2 4 FEB 2005 | Method For Regenerating A Zeolite Catal yst The present

I nvention relates to a process for the regeneration of a zeolite cadt bl B 2005
and to an integrated process for the preqaration of an epoxide as part of
which the regeneration according to the invention is carried out. It is
known fromthe prior art that the catalytic activity of heterogeneous
catalysts for the oxidation of organic conpounds in the liquid phase,
where, in particular, the epoxidation of organic conpounds having at | east
one C-C doubl e bond using a hydroperoxide in the presence of a zeolite
catalyst is of inportance, decreases with advancing experinent time, and
the correspondi ng catal ysts then have to be regenerated. Accordi ngly,
processes for the regeneration of zeolite catalysts are already known from
the prior art. In this rMetetFor Begenerpting A deolity G81abBL28 and the prior art
cited therein. Wthin this prior art, basically two different procedures
for catalyst _regeneration are proposed. 1. If the catalyst is enployed in
suspension, it is firstly separated fromthe 1liquid reaction product and
transferred into a regeneration device suitable for regeneration, where it
i s regener at ed g praspairipEgntionselates i@ aiprocesrefon frecregenseatioh afayagelite @talyst t he
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in another rEFSREPHIR BhroRlng todhe jiveptigmgicarried @utrent i n the presence of
oxygen. WD 98/ 18556 discloses a process for the regeneration of a titanium
silicalite catalyst i ich. the catalyst is flushed with a gas streamat a
t enper at ur e o“étla{“’?"@ m fapriqriars thahthy catalrticrastivitn af hetergaencgys exfalysisi dence
time of the gés theroaditiof\Elorfddee Eathpduhdl in thel Bfifid PAAR, ¥hBRULS particdlaF,EB 2005

the epoxidation of organic compounds having at least one C-C double bond using a
hydroperoxide in the presence of a zeolite catalyst is of importance, decreases with

advancing experiment time, and the corresponding catalysts then have to be
regenerated.

Accordingly, processes for the regeneration of zeolite catalysts are already known
from the prior art. In this respect, we refer to WO 98/55228 and the prior art cited

therein. Within this prior art, basically two different procedures for catalyst
regeneration are proposed.

1. If the catalyst is employed in suspension, it is firstly separated from the
liquid reaction product and transferred into a regeneration device suitable

for regeneration, where it is regenerated by thermal treatment in the
presence of oxygen;

2. If the catalyst is employed as a fixed bed, the liquid phase is discharged or
pumped off, and the catalyst is regenerated either in the reactor itself or in

another regeneration device by thermal treatment in the presence of
oXygen.

WO 98/18556 discloses a process for the regeneration of a titanium silicalite
catalyst in which the catalyst is flushed with a gas stream at a temperature of at
least 130°C in such a way that the weight-based residence time of the gas stream
over the catalyst is less than 2 hours.




2 In addition, regeneration by treatnent of the catalyst with a |iquid which
is in turn an oxidant, for exanple hydrogen peroxide, at elevated 005
tenperature has al ready been described a nunber of tines in the p?lzbrFEzgrtz
In this respect, we refer to DE-A 195228 220 and WD 98118555. In view of
this prior art, it is an object of the present invention to provide a
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stream over t e cata uring errra treat nent greater than 2
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We have found that this and further objects are achieved by the process according
to the invention for the regeneration of a zeolite catalyst.

The present invention accordingly relates to a process for the regeneration of a
zeolite catalyst which comprises treating the catalyst thermally in the presence of a
gas stream at temperatures above 120°C, the weight-based residence time of the
gas stream over the catalyst during the thermal treatment being greater than 2

hours.

The term “weight-based residence time” used in accordance with the imvention
denotes the ratio of the catalyst weight (Mca) divided by the mass flow rate (Mgages)

of the gases used in the regeneration.

The regeneration according to the invention is carried out in such a way that the
weight-based residence time of the regeneration gas is greater than 2 hours,
preferably from 3 to 10 hours and particular preferably from 4 to 6 hours.

The process is generally carried out in such a way that the pressure loss over the
reactor is not greater than 4 bar, preferably not greater than 3 bar and in particular

not greater than 2.5 bar.




reactor is not greater than 4 bar, preferably not greater than 3 bar and in
particular not greater than 2.5 bar. 2 4 FEB 065 3 In the processZardgRizoeh
to the invention, it is possible to regenerate both catalysts in powder
form which are used as a suspension, and al so catal ysts packed in a fixed
bed in the formof noldings, for exanple as pellets or extrudates, and on
nmeshes, for anpl e stai lesstgteel,.kanthal, @%t$ackin s .of crystallized
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reaction in the suspension process.

Besides the regeneration of catalysts in powder form, the process according to the
invention can also be used for the regeneration of catalysts as moldings, for
example those packed in a fixed bed. In the regeneration of a catalyst packed in a
fixed bed, the regeneration is preferably carried out in the reaction apparatus itself;
to do this, there is no need to remove or install the catalyst, and consequently there
is no additional mechanical loading at all. In the regeneration of the catalyst in the
reaction apparatus itself, the reaction is firstly interrupted, any reaction mixture
present is removed, the regeneration is carried out, and the reaction is then

continued.

