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ABSTRACT 

Conducting Polymer and Zeolite Modified Carbon Electrodes for the Determination of 

Drugs and Biological Fluids 

Solomon Mehretie 

Addis Ababa University, 2013 

Electrochemical signals can be enhanced by specifically modifying electrode surfaces 

with the aim of providing suitable environment to the analyte of interest. Poly(3,4-

ethylenedioxythiophene) and activated iron(JlI) doped zeolite were used to modify 

carbon electrodes for the determination of drugs and biological fluids. 3,4-

Ethylenedioxythiophene was electropolymerized on glassy carbon electrode by running 

multi-sweep cyclic voltammetry whereas iron(lIl) doped zeolite was coated on the 

electrode surface. Both modified carbon electrodes were characterized by using cycl ic 

voltammetry. The poly(3,4-ethylenedioxythiophene) modified electrodes were employed 

for the determination of niclosamide and N-acetyl-p-aminophenol while the iron(JlI) 

doped zeolite modified electrodes were used to determine pyridine-2-aldoxime 

methochloride and uric acid. Cyclic voltammetry and differential pulse voltammetry were 

used to investigate the electrochemical behavior of N-acetyl-p-aminophenol and its 

degradation product, p-aminophenol at poly(3,4-ethylenedioxythiophene) modified 

electrode in pH 7.0 buffer solution. Both N-acetyl-p-aminophenol and p-aminophenol 

showed quasi-reversible redox reactions with formal potentials of 367 m V and 101 m V 

(versus Ag/ AgCI), respectively. The significant peak potential difference (266 m V) 

between N-acetyl-p-aminophenol and p-aminophenol enabled the simultaneous 
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determination of these species using differential pulse voltammetry. The voltammetric 

responses gave linear ranges of 1.0- 100 /lM and 4.0- 320 /lM, with detection limits of 

0.40 /lM and 1.2 /lM for N-acetyl-p-aminophenol and p-aminophenol , respectively. 

Furthermore, the poly(3 ,4-ethylenedioxythiophene) modified electrode showed a very 

good electrochemical behavior for niclosamide with a significant enhancement of the 

peak current compared to the bare electrode. A linear voltammetric response for 

niclosamide was obtained in the concentration range 0.075- 7.50 /lM, with a detection 

limit of 0.01 /lM. When the iron(lll) doped zeo lite modified glassy carbon electrode was 

treated with sulfuric acid (2.5 mM), it showed a better electrochemical response 

compared to the untreated zeolite modified electrode. Cyclic voltammetry and square 

wave voltammetry were employed to investigate the electrochemical behavior of 

pyridine-2-aldoxime methochloride and uric acid at the modified electrode. The 

analytical performance of the modified electrode was evaluated using anodic stripping 

voltammetry in a buffer solution (PH 7.0), and a linear response for pyridine-2-aldoxime 

methochloride was obtained in the concentration range 0.5-100.0 /lM with a detection 

limit of 0.16 /lM. The iron(IIl) doped zeolite was also responsible for the electrocatalytic 

oxidation of uric acid in a buffer solution (PH 4.6). The analytical performance of the 

iron(IIl) doped zeolite modified electrode was evaluated using square wave voltammetry. 

A linear anodic response for uric acid in the concentration range 0.6-6.0.0 /lM, a 

detection limit of 0.09 /lM and sensitivity of 0.64 /lA /lM- 1 were obtained. Finally, the 

proposed methods were successfully applied for the determination of the analytes in 

pharmaceutical formulations and/or biological samples. 
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1. Introduction to conducting polymer and zeolite 

1.1. Background 

Electrochemistry was earlier begun by emphasizing the equilibrium a pect of a redox 

reaction, particularly focusing on subjects such as ga lvani c ce ll , potentiometry and 

conductometry [J]. Attention was not given to the dynamic aspect of electrochemistry 

until the beginning of the I 920s. The change in the course of electrochem istry was started 

in 1922 when Heyrovskey published the first paper dealing with polarography [2] for 

wh ich he was awarded the Noble Prize in Chemistry in 1959. Polarography deals with 

current-potential relationships of a redox reaction exhibited by the dropping mercury 

electrode, proved to be the first electroanalytica l technique in electrochemistry. 

The di scovery of polarography opened a new area of study in electrochemistry such as 

the kinetics of redox reactions and reversible or irreversible electron transfer processes 

[3]. Mercury was the metal that pushed electroanalytical chemistry to the hi ghest level in 

the field of electrochemistry in the 1940s. Apart from the huge experimental work made 

with this unique metal, polarography also constituted the experimental benchmark for the 

enormous theoretical work dealing with di ffe rent types of electrode mechanisms [4-7]. 

Although mercury was still taken in great consideration in the 1970s, 1980s and even 

nowadays, its toxicity to the environment reduces its use. 

The era of sol id electrodes instead of the dropping mercury electrode began in the J 960s 

[8]. This change of the working electrode gave rise to a technique called vo ltammetry 

which is more sensitive and faster than polarography [9]. The presence of hi gher chargi ng 



current in polarography made it less sensiti ve than vo ltammetry. In 1969, Ralph Adam 

published a volume that constitutes a reference point fo r di fferent olid electrode 

materials other than mercury [10]. These ubstrates include platinum, go ld and various 

forms of carbon. The 1960s and the 1970s were also the decades when theoreti ca l studies 

made for different complex electrode mechani sms, based on linea r sweep and cyc li c 

vo ltammetry [11]. 

Although solid electrodes such as gold, platinum and carbon are currentl y in widespread 

use in electroanalytical chemistry, because of their broad potential range, low background 

current and suitability for various sensing and detection applications, they are prone to 

poisoning by contaminants (fouling), sluggish electron transfer and di ffi culty in obtaining 

the des ired se lectivity and sensitivity. In order to address these drawbacks, modifi cati on 

of so lid electrodes was begun in the 1970s [1 2, 13]. Royce Murray ' s exhaustive treatment 

of chemically modified electrodes (CMEs) appeared in a chapter in the Electroanalytical 

Chemistry seri es by Bard in 1984 [14]. In his review, Murray gave a definiti on fo r 

modifi ed electrode: " ... one deliberately seeks in some hopefull y rationale fashi on to 

immobilize a chemical on the electrode surface so that the electrode thereafter di splays 

the chemical , electrochemical , optical, and other properti es of the immobilized molecules 

.. .. " Hence, CMEs are deliberate placement of chemical spec ies onto an electrode surface 

to meet a desired goal in order to accelerate the electron transfer reacti ons, preferentiall y 

(pre)concentrate and/or enhance selectivity. Since Murray 's review, there have been huge 

amounts of work on CMEs for the last 28 years [1 5-17]. 
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Electrocatalytic property is one of the important feature of M to be utilized in 

electroanalytical chemistry. Figure 1.1 illustrates an example of electrocata lytic proce 

at a CME with decrease in overpotential (11). The rever ible redox mediator Mox/Mred 

with a standard potential of E'/.t was immobilized on an electrode to promote th e 
oxlu(J 

irreversible oxidation reaction of Ared ~ Aox + e-. A relati vely hi gh overpotential wa 

observed at a bare electrode (Figure 1.1 A) while in the presence of the med iator the 

reaction was promoted by redox mediation with a low overpotential atE'/.t (Figure 
ot' / , .. (1 

1.1B). This type of heterogeneous CMEs is not only selective and sensitive but also fast 

and reusable in electroanalytical measurements. 

EO 
Mox/red 

A 

Solution 

o 
EA = '/1 

ox/red 

I 
un-catalyzed 

('I, » '12 ) 

B 
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o 
red - E A ox/red 

L-________ ~------_I 
I 

catalyzed 

Figure 1.1. Schematic representation for the oxidation reaction of analyte (Ared~Aox) on: 

(A) bare electrode and (B) modified electrode with mediators (M redIMox). The Eobs ' 

EO EO and r; correspond to un-catalyzed, Mred/ox mediated standard potentials and 
Mrtd fox Aml lox 

over potential , respectively 
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There are four methods of preparing CMEs, based on the nature of the modifying process 

[16, 18]. Sorption is considered the first method to place a chem ica l species at a 

conductive surface. It is an adsorptive interaction between a chem ica l species and the 

surface of an electrode. The chemical species consists of 11: systems containing functional 

groups suitable to interact selectively with spec ies in so lution. For the case of sorption­

based CMEs, physical and chemical interaction properties are utilized a modify ing 

procedures to form monolayer structures [19, 20J. 

Chemisorption requIres direct contact between the chemisorbed molecule and the 

electrode surface; as a result, the hi ghest coverage achievable is a monomolecular layer. 

Apart from this coverage limitation, the chemisorbed chemical spec ies slowly leach into 

the contacting solution during electrochemical investigations. 

However, there has been a recent rebi rth of interest in usi ng chemisorption to modify 

electrode surfaces. This rebirth is centered on the use of thiols, su lfides and di sulfides as 

chemisorption agent for derivatization of gold (and other) electrode surfaces [21-23]. The 

derivatization agents are of interest because the chemisorption processes can yield 

densely-packed and highly-ordered monolayers films on the electrode surfaces. 

Another method of modifying an electrode surface is using covalent bond formation . The 

formation of covalent bond between specific functional groups on the electrode surface 

and the chemical species to be attached to the surface involves reaction of a surface 

hydroxyl with hydrolytically-unstable siline [24]. The si lane wi ll be hydro lyzed in the 

presence of trace water to form a siloxane that will ultimately become covalentl y attached 
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to the electrode surface. 1n addition, carbon surface is found to be effic ient fo r the 

covalent modification due to its alterabl e fu nct ionali ties and hence numerou 

investi gations are made on variety of carbon surfaces [25]. 

Polymer-based multilayer CMEs prov ide another way of modi ficat ion of an electrode 

surface . A number of polymers have been used to prepare CMEs, they can be class ified 

into: redox polymers, ion exchange polymers and electroni call y conduct in g polymers. 

Redox polymers are polymers that contain electroactive fu nctionali ties either within the 

main polymer chain or side-chain pendant on the polymer. A typica l example is 

poly(vinylfe rrocene) in which the ferrocene groups attached to the polymer chain are the 

electroactive functionality [15]. 

Ion exchange polymers are not themselves electroacti ve but can incorporate electroactive 

guest molecules. They incorporate electroactive counterions vi a an ion exchange reaction. 

For example, Nafion (perfluorosulfonate ionomer) is a strong acid ion exchange polymer 

in which the proton can be replaced with an electroacti ve cation ion [1 5, 26]. 

The th ird class of polymer used to prepare CMEs is electroni ca lly conducting polymer 

wh ich attracts a lot of attention as voltammetri c transducers [27]. Conducting polymer 

modifi ed electrodes were used to detect a number of electroacti ve compounds such as 

dopamine [28-3 J], ascorbic acid [32-34], uric ac id [35], morphine [36], and serotonin 

[37]. The advantage of conducting polymer modi fied electrodes over conventional metal 

or carbon electrodes is their electrocatalytic abili ty. Thi s often leads to better separati on 

of oxidation (or reduction) peaks of the diffe rent analytes in electrochemica l responses. 

5 

/ 



Clay, zeolite and other inorganic, microcrysta lline structured mat rial hav al 0 been 

used to modify electrode surfaces [38-40]. The e inorganic material are of intere t 

because they are ion exchangers, li ke ion exchange polymers; clay and zeo li te can 

withstand high temperatures and hi ghly oxidizing solution media. In addition , these 

inorganic materials have well-defined microstructures. For example, clays have a sheet-

like structure and zeo li te contain pores and channels of well-defined diameter. The four 

possib le routes for the preparation of CMEs are schematically sllmmarized a shown in 

Figure 1.2. 
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Figure 1.2. Schematic representation for variolls types of CME preparation routes 
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In general, CMEs have been shortened into three main categorie [41] : ( I) monolayer 

modified electrodes, (2) homogeneous multimolecul ar ly layered electrode (mainly ba ed 

on polymer films) , and (3) composite electrodes based on multicomponen t heterogeneou 

matrixes that are constituted by either (bio)organic or inorganic modifiers. Thi the is 

mainly focuses on the latter two categories in which modification of electrodes by 

conducting polymers and zeolite will be discussed. 

1.2. Conducting polymer 

Polymers are simply large molecules (macromolecules) that are made from mailer 

repeating units (monomers). They have normally insulating properties used ex tensively to 

insulate materials in electrical , electronics and package industries. Conducting polymers 

differ from these conventional polymers in that they are electronicall y conducting. The 

discovery and development of conducting polymers were made by Alan 1. Heegar, Alan 

J. MacDiarmid, and Hideki Shirakawa who were awarded the Nobel Prize in Chemi stry 

in 2000. Conducting polymers are organic materials exhibiting intrinsic conductivity due 

to their delocalized electronic structure along the conjugated backbone (Figure J .3). 

N 
H 

1 

n 

2 3 

Figure 1.3. Structure ofpolypyrrole (1), poly thiophene (2) and polyaniline (3) 
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The conductivity exhibited by conducting polymers was in earlier day explained by 

using the Band theory [42]. Materials depending on their electrical conductivity can 

generally be classified into insulators, semiconductors and conductors. This classification 

depends on the energy gap (band gap) between the valence band and the conduction band 

as depicted in Figure 1.4. The band gap of insulator materials is more than 10 eV and 

hence, it is difficult to promote an electron from the valence band to the conduction band. 

The band gap for semiconductors is smaller (about 1 eY) so it is possible to excite 

electrons from the valence band to the conduction band at room temperature. In 

conductors, the valence band and conduction band overlap; in fact some portion of the 

conduction band is filled by electrons. 

Overlap 
I 

Electron 
energy 

- ----~ ------- -----------t------

Conductor Semiconduct 

Conduction 
band 

Ban 

---------- - - F ermj level 

Valence 
band 

Insulator 

Figure 1.4. A diagram of the electronic band structure for conductor, semiconductor and 

insulator 

The band structure of a conducting polymer comes from the interaction of the 7t-orbitals 

of the repeating units. The calculated energies of oligothiophenes with n = 1-4 and of 

polythiophene as a function of oligomer length are shown in Figure 1.5 [43]. The addition 
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of every new thiophene unit causes hybridi zation of the energy leve l yie ldin g more and 

more levels until a point is reached at which there are band rather than di crete level . 

Interaction between the n-electrons of the neighbori ng molecul es lead to a three-

dimensional band structure. 

Energy 
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Figure 1.5. Energy levels of oligothiophenes with n = 1-4 and of polythiophene, where 

Eg is the band gap [43] 

The band gap of conducting polymers is around I eV, indicating that conducting 

polymers are semiconductor materials . In a semiconductor, doping produces an acceptor 

energy level close to the valence band or a donor energy level close to the conduction 

band. But the conduction of conducting polymers is a little different. 
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The conduction mechanism of conducting polymer i due to the interacti n of a number 

of atomic orbitals leading to the fo rm ati on of electron band tructure. When ox ida ti n of 

a conjugating conducting polymer (F igure 1.6a) occur a radical and a po itive charg 

are fo rmed. These radical and pos itive charges are coupled to each other via loca l 

resonance along the polymer backbone. Thi s combinat ion of a charge site and a radica l i 

known as polaron (Figure 1.6b). Polarons can also be defin ed as a radica l cati on ( pi n Y2) 

which is partially delocali zed over some of the polymer segment and i stabil ized by 

polari zing the medium around it. A polaron can move over several double bond by 

rearrangement along the conjugated backbone [44]. 

+ 
c 

+ 

+ 
b 

a 

Figure 1.6. Structures of: (a) undisturbed conjugation, (b) polaron, and (c) bi po laron 

The formation of a polaron creates new localized electronic energy states in the band gap 

between conduction and valence band . The lower energy state is occupied by a single 

unpaired electron (Figure 1.7). At low ox idati on levels, two po larons are kept away fro m 

each other by coulombic repulsion. When the ox idat ion potenti al increases, the polarons 

become crowded and begin to interact along the conj ugated backbones. A bipolaron is 

formed when two polarons are combined due to further oxidation (Figure 1.6c). It is 

defi ned as a pair of like charges (dication) associated with a strong loca l geometri cal 
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distortion and it is spin less. The bipolaron ha a lower energy level and i m re tab le in 

comparison to a polaron . 

The bipolaron in non-degenerate conducting po lymers may not be table becau e of the 

coulombic repulsion of the two polarons which constitute the bipolaron. H wever, the 

presence of dopant ions in the neighborhood can stabilize the bipolaron [45]. At hi gher 

doping levels, bipolarons form a bipolaron band (Figure 1.7). It is po ible for a heav ily 

doped conducting po lymer that the upper and lower bipolaron band will combine with 

the CB and VB respectively, forming a partially fi ll ed band similar to a metal. The ame 

phenomenon occurs when the polymers are reduced, in which the negative polaron 

(radical anion) and bipolaron (dianion) are formed. 

CB CB B B 

~ 
VB VB VB VB 

neutral polaron bipolaron bipolaron 
polymer band 

Figure 1.7. Schematic representation of polaron, bipolaron, and bipolaron band energy 

states between valence band (VB) and conduction band (C8) 

The positive charges in the structure of a bipolaron are free to move along the conjugated 

backbones. Electronic conductivity arises from the mobil ity of the polaron and bipolaron 

charge carriers. As mentioned earlier, these charge carrier are tabilized by dopant ion 
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from the electrolyte solution. To further illu trate thi phenom n n th 

polymerization ofa monomer (HMH) is con idered ( q. 1.1 ) [46). 

idati n 

(n + 2) HMH --+ HM(M)nMH(nx)+ (2n 2)H+ + (2 n + 2 nx)e· ( 1.1) 

(2n + 2) electrons are used for the polymeri zati on proce s it If, whil e the additiona l 

charging of the polymer film requires nx electrons. In general, x lie between 0.25 and 

0.4 and represents the doping level of the pol ymer. Thi mean that every third to fourth 

monomeric subunit is charged at the end of polymerization [46). The conductivity of 

conducting polymers depends on the amount of anionic or cationic doping. The hi gher 

the level of doping, the more the conductivity of a conducting polymer would be due t 

the creation of more mobile charges. Therefore, the conductivity of th e polymer i not 

only dependent on the redox state of the polymer but al 0 on the level of doping. 

