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The ‘epoxi dation of ol efins such as propene using oxygen in the liquid
phase or in the gas phase is known. DE 197 48 481 Al describes a static
m cr.om xer and al so a mcroreactor 15 having a specific mcrogeonetry and
al so t hei(r2) NIERNAOTIORAICARPLICAGIGNGIUBRIBHED UNDER NIGE BYYIND HQSBERAT IGNILRHAYY (RET)
oxi dation of unsaturated conpounds by means of air or by means of oxygen.
The epoxi dE® Wend ditells¢tedl Prapertuch as pr n’r‘«.ﬁn"'?‘a._ si ng hydrogen peroxide in the
20 liquid phaseobﬁa“‘izﬁlotlhe gas phase if ,.jl i vel y new process variant ..
Thus, US-A-5, &Femases! Bide DE- A- 197 31 8 l Jcribe the epoxidation of
olefins in the i quid phase using a ti “?‘?h silicalite catalyst. A
di sadvant ggeintedhatibinl Bulic:0oeBstei S t he rapi d deacti v@ae)lioemapibnat hublicaiih duyist by
hi gh- boi | i n@g7 AR 2086-(Pr0ddos) s. The use @eg wWal | reacwd, 2006/042598 Atly a
mcroreator, in the oxidation of organicC conpounds in the Iioui d ohase is
known from EP—A— 903 174 Here, a cooled mcroreactor in whic
produdédy ! “’1" e 9009 dation r@che 'Qp"‘?@fﬁl 5r8§%‘i“lﬂ‘é§'°s€%fhlbé3 26,
renoved qu/ ) }{g‘ 2006.0 §1 deconposition o | i qui d peroxide
COITpOUI’ld can € ke OW carryl ng OUt(Slt) hﬁs@’n@t@@&dte@'ﬂm@s& m@rz;@ﬁcﬁed Jor every
t enperas wt&mloxh&pehc&mamnbzﬁo rdi/erbms@ssst he epo¥indatd porecod: ceildby): aRAG, AL, hkie
gas phase 35 using a silver-containing cat a"lT &Y, AétBAﬁ rBé;ﬁGZB& BWG BBORYCCA, CH,
- Epoxi &2y i"ﬁgﬂaﬁg@rﬁ‘@g D% df Seaipraberz0$5 (5r09-#8Dec ul & ﬁ};\Drg%P @ﬁd{%n ﬁ%lﬁn
react E)zg)ng reactants in the gas phase are . LCIK IR, LS, IT, LO. LV "
V0 068 SIS R, Er3008/ 00600s. BHRS A 5, 1,8M954D VB, YR K, MW, VX MZ, NA. NG,
3, 4- ejpex Yublicdbi{ IRRRade:S I €act ed over @muh | Ver -NLmNNB 0N Y P &t #TyRst, RDCISDARS
of oxygen-containing gases in the presence SOfSKwelt &Y. SYnlJdM, IN.d8- el Vo &Et or

at t efdePderify B2 of from 100 to 400C. US, UZ, VC, VN, YU, ZA, ZM, ZW.
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(57) Abstract: The invention relates to a method for reactions of peroxide compounds or reactions producing peroxide compounds
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{57) Zusammeniassung: Beschrieben wird ein Verfahren fiir Reaktionen mit oder zu peroxidischen Verbindungen in einem
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5 Attenpts have al so al ready been made to epoxidize | ower ol efins by nmeans
of hydrogen peroxide in the gas phase, wi th hydrogen peroxi de being :
activated thermally or catalytically (cf. GM Manedjarov and T.M Nagi ev,

in Azerb. Khj ), 57-60, and T.M Nagi ev { hi m ya
31 (1991), E%%é@?lpﬁig%sadvant age is the high rea%#??np%d%éﬁaqeﬁr(es 10
whi ch stand in the way of an econom cal process. A further process uses an
Si - cont ai ni NPesatipibypst and reaction tenperatures of from 425 to 500C (cf.
H M CGusenov et al. in Azerb. Khim ZzZh. (1984), 47-51). Here, a tube

reactor is used and the propene conversion is in the 15 range from15 to
65% Anot herMpthodefy producag clefiaomtidesiang peroxidest reagtor angl thRagbev et al .
in Neftekhifbya3l (1991), 670-675). The reaction yields are about 30% and
the catalyst has a very short operating life. Longer, operating lives and a
20 furthér reduction in the reaction t enperature can be achi eved using an

FelOH pr ot opTHep pysdaht GiveHtivht rekae® do tep pAldes fuMmpeesatibgaslefitl pxidds, ihen
this catal yst s used propene oxi de i/i el d of  about 50% lysca(%%g/gg(ged at a

., a
t enper at ur ¢ RATIGYBEOGRENS e Al et DarRr oS 0.8, 25
An i nproved gaseoplase bridatibe ie zoxiallateiactorcdndC2is06toothef uag dfrpartieuigdy phase

is descri bedsditﬁggri'ér%'cﬁggirp%e%a%-pﬂ%%% @gg@ic%rpn is carried out using gaseous

hydr ogen peroxi e presence ed catal ysts. Fixed-bed and
flui di z88-bed reactors are nmentioned as suitable reactors. According to

this documerde dpbRidaBastdobletifis Ciichi 8§ HHperd RkpdeH §s the! mMi@50C, 30
~preferably in the range from60. to 150C, and the olefin is used In

equi ol ar ar&lﬂ?@s‘?r in e 928195 IS KAMELs. Carrying out the gas- phase

epoxi dati on of propene using H202 in a wall reactor, nore precisely a

m croreat or ,~d Rkar nml.e p 3 t : i ned the
epoxi dati on [‘?%zjglt? %hf‘qi %?%?'thaasgéﬁn&iq @&g(gét%rﬁgephgﬁaﬁegé%g .
: 15 having a specific microgeometry and also their use for preparing oxiranes
in the gas phase by catalytic oxidation of unsaturated compounds by
means of air or by means of oxygen.

