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CARBONATE MODI FIERS 5 FIELD OF THE I NVENTION This invention relates to an
epoxi dat iwp opemess usi ng a carbonate- contai ni ng nodi fi ePCTAYE2/Pré6LESS
conprises reacting ol efin, hydrogen, and oxygen in the presence of a

nodi fier ando1a g | yst conprising a noble netal and a titanium zeolite.
The nodifier i'g 51‘5@ cal cium carbonate in the presence io of carbon dioxide
or (b) amroni um bi carbonate. Surprisingl t he process _results in higher
activity and sBIREEMETOXICATIN FROCESSSING CARBONATE MOBIRIERS 1116,
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epoxi des shave been 15 devel opegELcoreraE INVEPROYNIes are formed by the
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U. S. Pat. Noesdlis333,Higider antivityi aadvselectistyofo 2pokideh asf wielieag ipceasedes i s
the need to Erlel-fqrfmthe oxi dizing agent prior to reaction with olefin.
Anot her co s} |9‘ practiced technology is the direct epoxidation of

ethylene to ethyl ene oxi de BACKGROUND OF THEWNVYENTRURr a silver catal yst.
Unfortunately, the silver catal yst has not proved very useful in

epoxi dati on of 3dVanykiferentmetbodsHer dhe rrepaiatinncefr epaxides diavec hekas
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devel opment ocg(fideaPro(rar;c I)irocgy?er}lte grr\c? %?\Sgrggﬁi%dhydroperoxide oxidizing agent, such as
ethyl benzene hydroperoxide or tert-butyl hydroperoxide, is commercially
practiced technology. This process is performed in the presence of a
20 solubilized molybdenum catalyst, see U.S. Pat. No. 3,351,635, or a
heterogeneous titania on silica catalyst, see U.S. Pat. No. 4,367,342.
Hydrogen peroxide is another oxidizing agent useful for the preparation of
epoxides. Olefin epoxidation using hydrogen peroxide and a titanium silicate
zeolite is demonstrated in U.S. Pat. No. 4,833,260. One disadvantage of
25  both of these processes is the need to pre-form the oxidizing agent prior to
reaction with olefin.
Another commercially practiced technology is the direct epoxidation of
ethylene to ethylene oxide by reaction with oxygen over a silver catalyst.
Unfortunately, the silver catalyst has not proved very useful in epoxidation of
30 higher olefins. Therefore, much current research has focused on the direct
epoxidation of higher olefins with oxygen and hydrogen in the presence of a
catalyst. In this process, it is believed that oxygen and hydrogen react in situ

to form an oxidizing agent. Thus, development of an efficient process (and
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conpared to the comrercial technol ogies that enploy pre-fornmed oxidizing
agents. Maoyw3difober ent catal ysts have been proposed for uPETIUSO2/BIs6di r ect
epoxi dation of higher olefins. For exanple, JP 4-352771 discloses the 5
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with any chem cal process, it is desirable to devel op new direct
epoxi dati on Mbt hods  and cat al ysts. In sum new processes for the direct
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ol efin, oxygen, and hydrogen in the presence of a nodifier and a catal yst
process in which the selectivity for the reaction of olefin, oxygen, and
hydrogen in the presence of a noble metal-modified titanium zeolite is greatly
enhanced by the addition of a nitrogen compound to the reaction mixture.
Also, increasing the catalyst activity as well as maximizing the catalyst life are
20 important objectives in order to achieve an economical process. As with any
chemical process, it is desirable to develop new direct epoxidation methods
and catalysts.
In sum, new processes for the direct epoxidation of olefins are needed.
Especially desirable are processes that increase activity, selectivity to the
25 epoxide, as well as improving catalyst life. | have discovered an effective,
convenient epoxidation process that reduces unwanted ring-opened products,
increases catalyst activity, and improves catalyst life.
SUMMARY OF THE INVENTION
The invention is an olefin epoxidation process that comprises reacting
30 olefin, oxygen, and hydrogen in the presence of a modifier and a catalyst
comprising a noble metal and titanium zeolite. The modifier is either (a)
calcium carbonate in the presence of carbon dioxide or (b) ammonium

bicarbonate. This process surprisingly gives significantly reduced ring-
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conprising a noble netal and titaniumzeolite. The nodifier is either (a)
cal cium carbonate in the presence of carbon dioxide or (b) ammonium
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activity and, ] f t e.th Lfler.
AeTAl LED pedaane BRpasddts AroRieieaRes; %*E&%&%?&“ﬁ\% Citeh SoffBaidd ol oys
a catal yst tgretesse’thasés nat nodte nﬁ,dﬁmal and titanium zeolite. Suitable
titanium zeolites are thgse chsta mat eri al s having a porous

