concentration of 1.0% by weight or more
to be obtained under constant conditions.

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

be carried out at the efficiency of 10 to 100 times compared with
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Al t hough the follow ng provides a detail ed expl anati on of the present
i nvention by show ng exanpl es and conparative exanpl es thereof, the
foll ow ng exanpl es and conparative exanples do not limt the scope of
the present invention. Exanple 1 [0095] A fixed bed reactor was
fabric%;%%id%fgﬁaﬂnE%%%Q&)%ganple. The m crochannels of a reactor
conpose@ of "a“gas phase i9MtF oduct i on portion, liquid phase

i ntroduction portion, fixed bed portion and _m xed .gas/liquid phase

di schar ge p{}"r)t ot 8 FeRr PR A'SHF atTeRPEXET PedFGsSapr Af@ cut under
measuring 30 nm x 70 nm w th_doubl e side polished by form ng grooves
t her ei #FBPidHERTAR Ehiah gy dF eFehitdilajopresseirg. 1Fheeduerd & wér er
formed into a sem-elliptical shape having a depth of 20 mm and w dth
of 50 rmssDinlthegnies eatri b thet presenheifvamidi dred ysivdgem pehexide
| i qui d phase introduction portion and the m xed gas/liquid phase

di scharge: per preoduwed betpl abEely whidchntlke Fotktehanaehdgroonesudber
the reactor had been fornmed by etching. [0096] The shape of the fixed

bed pOfet)d'Iplrcbs*l% 2opdith opfs 680wHMEANEhE KiERESyOh SQ0dAR i@ Jloheobher

hand, hol'es having a dianeter of 1 nmwere forned by drilling to form

o 07, PSRl s, 000 o A PSR QUL e AL o

IR R e s R S L
partial pressure 1s reduced to 4% or less.

(8) The risk of explosion can be avoided by ugsing microchannels,
and catalyst activity can be maintained by maintaining the catalyst
in a reducing atmosphere.

(9) The reaction can be carried out under the steady state
conditions from the start, abnormal heating of a catalyst and the
exposure of a catalyst to an oxidative atmosphere caused by an
excessgive consumption of hydrogen can be prevented, and catalyst
degradation caused by heat or runoff of catalyst components can

be inhibited.

BRIEF DESCRIPTION OF THE DRAWINGS

[0093]

FIG. 1 is a drawing of a reactor of the present invention as
viewed from a direction perpendicular to the direction of the mixed
gés/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 1iquid phase
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Anore detail ed explanation of the structure of the fixed bed reactor
is provided using FIG 1. The fixed reactor is conposed of two gas
phase introduction pipes (A-B), one liquid phase introduction pipe
(E-F) and a fixed bed portion (C-D), the two gas phase introduction

pi pes ' f nd, d apd .t | e h.qf .the
Chort perfuttctoh Rartt e hE FLAG Hsbndie bt peline Dkl erid®
liquid ase_introduction_ pi has a_wi dth of. 600. depth of 50 gm
and | erighal BT S5 SR eEHa BN P SRERGSCL RE FPSeHiTEY oA tr 1S SFom
wi dth of 600 gm depth of 300 gmand |length of 55 nmm The |ocations
of El, BZRd fo P‘Bé‘a@i‘&%?ée‘écﬁ%-‘e/glﬁiﬂaﬂﬂﬂtacﬁq fdoMvdtgad phabermed within
introduction pipes) and F were at 11 nm 9 nmmand 5 nm respectively,
when nedEsrEdidd dred. [ 0098] Next, porous silica having a nean
particle dianmeter of 100 gm (FL-100D, Fuji Silysia Chem cal Ltd.) was
filled intoride F skhetdsbed qapldmatafy dreawieachoryidddd® fram a dimtion
rate of 0.01 mM/mn fromthe |liquid phase introduction port and

ni trogefefeendicaldt aw taleed@teBtdoftl b thd &ﬁ%eﬂhﬁabﬁmﬂqgia PHASE £low
i ntroduction pipe were respectively passed through the reactor. On

the ot hata hadhp 1 e 41l b Ofnd Ne: SAOLRaAS: BhasepL nLLggucti on pi pe

was sealed. At this tinme, the fornmation of a st e gas/liquid m xed
phase fl ow o_entr f_the ligquid phase_jnt he_gas, phase
T oducti oatgor T SHouR, afaprgl EhebaPy el Bh bR Bchifad Ppl e
pressure difference between A,and D was about atm and this closely
cor r espodeR o1 Pﬁ%ﬁﬂf&&ﬁ&&%@%\%ﬁ%%ﬁ%‘%%?%ﬁ&?& and fixed
i ntroduction pipe). On the other hand, the pressure difference
bet weerP¥d #RED-9here only water passed through the fixed reactor at
the rate of 0.01 mM/mn was less than 0.1 atm [0099] Mor eover ,
a pal | adi um support ed BHRIANRL TEN 0N SREEORENCH | NMESRLS by wei ght  of
pal | adi um and having a nmean particle di aneter of

[0137]

{Reference Symbols of FIG. 2)

G Gas prhase introduction port

L, Liquid phase introduction port

Gd Gas phase distribution portion

Ld Liquid phase distribution portion

5-8' Packing material introduction portion

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

Ak-Bk (k: 1 to n) Gas phase introduction portion
Ek-Fk (k: 1 to n) Liquid phase introduction portion
fg« Gas phase flow introduced to kth fixed bed
fix Liquid phase flow introduced to kth fixed bed

fg+r1-x Mixed gas/liquid phase flow introduced to kth fixed bed

AP4.q4 Pressure drop of gas phase distribution portion
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50 to 60 pm (N. E . Chentat Corp . ) was filled into the fixed bed
with a length of about 40 nm downstream of B of FIG 1 instead of the
porous silica, the reaction solution at a flowrate of 0.01 m/mn
and a m xed gas of hydrogen and oxygen (hydrogen content : 40% at a
flowrate of 5 M/mn in terns of. the standard state flowrate were
passed t hr gtfhe tHETTHER TP Sani 1Ay A TH SHRAT B okoThyRRTg
peroxi de while applying pressure of 10 atm The reaction solution
consi st ed dfpaPregueses dyopubicenrednbaiify mgrditgs pMrsubhur(ic atiet,

0. 005 M phosphoric acid and 50 ppm of sodi um brom de (wei ght rati o)

At this time, ghihough,ihe,heog 9@51?&9%& EREEQENCEEQBLBEPE Was used
to introduce oxygen having a large flow rate, the pressure difference

bet ween A %1%{11]?4] n]iéliijgg]:%uﬁ?isor?bout 0.6 atm This closely

corresponded t0 e pr op between A and B (gas phase

i ntroductian pipe On_ the other hand, the pressure difference

bet ween E é%&J6%ﬁ%§wﬁﬁﬁﬁ%ﬁqﬂ&#13yﬁﬁ§IQEEi%%an 0.1 atm when only

wat er was passed through at. a flowrate of 0.01 mM/mn. As a result
of the reacti®hfrefirea Lshyfr JgEh per oxi de having a concentrati on
of 1.5% by wei ght was obtai ned under constant conditions. Exanple 2
[ 0100] ChxDlealt orl vies aldtixsed éwkd rpatfeicsame manner as Exanple 1
wi th the exception of changing the shape of the fixed bed portion to
a w dth of MO®lpnjlandL deptrd}) ddasbQthaee Mberodure: itrx gsbrgaissi i qui d
phase flow of the reactor was evaluated in the sane manner as Exanple
1, nanely whernsii tif 0gen-ovas) imﬁ({mméé oA AU A0 3So RS e

i ntroduction pipe at the sane flow rate and water introduced at the

sane flow r@feclsi BgatOer $50C RALsgd-aat 861 REn Elg-fOpogtion of a
stabl e nmixed gas/ITquid phase flow and al'nost no enfry of the Iiquid

A R e S R e o

confirmed i essuré drTference between A

and D was out 1, at and this closely corresponded._to th .essure
drop bet wedr At BRGSO B Ry i Totierd bed
hand, the pressure difference between E and D of when only water
passed t hr diRphint Reresisiireadpapked tRsegphbee antaofucwicat poati®@n0l
m/mn was less than 0.1 atm [0101] Mor eover, when the reaction
was eval uat |.n ner; e Il isng ;
palIadiun}éﬁ%ﬁ%?ﬁggggﬁﬁﬁsﬁg%%agél EFE?%%%%tﬁét?¥§ggkég% P%gféggtﬁ
porous silica over a |length of about 40 nm downstream from B of FIG
1in the séﬁ@%ﬁaﬁﬁ%ﬁsﬁ§eE§5ﬁBI%CﬁPréhnﬁqUE%ﬁs°ﬁ§Hr%b%HlEePBQFGelﬁas
obt ai ned having a concentration of 2.096 by weight. Exanple 3

passed through fixed bed

BEST MODE FOR CARRYING QUT THE INVENTION

[0094]

Although the following provides a detailed explanation of the
present invention by showing examples and comparative examples
thereof, the following examples and comparative examples do not
limit the scope of the present invention.