The regeneration according to the invention proceeds in an essentially identical
manner both in the regeneration of pulverulent catalysts and in the regeneration of

catalysts in shaped form.

However, the regeneration process according to the invention is particularly
suitable for regeneration in a fixed-bed reactor, in particular in a tubular reactor or

tube-bundle reactor. The terms “tubular reactor” and *tube-bundle reactor” here



present is renoved, the regeneration is carried out, and the reaction is
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way that the pore structure thereof and/or the reactor itself is
The regeneration according to the invention is carried out at temperatures above
120°C, preferably above 350°C and in particular at from 400°C to 650°C.

There are in principle no restrictions regarding the regeneration gases used so long
as the regeneration can be carried out in such a way that the catalyst in the interior
of the reactor does not heat up, for example due to burn-off of the organic coatings
thereon, in such a way that the pore structure thereof and/or the reactor itself is
damaged. The regeneration is preferably carried out in such a way that a hot-spot
which forms a temperature increase of from 10 to 30°C, preferably not more than
20°C, forms within the catalyst bed.

Accordingly, suitable regeneration gases are oxygen-containing regeneration gases,
for example air, and gases which are essentially free from oxygen, oxygen-
supplying compounds and other oxidizing constituents. If the regeneration gas
comprises oxygen, its proportion in the regeneration gas is preferably less than
20% by volume, further preferably from 0.1 to 10% by volume, in particular from
0.1 to 5% by volume and still further preferably from 0.1 to 2% by volume of
oxygen. Preference is given to a mixture of air and corresponding volumes of

nitrogen.



damaged. The regeneration is preferably carried out in such a way that
hot - spot which forns a tenperature increase of from10 to 30C, pr fiéraﬁ yLJ
not nore than 20C, forns within the catal yst bed. Accordingly, suitable
regenerati on gases are oxygen-containi g regeneration gases, for exanple
air, and gases which are essentially free from oxygen, oxygen- supplying
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Zeolite St réHgE”%ﬁums ‘whidl SEMieemicfdpdrdsdwhich OB@OprekBBy less than
approximately 0.9 nm. The network of such zeolites is built up from SiO4 and
AlQ, tetrahedra, which are linked via common oxygen bridges. An overview of the
known structures is given, for example, in WM. Meier, D.H. Olson and Ch.
Baerlocher, “Atlas of Zeolite Structure Types”, Elsevier, 4™ Edn., London, 1996.

Zeolites are also known which contain no aluminum and in which some of the
Si(IV) in the silicate lattice has been replaced by titanium in the form of Ti(IV).
These titanium zeolites, in particular those having a crystal structure of the MFI
type, and methods for their preparation are described, for example, in EP-A
0311983 and EP-A 405 978. In addition to silicon and titanium, such materials
may also contain additional elements, for example aluminum, zirconium, tin, iron,
cobalt, nickel, gallium, boron or small amounts of fluorine. In the zeolite catalysts
preferably regenerated by means of the process according to the invention, some or
all of the titanium of the zeolite may have been replaced by vanadium, zirconium,
chromium or niobium or a mixture of two or more thereof. The molar ratio
between titanium and/or vanadium, zirconium, chromium or niobium to the total of
silicon and titanium and/or vanadium and/or zirconium and/or chromium and/or

niobium is generally in the range from 0.01:1 to 0.1:1.

Titanium zeolites, in particular those having a crystal structure of the MFI type,
and methods for their preparation are described, for example, in WO 98/55228,
WO 98/03394, WO 98/03395, EP-A 0 311 983 and EP-A 0 405 978, which are
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particul ar Bb6, BRESBRE] CAK,F @XSaSFIICGMICGS) CHA, A X&) CON,,CZP,
DAC, DDR, DFO, DFT, DOH, DON, EAB, EDI, EMT, EPI, ERI, ESV, EUO,
FAU, FER, GIS, GME, GOO, HEU, IFR, ISV, ITE, IBW, KFI, LAU, LEV, LIO,
LOS, LOV, LTA, LTL, LTN, MAZ, MEI, MEL, MEP, MER, MFI, MFS, MON,
MOR, MSO, MTF, MTN, MTT, MTW, MWW, NAT, NES, NON, OFF, OSI,
PAR, PAU, PHI, RHO, RON, RSN, RTE, RTH, RUT, SAO, SAT, SBE, SBS,
SBT, SFF, SGT, SOD, STF, STI, STT, TER, THO, TON, TSC, VET, VFI, VNI,
VSV, WEI, WEN, YUG or ZON structure and to mixed structures consisting of
two or more of the above-mentioned structures. Also feasible for use in the process

according to the invention are titanium-containing zeolites having the ITQ-4, §5Z-
24, TTM-1, UTD-1, CIT-1 or CIT-5 structure. Further titanium-containing zeolites
which may be mentioned are those having the ZSM-48 or ZSM-12 structure.

