CONTINUOUS PROCESS FOR CONVERTING NATURAL GAS TO LIQUID HYDROCARBONS
FIELD OF THE INVENTION 5[0001]This invention generally relates to carbon-carbon coupling and,
more particularly, to methods for converting hydrocarbon feedstocks into useful products.
BACKGROUND OF THE INVENTION [00021Scientists have long sought efficient ways to convert
methane and other 10hydrocarbons into longer chain hydrocarbons, olefins, aromatic hydrocarbons,
and other products. CH bond activation has been the focus of intense research for decades, with
mixed results. More efficient processes could create value in a number of ways, including facilitating

the utllllzatlon of remotely '003%8§¥?£%?8@§ e?%%§%§ ThASy d natural gas) through

conversion into more easily transportable an us els a dR __ o , and allowing the use of
inexperience feedstocks (e. g ) fﬁ%ﬁé‘% oﬁ%?‘ﬁ&%{lﬁﬁ%cars Tor end products often made
from higher hydrocarbons. [OOO3]U S. 6,525,230 discloses methods of converting alkanes to other
compounds ﬁﬁi@aoﬁmﬁégéfé‘?’fwﬁprised of a hollow, unsegregated interior defining first, second,
and third 20266@E8 OxyHeninzaniomstngrdindntnid esramedibon 2onpling préviderp remividatromine
reacts with the ratdan f:thersedep dhzbnetbolofeadatkgibromisfidpcbtiydsogen bromide; and the alkyl
bromide reacts with metal oxide in the third zone to form the corresponding product. In one

embodimentgihetlow@irases tueushi/ihereagtor is reversed to convert the metal oxide back to metal
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producmg an aI an prefer b xygden, using.a rare earth
halide or ox%aflae cata sﬁnéljﬁe a?’fernaﬁ gusﬁoc o?matﬁﬂg a}rlw%g s éntl%lnlggi ther
patents, suck*S¢®. y%‘el %p?%??e%?"? 95'@ " IR 2 8%4? EH'?é’c’ ocs'e 18 use of 30metal
halide catalygﬁg‘lfé?t@ﬁl@étwg‘%%@ﬁm%’f Q?Fé?ﬁ DYESRTARRCFS AT B SHRRAE has several
disadvantag&siré Rringrenehrorisetion Bipeerarigen srearprel fﬁlrf‘eﬁ%@éeptable quantity of
deep ddidatifreirodismiciruing GOy ¢OBEBPENe beblietiedas.Snphrasteap pileutiss, Pub. Nos.
2005/02342 Hy 43520000 2342d prahat2 00640408480 sablerthydvenscbiis), describe bromine-based
processes for converting gaseous alkanes to liquid hydrocarbons. Several basic steps are described,

including (1) £8883hg bEbfnmE2RMRA G Es & Bt 08 I BrElichassdR @Rt F OB ROHRE Satsire
(brorninatiors,"¢2heeemstion thepdieyt loforhidandebsaireirdincEry dofinide frvuitscardyand|Hried
1a|um;lﬂ)o-siIiﬁaiﬁcmggehtmémmiﬁhghaahbmwdﬁnmigm hydrecprbods e ihyidrolbromic acid
(coupling), (3}dzeiivatizhegiihadydrebenie avie tbyoeaatipyaitl dnadheddgeadtditidgfapartially
oxidized metalhiepisie salisdasmatahRidss@yrenidesihranises e predussdammaakromide salt
and water inana0leoUERAll IRNAGH Y FRactianQii e hdroRoRvSeid Wik alr QY afa:metal bromide
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bromine and a&tg%qmlge emte drawbac sdof the processes include low methane conversions;
short $pace- fimes and the. regl?ﬁlng potentlgf or l6ss than 100% bromine conversion; wasteful
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of this bromiM&RrrEdRiFRELtF ST @‘ﬁ@fﬁ%ﬁ@ﬂ P&’é’ﬁ’;f’ ﬂﬁ%f’ﬁn%ﬁ’i‘i‘?éﬁf‘aﬂﬁﬁ‘?ﬁ%@btable 15
[0006)The \Wapetiirs Wgelmchfppe@mmbﬁmsége@aﬁ%m af perhelnsRi R TEPApEtafes to
prevent significarrcsatablivityatsimetlisne oTiHetitkedyorusisl{Gidend B6hcomplete conversion of alkyl
bromide species and, because the described process relies on stream SE)|IttIn to recover products, a
considerabld ¥#Funt SPRaNNg S AP ARHED ORI R 2RO @7grocess with the
produéfs. Thi8G&rederisand USRIt darsdstiofrsrilite dasctbebraainedarrstrtAdsreRiits) and a
reduced carbereificioney bCU0NET trd ineidtialiretiobood. Hxrwliroesicssgiel vy deadtion with an agueous
solution of pastiadinKifizedimcalhiemitds dalis-andpsubseglignbreaizie ardf théshstaibromide salts
formed with @xygaieyield Riemipaantkanmtidiced Salti-as:sisclasedbyddayauiis,yatanizbhas a
number of disadvantages. First, any carbon dioxide present will form carbonates in the slurry, which
will not be regenerable. Second, the maximum temperature is limited due to pressure increases which
are intolerable above approximately 200 C, thus preventing complete recovery of halogen. Third,
although the use of redox-active metal oxides (e.g., oxides of V, Cr, Mn, Fe, Co, Ce, and Cu) will
contribute to molecular bromine formation 30during the neutralization of hydrobromic acid, incomplete
HBr conversion due to the use of a solid bromide salt will in turn result in a significant loss of bromine
from the system Cm the water phase). Provided an excess of air was used, the bromide salt might
eventually be converted to the oxide form, stopping any further loss of HI3r in the water discard.




35[0008]To separate water from bromine, Waycuilis discloses the use of condensation and phase
separation to produce semi-dry liquid bromine and a water/bromine mixture. Other means for
separating water from bromine, such as using an inert gas to strip the bromine from the water phase or
using adsorption-based methods have also been proposed by others; lhowever, such methods are
minimally effective and result in a significant overall loss of halogen. 10009]The prior art
oxychlorination process first removes the water from HCI (a costly step) and then reacts the HCI with
oxygen and hydrocarbon directly. Oxychlorination processes rely on the separation of HCI from the
unreacted alkanes and higher hydrocarbon products by using water absorption, and subsequent
recovely of asihydrotstlier® detrivatie fgudaghrhyiootioricibidndrssaranaed 22pehERoidiscloses a
process and appacatptfey, (Apebsdiptgrefit@binovatecidberedtiaheatchagserptieriigidissipated by
contacting thedriGinl Ogiasvd thsimbieniaisanchalisahyiheyaposdaiin/ebubies) A pratess:for
producing aquResBydiechioHE ackd it bndgaideeRbBHER of 8f leasticaxbrid e hymbseEhing gaseous
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together W|th an |ne o/e |mm|sc vent (%p t ou refs arg%ers e?ne some
progress in the %é’arch P morrnem(‘e3 meﬁ'ﬁ?ﬁ B’ona AcVAl on paat ways tor cb%vgaf‘rf %Ie gas and

other hydrocafEEI eatiEER ﬁ*?{’of‘fffﬁ on o IREPTRBEHARS RS PR AR B AR ®need for a
continudus, etBiBTiddikebideme, %a%%%%ﬁﬁa%nm@@mwwwwﬁwmw
100111In oné’@%é@?@f%%éﬁﬁ@ﬁe@ﬁémﬁﬁ%@em POdverafmepm E0TA T8 2ARESHE gas, and
other hydrocéutsovhfdiedstd skesamtamwheasequaiechigireof peiegsarboing dreoledimstigiprefitied. In one
embodiment eftthetinyemionmr, Hilegenosessnigiudie. thesgtépenofhz padhans] valogg pdticn,
"reproportionsiigfinfpeiinogenatRtbennaaisadsatt e easecthe:ambumotspasrhalides that are
formed; pligomerization (C-C coupling) of alkyl halides (and optionally, olefins) to form higher carbon
number prodi{&i8¢lsepdihtidrrpfypiio dumisssrdm dyrrendnrbaitks, cportiivnay seretixsiieletion of halogen,
and separatiompethnieesuepyeotnndietidandzalegaitfronmeindes. 301 GRLR FEu myeaidtien exploits the
discovery thahdalpwingearasisR ptigme besthriastiaiys al g bheusalpadarhalogesis anallkane
halogenationggaciabipoihs ResnAigddivdracarRans et AR iopN el a0 Kased withs
m'"aloegrgnat%aihq% tM@%@%%@%W%%%Q&&m%@@AQM'MMé%% process steps
more efficienfly - mahg formma r&&i&@&%&@éﬁ@%&lﬁam@% ;L@ﬁgl%gg)t,ed species. After the initial
t

alkane halogenatlon reactlon which consumes substantially all of the molecular halogen, additional
halogenationgiggncomplishegbyAransianobhalogen L nehdalpganatesalicangmiyabalogenated
alkanes, therghy mg&qmamdﬁﬁa@@mmfa{@@% Rl Ry arRledibroamethage can be
1feproport'0%l§ cymrn,% bane (e Sl PR TIAS, a0 R ARG LAMAE wi
repropggtlon%te'&lvﬁqt;l ethafnd?% or vp,mgﬁp eftf%s og}r;;yl g;t%g romide g@sm Xﬁne and gog)lyl bromide

and propylenqz nd B eveél In some em dlme nfs, monohallde
enrichment aiS5 BroCead¥Vig oF‘ﬁnT‘?mg’gonsf%ﬁ ebr"%reﬁgﬁf)ﬁnﬁff )7’harfu §a HePalkanes. In
some embodfffiEHts ‘?ﬁf?ﬁéﬁ%ﬁmﬂhﬁﬁﬁq@]ﬁ&h}%}éﬁ" BEFRTCATEY 'ﬁf@ W‘é?’iﬁ% provides a
number of uﬁﬂﬂ@%ﬁ?ﬁ‘b‘(ﬁ@&aﬁ?ﬁﬁ%\féﬁ%rﬂ@% %ﬁﬁﬁg@@ﬁrﬁﬁﬂ‘tﬁﬁ&%%ﬁ?ﬁﬁ%ﬁaﬂon of
polyhalides; pesidesars/ 6fFraldadrer Slodse anfurmgvit trarduinstaelical brrmitcconuations
regenethtiondefinpiecutarhiaiensfolghrihdcresdtionoiiiyeidBe rhatidemiteoxyensovdea catalyst
(allowing thesolie tatmiwcassyil op et e-annii o peH}an10sk se wbaaie fitly: selecieshgititieorrosion
materials to adeigssibe RbBoreath carsvanRaiuiaLhlhe Balagandassehpeosassiipliewing the
process to beoRtastiged &N EiRIYiAP %'Ws&%'@%@réﬁ ipblesatalysts.for long-term halogen

generation. 15The bromination reactor can be operated adiabatically and over a wide temperature
range 3€arbgoeodgxideTandpaatehate gastyrolenalavyasidseifiaeshydroeasbesmimpatiie anarbon loss
due to coke {prmalion-is iR MizaL o AeigniBy Preferertialin keactbemanahalidesewer a coupling
catalyst suchas,a 1%?9@;5%%@@%5&%@&9‘@&%%@' DN IENAE Ak-GOMBIis. e dveof Aalpgen for
reuse is alsqn mpoant qvantage 8l e v alon, s AN Lies g diacexeysmnieorated into an

overall process, are fhe basis invention and offer a true advance for such applications as the
conversion of natural gas to liquid fuels (including gasoline and gasoline additives) and chemicals
(including aromatics, such as benzene, xylene, and toluene, and light olefins, such as ethylene and
propylene). 25 BRIEF DESCRIPTION OF THE DRAWINGS [00151FIG. 1 is a schematic view of one
embodiment of a continuous process for



converting methane or natural gas into hydrocarbon chemicals according to the invention; [00161FIG.
2 is a schematic view of one embodiment of a continuous process for 30converting methane or natural
gas into hydrocarbon fuels according to the invention; [00171FIG. 3 is a schematic view of a
subprocess for reproportionating polyhalides according to an alternate embodiment of the invention;
100181FIG. 4 is a schematic view of one embodiment of a monobromide separation 35column, for use
in the practice of the invention; 100191FIG. 5 is a schematic view of one embodiment of an extractive
distillation system, for use in the practice of the invention 1100201FIG. 6 is a simplified block diagram
of one embodiment of a continuous process for converting allcanes into hydrocarbon products
according to the invention, wherein water is separated from hydrocarbon products; 100211FIG. 7 is a
simplifietidsleskdiaghanetiods eremiboidinl bt i coatid voudt precassiSdart soivaiing gkanes into
hydrocanhgreproducts according to the invention, wherein water is separated after the alkane
bromination step; [00221FIG. 8 is a graph of bromobenzene conversion and benzene yield as a
function gighdtime, Tk ariex@e omenleandieatprbescaitingtmoaetpmbadinient Hithé icnatihtion; and
[00231FIG.. 9 is PkanbefGatalyss efectinanessapafdpation aftisee. foramexmasiment conducted
actording {0 one empodiment, of e, yasioR DI AILEL.RE SCRIE QN 10034 T e pigpent

inventio f)or%?/lcfgs%ycﬁemlca process that enaples natural gas ar%(gngtlaer hsygquc rbo&feedstocks to

be conveRFFEPRIGHEE Fﬁ?ﬁ%rcﬂ?é?%‘?é’h?ﬂ?/ﬁ? SRS BrSdE TERG WoecUtar halogen to activate
C-H bondauertscristadibisic Addortifgiatone 2spdbt i fieclntRafiBIocase SRthneae B%or
convertingaiydtoodiChifewdsioshkintdisieoaidrehghe ihydsauaed dysconimprizedhed(Steps of (a)
forming alkyWhalisesibyraacinDaeeles warhaiegenonitt adytlrocarbondeedsioticipsaionatly a
Leﬁstoclfﬁﬁ%ém@g DR eI PiRGeSS Aapuliions sdgabiadp alkadbaias:and hycrogen
alide, wherehy substangia m r iS,CO ; ionate
alkyl ha|i8’§£65§/¥ rgé%%%ﬁégslgrfﬁé%lérg ghrgofh‘%%ﬁa%%%%ﬁ%%‘Z\%%j?f%(g(i%{vﬁgg B%t gg?‘%ction of
monohalSYeiae¥arHyrstoNS Feketity H%F%‘a%"éfo‘?’(‘?)”éBﬁfh‘&ﬂﬁé HREEG B iGTAéd alkyl halides
with a firdica 258 L0Rderdmscers boddhiore duria catee o Ry hite dHYt seaepBhE ShasiRlitional
hngogerainaﬁdﬁe, (dyakpavatingrthe-higher Aydndedbbongveom the hydrogen halide; (e) regenerating
molecular halogen by contacting the hydrogen halide with a second catalyst in the presence of a
source of@yijen, untierytocessrcherditionssulficient prégnessiolbe sk tHafoyewrerfiivagat; ()
separatinggth® facleswiaichFoaen fiom waiesimaliewiduse aldhetbaiogescabon(@empeakng steps (a)
through (.3 desired numberof limes Jhese.sleRscanRe caried AvbiBiheess presented or,

alternative{‘!Xx,lci)rllncitcgi'Ifewsr”eant1 grad&[. lgr%%?%éccprd(i)gg loa second aspect of the invention, a continuous
Progess i Conve? |P{g akhydrocar on Teedstotk mto one or more higher hydrocarbons comprises the
steps of WMI 'Wfﬁﬁﬁng molecular halogen with a hydrocarbon feedstock
containing _methane in a halogenation reactor, under process condjtions sufticient&) form alkyl halides
and hydr&(gﬁhalidgf TRy RISy St BF%?@#I)E}%C}EH%?GH% SHERTE Lo bRed  (b) separating
unreactesemetgase e mtise Rykyrenshen Ssfwerre daiaPRbACR M IBBR Al eraiSR 8Actor; (c)
forming repfignitipratdedal Kyl dvalicebddyrmenictings trmentoalithf thecssdloyilhddivide withsarf alkane feed
containingiaideastcbniyonohierespbane i dno e falyhb hydiacahensowmbierebycikestraistion of
monohalqggnated-ByacarRans.Aresept ik drasadikd sontactingigsepronertinnaied @lly/| halides
with a first Setalyst Underprocess condiions sulldedt [edarm.hidher nxdigegrhans andhadditional
hydrogen Rafidé: %é?sepa a?l_ng e hig &r hydrocarboris from the h}/, rogen halide; eregeneratlng
molecuIaPﬂWﬁ?%%ﬁ%@ﬁﬁéWﬁ%?&g‘gﬁﬂgﬁﬁg’\Wﬁ%Sﬁ%%%é%%ﬁ?éfﬁgf e presence of a
source offeygelsr haeeepide@syaBhditions sufficient to form molecular halogen and water; (g)
separating the molecular halogen from water to allow reuse of the halogen; and (h) repeating steps (a)
through (% Hesircthadnsation frnkats BrodseayaE s dpnyip et rrRiem h%éﬂg the
inventionalt i€ thtemdedwhathtbe shiyh haldkaforategkinttardatecaprdstullogrnaiambydesarbonss
brornomethaae) PiBe wtyRicaly«difete nhtal gt risaa b bro ingmeth dneyditiib melhethane,
dibromoefhanmagiek, SIMiaTYdt is canterapiatadeinatihe chighaubydmwearhonsidiermesdpistep (c) can

be all th .0, 1009% j t A ' j AT iphati d/
be 2l the 38818, S 0Cf ingogiRneh Qb mare ARIEAI SIS U504 (o . s e alphatio andior

e ter ?lgrgelr h%%ro g\rtbonﬁ r(?f%gs o r}y%rocarbons
having a JrEateRaNE BPEEGR R Ahes Ram BIRe s e AP B heRS BB iy drocarhon feedstock,
as well agsiemniishodfocBrssis pRlMREMdSamRAbE! BY GrEdtiBEAERISAS Y e or more
componethisdftheinyom carbonfse dstbois Forimsiancd of thenipbu siboioiwmathrgr §as bRypically a
mixture of light hydrocarbons; predominately 25methane, with lesser amounts of ethane, propane, and
butane, and even smaller amounts of longer chain hydrocarbons such as pentane, hexane, etc. -- the
"higher hydrocarbon(s)" produced according to the.gvention can include a C2 or higher hydrocarbon,
such as ethane, propane, butane, C5+ hydrocarbons, aromatic hydrocarbons, etc., and optionally
ethylene, propylene, and/or longer olefins The term "fighthydrocarbons' (sometimes abbreviated 30