Example 1
[0095]

A fixed bed reactor was fabricated in the present example. The
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[0102] A reactor was fabricated in the sanme manner as Exanple 1
wi th the exception of changing the shape of the fixed bed portion to
a wdth of GOO Rm and depth of 900 Rm When the m xed gas/Iliquid
phase flow of the reactor was evaluated in the sane manner as Exanpl e
1 under_the sane conditions, the formation of a stable nixqu_ :
gas/ | i qUHE PHEEET DR arftl HHHOSE (PRI S hddT dHiP prdsd ImTon
t he gas phase introduction portion were able to be confirmed in the
fixed RFPHIRI Itk PPRESSHR BT AP RF BE BRRC P et 1XSshBeD PRkt appEnd
1 atm and this closely corresponded to the pressure drop between A
and B (wefesedrgme’ I w Lmh$$ﬁ1éh%ﬁhaxgﬁhp@hél@mh@¢r®aﬁdbriﬂ@t%¢e@@uae
di fference between E and D when only water was passed through the

si | i ca-magketdid s pedtameduramdg ab emtk 70. f withrduyes sk espdihiathed

0.1 atm [0103] Mor eover, when the reaction was eval uated in

t he sa BINE L PS %%QER{ fill] I j suggﬁﬁg%ﬂ i
catalygiyinto fﬁi i Xe ggéfﬁéfégg %ﬁg%gFgﬁsé§?¢#%% w t egﬁﬁqgﬁﬁb
about 40 d streamof B of. FIG. 1 [n the_sa manner_.as, Exanpl e

1, an dfikbus RYdPEEERCBEITRT dOMES HBEGIhEa Raviing Pk \EaceRer StIvH 19
of 3.09s by weight. [0104] Conparative Exanple 1 In this
conpar & idePtdx epk e, M arehaticithnwed B abem cathed Lising wasecganged out for
procedure as Exanple 1 with the exception of drilling the entire gas

phase itH¢ atiugdd Wedirtamn, Athkhll sghii AephéBe PaSreia@sSEeion portion and
the mixed gas/liquid phase discharge portion on the plate in which
the microchannel grooves of the reactoxr had been formed by etching.
[0096]

The shape of the fixed bed portion had a width of 600 um and

a depth of 300 um. On the other hand, holes having a diameter of
1 mm were formed by drilling to form a gas phase introduction port,
liquid phase introduction port and gas/liquid mixed phase discharge
port on a Tempax glass plate of the same size. Finally, the two
Tempax glass plates were laminated by thermal bonding to produce
a fixed bed reactor.

[0097]

A more detailed explanation of the structure of the fixed bed
reactor is provided using FIG. 1. The fixed reactor is composed
of two gas phase introduction pipes (A-B), one liquid phase
introduction pipe (E-F) and a fixed bed portion (C-D), the two gas
phase introduction pipes have a width of 50 pum and depth of 20 um,

and the length of the short pipe is 10 mm while the length of the
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i ntroduction pipes had a width of 200 pm and depth of SO pm [0105]
Spherical porous silica having a mean particle dianeter of 100 pm was
filled into the fixed bed portion of the reactor. Wen water was
passed t hrough the reactor fromthe |iquid phase introduction port at

a flowgrate of 0.01 _m/mn_.,and.nitr.ogen gas was ssed through at
1 ow 1 ABGPBeSLR A, (R & i O AT o1 EHaL O PLRE FRg didEh
phase into the gas phase introduction portion and a m xed gas/liquid

phase fdfowORagmunddpe taf be floraed lengtie dfi t8dmbed Qoriticowthar hahd,
time, the pressure difference between A and D was less than 0.1 atm

On the tgfhenhandedt BerRiBASHAS 1 Fi&ERNGE A8 YRED cﬁsﬂfﬂj do 3%eﬂm]95.h¥i

wat er passed through"the silica-packed fixed bed at a flowrate o
0.01 my/mn.was also |ess, than 0.1 atm [Bé%% I n_addi.tian,
a1 thoudFRARE S tFn SPehIaraheRTHePbxFle s (EXRNIREATBINFI |1 i ng
a pall adi um supported al um na catal yst into the reactor instead of
por ous SSPHSSR AN 1% EOaRRE nafn 2 51 §PBRENPPETIIUGhHOPREP Y APhGusHE
solution at a flowrate of 0.01 mM/mn and a m xed gas of hydrogen
and oxygerd i Mpdr Fg@i @@t ntm,40@sP et iy efliyowwhge meRsBindd huemas t he
standard state flow rate through the reactor followed by applying
pressur[®osf8]110 atm the experinent was unable to proceed properly
since a stable m xed gas/liquid phase flow was unable to be forned.
Exanpl e 4 h@%&llporous silica having a mean particle diameter of 100 um
(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 introduction pipe was sealed. At this
time, the formation of a stable gas/liguid mixed phase flow and
almost no entry of the liquid phase into the gas phase introduction
portion were able to be confirmed. At this time, the pressure
difference between A and D was about 1 atm, and this closely
corresponded to the pressure drop between A and B (gas phase
introduction pipe). On the other hand, the pressure difference
between E and D where only water passed through the fixed reactor
at the rate of 0.01 ml/min was less than 0.1 atm.
[0029]

Moreover, a palladium-supported alumina catalyst containing

5% by weight of palladium and having a mean particle diameter of
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A fixed bed reactor having four parallel channels were fabricated in

t he present exanple. The m crochannels of the reactors conposed of a
gas phase introduction portion, |liquid phase introduction portion,
fixed bed portion and m xed gas/|iquid phase di scharge portion were
fabricated on a Tenmpax(r | ass _pl ate neasuring 30 nMmm.x 70 mmw th .
doubl o 31 46 P01 HTE 1A thy CRERAR AT GFoow A6 RAtaPh DYCCIN Earos ot g h
with hydrofluoric acid. [0108] The grooves were forned into a
sen - eld ijpngEh achauiawiongra ddepsiirepm20fgh afdFigdth oisBagmt the
Drilling was carried out for the fixed portion, the liquid phase

I nt r oduysdtrous pdritiicen ahd tdecvixedgasiidmguitdaphbse reitecbar geo panl fntim
on the plate in which the m crochannel grooves of a reactor were

fornmed g &f elkRe gh8188]hidessdapmmdbbhen i(kedrBgehi @onbadta 1€ bt
of 600 gmand a depth of 900 gm On the other hand, holes having a

di amet ef Of o SIPIRYEE of &E%anXndEEEhE”SftQhéoéﬂéﬁdgfé PIASE Fiow rate
I ntroduction port, liqu
were passed through the fixed bed examining the production of
hydrogen peroxide while applying pressure of 10 atm. The reaction
solution consisted of an agqueous solution containing 0.025 M
sulfuric acid, 0.005 M phosphoric acid and 50 ppm of sodium bromide
(weight ratio}. At this time, although the long gas phase
introduction pipe was used to introduce oxygen having a large flow
rate, the pressure difference between A and D at this time was about
0.6 atm. This closely corresponded to the pressure drop between
A and B (gas phase introduction pipe). On the other hand, the
pressure difference between E and D was determined to be less than
0.1 atm when only water was passed through at a flow rate of 0.01
ml/min. As a result of the reaction, an aqueousg hydrogen peroxide
having a concentration of 1.5% by welght was obtained under constant
conditions.
Example 2
[0100]

