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ABSTRACT
Two different approaches for achieving separation and recovery of metal
ions from aqueous solutions using conducting polymers have been

demonstrated. The first approach is the electroless recovery of metal ion
using conducting polymer modified RVC (Reticulated Vitreous Carbon)

composite materials, while the second is the electrochemically controlled
transport of metal ions across conducting polymer membranes.
For the electroless recovery of gold from aqueous solutions, a range of
conducting polymers including polypyrroles, polyanilines and
polythiophenes with different reduction potentials were synthesized and
characterized. Both conducting polymer modified RVC composite
materials and conducting polymer membranes were used. Recovery of gold
from acidic, chloride containing solutions and basic, cyanide containing
solutions was demonstrated. The capacity of different conducting polymer
materials to take up gold complexes from solution, and the rate of gold
uptake, were both examined. In addition, the effects of varying the
polymer, polymer dopant, polymer redox state, polymer surface area and
polymer thickness have also been examined. The results were compared to
those obtained using the activated carbon adsorption method.

The synthesis and characterization of new polypyrrole and polythiophene
membranes, and their use for electrochemically controlled transport of

VI

metal ions is described. The properties of membranes were characterised
using numerous techniques. The data indicated that all membranes

investigated are adequate for use in studies of electrochemical control o

transport. Polypyrrole membranes doped with the metal ion chelating agent
bathocuproinedisulfonic acid were prepared and used to transport alkali

metals, alkaline earth metals and transition metals. Transport of nickel,

and cobalt was demonstrated for the first time. In many instances the flu
of metal ion across the membrane was greater than previously observed.
Membranes composed of poly(bithiophene) doped with a sulfated poly(f3hydroxyether) (PBT/S-PHE) were synthesized and characterized, and
shown to have excellent mechanical properties. PBT/S-PHE membranes
were shown to be stable in solutions containing either gold chloride or
cyanide complexes, and were used to effect the electrochemically
controlled transport of [AuCl4]" for the first time.
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1.1 CONDUCTING ELECTROACTIVE POLYMERS
1.1.1 The development of conducting electroactive polymers

Plastics are polymeric materials which until relatively recently always

behaved as insulators, that is, unlike metals, they do not conduct electri
The discovery that some conventional organic polymers can, after certain

modifications, be made almost as electrically conductive as metals has led
to a new and exciting area of materials science [1-3]. The major
breakthrough in conducting polymer research was in 1977, with the
discovery of the electrically conducting properties of certain doped
polyacetylenes by MacDiarmid, Shirakawa and Heeger [1]. Due to their
revolutionary discovery, these three scientists were awarded The Nobel

Prize in Chemistry for 2000. Since this discovery in the mid-1970s [4-5], a
number of other conducting polymers have been synthesized. The most

important of these are polypyrrole [6], polythiophene [7], polyaniline [8]
polyphenylene [9] and poly(phenylene vinylidene) [10]. These polymers
are characterized by electronic conductivities of up to IO4 S cm" .

For a polymer to be able to conduct electric current, it must contain
overlapping n molecular orbitals and display a high degree of 7i-bond

conjugation. When conducting polymers are in their neutral state, they are

essentially insulating materials. It is only after removal of a n electron

Chapter 1
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the conjugated polymer backbone to form a radical cation or charge carrier
(called a polaron) that the insulating polymer becomes conductive.

In recent years conducting polymers with conjugated double bonds have
attracted much attention as advanced materials. A wide range of potential

applications being explored for these materials include their use as senso
[11-14], ion-selective membranes [15-25], polymeric batteries [26-30],
corrosion inhibitors [31-33], microactuators [34], electronic wires [35],
electrochromic devices [36-37], and electromagnetic shielding [38-39],

Most of these applications make use of the electroactivity and conductivity
of conducting polymers, as well as their other physical and chemical
properties.

1.1.2 Synthesis and characterization of conducting polymers

Conducting polymers can be prepared either by chemical or
electrochemical oxidative polymerization techniques from a solution
containing monomer and a dopant. The electrochemical method is
especially attractive [40] as it provides great control over the rate of
polymerization and produces highly reproducible films. In addition, the
electrochemical method allows the oxidation potential of polymerization to
be controlled during polymerization, thus improving the mechanical
properties of the resulting films compared to those produced using
chemical methods. A final advantage of electrochemical polymerization is

4
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that it allows incorporation of a wide range of counterions into the polymer,
thereby producing a greater variety of materials.

The characterization of conducting polymers usually involves
examination of their electrochemical, chemical and physical

Table 1.1 shows the variety of characterization techniques t

Table 1.1 Techniques used for characterization of conducting pol

Type
Electrochemical
methods

Spectroscopy

Energy
spectroscopy
Microbalance
Microscopy

Electrical
conductivity
Mechanical
properties

Information obtained
Characterization techniques
Electrochemical
Cyclic Voltammetry
properties
Chronoamperometry
Charge transfer
Chronocoulometry
Electroactivity
Chronopotentiometry
Pulse Voltammetry
Mechanism of
U V Spectroelectrochemistry
reaction
IR Spectroelectrochemistry
Polymer oxidation
Laser
state
spectroelectrochemistry
Polymer composition
X-ray photoelectron
Electronic structure
spectroscopy (XPS)
Quartz Crystal Microbalance Mass transfer during
reaction
(QCM)
Morphology,
Scanning Electron
Microstructure
Microscopy (SEM)
Atomic force microscopy
(AFM)
Conductivity
Four point probe
conductivity
Tensile strength analysis Mechanical properties
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1.1.3 Poly pyrroles

Polypyrrole displays a number of useful properties such as electrical

conductivity and electroactivity in both aqueous and organic media, leadi

to a variety of applications. Polypyrrole and its derivatives can be easi
synthesized in various forms using chemical [41-42] or electrochemical
polymerization methods [43-44]. Both methods involve electron transfer
reactions, and the incorporation of anionic species into the growing
polymer by a process called "doping". The polymerization process can be
represented as:

X X A

N

H

VN /

n
H

In equation 1.1 A" represents the counterions incorporated into the polym
during growth to balance the charge on the polymer backbone.

Chemical polymerization involves reacting pyrrole monomer with an
oxidant in a suitable solvent. This method is limited by the number of
oxidants, such as FeCl3 and K2S208, which are capable of effecting the

oxidation of pyrrole. Since the oxidant also provides the dopant counteri
the number of anions that can be incorporated into the polymer during
chemical polymerization is limited. Electrochemical oxidation, however,
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allows incorporation of a wider range of dopant anions into the conducting
polymer, including simple inorganic anions such as nitrate and sulfate,
simple organic anions such as benzene sulfonate, and polyelectrolytes.
Electrochemical polymerization has become the pre-eminent technique for
synthesizing polypyrroles since 1979, when the first polypyrrole film was
electrochemically prepared [44]. Polypyrrole can be electrochemically

synthesized in different forms on different substrates. Polypyrrole powder
wires, thin films and colloids have now been successfully synthesized by
this method [11-39].

It is generally agreed that the mechanism of polymerization of conducting

polypyrrole is an E(CE)n mechanism, see Figure 1.1 [45]. The first step in
the mechanism involves the electrochemical oxidation of the monomer [A]
to form a delocalized radical cation [B]. This delocalized radical cation

displays the highest stability at the a-position. Therefore, of the possib

resonance forms for this radical cation ([C], [D] and [E]), [E] is the mos

stable. The next step in the mechanism is dimerization of the radical cati
which occurs via radical-radical coupling at the oc-positions. Radicalradical coupling is accompanied by the expulsion of two protons to form

the neutral dimer [F]. The driving force for this step is the formation of
aromatic compound. Electrochemical oxidation of the neutral dimer then
forms a dimer radical. This can then combine with other monomeric,
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dimeric or oligomeric radicals in a similar sequence of events to extend t
polymer chain. It is generally considered that the radical

coupling/electrochemical oxidation process repeats itself until chain grow
is terminated. This occurs when the radical cation of the growing chain

becomes too unreactive or, more likely, when the reactive end of the chain
becomes sterically blocked from further reaction.

A number of experimental variables, such as the choice of solvent or

electrolyte, and polymerization temperature, have been shown to affect the
conductivity, mechanical strength and stability of the resulting polymer
[46-47].
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Figure 1.1 Mechanism

of polymerization of pyrrole [45].
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Polypyrroles are electrically conductive and electroactive. The latter term
refers to their ability to be electrochemically switched between their
reduced and oxidized states. During redox cycling mass transport and
charge transport occurs at the point of electrical contact. When polypyrrole
in its conducting state is reduced, the incorporated anion can be released
into the surrounding medium to maintain charge neutrality. This is
illustrated in equation 1.2, which also shows that oxidation of the reduced
form of the polymer can be accompanied by the movement of anions back
into the polymer. The reduction and oxidation of this polymer can be
manipulated through variation of the electrical stimuli applied.

H H

However, if large anionic molecules such as a polyelectrolyte are present as
dopants in the conducting polymer, the dopant is relatively immobile and
cannot be readily released upon reduction of the polymer. Under these
circumstances the electroneutrality of the polymer is maintained by
incorporation of cations from the surrounding electrolyte into the
polypyrrole matrix. This is illustrated in equation 1.3. Subsequent
reoxidation of the polymer can lead to expulsion of previously incorporated
cations.
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fOV" A_ + ™
\ N / n -e \ N /

= ^

- f O ^ h AM* ...-(1.3)

n

H

H

Equations 1.2 and 1.3 illustrate how movement of cations and anions to and
from the polymer accompanies the electrochemical redox switching
process [48-51], The amounts of anion and cation movement that
accompany redox processes associated with the polymer is determined
largely by the properties of the dopant incorporated during
electropolymerization. In particular, the counterion's size, mobility and
charge density are all crucial in determining the electrochemical switching
and ion-exchange properties of the polymer.

Since polypyrrole is a conducting polymer, its conductivity and other
electrical properties generally attract the most interest. The electronic
conductivity inherent in polypyrrole involves movement of positively
charged carriers and electrons along polymer chains, and hopping of these
carriers between polymer chains [52-53]. The electrical properties of
conducting materials are important since they largely control their ability
store information or transmit information from one part of the molecule to
another, as well as their ability to act as an electronic trigger.
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The conditions employed during electropolymerization can be manipulated
to vary the rate of oxidation of monomer. This of course can have a

dramatic effect on the structure and electronic properties of the resultin
polymer. The electrical conductivity of a conducting polymer increases as

the degree of order present in the polymer structure increases [54-55]. In

addition it has been shown that varying the counterion incorporated during
polymerization has a dramatic effect on the conductivity of the resulting
polymer [56-58].

1.1.4 Polythiophene

Polythiophene and its derivatives are the first class of conducting polyme

which are chemically and electrochemically stable in air and moisture [59]
Much work has already been devoted to the electrochemical polymerization
of polythiophene (PT), mainly because this polymer has many advantages

over polypyrroles and other organic electrically conducting materials [60]
For example, when compared to polypyrrole films, polythiophene (post
synthesis) is much less susceptible to over-oxidation and therefore
degradation, owing to having a much higher positive potential for overoxidation. In addition, polythiophenes display a wider electrochemical
potential window.
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Conducting polythiophene can be synthesized either by electrochemical or
chemical oxidation according to:

Thiophene is more difficult to oxidize than pyrrole, as shown in Table 1.2
which shows the oxidation potentials of various monomers [61].

Table 1.2 Oxidation potentials of various monomers used for preparing
conducting polymers [63J.
*

Compound
Pyrrole
Indole
Azulene
Thiophene
Furan

Oxidation potential (SCE)
0.8
0.9
0.9
1.6
1.85

Values obtained under the same conditions.
Each of the polymers was made using N(Bu)4BF4 as the supporting
electrolyte.

Despite the large amount of work devoted to electrogenerated
polythiophene, its mechanism of formation has received much less
attention. Figure 1.2 presents the mechanism proposed for the
electropolymerization of thiophenes [62]. As with polypyrrole, the

Chapter I

13

mechanism of polymerization involves formation of radical cations that
react with each other or the starting monomer to develop the polymeric

structure [25]. Overall the mechanism is believed to be very similar to tha
known to occur for formation of polypyrroles.

Figure 1.2 Mechanism

of polymerization ofthiophenes [62].

The identity of the solvent, the electrochemical polymerization conditions,
the electrode material, the counterion, the supporting electrolyte and
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m o n o m e r all influence the polymerization process and the properties of the
resulting polythiophene.

Thiophene and its derivatives usually are not water soluble. Therefore, the
most conductive polythiophenes obtained until now have been prepared in
rigorously anhydrous aprotic solvents of high dielectric constant and low

nucleophilicity, such as acetonitrile [63-65], benzonitrile [66], nitrobenzen
[67] and propylene carbonate [68-69]. The solvent must have a high
dielectric constant to ensure the conductivity of the electrolytic medium,
and also be resistant to decomposition at the high potentials required to
oxidize the monomer [70]. Several studies have shown that the presence of
traces of water in the synthesis medium has deleterious effects on the
electropolymerization reaction and the conjugation length and conductivity
of the resulting polymer [71-72]. It has also been shown that the presence
of water in the synthesis medium results in the incorporation of carbonyl
groups in the final polymer [73]. Acetonitrile is often used as the solvent
for formation of polythiophenes, but it generally leads to powdery deposits
or brittle films [64-65].

Polythiophenes are generally electrogenerated in the presence of small
anions such as C104", PF6", BF4\ and AsF6", which are present as strong
acids or associated with lithium or tetraalkylammonium cations [63-65, 6869, 74-75]. The identity of the anion strongly affects the morphology [76-
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77] and electrochemical properties of polythiophenes [78]. The temperature
of electropolymerization has also been reported to affect the extent of
conjugation present in the polymer, and hence its optical and electrical
properties.

The applied electrical conditions exert considerable influence on the
structure and properties of electrogenerated PTs. PTs have been
electrochemically prepared using potentiostatie [79-80], galvanostatic [8183] and potentiodynamic [84-86] methods. The most homogeneous and
conducting films are generally obtained using galvanostatic growth [86-87]
at potentials ca. 0.5 V more positive than the oxidation potential of the
monomer [SS].

The oxidation potentials of several substituted polythiophenes are shown in
Table 1.3 [89-90]. Thiophenes with electron-donating groups in positions 3
and/or 4 have a lower oxidation potential than thiophene itself [88].
Comparison of the oxidation potentials of the monomers with those of the
corresponding polymers reveals a linear relationship, indicating that the
presence of substituents at positions 3 and/or 4 has a similar effect on
monomer and polymer [90-91].
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Table 1.3 Oxidation potentials of thiophene monomers

and of the

corresponding polythiophenes [88-89].

Polymer
Thiophene (T)
2.2'-Bithiophene
(2,2'-bT)
3 -Methylthiophene
(3-MeT)
3 -Bromothiophene
(3-BrT)
3,4-Dibromothiophene
[3,4-DBrT]
3,4 -Dimethylthiophene
(3,4-(Me)2T)
3,4-Diethythiophene
(3,4-(Et)2T)
3,4-Methylethylthiophene (3,4-MeEtT)
3 -Thiomethylthiophene
(3-SCH 3 T)

Monomer oxidation potential Polymer oxidation
(vs/SCE)
potential (vs/SCE)
1.65
1.1
1.20

0.70

1.35

0.77

1.85

1.35

2.00

1.45

1.25

0.98

1.23

1.10

1.26

1.06

1.30

0.72

It is important and often difficult to avoid over-oxidation during
polymerization of thiophenes, because the polymer m a y be over-oxidized
at potentials required to oxidize the monomer [92]. Using constant current
or constant potential polymerization, the product obtained is typically a
mixture of polythiophene and over-oxidized polythiophene. Over-oxidation
can be minimized if transient techniques, such as cyclic voltammetry or

pulsed potential waveforms, are used since the amount of time the solutions
are exposed to potentials where the polymer can be over-oxidized is
decreased [25]. Poly(3-methylthiophene) and poly(2\2-bithiophene) have
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been actively explored because of the relatively low oxidation potentials of
the monomers. Therefore, polymerization of these monomers may be
achieved while minimizing over-oxidation of the resulting poly(3methythiophene) and poly(2',2-bithiophene) films.
As with polypyrroles, the properties of polythiophenes can be modulated
by application of electrical stimuli:

The electrochemical behavior of PT derivatives depends strongly on the
composition of the electrolytic medium in which they were prepared.

Although their electrochemistry is generally examined in acetonitrile, other
solvents have been employed such as propylene carbonate. Due to their
hydrophobicity, polythiophenes usually display limited electroactivity in

aqueous media [93-95]. It is therefore a significant and important challenge
to make polythiophenes electroactive in aqueous solution.
Many organic conducting polymers show reversible doping-undoping
processes, but also display poor stability in air and in moisture.
Comparative results have been published on polythiophene derivatives and
on polypyrrole [96]. Figure 1.3 shows the oxidation and reduction
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potentials of several polymers as well as the reduction potential of 0 2 and
the oxidation potential of water.

02

I
ppp

H2O
I

PA
PMeT

PT

PPy
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<4 1 1 1—^ 1 'LLr h
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1.2
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0

-0.4

V (vs/sce)
Figure 1.3 Oxidation and reduction potentials of several polymers
compared with the O2 reduction potential and H20 oxidation
potential. PPy: polypyrrole; PMeT: poly (3-methylthiophene);
PPP: poly-para-phenylene; PA: Poly acetylene. Solid line:
oxidation; dashed line: complete reduction [96].
The figure clearly shows why polypyrrole is not stable in its undoped,
neutral state. The oxidation potential of undoped polypyrrole is close to
reduction potential of oxygen and will therefore be slowly oxidised by
oxygen to its stable, conducting state. By the same reasoning, poly-para-

phenylene with an oxidation potential higher than that of water, should no

be stable in aqueous solution in its doped state. However, Figure 1.3 also
shows that both poly(3-methylthiophene) and polyacetylene should be
stable towards water and oxygen in both states. So polythiophene and its
derivatives are considered to be first class of polymers which are
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chemically and electrochemically stable in air and in moisture in both thei
doped and undoped states.

As with polypyrroles, the conductivity of polythiophenes depends on many
variables such as the identity of the monomer, the counterion, and the
solvent and temperatures used during synthesis [97-101]. The electrical

conductivity of functionalised polythiophenes is dependent to a large exten
on both the stereoregularity and regioregulariry achieved during
polymerization [97]. Synthesis at reduced temperatures has been shown in
some instances to minimize polymer overoxidation, and increase the
conductivity of the resulting material [101].

1.1.5 Conducting polymer membranes

Polymers can not only be used as conductive films, but also as functional
membranes. Conducting polymer membranes can be chemically or
electrochemically synthesized using the same procedures for preparing
conducting polymer films. The electrochemical polymerization and
precipitation of membranes directly onto a electrode surface offers some
advantages compared with the deposition of chemically preformed
polymers. Electropolymerization allows the deposition of uniform polymer

film coatings on irregular surfaces, and provides greater control over film
thickness. The formation of relatively large membranes places greater
demands on the mechanical properties of the conducting polymer than the
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formation of thin films on the end of an electrode. In m a n y instances
membranes are brittle, and composite membrane materials have to be
prepared. In order to produce a range of membranes with varying
characteristics, a range of monomers (such as pyrrole, thiophene and
aniline), and counterions (such as polyelectrolytes and metal complexing
agents) can be used. In this way a range of functional conducting polymer
membranes with different chemical and physical properties can be
synthesized. Table 1.4 illustrates the conductivity and mechanical
properties of a range of conducting polymer membranes [24],
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Table 1.4 Properties of conducting electroactive polymer

Membrane
Polypyrrole/benzenedisulfonate
Polypyrrole/1,3-benzenesulfonate
Polypyrrole/dodecylsulfate
Polypyrrole/4-ethylbenzene
sulfonate
Polypyrrole/2mesitylenesulfonate
Polypyrrole/1,5-naphthalene
disulfonate
Polypyrrole/para-toluenesulfonate
Polypyrrole/para-toluenesulfonate
/dodecylsulfate
Polypyrrole/
Poly(vinylsulfonate)
Polypyrrole
/nafion
Poly(3-carboxy-4-methylpyrrole)/
Para-toluenesulfonate
Copolymer of pyrrole
with 3-carboxy-4methylpyrrole
Polyaniline/chloride

membranes

Dry state conductivityTensile strength
(MPa)
(S cm')
20
23
70
55
3
40
110
70
50

36

70

50

110
94

80
63

15

90

14

55

2

6

95

65

30

110

1.2 METAL ION SEPARATION AND RECOVERY TECHNIQUES
The separation and recovery of precious metals from primary and
secondary sources by less energy intensive, and more environmentally

friendly processes has been investigated for many years. For example, gold

has been a precious metal in high demand for its decorative and ornamenta
purposes for centuries. Together with other precious metals, such as

Chapter 1

22

platinum and palladium, these metals are of strategic importance for

present day high technology and electronic industries. Thus, gold recover
from primary and secondary sources, such as ores, leach solutions,
electronic scraps and waste electroplating solutions, has become an
important technology [102]. A variety of techniques have been examined

for energy-efficient gold recovery, including the use of activated carbon

[103-104], ion exchange resins [104], zinc precipitation [105], electrole
plating [106], as well as the use of biomass and biomaterials [107].

Industrially, the recovery of gold from alkaline gold cyanide solutions i
accomplished by the well-established procedure of carbon adsorption
followed by zinc-dust cementation [102]. However, the use of ion
exchange resins are attracting increasing attention.

1.2.1 Carbon adsorption technology

Activated carbon is the most widely used industrial process for gold
recovery. The adsorption of precious metal ions or complexes from

aqueous solutions onto activated carbon was first noted in the early 19th
century [103], but it did not receive much attention until the 1960s. In
1890s, activated carbon was considered as a possible alternative to zinc

cementation for recovery of gold in the Witwatersrand gold plants. Active
carbon was used commercially in 1952 at the Catlton mine, Cripple Creek

Chapter 1

23

(Colorado, U S A ) , which operated until 1961. However, its use in the gold
recovery industry has only been widespread since about 1980 [103].

Activated carbon is an organic material, which has an essentially graphitic
structure. It has an extremely large surface area due to a highly developed
internal pore structure. Activated carbons produced using different methods
or source materials have a range of chemical and physical properties. This
combined with different properties conferred by alternative methods of
manufacture and activation, leads to a variety of materials with differing
adsorption rates and loading capacities.

The most important properties of activated carbon for use in gold extraction
are its:

(1) Adsorptive capacity

(2) Adsorption rate

(3) Mechanical strength and wear resistance

(4) Reactivation characteristics

(5) Particle size distribution

The complex physical and chemical structure of activated carbon allows
the adsorption of different species by various mechanisms. Consequently,
the exact mechanism of adsorption of gold from cyanide solutions has been
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difficult to determine, however, during the 1980s a clearer picture has
emerged. The mechanism is best illustrated by equation 1.6 [104]:

Mn+ + nAu(CN)2" *^=^. Mn+[Au(CN)2']n .. ..(1.6)
In this equation the species Mn+[Au(CN)2"]n represents gold adsorbed onto
activated carbon Mn+. Activated carbon is the most popular industrial
material for gold recovery from dilute alkaline cyanide solutions, as it
exhibits an excellent degree of metal recovery and favorable economics.
However, its use suffers several drawbacks [108-109], which include slow
rates of metal adsorption, a cost-intensive regeneration step, and poor
operation in solutions contaminated with organic material, and/or

calcium/clay ores. In addition, activated carbon does not selectively recove
gold in the presence of other metal ions, which are also loaded. Finally,
activated carbon does not fully recover gold from dilute solutions, with
residual gold levels of 0.01 to 0.03 ppm Au left in solution.