"LHas") refers to C1-C4 hydrocarbons, e.g., methane, ethane, propane, ethylene, propylene, butanes,
and hiiteneac all of which are normallyy aacac at room temneratiire and atmoenharie nraccerira



present invention include alkanes, e.g., methane, ethane, propane, and even larger alkanes; 35
olefins; natural gas and other mixtures of hydrocarbons. In most cases, the feedstock will be primarily
aliphatic in nature. Certain oil refinery processes yield light hydrocarbon streams (so-called
"light-ends," typically a mixture of C, - C) hydrocarbons), which can be used with or without added
methane as the hydrocarbon feedstock in one embodiment of the invention. 100281Representative
halogens include bromine (Br2) and chlorine (C12). It is also contemplated that fluorine and iodine can
be used, though not necessarily with equivalent results. Some of the problems associated with fluorine
can likely be addressed by using dilute streams of fluorine (e.g., fluorine gas carried by helium,
nitrogen, or other diluent). It 5is expected, however, that more vigorous reaction conditions will be
required fesrafiotibuoridesiio eetple-anddermbigiasbyddecanbqlis;duatettaacsteangth of the
f'UOfihej%ﬁ?%{%m}ﬁte%iwﬂwﬂuﬁ{@aﬁ%sééé%@m St indingaésialens, tbe-andethsrsaia nature of
certain |oéjr|nei5eaac1:lt ns) can él_k%rpcg_}gﬁi 5?%%%&?9( c&g gito‘gtbtg%\pgqgsn?pg&@d/or coupling
reactions at higher tem gratur,es and/or pressures.‘ﬂl' e use of gro ine or c%rine 10preferred, with
bromine B GEH,ARERE 0 GoTTRTEE A8 R05 S SRl OGS RIS REMRhiing
enbodinterei ot wigroekdelnssmrindplianss. ifosamsnemhed rents: saprangerpioeds xdlidating
hydrocarbgia cltelpscals (e.g., benzene, toluene, xylenes, other aromatic compounds, etc.), and FIG. 2
15depicting a process for making fuel-grade hydrocarbons, e.g., hydrocarbons comprising a

predomindft Aimouitho i GGt kighédealiphatibdydratarsond pmdegsptionallyy ersmiatienydrocarbons.
The primagy#ifigeeneeliniihe isvecpbitioainents iilthespracassoedicleddn felGs@ildakaghe first
fiﬁraﬁ%&%@ﬁ&!}k@%ﬂp@ﬁ; NBhdRIWIR RAMRERzRnaisH RS ARSI hs hresainatien reactor for

' Oporéé%&aé'x?&‘f#” heSaaiRe Rnown 0 FiG, 2 Jﬁﬁ@é??ﬁi&%ﬁ&%ﬁ@&%ﬁ%ﬁ‘ geRLqluced is
reduced signi IC%{ y introducin il gy%‘éfa ses Into t romination reactor eaé)éal br&mldes (from
methane BYSA SRR nA %el% g &ﬁg% GRURROINDIREAEE PaEehfence, the
figures dépiereabYsoimsivasatis ot dishianetnacs BrBEWMERTESF the BROSIHSH PRAVASYEFIchIorine
or other halogensizie)25{0066 bAsmshopvizin Fibls crtlystsdas Ifozasothbalhgenasadyaicfoedstock)
an Smolecuéaﬁrbﬁqmﬂe:@r@@amﬁd by separatadiapsitadyintal aheated dremipationseagier 3 and
allowed te-raact raducinia, akdBromifes.apiionallyRieinsh ArcoRaasinlyHiaraastiash

hydrocarbons, 21 e sadorand.are camer s ne d Do A Sk ASRAIBICDIDIALRRE . where
monobromfha ed% rocarbons andnﬂ rare separated opm polybrominate

wydrocarbons. The
polybromRYSE 48: %aawyatlﬁﬁ@%ﬂﬁ&&s?&%af%ﬁﬂF@ﬁ&ﬁ%&b@é%ﬁwﬁs’f‘éﬁﬁfﬁyﬁnéﬁ lete
"reproportisassiorPikkle eaa traneuan & Glsotie FNgRTAY OB S A dPvaréipResent in the natural gas
an?(gr introduced to the bromination reactor as described below. [00311fleproportionation of the
polybromi@8&4ormethera HisceBrbrintraiaed duemhoysedl Rnessthe s dhebaga &k hth monobromides
and olefinivepasies;darifereduce sdhanaafoumdf galybaominatdtichyaironarbons thargnges the coupling
reactor. TisidTielyirenideas she-amaun ofscake ibatfannadisingabel c arhonita baseoupling
reactionskar Jarga.56al6 Producien -l HOmalis MY dieaatbons, Hs'&ﬁ?ﬁ%@%@pﬁ&ﬁ@ﬂeﬁdd't'onal

separation units, which can further purify the feed stream to the coupling reactor by separating and
recycling the polybromides. thereby reducing the amount of coke and the overall bromine requirement.
[OO%%]Unf%%ﬁg gég%éﬁ§gdﬁgglgmm§g’nobromides, and (optionally) olefins 5 formed in
the broinif¥H&h reall6t dris earisempycayiire of ARPcUEPPEmSH! eXeRapdRiBisaRacErtdPa heated
coupling meactotity whtmthe momeb ppmidesfancs whoio nhtiyicaly wiefidsngrestnstiveatidan; the
presence of a coupling catalyst to form higher hydrocarbons. HBr, higher hydrocarbons, and (possibly)
unreactedd®jdiocarbénsldnd sthyhbidmitdesadxintrrrdedplingt e ronindoarcosegrisddy a line 10,
threogh aneihetihgaiexahasgeithil gasiamiaryarndatbd Breahaempton uaitht2nWatienis introduced into
the unit through a separate line 13. Her is absorbed in this unit, which may be a packed column or
other gasHiguijl corfastingsdesibembtie effluefircobtainitng houicphysliotarsibnsaripbaljdeous 1D3r, is
carried by @dngntAdeadickiddosic selitier b ahish-phase-separates liquid hydrocarbons from the
aqueous HBr stream. The liquid hydrocarbon products are then carried by a line 16 to a product
clean-up fgoasit 19 wgieldfnatiyasacantanpmeustsoitnstlATanbiBbissepasapachiiam the
hyéfocarban.prodyetsandHoreacted sraibans4and.any other light hydrocarbons that may be present)

in the HBr absorption unit, the methane (and other light hydrocarbons, if any) is carried by a line 18
into abseq@msqega&gf@rs Yol §c§1é§x§€c%Miﬁﬁe%%%@ﬂﬁg%ﬁ%ffﬁe}lﬁﬁﬁiw%E&Wfﬁéw@gt?ﬁ,s0fptiOn,
membrang-hase sepakali W istillation (preferable for large scale production), or
another gﬁtabﬁlgé%?é%%hc%&%’t%Ibgggyg.l{#/l%é?hahe, and possibly other light hydrocarbons, are returned
to the bromination reactor via one or more lines 20, 21. In the embodiment shown, methane is directed
to an upstream region or "zone" of the bromination_ggactor, while other light hydrocarbons are directed
to a mid- or downstream zone of the reactor (the latter to facilitate 25reproportionation of
polybromides). [0034]The aqueous HBr stream that evolves from the liquid-liquid splitter is carried by a

line 22 to a bromine generation unit 23. Oxygen, air, or oxygen-enriched gas is also fed into the unit
throrinh a canarate line 24 Rromine ic reneanarated by reactina HRr with ovvvaoen in 20 the nrecence nf



100361The gaseous products of the flash vaporization unit (e.g., oxygen, nitrogen, optionally other
gases, and no more than a minor or trace amount of bromine) are carried by a line 33 to a bromine
scavenging unit 34, which separates molecular bromine from the other gases. The recovered bromine
is then carried by a line 35 through a heat exchanger 29 and 10reintroduced into the bromination
reactor. The amount of bromine entering the scavenger can be further reduced by increasing the
amount of bromine recovered in the flash step by employing brine solutions and direct contact cooling
to allow the use of temperatures below 0 Centigrade. The other gases (e.g., nitrogen, oxygen) can be
vented to the atmosphere. [00371Various embodiments and features of individual subprocesses and
other 15improjenp@nts BT ar iyingropit b Hckrtignanilbhaw berdepsened Atspomdaetaibeess
[0038]BrominatipeoiEdd Braminationyatdhetydreaachondetdntieckisisasiad oubdna fixed Red,

fluidized 20begspr-aihebstitablederctglsdi-gsiemperature and pressure such that the bromination
products and reactants are gases, for example, 1-50 atm, 150-600 C, more preferably 400- 600 C,

even mare prafeably, 450515 Ciwvillifad esideanertimefait-GRvsannadsmosemimia phlyeds 15
seconds. Higher iefveriai WRstL istdifaxaAkefoimnaliRrowhiadan: BnRpaRIWesSEeaV IS, arger

reactors. Using.g.flidized bed piersihsagdaniage of improved 25heat transfer. [0040)Alkane
bromination can be initiated using heat or light, with thermal means being preferred. In one

embodiment, act .contains a.halogenation catalyst, such as a zeolite, amorphou
alumino-silica@?gﬁdicogflggﬁfgf n r%tﬁté?%%ﬁ%%ggg %?%l‘gicfgéf,gr%neztcﬁc&ﬁ e& ?h%éc 'Metal oxides,
metal hafides,tmixder mretabtritides Givatvdtatdardneeoases:30teing, .ty iickeipeppper, cerium,
cobalt, etc.), and/or or other catalysts as described, e.g., in U.S. 3,935,289 and 4,971,664. In an
alternate embpizapnt, HiGreactoraanidinssy RIS hBREDORRMSIIReIT Malefiabihabprevides
sufficient surfacedar?eadto re'i%in %oke formed in thefreactor_[ and prevent it from escaping. The inert
material may arso lf)ﬁroma'gi:é:"r e OrMAation o %ﬁ?h%lgﬁéﬂ‘é‘fgﬁc’ﬁydrocarbons, such as tribromopropane.
In still appther embodiment, both a 35catalyst and an inert material are provided in the reactor.
Optionaliy, thé’fettbFRdNESEYHEIENt reOons or zones to allow, in or more zones, complete
conversion of molecular bromine to produce alkyl bromides and hydrogen bromide. [0041]The
bromination réé@ktin carhalzesbet oariddoptividiespiessrieuken ibemetitatiomueadtgiysizsuch as a
metal bromidetethydaBrodtBeeGeBks MiBeddlete? ittaBighy: mekahomride: (@ithyHidasbén02,1102033,
or metal (Pt, RehdRets JisiRhyioihalagersiaiesthadesiced braminateddsemer(Shoaingadsamerization
and brotfinatigpeseeitions aiech, sisiamile prominaionArsisometzation canhe.crfrigd.qut in the
same reactor yassel ARermaliNRbBrISRRIHSSUIRIZIRD 1eARI0; camRGlaed logated
downstream qf e REOINAOR B BGRL ANS URSLLERIL O . coupling. repcior, J004gIReproportionatioq
100431In some embodiments, a légfx Jg%tlgse sg}ég}e !tr}\D/ nuon,is lﬁ%ige?rogg?ﬁ%na [ &ﬁ g
polyhalogenazveher@gd'r;oggt% lgﬁﬁ' Ry %th lides), IF% oggna?écf h ocar S Cottainiig’two or more
halogenatoms. per molecuie. Monohaloganatad ankat '(srﬁg?f"élﬁ {fﬁ{(’fié'%))%@é?gdea[ﬂ?ﬁﬁ“ﬁ?é‘wd
halogenation EaCHBRCES & Hisefimis R etbrtifa alied delidst Spbeelgre deb gterbedipling
reactions andFFHRARSHERHIRET Bl ERcHTRRGR PRy ERbIEdrS Bt d- 61 ceriamtipg dtfuct selectivities,
polyhalogenaf&IoRrainessh alkHd elidss apkd. afep s ribwndio pratiow scadibeisw Sartoh ndpof
monohalides héshes hydrienpeieb iy apdatititiopa Pirdicgmriatat:aik\ienatiding thithigbatinidgenated alkanes,
genera;jtlg in tiesubstediis-atistides Ofrmetetsiap hnleganshin gerdsaldhadaiione hydrogen
mono-td-polyhsiog emnateskspariasfsomaxampiendibranamnethons isH aasad.wikdasihansdo produce
- methyl bromiglerdibiomemethanpsisteatiech wihviepanade.Aiaduse mathylPiamids agg propyl
bromide anW%:Qf@@)(ﬁ%ﬁ@ﬁé%?%E%'ib%&%ﬁﬁﬁ%%\é&tﬁ%%@ﬁ?@& (5 3caomliRhgsLDy allowing
egda Kk ebo act Wltlge n

the hydrocarbep feedstoc IQr.recyc I I olyhplo ed s s from the
halogenationor%actor, prer}:;sr?a%(%ygl{r‘gl '§1%é asrtﬁbstg%%rgl a %%éﬁ%gr%%o?é% gf %%%ovéjgh %%gﬁé%nrtactical

matter3§ubstarnﬁ%illy all of the molecular halogen entering the halogenation reactor is quickly
consumed, fanning mono- and polyhalides; therefore reproportionation of higher bromides can be
accomplishefP&iTbly HYFRMEEBEETFTRRD SRS TG ECRieR: GravimeHeaior reyfon cORVEBRE" of the
halogenatior? reaEesH BitiGHEyHeateenroos Tersporbtn ke draadifier solromisti dherispe rdti@e of the rest of
the reactor. 30004 Blikutdaiidty biyrempraporionitidalogm battarreitooubim desdparhtentaining
"reproportionation reactor," where polyhalides and unhalogenatated alkanes are allowed to react,
preferably in the substantial absence of molecular halogen. FIG. 3 illustrates one such embodiment
where, for clarity, only significant system elements are shown. As in FIG. 1, natural gas or another
35hydrocarbon feedstock and molecular bromine are carried by separate lines 1, 2 to a heated
bromination reactor 3 and allowed to react Products (HBr, alkyl bromides) and possibly =reacted
hydrocarbons, exit the reactor and are carried by a line 4 into a first separation unit 5 (SEP 1), where
monobrominated hydrocarbons and HI3r are separated from polybrominated hydrocarbons. The
monobromides, HBr, and possibly unreacted hydrocarbons are carried by a line 7, through a heat

exchanger 8, to a coupling reactor 9, and allowed to react, as shown in FIG. 1. The polybromides are
carried by 2 line A th 2 renronardonatinon reactor 2QA Additional natiiral aace nr nther alkane feeadetneclk i



