1 METHOD AND APPARATUS FOR SYNTHESI ZI NG OLEFI NS, ALCOHOLS, ETHERS, AND
ALDEHYDES CROSS- REFERENCE TO RELATED APPLI CATI ONS This application is a
continuation-in-part of prior application serial nunber 10/365, 346 filed
February 12, 2003, currently pending, which is a continuation of prior
application serial nunber 10/298,440 filed Novenber 20, 2002, abandoned,
which is a continuationin-part of dTior application serial nunber

10/ 208, 068, filed July 29, 2002, abandoned, which is a continuationin-part
of prior application serial nunber 10/054,004 filed January 24, 2002, now
U S. Patent No. 6,486,368, which is a continuation-in-part of prior
application serial nunber 09/951, 739, filed Septenber 11, 2001, now U. S
pat ent nunber 6, 465,696, which is a continuationin-part of application
serial nunmber 09/886,078 filed June 20, 2001, now U.S. Patent No.
6,472,572. TECHNI CAL FMEXEDD AND APDhBattyerdr eynrekatesngenerally to

met hods and appar at usofEFINGy nhesiaigg saeksnsavsl pohslypeset hers, and

al dehydes from al kanes, al kenes, and aronatics, and nore particularly to
i nprovenents in the selectivities of the reactions disclosed in the patents
and patent appidssaRESHEBENCE MG REedTherepr,randole specific applications

thereof. 3 BACKGROUND
This application is a continuation-in-part of prior

application serial number 10/365,346 filed February 12,
2003, currently pending, which is a continuation of
prier application serial number 10/298,440 filed
November 20, 2002, abandoned, which is ?a centinuation-
in-part of priar application serial number 10/208,068,
filed July 29, 2002, abandoned, which is a continuation~
in-part of prior application serial number 10/054,004
filed Januvary 24, 2002, now U.S. Patent No. 6,486,368,
which is a continvation-in-part of prior application
serial number 09/951,739, filed September 11, 2001, now
U.S. patent number 6,465,696, which is a continuation-
in-part of application serial numﬁer 09/886,078 filed

June 20, 2001, now U.S. Patent Neo. 6,472,572.

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

and aldehydes from alkanes, alkenes, and aromatics, and



Application serial nunber 10/208, 068 filed June 29, 2002, discloses a
process for converting ethane to diethyl ether, ethanol and ethyl acetate
wherein ethane 5 reacts with a hal ogen selected fromthe group including
chlorine, bromne, and iodine. For exanple, ethane is reacted with brom ne
to form bronoet hane and HBr. The bronoethane then reacts with netal oxide
to formdiethyl ether, ethanol, ethyl acetate, and netal brom de. The 10
nmetal brom de reacts with oxygen or air to regenerate the original netal
oxide. In the process, brom ne and netal oxide are recycl ed.

Application serial nunber 10/365,346 filed February 12, 2003 discl oses a
process wherein a reactant 15 conprising an al kane, an al kene, or an
aromatic is regstedpiitivaareialcchalngeveacptsdiae thike huldddevotithe
reactant and reduced netal. The reduced netal is oxidized with air or
oxygen to formthengordeasponds ngiset atedxiide. thEhepamimals oxidlepkseneact ed
with the halide 20 of the reactant to formthe al cohol and/or the ether
correspondi ng dgptihetephgi naldaaltk@dedal Kenreingr  dndronmt i c saadifhe
original nmetal halide which is recycled. SUMVARY The present
application capplizesipnecassessff.or synt hesi zi ng ol efins, alcohols, ethers,
and al dehydes which involve the use of solid phase catalysts/reactants in
addition to the netal oxides and netal halides disclosed in the
above-identified applications. The present application further conprises
techniques for inproving the selectivity of the reactions disclosed in
previously filed applications which involve, for exanple, tenperature
control. The present application further conprises specific utilizations of
t he di scl osed processes. In a first aspect, there is provided a nethod
of synthesizing olefins, alcohols, ethers, and al dehydes conprising the
steps of: providing a first reactant selected fromthe group consisting of
al kanes, al kenes, and aronatics; providing a second reactant conprising a
hal ogen selected fromthe group consisting of chlorine, brom ne and iodine;
reacting the first reactant and the second reactant to formfirst reaction
products conprising al kyl nonohalide and hi gher halides and hydrogen
hal i de; separating the first reaction products fromthe higher halides;
recycling the higher halides to the reaction of the first reactant and the
second reactant to format |east some additional alkyl nonohalide; reacting
the al kyl nonohalide and the at | east sone additional al kyl nonohalide with
a solid oxidizer thereby form ng a product selected fromthe group

consi sting of olefins, alcohols, ethers, and al dehydes, and spent oxidi zer;
oxi di zing the spent oxidizer to produce the original solid oxidizer and the
original second reactant; recycling the solid oxidizer; and recycling the
second reactant. 4a



In a second aspect, there is provided a nethod of synthesizing ol efins,

al cohol s, ethers, and al dehydes conprising the steps of: providing a first
react ant sel ected fromthe group consisting of al kanes, al kenes, and
aromatics; providing a second reactant conprising brom ne; reacting the
first reactant and the second reactant to formfirst reaction products
conprising al kyl nonobrom de and hi gher brom des and hydrogen brom de;
separating the first reaction products fromthe higher brom des; recycling
t he higher bromdes to the reactigon of the first reactant and the second
reactant to format |east sone additional al kyl nonobrom de; reacting the
al kyl nonobrom de and the at | east sone additional al kyl nonobrom de with a
sol i d oxi di zePACHRIP® ng CozZrOx thereby forming a product selected from
the group consisting of olefins, alcohols, ethers, and al dehydes, and spent
oxi di zer; oxi di zi f§PLRE2spent sexialh Fembes pP OB Ehef Bradyidvale 28l d
oxi di zer and the original second reactant; recycling the solid oxidizer;
and recycl i ng?8%e s€dsRdoreactantrocess far g copredtdspecttharieer &oi s

provi ded a nethod of synthesizing olefins conprising the steps of:

provi di ng an &18&neé §tt¥‘§£m ESRPPPLI Bef bytiptlo ARGt teesiliatiedy fetdanehe

manuf acture of ol efins; providing a second reactant conprising a hal ogen
sel ected ¥ omaWESgetp EomeilefPRgSetectadorinne theordueaiPariacilodine:
reacting the al kanée stream and the second reactant to formfirst reaction
products comfitSrABeal RyPIHBRohART d&odF -hi ghefr RapTEbs. anthanslr byen
hal i de; separating . the first reaction products fromthe hydrogen hali de;
separating tﬁ?aﬁFgﬂeﬁlﬁﬁlPH@@l??oﬁ?tﬁ%”Wi?%ﬁmQ%ﬁﬂﬂﬁ%N?Tﬁ ts;Thecycling

t he higher halides to the reaction of the alkane stream and the second
reactant to CARFEEEHERRE eé"(‘fgft Mo iy (%60 el £a8™ featihg t he

al kyl nnnohagkge and _t he ft Ieﬁgg SO additionak@slﬁé! nonohal ide with a
solid oxidizér ?ﬁér%ﬁ%}aﬁa% i RgE STTEahter 278 TR R IHdes pentheoxi di zer;
oxi di zi ngat h nt._oxidizer _resul ting from oxidat.ion of the first reaction
productsqpo %Fgggcér?ﬂ SrEsRET ¥ F€d°5¥?ﬁ?z8F &d 1T BFFYrTAtSsecond

e%orifgrnal €6
reactant; re | solld oxidjzer;,.recycling the second reactant;
reacting the%ﬁ!g/d%)gg%{n‘t%alr?%éeﬁm %ﬂf'solxlnd % ’icgcrest%efbe%vlfq& Ay wat er
and spent oxjdizer,,. ;qxi di.zi pent oxidizer resulting fromthe

oxi dati on th? %Pﬁvag%bg%éhg?fggﬁ?g produce the original solid oxidizer;
and recycling th l;1 |, di n r cl,-there is

provi ded a nethoggﬁglggﬁﬁﬁgs%gg%alSPg%F%s}gégﬁ%?§2?ﬂ§£§(% %?E%?rgf: _
providing a {3/staseRct alesslact o goMmekle grAuRiGONS! Sting.gf, al kanes;
provi ding a second reactant conprising a hal ogen selected from ﬁe gr oup
consi sti pgy Oford¥i@hhge, abr QNKAReaNdad Odh REne T €5t I g t hesfidsst EgaCt ant and
the second reactant to formfirst reaction products conprising alkyl

monohal i de apdhdtieghar chahi desa anchihwdr egeprb@bddainesepanati Bg the first
reaction products fromthe higher halides; recycling the higher halides to
the reacti onceafcthe fakst faAfdeant natdh t he sgeondadeact aleck® foLm at | east
sone additional alkyl nonohalide; reacting the alkyl nonohalide and the at

| east sone addidibeaak:ahkyioaohakigie wd heargokhd o4 Gizgbngelected from
the group consisting of netal halides, solid hydrates, netal oxyhydrates,
and metal oxiedes seiee! edrie amtae oghowpi €£onsi &ldagieh MIO hEaQe FEMO"
FeWD, La203, Ca(OH)2, Pb0O, CuQ 3i203, MyZrO, ZnO and CoZr O, thereby

foLmi ng 28 stafearheof redefdiis and rspRnthexiadicagbhl fdoz NG d hergpent

oxidizer resulting fromoxidation of the first reaction products to produce
the origi nalcosobsgbraxirdi zeto andné heopiggianal soeoRd reaotant; rHeycling the
solid oxidizer; and recycling the second reactant. 5 BRI EF DESCRI PTI ON OF
THE DRAW NGS ~ A nore conpl ete understanding of the invention may be
had by reference to the follow ng Detail ed Description when taken in
conjunction with the 5 acconpanyi ng Draw ngs wherein: FIGURE | is a
diagrammatic illustration of a first enbodi nent of the invention;

FIGURE 2 is-a diagrammatic illustration of a second enbodi nent of the

i nvention; :



10FIGURE 3 is a diagrammatic illustration of a third enbodi nrent of the

i nventi on; FIGURE 4 is a diagrammatic illustration of a fourth
enbodi ment of the invention,; FIGURE 5 is a diagrammtic
illustration of a fifth 15 enbodi mrent of the invention; and FI GURE 6
is a diagrammatic illustration of a sixth enbodi nent of the invention. 6
DETAI LED DESCRI PTI ON Referring pow to the Drawi ngs, and particularly
to Figure 1 thereof, there is shown a method and agparat us 10 for

synt hesi zirngaal ¢ ohof stiamdorg ietie me tedmppild BRgWhiShf i sTe@ndERA ment of t he
i nventi oRygRgymet hod and apparatus 10, as well as the other enbodi ments of
the invention hereinafter described, can be used to synthesize ol efins,

al cohol s, et h&ks, amyssmtal d@?@b@éﬁt% f BPTBHL AT de SEIOCHERET whet®ei n

al cohol s 5%%9519&1@@ @1@911% e SsYRLhest Zed ha0mm alkengsadisydaprasam ati ve.
A sel ected al kane, Wwhich may_ conpri se nmet hane, et hane, ane, butane,

i sobut anénvpeHeanthe hexdfe, OJEycﬁCblHé&aﬁé‘asé*t ccatF‘%Y?EEéFg%ﬂ FAER F1% st

reactor 12gfcomnarsuiihabhersourgesdd thaodghza hinead$. aTherdddenctor 12

al so receives a netal halide thr h aline 18. The h d th
metal halfige a4eate jidlepéddiredd %P%é"tllgﬁétor ?%e%ﬁa%g?gaf?%”%%gggr oﬁp

i ncl udi ngyehheri Remphiegkne.ccdndguedi Mdr improving the selectivity
of the reactions disclosed in previously filed appliications
which inveolve, for example, temperature control. The
present application further comprises specific utilizations
of the disclosed processes.

In a first aspect, there 1is provided a method of
synthesizing olefins, alcohols, etherg, and aldehydes
comprising the steps of: providing a first reactant selected
from the group consisting of alkanes, alkenes, and
aromatics; providing a second reactant comprising a halogen
selected from the group consisting of chlorine, bromine and
icdine; reacting the first reactant and the second reactant
to form first reaction products comprising alkyl monohalide
and higher halides and hydrogen halide; separating the
first reaction products from the higher halides; recycling
the higher halides to the reaction of the £first reactant
and the second reactant to form at least some additional
alkyl monohalide; reacting the alkyl monohalide and the at
least some additional alkyl monohalide with a solid oxidizer
thereby forming a product selected from the group consisting
of olefins, alcchols, ethers, and aldehydes, and spent
oxidizer; oxidizing the spent oxidizer to produce the
original eolid oxidizer and the original second reactant;
recycling the solid oxidizer; and recycling the second

reactant.



