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ABSTRACT

Polyaniline is one of the most widely studied conducting polymer. It’s domain 

of application is however limited by the fact that it crystallises if large amounts of it 

are electrodeposited on a bare electrode surface. One method that has already been 

tried to overcome the problem is the use of an insulating host matrix for example 

Nation. This method has however adversely reduced the rate of polymerization of the 

aniline monomers.

Also, bilayer electrodes so far known have been made from a combination of 

redox polymers. No bilayer electrodes have however been made from a combination 

of a redox and a conducting polymer. It is these areas that this research project seeked 

to address.

All electrochemical analysis were carried out using the cyclic voltammetric 

technique. A PAR model 173 Potentiostat/Galvanostat was used in conjunction with 

a model 175 Universal programmer. The output was fed into a PAR model RE-0089 

X-Y recorder. A three electrode assembly was used in an undivided cell.

The results obtained showed that lead redox chemistry can be studied in 

sulphuric acid for cases where the lead has been exchanged in a clay mineral 

(bentonite) or a cation exchange resin (amberlite).

The redox peaks of polyaniline and lead been shown to be about 500 mV apart 

and thus independent of each other. The presence of lead in the host matrix was 

however observed to cause electrocatalyses in the deposition of polyaniline.
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Experiments also revealed the versatility of bentonite and amberlite modified 

electrodes in the detection of very low concentrations of lead i.e., upto 10"5 M.

When copper was exchanged for the protons in amberlite, and the copper 

loaded amberlite used as a host matrix for electrodeposition of polyaniline, an 

interface whose electrochemical features are characteristic of bilayer electrodes was 

formed.

On the contrary, when a copper loaded bentonite was used as a host matrix, 

distinct copper and polyaniline redox peaks are observed (no features of bilayer 

electrodes). Nevertheless a remarkable improvement in the copper peak currents was 

observed.
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CHAPTER ONE

1.0 INTRODUCTION

The alteration of an electrode’s chemical, physical, optical and electrochemical 

characteristics is called electrode modification. Various methods to achieve this have 

been developed and they depend on the physical and chemical properties of both the 

material to be used for the purpose of modification and the electrode surface.

The most commonly modified electrodes are those of metal oxides and carbon. 

These are favoured because of the functional groups on their surfaces. The materials 

used for modification include ion exchangers, redox polymers, conducting polymers 

and compounds that can be attached to the electrode surface by silanization.

Modified electrodes have found use as reference electrodes, sensory devices, 

pre-concentrators of ions and molecules from dilute solutions, ion selective electrodes 

and as electrodes in rechargeable batteries. These electrodes have a lot of potential in 

the industrial world, and its for this reason that many researchers especially from the 

fields of electrochemistry, material science, electrical engineering and physics have 

shifted their attention towards them.

Currently, modification of electrodes with a combination of two or more 

materials has proved to be more interesting and opens up new domains/areas which 

these electrodes may be used. Such modifications usually involve co-polymers, 

composites or bilayers, an example being the combination of redox polymers and 

conducting polymers.
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1.1 LITERATURE REVIEW

1.1.1 ELECTRODE MODIFICATION

Surface derivatization, also known as electrostatic trapping or polymer coating, 

involves the deliberate immobilization of materials on the electrode surface. The 

electrode thereafter displays the chemical, electrochemical and optical properties of 

that material. These materials are selected on the basis of their known and desired 

properties. For example, chiral centres, electron transfer mediation catalysis, ability 

to inhibit corrosion e.t.c. [1].

The main methods used for the purpose of attachment or immobilization of 

these materials on the electrode surface depend on:-

1) Chemisorptive abilities of some chemical functionalities to which a redox 

functionality may be linked [2j. This leads to irreversible or strong adsorption of 

electroactive materials on the electrode surface. Hubbard and Lane [3,4| for example 

took advantage of these forces to chemisorb quinone bearing olefins on platinum 

electrodes.

2) Formation of covalent bonds between the material and the electrode surface 

or on an already chemisorbed material. In the 1970s when the study of electrode 

modification became important, this method became very popular as it could be used 

to attach optically active molecules on electrodes |5], electroactive species on metal 

oxide surfaces 11,21 and also the attachment of catalytically active groups on carbon 

electrodes |6J.
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3) Electrodeposition of a conducting polymer on the electrode surface. In this 

method, the resulting film is held on the electrode surface by a combination of 

chemisorption forces and low solubility in the electrolytic media. This method of film 

formation has proved to be more superior and it’s currently the most widely used 

method for the purpose of electrode modification using conducting polymers 17-10].

The choice of a particular method to be used in the modification process 

depends not only on the properties of the material, but also on those of the electrode. 

The metal oxide surfaces are most preferred due to their ability to form covalent 

bonds with most compounds (2,11,12). The carbon electrodes on the other hand rely 

heavily on their chemisorptive abilities present in the basal plane and covalent bonds 

formation abilities present in the edge plane 113-151.

a) DERIVATIZATION OF METAL OXIDE ELECTRODES.

A number of metal oxides have been identified as useful electrodes. For 

example, tin oxide (Sn02) films on glass or titanium have been shown to contain many 

-SnOH sites (16-17], which are quite reactive towards chlorosilanes and alkoxysilanes. 

If the Sn02 electrode comes into contact with a solution containing dichlorodimethyl 

silane, Cl2Si(CH3)2 under anhydrous conditions for example, the organosilane becomes 

immobilized by the formation of-SnOSi- bonds [1,2,21].

This procedure is called silanization and is the most commonly used procedure 

for attachment of materials to metal oxide surfaces. Other metal oxides that can be
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derivatized using this procedure include Ru02, Pt/PtO, Au/AuO, T i0 2 Ge/GeO and 

Si/SiO [1,2,11,19-21]. The M/MO (for M = Pt, Au, Ge and Si) refer to bulk metals 

or semiconductors treated in a manner calculated to introduce a few monolayers of 

surface oxides - with the associated hydroxyl groups to enable reaction with the 

organosi lanes.

O rganosilanes like (CH30 ) 3Si(CH2)3NH(CH2)2NH2Si (ensilane), 

(CH3CH20 )3Si(CH2)3NH2 (prNH, silane) e.t.c have been successfully immobilized on 

these electrodes [ 1 ].

The most important organosilanes however, are those that contain secondary 

reactive coupling functionalities. The secondary groups may then be used for further 

electrode modification. For example, the -N- group on ensilane modified electrode 

may be treated with an acid chloride to form amides on the electrode surface [21].

Other methods used for derivatization of these electrodes are based on ester 

bond linkages [ 18[, cyanuric chloride [ 16| and the use of basic chromium complexes. 

Surface ester formation for example has been proposed to explain the fairly stable 

attachment of Rhodamine B on Sn02 surfaces, which occurs without the assistance of 

organosilanes [11. Surface esterification has also been used to attach anthracene 

derivatives onto tin oxide electrodes [ 16|.

b) DERIVATIZATION OF CARBON ELECTRODES.

The derivatization of carbon graphite or glassy carbon electrodes is best 

understood when we critically examine the properties of their surface. Carbon graphite
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has been shown to consist of giant sheets of fused aromatic rings which are stacked 

coplanarly as shown in Fig. 1.2.1.

The basal plane surface is non ionic, has low polarity, is hydrophobic and rich 

in 7r-electrons. It is thus barren to synthetic coupling reactions. The high 7r-electron 

density however is conducive to strong chemisorptive interactions especially with 

unsaturated compounds, including those of aromatic origin [13,22].

The edge plane on the other hand consists of groups such as phenolic, quinone, 

carboxylic, lactone and ketones. These have a high affinity for oxygen and water and 

as such, the edge plane is important in chemical coupling and modification of the 

electrode [ 13,14,231. The absolute populations and relative reactivities of these groups 

are still not yet known. Their concentrations are however known to be very low 

especially on glassy carbon electrodes [1,13].

The pyrolytic graphite is a highly imperfect approximation to single crystal 

graphite with a basal plane while the glassy carbon is described as a random tangle 

of graphite strips, so that any given exposed surface exhibits a mixture of basal and 

edge plane characteristics [ 11. The extent to which each of these planes are exposed 

depends on the pretreatment procedures which may be thermal or physical. For 

example, polishing of the basal plane in pyrolytic graphite exposes the edge plane 

sites. Conversely, polished edge plane surfaces displays some basal plane 

characteristics. This then leads to varying densities of modification materials on the 

electrode surface 1131.
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Lg. 1.2.1: Schematic illustration of the chemical
functionalities on a carbon electrode [1].
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To enhance the synthetic usefulness of the groups on the edge plane, the 

activation of the carbon surface is at times necessary. The -COOH group for example 

is activated by heating the electrode in air to 400°C - 500°C 114,231, while the -OH 

group has been shown to be activated by initial oxidation of all the groups on the 

surface using 0 2 RF plasma followed by reduction with LiAlH., [1|.

The introduction of various chemical groups on a carbon electrode via -COOH 

may be achieved by reacting a suitable reagent with a thionyl chloride activated and 

thermally oxidized carbon electrode. For example, the addition of the amine S(- 

)phenylalanine methylester has been reported to enable the immobilization of not only 

an amide, but also a chiral centre on the electrode surface [5,24]. Tetra- 

(aminophenyl)porphyrin, an electroactive redox substance, has also been successfully 

attached on a thionyl chloride activated carbon electrode after thermal treatment (see 

Scheme I) [25]. A transition metal impregnated in the porphyrin before [23,68] or 

after [25J the immobilization has also been shown to yield a series of porphyrin donor 

sites for electron transfer mediation on reduction. For example, cobalt metallated 

porphyrin has been reported to be effective as an electrocatalyst in the reduction of 

1,2-dibromo-1 -phenylethane [ 1 ].

As with metal oxide electrodes, carbon electrodes may also be derivatized via 

the -OH groups using organosilanes [24] and cyanuric chloride. These in turn provides 

an avenue for further electrode modification. For example, hydroxy-methylferrocene, 

O-tolidine and methylaminopropyl- viologen have been successfully attached on carbon 

electrode surfaces via the -OH groups by use of cyanuric chloride [ 1,26|.
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Carbon
Electrode

Scheme I: A scheme illustrating the attachment of tetra
(Amino phenyl) porphyrin (TAPP) on a rhlonyl 

chloride activated carbon electrode.
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1.1.2 DERIVATIZATION OF ELECTRODE SURFACES BY FILM 
FORMATION

Unlike the materials used for electrode modification discussed so far, where 

the main forces between the electrode and the material were covalent bonds and 

chemisorption, modification of electrode surface with organic polymers and some 

inorganic equivalents is done by attachment of films formed from these materials.

The main advantage of this method over the others is that we are able to obtain 

films with a thickness ranging from 1 to 20,000 monolayers [ 1,27]. The modification 

processes relying on covalent bond formation or chemisorption properties only, hardly 

exceed a monolayer (where a monolayer refers to 1.5 x 10'1U mol/cm2 of surface 

coverage depending on the size of molecules used for modification). The low 

solubilities combined with chemisorption, covalent bonding and adsorption of films 

allows the formation of very thick polymer films.

The most popular procedures used for electrode derivatization with films 

include:

1) Dip coating:- a process that involves dipping of the electrode in a dilute 

solution of the polymer for sometime and then allowing the electrode time to dry. This 

method relies on adsorptive properties of these polymers on the electrode surface. If 

the polymer does not contain redox sites, these may then be introduced by amide |7 | 

or metal couple formation |26|.

2) Droplet evaporation:- this method involves the application of micro-syringe 

quantities onto the electrode surface [271. Like dip coating, this method leads to 

formation of non-homogenous films. It may however be improved by spinning the
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applied polymer solution by placing the electrode at the centre of a rapidly rotating 

disk [ 1,27].

3) Oxidative or reductive polymerization:- the solubility of most polymers 

depends on their ionic forms. As such, by oxidizing or reducing a polymer to its most 

insoluble form (most adsorbable), the polymer may be deposited (precipitated) on the 

electrode surface. For example, polyvinylferrocene films may be deposited from 

dichloromethane solutions by electrochemical or photochemical oxidation of the 

polymer to its most insoluble form [27].

4) Electrochemical polymerization:- monomers in solution may be oxidized or 

reduced to intermediates which polymerize sufficiently rapidly on the electrode 

surface, forming a polymer film on the electrode [9,10,28,29]. To electrodeposit films 

of significant thickness, it’s necessary that the polymer be redox active (so as to 

electrocatalytically oxidize or reduce fresh monomers) or be permeable to fresh 

monomers, otherwise, electrode passivation occurs and further polymerization is 

halted 111. This is the most widely used procedure for modification of electrodes with 

conducting polymers such as polyaniline [29-31].

The most widely used materials for electrode modification, as films, are ion 

exchangers, redox polymers and conducting polymers. These materials are however 

of very different origins and display very different chemical and physical properties.
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a) ION EXCHANGERS

Ion exchangers by definition, are insoluble solid materials which carry 

exchangeable ions. These ions can be exchanged for a stoichiometrically equivalent 

amounts of other ions of the same charge sign when the exchanger is in contact with 

an electrolyte solution. Carriers of exchangeable cations are called cationic exchangers 

while those that carry exchangeable anions are called anionic exchangers. Certain 

materials are capable of both cation and anion exchange and are referred to as 

amphoteric exchangers [32|.

For the cationic or anionic exchangers NaX and YC1 when in contact with the 

electrolyte solutions CaCl2 and Na2S 04 respectively, the following reactions take 

place;

2NaX + CaCl2(aq) <=* CaX2 + 2NaCl(aq) 

and 2YC1 +  Na2S 04(aq) + 2NaCl(aq)

where X and Y represent a structural unit of the exchanger; solid phases are 

underlined and (aq) indicates that the electrolyte is in aqueous media.

In the above examples, the Na+ and Cl' ions act as the exchangeable cation and 

anion and are exchanged for Ca2+ and S 042' respectively.

For more than a century now, ion exchangers have been used to an 

increasingly great extent both in the laboratory and in plant operations. Nature makes 

extensive use of them and has done so long before man attempted to elucidate, apply 

it’s principles, copy and surpass its performance. Ion exchange occurs in inanimate 

soils, sands, rocks and in living organisms.
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The materials responsible for ion exchange in soils have been identified as 

clays, glauconites, zeolites and humic acids 132J. Efforts to synthesize products with 

ion exchange abilities were met with success when in 1903, Harm and RUmpler [331 

prepared the first synthetic industrial ion exchanger. A spectacular evolution however 

began in 1935 when it was discovered that crushed phonograph records exhibit ion 

exchange properties. This directly led to the synthesizes of organic ion exchange 

resins in the 1950s. These were found to have better properties than any of the 

previous products.

Currently, nearly all industrial and laboratory applications of ion exchange are 

based on such resins. These are used in such areas as recovery of metals from 

industrial wastes, separation of rare metals, catalysis of organic reactions and as ion 

exchange membranes [32,34].

(i) Operation of ion exchangers.

Ion exchangers consist of a framework which is held together by chemical 

bonds or lattice energy. These frameworks carry excess positive or negative charges 

which are compensated for by ions of opposite charge, the so called counter ions. The 

counter ions are free to move within the framework and may be replaced by ions of 

the same charge sign. The framework of a cation exchange may be considered as a 

macromolecular or crystalline polyanion, while that of an anion exchanger as a 

polycation [32|.

12



Ion exchange is, with very few exceptions, a reversible process 1351. The 

extent to which the exchange process proceeds to is determined by the equilibrium

constant whose definition is given in equation 1.1;

E q u  . 1 . 1

for the exchange process

BX + A+

This value is not constant but varies with experimental conditions. For 

example, the use of an exchange column yields higher values than those obtained from 

just soaking the exchanger in an electrolyte solution. The other factor that also 

determines its value is the selectivity of the exchanger for that particular ion. The 

most important factors that determine selectivity of an exchanger include:-

1) Electrostatic interactions between the charged framework of the exchanger 

and the counter ion. Ions with a high charge density are preferred due to the resulting 

strong electrostatic interaction.