1.2.2 Ion exchange resins

The use of ion exchange resins for the concentration and purification of
gold from dilute cyanide solutions is a more recent development, and was
first investigated in the late 1940s. Ion exchange resins are synthetic

materials which consist of an inert matrix (e.g. polystyrene-divinylbenzene
copolymer) and contain surface functional groups such as amines and
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carboxylic acids. Because these functional groups carry either a positive or

negative charge, they are always associated with ions of opposite charge.

The functional groups can exchange these initial ions with other similarl

charged ionic species in solution. Whether or not ion exchange takes plac
depends on the properties of the functional group, and the charge, size,

polarizability and concentration of the ions in solution. Ion exchange re

containing basic functional groups such as amines act as anion exchangers

while resins with acidic functional groups act as cation exchangers. Both
types can be further classified as having weak- or strong- acid/base

properties, depending on the degree of ionization of the functional group
solution.

Adsorption of gold from cyanide solutions can be achieved with both

strong and weak-base ion exchange resins. The functional groups present i
strong base resins are usually quaternary amines which have a permanent
positive charge in aqueous solution.

The adsorption of the Au(I) cyanide complex onto a strong base anion
exchange resin may be represented as follows [ 109]:
R- "NR3X" + Au(CN)2" ««.«=. R-+NR3Au(CN)2" + X" ... .(1.7)

where R- represents the inert portion of the resin and X' is an anion suc
sulphate or bisulphate.
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The gold-loading capacity of a resin depends on its structure and the
concentration of functional groups present on the resin. Commercially
available resins have been unable to compete with activated carbon in most

mineral systems due to their poor selectivity and mechanical properties, as
well as the complex nature of elution and regeneration processes. However,
ion exchange resins offer some chemical advantages over activated carbon.

For example, resins are superior to activated carbon with respect to the ra
and extent of loading of aurocyanide. In addition resins can be eluted and
regenerated at ambient temperatures and pressures whereas activated
carbon is eluted at over 100°C, and requires periodic thermal reactivation
over 600°C to remove adsorbed organic material. Adsorption tanks using
ion exchange resins operate efficiently at high concentrations of resin in
pulp (20 to 30% by volume) with no loss in screening efficiency, and with

no increase in resin breakage. Smooth, spherical, resin beads withstand the
abrasive action of pulps far more effectively than coarse, angular, carbon
granules, and resin make-up in plant can be 5 to 10 times less than carbon
make-up. Resins are not poisoned to the same extent as activated carbon by
contaminants such as organic compounds, calcium carbonate and fine
slimes in the ore. Another factor in favor of resins in gold processing is
their ability to extract and concentrate a wide variety of anionic metal
cyanide complexes. This means they have the potential to produce cyanidefree tailings for safe discharge to the environment. There is also the
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potential in this process to recycle the cyanide associated with the meta
complexes, leading to lower gold production costs. Consequently, ion

exchange resins have excellent technical potential for application in gol
extraction systems.

1.2.3 Zinc-Dust cementation

Recovery of gold by zinc-dust cementation, or the Merrill-Crowe Process,

has been practiced since the late nineteenth century. The expression whic
most accurately describes the reaction between the gold cyanide complex
and zinc is [108]:

Au(CN)2" + Zn + H20 + 2CN" <«& Au + Zn(CN)42" + OH" + ^-H2 ••••(1-8)

Advantages of the zinc-dust cementation process are fast reaction rates,
ease of operation. However, the high levels of zinc required, and the

sensitivity of the process to impurities present in leach liquors, can ma
zinc-dust cementation technology less competitive than alternative
technologies.

1.2.4 Transport of metal ions across conducting polymer membranes

An important area of application of electronically conducting polymers is
as membranes for gas and liquid separation. Membrane-based purification
systems function as simple, direct methods of purifying commercially

important and often difficult to separate mixtures. Membrane purification
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systems, which are usually polymer membranes, have been developed over
the past several decades into energy-efficient alternatives to standard
industrial purification techniques [110-113]. Polymer membranes offer
distinct advantages for purification of many liquids and gases because they
are easily synthesized and processed into flexible thin sheets or high
surface area hollow fibers that allow passage of large fluxes of gases or
liquids [59].

The unique redox switching properties of conducting electroactive
polymers can be utilized to control transport of ionic species across
membranes composed of such materials. The transport of ionic species
across the membrane can be switched on and off by means of application of
an appropriate electrical potential. In addition, the rate of transport and
selectivity of membranes can be dynamically controlled in situ by the
application of different electrical potential waveforms. Furthermore,
membranes synthesized using different monomers and counterions show
remarkable variations in electrical conductivity, mechanical properties,
electroactivity and selectivity.

The types of membranes employed for gas and liquid separations include
both stand-alone and supported membranes, with the supporting materials
ranging from microporous teflon to perforated insulation tape [114-118].
These membranes are usually polypyrroles or polyanilines with sulfonated
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aromatic dopants. Various methods have been used to induce transport of
ionic species across CP membranes. Wallace and coworkers [18-23]
reported the first work on in situ electrodynamic control over movement of
charged species across conducting polymer membranes, and used a square
wave potential to induce transport. They applied the technique to the
transport of various ions, including both cations (Cu , H , K and Na ) and

anions such as p-toluenesulphonic acid (pTS). Partridge [119] reported tha
continuous mono-directional transport of cations through a polypyrrole
(PPy) membrane could be achieved by applying a potential gradient across
the membrane. The gradient was implemented by 3-electrode systems in
both the feed and permeate compartments, with the PPy membrane as the
common working electrode separating the two. More recently, Ehrenberk
and Juttner [120] reported a method which combines potential gradient
induced transport, using a 4-electrode system, with a more conventional 3electrode system. The later was used to control the oxidation state of the
membrane thereby changing it from a cation to an anion exchanging
material. In essence the membrane acted as an ion "gate", which could be
either opened, closed or reversed depending on the magnitude and sign of
the applied potential. The transport of metals across free-standing
polypyrrole membranes has been reported by Wallace and co-workers [21-

24]. In particular, these workers determined the parameters which influenc
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the rate of electrochemically facilitated transport of metal ions across
conducting electroactive polymer membranes.

1.3 AIMS OF THE PROJECT
This project aims to develop new materials and technologies based on
conducting polymers for the recovery and purification of metal ions from
solution. Such technologies are of considerable interest to the mining
industry in mineral processing and waste stream metal recovery. Two
different approaches for achieving metal ion separation or recovery have
been considered:

I) Electroless separation and recovery of metal ions.

A range of conducting polymers including polypyrroles, polyanilines and
polythiophenes with different reduction potentials have been synthesized,
characterised and tested for their ability to selectively recover AuCl4" or
Au(CN)2". The effects of varying the type of polymer, polymer substrate,
polymer redox state, and temperature on the rate and extent of gold uptake
were investigated, and results compared to those obtained using the
activated carbon adsorption method.

II) Transport of metal ions across conducting polymer membranes.

The electrochemically controlled transport of electroactive and
electroinactive metal ions across conducting polymer membranes was
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included

determining

under what

growth

conditions suitable membranes can be produced, and the effect of varying

the monomer or dopant upon the transport and selectivity properties of the
membranes. The effect of incorporating chelating agents into conducting
polymer membranes on their transport properties towards transition metals
was also examined. Another area of interest is the development of
polythiophene membranes, whose higher over-oxidation potentials may
make them useful for transporting gold complexes. In this work, the
transport properties of polybithiophene membranes that have been doped
with a polyelectrolyte in order to confer favorable mechanical properties
has been examined.
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2.1 AIMS AND APPROACH

This chapter will give a brief description of each of the major technique

used in this study, including the design of the electrochemical cell. Det

of specific procedures will be given in the experimental part of the rele
chapter.

2.2 TECHNIQUES USED FOR POLYMER GROWTH
2.2.1 Electrochemical polymerization cell

For electrochemical polymerization, a three-electrode voltammetric cell

such as that shown in Figure 2.1 is normally used. The material of workin
electrode is critical consideration since the physicochemical properties

surface determine the nature and strength of the bond between the polymer

and the electrode. This can then affect both the polymerization process a
the properties of the resulting polymers. The working electrode on which

polymer film is formed should be electrically conducting, but inert under
experimental conditions used, i.e. it should not undergo either chemical
electrochemical decomposition. Since conducting polymer films are

obtained at positive potentials, the electrode material should not itself

undergo oxidation under these conditions [1]. The working electrode shoul
be conducive to monomer adsorption, electron transfer, and polymer

deposition. It should also have a geometry that makes it suitable for use
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the auxiliary electrode, and that produces polymer films with the correct size
and shape for subsequent applications. Usually, the working electrode is
made of platinum [2], gold [3], glassy carbon [4], ITO (indium-tin oxide)
coated glass [5], stainless steel, or RVC (reticulated vitreous carbon).
The auxiliary electrode should also be chemically and electrochemically

inert, and a geometry that allows films to be grown reproducibly. Auxiliar
electrodes should have a large surface area so that it does not limit the

passage of current. Auxiliary electrodes are usually made of platinum gauz
or RVC.
A reference electrode must be present so that applied potentials can be
measured or controlled relative to a constant value. Reference electrodes
such as Ag/AgCl or SCE are used in aqueous solution, while in organic
solvents Ag/Ag+ reference electrode is usually employed [6].
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Working
electrode

Auxiliary
electrode

Reference
electrode

D

Polymerization
solution

C_T>
Figure 2.1 Three electrode polymerization cell.

2.2.2 Galvanostatic polymerization

Galvanostatic polymerization is the most commonly used method for

electrochemical polymerization of conducting polymers [7-8]. The thicknes
of the deposited polymer film can be controlled by controlling current
density and deposition time (i.e. charge). During galvanostatic
polymerization a constant current density is applied between the working
and auxiliary electrodes. In order to maintain current flow, monomer is
oxidised at the anode and eventually forms a polymer coating. The potential

Chapter 2

47

difference between the working and reference electrodes is recorded as a
function of time during polymerization.

The amount of charge passed, Q, can be easily calculated according to:

Q = it ....(2.1)

where i is the current density, and t is the amount of time passed. By
controlling current density, it is possible to control the rate of
polymerization. By controlling the total charge passed during
polymerization it is possible to control the amount of polymer formed. If
potential remains relatively low and stable during polymerization, the
polymer film deposited on the electrode will have favourable conducting

properties. On the contrary, if the potential remains relatively high or e
increases with time during growth, resistive film deposition is occurring
no film deposition at all. The magnitude of the current density applied
during polymerization is also known to affect the surface morphology,
conductivity and mechanical properties of the polymer.

2.2.3 Potentiostatie polymerization

Potentiostatie polymerization is a widely used technique for electrochemi

polymerization, and involves controlling the potential between the working
and reference electrodes, while current flows between the working and
auxiliary (counter) electrodes. The rate of reaction can be measured by
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monitoring the current that passed through the working electrode according
to:
i=^L

...,(2.2)
dt

where i is the electrode current, and Q(t) is the amount of charge consume
during the electropolymerization process. The potential at the working

electrode can be set at a desired value so that the reaction of interest t

place whilst undesirable side reactions are minimised. During the growth o
conducting polymer by potentiostatie polymerization the amount of charge
is monitored as a function of time. A continuous increase in current

indicates that a reactive polymer species has been deposited on the electr
surface. On the other hand, a decrease in current may be evidence of no
polymer deposition, or of resistive material being deposited.

2.2.4 Potentiodynamic polymerization

The potentiodynamic growth technique is very useful for studying the
polymerization of conducting polymers. It can be used as an initial
investigation to determine the optimum potential required for monomer
oxidation during potentiostatie growth. Potentiodynamic polymerization
involves applying a scanned or pulsed potential to the working electrode.

The resulting current flowing through the working electrode is recorded as

function of the applied potential. A potential range is selected which wil
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allow rapid electropolymerization, but prevent over-oxidation of the

polymer deposited. If the applied potential is too low then a slow rate o
polymerization will occur resulting in no precipitate forming. On the

contrary, if the applied potential is too high polymer over-oxidation wil
result.

2.3 TECHNIQUES USED FOR POLYMER CHARACTERIZATION
2.3.1 Cyclic voltammetry (CV)
Cyclic voltammetry is one of the most common electrochemical techniques,
and is extensively used for electrochemical characterization of new
compounds. In a general sense, CV involves the measurement of current at
the working electrode as a function of applied potential. The resulting
current-potential plot is the cyclic voltammogram. CV provides a rapid

method for determining the potentials at which redox reactions take place
and for determining the rates of redox reactions. Cyclic voltammetry can

also provide information on the number and reversibility of oxidation sta
available to electroactive species.

In CV, the potential is scanned linearly from an initial value Ej to a fi

value Ef, and then back to Ej. This process is then repeated, resulting i
triangular waveform such as that shown in Figure 2.2. Such waveforms are
often also referred to as potentiodynamic waveforms.
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Ef

Ei

Time

Figure 2.2 A typical potential waveform used during cyclic voltammetry
experiments.

Figure 2.3 shows a typical cyclic voltammogram for a reversible redox

couple. The main parameters of a cyclic voltammogram are: ipa: anodic pe

current, ipc: cathodic peak current, Epa: anodic peak potential, Epc: cat
peak potential.

-ZQ"
-JO-

*°&

SJ

Figure 2.3 Typical cyclic voltammogram

of 1.0 mM

K3Fe(CN)6

NaN03 using a platinum electrode. Scan rate = WOmV/s.

in 1.0 M
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For a reversible couple, the number of electrons transferred in the elec
reaction, n, can be determined from the separation between the peak
potentials according to:

Epa

=

Ei/2+ 1.1 "T"

28 ....(2.3)
= E1/2+

—mV(25°C)

RT
E p c = Ei/2 - 1.1

nF

??
v / , c o P N
= Ei/2 - ^r
mV
(25°C)
n

....(2.4)

The separation of peak potentials according to 2.3 and 2.4:

RT
l--pa
'na

1-TIC

^pc

A.Z.

n
56

n

0

....(2.5)

mV(25°C)

For a reversible system at 25°C the peak current Ipa and Ipc are defined by the
Randies and Sevcik equation [9].
Ip = 2.69xl05n2/3AD'/2Cv1/2 -M

In equation 2.4, n is the number of electrons transferred; A is the elec
surface area; D is the diffusion coefficient of the species being

oxidised/reduced; C is the bulk concentration of the electroactive speci
1/2

and v is the scan rate. According to this equation, Ip is proportional to v
and the concentration of analytical species.
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Cyclic voltammetry can be used to determine the potential at which a

conducting polymer is oxidised or reduced in a particular electrolyte. It can
also be used to determine the potential at which irreversible over-oxidation
of the polymer occurs, and changes in polymer electrochemistry caused by
interactions with other species in solution.

2.3.2 Electrical conductivity

One of most important properties of conducting polymers is their
remarkable ability to conduct an electric current. The conductivity of
conducting polymer membranes is generally measured using the ASTM
(American Society for Testing and Material) four-in line point probe
technique [10]. The ASTM method is a standard method applied to all kinds
of materials that exhibit surface or volume conductivity. It involves using

four spaced electrodes. The polymer film to be tested is placed over the four
probes making good contact with the sample, and then tightly sandwiched
between an insulating top layer. A constant current is passed through the
two outermost probes and the voltage drop across the inner two is measured
as shown in Figure 2.4. According to Ohm's law, the conductivity of the
sample is given by the formula shown below:
wv
ps=

— —
ii

-.(2.7)
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where p s is the surface resistivity, 1 is the distance between the t w o inner
electrodes, V is the potential drop across the inner electrodes, w is the
sample width, and i is the current applied.

If the thickness (h) of the sample is considered, then the v o l u m e resistivity
ps is given by:
wvh
.(2.8)
and the surface conductivity can be evaluated using

..(2.9)

as=

Inner electrode
Outer electrode

Sample

Probe head

Figure 2.4 Top view of the ASTM

four point probe used for measuring the

electrical conductivity of a conducting polymer film.
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The conductivity of polymer membranes measured using this method may

be affected by the uniformity of the current distribution across the pol

tested. Furthermore it is assumed that the sample has a uniform thickness
and that it can be cut into a regular shape.

2.3.3 Atomic force microscopy (AFM) and scanning electron
microscopy (SEM)

SEM and AFM are widely used for investigating the morphology and
microstructure of conducting polymer membranes. SEM also can show
how the morphology of polymer membranes change after reactions
with other species.

The atomic force microscope is related to the scanning tunneling
microscope, which was the first type of scanning probe microscope
developed. It was first described by Binning et al. in 1985 [11].
Because AFM utilises a force, rather than current, when scanning the
surface, a wide range of materials can be imaged including insulators.
AFM is capable under certain conditions of providing images with

atomic resolution on flat surfaces. It is also capable of imaging partic
of nanocrystalline size. AFM is performed by either keeping the tip
height above the sample constant, or the force between the tip and the
sample constant. A mechanical scanning system, usually a piezoelectric

crystal, moves the sample vertically with respect to the tip and a displa
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system converts data into an image on a screen. AFM is generally
operated in contact mode and non-contact mode. When AFM is used in
contact mode the repulsive force between the tip and atoms in the
sample surface are measured. A flexible cantilever bends or deflects as
peaks and valleys on the surface are detected and these deflections are
monitored by a deflection sensor [12]. Movement of the scanner and
changes in specimen height are recorded and a topographical image of
the sample surface is developed.

Scanning electron microscopy involves surface imaging of solids using

secondary electrons, which are stimulated by a primary electron beam. The

primary beam largely depends upon the formation of a focused probe, which

can be achieved, with a diameter of less than 5 nm. Secondary electrons a

low energy, the energy distribution is generally less than 50 eV for meta

In order to efficiently collect secondary electrons, a high potential bia
o

applied to a scintillator-detector system. S E M images at less than 20 A
resolution have been obtained with several hundred thousand times
magnification.

Upon interacting with a solid, secondary electron images are generated by
synchronising the optical output of the detector system with the raster

electron probe across the solid surface. Secondary electrons are generate
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which are utilised to examine the topographies of a specimen or to

investigate the inner microstructure of coatings using fracture cross-secti

2.4 TECHNIQUES USED FOR METAL ION SEPARATION AND
RECOVERY
2.4.1 Conducting polymer membrane preparation
Conducting polymer membranes can be electrochemically prepared using a
three electrode system. A piece of platinum mesh or RVC is normally used
as the auxiliary electrode. Either a Ag/AgCl or SCE reference electrode is
used in aqueous solution, while in organic solvents Ag/Ag+ reference

electrode is usually employed. The working electrode used varies in size an
composition according to different experimental purposes. Usually, the
types of membranes prepared include both stand-alone and supported
membranes, with the supporting materials ranging from microporous teflon
to perforated insulation tape. Galvanostatic polymerization is the most
commonly used method for electrochemical polymerization of conducting
polymer membranes.

2.4.2 Electrochemical transport studies
The cell used for transport experiments consists of two compartments, one
containing the source solution and the other containing the receiving
solution. The two compartments are separated by the CEP membrane, which
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serves as a ion-selective and water-impermeable barrier between the two
compartments.

The ability to efficiently deliver electrical stimuli to the membrane durin

transport experiments requires careful consideration of electrochemical cel
design and the materials used for cell construction [13]. The requirements

the electrochemical cell to be used for metal ion transport experiments are

• that a low electronic time constant is maintained,

• that the membrane should have maximum surface area in contact with
both compartments,

• that oxidation/reduction proceed efficiently via the membrane,

• that appropriate electric fields are set up to enhance metal ion flux
across the membrane from the source compartment to the receiving
compartment.

There are two different electrochemical systems used for metal ion transpor
and separation in this work. The first of these systems provides
electrochemical control in the source solution only (Figure 2.5).
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Figure 2.5

Design

Solution 2
Receiving

W : Working electrode
R: Reference electrode
A: Auxiliary electrode

of the electrochemical transport cell providing

electrochemical control in the source solution only [14].

In this design the membrane acts as a working electrode in a three electrode

cell. The reference and auxiliary electrodes are placed in the source solut
to encourage ion movement between it and the membrane.

The second type of electrochemical transport cell provides electrochemical
control in both solutions, which is a more efficient method of
electrochemically facilitating transport of ions across the membrane. This
involves application of a square wave pulse potential waveform to the

membrane. In this electrochemical cell (Figure 2.6) reference and auxiliary
electrodes are placed in both solution compartments, with the membrane
again acting as the working electrode in a three electrode cell.
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Figure 2.6

Electrochemical

transport cell providing electrochemical

control in both solutions [14].

W h e n a pulse potential is applied, transport across the m e m b r a n e is initiated

by application of an initial negative potential to the membrane and a positiv

potential to the auxiliary electrode in the source compartment. Cations in t
source solution migrate to the membrane under the auxiliary electrode
forming electric field and are incorporated into the membrane (Figure 2.7).
Subsequently a positive potential is applied to the membrane and a negative
potential to the auxiliary electrode in the receiving solution compartment.
This results in the membrane being re-oxidised with expulsion of cations
into both solution compartments. However, cation expulsion into the
receiving solution is encouraged by the presence of a negative field at the
auxiliary electrode, Figure 2.8. This again shows h o w the electricfieldplays
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an important role in determining the direction of metal ion transport.

Switching of potentials is controlled by a potential pulse driver which can
switch alternately between the two auxiliary electrodes located in each
compartment of the electrochemical cell. When one side was switched on
the other compartment was switched off. Using this hardware, for example,
one solution compartment only will experience a negative field at the
auxiliary electrode when a positive potential is applied to the membrane.

Therefore, the direction of the electrical field for a given compartment was
fixed and facilitates transport during application of the pulsed potential
waveform. Metal ion fluxes obtained using this electrochemical system were
shown to be greater than for the previous electrochemical system [14].
However, for electroactive species (such e.g. Cu , AuCl4"), metal deposition

on the auxiliary electrode in the receiving side occurs with the system sho

in Figure 2.6. For metals which form deposits that are hard to reoxidise (e
Au°), the electrochemical cell design shown in Figure 2.5 as therefore
preferable.
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membrane.
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CHAPTER 3

ELECTROLESS SEPARATION AND RECOVERY OF
GOLD USING CONDUCTING POLYMERS
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3.1 INTRODUCTION

Gold is a very stable metal, as indicated by its lack of reactivity in ai
most aqueous solutions. Gold will only dissolve in oxidizing solutions
containing complexing ligands such as cyanide, chloride and thiourea.
Separation and recovery of gold from industrial solutions and mineral
leachates has been investigated for many years. There are several

techniques used for gold recovery, the most popular of which is the carbo

adsorption method [1]. In this method cyanide is used to extract gold fro
mineral ores and deposits. In aqueous, alkaline cyanide solution gold is
oxidized and dissolves to form the Au(I) cyanide complex, Au(CN)2_. The
Au(III) cyanide complex, Au(CN)4", is also formed but the Au(I) complex
is more stable. The Au(CN)2" present in the mineral leachate is adsorbed
onto activated carbon, after which it is later removed, most commonly by
elution.

Cyanide is almost universally used in gold extraction processes because o
its relatively low cost and great effectiveness for gold dissolution.

However, it can pose a high risk to health and the environment. Due to th

toxicity of cyanide, the extraction and recovery of gold using cyanide-fr

techniques is attracting increasing attention. Alternative methods that d

not use cyanide have several other potential advantages in addition to th
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For example, some alternative

processes use ligands which have faster gold leaching kinetics, or displa

greater selectivity in binding towards gold over other metals [1]. In som
instances it may also be possible to apply these alternative methods in

acidic media, which may be more suitable for refractory ore treatment [1]

Among the different ligands considered as an alternative to cyanide for

gold leaching are chloride, thiourea and thiosulphate. Each of these liga
does not have the same adverse environmental consequences as cyanide.

