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TECHNICAL FIELD
This invention relates generally to methods and
apparatus for synthesizing olefins, alcohols, ethers,

and aldehydes from alkanes, alkenes, and aromatics, and



and al dehydes from al kanes, al kenes, and aromati cs,
and WD 2005/ 019143 PCT/ US2003/ 036933 2 nore
w@aoosiocukarly to i nprovenments in the sel ectiviPCEES2005/036933
the reactions disclosed in 2he patents and patent
applications identified herein, and to specific
applications thereof. WD _2005/019143 PCT/ US2003/ 036933, . ...
3 BACREXSUNER AREF SURTARY 5 %r?wmlﬂppﬁ%atsie getivities
serial nunmber 10/208,068 filed June, 29, 2002
di scl sfesthepriraciiont ddscdrsedy B hahe tBatgnkfnyand patent
et her, ethanol and ethyl acetate wherein ethane 5 o
r eact @pgiliifcat imglsogeri dsgitddtied fr berefi@ grogpd to  specific
including chlorine, brom ne, and iodine. For exanple,
et haneagrsl i degactred thietdedfi.om ne to for m br onpet hane
and HBr. The bronoethane then reacts with netal oxide
to formdiethyl ether, ethanol, ethyl acetate, and
metal brom de. The 10 netal brom de reacts with oxygen
or air to regenerate the original nmetal oxide. In the
process, brom ne and netal oxide are recycl ed.



Application serial nunber 10/ 365,346 filed February

12, 2003 discloses a process wherein a reactant 15
waeeopsnigiung an al kane, an al kene, or an ar omat PCI/US2003/036933

reacted with a netal halidesto produce the halide of

the reactant and reduced netal. The reduced netal is
oxi di ﬁb%&ﬁéﬁrﬁi AN SUNBEY 'oF MYENTENaTioNespondi ng

metal oxide. The netal oxide is reacted with the

hal i de 20 tshe reactant_to f e o) n

t he ether(gﬁﬁ%%ﬁﬁﬁ§$li%f X3 réﬁ%%%gi%§+§§?kg%§’giféd June 29,
al kene, or WD 2005/019143 PCT/ US2003/ 036933

4 .
ar omatd Wand HHe A58 n@  RECLeSKal it@E whReersing ethane  to
recycled. The present application conprises processes,
for <iftHosl z¢ Hee b ePFEéPOéI édHolethydt mratatmgwherein ethane
al dehydes 5 which involve the use of solid phase
catal ystadtreacitint 8 haladent ised echechef rast athexggesp including
and netal halides disclosed in the above-identified
appl i caticmisne, Thieropt esegntindppladiate .on Fort lerample, ethane is
conprises techniques for inproving the selectivity of
the reacidions wisgl pgeflihe 1Q presh ovsbyoéth€le and HBr. The

appl i cations which involve, for
bromoethane then reacts with metal oxide to form diethyl
ether, ethanol} ethyl acetate, and metal bromide. The
10 metal bromide reacts with oxygen or air to regenerate
the original metal 6xide. In the process, bromine and
metal oxide are recycled;
Application serial number 10/365,346 filed February
12, 2003 discloses a process wherein a reactant
15 comprising an alkane, an alkene, or an aromatic 1is
reacted with a metal halide to produce the halide of the
reactant and reduced metal. The reduced metal is
oxidized with air or oxygen to form the corresponding
metal oxide. The metal oxide is reacted with the halide

20 of the reactant to form the alcohol and/or the ether

corresponding to the original alkane, alkene, or



exanpl e, tenperature control. The present application
further conprises specific utilizations of the

wolb@slhogerl processes. WO 2005/ 019143 PCT/ US20031/08893®36933
5 BRI EF DESCRI PTI ON OF THE ODRAW NGS A nore conpl ete
under st andi ng of the invention nmay be had by
refer et d Neahgl | aulhg PRt @il ed  RESGE! PHAl déhehich  is
taken 1n conjunc?lon wi th the acconpanyi ng aw ngs
wherein: FIGJRE 1 is a diagrammatic illustration of a
first T¥Miodi%rent of the invention; FIGURE 2 is a
diagrammatic illustration of a second enbqdi nent of
the inventil® BFeeQIRE 2PRd CatdicRgr SAFREASeS Pprocesses for
illustration of a third enbodi nent of the invention;
FI GURE yhtitee sl iy r @dedting i | plgehat$on ofhersoudndl aldehydes
enbodi nent of the invention;, FIGURE 5 is a
di 4gr armigth cintdlusd rigté omsef ot Bplit phBsenibedirdwstsdireactants
the invention; and FIGURE 6 is a diagranmatic
il ustirat ix@uidfich Sivd hthe metal oxides and metal halides

disclosed in the above-identified applications. The
present application further comprises techniques for
improving the selectivity of the reactions disclosed in
10 previously filed épplications which  involve, for
example, temperature control. The present application
further comprises specific utilizations of the disclosed

processes.



enbodi nent of the invention. WO 2005/019143

PCT/ US2003/ 036933 6 DETAI LED DESCRI PTI ON Referring
wmowsphowithe Drawi ngs, and particularly to Fi gee®U32003/036933

thereof, there is shown a nethod and apparatus 10 for

synt hesi zi ng al cohol s and/or ethers conprising a 5

first srRipBgi PEBEROPTEIDR bPVeHE PRAwINEsNet hod and
apparatus 10, as well as the other enbodi nments of the

ven on ! 3l et B CAMEASES We nvencion may

synt hesi ze ol efins, ers,

al dehydes. . The fol | ow description erei_n_al cohol s ,
and/orggthéng 18yérer§$%fﬁ8§er&“?roﬁgglkeﬁ@%nglng Detailed
represgntative, A sel ected al kane, which may conprise

met hanBSSCELREREY prifiihe, Bltedne, insob@panBnCpéAnanewith  the
hexane, cyclohexane, etc., is received in a first

react ORCAPIPIARBIRG BLavhhy® wheredn 14 through a |ine

16. The 15 reactor 12 also receives a netal halide

through a |FHeURE8] Tise chalialprammprisi hyltberseieh of a first
halide that is received in the reactor 12 is sel ected

from témebgdimgnt i oif | tide nphedhordme, bromni ne, and
i odi ne.
FIGURE 2 is a diagrammatic illustration of a second
embodiment of the invention;
10 FIGURE 3 is a diagrammatic illustration of a third
embodiment of the invention;
FIGURE 4 is a diagrammatic illustration of a fourth
embodiment of the invention;
FIGURE 5 is a diagrammatic illustration of a fifth
15 embodiment of the invention; and

FIGURE 6 is a diagrammatic illustration of a sixth

embodiment of the invention.



The reaction of the al kane with the netal halide 20
produces the correspondi ng al kyl halide which is

wo emmoweriexl t hrough a |ine 20. The reacti on al SBCT/US2003/036933
produces netal in reduced dorm such as a netal
hydri de, which is WD 2005/019143 PCT/ US2003/ 036933 7

recov 2 and directed to a second

r eact gﬁ%@ﬁ%e secon éﬁctor 24 al so recei ves oxygen

and/or air froma source 26 through a |line 28. The

second readtre AT MY obS £&ec dﬁ?ﬁéﬂng{sﬂe a%drBG%éSUlarly to

nmetal received through the line 22 to netal oxi
mhlchH¥9W¥%0¥eFéar?ﬁFou§heéelPﬁeQﬁP%ﬂuPcW?EE?@dangoapparatus
a third reactor 32. The tenperature of the reaction

wi t hi L@ heosesynthesdeziog 24 coholewambiggh ¢haerangomprising a
brom ne remaining on the netal follow ng the reaction

i n510 gihestf i r sémbedihent 12 enphensioverithieomet al Thandnethod and
only the hydrogen on the netal is replaced with

oxygemppatdydiogensd ihernt ad foum bbRepeteddbddiments of the
converted to water. Wthin the third reactor 32 the

a!kylIH%éﬁ%iJ&""ﬁ@rehHaE@@rf'r@éséf%ﬁ%@r 1Zareache  uysed to
with the metal oxide 15 formed in the second reactor
24 t°£§%€HeJE%e olefins, alcohols, ethers, and/or aldehydes.
The following description wherein alcohols and/or ethers
10 are synthesized from alkenes is representative.

A selected alkane, which may comprise methane,
ethane, propane, butane, isobutane, pentane, hexane,
cyclohexane, etc., 1is received in a first reactor 12
from a suitable source 14 through a 1line 16. The

15 reactor 12 also receives a metal halide through a line
18. The halide comprising the metal halide that is
received in the reactor 12 is selected from the group
including chlorine, bromine, and iodine.

The reaction of the alkahe with the metal halide

20 produces the corresponding alkyl halide which 1is

recovered through a line 20. The reaction -also produces

metal in reduced form, such as a metal hydride, which is



correspondi ng al cohol and/or ether which is recovered
through an outlet 34. The reaction in the third

wo eawsdor43 32 al so produces netal halide which PEI/US2003/036933
recycled to the first reactor 12 through the |ine 18.
20 In accordance with "a specific application of the

i nvent L@RovEREqf ittod@Rchorn ikde  e0€iMRP QLPAREeH B a second
the source 14 through the line 16, and the netal

hal i d 9054Q191 3248 i

I PR I AP S e agen
brom de. ,The reac% ithint 56 actorh 1 PO

ethyl BPSAPHeWhi ﬁ°?s r%%%ﬁ%?e t PO thet 11 n 20

and directed to the third reactor. 32. The 5 reaction
within the TRhEr i5eeRe orrSBCtREy 184 EHBFELPBFI B8 aeonvert the
fol |l ows: 4CH3CH2Br + Metal Oxide + XH20 -> 2CH3CH2CH +
CHICH OeRCel maakl BCeHves? PBroRph e efldme b2 to metal
apparent, the reaction within 10 the react,or 32 can
be bi aseildé owaidht he preaductiesh Wirowjlcoholine B86wamdl directed
the production of ether dependi ng upon the anount of
wat er ppegerthiwdt higaddee r3zact orhe Ft@perature of the reaction
within the second reactor 24 is 1low enough that any
bromine remaining on the metal following the reaction in
10 the first reactor 12 remains on the metal, and only the
hydrogen on the metal is replaced with oxygen. The
hydrogen liberated from the metal is converted to water.
Within the third reactor 32 the alkyl halide formed
in the first reactor 12 reacts with the metal oxide
15 formed in the second reactor 24 to form the
corresponding alcohol and/or ether which is recovered
through an outlet 34. The reaction in the third reactor
32 also produces metal halide which is recycled to the
first reactor 12 through the line 18.
20 In accordance with 'a specific application of the

invention, the first reactor 12 receives ethane from the

source 14 through the 1line 16, and the metal halide



1 further illustrates an operational node of the first
enbodi nent of the invention whereby steamis directed

wd2o0sn01a43 he 1ine 20 through a line 36 and entBCEHUs1v83/036933

reactor 32 with the ethyl om de and the HBr that
were produced in the reactor 12. As will be apparent

from e, taumla Gl o, A0V endifn MHLUEN O Ofomprises

a 0 the react or causes the Teaction therein

to be 20 selective towargd the prqduction. of. ethanol i

the M org§?mé560ppos tore?ahcgtlpornodl‘J’Jclttl?'lefrﬁ1 oft?le redctor 12
di ethyl ether. WO 2005/019143 PCT/ US2003/ 036933, 9

Ref er PItOGUSGR t dtIY juPgomidengrkich dSowkeORRTRdd thgough the
and apparatus for producing ol efins, alcohols,

et her $inand?20r andelidestednpedsithp atbdeeéndreactor 32.  The
enbodi nent of the invention. Many of the conponents

paft s refactthenS sedahdnenbetdienmenthotdt hereaventi on3are may  be
identical in construction and function to conponent

parts pfarbkeerfilzest sengediaret of the invention as
illustrated in Figure 1 and descri bed herei nabove in
Z?QJ Ungtizem 2 ptener etk oR4eb ikdgRbbcab coorgoenbrparts +
CH3CH20CH2CH3 + Metal Bromide2
As will therefore be apparent, the reaction within
10 the reactor 32 can be biased toward the production of
alcohol or toward the production of ether depending upon
the amount of water present within the reactor. Figure
1 further illustrates an operational mode of the first
embodiment of the invention whereby steam 1is directed
15 into the 1line 20 through a line 36 and enters the
reactor 32 with the ethyl bromide and the HBr that were
produced in the reactor 12. As will be apparent from
the formula set forth above, the introduction of steam
into the reactor 32 causes the reaction therein to be
20 selective toward the production of ethanol 1in the

reactor 32 as opposed to the production of diethyl

ether.



10 designated in Figure 2 with the sane reference
nunmerals utilized in the description of the first
wenedisment of the invention. The second enboPETESI005636933
the invention differs from9the first enbodi nent of
the invention in that rather 15 than being directed
into the reastarriddy thswugh Fhguken@,2@hestecains i shown a method
injected directly into the reactor 32 through |ines

42. This abhews Jhharakeam i be gaseccing tBeeE@AS] Or alcohols,
32 at specific points in the reactor thereby

| ncreagiyn gheaggkggt% hg¥ﬁggst A& Ingn §h§5c5ﬁ5e%gbodiment

20 pl ace €relin towards production of al cohol an

away fromthe production of ether,, W 4 ‘
PCT] USP0051 388580 C167A atHibG 3§dt§8p§r2°g'g%!sn%§:]sf g‘?arts of the
produci ng ol efins, . al cohols, ethers, and/ or al dehydes . .
cofpris8IRPA B ingRodPfent Ner RECT YRt iBEF Meftical in
illustrated in Figure 3. Many of the conponent parts
of thecarnstxhaiasti Mot SUNSLER8 | hoentPBpPRgRt parts of the
identical in construction and function to conponent
parts fifrdthe enlrstimemdodiofenthef imeentheRntdon idHiusfrated in
are illustrated in Figure 1 and

Figure 1 and described hereinabove in conjunction

therewith. Such identical component parts are
10 designated in Figure 2 with the same reference numerals
utilized in the description of the first embodiment of

the invention.
The second embodiment of the invention differs from
the first embodiment of the invention in that rather
15 than being directed into the reactor 32 through the line
20, steam is injected directly into the reactor 32
through lines 42. This allows the steam to be added to
the reactor 32 at specific points in the reactor thereby
increasing the selectivity of the reaction that takes
20 place therein towards the production of alcohol and away .

from the production of ether.



descri bed herei nabove in conjunction therewith. Such

i dentical conponent parts are designed in Figure 3
wowdaos/0ia43 he same reference nunerals utilized POT/UN®03/036933

description of the first afbodi nent of the invention.