nol ecul ar si eve struct HETAILE PE%'EH@N&E T"'H%HgVENTt' Nin the
framework. The chgLs ro%feaé b?ﬂ{éh*ﬁvéﬁﬁdﬂ éh@o?%‘;éeé(t% s Hth cPﬂfp(?%Bg urp(gé]eea

nunmber of factors, 1ncl e sl ze an
epoxi di zed. rRetal amdnpﬂae;umtzecmtepr Sdtabid titaniumezeolrt&d; aarevtbbge ompdtallipere i o
titanium zeolite atitaniumsilicalite eoleflnlsalower

ali phatic (ST@Pf'ﬁFS E‘@H'ngs agPRLAUSH BN0leHiary SISYE. S{SFCti'“bLW'ghé' tamHEy @19MmE

olefin is RiMBMUESE N the fHAReWbr@ ThelcHdidaf Yitamilii ¢blittSerhplogadasial |y
advant ageous. For a bulky olefin such as cycl ohexene, a |arger pore
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si eve. Such substances are well known in the art. Particularly preferred
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al so suitable for_use. The titanium zeolites preferably contain no
el ement s ot her t Halaniumazgalitgs spmpgisa, thendlassyajereqlitict $ubstanaescwhereinmewor k,

titanium atoms are substituted for a portion of the silicon atoms in the lattice
framework of a molecular sieve. Such substances are well known in the art.
Particularly preferred titanium zeolites include the class of molecular
20 sieves commonly referred to as titanium silicalites, particularly “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). Titanium-containing molecular sieves having framework
25  structures isomorphous to zeolite beta, mordenite, ZSM-48, ZSM-12, and
MCM-41 are also suitable for use. The titanium zeolites preferably contain no
elements other than titanium, silicon, and oxygen in the lattice framework,
although minor amounts of boron, iron, aluminum, sodium, potassium, copper
and the like may be present.
30 Preferred titanium zeolites will generally have a composition
corresponding to the following empirical formula xTiO; (1-x)SiO> where x is
between 0.0001 and 0.5000. 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 zeolite is
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al t hough m nor anmpbunts of boron, iron, alum num sodium potassium copper
and the |like may be present. 30 Preferred titanium zeolites will generally
have a cowpamsiogd0on corresponding to the foll ow ng enpiri eair/udsor/snsba xTi O2
(1-x)SIi Q2 where x is between 0. 0001 and O. 5000 More preferably, the val ue
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grafted onto inorganic oxide supports, such as polyethyleni'm'ne-silica.

Preferred s\ipr elemenis. Pacticularly prafermed megamqlmde,/sumncutsamce@ewmrts
i nclude car b(?uml 3 I{ltanla S'Z||rc':ocn6|‘a alnlljo 4> bX|degaQarqfalurhr8)%8es m&ybdenum
oxides, tungsten oxides, amorphous titania-silica, amorphous zirconia-silica,
amorphous niobia-silica, and the like. Preferred organic polymer resins
20 include polystyrene, styrene-divinylbenzene copolymers, crosslinked
polyethyleneimines, and polybenzimidizole. Suitable supports also include
organic polymer resins grafted onto inorganic oxide supports, such as
polyethylenimine-silica. Preferred supports also include carbon. Particularly
preferred supports include carbon, silica, silica-aluminas, titania, zirconia, and

25  niobia.

There are no particular restrictions regarding the choice of nobie metal
compound used as the source of the noble metal. For example, suitable
compounds include the nitrates, sulfates, halides (e.g., chlorides, bromides),
carboxylates (e.g. acetate), and amine complexes of noble metals.

30 Similarly, the oxidation state of the noble metal is not considered
critical. In the case of palladium for instance, the palladium may be in an
oxidation state anywhere from 0 to +4 or any combination of such oxidation