[00461In another embodiment of the invention (not shown), where the hydrocarbon 10feedstock
comprises natural gas containing a considerable amount of C2 and higher hydrocarbons, the "fresh"
natural gas feed is introduced directly into the reproportionation reactor, and recycled methane (which
passes through the reproportionation reactor unconverted) is carried back into the halogenation
reactor. [00471Reproportionation is thermally driven and/or facilitated by use of a catalyst.
15Nonlimiting examples of suitable catalysts include metal oxides, metal halides, and zeolites. U.S.
4,654,449 discloses the reproportionation of polyhalogenated alkanes with alkanes using an acidic
zeolite catalyst. U.S. 2,979,541 and 3,026,361 disclose the use of carbon tetrachloride as a

chloringting aganifeiinathspe:athaARes B aRaseandd wirshlorinatad analossesidlibrae-patents are
incorporated Jmeﬁﬁf %Qfde'%@rm@g&mmm egtggs@gm@wtmﬁg@mgl@ome&&wt@ast of a
continuous pg % %rga&e&? R f, fe%‘é%@y %%ﬂa%% ﬁi&?dﬁ?epkne Rrogluclipn,of higher

er been écpse to our k §18J tlonatlon oflgg 5a|kanes

hydrocarboni asn >
with dibromomet ane“%j{}nI crcétfgl r pn?'%%o?ﬁrags 6%%:&urs at temperat L?Fesa?anﬁlsom? ong S 550 C,
with the optirAiP>BEEATS SR 2 3 856?%@0 gp%lg bt al'@'(é' thae 3?8‘&8%&%96 fre alkane(s)
being brominZX&@e PR tGE" RARIR ﬁ?ﬂ%?%ft%’%@%‘t@dﬂﬁf@%%es (e.g.,
2-30 bar). By‘@ktiiawtiipa higisrrinertivrsad abkddilidesivitie et satd yenadenrreerstorontibsintial
amounts of déugieihite damorhithes iy dipcacrontadd Hidkivngdoidrograrhilide: KB sepetkiéngbhomination
reagents in théshephygortighatioiosicly: kisiogedihaii:tibregaomeiinanelalidw:80fen bentrolled
bromingtion ebfitdimnikanes-bgambaale ettinaied:dl-a8 ktonthalkenesoutth codro0bdglekingen,
Reproportionaiiepmbeissnaditnosomethonadas liateshighiitabracibare oryatsian gdring
bromination M@@ﬁiﬁhﬁﬁ%&ﬁ%%&%&h@@%ﬁa@@ﬁzﬂﬁﬂdﬁé@ andenph.the teacignt gas stream
with C2-05 mppg %1 Maalkanes ans Q/sHRs.which couple to liquid products over a variety of catalysts,
T

including zeolites. This is a major new process 35advance. 100491In another embodiment of the
lnventlg;g repeopeyrtionatiants cau iad LutnitboubisskseRaial ng theaolyhalidasdnh.separation unit.
This isTacilitaie@ ByiRackingdis: sQRLRAUNATIGR ZONTe ﬁ/l%@%@é}@h@ﬁﬁh@%@&@@te that allows

the reaction 9. 0ca1r m@@gdmgmenm&m@ r&H&%U&Mr%@&ﬁJ&éﬁé Wit
dlbromomet@&e}_tq fernlbc(,omomegaepﬂef@nd br%pg?g_daage g,rhei_x‘e ple of ' rfgro%)rf pgﬁatlon) the

reaction does not DeUr 10 AN APpre 3 m'mfat res Delow ab he Use of a
zeolite may 5 ail o@ ropor’tgona%nﬁ 5%185?133 (?‘ce ﬁ] eFﬁi"?’é“’s RGPS FEAEE such as
methage andSHAHE Ci%“é’@ qIhBHL f’B‘h‘é‘gf T e e rﬁf‘a""‘%\"t‘?d other polybromides
to be reprop&ﬁ%ﬁ*@fé&%*&mﬁém RRHEF (R SEBP R[0T BB PHA TS FERPERTAIN Bekbking
10[0051)InevaRyadordRsistealior Wil geelpfinichrdiatetrenatiorinaibiosamopn rigaetionubeesses. If
catalysts arecfisetidn stramezcton(s) neresEwezoves fhe iy dmiaipors frdstdsd. dEactvates. 3§ the coke;
therefore, pethededumbiatahthcearbymadbousdepositt ghtierinredbdnsasiaitiernwehave discovered
that, within the=take ihah isstermecdyhsominannayclae. kedountes a0d tvahighiydesiamathat this
bromine be neaguemdn hridesterinimizedansef drbrersine imihapueraldressssyhich is important
for both ecopamicantaNyiraMNaRialteasons: I9RkIEVS Bl JAUMRSRE QERBN RS ALE SRgsent: HBT,
organic bromides sushas W@ag@%mmmmme eHM%%%y@@ pg: The
invention proy, e,eeggeg%aﬁro% Brleq ﬁerl hl%(pr,g e érom m_gons ico |n%lg deSS In % ‘preferred

ed to com

embodlmenf ed 9 ne ang ust the carbon

acto itc
deposd and produce %sl it Focrsﬁwﬁgore%lgﬁsél%?dmlne re@%‘%’% Firﬁga%‘fﬂﬁtgﬁi &PTERAEE to the air

(or oxygen) Pé’é%‘[%shf’ﬁ?rg‘étﬁﬁ‘?‘édﬂt‘o°fﬁ”éhﬁ?’o‘ﬁﬁﬁ@’ﬁ’éﬂ@r@ﬁ%ﬁé&%ﬁ‘ﬂfi’é@ﬁv HERATERBIplete
bromine recBY&ER T his process is repeated periodically. 25 [0053)While a given reactor is off-line, the

overall proces theless te Wlthout interruption by using a reserve reactor, which is
arranged m?)ara e wnlgh Bt{s couﬁf’e ?rea{q"ﬁf)‘gr or exampsﬁgc TRBPBRATS: %BHS?e’g@P&s and twin

coupligg redtorS AN BEMiRTLY Fo%gsi;a g%ﬂ?@ﬁ%&%@éﬁﬂfﬂﬁfﬁ?’bﬂeﬁ% not both,
brominanon@@?é%téiﬁ‘t‘gﬁ(b‘iaééﬂﬁmq&?é‘a’ﬁ‘&@) o&AREBKif eseratRInths &editesk T kese of a
fluidized bed#mayifedlipkade Rersrmatisriandiaciinenerttecrern oisd SEhidatdandrbataiystrsgeneration.
35 [0054) Anethertiedrbetirmeds ‘of the: tleeokirgrpré€asinvplvesrhomsoxitativerdecaldagvyitsing an
allcane or mixtuithof atided es;tdnichs may yédusddaedhedoss ok adsotiedpdducisvantddthe oxygen
requirement of the process. In another embodiment of the decoking process, an oxidant such as
oxygen, air, or enriched air is co-fed into the bromination section to convert the coke into carbon
dioxide and/or carbon monoxide during the bromination reaction, thus eliminating or reducing the
off-line decolcing requirement.



1100551Alkyl halide Separation 100561 The presence of large concentrations of polyhalogenated
species in the feed to the coupling reactor can result in an increase in coke formation. In many
applications, such as 5the production of aromatics and light olefins, it is desirable to feed only
rnonchalides to the coupling reactor to improve the conversion to products. In one embodiment of the
invention, a specific separation step is added between the halogenation/reproportionation reactor(s)
and the coupling reactor. 100571For example, a distillation column and associated heat exchangers
("SEP 1" in 10FIGS. 1 and 2) can be used to separate the monobromides from the polybrominated
species by utilizing the large difference in boiling points of the compounds. The poiybrominated
species that gugrgovetgstasdhe-hotiopssirerm canhe.ranypaitionaiad (with alkames to form
monobromide.sResiga:ae aflianethelinbe-RINiRaliaRJEaRIR L oL RA SAPRIRIRFeRLpPOrtioNation
reactor. The disflia!ian.colM GARIEOREIAIRE A MBIERSHE AIOR udilReadDalimphe higher
pressures all Wy g;% er congﬁlgos%ct NPELS gfatures to be ug%gr tt’i?reb%lgreducmg t&e rggrlgl atig)n

requwe ent. ustrt%tes onee rt)O |ment

aratl it 0
monob omldes ?xgm pdly%rornlr’la ORI wéomﬁlfﬁ%r%rrln“l esﬁ?p Q}Drr |n°§| g“a'gtor 20are
cooled by pa %\g 8558&\15@%%%%@%%#&%%?&%&% feeresiemrs .
equipped with¥ ﬁgﬁtl%%ﬁ’éﬁ@éi’%sﬁﬁ*‘%@?f“ﬂ‘t igkop dttsTh S eRN SR hBRrEfERgEYr 52 acts
as a reboiler, ipfiile raeatiensd paailikel cbiudfiremsd e caratiger s shadisiesreeben ialo ndeariser . This
configuration raHejesseatigigiet: totprrstiresuichetisspubpb rbmide (Brdodmtarwidgrime more than a minor
amountiof marebrad)idéas)tohawtickavws trafathe 25distillation column. The polybromides are
passed through another heat exchanger 54 to convert them back to a gas before they are returned to
the brominatiéi##8hctoFIe8sérnd?adeparisntiydinegpietvaaionns e todinprispdaioraeten with
unbrominated«akedngso Metnerdogponf it EGRhdemetita krefhoxse ffoh enligmgihydrwrthimneflux drum is
facilitated by thenkiedt éxghaagens 3pneaidingasapteentiched hghtedcenpomdarrBinziuding
methang anddejisiniQandadiquideiagm:comiesed:6fiong g igesantbiiRo@adegntaining no
more than a piaRhamauhaiReloranldes): RO komaie-shslialiqprRRligyraiensdnclude a side
stream colump.with.aad.without:a, side:sitearn mft%%%gmqg JMJ@&@' fl Qe raaipation
reactor contajg, 3?}9/&5@&&%39%%&&%@%@@ dhe Satilatin. e 8 gagial water, and 2

liquid- liquid Q{} oQEQa% o% ms strearlgg) can b be Hls& toh l’g’;‘te watﬁr frgrq1 ?P%ybromlnated
species. Due 0 res nce % 3r | the e wa eés reag i cag either e sen 5 aH sorption
columr2r to fhg IWe"'}’gS AR T ERNEST S K/t‘% CSHRed BT FETRIIAE 0 higher

molecular we WW&G@%@@GH‘?H@“&Wﬁ %“bFEF& RHHERHAR geaATAERfEigRortionation
step are reacleFOVE IR APMRIRTISHETER KiefHfonSRirsea s fisurd dperoy@iniardasThe reactant
feed can SalgBoesttaln Hirmrstemiraiiecais ¢ iUhh vadiontdg atikatichbtine tietbeominatiorereactor.
According to #eginvention, any of a number of catalysts are used to facilitate the formation of higher
hydrocggbona(products from halogenated hydrocarbons. Nonlimiting examples include non-crystalline
aluminG silicdf¥3 TamofiBed S dd il ABH RS ARG R IStsseteaRaadecdstrsie aewiras atumino
phosphates S AP sEPRE T ARre Vot okt b Saetad drooumiloy irastes dadtaliowvodith, e.g., Ni or
Mn), Zeolitesestic Pes RENEB antkitsbiomidre matigedinniigs), and feavindyworkstddstituted ZSM-5
(substituted WitfrdcirPensT exitFies Baon:Gay.akr efeteddatidystarior pfied yeigption unit 5 (SEP T),
liquid-at-roonutiern peatsienhydeacadensoinc uterimr-axcbpnged EZ&Npaiavinga-8102/A1203 ratio
below 300, prolesahiyobelanslR0yaosinestiocaiaably 3ok halaw. Merlisiing sxamples of preferred
exchanged iQRRIDGILAGAARS Of é&é&#&aﬁsﬂ%&&%M%&%&m&%ﬁt}w&mﬂ@'w%éhRu Pb,
PeliPt, and Gg. Test: 1905 SAILAS GGNRN0SH. o8, BUTE, 8113, 25, Mixies Ol sAllgallae preparation of

doped zeolites and their use as carbon-carbon coupllng cataciys{l sis described in Ublication

No. US 2005bb11 39 3Ah: i Ragesidse o ish 8-eRnasaieck usaiaiencsiarein idlsigntirety.
19002183 one.amaecimelel eI Al A MARKIARIRG £ Y2:2c Ol NAYIND @.20niy A1203 ratio
of 30 is used ?5(}1 %ogluxpl %ralé/ Un e c rt grgcggs CondItIOﬂnh it can pg%ﬁiucetgtallored
selectivity of Tiduid, gcag N Pro HC 5. o% flaafoaﬁkaneé pre efefably’is carried out in a
fixed bed, filidized %ed &P BHEFEE AT 1 cgtT 19 a‘f"’a "é‘ﬁ%‘f’é%ﬁ??é?é’ﬁrre @&.5 2155600 C
preferably 2 PSS, SRRHFISSRETERE & 1%0%%%@65%0@( PASHiB SHREA Py B from 1-45
seconds. In general, a relatively long residence time favors conversion of reactants to products, as
well as product selectivity, while a short residence time means higher throughput and (possibly)
improved economics. It is possible to direct product selectivity by changing the catalyst, altering the
reaction temperature, and/or altering the residence time in the reactor. For example, at a 30moderate
residence time of 10 seconds and a moderate temperature of 350 C, xylene and mesitylenes are the
predominant components of the aromatic fraction (benzene + toluene +



xylenes + mesitylenes; "BTXM") produced when the product of a methane bromination reaction is fed
into a coupling reactor packed with a metal-ion-impregnated ZSM-5 catalyst, where the impregnation
metal is Ag, Ba, Bi, Ca, Co, Cu, Fe, La, Li, Mg, Mn, Ni, Pb, Pd, or 35Sr, and the ZSM-5 catalyst is
Zeolyst CBV 58, 2314, 3024,'5524, or 8014, ( available from Zeolyst International (Valley Forge, PA)).
At a reaction temperature of 425 C and a residence time of 40 seconds, toluene and benzene are the
predominant products of the BTXIM fraction. Product selectivity can also be varied by controlling the
concentration of 1ldibromomethane produced or fed into the coupling reactor. Removal of reaction
heat and continuous decoking and catalyst regeneration using a fluidized bed reactor configuration for

the coypling (gagiQuissanticipated in somefaciities. 100A4LR006-4 bgdiment-ihe:caupliNg reaction
is carried outdn g RAIL Of £QURING, 9 IEACIRLS,2HARARJ BRA A Hs.aH Awshe Qygratharocess to be

run continuoust , Without interruption, even if one of the coupling reactors is taken off line for decoking
or for some qifigkyeasohreiteiak eskinsianciancan hedllnedBihedwaipationnpy etigsisseparation,
halogen genggation; ARdiQaLURiLs,used indheguesslh RIRCESE-LRAQARaI Hydrocamanproduct
separalion and h2lqgeniesoyeR LGS e counliRauRragsls dasluds e rydiggagbons and Mk
In the embod?meng shown,in GS.celo adcc%i Qdcya%f tp%f_fexn 1e,coupling reactopare first cooled in
a heat exch fﬁgéerm A then sent to an :%]scsr i1 cojumn. HBr s of A?'ggn wdatér usjng a packed
15column or HERET REHRAERRG BRI GOW! %ﬂr%?%g‘?(ﬁ"é"b%’&ﬂ%ﬁg?gr%% 3%5S§%t§‘&ed either in a
co-current orBRHREFEEEITEAIHER CHHARE tBEH IS, SRLsht AR pr brehEghseErs inprovatF fficiency.
liBr absgrptidAtEatisorter el bt Sierisipstdrrdadan2icin ek sipRaatiang idoemially. In one
embodiment ahseceshiodhiy atisnedfiply arabbe mitdeiicaterapsehst gasrlian é sERiBEEETIdvt 70, with a
preferred ranfje off2@rto Ghwidin dhensheritingRop edsureiss HBE 6 bariedhbye tirefetably 1 to 30 bar.
In the laboratefyidaigiassptieking aihiihskdinacheataniuidheioantoer fglastgaicang E88r be used. In
a pilot or commarsial i wqhi@ e B grakle seotasianikyistantamesiaisddeserbadpelow) are
utilized. [006%knane grbadingri-of fasdpyestian, the hydrocarbon products are recovered as a 25
liquid ffom the HBr absorption column. This liquid hydrocarbon stream is phase-separated from the
aqueous |iBr gtresgm uging arhe idddigumicts plitemhansdenttodhesprodusiicieanatpiunithiaanother

embodiment4he fydiasarbrmpiashicisriesesey eead-lon) therBrealssnitas tigassstream, together
with the uncopugiiedmethane AR -RIMRLIGHE 98885 1T heiPPls R Bsthan.sepalategkand fecovered
from the methapesaaddight gasesHsing aneata aumheral30iealniduss«Nonlimitad.axamples
includeslistilayon, plessiie. Sing AasaliiaR. AN Sl a5 SERAIBIAY, hpladiesniy 100681In
some embodi ents,nf €.prQ uctﬂ[e&n-up unit csglmsgg%%%?r INC doesar%og‘esag;[or for cqnverting
halogenated "’ﬁ%ﬁj‘é‘é’é’r 5ons &%’Sen eln%eéaﬁrq%‘ﬂc ream |r${(l) th a,fo enated ﬁmcfpocar, ons. For
example, unGEFPUBHER f@&ﬁﬂfti‘aﬁg,ﬂsﬁféﬁ%ﬁ%‘ﬁﬁ%ﬂ&’b|@¢%°6?8Pﬁ8%gﬁh%g§“ﬁr_ 88" ¥ene, and/or
other bromin&¥EeiEhaGRSRATETBHATERAAY PEss FONT IETUBERIR FrERESil Aieenideid-liquid splitter 16
and then to thESpeseRsE deahcepedrint 4 ids se HromristcebrosiesT fae e subRgitienated” in a
suitabl&reactemolrtinsasmirfdinigbiomisewa reactor comprises a continuous fixed bed, catalytic
convener packed Iwith a supported metal or metal oxide catalyst, Nonlimiting examples of the active
component if4dHe coﬁ%%??ﬁ%ﬁ%&&é%éﬁﬁcﬁtﬂﬁ%ﬁﬁ%l%iﬂm%ﬂﬁl SRAHUIRRIAG Préferred.
Nonlimiting igriples Brupiss s fiatienarit A uEyEem A calf BEYR BRIGMIFRE e & Airafsbitees, with
alumina beirngepreitairedziThesparttdins Hp ditnminaisripestiird by C:AB0HEBHWIEferaBd 5 psi, and a
tempesature tbé 2E0e480-Ca sphefdealaiyl 300 B0 Gt s@eth Sitaing 208:=6 Orbiiccpire ferairye:240 hfl.
When brornahegarafiecie:g ) fisipassacko e fauchrac aaniogei, arie adibitp nierigddo nzene and HBr,
with some lighsduye saeanieRsf{RObyadtte Asirpsliysarhas byptadects thopgh carhomdaposition
(coking) can deastivaier b, calalshbd e GRIGNRLOAMPSISIRRMAIGED S XPASIHER 4,0y @en and then
hydrogen at, g,g. 200 & 814 tﬁQthéeo&ng%Pﬁggixslyﬁ%989&%%@&@raﬁqﬁﬁp@aﬁ fram the
hydrogarbon.products, the kncenuarled Iethane Ieayes with s Jight gases dn, e yaporputlet of the
HBr absorption unlf?%n one em%%aiment o) ’inventlon,yunconverted met%ane %s separated from the
light gases iN" &SRS it IB(&EB T3the FIGS.), which operates using pressure or
temperature swing adsorption, membrane-based separation, cryogenic distillation (preferable for
large-scale production), or some other suitable separation process. Low methane conversions in the
bromination reactor may result in the coupling products being carried with the light gases, which in turn
would necessitate the recovery of these species frqg@ the lights gases. Separation technologies that
20can be employed for this purpose include, but are not limited to, distillation, pressure or temperature
swing adsorption, and membrane-based technologies. (0070]In another aspect of the invention, a
process for separating anhydrous HBr from an aqueous solution of EL3r is provided. 1-133r forms a
high-boiling azeotrope with water; therefore, separation of HBr from the aqueous solution requires
either breaking the azeotrope 25using an extractive agent or bypassing the azeotrope using pressure
swing distillation. FIG. 5 illustrates one embodiment of an extractive distillation unit for separating
1-D3r from water_




