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WO 20 05/0 22 4 6 8 PCT/US2003/023036 HYDROCARBON

SYNTHESIS 5 FIELD OF THE INVENTION This invention relates

generally to hydrocarbon oligomerization, and more particularly to a
Wrﬁézfﬂ’é@?dﬁfﬁaking hydrocarbons using cataloreactants. BACKtsRQ@EMNR 123036

OF THE INVENTION 10 Scientists have long sought efficient ways to

convert methane and other alkanes into higher hydrocarbons, including

light olefins and gasolineyangr crakgsgisniisignipiRcesses could

create value in a number of ways, including: facilitating the utilization of

FHé?arﬁoteI)grlocated stranded natural gas through its conversion into more
1§k ﬁ%m@ﬁm fuels and feedstocks, and allowing the use of

inexpbisivecidbusteeks @aﬁmanetamgc&&@;b@ﬁdm@h%hl@m@,f%{@&@re
: Including .et ne an
A TR T e e o S

propylene. U.S. Patent Nos.6.486,368,
and 6,462,243 disclose processes for converting alkanes into olefins,

BAGKGROIANRIEBH SR ENTSNEDIE@Nisclosed 20 processes involve
halogepaiian iofanalkans.Aassing.the halpoenated B{ﬁg%ésaé%’c)’ S arr;;nﬁé%}'m into

- 0X] reate products and metal halide, recovering the product(s), a
e R R S B e beop e rervien s

PrOREtERFciY Ry FERafe diyaiie proeker owayiesurindihis flkinaring the utilization of
i o g M A L
gl everal iInvestl ors ve

;ile mi%te the%%%ﬁ?g%%gﬁ? ﬁe l%? the %}:(IJH O &?8%‘6? Aft @Fﬁs (methane and
N ﬁ{/@%%ra? Esﬁré‘?ﬁ e praAuciRefrasmatstfiam ishes acwes ngndiogethylene and

propelen¥. 4,769,504 (Noceti and Taylor), 5,087,786 (Nubel), and 6,452,058
(Schweitzer). As described in the Taylor patent: "Aromatic-rich, gasoline

boili d f 30 the | Ik ,
art e AR BT (T GPhant s o ctisclos
P‘Wﬁ?ﬁ%ﬁﬁ%?@‘@?@ﬁ%@&%i@%@bﬁm dthgudragdnichierigelury afithe disclosed

procsybyninaditaidegamtieatals _&H@Ex@f%ﬁ%ﬁ&h&ﬁ?@ﬂ@@@%&g@fcts over a metal

oxid¥ RPAIRO3.BhRABERUIL ChloHAR Rd fare earth ch gntgﬁr zm;;ls* ro}%t%ggg the
tarklr;{t rmegiate gaseous mixture contaln_lnggwatgr an (0] a& 8

e AN °éﬁ%°ﬁr%&é’c§ QRAFIdL el s v ol sandigrsrestiinte to the process.

Not grseriodilicaliseatdigoninstine: hydragainDronslaleyomoteg M @rocarbon to

obtapi galb@e gaselinREsnaavdRagarbons with a high proportion of aromatics
and a small percentage of light hydrocarbons (CZ-C4), as well as

refgrming the HCI. The light hydrocarbons can be recycled for further

prodBEEHdRIGEH SO DR ErstriRnd the necolt Aot lliof tioesiee production of
hightedtydigaettos fakingettigher Rbgaamfew® Pitents include 4,513,092 (Chu),
4,769,504 (Noceti and Taylor), 5,087,786 {(INubel), and 6,452,058 {(Schweitzer). As described
in the Taylor patent: “Aromatic-rich, gasoline boiling range hydrocarbons [are made] from
the lower alkanes, particularly from methane. The process is carried out in two stages. In the
first, atkane is reacted with oxygen and hydrogen chloride over an oxyhydrochlorination
catalyst such as copper chloride with minor proportions of potassium chloride and rare earth
chloride. This produces an intermediate gaseous mixture containing water and chlorinated
alkanes. The chlorinated alkanes are contacted with a crystalline aluminosilicate catalyst in
the hydrogen or metal-promoted form to produce gasoline range hydrocarbons with a high
proportion of aromatics and a small percentage of light hydrocarbons (Co-Cy), as well as
reforming the HCI. The light hydrocarbons can be recycled for further processing over the
oxyhydrochlorination catalyst.” All of these techniques for making higher alkanes from G
feedstocks suffer from the disadvantage that the hydrocarbon stream must be separated from
an aqueous hydrohalic acid stream, and the hydrohalic acid stream must be recycled.
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feedstocks suffer from the disadvantage that the hydrocarbon stream

must be separated from an aqueous hydrohalic acid stream, and the

hydrohalic acid stream must be recycled. WO 2005/021468
WEDTHIBR694/023036 US 4,795,843 (Tomotsu et al.) disclose& 3 ytaolg823636

for oligomerizing halomethanes to products including ethyl benzene,

toluene, and xylenes, using silica polymorph or silicalite 5 catalysts. The

progesa d9@8&1@(’1@@6&@6@@1@@{5@&6@%@%@&'@&Qﬂ@ﬂ%@ﬁﬁﬁ@ﬂ&%@t}zmﬂs o

prﬁﬁuc s ARG € ; ff)%%g Oré"p ?{!}?f(ygﬁngﬁ%#en%sp ri??z%"%ﬁ%a %%%%H})q silicalite

rocar on§ ang and Perkins hoted trace AMOUNts of ¢ oll rizat |on
Cﬂ%ﬁauéﬁé‘?@%iﬁré%ﬁﬁ%‘é?%&ﬁf@%ﬁ??%% esuzekG2teR O
appdfrochifts iveresiow kirguntity, and generally halogenated us
4 373 109 (Olah) discloses a process for converting heterosubstituted

anes, incl methyl Ildes by contacting s thanes with
g o TR A LB e g amounts
of oligdmstra@iqy efedisly bethmnszmea}fd@ﬂae@ lﬁdmpﬁ@ﬂl‘}é@ The oligomerization

profiiedereisasiyioyBhRlefiRs: peaterallyAbpdenedand propylene. The
catalysts of preference are those derived from halides, oxyhaldes, oxides,

sulfides or oxysulfides of transition metals of Groups IV, V, VI, VIII of the
Perlédit TabI®O<Gdmlisginsrma IIRSSRSHPT SHewFiins, hawwéwtmﬁ@ﬁwthws
incladilg eyl hnlidepdsjtechortdeicioddxiteh ad m&@lﬁuﬁh%&cﬁwmﬁ&atdlysts

