1 USE OF | SOTOPI C ANALYSI S FOR DETERM NATI ON OF AROVATI C HYDROCARBONS
PROCDUCED FROM METHANE HELD [0001] This invention relates to the use of

i sot opi c woabymisssshior the determ nati on of aromatic hydrorarsbensizneoduced
from nmet hane and, in particular, fromnatural gas. BACKGROUND

[ 0002] Aromati ¢ hydrocarbons, particularly benzene, toluene, ethylbenz, ene
and xyl enes, are inportant comodity chemcals in the petrochem cal
industry. Currently, aromatics are nost frequently produced from

petrol eum based feedstocks by a varietyyof processes, including catalytic
reform ng and catal ytic cracking. However, as the worl d supplies of

petrol eum f eedst ocks decrease, there is a growing need to find alternative
sour ces of arorratl c drocar bons 0003] One OSSI bI e al ternatl ve source of
aromati c hy @S QFISQTOPICANALYSISH LTERMINATIONOFAROMATIC 1ot yr al
gas. Wrld reserves mgm@ﬁs ﬁi@lﬁﬁﬁﬁbﬂbﬁ’lhﬂc’@mmr aded and nore
natural gas is currently Delng di ScCoOvered than oll. Because of the problens
associated with transportation of l'arge volunmes of natural gas, nost of the
natural gasgpppguced along with oil, particularly at renote places, is
flared and wasted. Hence the conversion of al kanes contained in natural gas
directly tol000dher R}Adrwanﬂwnsrelamfchoasheammeﬂ dgsotopis  analysisr foot thee net hod
of upgradin , t iculties
can be overg%trre M&%‘%b ?iﬁ@%%é Qﬂoéa?gon% tpﬁ&]%géo%gggggg@é?gegj{dl’ y%pr oposed
for convertpmgmlat,ffmmﬂmdligqm d hydr ocarbons involve initial conversion of
the nmethane to synthesis gas, a blend of H2 and CO However, production of
synthesis gas is capital and energy intensive and hence routes that do not
requi re synBAtCKER@ENIeneration are preferred. [0005] A nunber of

alternative esses have, been roposed iFectly converting nethane to
hi gher hydr @QSICJ s‘g’ icspygro Pﬁ)‘ﬁﬂ’{yege%z&f“&l é’tlﬁ“?f‘eofmi'g? &% oupl i ng
of nmethane ki QYRhés)ard ahperead obmmycafemlym n Wﬁ&f&h@ﬂx&i industrhe

olefins to Liquid hydrocarbons, includin rg aromati ¢ hydr ocar bons. For
exanpl e, U, SUrPAbenmrow@atios, 3%, ‘1gosi dreguenile Pradycrd. £tomp petelaa-bassd ¢ he

oxi dative CRRYGLSOBY vaa'ﬁ%bh@ﬁﬁrcic&sgéi%ﬁélh@ﬁgrd’iﬂﬂ%é"b@é&ﬁﬂé Qﬂﬂ%a&@ﬁﬂ;" i sing
aromati c hydrocarbons. In the Tirst nmet hane is converted to ethyl ene

and mi nor afwWEkne. &O“@eraﬁéltl&weﬂéﬁﬂmleﬁ of P#@lpvfé§e¢ﬂ§é)cb$ degreasegthgtfen usi ng
a rare eart J‘?E F_chg ﬁﬁ‘% Lyst at a
terrperaturegb né)é b6 3%‘8’]8(1‘0@ ég{aﬁy ene qﬁéﬁjﬁl gher ol efins fornmed
in the firs{0088kp e@eepmslble@hvrmtlmjsmmcegaémomwcrlamlgrpathoqausjnmldne,ca_r bons
over an aci gv'hlcchsiglthg mca%raéo%gtltuggtn&a I rtllllrgpgas W% dS reserves QF Qatltuf;jl ? gas %.reeOI Ite.

constantly being upgraded and more natural gas is currently being discovered than

oil. Because of the problems associated with transportation of large volumes of
natural gas, most of the natural gas produced along with oil, particularly at remote
places, is flared and wasted. Hence the conversion of alkanes contained in natural
gas directly to higher hydrocarbons, such as aromatics, is an attractive method of
upgrading natural gas, providing the attendant technical difficulties can be
overcome.

[0004) A large majority of the processes currently proposed for converting
methane to liquid hydrocarbons involve initial conversion of the methane to
synthesis gas, a blend of H; and CO. However, production of synthesis gas is
capital and energy intensive and hence routes that do not require synthesis gas
generation are preferred.

[0005] A number of altemative processes have been proposed for directly
converting methane to higher hydrocarbons. One such process involves catalytic

oxidative coupling of methane to olefins followed by the catalytic conversion of



[ 0006] However, oxidative coupling nmethods suffer fromthe problens that
they involve highly exotherm c and potentially hazardous net hane conbustion
react i onswendotiaess4generate | arge quantities of environwremtmsbkdogosansitive
carbon oxides. [0007] A potentially attractive route for upgradi ng net hane
directly into higher hydrocarbons, particularly ethylene, benzene and
napht hal ene, is dehydrocyclization or reductive coupling. This process
typically involves contacting the nmethane with a catal yst conprising a
metal, such as rhenium tungsten or nol ybdenum supported on a zeolite,
such as ZSM 5, at high tenperature, such as 600C to 1000C. Frequently, the
catalytically active species of the netal is the zero valent elenental form
or a carbide or oxycarbijde. [0008] For exanple, U'S, Patent No. 4,727,206
di scl oses aths GUefis forligid Jaxdrogirponsy j ineludingy, agomatico hydrogarhors oc §Phons by
contacting RRiPAREUN. ratdntNRC5 B2 5 R1REHa 8R0St &R0 forl tRe bRRIaADS ENCE Of
oxygen with a catalyst conposition conprising an alum nosilicate having a
silica to akemyessionoefamethang otopBaspling erpgge Shyfrocaghads atmMPfdRE |arematc bei ng

| oaded with,(] i Um0, u r eo il ) -
conpound t hg&%%’f: gf??{:l)ém %‘ O%SB%EQ%?, ?%éﬁ%%r ﬁoé‘?@gﬂ%(glt%.ed%% drlqglgghi on,

U. S. Pat ent aioun§, ¢f26; 83¥ Cdidefirssiasthe pressoes of fioe oxgeransnmtai met eath of

met hane whi ¢ch,_ gonprise t f Ssin e stre i onpri ses
over 0.5 morBiEiparsieh g (38, il XL Gl B £ lrbRinn bR AT
at | east onéd00¥iland 16009C1 Tht athyidinecmdphiglsdérrdezAisMoimed) & theufinsastep are
phosphor us- ¢ont ai ni ng, al um na at canver.si.on condi tions whi ch..i.nclyude a 3
enper at ur e 15 <SRyt O aagplint faneg Bawid Midietarns v pcidle salid saaliplor uy o
(1000 kPaa) caimdiningy@RighGilidapenifasit geslitt.ocity of 400 to 7,500 hit.

[ 0010] Mor eo u. Pat ent .. 5,936, 135 di scl oses_a | qw tepperature, non-
oxi dati ve px(i@(ﬂs ?ﬁ?wfﬁ%r’ 85’2@8?’% FBWSH’fg e sulfer fpm u@ﬁggglsr@? ane or
et hane, to @Y BRVbIeMghgCeidatmic hid tpdtentiall @ tRASEdols et lcogbustiéh i S

m xed with a higher olefin or paraffin, such as, propylene or, butene, and
the mi xt ur eT5actigRs,angt they generate; lasge apamitie ofjenyifermentally sensitiie sarbb| it e
catal yst, sugliegs GaZSM 5, at a tenperature of 300C to 600C, a gas hourly

space vel oci t(éﬂOf 1000 to 100000 cnBg-I1hil and a pressure of 1 to 5
at mosphere (471t o Aopotestially aftrastive doHien foroppgrading amsthane dirpgdy viato

contacting a it h l r d angdy s .

t enper at ureth%lg{é %g&rég%g&sté B?%fsaslfé%lg %ﬂl%ﬁySB%gpﬁg? eh?‘%giégtg%é%so | cPa)
and a gas hdehnydyocyslicationelopcredyctive spuploast TG Erdgss [typically gnvelveeri od of
at |east O. [a pi.act i h .alyst _with_apir or en at a
t enper at ur e%’]ﬁlg%ﬁ@cﬁf%okgg&g qgﬁlggs °ﬂg‘a’%‘| §°‘§ ét%gé/ vaefn\c%/(kﬁl’t f/‘?écl)‘f asgtr h%%gt 200
enBg- | hr-1 amgs@nporsselybdepum] $uppbrted nos pheedit¢,1OiEcht as SEMkRajt thigh a
period of at |east 0.2.ho o~00 ticular.difficul i.n _using-natural
gas as an a&edﬂ%elr?t&%e’ §%°6¥35Leg080‘%g%iﬁéﬁpﬁgﬁ%‘&e{llﬂyh@? cﬁ‘éwcﬁlyﬁ?tgle Sgﬁ%gsfi el ds
around t he wbthHednetahis shazdravalentglanenthl fosm o @rdatbidesr dxycarbidess of 50% of
carbon dioxide  Not_only is c on, di oxj de f et,. of increasin

gover nnment ah&ﬁ)&;ul a]t:‘?roﬁ}‘lﬁaﬁlﬁu of 3¢ P8t é?l?%7§0%08ﬁflqs%tai BFPCFﬁsg §Pobal
climte chapgiucingt liqhid® rivhyirdafisdi hidlocirBah b§Scontfting! ineMadd Gt i Sposal
of large quantities of carbon dioxide fromnatural gas is |l ikely to be

econoni cal | FRREHEE betygen PROTGaRd 8Q% (e i, the gbspncg AL gxygeny with-3, gatalysh, hi gh

carbon di oxicéapbsitien SompridiAg A8 ahilthinBsititate %ﬁﬁﬁ%@eﬁﬁ& RCHNATHaGAbIaY ratio
unrecoverable. [0012] There 1s therefore a need for_an_inproved process for

converting _ﬁﬁf"n A ¥ S&F‘bﬁ’ﬁﬂ‘%"%%é‘éf‘%é‘?@?d eith (Q:&‘P]HWW']E?@P?‘H@ met hane
is present {Har&rigllifh &S & 4 HRhGRHY Befo? SrohP GISFIVEH bf tHRSPRiodfar bon
di oxide. [0013]U. S. Patent Nos. 6,239,057 and 6, 426,442 di scl ose a process
for produci A8blei gher carbon number hydrocarbons, e.g., benzene, fromlow
car bon nunb dr oga h : t er with
a catal yst ﬁ)ﬂr?%ri s?l(r}]lg&g(ﬁg%}’og? QTJ%%ngptﬁB ?3’??92’2 %gﬁ\l/{’%g A\I\IEI c‘%gﬁgéla |espersed
t her eon r henfonmtizatior o manthansr whishadomprisks dlse steps of pessing 2 feechatteamy
fﬁgggﬂg;g} . WRioHP d5APMkes! BVESH 8 Bleo? HUASSAHE abd'S0CRlo1dd, | GEtiB" APEY | on of
reaction zone having at least one bed of solid catalyst comprising ZSM-5, gallium

and phosphorus-containing alumina at conversion conditions which include a



4 with the rhenium and pronoter netal, the catalyst is activated by
treatnent with hydrogen and/or nethane at a tenperature of about 100C to
about 800&o0f007/1@a286k e of about 0.5 hr. to about 100 hr. pCwarsaedioiz4on of CO
or CO2 to the feed is said to increase the selectivity to benzene and the
stability of the catalyst. The ratio CO and/or CO2 to nethane can vary from
about 0.001 to about 0.5 and preferably from about 0.01 to about 0. 3.

[ 0014] Russi an Patent No. 2,135,441 discloses a process for converting

met hane to heavi er hydrocarbons, in whigh the nmethane is mxed with at

| east 5wt % of a C3+ hydrocarbon, such as benzene, and then contacted in a
mul ti-stage reactor systemwith a catal yst conprising netallic platinum

havi ng a degree of o0x] jon ater than zero at met hane parti al
pressure of geé?pelr%t&%et °€ggé %géﬁaé,aa tpéﬁsﬁ}é‘iﬁaﬁ'ﬁ? thagy ?%tanpgﬁg‘fmﬁﬂ?@mﬁydr ogen
gener at ed i (10008PREPSRISSgdEHOuBg sEARNALSRE oFisbD tO7j5005rdf carbon to generate
addi tional nethane that, after _renmoval of the co-produced water, can be

added to t hE0WHN hardoreayer UrhePBpndie 023651 3o1iisclesehatew (oPRaEfRT%RoBr e a
C2- C4 gaseoygidRhiassroedd 8r fhe toh{&kibH oPBasWerlikane2 G AirhdhidcorEpme! es.
there is little (less than 5wt% or no net increase in aromatic rings as
conpar ed w tharomati¢ dgdrocfrhons | Inthisiroeess, slanowey alliage istaixed wiipphighert | on
Serial No. Qetein (4 , a4 . hed a
process forggﬁﬁ\%}zﬂl ngn’n%%ﬁgsﬁg&tpgﬁ &lggﬁg{r;teﬁ%cﬁl §2§$ (l))}r’ligreih%\céﬁrﬂtg‘?%gwé@ganati C
hydr ocar bongretrichted p biforg®nabnpmitasilngeflite catalyatt sugh casf €&d.SMHI aatniang

nmet hane with_a dehydr j zat cat al,yst, under condi t | f [wve to
convert theperrntlﬁ ane tgg%dr;(k)fné’t%%&E:y3r%a3a}¥°bu51P{sSp3%edv%P8 8?2@ ?orgﬁ&se fl uent
st r eam conpeindg hy' and agiresulyoff beans honesphad (100 to §oh kP cPreireatineat 6f r St

ef fl uent strea onprises at, |east 5 % nmore aromati g rings thapn said
Feed: and (B PR P i3 Phizcing eealivs: Nalhes g o grien and ppaf

ef fl uent st aeampetdiur@00%Q ¢e 800W) adpréssir@ of1abisefmopstické (100as 590 LPryand/ or
CX2, to produce a second effluent stream %%l ng . nheduced .hgdroggen cont ent
conpar ed wi Pigési‘f’\"gi' SR YRRyt raéi?ﬁ“ £8Y &7t HOF 2 ReRod 9f ab lPasfendi ng
U.S. Pat ent 0AppdurGalithéh SerithctingNde A @8 Nifi0Ar of iok§serDaCE eratdre ¢004, we

have described a process for converting methane to al k%l ated ajomatic

hydr ocar bon890Th& $PBEess 833 MorrlY| sRace BrlesitY ioh it de3st Ve Eahi ABd Bet hane
with a dehygrQaue bt 785 5 AinSphdle) (300 tSIRT ke B6H 4 pQHbH ofh 16a6d. Y BolO coONvert

said nethane to aromatic hydrocarbons and produce a first effluent stream
conpri si ng HWAht i cArsastiodar ddfisulinan Mgthgoptnral ;gad asofn ALamatifsatouregast a
portion of saldnRr MEBHLEC HaY OGR! b0 Refdl Grolh & Effaifi fafi@m W LD
an al kyl ati ng agent under condrtions éa%)ect(?slveot oégf'?(ﬁéa{%e ‘?Ié?‘g’ aromatic
hydr ocar bonqeanditigs,cpostinzas in| dxgesst afdd Wb.onfacarborn dibxadear boh ohbwisregronr e al ky|

si de chains i I.G: i Qr. j

[0017] Ar omad PRy Bisbe B MRS gl BofFthEaR Rhlich bekafbebe s Bolella, |
deut er i um apehtB@iomtogichah tBmiateathangs butalyo amgcpnodessghdtgequies separatmnof t he
carbon and hydrogen. atons in the Lecul e, regover., studi.es..of .isotope
G stri bt oftd REREALRE BREs rhites O pBe Bioxt® AR Gl R STl ¥R

nat ur al | y- oecomomicajlygerohibifive. niat faetn sorae @atura) rgab ifiehdst Haye duéH Righrdarfonom t he
amounts of deut rli um and .13C i n . napht a?ﬂand t hat ]the anount, of 13Cin