1.2.1. Synthesis of conducting polymers 

There are two ways to synthesis conducting polymers: chemica l and electrochemical 

polymerization. Chemical synthesis is achi eved when the monomer is expo ed to 

relatively strong oxidizing agents such as ammonium peroxyd i ulfate, potassium 

di chromate or ferric chloride. This can be carried out in so lution or directly on the surface 

of a substrate. Chemical synthesis on a surface of an electrode invo lves depositing the 

des ired monomer solution on it and then subsequentl y treating the urface with the 

so lution or vapor of the oxidizing agent. As a result a polymer film i formed on the 

surface of the substrate. 
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The most common way of preparin g c ndu ting p I mer an dic 

electropolymerization. Here, the first tep of polymeri zati on in 01 e oxidati n f a 

monomer to its radical cations, M+-, foll owed by radical-radi ca l coupling th at lead to a 

radical dication. Then, the radical dication lose two pr ton to form a dimer. A thi 

dimer is more easily oxidized than the monomer, because of its gr ater c njugati on, it i 

immediately oxidized to its cation, undergo ing a next coupling tep with a mon meric 

rad ical cation and then from the resulting charged trimer agai n pr ton are eliminated. 

Thi s series of reactions (like chain propagat ion reaction) re lilt in th e formati n of a 

polymer (P) (see Scheme 1.1 , considering: monomer, M' dimer, O' trimer, T' tetramer, 

Q) [47, 48] . 

2M 

~. + M+- ~ D + 2H 

D 

T 

Scheme 1.1: Chain propagation approach of electrochemical synthe is of conductin g 

polymers 

Even though the chain propagation reaction is widely accepted , a different mechani m 

(oligomer approach) has recently been propo ed [46]. The reason behind thi approach is 

that the very first step a radical ion dimerization of the monomeric tarting molecule 
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took place and the coupling tend ncy between harged li g mer and a m n m r radi al 

cation decreased as a function of the oligo m ri c chain length. Th 

deposition of the polymer occurring by coupling of oli go mer ho n In heme 1.2 . 

2M - 2e- ) 2Nr· 
Oxad 

ut· + ut· ~ D + 2H 

D - 2e- D+· 
Oxad ) 

[--P--}n 

Scheme 1.2: Oligomer approach of electrochemi ca l ynthe i r conductin g po lymer 

[47] 

When a suitable potenti al is applied to a conducting ub trate that ha been placed in a 

monomer so lution, electropolymerizati on ta ke place. There are di ffe rent technique of 

electropolymerization: Potentiostatic (constat potent ial), ga lvano tat ic (con tant current) 

or potentiodynamic (multi-sweep cyc lic vo ltammetry) technique. The potentiodynamic 

experiment, in particul ar, provides simple inform ati on on th e rate of growth of 

conducting polymers. The increase in current with each cyc le of a mu lti- weep cycli c 

vo ltammogram is a direct measure of the increase in access ible sur face and the num ber of 

rechargeable redox sites (F igure 1.8). An adh erent polymer film can be attach d directl y 

onto an electrode in one sim ple tep. Reprod ucible fi lm can be fo rmed as the fi lm 

thickness can be contro lled by monitorin g the number of c cle . 
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Figure 1.8. Potentiodynamic growth of a poly(3 ,4-ethy lened ioxythi phene) film at 

in acetonitrile (0.1 M BU4NBF4, v = SO mY - I) 

1.2.2. PoJy(3,4-ethyJenedioxythiophene) 

Po ly thiophene (Figure 1.3 (2)) is formed from the polymerization of thiophene whi ch ha 

re lative ly high oxidation potential ( 1.6 Y vs. S ) compared to pyrrole (+0.8 Y v . 

SeE) [49]. Polythiophene is relatively stable in air and moisture in both doped and 

undoped states [SO] . Substitution at the 3- and 4-positions of thiophene by an electron 

withdrawing group results in an increase in the ox idat ion potential by approx imate ly O.S-

0.7 Y compared to the unsubstituted thiophene [S I S2]. Thi cau e di fficulty to 

electropolymerize the substituted thiophene with electron withdrawi ng groups and re ults 

in poor conductivity of the polymer due to degradat ion (over-oxidat ion). Thi difficulty 

has been attributed to the hi gh reacti vity of the corre ponding radica l that undergo rapid 

reactions with the so lvent or anions to form olu ble products in tead of promoting 

electropolymerization [SI]. 
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On the other hand , substitution of thiophene by ele tr n d nating gr up r ult in a 

decrease in oxidation potentials and stabi li ze the corre ponding rad i al . onducti ity 

and electrochemical stability of alkyl-sub tituted thiophene polymer are ignifi ant i 

lower than unsubstituted poly thiophene [53 , 54]. For alkoxy- ub tituted polythi phenc 

the electron donating effect from oxygen lowers the oxidation potential even m re [55]. 

Considering this development, a new trategy wa di covered in 199 1 [56, 57] to 

electropolymerize ~-~ di substituted thiophene (34-ethylened ioxythi phene) to produce 

more ordered polymers with longer conjugation. Thi new polym r i known a poly(3 4-

ethylenedioxythiophene) (PEDOT). 

The monomer 3,4-ethylenedioxythiophene ( DOT) ha a boiling point of 225° and 

slowly turns dark upon exposure to air and li ght becau e of parti al ox idat ion. ub titution 

at the 3- and 4- position of thiophene (F igure 1.9 (1» by an oxygen electron donor lower 

the ox idation of EDOT compared to thiophene [58] and prevent the occurrence of a-~ 

and ~-~ coupling during electropolymerization. The e donating groups al 0 tab ili ze the 

pos itive charge generated in doped PEDOT (F igure 1.9 (2» . Under milder preparation 

conditions, the resulting polymers are not as sensitive to nucleophilic attack as the 

corresponding unsubstituted material s are [59]. 
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Figure 1.9. Chemical structures of EDOT (1) and P DOT (2) 

Because of its intrinsic features, PEOOT ha become one of the mo t p pulaI' nducting 

po lymers being studied by many scientifi c re earch group [60, 6 1]. It al w m 

advantages such as high conducti vity (about 300 cm- I
) , envir nm ntal tab ility hi gh 

transparency [59], low ox idati on potential, relatively low band gap [62] , go d chemi ca l 

and electrochemica l properties [58]. However, DOT and PDT have the drawback of 

poor water solubility (2. J g L - I at 20°C), both in neutral and doped r, rm [49]. Thi 

prob lem has been overcome by introducing polystyrene ul fo nate (P ) during the 

po lymerization to obtain EDOT/PSS. PSS is a water oluble polye lectro lyte that acts as a 

charge-balancing dopant [58, 6 1]. 

As a resul t of the aforementioned features, PEDOT i u ed fo r a num ber of applications 

[63] such as anti static coatings fo r photographic fi lms, electrode materi al in oli d- ta te 

capac itors, substrates for electrodl ess metal deposition in printed ci rcu it boards indium 

tin oxide (ITO) electrode-replacement materi al in inorgani c electro lumine cent lamp and 

hole conducting materi al in organi c/polymer-ba ed li ght-emitting diode and ensor [49, 

64-66]. 
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1.2.3. Electropolymerization of PEDOT 

Electrochemical polymerization of PEDOT i achi eved when an an dic p tential i 

applied to a conducting substrate that ha been immer ed in a uitable ele tr Iyt 

containing the monomer and the desired doping alt. In oluble oli go mer pr cipi lale al 

the electrode surface forming a thin polymer film. The conduclivity of the e film 

changes by several orders of magnitude upon oxidation of the polymer backb ne. p n 

applying potential onto the film of the electrode, PEDOT can be witched fr m neutral, 

part ially oxidized, and to fully oxidized state as depicted in Figure 1. 10 . A polar n i 

fo rmed when a neutral polymer (Figure l.IOA) 10 e one electron and further oxidati n 

of the polymers leads to formation a bipolaron (Figure 1.10 ). 

When PEDOT is synthesized through electrochemical method, the electr polymeriza ti n 

conditions such as solvent, electrode, supporting electrolyte, polymerization p tential and 

mode of electropolymerization have important effects on the propertie of the P -D T 

fi lms. PEDOT can be electropolymerized in water-solvent mixture or pure water [67-

70]. Electropolymerization in aqueous media is performed u ing urfactant uch as 

sodium dodecylsulfate [67] or sodium dodecylbenzene ulfonate [69]. The urfactant 

form a micellar aqueous medium to induce a catalytic effect by lowering the oxidation 

potential. The polymerization of EDOT in the pre ence of a micellar medium produces 

well organized, compact, and adherent films on th e electrode. However due to low 

solubility ofEDOT in water, it is usuall y electropolymerized in non-aq ueous medium . 
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Figure 1.10. (A) Oxidation of PEDOT egment leading to formal i n f: (B) radical 

cations (polarons) and (C) dications (bipolarons) 

PEDOT films have been prepared in organic med ia uch a acetonitril e conta ining 

LiCI04 [6J] , tetrabutylammonium perchl orate (TSAP) [7J] and propylene carbonate 

containing tetra(n-butyl) ammonia hexaflu oropho phate (TSAPF6) [72]. In organi c 

med ia, EDOT monomers are well di spersed and yie ld rou gh film s without regul arity. 

Th is is attributed to the better so lubility of oli gomer -EDOT whi ch electrodepos it onto 

the electrode surface [58, 59]. Acetonitrile is found to be a more effi cient medium for 

producing adherent fi Ims compared to other non-aqueou olvent uch a prop lene 

carbonate and dichloromethane [58]. 
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The nature of the electrode is another parameter for th preparati n fl · 0 T fi 1m . h 

electrode used must not be oxidizable a it would c mp t with idat i n f th ·0 T 

monomer. For this reason, most studies have focu ed on the elcctr d 

at inert anodes such as platinum, glassy carbon or go ld [58 , 59]. 

n fP 0 T 

The supporting electrolyte also plays a role in the elcctropolymeri zation pro c . Thi i 

because it usually determines the type of anion/dopant that will be inc rp rat dint th e 

polymer to balance the positive charge. The ize of the ani on can innuence vari u 

characteristics such as the porosity and redox propertics of the film [71]. A va t variety of 

dopants have been used to electropolymerize P DOT. The e include ani n 

CI04- , CF)SO)- , BF4- , PF 6- , (CF)S02)2N and P - [72 , 73]. rom c nductivity 

investigations, change in the electro lyte compo ition with those of n n-nucleophili c 

anions yie ld slight difference in conductivity [73J, perchlorate and nuor b rat being the 

best performing anions [71]. 

The potential has also a significant role in the electropolymeri st ion of EOOT. The 

oxidation of EDOT occurs between 0.85 V and 1.50 V vs. E. Oxidation at potenti al 

higher than this leads to a decrease in the conductivity of the po lymer. This process, 

which is known to be an over-oxidation process, is irreversible and occur graduall y with 

increasing potential. A conductivity investigation was made and it was found th at upon 

over-oxidation its conductivity decreases due to degradation of the polymer [74, 75]. The 

conductivity of the n-doped form was also mea ured and va lues approximately 100 time 

lower than that of p-doping was observed, even though degradat ion occur in thi hi ghl y 

negative potential range [74). 
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Finally, the mode of polymerizat ion al ha an f~ t n th p I meri zat i n f · 0 T. 

PEDOT films are mo t commonly electr ri zed la al an tati p tenti tati 

and poteniodynamic method . The film ~ rm ed fr m a n tant urI' nt I' on tant 

potential mode of polymerization are u uall y m r p I' U and un ven whil e the film 

obta ined using repetitive multi- weep V are ge nera lly mo th r and om pact [76]. 

1.3. Zeolite 

Zeolites are mlcroporou , alumino ilicate minera l mm nl y u ed a c mmercial 

ad orbents. The term zeolite wa originally c ined in 1756 by the wedi h min ral gi t 

Axe l Fredrik Cronstedt, who observed that upon rap idl y heatin g the mate ri al tilbite, it 

produced large amounts of steam from water that had been ad rbed by the materia l [77]. 

He called the material zeolite, from the Greek word "1;;£w (zeo) and ",Woe; (litho::,,) 

meaning "boiling stone". 

The atomic structures of zeolites are based on three-d im ensional framework of ili ca and 

alumina tetrahedra, that is, silicon or aluminum ion urrounded by four oxygen ion in a 

tetrahedral configuration. Each oxygen is bonded to two adjacent sili con or aluminum 

ions, linking them together which form s the primary building unit for zeo lites. luster of 

tetrahedra form boxlike polyhedral units that are further linked to build up the entire 

framework. These polyhedral-unit arrangement are known to be the econday building 

units (SBUs). 

The wide variety of possible zeo lite structure i due to the large number of a 111 

which the SBU can be linked to form variou creat 
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networks of regular channels and cavities. One of the imple t ze lit t P dal it . It 

structure consists of a body centered cubic arrangement of ~-cage ( ee . igur I. I I . The 

spatial arrangements of the tetrahedral T04 (T = i or AI) give ri e t a ont inu u thr _ 

dimensional pattern made of voids and channels of di crete izc. The p re r char1l1 I 

openings range from 3 A to 15 A depending on the tructure. 

sodalite 
or {J-cage 

/ 

Figure 1.11. The soldalite or ~-cage and the different structure of zeo lite type formed 

from its ~-cage such as sodalite (SOD), zeolyte A (LTA) and fauja ite (FA U) 

Figure ] .11 shows how the sodalite cage is formed by the three-dimen ional arrangement 

of the T0 4 tetrahedra and it also displays the three-dimentional structure of two zeo lite 

widely used at electrochemical interfaces, zeo lite A (LTA) and zeo lite type X or Y 

(faujasite, FAU), which are built from the same building unit: the odalite cage, the ame 

cage unit from which sodalite (SOD) is form ed. The relati ve fl exibi lit of the T-O-T 

bonds (Figure 1. 11 ) allows the formati on of upercage and pore ap rtur of different 
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sizes. As a result, zeo lites provide unique molecul ar ieving pr p rti , app li ed l b th 

shape and size molecular discrimination. 

The general chemical composition of zeo lites is given by the foil v in J fI rmul a: 

Ay[AlnSim_n02m].xH20 

where A is the extra-framework cation of valence 2 r +3. Thi fI rmula i appli d t 

a unit cell of the zeo lite structure and the portion in bracket repre ent th e framew rk 

composition. The substitution of Si4 by AI3 in the latti ce provide a n ati ve charge in 

zeo lite structure which is balanced by extra-framework cation in ord r t maintain 

electroneutrality. 

The extra-framework cations are relatively mobile, providing el ctr ni ca ll y in ul atin g 

zeo lites with an ionic conductivity, concomitantly with an ion xchang capa ity. The 

cation exchange behavior strongly depend on the nature of the exchangea ble pec le 

(size and charge), on the zeo lite type (e.g., Si/AI ratio, pore ize) and on the experim ental 

conditions (e.g., concentration, pH) [78]. 

1.3.1. Importance of zeolite for electroanalysis 

The interest in aluminosilicate zeolites for the electroanalyt ica l chemi t reli e on the 

intrinsic properties of these material s. Zeo lite are table at hi gh temperature in oluble 

in most organic solvents and provide better res istance to extreme experimental c ndition 

than numerous organic polymers commonly empl oyed to modify electrode urface. 



In addition, zeolites offer size, shape and charge electi iti c due t their rigid thr e-

dimensional and negatively charged lattice structure. Under eq uili brium nl 

those cations with smaller size than the aperture of the ho t zeo lit p I' are abl 

diffuse freely into the zeolite framework [78). Zeolite have b en u ed a 

preconcentration media for various inorganic, organi c and organometall ic ca ti n becau 

of their ion exchange capacity [78 , 79). This property can be advantageo u Iy exploited t 

promote the selective preconcentration of analytes at an electrochemi ca l int rfa e and 

confine electron transfer mediators inside the large caviti e of the ze lit . 

1.3.2. Electron transfer at zeolite modified electrodes 

The electrochemistry of zeolites relies on the mechani m respon ible for electro n transfer 

processes occurring at zeolite modified electrodes as zeo li te are in ul ating materi al . 

There are broadly two mechanisms to explain the electron tran fer at th e ze li te m difi ed 

electrodes: intrazeolite and extrazeolite mechani sms [79]. 

The intrazeolite electron transfer mechani sm takes place when an entrapped pecle in th e 

zeo li te lattice undergoes a redox reaction . As the e entrapped pec ie cann ot carry out 

any ion exchange reaction, the electron transfer occurs within the zeo lite matri x via 

electron hopping processes [80]. Here the charge balance is maintained by the electro lyte 

cati on entering the zeolite lattice (Eq. 1.2). The mechani sm does not di fferentiate pecie 

located deeply in the bulk zeoli te and those situated at the urface of the zeo li te. In 

contrast extrazeolite electron transfer mechani m in vo l e ion e hange of the , 
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electroactive probes for the electrolyte cations (Eq. 1.3) prior t th el ctr n tran ~ r 

reaction at the electrode-solution interface (Eq. 1.4) [41). 

Intrazeolite mechanism 

£111+ + ne- + nC+ ---->. £ (111 - 11)+ + C + 
(z) (s) "'- (z) n (z) ( 1.2) 

Extrazeolite mechanism 

£ 111+ C + ---->. £111+ C + 
(z) + m (s)"'- (i) + m ( z ) ( 1.3) 

£ 111+ + ne- ---->. £ (111 - 11 )+ 
(i) ..,- (i) ( 1.4) 

where E is the electroactive species with charge C+ representing the electrolyte cation 

(chosen as monovalent for convenience), the subscripts z, i and refer t th zeo lite 

phase, the interface and the solution, respectively. 

1.3.3. Preparation of zeolite modified electrodes 

Since a zeolite material is electronically insulator, its use for electroanalys is require a 

close contact to an electrode material. Different strategies have been employed to prepare 

suitable zeolite modified electrodes. Broadly, two approaches have been used: (1) the 

dispersion of solid particles in carbon-based composite matrices and (2) the deposition of 

thin fi lms on solid electrode surfaces [41 , 81-83). 