The third enbodi ment of the invention differs from

the first and o odi nent s, i n at durln

operation t er@% tgr 9%%"\‘/%%Sfl%§m tee Pé. %’lngz olefins,
15 thro nes 52. The rem)val of water fromthe

reactola §§°h§ ract ?'shé‘éud‘o/?rel theehydesi IqmROPiglg a third
by osmosis or by both. As will be apparent fromthe

react i BRPgdimenyr Cf dthwyelntert ¥ammoval idfuasretefir dm Figure 3.
the reaction 32 causes the reaction that takes place

t her ei Many lod 2Ahsetenporent opardst kef ptloeluchiied e@fmbodiment of
et her as opposed to the production of alcohol. WO

2005/ 0tB&43nkPERL USA0@2L036S33 i chl Ref &Idrdtrud@Wdr0 and function
Figure 4, there is shown a nethod and apparatus 60

for pr@sucwﬂp@h@ﬁtnspaatgof@fs thél h@fﬁstar&é&sdlment of the
al dehydes conprising a fourth enbodi nent of the

i nventiQRenMBRy ofniihe cofponent; QEEQtQ? tqﬁls EP&&EQ 1 and

enbodi nent of the invention are | ent

described hereinabove in conjunction therewith. Such
identical component parts are designed in Figure 3 with

10 the same reference numerals utilized in the description
of the first embodiment of the invention.

The third embodiment of the invention differs from
the first and second embodiments in that during the
operation thereof water is removed from the reactor 32

15 through lines 52. The removal of water from the reactor
32 is accomplished by either distillation or by osmosis
or by both. As will be apparent from the reaction set
forth above, the removal of water from the reaction 32
causes the reaction that takes place therein to be

20 selective toward the production of ether as opposed to

the production of alcohol.



construction and function to conponents of the first

enbodi nent of the invention as illustrated in Figure 1
w@nasdedas i bed herei nabove in conjunction thereed/uk2003/036933

Such identical conponents date designated in Figure 4

10 with the sane reference nunerals utilized in the

description_of. the first enbaodi nent of e_inyention.

I'n accordanggfﬁffﬁn?hgowogfi Jéﬂﬁﬁﬁiﬁ@nﬁﬂ8fetﬁ§ shown a method
i nvention, oxygen and/or air is directed into the
second@NfleadFPr et ust ¢ at EOSucRTPHEFIPA addiafigyst o alcohols,
oxi di zing 15 the reduced netal back to netal oxide,

addi t i ehberoxygen/ors aldidwdes t pempet sadnoxadé€amnth embodiment
nol ecul ar halide is liberated. The reaction products

fromthé geeonithveracéor 3Maave df r ebbeddrnp@nent parts of the
separator 62. The separator 62 directs netal oxide to

t hes r egeheth32erBod Irongh o | ighe 64nveatdbhs @x¥gendétical in
the source 26 through a line 66 and directs halide to

a hal i dgnstenageont aHa 68 yhlrqugh @o'iéﬁﬁég%edﬂéﬂﬂb%hethe first
storage tank 68, WO 2005/ 019143 PCT/ US2003/ 036933 12

e 9905auR et Fina it hePnbotsdh, g Ml e pioure 1
y assuring an opti nmum
| evel ggd described hereinabove in conjunction therewith.
Such identical components are designated in Figure 4
10 with the same reference numerals utilized in the
description of the first embodiment of the invention.

In accordance with the fourth embodiment of the
invention, oxygen and/or air is directed into the second
reactor 24 at a rate such that in addition to oxidizing

15 the reduced metal back to metal oxide, additional oxygen
is added to the metal oxide and molecular halide is
liberated. The reaction products from the second
reactor 34 are directed to a separator 62. The
separator 62 directs metal oxide to the reactor 32

20 through a 1line 64, returns oxygen to the source 26

through a line 66 and directs halide to a halide storage

tank 68 through a line 70. From the storage tank 68,



halide within the reactor 12 at all tinmes. Referring

to Figure 5, there is shown a nethod and 5 apparat us
w@00050191m3 oduci ng ol efi ns, al cohols, ethers ardl/082003/036933

al dehydes conprising a fiftth enbodi ment of the

i nvention. The fifth enbodi nent of the invention is

partlcgharkéaUéef eé%ég dUCtIoﬂEgégﬁégfa?gthéoﬁgh a line

sel ect € nay co

et hane ropan utane i sobut ene, pentane, hexane
cycloh%%gﬁéB éﬁ@ ine k& et hetehy %sgVF§?gréﬁcPQF1@?m level of

froma suitable source 84 through a line 86. The

react ofa8dda| Ybthirerhesraasedr db2 falom bl stiorege

container 88 through a line 90 and the [ine 86. The 15

hal i de thatReferetedvéd iFhgulme rSeadthmreB2is sssewectethethod and
fromthe group consisting of chlorine, bromne, and

i odi neapfepstuon §F oditat S presiukctingg flefihbe oPEESHhdDH, ethers
of the reactor 82 are directed to a distillation

separ af 9 /o020 a92dhideegNcamp F 1€ ¢ aUnf epech edddBRRent of the
is returned fromthe separator 92 to the reactor 82

t hr oug 96 a t n Li d
di rectgréé?llr]%{r:w&tlhe V\%gﬁoo%efoélﬂglzgiré‘ﬁg&%sgo%@o%@& fnvéntion is

particularly useful in the production of olefins.
A selected alkane, which may comprise methane,
10 ethane, propane, butane, isobutene, pentane, hexane,
cyclohexane, etc., 1is received in a first reactor 82
from a suitable source 84 through a 1line 86. The
reactor 82 élso receives a halide from a storage
container 88 through a line 90 and the 1line 86. The
15 halide that is received in the reactor 82 is selected
from the group consisting of chlorine, bromine, and
iodine.
Reaction products resulting from the operation of
the reactor 82 are directed to a distillation separator
20 92 through a line 94. Unreacted alkane is returned from
the separator 92 to the reactor 82 through a line 96 and

the 1line 86. Hydrogen halide 1is directed from the



13 separator 92 to a second reactor 98 through a |ine

100. Monoal kyl halide is directed fromthe separator
w@2005019|43 t hird reactor 102 through a |ine 104pCHuUgv63/036933

halides are returned fromishe separator 92 to the

reactor 82 5 through a line 106. Wthin the second

reactor 98 hydrogen halide received through the Iine

100 i sepezated &2t L aresatondxidacter pPBdibsonshald line 100,

hal i de and water. Water is directed fromthe second

react gpn881k91a heaside viad ediddctsddr figem cohéaiseeara@8r 92 to a
through a line 110. Metal halide, including the

hal i depgopponete f ibe hydiRgen dahide werei vedgher halides
t he rggctor 98 through the line 100, is directed

through a %é r&é@ EQof ﬁ9%£tgeFQQQE9E JA. toThehe reactor 82

react 6F 114" al'so receives air o oxygen froma 15

su'tagke sogrce 116 ﬁg%ough a line 118. The reactor
11 G8U88s 3r &gBRet8fed oxide which is returned to

the second reactor 98 throu aline 120.,,The four .
reactor 11X¥15hdg pr%ifuce%e?%'? de,reESE%Bn 28i ojTy er,oifnt}]d halide
water all of which are directed to a 20 separa or,%gz tal
througﬁC&lWﬁﬁe?Mﬁpuq%etéépdﬂéﬁbrlq%zls reacted wi a meta

oxide to produce metal halide and water. Water 1is
directed from the second reactor 98 to a waste water
10 storage container 108 through a line 110. Metal halide,
.including the halide component of the hydrogen halide
received in the reactor 98 through the 1line 100, 1is
directed through a 1line 112 to a fourth reactor 114.
The reactor 114 also receives air or oxygen from a
15 suitable source 116 through a line 118. The reactér 114
produces .regenerated oxide which 1is returned to the
second reactor 98 through a line 120.
The fourth reactor 114 also produces halide, carbon
dioxide, and water all of which are directed to a
20 separator 122 through a line 124. The separator 122
removés the halide from the water and carbon dioxide,

and directs the recovered halide to the halide storage



renmoves the halide fromthe water and carbon di oxi de,

and directs the recovered halide to the halide storage
wOME0R00EAD19143 PCT/ US2003/ 036933 14 cont ai nepCB8S2003/036933

through a line 126. Water amd carbon dioxide are

recovered fromthe separator 122 through a |ine 128.
In additjion. recei Vj noal kyl - hal j t hr h_5
t he Iiﬁéhgﬁiﬁgfhegghfé ng%tgr ibﬁere%%$Ves %%%er and  carbon

regenerated netal oxide throygh the line 120 and

i e L9OXFHE AHdactTorveR Thi AEPRe K rtPREiRter 163 through a
produces netal halide which is directed to the fourth

react ot1824128krough a line 132 and the |ine 112. The

remai ni ng 10 reacti on products resulting from

oper ati on oint leldifiicth teactoeili2garmompakkykdhedide through
distillation separator 134 through a |line 136.

Opey at tha dfnkhe 0di, steihlel athiion separtairorl d2B4reqd it @Segenerated
the desired olefin which is recovered through a 15

l'ine 138tali @i deypioeicdis ene neeeveras hLhgougdh #he 130. The
line 140, and heavy byproducts are recovered through a

Line lddcctbheact G oRRRl kihibal I di%o. A 189! °F-08008s metal
halide which 1is directed to the fourth reactor 114
through a 1line 132 and the 1line 112. The remaining

10 reaction products resulting from operation of the third
reactor 102 are directed to a distillation separator 134
through a line 136.

Operation of the distillation separator 134
produces the desired olefin which is recovered through a

15 line 138. Light byproducts are recovered through a line
140, and heavy byproducts are recovered through a 1line
142. Unreacted monoalkyl halide is directed from the
separator 134 to the third reactor 102 through a line
144, Water resulting from operation of the separator

20 134 is directed to the waste water container 108 through

a line 146.



separator 134 to the third reactor 102 through a line

144. Water resulting fromoperation of the separator
wW@00058M1ux directed to the waste water contai neeT/U8803/036933

through a line 146. WO 2005/ 019143 PCT/ US2003/ 036933

15 Referring nowto Figure 6, there is shown a nethod

of and apparatus for producing ol efins, alcohols,

ethers, andREE€EFdBHYFO¥ j45R) @ sFReReeASodhemm a method

of the invention. Many of the conponent parts of the 5

si xth efbodinfentapparafels nvéari opraduciaent idalfins, alcohols,

construction and function to conponent parts of the

fifth ethedsperdndfor heldahedtés oroap riilslinst rat edxith embodiment

Figure 5 and descri bed herei nabove in conjunction

t her ewbEh.chauchnvélepiocal omgonent tpar tcorcehel parts of the
designated in Figure 6 with the sane reference

nUW?VaE§Xth|EhESgthnEheogeSGHéptiﬁWbﬁ%lé@e didthigentical in
enbodi nent of the invention. The sixth enbodi nent of

:E:rgg¥8ﬁ%£? g?h%&:régéggﬂgﬁﬁhﬁgf roduc?@ggesu ﬁarts of the
fron]oge%eﬁloembodi%@%ér"rfj t%aCtlnventlon as 1illustrated in
Figure 5 and described hereinabove in conjunction
therewith. Such identical component parts are
10 designated in Figure 6 with the same reference numerals
utilized in the description of the fifth embodiment of

the invention.
The sixth embodiment of the invention differs from
the fifth embodiment thereof in that the reaction
15 products resulting from operation of the third reactor
102 other than the metal halide are directed through the
line 136 to a fifth reactor 152 which functions to
convert the reaction products resulting from operation
of the second reactor 102 to the corresponding alcohols.
20 Reaction products resulting from operation of the fifth

reactor 152 are directed through a 1line 154 to a

distillation separator 156. The desired alcohol is



102 other than the netal halide are directed through
the line 136 to a fifth reactor 152 which functions
wo o00soonvert the reaction products resulting frPoOniS2003/036933
operation of the second raactor 102 to the
correspondi ng al cohols. 20 Reaction products resulting

fromo eego%fé;xgefa Ogigpg gﬁég{g&pﬁ%a%&r 15¢ acrhefoqigrhegéédnne 158.

t hr oug e 1 ["ation separator 1
The desjred al cohol js WO 2005/01914 .
PCT/ USPUSS 088BS3106 , 825y P RAGH (S Qi dt drinpset 60, and

through a line 158, Light byproducts are recovered _

t hr ougheaVy i RYPIBOIUGHR aH&avy S5pyesadct $hgpegh  a  line  162.
recovered through a line 162. Water resulting from

oper atWatreof refrel separ drom IBGHad i 9bcthe tsepay@tor 156 is
waste wat er storage container 108 through a |line 163.

Thé sidkitedmdibditenttiod thestavewaton fatdhege dcbheasner 108
fromthe fifth enbodi ment of the invention in that

wast e yitfRigH romitrfse sst e wat er storage container 10
108 is directed to a waste water treatnent system 164

through a lime 166.t1T eahsshvmstie Vef erchesubhyBacisAM further
operation of the system 164 is directed to a separator

differs from the fifth embodiment of the invention in

that waste water from the waste water storage container

10 108 is directed to a waste water treatment system 164

through a line 166. Treated waste.water resulting from

operation of the system 164 is directed to a separator

168 through a 1line 170. Treated waste water |is

recovered from the separator 168 through a line 171, and

15 boiler feed water is recovered from the separator 168

through a line 172. The boiler feed water is directed

to a boiler 174 which produces steam. Steam resulting

from operation of ‘the boiler 174 is directed to the

second reactor 102 through a line 176 and the line 130.

