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BACKGROUND OF THE INVENTION

REFERENCE TO RELATED PATENT APPLICATION:

This application is a continuation-in-part of U.S. Pat. No. 7,244,867 issued on
Jul. 17, 2007 and entitled "Process for Converting Gaseous Alkanes to Liquid
Hydrocarbons”.

This application is related to the following copending patent applications: U.S.
patent application Ser. No. 11/254,438 filed on Oct. 19, 2005 and entitled “Process for
Converting Alkanes to Olefins and Liquid Hydrocarbons”; and, U.S. patent application
Ser. No. 11/778,479 filed on Jul. 16, 2007 and entitled “Process for Converting

Gaseous Alkanes to Liquid Hydrocarbons.”

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION:

The present invention relates to a process for converting lower molecular
weight, gaseous alkanes to liquid hydrocarbons useful for the production of fuels, and
more particularly, to a process wherein a gas containing lower molecular weight
alkanes is reacted with a dry bromine vapor to form alkyl bromides and hydrobromic
acid which in turn are reacted over a crystalline alumino-silicate catalyst to form liquid

hydrocarbons.

DESCRIPTION OF RELATED ART:

Natural gas which is primarily composed of methane and other light alkanes
has been discovered in large quantities throughout the world. Many of the locales in
which natural gas has been discovered are far from populated regions which have
significant gas pipeline infrastructure or market demand for natural gas. Due to the
low density of natural gas, transportation thereof in gaseous form by pipeline or as
compressed gas in vessels is expensive. Accordingly, practical and economic limits
exist to the distance over which natural gas may be transported in gaseous form exist.
Cryogenic liquefaction of natural gas (LNG) is often used to more economically
transport natural gas over large distances. However, this LNG process is expensive
and there are limited regasification facilities in only a few countries that are equipped
to import LNG.

Another use of methane found in natural gas is as feed to processes for the
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FIELD OF THE INVENTION: The present invention relates to a process for converting lower
molecular weight, gaseous alkanes to liquid hydrocarbons useful for the production of fuels, and more
particularly, to a process wherein a gas containing lower molecular weight alkanes is reacted with a
dry bromine vapor to form alkyl bromides and hydrobromic acid which in turn are reacted over a
crystalline alumino-silicate catalyst to form liquid hydrocarbons. DESCRIPTION OF RELATED ART:
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a large fraction of the capital costs for these methane conversion processes.

Numerous alternatives to the conventional production of synthesis gas as a
route to methanol or synthetic liquid hydrocarbons have been proposed. However, to
date, none of these alternatives has attained commercial status for various reasons.
Some of the previous alternative prior-art methods, such as disclosed in U.S. Pat. No.
5,243,098 or 5,334,777 to Miller, teach reacting a lower alkane, such as methane, with
a metallic halide to form a metalous halide and hydrohalic acid which are in turn
reduced with magnesium oxide to form the corresponding alkanol. However,
halogenation of methane using chlorine as the preferred halogen results in poor
selectivity to the monomethyl halide (CHCI), resulting in unwanted by-products such
as CH,CIl, and CHCI; which are difficult to convert or require severe limitation of

conversion per pass and hence very high recycle rates.
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Numerous alternatives to the conventional production of synthesis gas as a route to methanol or
synthetic liquid hydrocarbons have been proposed. However, to date, none of these alternatives has
attained commercial status for various reasons. Some of the previous alternative prior-art methods,
such as disclosed in U.S. Pat. No. 5,243,098 or 5,334,777 to Miller, teach reacting a lower alkane,
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In another characterization of the present invention, a process is provided for converting gaseous
alkanes to liquid hydrocarbons wherein a gaseous feed having lower molecular weight alkanes is
reacted with bromine vapor to form alkyl bromides and hydrobromic acid. The alkyl bromides and
hydrobromic acid are reacted in the presence of a synthetic crystalline alumino-silicate catalyst and at
a temperature sufficient to form higher molecular weight hydrocarbons and hydrobromic acid vapor.
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wherein a gaseous feed having lower molecular weight alkanes is reacted with bromine vapor to form
alkyl bromides and hydrobromic acid. The alkyl bromides and hydrobromic acid are reacted in the
presence of a synthetic crystalline aBHYHAARICAE ChlalsY BN I8N temperature sufficient to form
higher molecular weight hydrocarbons and hydrobromic acid vapor. The hydrobromic acid vapor is

removed from said higher moleculgr weight hydrocarbons by reaction with a metal oxide to form a first
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incorporated in and form a part of the specification, illustrate the embodiments of the present invention
and, togeth& (At RSRIR0RS N, T REQeeaR MIATPIRE D IFRGHI P ATE FHIRE AN PR wings:

molecular weight alkanes with bromine vapor to form alkyl bromides and hydrobromic
acid. The alkyl bromides and hydrobromic acid are reacted in the presence of a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form
higher molecular weight hydrocarbons and hydrobromic acid vapor. The hydrobromic
acid vapor is removed from the higher molecular weight hydrocarbons by reacting the
hydrobromic acid vapor with a metal oxide to form a metal bromide and steam.

In another characterization of the present invention, a process is provided for
converting gaseous alkanes to liquid hydrocarbons wherein a gaseous feed having
lower molecular weight alkanes is reacted with bromine vapor to form alkyl bromides
and hydrobromic acid. The alkyl bromides and hydrobromic acid are reacted in the
presence of a synthetic crystalline alumino-silicate catalyst and at a temperature
sufficient to form higher molecular weight hydrocarbons and hydrobromic acid vapor.
The hydrobromic acid vapor and the higher molecular weight hydrocarbons are
transported to a first vessel having a bed of metal oxide patrticles, the hydrobromic acid
vapor reacting with the bed of metal oxide particles to form metal bromide particles
and steam.

In still another characterization of the present invention, a process is provided
for converting gaseous alkanes to liquid hydrocarbons wherein a gaseous feed having
lower molecular weight alkanes is reacted with bromine vapor to form alkyl bromides
and hydrobromic acid. The alkyl bromides and hydrobromic acid are reacted in the
presence of a synthetic crystalline alumino-silicate catalyst and at a temperature
sufficient to form higher molecular weight hydrocarbons and hydrobromic acid vapor.
The hydrobromic acid vapor is removed from said higher molecular weight
hydrocarbons by reaction with a metal oxide to form a first metal bromide and steam.

The first metal bromide is oxidized with an oxygen containing gas to form bromine
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FIG. 1 is a simplified block flow diagram of the process of the present invention; FIG. 2 is a schematic
view of one embodiment of the process of the present invention; FIG. 3 is a schematic view of
another embodiment of process of the present invention; FIG. 4 is a graph of methyl bromide
conversion and product selectivity for the oligimerization reaction of the process of the present
invention as a function of temperature; FIG. 5 is a graph comparing conversion and selectivity for

the example;gidnetnd bremiseyalsyrhy deabieinic agidanthenethRnfdeis sroNysBity hisgnide plus
methane; FIG. 6 is a graph of product selectivity from reaction of methyl bromide and

dibromomett?'urgﬁqé S. product selectivity from reaction of methyl bromide only; FIG. 7 is a graph of
a Paraffinic Olefinic Napthenic and Aromatic (PONA) analysis of a typical condensed product sample

of the process of the present iIngQMEPIBESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and form a part of the
specification, illustrate the embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.

In the drawings:

FIG. 1 is a simplified block flow diagram of the process of the present invention;

FIG. 2 is a schematic view of one embodiment of the process of the present
invention;

FIG. 3 is a schematic view of another embodiment of process of the present
invention;

FIG. 4 is a graph of methyl bromide conversion and product selectivity for the
oligimerization reaction of the process of the present invention as a function of
temperature;

FIG. 5 is a graph comparing conversion and selectivity for the example of
methyl bromide, dry hydrobromic acid and methane versus only methyl bromide plus
methane;

FIG. 6 is a graph of product selectivity from reaction of methyl bromide and
dibromomethane vs. product selectivity from reaction of methyl bromide only;

FIG. 7 is a graph of a Paraffinic Olefinic Napthenic and Aromatic (PONA)
analysis of a typical condensed product sample of the process of the present
invention;

FIG. 8 is a graph of a PONA analysis of another typical condensed product
sample of the present invention;

FIG. 9A is schematic view of another embodiment of the process of the present
invention;

FIG. 9B is a schematic view of the embodiment of the process of the present
invention illustrated in FIG. 9A depicting an alternative processing scheme which may
be employed when oxygen is used in lieu of air in the oxidation stage;

FIG. 10A is a schematic view of the embodiment of the process of the present
invention illustrated in FIG. 9A with the flow through the metal oxide beds being

reversed;



FIG. 8 is a graph of a PONA analysis of another typical condensed product sample of the present
invention; FIG. 9A is schematic view of another embodiment of the process of the present
invention; FIG. 9B is a schematic view of the embodiment of the process of the present invention
illustrated in FIG. 9A depicting an alternative processing scheme which may be employed when
oxygen is used in lieu of air in the oxidation stage; FIG. 10A is a schematic view of the

embodiment of theruaensioftReHyiaaaptievestior drpbalein &flthe Procelds thewhie wrdleigh the
metal oxide.beds.bel\ll?]sreve . 10B is a sgchematic view of the((ir%bodimeﬂt of the process

of the presehY VeRt Hﬁf&@%g%f‘?n E?gl. BRUEALAE R Pl Db WARE & vhich may
be employebeveepiayegoeneis axyaimsioaetinilidn tHaioxidhtoxigaige;stage;

FIG. 11A is a schematic view of another embodiment of the process of the
present invention;

FIG. 11B is a schematic view of the embodiment of the process of the present
invention illustrated in FIG. 11A depicting an alternative processing scheme which may
be employed when oxygen is used in lieu of air in the oxidation stage;

FIG. 12 is a schematic view of another embodiment of the process of the
present invention;

FIG. 13 is a schematic view of the embodiment of the process of the present
invention illustrated in FIG. 12 with the flow through the metal oxide beds being
reversed; and

FIG. 14 is a schematic view of another embodiment of the process of the

present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As utilized throughout this description, the term “lower molecular weight
alkanes” refers to methane, ethane, propane, butane, pentane or mixtures thereof. As
also utilized throughout this description, “alkyl bromides” refers to mono, di, and ftri
brominated alkanes. Also, the feed gas in lines 11 and 111 in the embodiments of the
process of the present invention as illustrated in FIGS. 2 and 3, respectively, is
preferably natural gas which may be treated to remove sulfur compounds and carbon
dioxide. In any event, it is important to note that small amounts of carbon dioxide, e.g.
less than about 2 mol %, can be tolerated in the feed gas to the process of the present

invention.

A block flow diagram generally depicting the process of the present invention is
illustrated in FIG. 1, while specific embodiments of the process of the present invention
are illustrated in FIGS. 2 and 3. Referring to FIG. 2, a gas stream containing lower
molecular weight alkanes, comprised of a mixture of a feed gas plus a recycled gas
stream at a pressure in the range of about 1 bar to about 30 bar, is transported or
conveyed via line, pipe or conduit 62, mixed with dry bromine liquid transported via line
25 and pump 24, and passed to heat exchanger 26 wherein the liquid bromine is

vaporized. The mixture of lower molecular weight alkanes and dry bromine vapor is
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FIG. 11A is a schematic view of another embodiment of the process of the present invention;

FIG.

11B is a schematic view of the embodiment of the process of the present invention illustrated in FIG.
11A depicting an alternative processing scheme which may be employed when oxygen is used in lieu

of air in the oxidation stage;
the present invention;

FIG. 12 is a schematic view of another embodiment of the process of
FIG. 13 is a schematic view of the embodiment of the process of the

present invegdien ibusteriedl iprEl&radiy, Wi HuRaf oxidhepugitinadrelabowisghedicabeng reyersed; and

FIG. 14 is
DETAILED
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30 has an inlet pre-heater zone 28 which heats the mixture to a reaction initiation

temperature in the range of about 250° C. to about 400° C.

In first reactor 30, the lower molecular weight alkanes are reacted
exothermically with dry bromine vapor at a relatively low temperature in the range of
about 250° C. to about 600°C., and at a pressure in the range of about 1 bar to about
30 bar to produce gaseous alkyl bromides and hydrobromic acid vapors. The upper
limit of the operating temperature range is greater than the upper limit of the reaction
initiation temperature range to which the feed mixture is heated due to the exothermic
nature of the bromination reaction. In the case of methane, the formation of methyl

bromide occurs in accordance with the following general reaction:

CHs(9) +Bra(g) —» CH3Br(g) + HBr(g)

This reaction occurs with a significantly high degree of selectivity to methyl
bromide. For example, in the case of bromination of methane with a methane to
bromine ratio of about 4.5:1 selectivity to the mono-halogenated methyl bromide is in
the range of 90 to 95%. Small amounts of dibromomethane and tribromomethane are
also formed in the bromination reaction. Higher alkanes, such as ethane, propane and
butane, are also readily bromoninated resulting in mono and multiple brominated
species. If an alkane to bromine ratio of significantly less than about 2.5 to 1 is
utilized, selectivity to methyl bromide substantially lower than 90% occurs and
significant formation of undesirable carbon soot is observed. It has also been shown
that other alkanes such as ethane, propane and butane which may be present in the
feed gas to the bromination reactor are readily brominated to form ethyl bromides,
propyl bromides and butyl bromides. Further, the dry bromine vapor that is feed into
first reactor 30 is substantially water-free. Applicant has discovered that elimination of
substantially all water vapor from the bromination step in first reactor 30 substantially
eliminates the formation of unwanted carbon dioxide thereby increasing the selectivity
of alkane bromination to alkyl bromides and eliminating the large amount of waste heat
generated in the formation of carbon dioxide from alkanes.

The effluent that contains alkyl bromides and hydrobromic acid is withdrawn

from the first reactor via line 31 and is partially cooled to a temperature in the range of



As utilized throughout this description, the term "lower molecular weight alkanes" refers to methane,
ethane, propane, butane, pentane or mixtures thereof. As also utilized throughout this description,
"alkyl bromides" refers to mono, di, and tri brominated alkanes. Also, the feed gas in lines 11 and 111
in the embodiments of the process of the present invention as illustrated in FIGS. 2 and 3,
respectively, is preferably natural gas which may be treated to remove sulfur compounds and carbon
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degree of sggﬁg}yity to methyl bromide. For example, in the case of bromination of methane with a
methane to bromine ratio of about 4.5:1 selectivity to the mono-halogenated methyl bromide is in the
range of 90 to 95%7 r@nterhparasuresabirdilstothe raedoad g eaniotriBfoinh oprraiaddsase akieoftanted in the

brominationaagtian: HigberAIKRRaRe LUHLAN S BARE. CRIPRNSADH RIHGRR Bre-ASRRaALY

bromoninated resulting in mono and multiple brominated species. If an alkane to bromine ratio of
significantly TEHAn YRG0 J44E TYdrarRsRe RIRURI Y 1 nRtASATBHERIER SRBRL TR Ewer than
90% occursreacisigdifezanttéonpeatiomeoivithtegica e gmdicabsodtlB0disetsed. IThapalswtesen shown

that other a S a e, pr b whi V. ntin the as to the
lanRs SHE: §c%fﬁ‘y . W,ﬂfé’ﬂ‘%%tgc%m}%&tﬁ%r Richima .H@r@%%éﬁ &ﬂ%&? JESEr

bromination reactor are rea rominate yl bromides, propyl bromides and butyl
bromides. P8R tRe drySHFENfR &/ DapRIrapIS: RefbaRan i RSt WEF 3DMPUALRH IRIFFIv&Ster-free.
Applicant hgseriscon eeeditiaheliainatioveghs ubsiathatyralbivatetapar fremdhedw@roingdéon step in

frst reactor 30, subs(antally elimynales:ih lomatian,of unuantsd garbon dloxide iherely lncreasing
the selectivitty alkane braomination ogkyl romides and eliminating %ﬁellarge amount of waste heat

generated iRghef@InEHSCofgieandibgity faeemiglkaeeyersion on the order of 20% is noted,
with a high selectivity towards Cs+ products. Also it is noted that methyl bromide

appears to be more reactive over a lower temperature range relative to methyl chloride
or other substituted methyl compounds such as methanol. Notably, in the case of the
alkyl bromide reaction over the preferred zeolite ZSM-5 catalyst, cyclization reactions
also occur such that the C7+ fractions are composed primarily of substituted
aromatics. At increasing temperatures approaching 300° C., methyl bromide
conversion increases towards 90% or greater, however selectivity towards Cs+
products decreases and selectivity towards lighter products, particularly undesirable
methane, increases. Surprisingly, very little ethane or C,,-C; olefin components are
formed. At temperatures approaching 450° C., almost complete conversion of methyl

