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relates to an i nproved hydrofornyl atj In particular, at es
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particularly, it relates to a process fgr the hydrofornylation of C2 to
C20 ol efins or higher in which process condrtions 5 may be used which have
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t he prese ese catalys neant %he reactor had to be oper at ed
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higher GafnbeiPGiiafly Gfle more commercially desirable material. The hydrogen and carbon
monoxide will generally be supplied to the hydroformylation reactor as synthesis gas.

Examples of hydroformylation processes can be found in US-A-4482749, US-A-4496768 and
US-A-4496769 which are incorporated herein by reference.

15 - The catalysts first used-in hydroformylation reactions were cobalt-containing catalysts, such
as cobalt octacarbonyl. However, the presence of these catalysts meant that the reactor had to
be operated at exceptionally high pressures, e.g. several hundred bars, in order to maintain the

catalysts in their active form.

Rhodium éomplex catalysts are now conventionally used in the hydroformylation of both
20 internal olefins and alpha-olefins, that is to say compounds containing the groﬁp

-CH=CH,, -CH=CH-, >C=C<, >C=CH-, -CH=C< or >C=CH. One advantage of these

catalysts is that lower operating pressures, e.g. to about 20 kg/cm? absolute (19.6 bar) or less,

may be used than was usable with the cobalt catalysts. A further advantage noted for the

rhodium c:;talysts was that they are capable of yielding high n—/iéo-aldehyde product ratios froxﬁ
25 a.lpha-oleﬁﬁ's; in many cases n-/iso-aldehyde molar ratios of 10:1 and higher can be achieved.
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tri phenyl phosphite. 15 Wil st the use of rhodiumcatal ysts offers various
advantages, it does suffer fromthe disadvantage that it is very
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The reaction solution for the hydroformylation reaction will generally contain excess ligand.

US-A-3527809, which is incorporated herein by reference, proposes the use of other ligands,
including phosphites, such as triphenylphosphite.

15 Whilst the use of rhodium catalysts offers various advantages, it does suffer from the
disadvantage that it is very expensive. It is therefore desirable to utilise this highly expensive

metal in the most economically effective way.

During operation of the reactor, the catalyst may become deactivated and therefore needs to be
removed from the reactor such that fresh active catalyst can be added. The removed catalyst

20 will generally be processed to recover the metal values.

The deactivated catalyst may have been thermally deactivated, i.e. clustered and/or chemically

deactivated, i.e. poisoned or inhibited.

In some cases although the catalyst may be chemically active, the catalyst solution includes

such a high concentration of non-volatile material that it is of no further practical use.
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Rhodium catalysed hydroformylation processes can be classified into two main categories,
namely those in which the aldehyde product is removed by liquid/liquid sepération processes

and those in which the product is removed by a vapour path process.

15 In the processes in which the aldehyde product is removed by a liquid/liquid separation process,
the aldehyde product is obtained as one liquid phase while the ligand and rhodium/ligand
complex remains in another phase and is returned to the reaction zone. This type of process has
the advantage of being independent of the volatility of the aldehyde product and the volatility
of the relatively less volatile aldehyde condensation by-products. These processes do, however,

20 have their own disadvantages including interphase solubility/entrainment problems in which
some of the rhodium may leave in the aldehyde product-containing phase, low selectivity to the
desired aldehyde isomer and low reaction rate as a consequence of the low solubility of the

reactants in an aqueous base reaction medium.

Where the aldehyde product is recovered from the catalyst by a vapour path process this has

25 conventionally been effected in one of two ways.



2 2 NOV 2005, PCT/GB02/02510 4 Where |ower ol efin feedstocks 25 qaysgf @
stream of synthesis gas and olefmis passed through the reactor solution,
condensedWAhP/MF8#48r separation of the Iiquid condensate t hPGaeBRSY is
“returned to the reactor via a conpressor. Suitable neans is used to prevent
t he rhodium solution |eaving the reactor by liquid droplet entrainment in

t he gas phase these include restricting the 5 superficial velocity of the
gas through the reactor to | ess than a 4pecific value and passing the

gas/ vapour streamthrough a liquid droplet de-entrainnment device before

exi ti ng Wiere baet olefin féetbidckoare afedyakireanpotsynthesis gat asy niefingds pasged thagagh

The! | actmeacat it oraieaon ks st Ga b SRdeet b e DA

t . | Mg ror Hoetisar
Syebem e B Y g o ST SO e L pIG B A
syst em WdglirotBe b6t By 11981 d6plel chtraitinshy e thelbas phade thest)adlogerestricang ithe t he

reactor. ThiS type of process is generally known as a _Gas Recycle Process.
An isnpor seperfidielselmaityaif thegasCaougletheakact@rtodessshiana spesifia wrlegcandaassing 4be e

reactor conditions, ever roduc f the reaction nust Jeave.t reaction
syt em abefgeiean BitgHid dunle i n i et e i eterE eXttng e Fragtor

mat eri a . ol

ot or QS ofRaRL A5 KA RS bALar ORHELN reEAUITY BhiBai W ptem
renoval @feseiiieadtSadtion Fage av/hpqedctainae comsamsed!t e pprgediiebmart gagtafiepftheach

material . This can be achieved for |long periods when the feed olefin is
et hyl ene condeusasiopl stage i genegallyrrequited ipressyeanE nabgasesageupalating ipihe system

accymul ati gn. of al dehyde cqondensati gn. tetraners and. pent r ueh it h t he
r eact or _?Bﬁﬁltspé‘_?\co‘g@l&bqelﬁﬁ’g ogP‘I'rFﬂitgfﬁ?ﬂt?%?eﬁg fégl?ee 3 Sgeﬁn ??t@e (fSlFPm Hed'ct e
pr ogr essiysdike b BRindyafdglBatiaGh tiSrehitb TRSs tyP6 BF BiRsss i g4RAAE; 16icvn & £
supplied"to a gas recycle systemthe requirenent fTor a higher gas recycle

rat e nearGastRamycletRroegss. superficial velocity limt is exceeded unless a
reactor solution volume that is increasingly wde and shallowis used as
the ol efin nol ecul ar wei ght increases. Thus, whilst this arrangenent goes
25 SOMe VR ich BRI To AR 3! O REGCRIIBLALTS i B Al @0NR, 1chdl6: Sdriataiaent
suffers fromnew problens associated with gas/liquid nass transfer and
react or nevehaodadt/of donreattorcdasst deave the reaction system at it's rate of formation, thus the

-

15 relatively less volatile materials (such as aldehyde condensation products) accumulate in the
reactor solution to a relatively high concentration until the rate of removal of products in the
vapour phase equals the production rate of each material. This can be achieved for long periods
when the feed olefin is ethylene or propylene but even with propylene there can be a slow
accumulation of aldehyde condensation tetramers and pentamers such that the reactor solution

20 volume will slowly increase with time.

If progressively higher olefins such as butenes, pentenes, hexenes etc. are supplied to a gas
recycle system the requirement for a higher gas recycle rate means that the gas superficial
velocity limit is exceeded unless a reactor solution volume that is increasingly wide and
shallow is used as the olefin molecular weight increases. Thus, whilst this arrangement goes
25 some way towards addressing the problems detailed above, the arrangement suffers from new
problems associated with gas/liquid mass transfer and reactor mechanical/economic design

issues,
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ref erred liquids then subjected to a single or multistage evaporation operation where the temperature,

. pressure and residence times are selected to recover the products and by-products as well as to
protect the catalyst activity. The concentrated catalyst solution is then returned to the
15 hydroformylation reaction zone. Olefin and synthesis gas are supplied to the or each

hydroformylation reaction zone to maintain the desired reaction rate and conditions,

The liquid recycle process has been shown to provide benefits even for the hydrofoﬁnylation
of propylene where higher volumetric productivity and lower operating costs can be achieved,

and is essential for the economic production of C; and higher aldehydes.

20 As olefins of increasing molecular weight are hydroformylated by the Liquid Recycle Process
the removal of the heavy by-products by evaporation requires lower and lower pressures and/or
higher evaporation témperatures. Thus, despite the advantages noted for this process,
eventually the accumulation of heavy by-products in the reactor solution occurs such that the
reactor volume increases uncontrollably, This disadvantage of the system is referred to as

25 "heavies drowning". Where heavies drowning occurs, there has to be a purge of catalyst

solution (containing ligand and active catalyst) to control this accumulation.
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15 Thus, it will be understood that whichever hydroformylation method is seleéted, the economic
need to run the plant for maximum production of product must be balanced with the need to
conserve the life of the expensive catalyst. It is therefore desirable to adopt catalyst
management systems which maximise productivity whilst minimising the damage to the

catalyst.

20 One catalyst management system which may be adopted comprises charging a first charge of
catalyst to the plant. As the productivity of the plant begins to decline it is necessary to adapt
the utilities and separation units of the plant to the reduced flow of aldehyde and the reduced
consumption of synthesis gas. Care is taken to ensure that the temperature does not increase
since any such increase will result in an accelerated decline in the catalyst activity and increased

25 formation of the heavies. When product flow falls to a level that is unacceptable, the plant
operator may choose to raise the temperature with the attendant problems or add additional

catalyst.
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catal ys

solution which can then be reprocessed to recover the catalyst and remove the heavies. In
practice, economics require that the catalyst be reprocessed in large batches and results in

15 significant loss of thodium metal. This results in high capital expenditure for the plant owners.

Where triphenylphosphine is used as ligand, it may react with the olefin to produce the
corresponding alkyldiphenylphosphine. Since the alkyldiphenylphosphines are stronger
complexing agents than the triphenylphosphine, a catalyst solution of lower activity and

selectivity to the linear product is obtained.

20 These mechanisms of catalyst degradation become progressively more onerous as the molecular

weight of the olefin increases, requiring progressively higher catalyst purge rates.

