WO 2012/ 059191PCT/ EP2011/ 005375 1 PROCESS FOR PRODUCI NG LI GHT COLEFI NS BY
USI NG A ZSM 5- BASED CATALYST Technical Field The present invention rel ates
to a cat avpixmepesi tion useful in a process for 5prodecirmpéiomness7eol ef i ns
froma oxygenate feedstream a process for producing said catalyst
conposition and a process for produci ng-hewer ol efins conprising contacting
an oxygenate feedstreamw th the catalyst conposition of the present

i nventi OrL&oLE'ssaggﬁ ty 8&&&%%‘?}@% &{]ﬁ«xﬁé e Q%Iﬂenxe{!stm' Q%Afgg géAt%iL&st an

i nt egr at process oduci n ns from a ream conpri si ng
hydrocar bons 10 Background Art It is knovvn frome.g. US 4,025,575 that

| i ght oxyg %Abe converted to the |l ower olefins et hyI ene and

propyl ene §F B' & seolite as a catal yst. 15 US 3,911, 041 descri bes

that nethagk ﬁ@%%&ﬁfbrﬁ%l&t%@‘f@%t(%ah@t éorrnﬁaﬁﬂlbﬂ'hs%‘f@gh'%tp@)egﬁéf&' ng

ol efins using a zeolite catalyst contarning at [east osphor us
i ncor pof at ptbductmg lovweralgfinsatrost a oxygermatoeffeédistrean) a peocédssfor podduaingised i n

th US 3,911,041 furth t h t hat
Lhe heetvi gRaaa! SHERAREPT aneA pRcasR fos Bisdluckics B fnsgorerising.
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a nethod for the conversion of nethanol di nmet ether to light olefins
using a zemveﬂéormmaiobmmeratmmwprwmmwarmgnarelatwm a jmegtates
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are prgjerably rich in | anthanum so that the content of |anthanumin the
catal yst preferably is between 2.5 and 3.5 wt-% US 4, 049,573 descri bes
a nunber oPagkgrewddArbor on or nagnesi um conprisi ng 30catal yst conpositions

useful for nqerex&@'f@n gﬂgqﬁgd{ bS5 878 |§qrﬁ‘%9<yg&‘?é{etsecta*ﬁe:5éc6rﬁ’veanéﬁ’{jcf fiigar bon

m xture ring In I ns’and nononu
lower olefins ethylene and propylene using H-ZSM-5 zeolite as a catalyst.

15 US 3,911,041 describes that methanol and DME can be converted to a reaction
product containing olefins using a zeolite catalyst containing at least 0.78 wt-%
phosphorus incorporated with the crystal structure of the zeolite. The zeolite
used in the process of US 3,911,041 may be ZSM-5. US 3,911,041 further
teaches that the activity of the phosphorus-containing zeolite catalyst can be

20 increased by depositing zinc (Zn) on the zeolite.

US 5,367,100 describes a method for the conversion of methanol or dimethy!
ether to light olefins using a zeolite ZSM-5 based catalyst containing at least 0.7
wt-% phosphorus and at least 0.97 wt-% rare earth elements which are

25 incorporated within the structure of the catalyst. The rare earth elements are
preferably rich in lanthanum so that the content of lanthanum in the catalyst

preferably is between 2.5 and 3.5 wt-%.
US 4,049,573 describes a number of different boron or magnesium-comprising

30 catalyst compositions useful for converting monohydric alcohols and their ethers

to a hydrocarbon mixture ring in C2-C3 olefins and mononuclear aromatics.
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WO 2012/ 059191PCT/ EP2011/ 005375 - 2 - The oxygenate-to-olefin catal ysts of
the prior art have the di sadvantage that they have a relatively | ow

sel ecti viwg 200056®1C3 ol ef i ns and/ or becone qui ckly deaetirupt@d/obis7soke
deposition on the catalyst surface. 5 Disclosure of Invention It was an
obj ect of the present invention to provi@e an inproved process for
converting oxygenates to olefins. Accordingly, the present | nvent i on

provi des aTREQHGEENAR: topél‘éﬂHQﬂawyét@"éﬁrth@E%f Art Meﬁhéfﬁé@qﬁoﬁ ef‘“d

propyl ene, conprising an olefin SynthesiS step wherein t I'n is
produced bbawmr@lﬁtway IDMeSQJQCWIthfDr Cenpagilefirmand/opbesomeg quichiyp- P/ ZSM 5

with an ox npri Si edstr ML is one or nore basic
speci es, Né@%@?v&i%gﬁy ﬁ%@&ﬁ?%ﬁ’%%@t\l\gg éﬁ'tqﬁﬁe'from G oups 6-8 of the
15 Periodic Table of Elenents and Sn and P i s phosphorus, wherein said

basi c dem es is a nolecular entity formng a weak Lewi s base and/or a weak
Br onst bmlpﬁurmefbamtm conposition. In the context of the present

t , t 20 t
compr 1 51 ng' 75 &7 B oL R BlaserE RSB Gite &R SYinn PVt PESESS s peci s
(e.g. My, Conveiting loxyganatés tololsfinot eri c oxi de or hydroxi de of Mi); one or

nore redox elenents (e.g. Fe, Mnh &, Wand Sn or M not form ng an
anphot eri ¢ oxi de or hydroxide); and phosphorus is a particularly

d ' I ' | th
fotal st enpoRindip B Sy SRR Sibvidbs SHRodtibt Ploasieda (oI ey, "
coul d e spaiefabhaethylerienand psepsyldye, Linmgridihg anadlefiry syntbesizastep iwherein

conpri sing M2- P/ ZSM 5 as descri bed here The catal yst of the present
i nvention Vl\é%%’leéo Ly '§t%{ﬂau?905g)ﬂ@Q”f%l'ﬁﬂtt“%ﬁaé?rrhﬁstsor%ﬂﬁo%“%%"%'émge

cat al yst performance than conventlcm M mm@g%te toolef in catal ysts based
on silicoal um nophosphat e nol ecul ar SI éves W t hout bei ng bound by
t heory, itWwits ancdxygesate- hampﬁﬂsmglf@edstrelam mhemeth/leiB oreds mMaretdasid or mat i on

of high no cuI dr ocar bons t rou of Jore H+ SH face
fragnent s $é\/l§ r%'?\%o(lvmsqr?ég g¥ e%rwrr%} !&‘gecégr oM GIoKRS B8, 8
15  Periodic Table of Elements and Sn and P is phosphorus, wherein said basic
species is a molecular entity forming a weak Lewis base and/or a weak Brgnsted

base in the catalyst composition.

In the context of the present invention, it was surprisingly found that a catalyst

20  composition comprising ZSM-5 zeolite which is modifying with one or more basic
species (e.g. Mg, Ca, Sr, La and Zr or amphoteric oxide or hydroxide of Mn); one
or more redox elements (e.g. Fe, Mn Cr, W and Sn or Mn not forming an
amphoteric oxide or hydroxide); and phosphorus is a particularly advantageous
for converting oxygenates to lower olefins. For instance, the total selectivity to

25  C2-C3 olefins in an oxygenate-to-olefins process could be significantly increased
by using the catalyst composition comprising M;-M,-P/ZSM-5 as described
herein. The catalyst of the present invention is more resistant to coke formation
and shows a more stable catalyst performance than conventional oxygenate-to-
olefin catalysts based on silicoaluminophosphate molecular sieves.

30
Without being bound by theory, it is believed that strong acidic properties leads
to the formation of high molecular hydrocarbons through involvement of more H*

surface fragments or more strong H* sites of O-H* surface centres keeping



WO 2012/ 059191PCT/ EP2011/ 005375 - 3 - strongly the reaction internedi ates
on the surface with their consecutive oligonerization. Accordingly, it is
bel i eved wbab1220528M 5 cat al yst for produci ng | ower ol ef iPo3/EPe@MI065375
oxygenate feed having a | ow selectivity to LPG and hi gh nol ecul ar wei ght
hydr ocarbons and which is resistant to eS8ke formation is 5 obtai ned when
the acid properties of the catal yst are reduced. Replacenent of surface W
protons w ghoﬁgmheb@ﬁet%mrr@&%édﬁafés%rﬁmessm%éiwﬂh'u%lvr ebhéléélﬁiméhg Ht
protons to formnetal -zeolite framework and to decrease the acidic

propert i es obgomeszaken.iAccordingiphé is deliever:that 2aZBM -5 patalpst foapradgsmindher ei n

el ement t niEveieie Bl s tenal®ser i £iay srEcid FhEEC:2paBiaor
coor di nat i edolésular Wewrt hjarsbarbbes aRY vitiion i tedsstani RV ckedenation #d/ or a
weak "Bronsted base" (i.é. an elenent capable of accepting a proton froma

aci d ordt hebtrinedwhendhadcihprapsities pbthicecstalyst ateeretiiced: Reptacemmentadi ti on.