A reactor was fabricated in the same manner as Example 1 with

the exception of changing the shape of the fixed bed portion to
a width of 600 um and depth of 600 pm. When the mixed gas/liquid

phase flow of the reactor was evaluated in the same manner as Example
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phase introduction port, and m xed gas/liquid phase discharge port in
a Tenpax(r) glass plate of the sane size. Finally, the two Tenpax(r)
glass plates were |am nated by thermal bonding to produce a fixed bed

reactor. [0110] A nore detail ed explanation of the structure of
the fixed_bed rea ors i S provided in 3., The
react o>rgL o TS % ixed “ﬁgdslr%rrro ?? fﬁoﬁart%el ellongm g«?‘g R%asf’

in FIG, 2. Each flxed bed i s _conposed_of two gas phase introductiqn
pi pes (RENSEVCTiENGRiPeoRE HhEuFATEh&LEW ﬁtaFSdaElfil BACBFpenEERIERF LaRl
a fixed bed portion (Ck-Dk), the two gas phase introduction pipes
have a bliedshmef fEQngi‘aﬁdu%Ie@ghtléﬁ FOYBAcked Magerdadyhthe fREM3AGPT
pipe is 9 nmwhile the length of the long pipe is 28 mm The channel s
of thedfi gusichlphase ¥at gadydticon dpphesbaaikow anddahmok thlo ggntdeptththé
20 gmand length of 3.5 mm and are forned at 50 gmintervals, and

five miGregl Eﬁabé inoetimd s phaseupntobdacsiogl goft xefl etk a@let e
ot her hand e fixed bed portion has a width of 600 gm depth of 900

gm and ﬂeeml%e@ MM HeN Fik@g Bdd@dr2GakH ongnaf pEEEsu@gkdeTEW@renge

| ocati ons corresponding to the two gas phase introduction pipes)

Fk wer and ( 7' ec v‘\ﬁgF {'ﬁﬂ I

I n addi ele%qr?%ntn’%‘]eaédm on c%rdglgspo%g{ahgé%%%l %\%/a:g%ckog)lo@ggdto
of m crochannel s ha dt h of nd d pth of 30 and

ot essurEeIEB8SsE N groR BatVRRasE LT i AR ag R o3PS -
FIG 3, nanely, the reI ationship 4Pg-i . > 104P d was made to al ways

be val i CRECLRET fdi e Pﬁ@SEBFﬁW%%W%%%MW% & 2RAdt of tahetz
is conposed of the microchannels having a depth of 600 gm and depth

of 300 qyy amderh@asisess theohabp thle widd ca-bhglied phxse Pedwakas flow
concentrated in Ek-Fk of FIG 3, nanely, the relationship 4P1_1 >
104P1_dramas afade 010 ndl Avdys waes Valssd.tham ttha etthver hand, the structure
of 0 of FIG 2 was made to have a width of 600 gmat all |ocations.
The cat@iywst; was filled up to Dk at all Iocations (where, k
represents a natural nunber from1l1l ton, and n = 4 in the present

exanpl e), %ﬁ&ké&&@%@{ the E@scﬁﬁéﬂn\%sd@@émi@é& O he Renkl %8fner
bed outl et being 300 gm the channel

as Example 1 by £illing a palladium- supported alumina catalyst into
the fixed bed instead of porous silica over a length of about 40
mm downstream from B of FIG. 1 in the same manner as Example 1,
an aqueous hydrogen peroxide was obtained having a concentration
of 2.0% by weight.

Example 3
[0102]

A reactor was fabricated in the same manner as Example 1 with
the exception of changing the shape of the fixed bed portion to
a width of 600 pm and depth of 900 pum. When the mixed gas/liquid
phase £low of the reactor was evaluated in the same manner as Example
1 under the same conditions, the formation of a stable mixed

gas/liquid phase flow and almost no entry of the liquid phase into
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at the integrated portion was made to be at | east 600 gm and the

rel ati onship 4P1_p> 2. 54Powas made to be valid when a |iquid phase
flew, with preventing a solid fromflow ng out to the nerging

portion. [0111] Next, spherical porous silica having a nmean
particle dianeter of 100 u s filled into the fjxed hed portion of,
D eactTle 8 Sas PUoP TR PT T S0 Alte 9 i S gred in
0.04 M/mn fromthe liquid phase introduction port and nitrogen gas
was pass’l fifesupRd ROt Fabw FheePBEssuDe Aithsrencis PrEVRERE and D was
ni trogen gas was supplied fromboth the hydrogen introduction pipe

(corr esgoReli ng atont RNd gHted Oleslfy (i rrpPided ot e ssvgs geep
that |l ead to each fixed bed) and oxygen introduction pipe

(corr espanciaryg 2 antihe &y parmsenénofotihetfjas ph@se. | W odacdtlomr pigres,
| eading to each fixed bed). The formation of a stable m xed

gas/ | i ihdl ppeaseirld awr@ngdeakbB064tHRGeR M BWAOD Wihen |y HapBas@at Waksed
t he gas phase introduction portion were able to be confirnmed. [0112]

Nbreoveffhr@ugp@ler?éﬂslimiw%%rcﬁé@ ghyahngegal @ly $h HAYLRE 8¢ BN ml /min
particle dianmeter of 50 um (N E. Chentat Corp., palladiumcontent: 5%

by wei i ect i pressure as an aqueous slurry via the
i JBS I G d

portion so as'to be filled into each fixed bed with a

| engt h Pf 40 mmin the sane manner as Exanple 1 instead of porous
silica, ‘&%¥action sol ution havi ng the same conposition as Exanple 1
at a flowrate of 0.04 mM/mn and a m xed gas_of hydrogen and oxygen
(hydr ogen: YOUgowera Wiremy thf &sictiPhivAs RVPAURELRS 1Bf LRAA S FFaIET
state flow rate were passed through each fixed bed to produce

hydr ogere perorildcl Wyi £ 21 hppd v pgl padssur suppot Dedtahunfin hetabyet into
hydr ogen and oxygen were supplied separately, and each gas phase was
m xed athey faifxteel Heal iimg tenicedd pplreuki xedibadwpoht 4obendOd 13f about 40
As a result, the pressure difference between Gand 0 in FIG 2 was

about Quf RiWRR-Qal bt he Jrydiregen shdenandanXy@einstdes Bbthdid 81, an
cl osely corresponded to the pressure drop between Ak and Bk in FIG

3. In C%Hé&]?é hyfdi& W i8d (8CBECaREEUCRDyEn ”% Ohderdil Qe fon of
when an equal a unéﬂﬁfiﬁhter only was passed thr o g d?dﬂ%ot reac
0.1 at m &§ a.rqgulﬁtof the reaction, an aqueous hydrogen peroxi de
havi ng a‘cb&%@ﬁfr%ﬁi(ﬁ1 of 3.5% by wei ght was obtai ned under constant
conditiPns.
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 um and depth of 50 pm.
[0105]
Spherical porous silica having a mean particle diameter of 100
pm was filled into the fixed bed portion of the reactor. When water

was passed through the reactor from the liquid phase introduction

port at a flowrate of 0.01 ml/min and nitrogen gas was passed through
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Exanple 5 [0114] Producti on of hydrogen peroxide was carried out
for the sane reactor used in Exanple 4 by filling it with the sane
catal yst as that used in Exanple 4, and by passing the reaction
solution through the reactor at 0.01 m/mn and the m xed gas of

hydr ogen and.oxygen (hydrogen: ,2Q9 rough _at 11.3 m/mn_in ter

of 1 hoh ahdaRt Hket B Y B4R MORRE By SaTaThG ShRe SEhtY BF The
atm [0115], At this time, the pressure difference between G and
0 in FrGIUHR28agsoartp the G Bif Tt HEFRAWSE SN RATEIgPeges nixed
sides, and this closely corresponded to the pressure drop between Ak

and Bk das/Rliguizl phassorfilastwas headrlss i dalifdmreshde Bdrenddkad dmdl
Oin FIG 2 of when an equal anount of water only passed through did

not reachrtlch.at &kt tsia triesyl thefpidmwsumadifdrreancdogicntsn Bydndgewas
per oxi de having a concentration of 5.0% by wei ght was obtai ned under

const antes<C @it icons . atxamphethel 6146k hand, Phedpetienrefl diydeegarne
peroxi de was carried out for the sanme reactor used in Exanple 4 by

