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BACKGROUND OF DISCLOSURE
Field of the Disclosure

(6602} Embodiments disclosed herein relate generally to the processing of a Cs to Cg
hydrocarbon cut from a cracking process, such as steam or fluid catalytic cracking,
primarily for conversion of C, olefins to propylene via metathesis.

Background

[0063] 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 C3 to Cs. This mixture may be separated into different carbon numbers,
typically by fractionation.

[80064] The C;5 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 removed cither by fractionation or hydrogenation. Hydrogenation
is preferred since some of these highly unsaturated C; compounds end up as
propylene thereby increasing the yield.

10005] The Cs cut, consisting of C4 acetylenes, butadiene, iso- and normal butenes,
and iso- and normal butane can be processed in many ways. A typical steam cracker

4 cut contains the following components in weight %:



[0005]The C4 cut, consisting of C4 acetylenes, butadiene, iso- and normal butenes, a_nd iso- and _
normal butane can be processed in many ways. A typical steam cracker C4 cut contains the following
components in weight %: WO 2010/028267PCT/US2009/056076 Table 1. Typical C4 cut components
and weight péréeHtHye82€24 Acetylenes Trace Butadiene 33% 1-butene 1596 2rhuiesess Isobutylene

Table 1. Typical C4 cut components and weight percentages.

C4 Acetylenes Trace

Butadiene 33%

i-butene 15%
2-butene 9%

Isobutylene 30%

Iso- and Normal Butanes | 13%

The components in a refinery or FCC based C4 cut are similar, with the exception that
the percentage of paraffins are considerably greater.

[0006] Typically, the butadiene and C, acetylenes are removed first. This can be
accomplished by either hydrogenation or extraction. The product from butadiene and
Cs acetylene removal is designated Raffinate I. If extraction is emploved, the
remaining I-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 I-butene to 2-butene. The extent of this reaction
depends upon catalyst and reaction conditions within the hydrogenation system.
However, it is common practice 1o limit the extent of hydroisomerization in order to
avoid “over hydrogenation” and the production of butanes from butenes. This would
represent a loss of butene feedstock for downstream operations. The butenes
remaining in the mixture consist of normal olefins (1-butene, 2-butene) and iso-
olefins (isobutylene). The balance of the mixture consists of both iso- and normal-
butanes from the original feed plus what was produced in the hydrogenation steps and
any small quantity of unconverted or unrecovered butadiene.

100067) A Raffinate [ stream can be further processed in many ways. A Raffinate II
stream Is by definition a stream following isobutylene removal. Isobutylene can be
removed in a number of ways. It can be removed via fractionation. In fractionation
isobutane will be removed along with the isobutylene. In addition, some fraction of
the
1-butene will be lost as well. The resultant Raffinate I will contain primarily normal
olefins and paraffins and minimal isoolefins and isoparaffins. Isobutylene can also be

removed via reaction. Reactions include: reaction with methanol to form MTRBE,
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30% Iso- and Noifoal Butanes 13% The components in a refinery or FCC based C4 cut are similar,
with the exception that the percentage of paraffins are considerably gr_eater. 100_061Typ|cally, th(_a
butadiene and C4 acetylenes are removed first. This can be accomphshed by elther.hydrogenatlon or
extraction. The@mductsirom butadiene and C4 acetylene removal is deS|g|%@t§,%§@J;|/Q%A. If _
extraction is employed, the remaining I-butene and 2-butene remain essentially in the same ratio as
that of the initial feedstock. If hydrogenation is employe_d, the initial proo_luqt fr;]am butadlenet_ t
hydrogenation is 1. : gisornerization occurs.within.the same_reaction system
c%anging the 1-blﬂ?§1“§g%§% %r%?%x%%%ﬁﬁ%ﬁ%%%ﬁ%h Hesanis ﬁﬂf)lgh IESS?gB?Sfoéﬁ‘dargéctlon
conditions within S&HyefegEivaEsh §?ﬁ%ﬁ¢ﬁﬂm@@@§5itﬂs pwrifhorpracticeriovititialexteet t?f
hydroisomerizalioffRrdenio-anald “guer usaseRalion” and.ihs.rosetion of pulanes from butenes.

This would represent a loss of butene feedstock for downstream operatior e butenes aining in
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stream following Gahutylent renaNedissenidens: Gan-Her eMayahinaMITBeLOT WaKsIt.gan be
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2010/028267PCT/US2009/056076

reaction feed are essentially inert and do not react, and are typically removed from the

i
|

process via a purge stream in the separation system that follows the metathesis
reactor. Typical catalysts for metathesis are tungsten oxide supported on silica or
thenium oxide supported on alumina. Examples of catalysts suitable for the
metathesis of olefins are described in 1.8. Patent No. 6,683,019 and 6,420,619, for
example. Isobutylene (isobutene) may be removed from the feedstock prior to the
metathesis reaction step. The reaction of isobutylene with ethylene is non-productive
and reaction with itself and/or other Cy's is limited in the presence of excess ethylene.
Non-productive reactions essentially occupy catalyst sites but produce no product, If
allowed to remain in the feed to the metathesis unit, the concentration of this non-
reactive species would build up creating capacity limitations. The reaction of 1-
butene with ethylene is also non-productive. However, it is common to employ a
double bond isomerization catalyst within the metathesis reactor to shift 1-butene fo
2-butene and allow for continued reaction. Typical double bond isomerization
catalysts include basic metal oxides (Group IIA), either supported or unsupported.
Magnesium oxide and calcium oxide are examples of such double bond isomerization
catalysts that may be physically admixed with the metathesis catalyst. No equivalent
co-catalyst exists for the skeletal isomerization of isobutylene to normal butene. In
the case of a conventional metathesis system employing both a metathesis catalyst and
a co-mixed double bond isomerization catalyst, the butadiene must be removed to a
level of less than 500 ppm to avoid rapid fouling of the double bond isomerization

catalyst. The metathesis catalyst itself can tolerate butadiene levels up to 16,600 ppm.



reaction with water to form tertiary butyl alcohol, or reaction with itself to form a C8 gasoline
component. In all reaction cases, the paraffins are not removed, and thus the mixture will contain both
normal and iso- paraffins. The paraffin content and composition of the Raffinate Il impacts downstream
processing optons1§0RX8Y The butenes have many uses. One such use isgeriheRinshgtion of
propylene via metathesis. Another is for the production of ethylene and hexene via metathesis.
Conventional metathesis involves the reaction of normal butenes (both 1-butene and 2-butene) with
ethylene ( W ipally the reacti f 2-butene with ethylene tg form propylene), These reactions occur
in the pres@ence of a_grgéps%/%&ﬂé\) gﬁ%ﬁAmmiéo’%uﬁélﬁ & 53%57?@,%? & ’6’6%&5 % ru?‘?sﬁ’ﬁf%’?@&ﬁ‘ The
paraffin componéiit§ Bktheckedictiorrfediareidsseritiatlyl inerpanitdomehraetiiand argtypically
removed from Ineapransss Wi A-RHIOBSUEHININGSEPAIRIRN SR InLiBlows e matahesis
reactor. Typical catalysts for metathesis are tungsten oxide supporte%l on silica of riienRium oxide
supported on alufffind: ERhpldsdpeadirsasmaiabrs fiso e irretattasithof Clefistame déscribed in
.S, Patent No. 63049 and 6. 42045 fau asamile.isabiivisae fispRicpe) anms hosemgved from
t

the feedstock pri%r E)?%tgbe meta he?sis reaction step. The reaction of isobutylene with ethylene’is
freldet

non-productive a ion with &R aNa/of- ottt Asrdansitedrivers Jrsstrcarefesteasobthylene.
Non-productive reapline esséntially feaupYiaatalyshsites buicpreducs RaRFOFUEE Hrallpyad to remain

in the feed to thet %i%tgg ‘i‘g{u%istget gsco%centr%ttjl{ci)n of this ngn-reactive species would build up
ations T He reaction o= butshe Wit Shiidne sk ezt sabetititHowever,

creating capacity(iiml
it is common to dhplenyrasd tubiey Bamddtisdmerization catalyst within the metathesis reactor to shift

1-butene tene a w for continued reaction. Typigal.double bond isomerization catalysts
include b%%%?ﬁ%tal_ o>§iZgga%gjﬁgﬁ%ﬁi%%%ﬁe?rgﬁ%sﬁér & %rg %%B*S#é&?%ﬁ@fﬁ&%ﬂwma%ﬂam calcium
oxide are examplEwits it igoisbletybng ierfrerizeniviveatalystsrtbal ey be dhysiaalyadaixed with
the metathesis cgj[aly1§ttﬂ}§;os%(ﬂ)9i@q@&g&&%@y&t&&%s forine %lﬁ?s!etgl i‘gsémeri%%gor}.%f Sﬂggutylene to

jent 1 4
normal butene. In the case of a conventional metathesis system empﬁoyln %acl)lt% & metathedis catalyst
and a co-mixed GBS bBFRFISSH et dhec Ataayienatien begadisaes mutho Raffraie ditdsa thuel of less

than 500 ppm tOdueiddapith NG hedouRBhokiEWR RAA CatAVShTha etaings)s catalyst
itself can tolerate bpbtadiﬁne egﬁls l;ﬁ to 10,000 ppm. WO 2010/028267 CT_/_U’SZ 09/0560/6 [0009]In
some cases, an FSOBUISEAR B S0 NS BI5 RS D SO Briot 16 PREtaiRe Sendasions mecinERien Yeacting it
with methanol ta3pfSducel Blethyierianesuty] atherdibBEacaepAMRNING kg isebutyjerertem the

butenes by fract J.S. Patent No. 6,358,482 discloses the removal of isohutylene from the C4
mixture prior to rgr% fﬁa%w%}ls%%ﬁlg%% ae{}lr%% Slg%ﬁhe%% Tt e%t%%g}is[neﬁ 8 TBHIEAPN O 897 4m % 3 5hd
5,898,091. U.S. PerarieN irg@ed i008:disclos esseeprotbssdertiveprod uetidrofaopylenecand hexene
from a limited et | j ne to, hutenes (expressed as n-bytenes) from
0.05 10.0,60, the ponimcs eee L et 1 o e o B PO Lo e
metathesis procBésEReefiHis RatRYtE T adstsuinstisrentorsydlid mdforityasfcthe Tsohutylene via
fractionation, asidessiibeshabave eforna RafinatsdhidhifSiepoilimisahiisnads qmaued as wel
plus some quantities of ngrmal butenes, dependent upon the fractionation conditions. The Raffinate Il
is then admixed With &thylelte® P aE 48 SR Gl bR FamBlisispidonBasaieiveavait
preheated and féditobilitimeitathesiaceactoseld hecaperaiingeonaditionsiara ypigally-3096and 20 to
30 bar pressure, The, reactor ¢ Hz%%nstnfoaﬂ%"%’éng% heag r&}%og?r is then separated in a fractionation

T & HrstEWRP KA P et st e AotBrSy stem.

system. First the ethylene is recovere Overnaaa |
The tower bottohtg'afe thispaenttesa Setond tonwenwhere the propylene is recovered overhead. A side

draw is taken ntainiqg h%{é OIQ f converted C4 components and recycled to the reactor.
The toweq} botifg)oms contéﬁhing t%lle C%%ﬁ%ﬁéa%v%?cp%e u%%swﬁlﬁtse D A 5?&%&1%@ sent to

purge. The purg&dayeens typheafiystisea eoesintai sedficient Gdtparaffing-toaveic theiffuitdup in the
reactor recycle sl PATE a3 (LA R ABRIBVEI.N 12 aiel bofoms dream t

separate the C4 components overhead and the C5 and heavier components as a bottoms Stream.

