PROCESS FOR FI NE PURI FI CATI ON OF 1- BUTENI C STREAMS.
Descri pti on BACKGROUND OF THE I NVENTION 1. Field of
the Invention The invention relates to a process for
fine purification of |I-butenic streans which have nore
t han 2000 ppnw (ppm by mass) and | ess than 8% by mass
of isobutene. 2. Discussion of the Background
1- But ene, isobutene, 2-butenes and their subsequent
products are obtained in |large anmounts fromtechnica
C4 PROSESSHOREINE PURIEICATION OF tHBUTENDC STREAN Sor
FCC units. These m xtures conprise essentially
but adi ene, the nonool efins isobutene, |-butene and the
two 2-butenes, and the gki5mlad hydrocarbons
I sobut ane and n-butane. Oning to the |ow boiling point
differences of the ingredients and their |ow
[ Ilative workup is difficult
BA@ﬁﬁﬂEﬁéﬁgﬁgﬁﬁgé ?Eggyééttenes and ot her products are
therefore usually obtained by a conbi nati on of
chem c reactions and physical separating operations.
I-Fﬁﬂﬁﬁﬁbgnggwﬁp, whi ch all workup variants have in
conmon, is the renoval of the mpjority of the
but adi ene. When there is a viable market, for butadi ene
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a residual concentration of approxi mately 2000 ppm by

s.in both cases is a hydrocarbon
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hydrogenated crack-C4) which, in addition to the

sat urat ed hydrocar bons n- butane and i sobut ane,
1-Buenmpisobutene; Rebusines andsiheis shsequieat prodysty ap gbtgigd in large
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operatiorsh | sobutene inpurities are undesired, on-spec
1- but ene shoul d have a content of isobutene of |ess
t han 2000 ppm based on the 1- butene. A w despread
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reaction with al cohols, for exanpl e net hanol | or
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butape pnd isebutgne, qurenrises theolpfins fobatens Lriencaad Zihytenes (cis and

tran%evelopmg nmet hods for the renoval of isobutene from
ydrocar bon streans which avoi ds the occurrence of
MIBE. EP O 048 893 details a process for
si mul t aneously preparing isbbutene oligonmers and al kyl
tert-butyl ether (ATBE) fromC4 cuts in a reactor. The
catal yst used is an acidic ion exchange resin which is
covered partly wth netals of the seventh and ei ghth
transition group of the Periodic Table of the Elenents
in elemental form (oxidation state 0) The products and
t he unconverted C4 hydrocarbons are separated by
distillation. In this process, approxinmately 8% of the



In nost known processes, after the first stage, the
ether obtained is first renoved and the remaining
hydrocarbon streamis transferred into a second stage.
This two-stage procedure is relatively conplicated. In
addi tion, the processes have the di sadvantage that the
1- but ene obtai ned has a content of isobutene of
significantly nore than 2000 ppmw. Starting fromthis
prior art, the object of the present invention
consists in the provision of a sinple process for

preparing fractions, conprisin but ene or 1-
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buterenner by first reacting at |least a portion of the
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eam |V, for exanple in an extraction, to obtain an
ethanol depl eted fraction conprising 1- butene and
t Ly, se l;

P i 302 6k E R, Kb EO AR Hp R el DREIATand aly
tertfbugyd tetten(ATBBhfreh (G @oplin s escessHrtdatlysyustd uanesvadic wint h

or withou sobut a nd. into,at.] east pne,f.u er ..
excBmeg g ich d?r‘if’r"??ﬂr?ﬁ“%h‘@“}b?‘ﬁ@nls {ﬁ S3arp Sﬂ%e‘gﬁtﬁi‘gfans‘“"“
grofip 8BinBperibdic Fahld Bf ine Hidhdnts B éﬂh&tﬂ%ﬂﬁ(oxiﬁﬁﬁ&n kiR 0). The

reaction in the first reactor of the series is carr,ed

produsts gudthe alnpoat’ertedééath}’ﬂmcé@@@f’r are penaatede distdllagion dnfthis grocess,
n.re 0 n th n &
appﬁ?)%lg%%%fy ﬁOf | glﬁfr u?e%Q$%r§é§56 pg%ﬁg&e}éergdg% é‘[tggsl’ fs%f 1-b0&ne is
7%pH6W&Vdr,rtﬂe hmatrbditinatade afthis priwedsdy thagfullldsabuteng nor@eon is not
pm of |sobut ne based qn e fromtechnjc

1- but
achigvedp digt 7 COR SR B ST CAAE O 3 fPToE UL 0o high
toti’eéBléttS%Stam §geeMRRR thPpeorhO 8% by mass of isobutene
based on the content of 1-butene, conprising the
process steps of a) reacting at least a portion of
t i sqQbut ene t
DE g2 B U PR R RE SRk b Bor RETARRE B Rt S cloctd (WTBE) in
series of at |east two reaction zones connected in
series in the presence of amR acidic catalyst to give
ethyl tert-butyl ether, b) transferring the reactor
effluent!! of the last reactor of the series into a
thermal renoval in which a fraction Il conprising
ethyl tert-butyl ether and a fraction |V which
conprises 1-butene and ethanol are obtained and «c¢)
renovi ng the ethanol fromfraction IV to obtain a
1-butenic fraction V, and optionally d) renoving any



The process according to the invention wll be
descri bed by way of exanple hereinafter w thout any
intention that the invention, its scope of protection
which is evident fromthe clains and the entire
description, be restricted thereto. The clains
t hensel ves are al so included in the disclosure content
of the present invention. Wen ranges or preferred
ranges are specified in the text which follows, al
whith R & gfritcakE Visqhatnt N eaqiad with argles, thy ther forméd i3 retheesd and
ranges shall also be included in the disclosure
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1-butene and into at |east one further stream which

conprises at | east one conpdund sel ected from

i sobut ane, n-butane and 2-butenes. Etherification in

Step a) In the process according to the invention, the

acid-catal yzed etherification in stage a) can be

carried out in such a way that at | east one reaction

zone is designed as a reactive distillation. Wen the

aci d-catal yzed etherification in stage a) is carried

out in such a way that the |ast reaction zone is
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The activity of the catalysts is preferably sel ected

such that they catalyze the addition of ethanol to

i sobut ene under reaction conditions but barely the

addition to |inear butenes. Mreover, the catalysts

shoul d catal yze the oligonerization of |inear butenes

and diethyl ether formation fromtwo nol ecul es of

et hanol used to a mnimumextent, if at all. Wth

regard to a high yield of 1-butene and a |ow | evel of
whidh Slréddly dal O retivelyasvicpntehine isubliterie b lefsothart 8 by mass.

i sonerization of 1-butene to 2-butene should
preferably be low The solid catalysts used nay, for
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particular from0.5 mMmto 1.0 nm The particle size
di stribution can be sel ect ed narromAy or widely. For
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capacity data in nol/kg are each based on the ion
exchange resin dried to constant weight in a warm
nitrogen streamat, for exanple, 105C). In the
reaction part of any reactive distillation present as
a reaction zone in process step a), the same catal ysts
may be used as can be used i4 the sinple reactors. In
the reactive distillation columm, the catal yst may
either be integrated in the packing, for exanple
Kat aMax(r) (as described in EP 0 428 265) or
Kat aPak(r) (as described in EP 0 396 650 or DE 298 07
007.3 Ul) or polynerized on shaped bodies (as
described in U S. Pat. No. 5,244,929). It may be
advantageous mhen t he reactlon in step a) is carried
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The isobutene is reacted with ethanol to give ETBE in
the reactive distillation preferably in the
tenperature range from 10 to 140C, preferably at 30 to
90C, nore preferably at 40 to 70C (tenperature in the
region of the colum in which the catalyst is present.
The bottom tenperature of the columm nmay be
significantly higher). In particular, the ETBE is
prepared by reaction with ethanol in a manner as
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effected via a separate device at the top of the
reactive distillation colum above the colum feed
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emymﬁ@wnhe4ﬁmﬁ@1|ve packi ngs. The addi ti onal ethanol
addi tions should be such that, in the packings of the
reactive zone, the ethanol content in the |iquid phase
Thd o@ésgfa&ro?(hhg’ toth€ ffvehtidr IR Y adeaimade thex Lb&lhib YeedBB&k streams
preferably greater than or equal to 2% by mass and
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dependi ng on the desired isobutene conversion. The
anount of catalyst is preferably selected at such a
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the reactive packing, preferably 3 to 13, nore
preferably 4 to 10 theoretical plates below the
reacti ve packing. The reactive distillation colum is
preferably operated at pressures, neasured at the top
of the colum, of 3 bara to 25 bara, preferably 5 bara
to 15 bara, in particular of 5 bara to 9 bara. The
hydraulic loading in the catal ytic packing of the
colum is preferably 10%to 110% preferably 20%to
90% and nore preferably 35 to 75% of its fl oodpoint



The thermal separation of the effluent Il fromstep a)
can be effected in step b), for exanple, by
distillation or fractionation. Preference is given to
effecting the thermal separation by distillation which
can be carried out in a customary manner. The
distillation can be effected, for exanple, by feeding
the effluent Il fromthe |ast reactor/the | ast
reacti on zone of the series of process step a) into a
distillation colum. The columm may be equi pped mﬁth a

bott om evap tor and a ¢ondenser far
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or air. To heat the evaporator of the colum, it is
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step b), the feed to the colum is preferably at

theoretical plate 10 to 15. The colum is operated
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2) reggingpripast eporena{di ivbutne aisernt imthsitenicy! mgtyre frgpeferably
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the top of the dlstlllatlon colum in step b) or at
the top of the reactive disbillation colum (steps a)
and b)) is preferably transferred to an extraction
colum into which an extractant, for exanple water, is
fed in countercourrent via a feed di sposed close to
the top. The extractant can be withdrawn via the
outlet at the bottom of the colum. At the top of the
col um, the product obtained fromthe extraction is a
stream of hydrocarbons V unconverted in stage a) which



