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Recovery of Precious Metals from Acid Solutions

by Electroactive Polymers

. This invention relates to the spontaneous and self-
sustained reduction and accumulation of metals,
particularly precious metals, for example gold (Au),
platinum (Pt) and palladium (Pd), from acid solutions by
electroactive polymers for example polyaniline (PAN),

poelypyrrole (PPY) and their analogues and derivgtives,

which are capable of assuming a number of intrinsic redox

states. A typical polymer ff]m is cépab]e of
accumu]gting more than five times its own weight of a

precious metal.

Gold has always been a precious metal in high demand -

for_fts decorative and ornamental purposes for centuries.
Together with other precious metals, such as platinum and
palladium, these metals are of strategic importance for
the present ddy_high-techno1ogy and electronic -
industries. Thus, recdvery of these precious metals
from primary and secondary sources, such as natural ores,
leach solutions, electronic scraps and waste |
electroplating .solutions has become an important

techhology. Recovery of these and other precioqs metals
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reduction or accumulation by polymeric adsorbents, by

biomass and biomaterials, by activated carbon, and by
electroless plating are well documented in the
literature. They have been described for example in
“Advances in Precious Metals Recovery”, edited by N.
Arbiter and K.N. Han, Gordon and Breach Science
Publishers, N.Y. (1990); and in G.J. McDougali and.R.D.
Hancock, Minerais Sci. Ehgng. 12, 85 (1980). |
Cyanidation, uhtil recently, has been the only
alternative to remove small particies of gold from slime
:on an industrial‘sca1e. Gold chlor1nat1on and gold
extraction from acid solutlons have risen to préa;ﬁence |
dpring the last two dgcaﬁes,'as this recovery route does
not have the adverse environmental effects of

. cyanidation. Thus, as the demand for gold and other
precious meta]s'inc}eéses, extraction of these metals
-from their acid solutions needs to be accomplished with
greater efficiency. -

In a paraliel development, electroactive
{conductive) polymers haQe emerged in the last two
decades as a new class of materials with interesting
electrical and electronic properties. A number of
e]ectr1ca11y conduct1ve or sem1conduct1ve polymeric

materials are known. They have been described, for
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example, in "A Handbook of Conducting Polymers"”, Vols I
and 11, edited by T. Skotheim, Marcel Dekker, N.Y.
(1986). Polymers with conjugated backbone are of
particular interest. The electrical conductivities of
such materials may be made to undergo a metal-like
transition, via a process of chemical or electrochemical
doping (oxidation, reduction and protonation etc.) Four
main classes of such conjugated polymers have been
identified, viz., poly(acetylene) and its derivatives,
poly(phenylene) ard its derivatives, poly(heterocyclic)
polymers, and aniline polymers. Of these po]ymers,

polyaniline (PAN) and po]ypyrrole (PPY) and the1r

PG S

derivatives have been of part1cu1ar 1nterest because of
their high electrical conductivity, environmental .
stability and interesting intrinsic redox properties
associated with the eha%n nitfoéens. - The last
properties have been studie@ in detai1 in E.T. Kang, K.G.
Neoh and K.L. Ten, “The Intrinsic Redox States in
Polypyrrole and Polyaniline : a Comparative Stqdy by
XP8“, Surf. Interf. Anal. 19, 33 (1992). Thus, by
coupling an increase in the intrinsic oxidation -state of
these eonductive polymers and their spontaneous
protonation and reductiqn in acid solution with a
decrease in the oxidation state of the metal, the process

if capab1e of self sustained electfoless precipitation of.
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Activated carbon was first used as a precipitant for

Au in the chlorination probess as early as 1880, and fTor
the recovery of gold from cyanide solution in the 1920°’s.
Maximum Au uptake was about 500 mg/Q C. The processes
have been reviewed by G.J. McDougall and R.D. Hancock,
Minerals Sci. Engng. 12, 85 (1980).

The phenomenon of sorption and biosorption has been
utilised in the extraction of metallic species from
solutions. Living and non-1iving cells and polymers
have been used to concentrate metallic anions from their
aqueous environment. The common phenomenon involves
rapid and revérsible physical/ché&gg;i#;dégféigzn;;%.l
metals in the polymer and cellular structure, in
combination with complex forhétioﬂ, ion-exchange, and/or
mi crép}éci_pit_ai:'i on. | |

In U.S.'Patent Specification. No. 4,769,225, a
process is disclosed for rémoving Au ions from aqueous
solution or suspension by biomass derived from the genus
Sargassum (e.g. sérgassum natans), a brown sea-water
alga. The maximum metal uptake is in the order of 420
mg per g dry weight'bf the biomass at pH 2.5. The
adsorbed metal is éiuted.using thiourea and ferric
ammonium sulphate as eluant.

In U.S. Patent Specification No. 4,289,531, Pt, Pd
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and other precious metals are recovered from aqueous
media containing the metal ions by contacting the
solution with a proteinaceous material selected from
feathers, hair, hoof meal and horn meal. Maximum
- recoveries of precious metals occur within the preferred
pH range of 2 to 3. Typical recovery efficiencies for
Pt from 100 ppm chloroplatinic acid are abbut 70-90 mg
Pt/g of contact materials. |

In Canadian éatent Specification 2,030,900 cyanide-
generating microorganisms, such as algae, bacteria or
fungus, are used to leach powder Au ores for low-cost Au
recovery and reconcentration. Au recovery is 76-95 ppm_
vs 0.77 ppm in the absence of cu]ture.

In Japan Kokai Tokyo Koho JP 02080528, HCI1 so]ut%ons-
containing Ag and Zr ions are contacted with a cationic
resin for sorpiton of the Ag‘t ion. |

In Japan Kokai Tokyo Koho JP 02015128, aqueous gel
containing persimmon tannin and aldehyde or acid is used
for the recovery of noble metals. Thus, aqueous dilute
HAuC}4 solution (pH3) containing 10 ppm Au was contacted
for th with the gel to recover 98.1% of Au. |

In O.S.S.R. Patént Specification 1,556,735, thg
process involves contacting the solution at various
temperatures with a S-containing polymeric sorbent, such

as a sulphonated phenolic polymer, to increase the
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In Danish Patent Specification 156075 B, Au is

extracted from aqueous solutions containing Au, Cu'and Fe
in a Thiourea complex frqm ore extraction by sorpf{on
with an acidic cation exchanger (sulphonated polystyrene
resin), elution and then reduction. Overall Au recovery
efficiency is at 90% for a solution containing 0.5 mg/1
thiourea, 0.5 mg/1 HyS04, 0.5% Fey(SO,)3, 160 mg/1 Cu and
70 mg/1 Au.

In Australian Patent Specification 564754, precious
mefals (especially Au) in oxides or carbonaceous ores.are

- leached with aqueous cyanide solution and recovered by

adsorption on activated C. The loadea C pulp'is :
desorbed in dilute NaOH solution at an elevated
temperature and pressure. The hot solution is cooled
for prepipitation of the precious metal and cdnventioﬁa]
recovery. | |

In E. German Patent Specification DD 238033, Pd is
selectively separated from acid solutions, especially
waste solutions from reprocessing of nuclear fuels, by
precipitation with ferrocyanides or sorption on
ferrocyanides.

