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WO 2007/094995PCT/US2007/003091 CONTINUOUS PROCESS FOR

CONVERTING NATURAL GAS TO LIQUID HYDROCARBONS FIELD OF

THEVNNVERIEYGN 5[0001]This invention generally relates to PCTIS2007/603691

carbon-carbon coupling and, more particularly, to methods for converting

hydrocarbon feedstocks into useful products. BACKGROUND OF THE

INVENTION [0002]Scientists have long sought efficient ways to convert

methane and other 10hydrocarbons into longer chain hydrocarbons,

olefins, aromatic h drocarbons and other roducts CH activation

has been the focG§ |xed results

More efficient pM%%W&%QQmW?WM%

including facilitating the utilization of remotely located hydrocarbon
Figgdstoe RS i aN Strhded natural gas) through conversion into more
[Eagily trarigp ortahiemgchersbfulcinelsiandtibhfeatistoaks;liswg duad| auwiregptingeulariy,
rdsRBhepansuadpadsiocibdefsdameilane anduotheddight

hydrocarbons) for end products often made from higher hydrocarbons.

ARERIR RG> &% %ﬁ(ﬂj@g@ﬁ@ﬁjﬁethods of converting alkanes to other
(GRAPOUAEEINAR A0S IS 3,%% On}m RAQLANN BmitoserGaRICd
ingerior. de inin irst, sec |r ones, @é%eﬁ rea%ts W|tth%aI
BECEIRERT iﬁe%’%% zor}%a“fo ’br(?\‘fiadeqorbmme BIOMING re ‘} 4
N O R o N L Rl %roggﬁcﬁ Binigg: mixe
restitn MatryFRrismiERe TSt SOt R BRRA2 AHPHERER ?8 YaFe B R the
feglitespoiiHEl3RYen Of mieibydnaspisdiRvdrcarheon SirdsrghsEudn s sErrdd
nptret@ai thevegbadrivetsdmyiaen thiereesioxiderbreiieen el alidadnd
ftedsenveriifielmetad romse bagkdasitrefmdtalcbxide., Thel2beeadtothis light
hesaeatRI b tatest i welia matesrdaDnigHe: Bydetamtn8 discloses an
oxidative halogenation process for producing alkyl halides from an

[efe3ine, RiErégan. Bllidisclasss ipetiedabiizonxggion allsines to etheraamipounds using
alfaliderescmty halideicat afysholibe, altespativedinisiog dridleaufasthedogenasd third
78150, NIRRpHeN Ao ek patanisnsdeinakd fiSt 2, Pldyid; Gbofmate! bromine
16adi® Witk theAMeh Al 10 T dsborlis i ot R S8 of oRtatllipligle Satabystsidef and
figaive AalngenationetRkPREI. Gridativg haleaepatione ROWRKShdBR roduct.
Iﬁ%}ég%%k%éﬁgé’xﬁ:r%ﬁgﬁéw'ﬂf éQ%Q& 9@9 weliof & ReEhalpgenatert fhe el

v o duct
B b fgq%‘i‘”ar‘é% O%% ST B AR e e

*%6?5/62’3‘ 8%?56‘5 3%’ 62006/0100469 (each to Waycuilis),
ﬁ%@“be é*,?@f@'li?z %§§%9Lasg %8%59&%&(8&%993%%&%%%@@a%&&g aliyl
ons vera ICS re eSCI’I ed |ncu

ﬁ l—Bromln nes o rod’ 58%’ b des ang ahm%rgg% Jagde or
055%?%? efgﬁ&'eh il %’ °§ﬁf'j iﬁ o%lromlc améﬂJ
3]kl ilvatitiad é’ 33676 &@é@.‘h@ﬁﬂg% 706150/ the use of
nm*rhﬁladgm&@@mly@ﬁms#ﬁl?ﬁmwmﬁémw@@ﬁﬁwmw
hapeveydromonil derdi{evaginicii@inesherntidingithechycisirarnited gitpdpets and
arcactiorpwitle amadyeddsepalsidarionfppadticy ORidictmetal bromide salts

(as metal oxides/oxybromides/bromides) to produce a metal bromide salt

6§ lvatcFirrapnhtished 35 Sotataterplipgtipaachien Uphe0R§ERic acid 5
20AH0TATEr e RSRE/DIOddiEi caiaty SV aand §4). regriteratingdsrbasidentopesses for
cheseiing gishasnoialdnomipel IaiinaithronygSevtesyielddrmemine aadrited,
ikoridized 15aladatontialife b atks &f #S RIELASOBHRGHIIS OW INGRIRBRIc acid
(SORMBABIN S5 ROILSRARE A E5r8RshNG 1 §SulibBeL ROt G Rl IIASS ARy stailine
100% bromine conversion; wasteful overbromination of ethane, propane,

and higher allcanes, resulting in the formation of dibromomethane and

other polybrominated alkanes, 10which will likely form coke under the
disclosed reaction conditions; comparatively low alkyl bromide

conversions; the need to separate the hydrocarbon product stream from

an aqueous hydrohalic acid stream; and inadequate capture of halogen

during the regeneration of the catalyst to remove halogen-containing coke.

In addition, the proposed venting of this bromine-containing stream is both
economically and environmentally unacceptable. 15 [00061The Waycuilis

process also apparently requires operation at relatively low temperatures
tNn nrevvent cianificant calactivvitns 10 methane The likelvs reciilt worild he
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slurry, which will not be regenerable. Second, the maximum temperature

is limited due to pressure increases which are intolerable above
appiBiptedsPF00 C, thus preventing complete recovery of hatougestaeroe309:
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 ina
Salficant 105208 b&%“%“e 1o trhneuo t&r rﬁ%%?ﬁ VEieL R rovided ;.

an excess of air rom| al 3éven?]ﬂ 5nver’i° xé"
*\%%"é"éﬁé?&é’fé?hfmé% Bfﬁg ‘&ﬁ %Wﬁé?%%%“b FBFFRE éu“d‘%‘be&ﬂf solution of
500 W&éﬁ‘aﬁ%{é’m 7 trOR s Bist exifes Rt mideniemifes) ioppduce a
Bemtiesiae rEREGMeSEiE Ep arkifor: 0 Brvdu e ERfcHPY R the hitsatirenic acid
‘aitiel adr westes eteh inernrivi toatel Y&t ind (ikregsifoetepbretiing Woteactiome! the metal
rrosiiaeslsuith asygsing geliierigias todsirptitidedoniin@dtarmidhizavateks of the
basecp indhing 1adSaEniins aseditaci bnas spave aie herhdrspnbgtdhyntial for
1ethels: 100Wayshiss chnmethads atesivoalyaliectiver anehke sHbie and higher
slgntficant eveal Hess-plialadelR08 LT RERHA LG PRI BRI Licanes,
PRSEsRAShiemaY Q&m&é@iﬁé EQ%Q@M%%%%M&E&%%% HERIERTSw atkeyt

Rl LD OISR ARG N dIocAIDN %'f&‘mt dgg,.@{fce $8Reous
on thgc e arétlon uE?mt e U anes an r%?mnofmc
lﬁ" rocarbon proﬂnt%n y s?cillg wa?gm%sorﬁl N, an §u

YERBOER TBPHR P HRATE EXCEIRGM REa 8‘6‘?3&?1}7&‘?885?8%"%8?&‘“6@5 2
W‘Z‘?E@W%ﬁi@é? hoth Seeramirp ¥ AP U4 BB RS RIARST-

Lin here the heat of absorptign is dissipated.by contacti the
%@ as Wi ggm SaE & andg1 é‘%%ap?ﬁg rlza?%mnﬂ'}‘/va BEFRYS ) A
s ﬁﬁﬂ%ﬁﬁ‘@%ﬁifé‘éﬂ?ﬁ%ﬁ%‘cﬁ?ﬂ&&v%ﬁ ﬁ"&oﬂi‘?&ﬁ‘l‘i‘ﬁ'ﬁo‘ﬁs&‘&‘fﬂﬁ’ﬁs“te
‘35"5‘9\5?% I uEeRRhalgA SEnEREp Tt ARtk IR RS B dasfi bpdoprpesssygiies on
g PHUing 1g regreN o duTRagPosidaehissn prbeisfopnEabelyepyogides
upikdicls 1iCt Herrpasirabiibe pisdilkitioRusirgresetforiveneedeitable Rae of
e 269 BRorteaciiosahy dthadd) zpdeduding dasboustitntmm dilute
agueous HCI using an amine together with an inert water-immiscible
E6RA Nt [(Urojairbayirreddadpeatiard hiadeasprepibgragytepgfelution of
retrbl foidinet enefficiemti@- b dathatiornprediieny ofthe cortoEbtimgide salts
foatucbivgh oaretroth gichl/ckocaeow fecdddtokbsiitoafuibisland o ®aycuilis, also
RECCaih et gl dRIviainga. (RmeRdoLsHigeEd A ReRNWILISrm carbonates in the
SENOMIcRNYIViAlIB: ARhiR. cHicinl HOGRSS-OY MMARE [ Tiied due 1
SRMENTHONQOMIalARCORIRIYR &E@aﬁg}bﬁﬁime@tz%@@ IBRrPNEe R
c%%mimqy@pw@ﬁ%f 90%&' %ﬁo{? {9{2&99@&%@% PIRLHG R (eg.,

ox1%£:s otl %' rr ?‘u Brmlp re\él a gc?:%xpng formation
Jeacthg molécular ri wi rocar on feedstoe conta

ne, un el?""“r%‘%:‘és 6"%’8‘?{%& S AR TR RIS ﬁdh"' nse of a
Sﬁ§)& gaﬁdﬁaﬁtﬁ @%H%By%%ﬁ&ﬂﬁlf?%ﬁ%ﬁﬁ@ﬁé?@%ﬂ?aﬁ‘%l%éﬁ%m (in the
kel sy iled s ereproportiovratatrdl by hrreids st ekt syeebb &F
e stigteiatky lxndibsmyitterming| kem ufthed fosh ef §03r thahfractientisfard.
monohalogenated hydrocarbons present is increased,; (c) containin
IP88Eb pordoresreria R AteiomdiomHns fWﬁ%‘é&hﬁ@ﬁﬂﬁﬁér‘*ﬁ%%&”&Bfgﬁlfﬂw and
rhatAcrnsraeofo o Tigkrershddsr oo Sraminadelilia ratenesyan hihers: @ther
mesya fatisep dtreiggha et yoirosarbionssiidasthei iy alr dgerhgaalivlerifethe bromine from
thegatestiiag on otag hdsdipliogandey eottiabiing thaosh peeo gerphraicey wibtiers;
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 alfow reuse of the halogen; and (g)
repeating steps (a) through (f) a desired number of times.
[0010b]According to a second embodiment, there is provided a continuous
process for converting a hydrocarbon feedstock into one or more higher
hydrocarbons, comprising: (a) forming alkyl halides by reacting molecular
halogen with a hydrocarbon feedstock containing methane in a
halogenation reactor, under process conditions sufficient to form alkyl

halides and hydrogen halide, whereby substantially all of the molecular
halnaen ic eonciimed: (h) canaratina 11inreacted maethane from the allevl



according to an alternate embodiment of the invention; [0018]FIG. 4 is a
schematic view of one embodiment of a monobromide separation column,
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 WO 2007/094995PCT/U52007/003091
1[00201FIG. 6 is a simplified block diagram of one embogirann nt sz?‘hss of
coptBLRUSProcsssfercuierig BIRAA SIS hH SEMSH products
ageRkding to the invention, wherein water is separated from hydrocarbon
products; 5[0021]FIG. 7 is a simplified block diagram_of one ' i
oﬂ@@ntinﬁ%ﬁr@é@@@?%@%ﬁﬁ@?ﬁ(@ﬁ%ﬁ%% ydrocar %%% ig%; ¢
acegydingHe thecinverfich “iihersa iaidy ?5‘?@’6‘8?6‘39@% t&?ter’fﬁ% gﬁéa&&m o
brasinaticnysiemdaRRARICT SIS AP BrBTBHURES SR Lonve rSion,
angRenasneiyjslkas afounctionot mmﬁcmgﬁi“é%%u&%‘&? e
aggusling locene:eabadimentof theAnve Ao risdnt{pOZI I G R H 1< ;;::1
oraph b sarivste lestivenas sasatfurbtion otiméssior e PERpEFTIRAI®
condygted according {aRneambegiknetivobihetmyériorssd BERACE B0t
DESCRIPTION 100241 The, presest inwentiors providedserbiersesis HCl in
prd"ces.s & alt enﬁablﬁgsp@Q_rﬁ&g;@ﬁ@tlm_mmﬂbmmm@qg@ for
c

%a%r?eds'cn??%r malapular weightby dracarenspipsltate;dsiag U.S. Pat

mOREEREPHIGEEN To activate 0-11 bonds, inthe deedstaakAcgassiagin usin
oRE SRS e BTE %ﬁ@éﬁﬁgﬁ?}r ?ﬁ%ﬁg’g%@g&@ss for conv@eqrting a o

hyarasasbesrRse 3 ER IRT5 8RE"GF more higher hydrocarbons comprises
the steps OL@,J r%'%x%ﬂ% halidesibyreastiiemlent dardaiogemyvificeat
h);ggfo arbon teedstock (preferaly a feedsiack contaimingaethanejedstocks

urdE PP OEEEEBRdtonS sutficient to lhalides, anddaydsegen
h%@Wﬁémeéﬁf?&%%tﬁ’a#eggmﬁ??ﬁ%}%%ar halogen is consumed;

