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propylene oxide. The production of propylene oxide from propylene first required

production of a chlorohydrin intermediate by reacting propylene with chlorine and water.
The chlorohydrin intermediate was then reacted with sodium hydroxide or calcium
hydroxide to produce propylene oxide and sodium chloride or calcium chloride. A large
volume of chloride salt byproducts was produced, and disposal of these salts was costly.

Other indirect routes were also known for producing propylene oxide, For example,
isobutane could be reacted with oxygen to form t-butyl hydroperoxide, which in turn was
reacted with propylene to produce propylene oxide and tert-butanol. The tert-butanol could
then be reacted with methanol to produce the co-product methyl tertiary butyl ether
(MTBE), 2 common gasoline additive. In another process, ethyl benzene was used as a
starting material, and styrene was a resuitant co-product. In each of these known processes
for production of propylene oxide, a co-product resulted. Even though these co-products
were sometimes beneficial, they must always be handled and disposed of, and added

accordingly to the cost of propylene oxide production.
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provided by a suitable-metal oxide catalyst or by the reaction of a metal oxide catalyst with

N0, NO or sulfur oxides which may be generated in situi or supplied to the reaction system
i;ldirectly. The term metal oxide as used herein included oxides of single metals or multiple
20 metals. Ina preferred embodiment of the invention, the oxygen was supplied by one or
more reducible metal oxide catalysts that were regenerated by exposure to air, O,, other
oxygen containing gases, or other suitable oxygen sources.
Additionally, a source of hydrogen may be directly or indirectly provided, for
example, Hy gas. The necessary hydrogen may also be provided by one or more

25  hydrogenation/dehydrogenation metal catalysts.
In the preferred embodiment, the invention included a metal or mixed metal oxide

catalyst, which provided a favorable standard free energy for the selective partial oxidation
reactions. Metal oxide catalysts have been found to be particularly suitable for synthesizing
ethylene oxide or ethylene glycol by epoxidation and dihydroxylation, respectively. These
30 types of metal oxides.(referred to herein as “red-ox"” catalysts) allowed for the ready
accessibility of lattice oxygen to promote the oxidation of the feed materials, which resulted

in a corresponding reduction of the metal oxide. This was followed by re-oxidation of the
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Thus, in the preferred embodiment, the apparatus included a lower alkane/alkene |

20 supply; an oxygen supply for providing a source of oxygen; and a metal oxide catalytic
reactor. The metal oxide catalytic reactor included a reactor chamber; and a phosphate
modified catalyst in the chamber for reacting the lower alkane/alkene supply with the source
of oxygen to convert the lower alkane/alkene by selective partial oxidation to at least one of
the ethylene oxide and ethy]ene glycol.

25 Both the red-ox and hydrogenation/dehydrogenation catalysts can be modified with a
phosphorus containing salt. While not wishing to be bound by theory, it was believed that
this phosphate modification provided for isolation of metal sites which makes the both the
red-ox and hydrogenation/dehydrogenation catalysts more active and selective for the
dihydroxylation or epoxidation of ethane to produce ethylene glycol and ethylene oxide,

30 respectively. The phosphate-modified catalyst may be prepared by adding a phosphorus .
containing salt (for example, phosphoric acid, ammonium dihydrogen phosphate, sodium

phosphate, etc.) using techniques familiar to one skilled in the art. Alternatively, the
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The oxygen supply for providing a source of oxygen was at least one of oxygen,
ozone and oxides of nitrogen. Preferably, the source of oxygen was Oz or N2O. In the
20 preferred embodiment, the source of oxygen was provided by at least one metal oxide
catalyst. The metal oxide catalyst included at least one metal oxide that was reduced by
reaction with a hydrocarbon moiety to a lower oxidation state such that the metal oxide
provided a lower standard free energy for the selective partial oxidation of the lower
alkane/alkene. The metal oxide may be selected from the group consisting of oxides of
25  cerium, iron, copper, nickel, lead, cadmium, molybdenum, vanadium, bismuth, manganese,
barium, cobalt, strontium, tungsten, samarium, osmium, rhenium, rare earth elements, and
mixtures of these oxides. The metal oxide may be selected from the group consisting of
NiO, PbO, CdO, MoO3, V204, V20s, BiO, Bi203, CuO, Cu20, MrO3, Mn,0;, Mn304
Ba0,, C0304, Sr0z, WO;, W03, SnO;, CeOy, 0504, Re;07, FeO, Fe;03, Fe304, rare earth
. 30 oxides, and mixtures thereof.

The resulting alkylene oxides and alkylene glycols were substantially free of higher

hydrocarbons greater than four carbon numbers.

4-




20‘preferred enbodi ment, the source of oxygen was provi ded by 37 Neagmsone

" metal oxide catalyst. The netal oxide catalyst included at |east one netal

oxi de thatweee/osethaced by reaction with a hydrocarbon noi et YCVESR/150
oxi dation state such that the netal oxide provided a |ower standard free
energy for theAcRiréigiitychddpiciérmlinvesiicnithomend okide chralysr wasidgemedide k meche The
nmet al oxi de nay be selected fromthe group consisti ngnyof oxi des of 25

cerium iperﬁtbre _gmpedi,mmthlhmmetaleca@ch cadadyst was reasnOIRtRSNSXPBIRE dleumetabpxidet h,
e um. @t i ehref BhBeeen e s hard B R BE OB ik AR Teg, or

,0Xi de mayiHe ssipltRs tadid! ATs4, R de Refened RHibsdinttit, Rhe apfafdtudRiay firtHer iMlQde

-

V204, V205, Bi O 13403, CUO, CU20, WMh02, WMn203, ML1304 Ba02, C0304, Sr2'
W2, S\D3a hSdfzen Gefily fasrviding 8 Sourfedf hydeddkd, in Bddibion to thewxygen supphofor

oxi des, and 5“ xtures togereof The resulting al kyl ene oxi des and al kyl ene

gl ycol s REPVEOIBEBSPUECAIO%YE%ee of hi gher hydrocarbons greater than four
Car bon number gn el fer NG R 024 O LR AT WSARIER 23R SAGAO 1 Blodpalde
present invention, the netal oxide catalyst was regenerable. Ih the

pr ef er r etoswewer] hydrogenation catdlpst nayi wierkca tvadlly SThewatalyst geydnatherdndiydeaposi ng

the metal oxide gcatalyst to a.source of oxygen, such.as in a fixed. bed,
fluid befRtd IF&Rdag?fnég A TPUEIBaTtaying emeR W{?‘m IS s actifiyo, i
the gy ef E‘z{d’/&dse?&g;%g%g% cdthlgstd &ﬁﬁgi%)fn&‘%}%cﬁé udeAGLEY8s AkAi Aydlr ogen

supply for providin sourcé of hydrogen in-addition to the oxygen supply
for proslkelimgeanthsoxidese Tie apparptus. mayalsd incpudefaccarsel fensupportingtthe t he

hosphat e- nodi fi ed,.gat al yst S.iro osphate. = However, hydro atiqn
Sy BlRp et o0 Srthlysts b the PeAfertad HRpAATIERY 1P CAFIAr YRS Selectad dam e,
nodi fi er : I t gLl : o) : | g.‘ﬁmlg' r .
act : v: tygrfgbI %ﬁ%}ﬁsﬁ g%:ﬂt‘#\'ljﬁ&yﬂ%f ﬁkﬁgﬂghﬁgﬁ’sé{m&%& o ﬁ&l’ g‘r{gﬁln%}sg‘eéo be
used sucdlumimmh phdsphatednolecilar sisecsq(AI PO’ sy tiigle silicd o lapiaxisieva geolitys, MEM-

include a carrier for_supporti ng_,reth phosphat e-nmodi fi ed catal yst. In the
preflér r YPR QFE Feolitep,anpxtyses s selected fromthe group consisting
of : cerias, tifdedéht ifdentiBhiviks opsiabletd TeactiH Biiliad ettiyl e\t Bxygeh!th 6fin
carbi de, al uﬂﬁﬂﬂﬁgﬁﬁéspﬁate mlogcﬁogr s?agses Al Pé sy), hi g sbﬁ%lhca

mol ecul aat leastane ofethylersoxitichhd éthylenpglycalrapd prefiemblye foirms ethylene glyoods

"t her eof

However, the ethane/ethylene may also form higher glycols selected from the group
consisting of diethylene glycol (DEG), triethylene glycol (TEG), and tetraethylene glycol

20 (T4Q).

