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15 Heterogeneous catalysts, in which the noble metal is anchored to a solid support, are
often easy to recover by filtration. Loss of metal is mainly due to the loss of fine particulates
during filtration or due to solubilisation of the noble metal in the reaction media. The noble
metals are usually recovered by incineration and/or leaching procedures and the noble metal

is worked up in a conventional manner.

20
However, the recovery of homogeneous catalysts is not straightforward. If the
' reaction solution, including reactants, product(s) and solvent, is low boiling and composed
only of noble metal compounds, the metal can be concentrated using distillation and the
catalysts can possibly be reused several times. If the solution contains other non-noble metal
25  inorganic compounds, salts or high boiling solvents, a useful way of recovery is to add the
solution to the smelting process of a noble metal melt. Other ways of treating organic
solutions include combustion and pyrolysis however, such processes may give rise to air
pollution, especially when phosphorous is present in the work up solutions. Furthermore,
losses of precious metals in any pyrometallurgical process can be high as can processing

30  costs, including capital and energy costs.
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>0 the recovery of trace amounts of noble metals which have been used as catalysts in organic
15  reactions. Products resnlting from such reactions are contacted with solid adsorbents selected
from Group IA and Group IIA of the Periodic Table, molecular sieves and an ion exchange
resins. Examples are given of the performance of calcium carbonate for the recovery of

rhodium, but no data are given on the performance of ion exchange resins.

20 US Patent No. 5208194 describes a process for recovering Group VIII transition
metal carbonyl complexes by contacting an organic solution with an acidic ion exchange
resin containing sulfonic acid groups. Preferred resius are macroreticular or macroporous
resins having surface areas greater than about 20 m*/g. According to the patent, strongly

basic, weakly basic, neutral, and weakly acidic ion exchange resins are unsuitable for use.

25
EP 0355837 A2 describes a method for recovery of a transition metal from polar or
non-polar liquids, by contacting the liquid with an lon-exchange resin having bonded
ionically thereto an organophosphorous ligand. The ligand is jon-exchanged onto traditional
jon-exchange resins and the metal to be recovered forms a complex with the ligand.
30

EP 0227893 A2 describes a method for the removal of dissolved metals from
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results in difficulties in further processing of the resins by for example. elution. Duning
elution the material is transferred to an aqueous phase. The treated organic solutions are
often viscous and difficult to remove from the porous material. Organic materials will block
20 the pores of the resin and this material is poorly removed during the elution of the resin.
Gel-type materials would hence be preferred. However, traditional gel-type resins function

poorly in organic solution mainly due to the large dimensions of the beads, and due to the

crosslinks introduced to the materials during preparation of the resins.

25 It is an object of the present invention to develop materials and methods for the easy,
efficient and economical recovery of metals from organic solutiens. It has now been found
that ion-exchange groups attached to fibrous materials show excellent metal binding

properties from various organic-based residues, solutions and streams.

30 In accordance with the present invention a method for the recovery of a metal from a

liquid medium containing the metal in solution or in finely divided insoluble form comprises
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15 metal, an alkali or alkaline earth metal such as Ca, a heavy metal, or & rare earth metal.

Desirably, the metal comprises a transition metal, or a heavy metal such as Hg, Pb or Cd.
The transition metzl may be noble metal or a base metal active as a catalyst ot catalyst
promoter such as Ni, Co or W. Most preferably, the metal comprises a noble metal,

especiaily one or more of the PGMs.

The method comprises the addition of a precipitating or

complexing agent to yield a form of the metal having improved binding characteristics for
the functionalised polymer fibre. Suitable precipitating or compiexing agents include those
selected from the group of thiourea, urea, amines and polyamines.
25
Preferably, the polymer is substantially non-porous. The lack of porosity provides the
polymers with sufficient mechanical strength to withstand use in stirred reactors without
creating fines. Difficulties associated with further prdcessing of the polymers by for

example, elution are also mitigated.