2) Permeability of counter ions into the framework. In cases where the pore 

size or interlayer distance (channels) of the framework are small, large ions may be 

excluded other factors not withstanding. As such, small counter ions with less 

hinderance are preferred.

13



3) Special interactions between the framework or fixed ionic sites with the 

counter ion, such as chelation effects, may significantly affect the value of the 

equilibrium constant.

Besides the exchange of ions, an ion exchanger will always take up solvents 

and solution molecules which can fit within the channels of the framework ones it 

comes into contact with an electrolyte solution. This process is referred to as sorption 

and has a very significant role in the exchange process [36,37]. For example, sorption 

of solvent results to swelling of the framework (increasing the size of the channels) 

and as such large cations become more exchangeable. The sorption of electrolyte 

solution on the other hand leads to a higher concentration of the counter ions within 

the framework, thus affecting the value of the equilibrium constant.

The exchange properties of an exchanger are basically determined by the pore 

size, location of mobile ions and the general structure of the framework.

(ii) Structure of ion exchangers

a) Mineral ion exchangers

Most naturally occurring aluminosilicates such as zeolites, clays and 

glauconites have cationic exchange properties. All these materials have a crystalline 

structure with channels and interconnecting cavities within the lattice. Counter ions 

reside within these cavities and may be replaced by any other cations which for one 

reason or the other are more preferred by the framework and are able to permeate 

through the cavities [34-40j.

14



Zeolites are formed from silica by substitution of some silicon atoms with 

aluminium atoms. This replacement leads to excess negative charge (as aluminium is 

trivalent while silicon is tetravalent) which is usually neutralized by alkali or alkali 

earth metals counter ions. They have the general composition represented by 

Mx/n{(A10x(Si0y}.ZH20  where n is the charge on cation M usually Na+, K+ or Ca+ 

and Z is the number of moles of water of hydration, which is highly variable [381. 

T y p ic a l e x a m p le s  in c lu d e , C a6Al 12S i24 0  72.40  H2O (c h a b a z i te ) ,  

(Na2Ca)4Al8Si160 48.24H20 , Na2Si3Al2O10.2H2O (natrolite) and (K2, Ba)Si5Al20 14.5H20  

(harmotone) [32,381. The lattice structure of a typical zeolite, sodalite, is shown in 

Fig. 1.2.2.

The structure consists of S i04 and A104 tetrahedrals which share their oxygen 

atoms. The presence of counter ions within the cavities make zeolites useful as ion 

exchangers. It’s however worth noting that the size of the cavities, usually ranging 

from 4 - 10 A, changes insignificantly on sorption of solvents. This then implies that 

zeolites will not absorb all those molecules or ions which are too big to enter the 

cavities. Also, the fact that these pores are very uniform makes the zeolites absorb 

only weakly those small molecules or ions which can enter but also leave easily. This 

"sieving action" at a molecular level makes them very useful in laboratories and 

industries as molecular sieves [32,38,42,43].

Unlike the zeolites, montmorillonites and beidellite clays have a loose 

structure. They carry their counter ions within the layers and can swell in one 

dimension by increasing the interlayer distance. This leads to the fact that they have

15



„ rV/stal sorlaliie Nn ^ (S i3 A l3  CIO1 2 ) 
r  iq I 2 2 : A unit r.ell of fhR c  ̂ , . . .  ...

, ntinels which connect the cavities in 
TfiP arrows indicate ch , ,_ ,„x
flie aluminosilicate frO'Tl

ewoik (52).

olannr face

16



a high exchange capacity especially for large cations. The montmorillonites and 

beidellite clays have an approximate composition represented by 

Al2{Si4O10(OH)2}.nH2O and Al2{(0H)2AlSi30 90H}.4H20  respectively [36-41]. The 

general structure of montmorillonites is shown in Fig. 1.2.3.

The structure is characterized by a layered structure where a layer of hydrated 

cations separate two dimensional oxyanions. The oxyanion layers are made up of two 

inverted silicate tetrahedral and octahedral sheets which share their apical oxygen. 

There is a 2:1 relationship between the tetrahedral and the octahedral sheets and as 

such, smectite clays are normally christened 2:1 phyllosilicates [41].

In most naturally occurring clays, we find alkali earth metals like Ca2+ 

intercalated within the layers. However, alkali metals like K+ are also at times found 

to have been intercalated within the layers [40,41 ].

In kenya, we find bentonite (Ca-montmorillonite) at Amboseli, Athi river and 

in Nanyuki. Mineralogical and X-ray diffraction tests done on samples of Amboseli 

clays (see Table 1.1) showed [44] that these clays mainly contain seplotite. The 

swelling index was found to be 32, a very low value compared to that of Wyoming 

bentonites (U.S.A) of about 150.

At Athi river, Ca-montmorillonite is found as a grey-green clay at shallow 

beds as a matrix to gypsum modules in areas held by East Africa Portland Cement 

Company Ltd. This clay is usually converted into Na-montmorillonite by addition of 

soda ash before use [41,44[.
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Table 1.1: Composition of Amboseli and Wyoming bentonite obtained from
mineralogical and X-ray diffraction tests.

OXIDE % com]position

1 2 3 4

S i02 45.70 42.02 41.32 57.98
CaO 9.70 5.62 6.25 1.92
MgO 5.52 10.12 10.57 3.24

Na20  +  K20 3.96 6.84 6.42 1.35
Samples 1-3, Amboseli clays, Sam ole 4 Wyoming bentonite.

Krieigers and parminters deposits are found in Nanyuki. The former is 

underlain by a layer of brown-grey earth with yellowish mottling which does not swell 

appreciably in water. The latter is an unstratified greenish-grey and chocolate coloured 

clay which feels soapy in the hands.

The oxides in Kriegers, parminters and Athi river bentonites as obtained from 

mineralogical and X-ray diffraction are shown in Table 1.2 [44].

Glauconites are ferrous aluminosilicates containing exchangeable potassium. 

Their crystal lattice is rather dense and rigid, so that cation exchange can only occur 

at the crystal surfaces. They have nevertheless been shown to have a considerable 

capacity in the colloidal form [39,40].

Only a few aluminosilicates have been shown to act as anion exchangers. For 

example, the exchange of OH for Cl', S042' and P043' has been observed in 

montmorillonites, kaolinite and feldspars belonging to the sodalite and cancrinite 

groups. However, only apatite {Ca5(P04)3}F and hydroxylapatite {Ca5(P04)3}0H [45[ 

have been used as anion exchangers for any practical purposes.
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Table 1.2: Oxides in Kriegers, Parminters and Athi river bentonite

Oxides % com position

1 2 3 4

S i02 51.66 46.24 43.93 52.97
A IA 14.97 17.00 14.77 14.27
F e,03 12.08 13.80 9.81
FeO 7.49 0.28 0.25 0.43
MgO 2.01 2.11 2.65 3.69
MnO 0.04 0.04 0.03 0.04
CaO 1.58 1.58 2.48 0.95
Na20 1.81 0.99 0.78 0.52
K20 1.98 1.31 1.77 4.28
TiO, 0.64 2.19 2.31 0.45
C 0 2 0.40 0.51

H20 + 5.71 0.05 7.72 6.51
h 2o - 11.88 7.75 8.47 5.50
P20 5 0.06 0.27 0.57 0.03

Total % 97.23 99.94 100.02 99.95
Samples 1&2 Kriegers, Sample 3 Parminters and Sample 4 Athi river bentonite.

b) synthetic inorganic ion exchangers.

The first commercially available synthetic inorganic ion exchangers were called 

"fusion permutits". These compounds were made by fusion of a mixture of soda, 

potash, feldspar, kaolin and other similar compounds [32]. These were very much like 

the natural zeolites and the only difference was that their structure was irregular.

These were latter replaced by the "gel permutits" which were prepared by 

precipitation of aluminium sulphate and silicon silicate by use of caustic. The 

precipitates were then dried to a gelatinous form [32,34]. The chemical composition
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of these compounds was similar to those of zeolites but they had an irregular 

structure. The above two types of "permutits" have however ceased to be in use since 

the discovery of better synthesis methods.

The crystallization of solutions containing silica, alumina and alkali at an 

elevated temperature has been shown to yield products that are exact counterparts of 

the natural zeolites [35,42,43,46]. This method is called hydrothermal preparation. 

These products have been shown to be very useful as highly specific sorbents and 

"molecular sieves" due to their narrow, rigid and uniform pore structure [43]. They 

are however of very little importance as ion exchangers.

Attempts to synthesize inorganic cation exchangers with other frameworks 

other than aluminosilicates have been made. This was done by replacing partly or 

completely the silicon with other tetravalent elements like titanium, tin and the 

aluminium with other trivalent elements like iron, manganese, vanadium e.t.c. These 

products were however found to be of poor qualities [451.

From the fact that most hydrous oxide gels like Fe20 3, A120 3, Cr20 3 e.t.c. are 

amphoteric and can act as ion exchangers at pH values above their isoelectric points, 

synthetic cation exchangers with more satisfactory properties can now be made. These 

products are extremely insoluble and their chemical composition depends on the 

conditions under which they are prepared. They however tend to lose their fixed ionic 

groups on hydrolysis in solutions of high pH [1[.

20



A few synthetic inorganic anion exchangers have been made. For example, 

gelatinous precipitates of aluminium and iron oxides have been shown to have anionic 

exchange properties.

c) Organic ion exchange resin.

This group of exchangers consist of the most widely used materials for the 

purpose of ion exchange. Their frameworks, the so called matrix, consists of an 

irregular macromolecular 3-dimensional network of hydrocarbon chains. The members 

of this class are all synthetic and contain fixed ionic groups like; -SO-/, -COO', -PO,2' 

and -As0 32‘ for cation exchangers and -NH3+,-NH2+, -N+ and -S+ for anion 

exchangers.

The thermal, mechanical and ion exchange properties mostly depend on the 

structure, degree of crosslinking, nature and number of fixed ionic groups. Highly 

crosslinked materials are very compact, have small mesh width and low swelling 

abilities. This restricts the movement of counter ions within the framework leading to 

low electrical conductivity of the resin (32,48,49|. They are however very resistant 

to mechanical breakdown.

The number of fixed ionic groups in the matrix determines the maximum 

exchange capacity while the chemical nature o f these groups determine such 

characteristics as selectivity and apparent capacity (exchangeable ions under a given 

experim ental conditions). These groups are categorized as strongly acidic or basic and 

weakly acidic or basic.
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Strongly acidic/basic groups are able to dissociate fully in almost all solutions 

irrespective of the solution’s pH. The weakly acidic groups e.g. -COO' are only 

ionizable in solutions of high pH. They exist in the undissociated form, as -COOH 

in solutions ol low pH. Similarly, weakly basic resins with groups like -NH-+ lose a 

proton to form uncharged -NH, in solutions of high pH. The salt form of these resins 

tend to hydrolyse in the same manner as the basic/acidic forms of these resins.

During the synthesis of these materials, organic molecules are polymerized in 

such a way that a crosslinked

3-dimensional network matrix is formed. The ionic groups if not incorporated before 

the polymerization process may be introduced after this process. Crosslinking here is 

very important as it ensures that the matrix is insoluble in most solvents besides those 

that react with the exchanger.

Initially, the method of synthesis of these type of resins involved condensation 

polymerization especially between phenol and formaldehyde [32]. This method has 

however been replaced by the more efficient addition polymerization using vinyl 

monomers and divinyl benzene as a crosslinking agent. This method offers the 

advantages that the degree of crosslinking may be adjusted conveniently during 

synthesis and it produces thermally stable polymers. The matrix may then be 

sulphonated using concentrated sulphuric acid or chlorosulphonic acid [50]. Such a 

synthesis is illustrated in Scheme II.

Similar exchangers with derivatives of styrene e.g. methylstyrene, vinylanisole 

and phenylacetylene have been prepared. Other crosslinking agents containing at least
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CH =  CH

Styrene

SO3 II

CII —  cll:

CH —  CH2

D i v i n y l  benzene(DVB)

Po l yme r  i z a t i o n

V
CII---- CH7-------  CII CII—  CII?— CII----- CH.

Crosslinked polystyrene
CH----CH

Su 1 phona  t. i on

V

CH ----- CII

Sulphonated polystyrene 

Scheme II: Preparation of a strongly acidic cation exchange re s in .
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two unsaturated groups such as divinylacetylene and butadiene have also been shown 

to produce products with satisfactory properties. Weak acid exchangers are also 

synthesized in a similar manner e.g. copolymerization of an organic acid and an acid 

anhydride with a crosslinking agent [32]. An example is given in Scheme III.

Scheme III: Preparation of a weakly acidic cation exchange resin.

Bifunctional resins containing both sulphonic and carboxylic acid groups can 

also be prepared by sulphonation of acrylic and methylacrylic acid polymers. The ion 

exchanging properties of these resins are highly dependent on the solutions pH due to 

the -COOH group as already noted earlier [49].

Anion exchange resins are also prepared in similar manner, the only difference 

here being the nature of the fixed ionic groups. The introduction of these groups may 

be achieved by the reaction of the chloromethylated matrix with tris- 

(dialkylamino)phosphine to yield quaternary phosphonium groups as the fixed ionic
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groups. Most of these resins are bifunctional and portray exchange properties that vary 

with the solution pH [32].

(iii) Other materials with ion exchange properties.

Materials such as coals, alumina, collodion e.t.c. also do have ion exchange 

abilities. These are however of very little practical importance due to their instability 

and low capacities. A large number of other materials which are soluble in common 

solvents but contain fixed ionic groups may also be converted to exchangers by 

making them ion exchange gels. For example, epichlorohydrin pectins and carrageen 

[49[ may be crosslinked using formaldehyde. Conversely, many insoluble materials 

e.g. olive pits, nut shells, spent ground coffee, wood, paper, cotton e.t.c. can be 

converted into exchangers by the incorporation of ionic groups. Sulphonation and 

phosphorylation to cationic exchangers is the most widely used method [32].

(iv) Liquid ion exchangers

Even though most ion exchangers are solids, we also do have ion exchange 

especially between two immiscible liquid phases. These may be prepared by dissolving 

compounds with ionogenic groups in an organic solvent such as kerosene, 

trichloroethylene, chloroform, and xylene, which are immiscible with water. The 

compound containing these groups must be hydrophobic in order to remain in the 

organic phase even in presence of the aqueous solution. Compounds such as long
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chain aliphatic amines, fatty acids and diaklyphosphates have been used this way as 

cation exchangers |5 1).

Liquid ion exchangers have the advantage of being easily synthesized, have 

high ion exchange rates and the concentration of the functional groups can be readily 

adjusted. The main difficult in their use however is that loses of ion exchange can 

hardly be avoided during the phase separation more so if the compound containing the 

ionic groups is not completely insoluble in water [32J.

(v) Use of ion exchangers as electrode modification materials.

Ion exchangers have found extensive usage as electrode modification materials 

and are applied from colloidal solutions by simple dip or spin coating [27]. In their 

electroinactive state, they have been shown not to affect the electrochemistry of a 

reasonable electron transfer rate even when their films are quite thick.

The clay mineral bentonites (Na-montmorillonite) has proved to be the most 

important and widely used for the purpose of electrode modification due to its 

excellent ion exchange and adsorption capacity. Its selectivity has been shown to 

segregate Ru(bpy)32+ from Na+ [52]. Thicker films of approximately 3 can be 

made more stable by addition of polyvinyl alcohol, which also enhances the swelling 

of the clay. The fact that clays are inexpensive and are very stable under ambient 

conditions puts them as important candidates in organic electrochemistry [1,27].