The term" o ] n .In the art and relates to.a.bgse that
doss not i Satged FE rtohs VRh St SR Brenefy P BRI KR i BIBIEE S, s
is sel ect eprdtonsté hernpretal-asolise fahfdverk atldtw@l ddtwesss tHe a&HRY JSropéﬂfe‘?s grarth
el enents and el enents form ng anphoteric oxide or 20 hydroxi de. The

al kal i ne efia Eeqtdeal s (or Goup 2 elenments of the Periodic Table of

El ements) that preferably nmay be conprised in the catal yst conposition are
selected fromthe group consisting of Be, My, Ca, Sr, and Ba and nore

pr ef er @bl y Thelteoh édebk basicdspapies!msosed heigny raltitddto Leamisculir erftitg that

preferred fare earth ,,EI enegtﬁé{j €. t%ie'%rou& of el ements consisting of the
| ant hani de¥)M&2 pieakn liews basey (i-gagn BRbinad &vable tosovidea pair of _
composi {1 0Blelofrohd.antthil @apaBlerdf! cdrdindfioR 16 20 ¥wis R thBfbby! fiBaliEhEla Pas! ¢
speci es" al so includes anphoteric species, I.e. a nolecule (¥r Ion a% can
react as al®wiscaddust) ded/obaiwealkBrensted base” @Ge. an edendnticaieabldiof f er ent
condi ti ons Anphot eri.c ecies.are well known.in the.art and inc|ude

oxi des. or - ARG BrasPn YRS pORcid of H4F P ERPANHING chAMICHReBrEs) i 50 may
be conpyi segtafmst RBBRIPOSRRAC TRS tbfm"RRak By 34 aSPIPREOWAH N tHESSA andl reliftes
present process is an anphoteric oxide or hydroxi'de of M, nost preferably

MO WO 2912 bgse thatrdoesmoljonizedslly i an aquepys splitiegl y, particul arly
preferred basic species in the context of the present invention is an
el enent selected fromthe group consisting of Mg, Ca, Sr, La and Zr; or an

anphot er i cPeefedablyrthbbdisixspreciod is\belebtedfeoraahalgysip eongisting opalkafingé he
present invention prefer ablr{?co rises at least 0.5 wt-% nore preferably
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preferably up to 8 wt-% basic term ox el ement" as used
her ei n r el af lementahthelt preferably atay be comjirisedrietihe oatalyst composition agst t wo

di fferent yval encj.es d whi ch can.easi ange from,one val ence to anot her
one. Pref e?‘%gﬁ eﬁf&%’f*ﬁ?%% gop_ﬁ'sf"ﬁ% oib?ét g&l%?ﬂ érh@nﬂ 8Rf MAention are
sel ected fprieidbfy SslebRAPGRItAEIGIEUS CohSistifg of YR Th SRd Gr. Weiﬁéfefrl%rd“ ng an
anphot eri ¢ oxi de ‘'or hydroxi de thereof (non-anmphoteric M) 15 and nore

pr ef er abl yraie €asth element (ireythe lgsogp of pleroents consistioy df¢hekanticanides, Sc

nonarrpi‘%te' : rr@@% Lon of the present inyention
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redox el enthetpresgrninventopIthéeemd!'asit speails" alsdt induded @mshaER spabidsnost
preferably at |east 3 w-%redox el enent and gr eferably conprises up to 12
W - % r edox!-@|&ME@lgcule or ion that can react as a base (besides being able to react as an

acid under different conditions). Amphoteric species are well known in the art

and include oxides or hydroxides of metals. A preferred amphoteric species that

30 may be comprised as basic species in the catalyst composition used in the

present process is an amphoteric oxide or hydroxide of Mn, most preferably
MnO.



20 nore preferably up to 11 w-%redox el enent and nost preferably up to 10
-% redox elenent. Wthout being bound by theory, it is believed that the

presence Wb 205219 | enent | eads to a decrease of coke f®@CE&EPR@N/005BM2

catal yst conposition used in the process of the present invention

preferably 25 conprises at least 0.5 wt -%-phosphorus, nore at least 1 wt-%

phosphorus, even nmore preferably at [east 2 wt-% phosphorus and nost

pr ef er abl y Agtotdnagly, ﬁamuﬁﬁrlpfméfé?ﬂew§a§8@p86%%‘?ﬁ%@é ¥oRRAPbt ﬂ@pr‘é@ehf) 12
Wt - % phosphorus, nore preferab Ef th wt - % phosphorus and nost
romy E

pref er abl y'ﬂ)’}@nﬂ@n 1%)301@1%19%%@% @roup eongistiogofl Mg, Gaen La dand i s
believed t | at. acidic property of the
zeolite, %} ?R{kg\%i)%f 4’5?{9%8’ %‘?’éﬁc’)ﬂ@%?g%'on and reduced cat al yst

coki ng. V\D 2012/ 059191PCT/ EP2011/ 005375 - 5 - The mcr opor ous

alum nosilicate zeolite "ZSM5", which is also known as "MFI" zeolite, is
wel | kndwn Tha catalyst-qorapesitian ob the: prasent invention ipreferally somprisesatileast: see

cas. Auer b3ah e gbre GRdEN L RAREP U Bl arkFibosl BietSlBIC B RRC R3AT e o1
sel ecti ng bagiBMpeciesadnd prefardbigcampriséadpao I vi-%4,ahbm pidheabiyhep & A6l
ratio is too hlaggwthe cat a| K/st activity 1s reduced. At a too low Si/Al

rati o cat aMree A3t preferab 118 WhrathasipriememMe Si/ Al ratio of the
ZSM5 zeolite is at |least 20, nore preferably at |east 30 and 1Opreferably
up to 150 nore preferably up to 80. Myst preferably, the Si/Al ratio of the
ZSM 5 Kol The tésn ateolox elémefiticasased heteio oaiptes ol ameleheehtithat foemgr ocess of

t he present nt i, r c rise a bjnder, Sjilica (Si.02) is the
ot br T od iR G W 2t i) o R et Volenetan and phisbLAan SeSibiangsLY as
a cat al yst frbf éfle 04KALERS %mbmérl dﬁé rPrefé?Fe%ﬁ.%doﬁ' 18Rk téﬂﬁ%@%&ﬂt&ﬁ dAghdi C

properties such as alumna (Al 203) are less preferred since they may I nduce
ar omat i zat P@senhiniventios ammsetﬁ@ﬁeed tram theagroopyapmsistiogtal-Fa, &, and(,‘:‘erser The

catal yst c resent. inventi on r.ef er 0 ses | east
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conprises the basic elenent Ca, the redox el enent Mh and Si 02 binder. In a

further nod3MPPPLTE MBd TERISSER el ROMBPOSHEN of thespresent ivventian preferally al yst
COMpOSI t | 0o HBARLS SPRAHS éﬁmwﬁgdwahné\tﬂ %{@Q?Ieta@ﬁr W08 Tdhefd, |

wi t hout bin urther as osi U1 0n use

process of evmnmeweﬂerabiymﬂew 2 wt-ps mxealemenit badn‘ﬁbﬂqﬁremabiyl atilegstt he
steps of: ZSM 5 eollte wi th one or e sol utions

&\6 t acle({p
conpri si ng® 5?@%6 ggt id pie e@ﬂ'hﬁ?@%‘éﬁ? 4Pdp 1I@2""351r(®| redRyspiemant: aci d
to modyjy §wrél pfetttably up to 11 wt-% redox element and most preferably up to 10 wt-%

redox element. Without being bound by theory, it is believed that the presence of

redox element leads to a decrease of coke formation.

The catalyst composition used in the process of the present invention preferably
25 comprises at least 0.5 wt-% phosphorus, more at least 1 wt-% phosphorus, even

more preferably at least 2 wt-% phosphorus and most preferably at least 3 wt-%

phosphorus and preferably comprises up to 12 wt-% phosphorus, more

preferably up to 11 wt-% phosphorus and most preferably up to 10 wt-%

phosphorus. Without being bound by theory, it is believed that the phosphorus
30  regulates the acidic property of the zeolite, which allows obtaining high

conversion and reduced catalyst coking.



with ML, M and P; and (ii) drying and calcining the nodified ZSM5 zeolite
I N an oxygen-conpri sing atnosphere. WD 2012/ 059191PCT/ EP2011/ 005375 6
Accor di ngWvo 20t89BEM 5 zeolite is contacted with a sol uPCOHEPRILWEEH one or
nore basic elenents ML, one or nore redox elements M2; and the phosphoric
acid are dissolved. Preferably, the solutd-on is an aqueous sol ution.
Preferred soluble salts 50f ML and M2 are nitrate salts. Preferred soluble
salts of t ThehamirepSloRERINimMbsiicats 9beREeFSii-em ? lik Sis SRS b PRy
My(NGB) 2, Ca( NGB) 2? Sr (NO3B) 2, Lg(%N%B)bgmgngS% ?NO\Q %h I%’?‘eﬁ‘ﬁrreﬁ?él %ﬁe

sal ts of t&eoliledixwell Erewn intheast anrd can be donometdially obtainasher sti ng of

Fe(NXB) 2, Cr (NOB) 2. H3W4 , 10 Th h hor. P
be. depos! ¢ SABSESk Ret ey Ten 28 BUlaIPPYE iHan han R e e e spey)
sol ution (@e(g']nc&%yl’\ﬁe-d@ HaBhdhet@t ppl21-84e basic el ement(s) M, redox
el ement (s) M2 and phosphorus (P) may be deposited by contacting the ZSM5

zeolitewith a single solution in which the 15soluble salts of ML, soluble

salts of : Iy b | . Aljernativel t he basic
ol ement (s) B HERCEAE8R 1€ A6 Gt St RuERle A2SWE refabariibart ea by
subsequent kyitalolatSicAlirato t WaieAINe Bizkiahtid & wot Hﬂgh,hmeﬂﬂafté@éﬁééti qgent s
and/ or phosphorus, whereby the conposition is dried to évaporate the

sol vent befeficash it adopdgwiSichldatip satalygrakingistinereasedofrafgratiy | tbaditAl
AL vent o1 | N . o
er depogatd HekESHLS éé?ﬁé{g'lé o st %mégﬁﬁftef’&}l?'taﬁ?gasqggﬁd tion

