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THE I NVENTI ON This invention relates to an epoxi dation process using a

car bonat e- cont ai ni ng nodi fi ss conprises reacting ol efin,
hydr ogen, 9304&%96” in theﬁmmmmmmmmﬂmra nodi fier and @oTaisab/yest9
corrpnsmﬁﬁ nmetal and af nium zeolite. The nodifier is (a)

cal cium carbonate in the presence |o "of carbon di oxi de or (b) ammoni um

bi car bonat e. 0B@586Asi ngly, the process results in hi gher activity and
selectivity to epoxide, as well as increased catal life. lrSE)(ﬁ(GRQJND OF
THE | NVENTI ON IHRECH EPOXEDATION PRGCESS USINGE AZ!;E MPDIEERSes have
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4,833, 26 I sadva both of these processes,is the need to
pre-form t he resuiltdi ini ht_mhagao:tlwar and selectivitndoi @PPWQ hagwell @S Keke

comercial ly 8{ Eh ed technology is the direct epoxidation of ethylene to
et hyl ene oxi & a&; action with oxygen over a silver catalyst.
Unfortunately, the silver @AGKGROWND ORBTHE BIMENTIEIN useful in

epoxi dation of 30 hi %hgﬁ‘fe%n?fm {?1od-srhf%r? grpeepé’[;gﬁgn B 5tlidd<S Radé Hbdip'S

focused on the di M _
15 developed. Generally, epoxides are formed by the reaction of an olefin with

an oxidizing agent in the presence of a catalyst. The production of propylene
oxide from propylene and an organic hydroperoxide 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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. epqgxi dati on of higher olefins wth oxygen and hydrogen in the presence of a
catalyst. In this process, it is believed that oxygen and hydrogen react in
situ to forman oxidizing agent. Thus, devel opnent of an efficient process
(and I iu=~jiugin=Nwa *166166* WD 03/ 044001 PCT/ US02/ 31669 peafusby/siede prom ses
| ess expeWQQ?@"‘fogkhnol ogy conpared to the commercial technol ogies that

enpl oy pre-forned oxidizing agents. Many different cat al ysts have been

pr oposed forcalalgsi)rprbhnsea less texpepeixe dachnalogy campaesd & dhe LOMMmBICcialy anpl e,
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sel ected frdPR¥datign opdighel g‘Pf"%md}éﬁf e@@@%pgg 'e%ﬁtgbl g'g{’s%%tﬂ?n or
vanadi umgsi | & |dlétR>n 6ﬂ€ideléﬂé|d)¢(de from @héiraz:lhonea! prbpyleneeoxygenaaadyst may
al so contain ‘additional el énents, .includin %%hCO Ni Au. One

di sadvant agehb'ffogﬂé uging ca}ahrsmqné@snms@ﬁr "Leé?laﬁ'{szgtaas R@gf’w&‘ﬁ ONt hey
are prone to rwamﬁgq|té%§,l|@ {PSPPAUND. B1B5Y, 268 Wsbiisés £ Tatalgst in

condi tions to ess desira ring ened by-products_such as ycol s
or 15 gl ycolwbichea platious. metal, sel@tedsfrgmeg thQc&PbE@"‘Q 5 Pe%{PP(?féF’

epoxi dati on n e ti iPgs 'diEGddednN it tﬁbefl n,
oxygen, and ° (i"gﬂﬁ#" ﬂwﬁﬁgd'gl&sgﬁgéelﬁ%f ébﬁﬂlobﬁﬂy. l Q‘? nodi fied titani um
zeolite i@ géaatysvmaqrdmcmdah;addlrtmnaueuemm ancladmgtﬁan@aa NL RS AGPTt 0 t he
reaction mxture. Also, increasing the catalyst activity as well as

maxi m zi ng tA¥- cat al yst life are 20 inportant objectives in order to

achi eve an eCO”O”Pﬁ@dlin%ﬂ fdge dRtheidechbed dﬁ’betnémadldalmomglyst'stls itisat
desirable to dev new direct epoxidation nethods .and, c '§d¥gt%§8| n sum

new pr ocessetheyoare Péoﬂﬂ tedingeqrexi the epaxide EJ'PQF%E"‘A@ stan ecially
cpoxi de, - ao. (RIHIGEREfri{1Bks WBSHAE fndoneriediby pRdRets slciyal Qb or2s
effecti ves glycol ethers. U.S. Pat. No. 8, 008 388 describes a direct olefin epoxidation
praocess 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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~conveni ent epoxi dation process that reduces unwanted ring-opened products,