The epoxidation of olefins such as propene using hydrogen peroxide in the
20 liquid phase or in the gas phase is a relatively new process variant.

ThUs, US-A-5,874,596 and DE-A-197 31 627 describe the epoxidation of

olefins in the liquid phase using a titanium silicalite catalyst. A disadvantage

of this process is the rapid deactivation of the catalyst by high-boiling
25  by-products.

The use of a wall reactor, more precisely a microreator, in the oxidation of
organic compounds in the liquid phase is known from EP-A-903,174. Here,
a cooled microreactor in which the heat produced by the exothermic

30 oxidation reaction with peroxides can be removed more rapidly is used.
The decomposition of the liquid peroxide compound can be kept low by
carrying out the reaction at moderate temperatures.

US-A-4,374,260 discloses the epoxidation of ethylene in the gas phase
35 using a silver-containing catalyst at from 200 to 300°C. Epoxidizing agents

used are air or molecular oxygen.

Further epoxidation reactions of reactants in the gas phase are known from




In Chem e I ngenieur Techni k 2004, 76(5), 620-5, G Markowz et al. WO
2006/ 042598 PCT/ EP2005/ 009965 3 descri be the gas-phase epoxi dati on of
propene to propene oxi de using gaseous hydrogen peroxide over titanium

silicalite GR ? gbsa m croreactor. Details rmﬁggggy@ggggct or

design and tecC n| cal reaction COﬂdItICE’IS are not roceedi ng
fromthis prior art, it is an object of"the present invention to provide
an inproved process for the catalytic gas-phase epoxidation of olefins by
means of perldSiAdb®B 18 Fdoumdshichn3 whemdxyat -butgmes fmceattedeoyerebdsihvarnbi ned

mterial of C@’ﬁtaﬁﬁ"‘bvéﬁ'x&fb A eI Rt GRS the' FBkefed? | e
Anot her Obj af waber mtaaflxadr reactosatdamipeptorasioffrana 499 t ¢P0pk epari ng

per oxi des. It has surprisingly been found that when wall reactors which

have a cat al 15 content and in which at | east one ; n ion of the
reacti ondsp EethS ave algppplseady ‘é@ﬁ%ﬁ@%@@@oﬁﬁiz@rlpﬁ’ﬁrﬁiﬁ r’Ee%%%tt ed with

specific natcﬂrwdrégaﬁ q)erwet@é lnthfé égcbmsesahlacthywdgembetda@d@efem dic

oxidant is, in cont act ors c d when

the reacti o@q}éﬂtﬁ tbf’[m%l % ar C?%iﬁ'&ﬁ@)é&d @(9 Vediq Jr'\ﬂ 'élgs%g t he

]E)er oxi di ¢ oxm demerb.uUikkeich. afhe (l68hY 5706@sard ﬂ'dﬁuNagleFL&ttatemTNcﬁekhlmlyms been
ound t hat r | rmt)m S p o

stabiliti es%ﬁn?ﬁﬂ)s 698| al rg‘a((:j g?lgantﬁgé 'E ?' ﬁ,g%e react orﬁ are a SO

sui t abl 80f or\NhlﬁéSWdtlhé@ waafof@aremnarmcamﬁmds A further object of the

present invention is to provide a reactor which is 25 particularly

suitable for hase reactjon wth and, t e di d
The. present A WIS PERCRIREIn S-HPHEBLE RSt apdrPreatcanera e, de by

of from 425 to 500°C (cf. H.M. Gusenov et al. in Azerb. Khim. Zh. (1984),
47-51). Here, a tube reactor is used and the propene conversion is in the
15 range from 15 to 65%.

Another process uses an Fe-containing catalyst (cf. T.M. Nagiev et al. in
Neftekhimiya 31 (1991), 670-675). The reaction yields are about 30% and
the catalyst has a very short operating life. Longer operating lives and a
20  further reduction in the reaction temperature can be achieved using an
Fe'"OH-protoporphyrin catalyst bound to aluminum oxide as support. When
this catalyst is used, a propene oxide yield of about 50% is obtained at a
temperature of 160°C and a molar feed ratio of C3Hg:H202:H20 = 1:0.2:0.8.

25 An improved process for the epoxidation of C,-Cg-olefins in the gas phase
is described in DE-A-100 02 514. The reaction is carried out using gaseous
hydrogen peroxide in the presence of selected catalysts. Fixed-bed and
fluidized-bed reactors are mentioned as suitable reactors. According to this
document, the reaction is carried out at temperatures below 250°C,

30 preferably in the range from 60 to 150°C, and the olefin is used in
equimolar amounts, preferably in excess.