Films of zeolite Y microplates, obtained from powdered molecular sieves, on 

the electrode surface have also been shown to allow selective electron exchange |53]
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between the electrode and the substrate in solution. This is mainly achieved by the

exclusion of some molecules from reaching the electrode surface due to their laroe 

sizes.

Ion exchangers have also been shown to exchange their counter ions with 

others that are redox active, thus, making the film electroactive. This exchange may 

be done electrochemically or by intial soaking of the exchanger in a solution

containing the ions of interest [27,32] to form the so called redox ion exchanger 

modified electrodes.

(vi) Application of ion exchanger modified electrodes.

These electrodes have proved to be very important as pre-concentrators. Their 

ability to accumulate redox species from a dilute solution enables the voltammetric 

detection of trace elements and organic molecules [27], The incorporation of minute 

amounts of certain ions into the exchanging film has been observed to enhance the 

electrochemical sensitivity of an electrode. For example, a nickel electrode modified 

with |FeNi(CN)6J31 has been shown to detect Na+ and Cs+ at a 10'8 M level [54|

These electrodes also have the potential of being used as ion selective 

electrodes in that they act as a substrate selective diffusion layer [27| which will only 

allow ions of a given charge and a size smaller than their pore size to diffuse through 

to the electrode surface. This ability may then allow their use in analyzing specific 

ions or molecules among other interfering ones.
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Their ability to adsorb organic compounds and restrict them at the electrode 

surface has proved them to be valuable in electrocatalysis. The oxidation or reduction 

o f a substrate suffering from sluggish electron transfer kinetics at the electrode surface 

can be mediated by a redox system that can exchange electrons rapidly with both the 

electrode and the substrate [1,27].

The possible areas in which these electrodes may find use are numerous and 

we have thus mentioned just but a few, which are most important.

b) REDOX POLYMERS.

Even though electroinactive films on the electrode surface have been shown to 

offer interesting applications, e.g. chiral centres imposing stereoselectivity [1,5], the 

use o f redox active films has proved to be more attractive. Redox polymers contain 

redox species in their backbone and find use in areas such as macromolecular 

electronics, electrocatalysis, sensor electrodes, biological and medical chemistry

11 ,4 ,5 ,12 ,14 ,18 ,28 ,68].

These have the advantage that their behaviour in electrolyte solutions may be 

monitored and characterized by electroanalytical methods in situ. Due to the changing 

properties of molecules with change in potential (redox states), an electrode surface 

coated with a redox film may have its properties adjusted to suit specific needs [27].

Three classes of redox polymers are usually used. These include metal 

complexes e.g . ruthenium bipyridyl, polymers of the ferrocene origin and those of 

organic origin for example quinones, dopamine, nitrophenyl, azobenzene, viologens,
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thionine and porphyrins [1,2,9,20,27,56]. Most of these are applied to the electrode 

surface as preformed polymeric materials by such methods as dip, spin or droplet 

coating or by insitu polymerization.

One of the earliest redox polymer modified electrode was coated with poly(p- 

nitro-styrene) on a platinum electrode [57] by dip coating. This electrode exhibited 

reduction peaks in acetonitrile at reduction potentials appropriate for the production 

of nitro aromatic radical anion sites in the polymer films, thus, making the polymer 

electroactive.

Quinodal and dopamine coated glassy electrodes prepared by Kuwana and co­

workers [58J were interesting in that their electroactivity depended not only on the 

electron but also on the proton transfer for the redox system quinone/hydroquinone. 

These electrodes were found to electrocatalyse the oxidation of dihydronicotinamide 

adenine dinucleotide (NADH).

The reduction of 0 2 to H20 2 has also been reported to be catalyzed by 

metalporphyrins modified electrodes e.g. Fe(III)tetra(0-aminophenyl) porphyrin [25] 

in sulphuric acid. The attachment of these porphyrins had been achieved by addition 

of poly(methacyryl chloride) and then dip or spin coated on a glassy carbon electrode

[ 68 ] .

Most examples of redox polymers films and their areas of applications have 

been given in details in references 1 and 27. The most important ones include 

electrocatalysis, whereby the redox polymer used to modify the electrode is chosen 

in such a way that it’s E°surf is approximately equal to the formal potential E°, of the
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substrate (where formal potential E°, is the average of the anodic and cathodic peak 

potentials). For example, polymeric ferrocene on platinum electrode surfaces has been 

shown to mediate the oxidation of cytochrome C [lj.

One group of compounds in this class that has really attracted a lot of interest, 

of late, because of their conductivity mechanism, which is by delocalized band 

structure, rather than site to site hopping as is the case with other redox polymers, are 

the so called conducting polymers 1271. These polymers have attracted many 

researchers due to the wide range of possible areas in which they can be applied.

c) CONDUCTING POLYMERS.

The discovery that an explosive inorganic polymer, polysulphurnitride -(SN)X-, 

was conductive [70| led researchers directly to the study of organic polymers which 

they thought would be formed as films on electrodes. They found out that some 

organic polymers could conduct electricity. These polymers were all found to have an 

extended conjugated system and their study has intensified since the late 1970s.

The very first conductive organic polymer to be identified was the simple 

conjugated polymer, polyacetylene [71,72J. This polymer was found to be of low 

conductivity but McDiarmid et. al. succeeded in increasing its conductivity by ten-fold 

on doping it (the chemical equivalent of oxidation or reduction) with iodine. They then 

suggested the use of this polymer as a polymer battery electrode which was hopefully 

to be commercialized by the 1980s. This was however not to be because polyacetylene 

was found to be unstable in air especially after doping.
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The above not withstanding, research intensified and it was soon discovered 

that other organic polymers such as polypyrrole, poly-anthracene, polythiophene, 

polyparaphenylene, polyaniline e.t.c. were also conductive [1,27|. With this increase 

in number of conducting polymers, many applications have been proposed which 

include electrochromic displays, information memories, antistatic materials, 

anticorrosives, electrocatalysts e.t.c. [1,27,59,60,69].

These polymers were however found to be of low conductivities, infusible, 

brittle and insoluble and they could as such not be conveniently used. To address these 

problems, it was necessary that these polymers be understood from a molecular level. 

This became a multidimensional problem involving researchers from fields such as 

theoretical physics, chemistry, electrical engineering and material science.

i) Mechanism of conduction in conducting polymers.

Unlike in metals and semiconductors where conduction can be adequately 

explained by the Band theory [611, this theory fails in the case of conducting polymers 

because all the electronic bands in these polymers are either completely filled or 

empty, a situation classically associated with the insulating state.

In semiconductors, doping leads to generation of excess positively charged 

holes or electrons which are free to move under an applied potential leading to 

conductivity. The resulting unpaired electron spins can thus be detected by techniques 

such as electron spin resonance (ESR). The conductivity ot these polymers has
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however been shown not to be associated with unpaired electron spin (621, even after 

doping, unlike in the case of semiconductors.

This then led researchers to accept the physicists model of conductivity based 

on the concept of polarons and bipolarons [27J. The physicists are of the view that 

when an electron is removed from a conducting polymer, the charge developed 

polarizes a segment of the molecule, inducing geometric modification, to form the so 

called polaron (a radical cation). This modification involves the rearrangement of the 

positions of the carbon - carbon single and double bonds |62] (its for this reason that 

only polymers with a conjugate system are able to conduct). On removing a second 

electron by further doping, we create a bipolaron (dication), rather than a second 

polaron. Calculations show this is energetically more favourable [63]. The polarons 

and bipolarons extend over several monomeric unit and are mobile along the polymer 

chain, carrying charge. For example, bipolarons in polypyrrole and polyparaphynelene 

have been shown to extend over four rings. The formation of polarons and bipolarons 

in poly-paraphenylene upon reduction to form radical anion and dianions is shown in 

scheme IV [27]. It is these bipolarons that carry charge by hopping, resulting to high 

conductivity in these films in the doped state. Bipolarons in conductive polymers with 

a degenerate ground state may split to form solitons as shown for polyacetylene in 

scheme V [65].

At low and intermediate doping levels, polarons even though more unstable 

than bipolarons, can still be seen due to the slow inter-conversion kinetics from a 

polaron to a bipolaron [64J. This model has now come to be accepted and it
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Bipolaron (diion)

Scheme IV: Polaron and bipolaron formation on
reduction of poLyparaphenylene.
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Scheme V: Formation of solitons in polyacetylene.
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adequately represents conductivity in these polymers. This mechanism, as already 

noted, is very different from that by other redox polymers and it is actually this 

difference that makes conducting polymers unique.

(ii) Use of conducting polymers in electrode modification.

Films of conducting polymers are conveniently applied on electrode surfaces 

by electropolymerization of the respective monomers from an aqueous or non-aqueous 

media. On oxidation or reduction of the monomer f 1,27], precursors, typically cation 

radicals, are formed and these polymerize rather rapidly on the electrode surface. The 

conducting polymer films being redox active electrocatalyze the oxidation/reduction 

of fresh monomers enabling the formation of films with a significant thickness 

11,9,10,27].

Even though polypyrrole, polyacetylene and polythiophene have attracted 

substantial research attention in the past, polyaniline is currently the most pursued of 

these polymers. This is because it has a well behaved electrochemistry, it’s easily 

synthesized, is stable under ambient conditions and has a high conductivity unlike 

polypyrrole and polythiophene which have poor mechanical and electrical properties 

in aqueous media (8-10,30,31].

Polyaniline displays a sharp oxidation peak at around 0.2 V vs SCE in a 

process that has been proposed to involve the lose of two electrons to form its 

conductive form, the so called emeraldine salt. On reduction, the film is switched 

back to the insulating state, the white emeraldine. The reduction peak occurs at
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approximately 0.04 V vs SCE in aqueous media. A large charging current and a small 

charging current are observed at the positive and the negative end of the redox process 

respectively. This behaviour is consistent with the transition from a conductor to an 

insulator.

The main handicap in the use of polyaniline however is that at potentials 

treater than 0.75 V vs SCE, it degrades irreversibly to the pernigraniline form, which 

due to its instability towards hydrolysis is oxidized to quinone-imine derivatives [8- 

10 311 see Scheme VI. These products are soluble leading to deterioration of 

polyaniline electrochemical features. Attempts made so far to extend the useful range 

of polyaniline include co-polymerization with p-aminophenol [9|, incorporation of lead 

into the polymer film [101 and formation of composites between various non­

conducting materials with polyaniline [66,671.

These attempts have allowed the extension of the potential window in

olyaniline to as far as 0.85 V without significant degradation of the polymer. The

ther problem experienced with these polymers is that when electrodeposited beyond

certain thickness on a bare electrode, they tend to crystallize. This limits the

applicability of these polymers as they find much use only when in the film form. It

. pn chnwn that electrodeposition of polyaniline on an insulating host has however oeeii suu

f i rm 1661 or on clays, to form composites, allows the polymer matrix, like narion [

thickness to be increased substantially without crystallization.

.1 ot hoq not been investigated, so far, is the formation of bilayers One area tnai na*

Thk k insnite of the fact that such a behaviour has been with these polymers. This is sp
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observed with redox polymers. In bilayer electrodes, two polymers arrange themselves 

on an electrode surface as two distinct layers consisting of an inner and an outer film. 

Electron transfer from the electrode surface to the outer film, and bulk, is thus via the 

inner film 11,27|. This kind of set up results into a rectifying property at the interface 

of the two polymers and may be useful in electronic devices such as zener diodes.

The essential criterion for the successful operation of such a bilayer modified 

electrode are [9J:-

a) the inner layer should insulate the outer layer from the electrode at all 

electrode potentials except those where the redox reactions of the inner layer occurs, 

which are placed so as to mediate electron transfer between the electrode and the outer 

layer,

b) the outer layer should be permeable to counter ions flow demanded by the 

redox reactions of the inner layer,

c) there should be minimal overlap of energy distributions of redox levels of 

inner and outer films,

d) the release of trapped outer states should be feasible e.g. by the exposure 

of the electrode to a solution containing the monomer in order for repetitive 

rectification to be observed.

Murray and co-workers [9] were able to achieve charge rectification from a 

bilayer formed using electrochemically polymerized vinlypyridine and vinylbipyridine 

complexes of ruthenium and iron on platinum electrodes. This property though was

not sustainable.
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The area of formation of composites and bilayers, involving conducting 

polymers, is of great interest to researchers in that it will lead to an improvement in 

the properties of conducting polymers, hence expanding their applications domain.

(iii) Uses of conductive polymer modified electrodes.

Conducting polymers are currently being used in rechargeable batteries and as 

electrochromic display devices. These batteries are characterized by low weight as 

compared to ordinary batteries and are potentially environmental friendly.

In principle, there are three different types of batteries. These are; active 

polymer being the cathode and the anode or as both the cathode and the anode [27]. 

However, as most polymers are only oxidizable, recent research has concentrated on 

developing cells with a polymer cathode and a metal anode. Such a cell is shown in 

Fig. 1.2.4. A polypyrrole versus Li/Li+ cell for example has an open circuit voltage 

near 3.5 V and has an excellent rechargibility [27]. The charging of the polymer 

electrode has been shown to be accompanied by the migration of ions from the 

electrolyte solution into the electrode (doping) while during the discharging process, 

the ions move out of the electrode into the electrolyte solution leaving the electrode 

neutral - the insulating state [8|.

The use o f conductive films as electrochromic displays has its basis on the fact 

that conducting polymers change their visual displays on change of the redox state. 

These displays are also easy to prepare, have a uniform surface and an unlimited 

visual angle [27 |. Polyaniline appears to be the most promising in that its colour
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changes during oxidation to cover the whole spectrum i.e., yellow, green, violet and 

brown in that order. The response time for its transition from one state to the other 

lies below 100 mSec. This is acceptable for most practical purposes such as in "smart 

windows".

The fact that polymer films on the electrode exhibit ion exchange abilities 

qualifies them for use in place of ion exchangers only with lose of efficiency . For 

example, an oxidized polyaniline film has been shown to incorporate more anions than 

cations [8 30] This is due to the repulsive forces between the positive charge on the 

polymer and that on the ion.

As already noted, redox polymer modified electrodes have been extensively 

used in electrocatalysis. The prospect of combining redox polymers and conducting 

polymers however, is expected to improve the electrocatalytic activity of such 

electrodes. This is due to the fact that conducting polymers are not only electron 

carriers but also act as electron reservoirs. For example, it has been shown that the 

reduction of solvated dioxygen in both protic and aprotic media is electrocatalyzed by 

an anthraquinone electrodeposited on a polypyrrole modified electrode [55].

Hans and coworkers have successfully devised ways of producing electrically 

conductive fabrics and textiles by impregnating these two with polypyrrole and 

polyaniline These textiles have the same strength and tactility as their commercial 

ounterparts The fabrics may then be incorporated into the plastic of air frames for 

the purpose of charge dissipation during lightning strikes, thus, preventing damage

aircraft.

to
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This list is by no means complete and it’s growing all the time. However, it’s 

the high time that basic research in this field moves beyond the stage of trial and 

error. We now need to develop concepts to enable us obtain quantitative information 

about molecular structures and properties, on the one hand, and the resultant material 

properties on the other hand.
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CHAPTER TWO

2.0 PROPOSED RESEARCH.

The electrochemical investigations will be carried out using cyclic voltammetric 

technique. Elemental analysis on the montmorillonite and amberlite (cation exchanger) 

will be studied using X-ray fluorescence spectroscopy.

The investigations will include the following:

1) Investigation of electrochemical response of amberlite (a commercial cation 

exchanger) and bentonite (montmorillonite from Athi river) modified carbon 

graphite electrodes in various electrolyte solutions.

?) A study of the electrochemical response of various metal cations such as lead, 

copper and tin on these modified electrodes and compared it to that of the 

unmodified electrode.