Ti zeolites having the MFI, MEL or MFVMEL mixed structure are regarded as
particularly preferred for the process according to the invention. Preference is
furthermore given, in detail, to the Ti-containing zeolite catalysts generally known
as “TS-17, “TS-2” and “TS-3”, and Ti zeolites having a skeletal structure which is

isomorphous with B-zeolites.

Accordingly, the present invention aiso relates to a process as described above

wherein the catalyst is a titanium silicalite of the structure TS-1.
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Et hene, progene 1- but ene d ut ene, 5108“ ene, % ne % nes,

pi peryl ene, cyclopentadiene, wmy enzene, cyclododecene, cyc 0 odeca riene, stilbene,
diphenylbutadiene, vitamin A, beta-carotene, vinylidene fluoride, allyl halides,
crotyl chloride, methallyl chloride, dichlorobutene, allyl alcohol, methallyl alcohol,
butenols, butenediols, cyclopentenediols, pentenols, octadienols, tridecenols,
unsaturated steroids, ethoxyethene, isoeugenol, anethol, unsaturated carboxylic
acids, for example acrylic acid, methacrylic acid, crotonic acid, maleic acid and
vinylacetic acid, unsaturated fatty acids, for example oleic acid, linoleic acid and

palmitic acid, and naturally occurring fats and oils.

In the process according to the invention, preference is given to alkenes which
contain 2 to 8 carbon atoms. Particular preference is given to ethene, propene and

butene. Especial preference is given to propene.

Accordingly, the present invention also relates to a process as described above or

to an integrated process as described above wherein the alkene is propene.

The term “hydroperoxide” covers all hydroperoxides including hydrogen peroxide,
reference being made to the prior art with respect to the hydroperoxide solutions
which can be used for the purposes of the process according to the invention and
their preparation. To this end, we refer by way of example to DE 197 23 950.1 and
the prior art cited therein.

For the preparation of the hydrogen peroxide used, recourse can be made, for
example, to the anthraquinone process, by which virtually all the hydrogen



hexenes, hexadi enes, heptenes, octenes, diisobutene, trinethyl pentgne, o
nonenes, dodecene, tridecene, tetra- to eicosenes, tri- and tetra?rgdgﬁﬁﬁﬁﬁ
pol ybut adi enes, pol yi sobut enes, isoprenes, terpenes, geraniol, |inalool,
linalyl acetate, nmethylenecyclopropandd cycl opentene, cycl ohexene,

nor bor nene, cycl oheptene, vinylcycl ohexane, vinyl oxirane, vinylcyclohexene,

styrene, cycloogt ep?r(gqlﬁﬁggyrmg@% fBarcil! s RODRLTNGascll BAME catalytic

tetrahydroi?ﬁiene, . di€yclopent’adi ene, di vinyl benzene,
cycl ododecemgirogopationl oo cat rinthraquiseid bemepoundi phegiyt biheadiogaepondiigt ani n A,
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crotoni ¢ acanthrageinencceupebndnd  vi nyl acetic acid, unsaturated fatty acids,
for exanple oleic acid, linoleic acid and palmtic acid, and naturally
occurring fats and oils. In the process according to the_invention,
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preference I's given to propene. Accordi ngly, the present invention al so
relates to a process as described above or to an integrated process as

descri bed aRqy gk¥HRE SbiciViBllENISni iy dRIgRRPRAXIdI TSy EdivattRysdifaBie e de”
covers all hydroperoxides including hydrogen peroxi ref.erence bei ng nmade
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preparation. . t hi. nd, we refer b .of .exanple to DE 197,23 950.1 and
the prior a?‘i‘lﬁ'lepegdvetsﬁ'@g@gﬁp PFEW“C[%@%&%? Q‘Elg’o‘%ﬁg# ‘Stthgs Wﬁff%&%n per oxi de
used, recoult§eolaurRealsmEsssibieon prépaanip)drogdnpartradafibinrtaeuiemenss. pr ocess, by
which virtually all the hydrogen 2 Fir3 8 peroxide produced worldw de is

prepared. This process is based on the catal ytic
Before use of hydrogen peroxide in the process according to the invention, it is

possible, for example, to free a commercially available hydrogen peroxide solution
from undesired ions. Conceivable methods here are, inter alia, those as described,
for example, in WO 98/54086, DE-A 42 22 109 and WO 92/06918. It 15 likewise
possible for at least one salt present in the hydrogen peroxide solution to be
removed from the hydrogen peroxide solution by ion exchange by means of an
apparatus which contains at least one non-acidic ion exchanger bed having a flow
cross-sectional area A and a depth D, where the depth D of the ion exchanger bed
is less than or equal to 2.5-A' and in particular less than or equal to 1.5-A". For
the purposes of the present invention, it is in principle possible to employ any non-
acidic ion exchanger beds containing cation exchangers and/or anion exchangers.
Cation and anion exchangers can also be used as so-called mixed beds within a
single ion exchanger bed. In a preferred embodiment of the present invention, only
one type of non-acidic ion exchanger is employed. The use of basic ion exchange,
particularly preferably that of a basic ion exchanger and further particularly
preferably that of a weakly basic anion exchanger, is furthermore preferred.

