PROCESS FOR OXIDIZING ORGANIC COMPOUNDS FIELD OF THE
INVENTION The invention relates to a process for oxidizing organic
compounds with hydrogen peroxide. The hydrogen peroxide is produced
by reacting hydrogen and oxygen. BACKGROUND OF THE INVENTION
Hydrogen peroxide is an important intermediate chemical useful in such
applications as water treatment, pulp and paper bleaching, and organic
synthesis. At present, the commercial process for producing hydrogen
peroxide involve PRAREGEIFGTR QXituZibkieiREadlIe. §OMROBAD N os.
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(see, e.g., U.S. Pat. Nos. 6,168,775 and 6,649,140), fluorinated carbon

@ee, e.g., U.S. Pat. No. BAGKERHUNROGIR Bkl NlebidieiYed carbon

(see, e.g., TR 4togeRPehRidd 5847 IRboilinh iAlEmiBaIARE @helica! Ssdf@tin such
No. 5,961,948), polymer fiber (see, e.g., U.S. Pat. No. 6,375,92%?and L
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peroxide solutions prepared from the reaction of hydrogen and oxygen
may PRMES: (see, e.g., U.S. Pat. Nos. 6,284,213 and 6,888,013; U.S.

Appl. Pub. Ngdrdged/perhid8)can alBedsniyadeieghaidirectatesttion of hydrogen
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or morée po%oleflns; and (c) a carrier. The polyolefin'is dissolved In a

solvér; AP P PE it NOo RRRGH (S 13%8Blo impregnate the carrier or the
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hydrﬁ\%%rs]t?yn%eoégt%eenvlv% err elg %%nosn(fyllvg%gooﬁ}c?tl.mq%r example, the oxidation of
30 alkanes, arenes, olefins with hydrogen peroxide in the presence of a titanium
zeolite has been demonstrated (see New Developments in Selective Oxidation,

G. Centi and F. Trifiro, Ed., pp. 33-38). Hydrogen peroxide solutions prepared
from the reaction of hydrogen and oxygen may be used (see, e.g., U.S. Pat.
Nos. 6,284,213 and 6,888,013; U.S. Appl. Pub. No. 2004/0151658).



15 halogenated and/or acid promoters. SUMMARY OF THE INVENTION
The invention is a process comprising reacting hydrogen and oxygen in a
solvent in the presence of a H202-producing catalyst to obtain a hydrogen
peroxide solution. The H202-producing catalyst comprises a polymer- 20
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25 . , DETAILED DESCRIPTION OF THE INVENTION
The process comprises a Hzog-producmg step and an oxrdatton step.

The H,02-producing step comprises reacting hydrogen and oxygen in a solvent
in the presence of a HxOz-producing catalyst comprising a polymer-
encapsulated combination of a noble metal and an ion-exchange resin to obtain

30 a hydrogen peroxide solution. The oxidation step comprises reacting an organic
compound with the hydrogen peroxide solution in the presence of an oxidation
catalyst to obtain an oxygenated product.



20 for instance, 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 states, the noble metal compound after

being introduced into the catalyst may be fully or partially pre-reduced.
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The H202-producing catalyst comprises a polymer-encapsulated
combination of a noble metal and an ion-exchange resin. The combination
of a noble metal and an ion-exchange resin is referred to as a "noble
‘metal catalyst.” By "encapsulated,” we mean that the both the noble metal
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nobléh'H@E&‘F coRESERRRYR. gesmmnpﬂatﬂa@so@anaamwm ger kilogram
compigres ¢f eunprdaslyrilipetPiermécerbsnyisentaH akdsnbery!-particularly
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25 available from Rohm & Haas) contains 5.4 eq/kg of sulfonic acid groups.

The H02-producing catalyst may contain other components, e.g., titania,
zZirconia, niobia, silica, alumina, silica-alumina, titania-silica, zirconia-silica,
niobia-silica, and the like, and mixtures thereof. A composite of an ion-
exchange resin and any of the above components may also be used as a

30  support for the catalyst. For instance, U.S. Pat. No. 5,824,622 discloses porous
microcomposites comprising a perfluorinated ion'-'éxchange polymer containing
pendant sulfonic and/or carboxylic acid groups entrapped within and highly
dispersed throughout a network of metal oxide. Similar microcomposites can be
used in the present invention.



phosphine) palladium(0)) diffuse through the polymer layer and deposit on
the ion-exchange resin, thus both the ion-exchange resin and the '
transition metal are encapsulated in the finally obtained H202-producing
catalyst. In yet another preferred approach, addition of the noble metal to
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One interfacial method is illustrated by Ley et al. (see Chem. Commun.

