WO 2010/019595PCT/US2009/053432 INTEGRATED PROPYLENE PRODUCTION BACKGROUND
OF DISCLOSURE Field of the Disclosure [0001]JEmbodiments disclosed herein relate generally to the
processing of a C3 to C6 hydrocarbon cut from a cracking process, such as steam or fluid catalytic
cracking, primanbidetconversion of C4 olefins to propylene via metathesi. BeKgrd6#32100021In
typical olefin plants, such as illustrated in U.S. Patent No. 7,223,895, there is a front-end demethanizer
for the removal of methane and hydrogen followed by a deethanizer for the removal of ethane,
ethylene and C2 acetylene. The bottoms from this deethanizer tower consist of a mixture of
compounds ranging in carbon number from C3 to C6. This mixture may be separated into different
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primarily for conversion of C4 olefins to propylene via metathesis.
Background

[0002] In typical olefin plants, such as illustrated in U.S. Patent No. 7,223,895, there is a
front-end demethanizer for the removal of methane and hydrogen followed 'by a
deethanizer for the removal of ethane, ethylene and C, acetylene. The bottoms from this
deethanizer tower consist of a mixture of compounds ranging in carbon number from C;
to Cs. This mixture may be separated into different carbon numbers, typically by
fractionation.

[0603] The C; cut, primarily propylene, is removed as product and is ultimately used for
the production of polypropylene or for chemical synthesis such as propylene oxide,
cumene, or acrylonitrile. The methyl acetylene and propadiene (MAPD) impurities must
be rernoved either by fractionation or hydrogenation. Hydrogenation is preferred since
some of these highly unsaturated C; compounds end up as propylene thereby increasing
the vield.

[0004] The C4 cut, consisting of C,4 acetylenes, butadiene, iso- and normal butenes, and
iso- and normal butane can be processed in many ways. A typical steam cracker C, cut
contains the following components in weight %:

Table 1. Typical C4 cut components and weight percentages.

Cs Acetylenes Trace
Butadiene 33%
1-butene 15%
2-butene 9%
Isobutylene 30%

Iso- and Normal Butanes | 13%




WO 2010/019595PCT/US2009/053432 The components in a refinery or FCC based C4 cut are similar,
with the exception that the percentage of paraffins are considerably greater. [0005]Typically, the
butadiene and C4 acetylenes are removed first. This can be accomplished by either hydrogenation or
extraction. TH® pgditidsfom butadiene and C4 acetylene removal is desigfatestRafiaie |. If
extraction is employed, the remaining 1- butene and 2-butene remain essentially in the same ratio as
that of the initial feedstock. If hydrogenation is employed, the initial product from butadiene
hydrogenation is 1-butene. Subsequently, hydroisomerization occurs within the same reaction system
changing the | -butene to 2-butene. The extent of this reaction depends upon catalyst and reaction
conditions within the hydrogenation system. However, it is common practice to limit the extent of
hydroisomerization in order to avoid "over hydrogenation" and the production of butanes from butenes.
This would reprEkeeRanesE6ibatehiasedtoEkRed Swiisrsanny seraiibrise THemivrdesthemaining in
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creating capacity limitations. The reaction utene wit ylene is a SO non-productive. However, it
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and a co-mixed double bond isomerization catalyst, the butadiene must be removed to a level of less
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itself can toleratehptarienerigatermie QAP BROWINEAB] PoeaLantmsan isobutylene removal
step is employed prior to metathesis. Options include reacting it with methanol to produce methyl

tertiary bilty’éther (MTBETSPEEFREIMGHE S5y RIT8 W5 HE BRRASC L PASHINAESY8.S. Patent
No. 6,358,482 direidess thestenhewvak ofdis ol tytehefkamothetBAenrixitde latiatetosmatathmsiss. WO
2010/019595PCT/U52009/053432 This scheme is further reflected in U.S. Patent Nos. 6,075,173 and .
5,898,091. U.S. Patent No. 6,580,009 discloses a process for the production of propylene and hexene
from a limited ethylene fraction. For molar ratios offethylene to butenes (expressed as nbutenes) from
0.05 to 0.60, the inventors utilize a Raffinate Il stream as the C4 feedstock. [0009] The typical
metathesis process takes the Raffinate | feedstock and removes the majority of the isobutylene via
fractionation, as described above to form a Raffinate Il. In this step, the isobutene is removed as well
plus some quantities of normal butenes, dependent upon the fractionation conditions. The Raffinate Il
is then admixed with ethylene, passed through guard beds to remove poisons, vaporized and

preheated and fed to the metathesis reactors. The operating conditions are typically 300C and 20 to
20 har nreccrire The reactor effliient followina heat recnveryv ic then cenarated in 2 frarctinnation



WO 2010/019595PCT/US2009/053432 butene to 2-butene with known isomerization catalysts and
thus increasing the volatility difference. This technology combines conventional fractionation for
isobutylene removal with hydroisomerization within a catalytic distillation tower. In U.S. Patent No.
5,087,780 toWIgerRie 2-butene is hydroisomerized to 1-butene as th&§ra&tdMitidaétcurs. This
allows greater than equilibrium amounts of 1-butene to be formed as the mixture is separated.
Similarly, 1-butene can be hydroisomerized to 2-butene in a catalytic distillation tower. In separating a
C4 stream containing isobutylene, 1-butene, and 2-butene (plus paraffins), it is difficult to separate
isobutylene from 1-butene since their boiling points are very close. By employing simultaneous
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new products atecfoeriratiom haaluyie Unmeativeissieaittiotisigrdcu the diffstberiy a3 flly
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2-butene + ethylene -k 2 propylene (Conventional Metathesis) Fully Productive Fast 100 100 2
1-butene + 2-butene -? Propylene + 2-pentene Fully Productive Fast 50 50 1-butene + 1-butene ->

Ethylene + 3-hexene Half Productive Slow 0 0 4 Isobutylene + Ethylene ---?
WO 2010/019595 PCT/US2089/053432

This scheme is further reflected in U.S. Patent Nos. 6,075,173 and 5,898,091, U.S.
Patent No. 6,580,009 discloses a process for the production of propylene and hexene
from a limited ethylene fraction. For molar ratios of ethylene to butenes (expressed as n-
butenes) from 0.05 to 0.60, the inventors utilize a Raffinate I stream as the C; feedstock.

[0009] The typical metathesis process takes the Raffinate I feedstock and removes the
majority of the isobutylene via fractionation, as described above to form a Raffinate 1.
In this step, the isobutene is removed as well plus some quantities of normal butenes,
dependent upon the fractionation conditions. The Raffinate 11 is then admixed with
ethylene, passed through guard beds to remove poisons, vaporized and preheated and fed
to the metathesis reactors. The operating conditions are typically 300°C and 20 to 30 bar
pressure. The reactor effluent following heat recovery is then separated in a fractionation
system. First the ethylene is recovered overhead in a first tower and recycled to the
reactor system. The tower bottoms are then sent to a second tower where the propylene
is recovered overhead. A side draw is taken containing the majority of the unconverted
C, components and recycled to the reactor. The tower bottoms containing the Cs and
heavier products plus Cs olefins and paraffins are sent to purge. The purge rate is
typically fixed to contain sufficient Cs paraffins to avoid their buildup in the reactor
recycle stream. In some cases, a third tower is employed on the tower bottoms stream to
separate the Cyq components overhead and the Cs and heavier components as a bottoms
stream.

[0010] U.S. Patent No. 6,271,430 discloses a two-step process for the production of
propylene. The first step consists of reacting 1-butene and 2-butene in a raffinate I
stream in an auto-metathesis reaction to form propylene and 2-pentene. The products are
then separated in the second step. The third step reacts specifically the 2-pentene with
ethylene to form propylene and l-butene. This process utilizes the isobutylene free
raffinate Il stream. The pentenes recycled and reacted with ethylene are normal pentenes
{2-pentene).

16011} Isobutylene removal from the Cy stream can also be accomplished by employing a
combined catalytic distillation hydroisomerization deisobutyleneizer system to both

remove the isobutylene and recover n-butenes at high efficiency by isomerizing the I-



No reaction Non- productive No Reaction -- 5 1-butene + ethylene -, No reaction Non- productive No
Reaction 6 Isobutylene + 2-butene -. Propylene + 2-methyl 2-butene Fully Productive Fast 50 100 7
Isobutylene + 1-butene -r

WO 2010/019595 PCT/US2009/053432

butene to 2-butene with known isomerization catalysts and thus increasing the volatility
difference. This technology combines conventional fractionation for isobutylene removal
with hydroisomerization within a catalytic distillation tower. In U.S. Patent No.
5,087,780 to Arganbright, 2-butene is hydrotsomerized to 1-butene as the fractionation
occurs. This allows greater than equilibrium amounts of 1-butene to be formed as the
mixture is separated. Similarly, 1-butene can be hydroisomerized to 2-butene in a
catalytic distillation tower. In separating a C,4 stream containing isobutylene, 1-butene,
and 2-butene (plus paraffins), it is difficuit to separate isobutylene from 1-butene since
their boiling points are very close. By employing simultaneous hydreisomerization of the
I-butene to 2-butene with fractionation of isobutylene, isobutylene can be separated from
the normal butenes at high efficiency.

[601Z] The metathesis reaction described above is equimolar, i.e., one mole of ethylene
reacts with 1 mole of 2-butene to produce 2 moles of propylene. However,
commercially, in many cases, the quantity of ethylene available is limited with respect to
the quantity of butenes available. In addition, the ethylene is an expensive feedstock and
it is desired to limit the quantities of ethylene used. As the ratio of ethylene to butenes is
decreased, there is a greater tendency for the butenes to react with themselves which
reduces the overall selectivity to propylene.

[0013] The metathesis catalysts and the double bond isomerization catalysts are quite
sensitive to poisons. Poisons include water, CO,, oxygenates (such as MTBE), sulfur
compounds, nitrogen compounds, and heavy metals, It is common practice to employ
guard beds upstream of the metathesis reaction system to insure the removal of these
poisons. It does not matter if these guard beds are directly before the metathesis reaction
system or further upstream as long as the poisons are removed and no new poisons are
subsequently introduced.

[0014] Metathesis reactions are very sensitive to the location of the olefin double bond
and the stereo-structure of the individual molecules. During the reaction, the double
bond on each pair of olefins adsorb on the surface and exchange double bond positions
with the carbon groups on either sides of the double bonds. Metathesis reactions can be

classified as productive, half productive or non-productive. As described above, non-



ethylene + 2-methyl 2 pentene Half productive Slow 0 0 [0016]In conventional metathesis, the focus is
to maximize reaction 1 to produce propylene. This will maximize the selectivity to propylene. As such,
excess ethylene is used to reduce the extent of the reactions of butenes with themselves (reactions 2,
3, 6, and 7). WaeéuH¥gRetital ratio is I/1 molar or 0.5 weight ratio of ethyle R #EUSG0EAESDUL it is
common in conventional metathesis to employ significantly greater ratios, typically, 1.3 or larger molar
ratio to minimize reactions 2, 3, 6 and 7. Under conditions of excess ethylene, and due to the fact that
both isobutylene and I-butene do not react with ethylene (see reactions 4 and 5), two process
sequences are employed. First, the isobutylene is removed prior to metathesis. If isobutylene is not
removed, it will DLl 4 a?eéﬁl‘fo%?‘&:%&ﬁ%na’é%sr%% ed {0 achiey %aﬂiﬁga%ﬁ/!%ég: SERARYnd-BylisRe is
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potential production %k%@é’éﬁ'@”ﬁ]%VSREE‘.erﬁé?’?é‘a%E% %?1%%%%%9%7 AheRyBerG i imied orfp fresh
ethylene (or excesscbutylene for the ethylene avaﬁable), there are currently two options available for
propylene prod@egiificip elssubessés ahdlispwgienvwinearsione mblrl tmeolisbivgy eadeliang #ien process
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selectivity resultg, in 'Sé’g&{o%}’%%%“t E}%ﬂ&&‘éﬁﬂf? ’}é;oet?dgﬂ%lcﬁ?%%msape% EMAH@%U%‘QH‘HEW as a
result of the removal of isobutylene (to low levels but not necessarily zero). Alternately, the molar flows
of ethylene andispdepie srsdRrps i dieh saioysimprhetier s e pssprsHa Hrogutees haitidis where

there is a high sgleriivity RhHISNEIHRIBURRSH: RIRRY In0euidEaasiiam)l . By lmilingnbeHow of
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[0018]Pentenes SHEXERTS HAVEHLE RS TS AL L 8D RIE B GRE R A EoNVeITiRdl e titidSis case
with low ethylenbewasteactions 2 and 3. The volume of these components will depend upon the
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ethylene, reactiofeT Gk JERRH-YRNT kG e Hifn RESTHRACL R IRISEEET ARy NS AIRTRERNy thdgms
non-selective bypvodedts, the nterias aftichexaasy Ninsbtihdepe rged Xromeihéreysient)[fOH0IEE S. Patent
No. 6,777,582 diclopes M@%‘?&&&%@E the &gi&ﬁ%‘?taﬁ*&xﬁﬁ{% QL QIglins {8 RigLuee Rrapylgne and

hexene. Therein, auto-metathesis of a mixed normal butenes feed In the presence of a metathesis

catalyst operate8athose s dihfian &l thesredgifntoseapion 11 gho 5 el b 599609053432
the metathesis reagtal. fema Tactioneidherdhutepafead siaymatsameszedioniridemnesand the

1-butene formed plus the 1-butene. in the feed react rapidly with the 2-bytene to form propylene and