at eﬁ‘l}%d i%tBFe%"'ﬁé’t@é‘éH‘ﬂi‘}% A}lﬁ'ﬂ’ﬂ@?ﬂéf&a% Qg e %5*6%%9375

halogen 2 recovegg/ nor th orma{;lor‘l1 i cohols or ethers is disclosed A

pm‘i‘@?&t@ﬂ’?@f@’r’éﬂ’é@’ WA RClS AIEHR2 Y Y SHYYERG AR RERPYSRE- %%Hsm of
prefeaneersiothoshdesrostistitelidmetitahel datooridstesdfided deeixpulfides of

tran%?ﬁﬁl’tﬁi%ﬂﬁ @f&ﬁiﬁ’ﬁw 'd? WEERAMEPR{dine @b@zsﬁ@ﬁ“é@rtﬁkﬁﬁlmﬁ)’mobmm
zire ‘8{&9(}6 nﬁeran%mg}],)agg Cpgélgnmlmsﬁe}}&sori?é 0143 é@dcs fandssulﬁdes such as

es |mprovements Oa I’O

alutaiael SHisT G IT6aR5A 66 SttierrarsRar LY AL hesiThe mwfeseh@b%@—m@dwmn
reccABpEnbisianfpaistlssidniobholidodaestiadedloyelioge rehadig ecference is "Ylide

lﬂ?slﬁq)aliz %ti%cﬁ&qg'l' Qﬁﬁ 8&%%4&%%@%‘6%&%&?%@5@9&%&&1@8 $nethanes into

when transition metal 3Q bromides are reacted low-molecular, weight
iy S ABI L T PTERSTS ot S S OB BB SRRl Comversion”

by Gocistpoblalpeainl. (444m97CHspa066- 789, Bihadig8d3k chemistry,
however, typically suffers from such disadvantages as the requirement of
SO'Y%% SONPS'C,ARM LOWES falgs.of {%a%gx‘?é‘n%@n” i3 Rhase Por}%r%ﬁtrXsmg
on, such'a roéess onsumes e quire produ
halogpagérskhy ‘?ﬁéﬁ%@h‘e\éﬂé&l%ﬂﬁe@ﬁ&&éﬂ %abﬁﬁbiewﬁ@e%w of solid

oxidebgexthydiiges ndidh ecsarmigzyfam of process as the
dehydrohalogenative coupling and hydrogen halide neutralization we

deslggg% Hgsr %Ilg]scrved reductive coupling of alkyl halides when transition metal
bromides are reacted with low-melecular weight Grignard reagents in THF or diethyl ether
(Bulletin of the Chemical Society of Japan v. 44 1971 pp.3063-73). Liquid phase chemistry,
however, typically suffers from such disadvantages as the requirement of solvent, corrosion,
and lower rates of reaction than gas-phase chemistry. In addition, such a process consumes
energy required to produce the magnesium metal needed for the energetic and reducing
Grignard reagents. This is not the same type of process as the dehydrohalogenative coupling
and hydrogen halide neutralization we describe herein.
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1 SUMMARY OF THE INVENTION 5 Embodiments of the present
disclosure addresse the need for an efficient way to convert methane and
other hydrocarbons into higher hydrocarbons. In one embodiment, a
hydrocarbon having a carbon number C, , where n > 2, is prepared by
allowing a reactant hydrocarbon having a carbon number Cm, where m <
n, to react with a halogenating agent, thereby forming a halogenated
drocarbon; allowing the halogenated hydrocarbon to contact 10 a

h
SUM éi%ﬁo%ggﬁ%%y Nt, thereby forming a product hydrocarbon
h&sgpdimeatbart thenpbese, distiosern addireesovbrimgatefproduetticient way to

convety HOGRIROM ABthEIE L5 ARG A0 en CAIRING AR SAHGHY. AT @ fbodiment, a
hd h;é%rjgrg rbqns is obtained, bgutc refuéf?e ecgo af the re%étl%r)t1 . renctant
ydrog ORE RafSRMR NG B ehr: MEFAE dkygen S REBFERL Bnf i ne @ reactan
hydrocasitiohazorgitiombal ownabtailCre dvagpy sach o thywdest aybbre frdggenating agent,
there9 %‘ﬁ‘ﬁﬂ% Metbaaebenylboaiveal aRsvaswelliRsehRtdioydrocarbon to contact
Dydrocarbonsy .9, G 1Gee vdroeaons, s, enyisipnedha? RIEIBISS carbon
& MeRYSIEeks: ziltlﬁougﬁa?aborarto_r?}/o%ser\/%ttlor]?sohave us arkfocused 6h '
numbgiefhan® biigometizatioseNith R tétiopr of wih iswcarbpiened Higgshegting the
catalcrBgtREQMadRsn the ifivertios dortemplaies ihebudadd feadsiedis kevingn of the
r S ' O fir p ere.l | a :
reac R e Y ot e CIOHUERE Sl reacton
condidiops, ANy RS th FRPHRATY AR A RGBT Y dRERATG™ refstiape (e
naturdlyghrgcar lvosi havitigea light hydnooanbersCeg . wWhiete Oy dydrteadactswatle anvisioned
as prd?iRGERRERGAgeNt; forming a product hydrocarbon having a carbon
number C,,, where n > 2, by allowjng the halogenated hydrocarbon to .
O BRI N B AT BIGAR 1 gomerization
with fgtdetioarbbathateherayensatinfuteaecasald rsantatins.|the swsotidtnepeemplates the
use offeade QO VicledacmBtnad pleraking: sihwrrasaraanthiavingeat, GBEROR provided a

erIC W, e&e n ?%G?riom risin :ggﬁrgln a%orwgated Q)ﬁdrocarbon

h havifig a ¢ cre n

n
meth%é;gglb%l_\?vk h%gaail rga(r:?gﬁ%y ocarbon having a 0 c&rbon nurﬁbérc(%rrl%ﬁns.mg:
wheraing 2 hakegeagtad fitkre Brbnintatindodgaae Teratag hy diotiueen having a
carbohyi@®FION havirta-carboreaumierLhalogbaseny agnly allowing the
bromingted Avdreeathan o eaniact-3 MEARNEeRGHAURALAN) by allowing
e product hyd cél

g

recoveri %H’ p ydrocarbon;"and regeneratmg%e_catalorea nt.

the hajagenated; iy HQSBEROMHEEORIRA IER HOMEFb B AReAS G A hydrocarbon
haviny &icgriberproduebby Eocastirerean 2, comprising:

regenerating the cataloreactant.

In a second aspect, there is provided a method of making a hydrocarbon having a
carbon number C,, where n > 2, comprising:

forming a brominated hydrocarbon by allowing a reactant hydrocarbon having a
carbon number Cy,, where m < n, to react with a brominating agent;

forming a product hydrocarbon having a carbon number C,, where n > 2, by allowing
the brominated hydrocarbon to contact a metal-oxygen cataloreactant;

recovering the product hydrocarbon; and

regenerating the cataloreactant.