Carrying out the gas-phase epoxidation of propene using H2O in a wall
reactor, more precisely a microreator, is known. For example, Kruppa and

35 Schiith have examined the epoxidation reaction in, inter alia, a microreactor
(IMRET 7, 2003).

In Chemie Ingenieur Technik 2004, 76(5), 620-5, G.Markowz et al.




het er ogeneously catal yzed gas- phase epoxi dation of an ol efin by neans of
30 a peroxidic conmpound in the presence of water and, if appropriate, an
inert gas, which conprises the nmeasures: i) carrying out the gas-phase

epoxi dati on m&gwga%ég es above 100C, ii) use OfP@TfEW)tO@gOdgyG%h has at
eac

| east one r ron space” having 35 at éeast one dinmension o
mm iii) and in which the surface of tHe reaction space has a | ayer
conpri sing al um num oxi de, zirconium oxide, tantalum oxide, silicon
di oxi de, ti ndexxtide,thgl gssphask @pogidatieh afnpropendecpmp2hiesoxide using

PCT/ EP2005/ 009 g My ' t e s S co | cat st,
preferably i éS%gggt i‘é{é}(ﬁge@arwyﬁ'}éga{bglg?w%%d'@@t aq‘?lf/csca;ﬁﬁe T?)étg'a/retr%y I@utaé%/he
process of trmicromactori Betfailst reigarding shelreactor wesignl anddechnicalreaetion s or

m croreact or g KRN d?érno%@is_cff)%\%g,t he purposes of the present description,
wall reactors are reactors I n Ich at | east one of the dinensions of the

reaction9space or the reaction spaces is less than 10 mm preferably |ess

than 1 nm n%tcéé&h?rfkdmpﬂh@‘ prieobit, teissart bdfRed®.db thepréferthiavesticr Yot
content of the reac cqol lector or

I.on _space/ space n al so,.be extended to I
di st ri but or RBYEESANHIPRO ppfg%gsﬁegﬁ%%@sly’%rqagmhagﬁ PROIGRLIOT OF 1 he
rfaact : on -sp]gﬂefjnsThyemmrstcﬁrpewxidibwompmmdseHCWhmh shigbespacedineg gickbl y a
plurality o ' : . Aor - ' action
Cpaces. unni OBEd AR ISRy |of thE Foleltich Brihe iibriaiy Ronfi B2t D0
di nensi dfs, mateviatetivakligt toathel praductoiseachigvashwitbra view i indugtiial 1enm 20
~ Another object of the invention is an improved process for preparing

peroxides.

It has surprisingly been found that when wall reactors which have a catalyst
15  content and in which at least one dimension of the reaction space is kept
below 1 cm and whose interior walls are coated with specific materials are
used, the product selectivity of the peroxidic oxidant is, in contrast to
classical fixed-bed reactors, increased when the reaction temperature is
increased and higher selectivities of the peroxidic oxidant used are found
20 as a result. Furthermore, it has been found that peroxidic compounds also
surprisingly have increased stabilities in the special reactors, so that these
reactors are also suitable for the synthesis of peroxidic compounds.

A further object of the present invention is to provide a reactor which is
25 . particularly suitable for the gas-phase reaction with and to form peroxidic
compounds.

The present invention provides a process for preparing an olefin oxide by
heterogeneously catalyzed gas-phase epoxidation of an olefin by means of
30 a peroxidic compound in the presence of water and, if appropriate, an inert
gas, which comprises the measures:
i) carrying out the gas-phase epoxidation at temperatures
above 100°C,
ii) use of a reactor which has at least one reaction space having
35 at least one dimension of less than 10 mm,
iii) and in which the surface of the reaction space has a layer
comprising aluminum oxide, zirconium oxide, tantalum oxide,
silicon dioxide, tin oxide, glass and/or enamel and

' ess than 10




The reaction spaces can have round, ellipsoidal, triangular or polygonal,
in particular rectangular or square, cross sections. The or a dinension of
the . cross section is preferably less than 10 mm i.e. at |east one |ateral

di mensi on OI‘WH”IEO%IOEZ‘E,B?WE'[ er. 25 In a particular Iplc-prqjdﬂ'ors%bgygigodi ment ,
ec

the cross section 1sr angul ar or rqynd and only one dinension of the
cross section, i.e. a lateral dinernsion or the diameter, is |less than 10
nm. 30 The reactor can be nade of any material of construction as |ong as
it is stable under the wiiekttherreaoctich tspaos,coatdiosvsataysts paefemably heat

renmoval and the surf | QD Ls conpletely or partly
coated with the abové% F\%OC{%'LQ IQ%@%{«;@?\QH@Q@%&SQ' s. 35 Thus, the reactor
can be nmade of netallic materials provided that the reaction space or
reaction sp HS/ &re1H0 i ' Oxij A i vae,
Fant al um, o docal) UCURGPRIS SR MTeDHOR. It I8 dosele 10 e el el o
2006/ 042598 TPESIOEPRDOBICVEOBEITS ENTYR|REXISEpFOH P iRUAROSSS 9fn§‘es AFRSSNt t he

oxi des and/ qfesglipfSES wilNteUIE6E iafe fcBetcryr inaehidrayr (st t bite refaghe on space
are in the rqan e .fromfzglto 10t0%b¥> wei B}é baéed on the.m?teri | form ng
the surf ace qUAFESIOBF e dRGash SPacE ICIe rRACIOg. FPRCER it IS5t r v ed
enbodi ment , 1tthenm, eaefesably tesat thhrdsint, partadany preferbblyiless thae G.8aemi on space
conprise alum numor an alum numalloy. As is known, this materi al

oxi dizes in the presence of h%_gr operoxidic 10 conmpounds to form al um num
oxi de. AOf urfthieecatalyat oerient ot the reaatien spaciapacasdtal algoths exiended éntion is

that all or gojlector or distributor spaces which can have a catalyst content different
from the reaction space.

‘ The reabtor can have one reaction space or preferably a plurality of
15 reaction spaces, more preferably a plurality of reaction spaces running
parallel to one another.

The reaction spaces can have any dimensions, provided that at least one
dimension is less than 10 mm.