(catal yst precursor) is I'n one e 0 e pr I nventi on,
t he cal@l yprefpraidyiupdo 158 rdoreeprafaradily uppo S0e Must préferasipotie Si/Alqutis oft

about 60-8 | Le stjrring. After drying, the ZSM 5-conpri sing
corrpositioﬂ’&%bcﬁ?oi'ke'st?%%%grenent ML, the redox el ement M2 and the
phosphorus (P) are deposited is calcined in an oxygen-conpri sing

at mosphere, preferably in noisture-free atnospheric air. Preferably, the
cat al yst prlbewatayst corepositiordsad imbuiprot®ss 5 theCpeeaknd ipremsionmeapf about

at abou sOb e eMelissut BindRy SSMeBASKR S vithBIbEes Bt sk hes” © "o 0
15 chemically neutral properties when used as a catalyst in an oxygenate-to-olefin
process. Binders having high acidic properties such as alumina (Al,Oz) are less
preferred since they may induce aromatization, which is not desired in an
oxygenate-to-olefin process. The catalyst composition of the present invention
preferably comprises at least 10 wt-%, most preferably at least 20 wt-% binder
20  and preferably comprises up to 40 wt-% binder.

Most preferably, the catalyst composition comprises the basic element Ca, the
redox element Mn and SiO; binder. In a further most preferred embodiment of
the present invention, the catalyst composition comprises the basic element Mg

25 and the redox element Cr without binder.

In a further aspect, the catalyst composition used in the process of the present
invention is prepared by the method comprising the steps of:
(i) contacting ZSM-5 zeolite with one or more solutions comprising soluble
30 salts of My, soluble salts of M, and phosphoric acid to modify said ZSM-5
with My, M, and P; and
(if) drying and calcining the modified ZSM-5 zeolite in an oxygen-comprising
atmosphere.



-7- When a binder is present, it is preferred that the ZSM5 zeolite is

m xed with the binder prior to contacting the ZSM5 zeolite with one or
nore sol woene/@serpri sing sol uble salts of ML, sol ubl e gariEP2@f/od37and
phosphoric acid. 5 Accordingly, a process for producing a lower olefinis
provi ded conprising an olefin synthesis-$t-ep wherein said |ower olefinis
produced by contacting the catal yst conposition of the present invention
with a feedstream conprising an oxygenate. Preferably, the oxygenate is
sel ected fromthe group_consisting of dinethyl ether (DVE), diethyl ether,
net hanol ( Kisopydingly, tendhll-5 zeplite)is ¢ontacted mitht aiselutibarie sthichhbee o ndret ur e

of e.g. : . S nat e, feedst ream, Pref erabl t he
"l ower ol ef P%{&d%%%ﬁ(tze Y Qﬁ? %zﬁq%@yrsgﬁg%gere_emse P! c%'%%Sp 'Cta}?eJBFeesent
i nvention idissalvads Pueferably etheydsitor (24K hqasduP seRYibRNPrdfedbd 5bluble salts
15Accor di nglﬁX/Ij the present invention provides a process for producing a

| oner of ef PhMocafist Meiang nitrate fiadtss Peaferrep)solidiie seits of teshasic alementMuiare one

O oo, £ nEATRENS! B R bE VAN CABO e NG R 3]s Mo
brovi de The catalyst comorl S g MoNE Bl 2ot & e dor Cood et oand (1)
cont act i ngF'%taﬁQ!‘ isting) Vﬁm’%m%@ﬁééﬂb\y% and n{NOdist r eam
conprising an oxygenate. 25 The process conditions useful in a process for

converting oxygenate-to-olefins can be easily determ ned by the person
ski I | etd i nTheerasphoaee(R).may Baydepasited Ayt domactiripthe) ZEM-alzgblite witmver si on

of oxygenatgd ounds, tQ~ ow mpl ecul ar _wei ght efins, Accordingly, the
t enper at ur Bﬁﬂﬁ@?% 3?383?'3%96)- %‘gﬁ@ g@'gaﬁa Vﬂr'%’fhl'ei?ébﬂw WBlRN: 500 C.
Furthernore, the oxygenate-to-olefins process as described herein

preferably_is perforned at a WHSV of approximately 2.0 h-1 and/or at
at nospher i dhprgsinelemeni(e) M 7¢d60 eEnreatt(Sio and powspborusyP) may bes an

advant age Nt g.nventi hat & he. catal yst is,.nmore resistant to
coke- deposﬁ{epéﬁfe%ﬁﬁgnﬁaﬁgngigém' -‘Teoql'&)? M‘ﬁ%swﬁf%%{m M‘-’"bfé’-?]ﬁ‘fsm 5" of
t he presenbolublesiltsf Mevssitiblel et diatoaRd paasphyRd 86ideard-dissoldstke
deposition it can be regenerated usi ng conventional nethods. In one

enmbodi ment Altefativslys e basic elemept(sl Mhsradaxgloment(s) M. antbplespharys (Bked in
t he oxygen Fih Oz 4 t F@fﬁ“ P AVEALL AR . "olefin
synt hesi s gi pl&&ggbg%;ﬁ%ggﬁg?%@n tgys&?g&g)‘gn aie(g@%@%ﬁ@g%ﬁlgﬁ he
cat al yst atifierertingdlemants and/or pboaph&ia@; aderébyiHehcanpositige e daagts si ng gas
stream such as an at sghegic air str,earp\ . ) .

evaporate the solvent before contacting the composition with the following

20 element. After depositing the all required elements, the obtained composition
(catalyst precursor) is dried. In one embodiment of the present invention, the
catalyst precursor is dried in air, preferably for about 8 hours at about 60-80 °C

while stirring.

25  After drying, the ZSM-5-comprising composition on which the basic element M,
the redox element M and the phosphorus (P) are deposited is calcined in an
oxygen-comprising atmosphere, preferably in moisture-free atmospheric air.
Preferably, the catalyst precursor is calcined at about 450-550 °C and a pressure
of about 0.1 MPa. for 4-6 hrs. Most preferably the catalyst precursor is calcined

30 atabout 500 °C for about 4 hrs.



10l n a further enbodi nent, the oxygenate-conprising feedstreamused in the
oxygenat e-to-ol efins process of the present invention is produced by a
process cwopniwispl (i) a syngas produci ng step, wherei RCA/EPLNYABS3TS
conposition is produced by contacting a syngas producing catalyst with a
hydr ocar bon feedstream 15conpri si ng hydr@car bons (HC), oxygen (02) and
carbon-di oxide (CQ2); and (ii) an oxygenate synthesis step, wherein

di met hyl etiesn aDWider i9Dr8saH! it (MVBRRrEH tRatthd128M-5 besiRefis iixéd AitHGRE DY

contacting an oxygenate synthesis catalyst wth the syngas conposition of
step (i). ROdes plicetp pentacting the ZEM-m 2dolite withrdnenorf meds sokedionsrel ates to

and whi chFoR EREr eoHuPlede R Wi salls e Mastny PEred e Starbon @
feedstream’ is gaseous when contacted with the syngas produci ng catal yst.

Preferably, the 25 hydrocarbons conprised in the hydrocarbon feedstreamare
Cl- C15 hydAseardingly,  precessyfar peadusing adower dlefindgs pravidecicomprisingna) . A

further ch ter bzl r r -to-olefins progess as
descr bed BEDymielf sREGerdn shRfioMeE oRL AP AR b gl Ba ecnt < o
conbi nat i ooatalysticbfrpositionpsfahegsresentrinlesticrowni = feadsesatheddraprisiyiahat i ve
cracking and dry 30reform n(%. Optional ly, by-products produced in the
syngas proeﬁw‘?{étgt%ﬁfe@%h Bg oxyaenate is sglecird epnthe ereuamensistivged f r om

t he produc i L j g hep | to
the bxygonatietygihel ATRED, biefeRIEY, faafoNIRE) SRORAMREIQR)oRE:
means M2 ouxiues Hieveof AlsaOa mivdra@i 2. § OMELAGT MR IhaAPBedked ad -

Oxi dat i d i h t d t t hat ¢ i
ot her m ¢ OXYGRTIAS SR SREn P I SA0Dt o Toued oty FaPgLod By g xyaenateon of
C2 al | owstd-glekiRY Prade DRt e Fré’sern‘?ﬁ'ﬁ}e'nﬂen‘?@g dﬁfxﬂ%(‘cﬁ eg@{éﬁer(tgg@ hy el | .