In PCT Int. Appl. WO 8603480, microorganisms, such
as algae on glass wool or Si0, gel, are applied under

controlled conditions of pH and salt concentration to
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spontaneous protonation and reduction in acid solution wwth a decrease in
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selectively recover Au, Ag, Pt or Hg. The binding of Au
in 1074 M AuCl,” solution is high at algae concentration
> 1 mg/ml, and is insensitive to pH at 2-9.5. The bound
Ault or Aut is eluted as Aut by thiourea at 10.'4 M in
0,01M HC1. The Au recovery for trace AuSt in 0.01M HC1
feed solution is 75-100% when passed through a column
loaded with algae supported on polyacrylamide.
In Czech Patent Specification 220145, Au and Pt-

. group metals are recovered from solutions by sorption on
polymer gel containing a thiirane group or groups.formed
by their decomposition by NHg. Thus a macroporous 2,3-
épithiobropy] acry1ate—ethy1enedimethacry1ate copolymer
containing 49% solid and having surface area of 76 m2/g
absorbs Au in 24h from a medium containing 2.1M HC1 at
100 mg'Au/g dried'weignt without trapping of Cu or other.
metals. |

In West German Specification'3401961A, a cyanide-
free hydrometallurgical method is proposed for the
recovery of Ag and Au from ores and other raw materials
by leaching witn_thiourea in an acid medium. The
precious metals are seleotiver absorbed on activated C
or cation exchanger; eluted w{th thiourea or acids, and
recovered by electrolysis.

In E. German Patent Specification 200792, Pd is

recovered from HNO3_ containing nuclear fuel regenerafion
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solution by sorption with a chelate-forming ion
exchanger. For Pd loading of 45 mg/0.5 g of 1ion
exchanger, the recovery of Pd in the desorption stage is
96%.
In U.S. Patent Specification No. 3,736,126, AuC14'

anions

are separated from other metals in strong acid solution
as they are retained in an adsorption bed of a polymer of
lower aliphatic esters of acrylic or methacrylic acid.
The absorbed Au can be stripped with dimethylformamide or
a mixture of 1M HC! with 2.5 times its volume of Me,CO.

| In U.S.S.R..Patent Specification 1,956,29 Pt is
.extracted from acid solﬁtion by sorption. To increase
the effectiveness of the desorption of Pt, an amphoteric
resin confaﬁning amino acid groups is used as the

. sorbent. '

The present inthtion is based upon the fact that by

cbup1ing a metal reduction process in acid so]#tions with
én increase in the intrinsic oxidation state of an
electroactive polymer, for example N-containing
po1§pyrro1é, po1yani1ine'or their derivatives, and the
subsequent reprofonation and reduction of the
intrinsically oxidized polymer in acid média, spontaneous
and sustained reduction of precious meta]s to their

elemental form is achieved.. Thus, the said polymers are
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alloys from acid solutions containing the respective
meta] ions. The one-step, energy—-free process is
capable of recovering precious metals at concentration
below 1 ppm. The rate of metal reduction/recovery is
dependent on the intrinsic oxidation states of the
polymer, the effective surface area of the polymer and
the pH of the solution. Thus thére is provided a
spontanedus and energy—free process for the direct
accumulation of precious metals on the polymer surface.
The process is self-sustaining and the polymer can
readily accumulate more than 500% its own weigﬁt-of the
precious metals before the reduction rate is
significantly retarded by the loss of effective surface -
area due to metal coverage. |
Accarding to ;he_pfesent.jﬁventioﬁ, and in one

aspect, there is provided a spontaneous and self-
sustained procés§ for the recovery of a precious metal

" from an acid solution cohtaining said metal in so]dtion
by treating the said acid solution with an electroactive
polymer to cause reduction of the metal in solution to
the free metal and a110wing the free metal to precipitate
from the solution.and to accumulate as the reduetion
progresses. |

According to another aspect of this invention there
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is provided a process for reducing the oxidation state of
a metal, which process comprises contacting an acidic
solution of said metal, héving an initial oxidation
state, with an electroactive polymer and accumulating and
recovering said metal, having a final oxidation state
lower than said initial oxidation state.

According to yet another aspect of this invention
there is provided a process for recovering a precious
meta) consisting of gold, platinum, palladium and gold-
platinum alloys, which process comprises contacting an
acidic solution containing said precious metal with an
electroactive polymer, and accumﬁlating and recovering
said precious metal in metallic form.

fhe said acid solution may_be chosen from mineral
acid solutions, inorganic aé{d solutions and organic acid
so]dtidﬁs ' The said aC1d solution may conta1n sa1d
precious meta1 in ionic form.

The e1ectroacti9e poiymer may be one which is
conjugated and derived from a nitrogen—containing monomer
or it may be one which contains nitrogen and can exist in
a number of intrinsic redox states. arising from thé
chemical naturé.of'the nitrogen, for example from the
imine/amine nitrogén ratios in the polymer. The
electroactive polymer may be a synthetic éni]ine po]ymef

or'may be'derived therefrom or it may be a synthetic
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Pat ent Specification
electroactive polymer may be synthesised by oxidative

chemical polymeriiation_or by electrochemical
po1ymerization. The electroactive polymer may be in the
form of a powder, film, fibre or gel.

Usually the reduction and precipitation of the
precious metal are carried out in an acid solution
containing said metal in solution at a pH value of less
than 7.

The process may be carried out as a pontinﬁous
process.

It is well known in the literature that a number of
N-containing conjugated electroactive polymers, in
particular polypyrrole, polyaniline and their
derivatives, can exist in a number of intrinsic redox
states. It is further known that theseﬁpo}ymers-can
achieve their highly conductive state either through acid
protohation of the imine nitrogen atoms (=N-) in their
oxidized forms, or through the oxidation of the amine
nitrogen groups (—NH-) in their reduced states. The
ox1dat1on of the reduced states of the two families of
polymers, and the subsequent reprotonation and reduct1on
of the polymers at various stages of oxidation in acid’
solution are utilised for the spontaneous and sustained

reduction of precious metals. Thus, using the redox
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behaviour of polyaniline in aqueous chloroauric acid

solution in a pH range of 1 to 4 as an example:

(1) [-(CgHy)-N(H)=(CgHy)-N(H)=(Cgy )-N(H)-CgHy=N(H)-1,  —
[-(CgHg)-N(H)=(CgHy )-N(H)=(CgH ) -N* (H)=(CgHy ) =NT (H)=1,+ (2x)e

(2)  [-(CgHyg)-N(H)=(CgHg)-N(H)=(CgH ) -N* (H)=(CgHy)=N* (H)-1, _y
[-(CgH4)~N=(CgHy)=N-(CgHy)=N=(CgHg)=N~1y+ (4XIHT + (2x)e”
More recent studies have suggested that treatment of

the 75% and fully oxidized polyaniline (nigraniline and

pernigraniliine,. respectively) gives risé not to a

protonated nigraniline or pernigraniline, but involves

reduction to give rise to a protonated, 50% oxidized

emeraldine. This reduction phenomenon allows reaction

(2) to be repeated and thus provides a continuous source

of electrons for the metal reduction. Similar

mechanisms are attributable to the reduction of metal

ions by_po1ypyfro1e in acid solutions. .
It is apparent that the rate of reaction (2) %s

dependent on the pH of the acid solution. Thus, a

substantial increase in the rate of metal deposition is

observed when the pH of the acid solution is lowered.

