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active form Mst particularly it relates to a process for recovering
rhodi um catalysts in active form Goupg VIII noble netal conplexes are
“conmmonly used as honobgeneous catalysts in a variety of organic reactions.
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. carbon monoxide in the presence of the catalyst to yield awwml{’mﬁmmﬁm”lmu
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recover these highly expensive netals fromthe organic solutions in ich
they are renmoved fromthe reactor. Further, during operation, the catalyst

may becorrecggﬁp{;' e needs to.be renoved fromthe reactor
such that fresh gg?‘?tg%mggggf‘%%ﬁgg% ng%éodﬁ%gfedﬁgorpggﬁgm catatysts, B WAFipty

general | y béorgaejsr meaioned Gfahése catbfsts) R MiBdiah Aol S Jé‘gﬂ-ﬂ&ﬁgﬁ %\Gﬁ‘éfﬁldjn
cat al yst ”ﬁ}f hg)ve @gen thermal |y deactivated i.e. "cluster an /l r
cheni cal | yYdjatemmylpipn.geastions inywhich ar glefin is readtesl wishihydrogencan caf®asnaiokhizugh

the catal ysd tEBpredtcEHERE Qﬁ{al%t BYikiGm DlGygat @o&% exed hlnocc)l?urrlx r\]agilthu(()jregino-
phosphorou's.::ligands such as triphenylphosphine .and triphenylphosph-ite are particularly
attractive ca.l'tgl_ysts as they favour the formation of the desired aldehyde products. In some
cases the sele-ctivity' for the desired aldehyde may be in the re::gion of 90% or more when the

appropriate phpsphorous ligand is present.

However, whilst these catalysts are very effective, they suffer from a major drawback
associated with their cost. It is therefore desirable to recover these highly expensive metals
from the org,anig solu.tions in which they are removed from the reactor. Further, during
operation, 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 will generally be

reprocessed 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.

Although the. mechanism of deactivation in aryl phosphine liganded systems by the formation
of clusters is not entirely clear, it is believed that metal, e.g. rhodium clusters, having

phosphido bridges may be formed, for example, by the loss of one or more phenyl groups from
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operation of the plant is not to be shut down 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 regeneration of the catalyst where

phosphorous ligands are present.

A variety of means of recovering the Group VIII noble metals 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. The
organic solution of a deactivated solubilized catalyst may be treated to improve the‘
extractability of the metal. Examples of this may be found in US-A-4929767 and US-A-

5237106 which are incorporated herein by reference.

Ion-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

rhodium. A similar process is described in US-A-4388279 in which Group VIII metals are
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Further, where the stream removed from the reactor includes active catalyst, the separation

procedure will either leave it in a form in which it cannot be returned to the reactor or will
cause it to be deactivated such that it is no longer suitable for use in the reactor and removal

off-site for regeneration is required.

In US-A-5773665, a process is suggested which enables active catalyst contained in a stream
removed 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
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
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.
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Thus this inactive catalyst is not treated by the ion=exchange resin.
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| on- exchapge,! rPRlshe Ena\éﬁ{'@&tﬂ?& enot treated by the ioni-éxchange resin.

Whilst this process goes some way to addressing the problems associated with prior art
processes, in that it suggests a means of separating the active catalyst on site, it suffers from
various disadvantages and drawbacks in particular those disadvantages associated with the
need to treat the “active” 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.

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 'is
expensive to construct and operate because of the number of separation and treatment steps,
some of which occur in the presence of corrosive acid media, required to achieve full recycle.
A further drawback associated with the presence of acid media is the further complexity and

costs associated with the consumption of base required to neutralise the acid and dispose of

the acid salts.
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and regenerated for return to the reactor, 1t al so sui
r egener a4ARle JPR&stuy t9 iBe Wactorc AWhilst she pfovessus paiticultlpeiffect o ai MSwinghus,
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the streamw th a solid acidic absorbent under process conditions which
allow at |east sone of the netal to becone bound to the absorbent;

0 Thus, according to the present invention there is provided a process, for recovery of a
homogeneous Group VII noble metal hydride catalyst from a reactor stream as catalyst
suitable for recycle to a reactor comprising the steps of:

(a)_ removing a stream from a reactor, said stream comprising thé ﬁdmogeneous
Group VI noble metal hydride catalyst; | . |
5 ® - -cdntgcting the stream with a solid acidic absorbent under process conditions
which allow at least some of the metal to become gound to the absorbent;
(c) subjecting the metal bound to the absorbent, under process conditioﬁs which
allow desorption of the metal, to a fluid stripping medium comprising

hydrogen and a solvent; and

(@  recovering the active Group VIII noble metal hydride catalyst. -

Thus the metal hydride catalyst removed from the acidic absorbent is recovered in an active

state and can be recycled to the reactor.

| The fluid stripping medium may comprise hydrogen and a prbcess compatible solvent in a
single ﬂujd phase, which may be a supercritical phase. In one alternative arrangement the fluid
stripping medium comprises hydrogen and a process compatible solvent in a two phase system.