Preferably, the polymer fibre comprises a polymer chosen from the group;

polyolefins, fiuorinated polysthylene, cellulose and viscose.
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chemical grafting, chemical modification of pre-formed fibres or further chemical
15  modification of grafted fibres, formation of interpenetrating networks etc. Preferably, the

functional groups are introduced by radiation grafting.

Graft copelymers can be prepared in various ways but radiation grafting is an
especially suitable method for graft modification of polymer fibres. Radiation grafting 1s
20  generally known, and invoives the irradiation of a polymer in a suitable form, for example,
film, fibre, pellets, hollow fibre, membrane or non-woven fabric, to introduce reactive sites
(free radicals) into the polymer chain. These free radicals can either combine to give cross-
links, as is the case for polyethylene, or cause chain scission as is the case for polypropylene.
On the other hand, the free radicals can be utilised to initiate graft copolymerisation under
25  specific conditions. Three different methods of radiation grafting have been developed; 1)
direct radiation grafting of a vinyl monomer onto a polymer (mutual grafting); 2) grafting on
radiation-peroxidized polymers (peroxide grafting); and 3) grafting initiated by trapped
radicals (pre-irradiation grafting). Pre-irradiation grafting is mostly preferred since this
method produces only small amounts of homopelymer n comparison to mutual grafiing.
30
Preferably, the functionalised polymer fibre comprises at least one functional group

selected from; carboxylic, sulphonic, pyridinium, isothiouronium, phosphonium, amine,
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If destred, fibres of different characteristics can readily be combined in threads or fabrics, in
order t-c; optimise the metal scavenging properties for a particular feedstock medium. In an
embodiment, fibres may be combined with inorganic fibres such as silica or alurina fibres
in order to provide increased mecharical strength. This may be of use when the fibres are

20 used in orocesses which involve high degrees of agitation or high turbulence.

The noble metal may be recovered by flitering the fibres. from the solution and
recovering the noble metal by eluting the fibres using an jon-displacing reagent such as &

i : i i 4 ing the fibre
strong acid or salt or a complexing agent, €.g. 2 sodium szlt, or by destroying

35 structure, e.g. using pyrolysis or hydrolysis, to produce a metal conceatrate. The concentrate

can then be worked up in 2 conventional manner.

The invention will now be described by way of non-limiting example only
examples 10 to 12 only of which are according to the invention, and it will be

36 appreciated that skilled person will readily see many opportunities to use the present

invention in all its aspects.
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and et hanglanolR8d iRAGH IPHicAloXdetiage.Was purged with nitrogen before
initiating ﬂe reaction and the grafting reaction was all owed to continue

to conpletion, which usually took approximtely 6 hours. to The resulting
fibres were filtered fromthe reactm%on and washed firstly with
et hanol and then with dichl oroet hané&: 2

15 Polyethylene fibres were iradiated under an inert atmosphere to total dose of

150 kGy using an electron accelerator operating at an acceleration voltage of 175 kV and

beam current of 5 mA. The irradiated fibres were immediately immersed in a reaction

mixture containing 4-vinyl pyridine and ethanol. The reaction mixture was purged with

nitrogen before initiating the reaction and the grafting reaction was altowed to continue to

20  completion, which usually took approximately 6 hours. The resulting fibres were filtered

from the reaction solution and washed firstly with ethanol and then with dichloroethane or

with a dilute aqueous acid.

EXAMPLE 3

25
Polyethylene fibres were irradiated under an inert atmosphere to total dose of

150 kGy using an electron accelerator operating at an acceleration voltage of 175 kV and
beam current of 5 mA. The irradiated fibres were immediately immersed in a reaction

mixture containing styrene and ethanol. The reaction mixture was purged with nitrogen

30 before initiating the reaction and the grafting reaction was allowed to continue to

. ) d
completion, which usually took approximately 6 hours. The resulting fibres were filtere

from the reaction solution and washed firstly with ethanol and then with dichloroethane.