I ncreases catalyst activity, and inproves catalyst |ife. SUMVARY OF THE

| NVENTI ON The invention is an ol efin epoxidation process that conprises
reacting “%903%4?605“1 oxygen, and hydrogen in the presence@iusn2nemdy fi er and
a catalyst ~conprising a noble metal and titanium zeolite. The nodifier is

either (a) calciumcarbonate in the presence, of .carbon di oxi b)
anmoni um  bi epensshRyeproducts, gndcinsteasgd Hcatalyst Agtiyjiy, 8ad éﬁ%n@&%&%@ I‘é

reduced ring ?qc\é%&sﬁ'@{lﬁg%tﬁ MSRwdi#Epo9 opened by-products, and

I ncreased caPa yst activity and |i1fe conpared_to t&;ocess s that do not use
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titanium zeolite such as a titaniumsilical |t¢?‘l I f. the olefin |€?§I%Ifov\er

e

aliphatic oHepend spon aapumbgy Pk factorsy insiuding the size agdshape

olefinis p I oy TSk o id | itilvely i sinalb jally
advant ageousi&Béoefd%g'dﬁ%%}Eyﬁgfg? %w%‘sediéagréfce?fc%déﬁe%éng?égt II a?’ er . g??
titani umgeolitanturs Eeblites sueh ta'stanmarriumesilicalié ifdherelefin & AUBWEF @lirRifor phous

wth zeolite a be 5 ef Ti [ eol \aise ' e
class of zeof eﬁ"c sgg}ﬁs?%n%tbye%mpgﬁéﬁgﬁ't Qh?ﬂ‘kygﬂ?ﬁs are su g}[f’f)![eﬁﬁegshf or a
porti onsof ht be%;ﬁjlédemheajmf FPTEhbtitaﬁum mﬁlicaliteaiseemec_nailvl advnmas@arar |

si eve. Such substances, are n in t t YSmp ; re
titani um zeolFiof é@q"ﬁbPlﬁgﬁ SPEIE a8 nggﬁg'f‘e%lae@ﬁf%rporggﬁésd'%e%%%nﬁ%ﬁlé;sr
referred to astifahiutfizZdBlitel having id SHuctary isomdrpiidus Wils-zEblitehbstarmyay de M|

t opol ogy anal ogous to that of the, ZSM5 alumnosilicate zeolites), "TS 2"
(havi ng as Mprefeupd! ogy anal ogous to that of the ZSM 11 aluminosilicate

zeolites), and "TSudniyhfSelfiRs' cotipridd e clisdNofP2éolitiBOsubstances wherein
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 xTiOz (1-x)SiO2 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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1,001, 038). Titaniumcontaining nolecular sieves having framework 25
structures isonorphous to zeolite beta, nordenite, ZSM 48, ZSM 12, and
MCM 41 are also suitable for use. The titanium zeolites preferably contain
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adsorption, ion- exchange, precipjtatio
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oxi des i ncl ude aosathgwuopomb as, arginopganic oxjde, igorgagic &R,
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pol yet hyl eneapinfiga, tiesitla Peirgbsiaz iniotslimobgide§utdraalum wxjres; trolybdenumc| ude
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 noble metal
compound used as the source of the noble metal. For exampl'e', 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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. organi c polymer resins grafted onto inorganic oxide supports, such as