In one arrangement, the process compatible solvent may be a solvent or reactant of the
reaction.
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anount of hydrogen i resent. |In one_aryangenent, the solvent is a liquid

which is %%?rela%%F‘Raﬂ’r&%f?t?)ﬁ&%‘@wﬁ%f‘%ﬁﬁqﬂgs PI§togen until it is

partially or totally saturated with dissolved gases. The liquid nmay then be

separated fromthe gas phase prior to being passed over the netal

cont ai ni ngnagscrisagament, the selvendlis ajigasiewhithds satfantat with a0gastphase meNidae;

i ncreased ;i ressur.e bef.ore hei assed,over the absorbent as the

strippi ng H;}@{F%ﬁ‘?n“nﬁi ifis partx(a)lly or otaﬂ}gsa%nateg w1t8 d?ssolvecr gases. The liquid may then be
separated from the gas phase prior to being passed over the metal containing absorbent as a

10 - single phase. The saturated solution may be increased in pressure before being passed over

the absorbent as the stripping medium.

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

may be used as the stripping fluid.

15 The metal hydride catalyst is preferably a platinum, palladium, iridium or rhodium hydride
- catalyst. Most preferably it is a rhodium hydride catalyst such as, for example
HRh(CO)(PPhy),, further details of which can be found in, for example, page 792 of

“Advanced Inorganic Chemistry” (Third Edition) by F. Albert Cotton and Geoffrey Wilkinson,

published by Interscience Publishers. The process is also suitable for use with other rhodium

20 catalysts, for example those described in US-A-4482749 which is incorporated herein by

reference.

- The reactor stream may be any stream which is obtained from any point in a prdcess- and which
will contain metal hydride catalyst in solution. Thus in some reaction schemes, catalyst may
be removed from the reactor in product stream or in other streams including purge streams.

25 These streams may be treated in accordance with the present invention to recover this valuable

catalyst in a form which is suitable for return to the reactor. The reactor stream may be passed
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or may be renoved before. the streamis contacted with the absorbent. The
present:. jnvention is particularly suitable for renoving the netal

cat al yst ftohvaaussueams fremdhe resstor.afolowingrmitalie pestrémmemntgsieh s g6 remove
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The invention is particularly suitable for use with streams removed from a‘hydroformylation
“reéaétor, and most particularly those streams which comprise catalyst and high molecular

- weight organic cbmpounds known as “heavies”, (i.e. high boiling byproducts). Examples of

- these heavies 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. These compositions typically have low volatility and can be difficult to

. separate from the catalyst by conventional techniques.

Thus, the present invention will enable the metal catalyst to be separated from essentially non-
- volatile components of the stream which can then be removed, with optionally subsequent

treatment in accordance with conventional means.

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,
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invention will enabl e the nmetal catalyst to be separated fromessentially ~
non- vol M %la'glﬁﬁf?(g?féﬁﬁits of the stream which can then be renoved, with
optionally subsequent treatnent in accordance with conventional neans. Ins
a preferred arrangenent of the present invention the acidic absorbent is
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sul phoni ¢ acids and aliphatic sul phonic acids, wth the sul phonic acids

being paPEfe®darly preferred. Preferably the resin is used in the
protonated form Thus where the sul phonic acid groups are the active
groups, they are in the form-S03H and in the presence of phosphi nes they

are at | Basiculpdyt praferiedi resing eintluden AmBSfyst™RSS (and. ANBeEF® | ZBPT Ul WiRNI C
acid resins, i of the_ protons 'have been exchanged by a

m#ﬂchsone or all . :
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Amberlyst™ DPT-1 ion exchange resin is available from Kvaerer Process Technology -
Limited of The Technology Centre, Princeton Drive, Thomaby, Stockton-on-Tees TS17 61"Y,
England.

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
suitable absorbent will allow the absorption of the metal hydride species onto its surface by
a protonation and subsequent elimination of hydrogen by the reaction of Scheme 1. 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.

Scheme 1

HM(X), + -SO;H = -S0,M(X), + H,

where M is a Group VIII metal, each X is a liganding group which may be the same or

different and n is an integer of from 2 to 5.