Aqueous solutions containing chlorine have strong oxidizing capabilities,
and have been used widely as oxidants in water and waste treatment. Gold
dissolves in aqueous chloride solution to form both [AuCy- and [AuCU]"
[1]. Of the two, the Au(III) complex is by far the more stable. Several
processes have been developed which centre on the recovery of gold
chloride complexes [2].

One potential application for conducting polymers is recovery of gold.
Despite the widespread use of cyanide complexes of gold in mining
processes, their interactions with conducting polymers has not been
investigated previously. However, the interactions of [AuCl4]" with both
polypyrrole (PPy) and polyaniline (PAn) have been reported [3-12]. In
each case spontaneous reduction of [AuCl4]" to the elemental metal
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occurred, with a simultaneous increase in the oxidation state of the

polymer. Electroless deposition of gold onto the conducting polymer was
demonstrated to be limited by polymer surface area [11]. However, PAn

films were still shown to load as much as five times their own weight o
gold [7].

3.1.1 Aims and approach

The objective of the current work was to explore in depth the use of

conducting polymers for separation and recovery of [AuCl4]" from chlorid
media, and [Au(CN)2]* from cyanide media. A range of conducting
polymers including polypyrroles, polyanilines and polythiophenes, with
i

different reduction potentials were investigated. Since it had been sho
previously that the extent of gold recovery was dependent on polymer
surface area, we have compared the use of conducting polymer modified

Reticulated Vitreous Carbon (RVC) with free standing conducting polymer
membranes. The effect of the type of polymer, polymer redox state, and

temperature on the rate and extent of gold uptake were investigated. Fo
some instances results are also compared to those obtained using the
activated carbon adsorption method.
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EXPERIMENTAL

3.2.1 Reagents

Pyrrole was obtained from Fluka and distilled prior to use. Anil

bithiophene and 3-methylthiophene were obtained from Aldrich. Th
sulfonated (3-hydroxyether (S-PHE) was supplied by Dr. Wolfgang

(Ciba-Geigy). All other reagents used were obtained from Aldrich

were of analytical reagent (AR) grade. Deionised Milli-Q water (

cm) was used to prepare all solutions. Solutions containing gold

prepared by serial dilution from a 1000 ppm standard supplied by
Duocel® Reticulated Vitreous Carbon (RVC) was obtained from ERG

Materials and Aerospace Corporation, Oakland, CA, USA. Activated

carbon (GS65, 6 x 12 mesh) was obtained from Tennant Trading, Sy
Australia.

3.2.2 Preparation of polymer modified RVC electrodes

All polymerizations were carried out electrochemically using a t

electrode cell (Figure 3.1). A large surface area RVC block (sur
65 cm2/cm3) was used as the working electrode, while another RVC

cylinder was used as the auxiliary electrode. A Ag/AgCl (3 M NaC
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( 3 M tetrabutylammonium perchlorate in C H 3 C N ) reference

electrode, was used for experiments in aqueous solution and organic

solvents, respectively. Polymerizations were carried out galvanostatica
by applying a current density of 1.0 mA/cm for 10 min. During this time
total charge of 39 C/cm RVC was passed. For polymerizations performed
with the same monomer and dopant, this resulted in the same amount of
polymer being produced. After polymerization, the electrodes were

washed thoroughly with distilled water, and stored in Milli Q water unti
required for further experiments. The conducting polymer layer produced
was present in the oxidised state. In order to produce polymer modified

RVC with the conducting polymer in the reduced state, a potential of -0.
V was applied to the polymer, suspended in a 0.2 M NaCl solution, until
the current decreased to 0 mA.

Polypyrrole modified RVC electrodes - PPy/Cl/RVC and PPy/PTS/RVC

RVC electrodes were soaked in concentrated nitric acid and ultrasonicat
to remove all surface contamination. They were then rinsed with Milli Q

water prior to use. Polymerizations were carried out in aqueous solution
containing 0.2 M pyrrole, and either 0.5 M NaCl or 0.05 M PTS.
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Polyaniline modified RVC - PAn/Cl/RVC

RVC electrodes were soaked in concentrated nitric acid and ultrasonicated
to remove all surface contamination. They were then rinsed with Milli Q
water prior to use. Polymerization was initiated in an aqueous solution
containing 0.2 M aniline and 1 M HCI.

Poly(3-methylthiophene) modified RVC electrodes - PMT/CIO/RVC

RVC electrodes were soaked in acetonitrile and ultrasonicated to remove

all surface contamination. They were then rinsed with acetonitrile prior

use. Polymerization was initiated in an acetonitrile solution containing
M 3-methylthiophene and 0.1 M tetrabutylammonium perchlorate (TBAP).

Polybithiophene modified RVC - PBT/S-PHE/RVC

RVC electrodes were soaked in propylene carbonate and ultrasonicated to
remove all surface contamination. They were than rinsed with propylene
carbonate prior to use. Polymerizations were initiated in a propylene
carbonate solution containing 0.2 M bithiophene and 2% sulfated poly(p hydroxyether). After polymerization the polymer modified RVC was rinsed

with propylene carbonate and dried in air, then washed with Milli Q water
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Figure 3.1 Cell design used for preparing conducting polymer c
RVC electrodes.
W: RVC working electrode (1 cmx 1 cmx 3.5 cm).

A: RVC cylinder auxiliary electrode (h = 5 cm, d = 3 cm, d +
n = 3.5 cm, n is thickness of the tube).
R: Reference electrode Ag/AgCl (3 MNaCl(aq)) or Ag/Ag+ (3M
TBAP in CH3CN).
S: Salt bridge (3 MNaCl or 3 M TBAP).
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of conducting

polymer

membranes

(PPy/PTS,

PBT/S-PHE)

Polymerizations were carried out galvanostatically using a three-electr

cell, consisting of a RVC auxiliary electrode, a Ag/AgCl (3 M NaCl(aq)) o
Ag/ Ag+ (3M TBAP in CH3CN) reference electrode, and stainless steel

plate (6 cm x 8 cm) working electrode. The concentrations of monomer and
supporting electrolyte used were the same as for the preparation of
conducting polymer modified RVC. A constant current density of LO
mA/cm2 was applied for 10 mins. After polymerization was complete, the
electrodes were washed thoroughly with distilled water. Membranes
composed of PPy/PTS or PBT/S-PHE were subsequently peeled off the
stainless steel plate electrode. Membranes contained the conducting
polymer in the oxidised state. By subsequently immersing the membrane
in a 0.2 M NaCl solution, and applying a potential of -0.65 V until the
current decreased to 0 mA, the conducting polymer was obtained in the
reduced state.
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3.2.4 Recovery of [AuCl4]".

Polymer membranes and polymer modified RVC were added to 0.1 M HCI
solutions containing varying concentrations of [AuCl4]" and, in some
instances, iron. After allowing the recovery experiment to proceed for

pre-determined period of time, residual solution [AuCl4]" and Fe(III) we
determined by AAS using a Varian SpectrAA Atomic Absorption

Spectrometer. However, for experiments involving solutions with very lo
concentrations of [AuCl4]" (< 0.1 ppm ), the gold that had deposited on
polymer modified RVC was instead determined. This was accomplished
by neutron activation analysis (NAA) at Becquerel Laboratories, Lucas
Heights, NSW, Australia.

3.2.5 Recovery of [Au(CN)2]\

All experiments involving recovery of [Au(CN)2]" were performed in the
laboratories of Rio Tinto Technical Services, Bundoora, Melbourne,
Australia. Polymer modified RVC to be used in [Au(CN)2]" recovery
experiments was initially washed thoroughly with water, then residual
water removed using tissue paper. The polymer modified RVC was then

allowed to stand for a further 24 h. Solutions containing [Au(CN)2]" we
prepared by first raising the pH of water to 10 using 10% NaOH, then
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adding N a C N to give the desired concentration of free cyanide, and finally
adding AuCN with stirring until dissolution was complete. Recovery
experiments were performed by adding 15 mL of this solution by syringe

a glass vial containing the polymer modified RVC, and shaking for 30 s.
After allowing the recovery to proceed for a pre-determined period of
aliquots were removed for gold analysis by AAS.

3.2.6 Instrumentation

UV-vis absorption spectra of PBT/S-PHE films grown onto Indium-TinOxide (ITO) coated glass slides were obtained using a SHIMADZU Model
UV-1601 spectrophotometer.

AFM and SEM micrographs were obtained using a Digital Multitude
Nanoscope 3 and Leica Cambridge 440 Scanning Electron Microscope,
respectively.
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R E S U L T S A N D DISCUSSION

3.3.1 Recovery of gold from chloride media
3.3.1.1 Interactions between gold and conducting polymer in acid
media

Addition of unmodified RVC to solutions containing varying

concentrations of [AuCl4]" resulted in no change in appearance of e
solution or the RVC. AAS measurements confirmed that even after

prolonged exposure no uptake of gold took place. In contrast, expo

conducting polymer coated RVC to solutions containing [AuCl4]" usu

resulted in rapid and extensive deposition of a gold-coloured dep

surface of the polymer. The process of electroless gold recovery b

conducting polymers is believed to involve the formation of Au° p
on the polymer surface [9]. These form as a consequence of redox
reactions between the polymer and Au(III) which also lead to the

of over-oxidised polypyrrole. Part of the thermodynamic driving f

these redox reactions is derived from the large positive potentia

reduction of [AuCl4]"to Au°. Table 3.1 presents the redox potentia

[AuCl4]7Au° redox couple at polymer modified electrodes in acid so

In each case the gold oxidation potential is > +0.98 V, indicatin
[AuCl4]" is a strong oxidising agent.
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Table 3.1 Au(III)/Au(0) redox potentials obtained using polymer modified
electrodes.

Polymer
PPy/Cl
PMT/C10 4
PAn/Cl
PBT/S-PFIE
PPy/PTS

Au(III)/Au(0) reduction
potential at polymer
modified electrode (V)
1.20
1.30
0.98
1.12
1.03

* Determined by cyclic voltammetry using polymer modified electrodes in
0.01 M AuCU (0.1 M HCI) solution. A 3-electrode electrochemical cell
consisting of a conducting polymer modified platinum working electrode,
Ag/AgCl (3M NaCl(aq)) reference electrode, and a platinum auxiliary
electrode was used. Scan rate = 100 mV/s.

The formation of a layer of elemental gold on the surface of the conducti
polymer has been reported previously [5,9], and is supported here by

changes in the UV-visible spectra and scanning electron micrographs of t
surface of conducting polymer films after they had been exposed to gold.
For example, Figure 3.2 shows the UV-visible spectra of oxidized and
reduced PBT/S-PHE films deposited onto ITO glass, before and after
exposure to solutions containing [AuCU]". It was found that reduced
PBT/S-PHE films, which are initially red in color, turned green after
immersion in acid solutions containing [AuCU]". The reduction of Au(III)
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to Au(0) results in the electroactive polymer attaining a higher oxidation
state. Other work has indicated similar results [9].
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Figure 3.2

Uv-vis spectra of PBT/S-PHE

deposited galvanostatically

(1 mA/cm2 for 50 s) onto ITO coated glass (a) Polymer in the
reduced state; (b) Reduced polymer after immersion in a
solution containing 0.01 M [AuCl4f and 0.1 M HCI; (c)
Polymer in the oxidised state; (d) Oxidised polymer after
immersion in a solution containing 0.01 M [AuCl4]~ and 0.1

MHCl.
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Evidence for the formation of A u

particles on polymer surfaces was

provided by examining the change in morphology observed after exposure
to gold, using scanning electron microscopy (SEM) (Figure 3.3). Prior to
exposure to the gold-containing solution, the SEM image of the surface
(Figure 3.3(a)) revealed that a PPy/PTS membrane had the "cauliflower"

morphology typical of polypyrrole membranes [13]. However, after just 2 h
exposure to the gold solution a second SEM micrograph of the surface of
the polymer (Figure 3.3(b)) showed that there was now a layer of,
presumably, crystalline gold metal, deposited on the conducting polymer
surface. On allowing the membrane to stand for even longer periods of
time in the gold solution, the layer of gold metal became so thick as to

almost totally obscure the underlying conducting polymer (Figure 3.3(c))

Figure 3.3(a)

Scanning electron micrograph of the solution side of a

PPy/PTS membrane.
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Figure 3.3(b)

W

M. Unit. Uollonfong

Scanning electron micrograph of the solution side of a

PPy/PTS membrane after exposure to a solution
containing 4000ppm [AuCl4]~ for 2 hours.

Figure 3.3(c)

Scanning electron micrograph of the solution side of a

PPy/PTS membrane after it had been immersed in a
solution containing 4000ppm [AuClJ for 20 hours.
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The recovery of [AuCU]" from solutions with different initial gold
concentrations, by different polymer modified RVC samples were
examined (figure 3.4). When 1 ppm [AuCU]" was used as the source

solution, all polymers demonstrated > 95% removal of gold (Figure 3.4a)

However, the rate with which the gold was recovered varied significant

While the majority of the polymers examined showed > 95% recovery after

only 1 min exposure to the gold solution, significantly lower recoverie
were displayed by both PMT/C104 and, in particular, PBT/S-PHE. The
latter polymer still displayed only a 50% recovery of gold after 3 h
exposure.

Similar trends were observed when the experiments were repeated using

either 5 ppm or 100 ppm [AuCU]" solutions (Figures 3.4b and 3.4c). Once
again the rate of uptake was slower when either oxidised or reduced
PBT/S-PHDE/RVC was used.

Increasing the concentration of [AuCU]" in the source solution to 1000

provided further insight into the relative rates of gold uptake for the
different polymer modified RVC (Figure 3.4d). For all polymer modified
RVC samples examined < 20% gold recovery was achieved after 1 min
exposure. However, after 30 min exposure > 95% recovery was displayed
by the oxidised and reduced forms of both PPy/Cl/RVC, PPy/PTS/RVC
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and Pan/Cl/RVC. Similar levels of recovery were only displayed by the
remaining polymers after longer periods of exposure. It was found that the
amount of gold uptake increased with increasing gold concentration.

The results presented in Figure 3.4 illustrate that all of the different
polymers examined display an inherent ability to remove significant
quantities of gold from solutions containing [AuCU]". It is also apparent

that there is considerable variability in the rates of gold recovery by the
different polymer modified RVC, but that these recovery rates are largely
unaffected by the initial redox state of the polymer. In all experiments
some polymeric material was detached from the RVC during uptake. This
degradation was minimal, and was perhaps due to over-oxidised polymer
undergoing hydrolysis reactions to form soluble products [8].
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Figure 3.4

Recovery of gold by polymer modified RVC from solutions

containing 0.1 M HCI and varying initial concentrations of
[AuCl4f. (O) = polymer in the oxidized state. (R) =
polymer in the reduced state. Initial gold concentration (a)
1 ppm, (b) 5 ppm, (c) 100 ppm, (d) 1000 ppm.
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3.3.1.2 Gold uptake capacity

One of the most important properties for a conducting polymer to posses

it is to be used for gold extraction is high absorption capacity. Table
presents the maximum gold absorption capacity for several types of
polymer modified RVC, as well as for some conducting polymer
membranes. Capacities were obtained by exposing conducting polymer

membranes or polymer modified RVC to gold containing solutions until no
further decrease in gold concentration was observed.

Table 3.3 Maximum gold absorption capacities for conducting polymer
membranes and conducting polymer modified RVC

Polymer

Capacity
(mgAu/g Polymer)

PPy/PTS/RVC*

2941

PPy/Cl/RVC*

2732

PAn/Cl/RVC*

3142

PMT/TBAP/RVC*

2300

PBT/S-PPIE/RVC*

1166

PPy/PTS#

4945

PPy/PTS*

5089

PBT/S-PHE"

1666

PBT/S-PHE*

1832

* Polymer in the reducedform.# Polymer in the oxidised form.
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Table 3.3 shows the gold uptake capacity for different types of polymer
modified RVC and free standing membranes. The greatest capacity was
displayed by PPy/PTS membranes, which could recover approximately five
times their weight in gold. For the two polymer membranes examined, no
significant difference in capacity between the reduced and oxidised forms
were noted. However, the capacities of both PPy/PTS membranes were
approximately three times greater than that of oxidised or reduced PBT/SPHE membranes. This may be due to difference in polymer morphology

and polymer reduction potential. Alternatively these different capacities

may be related to the abilities of different polymers to participate in a

exchange reactions. Such reactions may lead to preconcentration of gold in
the vicinity of the conducting polymer backbone prior to reduction. Since
the anion exchange capacity of PBT/S-PHE will be lower than for PPy/PTS
because of the size of polyelectrolyte dopant, this would also lead to a

lower gold uptake capacity. Irrespective of the reason, these results cle
indicate that differences in either or both the physical and chemical
properties of polymer membranes can have a significant effect on gold
uptake capacity. It was also noted that the large amounts of gold metal
deposited onto PPy/PTS membranes adversely affect their mechanical
properties, making them extremely brittle and unable to be reused.
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The results in Table 3 also indicate that the capacities of free standing
membranes are higher than the capacities of polymer modified RVC. This

may be attributed the fact that the extent of the gold deposition reacti

restricted by the limited inner space of RVC. In contrast, extensive gold
deposition can occur, layer upon layer, on an exposed membrane surface.
However use of stand alone membrane was not considered further as the
polymer coated RVC sample were found to be more robust and mechanical
stable when considering gold recovery on an industrial scale.

The gold capacity of reduced PPy/PTS membranes was determined to be
5089 mg Au/g polymer. Since microanalysis indicates that the formula of

this polymer is (PPy) 3+ PTS" [14], this capacity may also be expressed a
9.4 moles Au°/polymer repeat unit, the number of electrons cycled during

the redox reactions were calculated to be 28 electrons per PPy/PTS repeat
unit. The same calculations give 27 electrons cycle per repeat unit for
oxidised PPy/PTS. The results indicate the capacity of metal deposition
was slightly different for the oxidized and reduced form of the polymer.
This indicates that the first oxidation process:

(PPy)n° •(PPy)n+cr ••••(3.1)

does play same role in metal deposition. However the bulk of the metal

reduction appear to involve the second over-oxidation process of polymer.
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This overoxidation results in dedoping of conducting polypyrrole and the
formation of carboxyl groups [15].

Obviously those processes do not account for all of the electrons
consumed. It is assumed that that some mechanism for returning the

oxidised or over-oxidised polymer back to its initial oxidation state mu

present. In the case of polyaniline it has been reported that spontaneou
reduction reaction occurs in HCI solution [7].

3.3.1.3 Effect of temperature and polymer thickness

Among the variables likely to significantly influence the rate and yield

gold recovery, temperature and thickness of the conducting polymer layer

were considered to be two of the most important. The effect of temperatu
on the rate of deposition of gold metal from solutions containing 0.1 M
HCI and 1000 ppm [AuCU]" is illustrated in Figure 3.5. Experiments were
performed using oxidised PPy/PTS membranes measuring 2 cm x 2 cm,
and 50 mL of solution containing 0.1 M HCI and 1000 ppm [AuCU]".

Figure 3.5 clearly shows that gold recovery is significantly enhanced at
higher temperatures.
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Figure 3.5

Effect of temperature on recovery of gold from a 0.1 M

HCI

solution containing 1000 ppm [AuCl4f, using oxidised
PPy/PTS membranes.

In order to investigate the effect of polymer membrane thickness on g
recovery, two experiments were performed using oxidised PPy/PTS
membranes grown using a current density of 1 mA cm"2 for different

periods of time. In the first experiment the membranes were added to 1
mL of solution containing 0.1 M HCI and 1000 [AuCU]". The percent

recovery of gold was monitored as a function of time, and is presented

Figure 3.6. Overall it appears that while it was advantageous to grow

polymer to 17 urn thickness instead of 5 urn, no further advantage in

of the amount of gold recovered was obtained by growing membranes for
longer periods of time.

Chapter 3

88

Time (min)

Figure 3.6 Effect of variations in PPy/PTS membrane thickness on gold
recovery from solutions containing 0.1 M HCI and 1000 ppm

[AuCU]'.

In the second experiment an identical set of membranes (each 2x2 cm)
were prepared and then added to 50 mL of solution containing 0.1 M HCI
and 1000 ppm [AuCU]". The concentration of gold in solution was

monitored until no further changes were observed, and then the amount o

gold recovered used to calculate the recoveries presented in Table 3.4.
was found that the gold capacity decreased with increasing polymer
thickness. However, surface coverage (mg Au /cm polymer) increased

with increasing polymer thickness. This is because the initial depositio
gold metal on the polymer surface restricts access of gold in solution

underlying polymer surface. Eventually, the deposition of a sufficiently
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dense layer of gold on the polymer surface may result in anodic closure,
completely stopping the reaction.

Table 3.4 The effect of polymer membrane thickness on gold uptake
capacity.

Growing
time
(minute)
10
20
30
45

Polymer Polymer
thickness weight
(mg)
(jum)
5
17
24
56

2.74.9
7.8
11.0

Capacity
of polymer
(mgAu /g
polymer)
5.92
3.69
3.01
2.54

Surface
coverage (mg
A 0/

2

Au /cm
polymer)
3.85
4.54
5.87
7.00

3.3.1.4 Recovery from solutions containing low concentrations of gold

While the above results clearly indicate the great propensity for polyme
modified RVC to extract gold from solutions containing [AuCU]", they do
not necessarily indicate that these materials would be successful in an

industrial situation. In many cases it is desirable to be able to recove
from ores or solutions with very low gold contents. The interaction of

conducting polymers with solution contains low concentrations of gold ha
not previously been reported. The polymer modified RVC or activated
carbon was therefore exposed to solutions containing 0.1 ppm [AuCU]" in
0.1 M HCI for 20 h. Owing to the reduced accuracy associated with
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measuring very small gold concentrations by A A S , gold recoveries were
evaluated by determining the amount of gold deposited on the polymer
modified RVC using neutron activation analysis (NAA). The NAA data are
shown in Table 3.5 and Figure 3.7.

Table 3.5 Recovery of Au(III) by polymer modified RVC from solutions
containing low concentrations of gold chloride after 20 hours.

PPy/PTS (O)
PPy/PTS (R)
PBT/S-PHE (0)
PBT/S-PHE (R)
PPY/C1 (0)
PPy/Cl (R)
PAn/Cl (0)
PAn/Cl (R)
PMT/C104 (O)
PMT/C104 (R)
Carbon

Weight of
sample
(RVC +
polymer)
(g)
0.363
0.398
0.399
0.361
0.301
0.284
0.415
0.433
0.294
0.361
0.100

lit

Polymer

4540
5370.0
5140.0
4180.0
5020.0
4770.0
2620.0
2300.0
3840.0
4180.0
2650

Amount of
gold at
RVCfrg)

Au
Removal

1.648
2.137
2.051
1.509
1.511
1.354
1.087
0.995
1.129
1.509
0.265

82.40
100.0
100.0
75.45
75.55
67.70
54.35
49.75
56.45
42.05
13.25

(%)

Source solution: 20 mL ofO. 1 ppm Au (III) in 0.1 MHCl.

(O) = polymer initially in the oxidized state. (R) = polymer initially in
reduced state.
The results show that polymer modified RVC was more effective in
recovering low concentrations of gold than activated carbon. High gold
recoveries were obtained using both PPy/PTS and PBT/S-PHE. In addition
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there w a s a small, but significant difference between the results obtained
using the oxidised and reduced forms of the one polymer. While the
calculated gold recoveries obtained using the other polymer modified RVC
samples were lower, this is in fact misleading. During the gold uptake
process it was noticed that parts of these latter polymers and their
associated gold deposits flaked off from the RVC, and were therefore not
included in the amount of gold determined by neutron activation analysis.
The superior mechanical properties of PPy/PTS and PBT/S-PHE when
covered with gold particles therefore potentially confer an advantage on
these materials over the others examined.
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Figure 3.7 Recovery of gold from solutions containing 0.1 ppm

[AuCUf

and 0.1 MHCl by different conducting polymer modified RVC.
(O) = polymer initially in the oxidized state. (R) = polymer
initially in the reduced state. All experiments were performed
for 20 h.