states. To achieve the desired oxidation state or combination of oxidation
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spray dried, shaped or extr ded into io any desired formprior to use in
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such as pitr o] f The
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The epoxi datthenn@lho(tmﬁed)flntalegam\senhl as nitogen, skeliuneavacagmol heidrogen, 15
oxygen, and h drogen in,th resence of nodi fi.er and the at aI t The
modi fier is BYBRBr a9 1Y ﬁ'f%mﬁ&r%@%%%ﬂ@% tﬁ%’?éqb' cP rcH’f‘oxi de
or (b) amMmuiHgiisbiteHbRANEEE:Cc The amoni um bi carbonate or cal ci um
carbonate can be sinply added to the reaction nediumin which the
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modifier is either (a) calcium carbonate in the presence of carbon d|0X|de or
(b) ammonium bicarbonate. = The ammonium bicarbonate or calcium
carbonate can be simply added to the reaction medium in which the
epoxidation is being performed. The ammonium bicarbonate or calcium
20 carbonate may be added all at once either prior to or following initiation of
epoxidation or may be added in an incremental or continuous manner.
Ammonium carbonate may also be formed in-situ during the epoxidation
reaction.
Sufficient ammonium bicarbonate is necessary to be effective to
25 improve catalyst activity and selectivity to the epoxide as compared to the
same reaction carried out under similar conditions in the absence of the
ammonium bicarbonate. The amount of ammonium bicarbonate is in the
range of from about 10 ppm to about 50,000 ppm (as measured by the weight
of ammonium bicarbonate to the weight of the entire reaction mixture), and
30 preferably in the range of from about 100 ppm to about 1500 ppm.
The amount of calcium carbonate used is not believed to be
particularly critical, but at a minimum should be effective to improve catalyst

activity and selectivity to the epoxide as compared to the same reaction
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Ammoni um car bonate may al so be formed in-situ during the epoxidation
reaction. Sufficient amoni um bi carbonate is necessary to be effective to
25 i nprowwodanadoyst activity and selectivity to the epoxi edeTasovawpared to
the sane reaction carried out under simlar conditions in the absence of
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epoxi dati on cess of fhe invention conprises contacting an olefin,
oxygen, and Cﬁ@ M ei/ﬁ&l ﬂ%o‘é}ri‘é%’HE'@ %‘f the modi fier and the catal yst.

Soubre Tons | i AR Ohs 9,8 erken e o
ol efin is arplefin, oxygen, and hydrogen in the presence of the modifier and the catalyst.
Suitable olefins include any olefin having at least one carbon-carbon double
bond, and generally from 2 to 60 carbon atoms. Preferably the olefin is an
acyclic alkene of from 2 to 30 carbon atoms; the process of the invention is
20  particularly suitable for epoxidizing C,-Cg olefins. More than one double bond
may be present, as in a diene or triene for example. The olefin may be a
hydrocarbon (i.e., contain only carbon and hydrogen atoms) or may contain
functional groups such as halide, carboxyl, hydroxyl, ether, carbonyl, cyano,
or nitro groups, or the like. The process of the invention is especially useful
25  for converting propylene to propylene oxide.

Oxygen and hydrogen are also required for the process of the
invention. Although any sources of oxygen and hydrogen are suitable,
molecular oxygen and molecular hydrogen are preferred. The molar ratio of
hydrogen to oxygen can usually be varied in the range of H:0, = 1:100 to 5:1

30 and is especially favorable at 1:5 to 2:1. The molar ratio of oxygen to olefin is
usually 1:1 to 1:20, and preferably 1:1.5 to 1:10. Relatively high oxygen to

olefin molar ratios (e.g., 1:1 to 1:3) may be advantageous for certain olefins.



acyclic alkene of from2 to 30 carbon atons; the process of the invention
Is 20 particularly suitable for epoxidizing C2-C6 ol efins. Mre than one
doubl e bowo o30wmpobe present, as in a diene or triene for @examshr3icdhe
olefin my be a hydrocarbon (i.e., contain onIy carbon and hydrogen atons)

or may contain fun ona ups such as, hal i car bpx dr ox
ether, carbonyl, ifion {9 &ﬁf)?’r?f(y&e(g h%&%ﬁ@ 27 f&?r{)ﬁ% CBFréféE@yhe t he
i nvention lspréﬁé?ﬁﬁlyalée\d iHRE Wroceds. f A tﬁ@eaﬁretrlgég Qﬁ@lkébﬁ’é@ ilgtt BaoR¥NheNe
oxi de. O<ygen and hydrogen are also required fo he process of the

i nvention. A€ wsadh aHijaklgunedsgas canigjerinelnde me@g@ﬁear%méuas a‘mlle!m
ol ecul ar OXyGEN A4 JFBL&CH! ﬁ&dMXHrf&g%ﬂ Ooaq*eﬁ @hﬁf E4rbEH- d@?ﬁf:.ozéétug&%go of