(Wﬂﬁﬁlﬁl}‘éﬁ%‘ﬁo‘i‘%ﬁﬁ%&g A Ralides by reacting some or all of the

alkﬁkﬂj‘g{e@ eﬁ;t ﬂlﬁﬁ@&ﬁg whereby the fl-action of
monohalogenated hydrocarbons present is increased; (c) contacting the

reproportionated alkyl halid ' j ystupderprocessiconditionsss for
J0¥8dnt o fofgﬁﬁéﬁ%ﬁ%ﬁdﬁﬁ%ﬁéﬁgﬁditiqn% hydrogen halide: (d).
sepamnating thedhighberh{RAESFHERS AP HERS AEGEn ha |gag; &y © %' .
rﬁ}g,gn]%r%ﬂg)g]{%]glgcbl}tﬁsreﬁlﬁi@@%l%?@ nidgtimgrthie hysiogen@0Rafidectyitprtanng
a second catalyst in the presence of a s PEERE, whereb
CBHBMBHY SR (S TOHR MO ééﬁf%?%%gg@gﬁyﬁt%??? se_%;ragn = haiid ’
thermelatylar baleger drdnm wients eRsWRsESY BITHRASIEYSHI ARG (6@‘y anee
r%mgatggg steps @ Mroughe (Bia desied numberafdimesdThéselsteps fraction of
can 'be carried out in the order presented ora_a!tC mo"%‘iig}{ﬁ% in 2 differentnaed alkyl
orderh 8agoeR s AEeTHIY 1 5 SEEnd Adpect o? the invention, a

CoiRUAHS Pracessdon canveningsa dydtocarbéir fedaBER [HEBoRudgarbons and
mare_higher,hydrqcarho IS RaiRkiaiarmingaikytifatidedice; (e}
bﬁﬂ?élﬁ)ggﬂ ¢ gﬁ%gﬁl}?&fr ’a@g%%mv%ﬁt@efﬁ@ rliéfa ‘bon feedstock containing. i« in the
W@B%W@MPCW?&%Q@OWO@%@F%H&{% s& MM halogenation

reaciak. ynderpracess:sonditians sulfisienttbtformudlieyhhalides apffecular haiogen
hydrogen halide, V\/_herg? X}S%gﬁta?%ll%légnquom the.meleculasRalggrnnigogen; and (g)

ol

 cOMSYARS 5TREDERLIRG Unreacted methane from the allcyl halides and
ditgeting itdpack) ihtougiel haldysrdtioRee AEIBPYc) forming reproportionated
alkyl halides by reacting some or all of the 5alkyl halides with an allcane
feed containing at least 1% by volume of one or more C2-05
hydrocarbons, whereby the fraction of monohalogenated hydrocarbons
present 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; (f) regenerating molecular
halogen by 10contacting 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; (g) separating the molecular halogen
from water to allow reuse of the halogeg; and (h) repeating steps (a)
through (g) a desired number of times. 15100261In each of the aspects

and emhodimente of the invventinn it ic intended that the allkkvl halidac



hydrocarbons having a greater number of carbon atoms than one or more
components of the hydrocarbon feedstock, as well as olefinic
hydrocarbons having the same or a greater number of carbon atoms as
one or more components of the hydrocarbon feedstock. For instance, if
the feedstock is natural gas --typically a mixture of light hydrocarbons,
predominately 25methane, with lesser amounts of ethane, propane, and

b”t"’{)r%i' and eyen smaller, amounts,efdengerdmbain hydidohrbongnsaehraeess o
baeﬁ ane, hexane, etc: -- the "higher h drocarborﬂ]@';3 PE?Q#&QE@ Accasainging: (2)
withetinyentiviicar Hicles e €2'Br HigHer hydrocarbon, such as ethane, taining
REARADS RN tANR. O8 hydecaransy dvdraeticy Ny drBEAASINGT STE TRt “"
optonally e h§¥|ene’ 'prﬁorgg/(lz%@eun%re]rdé%c@@g@zﬁ&kﬁﬁﬁﬁjm&iﬁefﬂféﬁ}ightkyl halides and

Rydbaaihand PEsBinetimes abbreviated 30 "L HCS") refers t C1-Ca ating
hydragarbons, ﬁlgl'Pbﬁéﬂbaﬁé{i'cémg%hgf B%Bglp?éf%rth ?/‘%%Eeﬂ’l% ?glp ylg né,( ) separ

butanes, and hutengs: allef wiiiahsare tosriallyt gasedat Fediogeniion reacior: ()

té%epaérature and atmosgl(), rdlﬁ d@g%ssi%rgt.i]{gggrgllgpmimigi{ggl]@qampje@\ﬂﬂ] an alkane

HyaTerarEerP FEIEtEt kS A gpropriate for Use in the present invention, .« . o¢
inglyde alkanes; elgs methaneotharis, propars &y &en \ijg%%r\/ gﬁ%nggzoikol
330?'01%]05%9%% £as,andsothermixtuieselinytrocarbonsn mpsrEaegd alky

the tfeedstock will'be primarily aliphatic (jlginaturﬁm%g{t@i%gﬂ refierydrocarbons and

pralisies sedyidirlielit Ky FEERRSSH S FeAmS (so-called "light-ends % ically, ..
8, e Bfdeken G ydrocapboris), eHichdn bectisaes WRR SEYRACE: " )
added methane as the hyc onfredstaclienea embatimentrof dielyst in the
iﬁ%ﬁ?ﬁbaﬂi“%%f %“7%’“ %9%%&%@/@2%071%03091 J[;gpe ﬁgz%qemgemgen
halegensdhelsechamirecBEr AR VR ANE (125 It s also contemplated ia
that, flugting Andiadinerean heuisedidhodighuot rideelgrifyithtoe helosen. and (V)

equivalent results. Some of the assqgiated with fluorine can
likenyepaZatr 858 B'yhf%?r?ggg |'IIL%§§ E'!ﬁgg%ls of fluorine (e.g., fluorig(g as

ﬁﬁﬁ'ﬁd by heljy rg,,gligmg@ﬁh«a&ft atherdiisersyret Sis,ofé%ﬁwﬁ%cﬁ%?e grer?}tlflg?ng
ore'vigorous reaction.conditio [ agquiredfen fligheidedrtgarbons or
d@ﬁb}éeaf‘fﬂ“f?)lrﬁsh?ﬁﬁ8?%%%85%@%&%%@ to the strength 0fithge steps of alkane
flulofines parbonibomds @Wﬁ’l‘ﬁﬁ??%ﬁ?émgoﬁ%geotc%é with fodine (suchas . '
the endothermic paiueeabeeraipiddingreadtionsyesh RyHES ©° “7°
addressed by carrying out the halogenation ansien couplingaieaetiodsopgonaly.
H@W@?”ﬂé@ﬁp‘@?&?ﬁ?efgnaﬁg’;griﬁressures. The use ofgr ITHRE; QfehiQERG:dS hatide,
19prefersetirwitgtior e HaRhs Gt Bretdirad . Tot 299]FIGS. land2 oo
schematically ilusiratertwaopen|imitingraiborlimEHEo! giproledar neosen
according to the invention, with FIG. 1 depicting a process for making
hy@#carbon chemicals (e.g., benzene, toluene, xylenes, othertaroa &%&m&uy
cemppunds, ette)diaries FGxRl5Hesietiga ProlLd it Fiaking fu T%?odc%: bons
PG NS aibldicatbamcoRmENg F BRRIORNREST P of
2,200 higharalibasicchvckesaiansent optor FRFBIAART ™ ¥
hyd gggggge%n‘%ml;ﬂ%ggm@ﬁx@g%ﬁé@ thertw ey dirtrsrfrsfs eRE 1HE™
process depicted in FIG, 2. lacksthe firat.capamtibsionit (SEPEFaNTHHEE
n‘:gf?,rle’l urn pgﬂ/gr(gmlna d spegigs Lo.ihs b ominatiendeactordopenation is
“PEPTB SORIBRA R A 1 scheme shown i FhGe2 stheamanhidgphted alkaoes,
3 A0 FED " . . .
pERARBEaS B PEatee g s reéu%e significaptly py.intsogusingdightgassss
i ehe BRERTR ST A8TEP The polybromides (from methane '
bromination) react with the light gasses to form monobromoalkanes. For
convenience, the figures depict a bromine-based process. In alternate
embodiments of the invention, however, chlorine or other halogens are
used. 25[0030]As shown in FIG. 1, natural gas (or another hydrocarbon
feedstock) and molecular bromine are carried by separate lines 1, 2 into a
heated bromination reactor 3 and allowed to react. Products (HBr, alkyl
bromides, optionally olefins), and possibly unreacted hydrocarbons, exit
the reactor and are canied by a line 4 intp a first separation unit 5 (SEP 1),
where monobrominated hydrocarbons and FiBr are separated from
polybrominated 30hydrocarbons. The polybromides are carried by a line 6
back to the bromination reactor, where they undergo "reproportionation”

with methane and/or other light hydrocarbons, which are present in the
natiiral aoac and/or introdiiced to the hronainatinn reactor ac deceribead




20separation, cryogenic distillation (preferable for large scale production),
or another suitable separation technology. Methane, 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 reactor, while other light
hydrocarbons are directed to a mid- or downstream zone of the reactor
(the latter to facilitate 25reproportionation of polybromides). [00341The
agueous 1-1:13r stream that evolves from the liquid-liquid splitter is
CREGH YA line A2 Aromibageaedtioniiit 28 drygenetimppan be
QxyeReNiched gaisalsofeginie e ol plrdted ire/2epropyl
BJ;%End@ela'r?d% gﬁggs{gteﬂg&f : B oyt gRbinSAdiepiesenece of
2 Sitable catalysy, The Jesulting SHEAR CAASWAISH:MAl8s Wabwed by

bromine, oxygen, nitroge air was u SONICE, R OXYSBANAN Eheilitated
pﬁé%?ﬁ@vﬂfh@%ﬁ]éaégg?n%%g %E‘S&&‘ét stFﬁfﬁ%ﬁ%ﬁ%?ed bygg Iiggﬁ%% thrc?ugh a

hast eeiEinger 26 into a flash vaporization unit 27, which separates most

of the molecular bromine from water, ox i - othef.9as8ss(Hnd
afifjthat are 3‘_35 anrt].joﬁ}fbﬁgbcfflléyg. ?@Bl%yfgi%g%%%ﬁﬁéf@gp%@@%mg
BREETTrG S RECYEIRAR & trace o??ﬂ 2/03 .S carried by a line 28.19.8, heat
eSheremite ok REh FRHIAREH S REBrommation rea%(t)?r. WA o
2087iooabosPeF brsieonRaEst (00 LR b ioss th
vaprriz atiomunisiorrainia g L s TR BRI BRI ET e 2 &R TRy
aifineca0yteoeraistitation offbaialagrharsiasstdiiaving BoREHESREsRactced
anskreBung Qe breypeipriazcotivpecat bt il leeTriedigtnratsgeration.
reiwpeehihiesohadinedbbaskinihaitiashalbpodzaton Wi, tenperature range.
19036/} The;gaseovsaraducts pldhesfbasks vaperizatidrouwtide igpwitge fasbon
njtrogen, optionally othey. gasesiARdyRaarsy bR edcHAg Monohalides
aMUNY OF Bromine) Are GaTIes, i 2 ing, 33 8o eraBiie SaAHORGIRGL Tbmplct

Bﬁfeﬁﬁfghupsigggrgat S mo(TecuI [ bromine fram S

rEEEVERL A BPRTR &S hen %ai%??eaiﬁv%gline 3%%%?%%9% r:f géh.eggtg%fhanger
2&@&3 10rRinHoRUEEH RIS AIOMHAHOBER ACIRbcdsB A BRI BT for the
blomie ENLENng the scavendel can b IWARRL 1eAUCSH B IRGIEARIAG ihao
2PRSURI S Bromng recoyered ?@giﬁ esh SRV 8 IRIAYIDG BHRGing aromatics,
SBRILHE'S HBCHIS EBTtatt Coo ng [0 ailo\{v € Use of [RMREIAM BRpyiene)
bEIERDEERG rRA e RRC TG ates lé“.g?,cnﬁlrsc’)gen, oxygen) can %e '
vented to the atmosphere. [0037]Various embodiments and features of
IRRVRFUBESGBIP3EEREEF AN WEHSrovements for carrying out the
ioerajon Winbis bectlemetibairin ahere AheriteR 3 spSHHRRgHOcess for
190384 sanaination ohtiel zpd ioverbindabels hetie A OB e fRegrton
bed, fluidized 20bed, or other suitable reactor, at a temperature and
pieBsiire SEASh HiaetrbaRaH iR ATSRSITIS RVl G EMER y es ey
exampingmbhatnor 150uB0DSCintdraliyeatbraiirls eocBBioeto SRS
preferably, 450-515 C, with a residence time of 1-60 seconds, moreiyhaﬁdcs
pI@TEThbly HIGS dee spformitig Me i RRAORES (o FTo RITBPUOKE P°
farmedion joviniktovetteenpeditaresofdbeireBP§er reactors. Using a

fluidized bed offers the advantage of improved heat ftransfe . g%gé) Algr%gn
biHhatioR Cahibe sEhrataHcUdRTY Bear BFRgR Gt tASIRRS means Being
prefienre dor pso retenpbedipsithhEYERESr also contains a halogenation
catalyst, such as a zeolite, amorphgus alumino-silicate, acidic zirconia,.
Hifg&late st Kbl phEHTRATE éﬂff&’s?f}ﬁxé"tgf%’ﬁ%’énsﬁfnrtnolg% Er#'eﬁg%'&l(!i%%@mn Sysierm
rfrstederialilestantisedf HStE$ERA8S (the metal in such cases being, e.g.,
nickel, copper, cerium, cobalt, etc.), and/or or other catalysts as

described, e.g., in U.S. 3,935,289 and 4_,371,664. In an alternate
embodiment, the reactor contains a porous or non-porous inert material
that provides sufficient surface area to retain coke formed in the reactor
and prevent it from escaping. The inert material may also promote the
formation of polyhalogenated hydrocarbons, such as tribromopropane. In
still another embodiment, both a catalyst and an inert material are

provided in the reactor. Optionally, the reactor contains different regions or

zones to allow, in or more zones, complete conversion of molecular
hromine to nrodiice alievl hromidece and hvdrooen hromide WO
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[0045]Alternatively, reproportionation can be carried out in a separate