3) Incorporation of redox species in bentonite and amberlite by means of applying 

voltage on modified electrodes dipped in a solution containing cations of 

interest (simultaneous exchange) and soaking these exchangers in a solution 

containing cations of interest before modification (pre-treated), in order to 

make them redox active.

4) Electrodeposition of polyaniline (a conducting polymer) on each of the above 

electrodes and comparing its behaviour for the different cations and for the 

same cation incorporated by the use of the two different methods.
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5) Determination of the redox activity of soaked ion exchangers by comparing the 

surface coverage as obtained electrochemically with X-ray fluorescent data.

6) Determination of the effect of the nature and number of redox sites in the 

redox modified electrode on the electrochemistry of polyaniline.

EXPERIMENTAL SECTION

2.1 METHODS OF ANALYSIS

In our experiments, two methods of analysis namely, cyclic voltammetry (for 

electrochemical analysis) and X-ray fluorescence (for elemental composition) were 

used.

The electrochemical apparatus comprised of a PAR model 173 

Potentiostat/Galvanostat used in conjunction with a model 175 Universal programmer. 

The output signal was fed into a PAR RE-0089 X-Y recorder. The X-RF apparatus 

on the other hand comprised of an IBM PC fitted with an AXIL programme for 

spectrum analysis and a QAES (75) programme for quantitative analysis.

2.1.1. AN OVERVIEW OF THE ELECTROCHEMICAL TECHNIQUE.

Electrochemical methods have now come to be accepted as very important 

techniques in the chemical characterization process. Many researchers in the fields of 

organic and inorganic chemistry rank them with IR, NMR spectroscopy, UV-visible 

and ESR spectroscopy in this respect |72J. Some of the questions that they have been

used to address include:-
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a) the standard potentials of a compound’s redox process,

b) electron stoichiometry of a compound’s redox process,

c) evaluation of heterogenous electron transfer kinetics and mechanism of 

a compound’s reaction,

d) effect of solvent and electrode material on a compounds electron 

transfer kinetics,

e) half lives of unstable intermediates,

f) determination of the formulas and stability constants of metal 

complexes and

g) effect of supporting electrolyte and solution pH on the redox process 

of a compound [8,72,77,7,66].

Due to this broad applications domain, various electrochemical methods have 

been developed. These include polarography, linear sweep voltammetry, cyclic 

voltammetry and rotating disk voltammetry. These methods fall into two broad 

categories, namely, chronoamprometry and chronopotentiometry.

Chronoamprometric methods involve the controlled variation of voltage while 

the changing current is monitored. This is achieved by use of a potentiostat. 

Chronopotentiometric methods on the other hand involve the use of a galvanostat, so 

as to vary the current in a controlled manner while changes of voltage are monitored.

Cyclic voltammetry is a chronoamprometric technique and it basically involves 

the use of a stationary electrode, surface area < 1 cm2 immersed in an unstirred 

solution containing a suitable solvent and supporting electrolyte. Voltage is scanned
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linearly from a particular potential to a set switching potential (final potential), and 

back to the initial potential [72,74]. During this process, the current originating from 

the electrochemical cell is monitored and recorded. A plot of voltage (or time) versus 

current obtained this way is called a cyclic voltammogram and has the general shape 

shown in Fig. 2.1. Consider a case where a stationary electrode is dipped into a 

solution containing the oxidized species, O only. If the scan is began at a potential 

well positive than the reduction potential E °’, then, only non-Faradic currents flow 

for a while (portion AB in Fig. 2.1).

When the electrode potential reaches the vicinity of E °’, reduction begins and 

a current starts to flow. As the potential continues to grow more negative, the surface 

concentration of O drops; hence the flux to the surface (and the current) increases 

(portion BC). As the potential moves past E°’, the surface concentration drops to near 

zero, mass transfer to the electrode reaches a maximum and then declines as depletion 

effects sets in (portion CD). The voltammogram is as such peaked at C.

When the sweep or scan direction is suddenly reversed, at a time when there 

is a large concentration of oxidizable species at the electrode surface, a similar peak 

at E will be observed essentially due to the same behaviour.

The parameters of interest in a cyclic voltammogram include ipa, ipc, Epa, Epc, 

and the general shape of the peaks.

The chemical nature of the reactants, intermediates, products and the electrode 

surface determines the kind of interactions between all these four materials [74]. When 

these forces are weak for example, chemisorption, the reactants, intermediates and/or
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the products diffuse freely to and from the electrode surface. This behaviour yields 

a nernstian (reversible) voltammogram. When the interactions are strong, the species 

concerned get adsorbed or bonded to the electrode surface. This kind of behaviour 

leads to quasi-reversible or totally irreversible systems.

For a reversible redox process at 25°C,

i  r  ~2. 67x10 -AQfDVi?... E q u .  2 .  1

While the peak separation

A E  E  - E  =— m Vp a  p c  n

and

regardless of the scan rate [72,74].

Where ip is the peak current (A)

n is the number of electrons involved in the redox process 

A is surface area of the electrode (cm2)

D is the diffusion coefficient (cm2/sec)

C is concentration of electroactive species (mol/cm3)

V is scan rate (V/sec).
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In this case, AE is scan rate independent and only varies slightly with E, When

either the oxidized or reduced species get adsorbed on the electrode surface, the peak 

current is now given by

i =n 2F zx 4 ^ .
p  ' • • • Equ. 2. 2

while the peak potential is

£  = £° '- ^ T |n
p n F  b

where

where a  is the transfer coefficient.

Comparing equations 2.1 and 2.2, we note that for diffusion controlled 

processes, i„ is proportional to v" while for cases where either the reactant or products 

are adsorbed on the electrode surface, ip is proportional to v. This latter case is similar 

to what is observed for a purely capacitive current and the area under the peak 

corrected for residual current, represents the charge associated with the 

reduction/oxidation of the adsorbed layer i.e., nFAT [74] (where r  is the surface 

coverage mol/cnr).

The peak currents and peak separations may be used for quantitative and 

qualitative analysis, determination of the reversibility of a redox process and the 

diffusion coefficient of an electroactive species.
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Cyclic voltammetry also provides information concerning any side processes, 

such as pre- and post-chemical reactions, which lead to formation of side products or 

reaction intermediates. It is as such a very important tool to an electrochemist 

interested with the mechanism of an electrochemical reaction. The high scan rates 

associated with cyclic voltammetry may also be used to determine the lifetimes of 

unstable intermediates [72].

For the measurement of kinetic parameters, Nicholson et. al. |73] have 

developed a number of equation which include

IS
l]r=--ya ----- £__

(for reversible reactions)

Where ^  is a kinetic parameter for electrochemical processes that are limited by finite 

rates of electron transfer.

a  is the transfer coefficient

Ks is the heterogenous electrochemical rate constant at E’ 

and

a =nbV
R T
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a) MODE OF OPERATION OF A POTENTIOSTAT.

A potentiostat is an instrument that controls the voltage across the working and 

counter electrode pair, and adjusts it in order to maintain the voltage between the 

working electrode and the reference electrode according to the program supplied by 

a function generator [74]. It enforces the adjustment by supplying whatever current 

is required through the counter electrode. It’s this current that is actually 

experimentally recorded.

A potentiostat utilizes operational amplifiers usually of the differential type, 

where a differential amplifier is represented by a triangle with two input and one 

output terminals. The potentials of these terminals are usually referred to ground. A 

positive input applied to the non-inverting (positive) terminal gives a positive output 

while a positive input applied to the inverting terminal (negative) gives a negative

output [72].

The fundamental property of an amplifier is that the output, e0 is the inverted 

amplified voltage difference es where es is the voltage of the inverting input with 

respect to the non-inverting input (see Fig. 2.2).

Fig. 2.2: Block diagram of a
d i f f e re n t i a l  ampl i f ie r  
(current fol lower)  [3]
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The amplification factor or the open loop gain A, is thus defined as;

An ideal operational amplifier is characterized by

a) an infinite open loop gain, so that the slightest input voltage es, drives the 

output voltage to the limit of a desirable power supply (usually ±  13 V),

b) the input terminals must be at the same voltage,

c) an infinite input impedance, so as to draw negligible current from the 

voltage source and a zero output impedance so as to be in a position to supply any 

amount of current demanded by the load and

d) an infinite bandwidth so as to promptly respond to a signal of any given 

frequency.

Operational amplifiers have been observed to suffer from a drift of several 

mV/day, resulting to errors in its operations. This is overcomed by the application of 

an external feedback loop, such that, part of its output is fed back to the inverting 

input. In Fig. 2.3, the resistor Rf is the feedback element through which a feedback 

current if passes. This then ensures that the current at the summing point, S is zero, 

making this point a virtual ground.

It then follows that,

7 in = /
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and from Ohm’s law,

i , = —£— £ = 
f  R r Rr

since es = 0. Thus,

or, the output voltage of the amplifier is directly proportional to the input current. 

This amplifier is thus called a current follower |74|.

Unlike m the foregoing type of amplifier where part of the output current is 

fed to the inverting input, there are cases where all the output voltage is fed back to

the inverting input terminal through the external feedback loop. Such kind of an 

amplifier is shown in Fig. 2.3.

F ig .  2 .3 :  B lock  diaanam of  
d uo l t a ge  f o l l o u e r

In this case, e0 — ef as the two terminals are at the same potential. Such as an 

amplifier is called a voltage follower.

A third type of an operational amplifier is the so called control amplifier, 

shown in Fig. 2.4. A control amplifier is fed with an input voltage ep at the inverting
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terminal while the non-inverting input terminal is maintained at ground potential. The 

potential at point B, eB, must also then be e^

R
B " R

F i g .  2 . 4 :  B l o c k  d iagram of  a c o n t r o l  a m p l i f i e r .

To ensure that this condition is maintained, the amplifier is forced to adjust its 

output, by means of passing the necessary current through the resistors. This type of 

amplifiers thus offers a means of controlling the voltage at a fixed point in a network 

of resistors even though these resistances fluctuate during an experiment |74].

For a potentiostat to operate successfully, it must

a) posses a circuit that provides accurate potential control with no iR drops 

through the signal generator or current measuring resistors. This reduces the potential

- control error,

b) Utilize stabilized (single ended) amplifiers in order to have lower potential 

drifts and

C) allow the signal generator and the current measuring device to be grounded. 

This is due to the convenience experienced when all signal inputs and outputs are

referred to a common ground.
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For a potentiostat to posses all the factors stated above, it’s necessary that it 

incorporates all the three types of amplifiers discussed above (see Fig. 2.5).

The working electrode is maintained at virtual ground by amplifier 4. The 

output voltage of amplifier 4 is on the other hand given by equation 2.3.

E0 =  -iR c...........................................Equ . 2. 3

So that E0 is proportional to the current flowing through the working electrode. 

Amplifier 4 as such acts as a current follower and it’s output may be fed into a 

recorder in order to monitor the current changes in the cell.

Ef  =e/  = = "( Ewk Ere ) ......... Equ. 2. 4

Amplifier 3, the voltage follower, has an output voltage Ef which is equal to 

the input voltage ef. The potential ef is the potential of the reference electrode 

measured with respect to the working electrode as shown in equation 2.4.

Equation 2.4 is varied for as long as there is no iR drop from the electrode and the 

electrolyte solution, the so called uncompensated resistance, Ru. When this resistance 

is put into consideration, it transforms into Equation 2.5.

Ef  = -Ecell +iR u......................................Equ. 2. 5

where i is the current passing through the cell (cathodic current taken as positive 

current while anodic current is taken as negative current).
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The control inputs E {, E2, E3 and the voltage follower output Ef are added and 

summed through separate input resistors connected to the summing point S, of 

amplifier 1, the control amplifier. This amplifier maintains its summing point at 

virtual ground (es = 0) by use of a feedback loop consisting of a booster amplifier, 

counter electrode, reference electrode and the voltage follower. At point S

then,

( £ 2  (
/?! R 2 f - °

If

R { R 2 =R3 Rf

then,

-E f =El +E2 +E3 .............E q u .  2. 6

and from equations 2.4 and 2.6, we get

E cen - E { 'E 2 +E3..........E q u .  2. 7

Simply stated then, the control amplifier forces current to flow through the

d the working electrode to maintain the condition given in equation 2.7. To

„ f.mrfinn it’s usually necessary to complement it with a boosterenable it perform this function,

0 ocnpriallv for cases where a high current is demanded by the amplifier, amplifier 2, especial y

cell |74 |.
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Whenever current is passed through a cell, potential control errors arise due 

to the uncompensated resistance. Uncompensated resistance originates from 

capacitance in the double layer, leads of the electrodes and from the solution. For 

example, when a cathodic current is flowing, the true working electrode potential, 

Etruc, will be less negative, as shown in equation 2.5, by an amount iRu. Even though 

Ru values are typically low, serious potential control errors arise especially when 

substantial currents are flowing.

This discrepancy is overcomed by the use of a positive feedback compensation 

scheme. The current follower is in this case connected to the control amplifier through 

a potentiometer. The potentiometer selects a fraction of the current follower’s output 

in such a way that the feedback voltage ER is given by equation 2.8.

E R = ~iR  u .............E q u .  2. 8

E tme =EX -'E2 +E3 + - i R  u +iR u.......... E q u  .2 .1 0

As such the true working electrode potential versus the reference electrode, Elme is

given by equation 2.10.

or,

E  =E, +E2 +E3. . . . E q u .  2. 11^true i

ircuit is versatile and permits as many control inputs as desired to be 

terminal of the control amplifier, each through its own resistor.
connected to the input
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For example, a voltage ramp generator connected to the input provides a linearly 

varying voltage. The potential at which the voltage scans starts can be varied by 

applying to a second input a variable voltage source to provide initial potential 

control. This is the basic configuration used in DC polarography and linear sweep 

voltammetry. A triangular waveform applied at the inputs enables one to undertake 

cyclic voltammetry [72].

2.1.2 X-RAY FLUORESCENCE ANALYSIS (X-RF)

In X-RF, quantitative analysis depend upon the correlation of elemental 

composition with the observed X-ray fluorescence intensities. This correlation is 

worked through using basic equations derived using fundamental parameters. The 

equations are general and represent a basis for all different methods of quantitative 

analysis. Fundamental parameter technique (FPT) is very popular mainly because it 

is simple, rapid and does not require the use of standards.

In the derivation of these equations, FPT assumes that,

a) a monochromatic radiation from the primary source is used to excite the 

characteristic x-rays from the sample,

b) the sample is homogenous i.e., the density is well defined and constant

throughout the sample volume and

c) a fixed geometry of sample, source and detector is maintained.
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The geometry shown in Fig. 2.6 is the one used to calculate intensity, Ij ot 

fluorescent radiation from element i, within the sample and excited by a primary 

radiation of energy E.

The probability of exciting and detecting the Ka x-rays of energy Ej from 

element i, in the layer of thickness dx at a distance x, in the sample is represented as 

a product of three probabilities as follows [78],

P { = /0H,exp pxesc  ..................E q u .  2. 12

Which is the probability that primary radiation will reach a depth x 

P 2 = cr(E ) f>; d x  esc  T>j B & J  f  1 ............... E q u  .2 .1 3

beina the probability that element i will absorb the primary radiation in the layer of 

thickness dx and emit k x-rays of energy E, and

P 3 ^H,exp -[ /x( E ) pxCSOI>2] e ( E ,) ............... E q u .2 .1 4

which is in turn the probability that k x-rays of energy Ej emitted by element i in the 

sample will penetrate out of the sample and be detected.