The reaction of the alkane with the netal halide 20 produces the
correspondi ng al kyl halide which is recovered through a |line 20. The
reaction al so produces netal in reduced form such as a netal hydride,
which is 7 recovered through a line 22 and directed to a second reactor

24. The second reactor 24 al so receives oxygen and/or air froma source 26
through a line 26. The second reactor, 24 functions to convert the 5 reduced
netal received through the line 22 to netal oxide which is recovered
through a |inén30 asecdindecisrbctt,o ahehérda eactvidd2. aThwetbaperad ure of

t he react Lthin_ th zond r r.124 1.1 eno th om ne
renaininé&gﬁhg%gg%g aI%?%?Fgging%?%ggﬁégéti%ﬁ%ﬁ%kﬁo the fi%%?éﬁ%%%%or 12
remmi ns epmphéeshed athe asiderm| §f ¢ Hecdiidhioged drinshie reacapnt sseeptred with

oxygen. TEhe hyqrogen.d iderated froming Jmt alksneanvenyegd -t water .
Wthin the third Teactor 32 the alkyl halide formed in the first reactor 12

reacts WPEBVEHBelfeta| S6xPge reactant comprising bromine; reacting
the first reactant and the second reactant to form first

reaction products comprising alkyl moncbromide and higher
bromides and hydrogen bromide; separating the first reaction
products from the higher bromides; recycling the higher
bromides to the reaction of the first reactant and the second
reactant to form at least some additional alkyl moncbromide;
reacting the alkyl monobromide and the at least some
additional alkyl monobromide with a solid oxidizer
compriging CoZrQ, 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 original solid oxidizer and the original
gecond reactant; recycling the golid oxidizer; and recycling
the gsecond reactant.

In a third aspect, there 1s provided a method of
synthesizing olefing comprising the steps of: providing an
alkane sgtream comprising by-productes vresulting from the
manufacture of olefing; providing a second reactant
comprising a halogen selected from the group consisting of
chlorine, bromine and iodine; reacting the alkane stream and
the second reactant to form first reaction products
comprising alkyl monohalide and higher halides and hydrogen
halide; separating the first reaction products from the
hydregen halide; separating the higher halides from the first
reaction products; recycling the higher halides to the
reaction of the alkane stream and the second reactant to form
at least some additicnal alkyl monchalide; reacting the alkyl
monohalide and the at least some additional alkyl

monohalide with a scolid oxidizer thereby forming a stream of



15 formed in the second reactor 24 to formthe correspondi ng al cohol and/or
ether which is recovered through an outlet 34. The reaction in the third
reactor 32 al so produces netal halide which is recycled to the first
reactor 12 through the line 18. 20In accordance with 'a specific
application of the invention, the first reactor 12 receives ethane from
the source 11 through the |ine 16, arl% the nmetal halide received in the
reactor 12 through the line 18 conpriSes netal brom de. The reaction within
t he reacbarfis producessret hpkibipar de owhdébing revovepedtt hoougiedthe |ine
20 and directed to.the third reactor . cEhe .5 i

W t hi nt h(jaftef:ujlutrL rlrelécF%P%ZOﬁgggégght&%ag?lé%rif-zligr tasge?e‘a?)%loo\j\’g:prf&%aizéo+ Met al
xi de + XH2Ouez R20RI3CH2011a CHICHROCPRUHZzer Metdl L1Bk ot e afs s#ddnd her ef or e

be appar T i i thin - eact.or e-hLa ward the
product i %%ggftgg?éoﬁgﬁggp?%nv\%}?% %%gl%?%{d%ctl ox(r)f Q%% t hgpgdggéng%?%%ﬁcﬁpon t he
amount ofrepatent prieserting tifiien Weogeachal 1dFi yhkk 3 fofi@epxidiz®irates an

operati O%'ergege ﬂ%]rrﬁ he. fiLstenbodi neatcof .f hes Lawentjam; whepebynsteam i s
directed 15 into t ,elllne 20 through a Iine 36 and enters the reactor 32
with theseeryl cBidarae sAEUERENHBETPRathGereifrlotRie e®f | ADe hBY 8283 Dr 12. As

will be appapent Jyomithe.dor muha sebifonth aboveqs t heciatsaductin of
steaminto the reactor 32 causes the reaction therein to be 20 selective
toward t FECHFodugt Fbh BPLlef Hahtii3SF t he reactor 32 as opposed to the

production of rdi ef hybuetheraspect, there is provided a method of
synthesizing olefins, comprising the steps of: providing a
first reactant selected from the group consisting of alkanes;
providing a second reactant comprising a halogen selected
from the group congisting of chlorine, bromine and iodine;
reacting the firsgt reactant and the second reactant to form
first vreaction products comprising alkyl monchalide and
higher halides and hydrogen halide; separating the first
reaction products from the higher halides; recycling the
higher halides to the reaction of the first reactant and
the second reactant to form at least gome additional alkyl
monohalide; reacting the alkyl monohalide and the at least
some additional alkyl monchalide with a solid oxidizer
selacted from the group consisting of metal halides, solid
hydrates, metal oxyhydrates, and metal oxides selected from
the group congisting of MgC, CalO, FeMoOy, FeWO., La:0:, Ca(OH):,
PbO, Cu0, Bis03;, MgZrO,, ZnC and CoZrQg, thereby forming a
stream of clefing and 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; recycling the solid oxidizer; and

recycling the second reactant.



9 Referring now to Figure 2, there is shown a nethod of and apparatus
for producing olefins, alcohols, ethers, and/or al dehydes conprising a
second enbodi nent of the invention. Many of the conponents parts of the 5
second enbodi nent of the invention are identical in construction and
function to conponent parts of the first enbodi ment of the invention as
illustrated in Figure 1 and descri bed herei nabove in conjunction therewth.
Such identical conponent parts are 10 designated in Figure 2 with the sane
reference nunerals utilized in the description of the first enbodi nent of

t he i nvention. The second egbodi nent of the invention differs from
the first enbodinent of the invention in that rather 15 than being directed

into the react BRIBP peERCQUFRIGNGE it 3%:«:6‘(59”‘ is injected directly into
the reactor 32 through lines 42. This allows the steamto be added to the

reactor 32 at speciff in»rROiRES1bPet NBaL SACLAN L NERE i ncreasing the

selectivity of the reacti on ?hatetakes 20%% géegghg¥8iﬁnf8ﬁéf%§ e

producti on of 14 cohed ang¢ awayrd: th roduction, pf ether._ 10 A net hod
g o Ens L Qﬂa %ljé Ny aRaFdtied dehydes

and apparatus 50 for producing ol efins, alcohols,
conprising a touscaipebedli MeRenOl dd&d NVENLI ARk g L] ystrated in Figure 3.
5 accompanying Drawings wherein:
FIGURE 1 is a diagrammatic illustration of a first
embodiment of the invention;
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.



Many of the conponent parts of the third enbodi nent of 5 the invention are
identical in construction and function to conponent parts of the first
enbodi ment of the invention which are illustrated in Figure 1 and descri bed
her ei nabove i n conjunction therew th. Such i dentical conponent parts are
designed in Figure 3 with 10 the sane reference nunerals utilized in the
description of the first enbodi nent of the invention. The third
enbodi nent of the invention differs fromthe first and second enbodi ments
in that during the operation thereof water is renoved fromthe reactor 32
15 through lines 52. The renoval &f water fromthe reactor 32 is
acconplished by either distillation or by osnosis or by both. As will be

appar ent fromghesi@8ChisirIairolort h above, the renoval of water fromthe
reaction 32 causes the reaction that takes place therein to be 20 sel ective

toward the product iRgRepfifRf Nefw &% ARROSHLJiQgENe aprOgddetE o £f1 8l €ohol . 11
Referring nowto Figure 4, there is shown a nethod and apparatus 60 for

produci ng ol efgnfreahceigtser ethns andi@inakdelydes aRAPLpSLAGds fourth
enbodi mrent of the invention. Many of the conponent parts of the
10 for synthesizing alcohols and/cr ethers comprising a
5 first embodiment of the invention, The method and
apparatus 10, as well as the other embodiments of the
invention  hereinafter described, can be used to
synthesize olefins, alcohols, ethers, and/or aldehydes.
The following description wherein alcochols and/or ethers
10 are synthesized from alkenes is representative,.
A selected alkane, which may comprise methane,
ethane, propane, butane, iscobutane, pentane, hexane,
cyclohexane, etc., 1is received in a first reactor 12
from a suitable source 14 through a line 16. The
15 reactor 12 also receives a metal halide threugh 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 'alkage with the metal halide
20 produces the <corresponding alkyl halide which is

recovered through a line 20. The reaction -also produces

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



5 fourth enbodi nent of the invention are identical in construction and
function to conponents of the first enbodi ment of the invention as
illustrated in Figure 1 and described herei nabove in conjunction therewth.

Such identical conponents are designated in Figure 4 10 with the sane
reference nunerals utilized in the description of the first enbodi nent of
the invention. In accordance with the fourth enbodi nent 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 netal back to netal oxide,

addi ti onal oxygen is added to the tal oxide and nol ecular halide is
| i berat ed. The reaction products fromthe second reactor 34 are directed to

a separator 62.The_ s r di r.ects tal ,oxide to, the reactor 32 20

through a Ijnergﬁ?v?ggﬁrﬁéggl geh t1d"Fh soﬁﬁ%eéﬁﬁe?ﬂ?bu f & 155%b and

e pa i eatacPob el 40 ALOTANS1AY3.L9Ug0. 8 LLOG /Y SLYES "
and/cr air from a scurce 26 through a line 28.

The second reactor 24 functions to convert the

5 reduced metal received through the line 22 to metal

oxide which is recovered through a Tine 30 and directed

to a third reactor 32. The temperature of the reaction

within the second reactor 24 is low 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 18 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 line 16, and the metal halide



12 the halide is directed to the reactor 12 through a line 72 and the |ine
18 thereby assuring an optinum | evel of halide within the reactor 12 at al
times. Referring to Figure 5, there is shown a nmethod and 5 apparatus 80
for producing ol efins, alcohols, ethers and/or al dehydes conprising a fifth
enbodi nent of the invention. The fifth enbodi ment of the invention is
particularly useful in the production of olefins. A selected al kane, which
may conpri se nethane, 10 et hane, propane, butane, isobutene, pentane,
hexane, cycl ohexane, étc., is received in a first reactor 82 froma

sui tabl e source 84 through a line 86. The reactor 82 also receives a halide

froma storage container 88 through a line 90 and the line 86. The 15
m_t he group

halide that is regeived in the reactqr i s .selected fr [

consi sting of %ﬂﬂ%&ﬁ?ﬁe?“bpgﬁi?ﬁﬁéiﬁﬁdq?og%ﬁ ?gﬁkﬁﬂﬁi%ﬁ§ep}gdﬁgwgrq%¥hlting
fromthe operation of the reactQr 82 are. directed to_,a disti]latiqn
separator 20 F%@hr UGS i ne (&f“ 5ﬁ?8§%‘f’g‘ed wéltﬁéﬂe fhe r 8€8Fhed fl%om t he
peparator 3?@%@32?;3%% gl %%g%%gu R:8:! e 26 and the | e, 8Q,ydrogen

line 20 and directed to the third reactor 32. The
5 reaction within the third reactor -32 may be

characterized as follows:

4CH3CHZ?Br + Metal Oxide + XHZ20 ~> 2CH3CHZ0H +

CH3CHZOQCH2CH3 + Metal Bromide2

As will therefore be apparent, the reaction within

10 the reactor 32 can be biased toward the production of
alecohol or toward the production of ether depending upon

the amount of water present within the reactor. Figure

1 further illustrates an operaticnal 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 in the

reactor 32 as opposed to the production of diethyl

ether.



separator 92 to a second reactor 98 through a line 100. Mnoal kyl halide is
directed fromthe separator 92 to a third reactor 102 through a |line 104.

Hi gher halides are returned fromthe separator 92 to the reactor 82 5
through a Iine 106. Wthin the second reactor 98 hydrogen halide
received through the line 100 is reacted with a nmetal oxide to produce
metal halide and water. Water is directed fromthe second reactor 98 to a
waste water 10 storage container 108 through a line 110. Metal halide,

i ncluding the halide conponent of the hydrogen halide received in the
reactor 98 through the line 100, ©s directed through a line 112 to a fourth
reactor 114. The reactor 114 al so receives air or oxygen froma 15 suitable
source 116 throughRaf¢inend 18w Tire Haact of . 11Hepr otkicesowregenartatesd oxi de
which is returned to the second reactor 98 through a |ine 120. The
fourth reactorfll14rdl serprodtves Hal i deodyaibun diegide, amdboketler al | of
which are directed to a 20 separator 122 through a |line 124. The separator
122 renoves t BEDRESI dendfom ehiéehwaeer candrtaimsorn df exirde, erdndiidiensct s t he
recovered halide to the halide storage 14 container 88 through a |ine

126. Wat er and®&arl-Bén 18VeRt Hen ar et ovierde feumoriketseparasopf12Bet hrough a
line 128. |n addition to receiving nonoal kyl halide through 5 the |ine 104,
the third feaBBePrdozmpegénges odgehs atedentte oxiedeidéntoigd the |ine 120
and a line 130. The reaction within the third reactor 102 produces netal
hal i de whi ch FeeHiTEstes t3d hdvnstith r8act U rERtt hpatigh @1l i hlee 132 and

the line 112. The renminin _
first embodiment of the invention as illustrated in

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 lreaction that takes
20 place therein towards the production of alcohol and away

from the production of ether.