High recovery of Au(III) from low concentration gold solutions was
obtained using PPy/PTS modified RVC (PPy/PTS/RVC). In order to obtain

further information concerning the kinetics of gold recovery at low gold
concentrations, an additional experiment was performed using

PPy/PTS/RVC. The results of this experiment are presented in Figure 3.8.
A small amount of gold recovery was observed during the first 30 min of
exposure to PPy/PTS/RVC, After 3 h exposure only 50 % of the gold
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present had been recovered. These results are not surprising for a re

whose rate is probably controlled by the mass transport of [AuCU]' to
polymer surface.

100

~ 80
> 60
o
E
* 40
<

20 _

0
10

30

180

1200

Time (min)

Figure 3.8 Recovery ofgold from a solution containing 0.1 ppm [AuCl4]~
and 0.1 MHCl by PPy/PTS (O).

3.3.1.5 Recovery of [AuCU]" from solutions containing excess iron

Leachates derived from gold-bearing ores, and industrial process stre

usually contain a variety of metal ions and metal complexes in additi

gold and gold complexes. Table 3.6 shows the composition of an indust

solution produced by the Lihir mine in Papua New Guinea. In addition t

the considerable amounts of alkali metal and alkaline earth metal ions

Chapter 3

present, there are also significantly greater quantities of iron compared to
gold.

Table 3.6 Composition of an industrial process solutionfromthe Lihir gold
mine, Papua, New Guinea. *

Component
Au
H2S04
CI
Cu
Total Fe
Zn
Pb

Mg
K
Na
Ca
As
Total S

Concentration
(ppm)
0.005 to 0.020
500 - 5 000
9000- 17000
10
3000-5000
10
<0.05
500
10-20
4000 - 7000
700
80
6000

*pH=0.5-1.0

Figures 3.9 and 3.10 show the results of gold uptake experiments
performed using PPy/PTS/RVC or PMT/C104/RVC when exposed to a 0.1
M HCI solution containing 1 ppm [AuCU]" and 1000 ppm Fe(III). The
figures illustrate results obtained from experiments performed with the

polymer in the oxidized state. Essentially identical results were obtaine
when the polymer was present in its reduced state.
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Figure 3.9 Recovery of gold from a solution containing 1 ppm [AuCl4f,
1000 ppm Fe(III) and 0.1 M HCI, using oxidized
PPy/PTS/RVC.
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Figure 3.10 Recovery of gold from a solution containing 1 ppm [AuClJ,
1000 ppm Fe(III) and 0.1 M HCI, using oxidized
PMT/CIO/RVC.
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Both figures clearly illustrate the selective nature of the gold uptake
process. Even in the presence of a 1000 fold excess of Fe(III), after 20

there was essentially no change in iron concentration, while approximate

90 % of the gold present was deposited onto the polymer. This represents
small decrease in gold recovery compared to the experiments performed
using solutions containing 1 ppm [AuCU]" and no iron. No significant

difference in overall extraction efficiency was noted between the two ty
of polymer modified RVC examined. However, when PPy/PTS/RVC or a
free standing PPy/PTS membrane was immersed into the Fe(III) solution,
the solution did change color after one second, indicating that Fe(III)
reduced to Fe(II) by the polymer.

Almost identical results were obtained when the experiment was repeated
using RVC coated with reduced PPy/PTS, and a 0.1 M HCI solution
containing lppm [AuCl4]", 3000 ppm Fe(II) and 3000 ppm Fe(III) (Figure
3.11). In addition, the rate and extent of gold recovery observed when
membranes composed of reduced PPy/PTS were exposed to 0.1 M HCI
solutions containing 1 ppm [AuCl4]" and 1000 ppm Fe(III) (Figure 3.12),
was essentially identical to that obtained using PPy/PTS/RVC.
Comparable results were also obtained when oxidised PPy/PTS membranes
were used. Overall the results of experiments involving conducting
polymer membranes indicate that RVC has little influence on either the
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selectivity or kinetics of gold uptake from solutions containing mixtures of
gold and iron.

• Fe(HI) + Fe(H)
DAu(III)
Au (III)
Fe(III) + Fe(II)

1200
Time (min)

Figure 3.11 Recovery of gold from a solution containing 1 ppm [AuCl4]~,
3000 ppm Fe(III), 3000 ppm Fe(II) and 0.1 M HCI, using
reduced PPy/PTS/R VC.
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Figure 3.12 Recovery of gold from a solution containing 1 ppm [AuCl4]~,
1000 ppm Fe(III) and 0.1 M HCI by a reduced PPy/PTS
membrane.

The selectivity of the extraction process observed in these experiments m a y

be attributed to the differences in oxidising properties between Au(III)
Fe(III) and Fe(II). The standard reduction potentials for these 3 metal
are:

AuCU" + 3e

AuL

E°= 1.20 V

....(3.2)

Fe 3+ + e

Fe 2+

E° = 0.771 V

....(3.3)

Fe 2+ + 2e

Fe

E° = -0.440 V

.(3.4)
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O f the three metal ions only Au(III) is capable of oxidising PPy + , and in so

doing be reduced to the elemental metal. Further evidence for the lack

reactivity of iron towards conducting polymers was provided by Scannin
Electron Microscopy. Micrographs of the surfaces of PPy/PTS membranes
which had been exposed to solutions containing high concentrations of

Fe(III) were identical to those of membranes which had not been expose
to any iron, and showed no evidence for deposition of metallic iron.

Additional experiments examining the effect of Fe(III) and Fe(II) on g
uptake capacity were performed using oxidised and reduced PPy/PTS
membranes (2x2 cm). One set of experiments was performed using 50 ml
of solution containing 1000 ppm [AuCU]", 3000 ppm Fe(II), and 0.1 M
HCI, while a second set of experiments was performed using 50 ml of
solution containing 1000 ppm [AuCU]', 3000 ppm Fe(III) and 0.1 M HCI.

It was found that after either membrane was soaked in a solution conta
[AuCl4]" and Fe(II) no gold deposition had occurred on the membrane

surface. Instead particles of gold deposited on the bottom of the beak
result of the following reaction:

Au3+ + 3Fe2+ **=^ Au° + 3Fe3+ ...(3.5)

This was confirmed by repeating the reaction in the absence of the pol
modified RVC. In contrast when either type of membrane was soaked in

Chapter 3

100

the solution containing [AuCl4]" and Fe(III), gold deposited on the
membrane surface. The uptake capacity of the reduced PPy/PTS membrane
was 3480 mg Au°/g polymer, while that for the oxidised PPy/PTS
membrane was 2950 mg Au°/g polymer. Both results are significantly
lower than the uptake capacity obtained using a solution containing only
gold. This is because the polymer simultaneously reduced [AuCU]" and
Fe(III).

3.3.1.6 Recovery of other metals using conducting polymers

Metal ion recovery experiments were also performed using solutions
containing 0.01 M Cu2+, Fe3+, Zn2+, Mg2+, Ni2+, Co2 +, Gd3+, Ag+, or Pb2+Both PPy/PTS and PBT/S-PHE membranes were used. Evidence for metal
deposition on the conducting polymer was sought by checking for changes
in polymer conductivity and surface morphology. Of all the metals
examined only silver was found to be deposited to a significant extent,
then only when PPy/PTS was used. If the mechanism of silver recovery

involves reduction of the metal ion by the polymer, it is also possible t
rationalize the lack of a silver deposit when PBT/S-PFIE membranes were
used. The Ag(I)/Ag(0) redox couple occurs at an intermediate potential

with respect to both PPy/S-PFIE and PPy/PTS, with only the latter polymer
a sufficiently strong reductant to be able to reduce Ag(I) to Ag(0).
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Consequently, the selectivity of metal ion extraction process can be
achieved by choosing polymers with different E° values.

3.3.2 Recovery of gold from cyanide media

The previous studies indicated that conducting polymer membranes and

polymer modified RVC are very effective at recovering gold from aqueous
solutions containing [AuCU]". However, most industrial solutions or
mineral leachates contain the cyanide complex [Au(CN)2]\ The reduction
potential for this complex is considerably lower than that for [AuCU]",
shown below:

AuCU" + 3e

Au1

E°= 1.20 V

.(3.6)

2Au(CN)2" + 2e

2Au + 4CN"

E° = -0.67 V

.(3.7)

It is therefore unlikely that conducting polymer membranes or polymer
modified RVC could remove [Au(CN)2]" from solution by a redox
mechanism. However, the possibility remains that the intact complex
could be recovered by either adsorption, or through an ion-exchange
mechanism in which the gold cyanide complex replaces the dopant in the

conducting polymer. In order to investigate this possibility a series o
experiments were conducted in which the oxidised and reduced forms of
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several types of polymer modified RVC were exposed to a solution
containing 50 ppm [Au(CN)2]" and 255 ppm NaCN. The results of these
experiments are presented in Figure 3.13. Of the conducting polymer
modified RVC samples examined, only those containing PPy/PTS showed

significant gold recovery. When the polymer was present in the oxidised

state an overall recovery of 73% was obtained, compared to 54% when the
polymer was present in its reduced state. Neither polymer modified RVC

displayed a yellow colouring, indicating that the mechanism of recovery
does not involve a redox reaction leading to gold metal.
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Polymer

Figure 3.13 Recovery of gold from solutions containing 50 ppm

Au(CN)2~

and 255 ppm NaCN by different polymer modified R VC. All
experiments were performed for 20 h.
In order to shed further light on which types of polymer modified R V C
lead to signficant recovery of [Au(CN)2]", an additional series of
experiments was conducted using several other conducting polymers
containing dopants with similar structures to PTS. The dopants examined

were para-toluenesulfonic acid, sodium salt (PTS), dodecylbenzenesulfonic
acid, sodium salt (DBS), benzenesulfonic acid, sodium salt (BSA) and

sulfobenzoic acid, sodium salt (SBA). Their structures are shown in Figur
3.14. The amounts of gold recovered were determined at several time
points over a period of 20 h, and are presented in Figure 3.15. Only the
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oxidised forms of the polymer modified R V C were examined, since the
oxidised form of PPy/PTS modified RVC showed greater gold recovery.

Also included in Figure 3.15 are results obtained using a mass of activ

carbon (100 mg) that was equivalent to the mass of polymer deposited ont
RVC in each case.

SO,Na

S03Na

S03Na

^ ^

C02H

CH,

PTS

SBA

NaSO

DBS
Figure 3.14 Structure of the dopants.

BSA
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Figure 3.15

Recovery of gold from a solution containing 70 ppm

Au(CN){ and 255 ppm NaCN by different polymer
modified R VC, and activated carbon.

Figure 3.15 illustrates that each of the conducting polymer modified R V C
examined were capable of recovering significant amounts of gold from

solution. In none of the experiments were any yellow coatings noted on t

polymer modified RVC, consistent with the absence of metallic gold. Afte
just one minute exposure each conducting polymer modified RVC had
removed between 20 and 45% of the gold present in solution, compared
with < 5% gold recovery using activated carbon. On standing for longer
periods of time the amount of gold recovered using PPy/DBSA/RVC did
not appear to increase significantly. However, the amounts of gold
recovered using each of the other types of polymer modified RVC, and

activated carbon, did improve significantly with time. After 20 h exposu
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no further significant amount of gold recovery was observed. At this stag
PPy/PTS/RVC, PPy/BSA/RVC and PPy/SBA/RVC gave gold recoveries
between 75 and 85%, comparable to the value of 80% achieved using

activated carbon. While the overall gold extraction efficiencies of the t
types of polymer modified RVC were very similar to that of activated

carbon, Figure 3.15 clearly illustrates that the former materials display

signficant advantage in terms of the rate of gold recovery. For the three
polymer modified RVC, gold recoveries of > 60% were obtained after just
3 h exposure. These values are almost twice as great as the value of 35%
obtained after 3 h exposure to activated carbon.

The above results provided further encouragement to explore the potential
for using conducting polymer modified RVC to recover gold from cyanide
leachates. One question that needed to be answered was whether the
polymer coated RVC could recover gold from a typical cyanide leachate,
which contains many other species in addition to [Au(CN)2]". This is
especially pertinent since the mechanism of gold recovery is unlikely to
involve redox chemistry, which provided the selectivity seen in acidic
chloride solutions. Table 3.7 gives the composition of a typical gold

cyanide leachate, from the Peak gold mine in New South Wales. It is clear
from Table 3.7 that one of the most important interferents in cyanide
leachates will be [Cu(CN)2]".
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Table 3.7 Composition of a cyanide leachate obtained from the Peak gold
mine, NSW Australia. *

Component
Au
Cu
Fe
Zn
Pb
Mg
Ag
K
Na
Ca
Cd
Mn
As
Ni
Total Dissolved salts
S2"
N0 3 "
S042"
CI
Total C N
W A D Cyanide
Free cyanide
SCN"

Concentration (ppm)
0.1-0.2
110
0.40
1-30
0.1-1.0
40
O.02
140
1200-1400
120-250
O.034
0.5
0.0001
0.0001
4000 - 5000
20
130
1600-2100
500-700
80-100
80-100
<0.1
300-500

*pH8.5

Figure 3.16 shows the amounts of [Au(CN)2]" and [Cu(CN)2]" recovered by

different polymer modified RVC from a solution containing both cyani
complexes as well as free cyanide. Both anionic complexes were

recovered to a significant extent by each of the four types of oxidiz
polymer modified RVC examined. However, it is noteworthy that very
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little additional uptake of either complex occurred after thefirstminute of
exposure, when PPy/DBSA modified RVC was used. This result is

consistent with what was observed in earlier experiments with this materi

and suggests that its capacity may be significantly less than that of th

three polymer modified RVC examined. For these latter materials the final
amounts of gold recovered ranged from 70-85 %, with PPy/BSA/RVC

displaying the greatest gold uptake, and PPy/PTS/RVC the least. While the

amounts of copper recovered by these three materials was slightly less t
the amounts of gold, the same trend in copper uptake amongst the three
materials was observed. This is consistent with either an adsorption or
exchange mechanism of metal ion uptake, both of which would be unlikely

to show a strong dependence on the chemical identity of the species being
recovered.
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Figure 3.16 Recovery of gold cyanide and copper cyanidefromsolutions
containing 67 ppm Au(CN)i, 41 ppm Cu(CN)2" and 255 ppm
NaCN, by different polymer modified RVC.
Since Table 3.7 indicates the concentration of [Au(CN)2]" present in a

typical industrial leachate is likely to be considerably less than that u
the previous experiments, an additional experiment was performed to
examine the ability of polymer modified RVC to recover gold from
solutions containing [Au(CN)2]" at low concentrations. Figure 3.17

illustrates the results obtained using a 0.1 ppm solution of [Au(CN)2]\ an

the oxidized forms of three different polymer modified RVC, as well as fo
activated carbon. Consistent with the above results, PPy/DBSA/RVC
recovered significantly smaller quantities of gold, and in a less facile
manner, than any of the other materials examined. After 20 hours
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exposure to the gold solution, PPy/PTS/RVC had recovered essentially all
gold from the solution, compared to a 90% recovery exhibited by
activated carbon. However, what was perhaps more significant was the
greater speed with which the conducting polymer modified RVC
recovered gold from solution. For example, after only 10 min exposure
PPy/PTS/RVC had recovered 65% of gold from the solution, compared to
only 10% when activated carbon was used.

•
D
•
•

10

30

180

PPy/PTS
Carbon
PPy/PTS 2
PPy/DBSA

1200

Time (min)

Figure 3.17

Recovery of gold from solutions containing 0.1 ppm

Au(CN)i by different polymer modified RVC, and
activated carbon.

3.4 CONCLUSIONS
A range of conducting polymers including polypyrroles, polyanilines and
polythiophenes with different reduction potentials were investigated and
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found to be successful for recovery of gold from solutions containing
[AuCU]". Both conducting polymer modified RVC (Reticulated Vitreous
Carbon) and conducting polymer free standing membranes were used.
Almost quantitative recovery of gold from acidic solutions containing
[AuCU]" occurred in a facile manner using polymer coated RVC, over a
wide range of gold concentrations. The high capacity of these new

materials is due largely to the high surface area to volume ratio of the R

support. High selectivity for particular metal ions can be obtained by the
choice of appropriate polymer. In each case a deposition process is

believed to occur which leads to the formation of a metallic gold layer on
the polymer/RVC surface.
The process of electroless deposition of gold on solid polymer films may

be regarded as beginning with a nucleating step resulting in Au° particles
that are formed on the polymer surface due to redox reactions between the
polymer and gold(III). The deposition of gold chloride onto conducting
polymers is dependent upon many chemical and physical factors which
affect both deposition kinetics and deposition capacity. The type of
polymer, redox state, surface area and temperature all had significant
effects on the rate of gold uptake.
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A range of conducting polymer modified RVC were also investigated in
gold cyanide solution. The mechanism of the interaction between the
conducting polymer and gold cyanide seems to be due to ion exchange.
[(PPy)m+/A-]n + nAu(CN)2" =^ [(PPy)m+/ Au(CN)2"]n+ nA" • • -(3-8)
When the results obtained using polymer modified RVC and activated
carbon were compared under the same experimental conditions, it was
found that some of the polymers used were more effective than activated
carbon for gold cyanide recovery.
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CHAPTER 4

SYNTHESIS AND PROPERTIES OF A MECHANICALLY
STRONG POLY(BITHIOPHENE) COMPOSITE
POLYMER CONTAINING A POLYELECTROLYTE
DOPANT
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4.1 INTRODUCTION
One major advantage of using conducting polymers is that a range of
monomers can be chosen and a wide range of chemical species may be
incorporated into the material as counterions during polymerization. This
means that it is possible to produce an enormous range of conducting
polymers with a wide spectrum of chemical properties.
Thiophene, substituted thiophenes and oligomeric thiophenes can be
electrochemically or chemically oxidised. Compared to polypyrrole,
polythiophene has a much higher positive potential limit, which protects
the polymer from over-oxidation. This makes polythiophenes interesting
candidates for a variety of potential applications [1,2]. However,
developments in these areas have been limited by the generally poor

mechanical properties and lack of solubility and electroactivity in aqueou
solutions displayed by these materials. Incorporation of polyelectrolytes
into conducting polymers has attracted increasing interest due to the
favourable mechanical properties they often confer on these materials [3-

6], as well as other interesting features such as high water content and o
porous structures [7]. Furthermore, when the conducting polymer is
reduced charge compensation is achieved predominantly by incorporation
of cations from the solvent owing to the bulk and lack of mobility of
polyelectrolyte dopants [8,9]. By appropriate choice of polyelectrolyte
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dopant it has also been possible to produce conducting polymers that
contain electroactive functional groups [10], are capable of complexing
metal ions [11,12], or are biocompatible [7].

The synthesis of a series of sulfated poly(p-hydroxyethers), and their
subsequent use as dopants for both polypyrrole (PPy) and poly(3,4ethylenedioxythiophene) (PEDT) has been reported [3,4,6,12-14].
Polypyrrole/sulfated poly((3-hydroxyether) (PPy/S-PHE) composites were

shown to display excellent mechanical properties, as well as the ability t
be moulded at elevated temperatures [3,4]. Similar favourable mechanical
properties were displayed by poly(3,4-ethylenedioxythiophene)/sulfated
poly(P-hydroxyether) (PEDT/S-PHE) composites [6,14]. In addition the

latter materials were found to be electrochromic, with high conductivities
in the range 150 - 180 S cm"1.

The formation of new polythiophenes has recently attracted a great deal of
attention [2,6,14-24]. This is due partly to the fact that polythiophenes
generally chemically and electrochemically stable in air and moisture

irrespective of their level of doping, and undergo oxidation at potentials

above +1.0 V [1]. In addition the chemistry of thiophene itself lends itse

more readily than other heterocycles to derivatisation, allowing a greater
range of polymers with different properties to be produced [1,2,14-16,1824]. Most attention has focussed on polymerization of simple derivatives
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of thiophene such as 3-methylthiophene, 3-bromothiophene and 3,4dibromothiophene. However, more complex starting materials such as 3,6dioxaheptylthiophene have been used to prepare novel polymers which
display electroactivity in aqueous solution [23,24]. Furthermore a number
of thiophene, bithiophene and trithiophene monomers with attached crown

ether ligands have been polymerized to give materials that can be used fo
the electrochemical detection of cations [15].

4.1.1 Aims and approach

In this chapter, the synthesis and characterization of novel
poly(bithiophene)/sulfated poly(p-hydroxyether) (PBT/S-PFIE) composite

materials with enhanced mechanical properties is described. The results o
mechanical strength and surface morphological investigations on films
composed of PBT/S-PFIE are presented, together with data obtained on
PPy/S-PHE films. Also included is an investigation into the
electrochemistry of aqueous solutions containing cytochrome c and either
Cu2+ or Fe(CN)64", performed using electrodes coated with PBT/S-PHE
films.
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4.2 E X P E R I M E N T A L

4.2.1 Reagents

2,2'-bithiophene, 3-methylthiophene and propylene carbonate
obtained from Aldrich, while tetrabutylammonium perchlorate

pyrrole were obtained from Fluka. All other inorganic reagen

grade and obtained from Ajax Chemicals. Pyrrole was distille

while all other reagents were used as received. MilliQ water
was used throughout for preparing aqueous solutions.

The structure of the sulfated poly((3-hydroxyether) used, wh

supplied by Dr Wolfgang Wemet, is illustrated in Figure 4.1.

describing the synthesis of this polyelectrolyte with differ
sulfate groups and free hydroxyl groups (MR = n/(n+m), where

of sulfate groups and m = number of free hydroxyl groups) ar

where [25]. Sulfated poly(p-hydroxyethers) with MR values of

0.20, 0.33 and 0.50 were used for preparing composite polyme

polypyrrole, while for PBT/S-PHE composites the polyelectrol
throughout had MR = 0.33.
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Figure 4.1 Structure of the sulfated poly (^-hydroxyether) used in this
work.

4.2.2 Preparation of polymers

Electropolymerizations were performed using an EG and G Princeton
Applied Research Model 363 Potentiostat/Galvanostat together with a
conventional one compartment electrochemical cell and three electrode

system. All solutions were thoroughly deoxygenated with nitrogen prior t
use, and experimental data was collected using a MacLab A/D and D/A
data collection system (ADInstrument). Galvanostatic, potentiodynamic,

and in some cases potentiostatie methods were used for preparation of th
polymer films.

Thin films of PPy/S-PHE were grown on either platinum (0.018 cm ) or
glassy carbon electrodes (0.071 cm2) from propylene carbonate solutions
containing 0.2 M pyrrole, 2% S-PHE and 1% H20. A Ag/Ag+ reference

electrode and platinum mesh auxiliary electrode were also present in the
electrochemical cell. Polymerization was performed both

potentiodynamically (cyclic voltammetry; -0.2 V to +1.0 V, 50 mV s") and
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galvanostatically (current density =1 or 2 mA cm"2, 3 min polymerization
time). Films composed of PPy/S-PHE were grown onto a polished

stainless steel electrode from solutions with the same composition as th
described above. A Ag/Ag+ reference electrode was again used, however a
RVC auxiliary electrode was employed in this instance. Polymer growth
was achieved by applying a constant current density of 2 mA cm" to the
solution for 10 min. After polymerization films were washed thoroughly
with distilled water, peeled off the electrode and allowed to dry.

