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continuation in part of U.S. application Serial No.

09/390,276 filed September 7, 1999, now issued as U.S.

Patent No. 6,358,486 Bl, to which priority is claimed.

BACKGROUND

1. Field of the Invention

The present invention relates to a mesoporous material,
particularly a catalytic material, and use of the mesoporous
material for the selective oxidation of organic compounds,

particularly hydrocarbons.

2. Backaround of the Prior Art

Various processes and catalysts are kpown for the
selective oxidation of .organic compounds. For example, U.S.
Patent No. 5,948,683 (Koermer et al.) discloses a catalytic
material for the selective oxidatiqn of unsaturated

hydrocarbons in the presence of carbon mornoxide. The
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WD 2004/ 026473 PCT/ US2003/ 030009 catalytic materia

i ncl udes a phosphated ceria nmade by mxing ceria
w@aootioedses with a sol uti on of phosphates, and PtH®Es2003/030009

calcining the particles after separation fromthe

solution. U S. Patent No. 5,811,599 (Alive et al.)

di scl oses a process for the oxidation of hydrocarbons
ciis hgt an I&%ﬂa%%)h%l SOFLERSR Bf PRYAPBEERIPELSERIEFIE tHe

presence of a titanium sjilicate catalyst. U S, Patent
nNelng o7l 19ay¥ EhaseetWhFn) adPeérbies Qf E§P§P9§Fﬁﬁbrand

the sel ective oxidation of hydrocarbons which
tRppF %%nhn%u%%%r?a’é’é%%%leénaéﬁgroﬁeﬁélrétﬁ‘@tnalfr% dde

and vanadi um phosphorus oxi de di spersed over the
sqlitfbeR- of the support. The process conpri ses an

oxi dati on_and reduction _phase he hydrocarbon is

cont@ef edParentt Ne- cat &l ysP9Pn A@ﬁgeréauéﬁlénq&ﬁﬁ%QSes a

and in oxidized or non-oxidized formis adsorbed onto
prpeceat BpystheTheifahded et BVYSOCRAELORSN USkgught aqueous

into the oxidation phase wherein the desired product
spsutbphedfi AvdhedpreBenesige gasébﬁspéﬁfﬁéﬁeamf a titanium

subsequent|ly separated. There is yet need for an
s{hprabvedopEeté¥ss-and catalyst for the selective

oxi dati on of hydrocarbons and ot her organic
conpYufdsPatent No. 5,707,917 (Geus et al.) discloses a

catalyst for the selective oxidation of hydrocarbons which
comprises a support based on one or more metal oxides and
vanadium-phosphorus oxide dispersed over the surface of the
support. The process comprises an oxidation and reduction
phase. The hydrocarbon is contacted with the catalyst in
the reduction phase and in oxidized or non-oxidized form is
adsorbed onto the catalyst. The loaded catalyst is then
brought into the oxidation phase wherein the desired product
is formed in the presence of gaseous oxygen and subsequently
separated.

There is yet need for an improved process and catalyst
for the selective oxidation of hydrocarbons and other

organic compounds.



WD 2004/ 026473 PCT/ US2003/ 030009 SUMMVARY OF THE
I NVENTION A nmaterial is provided herein which
wG@oeogne®es a non- crystalline, porous inorgani BCT/O%2008030009

having at |east 97 volune percent nesopores based on
m cropores and nesopores, and at |east one
catal tically active netal selected from the group

LI i P %ﬁEoﬁ%V%yTﬁg¥e transition metal and one or
m)re nobl e nmetal, Al so provided herein are a nethod
for %R?%%r%ﬁé hﬁt%??‘é%d%ﬁdh%nof“ﬂ?@ RIS s £on-
catal yst, for the selective, oxidation of organic
Toripiotrhtis e ThRO P8R eSBOBHAN LRt A AR NRETEI%h 3pr oA 1o
the selective oxidation of hydrocarbons and ot her
B HHRT P ESRPBURBSORPE RS VRR 5 hi Yh IEEIREROASt pRBRIGIOPores,
DESCRI PTI ON OF THE DRAW NGS Vari ous enbodi nents are
Hedcr | bERR BEl oRewFR Rt BEEFRhEE 2qtE eh&edrdnisfdected from
wherein: FIG 1A is a plot showing the X-ray
Hhe faeeP orOpai fEERY of Phe @’étné?%%ttmséﬁl&n getal and one
Example 1; FIG 1B is a_transm ssion el ectron
¥ cRO5EOpYL i fegetat - théseaprdyided Mer@iinalarst maRiied for
1, FIG 2 graphically presents pore volume and pore
&3 lebng delta PeEeAlAl ngneolERec ki yigte mwtledsald gfatalyst
Example 1; -3
for the selective oxidation of organic compounds.

The process and catalyst herein provide for the
selective oxidation of hydrdbarbons and other organic

compounds with very high selectivity.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments are described below with reference
to the drawings wherein:

FIG. 1A is a plot showing the X-ray diffraction pattern
of the catalyst material of Example 1;

FIG. 1B is a transmission electron microscopy image of
the catalytic material of Example 1;

FIG. 2 graphically presents pore volume and pore size

data pertaining to the catalytic material of Example 1;



WD 2004/ 026473 PCT/ US2003/ 030009 FIG 3 is a graph

showing the X-ray diffraction patterns of the catal yst
wordaneal’s of Exanples 4, 5, 6 and 7; and, FlECTAIS2083/630009

graph showing the X-ray diffraction pattern of the

catal yst material of Exanple 8. DETAILED DESCRI PTI ON

OF PREEERREDS ENVBOLL MENTK S) ; The gatal é/a?a)f c@jfs t fa %f% P&z ent

i nvention includés a three- di nension

pgefgyﬁsiagrea@ieaeéiggtnﬁéﬁéiééléh@% b Sam y@étéﬁt%ﬁ'éyand

mesoporous in structure. The material possesses
7pogﬁg;ystalline,' but regul ari zed (pseudo-
crystalline) structure. Mesoporous nmaterials are

descgirgeds 18 Y SraflRt 8RGOy Frnd58. 488 Blsephiiohoi

. . tt
herein incorporated by reference in |$s entirety. ?%% =En

ofatALYEhtal YSEhRE £ PEL YIASE §£§m§%?g?!e nobl e met al

B
and/or one Or nore transition The anor phous
i norgani c oxide material of the present invention
general ly contains both nesopores and m cropores.

D ﬁiﬂEBfﬁﬁséEQP@§6N”6§ B E?ﬁﬁﬁﬁohéMEGQI@Eﬁf?§Ptef of
t out 2 [

R
ess han a nm Mesopores are defined as pores

havi9geaca@5@gskeago£hérgﬂé§ gg;igﬁgﬁtienapﬁyiuégsngﬂthree-

The i nor gani c” oxide materla e present 1 nvention

d%@én@iégéggﬁatgﬁi ?”gggsugfiHE?SQRiSSoQId@tm£€@§£a1 that is

out prerer

substantially mesoporous in structure. The material
possesses a non-crystalline, "but regularized (pseudo-
crystalline) structure. Mesoporous materials are described
in U.S. Patent No. 6,358,486 Bl, which is herein
incorporated by reference in its entirety. The catalyst
further includes one or more noble metal and/or one or more
transition metal.

The amorphous inorganic oxide material of the present
invention generally contains both mesopores and micropores.
Microporés are defined as pores having a diameter of less
than about 2 nm. Mesopores are defined as pores having a
diameter of from about 2 nm to about 50 nm. The inorganic
oxide material of thg present invention has a volume
percentage of mesopores of at least about 97% and preferably

at least about 98%.



at | east about 98% -4 WD 2004/ 026473
PCT/ US2003/ 030009 A nethod for making a preferred

W@Oo00a036433 | | ca cont ai ni ng catal yst support is PeBUS2002030009
in US. Patent No. 6,358,486 Bl. The average nesopore
size of the preferred catalyst as determ ned from
N2- porosi metry ranges from about 2 nmto about 25 nm
GEné$éT¢Sh04i£; @s PEREFFARFcPOER M Ge Sild-I5@epar ed
by heating a m xture of (1) a precursor of the .