hydr ogen to oXygen can usual be varie € range o 0Oto

5:1 30 and ilydeseErbons wthfa\soeabé@aw 16 FartdOpr%férabﬂ]hmthirdl-zaICarbﬁri atomfis,oxygen
to olefinis wusually 1:1 to 1:20, and preferably 1:1.5 t tg[lo Rel atively
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I nert gas carr ers include noble gases such as iLu ) and ar,gon in
Laai 1 ot o et o siarsue e, R DRtaRo T The et pe B 618yt Bl e cHIFh 1
especi al {py 12051 tgnqpreferably with 1-4 carbon atons, e.g., nethane,
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[ sted Tner ip GRERLELa0E Sy iied] RO R3Sy B Ih ld HLLALe & 8D 1O

carrier gas s asua range 0 and 'especi

20:1 to 1: 1Gappsppriatel @xtéss iof tcbmeipcgasplathéoaxplfosweommuten@faaﬁﬂuc&mgofto t he
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expl osive mixture can formin the reactor or in i schar ge

lines. The anopunthefmomilof satalystdused mMay Uetdertemneeld @n theebasisiaf the t he
molar ratio of the titanium contained in the titanium zeolite to the olefin that is
supplied per unit time. Typically, sufficient catalyst is present to provide a
titanium/olefin per hour molar feed ratio of from 0.0001 to 0.1.

20 Depending on the olefin to be reacted, the epoxidation according to the
invention can be carried out in the liquid phase, the gas phase, or in the
supercritical phase. The process of the invention is preferably carried out in
the liquid-phase. When a liquid reaction medium is used, the catalyst is
preferably in the form of a suspension or fixed-bed. The process may be

25 performed using a continuous flow, semi-batch or batch mode of operation.

If epoxidation is carried out in the liquid phase, it is advantageous to
work at a pressure of 1-100 bars and in the presence of one or more
solvents. Suitable solvents include, but are not limited to, lower aliphatic
alcohols such as methanol, ethanol, isopropanol, and tert-butanol, or mixtures

30 thereof, and water. Fluorinated alcohols can be used. It is also possible to

use mixtures of the cited alcohols with water.



nmol ar ratio of the titaniumcontained in the titaniumzeolite to the olefin
that is supplied per unit tinme. Typically, sufficient catalyst is present
to provi dwoas/ogd00ani um ol efin per hour nolar feed rati o ofCrrusn2/81669001 t o
0.1. 20 Depending on the olefin to be reacted, the epoxidation according to

the invention c rJ [ LUl ; . th e or in
the supercriti C:&%ﬁ’g@@{“dﬁgﬁrﬁ&%ﬁ{i@}e@? '“%@*?%@W@H%se@%geﬂ h
carried out the art Wil lecagnide Phadevaitohsahbi anel wWithiaahe ispiritrefdhel mvehtigaed,
the catalyst is preferably in the formof a suspension or fixed-bed. The
process nay HB¥ 309RSRHtBE HIMEsi ng a continuous flow, seni-batch or batch
node of operation. |If epoxy ' i i KA pARATReN! 1 Quid phase, it is
advant ageous to work at %Xg?fgng;éééﬁ'ﬂk?'fgnggr éangor‘ld@\rll t he presence of
one or nore sol viESHlscarShe tnadides ascordienyt ® amcknalen litaratuse procdduremSes] t o,

| ower aliphatic al cohpls,.sugh a nal.,. et hanol, .isopropan and
tert-but alr[:ol or SFaWP%r ﬁﬁésp§gw%e€ég§fslagnﬁ'$\%’fz& ety 'f: u I ~can
be used. It (19597 AfIPP9SLBS Eort BdleSEt. @I.XUUC%%anSé&?C%bhﬁCb&'nﬁQWQP%Wth

water. 7 WO 03/ 044001 PCT/ US02/31669 The Tollow ng exanpl es nerely
illustrate tHd.i nvention. Those skilled in the art will recognize many

variations that It Bian I 1 f_.Lheol aNer i.on o) t he

clai s, Exavpie daellehlT R eho ebhle PETPURPREROIIIRR R0t o any

known | ifoer ajfux 6 Wweighepercent Belesolutiar irewatep) Strebh SheRddalsanddddidhizeal,

D Renzo, et. al., Mcroporous Materials (1997), Vol. 10, 283, or Edler,

et. al., J. waler(8Uglare plaggd itaMm0-migingle-neckgoupdbattprt flask forming poo g,

1.6 wei ght %8h )yhite RALNIRS) Hej\ﬁ&?' J | t Pd

solution i né\/\%%)elvrh,lt[eéﬂr em 'Cﬂﬂem cakg ('{Og'ﬁg giqgna}lqz)g crﬁ%‘?g\ﬁ%tgghé?@%ﬁ%?pl aced

in a 250- nL aichthen bériketexlmdthboittogenf ataak15mcoimig How pate wWhhe dlaskxisur e.