. Anber|ysf ' DPT-1 being nost preferred. Anberlysfrm 15 is avai If\@l(@vf g@g‘n
Rohm and Haas _ (U. K ) Limted of Lennig House, 2 Mason's Avenue; oydon
.CRo 3NBO VEAYrHnd and AnmberlystT DPT-1 ion exchange rREF/@B2925Kai | abl e
from Kvaerner Process Technology Limted of The Technol ogy Centre,
Princeton Drive, Thornaby, Stockton-on-Tees TS 17 6PY, England. The
absorbent nmay be pre-treated prior to use. The absorbent may be washed, for
exanple, wth nmethanol to renmove wateg§ and nmay al so be sieved prior to

bei ng contacted with the reactor stream Wthout w shing to be bound by

any t heofye cdnltact &6f t€ tda@WCHrehMAVitH ME sd ﬁm}; sknoor _other = suitable
absor bent .\eMgI Iacal | ow the&grt?sor pti %lﬁsd())l?f‘atc e ngr'ltggfr{?@a‘b?ydgc %ﬁ%%qe‘élg aiﬂ?% Its
surface Byitable tomperatvag. | Tamperadures bf FqmeDTC telabait1a04@ap be Iy Wige oy of e
reactiong of Sc 1. This hydrogen elimnation is a reversible reaction
and t hus frPWé"%Pr@I%FC %@@P@Or aryva1r\s§raf§rr@d-'| Asmperataisdn thegegionl of frombabodies or bed
by the h ' : ey LDRI nedi um, Schene 1 HWV n.+ -SG38H *3
- S03M X) ggi@a)g%w% _2 7 gk%{ édfgﬂ@% Bpe\?/!frﬁ% %‘gaﬁ?ghséﬁwawgw é’l‘\“/ﬁli%ﬁ‘llféﬂtﬁ &h%r oup
whi ch magerisgaltcfehexactel faim st dreicits g bok SR AbddtbGETHOLnEASs 49y 5. 2 9
NOV 2005 WD 02/ 096555 PCT/ GB02/ 02577 9 he contact of the reactor Stream

with t hePEF Yol isgneplbobasisirctedsiuh thay anyesobids famatianusuch s enyytallisutisrabf

tenper at 484 of g romOC to about 120C may be used with those
of from%bogt %@%‘%‘ggﬂ@aﬁd‘ooc being preferred; A tenperature in the

region of fromabout 65C to about 95C is particularly preferred as the
hi gher t facilitate the renoval of the nmetal from sol ution

‘ﬁrrg)eratfjre. V\gll _
and its 1DRGCHYYSHE Bosprhed gpie sheyesin, a qatlyst depletechsolution vl demgin @ad nraysbeni | |
gener al | ¥mB9ecbaThes)sBHE A YRk (48 oL Bt i onysuch as
crystalli sat i on of Iglisgangr%r |%§¥egﬁg%<l{lt§gtqlssso onyall dependigndhe contegts | s
gbs or bedvfdhe greame Wise the reactiat sirym trétgd la06bra ol Withrebent GRRAGRRI MRY
e .. .
a stream containing the heavies from a hydroformylation reaction, 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.

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. The reactor
stream or the concentrated 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 concentfated stream.

Suitable solvents include xylene and toluene.

* Where the stream to be treated includes inactive catalyst this may be exposed to the absorbent

but may not react therewith and if no reaction occurs will be removed with the non-volatile

components.

However, where the inactive catalyst has been deactivated by the formation of clusters, these
may be broken before the stream is contacted with the absorbent such that they can be

absorbed by the absorbent and treated with the stripping medium. By this means this inactive
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regenerated such that it may be returned to the reactor and take part in
the reaction. Thus according to a preferred aspect of the present
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clusters by oxidation of
Where the oxidiser is present, the oxidation step, in addition to breaking up the clusters, may
additionally ¢hinge the ‘oxidation state of the metal in that it will be converted to a simple

cationic form. Thus where the metal is rhodium, 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 herein by reference.

To improve the absorbability of the metal onto the absorbent, the process may additionally
include, treating the catalyst such that it is in a suitable state for absorption. Wherethe
catalyst is rhodium for use in hydroformylation, 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 form
HRh(CO)(PPh,),.