bromide to methane occurs. In the optimum operating temperature range of between

8 o



The effluent that contains alkyl bromides and hydrobromic acid is withdrawn from the first reactor via
line 31 and is partially cooled to a temperature in the range of about 150 C. to about 350 C. in heat
exchanger 32 before flowing to a second reactor 34. In second reactor 34, the alkyl bromides are
reacted exothermically at a temperature range of from about 150 C. to about 450 C., and a pressure in
the range of about 1 to 30 bar, over a fixed bed 33 of crystalline alumino-silicate catalyst, preferably a

zeolite catabséupdonegreratrably-a £ phrodieelicteatasionltena Msouaobte sdahsiis
preferably sefj in the hgﬁjro en, sodium or ma(gjg.esium fortm the zeolite mqaeéalso. be rmdified by ion
exchange \%?fﬁ %tH@r%ﬂk Fmgfgfyéét%vﬁg, Wén TP RBSR '8#‘(:&?‘%&‘?961% E Q?h%&%ﬁggﬁons, such
as Mg, Ca, SttvitBayer withngansitivnuraetdl tativmsiredeiotabalisMigpendinm ot e tepdtogen form.
Other zeolitecriabraishaving YanpndiRaTopiars RRd gaiditiasiwilih ate runthgaizer Ryiyarying the
alumina-to-silica ratio may be used in the second reactor 34 as will be evident to a skilled artisan. In
this reactor,‘?ﬂéoﬁ'i%}frﬁﬁo?)r(?ﬂé%%H%Ubﬁg?f?né:riz?é&%'?}ﬁ?d\{}{% erfiodmrlien RigReMidaYK Ofkight
hydrocarbomprmmmm@mi[ﬁlm, iednadelsCintl asohtienrahgadod leadke rajtdromrttmarirgctions,
and additiong LYol eI AC AR ation’ BE(RITRRARIUT GbMAILRIN G RGONAIBR UL 1S

operated is an important parameter mna/etermlnlng the s ebtwﬂ%ﬁ%%eyqo%glmerlzatlon reaction to
various high@Veh&1ee aRiNR 6RNEEH RAII IWRIY CHIBYRBRYIGEOR. R-i8BYeNSOSERY Bis 49ec8KSNd reactor
34 at E;Ij tempeeatorg lméﬂﬂm@em@g@ed%sahﬁﬁanﬁaﬁﬁga&#@. gemmatumatﬁ@u@@bpuwgg,c in hthe
second reactor result in increased vields af light rocarbon ch as undesir ethane, whereas
lower tempeor%%lrjar%e'%gintgrrg %rea%lreﬁas};\é%nezg\q/fae%?ﬁgécﬁaa?bv%ﬁgi??%/(gbélr rg%u%rggéect@{ ’AP %e low end
of the tempeératardangdhevignare0fydpro e réadinapove t2SNCS incbitsetaathraciRiréd as low as
150C. signifigaid@eiipcacemide cenveysisn g thedster of 20%bifaateshavilahighsslestivity
towards C5+ g)roducts. Iso it is nqgte at methyl bromide@ﬁ{)ears to be more reactive over a lower

d
temperaturéJl %B\éa];'gl'&tl Ctd e RHIYRA G o AU pY é&ﬂ?&fﬂﬁ?‘l‘)@o&‘i{oaﬁfﬂ% s
methanol. Notaiblizes ttreeccastity foftetliegt, oy te atescioch esyepirenpsee regdirablite ZSM-5 catalyst,
cyclization reactionﬁ%alsotoFcyr such that the.C I+ fractionstare. com og,ed 8rimarilly oftsu stituted
aromatics. At increa ?n&atg %e??ﬁﬁrgg QSBP 19 %561988%‘?‘, er%é%;?l' roMite CORYEFESIPindteases
towards 90%00r HreareimhbprevessiwetivitigtagvaritisaD3nreprgdacte doeréaiagndsselectivity towards
lighter produgtsehaeiiculsit Undesiaile msthang ISIaRtPRrRpERISElY (e itie#theng or C2,-C3

olefin components are formed. At temPeratures approaching 450 C., almost complete conversion of

2 ! g 450 I
methyl brorfid t& r8iRR0H ofelirsCIn th E BT HIY SR RS HiR IR R SdRorRer 9ge BE HAIRNER about
300 C and 4@¢pfay as ia hygqutachlciraf thenrsatotEmen thmeaibdainguhé okpasited vatbbuitd G ohythe catalyst

over time dufing; APEFAHOG, iﬁ@Hgﬁag-aiﬂ?&ii@%}'aeﬂz@bé%*c?&%vyw fihé768398 BF&%FE’iH%@ hundreds

of hours, depending on the reaction conditions and the composition of the teed gas. It Is believed that
higher reacti®ffeRigthelit e BHH8\RPaBoR A0 Gicarhe Syttt L MRR AT folriBB IR R tRRRIE favor the

thermal cragkiog ©f @lladutossuies amhfosmatixdef garbesidiuac akeoanskhepgeiandnei@¢asenn the rate
of deactivatign 8(1; tlgﬁ cat?l 51'75qun.ver eel femperatures. at the lower end of the range, particularly

VA
below about 300°C mva't?/ also donthiblte t(r)égSEmrathep t 3 reduced rate of desorption of heavier

products from the dagal\stiveatcehigbe re@img iseaperaturisvitinelgregingeiohhbiresT®Nto about

450 C., but predatadlyra Haranemief ahew JPdralim 3RAHUAEGEcdRdtheR850084 (RaGHY 34 balance
increased selectiviqtﬁ/ f éhe desired C5+ pro%ucts and ir(])wer rateEHof deigtivation due to carbon
o ] ;

formation, ay¥iri&t FREHGEIRRSAIE 'BlE "ARIER initri 2R ERRE G Entlry Br ARS8y cle rates

and equipmand sigebatpair@dh vapor effluent in line 12 from hydrocarbon stripper 47, which
contains feed gas and residual hydrocarbon products stripped-out by contact with the
feed gas in hydrocarbon stripper 47. The combined vapor mixture is passed to a
scrubber 38 and contacted with a concentrated aqueous partially-oxidized metal
bromide salt solution containing metal hydroxide and/or metal oxide and/or metal oxy-
bromide species , which is transported to scrubber 38 via line 41 by any suitable
means, such as by pump 42. The preferred metal of the bromide salt is Fe(lll), Cu(ll)
or Zn(Il), or mixtures thereof, as these are less expensive and readily oxidize at lower

temperatures in the range of about 120° C. to about 180° C., allowing the use of
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The catalyst may be periodically regenerated in situ, by isolating reactor 34 from the normal process
flow, purging with an inert gas via line 70 at a pressure in a range from about 1 to about 5 bar at an
elevated temperature in the range of about 400 C. to about 650 C. to remove unreacted material
adsorbed on the catalyst insofar as is practical, and then subsequently oxidizing the deposited carbon
to CO2 by addition of air or inert gas-diluted oxygen to reactor 34 via line 70 at a pressure in the range
gf agoutdl_ hﬁéd@@gm@t%d@@‘r @bg@@l@%@tgﬁﬁ@mﬁe@g(yﬁ INine, rmz)pf\p(lwu%@g Q_,r t@tﬁeput 650 C.
arbon dioxide and residual air or.inert gas is yented from reactor 34 via line uring the
regeneratiol BEIEE ME Ui D IS BB R e A B et WA PG Ehebor
products anithérypdesendinicatt is Aliendativialyfrelketine-sacbna et tohi8ld aladifeB3adiz#bleooled to a
temperature, g ifigerahge Qi Gs €00 M) iRHXeRANGEN 36:2MgROMRIRSSMER YaRRKefluent in

line 12 from hydrocarbon stripper 47, which contains feed gas and residual hydrocarbon products
stripped-ouPBQdﬁﬁﬁth‘fﬁg%éﬁ J iRhKrBRED S LHERLRAP. PR oMREPYSEE  thixture is
passed tq aliquidblpgdr%a&hqumﬁadﬂgd \wiitirey cmlnmeptmem:i areeoes/ paniallymniqizm miaftal bromide_
salt solution gapiaiy %'H‘éi@'ié‘%&&ﬁ\ﬂ? YR Qﬁ@dlEB‘@&u%ﬂ’%h&”ﬁé@kr%ﬁﬁ%&oﬁ‘%%fﬂ%‘iéﬁs  which is

transported t0 scrubber 38 via line 41 by any suitable means, such as by pump 42. The preferred
metal of theWEbREE 3B Y mELR OEIeRA 2R MF I PRIPBYAR SRESTERLMISLS BRI BiIgfensive and
readily oxidiggtat kpngioteanparatareghisHhereange o frabotielstduBhér b ot HBME., allowing the use of
fluorpolymer-lined equipment; although Co(ll), Ni(ll), Mn(ll), V(II), Crap or other transition-metals which
form oxidizable brdMfdEeE9Ha! MaRH SRR GANINE D Ees SIgnahdNBSEAL NG M IE8rRSGvely,
alkaline-earghamnetal shathishr@teavéor s aitlizabieohraneidesblisr 38ck denadd) eiaMigdI3on@y be used.

Any liquid héfgﬁgg%%@%@E8‘?%%to‘él‘a%%c?@?ﬁﬂiéﬂfgﬁ‘{ﬁéﬁF 78 Mhaa83Kimm mdﬁ.ﬁ‘g%ﬂr alf%i” line 37

and added to rocarbon product exiting the product recovery unit robromic

acid is disso¥ER its theradedeuecsBRMoha e ErRaI AU Y the Fetal A§dYERit saRed /e $aBtal oxide
and/or metalgire idenpreipplecHigidvagiiHynbrs® SRt isdseldtiofARE pataewighids removed

from the scrupber 38 via line 44. . e residual vapor phase containing the higher molecular weight
odrocarbon b AR R eIy b T2 SRRV PR A0 A Les e LR AR B o
dehydrator 8@torefrapliersabstdntialipratuetite fintaSine 68 fromeahiéonapoetitpeaphdatysiatiosr is then
removed frofdhedebygratrnp Ayl e fq Hag dussarAsslrRABhosIGIBINg \herhighaemolecular

weight hydrocarbon products Is further passed via line 51 to product recovery unit 52 to recover
propane andBGEIFEMHRJEERAEBUETRREIAR e E84ATR8ANSIP IR Al BRoURRS 1R IRTBS3S Any
conventionaiatn_mﬂhcgdmfodebﬁdea}igaalsdémkjmwvel@/_,emimﬂfnag;osalisktued dajm;lamégdberption
followed by gaipgcLated &1%”9%'&%@9%?%%@’%9&8&?7 DERRSAN, rﬁf}g'g‘ég@ﬁﬁ%ﬁ[}%%&&?'wﬁ used to

process natural gas or refinery gas streams, as will be evide ed artisan, may be employed in
the processPhPHHE SRESERBINTENDRS 1158 RRUIHOL Fapibpe RPN PISH I E8HEKLHRE 52 is then
split into a Fuegersirans provéichamayeaadilited assidehfovdberprogiers dndanigexstadl rgsidual vapor
which is compressed vi ressor 58. The recycled residual or discharged frgm compressor 58
o spit o Shb Tkt Tha st s Al TR ey R ORI SN Votame
transportedinig five Bachebis AdisbirreliovithansIRfYEl Pcthlfast ivEnas thedaathdas, melafed in
exchanger 28 tpéaperiR 1B ARiNtandded e ttheaacier 0 idie Breame tastigisirawn off of
line 62 via line 63 i;% IS r(z]g,ulate% bé/ congol valve 60, at ﬁ rate sufﬁgil?rg to dgute the algl bromide
concentratiG TP E2ci5PSA ThasBaBAs RS YRR ko R IRCRIE /€S IBP APid $ASAtaled at the
selected opéhatisertema facdinres graveraliiyitinbé2angdref @bantl390egulaseabioytd@oCdlverder to
optimize cogyersion ygrsusmelafiiituaRd dnniitrdRRiLIS Alsaals! dsactivptionduto the

deposition of carbon. Thus, the dilution provided by the recycled vapor effluent permits selectivity of

brominatior@reHB fih& reeRlidi 3R RIS cBitftfo el inetitiortdSmBakIANRY tid B psiSEiRd in second
reactor 34. opersiiiateteoopdeaning pretatdbignridésatingesofudissundich iS. resmeed #oon scrimbber 38 via
line 44 is p r ipper rein. residual di ) hydrocarb. tripped
from the aqaiﬁggs{%hggﬁﬂif c%%ﬁ}a%tg \}%ﬁhvﬁgg\rgn?%gggg%gﬁ%é&iﬁ%@geﬂa ir{e?({la{.'r%azgs r'slstpped

aqueous soflafsHvateandpe riediffeRgaidtadofashther UEsidhmabsiandre sk dyotae

temperaturedeyidled ¥aper afrabenit fbkmite sbledlivi§) of irdiembesshangeriis assttbesrpassed to
absorber 48 in %NI-UJCQ resi OHal bromin istrec%ve%gk?f)rom vent strearcrjl in_line §7. The aqueous solution
effluent frond Scrabber 48 i 't?gn%p%? saViEding 5 uégt'réigﬁ%rﬁgéerafbo{o é'e preheated to a
temperature in the range of about 1000G. to about 600 C., and most preferably in the range of about
120 C. to about 180 C. and passed to third reactor 16. Oxygen or air is delivered via line 10 by blower
or compressor 13 at a pressure in the range of abaut ambient to about 5 bar to bromine stripper 14 to
strip residual bromine from water which is removed from stripper 14 in line 64 and is combined with
water stream 53 from dehydrator 50 to form water effluent stream in line 56 which is removed from the
process. The oxygen or air leaving bromine stripper 14 is fed via line 15 to reactor 16 which operates

at a pressure in the range of about ambient to about 5 bar and at a temperature in the range of about
100C to abhoitit ROO C  biit moet nreferahlhvy in the ranne of ahotit 120 C to aboiit 120 C <0 A< tn



Hydrobromic acid reacts with the metal hydroxide and/or metal oxide and/or metal oxy-bromide
species so formed to once again yield the metal bromide salt and water. Heat exchanger 18 in reactor
16 supplies heat to vaporize water and bromine. Thus, the overall reactions result in the net oxidation
of hydrobromic acid produced in first reactor 30 and second reactor 34 to elemental bromine and
steam in the liquid phase catalyzed by the metal bromide/metal oxide or metal hydroxide operating in a

I(iat(algti(): cyé:ée. In tm%ta(sg&ft%ﬁﬁ@?ﬁaé@gog}?ﬁi@@isgﬂgﬁlIggtgﬂgmgﬁtiggm@f?ﬁiay@g I;o(bc;: 1)
e(+3a) + 6Br(-a) + 3H(+a) +. = 3Br2(g) + Fe r(g) + = 3H(+a). + 3Br(-a) +
1120 3 B R ) V5113 S B35 oo N PR oo PP & (i MG LRSI and waer
and any resiiitsal\ed/hydreraniteog emeCtripasl litiindteasaieoosipbasy IRy gnyast wilporchoringhe outlet of
third reactodly iadina ol G RSN £ONaRNSRIARALAIEHRSIHIGH e rahseafmhput 0 C. to

about 70 C. and a pressure in the range of about ambient to 5 bar to condense the bromine and water

and passed W AFEEPAALERSH 4H4rSR2H'a Pih ALl Sh £9918E JRr A AP PREGHEE iy ite AREF HYs a limited
solubility foraboumn@ieC ot thisoot de@r af . abdieaB¥xbyawwgig s any daksliticassdor mrabsonddckiésicondensed

forms a Seﬁﬁﬁé@ O8A5E! BH%%QWQ@@Q?%SE%%MQF Ofing 8'9?‘%%4‘5’6@%}6@& dasi@otably

lower solubili r water, on the order of less than 0.1%. Thus a substantially romine vapor can
be easily otAIR BiPELRARKRERG 4R uTd HHBFPRRIEEndanEte r 48 daftifRpivarSH 8ISl BHiYRical
separation gnshsuhseauentnperdapenzing liguifkt woapne. 100° Cowdibsasoe°is pumpeshis line 25

from three-phase SEPASIAr 230da PUMP 21LIR R PSS sufficientto mixwithvaner eam 62. Thus
bromine is recovered an r_eqygfeea within the process. e residual ox gen or nitrogen andrany
residual brohfin®¥ygrit WHgHs slelbeseAdinkieel Kkhy tewephppmspssardBat amiassgesded via line

23 to bromif:SeIgb & 4boti 8RR FRSISURIJON G i rBRIMAIE B Ui RiriGRMEsRIuEpaction with
reduced metal bromjdes in the ag% eous metal bromide solution stream 65. \Water |S remo.vr(]ed from

separator 259 TIRA"SF ARIHHBIRCS ARG EH:{5pEY F4PPer 14 n line 64 and is combined wi

water stream 53 from dehydrator 50 to form water effluent stream in line 56 which is
removed from the process. The oxygen or air leaving bromine stripper 14 is fed via
line 15 to reactor 16 which operates at a pressure in the range of about ambient to
about 5 bar and at a temperature in the range of about 100° C. to about 600° C., but
most preferably in the range of about 120° C. to about 180° C. so as to oxidize an
agueous metal bromide salt solution to yield elemental bromine and metal hydroxide
and/or metal oxide and or metal oxy-bromide species. As stated above, although
Co(Il), Ni(ly, Mn(In, vdn, Cr(ll) or other transition-metals which form oxidizable
bromide salts can be used, the preferred metal of the bromide salt is Fe(lll), Cu(ll), or
Zn(Il), or mixtures thereof, as these are less expensive and readily oxidize at lower
temperatures in the range of about 120° C. to about 180° C., allowing the use of
fluorpolymer-lined equipment. Alternatively, alkaline-earth metals which also form
oxidizable bromide salts, such as Ca (IlI) or Mg(ll) could be used.