Filli ngddiedd @Qn@elﬁ! WhiA SnPRlh AU HBRRO R UGH e sGat ahY Bhcked

havi ng a nmean particle

fixed bed at a flow rate of 0.01 ml/min was algo legg than 0.1 atm.
[0106]

In addition, although the preoduction of hydrogen peroxide was
examined by filling a palladium-supported alumina catalyst into
the reactor instead of porous silica in the same manner as Example
1, and passing an aciueous solution at a flow rate of 0.01 ml/min
and a mixed gas of hydrogen and oxygen (hydrogen content: 40%) at
a flow rate of 5 ml/min as the standard state flow rate through
the reactor followed by applying pressure of 10 atm, the experiment
was unable to proceed properly since a stable mixed gas/liguid phase
fiow was unable to be formed.

Example 4

[0107]

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® glass plate

measuring 30 mm x 70 mm with double side polished by forming grooves

therein by chemical etching with hydrofluoric acid.
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di aneter of 60 1.1m (original product, prepared fromtitania
particles, Covalent Material Corp., and palladiumchloride as
precursor, followed by hydrazine reduction. Loaded anpunt of
pal |l adium 1.0% by weight) , and by passing the reaction solution
through{%n§]reactor at 0.04 mM/mn and the m xed gas of hydrogen and
oxygen k yd%ogen: 20% through at 20 M/mn in terns of the standard

state flow rate, foll owed by appl%ing pressure of 10 atm [0117] ,
At this tinERetHEOPYLISHFES df PFRFL Dt \REH T ahdP B L FePD Rgeing
about 1.0 atmon both the oxygen and hydrogen sides, and this closely

correspongdtt oft Be pnessumedbiopfbedween Arididrgkwals EhGri8d dwk for
contrast, the pressure difference between L and O in FIG 2 of when

an equalhanbiuidd YPortaicl, @mey 1888 8dphAEQUSAL Bbgublohessht Pod AdNthe
As a result, in contrast to the pressure drop of the gas introduction

portio ' i r : i
Passed Thr gk Y e et Bed 7171 Oy o ug s T SR SRl
0.01 at rrichésc aarees:tjl trc% éhe eaclt_éocnt an a uegus h%gtr]ogeg lQeroxi de
havi ng S ConEEHtrat | GroFeD. Fo0 By  TRT gt Wese obY arfedPlindef €dhst ant
conditiﬁﬁf and hydrogen yield was 15.5% Exanple 7 [0118] A
fixed b Q%hctor havi ng ei ght parallel channels were fabricated in
the present exanple. The mcrochannels of the reactor conposed of a

gas phase iTPhe cthagtd ofi poe thiced pogoidngmed e vihdthdutcboonuperid anjepth
fixed bed portion and m xed gas/liquid phase di scharge portion were

fabri T [ h t
abricale g%ggfﬂfsﬁcg%’ac@? %Lc%% RLALE ABASY 'a%n%ogﬁﬁ%)%ﬂgfml were

doubl e si orm ng grooves therei efchi ng
wi th hydrofluqric, aci.d. Q%} % The grooves re formed into a,
e - 1T TRIL Y S it iy e B HEB PBRPS RO R T OB G Lk duid
EXiIIiEg}mas_carried out for the fixed portion, the liquid phase
i nt r od RN Th 1PSEOPSS tdRd PRET makmgEsA Sf%fivf LGS ehd@isscRAF g2 poe tRUTt
on the plate in which mcrochannel grooves of the reactor were forned
by et chimng. Tdfi20® glass plate of the same size. Finally, the two Tempax®
glass plates were laminated by thermal bonding to produce a fixed
bed reactor.
[0110]

A more detailed explanation of the structure of the fixed bed
reactors is provided using FIGS. 2 and 3. The fixed reactor
consists of four fixed beds arranged in parallel, i.e. n = 4 in
FIG. 2. Each fixed bed is composed of two gas phase introduction
pipes (Ak-Bk in FIG3), one liquid phase introduction pipe (Ek-Fk)
and a fixed bed portion (Ck-Dk), the two gas phase introduction
pipes have a width of 50 ym and depth of 20 pum, and the length of

the short pipe is 9 mm while the length of the long pipe is 28 mm.

The channels of the liguid phase introduction pipe have a width

of 50 um, depth of 20 um and length of 3.5 mm, and are formed at
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The shape of the fixed portion had a width of GO0 um and a depth of
900 um On the other hand, holes having a dianeter of 1 nmwere
formed by drilling to forma gas phase introduction port, liquid
phase introduction port and m xed gas/liquid phase di scharge port in
a Tenpax@ gl ass plate of the same size, Finally, the two Tenpax@

gl ass pllatds 1pgeaVRaFi n&Red By St RéFFRCIBERG g T8 ChLeduEE BhErPIRedor
bed reactors. The design requirenents for the reactor conplied with

t hose ianskxgipel €i4ed[164@1] On the oNket, hahéd, stine Diatdddiadnpoutiont bds
titania catalyst having a nean particle dianeter of 60 pm as that

used i Buahl ©£0609" i, akpPhodEChool gRdeM: n oe pAd ladi usy, $18%

by weight) was filled into the fixed beds, and the reaction solution

at a flow,rate of .0.04 m Lmin m xed s of hydrogen_and oxyg
(hydr ogen S5 ahr e on® ATt o B3R %R TR cpe PR - SPEPRE ol r
state flow rate were ,passed through to produce hydrogen peroxide
while &0 ﬁ%p&aé&%r&ﬁuf&%%%ﬁzﬁnd Pk Wkire; e 4t e, 2t A8 2nd
pressure difference between Gand 0 in FIG 2 was about 1.0 atm on
bot h t Ke meky F@sr@asFipdiogathesi deasunad thiasn d-osely corresponded to
t he pressure drop between Ak and Bk in FIG 3. In contrast, the
pressure di¥rf exdehicei dyet viden dornicbr0 dor e (Rporinie rtarGe gual FEho uhtwad
wat er only was passed through did not reach 0.1 atm As a result, in
cont r agfonipd dete offf assuvoehdnapl 8fhahengas wikitrodECLi @ el npgthl ot BV o
the pressure drop of when the aqueous sol ution was passed through the

fixed bed fi]l ' 0 ild i h
et P ER SO M ARG 4 SR SRR Bl Bl races
concentration of 5.6% by wei ght was obtai ned under constant

condi t iign3k-BhdhydiGgen Ba%e kY wabe1ved aEkanpheP $\Py-1 > 10APy.q was made
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 um and depth of 300 pum, and the pressure drop of when a liquid
phase flew was concentrated in Ek-Fk of FIG. 3, namely, the
relationship AP;.; > 10AP;.4 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 um at all locations. The catalyst was filled up to Dk at
all locations (where, k represents a natural number from 1 to n,
and n = 4 in the present example}, and in contrast to the channel
depth following the fixed bed outlet being 300 pm, the channel depth

at the integrated porticn was made to be at least 600 pum and the

relationship AP; ; > 2.5AP, was made to be valid when a liquid phase
flew, with preventing a solid from flowing out to the merging

portion.

58



[0123] Hydr ogen peroxi de was produced by, in continuation from
the reaction of Exanple 7, passing the reaction solution through at a
flowrate of 0.02 mMm/mn and a m xed gas of hydrogen and oxygen
(hydrogen 20@6 through at a flowrate of 40 mM/mn in ternms of the

st andar g, te flowrate while applying pressure of 10 atm As a
result of t e reactlon an aqueous hydrogen peroxi de having a
concentrati n b t. was obt i hed under _const

condi tions, 19 3?eorgleé/naly|pec1% i Sl}éﬁ% Tﬁ%] Eganapr)ajf %1%%%?61_‘?

