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Abstract 

4-Am ino-3 -hydroxynaphthalene sulfonic acid was electropolymerized 

potentiodynamically from aqueous solution at the surface of glassy carbon electrodes. 

Different Electrochemical and surface characterization techniques like cyclic 

. vo ltammetry, impedance spectroscopy, scanning electron microscopy/energy dispersive 

spectroscopy, atomic force microscopy, and x-ray photoelectron spectroscopy were used 

to characterize the deposited electro active polymer film at the surface of glassy carbon 

electrodes. 

The poly(4-Amino-3-hydroxynaphthalene sulfonic acid) modified glassy carbon 

electrode was further studied as electrochemical sensor for the determination of selected 

alkaloids (ephedrine, theophylline, and caffeine) and organophosphorus pesticides 

(fenitrothion and methyl parathion) from real samples using various electroanalytical 

methods. The polymer modified electrode showed catalytic effect towards the studied 

alkaloids and organophosphorus pesticides. For the investigated alkaloids and pesticides, 

detection limits in the range of4.7-79 x 10.8 M and 0.79-1.1 x 10-
9 

M, respectively were 

achieved. In contrast to most of the previous reports on similar alkaloids and pesticides, 

po ly( 4-Amino-3-hydroxynaphthalene sulfonic acid) modified glassy carbon electrode 

gave lower detection limits and excellent recoveries making it potentially applicable for 

the determination of alkaloids and pesticides in environmental samples. 

The electrochemical behavior of fenitrothion at an electrochemically activated glassy 

carbon electrode was also investigated. The current response showed linear dependence 
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on the concentration of fenitrothion in the range 0.4-50 x 10-6 M with a detection limit of 

7.8 x 10-& M. The lower detection limit achieved and excellent recovery of fenitrothion 

from human urine samples showed the potential application of the electrode for the 

determination offenitrothion in real samples. 
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1. INTRODUCTION AND MOTIVATION 

Alkaloids represent a group of natural products that have a major impact throughout 

history on the economic, medical, political and social affairs of humans. Many of these 

compounds have potent physiological effects on mammalian systems as well as other 

organisms, and as a consequence, some constitute important therapeutic agents [1]. 

Alkaloids are organic compounds known for their medicinal and, paradoxically, 

poisonous attributes [2-4]. The successful determination of alkaloids at their trace level 

concentrations in environmental samples is thus vital for the control of their hazardous 

effects to man. 

Organophosphorus (OP) compounds are also among the most toxic substances known 

[5 ,6]. They are used as pesticides, insecticides and chemical warfare agents [7-9]. The 

acute toxicity of organophosphorus neurotoxins and their widespread use in modern 

agricultural practices has thus increased public concerns. These concerns have stimulated 

the development of technologies to treat effluents generated at both the producer and 

consumer levels effectively [10-15]. The successful use of any laboratory developed 

technology for the detoxification of the organophosphate neurotoxins will require 

analytical tools for monitoring the concentrations of these neurotoxins. 

However, the common techniques used for the determination of alkaloids and 

organophosphorus pesticides, are time consuming, expensive and require highly trained 

personnel, and are available only in sophisticated laboratories [16] . 
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A lot of efforts have been devoted to developing electroanalytical methods for the 

detection ofthese alkaloids and organophosphorus pesticides in different samples. Due to 

its simplicity, sensitivity and stability; the application of conducting polymer-modified 

electrodes as electrochemical sensors is a growing area in electrochemical analyses. 

Since the environment contains many compounds that need to be determined even in the 

presence of complex matrices, the availability of well characterized electrode mod ifiers is 

vital in electrochemical analyses. The aim of this research is thus, to contribute a 

conductive polymer as an alternative electrode modifier, study the conditions suitable for 

its electropolymerization from an aqueous system, characterize the electrodeposited 

polymer film using different techniques and investigate its sensor application for the 

electrochemical determination of selected alkaloids and organophosphorus pesticides. 

In this work, we presented the potentiodynamic electropolymerization of 4-amino-3-

hydroxynaphthalene sulfonic acid (AHNSA) in an aqueous medium at the surface of 

glassy carbon electrodes. The surface of the polymer film modified electrode was 

characterized using cyclic voltammetric, electrochemical impedance spectroscopic, 

scannmg electron microscopic, atomic force microscopic, and X-ray photoelectron 

spectroscopic techniques. 

Furthermore, the electrochemical sensor applications of the polymer modified glassy 

carbon electrode for the determination of selected alkaloids and organophosphorus 

pesticides have been studied. 
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General objectives 

Electrosynthesis of new electrochemical sensors, characterization of the sensors using 

different techniques and investigate the electrochemical sensor applications of the 

developed sensors for the analyses of selected alkaloids and organophosphorus pesticides 

in environmental samples. 

Specific objectives 

The specific objectives of this research work include: 

o Electrosynthesis of polymer-modified electrodes 

o Study the kinetics of the electropolymerization process using cyclic voltammetry 

o Study the stability of the polymer films 

o Investigate the optimum film thickness 

o Characterize the polymer film using CY, EIS, SEM, MM, and XPS 

o Study the electrocatalytic behavior of the polymer modified electrodes towards 

selected alkaloids and organophosphorus pesticides 

o Study the kinetics of the electrochemical reactions of the alkaloids and 

organophosphorus pesticides at the polymer-modified electrode and propose the 

possible reaction mechanism for each compound. 
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2. LITERATURE REVIEW 

2.1 Conducting Polymers 

2.1.1 Introduction 

Conducting polymers are polymer materials with metallic and semiconductor 

characteristics, a combination of properties not exhibited by any other known material. 

The first and most simple conducting polymer discovered was polyacetylene (-CH=CH-

)n [17]. A key property of conducting polymers is the presence of conjugated double 

bonds along the backbone of the polymers (Fig. 1). 

H H H 
I I I 
C C c 
/~/~/~/ . c c C 

I I I 
H H H 

Fig. 1. Polyacetylene chain 

Since the electrons in a conjugated system are only loosely bound , this enables the 

electrons to be de localized over the whole system and hence shared by many atoms. 

However, conjugation alone is not enough to make the polymer material conductive. In 

addition, the polymer material needs to be doped for flow of electrons to occur. Doping is 

either the addition of electrons (reduction reaction) or the removal of electrons (oxidation 

reaction) from the polymer either by chemical or electrochemical means. Once doping 

has occurred, the electrons in the n-bonds are able to "jump" around the polymer chain 

causing current flow . For better conductivity, the molecules must be well ordered and 
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closely packed to limit the distance "jumped" by the electrons. The conductivity of 

conducting polymers can be tuned by chemical manipulation of the polymer backbone, 

by the nature of the dopant, by the degree of doping, and by blending with other polymers 

[18] . 

Electronic conductivity in polymers can be divided roughly into two different categories: 

i) polymer composites, where the conductivity is achieved by adding conducting (usually 

metallic) particles to an insulating polymer matrix, forming a percolative network, and ii) 

intrinsically conducting polymers (ICPs), where the conductivity arises from a special 

conjugated structure of the polymer backbone. Intrinsically conducting polymers are 

conjugated materials that have a chemical structure with alternating single and double 

bonds [19-21]. Conducting polymers are known to have considerable flexibility in 

chemical structures that can be modified. 

The first requirement for metallic conductivity is to have energy levels near the Fermi 

level (i.e. the chemical potential, 11) that can be thermally populated . It has been 

calculated that for polyacetylene, which has ideally equal single and double bond lengths 

and a chain with 1000 carbon atoms, the separat ion between the Fermi level and the next 

highest level would be 0 .04 eV, which is comparable to thermal energies. This fulfils the 

first requirement, but in practice polyacetylene is still not conducting as such due to 

various reasons: The first and main reason being electron mobility along the chain has to 

be high, i.e. scattering of electrons should be low. This is difficult to satisfy with 

polymers since any deviation from the planar zigzag conformation will cause scattering. 

A highly crystalline material can overcome these problems, but the high conductivity 
5 
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level is still not achieved. Therefore, the main reason for the apparently low conductivity 

of po Iyacetylene arises from differences in the actual bond lengths: C-C and C=C bonds 

of the polymer are not equivalent i.e. they are alternatively shorter or longer, which is 

called Peierls distortion. This distortion has a conclusive effect on the electric propert ies 

of polyacetylene since it opens a gap between the HOMO (highest occupied molecular 

orbital) level, which is the fully occupied n-band (valence band), and the LUMO (lowest 

unoccupied molecular orbital) level, which corresponds to an empty n*-band (conduction 

band). Thus polyacetylene is an intrinsic semiconductor with a band gap of 1.5 eV and it 

requires doping in order to be conducting [20]. 

Conjugated polymers with a narrower band gap have been synthesized [22,23] but a 

vanishing band gap has not been reached [24,25] . Conducting polymers can be reversibly 

doped and undoped using electrochemical techniques accompanied by significant 

changes in conductivity [26]. 

The electrical conductivity of conducting polymers changes over several orders of 

magnitude in response to change in pH, applied potentials, or their environments [27]. 

Polymers that have n-conjugation over elements other than carbon atoms exist as well. 

One of the most well-known examples is polyaniline. Polyaniline differs from the other 

conjugated polymers due to the special chemical structure of the backbone since 

polyaniline exists in three different oxidation states as presented in Scheme I. The most 

reduced state, leucoemeraldine, only has aminic nitrogen atoms in the chain. In the fully 

oxidized state, pemigraniline, all nitrogens are iminic and the ratio of phenylene rings 

with a benzoid or quinoid structure is I: I. The half oxidized form, emeraldine, has an 
6 
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iminic/aminic ratio of 1:1 but benzoid and quinoid structures exist m 3:1 ratio, 

respectively [25] . 

1<=>-N- -N <j-N-

t<) ~-<=> ~ <-)-N-
+ 11 

Nt 

Pcnllgrn lli lille 1m. c 
Pr\:"I -l':"O 

EJlleraldilie ba~1! 
P A_'1J Ell 

Le llcoememldine bn ,e 
PA:'\I LEIl 

Scheme 1 Chemical structures of polyaniline under different conditions 

2.1.2 Conducting polymers as Electrochemical Sensors 

In 1978, Miller' s and Bard ' s groups independently showed that chemically modified 

electrodes could be prepared by coating electrode surfaces with polymer films [28]. 

Conducting polymers have gained much attention in sensor areas [29-31] in recent years 

because of their unique characters [32] . A wide variety of organic mo lecules have been 

used as the monomers for the preparation of conducting polymers, such as polycyclic 

benzenoid, nonbenzenoid hydrocarbons, acetylene, polyaromatic and heterocyclic 

compounds like polyaniline and polypyrrole . 

The great advantage of conducting po Iymer based sensors over other available techniques 

is that conducting polymers have the potential to exhibit improved response properties 
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and are sensitive to small perturbations. Conducting polymers improve the sensitivity of 

the sensors due to their electrical conductivity or charge transport properties [31]. 

Conducting polymers are also known for their ability to be compatible with biological 

molecules in neutral aqueous solutions [33]. Moreover, the polymer itself can be 

modified to bind biomolecules to a biosensor [34]. Conducting polymers can act as an 

electron exchange promoter. Moreover, conducting polymers can be deposited over 

defined areas of electrodes. 

The unique properties of conducting polymers have been exploited for the fabrication of 

electrochemical sensors and biosensors [30,32]. Amongst many analytical techniques 

available, the development of chemical sensors has made significant advances in the last 

decades [35-42]. The rapidly growing applications of chemical sensors reflect the extent 

to which analytical chemists require these devices for cheap, accurate, convenient and 

quick analysis of various samples. Chemical sensors are miniaturized analytical devices, 

which can deliver real-time and on-line information about the presence of specific 

compounds or ions in complex samples. Usually an analyte recognition process takes 

place followed by the conversion of chemical information into an electrical signal 

(Scheme 2) [43]. 

Analyte ~ TranSdUc~-+ Electrochemical 
Signal 

Receptor 

Scheme 2 Schematic representation of analyte, receptor, and transducer interaction 
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Polymer modified electrodes could be prepared using different methods. The common 

methods are: Dipping the electrode surface in to a polymer solution and allowing the 

so Ivent to evaporate [44]. In this case, fi 1m thickness is d ifficu It to contro I. The other 

method is casting [45] which is just putting a certain volume ofa polymer solution on to 

the surface of the electrode. The polymer film deposited is controlled by the volume of 

solution added and its concentration. Spin coating [44] is another method of polymer film 

deposition. A uniform film, whose thickness is controlled by the concentration of the 

polymer solution and also by the time and number of rotations, is obtained. Recently, 

electropolymerization method has been successfully used for the controllable preparation 

of polymer films from monomer solutions. Three types of electrochemical methods are 

commonly employed for the polymerization of different monomers at an electrode 

surface: (1) constant current (galvanostatic) [19-21 ]; (b) constant potential 

(potentiostatic) [20] and (3) potential scanning (potentiodynamic) [46-52]. 

Z.Z Alkaloids 

Since the beginning of human civilization, medicinal plants have been used by mankind 

for their therapeutic value. Nature has been a source of medicinal agents for thousands of 

years and an impressive number of modern drugs have been isolated from natural 

sources. Many of these isolations were based on the uses of the agents in traditional 

medicine. Approximately, 80% of the people in the developing countries rely chiefly on 

traditional medicine for health care needs, of which the majority portion involves the use 

of plant extracts. One of the criticisms on herbal medicine is lack of standardization and 
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quality control profiles. Of central importance with respect to quality control is correct 

identification of the species concerned, whether in the fresh, dried or powdered state 

[53,54]. 

Alkaloids are group of molecules with a relatively large occurrence in nature around the 

Globe. Most of them are plant origin, containing at least one nitrogen atom and have 

significant physiological effect on humans and animals. They are very diverse chemicals 

and biomolecules, and they are all secondary compounds derived from amino acids or 

from the transamination process. Alkaloids are molecules of natural origin with highly 

important benefits and diagnostic uses. They can be characterized as the most useful and 

also the most dangerous products of nature. They are known for their medicinal and, 

paradoxically, poisonous attributes [2-4]. The alkaloids represent a group of natural 

products with a major impact throughout history on the economic, medical, political and 

social affairs of humans. Many of these agents have potent physiological effects on 

mammalian systems as well as other organisms, and as a consequence, some constitute 

important therapeutic agents. Atropine, morphine, quinine and vincristine are 

representative of a host of agents used to treat a range of diseases ranging from malaria to 

cancer [1]. 

Alkaloids have provided a wealth of pharmacologically active compounds; 

approximately 25% of the drugs used today are of plant origin. These are administered 

either as pure compounds or as extracts and have often served as model structures for 

synthetic drugs [55]. On average, alkaloids are poisonous to extremely poisonous, but are 

frequently used in pharmacy, usually without a synthetic countertype. The low LDso of 
10 
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most of the alkaloids and their solubility in many solvents make them potential poisoning 

agents of choice [56] . These alkaloids can be introduced to food products innocuously 

(e.g., in milk, via cattle and sheep grazing on alkaloid-producing plants [20] or 

insidiously (e.g. , intentional poisoning) [57,58]. 

Ephedrine is an alkaloid contained in several plants of the genus Ephedra [59 ,60]. 

Ephedra-containing supplements produce a state of wakefulness and alertness, a 

decreased sense of fatigue, and an elevation of mood with increased self-confidence and 

initiative. Unfortunately, the beneficial effects in weight management and mood 

alteration come at a price: high doses of ephedrine result in depletion of epinephrine 

(adrenaline) and norepinephrine (noradrenaline), leading to the opposite effects: 

depression, a sense of loneliness and suspiciousness. Also, ephedrine may elevate blood 

pressure, increases heart rate and comes with severe palpitations. In very serious cases, 

this can cause ventricular fibrillation and death. Ephedrine has been characterized as a 

prohibited compound by the International Olympic Committee [60,61]. 

Caffeine, theophylline and theobromine are purine alkaloids which are methyl derivatives 

of xanthine. They are widely distributed in plant products and beverages. Xanthine 

derivatives including caffeine and theophylline are generally known to have many 

physiological effects, such as gastric acid secretion, diuresis, and stimulation of the 

central nervous system. They have also been implicated in various disorders including 

heart disease, carcinogenesis, kidney malfunction, and asthma [62-65]. Therefore, it is 

important to develop reliable, simple and fast methodologies for the determination of 

alkaloids in general and the stated alkaloids (ephedrine, caffeine and theophylline) in 
11 
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particular from different sources in order to fmd a more precise relationship between the 

amounts consumed and their physiological effects. 

2.3 Pesticides 

Pesticides in a broad sense are chemical compounds that are used to kill pests, including 

insects, rodents, fungi and unwanted plants (weeds) [66,67]. Pesticides are also used in 

public health to kill vectors of disease, such as mosquitoes. Millions of tons of pesticides 

are applied annually; however, less than 5% of these products are estimated to reach the 

target organisms, with the remainder being deposited on the soil and nontarget organisms, 

as well as moving into the atmosphere and water [68]. 

Among all the hazardous environmental compounds, pesticides are the most abundant in 

soil, water, the atmosphere and agricultural products. Pesticides represent a real threat not 

only to living organisms but also to the environment, especially to ground and surface 

water. Due to their widespread presence, great environmental concerns have recently 

emerged around this type of pollution. 