CQiHoHgamE PGade/Sth wWaPert dfddesyrahcsr gante S. Patent No.
tenplating agent that mxes well with the oxide

6 ot SorBlor tHe Giid@dss pesresrgeferat 84 fhempaterred
precursor, and preferably forms hydrogen bonds w th

catalymHe at detisigrimacerfiran Ne-pefesEleyranraneephbgsm about
materi al and may be conprised of one or nore inorganic

2 g¥i des RRUE a5° it cHIRTGNiEdE Yor tRRURBRARPERGe i ndngrnic
or wthout additional netal oxides. The silicon or

oxidan Furpreraid iy Neatieg acedxturpapf By) a precursor of
catal ytically active transition netal atonms such as

the tEmpumniarmatidanicoppar, aadr d8hi am orgRgaredemplating
zinc, chromum nolybdenum tungsten, nickel, cobalt

agank | tlort ankahevdlkelithhéeheonpodit PoRchy soweiaghtthsf oxide
the transition netal is preferably up to about 60%

st e pragreeziigd fFom dbeutrr@c0gs%-t o 2aaboptreZ@pafased orms
on

hydrogen bonds with it.

The starting material ié generally an amorphous
material and may be comprised of one or more inorganic
oxides such as silicon oxide or aluminum oxide, with or
without additional metal oxides. The silicon or aluminum
atoms may be replaced in part by catalytically active
transition metal atoms such as titanium, vanadium, copper,
zirconium, manganese, zinc, chromium, molybdenum, tungsten,
nickel, cobalt and iron and the like. The composition by
weight of the transition metal is preferably up to about
60%, more preferably from about 0.001% to about 20% based on
the total weight of the catalyst. The additional metals may
optionally be incorporéted into the material prior to
initiating the process for producing a structure that

contains mesopores. For example, homogeneous synthesis

5.



the total weight of the catalyst. The additi onal
metals may optionally be incorporated into the
wordoane@l73 prior to initiating the process forPCT/US2003/030009
produci ng a structure that contains nmesopores. For
exanpl e, honogeneous synthesis -5 WD 2004/ 026473
PCT/ US2003/ 030009 m xtures containing transitian,
MR 2 ROXF AL LRP1 FEBRSSFLOR BRAdnPdRsRGe Ee1g.con or
tetraethyl orthosilicate "TEOGS', or alum num N .
al @ Ep okt ¥l dande of gani e tEERBPELI RE RS 1GRT e TEOS”, or
repared, The synthesis m xture can then be aged,
2 gfpegm Ja%‘ap’é%?%?“héﬂ)to%%ﬁ’&@é%%@@&@é@&%‘g agent can be
structure. Drying of the synthesis m xture can be
PHRFIBFed By hewiFR§SLReMiSKFNEReSPE FRETURS B9y, dried,
drying tenperature of from about 50C to about 150C,
apfl eFt @bl §Y 6D€ PHOABEHt 21PGCOPPEPVS FEHUSFULST t DRy 1ng of
sufficient to drive off the water and/or volatile
tlep gan eh ¢ § §Bi B5X T AP CcFAPn§ CoPerReraeide  YnibedAirid c 4k e
perfornmed by heating the dried m xture to a cal cining .
sY®RippRY b3 URERBRr e r B abeglyiBgoterpeapswrel adodgom about 50°C
preferablg/ ,fromabout 400C to about 700C, for a .
tperh@dt ok 5@ 1% praferePnt 6PoCt BP nebREtne88p6r ofisr 2 period
structure. Calcining tines typically range from about
oP hbue sseblhpbent4boheyiye o@?ﬁ@ﬁ@i Wgtegt Arelqir jwplatile
part, on the calcining tenperature. After heating to
oreapve Waterdand/ Brlednamna @fofganid@ied mixture can be

performed by heating the dried mixture to a calcining
temperature of from about 300°C to about 1,000°C, preferabiy
from about 400°C to about 700°C, for a period of time
sufficient to form the mesoporous structure. Calcining
times typically range from about 2 hours to about 40 hours,
depending, at least in part, on the calcining temperature.
After heating to remove water and/or volatile organic
compoun@s and before calcining, there is an optional step of
heating the dried mixture in a container at a temperature of
from about 130°C to about 200°C for a period of time of from
about 2 hours to about 96 hours. This step can be used to
manipulate the mesopore size, surface area and pore volume

of the final composition.



conmpounds and before calcining, there is an optiona
step of heating the dried mxture in a container at a

wo eovpeeatiir e of from about 130C to about 200CPEDUSE03/030009
period of time of from about 2 hours to about 96
hours. This step can be used to manipulate the
mesopore size, surface area and pore volune of the :
fi nal®lSShpSSitgorrere b o002~ 02Ba 732 Peri &52008L 0306091 the
Al so, after preparation of the material, cations in
St &8 S IRty Bt lon &1l yepéared] uekld akbhroihep PBAB as
such as. those of an alkali netal (e.g.-, sodium .
osgs Sfumn 1dlikaldmmetedc (g 9TheSefyani cpotassium, lithium,
mesopore-formng tenplating agent is preferably a
€#S¢dol (a conpound that includes two or nore hydroxyl
groups), such as glycerol, diethylene glycol, .
tri ety ev@agiiyic dlesopereadphylieaet grytatingr apghenas
glycol, and the like, ar nenber(s) of the group
pEeisiTStlyg 209l nadletfasomaning, that f bhiaheges two or more
tetraethyl ene pentani ne and diethyl glycol dibenzoate.
hpdefoesyabIgrovtse t emghagisnglagenel, hdsebhpbehenglpopht
of at | east about 150C. The nesoporous catal yst
tadspdrtlene glyseddotetyeeahiinee ghveel al ptppglenenglycol,
crystallinity is observed by presently available
a>@dY & edilfifheactdromambetiiisques) tThegnalp chneskabssg of

triethanolamine, sulfolane, tetraethylene pentamine and
diethylglycol dibenzoate. Pfeferably, the templating agent
has a boiling point of at least about 150°C.

The mesoporous catalyst support is a pseudo-crystalline
material (i.e. - no crystallinity is observed by presently
available x-ray diffraction téchniques). The wall thickness
of the mesopores is preferably from about 3 nm to about 25
nm. The surface area of the catalyst support as determined
by BET (N,) preferably ranges from about 400 m?/g to about
1200 m?/g. The catalyst pore volume preferably ranges from
about 0.3 cm?/g to about 2.2 cm¥/g.