5 CX2 conprised in the product stream produc In the gas p uci ng
step, oxygeramyéensydeli s step and/or ol efin synthesis step may be recycl ed
back e.g. to the hydrocarbon feedstreamwhich is fed to the syngas

produci ng step. CO and/or H2 conprised in the product stream produced in

the ol B i nAsydVdirRfly, 2hetpresemyinentiaryvidbst ® prdtseYBe pRodiRimPaildwen Whi ch
is fed to the oxygenate 10synthesis step. Accordingly, in one enbodi nent

the presenPlEfiR:ORIATSING HeasePsiad an integrated process for producing | ower
olefin frog hydREARPLIEMBYeBNifE Wi cHPor more solutions comprising soluble

salts of My, soluble salts of M, and phosphoric acid to modify said ZSM-5
with My, M2 and P;

20 (i) drying and calcining the modified ZSM-5 zeolite in an oxygen-comprising
atmosphere to provide the catalyst comprising M1-M>-P/ZSM-5 as defined
herein; and

(iii) contacting said catalyst comprising M;-M>-P/ZSM-5 with a feedstream
comprising an oxygenate.

25

The process conditions useful in a process for converting oxygenate-to-olefins
can be easily determined by the person skilled in the art; see e.g. Rayford
G.Anthony (1978) Catalytic conversion of oxygenated Compounds to low
molecular weight olefins. Accordingly, the temperature may be about 350-500 °C

30  and preferably about 500 °C. Furthermore, the oxygenate-to-olefins process as

described herein preferably is performed at a WHSV of approximately 2.0 h™’

and/or at atmospheric pressure.



conprised in the syngas conposition produced in the herein defined "syngas
15 produci ng step” and the CO2 conprised in the oxygenate stream produced
i n the heweizni2dspiomed "oxygenate synthesis step” is sepacatepdoianosrecycl ed
to the hydrocarbon feedstream the carbon-nonoxide (CO and hydrogen (H2)
conprised in the product stream produced8i-n the "oxygenate-to-olefin
process" of the present invention are separated and recycled to the

oxygenat e ygtdnesdvantsyd 6?@%&@?(@:‘8 ﬁaggaﬁﬁmmﬁéi fl_gzlgartgéw%@ r@&#&%ntgﬁgn the

| ower ol efins, carbon-Tonoxi ogen onprised in
product st cekendepodiioodW auld ike Orygeratatto-dlefing edtalyspl MeddsP/Z8MtFieofthesent

invention are separated and are recycled to th ydrqcar hon feedstream of
he " syngab et Ty c TyerPpfasedioige ceRelHipEAS-dt CORLeSeRion Raed i n
the productanbedidgfierdled MBIMPCAEIRIBAREMBYNEAE $h DndtetRbodinfdRathat ed and
recycled to the oxygenate synthesis feedstream Accordingly, substantially

al | carbonoxsyggnateitawleingeatalyst §.a e gatalystruselddnithe oyyaerategoaretins of t he

present in i . . CHA e, C3H3 . and 30 G4+ hydrocarbons)
B e recyct PN e BresBErtion PR et Hae S G ERCRR; e
present i nierigeperatedsyecormagtirafirenéaaRspht 4 kempbiRdrabsbalit ®BEE600PCt he
present invention is realization of high carbon efficiency w thout using

addi t i onal WHVED SXYISMEPNBHENgAs SvgRMO$2¢nes BIMMINSPPROE BINTESNE. - 10 -
The total selectivity to ethylene and propylene in the oxygenate-to-ol efins
process of the present invention is about 72-75 nole-% Accordingly, the
productO st irearfuther érabodighent; thenbheginateicommizing foatigtreamsusd i thab- 28

nol e- % of b?(- 5 roduct]s. (products_conprised in t_he_groduct st ream produced
'n the ol cPRIOFIATENRISng RIGossH &f thaareseahinveatien inpraduordy aprodaste and
propyl ene) cofipgigfmigdy- products include, but are not limted to, hydrocarbons
ot her than | ower efins, CO2, CO and H2. The volune of the by-products is
about 20- 3% voh-synges producing dtem avteneirt asysgas aoinpasitivefis peddieedby above

d which is fed t 10pr.odyci.. | nbodi ment _th
B oduci ng cat at yebelg SRreaRPHinES gl whh IR getbop eedrtigan” "0
sel ectggl from t Bempriey W&bérﬁdﬂﬁ/(?cfecgl\'bx{/@éﬂE@g)%ﬁ@éérbbﬂ%i@ﬁbé'(E?g ;

Ni -/ La202-conprising catalyst; N - 2-conprising catalyst; N -/Zr02-
15conpri sing cafBAyst; or a catal yst sel ected fromthe group consisting of

o ) A, SO SR a8 Db TR R Sy
Ni - Zr 02- Ce02- Ti (MeOH)rqard miixtgres thierbyfis ;praddcdd bredatabting-«roon/Jeriatg

catal yst; see al so, US 20064/021,6227, WO 2008/ 055776, and US 2008/ 0260628. 20
The process cond@YRHEAS GAlalal With the syagas sempestioniaister p can be easily

20
As used herein, the term "hydrocarbon feedstream" relates to the hydrocarbon-
comprising stream which is fed to the syngas producing step and which further
comprises O, and CO,. Preferably, the "hydrocarbon feedstream" is gaseous
when contacted with the syngas producing catalyst. Preferably, the

25 hydrocarbons comprised in the hydrocarbon feedstream are C1-C15
hydrocarbons (i.e. hydrocarbons comprising 1-15 carbon atoms). A further
characterizing aspect of the hydrocarbons-to-olefins process as described herein
accordingly is that the syngas producing step represents a combination of
different processes including partial oxidation, oxidative cracking and dry

30 reforming. Optionally, by-products produced in the syngas producing step, such
as olefins, may be separated and removed from the produced syngas
composition before said syngas composition is fed to the oxygenate synthesis

step. As used herein, the term “dry reforming” means CO, conversion to CO.



determ ned by the person skilled in the art; see e.g. "Hydrogen and Syngas
Production and Purification Technol ogi es" (2010) eds. Ke Lu et al.

Accor di ngWo, 2018919¢nper at ure may be about 500-1200C and PpirdiPeeialoPid7about
850-900 C. 25Furthernore, the syngas producing step as described herein
preferably is perforned at a pressure ab&ut 0.2-2.5 MPa. In one enbodi nent
the oxygenate synthesis catalyst is a Cu-conprising supported catal yst,

pr ef er abl y Chadamiecdryfdrasking hag! the advaRtd ge thad of Hivepnpri si ng
catal yst; Cu-/zZnQ Al 203- CO?I’DI‘I si ng catagﬁat {@ AI 203 conpri sing

catal yst; exofhmimicreastiop®nst h%atngOdacmrysand tbat dzy rmomlngrackim@ obCakyst ;

catalyst. Slgvs RSB CERbIY Hoec iy Bardle SEaR P00 25 Bk 375 The

process conditions useful in oxygenate producing step can be eaS|Iy
determ ned by the person skilled in the art; see e.g. WO 2009/ 132449.
Accordi%g|§3 1 SRIMPERSR ihther Rrogigt sleeapdiroduced ipthecsyngasreteeingisferbout 5

ot or abl y FL4 e ey ScBIROBALR AT SRR BRI BHARE 6
about 6 MPto thé hydresadidrHiegdstredm Whichtis #édto tHeesyryaegsratiadingrsie@scof or

produci ng | ower olefins from hydrocarbons (HC) using the catal yst and the
process of aﬂazo d’? Prised Enthegprodyet strearnfypdues b”r'@@e‘ﬂ@f'%égn%ﬁé'saﬂeﬁnt age

t hat | ower hé REtHR' 9 ncy. In
this enbodlrﬁrég}re\t t e unreactsgﬁi‘ sy%&ﬁgﬁ&s %o%pgé%g?g?@%o&% tﬁe
oxygendd e pymdj\ests glepduced in the oxygenate synthesis step. Figure 2
illustrates the integrated process for producing |lower olefins from

hydrocarbons (HC) using the catalyst and the process of the present

i nventi on. AZBordimgl |ﬂtcﬁ9§ &R dRheREHe d?é§eﬁthﬁvéﬂY&ﬂFél&%stt83atn |hFé(’]§?été?f efins
can be produced vm E to 100% carbon efficiency. In this enb nment, the

unr eact ed BYORESS fpgp ing lowelr odefin tremolxydrenartbonsrwikrein theoﬁﬁbed in the
oy genat < BHPRPERT Byl B 68 A Db AYER, B RimbEe
Mode( s)s f oprdearcing siepOahdtthe GOy edinpoised ive tHy @ﬁﬁﬁndt@‘é&@hhﬁﬁrd@ubbd nehde
nore fully described by the following non-limtin npl es. 30
herein defined "0xygenate synthesis step" is separa?ed and recycled to the
hydrocarbon feedstream; the carbon-monoxide (CO) and hydrogen (H,)
comprised in the product stream produced in the "oxygenate-to-olefin process" of
the present invention are separated and recycled to the oxygenate synthesis
20 feedstream; and the reaction products other than the lower olefins, carbon-
monoxide (CO) and hydrogen (H,) comprised in the product stream produced in
the "oxygenate-to-olefin process" of the present invention are separated and are
recycled to the hydrocarbon feedstream of the "syngas producing step".
Preferably, the unreacted syngas comprised in the product produced in the
25  oxygenate synthesis step is separated and recycled to the oxygenate synthesis

feedstream.