As was expected the higher glycols were also formed as a result of condensation of
the formed glycols and/or ethoxylation. In general, the lower glycol was preferred, but
higher glycols may be formed preferentially by running at higher alkane/alkene conversions,
or by recycle of the alkylene glycols back to the reactor.

25 Accordingly, one aspect of the invention was to provide a method and apparatus for
synthesizing at least one of alkylene oxides and alkylene glycols from lower alkanes and/or
lower alkenes, the apparatus including: a lower alkane/alkene supply; an oxygen supply for
providing a source of oxygen; and a metal oxide catalytic reactor for reacting the lower
alkane/alkene supply with the source of oxygen to convert the lower alkane/alkene by

30. selective partial oxidation to at least one of the alkylene oxides and alkylene glycols.

Another aspect of the present invention was to provide a metal oxide catalytic

reactor for an apparatus for synthesizing at least one of alkylene oxides and alkylene glycols
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20 in the presence of a catalyst to at least one of said alkylene oxides and alkylene glycols,
wherein said catalyst is selected from the group consisting of a metal, mixed metal,
metal oxide, and mixed metal oxide, alone or in combination. The method may further
comprise a step of separating said at least one of alkylene oxides and alkylene glycols

from the total product stream and the unconverted reactants.



_ fromthe total product stream and unconverted reactants. In ﬁr%cmr, t he
present invention provides a nethod for synthesizing at |eas of

al kyl ene oxi des and al kyl ene glycols from|ower al kanes and | ower al kenes
or fromyevplosgdosanes, said nethod conprising the steps of RGIEUS@/Ie0a
source of |ower al kane and al kene or of |ower al kane, providing a source

of oxygen. anflleaStbind oSl oARULF& e inlHifth WEreApBarRtilnbeekiled B theower

al kane with ygen convert sai ower al kane and al kene

or sai dy} oHETa RhKAB ShdBIIERiME desetiption bf the prefertad iembodiment when gonsideree of a
catalyst to at |east one of said al kylene oxides and al kyl ene glycols,
wher ei nwighathe drawiriggst is sel ected fromthe group consisting of a netal,

m xed netal, I, oxi.d . ﬁ@{fu j Gi@. stAIdAREfree ehétoy CHEM i on.
The net hod @Wﬁﬁt‘#@@’i"&w@%&%‘%ﬁgﬁ%ﬁ 0 ‘gngpglr%;tt?‘ ng said atgfeastgbgér?e of

al ky§ engriaxiisiest Riperinks ifenenahend fethdnedms¢duutest talmemesthanolamingam and t he
unconverted reactants. 17NOV*i C\/O;C\)EOZI&gtgloz P&'IF'/ usQ2/ §_526 'rl'gégﬁ anagOt her
aspects of tHGURE2«entainedaseriss ohplots lystrating the § &% 19 WEHE  art
after a readi ng-th ' i Jt 16 et esdigninedi ment when
consi d@r@ﬁ%‘% ‘?%te?’ﬁ%&ﬁ%\?mwnﬁg@%ﬁ@dfgc%ﬁd alitogékosl a gg’rli es lof pl ots

i |l ustrati ngFIGURE Babgaimtdfy eeieeofphys itlostrajingabe s@ndarid fiies ensrgioehange as

tenperature for a nunber of. ethane based,routes t neet h .ani ne.
FI ?BBREaZ"uc@iﬂrmfrt@aP%Fag’é? fara WW‘&@%@F Qéﬁe;éaff’}’ﬁ?? E@"&%ﬂ%ﬁ&% free energy
ch e as a i . : ¢ch tags to
ot ﬁ@g rﬁlﬁgﬁiﬁ:? &%}ﬂ%ﬂ%%[’lgg Y SlofsAludrdiingige shdadreeettapechange

| enedi a contarned a series of plots illustrating the
st andapdufdpm cnengetathefga manbea of ethane dasedfrovtespe ctaylang glyeol; nber of

et hane based routes to ethyl ene oxjde; 10 FI GURE 4 contain ri,es of
pl ots il ustFlGURES Wes 3@[‘%y¥d§?ﬂ'am ﬁ’g‘s%ﬁ&g@ﬁp @P&FPQ}BSE coi&}gﬁ%gfﬁ&?)aﬁmc&?

t enperagure fQk o) R&nASE {He ket enengon:col ; and
FI GUREcé‘y{ﬁé‘se ogudoqaag@%rﬁgﬁéngeré%gél%ust rati %B%B%Epar aég?us for gonverti ng
ethane to etfhylefdowidgdesaristic, likk eeferapey chdracterssdesignatad i@ di ng to the

B oearomi s ot foyasa! e AES Yl i SBBPIm S BaE
"t or uepeerSiop T ANy B Bhi il rdart RN SiRe] thpRben ST ere
wor ds  efovRnnan"enGe wiids of donvetichce drl arenst tourdcanstriedras limiting:iemms.
The invention was described in connection with an explanation of the synthesis of
ethylene oxide or ethylene giycol from éthane. However, as was apparent to those skilled in

20
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The invention was described in connection with an expl anati ong gfgyt
synthesis of ethylene oxide or ethylene glycol from ethane. However, as
vas appar‘gﬁtozh@sﬁ,@ose skilled in 20 WD 02/088102 1 7 NOv 2 PGPS 2526
the art, the invention nmay be used to synthesize other al kyl ene oxi des and

al kyl en | ycpl's  using other | . Rk okies andhikolas dihe
hydroca?%%#‘s‘gﬁmvieﬂ OIPT&%&)FSIFES tg\r%gﬁthg%lgé;?mré%%n?rgt er0 i al feeds? Fpug?ic%pi cal
routes 4QinetdiNdrahRediNaRs aR@BERBWRR alkeherdsithe hgdivgarbor plaatingmatsrials #nghe, 5
according to the invention, were set forth below In certain preferred

enbodi nethes rawimajeral feesigener abl e nmetal oxi de catalyst, a non-limiting
exanpl e of

Coh N ed | . 4 YS!t _ .
werelact | vel yf BRBIGAERE §Evidhe SRR pafd i Seifivp B AroationWfieckal &2
+ 025-4 a%‘g@%%jn@gﬂtiogz%rﬂe?m befowlOGHRertiiR Preferr@\embadimentiousing 02 +
2H2. ” - 2 + 2H20 15 (4) C2H6 + 6Fe2(B ---> HOCHZEIngO-l + 4Fe304

The r eacégenermblemetaboxide catakystoanon-imjting examplee! whighwas prvadad inggaction
mul ti phase nedi a. not ed previ.ousl| an | 1.8 en ma
be. ut || (9o FeRCh AP TBurAM AR ED SopIRToH, b Rs CupRueiyctl s pen T