Electropolymerization of 3-methylthiophene (3MeT) was attempted using
propylene carbonate solutions containing 0.5 M 3-methylthiophene and 2%
S-PHE (MR = 0.33). Both glassy carbon and platinum electrodes were
used as the working electrode in conjunction with a Ag/Ag+ reference
electrode and platinum mesh auxiliary electrode. Polymerization was
commenced using both potentiodynamic (cyclic voltammetry; 0 to +1.8 V

or 0 to +1.5 V, 100 mV s"1) and galvanostatic methods (current density =
mA cm" , 3 min polymerization time).

Propylene carbonate solutions containing 0.2 M 2,2'-bithiophene and 2%
sulfated poly (p-hydroxy ether) (MR = 0.33) were electropolymerized to
form thin films using potentiodynamic, potentiostatie and galvanostatic
methods. A platinum working electrode was used throughout in

conjunction with a Ag/Ag+ reference electrode and platinum mesh auxiliar
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electrode. During galvanostatic growth a constant current density of 1 m A

cm"*- was applied, while polymer deposition under potentiostatie conditi
was optimally achieved by applying a constant potential of+1.5 V to the
system. Potentiodynamic growth of polymer was performed using cyclic
voltammetry (0 to +1.5 V, 100 mV s"1).

4.2.3 Characterisation of polymer membranes

Microanalyses, conductivity and tensile strength measurements, atomic
force microscopy (AFM) and scanning electron microscopy (SEM) studies
were performed on free standing PBT/S-PHE membranes grown on a

stainless steel electrode (18 cm area) using propylene carbonate solutio
containing 0.2 M 2,2'-bithiophene and 2% sulfated poly(p-hydroxyether).
A RVC auxiliary electrode and a Ag/AgCl/TBAP in CH3CN (3M)
reference electrode were also present. Growth of membranes was achieved
under galvanostatic conditions by applying a constant current density of
either 0.5 or 1 mA cm"2 for 5 min or longer. Examination of the
chronopotentiogram obtained while polymerizing for 10 min using a

constant current density of 1 mA cm"2 revealed that the rest potential wa
+2.2 V. After growth membranes were rinsed with propylene carbonate,

then carefully peeled from the stainless steel electrode surface. They w
then washed again with propylene carbonate before being washed with

acetone and allowed to dry in a fume cupboard for 2 h. Absorption spectra
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were obtained using thin polymer films grown under identical condition

those just described, except Indium-Tin-Oxide (ITO) coated glass slides
(10Q) were used as the working electrode and polymerization was
performed for 50 s.

4.2.4 Techniques and instrumentation

Elemental analyses on PBT/S-PHE membranes prepared galvanostatically
by applying a constant current density of 1 mA cm"2 for 10 min were
performed by the Microanalysis Unit at The Australian National
University. AFM and SEM micrographs of PBT/S-PHE and PPy/S-PHE
membranes were obtained using a Digital Multitude Nanoscope 3 and
Leica Cambridge 440 Scanning Electron Microscope, respectively.
Conductivity and thickness measurements were performed on membranes

using the four point probe method and digital vernier calipers, respect

UV-visible absorption spectra of PBT/S-PHE films grown onto ITO coated
glass slides were obtained using a shimadzu Model UV-1601
spectrophotometer. Tensile strength measurements were performed using
free standing PBT/S-PFIE and PPy/S-PFIE membranes and an Instron-4304.

Cyclic voltammetry studies were conducted in a three electrode

electrochemical cell using a platinum working electrode onto which the
PBT/S-PHE composite had been deposited galvanostatically (1 mA cm"2
for 3 min). A Ag/AgCl/TBAP in CH3CN (3M) reference electrode and
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platinum mesh auxiliary electrode were used for studies conducted i
propylene carbonate solution, with the former replaced by a

Ag/AgCl/NaCl(aq) (3M) reference electrode for aqueous solution studi

Mechanical properties of PBT/S-PHE composites film were characteriz

by means of a stress-strain test. The samples used for the test wer

long, 1 cm wide and tensile strength results were obtained using an

- 4302 with a computer interface for date logging. For all of the t
N or 100 N load cell was used.

4.3 RESULTS AND DISCUSSION

4.3.1 Polymer Growth

Wemet and coworkers have previously reported extensively on the
electropolymerization and characterization of PPy/S-PHE composites

grown using propylene carbonate solvent [12,13]. This has been repe

using solutions with a similar composition and galvanostatic, poten
and potentiodynamic (Figure 4.2) methods of electropolymerization.

PPy/S-PFIE films were prepared as part of this work to allow a comp

with the morphological and mechanical properties of PBT/S-PHE films
which are reported here for the first time.
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Figure 4.2

Polymerization of PPy/S-PHE

obtained using a propylene

carbonate solution containing 0.2 Mpyrrole and 2 % S-PHE
at a platinum electrode, (a) Cyclic voltammogram obtained
using scan rate = 100 mV s'J. (b) Chronoamperogram
obtained using constant potential of + 0.8 V. (c)
Chronopotentiogram obtained using a current density of 1
mA cm .
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Electropolymerization of propylene carbonate solutions containing 3methylthiophene and sulfated poly(P-hydroxyether) under galvanostatic

conditions (current density = 1 or 2 mA cm"2) failed to give a uniform fil
on either a glassy carbon or platinum electrode surface. Similar problems
were noted when polymerization was performed under potentiodynamic
conditions (either 0 to +1.8 V or 0 to +1.3 V, 100 mV s"1). In contrast
growth of thin films composed of PBT/S-PHE on platinum electrodes was
achieved using potentiodynamic, potentiostatie and galvanostatic
techniques (Figure 4.3). When potentiodynamic methods were employed

cyclic voltammetry showed an increase in current at positive potentials as
the number of scans was increased, indicating that deposition of the
polymer occurred (Figure 4.3a). From the first scan the minimum potential
required to initiate monomer oxidation was determined to be +1.0 V. This
value is similar to that used to initiate polymer growth from solutions
containing 2,2'-bithiophene and small anions. For example, examination
of the first cycle obtained during potentiodynamic polymer growth from an
acetonitrile solution containing 2,2'-bithiophene and lithium perchlorate

indicated that a potential of+1.0 V was required to initiate polymerizatio

Previous work on polythiophene films suggested that optimal conductivity
and uniformity could be obtained by growing the polymer under
potentiostatie conditions at potentials 0.5 V more positive than that
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Similar results were also

reported when a significantly higher potential than that required to init
polymerization was briefly applied [30,31]. The increased conductivity
observed as a result of following either of these procedures has been
ascribed to the simultaneous formation of a large number of nucleation
sites for polymer growth [2]. Potentiostatie growth of PBT/S-PHE films
was performed by applying a constant potential of between +1.1 V and
+1.5 V. When a constant potential of + 1.1 V was used the resulting
chronoamperogram showed that only a small, constant current was passed
between the electrodes. In subsequent experiments the magnitude of the
current being passed increased as the potential applied was raised. In
addition the current passed in any of these subsequent experiments also
increased in magnitude the longer polymerization was allowed to continue.

Figure 4.3b illustrates the chronoamperogram obtained whilst polymerizing

using a constant potential of+1.5 V, which is 0.5 V more positive than tha
shown by cyclic voltammetry to be necessary to initiate polymerization.
Inspection of the chronoamperogram reveals a steady increase in current
with time, consistent with polymer growth and deposition.

The chronopotentiogram obtained during polymer growth under

galvanostatic conditions is illustrated in Figure 4.3c. Initiation of pol
growth required a potential of +1.6 V, substantially higher than that
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indicated by cyclic voltammetry to be necessary for polymer formation.
Subsequently the potential decreased only slightly as polymer deposition
occurred. After 2 min a steady state potential of +1.5 V was attained,
identical to that shown to be optimal for polymer growth under
potentiostatie conditions.
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Polymerization

of PBT/S-PHE

obtained in a propylene

carbonate solution containing 0.2 M 2,2'-bithiophene and 2
% S-PHE at a platinum electrode, (a) Cyclic voltammogram
obtained

using

scan

Chronoamperogram

rate

—

100

mV

s~-i. (b)

obtained using constant potential of +

1.5 V. (c) Chronopoteniogram obtained using a current
density of 1 mA cm .
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4.3.2 Chemical and physical characterization of composites

In most cases electropolymerization of 2,2'-bithiophene or terthiophene in
the presence of small anions such as perchlorate or hexafluorophosphate

leads to a powder rather than a compact film [2]. Powders and brittle films
are also obtained when thiophene or 3-methylthiophene are polymerized in
the presence of small anions in acetonitrile [33-35], whereas reactions
performed in benzonitrile, nitrobenzene or propylene carbonate give films
with good mechanical and electrical properties [26-29,36-41]. When
propylene carbonate solutions containing 2,2'-bithiophene and sulfated
poly(P-hydroxyether) were polymerized under galvanostatic conditions

using a stainless steel electrode, stand alone films with exceptional stre
were obtained. Previous studies by other workers had shown that
electropolymerization of either pyrrole or 3,4-ethylenedioxythiophene in

the presence of sulfated poly(p-hydroxyethers) yielded composite materials
with favourable mechanical properties [3,4]. Tensile strength
measurements performed on PBT/S-PHE films prepared galvanostatically
gave breaking strains ranging from 98 to 128 MPa (Table 4.1). These may
be compared with values ranging between 17 and 80 MPa for polypyrrole
doped with small, sulfonated aromatic anions [42]. The tensile strength of
the PPy/S-PHE grown galvanostatically was found to increase slightly as
the MR value of the polyelectrolyte dopant increased (Table 4.2).
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Composites prepared using the S-PHE with an MR value of 0.125 gave

breaking strain of 25 MPa, while for PPy/S-PHE prepared under ident
conditions using the S-PHE with MR = 0.33 this value had increased

MPa. When the composite was prepared using the S-PHE with MR = 0.5

tensile strength increased only slightly further (36 MPa). The abov

indicate that both type of composite materials have very useful mec
properties. Other workers have also sought to improve the strength

polybithiophene films through formation of composite materials with
polymers including polyvinyl alcohol, polyvinyl chloride and
polycarbonate [43].

Table 4.1 Effect of growth time and current density on conductivity a

tensile strength of PBT/S-PHE films prepared galvanostatically from
propylene carbonate solution containing 0.2 MBTand 2 % S-PHE.

Current
Growth Time
Density Used
(Min)
2
(mA cm )
1
5
1
10
1
40
1
60
1
90
0.5
10

Film
Thickness
(urn)
3
6
33
68
123
4

Conductivity
(Scm1)
0.3
0.8
0.4
0.2
0.5
0.3

Tensile
Strength
(MPa)
128
122
118
109
98
111

132
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Table 4.2 Effect of the molar ratio of sulfation (MR) on conductivity and
tensile strength of PPy/S-PHE membranes.

MR
0.125
0.200
0.33
0.50

Examination

of

Conductivity (S/cm) Tensile Strength (Mpa)
25
18
30
22
34
25
36
30

Table

4.1

indicates

that the

conductivities

of

galvanostatically prepared PBT/S-PFIE films ranged from 0.2 to 0.8 S cm" .
These values are typical for polybithiophenes, which generally show
conductivities of at most a few S cm"1, several orders of magnitude lower

than usually found for polythiophenes and poly(alkyl)thiophenes [2]. It is
also noteworthy that the conductivities obtained for PBT/S-PHE are
considerably lower than those reported for PEDT/S-PHE composites (150 180 S cm"1) [6]. Table 4.1 also illustrates that the film thickness per
amount of charge passed increases with longer polymerization time. This
is probably due to the fact that the density of the material deposited
decreases with increased polymerization time. Despite this compact,
coherent, mechanically stable films were obtained under all conditions
investigated.

The number of monomer units present per dopant in a conducting polymer
is typically 3:1 or 4:1 for polymers derived from heterocyclic monomers
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and small anionic dopants [42]. However, in some instances doping levels
as high as 9:1 have been reported for polymers doped with bulky anions
[44], while polypyrrole/polyvinylphosphate (PPy/PVP) composite films
exhibited a ratio of 10:1 [45]. Examination of microanalytical results
obtained for PBT7P-SHE gave a value of 4:1 for the ratio of carbon to

sulfur atoms present. From this ratio it can be calculated that there we
approximately 2 bithiophenes present per dopant unit in the composite
material. This may be compared with a value of 3:1 found for PPy/S-PFIE
and PEDT/S-PFffi composites [3,4,6].

SEM micrographs of the solution side of PBT/S-PHE and PPy/S-PFIE films
grown using the S-PHE with MR = 0.33 are illustrated in Figure 4.4.
Inspection of the micrograph of the PBT/S-PHE film reveals it to have a

uniform surface morphology characterised by regions of deposited polymer

generally < 3 urn in diameter. This contrasts significantly with the SEM
image of the PPy/S-PFIE film, which shows that polymer coverage of the

surface is not as extensive. Instead the SEM of this latter deposit indi
that the polymer surface consists of a smaller number of regions of

deposited polymer ranging in size from just under 1 um in diameter to ov
3 um. A number of darker areas with little or no polymer deposited are
also apparent in the micrograph of PPy/S-PHE, possibly indicating the
presence of pores on the polymer surface. The micrograph of the PBT/S-
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PFIE film did not provide any evidence for similar structures, while the

micrographs of the electrode sides of both films revealed smooth surfaces
that contrasted considerably to those of the solution sides.

(b)

Figure 4.4 Scanning electron micrographs of the solution side of: (a) a
PBT/S-PHE film prepared galvanostatically, and (b) a PPy/SPHE film prepared galvanostatically.
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The surfaces of the solution sides of PBT/S-PHE and PPY/S-PHE films

grown using the S-PHE with MR = 0.33 were also characterised by atomic

force microscopy (Figure 4.5). Both films appeared to have very unifor

polymer coverage, with the surface of the PBT/S-PFIE film apparently on

slightly lumpier. A section of the PBT/S-PFIE film measuring 900 urn2 w
shown by AFM to have a true surface area of 1191 um2, a difference
(surface roughness) of 32 %. This may be compared with a value of 1 %
calculated from AFM data for the PPy/S-PFIE film. The average distance
between the peaks and valleys of nodes present on the surface of the

PBT/S-PHE film was approximately 1 urn, significantly greater than the

value of approximately 0.1 um, which was determined for the PPy/S-PFIE

film. Overall these results indicate that the solution sides of PBT/S-P
films are rougher than the corresponding surfaces of PPy/S-PFIE films.

3

(a)

Figure 4.5 Atomic force micrographs of the solution side of: (a) a PBT/SPHE composite film prepared galvanostatically. (b) a PPy/SPHE film prepared galvanostatically.
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Figure 4.6 illustrates the absorption spectra of a PBT/S-PHE thin film
deposited onto ITO glass immediately after preparation, after it was

subsequently reduced, and after applying increasingly positive potentials
reoxidise the film. The spectrum of the polymer in its initial, oxidised
contained two peaks at 480 nm and 713 nm. Subsequent reduction of the
polymer in a propylene carbonate solution containing TBAP by applying a

potential of 0 V for 60 s resulted in the complete disappearance of the p

at 713 nm, and the growth of a band centred at 486 nm. Although this band

is in a similar position to that of a band in the spectrum of the initial

compound, its significantly greater intensity suggests that it is clearly
attributable to reduction of the polymer. Coinciding with the appearance
this new absorption band was a change in colour of the polymer film from

green to red. Similar electrochromic properties have been noted previousl
for PEDT/S-PFIE composites [6]. Subsequent application of a ramp of
increasingly positive potentials for 60 s intervals to the reduced film
resulted in a decrease in intensity of the band at 486 nm, and the
reappearance of a band characteristic of the oxidised polymer at 756 nm,
some 43 nm higher compared to the initial spectrum. The spectrum of the
film after a potential of+1.2 V had been applied most closely resembled
that of the original oxidised film. Application of even more positive

potentials resulted in a shift in the position of the lower energy band t
shorter wavelengths and the disappearance of the second absorption band.
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Both observations are consistent with over-oxidation of the polymer an
consequent reduction in its conductivity.

o -PJ
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Figure 4.6 UV-vis spectra of PBT/S-PHE composite galvanostatically
deposited (1 mA cm'2 for 50 s) onto ITO coated glass from a
solution containing 0.2 M 2,2' bithiophene and 2 % S-PHE:
(A) polymer after preparation; (B) - (D) polymer after
application of an applied potential for 60 s in propylene
carbonate solution containing TBAP. (B) 0 V, (C) + 1.3 V (D)
+ 1.5 V
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4.3.3 Electrochemical characterization
Cyclic voltammetry was used to examine the electroactivity of PBT/S-PHE
films which had been galvanostatically deposited onto a platinum
electrode. When an aqueous solution containing 0.1 M NaN03 was used as
the supporting electrolyte no electroactivity was detected. This is in

keeping with what has been found for other polythiophenes, and attribute

to the generally hydrophobic character of these polymers [2]. However, t
cyclic voltammogram (CV) of a propylene carbonate solution containing
0.5 M LiC104 (Figure 4.7) clearly illustrates that PBT/S-PFIE was
electroactive in this solvent. The principal features of the CV were a

reduction wave at +0.85 V and associated oxidation wave at +1.00 V. Also

present were two smaller features at +0.60 V and +0.45 V attributable to
additional reduction and oxidation processes, respectively. By extending
the potential range examined to +2.0 V and recording the CV for several
cycles over-oxidation of the polymer was estimated to commence at
approximately +1.35 V.
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Figure 4.7 Cyclic voltammogram (CV) of a PBT/S-PHE coated platinum
electrode obtained after immersion in a propylene carbonate
solution containing 0.5 M LiCl04) scan rate = 100 mV s .
PBT/S-PHE was prepared galvanostatically (1 mA cm for 3
min) using a solution containing 0.2 M2,2'-bithiophene and 2
% S-PHE.

Despite the lack of electroactivity in aqueous solution exhibited by P
PHE, the polymer was sufficiently conducting to allow the cyclic
voltammograms of electroactive species to be obtained. Figure 4.8

illustrates the CV obtained after PBT/S-PFIE coated platinum electrod
were immersed in aqueous solutions containing either Cu or Fe(CN)6 .

Each CV clearly contains features attributable to oxidation and reduc

the metal ion. In the case of the solution containing Cu2+(aq) reduction
elemental copper occurred at a potential of -0.25 V, with subsequent
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reoxidation to form Cu2+(aq) taking place at +0.30 V. Peaks due to oxidatio
and reduction of the ferrocyanide ion were present in the CV at +0.60 V

and +0.10 V, respectively. Clearly this redox couple is not as reversibl
when examined using a bare metal electrode (Figure 4.9), possibly owing

to the lower conductivity of the polymer layer. Despite this it is clear
the lack of electroactivity in aqueous solution exhibited by PBT/S-PFIE
does not preclude the use of electrodes coated with this material for
electrochemical detection of electroactive species.
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Figure 4.8. Cyclic voltammograms

(100 mV s ) of PBT/S-PHE

coated

platinum electrodes obtained after immersion in aqueous
solutions containing: (a) 0.1 M
Cu(N03)2. Scan rate = 100 mVs'1.

K4[Fe(CN)6];

(b) 0.1 M
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Figure 4.9. Cyclic voltammogram (100 mV s'1) obtained using a bare
platinum electrode in 0.1 MK4[Fe(CN)e] aqueous solution.

PBT/S-PHE composite films also are interesting candidates for biosenso
applications. Figure 4.10 shows cyclic voltammograms of a PBT/S-PHE
coated Pt electrode obtained using a solution containing 0.1 mM

cytochrome c (Cyt C) and 0.1 M KC1. It was found that the Cyt C respon

could be observed at a PBT/S-PHE coated Pt electrode (Figure 4.10a). In

order to confirm that the response obtained was associated with the PB

PHE film, cyclic voltammetry at a bare Pt electrode was performed. The

results show that no response could be obtained at a bare Pt electrode
(Figure 4.10b) or in the absence of Cyt C at a PBT/S-PHE coated Pt
electrode (Figure 4 10c).
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ECV)

Figure 4.10 (a) Cyclic voltammograms of a PBT/S-PHE

coated platinum

electrode obtained using a solution containing 0.1 mM
and 0.1 MKCl.

Cyt C

(b). Cyclic voltammogram of a bare platinum

electrode using a solution containing 0.1 mM
M KCl. (c). Cyclic voltammogram

Cyt C and 0.1

of a PBT/S-PHE

coated

platinum electrode obtained using a solution containing 0.1

MKCl.
4.4 CONCLUSIONS
The PBT/S-PHE membranes described in this chapter offer several
important properties for metal separation applications.

These include

mechanical strength, high over-oxidation potential and a significant level of
electrical conductivity. Mechanical strength is an important asset if the
membrane is to be reusable, while the high over-oxidation potential m a y
permit transport experiments to be performed using noble metals such as
gold.

During transport deposition of the elemental metal onto the
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membrane surface may occur as a result of application of negative
potentials to the membrane. The metal can subsequently be recovered by

application of a positive potential, but this may also damage the membra

unless it has a sufficiently high over-oxidation potential. Although the
of electroactivity displayed by PBT/S-PHE in aqueous solution would
prevent metal ion transport across membranes composed of this material
an ion exchange mechanism, the membrane is sufficiently conducting to
allow transport by a mechanism involving deposition of metal on the

source side of the membrane, followed by reoxidation on the permeate sid
All results indicate that PBT/S-PHE composite films are interesting
candidates for a number of applications.
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ELECTROCHEMICAL BEHAVIOUR OF

POLYPYRROLE/SULFATEDPOLY(P-HYDROXYETHER)
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5.1 INTRODUCTION

Polypyrrole/sulfated poly(P-hydroxyether) (PPy/S-PHE) composites were
shown to display excellent mechanical properties as described in chapter
and other reports [1-4]. Owing to the low solubility of these

polyelectrolytes in aqueous solution, however, the preparation of the abo
composite materials was accomplished using propylene carbonate as the
solvent. Cyclic voltammetry and electrochemical quartz crystal
microbalance techniques have been used to describe the movement of
cations, anions and solvent to and from thin films composed of
polypyrrole/sulfated poly(P-hydroxyether) composites (PPy/S-PHE) in
propylene carbonate solutions containing either tetrabutylammonium
perchlorate (TBAP) or lithium perchlorate [5]. However, while PPy/SPFIE films are electroactive in propylene carbonate, they are

electroinactive in aqueous solutions [6], which is a significant drawback

their impressive mechanical properties are to be utilised in areas such a
smart membranes [7] and new sensor technologies [8].
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5.1.1 Aims of this chapter

In this chapter the electroactivity of PPy/S-PHE composite f

aqueous solutions, and the effect of pre-treatment processes

redox cycling in mixed propylene carbonate/water solutions h

investigated. The effects of exposure to a variety of suppor
electrolytes, over extended periods of time, also have been

5.2 EXPERIMENTAL

5.2.1 Reagents

Pyrrole was obtained from Merck and distilled before use.

Ferrocenecarboxylic acid was obtained from Sigma, and all ot

analytical grade reagents were obtained from Ajax Chemicals.

carbonate was obtained from the Aldrich Chemical Company and

received. All other reagents were used as received. MilliQ w

cm) was used throughout for preparing aqueous solutions. The

the sulfated poly(P-hydroxyether) used was described in chap

composite polymers used in this work were prepared using a s
poly(P-hydroxyether) with a MR of 0.33.
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5.2.2 Preparation and characterization of polymers

Electropolymerization was performed using an EG & G Princeton Applied

Research Model 363 Potentiostat/Galvanostat together with a convention
one compartment electrochemical cell and three electrode system. All

solutions were thoroughly deoxygenated with nitrogen prior to use, and
experimental data was collected using a MacLab AID and D/A data
collection system (AD Instruments). Galvanostatic methods (current
density = 1 or 2 mA cm" , 3 min polymerization time) were used for
depositing thin polymer films onto platinum electrodes from propylene
carbonate solutions containing 0.2 M pyrrole, 2% S-PHE and 1% H20. A
Ag/Ag+ reference electrode and platinum mesh auxiliary electrode were
used.