Conventionally, the operators of the gas or liquid recycle plant have had to collect the active
and/or inactive catalyst by shutting down the reactor, removing some or all of the catalyst
solution and concentrating it to partially separate it from the other components present.
25 Additionally, or alternatively, partially deactivated or heavies drowned catalyst may be

continuously collected from reactor streams. By reactor stream we mean any stream which is
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episodic 5 regine of adjustnent in process conditions throughout the

oper at i ngfpke liqdidaregytleiprodess, tharstream! will wsuablykleed theheatalysterebyajé stream | afien| ar
wei ght ol efins_are_ used ag fe?dstock. Since the rhodiumis generally only
present &vapsaliebatbshydofgmylationgrdeds.particularly difficult and costly
to recover the rhodiumfromthe very dilute solutions. The rhodi um organic
sol ution has conventionally been concentrated by a variety of neans 10

bef ore befpGosunBbaA 1Rfufd rBtfcke frotess aaRY@ENford B SutjBaebtold Witihhovs b€ episodic
operation of the plant is not to be shut down for a prolonged period, the
operaat or registe pfiadivateentdneprotess rronditiops dimoughiutethe ceptesdtingt periodopd ghie ishe

pl ant than he_ agctually requires, at one time, _There are al 5o

envi r onnaAuIsr i Ratcel st WighGh maletwar Veight elefing ire e nfesiysk-wher e
phosphorous |igands are present. 15 A variety of neans of recovering the
rhodi um from sol uti on has been suggested including precipitation foll owed

by ext r a®ihethehddirh ivgenerllnpalypredencitilon chhcmratien, dr @a e particklatly diffigsitng,
for exanple, am ne solutions, acetic_acid,_ or organophosphines.

| on- exchAgeody WoEsoT ke thpdiynpiem the ygwsdibde sqlgtionskanpl e in US- A- 3755393

whi ch descri bes passing a hydrofornylation m xture through a basic

i on-exchange resin to recover 20 rhodium A similar process is described in

US- A- 4388RHOrHoliuM iosartd Slitiodl hds ¢BrivahiSorall9 bekf CoNEnBdted M Vhika 0§ means

solution using either a solid absorbent such as calciumsulfate, an

ani thi c ibefiere beingrahipped offrsitsrformsceverly aFhis means thapif the opsration ofshe planhigamtnt

is described jn US-A-5208194 i.n Whé‘iﬁ a ?rocess i S describ% for .
to%e simt own for a prolonged period, the operator must purchase more of the very expensive

catalyst to operate the plant than he actually requires at any one time.

There are also environmental issues associated with the recovery of the catalyst where

phosphorous ligands are present.

15 A variety of means of recovering the rhodium from solution has been suggested including
precipitation followed by extraction or filtration and extraction from the organic mixtures using,

for example, amine solutions, acetic acid, or organophosphines.

Ton-exchange methods have also been suggested, for example in US-A-3755393 which
describes passing a hydroformylation mixture through a basic ion-exchange resin to recover
20 rhodium. A similar process is described in US-A-4388279 in which Group VIII metals are
recovered from organic solution using either a solid absorbent such as calcium sulfate, an

anionic ion-exchange resin or molecular sieves.

An alternative arrangement is described in US-A-5208194 in which a process is described for

removing Group VIII metals from organic solutions which comprises contacting the organic



removing Goup VIII nmetals fromorganic sol utions which conpri 8esNOV 2005
cont act‘i'ng“t,d‘guﬁ roin &nl c 2 2 NOV 2005 WD 02/096848 PCT/ (GB02/ 02510 9 sol ution
with an acidic 10nh-exchange resin containing sulfonic acid JipB2/02AY
“treated solution is then separated fromthe ion-exchange resin and the
metal values are recovered fromthe resin by any suitable nmeans. One neans
that is suggested is that the resin should be burnt off in an asking
process which | eaves the netal in a formfsuitable for recovery. 5 These
rocesses, I | st i ng syitable for separating the nmetal from

prior art
the st reaﬂﬂ‘“ﬁo I Y &hadh c%ﬂ@ﬁ%&ﬁ%@ﬁm PIVARIRG swlfonie acid grouns.f Bhe traatagh sohgion

di sadvant dth

met al  conbane apaeil o He Rty angcken RGP Mo R uet B bV GpdiEote e itein,
wher e t hebg bhipaifiablemiveas. OnefchRethheid Gh@estel & ﬂhd@&e@éshﬁ yﬁo&@b@wﬁ& oﬂilﬂ%n
separation procedure will either leave i1t in a formin which it cannot be

returned ashingproeessoylieh lsavesithe metaldwa f@mi suitabletfer eavdryvat ed such that it
is no longer suitable for use in the reactor and renoval off-site for
regeneration is required. In US-A-5773665, a process is suggested which

b
Py &5 or moPapi? ol YRLeSANLMRPfoihp oBuld AR R G B LA e siream i e
active catiohdt whsrehowed ot thatreativn, suffebRomahe! di%@dba!n&g%hﬁat"ﬂh{&épéfrﬂbffblf ki on

reactor. In the 15 process a portion of the recycle streamfromthe
hydr of or njAagior BwstrSéaé ﬂ}%ﬁcqvgreé@%t@l@onmnaafgwﬂ-aw tbde cemrmgatormcnvc fdmamm

to renove r 28 and t he .t hu urifi recycl ed
stream gﬁ&hah{}/l cotrtllfg glg'ﬁ&lg% ?YVPB §F§‘Ft°r ’%Chr‘%ls E‘EIC t@ﬁ'ﬁfl’léhe separation
hydr of or "Efo%édlﬁélwﬂl itk Dave it iea forRUL WhichSt cathibids rBRYnddn6 Eﬁéﬁé’%c?&ﬂ& QQ&P' ne
oxi de, phosphi ne oxide, m xed 20 phosphine oxide an I gh nol ecul ar
wei dBt or ganb@d@ﬁwhwgﬁwhtbmet is adenger suitehietforusesisithe teactonsid regnovial Of-siter
exanpl e, an or anluc solvent, The effluent fromthis wash is renoved as a
wast e st r EFFFESRREQPAT 1P 5| yst remmins bound to the resin during this
washi ng process. The resin is then treated with a catal yst renoval sol vent
such as isopropanol/HCL to produce a stream containing "active" rhodi um
cat al yst. IrotJSeA-SATI665, a@nqce*s' iaguggrsteﬂmﬂnqlthfmbles it capaty R 2ofiteihet o a stfbdrh St
t he cat al ¥st h% not bee alctl vat ed thermal or chemical neans and is
emoved from a hydroformylation process to be separated from the inactive catalyst and the
active catalyst following treatment, to be returned to the hydroformylation reactor. In the
15 process a portion of the recycle stream from the hydroformylation reaction is passed through
an ion exchange resin column to remove impurities and active rhodium and the thus purified
recycled stream, which may contain inactive catalyst, is returned to the hydroformylation

reactor,

The impurities, which may include aryl phosphine oxide, alkyl phosphine oxide, mixed
20 phosphine oxide and high molecular weight organic compounds, are removed from the resin
by washing with, for example, an organic solvent. The effluent from this wash is removed as

a waste stream. The active catalyst remains bound to the resin during this washing process.

The resin is then treated with a catalyst removal solvent such as isopropanol/HC] to produce
a stream containing “active” rhodium catalyst for eventual recycling to the hydroformylation
25 reactor. Whilst the catalyst has not been deactivated by thermal or chemical means and is
therefore referred to as “active™ it is not in a form in which it will actually act as a catalyst in

the reactor. Thus, before the catalyst can be recycled it must first be removed from the resin



therefore referred to as "active" it is not in a formin which, iptp WOV 12005
actually act as a catalyst in the reactor. Thus, before the catal yst céan
be recycl SYOiRO¥E4 first be renoved fromthe resin WO 02/ 0BE8HBI20ZEIR/OY
-2005 PCT/ GB02/ 02510 10 wusing a strong acid reagent and then converted to
t he hydri docarbonyl by treatnent with hydrogen and carbon nonoxide in the
presence of an acid scavenger and a ligand to nake it a truly active
catalyst. In an optional arrangement, th@ inactive rhodiumcatalyst, i.e.
the clustered catal yst, which 5 passed through the ion-exchange resin

wi t hout beinpq stoongy beid razgenhvand ithanscaygrted ke the hydridecgbenyli oy treatyeat evith
stream mgy be reagtiyvated by.conventional .t echnol o suc s by wiped.film
evapor at HEAoLeR P’Efﬁ’?db%mﬁk?’é‘é? mghe rsenscs s ag agﬂtscqx%\éggtqngﬁalﬁap 8 TYREE 2
returned I or. Thus this inactive catalyst is not treated by the
ion-exchghlg%&ag’gic%% ilst this process goes some way to inproving the
conventional hydrofornylation process 10 by recycling sonme of the rhodi um

in that it suggests a neans of separating the active catalyst on site, It
suf fers flnamopsionaluarratizgemeut thesipestivaehodiumpaalyst, i-a. thaclystiied eatalysh evhich

di sadvant age asspciated wth the negd f.0.treat ,the "agti,ve" t al yst

afte? it H?g‘?ﬁﬁg@ﬁgﬁg%’\?&bexlc PP RRD | 9“@5&%%81#6@@?1 ‘@H&h Eecfog’?aémﬁ/ﬁctg% be
returned tugp% nidydRSehdtivated byRBni @R NGEARBR gy SR hEBP tipdd filin
means t hat Q?eggglgfsgrgéml s°no Paonggr sbhli tabl e for use igrSI, t he ?ggct%\éru. 15

Al t hough gvapérafioefellawel eytuaitiationtand $ibdeqhzitaGaactibacsefonedping rethatedtthethe
thermal |y deactivated catalyst nay be r%?en rated hefore return to the
react or, responovEg thisgnagkive gaialyst 5ot treafed BY Hhejign-g 820 construct and
oper at e because of the nunber of separation and treatnment steps required
to achieve full recycle. The problemis particularly exacerbated as sone of

the stepwhAkethiAirot@d goud sdnfle Whg tPimpeniag ths caneitisial By drofatmytation précess
further drawback associated 20 with the presence of acid nedia is the costs
assd8i at ezy merydiingisemeof thanbodiom, bF thehl suggegigiarraenns op sepstating|the activecatpdysy.

Th is th f desi tQq. duc f. '
Cont 1 nuoues Slhot Suffer? S5 ity iR PAESs B fr@R Rk iR Pl P skl
i quid regysliSie@WAAEES ndbURY tr&@ Bt ‘Gdtive” catalyst after it has been removed from the ion-

exchange resin and before it can be returned to the reactor. Indeed it is the ion-exchange

treatment which means that the catalyst is no longer suitable for use in the reactor.

15 Although in a preferred embodiment, US-A-5773665 does suggest that the thermally
deactivated catalyst may be regenerated before return to the reactor, the overall plant described
therein is expensive to construct and operate because of the number of separation and treatment
steps required to achieve full recycle. The problem is particularly exacerbated as some of the
steps are carried out in the presence of corrosive acid media. A further drawback associated

20 with the presence of acid media is the costs associated with the consumption of base required

to néutralise the acid.