nat ur al | y- oS OFHE IREI RO LY Erepy Fansiqege Faoramiqally #nrecaYerables r om t he
amount s of [8T2] n rEHer¢ d$ |terefzelrd ne@ @6r0 ke dinfprovaddnprieessnébri convaningha. Thus
t he present imégnti on is. q‘a ed q}gmt he r.eql [ zation that the anounts of
deut or | um aFEIRSEG, ROTANE DYATORAbonS, RAFICAFGMBELE BE MO IE PSS 18r ve 1 o
di f f er ent i ahfuRe preieadicontanREil&ghydiniiRs BPCarbswdioxatt. f r om napht ha, the
same aromati C hi/drocar bon produceg dehydroc%/cl i zation of

b
nat ur al |y ol013] | nd) SedTaleitcNRE: RRASVST o Aidbia. diarieses doRiacrss for

hydr ocar bonpRidaeig asiy @rsbndhanb&! hyzirddatsbl! e Batithaddey RME MWW icaghogeol ogi ¢
net hane and net hane produced from . SUMMARY 10018] For the purposes of
t hi s i nvent PeAberhaydsecashans, sich apmsHunghbin gemfactifgothedatierewithm ¢atalystbenzene

or xylene S@&H}Lﬁsif-li ad%gd?ﬁdsﬁ'ort, such as ZSM-5, which has dispersed thereon

rhenium and a promoter metal such as iron, cobalt, vanadium, manganese,

molybdenum, tungsten or a mixture thereof. After impregnation of the support



6(deuterium =(R sanpl eaestandard A ) x 1000 where R sanpie is the ratio of
deuteriumto hydrogen in the benzene or xylene; and Wstandard is the ratio
of the navonaé7/absendance of deuteriumto the natural abeodarse@7oizshydr ogen
(which is equal to 0.00015/0.99985); and and the neasure of isotope
abundance for 13Cin the sanple is defined as: 3(13C), (a."sanplearstandard
-1) X 1000 where sanple -5 Rthe ratio of 13Cto 12C in the benzene or

xyl ene, and ' 6 R'standard is the ratio of the natural abundance of 13C
to the natural abundance of 12C (which 4s equal to 0.01109/0.98891).
[0019] I n one aspect, the present invention resides in benzene conprising
deuteriumand 13C in anpunts such that 3(deuter| unm) for the benzene is |ess
than - 250 an Gé C) for .the benzene eﬁ er than -36 wherein

6(deut eri unj"'Brif é’e“i‘?@ aafié’r%@°¥fé1”?erﬁ%ld‘*}eri°at‘ ZéStrlf' activpteryby eagenh yvith

[ 0020] Pr ef epaftbyen dliPoSidiahe at HMmpérarukrd 81 RBSREIVD CSto HbBALE 800°CHENR & 450 and
| ess than -250 and the 6(13C) for the benzene is fgreater than -36 and | ess

than -24. [boenf baubhsthicto ayedP0 hrndhgraddition ofrfy@rhri Ea: Fetiedeed i
benzene, co [ ,q@,dt t t 5( terium
value is Iegsgs?&tt 1ﬁ19e§§gﬁé§%élt9ﬁl JS.)S giZéa %HEH)P% %%@H@%gﬁé-c w%t enzene
bei ng produttie GO @%m@@astocmnqban$ cay:vary from abeit GOk smabnlg @:5f@dd

cont ai ni ng ydr zation catal yst under conditions
effective t g%%t\r}grf{gré Hooq‘t%qﬂatge '(X)tcda%orratlc hydr ocar bons i ncl udi ng benzene
and produce[(}mﬂ] rsthes[si‘ahuEaltntcheazmaﬁ,mpt|¢s¢1gsearmnlabc¢ssh§odrcmanehm5 and
hydr ogen, g_‘ f"t ef f L uent. str ri ses al hea El %m)re
aronat i c uﬂ‘& aP’ﬁé% §5Y‘8r glgrarbons, in V(*Bf *df TE8St %a? B the
hydr ogen fr swi o€ angFi-Sliydeédcal'Mﬁi;ltsuﬁi dsciizamed, hnmeﬂl’udh&bteﬁﬁﬁ a xh@lumsgéuce a
second effl uent stream h@ ?}? a reduced h dagl?en cont ent .and en‘g‘anced
hydr ocar bon™@51F S¥itelsWit d¥stgAmprisie et lafingmhaving a degreg

oxidation greater than zero at a methane partial pressure of at least 0.05 MPa and a

temperature of at least 440°C. Hydrogen generated in the process may be
contacted with oxides of carbon to generate additional methane that, after removal
of the co-produced water, can be added to the methane feed. The products of the
methane conversion are a C,-C4 gaseous phase and a Cs+ liquid phase but,
according the Examples, there is little (less than 5wt%) or no net increase in
aromatic rings as compared with the feed.

[0015] In our co-pending U.S. Patent Application Serial No. 60/638,922, filed
on December 22, 2004, we have described a process for converting methane to
higher hydrocarbons including aromatic hydrocarbons, the process comprising (a)
contacting a feed containing methane with a dehydrocyclization catalyst under
conditions effective to convert the methane to aromatic hydrocarbons and produce
a first effluent stream comprising aromatic hydrocarbons and hydrogen, wherein
the first effluent stream comprises at least 5 wt% more aromatic rings than said
feed; and (b) reacting at least part of the hydrogen from the first effluent stream
with an oxygen-containing species, particularly CO and/or CO,, to produce a
second effluent stream having a reduced hydrogen content compared with the first
effluent stream.

[0016] Further, in our co-pending U.S. Patent Application Serial No.
60/638,605, filed December 22, 2004, we have described a process for converting
methane to alkylated aromatic hydrocarbons, the process comprising contacting a

feed containing methane with a dehydrocyclization catalyst under conditions



(c) recycling at least part of the second effluent streamto said
contacting (a). [0022]1n yet another aspect, the present invention resides
i n xyl enewoanpwi4zseng deut eri um and 13C in amounts such trhatuskéve/012419
6(deuterium value for the xylene is I ess than -250 and the 6(13C) val ue
for the xylene is less than -24. [0023]In a further aspect, the present

I nvention resides in xylene conprising deuteriumand 13C in anounts such
that the 8(deuteriun) value for the xylene is less than -250 or the 6(13C
value for the xylene is |less than -32. ¢00241In still yet a further aspect,
t he present invention resides in xylene conprising deuteriumand 13C in
anounts such that the (deuteriun) value is less 7 than -250 or the 5(130)

value is Ies& t han - 24, the.dx | ene bei ngm&hrodu e%é%ﬁa rocFiss cgﬂ@ri si ng:
(a) cont ac_t?_ﬁ“‘ﬁef%éiﬂm?ff}ﬁtsé‘i nftang ¢ appmmafje; pydro r JEYRTFIH P fat al yst
under condi ¢ffBst Qfdaft EonMfridiNg GRMYRIC hyldhtatBindang HydradeRBihd Gontiélinpcar bons
I ncl udi ng benzene and produce a first effluent streamconprising aromatic

hydr ocar bondt 1§28 3 ppeQsyefsaidgrgmatic hydrocgrpop domy 31 igstafflpcns sream pathy | on of

the benzene,f rm},@aﬁg hedngt uitddr| WoRUitiSAS CaTEUVE Mo udjikiex! dhiindraagiRt under
conditions effective to al kyl ate said benzene and produce afl cyl benzene.

[ 0025] | n anhydtdéarbemand pserhice ant dlkylpied ssomatiyhpdrocarhon deviagsmere aliylene
conpri si ng . ' S t .5(deuterium value is
| ess than gggE%Jrlhﬁ%g?l%gg&/gﬁu@zfpgé%iogﬁﬂéé%ﬂft;\?ﬁé ‘'xyl ene bei ng
produced by[091f3} ocesmnticp hiydiongrbons, like allahydmeadons,ninherdnélyd comtainai ni ng

et hane wit Eeu"%ergll?nq )égcrl 05y ?rl z'u%gﬁrlltg that can vary according to the source of the carbon

and hydrogen atoms in the molecule. Moreover, studies of isotope distributions
have shown that the amounts of deuterium and ’C in naturally-occurring geologic
methane are significantly different from the amounts of deuterium and "*C in
naphtha and that the amount of “C in naturally-occurring geologic CO; is
significantly different from the amounts of *C in naturally-occurring geologic
methane and in naphtha. Thus the present invention is based on the realization
that the amounts of deuterium and *C present in an aromatic hydrocarbon product
can serve to differentiate between an aromatic hydrocarbon produced from
naphtha, the same aromatic hydrocarbon produced by dehydrocyclization of
naturally-occurring geologic methane alone and the same aromatic hydrocarbon
produced by dehydrocyclization of naturally-occurring geologic methane and

methane produced from CO;.

SUMMARY
[0018] For the purposes of this invention the measure of isotope abundance
for deuterium in a benzene or xylene sample is defined as:

6(deuterium) = (R’sampte/R standara -1) x 1000
where R’g;mpic is the ratio of deuterium to hydrogen in the benzene or xylene; and
R’standarg 18 the ratio of the natural abundance of deuterium to the natural
abundance of hydrogen (which is equal to 0.00015/0.99985); and
and the measure of isotope abundance for '*C in the sample is defined as:

8(*C) = (Rampie/R7suandard -1) X 1000

where R”samplc is the ratio of 13C to '2C in the benzene or xylene; and



catal yst under conditions effective to convert the nmethane to aromatic

hydr ocar bons i ncl udi ng benzene and produce a first effluent stream
conpri si nyoan@veksee hydr ocar bons and hydrogen; ( PrTrosa@vionyiat | east
part of the hydrogen fromthe first effluent streamw th CO and/or CO2, to
produce a second effluent stream having a reduced hydrogen content and an
enhanced hydrocarbon content as conpared with the first effluent stream

(c) recycling at least part of the second effluent streamto said
contacting (a); and (d) contactigg at least a portion of the benzene
fromsaid first effluent streamw th an allcylating agent under conditions
effective to al kylate said benzene and produce al kyl benzene. [0026]In yet

an additional, aspect, the sent invention rgsides in the use of asur ed
amount's of Beﬂ’e’@rdi‘ﬁmeaﬁéllol‘grdgﬁpég’éﬂta\{’?‘ﬂéaéﬁeéﬁfor#étt? the, abylanes 8Huct as

a neans to i'%temm&mstggatmﬁonfoﬁmnpck and/ or production process used in
its manufacture 8 Al LED DESCRI PTI ON OF THE EMBODI MENTS o

[ 0027] Descr (48T her b Anei@sPasbntheniresand inyanbine, repigge ih denggnehcqmprising
derivatives dt:ﬁ?fi?x%fande@ ifhRoliie s&@ﬂ%@d"«ﬁdgﬁdﬁ%}ﬂ Fcﬂﬁh@@é&&e@e 39¥&!than -

di stributi ogsgm &lgéoéoggﬁs&%;%r] um an t}m?n tl%‘y6 %rt geé?d t hel r) Er[;gducti on
by a proces | &l € cigcgrieatar i eredin @(deteriyin)|
di scussed iR j I I.04: of benzene the process further
i nvol ves regéﬁ?%%eggh%@%??ﬁﬁg¥%ﬁ%€h%€Emﬁgﬁfggen bypr oduct of the
dethﬁdr oc]%/cl (@020 on Bre&gyabiiys ﬁlheC&Odanchiwn) @(DZTemmi@caiblg'ea@@'ph_ _@du@%ﬂl and th the
nmet hane fro e s n r §hs 0
hydr ocar bon?as\%\&agﬁigrsean?té%y | q?‘btﬁfghggz&ﬁilsd?gégg%éﬁg#fggsep.anI'zrfl't he case
;)1;] x;t/)l ene, l[(:IBlpr;)(r:]Bs&d oﬂwétak;m“ct,:the/p{qaem immtian_trét:strﬁ]@sahlbtmf,_ aanpm*r'sﬁxigt)n of
e benzene fromthe .de rocycliz on, s with.a ati.n nt,
gr ﬁf gr abl yI .ge%;ggraé‘:oré%bigzﬁgﬁsm othﬁ%Pé %&Pﬁggﬁgg;ﬁlﬁéf:rﬁzgl’agﬁ °bf the
ehydrocycl thab( 00) yake BnNes thandzfrth n2éeny deing eprodh €a sne.
Dependi ng on the al kylating agent enployed, the allcyl benzene produced in
the all cyl afPBRPEPEp can be one or nore xylenes or can be converted to
xyl enes by procegges WBhiactiiWhfeed dohfidhs mah&le d%thi $ AGRYdréaydliRhtion
transalkyIat“gg;:ﬁﬁquis&;ﬁé?r;%&g;éioni %0028 A%fo d%igﬁyggsyher%%n is a
met hod of uS#AYSt ENGFEaS e Vo f 10d SPMEeTE uCafBCE3E piPe SEXMARG an
aromati ¢ hygy@eesBens chmgg bészefte WA ProdiR el @'ﬁ?&tiéfﬂuéd??su‘eﬂecd?ﬁpﬁsﬁ?gjﬂ ock
and producti on py%ggss use |glﬁés nanugac;ugeg Specifically the anmounts of
deut er i um aA®wmatic hygdrocaghops ap fogen.ewheramnethp dirsieafHuent sieamwomprises
hydrocarbonap&gggq9@65ﬁ?ggﬁﬁgyggy% s G SR Be@r OMati ¢ hydrocarbon produced
by dehydrocyclization o natural'§ioccurr|ng’geologic nmet hane al one and the
sa{re alr;)mati c hy_db)ocalrtnl@tin_grat)thasmrbqf merI@cyﬁm&;d farst effluent Ttream e
natural ly-o r i G e e ar. (e n rpduce
rom o FOutCESAndBE sy BletREs a SR NG AR, nihe I RguBHECH T
produce t hehjpdmgeneontent and an enhanced hydrocarbon content as compared with the first

effluent stream; and

(©) recycling at least part of the second effluent stream to said
contacting (a).
[0022] In yet another aspect, the present invention resides in Xylene
comprising deuterium and '*C in amounts such that the 8(deuterium) value for the
xylene is less than —250 and the 5('>C) value for the xylene is less than -24.
[0023] In a further aspect, the present invention resides in xylene comprising
deuterium and '>C in amounts such that the 8(deuterium) value for the xylene is
less than —250 or the 8('*C) value for the xylene is less than -32.
[0024] In still yet a further aspect, the present invention resides in xylene

comprising deuterium and '*C in amounts such that the §(deuterium) value is less



and xylene of the invention but in general the present process is intended
for use with a natural gas feedstock. Mthane-containing feedstocks, such
as nat ur avogaer/14286pi cal |y contai n carbon di oxi de and et lremaseov7admiiig i on t o
met hane. Et hane and ot her aliphatic hydrocarbons that nmay be present in the
feed can of course be converted to desired aromatics products in the
dehydrocyclization step. In 9 addition, as will be discussed bel ow, carbon
di oxi de can al so be converted to useful aromatics products either directly
in the dehydrocyclization step or indirgctly through conversion to

hydr ocarbons in the hydrogen rejection step or through al kylation of the
aromati cs produced in the dehydrocyclization step. [0030] N trogen and/or

sul fur inpuriti are alsg typjcally prese i n nmet hane- cont ai nj streans
and may be thafoaq, ord ¢ G Y n ﬁhé@e-%,ﬁlsr’&iﬁnetabf%er FhBYSH r eams
in the procegsesycdmistisinp/ention. In an enbodi ment, the feed to the

dehydrocyclization step contains |less than 100 ppm for exanple | ess than

] L N pm,
10 ppm such as (®ss wrBtctinggnfeedcniining by with 3 dehydroevshgaions.
[0031] In adghfkOnudder @ﬁ&lﬁ@&s tdtfRchife dio! Tohlére IRt dhas¥ed | hatdrSflad €p may
contain at | east one of hydrogen, water, carbon nonoxi de and carbon di oxi de
in order tohydrocarbonsinshidingrbenzgac iaod produrcea fiostiafflvens strgameomprisingiuced as