2 pentone. The fAUSTTSIS AT AREL T SR TR BN B0 55 hERE Toviey TR eactor
with unreacted beteriestacimultanbsustydiosth sduktionalmbpytend anddenens Jaed3ahexane formed
in the reaction rggy e, ISQmerized,10 L= Nexeny 092010 Sy BARRL NG, FoldéiSWB.aHY ISR and

hexene-1 are produced from butene-1 by metathesis of butene-1 and isomerization of the hexene-3
produced thereily b ¥56XeHdatrheeRsas i B rdarsamnKEButene stream wherein butene-1 is
isomerized to butene-2 with isobutylene being separated therefrom, followed by isomerization of
butene-2 to butene-1, with the butene-1 being the feed to the metathesis. [0021]In U.S. Patent No.
7,214,841, the C4 cut from a hydrocarbon cracking process is first subjected to auto-metathesis prior
to any isobutylene removal and without any ethylene addition, favoring the reactions which produce
propylene and pentenes. The ethylene and propylene produced are then removed leaving a stream of
the C.sub.4's and heavier components. The C.sub.5 and heavier components are then removed
leaving a mixture of 1-butene, 2-butene, isobutylerfe, and iso- and normal butanes. The isobutylene is
next removed preferably by a catalytic distillation hydroisomerization deisobutyleneizer. The
isobutylene-free C4 stream is then mixed with the product ethylene removed from the auto-metathesis
product together with any fresh external ethylene needed and subjected to conventional metathesis
producing additional propylene. [0022] Another use of the Cei olefin stream is as a feedstock to an
olefin cracking process, where the olefins are reacted with themselves over a zeolitic catalyst to

produce a mixture comprising ethylene, propylene, and aromatics (such as benzene). Similar to the
metathecic nrocace the naraffine are inart in thice erackina nrocece and miiet he removved from the



WO 2010/019595PCT/US2009/053432 The cracking reactor system operates at relatively low
pressure to avoid fouling of the catalyst in the cracking reactor. In order to reduce the energy costs
due to refrigeration in the subsequent separation system, the pressure is typically increased to
pressures olVihatdpda?8f 12 to 25 barg. This allows the subsequent fractReiETRLpERBAS L0 Utilize
cooling water instead of refrigeration in the overhead condensation step. The compression effluent is
then sent to a separation system where the ethylene and propylene are recovered along with an
aromatics stream. The ethylene and propylene is recovered overhead in a first tower. Unlike
metathesis, these products contain sufficient quantities of ethane and propane that additional
purification of this stream is necessary. This ca Eﬁﬁze%c_complished by additional fractionation or by
utilizing trerecovery systemof anmradjacent facility such as anotefins Rigntol frertowgl hagtoms
containj C4, G5 and C6+ paraffins and arornatics. This is sent to a segangd r. $he.gvpihead is a
C4/C5 stré®m and the high§fBmatic C64-|stredifds the bdttns pr 6t§fﬁlvé unegnyeidgd €4 and
C5 products are typically recycled. The cragking process can handle i5@)and nopadolefins with
equivalent efficiency.slipereshoigred to remove %E)butylene for example from the feed to maximize
propylene production. [0D3d}A\detlescribed v uE ere is consyderable inperest in the ypocessing of
C4, C5,.and heavigionlefinstaetastbegioduce ]i?gdﬁ'%'rvglefins, such as propylenel Accordingly, there
exists a sigpificant fideckferpldossgses-that may¥eBult in[the ar&)duc:tion gf high purity %bopylene from
such olefin-containifep downeost andeiuasivergy. SUMMARY OF THE|DISCLOSURE
[0024]In one aspecﬂ:@ﬁﬁvedimbm@ld'rstloseE hefli relate tq;g process fgy the productipn of
propylene, thel proce& B didd eketionating @Eiscarhon stream comprising nbutenes
isobutyleng, apd PaPEMiHENRo BRSO fractiDlf@inclUding™ light C4 fraction comprising isbbutylene
and a heawy-C ion - Y 'HCﬁH?nffhg@,aF‘W’ﬂn ting-at leastla portion of the heavy
C4 fractionswith a miaea i”se@é?&ﬁ%ffo form a Aiethesi p}\éﬂjuct comprising ethylene, propylene,
C4-4 olefins;-and-patafh ‘Qrﬁﬁqﬁqﬁnaﬁn" thel-rhed Eﬁgg?s oro8tfii%he-atleast fout-fractions-ine uding an
ethylene frécti Dri,rz]a; ‘%@ﬁé,jne_% ;c,f@%ugm%fl f@({:}j@@'_&gﬁr prisiags C4| olefiri® and paraffiri) andla C5-

1

S

()

fraction;-cracking nafLCATe -é-’ﬁlé%l,‘u the-CH; fraction-to produce-acrackingproduct—-We
2010/019595RCT. '5%125’ é’/ﬁ%@ﬁ% ﬁglmgsin%% ne, prapykene; and Weavier; hydro€arbons; and
fractionating the tracking producCtinto at feast two fractions inctuding a tight fractiormcomprising
propylene and a fraction comprising C5 to C6 hydrocarbons. [0025]in another aspect, embodiments
disclosed #et8in relatdtocanyFatend feretHEwOAREISFET profyIBARItHE Braceds indudisguedntacting
a mixed-C4 streabpgenapriginds-nHouienaseisebdidranayangrakadias withanmetathesis catalyst
whereby auto-met%t?esig occyrs ir%cILtJdiin the r-%.actio?gftisoblﬂl}?rée with n-butenes tf%frgrm an
auto_—metathesisuf)eroo?f:? @S%pﬁsﬁ)ﬁﬁnetﬁy e%é?aﬁrlé)ﬁﬁlgneygﬂﬁsheavf ?%Fg}?’% iﬁ%ﬁ%‘fﬂ@ Pe%tcted
isobutylene andapdraffitibe figctionatingithe Hitoahetatidsiscigudutt infetby lwasofotufeactibus
including an ethylgne fraction. JRIQRYIGNGHAFHAN @ Q@Jﬁ%ﬁi@@%%&ﬂeﬁf?ﬁﬁ&“t 68{&23‘1?,!”9

n-butenes, isobutylene, and paraffins; fractionating the on into"at least two fractions including
a light C4 fractidrgﬁmgiﬁ@ﬁwwewawa 1KaShRPEZ RabHBA CoMpifdirenALiRRRABEXER paraffins;
contacting at leagtydepgriindot enbeavyadbracioruanehetndaenaimithd mnetaibesimcatalyst to form a
metathesis pro uct co risiggae& Ietr‘}]e, rocpeglene eC4-elr olefins ?ndcpaaﬁinaifee int Ithe metathesis
product to the FIACIORSHNG the' AUa:MatRha S Srodtit cre kMBI e ceE I o Bisau de a
cracking produceueiptisiig &thykeatkesprogylsabyairdd savigrhpdrodarbons barld fraetidhating the
cracking produchipto.at Jeastte ragtinesdnshiding e ight fictigncRnprising-REaRyengapd a
fraction comprising C5 to C6 hydrocarbons. [0026]Other aspects and advantages will be apparent
from the followiRy dsLesiBEch SN tReap pErBRF o< B siER B RS oRIPFIBN GfDrARIGS
[0027]Figure 1 iwighdmplifiath@iocess fovindiagiamhef aaplogessifastiuate cirg-pIapmienpareaording to
embodiments disclpsed herein. [0 igure. 2 is a simplified process flow. diagram of a process for
orodecing propy A SIS G Ao TR P Lotk T8 osEtnars 1 8o Rea
process flow didbgai pfsitiproderssiomprowd dmtepropyBne ducorlingiteg evtbodinrentstiisaliased
herein. [0030]F'&H{:ﬁnﬂtfﬁgai@%@l@w%&ftﬁec%’@f&%@e%eﬁmﬁ%sﬁﬁgﬁ&isaﬂngﬁrgr@&%r% Sisa
flow diagram of a comparative cracking process. WO 2010/019595PCT/US2009/053432




DETAILED DESCRIPTION [0032]In one aspect, embodiments herein relate to the processing of a C4
to C6 hydrocarbons to form lighter olefins, such as ethylene and propylene. In another aspect,
embodiments disclosed herein relate to the conversion of C4 to C6 olefins to ethylene and propylene
via an integrdt@ doeéxtivssis and cracking process. More specifically, emB6@EiEEMS Histibsed herein
relate to fractionation of a mixed C4 stream to form a light C4 fraction including isobutylene and a
heavy C4 fraction including 2-butene, metathesis of 2-butenes in the heavy C4 fraction, and the
subsequent cracking of a combined stream including the light C4 fraction and C5+ metathesis
products to produce propylene at high yields. [0033]In another aspect, embodiments disclosed herein

relate to the a“?dﬁ%?é%&?@}&%ﬁéﬁ%&ﬂl feq E:‘P,Cﬁ%XfXEQQUit ?Jhxégﬁﬁiégéowf reagion effiye

comprising ethylene, propylene, unreactedgg4 olefins, C4 paraffins and C5/C6 normal and iso-olefins.

In some embodimﬁi%dﬂwléﬁ@ﬂée HOtCPSIH GVedPHidTh ther s s ks ThErCALEE- ih&tdthesis reaction.
The reacjgpgiffuent is\shLitRGUORAIRSLQ SLaBVRLNIONE RENGREABRAPHARNISEE BIQHLIGHSyIERS

remaining effluent js subjected to continued fractionation to recover a C4 product overhead and a C5

d
and heavier stréXAiaiiRe BIF I TREENS dAh BHPREHORLEEL O CREREIPAGRPLE PACB &SFhprising
isobutylene and:igequienérsanghitoheaily G4 stieare chmipoisindanoatly ermaobedees argislormal
butane. The hegyy. ¢4 siisamysadmbed i elylens.and subigeled o, melaiiesis, 1ie products of
this metathesis reaction are mixed with the products of the first auto-metathesis reaction and go to the
common separatibissgdtenmSeghesiordthohthevabbiakielvier stbamatedyied thatseitraeiisghreactor

along with somegyiofihrmveatead fom theGliaglianaian iRwetskhe effefrom ihr cracking

reactor contains ethylene, propylene, and aromatics. [0034]In other embodiments, the light gases from
the cracking re&CREH Sy ??été‘gﬁt%ogﬂ?eagéga?’é]t'i%?&r%}&?%gﬁ%%{ﬂggfﬂ%@ﬁ%%myIn this
manner the ethyfépe prdduweeddriihe eigckingreeattion)sedienlway helausethtaardwide deditional
ethylene for the metathesis reaction, and feduce or ini zg&h gq}itir%q.ggg ey'% ene 035]The
mixed C4 feed %%ng%gsg_re%é ‘%8 dse’ﬁ) ??etregi{i matilopn%u%qegcs tltl)?_cﬁ,6+ Wydrloca(rggons,gluncﬁjf[ meg C4,C4
to C5, and C4 t6e08veladkispariistsioslavh laselpoit a1o\\roces20)p 29595 PAFes2085/083432 steam

cracker or a fluig satalytis Aeacking UinGled st Ohahielinen: vl acaon-seRMS £PPGnRY a
mixture of C4 olefins may also be used. h%??n C3, C5 and/or C6 cor?%onents are present in the feed,
n

the stream may BRYHE A AR TA ATt r&s eI S BriHENPEAEUROETRY RY'ES IR, BPRY A% @6 cut.
[0036]C4 compesnetits contRineishirithalfedibstrefimimayein otu detnhbedarhen s dlutandy ddabutene,
1-butene, 2-but !%qg same. embadimgnis, the mixed C4 feed is pretreated to provide
a 1-butene feeoB %?%%ggm%{ﬁﬁesis rltgact%lr% For example, when butadiene is present in the C4 feed,
the butadi@®tBinay be Rertroveduda soyer diperagio Arer fextred tionsamd e Enipb obimersniienphixed

ﬁu;enes feed fOHFé\f\Aiﬂﬂgs%r HaORHACHRN wﬂﬂmtaﬂaem@aré}y&i{me@ﬁﬁom rgqshib%}gm@czﬁdtﬁese i
ydroisomerization con itionﬁt convert 1-butene to 2-butene, with isQbutylene being separated from
L oo

a 2-butene stre&MMBYIACHEHAHH IR S YNASH R B"é&%ﬁ AL SH BAEREE Mbutene in
a subsequent stapréoC_ussda@ﬁeexﬂqto%ﬁsmé@thmsimpmﬁmbptm processebaiescosegiaerdin. _
[0037]The 1-Dujgpe MakRSD be caniasier Wina melaness Gaibst i aaY ek ahicasta portion of

the 1-butene to ethylene, propyléne, and C5 to C6 metathesis products. in some embodiments, the
1-butene may b¥&egisidsensatrdeneasiifediss aeriploip e rib BeRn elstarhagive Supptatssis
conventional metgihesise Whete fibene ixgariadumitnthachduiane jonthe: metathesisyieasior.
[0038]The metathesis reactor may operate gt a pressure between 2 and 40 atmqspheres in some
ermbodiments, FHOPSESCAH o BHED A BB SHET A BRATHEITS THE RGeS Fhactor may
be operated sudhinat thievieactioactem pekaturedsitiiin thehahiget frdmbababy B0C tonditolity600C;
within the range, fiam, aRout 200G 0. ABRY ARAGHIR Qther eRIPodiMeRLs.and.fom BRaiFRAC to about
400C in yet other embodiments. The metathesis reaction may be performed at a weight hourly space
velocity (WHSVinstseRange from about 3 to about 200 in some embodiments, and from about 6 to
about 40 jpeaidrer embodiments: 1003 ThesteactivrMay-be caier-outdi samastingdhaRIgfin(s) with

the metathesis catalyst in the liquid phase or the gas phase depending on structure and molecular
weight of the ol&fifi{d§e ﬁfﬁ?é’IF@S@ﬁsr??é%ﬁnﬂé%eﬁe&’iﬁ%ﬁf‘éﬁ%&ﬁﬁg B USROS Bitfaftdsst wo
2010/019595P GhYibiS20QU5F432 dathrerclactiysanpbatasedibblip hatietsgliitiaie dhayidedearbans, e.g.,
pentanes, hexanes, cyclohexanes, dodecanes and aromatic hydrocarbons such as benzene and
toluene are suitable. If the reaction is carried out in the gaseous phase, diluents such as saturated
aliphatic hydrocarbons, for example, methane, eth&ne, and/or substantially inert gases, such as
nitrogen and argon, may be present. For high product yield, the reaction may be conducted in the
absence of significant amounts of deactivating materials such as water and oxygen. [0040]The contact
time needed to obtain a desirable yield of metathesis reaction products depends upon several factors
such as the activity of the catalyst, temperature, pressure, and the structure of the olefin(s) to be
metathesized. Length of time during which the olefin(s) are contacted with catalyst can conveniently

vary between 0.1 seconds and 4 hours, preferably from about 0.5 sec to about 0.5 hrs. The metathesis
reactinn mav he condiicted hatehawice ar caontintintichy with fived catalviet hede <hiirried catalvet



