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| NTEGRATED PROCESS FOR EPOXI DE PRODUCTI ON Thi's invention relates to SAors =%

|nhegrated process for producing an epoxi de wherein the only reactants
consuned in the oveérall process are an ethylenically unsaturated substrate,,
mol ecul ar oxygen, and hydrogen. In particular, the invention pertains to a
process whereby an oxidant m xture conprised of an aliphatic secondary

al cohol, a ketone corresponding to the secondary al cohol, and hydrogen
peroxi de, is generated by reaction of the alcohol w th nol ecul ar oxygen,
subj ected to a separation step (preferably, distillation) to renove

substantially all of the ketong anq{gﬁ_ }g}gaﬁ%% etfiyl eni cal | y
unsaturated substrate in the pi Qs%el o1 a ti u[m SI I{te catal yst.
The recovered ketone is recycl ¢ CRPYY! a?ago F 1Y gﬁ Sg nation the
secondary al cohol which serves} "%(éi veht ‘,'r ép “datji on step is
li kewi se” recovered and resubj e¢iGed 3" &) e%%f"‘ér 9 Jrged - T
Abstract : paged .3\, 10 paged ...
DATE QOF RECEIPT .evreercmricceviieane

. This invention relates to an integrated process for producing an epoxide
wherein the only reactants consumed in the overall process are an ethylenically
unsaturated substrate, molecular oxygen, and hydrogen. In particular, the
invention pertains to a process whereby an oxidant mixture comprised of an
aliphatic secondary alcohol, a ketone corresponding to the secondary alcohol, and
hydrogen peroxide, is generated by reaction of the alcohol with molecular oxygen,
subjected to a separation step (preferably, distillation) to remove substantially all of
the ketone and then reacted with an ethylenically unsaturated substrate in the
presence'of a titanium silicalite catalyst. The recovered ketone is recycied back to
alcohol by hydrogenation; the secondary alcohol which serves as a solvent for the
epoxidation step is likewise recovered and resubjected to molecular oxygen
oxidation.

BA I
Many different methods for the preparation of epoxides have been
developed. One such method involves the use of certain titanium silicalite

materials to catalyze olefin oxidation by hydrogen peroxide. This method is

described, for example, in Huybrechts et al., J. Mol. Catal, 71, 129(1992), U.S.
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oxi dation. BACKGROUND OF | NVENTI ON: Many different nmethods for the
preparation of epoxides have been devel oped. One such nethod invol ves the
use of certain titaniumsilicalite materials to catal yze ol efin oxidation
by hydrogen peroxide. This nmethod is described, for exanple, in Huybrechts
et al., J. Ml. Catal. 71, 129(1992), U.S. Pat. Nos. 4,824,976 (Cerici
et al.) and 4,833,260 (Neri et al.), European Pat. Pub. Nos. 311, 983,

190, 609, 315, 247 and 315, 248, Belgian Pat. Pub. No. 1,001,038, Cerici et
al., J. Catal. 129,159(1991), and Notari, in "Innovation in Zeolite

Vaterial Pat. Nos. 4,824,976 (Clerici et al.) and 4,833,260 (Neri et al.), European Pat. Pub.
Nos. 311,983, 190,609, 315,247 and 315,248, Belgian Pat. Pub. No. 1,001,038,
Clerici et al., J. Catal. 129,159(1991), and Notari, in "Innovation in Zeolite Material
Science," Studies in Surface Science and Catalysts, vol. 37, p. 413 (1988).

However, the outcome of synthetic reactions catalyzed by titanium silicalites
is highly unpredictable and seemingly minor changes in reactants and conditions
may drastically change the type of product thereby obtained. For example, when
an olefin is reacted with hydrogen peroxide in the presence of titanium silicalite the
product obtained may be either epoxide (U.S. Pat. No. 4,833,260), glycol ether
(U.S. Pat. No. 4,476,327), or giycol (Example 10 of U.S. Pat. No. 4,410,501).

The prior ant related to titanium silicalite-catalyzed epoxidation teaches that
it is beneficial to employ a hydrogen peroxide solution that does not contain large
amounts of ’water and recommends the use of an organic solvent as a liquid
medium :for the epoxidation reaction. Suitable solvents are said to include polar
compounds such as alcohols, ketones, ethers, glycols, and acids. Solutions in
tert-butanol, methanol, acetone, acetic acid, and propionic acid are taught to be
most preferred. However, hydrogen peroxide is currently available commercially
only in the form of aqueous solutions. To employ one of the organic solvents
recommended by the prior art, it will thus be necessary to exchange the water of a
typical hydrogen peroxide solution for the organic solvent. This will necessarily

increase greatly the overall costs associated with an epoxidation process of this
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the presence of titaniumsilicalite the product obtained may be either
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In prac’acable or cost-effective to simply remove the water by distillation and replace

it with the organic solvent. Since hydrogen peroxide has a high solubility in and
high affinity for water, liquid-liquid extraction of hydrogen péroxide from an
aqueous phase to an organic phase will not be feasible. Moreover, many of the
solvents taught by the prior art to be preferred for epoxidation reactions of this
type such as tert-butanol, acetone, and methanol are water miscible and thus
could not be used in such an extraction scheme. An epoxidation process wherein
a readily obtained oxidant solution containing hydrogen peroxide and an organic
solvent which promotes high yields of epoxide products is employed would thus be
of significant economic advantage.

U.S. Pat. No. 5,214,168 proposes an integrated process for epoxide
production wherein an aryl-substituted secondary alcohol such as alpha methyl
benzyl alcohol is oxidized with molecular oxygen to provide the hydrogen peroxide
used in a subsequent epoxidation step. While this process works well when
practiced in a batch type mode, it has now been found that certain of the titanium
silicalites employed as epoxidation catalysts experience deactivation when such a“
process is run on a continuous basis. This deterioration in activity and selectivity

is believed to be due to the accumulation of oligomeric and polymeric by-products

derived from the aryl-substituted secondary alcohol or other species present in the
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tert-butanol, methanol, acetone, acetic acid, and propionic acid are taught
t o, be nost preferred Fbmever hydr ogen peroxide is currently avail able
connerC|aIIy enly «in the for m of aqueous solutions. To enploy one of the
organi ¢ sol vents recomended by the prior art, it will thus be necessary to
exchange the water of a typical hydrogen peroxide solution for the organic
solvent. This will necessarily increase greatly the overall costs
associated with an epoxidation process of this REPLACEMENT SHEET 3 type.
Additionally, concentration of hydrogen peroxide to a pure or nearly pure

epoxidation reaction mixture. While the deactivated catalyst could be regenerated
using known techniques such as solvent washing and/or recalcination, it would be
highly advantageous to develop a continuous integrated epoxidation process
wherein less frequent catalyst regeneration or replacement is needed.

Example 35 of U.S. Pat. No. 4,833,260 describes a procedure wherein
propylene is converted to propylene oxide. An isopropanol/water mixture is
reacted with oxygen at 135°C to afford a mixture containing hydrogen peroxide.
The mixture is thereafter used directly in a titanium silicalite-catalyzed epoxidation
of propylene without intervening treatment or fractionation. The temperature
during epoxidation is carefully maintained at 20°C by means of a constant
temperature bath. Due to the highly exothemic nature of the olefin epoxidation
reaction, it is quite difficult to maintain a reaction of this type at room temperature
or lower, esr:ecially it practiced on a large scale. Even if an effective means of
removing heat from the reaction mixture is employed, the utility (cooling) costs
associated with such an arrangement will place the process at a distinct
competitive disadvantage relative to conventional epoxidation processes. It would
thus be highly desirable to be able to operate a titanium silicalite-catalyzed
epoxidation using a secondary alcohol-derived hydrogen peroxide stream at
superambient temperatures without a significant selectivity penaity.

Another problem associated with the use of an oxidized isopropanol mixture

as a source of hydrogen peroxide in a olefin epoxidation reaction catalyzed by
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st ;att e is exceedingly dangerous and is nornmally avoided. Thus, it will not
be practicable or cost-effective to sinply renove the water by distillation
and replace it with the organic solvent. Since hydrogen peroxide has a high
solubility in and high affinity for water, liquid-liquid extraction of
hydr ogen peroxi de from an aqueous phase to an organi c phase will not be
feasi bl e. Moreover, many of the solvents taught by the prior art to be
preferred for epoxidation reactions of this type such as tert-butanol,
acetone, and nethanol are water m scible and thus could not be used in such
an extracti on schene. An epoxidation process wherein a readily obtained
oxi dant §5Wﬂ|‘f~‘%ﬁ'“€%‘l’f?d§ e goteriiab frfopeingxsigeifigant avansitigarnforganicent whi ch
pronotes high yields of epoxide products is enployed would thus be of
si gni f i cgreroxidesdrdro inlévactionoef. the. Hydrégen pbioxide and thé Zicetareogenerated by
I ntegrated process for epoxide

oxidation of the isopropanol. See, for example, Sauer et al., J. Physical Chem.

75, 3004-3011 (1971) and Sauer et al., jbid. 76, 1283-1288 (1972). These organic

peroxides have been found to accumulate during isopropanol oxidation, during

storage of the oxidate mixture, as well as during olefin epoxidation. The formation

of such peroxide species detracts from the selective transformation of an

ethylenically unsaturated substrate to epoxide since hydrogen peroxide is being

consumed. In addition, the presence of the organic peroxides, some of which may

be highly explosive in pure form, complicates the purification and separation steps

following epoxidation.

JMMARY OF THE INVENTION:
This invention provides an integrated process for producing an epoxide
comprising the steps of
(a) contacting an aliphatic secondary alcohol selected from

isopropanol and sec-butanol with molecular dxygen in a fiquid phase at a

temperature of 50 to 200°C to form an oxidant mixture comprised of 40 to 90 weight

percent aliphatic secondary aicohol, 5 to 35 weight percent of an aliphatic ketone

corresponding to said aliphatic secondary alcohol, 1 to 20 weight percent hydrogen

peroxide, and 0 to 35 weight percent waier;
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production wherein an aryl -substituted secondary al cohol such as al pha
mef hyl benzyl al cohol is oxidized with nol ecul ar oxygen to provide the
hydr ogen peroxi de ‘used in a subsequent epoxidation step. Wile this process
wor ks wel | when practiced in a batch type node, it has now been found that
certain of the titaniumsilicalites enployed as epoxidation catalysts
experience deactivation when such a process S run on a continuous basis.
This deterioration 8} n RAPAIRENG shestaptialiy all of the §“B*é$ti°e5%‘@n§6r% th8e to the
accurnul atjon of oligoneric and polgnerlc by- products derived fromthe
ar yl - suB¥identmiyture sonasitg papvded hydrogenqrerexdercantpining:siream ¢dmprised of
REPLACEMENT SHEET

hydrogen peroxide, aliphatic secondary alcohol, less than 1 weight percent aliphatic

ketone and less than 0.5 weight percent aliphatic ketone peroxides; _

()  reacting the aliphatic ketone separated in step (b) with hydrogen in
the presence of a heterogeneous hydrogenation catalyst wherein said hydrogenation
catalyst is comprised of a transition metal selected from palladium, platinum, ruthenium,
chromium, rhodium, and nickel at a temperature of 20 to 175°C and a hydrogen
pressure of 0.5 to 100 atmospheres to convert the aliphatic ketone in the everhead
stream to the aliphatic secondary alcohol and recycling at least a portion of the
aliphatic secondary alcohol for use in step (a);

(d) contacting the hydrogen peroxide-containing stream with an
ethylenically unsaturated substrate and a catalytically effective amount of a titanium
silicalite at a temperature of from 40°C to 120°C, wherein the molar ratio of
substrate:hydrogen peroxide is from 1:2 to 10:1, to form an epoxidation reaction

., mixture comprised of aliphatic secondary alcohol, epoxide, and water; and
() separating the aliphatic secondary alcohol present in the
" epoxidation reaction mixture from the epoxide and recycling at least a portion of the

aliphatic secondary alcohol thereby obtained for use in step (a).
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4 epoxidation reaction m xture. Wile the deactivated catal yst could be
regener at ed usi ng known techni ques such as sol vent washi ng and/ or

recal cination, it awould be highly advantageous to devel op a conti nuous

i nt egrated epoxi dati on process wherein | ess frequent catal yst regeneration
or replacenent is needed. Exanple 35 of U S. Pat. No. 4,833,260 describes a
procedure wherein propylene is converted to propyl ene oxide. An

i sopropanol /water mixture is reacted with oxygen at [err] to afford a

m xture @A RIRITI PIHEDEAWING: M xture is thereafter used
directly In a titanium si |ca Ite-catalyzed epoxi dation of propyl ene

W t hout inter t | OF h t Lr ur i
epoxi dati on |\s/Fq gf% 'Wﬁ mal n g@#e’ﬁgﬁ% f(f?@f%]s?@abhegwéggﬁﬁ%ﬁ t@?gﬂ 685 of
t enper at Due to the highly exotherm c nature of the olefin

epoxi dat 3@%' nQIon

DETAI IPTION OF THE INVENTION:

It has now been surprisingly discovered that exceptionally high yields of
epoxide are conveniently and economically realized through the utilization of an
integrated process wherein a crude oxidant mixture generated by molecular oxygen
oxidation of a secondary alcohol is subjected to a fractionation so as to remove
substantially all of the ketone co-product produced by oxidation and to minimize the
accumulation of ketone peroxide species prior to use in an epoxidation step. The
recovered ketone co-product is readily converted in whole or in part by
hydrogenatipn back to alcohol for a further oxidation/epoxidation cycle. Likewise, the
aliphatic secondary alcohol which serves as a reaction medium during epoxidation is
separated from the desired epoxide product by fractional distillation and reused.

We have unexpectedly found that significant advantages are realized when
the aliphatic ketone is removed from the oxidant mixture prior to the use of that
mixture as a source of hydrogen peroxfde in a titanium silicalite-catalyzed
epoxidation step at a reaction temperature of 40°C or bigher. This finding was
unexpected in view of the fact that the prior art teaches that ketones such as

acetone are preferred epoxidation solvents when using hydrogen peroxide and a
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reaction, it is quite difficult to maintain a reaction of this type at room
tenperature or lower, especially if practiced on a large scale. Even if an
effective means of: renoving heat fromthe reaction m xture is enpl oyed, the
utility (cooling) costs associated with such an arrangenent will place the
process at a distinct conpetitive disadvantage rel ative to conventi onal
epoxi dation processes. It would thus be highly desirable to be able to
operate a titaniumsilicalite-catal yzed epoxi dation using a secondary

i thout Aenifhf sEREERREL et RLREFE ShobRHeA0Re Spctial bficnche (1
the use of an oxjdized isopropanol m xture as a saource of hydrogen peroxide
in a ol efdMOuRLE! BYATOGRN ReTES osAUING epoYIdatierplie de armatiqa=at by-products.

Moreover, such removal has been found to be effective in liberating hydrogen

peroxide from any peroxides generated during air oxidation of the secondary alcohol
or subsequent storage. Excellent selectivity to epoxide based on hydrogen peroxide
is thereby realized with minimal losses due to aliphatic ketone peroxide. In this
context, the term " aliphatic ketone peroxides" includes those organic compounds
derived from interaction of the aliphatic ketone and hydrogen peroxide which contain
at least one -O-O- group (see the aforementioned articles by Sauer et al.). -
Another surprising aspect of the process of the invention is that high selectivity
to epoxide is attained in spite of the fact that substantial amounts of secondary
alcohol are present during epoxidation. The prior art teaches that primary and
secondary alcohols such as isopropanol are readily oxidized to the corresponding
aldehydes and ketones by reacting with hydrogen peroxide in the presence of
titanium silicalite (U.S. Pat. No. 4,480,135; van der Pol-et al., Applied Catalysis A:
General 106, 97-113(1993); Notari, J.Catal 146. 476 (1994)). It has now been
discovered that only minimal oxidation of secondary alcohol to the corresponding
ketone takes place during epoxidation, despite the fact that both ethylenically
unsaturated substrates and alcohois are known to react with hydrogen peroxide in
the presence of titanium silicalite and thus would be expected to compete for the

available active oxygen. The finding that nearly all of the hydrogen peroxide reacts
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Stitaniumsilicalite is the potential for formng significant quantities
of organic peroxides frominteraction of the hydrogen peroxide and the
acet one generated by oxidation of the isopropanol. See, for exanple, Sauer

et al.