The reaction schemes further dictate an enhanced rate of

metal reduction for the fully reduced polymers,'due to

additional contribution from reaction (1). On the other

hand, however, the rate of Au redUctiqn is retarded in

the more intrinsically oxidized polymer.
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The following specific examples are provided té
illustrate this invention and the manner fn which it may
be carried out. It will be understood, however, that
the specific details given in each example have been
selected for purpose of illustration and are not to be
cohstrued as a limitation on the invention. In all
these examples, the general conditions under which the
experiments were conducted were similar, and almoét 100%
of the initial Au content was recovered in the précess.
pH typically ranged from O to 2.5. Example 1 provides
more details on the conduct of the experiment. In the.
examples where polymer fTilms were used, Au was recovered
on the films, while in the case of polymer powder, the
contents were cenfrifuéed in order to recover the Au-

laden powder.:

Example 1
" In a preferred experimental scale process,
emeraldine base films of size 3 cm x 3 cm (total surface

area of 18 cm?

s both sides) and 12 um in thickness were
exposed to 150 ml of chlorauric acid solutions in several
500 m1 Erlenmyer flasks with Au concentrations ranging

from 10 to 100 mg dm™3. The contents of the flask were
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kept homogeneous by slowly stirring with a magnetic
stirrer at about 200 rpm. Initial pH typically ranged
from about 0 to 2.5, During the reduction process, the
concentration of AuCl4' remaining in each solution was
détermined from the UVv-visible absorption peak at about
312 nm. At the end of each experiment about 100% of the
initial amount of Au was recovered on the film. Figure
1 of the accompanying drawings illustrates graphically
the rates of Au reduction by the emeraldine base films in
four different chlorocauric acid solutions.
Example 2 |
| The rate of.Au reduction can be substantially
enhanced (by more than ao—folds) when emeraldine base
powder (e.g. particle_size, Sautér mean diameter of about
30 um) of'domparable weight as the films are used.
Figure 2 of the_accompanying drawings illustrates
graphjcaI]y the ratéé of Au reducfion by the said
emeraldine base powders in five different chloroauric
acid solutions.
Example 3

An even more rapid.rate.of Au reduction is observed
in the case of déprotonated'polypyrrole powders
(containing 25%=N-structure) of similar bartic]e size and
under the same experimental conditions._

Example 4
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Cu or other leucoemeraldine f11ms are used for the reduction of Au

er tracehAu

from chloroauric acid solution having Au concentrations
ranging from 10 to 100 mg dm™3. The fully reduced
leucoemeraldine exhibits a substantially higher rate of
Au reduction, at least during the initial stage, than its
50% oxidized emeraldine and 75% oxidized nigraniline
counterparts.
Example 5

In a preferred process, a fully reduced
leucoemeraldine film is subjected to cyclic loading of Au
by exposing the film to -consecutive batches of-
chloroauric acid solution containing 100 mg dm~3 of Au.
The polymer film accumulates more than five times its own
weight of elemental goid. |
Example 6 o

In another preferred process, the rates of Au
reduction by_po]&gniline and polypyrrole are

-.substantially eﬁhanced.if the pH values of the acid Au

solutions are adjusted to 1 or below.
Examé]e 7

In yet another preferred process, either polyaniline
or polypyrro]e.is:used for the reduction and accumulation
of Pd in nitric acid; or for the reduction and

accumulation of Pt in chloroplatinic acid containing also
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sol ut i OThidBhedt OB dPRE h a chelate-formng ion exchanger.

| oadi ng I on exchange Mm i
desorpt i gl"w ﬂ%ﬂ 6% ' In U S”' mfnmﬂ” m:at i on
3,736, 12 ani ons are separatéﬂ from ot her netal s 't =; TS
acid solution as they are retained in an adsorption.bed of a pol yner of
| ower aliphatic esters of acrylic or nethacrylic acid. The absorbed Au
can be stripped with dinethylfornmanide_ Qg _ @ m xture of IMHCL with 2.5

times its volume of Me[err] CO

a nitrogen-containing monomer.

6. A process according to any preceding claim, wherein
the electroactive polymer contains nitrogen and is.one
which can exist in a number of intrinsic redox states

arising from the chemical nature of the nitrogen.

7. A process according to Claim 6, wherein a number of
intrinsic nitrogen states arises from the imine/amine

nitrogen ratios in the polymer.

8. A process according to any one of Claims 5 to 7,
wherein the electroactive polymer is a synthetic aniline

polymer or is derived therefrom.

9. A process according to any one of Claims 5 to 7,
.wherein'the electroactive polymer is a synthefic pyrré]e

polymer or is derived therefrom.

10. A process according to Claim 8 or Ciaim 9, wherein
the said electroactive polymer is synthesised by

oxidative chemical polymerization.

11. A process according to Claim 8 or Claim 9, wherein
the said electroactive polymer is synthesised by

electrochemical polymerization.



i S”RﬁwPafent'Spe¢|f|catlon 1, 956‘29—Pr~rs—~—ex%facted fr L
] OMhid et M Te:PReplaced TO i NCT eaSe !E Emﬂ of thi" T A Q%BEEN

a resin contalnlng s i s used-—as
: [! l][tlm ﬂﬂm%sent i nvention is« fact that by

I on process in acid solutlons W th an increase in
the ;n rinsic oxidation state of an el ectroactive polyner, for exanple
Gt pol ypyrrole, polyaniline gr their derivatives, and the
reprotonation and reduction 8f The intrinsically oxidized

powymer in acid nedia, spontaneous and sustai ned reduction of precious

metals to thein, ehegpabdlss’ QclordiAgNte"afly prélddingN€133md RRkYETRS are

the electroactive polymer is in the form of a powder,

film, fibre or gel.

13. A process according to any preceding claim wherein
the electroactive polymer is selected from
leucoemeraldine, emeraldine, nigra]ing, pernigraline,
ring-substituted and N-substituted aniline polymers of
varijous intrinsic oxidation states, and aromatic amine

polymers of various intrinsic oxidation states.

14. A process according to any preceding claim, wherein
the reduction and precipitation of the precious metal are
carried out. in an acid solution containing said metal in

solution at a pH value of less than 7.

15. A process according to any one of Claims 1 to 14,

which is carried out as a batch process.

16.- A process qccording to any one of Claims 1 to 14,

which is carried out as a continuous process.

17. A process for reducing the oxidation state of a
metal, which process comprises contacting an acidic

solution of said metal, having an injtia] oxidation
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capabl e of precipitating, for exanples,.Au, Pd and Au-Pt
aci d sflsshicons BearReplarrdng t he respec

The on
capabl e of umm“mm_}l llt\ m}s net al s 3
m K\H“m uﬁ pp The rate of nktal reduction/reco
depende
surface area of the polynmer and - .

|ntr|n5|c oxi dation states of the polynmer, the effecti

- 20 ~

state, with an electroactive polymer and accumulating and
recovering said metal, having a final oxidation state

lower than said initial oxidation state.

18. A process for recovering a ﬁrecious metal consisting
of gold, platinum, palladium and gold-platinum alloys,
which process comprises contacting an acidic solution.
containing said precious metal with an electroactive
polymer, and accumulating and recovering said precious

metal in metallic form.

19. A process according to Claim 17, wherein said final
oxidation state is zero and said metal is accumulated and

recovered in metallic form.

20. A process according to Claim 17 or 18, wherein the
concentration of said metal in said acidic 391ution is

less than 1 ppm.

21. A process according to any one of Claims 17 to 20,
wherein said eTectroactfve polymer is selected from
leucoemeraldine, emeraldine, nigraline, pernigraline,
,ring—éubstituted and N-substituted aniline polymers of
various intrinsic oxidation states, and aromatic amine

polymers of various intrinsic oxidation states.
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3 IS . Thus there | s ontaneous-ﬁmQSHEETHASBEEP
enef gy free weer&laddr the direct B!B“Z nﬁ ” cr ous ngtal s REPtACED
polynﬂr‘smm process is self- e pol y mer=ea =

readi | re than 500%its own wei ght of the preci ous netals
before on rate is significantly retarded by the | oss of
effective surface area due to netal coverage. According to the
present invention, and in one aspect,_tfiece is provided a spontaneous and
sel f- sustained process for the recovery of a precious netal froman acid
sol ution containing said netal in solution by treating the said acid

solution with agp el ect;sm&éss/eacmd/mag D aShe UG IDImOf1t o mdal in
solution to wherein said electroactive polymer is selected from

pyrrole polymers of various intrinsic oxidation states,

of deprotonated pyrrole polymers, and of ring— and N-

substituted pyrrole polymers of various intrinsic

oxidation states.