[0041] The catalyst contained within the metathesis reactor may be any known metathesis catalyst,
including oxides of Group VIA and Group VIIA metals on supports. Catalyst supports can be of any
type and could include alumina, silica, mixtures thereof, zirconia, and zeolites. In addition to the
metathesis CataRME/GHE%Satalyst contained in the metathesis reactor may hediitheca*déissie bond
isomerization catalyst such as magnesium oxide or calcium oxide. In some embodiments, the catalyst
may include a promoter to reduce acidity; for example, an alkali metal (sodium, potassium or lithium),
cesium, a rare earth, etc. [0042]The effluent from the metathesis reactor may be sent to a separation
system to separate the metathesis effluent into carbon number groups by technology well known in the

art. For exampie g RIREUCIz Ol S8R SYale B NN I5 IR ELNIENT.ATS R, @ RrOPYIene

stream, a C4 stream, and a Cb+ sfream. The propylene stream may be recovered as a produc

stream, which nia§ B¥sd-brigaederropthelupifisitaneme ie paadeshisnsiaraighypuilibydsr dotueme froduct.

The C4 stream may peyaeyelac bachiehermataibesin eacior AsQiRRHER MR qiagensych as
isomerization or fracti\%]atio% The ethylene stream may be recovered as a product stream or may be

recycled back t&TRE NETBH1 HIG1OEGSIE T SPHT6 15 3usB i atulirn PRl o SR a4dan ethylene
feedstock for theropyleentiod denretathbisi SSrbactienfoltR4 3T ie: Coittiftaationbee toveneadresm separation
of the metathesjs, reactor effluent may be combined with isobutene, such as contained in a light C4
fraction resulting from pre-separation of a mixed C4 cut, and fed to a cracking unit to produce

additional@Rfiene anth pidpylaaet o sbiid eAtbodirtentendbieitondl Gorartiord@efidetons] such as
resulting from prg-fragiienalion oA GaaticHbdpARR Linthemelatheria Rulane-ieed npayalso be fed

to the cracking unjt. In the cracking unit, the mixed feed may be heated to a temperature in the range
of 150C to about THSAEIEHEBAITEEHALE tHa'ts Rters wyarataises Ry Sisperazahd
propylene, amohgaiher pitdicistYiereCiatkingepaaydde therdtome dalringdhgrmalesacking, steam
cracklng, catalyg&%a_%ggm% é”lﬁorﬂg'&%t{;%n tfé@lr 8{. IQh%Oe 8 ?W}%Od'e netsslé_the c;racklng is catalytic
and is performed in the presence of a crystall ine zeolific cataﬁys?. d4 e cracking reactor may
operate alfPrbssure bebhbdintranih 20 Hkbbpiiarés nsbme embbdiaents aidthpetweeni? and 110

atmospheres ingthergrmbodiments.d g kiackiRg eaci) MakkasreraiRdSush thakilie rrgction

temperature is within the range from about 150C to about 1000C; within the range from about 300C to
about 800C in dtteleafpitilinentey i fonreastaru siichoraetiise qoory iy idtReretbobiifments. The
cracking reactiogtiiylayche p eripriead phothe ddresenee efa-erystalling zeetiis catalystsib sormed
embodiments, 23,3 zeqliie calalysl.n-alet embpdiments, and i the presence of . 258 zeoliic
catalyst with a AT Fatio greater tha 50°n Some embodimen S, and a SNRENTR gregter than
200 in yet otherreriBEsdHehuc oG4 dobiighanth enst siskiaey reaotel wayebe Benistbuiydasaration
system to separgtenthe matathesiseiluens it carkapHMbatarguRs by desbnelegy:we!l gnown in the

art. For example, products from the cracking unit may include ethylene, propylene, C4s, C5s, Cos, as

oropyl
well as various O848 AR LS PRE LY 1585 L6 e SR dhEnSB R Rt E%Péﬁ‘}% %ﬁH}‘é‘Efuct or may
be recycled to themetdtiresisthe antorastahesihyerdedie edstbek fartthacdhsentioaabmatatbesis '
reaction. PropylgnaIIa AGIRSRNTISA AR A RIATHGLASAT IS MK Ai%a uRderge further

purification steps along with the metathesis propylene stream to obtain a ﬁlgﬁ puri y propylene
product. THEEU streadmatbyr bee cheld Pelik tocands 202 (red9696P @THLE2BOBI0BSNBR e

metathesis reaci@jora RESHEMMEN RRASGHRMEAN R RR MsiahesisRAs e pRiR NS SIAEKINg unit.

Similarly, the C5 and C6 fractions may be recycled to pre-fractionation, to the metathesis unit, or to the
cracking unit. [OFABIREEr AHBABErERHEYs AR eramrlifs, Sudeseribeyamsbve Simalrdsulbm
additional yield efeprbpylepe@sscam paretiie ataickin gnahivetathiag palane aD mexare plengraresses
according to embodiments disclosed herein may vield. 10% or more itional propylene, as compared
to metathesis 2}2?1'3;@3 A %?ﬁ%?ngtalgwg %r epysr/?%e%éyin gjt#érﬁea% togl{f)ﬁeaér[ijﬁ gr?g a%lga dﬁion%ltfﬁ %
propylene in yet'owieesnbddilitenes, Ne-cHIRPHEEE heshadhesibeatorle a/Miteverstivalynitttarinedgration of

metathesis and GrReliDT-MBY-IeEnD A SiailaramauntiohereRylanaPragductionndilg uaigga reduced
amount of ethylene feedstock. £0047 In some embodiments, both auto-metathesis and conventional

metathesis may*5& PEHERfel HesPERREHNE R R R PR Rl e RS e s WL Fpdekly utilized,
where isobutylepesnay trereactodwditiitheanoreakbiiteréBuandsisehutiene conyeesianssean reach 50
or 60%. The products from the reaction of isobutylene with I-butene may include ethylene and
2-methyl 2-pentene while the products with 2-butene may include propylene and 2-methyl 2-butene.
These auto-metathesis reactions may be used in c®mbination with a second conventional metathesis
reaction system and a modified fractionationfisobutylene removal sequence to result in a desired
production of ethylene and propylene from the entire butenes stream. [0048]In some embodiments, an
olefin feed to a conventional metathesis reactor may include essentially pure normal butenes. This can
be any mixture of 1-butene and 2- butene and may also contain C4 paraffins as a feed diluent. In
some embodiments, the isobutene content, based on a combined amount of olefins in the feed

mixture; may be less than 10%; less than 5% in other embodiments; less than 2% in other
oamhodimente: and lace than 104 in vt othar embodimente TOOAOTIN other embndimente ienhiitene



WO 2010/019595PCT/US2009/053432 the overall energy costs as the fractionation requirements are
reduced. This flexibility may advantageously allow for lower capital costs, due to the relaxed
separation requirements, as well as the potential for the integrated metathesis-cracking process
according toveersodinserits disclosed herein to operate with low or no netrstiEerswBasimption. In
some embodiments, a ratio of ethylene to butenes in a conventional metathesis reactor feed may
range from about 0.1 to about 2.5. In other embodiments, a ratio of ethylene to butenes in a
conventional metathesis reactor feed may range from about 0.8 to about 2.0; and from about 1.5 to
about 2.0 in yet other embodiments. [0050] Referring now to Figure 1, a simplified process flow
diagram of a progess for producing propylene according to embodiments disclgsgd herejn is
lustatedt A i AR B iAo oL ST TR BT areftig e et flow
line 10 to a fractitizsoinils whenagheaGas fmay dse Tractiordtedistgiatddasiwo fragioxsineluding a

light C4 fractiony, InglHding is QUENE s g A {asa)\txs&éef{él@ﬂﬂ9@%&@%&@%@&&5 edight C4
fraction may be recovered from fractionator 12 as an overhéads ft

action via flow line 14. Fractionator

12 may be eithéf&icfneiftihbigacihationsdiwer e syt e dienrtngi© W la s HF seabitation tower
wherein a catalygkds ilizaddp isRpataes in Miesete20buiRBeans hydsogenatekigadiane to 1- or

2-butene while sjmultanequsly separating the C4 stream into the light G4 and hea 4 fractions.
[0051]The hea\fﬁ@ nfrésct?g%nn‘?grﬁtpbtg r%co%?%%%s%%&t&%gr?@&ﬁo#\ﬁglﬁoﬁlﬂn%r%%% &4 to
metathes@s reactorvk8cd/ \thery u@@d,mthmmaémaydamcolﬁed etthyéaettapd&mipyfhmw i'sngscﬁ@ra@d/or 22.
Metathesis reactar8Jmay, ﬁ?ﬂt&l&_é?ﬂ%ﬁi@%%ﬁ%@és%@ie%%‘é&“&%ﬁk’H&E?c‘{%ﬁ?h%&{ﬁ%@s

auto-metathesis catalyst, with or without isomerization functionality, suitable for converting at least a
portion of the lifé&BRREREERPHHE tebiddtiambpwdhicaing ¢rtirpbere o RgsmPeddits%thylene and
propylene. [0052}&Hipemlran mrtahesiskeasiands saybefeghadflovedinge 26 dasnsegagation
system 28, which.may include, far example,. distijllation.apparatys for separating the efflyent into
carbon numberag}%?ffgé P %‘sl{mu%lf%tgﬁ ,msle%lg%ﬁ (?Aagﬁist%ﬂ]epgﬁw aléf ﬁ%@ﬁo%ﬁf@”fﬁ%:‘m%ﬁa?ﬁ%s? product
into at least foup_afr_a%i:imrasd_im@lmdﬁvg.aﬁfésr_iylﬁmetq@rmimﬁdgdmtiémwmﬂmﬁtﬁwia@ﬂ’@ydimgrﬁo, a
propylene-contgining fragtion seovered via flow ine g Ca dinerionecauaiedvipdiopdipe 34, and a
C5+ fraction recovered via flow WO 2610/019595PC_T1US 0091053432 line 36. The C5 fraction 36
may contain CAESHFABHEPIRAHY IR f6-C B snerak g v esivtpsickad fobeB) Aparidierahe C2
fraction recovergefviadhaneins 20nmerbenpyr gekfEammthgesy stermbadIiRubling:38 fok ke pyge from line
38 is utilized priigpari%}( t(f'> urge trace comEo}nents thattmay exist in the ethylene stream, including but
not limited to hycﬁ%lge?l,emeE SR&aka Ry }'enr?en.r?fjacégfpéd, at least a portion of the ethylene
recovere@diziflow line\SGanaipdicatecyckbeas etingidaeifiecdistiesfiavwhknede2stinmefath€sisandactor 18.
[0054] The C4 fraglionfero\aIadYiR %%ﬁl!ﬂ&eﬁ’gﬂtg@%yaﬁssr%ﬁx&'&dﬁﬁ%};g;%@h%f»a&o;sé%%g?f hgyia flow

line 40. In some embodiments, at least a portion of the C4 fraction may be recycled to fractionator 12
via flow line 41 .SHskomBesifboiRfSAtdORPTRsRssS poftiBi ofHE Cn haduediaiay BE Hekguritif
necessary, via figywliag 42T ARPUIgHMUanNaid2 raymsarvedenurae bd pasalfins from the system that
could otherwise build up to sub tial cle is increased to allow for high overall
conversion of the C4 olefins. TW@%&%&%@%n 30 and 60% paraffins as a
result of tagagrycle byildppREnarafiinsmitin he sysieR-iP0aalAthouab.0okIustalad. 488 C4