To heat the evaporator of the columm, a customary heat
transferee, for exanple steam or hot water, and al so
preferably waste heat from other processes, nay be
used. In the latter case, it may be advantageous to
equi p the colum with nore than one evaporator. The
colum is preferably equipped as a single columm wth
at | east one evaporator and at |east one condenser.
Owm ng to the high energy denmand and the smal

c) rblﬂﬂﬁﬂg Heltiendi frérarfenten betorstedin hdthweniafrdctioap/,ahd bpidonally
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conPéMeEivas athex dwogedctantshe | nvention, to be connect ed to
the inventive colum of process step d). In the case
of the design of the process according to the
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hi gher tenperature and/ or hi gher pressure. The nixture

D-dl which contains 1-butene and i sobutane and is
(0] ¢) e top product can be separated in a
Eﬂ%%%%ﬁgﬁ%] H%ymhich is essentially of the same design
as the first colum into 1- butene which is obtained as
he bottom fraction VI
In the BRPSRTGRRIENE S 1o I\t s Jei B b Raldfif 1B o) can

be {diffed SRSl WA Idastbne ‘i‘edcﬂox@.@&ﬁ:r il ae@eniat b rdabgve
Invention, it iS possible, if appropriate, to dispense

distlationt Wlew theaaid-caésilyaed etharifieationdn seae alos caried prida é%“é‘ away
¢
thaf B8 LERIpshE s e s e Bl b IRERRREBER &b b i
als6 epeiedbutnigerdin bintthis @ader diis poskibiean dlsqmldsé oyith2e sepana@n:w t)sWhen
shown in FIG .l.a. Wien no but a /or no
the GEN G Hie & PPiTivER TRGHIOE Lboiig P Bt Y emftrefor o B0 o
butBf it HADBE ald dnbhgbHiR th B¥BNbitARe Stherifi@ioh REsti @A) Withaht the use
m xture contains at |east |ess than 1000 ppnw of
of arehetivgriéstifladgrosolemn| east | ess than 100 ppnw of
2-butenes and virtually no isonerization of 1-butene
occurs in step a), it is possible, if appropriate, to
di spense with the first colum. An enbodi nent of the
process according to the invlention in which a process
step d) is present which has only one distillation
colum for separating |I-butene fromisobutane is shown
in FIG Ib. In process step d), isobutane-rich
fractions may, depending on the starting conposition
of the C4 hydrocarbons, be obtained in addition to the
1- butene. These may be purified further, preferably to
pure isobutane. The |sobutane obtalned |n t he morkup
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An alternative to the renoval of the pol yunsaturated

hydr ocarbons is a selective chem cal reaction. For

exanpl e, 1, 3-butadi ene can be hydrogenated sel ectively

to |inear butenes, as described, for exanple, in EP O

523 482. Sel ective reactions of the 1, 3-butadi ene, for

exanpl e dinerization to cycl ooctadi ene, trinerization

to cycl ododecatriene, Diels-Al der reactions, for

exanple with maleic acid or mal ei c anhydri de,
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73). \Wen the isobutenic C4 streans contain anounts of
nore than 1% by nmass of pol yunsat urated hydrocarbons
such as 1, 3-but adi ene, they are preferably converted
i n downstream hydrogenati ons. These hydrogenations are
preferably carried out in the |liquid phase over a
pal | adi um cat al yst. Dependi ng on the content of
unsat ur at ed hydrocarbons, the hydrogenati on can be
carried out in a plurality of stages. For the
converS|on of crack C4 fron1a steancracker with a
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The drying of the hydrocarbon m xture may be

advant ageous for various reasons, for exanple to

reduce the formation of alcohols (mainly tert-butyl

al cohol) in process step a) or to avoid technica

problens as a result of separation of water or to

prevent ice fornmation at |ow tenperatures (for exanple

in the course of internediate storage). Distillation

Distillation steps may be utilized, for exanple, to

renove inpurities (for exanpl e | ow boilers such as C3

hydr gcar. bons boil ers such as Cs hydrac Qns I
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hydrocarbon m xture may thus be used directly in step
of eqyilifiummesippatess according to the invention or el se
only after a pretreatnent by one or nore of the
af orenenti oned processes. It is possible by the
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i nventive mxtures nore preferably contain |less than 5
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material for the preparation of butan-2-ol, butene
oxi de, val eral dehyde. A further use of the virtually

A pr&eRed 808p bf £%did chbilySH asdarif Pasces site?b H6E Hedastess awcdiding to the
the invention is the preparation,  of n-butene

inventiogdsrhesof sold prexchanes resiyp, martisydag thase B%‘é%%sulfomc acid
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conmpounds present, may be used for al kyl ation
reactions and for preparing%ligomers. BRIEF
DESCRI PTI ON OF THE DRAW NGS The process according to
the invention will be illustrated in detai
herei nbelow with reference to FIGS. 1 and 2, w thout
any intention that the process be restricted to the
enbodi ments depicted there by way of exanple. In the
schematic representations, only the essential stages
are shown. Sone streans customary in process



VI |-Butene fraction VIl Fraction conprising n-butane,

i sobut ane and/or 2-butenes Et Ethanol D-d I Top

product of K-dl D-d2 Top product of K-d2 (isobutane

fraction) E-cl Extractant inlet E-c2 Extractant

outlet K-bl Distillation colum K-c 1 Extraction

colum K-d 1 Distillation colum K-d2 Distillation

colum R-al Reactor R-a2 Reactor Wbl Bottom

evaporator Wb2 Condenser Wdl Bottom evaporator Wd2
sulfoxnigpherol-aldehyde condensates or cooligomers of aromatic vinyl compounds.

Examples of aromatic vinyl compounds for preparing the cooligomers are: styrene,
vinyltoluene, vinylnaphthalene, vinylethylbenzene, methylstyrene, vinylchlorobenzene,
vinylxylene and divinylbenzene. In particular, the cooligomers which are formed by
reaction of styrene with divinylbenzene are used as a precursor for the preparation of ion
exchange resins with sulfonic acid groups. The resins can be prepared in gel form,

macroporous form or sponge form.

The properties of these resins, in particular specific surface area, porosity, stability,

swelling or shrinkage and exchange capacity can be varied by the preparation process.

In the process according to the invention, the ion exchange resins can be used in their H
form. Strongly acidic resins of the styrene-divinylbenzene type are sold, inter alia, under
the following trade names: Duolite® C20, Duolite® C26, Amberlyst® 15, Amberlyst® 35,
Amberlyst® 46, Ambetlite® IR-120, Amberlite® 200, Dowex® 50, Lewatit® SPC 1 18,
Lewatit® SPC 108, K2611, K2621, OC 1501.

The pore volume is preferably from 0.3 to 0.9 ml/g, in particular from 0.5 to 0.9 ml/g. The
particle size of the resin is preferably from 0.3 mm to 1.5 mm, in particular from 0.5 mm to
1.0 mm. The particle size distribution can be selected narrowly or widely. For example, ion
exchange resins with very uniform particle size (monodisperse resins) can be used. The
capacity of the ion exchanger is, based on the supply form, preferably from 0.7 to 2.0 eq/l,
in particular from 1.1 to 2.0 eq/l, or preferably from 0.5 to 5.5 mol/kg, in particular from
0.8 to 5.5 mol/kg (the capacity data in mol/kg are each based on the ion exchange resin

dried to constant weight in a warm nitrogen stream at, for example, 105°C).

In the reaction part of any reactive distillation present as a reaction zone in process step a),
the same catalysts may be used as can be used in the simple reactors. In the reactive
distillation column, the catalyst may either be integrated in the packing, for example

KataMax® (as described in EP 0 428 265) or KataPak® (as described in EP 0 396 650 or

10 °



W d3 Bottom evaporator Wd4 Condenser FIG la In the
variant of the process according to the invention
shown schematically in FIG la, the technical mxture
| is conducted, together with ethanol (Et), first into
a first etherification reactor R-al which is
preferably designed as a | oop reactor. The product
fromthe first reactor is conducted into a second
etherification reactor R-a2 (operation with identica
DE 998 07 DOEB @Y of péTP@ERtedion, sheed bopies sdstlescribed meU St Phiubint
fromthe second etherification reactor is
5244%%%ferred into a distillation colum K-bl which is
equi pped with a condenser Whbh2 for the top product and
a bottom evaporator Wb I . A portion of the t
It may bd advantageoustwirendl ieactiontin step @) isreArrigd OPteqltlads‘(mpthféifft 0 to
o ct wi thdrawn i [
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countercurrent via the inlet E-cl at the top and is

in apleasidnawactiorazanhef dlitd H°Crnd 2 catalyshwhishhaohsaprcipyhef 0.5 to 3
olumm., At the top of the colum, the product obtained

mOQ@% "?%e extraction is a stream V which has been
depleted in ethanol. This streamV is fed Iaterally

into a djstillation colum K- [
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Separated into a fraction VI conpr|3|ng 2- butenes and
to the ¢rpacityeofihd wlys;f, coil tedugecanpreyent e fesmation pbi-bytaees by
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sorfggipa PPyt iy ThE PLAPELD Rl BEL B0 lin
excaihgaqmdﬁeqab 2sestin waighe tantverm nifdogent sipawf (fartesaopledfhC).

