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EPOXI DATI ON W USI NG SERI ALLY CONNECTED CASCADE OF FI XED BED REACTORS
FI ELD OF THE TN This invention provi des a met hod of operft'mf“&?sé?ﬁosg
epoxidation facility 5 utilizing a heterogeneous catal yst such that the
life of the catalyst may be significantly extended. More particularly, the
I nvention pertains to a serlally connected cascade of fixed bed reactors
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means of heat exchangers so as to maintain high epoxide selectivity. In one

15 embodiment the feedstream is contacted first with the highest activity
catalyst in the series. In another embodiment, the feedstream is contacted
first with the lowest activity catalyst, with a replacement reactor being
introduced at the terminal position of the series.

BACKGROUND OF THE INVENTION
20 Over the last several decades, different types of insoluble substances
have been found to be highly active and selective catalysts for transforming
olefins such as propylene to epoxides such as propylene oxide using active
oxygen species. One class of such catalysts includes the titanium silicalites
such as TS-1 and other zeclites having titanium atoms in their framework
25 structures which work well where the oxidant is hydrogen peroxide and the
olefin is relatively small. Ses, for example, U.S. Pat. No. 4,833,260. When
the active oxygen species is an organic hydroperoxide such as ethyi
benzene hydroperoxide, the use of porous amorphous catalysts such as
those commonly referred to as “titania-on-silica® is preferred. Olefin
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could alternatively be replaced 15 with fresh catal yst, but the sane
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that epoxidation be interrupted for some period of time sufficient to effect
catalyst reactivitation, thereby reducing the effective annual capacity of a
commercial plant. The deactivated-catalysts could altematively be replaced
15 with fresh catalyst, but the same practical disadvantages will result with
regeneration. Additionally, catalysts of this type tend to be relatively costly
and it would be desirable to minimize the quantity of fresh catalyst which is

needed to supply the plant.

SUMMARY OF THE INVENTION
20 This invention provides a method of operating an olefin epoxidation
facility comprised of a serially connected cascade of at least two fixed bed
reactors containing a heterogensous catalyst wherein a feedstream
comprised of the olefin and an active oxygen species is continually passed
through said serially connected cascade and contacted as a liquid phase
25 with the heterogeneous catalyst in each fixed bed reactor under conditions
effective for conversion of the olefin to epoxide. Said method comprises
removing one of the fixed bed reactors of said serially connected cascade
from conversion service at such time as the heterogeneous catalyst in said
fixed bed reactor has become deactivated to an undesirable extent and
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conditions effective for conversion of the olefin to epoxide. &5

conprises renoving one of the fixed bed reactors of said serially connected
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reactor terminal position of the serially connected cascade.

In another embodiment, which provides the advantage of requiring
much smaller capacity heat exchangers, the additional fixed bed reactor is

15 introduced into conversion service in the first position of the serialfy
connected cascade.

An epoxidation facility operated in accordance with the present
invention can be kept in production on a continuous basis without
interruption for catalyst change-over and will be more tolerant of upsets, low

20 activity catalyst and bed blockage than a facility containing a single reactor
having a relatively large fixed bed of catalyst, which must be shut down
periodically for catalyst replacement. Furthermore, the catalyst consumption
of the serially connected cascade will be less than the single large fixed bed

for an equivalent total reactor volume.

25 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates the conventional fixed bed epoxidation process
described in mors detail in Comparative Example 1. Figure 2 illustrates a
serially connected cascade of fixed bed reactors operated in accordance
with the present invention' as described in more detail in Examples 2 and 3.
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example, hydrogen peroxide or an organic hydroperoxide may be supplied
as such to the serially connected cascade or may be generated in sity during
epoxidation.
15 It is generally preferred to operate at a molar ratio of active oxygen
species: olefin in the range of from 1:1 to 1:30 (more preferably, from 1:5 to
1:20). )
The hydrogen peroxide which may be utilized as the oxidizing agent
may be derived frorﬁ any suitable source. For example, the hydrogen
20 peroxide may be obtained by contacting a secondary alcochol such as
alpha-methyl benzyi alcohol, isopropyl alcohol, 2-butanol, or cyclohexanol
with molecular oxygen under conditions effective to form an oxidant mixture
comprised of secondary alcohol and hydrogen peroxide (and/or hydrogen
peroxide precursors). Typically, such an oxidant mixture will also contain a
25 ketone such as acetophenone, acetone, or cyclohexanone corresponding
to the secondary alcohol (i.e., having the same carbon skeleton), minor
amounts of water, and varying amounts of other active oxygen species such
as organic hydroperoxides. One or more of the components of the oxidant
mixture such as ketone may be removed in whole or in part prior to
30 epoxidation.  Molecular oxygen oxidation of anthrahydroquinone,
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primry hydroperOX|des The organi c hydrbperoxi de preferably has the
general 18tructure: [err] mhereldq ETT] CE$Hﬂr] and Rl err] are the sane or
different and are selected fromthe grougsconsisting of hydrogen,
Cerr]-Cerr] alkyl (e.g., nethyl, ethyl," t-butyl) and