J. Physcial Chem 75, 3004-3011 (1971) and Sauer et al., ibid. 76,

1283- 1288 (1972). These organi c peroxi des have been found to accunul ate
during isopropanol oxidation, during storage of the oxidate m xture, as

wel |

as during olefin epoxidation. The formation of such peroxi de species

det r act s sbledtivblyewitie ties substrateadrsd AGNRbIMY SGnifiBast degres) with t)&e%%%h%?} ed

substrate to epoxide since hydrogen peroxide is being consuned.

addi ti Onaléd?w%l Wa?ﬁﬁ'x%eqtﬂfe &ﬁ&ﬁcwl c peroxides, sone of which may

The overall process of this invention may thus be represented as follows:
substrate + O, + H, 3 epoxide + H,0O
wherein the epoxide is the only organic species produced (other than minor
quantities of by-products) and the ethylenically unsaturated substrate is the only
organic species consumed. The process is consequently exceedingly attractive from
a commercial point of view.

The secondary aliphatic alcohols suitable for use include isopropanol
(isopropyl alcohol) and sec-butanol (sec-butyl alcohol).

The secondary aliphatic alcohol is reacted with molecular oxygen from a
suitable source such as air to yield the oxidant mixture, which will typicaily contain
excess secondary aliphatic alcohol, the aliphatic ketone resuiting from oxidation of
the secondary alcohol and having the same hydrocarbon skeleton as the aicohol,
hydrogen peroxide, and water. The starting material to be oxidized may contain
minor amounts of the aliphatic ketone and/or water in addition to the aicohol. For
example, the azeotrope of water and isopropanol (87wt% isopropanol, 12.2wt%
water) may be used to advantage. Generally speaking, the oxidation conditions are
adjusted so as to yield an oxidant mixture comprised of 40 to 90 weight percent

aliphatic secondary alcohol, from about 1 to 20 weight percent hydrogen peroxide, 5
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be highly explosive in pure form conplicates the purification and

separation steps follow ng epoxidation. SUMVARY OF THE | NVENTI ON: This

i nvention provides-an integrated process for producing an epoxide

conprising the steps of (a) contacting an aliphatic secondary al cohol

sel ected fromisopropanol and sec-butanol wth nol ecul ar oxygen in a liquid
phase at a tenperature of 50 to [err] to form an oxidant m xture conpri sed

of 40 to 9Q wei ght percent aliphatic secondary alcohol, 5 to 35 wei ght
percent ab 38 walight rércenket Wiacalphiatic }RQHE, Hhd O t6 @lsd/veu hppaident e

al cohol 1 to 20 wei ght percent hydrogen perOX|de to 35 wel ght

percent VB4 conversion of the secondary alcohol is accompllshed (e.g., from 5 to 50%)
such that the unreacted secondary alcohol may be utilizeci as a carrier or solvent for
the hydrogen peroxide and substrate during epoxidation. Residence, hold-up or
reaction times of from about 0.25 hours to 4 hours will typically be sufficient for this
purpose. The oxidation may be either uncatalyzed or catalyzed (for example, by
introduction of a minor amount of a peroxide or hydroperoxide such as t-butyt
hydroperoxide), but is most preferably carried out under the conditions described in
U.S. Pat. Nos. 2,871,102, 2,871,103, and 2,871,104 and British Pat. Nos. 758,907
and 1,421,499 (the teachings of these patents are incorporated herein by reference

in their entirety). Temperatures of from 50 to 200°C {more preferably, from 100 to

180°C) will typically be appropriate for use in order to attain reasonable oxidation

rates. The preferred range of oxygen partial pressure in the feed gases (which may

include an inert diluent gas such as nitrogen in addition to oxygen) is 5 to 500 psia

(more preferably, 15 to 250 psia) partial pressure. Total pressure in the oxidation

reaction zone should be sufficient to maintain the components of the reaction mixture

in the liquid phase (50 psia to 1000 psia is normally sufficient). A plurality of

oxidation reaction zones maintained at different temperatures may be employed, as

described in British Pat. No. 758,907. The alcohol oxidation may be performed in a

continuous manner using, for example, a continuous stirred tank reactor (CSTR).

Although a hydrogen peroxide stabilizer could be added to the oxidation reaction

-10 -
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6 (b) separating substantially all of the aliphatic ketone fromthe
oxi dant m xture so as to provide a hydrogen peroxi de-containing stream
conpri sed of hydrogen peroxide, aliphatic secondary al cohol, less than 1
wei ght percent aliphatic ketone and | ess than 0.5 wei ght percent aliphatic
ket one peroxides; (c) reacting the aliphatic ketone separated in step (b)
wi th hydrogen in the presence of a het er ogeneous hydrogenation catal yst

is comprised of a transition netal

s6l ot 6d FaEmIb® FTHEAL Hat e aRilaer Sslerar 498 UshnehinieRerenyln i supsoguerie

at a tenperature of 20 to [err] and a hydrogen pressure of 0.5 to 100

at nospherepexidatiomstep. Foeexampleathigh levetsmef alkali metal pyriophdsphates have been
found to poison the titanium silicalite epoxidation catalyst.

Prior to use in the epoxidation step of this process, it is critical that the
aliphatic ketone is substantially separated or removed from the oxidant mixture. Any
known separation method or technique which is suitable for this purpose may be
utilized, including fractionation procedures.

Preferably, however, the oxidant mixture is fractionally distilled whereby the
secondary aliphatic ketone is vaporized and removed from the oxidant mixture as an
overhead stream. The hydrogen peroxide-containing stream obtained by such a
procedure thus may comprise a bottoms fraction. Such fractionation may be
facilitated by the application of héat and/or reduced (subatmospheric) pressure. The
aliphatic ketone concentration in the bottoms fraction thereby produced must be less
than 1 weiéht percent (more preferably, less than 0.5 weight percent). To minimize
the formation of any ketone/hydrogen' peroxide adducts having peroxy character, this
separation is most preferably performed directly after molecular oxygen oxidation.
Thus, the oxidant mixture exiting from the oxidizer zone is preferably taken into a
distillation column without intervening storage or retention. To accomplish rapid and
complete removal of the aliphatic ketone from the oxidant mixture, it may be

desirable to also take overhead some portion of the secondary alcohol and/or water.

In one embodiment, for example, the overhead stream may comprise 10 to 80 mole

-11 -
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streamto the aliphatic secondary al cohol and recycling at |east a portion
of the aliphatic secondary al cohol for use in step (a); (d) contacting

t he hydrogen peroxi de-containing streamw th an ethyl enical |y unsaturated
substrate and a catalytically effective anobunt of a titaniumsilicalite at
a tenperature of fromJ[err] to [err] wherein the nolar ratio of

substrate: hydrogen peroxide is from1:2 to 10:1, to form an epoxidation
reaction m xture conprised of aliphatic secondary al cohol, epoxide, and
wat er, arfé ketgne, ¥t fatmalg Yhseadndahaaicohek amddsty 381 moleols watsrentdowavéme
epoxi dation reaction mxture fromthe epoxide and recycling at |east a

?g; ti on Pﬁr éﬁ%@ﬁ%@ BafLARBE BB taRer ABPlo bUEMEBInARHtRite WFe HYtirdtigh | N step
peroxide in the bottoms fraction nor to have any appreciable amount of hydrogen
peroxide in the overhead stream. The residence time in the distillation step is aiso
critical. The residence time must be sufficient to accomplish substantial reversal of
any ketone/hydrogen peroxide reaction products generated during molecular oxygen
oxidation or thereafter to bring the level of aliphatic ketone peroxides to less than 0.5
weight percent total. Excessive residence time should be avoided, however, to avoid
decomposition of the hydrogen peroxide. In one preferred embodiment of the
invention, a residence time of 10 to 45 minutes (more preferably, 15 to 30 minutes)
at 90 to 130°C (more preferably, 100 to 120°C) is employed. Under these
conditions, it has been found that the desired removal of ketone and conversion of
any ketone peroxides present may be readily achieved with minimal loss of the
hydrogen peroxide in the oxidant mixture. Improved results may be obtained by
carefully passivating the distillation column and/or treating the oxidant mixture so as
to remove or counteract any species which might catalyze the decomposition of
hydrogen peroxide or formation of ketone peroxides. Extractive distillation
techniques may also be advantageously used. Other separation procedures capable
of reducing the aliphatic ketone content of the oxidant mixture without significant loss

of the hydrogen peroxide contained therein may also be used including, for example,

absorption, countercurrent extraction, membrane separation, and the like.

-12 -
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7 BRI EF DESCRI PTION OF THE DRAWNG Figure 1 illustrates in schematic form
a suitabl e enbodi ment of the process of the invention. DETAI LED DESCRI PTI ON
OF THE I NVENTI'ON: tt has now been surprisingly discovered that
exceptionally high yields of epoxide are conveniently and econom cal ly
realized through the utilization of an integrated process wherein a crude
oxi dant m xture generated by nol ecul ar oxygen oxidation of a secondary
al cohol Feadligsediensdchns ages wharepmnmuitiple §é@ﬁ§ ae empinyedsanesespadiallyl y al |
of the ketoqf co- product produced by oxidation and to mnimze the

suitable.

In the epoxidation step of the process of this invention, the hydrogen peroxide-
containing stream obtained following separation of aliphatic ketone from the oxidant
mixture is contacted with an ethylenically unsaturated substrate and a catalytically
effective amount of a titanium silicalite at a temperature of from 40°C to 120°C to
convert the substrate to the desired epoxide.

The ethylenically unsaturated substrate epoxidized in the process of this
invention is preferably an organic compound having from two to ten carbon atoms
and at least one ethylenically unsaturated functional group (i.e., a carbon-carbon
double bond) and may be a cyclic, branched or straight chain aliphatic olefin. More
than one carbon-carbon double bond may be present in the olefin; dienes, trienes,
and other polyunsaturated substrates thus may be used.

Exemplary olefins suitable for use in the process of this invention include
ethylene, propylene, the butenes, butadiene, the pentenes, isoprene, 1-hexene,
3-hexene_,- 1-heptene, 1-octens, diisobutylene, 1-nonene, the trimers and tetramers of
propylene, cyclopentene, ;:yclohexené, cycloheptene, cyclooctene, cyclooctadiene,
dicyclopentadiene, methyfenécyc!opropane, methylenecyclopentane,
methylenecyclochexane, vinylcyclohexane, and vinyl cyclohexene.

Mixtures of olefins may be epoxidized and the resulting mixture of epoxides

either employed in mixed form or separated into the different component epoxides.

-13 -
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accunul ation of ketone per oxi de species prior to use in an epoxidation
step. The recovered ketone co-product is readily converted in whole or in
part by hydrogenat.ion back to al cohol for a further oxidation/epoxidation

cycle.

Ukewi se, the aliphatic secondary al cohol which serves as a reaction,

medi um duri ng epoxidation is separated fromthe desired epoxi de product by
fractional distillation and reused. W have unexEﬁct edly found that

si gni fi cant aThampragess of this dnventioo istespeciady aise

don thekepaxidation ot Py

fromthe oxidant m xture prior to the use of that m xture as a source of
hydr ogen opging Halfng m@?bhémimréi calite-catal yzed epoxi dation step at a

reaction tenperature o

[err] or higher. This finding was unexpected in

view of the fact that t priorgart teaches that ketones such as acetone
are preferred epoxi datioQ solyents when using hydrogen peroxide and a

Cc=C
£
wherein R', R%, R?, and R* are the same or different and are selected from the group
consisting of hydrogen and C,-C, alkyl (selected so that the total number of carbons
in the olefin does not exceed 10).

The process of this invention is also suitable for use in epoxidizing
ethylenically unsaturated substrates containing functional groups other than aliphatic
hydrocarbyl moieties. For example, the carbon-carbon double bond can be
substituted with groups such as -CO,H, -CO,R,-CN, or -OR wherein R is an alkyt,
cycloalkyl, aryt or aralkyl substituent. The radicals R',R% R’ and R* in the structural
formula shown hereinabove may contain aryl, aralkyl, halo, nitro, sulfonic, cyano,
carbonyl (e.g., ketone, aldehyde), hydroxyl, carboxyl (e.g., ester, acid) or ether
groups. Examples of ethylenically unsaturated substrates of these types include allyl
alcohol, styrene, allyl chloride, allyl methyl ether, allyl phenyl ether, methyl
methacrylate, acrylic acid, methyi acrylate, stilbene, and the like.

The amount of hydrogen peroxide relative to the amount of ethylenically

unsaturated substrate is not critical, but most suitably the molar ratio of

substrate:hydrogen peroxide is from about 100:1 to 1:10 when the substrate contains

-14 -
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8 titaniumsilicalite catalyst. Renoval of the aliphatic ketone effectively
reduces the anmpbunt of hydrogen peroxide |ost during epoxidation due to
formati on of by-preducts. Mreover, such renoval has been found to be
effective in |liberating hydrogen peroxide from any peroxi des generated
during air oxidation of the secondary al cohol or subsequent storage.

Excell ent selectivity to epoxi de based on hydrogen peroxide is thereby
realized with minimal |osses due to aliphatic ketone peroxide. In this

o S I Piea) LEARRo08, AR Al o S0 ORAP PSP,

2?[ ?)C(: gg @@)'u(égdé 3ﬂégu§§fr§at.el %aﬁ§dr%88n -poe-rgiidg rig lrjrporgspe?gfetrgglyai; %g nrg%é %? (far%m
1:2 to 10:1 (most preferably, 1:1 to 5:1). One equivalent of hydrogen peroxide is
theoretically required to oxidize one equivalent of a mono-unsaturated substrate, but
it may be desirable to employ an excess of substrate to optimize selectivity to the
epoxide. A key advantage of the process of this invention as compared to other
epoxidation processes is that a large molar excess of substrate relative to hydrogen
peroxide is not required. High yields of epoxide may be realized using a slight (i.e.,
5-80%) molar excess of substrate relative to hydrogen peroxide (i.e., the molar ratio
of substrate to hydrogen peroxide is from 1.05:1 to 1.9:1). The hydrogen peroxide is
thus used in a very efficient manner; little of the hydrogen peroxide is wasted through
non-selective decomposition to water (i.e., without oxidation of a substrate molecule).
Since hydrogen peroxide is relatively costly to generate, this means that the overait
integrated process of the invention may be economically practiced on a commercial
scale. Additionally, processing costs arising from recovery and recycling of su‘bstrate
are minimized since there is no need to employ a large excess of substrate in order
to optimize epoxide selectivity, in contrast to known epoxidation processes employing
organic hydroperoxides and molybdenum-containing catalysts.

The titanium silicalites useful as catalysts in the epoxidation step of the

process comprise the class of zeolitic substances wherein titanium is substituted for

a portion of the silicon atoms in the lattice framework of a sificalite molecular sieve.

~-15 -
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Anot her surprising aspect of the process of the invention is that high
selectivity to epoxide is attained in spite of the fact that substanti al
anounts of secondary al cohol are present during epoxidation. The prior art
teaches that primary and secondary al cohols such as isopropanol are readily
oxidized to the corresponding al dehydes and ketones by reacting with

o0 SR Sabian g 18 RPRRSRS 1 nd ICOAY TS HelEbd SofbicpgfEin 0
Chat onlyAniNg . aa%a'aﬁsgieeaiﬁ#ﬁ%%m R o
ket one takes pl ace durr@_?al epoxi dation, despite the fact that both

et hyl enifi@l Np. #,668.602: aramesse ot @k).aHAngarshel al..ad.cCatahnida,0l (1881), wi t h
hydr ogen per oxide in the presence of titaniumsilicalite and thus woul d be

nearly all o Lhe hyarogen mor o de 1 aat e oy oo L ali 10, HAG (591),
Reddy et al., Zeolites 12, 95 (1992), Belgian Pat. Pub. No. 1,001,038 (Bellussi et al.),
Huybrechts et al., J. Mol. Catal. 71, 129 (1992), Huybrechts et al., Catal. Letter 8,
237 (1991), U.S. Pat. No. 4,656,016 (Taramasso et al.), U.S. Pat. No. 4,859,785
(Bellussi et al.), European Pat. Pub. No. 269,018 (Bellussi et al.), U.S. Pat. No.
4,701,428 (Bellussi et al.), U.S. Pat. No. 5,082,641 (Popa et al.), Clerici et al., J.
Catal. 129,159 (1991), Bellussi et al., J. Catal. 133, 220 (1992), Szostak, Molecular
Sieves-Principles of Synthesis and Identification, pp. 250-252 (1989), and Notari,
"Synthesis and Catalytic Properties of Titanium Containing Zeolites", Innovation in
Zeolite Materials Science, Grobet et al., Eds., 413 (1988). The teachings of these
publications are incorporated herein by reference in their entirety. |

Particularly preferred titanium silicalites include the classes of molecular
sieves commonly referred to as "TS-1" (having an MFI topology analogous to that of
the ZSM-5 aluminosilicate zeolites), "TS-2" (having an MEL topology analogous to
that of the ZSM-11 aluminosilicate zeolites), and "TS-3" (as described in Belgian Pat.
No. 1,001,038).