10 reaction products resulting fromoperation of the third reactor 102 are
directed to a distillation separator 134 through a line 136. Qperation of
the distillationseparator 134 produces the desired olefin which is
recovered through a 15 line 138. Light byproducts are recovered through a

| i ne 140, and heavy byproducts are recovered through a line 142. Unreacted
nonoal kyl halide is directed fromthe separator 134 to the third reactor
102 through a line 144. Water resulting fromoperation of the separator 20
134 is directed to the waste water container 108 through a line 146. 15
Referring now to Figure 6, there 4¢s shown a nethod of and apparatus for

produci ng ol efins, alcohols, ethers, and/or al dehydes conprising a sixth
nent parts of the 5 sixth

nbodi ment of the i jon- L4
embodi ment of the invention a%ngag?ﬁa}t&% Cﬁﬂpg%spmgy?w afte¥iiotion to

enbodi ment of the invention are
conponent part t:he fifth_enbodinent_.of the invention as illustrated in
d§légh0ig' dehide and/oﬁ é%Hﬁ%?Hg?F(n?oﬁﬁéfébﬁqI1? Sdtid denti cal

Figure 5 and described hereinabove
with the sane reference

oS el PR L IS AL PRSI
invention. Thersixtdy @MRodiRaLeRE Lhecd nyentjon.differs from .
5 the invention are identical in construction and function

to component parts of the first embodiment of the

invention which are illustrated in Figure 1 and

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.



in that the reaction 15 products resulting
102 other than the netal 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 correspondi ng al cohols. 20 Reaction products resulting
fromoperation of the fifth reactor 152 are directed through a line 154 to
a distillation separator 156. The desired alcohol is 16 recovered fromthe
separator 156 through a line 158. Light byproducts are recovered through a
| ine 160, and heavy byproducts are recovered through a |ine 162. Water
resulting fromoperation of the separator 156 is 5 directed to the waste

wat er storage contgi?er 108 through.,a |ine 163. ] The si xth enbodi nment
of the invention faftREFIH FI8F & FeAPFRe?f | FRtrenbddf it ofmeHed nventi on

wat er stqQrage container 10 108 is

in that waste ter fron%the %@rsr:a‘ﬁ t
directed to aWist SFREF&T i re T sydnc18d t Arefipsa | #heehss . Treat ed
wast e wat er r%gﬁltgngafﬂfn19§3 ation of the system 164 is directed to a
separat or 168 “Throtgh®8™ The* oY Pre LB WK% hat @FF 1R FRRYVdEE from the
separ at or 1680%hQ%%QQn%ekk9§h}71Maggdof the component parts of the

the fifth enbodi nent thereof
fromoperation of the third reactor

5 fourth embodiment of the invention are . identical in
construction and function to components of the first
embodiment of the invention as illustrated in Figufe 1
agd described hereinabove in conjunction therewith.
Such lidentical. 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

I5 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 line 64, returns oxygen to the source 26
through a line 66 and directs halide to a halide storaée

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



15 boiler feed water is recovered fromthe separator 168 through a |line
172. The boiler feed water is directed to a boiler 174 which produces
steam Steamresulting fromoperation of the boiler 174 is directed to the
second reactor 102 through a line 176 and the line 130. 20In accordance
with a seventh enbodi nent of the invention, it has been determned that in
addition to the netal oxides and netal halides which have been 17

di scl osed as useful reactants for converting al kyl halide to product as
well as in the reactive neutralization of hydrogen halide, netal hydroxides
are useful for this purpose. Al soj2 while netal halide is S believed to be
the product resulting fromthe netal oxide reaction, it is also possible

that the produgt.0 - . QX o t yha
In accordgnce &ﬁ?hﬁg%bﬁﬁgﬁ%%hé%%gg?ngﬁsgéﬁ ?ﬁ%ﬁf% ﬁ%&§%¥%§ﬁ?o%hg§hgpecies

have proven Used ukndSch&aldley S/ heachant ssufitly AR AmpNecc0PYS! tion of
the solid reactant may take the formot a solid hydrate, such as a nctal

oxyhydrate or jydral 63¢Rinhald descesyl {3 das »iqatbonat es, phosphates,
phosphi des, nitrides |ISand nitrates. In accordance wth a ninth enbodi nent

of the invention, idediasiRgers deffr® ned dHhat BYdLAcanbINSechod and

5 apparatus - 80 for producing olefins, alcohols, ethers
and/or aldehydes comprising a fifth embodiment of the
invention. The fifth embodiment of the invention is
particularly useful in the production of olefins.

A selected alkane, which may comprise methane,

10 ethane, propane, butane, iscbutene, pentane, hexane,
cyclohexane, etc., is received in a first reactor 82
from a suitable source 84 through a line 86. The
reactor 682 also receives a halide from a storage
container 88 through a line 90 and the line B86. The

15 halide that is received in the reactor 82 is selected
from the grdup 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 line 86. Hydrogen halide is directed from the



beyond net hane, ethane and propane and chosen fromthe group including
paraffinic and napht henic hydrocarbons 20 may al so be used as feedstocks
for the process. This determ nation expands the overall utility of the
process 18 to hydrocarbons up to about 16 in carbon nunber and is
applicable to |inear, branched and cyclic al kanes. In accordance with
a tenth enbodi nent of the invention, it has been determ ned that control
over 5 reaction selectivity and product conposition can be specifically
controlled by intentional variations in the conposition and form (as
directed by the synthetic route) wof the solid netal oxide. Specifically,
smal | variations in the atom c conposition of the netal oxide 10 (conposed
of one or several netal atons) effects the reactivity and/or selectivity
and di f f er entsepanateri 82r sat asseforheraasterc Jpshrenrdhst gltire ri&k to
different reactivity and/or selectivity. The reaction pressure and

t enper at ure dfancEldyl1baddin bt | deCtsar dreTeERe UERPINALAT tAFni%Rg @ he
reaction towards specific products. For exanple, a netal oxide that
produces pr eddrinsantdartarcdRgl tarongbedpdrideur’diof abbilte2sd iGss be
switched to producing predom nantly ol efin by increasing:the t enper ature of.

the netal oxidE€ 20°YEAEC dFdo Bt weekf H G0t 508 atlicabsact2608The

i ncrease in tenperature,res%Its in the favoring of the
through a line 106.

Within the second reactor 88 hydrogen halide
received through the line 100 is reacted with a metal
oxide to produce metal halide and water. Water is
directed from the second reactor 88 to a waste water

10 storage container 108 through a line 110. Metal halide,
Aincluding the halide c¢omponent of the hydrogen halide
received in the redctor 98 through the line 108, is |
directed through a 1line 112 to a fourth reactor 114.
The zreactor 114 also receives air or oxygen from a

15 suitable source 116 through a line 118. The reactor 114
produces .regenerated oxide which is returned to the
second reactor 98 through a line 120.

The fourth reactor 114 also produces halide, carbon
diocxide, and water all of which are directed to a

20 separator 122 through a line 124. The separator 122
removes the halide from the water and carbon dioxide,

and directs the recovered halide to the halide storage



19 bet a- hydrogenel i m nati onreacti onoverthe hydroxyl ation. However, it is

I nportant to note that other mechanisns for the generation of the olefin
are possi ble. Another benefit of increasing the reaction - 5 tenperature is
the realized increase in the rate of conversion of alkyl brom de resulting
in a shorter reaction tinmes and a snaller reactor. Since the noted
tenperature effects have been observed for a wide variety of materials

wi t hout a 10 concl usive exception, this effect is broadly applicable across
the periodic table.Sanple materials include MJO, CaO, FeMo0" FeWD' La203,
Ca(OH) 2, Pb0O, Cu, 0i202, MyZrO' ZmO. Most significant has been the exanple

of a
container 88 through a line 126. Water and carbon

dioxide are recovered from the separator 122 through a
line 128.
In addition to receiving menoalkyl halide througk
S the line 104, the third reactor 102 receives regenerated
metal oxide through the line 120 and a line 130. The
reaétion within the third reactor 102 produces metal
halide which is directed to the fourﬁh reactor 114
through a ling 132 and the line 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.
Operaﬁion of the distillatiqn separator 134
produces the desired olefin which is recovered through a
15 line 138. Light byproducts are recovered through a line
146, and heavy byproducts are recovered through a line
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.



m xed cobalt zirconi um oxide (stoichionmetry CoZrOx). 15 Exanple /-CoZr Ox:
A sanple is prepared by m xing equal anbunts of a 0.5 M solution of cobalt
nitrate and a 0.5 M solution of zirconium propoxide, followed by drying at

120C, and an overni ght calcination at 500C. 20Ethane is reacted with
94% (car bon)

bromine in a nolar ratio of approximately 10:1, giving -
selectivity to 20 ethyl brom de plus higher brom nated species.HBr is also
present. Passing this m xture over CoZrQO, gives

et hyl brom deconver si ont hati ncreaseswi t h t enper at ure. Therespective

brom nat edet hane 5 conversi ons at $475C, 200C, 225C, and 250C are

approximately 41% 56% 69% and 82% A run at 350C using 80% | ess oxi de
0% The ethylene selectivities (noles

provi des a conver si bhetter than. 9 ¢
of ethylene/nDIesofg?F%%?%%&éﬁﬁ?&ﬂu%ﬁ§¥%?e6' there is shown a method

of and apparatus for producing olefins, alcohols,
ethers, and/or aldehydes comprising a sgixth embodiment
of the invention. Many of the component parts of the
5 sixth embodiment of the invention are identical in
ceonstruction and function to component parts of the
fifth embodiment of the invention as iilustrated 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 operatioﬁ
of ?he second reactor 102 to the corresponding alcchols.
20 Reaction products resulting from operation of the fifth
reactor 152 are directed through a line 154 ¢to a

distillation separator 156. The desired alcohol is



10 approximately 1% 7% 20% 34% and 90% at 175C, 200C, 225C, 250C,
350C. At 350C (excluding unreacted ethyl brom de) the product mx is
approxi mately 90% et hyl ene, 5% carbon di oxi de, 4% vinyl brom de, and 1%
other (largely acetone). 15 Exanple /1 - CoZrO.: When et hyl brom de
(98+% is passed over the CozZrO' described above in Exanple |I at 350C, the
products detected in the vapor product stream are approximately 95%
ethylene with the majority of the bal ance being 20 carbon dioxide. 21

As a process variation, either the netal oxide (or halide or oxyhalide) can
function as a catal yst to dehydrdrom nate the ethyl bromi de to ethyl ene
and hydrogen halide with the hydrogen halide 5 subsequently being

neutral i zed. recoveldt atcandahee sdparaaar eliééerntHromahodi mehhe ofi SBhe
invention, a metal hydroxide is the operative species in the netathesis
reacti on. Passiigftabygtdddctizal dde oaevetrhd mbtahgthysr dxndelpfodacds the
correspondi ng al cohol. 10 Subsequently, the resulting netal halide is
regener at ed whithvai rdvgxygents o @onvertotéeedretthirchghi de tloinwet db2oxi de,
which is then reacted with steamto regenerate the netal hydroxide. In
accordance w Whtar second ipar tf o tdpereltévenvh éhbodiepenatothéS@i Lsoxygen
streamused 15 to regenerate the netal oxide is mxed with a controlled
amount of §tedirsciodd t kat the metate hydrtexi detpsagy odvwddiwerhodif8 having to
pass through a distinct nmetal oxide stage. A twelfth enbodi ment of the

i nventi on contermssit hel2@eab®3ity of the process to selectively produce a

series
The sixth embodiment of the invention further

differs from the fifth embodiment of the inventien 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 fthe 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 1is 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



of oxidation products through a feedstock consisting of

22 mul ti pl

e

hydr ocarbons that greatly sinplifies product production when conpared with

exi sting processes.
light naphtha is thermally "cracked" by 5 heating the ethane or

naphtha to high tenperature and contacting the feedstock wth steam The
process operates through a free radical

or

"cracki ng"

resul t si nnuner ouspr oduct s, i ncl udi ng al kane

et hane) ,

al kynehydr ocar bons(suchas acetyl

In a conventional olefins production facility,

mechani sm and

al kene hydrocarbons (such 10 aset hyl ene),

but adi ene),
production of dilseses@d oduct Sisefulier ouscthingtsi | lFaki 0BoSt&PSIn @ngﬁ
0

operate cryogenically,
for use as fedddtideks tbor potcderctpetasochemiicalas Asnancg¥anile8cel he

separation of ethylene fromethane through distillation is both capital

éﬁe), di ene hydrocarbons (such as
aromati ¢ hydrocarbons (such as benzene) and coke.

15 are required to separate one product f

et hane
| i ght

hydr ocar bons (such as

Fol | ow ng the

whi ch
m anot her

and

ener gy- i nt ensieet asl i ibwo ofompauagsn heaei deQi Indt@ 1peiAkSxY8EY §l9Se to

each

10

I5

20

- useful for this purpose. Also, while metal halide is
believed to be the product resulting from the
metal oxide reaction, it 1is also possible that the

product of the metal oxide reaction is a

metal oxyhalide. -

In accordance with an eighth embodiment of the
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 mctal ouyhydrate or hydrates of halides,

" sulfides, carbonates, phosphates, phosphides, nitrides

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
may also be used as feedstocks for the process. This

determination expands the overall utility of the process



20 other. 23 In contrast to the conventional process, the present

i nvention produces olefins directly fromtheir al kane precursor fromeither
a single al kane feed conponent or a conplex m xture. One nmeans of operating
5 the process is as follows. The al kane feed or feed m xture is contacted
with halide to formthe nonohal ogenated anal og of the al kane feed or feed
m xture. Follow ng the hal ogenation reaction, the reaction mxture is
passed over a solid netal oxide at a 10 tenperature from about 105C and
about 150C whereby hydrogen halide produced in the hal ogenation reaction is
converted to water, which is thems enoved fromthe remaining al kyl
nonohal i des. The al kyl nonohal i des and renai ni ng al kanes, having

substantially different 15 boilin oi nts_are then separated thraough
distillation. t@ae%#mﬁﬁfao%‘fr‘é%nﬁ,g Rt c%ﬁp%?sFﬁg"% ’é‘F@%ﬁf REC dé of
predet ermi ned carbon punber, is then produced. In this way the difficult
separ ation of %ﬂﬂ&iﬁégy?r%ﬁn%ﬂ“ﬁéﬁesbfig%fEde?ﬁgngy?+%ﬁné%ﬁ%?%ghe) i s avoi ded.