Zeolite modified carbon paste electrodes can be prepared by thorough mixing of zeolite 

and carbon powder together with a mineral oil which acts as a binder. The mixture is then 

put into a holder equipped with an electrical contact and its surface is moothed b 

mechanical polishing. As far as all components of the modifi ed pa te are uni fo rml y 
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di spersed in the composite, the electrode can reach a good level f rcp r du ibilit 

mechanical renewal of its surface. This has been widely applied t prepare ze lite 

modified electrodes which were used for electroanalysi [84-87]. To get m r 

modified electrode for practical applications, thi s earbon-ba ed compo ite appr a h ha 

been extended to the production of disposable electrodes by the thi ck-fi lm technol gy 

(screen-printing) by using carbon inks doped with zeo lites [88]. 

Another approach of preparing zeolite modified electrodes i film-ba e electr de. Z olite 

has been deposited on solid electrodes by evaporation of an organic u pen i n 

containing the dispersed mineral particles. Mo tly a di olved organic polymer (e. g. 

po lystyrene, poly(vinyl alcohol)) was added to the su pen ion in order to incr a e the 

adhes ion of the particles to the electrode surface and between them [89 90]. uall y, 

carbon particles were added along with mineral powder to improve the conductivity f 

the modified electrode. 

Both approaches, the bulk composites and the film-based zeo lite modified electrode , are 

of importance regarding the target application [41]. Film-based modified electrode 

require mass and charge transfer reactions to occur across the materi al layer from the 

solution to the electrode surface while the bulk composite provide both the modi fied and 

the conductive part of the electrode in direct contact to the so lution . The film-ba ed 

configuration would thus be of interest for permselective detecti on where a th e bulk 

composite configuration would be more appropriate for electrocataly i . 
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2. Overview of the electroanalytical techniques used in the study 

This thesis mainly focuses on the use of electroanalytica l technique ~ r quantitati c 

determination of various analytes. Electroanalytical technique enc mpa a gr up r 

methods that are based upon the electrical properti e of an electroactivc p CIC . Th 

principal criterion for electroanalytical measurements i that the pec ie v hi ch i d ir d 

to be measured, should react directly (or indirectly through coupled r acti n) at thc 

electrode. 

2.1. Electrode processes 

An electrode reaction is a heterogeneous electrochemical proce whi h in vo lve the 

passage of an electron from an electrode to a chemical species in so lution or vise versa. 

The electrode/solution interface can be partitioned roughl y into four regi n a h wn in 

Figure 2. 1. These are the electrode, the double layer, the diffu ion layer and the bulk of 

the so lution. The electrode/solution interface represents a plane with re pect to the 

di stribution of the electrical charge. This interface results in unequal charge di tribution 

on the electrode side (negative charge on the electrode side, ee Figure 2. 1) and po itive 

charge on solution, creating a double layer. 

The diffusion layer is still a region dominated by unequal charge di tribution due to the 

electron transfer processes occurring at the electrode surface. J n fact, the electrode act a 

an electrostatic pump for species of a certain charge, causin g the fl ov of the e charged 

systems from the bulk of the solution towards the electrode, or vice ver a. 
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Figure 2.1. The schematic representation of the electrode/ olution interface 

A typical electrode reaction involves the transfer of charge between an ele tr de and a 

species in solution. The reaction involves a serie of tep : 

1. The reactant di ffuses to the interface, this is kn own a rn a tran p rt, 

2. Heterogeneous electron transfer between the electrode and the electr acti ve pecie at 

the electrode surface, 

3. The product diffuses away from the electrode to allow fre h electr active pecie to the 

surface. 

An electrode can donate or accept electron(s) only to/from specie present in a layer of 

solution that is immediately adjacent to the electrode. For this electrode pr ce the 

transport of electroactive species to the electrode surface can occu r by any of th e 

fo llowing processes: diffusion (transport of species due to concentration gradient), 

convection (movement due to mechanical motion of the olution a a re ult of tirring) 

and migration (transport of ions as a result of the electro tatic attracti n bet e n th 

oppos itely charged electrode and ions.) 
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The two modes of transport (migration and convection) are diffi ult t d 

mathematically, so the easiest way is to control them experimentally. T thi nd , 

introducing a large amount of an inert electrolyte so lution into the ele tr mi al c II 

suppresses the effect of migration and carrying out current-potential mea urem nt und r 

quiescent conditions helps to minimize the effect of convection. One mi grati n and 

convection have no effect in the measurement, the electroanalytical technique are purely 

diffusion controlled. 

Diffusion controlled electrochemical techniques are powerful and v r atil anal ti al 

techniques that offer high sensitivity, accuracy and preci ion a well a a wide lin ar 

range. Among the electrochemical techniques, voltammetry i the mo t mmonl y 

employed method for quantitative determination of various pecie . 

2.2. Voltammetry 

Voltammetry is an electrochemical technique in which current-potential behav i r at an 

electrode surface is measured. The potential is varied in a systematic manner to cau e a 

redox reaction of the electroactive chemical species at the electrode. The re ulting peak 

current is proportional to the concentration of an analyte in the bulk of the olution . 

Three electrodes in an electrochemical cell are employed to carry out v Itammetric 

measurements. These are a working electrode, a reference electrode, and a c unter 

electrode. The working electrode is the electrode at which the redox pr ce f intere t 

takes place. It is ideally polarizable, i.e., the electrode how a large change in p tenti al 
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when an infinitesimally small current passes through it. The refer n el 

contro l the potential of the working electrode. It i a nonp lari zab le 

potential does not vary. The counter electrode i a current c ndu ting hi h 

carries the bulk of the current (instead of the reference electr d . V Itamm tri 

measurements are usually performed in a quiescent olution in the pr 

excess of a supporting electrolyte. Control and data acqui ition of the r 

done by computer which is interfaced with potentiostat. The potenti tat i 

fa lar 

an be 

hardware required to control a three electrode cell and run mo t el ctr analyti al 

experiments. 

Various types of volt am metric techniques such as cyc lic voltammetry differenti al pu l 

vo ltammetry, square wave voltammetry and stripping voltammetry have been u d for 

the characterization and quantification of electroactive analyte investigated. 

2.2.1. Cyclic voltammetry 

Cycl ic voltammetry (CY) belongs to the category of voltammetric technique ba ed on a 

linear potential sweep technique. It is widely used for the study of redox proce , 

understanding reaction intermediates and obtaining table reaction product. In thi 

technique, the potential at the working electrode is linearl y changed ith time ith a 

well-defi ned rate (scan rate), forward and reverse (cycli c) can betv een a taning (Estart) 

and a "switching" (E,..) potential value with respect to a reference electr de and the 

resulting current is measured. A typical representation of the V i depicted in Figure 

2.2, where plots of: (A) potential vs. time and (B) current . p tential are h v n. 
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Figure 2.2. Representation CY plots of: (A) potential- time pul e and (8) CUlT nt v r u 

potential response 

The important parameters in a cyclic voltammogram are peak potenti al 

peak currents (i pe, ipa) of the cathodic and anodic peak , re pectively ( ee Figure 2.2 8) . I r 

the electron transfer process is faster than other proce e (uch a ma tran port) the 

reaction is said to be electrochemically reversible and the peak eparati n i 

~Ep = Epa - Epe = 2.303RT/nF (2 .1 ) 

Thus, for a reversible redox reaction at 2SoC with n electrons the peak-to-peak 

separation, ~Ep, should be 0.OS9/n Y or about 60 m V for one electron. J n practice th i 

value is difficult to attain because of different factors such a olution re i lance. A 

departure of 10-20 mY from the theoretical ~Ep value doe not compromi e th e criteri n 

of reversibility, because the solution resistance is not adequatel com pen ated b the 

electrochemical instrumentation. 
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The reversibility of the electrochemical reaction can al be drib d in t rm th 

thermodynamic parameter: the formal potential , e Red f the red upl JR d 

which is commonly measured as the average value: 

EO' -~(E 
Ox / Red - 2 po + EpJ 2.2 

In addition, the concentration is related to the peak current by the Randl - ik 

expression (at 25°C). For a reversible redox reaction : 

where ip is the peak current, A is the electrode area 0 i the diffu ion effi cient v I th 

scan rate and c is the concentration of the electroactive pecie . 

I f the rate of the electron transfer is lower than that of the ma tran p rt th p t nti al at 

which the reduction reaction takes place is much more cathodic than th form al p tenti al 

of the Ox/Red couple. In addition, commonly the separation between the ~ rward peak 

and the reverse peak is so large and the reverse peak i not detected. nder thi 

circumstance the redox process behaves irreversibly. For thi type of reacti on, the peak 

current, ip, is given by: 

(2 .4) 

is still proportional to the bulk concentration, but will be lower in peak height depending 

on the value of a. Assuming a value of a 0.5 the rati o of re er ible-t -irre er ibl 

current peaks is 1.27 (that is, the peak current for irre er ible proce i ab ut 80% f th e 

peak for a reversible one) [15). 
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In electron transfer processes, one observes that at low can ratc th pr ha 

revers ibly; whereas at high scan rates the proces behave irrcver ibl (u h beha r I 

more eas ily seen for processes that are not complicated by coupled rea ti n . Pr 

occurring in the transition zone between reversible and irrever ible b ha i r ar kn 

be quas i-reversible. This process occurs when the rate of thc electron tran fI r 

reaction is of the same order of magnitude as the ma tran port. F r thi with 

10- 1 > kO > 10-5 cm S- I) the current is controlled by both the charge tran ~ rand ma 

transport. A quasi-reversible process is characterized by dctcrmining th ~ rmal p t nti al 

given that 0.3 < a < 0.7. In this case, the shift of the cathod ic peak t ward m r n ativ 

potential values and the shift of the oxidation peak toward more po iti v va lu both 

caused by the kinetic effects, essentially compensate each oth er. 

CY can be also used to study the interfacial behavior of electr chemica l act iv peci 

When the redox species are confined at the electrode surface, by phy ica l r c va l nt 

attachment, the redox reaction becomes adsorption controlled and the hape r the 

voltammogram is mirror symmetric cyclic voltammetric peak ( p- 0) . In thi 

reversible adsorption reaction, the peak current is proportional to the urface coverage (f) 

112 
and scan rate (v) rather than v . 

Similarly, ip is also proportional to v for irrever ible ad orption proce , 

. aF2rAv 
I = 

p 2.718RT 

(2.5) 
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2.2.2. Pulse techniques 

Pu lse vo ltammetric techniques are employed to lower the d t ti n li mit f Itamm tri 

measurements. The various pulse techniques are all ba ed n a amp l d 

step experiment. A sequence of such potential tep each with durati n f ab ut m I 

applied onto the working electrode. After the potential i t pped th e har In 

(capacitive) current decays rapidly (ex ponenti all y) to a negli gible alu v hil th 

faradaic current decays more slowly (square root of time). Thu by amp l in th urr nt 

late in the pulse life, the current becomes purely fa rada ic. 

[n thi s regard, two techniques are particul arl y u eful fo r the d terminati n of 

electroactive compounds investigated in thi the i : di fferential pul e v Itamm try and 

square wave voltammetry. 

2.2.2.1. Differential pulse voltammetry (DPy) 

The potential waveform of pulses superimposed on a tairca e during th e DPY can i 

hown in Figure 2.3A [9 1]. For the potenti al, typ ica ll y the pul e height i ab ut 50 mY 

and the step height of the staircase is about 10 m V or Ie . Duri ng a pu I e peri d th e 

current is periodically measured twice: before the pul e, i), and at the end of the pul e, i2, 

respective ly, as illustrated in Figure 2.3A. It is evident that after ubtracting th e t 

currents (i.e., b - i
l
) most of the capaciti ve current i eliminated . Thu a differenti al pu l e 

vo ltammogram is a plot of the di ffe rence (i2 - il ) a a fu ncti n of the ba 

potential. 
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Figure 2.3. (A) Schematic waveform of pulse superimposed on a stairca e for di fferential 

pulse voltammetry and (B) current versus potential response resulting from DPV can 

A diffe rential curve (bell-shaped) with a peak is obtained as depicted in Figure 2.3 B. The 

height of the peak is directly proportional to the concentration of the electroactive pecie 

as expressed in Equation 2.5. It means that the shape of the response function and the 

height of the peak can be treated quantitatively in a direct manner. 

(
nF/j.E) (J" =exp --
2RT 

(2.7) 

2.2.2.2. Square pulse voltammetry (SWV) 

The excitation signal in SWV consists of a symmetrical square-wave pulse of amplitude 

Esw superimposed on a staircase waveform, where the forward pulse of the square wave 

coincides with the staircase step. The current is sampled twice during each square-wave 

cycle, once at the end of the forward pulse (at t1) and once at the end of the reverse pul e 

(at t2) as shown in Figure 2.4 [15]. The net current, incb is obtained by taking the 
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difference between the forward and reverse current (i for- irev). Thi diffl ren 

versus the base staircase potential. 
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Figure 2.4. Square-wave waveform showing the amplitude, Esw; tep height, ; and 

current measurements times, 1 and 2 

As shown in Figure 2.5, the square wave voltammogram, like in DPV, i p ak- hapecl 

but it is composed of a differential curve between the current recorded in the fl rward 

half-cycle and the current recorded in the reverse half cycles (it i noted that ince the 

forward and the reverse currents have opposite signs, their difference corre pond in 

abso lute to their sum). 

The main advantage of SWV is its speed. The scan rate depends on the quare-v ave 

frequency and step height. For example, if the step potential and frequency of the quare-

wave are 10m V and 50 Hz, respectively, then the effective scan rate i 0.5 V - I . 

Consequently, the analysis time is abruptly reduced; a complete voltammogram can be 

obtained within a few seconds, as compared to about 2-3 min in DPV. 
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Potential (E) 

Figure 2.5. Square-wave voltammograms for reversible electron tran fe r 

2.3. Stripping voltammetry 

Stripping voltammetry is a sensitive electroanalytica l technique for the determ inati n f 

trace amounts of organic compounds and metal ions. The technique i carri ed out in thr e 

steps. Fi rst, an analyte is preconcentrated onto an electrode which i held at a uitab le 

potential. The solution containing the analyte is stirred during thi preconcentrati on tep 

to enhance mass transport. Second, stirring is stopped so that the olution bec me in 

steady condition. Third, the preconcentrated analyte is stripped fro m the electrode by 

sweeping the potential. The observed current during the stripp ing tep can be related to 

the concentration of the analyte. 

The stripping step can be either a positi ve or a negati ve potential scan wh ich create an 

anodic or a cathodic current, respecti vely. Corre pondingl , an dic trippin 

vo ltammetry (ASY) and cathodic stripping voltammetry (C V) are two pe ific trippin 

techn iques. 
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2.4. Electrochemical techniques for pharmaceutical active compounds and biological 

fluids 

Pharmaceutical compounds and biological fluid s analy e play vi tal r In quali t 

contro l and have significant impacts on public health. The e tab li hment f impl fa t, 

sensitive and accurate method for the determination of biomedical ub tanc 

concern and interest. Electrochemical techniques are well uited for th det nninati n f 

these analytes in vanous samples such as pharmaceutica l and linical m di a. The 

advantage of the modern electrochemical methods i that the analyt f int r 

selectively detected in a sample matrix and generall y ample preparati n uch 

separation and extraction procedures are not required. Thu , it nly r quire ea y ampl 

preparation, usually consisting of di sso lving the analyte of intere t in a uitab le olv nt 

followed by performing direct analysis on an aliquot ofthi olu ti n. 

Increase in the number of pharmaceutical industrie re ul ts in a wide variety of drug 

with various structures and compositions, di ffer ing in their activity and therapeuti c 

properties. This causes problems of controlling not only the quali ty of the therapeuti c 

substances but also the content of dru gs in various matrice including biological ample. 

Voltammetric techniques are gaining importance for monitorin g dru g and metab lite in 

biological and clinical samples. These techniques are sen itive, reliable and impl e, and 

the redox reactions often provide se lectivity for the compound of intere teen in th 

presence of their degradation products. Accordingly, the pr ent tud mainl Dun 

vo ltammetric methods for the determination of phannaceuti al 
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fluid s such as APAP (its degradation product, PAP) ni cl amide P -2 nd uri a id 

and their respective structures are shown in Figure 2.6. 

General objective 

The general objective of this study was to design and devel p h mi all m difi d 

electrodes based on modifiers namely PEDOT and activated ir n(lIl) d p d zc I it and t 

apply the proposed methods for the determination of pharm aceutica l mp und and 

biological fluids. 

Specific objectives include: 

.- To develop a voltammetric technique for the simultaneou determinati n f APAP and 

PAP at PEDOT -modified electrode 

.- To deve lop anodic stripping voltammetric technique for the determinati n of 

niclosam ide at PEDOT-modified electrode 

.- To fabricate chemically modified electrodes based on activated Fe
3 

m difi ed 

for the determination ofPAM-2 

.- To develop an electrochemical method for the determinati n of uri c acid at Fe
3 

Y 

modified GeE 
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Figure 2.6. Structures ofthe analytes studied in the thes is 
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3. Experimental 

3.1. Electrochemical cell 

The electrochemical cell consists of a pair of electrodes of unequal size (a WE and a 

and a reference electrode as shown in Figure 3.1. Three electrodes are usuall y nece sary 

in order to avoid the passage of current through the reference electrode, which otherwi e 

would alter its potential via changes in the activities of the various species. The electrica l 

circuit, through which the current passes, is between the working electrode and a counter 

electrode. 

Figure 3.1. Electrochemical cell consisting of working electrode (black), counter 

electrode (red) and reference electrode (white) 

3.1.1. Working electrode 

The working electrode is the electrode in an electrochemical cell on which the anal yte of 

interest undergoes a redox reaction. Common working electrodes are mercury gold , 

platinum, and various forms carbon. Liquid mercury electrode was commonly used in the 

41 



earlier days of electroanalytical chemistry. It has the special advantage f pr iding 

renewed surface, which helps to minimize the effects from adsorption of luti n 

impurities and fouling of the electrode surface by a film produced in the ele tr d 

reaction. However, mercury is readily oxidized, particularly in the presence of an i n 

such as halides, cyanide and others. For this reason, it is seldom used to tudy an di 

processes. In addition, mercury electrodes are not in use nowadays due to environmental 

reasons. 