15 Pol yethylene fibres were irradi ated under an inert atnosphere to total
dose of 150 kGy using an el ectron accel erator operating at an aggelpRrali on
vol t age ofwbakiskMsand beam current of 5 mA. The irradi at edrET/oBeEIAMr e '
i mredi ately immersed in a reaction mxture containing 4-vinyl pyridine and

ethanol . The reaction mixture was purged with nitrogen before initiating
the reaction and the grafting reaction was allowed to continue to 20

conpl etion, which usually took appriOXAMPEEW 6 hours. The resulting fibres
were filtered fromthe reaction solution and washed firstly wi th ethanol

and then with dichloroethane or wth a dilute aqueous acid. EXAMPLE 3 25

Pol yet hyl ene fi were irradi.ated under an |nert t dose
of 150 kGy uépa%%gf"?seﬁ’r@ﬁf%ﬁs ae ag}pgﬁg maét %ﬁ'}g{ge}f&e&g a?ﬁgglr)lf

vol tage ?eﬁlo&rz? dlfs\éoﬂrg&i in REAILE Was 688eLhnd tH@ASUﬂH% cbﬁtﬁrﬂi&ﬂafbﬁd futthere® hoerse

i mredi at imrersed in a reaction mxture containing styrene and et hanol .
The r eactrihemibpassiate Gltemd frm gredolition ani twaslypehwisi) etthemcd?oefqrmﬁtrﬂvgt 1§69 t he
reaction and the grafting reaction was allowed to continue to conpletion,
whi ch usual ly took approximately 6 hours. The resulting fibres were

filtered fromthe reaction sol utiwﬁpw firstly with ethanol and
then with dichl oroethane. WO 02/ 33 LE .4 13 APR 2005 PCT/G BU 1
/04540 100g fibres prepared as in Exanple 1 were stirred in ethanol for 1

hour. 20g of thiourea dissolved in ethanol was added ?gd @tl rri N%
continued for Eabeupreparedzs o Exampls Jrwere added &0 aeplatipp of €16 “F‘?‘ eraRg

sol ution and et han ef r S 5?&6%3 FiiRle8 St
prepdfed ® 3{5"5‘%\6&%?38 0%3“23#& fdésainslﬂo{ % £}d iC rhﬁ%?’?héng and
left to Mo%&@lmtﬁbr@h@f@ﬁué@@wt}ﬁacs@utwmmddmemmmhstmdmgy@mac he
stirring continued for 5 hours. The fibres were filtered fromthﬁ sol u

and t r eatsebitiohf Waghieti 96th seidified vestérde pHd) and Bnallynathed repeatedhcyy fdl‘%’éle t er

to pH 1, and finally washed repeatedly with distilled
water.

15 EXAMPLE 6

130g of an oxo-ester residue containing 395 ppm of palladium was dissolved in a
dimethy! formamide/water mixture. Fibres prepared as in Example 2 were added to the

solution and the dispersion stirred over night at room temperature. The palladium content of

20  the solution decreased to 40 ppm.

EXAMPLE 7

The same solution as used in Example 6 was stirred at room temperature over mght

25  with fibres prepared as in Example 4. The palladium content of the solution decreased to

3 ppm.

EXAMPLE 8

30 A glass column was packed with fibres prepared as in Example 2. The same solution

as in Example 6 was passed through the column. An ash content of 4 % by weight, analysed

as Pd, was achieved and less than 3 ppm Pd remained in solution.



