WD 2007/ 024733 PCT/ US2006/ 032436 Butane Renoval in C4
Upgr adi ng Processes Related Applications This

wa@ppiiozesd on clains priority based upon U S. PCT/US2006/032436

Provi sional Patent Application No. 60/604,277 filed
August 25, 2004. 5 Background of the lnvention The
pr esent |BMan|eoRezmm1£snt64tUpgnadmgs Proasgssess to

C5_ hydrocarbon_ cut froma cracking process, such as

st Betated ApplieAtion%l ytic cracking, for
'nﬁ'ﬁ{ %gwgét%no%la%'ls%rlﬁﬂgf gh:hpaﬁ Ug‘: prP?B%‘i%@'?\eai Patent

and hexene'vr a st's and T or

dOAbbﬁcdimeNo Se0Y804 247 filed Wugu%ﬁzskm(m al
i soneri zation _of olefins including butenes and

pﬁﬁaskgsoummﬂae%m Qfbneri zation i s a process where
{he. oSty gl ierdONTLE 820 1 ATRERH B 3 to Cs

shifted w t ctrn
nohyadmbarbdﬁoa:uta‘rtmrm @'achmgqﬂeceséqwch rasLst@amPart fuid dsdalytic

?sgr@k%%iéprﬁateﬁc@taﬁé%& QA AR e S RiapYIeyS, ethylene,
?Hﬁl -'e_hinﬁ ?’f ?&tﬁ%?.lsnﬁﬁﬁj o lthe WFSUHIS BV ls%n%ﬁiaﬁlon or
metal o% e TR

ys etal Tsonerization 1s

10 pr sicedstal mmmalzlalhensif roleftnsrinclofinghisuteres andl pentenes

15

20

25

30

changed rear ement. of. R groups. There is hot
kel or aPOUPleid B TAIN 8 e PraGdes TS R Apsiion of the
| SQOUBIBHONICGN c@é‘ﬁs’j‘ﬁﬁ}teé tl?&lt‘ééﬁ%f:hﬁ? tid ?fructure of the
exanpl e 1 sobutylene to normal butene of t en
ocnmia:ulwerForaexamplec asamgsnrdaedam U.Slodatent 6,878,901, a

kel et al rrerlzatl at al sts ar sensitive to t

< R of R Bhe A 5B ER s 1ol et ta iR el St ot ok
I S&myl ZBlfehB. prmg QTS AR Mg di':b[:ﬁs%@@l' a@babitemetal oxide
upgrading of olefin streans and the paraffin content,

ascajplysbr iso or nornal butane, 25 represents a

di | uent t, h n.. The isomer| [ r i_on
ar e equ B! JRPTRRRRIA if o raCERE e, fg, SHAEIS ST the
s epelctiuledR omﬁgéé iCteariangentémt of R graaps eVserbiigboth skeletal
conversions of the olefins. The paraffins have boiling

pdsamerizatien of praffias dfosraxaenple isohuirpe to AMMad byiane) %nd

> Sefhd (of kb AR Erp Jo96] RFRLC OB A over

t hecidic catalysts. Both double bond and skeletal isomerization catalysts are
sensitive to the same poisons that impact metathesis catalysts.

These isomerization processes are also directed at the upgrading of
olefin streams and the paraffin content, as either iso or normal butane,
represents a diluent for the reaction. The isomerization reactions are
equilibrium limited and thus require, C4 separation and recycle in order to
achieve high conversions of the olefins. The paraffins have boiling points
close to the olefins of interest and as such are difficult to remove by
fractionation prior to recycle. In conventional processing they build up in the
feed to the reactor via recycle and thus limit the processing of the olefins in

the feed stream.
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reactor, which converts it to ethylene and 3-hexene. The 3-hexene is
subsequently isomerized to 1-hexene and is purified.

In order to improve the yield of a desired product from a metathesis
process, a number of different processes have been used to prepare the
metathesis feed stream. In some cases, a C4 feed stream is hydrogenated
to reduce the content of dienes and/or acetylenics to low levels, because
thése material cause rapid coke buildup on both the isomerization and
metathesis catalyst and therefore must be removed or at least minimized
in order to provide for useful catalyst cycle times. If selective hydrogenation
is used, there can be either one or two stages depending upon the
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conventional netathesis is used to produce propylene

viugedHe preduce @thyeneand listcanaiphia blefins as in U.S. Patent No.
6.727,396, isobutylene must be removed to low levels. When conventional
metathesis is used to produce propylene via the reaction of C4 olefins with
ethylene, it is desirable but not necessary to remove isobutylene since it has
a low reactivity in mixtures where there is an excess of ethylene. There are
a number of ways of removing isobutylene, including by the production of
MTBE, fractionation, and isobutylene dimerization technology.

Fractionation can be employed to remove isobutylene and isobutane.

Isobutylene and isobutane are light components and are removed
overhead. The 1-butene has a relative volatility close to that of isobutylene

and significant fractionation is required to avoid losing the normal 1-butene
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are a nunber of ways of renoving isobutylene,
i ncluding by the production f MIBE, fractionation,
and i sobutyl ene dinerization technology. Fractionation
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i methatiolgTBAEetc and trace sulfur component such as ethyl mercaptan.
These must be removed in subsequent steps prior to metathesis to avoid
catalyst poisoning. Some of these poisons will permanently deactivate
either the isomerization or the metathesis catalyst. In a metathesis process,
adsorbent guard beds are used to remove these poisons to very low levels -
to improve the process activity. In addition to the poisons noted above,
nitrogen compounds such as amides or amines or pyrrolidones are
significant poisons. Further, other oxygen compounds such as glycols and
sulfur compounds such as sulpholanes and sulphoxides will permanently

deactivate the catalysts.
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20" S5 St S35 E0n, 38, TehAnBARRLRY, Lptioses i
r emsvﬂéucﬁi €&dlemns designed for extractlve distillation. Extractive distillation

is a process whereby a polar solvent comprising heavy nitrogen or sulfur
compounds such as NMP (N-methylpyrrolidone), DMF (dimethylformamide),
acetonitrile, furfural, sulpholane, or diethyleneglycol are contacted with the

25 C4 stream in a fractionating tower. The olefins are selectively absorbed by
the polar compounds and are removed from the bottom of the tower with

the solvent. The paraffins are removed overhead. The bottoms stream
containing the solvent and olefins is then sent to a second distillation
column where the olefins are stripped from the heavy solvent. In these

30 systems it is unavoidable that a certain fraction of the solvent is carried

overhead with the olefins. The presence of these compounds in the olefins
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designed for extractive distiglation. Extractive
distillation 1is a process whereby a polar sol vent
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15 Fractionation involves the se ar ation of conponents
t hat hakiavordd Pedssese to develop an efficient and lower cost technique

for removing butanes from a metathesis process. Such a process would
also be compatible with the metathesis catalyst system and its sensitivity to
poisons. It would be also useful to develop an efficient and lower cost
technique for removing butanes from a butene isomerization process under
conditions that the process would be compatible with the isomerization
catalysts.
Summary of the Invention

An object of the present invention is to provide an efficient method

for the removal of butanes from a metathesis process used to produce
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utility requirenments. Furthersnore, the nost conmonly
used extraction solvents contain nitrogen conmpounds
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through a facilitated transport membrane to remove butanes, forming at
least one purge stream comprising butanes.

In some cases, the first butene is 1-butene and the second butene is
2-butene. In other cases, the first butene is 2-butene and the second
butene is 1-butene. In still other cases, the first butene is normal butene
(1 butene and/or 2 butene) and the second butene is isobutylene.

in one form of the invention, the second butene is converted to the
first butene by double bond isomerization. In other forms, the second
butene is converted to the first butene by skeletal isomerization. In one
embodiment, splitting takes place in a catalytic distillation column
containing a selective hydrogenation catalyst in which a portion of the 1-
butene is converted to 2-butene.

Often, the C4 feed stream contains poisons, and the process
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olefins, splitting the C4 feed streamto forma first
streamconprising a first butene and a second stream
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preferably at least 20% lower, than the utility consumption for a process
in which approximately equivalent quantities of C4 olefin product are
obtained using a C4 feed stream of the same composition and no
facilitated transport membrane is included.

Another embodiment is a process for the conversion of C4 olefins,
comprising obtaining a C4 feed stream comprising C4 paraffins and C4
olefins, including 1-butene and 2-butene, reacting the C4 feed stream in
a metathesis reactor to form a second stream, fractionating the second
stream to form one or more product streams containing ethylene,
propylene, pentenes and/or hexenes and a recycle stream primarily
containing C4 olefins and C4 paraffins, and returning the recycle stream
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i ntroduction of catal yst poi sons. Preferably, the
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primarily 1-butene

transport membrane.

Sometimes, the process further comprises isomerizing the C4
feed stream in an isomerization reactor upstream from the metathesis
reactor in order to increase the quantity of 1-butene in the C4 feed
stream, and fractionating the isomerized C4 feed stream to form a 1-
butene rich C4 feed stream and a 2-butene rich bottoms stream. The 2-
butene rich bottoms stream can be recycled to the isomerization reactor.
The 2-butene rich bottoms stream often is passed through a facilitated
transport membrane to remove butanes.