Hydrobromic acid reacts with the metal hydroxide and/or metal oxide and/or
metal oxy-bromide species so formed to once again yield the metal bromide salt and
water. Heat exchanger 18 in reactor 16 supplies heat to vaporize water and bromine.
Thus, the overall reactions result in the net oxidation of hydrobromic acid produced in
first reactor 30 and second reactor 34 to elemental bromine and steam in the liquid
phase catalyzed by the metal bromide/metal oxide or metal hydroxide operating in a
catalytic cycle. In the case of the metal bromide being Fe(lll)Br3, the reactions are

believed to be:

1) Fe(+3a) + 6Br(-a) + 3H(+a) + 3/202(g) = 3Br2(g) + Fe(OH)3
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In another embodiment of the invention, referring to FIG. 3, a gas stream containing lower molecular
weight alkanes, comprised of mixture of a feed gas plus a recycled gas stream at a pressure in the
range of about 1 bar to about 30 bar, is transported or conveyed via line, pipe or conduit 162, mixed
with dry bromine liquid transported via pump 124 and passed to heat exchanger 126 wherein the liquid
bromine is vaporized. The mixture of lower molecular weight alkanes and dry bromine vapor is fed to

reactor 130. Hrefgesply ~thsonolew radio-oippgranpplecular weight alkanes to dry bromine vapor in the
mixture introduced into reactor 130 is in excess of 2.5:1. Reactor 130 has an inlet pre-heater zone 128

which heats 3he3itiré 8BH Al dctict Ahdifdreles er 3Biedhislr8nge of about 250 C. to about 400
C.. In first reactor 130, {pgJoNyar SnelRcHIa YFiabt m@%@%%%%m{?ﬁlﬁf%m@y bromine

vapor at a relatively low temperature in the range of about 250g C. to about 600g C., and at a pressure
in the range8#28508% 1hBP4H3BLIEAMHDEF WPPRIJIREB HiesRHHRL kg ErvAfies Y ah{iteobtomic acid
vapors. T_h@@peel&mihojdmeaperm @mpm@wmqamgeeisaggmmrawmm hecuppabbmizof the
reaction initaligf gmpeLAY G ANIE IR AR MKW RIS DeaiRloue ia 16 fyplhsyic nature
of the bromination reaction. In the case of methane, the formation ot methyl bromide occurs in

accordanceWier tRedfGIRSRASYLQ dREIPRAsQi SAPTRAN 65+ Br2YGroMese RPPAARF &) THISGeaction

occurs with iy signideantishiginslegreeiobisglast bitymeeshythereraisteoiRx s, ivetget case of
bromine reactinga/viﬁh a molar excess pf.meth methane to bromine ratio of 4.5:1, selectivity to

ne at mi
the mono-hANA LA AL SIRT B RIIED 151G S0 2 B3I e Caf Seh b BRomine
dibromomethase andarigritiyoethenbase htseekemieas ia notabho oiveitkatukiiyonwelighenalkanes,

such as ethapeopiaPaNf & thaHBNB, arg RIS A REAIN) B*réﬁﬁHEiQQ;BHEQH%@%QW'“D'G o
brominated species. If an alkane to bromine ratio of significantly less than 2.5 to 1 is utilized, selectivity

to methyl bridHfEd YIRESTFIIWEH IR 2PaH0E 00U EHSTHTHRANYAK R RIBEUNYESRible carbon
soot is obsesaparalidnasnal saldzegneshiywer thpo itimey |mjk@nesmingh as ethane, propane and butane
which may be pre i d : inatj adily.hromi I
bromides, propy! %%Héli@gs?%ﬁ %{ﬁﬂiﬁ%’%fﬁ@ﬁﬁmﬁﬁ qﬁr‘%%n%r%ﬁ%%?rﬁ%gt%r% into first
reactor 13034 $RI5sRIRBEIE \FHIBFLEFRE S0 APRSIWERL IR IRGAMB Bt thHtUSIIRTRTBSHDf AehSt&stially all
water vaporafiarredyelbiowinationr siesssdirstreaaiod 4305y stabtialiysjgniaateanhedsiduation of
unwanted Cﬁfgo?ngi%i%er ;%e;(rﬁblg in regﬁ(i{ég] dhe select i\r/itg_of alkane bromingtion to alkyl bromides and
eliminating the large amount 0 Waste hea genera)fed in éopormasﬂ n of carbon 8ioxcﬁe?rom alkanes.
The effluenviddnectidmbramineesiiehes 48dwheiibreaidtalchidgingne reasy e i sosioractor 130

via line 131jand dpdasjiabaersediin aaipaeraitig iprdhadanas alabeubdadmdaBaRimilkheat

exchanger 132 before flowing to a second reactor 134. In second reactor 134, the alky] bromides are
roacted ex TR AT won (AR o AP O BB b0 o 0 R EHAREC R & pressure
in the rangersb abgutet bér to 30 bar, over a fixed bed 133 of crystalline alumino-silicate catalyst,
preferably a zeollt(? catna(g}/hsér and most nrtefot?riehbly.a ZSM-5 zgollte cata .. %Ithé‘)l#%h the zeolite

catalyst is preferabR/ gy Th &%br%(/%%gen, sodiuRy %r}t'r%%ghee%mrr}gfé?m, e zeol esmséyr/egfgo be

modified bydontairittealegewithlethr aikighiradkaneatiopnmpsger akmixiNg, &f arfes gathpligadi-earth

metal catior}gcwgg gﬁé\@lréﬁ% at Qr;ﬁésélfré“’iiw ﬂﬁ@ﬁ%ﬁﬁ@é‘ eréﬁbﬁﬁtioﬁér %H%én?t N Mé‘r Yg W, orto
the hydrogen form. Other zeolite catalysts having varying pore sizes and acidities, which are

synthesized"B) PRy TSR RHYE-dMaVRR PrES BRI L6 M bR Sl A BERP 394U will be
evident to atskaledreatiséda. portips I2éciad, thessdidy ltbropsdescdrangbgin®gizeteteiprdatudguadmixture of

higher molegujar welohl ydas A Raduc? BRE3ACEANE RERPINRIE GILMAY Bromine
vapor is fed to reactor 130. Preferably, the molar ratio of lower molecular weight
alkanes to dry bromine vapor in the mixture introduced into reactor 130 is in excess of
2.5:1. Reactor 130 has an inlet pre-heater zone 128 which heats the mixture to a
reaction initiation temperature in the range of about 250° C. to about 400° C.. In first
reactor 130, the lower molecular weight alkanes are reacted exothermically with dry
bromine vapor at a relatively low temperature in the range of about 250° C. to about
600° C., and at a pressure in the range of about 1 bar to about 30 bar to produce

gaseous alkyl bromides and hydrobromic acid vapors. The upper limit of the operating
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The temperature at which the second reactor 134 is operated is an important parameter in determining
the selectivity of the oligimerization reaction to various higher molecular weight liquid hydrocarbon
products. It is preferred to operate second reactor 134 at a temperature within the range of about 150
C to 450 C, but more preferably within the range of about 300 C. to 400 C. Temperatures above about
300 C. in the second reactor result in increased yields of light hydrocarbons, such as undesirable

methane, whenpasloneniRERerREMes ingaasapiridsHt beadatmnaseinanisidehinasagarbon

products. At the low end of the temperature range, methyl bromjde reacting over ZSM-5 zeolite at
fomperaturdSREI EETBAEE AT Rty ARG OR TS 6 PO B SBo e moted,
with a high bedeutialiproaaniis C B+ theochastof Nistidialye iththéo uagtioof cfl kye thyb iricieideceeting over the
preferred ZGM& gralicSatRIvRL BGIAR]IgRISaHONg Gecur such that the C7+ fractions produced
contain a high percentage of substituted aromatics. At increasing temperatures approaching 300 C.,
methyl bromide conversion increases towards 90% or greater, however selectivity towards C5+
products decreases and selectivity s lighter produ rticyl desirable methane,
increases. Surprisingly, very little e%@%r %@1 oleflln(\(c%%er?o(ﬁzdsﬂ grrel@roduced. At temperatures
approaching 450 C. almost complete conversion of methyl bromide to methane occurs. In the optimum
range of operating temperatures of about :@OOC t0 400C, as a oduct of the reaction, a small
ot of RO ATIBLAGRUE JH @ SHAER YD AR b e Y 22 R W SGTIAE in catalyst
activity overFarangmpiesavenal tased e bhoors; dependivgtorathel@ackicessmiditietharendtfeed gas
compositiorny i, Abts Brhihat g ke S ACURRIRIPRIAIHEGR FRANS SRR APR Gri b Hhgdhermal

b

cracking of alkyl bromides with formation of carbon and hence increases the rate of deactivation of the
catalyst. CoRVBIEENRMRPATGHAPHTE |G STranth O E RS ARFE RS RN D EIRIGTRMERABS about 300
C may also geonaidaatdtdn likelyrtorinatied veadisateHo§ kesakaiies, clusydio eathos prodacés. Hence,
operating te S withj ral; 0] t_mor r i range of
about 300 o I e R B RS e
products anePRIRS: rateAliRag HoiomfiserasieabaigndicaaiviesgliaRt hiyMerlcisnydlizash per pass,
which miningi@estine adantéihgl eesrllel, sapYElatBE IS QABIDYEeNL sFRIFe AHtEdignificddie catalyst
may be perif)dicatllg re en%%%te Iin situ, by isolatin reacEfr Ff 4 frorn the norrﬁlal roces flow, purging
with an iner Oé%" via Ime" 1704 aepggésﬂrr]es%c’%ﬁ% cr’aﬁ%%’% ‘abolit 1A Poe Hb3UPE barasd 'sh elevated
temperaturedikefies Buleas A, WGEDE aadrbriave Whickaced heaesahbsheh et dgasdacatalyst
insofar as isfragtipahaaeH hiersaiReaHpRi e dZiBtihadPRRSHRIESAHER bRy gMdlition of air

or inert gas-diluted oxygen via line 170 to reactor 134 at agressure in the range of about 1 bar to

about 5 bar 4t¥ B e dTREE16-d% BRETNISHUBPRARRE. 'f BE 0O MRHIEATRSXIHRY dfd residual
air or inert gabsientightechfeoiinaeadpplicahiviedinkstdge ced itigutied mégeiverafisnhtaiadlly all The

effluent whigh ompsises heiafiehnalesh AL wRIghLvarasARReN REdGIR I AvERArpic acid is

withdrawn from the second reactor 134 via line 135, cooled to a temperature’in the range of about OC.
to about 100ETRERCABNGURDES SAPCBNINNES W R HICEsRTEI TReiRSILEDVRS AT hYMARCarbon
stripper 14 7hrohenatisture isatk@nipassesstaaadasliipbertihgStand aeptagteslwttidia whgipegkeaecirculated
water that is grﬁ&%ngﬁ%qhtg ?ﬁ%’[%%ro]f?’% igolin(gol%ekw an Isuitasble means, such as pump 143, and is
cooled to a?empera ure'in the range of about U €. 16 abou @6]8 in heat exchanger 155. Any liquid
hydrocarbon produrtieceffilems etan cenaiize aik B bnsyidees Skiioh matcononwitdidvis wishsliream 137 and
added to ligyj 0 nic acid is di ' 38 in the
aueous sclL i e e e e g A PR e 1 e caroon

stripper 147 a98refireRIHLaPh{driscdp9ors disBeRicxfhanaeadi2orri ysIhiguinaro rgfseabut by

con}agt withréeetbgessllih i&mmri@aa?m,m@hﬂsﬁcﬁmw@am%hbw@mh m@@iirymrayg is
cooled to a temperature in the range of a 0 C. to about 5QC. in heat exchanger 146 and then
assectvia IFEPRER L JHAR 21 OB AR e O A AT GO AT RO BUdHY it 107
The residuatfvaipeitphlse teosRadainghe higiest bedidS3laf wikibtingdrboznsosilipsel getelisstemoved as
effluent fromihe apirbbasoligs ardlyarviawamhyviaiierdss @Mygrﬁeﬁté%@gﬁm% tantially all

water from thergas stream. The water is then removed from the d%drator 150 via line 153. The dried

gas stream L6rEAI L ARANTLR & FRRIMILP A M RSB PR L ARSI [P4ELdRRvia line 151

to product reeohterynanialsbdeomeddieer ty3anexCiihagalesitedh&ubigainaatyltbatiQtst sadtias as a liquid
product in line 454, Agy conyetigalimsticd abAehsiatiananddigtderecovepsiich) agolid-bed
dessicant adsorption followed by, for example, refrigerated condensation, cryogenic expansion, or
circulating absorption oil, as used to process natural gas or refinery gas streams, as known to a skilled
artisan, may be employed in the implementation ofithis invention. The residual vapor efflueht from
product recovery unit 152 is then split into a purge stream 157 that may be utilized as fuel for the
process and a recycled residual vapor which is compressed via compressor 158. The recycled
residual vapor discharged from compressor 158 is split into two fractions. A first fraction that is equal

to at least 2.5 times the feed gas volume is transported via line 162, combined with the liquid bromine
convevved in line 125 and naceed tn heat avechanader 126 wherein the liaind bromine ic vanorized and



Oxygen, oxygen enriched air or air 110 is delivered via blower or compressor 113 at a pressure in the
range of about ambient to about 5 bar to bromine stripper 114 to strip residual bromine from water
which leaves stripper 114 via line 164 and is divided into two portions. The first portion of the stripped
water is recycled via line 164, cooled in heat exchanger 155 to a temperature in the range of about 20
C. to about 50 C., and maintained at a pressure sufficient to enter scrubber 138 by any suitable

means, suchasiRemndidBeditpPlianLf watan thatis ravclrs hyselgsiedraclothat Hegiiydrobromic
acid solution effluenEremoved from scrubber 1%8%vj line 144 has a co%centrgtti)é)/n in the r%nge from
h

about 10% 55060 BBYS By LS RYRESTHANE Addet VRIS B RetdPaS A5 Y RSB Kbout 30% to
about 48% Bimisighe slivarmatizenekensentioftiassoanicteastat bahvapwilkod eviserhanger 141 and

preheater 141 Rt HSAHNIRIAFLREYAR OB ERSHEFRTIRT LY Fitfie dRsttachRSdb A SRERNFEPOrtioN Of

water from stripper 114 is removed from line 164 and the process via line 156. The dissolved
hydrobromi@ aBi8MRaMeIESHE nEEI SR Y UGRNE JyRRtdse AR ANBIoNat P PAESs¥F ichsported

via line 149\apdiis combined with the oxygen, oxygen enriched air or air leaving bromine stripper 114
in line 115. The combined agueous solulé})hn effluent and oxygen, oxygen enriched air or air is passed

to a first side of he P ERRTRH AT IR DG FEEIBALERS O 134 e PR AR R R0 MR e ated to a
temperaturgandineteng et aboutgl Deds ewiatyorit t6 0 @ Gmandatws tgaeferdblyardhe ighge of about