20 In accordance with a seventh embodiment of the
invention, it has been determined that in addition to

the metal oxides and metal halides which have been



168 through a line 170. Treated waste water is

recovered fromthe separator 168 through a line 171,
wapeshmiboi | er feed water is recovered from t hBCT/US2003/036933

separator 168 through a |ithe 172. The boiler feed

water is directed to a boiler 174 which produces

steam Steamresulting from operation of the boiler :
174 | SAHFFERIRY t®St hese§Btongeprehanbf 1697t hFongrraing alkyl
l[ine 176 and the line 130. 20 In accordance with a

sevente Bhddi ent pfodhet | msentwehl itashasibeenthe reactive
deternmined that in addition to the netal oxides and

met al et xkelsi 24t icdn haYe hiyeleng¥® 24205/d219Md3tal hydroxides are
PCT/ US2003/ 036933 17 di scl osed as useful reactants

for copwefdl ngoal kihish@urdRsled pADEYSt vaS MLl ne@81i halide is
the reactive neutralization of hydrogen halide, netal

hydr oghdleseade  wsef ubef oretdi s ppurpese. ﬁje§\91tm1.;|_6from the
nmetal halide is 5 believed to bé the product resulting

fr0n1t¢g§af“%€ydé”“4¥§qg¥%ﬁi O iﬁggsaﬁg%o %%%%g%g% that the

that t product o e net al” oxi reacti

metal godialide obn aggordance W ih a0 gloMt e ction  is  a

metal oxyhalide.

In accordance with an eighth embodiment of the

10 invention, other species have proven useful as
catalysts/reactants. For example, the composition of

the solid reactant may take the form of a solid hydrate,
such as a metal oxyhydrate or hydrates of halides,
sulfides, carbonates, phosphates, phosphides, nitrides

15 and nitrates.

In accordance with a ninth embodiment of the
invention, it has been determined that hydrocarbons
beyond methane, ethane and propane and chosen from the
group including paraffinic and naphthenic hydrocarbons

20 may also be used as feedstocks for the process. This

determination expands the overall utility of the process



10 invention, other species have proven useful as
catal ysts/reactants. For exanple, the conposition of

wo b@seodiuzl reactant nmay take the form of a sol POI/US2003/036933
hydrate, such as a netal agyhydrate or hydrates of
hal i des, sul fides, carbonates, phosphates,
phosphi des, nitrides 15 and nitrates. |In accordance )
with at®i hyHreapslPREntPofta habouhyeht iigh, CaEPIRsnpRRGr and 1s
determ ned that hydrocarbons beyond net hane, ethane
and prapahicante choskinéaom brenchgdgnd myeldigglkanes.
paraffinic and napht heni ¢ hydrocarbons 20 nay al so be
used as feedstocks for the process. This
det er mi nat i bm expanddanbhe ovéthl | aut tepty ofemppdiment of the
process WO 2005/ 019143 PCT/ US2003/036933 18 to
hydr ocafibemsiomp, t ol abduts 1beien cdebenmnneBiertlamd igontrol over
applicable to Iinear, branched and cyclic al kanes. In

aceor dagger Yhi h seiest hverpodinentpfdide domwHiitdion  can  be
it has been determ ned that control over 5 reaction

sel ect i yityra00h P odyst r SPIPESHY | QAtEAR:BRal fat in th
specif%%%f%yﬁggn?¥olIedrby inte%tional sar?atygﬁéaiﬁons H ©

the C(?&g}gélsiﬁf&angnéorfgérﬁs fjalg ecc;iepeé)cyec{ h%y the synthetic
synt heti

route) of the solid metal oxide. Specifically, small

variations in the atomic composition of the metal oxide

10 (composed of one or several metal atoms) effects the

reactivity and/or selectivity and different synthetic

routes of the same compositions give rise to different

reactivity and/or selectivity.

The reaction pressure and temperature are also

15 controllable parameters useful in tuning the reaction
towards specific products. For example, a metal oxide
that produces predominantly alcohol at a temperature of
abouf 250°C can be switched to producing predominantly
olefin by increasing the temperature of the metal oxide

20 reaction to between about 350°C and about 400°C. The

increase in temperature results in the favoring of the



route) of the solid netal oxide. Specifically, snal
variations in the atom c conposition of the netal

w@z2008m191@3 (conposed of one or several netal atpoBS2003/036933
effects the reactivity andfor selectivity and
different synthetic routes of the sane conpositions
give rise to different reactivity and/or selectivity.
The r LGRS Ur e apbinbnpeiak ure ZEaciliep 15 over the
control | abl e paranmeters useful in tuning the reaction
t owar dy dyweifatd gar.oddowsveEor Exans eimpomtiak oxd demote that
t hat produces predom nantly al cohol at a tenperature
of alue 250€ckhani es s\licrchelte t gepe@dtidiong of the olefin are
predom nantly olefin by increasing the tenperature of

the myRlsignicde B@oiaact i pant pibetyren AL s3RPCtaRd reaction
about 400C. The increase in tenperature results in

the favwaridia tQfr et hlg.s 0 ROO0YLHI143 P%Eyé%ggﬁ/egr%G% rate of

19 bet a- hydrogen el 1 m nation reaction over

hydroxyl ati Qn. However,..it is_ i rtant _to. note that
otherﬁﬁgg%%%ﬁ§ﬁ% or Fﬁgyéenéfgnggﬁ oFeFHgtépgfiﬁnarg shorter

possi bl e. Anot her benefit of igcreasing the reaction 5
t enper&8Gitd Ofs YRES: 8B Zed™PhlPEaLE2FR Fhe rate of

Since the noted temperature effect;s have been
observed for a wide variety of materials without a

10 conclusive exception, this effect is broadly applicable
across the periodic table. Sample materials include
MgO, CaO, FeMoOx, FeWOx, Laz03;, Ca(OH),, Pb0O, CuO, Bi,0j3,
MgZzrOx, ZnO. Most significant has been the example of a

mixed cobalt zirconium oxide (stoichiometry CoZrOy) .
1S Example I-CoZrO,:

A sample is prepared by mixing equal amounts of a
0.5 M solution of cobalt nitrate and a 0.5 M solution of
zirconium propoxide, followed by drying at 120°C, and an

overnight calcination at 500°C.

20 Ethane is reacted with bromine in a molar ratio of

approximately 10:1, giving ~ 94% (carbon) selectivity to



conversion of alkyl bromde resulting in a shorter
reaction tinmes and a smaller reactor. Since the noted

wo esoppratire ef fects have been observed for ap@i/us2003/036933
variety of materials withoab a 10 concl usive
exception, this effect is broadly applicable across
the periodic table. Sanple materials include MO '
CaO, Fekbplt bravpe pare3,higH{aH) orHEtediOspBries; HBr is
MyZr OX, ZnO. Most significant has been the exanple of
a m xellsoobprésent contams ioxg decH(ist omdkxitamet r pver CoZrOx gives
CozZrQ ). 15 Exanple |I-CoZrOx: A sanple is prepared by
m Xi ngeenyal amoiidedf acofAverbisal utiwmtof cehakkases with
nitrate and a 0.5 Msolution of zirconium propoxi de,

fol | onednpyrdeytag at 120C, and oo VEFDI W minated ethane
cal ci nation at 500C. 20 Et hane is Teacted with brom ne

inq ”8§>§{'r fc {>Hs°f at2PRr 05/%%4@ L 285¥EN9a7q94%s0oc  are

(carbon Ivity to 1473

PCT/ US2003/ 036933, 2 gt hy bronj gie pl us E!‘n)':%gher

br omi n3PRE°% rgg?g%y glé g6 Als ?é’ﬁt Assi Ay sat 350°C

m Xt ure over | ves et hyl br om de conver si on

t hat i R&+RYs . ﬁs oxide provides a conversion of better
than 90%. The ethylene selectivities (moles of
ethylene/moles of all detected products) are

10 approximately 1%, 7%, 20%, 34%, and 90% at 175°C, 200°C,
225°C, 250°cC, 350°cC. At 350°C {excluding unreacted
ethyl bromide) the product mix 1is approximately 90%
ethylene, 5% carbon dioxide, 4% vinyl bromide, and 1%

other (largely acetone).

'15 Example II - CoZrO,:

When ethyl bromide (98+%) is passed over the CoZrOy
described above in Example I at 350°C, the products
detected in the vapor product stream are approximately
95% ethylene with the majority of the balance being

20 carbon dioxide.



tenperature. The respective brom nated ethane 5
conversions at 175C, 200C, 225C, and 250C are

wappsoxiinat el y 41% 56% 69% and 82% A run apCBE81003/036933
usi ng 80% | ess oxi de provi des a conversion of better
than 90% The ethyl ene selectivities (noles of
et hyl ene/ noles of all detected products) are 10 )
appr oxi mat ePy PPIRFESRofaBimhichy 9bthet thgcmesgdcoxide (or
225C, 250C, 350C. At 350C (excluding unreacted ethyl
brom déplide produetyhakide) apgroxi nbtrFyiomy, as a  catalyst
et hyl ene, 5% carbon di oxi de, 4% vinyl bromde, and 1%
ot her thbadgilydrabebnheatels theanpkehyl - WQodxidde Wien ethylene
ethyl brom de (98+% is passed over the CoZr OX

descri bgd abavegkn Exampllede at 38@6 thehy eduicyen halide
detected in the vapor product stream are approxi mately

95% et Qﬁb@@ﬁu%tmytbsmgj RELtYaPizEhe bal ance being
20 carbon di‘oxi de. WO 2005/ 019143  PCT/ US2003/ 036933

21 As a process variation, either the netal oxide (or
halide or oxyhaldd)dade fWnehi oih agl1aveatnl ¥ibodiment of the
invention, a metal hydroxide is the operative species in
the metathesis reaction. Passing an alkyl halide over
the metal hydroxide produces the corresponding alcohol.
10 © Subsequently, the resulting metal halide is regenerated
with air/oxygen to convert the metal halide to metal
oxide, which is then reacted with steam to'regenerate
the metal hydroxide. In accordance with a second part
of the eleventh embodiment, the air/oxygen stream used
15 to regenerate the metal oxide is mixed with a controlled
amount of steam such that the metal hydroxide 1is

produced without having to pass through a distinct metal

oxide stage.

A twelfth embodiment of the invention concerns the
20 ability of the process to selectively produce a series

of oxidation products through a feedstock consisting of



to dehydrobrom nate the ethyl brom de to ethylene and
hydr ogen halide with the hydrogen halide 5

wenpseoguent | y bei ng neutralized. |n accordancep@i/ub20a3036933
el event h enbodi nent of the22invention, a netal
hydroxi de is the operative species in the netathesis

reaction. Passi n al kyl hal {de over he netal. _.

hydr oﬁ‘ﬂletﬁa%%ug'g'éja’i%@rgjvmsesﬁbﬁgi ngjr%?‘éi)}ﬁolsfl“@lfles product
Subsequently, the resulting netal halide is

regend? SRELLIPR HhER / ORBIES o' iddhvarits e mRRoglesses.

halide to netal oxide, which is then reacted with

steamto regenerate the metal hydroxide. In ) .
accordance Wit h?a SBRBRRCHAPEL oPlEhéNE| epépfiHction facility,
enbodi ment, the air/oxygen streamused 15 to

r egeneéttdta® heChret hlrglé){i deapiting xediswi Eheamadhyr ol'redcked” by
anmount of steam such that the netal hydroxide is

pr ddudek tvirthotlte hathaget orpdsghtthmapgitte dist hiigh temperature
metal oxide stage. A twelfth enbodi nent of the

i nventarah concsertisng hiehe 20eadstddly with hetpsmcessheoNcracking”
sel ectively produce a series of oxidation products

t hr ouglr e daedsheekteensdrstduyh 0f WRe200%46818343 mechanism and
PCT/ US2003/ 036933 22

results in numerous products, including alkane

hydrocarbons (such as ethane), alkene hydrocarbons (such

10 as ethylene), alkyne hydrocarbons (such as
acetylene), diene hydrocarbons (such as butadiene),
aromatic hydrocarbons (such as benzene) and coke.

Following the production of these products, numerous
distillation steps, many of which operate cryogenically,
15 are required to separate one product from another for
use as feedstocks for other petrochemicals. As an
example, the separation of ethylene from ethane through
distillation is both capital and energy-intensive as the
two compounds have boiling points very close to each

20 other.



mul ti pl e hydrocarbons that greatly sinplifies product

production when conpared with existing processes. In a
waeomsemisonal ol efins production facility, etbhemnesmo3/036933

i ght naphtha is thermally23cracked” by 5 heating the

et hane or |ight naphtha to high tenperature and

contacting the feedstock with steam The "c¢racking"

process opefat e§OP{Eds§h &% r 9 adFeaVeREeRBAL smP&RGESS,  the

results in numerous products, including al kane

hydr ocer&®est ( suohvent ehan®rodaicesne Rydfdpar bodsrectly  from

(such 10 as ethyl ene), al kyne hydrocarbons (such as

acetyl ehe)r &ikaee hpdecocasbons rcsuodt @sebukadiiegde, alkane feed

aromati ¢ hydrocarbons (such as benzene) and coke.’