(2002) 1132 and 1134; and Chem. Commun. (2003) 678) in the

preparation of polyurea-encapsulated transition metals. In Ley's example,

an organic phase containing polymerizable monomers and the transition
metapbosptins)distiadien@0) withiseathespgiotirepisigménagpentmdeposit on the
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ably within't

prefer in the ra'ngt_a of 1:10 to 10:1. In addition to oxygen and o
Zydrogen, dhsieriRgiematzatiorude domsepraierzgl gleshaiaussip tbheedpble metal

the a8t AIBEERAEH 16 LIABHEIT ARAALIAN CBREIFMEYIRIABHE(S), an initiator,

explosiye limits. Suitable inert gases are helium, argon, nitrogen, o
metP%e, YN EORBRARRIScARPn AoRtRsSininge 1RageItY rARduRlymerization
thergobceeds héoH 202 pthdupiograterenap HelatedOHOBRE UBRgaR catalyst.  The
contj W, irbateh or batch mode. The catalyst may b din

the ?oﬂyrﬁ%'i‘g%rry‘s%%m& ?‘V”mp?“ IE" Y NURFiRyToRdore R NEdiméthylacryl
30 amide), hydrophobic (e.g., styrene), or a combination of these. Suitable

APSes |iang

‘techniques include bulk, emulsion, suspension, and interfacial polymerizationé.
The H2O0z-producing catalyst can be prepared in such a manner. As an
example, styrene or a mixture of styrene and other ethylenic monomer(s) may
be polymerized in an aqueous suspension of a noble metal catalyst.



25 fixed bed. It is preferred to operate at a total pressure within the range
of 1 to 200 bars. The reaction is performed at a temperature effective to
produce the desired amount of hydrogen peroxide, preferably at
temperatures within the range of OC to 120C, more preferably from 20C to

ﬁoff It mama?mmwlmnsma brsrakhegeenwamﬁi/eﬁabdméﬂm 38 another .
yaroge e | roductiQn to, minimize oge
H?S%'p dO)t( %‘F 8 su mclﬁ%l% moh wilh® (?j) SryamiE fad@e polymer

-deco [i6n. e stablhze rganlc

and thetapaliigrdtie|Musiratgdrhy, iKotbyiashilet ain(sesxGhemti@oeuhun. (2003) 449

Exa%@%&umg%@&rﬂs%stgnggwsa@rﬂlgr'ﬁg% %ﬁ‘(ﬂﬁoﬁ B469; J. Am.
phosphoric acid ochloric acid
atid M iﬁ@ pBoBRe- acld) aL-particularly convenient coascervation

hydreypmiadifengghi - 6@“@@9@%&513%(3 8h6apsulating a palladium compound,
ethylened&mlnetetra(meth &en phosphonic acid), The stabilizer is

typicRNYSNERRPwithin tHl?sr‘ of'B.1 WAfto FEIAERERGy drogLptrakis(triphenyl-
peropﬂessblnh@paltadlnnm(mdsrdtkmoHé@anﬂmimxtgreteﬂJﬁoWbm toeling to 0°C,

reactb(?%%% R gltg@(?ﬂ &S%EM& ?r? &:%8? %%gﬁ'”%c%égﬁs Eosharden the

pref Yy remove om he reaction mixture using techniques we

(13 thmwg&l@wé@ﬁdé&maﬁmtfwhtﬁwgdowaﬁhedsoan@rdmmb nﬁmrly, a noble
obtaimedly HRERRIOFONRAOHAN of FafutitiD2opradysd % 1S polystyrene,

used in fixed bed, then the product mixture usually contalns very

catal?Q{y‘ﬁﬂPé'E\’é%ﬁﬁ%ﬁ‘&Iai@@é%atmﬂp@%kl&‘i% ﬁdpwgééggm?rature and/or the

Preferaditioth efryts0asrspremtits reolidie thecssRIDHte 9% them&@m&% the solvent
morenpx?ferablx less than 2,.wt.% of the togll cata epgst used. The 59 lé
ate

may CONtaM Wq?%%e%eﬁg%ﬁ%‘ BB AL BRRALE AR, Ien andmble metal
txygeatalystiishebiaimed may be desirable that at least a portion of gases

from the hyRORAGRAIGKIIAAIAM KR SIEREHS 29 Brdicdete Bhem. commun,
sSiraple o

047 gen and inert gases, IS removed. In some cases it ma gﬁe desirable 1o

remd@@pdRR %ﬁh@@éf\/@ﬂ@ {EhRIRe LA, (2083164 B i dhe preparation of
hydr%@ﬂlﬂ@%@h&%ﬁ@lé@t@%@%ﬂﬁ&b&ﬁlﬂ Ley'sT6RaPAPRS S6n0bigénic phase
invention also |ncl¥desa X|dat|on step 9&5‘ Ocom rlseg3 eact 5 q
orga PO AR R A YIRS APATE CRRLR TR (YULsR s Hjsperse

2n oxidbiionagatadgsieous phase that contains emuisifiers and/or stabilizers.
Polymerization occurs at the interface to form microcapsule walls. A polyurea-
encapsulated noble metal cataiyst’ is analogously prepared by substituting a
noble metal catalyst for the transition metal source. For another example of in-
situ polymerization to generate microcapsules, see Adv. Powder Technol. 13

