1 METHOD AND APPARATUS FOR SYNTHESI ZI NG OLEFI NS, ALCOHOLS ETHERS, AND
ALDEHYDES CROSS- REFERENCE TO RELATED APPLI CATIONS 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 continuation- in-part ofl prior application serial nunber

10/ 208,068, filed July 29, 2002, abandoned, which is a continuation-
in-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. patent nunber 6, 465,696, which is a continuation- in-part of
application serial nunber 09/886,078 filed June 20, 2001, now U.S. Patent

No. 6,472,572. TECHNI L |.S. . t] enerally to nethods
and apparatus for sy Ebsgl%gigt?ﬁ iﬁ%&éﬁ%ﬁ z%s and al dehydes
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application serial number 10/365,346 filed February 12,
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prior application serial number 10/298,440 filed
November 20, 2002, abandoned, which is ;a continuation-
in~part of pri6r~-application. serial number 10/208,068,
filedeuly 29, 2002; abandoned, which is a continuation-
in-part of prior application serial number 10/054, 004
filed January 24, 2002, now U.3. Patent No. 6,486,368,
which is a continvation-in-part of prioxr 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 numﬁe; 09/686,078 filed

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

TECHNICAL FIELD

This invention relates generally to methods and
a?paratus for synthesizing olefins, alcochols, ethers,

and aldehydes from alkanes, "alkenes, and aromatics, and



2 nore particularly to inprovenents in the selectivities of the reactions
disclosed in the patents and patent applications identified herein, and to
specific applications thereof. 3 BACKGROUND AND SUVWVARY OF THE | NVENTI ON
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
chl orine, 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
netal brom de reacts with oxygen or air to regenerate the original netal

oxide. In the process, bromne and ,netal oxide.are recycled.. Application
serial number TBF86B284E°YIAY Febr FRIPVERSNt5 033 J?§%I%%§§§£&V§Eg 8ss

- wherein a reactant 15 conprising an al kane, an al ken or_an_aronmptic is
reacted with a%het®® HEtdddons 6%&5’3888 héPhat1%ePdte edr?e and " p2ESHE
applications identified  hersein, and to specific

"applications therect.



The reduced netal is oxidized with air or

oxygen to formthe corresponding netal oxide. The netal oxide is reacted

with the halide 20 of the reactant to formthe al cohol and/or the ether
al kene, or 4 aronmatic and the

corresponding to the original alkane,
original nmetal halide which is recycled. The present application conprises
et hers, and al dehydes 5

processes for synthesizing olefins, alcohols,
whi ch involve the use of solid phase catalysts/reactants in addition to the

nmet al oxi des and nmetal halides disclosed in the above-identified
applications. The present application further conprises techniques for

inproving the selectivity of the reactions disclosed in 10 previously filed
rature control. The present

| t
appl i cations Vﬂ}{c%%;gp%n%@ gégﬁ) tﬁ“%ggg{:‘?%ns of the discl osed

application
processes. BRI EF QBIPTION DRAW NGS A nor e co;flete under st andi ng
i i b HL b‘«fr&é ePBRRer (1P /1208 PBR | i e Denai2d

of the invention
' 2002, discloses a process for converting ethane to

reactant and reduced netal.

diethyl ether, ethanol and ethyl acetate wherein ethane

5 reacts with a halogen selected from the group including

chlorine, bromine, and iodine. For exampie, ethane is

reacted with bromine to form bromoethane and HBr. .The-

bromcethane then reacts with metal oxide to form diethyl

ether, ethanoli ethyl acetate, and metal bromide. The

10 metal bromide reacts with oxygen or air to regenerate

the original metal éxide. In the process, bromine ana
metal oxide are :ecycled;

Application serial number 10/365,346 filed February

12, 2003 discléses a process wherein a reéactant

15 comprising an alkane, an alkene, or an aromatié is

reacted with a metal halide to produce the halide of the

reactant and reduced metal, The reduced metal is

oxidized with air or oxygep to form the corresponding

metal oxide. The metal oxide is reacted with the halide

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

corresponding to the original alkane, alkene, or



Descri ption when taken in conjunction with the
wherein: FIGURE 1 is a diagrammatic illustration of a first
FIGURE 2 is-a diagranmatic illustration of a second

t he inventi on;
10 FIGURE 3 is a diagrammatic illustration of

enmbodi nrent of the invention;

a third enbodinment of the invention; FIGURE 4 is a diagrammtic
illustration of a fourth enbodinent of the invention; FIGURE 5 is a

5 acconpanyi ng Draw ngs
enbodi nent of

diagrammatic illustration of a fifth 15 enbodi nent of the invention; and
FIGURE 6 is a diagranmmatic illustration of a sixth enbodinent of the
6 DETAILED DESCRI PTI Oy Referring now to the Draw ngs, and

i nventi on.

particularly to Figure 1 thereof, there is shown a nmethod and apparatus
10 for synthesizing.alc S d/ qr.. rs risj 5 fisrst
of the invent iaor?l).magﬁg rrgpﬁodtggd ggﬁggra us % a?le{v%q% as"mtlhcgl ot

enbodi nent s o&é%g%lehpvention herei nafter descri bed, can be used to

10

L

The present application comprises processes for

synthesizing olefins, alcobhols, ethers, and aldehydes

which involve the use of solid phase catalysts/reactants

in addition to the metal oxides and metal halides

disclosed in the above-identified applications. The

present application further comprises techniques for

improving the selectivity of the reactions disclosed in

previously filed applications which involve, for

example, temperature control. The present application

further comprises specific utilizations of the disclosed

processes.

odi nent
r



synt hesi ze ol efins, al cohols, ethers, and/or al dehydes. The follow ng
description wherein al cohols and/or ethers 10 are synthesized from al kenes
is representative. A selected al kane, which nay conprise nethane, ethane,

propane, butane, isobutane, pentane, hexane, cyclohexane, etc., is
received in a first reactor 12 froma suitable source 14 through a |line
16. The 15 reactor 12 also receives a netal halide through a line 18. The
hal i de conprising the netal halide that is received in the reactor 12 is
selected fromthe group including chlorine, bromne, and iodine. The
reaction of the alkane with the nmetal halide 20 produces the corresponding

al kyl halide which is recovered through a |ine 20. The reaction-al so
produces netal in_reduced form such as a netal hydride, which is 7
recovered t hr of§R*E PESFRIPFIQNIOR; THE DBIWINGSH second reactor 24. The
second reactor 24 also receives oxygen and/or air froma source 26 through

“a line 28. The secchd™PeaciVipletef underovandingc ofvertie titerentibaduged netal
received through the line 22 to netal oxide which is recovered through a
line 30 and di Bct&g@d by reference to the following Detailed

Description when taken in conjunction with the
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 jllustration of a fourth
embodiment of the invention;
FIGURE 5 is a diagrammatic illustration of a fifth
15 - embodiment of the invention; énd |

FIGURE 6 is a diagrammatic illustration of a sixth

embodiment of the invention.




to athird reactor 32. The tenperature of the reaction wthin the second
reactor 24 is | ow enough that any brom ne remaining on the netal foll ow ng
the reaction in 10 the first reactor 12 remains on the netal, and only the
hydrogen on the netal is replaced with oxygen. The hydrogen |iberated from
the metal is converted to water. Wthin the third reactor 32 the al kyl
halide formed in the first reactor 12 reacts with the netal oxide 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 also produces netal hajide which is recycled to the first
reactor 12 through the line 18. 20 In accordance with 'a specific

application of %he inventg'&‘ﬁP 3he first reactor 12 receives ethane from
the source 14P FEy N6, and the netal halide s received in the

reactor 12 through h |ine 18 conprises. netal -brom de. The reaction
within the reactor %ﬁf%ﬁﬁFBHUBQE éPh§PebP5ﬁ¥{EQWWH?ﬂP|E@¥§%ﬁ§§éFé§ £Rr ough

the line 20 a d directed to the third reactor 32. Q? eaction within
the third reac 69 53 €% f, there is shown a meth and apparatus

10 for synthe8121ng alcohols and/or ethers comprising a

5 first embodiment of the invention.  The method and
apparatus 10, as well as the other émbodiments of the
invention hereinafter described, can be used to
synthesize olefins, alcohols, ethers, and/or aldehydes.
The following Qescription wherein alcohols and/or ethers

10 are synthesized from alkenes is representative.

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

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

The reaction of the alkane 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




characteri zed as foll ows: 4CH3CH2Br + Met al

Oxi de + XH20 -> 2CH3CH20H +

CH3CH2OCH2CH3 + Metal Bromide2 As will therefore be apparent, the reaction

Wt hin

or toward the production of ether dependi ng upon
present within the reactor
node of the first

et hyl
apparent from
t he reactor
producti on of
and appar at us

parts of the

10

10 the reactor 32 can be biased toward the production of
t he amount of water

Figure 1 further illustrates an operational
enbodi nent of the invention whereby steamis directed 15
into the line 20 through a line 36 and enters the reactor 32 with the
brom de and the HBr that were produced in the reactor 12. As w |
the fornmula set forth above, the introduction of steam
32 causes the reaction?therein to be 20 selective toward the

al cohol

be
into

ethanol in the reactor 32 as opposed to the production of
di et hyl et her .reédovReéadr thngugiowat A imegW2 2ndt Herectsd showa asemidind of
for producing ol efins, alcohols, ethers, and/or al dehydes
conpri sing a secertdoenBoddi nE¢ seforndierdantent RZonaldbbnyeoditde @argeonents

and/cr air from a source 26 through a line 28.

The second reactor 24 functions to convert the
reduced metal received through the 1line 22- to metai
oxide which is recovered through a llne 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
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

20

formed in the second reactor 24 to form the
corresponding alcohol and/or ether which is recovered

through an outlet 34. The reaction in the third reactor

32 also produces metal halide which is recycled to the

first reactor 12 through the line 18.

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



5 second enbodi nent of the invention are identical in construction and
function to conponent parts of the first enbodi nent of the invention as
illustrated in Figure 1 and described herei nabove in conjunction
therewith. Such identical conponent parts are 10 designated in Figure 2
with the sane reference nunerals wutilized in the description of the first
enbodi nrent of the invention. The second enbodi nent of the invention
differs from the first enbodi ment of the invention in that rather 15 than
being directed into the reactor 32 through the line 20, steamis injected
directly into the reactor 32 through lines 42. This allows the steamto be
added to the reactor 32 at speciffc points in the reactor thereby

i ncreasing the selectivity of the reaction that takes 20 place therein
towar ds the prpéteivean iaf takcobattand 2awayough f tlenltime gBodonpibyef et her.