[0011]U.S. PateHit R e ePriaipsoyide sesed 1iv-stbs fradst rsettesprotfisetionisf propytene. The

first step consisisiof éggeirgd fuienepol: AU iR AMRAE Hakeam nan Al meLahesis
reaction to formfpro%lfene d 2-pent gg. The products are then separated in the secohd step. The
third step reacts SpeciticAfly the s4fkn &Wﬁ“@ﬁ%ﬁé@%%ﬁ?%ﬁ%%eﬁﬁ’é%@bﬁeﬁ@?%is process
utilizes the isobptylenes il eaatfirate 11 stream. The pentenes recycled and reacted with ethylene are
normal pentenes (2-pentene). WO 2010/028267PCT/US2009/056076 [0012]Isobutylene removal from
the C4 stream can also be accomplished by employing a combined catalytic distillation
hydroisomerization deisobutyleneizer system to b%th remove the isobutylene and recover n-butenes at
high efficiency by isomerizing the 1-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 hydroisomerized to 1-butene as the fractionation occurs. This allows greater
than aariilibritim amoiinte of 1-hiitene tNn bhe formed ac the mivtiire ic canarated <imilarlv/y 1-hiitene ~an



[0013]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
guantity of ethylene available is limited with respect to the quantity of butenes available. In addition,
the ethylene iVarzesgensive feedstock and it is desired to limit the quantiti%gf{%mlﬁggogged. 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. 100141 The metathesis catalysts and
the doublefggpehisomerizafion.catalysts are guite sensitive to poisons. Poisons include water, CO2,
oxygenateé (such as M:‘hrzbgé ?ggﬁ?ﬁjrlygronr%%u% & nﬁ% ogéén oS0 GAs2 AR dbe a5AP ARtk dIt i common
practice to emplo§guarinpetisopdirednrahthiecmisithesis reattonsysiemoto RswRtieigmeval of
these poisons. It daes.not matter if these.quard, beds are directly before the metathesis reaction
system or further%%stream as long as %ﬁse Q(g?sct)jﬁsgaereanérzﬁoc\(}ge an uﬁ?ﬁe%%@%&ﬁ%“&?@é’uﬁequently
introduced. [0015fViBEAHESI$ e drtiBrBCalR Vemtaenyitiveis the iseatioratbthestlsfit dadblgybond and
the stereo-structure.eidheg incividuplmolegiigs. uringhe r@&%ll%p%he doyhble bond on %alg% pair of

olefins adsorb on_the surface and exchange double bond positions With the carbori groups on either

sides of the doubTEBEHALOMERAHRAGENGRS JemoNR el PoTUSI0OWaEe0 7 reactioasisdn be

class_ified as pro_diimmmid_malquad uci{i;y_ems n%@f@dygtivg{)g@j@;sng%q gﬁghpngpl[%ggcgisve _
reactions result in edsslesgtl%lll /0P re?iglon takln%églace.,When the double bonds shift with metathesis
e THNESEHE ofitfiaig 28s0rHEs mblbtalkerthgessatsprotiuctive

. T
reaction, the new %O?ECU es are

reaction occurs. Tigistypicaldertsedclionshetwbe fsymmeatiic ohetnsqx keastions kelween ethylene

and alpha olefins; if fully QE%dHeCti) J&%g}é%”%%c&%fg&é’v products are generated no matter which

orientation the molecules occupy the sites. The reaction betieart Shien& SHEB IR to Borm two
propylene molectfiB& & Ref Uty produetive tevieiinng Halfprytinetivé-teastionandrestasigallyinhybited. If

the pair of olefing, adsexb inoRe pHLNIAY ical | ition with respect to the, aftached R
groups), when th% doubgl'be btonds shift, ntﬂégvcb é%%ﬁ%t%%ﬂﬁ%?ﬁﬁé%%%ﬁ%@ﬁ/ |f1%ﬁ6e$/%§ S %Li?lga different

steric configuratiBN TR EFY GoSkioRY, SHdaRe Hondierssiis ydidemicslefafing dre Tasaad and thus

no new product&@@ﬁﬁféﬁédﬁﬁh&%@ﬂﬁk@oﬁl%ﬁﬁ&@@l‘&éﬁ%@ﬁ@&@%Qaaﬁedgég{i?ﬂé&%%%( fully
%Sﬁti?r than a half productive reaction). Table 2 summarizes the reactions

productive reactié)r} IS afjgljtallgf

between ethyleneoarﬁ1 VArious §H§ 4f'd"tKe reactions between the butenes themselves.
1.0016-1THAk&hctions listechinTrable Zsepsasanisns-bags,teacticRwithisthylene, (reaglion . 4 and 5)
as well as the regﬁ_i%rrll% betweer%ﬁhle % iOL}SZT%é olefins. Itis esgecially important to make a distinction

5By FHief it dimy Isoplumynsndtreserectivity to

between the selectivity to propyfene rom tota
propylene from tramemeialiGArotedinsdmes)ved dnathigy edctinnedkhe staslian whisebrhngag,uith

2-butene (reactign §).p ghlt(‘:@S- prapylene 1gblpran hed, C5 molecule. For this reaction, propylene is
produced at 50 molar 0%% selectivity from tota C4'se'(sir%1ﬂ§% étlr%%c}%n %%ﬁ?%t% FRER %

selectivity from tif&d58ichANE 415 gadisd) (r bmin shsuapossiso fd efimylionsy canvestiteabme tthesis is
defined as the reasfiei b thax&aésae isisam i Sviens.HONRKEL KIEEASIeaM can,also react

. . d ; uie .
in the absence of tg%:l?ene as a feedstock. This reaction'is called auto or self me al%ﬁse&s. Eﬁcrthls case,

reactions 2, 3, 6" ARA7 R YHEVEHRP seluptd e Xt dretinily secupratisates dependent upon the

feedstoc@ddpositionThe 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.
(0015} 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
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WO 2010/028267PCT/US2009/056076 Table 2. No. Reaction Type Rate Molar% Selectivity (C3H6
from total C4s) Molar % Selectivity (C31-16 from n-C4s) 100 2-bute eethylene

WO 2010/628267 PCT/US200%/056076

reactions can be classified as productive, half productive or non-productive.  As
described above, non-productive reactions result in esseniially no reaction taking
place. When the double bonds shift with metathesis reaction, the new molecules are
the same as the originally adsorbed molecules thus no productive reaction occurs.
This is typical for reactions between symmetric olefins or reactions between ethylene
and alpha olefins. If fully productive reactions occur, new products are generated no
matter which orientation the molecules occupy the sites. The reaction between
ethylene and 2-butene to form two propylene molecules is a fully preduetive reaction.
Half productive reactions are sterically inhibited. If the pair of olefins adsorb in one
orientation (typically the cis position with respect to the attached R groups), when the
double bonds shift, new products are formed. Alternately if they adsorb in a different
steric configuration (the trans position), when the bonds shift, the identical olefins are
formed and thus no new products are formed. The various metathesis reactions
proceed at different rates (2 fully productive reaction is usually faster than a half
productive reaction). Table 2 summarizes the reactions between ethylene and various
butenes and the reactions between the butenes themselves.

[6016] The reactions listed in Table 2 represent the base reaction with ethylene
(reaction 1, 4 and 5) as well as the reactions between the various Cy olefins. It is
especially important to make a distinction between the selectivity to propylene from
total Cy olefins (including isobutylene) and the selectivity to propylene from the
normal Cy olefins involved in the reaction. The reaction of 1sobutylene with 2-butene
(reaction 6) produces propylene and a branched Cs molecule. For this reaction,
propylene is produced at 50 molar % selectivity from total C4's (similar to reaction 2}
but at a 100 molar % selectivity from the normal Cy (2-butene). For the purposes of
definitions, conventional metathesis is defined as the reaction of the C4 olefin stream
with ethylene. However, the C, stream can also react in the absence of ethylene as a
feedstock. This reaction is called auto or self metathesis. In this case, reactions 2, 3,
6, and 7 are the only possible reactions and will occur at rates dependent upon the

feedstock composition.



2 propylene (Conventional Metathesis) Fully Productive Fast 100 2 -butene + 2-butene -> Propylene

+ 2-pentene Fully Productive Fast 50 50

WO 2010/028267 PCT/US2009/056576
Table 2.
Molar% Molar %
. _ Selectivity Selectivity
No. Reaction Type Rate (CsHg from | (CsHg from
total C48) 1-C48)
Z-butene + ethylene —
Fully
I 2 ptopylene Productive Fast 100 100
(Conventional Metathesis)
I-butene + 2-butene — Fully
2 Propylene + 2-pentene Productive Fast >0 >0
3 i-butene + 1-butene — Half Slow 0 0
Ethylene + 3-hexene Productive
4 Isobutylene + Ethylene —» Non- No _ _
No reaction productive | Reaction
5 1-butene + ethylene — Non- No
No reaction productive | Reaction
Isobutylene + 2-butene — Fully
6 Propylene + 2-methyl 2-butene | Productive Fast >0 100
7 Iscbutylene + 1-butene — Half Slow 0 0
ethylene + 2-methyl 2 pentene | productive
[0017] 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). The theoretical ratio is 1/1 molar or 0.5 weight ratio of ethylene to n-
butenes but 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 1-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 build up as the n-butenes are recycled to achieve high yield. Second,
I-butene is isomerized to 2-butene by including a double bond isomerization catalyst
such as magnesium oxide admixed with the metathesis catalyst. Note that this
catalyst will not cause skeletal isomerization (isobutylene to normal butylenes) but
only shift the double bond from the 1 position to the 2 position for the normal
butenes. Thus by operating with excess ethylene, eliminating isobutylene from the
metathests feed prior to reaction, and employing a double bond isomerization catalyst,
reaction 1 is maximized. Note, however, that by removing the isobutylene, potential

production of propylene or other products is lost.



3 1-butene-butene -->. Ethylene + 3-hexene Half Productive Slow 0 0 4 Isobutylene + Ethylene -- No
reaction Non- productive No

WO 2016/028267 PCT/US2005/056076

[0418] When there is limited or no fresh ethylene (or excess butylenes for the
cthylene available), there are currently two options available for propylene
production. In these cases, the first option will first remove the isobutylene and then
process the normal butenes with whatever ethylene is available. The entire n-butencs-
only mixture is subjected to metathesis with the available ethylene. Ultimately, if
there is no fresh ethylene available, the Cy's react with themselves (auto metathesis),
Under low ethylene conditions, reactions 2, 3, 6 and 7 will occur, all leading to a
lower propylene selectivity (50% or lower versus 100% for reaction 1). The lower
selectivity results in lower propylene production. Note that reactions 6 and 7 will be
minimized as a result of the removal of isobutylene (to low levels but not necessarily
zero).  Alternately, the molar flows of ethylene and butenes can be matched by
limiting the flow of butenes to produce conditions where there is a high selectivity of
the normal butenes to propylene via reaction 1. By limiting the flow of n-butenes to
match ethylene, the production of propylene is limited by the reduced butenes flow.

10019} Pentenes and some hexenes are formed to some extent in the conventional
metathesis case with low ethylene via reactions 2 and 3. The volume of these
components will depend upon the ethylene/n-butenes ratio with a lower ratio
producing more Cs and Cy components. In the conventional prior art case where
isobutylene is removed before any metathesis, these Cs and Cg olefins are normal
olefins since no skeletal isomerization occurs. 1t is possible to recycle these olefins
back to the metathesis step where, for example, the reaction with ethylenc and 2-
pentene will occur yielding propylene and 1-butene. The 1-butene is recovered and
recycled. Note however, with limited ethylene, reaction 1 can occur only to the limit
of the ethylene availability. Ultimately these non-selective byproducts, pentenes and
hexenes, must be purged from the system.

16020} U.5. Patent No. 6,777,582 discloses a process for the auto-metathesis of
olefins to produce propylene and hexene. Therein, auto-metathesis of a mixed normal
butenes feed in the presence of a metathesis catalyst operates without any ethylene in
the feed mix to the metathesis reactor. Some fraction of the 2-butene feed may be
isomerized to 1-butene and the 1-butene formed plus the 1-butene in the feed react
rapidly with the 2-butene to form propylene and 2-pentene. The feed to the reactor

also includes the recycle of the 2-pentene formed in the reactor with unreacted
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butenes to simultaneously form additional propylene and hexene. The 3-hexene
formed in the reaction may be isomerized to 1-hexene.

[0621] In U.S. Patent No. 6,727,396, ethylene and hexene-1 are preduced from
butene-1 by metathesis of butene-1 and isomerization of the hexene-3 produced

~ therein to hexene-1. The initial starting material is a mixed butene stream wherein
butene-1 is isomerized to butene-2 with isobutylene being separated therefrom,
foliowed by isomerization of butene-2 to butene-1, with the butene-1 being the feed to
the metathesis.

F0022] In U.5. Patent No. 7,214,841, the C, 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 compenents. The C.sub.5 and heavier components are then removed
leaving a mixture of 1-butene, 2-butene, isobutylene, and iso- and normal butanes.
'I‘hé isobutylene is next removed preferably by a catalytic distillation
hydroisomerization de-isobutyleneizer. The isobutylene-free C4 stream is then mixed
with the product ethylene removed from the auto-metathesis product together with
any fresh external ethylené needed and subjected to conventional metathesis
producing additional propylene.

[0023] Another use of the C4 olefin stream is as a feedstock to an olefin cracking

- process, where the olefins are reacted with themselves aver a zeolitic catalyst to
produce a mixture comprising ethylene, propylene, and aromatics (such as benzene).
Similar to the metathesis process, the paraffins are inert in this cracking process and
must be removed from the process via a purge stream. U.S. Patent No. 6,307,117 and
U.S. Patent Application Publication No. 20050080307 both describe such a process.
A mixture of typically C4 to Cs olefins as well as paraffins is vaporized and fed to a
reactor filled with a crystalline zeolitic catalyst and operating at a temperature
between 450 and 600°C and a pressure between 10 and 70 psia. The reactor effluent
is first sent to a compression step. 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 on the order of 12 to 25 barg. This allows

the subsequent fractionating towers to utilize cooling water instead of refrigeration in
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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 can be accomplished by
additional fractionation or by utilizing the recovery system of an adjacent facility such
as an olefins plant. The tower bottoms contains Cs, Cs and Cg paraffins and
aromatics. This is sent to a second tower. The overhead is a Ca/Cs stream and the
highly aromatic Cs: stream is the botioms product. The unconverted Cy and Cs
products are typically recycled. The cracking process can handle both iso and normal
olefins with equivalent efficiency. There is no need to remove isobutylene for
example from the feed to maximize propylene production.

10024] The isomerization and metathesis of olefins in the above-described processes
currently utilizes two catalysts. For example, WO3/Si0O; catalyst may perform the
metathesis reaction and MgO catalysts may perform the olefin isomerization reaction.
The MgO catalyst also serves a reactive guard bed, which prevents the adsorption of
poisons onto the WO3/Si0, (metathesis) catalyst, and, therefore, prolongs its cycle
length.

j6025] The two-catalyst system typically consists of a physical mixture of two
catalysts. One is a tabletted MgO and the other is a silica supported WO; in the form
of granules. The MgO catalyst is present to act both as a reactive guard bed and to
provide isomerization of l-butene to 2-butene for the reaction of 2-butene with
ethylene to ultimately form two propylene molecules. These catalysts, when loaded
as a (MgO: WO/Si02) bed with a part upper MgO bed, or an overall (MgO:
WO/8102) mixed bed, present several issues. For example, the MgO is subject to
significant sintering and loss of surface area over catalyst regenerations; the loss of
surface area results in loss of MgO activity for both isomerization and as an adsorbent
of poisons. As another example, the mixed co-catalyst system may be subject to
uneven mixing, bed non-uniformity, flow channeling, and uneven temperature
distribution in the bed, which alsc further affects catalyst performance. Additionally,
the reactive effectiveness of a physical mixture on a kinetic basis is lower than a

single catalyst where the functionality is in close proximity.