20 .
The reaction spaces can have round, ellipsoidal, triangular or polygonal, in
particular rectangular or square, cross sections. The or a dimension of the
cross section is preferably less than 10 mm, i.e. at least one lateral
dimension or the or a diameter.

25

In a particularly preferred embodiment, the cross section is rectangular or
round and only one dimension of the cross section, i.e. a lateral dimension
or the diameter, is less than 10 mm.

30 The reactor can be made of any material of construction as long as it is
stable under the reaction conditions, allows satisfactory heat removal and
the surface of the reaction space is completely or partly coated with the
abovementioned specific materials.

35 Thus, the reactor can be made of metallic materials provided that the
reaction space or reaction spaces is/are coated with aluminum oxide,
zirconium oxide, tantalum oxide, silicon dioxide, tin oxide, glass and/or
enamel.




part of the reaction space contains catalyst. Preference is given to the
surface of the reaction space being partly or conpletely coated with 15
catal yst. The catal yst can be applied to the special surface of the

substrate OrWd?O%é/@ﬁEBéé)n space is entirely or par,gbwéﬁiqq%% yddgy finely
ed or e

di vi ded, suppor unsupported catalyst. The vol une fi or coated
wth catalyst is porous 20 and perneabl® to the reactants under the
reaction conditions in the reactor, so that these, too, can cone into
contact with the specific materials. It has surprisingly been found that

when the spegi f.i d t re. yse r '
condi 11 one ¢ ik BbSpR B TRE LARSE meESiats Shd ok Glastelt pfeiiGhedh
t enper at ur e thrduriase paysd @t the resictionfspane ape inothiedange ke 30 tprieaicky i s

| nor eased tGEGRY. okl B M8 haldkhbirifig! 8" 8ific MyEe NI dasian br occss

for preparing per oxi di ¢ conpound ans a het'er ogeneously catal yzed
gas- phas® 3Pa€action, which conprises the neasures: v) carrying out the ‘
reaction by reaction of a precursor of the peroxidic conpound with oxygen

d/ - t.ai ni . to.f th i, di d at
Foper at ur sdh At BBt dered Babadiehy Mdkaobar & Rad GR"PEHEL one
_rea\t/:\;]! OR tSﬁMldeNQ tree reilctibe&@ace_rmemﬁriseraidmmm or essalumamur Glloyn Ay i : ) and
in whic S e .eact . ce,ha er al um num
oxi do. i 1 ech: RRORGS s (B ol@Pes PACAnG Bk Bk ot FTBRLRAR G Sooan 6
si | i con 18i ox¢amepourids toxere alugninu® exide.or enanel and viii) in which the

reacti on space nay contain catalyst, preferably is coated or partly coated

with catal yst. . ) L
A further feature of the reactor used according to the invention is that all or

part of the reaction space contains catalyst. Preference is given to the
surface of the reaction space being partly or completely coated with
15  catalyst.

The catalyst can be applied to the special surface of the substrate or the
reaction space is entirely or partly filled with finely divided, supported or
unsupported catalyst. The volume filled or coated with catalyst is porous

20 and permeable to the reactants under the reaction conditions in the reactor,
so that these, too, can come into contact with the specific materials.

It has surprisingly been found that when the specific materials mentioned
are used under the reaction conditions the selectivity of the desired

25 reaction increases with temperature and the product yield of the peroxide
used or produced is increased thereby.

The present invention therefore also provides a process for preparing a
peroxidic compound by means of a heterogeneously catalyzed gas-phase
30 reaction, which comprises the measures:

V) carrying out the reaction by reaction of a precursor of the
peroxidic compound with oxygen and/or an oxygen-containing
compound to form the peroxidic compound at temperatures
above 100°C,

35 vi) use of a reactor which has at least one reaction space having
at least one dimension of less than 10 mm,

vii)  and in which the surface of the reaction space has a layer

comprising aluminum oxide, zirconium oxide, tantalum oxide,




5 The precursor of peroxidic conpounds is generally oxygen. Thus, the
~invention enconpasses the preparation of hydrogen peroxide from hydrogen
and oxygen in a particular reactor. It is also possible to react organic

nol ecul es w E) @ eroxi de to form organoper -fi mb%é s, e.g.
peracetic ac‘{v Eq /%&ﬁvention al so ovi des a r?&: IE:?Z{)%? t e%(r%eaction
with or to form peroxidic conmpounds, I ch conprises: a) at |east one
reaction space having at |east one dinension of less than 10 mm 15 b) the

surface of t_hg rect'alctit@Pic@ﬁm{;dia&in??ii@e’,q:ﬂawammbséwnebémdﬁ num oxi de,

zi rconi um oxi de, t.antal um oxide, _silicon LOXI | [ and/ or
enanel and c) the'lMea '??N&"F %86838%‘?{‘[%?%? 'ﬁg?ﬁpﬁ@{n Eé&g{y%f(&?gﬁeé%élﬂi% bei ng
given to the surface abatdueonpatly coatedpuittecatalysty coated or partly 20
coated with catalyst. The invention further provides for the use of the:
speciallé coated reactors in _gas-phase oxi dation by nmeans of peroxidic
conmpound§ orThen preeursgh ohdgrexidisr copexnds d%ﬂﬁﬁ%ﬁ'hﬁ@?‘yg@f‘-pghyg,cmear in

het er ogeneoyslentimt AntdRfhasds I NHBBArdtBACIHf ORgdrogna peReits U v

preferred enbodi nent gf ﬁ‘frl)he p,rocesg@g? t he inv\ﬁn?i éig tﬁ%?é ats-lpha e

epoxi dat i on NYSIrRQET ABA BYEeNina? RS ERAGOT @haﬁgspoassbqlgr 81 % of

ggaﬁes Wmt lebrgéﬁcarmi(ﬂé@iﬂés veithi ¢gttogenr perokidental form norganapérekidimd each
ave at |east one in outlet, with the spaces being formed by

stacked pl atcgy%quqdéy%psgé@ggg%?%of t he spaces representing reaction

spaces HAving at | east one dinension of less than 10 nmand the other part

of the spacemd GRIAHERIAINY AiBdtel! ATRaRld: BPARESrcARAoN it Wrefosfdrii 0 Lhe

reacti on spaces belng conn dto at least two distributor units and the
peroxidic compounds, which comprises:
- a) at least one reaction space having at least one dimension of
less than 10 mm,