"reproportionation reactor," where polyhalides and unhalogenatated

allcatfe2deweP#itdwed to react, preferably in the substantial ab&€HaE97/063091

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 I, 2 to a heated bromination reactor 3 and

Edks}%fd PR R S axgmkzn Rides) nglﬁa%g?@xgo (R roces
ocarhons, exit the reacto are carrle into a

separatlon BAFETEE 5L’l%mﬁere ITPOHOLbI‘SOicﬁ‘IogI thy K CarBONS ancfrﬁﬁwatar is

5?8%5%?5’?8&??6?8“5‘51%’?8ﬂﬁﬁﬁted WO

ﬁ%&%ﬁog“ﬁ%@?cws P%Zé sded Qydrocarbons, e mP P;Pé%”%’ 5% process

n unr roc%‘gns arergiarrle y a |ne 9 through

°F.°°‘% exc ngerc%“’to a co%cpalégﬁ PRREHSEG R AR S0V T FRHRE: X croi water s

EFRSTA ARt 2 BWBE%e carried by a line 6 to a

reproportionation reactor 36. Additional natural gas or other alkane

88830 ck i n G mgrani eE BrinrerpreseproporRinTarivlPersne tield p afinetion of
%GP ﬂ}é’ E’i( Q%Qﬁﬁem @%M&M Q@W@&@lgﬁﬂ%pSf the invention; and

reproportionation reactor to form monobromides, WhICh are carried by a

eacto fter first assm he
B e P R AR Rt L g eperimen
whshettdeatipdie-dcome tOlesdsiatioTomiprse®natural gas containing a
considerable amount of C2 and higher hydrocarbons, the "fresh" natural
gesTiendis Drsuriuegnodyectly into the reproportionation reactor, and
recycled methane (which passes through the reproportionation reactor

ert?ﬁje) ﬁ?g&é{{ lﬁ%%ﬂ%@:&@ J@x‘&ﬂﬁﬁ%ﬁ%@eﬁ@ ¥cdPhnables natural gas and
é1r7 ﬁﬁ@é&%‘k@é@{&%ﬂs@ B@%@L\‘t&{ Qé?&‘h%&?é%&?&éﬂi%‘%%@ﬂt%@ f
Y%E 15%%%‘9'1“%“9@3”"&’ f‘?ts 6}’ Eigjé?a& 'Fj:eéé % m%{ccorangmne
€S

es an GO close

fEpFop o{?’ona‘ﬁon Br DSRATATSY S PLese L fRn roy vﬂﬁga"? 3NES u fcerqsé%cl%‘ém one
?égﬁ?ée T§/§E”dﬁ’ %SW@RT% ga 398 P dreoientig hall E&fﬁ%ﬁ?“g
fesErms gl g &”é‘l‘lﬂ)‘f‘mﬂfﬁb&@éﬁ?%?% ERERfRmbItR

tRethanslo ristarose| eeidons) %@ﬁé@éﬁ@ﬁéﬁkﬁ@@@m@é&ow halide,
referemoasliitaesinlin 4k off thatirelgculis indo2Ordp roportiediain foimning reprettionated
efiyldeditimigusErogessrtooithl eftichlingniatifice adtivenfakshstbeksvibethy the
retue b mekdngbgmbydrRadansnosaents heendsalosashia My the
kiioviedieRatlICABlRARIRD GKtip A aaR 25104 AR RIkaDeS I ditons sufficient to form
dibremomsiianss andiRsRiheh B?&‘Dé&wﬁﬁfe ‘s‘EﬁﬁLﬂﬁE\ﬂ@ﬁﬂEﬁ@?%ydmcarbons
@419'@,9 1AM 2R %408 @)@eé@h&%ﬁﬁ’ 99&@&@ %955 WIS %&%%éw%@ogen

Cf vyg{g@n&q}%@ Eh aretgresent NCe O a source ﬁ eln g 58 condmons
eleva e ?ﬁpres ure

dition, re tion proceeds more
35 55 i ﬁf&?ﬁ% B T T PSR VRIS e Fom

ﬁ’&%@%’rﬁ'ﬁ?ﬂ" ?@%?&6?‘%’&&58%{.%& (RSP Bedte R IBRYR A e dpamber
efdinpet; ?ﬁé"é‘é'@ﬁé@?@é’%ﬁﬁ’ﬁ%ﬁ%é&@éﬂf%“@Femﬁﬁh@fn%g@m@m%dﬂmﬂf
pedrbportionation step. Using di- and tribromomethane allows 30for
controlled bromination of CI-05 alkanes to monobroininated CI-05
prazspalkanesang 62 Qbopleiinsc-Repe padinnalie Boafidinagrocess for converting
Iriyavaanmeitane:iec iiatesd gl iBLmReane. 48NS ESIAPLEING steps of (2)
Rromipationniy G&%?M&Lﬂ: MUE%EM%@%@%Q%%Mk containing
enrich the reactant gas stream with C2-05 monobromoalkanes and
olefins, which couple to Liquid products over a variety of catalysts,
including zeolites. This is a major new ﬁrocess 35advance. [0049]In
another embodiment of the invention, reproportionation is carried out
without first separating the polyhalides in a separation unit. This is
facilitated by packing the WO 2007/094995PCT/US2007/003091
"reproportionation zone" with a catalyst, such as a zeolite, that allows the
reaction to occur at a reduced temperature. For example, although
propane reacts with dihnromomethane to form bromomethane and

bromopropane (an example of "reproportionation"), the reaction does not
neetir 10 an annreciahle dearee at temneaeratiirac helow ahoirit BOOC The

f—r-"'U
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20recovering this bromine from the decoking process. In a preferred
embodiment, a given reactor is switched off-line and air or oxygen is
intr@RFTEMbust the carbon deposits and produce HBrEfEHYHE7/603091
residual bromine residues. The effluent gas is added to the air (or oxygen)
reactant stream fed to the bromine generation reactor, thereby facilitating
complete bromine recovery. This process is repeated periodically. 25
[0053]While a given reactor is off-line, the overall process can,

m Ve“'ig'gﬁ;lbg &{@é&&gwmamp&ségyammmem (985 R tides
is arranded In paral &s\éva&%ug }(aﬁ%%%e%&é&ﬁct%& ﬁ%&%&mﬁ&m)

agror%lna%%‘n reac"tors and twin cou reactors can ch with
SRS BASAEEtR v%%&*%eég B A8 BB R A R 0
hs@mtwea?tewa. arPiptiRl iRy I SpaRrariRe S8RpSy 2l of the

ﬂm&%éﬁwm%ﬁwﬁm@ &%%ﬁﬁmﬁd PHEfERRSTHe2-C5
hpaimooiions eareintiecian iy e fonarkilogeloBs Airenrbr i G e fcotased;
{thedegoligthpropessriveive sikphdiddativi: ddraidnghmimpsrpalkeeapmditions
stfidise of AlkangicyHyitbarhynredidceldictnihkylbsgealfatderi doprodngt te
HREE TR GIRXIBIh SR BINBRIr0fdh B HRE €8T lirRAHe meahna eiicafine
cHRGRKINOINY R5893-A RAUILANE 3UEh-AS QXY ndlk HeQRECBEE Qi 60dR¢ken,
%&EQ%HQ&HQ&%G&E@&G%%%%&Q&&%@]M GRERER LI 0XderaReiQY he
&&&8&@%@&%@%&%@2&9&%@9&'Qﬂﬁgﬁﬁﬂi%@ﬂ s &) EEH%@HHQ SHps (a)

té‘éju Qff gne C{%CO%B% requirement. W
4 Fho1 1[0055]Alkyl halide Separation

%g:hﬁ:%&%ﬁ%@ﬁ?c %%&W%smma%@mmmeﬁ%%m@aﬂ%
%&&gg@g@w@@@m %ﬂﬂ??&ﬁ}e %ay R 35635 Ene) or, ,more

Eﬁtlot%ql %‘ cat%)? Sf%C'ga'iﬁ‘“e r%glﬂl%t%gn of ?Q&t' e, etc).
GloTnS 115 desitable {0.1eed only mono! esto"t ’
S R TETBRMIEL U, VS GBI R ERREpe, e ) e
SHUE M8 lgos/pé‘eﬂ&%ﬂg@p%frma Attt aiigres of aliphatic and/or
Wm&%pﬁmﬁﬁﬁw&em) higher iy dseHhagsr st
Hodsrarenekaring e sedistiiatbrr eblarhpraterishet ke ariveeresremangpef the
Hy&hfabidn EOEIGSE. 4 wnl 8)ateimipcdeditbasiarte thesaonoln gmitle umber
df eanbihcapehgheorminated:s petigs:bytifitia bsitve datge disliteciceror helange, if
1RO feta i dh & eemppiRdeyFibaipal yarominateshopatiesthak Aedeenveend
ASiRe: DRIL RS SIEALEUT REFRD PPN BAte W) AliCaneSli R Bmounts of
1QBOHAMINE-SResies aod AlSHRS.S LD he bramiuaierIRREIARRLIYS
%8@&@%&%9&&%%t@mamm nllnssdd%'"atm GPHIRR &memh as ethane,
‘"ﬁ re eb P e%nyre of from 1 ago ne.f h| %{‘es re§hfmtle
F ﬁ’] “Eofidens er ureﬁ sed. fhex ucw;%ﬁ ol
pf**f’?ée%%t °ég§ FERISR r%%?sﬁf‘lt SRS LR
AFERaAY ‘Fﬁ’oﬁ%bﬁb Ht?s ??%W’p%'@?ﬁ’?ﬁn‘? e, propylene,
%@AWF%MH&W@W@W%&M&%%%F%’&Fé%cﬂ%laﬁ?"ﬂ’hmc
PYeessing through a heat exchanger 50, and then provided to a distillation
column 51 equipped with two heat exchangers 52 and 53. At the bottom of
(802 BolumiPhentes erarRiey P UCREHEYD Erietk R BTt o 5 riR e
FEBTERh H FRssios Xesludn ik assat @  dacH pant PR HEIPSBP, A4 § CEriftRSF alfowres:
i s ratiopl skt ot oths reinricheel ity gokArbonsidasntasid sontiiniiaedsiock will be
paixaEei i aliphaiti o nane uDdofimo helfireny deseics b givid highaynifoomrbtinestreams
(Rbeigslatignteaiimapidaapotybrorisos, are; passedrfamepobhaoihesdeat with

oexahAngeldd iganyartibanbasihia AdeebeiRdRabaedailingd f@vention,
the bromination reactor (or sent to a separate reproportionation reactor)

for reproportionation with unbrominate%i alkanes. At the top of the column,
partial reflux of the liquid from the reflux drum is facilitated by the heat
exchanger 53, yielding a vapor enriched in lighter components including
methane and 30and a liquid stream comprised of rnonobromides and
1113r (and containing no more than a minor amount of polybromides).
[0059]Alternate distillation configurations include a side stream column
with and without a side stream rectifier or stripper. If the feed from the
bromination reactor contains 35water, the bottoms stream from the

distillation column will also contain water, and a liquid- liquid phase split
nn the hottome ctream ran he 11ead to canarate watar from the
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According to the invention, any of a number of catalysts are used to
facilitate the formation of higher hydrocarbon products from halogenated
hydMeamudstonlimiting examples include non-crystalline ahamirsese7/ee3os:
silicates (amorphous solid acids), tungsten/zirconia super acids, sulfated
zirconia, alumino phosphates such as SAPO-34 and its
framework-substituted 10analogues (substituted with, e.g.. Ni or Mn),
Zeolites, such as ZSM-5 and its ion-exchanged analogs and framework

itut ZSM ?at(ksugﬁptuted Wu ;I'é,rgrgmll + Fe & §f%{r
t% ucl % | at roo rocar 3 cluciﬂ
“8"1 % ﬁ‘avm & 3 aﬁ Cs?é’fi‘“p?é'f %’l““’ alent

rB@fHﬁv eaea%‘ahﬁwe??bwaaw@é BP%QW“RI B?Fhmiﬁ %ﬁﬁ‘?ﬁﬁ"%ﬁ rusing
HleretiegresehBiré 16 fratiessrasiadyBeling. aiyoge. of whgr Siueat. It
IR exrRB e ho @y eN thel umndRe vViBgyo PFepticer @i P! b8 fomuired fobalkyl
fwitmdedoasipard Saftshigheshyixturds o, seitse Tivesprepdrafitn Dfedpetrbon
el tSsnd pelyhpib blemomeriived wisliodi-RQW NN gsahtadyStahisdirscte d fRertain
BatentRubheptaniNey US:2805QlA 1393 Mk atagasdmattiGhdeor coupling
HHCHRRARGIY (SIRRRcRNRION Rds.aRtireh: JO0SDIBHRREe SUNeginNaNt
Ak NveRion8:Maxe a0l ZaM-5 zeolite having a Si02/AI203 ratio

of 30 is used as the coupling catalyst. Under certain process conditions, it
paugrodues elsiedariastibily ofligtid RysliearhnmPeatidaiments of a process
100631c avmlingwhhaloatisenes PreiREabl s kRIS hrRLING fyedhatn
Siglized peg &%QLQ&&&B!&HP'%&%%&@ME@PL%&W s, Bdric. 2
&%@:&9&% el ?5?91&31‘ g&%‘é& %ﬁ“é (% a%b% ?o%f!“lm a