Platinum and gold are the commonly used metallic solid electrodes. These meta l are 

obtained in high purity and fabricated readily into a variety of geometric confi guration 

such as wires, rods, flat sheets and woven gauzes. Platinum has extremely mall 

overpotentials for hydrogen evolution, which is the basis for its use in the con tructi n f 

hydrogen electrodes. Gold has a significantly large overpotential , but it is much mail er 

than that of mercury. Gold does not significantly adsorb hydrogen and thi factor togeth er 

with its larger overpotential for hydrogen evolution makes gold the meta l f choice to 

study cathodic processes. Hence these metal electrodes cannot be u ed for both cath dic 

and anodic process. 

Carbon electrode is useful for both oxidation and reduction in both aqueous and non­

aqueous solutions. Several different forms of carbon have been used to make ucce ful 

electrodes including spectroscopic-grade graphite, carbon paste, or gla sy carbon . The 

use of glassy carbon as an electrode material was reported in 1965 [92]. Gla carbon i 

electrically conductive and a gas impermeable material, hi ghl y re i tant t hemi al 

attack and obtainable in pure state. The advantage of glassy carbon 0 er ld r platinum 
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are: low cost, easy polishing, wide potential window and electr catal ti a ti it ~ r a 

variety of redox reactions [93] . Due to these advantages, thi the i work i main I ba d 

on GCE. 

3.1.2 Reference electrode 

A reference electrode is an electrode whose potential is known and c n tant. Th 

electrode potential has to be stable (with time and temperature) and indepcnd nt f the 

properties of the solution because it is used to control the potential of th w rkin 

electrode by the application of a voltage between them. Thi mean that the electr d 

must be unaffected by the passage of the small amounts of current requir d in makin g 

potentiometric measurements. The high stability of the electrode potenti al i u uall y 

reached by employing a redox system with constant (buffe red aturat d) 

concentrations of each of the participants of the redox reaction. There are tv comm n 

reference electrodes in use, i.e., silver-silver chloride (Ag/AgCI) and aturated ca l mel 

electrode (SCE). 

3.1.3. Counter electrode 

In voltammetric studies the current flows between the working electrode and the counter 

electrode. If a two electrode system containing only the reference and th e v rking 

electrodes is used then the current flows through the reference electrode cau ing a , 

change in its potential. So a three electrode system, incorporating a third ele trode ail ed 

the counter electrode is used . The main condition for an electrode to a t a a c unter 

electrode is that it should not dissolve in the medium of the electrochemical 
II and th 
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reaction product at this electrode should not react at the k· I wor mg e ectr de. Th 

surface area of the counter electrode must also be larger than that f th rkin 

electrode to ensure that the area of the electrode does not control the limiting urr nl. 

Platinum electrodes in the form of coils or thin wires are the mo t widely u ed a Lint r 

electrodes in aqueous and non-aqueous media. 

3.2. Supporting electrolytes 

A supporting electrolyte is a solution of an inert soluble salt added t the I nt 

generally in lO-fold or lOO-fold excess over the concentration of the pe I bein 

studied. There are three functions ofthe supporting electrolytes. 

First, it carries most of the ionic current of the cell since it concentration i much laper 

than that of the other species in solution. Thus, it serves to complete the circu it f the 

electrochemical cell and lower the cell resistance. The second purpo e of the upp rtin 

electrolyte is that it maintains a constant ionic strength. This is nece ary becau e the 

structure of the interface region should not change significantly if a reaction occur there. 

A stable structure is created on the electrolyte side by adding a large concentration f an 

inert salt. The third purpose of the supporting electrolyte is to suppre s the effe t f th e 

migration current. Migration current is the current that arises as a re ult of the 111 ell1 ent 

of ions caused by an electric field. The net migration current observed i redu ed b the 

presence of a large excess of ions that are not electrochemically active. 
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In our experiments, the supporting electrolytes are inorganic alt or bu r~ r 

buffer in most cases was made from phosphate so lution (0 .1 M 

Na2HP04, 0.1 M KH2P04, and 0.1 M K2HP04 in aqueous media). In n n-aqu 

part icularly for the modification of PEDOT on to the 

luti n . Th 

u m di a, 

ur a 

tetrabutylammonium tetrafluoroborate (BU4NBF4) in acetonitrile olvent wa u ed. 

3.3. Modification of electrode 

The glassy carbon electrode is modified by using two kind of m difi r the e ar : 

PEDOT and activated iron(lII) doped zeolite. 

3.3.1. PEDOT modified electrode 

Prior to modification, a GCE was polished with 0.05 11m alumina on poli hin cl th and 

cleaned wi th deionized water followed by immersing the poli hed electrode int a 0.1 M 

EDOT monomer containing 0.1 M BU4NBF4 in acetonitrile. The ED T \i a 

electropolymerized on the GCE by running cyclic voltammetry from - 0.2 to I. V ~ r ten · 

cycles. Then, the modified electrode was cycled 15 times in 0.1 M BU4 BF4/acet nitril e 

solution for stabilization. After electropolymerization, the P DOT modified E v a 

carefu ll y washed with acetonitrile. Finally, the modified electrode wa c nditi n d b 

runn ing CY in phosphate buffer solution (PH 7.0) between 0.0 V and 0.8 V for a num r 

of cycles until a stable CV was obtained. 
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3.3.2. Fe3+y modified electrode 

2 g of sod ium-zeolite type Y was added to 250 mL 0.0 I M FeCI3 oluti n and tirred ~ r 

6 h. After filtration, the prepared zeolite was washed with H I (pH = ".0) and th n \I ith 

pure water to remove adsorbed species and was left to dry in air. From chemical anal i 

iron(IlI) in the doped zeolite was found to be 0.6 % and 0.8 % (w/w) in th fauj a it and 

natural zeolites, respectively. Equal amounts graphite powder and Fe Y (50 m ) weI' 

taken and ground together for 15 min. This mixture was di sper ed in a oluti n f 20 ~L 

tetrahydrofuran, 300 ~L dichloromethane and 10 mg poly tyrene. Zeolite fre ar n 

paste modified GCE (CPGCE) was prepared in the same way a Fe ~Y m difi ed 

electrode but without zeolite. Then 10 ~L of this suspension wa app li ed t a previ u Iy 

cleaned GeE and dried in air for 20 min. The electrode clean ing tep wa d ne by 

polishing it with 0.1 Ilm alumina powder and rinsing with pure water in an ultra ni 

bath. 

3.4. Sample preparation 

3.4.1. AP AP and PAP 

Five tab lets (500 mg APAP per tablet) of pharmaceutical formulation were accuratel 

weighed and finely powdered in a porcelain mortar. An adeq uate amount of the p \I der 

was weighed and transferred to a 100 mL flask containing 30 mL of 0.1 ph phate 

buffer (pH 7.0). The flask was thoroughly shaken until mo t of the ample di 01 ed and 

the mixture was centrifuged. Finally, the clear so lution wa filtered thr ugh a 
hatman 
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41 fi lter paper and the pH of the supernatant was adju ted to 7.0. Th r 

tablet sample solutions was obtained by using standard addition method. 

A urine sample was collected from a healthy person 4 h after intake f tw 

th 

mg APAP per tablet. The extraction of the urine sample wa carri ed ut a rding t th 

literature recently reported [94]. A mixture of 0.2 M NaOH and urin amp l \. a 

manually swirled for 2 min followed by adding ethyl acetate. After centri fuga ti n at 4 0 

rpm for 5 min, the organic phase was separated from the aqueou . The eth yl a tat \ a 

removed using a Rotavapor under low pressure and reduced temperature ( 

dried samples were reconstituted with phosphate buffe r solution (pH 7.0). 

3.4.2. Niclosamide 

). The 

Five tab lets (500 mg niclosamide/tablet) of pharmaceutica l formulations were accurat I 

weighed and finely powdered in a porcelain mortar. An adequ ate amount of the p wdcr 

was taken and dissolved in 25 mL DMF in order to obtain 0.5 mM niclo amide whi h 

was diluted to 0.75 11M with pbs. The recovery of the tablet olution wa made u in g 

standard addition method . 

3.5. Electrochemical measurements 

3.5.1. APAP, PAP and niclosamide at PEDOT-modified electrode 

The vo ltammetric investigations were carried out u in g SA i S, 

contro lled by a Dell computer with a conventional three-ele tr de c nfi gurati n. Th 

PEDOT-modified GeE was used as the working electr de a platinum \J ir 
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served as the counter electrode with Ag/ AgCI/saturated K I a th r ~ r n 

The pH ofthe buffer solutions was measured with a Jenway model 3510 pi I m ter. 

The electrochemical experiments of APAP and PAP at the PEDOT-m difi d E \' r 

done by using CV and differential pulse voltammetry (DPY). A P tent ial ind \. 

between +0 mV and +500 mV together with the optimized pulse amplitude (25 mY and 

pulse width (75 ms) was used to obtain the differenti al pul e voltamm gr m . Pri r t 

each experiment, the modified electrode was regenerated by running cyclic v Itamm tr 

between - 100 m V and 700 mY in the phosphate buffer so lution unti Ithe peak ~ r J\ P J\ P 

and PAP disappeared. 

The electrochemical behavior of niclosamide at the P DT modifi ed L:. wa 

investigated by using CV. For cyclic voltammetri c experiment the p t ntial \i a 

scanned from - 0.3 V to - 0.8 V, and then swept anodicall y to 0.5 Y and back t - 0. Y. 

For experi ments using anodic stripping voltammetry with an accumulat ion p tenti al of 

- 0.55 V, the modified electrode was left in the so lution conta ining the d ired 

concentration of niclosamide with stirring for 80 s. Then, the potenti al wa wept fr m 

- 0.20 V to 0.10 V using an optimized pulse amplitude (25 mY) and pul e width (7 m ). 

The differential pulse voltammograms were obtained under qui escent condition . Pri or t 

each experiment, the modified electrode was regenerated by immer ing it into 0 F f, r 2 

min and running CV between - 0.20 Y and 0.70 V in the pho phate buffer oluti n til l a 

stabil ized cyclic voltammogram was obtained. 
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3.5.2. P AM-2 and uric acid at Fe3+y modified electrode 

Electrochemical measurements were carried out using an -c chemi B ut 1 

PGST A T 12. The experiments were controlled with General Purp 

System (GPES) software. All electrochemical studie were per~ rm d r m 

temperature with a conventional three-electrode system with a atural d al m 

reference electrode (SCE), platinum gauze counter electrode, and Fe ty m difi d r 

zeo lite-free carbon paste modified GCE working electrode. The pi I r th bu r r 

solutions was measured with a BASIC 20 pH meter. 

The electrochemical behavior ofPAM-2 at the Fe
3
+y modified - wa inve ti Cl led b 

using CY. In square wave anodic stripping measurements, the modifi d electr de 

in the solution containing the desired concentration of PAM-2 with tirrin C r min 

followed by a potential sweep from 0.20 V to 1.0 V. The quare way v Ilamm ram 

were recorded under quiescent conditions using an optimi zed tep p tentia l I m V, 

amplitude 20 mY and frequency 10 Hz. Prior to each experi ment, the modifi ed ele tr d 

was regenerated by scanning SWV from 0.20 V to 1.0 V in pho phate buffer luti n 

until the peak current for the analyte disappears. The modifi ed electrode wa k pt in O. 

M K2S04 solution when it was not in use. 

The electrochemical behavior of unc acid (UA) at the Fe
3 

Y m difi ed \: a 

invest igated by using CV. During preconcentration , the modified electr de \: put in th 

solution containing the desired concentration of UA with tirrin D r 90 at p n- ir uil 

potential of 0.2 V. Then the square wave voltammogram \: ere r c rded und r qUI 
nl 
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conditions using an optimized step potentialS m V, amplitude 20 m V and fr qu n 

Hz. Prior to each experiment, the modified electrode was regenerated by canning 

from 0.20 V to 0.9 V in pbs (pH 4.6) until the peak current for the analyte di app ar . 

3.6. Chemicals and reagents 

APAP (Sigma), PAP (Sigma-Aldrich), Niclosamide (Sigma), BU4 BF4 ( igma- Aldri h 

acetonitrile (Scharlau Chemie), disodium hydrogen phosphate (Techno Pharm h 111 

sodium dihydrogen phosphate (BDH), hydrochloric acid (Riedel-dellacn), and diul11 

hyd roxide (BDH) were used without further purification. 34- thylcnc xythi phene 

(EDOT) was distilled repeatedly under vacuum until a colorles liquid wa btained and 

was kept in the dark. 

Stock so lutions of APAP and PAP in phosphate buffer solution (0.1 M al12P 4 and 0. 1 

M Na2HP0 4) were prepared by using deionized water. The pH of the ph phate buffer 

solution was adjusted by adding drops of concentrated hydrochloric acid and od iul11 

hydroxide. A stock solution of niclosamide (0.5 111M) wa prepared In 

dimethylformamide (DMF) and was kept in the dark. The erial diluti n of the 

niclosamide was made using aqueous phosphate buffer (0.1 M). 

Zeolite (CBVIOO:Si02/AI20 3 ratio 5:1 , Na20 %wt 13.0, and surface area 900 1112 g- I) wa 

purchased from Zeolyst, and natural zeolite (Stilbite: ratio of i/AI 3:3 and a 4:2 

was obtained from Ethiopia. pyridine-2-aldoxime methochloride, ir n(II I) chi rid , ur i 

acid, dichloromethane, ascorbic acid and potass ium ulphate ere fr 111 igl11a- Idri h 

while graphite powder, 
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phosphate, and tetrahydrofuran were from Fluka. All chemi cal were f ana l i al rad 

and were used without further purification. Glucose (Sigma) olution wer I ft t r a h 

mutarotational equilibrium at room temperature for 24 h before u e. t 

PAM-2 (pbs, pH 7.0) and UA (pbs, pH 4.6) were prepared and ultrapure at r a u d 

for the preparation of the buffers and standards. 
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4. Results and discussion 

4.1. Simultaneous determination of APAP and PAP at PEDOT-modificd E 

4.1.1. Background 

APAP also known as paracetamol or acetaminophen, is one of the mo t mm nl u d 

drugs in the world. It is the preferred alternative to aspirin, to patient wh cann 1 t I rate 

aspirin [95]. APAP is an acylated aromatic amide that was fir t introdu d in medi in b 

Von Mering in 1893 and had been in use as an analgesic for home medicati n fI rver 0 

years [96]. It has been accepted as an effective dru g for the reli ef f pain and ~ ver in 

adults and children [97]. PAP, the primary hydrolytic degradation product f AP!\P an 

exist as a synthetic intermediate in pharmaceutical preparation or a a degradati J1 

product of APAP. PAP is considered as an impurity for APAP by ur p an 

Pharmacopoeia (Ph. Eur. 2000) and numerous specificat ion of manufactur r [98]. 

Standard usage of APAP has no detrimental effect on the human b dy but veru age f 

the drug could lead to some serious side effects such as kidney damage [99] and liver 

failure [100], while PAP is a substance of modest toxicity and can cau e nephrot x cit 

and tetragenic effects [101 , 102]. Availability of APAP without pre cripti n ha 

increased the use of the compound for se lf-poi soning [94]. Con equentl , it i ital to 

develop a simple, selective and reliable technique for the determination of P P and it 

impurities. 
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The various methods reported for the determination of APAP and PAP in b d nuid and 

pharmaceutical formulations include spectrophotometry [10", 104], 

chromatography [105,106], capillary electrophoresis [107- 109], and chemilumin 

[110]. Spectrophotometric and chemiluminescence methods u e extracti n of the 

prior to detection, while liquid chromatography and capillary electroph re i tak 

time that hampers the suitability of the methods for routine analy i . 

liquid 

en 

Electrochemical techniques based on chemically modified electrode have attracted mu h 

attention because of their fast response, hi gh sensitivity and elecli vity in th 

determination of trace level ofanalytes [17]. The use of bare electrode uch a 

the electrochemical determination of APAP and its impurities i limit d becau e f th e 

sluggish electron transfer and fouling which result in poor en iti vi ty lectivity and 

reproducibi lity [111]. Owing to these limitations, variou types of chemi ca ll y m difi ed 

electrodes have been used for the electrochemical tudie of APAP ~ r exampl e 

graphene-modified GCE [112], carbon film resistor electrode [1 13], carb n-c at d ni kel 

magnetic nanoparticles modified electrodes [114], C60-mod ified " [11 5] multi ­

walled carbon nanotube (MWCNT) modified basa l plane pyrolytic graphite electr d 

[11 6], boron-doped diamond electrode [117], carbon ionic liquid electr de [118] carb n­

ceramic modified electrodes [119], and polyanilin MW T compo ite m difi d 

electrode [120]. Although these modified electrodes demon trated g od en iti it 

se lectivity and low detection limit, none of them ha been app li ed fo r the imullaneou 

determination of APAP and its impurities. 

5 



The PEDOT -modified electrode has gained interest in a wide range f area u h a th 

determination of pesticides [121] and phenolic compounds [122]. The m difi d 

has been found to show much better results compared to bare G 

potential applications for electroanalytical investigations. 

and ha a I t f 

Here the preparation of PEDOT-modified GCE and its application for th imultan u 

determination of APAP and PAP are presented [123 , 124). The meth d ffer we ll ­

resolved vo ltammetric responses for APAP and PAP. The re pon e for APAP in th e 

presence of other interferents, such as ascorbic acid, p-nitrophenol and uri a id ha al 

been investigated. The PEDOT-modified electrode was applied for the det rminati n f 

APAP in tablets and biological samples. 