K-dl is nodified such that a portion can be returned

into the colum as reflux. FIG |b The plant shown in
Mof:é ;ﬁ"’efeHP)l}f He BRNoA rlﬂﬁﬁh‘:ﬁ‘rspﬁroE&g step @gmthaﬁﬁﬁﬂﬁldﬁ@tdﬂupstream

he 1 nvention corresponds to the plant according t
oftm distillation Thivnui drfupstesatneof the regetivetdigiliagion pelpmn) iy Céré!eé QAL
t har, 3 |
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1 butane FIG. 2 This figure shows a variant of the
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Istillation colum K-dl "in which a virtua

partlgmmn ohlsast fluce Eatsionannes, i bich esept Ipstionemars pesferghly the
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of the colum K-dl is conducted directly into a
further columm K-d2 which i$lequipped with a bottom
evaporator Wd3 and, at the top, with a condenser Wd4
in which it is separated into a 1-butane-contai ni ng
bottom product VI and a top product D-d2 conpri sing
i sobut ane and/or | ow boilers. The exanpl es which
follow are intended to illustrate the invention
wi thout restricting the scope of protection which is
evident fromthe clains and the description. EXAVPLES



whi ch were assuned in the reactor nodeling. Since the
conposition of the incom ng and outgoi ng streans of

the reaction stage is also specified in each case, it

is possible for the person skilled in the art, by
adjusting the reactors with fixed conversions, to
recal cul ate the exanple w thout know ng the precise
equations for the kinetics. The reactor pressure in

all exanples was 13 bar (abs). In the ETBE col unms, a

for Ekdngilfas fixedBebDlea@PS, Mractioamixade whizhf With tegprd tdlits isb0tene,

was scrubbe ut with water jn t whi ch e .
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tillation in a further colum K-EtQH which was not

congrsian off thetisabutenn irrefetabumargrthars80%BotHs g ds dantothie

K- Et OH ' ' | ' .
A PP A R 15 n g Y o
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than 99.6% by mass. In the 1-butene product, not nore
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2000 see table 1
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sobut ane + n-butane <0.2000 i sobut <0. 2000

in thE Frapnebass G pe AN HiR RS “Sepe8 MO s those
destibdd2BBve foX AERiBple@mbodiment of the process stage without the use of a

reactive distillation.

The isobutene is reacted with ethanol to give ETBE in the reactive distillation preferably in
the temperature range from 10 to 140°C, preferably at 30 to 90°C, more preferably at 40 to
70°C (temperature in the region of the column in which the catalyst is present. The bottom

temperature of the column may be significantly higher).

In particular, the ETBE is prepared by reaction with ethanol in a manner as described in
DE 101 02 082 for the reaction of methanol with isobutene to give MTBE. The isobutene-
comprising C4 hydrocarbon mixture is fed into the prereactor(s) together with ethanol. In
the prereactors, a mixture forms in which isobutene, ethanol and ETBE are in equilibrium
or virtually in equilibrium. This reaction mixture is introduced into the reactive distillation

column.

The feed to the reactive distillation column contains more ethanol than is needed for full
conversion of the isobutene still present. The alcohol excess should additionally be such

that a sufficient amount of alcohol is present for the azeotrope of ethanol and C4
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Exanpl e | a corresponds to the variant shown in FIG |
a. The feed to the rector R-al was, according to FIG
| a, assumed to be a raw material stream (1) of 10 kg/h
with 8% by mass of n-butane, 2% by mass of isobutene
and 90% by mass of 1-butene, and an et hanol stream of
3 kg/h (see table 2). Tabelle 2: Conposition of the C4
i nput stream (1) and of the ethanol input stream (Et)
for exanple I a (in %by mass). C4 feed (1) Ethano
hydr&dayboMa sidhl fomhr at e [ kg/ h] 10. 000 3. 000 Conponents [ %

| sobut ene 2. 0000
Optionally, for example when the ethanol content in the column feed is below the
maximum permissible value, additional ethanol may be added to the column feed. In
addition, ethanol feeding can be effected via a separate device at the top of the reactive
distillation column above the column feed below a liquid distributor or in a liquid
distributor above or in the region of the reactive zone, preferably in the region of the
reactive zone. Additional feeding of ethanol can be effected, for example, into the reflux of
the column or directly into the reactive packings. The additional ethanol additions should
be such that, in the packings of the reactive zone, the ethanol content in the liquid phase is
preferably greater than or equal to 1.5% by mass, preferably greater than or equal to 2% by

mass and more preferably from 2 to 3% by mass.

Above the catalyst packing, the reactive distillation column preferably has a region of pure
distillative separation, preferably having 5 to 20, preferentially having 5 to 15 and more
preferably having 7 to 10 theoretical plates. The catalyst zone can be estimated with a
distillative action of 1 to 5 theoretical plates per meter of packing height. The separation
zone below the catalyst may comprise preferably from 12 to 36, in particular from 15 to 25
theoretical plates. The height of the catalyst zone/reactive zone can be determined by
simple preliminary experiments depending on the desired isobutene conversion. The
amount of catalyst is preferably selected at such a level that the desired residual isobutene

content in relation to the 1-butene in the top product is achieved.

The feed to the reactive distillation column may be above or below the catalyst zone. The
feed to the reactive distillation column is preferably below the reactive packing, preferably

3 to 13, more preferably 4 to 10 theoretical plates below the reactive packing.

The reactive distillation column is preferably operated at pressures, measured at the top of
the column, of 3 bara to 25 bara, preferably 5 bara to 15 bara, in particular of 5 bara to 9
bara. The hydraulic loading in the catalytic packing of the column is preferably 10% to
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1- butene 90. 000 n-butane 8.0000 trans-2-butene
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110%, preferably 20% to 90% and more preferably 35 to 75% of its floodpoint loading.
Hydraulic loading of a distillation column is understood to mean the uniform flow demand
on the column cross section by the ascending vapor stream and the refluxing liquid stream.
The upper loading limit indicates the maximum loading by vapor and reflux liquid, above
which the separating action falls owing to entrainment or accummulation of the reflux
liquid by the ascending vapor stream. The lower loading limit indicates the minimum
loading, below which the separating action falls or collapses owing to irregular flow, for
example as a result of dewetting of the packing or severe trickle-through of the trays
(Vauck/Muller, "Grundoperationen chemischer Verfahrenstechnik" [Basic operations of

chemical process technology], p. 626, VEB Deutscher Verlag fur Grundstoffindustrie.)

At the floodpoint, the shear stresses transferred from the gas to the liquid become so great
that the entire amount of liquid is entrained with the gas in the form of drops, or that there
is phase inversion in the column (J. Mackowiak, "Fluiddynamik von Kolonnen mit
modernen Fullkorpern and Packungen fur Gas/Flussigkeitssysteme" [Fluid dynamics of
columns with modern random packings and structured packings for gas/liquid systems],

Otto Salle Verlag 1991).

The reactive distillation columns are preferably operated with reflux ratios of 0.2 to 4, in

particular with those which are from 0.4 to 2, preferably from 0.5 to 1.

When the last reaction zone used in stage a) is a reactive distillation column, it is possible,
as already described, for step b), namely the removal of the ETBE from the unconverted
hydrocarbons, to take place therein. It is then possible if appropriate to dispense with a

separate step b).

The term reactive distillation includes all process technology measures in which distillation
and reaction are carried out simultaneously. In the reactors described, this is achieved by a
particular design of the structured packings in a column. However, it is also possible in the

process according to the invention to spatially separate these regions without losing the
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A reaction tenperature of 46C for R-al and 40C for
R-a2 gave rise to the conposition listed in table 3
for streamlIl. In the distillation stage K-bl, the
ETBE was renoved as the bottom product (I11). The
colum had 50 theoretical plates and was operated at a
reflux ratio of 0.9 and at a pressure of 6 bar (abs).
The feed was above stage 30. The distillate of this
colum (1V) was a C4/ Et OH azeotrope from which the
advehthgrs@lf avetisedistileidnout Wi th water in the extraction
colum K-fl. Table 3: Conposition of the input and
out put streans of the colum K-bl (II, Il and IV) for

The‘??ﬁ@ﬂ@épﬁrah@n(d@t bpy mass). K-bl feed (I1) K-hi bottom
product (Il1l) K-hi distillate (1V) Mass flow rate

[ kg/h] 13.000 3.055 9.945 Conponents [%
The thermal separation of the effluent II from step a) can be effected in step b), for

example, by distillation or fractionation. Preference is given to effecting the thermal
.separation by distillation which can be carried out in a customary manner. The distillation
can be effected, for example, by feeding the effluent II from the last reactor/the last
reaction zone of the series of process stép a) into a distillation column. The column may be
equipped with a bottom evaporator and a condenser for the top product. The bottom
product III obtained from the distillation column is a stream which contains ETBE and any
excess alcohol. Stream III may also contain diethyl ether. The top product IV may be

returned to the column partly as reflux. The other portion can be sent to process step c).