In a particularly preferred embodiment, the present invention relates to a process

for the regeneration of a zeolite catalyst which comprises the following steps (1) to

(4):




hydr ogenati on of an ant hraqui none conpound to give the correspondi ng

ant hr ahydr oqui none conpound, subsequent reaction thereof wth oxyggn tFo ¥ OF1H
hydr ogen peroxi de, and subsequent renoval of the resultant hydrogen peroxide
by extraction. The catalysis cycle is9closed by re-hydrogenation of the
reformed anthraqui none conpound. An overview of the anthraqui none process
is given in "Ulnpnann' s. E I f . ial Chem stry", 5th Edition,
Vol une 13, pageé 44ﬁa§h952§%2&ﬁﬁgggaggfgﬁﬁgg&géﬁceivabIe to obtain hydrogen
per oxi de by converting sulfuric acid into peroxodisulfuric acid by anodic
oxi dation with si aneous LG € - tio r T ydrol ysi s
of the peroxodi Zaﬁﬁﬁng tggivﬁsﬁég%gégtgx%g% ua}'[iac&ngé:eir%}i%hgﬁﬁjgafnvegggdrogen
per oxi de and sul furi @58Cd, which is thus recovered. It is of course also
possi ble to prepare hydrogen peroxide fromthe el enments. Before use of

hydr ogen peroxide in the process according to the invention, it is

possi bl e, for exdjpeating thefdried catatystmrer ci al | y avai | abl e hydrogen per oxi de
solution fromundesired ions. Conceivable nethods here are, inter alia,
those as described, for exanple, in WO 98/54086, DE-A 42 22 109 and WO

92/ 06918. It is () keginceatiopdbshested ¢atalysitby raeans ob a@recgst aqspekiehio e t he
hydr ogen per oxi de sol E&ﬁgtﬁ@mﬁﬁL renoved fromthe hydrogen peroxide
solution by ion exchange by neans of an apparatus which contains at | east
one non-acidic ion exchanger bed having a flow cross-sectional area A and a
depth D, whgy i RS Shd Badther equal
to 2.5At~2 ar{ﬁpﬁ%ﬂfﬁg@gﬁg@q bRl et ggﬁ%ggﬁfefhgﬂ/f%r%%%? For the

pur poses ofStRséSIAELEHP):i nvention, it is in principle possible to enploy any
non- acidic i on exchanger beds containing cation exchangers and/or anion
exchangers. Catj.on apd ani on excgfqgérs an al.so be used as so-called m xed
beds within a sPhgiolipgihedgasnsmied cauyst obedipste® #hd enbodi ment of t he
present invention, only one type of non-acidic ion exchanger is enployed.
The use of basic, |on exchan rti,cul arly. preferabl at of a basic ion
exchanger and fL@ h‘@Pgﬁlgﬂr}ggﬁ? 8?'19@“ %b?%’f‘%c{rl té;P @513 lnosfté/pa(ts' akly basic anion
exchanger, is furthernore preferred. In a particularly preferred enbodi nent,
the presentpiygbl 9 oo ALEfivdPadi iREATRally in detail. It should first be noted

that the zeolite catalyst to be regenerated is generally a catalyst which is employed
in the oxidation of an alkene by reaction of the alkene with a hydroperoxide,
preferably a reaction which has been carried out continuously, and as a
consequence of a drop in activity now has to be regenerated. As already indicated
above, the regeneration according to the invention is preferably carried out in the
reactor(s) in which the reaction of the alkene with a hydroperoxide in the presence

of the catalyst to be regenerated is also carried out.
In a further, very particularly preferred embodiment, the reactor is operated as an
integrated system with the work-up of the target product and the regeneration

according to the invention, since this procedure allows a closed loop of solvent.

(1) Washing the zeolite catalyst with a solvent

The first step in this embodiment of the regeneration according to the
invention firstly comprises washing the deactivated catalyst with a solvent.
For this purpose, firstly the supply of the starting materials of
hydroperoxide and organic compound s interrupted. Solvents which can be

employed here are all solvents in which the respective reaction product of



for the regeneration of a zeolite catal yst which conprises the fol éo_wi v an
steps (1) to (4): 2 4 F~:3: J59 (1) washing the zeolite cataly t‘ivﬁni.%ua'uﬁ
solvent (2) drying the washed zeolite catalyst at a tenperature of from-50

to 250C (3) heating the dried catal ystl0(4) regeneration the heated catal yst
by neans of a process according to the present invention. This preferred

regenerati on progess,fiL I e f livty CQMR1E S f steps (5)
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condi ti oni ng t hesaluems yodt thishtyrienaeleqted Stamp the)grewp icangstglg e5)watqhedle st eps

are now descri beg gagi greif&%wbglléﬂ{ahbﬂ, a8 ﬂ&ﬂﬁ':dk:, ath tacR qHt dxdchpIR i fobgicnot ed
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hydroper oxide, RAgketaRR Hydfod:88i IFBR dbiIE Bn afe U K3 tphel e obéhce is
continuously, and aS a consequence of .a drop I n activity now has to be

regenerated. As HadeddyWOnB3/éa1 %y whishie exnressly sgernoraled sHodBe ¥SEMg to the

invention is pref YoE T befhtdhcd i ifs Tl s¢AGH BHif fkpéd Whi ch the reaction
of the al kene w t]ﬁ%g{%y&pop{ér oxli de (i:nl t]he pfq'eds?)gnce ofpthe catal yst to be

regenerated is also carried out. In a further, very particularly preferred

embodi ment, the pragGkde iis?w%%%bﬁ/@n@iv}ﬁéh ate 1@ 8dPER 105 ¥E trethie Wedckioh he
wor k-up of the target product. and the 1rvgge,neéatlon acc%r