Accordingly, substantially all carbon-comprising by-products produced in the
integrated process of the present invention (e.g. CO, CO,, CH4 C,Hg, CsHg and
30 C4" hydrocarbons) are recycled back to the integrated hydrocarbon-to-olefins
process of the present invention. Hence, one advantage of the integrated
process of the present invention is realization of high carbon efficiency without

using additional down stream processes.



Exanple 1 Si-Ca-La-Sr-Cr-P/ZSM5 catal yst conposition WO

2012/ 059191PCT/ EP2011/ 005375 - 12 - The

2. 28wt ¥Gi WORD A9 BW % a- 5wt ¢/ oSr - 5WWDCr - 5w/ OP/ ZSM 5 caPeEPR01MA8S3BEen
prepared as follows. The suitable anmbunt of zeolite ZSM5 (M) was m xed
with Si02 gel (40 w-% Si02 gel in watef)0-Subsequently, aqueous sol utions
of Ca(NO3)2 and La(N®)3 and H3PO4 (89 w-%in water) were added to 5 the
m xture in am)unts |l eading to 5 wt-%Ca, 5 w-%La and 5 w-%P in the
ready cat al The m xture was then kept for 8 hours at 60 C while

stirring t i@/@tﬁiﬁ@!@twﬁﬁtmtwenaaed@mraylaw irstile olxym‘mrte-m -ol@finsf ur t her

dried overnj 20 C. The dr.i ed. | i uent |

[ npregnat eg’ @‘%Sﬁ %f ﬁﬁtquﬁ%nthV%ﬁ)tHQCﬁ)a% é‘g(ﬂ?%ﬁ@? Z)Na '% gﬁaipﬁ%d% 5
-% G andtreamt oftherolbfinlshRtHeradistepbriptamydises Bpdut EPIZSJI'?@I@% efbp yst

precursor m xture was then kept for 8 hours'at 60 Cwhile stirring to

evapor af e Predyis éprodugts ¢¢mpa§e@tmmesmoducmtr@amanrowa@ed i theeolefini ed

obt i n°t e S SERIREBLIFR BaPdeb bicheliblsh Acfberady BB rheSe ) °

conposi ti ontoy -prodditis incleger gt are not limited to, hydrocarbons other than lower olefins,
2.28wr/ oS| 0@% 5wr / oLa- 5wt %8r - 5wr / oCr - 5wr / oP/ ZSM 5 cat al yst conposi t'i on

was subseq @&ddHa. J heoyRleme efvhetky-prosiucksis abigat 2003%% @96 of thg  sol i d

cat aYSL o bRy B A E G B BB ol

consi si19 ng poddubingretep. % DVE and 56 nol e- %N2 at a tot aI flow of 62 cc/mn
and a tenperature of 470 C The hydrocarbon distribution in the outl et
gas as neasured on the basis of gas-chronat ography anal ysis is summari zed

the h
Chr bon nummeone SO e e i Soibdueihg liahRl Bia i CORBrRiR pagshal
cat al yst coajsbesti preferably sﬁlefoneg”mmntmgrqm\/cowenrzgsm BlitAk@byromprsmpsi t i on
ne .net d bed in. Exa rtly, a
ot obl b R OH-E & S o AT SRR TN e B e SR R - 276 Y
Fe(NO3) 8 andnim:éh?%a&a@@ﬂ dridPEdtaly89 Yelcdtetbirem thease up $ohgistingtof YealMij-and 10
a

-%Pinthe re catal yst. The m xture was _then kept for hours at 60 C
while stir {AIE@3‘9@W§H& @@t@ly[sheCe -Ni-/Al,O3-comprising catalyst; La-/Al,O3-

comprising catalyst; Ni-Ce-ZrO,-comprising catalyst; Ni-ZrO,-CeO5-TiO,-
comprising catalyst; and Rh-CeO,/ZrO,-comprising catalyst; see also US
2006/0216227, WO 2008/055776, and US 2008/0260628.
20
The process conditions useful in the syngas producing step can be easily
determined by the person skilled in the art; see e.g. "Hydrogen and Syngas
Production and Purification Technologies" (2010) eds. Ke Lu et al. Accordingly,
the temperature may be about 500-1200 °C and preferably about 850-900 °C.
25 Furthermore, the syngas producing step as described herein preferably is
performed at a pressure about 0.2-2.5 MPa.

In one embodiment the oxygenate synthesis catalyst is a Cu-comprising
supported catalyst, preferably selected from the group consisting of Cu-/ZnO-

30 comprising catalyst; Cu-/ZnO/Al,Os-comprising catalyst; CuO/ZnO/Al,Os-
comprising catalyst; Cu-/ZnO/Cr,Oz-comprising catalyst; Cu-/ZrO,-comprising
catalyst; CuO/ZnO/Al,O3-comprising catalyst; and CuO/ZnO/Al,Q4/SiO,-
comprising catalyst; see also WO 2009/132449.



WO 2012/ 059191PCT/ EP2011/ 005375 - 13 - water. The obtained solid materi al
was further dried overnight at 120 C. The dried solid material was cal ci ned
for 4 houwe 2at2/04001C i n at nospheric air. As a result theceaPoitihessconpri sed
WMh fornms a basic species in the catal yst conposition. 5 The prepared

3wt %-e- 8wr / oMh- 10wt %/ ZSM 5 cat al yst conpbsiti on was subsequently used to
convert DME to olefins. Therefore, 0.2 m of solid catal yst conposition
material was | oaded to the reactor, treated for 1 hour at 470 Cwth air
before switching to an oxygenate-conprising feedstream consisting of 44 10
nol e- % DVE TAedProsesd tenddinls aseful inoxygeanatevpsddiging step carabe eastlgnper at ur e

of 470C. T [ distribpption,in the outl i rized in
Che. her ei nSBTHINES By AR Aok wHEd Pondat s s's Riaiia To M &

catal yst caweordihglgnthetehiierafitad Mivh e bk Mok PLOIIPNMC aRd PYEamybEuen has
been realized as 1n exanple 1 but in the presence of non-nodified ZSM 5

cat ieu ys?. PROr2Dheckudhgrmareptheooxyganate prpdue@wg)st@@ear&:demrihe}mhmm }‘ i ed
! ry O S ot (
conpri sed PIEEEDIR FEohed af B pYESduet B0 hete R SRR LRt Tt heBlCe) ",

My- P/ ZSM 5MRd.al yst conposition The My-P/ ZSM 5 catal yst conposition was
prepared as in Exanple 1 with the exception that MyO powder was used to
prepare the catal yst instead of La, Sr, M salts. Accordingly, a suitable
anount of wder was dissolved in an aqueous H3PO4 sol uti on which was
added 10 g O M5 zeolite. Subsequently, 30 a catal yst having the
conposi®i on 4wt %vy- 6wt %°/ ZSM 5 was obt ai ned. The prepared

SRR R BT v N
hydrocarbons (HC) using the catalyst and the process of the present invention.
This integrated process has the advantage that lower olefins can be produced
with up to 100% carbon efficiency. In this embodiment, the unreacted syngas is
15 not separated from the oxygenate product produced in the oxygenate synthesis

step.

Figure 2 illustrates the integrated process for producing lower olefins from
hydrocarbons (HC) using the catalyst and the process of the present invention.

20  This integrated process has the advantage that lower olefins can be produced
with up to 100% carbon efficiency. In this embodiment, the unreacted syngas is
separated from the oxygenate product produced in the oxygenate synthesis step.
This has the additional advantage that the catalyst performance in the olefin

synthesis step is more stable.

25
Mode(s) for Carrying Out the Invention
The present invention will now be more fully described by the following non-
limiting Examples.

30

Example 1

Si-Ca-La-Sr-Cr-P/ZSM-5 catalyst composition



WO 2012/ 059191PCT/ EP2011/ 005375 - 14 - material was | oaded to the reactor,
treated for 1 hour at 470 Cwith air before switching to an

oxygenat ewoorissiong f eedstream consi sting of 44 nol e- %pD¥WEP2nd/0bS 750! -/ 0
N2 at a total flow of 62 cc/mn and a tenperature of 470 C. 5The

hydr ocarbon distribution in the outlet g&-is summarized in the herein

bel ow provided Table 1. Exanple 5 (conparative) Zr-P/ZSM5 cat al yst

conposi ti omhb0p 28w Si-54bCa- st st ons-BwtAE BwiBb SV EateRst Gk
amounts of ZrCl4 and H3PO4 were added to the mxture to obtain I2 wt-% Zr

and 5 w - ¥brenmpreparadeasifolloatsaMetsuitahée amopohef zeolitaZ S5 (Ml fwas 8 hours
t 60 C W t. Was_evapor he  dr I.al was kept over night at
EiZO 00 and r@g%@/a éﬁ'ﬁwaégB&?J{f’?ﬂ grq.”n %/ai%ﬁlféu%ﬁewﬂ& g‘i%e% pr epar ed
12wt %Zr - SWisbRItioASSf @av(n!@al)y%ﬁ% Q%(m%?)'sterHW@4 %?@WWWaYeHWeta@o%@%er t

DME to olefins. Therefore, _ solid catal yst conposition naterial
was | oadled theminere namounts leaglingitor o wt-fo KeairS wi-%4 e andib wi-%aiR irokéeor e

switchin e- |.Si f r nsi std f 44 ol e- % DIVE
20 and 5o 1S sARBAET IS TRIRE helsifeh RBET I ARG o \E il sl BlF 270
C. The hydeoapoke tite slatéhd ThewbtaimedwliduhhRiiab@dasifarthonaméd aedmidghttdie
herein bel ow provided Table 1. WO 2012/059191PCT/ EP2011/005375 - 15 -

Tabl e 1. HydPobariherdiieshpelid maderiaiwassulesequently ppeegpatedwdinpsalutions of

Cr(NOgz)z and Sr(NOs3), in water leading to 5 wt-% Cr and 5 wt-% Sr in the ready

10  catalyst. The impregnated catalyst precursdr mixture was then kept for 8 hours at
60 °C while stirring to evaporate the water. The impregnated solid material was
further dried overnight at 120 °C and calcined for 4 hours at 400 °C in
atmospheric air to obtain the 2.28wt%Si-5wt%Ca-5wt%La-5wt%Sr-5wt%Cr-
5wt%P/ZSM-5 catalyst composition.