However m[\gﬂg.n the reactions were carried out in the vapor phase, 02 gas or

e :
N20 wer e e nost preferred forns of these reactants. As to the

hydrocarbon raw materials, it should al so be understood that the use of

et hane and et hylene were no ally exclusive, and that a m xture of

t heb@ rébkt arﬁ‘ékﬁh%ﬁéﬂﬂ%?ff'ggggm the synthesis of ethylene glycol. 25
The reactions nay be carried out over a broad range of tenperatures and
pressures. Cenerally, however, conditions of relatively |ow tenperature
and rel gy veloyHi+0INJD es HHOGH,-GHrOHp+ @Ner red. Lower tenperatures tended to
enhance sel ectivity and reduce or elininate the formation of undesirable
conbustion by-products, such as CO (02, etc. H gher pressures generally

i ncreasegd th t t | el e desd +9pfloproducts were fornmed. 30
Typi cal 13/, t?rjéi@fn Q%E?ﬁ"—b# PR 08+ 2]

§?was carfied out at tenperatures rangi ng from 25C
to pHOC and at

4 C,Hg + 6Fe;03 — HOCH,-CH,;0H + 4Fe;04

The reactions may be carried out in gas, liquid, supercritical, or multiphase media.
As noted previously, any suitable source of oxygen may be utilized to convert ethane and/or

20 ethylene to ethylene glycol. However, when the reactions were carried out in the vapor
phase, Oz gas or N2O were the most preferred forms of these reactants. Asto the
hydrocarbon raw materials, it should also be understood that the use of ethane and ethylene
were not mutually exclusive, and that a mixture of these reactants may be utilized in the
synthesis of ethylene glycol.

25 The reactions may be carried out over a broad range of temperatures and pressures.
Generally, however, conditions of relatively low temperature and relatively high pressure
were breferred. Lower temperatures tended to enhance selectivity and reduce or eliminate
the formatidﬁ of undesirable combustion by-products, such as CO, CO,, etc. Higher
pressures generally increased the rate at which the desired end products were formed.

30  Typically, the synthesis was carried out at temperatures ranging from 25°C to 500°Cand at

pressures ranging from 1 atmosphere to 200 atmospheres.
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, pbressures ranging from1l atnosphere to 200 atnospheres. -7 Wp70§gP 302 17
NOV 2005 PCT/ US02/ 12526 Wiile not intending to be limted tg Z{J@g)' E}Fﬁul ar

theory onypEphgsesti c pathway, the dihydroxylation, as replpéjg d

reactions (1) - (2), was believed to proceed by the formation of highly

reactive hyds Eé}{y oR 1% Red RES basiculP by erahéchanistie pathtvay, thexi de
appeared to r\@é{@g{&%qp elu'%]gr 02 g%s orbNZO to form peroxo internedi ates by

oxi dat i giflyBraxiyldtion, oetepreseniedén refietons o ¢Xb waabeliensd faproseehpy BE ei t her
peroxo or some reactive nopatomnm c 0X n. Wiile the jyng from
t he net rmegipye! hl&hlmsﬁCHé%EY‘iIOPEfaf‘aﬁégﬁfP8’°|"8|5Pﬁ‘%:1 i Sﬁﬁ’éﬁfﬁﬁgl‘%ﬁﬁ%g@@n t he
nost pref.erred dj - 0f: ' N tdxdSntetmediated by pkidaceded
over a ?’ggﬁngﬁagéH;ﬁ)d}ergggéﬁg%gﬁ}gﬂn%\ég? N(I)S? t(§)etr0rﬁggj’-eox cgt al 33"? ) Gye{ner al ly,
met 3‘ Oyf e Snékd xidé,atrhese perodssiatdrmetiates canehetdither pasoxo oeoee feaetive

es

OXi -that were reduced by reaction with .a hydrocarbon,mjety to a |ower
oxi dat i menstoatie pXygerh Mthwxﬂ@ﬂaammegwﬂwéa&%% qxidga it m {gﬁ%a% d free
energy for the slel ect. ve ggr%i al oxidation reaction, in this particular
case t heatalystipeelpayish ﬁp% 98 et hyl ene gl ycol. Oxygen fromthe feed

mat erial them, fR-Ritdiréfsrell kmbodRhélt dixhelmveriion, révetions (t heéd)protecdedy| ene
glycol fromethane using a netal oxide as a 15 soqurce o

exenpl aovermaedudible and regenarble;metal pxidesedaX Gatalyst- Gepgp %%%@F&ig%r ce of

oxygen (ai nd then r. | ' I £CY &l 1Bath | t&@BtionVaaths hown
e 197 01 able B fsx e 0TS 8 st ol G (Fof AL Sed g BN B
Recycl e%ﬁﬁlro@éﬂ}sﬁ mBik6) toeowesoxidative state; aubhcthatrtheatelabosideqnotidedia fowered as

shown above by 25 bal'ancing the appropriate val ences,and coefficients for
t he parstandlaird freensnerigyofer the selective partial exidalionesactiQn i ?‘Fﬁa?"ﬁﬁ‘ga%"@ég Sary

oxygen was. provi ded by.t t i FeMsxsdizédoiet he
latti cere?‘é}“ﬁh@ Pgﬁ?‘f%@(@ﬁ?ﬁ'&%@ Z@X@@ 5) m%a&at%u?%gce spéci es). One
pOssi bi hifaY okida! FBE B isintitksfs@f citiydert gificaldtiniethane iising e sustalaxide/ans was

h h I : . o
t %tS t seouxr'rc?ct gf oxygen, an exemplary reaction in which the metal oxide wa re-oxidized by a

source of oxygen (air) and then recycled back ina recycle reaction system, was shown as

follows:

(5) C;H, + 6Fe;05 — HOCH2-CH,OH + 4Fe;04
20 T l
T O, (air)
Recycle

For other metal oxides, similar red-ox reactions can be depicted as shown above by
25  balancing the appropriate valences and coefficients for the particular metal oxide selected.
It was believed that the necessary oxygen was provided by these catalysts as oxygen,
which moved from the lattice to the surface (perhaps as O 2 0", or Oy surface species).
One possibility that accounted for the high activity of these catalysts was that the metal
oxides have point defects, step defects, other types of defects or disorders, or cation
30 vacancies within the lattice, which provides for the ready accessibility of oxygen.
Whatever the basis for their highly active nature, a number of metal oxides were

particularly suitable for carrying out the selective partial oxidation of alkanes and alkenes

-8-



oxi des have point defects, step defects, other types of defeq ts
di sorders, or cation 30 vacancies within the lattice, which prov%e@f or
the ready accessibility of oxygen. Watever the basis for tghgifisddi95dy
active naw@ &/0881%unber of netal oxides were particularly sui ta l'e for
carrylng out the selective partial oxidation of al kanes and al kenes -8 17

NOV as ‘iheudingQeE, b RdQSNRI0L 260k, 16QsdB 1) Be@, GrpoC \xiﬁo\m@yebﬂnz@zm

w03, sﬁbé’nségéﬁé%mé“g%«%é& o 8 OF%5 Cords 1 0n £ BT MRy Fsae rdiSy
m xt ure%aﬁﬁ o%th%%r[?ﬁxﬂm cse\fmtﬁﬁoﬁﬂ’és intending to be |i m/t ed to a

parti cul eory or ani st1c pat the 5 dihydroxylation, as

. represent ed iWhileaet iftendidg to bt Henitsdo Iaeplameubdttteonpmroneémbycmhéwa[s'QMt i on
of highly reactive hydroperoxo and/ or ger 0X0 S i es. Specif :bCElEFl y, the
met & dmmieoaﬂpm@armema@d ingeagtiona(3 a0 WSt shieyed tﬂ