120C.to a@ﬁ&b&&ﬁr@m&@ﬁ‘tﬂfé&ﬁ&%%r%ﬂé‘?tf&?gﬁd%&%.that fanARsARela! Hromidessadd he
preferred metal of the bromide salt is Fe(lll), COI) or Zn(ll) although Co(ll), Ni(ll), Mn(ll), V(ll), COIl) or

other transifigfCiNeidé WhfterBRs FRG 24BN thsnirge fsteM b dsdd IAdefhativélt BIRGine-earth
metals whicghrefie@ibty witdinabliengeoniidesaldBoEuch as40a°(If). ombigljatords hisousesholine metal
bromide salt in g idatj rl117 e. utili -2 CONCE tion or
preferably, t @crgicggr{ﬂ?a%g %%%%%ﬁﬁé?%@%lmiﬁ pﬁ%}? §§ I%n‘%’i Eggﬁﬁﬁ%%%@gﬁﬁ% %l]u_r ace area,
acid resistaHDARSHAUPpBIELGER a3'AfiRa JeyverhdenxmestioreredBirasEy Jisidatedf aheayiissure in the

range of ?bﬁﬁ@énhhm;eigmbq;&gcawo%graam%m@rﬂtﬁrr@u\n éhﬁ FNGe lQérﬁb@kft&@@;@%ﬁgg C., but
most preferably in the range of about 1 0.1 .. therein, the metal bromide is oxidized by
v iRV LEHEIE EABRING, U A By AU e BT RS, RRclEl o9 hAinice Species or
metal oxidesigmifliataseetiythersoyigstedversiain brontite alkiopéraded & hixjrer withparaighes and
lower pressuges Ry RirthvRteL Mav aitRariM XIS a8 Suarre i githeseaigethe xmipbramic acid

reacts with the metal hydroxide, metal oxy-bromide or metal oxide species and is neutralized, restoring

the metal bfSfmiBEEHEd e P R ErtaRls HRiZAUar SRR FEH 18U RN R, &P xierdtion of
hydrobromiéractidrz pdutiest ihdorstane achoy HL 8 6r et e oh dutesittioe dl 3rb toasilesm eXitaldoeasinge and

steam, Cat}?{%ﬁﬁ%@%%%%@%ﬁh%d%@e@ h}ﬂ%f%dﬁr%m&t%bﬂ%}@éiap‘?ﬁﬂ%é@ diiAktic cycle. In

the case of the meta eing Fe(lll)Br2 in an’ aqueous solution and operated in a pressure and

temperaturEPAhGE BTSHRFENRRREM 8S XX a SN AER ite REARISh SlarEe Bt A (RIRElTNEe(+3a) +
6Br(-a) + 3Hifmards IighdgpredRBiZ(Patticai }endpSHBIEgeth R = idtietaps: IRipagingty20 3)

3H(+a) + :‘H?\’/re(h"?l ) I?Etl'ée%(awHa)n?’e:oFre@;’a +o?é%ﬂ(_%23r4ﬁ|030|11%%3 are produced. At temperatures
approaching 450° C. almost complete conversion of methyl bromide to methane
occurs. In the optimum range of operating temperatures of about 300° C. to 400° C, as
a byproduct of the reaction, a small amount of carbon will build up on the catalyst over
time during operation, causing a decline in catalyst activity over a range of several
hundred hours, depending on the reaction conditions and feed gas composition. It is
observed that higher reaction temperatures above about 400° C favor the thermal
cracking of alkyl bromides with formation of carbon and hence increases the rate of
deactivation of the catalyst. Conversely, operation at the lower end of the temperature
range, particularly below about 300° C may also promote coking, likely to the reduced
rate of desorption of hydrocarbon products. Hence, operating temperatures within the
range of about 150° C. to 450° C. but more preferably in the range of about 300° C. to

400° C. in the second reactor 134 balance increased selectivity towards the desired
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In the case of the metal bromide being Cu(Il)Br2 supported on an inert support and operated at higher
temperature and lower pressure conditions at which water primarily exists as a vapor, the reactions
are believed to be: 1) 2Cu(I)Br2 = 2Cu()Br + Br2(g) 2) 2Cu(l)Br + 02(g) = Br2(g) + 2Cu(11)0 3)
2HBr(g) + Cu(11)0 = Cu(Il)Br2 + H20(g) The elemental bromine and water and any residual
oxygen or nitrogen (if air or oxygen enriched air is utilized as the oxidant) leaving as vapor from the

outlet of thirgksgaetorahl’ IcvertiansP et yiaid A 2duand aEereen | eshinativn sagandtsislgHk exchanger
141 and condenser 120 to a temp e of ab C. 1o about 70 C. wherein the

inth
oromine andUA 2o RS AR AR BCNEGS Do Uaite eh aiaNsty SRS TS Alle separator

122, since I@H@W&t@§ha$%quﬁﬁcéd solubility for bromine, on the order of about 3% by weight, any
additional brominewhichis,cPMEaNsRAHiFR-aISERYE B RENFE Sliguis) Eaming Rbaser Thg liquid

bromine phase, however, has a notably lower solubility for water, on the order of less than 0.1%. Thus,
a substantidl§ 4 AN RE565TARbePLANg SBTRiARIG i5dEAdinG fidliat Rt S water,
decanting waterdngsinipbqinyisical wepbwatiGrbandralibaes|eedty itermpgatizie dnlite ddorgperone. It is

important to4eee@t?oaé§dar§."ﬂ8 ot m@ﬁé%%ﬁ%ﬁél%&’ﬁéﬁ BRIl AR S0 40 gvoid

significant residual HBr in the condensed liquid t water, as HBr increases the miscibility of
bromine in &gk phersuBFRAHESIMRIEAIIhigR S6ReSRMHRRSNTES Gt -iRvaasIAgRM e nary liquid
phase. iloptichbrogaisgliiatpd mpee froi theeErp ha seastiiar oAt 12 grets emptAd4ditya pressure

sufficient ‘0e{BEXuWétBa]‘f%B%rb%‘J{e?@a%g%- LA eming i rr%c.‘r%"ﬁéerdaﬁ”éjéﬁ?é!&iezg. yisuadhe
process. Theresidual air,’0xygen enriched air or oxygen and any bromine vapor which Is not
condensed ExitSanpes-pixisie anshresisiuPainAd iReHasR gy HREed IoND Neasteind34dcrifbhee 148,
wherein resmm%ﬂﬁ@ Sy RMBEAD BN dissolution into hydrobromic acid solution stream conveyed

to scrubber 148 via Jine 165. Water is removed from the three-phase separator 122 via ljne 129 and
passed to stripperam e]f'(f?uent w?nch comprises the hlgner rﬁ&eoular welgtht y?irocarl)on

products and hydrobromic acid is withdrawn from the second reactor 134 via line 135,
cooled to a temperature in the range of about 0° C. to about 100° C. in exchanger 136,
and combined with vapor effluent in line 112 from hydrocarbon stripper 147. The
mixture is then passed to a scrubber 138 and contacted with a stripped, recirculated
water that is transported to scrubber 138 in line 164 by any suitable means, such as
pump 143, and is cooled to a temperature in the range of about 0° C. to about 50° C.
in heat exchanger 155. Any liquid hydrocarbon product condensed in scrubber 138
may be skimmed and withdrawn as stream 137 and added to liquid hydrocarbon
product 154. Hydrobromic acid is dissolved in scrubber 138 in the aqueous solution
which is removed from the scrubber 138 via line 144, and passed to hydrocarbon
stripper 147 wherein residual hydrocarbons dissolved in the aqueous solution are
stripped-out by contact with feed gas 111. The stripped aqueous phase effluent from
hydrocarbon stripper 147 is cooled to a temperature in the range of about 0° C. to
about 50° C. in heat exchanger 146 and then passed via line 165 to absorber 148 in

which residual bromine is recovered from vent stream 167.

The residual vapor phase containing the higher molecular weight hydrocarbon
products is removed as effluent from the scrubber 138 and forwarded via line 139 to
dehydrator 150 to remove substantially all water from the gas stream. The water is
then removed from the dehydrator 150 via line 153. The dried gas stream containing
the higher molecular weight hydrocarbon products is further passed via line 151 to
product recovery unit 152 to recover C; and C, as desired, but primarily the Cs+

fraction as a liquid product in line 154. Any conventional method of dehydration and
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The following examples demonstrate the practice and utility of the present invention, but are not to be
construed as limiting the scope thereof. EXAMPLE 1 Various mixtures of dry bromine and
methane are reacted homogeneously at temperatures in the range of 459C. to 491C at a Gas Hourly
Space Velocity (GHSV which is defined as the gas flow rate in standard liters per hour divided by the
gross reactor catalyst-bed volume, including catalyst-bed porosity, in liters) of approximately 7200 hicl.

The results pfiigis pxavaie Nidisats knkifermelassiatios &Hé@%‘ﬂlﬂn%l@\bé@lﬂﬂsle @reajaniprn 4.5:1

selectivity to r}neth%ll bromidge is in the ra ée of 90 to 95%, with near-co conyersion of bromine.

EXAMPLE 2°" d LN BT i TR G RSB, PO A erE Sl Es+H¥flid product
samples thaoarmes:w@tacatmmgrtwﬂnem passswema etsykpoimidesasidliatk titsanrevayihg over

ZSM-5 zeoldg, GRIAMSInTHeShriyahSRamiP o RsSHREIAMIAIYR (BiGF Al otithe Cegniractions

produced.
product recovery unit 152 is then split into a purge stream 157 that may be utilized as

fuel for the process and a recycled residual vapor which is compressed via
compressor 158. The recycled residual vapor discharged from compressor 158 is split
into two fractions. A first fraction that is equal to at least 2.5 times the feed gas volume
is transported via line 162, combined with the liquid bromine conveyed in line 125 and
passed to heat exchanger 126 wherein the liquid bromine is vaporized and fed into
first reactor 130. The second fraction which is drawn off line 162 via line 163 and is
regulated by control valve 160, at a rate sufficient to dilute the alkyl bromide
concentration to reactor 134 and absorb the heat of reaction such that reactor 134 is
maintained at the selected operating temperature, preferably in the range of about
300° C. to about 400° C. in order to optimize conversion vs. selectivity and to minimize
the rate of catalyst deactivation due to the deposition of carbon. Thus, the dilution
provided by the recycled vapor effluent permits selectivity of bromination in the first
reactor 130 to be controlled in addition to moderating the temperature in second

reactor 134.

Oxygen, oxygen enriched air or air 110 is delivered via blower or compressor
113 at a pressure in the range of about ambient to about 5 bar to bromine stripper 114
to strip residual bromine from water which leaves stripper 114 via line 164 and is
divided into two portions. The first portion of the stripped water is recycled via line
164, cooled in heat exchanger 155 to a temperature in the range of about 20° C. to
about 50° C., and maintained at a pressure sufficient to enter scrubber 138 by any
suitable means, such as pump 143. The portion of water that is recycled is selected
such that the hydrobromic acid solution effluent removed from scrubber 138 via line
144 has a concentration in the range from about 10% to about 50% by weight
hydrobromic acid, but more preferably in the range of about 30% to about 48% by
weight to minimize the amount of water which must be vaporized in exchanger 141
and preheater 119 and to minimize the vapor pressure of HBr over the resulting acid.
A second portion of water from stripper 114 is removed from line 164 and the process

via line 156.

The dissolved hydrobromic acid that is contained in the aqueous solution

effluent from scrubber 148 is transported via line 149 and is combined with the
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EXAMPLE 3 Methyl bromide is reacted over a ZSM-5 zeolite catalyst at a Gas Hourly Space
Velocity (GHSV) of approximately 94 hrl over a range of temperatures from about 100 C. to about 460
C. at approximately 2 bar pressure. As illustrated in FIG. 4, which is a graph of methyl bromide
conversion and product selectivity for the oligimerization reaction as a function of temperature, methyl
bromide conversion increases rapidly in the range of about 200C. to about 350 C. Lower temperatures

in the rangepRi gt ub R C elpiahl ba56r Gifavavisg erbiilydaursis highen mateauisr wejght products
however conversion.is low. Higher.tempfratgres in the ran%e of aboutlf OC. to about 350C. show

higher conveTSIBH thahee 4R BB g tE L A SO o TR T TS A FPLeRE AV IR RS SRer
molecular weigHirgireidects hiegapextbalwenddésirgbleravgth areh éaish Sdi v vdhertinidleentéripasatures

above 350 (rghierbYity 10 [1R RIdheiPERER SISt RRBBE €A abslesh CeMRIRiseRnversion to

methane occurs. EXAMPLE Methyl bromide, hydrogen bromide and methane are reacted over a

ZSM-5 zeolREIIBAYSIANSIANSEREANGS Ha? pred8iFRost ABBL2SHEPATRF AL BY dBRR960C. at a
GHSV of approxhimataiyptdindia InCahipansds safits Ttikz prgfarraikinegadbfodnhe ety drsatide and

methane WiHbQHF) h@@iﬁu%ﬁgidglﬂsﬁ%ﬁ%@ﬁq&ﬁ%MRﬁn@g{g@%aw?gﬂ elythesme pressure

at about 250C. and at ) C. ata GHS proximatel hrl'were also run. FIG. 5, which is
a graph thafMRRFABEhHe e Mpdiraile RIOAVERRAHS SR Reluseditiédnatvelaladalnpieafdit runs,

shows only aatary Whihr &Eedoeieoiodibennrasentactaiisr sinchraduca salestiviigs) Bagause

hydrobromic accid h‘?ﬁ 0”% a minor.effect on c nvers(i]on. and selectiﬂt;/, it is nat necessary to remove
used. e tal brom@e alt” in R}e oxidation reactor Cﬁ? be utilized as a .
the hydrobromic acid genérated In the bromination reaction Step prior to the conversion reaction of the

alkyl bromick@ncienitaieth agldRouRHHyiRD 0 piRfeldkVs e rmercrNHAled REPHE SSalh S PHbiedss can be
substantially,aimlifigeioEXMRLeRus, high surface area, acid resistant inert support such as a

silica gel. The oxidation reactor 117 operates at a pressure in the range of about
ambient to about 5 bar and at a temperature in the range of about 100° C. to 600° C.,
but most preferably in the range of about 120° C. to 180° C.; therein, the metal
bromide is oxidized by oxygen, yielding elemental bromine and metal hydroxide, metal
oxide or metal oxy-bromide species or, metal oxides in the case of the supported metal
bromide salt operated at higher temperatures and lower pressures at which water may
primarily exist as a vapor. In either case, the hydrobromic acid reacts with the metal
hydroxide, metal oxy-bromide or metal oxide species and is neutralized, restoring the
metal bromide salt and yielding water. Thus, the overall reaction results in the net
oxidation of hydrobromic acid produced in first reactor 130 and second reactor 134 to
elemental bromine and steam, catalyzed by the metal bromide/metal hydroxide or
metal oxide operating in a catalytic cycle. In the case of the metal bromide being
Fe(ll)Br2 in an aqueous solution and operated in a pressure and temperature range in

which water may exist as a liquid the reactions are believed to be:
1) Fe(+3a) + 6Br(-a) + 3H(+a) + 3/20,(g) = 3Br,(g) + Fe(OH)3
2) 3HBr(g) + H,O = 3H(+a) + 3Br(-a) + H,O
3) 3H(+a) + 3Br(-a) + Fe(OH)3 = Fe(+3a) + 3Br(-a) + 3H,0
In the case of the metal bromide being Cu(ll)Br2 supported on an inert support and

operated at higher temperature and lower pressure conditions at which water primarily

exists as a vapor, the reactions are believed to be:
1) 2Cu(I)Br2 = 2Cu(l)Br + Br2(g)
2) 2Cu()Br + O(g) = Br2(g) + 2Cu(INO
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Methyl bromide is reacted over a ZSM-5 zeolite catalyst at 230 C. Dibromomethane is added to the
reactor. FIG. 6, which is a graph of product selectivity, indicates that reaction of methyl bromide and
dibromomethane results in a shift in selectivity towards C5+ products versus, methyl bromide alone.
Thus, these results demonstrate that dibromomethane is also reactive and therefore very high
selectivity to bromomethane in the bromination step is not required in the process of the present

invention. It has begrppksgVedineeretytiBitheieggnce of dibromomethane increases the rate of
catalyst deactivation, requiring a higher operating temperature to optimize the tradeoff between

selectivity and deatfif&ioneate), Hersipsarkkyathare AtRSFHEShRIeE RANIASE S (If ar Armixture of

12.1 mol% wmgidh itmoide ands2udimsel%asprapykikam)ideim et efe e amashovesand@M-5 zeolite
catalyst at 2%2%?853'1‘1? %'ﬁes%(a?]Eg}BRé%"'&Paaﬁ?AX 265 hé@%r Arethyl Br?rg‘g%/% CQuersIon of o .
approximately 86% and a propyl bromide conversion of approximately 98% is observed. Thus, in
accordanceex@irealnidddame eendenise ptdsetiat tntemibemikise firtthaianee tleabethid3rémide/metal

hydroxide, mssat opy-leroidesi Metalonide aRaraiseimrcasalidicsercimalioydng bepmpag-to be easily
recycled Wlt%n the process. The metal bromide is readily oxidized b?/ 02}%%}’8”’ (g%?en enriched air or
wir either in PRESSEERRI B 468 ol tHU GRS SR HEIRniralTEs 9L TaIS8F UTISBOC. 1o
abou? GOOCS@IDUiIityomrploecﬁerGIelydn the rendge off abm_utt 32700y weéwc_tuta:hao{d.dit:boyielld)eiﬁmental
bromine vapgr angsmeialdhaiptisimsmetak oxromide PrigiriahRiflfe PRELRMION Ahdermagratures

below about 180C. is advantageous, thereby allowing the use of low-cost corrosion-resistant
fluoropolymBifBa BeRSSrTe Rd RS 8rAR RNV RE SB'HRIRG TBY WL AR WIth e b iePRydroxide or
metal oxidetyigldngosteanmas)dahsubseaatibigmige bromidde/ghementalderaraiilg \wpanamdogteam are

i . : prilied . ; Tanea:
cbstantall SN YR I e e R TR Y SR SRR e
without prodUiEtisPerTERiy e Yae irie udtuaTRIRA: AHE LaRSERMS igRpkate At GANEPES clization

reactions ofipdcybbiRnidrs HearcoaipikieraRatieRbiHSay IO V6! daaifcantifastan efsyhich
contains substantial branched alkanes.and substituted gromatics. Byproduct hydropromic acid vapor
i SNk e R R

from the brominafioh anas Qe B r &5 L2 STl G SR R R X BRSse and
neutralized iy ttiee ageedUsyditadde andnatasitirnEpeuids rosakiripiarm, ogsldtiomoftismaietal

bromide.  ternary liquid phase.