separate co- C I he met hane stream such as, for
exanpl e, mérogggﬁehv%?%gbﬁgggﬁégi&n%%d’gle]?i ved fromnatural gas containing
carbon di oxi de. @her cootactigsatoleast argootiord bHtiecdenvene froval sadkefifst efflugases, LNG

pl ants, hydrogen_ pl ant nmoni a. pl ants, ..gl yc | ant n hi.hal i c
Phydr | de pF ST WAirgR Sy R Bt frdi kdnifion ool Quiile B éite
dehydr ocycl aadprodacsalkplbenzdnai ns car bon di oxi de and conprises 90 to 99.9
mol % such to,_99 nol %. thane and 0.1 to.10 nol % .guch as 1 to 3
ol 90 o, T3 o nis BB BN SPPHe PECRTERER YCHIY dPURT IR SENFU st ep
contains cacbaprisig @shefumihdC'O0RA afRanBRutlo t1RAY (i s@ederigty Palaé idKkss 0 99
mol % net hane and 01 t%lo 2Q ol % such as 1 to 6 nol%_ CO In a further
embodi ment , WaRe2PRT 18 AhE) yalgds despcihan aft-dhe spagrecRaia PrRIUEEL 8 2and
conpri ses 9@rdcessddndridgld such as 97 to 99 nol % nethane and 0.1 to 10
nol % such as 1 to nol % steam In yet a further enbodinment, the feed to
t he dehydrocycli £ i ofoBteling anfead rontaining dasthanedWithngp deBydfoesliggiiay 9

mol % such t t h -.to 5
nol % hydr oga;tﬁgét[ 0%%?T@%%$té?méggh%&&r§cﬁ?z ;Ht?%tg{%]nezﬁgp ag(gﬂ;%% SO
cont ai n hi ghgdrobgriens mchusting beegenerand ameduders firsd i effjuent sirgath ccompiistngar bons.
Such hi gher M&%S@P&g& %95'“5)3354{8%%“ ed fromthe hydrogen rejection step,

added as separate eeds or ¢ e’present in the nethane stream such
as, for exanpl e, (mhen redchagat leastpassefithe ihydegen tfrona thegfiust éfflndnt dtheginer

hydr ocar bons .regcycl ed, fr t he 0_hydroge jection step typicall

el ude one MG plfler (. Wi proftee ¥ Ao AL HeRE kPP chiiing Horeated

pr edom nat ehydrogen corerst,and ua lenhancbd bydrloesdon toiitesaB phparedorith ereSfirst
typically 3 | ess carbon atons. In general, the feed to the

dehydr ocycl F%teflb‘ﬁre@’ep contains less than 5 w% such as less than 3 w %
of C3+ hydrocarb@p)s. RedyylingcatCleagtapin®nof M:34kddhdt butah ey € isard i on
step of the&?r esent process, the nethane containing feedstock is contacted
with a dehy®URSGE 48N cat al yst under conditions, normally non-oxidizi ng

condi tions and p(®f er abhtdctirRdatQesd 2GRMEH bPhE beidRArdri aldofOeMREht t he
met hane to hi gher _hydrocarbons, including benzene and naphthal ene. The

princi pal n&ream¥ithiagalkylaing ageat upder sendivipnsgffecti yeiealidpte said beppgnereact i on
1) 6CHACBHG Q4 RRRECHIkPBerdend, OCHAL- 4C10113 + 16H2( Reaction 3)

[0026] In yet an additional aspect, the present invention resides in the use of
measured amounts of deuterium and ’C present in an aromatic hydrocarbon
product as a means to identify the type of feedstock and/or production process

used in its manufacture.



[ 0035] Car bon nonoxi de and/ or di oxide that nay be present in the feed

i nproves catal yst activity and stability by facilitating reactions such as:
C2 + cokeo20@@agdgeacti on 4). but negatively inpacts eqechridseeoamiay9

al l owi ng conpeting net reactions, such as; CO2 Cal4-1.200 + 2H2(Reaction
5). [0036] Suitable conditions for the dehydrocyclization step include a
tenperature of 400C to 1200C, such as 500C to 975C, for exanple 600C to
950C, a pressure of 1 kPa to 1000 kPa, such as 10 to 500 kPa, for exanple
50 kPa to 200 kPa and a weight hourly space velocity of 0.01 to 1000 VI,
such as 0.1 to 500 hr-1, for exanple 1 to 20 Conveniently, the
dehydrocyclization step is conducted in the absence of 02. [0037] Any
dehydrocyclization cat al st effectl ve to convert rret hane to aronmatics can
be used in DELAHEDRDESERIRTIONOFIHIEEMBOL e catal yst will

include a mpjgal) CO”E@&%BEd heR{d éu‘é'-bleﬂién)é aﬂdtx"yPéﬂ%' ﬁoﬁ@tﬂef‘%ﬁtﬁ'th@&er%ﬁpéw”d
t hereof, on an inorganic support. Convenienfl e nmetal conponent is

present in therenfowhereiethgdenzanelangh xyienedeven Imehdlambbépmé ﬂlellso’epaml 10%
by wei ght o t in
t he cat al ysEi I'n lérf"ementa @o%ﬁn{ugr%g?eglab %mg H;}}é%?fgo“gs TQ?]CY% UI tabl e

met al conpodehtdsecyclizatidneofonethanes t As mill bddiscassed immoredeted ibelow, hatheim
yirium | e SEAR L LR R bl DL B 60t e el B0
m nese,

vanadi'um ni ant Hirom um ten,
rheni um i r byprodudthefii then dejxykiaictychzahodl stajp wrtth(Dnandloc kéD,z, Lp&tﬂeaﬁlwm

copper, silver oI d i al i u silicon ni u i ndi um
CPRP ad, | Erienitireith, e B e mechptital o) e dRHPOSfy  be
present in ﬁhﬁﬁﬁﬁﬁlmlydfdéhfﬂoﬁﬁ whichart a¢cyeRANG tildehydioclemtion isps In @r bi des,
nitrides and/ or hi des, and y be | oyed .al one or in conbination.
Pl at i num an8®% ‘?ﬁp’EPaF'E"aﬁ he, PEQFERe B IRe %ec%‘facf‘ﬂ% Fast 2dRYheht " hut, in

general, ar gedihe Fdhh ehé Aehydr&BRBationestip WitA R Ak AARRO hfentBpreReatdy taher

annrphous or crystalline and in may be an oxi de, carbide or

%grtl cul ar
nitride of BYBYYF onIgriouRTodEsy ¢ ﬁhyﬁm%m?@dgct afi thg dehiydroexckizationm
chrom um VvgRadiddMCOTREARE | GO) dESBHﬂﬁ@é‘cﬁ%tH BN methdie: SpbadiAE e N um
yttrium zirconi um niobium nolybdenum indium tin, barium"~Ianthanum
haf ni um ceplkylating agent] employed ghe akkylhgnzenetnredugedris the alkyiationetemean | n
addition, t Sdiﬁcﬂ E’Rﬁ% us
cryst al l'i nengﬁéé?l?@&eo&gn%ggg%’g?%‘g@ﬁg?%ﬁJz(a)?llm?&s e‘?i’é§ ervg%lg the it?]er m
"m cropor outhe areSveqisaSt1aommmwhammglkaladoamﬂehspuépdmwttohan 2 nanonet ers,
wher eas the t Vi Tel.&s, rom 2
o 50 nanon$ 2L TRBAREM R RS A ReBR ST IR B0 bR BT o1
i ncl ude sil daatrsm and 3C present in an aromatic hydrocarbon product as a means to

2111 coal um REBADSPIeBBS o EREK Frd PIEREOSTRRTCR LG, UE-PPRIAF T | ne

materials i Spédﬂﬁleanym]eranﬁiuatshﬁvddngrmhearﬁd &w%ﬁym%ﬁmé& WtweehSM 5 and

silicalite M 11 e. SM 1 TON 22),
VT o g ) drpomic iidkodambap brbgugepfiam npiht I, sihé anarusric ToarAtieryy
?/CM' 22, | _ﬁ_’g‘gﬁ),du&%zlb??iehmcﬁchzhﬁ@l bf daﬁ@ﬂy-ob@ﬂ’ulaé ,geﬁfﬁ&&e&?_ﬁ?_f—l |M6) I VR
e.g., e zeol jte heta),

| qu 13), lf t%legwner?s?laéﬁﬂ? P@rocafh@ p@dgced by dehydsecygl lzaflormfma&g?lim lized Y
and deal um pict@dng geolddit mchdhe and B¥thdne ahdlior NAMAnB] frodutel@aR)COWN (€. 9.,
VPl -5), AEL (e.g., SAPO 11), AFT (e.g., ALPO-5) and AFO (SAPO 41), as well
as materials such as MCM 68, EMvI-1, EMM 2, ITQ 23, |1 TQ 24, ITQ25,

| TQ 26,  12pEkftqek ETS 10, SAPO- 17, SAPO 34 and SAPO 35. Suitable

mesoporous naterials include MCM 41, MCM 48, MCM 50, FSM 16 and SBA- 15.
[0029] Any methane- contammg feedstock can be used to produce the benzene

and xylene of the invention but in general the present process is intended for use
with a natural gas feedstock. Methane-containing feedstocks, such as natural gas,
typically contain carbon dioxide and ethane in addition to methane. Ethane and
other aliphatic hydrocarbons that may be present in the feed can of course be

converted to desired aromatics products in the dehydrocyclization step. In



[ 0041] Exanpl es of preferred catal ysts include nol ybdenum tungsten, zinc,
rheni um and conpounds and conbi nations thereof on ZSM5, silica or alum na.
[ 0042] Theworb@l/14essrponent can be di spersed on the i nor gaorwssegporsio by any
means well known in the art such as co-precipitation, incipient wetness,
evaporation, inpregnation, spray-drying, sol-gel, ion-exchange, chenica
vapor deposition, diffusion and physical mxing. In addition, the inorganic
support can be nodified by known methods, such as, for exanple, steam ng,
aci d washi ng, caustic washing and/or trgatnment with silicon-containing
conpounds, phosphorus-contai ni ng conpounds, and/or el enents or conpounds of
Goups 1, 2, 3 and 13 of the Periodic Table of Elenents. Such nodifications

can be used alter t surface activity of .the suppqrt_ and hinder or
enhance accéé‘gt'?'b %V“?ﬁ’t"e ‘ﬁ%ss‘iﬁios%b%'t Fﬁ%’t"ﬂr‘@%‘?‘et @EFbBSr“t".n"T 4% The
dehydrocycl wgghl QRoriitRR bfodaeR ek ddRyctBO M Aht | d¢hydhsyoRidtiRACstep OBt A Ni NY

feedstock with the dehydrocyclization catalyst in one or nore fixed bed,
novi ng bed #Mdigerily dirough peryerdor to bydogabens ap ther ydrggen regection B8P0k i s

contacted i Walok i j
EhrBlriﬁ'l zﬁfcyl@ﬁ&hof ﬁ@%}v\(}qlgélg%%u\gb? gleﬁ‘le W@th}??MQaﬁgn step.

dehydrocyclizatTon catal yst, ] IS dstock flows countercurrent to
the directi 30301 noVdéragan and/or srdfutaimpurives/ark ialsattypinalboprgbent in methanemne

enbodi nent, . [ ' [ ichis
mmant o ver FPREpEGlealE ] ey BTRIGES, o Rhocs BloRit e Hibllo uoll 70
or near t hetheogireainstinehe paadess ofititt fnivemtonuniie an grbodimerttpthedfeed #o tlat al yst
bed, while t\rl%gy f eed .eqt er% t he Leactor .at o near t he ,ba?s{e 1of Ehhe { eact or
and flows ulWRETSyCHAUSToR SEnRIP 5% thagetPO PR for, FYAPRIS PP N8R 0hi nent |
t he reacti oppmpfiehcegssitisms] ppraledttabf nivrogén &l Jutfar canpaaided fl ui di zed bed
reactors in i,ch rtjcul ate catalyst Ls.cascaded jn one direction from
one reactor [(m}lf he Re3Qditgy H‘r??habng’a e o %qg@f‘*r‘é%yf:ﬂmﬂ"es"ménﬂ‘yeed is
passed t hr ougltaiand 168t VRE Bf h@roeRCRES cafbohBoRBRES hiiE catbbR Aidxads in

[ 0044] The maj or conponents of the effluent fromthe dehydrocyclization step

are hydr ogeRrdep&n 3esiwt in falghmitigation. Thesgaddiyeiosandys Inkoryeed s seapfate
unreact ed NMeb RS or EXPHE Pres¥nt ih e METHaHE Bream®Nudh BS 8f exaddsit, whett the such as
at least 10 wt% for ex_anJ)I_e at least 20 % preferably at |east 30 wt %
nore ar omat MEthang girepmals deriyed Heom gatiirah gas peripiingnearbeh dippdea) Qfheer of
aromatic ri | A i ' rhal |y
xceed the TarSlShmEP NI ey Iehld Ml INGTIARE IR 00T Y o
For exanpl eampfonidplaftscglyed plantnandiphthalicanhydndeplantss i ngs, t he

dehydrocycl | fon efflu [ il 1. co i | . 6 % of .aromati c
rings. Changg%&’ n s]%b‘;sr[e‘l ﬁu{é%ﬁ}élegﬁr{-}é%m;éegr%n%% ?ifﬂy(?r%%&%é{l%g%%ﬁ?g{af%ed and
the first etdrbomdioxsde mdnnommises PO ite O 9dedl%,suthias 92 ab ©QImé1P6meth&@45] | n

one enbodi nen f, the ipvention, .the be e js recovered. fr t he

dehydr ocycl ﬁ%?ﬁotﬂl f’??lu)é/r?f’?h ot t%ga blljéu&g? %’oﬂ?@h"f °83Pt°55‘&?’1?’o e?‘fﬁdl owed by
fracti onati anthe dehirecycliastion dtep dntalhscdtbsiethohekideandtohprsds §0a6090f t he
benzene can_be, subj ec an al kyl ation step, before or afte ~oduct
recovery, tg’og%’oﬂﬁ%é‘sf?:igﬂ%? "(}‘Ql/gé“%&“@ﬁn |°sf, mE%Q:WOLP ’ ?ﬁfgé’ﬁgst." 4—?8{9 en
Managenent [QN4&] S fafRehatAbadifidnt, Ihé féud) tor the AiFhpdrosyclizhtib6tep contains

dehydr ocycl Lég%i

a(r)uq comprises 90 to 99.9 mol%, such as 97 to 99 mol%, methane and 0.1 to
10 mol%, such as 1 to 5 mol%, steam. In yet a further embodiment, the feed to
the dehydrocyclization step contains hydrogen and comprises 80 to 99.9 mol%,
such as 95 to 99 mol%, methane and 0.1 to 20 mol%, such as 1 to 5 mol%,
hydrogen. .