There is therefore a desire to produce a process for the production, on a continuous basis, of
aldehydes from olefins by hydroformylation using a liquid recycle process under constant
conditions chosen by the plant operator for extended, preferably indefinite, periods of time

25 whilst providing maximum utilisation of the catalytic metal and ligand.
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I ndefinit | of time 25 whilst providing maximnumutilisation of the
catal yticevrgeoﬁgr(’bgﬂg ligand. 2 2 NOV 2005 WD 02/ 096848 PCT/ EEH5HI3BA0 11
Thus according to the present invention there is provided a continuous

hydr of ormyl ati on process for the production of an al dehyde by

hydr of ornmyl ation of an ol efin which co I ses: (a) providing a

hydr of ormyl ati on zone containing a chapg of aliquid reaction medium

havi di | ved th ' hodi .h f | at i | 5 I Si

o o [TSHEPTHIRE (L BASCh UG (5t b PLFIAed § FoRtinkol by codpmIrian { ne
lefin t | At | -  nt ai ni d.

o1 essur o Poagy 1 BicHBABSoR of 8 aRBARe iy My SRHOBEZLA0E B 1 AIREh Al odiprises:

hydrofornyl ati@p ofprohiding &fhiydiofésylatReoxiie doatdiniafat dharded éfd Bquid reaction

hydrof ornyl ati on nedi um a hydrof ornylation 10 product conprising al dehyde;
(e) recovering fronmedisgnhhavegodispolaed dhereima shotivieahydrofoumiykitiog tatelyst

rhodi um catalyst; (f) contacting.at l.east a portion of the streamwth a
sol icgd aci di ¢ absor b‘(e(’r’iﬁpr{fﬁ'lfe otdlb"l“gl?e%o@%%lﬂntl CardpR mRngxide apge begadt sone
of the rhodi urgjo ERIEfinltd thOhvdISFoRRS i 2e:(J) subjecting the
rhodi um boundrq’z) t%glﬁglg?é)érjglent, under %roceszﬁglgﬁz?ﬁ’ons which all ow
desorption of (Ehe nmbiatainingtempetatire and piessriregontitiongin dRHydictongylRlie SGaN
and sol vent; (h) recovering the rhodjum h¥dri de catal yst; and 20 (i)

recycling the rhodi $mAHSE Felaydatoamylation of theelefimir of or myl ati on zone In a
t f , ty t . i,s di vided d.a.first
part Lo recye 8l HeeEERE, SORCES ERAT N ARTRRRC gt o heSp st dion " °

subjected to steps ﬁrbhu&t@oﬁip}isinﬁowdeﬁyaé;ab| e amount of divided stream may
be passed to steps (f) to (i). wever, the substantial benefits of the

present invent(ebn ateeoveringdvam the hxdooforthyletion zorenmsiveam commisimgsthanhoditm of
t he order of '

catalyst;
® contacting at least a portion of the stream with a solid acidic absorbent under
process conditions which allow at least some of the rhodium to become bound
15 : to the absorbent;

(g)  subjecting the rhodium bound to the absorbent, under process conditions which
allow desorption of the metal, to a fluid stripping medium comprising hydrogen
and solvent;

(b)  recovering the rhodium hydride catalyst; and

20 ® recycling the rhodium hydride catalyst to the hydroformylation zone

In a most preferred arrangement, the stream from step (e) is divided and a first part is recycled
to the hydroformylation zone and the second part is subjected to steps (f) to (i). Any suitable
amount of divided stream may be passed to steps (f) to (i). However, the substantial benefits
of the present invention are achievable even if small amounts, such as amounts of the order of

25 1% or even less such as amounts of the order of 0.01%, are subjected to steps (f) to (i).

It will be understood that the recycled rhodium hydride catalyst from step (i) will be utilised

in the further hydroformylation reaction.



25 1 %or even |less such as anounts of the order of 0.01% are‘zz]b'iﬁc?@q to
steps (t) to&&i%. It will be understood that the recycled rhodi dride
cat al yst fWOMAPEBMB (i) will be utilised in the further hydPEF&RMPOEIL 0N
reaction. 2 2 Nov 2005, WO 02/096848 PCT/ GB02/02510 12 The stream
recovered fromthe hydrofornylation zone in step (e) nmay be any stream
which is obtained fromany point in the hydrofornylation process and which
will contain rhodiumnetal catalyst. I1d2the case of the liquid recycle
process, the streamw || usually be the catalyst recycle streamafter
evapor at iThe stkarhecdveebd dfon thy hediodormprisdhiciane ib stehde)anapbe ampestteant whivh is
present invention enables substantial bhenefits tqQ be obtained. First, the

recovery h(ﬁ)ltajlllercbﬁgm!anﬂ gOifﬁﬁ Mﬂmhw?@mlaﬁﬁv procesand mdrshewilk Q‘?gtaB} Bedngpmetalor
This 1s: atieln the pase ot iR iabRubealé mbof, B SRR uL Y B pleflyY Bcfcte,

cat 2l vt bilhict OGRS Aife BIBIAIARAERSRNT Tegeneration, The

catal yst recovery arrangenent oOf steps o (i) are particularly
efficient in separating 10 catalyst from heavies and therefore the system

Co b r o yraRanRGECPL oDl FHATG ot SIERMURLLoBH B CRAPHeRE. gt el on
f th tor. This i:S D [, ' ' i
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react or sjefeaihlyeOihadinal BeenRhSwsd BéretdFai¢! Mhif isTh&audl &€ nbtateceaaghio ksld
hence I ow volatility and which are therefore difficult to 15 separate from

t he cat al gasalykyin swmokdoréplacelicataiyshwhichisslippesd off-sith feraeenyan! ansl regenession:.
general Iy high boiling by-products, include organic condensation products
and will include cyclic trimers and higher cyclic noieties and |inear and
branched | Ve mniéH JFQH oqi ARGy itRAt {efGatinighe
reactor. ’Eﬁé %E@HS?{%?Qb%&esen%éem%ﬁ t he IJsil)y@t eﬁr{]l)gi‘ﬁeﬁle catay: yst recyﬁe al Fovvs
f or 1gont r gdtalgft fidme hbaned andftherefore @@ systbaitdlloevsifohihbilavies formstior in the rénstor

reactor systemand may facilitate |ong term ogerati ogn at, consta reagtion
and vapor Prelsevherpdp the sysiem tSih?déaqlhbméﬁQ%?EQ@&o@éhaY}Bg pdslpigripus g%%g,teqrbﬁle
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suitable for removing the rhodium hydride catalyst from reactor streams containing molecules

—

having a high molecular weight and hence low volatility and which are therefore difficult to

15 separate from the cétalyst by conventional means.

Examples of these heavies, which are generally high boiling by-products, include organic
condensation products and will include cyclic trimers and higher cyclic moieties and linear and

branched polymeric moieties which could also be present in the feed to the reactor.

Further, the presence in the system of the catalyst recycle allows for control of the level of non-
20 volatile inhibitors present in the reactor system and may facilitate long term operation at

constant reaction and vaporiser temperatures.

Since the catalyst can be readily recovered and/or heavies readily removed, by the process of
the present invention, the plant operator may choose to operate the plant at conditions which
have heretofore not been practicable because of catalyst deactivation and/or heavies formation.
25 Thus, for example, higher temperatures in both reactor and vaporiser may be usable which will

enable an increased rate of production of the aldehyde.



have heretofrore not been practicable because of catalyst deactgya0Vozns
and/ or ‘heaﬁj(g J‘?#__' tion. 25 Thus, for exanple, higher tenperatures in both
reactor an (gzﬁ(f er may be usable which will enable an | RET&EBRIIN2514t e of
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Thus the present invention provides a hydrofornylation process in which
continuous recycling of the rhodiumcatalyst allows for the overall
productivity to be maintai ned constant dgspite on- going deactivation of
the catal yst and heavies formation. As this allows for the previously

requi r ed Eineythe presgs snventign prdvides ¥hydtofoemplati o pioatRdn whitth @AfRuds r&RRLAS | On
and the efficiency 5 of the reaction is enhanced. The process may al'so

al | ow f ecefdhethodiumycaselyprabews s thagviersll predugtivityitet beeaintainedsenstim despite on-
hydr of or myl.ati.on becausg..of the presence of npieties which would pQqison
and/ or 1 rittiDE SepsYEE 8 o calalve ApE Ao et SQrmatiam. A% Sris allpys on e capamia Y t y.
It will e 0 i ' r .
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peribdi cadf the réd:tibhds ehlemiced. uThel piovedsheayhales allowTyddatdcls té B@g}dc@&eafWHiH?
present invention contains at least one olefinic carbon-carbon double
bond. Pr e %8P be Walissd dor hydeofarmylation besanse afshe prasenceofanoibiies which veould

al t hough jt. wi ! t .Qigher, .ol ef i ns . be use | ncl uded
it not reSipdd a3 The Ty Sk Pdigh B R BBk meCoabiiibis e
containing the group -CH=CH2 or >C=CH2 but also internal olefins
containing the group -CH=CH , -CR1=CH, or -CR1=CRl1- where Ris an 15

or gani ¢ nibiwillybe asdexetbpd,atbatcthageobandfitsomanttei otitaiged eitherabyp bperatingf thri thodineh
termnal olefimc &B%@f 111 ussyativ,e plaﬁfi ns include olefinically

unsat ur at'EGCHTE SRS ) cqptiguously prpeaiodically o) kenes, and cycl oal kenes, as
well as substituted olefins, e.g. ethers of unsaturated al cohols, and

esters of wunsaturated al cohols and/or acids. 20 Exanpl es of suitable
ol et0 ns i Tiod oleBn abguhia tle tegfdrofornidatinn reddtiph efithe pésepyin®BRtioddneits . ledsbEne

gf’in[‘fi Ry R A on FOUBE SO HRekl e olbaeainiz Bopr i bnekaheston
- 11 1 - . i O
et ny B0 RS S P URERRR o o SIALRIERE o B SRR itin e term

* “olefin” are not only alpha-olefins, i.e. olefins containing the group -CH=CH, or >C=CH, but

also internal olefins containing the group -CH=CH-, -CR,=CH-, or -CR,;=CR;- where R is an
15 organic moiety, as well as compounds containing both alpha-olefinic and terminal olefinic

groups.

Hlustrative olefins include olefinically unsaturated hydrocarbons, e.g., alkenes, arylalkenes, and
cycloalkenes, as well as substituted olefins, e.g. ethers of unsaturated alcohols, and esters of

unsaturated alcohols and/or acids.

