WO 03/ 062172 PCT/ US02/ 22817 | NTEGRATED PROCESS FOR SYNTHESI ZI NG ALCOHQOLS,
ETHERS, AND COLEFI NS FROM ALKANES BACKGROUND OF THE | NVENTI ON Met hane has
previ ouslwolamsiconverted to net hanol by the hal ogenati orCafusem2isane

foll owed by hydrolysis of the nethyl halide to form nmet hanol. For exanple,
gaseous 5 chlorine has been used to chlorinate nethane to form chlorinated
met hane, pri AEIEGRINTEY PREGHTY FORMMNOHEAENG ALGY LA TSt MNP IHENS ERPNOALIHESES | | e.
di chl oronet hane, trichloronethane and carbon tetrachl ori de.

Al ternatively, BROKRGROGSDOFTHENNSHNEION 10 oxychlorination with oxygen
and hydrochloric acid to formthe foregoing conpounds. The chl ori nated

met hanes produced agg. ﬁéﬁ gy ds!r@vg.gﬁs‘i§p%eeﬁlﬂa%%ntv@r@%@dL@@ meRhharal |

f or mal dehyde, form c aci roducts i ncl udi ng carbon di oxi de and

hydrochl oric aC%Ydt%ls g;ra ?ﬁ%ge:?%‘ %rll’l Y meh: rrllenalrf Plowé& eﬁ%‘ ﬁ%&%otl sig of

Hydrochl oric used |n ogena i 0 K&né

ei ther nmethod and nust be recaovered drated b t d ||
and recycl ed. CBP?O?FGHYén@a]dﬂ?ref %r%?ﬂ%n‘é&fﬁ%‘? ed é??ﬁ&gﬁgiﬁaln%fa:sﬁé’%g o

chl ori ne
5 chlorine has been used to chlorinate methane to form

chlorinated methane, principally methyl chloride,

together with other chlorides, i.e., dichloromethane,
trichloromethane and carbon tetrachloride.
Alternatively, methane has been gubjected to

10 oxychlorination with oxygen and hydrochloric acid to
form the foregoing compounds. The chlorinated methanes
produced are hydrolyzed in the wvapor phase to produce
methanol, formaldehyde, formic acid and by-products,
including carbon dioxide and hydrochloric acid,

15 depending on the chlorination selectivity. Hydrochloric
acid is produced or used in the halogenation of methane
by either method and must be recovered, dehydrated by
azeotropic distillation and recycled. Corrosion and
other problems involved with the handling of chlorine

20 and hydrochloric acid are substantial.

U.S. Pat. No. 3,172,915 granted to Borkowski, et

al. is directed to a process for converting methane to



20 and hydrochloric acid are substantial. U S. Pat. No. 3,172,915 granted
to Borkowski, et al. is directed to a process for converting nethane to WO
03/ 062172wB@3B/0t8802/ 22817 et hanol . Bor kowski di scl oses t peTarsomeisnat i on of
met hane using ferric chloride at high tenperatures to produce

chl oronet hanes and hydrogen chloride. The process requires tenperatures in
the range of 220-800 5 C., nore preferably 250-450 C., and | ong residence
times, e.g., nore than one hour. Further, the process is hindered by the

pr oduction Ofm@tmﬁéy! e @loridwiidinat j9Bc1BLRdUCt She €. Q:hl_ocx*ﬂrfé{tQL_@i hage,
di chl oronet hane, trichl oronethane and carbon tetrachl ori de, mhlch nust be

10 separated h ]?gggg her ¥gg;qggﬁ
fromthe ene#8§E$%§%|¥§%9%% 5ér£9ﬁgq; erric c |0H?dghaﬁ%3 romthe corr05|on

and handl i ng bl enms | herent wi_th hydrachloric acid. t ent
5, 243, 098 gr a%]F% $% Mqhq Fonﬁhcﬁnscﬁ 0535‘8 35—3 FOFRE hoFH ver {rgo
nmethane to nethanol. In the MIler process the reacti on of _ nethane mnth

cupric chl or iREPFRERIUEESUARESr SrRSTPRIFRL FRE 1N the range of 220-800°

5 C., wmore preferably 250-450° C., and long residence
times, e.g., more than one hour. Further, the process is
hindered by the production of a mixture of chlorination
products, e.g., chloromethane, dichloromethane,
‘trichloromethane and carbon tetrachloride, which must be

10 separated before hydrolysis to methanol. Other
disadvantages result from the energy required to dry the
ferric chloride and from the corrosion and handling
problems inherent with hydrochloric acid.

U.s. Patent No. 5,243,098 granted to Millerxr

15 discloses another method for converting methane to
‘methanol. In the Miller process, the reaction of methane
with cupric chloride produces chloromethane and
hydrochloric acid. These intermediates are then reacted
with steam and a catalyst containing magnesium oxide to

20 producé methanol and magnesium chloride. Magnesium oxide
is regenerated by treatment of the magnesium chloride

by-product with air or oxygen. Cupric chloride is



hydrochloric acid. These internmediates are then reacted w th steamand a
cat al yst contai ni ng nagnesi um oxi de to 20 produce nethanol and magnesiu

chl ori de. wbhlgiexdirzum oxi de _ _
by-product with air or oxygen. Cupric chloride is 2 WO 03/06

chl ori de

PCT/ US02/ 22817 regenerated by treatnment of the cuprous .chloride by-
product with air and hydrochloric- acid. Wile these reactions proceed
favorable rates, attrition of the solid reactants, i.e., cupric and
magnesi um oxidrgeneratedgriiy i camptmpéci af filid ercsipamuhspr.obdesddlear by -

required

size. MIler mtedusuggestts atipr iandr oyiddecaldritRgaesHUM Ze@liile BEese
alternative reactants. Because of the attrition of the reactants,

difficulties assoeiahedplQousth dherhondhibng ofawal i dgecandibhe éﬂoﬁﬂg'
filters and processes required to regenerate the reactants, the e

process has proved %}%Itiaﬁt C,;OfLYe.U: %ﬁplz:éaitcengndl\?%argg’ng’g’préx'%-I&S:ﬁegéa

to MIler,
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di scl oses

rdentica convertin

near Pprocess

significant. Special filters and processes are required
to recover and regenerate the reactants in the required
particle size. Miller also suggests cupric bromide and
magnesium zeolite as alternative reactants. Because of
the attrition of the reactants,'difficulties associated
with the handling of solidsg, and the special filters and
processes required to regenerate the reactants, the
Miller process has proved unsatisfactory. U.S. Patent
No. 5,334,777, also granted to Miller, discloses a
nearly identical ©process for converting ethene to
ethylene glycol.

U.S. Patent No. 5,998,679 granted to Jorge Miller,
discloses a process for converting alkanes and alkenes
to the corfesponding lower alkanols and diols. In the
method of the invention, a gaseous halogen (bromine) is
produced by decomposing a metal halide in a liquid
having a melting point below and a boiling point above

the decomposition temperature of the metal halide. The

m

is regenerated by treatnment of PCTaSomgEs@Si um
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to recover and regenerate the reactants in the required particle
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15 ethyl ene glycol. U S. Patent No. 5,998,679 granted to Jorge Ml er,
di scl oses a process for converting al kanes and al kenes to the

correspomaong/obader al kanols and diols. In the nethod of pchrajSoz/zasent i on,

a

gaseous hal ogen (bromne) is 20 produced by deconposing a netal halide in a
liquid having a nelting point below and a boiling point above the
deconposition tenperature of the netal halide. The 3 WD 03/062172

PCT/ US02/ 22817 preferred liquid is nolten hydrated ferric chloride

mai nt ai ned atpreferped attguibdt ween mdoidn 37280 €ed Theertyerclal &ai@e or

al kene is halogenated in a gas phase reaction with the hal ogen. The
resul ting al kydihediles o5t Saatkibedhbabbdgekfeent@echfd W Idy @ et afne

hydr oxi de,

preferably an agueous solution of ferric hydroxide, to

regenerate thﬁmﬂ@éa%l%%%kdgx?”%l@EQEPCf t@ﬁgﬁﬁﬁ%ﬁﬁﬁgfnghnq%!gﬁgr Ig gol or

diol. Problens wth thi's  process include _ _
REpAs st T R e A S
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onal ogena

alkyl dihalide is contacted with a metal hydroxide,
preferably an aqueous solution of ferric hydroxi&e,rto
regenerate the metal halide and produce the
corresponding lower alkanol or diol. Problems with this
process include low monohalogenation selectivity, and
corrosiveness of the hydrated ferric halides, which may
present a containment problem if the process is run at
280° C, where high pressure gsteam 1is required to
maintain ferric halide hydration. Finally, the process
produces a great deal of water and HCl or HBr, all of
which are difficult to separate on a large scale from
the desired product methanol.l

Published international patent application WO
00/07718, mnaming Giuseppe Bellussi, Carlo Perego, and
Laura Zanibelli as inventors, discloses a method for
directly converting methane and oxygen to methanol over
a metal halide/metal oxide catalyst. This is not a

catalyst 1in the true gense, however, because the

n-sel ectivity,



2800 C, where high pressure steamis required to maintain ferric halide
hydration. Finally, the process produces a great deal of water and HCl or
HBr, all wbokbexi ch are difficult to separate on a | ar gepsaalse2/trsom t he
desired product nethanol. Published international patent application WO
00/ 07718, nam ng G useppe Bellussi, Carlo Perego, and Laura Zanibelli as
i nventors, discloses a nethod for 20 directly converting nmethane and oxygen
to nmethanol over a netal halide/netal oxide catalyst. This is not a

catal yst in tHeaatian sanselvépwevensieecalisbaihde £rv@ @3/m@E2072halide
PCT/ US02/ 22817 reaction involves transfer of halide froma netal halide
vi a reacti onwiia hreethdne twithdirfdfigrent et al axifderapoduetay the: qet al
hal i de and net hanol downstream Eventually the halide is | eached and the

cat al yst | osegodudciitig vidne @edniet m@lliddeante Met@atbl eladinstre AN
Chem Soc. 1985, 107, 7097-7105) discloses a nethod for converting

net hane to ”%k@%ﬂﬂarﬂyiﬂﬁéhﬁélﬂaéiQESJQQﬁ%Qa and the catalyst loses
5 activity.

Olah et al. (George A. 0Olah, et al. J. Am. Chemn.