fraction recovered via flow line 34 may alternatively be fed to a downstream cracking unit, as
described belo RIOBE e TIGATeA  dRISAMECRRAMRT BB IO HMSW M PIRIME &5+ fraction
recovered via flbwichiae 36bmgledre ded paraftnachin gt UetitddoAdditonadlylnaddiianat CHranrdior C6
components, sugh a5 froam aiprerdractonalipn.of a-Co o8 et (el shown), may e fedada flow line
46 to cracking unit BN crack g unit 4?4, the R/ focarbons are subjécrf d'te e‘olevatéjéftempératures,
as described abvsvectipgridiathe pydioraribnsery Ydemipropylatid ameuthyteneamondother
components. [0QaZEffiyent from cragkingiminit4d may hedededa floy ling.48t0 a separatign system
50, which may include, for example, distillation apparatus for separating the effluent into carbon
number groups TeSSRALRE IS SRSHILRRS 5 AP Ut gt 1R 'cfatkiarpPaa R B 2 e SERARIS fractions,
such as a lightsifsagtiar: inekuding freopiylend andioheavydsaction ingluding cibaame, Gednydrocarbons,
for example. As.llustrated, separation system.50 may fractignate the cracking product into at least
three fractions, ff%% lﬁ(a}_h%r%% e ?/‘Ieeﬁn1 gf(g)’r%tgﬁr%} ﬁ%nﬁggﬁxéen%c%%%}%ndteigf oW I%gra'gﬁl,ng pm&&
propylene-containing fraction recovered WO 2010/019595PCT/US2009/053432 via flow line 54, and a
C4+ fraction recovered via flow line 56. If necessarg, the C4+ fraction may be further separated into a
04 fraction, a Cs to C6 fraction, and an aromatics fraction. A portion of the 04+ fraction may be
recycled to fractionator 12. Alternatively, a portion 58 of the C4+ fraction, such as C5 to 06
hydrocarbons, may be recycled to the cracking unit via flow line 60; in some embodiments, a portion of
the 04+ fraction, such as aromatics, may be purged via flow line 62. [0058]In some embodiments, the
ethylene-containing stream 52 may be to the



metathesis reaction system for reaction with the C4 olefins in metathesis reactor 18. In other .
embodiments the propylene in stream 54 may be admixed with the propylene in stream 32 to form
propylene product. In further embodiments, the separation system 50 may produce a mixed
ethylene/propygenmsiesaesm instead of separate streams 52 and 54. The nigedistmdena/propylene
stream could then be admixed with the metathesis reactor effluent 26 to utilize the common ethylene
and propylene fractionation systems within separation system 28 and thus reduce capital and utility
costs. 100591Referring now to Figure 2, where like numerals represent like parts, a simplified process
flow diagram of a process for producing propylene according to embodiments disclosed herein is
illustrated. In this embodiment, a mixed 04 feedstock 70 containing bath normal butenes and
isobutylene alorf§RETPa AR IsHOANE I 2R BemitRndaserbartof A igarieamipg ht f&adi¥he bed 74
of auto-metathegisdaatalystiGantacoatibehuinnesiand inohundene vwithhmayepietatagsis catalyst
may produce prop lene and.bothcn-tp(%ptgn _s/hebxenes and iso-pentenes/hexenes. Importantly, to the
extent that isobuty elﬁnecl%mﬁ’r%ss}lé%t, the <& cfﬁlcl%)r/ 8?“?’)‘ropylene from the n-butenes may be as high as
100%, as|@62%¥n in Tdblexhtharrtispecto thbaitenttprdsdced flamithecdattotnetathesis, fethiHene in the
auto-metathesi lue: ilahl e RVE ine 30, for inth nventional
metathesis un|t%%%%%%50%%%%g%lﬁ9§ﬁ%g%é%t %é%s’ (r%?é\eét%ﬁg e?ﬁi%?ﬁ%o%rétﬂ% %%? rﬂé athesis
reactor 72 may bbyegeidsnbuiiere re g e etr anthesirretalrs sibarhiemtosesedsis from
reactor 18 via flgy liagnéfidtsanaratiany it 28pRivaicinencahiRmBLBIBHrastiRns AsHrsssibed with
respect to Figure 1, WO 2010[0195}?& CTLUSZ%09/05343 0061]I{%}$eparatio, system 28, the C4
fraction contain88YE SEAFET Hie AHY 'SPt AR Har Afiths FMIIT iR BYE miRelGEEn Foarfe
composition hassbieapl eensidepatiifiaitefedidnetinthie reactinntahths plefing imtbenidgoinieiathesis
reactor 72. This,st | racti r.12. In fracti CA4 stream js separated into a
light C4 fraction%éﬁgl\%gﬁ({i}é%r% fﬁ%%ﬁ%&él%%ﬁ%&gé ?%%%tél?ﬁé%?% lGugt’e%:ng{aan ‘some
fraction of norm&r¥iife sestEnt s Srivdgsatasbutifens nedwredifactlsnstieesing it Fa finelirs and

containing primagily fosnelidtengsaRdnamma Buterecstieamy éaapaligmdanthenurgg af the
paraffins from the metathesis system. The heavy C4 fraggﬁl,n from fractionator 12 is directed to

metathesis reacto T8 ¢iTATHE LB PHAIS LE B T PR REGRRTRS o SRATACEIH e A RTEOSPE Mifne 22.
Note that since belang € fiastion ehtheGkel ofitls Haveateadicdiniauto-foetathesisteactondiRg a

considerably regg&gglﬁé%o&%gf] gtf};{]&gﬁ:&j& re(ggirggﬁgspeaggg%%%%%ﬁ%ﬁ%%%gZlﬁgtm%iggain an

equivalent ethylene/ es ratio for the metathesis reactor 1 action recovered from

separation unit 28 it doritiirfiselianéw e REtaneaPstith nselustd FHerkiag) tehissfridgsaiay be fed

to the cracring ﬁﬁa@ﬁf@é %fé@dhgep%&n@? &ffﬁﬁﬂi&@gj éﬁfyﬁ:@fr}@r&pﬂﬁﬂé stheaRnil am@mﬁgd,sgbstantial
amounts of C4 paraffins as is the case.for line 34. By employing.the metathesis reaction and by
producing C5 aRACESIEHE At RS BR RS HE T F SRS A o B Rae Bk RS Hon to
separate the pareffipssingmrtihelelefing pliecttonamtering ner fekingakabtiomtsystem 44. As discussed
above, th king reggti r st.emplo ompression step to
achieve e@gr%jnic sepg%%grﬁ%? %@i@%ﬁ%ﬁ%@%%ﬁ%ﬁ%ﬁg é?(?tlg‘rﬁl% g?’ Sgél é , %gnéire
contained in thetheeartpdsd ehdge. will significantly increase the compression utilities and capital cost.
As the unreacted olefins are repyeied paskdip therragking raaelor Maiine 60, the concentration of
paraffins will build up, and the compression debit increases dramatically. By integrating the metathesis
reaction d¥&th with thézereickiny resiowplifsdtemcebre Hewaffiiagrenn dfe effectirelyivemodedz the
higher pressure,of b IDeIAhESIS S%318 0% PR QWAGLY RS AS opposed to compressors, and thus the
overall utilities of thé system dramatically reduced. This is true for both the integration of Figure 1 and
the integrifB$bf Figulagire\do 21 siorbSos pestesy SEuoglias3ns 2o espasddecisedrtitrigure 1,
the ethylene streaspvia cnd@niNerp epmdenssit eameddfrermiseparation system 28 can be integrated
with the separation system for the autometathesis/metathesis reactor systems. [0064]In some
embodiméqo‘ﬁg?%here masBe ddditdrdRe ﬁdnﬁffg&%f%e%odfﬁﬁréaheédatd’fﬂ%eﬁlﬁgn?%ﬁﬁonator 12,
such as via flowpkiagy e8¢ ascopipasedetohatliofethe dBdlfeathentiring the system via line 70. It would be
character@%%éjlithis Stﬁe%rr% 5'0 co?ltain dhi gco?cecntrati(r)ar%% 01;Aoart ffins that would thus be purged via
line 77 prtor to ntering%e redcior 1847 éneﬁa?aﬁ(r)n Eéysfteem ik ]?ﬁeéséme embodiments, C5 and
heavier cé@idhents niagubesalavied tdizgmairt wittnthe anieedaCdfpgetiorsfed to fractionator 12.
Isopentenes formed in the auto-metathesis step could be subsequently reacted with ethylene in the
conventional metathesis reactor. Isobutylene woulghbe re-formed by reaction with feed ethylene and/or
product propylene. Note, however, that to the extent that the normal pentenes are allowed to pass to
the conventional metathesis, they react to form propylene and normal butenes which is a desirable
reaction. At this point, there is a mixture of n-butenes, isobutylene, and both iso and normal butanes
and some C5 and heavier material. [0066]In some embodiments, such as illustrated in Figure 3, the
mixed C4 stream 40, containing unreacted normal butenes (1-butene and 2-butene) and any

unreacted isobutylene, may be fed to a deisobutylenizer 80. Deisobutylenizer 80 may include, for
oavamnle a reactivve dictillatinon ecoaliimn 22 for conciirreant hvdroicomeaerization of 1-hiitene to 2-hiitenea



work has been performed, the Inventors do not present these examples in the past tense to comply
with applicable rules. [0070]For each of the simulation studies, the olefin feed is 100 kg/h. Mixed
butenes feed compositions include 15% isobutene mixed with n-butenes, and n-butane is not included
in the feed sALABLEEIFST the cracking simulations, isobutene is used as H&TCA2MBA5AR, 2-methyl
2-butene is used as the model feed for the iso-pentene, 2-methyl 2- pentene is used as the model feed
for the iso-hexene and 1-hexene is used as the model feed for n-C6 feed. [0071]For simulation of the
cracker, a conversion reactor is used. The product distribution for the olefin cracking is obtained from
"Cracking of pentenes to C2-C4 light olefins over zeolites and zeotypes: Role of topology and acid site

strength and concentration," Bortno§éﬁﬁtlﬂm§@%ﬁw: General, 287, 2005, 203-213. A
typical product distribution for the cracking réaction using as the catalyst is shown in Table 3.
The exanfd@yjrovidedrsdity thpetackigdinennehowiz -biltenao Ttﬁb|@r3cﬂ§@@f6f/ides4th6 Cs

correspondlng t|o stoi hat uId he use thec nvers Qn reactor |mulat|ng the
cracker. WO 2 gc&[ﬂé% e@/?)g 233 fanle” %‘ﬁ?%ﬁ:na %‘%"a’ dlﬁlrl u%ﬁ)n o tche cracking

reaction using zm@@@thélwm%her@nmm%mermwf g Peacighnsdthsth2ldngtente

Conversion: 85gopy(AMPANGAT RRIGEIIMHSeHRERJYRE DiskiBHIOR-00420) VRasalfiBgea§,38 Ethane

3 embodiments disclosed herein relate to fractionation of 2 mixed C4 stream to form a light
C, fraction including isobutylene and a heavy C, fraction including 2-butene, metathesis
of 2-butenes in the heavy C, fraction, and the subsequent cracking of a combined stream
including the light Cs fraction and Cs. metathesis products to produce propylene at high
yields.

[0033] In another aspect, embodiments disclosed herein relate to the auto-metathesis of
the Cs feedstock without ethylene to form a reaction effluent comprising ethylene,
propylene, unreacted Cy4 olefins, C, paraffins and Cs/C¢ normal and iso-olefins, In some
embodiments, isobutylene is not removed from the feedstock to that anto-metathesis
reaction. The reactor effluent is first fractionated to recover light ethylene and propylens
products. The remaining effluent is subjected to continued fractionation to recover a Cq4
product overhead and a Cs and heavier stream. The C4 overhead stream is fractionated to
create a light C, fraction comprising isobutylene and isobutene, and a heavy C4 stream
comprising mostly normal butenes and normal butane. The heavy C, stream is admixed
with ethylene and subjected to metathesis. The products of this metathesis reaction are
mixed with the products of the first auto-metathesis reaction and go to the common
separation system. Some or all of the Cs and heavier stream is fed to the cracking reactor
along with some or all of the overhead from the C; fractionation tower. The effluent
from the cracking reactor contains ethylene, propylene, and aromatics.

10034] In other embodiments, the light gases from the cracking reaction may be sent to
the separation zone of the metathesis reaction system. In this manner the ethylene
produced in the cracking reaction section may be used to provide additional ethylene for
the metathesis reaction, and reduce or minimize the required feed ethylene.

[0035] The mixed Cs feed to processes disclosed herein may include C; to Cg

hydrocarbons, including Ci, C4 to Cs, and Cy4 to Cg cracker effluents, such as from a
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2.55 Propane 2.5 2.13 n-Butane 2 1.7 Ethylene 8.5 7.23 Propylene 34 28.9 Butenes 35 29.75
1-butene 6.53 5.55 trans-2-butene

WO 2010/019595 PCT/IS2009/653432

steam cracker or a fluid catalytic cracking (FCC) unit. Other refinery hydrocarbon
streams containing a mixture of C4 olefing may also be used. When C;, Cs and/or C¢
components are present in the feed, the stream may be pre-fractionated to result in a
primary Cs cut, a C4 to Cs cut, or a Cy to Cy4 cut.

[0036] Cs components contained in the feed stream may include n-butane, isobutane,
iscbutene, 1-butene, 2-butene, and butadiene. In some embodiments, the mixed C, feed
is pretreated to provide a 1-butene feed for the metathesis reaction. For example, when
butadiene is present in the C4 feed, the butadiene may be removed via hydrogenation or
extraction. In other embodiments, the mixed butenes feed following or in conjunction
with butadiene hydrogenation may be subjected to hydroisomerization conditions to
convert I-butene to 2-butene, with isobutylene being separated from a 2-butene stream by
fractionation. The 2-butene stream may then be isomerized back to l-butene in a
subsequent step for use as feed to the metathesis portion of the processes disclosed
herein.

[6637] The 1-butene may then be contacted with a metathesis catalyst to convert at least
a portion of the l-butene to ethylene, propylene, and Cs to Cg metathesis products. In
some embodiments, the 1-butene may be subject to auto-metathesis, and in other
embodiments may be subject to conventional metathesis, where ethylene is co-fed with
the 1-butene to the metathesis reactor.