A reactor mas fabrlcated in the sane nmanner as Exanple 4 with the
except 160 wBwRF SiwlEehino 2he fixnedmedpprRion S ameeroT he Wider
phase introduction pipes, and an aqueous sol ution and m xed gas of
hydr ogemanthamwddehwerehpatsedebbhtonght ian flvey sate BEN0e04 asl AxamiEom
4. As a result, a stable m xed gas/liquid phase flow was unable to be

formed @yl 1Heui@asHASE WRSr sddabt Eoh OpHFOCLEE. nl Frddes §L3CHAS, pé@@ed
pressure drop in the gas phase introduction pipes was unable to be

ensur edhn gt e ¢odichi 9% ObrABY PoTbEfeBe _Or@ith Sore miptEeden Yap

FIGS. 2 and were not sati sfied. Conparati ve Exal

reactor S Sat nner_ as 4 with the
exceptl“éa\r,]@ i mgéafls\?"&p%éaﬁ %S%Bﬁngroﬁe%epﬁlﬁxg& 1°n h P 6¥St he

| i quid phase intr i 0 , and th reaction was eval ated under
he san AR SRS E R PEasT Gt B L 5rs RHRSY i 0 RGE  aRabIReS
to be unlforn1y distributed and the reaction was again unable to
proceedhdth 1934 tepaeh Liyed pedkred PHYIeR HRECPHEE HophRsRe

i ntroduction pi pes was unabl e to be ensured, and the condition
(corresponding to the shorter one of the gas phase introduction

pipes leading to each fixed bed). The formation of a stable mixed
gas/liquid phase flow and almost no entry of the liquid phase into
the gas phase introduction portion were able to be confirmed.
[0112]

Moreover, a palladium-supported alumina catalyst having a mean
particle diameter of 50 um (N.E. Chemcat Corp., palladium content:
5% by weight) was injected with pressure as an aqueous slurry via
the portion S-8' of FIG. 2 so as to be filled into each fixed bed
with a length of 40 mm in the same manner as Example 1 instead of
porous silica, a reaction solution having the same composition as
Example 1 at a flow rate of 0.04 ml/min and a mixed gas of hydrogen
and oxygen (hydrogen: 20%) at a flow rate of 20 ml/min in terms
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
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of APi i > 104P1,1 of FIGS. 2 and 3 was not satisfied. [0126]
Conpar ati ve Exanple 4 A fixed bed reactor was fabricated in the
sanme manner as Exanple 4 with the exception of using a width of 600
pm and depth of 300 pmfor all of the structures of 0 in FIG 2.

Alt houg?;\st ?ﬁa%@%?als%ﬁté%é AtheIPLEd HR, 18y Ehkle?%dv\‘_.ﬂé" f%&%g i) k%t%tgion.

the pr rop at e outl et 1 ncreased ecane

|ntrod%% ]éﬂe slurry, and the catalyst was unable to be filled. This
react or not satisfy the condition of APi _p > 2.54P0 of FIG 2.
Example 9 [0127 In the resent ex t he sane reactor ,as
Exanpl e 3 \if$ abls"&?‘ﬂéndtéi‘epﬁif garam éaﬁggg?aaea%%%nc%ta&} & in FIG.
(I oaded amount of palladium 59c, by weight, N E. Chentat COrp&%

fill edd ies @h@uh&eﬁj aﬁéuoBob@antlwéwdé;q%ﬁhd@f ang PHYIFhitiicE | 9nd
hydrogen at 1.5 m/mn, nitrogen at 3.5 mM/mn (both in terns of the
st andartdhist aianSfeIlmNcpa‘u:e)sPazndeal teatheoprsstute oirdhddtvwparmhéksamsl Bk
conposition as that of Exanple 1) at 0.01 mM/mn were supplied,

f ol | owdd ILgr aduaihycomer®as) nghé Rergy Anserdl fieferide e of aowde o
hour to 10 atm and then carrying out the reaction after sw tching

t he i ntirpguesd Oamd e Rifu-Q9amdu@toxyIeR tard ohhe Kasubbsska theough
t abl e bel ow were obtai ned.
did not reach 0.1 atm. As a result of the reaction, an agueocus
hydrogen peroxide having a concentration of 3.5% by weight was
obtained under constant conditions.

Example 5
[0114]

Production of hydrogen peroxide was carried out for the same
reactor used in Example 4 by filling it with the same catalyst as
that used in Example 4, and by passing the reaction solution through
the reactor at 0.01 ml/min and the mixed gas of hydrogen and oxygen
{(hydrogen: 20%) through at 11.3 ml/min in terms of the standard
state flow rate, followed by applying pressure of 10 atm.

[0115]

At this time, the pressure difference between G and 0 in FIG.
2 was about 1.0 atm on both the oxygen and hydrogen sides, and this
closely corresponded to the pressure drop between Ak and Bk in FIG.
3. In contrast, the pressure difference between L and Q in FIG.
2 of when an egqual amount of water only passed through did not reach
0.1 atm. As a result of the reaction, an aqueous hydrogen peroxide
having a concentration of 5.0% by weight was obtained under constant
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[0128] [Table 1] El apsed tinme after Hydrogen peroxi de Hydrogen
peroxide start of reaction concentration (wt96) yield over hydrogen

(hr)
conditions.
Example 6
[0116]
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 um (original product, prepared from titania
particles, Covalent Material Corp., and palladium chloride as
precursgsor, followed by hydrazine reduction. Loaded amcunt of
palladium: 1.0% by weight), and by passing the reacticon solution
through the reactor at 0.04 ml/min and the mixed gas of hydrogen
and oxygen (hydrogen: 20%) through at 20 ml/min in terms of the
standard state flow rate, followed by applying pressure of 10 atm.
[0117]

At this time, the pressure difference between G and © in FIG.
2 was about 1.0 atm on both the oxygen and hydrogen sides, and this
closely corresponded to the pressure drop between Ak and Bk in FIG.
3. In contrast, the pressure difference between L and O in FIG.
2 of when an equal amount of water only passed through did not reach
0.1 atm. As a result, in contrast to the pressure drop of the gas
introduction portion being 0.1 atm, the pressure drop of when the
aqueous solution passed through the fixed bed filled with porous
silica was less than 0.0l atm. As a result of the reaction, an
agueous hydrogen peroxide having a concentration of 2.7% by weight
was obtained under constant conditions, and hydrogen yield was

15.5%.
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fed(% 0.5to0 2.5 1.1 3.1 2.7to 4.7 2.8 7.7 4.9t0 6.9 2.6

Example 7
[0118]

A fixed bed reactor having eight parallel channels were
fabricated in the present example. The microchannels of the
reactor composed of a gas phase introduction portion, ligquid phase
introduction portion, fixed bed portion and mixed gas/liquid phase
discharge portion were fabricated omn a Tempax® glass plate
measuring 30 mm x 70 mm with double side polished by forming grooves
therein by chemical etching with hydrofluoric acid.

[0119]

The grooves were formed into a semi-elliptical shape having
a depth of 20 pm and width of 50 pm. Drilling was carried out for
the fixed portion, the liquid phase introduction portion and the
mixed gas/liquid phase discharge portion on the plate in which
microchannel grooves of the reactor were formed by etching.

[0120]
The shape of the fixed portion had a width of 600 um and a depth

of 900 um. On the other hand, holes having a diameter of 1 mm were
formed by drilling to form a gas phase introduction port, ligquid
phase introduction port and mixed gas/liquid phase discharge port
in a Tempax® glass plate of the same size. Finally, the two Tempax®
glass plates were laminated by thermal bonding to produce the fixed
bed reactors. The design requirements for the reactor complied
with those in Example 4.