%:1 a(ere%eﬁnce "}?:g/ nveréln‘1 eag anf' n%{gob (L
R §h°8‘r??8§?&fetﬁ’é’e RSO Mﬁfafgﬁ fefpeted in

1 toagsiy) i %Bﬁbiﬁﬁ%fhﬂgl HBSS AL RHaY romineted species to
%@IE&WWW%@‘@%@W%%H%%@M&EW fethe amount
einyobaredpgravduess dumdectirighifivaetis Aot drrpdroinglighiaastes into the
BOmwdtrateresitl chioeptiyizaiides (omnustiame dmotlatiate teavtpeithbedight
Sa8:Ooplens antbmesiidene Sriedhecpiademirafheandpprenteciitterased
prasaticfimetion:(Rapsanent: KuRNBveriR NSV EVRC SHYRRES: oBdriMokens are
educed when the product of a methane bromination reaction is fed into
a coupling reactor packed with a metal-ion-impregnated ZSM-5 catalyst,
wiase thesinpeegniatiat.meistialAgs BaaRiHesh@eyGibof Gddstobit) M@ molecular
Désnig £Dcdre Db BEPErANEhREG ASMoS GaialiBrisndealys tCBY 58nd 3illdwed 1o
2844 rasid N du{Byailakle 9&1&&@9&%&5&?%&%@5@/@4}%&0{%@96

/hdcabshicastan IBRRCIAIR ohder §y ANdAd GRIPLARS IME.A5A tnit 5
SRERI5nIOIEN RRY PREANGALE B PIRIOMINANE RISOHG S he M

%Icoar 0%%0 Ct CUVII%%% gzr%% % gl C ntréqi g'mmatton reactor,

once tratlon O

SOOI ﬁﬁé%erﬁ’FSHﬁ’EQH“&P?eﬁ’}mé”ﬂ%‘éaBS&Bﬁf?Q PEISE IRt RRRAsp e, Which
%@é’éﬁ%ﬁ?‘ﬁaa*fea‘?ﬂ!"ea‘rﬁﬁ% aBlerduERirgs s e despinadnreRerigcn dremtpeg below.

ed hed reactor configuration for the c ing.reactqr is anticipated in
A et ?? RRTARNE: (RS ICF BB R e R e
eé‘ﬂ‘?ﬁ?saﬂbea‘?f‘ﬁ?tcﬁf b“ ‘Qﬁ%ﬁﬁ‘é&?ﬁ’ﬁaﬁaﬁé‘ﬁﬁ&daﬁ%%gstﬂ’é amount
Hrelkirpreasd hyBecribeebiaherierie suRBEIRESIRTp I &y BT TSheet the
e ap ke bacionss dubke fro il foarblac okimdjnar forsomeTgtHarge scale
rodsoimSifiutametid inydaneaiemeanibpoatib e ienthlepedditioationppriido ctnits,
separation, halogen generation, and other units used in the overall
process. 10[0065]Hydrocarbon product separation and halogen recovery
[00661The coupling products include higher hydrocarbons and HBr. In the
embodiments shown in FIGS. 1 and 2, products that exit the coupling
reactor are first cooled in a heat exchanger and then sent to an absorption
column. HBr is absorbed in water using a packed 15column 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. liBr absorption can be carried out

either substantially adiabatically or substantially isothermally. In one
ambodiment the concentrationn of bvdrobromiec acid aftar ahenrntion
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WO 2007/094995PC1711520071003091 1with a supported metal or metal
oxide catalyst, Nonlimiting examples of the active component include
coppér2espperoxide, palladium, and platinum, with palladiuradyeinger/eosos:
preferred. Nonlimiting examples of support materials include active

carbon, alumina, silica, and zeolites, with alumina being preferred. The
reactor is operated at a pressure of 0-150 psi, S5preferably 0-5 psi, and a
temperature of 250-400C , preferably 300-350 C, with a GHSV of 1200-60
wqucErEfex%? blgr ggr%)&/ Qlee b{lgg%%gggz gé’gé‘els V?Ii 3(?1 s%%grgﬁgg ?ﬂg recycling

reactor IUIS, readily"con

O BB BBTRS (g o §e€l§‘f)’1§rg‘8 aewa*g%%%a'aﬁcfée A¥HoN B‘F?‘E‘éﬂ%%?ﬁ““‘emem
R e LR B
Wﬁ&h respec A rﬁ%ﬁ%%me\%/bﬁ fs separa e fanger 8, and
TR ARG Rt BB BR BT RRIfE &Rtk §%ﬁﬁ“ﬁ%"e fyHRietins
YSRGS AR EFAp STSERRS SRR RIRE sHebrb iR AP tmibishes REIBABBRRM e bf
higheirivahoiennbensc and reseih ivarsttd Segmcndaiond tlleigregdeerinthe
roppling ticnsionitndSHSERIHY in dhiedl G 8uowvghishotpe e uding pris sarfeenter an
1B ebap izt i WiN Wadecritiondunsinbeahe Wdisdehsglh aratiantcdiyo RN iEBr is
Biskitadi cnprefeaefionignges seatequatiaiionier gammal whtidting Wvice,
'ﬂmﬁﬂfg ms&%sgm %ia&@aydmﬁammg ﬁéﬁmdgﬁ%ﬁ%@m I8RGWEo a
HERY-HgptilHlithe £6) W S {FH B 1S Rous HBr
T Mﬁ@@&%&ﬁ%ﬁuﬁ%@&@ \ﬁeéxrﬁgé*{ﬁﬁaelﬁl%ef%?& (§ ?}%Jaeciean-up
mgp{s, g)aseléI ﬁS%QE 1 |on ;)ec no es that 20can be employed for this
nc

purposel are not?mlte to, distillation, pressure or temperature

;@ﬁ@@p adgeiption, A %@@%@m&p Gisees AR 1A1N. ARG
@E&’ 8&@%%%%\’%989:%&&&2?& ke P&L%W‘i% éfé*i!&%s%%&i ([R50 41

HBr IS provid rms a hi é] azeotr ane

th&mae'g an?ﬁ%% qme? %Jascco S aratxcm )

aratlon o rom yeous solution requl
eﬁh&@rea& %ag o) BT O P PRy SR RES Desed
é%%ﬁ‘?@‘bf’é%%‘m’é"g\ﬂﬁ 5’& %ﬂl@fé’?’fgﬁlﬁ%ﬂfﬁfﬁ?ﬁl’é‘% 8?1@1“**“’*‘ suitable

%Pﬁ%ﬂﬁﬁml%ﬁ APEtG A BISIRASHON PR féshS SparenimbpRBirFisRmed to the
WRREdRRtOPARER R CiAreReeH PR Hist Patidh dolthnvooBlianmntsBIws, sintiamsds
dirpdted Wistillaeirstroangion b "Eoeclistiftateronmtomargcisoxbon tetieshght|
adrocttesf anaddechadone endbodinentrthe disidlotithn catmn (H206kHs & facilitate
Maypaneiaasa gdacigstaalagnn. Conventional ceramic packing is preferred
over structured packing. Aqueous bromide sale, such as CaBr2, is added
{8638k tobé teueadistifBdiotreotiuhhe velseitinopirtith & pdrdigtivhsplitwatecdmed by 2
lagieau s biBmide genceatise nmiadip NOkpe=ncsin) @b igethecdthedzaAireboifed into
R3S HERGHQ Bepitbbiniib a4/ apRndond Reha SHsbl a§QBcoNm: The oxygen in
el fed siERR WAl A0U S & AR RIS S8R DR ANARAIARTIPR SR omine,
AOen Vi PR WD ISR N AL QE PR SOCUNR pd B RN S SILC s

J{@J&tqa&m%meﬁ%%meigm@f“%@%ﬁ&ﬁg%&?ﬂ;&g Al aBl 880 on
t72,? isin mos% gegﬁan%gg,&%nbre }C?ggéaces 0 o G
evap(’)r Toa) s &r 718636581 ’ﬁﬁ?ﬁ
é‘%ﬁ%%ﬂdﬁ%%‘?“ﬁé’?%a&?sﬁfﬁﬁ&‘d Nolgoyies broming siiasng Uatit ﬁ"’i???ﬁéa“d
predaneasvmanedhea RS ﬂ#&%@%&ﬁe%%hﬁfrﬁém&# B BratsBigAridh and
thengeiompd totisChrpujnpgerraactbhigher hydration energy than Hitr. The
presence of the electrolyte pushes the equilibrium HBr'qHBrua, towards

gas evolution, which is further facilitated by heating 5the solution.
[0072]Aqueous solutions of metal bromides such as CaBr2, MgBr2 also

KBr, NaBr, Liar, RbBr, CsBr, SrEr2, BaBr2, MnBr2, FeBr2, FeBr3, CoBr2,
NiBr2, CuBr2, ZriBr2, CdBr2, A15r3, -&Br3, YBr3, and BiBr3can be used

as extractive agents, with aqueous solutions of 10CaBr2, Mger2, Kat,

NaBr, LiBr or mixtures thereof being preferred. The bottoms 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 column. Sulfuric acid can be used as an

extracting agent if its reaction with Her to form bromine and sulfur
15dinvide ran he Mminimi7ed Evnerimenite carried noiit t0o demonctrate the
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2HX + 1/202 ). X2 + H20(1)* WO 2007/094995PCT/U52007/003091 1The
process occurs at a range of temperatures and mole ratios of hydrohalic
acia¥Bdyranenolecular oxygen (02), i.e., 4:1 to 0.001:1 1-1%&9&is007/003091
preferably 4:1 (to fit the reaction stoichiometry), more preferably 3.5:1 (to
prevent eventual IIBr breatkthrough). SHalogen can be generated using
pure oxygen, air, or oxygen-enriched gas, and the reaction can be run
with a variety of inert nonreacting gases such as nitrogen, carbon dioxide,

n, helium, and water steam being present. Any proportion of these

argo
Blﬂqéék carl BELBRTDIMEFHE Kpegales it erarimirmitinds e rigroteular
Bromginmie asteby b iee St e artisHiitien Wb ¥ riichaisids srattate adetires
Heest g ifEdra e rblogEe et ratolopatd yolistilist 1 Dpodisilettasusamed
tmeupjpeliof Satedyktotia Seshbimatizatiof anit-number, configuration, or

roportion of catalysts. Oxides, halides, and/or oxy-halides of one or more
I, e st PRSP IR RSN ARIZERE AT 1P BT AT
eptorabipeaibat 2HeS,; Andrecprefe thisha MioO, SiceBmornGYE ivhmite), @ocaiied by e
By, Brip erv@eniiheamestipgefetddlovbada bestsare roxldesatiakidess Anel/Ore other
ospshdlidascok-Gel BRGSAthougheaolyairR B yHlaagh), the: taldouing 29 and
RiuAinBease-RnBidaTREHRNesRRalineanidhie SIRREHY Hrlieveadedakager can
placeivheR.sHE ByRiRHRISAre Aasehio StaliEe 12al0eRA fRAIRR SRt
gxﬁéﬂé}%@% ﬁﬁ%%!ﬁdﬂgpégtg &Qé&@ﬁﬁ%g& Iéﬁo%% 8%90035 ﬁfg&% g?%gﬁ %lauées _‘Eelow

i Wi |

A d %F%%% HE Zf)rgl %ﬁé" ke %ﬁ;o%gﬁgéﬁ%%%ﬁs B 2'5‘3"?8%‘“3’
Pesel oxidesiasvhisbdneaiat aaesshanaewxidelioniaiass Thengt
ISBRIRIAL () SafAhAD Gt eitibh ek B dedl2Baati? D FHakt)

which is equivalent to (1). In one embodiment of the invention,
[usgine igpsathagdie halogenating agent, and ceria (Ce02) is used to
catalyze the generation of chlorine from hydrochloric acid. The 35following
H§3ation Bevmvetisivef trt hygresebtativeis©ed & eatit@ but Be@i2d-b&HRGdized
448) o G 2uit @t BaDR at ID(PErbied and pressure such that the bromination
PAUAD SADRRREHTY WD 20604/ GEREQN iRy, a3 @YERA 5eF0UT 2ked preferably 400-
600024260 1674 EABNNIChsts 50 SoimaleBita D IR0 ZP1B0iS RO trore
gaﬁgﬁ,gwte Mﬁ&amgmﬁmwé?ﬂydﬁ%gﬁ&%gmmw? Jow
e DS ORAR Y QR LML BBl e RO
e employed as a halogen regeneration catalyst, particularly where

@wayine is heacRAlaRg haledenation Witk shlofing & alRR 4aALIO Welas being

SRRLA {RBILRARIA A Y R SR SDRANEEILS UG NCRIR Y o

zQ i@a%&#{e}pg{u@gon_gﬁ}%%spgcs‘&%l’%r%gms UQQQ&%G ¢S né‘?: ogoss rorric: ids, metal

na (’)ro.ugda umjna, LEf'ﬁca, Zircona, ttania or mxiyres therdor, or anotner”