Conductivity and tensile strength measurements and conductivity
measurements were performed on large free standing membranes as
described in chapter 4. Leading edge contact angle measurements were
performed at room temperature using a NRL contact angle goniometer
(Model 100-00-230) and PPy/S-PHE membranes grown galvanostatically

(1 mA cm"2 for 5 min) onto indium/tin oxide coated glass from a propyle
carbonate solution containing 0.2 M pyrrole, 2 % S-PHE and 1 % H20.
For each membrane examined 6-10 drops of Milli Q water were placed on
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the surface using a microlitre syringe. The final angle reported w
average of at least six measurements.

5.2.3 Cyclic voltammetry

Cyclic voltammetry studies were conducted in a three electrode

electrochemical cell using a platinum working electrode onto which

PPy/S-PHE composite had been deposited galvanostatically (1 mA cm"
3 min). A Ag/Ag+ reference electrode and platinum mesh auxiliary

electrode were used for studies conducted in propylene carbonate s

with the former replaced by a Ag/AgCl (3 M NaCl) reference electro
aqueous solution studies.

5.3 RESULTS AND DISCUSSION

5.3.1 Polymer synthesis and characterization

Preparation of PPy/S-PFIE films and membranes was accomplished usi

similar conditions to those originally described by Wemet [10]. Th

resulting membranes displayed excellent mechanical properties (ten

strength = 34 + 5 MPa; elongation to break = 3.25 %), as previousl
reported [10,11]. Furthermore the mechanical strength of membranes
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unaffected after they were used for cyclic voltammetry experiments in
mixed propylene carbonate/aqueous solutions. Free standing membranes
gave a conductivity of 25 S cm"1, which may be compared to values of
between 5 and 20 S cm"1 obtained for polypyrroles doped with S-PHE's of
different MR values [9].

5.3.2 Electrochemical characterization

The electrochemical properties of PPy/S-PFIE films have been extensively
studied previously in propylene carbonate solution using cyclic
voltammetry, chronocoulometry, and electrochemical quartz crystal
microbalance techniques [5]. Figure 5.4.1a illustrates the cyclic
voltammogram of a polymer coated platinum electrode immersed in a
propylene carbonate solution containing 0.2 M LiC104. The cyclic
voltammogram is similar to that reported previously [5,10], and shows
oxidation and reduction waves at -0.40 V and -0.55 V. In contrast, the
cyclic voltammogram of a PPy/S-PHE coated platinum electrode immersed
in 0.2 M aqueous LiC104 (Figure 5.1b) shows no evidence of
electroactivity. Similar behaviour was obtained using aqueous solutions
containing KC1, NaCl, NaNOs or Na3P04. Furthermore when a freshly

prepared polymer coated electrode was used for cyclic voltammetry studie
in propylene carbonate, and subsequently transferred to an aqueous
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solution containing 0.2 M LiC10 4 , there was still no no evidence of either
cathodic or anodic responses between + 0.5 V and - 1.0 V. The lack of

aqueous electroactivity in each of the above experiments may be partially

attributable to the hydrophobic character of the polyelectrolyte dopant,

accounts for the previous emphasis on electrochemical characterization in
propylene carbonate solution.
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1 Cyclic voltammogram

of a PPy/S-PHE

coated platinum

electrode (a) in a propylene carbonate solution containing 0
M LiCl04, scan rate = 100 mV s'1, and (b) in an aqueous
solution containing 0.2 M LiCl04, scan rate = 100 mV s~.
PPy/S-PHE was prepared galvanostatically (2 mA cm'2 for 3
min) using a propylene carbonate solution containing 0.2 M
pyrrole, 2% S-PHE and 1%H20.
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It appears that few attempts have been made previously to prepare PPy/SPFIE films and membranes in aqueous solution, probably because of the

lack of solubility of the polyelectrolyte. The aqueous solubility of the
polyelectrolyte (S-PHE) was found to be approximately 0.7% w/v. Using a

saturated aqueous solution of the polyelectrolyte, thin films of PPy/S-P
were grown galvanostatically (2 mA cm"2; 3 min), and subsequently shown
to be electroactive in water. Figure 5.2 illustrates the cyclic
voltammogram of an electrode prepared in this manner after immersion in
an aqueous solution containing 0.2 M LiC104. The cyclic voltammogram

shows peaks attributable to polymer oxidation and reduction at -0.050 an
-0.075 V, respectively. Unfortunately, while it proved possible to grow

thin, electroactive films of PPy/S-PHE in this manner, when the procedur
was extended to preparing larger free-standing membranes, the resultant
materials proved to have poor mechanical properties. Polymer films were
also grown in solutions with variable amounts of water and propylene
carbonate in order to see if this would result in a material that was
mechanically strong and electroactive in water. However, when PPy/SPHE was grown galvanostatically or potentiodynamically using solutions
containing either a 95:5, 90:10. 50:50 or 10:90 mixture of propylene
carbonate and water, the resulting films still showed no sign of
electroactivity in aqueous solution.
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Figure 5.2 Cyclic voltammogram of a PPy/S-PHE coated platinum
electrode in an aqueous solution containing 0.2 M LiCl04,
scan rate = 100 mV s'1. PPy/S-PHE was prepared
galvanostatically (2 mA cm'2 for 3 min) using an aqueous
solution containing 0.2 Mpyrrole and saturated with S-PHE.

Different results were obtained, however, when a freshly prepared PPy/S
PHE coated platinum electrode (galvanostatic growth; 2 mA cm"2 for 3
min) was used initially to obtain a cyclic voltammogram of a 90:10
propylene carbonate/water emulsion containing 0.2 M LiC104. Figure 5.3a
shows peaks due to oxidation and reduction of the polymer, with

significant decreases in current as the number of scans increased. This

indicates that the presence of relatively small quantities of water can
a negative impact on the electroactivity of PPy/S-PFIE. After

Chapter 5

161

approximately 20 cycles the magnitude of the currents associated with
polymer reduction and oxidation reached constant values. When an

electrode that had been pre-treated in the above fashion was subsequentl
immersed in an aqueous solution containing 0.2 M LiC104 it was still
electroactive (Figure 5.3b), and retained electroactivity after 10 scans

time = 3.5 min). Electroactivity was still displayed by PPy/S-PHE coated
electrodes that had experienced the above pre-treatment procedure, after

they had been either (a) allowed to stand in an aqueous LiC104 solution f
an hour, or (b) used for cyclic voltammetry experiments involving up to
250 cycles.
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Cyclic voltammogram of: (a) a PPy/S-PHE coated platinum
electrode in a 90:10 propylene carbonate/water solution
containing 0.2 MLiCl04, 10 scans, scan rate = 100 mV s"',

and (b) the same PPy/S-PHE coated electrode after immersi
in an aqueous solution containing 0.2 M LiCl04, 10 scans,
scan rate = WOmVs'1.
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Changing from the 90:10 propylene carbonate/water solution to a pure
aqueous solution resulted in small positive shifts in both Epc (by 0.15 V)
and Epa (by 0.10 V). An additional difference between Figures 4a and 4b is

that the currents associated with polymer oxidation and reduction in Figur

5.3b did not initially decrease significantly with increasing scan number.
Apparently the polymer requires redox cycling in the presence of small

quantities of water before it will display electroactivity in a pure aqueo
solution. Electroactivity in aqueous solutions was also observed when
polymer coated electrodes were initially pre-treated by being used for
cyclic voltammetry experiments with emulsions consisting of 90:10
propylene carbonate/water, and either NaN03 or NaCl as the supporting
electrolyte.

In addition to inducing aqueous electroactivity in PPy/S-PHE films, the
above pre-treatment procedure also produces a material which is capable
of sensing other electrochemically active species in aqueous solution.
Previously it had been reported that PPy/S-PHE films prepared in
propylene carbonate could be used to detect the ferrocenium/ferrocene
redox couple in aqueous solution, but not the ferricyanide/ferrocyanide
couple [11]. Figure 5.4a illustrates the cyclic voltammogram of an
aqueous solution containing 0.2 M K3[Fe(CN)6] and 1.0 M NaN03,

Chapter 5

164

obtained using a PPy/S-PHE coated platinum electrode. The polymer film

was grown galvanostatically and first pre-treated by using it to obtain t
cyclic voltammogram of a 90:10 propylene carbonate/water emulsion

containing 0.2 M TBAP. Figure 5.4a clearly illustrates the redox processes
associated with the Fe(CN)637Fe(CN)64" couple at positive potentials. Also
present is a much smaller set of features attributable to oxidation and

reduction of the polymer at negative potentials. This result is in comple

contrast to what was observed when an identically prepared electrode, tha
had not been pre-treated, was used to obtain the cyclic voltammogram of
an aqueous solution containing 0.2 M K3[Fe(CN)6] and 1.0 M NaN03. The

resulting cyclic voltammogram (Figure 5.4b) indicates that the polymer is
completely electroinactive, in agreement with what had been reported
previously [11].
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K3[Fe(CN)6] and 1.0 MNaN03. (a) Electrode first pre-treated
by obtaining a cyclic voltammogram of a 90:10 propylene
carbonate/water solution containing 0.2 M TBAP. (b)
Electrode not pre-treated.
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Attempts to obtain the cyclic voltammogram of an aqueous solution
containing 0.2 M ferrocenecarboxylic acid and 1.0 M NaN03, using a
PPy/S-PHE coated platinum electrode that not been pre-treated failed.
When the experiment was repeated after first pre-treating the electrode
using it to obtain the cyclic voltammogram of a 90:10 propylene
carbonate/water solution containing 0.2 M TBAP, the ferrocene
carboxylate/ferrocenium carboxylate redox couple was observed.

In order to gain a better understanding of the mechanism of this induced
electroactivity, leading edge contact angle measurements were performed
on PPy/S-PHE membranes before and after the pre-treatment procedure.
Measurements performed using freshly prepared PPy/S-PHE membranes
grown onto indium/tin oxide (ITO) glass and distilled water, gave an

average contact angle of 56.4° (± 0.5 °, standard error of the mean). Thi
value decreased to 45.8° (± 0.3 °, standard error of the mean) when an
identical membrane was first subjected to cyclic voltammetry (10 scans)
using a 90:10 propylene carbonate/water emulsion containing 0.2 M
LiC104. This decrease in contact angle reflects a small, but significant

increase in the wettability of the membrane. Increased wettability is mo

likely a consequence of an increase in the amount of water present at or
just beneath the surface of the membrane as a consequence of redox
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cycling. While it was probably not possible for membranes to incorporate
a significant amount of water when cyclic voltammetry was initially
performed using a pure aqueous electrolyte solution, it was incorporated
along with propylene carbonate when the experiment was performed using
the mixed solvent system (Figure 5.5). As a consequence of the
incorporation of more than a threshold quantity of water, and presumably
some water solvated electrolyte, the film was electroactive when cyclic
voltammetry was subsequently performed using pure aqueous electrolyte
solutions.

^ganic
solvent
A j Polymer

Emulsion
solution
J
/ ^ Polymer

JLL //
Hydrophobic
jQQGaCQC

After treatment

.../../..
Hydrophilic

Figure 5.5 Change in PPy/S-PHE after treatment.

5.4 CONCLUSIONS

We have demonstrated that it is possible to induce PPy/S-PHE composite
films to be electroactive in water. The pre-treatment procedure requires

the use of a mixed solvent system containing both propylene carbonate and
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water. The resulting materials are both electroactive and mechanically

tough, enhancing their suitability for a variety of potential applications
The electrochemical behaviour of polypyrrole (PPy) doped with a sulfated
poly(p-hydroxyether) (S-PHE) has been examined. It has been shown that
PPy/S-PHE films prepared in propylene carbonate (and hence with useful
mechanical properties) can be rendered electroactive with appropriate
electrochemical pre-treatment.
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CHAPTER 6

TRANSPORT OF GOLD ACROSS POLYTHIOPHENE
MEMBRANES
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6.1 INTRODUCTION

The electrochemically controlled transport of metal ions across composite
polypyrrole and polyaniline membranes has been demonstrated previously
[1-5]. An important exception, however, is gold. Previous attempts to
transport gold across polypyrrole membranes have not been successful due

to the lack of stability of these materials towards acidic, gold-containi
solutions. This may result from polymer over-oxidation caused by the
strong oxidising nature of Au(III). Compared to polypyrrole,

polythiophenes undergo over-oxidation at significantly higher potentials,
making them attractive candidates for gold transport studies.

Electrochemical polymerization of 2,2'-bithiophene (BT) in the presence o

a sulfated poly(P-hydroxyether) (S-PHE) yielded thin films that displayed
excellent mechanical properties. This polymer was electroinactive in
aqueous solution, however electrodes coated with PBT/S-PHE could still
be used to obtain cyclic voltammograms of other electroactive compounds.

6.1.1 Aims of this chapter

In this chapter, the stability of PBT/S-PHE membranes towards acidic
solutions containing [AuCl4]" and basic solutions containing [Au(CN)2]"

was investigated to determine their suitability for gold transport studie
Transport studies involving [AuCl4]" and PBT/S-PHE were subsequently
examined. The effect of varying the applied potential waveform on gold
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transport was examined, and the mechanism of gold transport was also
investigated.

6.2 EXPERIMENTAL
6.2.1 Reagents

2,2*-bithiophene (BT), poly(3-methylthiophene), propylene carbonate,
r!AuCl4.3H20 and p-toluenesulphonic acid sodium salt (PTS) were
obtained from Aldrich, and tetrabutylammonium perchlorate (TBAP) from
Fluka. Deionised water (18 MQ cm) was used for preparing aqueous
solutions. The structure of the sulfated poly(P-hydroxyether) used is
described in chapter 4, and was supplied by Dr Wolfgang Wemet. The
sulfated poly(p-hydroxyether) had an MR value of 0.33 (MR = n/(n+m),
where n = number of sulfate groups and m = number of free hydroxyl

groups). Pyrrole (Py) was obtained from Merck and distilled prior to use

6.2.2 Preparation of supported membranes

PBT/S-PHE membranes were prepared from propylene carbonate solutions
containing 0.2 M 2,2'-bithiophene and 2% S-PHE. Polymerization was

carried out electrochemically using a three-electrode cell with a plati
gauze auxiliary electrode, Ag/Ag+ reference electrode, and platinum
sputter-coated polyvinylidene fluoride (PVDF) membrane as the working
electrode. The polymerization was carried out by applying a constant
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current density of 0.5 mA cm"2 for 18 min. After polymerization,

membranes were washed thoroughly with acetonitrile and allowed to dry i
air. PPy/PTS membranes were also prepared galvanostatically (current
density 2 mA cm") using aqueous solutions containing 0.2 M pyrrole and
0.05 M PTS.

6.2.3 Gold chloride transport studies

The cell used for transport experiments has been described previously
(chapter 2), and consisted of two compartments separated by the CEP

membrane which acted as the working electrode in a three electrode cell
Ag/AgCl reference electrode and platinum mesh auxiliary electrode were

placed in the source solution compartment, which contained 75 mL of 0.1
M HCI and 500 ppm AuCl4". In some instances the solution also contained
500 ppm Fe(III). The second (receiving solution) compartment contained
an equal volume of 0.1 M HCI. During transport experiments either a

pulsed potential waveform with a 50 s pulse width, and potential rage o

1.15 V to - 0.65 V, or a constant potential of either + 1.2 V or - 0.65
applied to the membrane. Every 30 min, aliquots (1 mL) were withdrawn

from the receiving solution for measurement of gold concentration using
atomic absorption spectroscopy.
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6.2.4 Gold cyanide transport studies

Solutions containing [Au(CN)2]' were prepared by first raising the
water to 10 using 10% NaOH, then adding NaCN to give the desired

concentration of free cyanide, and finally adding AuCN with stirri

dissolution was complete. The source solution compartment for tran

experiments contained 75 mL of such a solution with [Au(CN)2]"= 50

The second (receiving solution) compartment contained an equal vol
NaOH solution with a pH of 10.

6.3 RESULTS AND DISCUSSION

6.3.1 Polymer membrane preparation

Poly(3-methylthiophene)/C104" and polybithiophene/C104" supported

membranes were also examined for their suitability for gold transp

studies. Both types of membranes prepared were found to be homogen

but extremely brittle. This results showed the generally poor mech
properties of polythiophene membranes [6]. Electrochemical

polymerization of 2,2'-bithiophene (BT) in the presence of a polye
(S-PHE) yielded thin supported membranes which were homogenous and
displayed excellent mechanical properties. Gold transport studies

undertaken using the PBT/S-PHE polymer deposited onto platinum spu
coated polyvinylidene fluoride (PVDF) membranes by galvanostatic
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techniques. Before commencing transport experiments, it was necessary

determine how long membranes had to be grown so that they did not allo
water to pass freely through the membrane. It was found that a charge
540 mC for each cm" of membrane resulted in a membrane that was

impermeable to water and ions. This charge density was then used to gr
all membranes used in transport experiments.

6.3.2 Polymer membrane stability in gold chloride media

PBT/S-PFIE and PPy/PTS membranes were soaked in 0.1 M HCI solutions

containing either 500 ppm or 1000 ppm AuCl4" to investigate their stabi

under these conditions. After 20 hours a yellow deposit of, presumably
gold metal developed on the PBT/S-PHE membranes. However, the
polymer remained intact even after continued soaking for more than 6
months. In contrast PPy/PTS membranes had broken up into smaller
pieces after 20 hours soaking. Polypyrroles generally undergo overoxidation at potentials of around 0.70 V [7]. However, PBT/S-PHE was
reported to over-oxidise at approximately + 1.35 V (Chapter 4). Table

shows how the mechanical strength of both oxidised and reduced PPy/PTS
and PBT/S-PHE free standing membranes changed after soaking in 0.1 M
HCI solutions containing 1000 ppm AuCl4" for 20 hours. The degradation
of PPy/PTS is perhaps due to hydrolysis reactions of over-oxidised
polypyrrole to form soluble products [8].
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Table 6.1 Tensile strength of PPy/PTS and PBT/S-PHE free standing
membranes after soaking in 1000ppm AuCU for 20 hours.

Membrane
PPy/PTS (0)
PPy/PTS (R)
PBT/S-PFIE(0)
PBT/S-PHE(R)

Tensile strength (MPa) Tensile strength(MPa)
after soaking
before soaking
Completely broken
70
Completely broken
70
120
120
120
120

(O) = polymer initially in the oxidized state. (R) = polymer initially in t

reduced state.

6.3.3. Membrane electrochemical characterization

Figure 6.1 shows the cyclic voltammogram of a PBT/S-PHE coated

platinum electrode in 0.01 M AuCl4" aqueous solution. The two main redox

peaks present, at + 1.12 V and + 0.45 V, are attributable to the oxidati
elemental gold previously deposited on the polymer coated electrode
surface, and the reduction of AuCl4" to gold metal, respectively. The

position of the oxidation peak was 0.03 V less positive than that obtai
using the same solution and a bare platinum electrode. Similarly the

position of the reduction peak in the cyclic voltammogram obtained usin

bare platinum electrode occurred at a potential only 0.06 V more positi
than for the polymer coated electrode. It is also noteworthy that the
potentials required for oxidation and reduction of gold at a PBT/S-PHE

coated electrode are significantly less than that at which polymer over-
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oxidation occurs. Therefore while the lack of electroactivity in aqueous
solution exhibited by this polymer would preclude its functioning as a

cation exchanging material, it is still potentially useful for applicat
requiring a reusable membrane for recovery of gold through a
deposition/reoxidation process.

<

E

0.2

Figure 6.1

0.4

Cyclic voltammogram

0.6

0.8

of a PBT/S-PHE

1.2

coated platinum

electrode in 0.01 MAuCU aqueous solution.

6.3.4. Gold chloride transport studies

Figure 6.2 illustrates the transport profile for AuCl4" across a PBT/S-PF
membrane under the influence of a pulsed potential. During the first two
hours of the experiment, when no potential was applied to the membrane,

little transport of gold occurred. However, gold metal was deposited on t
source side of membrane due to a redox reaction between the polymer and
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A u C l 4 . During the next 2 hours when a pulsed potential was applied to the

membrane transport of gold took place, with an average flux of 5.29 x I
-2 -1

mol cm s . After the application of the pulsed potential was stopped, t

concentration of gold in the receiving solution again decreased, due t
redox reaction between the membrane and gold ions.
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Transport profile for 500 ppm AuCU

across a

PBT/S-PHE

membrane. Region A: No applied potential. Region B:
Pulsed potential applied at a potential range of+ 1.15 Vto —
0.65 V vs. Ag/AgCl, (pulse width- = 50 s). Region C: No
applied potential.

Previous transport studies using conducting polymers indicated that greater

metal ion fluxes are usually obtained when pulsed potentials are appl
the membrane [4]. However, the redox reaction between PBT/S-PFIE and

AuCl4" effectively removes the need to apply a negative potential to t
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membrane during the course of the experiment. Figure 6.3 illustrates the
transport profile obtained when a solution containing 500 ppm AuCl4" was

first allowed to stand in contact with the membrane for 40 hours. During

this time the concentration of gold in the source solution decreased fro

500 to 17 ppm, while the concentration of gold in the receiving solution
remained low. When a constant potential of + 1.2 V was then applied to

the membrane, the metal was oxidised, releasing Au3+ into both the source
and receiving solutions. The average flux of Au3+ across the membrane
-11 -2 -1

during this period was 9.52 x 10

mol c m

s . After the potential was

stopped, the concentration of gold in the receiving solution decreased a
before due to the reduction of Au3+ to gold metal on the polymer
membrane.
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Figure 6.3 Transport profile for 500 ppm AuCU
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across a
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PBT/S-PHE

membrane after the solution was first allowed to stand for 40
hours. Region A: Constant potential of+1.2 V vs. Ag/AgCl
applied to the membrane. Region B: No applied potential.

In order to examine the influence of the potential that was applied to the
membrane during transport, the experiment also was performed using
constant negative potential, then a positive potential. Figure 6.4

results of this experiment involving transport of 500 ppm AuCl4" ac

PBT/S-PHE membrane. During the first two hours of the experiment, w
no potential was applied to the membrane, little transport of gold

During the next 2 hours when a constant potential of- 0.65 V was ap

to the membrane, the concentration of gold in the source solution d
and gold was deposited on the source side of membrane, while its

concentration in the receiving solution remained low. This was simi
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what was seen in Figure 6.2 when no potential was applied to the
membrane. W h e n a constant potential of +1.2 V was then applied to the
membrane, the metal was oxidised, releasing A u 3 + into both the source and
receiving solutions. The average flux of A u 3 + across the membrane during
-ii

this period was 6.20 x 10

mol c m

-2 -1

s . After application of the potential

was stopped, the concentration of gold in the receiving solution decreased
as before due to A u 3 + being reduced to gold metal.
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Figure 6.4 Controlled potential experiment for transport of 500 ppm
AuCU

across a PBT/S-PHE

membrane:

A, No potential

applied; B, -0.65 V vs. Ag/AgCl applied to membrane; C, +
1.15 Vvs. Ag/AgCl applied to membrane; D, Application of
potential to membrane stopped.
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In each experiment the concentration of gold in both the source solution

and the receiving solution decreased to around 0 ppm after the applica
of a potential to the membrane was stopped. This is due to all of the

depositing on the membrane surface. It is possible that the electroles
reaction between the polymer and AuCl4" delays the flux of gold during

transport process. This is especially true when the polymer membrane w
in its reduced state, e.g. when a pulse potential was applied to the

membrane. Using a flow-through transport cell [3] may be the ideal met
for transport of gold chloride.