[0121]
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7.4 [0129] The reaction was stopped after 7 hours had passed
fromthe start of the reaction by switching the oxygen gas to

nitrogen gas and reducing the pressure. The following results were
obtained after repeating a simlar procedure. Catalyst performance

was turned ltJQxQe gl @aﬁﬁ@%@lﬁ\éﬁgulﬂﬁts ft%@ckiggnigaéétggyéedha ing a

st oppi ng procedures. [0130] e 2] apsed tine after art o

reaction (hr
mea(n p)artlcle diameter of 60 pm as that used in Example 6 (original

product, loaded amount of palladium: 1.0% by weight) was filled
into the fixed beds, and the reaction solution at a flow rate of
0.04 ml/min and a mixed gas of hydrogen and oxygen (hydrogen: 20%)
at a flow rate of 40 ml/min in terms of the standard state flow
rate were passed through to produce hydrogen peroxide while
applyving pressure of 10 atm.
[0122]

At this time, the pressure difference between G and O in FIG.
2 was about 1.0 atm on both the oxygen and hydrogen sides, and this
closely corresponded to the pressure drop between Ak and Bk in FIG.
3. In contrast, the pressure difference between L and O in FIG.
2 when an equal amount of water only was passed through did not
reach 0.1 atm. As a result, in contrast to the pressure drop of
the gas introduction being 0.1 atm, the pressure drop of when the
agueous solution was passed through the fixed bed £filled with porous
silica did not reach 0.0l atm. As a result of the reaction, an
aqueous hydrogen peroxide having a concentration of 5.6% by weight
was obtained under constant conditiong, and hydrogen yield was 17%.

Example 8
[0123]

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
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Hydr ogen peroxi de concentration (wt% Hydrogen peroxide yield over
hydrogen fed(% O0.5to0 2.5 2.8 10.1 2.7to 4.7 2.8
the standard state flow rate while applying pressure of 10 atm.
As a result of the reaction, an agueous hydrogen peroxide having
a concentration of 10% by weight was obtained undex constant
conditions, and hydrogen yield was 18%.
[0124]
Comparative Example 2
A reactor was fabricated in the same manner as Example 4 with
the exception of using a width of 200 um and depth of 50 um for
the gas phase introduction pipes, and an aqueous solution and mixed
gas of hydrogen and oxide were passed through in the same manner
as Example 4. As a result, a stable mixed gas/liquid phase flow
was unable tb be formed and the reaction was unable to proceed.
In this reactor, the pressure drop in the gas phase introduction

pipes was unable to be ensured, and the conditions of AP4.1 > 10APg4 4

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

Comparative Example 3

A reactor was fabricated in the same manner as Example 4 with
the exception of using a width of 600 um and depth of 50 pum for
the liquid phase introduction pipe, and the reaction was evaluated
under the same conditions as Example 4. As a result, the liquid
was unable to be uniformly distributed and the reaction was again
unable to proceed. In this reactor, the pressure drop in the liquid

phase introduction pipes was unable to be ensured, and the condition

of AP;.; » 10AP;_4 of FIGS. 2 and 3 was not satisfied.
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10.3 4.9 to 6.9 2.6 10.0 [0131] Conparative Exanple 5 A fixed
bed reactor was produced in the same manner as Exanple 1 wth the
exception of using a wwdth of 1 nmand depth of 900 Amfor the fixed
bed portion (C-fl in FIG 1). The sane catal yst as Exanple 6 was
filled t@ig fhe fixed bed with a length of 40 nm The sanme procedure
as Exanple % was carried out with the exception of initially
introducingchﬁdroggn at _1.0 ?1/?in and nitrogen at 4.0 mM/mn (both
in terms of “CHEEFahdar B-eVReE low rate) into the reactor, after
which a smal | -scal e expl osi on occurred i medi ately after sw tching

the int rodu%ef&}ifo@sb?iid%%tt%a@ﬁ PRI 1R SERMeRTNRe 25 EfaRpLe

m crochannel s were ruptued and | eakage occurred, thereby naking it
| npossiblwithn duntaxueptimn reedctdiony aTkiisitihndifcavesumnhabdi depsh of 300
essential in the case of a reactor using mcrochannels to safely

carr yoﬁim G gﬁ_‘idafetﬂlé‘ é’\#xﬁ&d%@s 26 Q1@ Starhednbof LRAUGNG or
at nospnere an then swtched to a reactive at m)sphere.
was attempted to be filled with the catalyst, the pressure drop

at the outlet increased, it became difficult to introduce the slurry,

and the catalyst was unable to be filled. This reactor did not

satisfy the condition of APy, > 2.5AP, of FIG. 2.

Example 9
[0127]

In the present example, the same reactor as Example 3 was used,
and a palladium-supported alumina catalyst {(loaded amount of
palladium: 5% by weight, N.E. Chemcat Corp.) was filled into the
fixed bed portion over a length of 36 mm. Initially hydrogen at
1.5 ml/min, nitrogen at 3.5 ml/min (both in terms of the standard
state flow rate) and a reaction golution (having the same
composition as that of Example 1) at 0.01 ml/min were supplied,
followed by gradually increasing the pressure over the course of
one hour to 10 atm, and then carrying out the reaction after
switching the introduced gas from nitrogen to oxygen and the results

in the table below were obtained.

[0128]
[Table 1]
Elapsed time after Hydrogen peroxide Hydrogen peroxide
start of reaction concentration (wt%) | yield over hydrogen
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[0132]

Conpar ati ve Exanple 6 In the present conparative exanpl e,

the sane fixed reactor as that of Exanple 3 was used. The catal yst

was fi

|led into the fixed bed portion over a |length of 36 mm The

following results were obtai ned when the reducti on and reaction were

per oxi

carr|ex#fnﬁ_ﬁﬁﬁjgrqrﬁg—fo—fhe safrre pluubUUlc as EAalec rfe Lot%S]
[ Tabl e—3] E!a“ﬂ t.ne aft-er—start reaction (hr)y— Hydirogen
1
de cofcént™Catdi-én (w9 FNdrogeﬁ &erOX|de :
2.7 to 4.7 2.8 7.7
4.9 to 6.9 2.6 7.4
[0129]

The reaction wag 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.
[0130]
[Table 2]
Elapsed time after Hydrogen peroxide Hydrogen peroxide
start of reaction concentration (wt%) | yield over hydrogen
(hr) fed (%)
0.5 to 2.5 2.8 10.1
2.7 to 4.7 2.8 10.3
4.9 to 6.8 2.6 10.0
[0131]

Comparative Example 5

A fixed bed reactor was produced in the same manner as Example
1 with the exception of using a width of 1 mm and depth of 900 gm
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
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ver hydrogen fed(% 0.5to0 2.5 2.4 9.0 2.7to 4.7 2.8 10.5 4.9to

o O

of initially introducing hydrogen at 1.0 ml/min and nitrogen at
4.0 ml/min (both in terms of the standard state flow rate) into
the reactor, after which a small-scale explosion occurred
immediately after switching the introduced gas from nitrogen to
oxygen, the wall surface of the microchannels were ruptued and
leakage occurred, thereby making it impossible to continue the
reaction. This indicates that it is essential in the case of a
reactor using microchannels to safely carry out a procedure in which
the reaction is started in a reducing atmosphere and then switched
to a reactive atmosphere.
[0132]

Comparative Example 6

In the present comparative example, the same fixed reactor as
that of Example 3 was used. The catalyst was filled into the fixed
bed portion over a length of 36 mm. The following results were
obtained when the reduction and reaction were carried out according
to the same procedure as Example 6.

[0133]

[Table 3]

Elapsed time after

Hydrogen peroxide

Hydrogen peroxide

start of reaction concentration (wt%) | yield over hydrogen
{hr) fed (%)
0.5 to 2.5 2.4 9.0
2.7 to 4.7 2.8 10.5
4.9 to 6.9 2.8 10.6

[0134]
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10.6 [0134] The reaction was stopped after 7 hours had

el apsed fromthe start of the reaction by switching the hydrogen gas
to nitrogen gas and reducing the pressure. Next, pretreatnent was
carried out using a gas of the same conposition as that used when

term nati ngl'dl{é"%éaﬁ?t?féﬁ) a%?@ﬁﬁé@!a&g:& M 1989, @%L?%g?e £%om t|l|1e

ni trogen and oxygen, and t owi ng results were obta when the
reactia S rrried out .using the.same reaction conditions as.