106038} The metathesis reactor may operate at a pressure between 2 and 40 atmospheres
in some embodiments, and between 5 and 15 atmospheres in other embodiments. The
metathesis reactor may be operated such that the reaction temperature is within the range
from about 50°C to about 600°C; within the range from about 200°C to about 450°C in
other embodiments; and from about 250°C to about 400°C in yet other embodiments.
The metathesis reaction may be performed at a weight hourly space velocity (WHSV) in
the range from about 3 to about 200 in some embodiments, and from about 6 to about 40
in other embodiments.

(0035} The reaction may be carried out by contacting the olefin(s) with the metathesis
cataiyst in the liquid phase or the gas phase depending on structure and molecular weight

of the olefin(s). If the reaction is carried out in the liquid phase, solvents or diluents for
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7.92 6.73 cis-2butene 6.11 5.19 isobutylene 14.44 12.27 Pentenes 5 4.25 + 15 1-pentene 2 1.7
2-methyl 2-butene -- 15 (unconverted feed) trans-2-pentene 2 1.7 cis-2-pentene 1 0.85

WO 2010/019595 PCTAIS2009/G53432

the reaction can be used. Aliphatic saturated hydrocarbons, e.g., pentanes, hexanes,
cyclohexanes, dodecanes and aromatic hydrocarbons such as benzene and toluene are
suitable. If the reaction is carried out in the gaseous phase, diluents such as saturated
aliphatic hydrocarbons, for example, methane, ethane, and/or substantially inert gases,
such as nitrogen and argon, may be present. For high product yield, the reaction may be
conducted in the absence of significant amounts of deactivating materials such as water
and oxygen.

[0640] The contact time needed to obtain a desirable yield of metathesis reaction
products depends upon several factors such as the activity of the catalyst, temperature,

- pressure, and the structure of the olefin(s) tb be metathesized. Length of time during
which the olefin(s) are contacted with catalyst can conveniently vary between 0.1
seconds and 4 hours, preferably from about 0.5 sec to about 0.5 hrs. The metathesis
reaction may be.conducted batch-wise or continuously with fixed catalyst beds, slurried
catalyst, fluidized beds, or by using any other conventional contacting techniques.

[0641] The catalyst contained within the metathesis reactor may be any known
metathesis catalyst, including oxides of Group VIA and Group VIIA metals on supports.
Catalyst supports can be of any type and could include alumina, silica, mixtures thereof,
zirconia, and zeolites. In addition to the metathesis catalyst, the catalyst contained in the
metathesis reactor may include a double bond isomerization catalyst such as magnesium
oxide or calcium oxide. In some embodiments, the catalyst may include a promoter to
reduce acidity; for example, an alkali metal (sodium, potassium or lithium), cesium, a
rare earth, etc.

[o042] The effluent from the metathesis reactor may be sent to a separation system to
separate the metathesis effluent into carbon number groups by technology well known in
the art. For example, the products of the separation system may include an ethylene
stream, & propylene stream, a Cy4 stream, and a Cs, stream. The propylene stream may be
recovered as a product stream, which may also undergo further purification steps to
obtain a high purity propylene product. The C4 stream may be recycled back to the
metathesis reactor or a pre-treatment stage, such as isomerization or fractionation. The

ethylene stream may be recovered as a product stream or may be recycled back to the
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flexenes 5 4.25 1-hcxene 0.4 0.34 2.15 1.83 trans-2-hexene cis-2-hexene 1.00 0.85 trans-3-hexene
1.10 0.94 cis-3-hexene 0.35 0.30

WO 2010/019593 PCTIUS2009/053432

metathesis reactor for use as an ethylene feedstock for the conventional metathesis
reaction.

[0043] The Cs, fraction recovered from separation of the metathesis reactor effluent may
be combined with isobutene, such as contained in a light C4 fraction resulting from pre-
separation of a mixed C4 cut, and fed to a cracking unit to produce additional ethylene
and propylene. In some embodiments, additional Cs and/or C; fractions, such as resulting
from pre-fractionation of a C4-Cy cut to result in the metathesis butene feed, may also be
fed to the cracking unit. In the cracking unit, the mixed feed may be heated to a
temperature in the range of 150°C to about 1000°C, sufficient to crack the Cs to Cq
hydrocarbons to form ethylene and propylene, among other products. The cracking may
be performed using thermal cracking, steam cracking, catalytic cracking, or a
combination thereof. In some embodiments, the cracking is catalytic and is performed in
the presence of a crystalline zeolitic catalyst.

[G044) The cracking reactor may operate at a pressure between | and 20 atmospheres in
some embodiments, and between 2 and 110 atmospheres in other embodiments. The
cracking reactor may be operated such that the reaction temperature is within the range
from about 150°C to about 1000°C; within the range from about 300°C to about 800°C in
other embodiments; and from about 450°C to about 600°C in yei other embodiments.
The cracking reaction may be performed in the presence of a crystalline zeolitic catalyst
in some embodiments, ZSM-5 zeolitic catalyst in other embodiments, and in the presence
of a ZSM-5 zeolitic catalyst with a Si/Al ratio of greater than 50 in some embodiments,
and a Si/Al ratio of greater than 200 in yet other embodiments.

10045} Effluent from the cracking reactor may be sent to a separation system to separate
the metathesis effluent into carbon number groups by technology well known in the art.
For example, products from the cracking unit may include ethylene, propylene, Css, Css,
Css, as well as various aromatics. Ethylene may be recovered from the separation system
as a product or may be recycled to the metathesis reactor as an ethylene feedstock for the
conventional metathesis reaction. Propylene may be recovered as a product stream,
which may also undergo further purification steps along with the metathesis propylene

stream to obtain a high purity propylene product. The Cq4 stream may be recycled back to
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Aromatics 5 4.2 Benzene 0.4 0.34 Toluene 2.1 1.79 ortho-Xylene 0.83 0.71 meta-Xylene 0.83 0.71
para-Xylene 0.84 0.71 [0072]Comparative Example 1: Baseline Conventional Metathesis [00731A
conventional metathesis process is simulated. Isobutene 400 in the C4 feed 402 is removed via
separator 404 Mbefaretitizesfeed is sent to the conventional metathesis reactei/Ve@03/053432
2010/019595PCT1US20091053432 406. Ethylene 408 is fed to metathesis reactor 406 at a rate to
maintain an ethylene to nbutene molar ratio at the inlet to the conventional metathesis reactor 406 at
1.8 (38.5 kg/h ethylene feed). An overall C4 utilization of 96% and an overall C2 utilization of 94% are
used to simulate the metathesis reactor effluent 410, which is subsequently separated into C2s 412,

C3s 414, Cis 4 and C5+ 418, with C2 and C4 purge and rec streams 420, 422, 424, and 426.
: 30 ° soyelp.stean

The details and Festte BFRd BARTAHER Lra GRam T T ABIE A e 08 SRR D It X 4NiLoHS 4 Kkg/h,

resulting solely frapkitigeusonvertiorizl tretathresis dtdstitenesaarig ettydedao pre-fractionation, to
the metathesis unit, or to the cracking unit. ‘

[0046] Integration of metathesis and cracking, as described above, may result in
additional yield of propylene as compared to cracking or metathesis alone. For example,
processes according to embodiments disclosed herein may yield 10% or more additional
prepylene as compared to metathesis alone; an additional 15% propylene in other
embodiments; and an additional 20% propylene in yvet other embodiments, as compared
to metathesis alone. Alternatively, the integration of metathesis and cracking may result
in a similar amount of propylene production while using a reduced amount of ethylene
feedstock.

[0047] In some embodiments, both auto-metathesis and conventional metathesis may be
performed. For example, an initial auto-metathesis step may be purposely utilized, where
isobutylene may be reacted with the normal butenes, and isobutylene conversions can
reach 50 or 60%. The products from the reaction of isobutylene with I-butene may
include ethylene and 2-methyl 2-pentene while the products with 2-butene may include
propylene and 2-methyl 2-butene. These auto-metathesis reactions may be used in
combination with a second conventional metathesis reaction system and a modified
fractionation/isobutylene removal sequence to result in a desired production of ethylene
and propylene from the entire butenes stream.

[0048] In some embodiments, an olefin feed to a conventional metathesis reactor may
include essentially pure normal butenes. This can be any mixture of 1-butene and 2-
butene and may also contain C4 paraffins as a feed diluent. In some embodiments, the
isobutene content, based on a combined amount of olefins in the feed mixture; may be
less than 10%; less than 5% in other embodiments; less than 2% in other embodiments:
and less than 1% in yet other embodiments.

[6049] In other embodiments, isobutene separation specifications in the pre-fractionation
stage may be relaxed, thus allowing some flexibility for ethylene feed to the metathesis
reactor. Tor example, feeding some isobutene, such as up to an isobutene concentration

in the mixed C4 feed of about 15%, to the metathesis reactor will allow the reduction in
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Table 4. Stream 402 400 408 414 420 426 418 Description Butene Feed Isobutylene Ethylene
Propylene C2 Purge C4 Pur e C5/C6 Purge Rate (kg/h) 100 15.75 38.5 112.4

WO 2010/019595 PCT/USZ009/053432

the overall energy costs as the fractionation requirements are reduced. This flexibility
may advantageously allow for lower capital costs, due to the relaxed separation
requirements, as well as the potential for the integrated metathesis-cracking process
according to embodiments disclosed herein to operate with low or no net ethylene
consumption. In some embodiments, a ratio of ethylene to butenes in a conventional
metathesis reactor feed may range from about 0.1 to about 2.5: In other embodiments, a
ratio of ethylene to butenes in a conventional metathesis reactor feed may range from
about 0.8 to about 2.0; and from about 1.5 fo about 2.0 in yet other embodiments.

{0050} Referring now to Figure 1, a simplified process flow diagram of a process for
producing propylene according to embodiments disclosed herein is illustrated. A mixed
C, stream containing n-butenes, isobutylene, and paraffins may be fed via flow line 10 to
a fractionator 12, where the C;s may be fractionated into at least two fractions, including
a light C4 fraction, including isobutylene, and a heavy C, fraction, including n-butenes.
The light C4 fraction may be recovered from fractionator 12 as an overheads fraction via
flow line 14. Fractionator 12 may be either a conventional fractionation tower or may be
a catalytic distillation fractionation tower wherein a catalyst is utilized to isomerizes 1-
butene to 20butene and hydrogenate butadiene to 1- or 2-butene while simulitaneously
separating the Cy4 stream into the light C4 and heavy C,4 fractions.

[6051] The heavy C, fraction may be recovered as a bottoms fraction via flow line 16
and fed to metathesis reactor 18. When used, ethylene may be co-fed to reactor 18 via
flow lines 20 and/or 22. Metathesis reactor 18 may contain one or more beds 24 of a
conventional metathesis or an auto-metathesis catalyst, with or without isomerization
functionality, suitable for converting at least a portion of the linear butenes in the heavy
C, fraction, with or without co-fed ethylene, to ethylene and propylene.

10052] Effluent from metathesis reactor 18 may be fed via flow line 26 to a separation
system 28, which may include, for example, distillation apparatus for separating the
effluent into carbon number groups. As illustrated, separation system 28 may fractionate
the metathesis product into at least four fractions, including an ethylene-containing
fraction recovered vial flow line 30, a propylene-containing fraction recovered via flow

line 32, a C4 fraction recovered via flow line 34, and a Cs+ fraction recovered via flow
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2.11 3.88 4.51 [0074]Example 1 [0075]A process similar to that illustrated in Figure 1 is illustrated.
The ethylene to n- butene ratio was held at 1.79. C4 and C2 utilizations of 96% and 94%, respectively,
are used to simulate metathesis reactor 18. No additional C4+ feeds are fed to cracker 44 via flow line
46, and crack€r B ErEFecycled to fractionator 12. The details and resulBSdUsa808iA38HA2IoON are given
in Table 5. The propylene produced is 128.2 kg/h, resulting from conventional metathesis and
cracking. Table 5. Stream 10 14 20 32 38 Description u B tene Feed Isobutylene Ethylene Propylene
C2 Purge Rate (kg/h) 100 20.73 40.5 117.2

line 36. The Cs fraction 36 may contain Cs components in addition to Cs and heavier
components.

JO53] A portion of the C, fraction recovered via flow line 30 may be purged from the
system via flow line 38. The purge from line 38 is utilized primarily to purge trace
components that may exist in the ethylene stream, including but not limited to hydrogen,
methane, and/or ethane. If desired, at least a portion of the ethylene recovered via flow
line 30 may be recycled as ethylene feed via flow line 22 to metathesis reactor 18.

10054] The C,4 fraction recovered via flow line 34 may be recycled to metathesis reactor
18 via flow line 40, In some embodiments, at least a portion of the C4 fraction may be
recycled to fractionator 12 via flow line 41. In some embodiments, at least a portion of
the C, fraction may be purged, if necessary, via flow line 42. The purge via line 42 may
serve to purge Cs paraffins from the system that could otherwise build up to substantial
levels as the recycle is increased to allow for high overall conversion of the Cy4 olefins,
Typically, stream 34 may contain between 30 and 60% paraffins as a result of the recycle
buildup of paraffins within the system.

j6055] Although not illustrated, the C; fraction recovered via flow line 34 may
alternatively be fed to a downstream cracking unit, as described below.

10056) The light C4 fraction, including isobutylene, in flow line 14 and the Cs. fraction
recovered via flow line 36 may be fed 1o a cracking unit 44, Additionally, additional Cs
and/or C¢ components, such as from a pre-fractionation of a Cy4 to Cq cut (not shown),
may be fed via flow line 46 to cracking unit 44. In cracking unit 44, the hydrocarbons are
subjected to elevated temperatures, as described above, to crack the hydrocarbons to form
propylene and ethylene, among other components.