[ t.o the
i nvention, sincelthi¥ FABPEGnctign asRelvaliin Jae apegdasiogo sog?fi}gmmg {e) vashing
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of the starting ewinesle ahethafol, ethanol, 1-propanol, 2-propanocl, 2-methyl-2-propanol,
1-butanol, 2-butanol, allyl alcohol or ethylene glycol, or ketones, for
example acetone, 2-butanone, 2-methyl-3-butanone, 2-pentanone, 3-penta-

none, 2-methyl-4-pentanone or cyclohexanone.

If the solvent employed for the washing is the solvent already used in the
reaction, its feed is continued, and the catalyst is washed with the solvent at
a temperature of, in general, from 40 to 200°C, if desired with increasing
temperature and under pressure. The washing is preferably continued until
the content of reaction product in the discharge drops to less than 1% of the
initial value, If another solvent is to be used, the feed of hydroperoxide, the
reaction product and the solvent in the reaction is interrupted, and the feed
of the solvent for washing is started. Particular preference is given to the
use of the same solvent for the reaction and for the washing of the catalyst.

There are no restrictions at all regarding the duration of the washing
process, relatively long washing times and thus very substantial removal of

the reaction product or the organic coatings being advantageous.

(2) Drying of the washed zeolite catalyst at a temperature of from —50 to 250°C

After the washing of the catalyst, the solvent used is discharged or pumped
out of the reactor. The porous catalyst then still contains considerable
amounts of adhering solvent, which is substantially removed by drying with
a gas stream at temperatures of from —50 to 250°C, the temperature used



hydr oper oxi de and organi ¢ conpound is interrupted. Solvents which,c

enpl oyed here are all solvents in which the respective reaction pZo’ﬂ[}b{G of- 32
4 Fri L~';5 10 the oxidation of the alkene is readily soluble. Preference is
given to solvents of this type selectéll fromthe group consisting of water,
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or during the supply of gas for the drying.

For the supply of heat within this step, either a gas or a liquid can be
employed, for example within the jacket of a tubular reactor. Preference 1s
given to the use of a liquid for the temperature range below 150°C and to a
gas for the temperature range above 150°C.

3 Heating of the dried catalyst

After the drying, the catalyst to be regenerated is heated. This heating can
be carried out by any methods familiar to the person skilled in the art, the
heating preferably being carried out in the presence of a stream of inert gas,

for example nitrogen, argon, methane, ethane or natural gas.

In a preferred embodiment of the process according to the invention, the
catalyst is located in the tubes of a tube-bundle reactor. In reactors of this
type, the heat is introduced into the system through the jacket space. The
heating rate here must be selected so that inadmissibly high mechanical
stresses do not arise in the reactor. Typical heating rates are from
0.01°C/min to 0.2°C/min.



process, relatively long washing tines and thus very substantial renoval of
the reaction product or the organic coatings being advantageous. (2% BIgi hg5
of the washed zeolite catalyst at a tenperature of from-50 to 250C After

t he washi ng of the catalyst, the solved? used is discharged or punped out

of the reactor. The porous catalyst then still contains considerable

amounts of agher g S0l \antr ihd D a3 B3 ARl A aYorb GROAES rdig 8 eng Wi th
a gas stream’at tenperatures o OTT - 0 0 e tenperature used r 7 r
11 being in the pies¢gmpmventiént he boiling point of the solvent at the pressure
desired in each case. The tenperatures are typically in the region off 50C
above or below the boiling point. The drying is generally carried out using
an inert gas, foflhesegeptretion of thgenatalysaiybibsequemly paraiedguhas depeibrssins gas,
met hane, et hane Q&a@iiﬁkﬁ%ﬁﬂﬁﬁi 1iEsgf,erence is given to nitrogen. The

sol vent-charged gas is then elgWer I sposed of, for exanple by incineration
using a flare, or fed in at a suitable point, for exanple during work-up of

the reactiop prOQHSEnéBﬂﬁb}@n&%&ﬁ%ﬁéms{%taﬁx@@irpéfé;?@i on of an al kane, and
t he sol vent 3resen erern 1s recovered. In a preféerred enbodi nent, the
washing is carried out under pressure at a tenperature above the boiling
poi nt of the sol ueRr} camPietidh 0¥thd RQeAGhNANIn BB (4D e ddensbrRA Gathlyst he
pressure is reduced to such an extent thgﬁt sone of thel\ ﬁol ve&ﬁ]real.ready
evaporat es due t Breferably dhe sntisaigactar Withethe aegeperpted p b rierated BEr¥hiri ng t he
supply of gas fogard Becdbled t8Q tefnBératute ofprafrablebeloaal00?Ct hin this step,
either a gas or a liquid can be enployed, for exanple within the jacket of
a tubular reactor. Preference is given to the use of a liquid for the
t enper at ur e(g)ang€ohéitioning of Grecoachl §0 obtairgd dn ftep (4)we steprffer at ur e range above
150C. (3) Heating of the.dried catalyst After the drying, the catalyst to be
regenerated is heated. This heating can