A distillation column used has preferably more than 20, preferentially more than 25, more
preferably from 30 to 50 theoretical plates. Depending on the number of stages realized,
the reflux ratio is preferably greater than or equal to 1, and more preferably assumes values
of from 0.9 to 0.6. The condensation can be carried out against cooling water or air. To
heat the evaporator of the column, it is possible, for example, to use steam. It may be
advantageous to pass the feedstream to the column into the column in at least partly pre-
evaporated form or to flash it directly into the column. For this purpose, heat is preferably
supplied to the feed stream in an external heat transferee, for example by utilizing waste
heat. To achieve partial evaporation, a kettle evaporator is the preferred embodiment of the
heat transferee. It may also be advantageous when an intermediate evaporator heated to a
relatively low temperature level with process heat or waste heat is used in the lower section

of the column.

In process step b), the feed to the column is preferably at theoretical plate 10 to 15. The
column is operated preferably with a pressure of 4 to 11 bara, preferably of 5 to 8 bara. The

top temperature of the column used in process step b) is preferably 40 to 70°C,
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i sobutene 0.1364 0.1783 | -butene 69.1938 90.4494
n- but ane 6.1538 8.0442 trans-2-butene 0.0185 0.0242

preferentially 45 to 60°C.

When process step a) includes a reactive distillation, process step b) can take place partly
or fully, preferably fully, in the course of performance of the reactive distillation, and a

separate step b) can be dispensed with, if appropriate.

Removal of Ethanol in Step ¢)

To remove the ethanol from stream IV, various methods known to those skilled in the art
may be used. For example, the ethanol can be removed by membrane processes or by
extraction. Preference is given to removing ethanol from stream IV by extraction. For the
extraction, all extractants which are suitable for extracting ethanol from stream IV may be
used. In stage c), preference is given to carrying out an extraction in which the extractant

used is water or an aqueous solution.

The top product from process step b), which is obtained at the top of the distillation
column in step b) or at the top of the reactive distillation column (steps a) and b)) is
preferably transferred to an extraction column into which an extractant, for example water,
is fed in countercourrent via a feed disposed close to the top. The extractant can be
withdrawn via the outlet at the bottom of the column. At the top of the column, the product
obtained from the extraction is a stream of hydrocarbons V unconverted in stage a) which
has been depleted in ethanol. This is fed to the inventive process step d). The ethanol-
enriched extractant obtained at the bottom of the column can be separated by distillation
and the ethanol can optionally, when the extractant used has been water, be returned to the
process as a starting material in step a), preferably after drying. The drying can be effected
with the aid of an azeotroping agent by distillation, by adsorption with the aid of an
adsorbent, for example molecular sieves, or by means of a membrane plant (for example

pervaporation, reverse 0smosis or permeation).

Process step c) can preferably be carried out in an extraction column. The extraction
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ci s-2-butene 0.0185 0.0242 ETBE 2.5533 10. 8649

et hanol 21.9257 89.1351 1.2797 The ethanol -free

raffinate (V) of the extraction colum K-c | was sent

to a C colum K-dl in which principally n-butane and

2-butenes were renoved via the bottom (VIl). The

columm had 150 theoretical plates and was operated at

areflux ratio of 19 and at a pressure of 8 bar (abs).

The colum feed was above stage 85. The top product
coliinivh )Jre@éirhlﬂ'y heds wak, prefferramtaillgnomnfztheomitdipﬂm@ dhieextraction in

99. 6% tepe and sati
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from 0.05 to 0.5, preferentially from 0.1 to 0.25 and more preferably from 0.15 to 0.2.

Distillation in Step d)

When the feedstock mixture, in addition to 1-butene and isobutene, comprises further
substances, in particular n-butane, isobutane and/or 2-butenes, it may be advantageous to
separate the 1-butene-comprising fraction V which has been freed of ethanol or depleted of
ethanol and has been obtained in process step c) into a fraction VI which comprises 1-
butene or a mixture comprising 1-butene, and into at least one further stream which
comprises at least one compound selected from isobutane, n-butane and 2-butenes. The
separation is preferably distillative. The removal of the 1-butene VI by distillation of the

fraction V can be effected in one or more distillation columns.

When n-butane, isobutane and 2-butenes are present in the technical mixture of C4
hydrocarbons used, the 1-butene is removed, in a preferred embodiment of process step d),
in such a way that the removal of the 1-butene is carried out in a distillation column in
which the top product obtained is a 1-butene fraction D-d1 which contains isobutane and
the bottom product obtained is a fraction VII containing at least 2-butenes, n-butane and

unremoved 1-butene.

The separation is preferably carried out in one or two superfractionating columns. The feed
tray of the column or columns is optimized for the particular feed mixture by the practice
customary in the industry such that the separating task is achieved with a minimum energy
demand. Owing to the narrow boiling point of the mixture to be separated, the columns are
designed with preferably more than 100, preferentially more than 125, more preferably
with 150 or more and most preferably with 150 to 200 theoretical plates. The reflux ratio
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K-dl distillate (VI) K-dl bottom product (VII) Mass
flowrate [kg/h] 9.818 8.998 0.820 Conponents [%
i sobut ene 0.1806 0.1968 0.0029 1-butene 91.6217

(amount of reflux to distillate removal) is dependent upon the number of stages realized
and upon the operating pressure and can be optimized for the use mixture. The reflux ratio
is preferably less than or equal to 100, preferably less than 75, more preferably from 10 to
60. The condensation can be carried out against cooling water or air. The distillate vessel is
preferably designed as a liquid-liquid separator. This allows any water present in the
feedstream to be removed as a second phase in the distillate vessel and a bottom product

which is water-free for industrial purposes to be obtained.

To heat the evaporator of the column, a customary heat transferee, for example steam or
hot water, and also preferably waste heat from other processes, may be used. In the latter
case, it may be advantageous to equip the column with more than one evaporator. The
column is preferably equipped as a single column with at least one evaporator and at least
one condenser. Owing to the high energy demand and the small temperature difference
between bottom and top of the column, energy-saving connections are particularly
preferred embodiments. Reference is made here by way of example to the method of vapor
compression. A further particularly preferred connection method is two-pressure
connection (double effect distillation) in integration with a second column. The second
column may preferably be a parallel-connected column with identical or different
separating task. One of the columns may be operated at such a high pressure that its
condensation temperature is sufficient to heat the other column. In the connection of
columns with different separating tasks for heating purposes, it is possible in principle for
any suitable column from the process according to the invention, but also a column which
is present at the plant location outside the process according to the invention, to be
connected to the inventive column of process step d). In the case of the design of the
process according to the invention according to FIG. 2, one possibility is the connection of

the columns K-d1 and K-d2 in the form of a two-pressure connection.

The separation in process step d) is carried out preferably at a pressure of 5 to 11 bara,
preferably at a pressure of 6 to 8 bara. The top temperature at which the separation is

carried out is preferably from 35 to 65°C, preferentially 45 to 50°C. When thermal
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integration is provided, it may be advantageous when process step i) is carried out at

higher temperature and/or higher pressure.

The mixture D-d1 which contains 1-butene and isobutane and is obtained as the top
product can be separated in a second column which is essentially of the same design as the
first column into 1-butene which is obtained as the bottom fraction VI and an isobutane-

rich fraction (top product) D-d2.

When no isobutane is present in the technical mixture I used in accordance with the
invention, it is possible, if appropriate, to dispense with the second column. An
embodiment of the process according to the invention in which a process step d) is present
which has only one distillation column for separating 1-butene from n-butane and/or 2-

butenes is shown in FIG. la.

When no n-butane and/or no 2-butenes are present in the technical mixture I used in
accordance with the invention or when the technical mixture contains at least less than
1000 ppmw of n-butane and/or at least less than 100 ppmw of 2-butenes and virtually no
isomerization of 1-butene occurs in step a), it is possible, if appropriate, to dispense with
the first column. An embodiment of the process according to the invention in which a
process step d) is present which has only one distillation column for separating 1-butene

from isobutane is shown in FIG. 1b.

In process step d), isobutane-rich fractions may, depending on the starting composition of
the C, hydrocarbons, be obtained in addition to the 1-butene. These may be purified further,
preferably to pure isobutane. The isobutane obtained in the workup preferably has a purity
of at least 90% by mass of isobutane, more preferably 95% by mass of isobutane, and
contains preferably less than 1000 ppmw, more preferably less than 200 ppmw of olefins.
Purification to pure isobutane can be effected, for example, by fully hydrogenating the

alkenes still present to alkanes and subsequently distilling.



et hanol Exanpl e | b: The exanpl e cal cul ati on which
follows corresponds to the process variant shown in
fig. Ib. The feed to reactor R-al according to fig. |Ib
was assuned to be a raw material stream (I) of 10
kg/'h with 4% by mass of isobutane, 1% by mass of
i sobut ene and 95% by nmass of 1-butene, and an et hano
streamof 1.5 kg/h (see table 5). Table 5: Conposition
of the C4 input stream (1) and of the ethanol i nput
Shoald iﬁﬁl’i&r(rEindua]l Gmomtanﬁileoﬂobst(ll e Predept mEEE}ions Cor Véed véhen
Et hanol
they are to be re oved w1tﬁ %refflergr\{\éero%\tngg {okt%{a rc]cl:sir:lég 'ugec,)(ghis can be done, for
example, by washing out the alcohol with water in a further extraction step. This extraction
step can be carried out as described under step c). It may be advantageous when, after a
further extraction step with water, the resulting fraction is freed of water in a subsequent

drying step.
Feedstocks

In the process according to the invention, it is possible to use all customarily available
technical C4 hydrocarbon mixtures which have 1-butene, n-butane and 2000 ppmw to 8%
by mass of isobutene based on the 1-butene, preferably 2500 ppmw to 3% by mass of
isobutene based on the 1-butene. Suitable isobutenic C4 streams may, for example, be

those as obtained in the work-up of C,4 streams, for example from refineries, from crackers
(for example steamcrackers, catcrackers), from Fischer-Tropsch syntheses, from the
dehydrogenation of butanes, from skeletal isomerization of linear butenes and those
obtained by metathesis of olefins. These techniques are described in the technical literature.
(K. Weissermel, H. J. Arpe, Industrielle Organische Chemie [Industrial Organic
Chemistry], Wiley-VCH, 5th edition, 1998, pages 23 to 24; 65 to 99; 122 to 124).