25 (2002)265. | . |
Polymer-encapsulation of the noble metal catalyst can improve the

performance (e.g., rate, selectivity, catalyst life) and filterability and also should
reduce the leaching of the noble metal into reaction mixtures. Particularly where
the cost of the metal is high (e.g., Pd), reducing metal loss can result in
30 significant financial advantages. |

The H2O2-producing catalyst may be further treated by techniques éuch
as heat treatment, oxidation, reduction, and the like prior to use in hydrogen
peroxide production. For example, the catalyst may be reduced under an
atmosphere containing hydrogen. The encapsulant polymer and the noble



The oxidation catalyst is any catalyst capable of catalyzing the oxidation of
an organic compound with hydrogen peroxide. The oxidation catalyst
typically includes a transition metal. Suitable transition metals are Group 3
to 11 metals. 25 The first row of these metals includes Sc, Ti, V, Cr, Mn,

Fe, Quetd, raay Guiefhe pryssitid omobtahivalychanyesestanesyitefi@iig treatment.

oxidati S it ] pable of catalyzing the reactign. .
e LS Al R S e & S @hutoigne) may be
FeClaydregsoaiey huividmoeancteeaioraptaxeiie(hg. nokieioretslmay be reduced to

tetraGisaBiROiRBYiditauKga bis(isopropoxide) acetylacetonate, 30
methylrhenium(VII) trioxide), transition metal oxides (eg titania,

tdingsten(VI] il CaBpeN g RIPR ses R s %RRitio Wiakleoxaivants are liquid
(€.9. e enotorecomaitiRd daheiiftlademég., OxPHeprCoHRBRIIY. hydrocarbons
mixed metal oxid s%i.g. tltagla/3|$]c§j artl,adl silica), transition metal

ol B, AR Sihaielc 97 ZlRNAIE RAYELSS Ui loiae @t hexane,
e.g., thivtdnadgst drsoeted andhpalishthtiC asalyeidsA: shehemd, 25 MRbenzene and

(200 Jike, [ s.the oxidati talyst ma
be sgﬁu%ﬁ , pﬁt%l iﬁé%%b@?%?%séggﬁig%;%s%mﬁg |h>iflhg§6 r%rgc%%)n“ér!ﬁab(tﬁrr‘g water.
hdePHilalies QiigenRigHiopRIVPRie iaBlyden saRiomtidiodamly siatemnmisk oxygen-

a tragsiiaihng A dreelib on L SOHESIRBEHAIY, SRRLAIN &¥18rs! KaRRe Shd the like,
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(e.g. fAANIMLER aditi B e P SeaRISt RNV AR A HAGinyter, lower
poroafiphaliec GaGsiealecholstischndsconetiningl,a éthanbiprisvptepanol, and tert-

Prefeyr ifi I, are T, Fe,Co. Cr, Zt, N o.and W.

Partﬁgﬂfﬁlgﬁbgeﬁﬁem@i% ?f%{% { o},érg%? RA%&";E%?&?&‘ i% 'ﬁé ﬁ) The :
§pe of trankitforHaédtaredantecsisiyercsepeiges Lash Bydegser ofAlthough any
factosgutegh/ Endhiaroyés and ShiareiP’dis BWRELOMBREIAICRFgen (O.) and

oxidized. For example, it is ﬁ)referred to use a relatively small pore zeolite
Ni

suchadecH'an ydrrasaideniam R aretrg AR WeAp&RER & Byetegen to oxygen
aliphgtic@pliseslishpesfeartitylendthprdny lengewt 1-hotaneoL Titanium :
silicates (titanosik are suitable oxidation catalysts. Preferably, the .
contain not@gorcrféifﬁ?é?@?%ﬁgﬁqi@rﬁh%{?rglﬂggh?% gx%%rﬁnﬂytﬁg fi‘étﬁaeyrhe inert
MameddralsbelR (S kesrkheNvtygeonand didzegdvideamirtibeesadtion mixture
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Nostrand Reinhold, pp. 205-282). Small amounts of impurities, e.g.,”
| boroﬂl‘%ﬂ@ﬂ%@@ﬁﬂ‘ﬁnﬁ?ﬂ?@%ﬁﬂf@%‘%@&p@ﬂ%ﬂ@Nﬁﬁliﬁéﬁdﬁ tures thereof.
mixtures tiEfieoH OphRIDEREE D thRalabisparisaBPURIMY iBRYHRGdES flow,

preferably | than 0.5 wt.%, m referahly less than 0.1 wt.%

Preferied ﬁrﬁu% S |E:%1 e@ﬁﬁ'ggﬁgfﬁﬂgﬁgéﬂf&ﬁdﬁsﬁﬁ&ﬂ the form of slurry or
Zéqrréigpdrhﬁdg 1 ish ereftoneih docopenataldbentatat piEiSu(e-WiBothenhage of 1 to
X is bepves 0-PRE T Mich I Q¥R 8 5 o A dPa R USREN 2SO the