The fluorescent intensity dls, being a contribution from the atoms of element 

i at depth x, can be written as

d l  . I  M ^ - CSC ^  Pi a(^ E ) - B ' d f  ' € ( E i )  exp - ( a p x ) d x .............E q u  .2 .1 5

where
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a -yi( E) [ esc <E>j + esc <J>2]

On integration to obtain the total contribution of element i, to the detected 

fluorescence throughout the sample thickness, one gets

I , =10C\£%csc <i>,a (E )B iif  ' e (£, )  ( p,-d) • • Ectu ■ 2 - 16

which may be broken down to

I ^ G J C i i P i d )  1 .............E q u .  2. 17

where

Gn = I0£ \C l,c sc

i.e., the geometric constant (count/sec)

A ; . ^ ( £ ) / 'c ^ B e { E t )

i.e., the relative detection efficiency (cnr/g).

and a is the combined absorption coefficient for primary and fluorescent x-rays in the 

sample.

A ummary of the definitions of the terms in the above equations is as follows,

I, fluorescent intensity (counts/sec)
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Fig. 2.6: A Schematic representation of X-RF geometry [82]
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fi, and are the solid angles formed by directions of the primary and fluorescent 

(characteristic) radiations with the sample surface,

p, and p 2 are the density of the sample and partial density of element i, within the 

sample respectively,

cr(E) is the photoelectric cross section of element i for primary radiation (cm2/g), 

p(E) is the total mass absorption co-efficient of the sample for the characteristic 

(cnr/g)

B = 1-1/Jk and is the relative probability (fraction) for the photoelectric process to 

occur in the K-shell of element i 

K is the absorption jump

Jk the ratio between the value of maximum and minimum photoelectric cross section

at the K absorption edge of element i

of the fluorescent yield of k x-rays of element i

P { K n)

f ‘ = P (  K„)  ♦/>( Kp)

the relative transition probability for x-rays of element i where P’s are the 

transition probabilities

e(Ej) is the relative efficiency for the detection of x-rays of energy E;.

The values of p, a(E), Jk, of and f  may be obtained from tables in references 

10 and 11, while the values of e(Es) must be evaluated for the particular detector used.
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The measured intensity of the fluorescent x-rays I;, would be directly 

proportional to the concentration of the relevant element in the sample, Pjd according 

to equation 2.17 if it were not for the absorption correction factor

1 - e  

a p d

This factor is a function of the combined absorption coefficient a, in the 

sample, which is implicitly dependent on the concentration of all elements comprising 

the sample. It strongly depends on the product apd. For cases where apd < < < 1, 

implying a thin sample, then, equation 2.17 transforms into

/ ,  =G0K; ( psd ) ............ E q u .  2. 18

while for thick samples, i.e., apjd > > > 1, 

and for 0.1 < aPjd < 2 i.e., a transparent sample,

1 - p  -apd
I  i =G0K { OLj...... ........ ................E q u . 2. 20

To eliminate the absorption correction factor in quantitative analysis using FPT, a thin 

sample should be used.

Another matrix that has also to be corrected for is the inter-elemental effects.

rTM in the form of enhancement effects [81], which occur in cases whereThese ari5<-
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fluorescence radiation of element i, is excited not only by the primary radiation but 

also by the fluorescence radiation of other elements in the sample. This is usually 

observed in both thick and transparent samples.

a) X-RF INSTRUMENTATION

A X-RF unit consists of a X-ray excitation source and a x-ray spectrometer. 

The spectrometer consists of a solid state detector Si(Li) or HPGE, a pre-amplifier, 

an amplifier and a multichannel analyzer (MCA) to which a microcomputer with the 

relevant interface may be incorporated (see Fig. 2.7).

The detector is a crystal of germanium or silicon that is processed to form a 

diode. When operated in the reverse bias, electron-hole pairs produced by the 

interaction with x-rays, are swept out of the crystal by the applied electric field. To 

minimize other sources of charge carriers, the impurities in silicon are compensated 

with lithium in a process called lithium drifting. The lithium drifted crystals, as well 

as high purity germanium crystals (HPGE), crystals are operated at liquid nitrogen 

temperature to reduce thermal noise [81].

Lithium drifted silicon or germanium detectors must be maintained at this 

temperature at all times for lithium to remain in place. HPGE may however be left 

at room temperature when not in use as it does not require lithium drifting.
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Fig.2.7:
Block diagram of the electronic set-up 0f a X-RF unit
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The pre-amplifier converts the burst of electrons, resulting from the absorption 

of x-rays, into a voltage signal which may be conveniently transmitted to the 

measurement system. The pre-amplifier also minimizes any noise which may degrade 

the resolution of the spectrum. This is achieved by using a field effect transistor 

(FET) input charge sensitive pre-amplifier.

The pre-amplifier is then followed by a shaping amplifier which acts as a 

shaper of the pulse as well as to amplify it and make the pulse suitable for precise 

pulseheight analysis by the MCA. It gives a near Gaussian shape with a time constant 

of 6-10 ptSec. The MCA on the other hand sorts out the pulses according to their 

heights and accumulates the respective pulse height distribution in its memory 

(channels).

The radiation excitation source used in our analysis was 1()9Cd, a radioisotope 

with a half-life of 453 days which decays by electron capture. This source is very 

useful for analysis of the elements Ca to Mo by K x-rays and W to U by L x-rays 

[81].

b) SAMPLE PREPARATION

This method may be used to analyze both liquid and solid samples and has 

found a lot of application in the elemental determination in samples of biological, 

geological and industrial origins.
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The sample preparation techniques are adopted to ensure that the samples are 

homogenous and transparent or thin. This is in a bid to utilize equations 2.18 and 2.20 

for quantitative analysis.

The bulk solid samples are initially crushed to small pieces and then 

pulverized. Further manual pulverization of the sample in an agate mortar is done so 

as to reduce the particle size to less than 50 microns. Two types of samples are 

usually made, namely,

a) Scotch tapes- in this case, the sample is spread out on a scotch tape 

approximately lmg/cm2, and

b) thin pellets diluted with pure starch or cellulose powder. The starch helps 

in binding the sample material into a stable pellet. This was the technique used in our 

X-RF analysis. The pellet weights were in the range 0.1-0.2 g and had a surface area 

of 4.91 cm2.

This method has been shown to detect elements with a concentration as low as 

10'8 g/g of sample (81 ] with statistical errors of measurement being less than 1 %.

In liquid samples, it’s necessary that the elements be pre-concentrated as these 

solutions are usually very dilute. The pre-concentration procedures usually used 

include evaporation, complexing and precipitation. Precipitation of dissolved elements 

with organic precipitating reagents e.g., ammonium-1-pyrrolidine dithiocarbamate 

(APDC), is most popular. The digestion of solid samples followed by selective 

precipitation has been observed to provide a higher sensitivity than is obtained with
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pellets [ 811- It’s however necessary that the pH of the solution be selected carefully 

to enable maximum precipitation of the elements.

2.2 CHEMICAL REAGENTS

The chemicals used, copper sulphate, sulphuric acid, hydrochloric acid, lead 

(II) sulphate, potassium nitrate and maize starch, were of ANALAR grade and were 

used as received without further purification. Aniline (BDH) was triply distilled to a 

colourless liquid prior to use.

The amberlite CG50 (BDH) and Athi river bentonite, the materials used for 

electrode modification, were also used as received. Amberlite CG50 is a commercial 

cation exchange which consists of weakly acidic active groups, -COO'. It has a mesh 

size of 200 (US.S.S); wet density of about 0.7 g/ml on rehydration; exchange capacity 

of 5.3 meq/ml (wet) and 10 meq/ml (dry) and is most suited for use in the pH range 

5-14.

Athi river bentonite is a montmorillonite and it’s composition as determined 

by x-ray fluorescence is shown in Table 2.1

2.3 ELECTRODES

A three electrode assembly in an undivided cell was used throughout our 

experiments. These consisted of a bare or modified carbon graphite electrode as the 

working electrode, saturated calomel electrode as the reference electrode and a 

platinum wire as the auxiliary electrode.
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Table 2.1: Elemental composition of bentonite as determined by x-ray fluorescence

Element Cone, g/g of bentonite x 102

K 1.08
Ca 2.58
Ti 0.506
Cr 0.0031
Mn 0.0292
Fe 4.98
Cu 0.00525
Zn 0.00882
Ga 0.00197
Pb 0.00193
Rb 0.00707
Sr 0.028
Y 0.00289
Zr 0.0144
Nb 0.0017

The residual matrix was composed of a mixture of aluminosilicates and oxides of not 
measured light elements (Atomic number less than 19).

2.3.1 MODIFICATION OF THE WORKING ELECTRODE.

The modification of the working electrode was done by mixing about 40 mg

of the modification material with about 0.04 ml of a non-electroactive binder (Henkel

G ained  was then thinned onto the electrode surface after the 
(K) Ltd). The paste so obtained w

n 28 cm2 had been polished on a felt cloth using alumina. The
electrode, surface area

• modification material after drying of the binder for 24 hours
thickness of the electro

about 0.16 mm. The electrode surface area after 
at room temperature was a
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modification was found to be 0.64 cm2, representing an 80 % increase compared to 

the bare electrode.

The materials used for the purpose of modification were as follows:-

a) Amberlite soaked in a solution containing 0.01 M CuS04 for 24 hours (5 

g amberlite in 100 ml of solution)

(A-NAC).

b) Amberlite soaked in a solution containing 0.01 M CuS04 and 0.1 M H2S04 

for 24 hours (5 g of amberlite in 100 ml of solution)(A-WAC).

c) Amberlite soaked in a solution containing 0.01 M lead (II) nitrate for 24 

hours (5 g of amberlite in 100 ml of solution)(A-NPN).

d) Amberlite soaked in a solution containing 0.01 M lead (II) nitrate and 0.1 

M KNO, for 24 hours(5 g of amberlite in 100 ml of solution)(A-WPN).

e) Bare amberlite

Similar material were made for bentonite and were designated B-NAC, 

B-WAC, B-NPN, B-WPN and Bare bentonite.

The soaking process was carried out under continuous stirring to ensure 

homogenous exchange of the cations in the exchangers.

2.3.2 REFERENCE ELECTRODES

The fact that the potential of a working electrode or a half cell is not absolute 

makes the use of reference electrodes inevitable. Conventionally, the standard
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hydrogen electrode (SHE) has been arbitirally assigned zero potential and all other 

half cell potentials are referred to it. It consists of

Pt(s)/ H+(aq) (a = l) /  H2(g)(l atm.) half cell and a cell reaction

“ H+(aq) + 2 e ------------------------------- > H2(g)

Although this electrode is very reproducible, it’s hardly used in electrochemical 

analysis mainly due to its cost of maintenance (lasting 7-20 days) and its inconvenient 

set-up.

Other half cells, which meet the following conditions, have as such been 

developed and utilized as reference electrodes,

a) are reversible and obey Nernst’s equation (Equation 2.21).

E = E ° - ^ I 111 ^ 2 !L
n r  a „„ . E q u . 2. 21

b) have stable potentials over long periods of time and

c) exhibit no hysteresis on passage of small currents or with temperature

cycling.

This include calomel electrodes, silver/silver chloride electrode e.t.c. These 

are then grouped into three classes, namely;

a) reference electrodes of the first kind- half cell involving a metallic or

soluble phase in equilibrium with its ion e.g, H+/H2, Ag+/Ag

b) reference electrode of the second kind- involving a metallic phase in 

equilibrium with its sparingly soluble salt e.g., Ag/AgCl, Hg2Cl2/Hg, HgS04/Hg and
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c) reference electrode of the third kind which include all miscellaneous 

electrodes e.g., glass electrode, ion-specific electrodes e.t.c.

The most commonly used of these electrodes in electrochemical analysis is the 

calomel electrodes, whose half cell may be represented by

Hg/Hg2Cl2 (satur.), KC1 (x M) and a half cell reaction

Hg2Cl2 +  2 e ------------------------------------- > 2Hg + 2CT

where x represents the molar concentration of KC1 in the solution. This in turn 

determines the electrode potential as it controls the Cl' ion activity. The half cell 

potentials of the various calomel electrodes used versus SHE, are shown in Table 2.2

Table 2.2: Standard potentials for the various types of calomel electrodes in the
form (Pt)/H2(g)/H + (a= l); KCl/Hg2Cl2 (satur.)/Hg [72].

Name KC1 cone, (x M) E° vs SHE at 25°C

Decimolar 0.1 0.336
moral 1.0 0.283
SCE 4.2 (saturated) 0.245

The decimolar and molar electrodes are preferred for very accurate work as 

they reach their equilibrium potentials more quickly as compared to the SCE. They 

also show very little hysteresis on temperature cycling. The SCE is however the most 

widely used reference electrode due to its easy preparation and maintenance. This is 

in disregard to its more pronounced hysteresis on temperature cycling [76J.

A commercial calomel electrode consists of a tube 5-15 cm in length and 0.5 - 

The mercury, mercury (II) chloride (calomel) and potassium
1.0 cm in diameter.

^nmined in the inner tube (see Fig. 2.8) which is connected to the 
chloride paste is contained
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potassium chloride solution in the outer tube by means of glass wool plugged in the 

and of the inner tube. The whole electrode then interacts with the analyte present in 

the cell via the asbestos fibre at the end of the outer tube. Such an electrode has a 

resistance of about 200-300 ft and has a very limited current carrying capacity before 

exhibition of severe polarization [76]. It however makes it difficult for ions to move 

in or out of the reference electrode. This helps prevent contamination.

Fig. 2.8: A ccnrmercial calcmel electrode [4].
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CHAPTER THREE

RESULTS AND DISCUSSION

3.1) ENHANCEMENT OF LEAD REDOX CHARACTERISTICS AND 
DETECTION BY CLAY MODIFICATION OF THE WORKING 
ELECTRODE.

3• * • *—ELECTROCHEMISTRY OF LEAD ON A CARBON GRAPHITE 
ELECTRODE. ---------------------

Lend electrochemical behaviour was initially studied on a bare carbon graphite

electrode. This was done by dipping the electrode into a solution containing 1 x 10'3

M lead (II) nitrate and 0.1 M potassium nitrate and cycling the potential in the range

-0.8 V to 0.4 V at a scan rate of 20 mV/sec. The cyclic voltammetric response (see

Fig. 3.1.1) is characterized by a highly symmetrical and sharp oxidation peak at -0.39

V and a relatively broader reduction peak at -0.66 V.

The difference between the charges under the peaks is approximately 20 % of

the total charge for both peaks. This value has been computed using the area under

the voltammogram.

(t was further observed that a nucleation loop was forming on reversal of the

current direct,on. crossing at approximately -0.5, V and -0.56 V, and this may be

f On continued cycling, the voltammogram
attributed to the deposttton of lead.

rhaneine electrode surface 1851. It is also worth

remained in—
evolution was not observed within the potential range used

mentioning ^

in this analysis-
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Fiq 3 1 1: Cyclic voltammetric response for bare carbon graphite electrode In
containing O.OOI M Pb(N03 )2 and 0.1 M K N 0 3 Potential range -  
scan rate 20m V /sec.

a solution 
0.8V  to 0.4V

a solution 
-0.8V to 0.4V,
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Scan rale studies gave linear plots for anodic peak current versus square root 

of scan rate (sec Fig. 3.1.2). This suggests that the process is diffusion limited, a fact 

enhanced by the peak tailing characterising the voltammogram. From the gradient of 

this plot, the diffusion coefficient was calculated to be 1.21 x. 10r’ cm/sec.

i.n

1.6

l A

0(1)
D.

o.n

y o.n

0.4

o.a

o

Square root of scan rate

Fig. 3.1.2: A plot of anodic peak current versus square root of scan rate for a bare
carbon electrode in a solution containing 0.001 M Pb(N03)2 and 0.1 
M K N 03. Potential range -0.8 V to 0.4 V.