4.1.2. Electropolymerization ofEDOT on GeE 

The electropolymerization of the EDOT monomer on a GC was made by runnll1 g 

successive cycles between -0.2 V and 1.3 V versus AglAgCl/saturated r at a an rate 

of 50 m V S- 1 as shown in Figure 4.1. The polymerization was carried out fr m a n n­

aqueous so lution containing 0.1 M BU4NBF4 in acetonitril e. The cycli c v Itammogram 

show the redox peaks that are characteristic for polymer formation [1 25] and the current 

IIlcreases with each successive cycling, which indicate an enhancement in th e fi lm 

thickness of PEDOT polymer on GC with each cycle. The ins t in Figure 4.1 

demonstrates the cyclic voltammogram of the P DOT modi fl ed electr d 

phosphate buffer solution without APAP and PAP. 
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Figure 4.1. Electropolymerization of EDOT at GCE at scan rate 50 m V - I. In ct: V r 

the PEDOT-modified electrode in pbs (pH 7.0) 

The redox behavior of [Fe(CN)6]3-/4- was taken as a mo lecu lar probe to btain th 

optimum film thickness of PEDOTIGC electrodes. The anodic peak current ft r 1.0 mM 

of Fe(CN)63
- as a fu nction of the square root of the scan rate i hown in Figure 4.2. 

Linear responses of the anodic peak currents as function of the quare-root f can rate 

for both the bare and PEDOT-modified GCEs indicate that the reaction i diffu 1 n-

contro lled. Hence, the active electrode area was determined based on the expre 1 n 

given in Equation 4 .1 for diffusion controlled reactions [3]: 

DnF '!' .!. 
ip = 0.446nFcA(--) 2 v 2 

a RT 
4.1) 

where n is the number of electron(s) involved in the redox reacti on, D i the di ffu i n 

coefficient, c is the molar concentration, A is the active electrode area, the an rat 

and F, R, and T have their usual meanings. 
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The active electrode areas of the PEDOT-modified electrode from Eq. (4 .1 were fI und 

to be 0.111, 0.114, 0.116 and 0.119 cm
2 

for 7, 8,9, and 10 cycles, respectively. Th 

modified active electrode areas are much larger than that of the bare GCE (0.068 cm2 
. In 

addition, the active areas do not show significant changes for the cycles between 7 and 

10. However, memory effects were observed at higher cycles and the peak current wer 

low at lower cycles. Hence, to suppress memory effects at higher cycles and to obtai n 

reasonably high peak currents, all modified electrodes were prepared by running ei ht 

cycles during electropolymerization. 

0.18 • B 
A • bare GeE • • 7 cycles • • ." 

B .6 8 cycles • 0.15 
'f' 9 cycles • • 10 cylcles • • • • 

0.12 ." . 
1 • 

• .A - • a. 0.09 • • I • • 

* 
• • 

0.06 • • • • 
0.03 • 

6 8 10 12 14 
2 4 

v1/2, (v 5-1)1/2 

f F (CN) 3-/4- versus square root of can rate 
Figure 4.2. Plots of anodic peak current 0 e 6 

for : A) bare GCE; B) PEDOr-modified electrode for 7, 8, 9, 10 cycle number of 

duri ng electro polymerization 

56 



> 

4.1.3. Electrochemical behavior of APAP at bare and PEDOT-modificd electrode ' 

The electrochemical response for 1.0 mM APAP at bare and PEDOT-m difi d 

electrodes was investigated by running cyclic voltammetry at a can rate f 100 m V 

(see, Figure 4.3). The Epa and Epc for APAP at bare GC electrode were found t b 74 

mY and -34.5 mY, respectively, as depicted in Figure 4.3b. On the other hand , the Ep 

and Epc values for the PEDOT-modified electrode were 414 m V and 335 mV r 

(see Figure 4.3c). The anodic potential of APAP at the modifi ed elcctr d 

substantial shift to the negative potential (overpotentiallowered by 160 mY). Th p ak­

to-peak potential separation of the PEDOT-modified electrode ( ' p = 70 m V) i mu h 

smaller than that of the bare electrode (.-1Ep = 610 m V). Moreover th an d ic p ak 

current of the PEDOT-modified electrode was found to be 2.4 time hi ghcr than that f 

the bare electrode while the cathodic peak current was 4.4 time larger than the ba rc 

electrode. The electrochemical results suggest that the PEDOT-modifi ed electr d hi it 

an excellent electrocatalytic behavior for the redox reaction of APA P. 
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Figure 4.3. CVs obtained at: (a) GC electrode for 0.1 M pbs (pH 7) (b) bare for 1 

mM APAP (c) PEDOT modified GC electrode with for 1 mM APAP, can rate 10 mY 

s - I (background subtracted) 

4.1.4. Electrochemical behaviors of APAP and PAP at bare and PEOOT-modificd 

electrodes 

In order to investigate the electrocatalytic activity of the PEDOT-modifi ed Y 

experiments for APAP and PAP were performed in phosphate buffer pH 7.0. Figur 

4.4(A) and (B) depict the cyclic voltammograms of APAP and PAP at bare G and 

PEDOT-modified GCE, respectively. The modified electrode ha hown a large 

capacitive current which could be caused by higher active electrode area of the P DOT 

polymer film on the GeE [112]. At the bare GCE, 0.2 mM APAP give an irre er ib le 

behavior with an anodic peak at 540 mV and a smal l cathodic peak at -10 mY v . 

AglAgCI (sat'd KCI) while the PEDOT-modified electrode how a qua ir 

reaction_ The substantial reduction of overpotential (about 200 m and th 
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e mo I Ie electrode ugge t that th enhancement in the peak currents (4-5 times) ofth d' fi d 

ec rocata ytlC actIvIty (Flgur 4.4 and PEDOT -modified electrode exhibits an excellent el t I ' ., . 

Table 4.1.) 
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Figure 4.4. CV of (A) bare GCE and (B) PEDOT.modified GCE in a soluti n containin 

AP AP (0.2 mM) and PAP (0.2 mM), at pH 7.0 pbs with a scan rate of 0 m " . In b th 

CYs: a) pbs, b) PAP, c) APAP, and d) mixture of APAP and PAP 
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On the other hand, 0.2 mM PAP demonstrates irrever ible b ha i 

electrode and shows almost reversible peaks at the PEDOT-m dified xid ti n 

and reduction peak potentials of PAP at the modified electrode appear d at I and I 

mY, respectively, at a scan rate of 50 mY S- I. The peak-to-peak p ten ti al par ti n I 

lowered to 27 m V for the modified electrode compared to 149 m V ~ r the bar 

electrode; see Figure 4.4 and Table 4.1. 

The PEDOT -modified GCE showed two well-defined redox p ak at the ~ rl11al 

potentials (Eo,) of 112 mY and 368 mY corresponding to PAP and APJ\P re p 

Since the reduction peak potential of APAP was hifted to a m re p itiv p t nti al 

di stinct redox peaks were obtained for APAP. The differen e b tween the ~ rl11al 

potentials of APAP and PAP was found to be 256 mY. Hence th 

determi nation of APAP and PAP in phosphate buffer become po ible v ith the P . T­

modi fied GCE. The effective electrocatalytic reso lution of the peak for A PA P and P P 

at the PEDOT modified electrode l11ay be due to the excell ent behavi r f the P -0 

polymer such as high conductivity, strong adsorptive capability and ignifi ant 

increment in active electrode area [120, 122]. 
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Table 4.1. The cyclic voltammetric results for APAP and PAP at b r 

modified GCE. 

Mi tll r 

Parameter APAP PAP APAP 

GC PEDOT/GC GC PEDOT/GC G 

ipa (IlA) 4.14 22.5 3.51 19.9 6.76 

ipc (IlA) -2 .19 -18.1 -3.41 20.1 -16. - .82 

Epa (mY) 543 382 198 129 468 82 I I 

Epc (mY) -10 354 49 102 4 

~Ep (mY) 553 28 149 27 28 61 

EO' (mY) 267 368 123 116 68 12 1 

P P 

P ~ 

I 0 

9 

7 

11 2 

The effect of scan rate on the electrochemical respon e for APA P and P j\ P v a a ' d 

by cyclic voltammetry as shown in Figure 4.5A. The redox peak current at th m di fi ed 

GCE for APAP and PAP increased linearly with the scan rate in the range lOt 00 m V 

S- I (see Figure 4.5B; linear regression equations for APAP: ipa = 5.201 197. 9v R = 

0.9968; ipe = -1.851 - 108.38v, R = 0.9976 and Figure 4.5C linear regre i n for P P: 

ipa = 3.772 + 81.64v, R = 0.9952; ipe = -3.888 - 95 .95v, R = 0.9971 ). The r ul t ug 

that the reactions at the modified electrode for both APAP and PA P ar urfa - n fi n d 

processes. 
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Figure 4.5. (A) evs of the PEDOT modified GeE for APAP (0.2 mM) and PAP (0.2 

mM) in pbs (0.1 M pH 7.0) at scan rates of 10 to 500 m V S· I . The peak current of (B) 

PAP and (e) AP AP versus scan rates (background subtracted) 
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4.1.5. Effect of pH 

The redox responses for APAP and PAP at the PEDOT-modifi ed tudi d in 

different buffer solutions (0.1 M of acetate pH 4.5 , phosphate pH 7.0, 

pH 9.5) by running CV (Figure 4.6A). CV of sodium tetraborate i n t 

dium t tra rat 

n du t lh 

instability of PAP in the buffer. Well-defined anodic and cathodic peak fI r APAP and 

PAP were obtained in phosphate buffer with higher current re pon e at I w r n ati c 

potentials compared to the acetate buffer. Thus, phosphate buffe r wa n fI r fu rth r 

experiments and the simultaneous determination of APAP and PAP. 

Figure 4.6B shows the cyclic voltammograms of APAP and PAP in pi I ran in ' . t 

9.0 using the PEDOT-modified electrode. The voltammogram illu trate that th hi h ' t 

response was obtained at pH 7. As can be seen in Figure 4.6 , the form al p tenti al 

shifted towards negative potentials for both APAP and PAP a th pll inerea ' d 

ind icat ing the redox reactions are accompanied by proton tran fer [ I 12, II J. Th 
0 ' 

changed linearly with pH according to the equations of 0' = 0.7695 - 0.05 pH, R = 

0.9926 fo r APAP and EO' = 0.5317 - 0.058pH, R = 0.9937 for PAP a ho n in Fi gure 

4.6C. The slopes of the linear regression equati ons are clo e to th e ideal 9 m V 

(Nernstian process: E = EO' - 0.059m pH , where m i number of prot n and n i num er 
n 

of electron) for each unit pH change suggesting the same num ber f el and 

protons are involved in the redox reactions for both A PAP and P P. The idati n f 

APAP involves the formation of N_acetyl-p -quinone-imine and a I f tw 

and two protons as reported previously [1 26 127]. imil ar l th idati n r 
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PAP proceeds with the formation ofp-quinone-imine and releasing two electr n and t 

protons as shown in Eq. 4.2. [127, 128]. 
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Figure 4.6. (A) CVs at the PEDOT-modified electrode for PAP (0 .5 mM) and APAP ( . 

mM) in (a) acetate buffer (0.1 M), (b) pbs (0.1 M); (8) pb ofplls (0 .1 M) r , 7, 8 

and 9. (C) Plot of EO's vs. pH. Scan rate of 50 mV S- I 

4.1.6. Analytical performances of the modified electrode 

In order to suppress the influence of background current, DPV was ele ted t exam ine 

the analytical performance of the PEDOT-modified GCE. Two we ll ·defined p ak 

appeared at 367 mV (for APAP) and 101 mV (for PAP) in th e voltamm gram ' ee 

Figure 4.7 (A) and (B). The peak-to-peak potential eparation i 266 m V hi h i 

sufficient to determine the two species simultaneously. 

The performance of the PEDOT-modified GCE for APAP and PAP \' a tudi d und r 

the optimized conditions. Figure 4.7(A) and (B) show the DPV r p n ~ r th P P 

and PAP mixture prepared by varying the concentration f either f th anal "\fhi I 
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keeping the other constant. The anodic current is linearly related t th P P 

concentration (1-100 )lM) in the presence of 40)lM PAP (inset Figure 4.7A) . Th lin r 

regression equation was ipa ()lA) = 0.658 + 0.284c ()lM), with a corre lati on c effi i nt r 

0.9936. The detection limit was found to be 0.40 )lM based on ignal t noi e rati 

which is lower than that of C6o-modified GCE (50 )lM) [115] and i comparabl t 

obtained with GCE modified with carbon coated nickel magnetic nanoparti I 

)lM) [1 14], polyaniline-MWCNT composite (0 .25 )lM) [120] but hi gher than graph ne-

modified GCE (0.03 )lM) [112] as shown in Table 4.2. 
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Figure 4.7. A) DPY at the PEDOT-modified GeE in the presence of PAP (4 ~lM ~ r 

di fferent concentrations of APAP (from a to h): 1.0, 4.0, 6.0, 10.0 20.0, 40. and 

100.0 ~M and its calibration plot. (B) DPY at the modified electrode in th pr r 

APAP (40 ~M) for different concentrations of PAP (from a to h): 4.0 6.0 10.0 4 .0 

80.0, 160, 240, and 320 ~M and its calibration plot (background ubtract d) 

Similarly, the ipa increases linearly with increasing concentration of PAP (4.0- 20 ~ ) 

in the presence of 40 ~M APAP (inset of Figure 4.7B). The linea r regre ion eq uati n 

was ipa (~A) = 0.210 + 0.094c (~M), with a correlation coeffi cient of 0.9982. h 

detection limit was 1.2 ~M based on signal to noi se ratio of3. The ca librati n pi t fth 

modified electrode for PAP with and without APAP show imilar en iti it indi alin 

the two species do not interfere in the electrochemical respon e f each oth r. 
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I' r slmu taneou detennin ti n Table 4.2. Comparison of some CMEs reported Co . I 

and PAP 

Modifier Linear range Detection Linear R 

used APAP Limit range PAP Limit P P 

(~M) APAP (~M) (~M) (~lM 

Graphene/GCE 0.1 - 20 0.03 \I 

Carbon-film resistor 0.8 - 500 0.14 II 

Carbon nickel/GCE 7.8-110 0.60 \I 

C6o/GCE 50 - 1500 50.0 \I 

Carbon ionic liquid 1.0 - 200 0.30 \I 

Carbon paste IOniC 2.0 - 220 0.50 OJ - 100 .10 

liqu id electrode 

Polyani line- 1.0 - 100 0.25 

MWCNT/GCE 

PEDOT -modified 1.0 - 100 0.40 4.0 - 20 1.2 Th i ' 

rk 
GCE 

The reproducibility of four individual PEDOT-modifi ed G E for the re p n e r 0 

~M APAP and 40 ~M PAP was evaluated and the relati ve tand ard de iati n R D 

obtained were 4.8% and 4.3%, respectively. The RSD fo r fi e uc e i e d l rminali n 

of 40 ~M APAP and 40 ~lM PAP with a modi fled electr de \: re 2. 1 % and \. % 

respectively, which demonstrate a very good repeatab ilit f the perf, rman r lh 

modified electrode, 

The inter-day stability of the PEDOT-modified electr d 
pr ring lhr 

r 
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40 llM APAP was recorded for four consecutive days. The average re p n 

to be 87 ± 6.4% of the original one at the end of the investigation period . 

4.1. 7. Interference study 

The selectivity of the PEDOT-modified GeE was studi ed in the pre enc f dif~ r nt 

interfering species. Possible interfering substances such a acetyl aliey li a id , 

saccharine, ascorbic acid, citric acid, sodium carbonate that can ex i t in pharma euti al 

formul ations did not interfere in APAP determination. 

The interferences of uric acid and p-nitrophenol in the determinati on of APAP and PAP 

with the modified electrode were investigated by running V. p- itr phen I did n l 

exhibit any peak in the working potential window while uri c acid ( A) h wed 

interference as depicted in Figure 4.8. The cyclic voltammogram fa mi lure f A 

(0.5 mM) and APAP (0 .5 mM) exhibited an enhanced peak with a hou lder (I· igurc 4.8d 

by merging the peaks of VA and APAP that appeared at 320 mV (Figure 4.8b) and 90 

mY (Figure 4.8c), respectively. The results indicate that the electrochemica l re p n of 

the mod ified electrode for APAP and PAP in biologica l ampl e i free of interference 

from p-n itrophenol but suffers from uric acid. However, the interfe rence of uri a id fr m 

biological samples can be avoided with ethyl acetate extraction a demon trated in th 

urine sample recovery test. 
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Figure 4.8. CVs at the PEDOT-modified GCE for: a) pbs (pH = 7.0) b A . mM , 

APAP (0.5 mM), d) mixture ofUA (0.5 mM) and APAP (0.5 mM) can rate mV - 1 

4.1.8. Analytical application 

The method developed was applied for the determination of AP AP ( 00 mg p r tabl t 

and PAPin the tablets to evaluate the validity of the PEDOT-modifi ed 

obtained by dissolution of APAP tablets were subsequently diluted to get a p ified 

concentration of APAP that lies in the range of the calibration plot and the tandard 

addition method was then employed for recovery tests. The re u It for AP AP and PAP 

are summarized in Table 4 .3. 
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Table 4.3. Determination of APAP and PAP in c . I b ommercla ta let u in g th p . 0 T-

modified GeE. 

Added (/lM) Found' (~lM) Reeo cry (%) 

Matrix APAP PAP APAP PAP APAP P P 

5.94 (to .07) 

Tablet 1 25.0 24.0 30. 1 (to.21) 25.4 (t o. 17) 97 106 

(EPHARM) 42.0 57.0 51.5 (to.2S) 54.5 (t o.24) 109 9 

5.79 (to. I I) 

Tablet 2 34.0 54.0 41.1 (±O.27) 54.9 (t o.22) 104 10 

(PANDOL) 49.0 66.0 5S.6 (to.23) 63.6 (±O.26) IDS <) 

a mean value ± standard deviation (n = 3) 

Recovery tests are in the ranges 97% to 109% for APAP and 96% to 106% ~ r PAP. The 

resul ts show that tablet matrix does not have any interference n the imultane u 

determination of the analytes. The amount of APAP in pharmaceuti ca l formul ati on wa 

fou nd to be 492.0 mg per tab let with 1.6% error, showing a good agreement with the 

content of APAP given by the manufacturer. 