20 Examples of suitable olefins include alpha-olefins (e.g. ethylene, propylene, butene-1, iso-
butylene, pentene-1, 2-methylbutene-1, hexene-1, heptene-1, octene-1, 2,4,4-trimethylipentene-
1, 2-ethylhexene-1, nonene-1, 2-propylhexene-1, deceme-1, undecene-1, dodecene-1,
octadecene-1, eicosene-1, 3-methylbutene-1, 3-methylpentene-1, 3-ethyl-4-methylpentene-1,
3-ethylhexene-1, 4,4-dimethylnonene-1, 6-propyldecene-1, 1,5-hexadiene, viny! cyclohexane,
25 allyl cyclohexane, styrene, alpha-methylstyrene, allylbenzene, divinylbenzene, 1,1-
diphenylethylene, o-vinyl-p-xylene, p-vinylcumene, m-hexylstyrene, 1-allyl-4-vinylbenzene,

beta-vinyinaphthalene, and the like), alpha-alkenols, (e.g. allyl alcohol, hex-1-en-4-ol, oct-1-en-



3-et hyl hexene-1, 4, 4-di met hyl nonene-1, 6-propyl decene-1, 1, 5- hezgc“wngms
Vi nyl cyclohexane 25 al lyl cyclohexane styrene, al pha-nethylstyrene,
al | yl benzeW@,024P##hy| benzene, 1, 1- diphenyl et hyl ene, o-vi nyPCE/GEA282%10
“p-vi nyl cunene, m hexyl styrene, 1-allyl-4-vinyl benzene,

bet a- vi nyl napht hal ene, and the |ike), al pha-alkenols, (e.g. allyl alcohol,
hex- |-en-4-o0l, oct-l-en 2 2 NOV 2005,. WD 02/096848 PCT/ GB02/ 02510 14
4-0l, and the Iike) al pha al kenyl et her154 (e. g vi nyl nethyl ether, vinyl
et hyI et her, all et hy ether, allyl t-butyl ether, allyl phenyl ether,
and the |44ob)ands f{@hke)aalpémaﬂcem fetbméq gsvipy, rgethyi qier, vmbf:@aygethax, |a11yl ethyl

coryi at o, B NGt B8 e R SR k) o o B ES T i
al pha- ol e%daa@@'ahyl AHRRR %@Hﬁqjlé),%11(2?5!}5H§-§11{%ﬁ%t&¢(@.%@b%ﬂgy?8ﬂgla% re@ﬁﬁlaerylate

acrolein methy!” and di et hyl adlet and the ol efinically
unsat ur at aerepyll rddt-Fserioatey . methyly nethiacryilate, amhthet like)l i -olefinically unsaturated
al pha-ol efinically unsaturated ketones ( vinyl ethyl ketone, and t

li kep. Thaldelsides andaceialy (ess ariplein @erlein fi@aeﬁ (1 ang diethyd acétalsrand dhe lke), alpha—

pr ef er abl om,4 to abou car.bon at ms Suc 0 ds ha

gener al %P%Fﬂw nh iy "F@édﬁ%&ﬁs (‘Fi WA Onfgfl rbR({h gggﬁf Bjslp -oITegﬁmcally
hydr ogen aﬁéamrﬁéd ﬁ&oﬁésﬂ@@ GinyBéthy kktoRE, a‘tﬁﬂfélﬂ&g mﬁ@érﬁﬁﬁeﬁn aBo ficties mtemal
radi cal which, together W th the indicated carbon atoms, forma carbocyclic
or het er okfins whichi cogtaimprefdabls ficbnR4 te abdut 26 garboeatonssn Scmig soimpowviatsi hexe the
t oget her reprﬁsent a divalent radical which, together with the indicated
carbon at 88RETAlABIANIR: car bocyclic or 15 heterocyclic ring. As exanpl es of
I nt ) al olefins there ma%l?g ngioned cis- and trans-butene-2, 2-

net hyl but ene-2, 2, 3-di nethyl? uteﬁe 2, 1, 2-di phenyl et hyl ene, hexene- 2,
hexene- 3, uﬁw&chlm anﬂ@ﬁ:ﬁcﬁh&piesm ahydﬂgaeﬂﬁm?or doeirgade faekien] 3r together represent
4- anyl decene- 2, 4-nethyltridecene- 2, oct adecene-2, 6, 6-di propyl decene- 3,

prop- | - emydivelenteradical Vﬁé‘?hz;ﬁ%ﬁéliﬁ the indicated paghon, atems) §gseme sato 2@10 or

cycl ohexene ohe , C o] en
mal eat e, E‘ fg{?{é’ﬁ lcfr R3 éﬁgolgo%agﬁd reg- nqg}é:%%ona agﬂ %é’e%%&h?h{% re(,si%%ttaal
et hyl ci naamdn® radicat wnmx ttﬁg?amsermmma1m¢dted chrbbiy |atcths) eformad Gaiteydlicker

15 heterocyclic ring.

As examples of internal olefins there may be mentioned cis- and trans-butene-2, 2-
methylbutene-2, 2,3-dimethylbutene-2, 1,2-diphenylethylene, hexene-2, hexene-3, cis-and
trans-heptane-2, decene-2, tetradecene-2, 4-amyldecene-2, 4-methyltridecene-2, octadecene-2,
6,6-dipropyldecene-3, prop-1-enylbenzene, 3-benzylheptene-3, cyclobutene, cyclopentene,
20 cyclohexene, cycloheptene, cyclooctene, l-methylcyclohexene, diethyl maleate, diethyl
fumarate, crotonaldehyde, crotonaldehyde dimethy] acetal, ethyl cinnamate, cis- and trans-prop-

1-enyl t-butyl ether, and the like.

The hydroformylation reaction may be carried out on a mixture of 2 or more olefins.

The or each olefin selected for the hydroformylation reaction will be charged to the
25 hydroformylation zone where it will be contacted with hydrogen and carbon monoxide. One
or more inert materials, such as inert gases (e.g. nitrogen, argon, carbon dioxide and gaseous
hydrocarbons, such as methane, ethane, and propane) may also be present. Such inert gases

may be present in the olefin feedstock, the synthesis gas or both. Other inert materials may
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about 10% or less, of isomerised olefin, even though the olefin feedstock is substantially free -

from other isomeric olefin(s). In addition it may contain by-product hydrogenated feedstock.
The concentration of isomerised olefin(s) and of inert materials in the recycle stream or streams
15 can be controlled in the conventional manner by taking purge streams at appfopriate controlled

rates.

The feed of the olefin may be a mixed feedstock containing both internal and alpha-olefin
components. For example, it is possible to use a mixed C, hydrocarbon feedstock containing,
in addition to cis- and trans-butene-2, also butene-1, iso-butylene, n-butane, iso-butane, and

20 minor amounts of C,_; alkanes.

The olefin may be subjected to any suitable pretreatment before being charged to the
hydroformylation zone. However, the ability of the process of the present invention to readily
remove heavies and regenerate catalyst means that pretreatment to remove impurities and the

like from the hydroformylation zone may not be required or may be reduced.

25 Thus, for example, in prior art arrangements, the presence of a rhodium poison or inhibitor at

a level of about 0.5 gram equivalent of rhodium per cubic meter of feed, will result in complete
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In one alternative arrangement the catalyst can be prepared from a carbon monoxide complex
of rl}odium, such as dirhodium octacarbonyl, by heating with the ligand which thereby replaces
one. or more of the carbon monoxide molecules. It is also possible to start with the ligand of
15 choice and finely divided rhodium metal, or with an oxide of rhodium (e.g. Rh,0; or
Rh,0,.H,0) and the ligand, or with a thodium salt of an inorganic acid, such as rhodium nitrate
(i.e. Rh(NO;);.2H,0) and the ligand, and to prepare the active species in situ during the course

of the hydroformylation reaction.

In another alternative embodiment, it is possible to introduce into the reaction zone, as a
20 catalyst precursor, a rhodium complex such as (pentane-2,4-dionato) dicarbonyl rhodium (I)
which is then converted, under the hydroformylation conditions and in the presence of excess

ligand, to the operative species. Other suitable catalyst precursors include Rh,(CO),, and

Rh(CO)se-

The rhodium complex catalyst is preferably dissolved in the liquid reaction medium which
25 comprises, in addition to the catalytic species, olefin, and a predetermined level of the

phosphorous ligand.
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exceed about 500 ppm rhodium calculated 20 as netal’, e li1qui
reacti on meliBruoperating continuously or semi-continuously, it may be preferred to use at start up a

solvent, such as acetone, benzene, toluene, or the like, and then gradually to allow this to be

displaced by "natural process solvent" by differential evaporation as the reaction progresses.

15 The rhodium concentration in the liquid reaction medium may vary from about 10 ppm or less
up to about 1000 ppm or more, calculated in each case as rhodium metal and on a
weight/volume basis. Typiéally the rhodium concentration in the liquid reaction medium lies
in the range of from about 40 ppm up to about 200 ppm, calculated as rhodium metal. For
economic reasons it will not usually be desirable to exceed about 500 ppm rhodium, calculated

20 as metal, in the liquid reaction medium.

In the liquid reaction medium the ligand:Rh molar ratio is 1:1 or greater but will be limited by

solubility constraints.

Make-up ligand may be added and the addition may be continuous or intermittent. It may be
added as the essentially pure compound or as a solution in a suitable solvent, e.g. one of the
25 solvents previously mentioned. If continuous addition is chosen then it can be added in solution

form with the aid of a suitable dosing pump.
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Thus, for example, in prior art arrangements, an uneconomic system is reached where the
hydroformylation of the olefin results in a heavies concentration with a recycle stream of
greater than 60 wit% within a period of 200 days, through either the use of elevated
15 temperatures and/or presence of involatile material in the feed or formed in the reaction system.

In contrast, in the present invention, this level of heavies may be accommodated.

Elevated pressures are also typically used in the hydroformylation zone. Typically the
hydroformylation reaction is conducted at a total pressure of from about 4 bar upwards up to
about 75 bar or more. Usually it will be preferred to operate at a total pressure of not more than

20 about 35 bar.

In operating the process of the invention in a continuous manner it is desirable to supply make
up amounts of hydrogen and carbon monoxide in an approximately 1:1 molar ratio, for example
about a 1.05:1 molar ratio. The formation of such mixtures of hydrogen and carbon monoxide
can be effected by any of the methods known in the art for producing synthesis gas for
25 hydroformylation, e.g. by partial oxidation of a suitable hydrocarbon feedstock such as natural

gas, naptha, fuel oil or coal.
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or via prderinbyrederenes.) to (i).

" More usually, however, it will be convenient to withdraw a portion of the liquid reaction

*- medium from the hydroformylation zone either continuously or intermittently and to distil this

in one or more stages under normal, reduced or elevated pressure, as appropriate, in a separate

15 distillation zone in order to recover the aldehyde product(s) and other volatile materials in
vaporous form;

the rhodium-containing liquid residue being recycled to the hydroformylation zone either

directly or via process steps (f) to (i).

Condensation of the volatile materials and separation thereof, e.g. by distillation, can be carried
20 out by any conventional means. Aldehyde product(s) can be passed on for further purification,
whilst a stream containing unreacted olefin can be recycled to the hydroformylation zone
together with any hydrogen and carbon monoxide dissolved in the reaction medium. A bleed
stream can be taken from the recycle stream or streams in order to control build up of inerts

(e.g. N,) and of hydrogenation product(s) in the recycle streams.

25 When using aldehyde condensation products as solvent, the ratio of aldehyde to such products
in the liquid reaction mixture in the hydroformylation zone may vary within wide limits.

Typically this ratio lies in the range of from about 1:5 to about 5:1 by weight.
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At 1@ast @rexceadrtbisriatueroved fromthe reactor will be subjected to the

catal yst recovery steps (e) to (i). The reactor stream nmay be any stream

which is obtained fromany point in the hydrofornylation reaction process
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The reactor stream may be any stream which is obtained from any. point in the
hydroformylation reaction process and which will contain metal hydride catalyst in solution.
15 Thus catalyst may be removed from the reactor, in product stream or in other streams including
purge streams. These streams may be treated in accordance with steps (e) to (i) of the present
invention to recover the catalyst in a form which is suitable for return to the reactor. The whole
of the stream may be subjected to the steps or the stream may be split and a portion thereof

subjected to steps (e) to (i). The remainder of the stream may be recycled to the reactor.