3.1.2. REDOX CHEMISTRY OF LEAD ON A BENTONITE MODIFIED 
ELECTRODE.

The working electrode was then modified with bentonite (clay mineral) and 

dipped into a solution containing 0.1 M lead(II) nitrate and 0.1 M potassium nitrate, 

and the potential scanned front -0.8 V to 0.4 V at a scan rate of 50 mV/sec. The
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resulting cyclic voltammetric response is shown in Fig. 3.1.3. The oxidative peak 

potential is now observed to have shifted by approximately 24 mV towards positive 

potentials as compared to the bare carbon electrode case. The reduction peak potential 

remains invariant i.e., -0.66 V. It is interesting to note that, the oxidative peaks are 

now much broader as compared to the bare electrode case. This is probably an 

indication of slow electron transfer in bentonite modified electrodes.

This observation is supported by the fact that during the first scan in the bare 

carbon electrode case, the total anodic charge was 6.37 x 10' 3 coulombs while in the 

case of the bentonite modified electrode , the anodic charge was 1.25 x 10' 3 coulombs

on the eighteenth scan i.e., approximately 19 % of the bare electrode anodic charge.

U n l i k e  in the  case o f  the bare  carbon electrode where the anodic and cathodic

peak currents remained relatively constant on continued potential c y c l in g  (a fact which

was attributed to a non-changing electrode surface), the anodic peak current for lead

increased at the rate of 1.08 x 102 mA/min on the bentonite modified electrode.

A fresh bentonite electrode was next dipped into a solution containing 0.1 M

Pb(NO-). and 0.1 M KN03 and potential scanned in the same range and at the same

, Ain r h a r e e  was 7.89 x 10"’ coulombs. It was then transferred scan rate until the anodic charge was

. . M potassium nitrate only (no lead), and the potential
into a solution containing 0 . 1  M po

n 4  V at a scan rate of 50 mV/sec. The cathodic and anodic
cycled from -0 . 8  V to

I to d ec rea se  on continued potential cycling. The anodic 
peak currents were observed

. f n rate of 1 - 0 6  x 10-2 mA/min.
peak current dropped a

, I post equal to that recorded for the rate of increase of anodic

Jijs observation, it can be inferred that leaching of the lead
peak current and based . .

matrix is significant. This is probably due to the fact 
I in die bentonite mau

ncorporatedions i 78



that, the concentration of the electrolyte solution is high, hence solutions ion-exchange 

with the lead cations in the bentonite matrix is substantially high. The diffusion of lead 

cations from the bentonite matrix into the solution could also be playing a major role.

The next set of experiments involved studies on the effect of varying the 

concentration of the lead (II) nitrate, while maintaining that of potassium nitrate 

constant, at 0.1 M. When the concentration of lead nitrate was varied from 1.0 mM 

to 10 mM lead electrochemistry was not observed in the various samples, when the 

potential was scanned from -0.8 V to 0.4 V at a scan rate of 20 mV/sec.

When the bentonite electrodes used in the foregoing analysis were transferred 

separately into a solution containing 1.0 M hydrochloric acid, lead electrochemistry 

was registered in the form of current spikes at -0.50 V (see Fig. 3.1.4). The intensity 

ot the spikes increase with the concentration of the lead (II) nitrate. It is apparent that 

despite the 150 mV shift towards negative potentials as compared to experiments 

conducted in 0.1 M KN 03, the current spikes/peaks represent the lead redox process. 

The shift in the potential probably has no electrochemical significance and could 

probably be related to proton activity within the interlamellar region [831. This 

observation is very important and might prove useful in lead detection studies, more 

so now that lead is a major pollutant.

3.1.3 ELECTRODE MODIFICATION WITH PRE-TREATED BENTONITE

When a B-NPN modified electrode was dipped into a solution containing 0.1 

M potassium nitrate, and the potential cycled from -0.8 V to 0.8 V at a scan rate of 

20 mV/sec, the resultant cyclic voltammetric response (see Fig. 3.1.5) showed no 

deuce of lead electrochemical activity. A freshly prepared B-NPN modified
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Fig.  3 . 1 . 4 - Cyclic voltammetric response for a bentonite modified electrode in 
a solution containing tM HCI (fu ll lines) a fter transfer from a 
solution containing ImM Pb(NC>3 ) 2  and O.IM KNO3 (dashed 
line ). Potential ra n g e -0 .8 V  to 0.4V. Scan rate 20m V/$ec.
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Fig. 3.1.5= Cyclic voltammetric resnon
containing otM kmh p se for a B-NPN modifipH a •y KN03 DotPntini oa Tled electrode in a solution

Huiential ranae - 0  8V tn nowy to 0.8V. scan rate 20mV/sec.

Fig.3.1 6 ; Cyclic voltammetric response for a B -N P N  modified electrode in a solution
containing 1 OM H2SO4 potential range -0 .8V  to 0.8V Scan rate 20mV/sec.
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b”  "0W C m U " S  1 0  M “ M. l« d

reduciion peaks a, approiimaiely -0.28 V and -057 V (see Fig. 3  , 6) T,

repress,„s a shift of aboa, 110 mV and 80 mV io .ards posi.lve pom„,i„, ,or 

osidafton ,„ d  redaefton peak, re,pee,i« |y e„mp, red ,c  ^  ^  ^

modified electrodes in O I M KNO,. On ,he second ,c „ , „ „  ,„e

lead oxidation peak h o w e v e r ,  its oxidation peak current dropped almost to zero

It is important to mention that conventionally, lead electrochemistry in 

sulphuric acid has always been complicated by precipitation o f  lead sulphate Hence 

the fact that it was possible to observe, at least momentarily, lead redox characterise 

in sulphuric acid when it is adsorbed on a clay mineral stresses the significance of 

electrode modification. The robust lead electrochemical activity during the first scan 

in s u lp h u r ic  a c id  may be attributed to the high proton activity in the interlamellar

region before th e  1011 p S  ' m  e f f e c t  o f  the  S 0 S  sets in leadi"g to the precipitation of

lead sulphate and c o m p le te  reduction in electrochemical activity 183].

B-WPN m o d i f i e d  e lec tro d es  were subjected to similar electrochemical 

investigations i.e., the electrode d ip p ed  in a solution containing 0.1 M potassium 

nitrate and 1.0 M sulphuric acid and potential cycled from -0.8 V to 0.8 V at a scan 

rate of 20 mV/sec. The cyclic voltammetric responses were very different compared 

to that of B-NPN in 0.1 M KN03 (see Fig. 3.1.7). An even more well defined 

electrochemical response was recorded in a solution containing 1.0 M sulphuric acid 

(see Fig. 3-1.8) on cycling the potential within the same range and at the same scan 

rate. The anodic and cathodic peaks in 0 .1 M KN03 and 1.0 M H.SO, media occurred
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Fig. 3.1.7: Cyclic voltammetric response for a B-Wpf\j ^  
a solution containing 0.1M KNO3 . Potential r 
Scan rate 2 0 rnV/sec. electrode in 

^ o . a v  to 0.8V

Fig. 3 1.8 =
»rir response

Cyclic voltamm.triCM|n|ng |QM 
In a solution c 
0.8V. Scan rate

2 0 mV/sec.

for a B -W p M  __ ....

H2 S04. Potential0 ra®ge electrode 
- 0 .8 V to
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at -0.26 V/-0.54 V and -0.29 V/-0.56 V respectively with a redox efficiency of about 

58 % in 1 M H2S 04.

The difference in lead electrochemical activity in B-WPN and B-NPN 

electrodes was attributed to the increased level of potassium ion (K+) concentration 

in the bentonite (B-WPN) matrix through isomorphous substitution of exchangeable 

cations in the bentonite and/or adsorption on the surface of the clay mineral. The K + 

probably facilitates charge transport, leading to the enhancement of the observed peak 

currents.

3.1.4 ELECTROCHEMICAL ANALYSIS OF POLYANILINE REDOX 
PROPERTIES ON PRE-TREATED BENTONITE HOST-MATRIX

In the next set of experiments, the B-NPN and B-WPN modified electrodes 

were used as host matrices for the electrodeposition of a polyaniline - a conducting 

polymer.

Freshly prepared B-NPN and B-WPN electrodes were dipped into a solution 

containing 1.0 M sulphuric acid and 0.1 M aniline. The potential was then cycled 

from -0.8 V to 0.80 V at a scan rate of 20 mV/sec. The B-NPN electrode yielded the 

cyclic voltammogram shown in Fig. 3.1.9. While the voltammograms yielded by B- 

WPN are shown in Fig. 3.1.10. Polyaniline oxidation and reduction peaks were 

observed at 0.17 V and 0.036 V for B-NPN modified electrode. The lead redox 

activity diminishes as already mentioned earlier. The polyaniline redox chemistry on

a B-WPN electrode was relatively similar to that on a B-NPN electrode i.e., the

while lead oxidative peak occurred atrespectively
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Fig. 3.1.9 Cyclic voltammetric response for a B-NPN modified electrode in. a 

solution containing I.OM H2S04 a n d O . l  M aniline. Potential range 
- 0 . 8 V  to 0 8V. Scan rate 2 0 m V /s e c .

Fig. 3.1 10 Cyclic voltammL ~ ■ - u cn  ,
solution containing 1 2?Q 4 an

- 0 .8 V  to 0-8V. Scan r° e ^V/sec.
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The modification of the electrode with B-NPN or B-WPN does not appear to 

alter significantly the electrochemistry of polyaniline vis-a-vis that obtained on 

unmodified (bare) carbon and bentonite modified electrodes where the 

oxidation/reduction peaks appear at around 0.2 V/0.04 V respectively [8|.

The rates of change of anodic peak current for polyaniline on a bare bentonite, 

B-NPN and B-WPN modified electrodes and the polyaniline redox efficiency on each 

of these electrodes are shown in Table 3.1.

Table 3.1: Rate of change of ipa and redox efficiency of polyaniline on various
types of bentonite modified electrodes.

Electrode Material Rate of Change of ipa Polyaniline Redox
(mA/min) Efficiency (%)

Bare bentonite 1.20 x 10-3 50
B-NPN 1.70 x 10-3 50
B-WPN 4.25 x 10‘3 63

The results show clearly that the presence of lead in the host matrix affects the 

electrodeposition of polyaniline. This could probably be by electron transfer

mediation. This occurs despite the fact that the two redox centres are about 500 mV 

apart. These values are however not significantly different, suggesting that ion 

exchange kinetics for the anilinium radical cation (which is the precursor to 

polyaniline) is not strongly affected by the presence of lead (II) cations. The anilinium

cation radicals can migrate into
the clay mineral matrix as the basal spacing in not

fixed, in the case of pillared bentonite, the anilinium 

have been excluded due to its size [841.

radical cation would probably
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It is also difficult to speculate on the formation of a bilayer between the B- 

NPN/B-WPN and polyaniline interface, as no electrochemical features such as charge 

rectification, which are characteristic of bilayer electrode were observed.

3.2 LEAD (II) AND POLY ANILINE ELECTROCHEMISTRY ON AN ION- 
EXCHANGE RESIN MODIFIED ELECTRODE.

3.2.1 ELECTROCHEMISTRY OF LEAD ON AN AMBERLITE MODIFIED 
ELECTRODE

A bare amberlite modified electrode was dipped into a solution containing 0.1 

M potassium nitrate and potential cycled from -0.8 V to 0.8 V at 20 mV/sec so as to 

test it’s stability in this electrolytic media. It was found that these electrodes could 

stay for up to 6 hours in the solution without developing any major/or visible cracks. 

This period was even much longer for those cases where the modification material had 

previously been soaked in the target metal cation solution i.e., A-WPN and A-NPN.

Cycling potential from -0.8 V to 0.4 V at a scan rate of 20 mV/sec in a 

solution containing 0.1 M lead (II) nitrate and 0.1 M potassium nitrate, gave the 

cyclic voltammetric response shown in Fig. 3.2.1. It can be observed that broad but 

well defined oxidation and reduction peaks appear, at approximately 0.29 V and 

0.70 V respectively. This represents a shift of 100 mV towards positive potential for 

the oxidation peak and 40 mV towards the negative potentials for the reduction peak. 

The nucleation loops crosses at -0.44 V and -0.62 V in this case as compared to -0.51 

V and -0.56 V for the bare electrode.
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I?igr 3.2.2: A plot of anodic peak current versus time for an amberlite modified
electrode in a solution containing 0.1 M Pb(N03)2 and 0.1 M KNo3. 
Potential range -0.8 V to 0.4 V. Scan rate 20 mV/sec.

It was also observed that (he oxidation peak current increased on continued 

cycling of the potential. The rate of change of the anodic peak cunent as given by the 

slope of the plot of anodic peak current versus time (see Fig. 3.2.2) is 7.5 x lO'3

mA/min.
U is important to mention that the average time taken, for the first lead redox 

peaks l0 appear varied largely for different electrodes. These differences, ranging

from 20 to 70 minutes can be attributed to non-reproducibility
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morphology. The importance of surface morphology on electrochemical response has 

also been observed with clay minerals [52J.

The electrodes used in the foregoing analysis were then transferred to solutions 

containing only 1.0 M sulphuric acid. The general electrochemical pattern observed 

was that on cycling the potential from -0.8 V to 0.4 V, there was an increase in both 

the anodic and cathodic peak currents for the first two minutes followed by a 

reduction (see Fig. 3.2.3). This increase, may as the case of bentonite, be attributed 

to the presence of protons within the matrix. This enhances the conductivity of lead.

The ratio of anodic to cathodic peak currents ipa/ipc during the increase was 

greater than unity i.e., approximately 2.0. The measurements were made from the 

zero current baseline. This can be attributed to the fact that electron transfer was from 

the Pb(II) trapped in the amberlite matrix |52]. The ratio ip„/ipc was still greater than

unity in the decreasing peak current case too.

The mean stripping rate obtained for different samples on calculating the slope

of the plot of anodic peak current versus time (see Fig. 3.2.4) was found to be 8.75 

x | O'2 mA/min. It is important to mention that during both current phases 

characterized by an increase in the peak current followed by a decrease, the peak 

potentials shifted towards negative potentials for both the anodic and cathodic peaks 

by about 135 mV and 30 mV respectively. This as already mentioned was due to the

changing electrode surface.

When similar e,pe,in,.» were repe.ied bn, now in an el.cmlyiic media 

.......... . 0., M poiassium ni.rare. l»rS« deer.ase in anodic P » * —  were
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Fig. 3 . 2 . 3 :  Cyclic voltammogrom response fo r an amberlite modified electrode- 
on transfer into a solution containln t.OM Mg SO4 (fu ll lines) 
from a solution containing O.IM PUNC^e and O.IM KNO3  

(dashed line). Potential ra n g e -0 .8 V  to 0.4V. Scan rate 20mV/sec.
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Pig. 3.2.4: A plot of anodic peak current versus time for an amberlite modified
electrode (after incorporation of lead (II) from solution) after being 
transferred in a solution containing 1.0 M II2S04.

towards negative potentials i.e., 106 mV and 71 mV during the first and second scan 

respectively (see Fig. 3.2.5). The average rate of decrease of anodic peak current for 

these electrodes was determined to be about 1.2 x 101 mA/min. The significant

d „ „ ges II* »r ™ ">  “ “  • “ *—  “  Cl“ E“

surface and solutions ion-exchange with ions in (he resin matrix. The latte, will be 

dependent on nature/type of the cation and concentration of the supporting

electrolyte [52,53,84].
„ tinned i„to a solutions containing 0.1 M 

Fresh amberlite electrodes weie dipt
, , . m -5 in 4 103, 10'2 and 10‘‘potassium nitrate and varying concentrations of lead i.e., .
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F\q 3  2  5  C^cWc \io\fommetr\c response on transfer of an amberiite modified 
e\ec\rode goffer \noorporoV\on of \ead UVt from so\u\\on^ m\o Q 
so\uV\on coo\a\n\n^ O.fNf K U O i Po\en\\a\ ranqe -O & V to O A -V  
Scan rate 2 0 m V /se c .
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M a n d  p o te n t ia l  c y c l e d  f r o m  - 0 .8  V to 0.4 V at 20 mV/sec. It was observed that lead 

(II) electrochemical activity was only observable in solutions of concentrations greater 

than 10'3 M. This was also applicable to the bare carbon electrode.