Liquid bromine is pumped from three-phase separator 122 via pump 124 to a
pressure sufficient to mix with vapor stream 162. Thus the bromine is recovered and
recycled within the process. The residual air, oxygen enriched air or oxygen and any
bromine vapor which is not condensed exits three-phase separator 122 and is passed
via line 123 to bromine scrubber 148, wherein residual bromine is recovered by
dissolution into hydrobromic acid solution stream conveyed to scrubber 148 via line
165. Water is removed from the three-phase separator 122 via line 129 and passed to

stripper 114.

The following examples demonstrate the practice and utility of the present

invention, but are not to be construed as limiting the scope thereof.

EXAMPLE 1
Various mixtures of dry bromine and methane are reacted homogeneously at
temperatures in the range of 459° C. to 491° C at a Gas Hourly Space Velocity (GHSV
which is defined as the gas flow rate in standard liters per hour divided by the gross
reactor catalyst-bed volume, including catalyst-bed porosity, in liters) of approximately

7200 hr’. The results of this example indicate that for molar ratios of methane to
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In accordance with another embodiment of the process of the present invention illustrated in FIG. 9A,
the alkyl bromination and alkyl bromide conversion stages are operated in a substantially similar
manner to those corresponding stages described with respect to FIGS. 2 and 3 above. More
particularly, a gas stream containing lower molecular weight alkanes, comprised of mixture of a feed
gas and a recycled gas stream at a pressure in the range of about 1 bar to about 30 bar, is transported
or conveyeaimiiRe gRgPXRANTIEIE 28216 24 haesPersivel.iand tixethyétbrdy lrogige liquid in
line 225. The resultant mixture is trans ocfrit%d via %ump 224 and passed to heat exchanger 226
wherein the%'&hﬂf%‘}&ﬁﬁ}%ﬁ%&gﬂ&ﬁ%?ﬁ he Mikttre of lower molecular weight alkanes and dry
bromine vapor is fed to reactor 230. Preferably, the molar ratio of lower molecular weight alkanes to
dry bromine vapor in the mixture introdugsghipie) geactor 230 is in excess of 2.5:1. Reactor 230 has an
inlet pre-heater zone 228 which heats the mixture to a reaction initiation temperature in the range of
250 C. to 400 C. I st tE4dr 936 s MATEEMRIRYIgAN IS SF Of QS EXBErmically
with dry bropniiictapanplea taktiseyrmovienspelaioge tinothestangs ofitb ot 2[ 0y @nitte adoaiit 600g C.,
and at a presaiie |0 J0g AR9s of 2BRS Jade a00ML SO AR Rioduee BaPaR-S Al fugrides and

hydrobromic acid vapors. pper limit of the operating temperature range is greater than the upper
limit of the reHRHFiARMAETTdRferadifeifgR @IYGREN the feed mixture is heated due to the
exothermic nature of the bromination reaction. In the case of methane, the formation of methyl
bromide occurs in accordance with the fo#%\gx}q? gcegeral reaction: CH4 (g) + Br2 (g)CH3Br (g) + HBr
(9) This reaction occurs with a significantly hig (Iiegree of selectivity to methyl bromide. For example,
in the case of bromiMetrwhdiing e ierstadeRues £ of Pieth 260 lHe Latelisarit @® Basmitruditio of 4.5:1,

selectivity (e noaedRgeaeraedmpirskiratiidois i ths srR0R RO LRI RN penpunts of
dibromomethane and tribror%g)methane are also forr%}aej}(in jhe bromination reaction. Higher alkanes,

such as ethd %‘,Jtp]rg?)‘éﬁetg Bﬁtélﬁg SrfhRPIeN iRt FE UG- ABA e multiple
brominated 4petiieb. I$ an alkpheoforbetiving satideotsiyeifftamtante gsaact Zdaotiviig (tilizeel, selectivity

to methyl bropide sibgiantaltidawsy than 9%hosrYErRRMALRIANfIGRACBRAHRIR UdiERsRDIe carbon

soot is observed. It has also been shown that other alkanes such as ethane and propane which may
be present RHFEE8 ARSI EiBPCAF PO ity D A XY 1 AIVBEHG MREIRAIES and propy!
bromides. Rurtiner, rthegyelrgtbadounel gapat.that ibieedduo rstaeactssl@3Vity sustastinibherater-free.

e reactor D20 R A LA Do PR ke Afols DL e rereating

the selectivitgneeatkaReUrdrRinatihaBrakIP BrémrNevaHeher eeRMarRicHfeiNltferaRIsLeft Hiwaste heat

genergted iﬁlﬁ?\@%ﬁrig@mrh@f/\@@&qmﬁ%mﬁ@ ﬁ&@tﬁ\ﬁ@ftaﬂower Fﬁb&:@\ﬂ&f&?&@ﬁt seaiains alkyl '
romides an obromic.acid is withdrawn from the first reactor 230 via line 231 and is partially
B i o Seten Lok

cooled to a Pearﬁll'peraartdjrne i the rarr1ngeethgtn SbGu 11%9(%3 & AEapei raer?g%r%\?‘z etoré flowing to

a second resglentizigA. th seeibaderetattion23acrersesky| Worawg Aelfedetedimastharonipiglp at a
conversion to methane occurs.

EXAMPLE 4

Methyl bromide, hydrogen bromide and methane are reacted over a ZSM-5
zeolite catalyst at approximately 2 bar pressure at about 250° C. and also at about
260° C. at a GHSV of approximately 76 hr'. Comparison tests utilizing a mixture of
only methyl bromide and methane without hydrogen bromide over the same ZSM-5
catalyst at approximately the same pressure at about 250° C. and at about 260° C. at
a GHSV of approximately 73 hr* were also run.  FIG. 5, which is a graph that
illustrates the comparative conversions and selectivities of several example test runs,
shows only a very minor effect due to the presence of HBr on product selectivities.
Because hydrobromic acid has only a minor effect on conversion and selectivity, it is

not necessary to remove the hydrobromic acid generated in the bromination reaction
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temperature range of from about 150g C. to about 450g C., and a pressure in the range of about 1 bar
to 30 bar, over a fixed bed 233 of crystalline alumino-silicate catalyst, preferably a zeolite catalyst, and
most preferably a ZSM-5 zeolite catalyst. Although the zeolite catalyst is preferably used in the
hydrogen, sodium or magnesium form, the zeolite may also be modified by ion exchange with other
alkali metal cations, such as Li, K, Na or Cs, with alkali-earth metal cations, such as Mg, Ca, Sr or Ba,

with transitigepigidbcaiions LepasitH. MacI6NGIOHe trynystasiRRIONM. iidRr Zealithsatalysts

having varyjn re sizes and acidities, which are synthesized by varying the alumina-ta-silica ratio
ey be oD LT G a5 e St oSG Srdlh o FHESBACADY e sy
bromides asinojiifiaterized to produce a mixture of higher molecular weight hydrocarbon products and
additional hydrobromic acid vapor. The temperature at which the second reactor 234 is operated
is an important parameter in determining the selectivity of the oligimerization reaction to various higher
molecular weight liquid hydrocarbon pro RVt fweferred to operate second reactor 234 at a
temperature withinMieehyangemfdebdsit s@edtoakoud 43810-5 brtotierecatefesaldy \@Rbin the range of
about 300 G.. T I b 009.C..in the r result in
increased k‘ﬁﬁ%%%%@éﬁgcgﬁ%ﬁﬁgu@% glé%xr?fesiﬁg;li §’1et éér?e,,gw ﬁa%@qoﬁaeg%lr%%%ratures
increase yicld$eii¥aidEARidbaldeArdihthREby bR Berirt P IRMABR ERR A EE8Y it @mperature
range, methgHifrorigectragtiogaer ZeMrodrddittepdiemparsiusesasd anons. alpaut 1hede. significant

i n tthe order of 20% is noted, with a high sgleg%iyi% towardﬁiChS+ products.

methyl bronr](ledsﬁlgsoﬁ\éersmnrq hat, di romqme re Ver % RIS
e ca aK/s yclization

Notably, in the Case of %rl]ﬁyt/labromldes reacting OVer fﬁeagr%fre%?(e:gv S
reactions oGQlRGiyEl A eRoDEhaRR b RefrsuicettosieRNangigieperegntade of aasstiahited
aromatics. AfdnereasiifRamRItures RPreashing abosd 308 evenetivk bimisie Lopeersion
increases toyards 90% or greater, however selectivit owa%js C5+ products decreases and selectivity
towarc gt AT ORARE LTS FEL R R TALBI ET NS, SEPGAGHONS [y VBT e ethane o
C2-C4 olefinmatpmgutetsoaret pre do cadindz ¢etimp dradaods tmpyweeachiter ibyuadd O€actinadshcomplete
conversion p;tg)%@gbp{&gfgg%?wm@{p‘?lQ)qg,.mae!n the optimum temperature range of about 300 C.
to about 400 C., as a byproduct of the reaction, a small amount of carbon will build up on the catalyst
over time during operation, causing a decline in catalyst activity over a range of hours to several
hundred hours, depending on the reaction conditions and feed gas composition. It is believed that
higher reaction temperatures over about 400 C. favor the formation of carbon and hence rate of
deactivation of the catalyst. Conversely, operation at the lower end of the temperature range,
particularly below about 300 C. may also promote coking, likely to the reduced rate of desorption of
hydrocarbon products. Hence, operating temperatures within the range of about 150 C. to about 400
C., but more preferably in the range of about 300 C. to about 400 C., in the second reactor 234
balance increased selectivity towards the desired products and lower rates of deactivation due to
carbon formation, against higher conversion per pass, which minimizes the quantity of catalyst, recycle
rates and equipment size required. The catalyst may be periodically regenerated in situ, by
isolating reactor 234 from the normal process flow, purging with an inert gas via line 270 at a pressure
in the range of about 1 bar to about 5 bar and an elevated temperature in the range of about 400C. to
about 650C. to remove unreacted material adsorbed on the catalyst insofar as is practical, and then
subsequently oxidizing the deposited carbon to CO2 by addition of air or inert gas-diluted oxygen via
line 270 to reactor 234 at a pressure in the range of about 1 bar to about 5 bar and an elevated
temperature in the range of about 400C. to about 650C. Carbon dioxide and residual air or inert gas
are vented from reactor 234 via line 275 during the regeneration period. The effluent which
comprises the higher molecular weight hydrocarbon products and hydrobromic acid is withdrawn from
the second reactor 234 via line 235 and cooled to a temperature in the range of about 100 C. to about
600 C. in exchanger 236. As illustrated in FIG. 9A, the cooled effluent is transported via lines 235 and
241 with valve 238 in the opened position and valves 239 and 243 in the closed position and
introduced into a vessel or reactor 240 containing a bed 298 of a solid phase metal oxide. The metal of
the metal oxide is selected form magnesium (Mg), calcium (Ca), vanadium (V), chromium (Cr),
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Sn), or tin (Sn). The metal is
selected for the impact of its physical and thermodynamic properties relative to the desired
temperature of operation, and also for potential environmental and health impacts and cost.

Preferably, magnesium, copper and iron are employed as the metal, with magnesium being the most
preferred. These metals have the property of not only forming oxides but bromide salts as well, with
the reactions being reversible in a temperature range of less than about 500 C. The solid mietal oxide
is preferably immobilized on a suitable attrition-resistant support, for example a synthetic amorphous
silica, such as Davicat Grade 57, manufactured by Davison Catalysts of



Columbia, Maryland. In reactor 240, hydrobromic acid is reacted with the metal oxide at temperatures
below about 600 C. and preferably between about 300 C. to about 500 C. in accordance with the
following general formula wherein M represents the metal: 2HBr + MO -P" MBr2 + H20 The steam
resulting from this reaction is transported together with the high molecular hydrocarbon products in line
244, 218 and 216 via opened valve 219 to heat exchanger 220 wherein the mixture is cooled to a
temperature in the range of about 0 Cgtgsheug €0 C. This cooled mixture is forwarded to dehydrator

250 to remove substantially al ter from the stream. Th ter is. then removed from the
onyarator 250 it IS TS Qe MR A OIS DA AP Phychocarbon
products is foethenpazsededetemheo26 &0 Hrdtiaczeabiteengtalyit 282 2185 eCoand GB @htb\C40hs desired,
but primar”)égg?ogﬁﬁfé@cﬁ@@ ﬁ?il‘?‘ 'NW%@WWSHF&@%%si&ﬁ%?ﬁ%%ﬁﬁﬁ%l%@é@@%ﬁé dehydration

and liquids recovery such as solid-bed dessicant adsor(ptl_on followed by, for example, refrigerated
condensatidtiORH BEERLCSPYTEN B MR AMEREAL R FRPSRN4S used to process natural gas or
refinery gas streantéuas iknavcorttnacekilied atitisarmodimeis emiley@dsarthavenglemsetdtiah of this

invention. TQﬁo(F‘eS,i%ﬁ%\éﬁ@?ﬂr@ﬁ%@fﬁé@ﬂh@%@%, rﬁ%?éﬁ%}{gﬂ%@% iélrtﬁl%'i‘a?B IHOG,3.BHUge stream

257 that may be utilize el for the process and a recyc al vapor which is compressed via
compressor258CatAl e SyEle AHOYtGaPRIBHE dR da RFSHVIESY B8 Fh BEYB N FBGSEsStit intBawo
fractions. A fighfraciiniadhiatriceampalkiaiaidansolypdimesyenfeadgrs wlunaisdtasspord via line
262, combine it e, liguid promine. anddeed gas conveved i ine 225 and passagh e heat
exchanger S hhargin ke [iqwd Bromme s vaporized an Fed into frsk readior in @ manner as
described adeidt. GHE Secnsumesitivaiabieh I8 thavianee fhemsr 129%ite 6ahent 180e&ultred by

control valvoidQiaharfRirHiiciemferdihienba Mt ddias)ifRePBLERIGHRR ¥ rRaeis R4 and
absorb the heat of reaction such that reactor 234 is maintained at the seI%]cte% ogrjiratin Lemperature,
LoV \és

preferably iﬁ)ﬂ?é%%@té?'g%[ﬁt%r@é pelpy &éeécidso?&\é?%agﬁﬂﬁi’z ¢ §electivity
and to minimizedhe\nate sfaratadjen-tesstivatibodpelyothidinkpesitiomericaHyenodrouss thedilution

provided by,the.[RCyoled BS?‘Pé%{c‘ﬁgWWﬂhHﬁ%&ﬁ@/&?&!ﬁ)ﬁé’%ﬁﬂ&m%@%yéﬁlﬁnf SHe8RFLPIg230 to be

controlled in addition to moderating the temperaturé in second reactor . Xygen, oxygen
enriched aitf BIFP1B M Sivered via blower or compressor 213 at a pressure in the range of about
ambient to about Ifthbasiémbroanineviadinapdt Aninste@dh ardommiten248 tmwegbilhesiparxaieanger 215,

o about SO0 G 5o B B b B e R R
bromide. OXyiferRPagies i whiligrith WiiehiakonsaselsridAcBrammaieTonbwikr gandidIdeaction
wherein M rgsgials Biecastalhd the subsequent efficient and selective oligimerization and

cyclization reactions of alkyl bromides to primarily propane and heavier products, the

Cs+ fraction of which contains substantial branched alkanes and substituted aromatics.

Byproduct hydrobromic acid vapor from the bromination and oligimerization reaction

are readily dissolved into an aqueous phase and neutralized by the metal hydroxide or

metal oxide species resulting from oxidation of the metal bromide.