pol yethyl enimne-silica. Preferred supports also include carbon.
Particularly preferred supports include carbon, silica, silica-alumnas,
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catal ytic peandrthedike. cihe qatalstds typeally dried ﬁg@ Cfalae T %r e-reduction.
After noble | 2 : IaGR, a Vifq teRpectee. is Preferdl 5
catal yst recov @ySdﬁ.gﬁéﬁgbﬁlggﬁﬂcfgb?ﬁaﬁﬁt irrgﬁtde;yr:ggwasﬁi.ng, ro??fy, ¥

evapor ati on frandaboet $0°%eto abeutc3003Cy sThe catalyst may additionally LOmPrisgder at ur e

greater than , about 50 riqr to,use in.e |, dat O ' erature
i s preferabl 9'"%PF Ghﬂé%gbé) a@é('f“?i’) b&ﬂaﬂfpegoggé&%tghbg?a ys?p%tgﬁ%é{iﬁ??onal ly
conpri se,q Qh?%éir@d fée phbk® @slinepoxitation) dée, catplysiymay ibedoptionatied or

extruded Into fo any desired formprior tg use in.epoxi 1.0 cat al yst
may be opt i otharmallytirested inyatgas;sieh i3s 88@3§"s@ghu svﬁlgﬁ]#'hgreﬂwg%ni'um
vacuum hydr iRe. The' all trdemeRh Rnipuratne is typivatip itom
tenperature ?’gﬁ%npléggﬁgﬁﬁ? r"gérh ngotntbngo to about S%%C. The epoxi dation
process of taBoutd®ts about&dOPC ses reacting ol efin, 15 oxygen, and

o ther (a) "cal i un 68apOndaEch prosrss B8 ok RCthiises, (e aRAsHn, 1T 1S
ammoni “mC}Pi CRhPsetRtnd RiirogenTn ithisnpresehtd @iat modifiec @indi then catalysfondbe can be
strply added rrt\gdift‘lgreisre?t%g; I(ao)ncarlrcl:eigﬁuc?;rwnavt\g 'ir(f %et Breesence of carbon dioxide 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 weiéht 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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epoxi dation is being perfornmed. The amoni um bi carbonate or cal ci um 20
carbonate nay be added all at once either prior to or following initiation
of epoxidation or may be added in an increnental or continuous manner.

Anmoni um cg)' bq%r]@fog may al so be formed in-situ during the pepys@atiéon
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raralyst Suitable olef ins 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»-Cs 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 Hz:02 = 1:100 10 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.
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or in the feeg,QA86ratbtRe GRNIUNTEEAtained 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 fto, 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.



.The. anbunt of catal yst used may be determ ned on the basis of the nolar
ratio of the titaniumcontained in the titaniumzeolite to the olefin that
is supplied per unit tine. Typically, sufficient catalyst is present to
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solution in wat er, Strem Chem cals ni zed ater, (8 pl aced
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15 for 24 hoy Sinitdt witer (150 int. dhrkd Gned), YRE HerPthessoit'i¢ Bedh a VaSRRA W th
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)sJ(NO3)z] (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-21 (Table 1 lists the amount of modifier used

1
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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 (remai nder nitrogen) at 150C for 4 hours. Measured Pd | oadi ng of

the cat alé’i)to epgioﬁ 47 wt. % 20 Catalyst 113: Pd incorpor ap¢Rosenige TS-1 is
conduct ed %3 Ig to the sane procedure as for Catalyst 1A, except that
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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,0O) 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 modifier for runs 38-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 héated 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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Interestingly, run 2D shows little if any loss in catalyst activity over
the 90- hour 15 epoxidation run conpared to runs 2A-C, thus denonstrating
increased catalyst life. EXAMPLE 3: PROPYLENE EPOXI DATI ON STUDI ES W TH AND
W THOUT I\@}I E/HE‘ | N PRESENCE OF CARBON DI OXI DE To eval ygtrausolrsieso

per f or manc 3 € catalysts prepared in Exanple 1 20 with and w t hout
nodifiers in the presence of carbon dioxide, the e X|dat|on ropyl ene
usi ng oxygen and H'm egemdamrt:aesultsd i Jrableride shew Bt the ‘ﬁ%@éd‘@l“g
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nmet hanol / wat er m xt ur contain a no
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(TPAOH) ) . s 8 ethel ot cbimddlinds railé & p A 30
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of 1200 cc/mn a reac ssure 300 psi. Both the gas and liquid
phase sanpl aatalyst |rfm| | ect ed and anal yzed by G C. 9 WD 03/044001