15 - b) the surface of the reaction space has a layer comprising
aluminum oxide, zirconium oxide, tantalum oxide, silicon
dioxide, tin oxide, glass and/or enamel and

c) the reaction space contains catalyst, with preference being
given to the surface of the reaction space being coated or partly

20 coated with catalyst.

The invention further provides for the use of the specially coated reactors in

gas-phase oxidation by means of peroxidic compounds or in the synthesis

of peroxidic compounds, in particular in heterogeneously catalyzed
25 gas-phase reactions.

In a particularly preferred embodiment of the process of the invention, the
gas-phase epoxidation is carried out in a microreactor which has a plurality
of spaces which are arranged vertically or horizontally in parallel and each

30 have at least one inlet and one outlet, with the spaces being formed by
stacked plates or layers and part of the spaces representing reaction
spaces having at least one dimension of less than 10 mm and the other
part of the spaces representing heat transport spaces and the inlets into
the reaction spaces being connected to at least two distributor units and the

35 outlets from the reaction spaces being connected to at least one collector
unit and the heat transport between reaction spaces and heat transport
spaces occurring through at least one common wall which is formed by a
common plate. ' |




35 outlets fromthe reaction spaces being connected to at |east one
collector wunit and the heat transport between reaction spaces and heat
transport spaces occurring through at | east one common wall which is

formed by a e. WD 2006/ 042598 PCT/ EP20 7
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provi ded t hat the are sufficiently therm dit
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2- but ene, isobutene,an pent enes and hexenes i ncludi ng cycl ohexene
and cycl oper&r@%’é&gy k?ﬁ %%bs@o% of two or nore of these olefins, but also

hi gher ol efins. The process is particularly useful for preparing propene
oxi de from pNOBRARSs, it is possible to use all compounds which have one or more
double bonds. Straight-chain or branched and also cyclic olefins can be
15  used. The olefins can also be used as mixtures.

The olefinic starting materials have at least two carbon atoms. It is possible

to use olefins having any number of carbon atoms, provided that they are

sufficiently thermally stable under the conditions of the gas-phase
20  epoxidation. |

Preference is given to using olefins having from 2 to 6 carbon atoms.
Examples are ethene, propene, 1-butene, 2-butene, isobutene and also
pentenes and hexenes including cyclohexene and cyclopentene or mixtures

25 of two or more of these olefins, but also higher olefins. The process is
particularly useful for preparing propene oxide from propene.

As peroxidic compounds, it is possible to use H2O,, hydroperoxides or
organic peroxides having any hydrocarbon radicals, provided that they are
30 sufficiently thermally stable under the conditions of the gas-phase reaction.

As hydrogen peroxide, it is possible to use all vaporizable compositions
comprising H.O,. It is advantageous to use aqueous solutions which
contain from 30 to 90% by weight of hydrogen peroxide and are vaporized
35 and fed to the wall reactor. The gaseous hydrogen peroxide is obtained by
vaporization in an apparatus suitable for this purpose. To reduce
subSequent reactions with the water coming from vaporization of aqueous
hydrogen peroxide, preference is given to feeding highly concentrated



As peroxidic compounds, it is possible to use H202, hydroperoxides or

or gani ¢ peroxi des having any hydrocarbon radicals, provided that they are
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ol efins by rfatefinsfbyjhyenngehhpdogengeroXme cl ass of suitable and preferred
catal ysts is nolecular sieves, in particular synthetic zeolites. A
particularly preferred catalyst fromthe gr oup consi sting of nol ecul ar

si eves is bd3rel dass iafapiitable cnchinielegradoicatalisty isomelesud siEveRie I or mul a
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structure, titanium'silica vin st al structure,

titani um bet@nsEHNg QS 'WQlﬁCHljras'%@@ i& Gased oy Haptm- éo'é‘ﬁ&f}( g (AAIPGHAT
silical hpe- %MV¢Metfbﬁn@|ey($ﬁ@i)1 KMOoL, W.g. tbniLeokilitalitéIMES1) Faengi O2

content of T refer n t he nge 49
silicalites aé}syﬂ:i Fl{ﬁ aa(ULéml %{{5@99 ?r{isr@dhé\ﬁn é?‘ewf a&kl um
silical it es,stiuctirs, Hﬂaﬂmm beta&zemee thavingea @cﬁﬁocn/atal@rfugwatm\ﬂsﬂfamuﬁh

conpri se a”%rrf?;'éﬂéé%%awﬁgﬁé %Ns!tep%tﬁaéhﬁ%f%é&lhe@%l\ﬁu@ﬂrh@r%z cbhteRe and/ or

ZrQ2 in addit
of TS-1 is preferably in the range from 2 to 4%. Titanium silicalites are

15 commercially available. Instead of pure titanium silicalites, it is also
possible to use combination products which comprise amorphous or
crystalline oxides such as SiO,, TiO,, Al;O3; and/or ZrO; in addition to
titanium silicalite.