Fol | oweafpbhenpr eguet icdnpdfext heise yeoducbie RYEBBOWS operating
distillation steps, many of which operate

crypgemalddocdss ang requidad &e .sepafid & Ol ¢ddet or feed
fromanother for use as feedstocks for other

petrochepi cals. E“Eqﬁ?%ﬁﬁ?dﬁ’ MQstepﬁgﬁibgn o%% form the

et hyl ene from et'hane t . distillation s bo
Cap RO PV TR o2 A COIRON By or  foca
ZOOS/Q%géégrEFT/US%Q??égﬁggssthe halogenation reaction, the
reaction mixture is passed over a solid metal oxide at a
10 temperature from about 105°C and about 150°C whereby
hydrogen halide produced in the halogenation reaction 1is
converted to water, which 1is then removed from the
remaining alkyl monohalides. The alkyl monohalides and
remaining alkanes, having substantially different
15 Dboiling points are then separated through distillation.
One or more streams, each comprising an alkyl halide of
predetermined carbon number, is then produced. In this
way the difficult separation of alkanes from alkenes
(e.g. ethane from ethylene) is avoided. Alternatively,
20 the separation of excess alkanes may precede the

conversion of hydrogen halide to water. Subsequently,

each alkyl monohalide may then be directed over a metal



23 In contrast to the conventional process, the
present invention produces olefins directly from

wo b@sni1akkane precursor fromeither a single ab&BDS2003/036933
feed conponent or a conple4 mxture. One neans of
operating 5 the process is as follows. The al kane feed
or feed mxture is contacted with halide to formthe
monohat:cigknat eda akiampgretuthe ofl IRatd e PRAUY cep0°C and about
m xture. Follow ng the hal ogenation reaction, the

react i35090 xtor @r@dmseueo»@keialrsoMlﬁhrreQ@lrrw@QféiJamg carbon
a 10 tenperature from about 105C and about 150C

wher elyumbwdriagethdhalliide poaiead den t he hal ogenati on
reaction is converted to water, which is then renoved

fromthe remaining alkyl nonohalides. The al kyl
monohal i desa sk nawined Int ng talkapaedurasi ngf the halogenation
substantially different 15 boiling points are then

segar at&gh- ¢ youghidicstingl athen.neu®@raldrzatmos sbEeatise hydrogen
each conprising an al kyl halide of predeterm ned

Carmmh%i@ﬁge’ 2S¢ thSRoPsPpdused. the t Befer¥B¥dt h@ater can be
difficult sepaaratlon of al kanes from gl kenes (e.g.

et hane,fro QEhX%eQeéroﬁpa%Q%qe% ﬁ%ﬂéﬁr@41d§lXndzgonverted to
t he separa ion o ess” al kanes- may precede the
the corresponding olefins. Following the generation of

the olefins, the olefins can be separated as desired

10 into one or more olefin product stream(s).

If the desired product of a specific alkane 1is an
alcohol, an ether or an aldehyde, the present invention
is especially useful. In the production of alcohols,
ethers or aldehydés, the process can be operated in the

15 exacﬁ fashion as described above for olefins up thfough
the point where the alkyl monohalides are separated from
each other. To produce an alcohol, an ether or an
aldehyde from a specific alkyl monohalide, a specific
alkyl monohalide is passed over a specific metal oxide

20 that is selected based upon its selectivity to produce

the deéired functionality (i.e. alcohol, ether



conversion of hydrogen halide to water. Subsequently,
each al kyl nonohalide nmay then be directed over a
WOoredoalo19Ms 2005/ 019143 PCT/ US2003/ 036933 24 oxXpPCIEUS100#036933

tenperature of between abous 250C and about 350C to

produce the olefin with correspondi ng carbon nunber

to the al kyl nonohalide. Alternatively, the products

of theothalsipdeddlon howkdttlon desived ngreoflect selectivity be
neutralization of the hydrogen halide and renoval of

t he geftfette iay etheaambent diofectase rap e spraupirovehe areaction
nmet al oxi de and converted to the correspondi ng

ol ef i Nsatwed ovh&1gal kel gROLORA L Dlle OBndt h@eOlRftidlS, ok e, water
ol efins can be separated as desired 10 into one or

nmore Qff i her iy steamhe) - athk tlhﬁ\oqgﬁkf)ﬁ.dnd@r OQUEl to the

of a specific alkane is an al coh o an ether or an

gehy aocreso& nve o'ronex fe?'pe&é@{e ﬁ‘%%ﬁx‘é'ed in the

In the ro ucti on al cohal's, ers or a

t he process .can he opera 5 exact f shlon as

descr BT YGVE 5P of fﬁxgrage&)hﬁaédﬁe oY pBfnsed” for this
where the al kyl nonohal i des are separated from each

ot her PY®3%0duce an al cohol, an ether or an

If it 1is desired to produce a stream of mixed
alcohols, ethers or aldehydes, the present invention may

10 do so by simply eliminating the step whereby the
alkyl monohalides are separated from each other prior to

the step of contacting the alkyl monohalide with a
specific metal oxide. Rather to produce the mixed
stream, the combined alkyl monohalides are simply passed

15 as a group over the specific metal oxide and the desired
mixed stream results. The mixed stream may then be
utilized as is or separated as desired into one or more

isolated product streams.

A thirteenth embodiment of the present invention
20 comprises a method of retrofitting an existing olefins

production facility to increase its capacity and reduce



al dehyde from a specific al kyl nonohalide, a specific

al kyl nonohal ide is passed over a specific netal oxide
wQ@0ooshad143 s sel ect ed based upon its sel ecti vi t pCT/0S2003/036933

produce the desired functizenality (i.e. alcohol,

et her WD 2005/ 019143 PCT/ US2003/ 036933 25 or

al dehyde). Shoul d the desired product selectivity be

af f ect B85 byPR&FR FUNE (L - wat erhigy edBNENtAOPhebullds upon the

reaction between the al kyl nonohalide and the netal

oxi de,PR@eessetandbpecidded t & tShe apktgntmonobmberde 6,462,243,

feed to the 5 appropriate |evel. For exanple, water

produceddih, 3he, 6eu8éaBbtzatand 6f 46yd66genohplriote deByelective

be used for this purpose. If it is desired to produce

a stresarofam ¥eddatlieahdd 5,288y oandl delydeses tHBe linking
present invention may 10 do so by sinply elimnating

the step wher gbycbie ik Jwmpohald.des, arg éﬁP@&%E@ng olefins

fromeach other prior to the step of contacting the

al kyl O%Pmalirge%éd'b 2&} S i{ai,]sc rE%t a!in% ie%l%kele%ta%earcity with

to produce the mXe rea e conbine

oo e B I R s AT e
As a general approach to the retrofit embodiment,
following the halogenation of an alkane stream, hydrogen
10  halide is neutralized over a metal oxide as previously
described. However, rather than separate the
alkyl monobromides from each other, the entire stream of
mixed alkyl monobromides is passed over a metal oxide
and converted to a mixed stream of olefins. The
15 resulting olefin stream is then directed into the
plant’s existing separation equipment along with
material produced from the thermal cracking portion of

the plant and is separated into specific olefin streams.

As a more specific example of the retrofit embodiment,
20 in a conventional ethylene facility, ethane or naphtha

is cracked with rather poor selectivity and conversion



m xed streamresults. The m xed stream may then be

utilized as is or separated as desired into one or
woe0e/019180| at ed product streanms. A thirteenth PCT/US2003/036933

enbodi nent of the present i2Avention 20 conprises a

met hod of retrofitting an existing olefins production

facility to .increase its cagacit and reduce WO

2005/ 0991 £ HE91%52003/436588  BEOFESSopet at TP Lstial ethane

This invention builds upon the processes disclosed

U. S. peteyeleumbeeans, 482 geperateds72 572 The 486t3edit of the
and 6, 465,696 to provide selective partial oxidation

of al kemesentndnivanblions inNelveskicagptBrdhot el precepsgrt of the
di scl osed therein to an existing olefins plant in

such aetieynas oraliinaaridgsereaparedy tw tthe r éluatnavel yand instead
m ni mal additional investnent. As a general approach

tostheqspieofing ambodbment subfpkbewkpg dtElizing the two step
hal ogenati on of an al kane stream hydrogen 10 halide

is neutyaliZzed, ovelsca ipelal i PXtHe g%t AW OUsk¥ed above. The
descri bed. However, rather than separate the alkyl

”DnObréggégg%flggTéﬁﬁi e Sheéon$gf%§ngk%%g%tr???%%&y&gne. The

m xed nonobrom des i s passSed over nmet a
benefits are multiple:
1. By reducing the recycle to the furnace, additional
10 fresh feed can be introduced, effectively

increasing the capacity of the plant

2. By providing an extremely pure feed of ethylene,
the sub-process reduces demand on the separations
systems, again effectively increasing the capacity

15 of the plant.

3. The purity of ethylene produced in the sub-process
results in a substantial reduction in operating
costs. For example, the conventional ethylene
process produces, as a byproduct, acetylene, which

20 must be hydrogenated selectively to ethylene, a

difficult process. The production of ethylene



and converted to a m xed stream of olefins. The 15
resulting olefin streamis then directed into the

w@b@sni|4EXi sting separati on equi prent al ong weaUS2003/036933
materi al produced fromthe2s8hermal cracking portion of
the plant and is separated into specific olefin

streams. AsdyIPhfedPetils ggggpln%tofﬁgsthtr e1y °fché production

enbodi nent , conventronal ethylene faci

et hane or napht ha cracked wi.th rath or .

sel ectivity° nda88ﬁ¥i?§FoJ§hﬁe%@@/Oigiﬁgl RG%" the amount  of
PCT/ US2003/ 036933 27 to_ethyl ene. pr ocess,
subst ant i al2@hakne R tlrréérhq § éIthl'IlHé:y

retrofit of the present invention involves capturing

all or part _of the, ethane ordinarily recycled t he
f ur nace én&”?hs?%%ﬂtsoﬂngcﬁqﬁg?%aQQ§ O%§O%8gslncremental

utilizing the two step chemstry descrlbed in the

patent s | i stErBbicRfe. offen progekad selepti yéFjout the need for

converts ethane to ethylene. The benefits are

mul tiple: 1thdy leetheci ngvelssmeatycrequbrele fo¥ natenew plant.

additional 10 fresh feed can be introduced,

ef fecti vel ycutmeiteasthgl éhe capanbﬂngfﬂﬁupmﬂmntost effective
on a huge scale, thus preventing the addition of
small amounts of capacity when there is a small

10 excess of demand. The ability to add to an existing

location also capitalizes on the existing

infrastructure, reducing the cost of the expansion.

In addition to the foregoing, it has been determined

that the various metal oxides used in the metathesis

15 reaction <can also serve as adsorbents/reactants to
control the release hydrogen halide or alkyl halides to

the environment. Incorporating a metal oxide into a
purge system within the plant not only controls the
release of such compounds, but also serves as a means Fo

20 recover bromine for further use in the process.



2. By providing an extrenely pure feed of ethylene,

t he sub-process reduces demand on the separations
WGeY®senE#3 agai n effectively increasing the capeCi/ug2003/636933

of the plant. 3. The purity9of ethyl ene produced in

t he sub-process results in a substantial reduction in

oper atﬁ,p&n%fgsiﬁ Fog éc‘ Qyent i onal

et hyl ene rocess pro uces yproduct acetyl ene,

whi ch %? nust. be h {9 enated selectlvely to ethyl ene,

a di fTYene ?ﬁ%ﬁ% Wi on of ethyl ene WD

2005/ 019143 PCT/U82003/036933 28 descri bed_herei

does rot™MiBEere Ph EhBapfoanet PEAMiBE QéeWQﬂéﬁeratlo 3.6:1 was
t hereby reduci ng the anount of acetylene produced in

the et¢meatredf dwy | ipassiag The adthenen ofredre rehdt oml/minute)
allows the increnental 5 expansion of an existing

pl ant whihesk & heroeedef bbbl e WALEE WA¥EHEMBNGt 21.0°C. The
required for a new plant. Current ethylene t echnol ogy

i s only; £08E %£§C¢é¥§ed° né‘ohéﬂgfeﬁﬁi%f gés tupe, ID 0.038",

preventing the addiiion o anpunts-o

when there is a smal |
heating zone length 4”), which was heated to 400°C. The

effluent was analyzed by GC and by NMR analysis of
products trapped in deuterochloroform. 100% bromine
10 conversion with 27.4% ethane conversion were obtained.
The selectivity to ethylbromide was 89.9%. The other
products were multiply brominated ethanes, the majority

(>90% of the balance) being dibromoethanes.

15 Ethane chlorination reaction
A mixture of ethane and chlorine of molar ratio 2:1
(total flowrate 5 ml/min) is passed through a reactor
(glass tube ID 0.038”, heating zone length 4”), which is
heated to 350°C. 100% chlorine conversion and 45% ethane

20 conversion are obtained with ethylchloride selectivity

of 90%.



10 excess of demand. The ability to add to an existing
| ocation also capitalizes on the existing
wo pdosastinzict ure, reduci ng the cost of the exparPsi/us2003/086933
addition to the foregoing, 30t has been determn ned
that the various netal oxides used in the netathesis
15 reaction can al so serve as adsorbents/reactants to
cont r dthane [ QIRALIRR RRAGEIRR | de or al kyl halides
to the environnent. Incorporating a netal oxide into
a purfyensytsiesn of t bt nandéeapd ahedime ohl potant rakiot hed (total
rel ease of such conpounds, but also serves as a neans
to 20fYeaass braml Aeid)or ik uplaeedusehroudine aproeestsor (glass
WD 2005/ 019143 PCT/ US2003/ 036933 29 Exanple Il -

Al kane- il ogenat sgn, Eehanggbromenaldnth eact, ofhfch is heated
n1xture of ethane and bromne of nolar ratio 3.6:1 was

d by @ﬁﬁ?lng et hane stream / mi_nut
th ough ne bﬁ@b|er whPeh WLV %eﬁao . 3% o %k?ﬁeed with

m xture mas passed into a reactor (glass t ube ID

0. 038"iodepddtansy LR isHdtth %" 85%hi ch was heated to
400C. The effluent was anal yzed by -GC and by NWR
anal ysi s of

Propane bromination
A mixture of propane and bromine of molar ratio 3.6:1
10 was created by passing a propane stream (2.0 ml/minute)
through a bromine bubbler which was held at 21.0°C. The
mi#ture was passed into a reactor (glass tube ID 0.0387,
heating zone length 4”), which was heated to 350°C. The
effluent was analyzed by GC and by NMR analysis of
15 products .trapped in deuterochloroform. 100% bromine
conversion with 27% propane conversion were obtained.
The selectivity to 2-bromopropane was 90%. The other
products were 2,2-dibrompropane (~10%) and 1-
bromopropane (< 1%).