LB ELBER R Por ORchReL BRI s

Eel & MSENESERS Ty SoBBE00 1, Hidratoretatifrastialisty e described, e.g., in

BRI RCES A At £y e 25t HiBRete parkiesisesy (s TTo0R? R9BlgERmPoTous Or

RfemeeEe inprotdets! Sothpreaidesanifimaiteuiarhalcgereitiateie forbed in the

wegaratadfegent hofoge pseadnge Mbv dkb efsreith enhg lgeprisneadie thinitition of

b hycecard andiecastask )My eithenttplogen:SIR@MIBRBr embodiment, both a

RUFRNEINABIrlichariauid AR SRITHISBENISY RSHBRING ARE 8RR A8 Rins

@f?@ﬂéxw W&QG I8Fodr Gk GX AR | ?ed&?&ﬁr&mg%mgx@}o%%ftﬁgécplar

H%%g%pgé%lgﬂgﬁ%ﬁnﬁég %‘étk!?fi?éeq fo separate most of the bromine

from water, simply 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%

bromine. However, if air is used in the-Bromine generation step, nitrogen

and unconverted oxygen are present with the bromine and water stream

that enters the flash. 25
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[00831The gas leaving the flash unit primarily consists of nitrogen and
unconverted oxygen, but carries with it some bromine and water. The
amowiet0éimwemie leaving with the vapor phase depends on taausaeerso3ee1
temperature and pressure of the flash. The flash can be operated at
temperatures ranging from 0 to 50C; however, a lower temperature (ca 2

to 10C) is 30preferred to reduce bromine leaving in the vapor stream. The
vapor scream is sent to the bromine scavenging section for bromine

$\ﬁrery gobne ei%rakt)g%mg%toéhe er tlng pressure is 1 to 50 bar more

e s g
ﬁ%’stantla feduce the Te mperature of thesfrash t & gffﬁﬁ’
iRl EL I Ch e S s vty Bﬁn%“slfhi%’&‘i" bylp generate
teriseiratUiromireted BorGns)] GiBeCnttaidntive tediporsatis: lowditithanre
thatief the tiasinaden soli stamtialiytieducctheadkdonindseavenging vessel.
rdguireivantofcthesrcavergingemnitadap otz hguthe franineduseating bene
bréne b ReBIacHuT upéth du thend@alinga@pleyed to facilitate
concentratron of the brine WO 2007/094995PCIMS2007/003091 Ifor
Repappeodaimtdoliromine recovery can be carried out either

contlnuously orin batch mode. [0084]Bromine contained in the water-rich
19943k |eirrn el Bvrgticr rasteetiiend difeintivatipnds Sveehbyortionation” of
pivdyitkdterna®dividmenbensirolyhalidsihg. antinlegegasd bistrpathersraminiging two
froneth balvate rpineses(desecided Myndlayqsiliska atk ads opiinhaliasd dreated
doeifipiis haleparativansRiiettive danae R plelnaamiesiian &elgrifitanbsequent
toupieframing s eonasentb saserRerAinialen o &%@?ﬁé& PERALGRS,

me%ml%w@%aﬁairm slillg. WIS Jecveled RAGK ws o
srb&féﬁamm M@J&Mﬁ@r%ﬂ@ a.e'irl Suelip: tfeﬁgga?fom'” Hlktides

re% ég rsrbIQ/ aElcwater to fo Bu T amnt r.an
atr eme tshgre?ore pn) [evels 53575? 5 s, o

°ntwesen’?|n fhenﬁo?t ?T%ngpégﬁmﬂtﬁage&?éaﬁﬁ&ﬁﬁﬁﬁ%fl@fﬁm?& eis
F&%?ﬁr Y rr e R MY L BisRide of terememe e s irasnts with propane to
fﬁ%’d’ﬁ&@é‘*ﬁb Reapride 2at exppy bmeids asdierivep vireecend rediadh-the
ﬁ nt nt of the water to below 10 ppm range include, but are not

d to R S ATRERP o ieaRfion b A arlshrd b aarlrﬁ/ﬁr'o*arﬂmeraerd

§Bﬂ8’f|€’%‘8 RGP Ssetiith rabd i rsatied wreistforieewater

W‘P&ﬁ?@m‘?@ WePrPdas e rantishebrrom oS medsruimdiinstroisne
RiAeHA reptthardtsiaaimbt sl il e ouimivigr thaldess ot bigrindilpiteaiaiesactor
istauiidy R pred cloriring exwatesstypdyhatidnsalbertfereaepu@ietonsiRg of higher
bonmidehan e sesinglheleatpiieriicaldneanso[RRSEIRaGaMe v ei-all
dplagraiiofaRser 20hH0iNRE ANGEMNGLARC SO BFIRAIRL EARANR dltkinperature
HketRrred SowninizsgJnal complaialy lininate. loss of halogen utilized

in the overall process. Molecular bromine has the potential to leave with
[eenspd nikheRaivEly, UBSEPUAIIRGRKYEABdHiiscaduE APl pa-aletBFeportionation
rgeneratinR:EOMINMEC AV RANRG £aR DB CAIIRL: QM N ABEth CORiaNIRG ably in
(B iMALT - ek lgPdag %ﬁypﬁﬁrrs%rareﬁ%qgmveﬁsségr@ﬁ where,
fg} SQBEW&W gr ma%t%%tén{%% o@iluslo Ront% g(r:%}iturai gas or another

m ment of the Inv ntron
: e%%%ﬂrg?ﬁ\??g Do ormegl we'ﬁ?m arr}arfme% £ aﬁu?@%‘a‘fe m%}nz iRyadyeated
t5 205" 6?61%&%@%83&%5@%%9 L0 IEB I S D PRy
B PatEl BN P RS et PRy ST R S FECEATTRRS B diest rigtp adires sep@retion unit
SdrhigRetisfe farapiyamigoe g cHtsinme i atratetrertsh Sdittioihrpyninated
02 in the bed during bromine release, as 02 will oxidize the metal and,
over time, reduce the bromine-scavenging capacity of the bed.
[0086]Construction of critical process-éfements with unique
corrosion-resistant materials [0087]Corrosion induced by any
halogen-containing process, whether in the condensed phase or the vapor
phase, presents a significant challenge in the selection of durable
materials for the construction of reactors, piping, and ancillary equipment.
Ceramics, such as alumina, zirconia, and silicon carbides, offer
exceptional corrosion resistance to most conditions encountered in the

process described herein. However, ceramics suffer from a number of
WO 2007/001005PCT/LIR2007/002001 diceadvvantanece inchhiidina |lack of
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30suitable low-cost material such as low-alloy steels. [00901Figure 6
schematically illustrates an alternate mode of operation for a continuous
procesxdersesnyerting methane, natural gas, or other alkane fegasiaekessost
into higher hydrocarbons. Alkanes are brominated in the bromination
section in the presence 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
bromination reactor, where the light garPs_are reproportionated to form

T P T o e SOBIHb SHRIEELRYErBARgRAge caried by
@Msﬂw@@m%ﬁwbﬁ, mmg@mmcmr 9, and allowed to react, as shown in
EI00 71094 095 POTiHeS 2o 01683004 libw Ritshai rreltrde 6 Rafisn apRptor 36.
Aadhiebsbmides gsomepelyiron fiedsiand By alontpwitinaniharmpaptedonation
ralsanResaareniten sentiedhe-cotiplingeastiomihhiedcouplingntedusispardonation
bl Foanasitisalissdichilasrblighaiydiorarion RIOSMEE Ractor 9, after
£aMNed A -8R AT gRNICRAARgSrom the vapor-liquid-Liquid flash, while
agueous HBr is removed as the heavier phase. The 5gas stream from the
faskis senidennsapbsaiinmcysiRmntaieee (estmethay) ek dighigasaton
fdiighoRrRrRuelathRAnk:19 JhaDreP NSRRI QRISRA BN higher
E%‘H%J@WX&JV n%&%‘?&ﬂ%&%ﬁw&i r&fQ&Wt@%ﬁE Rionation
S Sl . ﬁﬁ%%@ﬁ&?&%é&%@h&% PG RN A NG

aqueou ;Br stream coming oyt of T the vapor- Igrwd liquid flash 10is sent
10 the ¥|$§ water separation syster’r{g Where water is recovered. The

[BRFY AL ORGADOR ERTIRC OHL R 1 B A QR N R R BIRIRLES VLRI S.

Rk, %‘g%%&ﬁi stillalG;anel he.RONOMER S IR AAGUES 5&2&&%@2&9&' z%mes
oncentr%yon tri')(}"l ]fBrf n the fe gjfco the d{g anes using

€P§ 4620 BAACE
ue u Ir m IS sen romine ération

o 8‘ﬁ ’xﬁﬂ%‘é‘?é i ﬁg s éw R
‘ﬁﬁaﬁl’-‘%‘é‘&ﬁ'@% W’?Wﬂ&ﬂ?éfﬂéﬁ\?@lﬁ%%ﬁ%ﬁv@%ﬁ%ﬁéﬂﬁ fhein phlnyifgted
Waingusee MR FRSHRAFE ProitecsRirated &y EIRTEISSheTRR itHB SRty Using
rgerveratiorniicn drdharniistd afia edntigupes ateckfeoin tiguetckr)eRy dfirdsctive feed
pocisefocthe baifortion yddighEomiieterson\essionsobé4B disheedzoassagwiedge.
the bromine generation reactor. Periodic decoking can be carried out for
4 BromRremiererrissrsies ricnaficrelangror it dimpg eesthere aogier giber
tsohrimedse ety ovskinge retgoestreapd H High Stied thotthentioaiine
tgeperstionirpeactog oi0BOBdRothdeEhitnacus rotess thitelirrati® iging
1sbaidaEd. Fliadditdik aapsmieidisivingateekds therdiainaiicserntigReniie (c.z.,
PIRIRRCERYBIALPENAM i grRinmineReganerationdogkiding resysied
WSlRhENEBIRE BaioR-RTeRHGIR AWRIER: e AR AONRN epida AN then be used as
mﬁ@m@&%&m %ﬁﬁ%%@ﬂhﬁ{aao@mgp%@%%&%&% ¢ allows
SRoRaalan, SeGloR Y. 1e N AN O SERGlor ST D O 858 une

seé’xr%% operanios alkybramides, uei gfé efszff Cs b %ﬁl? Kaethane
@ (r{una agents: Ra Broportlona ion produ FRORGDOM,
“c?Fé‘fﬁ‘i%“’ﬁ‘Qiﬂﬁﬁ ‘a“ﬂ%‘f}ﬁ’t‘% SR AR ECuea ity meghan f’aﬁayakyq& fé&?&aﬁ
Wﬁh&@ HACARE BRS SREAD AV Bh SFratfonair etk angs awd ol i i@ hich couple to
lsppd rmeductraryetiae adieyt bf ortilists, Meindbeorendies. iTHiciniapaimompdprocess
stvazom are separated from the polybromides. The polybromides are
recycled to the reproportionation section where polybromides react with
[k cyde gates tbodimoie fifithea MY iérTo Broridei oD s THERRIE o gout
B sapantibn froyhaiidealkyl deremitescin Pescafietieet ihya8%ing the
distillation column coupled with a liquid-liquid flash. The alkyl bromide
stream can contain HBr. The monobromides are fed into the coupling
section, and the products are sent to a water absorption column where
Her produced in the coupling reactor is removed from the WO
2007/094995PCT/1152007/003091 products and unconverted gas. The
liquid outlet of the absorption column is fed to a vaporliquid-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 to a separation system to

separate methane from the light gases, 5The recovered methane is
racveled hack 10 the hromination cectinn while the linht aacac are
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[0096]Alternatively, extractive distillation is used to separate 1113r from

water. The separated HBr is sent to the bromine generation reactor,
wherecmamisgsts generated from aqueous KBr in the presenca-¢fi@ser/coasst
oxygen, or enriched air. Complete conversion of 1113r to bromine is not
required during bromine generation. Periodic decoking of the bromination,
20reproportionation and coupling reactors can be carried out, with the
bromine-containing decoking product stream being routed to the bromine
generation reactor. [0097]The following are nonlimiting examples of the
INCRIARRIHOHPA7DS Cith Brotalyse sudy 5raBmRitiRy Wit MoBmibRT oo occur at
et ReRRTSo v REgsmirha e ch kranen 2 SroBovi fibremen(dthane to form
beasmmethang)andibremetsirade(ithenirage ni(kSrsepotidnation htthe oraction does not
tenwp 6 aturppvte sbin ikipgd et tanepasse ddle uhbua JOT. taperabdeczeclite may
bbb epiogbaideinine othe £ 4N iehpibdure, WasIHERPeeRIBECHAs methane
pigReaiRdOlassdmba el 006 rantbbiaminalipel e MeANHOYHIR6EIdes
Wit AFRstideRaetime Mbie) Rhdasconds,Producing primarily

bromomethane, dlbromomethane and Mr. The stream of nitrogen, HiBr,
ggartiayathsaraisated bydiocpdeanivgas combined with propane (0.75
sccm, 1 atrn) in a mixing tee and passed into a second glass reactor tube
#0525 C Wnehitabbysichivedertivgact! wild Yeafr60 shérhdhaesecondré agtoptutbe;ation

- poiyissemifateBychacahiongt e:atibif) 3r2 padliBrayna g tiveitak®ts may be

peephaedbpiadete;  eRopEppaiatc thRveDsOpRItaBaikyadesi dalizackbYquired.
hedaHinn R FRACHRBoVREdRR! & ithin IS S 3RE & foRhEABEASR RAYSSo be
h%ﬁn@%ﬁ?{%M@%@%ﬁﬁﬁ%ﬁﬂ@éﬁﬁﬂﬂﬁﬁh@%@%@&%%OJMQ% COMRAIDINGss of
M NaQtkvhicheuiralized e, 415%?1,%% exadecans gsggfg ULl N—

octade decane as an mternal’ standa solve as muc
ﬁydrocarbon products as possible. Volatile components WO

£].094295RQWS2007/003091 like mathage aad.Rr as me
%&@Mﬁ%@mgﬁ%ﬁ%@% %rocaf"on;ge E’§ ﬁ%ﬁ%ﬁgﬁ ver t: ﬁr

uantifie as chr e resu marize
;gecov dthgbq arsop, tf rea%t?ons were a%o run WI \kllgn%é &&Ee"

I co
Beaf“’ﬁ't‘i%é“’% iehed ;% &h"\ﬂﬁt‘?f‘ﬁ%’bé%&tt"é‘&?ﬂ&r AT AR ApResits
ARdmradiss RS iSH5h B ne BriAY PR T herkfinent gas is added to the air (or
Pé‘éﬁ?&bmﬁ%?ﬁﬁr %‘Fﬁﬂfﬁﬁﬁﬁmﬂﬂﬁ‘?@ﬂ% Stroplyy fecilitating complete
PepmEORIeMeEo TPEPOSrREdt KRHtehIndadin®0 Control B (bromination)

60 Brorathation  Reproportionation tres 60 60
[6653] While a given reactor is off-line, the overall process can, nevertheless, be operated

without interruption by using a reserve reactor, which is arranged in parallel with its
counterpart reactor. For example, twin bromination reactors and twin coupling reactors can
be utilized, with process gasses being diverted away from one, but not both, bromination
reactors (ot coupling reactors) when a decoking operation is desired. The use of a fluidized
bed may reduce coke formation and facilitate the removal of heat and catalyst regeneration.