After the regeneration according to the invention or the cooling, the catalyst

can also be conditioned in order to dissipate the heat of sorption of the

solvent or starting materials in a controlled manner before re-use of the
catalyst. To this end, small amounts of a solvent, preferably the same
solvent which has been employed for the reaction or for the washing of the
catalyst, in particular an alcohol, for example methanol, are admixed with
the inert gas flowing past the catalyst, and the solvent vapor-containing
stream of inert gas is passed through the catalyst bed. The solvent content
and the volume flow rate of the conditioning gas are selected so that an
inadmissible peak temperature of the catalyst does not occur. The
temperature increase should preferably be not greater than 100°C above the
mean temperature of the heat transfer medium, for example in a jacket

space of a tubular reactor.

After the heat liberation has subsided, the feed of conditioning gas
containing solvent is interrupted, and the reactor, preferably the fixed-bed

reactor, is filled with liquid and put back into operation.

In the optional steps (5) and (6) of the process according to the invention, it is
important that both the cooling is not carried out too quickly and that the
conditioning is not carried out too quickly, since both processes can have adverse
effects on the catalyst bed in the reactor. In addition, an excessively fast




be carried out by any nethods famliar to the person skilled in the art, the
heating preferably being carried out in the presence of a stream of §nerd .7}
gas, for exanple nitrogen, argon, nethane, ethane or natural gas. In a
preferred enbodi nent of the process actbrding to the invention, the

catalyst is located in the tubes of a tube-bundle reactor. In reactors of
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The heating Afe helre st be sel ected so that | nadm §si 'y hi gh mechani cal
stresses davooleddorn the same tdagonseact or. Typical heating rates are from 0.01
Cmnto 0.2C0mn. 24 F 3 i~ 12 (4) Regeneration of the heated catal yst by
means of a process according to the present invention The regeneration of
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step (4) After co etion o ere ratiton 1n step (4), the regenerated
catal yst, ascestlizngatiol the inngntion or therigigeraind pocesstipethe B0 ANk Eey st

| ocated th i HIRRr r | edg! gw 200C.
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regener at i dydsegsomgraxide, furthes praferablyile medhanchgolgddl i ng, the catal yst can
al so be conditioned in order to dissipate the heat of sorption of the
solvent or starting materials in a controlled ﬁ{nrﬁ?r gefore e-use of the

catal yst. Tohepipeesaaerordinate theipyrmtien §s. in pylg ofolpwingpdyapiges ane

sol vent whi ch has been enpl oyed for the reaction or for the washing of the
catalyst, in particular an alcqhal, for exanple t hanol , are adm.xed with
the inert dhs f|*§wa?gﬁsa‘§%y t“hé’aﬁé% é]i’ey§‘?a,a13?1§gtcﬁgle of eﬂ]tear\l/sam -ngh ai ni ng
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and the vol une fr'eg%errﬁ}o%i‘é";ués?a%ti%ﬁ}??e'téihé’d‘;' ng gas are selected so that an

. the regeneration process according to the invention can, on use of a fixed-
bed catalyst, be carried out in the reactor itself without removal of the

catalyst;

. the solvents employed in the regeneration process according to the
invention may be identical with the solvents during the reaction and overall

be circulated completely.

The invention will now be explained in greater detail with reference to some

examples according to the invention.
Examples

Example 1

A TS-1 catalyst (in the form of 1.5 mm pellets) was introduced to a bed depth of 8
m (in total 4480 g of catalyst) into a tube with a length of 1.25 m open at the top
and with electrical secondary heating. By means of a calibrated mass flow meter,
various mass flow rates of nitrogen were passed through the reactor at room

temperature and at 400°C, and the corresponding pressure loss over the bed depth



i nadm ssi bl e peak tenperature of the catal yst does not occur. The
tenperature increase should preferably be not greater than 100C ab@vé e :(.5
nmean tenperature of the heat transfer nmedium for exanple in a jacket space
of a tubular reactor. After the heat |lderation has subsided, the feed of
conditioning gas containing solvent is interrupted, and the reactor,
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Example 2

The preceding example was repeated with a bed depth of 12 m. The reactor then
contained in total 6720 g of catalyst. The results are shown in the following
diagram as pressure loss vs. weight-based residence time. It can be seen that for
weight-based residence times of less than 2 hours, the pressure loss increases

rapidly and, as expected, to an even greater extent than in Example 1.




be circul ated conpletely. The invention will now be explained in gé eat er

detail with reference to sone exanples accordi.ng to the invention ‘E)fa.mi:) ed
Exanple | A TS-1 catalyst (in the formof 1.5 mmpellets) was introduced to
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of 1.25 mopen at the top and with electrical secondary heating. By neans
of a calibrated.fmss-fl-ow meter, variopus mass. fl.ow.rates of .nitrogen were
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Example 3