Also suitable for use are the titanium-containing molecular sieves having
framework sfructures isomorphous to zeolite beta which are described in EP-A-
94309421.9, published as

. 16-
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9 selectively with the substrate and not (to any significant degree) with
the secondary al cohol was thus quite unexpected. The overall process of
thi's i nventionmr may: thus be represented as follows: substrate [err] epoxide

+ [err] wherei de i s the onI or,gani c s 2ci es produced (ot her
t han ni nor qua%t“f’f l%(}laﬁr?ﬁfb‘é{‘ 198 MAEAAIA FICVES AIF YREQRINLt od
substrate is the onIy organi ¢ speci es consumed. The process is consequently
exceedi ngplkalitragtalc or abkaline parth-modified ditaniupedontaining malegular sieves characterized

by a framework structure isomorphous to zeolite beta and having Si, Ti and Al atoms
present in the framework structure (typically, in the form of oxides). The presence of
aluminum atoms creates cationic sites associated with aluminum. The cations present at
said cationic sites are selected from hydrogen cations, ammonium cations, alkaline earth
cations, and alkali metal cations, but at least 25% (more preferably, at least 50%; most
preferably, at least 75%) of said cations are ammonium, alkali metal or alkaline earth
cations. Correspondingly, the proportion of such cations which are hydrogen cations
should be no more than 75% (more preferably, no more than 50%; most preferably, no
more than 25%). In preferred embodiments of this class, the titanium-containing
molecular sieve has relatively large pores (equal to or greater than about 6 angstroms on
average) and has a zeolite-type structure comprised of Si and smaller amounts of Ti and
Al in a crystalline ordered framework. A crystallinity of greater than 80% is usually
desirable. Preferably, the molar ratio of Ti:Si is from 0.1:99.9 to 20:80, with. ratios in
the range of 0.5:99.5 to 10:90 being especially preferred. The molar ratio of (Si+Ti): Al
is desirably at least 25:1 (more preferably, at least 100:1). In one advantageous
embodiment, the Si/Al molar ratio is greater than 25 but less than 1000. This class of
titanium-containing molecular sieves advantageously may bave a titanium content of ‘from
1 to 10 weight percent and an aluminum content of from 0.02 to 2 weight percent. The
general formula for these titanium-containing molecular sieves (exclusive of any
ammonium, alkali metal or alkaline earth ﬁletal cations introduced by modification) is
preferably as follows:

Si0,:x Al,04:yTiO,

wherein x is 0.0005 to 0.2 and y is from 0.01 to 0.2.
This Sheet Hag
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The secondary aliphatic al cohols suitable for use include isopropanol

(i sepropyl al cohol) and sec-butanol (sec-butyl alcohol). The secondary
aliphatic alcohol i5 reacted with nol ecul ar oxygen froma suitable source
such as air to yield the oxidant m xture, which will typically contain
excess secondary aliphatic al cohol, the aliphatic ketone resulting from

oxi dation of t HEhestitanindesijicalite Oi’t@]lystadi?lbﬁéd gt F'??odé@d@f hOERIAYY e%lg‘gt on
and wat er.

as the al cohol, hydrogen peroxide starting material

oxi di zed roaMtaGidicimetald Hi8és ﬁﬁﬂmfm& Eﬁ’ic@lnjl B%Ealta{tfée?fat eog? %l o ylvat & !n

addition to the al cohol. For e € azeo

ISOprOpan%&ﬁ%V\#;@drﬁﬁgﬁgﬁﬁgu mmm @B\ﬂM% %gxaﬁ be used to advantage.

General | y speaki ) eﬂ‘st ed so as to yield an
oxi dant mi xtur eEpmqiﬂatimdcatblyﬂ)s sultaﬂevter gbe xrpme:prdsceslsmfhhw inverttamaal ave
al cohol, fromabout 1 to 20 wei ght percent hydrogen peroxide, 5

a composition corresponding to the following empirical formula xTiO,: (1-x)SiO,,

where X is between 0.0001 and 0.500. More preferably, the value of x is from 0.01
to 0.125. The molar ratio of Si:Ti in the lattice framework of the titanium silicalite is
advantageously from 9.5:1 to 99:1 (most preferably, from 9.5:1 to 60:1). The use of
relatively titanium-rich silic_alites, such as those described in Thangaraj et al., J.
Catalysis 130, 1-8 (1991), may also be desirable. |
The amount of catalyst employed is not critical, but should be sufficient so as
to substantially accomplish the desired epoxidation reaction in a practicably short
pe,riodl of time. The optimum quantity of catalyst will depend upon a number of
factors including reaction temperature, substrate reactivity and concentration,
hydrogen peroxide concentration, type and concentration of organic solvent as well
as catalyst activity and the type of reac;tor or reaction system (i.e., batch vs.
continuous) employed. In a batch-type or slurry reaction, for example, the amount of
catalyst will typically be from 0..001 to 10 grams per mole of substrate. The
concentration of titanium in the total epoxidation reaction mixture will generally be

from about 10 to 10,000 ppm.

- 18-
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10 to 35 weight percent of the aliphatic ketone, and 0 to 35 wei ght percent
wat er. Partial conversion of the secondary al cohol is acconplished (e.g.,
from5 to 50% such that the unreacted secondary al cohol may be utilized as
a carrier or solvent for the hydrogen peroxide and substrate during

epoxi dati on. Residence, hold-up or reaction times of from about 0.25 hours
to 4 hours wll typically be sufficient for this purpose. The oxidation may
be either uncatal yzed or catal yzed (for exanple, by introduction of a m nor
anount of a peroxide or hydroperoxide such as t-bu1¥l hydr oper oxi de), but

i s nost pref erlfie qatalyst may beutilizakin powdens Rellet JRiSTRRPbEFiCHRYrYded,
monolithic or any other suitable physical form. The use of a binder (co-gel) or
support in combination with the titanium silicalite may be advantageous. Supported
or bound catalysts may be prepared by the methods known in the art to be effective
for zeolite catalysts in general. Preferably, the binder or support is essentially
non-acidic and does not catalyze the non-selective decomposition of hydrogen
peroxide or ring-opening of the epoxide.

lllustrative binders and supports include silica, alumina, silica-alumina, silica-
titania, silica-thoria, siiica-mégnesia, silica-zironia, silica-beryltia, and temary'
compositions of silica with other refractory oxides. Also useful are clays such as
montmorillonites, koalins, bentonites, halloysites, dickites, nacrites, and ananxites. |
The proportion of titanium silicalite:binder or support may range from 99:1 to 1:99,
but preferably is from 5:95 to 80:20. The methods described in U.S. Pat. No.
4,701,428 (incorporated herein by reference in its entirety) may be adapted for the
preparation of microspheres containing oligomeric silica binder and titanium silicalite
crystals which are suitable for use in the process of this invention.

The catalyst may be treated with an alkaline (basic) substance or a silylating
agent so as to reduce the surface acidity, as described in U.S. Pat. No. 4,937,216.

The epoxidation reaction temperature is critical and must be from 40°C to
120°C, which in the process of this invention has been found to be sufficient to

accomplish selective conversion of the ethylenically unsaturated substrate to epoxide

-19 .-
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U S Pat. Nos. 2,871,102, 2,871,103, and 2,871,104 and British Pat. Nos.
758,907 and 1, 421 499 (the teachl ngs of these patents are incorporated
herein by reference in their entirety). Tenperatures of from50 to [err]
(more preferably, from100 to [err] will typically be appropriate for use
in order to attain reasonable oxidation rates. The preferred range of

oxygen S n_inert

ai 1 dent " Bahinc sE SRR o SEOC BhPRERR ST sERENYE Aefripdiilon et o
preferably, ﬂ%’ to 250 sl a) partial pressure, Total pressure in the

oxi dat i ofer BYEOG8R RYR '%oﬁl‘% gseeraliyradvantageqisia GRTEY AUt ke raRtiondat s of
the reaction mxture in the liquid phase (50 psia to 1000 psia is normally
suf fi ci eachieve asl bighl 2 hyduigenx pemixidencorversioonas passibleqipneferalsly attleast
different tenperatures nmay be enpl oyed, as described in British Pat. No.
758, 907. 50%% mbreoprifetilylat 1est 19856, hBosEPfeteribly ahleast 99%, rt.;,mﬁstéﬁﬂwh

using, for exanple, a continuous stirred tank reactor (CSTR
reasonable selectivities. The optimum reaction temperature will be influenced by
catalyst concentration and activity, substrate reactivity, reactant concentrations, and
type of solvent employed, among other factors. Reaction or residence times of from
about 10 minutes to 48 hours will typically be appropriate, deeending upon the
above-identified variables. The reaction is preferably performed at atmospheric
pressure or at elevated pressure (typically, between 1 and 100 atmospheres).
Generally, it will be desirable to maintain the reaction components as a liquid
mixture. For example, when an olefin such as propylene is used having a boiling
point at atmospheric pressure which is less than the epoxidation temperature, a
superatmospheric pressure sufficient to maintain the desired concentration of
propylene in the liquid phase must be utilized.

The epoxidation step of this invention may be carried out in a batch,
continuous, or semi-continuous manner using any appropriate type of reaction vessel
or apparatus such as a fixed bed, transport bed, stirred slurry, or CSTR reactor.
Particularly preferred for use is the catalytic converter described in Buropean patent

application 94309380.7. Known methods for conducting metal-catalyzed epoxidations

using hydrogen peroxide will generally also be suitable

-20 -
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Al t hough a hydrogen peroxide stabilizer could be added to the oxidation
reaction zone, it is critical that the stabilizer selected for use not
inferfere with the-subsequent epoxidation step. For exanple, high |levels of
al kali metal pyrophosphates have been found to poison the titanium
silicalite epoxidation catalyst. Prior to use in the epoxidation step of
this process, it is critical that the aliphatic ketone is substantially
separated or renoved fromthe oxidant m xture. Any known separation nethod

or t echni fapesehi Tug %néuéaaahgge{nggltsy&bﬁmamé%ﬁa Ho@Br LeblibAtelly. | BGH udi ng

fract | onati on pro_cedures. Pre owever, the oxidant ers
fractiongllamfteSthd hfdrolR’ SekdxidsSand/or the substrate may be added incrementally to

the reaction zone.

Once the epoxidation has been carried out to the desired degree of
conversion, the epoxide product may be separated and recovered from the reaction
mixture using any appropriate technique such as fractional distillation, extractive
distillation, liquid-liquid extraction, crystallization, or the like. After separating from
the epoxidation reaction mixture by any suitable method such as filtration (as when a
slurry reactor is utilized, for example), the recovered titanium silicalite catalyst may
be economically re-used in subséquent epoxidations. Where the catalyst is deployed
in the form of a fixed bed, the epoxidation product withdrawn as a stream from the
epoxidation zone will be essentially catalyst free with the catalyst being retained
within the epoxidation zone. Similarly, any unreacted substrate or hydrogen peroxide
may be separated and recycled or otherwise disposed of. In certain embodiments of
the il;:stant process where the epoxide is produced on a continuous basis, it may be
desirable to periodically or constantly regenerate all or a portion of the used catalyst
in order to maintain optimum activity and selectivity. Suitable regeneration
techniques are well-known and include, for example, calcination and solvent
treatment.

In the hydrogenation step, the ketone in the overhead stream is reacted with

hydrogen in the presence of a transition metal hydrogenation catalyst under

-21-
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secondary aliphatic ketone is vaporized and renoved fromthe oxi dant

m xture as an overhead stream The hydrogen peroxide-containing stream
obt'ai ned by such a: procedure thus may conprise a bottons fraction. Such
fractionation may be facilitated by the application of heat and/or reduced
(subat nospheric) pressure. The aliphatic ketone concentration in the
bottons fraction thereby produced must be less than 1 weight percent (nore
preferably, less than 0.5 weight percent). To minimze the formation of any
ket one/ hycondgjtionp effestivie taddnvdrs allar iapomiohwfithe keténd & thd BbresEaRfiRg i on
is most preferably performed directly after nolecular oxygen oxidatio

Thus, theséa(drgﬁyp? aﬁth% Al®Rol.i Ng fromthe oxidizer zone is preferabl y
taken into a dis ation colum w thout intervening storage or retenti on

To acconplish ﬁﬁ}?ﬁ of the,ali e.from
oxi dant m xture, ?dégﬂ cé@%ﬁé ?agbﬁgmf 869"98 %%Eea%gcé%ﬁgﬁoa@ Uﬁ%’??"% of
th | cohol d/ ter.
© Secon?'n i oarré:sopo?'\dlr?gn segcgncyva ryearliphatic alcohols by catalytic hydrogenation using a
transition metal catalyst and hydrogen gas are well-known and are generally

described, for example, in the following publications (incorporated herein by
reference in theilr entirety): Freifelder, Catalytic Hydrogenation Organic Synthesis-
Procedures and Commentary, Wiley-Interscience (1978), Augustine, Catalytic
Hydrogenation Techniques and Applications in Organic Synthesis M. Dekker (1965),

Freifelder, Practi Iyti ion; T i Applications Wiley-
interscience (1971), Keiboom, H nati lysis i ntheti

Organic Chemistry, Deift University Press (1977), and Peterson, Hydrogenation
Catalysts, Noyes Data Corp. (1977). The following publications (incorporated herein
by reference in their entirety) provide examples of specific catalysts and- reaction
conditions capable of selectively and rapidly hydrogehating acetone to isopropanol:
U.S. Pat. No. 2,999,075, U.S. Pat. No. 3,013,990, Jpn. Kokai 2-279,643 (Chem.
Abst, 114:142662p), Jpn. Kokai 3-141,235 (Chem Abst, 115:235194y), Jpn. Kokai
3-41,038 {Chem. Abst. 114:228366g), Jpn. Kokai 62-12, 729 (Chem. Abst,
107:6768f), and Jpn. Kokai 59-189,938 (Chem. Abst, 102:138489x).

The transition metal in the hydrogenation catalyst is most preferably palladium,

platinum, chromium (as in copper chromite, for example), rhodium, nickel, or

-22.
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I n one enbodi nent, for exanple, the overhead stream may conprise 10 to 80
nol e REPLACEMENT SHEET 12 % ketone, 15 to 60 nol e % secondary al cohol,
and 5 to 30 nole % water. However, for safety reasons, care nust be taken
not to overly concentrate the hydrogen peroxide in the bottons fraction nor
to have any appreci abl e anmount of hydrogen peroxide in the overhead stream
The residence tinme in the distillation step is also critical. The residence
time nmust be sufficient to acconplish substantial reversal of any

(l;)e(; ggﬁ/ hygtheaRiin Paf WatéltisRESENaR tRe GYeridadISNearn! e 86 of Ramelyasigkdlor
molybdenum-promoted nickel is especially advantageous. The hydrogenation is
suitably carried out in either a liquid or vapor phase.

The temperature, hydrogen pressure, and catalyst concentration during
hydrogenation are selected so as to accomplish substantial (i.e., at least 80% and
more preferably at least 98%) conversion of the ketone to secondary alcohol within a
practicably short reaction time {i.e., approximately 15 minutes to 12 hours) without
overreduction of the ketone to aliphatic compounds which do not contain hydroxy!
groups. The optimum hydrogenation conditions will vary depending upon the type of
catalyst selected for use and the reactivity of the ketone, but may be readily
determined by one skilled in the art with minimal experimentation based on the
known art pertaining to ketone hydrogenation. Typically, temperatures of from about
20°C to 175fC and hydrogen pressures of from about 0.5 to 100 atmospheres will be

| appropriate for use. Preferably, the molar ratio of H, to ketone is from about 1:1 to
4:1. The amount of catalyst employ'ed is preferably sufficient to permit weight hourly
space velocities of from 0.1 to 10 grams of ketone per gram of catalyst per hour.