20



products trapped in deuterochloroform 100% brom ne 10

conversion with 27.4% et hane conversi on were obtai ned.
wdb@ssediectivity to ethyl brom de was 89. 9% TheCDUR®03/036933

products were nmultiply brostnated ethanes, the

majority (>90% of the bal ance) being di bronoet hanes.

15 Ethane chlorination reaction A m xture of ethane

and chBbgher alkamedbreminatorn (total flowate 5

m/mn) is passed through a reactor (glass tube ID

0. 038"a heattung: zotie dkkagid 4CLH,whi 8KnK81) hemtd@dbromine in a

350C. 100% chl ori ne conversi on and 45% et hane 20

convergb0ar akgt 9t 8ikNgd 1Walrk @hl¥kahliatiode seleeldrvifglass tube
of 90% WO 2005/019143 PCT/ US2003/ 036933 30 Et hane

| odi naghoR 10380t | %A Mgk Hfe Of ofRANA AN dipines of neatea to

mol ar ratio | owr at e ) i s passed

thr r eact (gl ass , tube ID 8" heat | . o
et n985¢ i £hot & HiaShiats 6 CpBTagBEon s v oaRd ed with 18%

conver sion is obtai ned with iodoethane selectivity of

85% Prbpane br ogoR&AEIrSHON and 90% selectivity to

monobromoalkane.

Liquid-phase higher alkane bromination

10 Pressurized dodecane liquid is mixed with bromine in a
10:1 molar ratio. - The mixture 1s passed through a
tubular reactor held at 250°C. 100% bromine conversion

is obtained with 90% selectivity to dodecylbromide.

15 Reproportionation of C; compounds:
100 mmol/hr of ethane and 100 mmol/hr of bromine are fed
to a reactor containing a Pt/silica catalyst held at
400°C. A recycle stream of 46 mmol/hr ethane and 50
mmol/hr of multiply brominated ethanes is also fed to
20 the reactor. Equilibrium is reached in the reactor with
100% bromine conversion and a prodﬁct distribution of 46

mmol/hr ethane, 100 mmol/hr ethyl bromide and 50 mmol/hr



A m xture of propane and brom ne of nolar ratio 3.6:1
10 was created by passing a propane stream (2.0
workdosionute) t hrough a brom ne bubbl er whi ch wesT/istods3/036933
at 21.0C. The mxture was3passed into a reactor
(gl ass tube 1D 0.038", heating zone |length 4"), which
was heated to 350C. The effluent was anal yzed by GC
and byniNRmnbirpsiidesf. 190 (rodlctef t HBppdd i also formed.  The
deut erochl orof orm 100% brom ne conversion with 27%
pr opangr SOIYEs Shes Veipa radideai negto Bhestssdamed i vi(ly tedhane/HBr,
2- br onopropane was 90% The other products were

2,2-di pppnpeRpanerbmifd) and 1-3)briongHeopenem{ded?) . stream (1)
20 WD 2005/ 018143 PCT/ US2003/ 036933 ~ 31 Hi gher al kane

brom naf | Egsseﬁ1 e of &g?é%%%f@%"%+@al3<8§gé)s andutralizing

brom ne i lar ratio are passed into a

4" ctor %gﬁ SS 5 t%aoé gn g%FeEeatb d agggrlqggggparated out

OO% rom ne

conver si on is obt ai ned W th_18% kane co erS| on and .
90% seP'LRT vitty FﬁcyﬁgﬁBBr ohBal Tfaﬁéa Seke (31%is also

recycled to the reactor.

Reproportionation of C. compounds without halide
10 addition:

100 mmol/hr of ethane and 10 mmol/hr dibrombethane are

fed to a reactor containing a zirconia catalyst held at

300°C. A product distribution of 91 mmol/hr ethane 18

mmol/hr ethyl bromide and 1 mmol/hr dibromoethane is

15 obtained.

Reproportionation of Cj;p; compounds:

100 mmol/hr of decane and 100 mmol/hr of bromine are fed

to a reactor containing a Rh/silica catalyst held at.
20 300°C. A recycle stream of 100 mmol/hr decane and 80

mmol/hr of dibromodecane and more highly brominated

decanes 1s also fed to the reactor. The reactor



Li qui d- phase hi gher al kane brom nation 10 Pressurized
dodecane liquid is mxed wwth bromne in a 10:1 nolar

WO a0050191Fhe m xture is passed through a tubul BET/US2003/036933
reactor held at 250C. 100%3Br om ne- conversion is
obtained with 90% sel ectivity to dodecyl brom de. 15
Reproportlonatlo of C2 conpounds: 100 npol / hr of
et hane® @YoM W¥hr 5@0398ﬁ1neC8P%eF%H°nto ghd a product
reactor containing a Pt/silica catalyst held at 400C
A recydietsibelaipmf of6 ARBI /MroletiHaneesr@es0l 0fnompdy/hr  decyl
of multiply bromnated ethanes is also fed to 20 the
react drrorEue | iamd uddi simedadhedmihtihéybeaninatedt decane. 100
100% brom ne conversion and a product distribution of
46 mMmobY hofeHBand,s 1H0seombdbried et hylhorprodiecttsndadbd separated
nmol / hr WO 2005/ 019143 PCT/ US2003/ 036933 32 hi gher
br @i desto 190 g8l fs :HB(1] S kSO for gBEandhe3) pr@é‘é‘?ISbromlde,
are separated into 3 streans: (13 et hane/ HBr, (2)

ethyl bremcde, y g%égﬂ éﬂﬁgsbroﬁk %% neutran(£Es%§a over a

passed over a regenerable netal oxide, 1 Z1 ng

the HE;.I %ﬂldﬁxpgbqqaum gté{\?t eOXlggan ttra§.1§ glar at zﬁ So Br and

out pri 0 recyc I Ag the'e réam

producing water. Streams (2) and (4) are recycled té

the reactor.

10
| Reproportionation of C;y compounds without bromine
addition:
100 mmol/hr of decane and 10 mmol/hr dibromodecanes
(mixed isomers) are fed to a reactor containing a
15 Rh/silica catalyst held at 200°C. A product

distribution of 91 mmol/hr decane 18 mmol/hr decyl

bromide and 1 mmol/hr dibromodecanes is obtained.

Reproportionation of mixed Cl-C3 compounds:
20 A stream of dibromomethane (1 mmol/hr) and dibromoethane
(2 mmol/hr) is combined with a stream of ethane (95

mmol/hr), methane (3 mmol/hr), and propane (2 mmol/hr)



recycled to the reactor. Reproportionation of C2

conpounds wi thout halide 10 addition: 100 nmol / hr of
wetbdaneiand 10 nmol / hr di bronoet hane are fed POI/ES2003/036933

reactor containing a zircos#a catalyst held at 300C

A product distribution of 91 nmol/hr ethane 18

mmol / hr ethyl brom de and 1 nmol / hr di bronoet hane is

15 obt ahnadre®epoopoentanaingnRof s Clicgowpbandss A6Dd at 250°C.

mmol / hr of decane and 100 mmol /hr of brom ne are fed

to a renst gre@idai iNgtaeRNtSadter Gateal ¥ehahel (@6 mmol/hr),
20 300C. A recycle streamof 100 mmol / hr decane and 80

mol / hihe PhaflE br opdecang /aRg , mor hi nat
decanes [ s al 5o di to t eB?eact%w%he%fggngﬁgr V\g£I mmol /hr) ,

2005/ 0&9&§§megé%’§2903/ ol%%r&l s? ESVGSOE.}QOXA) cSJrominated

brom ne conv n and pro uct ation
ca | / hr decyl brom de and 80
/hPr?r‘gW?f)I BF%%Tgat ed decane. 100 nol of HBr is
al so forned. The products are separated 5 into 4
streans: (1) HBr (2) decane (3) decyl brom de,



and (4) higher brom des. Stream (1) is passed over a

regenerabl e netal oxide, neutralizing the HBr and
w@emdooiimy water. Streans (2) and (4) are recyedBUS1003/036933

the reactor. 10 Reproporti émati on of CLO0 conpounds

wi t hout brom ne addition: 100 mmol /hr of decane and

10 mol ior deca 1 xed is ) are.fed to.
a reacfé%&lgﬁ$aﬁg?ng aﬁ8§§t£ﬁbéil?%a%gggglygﬁ 18F8 arlth metal
200C. A_prpoduct distributi.gn of 91 mmol / hr decane 18
nnol/hP%i§§ﬁ a“ﬁf&ﬁ%ﬁg £94*#%mol / hr di br onpdecanes i s
obt ai ned. Reproportionation of m xed Cl-C3 conpounds:

20 A stream of di bronomethane (1 muol / hr) and

di bronbethane (2 mmol/hr) is conbined with a stream

of et h®@¥ePa¥3tigmplofhEy, sedutins (3 nmol /hr), and

propane (2 mol/hr) WO 2005/ 019143 PCT/ US2003/ 036933

34 $n @&rr(OQELOH, BNt ai (ing (Ruksidn casvbiropahslheliAate ml) was
250C. The product of the reactor are ethane (96

ol / helissomvedanguhde AL hE}in@f hyin brz:omsdeution of 56.6 g
mol / hr), :
oxalic acid in 200 ml of water. After stirring for 10
minutes, the solution was diluted with water to make a

total volume of 500 ml. A solution with a Zr

10 concentration of 0.5M was obtained.

Preparation of Ml

Co(NO3), (0.5 M, 100.0 ml) was added to 100 ml of a

stirring Zr solution (0.5M). After stirring for a few
15 minutes, a gel was obtained. The gel was dried at 120°C

for 4 hours, then calcined at 500°C for 4 hours. After

grinding in a mortar and pestle, Ml was obtained.

Preparation of M2
20 Fe(NO3)s (0.5 M, 50.0 ml) and Zn(NO3), (0.5 M, 50.0 ml)
were added to 100 ml of a stirring Zr solution (0.5M) .

After stirring for a few minutes, a gel was obtained.



di br onopropane (2 mmol /hr), and other brom nated 5

products (trace). WO 2005/019143 PCT/ US2003/ 036933 35
wezasplasd V - Reactions of al kyl halides w th pet/ab2003/036933

oxi des and ot her solids Pregparation of Zr solution 5

Zr (OCH2CH2CH3) 4 (70 (W) % in isopropanol, 112.6 m)

was dissolved (under stirring) in a solution of 56.6 _

g oxalhe geldwas foded asf LRAEr foAf dehogirisyr ithgrf ralcined at

10 mnutes, the solution was diluted with water to

make aggh@t alepol e Qfr H00 Mhse brSAhEAPIMM tilh @aaZfmortar and
10 concentration of 0.5M was obtai ned. Preparation of

ML Co( NO3 (0, 1 . was added to 100 nl of a
stirrig® esglrj? s %tgk};la

utron After stirring for a few
15 m nutes, a gel was obtained. The gel was dried at
120C for 4 hours, then cal cined at 500C for 4 hours.
After grinding in a nortar and pestle, M was
obt5ai nReeparaiomref i3 of M2 20 Fe(NO3)3 (0.5 M 50.0

m) and Zn (NO3) 2 (0.5 M 50.0 m)
Co(NOs3), (0.5 M, 80.0 ml) and boric acid (0.25 M, 40.0

ml) were added to 100 ml of a stirring Z2r solution
(0.5M) . After stirring for a few minutes, a gel was

obtained. The gel was dried at 120°C for 4 hours, then

10 calcined at 500°C for 4 hours. After grinding in a

mortar and pestle, M3 was obtained.

Preparation of M4

Co(NOs), (0.5 M, 80.0 ml) and KNOs (0.5 M, 20.0 ml) were
15 added to 100 ml of a stirring Zr solution (0.5M). After

stirring for a few minutes, a gel was obtained. The gel

was dried at 120°C for 4 hours, then calcined at 500°C

for 4 hours. After grinding in a‘mortar and pestle, M4

was obtained.



were added to 100 ml of a stirring Zr solution (0.5M

After

stirring for a few mnutes, a gel was obtained.

wOo\@020004919143 PCT/ US2003/ 036933 36 The gel pemUSI0®0B6933
at 120C for 4 hours, then éalcined at 500C for 4

hours.

After grinding in a nortar and pestle, M was

obtained. 5 Preparation of M3 Co(N03)2 (0.5 M 80.0
m) anBreparatiendcfM25 M 40.0 m) were added to

100 nml
stirri

of a stirring Zr solution (0.5M. After
Ag sllorry f el mihmomed ogragdli onasil bbd aiaved. cFhalt nitrate

gel was-dried at 120C for 4 hours, then 10 cal ci ned at
500C feuffibbems. tAf bavegrd Nibadind) @f A0r war ntb;0, was made.
pestle, M3 was obtained. Preparation of M4 Co(NO3)2

égag d'\"{%g(l’%guﬁ}f} o‘?é‘g 0035 (& 5%“4((?)(?&:?’5‘9 EW%&G yi21ding M5.

Th

0.5K)

a stirring sol ut1 on

Afggr stirring for a few m nutes, a gel was obtai ned.
gel

was dried at 120C for 4 hours, then cal ci ned

at 500C for 4 hours. After grinding in a mprtar and
pestlé?rﬂm;nﬁkk°%b?%j?ﬁkﬁne and reacdtion with Ml:

10

15

20

A mixture of ethane and bromine of molar ratio 10:1 was
created by passing an ethane stream (5 cc/min) through a
bromine bubbler which was held at 0°C. The mixture was
passed into a first reactor (glass tube ID 0.387,
heating zone length 4”), which was heated to 350°C. The

effluent was previously analyzed by GC and by NMR
analysis of products trapped in deuterochloroform. 100%

bromine conversion with 9.5% ethane conversion were

obtained. The selectivity to bromoethane was greater
than 94%. The effluent of the first reactor was passed

into a second reactor (glass tube ID 0.38”, heating zone
length 47), which.was heated to various temperatures and
which contained 5g of M1 (except fo; the 350°C run which
used 1 g of M1l). The respective brominated ethane
conversions at 175°C, 200°C, 225°C, 250°C, and 350°C were

approximately 41%, 56%, 69%, 82%, and 90%, respectively.