20 Here, crystallites of titanium silicalite can be ‘homogeneously distributed
among the crystallites of the other oxides and form granules or be located
as an outer shell on a core of other oxides.

Another class is metal-organic catalysts, for example iron-organic
25 (protoporphyrin) or titanium-organic compounds on a suitable support.

A further class of preferred catalysts is preferably inorganic, in particular

oxidic compounds which contain one or more elements of transition groups

4 to 6 of the Periodic Table and/or an arsenic and/or selenium compound
- 30 as catalytically active element. |

Particular preference is given to compounds of titanium, vanadium,
chromium, molybdenum and tungsten.

35 The catalytic action of these compounds is considered to be, without ruling
out other mechanisms, activation of the peroxidic starting material by the
porous structure of the catalyst and/or by the ability of the catalyst to form
peroxo compounds reversibly.
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15
Catalysts for the preparation of hydrogen peroxide are, for example, gold,
palladium or other noble metals on suitable supports, e.g. on carbons or on
SiO,. In general, no catalyst is required for the preparation of organo-
peroxidic compounds.

20 -
To prepare a particularly suitable coating, the catalyst was applied together
with a binder which is inert in respect of the epoxidation reaction to part of
or all walls of the reaction space. A particular challenge is with regard to the
very inert properties of the binder toward the gaseous peroxidic compound.
25

There are numerous examples of inactive binders for liquid applications.
However, most substances display significant differences in their catalytic
decomposition properties toward a gaseous peroxidic compound. The use
of a coating comprising aluminum oxide, silicon dioxide or silicate has been

30 found to be particularly preferred. These preferred catalytic coatings can be
produced by mixing of the inactive binder with the active component,
preferably with the pulverulent active component, shaping and heat
treatment.

35 In another embodiment, catalysts whose active component has been
applied to a porous support are used. In this way, it is possible to produce a
particularly large internal volume which leads to particularly high reaction
yields.
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10  and reduces the need for regeneration.

In addition, other gases such as low-boiling organic solvents, ammonia or
molecular oxygen can also be added to the feed gas mixture.

15  The olefin to be epoxidized can in principle be used in any ratio to the
peroxidic component, preferably to the hydrogen peroxide.

In general, an increasing molar ratio of olefin to peroxidic component,
preferably to H,0,, leads to increasing yields of epoxide. Preference is

20 given to molar ratios of olefin to peroxidic compound in which the olefin is
present in excess, preferably in the range from 1.1:1 to 30:1.

The gas-phase reactions are carried out at a temperature above 100°C,
preferably at a temperature above 140°C. Preferred reaction temperatures

25 are in the range from 140 to 700°C, in particular in the range from 140 to
250°C.

The gas-phase reactions are advantageously carried out in a pressure
range from 0.05 to 4 MPa, preferably from 0.1 to 0.6 MPa.

30
The reaction mixture can be worked up in a manner known to those skilled
in the art.

The process of the invention is simple to carry out and gives high
35 space-time yields combined with high selectivity of the valuable oxidant.

Particular precautions for protection against explosions can be dispensed
with in the particularly preferred microreactor.




reactor. The feed streans can contain further conponents, for exanple
water vapor and/or further inert gases. 5 The processes are typically
carried out continuously. It is inmportant that no liquid phase is forned
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with in the particul ar )é preferred m croreactor.
. A 50% strength by weight hydrogen peroxide solution and a gas mixture of

propene and nitrogen which had been preheated to the vaporizer
temperature were metered into the glass vaporizer (100°C). The gas
15  mixture leaving the vaporizer comprised 18 ml/min of HxO2, 53 mi/min of
propene, 247 mi/min of N2 and amounts of water and was reacted at
various temperatures in the range from 100 to 180°C in the microreactor.
The reactor was for this purpose coated with 0.3 g of titanium silicalite-1
catalyst.
20
- Contrary to expectations, a propylene oxide selectivity of the valuable
oxidant which increased with increasing temperature was measured in the
microreactor. The results are shown in the following table. When the
reaction temperature was increased from 100 to 140°C, the selectivity

25  increased by 100%.

Reaction temperature (°C) 100 120 140 160 180
PO selectivity of the 15 27 32 33 37
oxidant (%)

Krupper, Amal and Schiith have examined the influence of temperature on
the heterogeneously catalyzed gas-phase epoxidation of propene by means
30 of HyO, over titanium silicalite-1 in a fixed-bed reactor made of glass
(Europacat IV, 2003). The results are shown in the following table. As was
actually to be expected, the PO selectivity of the H,O, reacted decreased
continually with increasing reaction temperature. When the reaction
temperature was increased from 100°C to 140°C, the selectivity decreased




WO 2006/ 042598 PCT/ EP2005/ 009965 11 The foll ow ng exanples illustrate the
invention without restricting it. Al experinents were carried out in an
apparatus conprising a vaporizer 5 and a microreactor in which the
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for achieving the effect is accordingly below 1 cm.
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i C as at | east one (52 tlorairﬁgace h”F%'SQQhan 10 mm,

at least one nsion o

10 iii) and in which the surface of the reaction space has a layer
comprising aluminum oxide, zirconium oxide, tantalum oxide,
silicon dioxide, tin oxide, glass and/or enamel and

iv) in which the reaction space contains catalyst.

15 2. The process as claimed in claim 1, wherein a reactor in which the
reaction space is coated or partly coated with catalyst is used.

3. The process as claimed in claim 1, wherein an olefin having from 2
to 6 carbon atoms, preferably propene, is used as olefin and H20> is

20 ‘used as peroxidic compound.
4, The process as claimed in claim 1, wherein the reactor has a

plurality of reaction spaces which run parallel to one another and
each have at least one dimension, preferably only one dimension, of
25 less than 1 mm, in particular less than 0.5 mm.