During mixing, the appropriately selected active metal
forms complexes with the templates (e.g., triethanolamine,
or “TEA”). After drying the complexes together with free

organic compound (such as TEA) act as a templating agent for
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of the nmesopores is preferably fromabout 3 nmto

about 25 nm The surface area of the catal yst support
wa@soodetarsn ned by BET (N2) preferably ranges PeDUIS2003/030009

about 400 m/g to about 1200 nR/g. The catal yst pore

vol une preferably ranges from about 0.3 cnB/g to

about 2 an/ Xin t he appropri at
thseemseaoe%@ e M Bt s br e Cher fophetes
Iates ( tri et hanol am,ne, _or "TEA"). After
ecﬁ ol hea%do%ayefé:g%gceﬁ?s%st A-Pr EE%00Pani
0 (such as .TEA) act | ati or
Cong %‘%OW TU%@%FO@%B@ ﬁgsﬁ%ssga? £he
hbxt dur| ca t he conpl ex conpose; , and
%@aﬁ?@ H}eér?é’\?éﬁs HRestiaine onctnd™
tr nS|t net.al s hqno ene at the _.interna
Oﬁ?ﬁf g %%%ﬁa%b BdsonGhagCOREAABo R GAqERgteS Of
of the transition netals, the coordination states of
Ehasss & 144N 190t SaahehE RERPdRed. MRESL O6f ThRe
active sites are easily acceSS|bIe because_t hey are
acﬁrlé‘Feerse‘ﬁ:teiSdl5}*3)e &7 e R SR SEHE ﬁe?@ﬁéPé%GPﬁﬁc%e I n
addi ti on, the three-dinensional nesopore system al so
PHHQISEESL Y AEEARY Qe tn?&s?etsrog%feeﬁ'urfﬁée?nor g&ni c

oxi de support, with or without transition netal, can
adel A% h i qrddi a8 S IREISHOPAd o FEEPBR TEN ¥ EEAMO R 15O

facilitates intraparticle mass transfer.

The inorganic oxide support, with or without transition
metal, can be further modified by incorporation therein of a
catalytically effective amount of one or more noble metals
such as gold (Au), silver (Ag), platinum (PL), palladium‘
(Pd), dridium (Ir), rhodium (Rh), ruthenium (Ru), rhgnium
{(Re) or osmium (0s). These noble metals can form nano-sized
particles having a diameter of 10 nm or less in tﬁe
mesopores. The percentage by weight of the noble metal can
range up to about 60%, preferably from ébout 0.1% to about
40%, based on the total catalyst weight.

The noble metal can be incorporated into the inorganic
mesoporous oxide by any suitable method such as ion exchange
or by impregnating the inorganic oxide with a solution of a

soluble, decomposable compound of the noble metal, then



catalytically effective anount of one or nore noble
metals such as gold (Au), silver (Ag), platinum(Pt),
w@addaekdsasn (Pd), iridium(lr), rhodium (Rh), POI/NSI008/0630009
(Ru), rhenium (Re) or osmum (0s). These noble netals
can form nano-sized particles having a dianeter of 10
nmor less in the nesopores. The percentage by weight
wasthitiige sobliageead cahlecinge Gpet drapeanagry inorganic
preferably fromabout 0.1%to about 40% based on the
oxigtaalt cat Frpsesweisgisth. aFheapnsbhnéngetsl demerose the noble
i ncorporated into the inorganic nesoporous oxide by
nedRl sempaning, méties¢byuelodgcios exchatdeatmd atalyst
i mpregnating the inorganic oxide with a solution of a
hapingligeadecodposatticd donpbengosest led rdis! enmtganic oxide.
then -8 WD 2004/ 026473 PCT/ US2003/ 030009 washi ng,
Sulryag, revipd-ss misjtedt icegrrhedisnpnedinaicedaitor ganile as
oxi de to a process such as calcining to deconpose the
nifots tee s ,methdlo ré oo urdoni ame bpmpledes, n@rah ot | Viated
catal yst having free noble netal in the pores of the
i noganiinoxifdeéhe Switlabhetadbliapmegala teshpiowmdganic oxide
include salts such as nitrates, chlorides, amoni um
camiptsexdss, amrid-onlzd Uvi ker foagkidngich ek ambie metare some
i npregnated i norgani c oxide catalyst is optionally
arpienfsor melt ywiintoh ofattére cetedysie toomemoars ovest.eDrandafpofother
the catalyst to renove water and/or other
volatile compounds can be. accomplished by heating the

catalyst to a drying temperaﬁure of from about 50°C to about
190°C. Calcining to activate the catalyst can be performed
at a temperature of from about 150°C to about 600°C for a
sufficient period of time. Generally, calcining can be.
performed for 2 to 40 hours depending, at least in part, on
the calcining temperature.

The resulting catalyst can be employed in selective
oxidation processes such as described below:

A) Epoxidation of alkenes to produce epoxides.
Suitable alkenes include C, to C,, unsaturated hydrocarbon
'compounds such as, for example, ethylene, propylene, the -
butenes (l-butene, 2-butene, isobutylene) butadiene, the
pentenes, linear or branched chain hexene, l-octene,

cyclohexene, and the like. Oxidizing agents can include

9.



vol atil e compounds can be. acconplished by heating the
catalyst to a drying tenperature of from about 50C to
w@baun264190C. Cal cining to activate the catal yB¢T/O82000@30009
performed at a tenperature of from about 150C to
about 600C for a sufficient period of tine.
CGeneral |y, calcining can be, performed for 2 to 40
oXNEGRs QEYERNTPNTRIISEEtIaTy pardrodRn peeoxEdei ARy
tenperature. The resulting catalyst can be enployed in
niggpeen ¢&ioes danamitipr doebsme septdes, desgribedoeracids,
bel ow. A) Epoxidation of al kenes to produce epoxi des.
anguithgblLé k&l -k e frees 2§ il i G5 tlay IR bihg a¢ar mted out at a
hydr ocarbon conmpounds such as, for exanple, ethylene,
teppepyltere, athd rdsutadrest (A0 biremdowt tEike, preferably
i sobutyl ene). but adi ene, the pentenes, |inear or .
50B£ahehebouhai2? Ofi€xene presserenef dyrsimoldaarie atarmbrtnric to
l'i ke. Oxidizing agents can include -9 WO 2004/026473 '
abpQT/ YW82063/:03GI0D a mEarh, vokyeehy coht Brom ngbgas, 10 WHSV to
hydr ogen peroxi de (H2OQ2), nitrogen oxi des, organic
ablopdir @PE0OXIHFSs, dianieaperaticky bandatheedli et in the gas
Epoxi dation is typically carried out at a tenperature
phefsef, r drmcalioute3t4,0 @boutxSD0Gapf eiq@uid] yohsHE. t 0
about 250C, a pressure of from about atnospheric to
abo®t) 4@ didresl, candiat spacef velloiey ob Produaboketdlic or
VWHSV t o
alcoholic derivatives. Suitable alkanes include propane,

butane, pentane, cyclohexane; and the like. Suitable
oxidizing agents can in;lude oxygen, éxygen—containing gas,
hydrogen peroxide, nitrogen oxides, organic hydroperoxides,
and organic per-acids. Partial oxidation of alkanes to
ketones is typically carried out at a temperature of from
about 0°C to about 200°C, a pressure of from about 1 bar to
about 30 bars, and a space WHSV velocity of from about 100
hr™! to about 100,000 hr!. Alcohol production normally is
carried out at a temperature of from about 60°C to about
450° under a pressure of up to about 60 bars. The reaction
can be carried out in the gas phase, liquid phase, or mixed
phases.