0.01 to 0.125. The molar ratio of Si:Ti in the lattice framework of the

zeolRESESH RARRAEE RisRYHERGeD srerrxise:1 Ristssabhert dsRmaiwes (ithin the

60: Liarigeeci O toefai%e nibaa varsiohizdaiie20teYabdde desirable.
Particularly{tpreferr%% titagﬂum zeolites,include thzé{:clgss of molecuéar

sieves commOnty Khowty Sa HEdrans sifcaliSs fsdV CaRsn FRKTONEe gyigpilizer in

339(3)yd99e) 20eRxide mxadysiienofahmiriniz bydFSgér(tipenixide decomposition.

silicg[igabiAHEMNIYErSHERIAE [H %NE&%&E’QX@Q%‘R@%{&F%&H&I Helating
), 1S- L fopolo alo t

the ZSM-5 aluminosilicate), 2 (having an ology an ous to

that IRz 3. tHealliseireadlicabdyram dhesesf(aFrasmpiss oh 'Bﬁg@aﬁn peroxide
Pat.dttblized9 1088 ifficanicit) zaaflife haid)IRA8EIEAK SIYICtHYBFochloric acid,
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In addition to a titanium zeolite, the oxidation catalyst may contain other
components including Mania, zirconia, niobia, silica, alumina,
silica-alumina, 5 titania-silica, zirconia-silica, niobia-silica, and mixtures
thereof as part of the catalyst. For example, a titanium zeolite may be

formg@dmmh?]ﬂ@ésdmr@ipami_ilmw@@izadql?éﬂiﬁ?ﬁ@%ﬁﬂhéﬁetra(methylene-
th a. . - aluming, silica- in
BT R e T ——

contitd0miSev, semi- 10 batch, or batch mode. It is advantageous to

work at a pr, - i fange .
02500, o e PSS SRR RTHER, 1 e MEDE ducing st

hay KEsiR dheiearlionds marTaTResdn Susltp raratncier BaQubiadiwingdatalyst
~ inert gaseSdriipe i St P rstiaing @S&i@?ﬁrﬁ&ﬁi@%gﬁﬁbﬁm}’u@@ well known in

advaptageous tg use a buffer jn the oxidation step. The buffer may. )
typicgﬁ? Sé)’aﬁ?éh?étaﬁcgﬂ%gﬂ?tocﬁmﬁﬂégﬁﬂ% inkiery, 8?‘{0[8%"'(9 to obtain a
hydrdyeirogerogeiexdtusointidine Ib diie HyGy-misdusihgddealystctigdd théixed bed,
oxidation reacti ixt e rise i r ion t o
o e R ML R RATRRNY Sk M BRI, thus avoitona
1AveriRRRIAEAII CRALRDONS iRt NeesesaYyachiksieaiabhatthe drvdrogen peroxide

PropaHiQsHOEIMEAGHS IRERRHEN Y ke S1orh IS thei SlWERBS the total

may preferably range from 3 to 10, more preferably from 4 to 9, and most

prefefaialy ftotitedio e FRlior maycoraiRdYEmAsTH REiRsh stailizers, non-
catioreabiedaydrogery andlwstegpino spitaile ke Oltateabinadunalsie mbtig least a

B ke Rl AR Poblent A R 15 roen

15 ~ oxygen, and inert gases, is removed. In some cases it may be desirable to

remove a portion of the solvent to generate a more concentrated hydrogen

peroxide solution.
‘OXIDATION STEP

. The process of the invention also includes an oxidation step which

20  comprises reacting an organic compound with the hydrogen peroxide solution in
the presence of an oxidation catalyst. 4

The oxidation catalyst is any catalyst capable of catalyzing the oxidation

" of an organic compound with hydrogen peroxide. The oxidation catalyst typically

includes a transition metal. Suitable transition metals are Group 3 to 11 metals.

25 The first row of these metals includes Sc, Ti,.V, Cr, Mn, Fe, Co, Ni, and Cu. The

transition metal may be present in any suitable oxidation state as long as it is

capable of catalyzing the reaction. Examples of suitable oxidation éatalysts are:

transition metal salts (e.g., FeCls, Cry(S04)s), transition metal complexes (e.g.,

titanium(lV) tetra(isopropoxide), titanium bis(isopropdxide) acetylacetonate,

30  methylrhenium(VIl) trioxide), transition metal oxides (e.g., titania, tungsten(VI)

oxide, niobium oxide), supported transition metal oxides (e.g., titanium oxide

supported on silica, alumina, or other supports), mixed metal oxides (e.g.,

titania/silica, vanadia/silica), transition metal zeolites (e.g., titanium silicates,

vanadium silicates), heteropolyacids (see, e.g., the catalyst described in Applied

v



alkylammonium (e.g., tetraalkylammoniums, pyridiniums, and the like),
alkylphosphonium, alkali metal, and alkaline earth metal ions, or the like.
Examples include NH4, NBu4, NMe4, Li, Na, K, Cs, Mg, and Ca cations.
The preferred buffer comprises an anion selected from the group

consictmhsis3ApiGwale 260(Pp(R003bigad)oaate thelixe, audrnﬁid@nés thereof.
and agetate; and a cation selected from the grqup consjsting of . .
i S A e 0 SR e SEI RIS Pr-Sas gy dnsoluble
earthimiberéastion ufisterenayderdher seagtiomeainditioombination of more