[0054) Another embodiment of the decoking process involves non-oxidative decoking
using an alkane or mixture of alkanes, which may reduce both the loss of adsorbed products
and the 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 decoking requirement.
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0 CH4 conversion 40% 47% 45% Cliditr/(CH3Br+CH2Br2) 93% 84% 74%

Calls conversion 85% N/A N/A Carbon balance 96% 97% 96% (00100)

Examples@g8aparatinn of Anbydrot.s HST' 20[00101] 20 ml stQekedBb7/903091

agueous solution were added to 20 g CaBr2.H20 followed by heating to

70 C. A significant evolution of 1113r gas was observed (determined by

AgNO3 precipitation and the NH3 fuming test). The released H]3r was not

quantified as the reaction was carried out in an open vessel. [00102]

Exarn Ie 3 Seoaratlon of Anhydrous jiBr 25 [00103] Dehydration with
Hetedisyatiling a conc. solution of %SQ. to HEIL

atlv tests were conducted in WhICh |ff tconcen tratlon of
T e b Pl Ol 088 e feod 10 the

‘&%‘%? CRAHCH Sher %baétl%ﬁ%ﬁ%}??&‘?éﬁﬁ‘é?‘%?8cdﬁn§@2ﬁ%ﬁ%“??2%% a8
Serrdugies RGO AR Wit e Mifid e dred pplopprobalides to the
EOHTBTRAGEY BdTBITANN IR EvsTiRRiPredistRarkeie qobrdinesoiiledgysution,
IS weperaiiidedetoiSeidelidtonke 1 the halpgetetios/ (48 apbBiymtidnthrector(s) and
thaxtorgimmeedreated to boiling. The HBr content was determined
quantitatively by AgNOS3 precipitation and gravimetric determination of
KB ronmiy setnbn aflistiebenifel s e ReReorad kit cagtepassfiiREENd in
B¥eF- 3Gdid). mmngsef@mm@xammmbmmmmemmmm species
Mettitmisgobe e didfenCaialysiiny o R00TRO4SERATF U2 pOFHHIO30RTed
Q%M}Mem@éexmmwmm@mmmmhmm to form
DREBHRAMENE podiee AR SleTADStRAEIILD 8roaRaIRS AaStBRGIQ Wlrate
figsssipachinramrle il Aiseemonaihane RN RRGEIRUY BkA R sure of from 1
iERperatye RIARIRR.IAWRGDN BRS RAEAlNEMBIHIEIMEMARA, thereby
EH??&QI%Q}&Q:&%%@%&&W the bromination products were then

passeé over various 5metal-ion exchanged or impregnated zeolite

pAlGlySts. :aE AMRSRRRIGHY BB ARIES Y RIn At mpﬁawge of
oMl ARG ARRIdenca &mﬁﬂﬁ&éﬁ&égﬂ%m@% Biérmination regctor
SUDEBAHES IS0 IR %gét@x% atheS' opfog%ﬁtw%%yﬂé RIS ot

?f meta?io g(’é

!‘—-- b -

e 0, Mn et yt e €0 Intl. zeo
f%‘éﬂifde c%anl%e mass YB& i) gﬁ © Ry E‘S"”gthe
6?3?%%?3%2&13 BRI ileviaat @a&w AR AR LTIGhARST 1300t as o
opadensgry i é%}ﬁt%‘ﬁé%ﬂ%wﬂﬁé}m% BRYEEStSRIEHed iy R Tares
%gmmng@gwiay a minor amount of monobromides) to be withdrawn from the
distillation column. The polybromides are passed through another heat exchanger 54 to

convert them back to a gas before they are returned to the bromination reactor (or sent to a
separate reproportionation reactor) for reproportionation with unbrominated alkanes. At the
top of the column, partial reflux of the liquid from the reflux drum is facilitated by the heat
exchanger 53, yielding a vapor enriched in lighter components including methane and HBEr,
and a liquid stream comprised of monobromides and HBr (and containing no more than a
minor amount of polybromides).

[Ga59] Alternate distillation configurations include a side stream column with and
without a side stream rectifier or siripper. If the feed from the bromination reactor contains
water, the bottoms stream from the distillation 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 cohumn or (o the bromine generation reactor.

-13.



10

15

26

25

30

35

[00107] T (C) Table 2. Metathesis of Brominated Methane Over Selected
Catalysts. Total CatalystBPhBrTXM(mg) 350 Ba 5524 0.25 0.00 0.96 2.58
3.14%28e36A048a 58 0.31 0.00 1.48 3.20 3.11 8.11 350 Ba 80d4rRieadSee1
1.30 2.87 3.15 7.60 350 Ca 58 0.20 0.00 0.81 2.44 3.09 6.53 350 Co 2314
1.22 0.02

[0060] Catalvtic coupling of slkv] halides to his ht products

cher molecular weig

10061) The allkcyl halides produced in the halogenation/reproportionation step are reacted
over a catalyst to produce higher hydrocarbons and hydrogen halide. The reactant feed can
also contain hydrogen halide and unhalogenated alicanes 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 hiydrocarbons. Nonlimiting examples
include non-crystailine alumino silicates (amorphous solid acids), tungsten/zirconia super
acids, sulfated zirconia, alumino phosphates such as SAPQO-34 and its framework-substituted
analogues (substituted with, e.g., Ni or Mn), Zeolites, such as ZSM-5 and its ion-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 include jion-
exchanged Z5M-5 having a Si0;/Al0s ratic below 300, preferably below 100, and most
preferably 30 or below. Nonlimiting examples of preferred exchanged ions include ions of
Ag, Ba, Bi, Cg, Fe, Li, Mg, Sr, 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 entirsty.

[6062] In one embodinment of the invention a Min-exchanged ZSM-5 zeolite having a
8i02/AL; 05 ratio of 30 is used as the coupling catalyst. Under certain process conditions, it
can produce 3 tailored selectivity of liquid hydrocarbon products.

[0063} Coupling of halealkanes preferably is carried out in a fixed bed, fluidized bed, or
other suitable reactor, at a suitabie temperature (e.g., 150-600 °C , preferably 275-425 °C)
and pressure (e.g., 0.1 to 35 atm) and a residence time () of from 1-45 seconds. In general, 2
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
moderate 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
Sr, and the ZSM-5 catalyst is Zeolyst CBV 58, 2314, 3024, 5524, or 8014, ( available from
Zeolyst International (Valley Forge, PA}). At areaction temperature of 425 °C and a
residence time of 40 seconds, toluene and benzene are the predominant products of the
BTXM fraction. Product selectivity can also be varied by conirolling the concentration of
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3.05 2.18 0.56 7.04 350 Co 3024 0.36 0.00 2.06 4.21 3.47 10.10 350 Co
58 0.20 0.00 1.05 2.91 3.34 7.50 350 Mg 3024 0.31 0.00 1.53 3.59 3.89
9.32035@iepE8s0.28 0.00 1.41 3.30 3.43 8.42 350 Mn 2314 1nO7:887/003091

dibromomethane produced or fed into the coupling reactor. Removal of reaction heat and
comtinuous decoking and catalyst regeneration using a flnidized bed reactor configuration for
the coupling reactor is anticipeted in some facilities.

{6064} In one embodiment, the coupling reaction is carried out in a pair of coupling
reactors, arranged in paraliel. This allows the overall process to be run continuously, without
interruption, even 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.

[0G65]

Hvdrocarbon product separation and halogen recovery

{60666} The coupling products include higher hydrocarbons and HBr. In the embodiments
shown in FIGS. 1 and 2, products that exit the coupling reactor are first cooled in a heat
exchanger and then sent to an absorption column. HBr is absorbed in water using a packed
column or other contacting device. Input water and the product siream 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 camried out either substantially adiabatically or
substantially isothermally. In one embodiment, the concentration of hydrobromic acid after
absorption ranges from 5 to 70wi%, with = preferred range of 20 to 50wt%. The operating
pressure is 1 to 50 bar, more preferably 1 to 30 bar. In the laboratory, 2 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.

{00671 In one embodiment of the invention, the hydrocarbon products are recovered as a

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

from the aguecus HBr stream using a liquid-liquid splitter and sent to the product cleanup
unit. In another embodiment, the hydrocarbon products are recovered from the HBr column
as a gas siream, 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 exarmples include distillation, pressure swing adsorption, and
membrane separation technologies.

{0068} 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, under certain conditions, small amounts of C1-C4
bromoalkanes, bromobenzene, and/or other breminated species are formed and pass from the
coupling reactor to the liquid-liquid splitter 16 and then to 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
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with a supported metal or metal oxide catalyst, Nonlimiting examples of the active
component include copper, copper oxide, palladium, and platinurn, with palladium being
preferred. Nonlimiting examples of support materiais include active carbon, alumina, silica,
and zeolites, with alumina being preferred. The reactor is operaied at a pressure of 0-150 psi,
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 to benzene and HBr, with some light hydrocarbons (e.g., C3-C7)
produced as byproducts. Although carbon deposition {coking) can deactivate the catalyst, the
catzlyst can be regenerated by exposure to oxygen and then hydrogen at, .g., 500 °C and 400
°C, respectively.

(0069 Afier HBr is separated from the hydrocarbon products, the unconverted methane
leaves with the light gases in the vapor cutlet of the HBr absorption unit. In one embodiment
of the invention, unconverted methane is separated from the light gases in 2 separation unit
("SEP [I" in the 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 carvied with the light gases, which in turn would
necessitate the recovery of these species from the lights gases. Separation technologies that
can be employed for this purpose include, but are not limited to, distillation, pressure or
temperature swing adsorption, and membrane-based technologies.

160701 In another aspect of the invention, a process for separating anhydrous HBr from
an agueous solution of HBr is provided. HBr forms a high-boiling azeotrope with water;
therefore, separation of HBr from the aqueous solution requires either breaking the azeotrope
using an extractive agent or bypassing the azeotrope using pressure swing distillation. FIG. §
illustrates one embodiment of an extractive distillation unit for separating HBr from water.
Water is extracted in a distillation column 200 and HBr is obtained as the distillate stream
201. The distillate stream may also contain small amounts of water. In one embodiment, the
distillation column 208 is a tray-tower or a packed column. Conventional ceramic packing is
preferred over structured packing. Aqueous bromide sale, such as CaBr,, is added at the top
of the distillation column, resulting in the extraction of water fiom aguecus HBr. A
condenser may not be required for the cohnnn. A reboiler 203 is used to maintain the vapor
flow in the distiliation colummn. The diluted stream of aqueous CaBr; 202 is sent to the
evaporation section 206, which, optionally has a trayed or packed section. The bottoms
siream from the column is heated before entering the evaporation section. Stream 207
comprising mostly water (and no more than traces of HBr) leaves the evaporation section.
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{6071) In one embodiment, HBr is displaced as a gas from ifs aqueous solution in the
presence of an electrolyte that shares 2 common ion (Br” or ') or an ion (e.g. Ca®* or 504%)
that has a higher hydration energy than HBr. The presence of the electrolyte pushes the
equilibrivm HBr,, ¢« HBr,.. towards gas evolution, which is further facilitated by heating
the solution.

[8072] Agueous solutions of metal bromides such as CaBr;, MgBr; also KBr, NaBr,
LiBr, RbBr, CsBr, SrBr,, BaBr,, MnBr,, FeBra, FeBrs, CoBry, NiPry, CuRrs, ZnBrs, CdBry,
AlBrs, LaBr;, YBr;, and BiBr; can be used as extractive agents, with agueous solutions of
CaBry, MgBr;, KBr, NaBr, LiBr or mixtures thereof being preferred. The bottoms stream of
the distillation column contains a diluted solution of the extracting agent. This stream is sent
1o another distillation column or a vaporizer where water is evaporated and the extracting
agent is concentrated before sending it back to the extractive distillation column. Sulfuric
acid can be used as an extracting agent if its reaction with HBr to form bromine and sulfur
dioxide can be minimized. BExperiments carried out to demonstrate the separation of
anhydrous HBr from an agueous solution of HBr are described in Example 1 and 2.