C) Partial oxidation of alcohols. Suitable alcohols

include, for example, benzyl alcohol, phenylethanol, phenol,

-10-



about 2000 WHSV. The reaction can be carried out in
the gas phase, liquid phase, or m xed (gas/I|iquid)
w@b@agm264B) Partial oxidation of al kanes to pr oBOT/®S2003/030009
ketonic or alcoholic derivatives. Suitable al kanes
i ncl ude propane, butane, pentane, cycl ohexane, and
the |ike. Suitable_ oxidizing agents can include ,
aygy gaRN 2B ged-cobRt aj nﬁhgt@?ag?« Ox{dE olen peeeksdean include
ni trogen oxi des, organic hydroperoxides, and organic
opEPedei XY IRArcoalt adRilaat Pon, oRYAraPresPrevoxkeéeonestregen
typically carried out at a tenperature of from about
ogEdes ; abe e A0y dgopesssudes of A opy abolE Rebapcids. For
about 30 bars, and a space WHSV vel ocity of from about
- exe0p Lgr - Pengadlletityde00200be hebtaingd opwl pprodadt pyhdation
normally is carried out at a tenperature of from ,
oab&enzelCaleodivdutisingaunderlaspressuhe pfeapntodisclosure
about. 60 bars. The reaction can be carried out in the
cgasaphase, I€-qui-dcphase, (6r) ni Xedabphasde) " ©)tParlppar 500°C
oxi dation of alcohols. Suitable alcohols include, for
aplampler lsewrglssalreohpl tophkayt e2bapats. phenol, -10
WD 2004/ 026473 PCT/ US2003/ 030009 and ci nnanyl
al coll HySuictatllas ioxi difzehgnagent sompounds| ideadd hydroxyl
oxygen, oxygen-containi ng gas, hydrogen peroxi de,
gmiotupdge n tooxinde s roorgani cihgdsopeconiedes, Sahd srgmatdc
per-aci ds. For
compounds preferably include benzene and toluene, although

other aromatic compounds canualso be used. Suitable
oxidizing agents can include oxygen, oxygen containing gas,
hydrogen peroxide, nitrogen oxides, organic hydroperoxides,
and organic per—acidé. Benzene oxidized into phenol and
toluene into cresols can be conducted at a temperature from
25°C to 500°C and up to a pressure of 65 bars. The process
also can be carried out in a distillation column reactor at
a temperature in the range of from above 100°C to 270°C and
a benzene partial pressure in the range of from about 0.1
atm to about 45 atm.

E) Ammoximation of ketones with ammonia . (NH;3) and
hydrogen peroxide or nitrogen oxide to produce corresponding
oximes. Suitable ketones include, for example, acetone,

methylethyl ketone (MEK), acetophenone, cvclohexanone,

11-



. exanpl e, benzal dehyde can be obtai ned by partia
oxi dation of benzyl alcohol using a catalyst of the
w@e@adeni47sli scl osure containing, e.g., copper PCUS2083/030009
about 300C to about 500C and under a pressure up to
about 20 bars. D) Hydroxyl ation of aromatic conpounds
to add hydroxyl group(s) to the aromatic ring
cyclodediecansaied andnitiec Likenpobrdstpref epabiyipnel ude
benzene and tol uene, although other aromatic
tyonpeddds icad valese bempsedLuBei bdblfeomorbdiizi Af°@gent sbout
can i ncl ude oxygen, oxygen containing gas, hydrogen
1péroxi deefairebdyeA00Ri desabongah? @°ty dreper paaesjre of
and .organi c per-acids. Benzene oxidized into phenol
fapnd abolutede tionfld eressbbecan, bpredrdabiedlatcas
tenperature from 25C to 500C and up to a pressure of
agBobahereFhe process also can be carried out in a
distillation colum reactor at a tenperature in the
range darficom dleevert80Cit ah270€vandioa beazéhéustrated by
partial pressure in the range of fromabout 0.1 atm
the akauipl4s atimenEpelAmmoxKrabiopoeticketidfiégawvktibn patterns
amoni a (NH3) and hydrogen peroxide or nitrogen oxide
(KaDpoddite cesudspandimageraxilpeserSuirtabkdcketienag Cuk,
i nclude, for exanple, acetone, nethylethyl ketone
reNEK) i cac ethoph@hdie pscpdl ahevadafiéractdn¥O=2004L08644d3 with
PCT/ US2003/ 030009
a graphite monochromator. The samples were scanned in the

range of 0.5-40° 26 with steés of 0.02°. Transmission
electron microscopy (TEM) was performed using a Philips
CM30T electron microscope with a LaB6 filament as the source
of electrons operated at 300 kV. Nitrogen sorption
isotherms were measured on the Quantachrome Autosorb-6B at
77 K. Mesoporosity was calculated using the BHJ model. All

composition parts are by weight unless indicated otherwise.

EXAMPLE 1
A catalyst of the present invention containing titanium
was prepared and tested in accordance with the following
procedure. First, 1.1 parts of titanium (IV) n-butoxide was
mixed with 35.0 parts of tetraethyl orthosilicate (“TEOS”).

Then 25.3 parts of triethanolamine (“TER”) were added drop-

-12-
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cycl ododecanone, and the |ike. Reaction conditions

typically include a tenperature of from about 25C to
wab@ui264150C, preferably 40C to about 120C, anBCEUS2003/030009

pressure of fromabout 1 to 10 at nospheres,

preferably 1 to 5 atnnspheres Various features of

t.he |nvent|on re |IIu rate Exanpl es_ gi ven

o0 (A ORI T B B ACETS S | XA (et 710G
sultin terjals wer recorded usi CuKa radlatlon

S 4 B e S BRSSP FRCeBHEer EgapRe AT e

PHE it WO R0 T S @e@%‘f%ﬁ%ﬁgﬁw”&e@eé another

TransnlsS|on el ectrq nlcroscopy TEM was perforned

AHY £PrHbyEen T JePE oW i Mammerel R Be

filament as the so rceo of electrons operated at 300

hAEr Ritdogent ti drf2%) sd’taf?eﬁ?éie\ﬁerdéf%é@freeo“%ﬁpt%e

é%gntachrone Autosorb 6B 77 K. Mesoporosity was
e i nd ené 1B ﬁ@&ege%qus @w&dﬁe |Vb’ﬁs p%%% at

are by wei ght unl ess indicated otherw se.

RARIYRRP DI e prodsérft ot i6r SComttai s g w5t rhouzs

was prepared and tested i,n accordance with the
a8l 1Igh o sriseshdite. 708 &t for. 10p&Pigsofin i dfmpmrate of
utoxi de was mxed wth 35.0 parts of

%%ﬁﬁ@éfﬁfﬂléﬂﬂhosilicate ("TEOS'). Then 25.3 parts of

triethanol am ne ("TEA") were added drop . _
The XRD pattern of the resulting material is shown in

FIG. 1A, and reveals only one intensive peak between 0.5°
and 2.5° at about 1.0° in 26, indicating that the proddct
was a meso-structured material. FIG. 1B is a TEM image of
the resulting material. FIG. 1B shows that curved and
tortuous pores are randomly connected to form a three-
dimensiocnal pore network. The BET surface area Qf the
material as determined by nitrogen absorption was about 917
m*/g. Referring to FIG. 2, the average mesopore diameter of
the material was 4.5 nm and the total pore volume was about
0.89 cm‘/g.

Next cyclohexene epoxidation was used as model reaction
to demonstrate and quantify catalytic activity using tert-
butyl hydroperoxide as an oxidant and was carried out at

40°C under N,. The reaction mixture consisted of 1 part

-13-



-12 WD 2004/ 026473 PCT/ US2003/ 030009 w se into the
above m xture while stirring. After stirring for 1
whowr/02:213 3 parts of deionized water was dr op- PCEHES2003/030009
added into the above m xture while stirring. After
another 1 hour of stirring, 17.3 parts of
tetraet hyl ammoni um hydr oxi de ("TEAOH') (25% was
catgleds dr op- @i sertat oytheheaboee< AB%t udeiedhesihgaknhydrous
honogeneous m xture was aged at roomtenperature for
MgEp hbwrforarisd and 00T 7 gra2ds hbigisl ook thwerme (99%) .
calcined at 700 C for 10 hours in a ranp rate of 1C
Sanmlds iveang ranghgzXRDopatter nhobnthegrephlt (WX 52 CB) .
material is showmn in FIG 1A, and reveals only one
Affrgensiveupeakabetibeéh.0%50fantde2cHcabhabont &a® tbnverted
20, indicating that the product was a neso-structured
windt exlrabst FL@ % 1BelscaiTEMyi. magkeeoturhbeeresuktinngcy
material. FIG 1B shows that curved and tortuous
(qrof sedira&s rmntesi yyconhegtad tonfrerted pbBremole of titanium
di nensi onal pore network. The BET surface area of the.
pamtlesuml wss d2f e2nhried by nitrogen absorption was
about 917 nR/g. Referring to FIG 2, the average
nmesopore dianeter of the material was 4.5 nm and the
total pore volune was about 0.89 cnB/g. Next
cycl ohexene epoxi daiaMuRREEST WS agkasenodel reaction

A titanium bearing catalyst not in accordance with the
present invention, designate& as Ti-MCM-41 was synthesized
according to a procedure set forth in a-previous report
(L.Y. Chen, G.K. Chuah, S. Jaenicke, Catal. Lett. 50 (1998)
107.) It had BET surface are of 934 m?*/g and an average
pore diameter of about 2.3 nm. It was tested under the
identical conditions as example ‘1, but it showed the
turnover frequency of only 3.6 h™, which was less than 20%
of the cyclohexene conversion achieved by the catalyst of

Example 1.