In certain embodiments, the one or more product streams include

a hexene product stream, and the process further comprises sending the
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stream, and a hexene stream, and at least one facilitated transport
membrane for removing butanes, the membrane being positioned in at
least one of a first location upstream from the reactor and a second
location along the recycle stream. In many cases, the apparatus has a
production capacity at least 20% greater than the production capacity of
an apparatus which includes substantially the same metathesis reactor
and plurality of fractionation towers but no facilitated transport
membrane.

A further embodiment is a process for producing a selected
butene, comprising obtaining a C4 feed stream comprising C4 paraffins
and C4 olefins, splitting the C4 feed stream to form a first stream
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20  at least one butane purge stream. The production rate of the one or
more product streams is at least 10 % greater than the production rate
using a process in which approximately equivalent reaction and
fractionation equipment is used without the membrane.
Brief Description of the Drawings
25 Figure 1 is a process flow diagram of one embodiment of a
metathesis process according to the present invention.
Figure 2 is a process flow diagram of a second embodiment of the
invention.
Figure 3 is a process flow diagram showing a third embodiment of
30 the invention.
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enbodi Invention gur e a proc
f lviehvichl tiegrevycleteirdang passdy theowgtba dherabtanefto r@fhadvieebutanes.

| rB/eethIIeg r;Z')es.cription of the Invention
According to the invention, butanes are removed utilizing a
membrane system in a metathesis or butene isomerization process. A
membrane such as a facilitated transport membrane is employed at one
or both of (1) a first location which is in the feed stream upstream from

the metathesis reactor and/or fractionation tower, and (2) a second

~ location downstream from the reactor and/or fractionation tower. By

removing the butanes at these locations using membranes, a number of
advantages can be realized, including a reduction in capital costs, lower
energy consumption, a reduction of the nhumber of necessary pieces of

operating equipment, an increase in the production rate of products and
a reduction in poisons to the reactor system. These advantages can be
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WD 2007/ 024733 PCT/ US2006/ 032436 12 Figure 4 is a
process fl ow di agram showi ng a fourth enbodi nent of
Figure 5 is a process flow di apCHISE2006/032436
showing a fifth enbodi nent of3the invention. 5 Figure
6 is a process flow diagram of a conparative process

ofredlizdtifcg Rendentional hpisthesiinniiioh ippopylenevy siodaeed,
menbranes are used. Figure 7 is a process flow
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but anes talled Description of the Invention
Accor diAgyused herein,ra/selécied” buteards adrutene mhichiis a desired
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bot first location which is in the feed
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usi ng nenbranes, a nunber of_  advantages can

r @ayiessipmeRtindhe dgcyele lnarcwillie mere #pn ﬁpuialséhg required
| Q% based on non-inert components. Using efficient techniques for

butane removal can therefore result in significant cost savings.
Removing butane from the feed stream and/or downstream from the
metathesis reactor in a metathesis process, and removing butane from
the feed stream and/or downstream from the splitter in an isomerization
process, substantially reduces equipments costs and energy costs.
Butane removal at these locations can be done with a membrane,
preferably a facilitated transport membrane.

The metathesis catalyst and the isomerization catalysts are highly
susceptible to catalyst poisons. These poisons include oxygenates,
sulfur compounds, metals, basic nitrogen compounds, water and highly
unsaturated hydrocarbons such as butadiene or vinyl acetylenes that
may be present in the C4 streams. Upstream of the metathesis reactor,

" it is common to employ guard beds. The guard beds contain adsorbent

materials that will remove these poisons to very low levels. The guard
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the isobutylene and isobutane often are removed first. The resulting
effluent comprising normal butenes and normal butane is then sent to a
fractionation tower where some of the 1-butene goes overhead and the
2-butene is a bottoms product. Some 1-butene is also is in the bottoms

25 along with the normal butanes. This bottoms stream is passed through a
double bond isomerization reactor to convert 2-butene to 1-butene. The
effluent is an equilibrium mixture of 1- and 2-butenes as well as butane.
This passes to the fractionation section for recovery of the produced 1-
butene.

30 In a skeletal isomerization process, the C4 feed is sentfo a

fractionation tower. The overhead stream from a fractionation tower is
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fresh feed streamthat is reacted in t
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nodiffigremas isnedatility ohthesel compenants is veryrsrmalhthereby
necessitating the use of large, energy-intensive columns for separation.
If extractive distillation is employed for olefin-paraffin separation, a high
percentage of the olefins are recovered from the stream but are
contaminated with nitrogen compounds requiring additional guard beds
to protect the metathesis catalysts.

Separation of olefins and paraffins using membranes has been
discussed in the literature but has not been commercialized to any
significant extent because performance of the membranes has not been
good enough to replace fractionation as a means of purification and
because membranes are not suited for use in situations where
components are concentrated but not purified. In order to achieve most

commercial purities, membranes are required to be used in combination
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coRpangnédiuticn/diffusichndl inconisierdy gas molecules, and diffusion of
20 the carrier-gas complex. The second mechanism occurs only for a gas
that reacts chemically with the carrier agent. The total flux across the
membrane is the sum of the carrier-gas complex plus the uncomplexed
gas flux.
Most FTMs take the form of immobilized liquid membranes (ILM).
25 These are made by impregnating a microporous membrane with a
solution of the facilitating carrier in a solvent such as water. The carrier
- solution is kept within the pores of the support membrane by capillary
forces. Alternatively, the carrier liquid can be sandwiched between
supporting membrane layers. Examples are described in U.S. Patent
30 Nos. 3,758,603 and 3,758,605. It is very hard to maintain the carrier
solution within the membrane and to insure membrane stability, i.e., the
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20 necessitating the use of l|arge, energy-intensive
columms for separation. |If extractive distillation is
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polyether-polyamide block copolymers, eplchlorohydnn/ethylene oxide
copolymers, polyethylene oxide, and propylene oxide/allyglycidylether
copolymers. The pressure normalized flux or permeance of the
unsaturated hydrocarbon is said to be at least 10 x 10 cm?®
(STP)/cm?/sec/cm Hg. A special unit has been defined as a GPU (Gas
Permeance Unit) and is equal to 1 x 10 cm® (STP)/cm?/sec/cm Hg.
Thus the preferred FTM should have a minimum GPU of 10; preferably
greater than 20 and most preferably greater than 50. Other FTMs such
as those as described in U.S. Patent Nos. 6,468,331; 6,645,276; and
6,708,771 also can be used.

U.S. Patent No. 6,706,771 discloses a silver salt-containing
facilitated transport membrane which is said to have good performance

a hi piT/US2006/032436
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di ffusion of 20 the carrier-gas conplex. The second
mechani sm occurs only for a s that reacts chemcally
wWth the carrier agent. The total flux across the
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menbrane. A preferred approach as taught in U S
Puitbrion pychangy sitesin the membrapmrandsa EEs0RG shemieal gopup
aw?w%hi ﬁimdifies that electronic environment of the ion exchange sites to
enhance facilitated transport through the membrane. The first chemical
groups preferably are anionic groups for cation exchange, such as a
perfluorosulfonic acid polymer, with the ion exchange sites being
occupied by a suitable cationic carrier for the facilitated transport. The
second chemical group can be, for example, an oxidized poly(pyrrole).
U.S. Patent Publication No. 2004/0147796 discloses a membrane
which is said to have high olefin/paraffin selectivity and good durability in
long-term contact with hydrocarbon streams. The membrane disclosed
therein is said to be particularly useful for separating propylene from
mixture or propylene and propane.
It is characteristic of these metal salt promoted membranes that

the more unsaturated species (olefins) are preferentially attracted to the
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solution of an ionic netal salt in a polyner, with the
menbr ane being 15 characterized by a selectivity for
et hyl ene PET/DS10061632436
over a saturated hydrocarbon such as ethane or

but ane, respectively, of at 192ast about 20/1 and in a

substantially dry environnent. The preferred ionic
mibetal aRd enge have shpreferepre iphaarsingd thraugl fie membrane.
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Sblrevs%rnt. The highly unsaturated species have been removed from the

feed via methods described above. If necessary, the feed stream 10 is
fed to an isobutylene removal unit 12, in which the amount of isobutylene
is reduced down to no more than 10 wt % of the feed mixture, preferably
no more than 5 wt % of the feed mixture and most preferably no more
than 2 wt % of the feed mixture. The feed stream with isobutylene
removed therefrom is designated as 14. Catalyst poisons are removed
from stream 14 in guard beds 16, and the resulting stream 18 optionally
passes through a facilitated transport membrane 40 (which will be
described below in further detail) in order to remove butanes in stream

41. Stream 18 (or stream 18 minus stream 41 if the membrane 40 is
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and 450° C, preferably between 300° and 400° C.
Downstream of the metathesis reactor 22 is a fractionation train

26 consisting primarily of fractionation towers. Ethylene is separated in a
first tower in line 28 and can be recycled to the reaction zone where it is

25 combined with stream 19. Propylene is produced as a product in line 30
from a second tower. The unreacted butenes as well as the C4 paraffins
and any pentenes and heavier olefins formed in the reaction are the
bottom products from the propylene separation. It is not uncommon to
employ additional towers to separate the C4 compounds as stream 34

30 from the héavier compounds such as pentenes in stream 32 and higher
olefins in stream 36 and recycle the C4 compounds to increase the
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contaminants.