Alternatively, 20 the separation of excess al kanes may precede the

conversion of hydregen,halide ko WRLEr - 5 SubshgHentdaiRagh alkylcpapnohal i de
may then be directed over a netal 24 oxide at a tenperature of between

about 250C and ,3RQu§ oBP0G et OnPF OQCR the Hhpflen Widy cobLespoNdRg car bon
nunber to the al kyl nonohalide. Alternatively, the products of the

halogenatign reaction selectivity and product composition can be
specifically controlled by intentional variations in the

composition and form {as directed by the synthetic

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
clefin 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



5 reaction follow ng the neutralization of the hydrogen halide and renoval
of the generated water can be directed as a group over a netal oxide and
converted to the corresponding ol efins. Follow ng the generation of the
olefins, the olefins can be separated as desired 10 into one or nore olefin

product strean(s). I f the desired product of a specific alkane is an
al cohol, an ether or an al dehyde, the present invention is especially
useful. In the production of alcohols, ethers or al dehydes, the process can

be operated in the 15 exact fashion as described above for ol efins up

t hrough the point where the al kyl ;gronohal i des are separated from each
other. To produce an al cohol, an ether or an al dehyde from a specific alkyl
nonohal i de, a specific al kyl nonohalide is passed over a specific netal

oxi de 20 that HedasByeEe@rr baserll imgontios sel seafvidry to graduce the

t hedesi redfunctionality(i.e.alcohol,ether 25 or al dehyde). Should the
desired produd¥dgseretitinfny Bevednct &d By thepertowst ©f water giaesent in

t he reaction between the al kyl nonohalide and the netal oxide, water can be
added to the SIR§F MSABBROMIHelPRedhe 0 9ENRIS Bppr Ofr ithte dledeh. aFer

exanpl e, water groduced in the neutralization of hydrogen halide may be
used for thisPREFPpRse. PROFfef s bgestitd afo protereim stheamesttibred

al cohol s, ethers or al dehydes, the present invention may 10 do so by sinply
elimnati ng t & RE%E Witer tby HiRe HRadyiizeforigiriaedes B e theparatcedofr om each

other prior to the step of coqgacting the al kyl nonohalide with a
conversion of  alkyl bromide resulting in a shorter

reaction times and a smaller reactor.

Since the noted temperature effects have been

observed for é wide variety of materials without a

10 conclusive exception, this effect is broadly applicable
across the periodic table. Sample materials include
MgO, CaO, FeMoOy, FeWO,, La,0,, Ca(OH}., PbO, CuC, Bi,0,,
Mg2rO, ZnO. Most significant has been the example of_a

mixed cobalt zirconium oxide {stoichiometry CoZr0,).
15 Example I-CoZr0,:

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

overnight calcination at $00°C.

20 Ethane is reacted with bromine in a molar ratio of

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



specific metal oxide.Rather to produce the m xed stream the conbined
al kyl nonohal ides are sinply passed 15 as a group over the specific netal
oxi de and the desired m xed streamresults. The m xed stream nay t hen be
utilized as is or separated as desired into one or nore isolated product
streans. A thirteenth enbodi nent of the present invention 20 conprises a
nmet hod of retrofitting an existing ol efins production facility to increase
its capacity and reduce 26 its operating cost.This invention builds upon
the processes disclosed U S. patent nunbers 6,462,243, 6,472,572,

6, 486, 368, and 6, 465,696 to provide selective partial oxidation of alkanes,
and involves the linking 5 of the process disclosed therein to an existing

Olefins plant 10Such 8% Bfud Ol BFLERREIARREL X0l Dar o afd vely i ni el
also present. Passing this mixture over CoZr0Ox gives
athyl bromide COnversion that increases with
temperature, The respective brominated ethane

5 conversions at 175°C, 200°C, 225°C, and 250°C are
approximately 41%, 56%, 63%%, and B2%, A run at 350°C
using 80% less 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°Cc, 25%0°C, 350°C. At  3509C {(excluding unreacted
ethyl bromide) the product mix is approximately 90%

ethylene, 5% carbon dioxide, 4% vinyl bromide, and 1%

other (largely acetone},

‘15  EBxample II -~ CoZrO.:

When ethyl bromide (98+%) is passed over the CoZrO,
described above in Example I at 350°C, the products
detected in the vapor product stream are approximately

895% ethylene with the majority of the balance being

20 carbon dioxide.



As a general approach to the retrofit enbodinent, follow ng the

hal ogenati on of an al kane stream hydrogen 10 halide is neutralized over a
nmet al oxi de as previously described. However, rather than separate the

al kyl nonobrom des from each other, the entire stream of m xed al kyl
nmonohrom des i s passed over a netal oxide and converted to a m xed stream
of olefins. The 15 resulting olefin streamis then directed into the

pl ant's existing separation equipnent along with material produced fromthe
thermal cracking portion of the plant and is separated into specific olefin

streans. As a nore specific exanplje of the retrofit enbodinment, 20 in a
conventional ethylene facility, ethane or naphtha is cracked with rather

poor selectivity and conversion 27 to ethylene.In the process, a
substanti al et hane #%e@yA*@CEEF e AT i3t iftnerdtt®dr ThBer BEEDE i Px e t her pr esent
i nvention invol ves capturing all or part of the ethane ordinarily recycled

to the furnacd¥ids nsteFyBadifelti A% t G QUb- pFocess GRF21%ithg t he

two step chenrsto described in the patents |isted above. The
to dehydrobrominate the ethyl bromide to ethylene

and hydrogen halide with the hydrogen halide

5 subsequently being neutralized.

In accordance with an eleventh embodiment of the
invention, a metal hydroxide is the operative species in
the metathesis reaction. Passing an alkyl halide over
the metal hydfoxide 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 stgam to regenerate
the metal hydroxide. In accordance with a second part
of the eleventh embodiment, the air/oxygen stream used

I5 to regenerate the metal oxide is mixed with a controlled
amount of steam such that the metal hydroxide is

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



process selectively converts ethane to ethyl ene. The benefits are nultiple:
1.13y reducing the recycle to the furnace, additional

10f reshf eedcanbei nt r oduced, effectively increasing the capacity of the plant
2.13y providing an extrenmely pure feed of ethylene, the sub-process reduces
demand on the separations systens, again effectively increasing
the capacity 150f the plant. 3. The purity of ethylene produced in the
sub-process results in a substantial reduction in operating costs. For
exanpl e, the conventional ethyl ene process produces, as a
byproduct, acetyl ene, which 20nusi# be hydrogenated sel ectively to ethyl ene,

a difficult process. The production of ethylene
multiple hydrocarbons that greatly simplifies product

production when compared with existing processes.

In a conventional olefins production facility,

ethane or iight naphtha is thermally ‘“cracked” by

5 heating the ethane or light naphtha to high temperature
and contacting the feedstock with steam. The “cracking”
process operates through a free radical mechanism and
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 cryogenicaily,
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

200 other.



28 described herein does not result in the production of acetyl ene thereby
reduci ng the anmount of acetylene produced in the ethylene facility. 4. The
addition of the reactor allows the incremental 5 expansion of an existing
pl ant without the need for the large investnent required for a new plant.
Current ethylene technology is only cost effective on a huge scale, thus
preventing the addition of small anpbunts of capacity when there is a snal

10excess of demand. The ability to add to an existing
| ocat i onal socapi talizesontheexisting infrastructure, -reducing the cost of

t he expansion. In addition to thesforegoing, it has been determthat the
vari ous netal oxides used in the netathesis 15 reaction can al so serve as

adsorbents/reactants to control the rel ease hydrogen halide or alkyl
hal i des to the envEPFonfBREI2$hcoiportdtei ngoaveetapnaki der¢erss.a purege system

within the plant not only controls the release of such conpounds, but also
serves as a nPAfSERb 20 VEEGYeR bPsadiveed or ofgftnar uEaechlvhe foocess. 29

their alkane precursor from either a single alkane feed
component or a complex mixture. One means of operating
5 the process 1is as follows. The alkane feed or feed
mixture is contacted with halide to form the
monohalogenated analog of the alkane feed or feed
mixture. Following the 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 is
converted to water, which is then removed from the
remaining alkyl monchalides. The alkyl monohalides and
remaining alkanes, having substantially different
15 boiling 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 monochalide may then be directed over a metal



Exanple 111

- Al kane hal ogenati on Et hane brom nation reaction A m xture of

et hane and brom ne of nolar ratio 3.6:1 was created by passing an
stream (2.0 m/mnute) 5 through a brom ne bubbl er which was held

The m xture
| ength 4"),

was passed into a reactor (glass tube ID 0.038", heati
whi ch was heated to 400C. The effluent was anal yzed by

et hane

at 21.0C.
ng zone
GC and

by NWR anal ysis of products trapped in deuterochloroform 100% brom ne 10
conversion with 27. 4% et hane conversi on were obtained. The selectivity to
et hyl brom de was 89.9% The other products were nultiply brom nate

et hanes, the majority (>90% of the&t bal ance) bei ng di br onoet hanes.
chlorination reaction A m xture of ethane and chl ori ne of nol ar

(total flow at

0.038", heating zone | en

conversi on angséggﬁ %tbhgﬂ%t gec%\éergi&lnar&t%bt@gﬂ%%p\gnh@nst hyl gllori de

selectivity

0 3

i odi ne of nolﬂﬁmﬁg$ié% %ﬁ% Q&Q&fjmonohaLide.

10

15

20

d
15 Et hane

ratio 2:1

o?c;éema(:”5néfg%ﬁ%}?%iotcfhE’%gggeﬁh%%q{%d?Sg%? fg%o%/otchl orine

ane 1 odination reaction m xture of ethane and

Alternatively, the products of the halogenation

reaction following the neutralization of the hydrogen

halide and removal of the generated water can be

directed as a group over a metal oxide and converted to

the corresponding oclefins. Following the generation of

the olefins, the olefins can be separated as desired

into one or more olefin product stream(s).

If the desired product of a specific alkane is an

alcohol, an ether or an aldehyde, the present invention

is especially useful. In the production of alcchols,

ethers or aldehydés, the process can be operated in the

exacf fashion as described above for olefins up thtough

the point where the alkyl monohalides are separated from

each other. To produce an alcohol, an ether or an
aldehyde from a specific alkyl monchalide, a specific
alkyl monochalide is passed over a specific metal oxide
that is selected based upon 1its selectivity to produce

the desired functionality {i.e. alcohol, ether



flowate 5 m/mn)

heating zone length 4"),
obtained with iodoethane selectivity of 85%

i s passed through a reactor (glass tube ID 0.38",

which is heated 5 to 400C. 10% et hane conversion i s
Propane brom nation A m xture

of propane and bromne of nolar ratio 3.6:1 10 was created by passing a
propane stream (2.0 m /m nute) through a brom ne bubbler which was hel d at
heati ng

21.0C. The m xture was passed into a reactor
whi ch was heated to 350C. The effluent was anal yzed by GC

zone length 4"),

(glass tube ID 0.038",

and by NWR anal ysis of 15 products trapped in deuterochloroform 100%
brom ne conversion with 27% propame conversi on were obtained. The

selectivity to 2-bronopropane was 90%
ndl- bronopropane (< 1%. 20 31

The ot her

duct 2, 2-di - 109
proauct swere :é% akgﬁﬁﬁﬁgfﬁx”gﬁéuﬁdAiﬁe desired product selectivity be

10

15

20

affected by the amount of water present in the reaction
between the alkyl monohalide and the metal oxide, water
can be added to the alkyl monobromide feed to the
appropriate level. For example, water produced in the

neutralization pf hydrogen halide may be used for this

purpose.