wat er. 15 EXAMPLE 6 130g of an oxo-ester residue containing 395 ppgﬁg@R 2005
pal | adi um was di ssolved in a dinmethyl formam de/water m xture. Fi

prepared awon/3Exanple 2 were added to the solution and tCTIGBWaHSiItON
stirred over night at roomtenperature. The palladiumcontent of 20 the
solution decreased to 40 ppm EXAMPLE 7 The sane solution as used in
Exanple 6 was stirred at roomtenperature over night 25 with fibres
prepared as in Exanple 4. The palladium content of the solution decreased
to 3 ppm EXAMPLE 8 30 A glass colum was packed with fibres prepared as
in Exanple 2. The sane solution aEXAMPIdPl e 6 was passed through the
colum. An ash content of 4 % by wei ght, analysed as Pd, was achi eved and
| ess than 3 ppm Pd remained in solution. WO 11 213 3 1 3 5 9 EXAMPLE 9 13
APR 2005 PCT/,G , 4(Q) . .- r g iuRNwao Bligédiwig 105
ppm of rhodi uﬁﬁ 7] O%ytlalqﬁ’?ler SIGQ\}J{%BIB@&%'!C%{P%@E&Q%&I ed Ogghﬁ Exampl e 5. The
rhodi ym %fgsegﬁep&%dt&eirs EdinipRn 50 el eameihni aonepprodxibratalitions degrpirediion t he
solution was boiled in presence of the fibres. EXAW E‘I‘ to 15 The same
sol ut i onapprokimamln P pemovhensthe 0 pHewes ‘?mlefiiﬂbpl@éef}&?é’t % in Exanple 4.
The rhodi um content of the solution decreased to 45 ppm when stirred over

ni ght at 60C. However, when thiourea in ethanol was added to the solution
and stirring continued at 60C for approximately 2 hours the rhodi um

content of the solution decreased to 3 BEm EXAMPLE 11
EXAMPLE 10

e it —

10
The same solution as in Example 9 was stirred with fibres prepared as in Example 4.
The rhodium content of the solution decreased to 45 ppm when stirred over night at 60°C.
However, when thiourea in ethanol was added to the solution and stirring continued at 60°C

for approximately 2 hours the rhodium content of the solution decreased to 3 ppm.

EXAMPLE 11

Thiourea dissolved in ethanol was added to a hydroformylation residue solution

20  comtaining 850 ppm of thodium. Fibres prepared as in Example 5 were added 1o the solution
under stirring. After 1 hour, the rhodium content of the solution decreased to 20 ppm. When
DMF was used instead of ethanol, the rhodium content of the solution decreased to 10 ppm

under similar reaction conditions.

25 EXAMPLE 12

A high boiling point distillation residue from a coupling reaction containing

4.5 % palladium and 4.5 % phosphorus, present as a triary] phosphine, was dissolved in an
ethanol/thiourea mixture under reflux. Fibres prepared as in Example 5 were added to the

30 solution and stirred for 60 minutes. Approximately 97-99 % of the palladium was recovered

| on the fibres.



Thi ourea di ssolved in ethanol was added to a hydrofornylation resi qé;e 2005
solution 20 containing 850 ppm of rhodium Fibres prepared as in EX |'e™5
were added¥QV¥Hd&35%0l uti on under stirring. After 1 hour, thBCF&EHi "
content of the solution decreased to 20 ppm Wen DM was used instead of
et hanol, the rhodium content of the sol'liti on decreased to 10 ppm under
simlar reaction conditions. 25 EXAMPLE 12 A high boiling point
distillation residue froma coupli EXAMBEFI X containing 4.5 % pall adi um
and 4.5 % phosphorus, present as a triaryl phosphine, was dissolved in an
et hanol /thiourea m xture under reflux. Fibres prepared as in Exanple 5 were
added to the 30 I« b L ed, f i 8% wAPRES fhimBtGhyar@ve99 %
of the pall adﬁuﬁﬁt}a@w}@gé\%ﬂ%@édn@%ﬁg ﬁelgé nge?rﬁév%ﬁ?ﬁ/ 3313)E§ 10 EXAMPLE 13
13 APR 2@@4 of fiG6HsGedifds JoddvBeniatiyrdvaitaHiatiramny achd calinm oohasgeni(tymbaysppm of
rhodi um was used for a conparative trial of fibr