Soc. 1985, 107, 7097-7105) discloses a method for

converting methane to methanol via methyl halides (CH;Br

and CHCl), which are then hydrolyzed to Prepare

10 methanol. In the process, CH3;Br and CH;Cl are hydrolyzed

over catalysts with excess steam generating a mefhanol,

water, and a HC1 ‘or HBr mixture. The separation of

methanol (about 2% by mole) from ﬁc1 or HBr and water on

an industry scale (2000 tons per day) requires an

15 enormous amount of energy and generates a great deal of

aqueous HCl or HBr waste. Aqueous HCl and HBr are very

corrogive as well.



and CH3Cl), which are then hydrolyzed to prepare 10 nethanol. In the
process, CH3Br and CH3Cl are hydrolyzed over catalysts with excess steam
gener at i rgoasetinanol , water, and a HO or HBr mixture. Pog/usepaosation of
met hanol (about 2% by nole) fromHC or,HBr and water on an industry scale
(2000 tons per day) requires an 15 enornous anount of energy and generates
a great deal of aqueous HCl1 or HBr waste. Aqueous HCl and HBr are very
corrosive as well. 5 WD 03/062172 PCT/ US02/ 22817 SUMVARY OF THE | NVENTI ON
The present iSHIEMARYNOE OMKE i ENBGERTPORNCESS wherein bromine or a

brom ne-cont ai ni ng conpound is used as an internediate to convert al kanes

to al cohol's, ethergae Obresen®f i NS oY { 8ACHMARD My 0XY§aR s %(Pj\éreﬂli le

the process can be used to convert a variety of al kanés, 1 ncluding

e e HonfMOPROC o Y ANL,| SORUL NPy RERANGS: Psxa”eﬁ, RS Bhe

cycl ohexane etc. to their respectrve ers ©
d dlneth I is illustrative.
conversi on Oflaneerhrr?encflat Eg r(r:%tnf\]/%n%l ari{anes oyalco ols, ethers, or
5 olefins by reaction with oxygen (or air). While the

process can be used to convert a variety of alkanes,
including methane, ethane, propane, butane, isobutane,
pentanes, hexanes, cyclohexane etc. to their respective
alcohols, ethers, or olefins, the conversion of methane
10 to methanol and dimethyl ether is illustrative.
Methane reacts with bromine over a catalyst to form
CH3Br and HBr. CH3;Br and HBr react with a metal oxide to
form a variable mixture of dimethyl ether (DME), water
and methanol, and the metal bromide. The metal oxide and
15 molecular bromine are regenerated by reaction of the
metal bromide with air and/or oxygen. The regenerated
bromine is recycled to react with methane while the
regenerated metal oxide is used to convert more methyl
bromide and HBr to methanol and DME, completing the
20 reaction cycle.
The process can be easily carried out in a riser

reactor. Compared to the current industrial two step



Met hane reacts wi th brom ne over a catalyst to form CH3Br and HBr. CH3Br
and HBr react with a nmetal oxide to forma variable mxture of dinethyl

et her (DMWEp,o3metiez and nethanol, and the netal bronide. Poa/uset/zds1Dxi de
and 15 nol ecul ar bromine are regenerated by reaction of the nmetal bromde
with air and/or oxygen. The regenerated bromne is recycled to react with
nmet hane while the regenerated netal oxide is used to convert nore mnethyl
bromi de and HBr to nethanol and DVE, conpleting the 20 reaction cycle. The
process can bereasss$y carmha¢hnmeﬁhanerhs@rstéaanbme £orpar ednterthg
current industrial two step 6 WO 03/062172 PCT/ US02/ 22817 process, in

whi ch et hanet@ned saedniars: f§06t COWEIGRE By %%ng&%o%@@h&ol
foll owed by conversion to nethanol over a Zn-Cu-Al -0 catalyst at

appr oxi mat el Yodr 159 ahhpspAeLes, cfa'%%lgfs%ce%sc Ofﬁéé}%?ﬂﬁ n%g %gr .
operates at roughly atnospheric pressuré and rel e
t her eby prov'éﬂrﬁ&ﬁqéﬁé@, angy .ef fplrcolceensts pré)tcesghléor pnr%tsr;s%r%:m Igegllljg}.égn
5 operates at roughly atmospheric pressure and relatively
low temperatures, thereby providing a safe and
efficient process for methanol production.
The present invention operates with solid/gas
mixtures at atmospheric pressure. In the process, thé
10 hydrogen halide is gaseous, and therefore not as
corrosive as when aqueous at high temperatures. The
reaction of Br, with an alkane can reach more than 90%
selectivity and high conversion to alkane-monobromide.
The main side products, alkane dibromides such as CH,Br,,
15 can be converted back to the monobromides by reaction
with an alkane over another catalyst. Very few by-.
products are produced.
During operation, most of the Br atoms are trapped
in the solid state, making the system less corrosive.
20 Another advantage is that in the process, DME and

alcohol (CH3;0H) are not produced as a mixture with excess

water. By controlling reaction conditions, "almost pure



The present invention operates with solid/gas mxtures at atnospheric
pressure. In the process, the 10 hydrogen halide is gaseous, and therefore
not as cowpopasiogH7as when aqueous at high tenperatures. ThecTresazeison of Br2
wi th an al kane can reach nore than 90% selectivity and high conversion to
al kane- nronobrom de. The main side products, al kane di brom des such as
CH2Br 2, 15 can be converted back to the nonobrom des by reaction wth an
al kane over another catalyst. Very few by-, products are produced. During
operation, moE aidfdbe Bethbaoi are obiappeed diarekelyolda shateitmakd ng the
system | ess corrosive. 20 Another advantage is that in the process, DME

and al cohol {fH3xDe s £rOtoplREbsGed ASCIRON Xini® WatErexEasmllygt ein By
controlling reaction *conditions, alnost pure 7 WD 03/062172

PCT/ US02/ 228%,¢, éﬂ%ﬁégo Hangl b, obiahned diheeh! Y030 dd@d ddtds not
necessary to separate OH fromwater. Finally, in the present process,

et hane: and pogen 90k CYBTY thy Ul SRS Gard &yl ting 10 1 mproved



8 WD 03/062172 PCT/ US02/ 22817 BRI EF DESCRI PTI ON OF THE DRAW NGS A nore
conpl ete understandi ng of the present invention nay be had by reference to
the fol | owmorgoeider ai | ed Description when taken in connectipom/usor/esihe 5
acconpanyi ng Drawi ngs, wherein: FIGURE 1 is a schematic illustration of a
met hod of and apparatus for synthesizing al cohols and/or ethers from

al kanes conprising a first version of the first enbodinent of the
invention; 10 FIGURE 2 is a schematic illustration of a nethod of and

appar at us f OBRIES DESCRIFT I g lsmpRaweisher s from al kanes conpri si ng
a second version of the first enbodinent of the invention; and FIGJRE 3 is

a schematic illustr atlh&rb of C@mﬂggggd efhg g%%t%@l iy * (g#utsﬁfelgr thesi zi ng

ol efins from al kanes onprisihg a second enbo invention. 9 WO
03/062172 PCILUR02% %gpl%ayDEEAILE%d E§}u£g erence to the following

Detailed Description when taken in connection with the

5 accompanying Drawings, wherein:

FIGURE 1 is a schematic illustration of‘a method of
and apparatus for synthesizing alcohols and/or ethers
from alkanes comprising a first version of the first
embodiment of the invention;

10 FIGURE 2 is a schematié illustration of a method of
and apparatus for synthesizing alcohols and/or ethers
from alkanes comprising a second version of the first
embodiment of the invention; and

FIGURE 3 is a schematic illustration of a method of

15 and apparatus for synthesizing olefins from alkanes

comprising a second embodiment of the invention.



[ t anes, hexanes,
Al kanes (methane, ethane, propane, butane, isobutane, pen ,
cyclohexgne etc.) react wth nolecular brom ne over a catalyst conposed of
all 5 poswepolBmerret al conpounds and m xtures thereof to fomrar/@okyishT om des.

i i -al kanes as wel |),
For CH4 (al though the process may be applied to higher a
t he procéss of ?he present invention can convert nore than 50% CH4 to
CH3Br and HBr, with selectivity higher than 90% Mst of the 10 by- product

[ ' CBr4, which can be
is CH2Br2 pl r. trace ampunts of CHBr3 and ,
catalyticalIU§$€%£E$%rPEﬁCFBPE$@§r by reacting CH2Br2, CHBr3, and CBr4

with CH4. Referring to the Drawings, and particularly to Figure 1, a

ieZ| herguf£am
hod and appar atiskanesor syetthesiezi ng etlifané £ohokscnghest hergyfram
gFLaﬁes usingpbronine conprising a first version of the first enbodi nent of

the inventi onissbsichennt imaidandd | uslerai@e:, Ieygﬁgheggggatggg_ f %Qgﬁggthod

mne is received froma Suitable source throug
i ﬁeé?ga;%uisiltgb fbt SEhgdy iR O 9 WL LR B8 hedted R SLDI B

brom ne is easily manufactured from brom de, [ I's

fromsea wyat Yossible metal compounds and mixtures thereof to jform

alkylbromides. For CH, (although the process may be

applied to higher alkanes as well), the process of the

bresent invention can convert more than 50% CH:; to CHiBr

and HBr, with selectivity higher than 90%. Most of the

10 by-product is CH,Bx, plus 2 HBr, trace amounts of CHBr;

and CBry, which can be catalytically reconverted to CH3;Br
by reacting CHzBr,, CHBr3;, and CBr, with CH,.

Referring to the Drawings, and particularly to

Figure 1, a method and apparatus 10 for synthesizing

15 alcohols and ethers from alkanes using  bromine

comprising a first version of the first embodiment of

the invention is schematically illustrated. In the

operation of the method and apparatus 10, bromine is

received from a suitable source through a line 12 and is

20 directed to a bromine storage container 14. For

example, bromine is easily manufactured from bromide,

which is readily available from sea water.

10



10 WD 03/062172 PCT/ US02/ 22817 As is well known, bromine is a liquid at
roomtenperature. Liquid bromne fromthe storage container 14 is directed
through awbimeeZiG2to a brom ne vaporizer 18 wherein the PCOMSen21837
converted fromthe liquid 5 phase to the gas phase. Fromthe vaporizer 18
the gaseous bromne is directed through a line 20 to a reactor 22.