The hydrogenation step may be carried out in a batch, semi-batch,
contiriuous, or semi-continuous manner using any suitable reaction vessel or
apparatus wherein the overhead stream may be intimately contacted with the
transition metal hydrogenation catalyst and hydrogen. As the catalyst is normally

heterogeneous in nature, fixed bed or slurry-type reactors are especially convenient
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oxidation or thereafter to bring the level of aliphatic ketone peroxides to
|l ess than 0.5 weight percent total. Excessive residence tinme should be

avoi ded, however, to avoid deconposition of the hydrogen peroxide. In one
preferred enbodi nent of the invention, a residence tine of 10 to 45 m nutes
(more preferably, 15 to 30 mnutes) at 90 to [err] (nore preferably, 100 to
[err] is enployed Under these conditions, it has been found that the

desired renoval ne an con rS| of an e i.des sent
may be ré&ﬂﬂ‘ﬁ? a%m" % %?ﬁ g‘?é‘{ﬁscf'ﬁ% gfggg’ r@@c 58$@2t1he
oxi dant m xture. |nproved resul ts may be obtained by car eful | y passivating
the di sti{incarporated hereinbyireferancedniiseentiretyd majpatsobeutiizedso as to renove
or counteract any species which m ght catal yze the deconposition of

hydrogen per oxFigaren illostrates onecémbodipnentiufrtheiintegratéytepoxidationdprotess af i on
techni ques may al so be advantageously used. O her separation procedures
capabl €  thjs invention wherein a relatively light ethylenically unsaturated substrate such as
propylene is epoxidized to yield a volatile epoxide. Streams comprised of secondary
alcohol pass via lines 15 and 19 into alcohol oxidation zone 1 wherein the secondary
alcohol is reacted with molecular oxygen to form an oxidant stream comprised of
hydrogen peroxide, ketone, and excess secondary alcohol. The molecular oxygen is
provided by air or pure or diluted oxygen introduced via line 2. Excess or unreacted
molecular oxygen is removed via line 3.
The oxidant mixture containing hydrogen peroxide passes from zone 1 via line
4 into oxidant distillation zone 5. In 5, the oxidant mixture is subjected to fractional
distillation. Aliphatic ketone is taken overhead and into hydrogenation zone 16 via
line 6. The bottoms fraction, which contains hydrogen peroxide and secondary
alcohol but essentially no ketone, is introduced via Iine 7 into substrate epoxidation
zone 8.
The ethylenically unsaturated substrate to be epoxidized is fed into zone 8 via
line 9, while the titanium silicalite catalyst is introduced via line 10. Altematively, the
titanium silicalite may be deployed in zone 8 as a fixed bed. The resulting reaction

mixture is maintained at a temperature of from 40°C to 120°C in zone 8 for a time

sufficient to convert at least a portion of the substrate to epoxide, thereby consuming

TR




of reducing the aliphatic ketone content of the oxidant m xture w thout
significant |1oss of the hydrogen peroxide contained therein may al so be
uséd including, for exanple, absorption, countercurrent extraction,

menbr ane separation, and the I|ike. 13 Fractionation techni ques wherein
mul tiple stages are enployed are especially suitable. In the epoxidation
step of the process of this invention, the hydrogen peroxide- containing

R SR =T AR SR B AR

catalyti ?salccl)nlsumed) The crude epoxidation product thus obtained passes through line 11
to epoxide purification zone 12 where it is separated by fractional distillation or other
such means into a recycled ethylenically unsaturated substrate stream {returned to
feed line 9 or substrate epoxidation zone 8 via line 13), an epoxide stream containing
the desired epoxide product (withdrawn via line 14), and an alcohol stream
comprised of the secondary alcohol which served as a reaction medium during
epoxidation (withdrawn via line 15). The alcohol stream may also contain water
when the secondary alcohol forms an azeotrope with water. It is necessary to
remove that portion of the water generated as an epoxidation co-product in excess of
that present in a secondary alcohol/water azeotrope so that the water content in
successive cycles does not continue to increase. Water may also, under some
conditions, be removed overhead together with the substrate and/or epoxide. More
preferably, nowever, the excess water is removed via line 21 as a bottoms product
following distillation of the secondary alcohol/water azeotrope. A fHeavies stream
containing substances having boiling points higher than water may be separated
from the aforementioned bottoms product by distilation.

The aforementioned fractionation may, if desired, be carried out in stages.

For example, if the substrate is propylene and the epoxide is propylene oxide, both

the propylene and propylene oxide may be first separated together from the

-25-

This Sheet Has Been Re

llllll lIIIIl lllI

laced




effective anount of a titaniumsilicalite at a tenperature of from40C to
[err] to convert the substrate to the desired epoxide. The ethylenically
unsat urated substrate epoxidized in the process of this invention is
preferably an organi c conpound having fromtwo to ten carbon atons and at

| east one ethylenically unsaturated functional group (i.e., a carbon-carbon
doubl e bond) and may be a cyclic, branched or straight chain aliphatic

ol efin. More than one carbon-carbon doubl e bond may be present In the

ised. | Exrgpapgn plepEoy 3 nfil SsyPlott AAG AT Hither dfckiohafey ke g

I ncl ude et hyl ene, pro n t he butenes, butadi ene, the pentenes,

i soprene, SUPSF@;%HEQ c%é‘f@sﬁ'éearﬂshept ene, 1-octene, diisobutylene, |
-nonene, the trinmers and tetraners of propyl ene, cycl opentene, cycl ohexene,
cycl ohept ene, cycl ooctene, cycl ooct adi ene,

The overhead stream from the oxidant distillation zone is passed via line 6 to
hydrogenation zone 16 wherein the stream is reacted with hydrogen (introduced via
line 17) in the presence of a suitable hydrogenation catalyst such as a supported
platinum, nickef, chromium, ruthenium, rhodium or palladium catalyst (introduced via
line 18 or deployed as a fixed bed in zone 16) so as to convert at least a portion,
and preferably substantially all (e.g., over 95%), of the ketone back to secondary
alcohol. A portion of the hydrogenated stream exiting zone 16 may advantageously
be fed to substrate epoxidation zone 8 via line 20 to dilute the hydrogen peroxide to
the desired concentration {preferably, 3 to 15 weight percent). The remainder (or,
alternatively, all) of the hydrogenated stream produced in zone 16 is passed via line
19 to alcohol oxidation zone 1. This integrated process is preferably operated in a
-continuous manner such that the desired epoxide is the only major organic product
and the ketone and the secondary aicohol are recycled.

From the foregoing description, one skilled in the art can readily ascertain the
essential characteristics of this invention, and, without departing from the spirit and
scope thereof, can make various changes and modifications of the invention to adapt

it to various usages, conditions, and embodiments.
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di cycl opent adi ene, net hyl enecycl opropane, net hyl enecycl opent ane,

net hyl enecycl ohexane, vinyl cycl ohexane, and vinyl cycl ohexene. M xtures of
ol efins may be-epoxi dized and the resulting mxture of epoxides either ___
enpl oyed in mxed formor separated into the different conponent epOX|des

14 The process of this invention is especially useful
of [err] “ofl¥IMBs™ havi ng the general structure [err] Wne m“ mu m]w t llﬂe
sane or different and are selected fromthe gro

1. An integrated process for producing an epoxide comprising the steps of

(@) contacting an aliphatic secondary alcohol selected from
isopropanol and sec-butanol with molecular oxygen in a liquid phase at a
temperature of 50 to 200°C to form an oxidant mixture comprised of 40 to 90 weight
percent aliphatic secondary aicohol, 5 to 35 weight percent of an aliphatic ketone
corresponding to said aliphatic secondary alcohol, 1 to 20 weight percent hydrogen
peroxide, and 0 to 35 weight percent water;

{b)  separating substantially all of the aliphatic ketone from the
oxidant mixture so as to provide a hydrogen peroxide-containing stream comprised of
hydrogen peroxide, aliphatic secondary alcohol, less than 1 weight percent aliphatic
ketone, and less than 0.5 weight percent aliphatic ketone peroxides;

© reacting the aliphatic ketone separated in step (b) with hydrogen in

the presence of a heterogeneous hydrogenation catalyst wherein said hydrogenation

catalyst is comprised of a transition metal selected from palladium, platinun_l, rumenim,
chromium, rhodium and nickel at a temperature of 20 to 175°C and a hydrogen .
pressure of 0.5 to 100 atmospheres to convert the aliphatic ketone in the overhead

stream to the aliphatic secondary alcohol and recycling at least a portion of the

aliphatic secondary alcohol for use in step (a);
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consi sting of hydrogen and [err] al kyl (selected so that the total nunber
of .carbons in the olefin does not exceed 10). The process of this invention

is also suitabte for use in epoxidizing ethylenic
substrates containing functional groups other thammmmmﬂﬂmj@@”car byl
noi eties. For exanple, the carbon-carbon doubl e bond ean ber su tuted
with groups such as [err],-CN, or -OR wherein Ris an al kyl, cycloalkyl,

For mia shown her o Rbov niartng, F&HERgen BaldydSronfiibe sheans witvaoni .

cyano, c | : ket.one, . al deh ), hydroxyl, carboxyl (e.g., ester,
acid) or aéetpﬁ@r‘“c '@u sat%ﬁ’glsé@s{ﬁtee%/ﬂ@Peﬁﬁféblﬁlwﬁl)uﬁﬁa@tmeaa@@ugup artitapiinof

d

t hese types include allyl alcohol, styrene, allyl chloride, alyl nethyl
ether, alfiAaliteah@ tampriaturecafifjom A0 Rater Y2QIG wheereipl the molat ratietdiy |
acrylate, stilbene, and the |iKke.

substrate:hydrogen peroxide is from 1:2 to 10:1, to form an epoxidation reaction

mixture comprised of aliphatic secondary alcohol, epoxide, and water and

(e)  separating the aliphatic secondary alcohol present in the
epoxidation reaction mixture from the epoxide and recycling at least a portion of the

aliphatic secondary alcohol for use In step (a).

2. A process as claimed in claim 1 characterised in that the ethylenically
unsaturated substrate is a C,-C,, aliphatic olefin.

3. A process as claimed in claim 1 or claim 2 characterised in that the
aliphatic secondary alcohol is isopropanol.

4. A prooéss as claimed in any preceding claim characterised in that the
titanium silicalite has an MFI, MEL, or zeolite beta topology.

5. A process as clai-med in any preceding claim characterised in that the
titanium silicalite has a composition corresponding to the chemical formula

%Ti0,:(1-x) Si0,

wherein x is between 0.01 and 0.125.

6. A process as claimed in any preceding claim characterised in that said
process is carried out continuously.

7. A process as claimed in any preceding claim characterised in that the

titanium silicalite is deployed in the form of a fixed bed.
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The amount of hydrogen peroxide relative to the amount of ethyl eni-eally

unsaturated substrate is not critical, but npst, [ | ar ratio of

substrat e: hydr.ogen. peroxi de is from about 100: 1 mm@wm&@ﬁ ,!subst rate

cont ai ns 15 one ethylenically unsaturated group. e s i o of

ethylenically unsaturated groups in the substrate to hydrogen peroxide is
horeeRasdb

more preferabl § i n Arprogessgs ciimed shany ong of glaims ¥ f)6(C injthaythe ¢ o
5:1). One equival ent of hydrogen peroxide is theoretically required to
oxi di ze otianieusiliedlitets déployeduinahe forat of asladrysubstrate, but it may be
desirable to enploy an excess of substrate to optim ze selectivity to the
9. A process as claimed in any preceding claim characterised in that the
epoxide is propylene oxide.
10. A process as claimed in any preceding claim characterised in that
separation step (b) is accomplished by distillation whereby substantially all of the aliphatic
ketone is vaporized and removed from the oxidant mixture as an overhead stream.

11. A process as claimed in any preceding claim characterised in that

separation step (e) is accomplished by fractional distillation.

12. A continuous integrated process for producing propylene oxide

comprising the steps of

(a) contacting an azeotrope of water and an aliphatic secondary
alcohol selected from isopropanol and sec-butanol with molecular oxygen in a liquid
phase at a temperature of 50 to 200°C to form an oxidant mixture comprised of 40 1o
90 weight percent aliphatic secondary aicohol, 5 to 35 weight percent of an aliphatic
ketone corresponding to said aliphatic sacondary alcohol, 1 to 20 weight percent
hydrogen peroxide, and up to 35 weight percent water,

(b)  subjecting the oxidant mixture to fractional distillation whereby
substantially all of the aliphatic ketone is vaporized and removed from the oxidant

mixture as an overhead stream so as to provide a bottoms fraction comprised of
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epoxi de. A key advantage of the process of this invention as conpared to

ot her epoxidation processes is that a |large nolar excess of substrate

rel ative to hydrogen peroxide is not required. Hi gh yields of _epoxide may
be realized using a slight (i.e., 5-90% nolar excess of substrate relative

to hydrogen peroxide (i.e., the nolar ratio of s en
peroxide is from1.05:1 to 1.9:1). The hydrogen Hmmﬂ“mllmt] gsed in a
very efficient manner, little of the hydrogen perbdxide'is™wasted through
non-sel ecti ve deconposition to water (i.e., wthout oxidation of a
substrate nol ecule). Since hydrogen peroxide is relatively costly to

gener at e hytirigemperoxide) aliphatic seeordary iahtatunl deesl thar d casighbt percent @liphation
may be economcally practiced on a commercial scale. Additionally,

processi Retdii tghdfels§ than 1.9 Wéi%?ﬂ%é?&dn@élﬁ:ﬁaﬁléy@téﬁw pefoxidgmst rate are

m nimzed since there I's no need to enploy a | arge excess of substrate in

order to optinm ze 38?“ I8aSfitghild YldrhealstedM WARL TSR KRPWMBRY I dr8gen

processes enpl oyin

per mole of ketone in the overhead stream in the presence of a heterogeneous
hydrogenation catalyst wherein said hydrogenation catalyst is comprised of a
transition metal selected from ruthenium and nickel at a temperature of 75 to 150°C
to convert the aliphatic ketone in the overhead stream to the aliphatic secondary
alcohol and recyéling at least a portion of the aliphatic secondary alcohol for use in
step (a);

(d)  contacting the bottoms fraction with propylene and a catalyticalty
effective amount of a titanium silicalite at a temperature of from 50 to 110°C to
convert the propylene to propylene oxide, wherein the molar ratio of olefin: hydrogen
peroxi&e is .from 1:2 to 10:1, to form an epoxidation reaction mixture comprised of
afiphatic secondary alcohol, propylene oxide and water.

(6) removing the propylene oxide from the epoxidation reaction
mixture by fractional distillation; and

) removing the aliphatic secondary aicohol and at least a portion of

the water as an azeotrope from the epoxidation reaction mixture by distillation and

recycling the azeotrope for use in step (a).
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or gani ¢ hydr oper oxi des and nol ybdenum cont ai ni ng catal ysts. The titanium
sidicalites useful as catalysts in the epoxidation step of the process
cohprise the al ass. of zeolitic substances wherein titaniumis substituted
for a portion of the silicon atons in the lattice framework of a silicalite
nmol ecul ar sieve. REPLACEMENT SHEET 24 SEP 1996 16 Such substances are
wel | -known in the art and are described, for exanple, in U S Pat. No.

4,410,501 (Taramassq £t B ateptbRodiass MR BPBXIDRPREBECTIONt 2 )

u. S

ABSTRACT OF THE DISCLOSURE
Epoxides are produced by an integrated process involving molecular oxygen
oxidation of an aliphatic secondary alcohol, separation of the ketone co-product,
epoxidation of an ethylenically unsaturated substrate by the substantially ketone-free
oxidation product in the presence of a titanium silicalite catalyst, and regeneration of

the secondary alcohol by hydrogenation of the ketone co-product.
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Pa°t No. 4,666,692 (Taramasso et al.), Thangarai et al., J. Catal. 130, 1
%991) Reddy et al., Applied Catal. 58, L-1 (1990), Reddy et al., J.
Catal. 130, 440 (1991), Reddy et al., Zeolites 12, 95 (1992), Belgian Pat.
Pub. No. 1,001,038 (Bellussi et al.), Huybrechts et al., J. M. Catal. 71,
129 (1992), Huybrechts et al., Catal, Letter 8, 237 (1991), U S. Pat. No.