than one sui . [ tr @{Eﬁg et in.the.so :
is from O._O(L;%%? I\g/?ﬁ' @%r%?é%ﬁﬁfﬁ?m %ogé tg%].% I\E/ﬁgh'%ﬁkgoguﬁ{esrgl zec?lfte.
JsefdeRliige grnarabv sralpinQuaLLmMeRe AR Hiard)Midd RnriHialilge in addition

formesl byyaeding arRRYA BRI RSO HRINEN ZEOKtE)SIanadiuRNSeolite) is
may use a%—l = 12-[1%,5? ution of ammonluT%hydroxlde to balance t egl—t| .
of thé XTI S TRIST AL B RARAPLRHS IRRICHIER RIE RISHE R gfd containing a

phospransiicmmetaiLr® efesptdtansitidremetaisiane MidkoxMe, Fe, 8o, Cr, Zr, Nb,
variefy O MO EARBINIS RS Qe Db PLeRe M RY SHBterred is T,

0 h
Examp(fés of organic comp S m%%?e‘s oleflné,xgh{anes, arenes,
WcoHds, iraenhpiidsansitinne smetabaeelite ammiovakedenents puetiréd number of

oxidgiefe R OFRATIIHIE tREISRE SAINPIRABK! & e Wit LRRTIR to be oxidized,

oxidation product is an epoxide. Suitable olefins include any olefin having

at o4 cFPERISH L ISR R P LESR, 2 raigfedr S albReseiFeglite slch as a
- carbtrarsitiors ristiesticklita of ohefiorianle zoysiounlias e dbfenafbimBe olefin such

oiens AN, RS S TR Do present in the olefin moiectie,

Hs in a diendtapium silicates (titanosilicates) are suitable oxidation catalysts.
Preferably, they contain no element other than titanium, silicon, and 'okygen in |
the lattice framework (see R. Szostak, “Non-aluminosilicate Molecular Sieves,”
in Molecular Sieves: Principles of Synthesis and Identification (1989), Van
Nostrand Reinhold, pp. 205-282).' Small amounts of impurities, e.g., boron, iron,

20  aluminum, phosphorous, copper, and the like, and mixtures thereof, may be
present in the lattice. The amount of impurities is preferably less than 0.5 wt.%,

more preferably less than 0.1 wt.%. Preferred titanium silicates will generally

have a composition corresponding to the following empirical formula: XTiOp¢(1-
X)8i0O2, where x is between 0.0001 and 0.5000. More preferably, the value of x
25 is from 0.01 to 0.125. The molar ratio of Si:Ti in the lattice framework of the
zeolite is advantageously from 9.5:1 to 99:1 (most preferably from 9.5:1 to 60:1).
The use of relatively titanium-rich zeolites may also be desirable. Particularly
preferred titanium zeolites include the class of molecular sieves commonly
known as titanium silicalites (see Catal. Rev.-Sci. Eng., 39(3) (1997) 209).
30 Examples of these include TS-1 (titanium silicalite-1, a titanium silicalite having
an MFI topology analogous to that of the ZSM-5 aluminosilicate), TS;2 (having
an MEL topology analogous to that of the ZSM-11 aluminosilicate), and TS-3 (as
described in Belgian Pat. No. 1,001,038). Titanium zeolites having framework

10



15 triene. The olefin may be a hydrocarbon or may contain functional
groups such as halogen, carboxyl, hydroxyl, ether, carbonyl, cyano, or
nitro groups, or the like. In a particularly preferred process, the olefin is
propylene and the epoxide is propylene oxide. Olefins may also be

oxidiztudiums asgprofbiedsié e pditlicliehnerd &eitenafdrEMaP ey lifso suitable

acids, 20Alkane oxidation to alcohols, ketones, or other oxygenated

fi

produ%fsufse another preferred oxidation process of the invention. The

process is Valaditdnetmastitahiixygelitatdbiepoxitiatioracaizdyst nayatentain other

| janali : it | incl oo
T e
theredprisaiigRe Zbeomazsilisae Ninbiensdica,gansthahduire thaesai-Bstass of the

- isobuiaReyd0IUFBR SEMBIRN 28 Rtariiith GEBRBSmay BESIMUAIRB particles (e.g.,
reactions inc¢lude, el.fgi.,éomdatlons of arenes to phenols, phenols

( s, phenols t -
catedRA% AR neldiged &ie) Ry ISR orinocRmbnayn, Wihida aﬁeﬁfr(e-g-. silica,

sulfoakmiae) rsitistrvaitinnne ttdalkzysiticaoakdttheekkis).the presence of 30

ammonia o amipne.to make oximes (e.d.. the conversion of .. .
cyclohexanﬁ(;ﬁg %Q}é‘)/é‘c?fg exat on%ea xﬁr% ggfbr ePoﬁiBa/iﬁgCgQg%upﬂgg flow, semi-
merehfﬁﬁqbsq‘at@thb quﬁtioh.iqﬁdyergamm tmewark willgquregsire nfah200 bars
variadRgcdl abaisrdtitashe e flrdge o anis0-er dasrepRiiEnly, 20-200°C.
claims. COMPARATIVE EXAMPLE I: Pd/A36 CATALYST Amb (Iyst _