10 A method and apparatus 50 for producing ol efins, alcohols, ethers,
and/ or al dehydestcbnpribsideg. a t hed remviiddnneritthdh t bise | meagtpon 1%

illustrated in Figure 3. Many of the conponent parts of the third
enbodi nent of produces ethyl bromide which is recovered through the
iine 20 and directed to the third reactor 32. The
S reaction within the third reactor .32 may be
characterized as follows:
4CH3CH2Br + Metal Oxide + XHZ20 —> 2CH3CHZOH +
CH3CH20CH2CH3 + Metal Bromide2
As will therefore be apparent, the reaction within
10 the reactor 32 can be biased toward the production of
alcohol or toward the preduction of ether depending upon
the amount of water present within the reactor. Figure
1 further illustrates an operational mode of the first
embodiment of the invention whereby steam is directed
15 into the line 20 through a line 36 and enters the
reactor 32 with the ethyl bromide and the HBr that were
produced in the reéctor 12. As will be apparent from
the formula set forth above, the introduction of steam
into the reactor 32 causes the reactioh therein to be
_20 selective toward the production of ethanol in the

reactor 32 as opposed to the production of diethyl

ether,




5 the invention are identical in construction and function to conponent
parts of the first enbodinent of the invention which are illustrated in

. Figure 1 and described hereinabove in conjunction therewith. 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 ment of the invention differs from the
first and second enbodinents in that during the operation thereof water is
removed fromthe reactor 32 15 through lines 52. The renoval of water from
the reactor 32 is acconplished by either distillation or by osnbsis or by
both. As will be apparent fromthe reaction set forth above, the renoval

of water fromthe @g@g}kgg?SgUwcay%g%dggezregg%}gnighgﬂo&ﬁkgsm@bﬁ% etherein

to be 20 selective towar he product’ on of ther as opposed to
production of & coy . JbbarBeher ripg "PYodRifb0UL o fs Lherg) ignahown a
nmet hod and apparatus 60 for producing ol efins, alco o?s, ~ethers, "and/ or

al dehydes Comﬂh%ir'gghgnfi?fﬁlgQl@@%s%pr?giﬁ&"eai BYEBLA b dn?f the

conponent parts of ft
of the invention. Many of the components parts of the

5 second embodiment of the invention are identical in
construction and function to component parts of the
first embodiment of the invention as 'illuétrated in
Figure 1 and described hereinabove in conjunction
therewith. Such  identical component parts are

10 designated in Figure 2 with the same reference numerals
gtilized in the description of the first embodiment of
the invention.

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

from the production of ether.



5 fourth enbodi nent of the invention are -identical in construction and
function to conponents of the first enbodinent of the invention as
illustrated in Figure 1 and described herei nabove in conjunction
therewith. 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
metal oxide, additional oxygen is added to the netal oxide and nol ecul ar
halide is liberated. The reactioff products fromthe second reactor 34 are
directed to a separator 62. The separator 62 directs netal oxide to the
reactor 32 20 throuljhmathodieabd, apphratiss 08§ gEbrt Q:r"olﬂﬁci@%r egefbns t hrough a
line 66 and directs halide to a halide storage tank 68 through a 1ine 70.
From the st or agbcelagle 68etHers,t handvalr deldehydiesecdpriigihbe o eaeif 12
through a line 72 and the line 18 thereby assuring an optimm |l evel of
hal i de wit hi n ¢hecdismottorcflZhat iakbntioesis illustrated in Figure 3.
Many of the component parts of the third embodiment of
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
fo:th 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 alcochol.



Referring to Figure 5, there is shown a nethod and 5 apparatus 80 for
produci ng ol efins, alcohols, ethers and/or al dehydes conprising a fifth
enbodi nent of the invention. The fifth enbodi nent of the invention is
-particularly useful in the production of olefins. A selected al kane, which

may conprise nethane, 10 ethane, propane, butane, isobutene, pentane,
hexane, cycl ohexane, etc., is received in a first reactor 82 froma
suitabl 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 halide . that is received in the reactor 82 is selected fromthe group
consi sting of chlorine, bromne, ¥nd iodine. Reaction products resulting

fromthe operation of the reactor 82 are directed to a distillation
separator 20 92 tireegling| htve Q. ridureaqt edhakkane khoket &rneendgom t he
separator 92 to the reactor 82 through a line 96 and the |ine 86. Hydrogen
hal i de is direoted dpparpathe 180 separ appsdiBRngo a1e¢eaBd reaess198 through
a line 100. Mnoal kyl halide is directed fromthe separator 92 to a
ethers, and/or aldehydes comprising a fourth embodiment
of the invention. Many of the component parts of the
S fourth embodiment of the invention are .identical in
construction and function to components of the first
embodiment of the invention as illustrated invFigufe 1
aﬁd described hereinabove in c¢onjunction therewith.
 Such identical. components are designated in Figure 4
10 with the same reference numerals utilized in the
description of the first embodiment of the invention.

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

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

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

. through a line 66 and directs halide to a halide storage

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



third reactor 102 through a line 104. Hi gher halides are returned fromthe
separator 92 to the reactor 82 5 through a line 106. Wthin the second
react or 98 hydrogen halide received through the line 100 is reacted with a
netal oxide to produce netal halide and water. Water is directed fromthe
second reactor 98 to a waste water 10 storage container 108 through a line
110. Metal halide, including the halide conponent of the hydrogen halide
received in the reactor 98 through the Iine 100, is directed through a
line 112 to a fourth reactor 114. The reactor 114 also receives air or
oxygen froma 15 suitable source 116 through a line 118. The reactor 114
produces regenerated oxi de which s returned to the second reactor 98
through a line 120. The fourth reactor 114 al so produces halide, carbon

di oxi de, and waher halidefispigiecsied Hbrbhe edeactoxr 120 tdepught ar 1i2€ t hr ough
a line 124. The separator 122 renoves the halide fromthe water and carbon
di oxi de, and d&rerdsthtel ¥cdfertdgrrhyi desepinthanantdaust deugk af

container 88 through a |line 126. Water and carbon
_ halide within the reactor 12 at all times,.

Referring to Figure 5, there is shown a method and
5 apparatus - 80 for producing olefins, alcohols, ethers
and/or aldehydes comprising a £ifth 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, pentang, hexane,
cyclohexane, etc., 1is received in a first reactor 82
from a suitable source 84 through a line 86. The
reactor B2 élso receives a halide from a storage
containe# 88 thrbugh a line 90 and the line 86. The
15 halide that is received in the reactor 82 is selected
from the group consisting of chlorine, bromine, and

iodine.

Reaction products resulting from the operation of
the reactor 82 are directed to a distillation separator
20 92 through a line 94. Unreacted alkane is returned from

the separator 82 to the reactor 82 through a line 96 and

the line 86, Hydrogen halide is directed from the



di oxide are r
addition to r
reactor 102 r
line 130. The
-which is dire

byproducts are recovered through ¥ |ine 140, and heavy byproducts are

recovered thr

the separatof

ecovered fromthe separator 122 through a |ine 128.

In

ecei vi ng nonoal kyl - halide through 5 the line 104, the third
ecei ves regenerated netal oxide through the line 120 and a
reaction within the third reactor 102 produces netal
cted to the fourth reactor 114 through a line 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. Operation of the distillation separator 134 produces
the desired olefin which is recovered through a 15 line 138. Light

hal i de

ough a line 142. Unreacted nonoal kyl halide is directed from

resulting fromoperation o

wat er Contairﬁ%n5§¥%y%2§3$95é s 18 diG rlom BREeLLbHE AW d20 g qure 6,

there is shown a ne

10

third reactor 102 through a line 104, Higher halides
are returned from the separater 92 to the reactor 82
through a line 106.

Within the secqnd reactor :98 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 28 to a waste water

storage container 108 through a line 110. Metal halide,

including the halide component of the hydrogen halide

.15

20

received in the reactor 98 through the line 100, is .

directed through a line 112 to a fourth reactor 114.
The reactor 114 élso receives air or oxygen from a
suitable scource 116 through a line 118. The reactér 114
produces ?egenerated oxide which is returned to the
second reactor 98 through a line 120.

| The fourth reactor il4 also produces halide, carbon
dioxide, and water all of which are directed to a
separator 122 through a line 124. The separator 122
removés the halide from the water and carbon dioxide,

and directs the recovered halide to the halide storage

e thir t r I 4 ng; vater
egatiacld. o3 tiE) tkt hgeégggrg%aoé&%ob?ﬁﬂ?gug?r%c%le%elﬁgoot'he wast e



of .and apparatus for producing ol efins, alcohols, ethers, and/or al dehydes
conprising a sixth enbodi nent of the invention. Many of the conponent
parts of the 5 sixth enbodi nent of the invention are identical in
construction and function to conponent parts of the fifth enbodi nent of
the invention as illustrated in Figure 5 and descri bed herei nabove in
~conjunction therewith. Such identical conponent parts are 10 designated in
Figure 6 with the sane reference nunerals wutilized in the description of
the fifth enbodi mrent of the invention. The sixth enbodi nent of the
invention differs from the fifth gnbodi ment thereof in that the reaction

15 products resulting fromoperation of the third reactor 102 ot her than
line 136 to a fifth reactor 152

~the nmetal halide gre dir%@ted th&gggh t.he
whi ch functi onS TG BBRvErt PRECYELCRI diBsr okt s r¥atRx i.ABd f eewbeper at i on
espondi ng al cohols. 20 Reaction

of the second Qﬁ%pggr 102 to the c ré
products resul (PGP oA 8pEPSeY DD T4 et t9PPaT@ketod 2252bapuakli pect ed
t hrough a |in91£§é H?Sa distillation separator 156. The desired al cohol is

16
In addition to receiving monocalkyl halide through

5 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 four£h reactor 114
through a }.ing 132 and the 1line 112. The remaining

10 reaction products resulting from operation of the third
reactor 102 are directed to a distillation separator 134
through a line 1346.

Opera?ion of the distillatiqn separator 134
produces the desired olefin which is recoverea through a

15 line 138, Light byproducts are recovered through a line
140, 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,



recovered fromthe separator 156 through a |ine 158.
recovered through a line 160, and

line 162. Water
directed to the waste water storage container

si xth enbodi ment of the invention further
enbodi nent of the invention in
st orage contai ner

waste water is

boiler feed water is recovered fromthe separator

resulting fromoperation of the separator 156 is 5

differs fromthe fifth
that waste water fromthe waste water

5
recovered fromthe separ at or

The boiler feed wat dtefiesring endedto tRigairBois, ekhd?é WBI Shopk OFURES,

Steam resul ting

addition to

10

15

from operation of the boiler

of the invention. Many of the component parts of the
sixth embodiment of the invention are identical in
construction 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
designated in Figure 6 with the same reference numerals
utilized in tﬁe description of the fifth embodiment of
the invention.

The sixth embodiment of the invention differs from
the fifth embodiment thereof in that ﬁhe reaction
products resulting from operation of the third reéctor
102 other than the metal halide are directed through the

line 136 to a Ffifth reactor 152 which functions to

convert the reaction products resulting from operation

20

of the second reactor 102 to the corresponding alcohols.
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

168 through a line 170. Treated
168 through a line 171, and 15
168 through a line 172.