EXAMPLE 2
Nano~-sized particles of gold were introduced into the
catalyst prepared in Example 1. An aqueous solution of

AuCl,” was prepared by adding 0.34 parts by weight of

-14-



to denonstrate and quantify catal ytic activity using,
tert- butyl hydroperoxi de as an oxi dant and was
w@acmioecd7out at  40C under N2. The reaction m RCTIUS2003/030009
consisted of 1 part -13 WD 2004/ 026473
PCT/ US2003/ 030009 catal yst, 9.6 parts cycl ohexene
99% dried using anhydrous MSO before use) and
HRGCO, partQ dgitehl Bromettiane £ 9999 Senpt esaswereaaadl y2ed0°C,
by gas chromatography (WAX 52 CB) After 6 hours,
aghodtt s4PHewast adhesépel shérenaqwasusofigeit edlunith to about
al nost 100% sel ectivity. The turnover frequency
1-Qef | Fd¢rag moltés efclbhesehnalyonveft Bdapeiendl seok
titanium per hour) was 20.2 h-1. COVPARATI VE EXAMPLE
SAsSRenideghiimtheariongec apdbsonnothé npceas dadgeswethagain
the present invention, designated as Ti-MCM 41 was ‘
toyrt-Nesi Zé¢ saseendiing wesaapedcadui@’Gefof ot thoiin, aand
previous report (L.Y. Chen, G K. Chuah, S. Jaenicke,
weghald 3 dtimess@ithod8ptiloEd) watehaddBEdsatf 466°ar or 2
of 934 n2/g and an average pore dianeter of about ?.3
hemrs|t anss ftiestldd gadeintbeini dentatcab0etndi¢r ofishasrs.
exanple "I, but it showed the turnover frequency of
onl y V3p@rphasghiephxwds tliessof hano@Penef tb heropylene oxide
cycl ohexene conversi on achi eved by the catal yst of
wBsagplteitd out in a vertical fixed-bed quartz reactor

filled with catalyst. The reactant feed contained 10 vol.$
each of C3Hs;, H, and O, in Ar ét a gaseous hourly space
velocity (GHSV) of 10,000 h™ ml g™ of catalyst. The
reaction temperature was kept at 120°C. The feed and
products were analyzed by oﬁ—line'gas chromatography (GC) .
About 3.5% propylene was converted to propylene oxide with a

selectivity of about 96%.

EXAMPLE 3
A siliceous material was synthesized according to the
procedure of Example 1 of U.S. Patent No. 6,358,486 as
follows:
First, 1.3 parts by welght aluminum isopropoxide was
dissolved in 39.1 parts tetrapropylammonium hydroxide (40%)

aqueous solution. Next, 47.88 parts TEA (97%) and 14.0

-15-



EXAMPLE 2 Nano-sized particles of gold were introduced
into the catalyst prepared in Exanple 1. An aqueous
waedme@ns of AuCl4- was prepared by addi ng 0.BdT/pazon3030009
by wei ght of -14 WO 2004/ 026473 PCT/ US2003/ 030009
HAuC14' 4H20 into 400 parts of H, O This was heated to
70C, and its pH was adjusted using aqueous NaOH
paotsitvaret ovaboutixdd 0. ThenaQupaud sTEA tivet e a).reystadded
of Exanple 1 were suspended in the above sol ution,
dide-pibavass-al) ustreth agad nthé mﬂurﬁnxﬁh@:@u@ﬂnﬁh@mﬂ\a@re
aged at 70C for 1 hour, and washed 3 tines with
umilest i $t 2drivag er , Fbknézbﬁy,atBlODCpézotrs TEIDUSE S antks added
finally calcined in air at 300C for 4 hours.

diMapeor: phase-eppxidal i oo oiie preopyl ey trot spropy | enel e
oxide was carried out in a vertical fixed-bed quartz .
stiractog. fThé efindl hmitataty stas Theed eact soum fie@tberature
contai ned 10 vol . % each of C3Hb, H and 0, in Ar at a

f gased usolnosly | ypspadeouyel wch t i {ICHSY) f @fm 10, DOPeh-that had
g-1 of catalyst. The reaction tenperature was kept at

a 1RO hThet f et B2 chprodicd sivere: ana yzeddy 1M -Hdues in a
gas chromat ography(GC). About 3.5% propyl ene was

stotwerded forpiepy! enee oxé el Wi Ad matSel £Ctws ty¥aDEined in
about 96% EXAMPLE 3

air using the following procedure: the material was heated

to 500°C with a heating rate of 1°C/min, then held for 4

hours, then heated to 550°C Qith a heating rate of 1°C/min,

then held for ‘10 hours.

The resulting material was used to prepare a silver
confaining catalyst by the impregnation into the matérial of
AgNO; aqueous sdlution. After being impregnated, the
material was calcined at 250°C for 4 hours. The impregnated
catalyst was analyzed using ICP and revealed about 30.5% of
silver loading.

The silver-containing catalyst was kept in a microflow
reactor ﬁﬁder atmospheric condition at 220°C. The reactant
stream contained 20 vol$% efhylene, 40 vol% oxygen and 40

vol% nitrogen. The total reactant stream GHSV was 4,500

hr™*. The products were analyzed by gas chromatography.

-16-



A siliceous material was synthesized according to the
procedure of Exanple 1 of U S. Patent No. 6,358, 486 as

wo edoee73 First, 1.3 parts by wei ght al um num PCT/US2003/030009
I sopropoxi de was dissolved in 39.1 parts
t et rapr opyl ammoni um hydr oxi de (40% aqueous sol ution.

350 O BRI A0l Ramy s
TEA 8;
PSR SRR 5 (50

stlrrlng Finally, 33.1 parts TECS (98% was added
drop-wise (4-6 g/mn) to the resulting mxture while

Cerperature for 48 noursidbasd out in 2"3} sh 1
i ST R I S0 e i
e el g calsined i1 ol wsinaile

A B g AT R et o o
BUGR pfggtap@%% JouL3 T esing o Ay e
P Legnation Lt o the matorlal, of ¢ A0NCS SUERY, o1
to the mixture. The Si/Ti molar ratio of the synthesis
mixture was 100. The final homogeneous mixture was aged at
room temperature for 24 hours, dried étl98°c qu424 hours
an@ then calcined at 650°C for 10 hours at a ramp rate of

1°C/min in air. The XRD pattern of the material is shown in

FIG. 3.

EXAMPLE 5
The same procedure as in Example 4 was followed except
that 3.4 partsvby welght of titanium (IV) n-butoxide were
used and the Si/Ti ratio of the mixture was 50. The XRD

pattern of the resulting material is shown in FIG. 3.