1¢



0 0 100171In 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). The theoretical ratio is 1/1 molar or 0.5
weight ratio of ethylene to nbutenes but 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 g§@xgess ethyleresandusoie the-fact thatiaethusohutdans and.lshutene gfanot react with

ethylene (see reactions 4 and 5), t rocess sequences are employed. First, the isobutylene is
removed prior to r?é’taat?ides%fq elzso\%%ﬁesﬁrg%l hof rgFﬁ01\1/(‘éﬁd'c,}]itc?1 Wit t%’l%l%nﬁ’p HEWNE r%’tﬁ%%g' are
recycled to achievadsighiyigid I8seentisl sotigmnécinisoie firechte Bibutehprbseineiudingraidouble bond
isomerization catalysisuehias MmegpesiHieNERiadmived: wilhdhe metathesis,catalyst: Note that this
catalyst will not caté_gguséléeletafl L;o eriztation éiﬁobut%lene t noErrpa_I but IeneYS% but onl{ Hshift the double
bond from the 1 p85| i6n o the gpo%ﬁ%ﬁ FOrtHE Hoon® Butenes. THus i}“(%e %‘flaﬁagv@i “Scess
ethylene, eliminatifgtisahinylenerfiom the metathesis feed prior to reaction, and employing a double
bond isomerization catalyst, re&qiov T i Itaxipmi Zed INois,(ho@eugR that by removing the isobutylene,
potential prl@%#gﬁion of pigpgl%ﬂ%og otQ:_r quoducts IS Io&t.d WO 2010/0282 7PCT4U§2009_056076
[0018]Wheh there is limitéd or N0 ffE8h ethyiene (of excess butyishies 13y the eiishe available), there
are currently two @dptiiensyHirabledeis propydere proddctortiniehesedasks]irerticst siption will first
remove the isobutydengignd themarocessihanemalibutenaswithavhataves sthylees is.available. The
entire n-butenesonly mixture is su%‘%\f:ted to meta&hgstis ngthi.. e availaal? eflh}élene. Ultimately, if there
is no fresh ethylené available, e CA'S foact with themeelves (Atito hetathedi8)? ONHEPBY ethylene
conditions, reacticHgARCBc@ENE T INMapEine;aifherdinged duestienproppierizatetestivity¢58% or lower
versus 100% for reagtignchimghedowesspiacbitysas isip/RmerpIeRyIsne deedHetion. Mlote that
reactions 6 and 7 Myille§u{niinrpiz%gltg§u% rerﬁugiof thle r(f,-rggval of iso u¥ylenﬁ o low levels but not
necessarily zero). ﬂierna%?y,]the MOIAr TIOWs o%th?f)eﬁe and butehes cBh ﬁe“r’ﬁnatccﬁrend"bnf/’ limiting the
flow of butenes tolpfddiicehedrditioriedhere thidrenism, Hgh deleiivitpobtheitiogmatbtieres to
propylene via reagignid. &y dimifpgrthefemspi-nabuignesda-maish athwlensuthespredugtion of
propylene is Iimiteadl,1 EYEMG rfet%léc}%gi béltetﬁgglélo%hl 191 Fgegnt nes and some hexenes are formed to
some extent in thé conventional metathesis case wi rél\?vnesth‘f/vleﬁﬂg“@/i%nrg}é%%sgnssggﬁa 4 he volume
of these componetishilfppensr oipepstietbtiyanestivntantsimatforvith stowdraago pfoducing more
C5 and C6 companests.intheeasvenicealpriotiar easewheisehulyiengisiemaysg.aefore any
metathesis, these C5 and % olefins ar normal fins since r@e%keletal isom rgﬁationt oceurs. Itis
olefi

. ] lo , _
possible to recyclg%ﬁgg%‘ %rg %igliyf(? tt’ e meféat e%Yé“%té‘E)e%_ (.ertles, ?girzig%%np €, the'Ted&ion with
ethylene and 2- p&ptéte FAMEHEaYIe A goprapyletteraian dstitdhe cThdq -brrteingliedrevovered and

recycled. Note howeyetcyith dimitechethdenss reastianciifar e unondenthelimitpfthesthylene
availability. UItimafteI me%e non-selective hyproducts, pentenes and hexenes, must be purged from
E’ functi nag

the system. (0020 nt ]\I%. , yg 2 discloses a process for the auto-metathesis of olefins to
produce préB{i8he and hexengPhérafipcaiutdhrtetdthesiy ord mixetmoiamal biseenaizfded-in the

presence of a metathesisicalahistopgraieswithadhanysihvans indhefasdaix 1o theneatathesis
reactor. Some fragﬂpn of E,Q& zlhk&utgne feed m%yﬂbe isomerjzed to 1-.butgp?egsr%d the Jlé%utene formed
t

. P r -
plus the | -butene in the feed reac rlgﬁidﬁ/ With ecﬁ_f%‘f'ﬁté%% fgq]éjr“n%lﬁigopylene and -pgﬁ?éne. The
feed to the reactoftsEthdigied hesidibydiaisimte iphintenafobdanimhaickaktaelatiumreacted WO
2010/028267PCTHtmR@) 98T, 6rhodium, vanadium, ruthenium, and rhenium for providing

metathesis activity on a support comprising at least one element from Group 1A,
HA, 1IB, and HJA of the Periodic Table of the Elements, wherein an exposed
surface area of the support provides both isomerization activity for the
isomerization of 1-butene to 2-butene; and reactive sites for the adsorption of
catalyst compound peisons. Alternatively, the material having metathesis activity
and the material having
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butenes to simultaneously form additional propylene and hexene. The 3-hexene formed in the reaction
may be isomerized to 1-hexene. 100211In U.S. Patent No. 6,727,396, ethylene and hexene-1 are
produced from butene-1 by metathesis of butene-1 and isomerization of the hexene-3 produced
therein to hexene-1. The initial starting material is a mixed butene stream wherein butene-1 is
isomerized to butene-2 with isobutylene being separated therefrom, followed by isomerization of

butene-2 to butenasdmyithibe Mdenadh bangiiie feed 19 the metathesiged 90224k0 bk&pRatent No.
7,214,841, the C4 fr cracking.p s Is first subjected.to autp-metathesis prior
to any isobutylenes%M%é%mgd glr%] : c\é\%%ﬁ%ﬂ%%%& ee%%%/l?e%!e @oﬁ%&% Sfé{}\foeritojig %hcé??gg?ct?%n%% i%% produce
propylene and pefit %&%ﬁé%ﬁéne and propylene produced are then removed leaving a stream of
the C.sub. 4gaofl heaviesRMARRGAIRLAI G AURP ARG heauer ompanents A (en epoved

leaving a mixture of | -butene, 2-butene, |sob;€%%§ne, and iso- an butanes. The Jsobutylene is

next removed prefSfaBTY B & ST fA EHTISIER Hy U ETheRL A6 rF BBl 8RS EH Fhe

isobutylene-free Ga&tres#iisishdr mikad Wwithnhé&ptodubtdetay levd vem o vedfronithigiatitg-metathesis

product together witheanyfreskexieriakethenenaededrng.subjactadie canventiony kretathesis

producing additio e.. t e C4 olefin.stream. | feedstqck to an
r{ﬁ‘é pfé?&%%%, &%g#@g ht% L&?@ﬁ&%}ﬁ%g&i Wltﬁ g cata?y%? .o,neipoun

olefin cracking process, where t re reacte mselves over a‘zeolitic ‘catalyst to
produce a mixture“CBIIBHEh ¢ etRTE R ep ROy R eSSl P dr SRt dengsieh 485EHZe ¥R Siilar to the
metathesis processy isigaratfinsidrelingrlindhis crackingrprosessrand imuStive remevadrirom the
process via a purggrsirean). the. RMatentNeie:30Y 17 and S RatentLpplication,Ruklication No.
20050080307 both describe such a é:])ré)c%ss. A mixture 0 t%o%ggél rCa4 to t%:‘GSoIefin as W(F” as paraffins

. . A ; WHEreinn a OSE ¢ SUDPOLTE. Proviaes
is vaporized and fed to a reactor fille with a crysﬂéilﬁ e zeolitic catalyst and oﬁ’é’ra |Hg ata temperature

between 450 and BUBCSARETHiRR A BR i ihe (P ama 7o 80 fridvisactdp etitiseias 14t sent to a
compression steprebbigveratkinfpreactoed system op erétbstatoeiptivelyjoisopresgurerataedid fouling of
the catalyst in the graking reaaeton! IRorde o Jeduse heiSNeIgvarsts Gueile feftigeration in the
subsequent separaantéon(gg/éstear&eth% iprea% e isrg/gci)gr%lgx iln%r%ased o pressures Qn the cg{bder of 12 to
25 barg. This allows the surbse*qﬁ%n Tractionnating tower§ 5 Ulhizd"¢ss |ﬁ{_) Wast%ar ndtead "’?refrigeration
in WO 201010288573 ASs0usfbab? 6resrdes et Réieodersdtiehidtaptims etmhptession
effluent is t @Fnt toage a{%tri n s%gégn% where the eéggleane %@Q E)rgg(prylt ne ar recovergd along

. 5 CIre 18 Provi 10 11Q1 O .
with an aromatics stream. The et yfile e and propylene Is recovere overhead in a tirst tower. Unlike

metathesis, thesefBrBAiets ESnRATSHfftaBIN R fioMRE B Sthuliacatit! prdpdHs iR meRtBhal
purification of thiswtrgarmiig rieogssarynd Biswancheidceompiishiedabyisadditiona fractinhation or by
utilizing the recovepasysignRtanadincen daciity suehasanwiefinsmlantshetawuerhgttoms
contains C4, Cs apd 6+ parafiine and afomalies, Ihialssentio a secondiowsr. Ihe querhead is a
C4105 stream and the ig ypa_rorﬁa%c% + Stream’Is the 0.{Qm5 pro‘é)ucff’.lﬁ]e Unconvensd C4 and
C5 products are typieaify FeRpEIEd: Fraebaterynasteesti el s Bb e enerhariedFdlefins with
equivalent efficientymTdiensnismo gadladto irethoveiisobutyleni forexachple framuthedesdidog maximize
propylene productig.&QR241Theisamerizatimanthpaiathesis ofialaling inai0m abgusrdascribed
processes current[lé{nug@%esa%\/gov%%%a .u%s. or exa llle,rg/ggﬁ/SlO? C%Ialg/st m“a%igle%grm the metathesis
reaction and MgO c_a%aﬁ/s'ts_ may perform Re Bl&fin ISE merlzaelig);r% réattion. The % chalf}st also
serves a reactive BiARIIEH; SRR N Bhevertd tHe anBB b basorssricomot themidsrsiol. (metathesis)
catalyst, and, theréfard]prainddsiits efale: |drgibdif0Q2b} he' tike-Catalyatssyster typiapfyconsists of a
physical miure ofiya caialisiesOne Siaahlsipddian aad therpingnisia ilisasurpaird WO3 in the

fotin of granules. The MgO catalyst is present to act both as a reactive guard bed and to provide
isomerization of 1%&%5%%%%%%?3%5?gﬁ}ﬁglpeg]&ig%“%%ﬁﬁﬁtgﬂ% Wﬁﬁ’&h@%n{g £ itihvately form two

propylene molecutdgatheseacathlyes, sHpRGTloadiias KN gOOMEOSIDR) betvidith @ipdhcupper MgoO
bed, or an overalli(MaiMiaH Si02) aixed bed,Huesenireveriaiiassies fer@xamaiibe MgO is
subject to significgggdgyi@[tc}ggﬂglgqg {pss$.0f surface area over catalyst regenerations; the loss of surface
area results in loss of MgO activity for both isomerization and as an adsorbent of poisons. As another
example, the mixed co-catalyst system may be subject to uneven mixing, bed non-uniformity, flow
channeling, and uneven temperature distribution in the bed, which also further affects catalyst
performance. Additionally, the reactive effectivenéss of a physical mixture on a kinetic basis is lower
than a single catalyst where the functionality is in close proximity.