If it is desired to produce a stream of mixed
alcohols, ethers or aldehydes, the present invention may
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
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
comprises a method of retrofitting an existing olefins

production facility to increase its capacity and reduce



Hi gher al kane brom nation A m xture of al kane (C'H2n+2 3<n<21) and brom ne
inanolar ratio of 5:1 are passed into a reactor (glass tube ID 0.038",
heating zone length 4"), which is heated to 5 300C. 100% br onm ne conversi on
is obtained with 18% al kaneconver si onand90%sel ecti vityto nonobr onpal kane.
Li qui d- phase hi gher al kane brom nation 10 Pressurized dodecane liquid is
mxed wth bromne in a 10:1 nolar ratio. The mxture is passed through a
tubul ar reactor held at 250C. 100% brom ne conversion is obtained with 90%
selectivity to dodecyl brom de. 15 Heproportionation of C2 conpounds: 100

mol / hr of ethane and 100 nmol / hrzeof bromine are fed to a reactor
containing a Pt/silica catalyst held at 400C. A recycle stream of 46
ply brom nated ethanes is also fed to

mol / hr ethan%ignd 50 mml /hr of multi. . €
20 the react or: " EqAPFFHritdm Fe8teachBts ntd W tisct Brilds hupewostheoni ne
conversi on and aéproduct dis{ri%ytion of 46 mmol / hr_ et hane, 100 nmol / hr
et hy| bronidefgﬁ egﬁeﬁnnﬁfﬁ? ose U.s. patent numbers 6,462,243,
6,472,572, 6,486,368, and 6,465,656 to provide selective
partial oxidation of alkanes, and involves the linking
5 of the process disclosed therein to an existing olefins
plant in such a way as to increase capacity with

relatively minimal additional investment,

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



of HBr is also fornmed. The products are
separated into 3 streans: (1) ethane/HBr, (2) ethyl brom de, and (3) higher
brom des. Stream(1l) is passed over a regenerable netal oxide, neutralizing
5 the HBr and producing water. The water is separated out prior to
recycling the ethane. Stream (3) is also recycled to the reactor.
Reproportionati on of C2 conpounds w thout halide 10 addition: 100 nmol / hr
of ethane and 10 mol / hr di bronpbethane are fed to a reactor containing a
zirconia catal yst held at 300C. A product distribution of 91 mmuvl /hr ethane
18 mol /hr ethyl brom de and 1 nmmgl/hr di bronoethane is 15 obtai ned.
Reproportionati on of Cl0 conpounds: 100 mol /hr of decane and 100 nmol / hr
of bromine are fed tg a reactor containing a Rh/silica catalyst held at 20
300C. A recycl &°st TERMEE-100 HholtPRr RGPS andl BObstantial “ethane

recycle stream is generated. The retrofit of the

32 higher brom des. 100 nol

present invention involves capturing all or part of the
ethane ordinarily recycled to the furnaée and instead
5 directing it to a sub-process utilizing the two step
chemistry described in the patents listed above. The

process selectively converts ethane to ethylene. The

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 bypfoduct, acetylene, which

20 must be hydrogenated selectively to ethylene, a

difficult process. The production of ethylene



mol / hr of di bronbodecane and nore highly brom nated decanes is also fed to
the reactor. The reactor 33 achieves 100% brom ne conversion and a product
di stribution of 100 mmol / hr decane 100 mol / hr decyl brom de and 80 mmol / hr
mul ti pl ybrom nated decane. 100 nol of HBr is also formed. 5 into 4 streans:
(1) HBr (2) The products are separated decane (3) decyl brom de, and (4)
hi gher brom des. Stream (1) is passed over a regenerable netal - oxide,
neutralizing the HBr and producing water. Streans (2) and (4) are recycled

to the reactor. 10
28

described herein does not result in the production
of acetylene  thereby reducing the amount of

acetylene produced in the ethylene facility.

4. The addition of the reactor allows the incremental

5 expansion of an existing plant without the need fox
the large investment required for a new plant.

Current ethylene technology 1is only cost 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 foregcing, it has been determines

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 to

20 recover bromine for further use in the process.



Reproportionation of ClLO conpounds wi thout brom ne addition: 100 mmol / hr of
decane and 10 mmol / hr di br onodecanes (m xed isoners) are fed to a reactor
containing a 15 Rh/silica catalyst held at 200C. A product distribution of
91 mmol / hr decane 180l /hr decyl brom de and 1 mmol / hr di bronodecanes is
obt ai ned. Reproportionation of m xed O -C3 conpounds: 20 A stream of

di brononet hane (1 mol /hr) and di bronoethane (2 mml/hr) is conbined with a
stream of ethane (95 mmol/hr), methane (3 mmol /hr), and propane (2 nmol/ hr)
in a reactor containing Ru/silica which is held at 250C. The product of the
reactor are ethane (96 mmol/ hr), thane (4 mol /hr), ethyl bromde (1

nmol / hr), di br onopropane(2 mmol / hr),and ot her brom nated 5 products

(trace). Example IXI ~ Alkane halogenation

Ethane bromination reaction

A mixture of ethane and bromine of molar ratic 3.6:1 was
created by passing an ethane stream (2.0 ml/minute)

5 through a bromine bubbler which was held at 21.0°C. The
mixture was passed into a reactor {(glass tube ID 0.038",
heating zone length 47), 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°. 100% chlorine conversion and 45% ethane
20  conversion are obtained with ethylchloride selectivity

of 80%.



35 Exanpl e | VReactions of al kyl

acid in 200 m

diluted with water to nake a t ot al
Zr 10 concentration of 0.514 was obtained. Preparation of M

(0.5 14, 100.0 m) was added to 100 M of a stirring Zr solution

(0.5M . After stirring for a few 15 m nutes, a gel

dried at 120C

10

15

20

3%

Ethane iodination reaction

A mixture of ethane and iodine of molar ratio 1l:4 (total
flowrate 5 ml/min} is passed through a reactor ({glass
tube ID 0.38”, heating zone length 4”}, which is heated

to 400°C. 10% ethane conversion is obtained with

iodoethane selectivity of 85%.

Propane bromination

A mixture of propane and bromine of molar ratio 3.6:1

was created by passing a propane stream (2.0 ml/minute).

through a bromine bubbler which was held at 21.0°., The
mixture was passed into a reactor (glass tube ID 0.0387,
heating zone length 47}, which was heated to 350°C. The
effluent was 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 waere 2,2-dibrompropane (~10%) and i-

bromopropane (< 1%).

in a solution of 56.6.9 oxalic

of water. After stirring for 10 m nutes, the solution was
vol une of 500 m .A solution with a
Co( NCB) 2

was obt ai ned. The gel

hal i des with net & oxi des and ot her solids
Preparation of Zr solution 5 Zr(0C112CH2C113)4 (70 (W) % i n i sopropanol,
112.6 m) was dissolved (under stirring)

was



hen cal ci ned at 500C for 4 hours.

After grinding in a nortar

for 4 hours, t
141 was obtained. Preparation of M2 20 Fe(N®3)3 (0.5 M 50.0

and pestl e,

m) and Zn(NG3)2 (0.5 M 50.0 m) were added to 100 ml of a stirring Zr
i 36

solution (0.514). After stirring for a few mnutes, a gel

The gel was dried at 120C for 4 hours,
hours. After grinding in a nortar and pestl e,

then cal ci ned at 500C for 4

was obt ai ned.

M2 was obtained. 5 Preparation

of 142 Co(N3)2 (0.5 M 80.0 mM) and boric acid (0.25 M 40.0 m) were
added to 100 ml of a stirring Zr solution (0.5M. After stirring for a few
t hen 10

m nutes, a gel

was obtai ned. The-gel was dried at 120C for 4 hours,

cal cined at 500C for 4 hours After grinding in a nortar and pestl e,

obt ai ned. PrepgxagééNLI ane brominatlon

10

15

20

A mixture of alkane (CyHzz 3<n<21) and bromine in a
molar ratio of 5:1 are passed into a reactor (glass tube

ID 0.038”, heating zone length 47), which is heated to

300°C. 100% bromine conversion is obtained with 18%
alkane caonversion and 90% selectivity to
monobromoalkane.

Liquid-phase higher alkane bromination

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

is obtained with $0% selectivity to dodecylbromide.

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
the reactor. Equilibriu@ 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

M3 was



Co(1103)2 (0.5 M 80.0 mM) and KNGB (0.5 M 20.0 m) were 15 added to 100
m of a stirring Zr solution (0.5M. After stirring for a few mnutes, a
gel was obtained. The gel was dried at 120C for 4 hours, then cal ci ned at
500C for 4 hours. After grinding in a nortar and pestle, M4 was obtai ned.
37 Preparation of M5 A slurry of chromatographic silica and cobalt nitrate
sufficient to give a loading of 40 wt % Co304 was made. The slurry was
calcined at 400C for 2 hr, yielding Mb. Brom nation of ethane and reaction
with M: A mxture of ethane and bromine of nolar ratio 10:1 was created
by passing an ethane stream (5 cé*m n) through a brom ne bubbl er which was
held at OC. The m xture was 10 passed into a first reactor (glass tube ID

0. 38", heati n zone | en " whi ¢ s heat.ed t T e e uent was

previ ousl y an F9%%d fb’;’f”%]easnd 1P avvg f/‘gfs 5t P odu J;appfg{#g

deut erochl oroform 100% brom ne conver,si 5%.et rsion were
O WIS %! hﬁgtga%ngggg s o

15 obt ai ned. HheVEH® cat’ie\/l??f’atrc?tﬁfjorfﬁ’é:tohane S grea

effluent of the first reactor was , |nto nd reactor | ass tube
ID 0.38", heaffhg®YbHe Eiré’r’f‘d‘tdﬁ 4oy ? E (%Sneic?gto Vgl‘%I ogs {(grrper at ur es

and whi ch coni ai ned_5 ML (except r.th 50 d 1 g of
ML). The respttt Pi&® ebcgo?ﬁ'%at 2d” ?ﬁa%xéabglc?nvné?saﬁoncsg( at 1758§r}§%g%39§§25c,

250G, and 350G, 3RO BXDARLELY dAY: SO%heOReeB2l A0 ou

respectiv |
prior to recycling the ethane. Stream (3} 1is also

recycled to the reactor.

Reproportionation of Ca compounds without halide
10 addition:

100 mmol/hr of ethane and 10 mmol/hr dibromﬁethane 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 Cjio 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 is also fed to the reactor. The reactor



The ethyl ene selectivities (noles of ethylene/noles of all detected
and 90% at 175C, 200C, 225C,

products) were approximately 1% 7% 20% 34%
250C, 350C. At 350C, the product m x (excluding unreacted ethyl 5
5% car bon di oxi de, 4% vinyl brom de, and 1%

brom de) was 90% et hyl ene,
other (largely acetone). Reaction of ethyl bromde with M: Liquid ethyl

"bromde (0.6 m/hr) was vaporized by 10 conbining with an inert nitrogen
carrier gas. The m xture was passed through a reactor (glass tube ID
0.038", heating zone length 4") containing 2g of metal oxide ML which was
heated to 350C. The products were3&nal yzed using GC. 100% et hyl brom de
conversion was 15 obtained for 5 hours. An et hyl ene selectivity of 9656 was

obt ai ned. Bypr adugésed nChoged eabRoR. di %h@@ré Qanoél (<1%/9F thane
2 Ethy chior | BH / mi n)

(<0.5% . Reaction of ethyl chloride with :
i s passed throdght & u@aeholof( 91 66S b ent Dd@ 938" 1 atfkgt.}gl eghength 4")
containing 5g of netal oxide ML which iIs heatced to g /it Cae 9

bromide and 80 mmol/hr multiplvbrominated decune. 108
mol of HBr is also formed. The products are separated
5 into ¢ streéms: {1} HBr (2} decane ({3) decyl bromide,
and {4) higher bromides. Stream (1) is passed over a
regenerable metal - oxide, neutralizing the HBr and

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

the reactor.

1o
‘ Reproportionation o©f C;3 compounds without bromine
addition:
100 mmol/hr of decane and 10 mmol/hr dibromodecanes
(mixed isomers) are fed to a reactor containing a
I5 Rh/silica catalyst held at 200°%. A product

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

bromide and 1 mmol/hr dibromodecanes is obtained.

Reproportionation of mixed C1-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)



39 100% et hyl chloride conversion is obtained. An ethylene selectivity of
90% is obtained.M is regenerated by heating to 600C in oxygen with
recovery of the chlorine. 5 Catalytic reaction of ethyl bromde with
titania: Liquid ethyl bromde (0.6 m/mn) was vaporized by conbining with
an inert nitrogen carrier gas. The m xture was passed a reactor (glass tube
I D 0.38", heating zone length 4") containing 5g of titania (T1.00 10 which
was heated to 275C. The reaction products were passed through an aqueous
sodi um hydroxi de trap to renove residual HBr prior to GC analysis. 60%
et hyl brom deconver si onWasobt ai nedwi t het hyl ene sel ectivity of >99% w th no
et hane observed within the 15 detection limts of <100 ppm |n another
configuration, the HBr is scrubbed with copper oxjde, ich c e
regener at ed, i h8t BatFHIT Lo P UAIRY ARk dEtl iR é’lhfzfﬁ’cl?é’\é\fgtdi 8h %?0%»ky|
brom de wth sglid catal yst: 20 A stream containing al kyl brom de (CnH20+2
1<n<21) or a ntREuPE°BEchl kYl PrfonFeRedats phesé&daler GosdMm/Etal yst
consi sting of copalt br?m' de, t/i tania, platinum . o
methane 4 mmol/hre), ethyl promide {1 mmol/hr},
dibromopropane - (2 mmol/hr), and other brominated

5 products (trace}.