23. A process carried out according to any one of the
preceding claims substantially as herein described and

exemplified.
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Recovery of Precious Metals from

Acid Solutions by Electrocactive Polymers

The process for the recovery of precious metals from
acid solutions by electroactive polymers is spontaneous
and self-sustained and enables a precious metal such as
gold to be recovered from an acid solution containing the
metal in solution. The said acid solution is treated
with an electroactive polymer such as polyaniline to
cause reduction of the metal in solution to the free
metal and'allowing the free metal to precipitate from the

solution and accumulate as the reduction progresses.
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fpol ymer may be a synthetlc ani |ine

It may be a synthetic

Recovery of Precious Metals from Acid Solutions

by Electroactive Polymers

.This invention relates to the spontaneous and self-

sustained reduction and accumulation of metals,

particu]ar19 precious metals, for examplie gold (Au),

platinum (Pt) and palladium (Pd), from acid solutions by

electroactive pqumeré for example polyaniline (bAN),

polypyrroié (PPY) and their analogues and derivatives,-

which are capable of assuming a number of 1ntr1nszc redox

.states. A typ1ca1 polymer film is capable of '

accumulgting more fhan five times its own weight of a

precious metal.

Gold has always beeﬁ a precious metal in'high demand -

for its decorative and ornamental purposes for centuries.

Together-.with other precious metals, such as platinum and

palladium, these metals are of strategic importance for

the present day high-technology and electronic - e

industries. Thus, rechery of'thgse precious metals

from primary and secondary sources, such as natural ores, -

leach solutions, electronic scraps and waste

e]ectropiating.éo]utions has become'an importanf

techﬁo}ogy. : Re;bvery of these and other precious metals
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pyrrol e poryher or may be derived therefrom .-The electroacti
may be synt hesi sed by oxidative chem cal. polynerization or by

el ectrochem cal pol yneri zati on. The -el ectroactive pol ynmer MAR 199
formof a powder, film fibre or gel. Usual |y the reduct Ye MR I
precipitation of the precious netal are carried out in an acid soluti-on —
containing said netal in solution at a pH value of less than 7. The
process may be carried out as a continuous process. It is well known

inthe literature that a number of _N,containing conjugated electroactlve
polyners in particular polypyrrole, polyaniline and.their

by less energy intensive processes, such as gold
reduction or accumulation by polymerib adsorbents, by
biomass and biomaterials, by activated carbon, and by
electroless plating are wéll docuﬁented in the
1iteratdre. They have been described for example jn
“Advances in Precioﬁs Metals Recovery™, edited by N.
Arbiter and K.N; Han, Gordon aﬁd Breach Science
Publishers, N.Y. (1990); and in G.Jd. McDougall and R.D.
Hancock, Mineralis Sci. Engng. 12, 85 (1980).
Cyanidation, until recent1y, has been the only
alternative to remove sma11 particlies of gold from s11me
on an industrial sca1e. Gold chlor1nat1on and goid
extraction from aC1d so1utxons have risen to pr&%kﬁence
d9r1ng the last two dgca¢es,.as this recovery route does-
not ﬁave ﬁhé adverse.environmental effects of

. cyanidation. Thus, as the dehand'for gold and other_'
precigus metals inc}eéses, éxfraction of these metals
from their acid solutions needs to be accomplished with
greater efficiency.-

In a éaraiie] devetlopment, electroactive

(conductive)'pdl&mers haQe emerge& in the last two

" decades as a new ¢lass of materials with interesting
electrical and electronic propeffies. A number of
electrically éénductive or semiconductivg polymeric

- materials are known. They have been described, for



derivat?ves, can ekist in a nunber of intrinsic redox stat
further known that -these pol ynmers can " achieve their highlyﬁjgﬁ&@qFMéNTSHEET

state either through acid protonation of the imne nitroge ﬁ@ﬁ

their oxidized forns, or through the oxidation of the am ng

groups (-NH) in their reduced states.  The  oxidation of the reduced.
states of the two famlies of polyners, and the subsequent reprotonation
and feduction of the polynmers at various stages of oxidation in acid
solution are utilised for the spontanebas and sustalned reduction of
preC|ous netals Thus,- using the redox '

example, in "A Handbook of Conduct1ng Po]ymers , Vols 1

" and 11, edited by T. Skotheim, Marcel Dekker, N.Y.
_(1986). Polymers with cpnjugated baekbone are of
particular interest. The electrical conductivities of
such materials may be hade to undergo a'meta]—like
transition, via a pracess of chemical or e1ectfechemica1'
doping (oxidation, reduction and protonation etc.) Four
main classes of such conjugated polymers have been | |
identified, viz;, poly(acetylene) and its derivatives,
poly(phehylene) arid its derivatives, poly(heterocyclic)
polymers, and aniline polymers. ' Of these polymers,

po]yan111ne (PAN) and poiypyrrole (PPY) and the1r

Po

derivatives have been of part1cu1ar 1nterest beceuse of
their high e1ectr1ca1 conductivity, environmental .
stability and interesting intrinsic redox prope}ties.
associated with the Chagn niffoeens. " The last
properties have been stud1ed in deta11 in E.T. Kang, K.G.
Neoh and K.L. Tan, “The Intrinsic Redox States in
Polypyrirole and Polyaniline : a Comparative Stqdy by
XS, Surf. Interf. Anal. 19, 33 (1992). Thus, by
coupiing an increase in the intrinsic oxidation -state of
these conductive polymers'and:their spontaneous.
erotonation and reduction in acid solution with a
decrease in fhe exidation state of the metal, tﬁe process

if capable of self sustained electroless precipitation of..




- 12 - behavi our of polyanlllne I n aqueous chloroaurlc aci . ' =
a pHrange of 1 to 4 as an exanple: (1) REPLACEMENT SHEET
[-(ClerrTHerr])-N(H-(Cerr]Herr])-N(H - (Cerr]Herr])-NH !

N(H-1[err] [ -(ClerrIHerr])-N(H-(Clerr]Herr])-N(H-(Jer L R
-Nerr](H=(Cerr]Herr])=Nerr](H-][err] (2x)e (2)
[-(Cerr]Herr])-N(H-(Cerr]Herr])-N(H-(Cerr]Herr])-Nerr]
(H=(derr]Herr])=Nerr](H-][err] [-(err]Herr])-

N=(Clerr]Herr])=N-(Cerr]Herr])-N=(Lexr]Herr})=N-][err] (4x)H + (2x)e
More recent studies have suggested that treatnment of the 75%and fully
oxi di zed polyaniline (nigraniline and pernigraniline, respectively) gives
rise not to a prpeaﬁmtt&t&ﬂgrﬁniﬂemmabefqﬂlgrmm.i.aua',d lsalutniosi.ves
Activated carbon was first used as a precipitant for
Au in the ch]orinatfon process as éarly'as 1886, and for
the recovery of gold from cyanide solution in the 1920°s.
- Maximum Au uptake was about 500 mg/g C. The processes
have been reviewed by G.J. McDougall and R.D. Hané@ck,
Minerals Sci. Engng. 12, 85 (1980). |
The phenomenon of sorption and biosorption has been
utilised in the extraction of metallic species from
solutions. Living and non-living cells and polymers
have been used to concentrate metallic anions from'fheir
aqueous envxronment. The common phenomenon 1nvolves |
rapid and reversible phys1ca1/chem1é§1°£dsorpt1on of
metals in the polymer and cellular structure, in
pdmb{natioﬁ with compjex formation,  ion-exchange, #nd/or
microp?écibiﬁa&ﬁoq;' _ _ |
In U.S..Patent Specificaf%on Nq. 4,769,225, a
‘process is disclosed for-rémoving Au ions from aqueous
solﬁtion or suspension by biomass derived from the.gehus :
Sargassdm (e.g. Sargassum natans), a brown sea-water
alga. ‘The'ﬁaxiﬁum_metai uptake is in the order of 420
mg per g dry weight-of the biomass at pH 2.5; - The
adsorbed mefa} is éiuted.using'thiourea and ferric

ammonium sulphate as eluant.