Met hane froma suitable source is directed to the reactor 22 through a
line 24. Wthin the reactor 22 the 10 nethane and the gaseous brom ne are
m xed toget her ové¥S adSapHedprikbewsol ikroatnd ysits andltheitenper atee of
the mxture is raised to between about 20 C and about 600 C, thereby
converting tkenpsttednzeand Lhgubhdomimeemined fEdhythor @Hcte eCHaBi o At
hydrogen bromide (HBr) . 15 Fromthe reactor 22, the CH3Br, the HBr, any

unr eact ed netlkanies aditlrdkyt ed oduebagEHABI2.nLHBE 3xcagd bQ@nﬂnear\%régflef%red to
a condenser 34 through a line 30. The by products CH2Br2, CHBr3, and CBr4
are in the |hgui ghetbahe gnd ALRENM thyough. a bine 32 10 a ¢ Orivieql[’&fci .28
5 ©phase to the gas phase. From the vaporizer 18 the
gaseous bromine is directed through a 1line 20 to a
reactor 22.
Methane from a suitable source is directed to the
reactor 22 through a line 24. Within the reactor 22 the
10 methane and the gaseous bromine are mixed together over
an appropriate solid catalyst, and the temperature of
the mixture is raised to between about 20° C and about
600° C, thereby converting the methane and the bromine
to methyl bromide (CH;Br) and hydrogen bromide (HBr) ..
15 From the reactor 22, the CH;Br, the HBr,  any
unreacted methane and by-products CHzBr,;, CHBr3, and CBry
are directed to a condenser 34 through a line 30. The
by products CHyBr,, CHBri;, and CBry are in the 1liquid
state and are sent thrc;ugh a line 32 to a converter 28
20 to react with methane. In the converter 28 methane
reacts with the by products CH,Br,, éHBr;.;, and CBrg; to

form CH;Rr. The newly formed CH3;Br and unreacted CH,Br,,

11



20 to react with nethane. In the converter 28 nethane reacts with the by
products CH2Br2, CHBr3, and CBr4 to form CH3Br. The newly fornmed CH3Br and
unreact edwOHaBsa72 11 WO 03/062172 PCT/ US02/ 22817 CHBr 3, pCBrusozemimet hane
are sent to the condenser 34 through a line 26 and the |ine 30. Fromthe
condenser 34 gas phase nethane, HBr, and CH3Br are sent to a converter 52
through a line 36. In 5 the converter 52 HBr and CH3Br react wth netal
oxide to form CH3OCH3, CH3COH, and H2O which are sent to a separator 44
along with e e dCREL hand aretleHSSr arghrsegh adi néedbecohtiehBersepar at or
44 dimethyl either and 10 nmethanol/water are separated as products and

recovered atthoaudt s AlirenR@&nd espectirkel3p. The net hanol is
subsequent|y renmoved fromthe water by distillation. CH3Br is sent back to

the converter 52 tH¥cmgbhéhedniRese38 Andghhe Jine %ﬁetﬁ%@ neply Omr% Qe
separator 44 is 15 sent back to the brom nat| on reactor t hi'oudh tHe line
42 and the |i€p24are sent to a converter 52 through a line 36. 1In
5 the converter 52 HBr a'nd CH3;Br react with metal oxide to
form CH3;OCHs;, CH3;OH, and H,0, which are sent to a
separator 44 along with unreacted methane and CH;Br
through a line 46.
In the separator 44 dimethyl either and
10 methanol/water are separated as products and recovered
at outlets 40 and 48, respectively. The methanol is
subsequently removed from the water by distillation.
CH3;Br is sent back to the converter 52 through the line
38 and the line 3s6. Methane from the separator 44 is
15 sent back to the bromination reactor 22 through the line
42 and the line 24.
In the converter 52, the original metal oxide is
converted to metal bromide and must be regenerated. The
metal bromide from the converter 52 is sent to a
20 converter 58 through é line 54 to react with oxygen

received from a source 74 through a 1line 72 to

regenerate bromine and metal oxide. The regenerated

12



In the converter 52, the original nmetal oxide is converted to netal

brom de and nmust be regenerated. The netal brom de fromthe converter 52
is sent twoasdeiconverter 58 through a line 54 to react wPCh/useygsm7
received froma source 74 through a line 72 to regenerate brom ne and
metal oxide. The regenerated 12 WD 03/062172 PCT/ US02/ 22817 netal oxide
is sent back to the converter 52 through a line 56, while the brom ne and
unreacted oxygen are sent to a condenser 62 through a line 60,' after
which they aeeadepatidediinsansef@icad ofo 68he Therhietted BDMtAROLGHS assent
to the storage container 14, while the oxygen is sent to the converter 58

through a bl owek 6% anthfAld ¢l bréhmife! #hd| BEréQcEEQUBRyEent BYEE dehrshown
a nmethod of and apparatus 100 for synthesizing al cohols and ethers 10

f | k LSl d ' fy Ny j f
| nventi on. MEChaneShATBEan K8 af oG oa di s Ehedt! Jonc ALAVABSH rer

102 where the Do NSd s CATVE  LEZ.LLRMA L AU fd 01 2,983 BREnTHECd

5 sent to the storage container 14, while the oxygen is
sent to the converter 58 through a blower 66 and a line
70.
Referring to Figure 2, there is shown a method of
and apparatus 100 for synthesizing alcohols and ethers
10 from alkanes comprising a second version of the first
embodiment of the invention. Methane and bromine are
directed to a heat zone and wvaporizer 102 where the
bromine is converted from a liguid to a gas and mixed
with methane at a temperatlire above the atmospheric
15 boiling point of bromine. The gas mixture is passed into
ra bromin?tion reactor 104 containing an appropriate
golid catalyst. After:the‘ reaction, the mixture is
directed tb condenser a 106. The liguid phase contains
by products CH;Br, CHBr3, and CBry, while the gas phase
20 contains bromomethane, HBr, and unreacted methane.
The by products CH.Br,, CHBrs;, and CBr, are sent to a

converter 108 where they react ‘with methane to form

13



with methane at a tenperature above the atnospheric 15 boiling point of
brom ne. The gas mxture is passed into a bromnation reactor 104

cont ai ni ryoan/oeqipz opri ate solid catalyst. After the reacticarysor/basim xture
is directed to condenser a 106. The liquid phase contains by products
CH2Br, CHBr3r and CBr4, while the gas phase 20 contains brononet hane, HBr,
and unreacted nethane. The by products CH2Br2, CHBr3, and CBr4 are sent to
a converter 108 where they react with net hane to form 13 WD 03/ 062172
PCT/ US02/ 228 bromomsdrestchan AL ¥é1 ethé heeaeatbhonhtheimbitxirer 6 d Sseganted 0

the condenser 106. The conversion of the by products CH2Br2, CHBr3, and

CBr4 to bromiimet haneldrisdhea cgonverter 108 is facilitat ed 5 by the use of
an electrophilic catalyst such as AlBr3, SbF5, etc. which provides a | ow

barrier pathway akiwoghvdidest JPUEh&eﬂ%%%ﬁﬁéE%B@%eEQﬂlBr@%daﬁnJhe

reaction my be represented as foII

g?3Br + CHBr%BT Akgr%fg%%ﬂ@gﬁ e 1ﬁ%¥héogoﬁ§e£§0th§0@ I¥%c£¥¥égége ey

5 by the use of an electrophilic catalyst such as AlBr;,
SbFs;, etc. which provides a low barrier pathway allowing
direct four centered exchange of H and Br. The reaction
may be represented as follows;

A

10 CHy + CBry + AlBr3 (cat) --> CH3Br + CHBr; + AlBrs
The overall reaction is isothermié and therefore may be
driven by fractional recovery of higher bromides and
removal of bromomethane from the reaction mixture, all
in the presence of excess methane.

15 The gas phase. mixture from the condenser 106 is
passed through a converfer 110, where HBr reacts with
the metal oxide to form metal bromide and water. The
metal bromide is sent to a regenerator 120 to regenerate
metal oxide. From the converter 110, the water,

20  bromomethane, and methane are separated in a separator
112. Methane is recycled to the converter 108 and the

vaporizer 102. Bromomethane is sent to the reactor 114.

14



driven by fractional recovery of higher brom des and renoval of

bronmonet hane fromthe reaction mxture, all in the presence of excess

nmet hane. WD 03he21gas phase m xture fromthe condenser 106 PET/ysamsmd7 t hr ough
a converter 110, where HBr reacts with the netal oxide to form netal

brom de and water. The nmnetal bromde is sent to a regenerator 120 to
regenerate netal oxide. Fromthe converter 110, the water, 20

br ononet hane, and net hane are separated in a separator 112. Methane is

recycl ed to iheegonrverdest 18 ard d4dcatapargd zer 102. Brononet hane is sent
to the reactor 114. 14 WO 03/062172 PCT/ US02/ 22817 Water is sent to the

reactor 118. In the reagt grea)%{%rbrﬂ@ﬁgggggﬁcg%ﬁgswe%%%%%%ﬁhh Qdide to

generate di methyl ether (DVE) and net e is sent to
t he regenerator, .120., 5 The m xture of onponet hane an framthe reactor
114 is sent Oix&d setpoar aPor 116 Bfigﬁlggﬁé‘tyﬁ[gneetl S ec§7§]1\4§gEt &= hénereteaaﬁt or
114, while DMVE is obtained as_a prqoduct or directed to reactor 118. In the
reactor 118 BVEMWigsct s Metal bromide is sent to the regenerator 120.
5 The mixture of bromomethane and DME from the reactor 114
is sent to a separator 116. Bromomethane is recycled to
the reactor 114, while DME is obﬁained as a product or
directed to reactor 118. In the reactor 118 DME reacts
with water (from the separator 112) over a catalyst to
10 form methanol.

In the regenerator 120 metal bromide froﬁ the
converter 110 and the reactor 114 reacts with air or
oxygen to regenerate metal oxide and bromine. After
regeneration the metal oxide is sent to the converter

15 110 and the reactor 114, while bromine is sent to the
vaporizer 102. If air is used to provide the oxygen for
metal oxide regeneration nitrogen may be purged from the
system through the separator 122.

Referring to Figure 3, there is shown a method and

20 apparatus 200 for seynthesizing olefins £from alkaneé,

which have more than two carbon atoms in their molecular

structure, comprising a second embodiment of the

15



with water (fromthe separator 112) over a catalyst to 10 form nethanol
In the regenerator 120 netal brom de fromthe converter 110 and the
reactor IWommemits With air 'or oxygen to regenerate net@crmsozizzsand
brom ne. After regeneration the netal oxide is sent to the converter 15
110 and the reactor 114, while bromne is sent to the vaporizer 102. |f
air is used to provide the oxygen for netal oxide regeneration nitrogen
may be purged fromthe systemthrough the separator 122. Referring to
Figure 3, therechsisAOW @nhaethaghrandand0 mppeied usr200df pecsyat hesi ai ng
olefins from al kanes, which have nore than two carbon atons in their

mol ecul ar t SHPAAG Asesend eaRodianat & 4 heemdSrdE,

03/g62%72 Pgﬁ§%§0%%§§8_ i§§%%%ion. fﬁg'al ane an bronineeg%erdirggted to

a heat zone_and vaporizer operat.i-ng at_a.tenpera . apov

atnﬁspheric %%?Y?ngﬁﬁ%iﬁgm8Fp§?5ﬁ$n§%”ﬁH%¥£ p?ﬁéendﬁfggggﬁﬁgé%roﬁp%ggand

met hane are allowed to mx. 5 Th 1 i i 1 i

r eact or the now gaseous bron?ir?easan Xttng’rc ahd %%%Seadlfo%eod atgrt?thr.]atl on
5 The gas mixture is passed into a bromination reactor

204, which contains an appropriate solid catalyst.