Pesticides with nitro-containing structural groups are most efficient, but have very toxic 

properties. Within this group of pesticides, there are essentially four groups; 

nitrorganophosphates, nitrophenol derivatives, dinitroaniline derivatives, and nitrorgano-

chlorides [66]. 

Organophosphorus pesticides are among the most widely used pesticides for insect 

control [69]. After the prohibition of organochlorine pesticides due to their 

bioaccumulation and persistence in the environment, organophosphorous (OP) 
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compounds became the most commonly-used class of insectic ides for pest control [70]. 

Because of their efficacy, low cost, and widespread availability; organophosphorus 

compounds are widely applied as pesticides and insectic ides in many countries [71-73]. 

However, most of these pesticides are known to affect animal health as a consequence of 

their enzyme inhibition. The significant neurotoxic properties of organophosphorus 

compounds are such that they have even been used as chemical warfare agents [74-76] . 

The widespread use of organophosphorus insecticides results in the release of their 

residues into natural water, thus inducing an environmental problem [77] . All 

organophosphorus pesticides apparently share a common mechanism of cholinesterase 

inhibition and can cause similar symptoms. Because they share this mechanism, exposure 

to the same organophosphate by multiple routes or to multiple organophosphates by 

multiple routes can lead to serious additive toxicity. 

Acetylcholinesterase (AChE), which is essential for the central nervous system, is present 

in both humans and insects. This enzyme hydrolyzes the acetylcholine neurotransmitter 

in the synaptic membrane in order to prevent its accumulation. AChE inhibition and the 

subsequent acetylcholine accumulation cause a marked dysfunction of many autonomic 

and behavioral systems, eventually leading to respiratory paralysis and death [78-82]. 

The enzyme inhibition mechanism proceeds through the formation of a stable complex 

through reversible and irreversible reaction of OP pesticides with the active site of AChE 

[83,84]. As a result, acetylcholine largely accumulates in the muscular ti ssues and leads 

to severe muscular paralysis and eventually death [85,86]. 
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Concern over the use of pesticides is primarily related to the effects they have 011 non-

target organisms, both plants and animals, including humans. Thi s unintended effect may 

be related to the method of application, the physical and chemical properties of the 

chemical, and the physical attributes of the environment to which it is applied (including 

soil type, slope and rainfall). Aquatic environments are particularly susceptible to 

contamination from pesticides. Many pesticides will leach through the soil into aquifers 

and waterways during wet periods. Other pesticides may bind to soil and be transported 

into waterways through erosion. Once in the water, pesticides may be more readily 

ingested or adsorbed by organisms leading to undesirable consequences. However, the 

degree to which this contamination occurs is dependent upon the intensity of pesticide 

use, the physical and chemical properties of the pesticides used and catchment through 

which it is transported [69]. As the pesticide residue is a potential hazard to the human 

health, the control and detection of pesticide residue plays an important role in 

minimizing the risk [87]. 

Thus, the development and continual improvement of analytical methods for the 

determination of this group of compounds (pesticides) in general and organophosphorous 

pesticides in particular, is a great challenge for analysts. 

Chromatographic methods are the conventional methods most often used for the 

determination of alkaloids [88-93] and organophosphorus pesticides [94-103]. These 

methods are tedious, expensive, need trained personnel (to operate) and use organic 

solvents, which ultimately pollute the environment. Compared to the conventional 

methods, electroanalytical methods are simple, cheap, fast, suited for field analyses and 
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envimnmentally friendly [104]. However, little effo rts have been made in the application 

of electroanalytical methods for the determination of alkaloids and o rganophosphorus 

pesticides. Many of the electroanalytical methods reported used mercury as the working 

electrode whose contribution to environmental pollution cannot be overlooked . Others 

used metal electrodes which fulfill the requirements for electroanalysis, including 

biocompatibility, inertness and nontoxicity. Nevertheless, these metal electrodes have not 

become as popular as the carbon based electrodes due to certain apparently unavo idable 

problems, such as metal oxide formation , resulting in electrode deactivation, which 

requires frequent pretreatment and other procedures to regenerate the electrodes. 

Compared to metal electrodes, glassy carbon electrode (GCE) has been widely used due 

to its biocompatibility with tissue, low residual current over a wide potential range and its 

minimal propensity to show deteriorated response as a result of electrode fouling [105-

107]. 

Polymer modified electrodes (PMEs) have received attention in recent years due to their 

good stability, reproducibility, increased active sites, homogeneity in electrochemical 

deposition and strong adherence to electrode surfaces [108-110]. Potentiodynamically 

polymer modified electrodes have attracted much attention because the film thickness can 

be controlled by varying electrochemical parameters bes ides so lution conditions [III]. 

The monomer used in this project, 4-Amino-3-hydroxynaphthalene sulfonic acid 

(AHNSA), is a derivative of aniline, whose polymer is among the most studied 

conducting polymers used as electrochemical sensors [112-116]. 
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2.4 Electrochemical techniques 

Electrochemical techniques are important tools in almost every chemical and biochemical 

research laboratory. In addition to their application in fundamental studies of oxidation 

and reduction processes to unravel reaction mechanisms, these techniques are also used 

in studying the kinetics and thermodynamics of electron and ion transfer processes [117] . 

Moreover, electrochemical techniques have also proven to be usefu l too ls for the study of 

adsorption and crystallization phenomena at electrode surfaces (118). 

Among the common electrochemical techniques, Voltammetry, Amperometry, and 

[mpedometry are used in this dissertation. 

2.4.1 Voltammetric techniques 

Voltammetry is a branch of electrochemistry that was developed as the result of the 

discovery of polarography in 1922 by laroslav Heyrovsky (Nobel Prize in (959). A major 

breakthrough in voltammetry was made in the early 1960s, when an expanded repertoire 

of analytical methods were reported, appearing in parallel with the corresponding well­

developed theories [117, 119] . At the same time, these developments led to enhanced 

sensitivities obtained with the voltammetric techniques. The excitation signal in all 

voltammetric techniques is the applied potential , E, on the working electrode whereas the 

output parameter is usually the resulting current, i, flowing through the electrochemical 

cell over a period of time, t. Thus, voltammetric techniques can be described as so me 

functions of E, i, and t (120). 
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One of the main advantages of electrochemical techniques is the possibility of direct 

analysis of the sample without tedious and long preparative steps and subsequent 

separation. The analytical advantages of the various voltammetric techniques also include 

excellent sensitivity with a very large useful linear concentration range for both inorganic 

and organic species, a large number of useful solvents and electrolytes, a wide range of 

temperatures, rapid analysis times (seconds), s imultaneous determination of several 

analytes, the ability to determine kinetic and mechanistic parameters, a well-developed 

theory and thus the ability to reasonably estimate the values of unknown parameters, and 

the ease with which different potential waveforms can be generated and small currents 

measured. Chemists widely use voltammetric techniques for a variety of purposes, 

including fundamental studies of oxidation and reduction processes in various media, 

adsorption processes on surfaces, electron transfer and reaction mechanisms, kinetics of 

electron transfer processes, and transport, speciation, and thermodynamic properties of 

so lvated species [121]. 

2.4.1.1 Electrochemical cell and electrodes 

An electrochemical cell is considered to be a sample holder, where the analyte dissolved 

in an appropriate solvent (and ionic electrolyte) and electrodes are placed (Fig. 2). The 

electrodes of the electrochemical system are usually all dipped in the electrochemical 

cell, whereas in some systems the reference electrode is placed in a separate compartment 

to avoid contamination, and it is connected to the cell via an electrolyte bridge. 
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In voltammetric techniques, three-electrode y tem i u ed , which include the ren r nce, 

counter, and working electrode . 

Reference Electrode: 

The reference electrode should provide a rever ible half- reaction with ern tian 

behavior, be constant over time, and be easy to a semble and maintain . It only r Ie i to 

act as reference in measuring and controlling the working electrode ' potential and at no 

point does it pass any current. A reference electrode i a nonpolarized electrode, i.e. an 

electrode of fixed potential. The mo t commonly u ed reference electrode for aq ueo u 

so lutions are the calomel electrode (Hg/I-Ig2Ch) and the ilver/ ilver chlor ide electrode 

(Ag/ AgCl), which are commercially available in a variety of size and hape. 

Counter Electrode: 

In most voltammetric techniques, the electrochemical reaction at electrode urfaces 

occur over very short time periods and rarely produce any appreciable change in bu Ik 

concentrations of reduced or oxidized species. The auxiliary (counter) electrode passes all 

the current needed to balance the current observed at the working electrode. Thus, 

isolation of the counter electrode from the sample is not normally necessary. Most often 

the counter electrode consists of a thin Pt wire/foil , although Au and sometime graphite 

have also been used. 

Working Electrode: 

The electrode on which the required potential is app lied in a controlled way and 

faci litates the transfer of charge to and from the analyte i ca lled the worki ng electrode. It 
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is an ideally polarized electrode, i.e. the electrode shows a large change in potential when 

an infinitesimally small current passes through it. The working electrodes are of various 

geometries and materials, ranging from small Hg drops to flat Pt disks. Mercury is useful 

because it displays a wide negative potential range (difficult to reduce hydrogen ion or 

water at the mercury surface), its surface is read ily regenerated by producing a new drop 

or film, and many metal ions can be reversibly reduced in it. Other commonly used 

electrode materials are gold, platinum, and glassy carbon. 

c 

b 

Fig. 2. A three electrode electrochemical cell: (a) reference electrode, (b) counter 

electrode, and (c) working electrode 

The potentiostat is used to supply potential, regardless of the chemical changes taking 

place on the working electrode at that time [122]. 

The output of a potentiostat which supplies a constant potential (potentiostatic mode) or 

current (galvanostatic mode) to the working electrode, is a current-vohage signa~ which 
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is called voltammogram. The commonly used voltammetric method are cyc lic, linear 

sweep, differential pulse, square wave, and stripping Voltammetry [ I 17 120, 123). 

2.4.1.2 Cyclic voltammetry 

Cyclic voltammetry is one of the most exploited technique in electrochenlical tudie 

[120,123]. Its primary advantage comes from the fact that it give in ight into both the 

half-reactions taking place at the working electrode, providing at the ame time 

information about the chemical or physical phenomena co upled to the tudied 

electrochemical reaction [117, 124, 125]. Hence cyclic voltammetry i often con idered a 

electrochemical spectroscopy [124]. In cyclic voltammetry, a potential i applied to the 

working electrode starting from an initial potential a (Fig. 3A) at a scan rate of b. After 

reaching a switching potential c, the sweep is rever ed but with the same scan rate and 

the potential returns to its initial value. 

The main instrumental parameter in cyclic voltammetry is the scan rate (v = dE/dt), since 

it controls the time scale of the voltammetric experiment. The useful scan rates range 

from 1 to 1000 mY/so The instrumental output in cyclic voltammetric techniques is a 

current-potential curve, a cyclic voltammogram (Fig. 38). The main features of a cyclic 

voltammogram are the cathodic and anodic peak potentials, the cathodic and anodic peak 

currents, and the formal potential. While the formal potential (defined simply as a median 

between the cathodic and the anodic peak potentials) prov ides mainly thermodynamics 

information, the magnitudes of the peak currents revea l the kinetics involved in the 

electrochemical reaction. The shape of the cyclic voltammogram give informat ion about 
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the type of the electrode reaction, the number of electron involved in the elementary step 

of electrochemical transformation, as we ll as about the additional phenomena coupled to 

the e lectrochemical reaction of interest, like tho e for coup led chemica l reaction or 

adsorption [117,124]. 

Epc 
c 

20 
V 

0.0 

t 0.2 
10 

i (pA) 
0.4 0 

I 0.6 
-10 

-t 

a = inital potential ·20 E pa 
b = SCiJn rate (V is: 

c = s'Nitching po:e1t al 

d = fina l Jotential 0,6 0.4 C2 ) ,0 -0 ,2 

Fig. 3. (A) Potential ramp used in cyc lic vo ltammetry, and (8) a cyclic voltammogram 

simulated for one-electron reversible charge transfer 

Electrode processes could be limited by the rate of electron transfer or the mass transport 

[126]. Mass transport occurs by three different modes; 

Diffusion: the spontaneous movement of electroactive species in the bulk towards the 

electrode surface under the influence of concentration grad ient (i,e., from regions of high 

concentration to regions of lower concentration), aimed at minimiz ing concentration 

differences. 
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Convection: mass transport to the electrode by a gro phy ica l m vem nt; u h fl uid 

flow occurs with st irring or flow 0 f the olution and with rotati n r vibrat i n r th 

e lectrode (i.e., forced convection). 

Migration : movement of charged particle along an electric fi eld (i.e. the harge 

carried through the so lution by ion according to th ir tran ferencc number). 

For a redox reaction induced at a working electrode the rate determinin tep may be any 

one of the fo llowing steps depending on the y tem: ma tran p rt f the electr -active 

spec ies, adsorption or de-sorption at the electrode urface , electron tran fe r between the 

electro-active species and the electrode, or individua l chemica l reaction which are part 

of the overall reaction scheme. 

The measurement of peak current i ometime co mplicated by the di ffi cul ty in locating a 

proper "base line" from which the magnitude of a peak i mea ured. J f no other peak are 

present, the base line for the forward wave can generally be defined by extrapolating the 

zero current portion of the scan to a po ition und er the fo rward peak. The reverse peak 

current is more often problematic, with base lines affected by the location of the witchin g 

potential, among other things. Proper extrapolation of ba eline for peak current 

measurement in the absence of co mplication is hown Fig. 4A. Many co mputer­

contro lled potentiostats have data systems that can accurately and quickly make the e 

types of measurements. Fo r situations where base line a ignment i more co mplicated, 

the current ratio can sometimes be co nveniently ca lculated u ing the empirica l method of 

Nicholson [1 27], which requires the measurement of the fo rward (ip!) and re er e peak 
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currents (iP.,)o (to differentiate it from that previ u Iy u ed) fr m the am ba line, a l ng 

with a third current, i;., which i the current mea ured at the \ itching p [entia l. Th i 

method is illustrated in Fig. 4B. 
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Fig. 4. Typical cyc lic voltammogram for rever ible proce e 

The currents measured lIs ing the method of Nicho l on [1 27] ca n then be applied t the 

ca \cu lat ion of the peak current ratio a in eqn. ( I). 

ip,r (ip,r)o i .. - = --+ 0.48 - + 0.086 .. ....... .... ..... .. ...... ............ .... .. .... ... (1) 
ipJ ipJ ipJ 

An e lectrode reaction main ly consist of ( i) the ma tran port of electroacti ve reactant 

and product, ( ii) the electron transfer at the electrode/so lution interface. 

Electrode reactions could be class ified on di ffe rent ba i . a imple and co mplex 

reactions from the mechanistic standpoint. The fo rmer i a reaction which invo lve onl y 

process of electron transfer (E), and the latter, a reaction which invo lve electron tran fe r 

and other types of processes. On the other hand , electrode reaction are cu tomaril y 

class ified as reversible and irrever ible react ion ba ed on the rate of electron tran fer at 

the e lectrode/so lution interface [ 11 7]. 
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Reversible processes 

A redox couple in which both pec ie rapidly exchang electr n with the w rking 

electrode is termed a electrochemically rver ible co upl [117]. The ana lyte ha t be 

redox active within the experimental potential window. It i al highly de irab l fI r th 

analyte to display a reversible wave. Generally if the ele tron tran fer pr ce i much 

faster than the kinetics of the ma tran port pr ce e (diffu i n) then the electr de 

reaction is electrochemically rever ible. In thi ca e the peak eparat i n Ep i g iven a 

in eqn. (2) [I 17,120] : 

2.303RT . 0 
M p = IE pa - E p c I = which at 25 i ' redu ed to : 

nJ< 

0.059 Mp =--V ................. .............................. ··· ... .......... .. .. .............. . (2) 
n 

The peak current (ip) for a diffusion-controlled, rever ible y tem i de cribed by the 

Randles- Sevcik equation [I 17, I 28], which is u ed for quantitative analy e : 

i p = 2.69 x l 05 n 3 / 2 ACoDI /2 V ll 2 .... .................. ......... .. ... .. .. ......... (3) 

where, ip is peak current (A), n is number of electron A i electrode area (cm
2
) , D i 

diffu sion coefficient (cm2/s ), Co is analyte initial concentration (mo Vc m\ and v i can 

rate (Vis). The potential where the current is half of the peak current i known a the half 

peak potential, which is related to the half wave potential Ev, (which i located at the 

midway between the Ep/2 and Ep) value and n by [I 17, I 20]: 
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E = E + 0.029 
p / 2 112 - V ........... ... .... ....... .. ........ ... ... .. ...... .... (4) 

n 

The rat io of reduction peak current (ipc) to xidat i n p ak curr nt {ipo} fI r r vcr ibl 

couples is near unity. This rat io ca n be perturbed in the pre enc of a hemi al r a ti n 

preceding or succeeding the electron exchange proce . Th fI rmal p t ntial ( £ 0' ) fI r a 

reversible couple is centered between l;,~a and fpc [I 17 120, 129). 

o· Epa + E pc 
E = 2 .. ................ ... ... ..... .... ... .. ....... .. .... .. ....... (5) 

Moreover, the peak potential eparation hould not vary by increa ing the ca n rate, whil 

both cathodic and anodic peak current hould be a linear functi n f the quare r t of 

the scan rate. Every breac h of the e criteria mean dev iat ion of the electrochemica l 

reversibility, caused either by the low electron tran fer (qua i-rever ibility 

irreversibility) or by additional involvement of the electroactive pecie in chemica l 

reactions or adsorption phenomena [1 17]. 