In U.S. Patent .Specification No. 4,289,531, Pt, Pd



reduction to give rise t-o.a protonated, 50% oxidi zed ener al dif PLAdHMéyTSHEET
reducti on phenonenon allows reaction (2) to be repeated and f§hus provides -

a continuous source of electrons for the netal reduction. ! 2 MAR 19%.
mechani sns are attributable to the reduction of nmetal ions b W

In acid solutions: It is apparent that the rate of reaction (2) is
dependent on the pH of the acid solution. Thus, a substantial increase-
in the rate of netal deposition is observed when the pH of the acid _
solution is | owered. The reaction scheges further dictate an enhanced rate
of netal reduction for the fully reduced polyners, due to additional
contribution fromreaction (1). On the other hand, however, the rate of
Au reduction i @ndepthgedpracious metals are recovered from aqueous '

media containing the metéI-fons by contacting the
solution with a ﬁroteinaceOus material selected from

. feathers, hair, hoof meal and horn meal. Max imum
recerries of precious metals occur within the preferréd
PpH range of 2 td 3. . Typical recdvery effic§encies for
Pt from 100 ppm-ch1orop1atiﬁic acid are abdﬁt 70-90 mg
Pt/g .of contact materials. ’

In'Canadiaﬁ Patent Specification 2,030,900 cyanide- .
generating microorganisms, such as a]gae,;bacteria.or
fungus, are'used'to 1each powdér Au ores for low—-cost Au
recovery and recOnéentration. Au recovery is 76-95 ppm
vs 0.77 bpm in the absence of'cu1tUre.” -

In Japan Kokai Tokyo Koho JP 02080528, HC1 solutions '

_ coniaining'Ag and Zr ions ére contacted with a cationic
resin for sorpiton of the Ag' ion. | -

In JApan_Kokai Tokyo Koho JP 02015128, aqpeéus,gel
éontaining persimmon_fannin and aldehyde or acid is used
for the recovery of nqblé metals. Thus, aqheous dilute
HAuC]4 solution (pHé) containing 10 ppm Au was contacted
for 1h_with the gel to recover 98.1% of.Au.' .

In ﬁ.S.é.R. Patent Specification 1,556,735, the
process invbl?es.contacting the solution at various
temperatures with a S—containing poTyméric sorbent, such

as a sulphonated}phenolic'po]ymer, to iqcreaSe the
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the nore |ntr|n5|cally oxi di zed polyner

- 13- EXAMPLES - The fol | owin §$§%ﬁ%§MENTSHEET
exanpl es are prOV|ded to illustrate this invention and the ner i
it may: be carried out. It will be understood, however, th b tteh'e'mmhm

specific details given in each exanpl e have been selected for purpose of
Il lustration and are not. to be . ' :

;6—
efficiency of Ag recovery.

In Danish Patent Specification.156075 B, Au is
extfacted from aqueous solutions containing Au, Cu-and Fe
in a Thiourea complex.from ore extraction by sorpffon

_with an acidic cation exchaﬁgef {sulphonated po1ystyrene
resin), elution and then reduction. Overall Au recovery
efficiency is at 90% for a solution'containeng 0.5 mg/1
thiourea, 0.5 mg/1 HySO,, 0.5% Fey(S04)3, 160 mg/1 Cu and
70 mg/1 Au. |

In Australian Patent Specification 564754,_precious'
metals (espeC1ally Au) in oxides or carbonaceous ores are
leached with aqueous cyanide so1ut1on and recovered by
adsorpt1on on act1vated C. The.1oaded C pulp 1s
desorbed in dilute NaOH solutiqq at an elevated
temperature and bressure. The hot solutien is cooled
for precipitation of the precious metal and cenventioﬁal
recovery. | -

In E. German Patent Specification DD 238033, Pd is
selectively separeted'from-acid-solutions, especia]]y.
waste solutions from reprocessing of ndelear fuels, by

| pfecipitation with ferrocyanides or sorption on
ferrocyanides.

In PCT Int. Appl. WO 8603480, microorganisms, -such
as algae on glass wool or Si0, gel, are applied under

.eontrolled conditions of pH and salt concentration to-



cohétrUéd as a Iihifation on the invenfion. In-all these §

general conditions under which the experinents were conduct é mere lwéﬁFSHFET
simlar, and al most 100% of-the initial Au content was recofesgd.i @ 2
process. pH typically ranged fromOto 2.5. Exanpl e 1 prolt-des e

details on the conduct of the experinent. In the. exanples where
polymer filnms were used, Au was recovered on the filnms., while in the case
of pdlymer powder, the contents were centrifuged in order to recover the
Au- | aden powder. Example 1 + - 7Im a preferred experinmental scale
process, o :

'selectivqiy recover Au; Ag, Pt or Hg. The binding of Au
in 1074 M AuC14f solution is high at algae concentration
> 1 mg/ml, and is insensitive to pH at 2-9.5. The bound
Au3® or Aut is eluted as Au* by thiourea at 1074 M in
0,01M HC1. The Au recovery for tface Ault in 0.01M HCY
feed solution is 75-100% when passed through a column |
loaded with algae suppo}ted_on polyacrylaﬁide;

In Czech Patent Specification 220145, Au and Pt-

| grbup meta1s'are.recovered from solutions by sorption on -
polymer gel containihg a thiirane group or groups.formed
by their decomposition by NHgj. Thus a macroporous 2,3-
'epithiobropyi acr&fate;ethy1enedimethébry]éte copolymer
containing 49% solid and having surfade area of 76 m2/g
absorbs Ad . in 24h from a medium conta1n1ng 2.1M HC1 at
100 mg Au/g dr1ed wezght W1thout trapping of Cu or other
metals.

In West German ‘Specification 3401961A, a cyanidef
free hydrometallurgical method is proposed for'the.
recovery of Ag aﬁd Au'from o;és and othér raw. materials
by'1eaéh§ng with. thiourea in an acid medium. The
precious metals are seleétivel& absorbed on acfivaféd C
or cation exchanger; eluted wfth thiourea of acids, and
recovered by'e1ectrolysis._;'

In E. German Patent Specification 200792; P& is-

recovered from HNOg4_ containing'nuc]éér'fuél regeqerafion.
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ener al dine base filns of size 3 cmx 3 ch1(tota| surface ared
cnferr] ; both sides) and 12 [err]min thickness were exposed|t Q%P*gSEMEWESHEET

chlorauric acid, solutions in several - 500 ml Erlennyer flasks {ij A
concentrations rang| ng froml1l0 to 100 ng dnferr]. ‘The cont Dggf thz MARm
flask were - 14- kept hoaneneous by

slowy stirring wiwth a nagnetic stirrer .at about 200 rpm Initial pH
typically ranged fron1about 0 to 2-5. 8Durlng t he reduction process, the