After the reaction the mixture is directed to a

condenser 206. The heavier alkane multibromides (below
1%) are separated other uses, guch as solvent or

10 intermediates for other organic synthesis at an outlet
208, while the alkane monobromide, HBr, and unreacted
alkane are sent to a reactor 210.

In the reactor 210 HBr reacts with metal oxide to
form metal bromide and water. The metal bromide is sent

15 to a regenerator 220 to be regenerated back to metal
oxide. From the converter 210 the water, alkane
monobromide, and alkane are separated in a separator
212. Unreacted alkane is recycled to a vaporizer 202,
while the alkane monobromide is sent to a reactor 214.

20 Water is easily separated from the alkane monobromide in

the sgeparator 212 as a by product.

16



204, which contains an appropriate solid catalyst. After the reaction the
mxture is directed to a condenser 206. The heavi er al kane nul ti brom des
(bel ow 1% came213epar at ed ot her uses, such as sol vent or POTIUsHDRIsRTI at es
for other organic synthesis at an outlet 208, while the al kane

nonobrom de, HBr, and unreacted al kane are sent to a reactor 210. In the
reactor 210 HBr reacts with netal oxide to formnetal brom de and water.
The netal bromde is sent 15 to a regenerator 220 to be regenerated back
to netal oxide. Frin the ceawadrer2240atikensatinobtdaide feaeksonen and
al kane are separated in a separator 212. Unreacted alkane is recycled to a

vapori zer 20%.¢ 40 bg; jbhecal 5@1@@1:&’9@08&851{4%&18 §2RGL 1 BrdnfiRRC! Ornddr 20
Water is easi y separat ed fromthe al kane nonobromide in the separator 212

as a by pr OdLII) 0%/ 8@2%72 fg{%JS%%I[ﬁ%FZ%% #QP;[ ntf%arggta%i%?g%tlogl kane

nonobr om de reaé‘} OoXi e rom de.
Metal brom %clks sent r%gt;{]e eratorrhzzoma%:uregeneﬁrat Qe ana

5 unreacted alkane monobromide from the reactor 214 is
sent to a separator 216 where they are easily separated
due to their wide different boiling points. Unreacted
alkane monobromide, if any, 1is recycled to the,reéctor
214, while oléfin is obtained as a product.

10 In - the regenerator 220 metal bromide from the
converter 210 and the rector 214 reacts with air or
oxygen to regenerate metal oxide and bromine. After
regeneration metal oxide is senﬁ to the reactor 210 and
the reactor 214,‘while bromine is sent to the vaporizer

15 202. If air is used as the source of oxygen for
regeneration of the metal oxide nitrogen may be purged

from the system by a separator 222.

17



back to netal oxide. The m xture of olefin and 5 unreacted al kane
nonobrom de fromthe reactor 214 is sent to a separator 216 where they are
easi |y sepearoatweri7z2 due to their wide different boiling poi mca/uSorematrt ed

al kane nonobromi de, if any, is recycled to the reactor 214, while olefin
is obtained as a product. 10 In the regenerator 220 netal brom de fromthe
converter 210 and the rector 214 reacts with air or oxygen to regenerate
netal oxide and brom ne. After regeneration netal oxide is sent to the
reactor 210 and the reactor 214, while bromne is sent to the vaporizer 15
202. If air is used as the source of oxygen for regeneration of the netal

oxi de nitrogen may be purged fromt by a separator 222. 17 WO
03/ 062172 PCT/ US02/ 22817 EXAMPLES ﬁﬂﬁg&: Cat al yst preparation 5

Nb2C6 (0.800%22 Vas, nﬁxed with 0.500m 96(w) % H2SO4, then the m xture was
heated at 11 Jurs. The

Catalyst preparation
5 NbyOs (0.8000g) was mixed with 0.500ml 96(w)% HSO4, then
the mixture was heated at 110°C for 4 ° hours. The

temperature increased to 500°C within 6 hours, and kept

at 500°C for 4 hours. Catalyst Cl was obtained.

10 ZrO; (2.0000g) was mixed with HzS0, (3.000 ml, 96(w)%),
then the mixture was heated at 110°C for 4 hours. . The
temperature increased to 500°C within 6 hours, and kept

at 500°C for 4 hours. Catalyst C2 was obtained.

15 Testing
Reaction conditions:
The catalyst was tested at a methane flow of
1.5ml/minute and Br; flow of 0.07ml/hour. The reaction
temperature was 400°C. The reaction was carried out in
20 a micro reactor system. After 6 hoﬁrs on line reaction,
the reaction effluent was analyzed by a GC/MS. A methane

conversion of 24% (mol) with 95% CH3;Br was obtained.

18



tenperature

hours. Catal yst Cl was obtained. 10 ZrQ2 (2.0000g) was m xed with H2SO

increased to 500C within 6 hours, and kept at 500C for 4

(3.000 mMwoB(6d1% , then the m xture was heated at 110C from/uSohoasns.

tenperature

increased to 500C within 6 hours, and kept at 500C for 4

hours. Catal yst C2 was obtained. 15 Testing Reaction conditions: The
catalyst was tested at a nethane flow of 1.5ml/ m nute and Br2 fl ow of
The reaction tenperature was 400C. The reaction was-carried
out in 20 a WehRreaPrelsy seRall ®fodeOU® Reattenr eaction, the
reaction effluent was anal yzed by a GO/ M5. A nethane conversion of
24% ol ) with 95% CH3Br was obtained. 18 WO 03/062172 PCT/ US02/ 22817
Summari zing the overall process in Reaction 1: (1) CH4 + Br2 > HBr + CH3Br

+ CH2Br2 + CHBn3 +(Br4 ¢at 9 ReAGtion 2y o | cu,Br, + CHBrs + CBr,

0. 07mL/ hour .

10

15

20

cat

Reaction 2:

Example 1

Reaction on Ml

For all of the examples provided above the second stage
of the process occurs as follows. After separation of
the CH;Br,;,CHBr; and CBr, products from the gas stream,
the CH3;Br, together with the HBr are passed into the next
reactor, which contains M1 (50% CuO on Z2r0;) and is
maintained at 225° C. Flowing the reactant gases at 10
h™ gives a 96% conversion of CHsBr + HBr to CH30CH; and

H,O0, or to CH;O0H, or a mixture of CH;OH, CH;0CH;, and H30,

o -

with 94% selectivity, the remaining product being
CuBr,/Zr0, and 6% CO,. Dimethyl ether and water are

converted into methanol if desired in a third reactor

containing catalysts.

19
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Exanple 1 Reaction on ML For all of the exanples provided above the second
stage 10 of the process occurs as follows. After separation of the
CH2Br 2, OwBro3/0ea1d2 CBr4 products fromthe gas stream the PCHARB02/21807€et her
with the HBr are passed into the next reactor, which contains ML (50% CuO
on Zr2) and is maintained at 225 C. Flowi ng the reactant gases at 10 15
h-1 gives a 96% conversion of CH3Br + HBr to CH3OCH3 and H2O, or to CH3OH,
or a mxture of CH3OH, CH3OCH3, and H2O with 94%selectivity, the

remai ni ng prggpbiderng CuBr2/Zr2 and 6% CO2. Di nethyl ether and water
are converted into nethanol if desired in a third reactor 20 containing

catal ysts /22817 Exanple 2. Zr solution
preparati on]%r %%gﬁ?ggé%% % in isopropanol, 112.6 m) was
di ssol ved i Cld(27531 under, stirrin 5After stirring for
10 ni nut es, :&&%@%ﬁﬁfpg Z@(m ag il 1sopropang1 112. m 5 wag
dissolved into acetic acid (275 ml) under stirring.
5 After stirring for 10 minutes, the solution was diluted

by water to make a total volume of 500 ml. A solution

with a Zr concentration of 0.5M was obtained.

Preparation of M2
10 Cu(NO3); (0.5M, 7.200ml) solution was added into BaBr;
(0.5M, 0.800 ml). A clear solution was obtained. To
this solution, Zr solution (0.5M) as prepared above was
added under‘stirring. After stirring a few seconds, a
gel was obtained. The gel was dried at 110°C for 4
15 hours, then heated to 500°C within 6 hours, and kept at
500°C for 4 hours. M2 was obtained.
The metal oxide mixture was tested at a CH;Br flow
rate of 1.0 ml/minute at 230°C. In the first half hour,
the average CH;Br conversion was 65%, and the average

20 dimethyl ether selectivity was 90.5%.

20



by water to make a total volune of 500 ml. A solution wth a Zr
concentration of 0.5M was obtained. Preparation of M2 10 Cu(N03)2 (0.5M
7.200nl) woloamsm was added into BaBr2 (0.5M 0.800 m). paTalseze28sDl u
was obtained. To this solution, Zr solution (0.5M as prepared above

added under stirring. After stirring a few seconds, a gel was obtaine
The gel was dried at 110C for 4 15 hours, then heated to 5000C within

hours, and kept at 500C for 4 hours. M2 was obtained. The netal oxide
m xture was Pespedadtioa GEH3BB flow rate of 1.0 mM/mnute at 230C. In

first half hour, the average CH3Br conversion was 65% and the averag
di met hyl et heti (Sebegt i(ei Ep, waso Ao d%n130 ¥ Q31662 ek Pedbd802{R2281 Zr
Preparation of M3 Cu(N®)2 (0.5M 40.000 m) solution was added into Zr

sol ution (0. 3M 1395800 (#15@s @ﬁﬁQﬁﬂﬁdmﬁbQ¥§) %%%%d.SBbBQE?Q a feWer

seconds, a gel was obtained. The gel was drle

at 110C for 4 hours,

heated to 50Q(; WEHQg a few seconds, a gel was obtained. The gel was

5

10

15

20

dried at 110°C for 4 hours, then heated to 500°C within
6 hours, and calcined at‘ 500°C for 4 hours. M3 was

obtained.

Testing
The catalyst C2 (2.0000g) was loaded  in the first
reactor (R1). A trap was loaded with 2.000g of M3. A

second reactor (R2) was loaded with M3 (0.85009) .