Cyc lic voltammetry can also be used for evaluat ing the interacted behavior of 

electroactive compounds. Both the reactant and product can be involved in an ad orption-

desorption process. A gradual increase of the cathodic and anodic peak current indicate 

progress ive adsorptive accumulation of the spec ie at the electrode urface. For uch 

reversible surface-controlled system, the peak current i direct l proport ional to the 

surface coverage (r) and potential scan rate [117]. 

. (nF) 2 
1 = vAr ... ... ... ...... .. ... ...... ... · ........ .... · ...... · .. · .. ...... .. · .. (6) 

p 4RT 
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The peak area at saturation ( i.e., the quantity of charge c n umed during the r du ti n r 

oxidation of the adsorbed layer) can be u ed to ca lcu late the ur fa e verag [ I 17 J: 

Q = nFAr ..... ..... .... .. .... .. ...... ........ ..... .. ...... .. ... ... ............ 7 

where ip is peak current (A) , r i the amount ad orbed (moVcm2
) v i ca n ratc (Vi s) A i 

electrode area (cm\ Q is amount of charge ( co n umed and the re t have their u ual 

meanmg. 

The peak potential for a reversible proce i related to the half peak p tential (Epl2 ) and 

number of e lectrons (n) in the rate determining tep a in eqn. (8) . 

I I 
RT 56.5 

E p - E
p / 2 

= 2.20 - V =-- mV at 25 0 

nF n 
...... ..... .. .. .. .. .. ... ... .... ... (8) 

Irreversible processes 

For irreversible process (those with slugg ish electron tran fe r) the indi vidual peak are 

reduced in size and widely separated. Irreversible y tem are characterized by a hi lt of 

the peak potential with scan rate. 

The peak current for a diffusion controlled-irrever ible y tem i related to parameter 

including the transfer coeffic ient (a.) and number of electrons invo Ived in the charge-

transfer step (na) by eqn. (9) [120]. 

i p = (2.99 x 105 )n(an
a

)1 / 2 ACoDI / 2Vl / 2 . .. . . . ........ .. . .. . ..... . ... ... .... .. . . ... ... .... . . (9) 

The peak current is still proportional to the bulk concentration ( 0) and to vlt, . 
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An irreversible, adsorption-controlled electrochemica l r act i n I hara t rized b the 

following distinct features; 

o Peak current is directly proportional to can rate 

o For the case where ad orbed 0 i reduced to R in a tota lly irrever ible ne t p and 

one-electron reaction, the langmuirian- ern tian b undary c nditi n i r pia ed by 

a kinetic one, similar to that u ed for di olved reactant . F r n ele tr n y tem at 

the rate determining step, the peak current and peak p tential are given by 

eqns.(IO-12) [117,120,130] : 

I _ (an)n 2 F 2 A vr 
p c - 2.718RT ........ .... ... ...... .... ..... ....... .... .. .. .. ........... .. ... ... .. (10) 

\£,, - £,, 12 \ = 1.85 RT v = 0.048Vat25 ° ....... ... ..... .. .. .. .... ... ... ... (12) 
anF an 

2.4.1.3 Pulse Voltammetric Techniques 

The invention of pulse voltammetric techniques wa motivated by the fact that by 

changing the potential and measuring the current in a pul ed manner a ignificant 

discrimination ofthe charging (non-faradaic) current can be achieved [117]. Applying the 

potential difference between the working and the reference electrode In an 

electrochemical cell is a precondition for initiating an electron exchange between the 

working electrode and the electroactive spec ie in the cell. However, thi change in the 

potential difference also causes charging and di charging fthe electr ica l d uble la er at 
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the electrode-electrolyte interface, which initiate a n w f apa iti e ( harg in ) urr nt 

too [117]. This current is unde irable for kinetic and analyt ica l purp e , and cm rt ar 

being undertaken to minimize it contribution. The ba i fall pul t chniqu lie in the 

difference in the rate of the decay of the capacitive and faradai urrent fI II wing th 

potential steps. While the faradaic current decay with r l l2 Ii r diffu I n- ntr II d 

e lectrode reactions, for the ame reaction , the ca pacitive urrent decay xp n ntiall y 

with time. Accordingly, by ampling the current at the end f the applied p t ntial 

pulses, one gets negligible capacitive current yet ignifi ant faradaic current [ I I]. In 

thi way, the sensitivity of the voltammetric method will be ignifica ntly increa ed, and 

the measured current will refer almo t exc lu ively to the faradaic r act i n f intere t. In 

novel electrochemical instrument , one meet variou pul e v Ital11metric techniqu , 

which differ in the pulse-wave form and the way by which the current i ampled . The 

most important parameters of all pul e voltammetric technique are a fo llow: ( I) pul e 

amplitude, which is the height of the potential pul e (2) pul e width which i the 

duration of the potential pulse, and (3) sampling period, defined a a time at the end of 

the potential pulse in which current is mea ured. 

2.4.1.3.1 Differelltial Pulse Voltammetry 

The potential form in differential pulse voltammetry (DPY) con i t of mall pul e of 

constant amplitude (l 0- 1 00 mY) superimpo ed on a tair a e-wave form. The current in 

this technique is measured twice in each pulse peri d fir tat p tential at the beginning f 

the applied pulse, and second at the end ing of the am pu I e (Fig. 5 ) [I I J. he 
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measured current in the instrumental output, referred a diffi rential pul e 

yoltammogram (Fig. 58), is actually the difference between the current m a ured fI r 

each single pulse. 

I 
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Fig. 5. (A) Potential form and (8) re ulting imulated yoltammogram in differential pul e 

YO Itammetry 
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2.4.1.3.2 Square Wave VQltal11l11etry 

quare-wave voltammetry ( WV) i the m t ad an d and th m t phi ti ated 

technique in the fami ly of pul e voltammetri t hniqu [I 17, I 81-

Fig. 6A helps to define the principal param t r . Th quar wav hara teriz d b a 

pulse height, ~Ep, mea ured with re pect t the c rr p ndin tread fth tair a e, and a 

pul e width tp. Alternatively the pul e width ca n b e, pr cd in t rl11 f th quar 

wave frequency,j = 1/2tp. The tairca e hiA. by ·s at th 

the scan rate v = ~Es/2tp = f~Es. The can b g in at an initial p tential 

applied for an arbitrary time to initialize the y tern a de ired. 

whi h an b 

Current samp les are taken twice per cycle, at the nd r each pul e. Th current 

measured at the end of oxidation half cycle g ive the xidative (fl rward) current 

component, while the current mea ured at reducti n ha lf cy Ie g ive the redu ti n 

(backward) current component (Fig. 6B) . The net current in WV i btained a a 

ubtraction between the forward and the backward current . H 'Y ever, in e the reduct ive 

currents (by convention) have a negative ign, the net current in WV i actuall a UI11 

of the absolute values of both the current component (Fig. 6B). Thi l11eth d f 

measurement makes SWV the 1110 t en itive electroanalyt ica l technique. The net peak 

current in SWV, as in other pul e voltammetric technique , i pr p rti nal to the analyte 

concentration, resu lting often in detection limit in ub-nan m lar range. WV i a er 

fa t tecimique, providing in ight into the kinetic f ra t el tr n tran fI r reacti n , and 

into the kinetics of rapid chemical reaction coupled t the I 
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Fig. 6. (A) Potentia l form in square-wave vo ltammetr : w, p tential amplitude' d , 

potential step; t, duration of a single pu l e. The current i ampled t\i ice in each pul e, in 

the time period between two arrows at the in et· (8) re ult ing imulated vo ltamm gram 

in square-wave voltammetry: If, forward current Ib, back ard urrent, lnet net current 
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2.4.2 Impedometry 

2.4.2.1 General Principles of Impedance Spectroscopy 

The terms resistance and impedance both denote an oppo iti n t th n " 

current. In direct current (de) circuit , only re i t r ( harge tran fI rand p lariza li n) 

produce this effect. However, in alternating current (0 ) circuit , at lea t tw ircuit 

elements; resistors and capacitor , imped the f1 w f ele tr n . Impcdan e can b 

expressed as a complex number, where the re i tance i th rea l mp n III and th 

combined capacitance and inductance i the imagi nary c mp n nl. 

The total impedance in an ac circuit i the combined pp ilion f all it 

capacitors, and inductors to the flow of electron [132). 

The basic principle of impedance spectroscopy i that, mall amplitude of typically 2- 10 

m V is applied to perturb the system and the impedance and pha e angle re p n e i 

recorded as a function offrequency response [133]. 

2.4.2.2 Representation of Electrochemical Impedance Data 

" ,,' ,.-----------, 
• 

h' 

Fig. 7. (A) Typical Nyquist plot (co = 2nf) , and (8) 8 d pi t of all 1 data 
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An e lectrochemica l impeda nce data co uld be pre nl d ith r LI In th YfJuist plot 

7A) which is a grap h obta ined LI ually by pi tting th ne il11a I11p n nt -

Z " ) against the rea l co mponent (Z ') at differ nt fr qu th Bode plot ig. 

7B) which is a graph obtained by plotting the e I11pl , Il11 p clan e IZI r pha 

a function of frequency. In the ea e f the B de pi t th 

logarithmic form . 

2.4.2.3 Equivalent Electrical Circuits (EECs) 

A co mmon approach for the interpretat i n f impedan 

uld In 

pc tra i th l11eth d f 

equiva lent electrical circuit (E ) [ 134]. The be t 111 th d f quantitative anal f 

impedance data is fitting the data to a the retica l 111 d I and/ r eq ui va lent ele tri a l 

circuit by using softwares [135-138). Ol11e of the circuit lel11ent that are 111111 nl 

used in equiva lent electrica l circuit repre entation are: 

Electrolyte resistallce (Rs) 

A modern three electrode potentio tat cO l11pen ate fi r the luti n re i tance between 

the counter and reference electrodes. However, any lu ti n re i tance between the 

reference and the work ing electrode I11U t be con id ered " hen 111 de l ing a ce ll. The 

resistance of an ionic so lution depend on the t pe f ion ionic c n entrati n, 

temperature and the geometry of the area in which current i arried. 
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Double layer capacitallce (C,J 

An electrica l double layer exi t on the inter fa and it 

surro unding electro lyte. Thi do uble layer i fI rmed a n " ti k n" 

the e lectrode surface . Charge in the electrode are eparat d fr m har fin . The 

eparation is very small , often on the order f allg tr In 1,;' lcctr d p tent l'al • L.J < , 

temperature, ionic co ncentrat ion , type of ion lectr de r u hnc impur it 

adsorpt io n, etc. are facto r that affect the capac itan c. 

Charge transf er resistallce (RcJ 

An electrode is polarized when its potential i f rced awa fr m it va lue at p n circuit. 

Po larization of an electrode cau e current to fl ow due t electr chemica l reacti n it 

induces at the electrode surface. The magnitude f the cu rr nt i contr lied by rea ti n 

kinet ics and diffusion of reactant both toward and away fr m the lectr de. harge 

transfe r res istance is a measure of the electron exchange between the electr de ub trate 

and the e lectroactive probe. The simple t ca e i when the ma tran fer impedance i 

neg ligible in the entire 0,) range, where it can be e t imated by the d iameter of the 

semicirc le in the co mplex-plane diagram (F ig. 8). 

This charge transfer reaction has a certa in peed. The peed depend n the kind of 

reactio n, the temperature, the concentration of the reaction pr duct and the p tentia!' 

Charge transfer resistance is related to the current den it b eqn. ( I . 

RT R =-......... ........... .............. ...... .. .. ...... ..... ....... .... ....... ................ . 
cl D ' 

nr10 
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where io is current density and the other have their u ualm an in . 

-Z' 

Rct - Z' 

Fig. 8. Experimental determination of Rei fr m a yqui t pi t 

Diffusion (Wlirburg impedallce) 

The rate of an electrochemical react ion can be tr ngly il1nuen ed b diffu i 11 f 

reactants towards or products away from the electrode urface. Thi i fl n the a e 

when a so lution species must diffuse through a film on the electr d urfa e. Thi 

situation can exist when the electrode i covered with reacti 11 pr duct , ad rbed 

so lution components, or a prepared coating. Whenever di ffu i n effect c mpletely 

dominate the electrochemical reaction mechani m, the impedance i ca lled the Warburg 

impedance, Zw and the current is 450 out of pha e with the impo ed potentia l. 

Zw = cr(llJrI /2(l - j) .... .... .. .... ... ... ..... ...... .. ....... .... .... .. .. .... .. .. (14) 

where cr is called Warburg con tant given by: 

RT [I I ] 
(J = n

2 
F 2 An c~ (Do) "2 + ~ (D

Il

) 1/2 ................ .... ............ ... ... (1 5 

and llJ called radial frequency = bej, D ~ i d iffu i 11 C effic ient f the x id ant, D ~ 
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diffusion coeffic ient of the reductant, A i urfa area r th 

e lectro n invo lved. 

Coatillg capacitance 

A capac itor is fo rmed when two co nducting plate are parat d b a n n- ndu tin 

media, ca lled the dielectric. The va lue of the capa itance d pend n th r th 

plates, the distance between the plate and the pr p rtie r th diel tri . Th 

re lat ionship is, 

cQcrA 
Cc = - d - .... ... ..... ... ...... ..... ... .. .. ... ....... .. ............ ............. .... (1 

where Co is permittivity ofvacuulTI (phy ica l co n tant), Cr i relati ve p rmilti vity (dep nd 

on the material), A is surface of one plate and d i di ta n e between two plate . 

Table 1 Typica l Relative Electrica l Permitt ivitie 

Material 

Vacuum 

Organic coating 

Water 

4 - 8 

80.1 (20 0 
) 

A significant increment of the capac itance of an electr de coated with an rganic 

substance like paint and other mod ifier could be an ind icati n of the ad orption f water 

due to its large relative perm itt ivity va lue (Tab le I). 
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Constant phase elemellt (CPE) 

Capac itors in EIS experiment often d n t b havc id a ll .. r xa mpl , th lid 

e lectrode - so lid electrolyte interface contai n a lar e num ber ur a 

kink , jags, and ledge, loca l charge inhomogeneitie , ad rb d and var iati n in 

composit ion and stoichiometry. The capac itance re ult d due t a iled 

con tant phase element ( P ). The P ha b en u d t d cribe th d ubi - Ia r 

capac itance, the low-fTequency p eudocapac itan e, a we ll a the diffu i n im peda n e 

[139] : 

/ Z / = (jCwra 
... .... ............ . .•........ . ...... •...... . . . ... . ... . .. . . .. . ... .. (17) 

where a is an exponent which eq uals I for an idea l capac itance, O. ~ r an id ea l re i t r 

and less than I for a CPE [ 140]. 

A 

K C 
V'V' II 

,. 

, 
1 .. - . ,. ..... , , 

t .. 

Fig. 9. Nyquist plot and EEC for (A) erie and (B) parallel R conne ti n 

II 

To express the total impedance of a circuit it i IInp rtant t eparate th Ir uit int 

paralle l part and series part (Fig. 9) . alculati n f th r ultant imp dan f an 

eq uiva lent electrica l circuit in both co nnection be Kir hh fP la\: [ I I]. 
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2.4.2.4 Polymer-Coated urfaces and Equivalent ircuit s 

Among the poss ible po lymer film arrangement , the tw 

[ 137] : 

mm n arran m nt ar 

I . The polymer film is supported on a meta l r other I nl ndu t r and dipp d in 

an electrolyte so lution co ntaining on ly el ct r ch mica ll y ' inert ' p ie . The 

so lution only contains ion that do n t po ea r d , a ti vit 

arrangement, two different interface ex i t: a m tal/fi lm int rfa wher 

de 

nl 

e lectrons may be exchanged and a film/e lectr te luti n interfa e, whi h i 

permeable only for counterion that are ab le to cr the film/ luti n b undar 

retain the bulk film electroneutrality, and fI r neutral (e.g. Iv nt) m Ie ule . 

2. The polymer film is supported on a meta l or other electr ni c nduct r and dipped in 

an electrolyte so lution containing a redox c upl . In thi ca e al t'v int rfa e 

ex ist: a metal/film interface where only electr n ma be 'changed and a 

film/electrolyte so lution interface where both electr n and I n a wel l a Iv nt 

molecules can be exchanged [142]. 

The Nyquist spectra of polymer-coated metal aim t alwa di pia depr ed 

emicircles. Depressed sem i-circle often appear even in the ca e fu n ated meta l . 