Exanpl & B TE det €555 T Thidh GUan DerikihE CORBERET Al gn TG Lcrogen
hydr ogen gi eld indicates that the catal yst had lost the activity as a

resul t S5t° ABG FESt LR aRECEEHF Bed NFES r EAGHTER TR N AR TR IRA out

at nosphere. [0135] [Table 4] Elapsed tine after start of reaction
(hr) HytriggeR pafoxk ddie same composition as that used when terminating

the reaction, namely using a mixed gas atmosphere of nitrogen and
oxygen, and the following results were obtained when the reaction
was carried out using the same reaction conditions as Example 6.
The decrease in hydrogen peroxide concentration and hydrogen yield
indicates that the catalyst had lost the activity as a result of

having stopped and started the reaction in an oxidizing atmosphere.

[0135]
[Table 4]
Elapsed time after Hydrogen peroxide Hydrogen peroxide
start of reaction concentration (wt%) | yield over hydrogen
{hr) fed (%)
0.5 to 2.5 2.3 6.5
2.7 to 4.7 2.4 7.0
4.9 to 6.9 2.2 6.6
INDUSTRIAL APPLICABILITY
[0136]

As hasg 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/liguid phase reactor composed of the microchannels
of the present invention makes it possible to control the flow rate

of a mixed gas containing an explosive combination of hydrogen and
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concentration (W% Hydrogen peroxide yield over hydrogen fed(%
0.5t0 2.5 2.3 6.5 2.7t0 4.7 2.4 7.0

oxygen and handle the mixed gas safely. As a result of having a
fixed bed f£illed with catalyst in the microchannels, the contact
interface between gas and liquid is increased, thereby making it
possible to achieve a higher efficiency of mass transfer from gas
phase to liquid phase than in a reactor of the prior art. Although
the concentration of hydrogen peroxide obtained with a reactor of
the prior art was limited to a low value of 0.2% by weight, in the
reactor of the present invention, hydrogen peroxide can be obtained
at a concentration of, for example, 1.0% by weight, under steady
state reaction conditiong, mass transfer from gas phase to liquid
rhase can be promoted at an efficiency 10 to 100 times higher than
that with a reactor of the prior art, and when fixed beds are arranged
in parallel, gas and liquid are equally distributed to each fixed
bed, thereby making it possible to improve productivity without
impairing reaction performance. The present invention is useful
for providing a novel technology relating to a novel fixed bed mixed
gas/liguid phase reactor using microchannels that makes it possible
to produce hydrogen peroxide safely and under constant conditions

under explosive conditions of a hydrogen content of 20 to 50%.
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4.9t0 6.9 2.2 6.6 | NDUSTRI AL APPLI CABI LI TY [0136] As has been
described in detail, the present invention relates to a fixed bed
reactor for gas/liquid m xed phase and a m xed gas/|iquid phase
reaction process using the reactor, and the use of the m xed
gas/liquid phase reactor conposed of the m crochannels of the present
invention nmakes it possible to control the flow rate of a m xed gas
cont ai ni ng an expl osi ve conbi nati on_of hydrogen and oxygen and
handl e the nixed gas safely. As a ree®¥55f having a fixed bed filled
with catalyst in the mcrochannels, the contact interface between gas
and. i qutd I8 §iaehsddreaHer e P Bk AYind opdssidfsy iauadhnexed ghase
hi gher efficiency of nass transfer from gas phase to |iquid phase
than in Be3eEcor Wimprieipgi or sangle AFixashidied HE-Boneemubitie dfixed
hydr ogen peroxi de obtained with a reactor of the prior art was
limted heda (CGGwDkdl serafigdd 206 panedilght, , wherdire sadacforedfbedis) are
present invention, hydrogen peroxide can be obtained at a

concent ratmmrsadf off i cexanpheeld, 04vey anetr g~ sdotdemnadt eady sf @at.Q001
reaction conditions, mass transfer fromgas phase to |iquid phase can

be pronotfdtat 0 atoefdn’chadckatd & pdddind Mmsebighest thotutdaheanietih a
reactor of the prior art, and when fixed beds are arranged in

paral | elpagasnprdtbigl d arelegyalnos distséudiRd & oraathri kxgbhdrd) ;
thereby nmaking it possible to inprove productivity w thout inpairing

reacti ony Py d ERRCAnt HaRuREESANboLAYEAT | LH)S Yaetuk)for providing a
novel technology relating to a novel fixed bed m xed gas/l|iquid phase

react or 41sj figh 1 GHRGRANNELSJLARE HBEES: 1dn POGEIN] e (ER-PLPIUES ated
hydr ogen peroxi de safely and under constant conditions under

expl osi vg, condint bens. £ 3 YAL I GUULEE R AL 1 9% B) ; (ak-BK) 1
and an outlet portion for recovering a reaction product;
wherein said gas phase introduction portion [(A-B); (Ak-Bk)] and
said liquid phase introduction portion [(E-F); (Ek-Fk)] have a
piping structure composed of microchannels, said piping structure
having a cross-sectional area so as to satisfy the condition APq
> 5AP) under mixed gas/ligquid phase reaction conditions, and
wherein said packing material structure promotes the formation of
amixed gas/liquid phase and is formed so as to satisfy the condition
APy > D5AP; under mixed gas/liquid phase reaction conditions,
where APy represents the pressure drop of the piping of the gas phase
introduction portion [ (A-B); (Ak-Bk)] when the gas phase has passed
therethrough, and AP; represents the pressure drop when the ligquid

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

introduction portion [ (E-F); Ek-Fk)].
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CLAIMS: 1. Afixed bed reactor for carrying out a gas/liquid m xed
phase reaction, conprising a single fixed bed (CGD) or multiple fixed
beds (Ck-Dk) arranged in parallel, wherein said fixed bed(s) are
conposed of m crochannels, have a cross-sectional area of 0.0001 cn®
to 0.008 cnR and have a packing material structure wherein a packing
material is filled into mcrochannels of the fixed bed(s); a gas
phase introduction portion [(A-B); (Ak-Bk)]; a liquid phase

i ntroduc?i onAp’:dJrXteidoge‘{i (I@aF:)tPr(ERC@%;i]nq beatled rupstwhenaiof saif degasor
phase introduction portion [(A-B); (Ak-Bk)]; and an outlet portion
for recovasitvg ar meget firepbedactCkviNar ernaseedl igasaphidsd. and further
i ntroduction portion [(A-B); (Ak-Bk)] and said |liquid phase

i nt r oductérpr pord izomas( BhEpe QERKEFED |t tmy @oartpiopi AGd5t raictiune d phase
conposed of mcrochannels, said piping structure having a

Cr 0Ss- sedisondbutareapsot fsn t{Dd$atd phykihe meendi sl dntABguzt2dRbatitden
m xed gas/|liquid phase reaction conditions, and wherein said packing

mat eri al (St3uct Wrel ¥ FItiasmbbeihgr p&Et oh 0fo)gd @inwed gas/|iquid phase
and is forned so as to satisfy the condition APg > 5AP1 under m xed

gas/ | i qudphase, Leachbon &%}@gén%nsre@g(gé@ié@% O%egﬁeﬁuwedm of

pressure drop Of the piping of the’gas ase | ction portio

Fopr osent S TR BrocturdSaPan BRARCL G 11 a0 naeethab Pt Hibugh

the fixedbed reactor yig the \igul d phase introdyet on portion ..
{(Ak-BX), AP1.q and AP;_j represent, respectively, the pressure drop
of the piping of the liquid phase distribution portion (Ld) and
the pressure drop of the liquid phase introduction portion (Ek-Fk),
AP1-, represents the pressure drop of the fixed bed portion when
the liquid phase has passed through the parallely arranged fixed
beds (Ck-Dk), and AP, represents the pressure drop when the liquid
phase has passed through the fluid merging portion (0) following

the fixed beds (Ck-Dk), then all of the conditions 1) to 4) are
satisfied:

1) the ratio of the cross-sectional area of the gas phase
introduction portion (A-B) to the cross~sectional area of the fixed
bed (C-D) is within a range of 0.0001 to 0.05, and the ratio of
the cross-sectional area of the liquid phase introduction portion
{E-F) to the cross-sectional area of the fixed bed (C-D) is within

a range of 0.0003 to 0.3;