The facilitated transport membrane is ideally located in the recycle
stream 34 following the metathesis reactor. Such a membrane is shown
in Fig. 1 as membrane 39. After the reaction step, the olefins
concentration within the C4 stream is reduced. Thus the quantity of
material that has to pass through the membrane is reduced thus both
improving its performance and reducing costs. In addition to or instead
of membrane 39, membrane 40 can be used in the feed stream, as

indicated above.
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product desired. Furthermore, selective hydrogenation can take place in
stream 10' or 14"

The feed stream 10' optionally is subjected to isobutylene removal
in isobutylene removal unit 12' and optionally is conveyed in stream 14' to
a guard bed 16' for removal of poisons. The purified stream 18' optionally
passes through membrane 40' to remove butanes in a purge stream 41'.
The remaining feed stream 21' enters an autometathesis reactor 22' in
which ethylene, propylene, pentenes and hexenes are formed and exit the
reactor 22'-in stream 24' along with remaining C4s. Downstream from the
autometathesis reactor 22' is a fractionation train 26' consisting primarily of

fractionation towers. Ethylene is separated in a first tower in line 28'. It can
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feed stream as 30 indicated above. WD 2007/024733
p@ﬂg@g@%/@ggm@oth of membranes 44 and 46 are included to remove
butanes. Membrane 44 is positioned in the feed stream 15 and removes
butanes in stream 45. A membrane at this location will remove both any
remaining isobutane and normal butane. A membrane at this location
which removes the isobutane will increase the purity of the 1-butene since
the isobutane would track with the 1-butene and go overhead in the
fractionation column. Membrane 46 is positioned between the splitter 23
and the isomerization reactor 29 and removes butanes in stream 47, while
remaining stream 49 enters the isomerization reactor 29. A membrane at
this location removes primarily normal butane and reduces the hydrocarbon

flow through the system by reducing the buildup of butane in the recycle.
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22 A stream 38 is separated fromthe C4 stream 34 and
is used to control the anpbunt of recycle to avoid
The stream 38 is a PCT/US2006/032436
predonminately butane streamsjhat is obtained using the
facilitated menbrane 39 which separates paraffins
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stsutleam 8. One ion tivbemémbrangs (6 aad r7@arare4hcluded ko gemove
t he ne

h , 39’ 0. In thi
¢ puiAnas o ATEnTarade 76 PaotiRBRd dnuibe TBedsRlieamB rEpIResboth
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hexen e 1so uty ene may or not be renoved
urlmtamsf arpm)dum g:umemmm 78@mﬁ®a¢gndbe vetfead stream

Ct Wik R b8 Ropuind BoRnter BF ety ot HlRph sketa

1%on%ﬂzaﬂ6ﬁlréa(cﬂoﬁ swfasne b eBuitshdsSAe ttémloeee irf @av@mlso i Both
i sobutyl ene removal unit 12' and optional l

c@wnbwasnmﬂtre@m the equipmest sizgsiand Uity qnmsumhons fora

repm sons. The purified stream 18" optionally
pgévseé‘g’rpﬁ 8@% menbrane 40' to renove butanes in a

purge Sty prsaUEE 1 bu”féueerbmmsnsxrémdnstcsaea@ezgubsequenuy
enters an autonmetathesis reactor 22' in whi ch

eshblestad todeihje bead isenetzriionavsing the Reacessof FigyreB. To
?@ﬁ%@@. n%'tb&i%'?é fa rﬁéﬁ\m'/ﬂ) Ttk SR SRe8 oftloR8Y Yhd first is to

subject stream 70 to hydroisomerization in a fixed bed, a fixed bed with a
butene splitter recycle, a fixed bed followed by a catalytic distillation column,
or a single tower with both catalytic distillation and hydroisomerization. The
other option is to put a catalytic distillation section in fractionation tower 62,
which will increase the percentage of 2-butenes in stream 70.

Fig. 5 shows an embodiment in which ethylene and linear alpha
olefins are produced by metathesis, with a separate isomerization reactor
42 included upstream from the metathesis reactor 22". One or more of
three different membranes, designated as 39", 40” and 45, are included.

in this case, isobutylene (if present) is removed from feed stream 10" to
a very low level, e.g. about 0.03% in isobutylene removal unit 12". By



30 autonetathesis reactor 22' is a fractionation train
26" consisting primarily of fractionation towers.
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can WD 2007/ 024733 PCT/ US2006K032436 23 be recovered
as a product or recycled to the reaction zone,

Pr RaktingtAe i dmotit&d s 8iefins an O e tol the TheRMR SO readtdr
sone cases, a third tower separates the C4 conpounds

f r &2, e auantity e pranched gisfinein theoeffluentis minimizedy drem

o PRREETY e refaf Bt 2R A Reef I S FERKTn s 142 2
36guardised>46” for reaovalof puidrmalhe fembidsomerigedin a
menbrane 39' to renove butanes in a butane purge
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20hytahkg u%ﬁd et e geél 18 Lflf\/\i ﬁ%gfﬂlés glagfb? 22" i which

i sonmer | zation proces

c cgthglemien grapy/lerse, pehtersesoand Rdxenes aresformedarid extithel 0
i n order

t eBel A e A ing Gk rreasn Pdanin fie feanation
q?%ﬁ'ze"oei IdRe¥Hd B f%%ﬁr%é&feﬂe PR h A28’ ' and 307,

ut ane upstrea actionation system woul
enpsp%hﬂ/aly:a irber@dhaexetrteemmi[m 6y isisanherized and fractionated

d
AT SR 1P T Fdexetia pepdubt streain B4mELiane opfippally is
| Nrefhculd i*rérﬁrC42§tré§m1§4 Wﬁfe%@rah@%gm Whld:'hepﬂeférﬁb@ﬂs a

overhead stream 25 conpri'sing 1-butene and bot t ons
stfretitated treospeit snegbrans, i e eawcledpcraldomrtsmam from the

t t 29
¢ SrefiohRfiRh fROT R FEthel fhal 9nd 3RPhe BRBmBRRS Rk
t Nisindi bR 407 ih @teafi 48 aWhith-cofstitudés ttfélfécy@fe loop for
stream 27 can be recycl ed through t he doubl e

i dbaweasctar dén VWhen sagmbranend5 ndsest, dane isf raimchlnes

St 45,2 o % B AURSE BURH

ba&nayhen mémbrmei$0” id usedbbatamedt réimoved Ge stream 44.1 In
renpve both any remaining |Isobutane and nor nal

bt ﬁrr@seAetm.lﬁnea EoRYlend @8d| lhaxenmaraiedprodafisy wdtht 3re
' 5!@9(%%2% mlsl,.orﬁ &{eﬁaﬁﬂlo frh{: r%fﬂ h de'bt%_ﬁbu-ﬁgﬁ%ne.

si nce I'sobut'ahe Wou rac
aril'megaxivarmgmf butands(isd oanbmmiambmth)aemwal atvihellocations

hown lnslélgt;é Opgdarg%ts o] gwghe splitter 23
o Ingeneral, by removing the butanes from the C4 stream, the volume of
material to be processed has been reduced substantially. This saves
capital cost. In many cases but not all, for metathesis, the removal of
isobutylene is also desired. For conventional metathesis ethylene is
-added and thus one should remove isobutylene to a low amount (2-
5%). For, hexene autometathesis isobutylene usually should be
removed to 0.03%. For general autometathesis there is no requirement
to remove isobutylene. = However, depending upon the method of

isobutylene removal, isobutane can remain, since it is an inert. If a



and the isonerization reactor 29 and renbves but anes
in stream 47, while remaining stream 49 enters the
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renoves primarily normal butage and reduces the
hydrocar bon 30 flow through the system by reducing the

bui | ditdhalith dpEioh s UB@d 6 GEfloRe lm&Q%Weoﬂ@ﬁ%obutane is
PCT/ USZOOG/ 032436 24 Figure 4 shows a but ene skel et al

i songemayeddn gsidiiinnste the lww;tmleneeeﬁwstfwében woluces costs. If

o Ay TS A O B e

r ecyolig ashenmiand is dhantagdpused stream 66 is
separat ed into an over head stream 68 conpri sing

i sebNemealbulane issiheleastyolaiie of tha @6rﬁar§ﬁm§@ﬂd7@obutane

conpr tEhGS
1- but'ééﬁléé]gjr%?ggﬁlt enel?é]ﬁxﬁgglr?llaongﬁ Fﬁe ovePEPBBﬁ]'q n
st r edvetwéen thessntwd pamffiie| Kbath parafiing dsd aad rroemall)i amn
system 72 where isobutene is go vert d to no

ot o RAESae GTEMb e BN FTRpe Dol SRR OUS N ractionation
| Sobt g0 APARIRGR dud 16 86 BloRE atifie Further,

fractionation tower stream
rrenbrfrﬂwwnetim apddsd a)ulmle towersusiade ismbtﬁmmns thlau‘nastes.