[0026]As described above, there is considerable interest in the processing of C4. C5, and heavier
olefin streams to produce lighter olefins, such as propylene. Accordingly, there exists a significant
need for catalysts and processes that may result in the efficient isomerization and metathesis of linear
butenes for the production of high purity propylene from such olefin-containing streams at low cost and
low energy. SUMMARY OF THE DISCLOSURE 100271In a first aspect, there is provided a process
for the prod@i®ddh of propitsneatpreiprotdsslimerigingsdomdcheigietiglaise tand Hyasseathon stream

comprising 1-buteng.ang4:0\IaBeWIth 3 Rifyactional isoperzatonesiaihesis satalyskia.concurrently
isomerizes | -butene to 2-butene and to form a metathesis product comprising propylene; wherein the

bifunctional isometiZatinethEtithRe re CatardiBgnth FRIY'Sh (PR L SAPFIHEECEINGATSIME at least one
element selected fiemetingsiend taialumaiiehiuneamelybgenum, RiskehPaliadiuem, esmium, iridium,
rhodium, vanadium, yuthenium, and rheniym for prov}?gl}i{r%l%]'l metathesis activity on a support comprising
atleast one elemaH figHh Gt R, 7 S ARG PERHET aBIE6FHhe EIWNTUHES; wherein an
exposed surface asealofitheraupportipsonidesbothisomerizationiastyvinefantse woivierization of 1-
butene to 2-butene;, ar]d dreac‘%ivecsites for theEads%ption (ff ctatalxst.cor(pp%)l{mdtpoisoTs. AIEernativer,
the material havin%“ﬁ‘?é?atﬁgssngcffﬁfﬁ%ﬁcf e material b Sl‘né%gﬁ%ﬁ?aatloﬁagnﬁnﬁoffs%%egdsorption
activity can be co-fmingledupni &, rHisrds8opid $8alené e themthblEttdd of tbxtFidedris;the@resence of a
binder to form the piflnetanl atalst. I003RIING, Seeqnthaspastuinasa is proyidar 2 piyctional
isomerization- metathesis catalystfor the concurrent isomenzation and metatheses of a mixed butene
feed, including: a Bett@iist Earpoliy Edenprisingratiaastiomeelementaslected from supisten,
tantalum, niobium, mahyhdeRim,Ricket DN AT Whmtisi R Ho it Yagadim, uthenium,

and rhenium for providing metathesis activity ona support comprising at least one element from Group
IA, 1IA, JIB. and 13908 &FHe péidaidrasieontine € eHrispaitdein Be ¥Rgosed surface area of the
support provides both isomerization activity for the isomerization of 1-butene to 2-butene; and reactive
sites for thé Bddtption df AN ERPollificpSIEENE Kt AaaEsy  RERARRS RPHAUMY fibtathesis
activity and the matariali haldngnisomeizatiansars pioisonadsomtionativibn cad beesingled on a
microscopic scale iﬂd the% t@btlettefd (%r extruded in the r[E:f)resten(t’:e of a binder to form the bifunctional
catalyst. 100291Cth&r&iiodinkehts discfeBd Hierein Peiste fgbaap%%%os% 8?’8?(515%%@ “Bitunctional
isomerization-metathedisncatafystiféirthe donclivkentiscméritation aind PeetatieSisHaf aimixed butene
feed, including: cal¢ining a s rt comprising at least one element from Group 1A, A 1B, and IlI1A of
the Periodic Table T e L e R e e a8 cuncl
comprising at leastagricol et seletteafromalybgsnam. tarkdtinga higbiom ocplybd éndirmnickel,
palladium, osmiurg, jiditimy SRRAIH. aNARMM.SHENGRIHIR, 20SLRBNIUD; wherein the catalyst
compound element provides metathesis activity; and wherein an exposed surface area of the support
provides both isorflef£ati BN eIty ToEpiesiaerveiz atiB VB EEI ik AEPRFZLISUEESE Apridelitive sites for
the adsorption of gaﬁﬁw@@m%g@&@a&aﬁwmm YaoRarkicesRtmatariarhayingmetathesis
activity and material having isonnerization and poison adsorption activity are co-mingled on a
microscopic scalezal?*&eé‘ﬁh@?Ciéﬁ‘é‘&\éedSB?%gajfﬁ%%ﬁdﬁ?WBr’%g‘é‘ﬁ%‘é%f:‘énﬁ?ﬁﬂ‘é? RS F8¥ the bifunctional
catalyst. 1 In a third aspect, there js pravided ocess for the productian of propylene, the
process MG contaltid CIBRE ARcra hyireE bt A DTG S 2-butene
with a bifunctionakisalysefizatienemetathesisooataysiolo conceradntiysisdmernizes humrefiedo 2-butene
and to form a metathesis product SOmPrising Rropylens; Whareln the, DINGHANh g rom
isomerization-metatﬁlgss cgdtalyst c%mprlsgs: a catgﬁast compound comprising at least one element
selected from alumlinuimymallpahirididmdjiron, innoly baidsibdanvick el akigbiume bosmiurspatiadium,
phosphorus, rheniu, fhadiugrutheniums Gaialumy SianiimyJupgstan. and kapadium;far providing
metathesis activity: co-mingled on a microscopic scale with a catalyst comprising at least one element
from Group 1A, 11RgsER, ahd Yaalisfthép driodid Tabne Btheis EdeHieits cormmeislisport comprising
at least one elementfrer &y ouiel itk LAl sanshilAafthe BeriodicEakia abiesklepents; wherein
the co-mingled catalyst particles or an exposed surface area of the support provides both
isomerization activity for the isomerization of 1-butengo 2-butene; and reactive sites for the
adsorption of catalyst poisons in the feed.



[0031]Other aspect, embodiments disclosed herein relate to a bifunctional isomerization-metathesis
catalyst for the concurrent isomerization and metatheses of a mixed butene feed, including: a catalyst
compound comprising at least one element selected from aluminum, gallium, iridium, iron,
molybdenum, nickel, niobium, osmium, palladium, phosphorus, rhenium, rhodium, ruthenium,
tantalum, titanium, tungsten, and vanadium for providing metathesis activity: co-mingled on a
microscopic scalef%iathiweaiﬁ‘l’yéﬂéomﬁﬁ%ﬁ%ﬂé@sﬁéh% e¥erHentRoRsGrioap 2A, 41AUPKS. and I1IA of

the Periodic Tableqf theiklemenis.pt ORA-ALRRAIGRMPIIsSINgatIgagheng clerenbiamiGroup 1A,
lIA, 1IB, and WA of the Periodic Table of the Elements; wherein an exposed surface area of the

support provides baBFiSEHEr PSSO I 6 TORRETPERSH ¥F1-Putth & RPILIFRHECANd reactive

sites for the adsoptipn@heaialishpaisons inthadaesPR3dalin A faurihaspestthare isnprovided a
process of preparing a bifunctiong IS meri,zation-m?tathesis catal%lﬁst for the concurrent isomerization

and metathesis of @HIeH BUAHE S8 EMPRSTHE TR BEEERG" &6Sport comprising at least one

element fra, Gyoup A, i, 1B, and A phthe Periodie Table, of the Elements with A catalys!
compound ‘comprising atleast oné element seiebted from t ngs?en, tgnt%aluw% nio’blum, molybdenum,
nickel, paIIadium,i@@ﬂﬁdmﬁihidiﬂn@ﬁ@@ﬁium?yarfadhhmpwumgmmmpawdimmm wherdirsithe catalyst
compound elemepy Q%ﬂ@@%ﬂéﬁ@%@%ﬁ'%38}1}’;&%@%‘0%‘%{&&”aaé?l é&%@%ﬁﬂ?ﬁt%&& ghdhe support

provides both isomerization acfivity for the isomeriZation of 1-butéhe to 2-butene; and reactive sites for
the adsorption of elstafysticompotiit ! Ppeisénd [H0081 Biincd firePaspéict Tdecofsth dviieent bifunctional
isomerization-metgthesis (_cd@g%mstJ&&H&&pw&g@iﬁ?ﬁoﬁerjg%@ogn@ngléggﬁth@%ég gy@ixed butane
feed, comprising: a catalyst compound comprising at least one element selected from aluminum,
gallium, iridium, irdHM SR dEHIHNiERELRioBitRn, BSHTHRD Wallalikl, pRGSHHBrus SFHEMIUM,
rhodium, rutheniu&;lg@mmy%hg b, tunesian, andyanadivihiarnproviding metathasisactivity:
co-mingled on a microscopic scale with a catalyst comprising at least one element from Group IA, 1A,
1B, and 111A of (B odidT aHRditRe BIRFEA G GHAYSL I8P UG pASIRG Lt QY6 element
from Group IA, [l AndB:andadiAqof theiRetiedic dableabtha:Hiemeantsyvheraippan expased surface
area of the suppoyt pravides both isomerization.activity for the is ization of 1-butene to 2-butene;
and reactive sites 11 th& ]38135?838na8?‘élgfgf%t%%ié%’%efﬁzﬁgig?e@%@%fﬂﬁ azgg&tt%neds%%%ct, there is
provided a process:ofipeepasifig ehbifdnnianaldsoaerizatiomonethphesisscatalyst for the concurrent
isomerization and metathesis of a mixed butene feed, including: impregnating a support comprising at

least one elgment from GraupJéiBaspdtB.iBad Mpreline Reriedis tablepafitheFEmentswith a

catalyst compound comprising, ahleast ons. slementselestad IR MBI Gallms kidium. iron.
molybdenum, nickel, niobium, osmium, palladium, phosphorus, rhenium, rhodium, ruthenium,
tantalum, titaniurrf,’ftﬁn‘aé’féﬁ,@Fﬁi’?/écﬁ%iU}ﬁiﬁﬁ)ﬁgiéiﬁ‘%%ﬁ&lﬁs@%ﬁfml%I&Wfsﬁ)‘?’ﬁ\ﬁﬁes
metathesis activitigaandnwieerermafiexgosed strfide Hibaof thisubpert prodidesbbtielisbmerization
activity for the isomenizationiof 4 dugLedmRIHEBsBRdifeastivasHesdeniin adsartion.of catalyst
compound poisonzﬁ. ;9}91%13 In gﬁ]eventhigﬁpngctir%qjergnig] rgye/]jlqltlend a progess. {gtlaigrrﬁap%riggu% bifunctional
isomerization-meta%hes.is c’até?ys?%r the concurreht iIsomerization anci3 Mmetathesis o_fS a mixed butene
feed, including: cEHMIHg & RPSP LMo REM PFRIAYE: 14 BHiE b e EALFOMEFIUBYA, 1A, MB,
and 11IA of the PangslienT abieahthie:kleménts withiatoatalpsthommpounticomiptising @tlgast one
element selected fom RIUMNDUIR iU sITiSiMEL R RRIVDIS I, igkelduoRiumy osmium,
palladium, phosphorus, rhenium, rhodium, ruthenium, tantaluin, titanium, tungsten, and vanadium to
form a mixture; forming the mixture into a catalyst particle; wherein the catalyst compound element

provides metathesis activity;



WO 2010/028267PCT/US2009/056076 and wherein the first compound elem_ent p_rovides both
isomerization activity for the isomerization of 1-butene to 2-butene; and reactive S|_tes for the
adsorption of catalyst poisons in the feed. [0034]Other aspects and advantages will be apparent from

the following daseniptieszand the appended claims. BRIEF DESCRIPTION QF DRAWINGS
[0035]Figure | is a simplified process flow diagram of a process for producing propylene_accordlng to
embodiments disclosed herein. DETAILED DESCRIPTION [0036]In one aspect, embodiments herein

relate to the processi a4 6 hydrocarbons to form, lighter olefins, sych as_ethylene anql
propylene. In anogtﬁ(zragse%gel%t?ﬁgm rsc? |Om%%%gn§§lcf: 6%%%‘1 %ré)rvellénesrgéq%% ?&?ﬁ?@f&h%@ﬁf‘%gﬁ’iéﬁ?mlon of
1- olefins, such asastigsHenof 1-blafins [sldhasQ-buteneandithefmatathésistbiher 2ataleéins to

form propylene agaﬁ{yggﬂfe fn.gther aspects, embodiments disclosed herein relate to a bifunctional

catalyst for the concurrent isomerization and metathesis, and a method of preparing the bifunctional

catalyst. [@@3Hp a morgﬁaﬁeg&@e&@eﬁ@fa@mgﬁmﬂﬁg%m Retgind %@f&%%{%ﬁ%@%ﬁ‘;e

production of propylene, including contacting ethylene and'a hydrocqrbon gtream
with a bifunction &S ARSI Fdtathesis catalyst to concurrently isomerizes 1-butene to 2-butene

and to form a metathesis prodpgt ipgtuding eronyigeen 0a38iNsamegmbodiments, the hydrocarbon

stream including 1-butene may be supplied as a mixed C4 stream. The mixed C4 feed to processes
disclosed H¥FH may indigie ¢3s16 Sewhifciopadsondlincldding C4f G4po@s; andC4iteies cracker

effluents, such aﬁﬁﬁﬂkﬁemﬂgﬁk%g&ﬂrﬂ%%%@é@%?{e%[}gng (FCC) unit. Other refinery

hydrocarbon streams containing a mixture of C4 olefins may also be used. When _CB, CE_S ancUor C6
components are present in the feed, ithe lstréabliay BEBrg2frictidnated to result in a primary C4 cut,

aC4to C?Mﬁfr a C4I¥10 Ocr:zg %%%)'ect, embodiments herein relate to the processing of a C; to Cs

hydrocarbons to form lighter olefins, such as ethylene and propylene. In another
aspect, embodiments disclosed herein relate to the concurrent isomerization of 1-
olefins, such as I-butene, to Z-olefins, such as 2-butene, and the metathesis of the 2-
olefins to form propylene and ethylene. In other aspects, embodiments disclosed
herein relate to a bifunctional catalyst for the concurrent isomerization and metathesis,
and a method of preparing the bifunctional catalyst,

10637) In a more specific aspect, embodiments disclosed herein relate to a process for
the production of propylene, inciuding contacting ethylene and a hydrocarbon stream
including 1-butene with a bifunctional isomerization-metathesis catalyst to
concurrently isomerizes 1-butene to 2-butene and to form a metathesis product
including propylene.