40 g of a spent TS-1 catalyst (removed after an operating time of about 600 hours)
in the form of pellets with a diameter of 1.5 mm were introduced into an
electrically heated stainless-steel tube having an internal diameter of 25 mm and a
length of 200 mm. After drying at 50°C in a stream of nitrogen, this removed
catalyst contained 1.0% by weight of carbon. For monitoring the internal
temperature, a thermocouple was mounted in the center of the catalyst bed.
61(s.t.p.yh of nitrogen were passed through this bed. The heating was then
switched on, and the temperature increased to 450°C over the course of
84 minutes. When the temperature was reached, air was slowly metered in (from 0
to a maximum of 1 1(s.t.p.Yh over the course of 50 minutes. The regeneration was
subsequently carried out with 6 /(s.t.p.)/h of nitrogen and 1 1(s.t.p.)/h of air for 1
hour at 450°C. The weight-based residence time of the regeneration gas, defined as
indicated in the description, was 5.3 hours before and 4.6 hours afier the stream of
air was switched on. The heating was subsequently switched off and, in order to
accelerate cooling, the stream of nitrogen increased to 10 ! (s.t.p.)/h. The change in
temperature and the amounts of nitrogen and air employed are shown in the

following diagram.
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The maximum temperature peak observed was 10°C (at 157 and 191 min). After
cooling, the catalyst was removed and analyzed. The carbon content was < 0.1%
by weight. The regenerated catalyst exhibited the same activity and selectivity in
the epoxidation of propene using hydrogen peroxide in methanol as did the fresh

catalyst.
Example 4

800 g of a spent TS-1 catalyst (removed afier an operating time of about 1000
hours) in the form of pellets having a diameter of 1.5 mm were introduced into an
electrically heated stainless-steel tube having an internal diameter of 40 mm and a
length of 2100 mm. After drying at 50°C in a stream of nitrogen, this removed
catalyst contains 1.2% by weight of carbon. In order to monitor the internal
temperature, the tube was fitted with thermocouples at separations of about
200 mm. A gaseous stream composed of 100 1 (s.t.p.)h of nitrogen and 30 |
(s.t.p.)/h of air (corresponds to 130 | (s.t.p.Yh with 4.6% by volume of oxygen in
nitrogen) was passed through this bed. The weight-based residence time of the
regeneration gas, defined as indicated in the description, was 4.9 hours. The
pressure loss over the bed was about 20 mbar. The heating was subsequently
switched on and the temperature increased to 400°C over the course of 2 hours.
The pressure loss over the bed increased to about 40 mbar. The temperature was
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40 g of a spent TS-1 catalyst (rermpved after an operating tine of about 600
hours) in the formof pellets with a dianmeter of 1.5 nmwere intradmdé_fﬁ ey
into an electrically heated stainl ess-steel tube having an internal
diameter of 25 mmand a length of 200l#dm After drying at 50C in a stream
of nitrogen, this renoved catalyst contained 1.0% by wei ght of carbon. For
noni tori ng i o € hofrst ABEMSAHRLE ¢ L e Hdy t he
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1T (s.t.p.)/fq | Jot REE8D ARG Aok 6S did Prediegfiy@i r for 1 hour at 450C. The
wei ght-base@ r(ge%éiﬁd}gnce tllnrre o%nthe reggneréiti%n gas, defined as indicated
in the description, was 5.3 hours before and 4.6 hours after the stream of
air was switched on. The heating was subsequently switched off and, in order
to accelerate cooling, the streamof nitrogen increased to 10 1 (s.t.p.)/h.
The change in tenperature and the amounts of nitrogen and air enployed are
shown in the following diagram 16 0 50 101; 150 zt70 2°0 t /(111 100 3SO
400 The nmaxi mum t enper at ure peak observed was 10C (at 157 and 191 mn).
After cooling, the catalyst was renoved and anal yzed. The carbon content
was < 0.1% by weight. The regenerated catal yst exhibited the sane activity
and selectivity in
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operating tine of about 1000 hours) in the formof pellets having a
dianeter of 1.5 mmwere introduced into an electrically heated

stai nl ess-steel tube having an interpg%_dianeter of 40 mnmmand a |ength of
2100 mMm After drying at 50C in a streamof nitrogen, this renpbved catal yst
contains 1.2% by wei ght of carbon. In order to nonitor the interna
tenperature, the tube was fitted with thernocoupl es at separations of about
200 mMm A gaseous stream conposed of 100 1 (s.t.p.)/h of nitrogen and 30 1
(s.t.p.)/h of air (corresponds to 1301 (s.t.p.)/h with 4.6% by vol une of
oxygen in nitrogen) was passed through this bed. The wei ght-based residence
ti me of Whelaimggenerati on gas, defined as indicated in the description, was
4.9 hours. The pressure |oss over the bed was about 20 nbar. The heating
was subsequently switched on and the tenperature increased to 400C over the

course of 2 hours. he pressure | oss over the bed i.ncreased to about 40
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process for the regeneration of a zeofite catal yst, which conprises treating

the cat al ystthé fiRedrbéd yeatctor & 4 iubeldr badtor eaniberbundletrbet@r esence of a gas
stream at tenperatures above 120 T, wherein the wei ght-based residence tine
of tie gas

2. A process as claimed in claim 1, where the zeolite catalyst is a titanium silicalite

having the TS-1 structure.