I nt er medli at he

per oxo ?}@Eﬁ oef%ﬁg@é' rF?ﬁ lé'%r@jg ﬁeg(g{om@rdé f;cgéo]f% g?anésd F%Qcﬁﬂe&gg ?gﬁﬁgctat]a

hydr 0geBaideiped3d46 hesdt AIQIHS jaaMo TornRth hgdropenso inkertriecite aetidsiveith oy

reaction wth H2. The oxygen adsorbed on the catalyst, either as the
b

hydr ope farthereliminatiomof H ﬁwm@pethmowwswé of adding to an olefin

whi ch has be added e er . as in situ by

oxi dati on of ﬁcéﬂt fé}‘a THe'ers %3}5? %eg%&?éééﬁe?g?aggﬁagéﬁ@gétlon of the
OXygen %W&B?&\a@oﬁfrﬁ&al"@ﬁa@ﬂ wielPO% iafl@ theRlby remstish deth Mg Wemgadadﬂotﬁedwat er
to give t 15 For exanple, a feed of ethyl ene and/or é@%e W th

H2 and ea tlps cxialyet;l eehawsehehympq@xas)r asroxaintemediate. v aghapablee g¥ th

H20 to I

021 12 e 15t wBlstss BeetAf L eihly Bt £ Bedupert R delEaE sk pRciiiilnBF,
desir ed aff aﬁcaﬂé OfHE ntertheii SteBeféragd i eedcton pelthe@xpgén withnisd elefin Waarnwer e
the nost active included but are not limted to nickel, palladium

pI at i nuepoxidbaThe eporide then reacted withuyater togive theglyeek um  copper, zinc, gol d,
| f t
glrszlgex:'[ i g Pﬁrgnﬁ%(}’ %g%ﬁo i peﬁﬁ?ge@&e&ggﬁv@qu %glrgf ﬁroggﬁedb%mylg?%par ed

by convgalt a8 ah ileAsalateashikh esatddnwitin E1,0rtd prddace ethplent glycbheTypacalyyst can
be incorporated on preforned carriers or supports

t hese terns used
interc hmagefa‘bcqndlh@ﬁseﬁm)’ ag P ﬂﬁpmebqﬁppwrmérec%drtF@sﬂeW‘Fﬁ were Fﬂlﬁvéﬁ{eg & ution
conpri sj Sivd e i ,@d%fv,d ppc?du%k ©HdVe hydrogenation/dehydrogenation metals that were the

most active included but are not limited to nickel, palladium, platinum, cobalt, thodium,

20  iridium, iron, ruthenium, copper, zinc, gold, and silver and mixtures of these metals.

The red-ox and hydrogenation/dehydrogenation catalysts described herein can be
prepared by conventional procedures known in the art. For example, the catalyst can be
incorporated on preformed carriers or supports (these terms were used interchangeably
herein) by impregnating the carrier with a liquid solution comprising a form of the element

25  required to effect reaction. The support shape was generally not narrowly critical;
accordingly, the carrier may take the form of, for example, pellets, extruded particles,
spheres, rings, monoliths.

If more than one metal was to be incorporated the metals may be incorporated
simultaneously or sequentially, the sequence of which was not narrowly critical. As noted

. 30 above, typical supports include cerias, titanias, zirconias, silicas, aluminas, e<-alumina,

silicon carbide, aluminum phosphate molecular sieves (AIPO’s), high silica molecular sieve



. 25 required to effect reaction. The support shape was generallf X ?oz’m?s
narrowmy critical; accordingly, the carrier nay take the formg , Tor
exanpl e, pellets, extruded particles, spheres, rings, nonoPCTMS02/1¥52¢r0r e
t han oneW@t 3&3’% to be incorporated the netals may be incorporated

si mul t aneousl ng:é,&se g%%'(ﬁléel }’5&1}&) Qggfx?@ﬁgggﬁegé cAREGaPSthBPEatalkst Sudpwrt

criti careolnss. S Include cerias, fitani as,

zi rconi --al um na silicon carbide, alum num
phosphasis’terﬁléé&?ar Si eves (AI PO s), h silica noéecul ar..si

-9 1?2 NOV
1005 PCT/ USQ@ériziR6 thatnexal @ssamoheﬁmlo acsglt WDKh £3hee ?aaﬁllgéhi?BFVeE%z‘&cﬁ ites,

m xtures of these carriers,. and at he atal [ wel |
known ihqmdeSQiYQ"t ferdpesrRPa O“frﬁgﬂfﬁﬁ %ﬁﬂolﬁﬁ@?@étﬁ{% g@ggﬁéml ch can

be easi rﬁcﬁﬁ bA € Anewitiofmétaitar mital
part gg r&%gat"ﬁg uct érfllg&?grrl er. 5 Several .inpregnation
st eps n@y,&qeq@{ﬂw 5xﬂdhde¢lehﬂi|tymgf tchn salhef theroatalytistcomponnd i theelohyento B de

required and the solubility e salt qf. the C I n t he
sol vent drying @tﬁpl wag @ﬂ@fﬁllmglpgfé’ﬁé Pgfwegn éﬁ‘% \%eg#se a&ﬁ%r eg r‘n’g& i on.

This was_ a wgﬂ%xgo?rﬁé&ﬁﬁ&‘éﬁ h{%tatlé‘éncﬁh&taf %db@sﬁtb RCYolidi soppo nadteriand

net al o?f‘if@ mat er 1 al After all of the_inpregnation
st eps Waltfer GUNGY tRé ﬁﬁbregmomte@s wake mpletleé,rthg snpseria) wesdhenjushallydiegtegat

tenperatures, typically from 100- 900 fect, at

decrOmo highieo teroperatutes, ypically &om@%%(%%a ‘%ﬁ%#’ﬁ%ﬁ 98?‘9‘?‘{"%%‘“ of i

salt ma¥ be heat ed iax 100-900C after each i npregnation and drying step.
The dry| aéht@t Yl eps may be done increnentally at various

tenperat ures QN&harly, Qlké RefEEdiOfay bé hédtedto 1@0- 9003€after epch inapregpatiatiped up
to the desired 15 terperature fairly linearly.- If desire fhe. netal oxide
can be wuaddeyrgstept The niatlw andykeatipg teps B’éVPFéPP?m‘W‘? @H 'o‘é%'ho“(’?r ot her

r educi _n?q gases éfor ex RC&Q%BPH"‘ &-%Es@%) Pg%mg rﬂﬁf,éﬁ)dﬁtd\ﬂidddgﬁedm to

one sk| TRPETART srfe’eéf"f‘ |ve S Form of 't he requi site netal can

DARE Ay HRSHRIVE 35 8ékiret) rthemmﬂ Iodldpdah ebtsednced&tv ermetal, atdeases, or
corrp03|t W th one or nore support mater al s, H-Zbo asso&{)gé) th one
or nor epantiatlly, thhdwérosﬁfeloh@e@?"e@d‘a@“%lswy FrAmpRle SATOON THAY ced as

all Udedn}e ocPs Well known to one skilled in the art.
Alternatively, some form of the requisite metal can be fused, bonded or compressed

into solid pellets or larger structures, or composited with one or more support materials, in
20 association with one or more metal oxides and heated as above. The material may be
reduced as alluded to above.

Still further, the catalyst can be provided at the time of preparing the support
material. For example, one or more metal oxides may be condensed from their respective
hydrolyzable monomers to the desired oxides to form oxide powders which can thereafter

25  be blended and compressed to form pellets and larger structures of the catalyst. The
materials were then heated and optionally reduced as alluded to above.