wherein R', R? and R?® are the same or different and are selected from the

group consisting of hydrogen, C,-C,, alkyl (e.g., methyl, ethyl, t-butyl) and

C¢-C,, aryi (e.g., phenyl, alkyl substituted phenyl), subject to the proviso that
15 not more than one of R', R2 or R %s hydrogen. Exemplary organic

hydro-peroxides include t-butyl hydroperoxide, t-amyl hydroperoxide,

cumene hydroperoxide, ethyl benzene hydroperoxide, cyclohexyl

hydroperoxide, methyl cyclohexyl hydroperoxide, tetralin hydroperoxide,

isobutyl benzene hydroperoxide, ethyl naphthalene hydroperoxide, and the
20 like. Mixtures of organic hydroperoxides may also be employed.

The concentration of the active oxygen species in the feedstream
introduced to the seriaily connected cascade of fixed bed reactors is not
regarded as critical. Generally speaking, concentrations of from about 1 to
50 weight percent are suitable. The optimum concentration will depend

25 upon the active oxygen species and heterogeneous catalyst selected for
use, the liquid phase olefin concentration, and the active oxygen species:
olefin molar ratio, among other factors. The liquid phase active oxygen
species concentration will, of course, vary over the length of serially
connected reactor cascade due to the reaction of the active oxygen species

30 as it passes through the cascade.
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oxide while still permitting a high degree of hydroperoxide conversion. It will

generally be desirable to achieve at least 96% (more preferably, at least

15 98%, most preferably, at least 99%) conversion of the active oxygen species

initially present in the feedstream as it passes though the serially connected

reactor cascade. [t will be advantageous to operate the present process

such that selectivity to epoxide based on active oxygen species converted

is in excess of 80%. Where the olefin is propylene, the active oxygen

20 species is ethyl benzene hydroperoxide, and the heterogeneous catalyst is
titania-on-sitica, propylene oxide selectivities greater than 98% are possible.

Organic compounds having boiling points at atmospheric pressure of

from about 25°C to 300°C are generally preferred for use as solvents.

Excess olefin may serve as a solvent or diluent. lllustrative examples of

25 other suitable solvents inciude, but are not limited to, ketones (e.g., acetone,

methyl ethyl ketone, acetophenone), ethers (e.g., tetrahydrofuran, butyl

ether), nitriles (e.g., acetonitrile), aliphatic and aromatic hydrocarbons (e.g.,

ethy! benzene, cumene), halogenated hydrocarbons, and alcohols (e.g.,

methanol, ethanol, isopropy! alcohol, t-butyl alcohol, alpha-methyl benzyl

30 alcohol, cyclohexanol). Where the catalyst is a titanium silicalite and the
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15 lllustrative catalysts include titanium-containing molecular sieves
comprising the class of zeolitic substances wherein titanium atoms are
substituted for a portion of the silicon atoms in the lattice framework of a
molecular sieve.
Particularly preferred titanium-containing molecular sieves include the
20 molecular sieves commonly referred to as “TS-1" (having an MFI topology
analogous to that of the ZSM-5 aluminosilicate zeclites; see U.S. Pat. No.
4,410,501).
Titanium-containing molecular sieves usable in the present process
are sometimes variously referred to by workers in the field as “titanium
25 silicalites”, “titanosilicates”, “titanium silicates”, “silicon titanates” and the like.
Other suitable catalyst compositions are substances comprising an
inorganic oxygen compound of silicon in chemical combination with an
inorganic oxygen compound of titanium ( e.g., an oxide or hydroxide of
titanium). The inorganic oxygen compound of titanium is preferably
30 combined with the oxygen compound of silicon in a high positive oxidation
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catal yst conpositions are substances conprising an Inorgani c OXygen
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the oxygen coNpo8/2050848;idndo0astilld et i, JNCRRRVEIES10%pIsba- 29 (1996), the
teachings of which are incorporated herein by reference in their entirety.
One type of such heterogeneous catalyst particularly suitable for use
15 in the present invention is titania-on-silica (also sometimes referred to as
“TiO,/SiO,"), which comprises titanium (titanium dioxide) supported on silica
(silicon dioxide). The titania-on-silica may be in either silylated or
nonsilylated form,
The catalyst is deployed in a serially connected cascade of fixed bed
20 reactors. A plurality (i.e., two or more) fixed bed reactors thus are connected
in series with the feedstream being introduced at one end of the first reactor
in the series, passed over the bed of heterogeneous catalyst within that
reactor to accomplish partial conversion of the olefin and active oxygen
species to epoxide, and then withdrawn from the other end of the first
25 reactor. The feedstream is then introduced into one end of the next reactor
in the cascade, permitted to react while in contact with the fixed bed of
catalyst in the next reactor, and then withdrawn from the other end of the
next reactor. This procedurs is repeated until the feedstream has been
passed through all of the fixed bed reactors then in conversion service in the
30 cascade. The dimensions of each reactor, the amount of catalyst charged
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other end of t{i€ed to preheat the feedstream being fed to the first reactor.
The number of fixed bed reactors being used in conversion service
15 may be varied as desired to achieve an optimum balance between
construction costs, operating costs (including catalyst consumption) and
performance, but will typically be from 2 to 5. At least one additional fixed
bed reactor containing fresh or regenerated catalyst is introduced into
conversion service when needed to replace an in-service reactor containing
20 . catalyst which has become deactivated to an undesirable extent. The
epoxidation facility contemplated by the present invention thus may
comprise a bank containing a total of 3 to 6 fixed bed reactors operatively
connected to be placed in service sequentially in selected positions within
the cascade or to be taken out of service for catalyst replacement or
25 regeneration. Normmally, no more than one reactor in said bank of reactors
is out of service at any given time such that continuing conversion in the
remaining reactors may be maintained, thereby heiping to maximize the
productivity of the epoxidation facility. The reactors may be interconnected
by means of piping and valves such that the flow of the feedstream through
30 the reactor tank can be changed to achieve the desired sequence and to