The flask is connected to a 15-inch cold water cqondenser nd_t hen .

ol anket od wiBSETRY Iné3 @R Oéltbaé%fééa‘égﬂﬁﬂﬁﬂ? reaetion: l.‘"WI‘?eStfrfeégkg‘f@ Stiregr t ed

into an @il t d | I Yrel 14 ned. hrring

is for 212 hc}cgfsé;h ?ﬁ%ﬁg’l t}ﬁ?ySIihg?f Hs?@tregéépu@ o1 %rrelggﬁir%aze ’N&{%g\b\gghzﬁcfhw th
deionized water (150 mL, three times), and then the solid is dried in a vacuum

oven at 50°C overnight. The solid catalyst is then calcined in 4% oxygen
(remainder nitrogen) at 150°C for 4 hours. Measured Pd loading of the
catalyst is 0.47 wt.%.

20 Catalyst 1B: Pd incorporation onto TS-1 is conducted according to the
same procedure as for Catalyst 1A, except that 10 g TS-1, 0.8 g of
[Pd(NH3)4](NO3)2] (5 wt. % Pd solution in water), and 40 g deionized water is
used. Measured Pd loading of the catalyst is 0.31 wt.%.

EXAMPLE 2: PROPYLENE EPOXIDATION STUDIES WITH AND WITHOUT

25 MODIFIERS

To evaluate the performance of the catalysts prepared in Example 1 in
the presence of modifiers, the epoxidation of propylene using oxygen and
hydrogen is carried out. The following procedure is employed.

The catalyst is slurried into 100 grams of methanol/water mixture (75

30 wt.% MeOH; 25 wt.% H,0) and added to the reactor system, consisting of a
300-mL high-pressure reactor and a 1000-mL methanol saturator. The
methanol/water mixture does not contain any modifier for runs 2A-2C, but

contains a modifier for runs 2D-2| (Table 1 lists the amount of modifier used
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dei oni zed water (150 nmL, three tines), and then the solid is dried in a
vacuum oven at 50C overnight. The solid catalyst is then calcined in 4%
oxygen (wemaiomger nitrogen) at 150C for 4 hours. Measure®CRPdSnasbng of
the catalyst is 0.47 wt.% 20 Catalyst 1B.- Pd incorporation onto TS-1 is

£675 7671 “Go0egeRin R BBRRIRHAT o Bolan Al b HhOBAFEPh. B
40 g dei oni zed JARL Sbel ScordRiilg MeagY O%Fbgf’u Hed afbl NSyt h%g_%%g/eﬂz 5a'n§ 0.31

wt. % EXAMPLE 2 PROPYLENE EPOXI DATI DI ES W TH AND W )
MODI FI ERS Teb%witrogere is added td dhensystempivithhe tetat Howsefs120@ geimid and Bxanpl e

1 in the presence of nodifj , the,epoxi dation_ of. pr e._usi,ng oxygen
and’ hydr bgdRobeT PR Qa0 T Bofoihee: dubdabe PlagRTRee 45

cat al yst si s ¢dllettddeshd andlyddPbg@as of nethanol /water mxture (75 30 wt. %
MeOH, 25 wt. % H2Q) and added to the reactor sgstem consisting of a 300-nL

hi gh- pressur e r eadi®epaxdation gegulisy ind@bimal sbawuhat §1e usgeof FBMAIMIT/ wat er

m xt ure does,; | D1y, dbH run - At al

modi 1 or 1 o0 Ciinen 3 BBRRYIR 2D) Seadete Wi infbetfed Bitreatd ™ 2l |\,
03/ 044001 PGitiVBY 2hd1Hdecrdase iastbk amolnt dhenglopengd iby-prodoctseas eowa 60C
and stirred at 1500 aseous feed consjsting o %, Yl ene, 4%
oxygen, 1% IRVdPng@ﬁ Prﬁ(?oéfaa}?%f:?m&é‘?;?% U&Mﬁqdo"ﬁ}%gég}gt Oe%qucf)sg%lﬂ‘ezf”%t a(I)
flow of 320 ki : cﬁé{ﬁ#{ ' and
l'iquid plﬁasgjggé I@égl?é%héérﬁglﬁ?lgﬁ Ef}l nd iﬂﬁ?ﬁ?ﬁ”ﬁ?@@@rﬁyﬁ@@ém I on
resul ts, in diptdpylehe sgigoolt HRPGhe Tudethuixysrpropanel PMat)bho2ametheyi t-i er