In yet another approach, the metal salt may be precipitated on a preformed carrier
using methods described in the art. This procedure offered some advantages for depositing
the active metal on the outside of the carrier which may lead to improved selectivity. Some

30 further advantages may be realized by preparing the selective partial oxidative amination
alyst on zeolite-type materials. For zeolites, known ion- exchange procedures may be

cat
employed to incorporate various catalytic metal ions. This allows for shape selectivity and

-10-



. Still further, the catalyst can be provided at the tine of p{ﬁgﬁ&i*the
support material. For exanple, one or nore netal oxides may ohdensed
fromtheir respective hydrolyzable nononers to the desired ' orm

oxi de powdEPL2BEWR can thereafter 25 be bl ended and conpr eslgée(]a/g?%/%g%&m
pellets and | arger structures of the catalyst. The materials were then
heat ed ardnephamceaelegtivepartiatiosidation avrsdompleapoxidationy Lha pragfsuris foRppr oach,
the netal salt nmay be precipj.tated on reformed carrier using nethods
descri bed“‘F‘?fPPWémgr’?‘?ta}?l‘?P§CB E?&é%ﬁ’j?é”eg%"gwgd sone advantages for depositing

the active nmetgf, 9%05¢§EP€¢]H§fOQ?h@éat£l§)ﬁs SRIvideda iR offBignifRast ddoantapenved

selectivity. Sone er advantages may be realized by preparing the

. sel ect i veopwe df thie caralydas were ranrstradtumtly stzhieainder themeactionicoeditigpsewhen eri al s.

For zeolites, known ion- exchange procedyres may. be .enpl oyed.to

i ncorpor atidized pvesan @@@@PQPFEO%@? fme; dﬁ#a‘ﬁﬁi@a‘%‘wo%s ‘%‘r"‘é ASHRIECAN ot vity

and -10 17 Noy, M WD / : | FGtf rtial
;f{o(%%r,%e9§§égﬁ%tcﬁg \&H?%?f(eétgg ngatﬂe @ﬂ}gﬂg?\%pﬁﬁ oTalfixéq bed

oxi dat i on¥8¥e e oxl dat1on he procedures i'ncorporating netal s

on zeol i k&tNCita Wetularfeesr, of fea flail ek reacqrdt was desirableshatabetatalyst Ipvevi ded
a nunber of significant advanta e?ﬁ Sonme, of the catal ysts were not
structurxrwemmkﬂmlﬂtyﬂﬁ@gﬂgé rithe Teaet i PEYHD: when 5 uti | i zed over an
ext ended periog of. ti Aal, ' | 09 SiQAdY gant

| ssue. Homever';gn‘];{%rkc%]ﬁ%eirggg‘honpé\k/ggﬁgl??tetgg!gghv%@ﬁﬁt@ﬁg crgtsgrl)yst asypart of

a fippd hesH i £8aidezed bed réactor Uproveresismncedo attritian of thei catabysticarebet or it
was desirable that the catal yst haye reater structur

st abi | i t pehigvedsby pww@nsme@&aer%%ﬂaﬂée?%° PPﬁ%ﬁafjé‘aﬁ"%Yﬁ- Ihni fi cant
problemwth a | | ly'pérous t

f1ui di ze§OHRP 7“5’3‘2?%?%{5%%?6@@ %%%ﬂ?%{%ﬁ?%&gﬁé hﬁlftol?\eosgﬁ ?ﬁ‘g cat glus;)/s% can
be achi guRfitifeepasssigeoftheasaatrts ahd produets through thewaatingytodhe catalystsiteace of

the catalyst. The  coating shou]d be resistant t. tq?f re c]tsan s and
pr oduct s Pal¥siligie acigezing p¥ipe; Hapium BHFG«E"’PB‘“B’e‘P’Hﬁ?’ gm @%‘%ﬁéa&p t he
eagiant RiRlle UL i ded OB b 6 YRSVilarl Gutbd @afidh 8h S catilydt which

Pol C aCld, zinc oxi titani um oxi de, zirconlum oxide, other netal
oxi des apgbvidesbettetiateritiont resistance.oXhel teshnigyesinsed teprovislen protegtivaigpasinger

Fechni quEsr Sl K8 W oPEEKISBIBHEAT vo coating  were well known fo one.
skilled in the,3ht embodiment of the invention, the reducible metal oxide catalyst has a
microstructure characterized by a plurality of porous microspheres. An attrition resistant
20  coating was provided on the surface of the microspheres. In this particular example, the
coating comprised polysilicic acid. However, as mentioned above the coating may be
formed from other inert materials that will also provide attrition resistance, such as zinc
oxide, TiO,, ZrO,_and other metal oxides.

Referring now to the synthesis of ethylene oxide, the conversion of ethane to form

25  ethylene oxide was represented by the following reactions:

-11-



In one enmbodi ment of the invention, the reducible metal oxidé7cW@a®®: has

" a microstructure characterized by a plurality of porous m?’rg%@%%%” An
attritionwgesimssaat 20 coating was provided on the surface” of g

m crospheres. In this particular exanple, the coating conprised polysilicic
acid. However, as nentioned above the coating may be fornmed from ot her
inert materials that wll eC?l so provide attrition resistance, such as zinc
oxide, Ti02, ZrQ2 and oth nmet al oxides. Referring nowto the synthesis of
ethyl ene oxide, the conversion of ethane to form 25 ethylene oxide was
represented by the follow ng reactions: W 02/088102 5 10 15 0 / \ (6)

C2H6 + ?8 -~ ﬁﬁa;o% CHF2EH)+ HGI6 + 6Fe2CB -’ Cl42 - CH2 + 4Fe304 + H20
(7) O 8)5 C2H6 + 2N20 --“~ CH2 - CH2 + 2N2 + H2O 0 (9) C2H6 + 202 + 2H2

-4 G52 - CH2 + 3H20 17 NOV 2005 PCT/US02/ 12526 As di scussed above, wth
respect to reaction (3), it %?s expected that the nmetal oxide reacted with
H2 gas to forma hydroperoxo 1 nternedi ate species with a further
elimnation of 20 H20 to produce the peroxo species. Al so, the epoxidation
of ethane to ethyl ene oxide proceeded under essentially the sane reaction
condi ti gms anthHe™ 68&ORH-hAHy- CHe+siepOmth®  as that described above in
connection with the synthesis of ethylene glycol. Accordingly, the
reactions may be carried out in gas, liquid, supercritical or nultiphase
nedki. Various sources of oxygen and hydrogen may be utilized to convert
ethane to 25 et hyl ene oxi de; however, oxygen gas, preferably m xed with an
I nert gas, and hydrogen way \

8 ‘:ﬂﬂs*'2th)—+(ﬂiz-(312*'2hh'+fiﬂ3

. O
15 / \
- (9) C;H; + 20, + 2H,; = CH, - CH; + 3H,0

As discussed above, with respect to reaction (3), it was expected that the metal oxide
reacted with H; gas to form a hydroperoxo intermediate species with a further elimination of
20 H,0 to produce the peroxo species. Also, the epoxidation of ethane to ethylene oxide
proceeded under essentially the same reaction conditions and in essentially the same manner
as that described above in connection with the synthesis of ethylene glycol. Accordingly,
the reactions may be carried out in gas, liquid, supercritical or multiphase media.
Various sources of oxygen and hydrogen may be utilized to convert ethane to
25 ethylene oxide; however, oxygen gas, preferably mixed with an inert gas, and hydrogen was
preferred. Either ethane or ethylene may be used as the starting hydrocarbon raw material
for the synthesis of ethylene oxide, or, a mixture of these starting materials may be
employed. The epoxidation reactions may be carried out over a broad range of temperatures
and pressures. In general, similar conditions discussed above for the synthesis of ethylene
30  glycol were used for the synthesis of ethylene oxide with one notable exception. The
reactants were generally diluted with an inert gas (for example, nitrogen or helium) to

minimize the reaction between the coproducts ethylene oxide and water to form ethylene
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préferred. Ei ther ethane or ethylene may be used as the startuyraNov 2008

hydr ocarbon raw material for the synthesis of ethylene oxide, or, a

m xt ure Ofwtd‘ gfharting materials nmay be enployed. The ep®xirdisoars26
reactions rmay be carried out over a broad range of tenperatures and
pressures. In general, sim]lar.conditions di dtivel\Ehynt hesi s
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one not aplg ¥ ?%Q&és_@ﬂ' abd¥¥in doRAC BRIt e 8y aBBsis af étiyldnt glyedl wetchpraferreder t
gas (for"exanple, nitrogen or helium to mnimze the reaction betﬁeg t he

copr oducThug thedyattessxafdthydent oxideswas typicaHyncatried|oshat tempemigies/ ARgs