ﬁJeam
174 is directed to the

second reactor 202 2d ouagipaaatiine 496 gmbdutdnki N@12:39ns20 LicARHY dance
w th a seventh enbodi nent of the invention,

t IREheEsal 2o/ des addehyndsal chmpridasignh Chi HAY CeS&@iment

it has been determ ned that

Li ght byproducts are
heavy byproducts are recovered through a

108 through a line 163. The

10 108 is directed to a waste water treatnment system 164
through a line 166. Treated waste water resulting from operation of the
system 164 is directed to a separator

in



17 disclosed as useful reactants for converting alkyl halide to product
as well as in the reactive neutralization of hydrogen halide, netal

hydr oxi des are useful for this purpose. Also, while netal halide is 5
believed to be the product resulting fromthe netal oxide reaction, it is
al so possible that the product of the netal oxide reaction is a netal
oxyhalide. In accordance with an ei ghth enbodi nrent of the 10 invention,

ot her speci es have proven useful as catalysts/reactants. For exanple, the
.conposition of the solid reactant nay take the formof a solid hydrate,
such as a natal oxyhydrate or hydgates of halides, sulfides, carbonates,
phosphat es, phosphides, nitrides 15 and nitrates. In accordance with a

inth enbodi ment_of the .invention, it h Letim ged that
hvdr ocar bo Ine’g%?%?vﬁ&eﬁgtﬁr{g’nﬁ‘\e/,e éfﬁg%%é%%td’e}%rgggggggﬁ'gé@hggglﬁnf?oﬁet‘he gr oup

hydr ocar bons

foedst ocks for 14l PPBREeictTniEe GBrErH Tiat T BR S Rp i the Wrert uti 11ty
of the procesgheavy byproducts are recovered through a line 162.
Water resulting from operation of the sepérator 15¢ is
5 directed to the waste water storage container 108
through a line 163.

The sixth embodiment of the invention further
differs from the fifth embodiment of the invention in
that waste water from the waste water storage container

10 108 is directed to a waste water treatment system 164
through a line 166. Treated wastelwater resulting from
operation of the system 164 is directed to a separator
168 through a 1line 170. Treated waste water ig
recovered from the separator 168 through a line 171, and

15 boiler feed water is recovered from the separator 168
through a line 172. The boiler feed water is directed
to a boiler 174 which produces steam. Steam resulting

from operation of the “boiler 174 is directed to the

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

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

the metal oxides and metal halides which have been



hydr ocarbons up to about 16 in carbon nunber and is applicable to

| i near, 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) of the solid netal oxide. Specifically, small wvariations
in the atom c conposition of the netal oxide 10 (conposed of one or severa
nmetal atons) effects the reactivity and/or selectivity and different
synthetic routes of the sanme conppsitions give rise to different
reactivity and/or selectivity. The reaction pressure and tenperature are
also 15 contr llqple paraneters useful in tuning the reaction towards
specific prodLéﬁif 9564 eREnpPEetyl ngeartaniye fon hapnyeotines prigdoni nant |y
al cohol at a Hﬁgﬁg&fture of about 250C can be swi tched to producing
predoni nant |y n ¥ i FEPEHE N2 heWebhpeffit uid ofthehe metctiivexi de 20
‘reaction to between_ about 350C and about 400C. The increase in tenperature
results in trm§%g%ﬁ§}ﬁﬁ§t{ﬁ“t?ﬁ;hydrogen halide, metal hydroxides are

~useful for this purpose. Also, while metal halide is

is to,

5 'believed to be the product resulting from the
metal oxide reaction, it is also possible that the
product of the metal oxide reaction is a

metal oxyhalide. -

In accordance with an eighth embodiment of the

10 invention, other . species hgve 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 oxyhydrate or hydrates of halides,

" sulfides, carbonates, phosphates, phosphides, nitrides

15 and nitrates.

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

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

determination expands the overall utility of the process



19 Dbeta-hydrogen elim nation reaction over the hydroxylation. However, it
is inportant to note that other mechanisns for the generation of the
olefin are possible. 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 tines and a snmaller reactor. Since
~the noted tenperature effects have been observed for a wide variety of
materials without a 10 conclusive exception, this effect is broadly

appl i cabl e - across the-periodic table. Sanple materials include MO CaQ
FeMbO , FeWD, ,, La203, Ca(OH)2, PbO CuO Bi203, MzZrO,, ZnO Most
significant has been the exanple f a mxed cobalt zirconium oxide
(stoichionetry CozZrQ,). 15 Exanple |-CoZrOx: A sanple is prepared by m xi ng

equal amounts @ Bydfbdarbbas! ubl @@ @bogebakt ini thabén angmised).dndV ol ution
of zirconium propoxide, followed by drying at 120C,. and an overnight -

cal ci nati on atafiGCan2e &b haiifeadrs beasteed inidhchebid nel kamed.mol ar ratio of
approximately 10:1, giving - 94% (carbon) selectivity to

In accordance with a tenth embodiment of the
invention, it has been determined that control over

.5 reaction selectiviéy and product compositibn can. be
specifically controlled by intentional variations in the
composition and form ({as directed by the synthetic
route) of the scolid metal oxide, Specifically, small
variations in the atomic composition of the metal oxide

10 (composed of lone or several metal atoms) effects the
réactivity 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 pafameters useful in tuning the reaction
towards specific products. For example, a metal oxide
~that.produces predominantly alcchol at a temperature of
about 250°C can be switched to producing predominantly
olefin by increasing the temperature of the metal oxide

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

increase in temperature results in the favoring of the



brom de plus higher brom nated species. HBr is also present.

CoZr Ox gives ethyl brom de conversion that

increases with tenperature. The respective brom nated ethane 5 conversions

at 175C, 200C, 225C, and 250C are approximately 41% 56% 69% and 82% A
t han

run at 350C using 80% | ess oxide provides a conversion of better
et hyl ene/ nol es, of all detected

90% The ethylene selectivities (noles of
products) are 10 approximately 1% 7% 20% 34% and 90% at 175C, 200C,
et hyl brom de) the product

225C, .250C, 350C. At--350C (excluding unreacted
mx is approximtely 90% ethyl ene, 5% carbon dioxide, 4% vinyl brom de,

and 1% other (largely acetone). #15 Exanple |l - CoZrOx; Wen ethyl
brom de (98+4) is passed over the CoZrOx described above in Exanple |

350C, the prodislashvaed ed &y £36.L3RRr Pr .. streamare approxi mtely
95% et hyl ene with tﬁe d%%%rLty of ?ﬁ%ggalancgg%%%ﬁa§ 20‘%§$bon i"Gxi de. 2s
hydroxylation. - However, it is important to note that

20 et hyl
Passing this m xture over

at

other mechanisms for the generation of the olefin are
| possible. Another benefit of increasing the reaction
5 temperature is the realized increase in the rate of
conversion of alkyl bromide resulting in a shorter

reaction times and a smaller reactor.

Since the noted temperature effec;s have been

observed for a wide variety of materials without a

10 conclusive exception, this effect is broadly épplicable
across the periodic table. Sample materials include
MgO, Ca0O, FeMoO,, FeWO,, La0; Ca(OH}2, PbO, Cu0, Bi,0s,
Mg2r0;, Zn0. Most significant has been-the example of_a

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

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

overnight calcination at 500°C.

20. Ethane is reacted with bromine in a molar ratic of

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



As a process variation, either the netal oxide (or halide or oxyhalide) can
function as a catalyst to dehydrobrom nate the ethyl brom de to ethyl ene
and hydrogen halide with the hydrogen halide 5 subsequently being
neutralized. In accordance with an el eventh enbodi ment of the invention, a
metal hydroxide is the operative species in the netathesis reaction.
Passing an al kyl halide over the netal hydroxi de produces the
correspondi ng al cohol. 10 Subsequently, the resulting netal halide is
regenerated wth air/oxygen to convert the nmetal halide to netal oxide,

which is then reacted with steamtp regenerate the netal hydroxide. In
accordance with a second part of the eleventh enbodi nent, the air/oxygen

streamused 15 to regenerate the nmetal oxide is mxed with a controlled
amount of steasthuthbtrhmide heloet alighydrimdamdeaited prpedieed wi BBwuishavi ng
to pass through a distinct nmetal oxide stage. A twelfth enbodi nent of the
i nvention conceiss todresenO.abidsgingofthie pistess twreselCettdyelyvesoduce a
series of oxidation products through a feedstock consisting of 22
ethyl 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%, 69%, and 82%. 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°C, 250°C, 350°C. At  350°C (excluding unreacted
ethyl bromide}) the product mix is approximately 90%

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

other {largely acetone}.

‘15  Example IT ~ CoZrQ.:

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 aré‘approximately

85% ethylene with the majority of the balance being

20 carbon dioxide.




mul ti pl e hydrocarbons that greatly sinplifies product production when
conpared with existing processes. In a conventional ol efins production
facility, ethane or light naphtha is thermally "cracked" by 5 heating the
et hane or |ight naphtha to high tenperature and contacting the feedstock
with steam The "cracking”" process operates through a free radical

mechani smand results in nunmerous products, including al kane hydrocarbons

(such as ethane), al kene hydrocarbons (such 10 as ethyl ene), al kyne
hydr ocarbons (such as acetylene), diene hydrocarbons (such as butadiene),
aromati ¢ hydrocarbons (such as benzene) and coke. Follow ng the production
of these products, nunmerous distfilation steps, many of which operate
cryogenically, 15 are required to separate one product from another for
use as feedstocks fas 9tpescdinl RGHERI 6@ SeitMerdtheC @Bl Coxile $§Paf ation
of ethylene fromethane through distillation is both capital and
energy-intensi yailadet her sXhz03MROUNES nhavaidiibhng 4201 ng's gggylgg@se to
each 20 other. 23 1In contrast to the conventional process, the

to dehydrobrominate the ethyl bromide to . ethylene

and hydrogen halide with the hydrogen halide

5 subsequently being neutralized.

In accordance with an eléveﬁth embodiment. of the
invention, a metal hydroxide is the operative species in
the metathesis reaction. Passing an alkyl halide over
the metal hydroxide produces the corresponding alcohol.

10 ° Subsequently, the resulting metal halide is regenerated
with air/oxygen to convert the metal halide to metal
oxide, which is then reacted with stgam to_regenerate
the metal hydroxide.' In accordance with a second part
of the eleventh embodiment, the air/oxygen stream used

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




present invention produces olefins directly from their al kane precursor
fromeither a single al kane feed conponent or a conplex m xture. One neans
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 mxture. Follow ng the hal ogenation reaction, the reaction
m xture 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 then renoved fromthe remaining

al kyl nonohal i des. The al kyl . nonohal i des and renai ni ng al kanes, having
substantially different 15 boiling points are then separated through
distillation. C?e.or nmore streans, each conprising an al kyl halide of
predet er mi ned R&+ b ehuhBdFocabopRethtoddERtin nsimpki figsy PRRAWEE fi cul t
separation of q%%?nes from al kenes, (e,q. ethane fromethylene) is avoided.
Al 't ernati vel y, PEAYGEO2e BAF Dt GHIRIEPLestids X4k ARG PFREPS5LEcede t he
conversion of hydrogen halide to water. Subsequently, each alkyl

monohal i de may thenpbe  di pggted qven aoﬂgkfés:ygroduction facility,
ethane or iight naphtha 1is 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

20  other.




oxide at a tenperature of between about 250C and about 350C to produce the
olefin with correspondi ng carbon nunber to the al kyl nonohali de.
Al ternatively, the products of the hal ogenation 5 reaction followi 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 olefins. Follow ng the generation of the olefins, the
ol efins can be separated as desired 10 into one or nore ol efin product
streanm(s). If the desired product of a specific al kane is an alcohol, an
ether or an al dehyde, the present_jinvention is especially useful. In the
production of al cohols, ethers of al dehydes, the process can be operated
in the 15 exact fashion as described above for ol efins up through the
poi nt where the al kyl rmebakidegoar ehsepedmiteddibham oaebedthergnhdo
produce an al cohol, an ether or an al dehyde froma specific al kyl
nmonohal i de, a pmpEeEnf ¢ imldatdionDnghaldudesi s qlafied oveirextIgeci frem et al
oxide 20 that is selected based upon its selectivity to produce the
desi red functitdrdld &y kéne epradwochael fresheitBbr a single alkane feed
component or a complex mixture. One means of operating
5 +the process is 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 differént
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 monohalide may then be directed over a metal




or al dehyde). Should the desired product selectivity be affected by the
anount of water present in the reaction between the al kyl nonohalide and
the netal oxide, water can be added to the al kyl nonobrom de feed to the 5
appropriate | evel. For exanple, water produced in the neutralization of
hydrogen halide may be used for this purpose. If it is desired to produce
a streamof m xed alcohols, ethers or al dehydes, the present invention my
10 do so by sinply elimnating the step whereby the al kyl nonohalides are
separated from each other prior to the step of contacting the alkyl
nonohal ide with a specific netal ,pxide. Rather to produce the m xed

stream the conbined al kyl nonohalides are sinply passed 15 as a group over
the specific nmetal oxide and the desired m xed stream results. The m xed
stream may t hesxie att ial iteegdeastise orf degtaeat egbast dasl Hedkndhtabowte or nore
i sol ated product streanms. A thirteenth enbodi ment of the present invention
.20 conprises agtetchoo ofrodataeof thd | nhefin ewi St | oo odsgfandd ngpragdiponi on
facility to increase its capacity and reduce 26

number to the alkyl monohalide.