In accordance with another embodiment of the process of the present invention
illustrated in FIG. 9A, the alkyl bromination and alkyl bromide conversion stages are
operated in a substantially similar manner to those corresponding stages described
with respect to FIGS. 2 and 3 above. More particularly, a gas stream containing lower
molecular weight alkanes, comprised of mixture of a feed gas and a recycled gas
stream at a pressure in the range of about 1 bar to about 30 bar, is transported or
conveyed via line, pipe or conduits 262 and 211, respectively, and mixed with dry
bromine liquid in line 225. The resultant mixture is transported via pump 224 and
passed to heat exchanger 226 wherein the liquid bromine is vaporized. The mixture of

lower molecular weight alkanes and dry bromine vapor is fed to reactor 230.
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MBr2+ 1/202MO + Bf2 In this manner, a dry, substantially HBr free bromine vapor is produced thereby
eliminating the need for subsequent separation of water or hydrobromic acid from the liquid bromine.
Reactor 246 is operated below 600C., and more preferably between about 300 C. to about 500 C. The
resultant bromine vapor is transported from reactor 246 via line 247, valve 248 and line 242 to heat
exchanger or condenser 221 where the bromine is condensed into a liquid. The liquid bromine is

transporteg Wﬂéﬁ#ﬂﬁﬂggg@rﬁéﬁaf@m{l 82%\)065%!&%19#&@@19%@&&%3@ ﬁdptsr@ﬂb‘v’iﬁdiﬁ;@ vagoand Has b
transported via lin to heat exchanger and first reac : any suitable means, such as by
pamp 224, TR LR O B B e e et o BeAA P B A HEb7 t0 o
bromine scrutebivegtaniza?@32 28 vish heats thsonixibied spstenticontiiiaite) desoitatalersolvdme, or suitable
solid adsorbaptmedum as gelaed byia meilRthanisass WHeTBIRdNG SRBAR NG RIAMIRS isscaptured.
The captured bromine is desorbed from the scrubhing solvent or adsorbant by heating or other
suitable me&ifs GAGM e RIBG UG B, G RTINS YBRRG Ji 2 IR EN KR L BE 'HHEE JBrubbed air
or oxygen isheerdegevid dibeu? 2909rCthis ahann@dOhirogad ami mysnnlmeinsubsm@mdiﬁlmftreactive
components, ar¢"e MY fBQH&@&é@E’Ea@EH‘u% Bfﬁ‘}ﬁed%fﬂhﬁ%gt%%ﬂ&ﬁ%%¥ Q%R?a[dﬁﬁkté.ed to enter

the hydrocarbon-containing port ‘the process; also loss of bromine to the surroundi
environment i€ &PpRISHNIt OF s RPSERIKIGARJBRST AEHROARG R AR ¢y e A dPPERETV P cordance
with this emigagiimentitraibetdhaseusenpiegehysigaicsotbbiidpdsrire rhstienitallytempleaie
scavenging of {ig Hr 10, |ow 4eYel5,aL hianer process lemngralures, Angiher distinet adwantage is the
elimination 6f water trom the Bromine removed thereby e |m|nact|ng the nee%nfa(_jr separaflion of bromine
and water pbfasethaie datiderineug of aecnidrnes orithnddroiPiaoaaesphiesstion: Reactors 240 and
246 may be operated in a cyclic fashi S |} ted in val 8 and 219 are operated in
the open mode to permit hydrobrorillsi‘(_:& ;@S tolél gg%mo?ef #%I?n?@i)eﬁgﬁiﬁﬁhat is withdrawn from the
second reactor 234, while valves 248 and 249 are operated in the open mode to permit air, oxygen
enriched air_or oxygen to flow through reactor 246 to oxidize the solid metal bromide contained therein.
Once sioniTAR EURRSRSH 57 O 0 B I OHERAPEF B PR D) AP S
respectivelyi ¢rasxaotuiereirh, thesesalokbdrareimtosstting thithpaintplhe @ReSsnofeaetbad Gisaa bed of
substantially,saih@esa BrATUYa NS D0 LRI RS IRG 245 rubsiRiEl Al DAl de. As

q
illustrated in FIG. 10A, valves 245 and 243 are then’opened to permit oxygen, oxygen enriched air or

air to flow tHPdOYPPrENIEB P2 98 1o Btti-2 Rl Ayt A tmaR ehang iy fHEF%ﬁﬂ?Wm@%Ives 239
and 217 areagpaiseddoreermitrefiueninativchreactiprisesigher higheesnsletwlarenveigit propeoearbon

products an&avfggga%tg;gtgh%%%;%g&@ W@M&ﬁ}ﬁ&%%éﬂﬁrﬁ‘ﬁ?ﬂ%ﬁ%a&ﬁ%% IR Broltrapged into

reactor 246 via | . ors are operated in this manner until significant conversion of the
metal oxideRs8iesetd BroMiemireAEABIED Adtianef SHmiteapbeiRasthaBsZoedariet$ afitize@én the

reactors aresgheifdpack iethy finvhsabesistitiltisiiatemdn fka. BévbYoepaRinghandHmsing valves as
previously discussed. When n is utilized as the o trans ortﬁq 'ntvéﬁ]gpe 210to

ormation a tundesérablgxyaggqlra ?tn)gE alﬂs observed, )ﬂd}%sn %d%ﬁ%een stﬁow

|
the reactor being used {0 oXxidize the so bromide containedtherein, the emB%dlment of the
process of thkanessentinesrgibantusnderdnare GsichArayd e presenbén el ifted Jashtehtitethe bromine

vapor produgeehfrabeitaer readip’ BARIRIRIOR) R4 Gord RIS HARSPRILSH MiaHires 242 and

225 directly to first reactor 230. Since ox()j{ en is reactive and will not build up in the system, the need

to condensé HEHrIRFEX BIEPRS ¥ FeRlid Y FRAT6TNIRALSEIRRAIYARBR AED SRS W gen, is
obviated. Corgréggiic@1ies niirdtustealt dthire St OB cdusd D gelg @l stardralbpal fcomthercial

sources of gxyREL SHCL A5 i RUTYORIERbAY SARASAIRII '%iﬁrﬁMHtBEﬁ_Mé’?o%)éﬁSH &P IRGpidat the

required pressure. It not, a compressor 213 could be utilized to achieve such pressure as will be
evident to aCSKARYY diepddp. thereby increasing the selectivity of alkane bromination to alkyl

bromides and eliminating the large amount of waste heat generated in the formation of

carbon dioxide from alkanes.

The effluent that contains alkyl bromides and hydrobromic acid is withdrawn
from the first reactor 230 via line 231 and is partially cooled to a temperature in the
range of about 150° C. to 350° C. in heat exchanger 232 before flowing to a second

reactor 234. In second reactor 234, the alkyl bromides are reacted exothermically at a
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In the embodiment of the present invention illustrated in FIG. 11A, the beds of solid metal oxide
particles and solid metal bromide particles contained in reactors 240 and 246, respectively, are
fluidized and are connected in the manner described below to provide for continuous operation of the
beds without the need to provide for equipment, such as valves, to change flow direction to and from
each reactor. In accordance with this embodiment, the effluent which comprises the higher molecular

\évgéght h)lld(;t%?ﬁﬁb%@&%@@ @H%HVQS@D{QI;S@G ecig iaeowci:tmtr@wm ,fmgag é@mﬁrm@q@g%%é% vig line

, COO0le tem ratur the range about to a t . 1N exchanger , an
e (SR o Ra e PR T D oL AT LT S S cres. The
flow of this ipretetablydefizad|ited caiady theandrtivdet prefirrd P8 téSiovy e epitcaralniydthiritbagtdr 240 as the
hydrobromigacigfEeaalabiith e MRAIRAYS t. e RARRE G A S TRashabaNErUfit FRspect (o

FIG. 9A. At or near the top of the bed 298, the particles which contain substantially solid metal bromide
on the attritTRIESBANRISARo R AL RY L paaRtany B Rplete Al RGO F IR BoIRY Metdl oxide with
hydrobromitiadid iMareactos, 24ihaeekalitedrénvmeta aienorsytioas Myother Gnverdmnaitmeans of

solid/gas SetPQr@iE]B@'rﬂQEgl RUAAY Y ARWD NG PS APH ‘E‘)‘F‘ﬂrlgé’ﬂggéﬁr%&ﬁ sReapine balpm of the bed

299 of solid metal bromide particles in reactor 246. In the embo lustrated in FIG. 11A, oxygen,
oxygen enrieRély sl BRANIVENYIEQ BRR BErTia sl AREHISS PRI P izelE Y& Bt He range of
about ambienirteabeuwiika batiotrangperiagyimline 2ddotirougtrdiczdLxehaingss lierherain the
oxygen, Oxy nriched air or air is prehea 0 a temperature in the range qf about.100 C. to about
506 0. anc BBt e d S S R R B B R ai
bromide. ORjgriahensilpgthanhaveighhlnydatadan tReopsinh andeadaiietdeh digoRitiniespeidt to FIG. 9A
to produce gy, substantially HBr free bromine vapor. The flow of this introduced gas induces the
particles in bed 299 to flow upwardly within reactor 246 as oxygen is reacted with the metal bromide.
At or near the top dhthéeBRE2d8 etRE Wairtcl8s weteRT 6RRaIAT stissiamRalRiselig Aetalnexiaet on the

attrition-resistaahetnrddeeriaitieis bslaatiaiyoc e RIRiraacion fdbsrabid anetal highside with
oxygen in reactor %46 are t\%it. drawn via a weir or ce(cl%ne r other onvif1 tional means of solid/gas

separation, W By 5riiY HoliH Hin& S B4 ARG ArR ISt cel & GFEAF i oSHE R B Bl 298 of

solid metal ad®wphaRicrisiterapetaiugel Ottt ranytesf @atbiSQ40 dndeRast b e opetated
continuously,withprireh@no NRHRaRArBMRIESE YRREEHOR. v abdiRamRedimenbildairated in FIG.

11B, oxygen is utilized as the oxidizing gas and js transported in via line 210 to reactor 246.

Accordingly? 0¥ BRI of th¥ pFateSeconthd FREQEnERVE AR fiGaFeted fidEI T 18RS modified
such that thisydrocaitensa parchreducedkficahlecatibaAd 6 us er@asported teefines2d? mokads directly to
first reactor 2.2 UG U FAR CERFUNE GRARYAl Rk B IR ADe Systara. e gﬁ&%‘i"}f@de”se the

bromine vapor to a liquid to remove unreactive components, such as nitrogen, Is obviated.
CompressofeMELIaHER IRseatBe iV ERPMiITR RAstingt VR P M SR HIrdal¥BRrERYEE0%Sgen, such
as a commesoiahaislseparsor ondigniticare e Hyxygemite lieendd@iah tbe trelreer pegeweas iIf not, a
compressor 213 could be, utilized tq.achieve such.pressure as will vident to a skilled artisan.

In accordance %thwgﬁoﬁwg}gemst%e Cl{r'r\lg%t%sfvﬁ{esp}%gegéog@ T %’ pﬂg%%t&h¢%r¥h8nc Tat Ps‘ei L%/Jrated in
FIG. 12, thebsoryiderorsineitign eired eyInsedenield ésiMorsienlistagaalird opyehzati@nnraasiiossntially
similar manpggp dhasenceriesrondingtias prodasetreminHataipyilerasnast teristnieycept as
discussed below. Residual air or. oxygen and bromine vapor emanating from reactor 246 is transported
via line 247301523 Al FF2HS HERRY SO0 AP RSP BSCAPer O conddrLdh S5T i erein the
bromine-cortaivéngjayasrisreastsd tnardsnpevatue gidaerahgeefabeele8ivdy), twabalg 303 C. The
bromine-copiaifipg: RReLASOSh Y LRRAAY 10RAINE AGRdP YRRRRAO! PRARIARAZASONLRIRR] a bed

322 of a solid phase metal bromide in a reduced valence state. The metal of the metal bromide in a
reduced valBFPEE NI SIS ted RSN YpErRC G 6HNPBE) b rredhy BB FOIRH FeiSe Aifetal is
selected formhmlquzac_b\ofétﬁpﬁna&jca apmirmbghﬁngduqmnﬂscpfropam&slrelaﬁpm@ tbevdesne df
temperatur%%ftﬁﬁ%n%maeqe%%%%ﬁgfa%%[ﬁgt'%%nx'wmﬁm%a@%ﬁﬂm gﬁg‘ﬁ%H%

CRRe
Preferably, copper or iron are employed as the metal, with copper being t ost preterred. The solid

metal bromide!ahb AN GmafbilYBPérhaliftanra e GrsrealitEIRua: 9H SRR Wikt a

synthetic anprehevssiiopstssidh s davieat sperdtod/ canasngfacdbreaky Baxigarcirigysisrof
Columbia, Md. In reafctt]or 32t0, bromirllﬁvaa)o(rji reactgd with the S?lllid Pha§e metaééjromid%, preferably
retained on & '§UfSote Attition-resietan usnupr)%or At Temy eerré?bnr%so Deicw B50at 366 CARA Breferably
between ab®gd3ME canabeitior0lt G. helyedrthaideohithraastioll daime iwesbiiembruivHirein M2
represents the metal: 2M2Brr, + Br2_. 2M2Brr,+1 In this manner, bromine is stored as a second metal
bromide, i.e. 2M2Brr,+1, in reactor 320 while the rezultant vapor containing residual air or 8xygen is

vented from reactor 320 via line 324, valve 326 and line 318.



The gas stream containing lower molecular weight alkanes, comprised of mixture of a feed gas (line
211) and a recycled gas stream, is transported or conveyed via line 262, heat exchanger 352, wherein
the gas stream is preheated to a temperature in the range of about 150C. to about 600C, valve 304
and line 302 to a second vessel or reactor 310 containing a bed 312 of a solid phase metal bromide in
an oxidized valence state. The metal of the metal bromide in an oxidized valence state is selected

from copper (Eujal@intlee)o@hdniony Bearm{MaY hBrdaetativselestarhivnthie impackafys physical
and thermodynamic Proigr)ﬁ)erties relat%g (t!o the de(?'siril m%)erature of operation, and also for potential
e

dt
environmental 3nd-heal ‘?ﬁ%‘g@t@a ¢t Bﬂ‘fne(t, rBB%rraE%rﬁorﬁ‘ ® é)r%rgfo%}%r(ﬁya e{ﬂg metal, with
copper beingpbthé 3Bt GroferyealsT meosodic roektildoriraivda ik redidizd o statef idgseietiab|f
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Davicat Grade 57, manufactured by Davison Catalysts of Columbia, Md. The temperature of the gas
stream is frém3EARAS8E. (o B8P RGOSR IR FBRRPIFoR 2BYLH 3D € 18 2B3tk 4480 c. In

second rga@qr &1ﬂqéhm¢ermm @3{1et@amstreiamdbmfmaug}eqummmdsme;cﬂiielsphasg mgtal
bromide in apaxidized yalgnge ? YEMLRIBRNIRLPIg RoAR R slidaetalppmide in a
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reduced state in at:_corcﬁ{amce wﬂh%e%ollo_wmg genera formuli%%wﬁerem M2 represents the metal:
2M2Brr,., 128DESIOM BEr AsTeSHam BIIMIFS vESoALHENs pbtaR i tReYVG!Es it bntaining
lower moleadaipweighiiadkagasada lines 314, 315, valve 317, line 330, heat exchanger 226 prior to
being introduced into alkyl bromination reactor 230. Reactars. 310 and 320 may be rated in a
cycils fashion. S ST Y 16 oo, asne A 1 S 0B e (He P s
stream cont#@fintéon@sMmaloisectas Weng e oYt Bk ineih ol ko Satcharasasteriz10, while

valve 317 isipesatRdondhsueReshmedd iiPs hal g SRS RISRRN WHIipOrRmne ABCRHAt & generated
in reactor 318 to be transported to alkyl bromination reactor 230. Lti?ﬁt%\gise valve 066is perated in the

open mode 3 Oﬁjérzmﬁob?o iff %&érof"rgmt?e@&8¥%ﬂ%f?3?}84Hgﬁé‘ﬁ rfgggagil fihe 307,
while valve 826f& ep & aredticathenoipbamsodecgupetipnixidgidgdheaidepasiggaratoopdw Eqedyfrom

reactor 320, (e S GANhERNYAIIRL] BGJeduRemstal RigRUbeABEhIZ5d gl promide in

reactors 320 and 310, respectively, to the corfesponding oxidized and reduced states has occurred,
these valvel'SrErBR5s8H 2OHILLPATe] RPRHE S 128 AnhiRbBiRaisedr PP Mo (P 6708 BEd of
substantiallyoetaddoroiteaboanapdtizeCatate wibwiddaddIbidusbaictor iddd insabsiamniedy metal

bromide in %%ﬁaﬁqu?ﬁ'\/?ésliwégf@tsgrmﬂfth% 'r& eﬁ’@r'é’t?o%%%ﬁbﬁ.l?’ 306 and 326 are closed, and

then valves are opened to permit the gas stream containing lower molecular weight

alkanes to be trandprté&dfigprbrveighd SRENRAESS26DE hBigNek cRMIRfAIES IVeighE rdVOREARIRSam is
zeated to aﬂiﬂih lﬁﬁtlgfeﬁhﬂw&%r&ﬂ? abi@élb @Q%@avﬁ\fﬁ)gﬂ&?@dcﬁﬂﬂ, 238t EEaC\lHH Iﬁ@zl@ko:[hefma”y
ecompose the soli ase metal bromide ip an oxidiz alen tate to yield elemental bromine
vapor and aaE((;i Or%%é?%rgrﬁ%g%r%[%edL'J%e%est%ﬁre]g?/aﬁvg@ igaa s?)&o;%n%%"% pgéSerit né resultant
bromine vapachanuetradsparetiusitatdteigddGirdanihcopealnihgfibwer mdletspartegkigatiakanes via

lines 324 angg30, @ NEAEYENANEES 7 thBridrcleiBitinoseedifae s8¢/ LRtppuRgHOMeactor 230.