02/ 088102 PCT/ US02/ 12526 gl ycol . However, the sa nditions of relatively
1 ow t enpd¥st @ WOskandat qu5§\¥‘F§/ral'?g§'r$V§?)‘F‘e‘s"§ﬁ‘Pépwg§° e%n%é)k\\/eeesl. n connection

W th [i]he synt %%zr'é?hﬁgéasgﬁné’ﬂggl}ﬁf/ giegéSE!tllé"@ﬂo?ti&rti%B SF kffidne add/bSethyRfe fynt hesi s

of ethylene o rried’out at tenperatures ranging from

'25C to 5pQEuenéthilene beils waprefarablynearfied outl ovar aweduchle ntetal 233learatalygiher es.
5 As in the case of ethylene glycol, the e,oxi_g@ i on of et ha?ﬁ% a{}g_/or
et hyl enewhish prevdded theaaxiygem Recessary onthe resctemr The etak pxidsy sytabletar, o

reduci bl e netal oxi at al ' roNl . Sveiny for
the react .S'zﬂ%éhgﬁgfg O%@%’ZSC g{ﬁ’%&(ﬁ;@{}g% gl)r{é %n%%ﬁggﬁg}ﬁ%%%&e ﬁglsene ngxi de

wer e expgfinestidrowiiB thd @mirsi ofathylemetglyebdscri bed above in connection with
the synthesis of ethylene glycol. 10, 1n a erred enbodi.nent . of the

: f
i nvdi®k i on, t hin @ preferyest emmdi%ﬁ‘tqfﬁbﬁHﬁﬂe?t‘°‘£«r§€%??é?l¥§téﬁasa??&t‘%%‘§f‘& ed as
illustrated i ' A 1) tiOns ¢ H6 + 6Fe2C3 -3 CH 1 -
ICI—IZUi nggﬁqfllgr%{!l%%%%?ﬁﬂ%%gﬁggsggmg%&@) I%é)bol her et aF oxi des,

simlar red-ox reactions can be depicted as shown above by 20 bal anci ng

t he appropriate val ences and coefficients for the particular netal oxide
sel ected. Turning now to the Qi gures, Figs. 1 and 2 corresponded to Figs. 3
and 4 in U S. Patent Appli Cﬁti\on 09/ 430, 634, filed Cctober 29, 1999, now
U S. Patent No. 6,281,387, ‘entitled "Process and Catal yst for Synthesizing

Al'i gRatiqoy Oyeli L+ 3RreLay-oneHh CCHAKaFQ R B8 and Al kyl eneam nes”, the
entire disclosure of Which was hereby 25 incorporated by reference. Fig. |
contained a series of plots illustrating the standard free

(11) 4Fe304 + Oz — 6Fe;0;3

For other metal oxides, similar red-ox reactions can be depicted as shown above by
20 balancing the appropriate valences and coefficients for the particular metal oxide selected.
Tumning now to the Figures, Figs. 1 and 2 corresponded to Figs. 3 and 4 in
U.S. Patent Application 09/430,634, filed October 29, 1999, now U.S. Patent No.
6,281,387, entitled “Process and Catalyst for Synthesizing Aliphatic, Cyclic and Aromatic
Alkanolamines and Alkyleneamines”, the entire disclosure of which was hereby
25  incorporated by reference. Fig. 1 contained a series of plots illustrating the standard free
energy change as a function of temperature for a number of ethane based routes to
monoethanolamine. Fig. 2 contained a series of plots illustrating the standard free energy
change as a function of temperature for a number of ethane based routes to ethylenediamine.
These Figures illustrated that that there were no thermodynamic barriers to the conversion of
30 ethane to either monoethanolamine or ethylenediamine. o
Similarly, Figs. 3 and 4 illustrated that there were no thermodynamic barriers to the

conversion of ethane to ethylene oxide and ethylene glycol by epoxidation and
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. enérgy change as a function of tenperature for a nunber of ed
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di hydr oX Ion, respectively. e non-catal yzed reaction which utilized
?gygenblgmﬁn »gdre grcfsﬁdéatbydie tshef r suitablemetnt pyile CB1ASHPEE a hi ghly

vor abl e standar ree energy change in all cases. Sonewhat |ess
favoﬁabllwglrdgﬁnatmﬂ/d‘?h)tqﬁ%‘?ﬁ‘éﬂ% : ﬁﬁ?l}'s'advant ageous free energy changes
\r/]ve(rje provi qed'ﬂgeyﬂ'@ %d{%ﬁtagtas ﬁro@h‘l‘e&@?ltﬁe &L G théssicdalyatvadry @hhaiced 5

ydr ogenat i on/'de genation netal “catal yst. The chief advantages proyi ded
by the usRc@fity MRbmceaisad yoiversion of the hydroaatbon starting mateyals el eihy hvsol

conversi on of the hyd b [ '

ety gnmﬁmﬁn&xéq&%&i{@%%ei%ﬁ‘éf psegralHlomst resSlicH GHipEfifuds ¥Ehien S
a Ich. .hi .y agt,y | foiTha yugti

Ehe for gty Rotiye Sy E Rl iy QRRTEhfc R RURS e Dination o7 coptoystion! ©

i1l ygtr ?;.@&cm atorexafiple, Higs 3MnA2 itlastedtgdsthapa vadudide MnG, srtplyshprovidede

standard free energy change at a tenperature of 25 B for.
g ![ E g;fj re (;)gpi(’))ﬁ_fdgorabdﬁ stendmfé‘r e&{?ﬂefeﬁﬁkiﬂtg&ﬁt Grﬁe'BPergf"ﬁ%ﬂgﬁogKéf #‘fg%@et%é f%?g gl and

Joxjde,. .respectiv . ' {5Peth ériecoxi
i ncr errer@ﬂ‘_&f‘i‘%’@ﬂP??'bﬂpﬁt?‘a‘b%%‘%?pog{@nélggg%%%& to ﬁ?% lggﬂtg?ﬁgtlwcl)r b; lctleﬁe '
chlr p;[ eg(}%?ﬁ»%b&f I the react ﬁnts toI the catal yst. The reaction may be

y slurrying the catalyst,in th ' '

sol vent) or iTherapianmoy bafecies by i inpmanial a0t S SPheBiRR I 0
use o proyide 4 qQui d . o ' t P A
par 15 a1 icpitet i eyl afl RS Fhe RBils 1L e e e Pt ent
amount  Qfyt BY $ivAgidg@theldatatyst iethe réaztantsoptiosal jyr infacsolveat)psima patohral SEWYr  he

20 react | - - i
Sl oot batchamedain ArsutadaYS QYN Tay be oLk ed,BeMe W libHiaiass Sfbrover the

which contains the selective partial oxidation catalyst and the other the reactants with a

as the
ne.

sufficient amount of mixing to effect reaction. A more preferred method effected the

20 reaction in a continuous manner in a fixed bed or fluidized bed over the selective partial

oxidation catalyst.
Inorganic membrane reactors may be used to control the concentration of reactants