Alternatively, the pro;iucts 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 olefins. Following the generation of
the olefins, the olefins can be separated as desired

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

If the desired product of a specific alkane is an
alcochol, an ether or an aldehyde, the presént invention
is especially useful. In the produétion of alcohols,l
ethers orx aldehydés, the process can be operated in the

15 exac:i: fagshion as described above for olefins up thi‘ough
the point where the alkyl monochalides are separated from
each other. To produce an alcohol, an ether or an
"aldehyde from a specific élkyl monchalide, a specific
alkyl monchalide is passed over a specific metal oxide

20 that is selected based upen its selectivity to produce

the desired functionality {i.e. alcohol, ether



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

provi de selective partial oxidation of alkanes, and involves the linking 5
plant in such a

of the process disclosed therein to an existing olefins
way as to increase capacity with relatively mninml additional investnent.
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 otheg the entire streamof m xed al kyl
nonobrom des i s passed over a netaf oxi de and converted to a m xed stream
of olefins. The 15 resulting olefin streamis then directed into the

plant’ s .exi stiog sepayde) on SHUURMENe AbaNgediibauit bhakeprodyged from
the thermal cracking portion of the plant and is separatea I'nto Specific
ol efin streamafstadnbye thpeanbintt xRt robrbSent el f ofhd

gﬁg%i nt, 20
in a conventional ethylene facility, ethane or naphtha Is cracked with
rather poor sdiegerui theandkebnm@icha0id@7and the metal oxide, water
can be added to the alkyl monobromide feed to the
5 appropriate level. For example, water prodﬁced 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

10 do so by simply eliminating the step whereby the
‘alkyl monohalides are separated from each other prior to
the step of contacting the alkyl monohalide with a
'gpecific netal oxide. - Rather to produce the mixed
stream, the combined alkyl monohalides are simply passed

15 as a group over the specific metal oxide and the desired
mixed stream results. The mixed stream may then be

utilized as is or separated as desired into one Or more

isolated product streams.

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

production facility to increase its capacity and reduce




to ethylene. In the process, a substantial ethane recycle streamis
generated. The retrofit of the present invention involves capturing all or
part of the ethane ordinarily recycled to the furnace and instead S
directing it to a sub-process utilizing the two step chem stry descri bed
in the patents |listed above. The process selectively converts ethane to
ethyl ene. The benefits are nultiple: 1. By reducing the recycle to the
furnace, additional 10 fresh feed can be introduced, effectively

i ncreasing the capacity of the plant 2. By providing an extrenely pure feed
of ethylene, the sub-process redyces demand on the separations systens,
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 +bstoPeFatinkampbt; thEhisonimvenitival buhidsenepopr ahess
produces, as a byproduct, acetylene, which 20 nust be hydrogenated

sel ectively t PEIRASERe, ddsclpsed cUl 45-pr eesest Thumbeovslucti 462,6¥43et hyl ene

28
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 émbodiment,
20 in a conventional ethylene facility, ethane or naphtha

is cracked with rather poor selectivity and conversion




descri bed herein does not result in the production of acetylene 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 anmounts of capacity when there is a smal
10 excess of demand. The ability to add to an existing |ocation also
capitalizes on the existing infrastructure,reducing the cost of the
expansion. In addition to the foregoing, it has been determ ned that the
various netal oxides used in the #etathesis 15 reaction can also serve as
adsorbents/reactants to control the rel ease hydrogen halide or alkyl
halides to the eathyoan@nt. HKACOFROr gibBEs& Mgt a%uﬂét%ia!lto hapdll 9€
systemw thin the plant not only controls the release of such conmpounds,
but al so serve:@%la raaRem Ois 2ok &GN, brom pgef Qo tfet hel,rUSH,d N the
process. 29 Exanple Il1l - Al kane hal ogenati on

present invention involves capturing all or part of the

ethane ordinarily recycled to the furnace and instead
5 directing it to a sub-process utilizing the two step
chemistry described in the patents lisﬁed 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—?rocess reduces demand on the separations
systems, again effectively increasing the capaéity

15 ~of the plant.

3. The purity of ethylene produced in the sub-process
~results in a substantial reduction in operating

costs. For example, the conventional ethylene

process produces, as a byproduct, acetylene, which

20 must be hydrogenated selectively to ethylene, a

difficult process. The production of ethylene




Et hane brom nation reaction A m xture of ethane and brom ne of nolar ratio
3.6:1 was created by passing an ethane stream (2.0 m/mnute) 5 through a
brom ne bubbl er which was held at 21.0C. The m xture was passed into a
reactor (glass tube ID 0.038", heating zone length 4"), which was heated
to 400C. The effluent was anal yzed by GC and by NVR analysis of products
trapped in deuterochl oroform 100% brom ne 10 conversion with 27. 4% et hane
conversion were obtained. The selectivity to ethylbrom de was 89.9% The
other products were nmultiply brom nated ethanes, the majority (>90% of

t he bal ance) bei ng di bronoet hanes,, 15 Et hane chl orination reaction A

m xture of ethane and chlorine of nolar ratio 2:1 (total flowate 5

m/mn) is passed through a reactor glass tube 1D 0,038", heating zone
l ength 4"), which ﬁ§S°Fékﬁ4xP%ﬁ?¥§56@Fg168§66ﬁFBané“c5H9eP§??ﬁF 45%

et hane 20 conversion are obtained with et2¥lchLoride selectivity of 90%

30 Ethane iodinat Pén RESEYIENE A FR&ISHYe ofeBIHEHe 4R | SAE of Yol ar

ratio 1:4 (total .
( acetylene produced in the ethylene facility.

4. The addition of the reactor allows the incremental

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

Current ethylene technology is 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 foregoing, it has been determined

that the various metal oxides used in the metathesis

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

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

20 recover bromine for further use in the process.



flowate 5 mM/mn) is passed through a reactor (glass tube ID 0.38",
heating zone length 4"), which is heated 5 to 400C. 10% et hane conversi on

is obtained with iodoethane selectivity of 85% Propane brom nation A

m xture of propane and bromine of nolar ratio 3.6:1 10 was created by
passing a propane stream (2.0 m/mnute). through a brom ne bubbl er which
was held at 21.0C. The mxture was passed into a reactor (glass tube ID
0.038", heating zone length 4"), which was heated to 350C. The effluent

was anal yzed by GC and by NWR anal ysis of 15 products trapped in

deut erochl orof orm 100% brom ne conversion with 27% propane conversi on
were obtained. The selectivity t¥ 2-bronopropane was 90% The ot her
products were 2, 2-di bronpropane (-10% and 1- bronopropane (< 1% . 20 31
Hi gher al kane ¥apleaiidn- Alkaneuhaleferstidame (CH2n+2 3<n<21) and brom ne
ina nolar ratio of 5:1 are passed into a reactor (glass tube 1D 0.038",
heati ng zone |Eigine hremindtiion keahibbered to

A mixture of ethane and bromine of molar ratioc 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 4”7}, which was heated to 400°. The
effluent was analyzed by GC and by NMR anaiysis 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 ratic 2:1
(total flowrate 5 ml/min) is passed through a reactor

{glass tube ID 0.038", heating zone length 4”), which is
heated to 350°C. 100% chlorine conversion and 45% ethane
20  conversion are obtained with ethylchloride selectivity

of 90%.




5 300C. 100% brom ne conversion is obtained with 18% al kane conversi on and
90% sel ectivity to nonobronoal kane. Liqui d-phase hi gher al kane brom nati on
10 Pressurized dodecane liquid is mxed with bromine in a 10:1 nolar

ratio. The m xture is passed through a tubular reactor held at 250C. 100%
brom ne conversion is obtained with 90% selectivity to dodecyl brom de. 15
Reproportionati on of C2 conpounds: 100 nmol /hr of ethane and 100 mmol / hr of
brom ne are fed to a reactor containing a Pt/silica catalyst held at

400C. A recycle streamof 46 nmol/hr ethane and 50 nmol/hr of multiply
brom nated ethanes is also fed to_20 the reactor. Equilibriumis reached in
the reactor with 100% bronine coffversion and a product distribution of 46
mmol / hr et hane, 100 nmol / hr ethyl brom de and 50 mrol /hr 32 higher

brom des. 100 g@Manef ibBindtScal seaéeised. The products are separated into 3
streans: (1) ethane/HBr, (2) ethyl brom de, and (3) higher brom des.

Stream (1) s m&&adeoaeretﬁlarneg@ﬂar abd heTRifmod¥kdeat e UL 14l (reiag S the
HBr and producing water. The water is separated out

flowrate 5 ml/min) is passed through a reactor {(glass

tube ID 0.38", heating zone length 4“), which is heated

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

iodoethane selectivity of B53%.

Propane bromination
A mixture of propane and bromine of molar ratio 3.6:1
10 was created by passing a propane stream (2.0 ml/minute).
 thr0ugh a bromine bubbler which was held at 21.0°C. The
mi#ture was passed inte a reactor {glass tube ID 0.038“,
heating zone length 47}, which was heated to 350°C. The
effluent was analyzed by GC and by HNMR analysis of
15 products trapped in deuterochloroform. 100% bromine
conversion with 27% propane conversion were obtained.
The selectivity to 2-bromopropane was 20%. The othex
products were 2,2~dibrompropane {~10%) and 1

bromopropane (< 1%).