versus a. .
conmef ci dhisybead §o1m inneexshprgegnaiergl %Odlﬁi%théﬁéWSr@ﬁ’m\é"%ﬁggﬂcygTahﬂ ag the; o

bead form i on-exchange teri i . i i
Punct i ondbre eaed Rtortr & Rops FeR T opliine 2 EinR skl aRed €200 ml of .
2 g thi oyLaMAFlangHedide 28hetled af 60°TRr Sanfiaiyd. aTo half o€ diislséutiond] 2eaf ed

at 60C for 30 mnutes. To half of this solution, 2 g of drxly Anber | yst
beads wedey Addedyshheadstiare eddedtangstiredat BIRC farch Heo Be weher half of B spRigon,

sol ution 2g .of dry fibre re ed as i n_Exanpl (e agdd irred
at 60C f 8 ‘ngdrylégﬁ%epﬁe%%ae%/ “gfaéxraﬁi? am F5 a?@e«f &ﬁ%esrf#%gtgbggbgzq%agh? ound
to bg,43 st Mbliim 2& A% ARbed e besRWIRITIMIA tb lees39%aC cahpirad) viith
Exang?e g%eé%ﬁpl\/%&E 14 115 Fi bres pref)a)?ed according to exanple 4 were
further ©BS&s fd thwyscavéngimgnfbrepacc@rdiogioExamplah et hanol sol ution containi ng
2M sodi um hydroxi de. The fibres were filtered fromthis solution, washed

wth distilled water and treated with acid to pH 1. The fibres were
re-filtered and washed with distil lpaghN@gaf140 neutral pH.

15 Fibres prepared according to example 4 were further treated by stirring for 2 hours in
an ethanol solution containing 2M sodium hydroxide. The fibres were filtered from this
solution, washed with distilled water and treated with acid to pH 1. The fibres were

re-filtered and washed with distilled water to neutral pH.

20 EXAMPLE 15

Fibres prepared according to example 14 were immersed in a reaction residue from a
coupling reaction which contained THF, triaryl phosphines and 30 ppm of palladium.
The fibres and residue were refluxed for 1 bour, after which time no paliadium was

25  detectable in the reaction residue.



20 EXAMPLE 15 Fi bres prepared according to exanple 14 were inmmersed in a
reaction residue froma coupling reaction which contained THF, triaryl
phosphi nes and 30 ppm of palladium The fibres and residue were refl uxed
for 1 hour, after which time no palladiumwas 25 detectable in thepr 2005
reaction residue. 1 3 APR 2005 11 CLAIMS 1. A nethod for the recovery of a
metal froma liquid mediumcontaining the netal in solution or in finely
di vided insoluble form the nmethod conprising adding a precipitating or 5
conpl exi ng agent to the nedium -contactling the mediumw th a functionalised
pol ymer fibre capable of binding the netal; and recovering the netal from
the fibre; wherein the precipitatingldd®Hnplexing agent yields a form of
the netal having inproved binding characteristics for the functionalised
polymer fibre. to 2. A nethod according to claim1l, wherein the

preci pi t al.i ng Ameaksipfoe diengemaganif 2 werbfrosesliqiid hedatm comaihingrhd hetsgimoup of
t hi ourea, urea, am_.nes and pol ipes. 3. A nethod according to.claim1l or
clai m 2, TohEi0a;os 1 fecly diyided wﬁﬁﬁ%ew Pa,e&odawmpaﬁ'@aﬁg@pg A BIRSHRISLBE O xed
or gani.c/ i | Se ol {0, I; Walol i m
B A o i

resi dues mpatdatafl bmtingathe eitlaljentd stcpeaingotheametd i frmmghs titeenwhtreomtiehe
refuting of .netals. 20 ﬁ LA et hod ﬁcco din @g ar}xlagrvecedi n c+%irgn

wher ei n tHECIRERRE ¢OFPRISHRE 287 MRl 2ol Br R yPREY ST e

met hod acsardienetdsFortha fificdonaVe&y wilvindriTréet al conprises a PGM 25 7. A