4,656,016 (Taramasso et al.), U S. Pat. No. 4,859,785 (Bellussi et al.),

Eur opean Pat. Pub. No. 269,018 : Pat. No. 4,701, 428

(Bellussi et al.), U S. Pat. t.), Oesqi et al.
J. Catal. 129,159 (1991), Bell upsi : . 1133, 22 992),
Szost ak, Mol ecul ar Si evds-Princ | denti fj-egti on. pp.
250- 252 (4989), and Notagri, Syn yt roperti f Titanium
Cont ai ni ng\Zealfrtes* i nova[ﬁlo in Zeolijfte aterialg Science, | Gobet et
al ., Eds., 413 (1@?. t gachi ngs of tfhesegptlblicati ons are*incorporated
herein by referemaa,m t hei r?:n irety. N8 c—
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Patticularly preferred titaniumsilicalites include the classes of - ®&3*%g zer

nol ecul ar sieves comonly referred to as "TS-1" ( ogy

anal ogous to that of the ZSM5 alum nosilicate ze¢l I't 3 NB-SHEEThhvi ng an
osi |1 cate ZeU}

MEL topol ogy anal ogous to that of the ZSM 11 al um es),
and "TS-3" (as described in Belgian Pat. No. 1, 00, 3&)4;@;5 ui le for
aj i ng ra.me%r
es
1996 _g

use are the titani um containing nol ecul at sieves
structures isonorphous to zeofite beta which are
94309421.9, published as REPLACEMENT SHEET 2 4 S

INTEGRATED PROCESS FOR EPOXIDE PRODUCTION

. This invention relates to an integrated process for producing an epoxide
wherein the only reactants consumed in the overall process are an ethylenically
unsaturated substrate, molecular oxygen, and hydrogen. In particular, the
invention pertains to a process whereby an oxidant mixture comprised of an
aliphatic secondéry alcohol, a ketone corresponding to the secondary alcohol, and
hydrogen peroxide, is generated by reaction of the alcohol with molecular oxygen,
subjected to a separation step (preferably, distillation) to remove substantially all of
the ketone and then reacted with an ethylenically unsaturated substrate in the
presence of a titanium sificalite catalyst. The recovered ketone is recycied back to
alcohol by hydrogenation; the secondary alcohal which serves as a solvent for the
epoxidation step -is likewise recovered and resubjected to molecular oxygen
oxidation.

BACKGROUND OF INVENTION:

Many different methods for the preparation of epoxides have been
developed. One such method involves the use of certain titanium silicalite
materials to catalyze olefin oxidation by hydrogen peroxide. This methéd is

described, for example, in Huybrechts et al., J. Mol, Catal, 71, 129(1992), U.S.

REPLACEMENT SHEETS  SG
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17 Anot her suitable class of titaniumcontaining nolecular sieves are
anmmoni um al kali netal, or alkaline earth-nodified titani umcontaining

nol ecul ar sieves characterized by a framework structure isonorphous to
zeolite beta and having Si, Ti and Al atgns present in the franmework
structure (typically, in the formof oxides). The presence of alum num
atons creates cationic sites. associated mﬁth al um num The cations present

t d cat | ected f t

Cat i ons, _al Rl Mg bRERA7R I0RBRCS ahand S 2000NEn Sl abh FRropen Pak Aubast 25%
f bl 09% t f bly, at | t 7509 f d

cati ons ar NG, (BFRhe; S1R24T s 835 k. Radien i fa g 001 ces.”

Cor r espondi t he proportion f such cati ons whi ch are hydrogen catlons
shoul d be @‘%H%r“éa? &né?é& AnghNgtariyig “Ipnovationin Zeplite ial

preferably, sionce,s Mﬂgmﬂ@mm vol. 37, p. 413 (1988).

However, the outcome of synthetic reactions catalyzed by titanium silicalites
is highly qnpredictable and seemingly minor changes in reactants and conditions
may drastically change the type of product thereby obtained. For exa:ﬁple, when
an olefin is reacted with hydrogen peroxide in the presence of titanium silicalite the

* product obtained may be either epoxide (U.S. Pat. No. 4,833,260), glycol ether
{U.S. Pat. No. 4,476,327), or glycol (Example 10 of U.S, Pat. No. 4,410,501).

The prior art related to titanium silicalite-catalyzed epoxidation teaches that
it is beneficial to employ a hydrogen peroxide solution that does not contain large
amounts of water and recommends the use of an organic solvent as a liquid
medium:for the epoxidation reaction. Suitable solvents are said to include poiar
compounds such as alcohols, ketones, ethers, glycols, and acids. Solutions in
tert~buianol, methanol, acetone, acetic acid, and propioﬁic acid are taught to be
most prefe.rred. However, hydroge;u peroxide is currently available commercially
only in the form of aqueous solutions. To employ one of the organic solvents
recommended by the prior art, it will thus be necessary to exchange the water of a
typical hydrogen peroxide solution for the organic solvent. This wiil necessarily

increase greatly the overall costs associated with an epoxidation process of this
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nmore than 25% . In preferred enmbodi ments of this class, the _
titani umcontaining nol ecul ar sieve has relatively |arge pores (equal to or
greater than about 6 angstronms on average) and has a zeolite-type structure
conprised of Si and smaller anmounts of Tigand Al in a crystalline ordered
framework. A crystallinity of greater than 80%is usually desirable.
Preferably, the nolar ratio of Ti:Si is from0.1:99.9 to 20:80, with ratios
in the range of 0.5:99.5 to 10:90 being especially preferred. The nol ar
rati o of (Sityme.) Additionallydcengeatratjoraof hysisagendmraxiderto 8 puredenedslyypurat | east
100:1). In one advant ad?eous enbodi nent, the Si/Al nolar ratio is greater
than 25 but stateds exeeedingly dargerousandis nomelly avdided.c Shusiiitwik gqotbeecul ar
si eves advantageously may have a titaniumcontent of from1 to 10 weight
per cent and practgablg ecasteiective tosimply nerooapthedvatenby distillation aadtreplace:
general fornula for these titani umcontaining nol ecular sieves (exclusive
of any anmmonit with tae Reganiqsalvento Singelhwidrogencparexiderbas ia high selubilityin @dduced by
modi fication) is ' :

&igh affinity for water, liquid-liquid extraction of hydragen peroxide from an

. aqueous phase to an organic phase will not be feasible. Mo;eovér, madny of the

solvents taught by the prior art to be preferred for epoxidation reactions of this

type such as tert-butanol, acetone, and methanol are water miscible and thus

could not be used in such an extraction scheme. An epoxidation process wherein

a readily obtained oxidant solution containing hydrogen peroxide and an organic

solvent which promotes high yields of epoxide products is employed would thus be

of significant economic advantage.

U.S. Pat. No. 5,214,168 proposes an integrated process for epoxide

production wherein an aryl-sdbstituted secondary alcohol such as alpha methyl

benzyl alcohol is oxidized with molecuiar oxygen to provide the hydrogen peroxide

used in a subsequent epoxidation step. While this process works well when

practiced in a batch type mode, it has now been found that certain of the titanium

silicalites employed as epoxidation catalysts experience deactivation when such a

process is run on a continuous basis. This deterioration in activity and selectivity

is believed to be due to the accumulation of oligomeric and polymeric by-products

derived from the aryl-substituted secondary alcohol or other species present in the

REPLACEMENT SHEET

24 SEP 199




preferably as follows: [err] wherein x is 0.0005 to 0.2 and y is from0.01
to 0.2. 24 SEP 18 The titaniumsilicalite catal yst enployed in
the process of this invention preferably contains no nmetals other than
titaniumand silica in the lattice framework, although m nor amounts of
boron, iron, alum num and the |ike mayg4be present. Epoxidation catalysts
suitable for use in the process of this invention will have a conposition

corresponding to the following enpirical formula [err].
epoxidation reaction mixture. ile the deactivated catalyst could be regenerated
using known techniques such as solvent washing and/or recalcination, it would be
highly advantageous to develop a continuous integrated epoxidat_ion process
wherein less frequent catalyst regeheration or replacement is needed.

Example 35 of U.S. Pat. No. 4,833,260 describes a procedyre wherein
propylene is converted to propylene oxide. An isopropancl/water mixture is
reacted with oxygen at 135°C to afford a mixture containing hydrogen peroxi&é.
The mixture is thereafter used directly in a titanium silicalite-catalyzed epoxidation
of propylene without 'uitervening treatment or fractionation. The temperature
during epoxidation is carefully maintained ét 20°C by heans of a constant
temperature bath. Due to the higﬁly exothemic nature of the olefin epoxidation
reaction, it is quite difficult to maintain a reaction of this type at room temperature
or lower, especially if practiced on a large scale. Even if an effective means of
removing heat from the reaction mixture is employed, the utility (cooling) costs
.associated with such an arrangement will place the brocess at a distinct
competitive disadvantage refative to conventional epoxidation processes. it would
thus be highlyl desirable to be able to operate a titanium stiicalite-catalyzed
epoxidation using a secondary alicohol-derived hydrogen peroxide stream ét
superambient temperatures without a significant se[_ecfivity penality. |

Another problem associated with the use of an oxidf;ed i'sopfopanol mixture

as a source of hydrogen peroxide in a olefin epoxidation reaction catalyzed by
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where x is between 0.0001 and 0.500. Mre preferably, the value of x is
ffom0.01 to 0.125. The nolar ratio-of Si:Ti in the lattice framework of
the titaniumsilicalite is advantageously from9.5:1 to 99:1 (nost
preferably, from9.5:1 to 60:1). The use of relatively titaniumrich

silicalites, such as those described insThangaraj et al., J. Catalysis 130,
1-8 (1991), nay al so be desirable. The anmpbunt of catal yst enployed is not
critical, but should be sufficient so as to substantially acconplish the

desired epoxitaniumcicalitecis i%m pptential ferforminatsignificant quantitiesef emanicne. The
optimum quantity of catalyst will depend upon a nunber of factors including
reaction t enRRIPXIEES &'oms'am‘#en@f marqroeqrypaﬁaldemém agetonn gengm@testy,

per oxi de concentration, e and concentratlon of organi c_sol vent as wel |

as catal yst %‘ﬁt\?ﬂtﬂf‘ﬁﬂéﬁ@ anphcSen.. tp @me&a%@éalohm&m batch

VS. contlnuous) enpl oyed. _In a batch -t){pe or_slurry reaction_ for exanple,
t he amount of3s 3004-3011 (1871) and Sauer et al., ibid. 76, 1283-1288 (1972). These organic

peroxides have been found to accumutate during isopropanol oxidation, during
storage of the oxidate mixture, as well as during olefin epoxida'tion.l The formation '
of such peroxide species cietracts from the selective transformation of an
ethylenically unsaturated substrate to epoxide since hydrogen peroxide is being
consumed. In addition, the presence of the organic peroxides, some of which may
be highly explosive in pure form, compliéates the purification and separation steps
following epoxidation.
SUMMARY OF THE INVENTION:

This invention provides an integrated process for producing an epoxide '
comprising the steps of

| (a) contacting an aliphatic secondary alcohol selected from

isopropanol and sec-butanol with molecular oxygen in a liquid phase ata
temperature of 50 to 200"6 td form an oxidant mixture comprised of 40 to 90 weight
'percent aliphatic secondary alcohot, 5 fo 35 weight percent of an afiphatic ketone
corresponding to said aliphatic sacondary alcohol, 1 to 20 weight percent hydrogen

peroxide, and 0 to 35 weight percent waier;
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catalyst will typically be from0.001 to 10 grans per nole of substrate.
The concentration of titaniumin the total epoxidation reaction m xture
will generally be fromabout 10 to 10,000 ppm 19 The catal yst may be

utilized in powder, pellet, m crospheréc, extruded, nonolithic or any other
sui tabl e physical form The use of a binder (co-gel) or 'support in

combi nation with the titaniumsilicalite may be advantageous. Supported or
cffective Tor zeol1EL c BERRGUEE ooty otsbe APkl SeqrotaT e, or
support i Exﬁaafaﬂ\ti)it@ljel ?."o as to pfovide a hydrogen peroxide-containing stream comprised of
hydrogen peroxide, aliphatic secondary alcdhol, less 'than 1 weight percent aliphatic
ketone and less than 0.5 weight pergent aliphatic ketone peroxides;
" (¢)  reacting the aliphatic ketone separated in step (b) with hydrogen in
the presence of a heterogencous hydrogenation catalyst wherein said hydrogenation
catalyst is comprised of a transition metal selected from palladium, platinum, ruthenium,
chromium, rhedium, and nickel at a temperature of 20 to 175°C and a hydrogen
pressure of 0.5 to 100 atmospheres to convert the aliphatic ketone in the everhead
stream to the aliphatic secondary alcohol and recycling at least a portion of the
aliphatic secondary alcohol for use in step (a); |
(d) contacting the hydrogen peroxide-containing stream with an
ethylenically unsaturated substrate and a catalytically effective amount of a titaniqm
silicéﬁte at a temperature of from 40°C to 120°C, wherein the molar ratio of
substrate:hydrogen peroxide is from 1:2 to 10:1, to form an epoxidation reaction
. mixture comprised of aliphatic secondary alcohol, epoxide, and water; and
(e) separaiing the aliphatic secondary élcohol present in the
" epoxidation reaction mixture from the epoxide and récycling at least a portion of the
aliphatic secondary alcohot thereby obtained for use in step (a).
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non-aci di c and does not catal yze the non-sel ective deconposition of

hydr ogen peroxi de or ring-opening of the epoxide. illustrative binders and
supports include silica, alumna, silica-alumna, silica- titania,
silica-thoria, silica-mgnesia, silica-zironia, silica-beryllia, and
ternary conpositions of silica with oth&r refractory oxides. Al so useful
are clays such as nontnorillonites, koalins, bentonites, halloysites,

dickites, nacri tes and_ananxites. The proportion of titanium

silicalite: © SN ONNAL QRAWINGSOM 99: 1 to 1:99, but preferably is

from5:95 to 80:20. The nethods described in U S. Pat. No. 4,701,428

(i ncor por at ed heFigure bliustratesdn sehamatict forma g suitable)emipdiment of 4ha process ot he
preparation of m crospheres containing oligonmeric silica binder and
titani um si thevealonrystals which are suitable for use in the process of

this invention. The catalyst may be treated with an al kaline (basic)
substance or a silylating

DETAILED DESCRIPTION OF THE INVENTION:

It has now been surprisingly discovered that exceptionally hiéh yields of
epoxide are conveniently and economically realized through the utilization of an
integrated process wherein a crude oxidant mixture generated by molecular oxygen
oxidation of a secondary alcohol is subjected to a fractionation so as to remove
substantially alt of the ketone co-product produced by oxidation and to minimize the
accumulation of ketone peroxide species prior to use in an epoxidation step. The
recovered ketone co-product is readily converted in whole or in part by
hydrogenation back to aicohol for a_furth?r oxidation/epoxidation cycle. Likewise, the
aliphatic' secondary alcohol which serves as a reaction. medium during epoxidation is
separated from the desired epoxide product by fractional distiilation and reused.

We have unexpectedly found that significant advantages are realized when
the aliphatic ketone is removed from the ;:i}dant mixtuire priof to the use of that
mixture as a source of hydrogen peroxide in a titanium silicalite-catalyzed |
epoxidation step at a reaction temperature of 40°C or higher. This finding was

unexpected in view of the fact that the prior art teaches that ketones such as

acetone are preferred epoxidation solvents when using hydrogen perqxide and a
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agent so as to reduce the surface acidity, as described in U S Pat. No.
4,937,216. The epoxidation reaction tenperature is critical and nust be
from[err] to 120C, which in the process of this invention has been found
to be sufficient to acconplish selective conversion of the ethylenically
unsaturated substrate to epoxide 20 vgthin a reasonably short period of
time with m nimal non-sel ective deconposition of the hydrogen peroxide. It
is generally advantageous to carry out the reaction to achieve as high a
hydr ogen petitspiugrsiicaite catalyst. aBemovalidbthe aliphatic ketong effectivelystedtifés theor e
preferably at |east 90% nost preferably at | east 99% consistent with

amount of hydrogen peroxide lost during epoxidation due to formation of by-products.