WO 2005/ 019143 PCT/ US2003/ 036933 37 Preparation of
Mo A slurry of chromatographic silica and cobalt
wopdos@ig43 sufficient to give a | oading of 40 wCPUCHBHE36933
was made. The slurry was @8l cined at 400C for 2 hr,
yielding Mb. 5 Brom nation of ethane and reaction wth
M: A nmxture of ethane and brom ne of nolar ratio
10: 1 wadbe gdutlansdyspasstayibhest Haedest rehmetbylene/moles of
cc/mn) through a brom ne bubbler which was hel d at
0C. Theldi xiafrectwas phopassed wette appnestimagadtyrls, 7%, 20%,
(glass tube ID 0.38", heating zone length 4"), which

was heged tmB506s The 18PLUentoows ppeybeusizsoec, 3s50°c. at
anal yzed by GC and by NWR anal ysi s of products

trappe deut erochl oroform 100% m._ne conversion
Wit h 9g§ @t hahBecomF&IGn ikt 15665?3%%@ fRgeacted ethyl

selectivity to bronoethane was greater than 94% The .
ef f¥ uehronidehe waisr s30% eathpienas Péssearbdmtdiexide, 4% vinyl
second reactor (glass tube ID 0.38", heating zone
| engt hbddhidehi shdwas heaeed(lmrgaljr calse t@mger at ur es
and which contained 5g of M (except for the 350C run
whi ch

Reaction of ethyl bromide with Ml:

Liquid ethyl Dbromide (0.6 ml/hr) was vaporized by

10 combining with an inert nitrogen carrier gas. The.

mixture was passed through a reactor (glass tube 1ID

- 0.038”, heating zone length 4”) containing 2g of metal
oxide M1 which was heated to 350°C. The products were
analyzed using GC. 100% ethyl bromide conversion was

15 obtained for 5 hours. An ethylene selectivity of 96%
was obtained. Byproducts included carbon dioxide (2%),

ethanol (<1%), ethane (<0.5%).

Reaction of ethyl chloride with Ml:
20 Ethyl chloride (1 ml/min) is passed through a reactor

{(glass tube ID 0.0387, heating zone length 47)

containing 5g of metal oxide M1 which is heated to 350°C.



20 used 1 g of ML). The respective brom nated ethane

conversions at 175C, 200C, 225C, 250C, and 350C were
wappsoximatel y 41% 56% 69% 82% and 90% PCT/US2003/036933

respectively. WO 2005/ 019143 PCT/ US2003/ 036933 38 The

et hyl ene selectivities (noles of ethyl ene/ noles of

al | detected products) were approximately 1% 7% 20%

34% and0gomtdty 11 R origlrC, capsEsizgod s IWY@ingd. An ethylene

350C, the product m x (excluding unreacted ethyl 5

br oni dee lwas i90%yetdfy| 80&, 5% clatdbmedi oxiltle, 14%nggererated by

brom de, and 1% other (largely acetone). Reaction of

ethyl IyeQmiicg Wt Bolbe Lih Ak gyt hyl ePramidles £P- & the chlorine.

m /hr) was vaporized by 10 conmbining with an inert

nitrogen carrier gas. The. mxture was passed through

a reactor (glass tube ID 0.038", heating zone |length

4")_.containing 2g of netal _ oxjd whi.ch eat ed

to Seolatatutcodnorsivn o SRS BhottRoHiEh foorta:

et hyl brom de conversion was 15 obtained for 5 hours.

An et hyidnddsepébiilvi PYoBidesyd Onhs Bb{minkd. was vaporized by

Byproducts included carbon dioxide (2%, ethanol
(<1% , cembanang<Qwheh. an inert nitrogen carrier gas. The

mixture was passed a reactor (glass tube 1ID 0.38%,
heating zone length 4”) containing 5g of titania (TiOj)
10 which was heated to 275°C. The reaction products were

passed through an aqueous sodium hydroxide trap to

remove residual HBr prior to GC analysis. 60% ethyl
bromide conversion was obtained with ethylene

selectivity of >99% with no ethane observed within the
15 detection limits of <100 ppm. In another configuration,
the HBr 1is scrubbed with copper oxide, which can be

regenerated, instead of sodium hydroxide.

Catalytic reaction of alkyl bromide with solid catalyst:
200 A stream containing alkyl bromide (CpHopniz 1<n<21l) or a
mixture of alkyl bromides is passed over a solid

catalyst consisting of cobalt bromide, titania, platinum



Reaction of ethyl chloride wwth ML: 20 Ethyl chloride

(1 mM/mn) is passed through a reactor (glass tube ID
w@2838191451eat i ng zone length 4") containi ng 5pCDUS2003/036933

metal oxide M which is heabved to 350C. WD 2005/ 019143

PCT/ US2003/ 036933 39 100% et hyl chl ori de conversion

is obtained. An ethylene selectivity of 90%is

obt ai ned. sMLita, r egenetheed sy tahdat i myteni&D0Beitmeen 250 and

oxygen with recovery of the chlorine. 5 Catalytic

react ipymoef etdyd brophde Mihh tidaniR id Gbsh&4wd to olefin

bromde (0.6 M/ mn) was vapoOrized by conbining with

an inert_nitrogen.carcier. gas.,.Ih ' . pas .
 roadtr (47 RSESHEREL P Ery 5a T Musidiet iR B Suced 1o
4") containing 5g of titania (TiO2) 10 which ,

heat o 94 A CrL The CPRREE 8efl§siﬁod WGHMg GoiRey bromide and

t hrough an aqueous sodi um hydroxide trap to renove ,
redi duedtedBr prTle meran%F?@%@? 60% eeagnerpkedi dy flowing
conversi on was obtained wth ethylene selectivity of

>99% WisiyydtD evdangtohserdsaPop tWiicH heiddratedechranine, which
limts of <100 ppm In another configuration, the HBr

I s scryubbed wd.h gopper oxide, which can be

Propane bromination and subsequent reaction with MS5:

10 A mixture of propane and bromine of molar ratio 3.6:1
was created by passing a propane stream (5.0 ml/minute)
through a bromine bubbler which was held at 21.0°C. The
mixture was passed into a first reactor (glass tube ID

0.038”, heating zone length 4”), which was heated to
15 350°C. The effluent was previously analyzed by GC and by
NMR analysis of products trapped in deuterochloroform.
100% bromine conversion with 27% propane conversion were
obtained. The selectivity to 2-bromopropane was 90%.
The other products were 2,2-dibrompropane (~10%) and 1-
20 bromopropane (< 1%). The effluent of the first reactor

was passed into a second reactor (glass tube ID 0.387,

heating zone length 4”), which was heated to 350°C and



regenerated, instead of sodi um hydroxide. Catalytic

reaction of alkyl bromde with solid catalyst: 20 A
wa@tessamieont ai ni ng al kyl brom de (CnH2n+2 1<n<Pdi/US1008036933

m xture of al kyl brom des 4$ passed over a solid

catal yst consisting of cobalt brom de, titania,

pl ati num WD 2005/ 019143 PCT/ US2003/ 036933 40 on

si | i cawhDeh otchaetasnedalie ofit #15.a Beewasro@soteindere analyzed

350C. 80% of the alkyl bromde is converted to olefin

W th 99%s¢l ecd.vity. THee hydlegetvbtbes de (azditcedons propane

reacted with copper oxide, producing copper brom de

and 5 Mot eLrsibe) CoRRY EE@ggﬂSnéS fegener atedoby (5%), other

flowi ng oxygen over it at 0C, which liberates

brom neze which is recovered. Propane bronination and

subsequent reaction with Mo: 10 A m xture of propane

and brom ne of nolar ratio 3.6:1 was created by

passi ng a propane stream (5.0 m/mnute) through a

br om bupbl er Gh was.held at. 21.0C The m xture.

ane poReRRtLeR (of 1 redhsastens AL ube 1 b

0.038", heating zone length 4"), which was heated to )

15 35067 9GO pri&vifouBlymiRal yyaa ppaeged (with a

and by
nitrogen carrier gas) into a reactor (glass tube 1ID

0.38”, heating zone length 4”) containing 2 g of metal
10 oxide M3 which was heated to 200°C. The sample of M3
used was previously used in more than 5
reaction/regeneration cycles. The reaction was run for 2
hours with the products collected in 6g of cold CDCls.
NMR analysis demonstrated 100% conversion, and the
15 products were predominantly internal olefins with a

selectivity of greater than 85%.

Reaction of l-bromopentane with M3:
Nitrogen (5 ml/min) was bubbled through l-bromopentane
20 at room temperature and fed to a reactor (glass tube ID

0.38”, heating zone length 4”) containing 2 g of metal

oxide M3 which was heated to 200°C. The sample of M3



NMR anal ysi s of products trapped in deuterochl oroform
100% br om ne conversion with 27% propane conversi on

wowsos/o19ahi ai ned. The selectivity to 2-bronopr oOpeneswas 036933
90% The other products wdee 2, 2-di bronpropane
(--10% and 1 20 bronopropane (< 1% . The effluent of
the first reactor was passed into a second reactor
(gl assUseBe | WAF 38"Prehbaushy zomSe%engt ki 4") Mags ch than 5
was heated to 350C and WD 2005/ 019143
PCT/ USpeaat b3Bissgeddr i eh cvates neBhegreachvbonThes run for 2
products were analyzed using GC. The selectivities
(basedhour pr epahe tlconyesduony weitepteogylienesd 96%) ,cold CDCls.
acetone (5%, other (5%. 5 Reaction of 1-bronodecane

with MiRLI ghatlyslesyl Bepshderbfe® MoO0RN) cWATeP8$88Y and the
(wwth a nitrogen carrier gas) into a reactor (glass

tu I 5 I tyai
of @mt%o%é%xl dVbehe]ﬁ/éB m%mlis hea)}tqeglnztgcrg%&c rylﬁr&l%sg with a

sanpl eg g; yts; f\agsreoa{tf\é}saé%ry 9LbS,ed in nore than 5

reactl regenera on” cyc e reaction was run for

Reaction of mixed alkyl bromides with Ml:

A stream containing a mixture of 90% alkyl bromides
10 (CnHon+1Br 1<n<21), 9% dibromoalkanes (CpHz,Br, 1<n<21),

and 1% more highly brominated alkanes is passed over Ml

at 250°C. 100% conversion is obtained with a product

molar composition of 80% olefins, 8% diolefins, and a

balance consisting of carbon dioxide, alcohols, glycols,

15 and other hydrocarbons.

Reaction of dibromododecane with M1:
Mixed isomers of dibromododecane are passed over a bed
of M1 at 300°C. 100% conversion is obtained with 80%

20 selectivity to diolefin.



hours with the products collected in 6g of cold CDO 3.

NVR anal ysi s denonstrated 100% conversion, and the 15
w@r@docd1gs wer e predom nantly internal ol efins peT/SA@03/036933

selectivity of greater tham385% Reaction of

1- bronopentane with M3: Nitrogen (5 m/mn) was

bubbl ed through 1-bronopentane 20 at roomtenperature

and f &pactien ofc vénylgbxeaideh¥ith copBSr, oKiddeing

zone length 4") containing 2 g of netal oxide M3

whi ch Anvest feeart exbritr i200g IThenskiptiylf WBomidle is passed over

2005/ 019143 PCT/ US2003/ 036933 42 used was previously

used !cnurgmrce 5288 5 at! €g6H4cON/ T @QANRET BhhAN Y BeSof Thee vinyl
reaction was run for 2 hours with the products

collected.in 6g of cold CI'I)ClS. Si s : .

denon rroérfl&% 1%%%8%?13%?& (gr?,m atr#}%?%l%r odlrfcl:ltes Wer}yel bromide

predom nantly internal olefins with a selectivity of .

gr at &CaAHEn 988 Réisct PBRIOF rﬂ’S&@G AP k9T ot O &é’é’rous oxide,

wth M: A streamcontaining a m xture of 90% al kyl ,

br oni ¢@Prery prembiaapr cazhep1diogidd hrtdalRifEs  Following

(CnH2nBr 2 1<n<21) , and 1% nore highly brom nated

al kanesdcx ipassedhevesoMd is annealed in oxygen at 375°C,
liberating bromine for reuse and regenerating the cupric
oxide.

10

Reaction of mixed bromides with copper oxide:
A stream containing a mixture of organic bromides is
passed over cupric oxide at 350°C. More than 99.9% of
the bromides are removed from the stream. The bromides
15 react with the cupric oxide producing cuprous oxide,
copper bromides, carbon dioxide, and water. Following
reaction, the solid is annealed in oxygen at 375°C,
liberating bromine for reuse and regenerating the cupric

oxide.



at 250C. 100% conversion is obtained with a product

nmol ar conposition of 80% ol efins, 8%diolefins, and a
whadoanca4xonsi sting of carbon di oxi de, al cohol B¢T/US2003/036933

gl ycols, 15 and ot her hyddécarbons. Reaction of

di bronododecane with M: M xed isoners of

di bronododecane are passed over a bed of M at 300C.

100% ARRFEFEIRPE UG R LA KRACHPYel ectivity

to diolefin. WO 2005/019143 PCT/ US2003/ 036933 43

React ilnmbktyrayPIbeshade \inch kuspere o dBolar stakam 10:1 was
containing 10 nol % vinyl brom de is passed over

cupri ccoxated aby 3pOESs inpr ent bahafe. 9%reémt € wilvipin) through a
brom de is renoved fromthe stream The vinyl brom de

5 reaqisopM Ad) HREL EHPT A1 OKI GRsPIRAULI NI GUPr OUBhe mixture was
oxi de, copper brom des car bon di oxi de, and water.