[0033] The feed to the dehydrocyclization step can also contain higher
hydrocarbons than methane, including aromatic hydrocarbons. Such higher
hydrocarbons can be recycled from the hydrogen rejection step, added as separate
co-feeds or can be present in the methane stream, such as, for example, when

ethane is present in a natural gas feed. Higher hydrocarbons recycled from the



effluent, after recovery of the aromatic products, the effluent can be
subjected to a hydrogen rejection step to convert at |east part of hydrogen
t o addi t iwoabotuess@car bons, whi ch can then be recycl ed wctrhustéve/owmmeact ed
met hane to the dehydrocyclization step to naxim ze feed utilization.
Typically the hydrogen rejection step conprises reacting at |east part of
the hydrogen in the dehydrocyclization effluent with CO and/or CQC2,
preferably coproduced with the feed nethane froma natural gas stream
[0047] Conveni ently, the hydrogen rejectjgon step includes (i) nethanation
and/ or ethanation, (ii) a Fischer-Tropsch process, (iii) synthesis of Cl to
C3 al cohols, particularly nethanol, and other oxygenates, and/or (iv)
synthesis of light olefins, paraffins and/or aromatics by way of a nethanol
or di met hyl hximgen reectiopetrpatygicalty dacdudg epgsring proseaticsndips paaddnetid al 1y to
gain the gr Sl%hﬁ?gxagﬁ rb&dmifx&tﬁl)%%‘més%, ShchChes of NQRSER Xaipld 4 ok 168,

enpl oyed to yie + enriched streamfol |l owed by net hanation to achieve
hi gh conver tipisallyf3 phiessizarbooGuanTy i ganergl, the fepdstorth dghysrpenelizatien

hydr ogen r ej L Qqn. i | n fq a | ef4 whi ch case,
after separ Jesatt%ﬁ %lr)\&%ﬁ?%g %-gp?%h%%ﬁ%é%%%&%%’b%%nﬂdécyc de “to the
dehydrocyclizati on step conveniently conprises, paraffins or olefins with 6
or |l ess carho t ons §uch as 5 or |less carbon atons, for 14 exanple 4 or
| ess carbon 5F5§&°°¥Fﬁz§' OP 1 ess carbon atons. Were, the hydr ocar bons
produced i n[ad3d] hydmnogendenidesiyclizatioh eqiers @fthe geresentd paddess , the heethaud | on
recycled to the dehydr |ization step.conyenientl onprises, single ring
romat ¢ speunaBmaNCathE; t5n b RAnd: PR SoETIRNTEHE By GHRlvah e e

hydr ogen r ep@sditiéis, RéSEalBOMN- b dizing&oatitions ahd picférablyire@mting edndittenshydr ogen
in the dehydrocyclization effluyent w t%cgl&aoné%i oxi.de to roduce@rﬁt hane
and/ or et hafeHBEPHORYEH $he MEthagP (1YW hsT RYETocaRons.JRELIBEPPZAOEY +
2H20( React i pspHilal@ifeO2I e phintiplitiet reactibhe B{viddamtare s llowd0501 The car bon

di oxi de enpl oyed is conveniently part of a_natural gas stream and

preferably the same natur&FHgas” stredam usedetlst tHe feed tRgaflon 1)

dehydrocyclization step. Wagge the carbon @g’}l.p(,)q 98,1 s part @@fachon 2)
met hane-containing stream the CO2: CH4 of the streamis conveniently
mai nt ai ned between 1:1 and00Hi: 1. M xing dfoHeed Okhbon di Beagordht ai ni ng

stream and ehy, i y I i i 1 by
suppl yi ng tF]ngS Seoﬁ@?ééﬁéﬁ‘?ﬁa‘f’%&@&ﬂ‘?ﬂﬁ tgatfg{}yg?% t%ére?{t ?‘Sg‘é“fﬁﬁ%

hydr ogen r ejreprovescatales actvity antligtabilitt hafseildating ieastonasnehedst y enpl oys a
H2: CO2 nol ar ratio cl ose bg)thrth}ét oi chi omejkdc proporti Onﬁlera@ﬂ&ﬁﬁ 2d for the

desired Reaction 6 or Reacti‘on al t hough.smal | variatiohs can be nmade in
t he st oi chi butaiegagivelpimpadtd equilibrsunl byiatlewirtgqmpeting @metre@dionsosvchiasi ng or
H2- cont ai ni ng second effl e j ep, to

t ream The {}Ty(?r n rejectjpn st

produce nethane or ethanei §+c§£nléeni ently e g%g’d int hehgeragéoenncé of a
bi functi ona[0038] al ySditabbpéonsditivis a foret the cehpdroeydlizatiat t stepll dicludea a
transition tal or ¢ qund @J of ,., on L no | G.Su ort.(?ti abl e
net al conpo%eérfﬂeéa n’if%@eggfiplé 6,&ist“8}h,as\?gﬁoa%f%%?&gin&%rn‘?%plipﬂ ) Efal i um
ni ckel , cobgas@°C, ropressaienufM kPEttb ID00KPal bauhi 45710 pRbO@ P Nfor £kaniple, S0 heni um
tungsten, irjdiu atinum. gold, galliumand og})i nat i Qng ang conpounds
thereof . TheP? trortsuhCand sbielt baiacevelpORnOLl taf o Stk Ods
silica, alufg 560 B, $od dxampdd L m@hr'brcbﬂ_nkesﬂiénlﬂg,saa_eldeﬁf/aad_ci'&rzaﬁ&}e.qep is
dehydroaromati zatiqn catalyst. In addition, the inorganic support nmay be a
15 conducted in the absence of Os.

[0037] Any dehydrocyclization catalyst effective to convert methane to

aromatics can be used in the present process, although generally the catalyst will

include a metal component, particularly a transition metal or compound thereof,

on an inorganic support. Conveniently, the metal component is present in an

amount between 0.1 % and 20 %, such as between 1 % and 10 %, by weight of the

total catalyst. Generally, the metal will be present in the catalyst in elemental

form or as a carbide species.



crystalline material, such as a m croporous or nesoporous crystalline
material. Suitable porous crystalline materials include the

al um nosiwocatze™286al um nophosphat es and si |l i coal um nophesphmsbt@s/olii4ss ed
above for the dehydrocyclization catal yst. [0052] The hydrogen rejection
step to produce nethane and/or ethane can be conducted over a w de range of
conditions including a tenperature of 100C to 900C, such as 150C to 500C,
for exanple 200C to 400C., a pressure of 200 kPa to 20,0001cPa, such as 500
to 5000 kPa and a wei ght hourly space ]]qI ocity of 0.1 to 10,000 hil, such
as 1 to 1,000 hr-i. CO2 conversion |levels are typically between 20 and 100%
and preferably greater than 90% such as greater than 99% This exothermc
reacti on may be carél ed out in nultiple c?t al yst beds w th heat renoval

bet ween bedd0038h agd P‘t“fbé?l metl | CORWOBEE s Yornaie hSaahest atnsduder  HIGHBy

t enper at ur esndpRediiml ﬁnkyﬁﬂﬁmc 1dn@}aB8ma8ehnidfifn ! @rfunt) @ &kiGn, ZRYoriEmOpPer at ed
at lower tenperatures to maxim ze t her nodynami ¢ conversi on. [ 0053] The nai n

product s of hafidurpe anpdigmgr pioRingr taalumg e prRENIYY, gRolyldenym,Ctyngsisnar
t th ted
ratio, ne aﬁés@%@ faff nl&'ngﬂﬁlé ai?\{:ﬁ%%ﬁlt &Bgi%hh%d%% By fcgg@aﬂ%%tnur ate

C2 and hi gher HRydr ocar ons sone partia nation of the
car bon di oxicaeperosidtearpgoldizmex |al1:enm9mprgeﬂmm esillicoff tgennamnmvaﬂxdlmh tine wat er,
t he net hane,_Ga e bon di oxi de and hi her

hydr ocar bon%eaf:&a%gﬁlgﬁ} g %‘J‘mr ect" mxfn%%l%%%f%hm%r%{)%om TZaCi OF %t %resetng generate
addi ti onal arenmtalcfopn@dmstmetalﬁcmﬁmmda' rsnpls«ah oernsembikieﬂﬁﬂxﬁdas and’oher

enbodi nent t ro n rejection st co s reaction of at | east part
of "the hyr BUETPHFL 18 Tk b Pelord 212he GF LIt aRoT AT RfomBiEi do
af:c]g_rdi ng t Qai hle% Ee&ﬁélﬁils-éffeﬁﬂiiﬂé”lmﬁfal)&ﬁﬁﬁodeﬁt wtpﬁﬁ‘@;ﬁ?’ dré)n&ﬁ)rﬁﬁh@ﬁfl ns and
or exanpl o1009b. *pEhe fnqgganie Sa3roBay di FiieE aBOEARS O SHTHECEhat oi n by
reference. PhRichla@GASH Bey Ah Coliliy, tz{itdﬂlev&s nithi@e lcFabéron)N alimifiM! GagdnaNd
carbon nmonoxjde. in a nolar ratig of 5.1 to 4:1, preferably 1.5:1to

2.5:1, at aPPespherysytieniim. spardipmy, a}eve@mrar EASisp. MagRFeIuM, INEENed a
pressure of jrbn! Gidd)Ogdlftim( 18P mbRiuk). H8%um 1 GirkEfhim, PhiebRIAD Mb1yHieh@mA0 bar
(1,000 to 4, 000 kPa) in the presence of a FischerTropsch catal yst,

general |y aldiypo tine pagumy ] -clepfugy pevpm, | talrrrahumotbmast%m other g | Fe,
Ni, Run, GO graiidirbhifihn férh&RY! 1Pa i8R U supBod m eaagn{at@mg  jaf ni um
zirconium titanium Supports, when used, can be re ractory meétal oxides
such.as G oapniciporqusecrystalling macrial ior egnéswporpus sndteral, A wsedrigreinithe
silica-alu tal. L SES non- h|ft|ng
catal yst, orant S SRFoR ISR B borel HEBE AR B R U85, 7 AR or

zi rconi um aswharqas theoteem ,“nusefparoed)] tyfemtm;bdresahd/inglerdiianmtenmdsmmooso silica
or titania, n gr%bl y titania. [0056]1n another enbodinent, the

hydr ocar bon syrﬁ"ﬁe& s catal yst conprises a netal, such as Cu, Cu/Zn or
Cr/Zn, on t@04AEM SSuitbld henipropoess | erysfaiinat Ediatﬂlagenéﬁ(ﬂﬁdb Sisglivafescant
quantltles of si n%Jée ring aro tlc hydrocarb An exa !E%’?‘f uch a
process is 8 P St Faﬁﬁym lyming W}?&esof EISBEP. ®nd ZSM 5

Cat al ysts f@lﬂlcbahﬁmTﬂ@hsﬁﬂfat&t iopNtiRir Wikgass.i NtSuchi Guicebpbitdisocashiiitee by Jose
Erena; Ind. En 8 37, 1211-121 i nc rate rein, by

ref erence. [‘ﬁffg’)“]‘ ‘Iffs'@ﬁ@r‘a rRAYLE the; éﬁ‘?‘ﬁg’ogﬁ types ?\é&‘?g’ %R’g Srdtdver ed
and |ight gasieslitely. IEL wgeezsradui)yme(h g’mczs@@lzs:lmm @Sgorzsm 2nd wat er
are separated fromthe heavier hydrocarhbons. )&cilr ocar bons can

then be recYEl det8astiMotflc FERoE S egs%3§hé‘4§§h@¢cﬁ’o€§M ?@a
generat e adfi¢MOopAIPSH-9/'947Z QSPEﬁﬁupth-{ 19082, MieM-36 mmmmu%dwqu' red
for the Fischer-Tropsch reaction can
56), IWR (e.g., ITQ 24), KFI (e.g., ZK-S) BEA (e.g., zeolite beta), ITH (e.g.,
ITQ-13), MOR (e.g., mordenite), FAU (e.g., zeolites X, Y, ultrastabilized Y and
dealuminized Y), LTL (e.g., zeolite L), IWW (e.g., ITQ-22), VFI (e.g., VPI-5),
AEL (e.g., SAPO-11), AFI (e.g., ALPO-5) and AFO (SAPO-41), as well as

materials such as MCM-68, EMM-1, EMM-2, ITQ-23, ITQ-24, ITQ-25, ITQ-26,




provi ded wholly or partly by the carbon nonoxide present in or cofed with

t he nmet hane-contai ning feed and generated as a by-product in the

dehydr ocywbi2netisess4st ep. | f required, additional carbonpPooruszedeinan be
generated by feeding carbon dioxide contained, for exanple, in natural gas,
to a shift catal yst whereby carbon nonoxide is produced by the reverse

wat er gas shift reaction: CO2 + H2CO + H2Q( Reaction 8) and by the foll ow ng
reaction: CH4 + H20CO + 3H 17 Al cohol Synthesis 100591In a further

enbodi nent the hydrogen rejection stepgonprises reaction of at |east part
of the hydrogen in the dehydrocyclization effluent with carbon nonoxide to
produce Cl to C3 al cohols, and particularly nmethanol. The production of

met hanol an t her _aoxyge s . from synt hesi s.LS also well-known and is
descri bed i%?gf%rEEgalﬁ’glg;ﬂ’&ﬁlh g&%%rﬁndl\%ég’%%? 14 Syyigbleg mesoporeys

5, 767, 039; mal4ralsiddliude MK HL.MCRM-68 OMEZBL-504F §001 O4mi SBASDD, 394, _
4,565, 803; 5,385,949, the descriptions of which are incorporated herein by
reference. f8fgital IExamnies of areferseds cajakysts iptlage mohvhdegumey tengsieat Fgcof

nydr 0gen ( Lk o &PE 08B0 ik 458 cbOiniiGBhelcBr SO2SNARORIE of DGR, 5: 1 to

20:1, preferably in the range of from2:1 11, with carbon dioxide
optional |y BW4Rl prEwemetal eomponenbean bodisprysedynethe anorginia sERIthY ami ght |

based on to [ ght t ngas 0QQ0]. . The. -al yst - U e
met hanol syn h’é%\ﬁléggrkggtewsns r}lgeﬁpeér gﬁl )s/u |hn%$ué%§ﬁgwq%%%e§%?&gﬁpI‘}'éé;ps%sg’one

el enent sel ecperthtionp mpregnatian pprayndiysig, 15gl-gdl, cop@ehangs, |chemjcat ivapor bor on,
magnesi um 1,Aum,. dj chrpom. u n ese allium._ pall]adi um

oo um and STROBIRA b ARACAA Do BROPREL T AOUFR. e FrgiE bRt

cat al yst, sbemakfied by lkaoivar methbds ogmpk ras ofar xampl, isciaalihgy, dcid washipgesence
of an oxide of .at | east e el enent .selected fromsilver,. zinc, boron,
magnesi um ST NATE AATAT HRRTIAL S SHHEORE RGNS ComBpds PRSP
osm um and ZértsiaitgWdmpoands; Ahawt klkmenticoreainpbitds cRiBioap§$, Z,Bosryr 130xf de and
an oxide of at_|least 0 el ement sel ected from zinc, nesi u al um num
chroni um afhg }z)‘?rf%b‘hirrﬁﬁ{ee ?%1%6?1’%‘_3’3%0%1‘: P‘,hﬁf?fé”ﬁe‘fﬁ‘?aggl S%‘;ﬁ? gbgq thecat al yst
i s sel ect edsfrfRBathGHEbO MR ﬁ@gsnsaburrﬁn&frior%ﬁme #R¥ésdQ8 ,an;!imenm?a&s and

al um num oxi des. Myre preferably, the catal yst contains oxides of copper

and zinc. [SoBIFREthesURBRIS! synt hesis process can be conducted over a wide

range of terpaspt Urs AHIARICGEFHHAIOA st ist&hh&té&sg%ﬁfa%ﬁ R Heftfand he range
of from 150C to 450C, suc¢h aS from 175C to 350C, for exanple from 200C to

300C. Sui t agptmaipingstsedsseckawithi thetdebydronpelization catalyst S0Onk oz mere1fxedo0 | cPa,
such as frogédz’lggﬂng%%dt& A0 ﬂé&D?eacﬂé&x{ znngel%ggbgré%rﬁﬁ?,om%cfp itk 5200

1cPa. Gas hourly space velocities vary depe he tfge of process
t hat i s usechnténied getherarl dagh treactigaszone withya speving bed of delyydobeykclivationf gas

t hrough t he t al ed is | range,of fr Q hel ..to 50,000 hr-1,
such 36 11 ori N WRbrefEhBeifpd ol B St b B digiof oPRistEmetl | '
10, 000 he' . ofThhes dekpdroeyatizatiore aatalyn.. Tdy e earbodigenduthe restivhezodel xed or
fluidized beds, .includin |tiple catal yst beds wt eat renoval. bet ween
beds. I n addiTREHES 3K "f%%egj‘-lrﬁgﬁgg;%yﬁﬁa?g]ﬁgs rBf%&ﬁt"«S%}cgpy 1SBREA FRYI¥Pat ur es
t 0 maxi m zewkichaiarticul#té estaBiRteiitbss dtair lnehes t6p offte leactopaidileds ahdéroner
tenperatures to maxim ze thernod m c conversion. [0062] The resultant

met hanol an&P8IY & 1Psm %%@Eﬁta}f%s&%‘aﬁ ﬂb%feﬁgéﬂte '?'Fl’i CEH%}PaPF%ﬁﬁ%F%
descri bed bef ey feactopauerflovs apwaidly Bgogah eicataglystbédie 16 ely slieRathlei zat i on
step to xylenes, or can be used as a feedstock far the production of | ower

ol efins, pafhpedimant $hereastion zons fremprisey s Bhwality of sersivonaeded Spidigsdhanol t o

ol efins is gedRlabokNAMMWhRhOSLESuINE Latatyst i baR¥dMInCondl 8% EdtioReforh bord: S.
Pat ent No. 4,499, 327, incorporated herein by reference. Al kylation [0063]In

one enbodi niAttobto theaeyt adjasant srastards theseriepanhilg tierfeed istpass
and between the reactors in the opposite direction.
[0044] The major components of the effluent from the dehydrocyclization step
are hydrogen, benzene, naphthalene, carbon monoxide, ethylene, and unreacted
methane. Typically, the effluent contains at least 5 wt%, such as at least 10 wt%,

for example at least 20 wt%, preferably at least 30 wt%, more aromatic rings than



produced in the dehydrocyclization step is subjected to an al kyl ation step
to convert the benzene directly or indirectly to one or nore Xxyl enes.