(for example, oxygen) in the metal oxide catalyst bed, and/or to provide a source of the

metal oxide catalyst. The reactor may be an inert membrane packed bed reactor IMPBR),
25  an inert membrane fluidized bed reactor IMFBR), a catalytic membrane reactor (CMR), a

packed bed catalytic membrane reactor (PBCMR), or a fluidized bed catalytic membrane

reactor (FBCMR). '

In a preferred embodiment shown schematically in Fig. 5, the reaction was carried

out in an apparatus 10 which included a lower alkane/alkene supply 12, an oxygen supply
30 14, and a metal oxide catalytic reactor 16. The apparatus 10 may further include a separator

20 for separation of multiple reaction products. The lower alkane/alkene supply 12 may

supply ethane/ethylene, butane/butylene, and/or propane/propylene.
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| norgani ¢ menmbrane reactors may be used to control the concentqpt 'O‘V'
reactants (for exanple, oxygen) in the netal oxide catalyst bed, an rto
provide a Source of the netal oxide catalyst. The reactor FEEUB®/RMG nert
membr ane%%@%’@ﬁs%gd reactor (IMPBR), 25 an inert menbrane fl uidized bed

reactor (I M catal yti ¢, menhrane t,Qr
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" eact of phEHRus. [ Thedn e Sty 12Tt eBYiges hoxides s Inétragen ol dzoné, randimay 5,
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t he reag n was carri out 1n an apparatus 10 which included a | ower
al kane/ addieibralty ilude Bxouene abhygeogenIpl y 30 14, and a netal oxide

catalytic reactor 16. -The apparat us . fur ' : arator 20
for separati drheomed{ @xigeraa YE‘&EF‘?‘EW é&@%ggc%ﬁf%ﬁéﬁ% g%le gl kene
supply |ﬁ:@9§‘ﬂ ban&hi tferibYy &0k phesphidter The catalyst

pr o%ane%%or%%éfee%%a%}?ﬁ& 26%52%’ %%g%ggIOZ CTI ugo?/plzwa Preferably,
the | owsfayahkiade/aahddifier, praseraplylniising phesinant. | Alcasrier 3@ anayralsa b prov
phosphorous. The oxygen supply 14 may be _oxygen, .Qxi | & or
ozone, forsupngrtingdhe eatalysy f({/)mi the FERFLOTH Og Jﬁ\‘ccg“lﬁr 3 ﬁﬁﬁ%ﬁ%ee%iefggd %Qﬁ%t al

oxi de catal ytic.reactor.16.] C e net-gumithl §ilieon sadidesphat e
cat al ysBrONg Gonsisine 8#15?%3& tlﬂ?ﬁ%ﬁ?&ﬁ&\fbgsmggﬁé?]grgg%ﬁy iron .pﬁo‘slph.at e. m‘ﬁ]e

cat al yshuniiRtm Pisdspiite Mol@idristsves PARF@ s high silicat molecnlgr sieva zaelites, MCM-r i er
30 may al so be provided for supporti ng the catalyst 26 in the reactor 16.
Thd Ocar typerlage paxe zinditese prd miXturgsdheReAk  group consisting of ceri as,

titanias, zirgonias,, Shhi. ) a3 o1 i& 36, aRd a pesdiict Butput

al um num phogg}?aﬁegarmZbdﬁ%ﬁd%%@sl&?}i&gsg]%%m? %q %g m(b?csecul artpsi eve
zeol it egg, Middrddti é@&e's%pﬂ@to@@ﬂ&y ol at least tvanatprtstreams 40'1and 4OF. Thee
separator 20 included an inlet 34, a di s%i | | ati on devi ceeé_eeg, %nd %{koduct
out put separatei 2@ maxalsednglude psecysiling 47 W#&W%‘P‘%E‘é a0 “’dlﬁB
streans, 40' and 40, ..The .. r I ' tRat81izes eapdrne 42
for tralfdPEFrPE @g%c%}hevagl??lgaggﬁeac %n%gngggﬁgt?g’%@oﬂgfctpf 16. Thl.be

di gisi | | pebdiite deffbreftiatStoseparace multipls praeluasoAdteonativialy theidistillation dayice 365

pressure differentials to separate nul tiple product. ter Lvely. the
di sti | | may &e ajdistillatiopsolusay, Waich %‘F%&W&‘F‘&‘%ﬁ“&‘&%ﬁ‘“ %‘l%ﬁ&ﬁ;éég\é&gr%gduct

PP GoCSEGRLLabiad Al emeAIOR o o IRS ashmaccofabongeg The |
f1 ow chesamialy plugdowodhagmeeristids ofigad andicatsbyst patislesiim therriser gaEighye high
selectivity to ethylene oxide and ethylene glycol, and the absence of oxygen gas in the riser
20 further improved selectivity by reducing destruction of the ethylene oxide and ethylene
glycol as well as the ethane/ethylene. Specifically, the essentially plug flow characteristics
of gas and catalyst particles in the riser gave high selectivity to ethylene oxide and ethylene
glycol by minimizing backmixing, and the absence of oxygen gas in the riser further
improved selectivity by reducing combustion of the ethylene oxide and ethylene glycol to
25  COy and water.
Loosely bound highly active oxygen species were eliminated prior to entry into the
riser, which resulted in increased conversion and the maintenance of high catalyst
selectivity. The high circulation rate of the catalyst also provided a heat sink which helps
control the temperature in the riser and reduced the heat transfer area that would otherwise

30  be required to remove the heat of reaction. ,Accordingly, the reactor design provided

economic as well as process advantages.

-15-



. selectivity to ethyl ene oxide and ethyl ene glycol, and the absehTengf 2005
oxygen gas in the riser 20 further inproved selectivity by reducing
destruction of the ethylene oxide and ethyl ene gl ycol as wep¢T@msod/irs26
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rovi ded.i nportan v | ] ntion

has " not Of PREBREEHMieIh A 3R elrlerB e by Afe MRS M ford Aripek RO

regar dl g@En@f Holevkr, thage skilled erpuhecirt widsrendilyl appeekiatsitioatithie irtventiet bas oxi de

catal yst not provide sufficient oxygen spall anpunts. o ddi tional. 02 may
be 1) eeaenml@wheat@nrféaﬂlcinsﬂdwmthwHWEPF)?,"“‘J"F aaﬁaf i aély’iﬁ’ﬁ/ M hass

required it snad | : 2SS gmi fiep abl y

| ess thﬁww\é@?g(@ﬂggg%ggg on Hgﬁ ?t(e)n{ng. )frtgelle%. la%f@%gjrr g@figﬁtﬁyl?ﬁt he

pr esent piopuRéEdioRn, phediviganipropgléne oxidet Aldo, butankéo ¢ 2rivtanediads 1,8r oduci ng
et hyl ene glycol and ethyl ene oxide, by the dihydroxyl ati on ar,_epoxidation of
et hane. buiangdiek: 1.4 Mi Z’ﬂ&?tQWH?F@’ﬁPPmW‘ngL Fééﬁpg’ie%%‘g?ﬁ' ate that the

i nvention ha 2 I L4 ! : : ' | dppi&ne
oxi des and alﬁb%?ee%gﬁ'g{@cﬂé?g&? irsgﬁlg%?/aég{ag? 5& (l) ¢ gﬁ%&e@gﬁgnﬁgﬁg egtégrt i ng
natar i awere ot metialpéxlusiveo PRaeisp eitipy ledrydeneglyicol or pthyleneadidd may be

propanedi ol ; and propyl ene oxi de. so, ,butane fo 1 but.anedj.ol,; 1,3
but anedpreduced, ar bothof dhgse products may b predgeed Wﬁhﬁ%“togﬁlé{d ﬁ')l?e‘ Pattut yi ene