Reactants methane and bromine were fed into the
first reactor‘(methane flow of 1.5 ml/minute, Br, flow of
0.07 ml/hour). The reaction temperature was 390°C.
After reaction in Rl (stabilized by online reaction for
more than 8 hours) the resulting mixture was passed

through the trap and a mixture of methane and CH;Br

(containing 20% mol of CH3;Br) was obtained. This gas
mixture was fed directly into reactor R2 at 220°C. In

the first hour an average CH3Br conversion of 91% with an

21

tion
was
d.
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6 hours, and cal cined at 500C for 4 hours. M3 was obtained. Testing 10
The catal yst C2 (2.0000g) was |loaded in the first reactor (Rl). Atrap was
| oaded wiwb 02/06000zy of M3. A second reactor (R2) was | oadedTwisoir21¢87
(0.8500g). Reactants nethane and bromne were fed into the 15 first
reactor (nethane flow of 1.5 m/mnute, Br2 flow of 0.07 m/hour). The
reaction tenperature was 390C. After reaction in RL (stabilized by online
reaction for nore than 8 hours) the resulting mxture was passed _through
the trap and 2¥SHaGRrE HtHE: RiReBREGBBIVDEY (Yont2F n¥He 2094 Hordof
CH3Br) was obtained. This gas mxture was fed directly into reactor R2 at
220C. In théummatifiow e aveezifel GBBresonverleadntoHPnodo with an 21 WO
03/ 062172 PCT/ US02/ 22817 average di nethyl ether selectivity of 75% was

obt ained. Sunmmarizing the overall process in Reaction 2: (2) CH3Br + HBr +
CuO > CH3OH + CuBr2 5

(2) CH3Br 4+ HBr + Cu0O > CH3;0H + CuBry

5

Pogsible variations of Reaction 2:

(2a) 2 HBr + Cu0O > H;0 + CuBr;

(2b) 2 CH3Br + CuO > CH3O0CHz + CuBrs;
10

Reaction 3:

The solid CuBr,/Zr0, was transferred from Reactor 2 to
Reactor 3 and treated with 0; at 300° C to yield Br; and
Cu0/Zr0, at 100% yield and conversion. This reaction may

15 be run at 1000 h™.
Summarizing the overall process in Reaction 3:

(3) CuBry/Z2r0; + % Oy > Br, + CuO/Zr0,

20

22



Possi bl e vari ati ons of Reaction 2:

(2a) 2 HBr + CuO > H20 + CuBr2 (2b) 2
CH3Br + CuO > CH3OCH3 + CuBr2 10 Reaction 3: The solid CuBr2/zZr®2 was

transf er rwo BooamReactor 2 to Reactor 3 and treated w t hPO2/m02/3800 C to

yield. Br2 and CuQ ZrQ2 at 100%yi el d and conversi on.

15 be run at 1000 h-1. Summari zing the overall process in Reaction 3:
CuBr2/zZr2 + 02 > Br2 + CuO Zr2 20 22 WD 03/062172 PCT/ US02/ 22817

Overall: (A CH + 4 02 > CH3OH Possible variation: 5 (B) CH4 + 02 >
CH3OCH3 + Y20r2®aAlt:hird enbodi nent of the invention conprises a process
for converting ethane to diethyl ether, ethanol, and ethyl acetate which
may be carrigd)outcaizs + % O, > CH;0H

10

15

20

Posgible variation:

(B) CH,4 + ¥ 0y > % CH;OCH;3 + % H,0

A third embodiment of the invention comprises a
process for converting ethane to diethyl ether, ethanol,
and ethyl acetate which may be carried out as
illustrated in Figures 1, 2, and 3. In the process,
ethane reacts with bromine to form bromomethane and HBr.
The bromoethane then reacts witﬁ metal oxide to form
diethyl ether, ethanol, ethyl acetate, and metal
bromide. The metal bromide reacts with oxygen or air to
regenerate the original metal oxide. In the process,
bromine and metal oxide are recycled.

It is well known that -ethane can eagily react with
bromine at low temperatures (below 400°C) to form
bromoethane or ethane dibromides. If a suitable
catalyst is used, the selectivity to ethane monobromide
or dibromides is h'igh. The reaction 1is slightly

exothermal and is very easy to control. In the next

23
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10 illustrated in Figures 1, 2, and 3. In the process, ethane reacts with
brom ne to form brononet hane and HBr. The bronpet hane then reacts with
net al oxiwe wwmefioz m di et hyl ether, ethanol, ethyl acetatecrarsd2/emstal

brom de. The metal brom de reacts with oxygen or air to 15 regenerate the
original netal oxide. In the process, bromne and netal oxide are
recycled. It is well known that ethane can easily react with brom ne at

| ow tenperatures (bel ow 400C) to form bronoethane or ethane di brom des. If
a suitabl e 2Peaatabyst bremoetthanthd ssetmtidniad to éiabhyl nehbbromigd or
di brom des is high. The reaction is slightly exothermal and is very easy
to control. kB the stextcord@ M0 33/062 1921 TSR/ @281 78 0keadthombout
bronobet.hane is converted to diethyl ether with 60 to 80% conversion and

sel ectivity gyerg e&%ﬂm ADRHE 494,581 eahilVidNote ekhaneleandy abput 3%
selectivity to acetate. Hence, high diethyl ether yield with 5

usef ul ethanogha ﬂegéh gltacet egcgy pﬁB&HCté&ééh§&“EE€H%¥ Ly A $1 Rk pass.

In the proceg no rec

5 useful ethanol and ethyl acetate by products is obtained
in a single pass. In the process, there is ‘no direct
contact between oxygen and ethane thereby providing a
high level of safety. If desired, the diethyl ether can
be easily hydrolyzed to ethanol with water over a

10 suitable catalyst.

24



contact between oxygen and ethane thereby providing a high |evel of
safety. If desired, the diethyl ether can be easily hydrolyzed to ethanol
wi th wat ewoams@s21z 10 suitable catal yst. 24 WO 03/ 062172 PCT/ud8f2/822817
EXAMPLE Part A. Ethane Brom nation Reaction A m xture of ethane

(6.0mM /mnute) and bromne (Br2 5 0.30ml/ hour) was passed into a reactor
(glass tube, ID 0.38", heating zone length 4"), and was heated to 330C
The effluent was anal yzed by GO MS. 100% brom ne conversion - with 80%

br onoet hane sel ectivity was obtained. The by product with 20% sel ectivity
was 1,1 10 di bronoet hane. The 1, 1-di bronoet hane can be converted to

br onoet hane by reaction with ethane oEERMRLEatal yst, such as a netal
conpound or a mixture of netal conpounds. The ethane brom nation reaction

can al so be pagat gl YBtRandSateachhefonTREacREBLYStSs are conpounds of Ti,
Zr, H, V, No, Ta, C, M, W M, Re, Fe, Ru, Co, Rh, Ir, N, Pd,
A mixture of ethane (6.0ml/minute) and bromine (Br;
5 0.30ml/hour) was passed into a reactor (glass fube, ID
0.38", heating zone length 4%"), and was heated to 3305C.
The effluent was analyzed by GC/MS. 100% bromine
conversion with 80% bromoethane | selectivity was
obtained. The by product with 20% selectivity was 1,1-
10 dibromoethane.: Thé 1,1-dibromoethane can be converted to
bromoethane by reaction with ethane over a catalyst,
such as .a metal compound or a mixture of metal
compounds .
The ethane bromination reaction can also be a catalysis
15 reaction. The catalysts are compounds of Ti, Zr, HEf, V,
Nb, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, P4,
Pt, Cu, Ag, Au, Zn, Cd, B, Al, Ga, In, Tl, Si, Ge, Sn,
Pb, P, Sb, Bi, 8, C¢l, Bxr, F, 8c, Y, Mg, Ca, Sr, Ba, Na,
Li, X, 0O, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb, Lu,
20 and Cs ér mixtures thereof. The reaction is preferably

carried out at a temperature range of between about 50°C

to about 600°C. The reaction pressure is preferably from

25



Pt, Cu, Ag, Au, Zn, Cd," B, Al, &G, In, TI, Si, G, Sn, Pb, P, Sb, B, S,
da, Br, F, Sc, Y, My, Ca, Sr, Ba, Na, Li, K 0, La, Ce, Pr, Nd, Sm Eu,
Gd, Tb, Bwp 0¥l¢2121, 20 and Cs or m xtures thereof. The re&Chiusn2/22s17
preferably carried out at a tenperature range of between about 50C to
about 600C. The reaction pressure is preferably from 25 WO 03/062172

PCT/ US02/ 22817 about 1 to about 200 atm The reaction m xture can have a
ratio of ethane to bromine fromO0.1 to 100. Part B. The reaction of

br onoet hane #peht Vet &lo Ghalds. 206 rmsollhei eramtiain oxideups: epanahiaee . Zr
(OCH2CH2CH3) 4 (70(W) % in isopropanol, 112.6 m) was dissolved into acetic
aci d (275nl)aundetosbir ethgneAtbebrogiher Engmf 0r 1180ningt, es, the sol ution
was diluted with water to make a total volune of 500nml. A solution with a
10 Zr concentration of 0.5M was obtained. Preparation of M4 A Cu(NO3)2
(0.5M 64.01) solution was added into a Zr solution (0.5M 64.0M) (as

bieparpd aboKgte Bl! Chneleabhibhde' BhofloLENAAEHIHR 1RedT! OHERLP" 2 Mo

5 Zr solution metal oxide preparation
Zr (OCH;CH,CH;3) 4  (70(w)% in isopropanol, 112.6 ml) was
dissolved into acetic acid (275ml) under stirring. After
stirring for 10 minutes, the'soiution was diluted with
water to make a total volume of 500ml. A solution with a

10 Zr concentration of 0.5M was obtained.

Preparation of M4

A Cu(NO3), (0.5M, 64.0ml) solution was added into a 2Zr

solution (0.5M, 64.0mi) (as prepared above). After
15 stirring for a few seconds, a gel was obtained. The gel

was dried at 110°C for 4 hours, then heated to 500°C

within 6 hours, and calcined at 500°C for 4 hours.

CuO/Zr0O, metal oxide (M4) was obtained.

26



was dried at 110C for 4 hours,
cal ci ned at 500C for 4 hours.

and
oxi de (M4) was obtained. 26

then heated to 500C wthin 6 hours,
Cud Zr @2 net al

WO 03/ 06240230&21/1JS02/ 22817 Testing Bronoet hane (0.20n / reargsozeagihel i um

(4.0m /mnute) were
grans M4, which was heated to 200C. Wthin the first 5 hour,
br onoet hane conversion of 700, with diethyl
was obt ai ned. The
selectivity Vesstbomt 3%

oxi des of
Re, Fe,
Si, Ge,
La, Ce,

Sn,
Pr,

10 the follow ng netals:
Ru, g?oﬁ$Et$§neNKO.Edml?hougm,aﬂ@ PAILiuAN, (4 Gl BriAbe Gawela, TI
, P, Sb, Bi, s,

ﬁgasséﬁn éﬁbod&h

passed through a reactor that was packed with 3.0000
an aver age
ether 84 to 90% sel ectivity
selectivity was about 4% and ethyl acetate

In the above reaction, the netal oxides can be
Ti, Zr, H, V, Nb, Ta, C, M, W M,

et hanol

a, Br, F, Sc, Y, M, Ca,_Sr, Ba, Na, Li, K
b, rHot D, bt apdsCoikda XtMEes hgpeef .