solution by_sorptiOn wfth a chelafe—formiﬁg ion
exchanger. For Pd loading of 45.mg/0.5 g of ion
'exchanger; the recovery of Pd.in.the desorption stage is
sox. _ ,
In U.S. Patent Specification No. 3,736,126, AuCl,”
anions
are separated from other metals in strong acid solution
. as they are retained in an adsorption. bed qf a polymer of
- | lower aliphatic esters'of acrylic or methacrylic acid.
fhe absorbed Au can be str1pped W1th dimethyiformamide or
a mixture of 1M HCI with 2.5 t1mes its volume of Mezco.
In U.S.S.R. Patent Specification 1,956,29 Pt is
extracted from acid solution by sorétion. To increase
the effectiveness of the desorption of-Pt,.an ambhoteric
resin confaining amino scid_groups is used as the
. sorbent. _ _
The bresent inthtion’is 5ésed-upbn the fact that.by
cbupliqg a metal reduction process in acid solstions with
an increase in the intrinsic'oxidation state.of an
e]ectroact1ve polymer, for exsmplé N—contaihidg _
polypyrrole, polyan111ne or their der1vat1ves, and the
subsequent reprotonation and reduction of ‘the
intrinsically oiidized polymer in acid média, spontaneous
and.sustained reduction of precious metals to.their

elementaj form is achieved. - Thus, the said polymers are



concentration of AuC ['err] remmining in each sol ution was d“tﬁéﬁhﬂﬂﬂwéﬂﬁghEéT-
the UV-visible absorption peak at about 312 nm At the end @f each X
experiment about 100% of the initial anmount of Au. was recoveargg{eQ[y’tZﬁMARm

film= Figure 1 of the acconpanying draw ngs illustrates gtlaphteallyw—ithe
rates of Au reduction by the eneral dine base filnms in four different
chloroauric acid solutions. Exanple 2 " - The rate of Au reduction can

be substantially ‘enhanced (by nore than 10-fol ds) when emeral di ne base
powder (e.g. particle size, Sauter nmeangdianeter of about 30 [err]n) of
conpar abl e weight as the filnms are used. Figure 2 of the acconpanying
drawings illustrates graphically the rates of Au reduction by the said
capable of precipitating, for examples, Au, Pd and Au-Pt
alioys frdm acid sqlutioné containing_the respective
metaj ions. The one4stép, energy-free précesé is
capable of recovering preciousfﬁeta]s at concentration
below 1 bpm. ~ The rate of meta]'reduqtion/feéovery is
dependent on the intrinsic oxidation sfateé of the
polymer, the effective surface area of the polymer and
the pH of the solution. | Thus thére is providéd a
spontaneous and ehergy;free process for the direét
accumu1ation of precious'mefals on fhe poiymer surface.
The process is self—sdstaining and the pqumef can
readily accumulate more thad 500% its own'Weiﬁﬁt of the
precious metals bef§ée the'réduction rate is
- significantly retarded by the loss of efféctive su;face'
areé due to metal coverage. |
Accarding to ;he_péesent_}ﬁventiaﬁ, and in one
aspect, thgfe is provided'a_spontanebus and self—
sustained procesé for the reéovery of a precious-metaj-
'fro@ an acid solution containing said metal in solution
by ireating fhe said acid solution with an.eiectﬁoactiVé
poiymer to cause reduction of the metal in solution to.
the free metal and allowing thé ffee metal t6 precipitate
from the squtién:and to accumulate as thé-redﬁctioh |

progresses.

According to another aspect of this invention there
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enmer al di ne base powders . in five different chloroauric acid S MEPLROEMENTSHEET
Exanple 3 An even nore rapid rate of Au reduction is cqserve%h
the case of deprotonated pol ypyrrol e powders (cont ai ni ng 25P/hkest. Zt MAE)W

of simlar partlcle size and under the same experinment al
Exanple 4 '

*

C O reitioass
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is ﬂrovided a process for reducing the oxidation state of
a metal, which process comprises contacting‘an aéidjc_
solution of said metal, having #n initial oxidation |
state, with an.electfoactive polymer and accumulating and
recovering said metal, having a final oxidation stafe
lower than said initial oxidation state.

| Aécording-to yet another aspect of this invention
there is provided a process f§r kecovering a precfous
metal consisting of gold, platinum, palladium and gold-
platinum alioys,_whicﬁ process comprises contacting én'
acidic 501utibn containing said precious metal with an
electroactive polymef, and accumulating and recovering
said precious metal in metallic form.

%he said écid'soiutjbn may_ﬁe chosen from mineral
aéid solutions, inorganic ac{d'solutions'and organic acid
.solutidﬁs. The said ac1d solution may conta1n sa1d
;prec1ous meta1 in jionic form.

The electroact1ve po]ymer'may'be one whicﬁ'ish
conjugated- and der%ved_from a nitrogen—cbntaining mopomér
6r'it may bé one wﬁich_contajns nitrogen and can exist ﬁn
.a number of intrinsic redox states arising from the
phemicaﬁ naturelbffthe niirogen, for example from the
imine/amine ﬁitrogén ratios 'in the polymer. The
.eleCtroaQtive poiymer'mdy be a synthetic aniline polyme}

or may be'dérived therefrom or it may be a synthetic



In a pr%ferred process, the fully reduced |eucoeneraldine fi @EpﬁhggmgﬁdShggr
for the reduction of Au from chloroaurie acid solution havinp

concentrations ranging from10 to 100 ng dnjerr]. °~ The full yDragp_ggg_ﬁ MARM
| euceeneral di ne exhibits a substantially higher rate of Au rk
| east during the initial stage, than its 50% oxidized eneral di ne and 75%
oxi di zed nigraniline counterparts. Exanple 5 In a preferred
process, a fully-reduced |eucoeneraldine filmis subjected to cyclic

| oadi ng of Au by exposing the filmtdlconsecutive batches of

chl oroauric acid solution containing 100 mg dnferr] of Au.

pyrrole po]ymer'qr'may be derived therefrom. .The
electroactive polymer may be synthesised by oxidative

- chemical polymerization or by'electrochemical
polymerization; _The-eleciroactive'polymer-may be in thé
"form of .a powder,_fiim, fibre or gel. |

Usually the reduction and precipitation of the
precious metal are carried out in an acid soiution
containing said metal in solution at a pH value of less
than 7. |

The procéss may be.carried out as a pontinuoﬁs
process.

It is well known in the literature that a number of
N-containing conjugated electroactive polymers, in
particular polypyrrole, polyaniline and their
dérivatives, can exist in a number of intrinsic redox
states. It is further known_that'these:pd}ymérs-can'
achieve their highly condudfive stafe either through acid
prptonafion_of the imine niirogen atoms (=N-) in their
oxidizeq forms, or through the oxidation of the émine
nitrogen éroups (=NH-) in their reduced states.  The
oxidation of the'reduced states of the two fami1%es of -
polymeré; and the subsequent reprotonafioﬁ and reduqtion
of the polymers at Qarious stages of'oxidationlin acid’
so]uiion are utilised for the spbntaneous and sustained

reduction of precious metals. 'Thus, using the redox



The polyner filmaccunulates nore than five tinmes its own - we ‘ﬂbEMENT°H551
el enent al gol d. Exanpl e. 6 I'n anot her preferred procesy, ra

of Au reducti on by polyaniline and pol ypyrrole are substant a:bdté/ ..... 22 mm
enhanced if the pH values of the acid Au solutions are adjust!