-17-



mat eri al was cal ci ned at 250C for 4 hours. The
i npregnated catal yst was anal yzed using | CP and
wo esdabads about 30.5% of silver |oading. The PCT/US2003/030009
~silver-containing catal yst was kept in a mcrofl ow
react or under atnospheric condition at 220C. The
reactant stream contained 20 vol % et hyl ene, 40 vol %

oxygen and 40 vol % nit r dg&MPLEhe t ot al react ant
stream GHSV was 4,500 hr-1. The products were

anal Yireds dye gasochdonat egr aphiixanpbe W) #064£028478d except

PCT/ US2003/ 030009 W thin an hour, the conversion of
tietthyd emepariached 19-88%¢ umaddVi ha-betestfei vgreoused, and

et hyl ene oxi de was about 29% EXAVPLE 4 1.7 Parts of
the t3hi Tim x4Vionwbat 8%i deThe9¥RDwasthexadofwihh te6ulting

parts of TECS (980). Then a m xture of 77 parts TEA .
ng19¥edaants 58hpent snofIGei dni zed water were added drop-

w se into the above mxture while stirring. After

about 1 hour stirring, 63 parts of TEAOH (25% was

added drop-wise to the mxture. The Si/Ti nolar ratio

of the synthesis m xtur EXgII0. The fi nal

honbgeneous m xture was aged at roomtenperature for

24 hbe ssadei pdoatdQ8€ ker i24ERenpde adndathénldalvednedcept

at 650C for 10 hours at a ranp rate of 1C/mn in air.
tHde XRD ppatesnodf tithendamerId) hsbshowndenwere used and
the Si/Ti ratio was 10. .The XRD pattern of the resulting
material is shown in FIG. 3.

As can be seen from Examples 4-7, adding the
appropriate amounts of titanium compound in the initial
synthesis mixture can easily control the titanium loading of
the catalyst material of the present invention. The XRD
patterns of the resulting materials of Examples 4-7 indicate

that these materials are mesoporous.

EXAMPLE 8
First, 1.2 parts (by weight) of chromium (III)
acetylacetonate (97%) was mixed with 34.5 parts of TEOS
(98%). Then 25 parts of TEA (97%) was added drop-wise into
the above mixture while stirring. After stirring for 1

hour, 18.8 parts of deionized water was drop-wise added into

-18-



FIG 3. EXAMPLE 5 The sane procedure as in Exanple 4
was followed except that 3.4 parts by weight of

wo 2doaneams (1 V) n-butoxi de were wused and t he Sp¢TUS2003/030009
ratio of the mxture was 50. The XRD pattern of the
resulting material is shown in FIG 3. -17 WO

@howbggﬁgmm S 8o ALl e o

proce easin was ol | owe

S?"hlG“%qﬁl‘ ratl I(?taa}: Was 295( It%raﬁ%%g/ dgjrn\r%mehtjysﬁgto” (25%)
N T e
ST S VAR ) L € e,
*?Fresrur:'te'xcpalgl LEG IR cge ﬁS%ﬂg'oﬂgg'pr oBREafE 16 gits YoE

tand um conpoucnd in th hesis m

rbea%t Casily'es atvﬁeat t1§r9| Gnt PSag' hﬁ U5f Hifatly
TPt 7 T £ AOnyBHERer M aP o GTOER BRI B¢ 4 7 min” in
e{inrd.' cate

FIG. 4 shows the XRD pattern of this material,
presenting an intensive Qeak at around 1.3° in 26. Nitrogen
adsorption reveals the surface area of 618 m?/g, the pore
volume of 0.67 cm?/g and the average pore'size diameter of
5.5 nm. Thg data show that the chromium-containing material
of this Example 8 is mesoporous in structure. This:material
was tested as a catalyst for cyclohexene epoxidation under
identical conditions in Example 1. After six hours, about
46% of the cyclohexene was converted with a seleétivity of
about 94% to cyclohexene epoxide.

While the above description contains many
specifics, these specifics should not be construed as
limitations on the scope of the invention, but merely as
exemplifications Of'préferred embodiments thereof. Those

skilled in the art will envision many other possibilities
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that these materials are nmesoporous. EXAMPLE 8 First,
1.2 parts (by weight) of chromum (I11)

wac@uybacet onate (97% was m xed with 34.5 parP6T/052003/030009
TEAS (980). Then 25 parts of TEA (97% was added
drop-wi se into the above m xture while stirring.
After stirring for 1 hour, 18.8 parts of deionized

winatier ties shape wise sideid iaft dhel 8 O RAOCYY G2647EF ined by
PCT/ US2003/ 030009 the above m xture while stirring.

t ¥ tadra ianotdgreddddutecftostirring, 20.5 parts of
t et raet hyl anmmoni um hydr oxi de (25% was added
drop-wi se into the above m xture. The fi nal
honobgeneous m xture was aged at roomtenperature for
24 hours, dried at 100C for 24 hours. The dried gel
was heated in an autoclave at 180C for 8 hours, and
finally calcined at 650C for 10 hours in a ranp rate
of 1ICmn-_in air. FIG 4 shows the XRD pattern of
this material, presenting an intensive peak at around
1.3 in 20. Nitrogen adsorption reveals the surface
area of 618 n2/g, the pore volune of 0.67 cnB/g and
t he average pore size diameter of 5.5 nm The data
show that the chrom umcontaining material of this
Exanple 8 is nmesoporous in structure. This materi al
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was tested as a catal yst for cycl ohexene epoxidation

under identical conditions in Exanple 1. After siXx
whownse4about 46% of the cycl ohexene was conveeT/@82003/030009

with a selectivity of about 94%to cycl ohexene

epoxi de. Wil e the above description contains nmany

sgecifiig, t hese specifics should not be construed as

W i i e scope of the invention, but nerely
as exenplifications, of preferred enbodi nents thereof.
Those K3t ¥d3h "fqi"r’eﬁbr I 15Ehvi si on many ot her

possibilities -1%§¥£i2004/026473 PCT/U82003/03000% ,
wi t i @ HPSTopes i 1 iROBIVT hPF9RAt FoR%dgle having at
defined b the clains appended heretg. -20 WO
Loxt4/0267 W%/%%WQW?%@AWW%OPQWE an
A material which conprises: a) a non-crystalline, :
MIRARRIS § m ot ehi B R U v Hef at ¢ eERRI97EFE) e
percent nmesopores based on mcropores, and nesopores,
sai P hesbopbrast WitgE? i BrichrietY eCthra Betad |sedscted
one catalytically active netal selected fromthe
RO U T OHST R | PR DS oS o R @F JRRT R Brapsidionmptal
one or nore noble netal.
and one or more noble metal.

2. The material of claim 1 wherein the transition metal
is selected from the group consisting of titanium, vanadium,
copper, zirconium, manganese, zinc, iron, nickel, cobalt,

chromium, molybdenum and tungsten.

3. The material of claim 1 wherein the noble metal is
selected from the group consisting of gold, silver,
platinum, palladium, iridium, rhodium, ruthenium, rhenium

and osmium.

4. The material of claim 1 wherein the catalytically

active metal is gold or silver.

5. The material of claim 1 wherein the catalytically

active metal is chromium.