15 The reacti'on can be carried out at a tenperature range

10

15

20

grams M4,
hour,
diethyl ether 84 to 90%

ethanol

which was heated to 200°C. Within the first

an average bromoethane conversion of 70%, with

gelectivity was obtained. The

selectivity was about 4% and ethyl acetate

selectivity was about 3%.

In the above reaction,

the
Mn,
Cd,
Br,

Sm,

the metal oxides can be oxides of

following metals: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W,

Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn,

B, Al, Ga, In, Tl, si, Ge, Sn, Pb, P, Sb, Bi, S, CI,

F, Sc, Y, Mg, Ca, Sr, Ba, Na, Li, K, La, Ce, Pr, Nd,

Fu, Gd, Tb, Er, Yb, Lu, and Cs or mixtures thereof.

The reaction can be carried out at a temperature range
from about 50°C to about 600°C. The reaction pressure is
preferably from about 1 to about 200 atm. The reaction
can be carried out with or without helium. The metal

bromide is converted to metal oxide M4 in oxygen or in

air to obtain metal oxide and bromine at a temperature
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from about 50C to about 600C. The reaction pressure is
about 1 to about 200 atm The reaction
hel i um TWe og®émbl2 20 bronmide is converted to netal
air to obtain netal oxide and brom ne at a tenperature 27 WO 03/062172

PCT/ US02/ 22817 range of about 50 to about 700C and pressure range from

preferably from
can be carried out with or w thout
oxi de ETIUSOLXABYEN Or inN

about 1 to about 300atm A fourth enbodi nent of the invention conprises a
process for converting saturated hydrocarbons (al kanes) 5 to their

cor r espondi ngtraNge Phsabput iBfsttan@douwt Y § rd T epsurdr spade fgom
propyl ene,
process of
Figures 3. 10 In the process, alkane reacts with CBr4, CHBr3, or CH2Br?2,
or reacts w th brom mmourcH oerbbBorengt s alckanesnvantibBr .cdie-iresn nat ed
al kane then reacts with netal oxide to formolefin and netal brom de.

brom dg Leacks fMt N O YeePi QY abkukatk8denfiAd@athéhs (alkanes)

nmet al

5

10

15

20

but ane to butene or butadi ene, isobutane to isobutene, etc.

talothi LdtenbbdiireA00atim.be carried out as illustrated in

to their corresponding olefins. For instance, ethane to
ethylene, propane to propylene, butane to butene or

butadiene, isobutane to isobutene, etc. The process of

the third embodiment may be carried out as illustrated:

in Figures 3.

In the process, alkane reacts with CBr,, CHBr;3;, or
CH,Br;, or reacts with bromine to form brominated alkanes
and HBr. The brominated alkane then reacts with metal
oxide to form olefin and metal bromide. The metal
bromide reacts with oxygen or air to regenerate the
metal oxide. In the process, bromine and metal oxide are
recycled.

In the prior art, olefins are made by hydrocarbon
thermal cracking. The thermal cracking process also
produces saturated hydrocarbons, éuch as propane,
butane, isobutane, pentanes, and hexanes, which are
usually difficult to convert to useful materials. For

example, ethane can be converted to ethylene by thermal

28
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15 metal oxide. In the process, bronmine and netal oxide are recycled. In
the prior art, olefins are made by hydrocarbon thermal cracking. The

t her mal cweokiosy7pr ocess al so produces saturated hydrocaroarsp2/ssth as
propane, 20 butane, isobutane, pentanes, and hexanes, which are wusually
difficult to convert to useful materials. For exanple, ethane can be
converted to ethylene by thermal 28 WD 03/062172 PCT/ US02/ 22817 cracking
at tenperatures over 800C in an endotherm c reaction, which consunes |arge
amounts of emsrgkimandatalsongErErates aveat 30968y gt oductendetheBEREC
(C2H2). The acetylene nust be hydrogenated back to ethylene which 5

usual |y | eadsdz@tavat, hydiegensnomé® @bhere. afvanase o5 enereyt,| yanded as
fuel, since there presently exists no efficient process that can convert

propane to prapy eie &L m@e@@/rs earehudir aeked1ahneoxiadiizj NgThd o -
al kanes to their corf%spondlng ol efins yﬁreagtlng thg alkgﬁg §Ztﬁ oxygen

ov
er catal yStSety méeﬁ/eermusgwbe hydrogenated back to ethylene which

5 usually leads to over hydrogenation to ethane.

Propane is currently used as fuel, since there
presently exists no efficient process that caﬁ convert
bropane to propylene.

There has been research directed at oxidizing

10 alkanes to their corresponding olefins by reacting the
‘alkane with oxygen over catalysts. However, low
gselectivity and low conversion rates were obtained. The
ﬁ:eaction generates large amounts of heat, which can melt
the catalyst as well as the reactor. Further, most of

15 these processes involve the direct contact of the alkane
with oxygen at high temperature and preséure, which is
potentially dangerous.

It is well known that alkanes can easily react with
CBrs, CHBr;, or CHzBr;, or react with bromine at low

20 temperatures (below 400°C) to form‘ alkane monobromides
or alkane dibromides. If a suitable catalyst is used,

the selectivity to alkane monobromide or dibromide can
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selectivity and | ow conversion rates were obtained. The reaction generates
| arge anmounts of heat, which can nelt the catalyst as well as the reactor.
Furt her, woaB/0ef1745 t hese processes involve the direct comcaatSonisihe

al kane with oxygen at high tenperature and pressure, which is potentially
dangerous. It is well known that al kanes can easily react with CBr4,

CHBr3, or CH2Br2, or react with bromne at low 20 tenperatures (bel ow "
4000) to form al kane monobroni des or al kane dibromides. If a suitable

catal yst is Sedveryhdighl etiang t yhen FSRarEHs@hBbEHs delectdividitoni ¢ can
29 WD 03/062172 PCT/ US02/ 22817 be very high (nore than 95% CH3CH2Br CH3

sel ectivity den rémchedichethe Thectéaat iien $kightiht bxoeketrhednandntsi s
very easy to control. In the next reaction, alkane bromde is converted to
olefin wth 1RQ% ceawer ston dena-di .passin anthesehesti vi-éycoveh, 9 kdience,
high olefin yield can be obtained in a single pass. In the process, the

direct contagopfi RXygen-dtd-ddkans bf@eﬁYH' gedn RN o e LRET atdon

safe. A further advantage of the present
5 pass) and selectivity over 95%. Hence, high olefin yield

can be obtained in a single pass. In the process, the
direct contact of oxygen with alkane is avoided, making
the operation safe. A further advantage of the present
invention is the wvirtual elimination of byproducts,
{ - 10 rendering recovery of the desired olefin substantially
easier then the conventional process. An even further
advantage of the present invention is the production of
the olefin without the production of the corresponding
alkyne, thus eliminating the need for partial

15 hydrogenation.
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invention is the virtual elimnation of byproducts, 10 rendering recovery
of the desired olefin substantially easier then the conventional process.
An even fwpotobms217advant age of the present invention is thecprusdueision of
the olefin without the production of the corresponding alkyne, thus
elimnating the need for partial 15 hydrogenation. 30 WD 03/062172

PCT/ US02/ 22817 EXAMPLE Part A. Al kane brom nation reacti on Propane

brom nation reaction 5 A m xture of propane (6.0Or/mnute) and brom ne (Br2
0.30m / hour) was passed into a reactor (glass tube ID 0.3811, heating zone
| ength 4"), which was heated to 270C. The effluent was anal yzed by GC/ MS.
100% brom ne conversion with 88. 9% 2ghamPLPr opane selectivity and - 10

11. 1% 1- br onopr opane sel ectivity were obtai ned. This reaction can also be a

catalysis 1ofLitof. Thekafid! BLYM a8l encouROUISE OF TI, 2, H. V. Nb. Ta,
CoRhIer,Pd,PtCuAg,

Propane bromination reaction
5 A mixture of propane (6.0ml/minute) and bromine (Brz.
0.30ml/hour) was passed into a reactor (glass tube 1ID
0.38", heating =zone length 4"), which was heated to
270°C. The effluent was analyzed by GC/MS. 100% bromine
conversion with 88.9% 2-bromopropane selectivity and
10 11.1% l-bromopropane selectivity were obtained.
Thig reaction can also be a catalysis reaction. The
catalysts are compounds of Ti.’ Zr, Hf, VvV, Nb, Ta, Cr,
Mo, W, Mn, Re, . Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag,
Au, Zn, Cd, B, Al, Ga, In, Tl1l, Si, Ge, Sn, Pb, P, Sb,
15}’Bi, s, ¢, Br, F, Sc¢, Y, Mg, Ca, Sr, Ba, Na, Li, K, O,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb, Lu, and Cs or
mixtures of such compounds. The reaction can be carried
out at a temperature range from about -10°C to about
600°C. The reaction pressure can be from about 1 to
20 about 200 atm. The reaction mixture can have a ratio of

propane to bromine from 0.1 to 100.
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Au, Zn, Cd, B, Al, &, In, TI, Si, G, Sn, Pb, P, Sb, 15 Bi, S, d, Br, F,
Sc, Y, My, Ca, Sr, Ba, Na, Li, K 0, La, Ce, Pr, Nd, Sm Eu, &, Tb, Er,
Yb, Lu, awoo@®6xr2 m xtures of such conpounds. The reacti @cTasa/ksitarri ed
out at a tenperature range from about -10C to about 600C. The reaction
pressure can be fromabout 1 to 20 about 200 atm The reaction m xture can
have a ratio of propane to brom ne fromO0.1 to 100. 31 WO 03/062172

PCT/ US02/ 22817 Bromni pati op o i sobut ane A m xture of isobutane

(6. On / mi nut SEAMPBTER R (B?%bu%a%%MI hour) was passed into a reactor
(glass tube ID 0.38", heating zone length 4"), which was heated to 5 220C.
The effl uent AaBizssres <l b}SG@lFJBnelofﬁg %?Vrﬁ‘#félt%)on@@@slwmlﬁ% d8%