Al kyl at i omoabotaessene is well known in the art and typi eafrlus2e0meoisres
reaction of an olefin, alcohol or alkyl halide with the benzene in the gas
or liquid phase in the presence of an acid catalyst. Suitable acid

catal ysts include nediumpore zeolites (i.e., those having a Constraint

| ndex of 2-12 as defined in U S. Patent No. 4,016,218), including materials
having the framework types MN (e.g., Z3M 5 and silicalite), MEL (e g,

ZSM 11), MIW (e.g., ZSM12), TON (e.g., ZSM22), MIT (e.g., ZSM23), M-S
(e.g., ZSM57) and FER (e.g., ZSM 35) and ZSM 48, as well as |arge pore
zeolites (i.e, those having a Constraint Index of |ess than 2) such as

material s h#¥ et he ThiarBwdEk MY ple BEal (wmper obotPratipetsss Eatiqe g |
ZSM 3, ZSM gehyde&SkiisfidnXefflientsfréas vaill hbaeallyY eREdddme! totHl Nugmskr Yo MOR
(e.g., nordenite), MAZ é&B?., ZSM4), MEl (e.g., ZSM18) and MW (e.qg.,
MCM 22, PSHa@maggzings in eed bympleast § e Farsxamle,nChesiged gontpiont156) .
[0064] | n_ong&hodiHeRt righs Hicad8ReYLARNSE SFfuenPSRARIill Sori SRAY Rlaed 1 om
t he dehydrocf%ﬂ?ghtlon g?%%uent 2§§{?ﬁénlg kgﬁg?eﬁ mntﬁ]aﬁféﬁe%in, such as
et hyl ene pr 6cbedf ammatioyrings o dihengefinsubstineys on apy emmatie mngspepmednoyi ng
et hanat i on/ get | ON .~ Typi Lii Vi t he vapor phase
19 all cyl at ?%nt]g%(?%i)deﬁggﬁ% e\?\#'&%}t 5&%{‘}?é%enﬁqi%ﬁqﬁ%gqgh%éﬁ%g?lgﬁﬁ'e of from 650
to 900F ( 34p048) 4826%)one@nfbodiraentefdie mbamtig) éie lenzene36 @€topsated ffolh thet 0
20, 800 kPa) , .a VWHSV..based et hylene of from0.5 t0,.2.0 hr.and nol e
Fatio of belSBRESliaRR: et or oemple. BY stsNient | Feiitor bt B ac i on
of benzene Whaédoratiby. Ervevey, devitibe didcussed belows at Bapepat of thellhvweaen 300
and 650F (150 to 340C), a pressure %g tg)abou 300 sk% é20i800 kPa), a
VHSV based G B shPISsHe! 9rans tipmysten, bSEPTE OT afler RIOIHAT LPPXE o 0O ene t o
et hyl ene of highervaludmhteridfy; duch[8&§RhEs.ef erabl y, the benzene ethylation is
conducted under at |east partial liquid phase conditions using a catalyst
conprising at |east one of zeolite beta, zeolite Y, MM 22, PSH 3, SSZ-25,
ERB-1, |TQ frydrdfer’ManAfrhént ZSM 5 MCM 36, MCM 49 and MCM 56. 100661The
benzene ethylation can be conducted at the site of the o
dehydr ocycl 10846] onT$iper dydreger| sc i BaIqsr eemeBancyt afh thep dpbydsecyehipatinn shi pped
to another Lggahi i t
et hyl benzenLe caI#’ tg ﬁg];]&%%&?ggﬁg% aggighg‘i/s}r?g%iﬁggg é\%eﬂﬁen%]%‘véfsﬁﬁk%c e tz(a)rat to
m xed xyl enbpdrog@0a@ection atept ltercomvim datmigast ghrtt he hydesgent topradditosal t he
f"" kyl ati ng ﬁ%ﬁggmk:?ns”%lggﬁ] Q:lan(“le:rgj Ibrerertetz1 c!lgc; Q&glf.h (}E%)lregagd j[nr]]eqhgllek%l fd on step
is convenientlTy erfected in preSence of catalyst conpfrsing a zeollite, such
as ZSM 5, zddlydteybbiaionl si€p 13 matiuiZ22 feeGitlivation SNFypical lySitle 11ydrdgshd 22,
ZSM 23, ZSM 35,. and, ZSM 48.. whi ch has been nodi fied by ,steam ng sq as to
nave s O 11 TIRSEAPSIRmSPEPipdh o, i, [P el Tof, Bdiabeoidn el
measur ed at dehydesgyelizitioheffhient 26ith @0daral/Gt, QOgli prefefablp ubmbdéudedasishutie of 60
torr (81cPa}. Suc af?rocess i.S selective to the production of para-xylene
and is desclicB&Fthane froup analiral gas suRaB ot No. 6, 504, 272, i ncor por at ed
herei n by r gfoa7pnceCorvefifedilvh e hidbhe atjectionDblepi included () Smathandtionl at i ng
agent in the process of t inveptign, it can be provided a separate
feed to the ?Jrcég"?“ﬁtfm’ca&?aﬁ R %‘f?rp?gf‘iq PrefEsy él’"é‘geﬁ‘% Ozi(t?h“b 3addi ng a
carbon di oxhldehdl9Npatitilagy fre@Har@®AS and WeHer Acygentiddsy aall/o8 36v) SSynfiBis ¢f0 part
or all of the effluent fromthe dehydrocyclization steF. In particular, the
Of

dehydr ocycl Ishit9lehins parafips andier yomages Ry waspel amethangt of dumethygtherc
conponent s, jrftéthelfatd, €rteQe dtep§\tRAy Be SEMplbydd 36duehtiARA td aml 81d Wehddsit he

car bon di oxj de-contai ning feed under conditions to i'ncréase the carbon
nmonoxi de cobenefit; &ir examnle fHiseher-Trgpsela dvey dhst be rmplavedréxot¢ldrg Gtand 8

above. 20 LOQGI LRe%ilohAd by RERINRI AN o8y R Qbn ot SAMLERY e fed Lo a

reverse shift reactor to generate syngas whic e mxed with a
portion of [08d8HehyEimicallyl i asadesomibed f belewt the hyfjragen trejectily GE&PCEAllr at i os

as requir edgén%;até Bgra?lliljfsy Juﬁit 618fns 5§ Rvhich case, after separation of the co-produced
water, the portion recycled to the dehydrocyclization step conveniently comprises,

paraffins or olefins with 6 or less carbon atoms, such as 5 or less carbon atoms, for



[0070] Typically, the reverse shift reactor contains a catalyst conprising a
transition netal on a support, such as Fe; N, C, Zn on alumna, silica or
titani a, woaoowi4egser at ed under conditions including a teapasatane4ed 500C
to 1200C, such as 600C to 1000C, for exanple 700C to 950C and a pressure of
1 kPa to 10,000 kPa, such as 2,000 kPa to 10,000 kPa, for exanple 3000 kPa
to 5,000 I cPa. Gas hourly space velocities may vary dependi ng upon the type
of process used, but generally the gas hourly space velocity of flow of gas
t hrough the catalyst bed is in the ranq% of 50 lucl to 50,000 he', such as
250 hti to 25,000 hi', nore preferably 500 hfl to 10,000 hi]. [0071] The
effluent fromthe reverse shift reactor can then be fed to an al kylation
react or operating under conditions to cause reactions.such as the follow ng
to occur: Cexample]24ordessCOrirPercitons @) 3CpRARss+cabpt ¥pmene WheneoReact i on

10) 2CH3CH - [ 1) j cQnaii § i ons
for such an@@%ﬁ%ﬁ@é‘gﬁ‘f?& Qﬁ\/\%ﬁ?%k%féﬁ%&m&l '?t gﬁ?@@#&%?%rﬁat%goﬁk% 700C,
a pressure pbrtibntrecyR6l tatthe dghydranyclizadiontstep3®n0&iektBagompmsds aingldSing or t he
aromatic hyglrro%gaq{cb Qcigf 0.01 to 100 hi*. A suitable catal yst would conprise

a nol ecul ar st eve ‘havinig a constraint index of 1 to 12, such as ZSM 5,
typically together wwth one or netals or netal oxides, such as copper,
chrom um and/ zi.nc ide. [0073] Preferably, where the al kyl ati on catal yst
i ncl udes a 1 O ihe latter is nodified to change its diffusion
% har act er Iﬁ [0029] such ?ﬁ&émbgmm@ﬁﬁ?@rﬂyﬂﬁfgen&?jegﬁ%ﬁf 3572 rmﬁuphg_@fli_:e@aebrbaf el ud
eact i on i S paraxy e. itabl e nmea i ffusion_nodifjication include
st eani ng andt i??—s%ipflﬁ Bf?r&i'erlhgi%i"ﬁerﬂéb()‘giat‘?%ﬁg’iﬁ’Fy%Ileaf‘EBrF BFRS oWHRscarkik e,
et al  oxi degiox$diC o aroltliée nidtRAR afi/BF dihfheS HEJoRGifg Ofo ithe tBRoWRIRE nBD Ut hs Of
the nol ecul ar sieve. Also preferred is that an active netal be incorporated

into the nof@EHPRF sieve so as to saturate nore highly 21 reactive species,

such as ol efins, which maydie ggperatgd aschiyspipducts angrapiisheroul d
ot herwi se cause cat al yst deda%cti vgti on. [0074 T%EBeffl uenté}rorln t h)g

allcyl ation reactor coul d2€Rert B& fed-to £ #HQon secRagatiom”nhi ch t he
aromatic pr S Al td:al : r ot her
JOU86). hEE SanbBh qiBtiby eI RRCLXibehbfliy paft S0 R ARR B

| ow nol ecul ar ht materi al s, ntly by s The
aromat i cs psiochne tandc prefetabliyethebsanie asturalngasediream cused basn then&eefir ctheon, a

tol uene fragj, Cs. fr io h fractio nt ai ni ng..napht hal ene
and al kyl at g%}&)%g?m?}'}%ﬁgﬁes. Thmgaﬁlgng%}%nf‘[rlgg‘tdfo% §%ﬁl% f’ihenmoagg'f ed to a
crystal | i zatorainorg seap, thenCEs:CEh of theostsapeais abavdnientlyahsiatiiedbexytaane
conponent and th nmai ni.ng. m xed . xyl enes either sold as product, qr fed to
an i soneri zzﬁi (.")lﬁgl gggpt owégﬂ'& gﬁemﬁofﬁr B‘-‘x@‘f’é 8?°°’T‘E?é“‘f’§l S0 1Adcthen coul d
ei ther be r aeiydestyalizaneatfluentpisochntnichithe uchieved by tshppBilgCieagisesus eact or

or fed to a tgl ue‘?lg(&ﬂi SﬁP oportionation unit, and preferably a selective
tol uene di sfFEGHH 5t ¢'HCLHFEOFor the preparation of additional p-xylene.

Further Propnsij ng TROKHdrdRén bgectRAcstéy o PpYddRee nstRaieCedethlind A8mIBS ent
process can either be recovered for sale as commopdity chem cals or can be

subj ect ed t 5TPIOYE Rdi2:GPe Sld; raHo closp 1o g StoighigmgncRIPpoRions esquired, for

deri vati vestietfebir6tPR edcon G BdaBtiort 9] A1808gh ShAN VRSN an BE YiARGn the
pol ystyrene, phenol, and pol yethyl ene terephthal ate, as well as derivatives

i n whi ch t hEolBiprasEc ratigylf i isdasired t proglyce 8 (ePe-eanteipinectichlaprntaineny | on.
It will be apBh@cithicafsttdaal TSNS e l@ti&hﬁeﬂi’f A6 mEDERE blethfRduUce

these derivatives, any benzene rings w retain the novel deuterium and
13C i sot opeisd¢asvenisntly effeeted tindhe) presenne efnal bifanetinnabatahyst compnsingn.

| sotope Di SHela@%mnent, particularly a transition metal or compound thereof, on an
inorganic support. Suitable metal components comprise copper, iron, vanadium,
chromium, zinc, gallium, nickel, cobalt, molybdenum, ruthenium, rhodium,
palladium, silver, rhenium, tungsten, iridium, platinum, gold, gallium and
combinations and compounds thereof. The inorganic support may be an
amorphous material, such as silica, alumina or silica-alumina, or like those listed

for the dehydroaromatization catalyst. In addition, the inorganic support may be a



[ 0076] The distribution of the isotopes deuteriumand 13C in a sanple of
benzene or xylene is conveniently defined in terns of the divergence from

t he nat urwb,2007zaessdance of deuteriumin hydrogen, 6(deuPemriusngo7/oaaadothe

di vergence fromthe natural abundance of 13Cin 12C, 5(13.-.), according to
the equations: f5(deuteriunm) =(R sanpicir standard 4) x 1000 where

1R sanple is the ratio of deuteriumto hydrogen in the benzene or xyl ene;
and 22 R stanciard is the ratio of the natural abundance of deuteriumto
the natural abundance of hydrogen (whigl is equal to 0.00015/0.99985); and
s('3c)(R'sampic/Irstandard 4) x 1000 where R'sanple is the ratio of 13Cto
12C in the benzene or xylene; and R'gandard is the ratio of the natural

abundance of 13C to the natural abundance of 12C (which is _equal to
0. 01109/ 0. 98tplline] materiply suph @5 fs ARLEPPIRGUS OT RSSOREEPHP Spetelline ek ne t he

| S0t opi ¢ COSBRMIY | Oforls P &iyRfaMind! OFRkE:GaIPT OfiRia 2k dedllividsiRardRased on
f eed COI'TpOSItIOI’]S cases it was assuned that no isot Opl C

partiti oni nglunirenhosehatisr i Aed r ealicdabiminophiasphasess urlistednt sbovst eferedthen herein

of the deutg g;dpa o] ﬁ ts of benzene and xylene are made using high
resol ution e c%gg%art%rr}%t%r It'eechnl ques well know in the art [0078] The

primry inpl@0s2hre Thaehyckogmegﬁcuompmmtblpmmhlcefmd:thmmatd[matthgnegaultmgl cally

nglérelrj![ 2? S%@en%lugt%daosvelr Ias\at\'l e rlalrxlgeToP cond]nons mcludi]flgco Oﬂle?a { re &3 f(30°C to
900°C, such as 150°C to 500°C, for example 200°C to 400°C., a pressure of 200
kPa to 20,000 kPa, such as 500 to 5000 kPa and a weight hourly space velocity of
0.1 to 10,000 hr', such as 1 to 1,000 hr''. CO, conversion levels are typically
between 20 and 100% and preferably greater than 90%, such as greater than 99%.
This exothermic reaction may be carried out in multiple catalyst beds with heat
removal between beds. In addition, the lead bed(s) may be operated at higher
temperatures to maximize kinetic rates and the tail beds(s) may be operated at
lower temperatures to maximize thermodynamic conversion.
[0053] The main products of the reaction are water and, depending on the
H>:CO, molar ratio, methane, ethane and higher alkanes, together with some
unsaturated C; and higher hydrocarbons. In addition, some partial hydrogenation
of the carbon dioxide to carbon monoxide is preferred. After removal of the
water, the methane, carbon monoxide, any unreacted carbon dioxide and higher
hydrocarbons can be fed directly to the dehydrocyclization step to generate

additional aromatic products.