In a third aspect, there is provided a method of making a hydrocarbon having a carbon
number C,, where n > 2, comprising:

(1) forming an alkyl halide by allowing a reactant alkane having a carbon number Cy,
where m < n, to react with molecular halogen;

(ii) forming a product hydrocarbon having a carbon number C,, where n > 2, by
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(i) forming an alkyl halide by allowing a reactant alkane having a carbon
number Cm, where m < n, to react with molecular halogen; (ii) forming a
product hydrocarbon having a carbon number C,,, where n > 2, by -3 1
allowing the alkyl halide to contact a metal-oxygen cataloreactant; (iii)
recovering the product hydrocarbon; and 5 (iv) regenerating the
catgloreacta ith,ai n..In a fourth aspect here rovided a
g B O R IR R e >
2, (é’é}ﬁ’fﬁi%iﬁﬁn%i} 6@?@&&%@&1@&%%@59 allowing methane to react with
molecidasnaratitipehataaleryeiatwitodifronoR0tm 900 C, a pressure of

f“iH‘aof&u%%Q e%{”m&%qs%%%&{@ AR AS LIPS %%9&56‘85‘913%@95\%% a

by volu ormlng a product hydrocarbo havmg acar

Carboﬁd}‘r‘n%‘(?f: \WFSFE ’i‘1~> 2 “BiPHAIHANg the alkyl bromide to contact a doped
ze(m]lfen@u)geocalbyh@ﬂab prodievingdrethabon; cadt(vihegeleeudtiriydhene, at a

tempélaRed @ﬁ@&ﬁ mttbayo@b@xy Rl WHRKSID SIEPSH) ) 958U R AARDS-
reactaqr. LEER)] ICE]l TION OF THE INVENTION The present
ex%]i% é SCOV

bmmlﬁvé?‘uttl%ﬁ ¥y qthetal- -oxygen compounds, such as
mixedaratag expeedugiantibgkatom b et ek rleatbpregntiedzevihes, n > 2, by

alloviagitisetellbyicsasarbotn edhaligaraespsaniidccording to one aspect of the

in umber C,,, where n > 2, is
ﬁ%cfg g@‘%ﬁ%‘c&rﬁ%&%‘%ﬁ@#%égr%%%%’wpcf%%arbon by allowing a reactant
Yo ERaERSAA NG HeL 4l eRs @ﬁ%ﬁw&l ERPIANEES < N, to react with a
wherﬁalﬂgpmaungw)agﬁm ifii) fanmirg@gproduct hydrocarbon having a carbon
number C,,, where n > 2, by allowing the halogenated hydrocarbon to

contact a metal-oxygen cataloreactant; (iii). 25 recovering the product
DT SRy e tlorenctant. More gonerall, the
meétrogresttail snthmistepspidial dye dakdomenligomerzation; gerodactpounds, such as

mixeﬁeﬁ@{ﬁ%ﬁm C%@{Rﬁﬁﬁﬁ?@ﬁé@ﬂ engRtighEhe.halogenate df@éﬂﬁ%%mcarbon
arate unreacted ( n n haI enated%%i roca elthe

g S TR0 6 N Bt OAUARIRPRR 1 48 o crbon
numbgetitraliP&tion of any ﬁymg%bwdacﬁmmﬁ@df@mmqt@ éymgrbcrg by allowing a

reactﬁd?@ﬂi@@&@éﬁ'ﬁ@ﬁﬁg%@ﬁﬂ@d ms&mitmyewﬂkear{@%mmﬁﬁ a halogenating
agentc(%ﬂﬁ)lk%%i?ﬂ%/ A oF r%a gk ﬁgo%eﬁ%raa“on RS0l e erog er?esre'sna@ 2, by
ntegrate es p ace, 10r exa le, |n azone reacto?

al Owﬂ%c%eaaﬁg% pI}éY‘iﬁOEF@‘)B 595 %@%r@sé,’éﬁt"’t}h%ﬂﬁ% cataloreactant (ii1)

recovering the product hydrocarbon; and (iv) regenerating the cataloreactant.

More generally, the method entails the steps of halogenation, oligomerization, product
recovery, and cataloreactant regeneration. The halogenated products may be separated from
the unreacted (non-halogenated) hydrocarbon either before or after reaction with the metal-
oxygen cataloreactant. Neutralization of any hydrohalic acid formed during the synthesis is
advantageously accomplished concommitantly with carbon-carbon coupling and/or
cataloreactant regeneration. Preferably, the process is an integrated one and takes place, for
example, in a zone reactor, as described, for example, in U.S. 6,525,230 (Grosso), the entire
contents of which is incorporated by reference herein. Thus, halogenation of methane or
other hydrocarbons occurs within one zone of the reactor, and is followed by a condensation
step in which the liberated hydrohalic acid is adsorbed within the same bifunctional material
that catalyzes condensation of the halogenated hydrocarbon. Hydrocarbon oligomerization
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contents of which is incorporated by reference herein. Thus, halogenation

of methane or 35 other hydrocarbons occurs within one zone of the

reactor, and is followed by a condensation step in which the liberated
WaydssiHanesacid is adsorbed within the same bifunctional mate faiTihsto0.4/623036

catalyzes condensation of the halogenated hydrocarbon. Hydrocarbon

oligomerization -3a WO 2005/021468 PCT/US2004/023036 (defined as

(def%?é@% @ﬂg&ﬂ&%@mﬁ% fakas IEA%EE ﬁt%ﬁn&wiﬁi%ﬁ% %‘iﬁ@éﬁ%ﬁ%%%@z and yzelds
o rnons wni eneral, wi ave carpon.nu

prod R R ' B LIRS SRINEL AR AP AEom T2 (0 o,

andaﬁwdﬂe}mﬁaﬁé@esre@ékﬁtem olkevngss @ﬂ@@g@ﬁmﬁé@ﬁaté%wamg@nw @éeor oxygen

libetatsy hsRGee Tbh aledanation siap sahndegen erissaitre adalomeactantataloreactant

matmer#‘&l f%é&éﬁ%%&}t‘%&ﬁ%%&?&?“é}{‘ ?ﬁe’%&%’i@&es'sﬁc&g&ﬂf&g& §}§P'Vzh‘$‘ need for

need for recycling/recovering corrosive aqueous hy
my&%ﬁé‘tf‘%‘é“é&t&@%@%ﬂ%&%@%Byﬁé‘é}&t)&f‘f esPlailedrPertpsereariKestion and
recdvwdyackeb plrsynthésis begins with a hydrocarbon feedstock: one or more
reactant hydrocarbons, each having, independently, a carbon number Cm,
< n, Cn heing the carb number of the F# rget hy carbon(s)