20




prior to recycling the ethane. Stream (3) is also recycled to the reactor.
Reproportionati on of C2 conpounds w thout halide 10 addition: 100 mol / hr
of ethane and 10 mol / hr di bronbethane are fed to a reactor containing a

zirconia catalyst held at 300C. A product distribution of 91 nmol/hr
ethane 18 mmol/hr ethyl brom de and 1 mrol/hr di bronoethane is 15
obt ai ned. Reproportionati on of C10 conpounds: 100 mmol /hr of decane and 100
mmol / hr of bromine are fed to a reactor containing a Rh/silica catalyst
hel d at 20 300C. A recycle stream of 100 mmol / hr decane and 80 mmol / hr of
di bronodecane and nore highly bromynated decanes is also fed to the
reactor. The reactor 33 achieves 100% brom ne conversion and a product

di stribution of 100 muol / hr decane 100 mmol / hr decyl brom de and 80
nmol / hr nul ti pEyBRes Hdtane bzemiwati®0 nol of HBr is also forned. The
products are separated 5 into 4 streans: (1) HBr (2) decane (3) decyl
broni de, and f4)RityKer Br otd kR StaHeam Gip<2E) pasdedbrMBhed in a

molar ratic of 5:1 are passed into a reactor (glass tube

ID 0.038”, heating zone length 4%), which is heated to

5 300°C. 100% bromine conversion is obtained with 18%
alkane conversion and 90% selectivity to
monobromoalkane.

Liquid-phase higher alkane bromination

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

is obtained with 90% selectivity to dodecylbromide.

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

mmol/hr ethane, 100 mmol/hr ethyl bromide and 50 mmol/h£'




regenerable metal - oxide, neutralizing the HBr and produci ng water.
Streans (2) and (4) are recycled to the reactor. 10 Reproportionation of
C10 conpounds wi t hout brom ne addition; 100 nmol / hr of decane and 10
mol / hr di bronbdecanes (m xed isoners) are fed to a reactor containing a
15 Rh/silica catalyst held at 200C. A product distribution of 91 muol / hr
decane 18 mmol / hr decyl brom de and 1 mol/hr di bronodecanes i s obtained.
Reproportionation of m xed Cl-C3 conpounds: 20 A stream of di brononet hane
(I mmol /hr) and di bronobethane (2 mmol/hr) is conbined with a stream of
ethane (95 mmol/hr), methane (3 zmol/hr), and propane (2 mol/hr) 34 in a
reactor containing Ru/silica which is held at 250C. The product of the
reactor are ethane (96 muol/hr), nmethane (4 muol/-hr), ethyl brom de (1
moi / hr), di highepr bpantédé¢?. midd/ o), ofndibxt his bioewi fareed. 5 Fheducts

(trace). 35
' products are separated into 3 streams: (1) ethane/HBr,
(2} ethyl bromide, and (3) higher bromides. Stream (1}
is passed over a regenerable metal oxide, neutralizing
5 the HBr and producing water. The water is separated out

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

recycled to the reactor.

Reproporticnation of Cz compounds without halide
10 addition:

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

fed to a reactor containing a zirconia catalyst held at

300°C. A product distribution of %1 mmol/hr ethane 18

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

1§ obtained.

Reproportionation of Ciy 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 alsc fed to the readtor‘ The reactor




Exanple 1V - Reactions of alkyl halides with meta] oxides and other solids
Preparation of Zr solution 5 Zr (0OCH2CH2CH3)4 (70 (W) % in isopropanol, 112.6

m) was dissolved (under stirring) in a solution of 56.6 g oxalic acid in
10 mnutes, the solution was diluted

200 mM of water. After stirring for

with water to nmake a total volune, of 500 m. A solution with a Zr 10

concentration of 0.5M was obtained. Preparation of M Co(N03)2 (0.5 M
stirring Zr solution (0.5M. After

100.0 mM) was added to 100 m of a
stirring for a few 15 mnutes, a gel was obtained. The gel was dried at
120C for 4 hours, then cal cined at33500C for 4 hours. After grinding in a
nortar and pestle, ML was obtained. Preparation of M2 20 Fe(N03)3 (0.5 M
were added to 100 ml of a stirring

50.0 m d Z 0. .
Zr sol u%i 22 (OE%IE)Q%%ZS ,(Af tlgpmstﬁ%}:ro?“ﬁgeg or A FER R nuB®e, a2 gelPEREGSEDL ai ned..

nour s, A o R0 g T e (0P SR ARG "ot GG ¢
bromide and 80 mmol/hr multiplybrominated decane. 100
mol of HBr is also formed. The products are separated
5 into 4 streams: {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 tc;

the reactor.

10
Reproportionatisn of ¢C;0 compounds without bromine
addition:

100 mmol/hr of decane and 10 mmoi/hr dibromodecanes
(mixed isomers) are fed to a reactor containing a
15 Rh/silica catalyst held at 200°C. A pro&uct

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

brpmide 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 ethané {85

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




pestle, M2 was obtained. 5 Preparation of M3 Co(N®3)2 (0.5 M 80.0 m) and
boric acid (0.25 M 40.0 mnl) were added to 100 ml of a stirring Zr
solution (0.511). After stirring for a few mnutes, a gel was obtai ned.
The' gel was dried at 120C for 4 hours,. then 10 cal cined at 500C for 4
hours. After grinding in a nortar and pestle, M3 was obtained. Preparation
of M4 Co(N0O3)2 (0.5 M 80.0 m) and KNO3 (0.5 M- 20.0 m) were 15 added to
100 M of a stirring Zr solution (0.511). After stirring for a few

m nutes, a gel was obtained. The gel was dried at 120C for 4 hours, then
cal cined at 500C for 4 hours. Afger grinding in a nortar and pestle, M
was obtained. 37 Preparation of M5 A slurry of chromatographic silica and
cobalt nitrate sufficient to give a |oading of 40 wt % Co304 was nmade.

The slurry was iFapcre@etagt c20bd fimg Rufeiligae|whin M. h&dldrénizhald.on of

et hane and reaction with M.:

The product of the reactor are ethane (96 mmol/hr},
methane (4 mmol/hr), ethyl bromide (1 mmol/hrj,

dibromopropane - (2 mmol/hr) ., and other brominated

5 products {trace).




A m xture of ethane and bromne of nolar ratio 10:1 was created by passing
an ethane stream (5 cc/min) through a brom ne bubbler® which was held at
0C. The m xture was 10 passed into a first reactor (glass tube ID 0.38",
heating zone length 4"), which was heated to 350C. The effluent was

previ ously anal yzed by GC and by NVR analysis of products trapped in

deut erochl oroform 100% brom ne conversion wth 9.5% et hane conversion
were 15 obtai ned. The selectivity to bronoethane was greater than 94% The
effluent of the first reactor was passed into a second reactor (glass tube

I D 0.38", heating zone |ength 4") ;. which was heated to various

tenperatures and which contained 5g of M (except for the. 350C run which
ted. et hane conversions at 175C,

20 used 1 g of M, e fpspective brom .
200C, 225C, -250C, mﬁgg "ce: vver% t 8RFYH1haliges ceish g2etannd 90%
respectively. 3%xidhg Y. e |vities (rmol es of ethyl ene/ nol es of
all detected progﬁcts)gﬁgfggggbggil tely 1% 7% 20% 34% and 90% at

t he product m x (excluding

175C, 200C, 225C, 250C, 350C. At 350C,
unreacted ethyl 5 brom de) was 90% et hyl ene, 5% carbon di oxi de, 4% vi nyl

Preparation of Zr solution

5 Zr(OCHCH,CH3): (70 {(w)% in isopropanol, 112.¢ ml) was
dissolved (unde_r stirring) in a solution of 56.6 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 solution with a gzr

10, concentration of 0.5M was obtained.

Preparation of M1

Co(No_o;)'z (0.5 M, 100.0 ml) was added to 100 mi of a

stirring 2r solution (0.5M) . After stirring for a few
15 minutes, a gel was obtained. The gel was dried at 120°C

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

- 'grinding in a mortar and pestle, Ml was obtained.-

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

After stirrj_.ng for a few minutes, a gel was obtained.




brom de, and 1% 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, mxture was passed through a reactor
(glass tube- ID 0.038", heating zone length 4") containing 2g of netal
oxi de ML which was heated to 350C. The products were analyzed using GC
100% et hyl brom de conversion was 15 obtained for 5 hours. An ethyl ene
selectivity of 96% was obtained. Byproducts included carbon dioxide (2%,
et hanol (<19, ethane (<0.5% . Reaction of ethyl chloride with M: 20 Ethyl
chloride (1 m/mn) is passed throggh a reactor (glass tube |ID 0.038",
heati ng zone length 4") <containing Sg of netal oxide M which is heated to
3500C. 39 100% ethyl chloride conversion is obtained. An ethylene
selectivity of Toded wbeafnted aw 1208C rfarerfehetsd. byhemeealdigedoasooC i n
oxygen with recovery of the chlorine. 5 Catalytic reaction of ethyl brom de
Wth titania: LSapicd fetchyd boonsde (BOftGeurl Qnimﬁmgasmapormaethﬂ)yandonbl ni ng
with an inert nitrogen carrier gas. The

pestle, M2 was obtained.

5 Preparation of M3
Co(NO3): (0.5 M, 80.0 ml) and boric acid (0.25 M, 40.0
ml) were added toe 100 ml of a stirring Zr. solution
(0.5M). After stirringl-for .a few minutes, a gel was
obtained. The-gel was dried at 120°C for 4 hours, then
.IO 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 KNO; (0.5 M, 20.0 ml} were
15 added to 100 ml of a stirring Zr sclution {0.5M). After

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

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

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

was obtained.




m xture .was passed a reactor (glass tube ID 0.38", heating zone |ength
4") containing 5g of titania (Ti02) 10 which was heated to 275C. The
reaction products were passed through an agueous sodi um hydroxide trap to
remove residual HBr prior to GC analysis. 60%ethyl brom de conversion was
obtained with ethylene selectivity of >99% w th no ethane observed within
the 15 detection |imts of <100 ppm In another configuration, the HBr is
scrubbed with copper oxide, which can be regenerated, instead of sodium
hydroxi de. Catalytic reaction of alkyl bromde with solid catalyst: 20 A
stream cont ai ni ng al kyl brom de (CnhH2nr2 1<n<21) or a m xture of al kyl
brom des is passed over a solid cﬁtalyst consi sting of cobalt brom de,
titania, platinum40 on silica, or other suitable nmaterial between 250 and

350C. 80% of thereplaleskeibti s dgs is converted to olefin wth 95%
selectivity. The hydrogen brom de produced is reacted with copper oxide,

produci ng copper SrerdyleofindhbonmdicRfrapihe coppes brandpaie negspesated by
-flowi ng oxygen-over it at 350C, which liberates bromne, which 1is
recover ed. : sufficient to give a loading of 40 wt % Co30; was made.

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

Brominatioq of ethane and reaction with Ml:
A ‘mixture of ethane and bromine of molar ratio 10:1 was
created by passing an ethane stream (5 ¢c¢/min) through a
‘bromine bubbler which was held at 0°C. The mixture was
10 passed into a first reactor ({glass tube ID 0.387,
heating zome length 4"), which was heated to 350°C. The
' efflue?t was previously analyzed by GC and by HNMR
analysis of products trapped in deuterochlbroform._lob%
bromine conversion with 9.5% ethane conversion were
15 obtained. The selectivity to bromoéthane was greater
than 94%. 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 various temperatures and
which contained Sg of Ml (except for 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.