next reactorwoldyssgprocedure is repeated until the feedstream §dt0s9
passed through all of the fixed bed reactors then in conversion service in
t he 30 cascade. The dinmensions of each reactor, the amount of catal yst
char ged 9 to each reactor, and the conditions (tenperature, pressure)
are sel ected such that conplete or near d@rrpl ete conversion of the active
oxygen species is attained by the tine the feedstreamexits the term nal

(1 ast) react opermittindividual 48acters tebeiramoveddtm|cprakessionsenties to allowi gh
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typically leads to a nodest increase, e.g., 1 to 25[err]C, in the
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reactors oper dydveperoxide to the corresponding alcohol, withdrawn from Reactor A, and
then introduced into Reactor B, and thereafter serially passed through the
catalyst beds of Reactors B, C, D and E in that order. Reactor F is withheld
15 from conversion service during the first cycle. At the conclusion of the first
cycle, the catalyst in Reactor A will have deactivated to a greater extent then
the catalyst in the other reactors. Reactor A is then taken out of service for
catalyst replacement or regeneration.
in one embodiment, Reactor B in the second cycle becomes the first
20 reactor in the severally connected cascade (i.e., the feedstream is
introduced first into Reactor B) and Reactor F containing a fresh charge of
- catalyst is introduced into conversion service as the iast reactor in the
cascade (i.e., the last reactor through which the feedstream is passed). The
sequence of reactors in the cascade during the second cycle thus is B-C-D-
25 E-F, with Reactor A being out of service. In the third cycle, Reactor B is
" taken out of service for catalyst replacement or regeneration and Reactor A,
containing freshly prepared or regenerated catalyst, is re-introduced into
conversion service in the teminal position of the cascade. During the third
cycle, the sequence of reactors thus is C-D-E-F-A. This procedure, whereby
30 the reactor containing the most deactivated catalyst (the first reactor in the
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Reactor A is then taken out of service )
(Reactor C) and thereafter to the remaining reactors in ascending order of

relative activity. The reactor sequence during the third cycle thus is A-C-D-
15 E-F (Reactor B out of service). Likewise, the fourth cycle'reactor sequence
will be B-D-E-F-A (Reactor C out of service).

When the heterogeneous catalyst in the fixed bed of an individual
reactor has deactivated to an undesirable extent, the reactor is taken out of
service and regsneration or replacement of the catalyst carried out. While

20 the degree of deactivation in an individual fixed bed which can be tolerated
will vary depending on a number of factors, including the number of reactors
in service and the minimum epoxide yield and oxidizing agent conversion
deemed acceptable from a commercial perspective, the catalyst will
typically not be regenerated or replaced until its activity drops below 10% of

25 the original activity.

Regeneration of the catalyst may be conducted in accordance with
any of the procedures known in the art such as calcination, solvent washing,
and/or treatment with various reagents such as silyating agents, bases,
oxidizing agents and the like. It is highly desirable to practice a regeneration



catal yst rep| or regeneration. In one enbodinent, Reactqr. B in the
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After withdrawal from the terminal fixed bed reactor in the cascade,
the feedstream (with preferably substantially all of the active oxygen species
15 initially present having been reacted to form epoxide) may be fractionated
or otherwise treated in accordance with conventional techniques to recover
the desired epoxide product. Unreacted olefin may be recycled.