[6057} Effluent from cracking unit 44 may be fed via flow line 48 to a separation system
50, which may include, for example, distillation apparatus for separating the effluent into
carbon number groups. Separation system 50 may fractionate the cracking product into
at least two fractions, such as a lights fraction including propylene, and a heavy fraction
including Cs and C¢ hydrocarbons, for example. As illustrated, separation system 50 may
fractionate theé cracking product into at least three fractions, including an ethylene-

containing fraction recovered vial flow line 52, a propylene-containing fraction recovered
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211  Stream 42 62 52 54 54 + 32 Description C4 Purge C5/C6 purge Ethylene Propylene Total
Propylene Rajg; Gepled82 0.09 2.71 11.02 | PCT/US2009/053432

via flow line 54, and a Cg. fraction recovered via flow Line 56. If necessary, the Cas
fraction may be further separated into a C, fraction, a Cs to Cg fraction, and an aromatics
fraction. A portion of the Cy+ fraction may be recycled to fractionator 12. Alternatively,

a portion 58 of the Cy. fraction, such as Cs to Ce hydrocarbons, may be recycled to the
cracking unit via flow line 60; in some embodiments, a portion of the Cas fraction, such
as aromatics, may be purged via flow line 62.

[0058] In s6me embodiments, the ethylene-containing stream 52 may be to the
metathesis reaction s.ystem for reaction with the C,4 olefins in metathesis reactor 18. In
other embodiments the propylene in siream 34 may be admixed with the propylene in
stream 32 to form propylene product. In further embodiments, the separation system 50
may produce a mixed ethylene/propylene stream instead of separate streams 52 and 34,
The mixed ethrylene/propylene stream could then be admixed with ﬂ’le metathesis reactor
effluent 26 to utilize the common ethylene and propylene fractionation systéms within
separation system 28 and thus reduce capital and utility costs.

10059] Referring now to Figure 2, where like numerals represent like parts, 2 simpiified
process flow diagram of a process for producing propylene according to embodiments
disclosed herein is illustrated. In this embodiment, a mixed C, feedstock 70 containing
both norma! butenes and isobutylene along with paraffins is fed to an aute-metathesis
reactor 72 containing at least one bed 74 of auto-metathesis catalyst. Contact of the
butenes and isobutylene with the auto-metathesis catalyst may produce propylene and
both ﬁ-pentenes/ﬁexenes and iso-pentenes/hexenes. Importantly, to the extent that
isobutylene is present, the seleciivity of propylene from the n-butenes may be as high as
100%, as shown in Table 2. Further, to the extent produced from the auto-metathests,
ethyiene in the auto-metathesis effluent may be available for recycle via flow line 30 for
use in the conventional metathesis unit 18, -

10060] Following the auto-metathesis reaction, effluent from the auto-metathesis reactor
72 may be fed .via flow line 76 along with conventional metathesis effluent recovered
from reactor 18 via flow line 26 to separation unit 28, producing carbon number fractions

as described with respect to Figure 1.
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128.22 [0076]Example 1 indicates that an additional 14% of propylene may be produced over the
conventional metathesis process of Comparative Example |. The integrated process, including
cracking and metathesis, allows for additional processing of the isobutylene WO
2010/019598RCTIH8 28691053432 and C5/C6 products produced in the BoRkSAIYAaFHFktathesis to
produce additional propylene, resulting in reduced purge of C5/C6 materials from the process. The
cracker additionally produces a small quantity of aromatics (1.7 kg/h). 100771Example 2
[0078]Example 2 also simulates a process similar to that illustrated in Figure 1, where the recycle
stream from the cracker is sent back to the cracker via flow line 60, and no recycle from the cracker is

sent to fractionator 12, The ethylene to n-putene ratio.is maintained at 1.79. C4_and C2 utilizations of
0% and BB roapc PV AR RSETS Sn i TRET SOTE BELTT Lo AT £ oo are
fed to cracker é_hébm&i_ﬂmﬁmditdeigameqnd:cdé@tcia?@@lammwﬁled h@sfba@ni_ommidcmﬁiy‘ﬁtterdbthﬁs and
results of the sipulionaIsoRdIaIe f SRS ALRYSARAaENIsK 9 124, Kl agulind from

conventional metathesis and cracking. Table 6. Stream 10 14 20 32 38 Description Butene Feed
Isobutylene Ethijrstienpisplients @qugp@@q:g]a’gtetbﬁg@h)stream is separated into a light C4 fraction,

recovered via line 14 and containing unreacted isobutylene, isobutene and some fraction
of normal butenes and normal butane, and a heavy C4 fraction recovered via line 16 and
containing primarily normal butenes and normal butane. Stream 77 can allow for the
purge of the paraffins from the metathesis system. The heavy C; fraction from
fractionator 12 is directed to metathesis reactor 18 via line 16. This stream may be
admixed with ethylene via line 20 or line 22. Note that since a large fraction of the C4
olefins have reacted in auto-metathesis reactor 72, a considerably reduced amount of
ethylene is required to be added via lines 20 or 22 to maintain an equivalent
ethylene/butenes ratio for the metathesis reactor 18.

[0062] The Cs fraction recovered from separation unit 28 will contain pentenes and
hexenes (both iso and normal). This fraction may be fed to the cracking reactor 44 via
line 36, as described for Figure 1. This stream will not contain substantial amounts of C4
paraffins as is the case for line 34. By employing the metathesis reaction and by
producing Cs and Cg olefins from the reaction of the C, olefins, the process has used
reaction to separate the paraffins from the olefins prior to entering cracking reaction
'syétem 44, As discussed above, the cracking reaction system operates at low pressure |
and must employ a compression step to achieve economic separation of products
following the reactor. To the extent that paraffins are contained in the feedstock, these
will significantly increase the compression utilities and capital cost. As the unreacted
olefins are recycled back to the cracking reactor via line 60, the concentration of paraffins
will build up, and the compression debit increases dramatically. By integrating the
metathesis reaction system with the cracking reactor system, the parafiins can be
effectively removed at the higher pressure of the metathesis system, employing pumps as
opposed to compressors, and thus the overall utilities of the system dramatically reduced.

This is true for both the integration of Figure | and the integration of Figure 2.
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100 15.75 38.5 112 2.05 Stream 42 62 52 54 54 + 32 Description C4 Purge C5/C6 Purge Ethylene
Propylene Total Propylene Rate (kg/h)

WO 2010/019595 PCT/US2009/053432

[0063] As described for Figure 1, the ethylene stream 52 and/or the propylene stream 54
from separation system 28 can be integrated with the separation system for the auto-
metathesis/metathesis reactor systems.

[6064] in some embodiments, there may be additional fresh mixed C; feed introduced to
the system at fractionator 12, such as via flow line 78, as opposed to all of the Cy4 feed
entering the system via line 70. It would be characteristic of this stream to contain high
concentrations of paraffins that would thus be purged via line 77 prior to entering the
reactor 18 and separation system 28.

[¢0e5] In some embodiments, Cs and heavier components may be allowed to remain with
the mixed C4 fraction fed to fractionator 12. Jsopentenes formed in the auto-metathesis
step could be subsequently reacted with ethylene in the conventional metathesis reactor.
Isobutylene would be re-formed by reaction with feed ethylene and/or product propylene.
Note, however, that 1o the extent that the normal pentenes are allowed to pass to the
conventional metathesis, they react to form propylene and normal butenes which is a

“desirable reaction. At this point, there is a mixture of n-butenes, isobutylene, and both
iso and normal butanes and some Cs and heavier material.

j0066] In some embodiments, such as illustrated in Figure 3, the mixed C4 stream 40,
containing unreacted normal butenes (l-butene and 2-butene) and any unreacted
isobutyiene, may be fed to a deisobutylenizer 80. Deisobutylenizer 80 may include, for
example, a reactive distillation column 82 for concurrent hydroisomerization of 1-butene
to 2-butene and separation of the 2-butene from isobutylene, such as described in U.S.
Patent No. 5,080,780 and 7,045,669, which are each hereby incorporated by reference.

[6667] The following examples illustrate the unique and unexpected advantages of
integrating the metathesis reactor systems and the cracking reactor systems. The
integration may reduce the utilities for the cracking reactor system by reactively
separating the C4 paraffins from the C; olefins. Further the integration may allow for
similar or greater amounts of propylene to be produced from a mixed Cy4 stream with
similar or lesser amounts of valuable ethylene feedstock.

[0068] EXAMPLES
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3.78 0.53 3.12 12.62 124.62 [0079]Example 2 indicates that an additional 11% of propylene may be
produced over the conventional metathesis process of Comparative Example 1. As compared to the
flow scheme of Example 1, there is a 3% decrease in propylene production rate when the cracker
recycle is seWMbHieRAPME cracker. [0080]Example 3 [0081]The process dUrFi§tirdtiirIbizthis Example
is the same as for Example 1 with the following differences. The ethylene to n-butene ratio is
maintained at 1.0, as compared to 1.8 in Example 1, and about 50% of the isobutene in the mixed C4
feed is allowed to pass through fractionator 12 to conventional metathesis reactor 18. These feed
changes relax the specifications on the deisobutanizer upstream of the metathesis reactor. WO
2110/019 T/US2009/053432 Additionally, isabutepe is half as productive as, ethylene in
propylenﬁg'r%%iction @enfé@t‘ﬁgﬁﬁx\?v gfr%est rée%sf'tﬁ ing %%r%%gﬁr@p e&?é?ﬁﬂuﬁlm%fﬁﬂ%ﬁ%oglteene) may
be sent to crackeerithaddhdtovpdifieB6iichpiodeceradditionaichetitiolefimsimies dethd pantbnesults of the
simulation are gﬁxg@@@&bispﬁcmgIﬂfg}pylene produced is 117.1 kg/h, resulting from conventional

metathesis and cracKing. Table 7. Stream 10 14 20 32 38 Description Butene Feed' Isobutylene |
Ethylene IBf5i#lene For each of the simulation studies, the olefin feed is 100 kg/h. Mixed butenes

feed compositions include 15% isobutene mixed with n-butenes, and n-butane is not
included in the feed simulated. For the cracking simulations, isobutene is used as the Cy4
iso-olefin, 2-methyl 2-butene is used as the model feed for the iso-pentene, 2-methy! 2-
pentene is used as the model feed for the iso-hexene and 1-hexene is used as the model
feed for n-Cy feed.

10071} For simulation of the cracker, a conversion reactor is used. The product
distribution for the olefin cracking is obtained from “Cracking of pentenes to C,-C; light
olefins over zeolites and zeotypes: Role of topology and acid site strength and
concentration,” Bortnovsky et al., Applied Catalysis A: General, 287, 2005, 203-213. A
typical product distribution for the cracking reaction using ZSM-5 as the catalyst is
shown in Table 3. The example provided is for the eracking of 2-methyl 2-butene. Table
3 also provides the corresponding reaction stoichiometry that would be used in the

conversion reactor simulating the cracker.
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C2 Purge Rate (kg/h) 100 11.38 30.2 103.2 1.17 Stream 42 62 52 54 54 + 32 Description C4
Purge C5/C6 Purge Ethylene Propylene Total

WO 2010/019595 PCT/USZ009/033432

Table 3. A typical product distribution for the cracking reaction using ZSM-5 as the catalyst — 2~
Methyl 2-Butene Cracking

Feed: 2-methyl 2-butene | Conversion: 8§5%
Component Selectivity (%) | Product Distribution (wt.%)
Paraffins 7.5 6.38
Ethane 3 2.55
Propane 2.5 2.13
n-Butane 2 1.7
Ethylene 8.5 7.23
Propylene 34 28.9
Butenes 35 29.75
I-butene 6.53 5.55
trans-2-bytene 7.92 6.73
cis-2buiene 6.11 5.19
isobutylene 14.44 12.27
Pentenes .5 425+ 15
1-pentene 2 1.7
2-methyl 2-butene - 15 (unconverted feed)
trans-2-pentene 2 1.7
cis-2-pentene 1 0.85
Hexenes 5 4.25
1-hexene 0.4 0.34
frans-2-hexene 2.15 1.83
cis-2-hexene 1.00 (.85
trans-3-hexene 1.10 0.94
¢is-3-hexene 0.35 (.30
Aromatics 5 4.2
Benzene 0.4 0.34
Toluene 2.1 1.79
ortho-Xylene 0.83 0.71
meta-Xylene (.83 0.71
para-Xylene 0.84 0.71
[0072] Comparative Example 1: Baseline Conventional Metathesis
[0073] A conventional metathesis process is simulated. Isobutene 400 in the C; feed 402

is removed via separator 404 before the feed is sent to the conventional metathesis reactor
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Propylene Rate (kg/h) 3.99 0.01 3.39 13.9 124.62 [0082]The process conditions of Example 3 result
in a slight decrease in propylene production as compared to Examples 1 and 2. However, it is
important to recognize the added benefit of decreased ethylene consumption and less stringent C4
separations W0B3Ex&Dle 4 [0084]The process configuration for this EXAffilezigaessdme as for
Example 1 with the following differences. The ethylene to n-butene ratio at the entrance of the
conventional metathesis reactor 18 is adjusted so that there is no net ethylene consumption in the
process, Le., the amount of ethylene fed to the conventional metathesis reactor is the same as the
ethylene produced in the cracker. Additionally, as in Example 3, about 50% of the isobutene in the
raffinate is allowed tg,pass th to the conventional thesis reactor 18. The details and results
ot the simatiof e A A 1S SIS B £ Ba S RN AN o -
conventional métathe sislanchigrat KingnAMOROIO/CERBI SR B TIHSR00805 3498 2(Tlab@ BT Bgbam 10 14

2032 38 Descr%iﬁgnlé ﬁé&ﬁeAEle(ﬁgrall C; utilization of 96% and an overall C, utilization of 94% are
used to simulate the metathesis reactor effluent 410, which is subsequently separated into
Caos 412, Cas 414, Cys 416, and Csy 418, with C; and C, purge and recycle streams 420,
422, 424, and 426. The details and results of the simulation are given in Table 4. The
propylene produced is 112.4 kg/h, resulting solely from the conventional metathesis of

butenes and ethylene.