[0038] In some embodiments, the hydrocarbon stream including 1-butene may be
supplied as a mixed C4 stream. The mixed C4 feed to processes disclosed herein may
inchude Cs to Cgy hydrocarbons, including Cs. C4 to Cs, and C, to Cs cracker effluents,
such as from a steam cracker or a fluid catalytic cracking (FCC) unit. Other refinery
hydrocarbon streams containing a mixture of C4 olefins may also be used. When Cs,
Cs and/or Cg components are present in the feed, the stream may be pre-fractionated
to result in a primary Cy cut, a Cq to Cs cut, or a Cy to Cg cut.

[0039] C4 components contained in the feed stream may include n-butane, isobutane,
isobutene, 1-butene, 2-butene, and butadiene. In some embodiments, the mixed Cs
feed is pretreated to provide a 1-butene feed for the metathesis reaction. For exarmple,

when butadiene is present in the C; feed, the butadiene may be removed via
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100391C4 components contained in the feed stream may include n-butane, isobutane, isobutene,
1-butene, 2-butene, and butadiene. In some embodiments, the mixed C4 feed is pretreated to provide
a 1-butene feed for the metathesis reaction. For example, when butadiene is present in the C4 feed,
the butadienesvtedpseremioved via WO 2010/028267PCT/US2009/05607 g chyickagenatien or
extraction. In other embodiments, the mixed butenes feed following or in conjunction with butadiene
hydrogenation may be subjected to hydroisomerization conditions to convert 1-butene to 2-butene,
with isobutylene pei ggﬁ%@&%gg %x?? e stream by fragtionation. The 2:bu stream may
then be isomerizegagiggck to 1-but'enég|{r% ‘a'surgé%%}rjérr?t%g%%l 8%0?15 as S%h‘{%l%ﬁgéfreﬁé{%ﬁ%%%%ortion of
the processes di§élosed FEtBIRCODACTTHe Diatiere mhydtenbdcontaeted ith aulifuadtional
isomerization- metaihesis SUAN! (B-oRGUISRINISeMeliAs.tdeashaRotion af e dahytone to 2-

butene, and to metathesize at least a portion of the 2-butene to form oné or more metathesis products

including ethylenPBIEEYIERER AR EsTHCe Mt friensructdc 3-buimes simsodmasrilesnive 2-butene
may be subject ta:¢aBNeationat metathesis iwhefeethvane:is garfed-withiibe 2-bitene ia,the
metathesis reactor. E004 The metathesis rea é%r may operate at a pressure between 2 and 40
atmospheres in SOME B BERIISRIE S HEFHSERICER - and 15 atmospheres in other embodiments. The
metathesigdeltor mayrhe aperaied sugh thal the teackien l/ivperAtbRAsWIRIN RS ARG from about
50C to about GOQHC;t\;[ﬁthin thtealrapge from abolflt 200C to abaout 450C in other embodiments; and from
about 250C to about 400C h-yet other SrbEHh R e Pt B YRR oA e pdtférmed at a
weight hourly sphuenelevity\WidgiSsindhe ienge froriabofitia:ta-abeut 20 kmseme @mbadiments,
and from about i abodiments. [0042] The reaction.nay be carried out by
contacting the o%%%\%&v%/%tt 41%%1 (gﬁ‘la%%tﬁigikgl %@megﬁzé’i?gﬁr;ﬁjgta%i?é %}a él)rfgftfth%t Ty I%ﬁ?d‘%ﬁase or the
gas phase deperiFfgenshedmratariicrdcisiianweibht ol thbtolefim(e)tithtl enstaitkiein, islearried out in
the liquid phase.ojuarts o5 fildonis far ihareacticncanfauser Aliphatic saturated hydrocarbons,
e.g., pentanes, hexanes, cyclohexanes, dodecanes and aromatic hydrocarbons such as benzene and
toluene al®8khble. If s radadssS craner omeln fegisciug phrasairdilbentsesuch asdsatiirated
aliphatic hydrocasaeishiassexamnie. sraibanreihang ragier ssibstantially ineri gases, syeh as

nitrogen and argon y be present. For high product yield, the reaction may be conducted in the

a !
absence of signi?@é@%%ntsﬁedéﬁ%ﬁ%ﬁg EAEFiAREURR LB aHd oy ethe [GerrEhe
contact time needegdeabiain witesitablayieldohmnbtathesie reagtion Bradusts MeReRds #en several
factors such as f Clivit ?)5 atalyst, temperature, pressure, and the structure of the olefin(s) to
be metathesize .r%le?n%)t%ug tlgntg cfa r%gut ?698 in otl!;ef Qm%oé{ments, ande 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.

[0042] The reaction may be carried out by contacting the olefin(s) with the
bifunctional isomerization-metathesis catalyst 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 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.

10043] The contact time needed to obtain a desirable vield 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
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WO 2010/028267PCT/US2009/056076 which the olefin(s) are contacted with catalyst can
conveniently vary between 0.1 seconds arid 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 fiuigizesibeds, or by using any other conventional contactiire iechmasess[0044]In
some embodiments, the concurrent isomerization and metathesis reaction may be conducted in the
presence of hydrogen. In the presence of hydrogen, the bifunctional isomerization-metathesis catalyst

may reduce 1,3-hiiadiene predystion. during.the reaction hy 95% or more as compared to cgmmercial
mixed bed catalyst system. 1,3-§)utadiene may cause capg%stgr(wiglﬁ‘éeﬁlﬁggfr‘éaargtio%g‘gg%%iﬁ%ns, and

with the lower préereEisit f dputagisfaahiehamafoyen. & wsad, datlfst vslinghoynti@tssiadiene is
drastically reduceshcTibe usg dfdvdregenaviththehifunctionalisgmerizationmeiathesis caalyst thus

increases cycle length over mixed bed catalyst systems. [0045]In some embodiments, the bifunctional
isomerization-metHFES i SRR s HIRA AT DERS a Catdly SFRSmBBURTED ST aRl ctienimelement

selected from alusshrigacgallium, iridium, iron, molybdenum, nickel, niobium, osmium, palladium,

phosphori mﬁjnium, rhodium, rélig:he, ium, tantalum, titanium, tungsten, and vanadium for providing
metathesi$ activity on a Suppsrt %ﬁﬁﬁ'ﬁ%ﬁeﬁ%’i‘%@%ﬁéﬁ%@%6“9@“%}%]FB?-‘%SW& A of

the Periodic Tableayf thechidmentsn|thetbasembaedimentecthe hifuncienahisosrerization:metathesis
catalyst may include a catalyst compound ¢ rising, at least one element selected from tungsten,
tantalum, niobiuriﬁbli'%lﬁtm]'(%R/(gi qeﬁsl?nnwl c ﬂﬁ%ﬁe ?&?%%%srﬁ , %s#ﬁﬁtnf?ﬁbfdfﬁ%c?mﬁf& ?gﬁﬂ%m%ﬁﬂenium,
and rhenium for gvoiglithg rattitisclsis Hctvity oo a suppostcaimprising:atciehsiiead ielémeast fom Group
IA, ILA, 11B, and [JA.f the Periodic Table of the Elements. The support material is selected such that
an exposed surface area of the support provides both a) isomerization activity for the isomerization of

1-butene to 2- bltériargdisns) rexrreesral st enkingisoiptivraiccaanbticompouniipbistnee{0046] In
some embodimesisidhe,sURNOTtBAYIRE uA AR ride. sufide, niride, %Jﬁ(%f e of he.gtdgast one
en

element from GroungA,_!lA, JIB, and IlIA of the Periodic Table of the Elements."For example, the
support may inciid& & BRI fraterExidEheutsb IR 1Y tFrersomibhi & obi bnttistréricomerastirme, such

as magnesium axietethadl Q- 20001 0RE2HEREEAISA00HBRGNEE waleivpr Pxidey Rasiuanexide, lithium
oxide, sodium oxide, and potassium oxide, and mixtures thereof [0047]In some embodiments, the

support m@g#itlude a magnesimbiutinieathydirotafciteiddydiataleitedompeundsisuiiableta:perform
isomerization ang pQIsoN gg pti gharpéi clude, for example tre h ro]%afléczift{gﬁcom ounds disclosed
in U.S. Patent No. 4,675,%(_)7?,’%%}?{’3{%?5 InCorpaTatat ﬁe%ﬁtt‘?ﬁg 8‘%%?5.6 CHEf R BBl
isomerization-mé&fNEsis italyst fopthe soirbdeanm, nickel, niobium, osmium, palladium,

phosphorus, rhenium, rhodium, ruthenium, tantalum, titanium, tungsten, and
vanadium for providing metathesis activity on a support comprising at least one
element from Group A, 11A, JIB, and ITIA of the Periodic Table of the Flements, In
other embodiments, the bifunctional isomerization-metathesis catalyst may include a
catalyst compound comprising at least one element selected from tungsten, tantalum,
niobium, molybdenum, nickel, palladium, osmium, iridium, rhodium, vanadium,
ruthenium, and rhenium for providing metathesis activity on a support comprising at
least one element from Group IA, IIA, IIB, and IITA of the Periodic Table of the
Elements. The support material is selected such that an exposed surface area of the
support provides both a) isomerization activity for the isomerization of 1-butene to 2-
butene and b) reactive sites for the adsorption of catalyst compound poisons.

10046] In some embodiments, the support may include an oxide, sulfide, nitride, 0;"
hydride of the at least one element from Group 1A, IIA, 1IB, and IIIA of the Periodic
Table of the Elements. For example, the support may include a basic metal oxide

suitabie for the isomerization of 1-butene to 2-butene, such as magnesium oxide,
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isomerization and metathesis of a mixed butene feed may be prepared by first calcining a support
comprising at least one element from Group IA, IIA, 11B, and IlIA of the Periodic Table of the Elements.
The catalyst may then be loaded onto the calcined support, where the catalyst compound comprises at
least one elef@rittsetested from aluminum, gallium, iridium, iron, molybdemgrmznigkehsgiebium,
osmium, palladium, phosphorus, rhenium, rhodium, ruthenium, tantalum, titanium, tungsten, and
vanadium in some embodiments, and selected from tungsten, tantalum, niobium, molybdenum, nickel,
palladium, osmigcl e R BEim, SRR ALNSIDa RN JBSRUMH AAIUSL Sbd mggts. The
catalyst or a catalyst precursor may be loaded onto the 'support via any known method, |h%ﬁjd|ng an
impregnation metHSE e isEsient wetness method, or an ion-exchange method. [0049]For example, a
bifunctiorlﬁgléésg%merization-metathesis catalyst may be prepared by calcining hydrotalcite at a

temperat Lt least B50€7F h&TeaGRet Iy dFbtal SHEPRTRy RN BElpregatsaskitimstathesis

catalyst precursofydiveiioas. afvaeninelangsiaRi b isomeSrohadinents: g vdrotalsite may be
calcined, formed i(pto a.sharge s,uitgble %}r a c%ergia#r actor, and then impregnated with a catalyst
ffs F &€ eréfali

or catalyst precufSor FSREPEY stvAsie: LURPIR &P RIS TR Brfiets,
extrudates, and treeelikél (006D IB0Somkicdnibodimentsedherhpregahiedceatalyst may be contacted with
an alkali metal promoter. For example, the alkali metal promoter may include at least one of sodium,
potassiun®Eiim, cesilim, aifirctianaleartrelsrment-Fhethbsd matdlprometethmayoegueatthe acidity

of the catalyst andioy:yaRsPd:s AR ASESPT NG BURPRILAD QLT SiPadiments, Ing nglghesis
catalyst and the isomerization catalyst are co-mingled on a microscopi scalé}al%r?orm e.g.,
tabletted or extrGAKHIREFS HRYS AeRBH s v8 lgsipeicamandtparficterThe Wdixiig.isrelchiéved using

a blender WO 2013(02826 4R GTHISSOAY REREEOr AtherRAWE IR IRVICES: NSOMG e

embodiments, the blended materials are mixed with water, acid or base arid a binder like silica, clay,

titania, zirconia, AR HHPHe FRE® BmealisttrGamBRPixEaraPTIHS AliAde ean BEBRuded

and/or formed indelanyistitablaishapednciading Cytintars, Gubesnsimgettinobsriauagmiehes, pellets,
pills, spheres, or shapes cqntaining hollgw cores of, varying. diameters by suitable mechanical means.
i SR EoSHETo

[0051]For some Of the adove-deserbed bitunetioRal S RAR L SN SHEen ks been

found that calcinumgstarsthe pexfdime thpriorcterchedlysinm preh pdticnd Famexamate, impsagnating a
hydrotalcite with,an, ammaniym;metatun plate s lution and then calcining the.powder will result in an
inactive catalyst. Hydr_ofalcitms i_ntérm%tteﬁt Faﬁgg#g%?’hggrr%%’esl%% ‘Car Hgﬁgltrgé %agﬁ#é%se upon
calcination at tefifftitiite §bBaisB0E@. dthrowebedinisathy drbtateitdyis caleinedifissprvemesultant

MgO/AI203 solufiny willibae iglh $hefacsarediand PRe Stetiss IMPrSEnatng: this.materal with the

same ammonium metatungstate solution results in a catalyst that has a high-metathesis activity.
Additionally, the R/ tABItA RIS EXF bTe & e IRt &a PRoeiirehamgr Blsthade area/gram over a number

of regenerations. Thus, _the M ortign surface area does not decrease, allowing for high
isomeriza@éﬁ]ﬁ? attivity a}r:l%rﬁéla%%%y& 6%5{’%3’? SASEALRTTAGEGE S may, PREABEDr to use,

bifunctional isonberizétioimmintatielsisccatalysipdotmedaa tascited atiovemaycaeasiivated, such as
by oxidation of t e, ti%%sj talyst precursor or by other technigues known to those skilled in the
art. [0053]Bifun§]|o}ﬁa %ome%g%gﬁ%%ﬁtﬁ edis c:ea;%};gyssltS (ﬁ%{ghg{earg%%ﬁ%rﬁgcﬁna&&i emlﬁ’ﬁ%nabout 30
weight percent dheiamaesiasioe bevingrmhetatiasis hethvidyotd utheragrbodiviediSothedifttnetional

isomerization mgiahesis ElalyelMBkEAAN REMGETLIARL2SWEIO.REGERl o R eyl gride

having metathesis activity; between 6 and 7 weight percent of a metal oxide having metathesis activity,
such as tungste?f"@?@é PiTSHEST efiis88insaRwdle for a commercial reactor may include powders,

pellets, extrudates, and the like.