However, on cycling the potential of an amberlite modified electrode for about 

one hour in solutions containing lead (II) nitrate concentrations of even up to 10'6 M 

and 0.1 M potassium nitrate (constant), from -0.8 V to 0.4 V at 20 mV/sec, and then 

transfer the electrode into a solution containing 1.0 M hydrochloric acid, it was 

observed that lead (II) oxidation peaks appeared at -0.45 V. This represents a shift of 

160 mV towards negative potentials (see Fig. 3.2.6). The important electrochemical 

feature to note is that the size of the current spikes were observed to decrease with the 

concentration of lead (II) nitrate. This shows that an amberlite modified electrode is 

even more sensitive than the bentonite modified electrode. This property seems 

inherent of ion exchangers due to their ability to pre-concentrate lead ions from the 

dilute solutions. It is thus important that ion exchangers with a high preference for 

lead be investigated and this procedure be improved as a method of quantitative and 

qualitative analysis of lead.

3.2.2 ELECTRODE MODIFICATION WITH PRE-TREATED AMBERLITE

In this set of experiments, the electrode was modified with amberlite prepared

in the manner described in section 2.3.1.

y\ A-WPN modified electrode was dipped into a solution containing 1.0 M

sulphuric acid and the potential cycled from -0.8 V to 0.8 V at a scan rate of 20 

mV/sec. There was no evidence of Pb(tl) electrochemical activity (see Fig. 3.2.7). On
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Fig 3  2 7 : Cyclic voltommetric response for a A WPN modified electrode In a
solution containing I.OM H2 SO4 . Potential range - 0 . 8 V  to 0,8V 
S c a n  r a t e  2 0 m V /s e c . .

Cyclic voltammetric response for a A-WPN modified electrode In a 
solution containing 1.0M H2 SO4 . Potential range - 0 .8 V  to 0.8V 

Scan rate 20mV/sec.
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(lie contrary, (he A-NPN modified electrode under the same electrochemical 

environment yielded cyclic voltammograms characterized by a lead oxidation peak at - 

0.46 V. These peaks were in form of spikes (see Fig. 3.2.8). A plot of î a versus 

square root of scan rate yielded a linear plot as shown in Fig. 3.2.9. From the slope 

of this plot, we obtained the apparent diffusion coefficient for Pb(II) to be 8.32 x 10'5 

cni2/sec.

0 o o.o rs ° l  0.15
S q u a r e  r o o l  o f  s c a n  r a t e

0.2 0.25

Fig. 3.2.9: A plot of anodic peak current versus square root of scan rate for a A-
NPN modified electrode in a solution containing 1.0 M II2SO 
Potential range -0.8 V to 0.8 V.

This is quite high as compared to that of cations in clay minerals [84]. This 

difference can be atlributed lo the fact that we are dealing with a cation exchanger 

with anionic sites favouring cation incorporation. Even though we do have oxyanions 

requiring charge compensation by cations in mon.morilloni.es such as 2:1

152 ,1* M .  or .... ............. ............. ‘ " V  “

S| „ „ e ,  l l i« n  in  I I *  ■ * *  » "
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3.2.3 POLYANILINE REDOX FEATURES ON A PRE-TREATED AMBERLITE 
MODIFIED ELECTRODE

In this experiments polyaniline was electrodeposited on an A-NPN modified 

electrode, by cycling the potential from -0.8 V to 0.8 V in a solution containing 1.0 

M sulphuric acid and 0 .1 M aniline at 20 mV/sec. The resultant cyclic voltammetric 

response is shown in Fig. 3.2.10. It may be observed that polyaniline oxidation and 

reduction peaks appeared at 0.20 V and 0.036 V respectively. No lead redox peaks 

were observed even after 213 minutes. Similar experiment were repeated using A- 

WPN modified electrode. The overall electrochemical features of the cyclic 

voltammograms were the same, except that the rate of change of peak current was 

lower than in the case of A-NPN i.e„ 8.5 x 10'5 mA/min for A-WPN and 1 x 10-

mA/min for A-NPN. When the slopes of plots for cathodic versus anodic peak

currents were computed to obtain the redox efficiency of the process, it was found that

. , , h .  ;n both cases i.e., 65 % for A-WPN and 67
the redox efficiency was about the same in

% A-NPN.

T „ .  low rat. ofelecirodepositlon of p . l , - «  '» P“ “ “  K* “

A WPN modi«  electrode) can Ire a.frlb.fed to ,It. competition between t.tean,

nmprl and K + to exchange into the resin matrix. The 
radical cation (or aniline monomer) and

r ix + /-|u£ to its small size.
favoured process is probably exchange

cran rate fo r polyaniline were linear. This
plots of anodic peak currents versus scan rate, fo

■ " T - ,  in”  *

“ 7 ,  ’  mV/sec. Tb. e le c te e  was
cycled from -0.8 V to o.o
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r ig .  3 2.M Cyclic y0|fnmmetrie response f or an amberlite modified electrode 

(a f te r  incorporation of lead (n )  f rom so|ution ) in a solution 
conrninir,g t.OM 112s O 4 and O i m  aniline. Potent ial  range -0.8V 
to O.0v  Scan rote 2 0 mV/sec
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a solution containing 1 M sulphuric acid and 0.1 M aniline for the purpose of 

electrodepositing polyaniline on it. The lead oxidation peak appearing at -0.37 V was 

found to be diminishing. An anodic and a cathodic peak were observed to be growing 

at 0.34 V and 0.2 V respectively (see Fig. 3.2.11). This was attributed to the shifting 

of the polyaniline redox peaks towards positive potentials due to the high internal pH 

of the amberlite host matrix. This behaviour is typical of polyaniline and has been 

observed by other researchers [8].
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3.3 POLY ANILINE-COPPER REDOX CHEMISTRY 
MINERAL(BENTONITE) HOST MATRIX.

ON CLAY

In the set of experiments to be discussed, the key objective was to study the 

electrochemical interaction between two redox centres whose formal potentials are 

close. In our case, the redox centres were those of copper and polyaniline.

I he copper redox centre was to be attached to a host matrix with cationic 

exchange properties and polyaniline electrodeposited on the matrix thereafter. The 

formation of a bilayer was anticipated more so because of the closeness of the 

oxidation peaks displayed by these two centres. Electrochemical analysis were started 

by studying the copper redox process on a bare carbon electrode.

The carbon graphite working electrode was dipped into a solution containing 

0.01 M copper sulphate and 0.1 M sulphuric acid and the potential cycled from -0.3 

V to 0.6 V, at a scan rate of 20 mV/sec. The cyclic voltammogram obtained (see Fig.

3.3.1), is characterized by an oxidation peak at 0.12 V and a reduction peak at -0.19 

V. On continued cycling, both the oxidative and reductive peak currents remain 

relatively constant. From the cyclic voltammogram it was observed that the ditterence

between anodic and cathodic charge is approximately 17 %. This is based on the 

difference between the areas under the peaks compared to the total area. A bentonite 

modified electrode dipped into a solution containing 0.1 M sulphuric acid and 0.01

M copper sulphate and potential cycled from -0.3 V to 0.6 V at a scan rate of 20 

mV/sec gave the cyclic voltammetric response is shown in Fig. 3.3.2. 1. can be
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rig 3.3.1: Cyclic voltomrnelric response on n 
solution confaininq O.IM H o c n 
range - 0 . 3 V  lo 0 6V.  S c o n c e

lflre carbon 
0nd 0 .0 1m

2 0  mV/

efectrode in a
US° 4 ' Po,enlia|sec

Pig 3 3 2 ; The cyclic vollommelric response for a bentonite modified electrode
in n  solution containing O.IM H? S04 . and O.OfM CuS04 Potenfial 
range — 0 .3V (o O 6V Scan rate 2 0 m V /s e c .
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1 3.2 ELECTROCHEMISTRY OF COPPER ON A BENTONITE MODIFIED 
ELECTRODE.

0.015

<

0.0,

3O
o<Da
u
X Io_c
"oo

0.005

0

Fie 3 3 3: A plot ° r lhc cathodic versus anodic peak current used in calculating
the redox efficiency for copper redox process on a bentonite modified
electrode.

l)1)ser, ed well defined nn.die peek, »i.l> > P«* ! » » * “  W * — *  ° A

, , ..... .. o 21 V were formed. These peeks .re  .nrlhmed lo fhe
v  and a cathodic peak at -u.zi

r thic nrocess as obtained from plot of r m  The redox efficiency of Hus piocessoxidation ol coppm |3)- Iheieu
, rrici a 3 3) was 45 %, while the rate of

mmdic peak currents (see Tî ,- mthod c versus anodic p*-^
caU , , o n v  10 4 mA/min.  t ins  shows

- ......(,iat the rate of dissolut.cn of coppe
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modified electrode than on a bare carbon electrode, where the anodic peak current 

had been observed to remain relatively unchanged.

Plots of the variation of the anodic peak current with the square root of scan 

rale i.e., i vs v ,/S yielded plots with linear dynamic range confined to values below 

80 mV/sec (see Fig. 3.3.4). The curvature in the ip vs v'/l plot at high scan rate 

values can probably be attributed to the fact that , the concentration of the 

electroactive species (adsorbed) decreases during the recording of the voltammograms 

at different scan rates as a result of leaching [84].

o.o 06

o.ooo

<
E
0.00'

3 0.003
o0)a
.9 0.002 o o c <

0.001

p. 3 3 4: A plot of anodic peak current versus square root of scan rate for a
lg bentonite modified electrode in a solution containing 0.1 M II2S04 and

0.01 M CuS04. Potential range -0.3 V to 0.6 V.
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Thus the values of the apparent diffusion coefficient (Dapp) obtained from the 

slopes of the plot is just an estimate of its accurate value. Despite all this, the value 

of Dapp obtained i.e., 3.6 x 10"11 cm/sec is in good agreement with those published for 

cations in clay modified electrodes 167,83].

Table 3.2: Peak current ratios at different scan rates for a bentonite modified

electrode.

Scan rate MV/sec ipa x 103 mA ipc x 103 mA p̂t/̂ pc
5 1.30 7.50 0.17
10 2.05 10.00 0.21
20 2.80 13.50 0.22
50 4.05 20.00 0.20
100 4.35 28.50 0.15

The peak current ratio (ipa/ipc) at different scan rates (see Table 3.2) was found 

to be less than unity i.e., (approximately 0.20) and the differences could be attributed

to error during evaluation oi the values.

The fact that the cathodic peak current is increasing with scan rate rules out

significant leaching. Similarly the increase in anodic peak current with scan rate 

suggests insignificant contribution to electron transfer by atoms in the bentonite lattice

|67,84,86|.

containing

a nod

The electrode used in the foregoing analysis was then transferred to a solution

0 , M sulphuric acid and the potential scanned from -0.3 V to 0.6 V. The

the first scan to 23 mA within 105

much reduced pace up to 17
ic peak current dropped from 43 /xA on

seconds. This drop in the peak current continu
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/xA on the sixth scan. This was attributed to leaching [84j. This data is particularly 

important in that the ratio of the peak current can be used as a factor in the correction 

for leaching effect during computation for the total amount of copper adsorbed by the 

clay mineral.

Another strong support for the leaching concept is the fact that, the redox 

peaks were not regenerated after the electrode had been left standing for 24 hours. 

This would have been the case if the drop in the peak currents were due only to 

reduction of the adsorbed copper.

3.3.3 ELEC I RODE MODIFICATION WITH PRE-TREATED BENTONITF

An electrode modified with B-WAC was transferred into a solution containing 

1.0 M sulphuric acid and the potential cycled from -0.3 V to 0.6 V at a scan rate of 

20 mV/sec. The resultant cyclic voltammetric response is shown in Fig. 3.3.5. The 

copper oxidation peak is sharp, well defined and occurs at 0.11 V while the reduction

peak appears at -0.2 V.

The same electrochemical procedure was repeated but this time with an 

electrode modified with B-NAC. The rate of change of the anodic peak current tor the

B-NAC modified electrode was
found to be almost twice that oi electrode modified

using B-WAC i.e., 6.5 x 10 ’ mA/min
,he first fourteen scans for a B-NAC modified 

occurred at approximately 0.36 V while the
It is worth noting that during 

electrode, the anodic peak lor copper
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reduction peak appeared at -0.14 V. There was then a slight but sudden increase in 

the anodic peak current followed by a big shift in the anodic peak towards negative 

potentials to 0.143 V. After this 217 mV shift in the anodic peak potential, the rate 

of change of the anodic peak current was now substantially reduced (see Fig. 3.3.6) 

and the cathodic peak disappeared. It was proposed that this shift was probably related 

to the location of the electroactive copper in the bentonite matrix i.e., whether 

adsorbed on the surface or trapped in the vacant octahedral sites in the bentonite 

lattice.

The redox efficiency of the copper redox processes in B-WAC modified 

electrode is found to be approximately half that of copper in B-NAC modified 

electrode i.e., 27 % and 50 % respectively.

Attempts to correlate the maximum anodic peak current obtainable for various 

amounts of B-WAC and B-NAC used in the electrode modification yielded the results 

tabulated in Tables 3.3 and 3.4.

Table 3.3: Maximum anodic peak current versus mass of
B-NAC used in electrode modification.
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Table 3.4: Maximum anodic peak current 
electrode modification.

versus mass of B-WAC used in

Mass of B-WAC (g) Max ipa (mA)

0.040 0.02
0.041 0.03
0.043 0.04
0.047 0.01
0.048 0.04
0.051 0.09

Due to the haphazard nature of this data, too much emphasis cannot be placed

on it. This was probably due to the fact that it is not possible to produce electrodes 

with the same surface morphology. These points could therefore not be used to make

plots of anodic peak current (maximum) versus mass of the electrode modification 

material (for both B-WAC and B-NAC) to be used as a calibration curve.

It is however worth noting that the maximum anodic peak currents for B-NAC

electrodes are generally about four times higher than those obtained for the B-WAC

i ij Up pvnect that there is more exchanged copper inelectrodes. This shows, as would be expect, uiai

absence on protons.

XRF measurements were
then conducted to determine the concentration of

copp„  B-WAC B-NAC ,nd r e -  < * » -  «  .............. Ted*

3.5
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T a b le  3 .5 : X  - r a y  f lu o r e s c e n c e  m e a s u re m e n ts  o n  v a r io u s  s a m p le s  o f  b e n to n i te .

Sample Cone, x 103 g/g

Bentonite
B-WAC
B-NAC

0.05
7.10

24.90

Calculations from cyclic voltammograms obtained for B-WAC and B-NAC 

modified electrodes yielded a surface coverage for electroactive copper as being 

approximately 4.5 x 10"10 mol/cm2. This corresponds to 1.07 x 10'6 grams of 

copper/gram of electrode modification material. Thus electroactive copper constitutes 

0.015 % and 0.004 % of the copper present in B-WAC and B-NAC respectively. The 

fact that the amount of electroactive copper is much higher in 

B-WAC is not surprising, because there is a large proton population in it. As such, 

isomorphous substitution of exchangeable cations from bentonite lattice by the protons 

will take place.

This denies copper cations (adsorbed) the opportunity to occupy these sites, 

which would have put them in remote locations not favouring electron transport. This 

would have cut down the population of electroactive copper.

3.3.4 ELECTRODEPOSITION OF POLY ANILINE ON A COPPER LOADED 
BENTONITE MODIFIED ELECTRODE.

The B-WAC and B-NAC modified electrode were next used as host matrices 

for the electrodeposition of polyaniline.