20 The reactor stream or a part thereof may be passed directly for treatment in accordance with
steps (e) to (i) or may first undergo any suitable pretreatment. Where the reactor stream is a
product stream, the reaction product may be present during the recovery process of the present

invention or may be removed at least partially before the stream is contacted with the absorbent.

The various streams from the reactor, following suitable pre-treatment, such as to remove
25 product may be combined for treatment through a single plant suitable for steps (e) to ().
Alternatively, each stream may be treated separately or streams with similar compositions may

be treated together.
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- In one arrangement, the solvent is a liquid which is contacted with a gas phase including

hydrogen until it is partially or totally saturated with dissolved gases. The liquid may then be
separated from the gas phase prior to being passed over the metal containing absorbent as a
15 single phase. The saturated solution may be increased in pressure before being passed over the

absorbent as the stripping medium.

Supercritical propane or carbon dioxide may be used as process compatible solvent. In this
arrangement, a supercritical mixture including hydrogen, an optional co-solvent, and ligand

may be used as the stripping fluid.

20 In a preferred arrangement of the present invention the acidic absorbent is an acidic ion
exchange resin. The resin may be a styrene divinylbenzene copolymer containing sulphonic
acid groups or carboxylic acid groups. The resin may have a siloxane-containing backbone and
an acidic functional group attached to the backbone. The acidic functional group is preferably
selected from the group consisting of aromatic carboxylic acids, aliphatic carboxylic acids,

25 aromatic sulphonic acids and aliphatic sulphonic acids, with the sulphonic acids being

particularly preferred.
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The absorbent may be pre-treated prior to use. The absorbent may be washed, for example,
with methanol to remove water and may also be sieved prior to being contacted with the reactor

stream.
Without wishing to be bound by any theory, it is believed that the ion-exchange resin or other

15 suitable absorbent will allow the absorption of the metal hydride species onto its surface by a

protonation and subsequent elimination of hydrogen by the following reaction:
HRh(X), + -SO,H = -SO,Rh(X), + H,

where each X is a liganding group which may be the same or different and n is an integer of

from 2 to 5.

20 This hydrogen elimination is a reversible reaction and thus the metal species remains as a labile

species and can be desorbed by the hydrogen in the fluid stripping medium.
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ligand oxide is avoided.

As the catalyst is absorbed onto the resin, a catalyst depleted solution will remain and may be
15  removed from the system. The further treatment of this solution will depend on the content of
the stream. Where the reaction stream treated in accordance with. the present invention is a
stream containing heavies, the catalyst depleted solution will preferably be removed. The
catalyst depleted solution may be passed through a conventional catalyst collection system to

trap the inactive catalytic metal and any trace amounts of the catalyst remaining.

20 The stream to be treated may be concentrated before being contacted with the acidic absorbent.
The concentration will preferably occur by removal of volatilisable material. Thereactor
stream or the concenirated stream may require dilution with a solvent compatible with the
absorbent before it is contacted with the absorbent. Any suitable solvent may be used.
Normally, the solvent will be miscible with the reactor stream or concentrated stream. Suitable

25 solvents include xylene and toluene.
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the phosphido bridges.

The oxidiser may also at least partially oxidise any trivalent phosphorous compounds which

may be present to the pentavalent form (i.e. conversion-from phosphites to phosphates).

15 Where the oxidiser is present, the oxidation step, in addition to breaking up the clusters, may
additionally change the oxidation state of the metal in that it will be converted to a simple

cationic form. Thus Rh?" and Rh3* will be formed.

Additionally or alternatively, the reaction stream may be treated in accordance with one or more
* of the organic reagents described in US-A-4929767 and US-A-~5237106 which are incorporated

20 herein by reference.

To improve the absorbability of the rhodium onto the absorbént, the process may additionally
include, treating the catalyst such that it is in a suitable state for absorption. The catalyst
preferably is subjected to hydrocarbonylation where it is treated with an organophosphorous
ligand such as triphenylphosphine, carbon monoxide and hydrogen to reform the catalyst in the

25 form Hrh(CO)(PPhs)s.
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The stripping media fluid preferably additionally includes carbon monoxide. The presence of
carbon monoxide has been found to offer improved results and is particularly appropriate as the

15 catalyst complex includes CO as a ligand.

The fluid of the stripping media preferably includes a liquid phase which comprises liquids
which are compatible with the reactants, other compounds and products in the
hydroformylation zone, such that the product stream containing the thodium catalyst may be
returned to the reactor without further processing. The fluid is preferably also compatible with

20 product recovery operations.

In one embodiment of the present invention, the fluid of the stripping media will comprise
liquids which are required to be present in the hydroformylation zone such as ligands and raw
materials. Thus, where the catalyst is HRh(CO)(PPh,); in one arrangement, the liquid phase
will comprise triphenylphosphine. Additionally or alternatively, the liquid phase may comprise
25 olefin and/or triphenylphosphine. Thus, a preferred process of the present invention allows that
no additional substances are fed to the hydroformylation zone other than those required for or -

produced in the hydroformylation reaction.
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the resin at least periodically to remove any impurities, ligand and the like which may build up

siseam. However, it may be advisable to wash
over several passes of the reactor stream.

The stripping may be carried out at similar temperatures to those used for the loading.
15 However, lower temperatures favour the rhodium being desorbed and going into solution.
Suitable temperatures include from about 20°C to about 70°C. This is particularly the case

where higher partial pressures of hydrogen are used.

To allow for continuous treatment of catalyst from the reactor, the plant may include at least
two beds of absorbent operated in parallel. The reactor stream will be passed through a first
20 bed of absorbent such that the rhodium is substantially removed from the stream. Once the bed
has been loaded, the stream will be switched to flow through the second bed. Whilst the second
bed is being similarly loaded, the stripping medium will be applied to the first bed such that the
rhodium is desorbed, The procedure will then be reversed such that the first bed is being loaded
while the second bed is being desorbed. Thus in a preferred arrangement, the process is

25 effectively continuous.
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catalyst depleted stream.

The present invention will now be described, by way of example with reference to the

accompanying drawings in which:

Figure 1 is a schematic diagram embodying the process in accordance with the
15 present invention;
Figure2 is a schematic diagram embodying steps (e) to (i) of the present
invention;
Figure 3 is a graph of aldehyde, heavies and olefin content against time for
Comparative Example 1;
20 Figure 4 is a graph of aldehyde, heavies and olefin content against time for
Example 1;
Figure 5 is a graph of aldehyde, heavies and olefin content against time for
Comparative Example 2;
Figure 6 is a graph of aldehyde, heavies and olefin content against time for
25 Example 2;
Figure 7 is a graph of aldehyde, heavies and olefin content against time for

Comparative Example 3; and
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It will be understood by those skilled in the art that the drawings are diagrammatic and that
further items of equipment such as feedstock drums, pumps, vacuum pumps, COmMpressors, gas
5 recycling compressors, temperature Sensors, Pressure Sensors, pressure relief valves, control
valves, flow controllers, level controllers, holding tanks, storage tanks and the like may be
required in a commercial plant. Provision of such ancillary equipment forms no part of the

present invention and is in accordance with conventional chemical engineering practice.

As illustrated in Figure 1, a liquid comprising olefin is fed to the apparatus in line 1 where it
10 is joined by a catalyst solution in line 2. The mixed liquids continue in line 3 to the reactor 4.
The reactor is fitted with an agitator 5 which is capable of inducing the gas from the reactor
head space into the liquid and anti liquid vortex baffles (not shown). The reactor is also
equipped with an internal cooling coil 6 arranged such that a controlled flow of a fluid enables
the reactor to be maintained at the desired temperature. Generally an external electrical heater

15 (not shown) is used for the start-up of the equipment.

The reactor 4 is supplied with a 1:1 molar ratio mixture of carbon monoxide and hydrogen in
line 7. A trim stream of carbon monoxide and/or hydrogen is supplied in line 8 so that the ratio
of the gas partial pressures in the reactor head space can be adjusted to any desired value. The
gas stream 9 is sparged into the base of the reactor. The unreacted gases pass out of reactor 4
20 by line 11. This stream passes to demister vessel 12 where any catalyst containing liquid

droplets are collected to return to reactor 4 by line 13.

The gases continue by line 14 to condenser 15 supplied with a coolant fluid in line 16. The
resulting condensate passes via line 17 to product recovery and the uncondensed gases pass

from the system in line 18.
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v anged DR ne 1D AmParpEat ¢ sP s B iR LR potleScimractad pe
mai n¢ ai n I t; anrehd I |

noater | LhciP ERAANARRCRAL, TRASE W PunRAR! Blh, BNy LBhldpp it
react or 4roducisippthisethewiissblved pades passas intavaporivext Wsipplitd edthtdreating dxidlia and
hydrogen in _line 7. A trimstreamof carbon nonoxide and/or hydrogen is
supplied lin®30.ne 8 so that the ratio of the gas partial pressures in the
reactor head space can be adjusted to any desired value. The gas stream?9
is sparged into the base of the reactor. The unreacted gases pass out of
react or ATHOmpyutd dfdiqhid a@wg)oﬁi £8¢8 HAHHE 21 iRtodRPbEIRuid Spatitiohdeifeene, any
catal yst containing liquid roplets are collected to return to reactor 4
by |ine 18essth?2 imepupredrivith deordst dgglomeratianodevieeizh sdichl B iwigapdd by aveiniall a
coolant fluid in |line 16. .The,  resylting condensate passes via line 17 to
orotflce BTGP R iR o i ety ke BAT Bt RARRE Bt R ere e
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" The vapour leaves by line 24 and the liquid leaves by line 25. The liquid in line 25 which is
" now free of vapour and which comprises catalyst is pumped by catalyst recycle pump 26 into
line 27. A major portion of the catalyst solution is recycled in line 28 via line 2 to the reactor

15 4. It will generally be mixed with any fresh feed from line 1 prior to its addition to reactor 4.

A minor portion of the stream in line 27 is passed in line 29 to the rhodium recovery unit.
Stream 73 will generally comprise recovered and make up thodium, recovered and/or make up
triphenylphosphine (or other ligand) as well as solvents and hydroformylation reaction by-

products.

20 The vaporisation conditions of temperature and pressure are adjusted such that the liquid level

in vessel 22 is constant and this sets the total liquid inventory of the reaction system.