2. The material of claiml wherein the transition
nmetal is selected fromthe group consisting of
woé@neet3 vanadi um  copper, zirconium nmMNgares®S2003/030009
zinc, iron, nickel, cobalt, chrom um nolybdenum and
tungsten. 3. The material of claiml1 wherein the noble
netal is selected fromthe group consisting of gold,
silver, Thel abteyielpalt] adetim 1i vhdruih thedegprlytically
rut henium rhenium and osmum 4. The material of
act Bven devher €snttibendatal ytically active netal is
gold or silver. 5. The material of claim1l wherein the
catalytically active netal i-s chromum -21 WO
2004/ 026473 PCT/ US2003/ 030009 6. The nmaterial of
cl aim lTwbenetBrihe G&taﬂﬁﬁmca|hheré@hlEﬁenﬁbﬂLct§stalllne
titanium 7. The material of claim1l wherein the
pheda€r ysbakhhie oR@HeUSsi rBkGaBier@%kdeblSan X ray
characterized by an X ray diffraction pattern having

daf PBapeaknbpghweennOnhdvang 3. 56 Feaihgeﬂab@ﬁlalsefand 2.5°.
claim1l wherein the non-crystalline porous inorganic

oxi de contains at |east 98 volune percent nesopores.
9. The material of claiml wherein the nmesopores have

a 8. The material of claim 1 wherein the non-crystalline
porous inorganic oxide contains at least 98 volume percent

mesopores.

9. The material of claim 1 wherein the mesopores have a

size ranging from about 2 nm to about 25 nm.

10. The material of claim 1 wherein the inorganic oxide

is silicon oxide.

11. The material of claim 1 wherein the inorganic oxide

is aluminum oxide.

12. The material of claim 1 wherein the composition
percentage by weilght of the transition metal ranges up to

about 60%.



size ranging fromabout 2 nmto about 25 nm 10. The
material of claim1l wherein the inorganic oxide is
wGRboer7dxi de. 11. The material of claim1 whpCEUS2003/030009
the inorganic oxide is alumnumoxide. 12. The
material of claim1 wherein the conposition
percentage by weight of the transition netal ranges up
to abouthe(9eterla W P00UL DR6Y 78h ©CTIWS2063L680069t ion by
13. The material of claim1l wherein the conposition by
waegght obf thaet tamesi iommert bl raeggest foonehbout 0.001% to
0.001%to about 20% 14. The material of claiml
albetr eZ®%t he conposition percentage by wei ght of the
nobl e metal ranges up to about 600. 15. The materi al
of claim1l wherein the conposition percentage by
wei ght of the noble netal ranges fromabout O0.1%to
abouil 4 40% e 16atér el hof ¢baimekiwgeactat ahgstomposition
conprising the steps of: a) conbining at |east one
pspuectagé bpovgapiht oKidee andblatméeabt rangepesppoveabout
form ng agent and optionally one or
60%.

15. The material of claim 1 wherein the composition
percentage by weight of the noble metal ranges from about

0.1% to about 40%.

.16. A method for making a catalyst comprising the steps
of: |

a) combining at least one’source of inorganic oxide and
at least one mesopore forming agent and optionally one or
more source of catalytically active transition metal to form
a synthesis mixture;

b) drying the synthesis mixture;

c) heating the dried synthesis mixture to a calcining
temperature for a period of time sufficient to form a non-
crystalline support structure having at least 97 volume

percent mesopores; and,



nore source of catalytically active transition neta
to form a synthesis mxture; b) drying the synthesis
wonostoe&73 c) heating the dried synthesis m xt UP€T/S2083/030009

calcining tenperature for a period of tinme sufficient
to forma non- crystalline support structure having at
| east 97 volunme percent nesopores; and, -23 WO
2004/D2 647 1PORaISIC0 3036069 ody tacalpoiatlhy attive
| east one catalytically active noble netal and/or

MSton metdlon e nsha loat aleysl . i17o The oetabddsot
claim 16 wherein the inorganic oxide is selected from
the group consisting of alum num oxide and silicon
oxi de. 18. The nethod of claim 17 wherein the source
of ilfor Jdr aedshige afs cdeliactlédvheoain hiehgrbuprganic oxide
cconsisting of silicon al koxide and al um num al koxi de. -
189 seties tinst Howrofthel gineups oaheriet ing hef silucbmm oxide and
al koxide is tetraethyl orthosilicate and the al um num
salkerindexisle .al uni num i sopropoxi de. 20. The net hod of
claim 16 wherein the catalytically active transition
nmetal is incorporated into the catalyst by conbining
a conmpound containing the transition nmetal with

18. The method of claim 17 wherein the source of

inorganic oxide is selected from the group consisting of

silicon alkoxide and aluminum alkoxide.

19. The method of claim 18 wherein the silicon alkoxide
is tetraethyl orthosilicate and the aluminum alkoxide is

aluminum isopropoxide.

20. The method of claim 16 wherein the catalytically
active transition metal is incorporated into the catalyst by
combining a compound containing the transition metal with
the source of inorganic oxide in step (a) to form the

synthesis mixture.

21. The method of claim 16 wherein the catalytically
active transition metal is incorporated into the catalyst by

incorporating a compound containing the transition metal

24-



the source of inorganic oxide in step (a) to formthe
synthesis m xture. 21. The nethod of claim 16 wherein
wo be4madsad ytically active transition nmetal i SPCT/US2003/030009
i ncorporated into the catalyst by incorporating a
conmpound containing the transition netal -24 WO
2004/ 026473 PCT/ US2003/ 030009 into the catal yst after
1gteptpe) catapysti A teke sdePed ©)s it esdtsimg xtheedrded
cal cining tenperature. 22. The nethod of claim 16
SYRENESA St Ré XEHERs Lo 8n cRCdininics teeinectaddife om t he
group consisting of titanium vanadium copper,
zi rconi um manganese, zinc, chrom um nolybdenum
tungsten, nickel, cobalt and iron. 23. The nethod of
cl ai AP20TRerethoehefcodpaond 6 odwetraiimi righe heransition metal
transition netal is an al koxide of titanium 24. The '
lfefRéGCERAcEEPM 2BewdEpeiPn cons ialtiox def ofitataninunvesadium,
titani um n-butoxide. 25. The nmethod of claim 16
CRREFEI nZhEaPnag™t headgirag sesymtinesi shhoniure, t moadybdenum,
calcining tenperature includes heating the dried
typashesr snarkedr ecpbaa tt emplerianr.e of from about 120C
to about 200C for a period of tinme of about from?2
hours to about 96 hours. 26. The nethod of claim 16

wherein the noble netal is
23. The method of claim 20 wherein the compound

containing the transition metal is an alkoxide of titanium.

24. The method of claim 23 wherein the alkoxide of

titanium is titanium n-butoxide.

25. The method’ of claim 16 wherein heating the dried
synthesis mixture to a calcining temperature includes
heating the dried synthesis mixture to a temperature of from
about 120°C to about 200°C for a period of time of about

from 2 hours to about 96 hours.

26. The method of claim 16 wherein the noble metal is
selected from the group consisting of gold, silver,
platinum, palladium, iridium, rhodium, ruthenium, rhenium

and osmium.
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sel ected fromthe group consisting of gold, silver,
pl ati num palladium iridium rhodium ruthenium
WO benmiondw7s and osmi um -25 WO 2004/ 026473 PCT/US2003/030009
PCT/ US2003/ 030009 27. The method of claim 16 wherein
the step (d) of incorporating at |east one
catal ytically active noble nmetal or transition neta
intoZ{heTfé%tIaﬁylé@dc:@ﬁp?ilﬁé§ i py gt gie tHeep (d) of
~non-crystalline support structure with a solution of a
inerippeat HegorposapFe ebfAp6ahdlvtienbl nodtel fetigble metal
and/or transition netal, and thereafter deconposing N
o¥ Hergobl el pipt agtatoapbandnandr b? 1Y s anseip b et idgipregnating
conmpound. 28. The nethod of claim27 wherein the step
thd neleconrpdsd hylnhesnpbPetnet ARCEORD oM ahdfkution of a
transition netal - conpound conprises cal cining the
spbbp ke nedatompdsoblet canprundnofetlad nolpkegirial and/or
non-crystalline support at a tenperature sufficient
transibcbmposetehe AvBl ehpeealftepnpooemposiny okhe noble metal
transition netal conmpound. 29. The nethod of claim 28
coerwi® 2he/aobteapeislionsmegel decorpeitder. 30. The
nmet hod of claim 16 wherein the nmesopore formng agent
is selected fromthe group consisting of glycerol,

di et hyl ene glycol, triethylene glycol, tetraethylene
gl ycd»$, The method of claim 27 wherein the step of

decomposing the noble metal compound and/or transition metal
compound comprises calcining‘the noble metal and/or
transition metal impregnated non-crystalline support at a
temperature sufficient to decompose the noble metal compound

and/or transition metal compound.