Water is extracted in a distillation column 200 and HBr is obtained as the distillate aueam 201. The
distillate stream may also contain small amounts of water. In one embodiment, the distillation column
200 is a tray-tower or a packed column. Conventional ceramic packing is 30preferred over structured
packing. Aqueous bromide sale, such as CaBr2, is added at the top of the distillation column, resulting
in the extraction of water from aqueous HBr. A condenser may not be required for the column. A
reboiler 203 is used to maintain the vapor flow in the distillation column. The diluted stream of aqueous
CaBr2 202 is sent to the evaporation section 206, which, optionally has a trayed or packed section.
The bottoms 35stream from the column is heated before entering the evaporation section. Stream 207
comprising MRty iang bR MeiRdIanAsaR A EERCLIsaEs bR SaRR @ N agsion. 100711
one embodiment, i 15 displaced S de o Iy %%g%g“égf”ﬁ i {he presence of an electrolyte
that shares a comman, 10N {E’é or £ ) or an |onr‘2%.g. a’Z+ or 045" th tt ﬁ sahi é?%ydration
energy than EffiFeT 8D PESEAR ™Y RS SEHBIHE PIBRES HsBURii ERY T%Hr‘?ﬁﬁrs towards gas
evolution, whitFereh it Fasaratedisy AEntrryStaEPadfition, [0072]Aqueous solutions of metal
bromidés suc aBrj, Mg,Br2 also, 1CBr, NaBr, LiBr, RbBr, CsBr, SrBr2, BaBr2, MnBr2, FeBr2,
Fenrs, ConraVis. B R PoES R BrHIa R BT E B0 b xtacive
agents, with RSB ST SHEDLAIDCABPE MEEt S TEEY. RERFIIBE 6f FRTeSThErEsTh Ity
preferred. ThéBolbina BPRErR BriTBEREIRIiSh CoNThitRBHEsIHS K ditn PR EToh trtsktracting
agent. This stBen iStseptaremddurerinsy then restdiinading 38 Jorvelr shnstexohrasas28\egsorated and
the extractingreigbndisedonsehtrbtenibefora setmingiit backato ffrecaxiractiveinishitl atiwmmsturmm. Sulfuric
acid can be usethasean-éxted tingcageniy thtsareaoticn withihiBetoviarhibrbenfiaehang sulfur dioxide can
be minimfred cmypsiip @AksE califiReOiud difiemoRskadecth) sepmatian 3k bF temperatiRyd@bis HBr from
an aqueous sgiution ot dBrasewessiikedin. Examplie ckakd)Zab i anothe sasngstaf the
invention, various approaches to product clean-up-1 (separation and/or purification) are provided. A
number of braM¥izgig spetiesmaybsipresanri:thfthensn piitfeddord culei-steasam 2id Bihsorganic bromides
such admethyhpremidatans cibsamnemethanesand Momer-asomatiasd mapaeambadiment of the
invention, hydrocarbon products are separated from brominated species by passing the product
stream over dgppeir meBabmdi@ianO, ZnO, MgO, BaO, or combinations thereof. Preferably, the
products are run over one or more of the above-listed materials at a temperature of from 25-600 C,
more preferafP33bo-sBringiice gfdkebrdoearken ftesred ssrmtiifarbe pivedhed BTt another
embodiment, §5artiE e s PArgeadien et grisarentiro riBescarb itk thafdbabesragatimthane is
separated froprogtivéy dingresnyeirs caplzeees donvatinaslth éadderprdii 609 Cgmbreprefiebipléeihe, etc.)
using distillatiéon ForcexmanglepiefdtGis, 45a45d 25 M ettianedichee tinttleé Hifhichystigeasbons exit the
absorption colusrmatiyaughsecgad Otighanehara-tirected to axdlsRparinnidntBRR4%1) Any
unconverted mehyhhrernidenwill-he: remayedwily Wedight 9esesRndca peniseysied Hackyto the
bromination/rgprapeiignation reactor. Heavier hydrocarbons are removed as a liquid distillate.
[0075]%Iecular Halogen Generation 35[00761In one embodiment of the invention, catalytic halogen
generation isfoasted oulilysseaatingdydianaicraitandsgniacola-axwgenmEmalantitaagatalyst.
The general (gaghien CRvheSePEeRRAE thbYREAUALRE ddnisid X MRIena4Bh Qg 2(h)ss LThe process
occurs at a raaggotLigmperRLKeS ANd sale falias.athvdrahalicacid R pRsnalpculaLaxygen
(02), Le., 4:1,10,0,001:1L 1RO, Rreferably dids(to fit e feacdiamaolebigmatry).mare referably 3.5:1
(to preyent eyentual IBLL f%aé‘éth'@%“&%%“a'@ CAUE ”anbeﬁo%{‘e{i%‘teca%fy@@ RS RNEC D20, O
oxygen-enricﬁe ggig& t’ded%%lc‘%gg c%hcige}r n ¥vfh avarie iner nonreac?lng gas'é'é such as
nitrogen, carbon dioxide. argon: hefitm, BrRg Hstaf gt%ﬁ?ﬁdb@‘ﬂ’g %Ecé"ﬁf’%ggq%ﬁo?ﬁ’&?%ﬁhese gases
can be comblPEPILPLRE G RelT o) hai srexif rastliident i Iasian sekrdopnsedediaquirements.
[0077]A numIsEFST Aidiferat haferp exnntentified s masyehrerisansmeralydfametien opossible to
use one typerohtaiaspsriod hvdornisibratiosndl anyibnembencpeonfigustlienpeprmbotioenbitodhaly sts.
OxideS’halidesisstcobaoyrhalitesoire peoeidaicrein etalsy s tghiam Gy ugeAnrep@as Ni, Mn, Cc, V,
Nb, Mo, Pd, daf-piniV=gieniapresentativemniars: pisteraidy, bghGte ShBaidd Lmdtbanfze, Co, Ni, Cu,
Zn, or Ce. Thesmestpieleirblacatalysis are.0xdas habidgssand/or oxy-halides of Cu,
15[0078)Although not bound by theory, the following equations are considered representative of the
chemistry believed to take place when such materials are used to catalyze halogen formation: Ca0 +

2HBr 4 CaBr2 + 11202) o



20CaBr2 + 1/2 02 Ca0 + Br2(3) for metal oxides in which the metal does not change oxidation states,
and Co304 + 811Br 3 3CoBr2 + 4H20 + Br2(4) 253CoBr2 + 202 --> Co304 + 3Br2(5) for metal oxides
in which the metal does change oxidation states. The net reaction for (2) + (3) and (4) +(5) is (7):
30219Br + 1/202 '-°4™ 1120 + Br2(7) which is equivalent to (1). . In one embodiment of the
invention, chlorine is used as the halogenating agent, and ceria (Ce02) is used to catalyze the
generation of chlorine from hydrochloric acid. The 35following equations are considered
representative: Ce02 + 4HCI 4 CeClI2 + 2H20 CI2(8) CeCl2 + 02 3 Ce02 + CI2(9) for an overall
reaction:2HC1 + 1/202 3 H20 + CI2(10) which is also equivalent to (1). 100791This use of ceria is

quite nqvel, agiialows-asentiallcomalais conswRion.of SHA. InSoRlast grgyious reactions of
metal oxides, ikih-anetisxyaan haveivrisalbtyisldashblie I GihmpdH e et CORR 62

advantageousgy 398 h eherati ticul Iyﬂg%e e.chlorine is used
for alkane halo ené%?f%k%ﬁ]gﬁ?%ﬁ§§%?t%%%n%%€v%?’ngg§%%§?ﬁéﬁéﬁf%f?; fo in usﬁ?%fﬁ%%]ln one
embodiment &f ﬁ’&ﬁ‘ﬁ%?&?&ﬂn?ﬁé Wﬁm@r&%'g%‘ﬁé?éﬂﬁﬁe’é‘ﬁi‘gﬁ&ﬁ RS ASSB TERBIP BB US or
nonpordus alAHaE SEOTRaSmAH SRS FE5 IR eABHT BYR YthsMBe fRASIETSEPISAIt. A range of
temperatures4kerii e foSrearss iemiripation sewsty etfidie ntljizedglood §00rSiremores theferably
350-450 C. [(p@uiRetievenarianepremptiecns ofitiecalatinalepanrl5 10082)Halogen generation produces
both water and molecular halogen. Water can be separated from halogen and removed before the
halogen is red@fddiwitnBerrapertienatien feedstock. Where the halogen is bromine, a bromine-water,
liquid-ligglid p splitgg achiev%(g&;]%on condensation of a mixture of these species. For example, in
al

s
one embodi nt%‘f the THYARIOR . o g ERtE Rt %ﬁ%ﬁt%&‘éﬁ?‘ﬁ%ﬁ%ﬁf@’%@?’@?ﬁ?@’ﬁ?ﬁ%ine from
water, simply S HRsGEag bEie e B PRiBalAsRe  phelsrrsrd dniec vbRpsrralraime e of water,
and can be s@hHiFe BAPREHRACBE ORI e ddototpinswmatet Bhunse (honrkplidegorralad 1-3 wt%
bromine. HovfeWiag thafalgagsatpmieaetioposidesifeblerstivadstejpaniragtntapecim convdrerhaxygen are
present with treipiogricestind awd torstsamihghenterethiefiashb 25 @83 ERe Pasdaaiing the flash
unit prir"r?ariIymﬁsﬁt&bﬁﬁbﬁmﬁgm@nﬂmﬁ:ﬂmﬁeﬁ@@w,Mmriwﬁbﬁﬁﬁmammg and
water. The amesistehRtaminecBavig NIk ey apaERIaSE Sersnds AR ihelaunaiaiug;and pressure
of the flash. Therflashaap-he-aneraled atlemperatives.cangingfrom. 0 40,50 haweyer, a lower

temperature (Ga-240rk06n 3 A0RIGTRIRA I IgdUse dromine 1:%%;0391%@5%¥9198&%§1§§‘Q}$ The vapor
steam is sen h mine.scavenaind secfion for bromine recovery. In one embodiment, the
%%&89[ zg&% e%c rc%un% mf ggrroinfée' 811% m etha.1¥e1 cteg with

operating pressure is 1 ar, more prefer ar Since water freezes st 0t not
possible to stbs gﬁ%g‘]ﬁ*}’ é%ﬂ%%lﬁrﬁgrfce{%rg@'a%ﬁ? %%t%%é%fgﬁém,f?ﬁ@‘vapor stream from the
flash can be Wg?ctedﬁggghgc

lled. beine solution, atle gﬁ;atgfes.from -30.C 10.3510C, Chilled brine
temperaturesﬁj‘_gﬂg{‘[c@%@\garg of Qg%o sj}: can “gﬂqpat%gﬁtgﬁn%&'ugi "gﬁggorg)erﬁf%o%?g\?gnging requirement
Yir4 ine By Neaimy e bhne can then ocedr, with further

a5
of the scave unjt. Vaporizin romjne eat
heatin emprl}c%%% oaéfggiﬁrf%?éxcglr%%r%é’tfgn SfSt‘?%%‘}F éa%?’?’ég-ﬁjé’é‘.‘fll’ﬁﬁaéaﬁiﬁ%hf& Bromine recovery
can begéarr'e?fy?fﬁfﬁlifﬂﬁ?eéoﬁﬁﬁ%ﬂgﬁ}’ 8l ff Barrlrrons hoe ersHnAdhe Srlanseetipn #sesidter-rich
phase leavin$f (HEFE(IImEr I REmR4M98S efe endipissotherel B yarenaionstiorssibigkems, such as
using an ine®Ga¥des stnd eriedsrarimredimpindiakadpting podbruridedittp Waidewitis) and
adsorption-bdswdstethodgica® ronvtnf Gfdefhasnatich potentiallyi oailydsaltinoasignifieantdoss of
bromine. Thehpreli&nthirdesisbedpeistiltatidrhsubpratts sepraduces bromine or bromine-water
azeotrgpe as a distillate, which is recycled back to the flash unit. Water is contained in the bottoms
stream. BrorfffféS10 cahliersivdyaesipipoitnsiiatesao o rarse aillt amountsasf Bipranadid@Bonln the
distillation scirestve, théretordyppideiownd] srof2BBersimeion ko By c alivhe reseant, rdhesbptt@ms stream.
A side-streamh¢eclifientor shippe ot an bentilizackto.relaee inediiominescontemtefthabotioms stream
to produce apreRNRliohSEGAMQIs alicRalves:Baksan raducestng hiomine contentilthe water to
below 10 oAy sanasilecbibale ARk imishinaLe.2diUaR pLAGIHS fED2s liupieacid
hydrochloricagidARa:AbAsAN LI atl, R Mo, MBI ALANHYES I T auce Mg 12h0.atthe water
stream. Lowg(ing. 1he i AMes NS PR - 00 HRBL LA NG O DIOMING 1 ceparation unit

S (SEP 1), where monobrominated hydrocarbons and HBr are separated from polybrominated
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and water, thereby substantially reducing the loss of bromine in the water stream. 1313r present in the
water stream can also be recovered using ion-exchange resins or electrochemical means.
100851Recovery of all halogen for reuse. For both economic and environmental reasons, it is
preferred to minimize, if not completely eliminate, loss of halogen utilized in the overall process.
Molecular bromine has the potential to leave with vented nitrogen and unconverted oxygen if it is not
captured after Br2 generation. Bromine scavenging can be carried out in a bed containing solid CuBr
or MnBr2, either loaded on a support or used in powder form, to capture Br2 from a gas stream that
may also contain 1120, CO2, 02, methane &/or N2. In one embodiment of the invention, bromine

scavenging is performed within a range of temperatures,_i.e., fromfﬁl 0 200 C. When pbromine
eavending 4 BRI CRRAP BT i B BRSSPSR TR G HE L peraure

of the bed to 258 WWhﬁ?b‘fé?ﬁﬂ?éﬁot\?eaE?W@Qtrﬁqfﬂb%r‘fﬁﬁﬁﬂ?% (EPHE RRAERIF02 in the
bed during brofire féieastParod=narsxitizEbthe e dicaht o itheice sIce e
bromine-scavedijingdapacity/sef thethethifod8tidsnsk isctlionigfatitied igrotessredeméntativith unique
corrosien-resissamnt mite mals3 70 08 AbGards esdn dibac byramyibd digersdo tiainimgpnocessowhether in
the condenseg:phase mpikacapanibasehpieseisdeaigniicantehaliengea i asalecanal durable

materials for Hig; ceRsteHANPk IRACIRERAIRING, and ancillary equipment. Ceramics, such as alumina,
zirconia, and silicon carbides, offer exceptional corrosion resistance to most conditions encountered in

the process desésiped hrspithddawmdnsaesamiCesuifien frasberunnbaeefitdizsadivaniages, including
lack of féructlﬂéa@&&mﬁhﬁﬂﬁé@ﬁm@@ﬁﬁ@iﬁiﬁiﬁi@%ﬁdﬁ@m@ﬂm}mﬁmmmagﬁgﬁ& phase reactions
(due todiffusigia.QrMRss, WANGRRE: @J@ﬂ&xig&@%@@yﬁ%@@e@a@e@@ﬁmh&%ﬁ%ﬁh@mal transport
characteristigs jperant It&;ggst,gml hellg GROSUGHRS, Aiiahle.gasHighty and corrosion
resistant process r?v%gk e&))I gauipment. IQ &ﬁ@gkﬁgdﬁg&g tyeggt&eat exchangers, valves, pumps, etc.), for

operation at elevate temperatures S and pressures and over extended periods of time, will likely

require the uggg@fformable,MetRISHER ASANG Britch BRy N BdNLRY oulicangdienl, or alloys of

these base meials.6oR mgg,ﬂe@msmﬁ@wu& el Gt nfefal Haildde, bAa Mas:dde, N, Nb, Ni,