In addition, valve 300 is opened to Eermit. bromine vapor emanating from reactor 246 to be

transported YRS R @AM AR 1813 V4555 QL L8G9 G IhEPRIAIY D REDRAELhRetal
bromide in aokdipbedevaletetevsidde rElastmatdhdirbmimeta eiieetisebelsiee Hoomimageaiunetal

bromide. In ition,~valv ] it the [ ich i Nngj evoid of
bromine to g‘éj@érﬁaegﬁ\ﬂ#a %ﬂ%lsqé%dfg %ﬁﬁ?’;ﬁ? %ﬂ%tgﬁﬁﬂ%g@tﬁ in't ’iiré:inygféﬁle’r%grﬁ%lgignificant

conversion EFehe i@ O¥ileGOBREN et BidiER) aRt BXitired mRaMsighifigale sestisrs'aa 0 and 320,
respectivelyinipdtte eprigspemgiog oxicizedanmbagdaces gajssias ccetiedianthbiededirgeactors are
g?’sc’gigsi%"kté?ntphe%!&}’g SF DS OahSIURY IS {0 ol SEatA N RSNk AR Y AL AR @SR Viously
cost. Preferably, magnesium, copper and iron are employed as the metal, with
magnesium being the most preferred. These metals have the property of not only
forming oxides but bromide salts as well, with the reactions being reversible in a
temperature range of less than about 500° C. The solid metal oxide is preferably
immobilized on a suitable attrition-resistant support, for example a synthetic

amorphous silica, such as Davicat Grade 57, manufactured by Davison Catalysts of

24 °



In the embodiment of the present invention illustrated in FIG. 14, the beds 312 and 322 contained in
reactors 310 and 320, respectively, are fluidized and are connected in the manner described below to
provide for continuous operation of the beds without the need to provide for equipment, such as
valves, to change flow direction to and from each reactor. In accordance with this embodiment, the
bromine-containing gas withdrawn from the reactor 246 via line 242 is cooled to a temperature in the

range of abei 3Rk, INAHRHESIRA Raldelnngersémentidla eaddptingerdhietalthadeottom of
reactor 320 which contains a movi olid bed 322 in a fluidized state. The flow. of this introduced fluid
incuces the ARTRECTN S5 R0 BB Src AT PR P I S PO JAGBPR rected
with the redb@ed Gnerahbeordaie@ntithiripettiel bvitengeneied RPRuthdereinndrraprdestiibte above with
respect to Fla42. At or near the top of the bed 322, the particles which contain substantially oxidized

metal bromide on the attrition-resistant support due to the substantially complete reaction of the
reduced metal bromide with bromine 2RBbr iM@eactol’ 320Bdire Withdrawn via a weir, cyclone or other

convention e ' ration,, flow [ i ' d at or
near e notLi ar o BT RALE A R AR GRUURAE i AR LA ABCHEEs,
bromine is VHE8a7RPNINESL0Ct theliBmZddimers immnstrada arrpenad talyas23Pe iin @Htaining
lower molecalaamgight akanasicomaphisRAOE vbdetE o hadanid Gasélinentlibhgadramsaraled gas
stream, is transported or conveyed via line 262 and heat exchanger 352 wherein the gas stream is
eated to a B8P it T30 Lo B0t BBEE Ando A IRLdd F Ao RO T R od gas
stream thermdipjadidetynployeehdrenlidhehase mikstainbrohiglviieinioRltirevaleettdraratépresent

entering at QeRGHLIDE 2RO RidogB17 iR virkd lemariahPIIRARINGRAE HsharSalkkapipl bromide
in a reduced state. The flow of this introduced gas induces the particles in bed 312 to flow upwardly

within reactSE$1H NGB RGHERBISHIGE RFRE YA e Coth FB QUG JERR4 YhEYDp of the
bed 312, thegmatticlsowdnich aodt@inssulistaat abiyitrpduealy siodicCrdiakchoonila tquiieattiiton-resistant

support dug fothe sypstanially,compietp ﬁﬁb‘?ﬁg}i"o‘?eg%‘ﬁ%‘tﬁg%gi?’&ﬁ% ﬁ?qﬁ‘ﬁ&%g%@t?\éw Withrawn via

weir or cyclone or other conventional means of gas/ eparation and y gravity down line 364
and introduS8liCRest HEaF R hatRIP RO 8 2 of aprerde!m reHiI6r3a® CPRda™ AR bromine
vapor is tragspsyéet withdhs gasopitramoogtabingtlonwer melese@novpiobé alkedqeravigakiner 354 and
heat exchar}gﬁﬁe:%% %nd iﬂtégr%léceéjsiqgrqaalﬁyl ct))r%mgllﬁ'lti n éﬁ%cgr(])r %3610. Ilgeth.j:‘sm manner, re ctors 310
and 320 can be o?éegatsedS continuously With ¢ anging Re paramétersyof operation. The process of
the presentimpi@mionagaesef driseyrrtitian Temvesidoahyprot &SBUSIHCE GND PERELSS EaCRNR¥ressures in
0 about 0 g o e B A0 (e Aot 0o e i

. to abou . for the gas phase, and preferably abou . to abou : e liqui
ohase. The SGESr A LR OB A (B LA P C EOREREb M RSN rBeERy smole
design that ereycledsteaicteal frapnrrdsdinrgedilatie cnatplesboy S $6r ithepgbmiohasefeantiqalyrer-lined
vessels, pinjpg aadirRg fordhielieyis Rbasa: IhmBLanesR ol YR RISSRIE LYeRigariadlsg more

efficient because less energy is required for operation and the production of excessive carbon dioxide
as an unwalEd28¢plRNEAHmiDe diavite BRSUEESTRE H5th RAST RRVEN§ DB d NS ra Afided
hydrocarbopgyestlch ¢ceataxicigngsiopsaMahectitatwelighiocbropime igsyip thie did) welield g éttoleum gas

(LPG) and Iy | i i v significant!
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embodimen® dNthEGAVERLIBE Haverddhn ERABEAGEILARPEHBIRIVEIL BhdRlrSt6aiE thdfifiblernatives
and modificgigashaugiRyadibos ssiggesiadiendootbasornay hrdnaderiheiethcandfadaniibin the scope
of the invengiLcj)C i tﬁ:elitp?!a'\e/lléor 234 is maintained at the selected operating temperature, preferably

in the range of about 300° C. to about 400° C. in order to optimize conversion vs.

selectivity and to minimize the rate of catalyst deactivation due to the deposition of

carbon. Thus, the dilution provided by the recycled vapor effluent permits selectivity of

bromination in the first reactor 230 to be controlled in addition to moderating the

temperature in second reactor 234.

Oxygen, oxygen enriched air or air 210 is delivered via blower or compressor

213 at a pressure in the range of about ambient to about 10 bar to bromine via line
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1. A process for converting gaseous alkanes to liquid hydrocarbons comprising: reacting a gaseous
feed having lower molecular weight alkanes with bromine vapor to form alkyl bromides and
hydrobromic acid; reacting said alkyl bromides in the presence of said hydrobromic acid and a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form higher molecular
weight hydrocarbons and additional hydrobromic acid; and removing said hydrobromic acid and

said additiopakhydeobignaircihEomsaifdugheraoieHimgwe By, hvespaarearsehy spgéng said
hydrobromic acig aéwd said .additioHaI hydrobromic acid with a metal o*ddi tg@agg metﬁl bromide and
Geed o g

steam. 2. THY BrELEUs Ar iR E ARSI LG MRE A LAl HE S R&8RAM! calcium,
vanadium, df@hGiutn ansengachesssdion reatialt 2Akkehtampiges atc290tnf.a3olthehmereszaf claim 2

wherein saig,gisige OXR AURRRIeHRN detidiarBismide ThaRatRSeO\GIRIThS WilsHRHy Said metal

oxide is contained in a bed in a vessel.
general reaction wherein M represents the metal:

MBr,+ 1/20, —» MO + Br,

In this manner, a dry, substantially HBr free bromine vapor is produced thereby
eliminating the need for subsequent separation of water or hydrobromic acid from the
liquid bromine. Reactor 246 is operated below 600° C., and more preferably between
about 300° C. to about 500° C. The resultant bromine vapor is transported from
reactor 246 via line 247, valve 248 and line 242 to heat exchanger or condenser 221
where the bromine is condensed into a liquid. The liquid bromine is transported via
line 242 to separator 222 wherein liquid bromine is removed via line 225 and
transported via line 225 to heat exchanger 226 and first reactor 230 by any suitable
means, such as by pump 224. The residual air or unreacted oxygen is transported
from separator 222 via line 227 to a bromine scrubbing unit 223, such as venturi
scrubbing system containing a suitable solvent, or suitable solid adsorbant medium, as
selected by a skilled artisan, wherein the remaining bromine is captured. The
captured bromine is desorbed from the scrubbing solvent or adsorbant by heating or
other suitable means and the thus recovered bromine transported via line 212 to line
225. The scrubbed air or oxygen is vented via line 229. In this manner, nitrogen and
any other substantially non-reactive components are removed from the system of the
present invention and thereby not permitted to enter the hydrocarbon-containing

portion of the process; also loss of bromine to the surrounding environment is avoided.

One advantage of removing the HBr by chemical reaction in accordance with
this embodiment, rather than by simple physical solubility, is the substantially complete
scavenging of the HBr to low levels at higher process temperatures. Another distinct
advantage is the elimination of water from the bromine removed thereby eliminating
the need for separation of bromine and water phases and for stripping of residual
bromine from the water phase.

Reactors 240 and 246 may be operated in a cyclic fashion. As illustrated in
FIG. 9A, valves 238 and 219 are operated in the open mode to permit hydrobromic
acid to be removed from the effluent that is withdrawn from the second reactor 234,

while valves 248 and 249 are operated in the open mode to permit air, oxygen
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5. The process of claim 1 further comprising: reacting said metal bromide with an oxygen
containing gas to obtain a metal oxide and said bromine vapor. 6. The process of claim 5 wherein said
bromine vapor is used in the step of reacting said gaseous feed having lower molecular weight
alkanes. 7. A process for converting gaseous alkanes to liquid hydrocarbons comprising: reacting a
gaseous feed having lower molecular weight alkanes with bromine vapor to form alkyl bromides and

hydrobromigagified air Ga6REEAAIS K ERRNIdeS iIRIBreseRBreTsais diRIPAsAGd and a
gt hycrERERE LR At U SEHS R RE AR e M AT LA Ry BB acid,
said additiomafdaaiechdDisratithaneseddtiviglichasaleculadwthighr Mgtvascarb@iesedla Atdhigessel
having a begplimeial @4 RarticlesssadysiahromiGadidpnbraidaddsienpmidydHbresuc acid
reacting with said bed of metal oxide particles to form metal bromide particles and steam.

298 in reactor 240 is substantially solid metal oxide. As illustrated in FIG. 10A, valves

245 and 243 are then opened to permit oxygen, oxygen enriched air or air to flow

through reactor 240 to oxidize the solid metal bromide contained therein, while valves

239 and 217 are opened to permit effluent which comprises the higher molecular

weight hydrocarbon products and hydrobromic acid that is withdrawn from the second

reactor 234 to be introduced into reactor 246 via line 237. The reactors are operated

in this manner until significant conversion of the metal oxide and metal bromide in

reactors 246 and 240, respectively, has occurred and then the reactors are cycled

back to the flow schematic illustrated in FIG. 9A by opening and closing valves as

previously discussed.

When oxygen is utilized as the oxidizing gas transported in via line 210 to the
reactor being used to oxidize the solid metal bromide contained therein, the
embodiment of the process of the present invention illustrated in FIGS. 9A and 10A
can be modified such that the bromine vapor produced from either reactor 246 (FIG.
9B) or 240 (FIG. 10B) is transported via lines 242 and 225 directly to first reactor 230.
Since oxygen is reactive and will not build up in the system, the need to condense the
bromine vapor to a liquid to remove unreactive components, such as nitrogen, is
obviated. Compressor 213 is not illustrated in FIGS. 9B and 10B as substantially all
commercial sources of oxygen, such as a commercial air separator unit, will provide
oxygen to line 210 at the required pressure. If not, a compressor 213 could be utilized

to achieve such pressure as will be evident to a skilled artisan.

In the embodiment of the present invention illustrated in FIG. 11A, the beds of
solid metal oxide particles and solid metal bromide particles contained in reactors 240
and 246, respectively, are fluidized and are connected in the manner described below
to provide for continuous operation of the beds without the need to provide for
equipment, such as valves, to change flow direction to and from each reactor. In
accordance with this embodiment, the effluent which comprises the higher molecular
weight hydrocarbon products and hydrobromic acid is withdrawn from the second
reactor 234 via line 235, cooled to a temperature in the range of about 100° C. to
about 500° C. in exchanger 236, and introduced into the bottom of reactor 240 which

contains a bed 298 of solid metal oxide particles. The flow of this introduced fluid
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8. The process of claim 7 further comprising: passing an oxygen containing gas through a second
vessel having a bed of metal bromide particles to form metal oxide particles and bromine vapor. 9. The
process of claim 8 further comprising: transporting said bromine vapor to said step of reacting said
gaseous feed. 10. The process of claim 8 wherein after substantially all of said metal oxide particles in
said bed in said first vessel have been converted to said metal bromide particles, said process further

comprising:inducBaSgBg MRS GRAtaPIN oG an MEOUGNaRIF firathieseeldigvingoa hedigf metal
bromide partic{ée to form metal oxi%e particles an(i_l romine V%POI’. 11.Thep oceas%%f %Iaim 10 further
comprising: W h@ﬁ%ﬁg""%d%%ﬁ% S R e P T S Y e

with respect to FIG. 9A. At or near the top of the bed 298, the particles which contain
substantially solid metal bromide on the attrition-resistant support due to the
substantially complete reaction of the solid metal oxide with hydrobromic acid in
reactor 240 are withdrawn via a weir or cyclone or other conventional means of
solid/gas separation, flow by gravity down line 259 and are introduced at or near the
bottom of the bed 299 of solid metal bromide particles in reactor 246. In the
embodiment illustrated in FIG. 11A, oxygen, oxygen enriched air or air 210 is
delivered via blower or compressor 213 at a pressure in the range of about ambient to
about 10 bar, transported via line 214 through heat exchanger 215, wherein the
oxygen, oxygen enriched air or air is preheated to a temperature in the range of about
100° C. to about 500° C. and introduced into second vessel or reactor 246 below bed
299 of a solid phase metal bromide. Oxygen reacts with the metal bromide in the
manner described above with respect to FIG. 9A to produce a dry, substantially HBr
free bromine vapor. The flow of this introduced gas induces the particles in bed 299
to flow upwardly within reactor 246 as oxygen is reacted with the metal bromide. At or
near the top of the bed 298, the particles which contain substantially solid metal oxide
on the attrition-resistant support due to the substantially complete reaction of the solid
metal bromide with oxygen in reactor 246 are withdrawn via a weir or cyclone or other
conventional means of solid/gas separation, flow by gravity down line 264 and are
introduced at or near the bottom of the bed 298 of solid metal oxide particles in reactor
240. In this manner, reactors 240 and 246 can be operated continuously without

changing the parameters of operation.

In the embodiment illustrated in FIG. 11B, oxygen is utilized as the oxidizing
gas and is transported in via line 210 to reactor 246. Accordingly, the embodiment of
the process of the present invention illustrated in FIG. 11A is modified such that the
bromine vapor produced from reactor 246 is transported via lines 242 and 225 directly
to first reactor 230. Since oxygen is reactive and will not build up in the system, the
need to condense the bromine vapor to a liquid to remove unreactive components,
such as nitrogen, is obviated. Compressor 213 is not illustrated in FIG. 11B as
substantially all commercial sources of oxygen, such as a commercial air separator
unit, will provide oxygen to line 210 at the required pressure. If not, a compressor 213

could be utilized to achieve such pressure as will be evident to a skilled artisan.