This phenomenon, referred to as impeda nce di per i n, i e plained b the di tributi n f 

the time constants of the electrode proce around a central a lue due t th r ughn f 

the electrode surface [143] and/or the non-uni form di tributi n fth curr nt den it f 

the surface [144]. The depre ion of em i-circle in th qui t pi t fp I m r- at d 
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metals is probably due to urface heterogeneity [ 145] r lid rr i n pr du t th 

metal substrate deve loping in the defect in th II I· h ller 

explanation is supported by the ob ervat ion that an inta t (pr n 

depress ion at a ll and the depre ion increa e with th incr a in ' f th 

coating. Depressed Nyqui t semi-c ircle are better r pre ent d b ub titutin In 

place of capacitance [147). 

lft he spectrum displays more than one emi-circ le u ually it i the hi h-fr quen ml-

circle which contains coat ing informat ion while the I w-fr quen ntain 

informat ion about the processes related to reacti n n the ele tr de urfa e 11 48 1. When 

only one semi-circle is observed in the Nyqui t pi t f a p Iymer a ted meta I 

(e lectrode), a simple method to identify whether it is due t the c ating (p Iym r/ l11etal) 

or due to the electrode react ions (polymer/e lectrolyte) i by varying the appli d ac 

vo Itage [149]. A higher vo Itage should decrea e the time co n tant due t the el tr de 

reaction but should not normally affect the time con tant due to the c ating unle the 

pores are plugged by the higher vo ltage in which ca e it w uld increa e. 

For a redox-active polymer coating, Randles model (Fig. lOb) that include emi-infinite 

linear diffusion element (Warburg) i usually recommended. The apacit i e current i 

separated from the faradaic current which i justified onl \ hen di fferent ion tak part 

in the double-layer charging and the charge tran fer pr ce e that i , a upp rting 

electrolyte is present in high concentrat ion. The emi -c ircle regi n at high fr qu n ie i 

related to the parallel co mbinat ion of dl and Ret \l her a th trai ht lin e at ab ut an 

ang le of 45° to the rea l axi at 10\ frequencie i r laled t th 
39 
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parameter (W). In other words, at high frequencie rt tim al , th imp da n 

determined by electron tran fer kinetic , wherea at I fr quen ie ( I n tim a le 

the impedance is diffusion-contro lled. 

~ 1.', 

9 
// b Cdl 

-. ·1.0 ,/ 

RoI~} 
1: ,;""' ..... , 
a. ( ' 

, 
~ ~o.~ ../ 
c 
'w a 
j 0 

0 .' 1.0 1.' .0 2.' 
Rool p~rt I kO 

Fig. 10. (a) Nyquist plot (b) Randle EEC for a red x-active pec ie 

Under ideal conditions, an impedance spectrum of the type in Fig. 9a i btained fI r a 

redox polymer film which consists of three reg ion ' a em i-circle at high fr quenc , a 

line at an ang le of 45° in the mid-frequency, and a line with a I pe of ab lit I at I w 

frequency regions. Such a spectrum can be modeled u ing a mod ified Rand Ie ircu it 

(Fig. 11 b). The Warburg element for semi-infinite di ffu ion ha been rep laced b the 

diffus ion e lement Zo, which is defined by eqns. (18-20) [150] : 

Z D = (j~1 / 2 coth[B(jliJ)
1I2

1············· ·· ······· ···················· ... ........ . (18) 

At large x coth x = I hence Zo = ~1/ 2 = Zw = 0"(liJf' /2(J - j) " hi h I a 
" (j a;) 

mathematical representation of the Warburg impedance ( emi- infinite diffu n [ 11 7]. 
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Fig. 11. (a) I.dealized Nyqui t plot and (b) M difi d Randl E fl r a r d p l mr 

film 

I x 
At small x, coth x = - +-, and hence· 

x 3 

AS A Z D = __ + __ _____ ___ _________ ___ -- ---------- ---------.- .. -- .. -.- .... ( 1 
3 jcoB 

which corresponds to a serie co mbination of resistan 'ASI3) and op I item BIA) 

[150] . 

For a polymer fi lm, this re i tance i the fi lm re i lance RF, and the capa itan the 

psedo-capac itance t;,.C . Thus, eqn.( 19) can be rewritten a . 

I Zo = Rp + _. __ ........ .......... ......... ...... .. ... .... ....... .. .. ...... .... ... ........ 20 
j ill C 

Therefo re the important parameter that can be e tract d fr m the imp dan 
trum r 

a redox-polymer are the charge tran fer re i tan Rei ' th 
ar urg ffi nt (J th 

fi lm res istance (Rp) and the film p eud -capa itan 
id al th 

parameter can be deri ed fro m equi alent ir uit r Ii- m p ifi ana l rtai n 
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data egments. For examp le, a pi I . CV - 1/2 ~ r th r n f mi-in lI1il ' di U I n 

has a slope of (Y (eqn. 18) a plot f Z ' I a -int r pI and a pi 1 Z 

v . m- I fo r the thin layer regi n ha a I pe and -inter cpt 

[151 ). 

The amplitude of potential perturbati n th app li d p t nlial , th fi lm thi , th t p 

and concentrat ion of the electrolyte ar me f th fact r that af~ t th hap f th 

electrochemical impedance pectra f a p Iym r-m dified elc tr d 

transfer resistance, low-freq uency (red x) capa itan c and th 

II th har 

change with the potential; more exactly, th y d pend n th red x tate r th p I m r. 

Ohmic resistance which i the um fthe luti n re i tanc' and th film re i tanC ; ma 

also depend on the potential due to the p tentia I-dependent el tr n 

sorption of ions, and the swell ing of the p Iymer film [1 52]. 

ndu ti it , 

EIS has found widespread app licat ion in the field f chara terizati n f mat rial . It i 

routinely used in the characterization of coating c rr i n ph n mena batterie and 

fuel ce lls. 

2.5 Surface Characterization Techniques 

As was discussed under the previou ect ion , electr chemica l techniqu 

cyclic voltammetry and electrochemica l impedan e pectr 

the characterization of electrode urface . Ther 

Scanning Electron Micro c P ( M) At mi 
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Photoelectron Spectroscopy (X P ) which entircl ar II cd fI r th ur a 

characterization and sur face compo ition analy e . 

2.5.1 X-ray photoelectron spectroscopy (XPS) 

XPS is a surface sensitive technique u ed to determinc at mi 

info rmation about the types of bonding that ccur within va ri II 

mp iti n and I arn 

mp lind In an 

x- ray source, photons are created which have the ab ility t tran fI r thei r ent ir cn r 

electrons within atoms when truke [153]. If th n rgy tran fe r i II ffi i nt, th 

rece iving electron is jettisoned out of it energy leve l and away fr m the at m bc m1l1 

a photoelectron (F ig. 12A). XPS work by ending ma ive am lint 

the sample to produce large number of photoelec tr n and c mparing the kinet i energ 

with the initial energy of the photon. The difference i accounted fI r b the am li nt f 

attract ion the electron has with the nucleu to remove it (b inding en rg ) and th am unt 

of energy the particle loses in transit from the ample to the anal zer (w rk fu ncti n). 

While the work function is consistent for each ample on a pec ific XP anal zer the 

binding energy is dependent on the type of ato m the electron ca me fr m a we ll a the 

envi ronment it came from. The electron of atom that are ph t emitted rema in within a 

range of binding energies to help identify the pecific element within the amp le. 

When the core electron leaves a vacancy, an electron f higher nerg 

occupy the vacancy while releas ing energy (F ig. 128) . Thi nerg 

the applied X-ray, may be relea ed either in the fI rm f ph 

ill m e d \. n t 

h ich i \! eaker than 

it urr und in 

may cause a photoelectron ca lled Auger electr n that appear at a I \: er inding n rg 
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than the core electron. Thus the auger electr n whi h appear at a hara t 

ometimes used for qualitative ana ly e purp e. 

A 
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i 

Fig. 12. Schematic representation of (A) overall phot ele tr n pr ce and (8) Aug r 

electron formation during XPS 

Different types of bonds affect where in the range the e binding energie fa ll rating a 

"chemical shift" which acts as another part of the c mp und ' fin g rprint [I ). 

Chemical shift is mainly a function of oxidation tate and hemical en ir nm nl. F r 

instance, a carbon ofa carboxyl group wi ll beha ve lightl different than that fa arb n 

in a methyl group for the core electron are under diffi rent h mi al n iJ nm nt ° 
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Comparing results of an unkn wn ample t th 

identification of the compound or at lea t an id a 

th r kn \ 11 landard I ad t th ' 

pr nl. 

Typica l XPS analysis u e an inciden c angle n rrnal t th ami I ur a . Ph I n 

emitted from the x-ray ource are then ab le t p nctrat int th ampl urth r than 

merely the top layer of atom . Phot ele tr n arc th n mitt d fr mall f th at m 

affected to create the sub equent pectrum. 111 th at m cncath th urfa f th 

ample significantly outnumber the interfac ial at m , thc maj rit f th i nal m 

fro m the interior. In fact , thi analy i reflect what i prc cnt at t 2 an ' lr J11 

the interface of the sample with the urr unding envir nment wh ilc bar In ti in' hat 

fa lls outside of this range [154). Thi give m re fa bulk fee lt th infl rmat i n in t ad 

of truly revealing what is on the top layer f the c mp und o 

In order to discern more clearly between the ur fa e and bulk ph t electr n that are 

emitted, it is necessary to alter the XP technique. /\ tated earlier t pi a l P ana l 

is done from an incidence angle normal to the ample urfac whi h a llo for t mu h 

photon penetration and subsequently, too many ph toelectr n fr m the bulk . Bait rin g 

the angle of incidence, it is pos ible to change the ampling depth to a Ie e l that in lude 

almost exc lusively the surface atom . While the bulk ntributi n t the ignal i ti ll 

present, the surface portion how a ignifica nt b t in ignal tr ngth. The increa In 

surface reso lution leads to analy i that can h n bind in 

of the surface atoms and the bulk atom. Thi di ffe r n e i 

shi ft (SCLS) and can be u ed to ga in m re in fi rmati n a ut th at m at th int rfa . 
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2.5.2 Scanning Electron Microscopy (SEM) 

The method of scanning electron micro copy ith ener 

analys is (SEMIEDS) has been exten ive ly u ed in the pa t t 

morphology and elemental compo ition of different ample r I I. 

th 

In SEM imag ing, a vo ltage is applied betw en a c ndu tive ampl and a fi lam nt in a 

vacuum environment ranging between 10-4 to 10-10 t rr re ulting in the m1 1 n f ca m 

of electrons from the fil ament to the ample. Th el ctr n intera ith th amp I 

within a few nanometers to everal mlcr n f the ur fa e, depend in n b am 

parameters and sample type. Electron are emitted fr m the ampl pri maril a ith r 

backscattered electrons or secondary electr n . ec ndary ele tr n - ar the m 

common signal used fo r inve tigation of lIr face m rph I gy. The are pr d ll ed a a 

result of interactions between the beam electron and weak ly b und ele tr n in the 

co nduct ion band of the sample. Some energy from the bea m electr n i tran ferred t the 

conduction band electrons in the sample, providing enough energ fI r their e cape fr m 

the sample surface as secondary electrons. Seco ndary electr n are I en rg ele tr n 

«50 eV), so only those fo rmed within the fir t few nanometer f the ample urfac 

have enough energy to escape and be detected. High energ beam electr n \J hi h ar 

scattered back out of the sample (back cattered electr n can al nd ar 

electrons when they leave the sur face . Since the e electr n tra el farth r int the ample 

than the secondary electron , they can emerge from the amp I at a mu h lar r di tan 

away fro m the impact of the incident beam ',: hich make th ir patia I d i tri uti n lar r. 
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Once these electrons escape from the ample urfa , th ar t pia II 

detector. The SEM image formed i the re ult f the intcn it f th 

emiss ion from the sample at each x,y data point durin the ra t 

across the surface. The brightne of the image i a fun ti n fth int 

e lectrons reaching the detector. 

Along with the secondary electron emi ion whi h i u d t ft rm a m al ima 

of the surface, it provides elemental analy i by the atta hmcnt fan " ncr 

Spectrometer (EDS) to the SEM y tem [156, 157). Intera ti n f the primar b am ith 

atoms in the sample causes shell tran ition which re lilt in the emi i n an - r ~l . Th 

emitted X-ray has an energy characteri tic f the parent elcment. Det eti n and 

measurement of the energy permit elemental analy i C:.nergy Di per ivc -ra 

Spectroscopy or EDS). EDS can provide rapid qualitat ive r with adeq uate tandard , 

quantitative analysis of elemental compo ition with a am pling d pth of \-2 mi r n 

rays may also be used to form maps or line profile h wing the elemental d i tributi n in 

a sample surface. 

2.5.3 Atomic Force Microscopy (AFM) 

AFM imaging consists of sharp scanning tip at the end fa fl xibl anti le er a r a 

sample surface while maintaining a small con tant fI rce. The tip 

radius of 2-20 nm, depending on tip type. The ca nning m ti n 

all ha e an nd 

ndu t d 

piezoe lectric scanner which scan the tip in a ra ter pattern .. ith re p t t th ampl 

cans the sample with re pect to the tip) . The tip- amp l inl ra ti n I m nit r d b 
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reflecting a laser beam off the back of the ca ntilever int a plit ph l di d d 

detect ing the difference in the photodetector utpul v Ilagc han in th antil 

deflection or oscillation amplitude are determined. 

The two most commonly used mode of AFM operali n ar nla t m d and Lappin 

mode. Contact mode AFM con i t of ra ter- canning th prob r amp l \ hil 

monitoring the change in cantilever deflection with the plil ph t di d dete l r. 

The distance the scanner moves vertically at each x,y data pint i th mputcr 

to form the topographic image of the sample urfac . Thi feedback I p m~lintain a 

constant force during imaging. 

Tapping mode AFM consists of oscillating the cantilever at it re nan e frequ n 

(typically -300 kHz) and lightly "tapping" the tip on the ur face during ca nning. The 

laser deflection method is used to detect the root-mean- quare (RM ) amp litude f 

anti lever oscillation. The advantage of tapping m de over contact m de i lhat it 

e liminates the lateral, shear forces present in contact m de. Thi enable tapp ing m de t 

Image soft, fragile, and adhesive surfaces without damaging them, whi h ca n be a 

drawback of contact mode AFM. 

The work presented in this thesis encompa e electr nthe i fane p I In r 

(poly(4-amino-3-hydroxynaphthalene ulfonic acid) at gla carbon e le tr de , 

characterization of the polymer mod ified electrode u ing d i fferenl te hn iqll llid th 

app lication of the polymer-modified electrode for the elect r ch mical delerminati n f 

se lected alkaloids and organopho phoru pe ticide in en ir nm ntal ampl . r, 

48 



AAU, Dept of Chemistry PhD Th sis 

the app licat ion of electrochemica lly pretr ated gla arb n fI r th 

determination of fenitrothion which i 

considered, is included. 

n 
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3. EXPERIMENTAL 

3.1 Chemicals 

4-amino-3-hydroxynaphthalene sulfonic ac id (A ll 1\ ) th I parathi n, , nitr thi n 

(FT) and Ascorbic ac id (A A) were purcha ed fr m ri a id 

fTo m Fluka Chemika, Sw itzerland . phedrine hydr hi rid "PI! , Th ph lIin 

anhydrous (TP), and Caffe ine were upplied by mmell n Bi t h Phanna uti al 

Limited, the China associate limited upplier and Pi her icntifi 

Potass ium ferricyanide and pota ium ferr cya nid e were uppli db B II , ' n "and . 

Britton-Robinson buffe r so lution (RB ) were prepared u in' equi - o lum ' mixlur r 

i rna -A ldri h . 

Phosphate buffer so lutions (PBS) were prepared fr m 0.1 M KH2 P 4 r K2J IP 4 F1uka 

Chemika, Switzerland) whilst the Acetate buffer luti n (AB ) b mu in appr priate 

amounts of 0.1 M CH3COOH and CH COO a ( igma-A ldrich). The pH f a h buffer 

so lution was adjusted to the required pH with 0.1 M H I r 2.0 M a II u ing Jen a 

3345 ion meter. All chemicals used were of analytica l grade and ere 1I d with ut 

further purification. 

3.2 Apparatus 

Voltammetric measurements were performed u ing SA 

CHJ760D Electrochemica l Workstation CH In trllment 

Auto lab PGSTAT30 ana lyzer controlled b p 4. 
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Netherlands) . Similarly, the electrochemical impedan 

4.9 software (EcoChemie, The Netherland ). 

pc tra cr rc rd d u in ' I-R 

Scanning electron microscopic (SEM) image At ml 

and the X-ray photoelectron spectro copic (X P 

pi ima ' 

" r 

recorded using TM 1000 tabletop micro c pe fr m III TA III , an A il nt 

microscope, and SPECS GmbH pectrometer, rc pcctivcl pc ab V r I n .1 

software was used for spectrometer control and data hand I in f X P re u It . 

All electrochemical experiment were perf! rm d cmpl 111 

electrode system with unmod ified gla y carb n elcctr de 

glassy carbon electrode (AGCE), poly(AHN A) m dified gla 

(PGCE), or electrochemically pretreated gla y carb n ele tr de (p 

electrode, platinum wire as an auxiliary electr de and Ag/Ag I r 

electrode. 