0,P.Pd, S, g § ET 5% bé/scﬂosﬂs’ﬂ@n%é% %Ln%OLQQr?%lASﬁ% @J%ﬁ%ﬁc smbodimsnt of the invention,
S

the process an roqesses descrip ere] arg,_,c In reactors, piping., - and ancﬁlary
equipment that areiﬁg%'“tﬁgﬁm é%ou gt SR st iéfently ¢ c0rr05|on resi&s‘fant’ 0 S iong-term continued

operation. SERSABIPEIaHRE ﬂ@?ﬁ&”&‘iﬁﬁ@(’iﬁ%@i?ﬂ&%ﬂe BB B1G BRI mperature and
environypent BrgEsuf BT eRtiprotE L eRATErE Srisimertc 1SR BUSEtabiePhatii s for
compofents EweRsEHoRR YR e B8 SO e {a WrorkIzHIosrY faribeirichmesbaisereirefaifgle
conditions (oxielikingroheedebictpn wilkighte hytemtbybonidial mmtierd estedisplessd fovatdrimiw lithaatified as
suitable for exposure to cyclic conditions, operating in the temperature range of from 150-550 C,
include Au ah@Pafibys &Wfﬂ?@man@ﬁéﬁ@ﬁ?&ﬁ%ﬁﬁw}ﬁ{Wﬂ Pi#e specifically Ti
Grd-5) and Nicbibo Beaflessasiitenrsered svrses fvg: B © ethtentiihdhe epaeifically ALLCORRO,
Alloy 525 C- 2@ppaapandepEdingonlimitinlylerardslektivf maodedst daritif etkas-Ghivasle for exposure to
either acid hakiceiteai, br mdilssylephalogjemntoajreyelic sendiiondy in thedempesaitse gagnge 150-550
C, either acicbxalisie)lomiacal-maectigl inlagaaimaitdneltision alayshaldzenanshMamit) the most
suitable being,aliayg0Etha:Mi-Ciral e eind i dle:familins Laleninitineaxamples:of matarials
identified as %Hﬂ@:&ﬂ roigeie %@m&q HESRASIORS, IN S EMpR AL 3H98HA0G:R30C, include
Ta, Au,gnd g oysne.gfsb% AL G RRSIAG SANGIPRS (B0 aHilahls polymer

linings can ﬁ gzeleéuc asmPgFEhatmanng (? bsg&g PVD Iﬁu %guml n:?: euse
independentlyor'in.con AW asuppor materal such as toa ng cla ng orc emlcaI/phyS|caI

deposition offP e ﬁ)%c’eag’?ﬁ’ﬁﬁtg’ﬁéﬁhsw 2IT0NGeARG PetiaR By &% hematically
illustrates ancBREPIEESRRE B SPErRBibr Lenmmriveraibes and ridierierFrithise, natural
gas, or otherligiKdmeofbstistyeka YaTshief raralniroaaibrg zonfiian o Shig & Brasips Aok HFPtsesbromination
sectioin thedyresence of water 35formed during bromine generation, including recycled water. The
bromination products pass either through a reproportionation reactor or through the reproportionation
section of thE&®B#8hin TesEfofTaret RN FUEBrEFEOperEbIAR ERIE TO AR STERAYtand alkyl
bromides byfusingrtaetips fisreriveisicgibronmrativr) wige s Thqidpep brtiasatigiisroducts, which
include olefins, alkyl monobromides, some polybrornides, and HBr, along with any unreacted alkanes,
are then sent to the coupling reactor. The coupling products are sent to a vapor-liquid-liquid flash.
Higher hydrocarbon products are removed as an otffanic phase from the vapor-liquid-liquid flash, while
agueous Bar is removed as the heavier phase. The 5gas stream from the flash is sent to a separation
system to recover methane and light gases, which are recycled back to the bromination and
reproportionation sections, respectively. [0091]Nitrogen must be removed fl-om the gas recycle stream
if air is used as an oxidant in bromine generation. The aqueous HBr stream coming out of the
vapor-liquid-liquid flash 10is sent to the HBr/water separation system, where water is recovered. The

separation can be carried out in a distillation column, where pure water is taken out as a distillate and
tha hottome ctraeam ic an aadirianiic ecnliitinon of RRr (bhavina a hinhar conceantratinn of RI2r than the fead



monobromides and polybrornides) pass through either a reproportionation reactor or the
reproportionation section of the bromination reactor, where the light gases are reproportionated to form
alkyl bromides, using the polybromides as brominating agents. The reproportionation products - alkyl
monobromides, olefins, a small amount of polybromides, 30and Her -- and any unreacted alkanes are
then sent to a separation unit where aqueous HBr is separated from the alkyl bromides.
Ivlonobromides in the alkyl bromide stream are separated from the polybromides. The polybromides
are recycled to the reproportionation section where polybromides react with the recycle gases to form
olefins and monobromides. 35[0094)The aqueous HBr separation from the alkyl bromides can be
carried out in a distillation column‘poutgled with a liquid-liquid flash. The alkyl bromide stream can

contain 1-{Br. TRERIETBBHATEE e P it the e dp i UBEiSA" HIoT triE°sratiRt & aE°EEAt o a
water absorpfdRcEsRdiTTHRsErEeH BP prtla i eHe ds apimy race i R B oReta th&roducts
and unconvertSmaRstiERe fCRARTERMERPSpIoH CERIMMPTERAlien S (rgercliopilrtydnd flash
separation unficamhieran igyhesidyid deezeb etiqmpeiatsabeloeniboe a8 an Shganicephaseligmhagueous
1-1Br issremosigivasihgdréanadvp haseut bic gahaudletisaniihe alabingtiorctoluwhasmentte a
separation sysi@miiensepaiatefietnaie SGencdhslighigaces. Silie recoxerechanpthanersdacycled
back to the brepinatiepsestisn: Whilethe gl gasesai@recycled to the reproportionation section.
[0095]Nitrogen must be separated before the gases are recycled if air is used as an oxidant in bromine
generation. Tieo5¢]ueoiisddBrsReameiromttes\igotdingid-liquid flash is 10 combined with the
aqueous 1113r stream from the alkyl bromide separation section and sent to the liBr/Water separation
system. the déPEhtiorieaiiabey catite dronttarardibanerion dwlbrinrgenivercapd reprpatstitsissiken out as a
distillate and trecbestnniEcstrdan dscarcddudsussbittiber ofd<tBr doavis thelvighlarts ammemtration of HBr
compared withethgvisetittp tHra-distiiatiefreppermudicliamacil edtis HiBiGirean d:pasitshaskgteréde bromine
generation seriditvhcse hiominedecibinanciateg frRroreuerusiiRi) thapresaicasefwir, oxygen or
enriched air. [QQS6]Alanatively, fxiractve-oistilationisuiseddasanaaie-MifinmavalebeThe
separafed 1-11 361536040 BRIPIRRINE GANA'RUABIRAGIRL, WASLERIMINGIS ASRRIAGH from aqueous

HBr in the preggnce of air, oxygen, or enriched air. Complete conversion of liBr to bromine is not
required during bromine generation. Periodic decoking of the bromination, 20reproportionation and
coupling reacigyszgan b catied:auibe withhlhe opise-coniAinngAesakian AadlICt stiegim being
routed to the Hromine OERGIAIOR (ARGt AMLLIR S AQlaWing, A8 NaRIMIting £xamRles.ef the
inventiop and yarloliz subIRGsRS SR oLpraclieng Ihe loyenion, Jggs Lexample, L, Reproportionadon
of Dibromom%hgglgl E;V\éi‘tmglre%ooatél_%gé OQQQlMet ane (11i See 1 at wa cocnf)’in d with nitrogen (15
seem, 1 atm) &t 100 temperature via {alarﬁ'i?qn“’éc :fgcenésndq f)as'%% ?ﬁ%ﬂ} % ‘r(?é:m &t ﬁﬂfre bubbler
full of brominETHBLREANTS /BT MRAEHE T PRIRGE D fﬁ?@ﬁ%‘ﬁg&ﬁlé&%‘jﬁ?ﬂé" 885 €7 and
brornination SPARETHERERE TERAR DIkt Wit e e dentetifn et horpofadtsras cprerititing
primarily broriGREREReYdibrdrisRietssiie rasaafBeridicatieam of nitrogen, 1iBr, and partially
30bronfihated hydrocarbon was combined with propane (0.75 scent, 1 atm) in a mixing tee and passed
into a second Y1Ass reactbriSe &t ﬁ%%’i&@eg’aé’ﬁéﬂﬁf@“@‘f?.“?%f’%t?@ﬂﬁﬁé’%@&&%e?eactor
tube, polybroffifRAts RSO BOHENR @ FespoRircter Bish dner WRr P s e droduce
bromoproparfé§atrretaBreiaoricn NS Hea et sy tipe RMEW g Sast R BEOERZEBYE $aC3H3
CH3Br + C3ka fiiged\withodects fttsdgaedivtedetory they werdwolie bisbl, byomiseties of traps
containjpg 4 Mabia® tér(vwinidinpectealizeeitheadBokinbhexdde arinsifedTaning doidiesiasse as an
internal standaadie disselvekasontatopbiaahydsacadiempracdiiois.ampesaile rdielatiigisamponents
like methane and propane were collected in a gas bag after the Hi:Br/hydrocarbon traps. All products
were quantifif#¥) gastatvtben atoerdiptept #Hiber dendlieng Broctly ane burmmanizedine Dabddibg For
comparison, thiegaaaiicons srenexalsoorlriwit, iichoasiorsiube biiilipLiEe prapsesfieaaienssith propane
("Control A") aanehadidygulyetfierShisdnteaaio haiesyyih ot hir op8BE: L LRt IRk BdodiaPlerdsdRe ro
ortionaton ofufexidh{PERINAIGRLACRIORAHOARARN (E QN R A RESBHRALANA section to

convert the coke intc carbon dioxide and/or carben monoxide during the bromination

=

reaction, thus eliminating or reducing the off-line decoking requirement.
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60 Control B (bromination) 60 Bromination t," 60 Reproponionation tr", 60 60 0 CH., conversion 40%
47% 45% CH3Br/(C11313r+C1128r2) 93% 84% 74% C31-18 conversion 85% N/A N/A Carbon
balance 96% 97% 96% [00100] Eitgaiplgitacp_rgliao_o_Aukythauipsaf13B [00101] 20 ml stock HBr
agueous solution were added to 20 g CaBr2.H20 followed by heating to 70 C. A significant evolution of
HBr gas was observed (determined by AgNO3 precipitation and the NH3 fuming test). The released
HBr was not quantified as the reaction was carried out in an open vessel. [00102] Example 3.
Separation of Anhydrous HBr [00103] Dehydration with H2SO4 was attempted by adding a conc.
solution of 112504 to 1133r. Qualitative tests were conducted in which different concentration of
112504 were ad d to ?) rford rmlnatjon of the threshold concentration where oxidation of HBr no
longer dccursirriar +AHESigHIIAS 228 52 +21120. 100101 It was determined that the 1-12S04

concentrationy Qséefv WD Pa.gdBHR0 > ARpaeRLs jQ&f\(ﬁé&é&@hé@@;@@% suas.added to 30
ml stock HBr aze gwt O/K% he | mlxture e eated to bolli Br cont nt was
determined quarﬁq[ |ve 5?{3 ?‘sop an| vlmetrlc%értm%m?g?on 0 “§r ffom a
solutiors aliqu&tR- Ecggnrﬁ ?"%ﬁ&n‘;lng%&k at 5'?‘?51 hd’ R 565 i fﬁ‘(ﬁtﬁ"hﬂfgI’O’SleExample 4,
Metathesis ofoevah%%fpmeﬁm"s TR ESENLHS- (DL RP BRSNS were
conducted in fiTeHinePRrEONHSDIRNT AR %W%%B@W&Wﬁ@éﬁ%é%@@(%%r to that

described in Exarapéng (#0t9eem methane bubbled through room temperature bromine, followed by
passage of the mixture through a reactor tube heated to 500C), and the brominalion products were

then pagsed d dWFNariolrE Sﬁ%’ﬁﬁﬁﬂ&r‘?’éﬁyﬁﬁ%gﬂ“ﬁﬁﬁ?&réﬁﬁ%ﬁ&ﬁ%&fﬁ%& SEF dinfdspheric

pressure (tOtEﬁIGS I and 2) can be used to separate the monobromides from the polybrominated species
by utilizing the large difference in boiling points of the compounds. The polybrominated
species that are recovered as the bottoms stream can be reproportionated with alkanes to form
monobromide species and olefins, either in the bromination reactor or in a separate
reproportionation reactor, The distillation column can be operated at any pressure of from 1
15 to 50 bar. The higher pressures allow higher condenser témperamres o be used, thereby
reducing the refrigeration reguirement.

f0058] FIG. 4 illustrates one embodiment of a separation unit for separating
moenohromides from polybrominated species. Alkyl bromides from the bromination reactor
26 are cooled by passing through a heat exchanger 30, and then provided to a distillation column
51 equipped with two heat exchangers 52 and 53. At the bottom of the column, heat
exchanger 52 acts as a reboiler, while at the top of the column heat exchanger 53 acts as a
partial condenser. This configuration allows 2 liguid "bottoms" enriched in polybromides
(and containing no more than 2 minor amount of monobromides) to be withdrawn from the
25 distillation column. The polybromides are passed through another heat exchanger 54 to
convert ihem back to a gas before they are returned to the bromination reactor {or sept to a
separate reproportionation reactor) for reproportionation with unbrominated alkcanes. At the
top of the column, nartial reflux of the liguid from the reflux drumn is facilitated by the heat
exchanger 53, vielding a vapor enriched in lighter components incliding methane and HRBr,
30 and a liquid stream comprised of monobromides and HBr (and containing no more than a

minor amount of polybromides).

[0059]  Altemate distillation configurations include a side stream columm with and
without a side stream rectifier or stripper. If the feed from the bromination reactor contains
water, the bottoms stream from the distiliation column will also contain water, and a liguid-
liquid phase split on the bottoms stream can be used to separate water from the
polybrominated species. Due to the presence of HBr in the water stream, it can either be sent
to a HBr absorption column or to the bromine generation reactor.

35
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pressure), at a temperature of from 350 to 450 C, with a residence time of 40 seconds. Table 2
summarizes the distribution of metathesis products. Catalysts are denoted by metal ion (e.g., Ba, Co,
Mn, etc.) and by type of Zeolyst Intl. zeolite (e.g., 5524, 58, 8014, etc.). The mass (mg) of each
product, as well as the total mass of products is given for each run. The 10abbreviations, B, PhBr, T,
X, and M refer to benzene, phenyl bromide, toluene, xylene, and rnesitylene, respectively.
[00107]Table 2. Metathesis of Brotninated Methane Over Selected Catalysts. Total T
(C)CatalystBPhBrTXM(mg) 350Ba 55240.250.000.962.583.146.93 350Ba
580.310.001.483.203.118.11 350Ba 80140.300.001.302.873.157.60 350Ca
580.200.000.812.443.096.53 )

1 (0068 Catalvtic coupling of alkv] balides o hizher molecolar weig

hi products

[0061] The aikyl halides produced in ihe halogenation/reproportionation step are reacied
over a catalyst to produce higher hydrocarbons and hydrogen halide. The reactant feed can
also contain hydrogen halide and unhslogenaied alkanes from the bromination reactor.
According to the invention, any of a number of catalysts are used to facilitate the formation
of higher hydrocarbon products from halogenated hydrocarbons. Nonlimiting examples
include non-crystalline alumino silicates (amorphous sclid acids), tungsten/zirconia super
acids, sulfated zirconia, alumino phosphates such as SAPO-34 and its framework-substituted
analogues (substituted with, e.g., Ni or Mn), Zeolites, such as ZSM-5 and its lon-exchanged
analogs, and framework substituted ZSM-5 (substituted with Ti, Fe, Ti + Fe, B, or Ga).
Preferred catalysts for producing liguid-at-room-temperature hydrocarbons imelude ion-
exchanged ZSM-S having a S510,/A1,0; ratio below 300, preferably below 100, and most

. preferably 30 or below. Nonlimiting examples of preferred exchanged ions include ions of
Ag, Ba, Bi, Ca, Fe, Li, Mg, 8r, K, Na, Rb, Mn, Co, Ni, Cu, Ru, Pb, Pd, Pt, and Ce. These
ions can be exchanged as pure salts or as mixtures of salts. The preparation of doped zeolites
and their use as carbon-carbon coupling catalysts is described in Patent Publication No. US
2005/0171393 Al, at pages 4-5, which is incorporated by reference herein in its entirety.

10

15

[0062] In one embodiment of the invention a Mn-exchanged ZSM-5 zeolite having a
20 Si0y/ALOs ratic of 30 is used as the coupling catalyst. Under certain process conditions, it
can produce a tailored selectivity of liguid hydrocarbon products.

{0063} Coupling of haloalkanes preferably is carried out in a fixed bed, fluidized bed, or
other suitable reactor, at a suitable temperature (e.g., 150-600 °C, preferably 275-425 °C)

25 and pressure (¢.g., 0.1 to 35 atm) and a residence time (t) of from 1-45 seconds. In general a
relatively long residence time favors conversion of reactants to products, as weil as product
selectivity, while a short residence tirne means higher throughput and (possibly) improved
economics. It is possible to direct product selectivity by changing the catalyst, altering the
reaction temperature, and/or altering the residence tirne in the reactor. For example, ata

30 mederate residence time of 10 seconds and a moderate temperature of 350 °C, xviene and
mesitylenes are the predominant components of the aromatic fraction (benzene + toluene +
xylenes + mesitylenes; "BTXM") produced when the product of a methane bromination
reaction is fed into a coupling reactor packed with a metal-ion-impregnated ZSM-5 catalyst,
where the impregnation metal is Ag, Ba, Bi, Ca, Co, Cu, Fe, La, Li, Mg, Mn, Ni, Pb, Pd, or

35 Sr, and the ZSM-5 catalyst is Zeolyst CBV 58, 2314, 3024, 5524, or 8014, { available from
Zeolyst International (Valley Forgs, PA)). At aresction temperature of 425°C and a
residence time of 40 seconds, teluene and benzene are the predominant products of the
BTXM fraction. Product selectivity can alse be varied by controlling the concentration of
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350C0 23141.220.023.052.180.567.04 350Co0 30240.360.002.064.213.4710.10 350Co
580.200.00.1.052.913.347.50 350Mg 30240.310.001.533.593.899.32 350Mg

580.280.001.413.303.438.42
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dibromomethane produced or fed inio the coupling reactor. Removal of reaction heat and
continuocus decoking and catalyst regeneration using a fluidized bed reactor configuration for

the coupling reactor is anticipated in some facilities.