The flux of gold across the membranes obtained using different potenti

waveforms are presented in Table 6.2. It was found that the highest fl

was achieved when electroless deposition was used to preconcentrate go
on the membrane surface (Figure 6.3).

Table 6.2 Effect of potential waveform on gold flux across PBT/S-PHE
membranes.

Potential waveform applied at
membrane

Pulsed potential (+1.15 V/-0.65 V )
Constant potential (+1.2 V ) after
initial electroless gold deposition
Constant potential (+1.2 V ) after
initial electrodeposition of gold

(^65V)^

Flux across

Pt/PVDF/PBT/S-PHE

composite membrane
(10' mol s' cm')
5.29
9.52
6.20
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Leachates derived from gold-bearing ores, and industrial process streams

usually contain a variety of metals ions and complexes in addition to thos

containing gold. In particular, there are significantly greater quantities

iron complexes compared to gold complexes as described in chapter 3. It is

therefore the selectivity of membranes that is important and it is this th

examined here. Figure 6.5 illustrates the transport profile for Fe(III) ac
a PBT/S-PHE membrane under the influence of a pulsed potential. During

the first two hours of the experiment, when no potential was applied to th
membrane, little transport of Fe(III) occurred. During the next 2 hours
when a pulsed potential was applied to the membrane transport of Fe(III)
took place, with an average flux of 4.81 x 10 mol cm s . After
application of the pulsed potential was stopped (Region C), the
concentration of Fe(III) in the receiving solution increased slightly.
Comparison of the above flux with those reported in Table 6.2 for gold
indicates that the flux of iron is slightly less.
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Figure 6.5 Transport profile for 500 ppm Fe(III) across a

PBT/S-PHE

membrane. Region A: No applied potential. Region B: Pulsed
potential applied at a potential range of+ 1.15 V to — 0.65 V
vs. Ag/AgCl, (pulse width = 50 s). Region C: No applied
potential.

Figure 6.6 illustrates the transport profiles obtained when an experiment

was performed using a source solution containing 500 ppm Au(III) and 5
ppm Fe(III), and a PBT/S-PFIE membrane. During the first two hours of
the experiment, when no potential was applied to the membrane, little

transport of Au(III) and Fe(III) occurred. During the next 2 hours whe

pulsed potential was applied to the membrane, transport of Au(III) and

Fe(III) took place; with an average Au(III) flux of 2.97 x 10 mol cm s
-2 -1

and an average Fe(III) flux of 6.31 x IO'12 mol c m

s . This indicates that

almost five times more Au(III) was transported across the membrane tha
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Fe(III). After application of the pulsed potential was stopped, the

concentration of Fe(IIl) in the receiving solution increased slightly. T

concentration of gold in the receiving solution decreased as before due t
reduction of Au

+

to gold metal on the membrane. The membrane therefore

displays modest selectivity for gold over iron, under electrochemically

facilitated conditions. This may be due to the gold being preconcentrated
by electroless deposition on the membrane surface, while iron is not.
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Figure 6.6 Transport profiles for a source solution containing 500 ppm
Au(III) and 500 ppm Fe(III) across a PBT/S-PHE membrane.
Region A: No applied potential. Region B: Pulsed potential
applied (potential range of + 1.15 V to - 0.65 V vs. Ag/AgCl
and pulse width of 50 s), Region C: No applied potential.
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6.3.5 Gold cyanide transport studies

PBT/S-PFIE was found to be stable in basic solutions containing the gold
cyanide complex [Au(CN)2]\ The transport of gold cyanide and mixtures
of gold cyanide and copper cyanide complexes across PBT/S-PHE

membranes under the influence of a pulsed potential was investigated. In
all experiments the concentration of gold cyanide and copper cyanide
remained very low (< 0.2 ppm) in the receiving solution after a pulsed

potential was applied to the membrane for 2 hours. This indicates that b
gold cyanide and copper cyanide complexes were not able to pass through
composite membranes containing PBT/S-PHE at a significant rate. There

are a few possible reasons for this. First, the initial concentration of
cyanide in the source compartment was only 50 ppm, which is very low
compared to the 500 ppm concentration used in gold chloride transport
experiments. Secondly, the CV of a PBT/S-PHE coated platinum electrode

in a solution containing 0.02 M gold cyanide showed that the polymer was
not electroactive in this solution. This would have precluded ion
incorporation/expulsion processes from occurring upon polymer
reduction/reoxidation.

6.4 CONCLUSIONS
Transport of aqueous solutions containing both gold chloride and iron
across a conducting polymer membrane was demonstrated for the first
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time. All results indicate that PBT/S-PHE membranes are suitable for
electrochemically controlled transport of gold, due to their mechanical

properties and significantly higher over-oxidation potentials compared to
polypyrrole membranes. The mechanism of gold transport involves an

initial redox reaction between the polymer and gold ions in solution that
results in the deposition of gold metal on the membrane. By combining an

electroless deposition step with a subsequent applied potential phase, it
possible to control the transport of gold chloride across PBT/S-PFIE
membranes. These membranes allowed passage of slightly greater
quantities of gold than iron.

Attempts to transport gold cyanide across PBT/S-PFIE membranes were not

successful due to the membrane's lack of electroactivity in basic solutio
containing this complex.
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ELECTROCHEMICALLY FACILITATED TRANSPORT
OF METAL IONS ACROSS POLYPYRROLE
MEMBRANES CONTAINING CHELATING AGENTS
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7.1 INTRODUCTION

Conducting electroactive polymers (CEPs) exhibit a number of

properties including electrical conductivity and electroactiv

chemical and electrochemical properties of the polymers are c
the nature of the monomer and incorporation into the polymer

appropriate counterions. When first prepared, the backbone of

polymer such as polypyrrole (PPy) exists in a conducting, oxi

The overall charge of the polymer is neutral due to the prese

(A") incorporated during the polymerization process. By appli

appropriate potential the polymer can be subsequently reduced

oxidised in a reversible manner. When PPy is reduced the cond

polymer backbone becomes neutral and the overall polymer acqu

negative charge. In order to maintain overall electrical neut

cations (C+) must be incorporated from the surrounding soluti

1), or the anions previously incorporated must be expelled (E
When the PPy is subsequently re-oxidised, cations previously

are expelled (Equation 3) or anions present in the surroundin

are incorporated (Equation 4). By cycling between its oxidise
reduced forms under the application of a suitable electrical
possible therefore to force the conducting polymer to act as

and anion exchanging material. The relative amounts of cation
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m o v e m e n t depend on the size and mobility of the dopant initially
incorporated [1-6]. For example, cation exchange behaviour predominates
when large and relatively immobile counterions such as polyelectrolytes
are present as the dopant.

C from solution
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Previous work in our laboratories has demonstrated that it is possible to
electrochemically induce cation movement from one solution to another
across free-standing and composite polypyrrole and polyaniline membranes
[7-14]. This work has focused primarily on transport of electroinactive

metal ions such as the alkali metals and alkaline earths. However, transpo
of electroactive metal ions, such as copper, has also been demonstrated

[10]. Several factors were found to influence the rate of transport of met
ions across these membranes, including source ion concentration,
magnitude and duration of the applied potential(s), and transport cell
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design. In the majority of cases the dopants initially incorporated into
conducting polymers used were simple aromatic sulfonated anions. These
were chosen in view of the favourable electrochemical and mechanical

properties displayed by conducting polymers containing these dopants [15]
The flux of alkali metal ions across polypyrrole membranes containing

these dopants was found to increase as the size of the hydrated metal ion
decreased [13]. These results suggested that the degree of compatibility
between the size of the hydrated metal ion and the pores present in the

polymer significantly influences the rate of metal ion transport. Varying

the size of the dopant has been shown to produce significant variations i
the flux of metal ions across conducting polymer membranes. For
example, the selectivity of membranes for K+ over Ca2+ (flux K+/flux Ca2+)
was found to decrease from 240 for polypyrrole doped with

benzenesulfonic acid, to 37 for the much larger naphthalenedisulfonic aci
[7]. This may have been due to alterations in pore size brought about by
incorporation of the larger dopant, and/or differences in interactions
between the different dopants and cations.

7.1.1 Aims of this chapter

Despite the favorable properties displayed by conducting polymers

containing simple sulfonated aromatic dopants, these anions do not exhibi
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great affinity or selectivity towards metal ions. Previous work by oursel

and others has shown that it is possible to use conducting polymers doped

with dyes or chelating agents for electrochemical detection of cations [1
25]. In order to produce conducting polymer membranes that display
greater metal ion fluxes and selectivity, the effect of incorporating
chelating agents into conducting polymers has been investigated.

The complexing agent chosen for investigation was 2,9-dimethyl-4,7-

diphenyl-l,10-phenanthrolinedisulfonic acid (bathocuproinedisulfonic acid
BCS) (Figure 7.1). BCS has been previously used as the dopant
incorporated into polypyrrole thin films for the selective detection of
copper species [26]. BCS is commercially available and contains two
sulfonic acid groups. Dopants containing these functional groups are
known to confer good mechanical properties on polymer membranes [15].
Furthermore the ligand also contains functional groups which allow it to

coordinate bifunctionally to metal ions. Like the structurally related 1,
phenanthroline, BCS forms stable complexes with many transition metals,
and has been widely used in analytical chemistry [23, 27-32].

In this chapter, the synthesis and characterization of composite membrane
containing polypyrrole doped with BCS has been investigated. In
particular, the interaction between the membranes and the metal ions was
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studied. The electrochemically controlled transport of electroac
electroinactive species across the membranes, and separation of

containing two electroactive species Cu(II) and Fe(III) was also

Na03S

S03Na

Figure 7.1 Structure of the dopant used in this work.

7.2 EXPERIMETAL

7.2.1 Reagents

Pyrrole was obtained from Merck and distilled before use. 2,9-di

4,7-diphenyl-l,10-phenanthrolinedisulfonic acid was obtained fr

Aldrich Chemical Company. All other inorganic reagents were obta

from Ajax Chemicals. Anion-exchange membranes were obtained from

Tokuyama Corp. Solutions were prepared using deionized Milli-Q w

(18MQcm).
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7.2.2 Preparation of polymers

Electropolymerization was performed in aqueous solutions containing 0.2
M pyrrole and 0.01 M BCS, using an EG&G Princeton Applied Research
Model 363 Potentiostat/Galvanostat. All solutions were deoxygenated
using nitrogen before use. A three electrode system consisting of a
working electrode, Ag/AgCl (3 M NaCl) reference electrode, and either a
platinum mesh (100 lines/inch) or reticulated vitreous carbon (RVC)
auxiliary electrode, was used in conjunction with a conventional

electrochemical cell for all polymerizations. All experimental data were
collected using a MacLab A/D and D/A data collection system (AD
Instruments).

Growth of thin polymer films was initially achieved by using
potentiodynamic, potentiostatie and galvanostatic methods.
Potentiodynamic methods (cyclic voltammetry; 0 to + 1.0 V, 100 mV s" )

were used to determine the minimum potential required for polymer growt
under potentiostatie conditions. Subsequently a constant potential of +
V was used for growing PPy/BCS potentiostatically. During galvanostatic
polymer growth a current density of 2 mA cm" was used.
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Synthesis of largerfree-standingpolymer membranes for microanalysis,
water content determination, conductivity measurements and
morphological examination was accomplished galvanostatically (current

density = 2 mA cm""). The concentrations of monomer and dopant used for
preparing larger membranes were the same as those described above for

preparing thin films. However, stainless steel electrodes measuring 6 c

2 cm or larger were used as the working electrode. Galvanostatic growth
under the same conditions was also used to produce membranes for metal

ion transport studies, except that the polymer was deposited onto plati
sputter-coated polyvinylidene fluoride (PVDF) membranes (0.22 urn pore
size, Millipore).

7.2.3 Techniques and instrumentation

Elemental analysis of free standing membranes was carried out by the
Microanalysis Unit at the Research School of Chemistry, The Australian
National University. The membranes were grown galvanostatically (2 mA
cm") for 10 min. After growth, membranes were removed from the

stainless steel electrode they were grown on, washed thoroughly with Mi
es water, and allowed to dry at room temperature.
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Absorption spectra (300 - 1100 nm) were obtained using a shimadzu Mode

UV-1601 spectrophotometer, and polymer films grown galvanostatically (

mA cm"2, 3 min deposition time) on Indium-Tin-Oxide (ITO) coated glass.
Conductivity measurements were performed using a 4 point probe method

and large, free standing membranes grown galvanostatically as describe
earlier.

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy
(AFM) studies of membranes were conducted using a Leica Cambridge
440 Scanning Electron Microscope and Digital Multitude Nanoscope 3,

respectively, located within the Department of Materials Engineering a
University of Wollongong.

Cyclic voltammetry studies were conducted in a three electrode
electrochemical cell using a Ag/AgCl (3 M NaCl) reference electrode,
platinum auxiliary electrode, and polymer coated platinum working
electrode. The scan rate used throughout was 100 mV s"1, and the scan
range was + 0.80 V to - 1.00 V.

7.2.4 Metal ion transport studies

Metal ion transport studies were performed using a home-built transpor

cell [Chapter 2]. The composite conducting polymer membrane was placed
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in the transport cell dividing it into two separate compartments (60 cm3
each). The two compartments both contained a Ag/AgCl (3 M NaCl)
reference electrode and Pt mesh auxiliary electrode, and were used to

contain the feed and permeate solutions. A pulsed potential waveform wit

a 50 s pulse width, and potential range of + 0.75 V to - 0.40 V was used

all experiments. During application of the pulsed potential, the membran

was first subjected to the negative potential for 50 s, after which it w
immediately switched to the positive value for a further 50s. During
transport studies 1 mL aliquots were removed every 30 min for metal ion
analysis by atomic absorption spectroscopy (AAS). Feed solutions
contained 0.1 M metal ion in 0.01 M sulfuric acid for experiments

involving transition metals, while for experiments involving Na+, K+, Mg2
or Ca the feed solution contained 0.1 M metal ion only. The permeate
solution contained 0.01 M sulfuric acid for experiments involving
transition metals, while for experiments involving Na+, K+, Mg2+ or Ca2+
the permeate solution contained H20 only. Most metal ion transport
experiments were stopped after six hours. However, in some instances

where significant deposition of elemental metal onto the auxiliary elect
in the permeate compartment had occurred, a final metal ion reading was
taken after a further 24 hours had elapsed to allow the deposited metal
redissolve in the acid.
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7.3. RESULTS AND DISCUSSION

7.3.1 Polymer growth

It was found that thin films composed of PPy/BCS could be deposited on to

platinum electrodes using potentiodynamic, potentiostatie and galvanostat
techniques (Figure 7.2). When potentiodynamic growth was employed the

resulting cyclic voltammograms displayed small increases in current as th
number of scans was increased. This indicates that formation of a
conducting polymer occurred by relatively inefficient processes. Polymer
synthesis was accomplished more readily by application of either a
constant potential or constant current. Using a sufficiently positive

potential to initiate polymerization, the chronoamperogram obtained durin

potentiostatie synthesis of PPy/BCS displayed a current spike, after which
the current rapidly increased from 20 to above 80 uA over 180 seconds

before leveling off. The appearance of a spike in the chronoamperogram fo

PPy/BCS may be related to the lower concentration of reactants present in
the polymerization solution. Soon after commencement of polymerization

all reactants in the immediate vicinity of the working electrode may have

been rapidly depleted. Only after sufficient reactants had migrated to th
electrode surface would deposition have proceeded in a sustained manner.
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Further evidence in support of this is provided by the smaller currents
observed during potentiostatie growth of PPy/BCS.

The galvanostatic approach was found to provide greater control over
polymer growth and was preferred for obtaining membranes used for
characterization and metal ion transport studies. It had been shown
previously that the mechanical and electrochemical properties of PPy
membranes obtained under galvanostatic conditions are superior to those
obtained by other methods [12].

Figure 7.2c illustrates the chronopotentiograms obtained during growth o

thin films using a constant current density of 2 mA cm" . A potential of

1.05 V was required to initiate polymerization, after which a steady sta
potential of + 0.80 V was reached after approximately 30 s. Usually
polypyrrole membranes which require a high potential (over 1.2 V) for
growth do not have adequate mechanical properties for further
investigation [33].
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2 Electrosynthesis of PPy/BCS films in an aqueous solution
containing 0.2 M pyrrole and 0.01 M BCS at a platinum
electrode, (a) Cyclic voltammogram obtained using scan
rate = 100 mV s'1. (b) Chronoamperogram for PPy/BCS

grown at a potential of + 0.80 V, (c) Chronopotentiogra
for PPy/BCS grown galvanostatically using 2 mA cm
current density.
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7.3.2 Chemical and physical characterization of polymers

Elemental analysis indicated that the ratio of pyrrole to dopant in free

standing membranes composed of PPy/BCS was 6:1. This ratio is typically
either 3:1 or 4:1 for PPys doped with small, singly charged anions [11,
Therefore the ratio found for PPy/BCS may also be considered typical,

since the dopant in this case can form a doubly charged anion, and would
therefore compensate the charge on twice as many pyrrole groups. This
has been observed previously with PPys doped with aromatic compounds

containing two sulfonic acid groups, e.g. 1,3-benzenedisulfonic acid and
1,5-naphthalenedisulfonic acid [11]. For both of these latter polymers

ratio of pyrrole to dopant was found to be 6:1, suggesting that the dop

was present in its fully deprotonated state. It is interesting to note t

typical level of doping present in PPy/BCS occurred despite the relativ
low concentration (0.01 M) of BCS used for polymer synthesis.

Scanning electron microscopy was used to examine both sides of freestanding membranes composed of PPy/BCS. The membrane surfaces that

were initially in contact with the electrode during polymer growth were
very smooth. However, the surfaces that were in contact with the
polymerization solution (Figure 7.3) displayed the "cauliflower"

morphology typical of polypyrroles [7, 11, 13, 14]. More detailed analy
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of the surface morphology of the solution side of polymer membranes was
provided by atomic force microscopy (Figure 7.4). For PPy/BCS a section
of the membrane measuring 2500 u m 2 was found to have a true surface
area of 3013 um 2 , reflecting a surface area difference of 20.5 %.

The

average distance between the peaks and valleys of nodes was determined
by section analysis to be 1.7 um. This m a y be compared to a PPy/PTS
membrane, for which the surface roughness was determined to be 9.5 %,
and the average peak to valley distance 0.9 urn [34], indicating it has a
significantly smoother surface.

Figure 7.3 Scanning electron microscopy (SEM) of the solution side of
PPy/BCS

membrane.
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Figure 7.4 Atomic force microscopy (AFM) of the solution side of a
PPy/BCS membrane.

The conductivity of a 19 urn thick membrane composed of PPy/BCS was

found to be 3.4 S cm"1. This conductivity is one to two orders of magnit

lower than what is typically found for polypyrroles doped with other sm

molecules [11, 12]. A visible absorption spectrum was obtained of a thin
film composed of PPy/BCS deposited on Indium/Tin/Oxide (ITO) coated

glass, and is illustrated in Figure 7.5. This spectrum contains a relat
weak free carrier tail consistent with the low conductivities of these

materials. In addition to the bipolaron band centred at 935 nm, a weaker
polaron band is also present at 520 nm.
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Figure 7.5 UV-visible spectrum of PPy/BCS polymer film grown
galvanostatically (2 mA cm'2 current density) onto ITO
coated glass from solutions containing 0.2 M pyrrole and
0.01 M BCS.

7.3.3 Electrochemical characterization

Cyclic voltammetry studies were performed using platinum electrodes

coated with PPy/BCS, and solutions containing different metal nitrate
These studies were performed in order to confirm that the polymers

prepared were electroactive, and investigate whether their electroche
responses were markedly dependent on the nature of the cation in the

surrounding solution. Figure 7.6 illustrates some representative cycl
voltammograms, while Table 7.1 summarizes the results of all cyclic
voltammetry experiments. The only exception to this was when either
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Fe(N03)3 or Cu(N03)2 was used as the supporting electrolyte, and that will
be discussed in the next section.

For cations that are electroinactive, such as Na+, K+, Ca2+ and Mg2+, the
only cyclic voltammetry (CV) responses are those due to the ion
incorporation and expulsion properties of the conducting polymer. For
example, Figure 7.6a shows the cyclic voltammogram obtained using a
PPy/BCS coated platinum electrode and Mg(N03)2 as the supporting

electrolyte. Two features attributable to polymer reduction were present,

with the peak at the less negative potential attributable to anion expuls
and the peak at the more negative potential attributable to cation
incorporation. A single broad peak due to polymer oxidation was present,
which most likely consists of overlapping peaks attributable to anion
incorporation and cation expulsion. A cyclic voltammogram with a very
similar appearance was obtained when the same type of electrode was
immersed in a Ca(N03)2 solution.

Although Zn2+, Ni2+ and Mn2+ are electroactive species, peaks due to
reduction and oxidation of these metals were not observed at either bare

electrodes or PPy/BCS coated electrodes. This may be due to the fact that

the redox potential of these cations are not within the potential range u
2+

for obtaining cyclic voltammogram with the polymer. For example, Z n
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can be reduced to Zn° at a PPy/PTS electrode, but only if the applied
potential is scanned to more negative potentials than - 1.30 V [34]. For
above 3 metal ions, the only CV responses observed correspond to
anion/cation movement into and out of the polymer. A typical CV obtained
using one of these metals was that using a PPy/BCS coated platinum
electrode and Ni(N03)2 as the supporting electrolyte (Figure 7.6b). A
single peak at -0.45 V is present which may be attributed to polymer
reduction, most probably accompanied primarily by the movement of Ni2+
ions into the polymer. The corresponding oxidation peak at -0.15 V is
therefore indicative primarily of movement of some of these Ni ions out
of the polymer. Peaks due to reduction and oxidation of Co can be

observed at a bare Pt electrode, but not using a PPy/BCS coated electrode
This is probably because the peaks were masked by those associated with
the polymer redox couple.
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Figure 7.6 Cyclic voltammograms

of PPy/BCS

coated platinum

electrode immersed in (a) 0.1 M Mg(N03)2, (b) 0.1 M
Ni(N03)2. All scan rates = 100 mVs'1.
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Table 7.1 Electroactivity of platinum electrodes coated with PPy/BCS:
anodic peak potentials Ep(a) and cathodic peak potentials Ep(c) obtained

from cyclic voltammograms of electrodes immersed in solutions containing
different supporting electrolytes.

Supporting

EP(C)

Ep(a)

(V)

(V)

NaN03

-0.40

-0.25

KN03

-0.35
-0.25
-0.55
-0.20
-0.55

-0.30

Mn(N0 3 ) 2

-0.50

-0.15

Co(N0 3 ) 2

-0.25

-0.05

Ni(N0 3 ) 2

-0.45

-0.15

Zn(N0 3 ) 2

-0.70

-0.15

Electrolyte (0.1 M)

Mg(N0 3 ) 2
Ca(N0 3 ) 2

-0.20
-0.20

Inspection of Table 7.1 reveals that, in general, relatively small variations

in the positions of cathodic and anodic peak potentials for a given pol
occurred when the supporting electrolyte was varied.