40 on silica, or other suitable material between 250 and 350C. 80% of the
al kyl bromde is converted to olefin with 95% selectivity. The hydrogen
brom de produced is reacted with copper oxide, producing copper brom de and
5 water. The copper bromide is regenerated by fl ow ng oxygen over it at
350C, which liberates brom ne, which is recovered. Propane brom nation and
subsequent reaction with Ms: 10 A m xture of propane and brom ne of nol ar
ratio 3.6:1 was created by passing a propane stream (5.0 nml/m nute) through
a brom ne bubbl er which was held at 21.0C. The m xture was passed into a
first reactor (glass tube ID 0.038&5, heating zone length 4"), which was
heated to 15 350C. The effluent was previously analyzed by GC and by NWR

anal ysi s of prog r ed i o] 0Q% br qni ne conver si on
y progustsSid I apo Hi 4 @%g&% %31 ﬁ_ﬁ)[e}o.g gllhe& 9 % e metal

wi th 27% propane conversion were obtal ne

2- br onopr opane ¥RsdH%UndalBenot hedysagoducts were 2, 2-di br onpr opane (-10%
and 1- 20 bronopropane (< 1% . The effluent of the first reactor was passed

into a second reactor (glass tube ID 0.38", heating zone length 4'), which
was heated to 350C and 41 which contained 5g of Mb. The products were

anal yzed usi ng ®fepatheise! ectdvisbhggidhbased on propane conversion) were
propyl ene (90%, acetone (5%, other (5% . S Reaction of 1-bronpdecane with

M3: Liquid decyddroamateci b o Ny Was Raspespdit h j’]let r!ﬁg)en carrl er

gas) into a reactor (glass tube ID 0.38", heating zone engt 4"

containing 2 gdfsseevali (under stirring) in a solution of &6.¢° g
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 sclution with a Z2r

10  concentration of 0.5M was obtained,

Preparation of Ml

Co(NO3}: (0.5 M, 100.0 ml) was added to 100 ml of =&

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

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(NOz)s (0.5 M, 50.0 ml} and Zn{NOs3)p (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.



10 oxi de 143 which was heated to 200C. The sanple of 143 used was previously
used in nore than 5 reaction/regeneration cycles. The reaction was run for
2 hours with the products collected in 6g of cold CDCL13. NWR anal ysis
denonstrated 100% conversion, and the 15 products were predom nantly
internal olefins with a selectivity of greater than 85% Reaction of

1- bronopentane with 143: Nitrogen (5 m/mn) was bubbl ed through

1- bronmopentane 20 at roomtenperature and fed to a reactor (glass tube ID
0. 38", heating zone length 4") containing 2 g of netal oxide 143 which was
heated to 200C. The sanple of MB 48 usedWasprevi ousl yusedi nnor et han5
reaction/regeneration cycles. The reaction was run for 2 hours with the

products collected in 6g of cold . .NMR apal ysi s, . denonst rat ed . 100%
conver si en, an&hﬁhgeg %$%d%ﬁfg ﬁé?gg % éBﬁiﬁaH?? sih?@?héPiSﬁg?gﬁ%tmjth a
selectivity of greater than 90% ]

500°C for 4 hours. After grinding in a mortar and

pestle, M2 was obtained.

$ Preparation of M3 .

Co(NO3): (0.5 M, 80.0 ml}) and boric acid (0.25 M, 40.0
ml} were added to 100 ml of a stirring 2r 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.



Reaction of m xed al kyl bromdes with M: A streamcontaining a m xture of
90% al kyl brom des 10 (C, 1-12,"ler 1<n<21), 9% di bronvoal kanes (C'H2"Eir2
1<n<21), and 1% nore highly brom nated al kanes is passed over ML at 250C
100% conversion is obtained with a product nolar conposition of 80%

ol efins, 8% diolefins, and a bal ance consi sting of carbon dioxide,

al cohol s, glycols, 15 and ot her hydrocarbons. Reaction of di bronododecane
with M: Mxed isoners of di bronbdodecane are passed over a bed of ML at
300C. 100% conversion is obtained with 80% 20 selectivity to diolefin. 43
Reaction of vinyl bromde with copper oxide: A stream containing 10 nol %
vinyl brom de is passed over cupric oxide at 350C Mire than 99. 9% of the

vi nyl )
Preparation of M5

A& slurry of chromatographic silica and cobalt nitrate
sufficient to give a loading of 40 wt % Co030, was made.

The slurry was calcined at 400°C for 2 hr, yielding M5.

Brominatioq of ethane and reaction with Mi:
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
10 passed into a first reactor (glass tube 1ID 0.38”7,
heating zone length 47), which was heated to 350°. The
effluent was previously analyzed by GC and by NMR
analysis of products trapped in deuterochlbroform.IIOO%
bromine conversion with 9.5% ethane conversion were
15 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 Sg of Ml (except fo; the 350°C run which

20 used 1 g of Ml). 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.



brom de is renoved fromthe stream The vinyl bromde 5 reacts with the
cupric oxide produci ng cuprous oxi de, copper brom des, carbon dioxide,
wat er. Foll owi ng reaction, the solid is annealed in oxygen at 375C,
| i berating brom ne for reuse and regenerating the cupric oxide. 10 Reaction
of m xed brom des with copper oxide: A streamcontaining a m xture of
organi c brom des is passed over cupric oxide at 350C. Modre than 99. 9% of
the brom des are renoved fromthe stream The brom des 15 react with the
cupric oxide produci ng cuprous oxi de, copper brom des, carbon dioxide, and
water. Follow ng reaction, the sol;td is annealed in oxygen at 375C,

| i berating brom ne for reuse and regenerating the cupric oxide. 44
Addition of water to ethane reaction: A m xture of ethane and brom ne of
mol ar rati o 10: Thewastkylaeededpcpavsting ametdsams setiedmnedmpllési pf t hr ough
a brom ne bubbler which was held at 0OC. The m xture was 5 passed into a
first reactor (¥ hsdetasfed brodoggs) were approximately 1%, 7%, 20%,

and

34%, and 90% at 175°C, 200°C, 225°C, 250°C, 350°C. At
350°C, the product mix (excluding unreacted ethyl
5 bromide) was 90% ethylene, 5% carbon dioxide, 4% vinyl

bromide, and 1% other (largely acetone).

Reaction of ethyl bromide with MI:
Liguid ethyl 'bromide (0.6 wml/hr} was vaporized by
10 combining with an inert nitrogen carrier gas. The.
mixﬁure was passed through a reactor (glass tube ID
- 0.038”, heating zone length 4¢*) containing 2g of mnetal
oxide M1 which was heated to 350°C. The products were
analyzed using GC. 100% ethyl bromide conversién 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 chloxide with Ml:
20 Ethyl chloride (1 ml/min) is passed through a reactor

{glass tube ID 0.038%, heating =zone length 4¢)

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



heating zone length 4"), which was heated to 350C. The effluent was

previously analyzed by GC and by NWR anal ysis of products trapped in
deut erochl orof orm 100% brom ne conversion with 9.5% et hane conversi on were
10 obtai ned. The selectivity to bronoethane was greater than 94% The
effluent of the first reaction was conbined with the addition of variable
anounts of excess water and passed into a second reactor (glass tube ID
0.38", heating zone length 4"), which contained 5g of ML 15 at 200C. As the
water : bromine nolar ratio was varied froml to 4 to 9, the ethano
produced increased from0.07 to 0.09 to 0.14 mmol /hr respectively. The
correspondi ng ether production rates were 0.21, 0.22, and 0.07. 45
Addi tion of water to higher al kyl brom de reaction:

100% ethyl chloride conversion is obtained. An ethylene

selectivity of 90% is obtained. Ml is regenerated by

heating teo 600°C in oxygen with recovery of ‘the chlorine.

5 Catalytic reaction of ethyl bromide with titania:
Liquid ethyl bromide (0.6 ml/min) was vaporized by
combining with an inert nitrogen carrier gas. The
mixture was passed a reactor (glass tube ID 0.38~",
heating zone length 4%) cohtaining 5g of titania (Ti0z)

10 which was heated teo 275°C. The reaction products were
passed through an aqgueous sodium hydroxide trap to
remove residual HBr prior to GC analysis. 60% ethyl

bromide conversion was obtained with ethylene

selectivity of >9%% with no ethane observed within the
IS detection limits of <100 ppm. In another configuration,
the HBr is scrubbed with copper oxide, which can be

regenerated, instead of sodium hydroxide.

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

catalyst consisting of cobalt bromide, titania, platinum



A m xture of steam and dodecyl nonobrom des in a nolar ratio of 10:1 is fed
to a bed of netal oxide 144 at 175C. 100% of the dodecyl nonobrom de is
converted with a 5 selectivity of 50%to dodecyl al cohols and 50%to
dodecene (various isomers). Sinultaneous steam stripping of higher ol efins:
A m xture of steam and dodecyl nonobrom des in a nolar 10 ratio of 10:1 is
fed to a bed of netal oxide 141 at 250C. 100% of the dodecyl nonobrom de is
converted with a selectivity of 90%to dodecene (various isoners).
Post-reaction steam stripping of higher olefins: 15 Dodecyl nonobroni des are
fed to a bed of netal oxide 143 ag; 200C. 100% of the dodecyl nonobrom de are
converted with a selectivity of 80%to dodecene (various isoners). At the
concl usion of the reaction, 10% of the product renmi ns adsorbed to the
solid and 95%wf thiicd.s @0 eelooveseitdplepausiardast batres odgh £RE react or
at a flowate equal to ten tines the reactant flowate for a period of 10
m nutes. 46 Hsgher oketi afhybk aslignt: Hloddédyl Menobrom ek tar @lfddnt o a bed
of netal oxide ML at 200C. 100% of the dodecyl nonobrom de are converted

with 95% selectivity. The hydrogen bromide produged is

reacted with copper oxide, producing copper bromide and

5 water. The copper bromide is regenerated by flowing

oxygen over it at 350°C, which liberates bromine, which

is recovered.

Propane bromination and subsequent reaction with MS:

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 intoe a first reactor {(glass tube ID
0.0387, heating zone length 4%), which was heated to

15 350°. The effluent was previcusly 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 0.38~,

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



5 wth a selectivity of 90%to dodecene (various isoners). The product
mxture is fed along with a ten fold excess of water to a bed of sulfated
zirconia held at 175C. 50% conversi on of dodecene to dodecyl al cohols
(m xed isoners) is achieved. 10 Neutralization of HBr froma m xed stream

wi th cal ci um oxi de and subsequent regeneration: A stream containing
hydr ogen brom de, ethyl brom de, ethyl dibrom de, and hi gher brom des of
ethane is passed 15 over calcium oxide at 150C. The hydrogen bron de reacts

wi th the oxide, producing calciumbrom de and water. The organic brom des
passt hrough the reactor substantiakly unreacted. The calciumbromde is
subsequent|ly oxidi zed by passing air over the material 20 at 500C,

rel easi ng bronlne and regeneratlng t he cal ci um oxi de.
which contdined 5g of M5, The products were analyzed

using GC. The selectivities {(based - on propane

conversion} were propylene (90%), acetone (5%), other

{(5%).

Reacticn of l-bromodecane with M3:
Liquid decylbromide (0.6 ml/min) was passed (with a
nitrogen carrier gas) into a reactor (glass tube ID
0.38%, heating. zone length 4”) containing ‘2 ¢ of metal
10 oxide M3 which was heated to 200°C. The sample of M3
used was previcusly used in more than 5
reaction/regeneration cycles. The reaction was run for 2
. hours with the products collected in 6g of cold CDCl,.
NMR analysis demonstrated 100% conversion, and the

IS5 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



47 Neutralization of HBr froma m xed streamwith M and subsequent
regeneration: A stream containing hydrogen brom de, ethyl brom de, ethyl

di brom de, and hi gher brom des of ethane is passed 5 over ML at 150C. The
hydr ogen brom de reacts with the oxide, producing cobalt brom de and water.
The organi c brom des pass through the reactor substantially unreacted. The
cobalt brom de is subsequently oxidi zed by passing oxygen over the nateri al
at 350C, releasing 10 bronmi ne and regenerating M. Neutralization of M
with ML and subsequent regeneration: A stream of hydrogen brom de is passed
over M at 150C. 15 The hydrogen 43rom de reacts with the oxi de, producing
cobalt brom de and water. The cobalt brom de is subsequently oxidized by

passi hg oxygen_ over thh% mat.erd.al ay ., 350C,. . el eqgi ng _hrogmng,apd o
regenerating I\}Ilfecgo React i ogﬁlrvm R o%ybr om %e: Et hyl "BFoni de |'s passed over
bi smut h oxybr Ofga%i%k/g’?&&leration cycles. The reaction was run for 2

hours with the products ceollected in 6g cf cold CDCL,.

NMR analysis demonstrated 100% conversion, and the

5 products were predominantly internal olefins with a

selectivity of greater than 90%.

Reaction of mixed alkyl bromides with Ml:

A stream containing a mixture of 90% alkyl bromides
10 {CoHaneiBr 1<n<21l), 9% dibromoalkanes (CuHinBrz 1<n<2i),

and 1% more highly brominated alkanes is passed over Ml

at 250°C. 1060% 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 Ml:

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

20 selectivity to diolefin.