BY&‘E 88 §¥ Pé‘éeét‘én ﬁ%r%&‘f‘bﬁ K. one or more
reacmahedrmﬂ@m @aeh\mhmatandﬂgqsi@ptédcﬂmﬁm@wm&mmeym m<n,C
beir@ftgR léﬁltblﬁtl NgLahaH é‘mr?el neget @?c@dih hiEha). SH@&iﬁﬁhﬁﬁg@ d%ﬁﬁf@l@%def reactant

n a on has a.carbon n etween 1 a
hyd}ﬂ a(ﬁg(%rgé Tﬁd% qégfgg%’? onqsgrgnnagy As0 %%Usfd ' The reac“a’rﬂ gas (Jpregonunate}y

%‘Rﬁ’o@afr v Sl ﬁ‘aa@értaah@ Ageriesnbping@referred. In
gen@ﬁttlﬂ@@fmﬁﬁmmmumcmgmgr,mlcbimhme eMiktures of
h d&l}fgﬁ%@,ﬂ@@g&, (88 pdirggmomethane, bromoform,carbon tetrabromide),

and condensed halides, such as metal bromides, which may be present
as a solid, liquid, supported, or unsupported material. Molecular halogens
areihrefeaeaniviidspontheay Bie) Bliwgdriosreeifovitu aBrelodaeatdigiagent. Non-
limitiggidalrpam I8ERE alidiecless Kepgivethan shigling aﬂﬁvofbﬂercli BR. ANkl halides
r etic re
(e AR i e e RS R T oot g such s
metg} bropides oW RCInE B PERIGELGE hevkide maeeweaéaéemﬁr@ material.

upon 30 treatment with oxygen. At the same time, alkane bromination

and,elbsagkeRialnd Qemeeeaumﬂgzﬁaﬁﬂnlﬂw}% B AFEGN. Bromine
i?”(ﬂ exothermic, b%;taneoug en g&ﬁ 1%{%g)letlon Water
is @ Howd S AR himae e RE SR TG PR BPndls fidy 1o handle.
Bromije ai ket diirisaiderpeenisabesfor which HCI is a major component of the
product stream.

The reduction potential of bromine to bromide is 1.07 V vs. NHE, while that of
oxygen to water is 1.23 V., A broad range of metal bromides may release bromine upon
treatinent with oxygen. At the same time, alkane bromination and subsegquent alkyl bromide
coupling and HBr neutralization are only mildly exothermic, but spontaneous enough to go to
completion. Water and coupled hydrocarbons are the only fluid products. The same is not
true with chlorine as mediator, for which HCl is a major component of the product stream,
Hydrogen chloride production requires separation, drying, and recycling, which is costly. In
short, the thermochemistry of metal bromide-mediated alkane partial oxidiation is well-suited
for efficient and inexpensive plant operation.

Halogenation of the reactant hydrocarbon may proceed in a number of ways,

depending in part on the desired product(s) and in part on the feed. In one embodiment, an
alkane is halogenated with molecular halogen using heat, light, or other electromagnetic

-
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Hydrogen chloride production requires separation, drying, and recycling,

which is costly. fn 35 short, the thermochemistry of metal

bromide-mediated alkane partial oxidiation is well- suited for efficient and
WRAPEAEIBplant operation. Halogenation of the reactant hydRICEKEaN4/023036

may proceed in a number of ways, depending in part on the desired

product(s) and in part on the feed. In one embodiment, an alkane is

. radhﬁiogeﬂd&ecbw&mrﬁa@i&ﬁw@ﬁthai@mm@@%f&?éd||gi‘1{m%rz9%?ﬁe benefit in having all

AV § /023468 PCTIUS20031023036 radiation
ste rt}E/e the rgg%h%?ri] t\}/{/%{'Eég)ﬁeat e()‘llﬁié pgr‘é e?reéonré%r'sé:!?sg %%(rgng’ b e &t roughly

th 5#&%&%?%{@5?-- s IDFEFR IEmPETRIBR framsthanad %g@ﬁ@rmo) and methanol
to gd@émﬁéd%)@meemsummpaagﬂbﬁ bithenaddle terfE@teuMNsANIGah the range

Rie st QBF&MOIF&QI?J'MM)EQMQ @b(}hﬂ{%&%&‘é‘s Iéc\%]]}%ﬁ herein, an

ide ((1 {I’ r?cesses temperatures of from 375 to 450C ut|||ze
anﬁ(f’f‘é:l &g mpﬁﬁa%}gjﬁenﬁﬂ SRS PYEBT ﬁﬁer%‘érﬁg'nﬂé%m?cﬁﬁtﬂﬁﬁ@mfe is 450 to

5505focddtcruspighs didérithalanattieal sepspeightte: cage] witeretalhstensres above or

belesahisatrgaghly the same temperature, is 450 to 550C. Alternatively,
individual reaction steps might be carried out at temperatures above or 10

below this range Halo h%enatlon preferably occurs at a pressure between
1y Pyt it T arisertsaiwese ). Lomepréé8uatm, for the

subfsaqomtle:asbmpbm«sﬁamem CMWI@@@@@:? afasmllegsauemecmﬁtﬁplé@rphng (ie., a
s 1 ;
maBIORN A fY QQ&E%}‘A(“H% ;?5’?6'5? WhiR rﬂ%ﬂe %%\gg ni%\é%fs higher coupling.

un at th

Pr Proce ls{ %r |I%E, t olefi sa el

TR 8&8&8@%&@% QitRGOgPHiR Hat m@%@nf&éﬂ olefin
MRy nifessias ol be @mmbao@r gbdugtiewotgasolintaanteciyoleculied. For
prodUeSshiIrelS RRAURE- ?&@@&h@le@%lé§eﬁé@sﬁ}€§rﬁfﬂﬁ’b@3ﬂ? Qﬁpedil\dg_e@)m methanol to

below

s BIRETRREE) SR AMSINe, AS g pioclcal malien %‘;g%%%@wm}g atmospheric

atmospheric’ (more conservatlve
(moﬁ‘ﬁﬁREWr%‘W eﬁ%@cﬁ?ﬁ@ﬁ‘&l@f&ﬁ i sea ssumdptogenating agent,

halogenation ideally is carried out at an alkane:halogen ratlo of between

11 halo

raélg‘?}glgl g:gg%%%%%@%f%&&g% Q%}gfeq{ngfm‘%%ﬁ?é%l (% %mgooena on ideally is
Czmhydrocar an Sk eEasaR 42 t?‘?—’:%fﬁ]n’g 8 68916@‘& diB o (Revolume by
vo L@@z)‘?ﬂ%%poﬁts@iﬁiée@famgmammmﬁ {bes ik -bolfig érecatatore datagin), multi-
haloA¢mikaneyialogeonaiion Haigherdhanioai} aéﬁ&ﬁg@d%ﬁfm&e @deatmn (i.e., CO2)
upn@%’@&%@ﬁéﬁg Mﬁgg%ﬂﬁn WUl Dg 100, Pw, Pethaps A | Ss'g%géegqgen ratios

neary | ossible to Imagine an econ ?nlcaflprocess at'su
highgr i M1:dode CoYErSiDn ard hatarenrier odrmenrhaa)will be too low, perhaps 1%

or less, and it is nearly impossible to imagine an economical process at such conversion
levels. (30-60% conversion are more likely lower limits).