W h e n either F e ( N 0 3 ) 3 or C u ( N 0 3 ) 2 was used as the supporting electrolyte,

peaks due to oxidation and reduction of the free metal ion obscured tho

attributable to redox reactions of the polymer. Figure 7.7a shows a cyc

voltammogram of a PPy/BCS coated electrode in a solution containing 0.1
0 +

M

C u . The polymer redox peaks were not observed. W h e n the
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concentration of C u 2 + was decreased to 0.01 M , the copper reduction and
oxidation peaks decreased (peak A and peak B), allowing the peaks
associated with polymer redox chemistry to be observed (Peak C and peak
D) (Figure 7.7b). Overall these observations suggest that the redox

reactions occurring on the conducting polypyrrole electrode are both ion

incorporation and expulsion to maintain charge balance in the polymer an
metal ion reduction and oxidation in this case.
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Figure 7.7 Cyclic voltammograms

0.4

0.6

0.8

of a PPy/BCS

coated platinum

electrode immersed in (a) 0.1 M Cu(N03)2, (b) 0.01 M
Cu(N03)2.
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7.3.4 Transport studies

Transport experiments were performed using PPy/BCS coated membranes
deposited onto Pt/PVDF using galvanostatic control (current density = 2
mA cm ) for 4.5 minutes. This time was chosen as it was demonstrated
that this was the minimum amount of time that membranes must be grown
to be impermeable to water. A pulsed potential waveform was employed
during transport experiments. The potential range was selected in
accordance with the data obtained from CV experiments (Table 7.1), which
show what potentials were required to change the redox states of the
membrane, thereby facilitating ion movement in and out of the membrane.

7.3.4.1 Transport of electroinactive species

Electrochemically controlled transport of electroinactive species (such as
Na+, K+, Ca2+ and Mg2+) across composite PPy/BCS membranes was
carried out. Figure 7.8 shows the results plotted as the concentration of
metal ion in the receiving solution as a function of time. In the absence
an applied potential (Region A) no transport across the membrane into the
receiving solution occurred. However, when a pulsed potential was applied
to the membrane (Region B) sustained transport of metal ions resulted.
Once the potential was stopped (Region C), transport also stopped. In all
cases transport only occurred when the membrane was stimulated with a
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repetitive pulsed potential. This confirms that changing the redox state of
the conducting polymer membrane is accompanied by ion movement into
and out of the membrane, and that transport across the membrane can be

switched on/off, and the rate of transport controlled. The fluxes of thes
metal ions across membranes are presented in Table 7.2.

300

0

30 60 90 120 150 180 210 240 270 300 330 360 390
Time(min)

Figure 7.8 Electrochemically controlled transport of separate solutions
containing Na, Jt, Ca2+ or Mg2+ across PPy/BCS/Pt/PVDF
composite membranes. Feed solutions: 0.1 M metal ion.
Permeate solution: H20. Region A: No applied potential.
Region B: Applied potential pulsed between + 0.75 V and 0.40 V; pulse width 50 s. Region C: Applied potential
switched off.
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Table 7.2 Fluxes of electroinactive species obtained from transport
experiments using PPy/BCS/Pt/PVDF membranes.

Ion

Flux across Pt/PVDF/PPy/BCS

Hydrated Ionic

composite membrane
(10' mol s' cm' )

Radius (A)[27]

Na+

9.29

4

K+

7.12

3

Mg2+

0.48

8

Ca" +

0.68

6

Previous studies have shown that the flux of alkali metal ions and alkaline
earth metal ions across polypyrrole/polyvinylphosphate (PPy/PVP)

conducting polymer membranes decreased in the following order: flux K

> flux Na+ > flux Ca2+ > flux Mg2+ [13,14]. This trend was explained as
being the result of decreasing ability to pass through pores in the

as the size of the hydrated metal ion increased. For PPy/BCS membrane
the measured fluxes followed a slightly different trend: flux Na+ >

> flux Ca2+ > flux Mg2+. The reversal of the positions for Na+ and K+ i

surprising given the similarity in the size of the hydrated ions of t
metals (4 A and 3 A, respectively) [27]. This would also explain why
fluxes of these two metals across PPy/PVP membranes were almost
identical [14].
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The fluxes for sodium, potassium, calcium and magnesium across
PPy/BCS composite membranes (92.9 x IO"10, 71.2 x IO"10, 6.82 x IO"10 and

4.80 x 10" mol s"1 cm"2, respectively) are comparable to or slightly larg
than most other values previously determined for these metal ions under
similar conditions. For example, the corresponding values reported using
PPy/PVP membranes are 56.3 x 10"10, 57.4 x 10"10, 4.36 x 10"10 and 0.103 x
10" mol s" cm" [14]. Alkali metal ions and alkaline earth metal ions are
known to form relatively weak complexes with "phenanthroline-like"
ligands. For example, log K. for the Mg2+ and Ca2+ complexes of
phenanthroline itself are 1.5 and 0.7, respectively, while those for the
O-J- O 1

transition metal ions Ni

and C u

are 8.6 and 9.1, respectively [35].

Therefore it is difficult to ascribe the slightly higher than usual flux
Na+, K+, Mg2+ and Ca2+ to favourable interactions with the dopant, rather
than changes in membrane structure.

7.3.3.2 Transport of electroactive species

Prior to the present study transport experiments involving membranes and

transition metals had focused primarily on copper and, to a lesser extent

iron and magnesium [10, 12, 33, 36]. Figure 7.9 illustrates the results o
experiments performed using PPy/BCS membranes and solutions

containing iron, manganese, nickel, cobalt or zinc. Significant amounts o
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each of these metal ions were transported on application of an applied
potential waveform. Importantly this system is the first for which

electrochemically facilitated transport of cobalt, nickel and zinc across
conducting polymer membrane has been demonstrated. When the applied
potential was removed metal ion transport stopped in the case of zinc,
nickel, manganese and cobalt. However, the concentration of iron
continued to increase during the next 2 hours due primarily to slow

dissolution of iron metal that had deposited on the auxiliary electrode i

permeate solution, as well as either on or within the membrane itself. Si
this iron had been transported during the applied potential phase of the

experiment, the solution was allowed to stand for a further 24 hours unti
the iron concentration in the permeate solution had stabilised, and this
concentration used to calculate the tme iron flux.

Chapter 7

217

200

i—•—i—•—r

30

60

90 120 150 180 210 240 270 300 330 360 390
Time (min)

Figure 7.9 Electrochemically controlled transport of separate solutions
containing Mn2+, Fe3+, Co +, Ni+ or Zn+ across
PPy/BCS/Pt/PVDF composite membranes. Feed solutions:
0.1 Mmetal ion in 0.01 MH2S04. Permeate solution: 0.01 M
H2S04. Region A: No applied potential. Region B: Applied
potential pulsed between + 0.75 V and - 0.40 V; pulse width
50 s. Region C: Applied potential switched off.

A similar procedure was used to calculate the true flux of copper through a
composite membrane containing PPy/BCS in the transport experiment
illustrated in Figure 7.10. During the applied potential phase of the

experiment the concentration of copper in the permeate solution increase

dramatically. After stopping the applied potential, the permeate solutio

was transferred to a beaker, and then the auxiliary electrode that had b
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present in the permeate solution was removed and placed in the beaker. A
fresh solution of 0.01 M sulfuric acid was then placed in the permeate

compartment of the transport cell and the concentration of copper in the

permeate solution was again monitored. Despite no potential being applie
to the membrane a small amount of additional copper transport was

observed. This had essentially finished after 2 hours, and may be attrib

to further transport of copper metal and ions trapped within the membran
as well as dissolution of copper present on the membrane itself. By far
greatest amount of copper, however, had deposited on the auxiliary
electrode in the permeate solution. After 24 hours complete dissolution

this copper metal had occurred, raising the concentration of copper in t
original permeate solution to 240 ppm, considerably higher than the 55
ppm determined at the end of the applied potential phase. The former

value was then used to calculate the average flux reported for copper in
Table 7.3.
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Electrochemically controlled transport of Cu

+

across a

PPy/BCS/Pt/PVDF composite membrane. Feed solution: 0.1
M metal ion in 0.01 M H2S04. Permeate solution: 0.01 M

H2S04. Region A: No applied potential. Region B: Applied

potential pulsed between + 0.75 V and - 0.40 V; pulse w

50 s. Region C: Permeate solution replaced with fresh 0

MH2S04. Auxiliary electrode in permeate solution removed
No applied potential.
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Table 7.3. Transportfluxesof electroactive species obtainedfromtransp
experiments using PPy/BCS/Pt/PVDF membranes.

Ion

Flux across Pt/PVDF/PPy/BCS

Effective Ionic

composite membrane
(10' mol s' cm')

Radius (A) [27]

Fe 3 +

3.39*

9

Co2+

0.72

6

Ni 2 +

0.66

6

Cu 2 +

4.58*

6

Zn 2 +

1.28

6

Mn2+

0.81

6

* Values obtained after measuring the concentration of metal ion in the
permeate solution after it had been allowed to stand for 24 hours.

In order to confirm that no further transport of copper ions across the

membrane from the source solution occurred when the pulse potential w

switched off, the experiment was repeated with the following alterat

Once application of a pulsed potential waveform to the membrane had b
stopped for 2 hours, fresh solution of 0.01 M sulfuric acid was then

in the source compartment of the transport cell and the concentration

copper in the permeate solution again monitored (Figure 7.11). The re

was similar to that obtained when the source solution contained copp

(Figure 7.10), and confirms that the small amount of additional coppe
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transported to the receiving solution came from dissolution of copper
previously deposited on the membrane itself
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Figure 7.11 A, B, and C are same as Figure 7.10. Region D: Source
solution and Permeate solution both replaced with fresh
0.01 M H2S04. Auxiliary electrode in permeate solution
removed. No applied potential.

An additional experiment was performed to examine whether any diffusio

of Cu2+ from the source solution to the permeate solution occurred aft
extended period. A PPy/BCS membrane was exposed for 60 hours to a
solution containing 0.01 M H2S04 and 0.1 M Cu2+, in the absence of
applied potential (Figure 7.12). It was subsequently found that the

concentration of Cu2+ in the receiving solution was only 2 ppm even af
60 hours. It may therefore be concluded that significant transport of
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ions only occurs when the membrane is stimulated by an appropriate
applied potential.

3 -i-

Tirne (hour)

Figure 7.12 Transport of Cu

across a PPy/BCS

membrane

by

diffusion. Source solution: 0.1 MCu2+ and 0.01 MH2S04.

The fluxes for each of the six transition metal ions examined across
TO+
PPy/BCS membranes follow the sequence: C u z2+ ^> Fe'
»

Mn

z ^ -VT:2+
Z n.2+
> Ni

~ C o . O f these metal ions the tripositive Fe3+ has the largest

hydrated ionic radius (Table 7.3). If the membrane discriminates on th
basis of the size of the metal ion hydration sphere, then iron should

the lowest flux, and the fluxes of the remaining metal ions should hav

been significantly higher than that of Fe3+. Since this is not what was

observed, it suggests that for transition metals several factors can p

significant role in determining metal ion flux across the membrane. On
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factor is the existence of more than one mechanism of transport for some

metal ions. For electroinactive metal ions such as the alkali metal ions
alkaline earths, transport is believed to involve incorporation of the

positively charged metal ion into the membrane during the reductive phas
of the pulsed potential waveform, and subsequent expulsion into the
receiving solution during the oxidative phase. Movement through the

membrane itself is believed to occur by a variety of processes including

diffusion and ion shunting. For the transition metal ions manganese, coba
nickel and zinc, membrane transport also probably occurs predominantly
via this mechanism. However, for iron and most importantly for copper,
significant transport also occurs by a second mechanism involving
reduction of the metal ion to the elemental metal the membrane, which
results in preconcentration of metal on the membrane surface. This is
followed by passage of the metal through the membrane, and oxidation at
the receiving solution surface.

Another important factor to consider when rationalising differences in
transition metal ion flux is the variation in interactions between the
different transition metal ions and the dopant present in the polymer
membrane. There have been very few reports previously describing
transport of transition metal ion across conducting polymer membranes.
However, a value of 1 x IO'10 mol cm"2 s"1 was reported for the flux of
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copper across polypyrrole membranes doped with para-toluene sulfonic

acid (PTS) [10]. This experiment was performed using an identical source

ion concentration (0.1 M) to that used here, but a different transport c
design. Nevertheless the flux of Cu2+ reported here across a PPy/BCS
membrane is almost 50 times larger. This suggests that BCS may be
playing a significant role in assisting copper transport through the
membrane, possibly through favourable metal-ligand

complexation/decomplexation equilibria. This could involve the metal ion

being preconcentrated into the film through a complexation reaction, and
minimizing the amount of copper depositing as the metal by electroless
deposition.

The only other metal ion for which comparative transport data is availab
is manganese. Experiments had been reported examining transport of Mn
across membranes composed of polypyrrole polymers and copolymers

doped with pTS. The reported fluxes were 1.72 x IO"10 and 3.36 x 10"10 mo

cm"2 s"1, respectively [12]. These values are slightly smaller than that
reported here (8.1 x IO"10 mol cm'2 s"1) for transport of Mn2+ across a
composite membrane containing PPy/BCS. However, the former values
were obtained from experiments performed using source solutions
containing both Mn2+ and K+, which would most likely have led to smaller

fluxes than if Mn2+ had been the sole ion in the source solution. Based o
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the above comparative transport data involving C u 2 + and M n 2 + , it appears

that BCS can, in some instances, significantly enhance metal ion transp

A possible explanation for the differing influence of BCS on the fluxes
Mn" and Cu2" can be proposed based on the likely differences in
thermodynamic stability of the complexes formed by these metals with
BCS. While formation constant data for many transition metal complexes

of BCS are not available, they have been reported for the closely relat

1,10-phenanthroline ligand [26]. For the transition metals examined her
the log K3 values for the tris(phenanthroline) complexes follow the
sequence Mn2+ « Zn2+ < Co2+ < Cu2+ < Fe3+ ~ Ni2+. Clearly Cu2+ is
therefore more likely to form a more stable complex with BCS than Mn2+,

which may be an important factor in facilitating movement of the former

ion through the membrane relative to polypyrroles doped with ligands no
capable of chelation. According to this theory Fe3+ and Ni2+, which form
the most stable complexes with phenanthroline, should also exhibit
relatively high fluxes across composite membranes containing PPy/BCS.
While the flux for Fe

+

was the highest amongst the transition metals ap

from Cu +, that for Ni2+ was the lowest observed.
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7.3.4.3 Selective transport of copper(II) in Cu(II)/Fe(III) solutions

In order to investigate the selectivity of PPy/BCS membranes towards
different metal ions, transport experiments were then carried out using
solutions containing both copper and iron. When the experiment was
performed using a 3.8 urn thick PPy/BCS composite membrane the
transport profiles in Figure 7.13a were obtained. In the absence of an
applied potential (Region A) no transport occurred. However, when a
pulsed potential was applied to the membrane (Region B) sustained

transport of both copper and iron resulted. Once the potential was stopp

both the auxiliary electrode in the receiving solution and the receiving
solution were replaced as described earlier. Copper and iron metal that

deposited on the auxiliary electrode was then allowed to dissolve in the

acid medium, enabling calculation of the total amounts of the metal ions
transported. The fluxes of copper and iron were determined to be 4.96 x
IO"9 and 1.17 x IO"9 mol cm'V1, respectively (Cu2+/Fe3+ selectivity, a =

4.2). The greater flux of copper may be partially due to the different m
ions having different deposition rates on the membrane when a pulsed
potential waveform was employed. When the experiment was repeated
using an 8 urn thick PPy/BCS composite membrane (Figure 7.13b) the flux

of copper decreased slightly to 3.4 x IO"9 mol cm"2 s"1, while the flux o
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decreased by a greater amount to 2.41 x IO"10 mol cm"2 s"1, (Cu2+/Fe3+
selectivity a = 14.5). It was found that changing the thickness of the

membrane therefore significantly altered its metal ion selectivity. This i
most probably because the thicker membrane has a greater capacity for
preconcentration of metal ions through both deposition and complexation

reactions. Clearly there is a relationship between flux and selectivity, w
thinner membranes showing increased metal ion flux, but poor selectivity.
Therefore there is a trade off between transport selectivity and flux.
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Figure 7.13 Transport of 0.1 M Cu

5+

and 0.1 M Fe' across (a) PPy/BCS

membrane (3.8 pm) and (b) PPy/BCS membrane (8 pm): A,
No potential applied; B, -0.4 V/+0.75 V pulse potential
applied to membrane, pulse width: 50 s/50 s; C, No potential
applied to membrane; (Took out the auxiliary electrode and
all receiving solution from the receiving side, rinsed the cell
thoroughly with 0.01 M sulfuric acid, placed 0.01 M sulfuric
acid back into the receiving solution).
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7.3.5 Improved cell design

It is known that more efficient metal ion transport is observed when pulsed
potential waveforms are employed [35], but this results in the greatest
amount of copper being deposited on the auxiliary electrode in the

permeate solution during the transport process. This in turn complicates t
determination of the flux of metal ions across the membrane during the

transport process. In order to solve this problem and avoid the deposition
metal on the auxiliary electrode, a piece of anion-exchange membrane was
used to cover the auxiliary electrode during the transport process. Copper
and iron ions could not transport through this anion-exchange membrane

and deposit on the auxiliary electrode. Figures 7.14 and 7.15 illustrate t

results of transport experiments performed using a feed solution containin
either Cu2+, or both Cu2+ and Fe3+, and PPy/BCS membranes when the
auxiliary electrode on the receiving side was coved by an anion-exchange
membrane. The average flux of copper was 7.63 x 10" mol cm" s" in the
0+

experiment performed using a source solution containing C u

only (Figure

7.14). This value is lower than that obtained when the auxiliary electrode
Q 0 1

was not covered by an anion-exchange membrane (4.58 xlO" mol cm" s").
The fluxes of copper and iron obtained from Figure 7.15 were 5.23 xlO"
mol cm"2 s"1 and 9.62 x IO'11 mol cm"2 s"\ respectively. They are also lower
than that obtained when the auxiliary electrode was not covered (4.96 xlO"
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and 1.17 xlO" mol cm" s").

These lower fluxes m a y be due to greater

resistance in the transport system when the anion-exchange membrane was
present. This would have resulted in the current passing through the
membrane being significantly decreased. Figure 7.16a and 7.16b show the
current through the membrane before and after the auxiliary electrode in
the receiving solution was covered by an anion-exchange membrane. It was
found that the current had dramatically changed after introducing the
anion-exchange membrane.
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Figure 7.14 Transport of 0.1 M Cu2+ across a PPy/BCS membrane: A, No
potential applied; B, -0.4 V/+0.75 Vpulse potential applied
to membrane, pulse width: 50 s/50 s; C, Potential applied to
the membrane was switched off The auxiliary electrode in
receiving solution was covered by an anion exchange
membrane.
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Current transients observed during the transport of 0.1 M
Cu2+across a PPy/BCS membrane process, (a) A piece of
platinum mesh was used as the auxiliary electrode, (b) The
platinum mesh auxiliary electrode was covered by an anionexchange membrane.

Chapter 7

233

7.4. CONCLUSIONS

The transport of electroinactive and electroactive species across PPy/BCS
membranes was controlled electrochemically by direct application of an
electrical stimulus to the membrane. For electroinactive species, an ion
incorporation/expulsion mechanism is proposed to predominate under the

influence of an applied electrical potential. Under the same conditions, the

rate of transport of different electroinactive cations were in the followin
order: Na+>K+>Ca2+>Mg2+. For electroactive species, they not only
undergo ion incorporation/expulsion, but also redox reactions and
complexation reactions with the membrane. These processes allow metal
ions in the source solution to be preconcentrated on the membrane surface

during transport. Variations in the rate of deposition of the metal ions and
the rate of complexation reactions can result in dramatic changes in metal
ion flux. A high flux was obtained when metal ions had higher deposition
rates and favourable complexation equilibria. The rate of transport of
0+ "%-h

different electroactive species was in the following order: : C u
Zn2+>Ni2+~Mn2+~Co2+.

> Fe

»
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The separation and recovery of metal ions from aqueous solutions using

conducting polymers was the main objective of this work. These objectives
have been realized using two different approaches. In one approach
conducting polymer/RVC composite materials were used to extract either
[AuCU]" or [Au(CN)2]" from aqueous solutions. In the case of solutions

containing [AuCl4]", gold recovery was found to be essentially quantitativ
(99%), to proceed in a facile manner over a wide range of initial gold
concentrations, and be highly selective. The latter was demonstrated in

experiments involving uptake from solutions also containing a large exces

of iron, and is attributable to the electrochemical nature of the gold up
mechanism. The high surface area and favourable mechanical properties of
the polymer/RVC composites are advantageous for industrial applications.
Uptake of gold from solutions containing [Au(CN)2]" was found to be

extensive, but not as quantitative as for [AuCl4]". Furthermore the lack of
selectivity displayed towards solutions containing both gold and copper
cyanide complexes suggests that conducting polymer/RVC composites are
perhaps not as suitable for this application as for recovery of [AuCl4]".

lack of selectivity towards mixtures of copper and gold cyanide complexes

is consistent with either an adsorption or ion exchange mechanism of gold
uptake, rather than an electrochemical mechanism. Despite the lack of
selectivity and lower than optimal capacities displayed by conducting
polymer RVC composites towards solutions containing gold cyanide
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complexes, it is noteworthy that these materials were not inferior to
activated carbon with regard to these properties. Furthermore the
polymer/RVC composites displayed faster rates of gold uptake, which

could be very significant for industrial applications. While there is litt
doubt that polymer/RVC composites could be used to recover a variety of
metals from aqueous solution, it is the electrochemical nature of the
mechanism of gold uptake that makes their application to this metal so
attractive. It would be interesting to conduct similar studies with other
metals with relatively high oxidation potentials (e.g. Ag+) to see if
comparable capacities and selectivity are displayed.

Earlier work had demonstrated that it was possible to use conducting
polymers as an electrochemically controlled gate towards movement of
ions from a source solution to a receiving solution. In this work the

preparation of, and study of the metal transport properties of, conducting
polymer membranes containing a metal chelating agent as a dopant has
been reported for the first time. These membranes were shown to be
slightly more permeable towards alkali metals and alkaline earths than
other conducting polymer membranes containing non-chelating dopants.

However, more significant was the fact that the transport of cobalt, nicke

and zinc was demonstrated for the first time. Of even greater significance
was the considerable increase in copper flux seen for these membranes
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compared to any other previously reported results. While it is tempting t
ascribe these observations to metal/ligand interactions involving the
dopant, no correlation between solution stability constants for metal

complexes of the closely related phenanthroline ligand and metal ion flu
could be made. Further work involving polymer membranes containing
other chelating agents is therefore required to understand the factors
controlling metal ion flux across these membranes.

Electrochemical polymerization of 2,2'-bithiophene in the presence of a
sulfated poly(p-hydroxyether) (PBT/S-PHE) yielded thin films and
membranes that displayed excellent mechanical properties. Owing to the

stability of PBT/S-PFIE membranes in both gold chloride and gold cyanide

solutions, and high over-oxidation potential, it was found that PBT/S-PHE
membranes could be used to effect the transport of [AuCl4]' for the first
time. The mechanism of transport of [AuCU]" involves an initial redox
reaction between the polymer and gold ions in solution, resulting in

formation of gold metal on the polymer surface, as well as probably direc
transport of gold chloride complexes.

Of the two different approaches described here for metal ion separation

recovery, it was found that the electroless separation and recovery meth
using polymer composite materials was more efficient than the membrane
transport method in terms of both the rate and amount of metal ion
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transported. However, this method at the moment only appears to be

particularly suitable for the recovery of high oxidation potential meta
such as [AuCU]", while conducting polymer membranes can be used for
transport of a much wider range of metal ions.