bot h VoIl B0d Tk RRRF Tt ast VorRHE: EataRl g Blegiation
St r eqfll FEmbeEDBES p ’él‘?&‘?ﬁné@hﬁﬂ%e@ﬁs? Bt 9$IHRb- vely expensive
menbrane 78 positioned in the overhead stream™ 71 w ||

r edu@adiwil intsotuceapeiscnt indathe systam thet pee detrisaental to the
thro he ske 15 isomerization, reaction system
%ﬁ‘%}gh@%%%ﬁ’éﬁ%ved in stream 80. Both nenbranes
Wi J) | TRsioaNy theeCs aedyRIe siresinZtteranstatfiddis ivva side draw from
consunptions for a Q{I ven production. To produce

1- guﬁl@%@wqmqraﬁa of ariewRT uae@émsgléa@t@;@&py&ne from heavier
ooL §i4EH (3 18B0Rgth LAAIF THel RO greria

st r eprodiced inethe raetetﬁems apidtionds a Buttoims ptodust.tThe C3 is
subj ect stream 70 to hydroi sonerization in [

bed. !aepwalar@agﬁommnéhlssgweh %Pﬂt&t'@am @ﬁyglﬂ)éeep%cﬁon
fi xedy e pbfit h%\éﬁziwe;/g%gﬁ?‘tﬁéﬁpggtr 'eflth@lrbA8oF httHko

or a sing ca o1 N ane

hydr bias dower »zdtmw(smﬁeeolemm have pteen meastedcawayt toeother

Cat a ngIOCn r?lllr?‘l Ielr Iof’j‘tﬁlng)n Eari3 ing IWlthfaIr ?ncc}rle%%%tcclar?p atedmﬁgeam
(of butanes), the separation is easier and less costly.

o The C4 stream has already passed through a guard bed to remove
poisons and the metathesis reactor that has additionally removed
any poisons (by fouling, although this is not desired). For any
membrane separation option, the recycle feed is usually the most
suitable. The removal of pbisons will provide the longest membrane
life at the best performance. This is especially true for the facilitated
transport membrane systems.

o Forthose systems with isobutane, and especially refinery feedstocks



25 which will increase the percentage of 2-butenes in
stream 70. Fig. 5 shows an enbodi nent in which
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met at hesis, with a separate #56onerization reactor 42

i ncl uded upstreamfromthe met at hesi s reactor 22". One
or mih@t have highdeoklitylcaeand inehwiaasand wherayihetiscbutylene

< obifE bl fpoysP B dieeston SOMT Boinds Besving:,
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i sobutyl ene renoval unit 12". By WO 2007/024733
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Bt AT BTISR Aar PR I SRV 1B cor e Baaf Btatpgsis
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transport nenbrane, in the recycle | oop downstream

f r omexperiencing iseyata eaguipmest imptations apd thugargreater and

Seco / menmbr ane 40" in
streg)%r%ﬁg%%iﬂ{esg?@?g?%taglgg lxm's"-l‘c;?é;hc:ycI e loop for the
react OrTh‘beolIW!/ﬁfg @%T’ﬁp%@&lh@raté iripedantfettures iof the
renmoved in stream 41 When membrane 39" is %ed

binvardiondutare el to he sonstiued agimitipe the,acenepkt
USRI AP id SeRRIPHAoIdhigkr eam 44. 10 this case.

hytl ene propy ene an exene are the products,

wi th 3 Cémparstive Exangplesioreri zed, followed by
fractionation to obtain 1-hexene. . The ag ta es of

but ane §PRYStzatad CREIPUSRrZss Sinulalian of a
| QSthé@htion process flow scheme using the process and equipment

shown in Fig. 6 was conducted. The overall process is designated as
150. Fresh C4 feed in stream 152, from which isobutylene and isobutane
have been removed, was fed to a surge tank 154 for a feed pump 156.
The pump 156 conveyed the fresh C4 feed, which was combined with a
1-butene isomerization reactor effluent stream 158 in stream 160, into a
1-butene splitter 162. 1-Butene was removed from the top of the splitter
162 in stream 164. The top stream 164 was condensed in a condenser
156, fed to a tank 157, and separated into a 1-butene product stream
160 and a recycle stream 163, both of which were conveyed by a pump
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shown in Figs. 1-5 are as follows: o In general, by
renovi ng the butanes fromthe C4 stream the vol une of

woraioen4B3 t o be processed has been reduced PCT/US2006/032436

substantially. This saves 25 capital cost. In many
cases but not all, for netatbhesis, the renoval of
i sobutyl ene is al so desired. For conventi onal
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halanes,apd ulililieg SYBMaRY is3hown Ihia is the | east
volatile. Extractive distillation wll renpve both
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Typi caILy e T TV CERESH CH RO FOMSEL At TESTS T a
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fracti dnation sectibn i o5 |andeaviler n&BdF; a1 |
producqdd i frBe@enet bt hedt®: reacti & i s |a bot P-Bns
product]. Th®3®R is 0.0 0.0 0.0
n-Butane 964.1 952.4 17.4
NButenes 2913.0 275.2 2637.4 -
iButenes 59 0.0 59
Heavies 117.1 1118 0.0
Total 4000.1 13394 2660.7
Example 1

The process of Comparative Example 1 was repeated with the
exception that downstream from the feed stream pump 256, fresh C4
feed stream 252, from which isobutylene and isobutane have been
removed, was heated in a heat exchanger 255 and passed through a
facilitated transport membrane 253 in order to remove butanes in a
retentate stream 257. The reténtate stream 257 was removed from the



t he overhead product in this tower. The C4 stream
after the reaction 20 at this point has | ower olefins

wo ban/ogqyss ream of the reactor and al so has | OMET/US2006/032436
vol unme (since ol efins have b?gn reacted away to other
carbon nunber olefins). By starting with a nore

o oPh %8 i St S BYAREG s eRRA Py,
passeBiriddrwitigha ebgtenedsdedrizatioreraactor flupol stastim 258 to
the netathesis reactor that has addltlonallézrennved

aniprivostErsa 260y whish vag fedifa Adulutens; splitter 4

desired E : e j Welal
recyct o Pe S mRtior el et BRRALLEY rARhicAS, spifter

5 r ebotierhs piurge, awhsrodutt stpeams der thieeprocege sf Fige fararshown
life at, t best_perforpance.. This is especjally true,
¢ ohSlohdinsTRHIE B, R0 vTall FEAteal balRRHS ABRLTLYSE Suamary i
Fo tems with isobutane, and especially
re§?%Q$§?F§§ gfocks WD 2007/ 024733 PCT/ US2006/ 032436
27 that have high isobutyl ene and i sobutane and where
the i sobutyl ene has been renoved via dinerization or
MIBE (to make gasoline octane conponents), the use of
an olefin paraffin nenbrane is especially critical to
achi eve econom c butene utilization. 5 Furthernore,
refinery type feedstocks have a higher |evel of
poi sons (sul fur and oxygenates) than steam cracker
feedstocks. By locating the nenbrane-based butane
renmoval step downstream of guard beds and the primary
reaction, a major reduction in capital costs can be
achi eved. Further, facilitated nmenbranes are the best
option for 10 menbrane renoval and require the
cl eanest service. o By effectively renoving the
but anes, the yield of the desired olefins from
i sonerization (for exanple | butene from 2 butene) or
from metathesis (for exanple propylene from
conventional netathesis) can be increased since a
hi gher recycle rate can be used before 15 experi encing
severe equi pnent limtations and thus a greater
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The conpositions for the feed, product and purge

process of Fig. 6 are shown in Table




bal ance and utilities summary is shown in Table 4. 15
Tabl e 1. Conparative Exanple | FRESH BOTT' QOVB

waeeospomoss C4 FEED PURGE Ul PRODUCT _. ~. --- -PCF/US2006/032436
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i-Butane 0.0 0.0 0.0 1-3RD800.0 0.0 20 n-Butane
964.1 952.4 17.4. NButenes 2 13. 0 275.2 2637.4

xBut ene IQ£ 5.9 Heavies 117.1 111.8 0.0 Tot al
4000. 1 B 60.7 25 Exanple | The process of
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5 Tabl e 2: Exanple | FRESH RETENTATE BOTTOMS Coznponem
C4 FEED PERVMEATE PURGE PURGE Bl PRODUCT k~hr kg/ hr
whuoh24e88 hr  i-Butane i 0.0 0.0 0.0 ;0.0 0.0 REBBER006/032436
0.0 0.0 0.0 0.0 0.0 n-Butage F 964.1 246.8 717.3
236.6 12.0 NButenes J 2913.0 2885.1 27.8 444.3 26405
i Bufenes ; 5.9 5.9 0.1 ;0.0 5.9 Heavies 117.1 37.0
87.1 8.3 0.0 Total 4000.1 3167.7 8323 .2 2658.3 WD
2007/ 024733 PCT/ US2006/ 032436 31 Exanple 2 The
process of Conparative Exanple 1 was repeated with the
exception that between the heat exchanger 374 and the
1-butene isoneriztion section 380, the 1-butene
splitter recycle stream 370 was 5 passed through a
facilitated transport nenbrane 353 in order to renove
in aretentate stream 355. The retentate stream 355
was renoved from the systemas a purge stream The
purified recycle stream 376 was conpressed in a
conpressor 357 and conveyed to the 1-butene

i sonmeri zati on section 3 BE9¥ Lb process is
desi gnated as 350. 10 T for the feed,