Recovery studies were also carried out for urine sample after intake of APAP. Th DPY 

of phosphate buffer and urine samples are shown in Fi gure 4.9. The blank urine amp l 

after dilution with the buffer solution reveal doub le broad peak (Fi gure 4. b , du t 

interference from uric acid. Extraction of urine samples with eth I acetate rem e th 

interferent from the urine sample (Figure 4.9c) . A linear ca librati 

0-68 11M spiked with APAP with a slope of 0.234 flA flM-
1
, l et th blain d 
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for standard APAP solutions (0.224 JlA JlU- I
) as depicted in Figure 4. B. imilar 

magnitudes in their sensitivity suggest that there is no significant matrix effect in urin 

sample. The percent recoveries for 26, 47 and 68 JlM spiked with APAP int th 

extracted urine samples were found to be 88%, 109% and 103% respectively. 
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Figure 4.9. (A) DPV for a) pbs, b) unextracted urine sample and c) extracted urine 

sample wIth a scan rate m s. . 20 V -I (B) The calibration plots for a) tandard AP AP and b) 

spiked urine sample 
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4.2. Determination of niclosamide at PEDOT-modified G E 

4.2.1. Background 

Niclosamide (2' ,5-dicloro-4' -n itrosali cylanilide) i an imp rtan t than lamin It u d 

molluscicide and nematocide. Niclosamide has been rec mmend d b \I ri d h alth 

organi zation (WHO) as a sole molluscicide since the 1960s [12 I and i till th 

for the control of snail vectors of Schi stosomi asi [ I 0, I II . hi t mia i i a 

parasitic disease prevalent in the tropical and ubtrop ical part t t 

malaria causing social and economic havoc to more than eventy c untri I at d in th . 

regions [132, 133]. 

Niclosamide is al so used as an effective dru g again t tapewo rm in fc ti n ' I I 41· It 

act ivity against worms interferes with the electron transport li nked id ati 

phosphorylation and suppresses the glucose uptake [1 35]. The pharmac kin ·ti b ' ha i r 

of niclosamide is known to playa great role for it tox icity [I ]. The imp rtan e r 

niclosamide for various applicati ons justifies the development of a en iti e and el 

method fo r the determination of thi s drug. 

The various methods reported for the determinat ion of niclo amide are mai n! ba d n 

hi gh performance liquid chromatography [1 37, 138] and pectr ph t m tri m th d 

[139- 14 !]. The chromatographic methods in vo lve labori u and I \' d ri atizati n 

procedures for the modification of niclo am ide b 
an u r a ent . Pri r 1 

spectroscopic detection, the analyte must be complexed t enhan th 

se lectivity of the techniques whi ch hamper the uitabilit f th m 1h d ft r r u1in 

7 



analysis. Owing to these limitations, the search of an altern ati 

essential. 

Much attention has currently been paid to electrochemi ca l t hniqu 

simplicity, accuracy and sensitivity. Voltammetric method ba 

th Ir 

determination of niclosamide at bare GeE [142, 143] have been rep rted. II \' r, th 

use of unmodified electrodes suffers from sluggish electron tran ~ r and ~ ulin' hi h 

result in poor sensitivity and selectivity. In an attempt t impr vc thc 

avoid fouling, a method based on the electrochemi ca l reducti n amid at a 

chemically modified electrode using carbon nanoparticle/chit an comp it nt l 

been reported [144]. Although this modified electrode dem n trated a d 

sensitivity and a low detection limit, a much simpler fa bri cati n mcthod r m difi -d 

electrode is needed for routine analysis. 

A GeE modified with PEDOT for the determination of APAP and it impuriti v a 

described in the previous section. It was found that the P ~ 0 T-modi fi d 

demonstrated a very good electrocatalytic effect with a lower dete ti on li mit and 

improved sensitivity. This important electrochemica l behavior of the P ~ 0 T m dified 

electrode is attributed to the high conductivity of the PEDOT and the lar er el 

active area as described in section 4.1.2. The electr chemica l in e tigati n r 

ni closamide at the PEDOT-modified GeE using anodic str ippin g Itaml11 

is here presented [145]. The modified electrode wa fin all app li ed t phamla uti al 

tablets and urine sample. 
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4.2.2. Electrochemical behavior of niclosamide at PEDOT -modified elect rode 

The electrochemical behavior of 0.05 mM niclosamide wa inve ti at d at ar and 

PEDOT -modified GeE in phosphate buffer pH 7.0 at a scan rate of 50 m "i >ur 

4.10). The cyclic voltammogram of niclosamide at the modifi d :. h v cd a 

characteristic irreversible reduction peak (iiic) at a potential of - 0.54 Y wi th n r 

peak. This reduction peak corresponds to a four electron/four proton rcacti 

hydroxylamine (Eq. 4.3), typical of an aromatic nitro-red uction in aq u u luti n 

[142,146]. Then the produced hydroxylamine undergoes a redox rcacti n ith a rm al 

potential of -0.07 V, corresponding to the N-pheny lhydroxylaminc/nitr d ri ati 

pair (Eq. 4 .4) [143,144]. 

4. 

R-NHOH ::; R-NO + 2e- + 2H (4 . 

where R= 

The responses of the PEDOT-modified and bare GeE for redox reacti on of ni I amide 

are compared (Figure 4 .10). The cathodic peak at the modifi ed electrod c rre p ndin t 

the irreversible reduction ofthe nitrophenyl group of the niclo amide i p iti el 
hiA. d 

from - 0.61 V to -0 .54 V, lowering the overvoltage by 70 mY. Thi peak curr nt at th 

PEDOT -modified electrode (iiic) is four times hi gher than that 
f th unm difi d 

electrode (ic). Furthermore, the anodic (iVa) and cathodic (i c) peak app aring at - 0. 

. I am (cu r e d of igur .10 illu trat a 
V and -0.08 V, respectIvely, on the vo tammogr 
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more I e a rever Ibl e beha i r f th significant increment of the peak currents and I·k . 

. e 0 served enhancement in th redox couple compared to the bare GeE Th b 

e over t e bare electr d can b electrochemical behavior of the modified electrod h 

Ilace an t e Igh conductlvlt f th attributed to the increase in the electrode active su...c. d h h· . . 

PEDOT film [147,148]. 
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Figure 4.10. CVs at bare GCE for: (a) pbs, (b) niclosamide (0.05 mM), and P .. D T-

modified GCE in (c) pbs, (d) niclosamide (0.05 mM) at scan rate of 50 mY S- I 

The influence of scan rate on the electrochemical responses for niclosamide wa tudied 

by running cyclic voltammetry (Figure 4.11). The logarithm of the irrever ible reducti n 

peak currents (log ip) shown in the cyclic voltammograms (arrow indicated in Fi ure 

4.11) linearly increased with the logarithm of scan rate (log v) in the range 20- 20 m 

S- I with a linear regression equation: log ipc = - 0.255 + 0.765 log v and R2 = o. 77. 
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The cyclic voltammograms (on the right side of Figure 4. 11 ) d m n trat th t th 

oxidation phenylhydroxyamine group of the niclosamide hift p \' hil th 

. 1 a 0 an n lan m nt reduction peaks shift negatively as scan rate increases There' I I 

peak-to-peak separation potential (LlE = Epa - Epc) of the cycli c voltamm ram r rd d 

for the scan rate up to 200 mY s- \ suggesting a quas i-rever ible red r a ti n II I· 

With the scan rate of 20-200 mY s - I , the plot of log ip versus log v gave a r 

(see Figure 4.1lB) with a linear regression equation: log ip = - 0.27 

correlation coefficient (R2) of 0.9986, which is close to the theor tical alu r I. 

expected for adsorption controlled electrode process [150]. 

4.2.3. Effect of pH 

The electrochemical responses for niclosamide at the PEDOT-m difi d 

examined in different buffer solutions. Buffer so lution bel w pH 7.0 did n 

good cyclic voltammogram. It is probably due to the hyd roly i of niclo amid and it 

instability in acid media. However, well-defined anodic and cath dic peak ~ r 

ni closam ide were observed in phosphate buffer (PH 7.0) and amm nia buffer (p i I .2 a 

depicted in Figure 4.12A. The phosphate buffer solution howed a better Itamm tri 

response with higher current peaks compared to the ammonia buffer. Thu the ph phate 

buffer was chosen for further studies. 

The effect of pH on the anodic stripping peak current ~ r 5 ~ nicl amid 1 the 

PEDOT-modified GeE was investigated. Figure 4.12B exhibit the dif~ r nti al pul 

anodic stripping voltammetric (DPASY) peak current for ni I amid at di~ r nt pi I in 
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the range 6.2-8.6. Lower anodic stripping peak currents were ob er cd in a idi m 

due to the instability of niclosamide in the medium. The anodic stripping p k urr nt r 

niclosamide decreased with increasing pH in basic media . The optimum Itamm tri 

response was observed at pH 7.0, and hence, pH 7.0 wa cho en fI r ub equ nt 

experiments. 
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Figure 4.12. (A) CVs of niclosamide (0.05 mM) at the P[:.D T-m difi·cl ,1 , 

ammonia buffer (0. J M), (b) pbs (0.1 M); (8) Anodi 

niclosamide (5 )lM) at different pHs: 6.2, 6.6 7.0 7.4 7.8, 8. and 8 .. r 

Ep versus pH. Scan rate: 50 m V S- I 

The variat ion of DPASV peak potentia l with pH (from 6.2 t 8. i d pi t d in I-i ur' 

4. 12C. The anod ic stripping peaks for nic lo amide hiftecl nega ti d, 

indicating that the proton takes part in the electrode reacti n. The p ak p t 'ntial 

linearly with pH according to the equation: p (mV) = - . pi f 

Since the slope of the linear regression equation i cI e t the id al ~ r a h unit 

pH change and the ox idation phenylhydroxyamine gr up r ni I amid in 

two electrons, the number of proton takin o part in th 

reported prev ious ly [143]. 
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4.2.4. Accumulation potential and preconcentration time 

The effect of accumulation potential at the modified electrode on the an di trippin 

peak current for 5 f.lM niciosamide was examined in the range of - 0. 5 t - 0.70 V. Th 

peak current for niclosamide initially increased when the accumulati n p ten tial a 

increased sharply up to -0.50 V, then reached a plateau over the range - 0. to - .70 V. 

Thus, the optimum accumulation potential was set at - 0.55 V for the ub qu nt 

experiments. 

The effect of preconcentration time on the voltammetric response ~ r 5 f.lM ni I amid 

at a potential of -0.55 V was also investigated. The peak current in rea d LIp t 80 

and then after the preconcentration time showed no signifi cant change in the peak 

current. Hence, for all subsequent measurements, a preconcen trati on tim of 80 

employed. 

4.2.5. A nalytical performance of the modified electrode 

To verify the linear relationship between the anodic stripping peak current and 

niciosamide concentration, a calibration curve was constructed LInder the optimum 

conditions in 0.1 M phosphate buffer solution (PH 7.0). Figure 4. 13 ho 

pulse anodic stripping voltammograms obtained at the PEDOT-modifi d G 

concentrations ofniciosamide. A linear range from 0.075 to 7.5 )lM " a 

differential 

for anou 

btained, \J ith a 

linear regression equation of ip ()lA) = 5.04c ()lM) 1.76; R2 = O. 942 

4.13B). The sensitivity of the PEDOT-modified GeE \J a 5.04)l )lM-
1 

\ hi h i 
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than the composite modified electrode 48.8 IlA 11M- I [1441 but II r th n thal lh 

bare GCE 0.286 IlA IlM-
1 

[142]. Moreover, the detection limit \ a I III 

based on signal to noise ratio of 3, which is much better than that 

[142] and is comparable to that obtained with carbon nan parti / hit an m di I d 

GCE (7 .7 nM) [144]. 

The reproducibility of three individual PEDOT-modificd fI r th 

~lM niclosamide was evaluated and the relative tandard dcviati win d \. 

4.1 %. The RSD for five successive determinations of 2 ~lM ni el amid ith a m difi d 

electrode was 1.7%, which indicates a very good repeatability. In additi n, th . in l r-d 

stability of the PEDOT-modified electrode wa te ted by pr parin ' thr " m difi d 

electrodes and keeping them at ambient condition when n 

for 2 IlM niclosamide was recorded for four con ecutive day . The a era " r " p 

fou nd to be 93±3.8% of the original one at the end of the inve ti ati n p ri d. 
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Figure 4.13. (A) Anodic stripping curves of niclosamide al P . 0 T-m difi d I:. in 

phosphate buffer (PH = 7.0) by OPASV for different cOncenlrali n 

(b) 0.1, (c) 0.5, (d) 0.75, (e) l.0, (f) 2.5, (g) 5.0 and (h) 7. ilM und urr 'nt 

subtracted . (8) Calibration plot for niclosamide using OPA V l chniqu 

4.2.6. Interference study 

The effect of various components in the determination of niclo am ide \. a tudicd 

app lying the method of mixed solutions. When the modi fi ed electr d \! a u d ~ r th 

determination of 2 fJ.M niclosamide with the optimum condition 

encountered for additions of 4 fJ.M of each of saccharine ci tri a id lar h and dium 

carbonate that co-exist in pharmaceutical formulation . 

Due to degradation of nic losamide [143, 151], the inlerferen e Ii a id 

and aminoniclosamide in the determination of nicl amid wi th th m difi d 
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were investigated by running cyclic voltammetry. Both 5-cholor ali cli a id and 

aminoniclosamide did not exhibit any peak in the workl'ng t " I . d po entia W in v indi tin ' 

no interference that come from the degradation products of niclo amide a d m n trat d 

in the recovery tests. 

4.2.7. Analytical application 

Applicability of the PEDOT-modified GeE was examined for the d t rminati n r 

niclosamide In a pharmaceutical tablet. Differential pul e an di trippin ' 

voltammograms were obtained by adding appropriate standard luti n di lut d 

solutions under the optimized conditions as described earlier. The re vcr rc ult 

niclosamide are summarized in Table 4.4. The recoveries were acceptable indicatin that 

the modified electrode could be effectively used for the determination f tra cam unt r 

niclosamide in pharmaceutical formulations. Besides, the mean value r ni cl amide in 

pharmaceutical formulations was found to be 493 .6 mg/tablet with I. in a 

good agreement with the content of niclosamide declared by the man ufa tur r 0 

mg/tablet). 

Recovery tests were also carried out for urine sample to ensure the reli ab ilit f th 

electrochemical method. An aliquot of urine sample from a hea lth per ted . 

A certain amount of niclosamide was added into 25 m L of the urine (th e n entrati n I 

15 /-lM) and then 2.5 mL of this urine sample was diluted to 100 mL \! ith ph phate 

luti n buffer so lution (pH 7.0) . The procedure was repeated for pure ph phate ur~ r 

containing the same amount of niclosamide (0 .38 /-lM) a th at f th urin . Th n. th 
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niclosamide concentration in the urine was determ ' d . h tne u tng t e pr p d m th d 

multiple standard additions. 

Table 4.4. Determination of niclosamide In commercial tablet U tn th P :. T-

modified GeE 

Sample Added (flM) Founda (flM ) Rec 

0.8 (±O. I) 

Tablet (AFP) 1.2 1.9 (±0.2) 

3.0 3.9 (±0.2) 105 

4.8 5.5 (±0.2) 9 

a mean value ± standard deviation (n = 3) 

Differential pu lse anodi c stripping voltammograms were obtained by pik in ' 100, 

and 300 flL of 300 flM niclosamide to the 25 mL of urine ampl e and 2 mL r 

phosphate buffer so lution (PH 7.0), see Figure 4.14(A) and (B). In th e in vc liga ti n 

the slopes of the plots for the variation of the anodic stripping peak current ver 'u ' lum 

standard added were 39.2 flA mL- 1 (R2 = 0.9914) in phosphate bu ffer luti n in et 

Figure 4.14A) and 39.3 flA mL- 1 (R2 = 0.9901 ) in the urine sample (in et Figur 4.14B . 

The results provided a very good recovery for the ni closamide added t th urine ampl 

(94%) indicating the complex matrix in urine did not interfere v ith the Itammetri 

determination ofn iclosamide. 
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4.3. Stripping voltammetric determination ofPAM-2 at Fe3+y modified 

4.3.1. Background 

Organophosphorus compounds are widely used all over the world a p ti id . m 

like sarin, soman, and tabun also have the potential of being u ed a warfare a nt r I I· 

They are poisonous to humans, killing as many as 350000 people annuall r I I· 

Poisoning by organophosphorus compounds involves pho phorylati n f th nn 

hydroxyl group in the active site of acetylcholinesterase leading to the inaeti vati n f th 

enzyme [155, 156]. Since pyridinium aldoximes reactivate the inhibited A h " enz m 

they are potential antidotes against such poisonous substance [1 57 158 J. 

One of these aldoximes is PAM-2, which is available for therap uti c u e . It ha 

undergone extensive clinical evaluation in men and is reported to be an effe ti ve anti do t ' 

[157]. Reactivation of the enzyme through phosphorylated aldox ime ~ rmati on i ' h 11 

in Scheme 4.1. Thus, the determination of PAM-2 in biologica l or clinica l ampl 

indispensable for monitoring its pharmaceutical use to those pati ent wh u f~ r rr m 

se lf-poisoning of organophosphorus compounds or from poi oning f ner ega 

o 
II/OR 

AChE- p\ + 

OR 

Scheme 4.1. Reactivation of phosphorylated AChE by PA M-2 thr ugh ph ph 

aldoxime formation 
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Various methods have been reported for the determination f PA -2 in ludin' hi h 

performance liquid chromatography [159-161] and spectrophotometri meth d II j. 

Chromatographic methods involve laborious and sophi ticated pr edure . imil rI 

spectroscopic detection requires complex formation to enhance the en iti it an 1 

selectivity of the technique which hamper its suitability for routine ana l i . II n th 

development of a simple, sensitive and selective technique for the determin ti 11 

2 is of enormous importance. In this regard, electrochemical meth dine 

address such issue. 