Preference is given to using C, streams as are obtained in the workup of C, streams from
catcrackers (FCC) or from steamcrackers which are operated primarily for the production
of ethene and propene and in which the raw materials used are, for example, refinery gases,
naphtha, gas oil, LPG (liquefied petroleum gas) and NGL (natural gas liquid), optionally
after removal of a portion of the isobutene. The isobutenic technical mixtures used are
most preferably low-isobutene raffinate II fractions, for example from TBA, ETBE or
MTBE plants, residual streams from oligomerizations or polymerizations, or other low-
isobutene raw material streams such as FCC-C4 and any mixtures of the abovementioned

sources.



1. 500 Conmponents [% i sobut ane 4. 0000 i sobutene
1. 0000 1-butene 95.0000 trans-2-butene
Ci s- 2- but ene

In the process according to the invention, very particular preference is given to using a
technical mixture of C4 hydrocarbons I which has a content of 1-butene of greater than
50% by mass, preferably greater than 70% by mass, preferentially greater than 80% by
mass, more preferably greater than 90% by mass and most preferably greater than 95% by
mass. Such technical mixtures may stem in particular from conventional processes for

removing isobutene from 1-butenic streams.

For the process according to the invention, it is advantageous to remove polyunsaturated
hydrocarbons such as 1,3-butadiene from the use mixture. This can be done by known
processes, for example by extraction, extractive distillation or complex formation (cf. K.
Weissermel, H. J. Arpe, Industrielle Organische Chemie, Wiley-VCH, Sth edition, 1998,
page 119-121). In the process according to the invention, preference is given to using
technical mixtures I which have a content of polyunsaturated compounds of less than or

equal to 20 ppm by mass, preferably less than or equal to 5 ppm by mass.

An alternative to the removal of the polyunsaturated hydrocarbons is a selective chemical
reaction. For example, 1,3-butadiene can be hydrogenated selectively to linear butenes, as
described, for example, in EP 0 523 482. Selective reactions of the 1,3-butadiene, for
example dimerization to cyclooctadiene, trimerization to cyclododecatriene, Diels-Alder
reactions, for example with maleic acid or maleic anhydride, polymerization or
telomerization reactions can also at least partly remove the 1,3-butadiene. When a crack-C4
cut was used as the raw material, a hydrocarbon mixture (e.g. raffinate I or selectively
hydrogenated crack-C,4 (HCC,)) remains in all cases and contains mainly the saturated
hydrocarbons, n-butane and isobutane and the olefins isobutene, 1-butene and 2-butenes.
The content of isobutene in this hydrocarbon mixture can optionally be reduced by suitable
processes as described above to an inventive content of from 2000 ppmw to 8% by mass

based on the content of 1-butene.

In the process according to the invention, preference is given to selectively and

catalytically hydrogenating polyunsaturated hydrocarbons present in the C4 hydrocarbon
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ETBE ethanol 100.0000 A reaction tenperature of
41.5C for Ral and 35C for R-a2 gave rise to the
conposition listed in table 6 for streamll. In the
distillation stage K-bl, the ETBE was renoved as the
bottom product (I11). The nunber of stages, pressure
and reflux ratio were unchanged conpared to exanple

la. The distillate of the colum (I1V) was again a

Cll Et OH azeotrope from which the ethanol had been
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cannot be ruled out that the technical C4 hydrocarbon streams used witt comprise

polyunsaturated hydrocarbons.

The polyunsaturated hydrocarbons are mainly 1,3-butadiene; 1,2-butadiene, butenine and
1-butyne are present in a significantly smaller amount if at all. The hydrogenation can be
effected in a one-stage or multistage hydrogenation process, preferably in a multistage
hydrogenation process in the liquid phase over a palladium catalyst. To lower the content
of 1,3-butadiene below preferably 1000 ppm. by mass (ppmw), preferably less than 100
ppmw, more preferably less than or equal to 20 ppmw and most preferably less than or
equal to 5 ppmw, a moderator which increases the selectivity of the palladium catalyst is
added in the last stage of the hydrogenation. The moderator used is preferably carbon
monoxide which is added in a proportion of 0.05 to 100 ppm by mass (ppmw). The
polyunsaturated compounds are more preferably hydrogenated in at least two reaction
stages, at least the last reaction stage being carried out in the presence of from 0.05 to 100
ppm by mass of carbon monoxide. The content of polyunsaturated hydrocarbons in the
feed to this stage should be below 1% by mass, preferably below 0.5% by mass. In the
literature, this type of selective hydrogenation of residual contents of 1,3-butadiene is
known by the name SHP (selective hydrogenation process) (see EP 0 081041; Erdol,
Kohle, Erdgas, Petrochem. 1986, 39, 73).

When the isobutenic C4 streams contain amounts of more than 1% by mass of
polyunsaturated hydrocarbons such as 1,3-butadiene, they are preferably converted in
downstream hydrogenations. These hydrogenations are preferably carried out in the liquid
phase over a palladium catalyst. Depending on the content of unsaturated hydrocarbons,
the hydrogenation can be carried out in a plurality of stages. For the conversion of crack-C4
from a steamcracker with a content of 1,3-butadiene of typically 38 to 45%, a two-stage

design of the hydrogenation has been found to be useful. Individual or all stages may be
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equipped with partial product recycling. In the effluent, concentrations of 1,3-butadiene of

less than 1% are thus obtainable, so that a further conversion can be effected in a selective

hydrogenation (SHP).

Before entry into the process according to the invention, usable C4 hydrocarbon mixtures
may pass through one or more other process stage(s). This process stage/these process
stages may, for example, also be a process or process step(s) for removing isobutene from
C4 hydrocarbon mixtures. In particular, the starting mixture used in the inventive step a)
may also be those mixtures as obtained in the preparation of tert-butanol (TBA) from
isobutene after removal of the TBA. In this way, it is possible in each case to realize an

individually adapted overall concept for workup with the corresponding product portfolio.

Typical processes which can be connected upstream of the processes according to the
invention are water scrubbings, purification processes in adsorbers, drying processes and

distillations.

Water Scrubbing

A water scrubbing can fully or partly remove hydrophilic components from the technical
hydrocarbon mixture containing isobutene and linear butenes to be used, for example
nitrogen components. Examples of nitrogen components are acetonitrile or N-
methylpyrrolidone (which can stem, for example, from a 1,3-butadiene extractive
distillation). Oxygen compounds (for example acetone from FC crackers) may also be
removed partly by means of a water scrubbing. After a water scrubbing, the isobutenic
hydrocarbon stream is saturated with water. In order to avoid biphasicity in the
downstream process steps in the reactor, the reaction temperature there should be approx.

10°C above the temperature of the water scrubbing.

Adsorber
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Adsorbers are used to remove impurities. This may be advantageous, for example, when
noble metal catalysts are used in one of the process steps. Often, nitrogen or sulfur
compounds are removed by means of upstream adsorbers. Examples of adsorbents are
aluminas, molecular sieves, zeolites, activated carbon, aluminas impregnated with metals.

Adsorbents are sold by various companies, for example Alcoa (Selexsorb®).

Drying

Any water present in the isobutenic hydrocarbon mixture, which may stem, for example,
from a water scrubbing, can be removed by known processes for drying. Suitable processes
are, for example, the distillative removal of the water as an azeotrope. Often, an azeotrope

containing C4 hydrocarbons may be utilized or azeotroping agents may be added.

The drying of the hydrocarbon mixture may be advantageous for various reasons, for
example to reduce the formation of alcohols (mainly tert-butyl alcohol) in process step a)
or to avoid technical problems as a result of separation of water or to prevent ice formation

at low temperatures (for example in the course of intermediate storage).

Distillation

Distillation steps may be utilized, for example, to remove impurities (for example low
boilers such as C3 hydrocarbons, high boilers such as Cs hydrocarbons) or to obtain
fractions with different isobutene concentrations. This can be done either directly with the
raffinate I or the HCC; or after one or more other process stage(s) has/have been passed
through. Direct distillation of the raffinate I or of the HCC4 makes it possible, for example,

to separate into a relatively isobutene-rich fraction depleted in 2-butenes and n-butane.