80% of the ethylbromde is converted with a selectivity to ethylene of
80% In the course of the reaction, the bisnuth oxybrom de is converted to
bi smut h brom de, whi ch is subsequently reacted with oxygen at 500C,

rel easing a portion of the bromine in the solid and 5 regenerating the

bi smut h oxybrom de. Reaction with hydroxide and hydrate: Steamis passed
over M at 200C, resulting in the formation of cobalt hydroxi de and cobalt
oxi de hydrate, 10 supported on zirconia.Ethyl brom de is passed over this
material at 200C. 50% of the ethyl brom de is converted, with 80%
selectivity to ethanol. Follow ng rgaction, the cobalt bromde is oxidized
to cobalt oxide by passing oxygen through the solid, |iberating bromne. 15

The oxide is then exposed to steamto regenerate the hydroxi de and hydrate.
Regener ati on oRefftion ofavinyd th‘w‘é’méf’ee‘f’rf‘ghé"aﬁﬁrb‘i”b‘rﬁ%e of nmolar ratio 10:1

was 20 created by passing a pressurized ethane streamthrough a
stream containing 10 mol% vinyl bromide is passed over

cupric oxide at 350°C. More than 99.9% of the wvinyl
bromide 1is removed from the stream. The Qinyl bromide
5 reacts 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.

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 95.9% 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.



brom ne bubbl er which was held at 7C. The m xture was passed into a first
reactor (glass tube ID 0.38", 49 heating zone length 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 5 obtai ned. The selectivity to bronoet hane was
greater than 94% The effluent of the first reactor (approximtely 4
cc/mn) was passed into a second reactor (glass tube ID 0.38", heating zone
| ength 4"), which was heated to 200C and whi ch contained 5g of M. 10 The
products were anal yzed using GC. After 5 hours of reaction, the reactors
were purged and the solid was regenerated at 350C with fl ow ng oxygen until
brom ne evol uti G, e 6 tion/ neration cycles, the

mat eri al renai n@%d%%?’?‘vgfaﬁ%éﬁé%c é%ﬁgeafggg%%sf or mance (conversion,
selectivity) T oo et AiNCHARQRM- M L 1 SXRRLT BPNESL, £1 £ 5o RRgengrati on of
M2: o} 1 was

A m xture et hane and brom ne of nolar ratio 10: creat ed

by passing an eélf@az%dssgfegggg HOugh ean bromne huhbl gf i chas held at 0C
The m xture was passed |n'o a tirst reactor (glass tube I'D 0.387, heat i ng
zone bromine bubbler which was held at 0°C. The mixture was

5 passed into a first reactor (glass tube ID 0.038¢%,
heating zone length 4”), which was heated to 35%0°C. The
effluent was previously analyzed by GC and by NMR
analysis of prodﬁcts 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 inte a second reactor {glass tube ID
¢.38”, heafing zone length 47}, which contained 5g of Ml

15 at 200°C. As the water : bromine molar ratic was varied
from 1 to 4 to 9, the ethanol produced increased from
G.07 to 0.09 to 0.14 mmol/hr respectively. The
corresponding ether production rates‘ were 0,21, 0.22,

and 0.07.



so length 4"), which was heated to 350C. The effluent was previously

anal yzed by GC and by NWR anal ysis of products trapped in

deut erochl orof orm 100% brom ne conversion with 9.5% et hane conversi on were
obtained. 5 The selectivity to bronoethane was greater than 94% The
effluent of the first reactor (approximately 4 cc/mn) was passed into a
second reactor (glass tube ID 0.38", heating zone length 4"), which was
heated to 200C and whi ch contai ned 5g of M2. The products were 10 anal yzed
using GC After 5 hours of reaction, the reactors were purged and the solid
was regenerated at 350C with fl owsng oxygen until brom ne evol ution ceased.
The brom ne was trapped in an agueous -sodi um hydroxi de trap and was

anal yzed usi ng - S C . For 15 four sequential.runs, the
br oni ne recove#%h%gééﬁéﬁgﬁé%%gdggﬁnﬁée§4?ET6§%xfﬁﬁ,eaﬁ%*%%@?ﬁfxthe br oni ne
hem _cal _performance of

, t. with ‘ - i mately,5% The .
I npu W anpyn&ﬁghéb”%¥ %&e@Bp%%é'Q§€§F¥ NOHQ?ﬁﬁ%é%SFréﬂ‘eﬂbSB fents of

the M2 was unchanged over these runs. oug
Dr awi_ngs and

the i ti Lllustrated in the acconpanyin
scribed in zQ@¥§ &?eﬂ)'l b%té&l e %gﬁé'?ﬁi r"r,"“rﬂ)f’x ‘?IqM g ngﬁ?lder st ood

described in the T06regoing [
that the inventi is n limted.to the enbodinents disclosed but is
capabl e of nunépggs‘F%a?%%ndg%%ﬁ?gyoﬂ%Qﬁ?Wﬁﬁﬁti6ﬁs,c?ﬂﬁf§§ﬁﬂstﬁiﬁ?idhs of

parts and ekenggié%éMvEQQUtogepgééir%kfréggéég?afgégéfs(ﬁand 50% to

dodecene (various isomers).

Simultaneous steam stripping of higher clefins:

A mixture of steam and dodecylmonobromides in a molar
10 ratio of 10:1 is fed to a bed of metal oxide Ml 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 is

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

period of 10 minutes.



5 the invention. 52 d ains: 1. A nethod of synthesizing ol efins,

al cohol s, ethers, and al dehydes conprising the steps of: providing a
first reactant selected fromthe group consisting of al kanes, al kenes, and
aromatics; provi ding a second reactant conprising a hal ogen sel ected

fromthe group consisting of chlorine, bromne and iodine; reacting the
first reactant and the second reactant to formfirst reaction products
conpri sing al kyl nonohal i de and hi gher halides and hydrogen hali de;
separating the first reaction products fromthe higher halides; recycling

t he higher halides to the reactionréof the first reactant and the second
reactant to format |east sone additional alkyl nonohalide; reacting the

al kyl nmonohal i de and the at |east sone additional al kyl nonohalide with a
solid oxidizer thereby formng a product selected fromthe group consisting

of ol efins, alﬁggﬁk?5°fgél rggdfggﬁggrdehydes, and spent oxidizer; oxidizing

the spent oxidiz produc original solid oxidizer and
Dodecylmonobromides are fed to a bed of metal oxide M1

at 200°C. 100% of the dodecylmonobromide are converted

5 with a selectivity of 9%0% to dodecene (various isomers).
The product mixture is fed along with a ten fold excess
of water to a bed of sulfated =zirconia held at 175°C.
50% conversion of dodecene to dodecyl alcohols (mixed
isomers) is achieved.

10

Neuwtralization of BBr 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 caléiumA bromide and water.
The organic bromides pass through the reactor
substantially unreacted. The c¢alcium bromide is
subsequently oxidized by passing air over the material

20 at 500°C, releasing bromine and regenerating the calcium

oxide.



second reactant; recycling the solid oxidizer; and recycling

2. The nethod according to claim1l wherein the
3.

t he ori gi nal

t he second reactant.
first reactant conprises an al kane havi ng a carbon nunber 16.

The met hod according to claim1 wherein the solid oxidizer conprises a
met al oxi de. 4. The nmethod according to claim1 wherein the solid
oxi di zer conprises a netal halide. 5. The nmethod according to claim

1 wherein the solid oxidizer conprises a solid hydrate. 6. The
nmet hod according to claim5 wherein the solid hydrate conprises a netal
oxyhydrate. 53 7. The netéod according to claim5 wherein the
solid oxidizer conprises a solid hydrate selected fromthe group consisting

of Iyarates of i Sl sy ebonal s, phospnstes, ghogpridee,

nitrides, and nitrates.
the step of re isBQHLQE 5%4%§E” %F%halide and the | east sone additional
al kyl nonohafide wth a so oxidiZer is carried out at a tenperature of
bet ween about %50gkﬁggnaQ%HEaf%¥%& hydrogen bromide, ethyl bromide,
ethyl dibromide, and higher bromides of ethane is passed
5 over Ml at 150°C. The hydrogen bromide reacts with the
oxide, producing cobalt bromide and water. The crganic
bromides pass through the reactor substantially
unreacted. The cobalt bromide is subsequently oxidized

by passing oxygen over the material at 350°C, releasing

16 bromine and regenerating M1.

Heutralization of HBx with M1 and subsequent

regenaration:

A stream of hydrogen bromide is passed over Ml at 150°C.
15 The hydrogen bromide reacts with the oxi&e, producing

cobalt bromide and . water. The cobalt bromide is

subsequently oxidized by passing oxygen over the

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

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

80% of the ethylbromide is converted with a selectivity



9. The nmethod according to claim8 wherein the solid oxidizer is selected
fromthe group consisting of MgO, CaO, FeMOx, FeWx, La203, Ca(OH)2, 199,
CuO B1203, MyZr Ox, and ZnO. 10. The method according to claim1
wherein the solid oxidizer conprises CoZr Ox. 11. The nmet hod
according to claim1 further conprising including water in the reaction

bet ween the al kyl nonohalide and the at | east sone additional alkyl
nonohal i de and the solid oxidizer. 12. A method of synthesizing

ol efins, alcohols, ethers, and al dehydes conprising the steps of: providing
a first reactant selected fromthgg group consisting of al kanes, al kenes and
aromatics; providing a second reactant conprising brom ne; reacting the
first reactant and the secq reac to forn1f| pr.qduct s
conprisi ng al k{iP FHRGH Wi e ﬁd hi ahé?e Yo ded an Ei“ 3%%5‘3‘%‘ brtg% de;
separating the first reaction, roducts fr the S0

recycling the ﬁf@ﬂ%ﬁ“bfﬁﬁ%ﬁ%@l o the ?355 S o the |rstn%g§§?ant and t he
second reactant to form at, | east 3one addltlon alk¥ gpr$

reacting the aFRYFh ndfob? BT YBCRS yttﬁ?%&FeFea%ﬁ gﬁﬁltlona kyl

nonobrom de with_a solid oxidizer conprising . .
releasing a portion ofrn%h bé%mlne in the solid and

5 regenerating the bismuth oxybromide.

Reaction with hydroxide and hydrate:
Steam is passed over Ml 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. Foellowing

reaction, the cobalt bromide is oxidized to cobalt oxide
by passing oxygen through the solid, liberating bromine.

IS The oxide is then exposed to steam to regenerate the

hydroxide and hydrate.

Rageneration 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 0.38",



CoZr Ox thereby form ng a product selected fromthe group consisting of

ol efins, alcohols, ethers, and al dehydes, and spent oxidi zer; oxidizing the
spent oxidi zer to produce the original solid oxidizer and the original
second reactant; recycling the solid oxidizer; and recycling the second
react ant. 13. The method according to claim12 wherein the first
reactant conprises an al kane having a carbon nunber 16. 14. The

met hod according to claim 12 wherein the step of reacting the al kyl
nonobrom de and the at | east sone additional al kyl nonobromde with a solid
oxidizer is carried out at a tenpé?ature of between about 350C and about

400C. 54 : 15. The nmethod according to claim 12 further conprising
i ncl udi ng wat efehfihdiezdRaakihglh bet meamithewak kydatanalyr gsoee, amghet he at
| east some additional al kyl nonobrom de and the solid oxidizer. 16.

A nmethod of sypkhesiz N@a@l epidei KRIPTi NG ehe pyepsc oknd by MR

provi di ng an al kane stream conprising by-products resulting fromthe

- manuf acture of ;pkefdNS of products trapped in deutercchloroform. 100%
bromine conversion with 9.5% ethane conversion were

5 obtained. The selectivity to bromoethane was greater
than  94%. The effluent of the first reactor
{approximately 4 «cc/min) was passed into a second
reactor {glass tube ID 0.387, heating zone length 4"},
which was heated to 200°C and which contained 5g of Ml.

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 25 raaction/regeneration

cycles, the material remained active and the chemical

15 performance {conversion, selectivity) remained unchanged

within experimental error.

Regeneratieon 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



provi ding a second reactant conprising a hal ogen selected fromthe group

consisting of chlorine, brom ne and i odine;
stream and the second reactant to formfirst

reacting the al kane
reaction products conprising

al kyl nmonohal i de and hi gher halides and hydrogen halide; separating the

first reaction products fromthe hydrogen halide;

separating the higher

hal i des fromthe first reaction products; recycling the
hi gher halides to the reaction of the al kane stream and the second react ant
to format |east sone additional al kyl nonohalide; reacting

the al kyl

nonohal i de and the at |east sone additional al kyl nonohalide with
a solid oxidizer thereby formng & stream of ol efins and spent oxidizer

oxi di zing the spent oxidizer resulting fron1oxidation of the first reaction
products to prg ﬁHﬁ% tihe ofj ginal, Sakl i di e, &y second
reactant; recycling thz SO|IJPO€ﬁd?ZEQeQ?%Cy |ng t %Qségén reac?ant

reacting the
and spent oxi

0950, pal 1A ek By SHd 0 01 dbgeryliier sn. Qrmr(ggulwglt er

lzer 1 Zi ng t he spent "~ oXxi drzer

fromthe oxidationcel e Budr agenshalldgsho BEGEHCe tigoeT bgbhahe SOI i d

and recycling the solid oxidizer.

oxi di zer;
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conversion with 9.5% ethane conversion were obtained.
The selectivity to bromoethane was greater than 94%.
The effluent of the first reactor (approximately 4
cc/min) was passed into a second reactor (glass tube ID
0.387, heating zone length 47), which was heated to 200°C
and which contained Sg of M2. The products were
analyzed using GC. After 5 hours of reaction, the
reactors were purged and the solid was xegénerated 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
four seguential runs, the bromine recovery was
determined to be 94, 1068, 100, and 98% of the bromine
input, with an uncertainty of approximately 5%, Thé
chemical performance of the M2 was unchanged over these
runs.