EXAMPLES

20 COMPARATIVE EXAMPLE 1
A conventional multi-bed reactor vessel (1) is employed in which five
reactor beds (A, B, C, D, E) are stacked, as illustrated in Figure 1. Vessels
of this general type are described in more detail, for example, in U.S. Pat.
Nos. 2,271,846 and 2,322,366. The reactor beds are simultanecusly loaded
25 with a total of 65 Kg of a titania-on-silica heterogeneous catalyst freshly
prepared as described in U.S. Pat. No. 3,829,392. The feed, comprising
286 Kg/hr ethyl benzene oxidate and 408 Kg/hr propylens, is introduced to
the bottom bed of the reactor vessel through line 2 and is kept in liquid
phase by operating at a pressure of 800 psia. The ethyl benzene oxidate is
30 obtained by conventional molecular oxygen oxidation of sthyl benzene as



(Reactor C) and thereafter to the remaining reactors in ascendi ng order of
rel ative acti¥PPY324The reactor sequence during the third cycl e REIEP]8L6059
A-C-D 15 E-F (Reactor B out of service). Likew se, the fourth cycle
reactor sequence will be B-D-E-F-A (Reactor C out of service). Wen the
het er ogeneous catalyst in the fixed bed afa an individual reactor has
deactivated to an undesirable extent, the Teactor is taken out of service
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feed to about 101°C to maintain the temperature of the product stream

exiting each catalyst bed of the reactor vessel at about 121°C, the maximum
deemed desirable in this particular embodiment of the invention. Above this

15 temperature, the selectivity and yield of propylene oxide decrease
significantly. The product stream temperatures entering and exiting each of
the four heat exchangers are thus as follows at the end of the cycle:

Heat Exchanger Enter Exit
HE-1 - 121°C 104°C
20 HE-2 121°C 104°C
HE-3 121°C 111°C
HE-4 121°C 117°C

When the ethyl benzene hydroperoxide conversion drops below 99%
and all catalyst beds are operating at 121°C outlet, the reactor vessel is shut
25 down in order to replace all of the beds with fresh catalyst. The used
catalyst is either sent to waste disposal or regenerated for use in a future
epoxidation cycle.
Example 2
In accordance with the present invention, a bank _of six separate
30 reactor vessels (A, B, C, D, E, F) is configured as shown in Figure 2. Only



reactor may bfb&ﬁﬁzugfed to conversion service in accordance with t

present invention. To maintain optinum productivity from an epSETGEFW8W59
facility, it will be desirable to have no nore than one reactor out of
service at any given tine. After withdrawal fromthe terninal fixed bed
reactor in the cascade, the feedstream (WM4th preferably substantially all
of the active oxygen species 15 initially present having been reacted to
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with the reacthoerat\é?<c§.t?aerl1gers€(‘HEn Eliﬁe-a, HE-4) such that the outlet temperature
does not exceed 121°C. That is, the liquid stream withdrawn from one

reactor vessel is cooled to the desired extent using a heat exchanger

(thereby heating the feed stream entering the first reactor vessel) before

15 being passed into the next reactor vessel in the series where the
temperature of the liquid stream will again be increased as a result of the

exothermic epoxidation taking place in the catalyst bed. At the end of the

epoxidation cycle illustrated in Figurs 1, for example, the terﬁperature of the

feedstream entering the Reactor A will be about 101°C and the temperature

20 of the product streams entering and exiting each of the four heat exchangers
in service will be as follows:
Heat Exchanger Enter Exit
HE-1 121°C 104°C
HE-2 121°C 107°C
25 HE-3 121°C 110°C
HE-4 121°C 116°C

At the end of the epoxidation cycle, when overall conversion of the
ethyl benzene hydroperoxide falls below 99% and when all five in-service
catalyst beds are being operated at an outlet temperature of 121°C, the first

30 reactor vessel in the series (Reactor A), which contains the least active
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as shown in Figure
service and replaced with the spare reactor vessel containing fresh catalyst

(ReactorF). Asa result, the feedstream is first introduced into the reactor
vessel containing the highest activity catalyst in the series of reactor vessels,
rather than the reactor vessel containing the catalyst of lowest activity as in
Example 2. During the next epoxidation cycle, the reactor sequence thus
will be F-B-C-D-E. In sqbséquent cycleé, the reactor containing the least
active catalyst is again removed from service and the feedstream first
passed through the replacement reactor having the most active catalyst in
the series and thereafter through the remaining in-service reactors in
ascending order of catalyst activity. During the third cycle, for example, the
reactor sequence will be A-C-D-E-F, with Reactor B out of service.
Somewhat shorter catalyst life is observed than in Example 2, but the
exchanger surface required is reduced significantly as compared to Example
2. That s, at the end of the epoxidation cycle in Example 2, the feed
entering the first reactor vessel must be heated to 101°C in order to achieve
a temperature of 121°C in the outlet from the first reactor vessel. This
requires approximately the same exchanger surface as in Comparative
Example 1. The process iliustrated in Example 3 does not need as large an
exchanger surface since much of the temperature increase is obtained by
the greater exotherm attributed to the presence of relatively fresh, highly