3.3 Procedure 

3.3.1 Electrode preparation 

3.3.1.1 Electrochemical measu rements 

nti nal thr -

Icctr d 

a w rkin 

a a referen e 

Fo r the electrochemical (CV and EIS) experiment thI e gla carb n el 

first rinsed with distilled water, polished carefu l! "ith alumina p " der ha 111 diff, rent 

part icle size (1.0, 0.3 and 0.05 ~m) to mirror fini h urfa e . R idual p Ii hin mat rial 

were removed from the surface by repetiti e rin in fth urfa \ ith di til! d \ at r r 
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ne f th thr p Ii h d on icat ing the electrodes in ethano I for 30 e nd 

used unmodified (UGCE). The urface f the nd p Ii h d E \ a p I m r-

modified by scanning the electrode between -0.8 and 2.0 V in a .1 m I L"I II 

so lution containing 2.0 x 10-3 mol L-1 AH A ~ r I m r-m d i I d 

e lectrode (PGCE) was then rinsed with di tilled wat r t rem ad rb d and 

unreacted species from the electrode urface. ub equentl ) th 

e lectroact ivated in a 0.5 mol L-1 H2 0 4 potenti dynami a ll b L en - .8 and 0.8 

until a steady voltammogram was obtained . Finally, the m dified cle Lr 

air and made ready for use. The th ird electr de \> a m d i fi d fI II 

procedure as for the polymer modification except that th 0.1 M II 

free. This electrode was named as electroactivated gla y carb n el ' tr 

th am 

n m r 

fourth working electrode (pGCE) was prepared by adapti ng the pr ced ure rep rt d II 8J . 

Briefly: a constant oxidative potential of + 1.75 V wa app lied t the p Ii hed cle tr de in 

pH 5 ABS for 200 s. The pretreated electrode wa then canned betwe n -0.4 and -1 .0 V 

in pH 5 ABS until a stable voltammogram wa obtained. Pri r tach mea urem nt the 

electrode surface was cleaned by running a linear weep in the re er e d ir ti n. 

The electrochemical impedance spectrosco pic pectra fo r the ab 

(UGCE, AGCE, PGCE, and pGCE) were recorded b appl ing 0.2 bia p t ntia I and 

10 mY alternative voltage in the frequenc range 0.01-100,00 H . an 

e lectrochemical probe, 10 mM K4[Fe(C )J K3[Fe( )] in pH 7 PB c ntainin .1 M 

KC I was used. The experimental impedance pe tra \ r 

equivalent circuits employing the Randle E 
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3.3.1.2 Surface characterization 

Fo r SEM, AFM, and XPS analyse three gla y carb 

prepared. The electrodes were poli hed fir t with a and pap r and th n ~ ith alumina 

slurry of J .0, 0.3, and 0.05 11m size. The poli hed ele tr d er rln d ith di till d 

water to remove polishing material and further nd . 

The PGCE, UGCE and AGE electrodes for M AFM and 

following the procedure discussed above. Furtherm r , m n mer m difi d 

(MGCE) was prepared by casting 20 ilL of 2.0 x 10' mi L'! All A in 0. 1 II 

at the surface of a polished GeE. 

Finally, the SEM images, AFM image , and XP pectra fI r the ele tr de w'r rc rd d 

after fixing the electrodes erected on a small metal heet u ins an ep 

allow ing them to dry in air. 

3.3.2 Sample preparation 

3.3.2.1 Standard samples 

r in and 

50 mM ephedrine hydrochloride (EPH) in pH J 1.0 RB , 25 111M the ph Il in in di till d 

water, 10 mM caffeine in pH 5 ABS, 0.534 mM fenitrothion ( ) in than I and 10 

mg/ IOO mL methyl parathion in ethanol were prepared a t ck lut i n and .. r kept 

in the dark under refrigeration. 100 mL of2 .0 x 10-
3

11101 in 0.1 

M HN03 was prepared . The disso lution of the 111 n Iller \J a fa ilitat d ni ati n r 

continuous hand shaking. 
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Standard samples of the se lected alkaloid and r an ph ph ru p ti id \ r ' 

prepared fro m the ir respective tock olution b di luti n ith th uft r th 

required pHs. Buffer type for the analy i f ea h ana l 

matching between the buffe ring capac ity of th p iii buffl rand th pll ran u d 

the ana lyte in literature. 

3.3.2.2 Urine samples 

Human urine co llected from a volunteer wa divid d in t t P rti n \' a 

suction fi ltered using a 0.45 11m pore ize fi lter pap r. The fi ltrat \ a th n di luted \ ith 

pH 10.5 RBS in a 1:5 volume ratio. Then, 80 100, and 2 0 IJ M ~ III 

prepared from the stock so lution using the dilu ted fi ltered urine a a l ent. 1 h ' 'am 

procedure was used to prepare 80, 100, and 200 ~IM PH luti n v ith the un i1 ter >d 

urine portion. 

Filtrate of the human urine used for fe nitrothion anal 

ABS in a 1 :20 (urine: buffer) volume ratio. The diluted urine wa th n u d t pr par 

three samples with 20, 10, and 5 11M FT respectively. 

Human urine sample co llected from a vo lunteer \> a al filtered and di luted v ith pH 

ABS using which, three FT so lution of20, 10, and 5 ~l ere prepar d. 

3.3.2.3 Theophylline tablet samples 

Theophylline tablets (labeled a 120 mg per tab l t 

pharmaceuticals manufacturing facto rie : Addi pha rma uti al 
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Ethiop ian pharmaceuticals factory (EPF). tock luti n fth tablet r m h 

mL di till d \ at r. were prepared by dissolving 3 randomly elected tablet in 

and 20 flM TP tablet solutions were prepared fr m ca h t luti n diluti n \ ilh 

PBS (pH 3.0). Triplicate measurement were tak n ft r ca h amp l 

recovery of spiked standard TP in tablet ample luti n u in th d 

was investigated. For this purpose, two oluti n w re prepared fr III I 

drug samples (EPF) spiked with 10 flM and 20 flM tandard TP 

3.3.2.4 Coffee extract samples 

lut i n. Th 

d 

Ethiopian coffee purchased from a supermarket wa il d in at rand 

then extracted by decantation. The filtrate of the coffee xtra t wa mad read fI r 

caffe ine measurement after diluting it with pH 5.0 AB in a v lume rati f 1:20 . Th 

amount of caffeine contained in the coffee extra t wa d termined empl III th 

developed method . Furthermore, the application of the meth 

the recovery of spiked standard caffeine in coffee extract. 

3.3.2.5 Tap water samples 

aluat 'd ba d n 

Instead of distilled water, tap/drinking water wa u ed t prepare the bu ffer luti n f 

the optimized pH for the recovery studies of fenitrothi n ( ecti n 4.2 .4 .8 and .2. 

and methyl parathion (4 .2.5.4) . Standard FT and J11eth I parathi n fr J11 th ir t 

(3.3 .2. 1) were spiked in to the buffer olution f the r quired pH I r par d r J11 

tap/drinking water. The recoverie were ca lculat d b J11parln th 
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current response with the expected current according t th r pc ti 

equations formu lated. 
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4. Results and Discussion 

4.1 Electrosynthesis and Characterization of poly(A HN A modified 

glassy carbon electrodes 

One of the critical problems during the potenti dynam i m rizati n f 

am ino-3-hydroxynaphthalene sulfonic acid (AH A) ( hemc 

electrode from an aqueous so lution wa optimizing the p t ntial ind .. \I ithin ~ hi h it 

po lymerizes. CY, £ IS, SEM, AFM, and XP technique were u cd t hara t riz th 

polymer film deposition (electrode surface modificati n) atth Ie tr dc ur fa . 

OH 

I 
o = s=o 

O H 

Scheme 3 Structural formula of 4-amino-3-hydroxynaphthalene ulfl nic a id (Al l 

4.1.1 Cyclic voltammetry 

4.1.1.1 Electropolymerization of AHN A at th e urface of G E 

Cyclic vo ltammetry was used to deposit the polymer fi lm at the el tr de urfa 

most important thing was the potential scan range within \ hich the m n 

fo rms a polymer film at the electrode surface. 0 p I m r fI rmati n \ a 

the anod ic potential is below +2.0 Y and the cath dip t ntia I i a 
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Therefore, the optimum potential wind w ft r Ih Il cmm 'lri 

. I-i . I d pi I electropolymerization of AHNSA at G E wa belwe n -0 .8 and 

the repetitive cyclic vo ltammogram of2.0 x 10- mi L-I r 1\11 in . IM Il I ) at 

a po lished GCE between -0 .8 and +2.0 V. 

150 

0 

"l -150 
30 -c: 16 

~ ~ -300 "i 
::::J - 0 
u -" ~ -16 

-450 c3 -30 a' b ' c' 

-0 .8 -0.4 0 .0 0 .4 0 .8 

EIV 
-600 

-1 .0 -0.5 0 .0 0 .5 1.0 1.5 2.0 

E I V vs. Ag/AgCI 

Fig. 13. Cyclic voltammograms (1-15 cycle) of2 .0 x 10-3 m I -I AH in 0.1 

HN03 at GCE. Inset: the cyc lic voltammogram of U E (A) and P B in a 

monomer free 0.5 M H2S04 scanned between -0 .8 and 0.8 v. can rate: 0.1 V -I 

In the first cycle, weak anodic peaks (b), strong anodic peak (0) and cath di peak b ' 

were observed at about -15, +650 and -300 mY re pectivel . I n the 

additional peaks; anodic peaks (c) and (d) and a cathodic peak {i , appea red at a ut 

+250, +1650 and +200 mY, respective ly. Upon continuou canning, the p ak urr nt 

growth for all peaks (except peak (a» was accompanied b p tential hi ft . Th an di 

and cathod ic peaks showed potentia l shift in the d irecti n f hi 

va lues, respectively. Contrasting the other peak , the p ak lIrr nt ft r p ak d 
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with increas ing scanning cyc les which could be a cri cd t th pr 

being irreversibly oxidized. 

Inset of Fig. 13 represents the cyc lic vo ltam m gram f unm dified 

a sp 

and 

polymer modified GCE (B) in a monomer free O. M 112 4. In ntra ' t t th 

vo ltammogram at the UGCE (curve A), three red x uple de i )nated a : a-a , b-b', an I 

c-c' were observed at the PGCE (curve 8) with p ak-t -peak eparati n 101 

IEpc - E pa l) of 30, 30 and 60 mY, re pective ly. The r cd peak ' parali n ar 

characteristics of quasireversible redox co uple g ve rn d b £,) - ( rn/n m ; " hr ' 

m is number of protons and n number of electron in v Ived in th r a ti n. ' hu" th ' 

resu Its suggested that an e lectroactive po Iy( A liN 

surface. 

The effec t of scan rate on the peak current and peak p tent ial f the red ' up l ' r 

the po lymer film was also investigated. Fig. 14 dep ict the cli Itamm Iram f 

PGCE in a monomer free 0.5 M l-hS04 at variou can rate . In the an ral ' ran > 

stud ied, the anodic and cathodic peak currents (Jpa and fpc, re pecti el fI r th r d 

co up le with the highest peak currents (a-a ') inc rea ed linea r! \ ith an rate \ ith a lin ar 

regress ion equation and correlation coeffic ient (R2) of lpa (IlA = - 1.9 - 0.1 m 

I), [pc = 1.967 + 0.196 v(mY S-I ), 0.9979 and 0.9985, re p 

Linear dependence of peak current on the can rate i an ind i ali n f a r d x pr 

invo lving surface-confined spec ies [159] confirmi ng the dep ili n fa p I m r film at 

the electrode surface. Besides, variation of can rale h \ d n p tentia l hi in th 
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redox peaks of the po lymer modified electr d nfirmin ilil 

co uples. 

60 a' 

40 

20 

~ 
0 

.... -20 60 
I: 
CII 40 
~ 
~ -40 20 =' 
() '1 0 

-60 ~ ·20 

.. ~. .. t: 
-40 

-80 -60 

Ipa 

0.0 0.1 0.2 0.3 

-100 
v/ Vs·1 

-1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 

E I V vs. Ag/AgCI 

Fig. 14. Cyclic vo ltammograms of PGCE in 0.5 M H2 an rate a- I: 

20, 40, 60, 80, 100, 125, 150, 175,200, 225, 250, 275 and, 00 mY 

In the case of a surface-co nfined reversible redox pr ce e , the peak curr nl and har I 

consumed during the electrolysis are given by eqn. (6 and 7 , re pecti el [117 ,1 OJ. 

Integrating the reductive peak a ' at scan rate of 100 mY · 1 in Fig. 12, 11 and r ~ er 

calculated to be 2.2 and 1.32 x 10.9 mol cm·2, re pecti el . Thu th al ulat d ur a 

coverage along with the appearance of di tinct red x peak In et r Fi . t th 

modified GCE confirmed the deposit ion of polymer fi lm at th urfa 
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4.1.1.2 Cyclic voltam metric C haracterization of the pol III r- lII odifi II 

electrode 

To further verify the polymer fi lm dep ur a an < ppr a h t 

how the diffe rence between the polymer-m dified clc tr d a ti at 

electrode (AGCE) that co uld re ult while ca nning the ele tr d in an a id il'l dillil'l wa. 

pursued. The cyclic voltammetric re ult pre ented in '·i ' . -18 \ r II d (I 

conflfmatory evidences for the polymer modifi ati n f the lectr d ur fa 

200 
200 

0 

'i 0( 
::1 - -

C -200 C ·200 
~ <II 

t 
::J ::J B 0 U 

-400 
-400 

-600 
-600 -"--.,----,-, ---,.---

·1 ·1 o 
E I V vs. AglAgCI E I V vs. AglAgCI 

Fig. 15. Cyclic vo ltammograms of polished G E in 0.1 H nla iJl in 

AHNSA and (B) 2 x 10.3 M AHNSA. Scanning cycle: I . ca n rat : .1 
· 1 

Ii h d Fig. 15 presents the cyc lic vo ltammogram oft\. 0 p 

0.1 M HN03 (A), and the other in a 0.1 M H 0 3 ntainin 
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(8). The cyc lic voltammogram of the electr de in the pr Il1nll1r 1 I:. 

howed at least three distinct oxidative p ak (a, band n th I1lrar , th arn 

electrode in a monomer free olution howed n Ie xida ti p ak 

the deposition of a polymer film at the electr de ur fa 

Fig. 16 depicts the cyc lic voltammogram of the tw ele tr de ; A . and P E in . 

M H2S04 after steady state wave formati n. ti ll thre d i tin t red upl 

the po lymer modified GeE (8) which are ab ent at the a tivated ni in th ' 

pre ence of an electroactive polymer film at th h 

distinguishing voltammetric peak during the electr pol ll1eri;ni n I-i ' . <lnd 

act ivat ion (F ig. 16) at the polymer modified enab l d 1I t 11 Iud' that ti ll 

electroactive polymer film was depo ited at the urface fthe 

20 

10 

1. - 0 
c: 
<II 
~ 
~ 

::J -10 u 

-20 

-30 

-0.6 -0.3 0.0 0.3 0.6 

E I V vs. Ag/AgCI 

Fig. 16. Steady state vo ltammogram of AG ) and P • 8 in . M 1/2 
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The electrocatalytic activities of UGCE, AG ard m lh I paralhi n \ < . 

also used as an alternative mean to confirm the pol mer fi lm d p ili n. 

As can be observed from Fig. 17, a ignificantly enhan ed r du Ii n p ak r m th I 

parathion was recorded at the polymer-modifi d (c ') than t th a li ated I h '. 

Hence the catalytic activity of the polymer-modified ludi d alkal id 

and organophosphorus pesticides (section 4.2) is attributed t a p I m ' F 

fi lm and not to the activation of the electrode urface whi h uld re lIll r m an nin ' 

the e lectrode in acids during electropolymerization. 

15 

10 

~ 5 

... 
t: 

0 <II ... ... 
:::J 
u 

-5 

-1 0 

-15 
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 

E I V vs Ag/AgCI 

Fig. 17. Cyclic vo ltammograms of UGCE (a and a ) A - (b and b' and P and 

( , b' d ') f I m 111 lh I parathi n In c') in the absence (a, b and c) and presence a , an c 

ABS (PH 5) 
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Another means of exp loring the differenc bet. n th p I 111 r-111 di I d < nd 

electroactivated electrodes is, comparing the re pon e fth P r aw II 

studied analyte. For this purpose, Fe(CN)? 14. wa taken a a pr b ~ h IlU 111 r 

electrons and diffusion constant are known. 

The cyclic vo ltammograms of both the PGCE and A E in pll 7 PI nlainin ) . 1 

KCI and a mixture of 10 mM of potassium ferrocyanide and pOla iUJ11 rri anid ar 

shown in Fig. 16. 

IOU 
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50 

" ~ -50 

" A u .100 

·150 
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E f V vs. AgfAgCI 
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Fig. 18. Cyclic voltammograms of PGCE (A) and AG (B) in pll 7 PB ntainin . 1 

'd d ta ium ft rri M KCI, and a mixture of 10 mM of potassium ferrocyanl e an p anid 

various scan rates (a-n: 10, 20, 40, 60, 80, 100 125, 1 0 17 
. and 

400 mY S-I, respectively) 
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[n contrast to the AGCE (F ig. 18B), an impr ved rc er ibi lit 

observed at the PGCE (Fig. 18A). Thi 

electrode surface that improved the electron exc hange pr c b t\ 

the redox spec ies. 