Only few voltammetric methods based on poly(p-toluene ulfonic acid) m difie I 

[1 63] and multiwalled carbon nanotube modified platinum electrode [1641 have r 

been reported for the determination of PAM-2. Although th e m 

showed good linear range, important analytical parameter uch a tab ilit and 

sensitivity of the methods were not reported . 

In th is section, the development of stripping voltammetri c method .~ r the determinati n 

of PAM-2 at Fe3+y modified GCE is presented [165]. The electrochemical beha i r f 

the modified electrode was studied under different conditi n . In additi n th 

voltammetric response of the modified electrode for PAM-2 i compared \J ith th at 

zeo lite-free carbon paste modified GCE. The modified electr de i applied ~ r th 

determination ofPAM-2 in a biological sample. 
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4.3.2. Electrochemical behavior of PAM-2 at the modified electrode 

Cyclic voltammetry was run between 1.0 V and - 0.2 V for five cycle in 0.2 

solution fo llowed by rinsing the modified electrode with pure water. Aft rap t nti I 

scan was made in the same potential window for several cycle in 0." M K2 luti n, 

the acid treated modified electrode was stabi lized by running V in 0." 

solution. 

When CV of the modified electrode was successively run in ulfuri a id ~ r fi 

at scan rate of 50 mV S- I, increments in peak currents of ferric/ferr u red and 

narrower peak-to-peak separations were observed as shown in Figur 4. 1 (br k n lin " . 

Solid line in Figure 4.15 shows the cyclic voltammogram oflhe Fe tv m 

in 0.3 M K2S04 at a scan rate 50 mV S- I. 
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Figure 4.15. CVs of the Fe3+y modified electrode with ut a id tr atm nt 
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In order to demonstrate the difference in the electrochemical behav i r f th ul uri < id 

treated and untreated FeHy modified electrode, the electrode kineti c 

Laviron's approach [166, 167] which attempts to determine the 

coefficient (a) and the heterogeneous electron transfer kinetic c n tant ks . In thi 

approach, the cathodic (Epe) and anodic (Epa) peak positions at di f~ rent an rat ar 

expressed as 

0' I a E = E - A n - - A In v 
pc m 

, I - a 
E =Eo +Bln--+Blnv 

po m 

where g ' is the formal potential and 

A= RT 
anF' 

RT 
B=----

(l-a)nF 

nF 
and m=- ­

k.RT 

where R T nand F have their usual meaning. , , 

4. 

4. 

r 

Thus, plot of Epe and Epa versus In v should yield two strai ght line who e I pe ar' ­

and B respectively. Consequently one can determine the value of a and ks fr m tl1 

equation: 

B .7 
a=--

B- A 

anFv (I - a )nFva 
k =~ or k.= RT 

.. RT 

d· rates at E = £1 ' re p 
where Ve and Va are the cathodic and ano IC scan p ' 
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The above approach is valid only for irreversible reaction f el 

can be approximated experimentally when the peak-to-peak p tenti al p rati n I~~ i 

greater than or equal to 200/n m V. Figure 4.16 (A) and (8) h th 

between peak potentials of the untreated and the H2 0 4 treated m d i fi d I 

the natural logarithm of scan rates (In v). The linear regre i n equati n ~ r th lIntr ' t 'd 

modifi ed electrode are: Epa = 230 + 78.7 In v; R2 = 0.9987 and Ep = 6 4. In .. I 2 

0.9980 (Figure 4.16A), and for the treated one are : Epa = 146 55.6 In v; I 2 

Epc = 596 - 79.1 In v; R2 = 0.9975 (Figure 4.168). U ing th ab ve cq ll ati n 

values were found to be 0.44 and 0.62 S- I for the untreated Pe t Y m di (j ,. 

respectively. In contrast, a and ks were 0.42 and 2.36 - I re pecti vely ~ r th a id tr ' at d 

modified electrode. This rapid response of the modifi ed electr de aft r a id tr - ~Ilf11 -Ill an 

be attributed to the lower hydrophobic character of the pol ymer binder al lh - m din - , 

film which causes sluggish electrochemical behavior [4 1, 168J. 

• • A • 700 • 
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Figure 4.16. Plot of peak potentials versus In v for: (A) acid untreated F f Y m di (j 'd 

GeE and (3) acid treated Fe3+y modified GeE 

Voltammetric responses of the Fe3+y modi fled electrode were te ted In d i f1I p nt 

solutions (0.3 M KN03, 0.3 M K2S0 4 and OJ M KH2P04) in rd r t lain tiP 

appropriate electrolyte solution. Figure 4. 17 shows the re ulting ollamm ram r 

various electrolyte solutions at a scan rate of 50 m V - I. Even th ugh th m difi ' d 

electrode shows well-defined peak currents for ferric/ferrou redox c up Ie in b th K 

and K2S04 solutions, the responses progressively decrease with oaking tim . nt il1U u 

leaching out of ferric ion as a result of ion exchange with the electr I e ati n I ad 

unstable and smaller voltammetric responses. In contra t, the m di fi d In 

potassium dihydrogen phosphate demonstrates a stable peak current at a fI rmal p t ntial 

of 160 m V, see curve a in Figure 4.17. In addi tion there" a 11 ntinu u d pi ti n r 

fe rric/ferrous ions at the electrode surface "ith oaking tim du th 
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coordination of the metal ions with phosphat' F . 
e IOn. or this reason pota sium dih dr 

n 
phosphate electrolyte solution was selected fo b . 

r su sequent expenments. 
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Figure 4.17. Cyclic voltammetric responses of Fe3+y modi fied electrode In M 

4.3.3. Electrochemical behavior ofPAM-2 at the modified electrode 

Two types of zeolite such as faujasite (NaY) and natural zeolite were screened to find the 

best modifier for the determination ofPAM-2. A voltammetric peak for O. mM PAM-2 

was observed at Fe3+y modified electrode (curve d in Figure 4.18). In ntra t, n 

voltammetric peak current appeared on the cyclic voltammogram for the ame o lu ti n at 

the iron doped natural zeolite modified GeE. This might be due to the larger p re 

aperture of faujasite Y type of zeolite to incorporate PAM-2 in to it tru tur and 

preconcentrate it at the modified layer and give a voltammetric re p n wher th 
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smaller pore size of the natural zeolite prevents the preconcentration of th P M-

molecule. 

The electrochemical behavior of 0.3 ruM P AM-2 in phosphate buffer wa al 

investigated by running CV at Fe3+y modified GCE and CPG . Th 

voltammogram of P AM-2 at Fe
3
+y modified electrode shows an irreversible 0 idali n 

peak at a potential of 686 mV with no reverse peak as shown in curve d of Figur 4. 1 

When the CPGCE is employed, no detectable oxidation response was ob erved, ur 

b in Figure 4 .18. The electrochemical results suggest that the Fe31y is responsibl for th 

catalytic oxidation ofP AM-2 at the modified electrode. 
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This can be explained by considering two kinds of mechanisms [41 169-17")' h fi . 
, .) . t e Ir t I 

intrazeolitic in which electroactive species carry out electron transfer in ide the ze lit 

structure, and the second is extrazeolitic that involves the exchange of i n f th 

electroactive species for the electrolytic cations prior to electron transfer reacti n. p!\ _ 

2 is a salt which exist as cationic form in phosphate buffer solution pH 7.0. Th 

incorporation of cationic PAM+ into the faujasite Y zeolite results in preconcentrati n f 

the PAM+ prior to voltammetric determination. This leads to an enhanced electr hemi al 

response when the soaking time of the Fe3+y modified GCE in the PAM-2 luti n 

increases. 

The influence of scan rate on the electrochemical response for the analyte wa studied b 

CV after soaking the modified electrode in PAM-2 solution. The logarithm f th pea k 

currents (log ip) linearly increases with the logarithm of scan rate (log v) in th e ran 1(; 

20- 200 mV S- I (Figure 4.l9A), with a linear regression equation : log ipo = 0.64 8 

log v, and R2 = 0.9967 (see Figure 4.19B). The slope of the linear equati n (0. 8 

close to the ideal value 0.50, expected for diffusion controlled proce e [I OJ . Th 

absence of voltammetric response at the natural zeolite modified electrode logeth r \J ith 

enhancement of the peak currents of PAM-2 at Fe3+y modified GCE with aking time 

suggests that the electron transfer reaction be an intrazeolitic mechani m [41 ]. 

95 



co 
Q. 

1.9 

1.8 

1.7 

.; 1.6 

.!2 

1.5 

1.4 

• 

1.2 1.4 1.6 

/ 
,/ 

• 
log ipa = 0.64 + 0.5410g v 

R2 = 0.9967 

1.8 

log v 

2.0 

Figure 4.19. (A) CYs of PAM-2 (50 )..lM) in phosphate buffer solution pH 7.0 at F Y 

modified electrode for scan rates: 20, 40, 60, 80, 100, 120, 140 160, 180, and 20m 

- I 
S . (B) Plot of log ip versus log v 

96 



4.3.4. Effect of pH 

The voltammetric responses ofPAM-2 were studied in the range of pH 4.6- 8.6 u In l . 1 

M phosphate buffer adjusted to the desired pH to evaluate the ratio r I 

protons involved in the oxidation of PAM-2 and to obtain the optimum pI I alue. 1 h 

Fe3+y modified GeE was soaked in a 50 ).!M solution of PAM-2 in the ph phat bu ff r 

solution adjusted to the pH being studied and allowed to accumulate for 5 min . Then th 

soaked electrode was removed from the analyte solution, rin ed with ultrapur \. at r and 

placed in fresh phosphate buffer solution at the same pH which doe n t 

and the square wave voltammetric response was measured. Figure 4.20/\ h w th 

square wave voItammograms recorded at different pH value. The ptimum v Ilal11m tri 

response was observed at about pH 7 which was used for sub equent experiment . 
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Figure 4.20. (A) Anodic stripping SWVs for 50 ~M PAM-2 at Fe ' Y modifi d 

in 0.1 M PBS with pH 4.6, 5.6, 6.6, 7.0, 7.6, and 8.6. (8) Plot f peak urr Ilt 

values at a scan rate 50 mY S- I 

The variation of peak potential with pH (from 4.6 to 8.6) i depicted in i ur ' 4. 8. 'I h' 

anodic peak currents for PAM-2 shift negatively a the pH increa e , indi atin I th at 

proton takes part in the electrode reaction. The peak potential linear! han \. ith pi I 

according to the equation : Ep = 0.895 - 0.031 3pH; R 2 = 0.9906. It i lear fr m th pi 1 

that the gradient -31.3 m V per uni t pLl in rea e 

, 0.059m . b f . d ' process: E = EO _ pH , where m IS num er 0 proton an 11 I 

n 

corresponds to a two-electron, one-proton process. The re ult 
th 

literature report [163] and the reaction of PAM-2 at the m difi d 

[172]: 
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RCH=NOH +IICH =NOH 
dim erizatiofl 

4.3.5. Performance of the Fe3+y modified GeE 

~2RCHO + N2 (4.9 

Square wave anodic stripping voltammetry (SWASV) was performed ~ r anal ti al 

purpose. Prior to anodic stripping experiments in phosphate buffer (pI I 7) th Fc Y 

modified GCE was soaked in the analyte solution containing 25 ~lM PAM-2 in ph phat 

buffer so lution (PH 7.0) and rinsed with pure water. Then the WVs with increa in ' 

soaking times were recorded. The peak current increased up to 5.0 min and then aftcr 

there was no significant change in the voltammetric peak up to 10 min . Hence, .0 min 

soaking time was used as the optimum time for subsequent experiment . 

To demonstrate the linear relationship between the anodic stripping peak current and 

PAM-2 concentration a calibration curve was constructed under the optimum c nditi n . , 

Figure 4.21A shows the SWASVs obtained at the Fe3
+y mod ified G E ~ r dif~ r nt 

concentrations of PAM-2. A concentration range from 0.5 to I 00.0 ~M \J a mea ured 

with a linear regression equation of ip (~A) = 8.08 + 0.36c (~M) ; R2 = 0.9984 ( ' i ur 

4.21 B). The sensitivity of the modified electrode was 0.36 ~A ~lM- 1 and the det 
ti n 

limit was found to be 0.16 ~M based on signal-to-noise rat io of 
\ hi ch i mpara I t 
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that obtained with carbon nanotube modified GCE (0 .30 f..lM ) [161] and larger than th 

result at the poly(p-toluene sulfonic acid) (P-TSA) d'fi mo I led GCE (0.03 f..l M) [1 6"]. 
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Figure 4.21. (A) Anodic stripping SWV peaks for PAM-2 at Fe Y modifi ed ~ In 

phosphate buffer (PH = 7.0) for different concentrations ofanalyte: (a) O. , (b 1, 

(d) 10, (e) 25 , (f) 50, (g) 75 and (h) 100 f..lM , background current ubtra t d. B 

Calibration plot ipa versus different concentrations of PAM-2 
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r 
The relative standard deviation (RSD) for five successive determinations of25 flM P 

2 at the modified electrode was 1.5%, which indicates a very good repeatabi lit . Th 

reproducibi lity of three Fe3+y modified GeEs for the responses of 25 flM PA -2 \ a 

evaluated and the RSD obtained was 4.6%. In addition, the inter-day stab ility of th th r c 

Fe3+y modified electrode was tested over three weeks. The response current ~ r 2 fl 

PAM-2 was recorded after 3, 8, 11 , 15, 19, and 22 days, and keeping the modifi d 

electrode in 0.3 M K2S04 at ambient condition when not in use. The average re p n 

was fou nd to be 104 ± 2.2 % of the original one at the end of the inve tigati on p ri d. 

4.3.6. Interference study 

The effect of various species in the determination of PAM-2 was tudied by app lyin 1 th . 

method of mixed solutions. When the modified electrode was used for the d terminati n 

of 25 flM PAM-2 under the optimum conditions, no interference wa encount r d ~ r 

addi tions of 50 flM of each of glucose, ascorbic acid, and sodium carbonate. I J w cr, 

the presence of uric acid in the sample caused interference for the determination ofP" -

d· . ' oltammetri c re P n f 2 in urine sample. Figure 4.22 shows the ano IC stnppll1g v 

PAM-2 in a urine sample after it was diluted 25 times with phosphate buffer luti n pH 

7.0. 
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Figure 4.22. Anodic stripping voltammograms for : a) phosphate bu ffer oluti n (pb ) 

and b) urine sample diluted with pbs in the presence ofPAM-2 (8 flM) 

Even though the peak potential of the uric acid appeared at a different potential ( 0 mV 

from that of PAM-2 (670 mY), the interference of uric ac id was till b ervcd . To 

illustrate its interference, higher concentrations of PAM-2 (20, 40 and 60 flM ) \ er 

added to the urine sample. The voltammetric peak current of PAM-2 did n t in r a > 

ind icati ng the host zeolite lattice on the modified electrode wa already occupied b Uri 

acid . For the determination of PAM-2 in unne sample, extracti on of uric acid \J a 

performed as demonstrated in the recovery test. 
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4.3.7. Application of the modified electrode 

Recovery tests were performed for urine sample to ensure the reli abili t f Ih 

electrochemical response of the modified electrode. A urine sample wa colic 1 d fr m 

person and the extraction of urine sample was carried out according to th lit ralur 

recently reported [169]. Briefly, a mixture of 0.2 M NaOH and urine am pic c ntainin 

PAM-2 (8 !lM) was manually swirled for 2 min followed by ethyl acetate additi n. J\ ft r 

centrifugation for 5 min, the organic phase was separated from the aque u . Thc cth I 

acetate was removed using a Rotavapor under low pressure and reduced Icmp ralur 

(50°C). The dried urine samples were reconstituted using phosphate buffcr s luti n pi I 

7.0) to make 25 mL urine sample. Then, the PAM-2 concentration in the urine " a ' 

determined using the proposed method by multiple standard additions. 

Anodic stripping voltammograms were obtained by spiking 75 , 150 and 22 ~lL r .0 

mM PAM-2 to the 25 mL of urine sample and 25 mL of phosphate buffer luti n (p I! 

7.0), see Figure 4.23 A and B. In these investigations, the slopes of the pi t ~ r th 

variation of the anodic stripping peak current versus the volume of standard added 
re 

4.29 !-LA mL- 1 (R2 = 0.9978) in phosphate buffer solution (Figure 4.23A) and 4.1 !l 

mL - 1 (R2 = 0.9973) in the urine sample (Figure 4.238). The result provided a er 
d 

o . d' . tl omple malri x 
recovery for the PAM-2 added to the urine sample (99.5 Yo) In Icat In g le c ' 

in urine sample after the removal of uric acid did not interfere in the 
Itamm lri 

determination ofPAM-2. 
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4.4. Determination of uric acid at Fe3+y modified GeE 

4.4.1. Background 

Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione) is formed from metabolic brcakd \ n 

of purine nucleotides. It is a weak acid with two dissociable protons, with pKa f .4 

and 10J [174]. UA is present in monovalent form in human plasma (PH 7.40) and Cr C 

as a natural antioxidant, responsible for about 60% of the free radical scavengin a ti it 

in the plasma [175]. UA can capture the superoxide, hydroxyl radical , and singlet x 'cn 

[176]. It also prevents nitrating the tyrosine residues of proteins by peroxynitritc and 

thereby avoiding the inactivation of cellular enzymes and modifi cation f the 

cytoskeleton [177]. In addition, UA can combine with iron and restrain iron-d p ndcnt 

ascorbate oxidation, preventing an increased production of free radicals that furth er 

contribute to oxidative damage [176]. 

However, abnormal UA concentrations have been implicated to many di ea es. l-li gh A 

level (hyperu ricemia) has been linked to gout, hypertension, cardiovascular and renal 

diseases [1 78-181] , while a lower UA level (hypouricemia) has been related to 

neurodegenerative diseases such as mUltiple sclerosis, Parkinson 's di ea e and 

Alzheimer' s di sease [182, 183]. Hyperuricemia has been defined when erum 

. . . ~ sts for Ie than 120 
concentration is greater than 380 IlM where as hypouncemla manl e 

IlM serum UA, vary slightly depending on gender [176). 