14 five of t r vessels are serially connected by means I DI
and in use |E®:(B)§r?€zg?€| on service at any given tinme. Figure 2 sﬁg:{x@%l?%&gg

react or bank during a given epoxidation cycle wherein the feedstreamis fed
first through Reactor A then Reactor B, then Reactor C, then Reactor D,
and 5 finally Reactor E, with Reactor 1§ being held out of service. Each
reactor vessel contains a fixed bed conprised of 13 Kg of titania-on-silica
catal yst. The arcﬁ@ébﬁfalyﬁtfiﬁ HesfiRt Reactdrrshsef of Eﬁarﬂgreft! t TRE %Mpé&td@ybfone
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when all five in-service




catal yst beds are being operated at an outlet tenperature of 121 errLC
first 30 MEAYBATYessel in the series (Reactor A), which coRCATEFISA

| east active 15 catalyst in the series, is renoved fromservice in order
to replace the catalyst bed with fresh or regenerated catal yst. The
deactivated catal yst may, of course, als¢7be regenerated in situ (i.e.,
while still in the reactor vessel). The spare reactor vessel containing
unused catal yst (Reactor F) is then plf%&@ﬁfi in service as the | ast
reactor vessel in said series. The reactor sequence during the next

epoxi dati on cExampléus is B-C-D-E-F. Exanple 3 Ih this ex le, thé

epoxi dation p SS p ted identically to the procedure described in
Exanpl e 2 excgﬁg} ¢ag?y%£ctgﬂm of the epoxidation 10 cycle, the first
reactor vesseR ec)é“e?les (Reactor A) is rem)ved from I‘VI ce %

repl aceddwi t h the e Yeactor vessel contai ni fresh Iyst ( Sct or
F). As a result, the fe@istreamis first introdd%d into 28e react®8 vessel
cont ai ni ng the hi ghest &&tivity catalyst in the6series of3ieactor 3&ssel s,
rather than the reactor gessel containing the c# al yst of6l2owest adidivity
as in 15 Exanpl e 2. [pring the next epoxidatiign cycle, 18he reacr®
sequence thus will| be F- B- C-DE I n subsequent cycles, the reactor

cont ai n| g the/Fg R’Pﬁ aI yst is again renoved from service and the
feedstre mfl I ﬁ rou the replacement reactor having the nost
active cataly ?g ries and thereafter thrgQugh the rnaunlng6

i n-service reactor ascendi ng order of %t al yst égtl vity ring
the third cycle, for ex Ie t he reactor seque will b&2A D El , Wth
Reactor B out of serviced Somewhat shorter cat al}ﬂst life P9 observd® than
in Exandide 2, but the ex&hanger surface required8s reducgﬁ si gni fgcantly

as conpared to Exanple § 7

Reactor Change Cycle, Days 303 666 570
Catalyst Life, Days 303 133 114
Kg Catalyst in Operation/ 0.10 0.10 0.10

20 Kg per Hour Oxidate Fed
Kg Catalyst Consumed/ 14 0.64 0.77
Kg Oxidate Feed x10°
Exchanger Surface m¥ 0.026 0.025 0.0086
Kg per Hour Oxidate Fed

25



2. That is, at the end of the epoxidation cycle in Exanple 2, the feed 25
entering the"Pi%2#4%eact or vessel nust be heated to 101[err] CHGIEROBA505P o
achieve a tenperature of 121[err]Cin the outlet fromthe first reactor
vessel. This requires approxi mately the sane exchahﬂer surface as in

Conparative Exanple 1. The process |Ilust1§at ed in Itl | | uot need
se is

as large an exchanger surface since nuch t he t

obt ai ned by 3&¥ CI ,greater exothermattributed to the presence of
relatively fr RV h 16 active catalyst in the first reactor vessel

of Exanple 3. The tﬁrrperntm'étﬁadqif ReatirRests blefiAre Io%'hbﬁgaéﬂ?c%mﬂris'éﬂ each
of the four in-service heat exchangers at the en firSt epoxidation

cycle will be q-isa fseriaiyeconrested-eascadeof at least two ﬁxe;hbed reactors each Exit
5

121[err] C contalnmglqlhgge'regqu@@ catalyst vxthérem ;?eedstream cg@gﬁé% Pg C HE-2