36 relfidlitiong! solerkcardier obeih8asrenFRbEnAddedaly e oregeion mixture.

wast@ltatile setihrertddGalene brakaek ppees¢otithadiaboprddiRing step are
methamﬁcgéhen decanted. The methanol washing step is repeated six 5

time&PP ﬁSpension containing the washed A-36 resin and methanol
1100 g), a ghikaliure adetattagetutsolo (isg b duofférd(Cthe)@xidatiby steptofiée buffer

' ad - oLl n id e £
a2, SIC L LRGR BTHE Sent 16 T8 B SOIRBCTE to the
constAEQgeRy Remdderisalulima. (CHigRefieramaygplssnienaddedydingeily. to the
%(iE)é&;NH'ﬁbE %dBﬁHnYrgiEEIG?& Nl?&l}{ﬁféﬂ§ \?lﬁ;@ﬁé}i Tﬁ&ﬁ@@e?ﬁﬂ%ﬂggﬂprove the
nto a 2-0z crown cap,bottle containing_a solution of styrene an
2.2 BRSBTS BBNED: S oot bl bR A AlEghBluce any
20| utoitglole Salis. U, @3@cjiis it Oadhlys taAd POoppftiomstofamhith h dne mixture, are
h S et .
charged, /ﬁ%t&rth%u')}/ﬂﬁaf%%l}’v%%ﬂg% §r@ﬁ\%§eﬁﬁ§8qﬁﬂg % 10, more

suspension 15 polymerization Is effecte gitation in an

oil bRleTErC A, t8118waahbynashtReaterabh dom Arte Soolifigiteble salts of
rOONbXGEHREY AbeFfia il CapObIsH - SR REUEH S TREIMAIDS TR therE @fhosphate,

e el ot ot
25Y DéflicaiE; NaRIER O3l 0&¢) RADO UL IikE,  The cation may include ammonium,
alkylammonium (e.g., tetraalkylammoniums, pyridiniums, and the like),
alkylphosphonium, alkali metal, and alkaline earth metal ions, or the like.
Examples include NH4, NBus, NMey, Li, Na, K, Cs, Mg, and Ca cations. The
- preferred buffer comprises an anion selected from the group consisting of
30 phosphate, carbonate, bicarbonate, sulfate, hyd'roxide, and acetate; and a
cation selected from the group consisting of ammonium, alkylammonium,
alkylphosphonium, alkali metal, and alkaline earth metal ions. Buffers may
preferably contain a combination of more than one suitable salt. Typically, the
concentration of buffer in the solvent is from 0.0001 M to 1 M, preferably from

11



The tests are conducted in a 450-mL multi-tube Parr reactor. Five test
tubes in the reactor share the same gas phase. Each test tube has a
magnetic stirring bar and all bars stir at the same rate. Test tubes 1, 2 and
5 are each charged with Catalyst B (10 mg). Test tubes 3 and 4 are each

char@eBDOSVELS @3 Wy Offeabalitel O MakisT e araiol idy erdEe Smmonium
tube co tain t}‘o t gagg Pd. ngbfter mixture %f methanol/water ‘
(vo/ %e.gw §16c SS‘IE ¥R W&&?UBB %%933&?0 35?5"538” System.
and ﬂﬁmheatanmmrmgmayAm tnphbact-térteltionreframadrin@0Rydroxide to
ther s

ixtoaas 3‘@"’#’3{ O35 eacael LR DR pridiad HIGER HEhe aai
it Bae (RTOSIHTe @hRapheisc AN memmhwf@m@ it is

cooled to rgoga R RASigERIcT EEHTGRIY TR efdié’ﬂ*ﬁ%!e@yﬂﬁ@ﬁi%éﬂt process.

each solution is determined by li UId chromatogra ( and listed
ARG o GGa0 o HRRUACS IBRE B gIAnes, arenes, alconols,
polymmemmw%wdwmwagéngher yields of hydrogen

peroxide th réyé cess erformed wit hQ e rame amount of Pd

a Pd/A36 c o en(':%%spd%(ie%sby a po mer anﬁgg}mq S 8 olefin,
mydr@@@ﬁmemda@omrmgwohwrm Ganxigst. CSuilpbleC olefiosiiligiude any olefin

HydrogiaRd a1 qxide B:)n@%ﬂbgn]c%%- %W@/r@,séﬂ@ G@Qerally from 2 to 60
carbon atoms. Preferably the olefin is an acyclic alkene of from 2 to 30 carbon
atoms; the procéss is particularly suitab‘le for epoxidizing C,—Cs olefins. More
than one double bond may be present in the olefin molecule, as in a diene or

15 triene. The olefin may be a hydrocarbon or may contain functional groups such
as halog_en, carboxyl, hydroxyl, ether, carbonyl, cyano, or nitro groups, or the
like. In a particularly preferred process, the olefin is propylene and the epoxide
is propylene oxide. Olefins may also be oxidized to other products including
aldehydes, ketones, and carboxylic acids. ‘ _ o

20 Alkane oxidation to alcohols, ketones, or other oxygenated products is

~ another preferred oxidation process of the invention. The- process is valuable

because the oxygenated products ‘are usually more valuable than

nonfunctionalized hydrocarbons. Suitable alkanes include those containing

halogen, oxygen, aryl groups, and the like, and mixtures thereof. Examples of

25 alkanes include e.g., ethane, propane, n-butane, isobutane, toluene,
ethylbenzene, and cumene.