[0064]-  In one embodiment, the coupling reaction is carried out in 2 pair of coupling
reactors, arranged in parallei. This allows the overall process to be run continuously, without
interruption, sven if one of the coupling reactors is taken off line for decoking or for some
other reason. Similar redundancies can be utilized in the bromination, product separation,
halogen generation, and other units used in the overall process.

{00651  Hvdrocarbon product separation snd halopen reco

100661 The coupling products include higher hydrocarbons and HBr, Tn the embodiments
shown in FIGS. 1 and 2, products that exit the coupling reactor ave first cooled in g heat
exchanger and {hen sent to an absorption column. HBr ig absorbed in water using a packed
columm or other contacting device. Input water and the product stream can be contacted either
in a co~current or counter-current flow, with the counter-current flow preferred for its
improved efficiency. HBr absorption can be carried out either substantially adiabatically or
substantially isothermally. In one embodiment, the concentration of hydrobromic acid afier
absorption ranges from 5 to 70wt%, with a preferred range of 20 io 50wt%. The operating
pressure is 1 to 50 bar, more preferably 1 to 30 bar, In the Iaboratory, a glass column or
glass-lined column with ceramic or glass packing can be used. In a pilot or commercial plant,
one or more durable, corrosion-resistant materials (described below) are utilized.

[B06T] In cne embodiment of the invention, the hydrocarbon products are recovered as a

- hiquid from the HBr absorption column. This liquid hydrocarbon stream is phase-separated

from the aqueous HBr stream using a liguid-liquid splitter and sent to the product cleanup
unit. In another embodiment, the hydrocarbon products are recovered from the HBr column
as 2 gas stream, together with the unconverted methane and other light gases. The products
are then separated and recovered from the methane and light gases using any of a number of
techniques. Nonlimiting examples include distillation, pressure swing adsorption, and
membrane separation technologies,

[3068] In some embodiments, the product clean-up unit comprises or includes a reactor
for converting halogenated hydrocarbons present in the product stream into unhalogenated
hydrocarbons. For example, uader certain conditions, smaill amounts of C1-C4
bromoaikanes, bromobenzene, and/or other brominated species are formed and pass from the
coupling reactor to the liquid-liquid splitter 16 and then o the product clean-up unit 17.
These brominated species can be "hydrodehalogenated” in a suitable reactor. In one
embodiment, such a reactor comprises a continuous fixed bed, catalytic converter packed

w15



350Mn 23141.070.032.862.260.656.86 350Mn 30240.530.002.924.803.0211.27 350Mn
580.170.000.882.703.627.37 350Ni 23141.120.052.942.440.747.29 350Ni
30240.610.002.823.852.139.41 375 3

1 with & supported metal or metal oxide catalyst, Nonlimiting examples of the active
component include copper, copper oxide, palladium, and platinum, with palladium being
preferred. Nonlimiting examples of support materials include active carbon, alumina, silica,
and zeolites, with alumina being preferred. The reactor is operaied at a pressure of 0-150 psi,

5 preferably 0-5 psi, and a temperature of 250-400 °C, preferably 300-350 °C, with a GHSV of
1200-60 hr'', preferably ~240 hr™. When bromobenzene (e.g.) is passed over such a reactor,
it is readily converted 1o benzene and HBr, with some light kydrocarbons (e.g., C3-C7)
produced as byproducts, Although carbon deposition {coking) can deactivate the catalyst, the
catalyst can be regenerated by exposure to oxygen and then hydrogen af, e.g., 300 °C and 400

10 °C, respectively.

[0069} After HBr is separated from the hydrocarbon products, the unconverted methane
leaves with the light gases in the vapor outlet of the HBr absorption unit. In one embodiment
of the invention, unconverted methane is separated from the light gases in & separation unit
("SEP 1" in the FIGS.), which operates using pressure or temperaturs swing adsorption,

b membrane-based separation, cryogenic distillation (preferable for large-scale production}, or
some other suitable separation process. Low methane conversions in the bromination reacior
may result in the coupling products being carried with the light gases, which in tum would
necessitate the recovery of these species from the lights gases. Separation technologies that

20 can be employed for this purpose include, but are not limited to, distillation, pressure or

temperature swing adsorption, and membrane-based technologics.

(0078} In another aspect of the invention, a process for separating anhydrous HBr fom
an aqueous solution of HBr is provided. HBr forms & high-boiling azeotrope with water;
therefore, separation of HBr from the aqueous solution requires either breaking the azeotrope
25 using an extractive agent or bypassing the azeotrope using pressure swing distillation. FIG. 5
illugtrates one embodiment of an extractive distillation unit for separating FBr ffom water.
Water is extracted in a distillation column 200 and HBr ig obtained as the distillate stream
281, The distillate stream mayv also contain small amounts of water. In one embodiment, the
distiilation column 200 is a tray-tower or a packed column. Conventional ceramic packing is
30 preferred over structured packing. Aqueous bromide sale, such as CaBry, is added at the top
of the distillation colummn, resulting in the extraction of water from agueous HBr. A
condenser may not be required for the column. A reboiler 203 is used to maintain the vapor
flow in the distillation column. The diluted stream of aqueous CaBr; 202 is sent to the
evaporation section 266, which, optionally has a rayed or packed section. The bottoms
stream from the columm is heated before eniering the evaporation section. Stream 207

comprising mostly water (and no more than fraces of FiBr) leaves the evaporation section.

35
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Ba 55240.320.001.322.822.577.04 375Ba 580.400.001.842.932.407.57 375Ba
80140.320.001.232.842.957.34 375Ca 580.200.000.962.552.936.64 375Co

30240.470.002.303.522.188.48
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[06071] in one embodiment, HBr is displaced as & gas from its aqueous solution in the
presence of an electrolyte that shares 2 common ion (Br” or H') or an ion {e.g. Ca™" or SO}
that has a higher hydration energy than HBr, The presence of the electrolyte pushes the
equilibrium HBr,, ¢-» HBry.. towards gas evolution, which is further facilitated by heating
the solution.

100672} Aqueous solutions of metal bromides such as CaBr;, MgBr; also KBr, NaBr,
LiBr, RbBr, CsBr, SrBrs, BaBry, MnBr,, FeBra, FeBrs, CoBr,, NiBry, CuBr,, ZnBr;, CdBry,
AlBrs, LaBri, YBrs, and BiBr; can be used as extractive agents, with agueous solutions of
CaBr;, MgBr,, KBr, NaBr, LiBr or mixtures thereof being preferred. The botioms stream of
the distillation column contains a diluted solution of the extracting agent. This stream is sent
to another distillation column or a vaporizer where water is evaporated and the extracting
agent is concentrated before sending it back to the extractive distillation columm. Sulfuric
acid can be used as an extracting agent if its reaction with HBr to form bromine and sulfur
dioxide can be minimized, Experiments carried out to demonstrate the separation of
anhydrous HBr from an agueous solution of HBr are described in Example 1 and 2.

0673 In another aspect of the invention, various approaches to product clean-up
(separation and/or purification) are provided. A number of bromide species may be present
in the unpurified product stream: HBr, organic bromides such as methyl bromide and
dibromomethane, and bromo-aromatics. In one embodiment of the invention, hydrocarbon
products are separated from brominated species by passing the product stream over copper
metal, NiO, Ca0, Zn0, MgO, Ba(, or combinations thereof. Preferably, the products are run
over one or more of the above-listed matsrials at a temperature of from 25-600 °C, more
preferably, 400-500 °C. This process is tolerant of CO;, that may be present.

[0674} In another embodiment, particularly for large-scale production of hydrocarbons,
unconverted methane is separated from other light hydrocarbons as well as heavier produects
{e.g., benzene, toluene, etc.) using distillation. For example, in FIGS. 1 and 2, methane and
other light hydrocarbons exit the absorption column through a gas outlet and are directed to a
separation unit (SEP. iI). Awny unconverted methyl bromide will be removed with the light
gases and can be recycled back to the bromination/reproportionation reactor. Heavier
hydrocarbons are removed as a liquid distillate.

[6075] Molecular Haloren Generation

[G076] In one embodiment of the invention, catalytic halogen generation is carried out by
reacting hydrohatic acid and molecular oxygen over a suitable catzlyst. The genera] reaction

can be represenied by equation {1):
ZHX + %0, —22E 5 ¥, + H0 (1).
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375C0 580.300.001.542.832.427.10 375Mg 30240.370.001.813.262.788.22 375Mg
580.340.001.673.042.747.80 375Mn 30240.620.002.913.902.179.59 -25- 375 Mn 58

1 The process occurs at a range of temperatures and mole ratios of hydrohalic acid (530} and
moiccular oxygen (Oz), i.e., 4:1 10 0.001:1 HX/O,, preferably 4:1 (to fit the reaction
stoichiomeiry}, more preferably 3.5:1 {to prevent eventual HBr breatkthrongh}.

Halogen can be generated using pure oxygen, sir, or oxygen-enriched gas, and the
reaction can be yun with 2 variety of inert nonreacting gases such as nitrogen, carbon dioxide,
argon, helium, and water steam being present. Auny proportion of these gases can be
combined as pure gases or selected mixtures thereof, o sccommuodate process requirements,

[O0771 4 number of materials have been identified as halogen generation catalysts. It is

10 possible to use one type of catalyst or a2 combination of any number, configuration, or
proportion of catalysts. Oxides, halides, and/or oxy-halides of one or more metals, such as
Cu, Ag, Ay, Fe, Co, Ni, Mn, Ce, V, Nb, Mo, P4, Ta, or W are Tepresentative, more preiferably
Mg, Ca, Sr, Ba, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, or Ce. The most preferable catalysts are
oxides, halides, and/or oxy-halides of Cu.

13 i6078] Although not bound by theory, the following equations are considersd
representative of the chemisiry believed to take place when such materials ars used to

faand

catalyze halogen formation;

Ca0 + ZHBr - CaBr; + H;0 2y
20 CaBry + % Oz = Ca0O + Br @

for metal oxides in which the metal does not change oxidation states, and

: Co30¢ + 8HBr - 3CoBr, + 4H,0 + Bry {4y
25 3CoBr; + 20, -> Cos04 + 3Br, )

for metal oxides in which the metal doss change oxidation states. The net reaction for (2)
+ (3) and (4) +H(5) 15 (7):

30 2HBr + %0, —=2¥ 0y H,0 + Bry %)

which is equivalent to (1).
In one embodiment of the invention, chlorine is used as the halogenating agent, and
ceria (CeQy} is used to catalyze the generation of chiorine from hydrochloric acid. The

35 following equations are considered representative:
Celnp + 4HCE = Cell + 2HLO + Oy (8}
CeCly + O =2 Cen + Chy (9}
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0.22 0.00 1.18 2.71 2.83 6.94 375 Pd 2314 1.54 0.00 3.10 1.83 0.37 6.85 400 Ba 5524 0.46 0.00
2.37 4.16 2.95 9.94 400 Ba 58 0.70 0.00 3.15 3.91 2.70 10.47 5 400 Ba 8014 0.38 0.00 1.57 3.81
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for an overall reaction: 2HCL 4 W0, = HO+ ClL (1%
which is also squivalent to (1).
[6079) This use of ceria is quite novel, as it allows essentially complete consumption of

HBCL In contrast, previous reactions of metal oxides, HC}, and oxygen have typically yielded
HCYCl, mixtures. Thus, ceria can advantageously be employed as a halogen regeneration
catalyst, particularly where chlorine is used for alkane halogenation, with chlorine’s attendant

lower cost and familiarity to industry.

{0089} In one embodiment of the invention, the halogen generation catalyst(s) are
supported on porous or nonporous alumina, silica, zirconia, titania or mixtures thereof, or
another suitable support. A range of temperatures can be employed to maximize process
efficiency, e.g., 200-600 °C, more preferably 350-450 °C.

{0081} Recovery and recvele of molecular haiogen

[6082] Halogen generation produces both water and molecniar halogen. Water can be
separated from halogen and removed before the halogen is reacted with the hydrocarbon
feedstock. Where the halogen is bromine, a bromine-water, liquid-liquid phase split is
achieved upon condensation of a mixture of these species. For example, in one embodiment

- ofthe invention, a liquid-liquid flash unit is used to separate most of the bromine from water,
- simiply and inexpensively. The bromine phase typically contains a very small amount of

water, and can be sent directly to the bromination reactor. The water phase, however,
contains 1-3 wt?o bromine. However, if air is used in the bromine generation step, nitrogen

and unconverted oxygen are present with the bromine and water siream that enters the fiash.

[GOB3] The gas leaving the flash unit primarily consists of nitrogen and unconverted
oxygen, but carries with it some bromine and water. The amount of bromine leaving with the
vapor phase depends on the temperature and pressure of the flash. The flash can be operated
at temperatures ranging from 0 to 50 °C; however, a lower temperature (c2 2 ©° 10 °C} is
preferred to reduce bromine leaving in the vapor stream. The vapor stream is sent to the
bromine scavenging section for bromine recovery. In one embodiment, the operating
pressure is 1 to 50 bar, more preferably 1 to 30 bar. Since water freezes at 0 °C, it is not
possible to substantially reduce the temperature of the flash 19, However, the vapor stream
from the flash can be contacted with a chilled brine solution, at temperatures from -30 °C to
10 °C. Chilled brine temperatures lower than that of the flash can substantially reduce the
bromine scavenging requirement of the scavenging unit. Vaporizing the bromine by heating
the brine can then occur, with further heating employed 1o facilitate concentration of the brine
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9.53 400 Ca 58 0.41 0.00 1.89 3.43 2.81 8.54 400 Co 3024 0.78 0.00 3.42 4.14 2.26 10.60 400 Co
58 0.62 0.00 2.71 3.36 2.31 8.99 400 Mg 3024 0.76 0.00 3.26 4.11 2.64 10.76 10 400 Mg 58 0.71
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for re-use. This approach to bromine recovery can be carried out either continuously or in

batch mode.

[6084] Bromine contained in the water-rich phase leaving the liquid-liquid flash can be
effectively recovered by distillation. Other means, such as using an inert gas to strip the
bromine from the water phase (described by Waycuilis) and adsorption-based methods, are
not very effective, and potentiaily can result in & significant loss of bromine. The presently
described distillation subprocess produces bromine or bromine-water azeoirope as a distiliate,
which is recycled back to the flash unit. Water is contained in the bottoms stveam. Bromine
can react reversibly with water to form small amounts of HBr and HOBr. In the distiilation
scheme, therefore, ppm levels of HBr (and/or HOBr) can be present in the bottoms stream. A
side-stream rectifier or stripper can be utilized to reduce the bromine content of the bottoms
stream to produce a pure water stream. Other alternatives that can reduce the bromine content
of the water to below 10 ppm range inciude, but are not imited to, the addition of acids such
as sulfuric acid, hydrochloric acid, and phosphoric acid, in very small guantities to reduce the
pH of the water stream. Lowering the pH drives the HBr and HOBr stream back to bromine
and water, thereby substantially reducing the loss of bromine in the water stream, Hibr
present in the water stream can also be recovered uging ion-exchange resins or
electrochemical mearis,

{0085] Recovery of all halogen for reuse. For both economic and environmental
reasons, it is preferred to minimize, if not completely eliminate, joss of halogen utilized in the’
overall process. Molecular bromine has the potential to leave with vented nitrogen and
unconverted oxygen if it is not captured after Br; generation. Bromine scavenging can be
carried out in a bed containing solid CuBr or MnBr,, either loaded on & suppoert or used in
powder form, 1o capture Br; from a gas stream that may also contain H,O, CO,, O, methane
&/or Nz. In one embodiment of the invention, bromine scavenging is performed within a
range of iemperatures, i.e., from -10 ° to 200 °C. When bromine scavenging is complete,
molecular bromine can be released from the bed by raising the temperature of the bed o 220
°C or higher, preferably above 275 °C. It is important that there be little if any O, in the bed
during bromine release, as O; will oxidize the metal and, over time, reduce the Eromine-n
scavenging capacity of the bed.

[0086] Construction of critical process elements with unigue corrosion-resistant

materials
Hilikyg! Corrosgion induced by any halogen-containing process, whether in the condensed

phase or the vapor phase, presenis a significant challenge in the selection of durable materials
for the construciion of reactors, piping, and ancillary equipment. Ceramics, such as alumina,
zirconia, and silicon carbides, offer exceptional corrosion resistance to maost conditions
encountered in the process described herein. Howsver, ceramics suffer from a number of
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0.00 3.04 3.74 2.59 10.08 400 IVIn 3024 0,98 0.00 4.10 4.38 2.06 11.52 400 Mn 58 0.48 0.00 2.26
3.44 2.64 8.82 400 Ni 3024 0.81 0.00 3.15 3.351.72 9.04 400 Pb 2314 1.20 0.03 3.25 3.27 1.20 8.94

i disadvaniages, including lack of structural strength under tensile strain, difficulty in
compleisly containing gas phase reactions (due to diffusion or mags transport along jointing
surfaces), and possibly undesirable thermal transport characteristics inherent to most ceramic
materials. Congtructing durable, gaéwtight, and corrosion resistant process control equipment

5 (i.e. shell and tube type heat-exchangers, valves, pumps, etc.), for operation at elevated
temperatures and pressures, and over extended periods of time, will likely require the use of
formable metals such as Au, Co, Cr, Fe, Nb, Ni, Pt, Ta, Ti, and/ or Zr, or alloys of these base
metals containing elements such as Al, B, C, Co, Cr, Cy, Fe, H, Ha, La, Mn, Mo, N, Nb, Ni,
0, P, P4, §, 8i, Sn, Ta, Ti, V, W, Y, and/or Zr.