PhDTh is 

n th 
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R2 = 0.99802 
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• a 

• 
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Fig. 19. Plot of peak current versus square root of can rate fI rA E a) and (b P I::. 

Taking the diffusio n coeffic ient of Fe(CN)/ 14' as 7.5 10 cm
2 

- I [ l61] and 

current versus square root of scan rate (eqn. 3) fo r both electr de , the effe ti urfa 

areas ofPGCE and AGCE were calcu lated to be 0.037 and 0.027 C111
2

, re p 

Thus, the observed enhanced peak current response for meth I parathi n Fig. 17 ' at 

the po lymer-modified GCE could part ly be ascribed t the increa d urfa 

area of the electrode. On the other hand, the wore t re er ibi I it 

act ivated GCE could be ascribed to the electr tati r pul i 

negative ly charged ferric/ferrocyanide ion and the ur fa fth 
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4.1.1.3 Optimization of polymer film thickness 

One of the advantages of potentiodynamic electr p I m riza ti n er th th r 

techniques such as potentiostatic and galvano tatic electr p I m ri la ! i Ilin 

the fi lm thickness of the polymer film using the number f Ie . "I h u rr nt 

response of 1 mM methyl parathion at poly(AHN A) film dcp 

was used to optimize the number of scanning cycle durin' th 

process. 

As can be seen from Fig. 20, the peak current increa ed with incr a In 

up to 15 which then leveled off at scan cycle beyond 15. Thi 

ascribed to the level of saturation of the electrode urface. Thu ) fi 1m th i kn >' r 

segments was selected as the optimum film thickne in all further c Ii 

electropolymerizations. 
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Fig. 20. Effect of film thickness ofpoly(AHNSA) on the 

for 10 x lO-{i mol L-I of methyl parathion in pH 5.0 AB 
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4.1.2 Electrochemical impedance spectroscopy (EfS) 

From the Nyquist plots (curves a, b, and c) in Fig. 2 \ t Ih 

spectra can be marked out: a semi-circle located in the rang f hi h fr 

diameter varied with the type of electrode u ed and a linea r ur at 

region which could be assigned to the Warburg imp danc h win Ih 

electroactive species through the electrode urface [\39] . Randle el tri a I qu i a \ 111 

circuit (EEC) comprising solution resistance double layer capacitan e, har tran 

resistance and Warburg resistance described in Fig. lOb wa pr p ed. 
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Fig. 21. EIS Nyquist plot of (a) UGCE, (b) AGCE and (c) P 

contain ing 10 mM Fe(CN)l-/4- and 0.1 M KCI upporting el 
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Nyquist plot of PGCE. Frequency range: 0.0 I-I 00,000 Hz, app li d p t ntia l: 

amp litude: 0.01 V 
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As it is well known, a semi-circle at high ac frequen ie in qui I pi t 

para lle l RetCdl element in the relevant equivalent circuit. Th u h an I m nt 

is attributed to a dominant contribution of charge tran fer re i tan c I? I at ith ' r th 

substrate/film or film/solution interface and hence the n har d ubi In r 

capacitance Cdl of the corresponding interface. 

The parameters R et and Cdl of the presumed R 

obtained (Table 2) from the respective emi-circle by tak in int a unl th 

R et is the semi-circular diameter, and dl sati fi e the equati n' 

C dl = ----............. . ....... .. ... .. . .. ..... , .... .. ...... .......... .... ..... .. /? I 
2n R f 

cl max 

where !max, is the frequency (Hz) corresponding to the max imum va lu ' f - 2' al th ' 

semi-circle. 

The charge transfer resistance calculated for UGCE, AG , and P Ear .6 , 1.24 1, 

and 0.257 kn, respectively. The clear decrease of charge tran fer r P 

implied polymer film deposition, that facilitates the electron-tran fer f F - 4 al 

the e lectrode surface which may be due to the electro tatic atlract i n b I. e n p m r 

and probe or increased conductivity of the mod ified urface. In c ntra I I 

charge transfer resistance value for PGCE is in agreement ith the r u It in Fig. 1 , 

which showed reversible redox couples at PGCE c nfirming fa I el Ir n han 

process at the polymer modified electrode. 
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Table 2 Summary of the calcu lated va lue of the " . parameter 

Electrode Type Rs (Q) Rei (kn) 

UGCE 97 3.65 

AGCE 97 1.24 1 2. E-8 

PGCE 97 0.257 1.6 " - o. 

4.1.3 Scanning Electron Microscopy (SEM) 

To further justify the poly(AHNSA) film depos ition at the , \ hi hi ' 

Scanning E lectron Microscopy (SEM) equipped with an "nergy Oi p r i 

(EDS) chemical analyzer was used. Three GeE , each with 1.0 cm Icn /th ~ cr I r 'par 'd 

following the procedure discussed in 3.3. The va 

recorded followed by the EDS elementa l analy i . The 0 in trument LI d d n t 

detect elements lighter than sodium. Among the elements in the m n 111 r f th p l11 ' r 

(oxygen, carbon, su lfur, nitrogen and hydrogen), only ulfur wa dete ted \ h al11 Lint 

was expressed relative to an arbitrarily chosen element. 

As can be seen from the SEM images in Fig. 22, the 1110rpholog ofth 

is undistinguishable. So, it was not poss ible to vi ualize the m rph 

between the three electrodes, wh ich might be due to the moth and e thin fi lm 

thickness of the polymer film depos ited. Neverthele , it \ a p 

important information from the EDS spectra fo r the EM il11a e f the thr 

above. 
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Fig. 22. SEM images of (A) UGCE, (8) AGCE, and (C) PG ~ at 100X magnificat" n 

Table 3 presents summary ofthe percentage (%wt/wt) of sulfur detected at each elect de 

(Fig_ 23) relative to nickel which was selected arbitrarily. The weight per entage f 

sulfur detected relative to nickel at the UGCE, AGCE, and PGC were 0.0, 1.7 and 

68.6%, respectively. The presence of trace amount of sulfur ( 1.7 %) at the A uld 

be attributed to the contamination of the electrode surmce during the activat · n tep f 

the electrode in 0.5 M H2S04 as discussed in the procedure. On the contrary ul fu r 

amount to the extent of 68.6 % on the PGCE signified the presence of large am unt f 

sulfur containing polymer film confirming the polymer film modification oflh leet d 

surface. 
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Fig. 23. EDS spectra of (A) UGCE, (B) AGCE, and (C) PGCE for selected element 

under all elements nonnalized. Acquisition time: 90 s; Accelerating voltage: 15 kV 

Table 3 Summary ofEDS results on the weight % of Sulfur relative to Nickel 

Electrode type Element Weight % 

VGCE Sulfur 0.0 

Nickel 1.00.0 

AGCE Sulfur 1.7 

Nickel 98.3 

PGCE Sulfur 68.6 

Nickel 31.4 
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4.1.4 Atomic Force Microscopy (AFM) 

The AFM images ofUGCE (A) and PGCE (B and C) are presented in Fig. 24. Th 1\ 

electrodes showed different morphologies. At the UGCE image, certain line appeared n 

the surface which could be assigned to the polishing direction . In contra t I Ihi Ih 

AFM images of the PGCE (B and C) showed a different morphology over whi h platel I 

are distributed throughout the surface. Inset of Fig. 24B describe the pr file r the 

electrode surface across the dotted line on the image. Existence of platelet r tenth r 

nm in height at the electrode surface suggested that the surface ha rough m rph I 

which could be responsible for the increased effective surface area and hen e atal 

effect of the polymer modified GCE towards methyl parathion (Fig. 18). The thi kne 

of the polymer film deposited at the electrode surface was also e timated by mea uring 

the hole (scratch) on the electrode surface obtained by applying a high load ft rce n the 

polymer modified electrode surface. Inset of Fig. 24C shows the profile acr the 

scratched portion of the film. A film thickness in the range 40-50 nm wa mea ured 

across the scratch. From these observations, it was possible to conclude that the urfa e 

of glassy carbon electrode was modified by a thin polymer film of ab ut 40- 0 nl11 

thickness. 
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Fig. 24. AFM images of UGCE (A) and PGCE (8 and C) with the corresponding cro 

sectional analysis along the dotted lines 
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4.1.5 X-ray photoelectron spectroscopy (XPS) 

From the XPS survey spectra of the three working electrodes (Fig. 25), the unm dificd 

GCE (a) showed response only in the oxygen and carbon characteri tic regi n . n th 

contrary, the monomer and polymer modified GCEs (b and c, re pectively) 

additional peaks in the nitrogen and sulfur regions. 

The high resolution XPS spectra of the three electrodes in different binding encr 

regions are presented in Fig. 26-29. The peaks that appeared at different binding cner 

regions were assigned for different elements. Furthermore, the component peak in a h 

region were assigned for the element under different chemical environm nt . Th 

elements detected at the surface of each electrode type and the a ignment f ea h 

component spectrum (peak) [162,163] is summarized in Table 4. 

As can be observed from the high resolution XPS spectra and the ummary in Tab le 4, 

the presence of oxygen, nitrogen, carbon and sulfur at the PG at chemica l 

environments different from the same elements at the MG CE could be attributed t the 

formation ofa polymer film at the surface ofGCE. 
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Fig. 25. Survey XPS spectra in the binding energy range 0 and 960 eV for (a) 

MGCE, and (c) PGCE at 75 eV AI radiation 
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Fig. 26. XPS core spectra for (a) UGCE, (b) MGCE, and (c) PGCE in the carbon binding 

energy region (300-275 eV) (dash dot line: experimental and solid lines: least square fit 
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Fig. 27. High resolution XPS core spectra for (a) VGCE, (b) MGC , and c P 

recorded in the oxygen region (dash dot line: experimental and solid line: least square 

fit) 
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Fig. 28. High resolution XPS core spectra for (a) MGCE, and (b) PG recorded in the 

nitrogen region (dash dot line: experimental and solid lines: least squares fit) 
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Fig. 29. High resolution XPS core spectra for (a) MGCE, and (b) PGC recorded in the 

sulfur region (dash dot line: experimental and solid lines: least squares tit) 
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Table 4 Summary ofthe assignment of each component peak for the thr e ele tr d 

GCE Monomer/GCE (e V) 

Region BE IAssigned BE (eV) Assigned 

C-region 

(eV) for 

284.4 

286.7 

O-region 532.2 

N-region 

S-region 

C-C 

CoO 
284.9 

285.5 

286.7 

531.8 

O-C 532.9 

399.8 

401.6 

168.8 

for 

CoN, CoO 

O-C 

N-C 

~-c 

Polym r/GCE (eV) 

BE (eV) 

284 .8 

285.4 

286.3 

A i ned 

fI r 

C :-:-: C 

288.5 =::0 

532 

533.5 

536 
400 .3 

401 .6 

407 .1 
168 .8 

O-C 

II 

N-C 

-c 
N=C 

II 

164.2 -Au r 

Hence, appearance of distinctive peaks (at 288.5 , 536, and 407.1 eV) at the p 1 m r 

modified GCE which are absent at the monomer modified G E indicat d th 

eiectropoiymerization of AHNSA. 
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4.1.6 Conclusion 

Potentiodynamic electropolymerization of AHNSA from aque u 

monomer by scanning the potential between -0.8 and +2.0 V wa evid 

luti n th 

dependence of peak current and peak potential of the polymer-modified Ie tr de n an 

rate showed the presence of an adsorbed substance possessing rever ible r do c upl . 

The EIS, SEMJDES, AFM, and XPS results are in agreement with the V re ull , 

confirming the polymer modification of the electrode surface. The impr ved ala i Ii 

effect of the polymer-modified electrode towards methyl parathion al indi aled lh 

potential of the polymer modified glassy carbon electrode for it electr chemi al n r 

application. 
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4.2 Poly(AHNSA) modified glassy carbon electrodes for the 

electrochemical determination of selected alkaloids and 

pesticides 

4.2.1 Ephedrine in human urine 

4.2.1.1 Background 

Ephedrine (scheme 4) has been used at therapeutic doses of 15-{)O mg in the treatment f 

bronchial asthma, allergic states, catalepsy and myasthenia gravi , a a na al 

decongest ive, as an antidote for poisoning by central nervous system (eN ) depr s ant 

and in spinal anaesthesia [59,164]. It is a sympathomimetic drug that stimulates both (l-

and ~-adrenergic receptors in the central nervous system [58,59). It cause a ri e of 

systolic and diastolic pressure, bronchodilation and mild stimulation of the 

[164,165]. 

Scheme 4 Structural formula of ephedrine 

The stimulant properties of ephedrine are well established and the alkaloid ha been 

exploited in numerous over the counter (OTC) medicines [166). Another problem that 

h . . .. I f d g to impair driving abi lit [ I 
as amen In recent years has been Its potentia 0 ru 
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168]. This concern is compounded by the exploitation of ephedrine's timulant pr perti 

by transport workers, especially those involved in long distance route , where th an b 

used to alleviate the effects of fatigue [167] . Ephedrine, wh ich i characterized a a 

prohibited compound by the International Olympic Committee, is not only an ingr di nt 

of common anti-cold preparations but also of various nutritional supplement athl te 

tested positive for ephedrine often claim to have received it while u ing product with ut 

indication[ 164] . The extensive use of this chemical is of great concern fI r the 

international athlete associations and has generated significant intere t for devel pment 

of methods for its rapid detection in health foods, pharmaceutical product and human 

fluids of athletes. The international Olympic committee and most internati nal p rt 

federations have put ephedrine on the list of prohibited substances and have ad pted 

urinary threshold concentrations above which an athlete is regarded a po itive. The 

threshold amount is 10 Ilg/ml of ephedrine in urine [169] . Therefore, fa t imple and 

reliable method for the quantitative determination of ephedrine in human urine i needed. 

High performance liquid chromatography [170-174], gas chromatography [175] and ga 

chromatography-mass spectrometry [89] techniques have been u ed to determine 

ephedrine samples. These techniques, however, are very expensive, highly sophi ticated 

and tedious which also need organic solvents for separation aggravating environmenta I 

and 
pollution. Therefore, the determination of ephedrine in biological fluid 

pharmaceutical preparations via a simple and reliable method is of great intere t. 

. d t ral advantage inc Iud in 
Electrochemical methods have been of great mterest ue 0 seve , 

[ I 04] Howe er, there ar fI \ 
high sensitivity, simplicity, rapid response and low cost . 
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reports on the application of electrochemical methods for the determinati n of ephedrin 

using modified electrodes [59,61,164,165]. 

Compared to metal electrodes, glassy carbon electrode (GCE) has been widely u d du 

to its biocompatibility with tissue, low residual current over a wide potential rangc and 

minimal propensity to show deteriorated response as a result of electrode foulin g II 0 -

107]. Hence, in this work we report the use of poly-( 4-amino-3-hydroxynaphthalene 

sulfonic acid) modified glassy carbon electrode for quantitative determinati n f 

ephedrine in human urine samples, which to our knowledge have not been communi atcd 

previously. 

4.2.1.2 Electrocatalytic oxidation ofEPH at the PGCE 

Fig. 30a shows cyclic voltammograms of 1.0 mM EPH in pH 1 1.0 RBS at bare . . At 

UGCE, EPH is observed to undergo an irreversible oxidation reaction at I.OS V v . 

Ag/ AgCI, which was consistent with reported references [59, I 64, I 6S]. At the P 

however, the same irreversible oxidative peak appeared at a potential of 0.S3 V with an 

enhanced peak current (Fig. 30b) and lower peak potential. The peak current 

enhancement and peak potential shift to a lower oxidative potential observed indicated 

the electrocatalytic activity of the modified electrode surface toward oxidati n 
f 

ephedrine. 
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Fig. 30. Cyclic vo ltammograms of UGCE (a) and PGCE (b) In 1.0 x 10· m I · 1 

ephedrine in pH 11.0 RBS. Scan rate: 0.1 V S·1 

4.2.1.3 Effect of scan rate 

Fig. 31 depicts the cyclic voltammograms of the modified electrode in pH II RB 

containing EPH at various scan rates. Linear dependence of the oxidative peak current n 

the square root of scan rate in the studied range indicated that the oxidation of PH at the 

surface of polymer modified electrode is diffusion-controlled process (In et of Fig. I). 

The observed peak potential shift with scan rate also confirmed the irrever ibilit f the 

oxidation ofEPH at PGCE. 
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Fig. 31. Cyclic vo ltammograms of PGCE in 1.0 x 10.3 mol L-' EPH (pH 11.0 RB ) at 

different scan rates (a-m: 20, 40, 60,80, 100, 125, 150, 175, 200, 225, 250, 275 and 00 

mY s- \, respectively). Inset: Plot of anodic peak current vs. square root of scan rate 

4.2.1.4 Effect of solution pH 

Cyclic voltammograms of 1.0 x 10-3 M EPH in RBS of different pHs at poly(AH A) -

modified GCE are shown in Fig. 32A. An increase in the pH of the solution (in the range 

of 7.5-1 1.5) caused peak potential shift in the negative direction indicating the 

involvement of protons in the reaction ofEPH at the surface of the modified electrode. A 

linear correlation between the peak potential and solution pH was obtained (curve a f 

Fig. 32B) with a linear equation and correlation coefficient of Epa (V) = 1.526 - 0.068pH 

and R2 = 0.9942, respectively. According to the Nernst equation (eqn. 22) [11 7], a I p 
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of 0.068 V/pH for a redox reaction involving protons suggests that the number r 

electrons taking part in the electrode reaction is similar to the number of proton . 