; ; —S'm-r'l"l'ﬁ R e W
P —
$ummary is sho oh Tmmlfmﬂ_‘ kg/hr
%?ﬂ“@@2006/032438 B2 Té¥l e 31 ExBfpl ej2 Oﬂ 0.0
1-3BD 0.0 0.0 - 0.0 ! 0.0 0.0
#-Butane 964.1 59.6 955.0 - 6.6 3.0
NButenes 29130 8147.7 2152 56.9 2640.4
[iButenes 5.9 0.1 0.0 0.0 5.9
Heavies 117.1 7.2 1154 1.7 0.0
Total 4000.1 8214.5 1285.6 65.2 2649.3




FRESH RETENTATE i BOTTOVE Conponent C4 TEED PERVEATE
PURGE PURGE H1 PRODUCT kg/hr ' kg/ hr kgfhr kgfhr
wguorito24783 But ane 0.0 0.0 0.0 0.0 0.0 OBD 0.0 PCDUS2006/032436
0.0 0.0 4-Butane 964.1 59.6 955.0 6.6 3.0 rj Butenes
2913.0 8147.7 215.2 56.9 2640.4 utenes 5.9 0.1 0.0 0.0
5.9 J eavies 117.1 7.2 115.4 1.7 0.0 1lotal 4000.1
8214.5 1285.6 65.2 2649.3 V¥ 2007/ 024733
PCT/ US2006/ 032436 3 Tabl e 4 Q/erall Mat er i aI
Bal ance adable erald Magerial Ral Utilitins
Exanple 1 Exarrpl e 2 NO VENVBRANE I\/EI\/BRANE CASE
MEMBRANE CASE UTI LI ZATION, % 90 90 90 Feeds MIA_Fresh

G4 Feed 3200032000 38' 000 Tot al Eaar{ MFA—32 000
32, 000 32, OOO Prodyct s; 6xam |e¥ﬁ ene I %ét 21, ZS%Mm le 2
21,265 21 192 Bottons PFure R LPG 10, 712 4, O7ﬁ 520 P
A T S e
Fal Fo (o Wal.] T A Ct AMAL L L.l 9 Vo A4.0-0 a0 /If\f\go
OUH?UJU TEJi.g ijOU 0. o001 VI 3t ©dlll IVIVr\.,aI L £20. 49U (1LU. 40U
—5-148—P-Steam—MWKeat+HHr—2—740—1 37606843 —FHower;
Mcat+H—0—0650602—0—272
Feeds, MTA
Fresh C4 Feed 32,000 32,000 32,000
Total Feed, MTA 32,000 32,000 32,000
Products, MTA
Butene 1 Product 21,288 21,265 21,192
Bottoms Purge to LPG 10,712 4,074 520
Retentate Purge to LPG 0 6,661 10,288
Total Products, MTA 32,000 32,000 32,000
Utilities
CW, MMKCAL/Hr 30.950 12.330 6.361
MP Steam, MMKcal/Hr 26,490 10.460 5.148
LP Steam, MMKcal/Hr - 2.740 1.370 0.843
Power, MMKcal/Hr ’ 0.005 0.002 0.272
Fuel, MMKcaliHr 1.790 0.629 0.069
Total, MMKcal/Hr 61.98 24.79 12.69
—Wajor Equiptment Sizing ;
Tower —
Tower Dlameter, m (Top/Bottom) 4887518 2.8913.20 2713244
BHSOM Reactor -
ength X Dlameter, mim 366xT68 366XT.07 366X0.91
Recycle Pump
Ciquid Frow Rate, GPM 115 158 82
- RefluxPump
Ciquid Fiow Rate, GPM 3182 F267 654
— Membrane Area
Membrane 1, m2 ma 9422 3,995
Total;m2 0 6422 3,936




Fuel , MWKcal /Hr 1.790 0.629 0.069 Total, MwKcal /Hr
61.98 24.79 12.69 Major Equi pment Sizing | ower
woe@yOL433 unp t1quid HOW Kate, GPM 445 |ss 82 PCT/UK200€032436
Flow mate, GPIVI Tl 8 Ad 12684664 Menbrane Area
Menbrane 1, nj2 na 9422 3,935 | utal, n2 --0- ,P, 422
WO 20Bxaopde33 PCT/ US2006/ 032436 34 Exarrpl e 3 The
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t he advant ages of nbranes in I Nprovi ng
capaklptdy Thig Ewmeler@qws thietadveatagespef roambEanes in both

5 2Qﬁ*%@%@%&%ﬁé@g@@ﬁ?ﬁ 5y canBiP RS Jver b dhe
puﬁghegcawﬂyrmaﬁ@) tné%@tsl dfithé @4Biprhéattaidithe fé@?&le

corrparat|ve exarrpl e 1 and the utilities are
| o%d refliglave(h e@&@epttmplegrfpawg@meetsémt%lqmerﬂbam@e

WRTES A SR RE R i e digiane e 23 lhuitan the

D«maelcﬂ‘donﬁm‘rarm/ee&aﬁwpda’rm e 3 NO MEMBRANE MENMBRANE
10 CASE MEMBRANE CASE UTI LI ZATION, %90 90 90 Feeds,
MT'A



=resh C4 Feed 32, 000 32,000 44,800 Total
32,000 32,000 44,800 Products,

MIA 3ut ene |

Feed, MIA
Pr oduct

WQ1002884723, 192 29,618 3ottons Pure to LPG 10, FARUSR06/032436

2,146

tetentate Purge to LPG 0 10,288 13 136 Tot al

Products MIA 32,000 32.000 44,800 Uilities "W

MWKCAL/ Hr
26.490 5.148 7. 206

.P Steam MWKcal / H 2.740

30.950 6.361 8.8%8 AP Steam MwKcaUHr

0. 843

12040 5 OYRRANKIATERIAL Qﬂﬁé\%@é’ AND @%ITiE@éUMMARY

12.69 18.02 WMalor Equipnent Sizing owr ,ecy-cle
Punp iquid Flow Rate, GPM 4 5 82 113 !eflux Punp
guid Erow RarQ._GPMI 31T 2 664 914 VEMbr . . Nne[{Area
| enbrane 1,-n2 na 3| 93Gomp&adive Total n2 O 3, 986 6, 894
WO 2007/ 024733 PCT/ US200&h82436 36Exaboplpar afi ve Example 3
Exanple 4A_A_sophisticated conputerized sinulation of
an optim zed netat he BENBRANES S| MEVBRANEIGASRQUI PAWBRANE CASE
unoizprmoess fl ow schene Beshown |in Figee 9 was|run. The
overall process is designated a5 450 and is ¢esigned
to result in 90%ut)lization of [the 1- and 2-butene in
the fresh
Feeds, MTA
“resh C4 Feed 32,000 32,000 44,800
Total Feed, MTA 32,000 32,000 44,800
Products, MTA
3utene 1 Product 21,288 21,192 29,518
3ottoms Purge to LPG 10,712 520 2,146
Retentate Purge to LPG 0 10,288 13,136
Total Products, MTA 32,000 32,000 44,800
Utilities
W, MMKCAL/Hr 30.950 6.361 8.897
AP Steam, MMKcal/Hr 26.490 5.148 7.206
P Steam, MMKcal/Hr 2.740 0.843 1.162
‘ower, MMKcal/Hr 0.005 0.272 0.380
‘uel, MMKcal/Hr 1.790 0.069 0.372
Total, MMKcal/Hr 61,98 12.69 18.02
Major Equipment Sizing
ower
ower Diameter, m (Top/Bottom) 4.98/518 2.13/2.44 2.60(2.74
11 1SOM Reactor
£ength X Diameter, m/m 3.66x1.68 3.66x0.91 2.66x0.93
lecycle Pump
iquid Flow Rate, GPM 445 82 113
leflux Pump
iquid Flow Rafe, GPM 3182 654 914’
— Membrane Area -
lembrane 1, m2 na 3,935 6,894
Total. m2 1] 3,835 6,894




feed. Fresh C4 feed in stream 451 was fed to a surge
tank 452 for a punp 456, and was conbined with C2