Once the metal has been loaded onto the absorbent, the absorbent may be washed to further
remove impurities. In addition to removing impurities by means of their not being absorbed
by the absorbent such that they are removed in catalyst depleted reactor stream or by the

washing described above, the absorbent may also serve to remove some impurities. For
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present, the oxidation step, in addition to breaking up the clusters, may
additionally change the oxidation state of the netal in that it will be'
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descri beQxdéébly%lﬁsréﬁ%%&fys%Bﬁth%%ﬁtiézﬁﬁ@@ﬁu@?ﬁﬁ*ho%@ne*aﬂ‘E&E@@{, ﬂ—éﬂ,%él@él“v‘i n

by referen To I nprove the absorbability the nmetal ont absor bent,

t he pr oceasd/onehromiio iragnadtitipnaliynisd préeent. t Tiesé imily gérdeealtynilad Y6 absorsad Hylthe it
is in a suitable state for absorption, Wiere the_ catalyst is rhodiumfor

use in hybsoshest byt vallinehbe refrieved by the strippingmeadisn gf the psessitdayangiopo Thus the
hyd t] [t St ] T hosph | i gand
onch ae. S ek BB D B edchor s S B D P Pt o ot he

catalyst in the form HRh(CO (PPh3)3. Once the netal has been | oaded onto

the absorbent, the absorbent may be washed to further renove inpurities.
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carbon monoxide has been found to offer improved results. This is particularly appropriate

where the metal catalyst complex includes CO as a ligand.

The fluid of the stripping media preferably includes a liquid phase which c.omprise's liquids
which are compatible with the reactants, other compounds and products in the reactor, such
that the product stream containing the metal hydride catalyst may be returned to the reactor
without further processing. The fluid is preferably also compatible with product recovery

operations.

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

in the reaction.

In one alternative embodiment, the fluid includes material that is used in the catalyst recovery

process but which is inert to the reaction process, for example, the hydroformylation process.
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recycl abI %&‘gmﬁ“’e eed?ecdtltag%}goggsgss_ to the metal recovery section of the

pl ant . Sul erial is toluene which may be used as a

- sol vent or diluent in the nmetal recovery process. Wilst the reactor stream
may be contacted with the solid absorbent by any suitabl e neans,

absor befte stgipping fpeacass willprefembly simultaneonsly stagneraterthe abserhant bad fﬁef"ﬁ%rct or

stream ];tllbscquent absorption of metal from a fresh stream. However, it may be advisable to wash

the resin at least periodically to remove any impurities, ligand and the like which may build

up over several passes of reactor stream.

The stripping may be carried out at similar temperatures as those used for the lpading.
However, lower temperatures favour the metal 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 qut
bed of absorbent such that the metal 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 metal 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 effectively continuous.
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catalyst depleted stream. : '

The process of the invention is particularly suitable for use in hydroformylation of optionally

substituted C; to C,, olefinically unsaturated hydrocarbons.

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

accompanying drawing in which:
Figure 1 is a schematic diagram of a process in accordance with the present invention.

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, compressors, gaﬁ
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.

For ease of reference, the process of the present invention will be described with reference to-

the hydroformylation of an olefin to an aldehyde in the presence of a rhodium hydride complex
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to be reactivated. Wthout wishing to be bound by any theory, it i's
believed that the netal is attracted to the absorbent and the

poi son/inhibitor is renoved in the catalyst depleted stream The process
of the invention is particularly suitgple for use in hydrofornylation of

. optionally substituted C3 to C20 olefinically unsaturated hydrocarbons. °
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discussions will be made with regard to the “heavies” removal stream.

This stream ! will be passed to an evaporator, such as a wiped film evaporator 2 to separate
any remaining volatile components. Volatile components of the stream will be removed in
line 3 and may be subjected to further treatment including condensation and separation.

Triphenylphosphine may also be removed in line 3.

The residue of unvaporized portions which will now be a concentrated reactor strearn is passed
in line 4 to oxidiser 5 where air is bubbled through the liquid. The air is introduced in line 6
and is purged in line 7. The air will serve to break any cluster rhodium molecules so that this

previously inactive rhodium can be absorbed by the ion exchange resin.

The stream including the rhodium leaves the oxidiser in line 8 and is then pumped to a
hydrocarbonylation zone 9. In this stirred tank vessel, the catalyst containing stream is mixed
with triphenylphosphine added in line 10 and is contacted with hydrogen and carbon fnonoxide
which is added in line 11. The triphenylphosphine added via line 10 may be recycled

triphenylphosphine recovered from line 3.
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that the removal of the rhodium can be carried out as a continuous process. When the resin

is loaded in column 13", the catalyst depleted stream is removed in stream 14".

The rhodium loaded in column 13' is then stripped from the resin using a sfripping medium
which is passed through the column. Where the stripping medium contains a mixture of
organic liquids, these will be combined in mixer 15. The liquid phase is preferably a
combination of process compatible solvents and/'or olefin added in line 16 and

triphenylphosphine added in line 17.

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

recovered from streams removed from the hydroformylation reactor.

Similarly, the process compatible solvents may be fresh solvents or recycled solvents
recovered from streams removed from the hydroformylation reactor or the downstream

product recovery systems.

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

from stream 3 of volatile compounds removed from the wiped film evaporator 2.