Table 4.
Stream 402 400 408 414 420 426 418
. Butene C; C; Cs/Ce
Description Feed Isobutylene | Ethylene | Propylene Purge Purge Purge
Rate (kg/h) 160 15.75 38.5 112.4 2.11 3.88 4.51
[0074] Example 1
[0075] A process similar to that illustrated in Figure 1 is illustrated. The ethylene to n-

butene ratio was held at 1.79, C, and C; utilizations of 96% and 94%, respectively, are
used to simulate metathesis reactor 18. No additional Cy, feeds are fed to cracker 44 via
flow line 46, and cracker Cys are recycled to fractionator 12. The details and results of
the simulation are given in Table 5. The propylene produced is 128.2 kg/h, resulting

from conventional metathesis and cracking.

Table 5.
Stream 10 14 20 32 38
_r Butene
Description Feed Isobutylene | Ethylene | Propylene | C, Purge
Rate (kg/h) 100 20.73 40.5 117.2 2.11
Stream 42 62 52 54 54 4+ 32
_r Co/Cy Total
Description | C4 Purge Purge Ethylene | Propylene Propylene
Rate (kg/h) 3.82 0.09 2.71 11.02 128.22
[0076] Example 1 indicates that an additional 14% of propylene may be produced over

the conventional metathesis process of Comparative Example 1. The integrated process,

including cracking and metathesis, aliows for additional processing of the isobutylene
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Isobutylene Ethylene Propylene C2 Purge Rate (KL h) 100 17.57 6.75 55.81 0.29 Scrnu 42 62 52
54 54 + 32 Description C4 Purge C5/C6 Pur e

WO 2016/019595 PCTIUS2009/453432

and Cs/Cs products preduced in the conventional metathesis to produce additional
propylene, resulting in reduced purge of Cs/Cs materials from the process. The cracker
additionally produces a small quantity of aromatics (1.7 kg/h).

16077] Example 2

10078] Example 2 also simulates a process similar to that illustrated in Figure 1, where
the recycle stream from the cracker is sent back to the cracker via flow line 60, and no
recycle from the cracker is sent to fractionator 12. The ethylene to n-butene ratio is
maintained at 1.79. C, and C; utilizations of 96% and 94%, respectively, are used to
simulate metathesis reactor 18. No additional Cq4. feeds are fed to cracker 44 via flow
line 46, and cracker Cys are recycled to fractionator 12. The details and results of the
simulation are given in Table 6. The propylene produced is 124.6 kg/h, resulting from

conventional metathesis and cracking.

Table 6.

Stream 10 14 20 32 38
. - Butene
Description Feed Isobutylene | Ethvlene | Propylene | C; Purge
Rate (kg/h) 100 15,75 38.5 112 2.05

Stream 42 62 52 54 54+ 32

- C5/Cq _ Total
Description ©  C, Purge Purge Ethylene | Propylene Propylene
Rate (kg/h) 3.78 0.53 3.12 12.62 124.62
[0679] Example 2 indicates that an additional 11% of propylene may be produced over

the conventional metathesis process of Comparative Example 1. As compared to the
flow scheme of Example 1, there is 2 3% decrease in propylene production rate when the
cracker recycle is sent back to the cracker.
(00801 Example 3 _
10081] The process configuration for this Example is the same as for Example 1 with the
following differences. The ethylene to n-butene ratio is maintained at 1.0, as compared
to 1.8 in Example 1, and about 50% of the isobutene in the mixed C, feed is allowed to

pass through fractionator 12 to conventional metathesis reactor 18. These feed changes

relax the specifications on the deisobutanizer upstream of the metathesis reactor,
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, Ethylene Propylene Total Pro ylene Rate (kg/h) 3.99 0.03 6.76 27.54 83.3 [0085]While Example 4
results in a lower propylene production, Example 4 provides the advantage of operating without the
need for an ethylene feed stream and with less stringent isobutylene separation specifications.
Examples 3¥RFUHNI8FAte the flexibility of processes according to embotiméiiddiseiéEed herein to
accommodate varied feed requirements suitable for both integrated and non-integrated refiners.
[0086]Comparative Example 2: Stand-Alone Cracker [00871Simulations are performed for a
stand-alone cracker, similar to that illustrated in Figure 5, utilizing different feeds for the cracker. The
feeds that are used include: a) C4 raffinate (representative of n-butene and iso-butene), b) 2-methyl
2-butene (representative, of iso-penten ).1-hexene (representative of n-hexene), and d) 2-methyl
-pentene (rop L B A a8 S o8 S B 05

where effluent B0atsesicuiaredis dagtnb duratlindeCT RleasiAttingihofdutadol mayheh sepirated to
produce a C2/G;{raction vl Giod GG fé%@ﬁ'c@gmiﬁ%ﬁﬂg%mﬂ_@? frectioniRlAqA-pattign of the

C4-C6 fraction may_be purged via flow line 512. The results of the simulations_of the above feeds a-d
are given in Tablé §MUASPSB/871 6898 PEY¢1 IS IB6Nt3ess pasiecyl is 117.1 ke/h, resulting

from conventional metathesis and cracking.

Table 7. :

Stream 10 14 20 32 38
Description BI?;ZSE Isobutylene | Ethylene | Propylene | C, Purge
Rate (ke/h) | 100 11.38 36 1032 117

Stream 42 62 52 34 34+ 32

.. Cs/Cs Total
Description | C, Purge Purge Ethylene | Propylene Propylene
Rate (kg/h) | 3.99 0.01 339 139 124.62
[0082] The process conditions of Example 3 result in a slight decrease in propylene

production as compared to Examples 1 and 2. However, it is important to recognize the
added benefit of decreased ethylene consumption and less stringent C, separations.

{0083] Example 4

[0684] The process configuration for this Example is the same as for Example 1 with the
following differences. The ethylene to n-butene ratio at the entrance of the conventional
metathesis reactor 18 is adjusted so that there is no net ethylene consumption in the
process, i.e., the amount of ethyiene fed to the conventional metathesis reactor is the
same as the ethylene produced in the cracker. Additionally, as in Example 3, about 50%
of the isobutene in the raffinate is allowed to pass through to the conventional metathesis
reactor 18. The details and results of the simulation are given in Table 8. The propylene

produced is 83.3 kg/h, resulting from conventional metathesis and cracking.
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Stream 502 506 508 510 512 Case Description Cracker Feed Ethylene / Propylene C4-C6Recycle
397.3 4.02 Aromatics 9.03 Purge C4-C6  a: C4 raffinate Rate (kg/h) 100 15.35/61.37

WO 2016/019595 PCT/USZING9/053432
Table 8.
Stream 10 14 20 32 38
Description B;;zge Isobutylene | Ethylene | Propylene | C; Purge
Rate (kg/h) 100 17.57 6.75 55.81 0.25
Stream 42 62 52 54 54 + 32
. Cs/Cs Fotal
Description | C; Purge Puree Ethylene | Propylene Propylene
Rate (kg/h) 3.99 0.03 6.76 27.54 83.3
[0085] While Example 4 results in a lower propylene production, Example 4 provides the

advantage of operating without the need for an ecthylene feed stream and with less
stringent isobutylene separation specifications. Examples 3 and 4 illustrate the flexibility
of processes according to embodiments disclosed herein to accommodate varied feed
requirements suitable for both integrated and non-integrated refiners. '

[0086] Comparative Example 2: Stand-Alone Cracker

[0087] Simulations are performed for a stand-alone cracker, similar to that illustrated in
Figure 5, utilizing different feeds for the cracker. The feeds that are used include:

a) C,raffinate (representative of n-butene and iso-butene),
b) 2-methyl 2-butene (representative of iso-pentene),

¢) 1-hexene (representative of n-hexene}, and

d) 2-methyl 2-pentene (representative of iso-hexene).

10088} The feed to cracker 500 is fed via flow line 502, where effluent 504 is calculated
as described above. The resulting effiuent 504 is then separated to produce a Cy/Cs
fraction 506, a C4-C; fraction 508, and an aromatics fraction 510. A portion of the C4-Cg
fraction may be purged via flow line 512. The results of the simulations of the above

feeds a-d are given in Table 9.
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b: 2-methyle 2 butene Rate (kg/h) 100 61.51 15.38/371.8 3.76 9.06 C. 1-hexene Rate (kg/h) 100
61.39 15.35/392.6 3.97 9.03 d: 2-methyl 2-pentane Rate (kg/h) 100 59.72 14.93 /

WO 2610/019595 PCT/US2009/053432
Table 9. )
Stream 502 506 508 510 512
Case .. Cracker | Ethylene/ | C4Cy . Cy-Cy
Description Feed Propyiene . Recycle Aromatics Purge
a: 15.35/
C, raffinate Rate (kg/h) 100 6137 3973 9.03 4.02
b: 15.38/
2-methyle 2 butene Rate (kg/h) 100 6151 371.8 9.06 3.76
c: 15.35/
|-hexene Rate (kg/h) 100 61.39 392.6 9.03 3.97
d: 1493/
2.methyl 2-pentane Rate (kg/h) 100 5077 350.3 11.5 3.95
[6089] The results show that the propylene production rates from the different olefins are

very similar. A significant difference in each of the cracker cases is that the cracker
recycle rates are substantial. In each of cases a-d, the cracker recycle rate is about 3.9
times the feed flow rate. In contrast, the recycle rates for processes according to
embodiments disclosed herein, such as shown by Examples 1-4 show cracker recycle
rates of 852 kg/h, ranging from 2-13% the recycle of Comparative Examples 2a-2d.

[0090] Example 5

[6061] A process similar to that illustrated in Figure 3 is simulated, including both auto-
metathesis and conventional metathesis.. The ethylene to n-butene ratio is adjusted to
result in zero net ethylene consumption, similar to Example 4 above. C; and G,
utilizations of 96% and $4%, respectively, are used to simulate metathesis reactor 18.
The details and results of the simulation are given in Table 10. The propylene produced

is 83.4 kg/h, resulting from conventional metathesis, auto-metathesis and cracking.

Table 10.
Stream 70 14 20 32 38
_ ‘ Propylene {(auto /
Description | Butene Feed | Isobutylene | Ethylene conventional) C, Purge
53.37
Rate (kg/h) 100 4.44 7.37 (16.31/37.18) 0.27
Stream 42 62 52 54 54 4+ 32
- Total
Description Cs Purge Cs/Ce Purge | Ethylene Propylene Propylene
Rate (kg'h) 3.86 0.02 7.37 20.94 83.4
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390.3 3.95 11.5 [0089]The results show that the propylene production rates from the different olefins
are very similar. A significant difference in each of the cracker cases is that the cracker recycle rates
are substantial. In each of cases a-d, the cracker recycle rate is about 3.9 times the feed flow rate. In
contrast, thewecyisleorases for processes according to embodiments discl@ssdusesedisstieh as shown
by Examples 1-4 show cracker recycle rates of 8-52 kg/h, ranging from 2-13% the recycle of
Comparative Examples 2a-2d. [0090]Example 5 [0091]A process similar to that illustrated in Figure 3
is simulated, including both auto- metathesis and conventional metathesis.. The ethylene to n-butene
ratio is adjusted to result in zero net ethylene consumption, similar to Example 4 above. C4 and C2

utilizatio 6% and 94%, r tively, a e sed to ate meIatheS|s re ct 18. The details and
results o é mulatioh® (1{85‘5@8% Fﬁ"ﬁ”&bl ﬁ%“%rgsﬁn; ane prgaﬁcgﬁ)véd§39r ety from

conventlonal metatitibais, adtermkiegheSis dhdardckingdfable af)tbStc&axker?ﬁlMtE@:B@@&ﬁrescnptlon
Butene Feed IsghutvlengHIMyRNg BroRyA0% (Gia LFmYaRionC2abaEg RalekabhdqP

recognized utilizing process variations, where the flexibility of the processes disclosed

herein may provide significant cost advantages for refiners having a limited ethylene

supply. Additionally, processes according to embodiments disclosed herein may allow

for the production of high purity propylene from C4 olefins at low cost and low energy

consumption.

[0093] While the disclosure includes a limited number of embodiments, those skilled in
the art, having benefit of this disclosure, will appreciate that other embodiments may be
devised which do not depart from the scope of the present disclosure. Accordingly, the

scope should be limited only by the attached claims.
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4.44 7.37 53.37 (16.31/ 37.18) 0.27 Stream 42 62 52 54 54 + 32 Description Ci Purge C5/C6
Purge Ethylene Propylene Total Propylene Rate (kg/h) 3.86

WO Z010/019395 PCT/USZ009/053432

CLAIMS
What is claimed:
1. A process for the production of propylene, the process comprising:
fractionating a hydrocarbon stream comprising n-butenes, isobutylene, and paraffins into
at least two fractions including a light C, fraction comprising isobutylene and a heavy
C4 fraction comprising n-butenes and paraffins;
contacting at least a portion of the heavy C; fraction with a metathesis catalyst to form a
metathesis product comprising ethylene, propylene, Cyss olefins, and paraffins;
fractionating the metathesis product into at least four fractions including an ethylene
fraction, a propylene fraction, a C, fraction comprising C4 olefins and paraffins, and a
Cs. fraction;
cracking the light C, fraction and the Cs. fraction to produce a cracking product
comprising ethylene, propylene, and heavier hydrocarbons; and
fractionating the cracking product into at least two fractions including a light fraction
comprising propylene and a fraction comprising Cs to Cg hydrocarbons.