117[err] C HE- Hlefin and an active oxygen spé&bheiér&cﬁﬁtmually passedlth%ﬁﬂ k&idTabl e
1 conpares the operating conditions for exanples 1-3. haj or

advant age of tS@siallyceennecied|caseadei andneorsactegsap| a dm@tmsm vwﬁhath@ es 2
o002 %5 CoMAERRReblE ST o35 B RS SRR AR CondyERREAG
1 2 fdr conversion for the olefin to epoxide, said method comprising:

(a) removing one of the fixed bed reactors of said serially

connected cascade from conversion service at such time as
" the heterogeneous catalyst in said fixed bed reactor has
become deactivated to an undesirable extent; and

(b) introducing into conversion service in said serially connected

cascade an additional fixed bed reactor containing a
heterogeneous catalyst having a level of epoxidation activi’q'(
higher than the epoxidation activity of the heterogeneous
catalyst taken out of conversion service in step (a).

2. The method of claim 1 wherein the fixed bed reactor taken out
of conversion service in step (a) contains heterogeneous catalyst having an
activity lower than that of the heterogeneous catalyst in any of the other fixed
bed reactors in the serially connected cascade.

3. The method of claim 1 wherein the fixed bed reactor taken out
of conversion service in step (a) is the first fixed bed reactor in said serially
connected cascade. |

4, The method of claim 1 wherein the additional fixed bed reactor
in step (b) is introduced into conversion service in the temminal position of
said serially connected cascade.

5. The method of claim 1 wherein the additional fi xed bed reactor
in step (b} is introduced into conversion service in the first position of said
serially connected cascade.



Rel ati ve Catal yst Act|V|ty at End of Cycle 5 Bed 1

2.6 2 WD 99/3247% 3 5 2 PCT/EPIS/OGDSS 3
6 3.7 3.3 4 4.4 5
10 18 7.8 10  9%&BHP Conversion wu,tm Bed 1

28 % 56 2 | H!HIHMHIII 143

24 20 10 15

16 6 5 ) . . . React or Ch nge
Cycl e, Days 6. 3p3dhe methgggof clasm 5170""@951 y%ﬂd qur@WyDﬁggnecteg

303 133 0.10
530 20 <ooasga %ur 15& d&%?%_ﬁ’? Wé‘ﬁg%ﬂ:@ %ﬁgsum céﬁnversﬂn]s%mce 4
0. 64 0. 77 Kg @xi daﬂ@deamihad@a[fe:Ianin Exwhenegethésme‘fmcs aiGrC] mono-

0. 026 0. 025 0. 0086 Kg per Hour Oxidate Fed 25 18 W aim 1. A

met hod of opepﬁf‘f‘ng an olefin epoxidation facility conprised
8. The method of claim 1 wherein the active oxygen species is

selected from the group consisting of organic hydroperoxides and hydrogen
peroxide.

9. The method of claim 1 wherein the heterogeneous catalyst is
selected from the group consisting of titanium zeolites and titania-on-silica.

10. The method of claim 1 whersin the heterogeneous catalyst in
the fixed bed reactor removed from conversion service is regenerated and
said fixed bed reactor is thereafter retumed to conversion service in said
serially connected cascade.

11. A method of operating a propylene epoxidation facility
comprised of a serally connected cascade of from 310 5 ﬁxed bed reactors
each containing titania-on-silica catalyst wherein a feedstream comprised of
propylene and an organic hydroperoxide is continuously passed through
said serially connected cascade and contacted as a liquid phase with the
titania-on-silica catalyst in each fixed bed reactor under conditions effective
for conversion of the propylene to propylene oxide, said method comprising:

(@) removing the first fixed bed reactor of said serially connected

cascade from conversion service at such time as the titania-
on-silica catalyst in said first fixed bed reactor has become
deactivated to an undesirable extent;

(b) advancing each remaining fixed bed reactor of said serially

connected cascade to a preceding serial position; and

() introducing into conversion service in the terminal position of

said serially connected cascade an additional fixed bed
reactor containing a titania-on-silica catalyst having a desirably
high level of epoxidation activity.



of a serially connected ca t two fixed bed reactors each
cont ai ni ng aMEYEEFeneou EE § Wlaﬁain a feedstream conpr PEBEPHH0605H
olefin and an active oxyg |nuaIIy passed t hrough said
serially connected cascade and contacted as a liquid phase with the

het er ogeneous catal yst in each fixed bed 6eactor under conditions effective
for conversion for the olefin to epOX|de sai d nethod conprising: (a)
renovi ng one of theAfix bed,re r, ai d seria nect ed, cascade

f rom conver si on se%@l ce @ggwd?&rgga { eﬁ%‘f‘iﬁ Mﬁi’ygﬁﬁ%ﬁr%pel B said
fixed bed reagfr@q bBRScRE a]ib gpgkbvated to an undesirable extent; and (b)

i ntroducing into conversion rvice in said serially connected cascade an
addi tional fi xed bdéB rea'fd'ta)meml'mﬂ of daim 14 Maewmgbamnmamt-sxhgesbatmyfstng a
| evel of epoxL Vlt her i{han t he epoxi datipn activity of
het er ogeneous "b ’S%fb 81"9@ RULEUIVRISIOD SErViee [sTegepprated and