WO e@yobe3d rom stream 488 in stream 455. StreaPCBHBES2006632436
fed to a netathesis reactor g%stem 464. The 10
net at hesi s product was passed as stream 466 through a
heat exchanger 458 where it was cool ed, and through
anot her heat exchanger 468, where it was further
cool ed. CUiApaPAIRIERBHIEQA S product stream 466 was
then fed to a deethylenizer system 472. C2s were
r ermved A sephisticated goatputerizedesimuation ofean eptimizeds 72

ol Bl b E8s DS Galk ci TS S fdined 1M Soneme
51 ean@wd ih Fi®® WaBFuR! MPaBvePal pradeks ¢§T§e§ herRd 49450@nd
.fed to a deg opyl eni zer sgzstem 492. Recycle stream 490

frtﬁﬁlesn@n% FRAWEN A8% sifikzadionpftheds a@dr%bntemamtthe fresh

frﬁ%@eat 56 ?}ée%f'méﬁr exgﬁig’% rﬁeff%@a%%@%r%t @?@P g84

t hpum%m&mcswasmhﬂfnéd/ﬂﬁthrﬁzl%ycle’frtbrhestream 488 in stream
depropé eni zer._system 492, pol yner grade propyl ene
C

pr e SRR AdFvasifad o eiathesis. reapior sysieondbheride

10 LEARUESCER ek pEEfssel o8 Bkl Ao fo gcpanoer
st 488whese it Waspodled, annvlwegh tamotherdyadt @xshargen 468,

488.t 0 bhbe conbj ned eed stream 454 to form stream
408nbie @S ning; catlege Nascodlat Fomraiasia biRdat BapRm 00

deﬂé@@b(ér?ﬂéc?ﬁia‘&%%t rﬁié e Srﬁ%rzA materi al _bal ance

for the process of own belowin Table 6
and in Gasewe*ral rebﬁvado‘earemlnmm;yofﬂdeldaeéihyléhrzeusysﬁerryﬂz

15 7o8% EORLOBLFBRAS S0 o5 a8 HeevichseRlszasane s,
Ta&éahﬂenﬁ@m@ém g2 %&némo%d@ bBffokhs tréxfh 408, C4
DeC3 Propyl ené Vent Conponent C4 Fresh Feed Feed

ReB?féqJ@SF%él@ﬁm 498wasoiedro cudepropylemirasystasn 492. Recycle
stream 490 from the deethylenizer system 472 was combined with fresh
Cz in stream 493 to form stream 494. Stream 494 was heated in heat
20 exchanger 468 and recycled to the metathesis reactor system 464.

In the depropylenizer system 492, polymer grade propylene
product was removed in stream 498. The bottoms were removed as
stream 500, which was divided into a depropylenizer bottoms stream 502
and the C4 recycle stream 488. Pump 504 conveyed the recycle stream

25 488 to be combined with feed stream 454 to form stream 455. A second
C4 purge was removed from the middle of depropylenizer 492 as stream
506.

A material balance for the process of Fig. 9 is shown below in

Table 6 and in material balance summary table 9. The utility

30 consumption and equipment piece count are shown in Table 10 below.



W

K/HK
3.4 6
G2a142
0.0 5.
34107
0.0
697

9

26.

mwoopx

f
6
4

Btn

2600131313000 .
n- Butane 1529.3 0.0 0.0 7109.2 7108.5 0.0 1530.0 0.0

1

.0 0.
0.0
@ 2
0.0

0
0175

0
0.
17
0.

K/HK/H Mthane 0.0
Eth lene 0.0 11439.3
Et hane 0.0 5.7 BAT/USHNE032436
534.0 27.1 27.1

0.0 0.00.00.00.0

.8 2017

1.9 2.1

0 0.0 0.00.00.0
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Conpar ati ve Exanple 4B A sophisticated conmputerized

sinmul ation of a nmetathesis process using the

equi pnent and P58 ddmpashiveBxahpuAn Fig. 10 was

run. The overalT process s ues%ﬂs 550. Fresh
Shfpe fr—br—erarf-et—forra—eed ﬁeunr 552 OCU
‘ in btream 554 | by gynb 588, | ang, S pdmlimeehisteln 2 | vent
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Ethane _anof her olweat éxchanger 3958 whare 1t was flurther 10 0.0 0.0
Propene Cc00] ed. obhe c¢ol ed npt 634es| s zpifoduce7. 5t eamBGaE6 (Waks3.6 0.2
Propane fed to 0.0 deefhyb.eni Fero.8ysitem®7d. G2 der ed.p engved.0 0.0
i-Butane from t §870tp of 0.he Heel.hy||cRI1788 |SRY7HN}5722.1 as |2 6972.6 0.0
1-3BD__ vent gadOstredm B99 I THROGls H Healiler [nnt @i alls 0.0 0.0
n-Butane § oy t 1529.3 0.0 0.0 7109.2 | 71085 | 0.0 1530.0 0.0
N~ Butenes 24972.4 0.0 0.0 8718.3 8719.3 0.5 1993.5 0.0
{-Butenes 16.8 0.0 0.0 48.7 48.7 0.0 15.4 0.0
Heavies 0.0 0.0 0.0 1241.3 | 12415 0.0 123.1 0.0
Total 33489.4 11448.4 | 35307.1 | 37320.4 | 37317.0 34116.1 10768.2 53.6

'G = Polymer Grade

YCU = Olefins conversion unit
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deet hyl eni zer system 572 were renoved in bottons
stream 596. Bottons 15 stream 596 was fed to a

t he deet hyl eni zer system 572 was conbined with fresh
C2 feed in stream593 to f&Bm stream 594. Stream 594
was heated in heat exchanger 568 and recycled to the
nGonipmativerExarple 48st em 564. I n the depropyl eni zer
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stream 648. A material balance for the process of Fig.
1exchangeo s meidowcyeled Ta the metathesisvegctatisysiam 564.
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product was removed in stream 598. The bottoms were removed as

(})

stream 600. A side draw was removed in stream 620.

The side draw 620 was cooled in heat exchanger 624 and then
passed through an extractive distillation column 625. The top stream
627 was cooled in a condenser 628, sent to a drum 629, and conveyed
by a pump 631. Stream 627 was divided into a C4 purge stream 632 and
a recycle stream 634 back to column 625. Part of the bottoms from the
extractive distillation column 625 was removed in stream 633, reboiled in
reboiler 635 and introduced back into the column 625. Most of the
bottoms from the extractive distillation column was removed in stream
637 and conveyed by pump 638 to a stripper column 639, which had a
reboiler 640 for reboiler stream 641. The top stream 642 from the
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Conparative Exanple 4B PG C4 Fresh C2 Fresh C2 C4
woe@3/0P76pyl ene OCU Vent Conponent Feed Feed ReCT/TB®06/032436
Recycl e Bottom Product C4 Purge Gas Kg/H K /H K |Hr

Kg/H K IH Kg/H Kg/H Kg/H  Mthane 0.0 6.2 1116. 2

O Sy By R A S 6t
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0.0 1814. But enes 29827.
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o 5845, T battong sE SR sCuttinlad sSepverse soleft rom
17¢he st 639 MdtdorhbmeOwitPsB8AH 6274 13Form stream 648.
PCT/ US2006/ 032436 41 Exanple 4 A sophisticated
conput e} maderalbalangeder dhe proagssiatiFiadi 0 iseghaviebelow on
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10 de@bﬂ@@hpdoﬂ%n@@}mtdeﬁt piecdeniuanark sisowe snMablen10 below.
reacti on of 90% the 1- and 2- butene in the feed.

Fresh C4 feed in stream 651 was fed froma feed drum
652 in stream 654 by punp 656, and was conbi ned with
C2 recycle from stream 688 in stream 655. Stream 655
was fed to a netathesis reactor system 664. The

net at hesi s product was passed as stream 666 through



wo mozlezt73x 00l ed. The cool ed net at hesi s

10 a heat exchanger 658 where it was cool ed, and
t hrough anot her heat exchanger 668, where it was

666 was then fed to a deethyl enizer system 672. C2s
were renmoved fromthe top of . the deethyl enizer system
672 as vent gas stream 67940The C3s and heavi er
materials fromthe 15 deethyl eni zer system 672 were
renoved in bottons stream 696. Bottons stream 696 was
fed to a depropyl eni zer system 692. Recycle stream
690 fromthe deethyl eni zer system 672 was conbi ned
with fresh C2 in stream 693 to form stream 694.
Stream 694 was heated in heat exchanger 668 and
recycled to the netathesis reactor system 664. 20 In

t he depropyl eni zer system 692, pol yner grade propyl ene
product was renoved in stream 698. The bottons were
renoved as stream 700. A side draw stream 720 was
removed fromthe depropylenizer system 692, cooled in
heat exchanger 724, and passed through a nenbrane
726, which preferably is a facilitated transport 25

menbr ane. The retRyBlat®e CorhearatiteEvahpleeq@ved as a
purge stream The perneate stream /30 was conpressed