[86073] 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: FBr, organic bromides such as methy! bromide and
dibromomethane, and t;romo-ammatz'cs. In one embodiment of the invention, hydrocarbon
products are separated from brominated species by passing the produet stream over copper
metal, NiQ, Ca0, Zn0, MgD, Ba0, 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
preferably, 400-360 °C. This process is tolerant of CO, that may be present.

[G074] In another embodiment, pariicularly for large-scale production of hydrocarbons,
uncenverted methane is separated from other light hydrocarbons as well as heavier products
(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 1o a
separation unit (SEP. II). Any unconverted methyl bromide will be removed with the light
gases and can be recycied back to the bromination/reproportionation reactor. Heavier
hydrocarbons are removed as a liquid distiliate.

[6675] Molecular Halepen Generation

[0076]  In one embodiment of the invention, catalytic halogen generation is carried out by
reacting hydrohalic acid and molecular oxygen over a suitable catalyst. The general reaction
can be represented by equation (1)

ZHX + %0, 22 X, + H,O (1).
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The precess occurs at a range of temperatares and mole ratios of hydrohalic acid (X)) and
molecular oxygen (O3), i.e., 4:1 to 0.001:1 HX/O,, preferably 4:1 (io fit the reaction
stoichiometry), more preferably 3.5:1 (to prevent eventual HBr breatkthrough).

Halogen can be generated using pure oxygen, air, or oxygen-enriched gas, and the
reaction can be run with a variety of inert nonreacting gases such as nitrogen, carbon dioxide,
argon, helium, and water stearn being present. Any proportion of these gases can he
combined as pure gases or selected mixtures thereof, to accommodaie process yequirements,

10077 A number of materials have been identified as halogen generation catalysts. It iy
possible to use one type of catalyst or a combination of any number, configuration, or
proportion of catalysts. Oxides, halides, and/or oxy-halides of one or more metals, such as
Cu, Ag, A, Fe, Co, Ni, Mn, Ce, V, Nb, Mo, Pd, Ta, or W are representative, more preferably
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. =
{8078] 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:

Ca(Q + 2HBr -» CﬂBFz + Hzg (2)
CaBr; + % Og - CaQ + Br {3

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

Co30y + BHBr ~» 3CoBr; + 4H,0 + Bry {4
3CaBr + 20; = CoxOy + 38 {5)

for metal oxides in which the metal does change oxidation states. The net reaction for (2)

+ (3) and (4) +(5) is (7):
2HBr + %0y sy 11,0 + Bry (N

which is equivalent to (1),

In one embodiment of the invention, chlorine is used as the halogenating agent, and
ceria (CeOz) is used to catalyze the generation of chiorine from hydrochloric acid. The
following equations are considered representative:

Ce(y + 4HCY =¥ CeCly + 2H 0 + Cl t3]
CeCly+ Oy 2 CeOy + Chy )]
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for an overall reaction: ZHCL+ 180, =2 H,O+ O (1%
which is also equivalent to (1).

6791 This use of ceria is quite novel, as it allows essentially compleis consumption of

HCl. In contrast, previous reactions of metal oxides, HCI, and oxygen have typically yielded
HCI/CY, mixtures. Thus, ceria can advantageously be employed as a halogen regeneration
catalyst, particularly where chlorine is used for alkane halogenation, with chlerine's attendant
lower cost and familiarity to industry. .

|G080] 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 fo maximize Process
efficiency, e.g., 200-600 °C, more preferably 350-450 °C.,

[0081]

[0682} Halogen generation produces both water and melecular 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
of the invention, a lignid-liquid flash unit is used to separate most of the bromine from water,
simply and inexpensively. The bromine phase typically contsins a very small amount of
water, and can be sent directly to the bromination reactor. The water phase, however,
contains 1-3 wi% bromine. However, if air is used in the bromine generation step, nitrogen
and unconverted oxygen are present with the bromine and water stream that enters the flash.

[3083] The gas leaving the flash unit primarily consists of nitrogen and vnconverted
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 ternperatures ranging from 0 to 50 °C; however, a lower temperature (ca 2 10 °C) is
preferred to reduce bromine leaving in the vapor siveam. The vapor siream 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 substantialiy reduce the
bromine scavenging requirement of the scavenging unit. Vaporizing the bromine by heating
the brine can then eccur, with further heating employed to facilitate concentration of the brine

~1G-



i0

15

20

25

30

35

10.47 5 400 Ba 8014 0.38 0.00 1.57 3.81 3.77 9.53 400 Ca 58 0.41 0.00
1.89 3.43 2.81 834 400 Co 3024 0.78 0.00 3.42 4.14 2.26 10.60 400 Co
58 Oxa:uD@@981 3.36 2.31 8.99 400 Mg 3024 PCT/US2007/003091

for re~-use. This approach to bromine recovery can be carried out either continuously or in
baich mode,

i0084] Bromine contained in the water-rich phase leaving the liguid-liquid flash can be
effectively recovered by distiflation. Gther means, such as nsing an inert gas to strip the
bromine from the water phase (described by Waycuilis) and adsorption-based methods, are
not very effective, and potentially can result in a significant loss of bromine. The presently
described distiliation subprocess produces bromine or bromine-water azeotrope as a distillate,
which is recycled back 1o the flash unit. Water is contained in the bottoms stream. Bromine
can react reversibly with water to form small amounts of HBr and HOBr. In the distillation
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
strwam to produce a pure water siream. Other alternatives that can reduce the bromine content
of the water to below 10 ppm range include, but are not limited to, the addition of acids such
as sulfuric acid, hydrochloric acid, and phospheoric acid, in very smali quantities 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. HBr
present in the water stream can also be recovered using ion-exchange resins or
electrochemical means.

{0085] Recovery of ail 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 Br, generation. Bromine scavenging can be
carried out in a bed containing solid CuBr or MnBr3, either loaded on a support or used in
powder form, to capture Bry from a gas stream that may also contain H,0, CO;, O3, methane
&/or N, In one embodiment of the invention, bromine scavenging is performed within a
range of temperatures, 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 to 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—
scavenging capacity of the bed.

{0086] Coustruction of critical process elements with upigue corrosion-resistant
materials '
{0087} Corrosion induced by any halogen-containing process, whether in the condensed

phase or the vapor phase, presents a significant challenge in the selection of durable materials
for the construction of reactors, piping, and ancillary equipment. Ceramics, such as alumina,
zirconia, and silicon carbides, offer exceptional corrosion resistance to mast conditions
encountered in the process described herein. However, ceramics suffer from a number of
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disadvantages, including lack of structural strength under tensile strain, difficulty in
completely containing pas phase reactions (due to diffusion or mass transport along jointing
surfaces), and possibly undesirable thermal transport characteristics inherent to most ceramic
materials, Constructing durable, gaé~tight, and corrosion resistant process copive! equipment
(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 reguire the use of
formable metals such as Aw, Co, Cr, Fe, Nb, INi, Pt, Ta, Ti, and/ or Zr, or alloys of these base
metals containing elements such as Al, B, C, Co, Cr, Cu, Fe, H, Hs, La, Mn, Mo, N, Nb, Ni,
O,P,Pd, 8§, 81, 8n, Ta, Ti, ¥V, W, ¥, and/or Zr.

[pa88] According 1o one embodiment of the invention, the process and subprocesses
described herein are carried out in reactors, piping, and anciilary 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.

[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 snitable for exposure to cyclic conditions,
operating in the temperature range of from 150-550 °C, include Au and alioys of Ti and Ni,
with the most suitable being Al/V alloyed Ti {more specifically Ti Grd-5) and Ni-Cr-Mo
alloys with high Cr, iow Fe, and low C content {more specifically ALLCORR®, Alloy 59, C-
22, 625, and HX). Nonlimiting examples of materials 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 air, or melecular halogen to air inchude alloys of Fe
and Ni, with the nost suitable being alloys of the Ni-Cr-Mo, and Ni-Mo families.
Nonlimiting examples of materials identified as suitable for single environment conditions, in
the temperature range 100°C-550°C, include Ta, Aun, 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 &
suitable low-cost material such as low-alloy steels.

[0850] 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,
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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 to a
vapor-liguid-tiquid flash. Higher hydrocarbon products are removed as an organic phase
from the vapor-liquid-liquid flash, while aqueous 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 reproportionation sections, respectively.

[0091] Nitrogen must be removed from 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
is sent to the HBx/water separation system, where water is recovered. The separation can be
carried out in a distillation cohumn, where pure water {s taken out as a distillate and the
bottoms stream is an aqueous solution of HBr (having & higher conceniration of HBr than the
feed to the distillation column). The aquecus HBr siream is sent back to the bromine
generation section, where bromine is generated from agueous HBr in the presence of air or
oXYyEen.

[609Z] 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 bromnine-containing decoking product
stream being routed fo the bromine generation reactor.

[0023] Another continuous process alternative is shown in FIG. 7. Alkanes 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 reacior 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,
and HBr -- and any unreacted alkanes are then sent to a separation unit where aqueous HBr is
separated from the alkyl bromides. Monobromides in the alky! 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.

[06094) 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
HBr. The monobromides are fed into the coupling section, and the products are sent to 2
water absorption column where FBr produced in the coupling reactor is removed from the
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products and unconverted gas. The liquid outlet of the shsorption column is fed to a vapor-
liguid-liguid 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 columm is sent {o a separafion systemn to separate methane ffom the light gases,
The recovered methane is recycled back to the bromination seciion, while the light gases are
recyeied to the reproportionation section.

{6095] Nitrogen must be separated before the gases ave recycled if air is nged a5 an
oxidant in bromine generation. The aqueous HBr stream from the vapor-Hquid-Yiquid flash is
combined with the agueous HBr streamn from the alkyl bromide separation section and sent to
the HBr/Water separation system. The separation can be carried out in a distillation colwmn,
where pure water is taken out as a distillate and the bottoms stream is an agueous solation of
HBr having & 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.

[8696] Alternatively, extractive distillation is used to separate HBr from water. The
separated HBr is sent to the bromine generation reactor, where bromine is generated from
agueous HBr in the presence of air, oxygen, or enriched air. Complete conversion of HBEr 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 stream being routed to the bromine generation reactor,

{00971 The following are nonlimiting examples of the invention and various subinmcesses
for practicing the invention.

[0098] '
(00291
temperature via a mixing tee and passed through a room temperature bubbler full of bromine.
The CH/Ny/Br; mixture was plumbed into a preheated glass tube at 500 °C, and bromination
of the methane took place with a residence time (M") of 60 seconds, producing primarily
bromomethane, dibromomethane, and HBr. The stream of nitrogen, HBr, and partiaily
brominated hydrocarbon was combined with propane (0.75 sccm, 1 atm) in 2 mixing tee and
passed into a second glass reactor tube at 525 °C with a residence ime (") 0f 60 5. In the
second reactor tube, polybrominaied hydrocarbons (i.e. CH,Bry, CHBr3) react with the
propane to produce bromopropanes. The reproportionation is idealized by the following
reaction:

CH.Br; + CsHg — CH;Br + C;H+Br
As products left the second reactor, they were collected by a series of traps containing 4 M
NaCH (which neutralized the HBe) and hexadecane (containing octadecane as an internal
standard) to dissolve as much of the hydrocarbon products as possible. Volatile components
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like rethane and propane were collected in 2 gas bag after the HBr/hydrocarbon traps. All
products were guantified by gas chromatography. The results ("Ex. 1") are summarized in

PCT/US2067/063691

Table 1. For comparison, the reactions were also run with two reactors, but without

repropertionation with propane ("Control A™), and with only the first reactor and without

propane {"Control B™).

Table 1. Reproportionation of Dibromomethane

Ex. 1
{bromination/ Control A Contrel B
reproportionation) (bromination) (bromination)
Bromination t., 60 60 50
Reproportionation tp, &0 &0 0

CH.,, convergion 40% 47% 45%

CH:Br/(CH3 Br+CH,Bro) 93% 84% 74%
CiHe conversion B85% IN/A N/A

Carbon balance 96% 7% 96%
[06100)
{00101} 20 mi stock HBr aqueous solution were added to 20 g CaBr,.H,O followed by

heating to 70 °C. A significant evolution of HBr gas was 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,

(00162] Example 3. Separation of Anhvdrous HBy
[00103] Dehydration with H,SO; was attempted by adding 2 conc. solution of H280, to

HBr. Qualitative tests were conducted in which different concentration of H,SO4 were added
to HBr for determination of the threshold concentration where oxidation of HBr no longer
OCCUrs:

ZHBr + Hy804 3 Bry + S0, +2HL0.

{00104} It was determined that the H>804 concentration beiow which no oxidation is
apparent is ~ 70 wi.%. 30 ml 70 % H,S0, was added to 30 m! stock HBr azeotrope (48 wi.%)
and the mixture was heated to boiling. The HBr content was determined quantitatively by
AgNO; precipitation and gravimetric determination of AgBr from 2 solution aliquot at the
moment of mixing, after 15 min and after 30 min. boiling.

[003105] Example 4. Metathesis of Brominated Methane over Selected Catalvsts
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[00106] A series of experiments were conducted in which methane was brominated in a
manner substanfially the same as or similar to that described in Example 1 (10 sccm methane
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
metal-ion exchanged or impregnated zeolite catalysts, at atmeospheric pressure (total
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, eic.) and by type of Zeolyst Ini'l. zeolite {e.g., 5524, 58, 8014, eic.). The
mass {mg) of each producy, as well a5 the total mass of pro'ducts is given for each rom. The
abbreviations, B, PhBr, T, X, and M refer to benzene, phenyl bromide, toluene, xylene, and
mesitylene, respectively.