. r· I laboratori e u e uri a 
The common method for the determination UA In C mIca 

. b d· ·de and allantoin [18 ]. 
enzyme to oxidize UA to hydrogen peroxIde, car on 10XI 

th r 
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alterative methods for UA determination include the reduction of ph ph tung ti a id 

by UA to give tungsten blue followed by spectrophotomet ' d '. 
flC etermlnatlon 118 J and 

HPLC on reversed phase columns with UV absorbance or rna I· 

These methods involve several step-wise reactions and enzy t' h . _ rna Ie te nlqu 

determine the concentration of the H20 2 intermediate which result in tim c n umin , 

procedures and use of sophisticated instrument. Hence, there is a great in lere t t de I p 

a simple and sensitive method for UA determination. 

Electrochemical techniques have attracted much attention due to their adva nta r rapid 

analysis, simple experimental procedures, and relatively cheaper in trum ntal wi th hi 'h 

sensitivity and selectivity [187). Since UA is an electrochemically active ompolll1d , a 

non-enzymatic electrochemical approach appears to be the be t alternati ve te hni Ill' ~ r 

its determ ination [188). The use of bare electrode, such as G • ~ r the ele tr hcmi al 

determination of UA is limited because of the sluggish electron tran fer and il1ter~ > r(;n . 

from other electrochemically active species [189]. In order to addre the e lim itati n 

most electrochemical methods rely on chemically modi fi ed electrode II h a ' raph n 

mod ified graphite electrode [190], methylene blue modified zirconia- iii a mp it 

electrode [191], platinum and gold nanoparticles modified GCE [)92], pol an Bill 

m difi d modi fied GCE [193], palladium nanopartic)e-Ioaded carbon nan fiber 

electrode [194], dopamine modified pyrolytic graphite electrode [)9 ], p I m riz 

luminol modified GCE [196], poly (vinyl alcohol) modified G E [197], nan tru tur d 

polymer film modified electrode [198] and carbon paste iron(JI) d ped z lit m difi d 

electrode [199). However, because of the paramount importance f 
d t n11 in ti n 

I
. . k 1'" t b tt chemica ll m difi d I tr d c Inlcal analysis, many researchers 100 lor a e er 
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In this section, the development of a voltammetric method C h d . . . lor t e eterm mati at 

activated Fe3+y modified GCE is presented. The voltammetric re pon c ~ r 
at 

modified GCE is compared with that of the bare GCE The pe C f h . . rlormance 0 t m dlfi d 

electrode is evaluated in terms of sensitivity detection limit and I' F' II ' !near rang . ' Ina th 

developed modified electrode is applied for the determination of UA in a i I 

sample. 

4.4.2. Electrochemical behavior of VA at Fe3+y modified GeE 

The Fe3+y modified electrode was initially treated with sulfuri c ac id a d 

section 4.3 .2. The treatment was done by running CV for five cycle and the tr 'at 'd 

modified electrode was stabilized by sweeping the potential between 1.0 V and - 0. V in 

OJ M KH2P04 solution. It was shown that the acid treated mod ified ele trode h \ cd 

better electrochemical response compared to the untreated one and henc thi tr 'atcd 

modifi ed electrode was employed to develop an electrochemical meth d for th' 

determination uric acid . 

The influence of the modification of the GCE on the intensity of the peak curr nt \! a 

investigated by running CV in 0.25 mM VA dissolved in phosphate buffer luti n (p i I 

4.6) at a scan rate of 50 m V S-I and evaluating the intensity of the electrochemi al i nal 

'd' k f A were b before and after the modification of the electrode. OXI atlon pea 0 

at a potential around 460 m V (vs. SCE) as shown in Figure 4.24. It a 
eri fi d that th 

I . . d . t I four times afterthe m di fi ati n f th e ectrochemlcal response Increase approxlma e y 

electrode (curve d Figure 4.24), In comparison with the re pon e in lh a 
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modification (curve b Figure 4.24). The remarkabl e peak current enhancement b lh 

modified electrode can be attributed to the t I . ca a ytlC property ofFe3+y I' zeo Ite tructur 

described in section 4.3.2. 
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Figure 4.24. The electrochemical responses of the bare GCE in : a) pbs and b) 2 mM 

VA, and the Fe3+y modified GeE in: c) pbs and d) 0.25 mM VA 

In order to further study the electrochemical response for VA at the modified ele tr d , 

the effect of scan rate on the peak currents for VA was examined. Figure 4.2 A h 

the cyclic voltammograms of 20 ~M UA obtained at the Fe
3
+y modified electrode in th 

range of 20 to 200 m V s -I. The anodic peak currents of UA exhibit a linear relati n hip 

with increasing scan rate (Figure 4.25B), indicating that UA is adsorbed ont th 

modified electrode surface. The linear relationshjp between the logarithm f th peak 

currents (log ip) and the logarithm of scan rates (log v) in the range 20- 200 m 
- I and 

its slope (0.99) obtained from the linear equation: log ip = -0.433 
and R2 
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0.9966 (Figure 4.25C) confirm that adsorbed VA is oxidized In a totall 

process [3]. 

60 A 

200 mV 5" 

45 

1 
30 

20mVs 

ct 15 

::l. -
-15 

-30 

0.0 0.1 0.2 0.3 

8 
75 

60 
/ 

45 

1 • 
~ 

30 

15 

30 60 90 120 150 180 210 

vi mV s·1 

., 

:::;:; 

0.4 0.5 0.6 0.7 0,8 09 

ElVvs. seE 

,~ 

'" .2 

2,0 C 

1.6 

1,2 

0,8 

./ , 
log i, = - 0.433 + 0,99 log v / 

R' = 0,9966 

/
. 

1.2 1.4 1.6 1 8 2.0 2.2 2.4 

log V 

Figure 4.25. (A) CYs for 25 IJ-M VA at Fe3+y modified GeE in 0.1 
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mY S- I to 200 mY S-I 
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4.4.3. Effect of accumulation potential and time 

Because of adsorption of UA at the Fe
3
+y modified electrode, accum ul ati n p t mia l and 

time are important parameters that need to be optimized. The accumu lati n p t mial 

UA was varied from a potential 0.10 V to 0.35 V in phosphate bu ffer (p i I ntain in ' 

20 flM UA and running SWV. Significant increment in the eleetroehcmi al up t 

0.20 V and then after steady increase in peak current was observ d cc Pi ur 

Thus, an accumulation potential 0.20 V was chosen for subsequent expcrim nt . 

The accumulation time was also studied by varying the time fr m 0 18 and 

measuring the peak current. The electrochemical responses sharpl y iner a cd up t 

and a steady signal increment was exhibited, see Figure 4.268. Thi ele tr h'mi al 

response indicates that the adsorption ofUA at the Fe3+y modifi ed eleetrod app 'a r t 

reach saturation point when the accumulation time exceeds 90 . A a re ult 

working efficiency as well, 90 s was selected as the optimum accumulati n tim ~ r til . 

rest ofthe study. 
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Figure 4.26. The effect of accumulation (A) potential and (8) time on the peak 

for 20 )lM UA at Fe3+y modified electrode 

4.4.4. Effect of pH 

urrcnl 

The influence of pH on the cyclic voltammetric response for 20 )lM UA wa eX8111in 

between pH 3.9 and 7.4. The Fe3+y modified GCE was kept in a 20)lM oluti n f 

in phosphate buffer solution adjusted to the pH being studied and allowed to accumul al 

for 90 s at a potential 0.2 V. Then CV was run between 0.0 V and 1.0 Vat a can rate f 

50 mV S- I. Figure 4.27A illustrates the cyclic voltammograms recorded at different pll 

values . It can be seen that the electrochemical response of the modified electr de i 

highest at pH 4.6. At lower pH, the higher concentration of proton could compele " ith 

the adsorption of UA on the modified electrode due to the preference of negati e zeolil 

structure for the proton to neutral UA. On the other hand, when the pH of the 
lut i n i 

greater than pH 4.6, the dissociation ofUA (pKa = 5.6) results in more urate ani n whi h 

h 
3+ fi d GCE b e of electr tal i 

inder the adsorption of UA on the Fe Y modi Ie ecau 

repulsion. Thus pH 4.6 was chosen as the optimum pH for this study. 
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The variation of peak potential with pH (from 3.9 to 7.4) is depicted in "i ur .27 . 

The electrochemical response ofUA at the modified electrode shifts negati I 

increases, suggesting that proton takes part in the electrode reaction. The p ak p t nt i I 

are linearly related with the change pH and the regression equation obtai ned fr m th 

linear fit is Ep = 694 - 59pH; R2 = 0.9943 (see Figure 4.27B). It can be een fr m the pi t 

that the slope -59 m V per unit pH change suggests that the oxidation of A in I an 

equal number of protons and electrons [200]. The result is consistent with I it rature r p r1 

where oxidation ofUA proceeds by a two-electron and two-proton mechani m t Ii an 

unstable di imine which is immediately converted into allantoin [176201). Th jaIl r 

chemical reaction after the electrochemical oxidation of UA is re pon ible ~ r th· 

disappearance of the reverse peak in Figure 4.24 [176]. The proposed mechan i 111 ~ r th· 

electrode reaction of uric acid is shown in Scheme 4.2. 

Y
O H 

HN N -2H+, -2e-
I 0-I >= +2H+ +2e-O~N N ' 

H H 

+HP 

Scheme 4.2 : Electrochemical oxidation mechanism ofUA to allantoin. 

4.4.5. Performance of the Fe3+y modified GeE for VA 

h d l' th determination of UA wa exal11in d 
The applicability of the proposed met 0 Jor e 

. f the concentration of the anal 
recording the anodic peak current as a functIOn 0 

und r 

I responses increa e with in r a ing 
the optimized condition. The electrochemica 
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concentration of UA as demonstrated in Figure 4.28A. It can be een from . i ur . [) 

that a linear calibration plot in the range from 0.6 to 60.0 11M is attained \. ith a r 

equation of ip CI.lA) = 5.43 + 0.64c (11M); R2 = 0.9995 . A very good en iti it 

!-LA !-LM-1 was obtained at the Fe3+y modified GeE and the detect ion limit 'V a ~ und I 

be 0.09 11M (sin = 3), compared to other chemically modified electrodes a d m n trat d 

in Table 4.5. The film based modified electrode prepared here ha thc am 

magnitude as that of the bulk zeolite modified electrode [199] in term f th d Ie li n 

limit but the simplicity in the preparation and regeneration of the modified cleClr d In 

our work make it very useful for routine analysis of uric ac id . 
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Figure 4.28. (A) SWV responses of UA at Fe3+y modified GCE in pb (pi I - 4. 

various concentrations of analyte: (a) 0.6, (b) 1, (c) 6, (d) 10, (e) 20, (f) 40, and , 

).lM, background current subtracted. (B) Calibration plot ipa v r u dir~'r 'nl 

concentrations of UA 

The repeatability of the modified electrode for five successive measurements f 0 ~l 

UA was tested and a good repeatability in the analytical signal (relati e tandard 

deviation, RSD, 1.8%) was obtained for the proposed method. The reproducibilit f th' 

modified electrode was also evaluated by considering three different Fe Y m difi d 

electrodes and measuring the peak current of 20 ).lM UA. The coeffi cient of anan 

among the modified electrodes was less than five percent (RSD = 3.9%). 

mea urin th 
The long-term stability of the Fe3+y modified GCE was examined b 

current response at a fixed concentration of UA (20 ).lM) over a period f th r 
w 

The modified electrode was used every four-day and kept in OJ 
luti n at 
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ambient condition when not in use. The experimental re ult 
d th I lh ' 

electrochemical response deviated by only 4 ± 2.2 % after three week r calin th I 

Fe3+y modified GCE has long-term stability. 

Table 4.5. Comparison of some chemically modified electrode rep rt d 

determ inati on 

Modifier Electrode Linear range Detection 

used ()lM) limit (~lM ) 

Graphene Graphite 1.8 - 90 0.45 

Methylene blue Zirconia-silica 22 - 350 3.7 

composite 

Pt Au nanoparticles GCE 21 - 330 

Poly (evans blue) GCE 30- 110 2.0 

Palladium nanoparticle- Carbon paste 2.0 - 200 0.7 

loaded carbon fibers 

Dopamine Pyrolytic 2.5 - 30 1.4 

graphite 

Polymerized luminol GCE 30.0 - 1000 2.0 

Poly (vinyl alcohol) GCE 2.0 - 50 0.6 

2-Amino- l,3,4-thiodiazole GCE 10.0 - 100 0.2 

Zeol ite doped with Fe(III) Carbon paste 0.3-700 0.08 

without acid treatment electrode 

Fe(III) doped zeolite with GCE 0.6 - 60 0.09 

acid treatment 
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4.4.6. Interference study 

One of the greatest problems in UA determination is the interference au cd m 

electrochemically active compounds in biological samples, which can be idi d und r 

the same condition, particularly with most usual interference coming fr m a a id 

and dopamine [197, 198]. In this regard, mixed solution technique wa employ d in rei r 

to study the effect of interfering substances on the electrochemical re pon c r 1\. h n 

the peak current of 20 IlM UA was compared to those of20 flM UA in the pr 

flM of each of glucose, caffeine or ascorbic acid, the anodic peak current did n t han 

suggesting that no interference comes from those possibly interfering ub tance . L:. n 

though dopamine shows an electrochemical signal in the working potenti al wind v , it 

peak potential is negatively shifted by 150 m V from that of the UA as depicted in . i ,ur . 

4.29. When the modified electrode was subjected to more amount of dopamine 0 r 4 

IlM) containing the same amount uric acid (20 flM), no change in the peak current r 

was observed. The result indicates that dopamine does not interfere in the determ inati 11 

UA and the Fe3+y modified has some selectivity towards UA. , 
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Figure 4.29. SWVs for: (a) pbs (PH 4.6), (b) 20 ~ VA in the presence f 2 ~lM 

dopamine (DA) and (c) 20 ~M VA only 

4.4.7. Application of the modified electrode 

Recovery tests were performed for unne sample to ensure the reliabili t of th 

electrochemical response of the Fe3+y modified GeE. A urine sample was collected fr m 

a person and was subjected to a 1000-time dilution, in the supporting electrolyte O. I M 

PBS), in such a way that the concentration of VA present was kept in the conceotrati n 

range of the calibration curve. With no further additional sample treatment it wa ~ und 

that the urine sample exhibited only one peak at about 0.42 V (vs. SeE) which i du t 

the oxidation of VA. The electrochemical response clearly indicates that the m difi 

electrode has some selectivity towards VA in human urine sample under the oplimi z.ed 
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conditions. Table 4.6 shows the recovery results for the sample and fr m Ih l nd rd 

addition experiment the average value of UA in the sample wa ~ und I J.l~t. 

This result (3040 )lM UA considering the dilution factor) is wi thin Ih ran in til 

literature (1 500-4400 )lM/24h) [202]. Besides, the recovery wa acceplabl an r pi In 

UA into the samples (in the range from 92% to 104%). 

Table 4.6. Recovery results for UA in urine sample 

No. Added Founda Recovery 

()lM) ()lM) (%) 

3.0 (±0.22) 

2 3.8 6.6 (±0.33) 92 

3 7.4 10.6 (±O.IS) 103 

4 10.7 14.2 (±O.26) 104 

a Mean value ± standard deviation (n - 3). 
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5. Conclusions 

This thesis has shown the development of various modification 

electrodes for the determination of different analytes. PEDOT and a ti at d I. )< 

modified electrodes were successfully employed for the determinati n f P P it. 

degradation product, PAP), niclosamide, PAM-2, and UA in real ample . 

A PEDOT-modified GeE was fabricated for the simultaneous determinati n f I P 

and PAP using DPV technique. The results confirm that the pre ence fth P -0 film 

on the surface of the electrode significantly affects the kinetic and en iti il r th 

electrochemical responses for APAP and PAP. The significant peak separali n f Ih tw 

analytes offers the technique for the selective determination of APJ\P in the pr 

PAP. The proposed method was applied for the determination of APAP and P P in 

tablets with recovery ranging 96.6-108.5% and 95.6- 105 .8%, respectively. The P · I T-

modified GeE was successfully used for the determination of APAP in biolo Ii al 

samples with a good percent recovery (88.4-109.1%). 

An easy-to-make and low cost fabrication of PEDOT -modi fied GeE wa al 0 emplo 'd 

to determine niclosamide selectively. The PEDOT-modified G capabl 

enhancing the electrochemical monitoring of niclosamide due to increa e in th ele lr d ' 

active surface area. The high sensitivity, selectivity and very 10 
dele li n limit 

(l .09 x 10-8 M) together with the very easy preparation and surface regenerali n f th 

d'fi d I t ode very u eful in th modified electrode make the PEDOT-mo I Ie e ec r 
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of simple electrochemical sensors for the determinatl'o f ' I . no OlC O amid In lini I n 

pharmaceutical formulations. 

A simple electroanalytical method was also developed based on a tablc ·)· I Iii 

modified GCE for the selective determination of PAM-2. The modificd I tr d I 

advantage of the acid treatment of the Fe3+y zeolite which enable inc rp rati n th 

electroactive species and preconcentration of PAM-2 in its structurc. /\ a rc ull Ih 

Fe3+y modified electrode exhibits a better electrochemical respon e with a wid r lin ar 

range, higher sensitivity and lower detection limit compared to the untr at d m difi d 

electrode. The proposed method was successfully applied for the determinati n f P 

2 in a biological sample with a very good recovery (99.5%) without intcrfercn ' fr m 

coexisting species. 

The Fe3+y modified GCE also provides good adsorption characteri tic and e 'hib it hi 1 

electrocatalytic activity towards the oxidation of UA. The modi fled electrode i en iti " 

stable and selective for interferences from potentially interfering compound LI h 

ascorbic acid and dopamine. The Fe3+y modified GeE offers the advantage r impl 

. . . d I detect 'lon limit which are ui table ~ r fabrI catIOn, easy surface regeneratIOn an very ow , 

routine determination of UA in clinical samples. 
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