29. The method of claim 28 wherein the noble metal is

gold or silver.

30. The method of claim 16 wherein the mesopore forming
agent is selected from the group consisting of glycerol,
diethylene lecol, triethylene glycol, tetraethylene glycol,
propylene glycol, triethanolamine, sulfolane, tetraethylene

pentamine and diethylglycol dibenzoate.
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propyl ene glycol, triethanol am ne, sulfol ane,
tetraet hyl ene pentam ne and di et hyl gl ycol di benzoate.
WO 26408342904/ 026473 PCT/ US2003/ 030009 31. Thera®URmT3/030009
of claim 16 wherein the step (d) of incorporating at
| east one catalytically active noble netal and/or
transition netal conprises incorporating both a
cat aPyti &8kl peabridveinebrémmbakhandinr &hei sitep nebabf
into the catalyst. 32. A process for the selective
iggicdarireninot ah degahi onecompalnticedpryi sicigve noble metal
contacting the organi c conpound wi th an oxidi zi ng
aagént tuadertpant mgkadxicdapirdbneseantbopocendinti boshi A
the presence of a catalyst which includes a
caga-lotyseadllyi netiper ooblenvegahi endxikdenkaviing aketal into
| east 97 vol une percent nesopores based on m cropores
thed catsdpetes, and at | east one catalytically active
netal selected fromthe group consisting’ of one or
nore transition netal and one or nore noble netal.
33. The process of claim 32 wherein the organic
conp@dndAli prancakkéne ahd théeseleet bvédexidat iodnan organic
process conprises epoxidation of the al kene to
cpmpducd aomparsesgoendi ng epoxi de.

contacting the organic compound with an oxidizing agent
under partial oxidation reaction conditions in the presence
of a catalyst which includes~a non-crystalline, porous
inorganic oxide having at-least 97 volume percent mesopores
based on micropores and mesopores, and at least one
catalytically active metal selected from the group
consisting of one or more transition metal and one or more

noble metal.

33. The process of claim 32 wherein the organic
compound is an alkene and the selective oxidation process
comprises epoxidation of the alkene to produce a

corresponding epoxide.

34. The process of claim. 33 wherein the alkene is

selected from the group consisting of ethylene, propylene,
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34. The process of claim33 wherein the alkene is

sel ected fromthe group consisting of ethylene,
w@rapgpbane, -27 WO 2004/ 026473 PCT/ US2003/ 030BOBUS2003/030009

1- but ene, 2-butene, isobutylene, butadi ene, pentene,

hexene, 1-octene and cycl ohexene, the oxidizing agent

1L Rghect ad, fam. ¢ H%o%eggeﬁg,nséé{wge&é, VYGEDne, hexene,
0XYy(g [ gas, hydrog

en-¢ont ai ning en péeroxi de, nitrogen

l?ﬁ%qgheo%% n%&gﬂﬁﬁ%&%%EQngg gggdig%e rgﬁeﬁ@rfgige%égged

€ reaction ions’include a etrature o rom
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cycl ohexane, the oxidizing agent is selected fromthe
group consi sting of oxygen, oxygen-containing gas,

35. The process of claim 32 wherein the catalytically
active metal is selected from the group consisting of

titanium, chromium, vanadium, gold and silver.

36. The process of claim 32 wherein the organic
compound is an alkane and the selective oxidation process is
the partial oxidation of the alkane to produce a

corresponding ketone or alcohcl.

37. The process of claim 36 wherein the alkane is
selected from the group consisting of propane, butane,
pentane and cyclohexane, the oxidizing agent is selected
from the group consisting of oxygen, oxygen-containing gas,
hydrogen peroxide, nitrogen oxide, organic hydroperoxide and

organic peracid, and the reaction conditions include a
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hydr ogen peroxi de, nitrogen oxide, organic
hydr oper oxi de and organic peracid, and the reaction
wa@ oovdiotd4ons i ncl ude a -28 WO 2004/ 026473 PCT/US2003/030009
PCT/ US2003/ 030009 tenperature of fromabout OC to
about 200C, a pressure of fromabout 1 bar to about
30 bars, and a space velocity of fromabout 100 hr-
tempababirea000 Arom, aBgut TAEC procaksubf 2608Cm 82pressure of
wherein the organic conpound is a ketone and the
fsehegbpve bdxbdat fonabpotes§ bsrsthhendnmapxiprats orelofcity of
the ketone to produce a corresponding oxinme. 39. The
fpeocelsubf 18P anm ‘38owhbpeitn 1OWE® ketone is sel ected
fromthe group consisting of acetone, nethylethyl
ket one, acetophenone, cycl ohexanone and
cycl ododecanone, the oxidizing agent is hydrogen
per oxBde Bhenptrrogea ofi déawni 6B whsreilxedhwi tdrganic
ammoni a, and the reaction conditions include a
comppendt us eaokefone abduth25stdeabdut 50 dadndm process is
pressure of fromabout 1 atnosphere to about 10
tia¢ nospbrimst id0. oThehpr beesseotochabnud?2 wheraire dgrending
organi ¢ conpound is an aromatic conmpound and the
osehective oxidation process is the hydroxylation of
the aromati ¢ conpound to add at |east one hydroxyl
group to the aromatic ring structure. 41. The process
of claim40 wherein said aromatic
39. The process of claim 38 wherein the ketone is

selected from the group consisting of acetone, methylethyl
ketone, acetophenone, cyclohexanone and cyclododecanone, the
cxidizing agent is hydrogen peroxide or nitrogen oxide which
is mixed with ammonia, and the reaction conditions include a
temperature of from about 25° to about 150°, and a pressure

of from about 1 atmosphere to about 10 atmospheres.

40. The process of claim 32 wherein the organic
compound is an aromatic compound and the selective oxidation
process 1s the hydroxylation of the aromatic compound to add

at least one hydroxyl group to the aromatic ring structure.

41. The process of claim 40 wherein said aromatic

compound is selected from the group’consisting of benzene
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conpound is selected fromthe group consisting of
benzene -29 WO 2004/026473 PCT/ US2003/ 030009 and
wo obowepe73 and t he oxi di zi ng agent is sel ected PCDUS1008030009
group consisting of oxygen, oxygen-containing gas,
hydrogen peroxide, nitrogen oxide, organic
hydr oper oxi de and organic per-acid, and the reaction
agdnbpiiens. i aedugdeaorédpaiagurgensf i6r emlegsedt rom the
about 500C and a pressure up to 65 bars. 42. The
gpeopessnefl stiagnme32 ontigesi, nokligepatahyeivahfygaact hydrogen
transition netal is selected fromthe group
peonsidei ngicfrogenapkdne  vangdndm avdroheonkide 48d Phganic
process of claim32 wherein the catalytically active
paobheinet ahdi $hgolrgaction vendit3d@ns include a temperature

of from 125°C to about 500°C and a pressure up to 65 bars.
42. The process of claim 32 wherein the catalytically
active transition metal is selected from the group

consisting of titanium, vanadium and chromium.

43. The process of claim 32 wherein the catalytically

active noble metal is gold or silver.
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