2. The process of claim 1, further comprising recycling at least a portion of the Cs fraction
comprising C4 olefins and paraffins to at least one of the fractionating a mixed-C, stream and
the contacting.

3. The process of claim 1, wherein the contacting comprises contacting ethylene and the heavy
C; fraction with the metathesis catalyst. | _

4, The process of claim 1, wherein the metathesis catalyst comprises at least one of a Group

VA and a Group VIIA metal oxide.

5. The process of claim 4, wherein the metathesis catalyst is supported on at least one of silica,
alumina, zirconia, and zeolite.

6. The process of claim |, wherein the metathesis catalyst comprises tungsten oxide on a silica
support.

7. The process of claim 1, wherein the metathesis catalyst is admixed with an isomerization
catalyst.

8. The process of claim 7, wherein the isomerization catalyst comprises at least one of a Group

1A and a Group IIA metal oxide.
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0.02 7.37 29.94 83.4 WO 2010/019595PCT/US20091053432 [0092]As described above,
embodiments disclosed herein provide for the integrated metathesis and cracking of C4-C6 feeds.
Integration of the cracker into the metathesis process clearly shows a propylene yield advantage.
Other advaritd@@s#rssalso been recognized utilizing process variations PWHER K& FReRbility of the
processes disclosed herein may provide significant cost advantages for refiners having a limited
ethylene supply. Additionally, processes according to embodiments disclosed herein may allow for the
production of high purity propylene from C4 olefins at low cost and low energy consumption.
[0093]While the disclosure includes a limited number of embodiments, those skilled in the art, having
benefit o[%thif, disclosure,gvi:l app eci%te tha%)ther embotdimen% ma be devisetdlwhéch do r%ot depart
from the Scop¥ dTEBrebert s odtia A oS NGy e L SHa ot BE Tt d Dhiy By Hhe attached
claims. WOn2he#019698R.CTHI B 0090 8BNS IBInAlMS dnettfis claimed: I. A process for the
productiop, ofpropylene e RIRCESS FAMPTIAIN G JARUIN NGy NYdRIFATRNN SHeAM.COMmPISINg

n-butenes, isobutylene, and paraffins into at least two fractions including a light C4 fraction comprising

isobutylene BRERGEI65cE fandiin tahiplsibly bradiieeerizatepdbarting; contacting at least a portion

of the heavyig4 fractionmitina melathasincatalishio fonpradmetatbesisdrodueheomppisingsethylene,
propylene, C%4+holefins and paraffins; fractionating the metathesis product into at least four fractions
including an "e”t'h)? ecr?énﬁgsclﬁgh, a propylene fraction, a C4 fraction comprising C4 olefins and paraffins,
- and a C5+ fractiontacriagkmgith kght €4Alfeantion €hd thau@ Sadrdlatidway pre diesiencraitkitiee product

comprising ethyleng, RropyiRReANdNEAYRLAYETOLAPORF.ARE dfactipnaling shg,hacking product into

at least two fractions including a light fraction comprising propylene and a fraction comprising C5 to C6
hydrocarbonPrreEbelals b lUrslist ForapHRiRECtsafSng $Ecycling at least a portion of the C4

fraction comprisigdGAzolefinstanddapasallinmtoetityrastens atthtdractionaiing a ixeedasiream and

the contacting. 3. TDedBr cess (o}é (%:Laitlipl |, wherein the contacting comprises contacting ethylene and
the heavy C4 fractfoR with the metathests catalyst. 4. The process of claim I, wherein the metathesis

catalyst comprisaydingattidime siav@rsupow hasrdekiGrpogslna &2 thetantxides; 3nd he process of claim
4, wherein the mefatbesis fatalyshissHRReHEd A8 akigast Anefsilicanglumina, zirconia, and zeolite.

6. The process of claim I, wherein the metathesis _catalyst comprises tungsten oxide on a silica
support. 73-THE ﬁFBE@éé’gFaﬁ‘Frﬂ AVhRRIReTEHE A B sIe AR NSRS Arfsd (Ot SO RS erization

catalyst.  ethylene and the heavy C; fraction is in a range from about 0.5 to about 2.5.
14, The process of claim 13, wherein a ratio of ethylene to n-butene in a feed to the contacting
ethylene and the heavy C, fraction is in a range from about 0.1 to about 2.0.
15. The process of claim 1, wherein the hydrocarbon stream funther comprises butadiene, the
process further comprising hydrogenating at least a portion of the butadiene.
. 16. The process of claim 1, further comprising recycling at least a portion of the fraction
comprising Cs to Cg hydrocarbons to the cracking. _
17. The process of claim 1, wherein the cracking is carried out in the presence of a crystalline
zeolite catalyst.
18. The process of claim 17, wherein at least a portion of the crystalline zeolitic catalyst
comprises ZSM-5.
19. The process of claim 18, wherein the ZSM-5 has a silica to alumina ratio of at least 50.
20. The process of claim 1, further comprising feeding at least one of Cs and Cg hydrocarbons to
the cracking.

21. A process for the production of propylene, the process comprising:
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8. The process of claim 7, wherein the isomerization catalyst comprises at least one of a Group IA and
a Group IIA metal oxide. WO 2010/019595PCT/US20091053432 9, The process of claim 8, wherein
the isomerization catalyst comprises at least one of magnesium oxide, calcium oxide, and
combination®thairggft 9885 The process of claim 1, wherein the metathesiP€ataRAs08Fé£pAulated to
have both a metathesis reaction function and a double bond isomerization function 11. The process of
claim 7, wherein the n-butenes comprise 1-butene and 2-butene, the process further comprising:
contacting at least one of the mixed-C4 stream and the heavy C4 fraction with the isomerization
catalyst to convert at least a portion of the I-butene to 2-butene. 12. The process of claim 1, further
comprising at least one of: recycling at least a portion qf the ethylene recovered from fractionating the
metathesie prodURI e B Hg Ly N AcRE HSCS eh S Tt e R bl to he
contacting; and feeditghasksy droekysbowistréamactntadtithgseth pleanes tathie Gomtdetingadi®rT leé process
of claim 1, wherein iip.n! GHiY 'R Rd-Ritahe If Auesdaiiscppiarinaaiyipnead e heavy

C4 fraction is in a range’from about 0.5 to about 2.5. 14. The process of claim 13, wherein a ratio of
ethylene to n-buteMERY iecaddendEshtbntiing bticmecangar e xspceadnietdings in a range from
about 0.1 to abgutddathd: thbeusasesseficiaaub: whereis.theoby hetarb o seamnlditpRneomprises

butadiene, the process further coP rising h dr‘cjge atin%atl ast.a portion of the.butagi?ne. 16. The
St A i e

process of claim 1,t7R8r E8FBY gat EEEPR SN b TS HatHEH BB LR T5 to Cc6

hydrocarbons to thsanaglamg atd paaélipsocess of claim 1, wherein the cracking is carried out in the
presence of a ciygialineceqlic.calalysls HTHROGRS ALGRIN HEiWEagliastaggion of the

crystalline zeolitic catalyst comprises ZSM-5. 19. The process of claim 18, wherein the ZSM-5 has a
silica to alumina rafBrisheEsbBYIos anf 8 Mideess G omiRAs B pFIAG Paeding at least one

of C5 and C6 hydragaronsitasthe ssacking: thk. im0 Cgstiaidheradhidtion oftpropyetsine process
comprising: WO 20101019595PCT1US20091053432 contact'{‘%%a mixed-F4 sge Tlpom nr(;sing

n-butenes, isobutylcear%ae}?’%ﬁ% BgPa?fm%t%lﬁ%I%erePa?{hcgg? résa{f’élﬁs W%lg’rgb?éﬁ?gimﬁg?lé%sl’s occurs

including the reactipmadfiispbutylene with n-butenes to form an auto-metathesis product comprising

ethylene, propyleng, 20 hravRkQGRsINCUdng uRiRRGEeH ssehiviensaRd.RatR(fins; fractionating

the auto-metathesis product into at’least four fractlons_incfuding an ethylene fraction, a propylene
fraction, a C5+ fraekids, thhGa Esrfiotcibrrediiammtr sursebs! SUBRRIaR ST HaRmHEaS:
fractionating the C4dgactiordni@igklebaiswnadractions including a light C4 fraction comprising

Sobiniene a1 RIS ORI 06 AR AN TR i porin
comprising propylene and a fraction comprising Cs to C hydrocarbons.

22. The process of claim 21, further comprising feeding the light C;4 fraction to the cracking.

23. The process of claim 21, further comprising recycling at least a portion of the fraction
comprising Cs to Cs hydrocarbons to the cracking.

24. The process‘ of claim 21, wherein the auto-metathesis catalyst comprises at Jeast one of a
Group VIA and a Group VIIA metal oxide.

25. The process of claim 24, wherein the auto-metathesis catalyst is supported on at least one of
silica, alumina, zirconia, and zeolite.

26. The process of claim 21, wherein the auto-metathesis catalyst comprises tungsten oxide on a
silica support.

27. The process of claim 21, wherein the metathesis catalyst comprises at least one of a Group
VIA and a Group VIIA metal oxide.

28. The process of claim 27, wherein the metathesis catalyst is supported on at least one of silica,

alumina, zirconia, and zeolite.
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catalyst to fool' a metathesis product comprising ethylene, propylene, C4,- olefins, and paraffins;
feeding the metathesis product to the fractionating the auto-metathesis product; cracking the Cs+
fraction to produce a cracking product comprising ethylene, propylene, and heavier hydrocarbons; and
fractionatingwiiezgréeidasig product into at least two fractions including a lighE TrEEHSHEE#aPrising
propylene and a fraction comprising C5 to C6 hydrocarbons. 22. The process of claim 21, further
comprising feeding the light C4 fraction to the cracking. 23. The process of claim 21, further
comprising recycling at least a portion of the fraction comprising C5 to C6 hydrocarbons to the
cracking. 24. The process of claim 21, wherein the auto-metathesis catalyst comprises at least one of
a Group nd a Group VIIA metal oxide. 25. The process of claim 24, wherein the auto-metathesis
Catalyst 1SR A oA s PRI NS AR SN S M b LU of claim
21, wherein shppatto-metathesis catalyst comprises tungsten oxide on a silica support. 27. The
process GOCiAn 2. W eI NS MGG AalRLAOMRIISGS SblRASLONR LA REAURI-ANd a
Group VIIA metal oxide. 28. The process of claim 27, wherein the metathesis catalyst is supported on
at least one &#&¥i¢a, alumina, zirconia, and zeolite. WO 2010/019595PCT/US2009/053432 29. The
process oficlpigpadeeviRe il metathesis cotnyshampnisas iungsien aiide encasilicaoappport. 30.
The processE f %‘E%Zl, L/}vlﬂgrein {he.gwetathesis catalyst is admixed with an isomerization catalyst. 31.
The process €{0p4 PR & Somerization catalyst comprises at least one of a Group IA and
a Group 02 itetgiroxise 08 214ime roedsscof chainy@@rivhidoninataly s orvmndstiont datalysteomprises at
least one of NSSIHTL RKde SRISTWLOXIAS ARG cembinations thereof. 33. The process of claim 21,

wherein the metathesis catalyst is formufated to have both a metathesis reaction function and a double
bond isorfriZitiBrreeictbs 8 Be prisceiastht ansiibesswakEM thdumilateochiipriséi1gbutene
and 2-butene,dbg o eessdh hrtica M isitgbRkaiaCing alilaash anr@iiihe C4 fraction and the heavy

C4 fractiq h the isomerizatign catalyst to cqnvert at least a portion of 1-butene to 2-butene. 35.
The procé%;ﬁ? léﬁﬁﬁsi%&?ﬁﬁe?%o%ﬁ?%?ntéeaﬁéug% Be'o :r1rseec3{}c%|ln€(f;neat?1 ?étl;bg g%lgftlo%pé?%ﬁsg ethylene
fraction to thuthetativeysisiogntacting; recycling ethylene from the cracking product to the metathesis

contacting; and feeding.ANdEosaLRemStEamAoRRInING fivisnedathe Meiailesimeanasing. 36.

The process of claim 21, wherein a ratio of ethylene to n-butene in a feed to the metathesis contacting
is in a range from BBHEL'S FEABBEt o5t 8 P8 PEHkDUrRTdM? ! Rfrerein a ratio of ethylene to

n-butene is. afeesbirdher Riatathesiswentastjngiisin &4ange fOmM about 0.1 to about 2.0.-38. The
process of claim 21 wher?m Ehe m&%‘o%d&t{ﬁﬁefé ctlg% fHQEh;%rn ‘%8&%@%%&%1?@%%‘95% a%ti}z%? process further

comprising hydrrg(g’;y(aérl\%t1 r?é S1ealls portion o utadiene.

recycling ethylene from the cracking product to the metathesis contacting; and -
feeding a hydrocarbon stream containing ethylene to the metathesis contacting.
36. The process of claim 21, wherein a ratio of ethylene to n-butene in a feed to the metathesis
contacting is in a range from about 0.5 to about 2.5.
37. The process of claim 36, wherein a ratio of ethylene to n-butene in a feed to the metathesis
contacting is in a range from about 0.1 to about 2.0.
38. The process of claim 21, wherein the mixed-C,4 fraction further comprises butadiene, the

process further comprising hydrogenating at least a portion of the butadiene.
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