15
The prepared 2.28wt%Si-5wt%Ca-5wt%La-5wt%Sr-5wt%Cr-5wt%P/ZSM-5
catalyst composition was subsequently used to convert DME to olefins.
Therefore, 0.2 ml of solid catalyst material was loaded to the fixed bed reactor,
treated for 1 hour at 470 °C with air before switching to an oxygenate-comprising

20 feedstream consisting of 44 mole-% DME and 56 mole-% N, at a total flow of 62

cc/min and a temperature of 470 °C.

The hydrocarbon distribution in the outlet gas as measured on the basis of gas-
chromatography analysis is summarized in the herein below provided Table 1.

25 The calculations are based on carbon numbers at full conversion of the DME.

Example 2

Fe-Mn-P/ZSM-5 catalyst composition

A 3 wt%Fe-8wt%Mn-10wt%P/ZSM-5 catalyst composition was prepared using
30 the same method as described in Example 1. Shortly, a suitable amount of ZSM-

5 zeolite was mixed with aqueous solutions of Fe(NQOs); and Mn(NO3), and

H3PO4 (89% in water) leading to 8 wt-% Mn and 10 wt-% P in the ready catalyst.

The mixture was then kept for 8 hours at 60 °C while stirring to evaporate the



1 Exanple 2 Exanple 3 (conp.) Exanple 4 (conp.) Exanple 5 (conp.) Mt hane
4.11 7.98 7.20 1.03 12.64 Ethane 0.39

10

15

20

25

30

WO 2012/059191 PCT/EP2011/005375

-13-

water. The obtained solid material was further dried overnight at 120 °C. The
dried solid material was calcined for 4 hours at 400 °C in atmospheric air. As a
result thereof, the comprised Mn forms a basic species in the catalyst

composition.

The prepared 3wt%Fe-8wt%Mn-10wt%P/ZSM-5 catalyst composition was
subsequently used to convert DME to olefins. Therefore, 0.2 ml of solid catalyst
composition material was loaded to the reactor, treated for 1 hour at 470 °C with
air before switching to an oxygenate-comprising feedstream consisting of 44
mole-% DME and 56 mole-% N, at a total flow of 62 cc/min and a temperature of
470°C.

The hydrocarbon distribution in the outlet gas is summarized in the herein below

provided Table 1.

Example 3 (comparative)

ZSM-5 catalyst composition

In this example the experiment on DME conversion has been realized as in
example 1 but in the presence of non-modified ZSM-5 catalyst. It is necessary to
note that in the presence of non-modified zeolite ethylene selectivity is very low
and the predominant lower olefin comprised in the outlet gas stream is

propylene.

Example 4 (comparative)

Mg-P/ZSM-5 catalyst composition

The Mg-P/ZSM-5 catalyst composition was prepared as in Example 1 with the
exception that MgO powder was used to prepare the catalyst instead of La, Sr,
Mn salts. Accordingly, a suitable amount of MgO powder was dissolved in an
aqueous HzPO4 solution which was added 10 g of ZSM-5 zeolite. Subsequently,
a catalyst having the composition 4wt%Mg-6wt%P/ZSM-5 was obtained.

The prepared 4wt%Mg-6wt%P/ZSM-5 catalyst composition was subsequently

used to convert DME to olefins. Therefore, 0.2 ml of solid catalyst composition



0.68 0.56 0.38 0.60 Ethylene 29.17 24.25 5.25 27.51 25.77 Propane 1.83 1.98

4.30 3.91 0.92 Propylene 50.05 51.30 60. 29
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-14 -

material was loaded to the reactor, treated for 1 hour at 470 °C with air before
switching to an oxygenate-comprising feedstream consisting of 44 mole-% DME

and 56 mole-% N at a total flow of 62 cc/min and a temperature of 470 °C.

5 The hydrocarbon distribution in the outlet gas is summarized in the herein below
provided Table 1.

Example 5 (comparative)
Zr-P/ZSM-5 catalyst composition

10 10 g of ZSM-5 was mixed with 200 ml water. The correct amounts of ZrCl, and
H3PO4 were added to the mixture to obtain 12 wt-% Zr and 5 wt-% P in the ready
catalyst. The suspension was stirred for 8 hours at 60 °C. When water was
evaporated the dry material was kept over night at 120 °C and subsequently was
calcined for 4 hours at 400 °C.

15
The prepared 12wt%Zr-5wWt%P/ZSM-5 catalyst composition was subsequently
used to convert DME to olefins. Therefore, 0.5 ml of solid catalyst composition
material was loaded to the reactor, treated for 1 hour at 470 °C with air before
switching to an oxygenate-comprising feedstream consisting of 44 mole-% DME

20 and 56 mole-% N at a total flow of 62 cc/min and a temperature of 470 °C.

The hydrocarbon distribution in the outlet gas is summarized in the herein below

provided Table 1.



47.27 46.33 CA+ 14.54 13.815 22.40 19.83 12.74 C2-C3 olefins selectivity
75.3 75.5 64.12 68.8 73.8 As shown in Table 1 it was found that the total
sel ecti viwp 202/0829C3 ol efins could be increased to at | @aStEPZE 1003385 % by
using the process of the present invention. 5Mreover, it was found that
catal yst performance is stable for about186 hours. Conventi onal
oxygenate-to-olefin catalysts based on silicoal um nophosphate nol ecul ar

si eves sucwa@k$AHQdi6caﬂ@oﬂs&@mpé§itmaswu %5% hid?ez/o):'rs whi ch
necessitates the use of a circulating | zed bed reac see e.g. Cal

et al. (1995) Applied Catal BEample 33ExampleheEmamplet Examples Example
catal yst was 10 regenerated by cbntactin@ the catd yst wit# an air Bl ow of

50 cc/mn at 470 C. Exanmple 6 (comp.) (comp.) (comp.)

Methane 4.11 7.98 7.20 1.03 12.64
Ethane 0.39 0.68 0.56 0.38 0.60
Ethylene 29.17 24.25 5.25 27.51 25.77
Propane 1.83 1.98 4.30 3.91 0.92
Propylene 50.05 51.30 60.29 47.27 46.33
C4 + 14.54 13.815 22.40 19.83 12.74
C2-C3 olefins 75.3 75.5 64.12 68.8 73.8
selectivity

As shown in Table 1 it was found that the total selectivity to C2-C3 olefins could
be increased to at least 75 mole-% by using the process of the present invention.
5 Moreover, it was found that catalyst performance is stable for about 10 hours.

Conventional oxygenate-to-olefin catalysts based on silicoaluminophosphate
molecular sieves such as SAPO-34 are known to deactivate within 2 hrs, which
necessitates the use of a circulating fluidized bed reactor; see e.g. Cai et al.
(1995) Applied Catal 125: 29-38. In the present Examples the catalyst was

10  regenerated by contacting the catalyst with an air flow of 50 cc/min at 470 °C.

Example 6

Diethyl ether conversion using Si-Ca-La-Sr-Cr-P/ZSM-5 catalyst

Example 6 is identical to Example 1 with the exception that the oxygenate diethyl
15  ether has been used in the feed in stead of dimethyl ether (DME). Diethyl ether

conversion was 100 mole-%



D et hyl ether conversion using Si-Ca-La-Sr-Cr-P/ZSM5 catal yst Exanple 6 is
i dentical to Exanple 1 with the exception that the oxygenate diethyl

15et her Mo 2be#s9193ed in the feed in stead of dinethyl eChaP2@DVEd375 Di et hyl
et her conversion was 100 nole-% WO 2012/ 059191PCT/ EP2011/ 005375 - 16 -
Tabl e 2: Hydrocarbon conposition of outi®-gas (nole-% Exanple 6 Methane
3.0 Ethane 4.2 Ethylene 78.5 Propane 2.1 Propylene 5.1

Table 2: Hydrocarbon composition of outlet gas (mole-%)

Example 6
Methane 3.0
Ethane 4.2
Ethylene 78.5
Propane 2.1
Propylene 5.1
Ca + 7.1
C2-C3 olefins selectivity 80.5

Examples 7-11
Preparation of syngas using Ni-lanthana catalyst

Example 7
Preparation of Ni-lanthana catalyst
The 3wt%Ni/La>O3 oxidative cracking catalyst for the oxidative cracking of
methane was prepared as follows: 2 ml La,O3 particles of 25-40 mesh size were
10  loaded in the quartz reactor with an inner diameter of 12 mm and a length of 45
cm. The loaded reactor was fed with a gaseous mixture consisting of
approximately 28.4 % mole CHs + 11 % mole Oz + 17.4 % mole CO, + 42.8 %
mole N> at 450°C. After treatment of the support with reaction mixture (less than
24 hours) to obtain a stable phase composition, impregnation of the La,Os
15  support with a 0.1-0.3% Ni(NO3). solution in water was started. Therefore the
0.1-0.3% Ni(NO3). solution was fed to the La,O3z support by injecting into the gas
stream to gradually impregnate the La,O3 support with the Ni salt. The Ni(NO3),
impregnation of the La,O3 support was continued until the calculated amount of 3
mass% Ni/La;O3 basis was reached. Formation of NO, was observed during the
20 Ni(NOgz). impregnation step which indicates that oxides of Ni are formed within

the La,O3 support.