PCT[ US02/ 31669 The Ldat,i 0 t he use of
cal cium carbonate f’&g{fﬁg @&Hg’zm&hﬁ?&ﬁ’g ﬁ@(@&éﬁ?%&n&ggﬁs'l eads to an
unexpected inCreguas n fat aI Medifiect | vi|t y ModiflenAmbént PQ/ 130E ratio conpared
to runs using | just carbpn dioxi de (Run 3A1J2ED§LLLSJ_.La.Lci um car bonate (Run
21). Al'so, thel 5 ug@ of pt hefNHHHGsi er conpoun"@ fails |to produce simlar
results, as seemTBg Tunk JK{NH.,)}-PPG., rjun 3B soows [ittlle if any loss in
cat al yst activu-y—%F&' r—the—45 F—epextatt rumr—corpared to run 3A,
t hus denonstrati ng ncr eased (%WH yvst llife :#RE;I E 1- Amount of Modifier
used in Epoxi dEt | oBGReact i onsNaH@Os' Modi fier @Bunt is |the anbunt of

2

nodi fier conpo CTTET TaMaI0, Wat erf m Xt uraso
21 CaCO; 500
10 ¥ Modifier amount is the amount of modifier compound in the methanoliwater 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 POIg cat/h) | (g POEIg 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 90 (NH)HCO;3 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
pich 1B 64.5 NaHCO; 0.018 0.021 89
2H* iB8 40.5 KHCO, 0.02 0.023 90
217 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 (gl'ams POE) grams POﬂna] + grams poconvgngd to ring-opened by-| products:
® Run Is conducted at 45°C.
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TABLE 2: Propyl ene Epoxidation for Mdified and Non-nodified Runs. Run
#Modi fi er Modi fier Armount Wom) 2D( NH4) HCO3500 2E( NH4) H2PO4500 2F( NH4) Br 500
2GNaHC03500 2HKHC03250 21CaC03500 Run Run Mean PO Mean PCE' #Catal ysttine
Modi fi er Pr‘%gﬁ%&t y Productivity PO PCE (h)(g PO a cat/ Begtdhsiese

2A1A88. 50. : 213*1B64. 50. 210. 3072 2C * D1B70. 50. 130. 1492

2D1A90( NH4) HCO30. 310. 3590 2E *1A54( NH4) H2PO40. 180. 2477 2F

* 1A64( NH4) Br TABME 3 1R@pgiene Erpaidation Resalts for Sartmonetes plus CO..

Fon'a¥al o4 4.4
A

*11340. 5KHCO38—048—02-390=—24+*+—044370-5C Ot 71 PEE CO ve
Exanpl e PCE F O Fawyﬁg-%%nedwgoﬁ%#odu :;,,chi,ﬁ%?; DPE!‘.‘I—?}{‘M%P\A %) and
h) P

acetol). 15[ 9 PQOE (grami DE) = grans Pof(gporg 4 (§'POER hverted to
eng- opened by-products.|b Run |I's conductedcstth)45QC. 10
3A* 1A 52.5 0.1 vol % CO; 0.20 0.26 78
3B 1A 45 | 2000 ppm CaCOs 0.24 0.27 88
+ 0.1 vol % CO,
3C* 1A 69 | 400 ppm KHCO; 0.033 0.035 94
+0.1 vol % CO;
3D* 1A 55 | 400 ppm TPAOH 0.11 0.12 90
+ 0.1 vol % CO;

* Comparative Example

* POE = PO + ring-opened by-praducts (PG, DPG, PM-1, PM-2, and acetol).
g POE (grams POE) = grams POgpa + grams POconverted to ring-opened by-products-