Moreover, such removal has been found to be effective in liberating hydrogen

peroxide from any peroxides generated during air oxidation of the secondary alcohal

or subsequent storage. Excellent selectivity to epoxide based on hydrogen peroxide

is thereby realized with minimal losses due to aliphatic ketone peroxide. in this

context, the term * aliphatic ketone peroxides® includes those organic compounds

derived from interaction of the aliphatic ketone and hydrogen peroxide which contain

at {east one -O-O- group (see the aforementioned articles by Sauer et al.). -

Another surprising aspect of the process of the invention is that high selectivity

to epoxide is attained in spite of the fact that substantial amounts of secondary

aicohol are present during epoxidation. The prior art teaches that primary and

secondary alcohols such as isopropanot are readily oxidized to the cormresponding

aldehydes and ketones by reacting with hydrogen peroxide in the presence of

titanium sificalite (U.S. Pat. No. 4,480,135; van der Pol et al., Applied Catalysis A:

General 106. 97-113(1993); Notari, J.Catal 146. 476 (1994)). It has now been

discovered that only minimal oxidation of secondary alcohol to the corresponding

ketone takes place during epoxidation, despite the fact that both ethylenically

unsaturated substrates and alcohols are known to react with hydrogen peroxide in

the presence of titanium silicalite and thus would be expected to compete for the

available active oxygen. The finding that nearly all of the hydrogen peroxide reacts
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reasonabl e sel ectivities. The optimumreaction tenperature will be
i nfl uenced by catal yst concentration and activity, substrate reactivity,

react ant concentrations, and type of solvent enployed, anong other factors.
Reaction or residence tinmes of fromaboyt 10 ninutes to 48 hours will*«
typically be appropriate, dependi ng uporf the above-identified variables.
The reaction is preferably perforned at atnnspheric pressure or at el evated
pressure (ty |call 1 and 100 at nos GEneraIIy,

e es it will be
desirabl e t ‘él“ﬂ'?'t‘h %‘ﬁt?éﬂ EBHLe A rsa'icaa with te sacondayy

exanpl e, mhen olef h as propylene is used haV|ng a boiling point at
at nospheri c ﬂFé&% ttM‘ﬁ Sﬂ'fqg eBhan t he epoxi dation tenperature, a

super at nospheric pressure sufficient to maintain the desired concentration

of propylene in the |liquid phase nust be utilized. The epoxidation step of
this invention ma%be ca[rled out in a batch,
e overall process of this inventlon may thus be represented as follows:

~ substrate + O, + H, 3. epoxide + H,0O
wherein the epoxide is the only organic species produced {other than minor
quantities of by-products) and the ethylenically unsaturated substrate is the only
organic species consumed. The process is consequently exceedingly attractive from
a commercial point of view.

The secondary aliphatic alcohols suitable for use include isopropanol
(isopropy! alcohol) and sec-butanol (sec-butyl alcohol).

The secondary aliphatic alcohol is reacted with molecular oxygen from a
suitable source such as air to yield tﬁe‘oxidant mixture, which will typically coqtéin
excess seoonda:y aliphatic alcohol, the aliphatic ketone resuiting from oxidation of -
the secondary alcohol and having the same hydrocarbon skeleton as the alcohol,
hydrogen peroxide, and water. The starting material to be oxidized may contain
minor amounts of the aliphatic ketone and/or water in addition to the alcohol. For
example, _the azeotrope of water and isopropanol (87wt% isopropanol, 12.2wt%
water) may be used to advantage. Generally speaking, the oxidation conditions are
adjusted so as to yield an oxidant mixture comprised of 40 to 90 Weight percent

aliphatic secondary aicohol, from about 1 to 20 weight percent hydrogen peroxide, 5
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continuous, or sem -continuous manner using any appropriate type of
reacti on vessel or apparatus such as a fixed bed, transport bed, stirred
slurry, or CSTR reactor. Particularly preferred for use is the catalytic
converter described in European patent application 94309380.7. Known

met hods for conducting netal -catal yzedl@poxi dati ons usi ng hydrogen peroxi dé
wi Il -generally also be suitable REPLACEMENT SHEET 24 SEP 1996 21 for

use. Thus, the reactants nay be conbined all at once or sequentially. For

to 35 weight percent of the aliphatic ketone, and 0 to 35 wgight percent water.
Partial conversion of the secondary alcohol is accomplished (e.g., from 5 to 50%)
such that the unreacted secondary alcohol may be utilized as a catrier or solvent for
the hydrogen peroxide and substrate during epoxidation. Residence, hold-up or
reaction times of from about 0.25 hours to 4 hours will typically be sufficient for this
purpose. The oxidation may be either uncatalyzed or catalyzed (for e>.<am'ple, by
introduction of a minor amount of a peroxide or hydroperoxide such as t-butyl
hydroperoxide), but is most preferably carried out under the conditions described in
U.S. Pat. Nos. 2,871,102, 2,871,103, and 2,871,104 and British Pat. Nos. 768,807
and 1,421,499 (the teachings of these patents are ihcqrporated ht_areir_\ by reference
in their entirety). Temperatures of from 50 to 200°C (more preferably, from 100 to
180°C) will typically be appropriate for use in order to attain reasonable oxidation
rates. The preferred range of oxygen partial press;zre in the feed gases {(which may
iinclude an inert diluent gas such as nitrogen in addition to oxygen) is 5 to 500 psia
(more preferably, 15 to 250 psia) partial pressure. Total pressure in the oxidation
reaction zone should be sufficient to maintain the components of the reaction mixture
in the liquid phase (50 psia to 1000 psia is nommally sufficient). A plurality of
oxidation reaction zones maintained at different temperatures may be employed, as
described in British Pat. No. 758,907. The alcohol oxidation may be performed in a
continuous manner using, for example, a continuous stirred tank reactor (CSTR).

Although a hydrogen peroxide stabilizer could be added to the oxidation reaction
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exanpl e, the hydrogen peroxide and/or the substrate may be added )
I hcrenmentally to the reaction zone. Once the epoxidation has been carrie
out to the desired degree of conversion, the epoxide product may be
separated and recovered fromthe reaction m xture using any appropriate
techni que such as fractional distillation, extractive distillation,
liquid-liquid extraction, crystallization,” or the like. After separating
fromthe epoxidation reaction m xture by any suitable nethod such as
filtration (%&ﬂemﬁéﬁcau@? that $he glabilizar selectad for use| not ipterierewith dhe subaequent
recovered titan, mlsilicabége cat al yst be economcally re-used in

e
subsequent eSRAXIFIPN GIRP. TRfP@mAle tigh W?‘gtd jalicali anatal Rydoptipsphates bawe beeny
fixed bed, tggﬂgeoxi dati ongg@pduc‘ﬁ w thdrawn as a stream fromthe

epoxi dati on QPpisop dhe tilapitim sificajite epoxidationrcatalyski t h t he catal yst bei ng
Leéai ned wi thin dt for 16 %)éie(%ir? %t{eogpozx?dg%bn gierg cl)fattrﬁlsyﬁro?er']s%. R s gr?ti%gletg\ats tl#\%H rate or
ydr ogen per oxi
aliphatic ketone is substantially separated or removed from the oxidant mixture. Any
known separation method or technique which is suitable for this pdrpose may be
utilized, including fractionation procedures.
Preferably, however, the oxidant mixture is fractionally distilled whereby the
secondary aliphatic ketone is vaporized and removed from the oxidant mixture as an
overhead stream. The hydrogen peroxide-containing stream obtained by such a
procedure thus may comprise a bottoms fraction_. Such fractionation may be
facilitated by the application of heat and/or reduced (subatmospheric) pressure. The
aliphatic ketone concentration in the bottoms fraction thereby produced must be less
than 1 weight percent {more preferably, less than 0.5 weigh_t percent). To minimize
- the formation of ény ket#ne/hydrogen peroxide adducts having peroxy charé.cter. this
separation is most prefer.ably performed directly after molecutar oxygen oxidation.
Thus, the oxidant mixture exiting from the oxidizer zone is preferably taken into a
distiltation column without intervening storage or retention. To accomplish rapid and
complete removal of the aliphatic ketone from the oxidant mixture, it may be

desirable to also take overhead some portion of the secondary alcohol arid/or water.

in one embodiment, for example, the overhead stream may comprise 10 to 80 mole
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may be separated and recycled or otherw se disposed of. In certain

enbodi nents of the instant process where the epoxide is produced on a
continuous basis, it may be desirable to periodically or constantly
regenerate all or a portion of the used catalyst in order to maintain:
optinmum activity and sel ectivity. Sui t¥hl e regeneration techni ques are
wel | - known and include for exanple, calcination and solvent treatnent In

t he hydrog sé ﬁ t he ketone in the overhead streamis reacted with
hydrogen i n d3dR A0 Ppleesegpadary glcohak and ﬁ)}er‘?&g‘@ﬁ&%dﬂfﬁ@ht Hpweverunder

for safety reasons, care must be taken not to overly concentrate the hydrogen
peroxide in the bottoms fraction nor to have any appreciable amount of hydrogen
peroxide in the overhead stream. The residence time in the distiliation step is also
critical. The residence time must be sufficient to accomplish substantial reversal of
any ketonemyd.i'ogen peroxide reaction products generated during molecular oxygen
oxidation or thereafter to bring the level of aliphatic ketone peroxides to less than 0.5
weight percent total. Excessive residence tirﬁe should be avoided, however, to avoid
decomposition of the hydrogen peroxide. In one preferred embodiment of the
invention, a residence time of 10 to 45 minutes (more preferably, 15 to 30 minutes)
at 90 to 130°C {(more preferably, 100 to 120°C) is erhployed. Under these
conditions, it has been found that the desired removal of ketone and conversion of
any ketone peroxides present may be readily achieved with minimal loss of the
hydrogen peroxide in the oxidant mixture. Improved results may be obtained by
carefully passivating the distillation column and/or treating the oxidant mixture so as
to remove or counteract any species which might catalyze the decor’nposit@on of
hyt_:lrogen peroxide or formation of ketone peroxides. Extractive distillation
techniques may also be advantageously used. Other separation prbcedures capable
of reducing the aliphatic ketone content of the oxidant mixture without significant loss
of thé hydrogen peroxide contained therein may also ﬁe uséd including, fdr example,

absorption, countercurrent extraction, membrane separation, and the tlike.
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conditions effective to convert all or a portion of the ketone to the
correspondi ng secondary aliphatic al cohol. Methods of converting aliphatic
ket ones such as acetone and 2-butanone to their correspondi ng secondary
al i phatic al cohols by catal ytic hydrogenation using a transition netal -
catal yst and hydrogen gas are well-known and are generally described, for
exanple, in the follow ng publications (L&corporated herein by reference In
their entirety): Freifelder, Catalytic Hydrogenati on Organi c Synthesis-
Procedures and Commentary. W/ ey-I|nterscience (1978), Augustine, Catalytic
Hydr ogenati on Techni ques and Applications in Organic Synthesis M Dekker
(1965), Freifelder, Practical Catal ytic Hydrogenation: Techni ques and
Applications WIley- Interscience (1971), Kei boom Hydrogenation and
Hydr ogenol y §iractiopationfesteiques wrhesmin multinie stages are pmployedisire especially Pr ess
(1977), and Pet ?r son, Hydrogenation

suitable. .

In the epoxidation step of the process of this invention, the hydrogen peroxide-
containing stream obtained following separation of aliphatic ketone from the oxidant
mixture is contacted with an ethylenically unsaturated substrate and a catalyticaily
effective amount of a titanlum silicalite at a temperature of from 40°C to 120°C to
convert the substrate to the desired epoxide.

The ethylenically unsaturated substrate epoxidized in the process of this
invention is preferably an organic compound having from two to ten carbon atoms
and at least one ethylenically unsatdrated functional group (i.e., a carbon-carbon
double bond) and may be a cyclic, branched or straight chain aliphatic olefin. More
than one carbon-carbon double bond may be present in the olefin; dienes, trienes,
and other polyunsaturated substrates thus may be used.

Exemplary olefins suitable for use in the process of this invention include
ethylene, propylene, the butenes, butadiene, the pentenes, isoprene, 1-hexene,
3-hexene, 1-hebtene. 1.-6ctene. diisobutylene, 1-nonene, the trimers and tetramers of
propylene, cyctopentsne, cyclohexené. cycloheptene, cyclooctene, cyclooctadiene.
dicyclopentadiene, methylenecyclopropane. methylenecyclopentane,

methylenecyclohexane, vinylcyclohexane, and vinyl cyclohexene.

Mixtures of ofefins may be epoxidized and the resulting mixture of epoxides

either employed in mixed form or separated into the different component epoxides.
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Cat al ysts, Noyes Data Corp. (1977). The follow ng publications
(i"'ncorporated herein by reference in their entirety) provide exanpl es of
speci fiic catal ysts and reaction conditions capable of selectively and -
rapi dl y hydrogenati ng acetone to isoprop%nol: U S. Pat. No. 2,999,075, U S
Pat. No. 3,013,990, Jpn. Kokal 2-279,643% chem Abst 114:142662p), Jpn.
Kokal 3-141,235 Chem Abst. 115:235194y), Jpn. Kokai 3-41,038 (Chem Abst.

114:228366g), Jpp. Kokal 62-12 729 (Chem Abst. .107:6768f),. and Jpn. Kokai
59- 189, 938g%me%9,&5§‘ie%sfg§?‘i§!¥&§ '.g eﬁﬁ&'éﬁgvéﬁf'ﬂif%‘ P&&*@ﬁgﬁ mﬁi‘c, ordl

0

hydr ogenati gon. catalyst is nost preferably palladium platinum chromum (as
in copper Lq%*m%a&r%’gﬂbp @ﬁﬁzﬁﬁ?t"?ehodi um nickel, or REPLACEMENT SHEET
R!

S
\C=C

/
3y R*

wherein R', R?, R?, and R* are the same or different and are selected from the group
consisting of hydrogen and C,-C, alkyl (selected so that the total number of carbons
in the olefin does not exceed 10).

The process of this invention is also suitable for use in epoxidizing
ethylenically unsaturated substrates containing functional groups other than aliphatic
‘hydrocarbyl moiéties. For example, the carbon-carbon double bond can be
substituted with groups suéh as -CO,H, -CO,R,-CN, 6r -OR wherein R is an alkyl,
cycloalkyl, aryl or aralkyl substituent. The radicals R',R*R® and R* in the structural
formula shown hereinabove may contain aryl, aralkyl, halo, nitro, sulfonic, cyano,
carbonyl (e.g., ketone, aldehyde), hydroxyl, carboxyl (e.g., ester, acid) or ether-
groups. Examples .of ethylenically unsaturated substrates of these types include aliyl

" aloohol, styrene, allyl chioride, allyl methyl ther, allyl phenyl sther, methy!
methacrylate, acrylic acid, methyl acrylate, stilbene, and the like. -

The amount of hydrogen peroxide relative to the amount of ethylenically
unsaturated substrate is not critical, but most suitably the m&;lar ratio of

substrate:hydrogen peroxide is from about 100:1 to 1:10 when the substrate contains
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23 ruthenium If water is present in the overhead stream the use of Raney
ni ckel or nol ybdenum pronoted nickel is especially advantageous. The
hydrogenation is suitably carried out in either a liquid or vapor phase.
The tenperature, hydrogen pressure, and catal yst concentration during
hydrogenation are selected so as to acco i sh substantial (i.e., at |east
80% and nore preferably at |east 98% conversion of the ketone to secondary
al cohol within a practicably short reaction tinme (i.e., approximtely 15

m nutes to 12 hours) w thout overreduction of the ketone to aliphatic
compounds whi ch do not contain hydroxyl groups. The optinmum hydrogenation

conditions will vary dependi ng upon the type of catalyst selected for use
and the reactivity of the ketone, but nmay be readily

one ethylenically unsaturated group. The molar ratio of ethylenically unsaturated
groups in the substrate to hydrogen peroxide is more preferably in the range of from
1:2 to 10:1 {most preferably, 1:1 to 5:1). One equivalent of hydrogen peroxide is
theoretically required to oxidize one equivalent of a mono-unsaturated‘substrate, but
it may be desirable to employ an excess of substrate to optimize selectivity to the
epoxide. A key advantage of the process of this invention as compared to other
epoxidation processes is that a large molar excess of substrate relative to hydrogen
peroxide is not required. High yields of epoxide may be realized using a slight (i.e.,
5-80%) molar excess of substrate rélative to hy&rogen peroxide (i.e., the molar ratio
of substrate to hydrogen peroxide is from 1.05:1 to 1.9:1). The hydrogen peroxide is
thus used in a very efficient manner; little of the hydrogen peroxide is wasted through
non-selective decomposition to water (i.e., without oxidation of a substrate molecule).
Since hydrogen peroiide is relatively costly to generate, this means that the overalt
integrated process of the invention may be economically practiced on a commercial
scale. Additionally, processing costs arising from recovery and recycling of substrate
are minimized since thers is no need to employ a large excess of substrate in order
to optimize epoxide selectivity, in contrast to known epoxidation processes employing
organic hydroperoxides and molybdenum-containing catalysts.