nmet hod according to any preceding claim wherein the polyner fibre
conprises a polynmer chosen fromthe group; polyolefins, fluorinated

polyet hylene, LS e : dj edi ng
cl ai r6711t° V\:h%l’ ei n&tei%éu%‘ﬁ%g‘fq on%ﬂ] sceﬁﬁlp?)’l ?/"r?g@ "{Tﬁegp %c@gsrr'%{tgi gf;goéple?%ésgegﬁe

f unct i onajongpriserat dekmdedtbnt thenroupanf lidxyrea, airess ainjries andpolBOnipes. i di ni um

i sot hi ouronitun, phosphonium amne, thiol, grafted vinyl nononers, acrylic

3. A method according to claim 1 or claim 2, wherein the liquid medivm comprises an
organic, aqueous or mixed organic/aqueous mediurn.

s
4. A method according 10 any preceding claim, wherein the medium is 2 process residue
or stream comprising catalyst residues or catalyst, an cffluent streare or a refining sitream

from the refining of mezals.,

20 5. A method according to any preceding claim, wherein the metal comprises a transition

metal or a heavy metal.

6. A method accordmg 10 claim 4, wherein the metal comprises a PGM.

25 7. A method according to any preceding claim, wherein the polymer fibre compnises a

polymer chosen from the group; polyolefins, fluorinated polyethylene, cellulose and viscose.

8. A method according to any preceding claim, wherein the functionalised polymer
fibre comprises at least ope functional group selected from; carboxylic, sulphonic,
30  pyridinium, isothiouronium, phosphonium, amine, thiol, grafied vinyl monomers, acrylic

acid, methacrylic acid, acrylates, methacrylates, styrene, substinned styrenes, a-~metbyl



acid, nethacrylic acid, acrylates, nethacryl ates, styrene, substituted
styrenes, a-nethyl 1 3 APR 2005 12 styrene, vinyl benzyl derivatives, vinyl
béenzyl -chloride, vinyl benzyl boronic acid, vinyl benzyl al dehy e in
acetate, vinyl pyridine, and vinyl sulphonic acid. 9. A nethod acedh i%&@ to
claim8, wherein the at |east one functional group is 5 introduced by

radi ation grafting. 10, A nmethod according to any preceding claim wherein
the functionalised polymer fibre is spyn, woven carded, needl e punched,
felted or otherwi se converted into threads, ropes, nets, tows or woven or
non- woven | CSe ho Oiieride0 vehyRivahh0,bovdiey eid, vinel fi bre
i s conbi ngmef ﬁﬁ?ln%?rgi%ﬁrﬁfa?ﬁsbsgy?g% met hod ac}c_ord_i ng to any preceding
claim whdemivhalibieyde, vl deetate)ivinyl pyridies aedivigy) sulphorip 29id0C. 15 13. A net hod
according to any preceding claim wherein the.nmetal is recovered by

eluting with an ion-displacing reagent such as a strong acid or salt or
conpl exi ng, agen{ .,, BRED08 AREer i WRertia @BYatOkast| @iembunttidrzl IRoupieer ei n
the netal 'is recovered by 0 destroying the fibre by pyrolysis or

hydr ol ysi dntroduced by radiation grafting.

10. A method according to any preceding claim, wherein the functionalised polymer
fibre is spun, woven, carded, reedle punched, felted or otherwise converted into threads,

ropes, nets, 1ows OT woven or non-woven fabrics,

10
11. A method according to claim 10, wherein the fibre is combined with inorganic fibres.
12. A method according to any preceding claim, wherein the liquid medium is heated at
up to 100°C.

15
13. A method according to any preceding claim, wherein the metal is recovered by

eluting with an jon-displacing reagent such as a strong acid or salt or complexing agent.

14. A method according to any of claims 1 to 12, wherein the metal is recovered by

20 destroying the fibre by pyrolysis or hydrolysis.