FoI | owi n ea,ctl on,, lid i ne n e "
at 375Q9g S$4¢ beFHtq nd b 6%5 e fof éFggse?%f%Sé eBd®tp  0.0387,
regenerating the cupric oxide. 10 Reaction of mx

ed
br oni desating zeppetedKided”), which was heated to 350°C. The

effluent was previously analyzed by GC and by NMR
analysis of products trapped in deuterochloroférm. 100%
bromine conversion with 9.5% ethane conversion were
10 obtained. The selectivity to bromoethane was greater
than 94%. The effluent of the first reaction was
combined with the addition of variable amounts of excess
water and passed into a second reactor (glass tube ID

0.387, heafing zone length 4”), which contained 5g of Ml
15 at 200°cC. As the water : bromine molar ratio was varied
from 1 to 4 to 9, the ethanol produced increased from
0.07 to 0.09 to 0.14 mmol/hr respectively. The
corresponding ether production ratesl were 0.21, 0.22,

and 0.07.



A streamcontaining a mxture of organic bromdes is
passed over cupric oxide at 350C. Mre than 99. 9% of

wo b@shrans des are renoved fromthe stream Thepdr/oRt00®636933
15 react with the cupric oxsde produci ng cuprous
oxi de, copper brom des, carbon dioxide, and water.
Fol | owi n feaction, the solid is annealed in oxygen

ot 37RAALELOR, OF | FAESF oFf B9RAT (atlcel drpmide Peaction:

regenerating the cupric oxide. W 2005/019143
PCT/ US2003/4F536833°L 448tadni tarwh dpdeavémonpbsomages in a molar
reaction: A m xture of ethane and brom ne of nvol ar

ratio détdoves 10fealedfdy PASSi HGd adf ahdedle Ski@am{ Sat 175°C,
n1/m' n) through a brom ne bubbler which was held at

Tf@ De (%f‘retﬂ@s &)%ﬁ%ﬂ&gﬁmﬁ%é rsit%r%%\/ﬁ%e& with a

(gI ass tu D 0. 038" at1ng zone [ engt

was heat { P0G iMool T IUent JRS P AUNY  and 505 to
e dB pro TR

anal yz anéﬂ ys

trappgg%én deut rochl oroform 00% brom ne conversion
wit h /e%(?rhean VAT st $PSHte 10 obt ai ned. The

sel ectivity to bronoet hane was greater than 94% The
effluent of the first reaction was

Simultaneous steam stripping of higher olefins:

A mixture of steam and dodecylmonobromides in a molar
10 ratio of 10:1 is fed to a bed of metal oxide M1 at 250°C.

100% of the dodecylmonobromide is converted with a

selectivity of 90% to dodecene (various isomers).

Post-reaction steam stripping of higher olefins:

15 Dodecylmonobromides are fed to a bed of metal oxide M3
at 200°C. 100% of the dodecylmonobromide are converted
with a selectivity of 80% to dodecene (various isomers).
At the conclusion of the reaction, 10% of the product
remains adsorbed to the solid and 95% of this 1is

20 recovered by passing steam through the reactor at a
flowrate equal to ten times the reactant floﬁrate for a

period of 10 minutes.



conmbined with the addition of variable amunts of
excess water and passed into a second reactor (gl ass

wo piws/0l9943 0. 38", heating zone length 4"), whi chCT/US2003/036933
contained 5g of M 15 at 2@0C. As the water : brom ne
nolar ratio was varied froml to 4 to 9, the ethano
produced increased from 0.07 to 0.09 to 0.14 mmol /hr
respectively. The correspondi ng ether production
rates were 0.21, 0.22, and 0.07. WD 2005/019143
PCT/ U0gi3¢036beBin Aryderitidmn of water to higher
al kyl brom de reaction: A m xture of steam and
dodecybsaeeplmondesonides nekar fedati® of b2@: bf sméeall oxide Ml
to a bed of netal oxide M4 at 175C. 100% of the

dOdng;?29365@”1d§oo$ V@Héeg8§%gglﬁo§oﬁﬁbﬁf&évaE¥ converted

of 50 odecylalcoho s and dodecene

(Vgig?ui?%?gggg A ?Eyéagfgﬁ ez %ﬁgstrlgplQ%rlous isomers) .

dodecyl nonobrom des in a nplar. 10 ratio of 10:
fed t ol bBEOBRChePAKtBXPddSMEicst Hd Wli"db%‘oFePhé"ld excess

dodecyl nonobronide is converted with a selectivity of
90% t coflodeceme {ovaai besl isbnendfated zirconia held at 175°C.

50% conversion of dodecene to dodecyl alcochols (mixed
isomers) is achieved.
10
Neutralization of HBr from a mixed stream with calcium
oxide and subsequent regeneration:
A stream containing hydrogen bromide, ethyl bromide,
ethyl dibromide, and higher bromides of ethane is passed
15 over calcium oxide at 150°C. The hydrogen bromide reacts
with the oxide, producing caléium bromide and water.
The organic bromides pass through the reactor
substantially unreacted. The calcium bromide 1is
subsequently oxidized by passing air over the material
20 at 500°C, releasing bromine and regenerating the calcium

oxide.



Post -reaction steam stripping of higher olefins: 15
Dodecyl nonobrom des are fed to a bed of netal oxide M
WwW@k00200@43 100% of the dodecyl nonobrom de are cpOWEs1088036933

with a selectivity of 80% #ud dodecene (various
isoners). At the conclusion of the reaction, 10% of
the product _remains adsorbed to the solid and 95% of

this iNevkraktzAElRy BY (FRK| FEemt daftrrdughrep@ with ML and

reactor at a flowate equal to ten tines the reactant

f | ow aswbsequent peegenrprFtian ni nut es. WO 2005/ 019143

PCT/ US2003/ 036933 46 Hi gher ol efin hydrati on:

Dodecyd nutmtwaomm destarieihgd hpdaobhed dfromide, oxtdeyIM bromide,
at 200C. 100% of the dodecyl nonobrom de are converted

5 withethpEl @Chivmide of aR@% i hdpdpeenedéyapbEodshane is passed
i soners). The product mxture is fed along with a ten

fole-d excess,,- 0 b~tO e I C
heISd a&iés@ ggm&ts?o%vergﬁlh%nqiagré)%ecene %d%oggé&fs with the
al cohol s, (m xed _isoners achi eyed.

Neut r L2¥L38 i oRF OFUEERI f FBH?it PkERLLEr é‘é’rﬂ v?)fa(tr?rcal cThfn organic

bromides pass through the reactor substantially

unreacted. The cobalt bromide is subsequently oxidized
by passing oxygen over the material at 350°C, releasing

10 bromine and regenerating Ml.

Neutralization of HBx with M1 and subsequent

regeneration:

A stream of hydrogen bromide is passed over M1 at 150°C.
15 The hydrogen bromide reacts with the oxide, producing

cobalt bromide and . water. The cobalt bromide 1is

subsequently oxidized by passing oxygen over the

material at 350°C, releasing bromine and regenerating M1.

20 Reaction with oxybromide:
Ethyl bromide is passed over bismuth oxybromide at 350°C.

80% of the ethylbromide is converted with a selectivity



oxi de and subsequent regeneration: A stream contai ning

hydr ogen brom de, ethyl brom de, ethyl dibrom de, and
whe@bseris om des of ethane is passed 15 over pal/U82003/036933

oxi de at 150C. The hydroged8brom de reacts with the

oxi de, producing calciumbrom de and water. The

organi c brom des pass . t.hrou t.he reactor .
subst a‘?ﬂi%ﬁ‘\ﬁ%ﬂ?eagt gé."'Thgj?lcaﬁ & Jm lfrsgerrioe the reaction, the

subsequent |y oxi di zed by passing air over the material ,

20 at %’Eﬁ)’@?th‘ el%?é\%}?lf@“’dw}'/eom% &nvieddeder &0 n§ SRRt bromide,
cal cium oxide. WO 2005/019143 PCT/ US2003/ 036933 47

Neut r akh Zet i adns ofsuBreduesinly nireedtstr ewithni t bxwyemncet 500°C,
subsequent regeneration: A stream containing hydrogen

brom dge; &idwhg bronpdetiogt Iy dhbr st sieina@ndnhi gher solid and
brom des of et%ane Is passed 5 over M at 150C. The

hydr o ' i I8.qePr oduci ng

cogal ?P%%%{n?%ge%%eﬁgét Z?ﬂr&T"LteH g’r%(g?r%dgﬁdbe?om des pass

t hrough the reactor substantially wunreacted. The

cobalt brom de is subsequently oxidized by passing

oxyge nReoa\t/c(?{icgrP ewz{rt?}'tn e}{;rc?:!'oxai?des Sa%% hr_vg%rea%sel N9
Steam is passed over M1 at 200°C, resulting in the

formation of cobalt hydroxide and cobalt oxide hydrate,

10 supported on zirconia. Ethyl bromide is passed over
this material "at 200°C. 50% of the ethyl bromide is
converted, with B80% selectivity to ethanol. Following

reaction, the cobalt bromide is oxidized to cobalt oxide
by passing oxygen through the solid, liberating bromine.
15 The oxide is then exposed to steam to regenerate the

hydroxide and hydrate.

Regeneration of Ml:

A mixture of ethane and bromine of molar ratio 10:1 was
20 created by passing a pressurized ethane stream through a

bromine bubbler which was held at 7°C. The mixture was

passed into a first reactor (glass tube ID 0.387,



10 brom ne and regenerating M. Neutralization of HBr
with M and subsequent regeneration: A stream of
why@sogam br om de i s passed over M at 150C. HAGI/Thm03/036933
hydr ogen brom de reacts w #h the oxide, producing.
cobalt brom de and water. The cobalt bromde is
subsequent |y oxidized by passing oxygen over the
mat er inga tdn@some r ke rash nd” br o heh angsr bgahedationg50°C.  The
M. 20 Reaction with oxybrom de: Ethyl brom de is
passec: fiflerentti smish @udwieonsdy atand3QCed 80% ofsCt hend by NMR
ethyl bromde is converted with a selectivity WO

2005/ Q3143 iRCTY 1RO 86 98Bapdéd t On elibyt €A6cRi080%rm. 100%

In the course of the reaction, the bisnmuth oxybrom de

i's conyvehtied t QIR Pr QTicde, 9 Wi CRihdne conversion were

subsequently reacted wth oxygen at 500C, releasing a

pokti on .of. t br am he _i sol.id an
reéené&hﬁﬁﬂf ‘he gﬁ%ﬁu?ﬁagkggygg'def)RgggﬁPgﬁhﬁP?h“ms greater

2000, SGuT T PAS i 1 t nd%t orRbt 1S bf Cdbal FPRydrokite  Teactor
and cobalt oxi de hydrate, ) )
(approximately 4 cc/min) was passed into a second
reactor (glass tube ID 0.38”, heating zone length 4”),
which was heated to 200°C and which contained 5g of MI1.
10 The products Were analyzed using GC. After 5 hours of
reaction, the reactors were purged and the solid was
regenerated at 350°C with flowing oxygen until bromine
evolution ceased. After 26 reaction/regeneration
cycles, the material remained active and the chemical

15 performance (conversion, selectivity) remained unchanged

within experimental error.

Regeneration of M2:

A mixture of ethane and bromine of molar ratio 10:1 was
20 created by passing an ethane stream through a bromine

bubbler which was held at 0°C. The mixture was passed

into a first reactor (glass tube ID 0.38”, heating zone



10 supported on zirconia. Ethyl brom de is passed over
this material at 200C. 50% of the ethyl bromde is
w@osmidiesl, with 80% selectivity to ethanol. FedT/0%2008036933

reaction, the cobalt brom de is oxidized to cobalt

oxi de by passing oxygen through the solid, liberating

brom ne. 15 The oxide is then exposed to steamto

regenereatgett e’ ) hywln bxh deasndehyeld ate. 3R8GENner @aheorfdlluent was
M: A mxture of ethane and brom ne of nolar ratio

10: 1 v@sevidfhfneatHth By, RBSHNI & PresgurbgednpRhan@alysis of
stream through a brom ne bubbler which was hel d at

7C. T ' e ssed | ' tor o .
(g1 asEEThE D 3R o B0t b et oo v oddgss bromine
49 heating zane | en?hh 94gg vvl%i ch was heated to 350C btained
The &1 enstlovvaswﬂi evi oUsTyeaﬁglrﬂ?ze(aO%yefilgﬂd "b%/r(?\ll\/ﬁ ained.
anal ysi.s of produycts trapped in deuterochl orof orm .
108% Tﬁ}eomsﬁge%ﬁ\‘/éwi ohC WIS e a8 Sc oFR? s bn than  94%.
were 5 obtained. The selectivity to bronoethane was

gr eat &ihe t 1off Lot TINE efthieueAd st t Keartest derpreximately 4

(approxi mately 4 cc/mn) was passed into a second
cc/min) was passed into a second reactor (glass tube ID

0.38”, heating zone length 4”), which was heated to 200°C
and which contained 5g of M2. The products were

10 analyzed using GC. After 5 hours of reaction, the
reactors were purged and the solid was regénerated at
350°C with flowing oxygen until bromine evolution ceased.
The bromine was trapped in an aqueous sodium hydroxide
trap and was analyzed using UV/VIS spectroscopy. For

15 four sequential runs, the bromine recovery  was
determined to be 94, 108, 100, and 98% of the bromine
input, with an uncertainty of approximately 5%. Thé
chemical performance of the M2 was unchanged over these
runs.