Altering the ratio of halogen to alkane or other hydrocarbon feedstock may
have a marked impact on product distribution, For example, one may choose to control the
degree of halogenation in order to reduce aromatic formation in the production of lower
olefins or fuels. A second example is minimizing formation of highly halogenated methane
in order to reduce the formation of alkynes.

A key feature of the invention is the use of a metal-oxygen cataloreactant, which
facilitates carbon-carbon coupling, i.e., hydrocarbon oligomerization. The term “metal-
oxygen cataloreactant” is used herein to refer to a cataloreactant material containing both
metal and oxygen. While not bound by theory, it is believed that the material catalyzes
carbon-carbon coupling via hydrogen halide (e.g., HBr) elimination and alkylidene inserfion
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30 Altering the ratio.of halogen to alkane or other hydrocarbon feedstock
may have a marked impact on product distribution. For é'xample one may
c:r}:%())gsezt&)6 ontrol the degree of halogenation in order to reduce aromatic
WErmatiBh i the production of lower olefins or fuels. A secon(‘,‘)‘e%y‘ﬁfﬂ%4 gz&osﬁ
minimizing formation of highly halogenated methane in order to reduce

the formation of alkynes. 35 A key feature of the invention is the use of a
intometiahpajiyerctiattddréabizmd whishfabittatsgdarbbheceatsbassimlingso acts as a

haldgn Mé@%@@%@d&@mﬁﬂza&mﬂmt@m mgab&gmﬁ@c@ﬁwmna tunable -

%usem @ﬁ}%}%efgr 0 i%c Ior Ct nS%{n e“%tl) & ntainin nae cfemred while
Gou%ﬁﬁgd? ife hot bound heor e cved that e materia
Slm@é%aﬁﬁ’é da@am&a%nrmfﬂmgevie Pog it oYy, WRlBT) a8 a byproduct.
Tre£lHoHi ation anck alkydee ngdnsertianhe MU 20602/021468

PCT/US2004/023036 into cationically activated C-H and possibly C-C

bonds. The cataloreactant also acts as a halogen release and

seqURNERE & GHEPRCb M2 s 5o By ER S Bk R de argkies stoped
zeoloesipiagprsdicst shisteibotttal, dmclasling tHesidkitrtorggoaladeomlitgeratesiifilar
matEISAN S Wlilgs ﬁ&mai@@epg@kn HRARRIAG 20SHIBERAYEIIBLNAIRIRR BN thclude

onl ter as a product. Treatment with air or roxygen regenerates the
Calc&‘!ﬂ%%ﬁ A glttl{r‘:%ue(%%%l%% ot rh ?a? oxygen cataloreactants

include zeolites, doped 10 zeolites, metal oxides, mixed metal oxides,
memi&xhéeﬂw&mb%@bae@li@e@nd sa‘m‘bae matedials Zasiye llmsmational

X cly ials, % [
(Vaﬂ1 }llﬂgfg% and& 21 gé?e%%m an ! e{ﬁéom flgsrsﬁydrom@ gé %ﬁ%geesm é?e(wmm
e.g ’aﬁf"éﬂ’é‘ﬁé’ﬂ‘gﬁ? FHEetF 8o Eé@ﬁﬁﬁﬁ)dlng Zeolyst International 15
(Valley Forge, PA). Specific examples include doped-ZSM-5 and doped

gﬁ?gﬁﬁi It (Wb ﬁvg{&tgzs Qﬁ'%ﬁiﬁ@é@?ﬁ%%ﬁéﬁe&ﬁ%@%%ﬁ@m@ oxide
ifting the properti e zeqli olite component of a

compasiits %ﬁ%gl &° %?3 p05| e{fsué:?so ex%p)eéf)ed g?ﬁiz a?ldlty are particularly
exmwlﬁuh@nmer@@z@ﬁﬁﬁﬁmmﬁ@%m@mw M@ﬁb@ﬂé Bwctionality, and
poréfﬁﬁéfﬁ@i\} AARIGHY InE %gﬁﬁdﬂ@ fiartiohstisin Eagiteand furttgankiye-size may
sele& @Sé%ﬁlfc% %ﬂ%e%%n%%&b@ RAn %HHM?EBB%&%@!Q&%Q fzmxed xylenes,

articular pore-size may_selec vey roduce benzene, toluen
eihyggiza%@weﬁévrm&m A REAZR o 16 ORI SRM R OBl DRz BifeOf pore size
is nEtjireited imeamadkyljreduetine, or other aromatic products. The use of pore
size is not limited to aromatic products. 25 In one embodiment of the

nv nt(')%?e’ b aﬁllgf)l(tl %?/ﬁ%ol'ﬁ%e% Oas Ixtnee glpg)%%afzcop% composite is prepared by

mixing a zeolite with a metal nitrate (g.g., calciom nitrate) or hydrated species thereof.

After oligomerization, the metal-oxygen cataloreactant is regenerated by treatment
with air or oxygen, typically at a temperature of from 200 to 900 °C. This converts metal
halide species into metal-oXygen species.

A number of variables, including feed composition, feed location in the reactor,
temperature, pressure, metal oxide composition, and reactor residence time may alter the
product distribution. Production of alkanes, olefins and aromatics from methane has been
detected and confirmed. Also expected is the ability to produce alkanes and clefins of
particular branching (including mono-methyl branched alcohols), alcohols, diols, ethers,
halogenated hydrocarbons, aromatics including benzene, styrene, ethyl benzene, toluene,
xylenes, and linear alkyl benzenes, and hydrocarbons suitable for fuels such as gasoline,

diesel, and jet fuel.