As the_stream passes through the absorbent bed, the rhodi umis albs@mnpgdags
onto t WO ¥&PHSand the non-volatile heavies and i npuri PCELBIRO25EmDVed i n
stream 14' for optional further processing. Due to the value of the

. rhodium the stream may be passed through a conventional rhodiumrecovery
systemto collect any catal yst which may pass through the resin bed, which.
may be inactive catalyst, for off-site regeneration. Once colum 13" has
been | oaded, the stream fromvessel 9 wgll be directed to colum 13" so
that the renoval of the rhodium can be carried out as a continuous process.
When t he ThitSlofbined ligfadfilsd f3r 8RlsuiBhidPmediulifis cethld HopPiP bitkéid s34 18 T S
renmoved in stream 14". The rhodium’l oaded I1n colum 13" Is then stripped

f r om t he whersiitis sembinedwith hiydrogerpandseirbon moduxide of thegasoasiplide ohih it hdded
colum. Where the stripping, mediumcontains a m xture of organic liquids, -
these wi M insel% ohhsistippingmeqivawilbe passed thrsuglycolpma d 3 which istheldatjambient
conbi nat i_op: conpati bl e solvents and/or olefin added in line 16
and tri phg%fﬁg%%@gﬁﬁﬁge'added in line 17. 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, isonerised

ol ef i n ad#e prasultingn streassovditiel] Wildnreataisarhodivmovkydrégeom cankon monoxide,
hydr of orpyl.atiopn reactor,. .S.mlarly, the process conpatifple solv s,,may be
7 esh soliRtbiPhosshe, oid.oloh8 odlsr Prodest sHRPEDT sONPLS Ites FEmSLY Hom

t he hydrﬁgagfogyﬂﬂﬁgm reactor or the downstream product recovery systens. -
The triphenyl phosphi ne nmay be fresh tri phenyl phosphine or it may be
recycled, for exanple fromstream 3 of volatile conpounds renoved fromthe

- wiped fi evaporat or 2. WO 02/ 096555 PCT/ B02/ 025779 2005, 16 _This

~ conbi nedlrg‘:’ Eﬁﬂ?‘g’%ﬁég%‘}i"’g}“"? ﬂ‘g""‘ést‘ieﬁ'ﬁaﬂeﬂd%@ Plﬁ‘ﬁ?ditga‘”%al’%q fHumeRAfRer 15
in line NG h Shenlbelsi ' ] ,{ir[m@ t he
gaseous %ﬁdalée V\h?éékrllbiess% dggypf#r%aélﬂ?éng&e%. eT e gwpa%?ﬁésq}e iunf‘II vc\’llf‘zlleslsq{)aé1

passed t be operated i apontirBlousvmiasheri s hel d at anbi ent or higher tenperature.

The invention is illustrated further in the following Examples.

amples
The ability of the Amberlyst DPT-i to reversibly remove rhodium from an octene
hydroformylation reactor solution waé investigated using a solution containing 175ppm
rhodium and 10 wt% triphenylphosphine in a solution containing. 28g octene-1 and 52g
toluene. The octene was first converted to nonanal by hydroformylation at 8_5°C and 85psig
with 1:1 hydrogen/carbon monoxide with measurement of the gas uptake. 25ml dry volume
of washed and dried Amberlyst DPT-1 was soaked in a solution containing 10wt%
triphenylphosphine in toluene and thch filtered. After the octene hydroformylation was shown
to be complete by cessation of discernable gas uptake the solution was cooled and the wet
resin added to the autoclave. The mixture was then heated to 85°C for one hour and the liquid
drained from the resin. Analysis showed that the rhodium concentration in s_olutioh had fallen
to 14ppm. 50ml of 10 wt% triphenylphosphine in toluene was added to the resiﬁ remaining
in the reactor. The solution was purged with 1:1 hydrogen/carbon monoxide at atmospheric
pressure, heated to 85°C and pressurised with hydrogen to 85°C and pressurised with hydrogen
to 1000 psig. The autoclave was then allowed to cool. The triphenylphosphine solution was

removed from the resin and found to contain 160 ppm rhodium.