Fischer-Tropsch Process

[0054] In another embodiment the hydrogen rejection step comprises reaction
of at least part of the hydrogen in the dehydrocyclization effluent with carbon
monoxide according to the Fischer-Tropsch process to produce C, to Cs paraffins
and olefins.

[0055] The Fischer-Tropsch process is well known in the art, see for example,
U.S. Pat. Nos. 5,348,982 and 5,545,674 incorporated herein by reference. The
process typically involves the reaction of hydrogen and carbon monoxide in a
molar ratio of 0.5:1 to 4:1, preferably 1.5:1 to 2.5:1, at a temperature of 175°C to
400°C, preferably 180°C to 240°C and a pressure of 1 to 100 bar (100 to 10,000
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kPa), preferably 10 to 40 bar (1,000 to 4,000 kPa), in the presence of a Fischer-
Tropsch catalyst, generally a supported or unsupported Group VIII, non-noble
metal, e.g., Fe, Ni, Run, Co, with or without a promoter, e.g. ruthenium, rhenium,
hafnium, zirconium, titanium. Supports, when used, can be refractory metal
oxides such as Group IVB, i.e., titania, zirconia, or silica, alumina, or silica-
alumina. In one embodiment, the catalyst comprises a non-shifting catalyst, e.g.,
cobalt or ruthenium, preferably cobalt, with rhenium or zirconium as a promoter,
preferably cobalt and rhenium supported on silica or titania, preferably titania.
[0056] In another embodiment, the hydrocarbon synthesis catalyst comprises a
metal, such as Cu, Cw/Zn or Cr/Zn, on the ZSM-5 and the process is operated to
generate significant quantities of single-ring aromatic hydrocarbons. An example
of such a process is described in Study of Physical Mixtures of Cr;0; - ZnO and
ZSM-5 Catalysts for the Transformation of Syngas into Liquid Hydrocarbons by
Jose Erena; Ind. Eng. Chem Res. 1998, 37, 1211-1219, incorporated herein by
. reference. : )

[0057] The Fischer-Tropsch liquids, i.e., Cs +, are recovered and light gases,
e.g., unreacted hydrogen and CO, C, to C; or C4 and water are separated from the
heavier hydrocarbons. The heavier hydrocarbons can then be recovered as
products or fed to the dehydrocyclization step to generate additional aromatic
products. '
{0058] The carbon monoxide required for the Fischer-Tropsch reaction can be
provided wholly or partly by the carbon monoxide present in or cofed with the
methane-containing feed and generated as a by-product in the dehydrocyclization
step. If required, additional carbon monoxide can be generated by feeding carbon
dioxide contained, for example, in natural gas, to a shift catalyst whereby carbon
monoxide is produced by the reverse water gas shift reaction:

CO, +H, - CO + H,O (Reaction 8)
and by the following reaction:

CH, + H,O - CO +3H;
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Alcohol Synthesis

[0059] In a further embodiment the hydrogen rejection step comprises
reaction of at least part of the hydrogen in the dehydrocyclization effluent with
carbon monoxide to produce C; to Cj alcohols, and particularly methanol. The
production of methanol and other oxygenates from synthesis gas is also well-
known and is described in, for example, in U.S. Patent Nos. 6,114,279; 6,054,497,
5,767,039; 5,045,520; 5,254,520; 5,610,202; 4,666,945; 4,455,394, 4,565,803;
5,385,949, the descriptions of which are incorporated herein by reference.
Typically, the synthesis gas employed has a molar ratio of hydrogen (H;) to -
carbon oxides (CO + CQO,) in the range of from 0.5:1 to 20:1, preferably in the
range of from 2:1 to 10:1, with carbon dioxide optionally being present in an
amount of not greater than 50% by weight, based on total weight of the syngas.
[0060] The catalyst used in the methanol synthesis process generally includes
an oxide of at least one element selected from the group consisting of copper,
silver, zinc, boron, magnesium, aluminum, vanadium, chromium, manganese,
gallium, palladium, osmium and zirconium. Conveniently, the catalyst is a copper
based catalyst, such as in the form of copper oxide, optionally in the presence of
an oxide of at least one element selected from silver, zinc, boron, magnesium,
aluminum, vanadium, chromium, manganese, gallium, palladium, osmium and
zirconium. Conveniently, the catalyst contains copper oxide and an oxide of at
least one element selected from zinc, magnesium, aluminum, chromium, and
zirconium. In one embodiment, the methanol synthesis catalyst is selected from
the group consisting of: copper oxides, zinc oxides and aluminum oxides. More
preferably, the catalyst contains oxides of copper and zinc.

[0061] The methanol synthesis process can be conducted over a wide range of
temperatures and pressures. Suitable temperatures are in the range of from 150°C
to 450°C, such as from 175°C to 350°C, for example from 200°C to 300°C.
Suitable pressures are in the range of from 1,500 kPa to 12,500 kPa, such as from
2,000 kPa to 10,000 kPa, for example 2,500 kPa to 7,500 kPa. Gas hourly space
velocities vary depending upon the type of process that is used, but generally the
gas hourly space velocity of flow of gas through the catalyst bed is in the range of
from 50 hr'! to 50,000 hr”', such as from 250 hr! to 25,000 hr', more preferably
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from 500 hr' to 10,000 hr’'. This exothermic reaction may be carried out in either
fixed or fluidized beds, including multiple catalyst beds with heat removal
between beds. In addition, the lead bed(s) may be operated at higher temperatures
to maximize kinetic rates and the tail beds(s) may be operated at lower
temperatures to maximize thermodynamic conversion.

[0062] The resultant methanol and/or other oxygenates can be used in the
alkylation step described below to convert the benzene generated in the
dehydrocyclization step to xylenes, or can be used as a feedstock for the
production of lower olefins, particularly ethylene and propylene. The conversion
of methanol to olefins is a well-known process and is, for example, described in -

U.S. Patent No. 4,499,327, incorporated herein by reference.

Alkylation

[0063] In one embodiment of the present process, at least part of the benzene
produced in the dehydrocyclization step is subjected to an alkylation step to
convert the benzene directly or indirectly to one or more xylenes. Alkylation of
benzene is well known in the art and typically involves reaction of an olefin,
alcohol or alkyl halide with the benzene in the gas or liquid phase in the presence
of an acid catalyst. Suitable acid catalysts include medium pore zeolites (i.e., those
having a Constraint Index of 2-12 as defined in U.S. Patent Nol. 4,016,218),
including materials having the framework types MFI (e.g., ZSM-5 and silicalite),
MEL (e.g., ZSM-11), MTW (e.g., ZSM-12), TON (e.g., ZSM-22), MTT (e.g,
ZSM-23), MFS (e.g., ZSM-57) and FER (e.g., ZSM-35) and ZSM-48, as well as
large pore zeolites (i.e, those having a -Constraint Index of less than 2) such as
materials having the framework types BEA (e.g., zeolite beta), FAU (e.g., ZSM-3,
ZSM-20, zeolites X, Y, ultrastabilized Y and dealuminized Y), MOR (e.g.,
mordenite), MAZ (e.g., ZSM-4), MEI (e.g., ZSM-18) and MWW (e.g., MCM-22,
PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2, MCM-36, MCM-49 and MCM-56).

[0064] In one embodiment of the present process, benzene is recovered from
the dehydrocyclization effluent and then alkylated with an olefin, such as ethylene
produced as a by-product of a hydrogen rejection step employing

ethanation/methanation. Typical conditions for carrying out the vapor phase
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alkylation of benzene with ethylene include a temperature of from 650 to 900°F
(343 to 482°C), a pressure of atmospheric to 3000 psig (100 to 20,800 kPa), a
WHSYV based on ethylene of from 0.5 to 2.0 hr' and a mole ratio of benzene to
ethylene of from 1:1 to 30:1. Liquid phase alkylation of benzene with ethylene may
be carried out at a temperature between 300 and 650°F (150 to 340°C), a pressure
up to about 3000 psig (20,800 kPa), a WHSV based on ethylene of from 0.1 to 20
hr! and a mole ratio of benzene to ethylene of from 1:1 to 30:1.

[0065] Preferably, the benzene ethylation is conducted under at least partial
liquid phase conditions using a catalyst comprising at least one of zeolite beta,
zeolite Y, MCM-22, PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2, ITQ-13, ZSM-5
MCM-36, MCM-49 and MCM-56.

[0066] The benzene ethylation can be conducted at the site of the
dehydrocyclization/hydrogen rejection process or the benzene can be shipped to
another location for conversion to ethylbenzene. The resultant ethylbenzene can
then be isomerized by methods well known in the art to mixed xylenes.

[0067] In another embodiment of the present process, the alkylating agent is
methanol or dimethylether (DME) and the alkylation step is conveniently effected
in presence of catalyst comprising a zeolite, such as ZSM-5, zeolite beta, ITQ-13,
MCM-22, MCM-49, ZSM-11, ZSM-12, ZSM-22, ZSM-23, ZSM-35, and ZSM-48,
which has been modified by steaming so as to have a Diffusion Parameter for 2,2
dimethylbutane of 0.1-15 sec-l when measured at a temperature of 120°C and a
2,2 dimethylbutane pressure of 60 torr (8kPa). Such a process is selective to the
production of para-xylene and is described in, for example, US Patent No.
6,504,272, incorporated herein by reference.

[0068] Where methanol or DME is used as an alkylating agent in the process
of the invention, it can be provided as a separate feed to the process or can at least
partly be generated in situ by adding a carbon dioxide-containing feed gas, such as
a natural gas stream, to part or all of the effluent from the dehydrocyclization step.
In particular, the dehydrocyclization effluent, prior to any separation of the
aromatic components, can be fed to a reverse shift reactor and reacted with the
carbon dioxide-containing feed under conditions to increase the carbon monoxide

content of the effluent by reactions, such as Reactions 5 and 8 above.
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reactive species, such as olefins, which may be generated as by-products and
which could otherwise cause catalyst deactivation.

[0074] The effluent from the alkylation reactor could then be fed to a
separation section in which the aromatic products would initially be separated
from the hydrogen and other low molecular weight materials, conveniently by
solvent extraction. The aromatics products could then be fractionated into a
benzene fraction, a toluene fraction, a Cs fraction and a heavy fraction containing
naphthalene and alkylated naphthalenes. The Cg aromatic fraction could then be
fed to a crystallization or sorption process to separate the valuable p-xylene
component and the remaining mixed xylenes either sold as product or fed to an
isomerization loop to generate more p-xylene. The toluene fraction could either
be removed as saleable product, recycled to the alkylation reactor or fed to a
toluene disproportionation unit, and preferably a selective toluene

disproportionation unit for the preparation of additional p-xylene.

Further Processing

[0075] The benzene and xylene produced by the present process cah either be
recovered for sale as commodity chemicals or can be subjected to further
processing to produce useful derivatives. Such derivatives include, for example,
toluene, ethylbenzene, styrene, polystyrene, phenol, and polyethylene
terephthalate, as well as derivatives in which the benzene ring is not retained, such
as cyclohexane and nylon. It will be appreciated that, depending on the processes
used to produce these derivatives, any benzene rings will retain the novel

deuterium and "*C isotope distribution of the benzene and xylene of the invention.

Isotope Distribution

[0076] The distribution of the isotopes deuterium and '>C in a sample of

benzene or xylene is conveniently defined in terms of the divergence from the

natural-abundance of deuterium in hydrogen, é(deuterium), and the divergence

from the natural abundance of l3é in '2C, 8(**C), according to the equations:
8(deuterium) = (R’ sarmple/R ’standard 1) x 1000

where R’gmpre is the ratio of deuterium to hydrogen in the benzene or xylene; and



-22 -450 -213 Cunene -60 -21 -450 -175 Styrene -60 -22 -450 -213
Pol ystyrene -60 -22 -450 -213

WO 2007/142864 PCT/US2007/012419

22

R’andara 1S the ratio of the natural abundance of deuterium to the natural
abundance of hydrogen (which is equal to 0.00015/0.99985); and

8(1*C) = (R’ sampte/Rstandara -1) x 1000
where R” gyl is the ratio of '°C to '>C in the benzene or xylene; and
R’sandara 18 the ratio of the natural abundance of 13C to the natural abundance of
12C (which is equal to 0.01109/0.98891).
[0077]

composition of primary aromatic products and derivatives based on feed

A spreadsheet model was developed to determine the isotopic

compositions. In all cases it was assumed that no isotopic partitioning occurred
during reactions. All measurements referred to herein of the deuterium and B¢
contents of benzene and xylene are made using high resolution mass spectrometer

techniques well know in the art

[0078] The primary inputs are the isotopic compositions of the naturally
geologically occurring species as listed in Table 1.
Table 1
Component 6("0) d(Deuterium)
Low | High | Low | High
Geologic Methane -60 -36 -450 -250
Geologic CO; -15 5 -- -
Naphtha -32 -13 -250 -100
[0079] Utilizing these compositional ranges and the spreadsheet model the

isotopic compositions for benzene, and xylenes, produced by known processes

were calculated and are shown in Table 2.

Table 2
Component 8(°C) 6(Deuterium)
Low High Low High
Benzene from Naphtha -32 -13 -250 -100
Benzene from Methane -60 -36 -450 -250
Xylene from Naphtha -32 -13 -250 -100
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[0080] Utilizing the same compositional ranges and the spreadsheet model the
isotopic compositions were calculated for the pnmary products of the process

of the invention and are shown in Table 3.

Table 3
Component s(’c) 6 (Deuterium)
Low High Low High
Benzene -59 -24 -450 -250
Xylene -60 -24 -450 | -250
Hydrogen -- - -450 -250

[0081] Thus in Table 3 it is assumed that the benzene is produced by a process
in which methane is dehydrocyclized to produce a first effluent stream comprising
benzene and hydrogen, at least part of the hydrogen from the first effluent stream
is reacted with CO and/or CO; to produce a second effluent stream having a
reduced hydrogen content and an enhanced hydrocarbon content as compared with
the first effluent stream, and at least part of the second effluent stream is recycled
to the dehydrocyclization step. Benzene produced by such a process has a
d(deuterium) value of less than -250, such as less than -260, for example less than
-270, such as less than -280, conveniently less than -290 or even less than -300
and has a 8(*>C) value of greater than -59, such as greater than -57, for example
greater than -55, such as greater than -53, conveniently greater than -51 or even
greater than -49. More preferably, the benzene has a 5(**C) value of greater than -
36, such as greater than -34, for example greater than -33, such as greater than -
32, conveniently greater than -31 or even greater than -30. Typically, the benzene
produced has a é(deuterium) value of greater than -450, such as greater than -440,
for example greater than -430, such as greater than -420, conveniently greater than
-410 or even greater than -400 and has a 6(‘3C) value of less than -24, such as less
than -25, for example less than -26, such as less than -27, conveniently less than -
28 or even less than -29.