[0050] In some embodiments, the impregnated catalyst may be contacted with an
alkali metal promoter. For example, the alkali metal promoter may include at least
one of sodium, potassium, lithium, cesium, and a rare earth clement. The alkali metal
promoter may reduce the acidity of the catalyst and/or exposed surface areas of the
support. In other embodiments, the metathesis catalyst and the isomerization catalyst
are co-mingled on a microscopic scale and formed (e.g., tabletted or extruded in the

presence of a binder) into a catalyst particle. The mixing is achicved using a blender
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[0054]For example, a bifunctional catalyst according to embodiments disclosed herein may include a
70% MgO, 30% alumina support carrying 6-7% tungsten oxide (W03). The W03 loading is equivalent
to that on commercially available mono- functional metathesis catalysts. However, due to the volume
loading in a Kvérathesrs24vO 2010/028267PCT/US2009/056076 reactor wietraisepsths an
isomerization catalyst, the bifunctional catalysts disclosed herein allow for a similar amount of
isomerization / guard bed catalyst to be added to a reactor with a substantial increase in the quantity of

metathesis catalysk,ikgr gxampiRiRdadvedimas Bighe tiNaseo.WelabtRSIHAILYQIIRS &an be

achieved with the bifunctional catalysts compared to commercial mixed bed catalyst system. This
higher tungsten B8y HayAes@tith bRt Tk &y dikairticfo o551 Biaer% Sty @ BiiMctional
catalyst eliminatgsdtheebigndingprocess:ahimpidifferent catelysiaiefdissimilay merphalogy/guring the

manufacturing process..Blending may result in fines generatjon during mixing, transport, and loading
of the separate ég{gﬁfit? id F’é‘gc%}g_‘%{ﬁé* ?&n@ﬁﬁ@ﬁ%ci}ai%r%@?ﬂgﬁﬁhZ:rllélﬁ & &%agfﬁre drop.
All of this is eliminatedpbifctheriiée eftthessingbantalysitf00EOPAHdesorbedl ahoyag ethyteresand a

hydrocarbon stream ii?a%lfédﬂ?e%}}aht%gat, ne _may be contacted, in the presence or absence of hydrogen,

with a bifunctiondl isomerization-netathesis catalyst to concurrently isomerizes 1-butene to 2-butene

and o forgs etathesisproget lyingaronyisns, dhe.glllen fom e pamprsalanetatesi
y .) and other

reactor may also include unreacted components (ethylene, butenes, hydrogen, etc

metathesis byprefabtes {0OSTT heaffpent fida weomnatatvesis ksasmomestbersenttocatseparation

system to separgi,the.mstathesis effluaniinte-catbeninymbernarours:by deehnalogy waltkgown in the
art. For example, the products of the separation system may include an ethylene stream, a propylene

stream, a C4 strBAHAMERHAECE LB AT R HroHIaing dhearAwisy Ballatsvirdy a8 &prbutict stream,
which may also euisligego furbesfbificatiomeiepstiatoliain aohighpuiiepropy ead aadychad he C4
stream may be recycled back tao the metathesis reactor or a_pre-treatment stage, such as .
isomerization orrﬁ%fﬁ)ﬁ%?%ﬁa.}‘ éueot’ﬁf}fetﬁrén%?%%srﬁ S’/Vglgé%b(% rEe%c Vere ra%%i Wé%ﬂﬁ%%gﬁésam or may
be recycled backdpitkd fstathe sisubactdviidl/ uédasantethyléh dfeedsphckidadharearudriiional

m:;athegs reaction, [QARE1INRYMELMNOAMeNR. AN A feedlo & Sonventignalmelathgnis reactor
solution results in a catalyst that has a high metathesis activity. Additionally, the
hydrotalcite material, once calcined, retains a high surface area/gram over a number
of regenerations. Thus, the MgO portion surface area does not decrease, allowing for
high isomerization activity and poison adsorption (guard bed activity) to be

maintained,

[0052] Prior to use, bifunctional isomerization-metathesis catalysts formed as
described above may be activated, such as by oxidation of the metathesis catalyst

precursor or by other techniques known to those skilled in the art.

[0053] Bifunctional isomerization-metathesis catalyst disclosed herein may include
up to about 30 weight percent of a metal oxide having metathesis activity. In other
embodiments, the bifunctional isomerization-metathesis catalyst may contain between
1 and 25 weight percent of a metal oxide having metathesis activity; between 6 and 7
weight percent of a metal oxide having metathesis activity, such as tungsten oxide, in

other embodiments.

[6034] For example. a bifunctional catalyst according to embodiments disclosed
herein may include a 70% MgO, 30% alumina support carrying 6-7% tungsten oxide
(WQO3). The WO; loading is equivalent o that on commercially available mono-

functional metathesis catalysts. However, due to the volume loading in a metathesis
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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 WO 2010/028267PCT/US2009/056076 less
than 10%; les&tamoBze1srother embodiments; less than 2% in other embogliments,apgdsss than 1%
in yet other embodiments. 100591In other embodiments, isobutene feed specifications may be
relaxed, thus allowing some flexibility for ethylene feed to the metathesis reactor. For example, feeding

) . o ) o
some |sobutene,r§51&13ra Qnto égo% 1n§ncog§§@}{%%'%% 'Q;EEEE mlxqug&{l ee%gc{»}f %%%%ﬁgts/o to the

metathesis reactor may allow the reduction in the overall €energy st

requirements areliEdereddieTtisaioxibiting riaylacuantayebimspnaimidor pwet sapitahasts, idue to the

relaxed separatiqndgfiremants agalkas.aeiapianialior he mefaihesis process according to
embodiments disclosed herein to operate with a low ethylene cor%ump ion. In'some’em cyc?lments, a

ratio of ethylene {GHTRHES N ‘e dHidHIon Righmthtness reaieldfsed ey yangafionidiouti0. 1 to

about 2.5. In other@mbodimenisna raiaahetadpRgOHWSHERINA caRveignal metathesis reactor
feed may range tg%ré] about 0.8 to apout 2.0; and from about 1.5 to about 2.0 in yet other

embodiments. [00BO]RETEHIENGH (8 ERgIRaA Fe e iToimearsrssleas 6l Bfagram of a process for

producing lene agcording to.embodiments disclosed herein is illustrated. A mixed C4 stream
containing{gh-gjenes, isggggﬁle%%l,ngﬁdgﬁ) B EHTHE R Bl 2 PrRseab RAISIOL2, where

the C4s may be #ifstionatechinte avfedssiwiairactiopislingludinga light Gniractiondnpluding
isobutylene, andm3 fraction, including n-butenes, The light C4 fraction may. be recovered
from fractionator 12 ggl\gﬁ%%e{r%%tfc% #%%%gﬁr%%t%%v%ﬁﬁ%ﬂﬂ?ﬁp t%%%ﬁ?gftlﬁé?ﬁg@%iﬂf&%
conventional fraétiétiatioraieiyels onniagetie. a datalytioutistiation fractionationstbweén ideeeind catalyst

is utilized to isomerizes &bptent tp Z:0Wens. ARk VIRIsRAlS &%t%qigg fatgx%gtm 2-butene while
4 fracti

simultaneously separating t ie C4 stream into the light C4 and heavy actions. [0061]The heavy C4

fraction mapej recoveradmscahattamsdlagtionadafiow iade.and fedkio isomerizatiop:metathesis

reactor 18. When used, eth¥lene may be co-fed to reactor 18 via flow lines 20 and/or 22. Metathesis
reactor 18 may 8Htalis SitE B¢ Fiort bASPETS HifuARIGIRAI RoRydrpestonstetatthiiaciesarding to

embodiments discloseddtiersinsatitable falcorcusentisisgmenizing.atieasia potignafthg l- butene
to 2-butene and Bor}gg{ltinag via metathesis at |least a portion of the linear butenes in the heavy C4
{ £ c§

h
fraction, with or Without co-fed ethylene” 1o ethy R 4he %%@/02@%75@%@’2@5@/6@8076

yfene
isomerization-metathesis reactor may also include unreacted components (ethylene,

butenes, hydrogen, etc.) and other metathesis byproducts.

10057] 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, a 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 Cj stream may be
recycled back to the metathesis reactor or a pre-treatment stage, such as isomerization
or fractionation. The ethylene stream may also be recovered as a product stream or
may be recycled back to the metathesis reactor for use as an ethylene feedstock for the
conventional metathesis reaction.

[0058] 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
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propylene. Hydrogen, when used, may be fed via flow line 23, or may be fed directly to one or more
locations along the length of reactor 18. [0062]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 invoccarvanszember groups. As illustrated, separation system 28 Mgy fragtignate 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 C5t fragtion feeavered wia flaw, line 36, The G5 fraction 36 may contain.C4 components
in addition to C5 and heavier coémponengtg.%GﬁAog%‘:rjtio%n%:}of%‘én Wfri%‘ffo%‘c&%ré& ViAREW line 30
may be purged fERPRHELStrRd {asH thelind 38 yTishsu rgebfrdimdine 38 is utilized primarily to purge
trace compgpenits that may.existinthe ethylene stre including but not limited to hydrogen,
methane, and/or ethane. If desired, at least a poﬁ%ﬁ} o?%ﬁ%césﬁieﬁgﬁ%%%ncsovmeae Ri& ine 30 may be
recycled as ethy@HIE&sFaeHbm ki Joosthetenh deil reatiomisaiesbitatierC 4 retiangecovered
via flow line 34 madag eavCleshindme aiiests eadnt B leulng 40, 0. SA R smbedimgnts. at

least a portion of the C4 fraction may be recycled to fractionator 12 via flow line 41. In some

embodiments, atTe2%% hdftidh B ©ATEIEH R aPbagEe rikeiendaie vieefidheling 2. The

purge via line 42cmay servento putgeadoparaifinsfremsthe-sysien-that could oﬁ@é\gjﬁg, byild up to
substantial levels, 1S tQag éecg/lcle iﬁoincrgas?éj to allow for high overall conversion of the’C4 olefins.
Typically, stream 34 miay contaifi Between S8 8 FE0 perdiftindus &rada whareresperatisuidup of
paraffins within thasiystemtsAlthough not ilksatediadheC 4fcactionmesoveraskiasfiovrding 3¢ may
alternatively be fgdgto.a downs cking unit, as described in U.S. Provisional Patent Application
No. 61/088,221, filed on August{%%i?%lg W |c???§a?1%re%% ?n%c‘ﬁﬁgr?ﬁ B 55 TRFER%. (POBBYAS
described abovetBhEEEMENtTeisckd sey Isarein prioviderior theveoricus enttishimerization faadl
metathesis of C4ref faarlsasingbapifun @e;'gﬂé\h@@'yﬁt-ofﬁl&.%?ﬁ'@&ﬁaln%%%&'fﬁ%&u%"&f’éﬂ@%ﬁ% ’

embodiments disclosed herein may exhibit improved perfoiniance in metathesis and isomerization

reactions, includPyeBRdhdetPREtANRIE yerkathats reasiopfanydnsta inas tiopoabmateSals ahayt allow
bifunctional catatysisusiselesegdenciniasetain@ihigh suidace ssemigram over a number of catalyst
WO 2010 %g%f7PCTr/§£SZOO9/056076 regeneration cycles, allowing for high isomerization and guard
bed activi@ 8He maintSiTEPER% S R o rdh i RP BT oIRReTTt eHs diesmentedraipypsass diso

advantageously midncingreateyi amacusabafingeiatbasisicataldsiiaReloaded Par [8agigryolume as
compared to mi q(b ce{xtaél]}%sts s%/stems here the additional metathesis catalyst material may allow
1 eccfe | fs i c% ﬁ]ﬁung d-gt’ne

for extended bed cycle Tifespan. o= & G hiktATONEF cCRADEEREY Bifhhiated e Metding
process of two differéht icatalystt ofthissimilahmeorholbgynthyibg theranstnciusing REREASS
decreasing the amount.of fings gengrated, dur Ixing,. ransport.and loading of catalyst.in reactor.
[0066]While the _disclqssdre includes aé@i‘im_if‘eqéi'élr %%%@gég%élﬁgﬁ%ﬁum{gﬁ S gs%%ﬁ“%@ & %rt, having
benefit of this diSbstirg, Whisppre dihteliehit GtfecEmbodinietecmayebdidevisadivrhich td not depart

from the scope afithe-prasenkaliselosi ahceardingly-Mhe.seepa shold be limited gniv.by ifje attached

claims.