5. The process as claimed in claim 4, wherein the gas-phase epoxida-
tion is carried out in a microreactor which has a plurality of spaces
which are arranged vertically or horizontally in parallel and each

30 have at least one inlet and one outlet, with the spaces being formed
by stacked plates or layers and part of the spaces representing
reaction spaces and the other part of the spaces representing heat
transport spaces and the inlets into the reaction spaces being
connected to at least two distributor units and the outlets from the

35 reaction spaces being connected to at least one collector unit and
the heat transport between reaction spaces and heat transport
spaces occurring through at least one common wall which is formed
by a common plate.




at least one dinmension of less than 10 mm 10 iii) and in which the surface
of the reaction space has a layer conprising alum num oxide, zirconium
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7. The process as claimed in claim 1, wherein a compound of an

element of transition groups 4 to 6 of the Periodic Table and/or of
arsenic or selenium and/or a molecular sieve is used as catalyst.

15
8. The process as claimed in claim 7, wherein a titanium-containing
zeolite, in particular titanium silicalite-1 (TS-1) having an TiO;
content in the range from 2 to 4%, is used as catalyst.
20 9. The process as claimed in claim1, wherein a metal-organic

compound, in particular an iron- or titanium-organic compound, is
used as catalyst. '

10.  The process as claimed in claim 7, wherein an oxidic compound of
25 vanadium or a molybdenum or tungsten compound selected from
the group consisting of oxides, acids, molybdates, tungstates,
" molybdenum- or tungsten-containing homopolyacids or heteropoly-
acids and H»O. adducts of these classes is used as catalyst.

30 11. The process as claimed in claim 1, wherein catalysts whose active
component has been applied to a porous support are used.

12.  The process as claimed in claim 1, wherein the catalyst is present
together with a binder which is inert in respect of the epoxidation
35 reaction on the surface of the reaction space.

13.  The process as claimed in claim 12, wherein the inert binder
consists essentially of aluminum oxide, silicon oxide or silicates.




6. The process as clainmed in claim5, wherein the mcroreactor has spacer
- elements in all. spaces, contains catalyst nmaterial applied to at |east
part. of the interior walls of the reaction spaces, has a 5 hydraulic
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.1mand has a ratio of the vertically dRal | est distance between adj acent

spacer elenents to the slit height of the reaction space after coating

with catal yst of |ess than 800 and greater than or 10 equal to 10 7. The
process as in claim1, wherei el enen

transition gi ug'saﬂ'ﬁ3 P@Cﬁs%ﬁst%”]séir'f’o‘g?'@“ %a\gﬁgreérhmeoga%phaﬁg &88%“8‘3

sel eni um and/ or dionoik eautied ost et emperatiads af fromh dUPsdb.7008C3 préfambly ocess as

clainmed in clalm{ Wg@lﬁ a%titaniumcontaining zeolite, in particular
titaniumsilicali 1? 9 aving an TiO2 content in the range from2 to

4% is ubed as catal yst. 20 9. The process as clainmed in claiml1l, wherein . a

met al - or gani ‘Sﬁ?chééﬁ aoﬁrcﬂéuﬁm‘édaﬁna&aln’iqn‘wﬁére‘i L@ABI YEs RGBS
conpound, |s use as_ catal 10.  The process as clained in claim?7,

wherein an oxi di &omeieﬁ/m anﬂ@&@ﬁé@.%&ﬂur@ I IRTaLA DPIISEHERt en

conpound sel ect edn tHedrange!feora DB IEHINIPSL | ng of oxi des, acids, nolybdates,
tungstates, nol ybdenum or tungsten-containing hom)pol yaci ds  or

het er opol y- acids and H202 adducts of these classes is used as catal yst. 30
11. The1prockss ddheclppooass ias dliamadl,in whleineiln whersiry sthe @aesmiauré ve

conponent has be%?nﬂﬂmﬁ'ir{rge&ehﬁ ﬁ?\dgﬁrBﬁﬁlcséb?W&}noa{s‘?{s\éa‘?H 933 r?'néiar f ocess as

clained in clai a bi nder
which is inert igreagptan b, plreéer@pbsdndaeur@me from 1.1:1 to 30:1.

17. A process for preparing a peroxidic compound by heferogeneously
15 : catalyzed reaction in the gas phase, which comprises the measures:
V) carrying out the reaction by reaction of a precursor of the
peroxidic compound with oxygen and/or an oxygen-containing
compound to form the peroxidic compound at temperatures
above 100°C,
20 vi) use of a reactor which has at least one reaction space having
at least one dimension of less than 10 mm,
vii)  and in which the surface of the reaction space has a layer
comprising aluminum oxide, zirconium oxide, tantalum oxide,
- silicon dioxide, tin oxide, glass and/or enamel and
25 viii)  in which the reaction space may contain catalyst.

18. A reactor for the reaction with or to form peroxidic compounds,
which comprises:

a) at least one reaction space having at least one dimension of

30 ‘ less than 10 mm,

b) part or all of the surface of the reaction space has a layer
comprising aluminum oxide, zirconium oxide, tantalum oxide,
silicon dioxide, tin oxide, glass and/or enamel and

c) the reaction space contains catalyst.

35
19. The reactor as claimed in claim 18, wherein the surface of the

reaction space is coated or partly coated with catalyst.