The vapours in line 24 pass to condenser 30 which is supplied with coolant in line 31. The
cooled mixture then leaves by line 32 and joins the liquid from line 17 in product vessel 33.
The liquid passes from vessel 33 via line 34 to distillation column 35. The vapour from vessel

25 33 passes through line 36 to compressor 37 and then in line 38 to distillation column 35. The



The liquid | eaves the hydroformylation reactor 4 and passes t @2t N8V pogsduct
recovery equi pnment by line 10. Level control devices (not shown) ensure
that a co¥PR0%8#ui d i nventory is maintained in the reacPST/CBPRA23P qui d
“in line 10 conprising of catalyst conponents, hydroformnylation products,
unreacted 5 olefin feed, hydrogenated, isonerised and unreacted olefin, as
wel | as al dehyde condensation products with sone di ssol ved gases passes
into vaporiser 19 supplied with a .heat3ighg fluid in I|ine 20. The m xture
of liquid and vapour passes via line 21 into vapour/liquid separation
vessel 2gymy %éﬁs%'i@g A #SaBeMhR Qentblt dyuihinash Glotaigwn)asteainiiaes tevpressufBin
which is |rP|gate by a small 10 streamof product fromline 58 to wash any
| i gand ageksels 0diandh3dainddenixetihk produst vaperisatinn temperatye in vaprisehd.vapour

| eaves by line 24 and the liquid | eaves by line 25. The liquid in line 25
which is now free of vapour and which conprises catal yst is punped by
cat al yst _reqgycl e pu 26 .4 | ] 1 I Qr i afede

col ut | on'f ey Sibetiisilitsg WS eRAadoy PR D RIdAT Boghitfafcabierd
gener al | %s bﬁa&ﬂ& x;%hu\e&stiﬂ 1188335 4@, 566 afdehydelprotmctrepirbulates through lamkdiddj 43 t o
reactor 4. m nor portion of the streamin line 27 is passed in line 29 to
t he 3 hodiagd4 etxeboierdiiprovidest with aheating flyid feling 44. | Thedrbipg diid pray €and
make up rhodi um recovergd..and/ or make up tri phenyl phosphine (or other

| i gand) éﬁﬂmﬁﬁppﬁ@1@6ﬁwéﬁ$§ﬁ§ﬂﬂ hydr of or nyl ati on reaction by- products. 20
The vaporisation conditions of tenperature and pressure are adjusted such
that the liquid level in vessel 22 is constant and this sets the total
liquid i nugYveriea@kapdigs fremebluam 33 st eartially eondapesd s refiuxicondenser 46y vided
condenser 30 which is supplied with coolant in line 31. The cooled mxture
t hen | eavweish bgoling®oid¥’.and joins the liquid fromline 17 in product vessel
33. The liquid passes fromvessel 33 via line 34 to distillation colum
35. The vapour from vessel 25 33 passes through line 36 to conpressor 37

and then 4 \Ex}c%déﬁed oapﬁugdﬂahé@dhﬂmml fhrongi Eompresso249, ING\SIAEongenser 51
02/ 096848 PCI/ GB02/ 02510 3 L . e
10 with cooling coil 52. This arrangement determines the pressure in the distillation system as

well as providing a higher pressure in the condenser 51.

The liquid and gas pass by line 53 to separator 54, The gases leave the systqm by line 55. The
liquid is partially returned as reflux to the upper part of column 35 by line 56 and the nett make
of liquid is recovered in line 57. This liquid can comprise any volatile solvents added as part
15 of stream 73 which is added into line 28 as well as comprising unreacted and isomerised olefin
and paraffin or other volatile components of the olefin feed stream 1. This stream (after
optional further processing) can for example be used in the rhodium recovery and recycle

section of the equipment.

In use, the equipment is brought into operation by flushing all oxygen from the system with
20 nitrogen or argon. Then by filling the reactor 4 and vessel 22 with a liquid such as toluene (or
pure aldehyde if available) containing dissolved ligand such as triphenylphosphine and a
rhodium catalyst precursor complex (such as rhodium dicarbonyl acetylacetonate). A liquid

recirculation through the reactor 4, vessel 22 and lines 25,28,2 & 3 is established by pump 26.



conpressor 87 and its associated control equipnment (not shown)2 Z&0erppsnes

t he pressumwd imossigssel s 22 and 33 and hence the product vaporisation
temperature in vaporiser 19. In colum 35, which is illustrafdERjzors10
~distillation trays, the al dehyde products are recovered as bottom products
in lines 39 and 40. Sone al dehyde product recirculates through lines 41, 42
5 and 45 via reboiler 43 provided with a heating fluid in line 44. The
heating fluid provides the energy suppBy for the distillation. The

over head vaFours fromcolum 35 are partially condensed in reflux condenser
46 provi ddefinvieed ix suppling at oi lowlitte Theheusystentl ohs Hee t apdasbdAfidneRide pihi Ne
48 throqur conpr,essor g&&l ine 50 and condenser 51 10 with cooling coil

52. This ﬁr%?ﬁaﬁe Trethisr tepciats arp avasmed dowards gpemating)femperture and thy diguid as
wel | as ol | o condenser .51.. . The |iqyid and gas
pass by Plltl{r?\égt%gq’fgg?e s%%%?@?%?‘ E@?&ﬁiﬁg ﬂgbéfssgg l}qg'é‘gléﬂf%n%#@ﬁfmgﬂne 55. The
liquid is partially returned as reflux to the upper part of colum 35 by
line 56 and the nett nmake of liquid is recovered in line 57. This liquid
can conprWhen theyregesioatstarts, sdiichecansbeanisted  om snstrantentfionfas ghe aptake] Ihevptdduct S
adde% inta? Iiae 28 a&l .1 tﬁs corrprieﬁfiaﬂg unreacted and jsonerised olefin
and Dar aff 156 a5eymBMales|in the YRS, Rk tHes stgrt-upheolyed mrefereatially deavem 1Therhi s
stream ( s oR BhhiBR@ht 3 : ' | & be used in the
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equi pnment is brought into operation by flushing all oxygen fromthe system

with 20 itrggen or argon. Then by filling the reactor 4 and vessel 22
with al i]%i? Y alelydesiirs &naccuprilgie e bessiof qelum 3§y Biesaiéseind temperiatiregy

di ssol ve | Lphenyl phosbhi ne and a di um cat al yst, .
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Stream 29 is then passed to the rhodium recovery zone which is illustrated in Figure 2. This
stream 29 will first be passed to an evaporator 74, such as a wiped film evaporator, to separate
any remaining volatile components. Volatile components of the stream will be removed in line
15 75 and may be subjected to further treatment including condensation and separation.

Triphenylphosphine may also be removed in line 75.

The residue of unvaporized portions which will now be a concentrated stream is passed in line
76 to oxidiser 77 where air is bubbled through the liquid. The air is introduced in line 78 and
is purged in line 79. The air will serve to break any cluster rhodium molecules so that this

20 previously inactive thodium can be absorbed by the ion exchange resin.

The stream including the rhodium leaves the oxidiser in line 80 and is then pumped, by pump

82, to a hydrocarbonylation zone 81. In this stirred tank vessel, the catalyst containing stream

is mixed with triphenylphosphine added in line 83 and is contacted with hydrogen and carbon

monoxide which is added in line 84. The triphenylphosphine added via line 83 may be recycled
25 triphenylphosphine recovered from line 75.



inventory in the system naintained by vaporising liquid in vap@ N8¥r20089 as
requi red. Wien the reaction starts, which can be noted on instrunentation
as gas uptWo02/06f#8pr oduct 5 al dehyde accumrul ates in the syPSTéBEAI¥Ohe
*start-up solvent preferentially | eaves. The distillation equipnent is
conmmi ssi oned and sol vent progressively | eaves the system Eventually

al dehyde starts to accunulate in the base of colum 35. Pressures and
tenperatures are adjusted until normnal 395\ﬁrati ng conditions are attained
and al dehyde product | eaves in line 40. en heavies start to accunul ate

in the catal yst recycle solution which d ] : Iserof
the conpobhe carosylatsdngatalyst 15 ten, 15moved iﬁglflgﬁsaﬁd?%rﬁag%gn&l?o r % ﬁgﬁéﬂ% '
treated as eSGI ] : i SR ERNEA S resimOA b ey STRKP T . MElicerekialbed will
returned ?ﬂ“ﬂf@g @Bﬁﬂg ggﬁggﬂ%ixﬁt hen %;rssed to the rhodi umrecovery zone
whi ch i's pd hiksikhipb@trt i fhe gepien GF abbhi 75°Csto raishthe 2atewif kbsorptic ofbe phodiien bio
an evaporator 74, such as a wi ped filmevaporator, to separate any

r emai ni ngthedbaektangomgsithent s. Vol atil e conponents of the streamw || be
removed in line 15 75 and may be subjected to further treatnment including
condensati on and separation. Triphenyl phosphiiie may al so be rermveddiﬂ{\
line 75. Th | e iaBaHbHR bbd, aherhokdhehiswbsdrbedbuntd ¢heeresin and the
concént ra ghéﬁéea%ﬁ?sgésggls@sdg‘g i r? line 76 to oxidiser 77 where air is.
bubbl ed t hpau@tldieavieyahdimpiies are removed iotras foriqphienaidugther PrPeesiigyed

inline 79. The air wll serye tq break any.cluster, rhodi . I :

that thi s Duotophevalyg$f $he aé‘% %%&PWF%QR PB%segﬁlé‘SP@{ejal&E}}/&%‘gﬁ%‘iéﬁédﬁﬂl

exchange resin. The str ' ' i fgoaxh tHesesinibed,

line 80 arfB°q¥erY ﬁ’ésﬁerﬁéﬂgtg%p,ow%{dsgdrlr%gt %@?ce{%‘9§ﬁ%¥locar %gﬁyl gt%(%n Jone 81,

In this st‘j,ﬂiggﬁnatnyqﬁlqny@ﬁg%hmﬁﬂ@oﬂ@ﬂ‘—aitg/ﬁgemaﬁm.ni ng stream is mixed with
I ne

tri phenyl phosp added in line 83 and is contacted with hydrogen and
carbon nonoxide which is added in line 84. The triphenyl phosphi ne added

5 5 100y o0 o BhdEs aeedRirhs RESE FBANRAH BF IFROUBLAE [ @i, 86" 45
then re ”D"%&elg cdrh\B1 8Bthe b dinin BASEEEhriEd outidsa dontimoualpsnvebe r Whep thermasiads

which is p wth ion exchange resin Anberlysfl DPT-1. T I resin bed
will loaded in column 86", the catalyst depleted stream is removed in stream 87°.

The rhodium loaded in column 86' is then stripped from the resin using a stripping medium
which is passed through the column. Where the stripping medium contains a mixture of
15 organic liquids, these will be combined in mixer 88. The liquid phase is preferably a

combination of process compatible solvents and/or olefin added in line 89 and

triphenylphosphine added in line 90.

The olefin may be fresh olefin which will be passed through the resin bed before being added
to the reactor. Alternatively, the olefin may be recycled olefin, isomerised olefin and paraffin

20 recovered from streams removed from the hydroformylation reaction zone.