.Although preferred embodiments of the invention
have‘begn illustratéd in the accompanying Drawings and

described inm the foregoing Detailed Description, it will



17. The method according to claim 16 wherein the al kane stream conpri ses

al kanes havi ng carbon nunbers 16. 18. Thenet hod according to

cl ai mL6 whereinthe solid oxidizer conprises a nmetal oxide. 19. The
nmet hod according to claim 16 wherein the solid oxidizer conprises a netal
hal i de 20. Thenet hodaccordingto claim 16 whereinthe solid oxidizer
conprises a solid hydrate. 55 21. The nethod according to claim20
wherein the solid hydrate conprises a netal oxyhydrate. 22. The

nmet hod according to claim 20 wherein the solid oxidizer conprises a solid
hydrate selected fromthe group consisting of hydrates of halides,
sul fi des, carbonates, phosphates, ghosphides, nitrides, and nitrates.

23. The net hod according to claim 16 wherein the step of reacting t he al kyl

nonohal i de and ghe g%%%g %ggg ggdlghégh OB %%erQPQh%% g %$th a solid
e bour “350

oxidizer is carrried enperature 0 tWweél a ah® about
400C. 2 ho in o] ai nt lid
oxi di zer is selé%?ggﬁfrog égggﬁﬁg cghgls?fngq%%gﬁg %g rgﬁﬁﬁg,, FeWO, ,
La203, Ca( O'D 2, rgg}q’angémerﬁlsgoamdm%r 9&1&&@ Zthld substitutions of

parts ‘and elements without departing from the spirit of

5 the invention.



25. The nmethod according to claim 16 wherein the solid oxidizer conprises
CoZr Ox. 26. The net hod accord%gg to claim 16 further conprising

i ncluding water in the reaction betweén the al kyl nonohalide and the at

| east some additional al kyl nonohaiide and the solid oxidizer. 27 A nethod
of synthesizing olefins, conprising the steps of: providing a first
reactant selected fromthe group consisting of al kanes; providing a
seconfdzaimsict ant conprising a hal ogen selected fromthe group consisting of

chl orine, brom i adine. - | fl econd
react ant tfi for'ﬂpnﬁ]1g ?’r?)gtdf?@é@%‘%ﬁg%ﬁfugicénggn%ﬁ%l %’g}aﬁa{j a§| eﬁoe%ghgﬁ?%e and
hi ghethelstdpsdés and hydrogen hal i de; separating the first reaction products

fromthe hj J i : e | Al 'aﬁ%ﬁ he
reaction gérgpﬁiég% ?ilrrést?"gar% éagé?%erl%teda{rrlﬁﬁ?%eérglg%%%%ﬁp t%&c}f%knét% g%’o o? %ﬁ%arfp | east
sonme @ddiatitwnal al kyl nonohal i de; reacting the al kyl nonohalide and the at

| east sone i ti.0, ] i i 1. di ected from
t he group %@ﬁgfngﬁ n%ahg Léﬁ%tagpgﬂgﬁmqughgs%%&d%%@%%ﬁ%@%%g@:b %ﬁ%} ydr at es,
and ndftchloriog] bfemirsedraidodde;f rom t he group consisting of MJO, CaO, FeMOx,

FeVx, Laz%%ctin%ﬁ?f»%r’%%%%ga%ﬂe s%icgr(?dgrealk/%%{ Q‘fom;ﬂlgt and CoZr Ox, thereby

formng a stre and spent oxi di zer; oxidizing the spent
oxi di reectiangyatitdts gorhprigingalind adnehalisie andenigher slidasandihydrqgeodatds t o produce

the origi n@épa?é%!nigqh@ﬁtjsfilieégﬁon%}gdGé??fr%iﬂ% H@hersl%ﬁigg'g reactant;
recycling the higher halides to the reaction of the first reactant and the second reactant
to form at least some additional alkyl monohalide;
reacting the alkyl monohalide and the at least some additional alkyl monohalide
with a solid oxidizer 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 original solid oxidizer and
the original second reactant;
recycling the solid oxidizer; and
recycling the second reactant.
2. - The method according to claim 1 wherein the first reactant comprises
an alkane having a carbon number < 16.
3. The method according to claim 1 wherein the solid oxidizer comprises
a metal oxide.
4. The method according fo claim 1 wherein the solid oxidizer comprises a metal
halide.
5. The method according to claim 1 wherein the solid oxidizer comprises
a solid hydrate.
6. The method according to claim 5 wherein the solid hydrate comprises

a metal oxyhydrate.



recycling the solid oxidizer; and 56 recycling the second reactant.
28. The nethod according to claim?27 erein the al kanes conpri se al kanes
havi ng carbon nunber 16. 29. The net hod according to claim27

wherein the solid oxidizer co rlses te lected fromth
group conéi sti H-BedT“EtHQQIr%&P%@'%PtOh%Pi”HgSWR%W?| 3‘*%9?@6% P%@p”ﬁ?ﬁogﬁﬂlﬁ es,

phos pitirges sekicleti €, ti@é\dgraué r@dngisting of hydraRQ. off healide, hedfide C daghdngicl 0
claim 27 wherein the s reacting the al kyl nonohali de and the at | east

sonePERRANEISSnBIICSRNISRE: WH%&“?@@VW% h a solid oxidizer is carried out at a

t enper at uge of Thehueen a@&ﬂ@!hg %@Wﬂﬂh@@@ﬂheé%@f react[ng the afdi ma'rlitﬂla!’ﬂ%t hod
according to claim?27 wherein the so oxi di zer npri ses

32. %fh%?ﬁao@éééﬁ@?%aw rﬁmhﬁ%fdfwfhﬁ E%@@X@&ﬁbiﬁﬁ@mﬁa OPerflad%mB%"af\%tcér in

the peRebhabclesneennd Bsaalkylc nonohal i de and the at | east some additional
al kyl nonghalide and the solid oxidizer. 57 METHOD AND APPARATUS FOR

SYNTHESI ZENG A EFI”I‘@L’G Ag_ce@]q@ggo claim 8 wherein the solid oxidizer is selected from the group
consisting of MgO, CaC, FeMoO,, FeWO,, La;0;, Ca(OH),, PbO, CuO, BiOs, MglrO,, and Zn0O.

10. The method according to claim 1 wherein the solid oxidizer comprises
CoZrQ,.

11, The method according to claim 1 further comprising including water in the reaction
between the alkyl monohalide and the at least some additional alkyl monohalide and the solid
oxidizer,

12. A method of synthesizing olefins, alcohols, ethers, and aldehydes
comprising the steps of:

providing a first reactant seiected from the group consisting of alkanes, alkenes, , and
aromatics:

providing a second reactant comprising broming;

reacting the first reactant and the second reactant to form first
reaction products comprising alkyl monobromide and higher bromides and hydrogen bromide;

separating the first reaction products from the higher bromides;

recycling the higher bromides to the reaction of the first reactant and the second
reactant to form at least some additional alkyl monobromide;

reacting the alkyl monobromide and the at least some additional alky!
monobromide with a solid oxidizer comprising
CoZrQ, thereby forming a product selecied from the group consisting of oiefins,
alcohots, ethers, and aldehydes, and spent oxidizer;

oxidizing the spent oxidizer to produce the original solid oxidizer and
the original second reactant;

recycling the solid oxidizer; and

recycling the second reactant.

13. The method according io claim 12 wherein the first reactant comprises
an alkane having a carbon number £ 18.

14, The method according to claim 12 whersin the step of reacting the alkyl monobromide
and the at least some additional alkyt monobromide with a solid oxidizer is carried out at a
temperature of betwsen about 350°C and about 400°C.



ETHERS, AND ALDEHYDES Abstract A reactant selected fromthe group

consi sting of al kanes, al kenes, al kyngs, dienes, and aromatics is reacted
with a halide selected fromthe group including chlorine, bromne, and
iodine to forma first reaction product. The first reaction product is
reacted with a solid oxidizer to forma product selected fromthe group

i ncl udi ng 18l ef iTA8 maahepPhbadingtohesis, 12a0ah&l dehyides, inalnding patk irotkkedi zer . The
i zed to formthe i nal I di zer and the

S Ccofho BAEFHREN i B 4 EOPEYT 8t TR St 3B1E 261 b a1 motoorcce
and the solid oxidizer.
16. A method of synthesizing olefins comprising the steps of:
providing an alkane stream comprising by-products resulting from the
manufacture of clefins;
providing a second reactant comprising a halcgen seiected from the
group consisting of chiorine, bromine and icdine;
reacting the alkane stream and the second reactant to form first reaction
preducts comprising alkyl monohalide and higher halides and hydrogen halide;
separating the first reaction products from the hydrogen halide;
separating the higher halides from the first reaction products:
recycling the higher halides 1o the reaction of the alkane stream and the second
reactant to form at isast some additiona!l alkyl monohaiide;
reacting the alky! monohaiide and the at least some additional alkyi monohalide
with a solid oxidizer thereby forming a siream of olefins and spent oxidizer;
oxidizing the spent oxidizer resulting frem oxidation of the first
reaction products to produce the original soiid oxidizer and the onrginal second
reactant;
recycling the solid oxidizer;
recycling the second reactant;
reacting the hydrogen halide with a solid oxidizer thereby forming water and
spent oxidizer;
oxidizing the spent oxidizer resulting from the oxigation of the hydrogen halide
to produce the original solid oxidizer; and
recycling the solid oxidizer.
17.  The method according to ciaim 16 wherein the ailkane stream comprises alkanes
having carbon numbers < 16.
18. The method according to claim 16 wherein  {he solid oxidizer
comprises a metal oxide.
18. The method according to claim 16 wherein the solid oxidizer comprises g
metal halide.
20. The  method according o claim 16 wherein  the solid oxidizer

comprises a solid hydrate.
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2%, The method according to claim 20 wherein the solid hydrate comprises a metal
oxyhydrate.

22. The method according to ciaim 20 wherein the solid oxidizer comprises a sofid
hydrate selected from the group consisting of hydrates of haiides, suifides, carbonates,
phosphates, phosphides, nitrides, and nitrates.

23.  The method according to claim 16 wherein the step of reacting the atkyl monohaiide
and the at least some additional alkyl monohalide with 2 solid oxidizer is carried out at a
iemperature of between about 350°C and about 400°C.

24, The method according to claim 16 wherein the solid oxidizer is salected from the
group consisting of MgQ, CaC, FeMoO,, FeWQ,, La,C;, Ca(OH),, b0, CuQ, Bi.Os, MgZrQ,, and
Zn0.

25,  The method according to claim 16 wherein the solid oxidizer comprises
CoZrO,.

28. The method according fo claim 18 further comprising including water in the reaction
between the alkyl monohalide and the at least some additional alkyl monohatide and the solig
oxidizer.

27. A method of synihesizing olefins, comprising the steps of:

providing a first reactant selected from the group consisting of alkanes;

providing a second reactant comprising a halogen selected from the group
consisting of chlorine, bromine and iodine;

reacting the first reactant and the second reactant to form first
reaction products comprising alkyl monohalide and higher halides and hydrogen halide;

separating the first reaction products from the higher halides;

recyciing the higher halides to the reaction of the first reactant and the second
reactant ic form at least some additional alkyl monohalide;

reacting the alkyl monohalide and the at least some additional aliyl

monohalide with a solid oxidizer selected from

the group consisting of metal haiides, solid hydrates, metal oxyhydrates, and metal oxides
selected from the group consisting of MgQO, Cal, FeMoQ,, FeWQO,, La:0s, Cal{OH),, PbO, Cul,
BixOs, MgZrQ,, ZnG and ColZrQ,, thereby forming & stream of olefins and spent oxidizer;

oxidizing the spent oxidizer resulting from oxidation of the first reaction products to produce
the originat solid oxidizer and the original second reactant;

recycling the solid oxidizer; and
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recyciing the second reactant.

28,  The method according to ciaim 27 wherein the

alkanas comprise alkanes having carbon number < 16,

29. The method according fo ciaim 27 wherein the soiid oxidizer comprises a
solid hydrate selected from the group consisting of hydrates of halides, sulfides, carbonates,
phosphates, phosphides, nitrides, and nitrates.

30. The method according to claim 27 wherein the step of reacting the alkyl
monohalide and the at least some additional alkyl monohalide with 2 solid oxidizer is carried out
at a temperature of between about 350°C and about 40C°C.

31. The method according to claim 27 wherein the solid oxidizer comprises CoZrO,.
32. The method according to claim 27 further comprising including water in the reaction

betwaen the alkyl monohailide and the at least some additional alkyl monohaiide and the solid

oxidizer.
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METHOD AND APPARATUS FOR SYNTHESIZING OLEFINS, ALCOHOLS,
ETHERS, AND ALDEHYDES

Abstract

A reactant selected from the group consisting of alkanes, alkenes, alkynes,
dienes, and aromatics is reacted with a halide selected from the group including
chlorine, bromine, and iodine to form a first reaction product. The first reaction
product is reacted with a solid oxidizer to form a product selected from the group
including olefins, alcohols, ethers, and aldehydes, and spent oxidizer. The spent
oxidizer is oxidized to form the original solid oxidizer and the second reactant

which are recycled.

No suitable figure