The resul ti ng, stream which will contain rhodium hydrogen, car bzdsr;\ NOV 2005

. . monoxi M0 02/496555heny| phosphi ne and ol ef i n and/ or process pcurgetiofd7e solvents

is then returned to the reactor in line 20. The renoval of the rhodi um
allows resin bed 13" to be used to absorb further rhodium Resin bed 13"
can then be stripped by repeating the process described above. Thus the
process can be operated in a continuous manner. The invention is
illustrated further in the foll ow ng npl es. Exanples The ability of the
Anberlyst DPT-1 to reversibly renmove rhodi umfrom an octene

hydr of or gyl ati,on reactor solution was investigated using a solution
containiﬁé‘fﬂ%ﬁgnl rhodi um and 10 wt % tri phenyl phosphine in a sol ution

I C _ " ot ed
nonanal e EHetd oGRS o M reteUery P Y BR Bormtfi e o W8 ihlob BB A 1
monoxi desofutitn camdning T#Siprofhotinm (dsl 0uptva ipherfAplosphine 14 mamﬁg}nmhgd and

dried Anmberlyst DPT-1 was soaked in a solution containing I
t ri phenyRB&oeiprs-he2gioluene andd ml of ethiybsorbate: dhe actens was firsh eorvsttedits nonal

hydr of or gyl at | SNOWN, <o | et. ti £ di hl
upt ake R BirBRmiTRGE M08 oA S0 o T S5RRSEsnBEPn PRESGR apthy e,
The i xt yegsuithertio@thelpasiytoke! Probpfhelrdte oPB8s Wae iBRgs LAMSIdtiAHAhe MbaTuREd

fromthe resin. Analysis showed that the rhodiumconcentration in solution
had fal | bad onky 3¥ptim acivity that wooldvhedoxpectod ém tHepboenmei of poisons anidishibitoess
added to,the,resin repai ni i n.the rea ., The soluytion was purged with
1:1 hydr aé%‘ﬁ?ha’a URe ﬂfg‘ﬁﬁﬁ?@%‘i e%@%ﬂﬁﬁé@ﬁ-lp%%%ﬁﬁmmwwenw@&nd
pressuri o\ ' r [ ¥ . 0
P 0, The e PhaRERe lolipl A R R oo AR e

sol ut i onshven torterooupittd byeastation obdiscerraable fauptakieahe solhtiornwiaSddoledrmd figeli um

a9 NOv 2005 WO 324 096555 PCT/ ﬁgZ/_OZS?? 17 Exanple 2 The effect of ngi sons
on the r¥ebirsinadge Wg? aytaslap e sixture sas thenheater ko 857G fuoaeihonsiang

liquid drained from the resin. Analysis showed that the rhodium concentration in solution had

fallen to 25ppm. 50m] of 10 wt% triphenylphosphine in a toluene solution containing 14g
octene was added to the resin remaining in the reactor. The solution was purged with 1:1
hydrogen/carbon monoxide at atmospheric pressure, heated to 85°C and pressurised with
hydrogen to 85°C and pressurised with hydrogen to 1000 psig. The autoclave was then
allowed to cool. The triphenylphosphine solution was removed from the resin and found to
contain 150 ppm rhodium. This solution was then made up to 100ml using further octene,
toluene and triphenylphosphine, replaced in the cleaned reactor and pressurised with 1:1
hydrogen/carbon monoxide at 85°C and 85 psig. From the rate of gas uptake it was
determined that the activity of the solution was 98% of the activity that would be expected

from an uninhibited solution.

Example 3

The effect of hydrogen pressure on the concentration of the hydroformylation catalyst in
solution was investigated using 200ml of a solution containing 570ppm rhodium and 10 wt%
triphenylphosphine in octene-1. First the solution was gradually heated up to 85°C and 85
psig 1:1 hydrogen/carbon monoxide until hydroformylation was complete. After cooling,
50ml of washed and dried Amberlyst DPT-1 was added to the reactor and warmed to 95°C
with stirring. After heating at 95°C for 4 hours the solution was removed and the rhodium

concentration was determined to be 18 ppm. 100 ml of 10 wt% triphenylphosphine in toluene



sol ution containing 175ppm r hodi um and 10 mﬁ@btriphenylphosphin% iE\E«
solution containing 28g octene-1, 52g toluene and Im of ethyl SoNHG 12805
The octWRL2{f285Fi rst converted to nonal by hydr of or nyl a?FESW‘%IQF/O%}gb and
85psig with 1:1 hydrogen/ carbon nonoxi de with neasurenent of the gas
uptake. Fromthe rate of gas uptake it was cal cul ated that the rhodium had
only 50% the activity that would be expected in the absence of poisons and -
inhibitors. 25ml dry volunme of washed and dried Anberlyst DPT-1 was soaked
in a solution containing | Oam%triphefyiphosphine in toluene and then
filtered. After the octene hydrofornylation was shown to be conplete by
cessatio 1. SG; : bt | : t
oo n addyl (S RERERPUER RRINRAN Sitcn 30 Cahd ROUBREIRYRIOERRT [FhoSs
hour and Ah@mpld @kérdfreahaedctbr after thistimecimaindh33§ ppm rabdivar Theairesshee in
rhodi um concentration in solution had fallen to 25%Pn1 50m_of 10 W ¥%