The met hod of sgidfifed B@deféﬁdfbrt |BQthé%r%ﬁJﬁmﬂﬂ%oéorL vak§On Yérvigk lﬁqnéef sion

service in step (a) contalns heterogeneous catalyst having an activit
| ower than th&ﬂmnatmmremefegldrmmﬂycanaem ¢ascadg. of the ot her flxed bed

reactors in the serl conn RasC hod of

wherein the fixed g d re @Pﬁ}oglégr‘f Pﬂ‘l"’*‘@fﬁﬂ@f’?@ﬁh@ﬁ?ﬂ‘f@ﬁ'% &@8 (a)
is the first brgdsichgdroraokide isBcs lisisedal | y connected cascade. 4. The
met hod of cl ai rr?@iqv\hbgrqeln t he add |t|@ﬂggal fixed bed reactor in step (b) is

i ntroduced into corhBer site mathed of claimht! whereinstepda) isiparfarmedhivtien
S o) b T T BR8P PR T SN s B8 b b,
service in theetlined toavdli®of Riss 1 1994 bithe ind 2REVigd cascade.

16. The method of claim 11 wherein the feedstream is maintained
at a temperature not greater than 125° within the serially connected
cascade. _

17. A method of operating a propylene epoxidation facility
comprised of a serially connected cascade of from 3 to 5 fixed bed reactors
each containing a titania-on-silica catalyst wherein a feedstream comprised
of propylene and an organic hydroperoxide is continuously passed through
said serially connected cascade and contacted as a liquid phase with the
titania-on-silica catalyst in each fixed bed reactor under conditions effective
for conversion of the propylene to propylene oxide, said method comprising:

(a) removing from conversion service a fixed bed reactor of said

serially connected cascade at such time as the titania-on-silica
catalyst in said fixed bed reactor has become deactivated to -
an undesirable extent, wherein the titania-on-silica catalyst in
the fixed bed reactor selected for removal has an activity lower
than the activity of the titania-on-silica catalyst in any of the
other fixed bed reactors; and

(b) introducing into conversion service in the first position of said

serially connected cascade an additional fixed bed reactor
containing a titania-on-silica catalyst having a desirably high
level of epoxidation activity.



19 6. The cl aj ' gl serially connected cascade
consi sts of ﬁ"tr’g%%"g{fivelmlmmmm Iﬂmﬁmrs i n conversi on ser ¢$CTEPIFO6059

The nethod of claim1 whereincthe adlefin*is a (Jerr]-Clerr] nono- ol efin.

8. The nethod of claim1 wherein the active oxygen species is sel ected
fromthe group consisting of organic hydrgperoxi des and hydrogen peroxi de.
9. The nmethod of claim 1l wherein the heterogeneous catalyst is selected

The et hod of ol ai m wnar ek UrSTRFEE, hh8r e iRt Adebronddis ey
reactor renovegthlyl benzene Rydioperexita ce i s regenerated and said fixed bed

reactor is thereafter returned to conversion service in said serially
connected cascade. 19. Ahgempthedef ejpisn 47 whereinthalilasia-onrsiicascatalyst

facility conprj . ] d . 0 | xed bed
reactort each Dane iRed Beafehdior orAFFHACARBEANE sShrd BTdeifad sida
conpri sed of psaigfixeddetveastords thenegitdridiurned & corversionEibs e/ firgssed
through said serially co&ected cascade and contacted as a |iquid phase

with the titanP@SHeD &f spiserally spnnectediegscadeced bed react or under

Caid method compr| SEy: (op MEteH e o (o R 8 fiskthel PRYoFRAmEYeds,

serial |y connefromdcaraverside service isdintiee seoond position dftsaid ebridliyEorfriedtbe
titania- on-silica catalyst in said first fixed bed reactor has becone
deacti vat ed to“3Ff8Resi rabl e extent; (b)  advancing each renmaining fixed

gggi feactor of saidater! THemEMoAY bR FRGAGRI & 1Bad SH9E doR%eriBi & ine
organic hydroperoxide is accomplished.

22. The method of claim 17 wherein the feedstream exiting each
fixed bed reactor is cooled by means of a heat exchanger prior to introducing
the feedstream into the next fixed bed reactor. _

23. The method of claim 22 wherein the feedétream introduced
into the first fixed bed reactor is heated using said heat exchanger.