Depending on the composition of the technical hydrocarbon mixture to be used and/or on
the purities of the target products, the technical hydrocarbon mixture may thus be used

directly in step a) of the process according to the invention or else only after a pretreatment
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12.4619 89.8767 1.1564 The et hanol -free
raffinate (V) of extraction colum K-c 1 was sent to a
C4 colum K-dl in which principally isobutane was
renoved via the top (VII). The nunber of stages and
operating pressure of the colum corresponded to
exanple | a; the reflux ratio was adjusted to 184. The
bott om product (VI) obtained was a fraction which
contai ns over 99.6% by mass of 1-butene and which

by Gitdr sidresf theafmgraitionediproosssest equi red in table 1 for
the 1-butene product (see table 7). Table 7:
Conposition of the input and output streans of columm

It 1s|§)ogélbl@6~y e @E@s \c'(édo}dlf@{o tlﬁié( fivehtfor, Qeﬂehﬂm%’%h)fhd‘laﬁﬁ)osmon of
the reactant [, to prepare as the 1 bllltgmlc fra?tﬁfns(\/ ang/or VI, mixtures containing
preferably above 98% by mass of 1-butene, preferably above 99.6% by mass and less than
2000 ppmw of isobutene, preferably from 0 to 1500 ppmw, preferentially from 50 to 500
ppmw of isobutene. These mixtures preferably contain less than 0.5% by mass, preferably
less than 0.05% by mass of 2-butenes. The inventive mixtures more preferably contain less
than 5 ppm by mass of organic oxygen compounds. This can be achieved in particular by
removing ether compounds such as diethyl ether or ETBE in process step b) and removing
ethanol from the mixture by appropriate extractions or water scrubbings. Most preferably,
the inventive mixtures contain less than 50 ppm by mass of water. This can be achieved in

particular by removing the water from the mixture by appropriately frequent drying steps

or a drying step of sufficient size.

The inventive mixtures may be used, for example, as 1-butene-containing feedstocks in the
copolymerization of ethylene with 1-butene. The inventive mixture may be used, for
example, as a comonomer in the preparation of polyethylene (LLDPE or HDPE) and of
ethylene-propylene copolymers. It is the starting material for the preparation of butan-2-ol,
butene oxide, valeraldehyde. A further use of the virtually isobutene-free 1-butene
prepared in accordance with the invention is the preparation of n-butene oligomers, in
particular by the Octol process. Optionally, the products prepared in accordance with the
invention, preferably after removal of oxygen compounds present, may be used for

alkylation reactions and for preparing oligomers.
BRIEF DESCRIPTION OF THE DRAWINGS

The process according to the invention will be illustrated in detail hereinbelow with
reference to FIGS. 1 and 2, without any intention that the process be restricted to the

embodiments depicted there by way of example. In the schematic representations, only the
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K-dl bottom product (VI) Mass flow rate [kg/h] 9.919
0.415 9.504 Conponents [% i sobut ane 4. 0329 94. 9842
0. 0644 i sobutane 0.1869 0.0158 0.1944

essential stages are shown. Some streams customary in process technology, for example
cooling water streams, circulation streams, catalyst recyclings or return streams, and/or
some customary apparatus, for example heat exchangers or separators, have not been
shown in favor of better clarity.

The designations in figures FIG. 1 to FIG. 2 have the following meanings:

I Technical mixture of C4 hydrocarbons containing 1-butene and 2000 ppmw to 3% by

mass of isobutene, with or without n-butane, isobutane and/or 2-butenes.

II Reactor effluent from the last etherification reactor

III Fraction comprising ETBE

IV Fraction comprising 1-butene and ethanol, with or without n-butane, isobutane and/or

2-butenes

V Stream lowered in ethanol

V1 1-Butene fraction

VII Fraction comprising n-butane, isobutane and/or 2-butenes

Et Ethanol

D-d1 Top product of K-d1

D-d2 Top product of K-d2 (isobutane fraction)

E-c1 Extractant inlet
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1- but ene 95. 7408 5. 0000 99. 7000 trans-2-butene 0.0198
0. 0206 ci s-2-butene 0.0198 0.0206 ETBE et hano

E-c2 Extractant outlet
K-b1 Distillation column
K-cl Extraction column
K-d1 Distillation column
K-d2 Distillation column
R-al Reactor

R-a2 Reactor

W-b1 Bottom evaporator
W-b2 Condenser

W-d1 Bottom evaporator
W-d2 Condenser

W-d3 Bottom evaporator
W-d4 Condenser

FIG. 1a

In the variant of the process according to the invention shown schematically in FIG. 1a, the

technical mixture I is conducted, together with ethanol (Et), first into a first etherification
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Exanpl e 2: The exanpl e cal cul ati on which foll ows

corresponds to the process variant shown in fig. 2.

For exanple 2, the feed to reactor R-al according to

fig. 2 was assuned to be a raw material stream (I) of

10 kg/h wth 5% by mass of isobutane, 2% by mass of

i sobutene, 61% by nmass of 1-butene, 10% by nass of

n- but ane, 8% by mass of trans-2-butene and 14% by nass

of cis-2-butene, and an ethanol streamof 1.5 kg/h
readtGieR-all ablich i8 preferdlall Idesiﬁ‘led@smbmm teaavor. Ghe ploduc4ronmthetfirst

rea%&r&ggpréﬂlgt)e@ {i-ltﬁg %%%%Ptnﬁgg@y éaz{']t%& r?aggodt%il% OE{:I‘%{&% V)lttl{é?e)ntlcal or
difMRastebOMturélet. psG{N). b &fiRent I5P6 GergeesRIdtiSer{ff¥htion reactor
is transferred into a distillation column K-b1 which is equipped with a condenser W-b2 for
the top product and a bottom evaporator W-b1. A portion of the top product is returned
into the column as reflux. The top product withdrawn is the stream IV which comprises
essentially 1-butene, n-butane and ethanol, and the bottom product obtained is a stream III
comprising ETBE. The top product IV is conducted into the bottom of an extraction
column K-c1, into which an extractant, for example water, is fed in countercurrent via the
inlet E-c1 at the top and is withdrawn via the outlet E-c2 at the bottom of the column. At
the top of the column, the product obtained from the extraction is a stream V which has
been depleted in ethanol. This stream V is fed laterally into a distillation column K-d1
which is equipped with a bottom evaporator W-d1 and, at the top, with a condenser W-d2
and optionally a decanter, and separated into a fraction VII comprising 2-butenes and n-
butane which is withdrawn at the bottom of the column, and a virtually isobutane-free
fraction VI comprising 1-butene which is optionally separated from an aqueous phase in a
decanter. The top of the column K-d1 is modified such that a portion can be returned into

the column as reflux.

FIG. 1b

The plant shown in FIG. 1b for performance of the process according to the invention
corresponds to the plant according to FIG. 1a. The difference is essentially that, in column
K-d1, neither 2-butenes nor any n-butane is/are removed from the 1-butene, but rather
isobutane (top product) is removed from the 1-butene (bottom product). This method can
be selected only when stream V comprises virtually no n-butane or no 2-butenes, i.e. these
substances must not be present in reactant I, nor may 2-butenes be formed by isomerization

of 1-butane.

FIG. 2

This figure shows a variant of the plant shown in FIG. 1a. In this variant, steps a) to c) are
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i sobut ane 5. 0000 isobutene 2.0000 | -butene 61.0000
n- but ane 10. 0000 trans-2-butene 8.0000 cis-2-butene
14. 0000

carried out in an arrangement as shown in FIG. Ia. In contrast to the variant according to
FIG. 1a, step d) is carried out in two distillation columns. The ethanol-depleted stream V
obtained from the extraction column K-c1 is transferred into the distillation column K-d1
in which a virtually isobutene-free 1-butenic fraction D-d1 is removed via the top. The
bottom product obtained is a fraction VII comprising 2-butenes and n-butane. The distillate
D-d1 of the column K-d1 is conducted directly into a further column K-d2 which is
equipped with a bottom evaporator W-d3 and, at the top, with a condenser W-d4 in which
it is separated into a 1-butane-containing bottom product VI and a top product D-d2

comprising isobutane and/or low boilers.

The examples which follow are intended to illustrate the invention without restricting the

scope of protection which is evident from the claims and the description.

EXAMPLES

The example calculations which follow were carried out with the simulation program
ASPEN Plus. In order to obtain transparent, reproducible data, only widely available
substance data were used. Also, the use of a reactive distillation was dispensed with in all
variants. These simplifications make it possible for the person skilled in the art to easily
understand the calculations. Although the methods used do not have sufficient precision
for the design of industrial plants, the qualitative differences in the arrangements are
determined correctly. In all variants shown, the isobutene conversion was increased by use

of one or more reactive distillation(s).

In the examples, the property method "UNIFAC-DMD" (see J. Gmehling, J. Li, and M.
Schiller, Ind. Eng. Chem. Res. 32, (1993), pp. 178-193) was utilized. The following
assumptions were made: for the reactor R-al, a catalyst volume of 101 was assumed in
each case; for reactor R-a2, a reactor volume of 7.51 was assumed in each case. Both
reactors were charged with the ion exchanger Amberlyst® 15. For the reactor modeling, a
kinetic reactor model which is based on extensive experimental data was used in the

calculations. The examples therefore in each case also specify the reaction temperatures
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ETBE ethanol 100.0000 A reaction tenperature of
50C for R-al and 42C for R a2 gave rise to the
conposition listed in table 9 for streamll. In the
distillation stage K-bl, the ETBE was renoved as the
bottom product (111). The nunber of stages, pressure
and reflux ratio were unchanged conpared to exanple
la. The distillate of this colum (1V) was again a
CA/ Et OH azeotrope from which the ethanol had been

whisk ek shingddt in \the feacsart reodeling t $ircesthit campastivnadithenincdting and
Table 9: t .and out ut. str

; osition of. t
outgAE g O oﬁr%reqcrlpn S isahe PG Bt s PoTs g e
per%ﬁ%ﬁblled iehb artf l?}e I\/é ? Krelteadddtt GAaIM ke dbﬁerﬂéds! fo r&:all)dulate the
distillate |l ow rate [kg/h]  11.500
example without knowmg the precise equations for the kinetics. The reactor pressure in all
examples was 13 bar (abs). In the ETBE columns, a Cy/ethanol azeotrope was removed via
the top. The EtOH was scrubbed out with water in extractors which were modeled as
simple component splitters. The EtOH-water mixture obtained from the extractors was
worked up by distillation in a further column K-EtOH which was not shown in the
connection diagrams. Both products of the K-EtOH can, optionally after suitable drying of

the ethanol, be recirculated into the process.