Propane brom nation and subsequent reaction with Mb: 10 A m xture of
propane and brom ne of nolar ratio 3.6:1 was created by passing a propane
stream (5.0 m/mnute) through a brom ne bubbler which was held at 21.0C

The mxture. was passed into a first reactor (glass tube ID 0.038",
heating zone length 4"), which was heated to 15 350C. The effluent was

previously analyzed by GC and by NMR analysis of products trapped in

deut erochl oroform  100% brom ne conversion with 27% propane conversi on
.were obtained. The selectivity to 2-bronopropane was 90% The .ot her
products were 2, 2-di bronpropane (-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

contai ned 59 of The. cEhglpiodeelectirtieianalimebss oI Bgn{dendhR188l @ativities
(based on. propane conversion) were propylene (90%, acetone (5%, other '
(5% . 5 - Reacthdd dbtéetydrmeenane) Wkhe 16Bprétindtdigeay), brgr des(0. 6

m/mn) was passed (with a '
34%, and 90% at 175°C, 200°C, 225°C, 250°Cc, 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 M1:
Liguid ethyl ‘bromide‘ (0.6 mi/hr} was vaporized by
ID combining with an inert nitrogen carrier gas. The.
mi-xt;,ure was passed through a reactor (glass tube ID
"ﬁ.-038", heating zone length 4%) containing 2g of metal
oxide Ml which was heated to 350°C. The prodicts were
anélyzed using GC. 100% ethyl bromide conversién was
IS obtained for 5 hours. An ethylene selectivity of 96%'
was obtained. Byproducts included carbon dioxide (2%),

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

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

{glass tube ID 0.038~, heating zone length 4~)

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



nitrogen carrier gas) into a reactor (glass tube ID 0.38", heating. zone
| ength 4") containing -2 g of netal 10 oxide M3 which was heated to 200C.

The sanple of M3 wused was previously used in nore than 5
reacti on/regeneration cycles. The reaction was run for 2 hours with the

products collected in 6g of cold CDC13. NMR 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 M:
Nitrogen (5 m/mn) was bubbl ed through 1- bromopentane 20 at room
tenperature and fed to a reactor %I ass tube ID 0.38", heating zone | ength
4") containing 2 g of netal oxide®®M3 which was heated to 200C. The sanple

of M3 42 used was previously used in nore than 5 reaction/regeneration

cycles. The reaqitio@Nev@pl rdhl ok 98e 2eofVilsIoi 18 L& iNaduChS ed in 6g
of cold CDC13. NWR awﬁfym S derr%ns(t)rat ed°100% convlere5| on, Egi,{,_ﬁ&ﬁ

products were prsedestnaidy Yor Ay ngd ghefidas W tbhl alS Sﬁéfé}}éﬁéltteﬁ q;y greater
than 90% Reaction of m xed al kyl brom des with
heating to 600°C in oxygen with recovery of the chlorine.

5 Catalytiq 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¢) coﬁtaining 5g of titania (TiO3)

10 which was heated to 275°C. The reaction products were
passed through an aqueous sodium hydroxide trap to
remove residual HBr prior to GC analysis. 60% ethyl
bromide conversioﬁ was cbtained with ethylene
selectivity of >99%% with no ethane observed within the

15 detection limits of <100 ppm. In another c¢onfiguration,
the HBr is scrubbed with copper oxidé, which can be

regenerated, instead of sodium hydroxide.

Catalytic reaction of alkyl bromide with solid catalyst:
20 A stream containing alkyl bromide (Cﬁﬁme 1<n<2i} or a
mixture of alkyl bromides is passed over a solid

catalyst consisting of cobalt bromide, titania, platinum




A stream containing a m xture of 90% al kyl brom des 10 (CH28. 1Br 1<n<21),
9% di br onoal kanes (CnH2nBr2 1<n<21), and 1% nore hi ghly brom nated al kanes
is passed over M at 250C. 100% conversion is obtained with a product

nmol ar conposition of 80% ol efins, 8%diolefins, and a bal ance consisting
of carbon dioxide, alcohols, glycols, 15 and other hydrocarbons. Reaction
of di bronododecane with M: M xed isoners of dibronododecane are passed
over a bed of ML at 300C. 100% conversion is obtained with 80% 20
selectivity to diolefin. 43 Reaction of vinyl brom de with copper oxide: A
stream contai ning 10 nolt vinyl br4 m de is passed over cupric oxide at
350C. More than 99.9% of the vinyl bromde is renoved fromthe stream The
vinyl bromide 5 reacts with the cupric oxide produci ng cuprous oxi de,
copper bromi desn Ganbea, dooXcdherakgivabas - mEOé i NGk tweeACtdsaN, ardde sol id
I s anneal ed in oxygen at 375C, liberating bromne for reuse and

regenerating thgoeuUPrigps % @8e L8kyl bromide is converted to olefin
with 95% selectivity. The hydrogen bromide produqed 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.

_Propaﬁé bromination and subsequent reaction with M5:
iO A mixture of propane and bromine of molar ratio 3.6:1
" was created by passing a propane stream (5.0 ml/minute}
- through a bromine bubbler which was held at 21.0°C. The
mixture was passed into a first reactor (glass tube ID
0.038”, heating zone length 47),; thch was heated to
15 350°C. The effluent was previously analyzed by GC and by
NMR analysis of products trapped in deuterochloroform.
'100% bromine conversion with 27% propane conversion were
- obtained. The selectivity to 2-bromopropane was 90%.
- The other products were 2,2-dibrompropane (~10%) and 1~
20 bromopropéne {< 1%). 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 350°C and




Reaction of m xed brom des with copper oxide; A streamcontaining a m xture
of organic brom des is passed over cupric oxide at 350C. More than 99. 9%
of the brom des are renpved fromthe stream The brom des 15 react with

t he cupric oxide producing cuprous oxide, copper brom des, carbon dioxide,
and water. Following reaction, the solid is annealed in oxygen at 375C

| i berating brom ne for reuse and regenerating the cupric oxide. 4-4

Addi tion of water to ethane reaction: A mxture of ethane and brom ne of
"nolar ratio 10:1 was created by passing an ethane stream (5 m /mn)
through a brom ne bubbler which wgs held at 0OC. The mixture was 5 passed
into a first reactor (glass tube 1D 0.038", heating zone |length 4"), which
was heated to 350C. The effluent was previously analyzed by GC and by NWR
anal ysis of produchs aandppeedi figdedt &150Chi THOfPrdauct@0%e ol AHAIGzeQNVer si on
with 9.5% et hane conversion were 10 obtai ned. The selectivity to ,
br onpet hane was*sjmgat &C- t hanTRe% sdhectaivfikiient qbakbe fbhSt prepahion was
conbined with the addition of variable amounts of excess

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

(5%).

~Reaction of l-bromodecane with M3:
V.Liquid decylbroﬁide (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 g of metal
10 oxide M3 which was heated to 200°C. The sample of M3
used was prgviously used in more than 5
reaction/regeneration cycles. The reaction was run for 2
,-.h_ours with the products collscted in 6g of cold CDCl,.
NMR analysis demonstrated 100% conversion, and the
15 products were predominantly internal ‘olefins with a

selectivity of greater than 85%.

Reaction of l-bromopentane with M3:

N'itrogen' {5 ml/min) was bubbled through Il-bromopentane
20 at room temperature and fed to a reactor (glass tube ID

0.38", heating zone length 47) containing 2 g of metal

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




wat er and passed into a second reactor (glass tube ID 0.38", heating zone
| ength 4"), which contained 5g of ML 15 at 200C. As the water : brom ne
nolar ratio was varied froml to 4 to 9, the ethanol produced increased
from 0.07 to 0.09 to 0.14 mol / hr respectively. The correspondi ng et her
production rates were 0.21, 0.22, and 0.07. 45 Addition of water to

hi gher al kyl brom de reaction A m xture of steam and dodecyl nonobrom des in
a molar ratio of 10:1 is fed to a bed of nmetal oxide M4 at 175C. 100% of
t he dodecyl nonobrom de is converted with a 5 selectivity of 508 to
dodecyl al cohol s ‘and 50% to dodecgpe (various isoners). Sinmultaneous steam
stripping of higher olefins: A mxture of steam and dodecyl nonobrom des in
a nolar 10 ratio of 10:1 is fed to a bed of netal oxide ML at 2500C. 100%
of the dodecyl #8f8br olifle | BrEBHAETIYed W a el ed®@afi ty ¥1am00%% 0

dodecene (Vvarious isomers). Post-reaction steam stripping of higher
ol efins: 15 DodBe§HRIMIBEERLTREI Y S¥CaaSt oThE TR IAORelaF BYR JEPVE  at

200C. 100% of the dodecyl nonobromni de are_converted
hours with the preoducts collected in 69 of cold CDCli.

NMR analysis demonstrated 100% conversion, and the
5 products were predominantly internal olefins with a

gselectivity of greater than 90%.

. Reaction of mixed alkyl bromides with Ml:
A stream containing a mixture of 90% alkyl bromides
10 - (CuHawiBr 1<n<2l), 9% dibromoalkénes (CoBanBr: 1<n<2i),
and 1% more highly brominated alkanes is passed over Ml
at 250°C. 100% conversion is obtained with a product
‘molar composition of 80% olefins, 6% diolefins, and a
balance consisting of carbon dioxide, alcohbls_, 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.




with a selectivity of 80%to dodecene (various isoners). At the conclusion
of the reaction, 108 of the product remains adsorbed to the solid and .95%
of this is 20 recovered by passing steamthrough the reactor at a flowate
equal to ten tinmes the reactant flowate for a period of 10 m nutes. 46

H gher ol efin hydration: Dodecyl nonobrom des are fed to a bed of netal
oxide ML at 200C. 100% of the dodecyl nonobrom de are converted 5 with a
selectivity of 90%to dodecene (various isoners). The product m xture is
fed along with a ten fold excess of water to a bed of sulfated zirconia
hel d at 175C. 50% conversion of dgdecene to dodecyl alcohols (m xed
isoners) is achieved. 10 Neutraliz %tion of HBr froma mxed streamwith

cal cium oxi de and subsequent regeneration: A stream containing hydrogen

brom de, ethyl Femetide, of atimyll Brédiwd efthadshbgergbgia®y omi des of ethane is
passed 15 over cal cium oxide at 150C. The hydrogen brom de reacts with the
oxi de, produci 2g stakanuocovirmniag a0OOmo¥H &inyl bromide is passed over
cupric oxide at 350°C. More than 99.9% of the vinyl
bromide is removed from the stream. The Qinyl bromide
5 reacts with the cupric oxide producing cuprous oxide,
copperx bromides, carbon dioxide, and water. Following
reaction, the solid is annealed in oxygen at 375°C,
libefating bromine for reuse and regeneréting the cupric
qxide.
10
Reaction of mixed bromides with copper oxide:
A stream containing a mixture of organic bromides is
passed over cupric oxide at 350°C. More than 99.9% of
the bromides are rémqved from the stream. The bromides
15 1react 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,




The organic brom des pass through the reactor substantially unreacted. The
calciumbrom de is subsequently oxidized by passing air over the materi al
20 at 500C, rel easing bromi ne and regenerating the cal cium oxide. 47
Neutralization of HBr froma mxed streamwth 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 broni de reacts with the oxide, producing cobalt broni de and water.
The organic brom des pass through the reactor substantially unreacted.