12. The process of claim 10 wherein after substantially all of said metal bromide particles in said bed in
said second vessel have been converted to said metal oxide particles and said bromine vapor, said
process further comprising: transporting said hydrobromic acid, said additional hydrobromic acid
and said higher molecular weight hydrocarbons to said second vessel, said hydrobromic acid and said
additional hydrobromic acid reacting with said metal oxide particles in said second vessel to form

metal bromide parficigscarehseaiith baotHe BFsRHs SHRINLSFUERr FamPFIEgt invesanEUIrently

[ id 1 | oxid icles f id second I id fi l.and said I
bromcio palieiat NN SAHI e kel o A0 UL GO0 21 TR SeReP BT B Fhorcin said

the metal ofesaid>opesedtdxide anslibaiantirdial Sirofaiden@nmeigtesibasecaleitespvdiagiiagelsromium,

manganeseydQiineaha beMakFknCRIRPEE: FNEIBT YR except as discussed below. Residual air or
oxygen and bromine vapor emanating from reactor 246 is transported via line 247,
valve 248 and line 242 and valve 300 to heat exchanger or condenser 221 wherein the
bromine-containing gas is cooled to a temperature in the range of about 30° C. to
about 300° C. The bromine-containing vapor is then transported via line 242 to vessel
or reactor 320 containing a bed 322 of a solid phase metal bromide in a reduced
valence state. The metal of the metal bromide in a reduced valence state is selected
from copper (Cu), iron (Fe), or molybdenum (Mo). The metal is selected for the impact
of its physical and thermodynamic properties relative to the desired temperature of
operation, and also for potential environmental and health impacts and cost.
Preferably, copper or iron are employed as the metal, with copper being the most
preferred. The solid metal bromide is preferably immobilized on a suitable attrition-
resistant support, for example a synthetic amorphous silica, such as Davicat Grade 57,
manufactured by Davison Catalysts of Columbia, Md. In reactor 320, bromine vapor is
reacted with the solid phase metal bromide, preferably retained on a suitable attrition-
resistant support at temperatures below about 300° C. and preferably between about
30° C. to about 200° C. in accordance with the following general formula wherein M?

represents the metal:
2M?Br,, + Br,—» 2M°Brn.1
In this manner, bromine is stored as a second metal bromide, i.e. 2M?Br,,.4, in reactor

320 while the resultant vapor containing residual air or oxygen is vented from reactor
320 via line 324, valve 326 and line 318.

The gas stream containing lower molecular weight alkanes, comprised of
mixture of a feed gas (line 211) and a recycled gas stream, is transported or conveyed
via line 262, heat exchanger 352, wherein the gas stream is preheated to a
temperature in the range of about 150° C. to about 600° C, valve 304 and line 302 to a
second vessel or reactor 310 containing a bed 312 of a solid phase metal bromide in
an oxidized valence state. The metal of the metal bromide in an oxidized valence
state is selected from copper (Cu), iron (Fe), or molybdenum (Mo). The metal is
selected for the impact of its physical and thermodynamic properties relative to the
desired temperature of operation, and also for potential environmental and health

impacts and cost. Preferably, copper or iron are employed as the metal, with copper
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15. A process for converting gaseous alkanes to liquid hydrocarbons comprising: reacting a gaseous
feed having lower molecular weight alkanes with bromine vapor to form alkyl bromides and
hydrobromic acid; reacting said alkyl bromides in the presence of said hydrobromic acid and a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form higher molecular
weight hydrocarbons and hydrobromic acid; removing said hydrobromic acid and said additional

hydrobromi@@ﬁ'gdtﬂ@rm@'q)ﬂ@'@lwquiﬁ@@almﬂmlaat BysHrRfaIR RS Kreas seevdhprefariploxide to
form a first metal ﬂ ide and s OXIdIZI %?sald first metal bromide |th an OX}{B%? n containing
0

gas to form BIERHNE p%’fJ a"hasu'?rg 18 o QR LI R B n S WOk with ae?‘éaé‘ﬂJ%Sd thetdlBroffide to form
a second matabipnaideilids sUbe psobesisalf Crade B fundiafedmprdiygPavison Catalysts of

Columbia, Md. The temperature of the gas stream is from about 150° C. to about 600°
C., and preferably from about 200° C. to about 450° C. In second reactor 310, the
temperature of the gas stream thermally decomposes the solid phase metal bromide in
an oxidized valence state to yield elemental bromine vapor and a solid metal bromide
in a reduced state in accordance with the following general formula wherein M?

represents the metal:
2M°Bry — ¥ 2M?Br, + Br,

The resultant bromine vapor is transported with the gas stream containing lower
molecular weight alkanes via lines 314, 315, valve 317, line 330, heat exchanger 226

prior to being introduced into alkyl bromination reactor 230.

Reactors 310 and 320 may be operated in a cyclic fashion. As illustrated in
FIG. 12, valve 304 is operated in the open mode to permit the gas stream containing
lower molecular weight alkanes to be transported to the second reactor 310, while
valve 317 is operated in the open mode to permit this gas stream with bromine vapor
that is generated in reactor 310 to be transported to alkyl bromination reactor 230.
Likewise, valve 306 is operated in the open mode to permit bromine vapor from reactor
246 to be transported to reactor 320 via line 307, while valve 326 is operated in the
open mode to permit residual air or oxygen to be vented from reactor 320. Once
significant conversion of the reduced metal bromide and oxidized metal bromide in
reactors 320 and 310, respectively, to the corresponding oxidized and reduced states
has occurred, these valves are closed as illustrated in FIG. 13. At this point, bed 322
in reactor 320 is a bed of substantially metal bromide in an oxidized state, while bed
312 in reactor 310 is substantially metal bromide in a reduced state. As illustrated in
FIG. 13, valves 304, 317, 306 and 326 are closed, and then valves 308 and 332 are
opened to permit the gas stream containing lower molecular weight alkanes to be
transported or conveyed via lines 262, heat exchanger 352, wherein gas stream is
heated to a range of about 150° C to about 600° C, valve 308 and line, 309 to reactor
320 to thermally decompose the solid phase metal bromide in an oxidized valence
state to yield elemental bromine vapor and a solid metal bromide in a reduced state.
Valve 332 is also opened to permit the resultant bromine vapor to be transported with
the gas stream containing lower molecular weight alkanes via lines 324 and 330 and

heat exchanger 226 prior to being introduced into alkyl bromination reactor 230. In

30 °



contacting said second metal bromide with said gaseous feed thereby thermally decomposing said
second metal bromide to said bromine vapor and said reduced metal bromide. 17. The process of
claim 16 wherein said bromine vapor that is generated by thermal decomposition of said second metal
bromide and said gaseous feed are reacted to form alkyl bromides and hydrobromic acid. 18. The
process of claim 15 wherein said reduced metal bromide is contained in a bed in a third vessel and

bromine vap@gigdigariee Bikh isaigdiest s denaiabhsaiinie@dpsraichhistnge ront tedeton 248aeond metal
bromide. 19. The Froce sofc aighéS wherein aft]er sub?1 ntially all of Sﬁxg renduced meta]l. romide in
€ C 4

I
said bed in S8 ARPUESERHLS paer ESHIR X 15 S or irLeaigsaRti 1§ 51 RES Wther
comprising:phaseonetaltingide seconednted| \wenviesiaith isaicigyaddobwfeing tioeesiegtiveymally

decomposings3aidiBREAB RIS IR BIgmiGeSaid LIRS VAR 316l RalhEpRUCRABRIAl Bromide.
resulting gas, which is substantially devoid of bromine to be vented via lines 314 and
318. The reactors are operated in this manner until significant conversion of the beds
of reduced metal bromide and oxidized metal bromide in reactors 310 and 320,
respectively, to the corresponding oxidized and reduced states has occurred and then
the reactors are cycled back to the flow schematic illustrated in FIG. 12 by opening

and closing valves as previously discussed.

In the embodiment of the present invention illustrated in FIG. 14, the beds 312
and 322 contained in reactors 310 and 320, respectively, are fluidized and are
connected in the manner described below to provide for continuous operation of the
beds without the need to provide for equipment, such as valves, to change flow
direction to and from each reactor. In accordance with this embodiment, the bromine-
containing gas withdrawn from the reactor 246 via line 242 is cooled to a temperature
in the range of about 30° C. to about 300° C. in exchangers 370 and 372, and
introduced into the bottom of reactor 320 which contains a moving solid bed 322 in a
fluidized state. The flow of this introduced fluid induces the particles in bed 322 to flow
upwardly within reactor 320 as the bromine vapor is reacted with the reduced metal
bromide entering the bottom of bed 322 in the manner as described above with
respect to FIG. 12. At or near the top of the bed 322, the particles which contain
substantially oxidized metal bromide on the attrition-resistant support due to the
substantially complete reaction of the reduced metal bromide with bromine vapor in
reactor 320 are withdrawn via a weir, cyclone or other conventional means of solid/gas
separation, flow by gravity down line 359 and are introduced at or near the bottom of
the bed 312 in reactor 310. The resulting gas which is substantially devoid of bromine
is vented via line 350. In the embodiment illustrated in FIG. 14, the gas stream
containing lower molecular weight alkanes, comprised of mixture of a feed gas (line
211) and a recycled gas stream, is transported or conveyed via line 262 and heat
exchanger 352 wherein the gas stream is heated to a range of about 150° C. to about
600° C. and introduced into reactor 310. The heated gas stream thermally
decomposes the solid phase metal bromide in an oxidized valence state present
entering at or near the bottom of bed 312 to yield elemental bromine vapor and a solid

metal bromide in a reduced state. The flow of this introduced gas induces the patrticles
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20. The process of claim 18 wherein said second metal bromide is contained in a bed in a fourth
vessel and said second metal bromide is thermally decomposed in said fourth vessel to said bromine
vapor and said reduced metal bromide. 21. The process of claim 20 wherein after substantially all of
said second metal bromide in said bed in said fourth vessel has been thermally decomposed to said
bromine vapor and said reduced metal bromide, said process further comprising: reacting said
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or cyclone or other conventional means of gas/solid separation and flow by gravity
down line 364 and introduced at or near the bottom of the bed 322 of particles in
reactor 310. The resulting bromine vapor is transported with the gas stream
containing lower molecular weight alkanes via line 354 and heat exchanger 355 and
introduced into alkyl bromination reactor 230. In this manner, reactors 310 and 320
can be operated continuously with changing the parameters of operation.

The process of the present invention is less expensive than conventional
process since it operates at low pressures in the range of about 1 bar to about 30 bar
and at relatively low temperatures in the range of about 20 ° C. to about 600 ° C. for
the gas phase, and preferably about 20 °© C. to about 180 ° C. for the liquid phase.
These operating conditions permit the use of less expensive equipment of relatively
simple design that are constructed from readily available metal alloys for the gas
phase and polymer-lined vessels, piping and pumps for the liquid phase. The process
of the present invention is also more efficient because less energy is required for
operation and the production of excessive carbon dioxide as an unwanted byproduct is
minimized. The process is capable of directly producing a mixed hydrocarbon product
containing various molecular-weight components in the liquefied petroleum gas (LPG)
and motor gasoline fuels range that have substantial aromatic content thereby

significantly increasing the octane value of the gasoline-range fuel components.

While the foregoing preferred embodiments of the invention have been
described and shown, it is understood that the alternatives and modifications, such as
those suggested and others, may be made thereto and fall within the scope of the

invention.



24. The process of claim 7 wherein said step of reacting said gaseous feed with said bromine vapor

occurs in a first reactor and said step of reacting said alkyl bromides occurs in a second reactor. 25.

The process of claim 15 wherein said step of reacting said gaseous feed with said bromine vapor

occurs in a first reactor and said step of reacting said alkyl bromides occurs in a second reactor.
CLAIMS

1. A process for converting gaseous alkanes to liquid hydrocarbons comprising:

reacting a gaseous feed having lower molecular weight alkanes with bromine
vapor to form alkyl bromides and hydrobromic acid;

reacting said alkyl bromides in the presence of said hydrobromic acid and a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form
higher molecular weight hydrocarbons and additional hydrobromic acid; and

removing said hydrobromic acid and said additional hydrobromic acid from
said higher molecular weight hydrocarbons by reacting said hydrobromic acid and
said additional hydrobromic acid with a metal oxide to form a metal bromide and

steam.

2. The process of claim 1 wherein said the metal of said metal oxide is

magnesium, calcium, vanadium, chromium, manganese, iron, cobalt, nickel, copper,

zinc or tin.

3. The process of claim 2 wherein said metal oxide is supported on a solid
carrier.

4, The process of claim 3 wherein said metal oxide is contained in a bed in a
vessel.

5. The process of claim 1 further comprising:

reacting said metal bromide with an oxygen containing gas to obtain a metal

oxide and said bromine vapor.

6. The process of claim 5 wherein said bromine vapor is used in the step of

reacting said gaseous feed having lower molecular weight alkanes.

7. A process for converting gaseous alkanes to liquid hydrocarbons comprising:
reacting a gaseous feed having lower molecular weight alkanes with bromine
vapor to form alkyl bromides and hydrobromic acid;
reacting said alkyl bromides in the presence of said hydrobromic acid and a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form

higher molecular weight hydrocarbons and additional hydrobromic acid; and
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transporting said hydrobromic acid, said additional hydrobromic acid and said
higher molecular weight hydrocarbons to a first vessel having a bed of metal oxide
particles, said hydrobromic acid and said additional hydrobromic acid reacting with

said bed of metal oxide particles to form metal bromide particles and steam.

8. The process of claim 7 further comprising:
passing an oxygen containing gas through a second vessel having a bed of

metal bromide particles to form metal oxide particles and bromine vapor.

9. The process of claim 8 further comprising:

transporting said bromine vapor to said step of reacting said gaseous feed.

10. The process of claim 8 wherein after substantially all of said metal oxide
particles in said bed in said first vessel have been converted to said metal bromide
particles, said process further comprising:

passing an oxygen containing gas through said first vessel having a bed of

metal bromide particles to form metal oxide particles and bromine vapor.

11. The process of claim 10 further comprising:

transporting said bromine vapor to said step of reacting said gaseous feed.

12. The process of claim 10 wherein after substantially all of said metal bromide
particles in said bed in said second vessel have been converted to said metal oxide
particles and said bromine vapor, said process further comprising:

transporting said hydrobromic acid, said additional hydrobromic acid and said
higher molecular weight hydrocarbons to said second vessel, said hydrobromic acid
and said additional hydrobromic acid reacting with said metal oxide particles in said

second vessel to form metal bromide particles and steam.

13. The process of claim 8 further comprising:
concurrently transporting said metal oxide particles from said second vessel
to said first vessel and said metal bromide particles from said first vessel to said

second vessel.

14, The process of claim 8 wherein said the metal of said metal oxide and said
metal bromide is magnesium, calcium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc or tin.
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15. A process for converting gaseous alkanes to liquid hydrocarbons comprising:

reacting a gaseous feed having lower molecular weight alkanes with bromine
vapor to form alkyl bromides and hydrobromic acid;

reacting said alkyl bromides in the presence of said hydrobromic acid and a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to form
higher molecular weight hydrocarbons and hydrobromic acid,;

removing said hydrobromic acid and said additional hydrobromic acid from
said higher molecular weight hydrocarbons by reaction with a metal oxide to form a
first metal bromide and steam;

oxidizing said first metal bromide with an oxygen containing gas to form
bromine vapor; and

reacting said bromine vapor with a reduced metal bromide to form a second

metal bromide.

16. The process of claim 15 further comprising:
contacting said second metal bromide with said gaseous feed thereby
thermally decomposing said second metal bromide to said bromine vapor and said

reduced metal bromide.

17. The process of claim 16 wherein said bromine vapor that is generated by
thermal decomposition of said second metal bromide and said gaseous feed are

reacted to form alkyl bromides and hydrobromic acid.

18. The process of claim 15 wherein said reduced metal bromide is contained in
a bed in a third vessel and bromine vapor is reacted with said reduced metal bromide

in said third vessel to form a second metal bromide.

19. The process of claim 18 wherein after substantially all of said reduced metal
bromide in said bed in said third vessel has been converted to second metal
bromide, said process further comprising:

contacting said second metal bromide with said gaseous feed thereby
thermally decomposing said second metal bromide to said bromine vapor and said

reduced metal bromide.
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20. The process of claim 18 wherein said second metal bromide is contained in a
bed in a fourth vessel and said second metal bromide is thermally decomposed in

said fourth vessel to said bromine vapor and said reduced metal bromide.

21. The process of claim 20 wherein after substantially all of said second metal

bromide in said bed in said fourth vessel has been thermally decomposed to said

bromine vapor and said reduced metal bromide, said process further comprising:
reacting said bromine vapor and said reduced metal bromide to form a

second metal bromide.

22. The process of claim 20 further comprising:
concurrently transporting said second metal bromide from said third vessel to
said fourth vessel and said reduced metal bromide from said fourth vessel to said

third vessel.

23. The process of claim 1 wherein said step of reacting said gaseous feed with
said bromine vapor occurs in a first reactor and said step of reacting said alkyl

bromides occurs in a second reactor.

24. The process of claim 7 wherein said step of reacting said gaseous feed with
said bromine vapor occurs in a first reactor and said step of reacting said alkyl

bromides occurs in a second reactor.

25. The process of claim 15 wherein said step of reacting said gaseous feed with
said bromine vapor occurs in a first reactor and said step of reacting said alkyl

bromides occurs in a second reactor.