Other oxidation reactions mclude e.g., oxidations of arenes to phenols,
phenols to catechols, ketones to esters or Iactones, thioethers to sulfoxide
and/or sulfones, ammoximation of aldehydes or ketones in the presence of

30 ammonia or an amine to make oximes (e.g., the conversion of cyclohexanone to
cyclohexanone oxime). _ -

The following examples merely illustrate the invention. Those skilled in
the art will recognize many variations that are within the spirit of the invention
and scope of the claims.

12



1407 2 B 1.04 wt. % Pd/A36/PS (10 mg) 1154 3* A 1.9 wt. % Pd/A36 (5.6
mg) 611 A 1.9 wt. % Pd/A36 (5.6 mg) 717 5 B

10

15

20

30

COMPARATIVE EXAMPLE 1: Pd/A36 CATALYST

Amberlyst 36 resin (A36, an acidic resin obtained from Rohm & Haas)
(0.5 g) is washed with methanol (100 g) in a beaker under gentle agitation.
The methanol is then decanted. The methanol washing step is repeated six
times. To a suspension containing the washed A-36 resin and methanol (100
), a palladium acetate solution (1.71 g of Pd(OAc), in 70 g acétone) is added
with mixing at room temperature. After 30 min, the solid is filtered and washed
with methanol (100 g) and dried in a vacuum oven at 60°C to constant weight.
The dried solid (Catalyst A, 46.5 g) contains 1.9 wt.% Pd. .

EXAMPLE 2: POLYSTYRENE-ENCAPSULATED Pd/A36 CATALYST

Into @ 2-0z crown cap bottle containing a solution of styrene (13 g) and
2,2’~azobis(isobutyronitrile) (AIBN, 0.15 g), a aqueous poly(vinyl alcohol) solution
(0.15 wt.%, 120 g) and Catalyst A (30 g) from Example 1 are charged. After
being purged with nitrogen, - the bottle is capped and the suspension
polymerization is effected by end-over-end agitation in an oil bath at 70°C for 3
h, followed by another 3 h at 90°C. After cooling to room.temperature, the
polymer-encapsulated catalyst is filtered, washed twice with deionized water,
and dried in a vacuum oven at 60°C to constant weight. The product (Catalyst
B) contains 1.1 wt.% Pd. A

EXAMPLE 3: HYDROGEN PEROXIDE PRODUCTION

The tests are conducted in a 450-mL multi-tube Parr reactor. Five test
tubes in the reactor share the same gas phase. ‘Each test tube has a magnetic
stirring bar and all bars stir at the same rate. Test tubes 1, 2 and 5 are each
charged with Catalyst B (10 mg). Test tubes 3 and 4 are each charged with 5.6
mg of Catalyst A (5.6 mg). The catalyst in each test tube contains about 0.1 mg
of Pd. After a mixture of methanol/water (70/30 by weight, 5.6 g) is added to
each test tube, the reactor is closed and flushed with nitrogen. After the reactor
contents are heated to 30°C, the reactor is charged with hydrogen to 100 psig,
and then charged with a mixture of oxygen (4 mol %) in nitrogen to 1400 psig.
The reaction mixture in each test tube is stirred magnetically at 30°C for 1 h
before it is cooled to room temperature. The concentration of hydrogen
peroxide in each solution is determined by liquid chromatography (L.C) and listed
in Table 1.
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1.04 wt. % Pd/A36/PS (10 mg) 1413 Comparative test. EXAMPLE 4:
EPDXIDATION OF PROPYLENE 10An autoclave equipped with a stirrer
is charged with a 5 wt.% hydrogen peroxide solution in methanol and
water (prepared by mixing commercially available 30 wt.% aqueous
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* Comparative test.