2- brono- 2- et hyl - propane sel ectivity was obtained. This reaction can al so
be a catal ysiG.3@atthour) Thes cdadgdt $nice zompegnds ofgTass ziubef , IV, Nb,
Ta, C, 10 Mo, W M, Re, Fe, Ru, Co, Rh, Ir, N, Pd, Pt, Cu, Ag, Au, Zn,
Cd, B, A, Gxp.d4y, Theadindezohe PbongPh SPY), which was heated to
5 220°C. The effluent was analyzed by GC/MS. 100% bromine
convergion with 99% 2—bromo—2-ﬁethyl—propane selectivity
was obtained.
This reaction can also be a catalysis réaction. The
catalysts are compounds of Ti, Zr, Hf, VvV, Nb, Ta, Cr,
10 Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag,
Au, Zn, Cd4, B, Al, Ga, In, Tl1, S8i, Ge, Sn, Pb, P, Sb,
Bi, 8, ¢l, Br, F, Sc¢, Y, Mg, Ca, Sr, Ba, Na, Li, K, O,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb, Lu, and Cg or
mixtures of such compounds. The reaction can be carried
15 out at a temperature range from about -10°C to about
© 600°C. The reaction pressure can be from about 1 to

about 200 atm. The reaction mixture can have a ratio of

isobutane to bromine from 0.1 to 100.
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Bi, S, d, Br, F, Sc, Y, My, Ca, Sr, Ba, Na, Li, K 0O, La, Ce, Pr, Nd, Sm
Eu, &d, Th, Er, Yb, Lu, and Cs or mxtures of such conpounds. The reaction
can be cawpios@6zli32 out at a tenperature range from about - POTSo2/2d30Ut

600C. The reaction pressure can be fromabout 1 to about 200 atm The
reaction m xture can have a ratio of isobutane to bromne fromO0.1 to 100.
32 WD 03/062172 PCT/ US02/ 22817 Part B. The reaction of al kane brom des
with nmetal oxides Preparation of Zr solution netal oxide Zr (OCH2CH2CH3) 4
(70(W) % i n i BaptopBrol The12reaetionasof 5 aflkang v&RFamidesicatith a@sfal
(275m )under stirring. After stirring for 10 m nutes, the solution was
diluted wi thoxwdeer to nake a total volume of 500mL. A solution with a Zr
a concentration of 0.5M was obtained. 10 Preparation of Mo Cu(N03)2 (0.5M
4.00m ) sol upirepavatiafded zat ecfaBidn RtaY okidm ). A clear solution was

obtained. To this solution, Zr solution (0.5M 8.0m) as prepared above
Zr (OCH,CH,CH3) 4 (70(w)% in isopropancl, 112.6 ml) was
5 dissolved into acetic acid (275ml)- under stirring. After
stirring for 10 minutes, the solution was diluted with

water to make a total volume of 500ml. A solution with a

Zr a concentration of 0.5M was obtained.

10 Preparation of M5
Cu(NO3), (0.5M, 4.00ml) solution was added into CaBr
(0.5M, 4.00ml). A clear solution was obtained. To this
solution, Zr solution (0.5M, 8.0ml) as prepared above
was added under. stirring. After stirring for a few
15 seconds, a gel was obtained. The gel was dried at 110°C
for 4 hours, then heated to 500°C within 6 hours, and

calcined at 500°C for 4 hours. M5 was obtained.
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was added under stirring. After stirring for a few 15 seconds, a gel was
obt ai ned. The gel was dried at 110C for 4 hours, then heated to 500C

wi thin 6 wousm¢21and cal ci ned at 500C for 4 hours. M was pahtzozen$i7 33 WO
03/ 062172 PCT/ US02/ 22817 Preparation of M6 Cu(N03)2 (0.5M 7.20n1)
solution was added into BaBr2 (0.5M 0.80mL). A clear solution was
obtained. To this solution, Zr solution (0.5M 8.01) as prepared above 5
was added under stirring. After stirring for a few seconds, a gel was
obt ai ned. ThEXRA2XAELHR i¥H ¥® 110C for 4 hours, then heated to 500C
within 6 hours, and calcined at 500C for 4 hours. M5 was obtained. 10
Prepar ation ¢fu (O:A:Cu(NOBY2 (70.25M1)8. 80ty ionl uveen avdedddad-ad nBeBzr
solution (0.5M 8.0nl) as prepared above was added under .stirring. After
stirring for @ famy seceodld) .agetlaas sobtained waheobebinad.drfedthis110C
for 4 hours, then 15 heated to, 500C wthin 6 hours, and cal cined at 500C

for 4 hours. JWiWesoPbt @i-negoiution (0.5M, 8.0ml) as prepared above
5 was édded under stirring. After stirring for a few
seconds, a gel was obtained. The gel was dried at 110°C

for 4 hours, then heated to 500°C within 6 hours, and

calcined at 500°C for 4 hours. M6 was obtained.

10 Preparation of M7
A Cu(NO3), (0.5M, 8.00ml) solution was added into Zr
solution (0.5M, 8.0ml) as prepared above was added under
stirring. After stirring for a few seconds, a gel was
obfained. The gel was dried at 110°C for 4 hours, then
15 heated to 500°C within 6 hours, and calcined at 500°C

for 4 hours. M7 was obtained.
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34 WD 03/062172 PCT/ US02/ 22817 Testing on Mb 2-bronopropane (0. 25nil/ hour)
and nitrogen (5.0mM/mnute) were passed through a reactor (glass tube ID
0. 38", hwetosieeizone | ength 4") that was packed wi th 0.87@Cgriasor/shb and
heated to 200C. 100% 2- br onopr opane conversion wth nore than 95%

propyl ene selectivity was obtained wthin the first 40 mnutes. As the
reaction proceeds, the CuOis converted to CuBr2, and the 2-bronopropane
conversion rate decreases. Wen the reaction was carried 10 out at 180C,
wi thin the b&gistingy o0 MA nutes, 99% propyl ene selectivity was reached

Wi th 2-bronopropane conversion. nore the 60% 1-brono-2-nethyl-propane
(0. 29m/ hour p -ddmeigropgere (6. {SmDitdum nusel weteopass el tulobginwe)eact or
(glass tube 1D 0.38", heating zone length 4") that was packed with

0. 8701gr am Myeahd /Bﬁ@ts%a t en2306h 1D0%ckdHND~(31 a8t hyliber opaney GWer si on
with nore than 96% 2-net hyl - propyl ene selectivity was obtained within the

first 20 hou%ed%%ﬁd“%éfgcigﬂgtﬂr295e%§%&iﬂ%%tﬁgcﬁgg)hﬁth 0.8701gram
5 M5 and heated to 200°C. 100% 2-bromopropane conversion

with more than 95% propylene selectivity was obtained

within the first 40 minutes. As the reaction proceeds,

the CuO is converted to CuBr;, and the 2-bromopropane

conversion rate decreases. When the reaction was carried

10 out at 180°C, within the beginning 10 minutes, 99%

propylene selectivity was reached with 2-bromopropane

conversion. more the 60%.

1-bromo-2-methyl-propane (0.29ml /hour) and nitrogen
15 (5.0ml/minute) were passed through a reactor (glass tube
ID 0.38", heating zone length 4") that was packed with
0.8701lgram M5 and heated to 220°C. 100% 1l-bromo-2-
methyl-propane conversion with more than 96% 2-methyl-
propylene selectivity was obtained within the first
20 hour. As the reaction progresses and the Cu0 is
converted to CuBr,, the 2-bromopropane conversion

decreases.

35



converted to CuBr2, the 2-bronopropane conversion decreases. 35 WO

03/ 062172 PCT/ US02/ 22817 1- brono-propane (0.24nl/ hour) and nitrogen

(5. 0m / mwotoapeer e passed through a reactor (glass tube PCDUE0B&817 heati ng
zone length 4") that was packed with 0.8701gram Mbo and heated to 220C
100% 1- br ono- propane 5 conversion wth nore than 90% propyl ene sel ectivity
was obtained within the first 20 mnutes. 2-brono-2-nethyl-propane
(0.31nl/ hour) and nitrogen (5.0m /mnute) were passed through a reactor

(gl ass tube 10bkBmd-pRopameat i ng ZOne4mdrifgiomrd") t hatangas packed ngiden
0.8701gram Mb and heated to 180C. 100% 2- br onp-2- net hyl - propane conversion

with nmore thas, 96/ Armkidey| waioopydaned sehestdlvi 4y reastobt digledswithitien t he

first hour. 15 Testing on M6 A m xture of 1-bronopropane and

2-br onopr opane, (yoJghme hdsl) n0R3l/ N dn 2Rd) Nith=e06kk & SpARKEH! RKte) was
0.8701lgram M5 and heated to 220°C. 100% 1-bromo-propane

5 conversion with more than 90% propylene selectivity was

obtained within the first 20 minutes.r

2-bromo-2-methyl-propane (0.31ml/hour) and nitrogen
(5.0ml/minute) were passed through a reactor (glass tube
10 ID 0.38", heating zone length 4") that was packed with
0.8701gram M5 and heated to 180°C. 100% 2-bromo-2-
methyl-propane conversion with more than 96% 2-methyl-
propylene selectivity was obtained within the first
hour.
15
Testing on M6
A mixture of 1l-bromopropane and 2-bromopropane (volume
1:1) (0.25ml/hour) Aand nitrogen (5.0ml/minute) was
passed through a reactor (glass tube ID 0.38", heating
20 zone 1length 4") that was'packed with 0.8980gram Mé and

heated to 200°C. 100% reactant conversion with more than
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passed t hrough a reactor (glass tube ID 0.38", heating 20 zone |l ength 4")
that was packed wth 0.8980gram M6 and heated to 200C. 100% r eact ant
conver si owowswbteinore than 36 WO 03/ 062172 PCT/ US02/ 22817 pCI0KIpespy| ene
selectivity was obtained within the first 10 m nutes. Testing on M7 5 A

m xture of 1-brono-2-nethyl-propane and 2-brono-2- nethyl - propane (vol une
1:1) (0.30nl/hour) and nitrogen (5.0m/mnute) were passed through a
reactor (glass tube 1D 0.38", heating zone length 4") that was packed with
0. 8500gr am MP &nhdpheryédneo sEAGCEiMI0M reaet ahtalngdce oridrist dgrhev EATABr e
than 95% propyl ene selectivity was obtained within the first 40 m nutes.
The netal oxideaniusedeabove can be oxides of the followng netals: Ti, Zr,
H, V, No, Ta, &, Mo, W M1, 15 Re, Fe, Ru, Co, Rh, Ir, N, Pd, Pt, Cu,
Ag, Au, Zn, C, B, Al, &G, In, T1, Si, G, Sn, Pb, P, Sh, Bi, S, d, Br,

F, Sc, Y, My, Ca, Sr, Ba, Na, Li, K La, Ce, Pr, Nd, Sm Eu, &, Tb, Er,

Yb, Lu, and Gas@anfhgi &huggs thereof.