E = EO' + 2.3~RT ( : )PH. .. .. .. ........................ .. .............. ...... .. .... .. .......... (22) 

where m and n are the number of protons and electrons involved, respectively, 
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Fig. 32. (A) CVs of 1.0 X 10-3 M EPH at PGCE in different pHs (7.5 - 11 .5) of RB 

d k t ntial (b) versu the pH 
scan rate of 0.1 V S-I. (B) Plot of peak current (a) an pea po e 
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Curve b of Fig. 32B depicts the dependence of peak current on the pH in the range 7.5 _ 

11.5 . The anodic peak current increased sharply from pH 7.5 to 10.0 and then graduall 

to 10.5. At a pH higher that 10.5, it sharply decreased showing that pH 10.5 i th 

optimum pH of the buffer solution which has been used as the so lution pH in the 

subsequent experiments. This dependence of peak current on pH could partly be 

explained taking in to account the dissociation constants of the -S03H group f the 

modifier (pKa ~3 - 4) [51], -NH- group ofEPH (pKa ~8.55) and the oxidative tendency 

of the -OH group of the EPH. In the studied pH range, the polymer film is negative ly 

charged whose magnitude increases with increasing pH. At a pH higher than 8.55 , th 

analyte species could exert electrostatic repulsion causing lowering of the peak current. 

Furthermore, the tendency of the analyte to undergo oxidation due to the deprotonation of 

--0H funct ional group increases with increasing pH. Hence, the increase of peak current 

in the range 7.5 to 10.5 could be because the oxidation tendency of the --0H is dominant 

over the electrostatic repulsion between the modified electrode surface and analyte 

species in the pH range 7.5 - 10.5 which then is reversed beyond pH 10.5. Thu , all the 

subsequent electrochemical experiments on EPH were carried at the optimum pH 10 .5 

unless stated. 

After the Chronoamperometric estimation of the diffusion coefficient of EPH using the 

. . (12) the total 
Cottrell equat ion (section 4.2.1.5) followed by calculation of a.na usmg eqn. 

b d fr (9) to be 2 Thus a reaction 
num er of electrons participated (n) was calculate om eqn. ., 

mechanism (scheme 5) that involves two electrons and two protons was thus prop ed 

which is in agreement with previous reports. 
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4.2.1.5 Chronoamperometric studies ofEPH at PGCE 

Amperometric method was also employed to study the catalytic oxidation of EPH at poly 

(AHNSA)-modified GCE. Amperometric experiments were carried out at an applied 

potential of +0.9 V (sufficient to oxidize EPH) for 20 s on different concentration 

(100.0,200.0 and 400.0 ~M) ofEPH in pH 10.5 RBS. Fig. 33 shows the experimental 

plots of current against time for different concentrations of EPH. The slopes of the be t 

fits ofthe plots of Ipa vs. (timerl /2 (Inset of Fig. 33) for each concentration were u ed to 

estimate the diffusion coefficient for EPH in the polymer film using the Cottrell equation: 

Ipa = nFADl/2C * /(1lI) 1 12 [176], where Ipa, n, F, A, D, C* and t represent the anodic peak 

current (A), number of electrons transfer, Faraday's constant (C mor
l
) , area of the 

electrode (cm2), diffusion coefficient (cm2 S-I), initial concentration of EPH (mol cm- ) 
2 

and time (s), respectively. By taking the value of n as 2 and A as 0.0707 cm , we 

calculated the diffusion coefficient ofEPH to be 7.011 x 10-
8 

± 3.15 x 10-
11 

cm
2 

S-I. A 

can be seen from the curves the time needed to reach the minimum concentration i too , 

h 
. . I t EPH is rapid and hence the 

S ort whIch mdicated that the response of the po ymer 0 

polymer can be used as an amperometric sensor ofEPH. 
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Fig. 33. i-t curves of PGCE in EPH (pH 10.5 RBS) of different concentrations ( a-c: 

100, 200 and 400 f.1 M, respectively). Insets: I (A) vs. (t)"lI2. Applied potential: 0.9 V; 

time: 20 s 

4.2.1.6 Square wave voltammetry for quantitative analyses 

Square wave vo ltammetry (SWV) has been used to study the applicability of 

poly(AHNSA)-modified GCE for the determination ofEPH in human urine samples. 
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Fig. 34. SWVs of 1.0 X 10-3 mol L-1 EPH in pH 10.5 RBS at UGCE (a) and PGCE (b). 

Pulse amplitude: 50 mY; Step potential: 4 mY; Frequency: 15 Hz 

Fig. 34 shows the SWVs ofEPH at the UGCE (a) and PGCE (b). It can be observed that, 

the peak current response at the polymer-modified electrode is much more enhanced than 

at the unmodified GeE. The peak potential shift towards lower oxidative potential al 0 

verifies the electrocatalytic oxidation ofEPH at the surface ofthe PGCE. 

4.2.1.7 Linear range and Detection limit 

Under the optimized pH (pH 10.5 RBS) and SWV parameters (potential step, pulse 

amplitude and frequency of 12 mY, 75 mV and 15 Hz, respectively), the square wave 

voltammograms for different concentrations of ephedrine are illustrated in Fig. 33 . Jnset 

of Fig. 35 depicts the linear dependence of anodic peak current on the concentration of 

EPH in a range of 8.0 x 10-6 to 1.0 x 10-3 mol L-1• The linear regression equation, linear 
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regression coefficient and limit of detection (according to SIN = 3' c - 4) , Lorn - a re lpa(~A) 

= 0.97 + 0.04C ( ~M), 0.99913 and 7.9 x 10-7M, respectively. 

0 
a 
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Fig. 35. SWVs of PGCE in pH 10.5 RBS with different concentrations ofEPH (a-I: 8, 10, 

20, 40, 60, 80, 100, 200, 400, 600, 800 and 1000 flM, respectively). Inset: Plot of 

oxidative peak current versus concentration of EPH. Step potential: 12 mY ; pulse 

amplitude: 75 mY; frequency: IS Hz 

The peak potentia l shift towards higher oxidation potentials observed with increas ing 

concentration (Fig. 35) could be attributed to the increased overpotential due to the 

adsorbed ox idat ion products of the reaction. 
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4.2.1.8 Stability and reproducibility studies 

The stability of poly(AHNSA)/GCE was examined After keepI'ng 'It I'n fr o ~ . . re . Igerator fOr 

one week, the current response of the electrode for 1.0 mM EPH in pH 10.5 RBS did not 

remarkably change, showing that poly(AHNSA)/GCE has good stability. 

The reproducibility of the current response of the polymer-modified electrode for 

ephedrine sample was also studied. As can be seen from Table 5 below, the maximum 

R.S.D(%) recorded fo r triplicate measurements was 2.11 % showing the reproducibility of 

the response of the developed electrode for ephedrine in human urine 

4.2.1.9 Analytical application of the method 

The util ity of the proposed square wave voltammetric method usmg the polymer 

modified electrode for the determination of ephedrine in human urine was investigated. 

Known concentrations (80, 100 and 200 jlM ) of ephedrine in urine samples were 

prepared using the filtered and unfiltered human urine (l:5 diluted with pH 10.5 RBS). 

Square wave vo ltamrnetry under the optimized parameters was employed to determine 

the anodic current response for the urine samples at poly(AHNSA)/GCE and the results 

are summarized in Table 5. As can be seen from the Table, recoveries in the range 92.06-

93 .15% from the fi ltered and 81.15-86.3% from the unfiltered human urine showing the 

applicability of the proposed method for the determination of EPH in human urine 

samples. Lower recoveries from the unfiltered human urine may be ascribed to the 

fouling effect ofthe urine matrices. The significantly low R.S.D (%) values indicated the 

reproducibility ofthe developed modifier. 
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Table 5 Percentage recovery ofEPH from human urine samples 

Filtered urine sample Unfiltered urine sample 

[EPH] Added Detected* Recovery R.S.D Added Oetected* Recovery R .. 0 

(~M) (mg) (mg) (%) (%) (mg) (mg) (%) (%) 

80 16 14.73 92.06 1.49 16 13 .20 82.50 2.11 

100 20 18.63 93 .15 1.07 20 16.23 81.15 1.87 

200 40 37 .12 92.8 1.90 40 34.52 86.30 1.98 

* Average of triplicate measurements using one modified electrode 

4.2.1.10 Conclusion 

The approach taken in this work provides a simple method to detect ephedrine using an 

environmentally friendly electrode-modifier. Using the developed method, a wide linear 

response up to 8.0 11M and a low limit of detection of 7.9 x 10-
7 

M, which is well below 

the current acceptable threshold limit by the International Olympic Committee for thi 

alkaloid in athlete urine, was achieved. Good recoveries of EPH in human urine prior to 

filtration showed the potential applicability of the developed method for the direct 

determinat ion ofEPH in environmental samples. 
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4.2.2 Theophylline in pharmaceutical formulations 

4.2.2.1 Background 

The N-methyl derivatives of xanthine (Table 6), including theophylline (3,7-dihydro-I ,3-

dimethyl- lH-purine- 2,6-dione), theobromine (3, 7-dihydro-3, 7-dimethyl- 1 H-purine-2,6-

dione), and caffeine (3,7-dihydro-l,3,7-trimethyl- lH-purine-2,6-dione), are alkaloid 

that are widely distributed in plant products and beverages and are known to have many 

physiological effects, such as gastric acid secretion, diuresis, and stimulation of the 

central nervous system. They have also been implicated in various disorders including 

heart disease, carcinogenesis, kidney malfunction, and asthma [62,65,177] . 

Table 6 Structure of xanthine and its naturally occurring N-methyl derivatives 

Structure Compound 

H H H Xanthine 

H Theophylline 

H Theobromine 

Caffeine 

Theophylline (3,7_dihydro_l ,3 _dimethyl-lH-purine-2,6-dione) as one of the xanthine­

based alkaloids, has a stimulating effect on respiration and is widely used as a 

bronchodilator for the treatment of bronchial asthma and neonatal apnea [178-180]. 

Owing to the toxicity of theophylline and the variations in metabolism between 

. . . I theophylline concentration in 
mdlviduals, the most accepted range of effective P asma 
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adults is between 5 and 20 ~g mL-
1 

[180-182]. Levels below this range are usuall y non­

therapeutic, while higher levels may cause serious toxicity. Excessive administration of 

theophylline occasionally produces serious toxicity, including vomiting, tachycard ia 

seizures and central nervous system excitation [62,179,180]. 

The interest in monitoring the levels of TP in plasma has led to the development of a 

variety of methods, such as high performance liquid chromatography (HPLC) [183-186] , 

electrokinetic capillary chromatography [62,187], capillary electrophoresis [188], liquid 

chromatography [178] , liquid chromatography-mass spectrometry [180], ga 

chromatography [185], spectrophotometry [182,186,189] and differential-derivative 

spectroscopy [190]. Many of the above methods often require tedious extraction 

procedures employing organic solvents which pollute the environment and so me 

requiring derivatization procedure before determination. 

Electrochemical methods have been of great interest due to several advantages, including 

high sensitivity, comparative simplicity, rapid response and low cost [104]. Efforts have 

been made on the determination of theophylline using electrochemical methods and 

detection limits up to the order of 10-8 mol L-1 have been reported [179,191-194]. 

However, the fabrication processes of most of the above listed electrodes are rather 

complicated and the surface renewing is not convenient. 

Compared to metal electrodes, the glassy carbon electrode (GCE) has been widely u ed 

d 
. . . . . . . ·d I nt over a wide potential range 

ue to Its blocompatlblhty With tissue, low resl ua curre 

. . . result of electrode fOll ling 
and minimal propensity to show detenorated response as a 
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[105-107]. Hence, the purpose of this work is to develop an alternative; elective, 

sensitive, simple, environmentally friendly and easily fabricated modified electrode for 

the electrochemical determination of TP. Here we report an electrochemical method for 

the determination ofTP at poly(AHNSA)-modified glassy carbon electrode. 

4.2.2.2 Electrochemical behavior of TP at PGCE 

Fig. 36 shows the cyclic voltamrnograms of 1.0 x 10-3 M TP in pH 5.0 PBS, at UGCE (a) 

and PGCE (b). The electrochemical oxidation process revealed one broad and poor 

anodic peak centered at about +1.37 V vs. SCE at the bare GCE. Under similar 

conditions, a sharp peak at + 1.22 V has been observed at the poly(AHNSA) modified 

GCE. The oxidation process of TP both at the bare and modified electrodes i 

irreversible. The potential shift towards negative direction accompanied by the 

remarkable peak current enhancement at the polymer-modified GCE are clear evidence 

for the catalytic effect of the poly(AHNSA) modified GCE towards TP oxidation. The 

catalytic effect of the po lymer modified surface may be attributed partly to the increased 

effective surface area of the poly(AHNSA) modified GCE and partly to the pH dependent 

affmity of TPH+ (protonated TP in acidic medium) for the negatively charged sulfonic 

group in the modifier structure. 
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Fig. 36. CVs ofUGCE (a) and PGCE (b) for 1.0 mM TP in PBS (pH 5.0) at 100 mY - I 

The effect of scan rate on the oxidation peak potential (Epa) and, current (Jpa) of TP at 

poly(AHNSA) modified GCE was studied using cyclic voltammetry. Fig. 37 A revea l 

the CVs of 1 x 10-3 mol L-t ofTP in pH 5.0 PBS at scan rates ranging between 20 and 

300 mV S- l. The peak current (Ipa) ofTP showed linear dependence on the scan rate (v) 

in the studied range (Inset of Fig. 37 A) with a correlation coefficient of 0.99892 

indicating an adsorption-controlled behavior during the electrode reaction [1 95]. The 

electrode reaction was irreversible as depicted from the lack of a reduction peak in the 

cyclic voltammograms (Fig. 37). This was also further confirmed by the potential (Epa) 

shift to more positive values with increasing v (Fig. 37 A). Since the reaction is surface-

adsorbed irreversible, the number of electrons participated (n) and transfer coefficient (a) 

values were calculated using egns. 7, 10 and 11) to be 2 and 0.43, respectively [1 96]. 
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Fig. 37. (A) CVs of the PGCE in PBS (pH 5.0) containing 1.0 x 10-
3 

M ofTP at variou 

scan rates (a-o: 20, 40, 60, 80, 100, 120, 140, 160, 180,200,220, 240, 260, 280, and 300 

V -\ m s , respectively) . Inset: plot of peak current vs. scan rates. (8) plot of Epa vs. Inv 

The effect of solution pH on peak potential and peak current of TP at the polymer­

modified electrode was also investigated. Cyclic voltammograms of 1.0 x 10-
3 

M TP in 
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PBS of different pHs at poly(AHNSA) modified GeE are shown in Fig. 38A. An 

increase in the pH of the solution caused oxidative peak potential shift in the negativ 

direction indicating the participation of protons. A linear correlation between the peak 

potential and so lution pH was obtained (Fig. 38B) with a linear equation and correlation 

coefficient of Epa (mV S-I) = 1405 - 56pH and R2 = 0.99912, respectively. A lope of 56 

mY/pH suggests that the number of protons and electrons participated in the oxidation f 

TP at the modified electrode surface are equal. Hence, the oxidation of TP involve tw 

electrons and two protons (Scheme 6) which is in agreement with the reaction mechani m 

suggested by Y.-H. Zhu et al [179]: 

0.00 

-< -0.02 6 ---= ~ 
l-
I-= U -0.04 

-0.06 

0.8 1.0 1.2 1.4 

E /Vvs. SeE 
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Fig. 38. (A) CVs of 1.0 X 10'3 M TP at PGCE in different pHs (2.0 - 7.0) of PB at 100 

mY S,I . (B) plot of Epa vs. pH. (C) Plot of anodic peak current vs. pH 
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Scheme 6 Proposed reaction mechanism for the oxidation ofTP 

As can be seen from Fig. 38C, the peak current response decreased with increas ing pH 

values from 2.0 to 7.0, which is in agreement with the previous report [1 91). The 

sharpness of the peaks also decreases along with increasing the pH of the so lution. A 

seen in Fig. 38A, it is at pH 2.0 where maximum current is obtained. However, thi 

voltammogram suffers from poor back ground current. The one at pH 3.0 showed the 

next maximum current with lower back ground current effect and hence was taken a the 
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Preferred pH for further analyses. The decreasing trend of current respon e with 

increasing pH could partially be rationalized in terms of the possible interaction of the 

analyte and the polymer surface. The sulfonic functional group on the polymer film i 

negatively charged whose charge increases with increasing pH. On the other hand th 

theophylline is protonated as TPH+ with pKa value of 8.8 [197] whose extent of charging 

decreases with increasing the solution pH. Thus, the effective interaction between the tw 

is the compromise between the charging of the theophylline and the polymer. 