11



WO 03/ 044001 PCT/ US02/ 31669 TABLE 3: Propyl ene Epoxidation Results for

Car bonates Plus C02 RunCat al yst RunModi fi er Mean POvean POE PO PCE

#ti meProductivityProductivity(% (h)(g PO g(g POE/g cat/h) cat/h) 3A

"1 A52. 50. 1_VvO 1103/30 20. 200. 2678 361A452000 ppm CaCOB0. 240. gafasar/3fses Vol %
CcC2 3C *1A89480*PPm KHCO30. 0330. 03594 + 0.1 vol % CO2 3D *[ A55400 ppm
TPAOHO. 110. 1290 + 0.1 vol % C02 ° Conparative Exanple ' POE = PO +

ri ng-opened bhelgimoducts (PG DPG PM 1, PM2, and acetol). g PCE (grans

POE) = grans POfl,, + grans P r 9 fi-q ~RESHNC

03/ 044001 PCT/ US02}-3168Y H’°%Gf5§i it é’ﬁbgﬁ&&ﬁ? o%“e%?a?@g Q%"Bﬁﬂ%*ﬁﬂgﬁe%r‘?ﬁ%%ﬂf‘x'f?e
cogp][! si ng (rj egqgﬁh,ng,lcyy@n, @ndf hydrogefy hethe Ellwehge:lrofb@amc?diﬂermqaaewa}yet of a
nodi fier and a catalyst conprisin nobl e tal and tji i L{e,
wherein the reRMPREIRG i3 nehle etal a1, fiepi, gralie. whersin %%2@8?4@?8?3? @hr bon
di oxi de ors ( bya|&GFP*afdBnaes GAThENBle8ence of Nearbowcdiesidef ocl(b) mmimahianei n t he
titanium zeolite 1s titanium silicalite. 3. The process of claim1 wherein

the titanium bieatboneté.s TS-1. 10 4. The process of claim 1 wherein the
catalyst is conprisged va%ef pRfZes P diai 1LAhBRIM Kie BRINMAA zeRMR! | ti@RRM 5
efein

The process of clarm| he noble netal is palladium 6. The
process of clsilicalile.wherein the olefinis a C2-C6 ol efin.
3. The process of claim 1 wherein the titanium zeolite is TS-1.
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-Cs 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, ethénol, isbpropanol, 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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/. The process of claim1 wherein the olefin is propylene. 15 8. The
process of claiml wherein the nodifier is calcium carbonate in the
presence of carbon dioxide. 9. The process of claim1 wherein the nodifier
i s ammoni uwog/(ﬁwogonate. 10. The process of claim 1l furtBernePkssSi Ng a
sol vent selecte O fromthe group consisting of methanol, ethanol,

i sopropanol, and tert-butanol, and water. 11. A pr o,cess_,caﬁggri §_I n%
reacting propyl enel6.hy drhegeacessofsigigehd wharein the Hanium sliealie i dSshce of
amroni um bi car bon a SRRl 0] 71 o] ALY I i ibd ium
silicalite. 25 12ﬁﬁheng}ege@?§§%¥ﬁcql%@m ﬂ%@geﬁng t ey%ﬂsg%mlgﬂ ?’gal ite
is TS-1. 13. froime0.01 ¢x ¢8 weight plescemt palladiamei n t he catal yst is conprised of

fromO0.01 to 10 wejght _percent |, adi 14.. e nr | Al

wherein the sol venj{&i s @'SF%%SD‘%%W!}[: WhSF%ﬁch%oﬁ%é}gﬁlé%%@é?%r@rﬂ]éﬁ%I , :
et hanol , i §opgRIPInsistifg bf Metiamol, etiaditbl Viséproparit, tbR-butapolpard svaterpr i si ng
reacting propyl ene, hydrogen and oxygen in a solvent in the presence of a
nodi fier and a catal yst conprising palladium and a titaniumsilicalite,
wherein the nodifier is calciumcarbonate in the presence of carbon

di oxi de. 12 WD 03/044001 PCTIUSO2 /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 from0.01 to 10 wei ght percent
pal | adium 18. The process of claim15 wherein the solvent is selected from
the 5 group consisting of methanol, ethanol, isopropanol, tert-butanol,

and water. 13
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