£
3

fractionation tower or may be a catalytic distillation fractionation tower wherein a
catalyst is utilized to isomerizes 1-butene to 2-butene and hydrogenate butadiene to 1-
or 2-butene while simultaneously separating the Cy4 stream into the light C4 and heavy
Cy4 fractions,

[6061] The heavy C, fraction may be recovered as a bottoms fraction via flow line 16
and fed to isomerization-metathesis reactor 18. When used, ethylene may be co-fed
1o reactor 18 via flow lines 20 and/or 22. Metathesis reactor 18 may contain one or
more beds 24 of a bifunctional isomerization-metathesis according to embodiments
disclosed herein, suitable for concurrently isomerizing at least a portion of the 1-
butene to 2-butene and converting via metathesis at least a portion of the linear

butenes in the heavy Cy4 fraction, with or without co-fed ethylene, to ethylene and
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WO 2010/028267PCT/US2009/056076 CLAIMS What is claimed: 1. A process for the pro_d_uction of
propylene, the process comprising: contacting ethylene and a hydrocarbon stream comprising .
1-butene and 2-butene with a bifunctional isomerization-metathesis catalyst to concurrently isomerizes

1- butene torZzbatenzsand to folio a metathesis product comprising propy@q%g/ym@y@ggﬂglae
bifunctional isomerization-metathesis catalyst comprises: a catalyst _compound comprising at I_e_a_st one
element selected from tungsten, tantalum, niobium, molybdenum, nickel, palladium, osmium, iridium,

rhodium, vanadi ni raeni r iding metathesis activity on a ort ompriging
at least one eIen?gﬁ%éarg'Gﬁg%’rp AI%%@%&%& g tﬁevgﬁ%vé%nfggfe%ﬁ%bé%grgg %"j’;t herein an
exposed surfacear& 6F thers s s eoedblsneiborfrsrzatos. activity for the isomerization of

1-butene t tene; WK £.adsorpt] cat ly t.compo Qisons. 2 The
process oﬁ?ﬁ 1, whi?ggk?%tﬁg%upp%%g%rﬁgr%es an@oﬁ%é%u f%eksll fﬁ?ﬁ%%%%%{/%ﬁé%p%%ﬂat least
one element fron"&fgupSAvhish tey, wehraler erarpRtiodiviiatite eppheBicimessaatiiheprocess of

claim 1, wherein ¢fe.suppast %@fB@éiW%%@;ﬁ ofanagnssim oxide.calcium gxidg, harium oxide,
lithium oxide, sodium oxide, potassjum oxide, 4. The tprocess of claim™1, wherein the suppo
comprises a ma F?@gl{g}%%f'hf%glﬂ? |Qfraduct 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 Cy fraction recovered via flow line 34, and a Cs, fraction
recovered via flow line 36. The Cs fraction 36 may contain Cy4 components in
addition to Cs and heavier components.

[0063] 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 wtilized 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.

[06064] The C4 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 C, 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 C, 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 C; olefins. Typically, stream 34 may contain between 30 and 60% paraffins as a
result of the recycle buildup of paraffins within the system. Although not illustrated,
the C; fraction recovered via flow line 34 may alternatively be fed to a downstream
cracking unit, as described in U.S. Provisional Patent Application No. 61/088,221,
filed on August 12, 2008, which is hereby incorporated by reference.

{60651 As described above, embodiments disclosed herein provide for the concurrent
isomerization and metathesis of C4-Cs feeds using a bifunctional catalyst.
Bifunctional catalysts according to embodiments disclosed herein may exhibit
improved performance in metathesis and isomerization reactions, including extended
catalyst cycle times. Use of hydrotalcite support materials may allow bifunctional

catalysts disclosed herein to retain a high surface area/gram over a number of catalyst
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5. The process of claim 1, wherein the catalyst compound further comprises an alkali metal promoter
to reduce acidity. 6. The process of claim 5, wherein the alkali metal promoter comprises at least one
of sodium, potassium, lithium, cesium, and a rare earth element. 7. The process of claim I, wherein the
contacting is ¥onduistekinrthe presence of hydrogen. 8. The process of clagnylyyyheisiastae
bifunctional isomerization-metathesis catalyst comprises between 6 and 7 weight percent tungsten
oxide. 9. A bifunctional isomerization-metathesis catalyst for the concurrent isomerization and

metatheses of a pixed hutene feed, eomprising:a catalyst compound comprising at least one element
selected from tungg%n; tanta%m, F]iotl;%um,émo_?y? elﬂf]nugr(#}}%1 hiE 8 ,ﬂpgﬁad%ﬁl%, o!%endl%%l,vil%if?mgerhodium, '
vanadium, rutheriiti il rhe Meiairse prestiieemistathdsidinciitydiwidsed herein may also

20101026267PCEAISROIIIEANGOR @ SHPBHLEAMSNGALCERLANPE BMBNIIGM GLOUR. 1A, I

[IB, and I1ll1A of the Periodic Table of the Elements; wherein an exposéd surface are e support

provides both isoffiBFYAAbALERITS fortehbrieralith oFEBateie beruidenandaetistire sites for
the adsorption ofceaiiglyshrasripoung, PLISON ol AxihaGatAlYSERT €1aiMsPa h%‘&}&éﬁeé%ﬂ%%t
comprises an oxi%gﬁ, éirgﬁ, nitride, or hédride ofé_pe ?t least one element from Group IA, ITA, JIB, and
1A of the Periodic TABIZ B HRE A FRERE RN, e AR PERSHTS S e iterRRt Saisbisie @mprises
at least one of méigsieslamroxithe] eaicilimngxitie rbarirmexigepikhisin Dxidesispdiim:axige, gotassium
oxide, 12. The Cm%teﬂgr%@ic[%%h‘a%%%ﬁ%@gﬂ?a%&;ﬁ@?&xg ?org {ri;?geo ga%%{] glsgeaégtgjrrnina hydrotalcite.

{0066} 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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13. The catalyst of claim 9, wherein the catalyst compound further comprises an alkali r_netal promoter
to reduce acidity. 14. The catalyst of claim 13, wherein the alkali metal promoter comprises gt least
one of sodium, potassium, lithium, cesium, and a rare earth element. 15. The catalyst of claim 9,

wherein the bifihetisrmabisomerization-metathesis catalyst comprise_s betwqgcpf%%g%éa@ght percent
tungsten oxide. 16. A process of preparing a bifunctional isomerizatlon-r_n(_etathess catalyst for the
concurrent isomerization and metathesis of a mixed butene feed, comprising: impregnating a support
comprising at least one element from Group IA(;PlA IB, and 111A of the Periodic Table of the
Elements with a catalyst compound comprising I‘é& ne element seIec’Fed from tur}gsten, tantalum,
niobium, nM&lydsdentamedickel, palladium, osmium, iridiudm, rhodiuhm, \(ana(tj_lu_[n, rUtgean]lérrnéir?r;?w

ium; wherei t co und.element provides metathesis activity; and whereir
ggt])lged’ ;At{frfalg é?é%go?é ?r%}égéﬁug(gﬂopﬁ%}gé' oS’ ﬁgﬂgi %rﬁ‘é%fﬁ?ifﬁ%ﬁ?ﬂﬁfor the isomerization of
1-butene to 2-buternéadiing réndene wites Hpdiheuhdaorptian amfrmﬁaiygttlﬁm@m Qgg@gﬁi@év}}%;he

s of claim 16, Qmprisi ining, the, support prior to the impregnating. 18. N

g:gggzs of claim 16,%/vugsfekslrﬁe{ﬁiﬁ %%Psﬁg%%ﬁ%gﬁnpngg%?}gﬁl%ﬁ%téa,%ﬁlﬁ%e‘f%‘fﬁﬂféfﬁcﬁ' HYGHER?5 the at least
one element from GRYBEAC AAutsee arpidite famct theaPesis gioTab eoftisis eropyiime;WO

2010/028267PCHLSANMNIEAZLA. TERIARRS ALERANIAMIPIEIN g support comprises at

least one of magnesium oxide, calcium oxide, barium oxide, lithium oxid€, sodium oxide, potassium

oxide. 20. The procds§% ?,(Féiﬁ?lf’@?%f@’ﬁlﬁﬁ‘é%%p?édﬂ%%ﬁfﬁr@@@ﬂﬁéghé@é—&@mimgmnotalgite.

21. The process of claimdiiiurtheisRmprisiag semaclingithelmpagRaiad caialvst with.an, alkal

metal promoter. rthodium, vanadium, ruthenium, and rhenium for providing metathesis activity
on a support comprising at least one element from Group 1A, IIA, 1IB, and
HIA of the Periodic Table of the Elements:

wherein an exposed surface area of the support provides both

isomerization activity for the isomerization of 1-butene to 2-butene; and
reactive sites for the adsorption of catalyst compound poisons.

2. The process of claim 1, wherein the support comprises an oxide, sulfide, nitride, or
hydride of the at least one element from Group IA, TIA, UB, and IITA of the Periodic
Table of the Elements.

3. 'The process of claim 1, wherein the support comprises at least one of magnesium oxide,
caleium oxide, barium oxide, lithium oxide, sodium oxide, potassium oxide,

4. The process of claim 1, wherein the support comprises a magnesia-alumina hydrotalcite.

5. The process of claim 1, wherein the catalyst compound further comprises an alkali metal
promoter to reduce acidity.

6. The process of claim 5, wherein the alkali metal promoter comprises at least one of
sodium, potassium, lithium, cesium, and a rare earth element.

7. The process of claim 1, wherein the contacting is conducted in the presence of hydrogen.

8. The process of claim 1, wherein the bifunctional isomerization-metathesis catalyst
comprises between 6 and 7 weight percent tungsten oxide.

9. A bifunctional isomerization-metathesis catalyst for the concurrent isomerization and
metatheses of a mixed butene feed, comprising:

a catalyst compound comprising at least one element selected from tungsten,
tantalum, niobium, molybdenum, nickel, palladium, osmium, iridium,

rthodium, vanadium, ruthenium, and rhenium for providing metathesis activity
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22. The process of claim 21, wherein the alkali metal promoter comprises at _Ieast one of _sodium,
potassium, lithium, cesium, and a rare earth element. 23. The process of claim 16, wherein the
bifunctional isomerization-metathesis catalyst comprises between 6 and 7 weight pergent tungsten
oxide. 24. The/propesssabrlaim 16, wherein the catalyst compound compriges a83gi9RudMs
metatungstate. 25. The process of claim 16, further comprising activating the bifunctional
isomerizationmetathesis catalyst. 26. A process for the production of propylene, the process

comprising: contacting gthyl gﬁ%@%{ﬂ P%&%@f@@&@}ﬂfﬁgﬁg &;?gﬁeg& %lﬂg %igzu-ter%e with a

bifunctional isomerization-metathesis catalyst to concurrently iIsomerizes . Lhené tq utene an.d
to foliv a metathesis pr&%?ggﬁlgﬁ%ﬁ%@&@ﬁ?l@ﬁ&%%e bifunctional isomerization-metathesis

catalyst comprises: a/gatadyst @Q@@Qpﬂﬁﬁ@@g@%&g@t%@%@@pg@%Iected from al_uminum,
gallium, iridium, iron, molybdenum, nickel, niobium, osmium, palladium, phosphorus, rhenium,

rhodium, ruthenium, tantal(iHTHTEARIR 2RGLET, BRERREERIT B bRoviamty Arsuemesisdctivity:

co-mingled on a microscopimstaleiwittion eatalyshaamprsing At leassang glasagat from Group 1A, lIA,
1B, and Illr%cgt}tihe Pﬁgotdi%T‘?ble f the Elements; or on a supgort comprising at least one element

from Group' 1A, TIA 1B aRd TITAOF the BEABdiICTRRIRSGY FREE] ﬁ?eﬂfs?%ﬁ%réﬂ%ﬁﬁ% _ﬁgﬁﬁiﬁag‘i’éd catalyst
particles or ahssikjsgseltberdadeastrencofithecsupant Gronidbs, Hot) sBeiz aiongotiviyesdie
isomerizationoh i-BrigDe 1o, 2:hutenc; and reactive sites for the adsorption of catalyst poisons in the

feed.
11. The catalyst of claim 9, wherein the sapport comprises at least one of magnesium oxide,

calcium oxide, barium oxide, lithium oxide, sodivm oxide, potassiim oxide,
12. The catalyst of claim 9, wherein the support comprises 2 magnesia-alumina hydrotalcite,
13. The catalyst of claim 9, wherein the catalyst compound further comprises an alkali metal
promoter to reduce acidity,
4. The catalyst of claim 13, wherein the alkali metal promoter comprises at least one of
sodium, potassium, lithium, cesium, and a rare earth element.
15. The catalyst of claim 9, wherein the bifunctional isomerization-metathesis catalyst
comprises between 6 and 7 weight percent tungsten oxide.
16. A process of preparing a bifunctional isomerization-metathesis catalyst for the concurrent
isomerization and metathesis of a mixed butene feed, comprising:
impregnating a support comprising at least one element from Group 1A, 1A, B,
and IIA of the Periodic Table of the Flements with a catalyst compound
comprising at least one element selected from tungsten, tantalum, niobium,
molybdenum, nickel, palladivm, osmiuom, iridium, rhodium, vanadium,
ruthenium, and rhenium;
wherein the catalyst compound element provides metathesis activity; and
wherein an exposed surface area of the support provides both
1somerization activity for the isomerization of 1-butene to 2-butene; and
reactive sites for the adsorption of catalyst compound poisons.
17. The process of claim 16, further comprising calcining the support prior to the
impregnating,
18. The process of claim 16, wherein the support comprises an oxide, sulfide, nitride, or
hydride of the at least one element from Group 1A, IIA, IIB, and HIA of the Periodic
Table of the Elements.
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WO 2010/028267PCT/US2009/056076 27. The process of claim 26, wherein the support comprises
an oxide, sulfide, nitride, or hydride of the at least one element from Group IA, IIA, 1IB, and IlIA of the
Periodic Table of the Elements. 28. The process of claim 26, wherein the support comprises at Iegst
one of magnesiue wxigkscalcium oxide, barium oxide, lithium oxide, sodiugt%}gﬁm%g%g%gm oxide,
29. The process of claim 26, wherein the support comprises a magnesia-alumina hydrotalcite. 30. The
process of claim 26, wherein the catalyst compound further comprises an alkali metal promoter to