tri phenyi theesivislave was thenireleased andsibe temperatuse inceaasedhlg 704G Adier & haurgasamplfed

to the resin remaiping in t react or. e salution S rge i ’

hyclr ogen B SR AisheARRYed 28 S Cprain imes ety THE By I8 it petive
pressuri sgdg m&?m@xggﬁs@ o8 Psif afrd SREhIRL £8c 30! rARRktedi e WHIHOSIAS tHeQsohAh
psig. The autoclave s then allowed to cool. The triphenyi phosphine

sol uti on y@fiainedd§@gphvrhodiuhe resin and found to contain 150 ppm rhodi um
This solution was then nmade up to 100m wusing further octene, toluene and
tri phenyi phosphi ne, replaced in the cleaned reactor and pressurised with
1: 1 hydrogen/carbon nonoxi de at 85C and 85 psig. Fromthe rate of gas
uptake it was determned that the activity of the solution was 98% of the
activity that would be expected from an uninhibited solution. Exanple 3
The effect of hydrogen pressure on the concentration of the

hydr of ornyl ation catal yst in solution was investigated using 200m. of a
sol ution containing 570ppm rhodi um and 10 wt % tri phenyi phosphine in
octene-1. First the solution was gradually heated up to 85C and 85 psig
1: 1 hydrogen/ carbon nonoxi de until hydrofornylation was conpl ete. After
cooling, 50m of washed and dried Anberlyst DPT-I was added to the reactor
and warnmed to 95C with stirring. After heating at 95C for 4 hours the
solution was renoved and the rhodium concentration was determned to be 18
ppm 100 ml of. 10 wt % tri phenyi phosphi ne in tol uene :




2 9 NOV 2005 WO 02/096555 PCT/ GB02/02577 18 was then added to th«?j

autocl ave and stirred at 40C and 500 psig of hydrogen for 16 hOLﬁ'%.,OVAm5
sanpl e taken fromthe reactor after this tine contai ned 330 ppm rhodi um
The pressure in the autoclave was then rel eased and the tenperature :
increased to 70C. After 2 hours a sanple was taken and anal ysed and found
" to contain 24 ppmrhodium The pressur g in the autoclave  was increased
again to 500 psig and sanpled after 30 r%'nutes after which tine the
solution contained 150 ppmrhodium 2 9 NOV 2005 19 A process for recovery
of honbgeneous Group VIII noble netal hydride catalyst from a reactor
stream asCLAIMS/st suitable .for recycle to a reactor conprising the steps
of. (a) renobving a streamfroma reactor, said streamconprising the
honmobgeneous Group VIII noble nmetal hydride catalyst; (b) contacting the

streamwiih a ' |l under pr.aces C i ti.ons ich allow
at | east 1ts'ome %p Htcgsésafsrr%%g e?}gétgiggn %%H%B%ﬁw%ymﬂ’ﬂ@leéﬁé@ﬂ’éféﬂ ‘?ca(’%Y;St from

subj ecti ng t hea mattat stvarma catalyshen@bl Ihesicle ORI RERSRifkARd ki

whi ch al | ow desorptrg on of the netal, to a&%l uid stcri ppﬁg l’[rrfegglci u%rtlgb%ﬁ
cogFri Si tr_lgI théogg abnflafﬁ'l"vgﬁé? Sgl‘tjélm( fpoy écrsaetor, ngpid (sreamt fsmeﬁzﬁlv'\}l]:gjpthyl I !{ )
nobl e nmetal hydride catalysfy s.according.to Claim erein the
fluid stripping mediumis a g?nb’Fe ﬁpwnop@%?gw?&ﬁeﬁﬁ%éts according to

Cl ai m 2 wherein thdbsi ngloatatting thepitesam withaa seliEadidict dbsdbeasRy éﬁloceés
process according to Caim, wherein the fluid stripping nmedium conprises

two fluid phases. 5. ASSPdifiensswhielallay stdeasbsomsofghemetal & bécomebound o
wherein the Goup VI npblg iRkl

(c) subjecting the metal bound to the 'absorbent, under process conditions

which allow desorption of the metal, to a fluid stripping medium
comprising hydrogen and solvent; and

(d)  recovering the active Group VIII noble metal hydride catalyst.

2. A process according to Claim 1 wherein the fluid strippiné medium is a single fluid
phase.

3. A process according to Claim 2 wherein the single fluid phase is a supercritical phase.

4, A process according to Claim 1 wherein the fluid stripping medium comprises two
fluid phases.