24. The method of claim 17 wherein step (a) is performed when
the activity of the titania-on-silica catalyst in the fixed bed reactor selected
for removal from conversion service has declined to a value of less than
10% of the initial activity.

25. The method of claim 17 wherein the feedstream is maintained
at a temperature not greater than 125°C within the serially connected
cascade.

26. The method of claim 17 wherein the feedstream exiting the
additional fixed bed reactor introduced into conversion service in step (b) is
thereafter passed through the remaining fixed bed reactors in conversion
service in ascending order of catalyst activity.



(c) introducing_into conversion service in the termnal position of said
serially con‘HQ@g@a“ ¢ascade an additional fixed bed reactor C OrRCGA/ER9BH6259
titania-on-silica catalyst having a desirably high | evel of epoxidation
activity. 20 12. The method of claim 11 wherein the organic

hydr operoxi de is ethyl benzene hydroperoxiﬁﬁ. 13. The nethod of claim1l
wherein the titania-on-silica catalyst in e fixed bed reactor renoved
from conversion service is regenerated and said fixed bed reactor is
thereafter returned to conversion service in the termnal position of said
serially conn cadg. 14. The nethod of claim 11 wherein at | east
96% conver si oﬁ a.:.gfni ¢ hydroperoxide is acconplished. 15. The
nmet hod of cl ai¥n 1 reis step (a) is performed when the activity a
titania-on-silica catalyst in the first fixed bed reactor has decli ded to a
val ue of less than 10% of the initial activity. 16. The nethod of im11
wherein the feedstreamis naintained at a tenperature not greaterdthanN?25
within the serially connected cascade. 17. A nethod of opera} a

propyl ene epomgmggggram lity conprised of a serially conn

from3 to 5 fi s each containing a titania-on- |I|c %i; yst
wherein a feedstream conpri sged of propylene and an organic rgm{erpe oX O is
conti nuously pﬁémi_ h h gal erially cpnnect edjcascade qORIRCHE
as a liquid phds fItanifp-on-silich cataly$t in dach fi X

reactor under conditions effective for convérsion of the gropyl er\o

propyl ene oxi de, said nethod co { Si Ng:
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(a) rennvinq¥fr§g1conversion service a fixed bed reactor of said serially
connect ed castdd& 3 2such tine as the titania-on-silica catal Y HCT/EPIS Ak 6ho
fixed bed reactor has becone deactivated to an undesirable extent, wherein
the titania-on-silica catalyst in the fixed bed reactor selected for

removal has an activity | ower than the actéxgty of the titania-on-silica
catalyst in any of the other fixed bed rea rs; and (b) introducing into
conversion service in the first position of said serially connected cascade
an additional fixed bed reactor containing a titani a-on-silica catal yst
havi ng a desirably high | evel of epoxidation activify >1l8. The
nmet hod of claim 17 wherein the organi c hydroperoxi qﬁyge nzene

hydr oper oxi de. 19. The net hod of cl ai _ A t f Y 'h- -
catalyst in the fixed bed reactor renojed from con\gf s 9% iL£e is
regenerated and said fixed bed reactorlis thejeafter—retyfmed to convergi on

service in the first positio coﬂﬁecte cascade. 20. [fhe
met hod of claim 17 wherein the fixed d_reaco\ygnmovetl from conversio
service is in the second posiftion of sgdid seMdl | yf&connect ed cascade. 2fl.
The met hod of claim 17 whereijn at | eastf 98%c ni c
hydr operoxi de is acconplished. 22. Thg nethod of clai ereiny t he
feedstream exiting each fixed bed reactjor is cool g DT\ a |heat
exchanger prior to introducing the fee i t X
reactor.
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(57) Abstract

is replaced or regenerated at the same time.

(54) Title: EPOXIDATION PROCESS USING SERIALLY CONNECTED CASCADE OF FIXED BED REACTORS

An olefin epoxidation process is operated using a plurality of reactor vessels, each containing a fixed bed of a heterogenous catalyst
such as titania-on-silica. The reactor vessels are connected in series whereby a feedstream comprised of olefin and an active oxygen
species is passed through said series of reactor vessels in contact with the heterogenous catalyst to accomplish conversion of the olefin
to the comresponding epoxide. As the activity of the catalyst in an individual reactor vessel falls to an undesirably low level, said reactor
vessel is taken out of service and a replacement reactor containing fresh or regenerated catalyst introduced. The replacement reactor vessel
may, in altzrnative embodiments of the process, be the first or the last reactor vessel in said series. For example, the feedstream may
first be contacted with either the most active or the least active charge of catalyst within the series of reactor vessels. Although the latter
embodiment permits somewhat longer catalyst life, the former embodiment requires much smaller capacity heat exchangers. The process
of this invention considerably reduces catalyst usage as compared to a conventional fixed bed epoxidation process where all of the catalyst