After completing the Ni(NOg), impregnation step, the reaction temperature was
increased to 660°C to reduce the Ni-oxide with the methane containing gaseous

25 mixture (as above). The resultant in situ prepared cracking catalyst initially fully



CA4+ 7.1 C2-C3 olefins selectivity 80.5 Exanples 7-11 Preparation of syngas
using N -lanthana catal yst 5 Exanple 7 Preparation of N -|lanthana catal yst
The 3w/ oNO/2beAB3190Xi dat i ve cracking catal yst for the orciatreve/oe3sagki ng of
met hane was prepared as follows: 2 nml La203 particles of 25-40 nmesh size
were 10 | oaded in the quartz reactor wittwan i nner dianmeter of 12 nmand a
| ength of 45 cm The | oaded reactor was fed wth a gaseous m xture

consi st i ngoRidiARMAdR & ¢ SHéw%/aPhﬁe%thHgn&feaey%tél@to%itﬂm‘yﬂm@v! e O
+ 42.8 A) nole N2 at 450C. Aifter treatnent of the support with reaction

m xture (| 8% Nillkae@sxatalyst formsdCOmnm Hoa st abl e phase conposition,

| npregnati on of the La203 15support with a 0.1-0.3% N (NG3)2 solution in
wat er was started. Therefore the 0.1-0.3% N (N®)2 solution was fed to the
La203 supp@xaniplei8j ecting into the gas streamto gradually inpregnate the
La203 support with the NI salt. The N (NG3)2 inpregnation of the La203
suppor t5 waMetbaneaasnversian using Nidanthanacatelystt of 3 mass% N /La203

mpr egnat i S70RES DIERLRRH RNt rabinte 478 drtRRint SRRhB R B CRLA T e
La203 suppaidle-% CQ@Y, 4.8 ewotplstNdnd he.ONmoNO3) D,ivith e@natbd@ndes@ed he
reaction tenperature was increased to 660C to reduce the Ni-oxide with the

met hane coRWhiehihg2Gasatlyst 28 ioR: (& & lpwdatmel e feed awas8Q cEAniIn overs 0.5
prepared chAchidigst B TR ottt rbdbtoh hMislthide cNRp8SHioh LIRIRESD E86Thd{205375
10 % CO, 36.9 mole-% Haz, 1.94 mole-% CHj,, 2.55 mole-% CO,, 0.37 mole-% O,
and 29.5 mole-% N,. CH4 conversion was 90.1 mole-% and CO. conversion was

78.7 mole-%.

Example 9
15 Ethane conversion using Ni-lanthana catalyst
Example 9 is identical with Example 8 with the exception that a feedstream
comprising ethane has been used. Accordingly, the feedstream of Example 9
consisted of 21.8 mole-% CO,, 39.4 mole-% Ny, 24 mole-% CHa, 10.2 mole-%
Oz and 4.4 mole-% C,He. The outlet composition of Example 9 consisted of 27.4
20  mole-% CO, 3.61 mole-% CO;, 31.5 mole-% N, 2.01 mole-% CH,, 34.9 mole-%
Hz, 0.42 mole-% O, and 0.0005 mole-% C,He. CH,4 conversion was 89.5 mole-%,

CO; conversion was 79.3 mole-% and C,;Hg conversion was 100 mole-%.

Example 10
25 Isobutane conversion using Ni-lanthana catalyst
Example 10 is identical with Example 8 with the exception that a feedstream
comprising isobutane and isobutylene has been used. Accordingly, the
feedstream of Example 10 consisted of 21.4 mole-% CO,, 39.0 mole-% N, 24.4
mole-% CHys, 10.0 mole-% O., 2 mole-% iCsHg and 3 mole-% i-C4H1o. The outlet
30 composition of Example 10 consisted of 32.1 mole-% CO, 3.06 mole-% CO,,
27.5 mole-% N, 3.28 mole-% CH,, 33.5 mole-% H,, 0.4 mole-%' O,, 0.009 mole-

% iC4Hg and 0.012 mole-% iC4H10. CH4 conversion was 81.0 mole-%, CO,



- 17 - oxidizes nethane to CO2. However after reaching steady state
condition the 3%\ /La203 catal yst forns CO and H2. Exanple 8 5 Met hane
conver si oNOuSiZNgoNiL - | ant hana cat al yst Syngas i s produce@#ChEPC@niossrs ng a
feedstream consisting of 28.4 CH4, 17.4 nole-% CO2, 42.8 nole-% N2 and 11.0
nol e-% 02 with the above described 3wt %\i8 Lta203 catal yst at 750 C. Fl ow
rate of the feed was 60 cc/mn over a 0.5 nl catal yst bed. The outl et

reaction ”blshvlér%d‘rp\WBQS"Qt'}'ﬁFbIéD,QS ¢oplerforPwag! )/C9‘| | e- %
H2, 1.94 nol e- %ICH4 ) mol e- % 0%03(%%3&0@@@?@%{ 5 @e % N2.

CHA conver SPBYeTaien W@Sﬂoﬂdheleﬁand CO2 conversion was 78.7 nole-% Exanple
9 15 Et hane conversion using N -lanthana catal yst Exanple 9 is identical
with Exanple 8 with the exception that a feedstream conprising ethane has
been used. EAQe.qméingly, the feedstream of Exanple 9 consisted of 21.8

nol e-% CO2, .39.4 nole-% N2, 24 nole-% CH4, 10.2 nole-% 02 and 4.4 nole-%
C2H6. The bightnaphihseonversion usiagNidanthanacatalysiof 27.4 20 nol e- % CO,

301 0=~ 1 SR ot BR AR oPriiaelThCadhelon 3t gl ot bl Bl
conver si onliglatsnagthtBa !melr@»c%tar‘y@t gasirisstnines @imple\va ThEOR nipdrat¥e dbxigepl e 10
25 | sobut ane conversion usin N| -l ant hana cat al yst Exanple 10 is identi cal

Wi Ej h Exgnpr%a%'ow was 8@ “Ex i 3 flpwaiate, was<bke¢/Btim f&WrﬁtﬁsCPfrl@Uidswut ane

10
consi stod. hppafads BFRetEs ThaBERECLORbYsbRSS ERGHRIE T3 Rlsictdd 28, . o
02, 2I bl entolé-4Hg, Smiol& -%0C6; Tornol4AHIN,, The rmllet%gczm ammnﬁjlémn:goere
S8 ol o 2B & O &Fleof DERE- %épma@ A BatloP ﬁglreoleoz«q”%ma{"g%nd

0. 012 nol epfsid- sb18%
2012/ 05919?‘?6%%9%311%2%%63 n?i%'e-/ K ver si M”%@%ﬁ%ﬁ’@fﬁ)

conver si on1@aaletVenol e- % and i - C4AH10 conversi on was 100 nol e- %

15  Experiments showed that catalyst performance was stable for more than 5 hours.
After 5 hours screening of catalyst feeding only the air without naphtha through
the catalyst did show formation of CO,. This experiment showed that within 5
hours there was not formation of coke fragments in Naphtha+ CO, + O, mixture

which could be oxidized to CO, during treatment with air.



Exanpl e 11 5 Light naphtha conversion using N -lanthana catalyst In this
exanpl e as a hydrocarbon feed for generation of syngas has been used |ight
napht ha wsongre@pwhiyst descri bed in exanple 7. The tenp@catbre@10053vHhe
reaction was 800 C, CO2+ air flowrate was 43 cc/mn, flowrate of liquid

| i ght naphtha was 0.1 cc/min. The outl etlSconposition of Exanple 11
consisted of 22 10 nole-% H2, 6 nole-% CO, 7 nole-% N2, 11.9 nol e- % C2F14,
4.19 nol e-‘é(%?fs 28.6 mol e-% CFl 4, 7.08 nole-% CO2, 0.38 nol e-% C3H6, O0.48
nol e- % C4, é‘ nol e- % benzene and 5. 05 nol e- % xyl ene. The |ight naphtha
conversion was 100 nol e-% 15 Experinents showed that catal yst perfornmance

was stable for ‘reg)re than 5 hours. After 5 hours screening of catalyst
feedi ng onlly t h&rasessAor pseducingiower elefipuriiefenablvcathylansrangd aropyisne,

¢ 0 { . . g T ‘
Formation of cobd T smsah SiefPRmAPRE Sfen Yiordlh o Toer KR i PR R "
oxi di zed to CO2dyrdompadtmepthersatalyst doraposition cobhpristighl MS 1. Process for

produci ng | ower ol efin, preferably, ethyl d propyl ene, conprising an
ol efin synthesis step wherein the I@M@@E&M% i s produced by contacting

the catal yst comupsad bRgdiitBIdophpising 1dédiveanit 5 wi th an

oxygenat e- conpri si ng feedstream whergin ML isS one or nore basic species M
is one or nore mddoginel ements sel ected from G oups 6-8 of the Periodic

Tabl e of El eneng{s .and Sn and E@i S phosphorus, wherein said basic species is
a mol ecul ar ent (MY POER GO B3R ﬁ%@\ﬂ base and/or a weak Bronsted base in

the catal yst compdsidnedsr mére RRIdK SIERTENSSERCHI oGS B-B of R8T €i n the
basi c species is sel ected

Periodic Table of Elements and Sn and

P is phosphorus,

wherein said basic species is a molecular entity forming a weak Lewis

base and/or a weak Bronsted base in the catalyst composition.