mixing a zeolite with a metal nitrate (e.g., calcium nltrate) or hydrated
spemes thereof. After oligomerization, the metal-oxygen cataloreactant is
enerated by treatment 30 with air or oxygen, typically at a temperature
%?8?#?%6% 900 C. This converts metal halide species into PCT/US2004/623036
metal-oxygen species. A number of variables, including feed composition,
feed location in the reactor, temperature, pressure, metal oxide
composition, and reactor residence time may alter the 35 product

distﬂ%uﬁewﬁ%eﬂ% ShalROeeap P il HATRLGR UL nydrogen

as bee ete nd confirmed. Also expectéd is the ability to uce
R RRSLSEA 16 e G BT TR H 8 eI G AT TR BRIS B oD with the

smm@ﬁe&cm@smmdmmsluam@ﬂmm:kpdaaﬂsog@namat@dmwamamspmm
met@@&bai&ﬁcﬁlﬁbfdégﬁ iﬂ&g‘éﬁﬁﬁaﬁé’ﬁ.@!&ﬁ; QW#S? Elﬁ H}?glﬁéz&ygﬁﬁaﬁséhzaﬁon
100%2@04@% B S A o B BB S g
ﬁf@?é@?a eﬁﬁmﬁbﬁe@aﬁmwﬁé peskgEfusstianmay birsxpected o
10 dmvbyﬂquemﬁﬂaﬁI@MM&MMMMWYW%M@woh as
coa%ﬂﬂ%mﬁﬁﬁﬂhgwﬁﬁ s aﬁg%gégﬁtt%l tﬁe@g&ﬁgén ey %9 RIRpYe H}CI%%ution

drocarbon productgs orw separaté metal-oxygen compoun

In Pﬁﬁ*’a? PELHSR ETHERSE Y R R ﬁ%ﬁ@@éﬁrmwbﬁwﬁm may-
mﬁgﬁﬁbareemmﬂwediﬁleMglmmmﬁglﬂmgﬂon ditiitdchgdndgargiddnig may
azwmwamweﬁz&mle}g%%% M@A@&%@Q%%@%&I&%ﬁﬁ%

R ected to. 10 drive ction of alcohols
> ﬁ_mcu #l er’go %r ergr%acf: I0NS guc%@; HOH gﬁl@ﬁgéﬁ 615‘:’ reduce
AR Hee relany ‘%‘E}hﬁ%@ﬂﬂ%tnbutlon In-particular, the

addttlon of water may favor alcohoi products ‘The addition of water may

alsﬁ RN PRIL56-200 ARG 0T BFRNERING AN no %tﬁagri ih- Tr#r%‘oceed by a

ion

addlt%t‘u may, alter the product di

%@.@HA X?‘Eﬁé”&&;Eﬁé@WBﬂ%ﬁBiﬁéﬂ%mé{|mé§i @@ﬁ@é&%gﬂe product.

20 Onm tbﬁntbafd@@sef@@@o@imgdﬁéis;ﬁmmge eoniayliS halegenatiookingsed to
predWMM&MBS&B@&H@%WW@Q oIt Wil @50 é&m&s&aﬁ%m

: t
oML Rk gﬁ;“aiﬁéiaémé‘%ﬁ%%%% Y i e eamgsiono
el PhffireBnd kelidediieleeibrtpcietarthatide, methiyl..

- dih pyk yratiohdidaltde] éecp) '“Eﬁdﬁﬁ'lﬂﬂ@iémiﬁélﬁm%ﬁﬁan,an:
25 alk fﬁ&ﬁ&@i@;&’lﬁiﬂﬁ £519-iRRIaaLve é?%%%@&h&&éd%&%ﬁa%ﬁ&%ﬁ%{?”@n Mixee .
ds ocks auch as rfaw a ural y give rise to olilgomerization o
woul B RS A 0 BT o ARPRMD CHbelsieaE  higher ally
hahdmmmﬁm@éemwmmub eﬂrmbwrhaﬁhesqmpyl dihwitieryobaiyl (or other)
brandﬁﬂ%@d&ﬂi)%?f '_Blmﬂt%fethﬁ Wﬁ@é]oﬁﬁyrene from ethyl halide, methyl
hahda aud d:hajomethane.

~" In one embodiment of the invention, the reaction of halogenated hydrocarbon with a
metal-cxygen cataloreactant takes place in a fluidized bed.- Alternatively, a fixed bed is: .
employed.: Different alkyl halides may'be introduced at different locations in the reactor,.
One examiple is the introduction of methyl halides af one location in a reactor to produce-

35 benzene, to which ethyl balides are added, producing styrene or ethyl benzene. Another
exampié is the introduction of methy! halides af one location in a reactor to produce benzene,
to which alkyl halides are added, producing linear alkyl benzene,
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25 alkyl halide is purposefully introduced to create desired branched
products. An example - would be oligomerization of methyl halide (from
W m%th ge}ﬂ\évith ethyl halide or a higher alkyl halide to produce selec%i(\){ﬁ%h 036
%e?ﬁ&, ¥ yl, propyl, isopropyl, or tertiary butyl (or other) braﬁgﬂm& 3
Another example might be the synthesis of styrene from ethyl halide,
methyl halide, ‘anddihalomethane 30 In one embodiment. of the
invention, the reaction of halogenated hydrocarbon with a metal-oxygen

Ca@leaﬁ%g%p#@df&f ﬁ:ﬁfﬁiﬂﬁﬂm&i Bfédr@@ﬁﬁéﬁ&"ﬂﬁﬂﬂ&&fy Ndiegitiag éxamples
. € Q - DITTeren Nadl | :
e RISl I e oo Do

by stERRiTH A SEaRTHS PrIRESBSHIRSEREAIS-which ethyl halides are

added, producing styrene or ethyl benzene. Another example is the

npab el ah e alideR LoRslacalanihadaasior 1o produce

benzene, tow lkyl halidés are added, producing linear alkyl
benzene. -7 WO 2005/021468 PCT/US2004/023036 Product separation
is dtconpitisheulbgl £y deidablisasethperit A% ag xpmpdas SorergeA solid
mix@idaioRadserplioReRRAZX GO VRIOTLGEA AN e Secoyeret b aitholes
SO s SRR B2t SRR EONE: SICRIE! ST 0Es naded o
1036110 ToRiting x%’mp eso the Iy _ent|0|xi):i xample " “Metal o
incipdsutiwzaeite ABaTfoO Meisspiuignapd saringrdhe W sefdsiskand qfcined in

sequendoM-51ty/ e @eeliie(fralds00BY @0k Gith reatiect @0y, 1@ @irl 70
mmoles Si02) and CaNO3 nonahydrate (9 g, = 34 mmoles Ca) was

prepared and water was added to incipjent wetness. After Ca

L ESRBIT 2n TS 0 G PP AES AR SFRRERTE Doy io ALA e of 5
ce/nfid 5 Théaesttighty arnSabotone and mpthesp Ecthiehy, inoki). W Prsserpibrough a
smalf 4G IERP 8B HARBSR MRS P I PUENHINPRAHN @ Kl BT LRI, (x =0,
1, 2,;@]5%‘86-{}]%&35%%%5%6 aTm%cvbg %%P x%e%zl;;l:j O)rprigg?zaef% i&lé}g??és?ggg[g\ﬁ%gﬂo Cy.