The cobalt brom de is subsequently, pxidized by passing oxygen over the
material at 350C, releasing 10 brom ne and regenerating ML. Neutralization

of HBr with ML and subsequent regeneration: - A stream of hydrogen
bromi de i s passBaddtien 9f yptesde ethsnaireantdeBgen bromi de reacts with the

oxi.de, producing cobalt brom de and water. The cobalt bromde is
subsequent |y oxPdf3sEuE Patbhageorygdhrdicre phemolar ratio 10:1 was

created by passing an ethane stream (5 ml/min) through a

z
bromine bubbler which was held at 0°C. The mixture was

5 passed into a first reactor (glass tube 1ID 0.038”;
heating zone length:4”), which was heated to 350°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 . obtaineq. The selectivity to bromoethane was greater
than 94%. The effluent of the first reaction was
combined with the addition of variable amounts of excess

. gater-and passed into a seccond reactor (glass tube ID
0.38”, heaﬁing zone length 4”), which contained 5g of M1

15 at 200°C. As the water : bromine molar ratio was varied
from 1 to 4 to 9, the ethanol produced increased from
0.07 to 0.09 to 0.14 mmol/hr respectively. The
corresponding ether production ratesl were 0.21, 0.22,

and 0.07.




material at 350C, rel easing bromne and regenerating ML. 20 Reaction with
oxybrom de: Ethyl brom de is passed over bisnuth oxybrom de at 350C. 80%
of the ethylbromide is converted with a selectivity 48 to ethylene of 80%
In the course of the reaction, the bisnuth oxybrom de is converted to

bi smuth brom de, which is subsequently reacted with oxygen at 500C,

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

bi smut h oxybrom de. Reaction with hydroxi de and hydrate: Steamis passed
over ML at 200C, resulting in the formation of cobalt hydroxide and cobalt
oxi de hydrate, 10 supported on zigconia. Ethyl brom de is passed over this
material 'at 200C. 50% of the ethyl bromde is converted, with 80%
selectivity to ethanol. Followi ng reaction, the cobalt bromde is oxidized
to cobalt oxi dePddikignssf ritptery §enhidheoughkyhebsmiice, rbabetaii ng broni ne.
15 The oxide is then exposed to steamto regenerate the hydroxide and
hydrate. Regene® aPHBfEst Ml: steam xanst edademtlvanebamlidesonimea ofnolkar rati o

10: 1 was )
ratio of 10:1 is fed to a bed of metal oxide M4 at 175°C,
100% -of the dodecylmoncbromide is converted with a

5 selectivity of 50% to dodecylalcohols and 50% to

dodecene {various isomers).

. Simultaneous steam stripi:ing of higixer olefinsg:

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

100% of the dodecylmoncbromide is converted with a

- selectivity of 90% to dodecene (various isomers).

Post-reaction steam stripping of higher clefins:

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% o'f the Vproduct.
remains adsorbed to the solid and  95% of this is

20 recovered by passing steafu through the reactor at a
flowrate equal to ten times the reactant flow.rate for a‘

period of 10 minutes.




20 created by passing a pressurized ethane streamthrough a 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 analyzed by GC and by NVR anal ysis of
products trapped in deuterochloroform 100% brom ne conversion with 9.5%
et hane conversion were S obtained. The selectivity to bronoet hane was
greater than 94% The effluent of the first reactor (approxinmately 4
cc/mn) was passed into a second reactor (glass tube ID 0.38", heating
zone length 4"), which was heated,to 200C and which contained 59 of M. 10
The products were anal yzed usi ng Gé. After 5 hours of reaction, the
reactors were purged and the solid was regenerated at 350C with fl ow ng
oxygen until brom ne evolution. ceased. After 26 reaction/regeneration
cycles, the material remained active and the chem cal 15 perfornmance

(conversi on, sdiigheryplefin dydiratiiomnchanged within experinental error.
Regeneration of M2: A mixture of ethane and brom ne of nolar ratio 10:1 was
Dodecylmonocbromides are fed to a bed of metal oxide Ml

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

‘5 with a selectivity of 90% to dodecene (variocus 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

Neutralization of HBr from a mixed stream with calcium
oxide and subsequent regeneration;

2 stream containing hydrogén bromide, ethyl bromide,

ethyl dibromide, and higher bromides of ethane is passed

.IS over calcium oxide at 150°C. The hydrogen bromide reacts

with the oxidg, producing caléiunn'bromide and water.

- The organic  bromides pass through the reactor

substantially unreacted. The calcium bromide- is

sabsequently oxidized_by passing air over the material

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

oxide.




20 created by passing an ethane streamthrough a brom ne bubbler which was

held at OC. The m xture was passed into a first reactor (glass tube ID
0.38", heating zone 50 length 4"), which was heated to 350C. The effl uent
was previously analyzed by GC and by NVR, analysis of products trapped in
deut erochl orof orm 100% brom ne conversion with 9.5% et hane conversion
were obtained. 5 The selectivity to bronobethane was greater than 94% The
effluent of the first reactor (approxinmately 4 cc/mn) was passed into a
second reactor (glass tube ID 0.38", heating zone length 4"), which was
heated to 200C and which containeg, 59 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 flow ng oxygen until brom ne evol ution
. ceased. The bri¥swtralizetionppfdEBn SmomqucouizedoditbanbydieXi e aslgap and
was anal yzed using UV VIS spectroscopy. For 15 four sequential runs, the

broni ne recover3rkiesguegnst vegenexdtionpe 94, 108, 100, and 98% of the bronine
input, with an uncertainty of approximately 5% The chem cal performance

of the M was uUhclF&fgel ¢waraintae hydrogen bromide, ethyl bromide,

ethyl dibromide, and higher bromides of ethane is passed
53 over Ml at 150°C. The hydrogen bromide reacts with the
okide, preducing cobalt bromide and water. The organic
bromides pass through the reaetor subStantiélly

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

10 bromine and regenerating Mi.

Neutralization of HBxr with M1 and subsequent

- regeneration:

A stream of hydrogen bromide is passed over M1 at 150°.
15 | The hydrogen bromide reacts with the oxi&e, prodﬁcing

cobalt bromide and . water. The cobalt bromide is

subsequently oxidized by passing oxygen over the

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

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

80% of the ethylbromide is converted with a selectivity




runs. 20 Although preferred enbodi nents of the invention have been
illustrated in the acconpanying Drawi ngs and described in the foregoing
Detailed Description, it will il be understood that the invention is not
limted to the enbodinents disclosed but is capable of nunerous
rearrangenents, nodifications, and substitutions of parts and el enments
w t hout departing fromthe spirit of 5 the invention. 52 Cains: 1. A
nmet hod of synthesizing ol efins, alcohols, ethers, and al dehydes conpri sing
the steps of: providing a first reactant selected fromthe group consisting
of al kynes, = 5 al kynes, dienes, and aromatics; providing a second reactant
conprising a halide selected from¥he group -consi sting of chlorine,
‘brom ne and iodine; reacting the first reactant and the second reactant to
forma first reacithghepe oolfic8#4s.10 Incabei cgutére 41 rthe rreaetiion, ptkriuct with
a solid oxidizer thereby formng a product selected fromthe group '
consi sting of dlismiunl, cHybgleside ettheconvenepd to bismuth bromide,
which is subsequently reacted with oxygen at 300°C,
releasing a portion of the bromine in the solid and

5 regeneratibg 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 b:omi@e is passed over
this material ~at 200°C. ' 50% of the ethyl bromide is
cénverted, with 80% selectivity to ethanol. Following
reaction, the cobalt bromide is oxidizeéd to*cohalt_oxide.u
by passing oxygen through the solid, liberating bromine.
[5 The oxide is then exposed to steam to regenerate the

hydroxide and hydrate.

. Regeneration of Ml:

A mixture of ethane and bromine of molar ratio 10:1 was
20 created by péssing 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%,




al dehydes, and spent oxidizer; oxidizing the spent oxidizer to produce the
original solid oxidizer and the original second reactant; 15 recycling the
solid oxidizer, and recycling the second reactant. 2. The nethod according
to claim | wherein the first reactant conprises an al kane having a carbon
nunber :S 16. 20 3. The nethod according to claim1l wherein the solid
oxi di zer conprises a netal oxide. 4. The nethod according to claim!|l
wherein the solid oxidizer conprises 25 a nmetal halide. 5. The nethod
according to claim|l wherein the solid oxidizer conprises a solid hydrate,
30 6. The nethod according to claim5 wherein the solid hydrate conprises
a netal oxyhydrate 53 7. The nethod according to claim5 wherein the

solid oxidizer ri ses oI| hydr at e elect n1the roup_consi sting
of hydrates of }H%ﬁ i1 gsz°§ﬁl ‘P{S S‘I"?B%ﬁa’f% flosphi%les,
nitrides, and nitrates. 5 8. The nethod accordln% to clal 1 wherein the
step of reacti ftlhlgn Eir¥qs previously analyzed and by NMR

analysis of products trapped in deuterochloroform. 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 0.38”, 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 we.re ‘purged and the solid was
regenerated at 350°C with flowing oxygen until bromine
-evolution. .. ceased. Z-%.fter 25 reaction/regeneration
cycles, the material rémained active and the chemical
15 performance {conversion, seléctivity) remained unchanged

within experimental error.

Regeneration of M2:

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

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

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




reaction product with a solid oxidizer is carried out at a tenperature of
bet ween about 350C and about 4000C. 9. The nethod according to claiml
wherein the solid oxidizer is selected 10 fromthe group consisting of
MO, CaO FeMO' FeWD. . La203; Ca(OH)2, PbO CuO Bi 233, MyzZrx, zZnO 10.
The met hod according to. claiml| wherein the solid oxidizer conprises

CQzZr Ox. 15 11. The nethod according to claim 1l including the additional
including water in the reaction between the first reaction product

step of

and the solid oxidizer 20 12. A nmethod of synthesizing ol efins, alcohols,

ethers, and al dehydes conprising the steps of providing a first reactant
al kynes, dines,

sel ected fromthe group consistingeof al kanes, alkenes,
and aromatics; providing a second reactant conprising brom ne; 25 reacting

the first reactant and the second reactant to fort a first .reaction
product; react tBBIthe Pir ¥hifRates dirasedduet 399°Ch aThel pALbyErdi es
conprising CoZrQO _thereby form ng a product selected fromthe group
consi sting of BFeYigRslY apedhwtad  b¥hefS, anl &vdeNfBesanalubispent
oxi di zer; 30 oxidizing the spent oxidizer to produce the original
oxi di zer and products” trapped in deuterochloroform. 100% bromine

.solid

conversion with 9.5% ethane conversion were obtained.

5 The selectivity to bhromoethane was greater than 94%.

The effluent of the first reactor (approximately 4

¢c/min) was passed into a second reactor {glass tube ID

0.38”, heating zone length 4”), which was heated to 200°C

and which contained 5g of M2. The products were

10 analyzed using GC. After 5 hours of reaction, the

reactors were purged and the solid was regénerated at

350°C with flowing oxygen until bromine evolution ceased.