Run 2D) | eads t t ' ' tal yst tivit d
ocr case i n irmeeSRaEM 2SR pESloAlE e sPeataiesraamaRilum definde
PQ PCE rati acoipaimgesompound® dails R pradigeZdinilar r&Xdis #aB8eniin rdks 2E-I.
equi val ents, which include propyl ene oxide (PO, prop%/I ene glﬁécol (PG,

di propyl ene lgterestinglprap 20 shew bike-iDany i9ss o catatyat agtivity. aaribe poshour
propanol, (PN adig it 3Gt BmpAledl to! Rins'SA-8! MlBCheAIRBRLHAY Ohchsgnat e
catalyst life.
EXAMPLE 3: PROPYLENE EPOXIDATION STUDIES WITH AND WITHOUT
MODIFIERS IN PRESENCE OF CARBON DIOXIDE
To evaluate the performance of the catalysts prepared in Example 1
20  with and without modifiers in the presence of carbon dioxide, the epoxidation
of propylene using oxygen and hydrogen is carried out. The following
procedure is employed.
The catalyst is slurried into 100 grams of methanol/water mixture (75
wt.% MeOH; 25 wt.% H,0) and added to the reactor system, consisting of a
25  300-mL high-pressure reactor and a 1000-mL methanol saturator. The
methanol/water mixture does not contain any modifier for run 3A, but contains
a maodifier for runs 3B-D (run 3B uses 2000 ppm CaCOs; run 3C uses 400
ppm KHCO;; and run 3D uses 400 ppm tetrapropylammonium hydroxide
(TPAOH)). The slurry is then heated to 60°C and stirred at 1500 rpm. A
30 gaseous feed consisting of 10% propylene, 4% oxygen, 1% hydrogen, 84.9%
nitrogen, and 0.1% carbon dioxide is added to the system with a total flow of
1200 cc/min and a reactor pressure of 300 psi. Both the gas and liquid phase

samples are collected and analyzed by G.C.
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cont ai ni ng conpounds fails to produce simlar results as seen in runs 2E-1.
Interestingly, run 2D shows little if any loss in catalyst activity over
t he 90- howo 038448pDXi dati on run conpared to runs 2A-C, thugcaasonsissat i ng
increased catalyst |ife. EXAVPLE 3: PROPYLENE EPOXI DATI ON STUDI ES W TH AND

W THOUT MODI FI E I N P NCE OF CARB b%(%l?g} th uate tg .
performance of th & &P anFeéﬂg?’eH’ i W vﬁt%eaﬂ C\ﬁll'“‘t"ﬁ'?)‘ut
nodi fiers i rbatrbsnaé%wgréﬁeneerd@@arbbrpmbsdﬂe (Ru@ mqéadew an unkpBEteay ! ene
usi ng oxygen and hy en is carried out. The following procedure is

enpl oyed Thecmsallry@a alystactivity andhigher RIO/RPE ratio Comnaies & /rum uBingi xt ure

(75 % i gting of
a 25 300 nLE']?_u‘i giz”lr%g}rq’teds'cs{%'lﬂéqrhe@g? é?%gﬁgst &iéggl ?T%%%h? Le ﬁﬁﬁﬁe{aﬁ ura drtweThe
met hanol ls\Aetwedo’]{ nthelrenddiﬁer oompoontiaifmlsarwpmucélsemllépreswts 3, seeut in
contains a nodifjer 3B-D ,r ses 20 pm CaCC3; run Cuses
400 pprm K-0E8E 3B A0 ot 58 Shas Tl by Jose b SAGHSIIRTRY e (08

(TPACH)) . G g 6>Mdét?br¥ heR JEtﬁﬁbén‘édt B ¢0F gRdtsild H’é?rﬁ’or%‘tra%ﬁgomh%ﬁseﬁ 30
gaseous fee cons sting of 10% propyl ene, 4% oxygen, 1 % hydFogen, 84. 9%
ni trogen, armchtalysokfear bon di oxide is added to the systemwith a total flow

of 1200 cc/mn an eact or pr of 3 ot h_t he,. sandllqwd
phase sanples ar e?é‘gf'keﬁt%ﬂoﬂﬁto&jﬂ%w%iis% ’b’?@’“ga 8?/36

PCT/ US02/ 31669 "Ruaa#epoXi dal imvaifleeSul T $, iMbdifrPAmodnt Shpw t hat the use of
cal cium carbgnate in the presence of carbon dpgmi*de (Rupn 3B) |eads to an
unexpect ed ncreade i njcat &NMSHCGQII Vi ty and ﬂmogher PO PCE rati o conpared
to runs usin ju?‘E carion g{] ?rlilj \r(uu 3A) Ofggpust catci um car bonate (Run
21). Also, the 5 use of loth difier|conpounds fails to produce sinilar
results, as seen i2h runs 3CGMWIR so, fun 3B H8ws litt|e if any loss in
catal yst actijvityaever fhe 4hmHBoyr epoxidatigoorun conpared to run 3A

t hus denonst riatrgtrereased—catalyst+Hfe—FABEE 13— Ammount of Modifi er
used in Epoxildati gh‘ React i onsKFrC"O 250

CaCO; 500

10 # Modifier amount is the amount of modifier compound in the methanol/water mixture.