pr oducPCHUSBA6032436

I'n a conprgssor /32, coolfed 1 nja heat] exdangef /34,
convSAfttesh) Q2Rngsh]36 C2and cO#bi heBe®d t h Prépyesh |C4 f eed |OCU Vent
Comporntept f pr Feedt rledfre855. Redyetall Recydle b Eoftnme] i Brodhebwn| iCh Purge Gas
Tabl ke ote| lofadird |i ifgftit ér KaiHr 3D KgiHanice rly TFaihre | Kg/Hr
Methawe The O£ i |}i t $-20nshit#6i2d on BAd bqul-bnent @-kce | cofft 4.6
Ethyleng o sh@dh i [n14B86:6 & 42A7&%:% || 0 0.0\ 200%/ 024794 0.0 47.8
Ethanpor/ lusHdhs/1037236 | 487-9rah| 08 Exad®i ol 4 % Qld 00 0.1
Propeng, ool 901 C9.080[¢ §89-b; hoyPbnel /0Recl cRUZA] ‘Hy g0 | 02
Propa“?gnf o dna 0 4,408 1193 Qoel o B roq{ur\t 0.0 0.0
EETTETY A A A KON DO X0 M5 1A 5 1 A A PO 7L 0.0
1380 b By 00 1 D0 00 T W0 o0 H o RO, 0.0
n-Butan® ' 18266 °1 700" [TYD0T U9 TN Y120 Yoo T Y V18148 0.0
N- Butentes® [V2982P.6 0.0 0.0 12420.2 87.1 0.6 1027.0 0.0
I-Butenes 20.1 0.0 0.0 37.8 0.3 0.0 19.5 0.0
Heavies 0.0 0.0 0.0 1699.6 241 0.0 0.0 0.0
Total 40000,5 | 14400.0 | 44662.0 | 14267.3 170.2 43036.1 11141.1 52.6
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n- But ang éﬁéﬁ $ 0.0 0.0 17.0 0.0 63.7 1809.6 0.0 N
But anes 5 7.6 0.0 0.0 117.8 0.6 11896.9 13, 0.3 0.0
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, O
a heat exchanger 658 where it was cooled, and through another heat

exchanger 668, where it was further cooled. The cooled metathesis
product stream 666 was then fed to a deethylenizer system 672.

' C2s were removed from the top of the deethylenizer system 672
as vent gas stream 679. The C3s and heavier materials from the
deethylenizer system 672 were removed in bottoms stream 696.
Bottoms stream 696 was fed to a depropylenizer system 692. Recycle
stream 690 from the deethylenizer system 672 was combined with fresh
C, in stream 693 to form stream 694. Stream 694 was heated in heat
exchanger 668 and recycled to the metathesis reactor system 664.

In the depropylenizer system 692, polymer grade propylene
product was removed in stream 698. The bottoms were removed as
stream 700. A side draw stream 720 was removed from the
depropylenizer system 692, cooled in heat exchanger 724, and paésed
through a membrane 726, which preferably is a facilitatéd transport
membrane. The retentate stream 728 was removed as a purge stream.
The permeate stream 730 was compressed in a compressor 732, cooled
in a heat exchanger 734, conveyed by pump 736, and combined with
fresh C4feed to form stream 655.

A material balance is shown in Table 8 below and in material
balance summary Table 9. The utility consumption and equipment piece

count are shown in Table 10 below.
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Utilities and Piece Count Conp. Conp. Exanple 4
waEx@nmpbe33lA Exanpl e 4B PG Propyl ene Product, MI@&I/US2006/032436

272,929 344,289 339,818 Uilities Cam, MWKcald/ hr

8.940 12.610 8.630 HP Steam MWKcal/hr 0.000 5.840
0.000 LP Steam MM Kcal/hr 13.420 13.870 12.860
Power, MWKcal /hr 0.119 0. 11&20.439 Fuel, MWcal/hr

1.550 4.650 4.240 Refrigeration -27 C 5.220 '7.550
7310 Total, MwKcal, hr 29.249 44.638 33.479 Uilities
per Unit Weight of Pro | ene Produced, Kcal/K 857 1037
788 Piece Count Towers 2 4 2 Exchangers 7 13 9
Punps 8 14 9 Reactors 2 2 2 Heaters 2 2 2 Druns 5

10 6 Filters 2 2 2 Ders/Treaters 2 2 2 Mnbranes 0
O 1 Conpressor 0 Ol Total Piece Count 30 49 36
Maj or Equi pnent-- Sizin Deeth |enizer
Table 8: Example 4
C¥ CZ | DeT3 PG . oy
Fresh Fresh c2 Bottom | Propylene C4 Recyclo C4 Purge Vent
Componant Fend Feed | Recycle| Purge |’ Product {Permeate) (Ratentaie) (3as
Kg/Hr KgHr | Kg/Hr Kg/Hr Kg/Hr Kg/hr Kg/Hr Kg/Hr
Methane 0.0 42 | 8857 0.0 0.0 9.0 0.0 3.5
Ethylene 0.0 14188.8 || 422525 0.0 0.4 0.0 0.0 49,3
Ethane 0.9 7.4 | 83.3 0.0 7. 0.0 0.0 0.1
Propene 0.0 00 || 654,98 0.0 42468.9 4.7 0.0 0.2
Propane 0.0 00 | 0.0 0.0 0.0 4.0 0.0 0.0
i-Butans 8326.2 00 || DO 56.B 0.2 291.1 8259.3 0.0
1-3BD 0.0 0.0 | 0.0 0.0 0.0 0.0 6.0 0.0
n-Butane 1826.8 00 | 0.0 17.0 0.0 63.7 1808.6 0.0
N- Butenes 29827.6 0.0 0.0 117.8 0.6 41886.8 1320.3 0.0
I-Butenes 20.1 0.0 0.0 1.2 0.1 1628 7.0 0.0
Heavles 9.0 0.0 D.0 81.3 0.0 1667.8 8.0 D.0
Total 40000.6 | 14200.7 || 43885.3 | 254D 42477.3 14072.7 11416.2 53.D
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Conpar ati ve Exanple 4A was taken to be

267. 91 KTA

The C4 feed rate for Conparative Exanple 4B and
Exanpl e 4 was cal cul ated on the basis that the flow
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recycle punp is snaller|i n“®hp|e 4 GompConparative
Exanpl e 4B because the E\’iﬂm@eéﬁn PUERTHIEUB Of| t hExample 4
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MTBE Kedchg t he processes of [1526%886r ht i ve320,0001 ¢ 4B a$20,000
Ethyleriexanpl e 4, as conpared ommiveﬁ 0! e (4A. 113,602
s 1S cueThihlipeed Mk 389503 feCVCI:Es 20065 | = 433,602
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step—The use of a nenbrane | nstead-of-ext+ractive
di s sults a pignificant reduction in the
equi pnent itens hence all ower capital cost. Exgnple 4
PG Proﬂﬁfef‘le o% Tewer ZU precep &yo gay! prrent344)2g§con'pl [ 3'339,818
I atrvattage—t fram—are uacg ™ Cuupa U T VT E)'aallpi 5
PG Bu‘tﬁﬂea(‘nmar_af Lye l:yanml ol 4B nqui ed 49 El eces 0
PG Hexene 1 0 D 0
OCU Vent Gas 429 421 424
' {Depropylenizer Bottoms 0 1,361 2,032
C4 Purge to Cracker 86,145 89,129 91,329
C6+ Purge 0 0. 0
Total Products, MTA 359,503 435,200 433,602 .




of equi pnment, while the process of Exanple 4 only
requi red 36 pieces of equipnent. Exanple 4 has the

WO owem24783 i | ity consunption per kil ogram of 2BCT/US2006/032436
propyl ene made. Extractive gihstillation as is used in
Conparative Exanple 4B requires the use of |arge
guantities of energy, due to the condensing and
reboiling requirenments of the adsorber-stripper
system The use of a nmenbrane instead of extractive
distillation results in a 24% reduction in energy
consunption per unit weight of propyl ene produced. 30
Wi | e bot h CornkshiatliOsdliities aaditeseCauinpl e 4 reduce
recycles, only the process of Exanple 4 reduces both
recycles and utilities. WO 2007/024733
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| butddgceLount, ; ono dod the U5 second—butene—is—
Towess y 1 one 3 The prdeeseoflchai-m whekei-n—Ehe—tH st
{Exch is a - dy nd—thdIseconbbut dre—is
Pumps;oput yl ene.4.—The Iprodess lof eL%fﬂ}l whereda—the
Reamon{‘l]huf‘gne i-s GQF:‘-@-V—Z@d%O ’ 2
Heaters 2 2 2
Drums i) 10 6
Filters 2 2 2
DryersiTreaters 2 2 2
Membranes 0 0 1
Compressor g 1] 1
Tatal Piece Count 30 49 36
Major Equipment Sizing
Tower Diameter, m {Top/Bottom| 2.3/2.6 24726 2.3/28
{ _____Depropylenizer : ] ;
Metathesis Reactor
Length X Diameter, m/m 3.7X1.8 3.7X1.8 3.7X1.8
Recycle Pum
{Liquid Flow Rate, GPM 400 122 128

(MTA = metric tons per annum)
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the first butene in step (c) by double bond

i sonerization. 20 5. The process of claiml1l, wherein
the first PUL/ESE06/682436
step (c) by skeletal isomeriggtion. 6. The process of
claim5, wherein splitting takes place in a catalytic

di stil lafd 21 q-ggfﬂ? c&?ﬂ?é‘:‘aﬁwﬁé@ﬂ% gﬁ% WYS taken 1 fo be

hydrogenatl on ¢ n whi Ion o
126WtENKTAs Thoe Ca feextirate for ®unmaeatl\m5E>?amﬁlme4[B ramdess

f_ cl 1, whe f
*Expius 4 wad Crlsnialad o e haSRuel e R falsRuhrough hee
Cf'nétsﬂﬂas?é mgmrb&id)foethesdééthylen&er ﬁfou-EhBe pROSaRT & in

clarm 1, erein the G4 stream conpri ses
i Ssiropaiative ExampladiA. cDhiswas done mensuig thebihet mlamfe

bFOUlaraSRs iz S e Do 1 ST RECORPATEY bhiithes. 1t if Mted
C ARl RS tPthel ATV RAMEHADE IR RS TSR0 06 OBR 3 47

one of acetylenlcs and di enes, further conpr|3|ng

r igebutane, feamheieeysle laop, in Samparativa Example 4

RTS8 e . Ayoh by RARAERRALR L8 ilteg
péGisihe damie eghipnhentisigds. | Tl estyicleapampris shreatier imExample
prior to 5 isonerization. 11. The process of
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Py ted wwth at | east one of Cu and Ag. 12. The
process of claim1, wherein the first streamis a
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equnpment items hence a lower capital cost. Example 4 uses 26% fewer
pieces of equipment to accomplish this advantage than are used in
Comparative Example 4B. Comparative Example 4B required 49 pieces
of equipment, while the process of Example 4 only required 36 pieces of
equipment.