In all examples, the isobutene present in the C, raw material stream (1) to the reactor R-al
(see FIG. 1a, 1b or 2) should be chemically removed by ETBE synthesis, and 1-butene
should be prepared with a purity of greater than 99.6% by mass. In the 1-butene product,
not more than 2000 ppm of isobutene, 500 ppm of 2-buuenns and 2000 ppm of butanes
should be present (see table 1).

Table 1: Required 1-butene specifications (in % by mass).

1-Butene
specification
Components [%]
isobutane
+ n-butane <0.2000
isobutene <0.2000
1-butene > 99.6000
trans-2-butene
-+ Cis-z-butene < 0-0500

Example la
Example 1a corresponds to the variant shown in FIG. 1a. The feed to the rector R-al was,

according to FIG. 1a, assumed to be a raw material stream (I) of 10 kg/h with 8% by mass
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1.534 9.966 Conponents [% i sobut ane 4.3478 5.0170
i sobut ene 0.0457 0.0528 1-butene 52.9649 61.1167

of n-butane, 2% by mass of isobutene and 90% by mass of 1-butene, and an ethanol stream

of 3 kg/h (see table 2).

Tabelle 2: Composition of the C4 input stream (I) and of the ethanol input stream (Et) for

example 1a (in % by mass).

C4 feed Ethanol
(Y] (Et)

Mass flow rate [kg/h] 10.000 3.000
Components [%]

Isobutene 2.0000

1-butene 90.000

n-butane 8.0000

trans-2-butene

cis-2-butene

ETBE

Ethanol 100.0000

A reaction temperature of 46°C for R-al and 40°C for R-a2 gave rise to the composition
listed in table 3 for stream II. In the distillation stage K-b1, the ETBE was removed as the
bottom product (III). The column had 50 theoretical plates and was operated at a reflux
ratio of 0.9 and at a pressure of 6 bar (abs). The feed was above stage 30. The distillate of

this column (IV) was a C4/EtOH azeotrope from which the ethanol was scrubbed out with

water in the extraction column K-f1.

Table 3: Composition of the input and output streams of the column K-b1 (II, III and IV)

for example 1a (in % by mass).

K-bl feed K-b1 bottom K-bl distillate
{n product (11I) (Iv)
Mass flow rate [kg/h] 13.000 3.055 9.945
Components [%]
isobutene 0.1364 0.1783
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n- but ane 8.6957 10.0340 trans-2-butene 6.9958 8.0726
ci s-2-butene 12.2132 14.0930

ETBE 3. 0838 23.1198

1-butene 69.1938 90.4494
n-butane 6.1538 8.0442
trans-2-butene 0.0185 0.0242
cis-2-butene 0.0185 0.0242
ETBE 2.5533 10.8649

ethanol 21.9257 89.1351 1.2797

The ethanol-free raffinate (V) of the extraction column K-c1 was sent to a C4 column K-d1

in which principally n-butane and 2-butenes were removed via the bottom (VII). The

column had 150 theoretical plates and was operated at a reflux ratio of 19 and at a pressure

of 8 bar (abs). The column feed was above stage 85. The top product (VI) obtained was a

fraction which contained over 99.6% by mass of 1-butene and satisfies the specifications

required in table 1 for the 1-butene product (see table 4).

Table 4: Composition of the input and output streams of column K-d1 (V, VI and VII) for

example 1a (in % by mass).

K-d1 feed K-d1 distillate K-d1 bottom
V) (VD product (VII)
Mass flow rate [kg/h] 9.818 8.998 0.820
Components [%]
isobutene 0.1806 0.1968 0.0029
1-butene 91.6217 99.7000 3.0002
n-butane 8.1485 0.1032 96.4089
trans-2-butene 0.0246 0.2939
cis-2-butene 0.0246 0.2939
ETBE 0.0002
ethanol
Example 1b:

The example calculation which follows corresponds to the process variant shown in fig.

1b. The feed to reactor R-al according to fig. 1b was assumed to be a raw material stream
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et hanol 11.6531 76.8802 1.6137 The ethanol-free
raffinate (V) of extraction colum K-cl was sent to a
C4 colum K-dlI in which n-butane, 2-butene and approx.
25% of the 1-butene were renoved as the bottom product
(M) (see table 10 for conposition). The col um had
160 theoretical plates and was operated at a refl ux
ratio of 18 and at a pressure of 8 bar (abs). The feed
was added above stage 80. The distillate (D-dl)
(I) efoddgsi with 4p6 bynmagadfligobofand,-10tibe massarfdsdbsmdnatlah%%m mass of

sent to a her tion nn K-d2 for
l'b%‘i“?aiap‘géﬁ ?tg?\“ Ftr‘faﬁ%"fsf %kﬁg@r{%ee sobut ane being

renoved via the top (D d2). The dlstlllatlon col umm

K-d2 has 150 theoretical plates and was operated at a
Tahle 5t @pmpasmgn of t@scamumtreampﬁl)e%@fetheﬁtf@n%la}ﬂpl(téb@?m (Et) for

Th o ed above stage 75. The bottom product
exa F§ A@?éﬁﬁéﬁ mgs a fraction which contains over 99.6%

by mass of 1-butene and which satisfies the

specificati-ons—+reguiredin—takle—2for—the 1- but ene
product (see tablp 10;?ke abl ¢ 10:°t osition of the
i mput and out put strea of cal umm .d 1 {V, K-dl and
VI| Massifiow case Uil d2 ( D- d0. VI) forléQ@hple 2 (in %
by Compsenents [%eld | feed (V) K-d |l bottom product (VII)
K{disoblitatel | | ate (D dl) K-41@000

isobutene 1.0000

1-butene 95.0000

trans-2-butene

cis-2-butene

ETBE

ethanol 100.0000

A reaction temperature of 41.5°C for R-al and 35°C for R-a2 gave rise to the composition
listed in table 6 for stream II. In the distillation stage K-bl, the ETBE was removed as the
bottom product (IIT). The number of stages, pressure and reflux ratio were unchanged
compared to example 1a. The distillate of the column (IV) was again a C4#/EtOH azeotrope

from which the ethanol had been scrubbed out with water in the extraction column K-f1.

Table 6: Composition of the input and output streams of column K-b1 (II, IIl and IV) for

example 1b (in % by mass).

K-bl feed K-b1 bottom K-bl distillate
{n product (III) (Iv)
Mass flow rate [kg/h] 11.500 1.465 10.035
Components [%]
isobutane 3.4783 3.9862
isobutene 0.1612 0.1847
1-butene 82.5744 94.6337
trans-2-butene 0.0171 0.0195
cis-2-butene 0.0171 0.0195
ETBE 1.2900 10.1233

33 °



distillate (D-d2) K-d2 bottom product (VI) Mss flow
rate [kg/h] 9.805 4,725 5.080 0.533 4.547 Conponents
[ % i sobut ane 5. 0993

| ethanol | 12.4619 | 89.8767| 1.1564 |

The ethanol-free raffinate (V) of extraction column K-c1 was sent to a C4 column K-d1 in
which principally isobutane was removed via the top (VII). The number of stages and
operating pressure of the column corresponded to example 1a; the reflux ratio was adjusted
to 184. The bottom product (VI) obtained was a fraction which contains over 99.6% by
mass of 1-butene and which satisfies the specifications required in table 1 for the 1-butene

product (see table 7).

Table 7: Composition of the input and output streams of column K-d1 (V, VI and VII) for

example 1b (in % by mass).

K-d1 feed K-d1 distillate K-d1 bottom
V) (VID product (VI)
Mass flow rate [kg/h] 9.919 0.415 9.504
Components [%]
isobutane 4.0329 94.9842 0.0644
isobutane 0.1869 0.0158 0.1944
1-butene 95.7408 5.0000 99.7000
trans-2-butene 0.0198 0.0206
cis-2-butene 0.0198 0.0206
ETBE
ethanol
Example 2:

The example calculation which follows corresponds to the process variant shown in fig. 2.
For example 2, the feed to reactor R-al according to fig. 2 was assumed to be a raw
material stream (I) of 10 kg/h with 5% by mass of isobutane, 2% by mass of isobutene,
61% by mass of 1-butene, 10% by mass of n-butane, 8% by mass of trans-2-butene and

14% by mass of cis-2-butene, and an ethanol stream of 1.5 kg/h (see table 8).
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0, 0006 9.8417 93.5384 0.0323 i sobutene 0.0536 0,0139
0. 0905 0. 0100 0. 1000 1-butene 62.1193 32,2323 89.9177
6. 4516 99. 7000 n-but ane 10. 1986

Table 8: Composition of the C4 input stream (I) and of the ethanol input stream (Et) for

example 2 (in % by mass).