TABLE 2: Propylene Epoxidation for Modified and Non-modified Runs.

Run | Catalyst [ Run Modifier Mean PO Mean POE *° PO/POE
# time Productivity Productivity (%)
(h) (g PO/g cat/h) | (g POE/g cat/h)
2A* 1A 88.5 - 0.20 0.23 85
2B* 1B 64.5 - 0.21 0.30 72
2C*° 1B 70.5 - 0.13 0.14 92
2D 1A a0 (NH4)HCO; 0.31 0.35 90
2E* 1A 54 (NH)H,PO, 0.18 0.24 77
2F * 1A 54 (NH,)Br 0.19 0.21 89
2G* 1B 64.5 NaHCO, 0.018 0.021 89
2H* 1B 40.5 KHCO; 0.02 0.023 90
21*° 1B 70.5 CaCO; .044 .047 95

* Comparative Example

? POE = PO + ring-opened by-products (PG, DPG, PM-1, PM-2, and acetol).
15 g POE (grams POE) = grams POyna + grams POconyerted to ring- opened by-products-
® Run is conducted at 45°C.
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Run # Modifier Mdifier Amount (PPM a 2D (NH4)HCO3 500 2E (N H4) H2PO4
500 2F (NH4)Br 500 2G NaHCO3 500 2H KHCO3 250 21 CaCO3 500 10 a

Modi fi er womang4ods t he anount of nodifier conpound in thepagtusansichmnat er
m xture. TABLE 2: Propyl ene Epoxidation for Mdified and Non-nodified

Iglrjcr)]Zuctl vity @%%t?c rgﬁ))'fon?%o '(d’\l?{‘)aoﬂéo Jl\i{%?ﬂr 5%03‘35% ﬁﬁ?(\éﬁgil rlri 88.5 -

0. 20 0. 23 8% RuAIBcdtalyst - Modifier0. 30 MMeank© ~ |1 Meah®PGE* QPOHPCE L4 92
2D 1A 90 ( Ng4)#HOC3 0. 31 t[he35 90 2E * 1A Prédyduividy H2 P@ddustidity 0| 24(%f7 | 2F *
1A 54 (NH4A)Br 0.19 0.21 89 | 2G * 113 64./5 iaPes (0.(GPBE@ ¢&h) 89 2H t 113
40.5 KHCO3 (.02 0.023 90 21 * 1 B 70.5 |CaG@®h) 044 .047 95 Copnparat|ve

Exanpl e PCE|3APQ + WA nd-Bdenel 1ygtpEO&dudt s ORG, DFPG PRRG, PM 2, 7&nd
acetol ). 15 ggFOE {a0T dMa5 POR00pp B GHTD, TOf T 82l + T anms o FRCOonver Uegh
ri ng- opened |by-productg. b ia €9 (g;cted at 45C. 10 WO 03/ 044001
PCT/ US02/ 31669 [TABLE 3: Pr opcq Yf’é dation Results for Cafbonates plus
C32. Run Cat|&@Cyst Ran Nb@df) ¢P0 praKHPQ; Nean0.PRE a| PO FUBS5 # t | nmed4
Productivity Productivity (P9:o{td&PY g (g POE/g cat/h)

3D*| 1A | 55 | 400 ppm TPAOH 0.11 012 90
+ 0.1 vol % CO,

* Comparative Example

@ POE = PO + ring-opened by-products (PG, DPG, PM-1, PM-2, and acetol).
g POE (grams POE) = grams POﬁnal + grams POconverted to ring-opened by-products-
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cat/h) 3A* 1A 52.5 0.1 vol % CO2 0.20 0.26 78 3B 1A 45 2000 ppm CaCCO3
0.24 0.27 88 + 0.1 vol % CO2 3C * 1A 69 400 ppm KHCO3 0.033 0.035 94 +
0.1 vol %O0@308DM0t 1A 55 400 ppm TPACH 0. 11 0.12 90 + 0. PCralSo?B166® *
Conmparative Exarrpl e a POE = PO + ring-opened by-products (PG DPG PM1,