10 [3088] According to one embodiment of the invention, the process and subprocesses
described herein are carried out in reactors, piping. and ancillary equipment that are both
strong enough and sufficiently corrosion-resistant to allow long-term continued operation.
Selection of appropriate materials of construction depends strongly on the temperature and
environment of exposure for each process control component.

15 [0089] Suitable materials for components exposed to cyclic conditions (e.g. oxidizing and
reducing), as compared to single conditions (oxidizing or reducing), will differ greatly.
Nonlimiting examples of materials identified as suitable for exposure to cyclic conditions,
operating in the temperature range of from 150-550 °C, include Au and alloys of Ti and Wi,
with the most suitable being Al/V alioyed Ti (more specifically Ti Grd-5) and Ni-Cr-Mo

20 alloys with bigh Cr, low Fe, and low C content (more specifically ALLCORR®, Alloy 59, C-
22, 625, and HX). Nonlimiting examples of materizls identified as suitable for exposure to
either acid halide to air, or molecular halogen to air cyclic conditions, in the temperature
range 150-550 °C, either acid halide to zir, or molecular halogen to air include alloys of Fe
and Ni, with the most suitable being alloys of the Ni-Cr-Mo, and Ni-Mo families.

25 Nonlimiting examples of materials identified as suitable for single environment conditions, in
the temperature range 100°C-530°C, inshade Ta, Aw, and alloys of Fe, Co, and Ni, For lower
temperature conditions (<280°C), suitable polymer linings can be utilized such as PTFE,
FEP, and more suitably PVDF. All materials may be used independently or in conjunction
with a support material such as coating, cladding, or chemical/physical deposition on a

30 suitable low-cost material such as low-alloy steels.

[6050] Figure 6 schematically illustrates an alternate mode of operation for a continuous
process for converting methane, natural gas, or other alkane feedstocks into higher
hydrocarbons. Alkanes are brominated in the bromination section in the presence of water
formed during bromine generation, including recycled water. The bromination products pass
either through a reproportionation reactor or through the reproportionation section of the
bromination reactor, where the light gases are reproportionated to form olefins and alkyl
bromides by using the polybromides as brominating agents. The reproportionation products,

35
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15 400 Pb 3024 1.07 0.04 2.77 3.63 1.66 9.17 400 Pd 2314 2.44 0.00 3.16 1.72 0.18 7.01 400 Sr
2314 2.13 0.01 4.05 2.29 0.46 8.94 400 Sr 3024 1.93 0.05 4.03 2.67 0.65 9.32 425 Ag 3024 2.79
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which include olefins, alky! monobromides, some polybromides, and HBr, along with any
unreacted alkanes, are then sent to the coupling reactor. The coupling products are sent fo a
vapor-lguid-liquid flash. Higher hydrocarbon products are removed a3 an organic phase
from the vapor-liquid-liquid flash, while agueous HBr is removed as the heavier phase. The
gas stream from the flash is sent to a separation system 1o recover methane and light gases,
which are recycled back to the bromination and reproportionafion sections, respectively.

f0091] Nitrogen miust be removed from the gas recyele strearn if air is used as an oxidant
in bromine generation. The agueous HBr stream coming out of the vapor-liquid-liquid flash
is sent to the HBr/water separation system, where water is recovered. The separation can be
carried out in 2 distillation column, where pure water is taken out as a distillate and the
bottoms stream is an aqueous solution of HBr (having a higher concentration of HBr than the
feed to the distillation column). The agueous HBr stream is sent back to the bromine
generation section, where bromine is generated from agueous HBr in the presence of air or

OXYEEN

[agea! Alternatively, extractive distillation is used to separate HBr from water. The
separated HBr is sent to the bromine generation reactor and bromine is generated from
aqueous HBr in the presence of air or oxygen. Complete conversion of HBr is not necessary
in the bromine generation reactor. Periodic decoking can be carried out for the bromination,
reproportionation, and/or coupling reactors, with the bromine-containing decoking product
stream being routed to the bromine generation reactor.

100933 Another continuous process alternative is shown in FIG. 7. Alkaves are
brominated in the bromination section in the presence of water formed during bromine
generation, including recycled water. The bromination products (which include
monobromides and polybromides) pass through either a reproportionation reactor or the
reproporfionation section of the bromination reactor, where the light gases are
reproportionated to form alicyl bromides, using the polybromides as brominating agents. The
reproportionation products — alkyl monobromides, olefins, a small amount of polybromides,
and HBr -- and any unreacted alkanes are then sent to 2 separation unit where agqueous HBr is
separated from the alkyl bromides. Monobromides in the alkyl bromide stream are separated
from the polybromides. The polybromides are recycled to the reproportionation section
where polybromides react with the recycle gases to form olefins and monobromides.

[6094] The aqueous HBr separation from the alkyl bromides can be carried out in a
distillation column coupled with a liquid-liquid flash. The alkyl bromide stream can contain
HI3r. The monobromides are fed into the coupling section, and the products are sent to a
water absorption column where HBr produced in the coupling reactor is removed from the

iy 2o



4.16 1.78 0.29 9.04 20 425 Ag 8014 3.09 0.02 3.52 1.09 0.16 7_88 425 Ba 5524 0.54 0.00 2.67 3.67
2.339.22 425 Ba 58 0.79 0.00 3.00 2.94 1.75 8.48 42581 2314 3.13 0.03 4.47 1.61 0.23 9.48
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products and unconverted gas. The liquid outlet of the absorption column is fed to a vapor-
liquid-liquid flash separation unit, where higher hydrocarbon products are removed as an
organic phase and aqueous HBr is removed as the heavier phase. The gas outlet from the
absorption column is sent fo a separation system to separate methane from the light gases.
The recovered methane is recyeled back to the bromination section, while the light gases are
recyeled to the reproportionation section.

{0095] Nitrogen must be separated before the pases ave recycled if air is used ag an
oxidant in bromine generation. The agueous HBr siream from the vapor-liquid-liquid flagh is
combined with the aqueous HBr streamn from the alkyl bromide separation section and sent o
the HBr/Water separation system. The separation can be carried out in a distillation cohon,
where pure water is taken out as a distiliate and the botioms siream is an aqueous solution of
HBr having a higher concentration of HBr compared with the feed to the distillation column,
The aqueous HBr stream is sent back to the bromine generation section, where bromine is
generated from aqueous HBr in the presence of air, oxygen or enriched air.

[00%96] Alternatively, extractive distillation is used fo separate HBr from waier. The
scparated HBr is sent to the bromine generation reactor, where bromine is generated from
aqueous HBr in the presence of air, oxygen, or enriched air. Complete conversion of HBr to
bromine is not required during bromine generation. Periodic decoking of the bromination,
reproportionation and coupling reactors can be carried out, with the bromine-containing
decoking product siream being routed to the bromine generation reactor.

[0097] The following are nonlimiting examples of the invention and various subpracesses
for practicing the invention.

[0098] Example 1. Reproportionation of Dibromomethane with Propsne

[0G99] Methane (11 scem, 1 atm) was combined with nitrogen (15 scem, 1 atm) at room
temperature via & mixing tee and passed through a room temperature bubbler full of bromine.
The CHy/Ny/Br; mixture was plumbed into & preheated glass tube at 500 °C, and bromination
of the methane took place with a residence ttme ("t"} of 60 seconds, producing primarily
bromornethane, dibromomethane, and HBr. The stream of nitrogen, HBr, and partially
brominated hydrocarbon was combined with propane (0.75 sccm, 1 atim) in a mixing tee and
passed into a second glass reactor tube at 525 °C with a residence time ("t.™) 6f 60 &, In the
second reactor tbe, polybrominated hydrocarbons (i.e. CHaBr;, CHBr3) react with the
propane to produce bromopropanes. The reproportionation is idealized by the following

reaction:
CH;Brs + CsHy — CHzBr + CiH;Br
As products left the second reactor, they were collected by a series of traps containing 4 M

e [T g

NaOH (which neutralized the HBr) and hexadecane {containing octadecane as an internal
standard) to dissolve as much of the hydrocarbon products as possible. Volatile components

23



425 Co 2314 3.39 0.03 4.34 1.59 0.25 9.60 25 425 Co 3024 1.07 0.00 3.42 2.79 1.09 8.38 425 Cu
2314 2.89 0.02 4.74 2.13 0.37 10.15 425 Li 5524 1.51 0.04 3.31 3.27 1.12 9.24 425 Mg 3024 0.99

0.00 3.28

1 like methane and propane were collected in & gas bag afier the HBr/hydrocarbon traps. All
preducts were quantified by gas chromatography. The results ("Ex. 1") are summarized in
Table 1. For comparison, the reactions were also run with two reactors, but without
reproportionation with propane ("Control A"™), and with onty the first reactor and without

5 propane ("Control B"). '

Table 1. Reproportionation of Dibromomethane
Ex. 1

10

15

25

30

35

(bromination/
reproportionation)

Control A
(bromination}

Control B
{(bromination)

Bromination t,

&0

50

50

Reproportionation tp,

60

0

CH,;, conversion

40%

45%

CHBr/{CH; Br+CHBry) 3% 74%

C3Hg conversion 85% N/A

Carbon balance 6% G6%

[00108]

[00161] 20 ml stock HBr aqueous solution were added to 20 g CaBr,.H,O followed by
heating to 70 °C. A significant evolution of HBr gas wag observed (determined by AgNO;
precipitation and the NH; fuming test). The released HBr was not quantified as the reaction
was carried out in an open vessel,

Example 3. Separation of Anhvdrons BBy

{02102}  Dehydration with H;SO, was attempted by adding 2 conc. solution of H;504 to
HBr. Qualitative tests were conducted in which different concentration of H,80, were added
to HBr for determination of the threshold concentration where oxidation of HBr no longer

[00162}

GLCUTS.
2HBr + Ha80; =» Bra+ 80, +2H;0.

[00104] It was detenmined that the H;SO; concentration below which no oxidation is
apparent is ~ 70 wt.%. 30 ml 70 % H,;SO. was added to 30 ml stock HEr azeotrope (48 wt.%)
and the mixture was heated to boiling. The HBr content was determined quantitatively by
AgNO; precipitation and gravimetric determination of AgBr from a solution aliquot at the
moment of mixing, after 15 min and after 30 min. boiling,

[oUlast  Example 4. Metathesis of Brominated Methane over Selected Catalvers




2.851.37 8.48 425 Mg 58 0.81 0.00 2.62 2.16 1.11 6.70 30 425 Mn 3024 1.22 0.00 3.90 3.01 1.14
9.27 425 Mo 2314 3.06 0.04 4.02 1.46 0.24 8.82 425 Ni 3024 0.97 0.00 3.38 2,85 1.32 8.51 425

1 [60136] A series of experiments were conducted in which methane was brominsted in s
manner substantially the same as or similar to that described in Example 1 (10 scom methene
bubbled through room temperature bromine, followed by passage of the mixture through a
reactor tube heated to 500°C), and the bromination products were then passed over various

5 metal-ion exchanged or impregnated zeolite catalysts, at atmospheric pressure (total
pressure), at a iemperature of from 350 to 450 °C, with a residence time of 40 seconds. Table
2 summarizes the distribution of metathesis products. Catalysts are denoted by metal ion
(e.g., Ba, Co, Mn, etc.) and by type of Zeolyst Int'l. zeolite (e.g., 5524, 58, 8014, etc.). The
mass {mg) of each product, as well as the total mass of prdducts is given for each run. The

10 abbreviations, B, PhBr, T, X, and M refer to benzene, phenyi bromide, toluene, xylene, and

mesitylene, respectively.

[00107] Table 2. Metathesis of Brominated Methane Over Selected Catalysts.

Totai

15 T Catalyst B PhBr T X 1 {mg}

350 Ba 5524 (.25 0.00 0.96 2.58 3.14 6.93

350 Ba 358 031 0.00 1.48 3.20 3.11 8.11

350 Bz 8014 030 0.00 1.30 287 3.15 7.60

350 Ca 58 0.20 0.00 0.81 2.44 3.09 6.53

20 350 Co 2314 1.22 0.02 303 2.18 .56 7.04
350 Co 3024 (.36 0.00 2.06 4,21 347 10.10

350 Co 58 0.20 0.00 1.05 291 3.34 7.50

350 Mg 3024 0.31 0.00 1.53 3.59 3.89 9.32

350 Mg 58 0.28 .00 -3 3.30 3.43 §.42

35 350 Mn 2314 1.7 0.03 2.86 2.26 0.65 6.86
350 Mn 3024 (.53 0.00 2.92 4.80 3.02 11.27

350 Mn 58 0.17 0.00 0.88 2.70 31.62 7.37

350 Ni2314 1.12 0.05 2.94 2.44 .74 7.29

350 Ni3024 0.61 0.00 2.82 3.85 2.13 8.41

30 375 Ba 5524 032 0.00 1.32 2.82 2.57 7.04

378 Ba 58 0.40 0.00 1.84 2.93 2.40 7.57

375 Ba 8014 (.32 0.00 1.23 2.84 2.95 7.34

375 Ca 58 0.20 0.00 0.96 2.55 2.93 6.64

378 Co 3024 (.47 0.00 2.30 3.52 2.18 848

15 375 Co 58 0.30 0.00 1.54 2.83 2.42 7.10

375 Mg 3024 0.37 0.00 1.81 3.26 2.78 822
375 Mg 58 0.34 0.60 1.67 3.04 2.74 7.80
375 Mn 3024 0.62 0.060 2.91 3.90 2.17 9.59

25—



Sr 3024 2.53 0.02 4.36 2.22 0.43 9.56 450 Ag 3024 3.84 0.02 4.27 1.36 0.18 9.67 35 450 Si 2314
3.90 0.01 3.59 0.67 0.06 8,23 450 Ca 2314 3.64 0.02 4.10 1.00 0.16 8.92 450 Co 2314 4.12 0.01

3.770.77

i 375 Mn58 022  0.00  L18 . 271 283 694
375  Pd2314 154 0.00 310  1.83 037 685
400 Ba5524 046 000 237 416 295 994
400  Ba58 070 000 315 351 270 1047
5 400  Ba8014 038 000 157 381 377 953
400  Cas58 041 000  1.89 343 281 854
400 Co3024 078 000 342 414 226  10.60
400  Co58 062 000 27t 336 231 899
400  Mg3024 076  0.00 326 411 264 1076
10 400  Mgs8 071 000 3.04 374 250  10.08
400  Mn3024 098 000 410 438 206  11.52
400  MnS8 048 000 226 344 264  8.82
400  Ni3024 08! 000 315 335 172 904
400  Pb2314 120 003 325 327 120 894
15 400  Pb3024 107 004 277 363 166  9.17
400  Pd2314 244 000 316 122 018 7.01
400  Sr2314 213 001 405 229 046 894
400 Sr3024 193 005 403 267 065 932
425 Ag3024 279 002 416 178 029 904
20 425 AgR014 309 002 352 109 016  7.88
425 Ba5524 054 000 267 367 233 922
425 Bas§ 079 000 300 25 175 848
425 Bi2314 313  0.03. 447 161 023 948
425 Co23i4 339  0.03 434 159 025  9.60
25 425 Co3024 107 000 342 279 109 838
425 Cu2314 289 002 474 213 037 1015
425 Lis524 151 004 331 327 112 924
425 Mg3024 099 000 328 285 137  R48
425 Mgs58 081 000 262 216 111 6.70
30 425  Mn3024 122 000 390 301 114 927
425 Mo2314 3.06  0.04 402 146 024  8.82
425 Ni3024 097 000 338 285 132 851
425 Sr3024 253 002 436 222 043  9.56
450  Ag3024 3.84 002 427 136 018  9.67
35 450  Bi2314 390 001 359 067 006 823
450  Ca2314 3.64 002 410  1.00 016  8.92
450 Co2314 412 00! 377 077 008 875
450  Cu23l4 365 000 430 L1014  9.19

26~



0.08 8.75 450 Cu 2314 3.650.00 4.301.100.149.19  -26- 450 Fe 2314 4.42 0.02 3.43 0.74 0.09
8.69 450 Fe 3024 3.61 0.01 2.96 0.63 0.08 7.28 450 Fe 5524 3.99 0.03
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450 Fe2314 442 0.02 3.43 0.74 0.09 8.68
450 Fe 3024  3.61 G.01 2.9¢6 0.63 0.08 7.28
450 Fe 5524 3599 6.03 3.63 0.85 0.11 8.60
450 122314 348 0.01 3.81 0.87 G.12 8.29
450 Ligoi4 1.74 D.oz 2.61 2.67 0.84 7.89
450 Mg 2314 4.20 0.02 3.84 0.76 0.10 8.92
450 Mn 2314 3.78 0.02 3.50 (.88 0.12 8.70
450 Mo 2314 3.88 0.01 3.26 0.58 0.06 7.79
450 Ni2314 4.39 0.01 3.12 0.44 0.03 B.00
450 Ph 2314 258 0.01 4.68 231 0.45 10.02
450 Pb 3024 2.08 0.01 4.44 2.87 0.76 10.10
450 Pb 5524 1.89 0.02 3.58 2.71 0.73 B.B3
450 pd 2314 403 .00 1.58 .14 .00 5,75
454 Sr23i14 371 0.00 4.78 1.68 0.21 10.39
456 Sr3024 2,51 0.01 3.76 1.61 0.26 8.14

{00108 Example 5. Hydrodehalogenation of Bromobenzene, and Catalyst Regeneration

[80109] A test solution (1.5mi/Ahr), which includes 1.9wi%% bromobenzene (PhBr)
dissolved in dodecane, diiuted by Nz (1.1mlmin) was fed into & tubular quariz reacior in
which 3.6g of highly dispersed precious metal catalyst (Pd/Al;Os, 0.5wt %) was loaded. The
reaction was carmried out at 325 °C with a2 residence time of 15s. The reaction effluent was
trapped in a bubbler with 8ml 4M NaOH sclution pre-added. The carrier gas as well as the
gaseous product were coliected in a gas bag. All of the carbon-baged products in the gas
phase and oil phase in the liguid product were subjected to GC analysis. For the base rap
solution, the HBr concentration was maeasured with an ion-selective electrode, Based on all
of these measurements, carbon and bromine balances were calculated,

[6011¢] The experiment was continuousty run for over 300 hours until the conversion of
PhBr dropped from 100% in the initial 70 hrs to below 30% (Fig. 8). Hydrodebromination of
PhBr took place over the catalyst bed with the formation of benzene ("BZ") and HBr as the
major products, accompanied with some light hydrocarbons (Cy-Cy) being detected as
byproducts, which originated from solvent decomposition. Carbon deposition was
recognized as the primary reason for deactivation of the catalyst. The catalyst proved to be
re-generable via decoldng at 500 °C with O; oxidation (5ml/min} for 10 hrs, followed by H;
reduction (20ml/min) at 400 °C for 3hrs. The regenerated catalyst was identified to be as
effective as the fresh catalyet, 28 confinmed by its ability {o catalyze the same

hydrodebromination reaction without activity loss in the first 70 hours (Fig. 9).