reduce acightyp3ly, J, ¢a5,9fclaim,. 39, in the alkali metal promoter comprises at least one
of sodium, potasslarr?%ﬁf?%%m,%&idm, ar_11 .ﬁé;%%%ﬁﬁ% epr{wl%eﬁ:‘t%%? g‘r?él %?fc?é%%no 18%%(15& wherein
the contacting#cRER dtiided it pridseliddust pyidrogediugsositie petmeisiof:clkim 26, wherein the

bifunctionatisoreerigallanmatainesisikalabyaL campiiseEe e A0 22 siah pelgent Lungsten

oxide. 34. A hifunctional isomerization-metathesis catalyst for the concurrent isometrization and
metathese® of SEHIRSED At Tedt, REMp Ry ritieaaipiedsmseuiarseenpidingar seastione element

selected fromaaisingmss pgatisten, iridium, iron, molybdenum, nickel, niobium, osmium, palladium,

phosphorus, rhenium, rhodium, ruthenium, tantalug, titanium, tungsten, and vanadium for prpviding
metathes?ag;kﬁt?? T i%gf:e[%%nﬁg’rﬁ‘f FB‘?&%‘\% g@ifé N T e R d?@é?a%%ﬁ%_ element
from Group |AsdianBRytanthitl Aidlthe &enindienfiablerotihe Blemaants; or on a support comprising at

east one slementOmBIRURIA, 8. UR. a0 A gidhe Perpdi Tablc o the Elements; wherein ar
exposed surface area of the support brovﬁes both Y
comprises between 6 and 7 weight percent tungsten oxide.
24. The process of claim 16, wherein the catalyst compound comprises ammonium
metatungstate.
25. The process of claim 16, further comprising activating the bifunctional isomerization-
metathesis catalyst.
26. A process for the production of propylene, the process comprising:
contacting ethylene and a hydrocarbon stream comprising 1-butene and 2-butene with

a bifunctional isomerization-metathesis catalyst to concurrently isomerizes 1-

butene to 2-butene and to form a metathesis product comprising propylene;

wherein the bifunctional isomerization-metathesis catalyst comprises:

a catalyst compound comprising at least one element selected from aluminum,
gallium, iridium, jron, molybdenum, nickel, niobium, osmiwm, palladium,
phosphorus, rhenium, rhodium, ruthenium, tantalum, titanium, tungsten, and
vanadium for providing metathesis activity:

co-mingled on a microscopic scale with a catalyst comprising at least one
element from Group 1A, IIA, IIB, and HIA of the Periodic Table of the
Elements; or

on a support comprising at least one element from Group IA, T1A, IIB, and
HIA of the Periodic Table of the Elements;

wherein the co-mingled catalyst particles or an exposed surface area of the support
provides both

isomerization activity for the isomerization of I-butene to 2-butene; and

reactive sites for the adsorption of catalyst poisons in the feed.
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isomerization activity for the isomerization of 1-butene to 2-butene; and reactive sites for the _
adsorption of catalyst poisons in the feed. 35. The catalyst of claim 34, wherein the support comprises
an oxide, sulfide, nitride, or hydride of the at least one element from Group IA, HA, BB, and IlIA of the

Periodic Tablevofahe/dzkzarents. 36, The catalyst of claim 34, wherein the spppRI,GRRRESES at least
one of magnesium oxide, calcium oxide, barium oxide, lithium oxide, sodium oxide, potassium oxide,
37. The catalyst of claim 34, wherein the support comprises a magnesia-alumina hydrotalc e. WO

2010/028267RL..T 0 8 -catalyst of claim_ 34, wherein.the ¢ st compound further
comprises%ghz%(af#%ge%algé%o?r%%{g%ovg Elc%qg)gléwp %.cﬂ%pgg?gl%lt %’fic%irsﬁl%,x E@Eﬁg ffle alkali
metal promoteY&étapHses at least aredimeotidmmporassiln, KA cosiuii Aanfl the dneiedith
element. 40. Thecatalystrbalaim 34, wherein the bifunctional isomerization-metathesis catalyst
comprises between 1 and 25 weight percent tungsten oxide. 41. A process of preparing a bifunctional
isomerizat’rénﬂﬁ%?%?ﬁ@%ﬁ@%%??&%ﬁ?’ﬁ%@’éﬁﬁ@@%t%@@%&ﬁ@ﬁ%ﬁﬁ%ﬁtﬁ@@!ﬁﬁmm&é@ butene

feed, comprisingiimipregnaling:a syiRRORIGAMPHSIRGaLIeASHONE slemenkfam Sroup 1A, IIA, and MA
of the Per'?%d nts with a catalyst compound comprising at least one element

ic, Table of the Eleme _ (
selected f m@&?ﬁ?ﬁﬁ%ﬁ? %ﬁﬁﬁ%ﬁriﬁ?&ﬁ?‘?}%ﬁ, RGBS i Ckap B SRR gisdium,
phosphord$, ifrenitresshaiblisin agheniw tentatulys: ianomduagsteRoandsa@nadinm; wherein the

catalyst compound.element provides metathesis activity; and wherein an exposed surface area of the
support provi e(}énf))ge’tﬁ?slgr%ueﬁzag fgoll%’activity for the isomerization of 1-butene to 2-butene; and reactive

sites for ti#d-adsonstiesoptataiystibompoundtpoistad, metal promoter comprises at least one of
sodium, potassium, lithium, cesium, and a rare earth element.

32. The process of claim 26, wherein the contacting is conducted in the presence of hydrogen.

33. The process of claim 26, wherein the bifunctional isomerization-metathesis catalyst
comprises between 1 and 25 weight percent tungsten oxide.

34. A bifunctional isomerization-metathesis catalyst for the concurrent isomerization and
metatheses of a mixed butene feed, comprising:

a catalyst compound comprising at least one element selected from aluminum,
gallium, iridium, iron, molybdenum, nickel, niobium, osmium, palladium,
phosphorus, rhenium, rhodivm, ruthenium, tantalum, titanium, tungsten, and
vanadium for providing metathesis activity:

co-mingled on a microscopic scale with a catalyst comprising at least one
element from Group IA, IIA, 1IB, and 1I1A of the Periodic Table of the
Elements; or

on a support comprising at least one element from Group 1A, HA, IIB, and
IIIA of the Periodic Table of the Elements;

wherein an exposed surface area of the support provides both

isomerization activity for the isomerization of 1-butene to 2-butene; and

reactive sites for the adsorption of catalyst poisons in the feed.

35. The catalyst of claim 34, wherein the support comprises an oxide, sulfide, nitride, or
hydride of the at least one element from Group IA, 11A, IIB, and HIA of the Periodic
Table of the Elements,

36. The catalyst of claim 34, wherein the support comprises at least one of magnesium oxide,
calcium oxide, barium oxide, lithium oxide, sodium oxide, potassium oxide,

37. The catalyst of claim 34, wherein the support comprises a magnesia-alumina hydrotalcite.
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42. The process of claim 41, further comprising calcining the support prior to the imp_regnating. 43. The
process of claim 41, wherein the support comprises an oxide, sulfide, nitride, or hydride of the at least
one element from Group IA, IIA, JIB, and IlIA of the Periodic Table of the Elements. 44. The process of

claim 41, wheveinthewssmport comprises at least one of magnesium oxide, Wﬂ@,@%;g@?parium
oxide, lithium oxide, sodium oxide, potassium oxide. 45. The process of claim 41, wherein the support

comprises a magnesia-alumina hydrotalcite. 46. The process of claim 41, further comprising

[ ' i [ A laim 46
contacting{feripreegnated satalyst A0 alkalimetal promot /. The process 46,
wherein thigalkali met%l&bgro?n%ter_ q’o%%ises at%égg{%on%%og%uél(ﬁ%ﬁhﬁro%%n |ﬂiﬁ§§%£{$§%&‘i m, e}nd a
rare earth eleﬁ%’@ﬁi‘.’tﬁ@@?ﬁ@”ﬁﬁ%&@/of claim 41, wherein the bifunctional isomerization-metathesis

catalyst compTiEeSRBIWESN dARd25 Weiahh Rercant fungste gr(aé;%%ﬁc%mé%%e%fg&%Sa%to&%aé?‘ 4L,
wherein the catalyst compound comprises ammonium metatungstate. W - o
2010/028267 FHREIBBeH 750, SPHYrere 84 %F SRifth AanfHther comprising activating the

bifunctionakisbheeczatienme Elihesiscaialyilin hoARFOCERTAf NGRBHNSDIURRINNAl i st
isomerization-metarlitsheesﬁgs catal)ist fgr%gle concurrent isomerization and metathesis of a mixéd butene

feed, comprising -eomiging a first coniPSaheFESHIHRRSEROMEEEt one element from Group IA, 1A,

JIB, and IHA. ¢f thecPeriddicfable abthedembitawiibat aatalysieormpatRe @&rgwimg@;é@@st one
element seleg - i alliym, iridium, iron, molybdenum, nickel, niobium, osmium,
palladium, ph%ggjf%%%%?r %}r(l?l%hr%ar%%s ?ugnt?%fﬁé};},ﬁjuh%fl ar%r% ARttt tungsten, and vanadium to
form a mixture; formivgragaaing R InTed catalyistigarticlet one element from Group 1A, IIA, IIB,

and TIIA of the Periodic Table of the Elements with a catalyst compound
comprising at least one element selected from aluminum, gallium, iridium,
iron, molybdenum, nickel, niobium, osmium, palladium, phosphorus, rhenium,
rhodium, ruthenium, tantalum, titanivm, tungsten, and vanadium;
wherein the catalyst compound element provides metathesis activity; and
wherein an exposed surface area of the support provides both
isomerization activity for the isomerization of 1-butene to 2-butene; and
reactive sites for the adsorption of catalyst compound poisons.

42 The process of claim 41, further comprising caleining the support prior to the
impregnating.

43. The process of claim 41, wherein the support comprises an oxide, sulfide, nitride, or
hydride of the at least one element from Group [A, IIA, HB, and 1A of the Periodic
Table of the Elements.

44. The process of claim 41, wherein the support comprises at least one of magnesium oxide,
calcium oxide, barium oxide, lithium oxide, sodium oxide, potassium oxide.

45. The process of claim 41, wherein the support comprises a magnesia-alumina hydrotalcite.

46. The process of claim 41, further comprising contacting the impregnated catalyst with an
alkali metal promoter.

47. The process of claim 46, wherein the alkali metal promoter comprises at least one of
sodium, potassium, lithium, cesium, and a rare earth element.

48. The process of claim 41, wherein the bifunctional isomerization-metathesis catalyst
comprises between 1 and 25 weight percent tungsten oxide.

49. The process of claim 41, wherein the catalyst compound comprises ammonium

metatungsiate.
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wherein the catalyst compound element provides metathesis activity; and wherein the first compoun_d
element provides both isomerization activity for the isomerization of 1-butene.to 2-butene; land reactive
sites for the adsorption of catalyst poisons in the feed. 52. The process of claim 51, wherein the

forming compdises atdesist one of extruding, shaping, and tabletting. 53. Tl}qjﬁfmgﬁgg@im 51,_ _
wherein the mixture further comprises at least one binder selected from the group consisting of S|I|(_:a,
clay, titania, zirconia, and alumina. 54. The process of claim 51, wherein the mixture further comprises

at least onyofialbal 3FdiAR0HA RSt TR A BHICEIRAFFIAIN Snfieleln e Rifunctiona
isomerization-metgh%sis catalyst comprisgs t?(g,;t{\%eengl and 215 eight pe?clgﬁ?td?]og%?gr%ao%ge. 56. The
process of cldﬁ’ﬁ@ﬁ?ﬁ}\ﬁf@@iﬁ%e catalyst compound comprises ammonium metatungstate. 57. The

process of¢laimbiedutharsomprisingratating he:ilmetianatisomerizatiopmetathesis catalyst.
isomerization and metathesis of a mixed butene feed, comprising:
co-mingling a first compound comprising at least one element from Group 1A,
A, 1B, and THA of the Periodic Table of the Elements with a catalyst
compound comprising at least one element selected from aluminum, gallium,
iridium, iron, molybdenum, nickel, niobium, osmium, paliadium, phosphorus,
rhenium, rhodium, ruthenium, tantalum, titanium, tungsten, and vanadium io
form a mixture;
forming the mixture into a catalyst particle;
wherein the catalyst compound element provides metathesis activity; and
wherein the first compound element provides both
isomerization activity for the isomerization of 1-butene to 2-butene; and
reactive sites for the adsorption of catalyst poisons in the feed.
52. The process of claim 51, wherein the forming comprises at least one of extruding,
shaping, and tabletting.
53. The process of claim 51, wherein the mixture further comprises at least one binder
selected from the group consisting of silica, clay, titania, zirconia, and alumina.
54. The process of claim 51, wherein the mixture further comprises at least one of water, an
acid, and a base.
55. The process of claim 51, wherein the bifunctional isomerization-metathesis catalyst
comprises between 1 and 25 weight percent tungsten oxide.
56. The process of claim 51, wherein the catalyst compound comprises ammonium
metatungstate.
57.The process of claim 51, further comprising activating the bifunctional isomerization-

metathesis catalyst.
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