EXAMPLE 4: EPOXIDATION OF PROPYLENE
10 An autoclave equipped with a stirrer is charged with a 5 wt.% hydrogen
peroxide solution in methanol and water (prepared by mixing commercially
available-30 wt.% aqueous hydrogen peroxide and methanol, 40 g), TS-1 (150
mg), and propylene (21 g). The TS-1 catalyst contains 2.2 wt.% Ti. The reactor
is heated to 50°C and kept at 50°C for 0.5 h. The reaction mixture is analyzed
15 by gas chromatography (GC). LC analysis shows 93% hydrogen peroxide
conversion. The GC shows the formation of propylene oxide (PO), propylene
glycol (PG), and methoxypropanols (PMs) in 94, 0.5, and 5.5 mol.% seléctivities,
respectively. Calculations are performed as follows. POE (mole) = Total PO
equivalents formed = moles of PO + moles of PO units in PO derivatives such
20 as PG and PM. PO selectivity = (moles of PO)/(moles of POE) x 100. PG
selectivity = (moles of PG)/(moles of POE) x 100. PM selectivity = (moles of
PMs)/(moles of POE) x 100. | '
~ It is expected that repeating the procedure of Example 4 except with a
hydrogen peroxide solution produced by the'reaction of hydrogen and oxygen in
25 the presence of a HyOz-producing catalyst (e.g., Catalyst B of Example 2)
should give similar results in the epoxidation of propylene.
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5 and LC analysis shows 38% hydrogen peroxide conversion. PO, PG,
and PM selectivities are 99, <0.1, and 0.3 mol.% respectively. EXAMPLE
6: OXIDATION OF PROPANE The autoclave equipped with a stirrer is
charged with 30 wt.% aqueous hydrogen peroxide (0.4 g), methanol (18

g),;ST-_l %00 mg), amﬁmm&@ommﬁmamma@a\%zhmgé 2.f2

wt.% Ti. The reactor is heat : 0
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It is expected that repeating the procedure of Example 6 except with a

hydrogen peroxide solution produced by the reaction of hydrogen and oxygen in

15 the presence of a H.Oz-producing catalyst (e.g., Catalyst B of Example 2)
should give similar results in the oxidation of propane.
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4. The process of claim 1 wherein the polymer is selected from the group
consisting of polystyrenics, polyolefins, and mixtures thereof. 155.The
process of claim 1 wherein the polymer is polystyrene. 6.The process of
claim 1 wherein the H202-producing catalyst further comprises a
componenygelr@ted from the group consisting of carbon, titania, zirconia,
niobia, silica, alumina, silica-alumina, titania-silica, zirconia-silica,
niobiasilicd, and AmpmresstivbigoEoPO¥igese process of claim 1 wherein

step (a) is perfor ?d_iﬂéélaﬁrﬁrﬁﬁr'?:%%ﬁgﬁwwg@&‘?ﬂw RESBIIER HaRdiBRIsence of a

8. The process of claim 1 wherein the solvent’is an oxygenated solvent.
9. The process of claiffePxeFiNg ccataish: FoRBiRN AR AEFRoGRPsUlated
consisting of alcohols cethisiraitiesterfsa keibleesetalraad diaxifenisvatid, otgstyrene

25mixtures thereof re§19' H}gﬁ%%f C?élsiﬁh%@ﬂlw&em@ié%w ﬁ%@ré\% igf functional

performed in the presence o er. e’process of claim erein
the oxidation catalyst @eHagatmrhtaBoHydsoaenesoyide se¥bemIand 11

wherein the titan{yin Zeaktds drdolefid MM IRESSRINGAEN perpRBSESsIution in the

presence of an oxidation catalyst to produce an epoxide.

2. The process of claim 1 wherein the noble metal is selected from the
group consisting of palladium, platinum, gold, rhenium, silver, and mixtures thereof.

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

4, The process of claim 1 wherein the polymer is selected from the
group consisting of polystyrenics, polyolefins, and mixtures thereof.

5. The process of claim 1 wherein the polymer is polystyrene.

6. The process of claim 1 wherein the H,O,-producing catalyst further
comprises a component selected from the group consisting of carbon, titania,
zirconia, niobia, silica, alumina, silica-alumina, titania-silica, zirconia-silica, niobia-

silica, and mixtures thereof.

7. The process of claim 1 wherein step (a) is performed in the presence

of a hydrogen peroxide stabilizer.
8. The process of claim 1 wherein the solvent is an oxygenated solvent.

9. The process of claim 1 wherein the solvent is selected from the
group consisting of alcohols, ethers, esters, ketones, carbon dioxide, water, and
mixtures thereof.

10. The process of claim 1 wherein step (b) is performed in the presence

of a buffer.

11. The process of claim 1 wherein the oxidation catalyst is a titanium

zeolite.

12. The process of claim 11 wherein the titanium zeolite is TS-1.
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(a) reacting hydrogen and oxygen in a solvent in the presence of a
H202-producing catalyst comprising a polymer-encapsulated combination
of palladium and a sulfonic acid polystyrene resin, to obtain a hydrogen
peroxide solution; and (b) reacting propylene with the hydrogen peroxide

solution imthe prasRBeessivhiéirobmpagite to produce propylene oxide.
14.The process of claim 13 wherein the titanium zeolite is TS-1.

(a) reacting hydrogen and oxygen in a solvent in the presence of a
H,O.-producing catalyst comprising a polymer-encapsulated
combination of palladium and a sulfonic acid polystyrene resin,
to obtain a hydrogen peroxide solution; and

(b) reacting propylene with the hydrogen peroxide solution in the
presence of a titanium zeolite to produce propylene oxide.

14. The process of claim 13 wherein the titanium zeolite is TS-1.
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