5. A process according to any one of Claims 1 to 4 wherein the Group VIII noble metal

hydride catalyst is a platinum, palladium, iridium or rhodium hydride catalyst.
6. | A process according to Claim 5 wherein the catalyst is HRh(CO)(PPh3)3.

7. A process according to any one of Claims 1 to 6 wherein the reactor stream is from a

hydroformylation reactor.



hydride catalyst is a platinum palladium iridiumor rhodium hyd ﬂ% 2005
catal yst. 6. A-process according to Claim5 wherein the catal yst

HRh( CO) (PPh3)3. 7. A process according to any one of Clains 1 to 6 wherein

the reactor streamis froma hydrofornylation reactor. 2 9 NOV 2005 20 8.

A process according to Caim7 wherein the reactor stream contains

non-vol atile by- products of the reaction. 9. A procéss according to any

- one of d ai ns | to-8 wherein the react or 28t ream having been contacted wth

the solid ac] d| c bsor bent e ,g 10. A process according to any one

of dains 1 EAPESS Aoqordin {cho Bhgeindha repaforsirerta fontaing manyelatistiyn .

11. A process accpﬁdjjcﬁg,fmrg@ﬁo,pne of Clains 1 to 10 wherein the acidic

absorbent is a styrene divinyl copolyner containing sul phonic aci d groups

or carboxylic acid groups. 12. A process according to any one of Clains 1

to 11 whereig they | has . Si ntalnlng backbone and an
acidic funct?]onal gir;dé’ggﬁc‘ﬁ ‘Zgé]gaan&(?ne P%glaéqlﬂ “% F??G@é§“§%¥§éﬁ'ﬂﬂ8\g to’
C ai m 12 wherein cheecﬂmacdldmﬂlumidhﬂ@&lhc&b%dtﬁs@ﬁo@é@”ﬁt' c carboxylic

acid, an aliphatic carboxylic;acid, an aromatic sul phonic acid or an
allphatlc sul phonic acid. 14. A process according to any ‘one of O ains.|

"to 13 whereion t hepragdsdiceordiig @ £ 3he bﬁcmﬁﬁ’fi & bm&fﬁlﬁ%&ﬁm@ﬁ%{be}@ 1% %51 1oix[2P T-1.

15. A process according to anyone of Clains 1 erern
carried out at acx¢hepgsiesiture of from about 20 C to about 1OOC 16.

A-process according to Claim15 wherein the tenperature.is in the-region of
about 50C teo about 95 T. 17. . A process according to any one of Cains 1
to 16. wher diln t Hepmoesss aesording toany pse oftCinieeit foattewhdpéin Glie 4cidi€ @bécabdnt ¥ 4 h

the acidic absor Q@f&e dl%in?'l égg\‘iymer contmmng sulphonic acid groups or carboxylic acid groups.

12, A process according to any one of Claims 1 to 11 wherein the acidi¢ absorbent has a

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

13. A process according to Claim 12 wherein the acidic functional group is an aromatic
carboxylic acid, an ahphatlc ca.rboxyhc acid, an aromatic sulphomc acid or an aliphatic

sulphonic acid.

14, A process according to any one of Clmms 1to 13 wherem the acidic absorbent i is
Amberlyst™ 15 or Amberlyst™ DPT-1. -

15. A process according to any one of Claims 1 to 14 wherein step (b) is carned out at a
temperature of from about 20°C to about 100°C, '

16. . Aprocess according to Claim 15 wherein the temperature is in the region of about
© 50°C to about 95°C.

17. . A process according to any one of Claims 1 to 16 wherein the reactor stream is .

concentrated prior to contact with the acidic absorbent.



21 18. A process according to any one of Clains 1 to 17 wherei ?(‘{)n@, roggkCct or
streamis diluted wth a solvent conpatible wth the absorbent “before it
is contacted with the absorbent. 19. A process according to any one of
Clainms 1 to 18 wherein the reactor streamis subjected to oxidation to
break clustered catalyst prior to being contacted with the acidic
absorbent. 20. A process according to Claim 19 wherein the stream having
been subjected to oxidation is treated210 hydrocarbonylation. 21. A
process according to any one of Clains 1 to 20 wherein the gaseous phase of
the strippgng PRMbER adeidingas any oheiof Clditle$ te BT WheteinBiaxictier stream is diluted

with a solvent compatible with the absorbent before it is contacted with the absorbent.

19. A process according to any one of Claims 1 to 18 wherein the reactor stream is
subjécted to oxidation to break clustered catalyst prior to being contacted with the

acidic absorbent.

20. A process according to Claim 19 wherein the stream having been subjected to

oxidation is treated to hydrocarbonylation.

21. A process according to any one of Claims 1 to 20 wherein the gaseous phase of the

stripping medium additionally includes carbon monoxide.