20 Although preferred embodiments of the invention
have been illustratéd in the accompanying Drawings and

described in the foregoing Detailed Description, it will



reactor (glass tube ID 0.38", heating zone |length 4"),

whi ch was heated to 200C and which contai ned 5g of M.
wd.tooFloes1ps oduct s were anal yzed using GC. Aft er p&I/0S200%036933

of reaction, the reactorsswere purged and the solid

was regenerated at 350C wth flow ng oxygen until

brom ne evolution ceased. After 26 , o

react i om/ pegeretapfofhady cihes, iphenkdeer tdl Ndnal Hegted to the

active and the chem cal 15 performance (conversi on,

sel ecténthegimerpmi ndd sgdosadgedutni t hsn earatileentaf numerous

error. Regeneration of M2: A m xture of ethane and

br om neeaf ramyamenas) 0 hodlfiestidfscr eatred byupasstngions of

an et hane stream through a brom ne bubbler which was

hel d apa P& adheelekicnt® WAL HRAESAIbpdritih@ fidmtthe spirit of

reactor (glass tube ID 0.38", heating zone WD

2005/ 0,91 483, PLI{ 452003/ 036933 50 Iength 4"), which

was heated to 350C. The effluent was previously

anal yzed by GC and by NWR anal ysis of products

trapped in deuterochloroform 100% brom ne conversion

with 9.5% et hane conversion were obtained. 5 The

selectivity to bronpet hane was greater than 94%



The effluent of the first reactor (approximately 4

cc/mn) was passed into a second reactor (glass tube
wobos@14883, heating zone length 4"), whi ch wasPOrRas®03/036933

to 200C and which contai ned 59 of M2. The products

were 10 anal yzed using GC. After 5 hours of reaction,

the reactors were purged and the solid was

regefépamed at 350C with flowi ng oxygen until bromnine

evol uti on ceased. The brom ne was trapped in an

aqueous sadi unBhymedxodle oft r aynahdswasngnapyeéinssi rajlcohols,

UV/ VI S spectroscopy. For 15 four sequential runs, the

br omtRRekEGOMAHY aMAshydes e tipetls 10g behd4st P8, 0100,

and 98% of the bromne input, with an uncertainty of

approxi mately g% vIihengChent£abt pPeicherrmrces@fedt®d MErom the

was unchanged over these runs. 20 Although preferred

eghodl JRR! % s LB APVER! IAMkenBAYE DEEINd S/ USlkEhed, | Mienes,

anyln ngs an éscribed in
fore%F|n8 g | ed Description, it will WO 2005/019143
PCT/ 689083PB35933’ 51 be understood that the invention

is not limted to t enbodi ment s di sclosed, but, is . .o,
capabl e of nunBFBUs Ing®Ma" s&con D g

halide selected from the group consisting of chlorine,
bromine and iodine;
10 reacting the first reactant and the second
reactant to form a first reaction product;
reacting the first reaction product with a
solid oxidizer thereby forming a product selected from
the group consisting of olefins, alcohols, ethers, and
15 aldehydes, and'spent oxidizer;
oxidizing the spent oxidizer to produce the
original solid oxidizer .and the original second
reactant;
recycling the solid oxidizer; and

20 recycling the second reactant.



rearrangenents, nodifications, and substitutions of

parts and el enents wi thout departing fromthe spirit
wobooshi14iae i nvention. WO 2005/ 019143 PCT/ US200B¢ D88883036933

52 Clains: 1. A nethod of s8ynt hesi zi ng ol efi ns, .

al cohols, ethers, and al dehydes conprising the steps

of : providin first t ant | ected fromt _
grouB congrs?iﬁaeg#%§ire Z§?28F55H52}35|& %gé, eigﬁgg?ln the

and aromatics; providing a second reactant conprising

a h&LraE s&peeteBtfr 6ANPEESHP ouph comsiRE ngtdYing & carbon
chlorine, bromne and iodine; 10 reacting the first
reachambeand fihe second reactant to forma first

reacti on product; reacting the first reaction product

with a solid oxidizer thereby form ng a product

sel ected from the group consisting of ol efins,

a4 cohol s, 3etherge akwthokb atdebydng, wndcspemt 1 wherein the
oxi di zer; oxidizing the spent oxidizer to produce the

solid oxidizer comprises a metal oxide.

4. The method according to claim 1 wherein the
solid oxidizer comprises a metal halide.

10

5. The method according to claim 1 wherein the

solid oxidizer comprises a solid hydrate.

6. The method according to claim 5 wherein the

15 solid hydrate comprises a metal oxyhydrate.

7. The method according to claim 5 wherein the
solid oxidizer comprises a solid hydrate selected from
the group consisting of hydrates of halides, sulfides,

20 carbonates, phosphates, phosphides, nitrides, and

nitrates.



original solid oxidizer and the original second
reactant; recycling the solid oxidizer; and 20
wo eapoidng t he second reactant. WO 2005/ 019143PCT/US2003/036933
PCT/ US2003/ 036933 53 2. Tis¢ net hod according to claim
1 wherein the first reactant conprises an al kane
having a carbon nunber 5 16. 5 3. The net hod

accordi ng8to cThe mMELRRS eRRCPRBING0INY BXPENzey Wherein the

conprises a netal oxide. 4. The nethod according to

cl al stdpwhér eeacthag sbki dioritdirsectéonppirogsicd nettdl a solid
hal i de. 10 5. The nethod according to claim1 wherein

t he osdlidenxiih zearadrpr i ses aatsola dteygeabéuré. dhe between
nmet hod according to claim5 wherein the 15 solid

hydr gb6u€08P0 *SeSna aBdbat Hxyhydrate. 7. The net hod
according to claim5 wherein the solid oxidizer

gonprises a solid hydrate selected from the group
consi sting of hydrates of halides, sulfides,

9. The method according to claim 1 wherein the
solid oxidizer is selected from the group consisting of
MgO, Ca0Q, FeMoOy, FeWO4, Lax03, Ca(OH),, PbO, Cu0, Bi,O3,
MgZrOy, ZnO.

10
10. The method according to claim 1 wherein the

solid oxidizer comprises CoZrOy.

11. The method according to claim 1 including the
15 additional step of including water in the ‘reaction
between the first reaction product and the solid

oxidizer.



20 carbonates, phosphates, phosphides, nitrides, and

nitrates. WO 2005/019143 PCT/ US2003/ 036933 54 8. The
wordlsomiaccording to claim 1l wherein the steproOf/US2003/036933

reacting the first reacti ossproduct with a solid

oxidizer is carried out at a tenperature of between

about 350C and_about 400C. 5 9. The nethod according

to clai m $2nhefei Rethed i §vdkh@isielings Sépéépgd alcohols,

fromthe group consisting of MO CaO FeMOX, FeWOX,

La208thexsoHpad PbOchgdes SpmP8isimyZEle, seps ab: 10.

The met hod according to claiml1 wherein the solid

oxi di zer conprpgesi@bdgOa firsTheenetthodt asebedied tfwom the

claiml including the 15 additional step of including

wat egrbipt o Eastim) obetalg@melshe dikshes pacllikgfes, dienes,
product and the solid oxidizer. WO 2005/019143

PCT/ WR40Q36036933;

providing a second reactant comprising
bromine;

reacting the first reactant and the second
reactant to form a first reaction product;

10 reacting the first reaction product with a
solid oxidizer comprising CoZrO, thereby forming a
product selected from the group consisting of olefins,
alcohols, ethers, and aldehydes, and spent oxidizer; .

oxidizing the spent oxidizer to produce the

15 original solid oxidizer and the original second
reactant;

recycling the solid oxidizer; and

recycling the second reactant.



55 12. A nethod of synthesizing olefins, alcohols,
et hers, and al dehydes conprising the steps of:
w@raioking a first reactant selected fromthe pQr/osSmo3/036933
consi sting of al kanes, al kénes, al kynes, dienes, 5
and aromatics; providing a second reactant conprising
brom ne; reacting the first reactant and the second )
react ant 98'f0?ﬁgamqqgﬂdr%ﬁﬁﬂ?QﬁP%rEBwﬁ%aﬁm téadhexgin the
the first reaction product with a solid oxidizer
conpEisPhg CAZEOXNEhefebRri e di Ny a apkdRicthaeirgt et carbon
fromthe group consisting of olefins, alcohols,
et hensmband<aldehydes, and spent oxidi zer; oxidizing
the spent oxidizer to produce the 15 original solid
oxi di zer and the original second reactant; recycling
the solid oxidizer; and recycling the second

react ant. 1 Y\O 2008/ @13 RLILR2A03/ 886933imP612 wherein the
step of reacting the first reaction product with a solid

oxidizer i1is carried out at a temperature of between

about 350°C and about 400°C.

10 15. The method according to claim 12 including the
additional step of including water in the reaction
between the first reaction product and the solid

oxidizer.



13. The nmethod according to claim12 wherein the

first reactant conprises an al kane having a carbon
woooser1s 16. 5 14. The nethod according to cleemUsRN03/036933

wherein the step of reactishg the first reaction

product with a solid oxidizer is carried out at a

t enperature of between .  abput 3%%? and abou ooC. 10 . .

15. The né%hodAacﬁﬁFﬁ?ﬂg ?éi(ﬂ%ﬁ ef3 718 ulirfigiPRe COMPrising

additional step of including water in the reaction

bet wtdg ©5EPEi PEt reacti on product and the solid

oxi di zer. WD 2005/019143 PCT/ US2003/ 036933 57 16. A

met hod of synt pesividaggol ehi nelkemer | sitrpan hecoumpissing  by-

of : providing an al kane stream conpri sing by- products

r esubiriodg clsomrekne taagutacinut Reohanh dchsre Sopr ove fiimg;

a second reactant conprising a halide selected from

thie group consipsbivAdifal chl ori&eond br eehbeanbd iRfipiesing a
reacting the al kane stream and the second
halide selected from the group consisting of chlorine,
bromine and iodine;
reacting the alkane stream and the second
reactant to form first reaction products and hydrogen
10 halide; |
separating the first reaction products from
the hydrogen halide;
reacting the first reaction products with a
solid oxidizer thereby forming a stream of olefins and
15 spent oxidizer;
oxidizing the spent oxidizer resulting from
oxidation of the first reaction products to produce the
original solid oxidizer and the original second
reactant;
20 recycling the solid oxidizer;

recycling the second reactant;



reactant to formfirst reaction products and hydrogen

10 halide; separating the first reaction products from
wo b@shydnogen. halide; reacting the first reacPCDUS2003/036933

products with a solid oxidBzer thereby formng a

stream of olefins and 15 spent oxidizer; oxidizing

t he spent oxidizer resulting from oxidatjon of the .
first reacti ontprebLRys the privdieedehe Pd¥i¢F nafitdy) iy solid
oxi di zer and the original second reactant; 20

recyckidgzet heheoeby bximinervatercyed i srerheoskedbiri/
reactant; WD 2005/019143 PCT/ US2003/ 036933 58

reacti ng the hydidpeindaltilte wipkeht acogsdbideroxresukbting from
thereby fornming water and spent oxidizer; oxidizing

the sRENtoOHM ZB 1FSUkheNchfdesadhe hexiidrt | @8 oprbli€ce the
hydr ogen halide to produce the 5 original solid

oxi dj, 284§ n#N0s S LY CHLNG1 L 8E; S@hd d oxidi zer.

recycling the solid oxidizer.

17. The method according to claim 16 wherein the
alkanes comprising the alkane stream have carbon numbers

10 < 16.

18. The method according to claim 16 wherein the

solid oxidizer comprises a metal oxide.

15 19. Tﬁe method according to claim 16 wherein the

solid oxidizer comprises a metal halide.

20. The method according to claim 16 wherein the
solid oxidizer comprises a solid hydrate.
20
21. The method according to claim 20 wherein the

solid hydrate comprises a metal oxyhydrate.



17. The nmethod according to claim 16 wherein the
al kanes conprising the al kane stream have carbon

wOoobeIE43 10 << 16. 18. The method accordi ng tPCT/USLM03/036933
16 wherein the solid oxidisgzer conprises a netal
oxi de. 15 19. The nethod according to claim 16 wherein
the solid oxidizer conprises a netal halide. 20. The |
met hod acéadrdi Bhet eredihgidn aGcor@iRg ntohelasigh j 0 wherein the
oxi di zer conprises a solid hydrate. 20 21. The net hod
accosdilng toxiclizden 2€cmpeiees thesolsial i Hydydiat eelected from
conprises a netal oxyhydrate. WO 2005/019143
PCT/ U230Q3/i36983ns b9t 22y e npdhagkaiceor diadlgdes, sulfides,
claim 20 wherein the solid oxidizer conprises a solid

hydratepsgheeted fpRBsphAL 9! OUPLROBSh 88T Ofnitrides, and
hydrates of halides, sulfides, carbonates,

%osglﬂ@%ggesphosphi des, nitrides, and 5 nitrates. 23.
e nethod according to claim 16 wherein the step of
reacting the first reaction product wwth a solid

23. The method according to claim 16 wherein the
step of reacting the first reaction product with a solid
oxidizer 1is carried out at a temperature of between

10 about 350°C and about 400°C.

24. The method according to claim 16 wherein the
solid oxidizer is selected from the group consisting of
MgO, CaO, FeMoOy, FeWOx, Laz0s;, Ca(OH)2, PbO, CuO, BiyO3,

15 MgZrOg, ZnO.

25. The method according to claim 16 wherein the

solid oxidizer comprises CoZrOy.



oxidizer is carried out at a tenperature of between
10 about 350C and about 400C. 24. The nethod accordi ng

wo 000sload1a3 16 wherein the solid oxidizer is sePeruszho3/036933
fromthe group consisting e@ MO CaO FeMOX, FeWOX,
La203, Ca(OH)2, PbO CuO, Bi 203, 15 MyZrOX, ZnQO. 25.
The nmet hod according to claim 16 wherein the solid
oxi di zer ctpriBes GoAI@X ad» 2005 0i914Baim 16 including the
PCT/ US2003/ 036933 60 26. The nmethod according to
cl ai raddbi i il aidi g ephe ofaddinidl@ahgst @@ teflr | A¢l UGKRY reaction
water in the reaction between the first reaction

produsdtvasch t hgnsol EdrseXi ded@tion product and the solid

oxidizer.