bel ow. Example 7 I'n yet anot her preferred process, either
pol yani |l i ne or polypyrrole is used for the reduction and accunul ation.
of Pd in nitric acid; or for the reduction and accurmul ation of Pt in
chloropl atinic acid containing also 12~ -

behaviour of polyaniline in aﬁueous_ch]ordauric acid
solution in a pH range of 1 to 4 as an example:
(1) [-(CgHy )-N(H)=(CgHg )-N(H)—(CgHy )-N(H)-CgHg—N(H)=1,  —
[-(CgHa)=N(H)-(CgH )-N(H)-(CgH, )-N* (H)=(Cghg )=N* (H)=1,+ (2x)e
(2)  [~(CgHg)~N(H)=(CgH ) -N(H)=(CgHy )-N* (H)=(CgH )=N*(H)-1,
| [-(CgHy )—N=(CgHy )=N-(CqH, )-N=(CqH )=N-1,+ (4x)H' + (2x)e~
More recent sfudies have suggested that treatment of
the 75% and fully oxidized ponaniline.(nigraniIine and
pe}nigrahi1ine, respectiveiy) gives rise not to a
protdnated nigraniline or pernigraniline, but inyolves
reduction to givé rise to a protonated, 50% oxidized
emeraldine. This reductibn phenbmenon allows reactiﬁn
(2) to be }epeated and thus provides a continuous source
of electrons for the metal reduction. Similar
mechanisms are attributable to the reduction_of.metal
ioﬁs by_po]prrrole in acid solutions. |
It is apparent that the rate of reaction (2)_}5
depeﬁdent on the pH of the acid so1ution, Thus, a
substantial incfease in the rate of metal depositiqn is
bbser?ed when the pH of the acid solution is lowered.
The reaction schemes further-dictate an enhanced fgte of
méta1-reducfion,f6r the fq%iy reduced polymers, due to
-additional contribution from reaééion (1). On the other
hand, however, the rate of Au reduction is retarded in

the more intrinsically oxidized polymer. .
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EXAMPLES
The following specific_exampies\are provided to

illustrate this invention and the manner in'Which it-may

be carried out. It will be understood, however, that

the specific detai1s given in each example have been .
selected for purpose of illustration and are not.to be
construed as a limitation on the invention. - In all

these examp1es; the general conditions under which the

- experiments were conducted were similar, and almost 100%

of the initial Au content was recovered in the process. .

pH typically ranged from -0 to 2.5. Example 1 provides

‘more details on the conduct of the éxperimeni. In the,

examples where polymer films were'used, Au was recovered

on the films, whilé in the case of polymer powder, the

contents were centrifuged in ordef to recover the Au-

_jaden powder. -

Example 1

In a.prefefred-experimgnta] scale brocéss,
émeraldine base films_of'si;e 3 cm x 3 cm (total surféce
area of 18 cmé, both sides) and 12 um in thickness were
exposed to 150 ml of chquauric acid solutions iﬁ several
500 ml Er]enmyér flasks with Au concentrations raﬁging

from 10 to 100 mg dm™3.  The contents of the flask were
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1. A spontaneous and sel f-sustained process for the

precious netal froman acid solution containing said netal in 8§ ut|o

treating the
reducti on of

metal to precipitate fromthe sol ution

progr esses.

said :acid solution with an el ectroactive polyner fggause

t he netal in solution to the free netal and all ow

recovery of éFLACE

Zb ENT SHEE

3. A process according to Cdaimt or.Btaim2, wherein the said acid
solution is chosen frommneral acid

kept homogeneous by slowlylstirring with a magnetic
stirrer at abodt 200 rpm. Iﬁitial pH typically ranged
from about 0 to 2.5. DUring.fhe reduction process, the
concentration of AuCl4' remaining in each solution was

determined from the UV-visible absorption peak at about

312 nm. At the end of each experiment apout 100% of the

initial amount of Au was recovered on the film. Figure

1 of the accompanying-drawings itlustrates graphically

the rates of Au reduction by the emeraldine base films in

four different chloroauric acid solutions.

E&éﬂﬂlg_g
‘ ‘The rate of Au reduct1on can be substant1a11y

enhanced {by more than 10 -folds) when emeraldine base

. ppwdek (e.g. particle size, Sauter mean diameter of abqut

30 ym) of'éomparablé weight as the fiilms are used.
Figure 2 of the accompanylng drawings illustrates
graph1ca11y the rates of Au reduction by the sa1d

emeraldine base powders in five different chloroauric

acid solutions.

Exanmple 3 .

An even more rapid rate of Au reduction is observed.

~in the-case of déprotdnated'pOIypyrrole_powders'

(containing 25x=N—Structuré) of similar particle size and
under the same experimental conditions.

Examplie 4

and to accunul ate as the reduction
2. A process according to aim1, wherein the precious

metal is chosen fromgold, palladium platinumor gold- platinumalloys.



sol utions, inorganic acid solutions and organic acid solutio

1 =
process accordlng to any preceding claim wherein the said aJ%F%HW%HWQﬁ$SHEET

contains said precious material in ionic form 5. A procT apdbzdgnalggs
to any preceding claim wherein the el ectroactive polyner is F- i~ o i i
and derived from - - * C L M S~

..15_.

In a preférred brocess, the fully reduced
- jeucoemera]dine films are used fof the reduction 6f Au
from chloroauric acid_so]ution haQing Au concentrations
ranging frqm 10 to 100 mg dm~3.. The fully reduced
1eu¢9emeraldine exhibits a_substantially higher rate of
Au reduction, at least during the initial stage, than its’
50% oxidized emeraldine and 75% oxidize& nigraniline
counterparts.
'Examgle 5
In a preferred ptrocess, a'fu11y reduced
ieucoemeraldine film is‘subjected to cyéiic ioading of Au
by exposing the fi]mlto~cénsecutiVe'batches'of' |
chloroaur1c acid solution conta1n1ng 100 mg dm~ 3 of Au.
- The polymer f11m accumulates more than f1ve times 1ts own
weight of eiemental-golq.
Examglé.s. | |
In another preferred pfocess, the rateé of Au
reduct1on by polyaniline and polypyrro]e are -
- substantially enhanced.if the pH values of the ac1d Au
solutions are adjusted to 1 or below.
Examéle 7
. In yet another prefer(ed procesé, either polyaniline
‘or polypyrrole is . used for'tﬁe reduction and accumu}atién
of Pd in nitric acid; or for 'the reduction and

accumulation of Pt 1in chloroplatinic acid containihg also .
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claim -wherein -the el ectroactive polyner contains nitrogen ajpd is 2%%"
which can exist in a nunber of intrinsic redox states arising gatem ,uﬁﬁﬂﬁﬁﬁ,

a nitrogen-containing nonomer. 6. A process according to an

-vvrn

chem.cal nature of the nitrogen. 7. A process according-t
wherein a nunber of intrinsic nitrogen states arises fromthe |n1ne/an1ne
nitrogen rati-os in the polyner. 8. A process according to any one of
Claims 5 to 7, wherein the electroactive polynmer is a synthetic aniline’
pol ynmer or is derived therefrom - 16 -

trace amount of chloroauric acid.



9. A pfocess according to any one_gL_QLaLns—5—L9—l7 mhereinft CEMENTSHEET'

el ectroactive polyner is a synthetic ol e is dgrived
t heref rom 10. A process accof !ﬁ Hﬂﬁﬂ(ﬂﬂor d al m 9, é?.'..i'..Ztm 1396

sai d -el ectroactive pol yner |s_syn ative chem

pol ymeri zati on. 11. A process accordlng to Caim8 or Claim9, wherein
the said el ectroactive polyner i s synthesised by electrochem cal
pol yrreri zati on. . '

- 17 -

CLAIMS

1. A sbontaneous ahd-se1f—sustained process for the
recovery of ‘a precious metal from an acid solution
containing said metal in solution by treat{ng the said
acid solution with an electroactive polymer to cause
reduction of the met#l in solution to the free-metal and
allowing the freevmetal to precipitate from the solution-

and to accumulate ‘as the reduction progresses.

2. A process according_to Ciaim 1, wherein the precious
metal is chosen from gold, palladium, platinum or gojd-

p1atinum alloys.

3. A process according to Claim 1 or Claim 2, wherein
the said acid solution is chosen from mineral acid
solutions, inorganic acid solutions and organic acid

" solutions.