5 A mixture of l—bromo—z-methyl—propane and 2—b?omo—2—
methyl-propane (volume 1:1) (0.30ml/hour) and nitrogen
(5.0ml/minute) were passed through a reactor (glass tube
ID 0.38", heating zone length 4") that was packed with
0.8500gram M7 and heated to 220°C. 100% reactant:

10 conversion with more than 95% propylene selectivity was

obtained within the first 40 minutes.

The metal oxides used above can be oxides of the
following metals: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn,
15 Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd,
B, Al, Ga, In, Tl, 8i, Ge, Sn, Pb, P, Sb, Bi, S8, Cl, Br,
F, Sc¢, Y, Mg, Ca, Sr, Ba, Na, Li, K, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Er, Yb, Lu, and Cs and mixtures thereof.
The reaction can be carried out at a temperature range
20 from about 50°C to about 600°C. The reaction pressure
can be from about 1 to about 200 atm. The reaction can

be carried out with or without nitrogen. The metal
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The reaction can be carried out at a tenperature range 20 from about 50C to
about 600C. The reaction pressure can be fromabout 1 to about 200 atm

The reactworsmea172 be carried out with or without nitrogenpPCThsozetsat 37 WO
03/ 062172 PCT/ US02/ 22817 brom de was converted to netal oxide (Mp, M5, and
M/) in oxygen or in air to obtain netal oxide and brom ne at a

tenperature range of about 50 to about 700C under pressure range from
about 1 to about 300atm 5 It will therefore be understood that the nethod
and appar at ¥R AT IR CTERENEP oRSBpEr akédeod My, ¥ént iafsbUé Jorimat ch

basis to convert al kanes to alcohols, ethers, and ol efins.

The net hod and

appar at us 10 cafyaehe @r eSeneirntentbtmiopareitals axidel andvblrpriioe at a
tenperatures and at | ow pressures and is therefore economcal to

manuf act ure arthpésetuldte h=eRenepfWhiabbuti s50titbzegbout t heo ored hagh gl
apparatus of the present invention, is continuously recycled. The netal

oxide, 15 WhiggRdstird Iddikfd frbnt RHRUOCESS IsbAANTE dBaUR! Y

5

It will therefore be understood that the method and

apparatus of the present invention operates on a

continuous or Dbatch Dbasis to convert

alkanes to

alcohols, ethers, and olefins. The method and apparatus

10 of the present invention operates at relatively low

temperatures and at low pressures and isg

therefore

economical to manufacture and use. The bromine, which

is utilized in the method and apparatus of the present

invention, is continuousgly recycled. The metal oxide,

15 which i1s utilized in the process is continuously

refreshed.

20

4Although preferred embodiments of the invention
have been illustrated in the accompanying Drawings and
described in the foregoing Detailed Description, it will
be understood that the invention is not limited to the
embodimenfs disclosed but 1is <capable of numerous

rearrangements, modifications, and substitutions of
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refreshed. Al though preferred. enbodi nents of the invention have been
illustrated in the acconpanying Drawi ngs and described in the foregoing
Det ai | ed Wegsmsprz on, it will 20 be understood that the i meaniSopmsis not
limted to the enbodinents disclosed but is capable of nunerous
rearrangenents, nodifications, and substitutions of 38 WD 03/062172

PCT/ US02/ 22817 parts and el enents wi thout departing fromthe spirit of
the invention. 39 WO 03/062172 PCT/US02/ 22817 THE CLAIMS 1. A nethod for
converting neeklése 2ol neténemts wdhpoubi dgpaptdviadifrpra ghaneptiyisf of
nmet hane; 5 providing a quantity of brom ne; reacting the nethane with the
brom ne and thketekynftdwosi.ng br ononmet hane, hydrogen brom de, and by
products CH2Br2, CHBr3, and CBr4 ;
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reacting the by products with nethane in the 10 presence of an
el ectrophilic catalyst to form brononethane; directing the nethyl brom de

and t he hyoroemex172 brom de i nto engagenent with a neta

t hereby form ng methanol and a netal brom de; 15 oxidizing the netal

brom de to formthe

oxi de;

met hod according to claim1l wherein the el ectrophilic catalyst
fromthe group idcluditngmatBpd akelr SssvertdnorheckbeRsd &ecorelirpeb

oxipda/usar/2dsyst and

original metal oxide and brom ne; recycling the netal

, and recycling the bromne. 20 2. The nethod according to claiml
wherein the _step _of reacting the by products with nmethane is carried
in the presedd® §F%M%ss nmethane. 40 WD 03/ 062172 PCT/ US02/ 22817 3. The

out

is selected

claiml1l wherein the step of mxing the methane and the bromine is carried
out at a net lampxtieimoom ne ratio fromabout 1:10 to )

providing a gquantity of methane;
5 providing a quantity of bromine;
reacting the methane with the bromine and
thereby forming bromomethane, hydrogen bromide, and by
products CH;Br;, CHBr;, and CBry;
reacting the by products with methane in the
10 presence of an electrophilic catalyst to form
bromomethane;
directing the methyl bromide and the hydrogen
bromide into engagement with a metal oxide catalyst and
thereby forming methanol and a metal bromide;
15 oxidizing the metal bromide to form the
original metal oxide and bromine;
recycling the metal oxide; and

recycling the bromine.
20 2. The method according to c¢laim 1 wherein the

step of reacting the by products with methane is carried

out in the presence of excess methane.

40



about 100:1 (by nole). 10 5. The nmethod according to claim1 wherein the
step of mxing the nethane and the bromne is carried out at a nethane to
brom ne rwpios/obriom about 1:1 to about 10:1 (by nole). 15PET/US®2BIDCESS
according to claim1l wherein the step of mxing the nethane and the
bromne is carried out at a nethane to bromne ratio fromabout 1:1 to
about 5:1 (by nmole). 20 41 WD 03/062172 PCT/ US02/ 22817 7. The net hod
according to claim1 wherein the step of _m xing the pethane_and .the brom ne
is carried out at®-a tener BeGReofaHRTRE abdut C2BEMand ¥bsHeiMdobRe 5 8.
The process according to claim1 wherein the step of m xing the nethane
and t he broniedeats iMidhe catalyst 1is selected from the group

including AlBrs; and SbFs.

5 4. The method ac co‘rding to claim 1 wherein the
step of mixing the methane and the bromine is carried
out at a methane to bromine ratio fxrom about 1:10 to

about 100:1 (by mole).

10
5. The method according to claim 1 wherein the
step of mixing the methane and the bromine is carried
out at a methane to bromine ratio from about 1:1 to
about 10:1 (by mole).
15

6. The process according to claim 1 wherein the
step of mixing the methane and the bromine is carried
out {at a methane to bromine ratio from about 1:1 to
about 5:1 (by mole).

20
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met hyl brom de and hydrogen brom de and the step of contacting the nethyl
brom de and - the hydrogen bromde 10 with a netal oxide are carried out
cont i nuouwby3s/082177he process according to clai m1 wherei nPChaSOE2mBp7 of

m xi ng the nethane and the bromne to formthe nethyl brom de and hydrogen
brom de and the step of 15 contacting the nethyl brom de and the hydrogen
bromde wth a netal oxide are carried out in a batch reaction. 10. The
nmet hod according to claim 1l wherein the step of oxidizing the netal brom de
to formthe originmal Zhearemathodi dewatdingt tandtlain ne, wheee sh e piaf
recycling the nmetal oxide, and the step of recycling the bromne are

carried out eespl NdPURLYind? M2 OREREZALZ R/ US2h228kihe 115 Ha-rRIh0d

according to claimt wherein the step of oxidizing the netal bromide to
formthe ori Sg'ﬂa' at talce%?'eg&ﬁ%a'é’ét b%@%egﬁon%‘&tt BRo3t ePn gt a{b%‘%c' ' ng
the netal oxide, and the step or recycling the bronine™ 5 aré carried out
in a batch reaction. 43

400°C.

5
8. The process according to claim 1 wherein the
step of mixing the methane and the bromine to form the
methyl Dbromide and ﬁhydrogen‘ bromide and the step of-

contacting the methyl bromide and -the hydrogen bromide

10 with a metal oxide are carried out continuously.

9. The process according to claim 1 wherein the
step of mixing the methane and the bromine to form the
methyl bromide and hydrogen bromide and the gstep of

15 contacting the methyl bromide and the hydrogen bromide

with a metal oxide are carried out in a batch reaction.

10. The method according to claim 1 wherein the

step of oxidizing the metal bromide to form the original

20 metal oxide catalyst and bromine, the step of recycling
the metai oxide, and the step of recycling the bromine

are carried out continuously.
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WO 03/ 062172 PCT/ US02/ 22817 12. An apparatus for converting nethane to

nmet hanol and/or ether conprising: a first reactor; neans for directing

nmet hane awo obioearrne into 5 the reactor to produce brononmecharse2/21sytr ogen
brom de, and by products CH2Br2, CHBr3, and CBr4; a second reactor; neans
for directing at |east the by products and nethane into the second reactor
for reaction in the 10 presence of an electrophilic catalyst to form

br ononet hane; a reaction bed conprising a solid netal oxide;, neans for

di recting bronnneﬂﬂaneﬁﬁ%iW@%P%geﬁCQ%Q#Wﬂ% EPorfikae f iy sYheRetBeddifd
reactors into contact 15 with the netal oxide to form nmethanol and/or ether
and netal beésbdef skt Figg dxXiadimeyl threomidel tor Saicte the fanimingde
original metal oxide and brom ne; and neans for recycling the original

nmet al oxi de m2@adncxite: braralwest and bromine, the step of recycling

the metal oxide, and the step of recycling the bromine

5 are carried out in a batch reaction.

43



44

WO 03/062172 PCT/US02/22817

10

15

20

12. An épparatus for converting methane to

methanol and/or ether comprising:

a first reactor;

means for directing methane and bromine into
the reactor to produce bromomethane, hydrogen bromide,
and by products CH;Br,, CHBrj3, and CBry;

a second reactor;

means for directing at least the by products
and‘methane into the second reactor for reaction in the
presence of an electrophilic catalyst to form
bromomethane;

a reaction bed comprising a solid metal oxide;

means for directing bromomethane and hydrogen
bromide from the first and second reactors into contact
with the metal oxide to form methanol and/or ether and
metal bromide;

means for oxidizing the‘metal bromide to form
the original metal oxide and bromine; and

means for recycling the original metal oxide

and the bromine.
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