2. The process according to claim 1, wherein the basic species is selected
from the group consisting of alkaline earth metals, rare earth elements

and elements forming amphoteric oxide or hydroxide.

3. The process according to claim 1 or 2, wherein the basic species is an
element selected from the group consisting of Mg, Ca, Sr, La and Zr; or

an amphoteric oxide or hydroxide of Mn.

4. The process according to any one of claims 1-3 wherein the redox
element is selected from the group consisting of Fe, Cr, W and Sn or Mn

not forming an amphoteric oxide or hydroxide.

5. The process according to any one of claims 1-4 further comprising a

binder, preferably silica (SiO,).

6. The process according to any one of claims 1-5, wherein the basic
element is Ca and the redox element is Mn; or wherein the basic element

is Mg and the redox element is Cr.



fromthe group consisting of alkaline earth netals, rare earth el enents and
el ements form ng anphoteric oxide or hydroxide. 3. The process according to
claim1l owW02012/389¢i n t he basic species is an el enent s@CEFP2U10PBAI t he
group consisting of Mg, Ca, Sr, La and Zr; or an anphoteric oxide or _
hydr oxi de of M. 4. The process accordi n&-o any one of clainms 1-3 wherein
the redox elenent is selected fromthe group consisting of Fe, G, Wand Sn
or Mh not form ng an anphoteric oxide or hydroxide. 5. The process accordi ng
to any one of clainms 1-4 further conprising a binder, preferably silica

(Si02). 6. The prTchBepmcasth:d@mﬁhgtbmyoﬂ@@f@ialmlsal mswheﬁemwh@baygeﬁéte basi ¢
element is Ca and the redox el ement is M, or erein the basic elenent is

My and the redo)S 8leqtad from toe group gonsistingiak dﬂﬂ@ﬂ'ﬁi&@hﬁfd@f%ﬁ)ﬂ@"&'fb)"any one
of clainms 1-6, \@ﬁg(% fromthe group consisting
of dinethyl ethe %n%tm@mw&?’q'g%ﬁd étﬁaﬁ@r{anoﬁg(l\/eom and et hanol (EtOH).
8. The process according to any one of clains 1-7, wherein the oxygenate-
conprising feedstreamis roduced b ro onpri si ng a syngas

pr ggum ngggt ep, WROCRSS §9‘Pf§’5!9 tfb%ﬁ%gﬁﬁlogﬁ Q'@SpﬂgdWBGEP'Bﬁh%GKY%‘Mtﬁg a
syngas producin | |5|ng
hgd?ocalrobons (H%)Oﬁ%r%w fee?fg%r@a %ycar -gpoxﬁlg)g%%%:%%ﬂ;&an (ii) an
oxygenate synt hdgi s asgmgaMWDduolngls?ephyhetaimlarsyﬁ@hﬁ)cpmpmﬂarmis (MeOH) or a
m xture thereof is pr od ced ctl ng an o I%aenate nt he i s catal yst

with the syngas corrp(5’§? CQF [‘9)‘5l HE'B9LaARlY S WS 'Pl& to claim
8, wherein the procesydiscatBon féEsHtRlRE cBﬁﬁﬁ%ﬁ?g Mﬂj@behfbor{sr(ﬁc@%x&@éﬂp“ sed
in the syngas conposition produced in ste
(O2) and carbon-dioxide (C 2) and
(i) an oxygenate synthesis step, wherein dimethyl ether (DME),
methanol (MeOH)or a mixture thereof is produced by contacting
an oxygenate synthesis catalyst with the syngas composition of

step (i).

9. The process according to claim 8, wherein the process is an integrated
process wherein:
the CO. comprised in the syngas composition produced in step (i) and
the CO2 comprised in the oxygenate stream produced in step (ii) is
separated and recycled to the hydrocarbon feedstream;
the carbon-monoxide (CO) and hydrogen (Hz) comprised in the product
stream produced in the olefin synthesis step are separated and recycled
to the oxygenate synthesis feedstream; and
the reaction products other than the lower olefins, carbon-monoxide (CO)
and hydrogen (Hz) comprised in the product stream produced in the
olefin synthesis step are separated and are recycled to the hydrocarbon

feedstream.



the CO2 conprised in the oxygenate stream produced in step (ii) is
separated and recycled to the hydrocarbon feedstream the carbon-nonoxide
(CO and wodngsmoiH2) conprised in the product stream pcodwe@d/odiz7s he

ol efin synthesis step are separated and recycled to the oxygenate synthesis
feedstream and the reaction products otHier than the | ower ol efins,

car bon- nonoxi de (CO) and hydrogen (H2) conprised in the product stream

duced inqth i S step. t ed. and led to th
Py ocar borlf eeddie RisteS¥ Bb6dRy B 8RR ot ERAAALI kRSB SBAERES or o
wherein the syngaassalpstqstacmn@omPtigihgsgudp@n@dl‘éawl?gprpiréﬂegacg?@er&té&ﬂom

catal yst, preferably selected fromthe group consisting O
Ni - / Al 203- conpr tB® gEourecansisting sf Nj-(Al502-coapmisingscatglyiskitNitA.esQo-

Ni -/ Ce02-conpri sj Ny 2- Li Si .abysts or a catalyst
selected fromt ?flgprg?roup& é%%l&{sé,wh%@ E§1'% |'-SV"§I %ﬁ%iﬁ%ﬁ??‘ﬁam@&%%/st ;

Ce- Ni -/ Al 203- comptalgstngr aaatdlystiselécted Aot the $R§t§3’ ESHEISKITRORLA-Ni-/AlL,O5-

Ni - Ce-Zr 02- conpri sing catal yst; Ni-2Zr02-Ce02-Ti 02- conprising catalyst; and
Rh- Ce02/ Zr 02- cofPMRIISIRE ealahyslisee-NivAl:Ehecqsnipiising catalvstilagAb@sany one of

clains 8-10, whepgid}id £8.S hesi s LY.Statl Rii SHAC i S
supported cat al ?@ﬁ&ﬁ’§%%§W§@e?8?r§&%%'§ﬁé%8@ Spt @(‘)ns %?’:Hr%z i’r@g
Cu-/ZnO- conpr i sicomprisired gatalysCuerithRhAC203Zc0meonsprising eatallysst ;

CuQ zZnQ Al 203-conprising catal yst; Cu/zZnQ Cr203-conpri sing catal yst;
Cu-/ Zr 02- conpri sing catal yst; CuQ zZnQ Al 203-conpri sing catal yst; and

CQud ZnQ Al 393/ SITh-proeE®s hekdHdi MpPbne b clalithS & $6, \ﬁﬁ&%ﬁﬁy{%oiﬁe%%eo”e
prepar ed by:

of claims 1-11, wherein the catal yst ‘conposition Is
i )contacting zSwysthesis ¢atalyst isHCoecemprisimg suppdrted oatalyshypreferiably sol ubl e

| t f ML, | | [t f P d ph i idto.nodif i ZSM 5
SthoMe Ve ang SEEed o gl 9 bR Hans RUBR Rz R e e by aol | 1o
in an oxygen- CgrpO/AbOFconPRSPREERaRSEE TudZitYMATLEsHphbihg cAfalyst; Cf-

oxygenat e-conpri si ng feedstream 13. "The process according to claim12,
wherei n t he ZSMENQEgrPseomprigingeatalyst CuéZedndempasingetdtalyst;in clai m 4

prior to cont aCP‘WZ“@Aéﬁ'g%@@E%@ ‘EaYﬁli&HSﬁ‘&c‘UO/%EﬁAEw’éib‘;’f‘s conpri si ng

soluble salts o I'C atl
comprising catalyst.

12.  Process according to any one of claims 1-11, wherein the catalyst
composition is prepared by:

i) contacting ZSM-5 zeolite with one or more solutions comprising
soluble salts of Mj, soluble salts of M, and phosphoric acid to
modify said ZSM-5 with M, M, and P; and

(i) drying and calcining the modified ZSM-5 zeolite in an oxygen-
comprising atmosphere

prior to contacting with an oxygenate-comprising feedstream.

13.  The process according to claim 12, wherein the ZSM-5 zeolite is mixed
with the binder as defined in claim 4 prior to contacting the ZSM-5 zeolite
with one or more solutions comprising soluble salts of M;, M, and

phosphoric acid.