a small diameter mination reactor at

The gntbuhetraiioBf tH-Re@RdReactyr qontained Asduepinipdaupicts. Based on the
metiGaIABNNGR Yialthedisdniideteetittoepopositey Mikl 14A0PRDIR0ARS% propane,
and § Yép %(j;?éﬁ%%‘ghi&%@% DeS ek EeRS R SRMRINeH A0 RO MIRAULE PIRGYESvere also

s s G TRRAAL S TSRS g o e
distrilmtioteds66bcdoboatt, hagehmouineao! €6 dpworinnedardsbe detesewas
purcPASHIAEHAM I PORNES FUTINSRNE: theseapuanifigid SROSRBEEnIn) into
the sggscggbcw{%ﬁqe%t%ﬁ%%t{{oﬁ%i%tegégrt:)l%ravga?%vx%gte%%r@g ttlﬂ%rz]ge%[ S E5m the metal
bromide of the partially spent composite. Initially only water and CO; were observed as
products, but abruptly the stream contents changed to Brz and unreacted O,. After 1 hour, the
O, purge was discontinued and the reactor was again purged with helium. The caustic trap
used during regeneration was tested for CO5*% and 1.0 mmol was found, representing 24% of
the converted carbon. The remainder of carbon was found to be higher boiling volatile
aromatics (mostly toluens, xylenes and mesitylenes). A second cycle of bromomethanes
condensation as described above was initiated at 400°C and the product distribution was
found to be identical to the first run. Three more cycles of condensation/ neutralization/

regeneration produced the same output of higher hydrocarbons.
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25 purged with helium at 5 cc/min for 10 minutes. After He purge, a flow of

02 (2 cc/min) |nto “the second reactor was initiated at-525 C to regenerate

the metal oxide from the metal bromide of the partlaﬁy spent composite.
Wih PR DrikE water and CO2 were observed as products, but &6rpgake2303s

stream contents changed to Br2 and unreacted 02. After 1 hour, the 02

purge was discontinued and the reactor was again purged with helium.

TheRauspie ap 30 mmmwwmmemmﬁgﬁt%{@amﬁlm@ and Mg)
(Seﬂ- wQa'g‘B?Qﬂ)X}‘Q& 59851‘&1@ R ouf%i?c% 214%31%1 udhg H&’e”?z carbon, 1tz1 % hydrocarbon

er bolli lling volatie aroma

mainger or C S

R POTAET S B B RS R AhON SRy EI2. e product output was
30%mm%@hmd%mm@@%rmgmoﬁ%mgvmme AQ@Gltiple runs
ndaachlive sesR RIS UG R hE dfiegtical o the first run.

Three more cycles of condensation! neutralization/ 35 regeneration

produced the same output of higher hydrocarbons. -8 WO 2005/0 2 1 468

PC RIS BoRen36 beoradspraiB:da o pdrencrd eniter{BevlysirQBas 204, preferred
em%ﬂmadmmmmr@atlﬁﬁﬂemme@@ M&?mgﬁm@ﬁgm&mﬁw@b ) than be made

r n rocarbon 5 synthes staptiall

Wﬂg}nqlllg% gfgﬁhagtﬂ:lﬁe(ggn %desa%k% veglir? xampe Trhe prggu%}?] Il}t‘pnﬁvg gomerization
Proceases Fﬁﬁ@hg BETCIRHIR %%Wgﬁr@cgmpgp@bah@egwon of olefin feedstocks
usinguaiysiiagtandsliNullipe, i) and catatoteactahigageng@aiigntion of acetylcnes

(alkpstablishad Kopraduciiiive EP%:&SI\&@&!&%P%%%&E%B%SE@&S‘ & z{z%f%de% § others
usmto}\l/a us eﬁ es an(; g ferred 10 em&E ments, but IS not I|m|t

yeto A o THERIS gagrhfel?@ﬁgtlﬁﬂ g@@ﬁﬁ“ﬁ@%éﬁé‘%ﬂ%l}ﬁm" molecular
ha?togg%%@ fdpiyes dhat spatetitbariviogrmtibor Spifillthethe catalyst may control
one off gom@mzaa@ag;wﬁeﬁsbgmﬁgﬁtm%&QM ARERISR BUPRRRLER) and the position
of hﬁﬂm x@:% [;1'9% Orﬁf a? %da%OCkg ulilr?fl?gra h dro %n ha%gém) Other

.g., HBr) or mole an enation o acetyl

mod IGRIMS MR A Wf‘é? éﬂﬂ’&r*ﬁﬁ%‘@@ﬁ iﬁdlég@ﬁiaﬁ@ﬁy &y dhwkppsrded claims
and @hé@qgsdémgdﬁydrogen halide or molecular halogen; and halogenation

of alkynes using molecular halogen and a catalyst that controls the

halogenation. Specifically, the catalyst may control one or both of the

degree of halogenation (number of halogens per molecule) and the

position of halogenation (e.g. terminal vs. internal halogenation for a long

chain alkane). Other modifications may be made as well. The invention is

limited only by the appended claims 20 and equivalents thereof. 25 30

35 -9
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WO 2005/021468 PCT/US2004/023036 'WHAT IS CLADAMIS:51. A
method of making a hydrocarbon having a carbon numbgér C., where n ?
2. comprising: forming a halogenated hydrocarbon by aI'Iowinlg a reactant
W(ﬁ%‘}%ﬁrﬁgn having a carbon number Cm, where m <n, to réact Wi & 023036
halogenating agent; forming a product hydrocarbon having a carbon
number C., where n >_ 2, by allowing 10 the halogenated hydrocarbon to
WHGhtcCa.mMbELbI§gen cataloreactant; recovering the product
hydrocarbon; and regenerating the cataloreactant. 2. A method as recited
in claim herein the reactant hydrocarbon compri ane. .
L met‘ﬁé%eéise\ge%ltggqﬁnglgirﬁ %\?v g\ég'i ﬁ%ﬁép %e‘%’f-oxy‘éeﬁr%%%ﬁa 3r%%€%%t%s£
congrlad®ed from the group consisting of zeolites, doped zeolites, metal

oxidegninjxe tahetalaxddesirmatabobidalmpnggnatedane blitbocartdn having a
cardBRasdherefn 2 4, & Meshostas#Rdted B Llaimolguherein the

cataloreactant Is regen %Wl h air or oxygen. 5.'/A thad as recjted .

in CIAE2 REFERS SOHAFRRIEDER B oA CETIRALPBEREbb s AP At Gui o wing
the hakopea sddipdrasthon ethterhs metitedxyeeniratalovehetait the

halgm%%gmggm@gmmggg{ﬁ halogen. 7. A method as recited

in claim 1, wherein th moletcular halogen comprises bromine. 30 8. A
meﬁ?@%nggarélc%tfgﬁ i Erae: ,m\}vherein the halogenating agent comprises

an alkyl halide. 9. A method as recited in claim 1, wherein the
halegenrainyagesitabmplisesia shiitkid hbatigdaadOh Wiretted asmeeites methane.
in claim 1, wherein the halogenating agent comprises a hydrogen halide.

-10 WO 2005/021468 PCT/US2004/023036 11. A meth%%;ﬂ{{ making a

3. hydfoESBOR ReTFiiPd R AT E D SIEkPYESR CHABHERE s slected

from the group consisting of zeolites, doped zeolites, metal oxides, mixed metal oxides, metal

*

oxide-impregnated zeolites, and mixtures thereof.