The bromine was trapped in an aqueous sodium h.ydrox.i:clé

trap and was analyzed using UV/VIS spectroséopy. For

.15 four sequential runs, the bromine recovery was

determined to be 94, 108, 100, énd 98% of the bromine

input,  with an 'uncertainty of approximately 5%. T-h'e

Chemical performance of the M2 was unchanged over these
runs. |

- 20 + .Although preferred embodiments of the invention

have_begn illustratéd in the accompanying Drawings and

described in the foregoing Detailed Description, it will



the original second reactant; recycling the solid oxidizer, and recycling
the. second reactant. 54 13. The nmethod according to claim12 wherein the
first reactant conprises an ai kane having a carbon nunber < 16. 14. The
met hod according to claim 12 wherein the step of reacting the first 5
reaction product with a solid oxidizer is carried out. at a tenperature of
bet ween about 350"C and about 400C. 15. The nmethod according to claim 12
i ncluding the additional step of including water in the reaction between
the first reaction product and the solid |a oxidizer. 16. A nethod of
synthesi zing ol efins conprising the steps of: providing an al kane stream
~conprising by-products resulting frpmthe manufacture of olefins; 15
provi ding a. second reactant conprising a halide selected from the group
consisting of chlorine,, bromne and iodine; reacting the al kane stream and
t he second reactintundersoeed fadt theeai@tvieonim ollsichst ahthithedr agerchial i de;
separating the first reaction products fromthe hydrogen halide; 20
reacting the firesbodipgitson Piscdaeed wheh aisol cdpdxiali zef timesetops f ormi ng

a strean1of ol efins and spent oxidizer,
rearrangements, mod1f1cat10ns, and substitutions of

parts ‘and elements without departing from the spirit of

5 the invention.



oxi di zing the spent oxidizer resulting fromoxidation of. the first
reaction products to produce the original solid oxidizer and the original
second reactant; 25 recycling the solid oxidizer, recycling the second
reactant; reacting the hydrogen halide with a solid oxidizer thereby
formng water and spent oxidizer, oxidizing the spent oxidizer resulting
fromthe oxidation of the 30 hydrogen halide to produce the original solid
oxi di zer, and recycling the solid oxidizer. 17. The nmethod according to
claim 16 wherein the al kanes conprising the alkane stream have carbon
nunbers < 16. 55 18. The nethod according to claim 16 wherein the solid
oxi di zer conprises a netal oxide. 19. The nethod-according to claim16
wherein the solid oxidizer 5 conprises a netal halide. 20. The net hod
~according to claim 16 wherein the solid oxidizer conprises a solid

hydrate. 10 2L &mﬁﬁpethod according to claim 20 wherein the solid hydrate
conprises a met oxyhydrate 22. no nethod according to claim20 wherein
the solid oxidizer A method of synthes:zmg olefins, alcohols, ethers, and aldehydes

comprising the steps of:
providing a first reactant selected from the group consisting of alkenes,
5 alkynes, dienes, and aromatics;
providing a second reactant comprising & halide selected from the
| gmupcons‘isting of chlorine, bromine and iodine;
reacting the first reactant and the second reactant to form a first
reaction product;

10 reacting the first reaction prodet with a solid oxidizer thereby forming
a product selected from the gmup consnsung of olefins, aloohols, ethers, and
aldehydes, and spent oxidizer;

oxidizing the speut- onchzcr ta produce the ongmal solid oxidizer and
the original second reactant;
- 15 recycling the solid oxidizer; and
recycling the secend reactant,

2. The method accordmg 1o claim 1 wherein the first reactant comprises
_ an alkane having-a carbon number <16.

3 "I‘he; method acc_or‘ding to claim 1 wherein the soli& oxidizer comprises
& metal oxide. | |

4, The method accardmg to cla:m T wherein the solid oxxd:zcr comprises
25 ameta) hahde

5. The method according to claim 1 wherein the solid oxidizer comprises
4 golid hydrate,
30 6. The method according to claim 5 wherein the salid hydrate comprises

a metal oxyhydrate.



conprises a solid hydrate selected fromthe group consisting of hydrates of
hal i des, 15 sul fides, carbonates, phosphates, phosphides, nitrides, and
nitrates, 23. The nethod according to claim 16 wherein the step of reacting
the first reaction product with a solid oxidizer is carried out at a

t enper ature of between about 350C and alsaut 4000C. 20 24. The net hod
according to claim 16 wherein the solid oxidizer is selected fromthe
group consisting of MgO, CaO FeMOl, FeWXx, La2@3, Ca(OH)2. PbO CuQ

Bi 203, My7xOx, ZnO. . 25 25. The nethod according to claim 16 wherein the
solid oxidizer conprises CoZrO, 26. The method according to claim16
i'ncluding the additional step of including water in-the reaction between
the first reaction product and the solid 30 oxidizer. 27. A nethod of

synt hesi zi ng ol efins, alcohols, ethers, and al dehydes conprising the steps

of: providing a firs re tan%agele ted from the grouP consi sting of
al kanes; 56 provi di 8t claigg pyhessin fhe solifh aniliens cempriest ed from

the group consmssblxmgyda:fte edidcadi frvn ubrmn;ensaﬁﬁh bioKlidRes of BARLY, Bendbe first
reactant and the, 86600 dnd SRR AMbedhed %fmfaegaandfst reaction product;

.5 8. The method according to claim I wherein the step of reacting the first
reaction product with a solid exidizer is cartied out at a temperature of between ghout
350°C and about 400°C.

: 9. The methed according to claim I wherein the solid oxidizer is selected
10  from the group congisting  of Mp0O, CaO, FeMoO,, FeW0,,
La;03, Ca(OH);, PbQ, Cu0, Biz03, MgZrQ,, ZnO.

10.  The method according to claim I wherein the solid oxidizer comprises
CoZrQ),. '
15
_ 11.  The method according to claim 1 including the additional step of
including water in the reaction-between the first reaction product and the ‘solid
oxidizer.

20 12 A mithod of synthesizing olefins, alcohols, othexs, and aldehydes
comprising the steps of:
providing a first reactant sclcctcd from the group. consisting of alkanes,
atkenes, alkymes, dienes, and aromancs, :
providing a second teactant comprising brontine;
25 _ ' reacting the first reactant and the -secqﬁd reactant to form a first
reaction product;
reacting -the first reaction product: with a solid oxidizer compnsmg
CoZrO, thereby forming a product selected from the group consxsnng of olefins,
alcohols, ethers, and aldehydes, and spent oxidizer:
30 omdmng the spent oxidizer to produce thé original solid oxidizer and
the original second reactant; '
recycling the solid oxidizer; and

recycling the second reactant.



5 reacting the first reaction product with a solid oxidizer selected from
the group consisting of netal halides, solid hydrates, netal oxyhydrates,
and nmetal oxides selected fromthe group consisting of MgO CaQ, FeMO.,
FewD, , La203, Ca(OH)z, PbO CuOQ fii203, MyzZrO,, ZnO and CoZrQli ereby
formng a product selected fromthe groap -consisting of olefins,

al cohol s, ethers, and al dehydes, and 10 spent oxidizer, oxidizing the
spent oxidi zer to produce the original solid oxidizer and the original
second reactant; recycling the solid oxidizer, and recycling the second
reactant. 15 28. The nmethod according to claim 27 wherein the first
reactant conprises an al kane having a carbon nunber < 16. 29. The net hod
according to claim27 wherein the solid oxidizer 20 conprises a solid
hydrate selected fromthe group consisting of hydrates of halides,

sul fides, carbonates, phosphates, phosphides, nitrides, and nitrates. 30.
The net hod accor di nd3t o Eiednstiod aWﬁé‘F‘Elt?}‘:]ﬂlF‘Pems"t}\*}ﬁ"ﬁhe firatreaciapirompises j r st

reacti on produchn aMtabhdmaARingQlchorthdbezels, i S carried out at a tenperature of
bet ween about = 25 350C and about 400C. 31. The nethod according to claim!]

wherein the solid oxidizer conprises CoZrOx. 30 32. The- met hod according
to claim1 includi ng4t heTteduakittod aradding teegaimil2 whercin the step of reacting the first

5 reaction product with a solid oxidizer is cartied ous at a temperature of between dbout
350°C and about 400°C. ‘ '

15.  The method according to claim 12 including the additional step of
in¢luding -water in the reaction between the first reaction- product and the salid
10  oxidizer. '

16. A method of synthesizing,olefins comprising the steps of:
providing an alkane stream comprising by-products resulting from the
manufaciure of olefing;
15  providing a second reactant comprising a halide selected from. the
gmup consasung of chloring, bromine and iedine;
reacting the alkane stream and the second reactant to form first
xeaction products and hydrogen hahde
separating the first reaction products from the hydrogen halide;
20 reacting the first reaction products with a solid oxidizer thereby
féniiing a stream of olefins 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

e
25 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 oxidation of the
30 hydrogen halide to produce the ongmal solid axidizer; and
recycling the solid oxidizer.

17.  The method according to claim 16 whercin the alkanes compnsmg the.

alkane stream have carbon numbers < 16.



I ncl udi ng wat er

solid

oxi di zer.

10

15

20

25

in the reaction between the fast reaction product and.

55

18. The method according to claim 16 wherein the solid oxidizer

comprises a metat oxide.

19, The method according to claim 16 wherein the solid oxidizer

cornprises a metal halide.

20. The method according to clsim 16 wherein the solid oxidizer

_comprises a solid hydrate,

21.  The method according io claim 20 whersin the solid hydrate comprises
a metal oxyhydrate.

22.  The method according to claim 20 wherein the solid oxidizer

comprises a solid hydrate selected from the group consisting of hydrates of halides,

sulfides, carbonates, phosphates, phosphides, nitrides, and niteates.

23.  The method according to claim 16 wheretn the step of reacting the first
reaction product with a solid oxidizer is camied out at & temperature of between about
350°C and about 400°C.

24.  The method according to claim 16 wherein the solid oxidizer is

selected from the group consisting of MgO, Ca0, FeMoO,, FeWO,,
Lﬂz‘Og,-Ca(OH)z, PbO, CuQ, Bi;05, MgZiQy, Z00..

25. The method according to c¢laim 16 wherein the solid oxidizer

. comprises CoZrQy.

10

26.  The method according to claim 16 including the additional step of
int::iuding water in the reaction between the first reaction product and the solid

oxidizer.

27. A method of synthesizing olefins, alcohols, ethers, and aldehydes

_comprising the steps of:

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

t he



10

15

23

30

56

7 _ providing a second reactant comprising a halide selected from the

group consisting of chlorine, bromine and iodine;

reacting the first reactant and the second reactant to form a first
reaction product; , -
reacting the first reaction product with a. solid oxidizer selected from
the group consisting of metal halides, solid hydrates, metal oxyhydrates, and metal
oxides selected from the group consisting of MgQ, CaQ, FeMoQ,, FeWO,, La;0;,
Ca(OH)z PBO, CuQ, Bi;0,, MngGx ZnQ), and ConOLthcreby forming a product-
selcctcd from the group-consisting of olefing, alcohols, ethers, and aldchydes, 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.

28,  The method according to claim 27 wherein the first reactant comprises
an alkane having a carbon mumber < 16,

29.  The method according to claim 27 wherein the solid oxidizer .
comprises 2 solid hydrate sclected from the. group consisting of hydrates' of halides,
suffidés, carbonates, phosphates, phosphides, nitrides, and nitrates.

30.  The method according to claim 1 whenzsin the step of reacting the first
reactiont product with a solid oxidizer is cartied out at a temperature of between about

'350°C and abont 400°C,

3L The method according to claim 1 wherein the solid oxidizer comprises
CoZxO;.

32, The method according to claim ! including the addition;'d step of

: mciudmg water in the reaction berween the first reaction product and the solid .

wadizer.