[00107] Table 2. Metathesis of Brominated Methane Over Selected Catalysts,
Total
T{C) Catalyst B PhBr T X M {mg)
350 Ba 5524 .25 0.00 0.96 2.58 3.14 6.93
350 Ba 58 .31 0.00 1.48 320 3.11 8.11
350 Ba 8014 .30 0.00 1.20 2.87 3.15 7.60
350 Casg 0.20 0.00 0.81 2.44 3.09 6.53
350 Co 2314 122 .02 303 2.18 0.56 7.04
350 Co 3024 0.36 0.00 2.06 4.21 347 10.10
350 Co 58 0.20 0.00 1.05 2.91 3.34 7.50
350 Mp 3024 0.31 0.00 1.53 3.59 3.89 9.32
350 Mg 38 0.28 .00 1.41 3.30 3.43 8.42
350 Mn 2314 1.07 0.03 2.86 2.26 0.65 6.86
350 Mn 3024 0.53 0.00 2.92 4.80 3.02 11.27
350 Mn 58 0.17 0.00 0.88 270 3.62 7.37
350 NiZ314 112 0.05 2.94 2.44 0.74 7.29
350 WNi3024 0.61 0.00 2.82 3.85 2.13 9.41
375 Ba 5524 0.32 0.00 i.32 2.82 257 7.04
375 Ba 58 0.40 0.00 1.84 2.93 2.40 7.57
375 Ba 8014 0.32 0.00 1.23 2.84 2.95 7.34
375 Cas8 0.20 0.00 0.96 2.55 2.93 6.64
378 Co 3024 (.47 0.00 2.30 3.52 2.18 8.48
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 8.22
375 Mg 58 0.34 0.00 1.67 3.04 2.74 7.80
375 Mn 3024 (.62 0.00 291 3.90 2.17 9.59
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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 Sr 3024 2.53 0.02 4.36 222 0.43
9.56na507%g48824 3.84 0.02 4.27 1.36 0.18 9.67

375
375
400
400
400
400
400
400
400
460
400
460
400
400
400
400
400
400
425
425
425
425
425
425
425
425
425
425
425
425
425
425
4258
450
450
450
450
450

Mn 58
rPd 2314
Ba 5524
Bz 58

Ba 8014
Ca 58
Co 3024
Co 58
Mg 3024
Mg 58
Mn 3024
Mn 58
Ni 3024
Pb2314
Ph 3024
Pd 2314
Sr2314
Sr3024
Ag 3024
Ag 8014
Ba 5524
Ba 58
Bi2314
Co 2314
Co 3024
Cu23i4
Li5524
Mg 3024
Mg 58
Mn 3024
Mo 2314
Ni 3024
Sr 3024
Ag 3024
Bi23i4
Ca23l4
Co2314
Cu23il4

0.22

" 1.54

0.46
0.7¢
0.38
0.41
0.78
0.62
0.76
0.71
0.98
0.48
.81
1.20
1.07
244
2.13
1.93
2.79
3.09
0.54
8.79
3.13
3.39
1.07
2.89
1.51
0.99
0.81
1.22
3.06
0.97
2.53
3.84
3.80
3.64
4.12
3.65

0.00
0.00
0.00
.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.04
0.00
0.01
C.05
0.02
0.62
0.00
0.00
0.03
0.03
0.00
0.02
0.04
0.00
0.00
0.00
0.04
0.00
0.02
0.02
0.01
0.02
0.01
0.00

1.18
3.10
2.37
3158
1.57
1.89
3.42
2.71
3.26
3.04
4.10
2.26
3.15
3.25
277
3.16
4.05
4.03
4.16
3.52
2.67
3.00
4.47
4.34
3.42
4.74
3.31
3.28
2.62
3.90
4.02
3.38
4.36
427
3.59
4.10
3.77
430

26

271
1.83
4.16
391
3.81
3.43
4.14
3.36
4.11
374
4.38
3.44
135
3.27
3.63
1.22
229
2.67
1.78
1.09
3.67
2.94
1.61
1.59
2.79
2.13
3.27
2.85
2.16
3.01
1.46
2.85
222
1.36
0.67
1.00
0.77
1.10

.83
0.37
2.95
2.70
397
2.81
2.26
2.31
2.64
2.59
2.06
2.64
1.72
1.20
1.66
0.18
0.46
0.65
0.29
0.i6
233
1.75
0.23
0.25
1.09
0.37
1.12
1.37
i1
1.14
0.24
1.32
0.43
0.18
0.06
G.16
6.08
0,14

PCEAUSI007/003091

6.94
6.85
9.54
16.47
9.53
854
10.60
8.9%
10.76
10.08
11.52
8.82
5.04
8.94
9.17
7.01
8.94
5.32
5.04
7.88
822
8.48
9.48
9.60
8.38
10.15
9.24
B.48
6.70
9.27
8.82
8.51
9.56
9.67
3.23
8.92
8.75
9.19
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35450 81 2314 3.90 0.01 3.59 0.67 0.06 8.23 450 Ca 2314 164 0.02
4.10 1.00 0.16 8.92 450 Co 2314 4.12 0.01 3.77 0.77 0.08 8.75 450 Cu

2314v8.6hb70e:4.30 1.10 0.14 9.19 PCT/US2007/003091

4590 Fe23l4 442 0.02 3.43 0.74 (.09 8.69
450 Fe3024 361 0.01 2.96 0.63 .08 7.28
450 Fe 5524 3.99 0.03 3.63 .85 .11 8.60
450 La2314 342 6.01 381 0.87 ¢.12 8.29
450 Ligol4 1.74 0.02 2.61 2.67 .84 7.89
450 Mg 2314 420 0.02 3.84 0.76 019 8.92
450 Mn 2314 378 0.02 3.90 0.88 6.12 B.70
450 Mo 2314 3.88 0.01 3.26 3.58 0.06 7.79
450 Ni23l4 4.39 0.01 312 0.44 0.03 8.00
450 Ph2314 2358 0.01 4.68 231 0.45 10.62
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 403 0.00 1.58 0.14 (.00 5.76
450 Sr23i14 371 0.00 4.78 1.68 .21 10.39
450 5r3024 251 0.01 3.76 1.61 0.26 8.14

[00108] Example 5. Hydrodehalopenation of Bromobenzene, and Catalyst Regeneration

[00108] A tesisolution (1.5mVhr), which includes 1.9w1% bromobenzene (PhBr)
dissolved in dodecane, diluted by N; (1.1ml/min) was fed into a tubular quartz reactor in
which 3.6g of highly dispersed precious metal catalyst (Pd/Al,Os, 0.5wt %) was loaded. The
reaction wag carried out at 325 °C with a residence time of 15s. The reaction effluent was
trapped in a bubbler with 8mi 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 bage trap
solution, the HBr concentration was measured with an jion-selective electrode. Based on all
of these measurements, carbon and bromine balances were caleulated.

[00110] The experiment was continuously 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 (C3-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 decoking at 500 °C with O, oxidation (5mi/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 catalyst, as confirmed by its ability to catalyze the same
hydrodebromination reaction without activity loss in the first 70 hours (Fig. 9).
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-26- w0 2007)094995  PCIYUS2007/003091 450 Fe 2314 4.42 0.02
3.430.74 0.09 8.69 450 Fe 3024 3.61 0.01 2.96 0.63 0.08 7.28 450 Fe
5524v8.90/3:0838.63 0.85 0.11 8.60 450 La 2314 POTUS2007/003091

{60111} The invention has been described with references to various examples and
preferred embodiments, but is not limited thereto, Other modifications and eguivalent
arrangements, apparent to a siilled person upon consideration of this disclosure, are also
inchuded 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 liquid 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 meiting point (722 °C) than copper (D)
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 5 must be
modified to remove water using a liquid-liquid split on the bottoms stream of the digtillation
column 51. The water removed in the liquid-liquid spiit contains HBr, which can be removed
from water using extractive distillation (see, e.g,, FIG. 5), and then recycied back to the
bromine generation section.

[0021Z] Still other modifications are within the scope of the invention, which is limited
only by the accompanying claims and their equivalents.

g }



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 0.58 0.06 7.79 450 Ni 2314

WHAT IS CLAIMED IS:

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 a hydrocarbon
feedstock containing methane, under process conditions sufficient to form atkyl
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
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;

(d) 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

(g) repeating steps (a) through (f) a 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.

-29-



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
2.710.73 8.93 450 Pd 2314 4.03 0.00 1.58 0.14 0.00 .5.76 450 Sr 2314

5. 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

chlorine.

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

at feast 1% by volume of one or more C,-Cs hydrocarbons.

8. A continuous process as recited in claim 1, wherein the amount of
monohalogenated alkyl halide(s) present is increased in the presence of a

reproportionation catalyst.

9. A continuous process as recited in claim 1, wherein the reproportionation

catalyst comprises a metal, metal-oxygen material, or metal halide.

10. A continuous process as recited in claim 1, wherein the first catalyst

comprises a zeolite.

11. A continuous process as recited in claim 10, wherein the zeolite comprises

a metal-doped or ion-exchanged zeolite.

12. A continuous process as recited in claim 10, wherein the zeolite 1s doped

with manganese.
13. A continuous process as recited in claim 1, wherein the second catalyst
comprises at least one material selected from the group consisting of CaO, CeOs,

C030y4, CuO, NiO, MgO, carbides, nitrides, carbons, and clays.

14. A continuous process as recited in claim 1, wherein the second catalyst

comprises CuO or CeOs.

-30-



© 3.710.004.78 1.68 0.21 10.39 450 Sr 3024 2.51 0.01 3.76 1.61 0.26 8.14
f00108] Example 5. Hvdrodehalogenation of Bromobenzene and Catalyst
Regeneration 1001091 A. test solution (1.5mUhr), which includes 1.9wt%
bromobenzene (PhBr) dissolved in dodecane, diluted by N2 (1.1m1Anin)
was fed into a tubular quartz reactor in which 3.6g of highly dispersed
precious metal catalyst (Pd/AI203, 0.5wt %) was loaded. The reaction was
carriigl out at 325 C with a residence time of 15s. ggﬁareacéign efflugntt Jvst
was trapped A BUB B TR FBATT S RaOE S olutBIfSHE- Aoy OPheratalys
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forming alkyl halides by reacting molecular halogen with a hydrocarbon

feedstock containing methane, under process conditions sufficient to form
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(d) 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; 00 separating
the molecular halogen from water to allow reuse of the halogen; (g)
suffepeatingrstensika) tieughutl adesirad inumbenbifdmesubstardiafly all of the
continuoys process as recited in claim 1, further comprising separating
molENEhARGETRIR AR RSlides from polyhalogenated alkyl halides after
stepgs(ecprdid Rreactedl ALRIMINBOUS ProGHEST aslfesitesdielRifd it back
. wherein the hydrocarbon feedstock comprises one or more C1-C4
it o FRIBERLION TACIRT o ntinuous process as recited in claim 1, wherein
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process as recited in claim 1, wherein the halogen comprises bromine.
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10. A continuous process as recited in claim 1, wherein the first st
combISES SR ToLeck b A QAR Sue IBEERE L et ol 1
seavhéreinalke: zeolite gompiises @ meiatdoped ey jon-axehangedszealiiaditions
. A continuous prog)%s S [ecit%d in claim 10, wherein the zeolite is
sl Wit ARG kRREE haloers SR B uous process as recited in claim
1, whigreupiheisgcbnchohialyst iedonpisesmatiaastiong matenal sttretedogen;
from the group consisting of CaO, Ce02, Co304, CuO, NiO, MgO,
qé’arbides, nitrides, carbons, and clays. 14. A continuous process as
recit€gl irestatingd swpereinitha:ge cons datadyvishoobprisemesO or Ce02.
15. A continuous process as recited in claim 1, wherein the second
catalyst comprises at least one material selected from the group
consisting obinatices; prides, anckoxyhatidésiof Ag, wkrBia, Ban@enCd, alkyl
hafides Had St o Db Mot B i Rliidek Yool Y05 eparate
CAcontinuous proce recited in"claim I, Wherein the hydrogen
rehaticke separated from the higher hydrocarbons comprises HBr and
agueous hydrobromic acid, and wherein HBr is separated from aqueous
hydrobromic acid using pressure swing distillation or extractive distillation.
17. A continuous process as recited in claim 16, wherein separation of the
HBr from the aqueous hydrobromic acid comprises utilizing extractive
distillation with an aqueous solution of CaBr2, MgBr2, KBr, NaBr, LiBr or
mixtures thereof used as an extracting agent. 18. A continuous
process as recited in claim 16, wherein separation of the HBr from the
agueous hydrobromic acid comprises utilizing extractive distillation 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
C2-05 hydrocarbons. 20. A continuous process as recited in claim 1,
wherein the formation of alkyl halides and the formation of
reproportionated alkyl halides are carried out in separate reactors. 21.
A continuous process for converting a hydrocarbon feedstock into one or
more higher hydrocarbons. comprising: (a) forming alkyl halides by
reacting molecular halogen with a hydrocarbon feedstock containing
methane in a halogenation reactor, under process conditions sufficient to
form alkyl halides and hydrogen halide, whereby substantially all of the
molecular halogen is consumed,; (b) separating unreacted methane
from th.e alkyl halides and directing i8%ack into the halogenation reactor;
(c) forming reproportionated alkyl halides by reacting some or all of the

alkyl halides with an alkane feed containing at least 1% by volume of
C2-05 hvdronearbone wherabhy the fraction of monohalonenatead