4. A method as recited in claim 1, wherein the cataloreactant is regenerated with air or
oxygen.
5. A method as recited in claim 1, wherein synthesis of the product hydrocarbon is

carried out in a zone reactor.

6. A method as recited in claim 1, wherein the halogenating agent comprises molecular
halogen.

7. A method as recited in claim 1, wherein the molecular halogen comprises bromine.
8. A method as recited in claim 1, wherein the halogenating agent comprises an alkyl
halide.

9. A method as recited in claim 1, wherein the halogenating agent comprises a solid
halide.

10. A method as recited in claim 1, wherein the halogenating agent comprises a hydrogen
halide.

~10-
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forming a brominated hydrocarbon by allowing a reactant hydrocarbon
having a carbon number Cm, where ra < n, to react with a brominating
Wz%ggnt‘,; forming a product hydrocarbon having a carbon number Ca, where
n> 5’,‘ @%‘é‘lﬁ%wing the brominated hydrocarbon to contact a me¢aIte5ageii23036
cataloreactant; 10 recovering the product hydrocarbon; and regenerating
the cataloreactant, 12. A method as recited in claim 11, wherein the
reactant hydrocarbon comprises methane. 15 13. A method as recited in
1clain Hahese s mesheorn iy sl asesed Jemie o
co r%upncpngstlng _of z_eolltes, doped ze(_)htes, metal oxides, mixed metal
o%dses%'metal oxide-impregnated zeolites, and mixtures thereof. 20 14. A
metARSre Sresitiedidrocaterainythborindor eemtant isylegenboathaving a
carh?ﬂﬂrﬁtkmbér Oy geerd 5 Amﬂﬁ@&@@g&ﬁqfﬁ%ﬂ%ﬁg dg¥yperein synthesis
of t r on.is _carried out in.a zone reactor. 25 16. A
et RS AR G oty lowing
thedrprinucd RIBKSHIEHRG FHtarbAmRalIRyiasroatdlseseiidtbromides, and
hydmegeretingriid erddhcAbydrtvaehehmaking a hydrocarbon having a
car%gﬁﬂm t@@c%ﬂl@i@a@tﬁ@: 30 comprising: (i) forming an alkyl halide

by allowing a reactant alkane having a carbon number Cm, where m <n,

to react with molecular halogen; (ii) forming a product hydrocarbon having
12.a catpepthedmserdiod wheeinm B 2whreid| dweingntinenaligylrbedidierie captads
methmetal-oxygen cataloreactant; 35 (iii)recovering the product hydrocarbon;

and (iv) regenerating the cataloreactant with air or oxygen. 18. A method

as recited in claim 17, wherein the reactant hydrocarbon comprises
13. metfidprthoiagvesivabis/orimed Pumrs SsomeoaBosseacatalmetuochais selected
fromettiteptdnpotaini dihgvdieteldhalnpeleeesatdatosan SORRIISRER RIS es, metal
oxi@infoBEiiRd asoiRELCH AR frbgrein step () occurs atan

alkane-to-halogen ratio of from 1:10 to 1:100 by volume.

o

i4, A method as recited in claim 1, wherein the cataloreactant is regenerated with air or

oxygen.

15. A method as recited in claim 1, wherein synthesis of the product hydrocarbon is

carried out in a zone reactor.

16. A method as recited in claim 1, wherein the halogenating agent is selected from the
group consisting of bromine, alkyl bromides, solid bromides, and hydrogen bromide. '

17. A method of making a hydrocarbon having a carbon number C,,, where n > 2,
cormprising; '

(i) forming an alkyl halide by allowing a reactant alkane having a carbon number Cins
where m < n, to react with molecular halogen;

(ii) forming a product hydrocarbon having a carbon number C,, where o > 2, by
allowing the alkyl halide to contact a metal-oxygen cataloreactant;

(1ii)recovering the product hydrocarbon; and

{iv) regenerating the cataloreactant with air or oXygen.

18. A method as recited in claim 17, wherein the reactant hydrocarbon comprises

methane.

11—
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21. A method as regited in claim 19, wherein step (i) occurs at a
temperature of from 20 to 900 C and a pressure of from;0.1 to 200 atm.

2 ethod as recited in claim 17, wherein the metal-oxy,
w‘(}:g{ékﬁf(@d{gtgant is selected from the group consisting of zeolites, SS%‘H’“"”‘”’

zeolites, metal oxides, mixed metal oxides, metal oxide-impregnated
zeolites, and mixtures thereof. 15 23. A method as recited in claim 17,

19. whératiing catsiieddtitin ibherarsiadiwitncdpenladialgarn oumprises bromine.

method as recited in claim 17, wherein steps (i) - (iv) take place in a zone

20, €4 t%?tggdz r&ﬂé%%%&%ﬁ%%ﬁa@aﬁw 9{%65%%}@‘5‘%%1%%%103% ratio

num where n > 2, comprising: (i) forming an alkyl halide by
of frgmehiHy matHh XS PBERE with molecular bromine, at a temperature of
from 20 to 900 C, a pressure of from 0.1 to 200 atm, and a methane-to-

21, brom Eﬂétﬁ%ﬁoaﬂéé%li1&9&&&111'@9&1@)@{9'&Hﬂf(i)%@&ﬂ)sfg{@iﬁﬁ;ﬁe%&%@f from 20
hydrocarbon having a carbon nu ger Ca, where n ? 2, by allowing the
to 93‘?&);13 ﬁmg@f@’é&?&&’g@oqp%ﬁd@ Gli8: (iiiyrecovering the product
hydrocarbon; and (iv) regenerating the doped zeolite with air or oxygen;
22. Whey eiRsiapss (R-€dosClbifh a ZoNe:reiaaies n#laBbxyken cataloreactant is selected
from the group consisting of zeolites, doped zeolites, metal oxides, mixed metal oxides, metal

oxide-impregnated zeolites, and mixtures thereof.

23. A method as recited in claim 17, wherein the cataloreactant is regenerated with air or

OXygen.

24. A method as recited in claim 17, wherein steps (i) - (iv) take place in a zone reactor.

25. A method of making a hydrocarbon having a carbon number C,, where n 2 2,
comprising:

(i) forming an alkyl halide by allowing methane to react with molecular bromine, at 2
temperature of from 20 to 900 °C, a pressure of from 0.1 to 200 atm, and a methane-to-
bromine ratio of from 1:10 to 1:100 by volume ;

(ii) forming a product hydrocarbon having a carbon number C,, where n 2> 2, by
allowing the alkyl bromide to contact a doped zeolite;

(iii)recovering the product hydrocarbon; and

(iv) regenerating the doped zeolite with air or oxygen;
wherein steps (i)-(iv) occur in a zone reactor.

~12-