The cyclic voltammetric response obtained with the B-WAC and B-NAC
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aniline and l .0 M sulphuric acid in the range -0.8 V to 0.8 V at 20 mV/sec are shown 

in Figs. 3.3.7 and 3.3.8. The polyaniline oxidation peak occurs at approximately 0.18 

V in both cases. An initial increase in the copper redox peaks followed by a decrease 

as polyaniline is electrodeposited were observed. The two redox centres are distinct 

from each other as can be seen in the voltammograms. It can also be observed that, 

in the case of B-NAC modified electrode there was formation of a distinct nuclear 

loop upon reversal of current direction. Such nucleation have been observed by other 

researchers during copper deposition [3j. This process is probably related to the 

internal pH of the bentonite matrix, as a similar phenomena is not observed with 

B-WAC electrodes.

On continued cycling, the polyaniline redox peaks dominate the electrochemical 

scene for both B-WAC and B-NAC cases as shown in Fig. 3.3.9. In this case also 

there was no evidence of formation of bilayer electrodes such as charge rectification. 

The decrease in the copper redox peaks on continued electrodeposition of polyaniline 

is probably due to combination of leaching and outright displacement by the 

polyaniline polymer.

The rate of change of anodic peak for polyaniline was 4.82 x ICC mA/min for 

B-WAC and 6.7 x 10'3 mA/min for B-NAC with a redox efficiency of 52 % and 60 

% respectively. This shows catalytic effect of a redox centre in the matrix. This, as 

already noted, is achieved through electron transfer mediation by the redox centre 

between the electrode surface and the aniline monomers.
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Fig. 3 . 3 . 9 : ijammogram depicting only the poly aniline redox peak, 

yclic contains O.IM aniline and I.OM H2 SO4 . Potential
rhe sold* ^  3 ^  j 0 0 .85V . Scan rate ZOmV/sec. 
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112



Scan rate studies conducted after the merging of the two oxidation peaks (see 

Fig. 3.3.10) show a peak whose peak potential varies linearly with v*. This is typical 

of quasi reversible systems 174]. A plot of ipa versus v was linear showing that the 

species were surface attached.

3.4 CHARGE STATE TRAPPING AT A CONDUCTING POLYMER-REDOX 
ION EXCHANGER INTERFACE - A BILAYER ELECTRODE.

3.4.1 ELECTROCHEMICAL BEHAVIOUR OF COPPER ON a n  a m b e r l i t e  
MODIFIED ELECTRODE

The cyclic voltammetric response obtained from the amberlite modified 

electrode during the cycling of potential in the range -0.3 V to 0.6 V in a solution of 

0.1 M sulphuric acid and 0.01 M copper sulphate displayed the same electrochemical 

features as those exhibited in the bare carbon case, the only difference being that the 

oxidation peak potential now occurred at 0.1 V. This represents a shift of 

approximately 20 mV towards negative potentials. The shift probably has no 

electrochemical significance other than, being due to iR drop in the electrode (see Fig.

3.4.1).

A plot of the oxidative peak current versus time (see Fig. 3.4.2) yielded linear 

plots for different electrode samples under the same experimental conditions. The 

slopes had a value of approximately 3.4 x 10°mA/min with a redox efficiency of 

80 %.
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Fig. 3.4.2: A plot of anodic peak current versus time for an amberlite modified
electrode in a solution containing 0.1 M Ii2S04 and 0.01 M CuS04. 
Potential range -0.3 V to 0.6 V. Scan rate 20 mV/sec.

On transfer of the electrode into a solution containing 0.1 M sulphuric acid, 

a shift of about 20 mV was observed. The copper oxidation and reduction peaks were 

stable and lasted for over 50 minutes. Electrodes made this way were latter used for 

the purpose of electrodeposition of polyaniline (section 3.4.3).

3.4.2 ELECTRODE MODIFICATION USING PRE-TREATED AMBERLITE

The next set of experiments involved electrodes modified with copper loaded 

amberlite. These electrodes were dipped into a solution containing 1 M sulphuric acid
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(no Coppcr sulphate) and (lie potential cycled from -0.3 V (o 0.8 V at a scan rate of 

2 0  mV/sec. An oxidation peak at 0.16 V lor A-NAC’ and 0.06 V lor A-WAC were 

observed. Tbc reductive peak occurred al -0.2 V for A-NAC and was in d is tig u ish ab le  

for the A-WAC case.
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Fig. 3.4.3: A plot of maximum anodic peak current versus amount of A-WAC
used in the electrode modification on dipping the electrode in 1 M 
H2S 04. Potential range -0.3 V to 0.8 V. Scan rate 20 mV/sec.

The 80 mV shift towards the positive potentials of the copper oxidation peak 

for A-NAC modified clcclrodc as compared to that of bare carbon, was attributed to 

the fact that exchanged copper is a little more difficult to oxidize than copper ions in 

solution.
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Plots lor anodic versus cathodic peak current were linear, giving a redox 

efficiency as high as 87%.

In the next set of experiments an attempt to relate the maximum anodic peak 

current obtainable to the amount of material used in the electrode modification was 

made. This was done by dipping a copper loaded amberlite modified electrode in 1.0 

M sulphuric acid and cycling the potential in the range -0.3 V to 0.8 V. Several of 

such experiments were conducted, but only representative results have been shown in 

Fig. 3.4.3 for A-WAC. When these were used as calibration curves to establish the 

expected surface coverage for a given mass of amberlite used in electrode preparation, 

an error of 10 % for A-NAC and 5 % for A-WAC was realised. This was attributed 

to non-reproducibility of the surface morphology. The slope of these plots were found 

to be 1.5 x 10~8 mol/cm2 per gram of A-WAC and 37.8 x 10'8 mol/cm2 per gram of 

A-NAC. This corresponds to a value of 2.4 x 10'6 grams of copper per gram of A- 

WAC and 6.02 x 1 O'5 grams of copper per gram of A-NAC based on the equation;

Tapper X Mol. weight of CuS04 X Electrode area

X-ray fluorescence (XRF) analysis done to determine the amount of copper in 

A-NAC and A-WAC gave the results shown in Table 3.6. Electroactive copper, 

therefore constitutes approximately 0.16 % of the copper contained in the A-WAC and 

0.38 % of copper contained in A-NAC. This suggests that most of the copper in the 

amberlite is not electroactive. This low value of Tcu (electroactive) can be attributed
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to  th e  f a c t  th a t  th e  e le c t r o a c t iv e  c o p p e r  is th a t  a d s o rb e d  o n to  th e  s u r fa c e s  o f  th e  c a tio n

exchanger or on sites resulting from defects i.e ., holes.

Table 3.6: Copper concentration in A-WAC and A-NAC as determined by XRF
analysis.

Sample Copper cone, x 103(g/g)

A-WAC 1.49
A-NAC 16.0

3.4.3 ELECTROCHEMICAL BEHAVIOUR OF POLYANILINE ON A 
PRETREATED AMBERLITE MODIFIED ELECTRODE.

In the next set of experiments a conducting polymer - polyaniline was 

electrodeposited on pre-treated amberlite modified electrode. The experiments were 

started by cycling the potential of an amberlite (no copper) modified electrode from 

-0.3 V to 0.8 V at a scan rate of 20 mV/sec, in a solution containing 1.0 M sulphuric 

acid and 0.1 M aniline. The polyaniline oxidation peak occurred at 0.19 V. It is 

surprising that there was no significant difference in the oxidation potentials of 

polyaniline electrodeposited on an amberlite electrode as compared to that

, t This had been expected due toelectrodeposited on a bare carbon electrode.

. • apnerated on oxidation of polyaniline
electrostatic interaction between cationic sites generated

. ■ • Ox/paklv acidic group such as -COO),
(see scheme VI) and those of the anionic sites ( V

rr t fi,e redox potentials. The absence ol 
found in the cation exchange res.n to affect the

e M a , IC interference be,-een p C — ne

a veiled pointer to the w o  units being dislinctly separate i.e.. bilayer arrangement.
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When a similar experiment was repeated but this time using a copper loaded 

amberlite (in a solution containing 1 M sulphuric acid and 0.1 M aniline) as the 

electrode modification material, different results were obtained. The results obtained 

also depended very strongly on the mode of attachment of the copper redox centre on 

the amberlite i.e., simultaneous exchange (SE) or physical adsorption (PA) e.g. A- 

WAC. Experiments conducted on  the SE-amberlite electrode revealed copper 

oxidation/reduction peaks which were decreasing while three other oxidation peaks 

were building up at 0.19 V, 0.36 V and 0.71 V (see Fig. 3.4.4).

The oxidation peak at 0.19 V results from the polyaniline oxidation process, 

while those at 0.36 V and 0.71 V are attributed to quinone - quinone imine 

derivatives, characteristic of polyaniline at very positive potentials [8].

When similar experiments were conducted on the A-WAC electrode, the 

polyaniline redox peaks were observed to start as a shoulder off the copper oxidation 

peak, gradually developing into a well defined peak (see Fig. 3.4.5). The double 

humped copper-polyaniline peak finally merges into one distinct peak where the peak 

potential of this new peak corresponds to that characteristic of polyaniline (see Fig. 

3.4.6).

The interesting thing is that at some stage during the electrochemical process, 

the copper redox state appear "trapped" i.e., invariant as the polyaniline redox peaks 

develops. This status is maintained throughout until when the polyaniline peak 

becomes dominant. This charge trapping is a further pointer to bilayer formation |86|.
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Fig. 3 .4 .4 :  voltammetric response on transfering

Qrnberlite (by  simultenous exchange) into 
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0.12V

3 ^  ^ solution conta^u^10 ôr A -W AC  modified electrode in a
n , \ / ) f l n o \  g H2 S 0 4 and O.IM aniline. Potential range 

-0 .3 V  to 0.8V  Scan rate 20  mV/sec
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If A-WAC is treated as the inner film and polyaniline as the outer film, then 

the current controlling steps will include oxidation of copper redox sites, 

electrochemical charge transfer through the A-WAC and polyaniline film, and finally 

e le c t r o n  transfer between the redox centres i.e., copper in A-WAC and polyaniline. 

The rate determining step will be electron transfer between the PA-amberlite and 

polyaniline redox centres, as the other processes are relatively fast i.c., the peak 

currents are proportional to scan rate implying that charge transport is fairly rapid.

The electron transfer at the PA-amberlite and polyaniline (PAN) interface may 

then be expressed by the following equation;

A-WACn+ + PA N --------> PANn+ + A-WAC.

The Kct| for the above reaction, calculated from the equation;

- f f l n  Kaq=(Eln-Eollt)

where n - is the number of electrons involved in the reaction, Ein and Eout represent 

the formal potential of the inner and outer layer respectively, is 1 x 102 

(for n =  2).

This value is twice that obtained for the 

poly-Ru(VB)3/poly-VDQc+ (vinyl diquat) bilayer electrode [86|.

Using the equation;
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E P = E . Ln

where

R T ln M
n F

M= R T
n F V

K i n  t  e r f
X

-p  i n  t e r f  i n  t e r f  
1 I n  1 o u t

o u t

one obtains a value of M = 100. Where r jn,ntcrf gives the amount in mol/cm2 of the 

inner and while r outmtuf gives the amount in mol/cm2 of the outer film redox sites in 

contact at the interface between the two layers and v is the scan rate in volts/sec and 

Ep is the peak potential in volts. (For further discussion of the equations, see reference 

1861).

Using the value of M = 100, the product

pnterf ^  Fininterf X r ou,intcrf approximately equals 68 for n is two and v equals 20 x 10'3 

v/sec.

and using the equation;

. __ n A F V 2

e R T  out

we o b t a i n  r out ~ 6 . 0 3  x  10'10 mol/cm2, t a k i n g  an i p.« v a lu e  o f  

20  o b t a i n e d  from th e  c y c l i c  voltammogram. I t  i s  important  

t o  m e n t io n  t h a t  t h e  A-WAC was t r e a t e d  as  the  in n e r  l a y e r ,  

e v e n  though  on p e e l i n g  o f f  th e  e l e c t r o d e  one can c l e a r l y  s e e  

p o l y a n i l i n e  f i l m  n e x t  t o  th e  working e l e c t r o d e .
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On com paring  t h i s  v a l u e  t o  t h a t  o f  e l e c t r o a c t i v e  copper  

c o n t a i n e d  i n  40 mg o f  A-WAC used  i n  th e  e l e c t r o d e  

m o d i f i c a t i o n  ( i . e . ,  6 x 10'10 mol/cm2 o f  copper) I t  i s  

o b s e r v e d  t h a t  t h e  r a t i o  o f  th e  copper  t o  p o l y a n i l i n e  redox  

c e n t r e s  i s  a p p r o x i m a t e ly  1 : 1 .  The f a c t  t h a t  we have equal  

amounts o f  c o p p e r  and p o l y a n i l i n e  redox  c e n t r e s  y e t  the  

l a t t e r  i s  dominant i s  a v e i l e d  p o i n t e r  t o  th e  f a c t  t h a t  the  

c o p p e r  r e d o x  s t a t e  i s  "trapped". A s i t u a t i o n  c l a s s i c a l l y  

a s s o c i a t e d  w i t h  b i l a y e r  e l e c t r o d e s .
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CONCLUSION

E l e c t r o d e  m o d i f i c a t i o n  w i t h  io n  ex ch a n g e rs  has been  

shown t o  b r i n g  o u t  s a l i e n t  e l e c t r o c h e m i c a l  f e a t u r e s  which  

c a n n o t  be  o b s e r v e d  on a b are  e l e c t r o d e .  I t  i s  th u s  im portant  

t h a t  o t h e r  c a t i o n i c  exchange  m a t e r i a l s  be i n v e s t i g a t e d  f o r  

t h e  same a b i l i t y .  I n v e s t i g a t i o n s  on th e  o v e r a l l  

e l e c t r o c h e m i c a l  e f f e c t  on th e  redox  p r o p e r t i e s  o f  v a r io u s  

c a t i o n s  on an e l e c t r o d e  m o d i f i e d  w i t h  p i l l a r e d  b e n t o n i t e  may 

be i n t e r e s t i n g .  Such an e l e c t r o d e  may a l s o  be used  as a h o s t  

m a t r i x  f o r  p o l y a n i l i n e .

The u s e  o f  i o n  e x ch a n g e rs  e s p e c i a l l y  a m b e r l i t e  and the  

c h e a p e r  b e n t o n i t e  as  t r a p s  o f  l e a d  from w a ste  p r o d u c ts  may 

o f f e r  a s o l u t i o n  t o  en v iro n m en ta l  l e a d  p o l l u t i o n .  The s tudy  

o f  t h e  enhancement o f  th e  redox  p r o p e r t i e s  o f  l e a d ,  when 

a d s o r b e d  on an exch a ng er  may f u r t h e r  be r e f i n e d  as a 

t e c h n i q u e  f o r  q u a n t i t a t i v e  and q u a l i t a t i v e  a n a l y s i s  o f  l e a d .

The f a c t  t h a t  th e  redox io n  exchange m a t e r i a l  may be 

p e e l e d  o f f  t h e  e l e c t r o d e  s u r f a c e  a f t e r  th e  e l e c t r o d e p o s i t i o n  

o f  p o l y a n i l i n e  i s  o f  s i g n i f i c a n c e  i n  t h a t  i t  may be 

s u b j e c t e d  t o  f u r t h e r  a n a l y s i s .  A l s o ,  now t h a t  we have  

s u c c e s s f u l l y  formed a b i l a y e r  on such an e l e c t r o d e ,  i t  i s  

w o r t h w h i l e  t h a t  o t h e r  c a t i o n s  in  c o n j u n c t i o n  w i th  o th e r  

c o n d u c t i n g  po ly m ers  be i n v e s t i g a t e d .  T h is  c o u ld  be a major 

b r e a k t h r o u g h  i n  t h e  world  o f  e l e c t r o n i c s  e s p e c i a l l y  in  the  

f i e l d  o f  d i o d e s .
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