The titanium silicalites useful as catalysts in the epoxidation step of the
process comprise the class of ze.olitic substances wherein titanium is substituted for

a portion of the silicon atoms in the lattice framework of a silicalite molecular sieve.
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determ ned by one skilled in the art with mninmal experinentation based on
the known art pertaining to ketone hydrogenation. Typically, tenperatures
of fromabout [err] to [err] and hydrogen pressures of fromabout 0.5 to
100 at nospheres will be appropriate for use. Preferably, the nolar ratio of
[err] to ketone is fromabout 1:1 to 4:1;The anmount of catal yst enpl oyed
Is preferably sufficient to permt weight hourly space velocities of from

0.1 to 10 grans of ketone per gram of catalyst per hour. The hydrogenation
step may be carried out in a bath, sem -batch, continuous, or

sem -conti nuous manner using any suitable reaction vessel or apparatus
wherein the overhead streammay be intimately contacted with the transition

metal hydr @yehaubstancsst &b yedll-iaben iy theQgPand dfe dderibed, Moekarmpfe, HOUE! | Y

het er ogeneous in nature, fixed bed or slurry-type reactors are especially

conveni ent FF&FM(&GENEBHO‘SHWmasso et al), U.S. Pat. No. 4,824,976 (Clerici et al.), U.S.
Pat. No. 4,666,692 (Taramasso et al.), Thgngaraj et al., J, Catal, 130, 1 (1991),
Reddy et al., Applied Catal, 58, L-1 (1990), Reddy et al., JJ. Catal, 130, 440 (1991),
Reddy et al., Zeolites 12, 95 (1992), Belgian Pat. Pub, No. 1,001,038 (Bellussi et al.),
Huybrechts et al., J, Mol. Catal, 71, 129 (1992), Huybrechts et al., Catal, Letter 8,
237 (1991), U.S. Pat. No. 4,656,016 (Taramasso et al.), U.S. Pat. No. 4,859,785
(Bellussi et al.), European Pat. Pub. No. 269,018 (Bellussi et al.), U.S. Pat. No.
4,701,428 (Bellussi et al.), U.S. Pat. No. 5,082,641 (Popa et al.), Clerici et al., J.
Catal. 129,159 (1991), Bellussi et al., J. Catal. 133, 220 (1992), Szostak, Molecular
WM@M&M pp. 250-252 (1989), and Notari,
“Synthesis and Catalytic Properties of Titanium Containing Zeolites", Innovation in
Zeolite Materials Science, Grobet et al., Eds., 413 (1988). The teachings of these
publications are incorporated herein by reference in their entirety. ' .

Particularly preferred titanium silicalites include the classes of molecutar
sieves commonly referred to as *“TS-1* (haviﬁg -an MF!1 topology analogous to that of |
the ZSM-5 aluminosﬂicaté ieolﬁes). “TS-2 (having an MEL topc;log_y analogous to
that of the ZSM-11 aluminosilicate zeolites), and *TS-3" (as described in Belgian Pat.
No. 1,001,038). |
Also suitable for use are the titanium-containing molecutar sieves having

framework structures isomorphous to zeolite beta which are described in EP-A-

94309421.9, published as
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24 for use. Atrickle bed systemsuch as that described in U S. Patent No.
5,081, 321 (incorporated herein by reference inits entirety) may al so be
utilized. Figure 1 illustrates one enbodi ment of the integrated epoxidation
process of this invention wherein a relatively light ethylenically

unsaturated substrate such as propyl ene &4 epoxidized to yield a volatile
epoxi de. Streans conprised of secondary al cohol pass via lines 15 and 19
i nto al cohol oxf\erthérsuitabie clags oftitaivm-continizg moktculer sitvesland athmonisact ed wit h
nol ecul ar oxygen to form an oxi dant stream conprised of hydrogen peroxide,
ket one, analkslk oetd, areatkatitie egrtiamodified titaithemwonteinitiganoleoufayesieves characterized
by a framework structure isomorphous to zeolite beta and having Si, Ti and Al atoms
present in the framework structure (typically, in the form of oxides). The presence of
aluminum atoms creates cationic sites associated with aluminum. The cations present at
said cationic sites are selected from hydrogen cations, ammonium cations, alkaline éarth
cations, and alkali metal cations, but at least 25% (more preferably, at least 50%; most
preferably, at least 75%) of said cations are amimonium, alkali metal or alkaline earth
cations. Correspondingly, the proportion of such cations which are hydrogen cations
should be no more than 75% (more preferably, no more than 50%; most preferably, no
more than 25%). In preferred embodiments of thié class, the titanium-containing
molecular sieve has relatively large pores (equal to or greater than about 6 angstroms on
average) and has a zeolite-type structure comprised of Si and smaller amounts of Ti and
Al in a crystalline ordered framework. A crystallinity of greater than 80% is usually
desirable. Preferably, the molar ratio of Ti:Si is from 0.1:99.9 to 20:80, with. ratios in
the range of 0.5:99.5 to 10:90 being especially ;.)tefetred. The mc-ﬂar ratio of (Si-+Ti): Al
is desirably at least 25:1 (more preferably, at least 100:1). In one advantageous
embodiment, the SI/AI molar ratio is greater than 25 but less than 1000. This class of
titanium-containing molecular sieves advantageously may have a titanium content of ‘from
1 to 10 weight percent and an aluminum content of from 0.02 to 2 weight percent. The
general formula for these titanium-containing molecular sieves (exclusive of any
ammonium, alkali metal or alkaline earth metal cations introduced by modification) is

preferably as follows:

Si0;:x ALOsyTiO, REPLACEMENT SHEET
wherein x is 0.0005 to 0.2 and y is from 0.01 to 0.2.
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provided by air or pure or diluted oxygen introduced via line 2. Excess or
unreact ed nol ecul ar oxygen is renoved via line 3. The oxidant m xture
cont ai ni ng hydrogen peroxi de passes fromzone 1 via line 4 into oxidant
distillation zone 5. In 5, the oxidant m xture is subjected to fractional
distillation. Aliphatic ketone is taken gwerhead and into hydrogenation
zone 16 Via line 6. The bottons fraction, which contains hydrogen peroxide
and secondary al cohol but essentially no ketone, is introduced via line 7

i nto substrate epoxidation zone 8. The ethylenically unsaturated substrate
to be epoxidized is fed into zone 8 via line 9,. while the titanium
silicalite catalyst is introduced via line 10. Alternatively, the titanium
silicalite may bErciipieny sijcalitc qislyst qployedyinfthepracessof thif lirventios phefdrabdy r eact i on
m xture is nmaintained at a tenperature of from/[err] to [err] in zone 8 for
a tine contains no metals other than titanium and silica in the lattice framework, although minor

. amounts of boron, iron, aluminum, and the like may be pfesent.
_Epoxidation catalysts suitable for use in the process of this invention will have

-a composition corresponding to the following empirical formula xTiO,: (1-x)SiO,,
where x is between 0.0001 and 0.500. More preferably, the value of x is from 0.01
to 0.125. The molar ratio of Si:Ti in the lattice framework of the titanium silicalite is
advantageously from 9.5:1 to 99:1 (most preferably, from 9.5:1 to 60:1). The use of
relatively titanium-rich silicalites, such és those described in Thangaraj et al., J.
Catalysis 130, 1-8 {1991), may also be desirable.

The amount of catalyst employed is not critical, but should be sufficient so as
to substantially accomplish the desired epoxidation reaction in a practicably short
period of time. The optimum quantity of catalyst will depend upon a number of
factors including reaction temperature, substrate reactivity and concentration,
hydrogen peroxide concentration, type and concentration of organic solvent as well
as catalyst activity and the type of reactor or reaction system-{i.e., batch vs.
continuous) employed. In a batch-type or slurry reaction, for example, the amountof .
catalyst will typically be from 0-.001 to 10 grams per mole of substrate. The

concentration of titanium in the total epoxidation reaction mixture will generally be

from about 10 to 10,000 ppm.

-
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sufficient to convert at |east a portion of the. substrate to epoxide,

t‘her eby consum ng REPLACEMENT SHEET 25 nost of the hydrogen peroxide
(preferably, nmore than 99% of the hydrogen peroxide is consuned). The crude
epoxi dati on product thus obtained pass;tsgthrough line 11 to epoxide
purification zone 12 where it is separdt’ed by fractional distillation or

ot her such neans into a recycled ethylenically unsaturated substrate stream

ot e oot R Moy BB UK. e il e 19 o0
14), and an 2l ,6RRR orirySthar suitable physical form. The use of a binder {co-gel) or

support in combination with the titanium silicalite may be advantageous. Supported
or bound catalysts may be prepared by the methods known in the art to be effective
for zeolite catalyéts in general. Preferably, the binder or supbort is essentially
non-acidic and does not catalyze the non-selective decomposition of hydrogen
peroxide or ring-opening of the epoxide. |

lilustrative binders and supports include silica, alumina, silica-alumina, silica-
titania, silica-thoria, sﬂidé-mégnesia. silica-zironia, silica-beryllia, and temary.
compositions of silica §vith othel; refractory oxides. Also useful are clays such as
montmorilionites, koalins, bentonites, halloysites, dickites, nacrites, and ananxites.
The proportion of titanium silicalite:binder or support may range from 99:1 to 1:99,
but preferably is from 5:95 to 80:20. The methods described in U.S. Pat. No.
4,701,428 (inoorporatéd herein by reference in its entirety) may be adépted for the
preparation of microspheres containing otigorﬁeric siiica binder and titanium silicalite
crystals which are suitable for use in the process of this inveqtion.

The catalyst may be treated with an alkaline (basic) substance or a silylating
a_geﬁt so as to reduce the surface acidity, as described in U.S. Pat. No. 4,937,216.

The epoxidation reaction temperature is critical and must be from 40°C to
120°C, which in the process of this invention has been found to be sufficient to

accomplish selective conversion of the ethylenically unsaturated substrate to epoxide
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conprised of the secondary al cohol which served as a reaction nmedi um during
epoxi dation (wthdrawn via line 15). The al cohol stream may al so contain
wat er when the secondary al cohol fornms an azeotrope with water. It is

necessary to renove that portion of the water generated as an epoxi dation

co-product in excess of that present in g secondary al cohol/water azeotrope
so that the water content in successive cycles does not continue to

i ncrease. Water may al sq, under sone conditions, be renoved overhead
together with the substrate and/ or epoxi de. Mre preferably, however, the
excess water is renoved via line 21 as a bottons product follow ng
distillation of the secondary al cohol/water azeotrope. A heavi es stream

Copura o BERRS  OUR G b R Y,

af or ement i aRethylifogeh iperxide0 Nt I¥8énedally HaVantLfdoud o &ﬁfymﬂ GhPkaclidh ot ages.
achieve as high a hyﬁrogeh paroxide conversion as possible, preferably at least
50%, more preferably at least 90%, most preferably at least 99%, consistent with
reasonable selectivities. The optimum reaction temperature will be influenced by
catalyst concentration and activity, substra't‘e reactivity, reactant concentrations, and
type of solvent employed, among other factors. Reaction or residence times of from
about 10 minutes to 48 hours will typically be appropriate, debending upon the
ébove-identiﬁed variables. The reaction is preferably performed at atmospheric
pressure or at elevated pressure (typically, between 1 and 100 atmospheres).
Generally, it wilt be desirable to maintain the reaction components as a liquid
mixture. For example, when an olefin such as propylene is used having a boiling
point at atmospheric pressure which is less than the epoxidation temperature, a
superatmospheric pressure sufficient to maintain the desired concentration of
propylene in the liquid phase must be utilized.

The epoxidation step of this invention may be caried out in a batch, -
continuous, or semi-continuous manner using any appropriate type of reaction vessel
or apparatus such as a fixed bed, transport bed, stirred slurry, or CSTR reactor.
Particularly preferred for use is the catalytic converter ﬁescﬁbed in European patent

application 94309380,7. Known methods for conducting metal-catalyzed epoxidations

using hydrogen peroxide will generally also be suitable
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For exanple, if the substrate is propylene and the epoxide is propyl ene
oxi de, both the propyl ene and propyl ene oxi de may be first separated
t oget her fromthe REPLACEMENT SHEET 24 SEP 1996 26 secondary al cohol
an initial distillation and then further fyactionated into individual
substrate and epoxi de streans. The overhead stream from the oxi dant
distillation zone is passed via line 6 to hydrogenation zone 16 wherein the
streamis reacted wth hydroggn (i ntroduced via

for use. Thus, the reactants may be combined all at once or sequentially. For

by

example, the hydrogen peroxide and/or the substrate may be added incrementally to
the reaction zone.

Oﬁce the epoxidation has been carried out to the desired degree of
conversion, the epoxide product may be separated and recovered from the reaction
mixture using any appropriate technique such as-fr'actional distillatibn. extractive
distillation, liquid-liquid extraction, crystallization, or the like. After separating from
the epoxidation reaction mixture by any suitable method such as filtration (as when a
slurry reactor is utilized, for example), the recovered titanium silicalite catalyst may
be economically re-used in subsequent epoxidations. Where the catalyst is deployed
in the form of a fixed bed, the epoxidation product withdrawn as a stream from the
epoxidation zone will be essentially catalyst free with the catalyst being retained
within the epoxidation zone. Similarly, any unreacted substrate or hydrogen peroxide
may bé separated and recycled or otherwise disposed of. In certain embodiments of
the instant process where the epoxide is produced on a continuous basis, it may be
desirable to periodically or constantly reg_enerafe allora ponion of the used catalyst -
in order to maintain optimum activity and selectivity. Suitable regeneration
techniques are well-known and include, for example, calcination and solvent
treatment.

In the hydrogenation step, the ketone in the overhead stream is reacted with

hydrogen in the presence of a transition metal hydrogenation catalyst under
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line 17) in the presence of a suitable hydrogenation catal yst such as a
supported plati num nickel, chrom um ruthenium rhodiumor palladi um
catal yst (introduced via |line f8 or deployed as a fixed bed in zone 16) so
as to convert at least a portion, and preferably substantially all (e.g.,
over 95%, of the ketone back to secongdgry al cohol. A portion of the

hydr ogenat ed streamexiting zone 16 nay advantageously be fed to substrate
epoxi dation zone 8 via line 20 to dilute the hydrogen peroxide to the
desired concentration (preferably, 3 to 15 weight percent). The remnai nder
(or, altenatively, all) of the hydrogenated stream produced in zone 16 is
passed via lipe 19 to alcoholﬂﬁﬁgdation Z0 Thi s int

7 e 1. egrated process i s
preferably ons effestye Jo cgmyertllnra m'ﬁfé?p‘g%%ﬁmf‘?\%ﬁmf’ﬁ’@"gwp'@&pepoxi de is
t he onl L or | G t and the ketone and the secondary al cohol are
recycl e)cgl. "%%orﬁdgﬁgﬁlﬂ g&@g@%ﬂ‘% !

( _ g description, one skilled in the art can
readily ascert ajBinbi€ of converting aliphatic ketones such as acetone and 2-butanone to _

their corresponding seodndary afiphatic alcohols by catalytic hydrogenation using a
transition metal catalyst and hydrogen gés are well-known and are generally
described, for example, in the following publications (incorporated herein by
reference in their entirety): Freifelder, Qg:_alﬂig_ﬂ;@_;mgngﬂg_n_o_[gamg_s_mmgﬂg
Procedures and Commentary, Wiley-lnierscience (1978), Augustine, Catalytic
Hydrogenation Techniques and Applications in Organic Synthesis M. Dekker (1965),

Freifelder, Practical Catalytic Hydrogenation;

Organic Chemistry, Delft University Press (1977), and Peterson, Hydrogenation
Catalysts, Noyes Data Corp. (1977). The following publicaﬁons (incorporated herein
by reference in their entirety) provide examples of sp'eciﬁc catalysts ancj reaction
conditions capable of selectively and rapidly hydrogehating acetone to isopropanol: '
U.S. Pat. No. 2,999,075, U.S. Pat. No. 3,013,990, Jpn. Kokal 2-279,643 {Chem,
Abst. 114:142662p), Jpn. Kokat 3-141,235 (Chem Abst. 115:25351_943;). Jpn. Kokai
341,038 (Chem. Abst, 114:228366g), Jpn. Kokal 62-12, 729 (Chem, Abst,
107:6768f), and Jpn. Kokai 59-189,938 (Chem, Abst. 102:138489x).

The transition metal in the hydrogenation catalyst is most preferably palladium,

platinum, chromium (as in copper chromite, for example), rhodium, nickel, or
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essential characteristics of this invention, and, w thout departing from
the spirit and scope thereof, can nmake various changes and nodifications of
the invention to adapt it to various usages, conditions, and enbodi nents.
CLAIM5 1. © An integrated process for producing an epoxi de conprising the
steps of (a) contacting an aliphatic seBdondary al cohol selected from

| sopropanol and sec-butanol wi th nol ecular oxygen in a liquid phase at a

wel ot per e Nt Weldre pfaeafil 69 oBRpad supic B ey el 8 an

aliphatic k%&ﬂ%enum-promoted nickel is especially advantaQ_eous. The hydrogenation is
suitably carried out in either a liquid or vapor phase.