C, feed Ethanol
D (Et)

Mass flow rate [kg/h] 10.000 1.500
Components [%]

isobutane 5.0000

isobutene 2.0000

1-butene 61.0000

n-butane 10.0000

trans-2-butene 8.0000

cis-2-butene 14.0000

ETBE
ethanol 100.0000

A reaction temperature of 50°C for R-al and 42°C for R-a2 gave rise to the composition
listed in table 9 for stream IL. In the distillation stage K-b1, the ETBE was removed as the
bottom product (III). The number of stages, pressure and reflux ratio were unchanged
compared to example 1a. The distillate of this column (IV) was again a C4/EtOH azeotrope

from which the ethanol had been scrubbed out with water in the extraction column K-f1.

Table 9: Composition of the input and output streams of column K-b1 (IL, III and IV) for

example 2 (in % by mass).

K-bl feed K-b1 bottom K-bl distillate
(D product (I1I) (Iv)
Mass flow rate [kg/h] 11.500 1.534 9.966
Components [%]
isobutane 4.3478 5.0170
isobutene 0.0457 0.0528
1-butene 52.9649 61.1167
n-butane 8.6957 10.0340
trans-2-butene 6.9958 8.0726
cis-2-butene 12.2132 14.0930
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21,0022 0.1500 0.1676 trans-2-butene 8.2050 17, 0264

0. 0001 0.0001 cis-2-butene 14.3242 29, 7246 ETBE
ETBE 3.0838 23.1198
ethanol 11.6531 76.8802 1.6137

The ethanol-free raffinate (V) of extraction column K-c1 was sent to a C4 column K-dlI in

which n-butane, 2-butene and approx. 25% of the 1-butene were removed as the bottom

product (VII) (see table 10 for composition). The column had 160 theoretical plates and

was operated at a reflux ratio of 18 and at a pressure of 8 bar (abs). The feed was added

above stage 80. The distillate (D-d1) consisting principally of 1-butene and isobutane was

sent to a further distillation column K-d2 for purification of the 1-butene, the isobutane

being removed via the top (D-d2). The distillation column K-d2 has 150 theoretical plates

and was operated at a reflux ratio of 85 and at a pressure of 8 bar (abs). The feed was

added above stage 75. The bottom product (VI) obtained was a fraction which contains

over 99.6% by mass of 1-butene and which satisfies the specifications required in table 2

for the 1-butene product (see table 10).
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et hano

in light of the above teachings.

I Qovi ousl y,
and variations of the present

numer ous nodi fications
i nvention are possible

It

understood that within the scope of the appended

cl ai ns,

is therefore to be

the invention may be practiced otherw se than

as specifically described herein. This application is

based on German patent application 10 2005 062 699. 8

filed in the German Patent O fice on Dec.

28, 2005,

TaBled0eCompesiton be tHesinpiit anddi mjnplarseredrmsr ebyolumos Kpdr §VeH-dl and

Vit Rl R AL b B P mBS oh B85

aring
‘ppm of

i sobut ene based on the 1-butene fromtechnica

mxtures of C4 hydrocarbons | ich contain at |least
1- but ene anld K-dbiked0Q&K-pbbattomn| 890yl mags okK- 4250b [ KedRebottom
based on tHe cdWent |of produdsut pndistid@eapr|i sdistglatehe | product (VI)
process steps of aVIheact i n@-at) | gastDadZporti on
Ma&ffidw@td sobut engopregent4, 725 a | echogoal |m xa.56% || wi ut547
[kg@jhanol inja series gf at |leasf one readtion zonejor a
CompOnieRs [P ' | east Two reactiop zones 11 The presgnce
isohuwanl oC! UTC SRBYSY 1Y (g0FT FL o417 || P98 ¥i34CT 'eT9.0323
isobutene 0.0536 0,0139 0.0905 0.0100 0.1000
1-butene 62.1193 32,2323 89.9177 6.4516 99.7000
n-butane 10.1986 21,0022 0.1500 0.1676
trans-2-butene 8.2050 17,0264 0.0001 0.0001
cis-2-butene 14.3242 29,7246
ETBE -
ethanol -

Obviously, numerous modifications and variations of the present invention are possible in

light of the above teachings. It is therefore to be understood that within the scope of the

appended claims, the invention may be practiced otherwise than as specifically described

herein.

This application is based on German patent application 10 2005 062 699.8 filed in the

German Patent Office on Dec. 28, 2005, the entire contents of which are hereby

incorporated by reference.
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b) transferring a reactor effluent Il of a |ast
reaction zone of said series into a thermal renoval in
which a fraction Il conprising ethyl tert-butyl ether
and a fraction IV which conprises 1-butene and et hano
are obtained, and c) renoving said ethanol from
fraction IV to obtain a I-butenic fraction V, and
optionally d) renoving any C4 hydrocarbons ot her
than 1-butene or isobutene which are present in the
fraction IVin at |east one further separating step to
obtain a 1-butenic fracti VI, wherein a reaction in
a first reaction zone in gﬂ%gﬁa) is carried out with
an at |least threefold nolar excess of ethanol based on

sai d isobutene present in mxture |. 2. The $roces
. acobpuicess ferprepasing 11butgiie fragtions having leshihar 2900Rne of igobutene

basg({ oncélie I'fybqllie%% %‘PA’%@@%M i£tirdd ¥ h§(§'€££ﬂ$n5qfwlﬁcm%@ at least
greater t han nmass IS USG process
1 baemmﬂl frogn RO0CHENwWtd 8%vlztyemms of sabuenadpised emthe gpnienirod 1-

of C4 hydrocarbons | coppri ses isobutane, n-butane
butefg9QspPrisi ‘ﬁﬁi%ﬂ%’gesséﬁ’as? e et hanol -depl et ed 1-butenic

f 1 3§ tdaRfind/atQbisth p&itioh Bf e @BERNS pPert In 4 &clSrﬁ@a& hﬁktﬁﬁb i with
a further process step d) into a fractlon VI whi ¢

ethqp@hqu serigs af 45 lpasinne sergtiphzener ajsgriestof ghleast Gyve ﬁf@ptlon zones in
the i}es%@o}o‘@ %J]dlg QE'Eny%ﬁttS }w@:tet Rﬁf ﬁ%f %ﬁ?ﬁetﬁé’”p ound sel ected

romis ane ne a enes. 4. The process
ac dnansforring ackaitaneffluenhBroé i fast seactidn Zone ehisaid sarige iitoA
the’i“l‘?i %%%%@gw%% gragfongﬁbc%fx&%@@tg Ie&gl t%k-bu‘%%ﬁ%ﬁﬂe‘? gn& £8/3ction IV
whilg 66thpHiRE 11Htchk ahdethanoMaRy dditdined; bistt C at aI yzed
etherification in stage a) is carri

0 I.n_such 9
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qﬁ%ﬁ ive distillation. 6. A process according to
arm 1, wherein acid-catalyzed etherification in
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wherein an extraction is carried out in stage c) and
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3. The process according to claim 1, wherein said technical mixture of C4
hydrocarbons I comprises isobutane, n-butane and/or 2-butenes, and the ethanol-depleted
1-butenic fraction V obtained in process step c) is separated in a further process step d) into
a fraction VI which comprises 1-butene and into at least one further stream which

comprises at least one compound selected from isobutane, n-butane and 2-butenes.

4. The process according to claim 1, wherein said 1-butenic fraction V and/or said 1-
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9. A process according to claim1, wherein residual
anounts of ethanol present in fractions V or VI are
scrubbed out with water in a further extraction step.
10. A process according to claim1, wherein said
technical mxture |I has a content of pol yunsaturated
conpounds of |ess than or equal to 20 ppm by nass.
11. A process according to claim1, wherein
pol yunsat ur at ed hydrocarbons are present in said
butdnicfradtioalVIrdoripriselesd th@d0 hYdryomassmd Asbukenghi ch ar e
catal ytically hydrogenated in an additi onal
purification stage which is inserted upstream of one
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A process according to claim1, wherein reaction in
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has an acid capdacity of greater than
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tenperature of 51 to 70C and a catal yst which has an
acid capacity of 0.5 to 3 nol/kg is used. 16. A
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reaction zone in step a) is carried out with a 10- to
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10. A process according to claim 1, wherein said technical mixture I has a content of

polyunsaturated compounds of less than or equal to 20 ppm by mass.

11. A process according to claim 1, wherein polyunsaturated hydrocarbons are present
in said technical mixture of C4 hydrocarbons I which are catalytically hydrogenated in an
additional purification stage which is inserted upstream of one or more of process steps a),

b), ¢) or d).
12. A process according to claim 11, wherein said polyunsaturated compounds are

hydrogenated in at least two reaction stages, at least the last reaction stage being carried

out in the presence of 0.05 to 100 ppmw of CO.
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13. A process according to claim 1, wherein said acidic catalyst is an ion exchange

resin.

14. A process according to claim 1, wherein reaction in step a) is carried out at a

temperature of 30 to 70 °C.

15. A process according to claim 1, wherein reaction in step a) is carried out at a
temperature in at least one reaction zone of 30 to 50°C and a catalyst which has an acid
capacity of greater than 3 to 5.5 mol/kg is used, or reaction in step a) is carried out at a
temperature of 51 to 70°C and a catalyst which has an acid capacity of 0.5 to 3 mol/kg is

used.

16. A process according to claim 1, wherein the reaction in step a) is carried out before

the distillation step b) with an LHSV of 0.3 to 2.5 m*/(m>cath).
17. A process according to claim 1, wherein reaction in a first reaction zone in step a)

is carried out with a 10- to 15-fold excess of ethanol in relation to the isobutene present in

the mixture I.
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