Similarly, the process compatible solvents may be fresh solvents or recycled solvents recovered

from streams removed from the hydroformylation reaction zone or the downstream product

recovery systems.

The triphenylphosphine may be fresh triphenylphosphine or it may be recycled, for example

25 from stream 75 of volatile compounds removed from the wiped film evaporator 74.



be at a tenperature in the region of about 75C to aid the ratgzafov 2005
absor pt’i on% ﬁ/ﬁsfsh()di um by the ion-exchange resin. 5 As the stream
passes througrq € absorbent bed, the rhodiumis absorbed oRE@/ERE/G25H n
‘and the non-volatile heavies and inpurities are renoved in stream 87" for
optional further processing. Due to the value of the rhodium the stream
may be passed through a conventional rhodium recovery system (not shown)
to collect any catal yst which nay pass t@@ough the resin bed, which may be
i nactive catalyst, for off-site regeneration. 10 Once columm 86" has been

Lha r erovarts OB lBRdEESor L sirblng}e Sl btoted feim B by 88 Sa ive Bhen
the resin wherelitiadembined eth kiydroén and daebdrhahokide o Eés@&sﬁﬁ:ﬁ&avgﬁi%ﬁ id aec{c.rl%éed

in stream 87"'. The rhodium | oaded in colum 86" is then strippe rom
resin usi ng e Ihsishppinganedimwill b passeg dlsrough cdinmndie’ whivhd®helams: aYhes:e
the strippi iumcontains a mxture of 15 organic |iquids, these wll
be conbinégng%ﬂﬁﬁ?gpm%%F&The | i quid phase is preferably a conbination of
process conpati ble solvents and/or olefin added in |ine 89 and

tri phenyl phosphi ne added in line 90. The olefin may be flesh olefin which
wi |l be pablsedrestitingghtreans, velsichn hilll beftaihe rheding, aRBpBger, O chBEn " SRR de

Al ternatively, e aolefin may be recycled olefin, isonerised olefinand™
paraffin t?Eg‘?lﬁ’ spline adielin andéorprocesarpmpatible solvemets ntHemfenmmad otthoRactor
reaction z e/ mlarly, the process conpatible solvents may be fresh

sol vents or recycl ed solvents recovered fromstreans renoved fromthe

hydr of ormyl ati on reacti on zone or the downstream product recovery systens.
The triphenyl phosphi ne may be fresh triphenyl phosphine or it may be

recycl ed, Fisreaesahaféhe thadifmphowisresimbadb 86 fto belistditb absabFang sho@amy sy oM

the wi ped.filom eyapaorator. 74.,a WD 02/ 096848 2 2 NOV. 2005 PCT/ GB02/ 02510 33
Thi s conbigr?‘eigg} ?é‘hﬁ n%ﬁéﬁ%’PF%ny?Péa?E& PEORGSHESrTiPaG abovendhenithe poones$hiean

m xer0 88 ibg dpeftffePih a continuous manner. _
Whilst the present invention has been illustrated with one reactor, vaporiser, etc., it will be

understood that where appropriate the numbers of some or all of these could be increased.
The invention is illustrated further in the following Examples.

Comparative Example 1

15 Hydroformylation is carried out on 1-decene in a hydroformylation plant as described above
is run with a rhodium concentration in the reactor of 220 ppm, a triphenylphosphine
concentration of 10 wt%, hydrogen and carbon monoxide partial pressures each at 30 psi and
at a reactor temperature of 110°C such that non-volatile components gradually build up in the
recycle loop. No material is taken in line 29 for catalyst recycle and the system is run until the

20 shut down criterion of excess heavies in the catalyst recycle solution is reached. The design of
the plant apparatus imposes a maximum content of heavies material in the recycle. For the
purposes of these examples, the maximum heavies content is taken to be 60 wt%. When this

point is reached, the run must be terminated as operation is no longer feasible.



where it is conbined with hydrogen and carbon nonoxi de of the gaskowiyy hase
which is added in line 92. The stripping nediumw || be passed through *
col um 86' WRHI2086848 hel d at anbient or higher tenperature. PCTIGBOYWQSH ting '
“stream - which will contain rhodium hydrogen, carbon nonoxide,

tri phenyl phosphi ne and ol efin and/ or process conpatible solvents is then
returned to the reactor in line 73. The renoval of the rhodium all ows
resin bed 86' to be used to absorb furthgr rhodium Resin bed 86" can then
be stripped by repeating the process described above. Thus the process can
10 be opsy; 4 C i i t ¢l [Wela P

peen i 11 qugyeaisfeuf il pRHEEITR YR e ettt el RERIEQrARINRRICRA
that wher@daneseRpss e gedlite JTIERY ConVersioaia the reatlorsaindithebaild oplbdhéwvies. In
increased. The invention is illustrated further in the follow ng Exanpl es.
Conpar at ithis donspapativelexatplty thedfeavies cancaniration eaeseide 60 avile shappresiswialy i350a
hydr of ornryl ati on plant as descri bed above is run with a rhodi um
concentrd19UWH in the reactor of 220 ppm a triphenyl phosphine

concentration of 10 wt % hydrogen and carbon nonoxi de partial pressures
each at 30 psi and at a reactor tenperature of 110C such that non-volatile
conppnentBxgpitupl |y build up in the recycle loop. No material is taken in
line 29 for catalyst recycle and the systemis run until the 20 shut down
criterion of excess heavies in the catalyst recycle solution is reached.

The desi of the plant a L i npose i i
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heavi es cgni §lted & rhalitmh feRofidy 89 d¥cHbeVHEFighiy Bandietuthed & theaabre, the run
nmust be termnated as operation is no |onger feasible. WD 02/096848 22 NOV

2005 PCT/ GB02/02510 34 Figure 3 illustrates the performance of the
reactor where nqQ recycl]ing of the rhqdjum:i useﬁ gnd illu rate% t he
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appr oxi ma
10 below 60 wi% allowing the reactor to be run continuously at these conditions.

Comparative Example 2

Example 1 is repeated with the reactors running at a temperature of 110°C and purge rate of
0.2% of the recycle flow. The reactor is started with a rhodium concentration of 500 ppm. The
feed also contains a poison such that 1 litre of feed contains sufficient poison to react with
15 approximately 1mg of rhodium. The purge from the recycle stream is treated to recover the
rhodium but the poison is not separated from the rhodium such that it is recycled to the reactor.
As a consequence the heavies reaches a steady state level after 500 hours but the activity
declines as the rhodium is deactivated. The productivity falls off dramatically at around 2500

hours as illustrated in Figure 5.

20 Example 2

Comparative Example 2 is repeated except that the poison in the purge is not reintroduced with

the recovered rhodium. After 1000 hours the heavies concentration has reached steady state



hours. 5 Exanple 1 The reactor is again run at 110C but a purge kewizgpgl ent
to O. ZWt%R;‘ Mho l£4§cycle flowis taken and treated to rhodi umrecovery as
described 1P gﬁ 2 and returned to the reactor. Figure 4PCTIGRR{02318s how
‘the conversion of olefin and overall performance of the reactor reaches a
steady state after approximtely 1000 hours on-line with the heavi es being
controlled well 10 below 60 w% allowi ng the reactor to be run
continuously at these conditions. Conpagative Exanple 2 Exanple 1 is
repeated with the reactors running at a tenperature of 110C and purge rate
of 0.2% ; ok O r P i i

concent o EE e Ak e e R Son et ettt o SR b o
litre of dfeetecHildiouss. sAftéd 508 hbursaitedy state iseabieved adillbbtrasd hoRigirte! v
ling of rhodium The purge fromthe recycle streamis treated to recover
the rhodium but the poison is not separated fromthe rhodi um such that it
is recycl .  AS a consequence the heavies reaches a steady
state Iev‘g‘?mgfplf&etgﬁs%’gﬂﬁéﬁr?’s but the activity declines as the rhodiumis
deactivated. The productivity falls off dramatically at around 2500 hours
as illustrated in Figure 5. 20 Exanple 2 Conparative Exanple 2 is repeated
except t Haomparatiyeoixaomple hisrhpeateds bwever nadditiinrio healiescfdrminglas a rdyelt bEgldeer ed
rhodi um A];Qéfeilr 1000 hours tgﬂ; heavj es concentration has reached steadé
stat® 2 FORERpsobRrteacisnshetrsd santpins Odpwihapepieiils material o dsragesuitthe igyebof
wt % The I j : C i l-decline.for a
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i |l ust r atexdmiple feguatnfinCaligibid heavidotafpdrtraolondaeadddvadicEs AR HouksSas
repeat ed,, _however in addition to heavies formng as a result of aldol 5
condensatillBstratehin iighee 7.t he feed contains 0.1 w% involatile material. As a
result the |l evel of heavies in the recycle increases nore rapidly than
shown in Conparative Exanple 1. In this exanple the maxi mum al | owabl e
heavi es copgafiple®ti on is exceeded after only 200 hours as

10 Example 1 is repeated with a feed containing 0.1 wit% involatile material and an increased
purge rate of 0.4 wit%. As illustrated in Figure 8 the heavies in the recycle reaches a stable

maximum of approximately 50 wt% after 1000 hours.

Example 4

A solution of hexene (50 ml) in texanol (50ml) was hydroformylated to extinction using a
15 catalyst prepared from 0.1 mmol of Rhodium(acac)(CO)2 and 0.6 mﬁml of a bidentate
phosphite of the formula (ArO)2P(OAr-ArO)P(OAr)2 where Ar represents various aryl
functional groups. Amberlyst DPT-1 was then added to the autoclave (8g, dry weight). After
stirring at 65°C for 1 hour the concentration of rhodium in solution had dropped to 25 ppm. The
autoclave was then pressurised to 1000 psig with hydrogen and cooled to room temperature.