Feact | RO B o b o Pt s, o1 t her
et hy| endetermined by comtdilihethe maxtial pressyreiod the raw materials, the temperature of the
reactor and the choice of a suitable catalyst. Accordingly, the invention provided a |
20 | practicable and economic means of producing a wide variety of alkylene oxides and
alkylene glycols based on the use of alkanes and/or alkenes as the hydrocarbon starting
materials.
Certain modifications and improvements will occur to those skilled in the art upon a
rea.ding of the foregoing description. It should be understood that all such modifications and
25  improvements have been deleted herein for the sake of conciseness and readability but were

properly within the scope of the following claims.
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produced, or both of these products may be produced simultaneously. The
particular product(s) produced and the particular route(s) byhhNOW 25i S
was acconplished were determ ned by controlling the partial pressure of
the raw materials, the tenperature of the reactor and the choice of a
suitabl e catal yst. Accordingly, the invention provided a 20 practicable and
econom ¢ neans of producing a wde variety of alkylene oxides and al kyl ene
gl ycol s barSéd, on the use of al kanes and/or al kenes as the hydrocarbon
starting S als. Certain nodifications and inmprovenents will occur to
those skilled in the art upon a reading of the foregoing description. It
shoul d be understood that all such nodifications and 25 inprovenents have
been del et dd herfemethodrfor spmthesieingoit lesshenesd mbladenginxides aad ikyleng ghigplswer e

A mothod § dror et eUeSR e ettt (R HRPIgReE fMBncs,hla Mol SRR RRTE

gl ycol s 5 fripgnibpyss al kanes and | ower al kenes or from | ower al kanes, said

met hod conprising 5 the steps of: (a) providing a squrce of |ower al kane
and al kene or of(a) @mﬂdlagnaﬂ@960€l9yvepalé§9ﬁled?nﬁlgallépn§&apg V@Fag?f}&en; and (c)

reacting said sqgg(@gov@éi{l%g%&m@b}(@g%eg’r}ﬁldal kene or of |ower alkane with
ge |

said source of n convert ower al kane and al kene or said
| ower 10 al kane (by remeting sdid soyree 0f lawenalkaket andralkene oh ef jowes elkenc with gaid
catal yst to at |east OnFOOf sai d al kyl.ene oxides a

. d,,al kyl er | | s,
wherein said cat al yeres 81 oxygeR{q %@VFFS%EQ?I‘@“&“?&‘S al?@ ﬁgﬁ%gl? ¥'h%?‘§]f°%v§¥ (r:rgt ZI ,
m xed al, netal aﬂeéhgﬁ% Sﬁ@&iverﬂaﬁfa@ oRTh@dn WthélBresdHc BE a Qhtalyst QP T¥agtat i on.

15 2. e met hod accordi to Adaim1, further conprising a stei) (d) of
separating said abntefistid alkglent ozideytrshalkdsnaigscalndvherdin seid €aglyptisl s from

the total product stream. and the uncanverted react.ants.. 3. e et
according to O ai mS3ects o ﬁ‘e@gﬁu@ c&ﬁ?‘ﬁ?%?fe%gtag%é%%%‘tﬂeai Iﬁ%ﬁrrooll flglgd;. 4.
The met hod accor di pgixb@mielakbRids, aldkredrah BomBindtie@t al yst further included a

catalytic nodifier including a platiniumcontaining conpound. 25 5. The
met hod according to G aim1l, wherein said | ower al kane supply is ethane

15 2. The method according to Claim 1, further comprising a step (d) of separating
said at least one of alkylene oxides and alkylene glycols from the total product stream

and the unconverted reactants.

3. The method according to Claim 1, wherein said catalyst was phosphate-

20 modified.

4. The method according to Claim 1, wherein said catalyst further included a

catalytic modifier including a platinium containing compound.

25 5. The method according to Claim 1, wherein said lower alkane supply is ethane

and said lower alkene supply is ethylene.
6. The method according to Claim 1, wherein said lower alkane supply is ethane.

30 7. The method according to Claim 1, wherein said oxygen source is at least one of

oxygen, ozone and oxides of nitrogen.
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. and said | ower al kene supply is ethylene. 6. The nethod accordi tc@ Cmgm
1, wherein said |ower al kane supply is ethane. 30 7. The net hod rd

to Claim1, wherein said oxygen source is at |east one of oxygen, ozone
and oxides of nitrogen. 17 17 NOV 26 8. The met hod according to Caim1,
wherein said netal oxide is selected from the group consisting of oxides
of cerium iron, copper, nickel, lead, cadm um nol ybdenum vanadi um

bi smut h, maRganegge nt@l’i&&'&@coﬁﬁ@gtdaﬁﬁ i ODhdrt s?lhl{ﬂgﬁlt&& 15359%%5 'ﬂﬂ%hqeosm um

rhenium rare earth elenents m xt ures o ese OXI net hod
accordi ng t&ﬂraum®SIMeDéomdsaoﬂcemntraironxao@pen gickell kad.eddimiwn) the group

consi sting of PbO, V204 5, Bi Bi 203, CuOQ Cu20

Mh02, Mh203. %%%H“‘ﬁaﬁdfa E‘B‘é&smc@ldﬁan%%s 2%%‘““ SRbalt, sgpipum, drpestenRe 507
FeO,  Fe2CBsam@di, oshili, ARhivh, Qe $88h eRARNSA a&{d&hﬁ&ukbﬁﬁeieo s10. The

met hod according to Caiml, wherein said netal oxide or m xe rret al oxide

cat al yst Sis regenerable. 11. The nethod according to Caiml1, wherein said

| ower al kan and wi £ h 09Xy m sai d.at | east
one of et hy?ene oxI E&Qﬁ cflS cg?#??%tﬁgaéﬁgg o hergiy S H’éetf‘}e‘fxﬁ‘g%lséglgm‘&?ﬁﬂ‘ to
Caimi, \AhelmgrnulsemmdtmgefN&ld)kBlf@ @d0,1¥80%, adzo4wvgd)5, qmgsﬂog cr:ﬁ@r(tﬂz@al d at
| east one oiwég e oxi de_and et hyl ene gl ycol The
according t ’ai(’?ﬁ %3’ MpedPeBaOz 40603 Shdr ‘gpkaaW@3a$fli)2apR@rzb@SCbts R9207thfB,er

| ycol s sel d Ear SCaREh i et hyl ene glycol (DEG,
tgr?/et hyl ene%{(;;lacgl£3 [II_}E%%" an@Ht et raet ﬁ&llllrg%gl%g 0gcol (T4G . 14. The met hod

accordi g to C al m 1 wherein said | ovver al kane forns 25 higher glycols

selected fr onS| stl n et hyl ene gl ycol (DEG, .triethylene
gl ycol (TEG ;iH] %2} in sgig mefpleoxida ofgnixad mstali ng t o

c aim 3, \Ah@;(ﬁ]b@aﬁgisglsc‘r@ée@@éﬁe.l s iron phosphat e- nodified. 18

11.  The method according to Claim 1, wherein said lower alkane and alkene is

15 reacted with oxygen to form said at least one of ethylene oxide and ethylene glycol.

12.  The method according to Claim 1, wherein said lower alkane is reacted

with oxygen to form said at least one of ethylene oxide and ethylene glycol.

20 13.  The method according to Claim 1, wherein said lower alkane and alkene forms
higher glycols selected from the group consisting of diethylene glycol (DEG),
triethylene glycol (TEG), and tetraethylene glycol (T4G).

14.  The method according to Claim 1, wherein said lower alkane forms
25  higher glycols selected from the group consisting of diethylene glycol (DEG),

tricthylene glycol (TEG), and tetraethylene glycol (T4G).

15. The method according to Claim 3, wherein said catalyst is iron phosphate-
modified.
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