[0082] It is to be understood the entirety of ranges shown in Table 3 are
included in the scope of this invention; that is the benzene having any

combination of a 6('*C) value of about -59, -58, -57, -56, -55, -54, -53, -52, -51, -
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50, -49, -48, -47, -46, -45, -44, -42, -40, -38, -36, -34, -32, -30, -28, -26, or -24;
and a §(deuterium) value of about -450, -440, -430, -420, -410, -400, -390, -380, -
370, -360, - 350, -340, -330, -320, -310, -300, -290, -280, -270, - 260, or -250.
[0083] Similarly in Table 3 it is assumed that the xylene is produced by a
process in which methane is dehydrocyclized to produce a first effluent stream
comprising benzene and hydrogen and at least part of the benzene from said first
effluent stream is reacted with an alkylating agent to produce alkylbenzene. It is
also assumed that at least part of the hydrogen from the first effluent stream can
be reacted with CO and/or CO;, to produce a second effluent stream having a
reduced hydrogen content and an enhanced hydrocarbon content as compared with
the first effluent stream, with at least part of the second effluent stream being
recycled to the dehydrocyclization step. Alternately at least part of the hydrogen
may be reacted with CO and/or CO; to produce methanol and the methanol be
utilized as an alkylating agent to produce xylenes from benzene. Xylene produced
by such a process has a é(deuterium) value of less than -250, such as less than -
260, for example less than -270, such as less than -280, conveniently less than -
290 or even less than -300. In one embodiment, the xylene has a 6(*>C) value of
less than -24, such as less than -25, for example less than -26, such as less than -
27, conveniently less than -28 or even less than -29. In another embodiment, the
xylene has a 6(*°C) value of less than -32, such as less than -34, for example less
than -36, such as less than -38, conveniently less than -40 or even less than -42.
Typically, the xylene produced has a 6(deuterium) value of greater than -450, such
as greater than -440, for example greater than -430, such as greater than -420;
conveniently greater than -410 or even greater than -400 and has a 6(**C) value of
greater than -60, such as greater than -58, for example greater than -56, such as
greater than -54, conveniently greater than -52 or even greater than -50.

[0084] It is to be understood the entirety of ranges shown in Table 3 are
included in the scope of this invention; that is the xylene having any combination
ofa 6('3C) value of about -60, -59, -58, -57, -56, -55, -54, -53, -52, -51, -50, -49, -
48, -47, -46, -45, -44, -42, -40, -38, -36, -34, -32, -30, -28, -26, or -24; and a
d(deuterium) value of about -450, -440, -430, -420, -410, -400, -390, -380, -370, -
360, - 350, -340, -330, -320, -310, -300, -290, -280, -270, - 260, or -250.



-390,
- 270,

- 380,
- 260,

-370, -360, - 350, -340, -330, -320, -310, -300, -290, -280,

- 250, -240, -230, -220, or -213. [0088]1t is to be

under st oostot2her/@mg6itr ety of ranges shown in Table 4 are ipotiusded/oizaie he

scope of this invention that is the pol yethyl ene terephthal ate having any

conbi nati on of a45(13C) val ue of about -52, -51, -50, -49, -48, -47,
-44, -42, -40, -38, -36, -34, -32, -30, -28, -26, -24, -22, -20,
-19; and a 8(deuteriun) value of about -400, -390, -380, -370, -360,

- 45,
- 340,

- 330,

-320, - 26 25

[0085] It is also recognized that naphthalene may be co-produced with
benzene and will have equivalent isotopic compositional shifts, 6(deuterium) and
5(*3C) values, as the benzene.

[0086) Utilizing the same compositional ranges and the spreadsheet model the
isotopic compositions were calculated for various derivatives of the benzene and

xylene produced according to the invention. The results are shown in Table 4.

Table 4

Component 6(°c) 6 (Deuterium)

Low High Low High‘

Ethylbenzene -60 -22 -450 -213
Cumene -60 -21 -450 -175
Styrene -60 -22 -450 -213
Polystyrene -60 -22 -450 -213
Polyethylene Terephthalate -57 -22 -400 -175
Phenol -59 -24 -433 -225
Cyclohexane -59 24 [ -450 -175
Nylon6,6 -52 -19 | -400 -138
Toluene -59 -24 -450 -250

[0087] It is to be understood the entirety of ranges shown in Table 4 are
included in the scope of this invention that is the polystyrene having any
combination of a 5('3C) value of about -60, -59, -58, -57, -56, -55, -54, -53, -52, -
51, -50, -49, -48, -47, -46, -45, -44, -42, -40, -38, -36, -34, -32, -30, -28, -26, -24,
or -22; and a 6(deuterium) value of about -450, -440, -430, -420, -410, -400, -390,
-380, -370, -360, - 350, -340, -330, -320, -310, -300, -290, -280, -270, - 260, -250,
-240, -230, -220, or -213.

[0088] It is to be understood the entirety of ranges shown in Table 4 are
included in the scope of this invention that is the polyethylene terephthalate
having any combination of a 6(13C) value of about -52, -51, -50, -49, -48, -47, -46,
-45, -44, -42, -40, -38, -36, -34, -32, -30, -28, -26, -24, -22, -20, or, -19; and a
6(deuterium) value of about -400, -390, -380, -370, -360, - 350, -340, -330, -320, -



310, -300, -290, -280, -270, - 260, -250, -240, -230, -220, or -210, -200,
-190, - 180, or -175. [0089]It is to be understood the entirety of ranges
shown i n waekbe/2sne i ncl uded in the scope of this invemrCiras2daniaiz4is the
nyl on havi ng any conbination of a 5(13C) val ue of about -57, -56, -55, -54,
-53, -52, -51, -50, -49, -48, -47, -46, -45, -44, -42, -40, -38, -36, -34,
-32, -30, -28, -26, -24, or -22; and a 8(deuterium value of about -400,
-390, -380, -370, -360, - 350, -340, -330, -320, -310, -300, -290, - 280,
-270, - 260, -250, -240, -230, -220, okg-210, -200, -190, -180, -170, -160,
- 150, -140, or -138.

310, -300, -290, -280, -270, - 260, -250, -240, -230, -220, or -210, -200, -190, -
180, or -175.

[0089] It is to be understood the entirety of ranges shown in Table 4 are
included in the scope of this invention that is the nylon having any combination of
a 8(*>C) value of about -57, -56, -55, -54, -53, -52, -51, -50, -49, -48, -47, -46, -45,
-44, -42, -40, -38, -36, -34, -32, -30, -28, -26, -24, or -22; and a §(deuterium) value
of about -400, -390, -380, -370, -360, - 350, -340, -330, -320, -310, -300, -290, -
280, -270, - 260, -250, -240, -230, -220, or -210, -200, -190, -180, -170, -160, -
150, -140, or -138.

[0090] In another embodiment, the measured isotope distribution of an
aromatic hydrocarbon may be used to identify the type of manufacturing process
that was used in its production. Thus, for example, a sample of benzene of
unknown origin with a measured 8(deuterium) value of less than -250 and a 6('*C)
value of less than -32 could be uniquely identified as onginating from a methane
dehydrocyclization process as opposed to a naphtha reforming process. This
novel ability to identify the production process of an aromatic hydrocarbon is
based on the realization that the amounts of deuterium and '’C present in an
aromatic hydrocarbon product can serve to differentiate between an aromatic
hydrocarbon produced from naphtha, the same aromatic hydrocarbon produced by
dehydrocyclization of naturally-occurring geologic methane alone and the same
aromatic hydrocarbon produced by dehydrocyclization of naturally-occurring
geologic methane and methane produced from CO,.

[0091] While an attempt has been made herein to disclose all embodiments
and applications of the disclosed subject matter that could be reasonably foreseen.
However, there may be unforeseeable, insubstantial modifications which remain
as equivalents. Moreover, while the present disclosure has been described in
conjunction with specific, exemplary embodiments thereof, it is evident that many
alterations, modifications, combinations, and variations will be apparent to those
skilled in the art in light of the foregoing description without departing from the
spirit or scope of the present disclosure. Accordingly, the present disclosure is
intended to embrace all such alterations, modifications, combinations and

variations of the above detailed description and examples.



[ 0090] I n anot her enbodi nent, the neasured isotope distribution of an
aromati ¢ hydrocarbon may be used to identify the type of

manuf acturing process that was used in its production. Thus, for
exanpl e, a sanple of benzene of unknown origin with a neasured
3(deuteriun) value of less than -250 &id a 5(13C) value of |ess than
-32 could be uniquely identified as originating froma nethane
dehydrocycli zati on process as opposed to a naphtha reform ng process.
Thi s nove idd ty to identify the production process of an aromatic
hydrocarﬁ%%ggggbased on the realization that the anbunts of deuterium
and 13C present in an aromatic hydrocarbon product can serve to

differentjate between an aromati.c hydgocar bon produced fr napht ha,
the same aro ?%eﬂﬁ@WEﬁ%&ﬁ“%P%&%gds%ﬂﬁ He F‘b@%‘l‘rﬁ%ﬁg}iﬂ of

nat ur al | y- occuyddudina®ofopdh& bERIHARE 1R ARG a3d ddaesSaYBoARBEdzEne is
hydr ocar bon produced by dehydrozéglyzatlon %%Dnaturally-occurrlng
geol ogi ¢ net hameatertbame 6 Haheseig dotbuteaidm) pahd(CQD .ard Bolpfinethis follews:
attenpt has been jn_to discl osg, all iyrent s and
appl i cati ons of tﬂgﬁﬁ?ggﬁﬁged sub¥%é¥“%§f?@# ?ﬂg?ﬂ¥gﬁld be reasonably
foreseen. However, ot here he .ynf.oreseeabl e, i.nsubstanti al

o 11 cat i ons SR e I Heo S P R R Bren gD B AR P
present disclagsure has,been described in.conjunction with specific
exenpl ary embadpHents PReREsrof (e e pIRdAER AT ARGy (Br e pael
modi fi cati ons,abaadHatOaf hviiszenddid variations wi Il be apparent to those
skilled in the art in |ight of the foregoing description wthout

departing fromthe sgBcyit or —scoper@qf, .l/Re. .pLe38Rt10d0 SCl osure.
Accordi ngly, the pﬁ%se%t disclosu?% {g in{endeg to enbrace all such

alterations, qggﬁékqggk9ﬂ§enﬁgﬁﬁﬂh@kﬂ&ﬁ§rﬁggm¢§ﬁ&qhaons of the above
detail ed description and exanpl es. 27 CLAIMS 1. Benzene conpri sing

deuterium and g3C | s JDURL DF i AFRHDNIEnd4Hed of MY 1S Uhef Ia¥idabh & of
t he benzene is_l'ess than -250 and 6(13C) for the benzene 1s greater

than -36, wheré&n 8(deuteriunm) and 6(3C) are as defined as foll ows:
8(deuterium (R7sanpl e/ Wstandard -1) X 1000 where R sanpie is the
ratio of deuteriumto hydrogen in the benzene; and R standard is the
ratio of the natural abundance of deuteriumto the natural abundance
of hydrogdgen; Swhza(e3s)claimedrin da@nmst whetamdheld(dzutdi) viher for §aphzne &

Rthe ratio Ofgrél'a?%ecr tfle?n -%fg(?arilcp legsht%ar? 9%?ne; and

3. Benzene as claimed in claim [ wherein the 8('>C) value for the benzene is greater

than -36 and less than -24.

4. Benzene comprising deuterium and "*C in amounts such that §(deuterium) for the
benzene is less than -250 or 8('°C) for the benzene is less than -24, wherein
8(deuterium) and 8(**C) are as defined in claim 1, the benzene being produced by
a process comprising:

(a) contacting a feed containing methane with a dehydrocyclization catalyst
under conditions effective to convert the methane to aromatic
hydrocarbons including benzene and produce a first effluent stream

comprising aromatic hydrocarbons and hydrogen, wherein the first



-

' R'standard is the ratio of the natural abundance of 13C to the
nat ural abundance of 12c. 2. Benzene as clained in claim1l wherein
the 6(deuteriun) value for the benzene is greater than -450 and | ess
than -250. 3. Benzene as claimed in claiml|l wherein the 6(13C) val ue
for the benzene is greater than -36 ad8 | ess than -24. 4. Benzene
conprising deuteriumand 13C in anounts such that 6(deuterium for

t he benzene is | ess than -250 or 8(13C) for the benzene is |ess than
-24, wherein 6(deutgpl %g)strggﬁg Bl "Elrleasta§ “qg)f l‘n?@ aljo ok q‘fn %l‘lan 28
benzene bei ng produce y a FOCesS conpri acti f'eed
cont ai ni ng net hane faéd;h a dehydrocycllzatlon catalyst under

conditions effective to convert th ane to aronpmtic, _hydrocarbans
i ncl udi ng benZ&he afﬁ?ftlﬁgé‘ﬂﬁ}'@ét RATE ?’f@‘?mi’é(g &}?msihte ﬁ‘\ IR iSEFHY wth
aromatic hydrocarbqns a6 6 e9ebdubd8reidhdt Heudd: rSbam ABvEkf 4 Ek%'il&ed
stream conprises at least 5 W% nore aromatic rings than sald eed;

(b) reacting at | edwdrqgan cowsentiahd apgohangeshhyidreparhoneonienisas @ﬁmh@émﬂh
streamw th CO and/ a second effluent stream having
a reduced hydrogentg%ﬁggﬁpuga %%ggh anced hydrocarbon content as
conpared wi th (the fre¢yetinghiflbasepdrt sft the setbndiefiluéitt)strean wcdaidepnddctihe Gt
part of the second effluent streamto said contacting (a). 5. Benzene
as clainmed in claim4 wherein the nethane is produced from natura
gas. 6. Benzene as clained in claim4 wherein the nethane and the CO
and/ or COR ar SPEeRfsSrPedn Glaim 4 whergindhe methppg is prpduged kominagpl igps.
claim4 wherein the nethane and the CO and/or CO2 are produced from
the sane natural gas stream 8. Benzene as clainmed in claim4 wherein

{ Egn:”f ggg& er i Uit 4Q14i8Ed I GaiENGRACIN e AERGHEind BABO Afbr &Y akESS

produced from natural gas.

7. Benzene as claimed in claim 4 wherein the methane and the CO and/or CQ- are

produced from the same natural gas stream.

8. Benzene as claimed in claim 4 wherein the d(deuterium) value for the benzene is

greater than -450 and less than —250.

9. Benzene as claimed in claim 4 wherein the §('>C) value for the benzene is greater

than -59 and less than -24.

10.  Naphthalene co-produced with the benzene of claim 4 and having a é(deuterium)
value of less than -250 or a §('>C) value of less than -24.

11.  Xylene comprising deuterium and "C in amounts such that the §(deuterium)
value for the xylene is less than —250 and the 8(**C) value for the xylene is less

than -24, wherein §(deuterium) and 6('*C) are as defined as follows:



9. Benzene as clained in claim4 wherein the 6(13C) value for the
benzene is greater than -59 and | ess than -24. 10. Naphthal ene
co- produced with the benzene of claim4 and having a 6(deuterium
val ue of less than -250 or a 6(13C) value of less than -24. 11.
Xyl ene conprising deuteriumand 13C i 29anmounts such that the
6(deuterium value for the xylene is less than -250 and the 6(130C)
val ue for the xylene is less than -24, wherein 3(deuterium and

6(13C) are as defi s. fal l_ows: deut er, =sanpl e/ R
standard -1) X 10085?(&j gere sanpi & S@”‘?%é“"f‘%f’t i 1) g%oodeut eriumto

hydrogen in th ene; dard i he ralo t he natural
a%undgnce of d@ﬁ% fsatﬂ Ff‘élor?i 53?“155%%6% “E) he g"l"ﬁg"é’ﬁ and
se3c) no)m. .. Standard - 000 ere. R'sanpie is
the ratio of 1%@*"?3(9%2% |ﬁmf’h%ta§ é‘ﬁ%‘r aart’éfn%? n‘%fwﬁ?]“‘?rgmﬂ He St‘?aé“rﬁlf
the natural abpagd@neeohydtdfent sdt he natural abundance of 12C 12.

Xyl ene as clained in cI aim1ll wherein the 6(deuteriunm value for the
xylene is greater tiam)-450 and | egs than o dar?Q)xji@)OOXW ene as clained
in claim11l wherein the 6(13C) val ue“1‘0 e xylene is greater than

-60 and | ess t\pmeRSamgls%hezﬁaﬂoea}e@wmglegyfaﬁytaﬁ&' um and 13C in

amobunts such that the 6(deuterium value for’thé xylene is |ess than

-250 or the 6(1%3%( 1%‘3& ralig" fttltfleen aj%nhgllé:}f:g)?ﬁidl%aﬂe atural WBEE GRS of

6(deuterium and® are as de

12, Xylene as claimed in claim 11 wherein the §(deuterium) value for the xylene is

greater than -450 and less than —250.

13.  Xylene as claimed in claim 11 wherein the 5(*C) value for the xylene is greater

than -60 and less than -24.