Example 4 has the lowest utility consumption per kilogram of
propylene made. Extractive distillation as is used in Comparative
Example 4B requires the use of large quantities of energy, due to the
condensing and reboiling requirements of the adsorber-stripper system.
The use of a membrane instead of extractive distillation results in a 24%
reduction in energy consumption per unit weight of propylene produced.
While both Comparative Example 4B and Example 4 reduce recycles,
only the process of Example 4 reduces both recycles and utilities.
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4. The process of claim 1, wherein the second butene is converted to

the first butene in step (c) by double bond isomerization.

5. The process of claim 1, wherein the second butene is converted to
the first butene in step (c) by skeletal isomerization.

6. The process of claim 5, wherein splitting takes place in a catalytic
distillation column containing a selective hydrogenation catalyst in which
a portion of the 1-butene is converted to 2-butene.

7. The process of claim 1, wherein the C4 feed stream contains poisons,
further comprising removing poisons from the C4 feed stream before
splitting.

8. The process of claim 1, wherein the C4 feed stream comprises
isobutylene, further comprising removing isobutylene from the C4 feed
stream before splitting.

9. The process of claim 1, wherein the C4 feed stream contains at least



is primarily 1-butene and the second streamfromthe
reactor contains ethylene and hexene. 15 19. The
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contains poisons, further copprising renoving poisons
fromthe C4 feed stream before splitting. 20. The
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of the one or nore product streans.is af least 20.%
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PCT/aH@ﬁQIQ% Bis. 49 using a process in which

approxi natel'y equi val ent reaction and fractionation
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f e H@NEPPE ETIREATE 2~ but ene rich bottoms stream 26.

The4prikesfocets of 8idim2b . wivdrelreitility Benduraptiends ai lebst 10%
bottons stream is recycled to the isonerjzation
r edaweyrthan the utility consumption for a process in which approximately
equivalent quantities of C4 olefin product are obtained using a C4 feed
stream of the same composition and no facilitated transport membrane is
included. |
15. The process of claim 1, wherein utility consumption is at least 20%
lower than the utility consumption for a process in which approximately
equivalent quantities of C4 olefin product are obtained using a C4 feed
stream of the same composition and no facilitated transport membrane is
included. '
16. A process for the conversion of C4 olefins, comprising:
(a) obtaining a C4 feed stream comprising C4 paraffins and C4
'olefins, including 1-butene and 2-butene,
(b) reacting the C4 feed stream in a metathesis reactor to form a
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20. The process of claim 16, wherein the C4 feed stream comprises

isobutylene, further comprising removing isobutylene from the C4 feed
20 stream before splitting.

21. The process of claim 16, wherein the C4 feed stream contains at

least one of acetylenics and dienes, further comprising removing

acetylenics and dienes from the C4 feed stream before splitting.

22. The process of claim 16, wherein the facilitated transport membrane
25 is promoted with at least one of Cu and Ag..

23. The process of claim 16, wherein the production rate of the one or

more product streams is at least 10 % greater than the production rate

using a process in which approximately equivalent reaction and

fractionation equipment is used without a facilitated transport membrane.
30  24. The process of claim 16, wherein the production rate of-.the one or ’

more product streams is at least 20 % greater than the production rate



second stream 33. The apparatus of claim 32, wherein

the apparatus has a production capacity at |east 20%
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splitter and reactor but no facilitated transport
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15 of prasisict streamh toa baxene isomerization sectiendo maximizt) 1-hexene

recycl i at | east sone of the isonerized part of the
seégqrdd'CﬂgPEamto the.splitting step (b),

29. The process of claim 28, further comprising fractionating the hexene
stream to form a 1-hexene stream and a mixed 2- and 3-hexene stream,
and recycling the 2- and 3-hexene stream to the hexene isomerization

20 section.

30. The process of claim 25, wherein the one or more product streams
include a hexene product stream, further comprising sending the hexene
product stream to a hexene isomerization section to maximize 1-hexene
production,

25 31. The process of claim 30, further comprising fractionating the hexene
stream to form a 1-hexene stream and a mixed 2- and 3-hexene stream,
and recycling the 2- and 3-hexene stream to the hexene isomerization
section.

32. An apparatus for producing a selected butene, comprising:
30 (a) a butene splitter configured to split a C4 feed stream to form a

first stream comprising a first butene and a second stream comprising a



wherein a portion of at |east one of the C4 feed

streamand the 5 second streamis passed through a
woreosbioa4183 t 0 renove butanes, form ng at | eastPONES2006/032436

purge stream conprising butamgs, and the production

rate of the first butene is at |east 20 % greater than

thfeccmd’gﬁ'l‘éhson rate using a process in which
splitting and'isonerization equipnent of

appr oxi (terl igoomrizatior neacioreontigursd do vianhenize atleasioa part
nme ane. 37. ,A process for the ver sion,.of

o hE Seconft stiedth I Sty o Gohyet B RERER Rltugh of the spoond
C opitehsitBgtHeAfikebafdnenangnd C4 ol efins, including

1-butene and 2-butene, (b) reacting the C4 feed stream
5in a nef@eniesilitateddanspottane@brane cosfigisedia remoya mutanes
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primarily containing C4 olefins and C4 paraffins, and
( d¥3.r Ehe pRPAAtYS of p%w A% whereigthe @ppreaths hasrrBraduction

: ' t .
o cEnREy o Yol ol ittt 8 toRl pholf chSENG o cam
10 t capamates Whichrinsludés subsigntially thessameesplifier ged seactanbut

conpri sin ut anes, and wherein the production rate of
tHg)prﬁﬁlEa HRNEP YL BIeIRRraBer cans is at |east 10 %
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fracti on@t)i amefgthgmiereadter, used wi t hout the menbrane.
(b) a plurality of fractionation towers positioned downstream
15 from the metathesis reactor for producing a recycle stream and at least
one of an ethylene stream, a propylene stream, and a hexene stream,
and
(c) at least one facilitated transport membrane for removing
butanes, the membrane being positioned in at least one of a first location
20  upstream from the reactor and a second location along the recycle
stream.
35. The apparatus of claim 34, wherein the apparatus has a production
capacity at least 20% greater than the production capacity of an
apparatus which includes substantially the same metathesis reactor and
25  plurality of fractionation towers but no facilitated transport membrane.
36. A process for producing a selected butene, comprising:
(a) obtaining a C4 feed stream comprising C4 paraffins and C4
olefins,
(b) splitting the C4 feed stream to form a first stream comprising a
30 first butene and a second stream comprising a second butene,
(c) isomerizing at least a part of the second stream to convert a
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portion of the second butene to the first butene, and

(d) recycling at least some of the isomerized part of the second
steam to the_splitting step (b), .

wherein a portion of at least one of the C4 feed stream and the
second stream is passed through a membrane to remove butanes,
forming at least one purge stream comprising butanes, and the
production rate of the first butene is at least 20 % greater than the
production rate using a process in which splitting and isomerization
equipment of approximately equivalent size is used without the
membrane. |
37. A process for the conversion of C4 olefins, comprising:

(a) obtaining a C4 feed stream comprising C4 paraffins and C4
olefins, including 1-butene and 2-butene,

(b) reacting the C4 feed stream in a metathesis reactor to form a
second streém,

(c) fractionating the second stream to form one or more product
streams containing ethylene, propylene, pentenes and/or hexenes and a
recycle stream primarily containing C4 olefins and C4 paraffins, and

(d) returning the recycle stream to the metathesis reactor,

wherein at least one of the recycle stream and the C4 feed stream
is passed through a membrane to remove butanes, forming at least one
purge stream comprising butanes and wherein the production rate of the
one or more product streams is at least 10 % greater than the production
rate using a process in which approximately equivalent reaction and
fractionation equipment is used without the membrane.