PM 2, and aﬁé%ﬂo g POE (grans POE) = grans POfinal + grams PCconverted
to ring-ope -products. 5 11 WD 03/044001 PCT/ US02/31669 | claim 1. A

process for produging Rprebexd der ¢RomMidisg Nth rep@&tden@ombnsMgefreébtu@Xhaen
and hydrogen in the presence of a nodifier and a cat al nprising a

nobl e et al cela@wxmnurar@ebvdrtogenvméh@. lhreﬁﬁecemi.a mcpglflgr (aagi %‘@éﬂ'lﬁtum
carbonate indhs Sae%ﬁlemhqé}éf QR{J RhhE SeBlite! g,)r,e@gmom&m Hi&asopgat e-

2. The process o he ot LaArum 2 'S {14 RnT um
silicalite. calcitime cartmr@e iof thid giresdnosherf ecarbbdhedibkidenionnib) eannianiurm TS- 1
10 4. The proce'ﬁfs) of claim1l wherein the catalyst is conprised of from
0.01 to 10 W NBi& cent noble netal. 5. The process of claim 1 wherein

the noble met al i3 paltRdpkiBesstof dibifn AT RGN e Qlta\’?Hu[FﬂnlzéWE‘é‘?é Btdrfigmo! ef i n
is a C2-C6 olefin. 7. The process of claim1l wherein the olefinis

propyl ene. Idli@liteThe process of claim 1 wherein the nodifi er I's cal cium
carbonate in the presefce of car OSER f'I'S J| aiml

o e o er T Rfcess o i s hffen the (BRI 28878 iS

10 4. The process of claim 1 wherein the catalyst is comprised of from
0.01 to 10 weight percent noble metal.

5 The process of claim 1 wherein the noble metal is palladium.

6. The process of claim 1 wherein the olefin is a C2-Cg olefin.

7 The process of claim 1 wherein the olefin is propylene.

15 8. The process of claim 1 wherein the modifier is calcium
carbonate in the presence of carbon dioxide.

9. The process of claim 1 wherein the modifier is ammonium
bicarbonate.

10. The process of claim 1 further comprising a solvent selected

20 from the group consisting of methanol, ethanol, isopropanol, and tert-butanol,
and water.

11. A process comprising reacting propylene, hydrogen and oxygen
in a solvent in the presence of ammonium bicarbonate and a catalyst
comprising palladium and a titanium silicalite.

25 12.  The process of claim 11 wherein the titanium silicalite is TS-1.

13. The process of claim 11 wherein the catalyst is comprised of
from 0.01 to 10 weight percent palladium.

14. The process of claim 11 wherein the solvent is selected from the
group consisting of methanol, ethanol, isopropanol, tert-butanol, and water.

30 15. A process comprising reacting propylene, hydrogen and oxygen
in a solvent in the presence of a modifier and a catalyst comprising palladium
and a titanium silicalite, wherein the modifier is calcium carbonate in the

presence of carbon dioxide.
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10. The process of claim1 further conprising a solvent selected 20 from
the group consisting of nethanol, ethanol, isopropanol, and tert-butanol,
and wat erwODY044800pr ocess conpri sing reacting propyl ene, hydrageniwmndd oxygen
in a solvent in the presence of ammoni um bi carbonate and a cat al yst

conprising palladjum t } Ll i te . . c of claim
11 wherein the t?ftani mdes |0F8§$I8t §'5}"§ 1‘?@;’-%@&6&11@.6%%@6& %Lfg%@é gﬁ‘ e%s_al m 11
wherein the catalyst iThecpravessest elhim f1owherdld the ckialvet Bhtomprised tof

pal | adium 14. The process of claim1ll wherein the solvent is selected from
the group demiGe? Rg%w@ltmﬁ@#nt ralladiyd?, i sopropanol, tert-butanol, and
water, 80 15. A pfCeSheHIRBELS bREIAIR AR AR MR i{¥dEeRG@Rdnaxy gen
in a solvent in the presence of a nodifier and a catal yst conpri sing

pal | adi um ardup consiatingiof sietharadl] ¢etbanolh eopropdriod tedditamol, asd eater. um
carbonate in the presence of carbon dioxide. 12 WO 03/044001

PCT/ US02/ 31669 16. The process of claim 15 wherein the titaniumsilicalite
is TS-1. 17. The process of claim 15 wherein the catalyst is conprised of
fromO0.01 to 10 wei ght percent palladium 18. The process of claim 15
wherein the solvent is selected fromthe 5 group consisting of nethanol,

et hanol, isopropanol, tert-butanol, and water. 13
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