2) AP;; > 10AP;4 and APg-i > 1OAPg_d;
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2. Afixed bed reactor according to claim1, wherein said reactor has
two or nore fixed beds (Ck-Dk) arranged in parallel and further
conpri ses a gas phase distribution portion (Gd); a liquid phase
distribution portion (Ld); a packing material introduction portion
(S-S'); and g fluid nerqalﬁ portion (0); and when APg_d and APg_i
represent, r 3 %%“P\?el%r 4 eiﬂ%ssure drop of the piping of the gas
phase distribution portion (Gd) and the pressure drop of the piping
of the gas phasé&Pd-ptx dolkatd.on portion (Ak-Bk), API-d and API-s
represent, respectively, the pressure drop of the piping of the

| i quid phase distribution portion (Ld) and the pressure drop of the
| i qui d phase introduction portion (Ek-Fk), APi _p represents the
pressure drop of the fixed bed portion when the |iquid phase has
passed t hrough the parallely arranged fixed beds (Ck Dk), and APO

e 1l merer g oy Eoan (87 T a St ons S PREAF 108E PROTRReMH FHe"
all of tf' C@Qﬂtt' ‘?:r?))ss g ?%195§1 aﬂr}t]éasufe%dr 08 t% aé@e taitolc&(: fJ.g}'l

t he cross- sectlona area o ase’in on” portion

to the Cl 98S: S€¢ al. .area of the flxed t hi

of 0, 00t er 3 g8 HntolHEE ot S orne el RS 4t bRl tre St ERES
liquid phase |ntr uction portjo % 0.t he cross-sectional area
of the ftXef Q‘%eo)raﬁ‘@emﬁ 5'%65:% f}oof’f ‘0. 0003 to 0. 3: 2)
AP1 1 > 10421_d and APg i > 10APg_d 3) APi _p > 2.5480, and 4)

APg..i. > 3. The fixed bed reactor according to claim1l or 2,

wherein the ratio of the cross-sectional area of the gas phase
i ntroducti on"Poritizsit PRIBFSRGE VRS G BEE Gt Pi Dhrim dr 88 of thRrsiinkéfe

bed (GD) is within the range of 0.0002 to 0.02.
ratio of the cross-sectional area of the liquid phase introduction

portion (E-F) to the cross-sectional area of the fixed bed (C-D)

is within the range of 0.001 to 0.1.

5. The fixed bed reactor according to claim 1 or 2, wherein the
ratio of the cross-sectional area of the piping of the gas phase
introduction portion (A-B) to the cross—sectional area of the

piping of the liquid phase introduction portion (E-F) is 1 or less.

6. The fixed bed reactor according to claim 1 or 2, wherein the
cross—sectiocnal area of the fixed bed (s} [(C-D); {(Ck-Dk)] is 0.000B

e to 0.008 cm?.

7. The fixed bed reactor according to c¢laim 1 or 2, wherein the

packing material is a catalyst.
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4. The fixed bed reactor according to claim1 or 2, wherein the ratio
of the cross-sectional area of the liquid phase introduction portion
(E-F) to the cross-sectional area of the fixed bed (CGD) is within
the range of 0.001 to 0.1. 5. The fixed bed reactor according to
claiml or 2, wherein the ratio of the cross-sectional area of the
pi pi ng of the gas phase introduction portion (A-B) to the
cross-sectional area of the piping of the Iiquid phase introduction
portion %E—F?h?sfﬁg?ﬁ QL LeACEOITRECHF LT el G et o HPEEEINNR 1D
claim1 or 2, wherein the cross-sectional area of the fixed bed (s)
[(CD): fekebygly gant@insoedgmenpst of ccobadinm, gpldTReA! PXepldeknun.
reactor according to claiml or 2, wherein the packing material is a
catal yst. 8. The fixed bed reactor according to claim?7, wherein
said catal yst contains elenments of palladium gold and/or platinum

9. A proRessAfwrocsmy fiomgcanty ngrioved agas¥éd qesd lpgasd pleasdt imractisibng
the fixed bed reactor defined in any of clains 1 to 8, wherein a

m xed gasé¢inguhd phastbedactdcaamr defhted éd anut olfyclofarsal ithags | hdefriexad
bed reactor under conditions such that the superficial velocity of

t he gas phased §ab/01gnls ghaskOretst aol iheasupedfdd aly ygdosiing ehe
the liquid phase is 10-5 ms to 10-2 mis in the single fixed bed or
in each parad ey @aArgednticxedoR@k iond. subie theCthansRpoEesSial
according to claim9, wherein when directly synthesizing hydrogen

per oxi deyd 1 am 4y d0ged ARULRXYIER, 0 ! O nf/BAEL 11QNMPE QGREBhb S1HeAHi@d 40 N
a reduci ng atnosphere, the reaction for directly synthesi zing

hydr ogen, Pesoxi \A@ f $hBex! q¢Ad Idradeout {drstips RL98res, f 5 fvdioganqaad
oxygen, and finally the reaction is termnated in a reducing

at msphef 04 Jeq Hie iﬁgggt:hogapgff@ff éffaqggéa;%i&ggChggm 10, ‘wherein

a suitable anmount of rogeh gas or-a mxX as o fogen and
nitrogen i s passed through the m crochannels of the fixed bed(s)
[(CG-D); (Ck-Dk)], which mcrochannels have been filled with a

catal yst, co [ nin al | adi um and/ or_ot her_net.al. and %he reaction is

started & ’tg{r‘ﬁécr%ea%%gona%%éj ﬁgl‘snacﬁ?ﬂ%srb%e?% Cc}ﬁ”t“hé’cg SFGEE T ace

and in té%%égt %ggghghgé££§%i??ﬂgy%£%én peroxide from hydrogen and oxygen,
the reaction process is started in a reducing atmosphere, the
reaction for directly synthesizing hydrogen peroxide is next

carried out in the presence of hydrogen and oxygen, and finally

the reaction is terminated in a reducing atmosphere.

11. The reaction process according to claim 10, wherein a suitable
amount of hydrogen gas or a mixed gas of hydrogen and nitrogen is
passed through the microchannels of the fixed bed(s) [(C-D):
(Ck-Dk}], which microchannels have been filled with a catalyst
containing palladium and/or other metal, and the reaction is
started after creating a reducing atmosphere on the catalyst

surface and in the aforesaid microchannels.
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12. The reaction process according to claim10, wherein when

term nating the reaction, a suitable anmount of hydrogen gas or a

m xed gas of hydrogen and nitrogen is passed through the

m crochannel s of the fixed bed(s) [(CGD); (Ck-Dk)] after the

synt hesis reaction has conpletely ended, which m crochannels have
been filled with a catal yst containing palladiumand/or other netal,
and the reaction is stopped after creating a reducing at nosphere on

the catat9st TRErFeRE LY AGPCCRE aF6PESATY 1R G ddifhrifel ¥hereln wihen
reaction process according to claim9, wherein the gas phase contains
oxygen areF®FnaidioGes. reagtiqhe & SaétRbAS pRBRERs Afc byAEPARNtTRTION M
9, wherein the liquid phase has, as a main conponent, water and/or an
or gani ¢ Bo¥pdbuIRE cdntyidrioggnaahgdrokydger cup.pasesd Theonghcthen
process according to claim 14, wherein the main conmponent of the
li qui d phibseodisneler odndher fakedhiodd (s) [(C-D); (Ck-Dk)] after the
synthesis reaction has completely ended, which microchannels have
been filled with a catalyst containing palladium and/or other metal,
and the reaction is stopped after creating a reducing atmosphere

on the catalyst surface and in the aforesaid microchannels.

13. The reaction process according to claim 9, wherein the gas phase

contains oxygen and/or hydrogen.
14. The reaction process according to claim 9, wherein the liquid
phase has, as a main component, water and/or an organic compound

containing a hydroxyl group.

15. The reaction process according to claim 14, wherein the main

component of the liguid phase is water and/or alcohol,
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