27



3.63 0.850.11 8.60 450 La 2314 3.48 0.01 3.81 0.87 0.12 8.29 450 Li 8014 1.74 0.02 2.61 2.67 0.84
7.89 450 Mg 2314 4.20 0.02 3.84 0.76 0.10 8.92 450 Mn 2314 3.78 0.02 3.90 0.88 0.12 8.70 450 Mo

2314 3.88 0.01 3.26
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[001311] The invention has been described with references to various examples and
preferred embodiments, but is not himited thereto, Other modifications and equivalent
arrangements, apparent to a skilled person upon consideration of this disclosure, are algo
included within the scope of the invention. For exampile, in an alternate embodiment of the
invention, the products 25 from the bromine generation reactor are fed directly into the
bromination reactor 3. The advantage of such a configuration is in eliminating the bromine
holdup needed in the flash unit 27, thereby reducing the handling of liguid bromine. Also, by
eliminating the bromine scavenging section including units 26, 27, 31 and 34, the capital cost
for the process can be reduced significantly. For energy efficiency, it is desirable to have the
outlet of bromine generation be equal to the bromination temperature. For bromine
generation, cerium-based catalysts are therefore preferred over copper-based catalysts in this
embodiment, since cerium bromide has a higher melting point (722 °C) than copper (I)
bromide (504 °C). The presence of oxygen in bromination and coupling reduces the
selectivity to the desired products; therefore, the bromine generation reactor must consume
all of the oxygen in the feed. In this embodiment, the monobromide separation & must be
modified to remove water using a Hguid-liguid split on the botioms siream of the distillation
column 51. The water removed in the liguid-iiguid split containg HBr, which can be removed
from water using exiractive distillation {seg, e.g., FIG. 5), and then recycled back to the

bromine generation section.

100112}  Still other modifications are within the scope of the invention, which is limited
only by the accompanying claims and their equivalents.

~28-



0.58 0.06 7.79 450 Ni 2314 4.39 0.01 3.12 0.44 0.03 8.00 450 Pb 2314 2.58 0.01 4.68 2.31 0.45 10.02
450 Pb 3024 2.08 0.01 4.44 2.87 0.70 10.10 450 Pb 5524 1.89 0.02 3.58 2.71 0.73 8.93 450 Pd 2314
4.03 0.00 1.58 0.14
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[00113] WHATIS CLAIMED ISs:

1. A continuous process for converting a hydrocarbon feedstock into one or more
higher hydrocarbons, comprising:

(a) forming alkyl halides by reacting molecular halogen with 2
hydrocarbon feedstock containing methane, under process conditions sufficient to form alkyl
halides and hydrogen halide, whereby substantially all of the molecular halogen is consumed;

{b) forming reproportionated alkyl halides by reacting some or all of the
alkyl halides with an alkane feed, whereby the fraction of monchalogenated hydrocarbons
present is increased;

{c} contacting the reproportionated alkyl halides with a first catalyst under
process conditions sufficient to form higher hydrocarbons and additional hydrogen halide;

(&) separating the higher hydrocarbons from the hydrogen halide;

{e) regenerating molecular halogen by contacting the hydrogen halide with
a second catalyst in the presence of a source of oxygen, under process conditions sufficient to
form molecular halogen and water;

{f) separating the molecular halogen from water to allow reuse of the
halogen: and

(=) repeating steps {a) through (f) 2 desired number of times.

2. A continuous process as recited in claim 1, further comprising separating
monohalogenated alkyl halides from polyhalogenated alkyl halides after steps (a) and/or (b).

3. A continuous process as recited in claim 1, wherein the hydrocarbon feedstock
comprises one or more C; - C4 hydrocarbons.

4. A continuous process as recited in claim 1, wherein the hydrocarbon feedstock
comprises natural gas.

s. A continuous process as recited in claim 1, wherein the halogen comprises
bromine.

6. A continuous process as recited in claim 1, wherein the halogen comprises
chiorine.

7. A contimuous process as recited in claim 1, wherein the alkane feed contains at

ieast 1% by volume of one or more C2-C35 hydrocarbons.

20.



0.00 .5.76 450 Sr 2314 3.71 0.00 4.78 1.68 0.21 10.39 450 8r3024 2.51 0.01 3.76 1.61 0.26 8.14
[00108] Example 5. Hydrodehalogenation of Bromobenzene, and Catalyst Regeneration 1001091 A.
test solution (1.5mlihr), which includes 1.9wt% bromobenzene (PhBr) dissolved in dodecane, diluted by
N2 (1.1m21Anin) was fed into a tubular quartz reactor in which 3.6g of highly dispersed precious metal
catalyst (Pd/AI203, 0.5wt %) was loaded. rue reaction was carried out at 325 C with a residence time
of 15s. The reaction effluent was trapped in a bubbler with 8m1 4M NaOH solution pre-added. The
carrier gas as well as the gaseous product were collected in a gas bag. All of the carbon-based
products in the gas phase and oil phase in the liquid product were subjected to GC analysis. For the
base trap solution, the 1113r concentration was measured with an ion-selective electrode. Based on
alljof these measurements, carbon and bromine balances were calculated. [001101 The experiment
was continuously run far Qve#.300hesksswREkhasonpvarsion ol Rh&h aieppedifan 100% in the initial
70 his to below 30% (Fig. inati ; place -bed with the
formation S B s B s
hydrocarB?fﬁE’T&B-C?) being detected as byproducts, which originated from solvent decomposition.
Cdrbon deposition was recognized as the primary reason for deactivation of the catalyst. The catalyst
proved to be re-gienerablecvidndevokingeas 506=Ctodtin 0RioxiHauber BrvaHRIToP TR Tollowed by H2
35reductiona{30radHaim-atdRadl fasdhssyhe tegetneratedaaltabliztavas identified to be as effective
as the fresh catalyst, as confirmed by its ability to catalyze the same hydrodebromination reaction
without activity 195 in (e i QO (E19: SO e inveiiansas besh desciibedwith
references to various examples and preferred embodiments, but is not limited thereto. Other
mddificatfoffO4Hd equivalent arrangements, apparent to a skilled person upon consideration of this
disclosure, are also included within the scope of the invention. For example, in an alternate
embodiment of the SinventistinthesprodesteL5¢tm itheldmrhindigeietaiorrlsacwramesfed directly
into the bﬁg&fﬂp@{j@éﬁ@ﬁﬁ@@ﬁm@mgea%mge of such a configuration is in eliminating the bromine
holdup needed in the flash unit 27, thereby reducing the handling of liquid bromine. Also, by

elimjnating the bygmine,scavenging section including units. 26, . . ial t for the
process can be r{egd ucea‘ §%nrtﬁﬂlc%% Ig?(ifgﬁse%serrﬁéci} & flqg:llécqhatcéf gi‘f%%%ﬁlaﬁé%gﬁ%éﬁg%%%g%%%et of
bromine Jét3tfGhbe equal to the bromination temperature. For bromine generation, cerium-based
catalysts are therefore preferred over copper-based catalysts in this embodiment, since cerium
bromide has a higher meltingipaing (722:6)athewicabperigirbtomides (s 0t G- ditecpialyshce of oxygen
in brominggion.and sorrlinghiaducesitha selactivity de heesirtpiodrcsohessfareotion, bromine
geggratio& igg?%%,%gb&%%ggmggf%&&%ﬁ éﬁ‘aﬁ@? feed. In this embodiment, the

e

monobromide separation 5 must be modified to remove water using a liquid-liquid split on the bottoms

stream of the distillation column 51. The water removed in the quuid;liquid sp%ittlfiont[?ins [-133r, which
can be removed fom wARIUSTRIERIREERY SShetiatidh 7ebn T Yhersi 85 serPthaH¥e& cled back to

the bromirergearreratiog seétiéh. 20 [00112] Still other modifications are within the scope of the
invention, which is limited only by the accompanying claims and their equivalents. 25 30 35

23 15. A continuous process as recited in claim 1, wherein the second catalyst
comprises at least one material selected from the group consisting of halides, oxides, and
oxyhalides of Ag, Au, Ba, Ca, Ce, Co, Cr, Cu, Fe, Mg, Mn, Mo, Nb, Ni, Pb, Pd, Pt, Sr, Ta, V,
W, Mg, V, or Zn.

30 16. A continuous process as recited in claim 1, wherein HBr is separated from
agueous hydrobromic acid using pressure swing distillation or extractive dastillation.

17. A ‘continuous process as recited in claim 16,wherein extractive distillation is
utilized, with an aqueous solution of CaBr,, MgBrz, KBr, NaBr, LiBr or mixtures thereof

35 used as an exfracting agent.

18. A continuous process as recited in claim 16, wherein extractive distillation is
utilized, with sulfuric acid used as an extracting agent.

-30-



[00113] WHAT IS CLAIMED IS: I.A continuous process for converting a hydrocarbon feedstock
into one or more higher hydrocarbons, comprising: 5(a)forming alkyl halides by reacting molecular
halogen with a hydrocarbon feedstock containing methane, under process conditions sufficient to form
alkyl halides and hydrogen halide, whereby substantially all of the molecular halogen is consumed;
(b) forming reproportionated alkyl halides by reacting some or all of the alkyl halides with an alkane
feed, whereby the fraction of monohalogenated hydrocarbons 10present is increased,; (©
contacting the reproportionated alkyl halides with a first catalyst under process conditions sufficient to
form higher hydrocarbons and additional hydrogen halide; (d) separating the higher
hydrocarbons from the hydrogen halide; (e) regenerating molecular halogen by contacting
theé hydrogen halide with 15a second catalyst in the presence of a source of oxygen, under process
conditions suffigignt tofcteatmolesari-balages:nadiwalern(Dseparatingdbianeleedlasditogen from

water to allow retse. abihe haiagen; Anddalrsneating steps-ahiraudhif.a desitedaunbsr of times.

20 2.A c%}’tlgu(gigsagfggggss as recited’in claim 1, further comprising separating monohalogenated allcyl
halides from 50 yﬁa ogenated alkyl halides after steps (a) and/or (b). 253.A continuous process as
recited in claim 1, wherein the hydrocarbon feedstock comprises one or more C1 - C4 hydrocarbons.
4.A continuous Pocesé gereeneis Pretasirs rovascin ennydrdeanio federetseriEshiies natural
gas. 30 hydréafboatadmoscprecessiasnetitedfirestaport cuherbitifidéizdogere carmipdises bromine.

6. A contigpods: PESRsS as recited in claim 1, wherein the halogen comprises 35chlorine. 7.A
continuous process as recited in claim 1, wherein the alkane feed contains at least 1% by volume of

one_ or more C2-05 hydrocarbons. | 8. A continuous process as recited in claim 1, wherein the

amdunt of monahalogenateg iyl BAla(S) PecseaLis PTRASGL/nIh S DS ReR 0L A PIRBRYTonation

catalyst. E?i her 9. E?ﬂ%o tlnééogg racess as recited in claim 1, wherein the reproportionation catalyst
comprises% mgl}é, me a?-of(y eﬁ)_marf%'rial or metal halide. 10, A continuous process as recited in

claim 1, wherein the fifé¥ cata Wﬁﬂf@é@i‘@? b¥grasting mplechianpalegst ¥ Bbtess as recited in

claim 1, whdresiarthe fesitedornpidsusseprtensibpebiabr donzisenedtied webiiterots12 A continuous

progess asridicited inftlaient ko ihereik theaddeliteisiddpebwithl it rganese substantikByAkoftinuous

process @%r@gmm @J@ug@e}, Whsreitiae second catalyst cpmprises at I.east one material selected

from the group consisijag of G- 60%n(0304-AACHQ IO AR cPHBIFES A e rons, and
us e

clays. 4. A contjn rocess as recited in claim 1, wherein the second catalyst comprises CuO
or Ceoz.%lES?Aoc%ﬁlki‘%{%ﬁ?g BIRERE R recited in claim 1, wherein the second catalyst comprises at
least one material selettdd fréPRREGFBIRPeOHEIaHRIPR nides BB BR FVRGRARERISFAg, Au, Ba,
Cayfe, @bnyChalbissFeitivigy Nimnwsellbomiiiihg Pdert B Maylupg 6§28 hzAiget®m continuous
process ashteeite thinfelaiitnle ivhaishalbiniscsaparatesidisanpresent is increased;
{(d) contacting the reproportionated alkyl halides with a first catalyst under
process conditions sufficient to form higher hydrocarbons and additional hydrogen halide;
(e} separating the higher hydrocarbons from the hydrogen halide;
25 £) regenerating molecular halogen by contacting the hydrogen halide with
a second catalyst in the presence of a source of oxygen, under process conditions sufficient to
form molecular halogen and water;
) separating the molecular halogen from water to aliow reuse of the
halogen; and
(h} repeating steps (2) through (g) a desired number of times.

30
22. A continuous process as recited in claim 20, wherein halogenation of the
hydrocarbon feedstock and formation of reproportionated alkyl halides are
carried out in separate reactors.
35

23. A continuous process for converting a hydrocarbon feedstock into one or more higher

hydrocarbons, comprising:
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aqueous hydrobromic acid using pressure swing distillation or extractive distillation. 17. A
continuous process as recited in claim 16,wherein extractive distillation is utilized, with an aqueous
solution of CaBr2, MgBr2, KBr, NaBr, LiBr or mixtures thereof 35used as an extracting agent. 18.
A continuous process as recited in claim 16, wherein extractive distillation is utilized, with sulfuric acid
used as an extracting agent. 19.A continuous process as recited in claim 1, wherein the alkane feed
used for reproportionation comprises a hydrocarbon feed gas containing significant quantities of
C2-CS hydrocarbons. 20.A continuous process as recited in claim 1, wherein the halogenation of the
hydrocarbon feedstock and the formation of reproportionated alkyl halides are carried out in separate
reactors. 10 21.A continuous process for converting a hydrocarbon feedstock into one or more higher
hydrocarbons, deiforisig:one or moréikobliniigied byl tratiteg bhydactingpmetidek vakbgen with a
hydrocarkesdagsistaticentaisingdoaihenalinadalogeaativniseacios aundespiessss 15conditions

sufficient to formaliybiialidas apd-Rydiegen halideawberehy sybriantialkalef dhamelecylar halogen
is consumed; , .. “( separating unre cted methane from th%falk Ihakldes n(ijl.d recting it back
?( halide(s) with & first ca i Cighit t éggy f%\wr

. a VLS £ DIrOCess Con Ons S .

intg the haldgenatio éeact%:‘} @n orming reproportionated arkyl hafide acting some or
all of the BUHRSARENG: ﬁﬁ}i gf?ﬁ_ﬁ?a}ﬁaél ed containing at least 1% by volume of C2-05 hydrocarbons,
whereby the frat&otsFRiaSchalbgbaaydRyaised b sivspiesbriissme udded:; (d) contacting

the reproportionglec gdkgtdtalgied agith ayfiestzatalyshehsérqyoackssdeonilitio nssufficignydoiform higher
hydrocarbens-aidadditienaldysregopdnalidés: process cdg)BrpaAling thehigher ydrasashons from
the hydrogen halide; 25 (0 regenerating molecular halogen by contacting the hydrogen halide with a
seﬁgnd catalyst 'e ghe eser gescgc séa\ ource @}g gen, under process conditions sufficient to form
molecular halog Sh wa%er; f'g) para]it1 g the molecu %a?oaen“ﬂeosm water to allow reuse of the
halogen; and 30(h)repeating steps (a) through (g) a desired number of times. 22.A continuous process
as recited in claim 20, wherein halogenation of the hydrocarbon feedstock and fenillation of
reproportionated alkyl halides are carried out in separate reactors. 35 23.A continuous process for
converting a hydrocarbon feedstock into one or more higher hydrocarbons, comprising: €)
forming one or more alkyl halides by reacting a hydrocarbon feedstock with molecular halogen under
process conditions sufficient to form the alkyl halide(s); (b) forming one or more higher
hydrocarbons and hydrogen halide by contacting the alkyl halide(s) with a first catalyst under process
conditions sufficient to form the higher 5hydrocarbon(s) and hydrogen halide; (c) separating the
higher hydrocarbon(s) from the hydrogen halide; (d) regenerating halogen by contacting the
hydrogen halide with a second catalyst in the presence of a source of oxygen, under process
congitions sufficient to form the halogen; and 10(e) repeating steps (a) through (d) a desired number of
times. 15 20 25 30 35
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