14.  Xylene comprising deuterium and '*C in amounts such that the 6(deuterium)
value for the xylene is less than —250 or the 8(*>C) value for the xylene is less than

-32, wherein §(deuterium) and 6(**C) are as defined in claim 11.

15.  Xylene as claimed in claim 14 wherein the 5("*C) value for the xylene is greater

than -60 and less than -32.

16.  Xylene comprising deuterium and '°C in amounts such that the §(deuterium)
value is less than -250 or the 8(°C) value is less than -24, wherein 8(deuterium)
and 8(°C) are as defined in claim 11, the xylene being produced by a process

comprising:



15. Xylene as clained in claim 14 wherein the 6(13C) value for the
xylene is greater than -60 and |l ess than -32. 16. Xyl ene conprising
deuteriumand 13C in anobunts such that the 6(deuterium value is |ess
than -250 or the 8(13C) value is less than -24, wherein 6(deuterium
and 6(13C) are as defined in claim1130the xyl ene being produced by a
process conprising: 30 (a) contacting a feed containing nmethane with
a dehydrocyclization catal yst under conditions effective to convert

t he met hane t ro rQca ' b I

first ef 1 uent@ht r Sameauins rern iR Tak Aol ducs R RREoAREROR B EAT
and (b) contacting uaded ecamﬂlt@npoetfe@m ofio t benveRNZlenemkthams S@i Chrbinatsd
effluent streamw th an l.a gent under conditions fective
to al kyl ate said bebﬁlil@‘f ‘bcﬁkb‘gg%}eﬁiz?{’ﬁl it pesluce g7 ﬁlf}ty?fglﬁém gfream
claimed in claim 1Qomjsﬁ§ﬁg@rdnmlc g%u&ﬁsﬁstaﬁhhyaﬂolg&l fagg the xylene is
greater than -450 and'| ess than - . Xyléne as clainmed in claim
16 wher ei n t hebb( 130Ontagtang st ltaﬁtapnrélonyqfélmebqnsergrfecan e¢id thnzireffhent sirrgm

| ess than -24. 19. e | ai h

is produced from na‘%%ﬂrg]ﬁ alﬁilaﬁ% ré?ﬁl lelﬁdee?a% tliolg?re |tﬁlr‘kecIt%ahd%QE%E Gl
wherein the al kyl atbeﬁganagﬁdhprodﬂdiﬂ)a‘lk)ﬂbalzaie i s produced from hydrogen
and CO and/or COX2. 21. Xylene as clained in claim 20 wherein the

nmet hane and the CO and/or CO2 are produced from natural gas. 22.

Xyl ene asizl aixPend 4 ccrdlﬁemrz&amb% ®hétefnliRe SEALGEMNEN Y NI ARARhe (2
are produced fromthe sanme natura s stream 23." Xyl ene conprising
deut eri um and gr%elithafm‘i'éﬁﬁlﬂéle%@hntg& the 5(deuteriunm) value is |ess
than -250 or the 6(13C) value is less than -24, wherein 5(deuterium
and 5(13C) are as defined in claim1l, the xyl ene being produced by a
process c ri n quse hane. wi th
a dehydroltczg;gl é%?l%oar? C%ié g(?ys‘%igl &h%olrlllgh? E(S%Q%I;ﬁfg’g%rﬁ %lv 52 lf]e\%ltert

t he nmet hane t ahat @dahd teshyldhezar bons i ncl udi ng benzene and produce a
first effluent stream conprising aromatic hydrocarbons and hydrogen;
(b) reacting at |east part of the hydrogen fromthe first effluent
streamw t h CQ_and/ or produce a second effluent stream havi ng
a reducedhydroyen %Scﬁl&l@ﬁ@ maﬁamalvﬁ whersindbampthancis arasyredclaom aatural gas.
conpared with the first effluent stream (c) recycling at |east part
of the second effluent streamto said contacting (a); and

20.  Xylene as claimed in claim 16 wherein the alkylating agent comprises or is

produced from hydrogen and CO and/or CO;.

21.  Xylene as claimed in claim 20 wherein the methane and the CO and/or CO; are

produced from natural gas.

22. Xylene as claimed in claim 20 wherein the methane the CO and/or CO; are

produced from the same natural gas stream.

23.  Xylene comprising deuterium and >C in amounts such that the d(deuterium)
value is less than -250 or the 8('>C) value is less than -24, wherein §(deuterium)
and §("°C) are as defined in claim 11, the xylene being produced by a process

comprising:



(d) contacting at |east a portion of the benzene fromsaid first
effluent streamw th an al kyl ati ng agent under conditions effective
to al kyl ate said benzene and produce al kyl benzene. 24. Xyl ene as
claimed in claim23 wherein the 3(deuterium value for the xylene is
greater than -450 and | ess than -250. 325. Xylene as clainmed in claim
23 wherein the 5(13C) value for the xylene is greater than -60 and
less than -24. 26. Xylene as clained in claim23 wherein the nethane

i's produced fr nat ur al. 7. . Xyl ene .as cI in claim?23
wherein t he mithandolliBindl Yoot Guihe BssPle S} athidoSrBielhe e
gas 28. Xyl ene as alndefre¢hntitions akffectide Wier eddvetthehgreimbage t foe &Ematlc
and/or CO2 are produced from.the, sa natural gas stream 29.

hydr ocar bon pr oductYEFSaReRy Releting menpas - ank PEIdUEE 4 Mrst ﬁﬁamgeﬂg@ﬁbd

from 32 tol uene, %Hﬁ,ﬁ@mg%;dmtde gal%eﬁboﬁtaﬁa%}&mgapl ystyrene, phenol,
pol yet hyl ene terephthal ate, cycl ohexane, and 30. A hydrocarbon

product produdéll frrosmtingeat &ﬁ@ﬁm@%ﬁledllydmgﬂm fl@nutl‘sdiretcﬁﬂderﬂrsuﬁam with

t ol uene, cunene, r rene henol ,
pol yet hyl ene tereph (% aﬁg@gw c‘?gﬁed)‘%ang S% nyP%nn.mggmei}ﬁVW%ar NP Hon
product produced f I‘I@*ﬂ]’dghﬁ CQKI‘)ﬂBIﬁ nad ah cthaated H}adrcwadm'ﬁeioﬁ@hm dofripited with

t ol uene, cunene, benzene, styrene, polystyrene, phenol,
pol yet hyl ene terepH % shetdluentsiPdhexane, and nylon. 32. A hydrocar bon

product produged f rr@é’?chﬁ'g ati¥4 £ pert OF cifel s@édﬂd]fﬂ“ﬂ@éﬁg st Gt éorn%mg (a);
t ol uene, cunene, ethyl benzene, styrene, polystyrene, phenol,

pol yet hyl ene teremeﬂaIate cycl ohexane, and nylon. 33. A hydrocarbon

product pr oducgg! | It SYLENEAliofb ALTLIS AT A SLATEL A8 ccam

t ol uene, cunene rene
pol yet hyl ene ter eph;tuttalaat glkylayieg Cﬂgemaﬂﬁ:leramﬂdhiy)hf)rhffectwe to alkylate said

benzene and produce alkylbenzene.

24.  Xylene as claimed in claim 23 wherein the §(deuterium) value for the xylene is

greater than -450 and less than —250.

25.  Xylene as claimed in claim 23 wherein the §(**C) value for the xylene is greater

than -60 and less than -24.
26.  Xylene as claimed in claim 23 wherein the methane is produced from natural gas.

27. Xylene as claimed in claim 23 wherein the methane and the CO and/or CO» are

produced from natural gas.

28.  Xylene as claimed in claim 23 wherein the methane the CO and/or CO; are

produced from the same natural gas stream.

29. A hydrocarbon product produced from the benzene of claim 1 and selected from



-

34. A hydrocarbon product produced fromthe xylene of claim23 and
sel ected fromtol uene, cunene, ethyl benzene, styrene, polystyrene,
phenol , pol yet hyl ene terephthal ate, cycl ohexane, and nylon. 35. A
hydr ocar bon product sel ected fromtol uene, cunene, ethyl benzene,
styrene, polystyrene, phenol, polyethglene terephthal ate,

cycl ohexane, and nylon and having 3(deuterium and 5(13C) val ues
within the ranges listed in Table 4. 36. The hydrocarbon product of

Claim?29, wherein said hydr bon product co i ses t.ol uene. 37.
The hydr ocar bOTBIOATE N RIS SWEFe: FODAPE Ty dvBedh e datci
conpri ses cunmaaephtBaateldieldhytimecadigtonpr oduct of C ai m 29, wherein
sai d hydrocarbon product conprises ethyl benzene. 39. The hydrocarbon
product of Cl aim 29, wherein said hydrocarbon product conprises
styrene. 40. The hydrocarbon product of C aim 29, wherein said

hydr ocar b¥h  préolvdiecasbrrirpdiss pingpgrsk fiema the benzene phelaty d b aslessed from
product of d a2, el dnsiidetyd EbaR; ct I

phenol . 42. Thg ydrgca‘%{)ebn pyrﬁgé Uct ’o%sg al %afgﬁg)%’er%%ﬁaga (g?éhylene
hydr ocar bon prteplthalatengcichesanpodndetyloyl ene t er epht hal ate. 43. The
hydr ocar bon product of C aim 29, wherein said hydrocarbon product
conpri ses cycl ohexane. 44. The hydrocarbon product of C aim 29,

wherein sai.d hyBydaeedrbe prod @l Yeiducsdiedrh B85Syl @f clait® 11 TMEseMdteHddEsRE bon
product of C aim 30, wherein said hydrocarbon_product conprises
tol uene. 46. TolsensydryBeicpotthybEueRS: Syrenp.aipRlvstyrenghathepel, spalyethylene

hydrocarbon  priggpithaleRBelohEfant UHR M ion.

32. A hydrocarbon product produced from the xylene of claim 14 and selected from
toluene, cumene, ethylbenzene, styrene, polystyrene, phenol, polyethylene

terephthalate, cyclohexane, and nylon.

33. A hydrocarbon product produced from the xylene of claim 16 and selected from
toluene, cumene, ethylbenzene, styrene, polystyrene, phenol, polyethylene

terephthalate, cyclohexane, and nylon.

34. A hydrocarbon product produced from the xylene of claim 23 and selected from
toluene, cumene, ethylbenzene, styrene, polystyrene, phenol, polyethylene

terephthalate, cyclohexane, and nylon.

35. A hydrocarbon product selected from toluene, cumene, ethylbenzene, styrene,
polystyrene, phenol, polyethylene terephthalate, cyclohexane, and nylon and
having &(deuterium) and 5('*C) values within the ranges listed in Table 4.

36. The hydrocarbon product of Claim 29, wherein said hydrocarbon product

comprises toluene.



34 47. The hydrocarbon product of C aim 30, wherein said hydrocarbon
product conprises ethylene. 48. The hydrocarbon product of C ai m 30,
wherei n said hydrocarbon product conprises styrene. 49. The

hydr ocar bon product of C aim 30 wherein said hydrocarbon product
conprises pol ystyrene. 50. The hydroc&Bbon product of C aim 30,
wherein said hydrocarbon product conprises phenol. 51. The

hydr ocar bon product of C aim 30, wherein said hydrocarbon product

conpri se ol yst hyl ene_ 1 erepht hal atg, .52., The hydrocafbon product, of
G at m 30, Vaner S heRGrhGh MR Sz SBedh S88 byPeRbgaidads
The hydr ocar basanprieehmimepé. Cl ai m 30, wherein said hydrocarbon product

conprises nylon. 54. In an aromati c hydrocarbon product selected from
benzene and derivatives therefrom selected fromthe group consisting

of cunenesg xyl-gape hﬁtﬁ%@éﬂ)&? %GRt oft ¥:&RC20,PUh¥RlY S8R hydBERRn product
pol yet hyl ene terephthal ate,” cycl ohexane, and nylon, the inprovenent

conpri si ng saiwmprisehathylessaens. ni ng a benzene ring conprising
deuteriumand 13C in anmounts in anmounts such that 5(deuterium for

t he benzene is less than -250 and 5('3C) for the benzene is |l ess than
-24, wherz.n 3fdety@biartin Packiud( o Grlanh €29 wliedeinn @gidaBydrot¢drioons product
6(deuteriun) =(R sanplea' standard -1) X 1000 35 Wl andard is the
rati o of the rFRERFSES SB¥EMdance of deuteriumto the natural abundance
of hydrogen; and 6((rsanplearstandard -1) x 1000 where R 'sanple is
the ratio of 13C to 12C in the benzene; and Irstandard is the ratio
of the natlur al Thebbpdrasrrborofprad@ct tad Chiemnad,uwherelb $aidahydroaibap @rodvatde

by a process incor.porat.d eol ogi ¢ nethane in said benzene ring,
wher eby said 6$§IH§¥”%ﬁSﬂ%ggﬁistinguished by mass spectronetry
anal ysis. 55. The product of C aim 54, wherein the 6(deuterium value

wner oin 4o (B3P FarisEor Groa! @TLeREn s PG SHFe L SPe bih Prefet

and | ess than cpgthrises phenol.

42.  The hydrocarbon product of Claim 29, wherein said hydrocarbon product

comprises polyethylene terephthalate.

43.  The hydrocarbon product of Claim 29, wherein said hydrocarbon product

comprises cyclohexane.

44.  The hydrocarbon product of Claim 29, wherein said hydrocarbon product

comprises nylon.

45.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

comprises toluene.

46.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

COI’I’lpl‘iSCS cumenec.
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56. The product of C aim54, wherein said process incorporates

geol ogic CO2 -and/or geologic COin said benzene ring. 57. The product
of Claimb54, wherein said process incorporates geol ogi ¢ net hane and
geol ogic CO2 and/or geologic COin said benzene ring, whereby said
product can be distinguished froma bédzene ring not incorporating
sai d geol ogi ¢ net hane and geol ogic CO2 and/or geologic CO 58. The
product of claimb54, wherein said product is nylon. 59. The product

of clai ml???’ V){:h%r %lyg'rocs:e%io(()jn %rr(())cgu%g tofI &lari]rxl 96', wherein said hydrocarbon product

comprises ethylene.

48.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

comprises styrene.

49,  The hydrocarbon product of Claim 30 wherein said hydrocarbon product

comprises polystyrene.

50.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

comprises phenol.

51.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product
comprises polyethylene terephthalate.

52.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

comprises cyclohexane.

53.  The hydrocarbon product of Claim 30, wherein said hydrocarbon product

comprises nylon.

54, In an aromatic hydrocarbon product selected from benzene and derivatives
therefrom selected from the group consisting of cumene, xylene, ethylbenzene,
styrene, polystyrene, phenol, polyethylene terephthalate, cyclohexane, and nylon,
the improvement comprising said product containing a benzene ring comprising
deuterium and *C in amounts in amounts such that 8(deuterium) for the benzene
is less than -250 and 8(*3C) for the benzene is less than -24, wherein 6(deuterium)
and 5(**C) are as defined as follows:

d(deuterium) = (R’ sample/R’ standard ~1) X 1000

where R’sampte is the ratio of deuterium to hydrogen in the benzene; and
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56.

57.

58.

59.

35

R’uandard 18 the ratio of the natural abundance of deuterium to the natural

abundance of hydrogen; and
6(l3c) = (R”samplefR”standard -1) x 1000
where R”smpl is the ratio of *C to >C in the benzene; and

R gandard 18 the ratio of the natural abundance of *C to the natural abundance of
2C, made by a process incorporating geologic methane in said benzene ring,

whereby said product can be distinguished by mass spectrometry analysis.

The product of Claim 54, wherein the é(deuterium) value for said benzene ring is
greater than -450 and less than —250, and wherein the 8(**C) value for said

benzene ring is greater than -36 and less than -24.

The product of Claim 54, wherein said process incorporates geologic CO, and/or

geologic CO in said benzene ring.
The product of Claim 54, wherein said process incorporates geologic methane and
geologic CO, and/or geologic CO in said benzene ring, whereby said product can
be distinguished from a benzene ring not incorporating said geologic methane and
geologic CO; and/or geologic CO.

The product of claim 54, wherein said product is nylon.

The product of claim 57, wherein said product is nylon.
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