4. A process according to any preceding claim, wherein
the said acid solution contains said precious material in

ionic form.

5. A process according to any preceding claim, wheréein-

the electroactive polymer is conjugated and derived from



, C L M S=* . 12. A procef T
to any preceding claim wherein polynmer i's ﬁE?ERBF&tRQSHEET
of a powder, film fibre or gel. ? ﬂﬂ “"ﬁﬁljﬁﬂs accordi ng ny

preceding claimwherein the electroactive W I s sel ect eqt % '2.2 AR, 1%
| eucoeneral di ne, eneraldine, nigraline, pernigraline, ring- substltuted and

N-substituted aniline polyners of wvarious intrinsic oxidation states, and
aromatic an1ne

- 18 -

a nitrogen-containing monomer .

6. A process according to any preceding claim, wherein
the etectroactive polymer conta%ns nitrogen and is.one
which ean exist in a number of intrinsic redox states

.arising from the chemical nature of_the.nitrogen..

7. A process according to Claim 6, wherein a number of
intrinsic nitrogen states arises from the imine/amine

nitrogen ratios in the polymer.

8. A process according te any one of Claims 5 to 7,
wherein the electroact1ve polymer is a synthetic aniline

. polymer or is der1ved therefrom.

9._ A process according to any'one of Claims § to 7,
wherein the electroactive polymer is a synthefic'pyrrele

polymer or is derived therefrom.

10. A pfocess according to Claim 8 or Cjaim 9, wherein
the said electroactive polymer is synthesised by

oxidative chemical polymerization.

11. A process according to Claim 8 or Claim 9, wherein
the said e1ectkoa¢tive polymer is synthesised by

electrochemical polymerization.



polyners of various intrinsic

14. A proceb RERCACEMENT SHEET

to any preceding claim mherel ' nd precipitatifpn of
precious netal are carried out Illmﬁwﬂmﬁﬂﬂﬁml on cont ai ni ng S‘Jaied M:;MAR 19$

in solution at a pH value of less

_ rocess acCoFeFI—to—
any one of Claims 1 to 14, mhlch I's carried out as a batch process. 16.
A process according to any one ‘of Clains 1 to 14, which is carried out as
a conhtinuous process. 17. A proqgﬁg for reducing the oxidation state of

a .

12. A process accdrdjng to any preceding claim, wherein
the electroactive polymer is in the fqrm of a powder,

film, fibre or get. -

13. A process acéordihg to any'precedihg ciaiﬁ wherein
the electroact1ve polymer is seiected from
'leucoemera1d1ne, emera1d1ne, nigraline, pern1gra11ne,
r1ng-sqbst1tuted and N-sqbst1tuted ‘aniline polymers of
various intrinsic oxidation states, aﬁd aromatic émine

polymers of various intrinsic oxidation states.

14. A process according to any preceding claim, wherein
the reduction and precipitation of the precious metal are
carried out. in-an acid solution containing said metal in

solution at a pH value of less than 7.

15. A process accord1ng to any one of Claims 1 to 14,

which is carried out as a batch process.

16.- A process according to any one of Claims 1 to 14,

which is carried out as a continuous process.

17. A process for reducing the oxidation state of a:
'meta1, which process comprises contacting an acidic

solution of said metal, having an initial oxidatiqh '



nmet al |
met al ,
state

Sstate.

x

.. Wth an el ectroactive, p
netal ,. having a final oxidatlon state |ower than sald initial

oo e rs e teses

whi ch process conprises con sol ution of=¥aFE—
having an initial oxidati oglmmuﬂ“m“nu! I“l " REPLACEM’,‘.;T SHEE
and recoyering gzl Aam

18. A process. for -recovering a precious netal consistlng

- 20 -

state, with an electroactive polymer and accumulating and
recovering said metal, having a final oxidation state

lower than sajd initial oxidation state.

18.. A process. for recdvering a precious metal consisting
of gold, platinum, palladium and gold-platinum ailoys,
which process comprises céntactihg an acidic solution.
containing said precious metal with an electroactive
polymer, and_accumulating and recovering said precious

metal in metallic form.

18. A process accord1ng to Claim 17, wherein said final
ox1datwon state is zero and said metal is accumu!ated and

recovered in metallic form. ° -

20. A.proceés according to Claim 17 or 18, wherein the
concentration of said metal in said acidic solution is.

less than 1 ppm.

21. A process aqcording to any one of Claims 17 to 20,
wherein said e1ectr6actfve polymer is selected from
_1eUcoemera1dihe{ emeraldine, nigraline, pernigraline,
'rgng-substituted and N-substituted aniline polymers of
various intrinsic oiidation states, and aromatic amine

polymers of various intrinsic oxidation states.



of gol d, pl ati num pal | adi um and—gvrdi’ﬁréw'yé, whi ch [} REFSCEMENT SHEET

conprises contacting an acidic so w“ ng said -precjous netal
with an el ectroactive polyner \xm a“mﬁ nd recoverinf Baaed 2.2 MAR. 19%

precious .netal in netallic.form £9. LA‘brocess accordi ng t &=GraFET,
wherein said final  oxidation state is zero and said netal is accunul ated.
and recovered in netallic form 20. A process according to Claim1l1l7 or

18, wherein the concentration of saidqqetal'in:said'acidic solution is
| ess than 1 ppm =T

22. A process according to any one of Claims 17 to 20,
whereiﬁ'said é]ectroactive poiymer:is selected from
pyrrole polymers of various intrinsic oxidation states,
of deprotonated pyrrole polymers, and of.ring—'and.N;
substituted pyrrole po]ymers_of various intrinsic

oxidation states.

23. A process carriéd out acCording to any one of the
preceding claims substantially as herein described and

exemplified.



21. A process aCm§SHe&91a§§eeﬁlE1&&E of dainms 17 to 20, wherein q“g’LACEMENTsHE

el ectroactive pol d from |eucoeneral di ne, eneral dj

ni gral. ne, perni gj mu ﬂl ubstituted and N-substituted ani qjgpe 2 2 HAR H
pol ymers of vari

pol ynérs of various intrinsic oxidation states.

xi dation states, and aromatic a

-21- ' 22. A process according to any one of Clalns 17 to 20, |Lh_said
electroactlve olynmer is selected from
poly o THIS SHEET Hag B|
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ABSTRACT

Recovery of Precious Metals from

Acid Solutions by Electroactive Pol&mers

The process for the recovefy of precious metals from
acid Solutions by electroactive polymers is spontaneous
and self-sustained and enab]g§ a pkecioqs metal such as
gold fo be recovered from an acidzso1ution containing the
metal in solution. The said acid solution is treated
with an e]eétroactive po1ymer such as polyaniline to
cause reduction of the-mefa1 iq solution to the free
metal and a1lowing the free metal to precipitate from the

solution and accumulate as the reduction progresses.



pyrrol e pol yaers of various intrinsi c oxidation states, of dépREPIAGENENT SHEET

pyrrol e pol yners,
various intrinsic

and of ring- and N substituted pyrrole polyners f e
oxi dati on states. . 23. A process carrie¢ 8 2ZMAR1$$

according to any one of the preceding cl ai ns substantially a nETEIn

descri bed and exenpllfled o1
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ABSTRACT

Recovery of Precious Metals from'

Acid Solutions by Electroactive Polymers

The process for the recovery of precious metals from
acid solutions by electroactive polymers is spontaneous
and self-sustained and enables a precious metal such'as
gold to be recdyered from an acid solution containing the
metal in solution. The said acid solution is treated
with an electroactive polymer such as polyaniline to
cause reductfoh of the metal in solution to the free
metal and allowing the free metal to precipitate from the

solution and accumulate as the reduction progresses.

(Fig.l & Fig.2 are to be published)