3. A process as claimed in claim 1, where the regeneration gas comprises from 0.1 to
15 10% by volume of oxygen.
4. A process as claimed in claim , which comprises:

(1) washing of the zeolite catalyst with a solvent,

(2)  drying of the washed zeolite catalyst at a temperature of from -50 to 250°C,
20 (3)  heating of the dried catalyst, and

(4)  regeneration of the heated catalyst by means of a process as described in

claim 1.

5. A process as claimed in claim 4, which furthermore comprises at least one of the
25 following steps (5) and (6), which are carried out after step (4):
(5) cooling of the regenerated catalyst obtained in step (4)
(6)  conditioning of the catalyst obtained in step (4) or in step (5) wherein, for

conditioning, small amounts of a solvent are admixed to an inert



stream over the catalyst durina the thermal treatnent is from4 to 6‘3}@“1'5"‘"5
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reactor. to 2. A process as clainmed in claim1, where the zeolite catal yst

is atitaniumsilicalite having the TS- | structure. 3. A process as
claimed in claim1l1, where the regenerigfion gas conprises from0.1 to 15 10%
by vol unme of oxygen. 4. A process as clained in claim 1, which conprises:

(1) washing of the zeolite catalyst with a solvent, (2) drying of the washed

zeolite catal yst -te [ f kr - G .2 ) i.ng of
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claim4, which fusr%ttr ergn%?glngﬁnp;‘%@éés%gge:a‘etégy‘é%ﬁ@ 0(%&%%2&'25 foll owi ng steps
(5) and (6), which are carried out after step (4): cooling of the
regenerated catal yst obtained in step (4) conditioning of the catalyst

obt ai ned. i n gheftegfited proctsssoe the( Sidakwr 6f an alkete, whichorghgrisenteagting thel |
anounts of a solvent are adm xed to an inert 2 4 FLT) - 19 conditioning gas
st ream passi aendhwithat bydrsperarietinghd pestnce eici zeobite satplysand stibssgnently
contai ning solvent is passed through the catal yst bed. 6. An integrated
process for tegengrpiinmttiesatadyst By meapeelka pipkessies desepibrd usclpigntting the 5

al kene with a hydroperoxide in the presence of a zeolite catal yst and
subsequently regenerating the catalyst by neans of a process as descri bed
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8. A process as claimed in claim 6, where the regenerated catalyst is re-employed for

the reaction of the alkene with the hydroperoxide.

9. A process as claimed in claim 8, where the alkene is propene and the hydroperoxide

15 is hydrogen peroxide.

10. A process for the regeneration of a zeolite catalyst, which comprises treating the
catalyst thermally in a fixed-bed reactor in the presence of a gas stream at
temperatures above 120°C, wherein the weight-based residence time of the gas

20 stream over the catalyst during the thermal treatment being from 3 to 10 hours.

11.  An integrated process for the oxidation of an alkene, which comprises reacting the
alkene with a hydroperoxide in the presence of a zeolite catalyst and subsequently
treating the catalyst thermally in a fixed-bed reactor in the presence of a gas stream

25 at temperatures above 120°C, wherein the weight-based residence time of the gas
stream over the catalyst during the thermal treatment is from 4 to 6 hours and to
regenerate the catalyst, wherein the fixed-bed reactor is a tubular reactor or tube-

bundle reactor.
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regenerated catalyst is re-enployed for the reaction of the al kene w A the
hydr operoxi de. 9. A process as clained in claim8, where the al kene is
propene and the hydroperoxide 15 is hydrogen peroxide. 10. A process for

the regeneration of a zeolite catalyst, which conprises treating the

catalyst thermally in a fixed-bed reactor in the presence of a gas stream at
t enper atures above 120C, wherein the wei ght-based residence tinme of the gas
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zeolite cata subsequently treating the Catalyst thernmally in a
fixed-bed re isiflopdi® aRd BEERERogoddgRshydtogea pedXide. t enperatures above
120C, mhereiﬁ&%ﬁ%$¢£i%ht-based res?%ence tﬁﬁegff@?he gas stream over the
catalyst during the thermal treatnent is from4 to 6 hours and to
regenerate the catal yst, wherein the fixed-bed reactor is a tubular reactor
or tsbed3bundineintemaatedpro@ssiad thimed irbclaigo 112 wheteen ithe prgsaredossrayceshe as
clained in claim1l, wherein the regenerated catal yst i re-enpl oyed for
the reacti on resttor iiewhidbethe cHpiyR! is KegeRg@icd e RobETeRier BAR4RABrei n the al kene
is propene and the hydroperoxide is hydrogen peroxide. 5 13. An integrated
process as claimed in claim1l, wherein the pressure | oss over the reactor
in which the catalyst is regenerated is not greater than 4 bar.