20 After 18 hours the concentration of thodium in solution had increased to 75 ppm.



illustrated in Figure 7. Exanple 3 10 Exanple 1 is repeated wi$h \ayf
containing 0.1 % involatile material and an increased purge rate of 0v4
W% As i WQ8ewB4&d in Figure 8 the heavies in the recycl e PEHEBOZY2F1&t abl e -,
“maxi mum of approximately 50 wt % after 1000 hours. Exanple 4 A solution of
hexene (50 nil) in texanol (50m ) was hydrofornylated to extinction using a
15 catal yst prepared fromO0.1 nmol of Rhodi um(acac)(CO 2 and 0.6 mmol of a
bi dentate phosphite of the fornula (ArQgP(OAr-ArO P(OAr)2 where Ar
represents various aryl functional groups. Anberlyst DPT-1 was then added
to the aghoergue (89, dry weight). After stirring at 65C for 1 hour the
concentrati on of rhodiumin solution had dropped to 25 ppm The autocl ave
was then pressurised to 1000 psig with hydrogen and cooled to room
tenperature. 20 After 18 hours the concentration of rhodiumin solution
had i ncr dased A cconsinppws hydyofgrmpdaisms prosess farviher producsiopgdsan aldehyde by

PCT/ GB02/ 0251 . canti nuous .hydrof or nyl ati gn process for the production
of an al dehydglyéfpfg\mﬁfl%qrb?ﬁ&ﬂ%}F%bﬂl?%c%céx PYSEYi n whi ch conprises: (a) -
providing a hygy of r¥iifde £ MydRAemiyeHon! ZinB ToptaihiAg @ckafgeof agié,]hsh feRdgd on

medi um havi ng 'di ssol ved therein a rhodi um hydrofornyl ation catal yst
conpri si ng rhodi ummedivmoiavingt dissolwéd ttherainb anrhoskiami Hpdrafiumyldtiopacatalysb)

supplying the olefin to, ., the hydrofornylation zonge; (c) ngintainjn
tenperature and pr MR‘@“&)‘E‘GH&“%&C “W’é’nﬁvgl"%"g‘?rh%‘?&f’?‘ ﬁ@gﬁglgaggnduci ve
to hydrofornmylation : | efd n. L mthe liquid

hydr of or nyl at |(§§1 ne%&’bwwgéﬁ) or %y?ﬁaﬂigfrﬁ)%gl;aglggéﬁ%onpﬂ si ng al dehyde;

( ﬁ) dr ecover i ngcf r omnhinGiniig tepiperdtre ahd Presded Cormitidrsdn heloyips fosmytitioh@one
rnodal um

conducive to hydroformylation of the olefin; _

(d) recovering from the liquid hydroformylation medium a hydroformylation
product comprising aldehyde; .

(e) recovering from the hydroformylation zone a stream comprising the thodium

.catalyst; ... . B ST S

® contacting at least a portion of the stream with a solid acidic absorbent under
process conditions which allow at least some of the thodium to become bound
to the absorbent; |

(2 subjecting the rhodium bound to the absorbent, under process conditions which
allow desorption of the metal, to a fluid stripping medium comprising hydrogen
and solvent; _

(h)  recovering the rhodium hydride catalyst; and

@) recycling the rhodium hydride catalyst to the hydroformylation zone.

2. A process according to Claim 1 wherein the stream from step (e) is divided and a first
part is recycled to the hydroformylation zone and a second part is subjected to steps (f)
to (i).

3. A process according to Claim 2 wherein the second part is at least about 0.01% of the

siream from step (e).



(f) (g) (h)y- (i),.-ca talyst; . . contacting at |east a porti cgm &bVtings
streaniwith a solid acidic absorbent under process conditions which allow
at .| east SYRL28968¢the rhodi um to become bound to the absor bBET/GBYBIMEL i ng
*the rhodi um bound to the absorbent, under process conditions which allow
desorption of the netal, to a fluid stripping nmedium conprising hydrogen
and sol vent; recovering the rhodium hydride catal yst; and recycling the
rhodi um hydri de catal yst to the hydrofogsyl ati on zone. 2. A process
according to Caiml wherein the streamfromstep (e) is divided and a

first pagt is ey 3%&@0@@’2&&'1%5% il Aidfid S
subj ect eg"to s‘%g%s&?fa?&r?%gw . 3. A process acgtg)ér?lglﬁlr?g to &Eg?%oﬁér%n
the second parselecteddionh €3%6 Caladefins). 0 1% of the streamfromstep (e). 2 2
NOV 2005 WD 02/ 096848 PCT/ GB02/ 02510 37 4. A process according to any one

of Claims 1 to 3 wherein the olefin is one of nore olefin selected fromQC2
to C20 olgfins, 5. A process accordi to any,one of .Glaigs.1l to rein
the olef i i o AaeetnaReanan o o et Clafe R s 0ereh pe R inh Sublediof i€
hydrof ornyl at ;ﬁ@uaa@xﬂ@m&fméb% Chifed $S tlcdiytbibAn @A o Aheof Cainms 1 to 5
wherein the rHodi um hydride catalys I s a’'rhodi um car bonyl conpl ex
conprising rhodiumin conplex conbination with

6. A process according to any one of Claims 1 to 5 wherein the rhodium hydride catalyst

is a rhodium carbonyl complex comprising rhodium in complex combination with

triphenylphosphine.

7. A process according to any one of Claims 1 to 6 wherein the hydroformylation zone is

operated at a temperature which will cause thermal deactivation of the catalyst.

8. A process according to any one of Claims 1 to 6 wherein the hydroformylation zone is

operated at a temperature of from about 40°C to about 180°C.,

9. A process according to any one of Claims 1 to 8 wherein the feed to the

hydroformylation zone includes poisons, inhibitors or poisons and inhibitors.

10. A process according to Claim 9 wherein the hydroformylation zone includes at least 0.5
gram equivalent of rhodium of poisons, inhibitors or poisons and inhibitors per cubic

meter of feed.
11. A process according to any one of Claims 1 to 10 wherein the feed to the
hydroformylation zone includes heavies or compounds likely to form heavies in the

hydroformylation zone or both.

12. A process according to any one of Claims 1 to 11 wherein the fluid stripping medium

is a single fluid phase.

13. A process according to Claim 12 wherein the single fluid phase is a supercritical phase.



tri phenyl phosphine. 7. A process according to any one of O ai 22 Y0V 2005
wherein the hydrofornylation zone is operated at a tenperature which wtl
cause t her'M@I02/426848 i vati on of the catalyst. 8. A process ac®6T¢iB302d0any
one of Clainms 1 to 6 wherein the hydrofornylation zone is operated at a
tenperature of from about 40C to about 180C. 9. A process according to any
one of Clains 1 to 8 wherein the feed to the hydrofornylation zone

i ncl udes poi sons, inhibitors or poisons %nd i nhibitors. 10. A process
according to Caim9 wherein the hydrof (g’r nyl ati on zone includes at | east

0.5 gramequiyal ent r L upk 0 [.$.00 pnhi.bitors or poisons and

i nhi bi toFTs4' per‘XcPﬁg‘i"eés g{;ﬁg@ﬁgé? E?aégzh?_p@greii EH’%@E@ @%@Fﬁ@n’t PIHRRSCY FWO o
Caims | to 10gyhphatds, the feed to the hydrofornylation zone includes
heavi es or conpounds |likely to formheavies in the hydrofornylation zone
or both. 12. A process according to any one of Clainms 1 to 11 wherein the
fluid stripping nedium is a single fluid phase. 13., A process _according to
Ol ai m 12 Whor oRipregess aqeARing tmaemnsﬁggfaw 14043;3*8%65@@%%{;6%1@.0@ psIQPN
2005 WO 02/ 096 PCT. GBO: : g : s according to Claim12
wherein the fI@?go%tgrgls%ﬁ%&ﬁ%ﬁﬁ%dg%ﬂ@%egm&'fI uid phases. 15. A
process according to any one of Clains 1 to 14 wherein the stream coll ected
in step (e) contains non-volatile by-products of the reaction. 16. A -
process al%or dAmgocessagyording tofangl erienef Claings 130 \ii3ewhdraint the steane hrving\ieen
been contacted with the solid acj.dic absorbent is renoved. 17. A process
according to aWt%@Wftﬁ@eaﬁ‘wgaf‘i‘%%@%‘?&%‘i‘“‘ﬂ‘"ﬁ'ﬁ‘i aci di c absorbent is an

i on-exchange resin. 18. A process according to any one of Clains 1 to 17
wherein the acidic absorbent is a styrene divinyl copolynmer containing

sul phoni clAaci dAgrroeyss-aocordmglioan) ione af Claigisdupsl.6 wherein the acidic absorbent is an

ion-exchange resin.

18. A process according to any one of Claims 1 to 17 wherein the acidic absorbent is a

styrene divinyl copolymer containing sulphonic acid groups.or carboxylic acid groups.

19. A process according to any one of Claims 1 to 18 wherein the acidic absorbent has a

silica-containing backbone and an acidic functional group attached to the silica.

20. A process according to Claim 19 wherein the acidic functional group is an aromatic
carboxylic acid, an aliphatic carboxylic acid, an aromatic sulphonic acid or an aliphatic

sulphonic acid.

21. A process according to any one of Claims 1 to 20 wherein the acidic absorbent is
Amberlyst™ 15 or Amberlyst™ DPT-1.

22. A process according to any one of Claims 1 to 21 wherein step (g) is carried out at a

temperature of from about 20°C to about 100°C.

23. A process according to Claim 22 wherein the temperature is in the region of about 50°C

to about 95°C.



19. A process according to any one of Clains | to 18 wherein tywe yagi Qg
absorbent has a silica-containing backbone and an acidic functional group
attached to the silica. 20. A process according to Caim 19 wherein the
acidic functional group is an aromatic carboxylic acid, an aliphatic
carboxylic acid, an aromatic sul phonic acid or an aliphatic sul phonic
acid. 21. A process according to any one of Clains 1 to 20 wherein the

aci dic absorbent is Anberlysf' 15 or Afver | yst TM DPT-1. 22. A process
accordi nggfgo a n wherein step (g) is carried out at a
t enper at ur4e of‘[\l%*(J °ﬁ§ a?%%‘ﬁ?q'm%é" &% QPeé’SéiFém&éGfgﬁ whgeinthqsteansscorendinling t o

Cl ai m 22 wher efeyistdagedneieg gibE oS n of about 50C to about
95C. 22 NOV 2005 39 24. A'pprocess 8%‘2’3%@‘%“%?‘%%‘?? He of Aaims | to 23
wherein the stream' recovered in step (e) is concentrated prior to contact
with theac |d|/§ glgsorbe . A pr?cess according to any one of Clains 1
to 24 whérein ‘t REEPAER "P%Eooﬁi’é(roé‘ﬂo @1aﬁ?@s‘ebtoi@yharsnmelsueaﬁlrwob&e@nﬁgg ent
conpati bl e W t(b) % EauRRSKMRENvREE an t he absor bent.

26. ' A .Process according tovaﬁ &B atfboefdv%glr?é e(n(;b f%@r“@mﬂcteﬁevxﬁiream
recovered in sﬂ@%@bSOl(DEI)t I S subj ect ed to oxidation to break clustered

catal yst prior to being contacted with the acidic absorbent. 27. A process
according to Caim 26 wherein the stream havi ng been subjected to oxidation
is treated. tommdeéggggcgﬂmg@tah B ording to any one of
Clains 1 to 2( wherein the asgoﬂzoﬁggﬁlgf)g?ﬁv}e eénttleﬁtban’gTeﬁ@m step
additional l'y e}-,éq ybjested tor hnnltmhbaiﬁzlustered catalyst prior to being contacted with the

acidic absorbent.

27.  Aprocess according to Claim 26 wherein the stream having been subjected to ox1dat10n

is treated to hydroca.rbonylatxon
28. A process according to any one of Claims 1 to 27 wherein the gaseous phese of the

str_ipping medium additionally includes carbon monoxide.