35 reaction on the surface of the reaction space. 13. The process as
claimed in claim12, wherein. the inert binder consists essentially of

al um num oxi de, silicon oxide or silicates. WO 2006/ 042598

PCT/ EP2005/ 4. The process as clained i i in the
gas- phase e;()\&g?ggégwhia%g?s carried out %t t enper at D?Qt%ﬁ“?”ﬁémﬁ to 700C,
preferably from 140 to 250C. 5 15. Thé process as clainmed in claiml,
wherein the gas m xture conprising olefin and peroxidic conpound is

contacted at2® Prgsvsdton 4 tlamednyeldimors, Wi¥reintatdebBeond Qirdénsidie

process as clainmed  in claiml1, wherein the,gas mxture copprising.olefin
and peroxidic con‘%othﬁcfe?gt'%é%aqen'séeﬁ%lt%n f]g}"ino pgl)&lcu!ﬁ,r Qaqrgfé%?hlinle%; 1,
preferably in thehaafigenfmom 1.1:1 to 30:1. 17. A process for preparing a

per oxi di c conpound by heterogeneously { 15 catalyzed reaction in the gas

phase, which conprises the measures: Vv) carrying out the reaction by
reactionbof 2i.pr ethg sise off theheeasserons dilaimashjro@nd o iRk y8ele d4BdP6r ~ an
oxygen-contai nin ﬂgggg@gld f idlt eoRfpoRALEd at tenperatures
above 100C, 20 vi astCJse of a %tggc%ﬁqé\?ﬁiggﬁ%ﬁ?gdld;%%l east one reaction space
having at |east one dinension of less than 10 mm vii) and in which the
surface of tde repes LSS of PSS eedA6r 8s IchiiMid iA MY dfsclaignat 81t R0nfopxhele,

zi rconi um oxi de, tantalu i ilicon dioxide, tin oxide, glass and/or

m OX'odlﬁ Sil
enamel and 25 vi 9SPSR RHOKAL GUABRYMIF- space may contain catal yst. 18. A
reactor 10or the reaction with or to form peroxidi c conpounds,




‘which conprises: a) at |east one reaction space having at |east one
di mension of 30 less than 10 nm b) part or all of the surface of the
reaction space. has a layer conprising alum num oxide, zirconium oxide,

t ant al um oxi [ di oxi de, ti n oxi de, gl ass W nd c) the
reaction sp:ﬁ@ %%ié/é}ll% at al yst. é The react g?q’/é'?ﬁz al BWQ%G$n claim
18, wherein the surface of the reactl space is coated or partly coated

with catalyst. WO 2006/ 042598 PCT/ EP2005/ 009965 16 20. The reactor as
claimed in clai mJ, wherii whith ieasirfaneoflttiensdation spacehkas ealdyeon space

I
of the reactor as of aERISMEAVRGRUE S 4830rbeRps, i xgs T 1o
Of(l dation by neans of siieonxdiakide donpddedygasand/ohenarse! afd t he reactor as
clainmed in any o Is eroxidic
conpounds. 10 W0“J /ﬁfﬁhﬁgég%ﬁo@%%h@v?ﬁ YsEa ©n which the
surface bof the reactl on space has a | ayer conprising al um num oxi de,

zi rconi um oxjgde, Tth%nlﬁ |65 corfpridieg thedicatires: t| n oxi de, gI ass and/ or
enanel and viii) |ch t he reactl on ({i?égm al n cat al 5 18.

The use of a reac’%)oratd%ﬂr%‘? AGACURD PR3t t f628t 8né Gifhiehsion of
less than 10 mm,

b) part or all of the surface of the reaction space has a layer
10 comprising aluminum oxide, zirconium oxide, tantalum oxide,
silicon dioxide, tin oxide, glass and/or enamel and
c) the reaction space contains catalyst,
for gas-phase oxidation by means of peroxidic compounds.

15 19. The use of a reactor comprising the features:
a) at least one reaction space having at least one dimension of
less than 10 mm,
b) part or all of the surface of the reaction space has a layer
. comprising aluminum oxide, zirconium oxide, tantalum oxide,
20 silicon dioxide, tin oxide, glass and/or enamel and
c) the reaction space may contain catalyst,
for the synthesis of peroxidic compounds at temperatures of above
100°C.

AMENDED SHEET




a) at |east one reaction space having at |east one dinension of |ess than
10 mm b) part or all of the surface of the reaction space has a |layer 10
conpri sing al unm num oxi de, zirconium oxi de, tantalum oxide, silicon

di oxide, tin oxide, glass and/or enanel and c) the reaction space contains
catal yst, for gas-phase oxidation by nj?ns of peroxidic conpounds. 15 19.
The use of a reactor conprising the fedatures: a) at |east one reaction
space having at |east one dinmension of less than 10 nm b) part or all of
t he surface gistidee reacti on space has a |l ayer conprising al um num oxi de,

zi rconi um oxi de, tantalum oxide, 20 silicon dioxide, tin oxide, glass

and/ or enanel and c) the reaction space nay contain catalyst, for the

synt hesi s ofMeitodxfati producipguniain aixidesmpadapenosisless regioe andothe. Ug&/ENDED
SHEET 17 At{ﬁ%rre%?t Met hod for producing ol efin oxides and peroxides,
reactor and e use thereof A process for reactions with or to form
peroxi dic conmpounds in a wall reactor whose reaction space has a specific
material coaf igigcess URSEIAcHBAs willPOP tBi fRGY Féﬂﬁ(ﬁﬁc tdofpalinglsdim andall ncr eased

selectivities can be achi eved by neans of. _.the gr.cicesF. . .
reactor whose reaction space has a specific material coafing is described.

Both higher space-time yields and increased selectivities can be achieved
by means of the process.