The temperaiure. hydrogen pressure, and catalyst concentration during

hydrogenation are selected so as to accomplish substantial (i.e., at least 80% and
more preferably at least 98%) conversion of the ketone to secondary alcohol within a
practicably short reaction time (i.e., approximately 15.rﬁinutes to 12 hours) without
‘overreduction of the ketone to aliphatic compounds which do not ct';ntain hydroxyl
groups. The optimum hydrogenation conditions wiil vary depending upon the type of
catalyst selectéd for use and the reactivity of the ketone, but may be readily |
determined by one skilled in the art with minimal experimentation based on the
known art pertaini_ng to ketone hydrogenation. Typically, temperatures of from about
20°C to 175°C and hy'drogen pressures of from about 0.5 to 100 atmospheres will be
| appropriate for use. Preferably, the molar ratio of H, to ketone is from about 1:1 to
4:1. The amount of catalyst employed is preferably sufficient to permit weight hourly
space velocities of from 0.1 to 10 grams of ketone per gram of catalyst per hour.

. The hydrogenation step may be caried out in a batch, semi-batch,
continuous, or semi-continuous maﬁn'ét- using #ny suitable reaction vessel or
apparatus wherein the ovémead stream may be intimately contacted with the
transition metal hydrogenation catalyst aﬁd hydrogen. As the cataiyst is normaily

heterogeneous in nature, fixed bed or slurry-type reactors are especially convenient
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corresponding to said aliphatic secondary al cohol, | to 20 wei ght percent
hydr ogen peroxide, and O to 35 wei ght percent water, (b) separating
substantially all of the aliphatic ketone fromthe oxidant mxture so as to
provi de a hydrogen peroxi de-contai ning stream conprised of hydrogen

per oxi de, aliphatic 'secondary al cohol, |less than 1 weight percent aliphatic
ketone, and | ess than 0.5 wei ght percentzéliphatic ket one peroxides; (c)
reacting the aliphatic ketone separated in step (b) with hydrogen in the
presence of a heterogeneous hydrogenati on catal yst wherein said

hydr ogenati on catal yst is conprised of a transition nmetal selected from
pal Il adium plati num ruthenium chrom um +rhodi umand nickel at a

t enper at ur dondise2 0A triskfechad] syalem suchyasithajedesciihedda WS, Reters No. 5081321
at nospheres to convert the aliphatic ketone in the overhead streamto the
al i phatic Sincemgsated hereisry refasencede its enptirgty) may &dso beyutilized.i on of t he
Figure 1 illustrates one embodiment of the integrated epoxidation process of
this invention wherein a relatively light ethylenically unsaturated substrate such as
propylene is epoxidized to yield a volatile epoxide. Streams comprised of secondary
alcohol pass via lines 15 and 19 into alcohol oxidation‘zone 1 wherein the secondary
alcohol is reacted with molecular oxygen to form an oxidant stream comprised of
hydrogen peroxide, ketone, and excess secondaiy alcohol. The molecular oxygen is
provided by air or pure or diluted oxygen introduced via line 2. Excess or unreacted
molecular oxygen is removed via line 3.-
The oxidant mixture containing hydrogen peroxide passes from zone 1 via line
4 into oxidant distillation zone 5. In 5, the oxidant mixture is subjected to fractional
distillation. Aliphatic ketone is taken overhead and into hydrogenation zone 16 via
line 6. The bottoms fraction, which contains hydrogen peroxide and secondary
alcohol but essentially no ketoné. is introduced via fine 7 into substrate epoxidation
zone 8.
The ethylenically. unsaturated substrate to be epoxidized is fe& into zone 8 via
line 9, while the titanium silicalite catalyst is introduced vlél line 10. Altematively, the
titanium silicalite may be deployed in zone 8 as a fixed bed. The resulting reaction

mixture is maintained at a temperature of from 40°C to 120°C in zone 8 for a time

sufficient to convert at least a portion of the substrate to epoxide, thereby consuming
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al i phatic secondary al cohol for use in step (a); (d) contacting the
hydrogen peroxi de-containing streamw th an ethylenically unsaturated
substrate and a catalytically effective anount of a titaniumsilicalite at
a tenperature of fromf[err] to [err] whergin the nolar ratio of

substrate: hydrogen peroxide is from1:2 to 10:1, to forman epoxidation
reaction m xture conprised of aliphatic secondary al cohol, epoxide, and

water and ( quost of tiehydrogen pérexidbi(plefdrably seoranttian 9984 ofothe hydrogeaeraxidd he

epoxi dation reaction mxture fromthe epoxide and recycling at |east a

portion of tisgordunndd)! iThescrade dpoxidationgproduct thusiobtained passes(thjough line 11
to epoxide purificétion zone 12 where it is separated by fractional distillation or other
such means into a recycled ethylenically unsaturated substrat_e stream (retumed to |
feed line 9 or substratg epoxidation zone 8 via line 13), an epoxide stream c¢ontaining
the desired epoxide prodﬁct (withdrawn via line 14), an;! an atcohol stream
comprised of the secondary alcohol which served as a reaction medium during
epoxidation (withdrawn via line 15). The alcohol stream may also contain water
when the secondary alcohol forms an azeotrope with water. It is necessary to
remove that portidn of the water generated as an epoxidation co-product in excess of
that present in a secondary alcohol/water azeotrope so that the water content in
successive cycles does not continue to increase. Water may also, under some
conditions, be removed overhead together with the substrate and/or epoxide. More
preferably, however, the excess water is removed via line 21 as a bottoms product
following distillation of the secondary alcohol/iwater azeotrope. A heavies stream
containing substances having boiling points higher than water may be separ..at_ed
from the aforementioned bottoms_pro;iuct by distillation. -

_ The aforementioned fractionation may, if desired, be ca;rried out in stages.

For .ex-ample. if the substrate is propylene and the epoxide is propylene oxidg. both

the propylene and propylene oxide may be first separated together from the
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2. A process as clained in claim1 characterised in that the
ethylenically unsaturated substrate is a [err] aliphatic olefin. 3.
process as claimed in claiml or claim2 characterised in that the
al i phatic secondary al cohol is isopropanol. 4. A process as clained in
any preceding claim characterised in tR& the titaniumsilicalite has an
MFI, MEL, or zeolite beta topol ogy. 5. A process as clained in any
preceding claimcharacterised in that the titaniumsilicalite has a

conposi t i osecandapg plookbolrty anvinitiat distitation @ndfthemfurthenfrectiinated into individiah 0. 01
and 0.125. 6. A process as clained in any preceding claimcharacterised

i n that saisdbgirateand epoxidarstreachsout conti nuously. 7. A process as

claimed in any preceding claimcharacterised in that the

A

The overhead stream from the oxidant distillation zone is passed via line 6 to
hydrogenation zone 16 wherein the stream is reacted with hydrogen (introduced via
line 17) in the presence of a suitable hydrogenation catalyst such as a supported
platinum, nickel, chromium, ruthenium, rhodium or palladium catalyst (introduced via
line 18 or deployed as a fixed bed in zone 16) so as to convert at least a portion,
and preferably substantially all (e.g., over 95%), of the ketone back to secondary
alcohol. A portion of the hydrogenated stream exiting zone 16 may advantageously
be fed to substrate epoxidation zone 8 via line 20 to dilute the hydrogen peroxide to
the desired concentration (preferabl_y, 3 to 15 weight percent). The remainder (or,
altematively, all) of the hydrogenated stream produced in zone 16 is passed via line
19 to alcohol oxidation zone 1. This integrated process is preferably operated in a
continuous manner such that the desired epoxide is the only major organic product
and the ketone and the seOondary-aloéhol are recycled.

From the foregoing description, one skilled in the art can readily ascertain the
essential characteristics of this Invention, and, without departing from the spirit and
scope thereof, can maks various changes and modifications of the invention to adapt

it to various usages, conditions, and embodiments.
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titaniumsilicalite is deployedlntheformof a fixed bed. 8. A
process as claimed in any one of clainms 1 to 6 characterised in that the

titaniumsilicalite is deployed in the formof a slurry. 9. A process as
claimed in any preceding claimcharacterised in that th

propyl ene oxide. 10. A process as claiml in any prece ﬂﬂm 'ﬂm" m””m

characterised in that separation step (b) is acconplish ed by dist?llstion
wher eby substg@Rimsl-ly all of the aliphatic ketone is vapori zed and renoved
fromthe oxi dant m xture as an overhead stream 11. A process as clained in
any preceding claimcharacterised in that
1. An integrated process for producing an epoxide comprising the steps of
(a) coqtacting an aliphatic secondary alcohol selected from
isopropanol and sec-butanol .wi'th molecular oxygen in a liquid phase at a
temperature of 50 to 200°C to form an oxidant mixture comprised of 40 to 90 weight
percent aliphatic secondary -alcohol, 5 to 35 weight percent of an a‘liphatic ketone
corresponding to said aliphatic secondary alcohol, 1 to 20 weight percent hydrogen
pe_roxi&le, and 0 to 35 weight percent water;
(b) separating substantially all of the aliphatic ketone from the
oxidant mixture so as to provide a hydrogen peroxide-containing stream comprised of
hydrogen peroxide, aliphaﬁc seg‘ondary alcohol, less than 1 weight percent aliphatic
ketone, and less than 0.5 weight percent aliphatic ketone peroxides; .
© re@g the aliphatic ketone sepatatéd in step (b) with hydrogen in 4
the presence of a heterogeneous hydrogenation. catalyst wherein said hydrogenation
catalyst is comprised of a transition metal selected from palladium, platinum, ruthenium,
chromium, rhodium and nickel at a temperature of 20 to 175°C and a hydrogen .
pressure of 0.5 to 100 atmospheres to convert the al_iphétic‘ ketone in the ovehead :
stream to the aliphatic secondary aicohol and recycling at least a portion of the

aliphatic secondary alcohol for use in step (a);

REPLACEMENT SHEET

24 SEP 1996




separation step (e) is acconplished by fractional distillation. 12. A
continuous integrated process for produci ng propyl ene-oxi-de eonprising the

steps of (a) contacting an azeotrope of water and an ali hatl ary
al cohol sel ected fromisopropanol and sec-butanol V\ntmm m(‘ “i&;‘ﬂﬁ
a liquid phase at a tenperature of 50 té8[err] to for

conprised of 40 to 90 wei ght percent aliphatic secondary cohol 5to 35
wei ght percent of an aliphatic ketone corresponding to said ali phatic
secondary al cohol, 1,0 20 wei ght percent hydrogen peroxide, and up to 35
wei ght percent water (dk b) con gthe; hygiragen perPYdatcontaining stréam fwithcan onal

distillation V\G Hé substantially all of the aliphatic ketone is vapori zed
and renoved®fY upsatymated ﬁPWWQeaaé agatalytically affestivecamount oia fitaninrovi de
a bottons fr CtJOI’l C n'B‘rlsed of

alite at a temperature of from 40°C to 120°C wherein the molar ratio of

substrate:hydrogen peroxide is from 1:2 to 10:1, to form an epoxidation reaction
mixture comprised of aliphatic secondary alcohol, epoxide, and water and

(e} separating the aliphatic éecondary élcohol present in the
epqxidation reaction mixture from the epoxide and recycling at least a portion of the

aliphatic secondary alcohol for use in step (a).

2. A process as claimed in claim 1 characterised in that the ethylenically
unsaturated substrate is a C,-C,, aliphatic olefin.
| 3. A process as claimed in claim 1 or claim 2 characterised in that the
aliphatic secondary alcohol is isopropanol.
4. A proc&s as claimed in any preceding claim characterised in that the
titanium silicalite has an MFI, MEL, or zeolite beta topology.
5. A process as claimed in any preoedmg claim characterised in that the
titanium silicalite has a composition corresponding to the chemxcal formula
j a XTiO,:(1-x) Si0, |
whierein x is between 0.01 and 0.125.
6. A process as claimed in any prededing claim characterised in that said
process is carried out continuously.

7. A process as claimed in any precedmg cla1m characterised in that the

titanium silicalite is deployed in the form of a fixed bed.
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hydr ogen peroxi de, aliphatic secondary al cohol,
ati phatic ketone,
per oxi des;
hydr ogen per
het er ogeneous hydr ogenati on catal yst whe

| ess than 1 weight percent
and less than 0.5 wei ght percent aliphatic ketone

(c) reacting the overhead streamwith from1l to 4 nol es of
mol e of ketone in the overhead streamin the presence of a

| n said hydrogenation ¢atalyst is

conprised of a transition netal selecte % rom ruthen

tenperature of 75 to [err] to convert the aliphatic “Mﬁﬂ""lm‘m"ﬁrhead

streamto the aliphatic secondary al cohol

and recycling ‘@t tl eastsa port

of the aliphatic secondary al cohol for use in step (a);

8. A process as claimed in any one of claims 1 to 6 characterised in that the
_titanium silicalite is deployed in the form of 2 slurry.
9. A process as claimed in any preceding claim characterised in that the
epoxide is propylene oxide.
10. A process as claimed in any preceding claim characterised in that
separation step (b) is acoo:ﬁplished by distillation whereby substantially all of the aliphatic
ketone is vaporized and removed from the oxidant mixture as an overhead stream.
11. A process as claimed in any preceding claim characterised in that
separation step (¢) is accomplished by fractional distillation.
12. A continuous integrated process for producing propylene oxide
comptising the steps of
(a) contacting an azeotrope of water and an aliphatic secondary .
alcohol selected from isopropanol and sec-butanol with molecular oxygen in a li:quid
phase at a temperature of 50 10 200°C to fémi an oxidant mixture comprised of 40 to
80 weight percent aliphatic secondary alcohol, 5 to 35 weight percent of an aliphatic
ketone corresponding to said aliphatic secondary alqohol. 11020 weigh_t percent
hydrogen peroxide, and up to 35 weight percent water; .
(b) subjecting the oxldant mixture to fractional dlstﬂlatxon whereby
substaritiaity all of the aliphatic ketone is vaporized and removed from thg oxidant

mixture as an overhead stream so as to provide a bottoms fraction comprised of
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(d) contacting the bottons fraction with propylene and a catalytically
effective anount of a titaniumsilicalite at a tenperature of from50 to
[err] to convert the propylene to propyl ene oxide, wherein the nolar rati-o

of olefin: hydrogen.peroxide is from1:2 to 10:1, [t m [glat i on
reaction m xture conprised of aliphatic secondary uﬂ ﬁulm“]“l“ﬂmﬁe oxi de
and weter. (e) renoving the propyl ene3®@xi de from the ‘epéxi Batforr reaction
m xture by fractional distillation; and (f) renoving the aliphatic
secondary al cohol and at |east a portion of the water as an azeotrope from

t he epoxidation reaction mxture by distillation and recycling the
azeotrope for use in St

hydrogen peroxi e.eﬁip‘\gt}c' secondary alcohol, less than 1 weight percent aliphatic
ketone, and fess than 0.5 weight percent aliphatic ketone peroxides;

(c) reacting the overhead stream with from 1 to 4 moles of hydrogen
per mole of ketone in the overhead stream in the presence of a heterogeneous
hydrogenation catalyst wherein said hydrogenation catalyst is comprised of a
transition metal selected from ruthenium and nickel at a tempeétuw of 75 to 150°C
to convert the aliphatic ketone in the overhead étream to the aliphatic secondary
alcohol and recyi:ling at least a portion of the aliphatic secondary alcohol for use in.
step (a); '

(d) contacting the bottoms fraction with propylene and a catalytically
effective amount of a titanium silicalite at a temperature of from 50 to 110°C to |
convert the propylene to propylene oxide, wherein the molar ratio of olefin: hydrogen
peroxi;ie is from 1:2 t6 10:1, to form an epoxidation reactién mixture comprised of
aliphatic secondary alcohol, propylene oxide and water.

| (e) .removing the propylene oxide from the epoxidation reaction
mixture by fractional distiliation; and '
' ()  removing the aliphatic secondary alcohot and at least a portion of
th_e””-*%water as an azecfrope from the epoxidation reaction mixiure by distillation and

recycling the azeotrope for use in step (a).
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NT TED _ D
ABSTRACT OF THE DISCLOSURE
Epoxides are produced by an integrated process involving molecular oxygen
oxidation of an aliphatic secondary alcohol, separation of the ketonle co-product,
epoxidation of an ethylenically unsaturated substrate by the substantiélly ke‘éné-free
oxidation product in the presence of a titanium silicalite t_:atalyst, and regené?_étion‘of

the secbndary alcohol by hydrogenation of the ketone co-product.

Figure 1
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