4.2.2.3 Optimization of Technique parameters 

For DPV has a much higher current sensitivity and better resolution than cyc lic 

voltammetry [1 86] , the application of the poly(AHNSA) modified GCE for the 

quantitative analyses of TP has been investigated using DPY. Fig. 39 shows that the 

current response at the polymer modified GCE (curve b of Fig. 39) is ftfteen fold a 

compared to the bare GeE (curve a of Fig. 39) in addition to shifting the potential to the 

negative direction from 1370 to 1160 mY. These effects clearly show the catalyt ic roll of 

the polymer film modified electrode towards oxidation ofTP. 

Since the oxidat ion of TP at the modified electrode was found to be adsorption-

controlled, the effects of accumulation potential (Eaee) and accumulation time (lace) on the 

current response of the modified electrode for 1 x 10-3 mol L-
1 

TP (pH 3.0 PBS) were 

also investigated. Fig. 40A shows the influence of the accumulation potential on the peak 

. I . . d ' the positive direction and 
current. The current increases as the potentia IS vane In 

reaches maximum at a potential of +50 mY beyond which, the current re pon e 

101 



r 
AAU, Dept of Chemistry 

PhD Thesis 

decreases. Thus, +50 mY was selected as the optimum preconcentration potential fI r 

accumulating TP on poly(AHNSA) modified GCE. The optimized accumulation potential 

is too low re lative to the oxidation potential of PT at the polymer modified electrode. 

This could happen because the potential is strong enough to cause the adsorption of the 

analyte without causing its oxidation. 

o 

~ -10 

'" Co 

-20 

0.6 0.8 1.0 1.2 

E I V vs. SeE 
pa 

Fig. 39. DPYs of 1.0 mM TP in pH 3 PBS at UGCE (a) and PGCE (b) 

1.4 

. h centration time increase up to 30 Moreover, the peak current Increases as t e pre-con 

and then begin to decline (Fig. 40B). Thus, 30 s was taken as the optimum pre-

concentration time. 
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Fig. 40. (A) Plot of the oxidative peak current of 1.0 x 10-3 M TP in PBS (pH 3.0) at 

PGCE versus: (A) Eacc at tacc of20 s and (B) tacc at Eacc of +50 mY 

The effects of DPY scan rate and pulse amplitude on the peak current respon e of 

poly(AHNSA)/GCE for 1 x 10-3 mol L-1 TP in pH 5 PBS were also studied. The DPY 

scan rate and pulse amplitude that give maximum peak current response were 60 mY - I 

and 100 mY, respectively. 

4.2.2.4 Linear range and detection limit 

In order to evaluate the feasibility of the explored method for the quantitative analy e of 

TP, the relationship between the oxidative peak current and the concentration ofTP wa 

studied using DPV. Under the optimized solution and method parameters, the DPY of 

variable concentrations of TP are presented in Fig. 41 . The current response was linear! 

related to concentration in the range 1.0 x 10-6-1.0 X 10-4 mol L-
1 

with a linear 
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regression equation, correlation coefficient and limit ofd t . ( e ectlon 38 = S for n = 6) of 1 pa 

(~A):=: 0.03043 + 1.85913C (/lM), 0.99833 and 4 7 x 10-8 M . . , respectively (Inset of Fig. 

39). 
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Fig. 41. DPVs of PGCE in PBS (pH 3.0) for different concentrations ofTP (a-m: 1, 2, 4, 

6, 8, 10, 20, 30, 40, 50, 60, 80 and 100 /lM, respectively) at the optimized parameters. 

Inset: Plot of peak currents (lpa) versus concentration of TP 

4.2.2.5 Analytical Application 

The applicability of the developed method for the determination of theophylline in real 

samples was investigated. The developed modified electrode was also used for the 

determination of TP in tablet formulations collected from two local pharmaceutica l 

manufacturing factories: Addis pharmaceuticals factory (APF) and Ethiopian 

pharmaceuticals factory (EPF). The differential pulse voltammograms for 10 and 20 ~M 
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samples from both factories were recorded and the results are su . d ' T b mmanze In a Ie 7. A 

can be seen fro m the Table, the results for the sample collected from the EPF are in good 

agreement with the marked content (120 mg per tablet). 

Table 7 Determination ofTP in drug samples from two local pharmaceutical factorie 

Tablet sample TP added [a) TP found Ibl Recovery 
(!1M) (!1M) (%) 

APF 10 6.29 ± 0.059 62.90 

20 15.56 ± 0.265 77.80 

EPF 10 9.15 ± 0.271 91.49 

20 18.36 ± 0.262 91.78 
[a] Concentration as per the drug label (120 mg per tablet), Ibl Mean of triplicate 

Recovery experiments were also carried out to evaluate the matrix effect on the 

determination of TP at our electrode. The recoveries for 0.018 and 0.036 mg standard TP 

from spiked theophylline drug samples are summarized in Table 8. Exce llent recoverie 

in the range 96.l1-97.78% indicate that the poly(AHNSA) modified GeE has a great 

potential fo r the determination ofTP in pharmaceutical samples. 

Table 8 Recovery ofTP from pharmaceutical (EPF) tablet solutions 

Sample TP in drug Spiked Found[a] Recovery[b) R.S.D·lc) 

code sample (mg) TP(mg) (mg) (%) (%) 

A 0.018 0.018 0.0356 97.78 3.2 

B 0.018 0.036 0.0526 96.1 1 1.4 

Mean of triplicate [a]measurements, [b) recoveries and [c) RSD of recoveries 
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4.2.2.6 Comparison with other methods 

Finally, the voltammetric determination of TP in this study is compared with oth r 

methods and is summarized in Table 9. It can be seen that the electrochemica l en r 

based on poly(AHNSA) modified GCE provides a comparable analytical perfo rmance 

and lower detection limit than most ofthe reported modified electrode. Furthermore, the 

poly(AHNSA) modified GCE offers easy modification with controlled film thickne and 

rapid electrode preparation compared to the other modified electrodes reported. 

Table 9 Comparison between previously reported methods and this work 

Electrode Linear range LoD Method Ref. 

(mol L·1
) (mol L·1

) 

MWNT/GCE 3 x 10' 7 to 1 X 1005 5 X 1008 CY 178 

Boron-doped diamond 1 to 400 X 10-6 ------------ LSY 190 

Nafion®/lead-ruthenium o to 100 X 1006 I X 1007 SWY 192 

oxide pyrochlore/GCE 
1.4 x 1007 

Phthalocyanine Particles 4 x 1007 to 1.0 X 10-4 DPY 193 

Modified CPE 
Poly (AHNSA)/GCE 1 x 10-6 to 1 x 10-4 4.7 X 1008 DPY Thi 

work 

4.2.2.7 Conclusion 

lyt ' t ' 'ty towards the oxidation of The modified electrode showed notable electrocata IC ac IVI 

TP. The anodic peak current of TP at the polymer modified electrode was directl 

10-6 I Lo1 to 100 X 10-6 mol L ol. A 
Proportional to its concentration in the range 1.0 x mo 

. k . 'fi d the potential applicability of OLif 
lower detection limit for TP m our wor slgm Ie 

method for the determination ofTP in real samples. 
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4.2.3 Caffeine in coffee extract 

4.2.3.1 Background 

Caffeine (l ,3,7-trimethylxanthine) (scheme 7) is a naturally occurring alkaloid that i 

widely found in plant products and beverages. It is a natural stimulant contained in 

coffee, tea, chocolate, soft drinks and can also be purchased in capsules or tablets for the 

treatment of asthma, nasal congestion, headache or to improve athletic endurance and 

facilitate weight loss [198] . Almost half of the caffeine consumers ingest caffeine fr m 

multiple sources [199,200], the caffeine content of which varies with the type of ource 

[201-203]. 

In human and animal studies, caffeine produces mental and behavioral effects that are 

similar to those of typical psychomotor stimulant drugs (e.g. , amphetamine and cocaine) 

[204]. Stimulat ion of the central nervous system, diuresis and gastric acid secretion are 

the most studied phys iological effects caused by caffeine [198]. Habitual coffee and tea 

drinkers also experience increase in blood pressure when consuming caffeine at the dose 

found in the commonly consumed beverages; tea, coffee, cola soft-drinks and energy 

drinks as well as in many pharmaceuticals [205] . Since the caffeine content in coffee i 

the highest of the common sources [202], a sensitive, fast, selective and inexpensive 

analytical method for determining caffeine in coffee is highly needed. 

Many methods, including high performance liquid chromatography [206], capillar 

hr 
.] [209 210] and liquid 

c omatography [207] , capillary electrophoreSIS [208 , spectroscopy , 

chromatography-tandem mass spectroscopy [211] have been reported fo r the 
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determination of caffeine in coffee, tea and cola beverages. Usually, the e meth d 

demand expensive apparatus, highly skilled technicians, complicated and time­

consuming procedures. Compared to these conventional analytical meth d 

electroanalytical methods are rapid, convenient, of low-cost and environmental-friendl 

[212]. 

Among the electro analytical methods recently reported for the determinat ion of caffe ine 

[213-221], a single work using poly(safranine)/GCE was published ba ed n 

electropolymerized polymer-modified electrode [221] which could be because of the high 

interfering back ground current at its oxidative potential [214] . 

Hence, we planned to develop a polymer-modified electrode that lowers the ox idati n 

potential of caffeine for its determination without a significant influence from 

background current. To the best of our knowledge, the use of poly(AHNSA) modified 

GCE for the electroanalytical detection of caffeine is not reported. Hence, we report the 

application ofpoly(AHNSA) modified GCE for the determination of caffe ine in coffee. 

o / 

~')=) 
I 

Scheme 7 The chemical structure of caffeine 

4.2.3.2 Electrochemical behavior of caffeine 

I modified electrode .. a 
The electrochemical behavior of caffeine at the po ymer 

. . . h CYsofbareGCE(curvea)and 
mveshgated using cyclic voltammetry. Fig. 42 shows t e 
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poly(AHNSA) modified GCE (curve b) in pH 5.0 ABS containing I x 10-3 mol L-
' 

r 

caffeine recorded under similar conditions. At the bare GCE, caffeine exhibited apr 

and irreversible oxidative peak centered at about + 1.60 V (curve a). But at the polym r 

modified electrode (curve b), a well-defmed, irreversible anodic peak with an enhan d 

peak current was observed at + 1.45 V. This could be ascribed to the selective preferential 

accumulation of caffeine on surface bound functionalities of the polymer modifi d 

electrode [222). The potential shift to a lower positive potential along with current 

enhancement at the modified electrode relative to the unmodified electrode indicate the 

catalytic oxidation of caffeine at the polymer modified electrode. 
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4.2.3.3 Effect of pH and scan rate 

The effect of pH on the peak current and peak potential of caffeine wa inve tigal d in 

the pH range 3.0 to 6.0 ABS (Fig. 43A). The peak potential shifted negativel • ilh 

increasing pH indicating the participation of protons in the reaction. Plot of p ak 

potentials versus pH was found to be linear over the pH range 3.0-5 .0 with a I pe of 

48.4/pH and correlation coefficient ofR2 
= 0.99809 (Inset of Fig. 43A), corre ponding t 

a mechanism involving protons and electrons in a 1:1 ratio [223). It was al 0 ob erved 

that the peak current of caffeine at the poly(AHNSA)/GCE increased with increa e in pll 

from 3.0 to 5.0 and then started to decrease for pH values higher than 5.0 (In et of rig. 

43B). The increase in peak current from pH 3.0 to 5.0 could partly be a cribed to the 

increasing electrostatic attraction between the polymer modified surface (pKa ~4) [51] 

and the positively charged caffeine (pKa 10.4) [93). Hence, pH 5.0 was cho en a the 

optimum pH for further analyses. 
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Fig. 43. (A) CVs ofPGCE in ABS of different pHs (3.0 to 6.0) containing 1.0 x 10- m I 

L-' of caffeine . Inset: plot of anodic peak potential versus pH of buffer olution. (B) PI t 

ofIpa versus pH in pH range 3.0 to 6.0 at 0.1 V sol 

The effect of scan rate on the oxidative peak current of 1 x 10-
3 

mol L-' caffeine at P 

in pH 5 ABS was also studied. Fig. 44A shows the CVs at different scan rate in the 

range 20 to 300 mV sol. Inset of Fig. 44A depicts the linear dependence of the an dic 

peak current on the scan rate in the range 20-300 mV sol which indicated the urface-

confmed kinetics of caffeine at the surface of the polymer modified electrode [159]. For 

such an irreversible surface-confmed process, the current response (Jpa in ampere ), peak 

current (where ~Ep' /2 = Ep _ Ep/2 in V), surface coverage (r in mo I cm-
2

) , number of 

electrons involved (n) , transfer coefficient (a) and the charge consumed (Q in cou lomb ) 

are related by equations 7, 10 and 12 [118,160]. The transfer coefficient and number f 

electrons involved in the rate determining step were calculated to be 0.23 and 3.8 ( 4 , 

respectively. 
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Fig. 44. (A) CVs of PGCE in pH 5.0 ABS containing 1.0 x 10.
3 

mol L·
I 

caffeine at 

different scan rates (a-I: 20,40, 80, 100, 125, 150, 175,200,225,250, 275 and 300 mY 

I . , respectively). Inset: plot oflpa vs. scan rate. (B) Plot of Epa vs. In(v) 

From the CV response of the polymer modified electrode for caffeine (Fig. 42), the effect 

of pH on the peak potential (Inset of Fig. 43A) and calculated value of n, the propo ed 

reaction mechanism is shown in Scheme 8 which is in agreement with the mechani m 

reported elsewhere [70] . 
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Scheme 8 Proposed reaction mechanism for caffeine at PGCE 

Since square wave voltammetry has a much higher sensitivity and better re olution than 

cyclic voltammetry [224], the applicability of the poly(AHNSA) modified GCE for the 

quantitative determination of caffeine has been investigated by SWv. The p Iymer 

modified GCE (Fig. 45b) enhanced the current response for caffeine by 2 fold a 

compared to the bare GCE (Fig. 45a) in addition to shifting the potential in the po itive 

direction by 144 mY. These effects are clear conformation for the catalytic effect of the 

polymer film towards oxidation of caffeine. 

o 
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Fig. 45. SWVs of (a) UGCE and (b) PGCE in \.0 x 10-
3 

mol L-
t 

caffeine (pH 5_0 AB )-

A 
. . Y fr . 15 Hz· scanning potential : 0_9 t 

mphtude: 50 mY; potential step: 4 m ; equency. , 

+1.7 Y 
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4.2.3.4 Effect of accumulation potential and time 

Fig. 46 depicts the effect of accumulation potential (Eacc) and accumulation time (t, n 

peak current response of poly(AHNSA)/GCE for caffeine. The peak current inc rca cd 

with increasing Eaee from +0.8 to + 1.1 and then dropped at higher potential (Fig. 461\) . 

The observed decrease in the current response at potentials higher than + 1.1 could bc 

because; the applied potential is high enough to cause the oxidation of caffeine than t 

accumulate it at the surface of the electrode. Fig. 46 shows the effect of lace recorded at 

Eaee of + 1.1 Y. The current response increased gradually up to 80 s and then leveled off 

which could probably be due to saturation of the electrode surface. Thus, Eace of 1.1 V 

and tace of 80 s were taken as the optimum accumulation potential and time, respectively. 

27 

~ 26 

'" .5!-

25 
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Fig. 46. Anodic peak current response of PGCE in 1.0 x 10-
3 

mol L-
1 

caffeine (pH 5.0 

ABS) at different (A): Eacc and tacc 30 s (B): tacc and Eacc + 1. J V 

. d tration conditions, the WV 
After the optimization of the solution pH an preconcen 

. d fr ) were optimized to be 70 m , 
parameters (pulse amplitude, potential step an equency 

d · th subsequent analyses. 
14 mY and 30 Hz, respectively and were use ill e 
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4.2.3.5 Calibration curve and detection limit 

Using the optimized solution and method parameters described, the anodic peak curr nt 

at + 1.340 V were found to be proportional to caffeine concentration in the range 6.0 x 

10-8 to 4.0 X 10-5 mol L-1 (Fig. 47) with a linear regression equation correlati n 

coefficient and detection limit of Ipa (flA) = 0.289 + 0.503C (10-1) mol L-1) R2 = 

0.99872 (Inset of Fig. 47) and 6.7 x 10-8 mol L-1 (SIN = 3), respectively. When the 

concentration of caffeine was more than 4.0 x 10-5 mol L-1
, the current re p n e 

decreased gradually which could be ascribed to the saturation of the active ite f the 

polymer film_ 
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Fig. 47. SWVs ofPGCE in pH 5.0 ABS contammg ca eme 0 I 

20 0 d 40 0 11M respectively). In et: 
(a-k: 0.06, 0.08, 0.8, 1.0, 2.0, 4.0,6.0, 8.0, 10.0, . an . r ' 

plot of anodic peak current versus concentration of caffeine 
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4.2.3.6 Application of the method for the determination of caffeine in 

coffee 

B 
0 

·5 

c( « .:- ~ ·10 
~ 

~ .g "' E-

·15 

·12 
·20 

1.0 1.1 1.2 1.3 1.4 1.5 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

EN vs. Ag/AgCI EN vs. Ag/AgCI 

Fig. 48. (A) SWVs ofPGCE in coffee extracts (200 times diluted with pH 5 AB ) piked 

with standard caffeine of different concentrations (a-d: 0, 4, 6 and 8 ~M, re pect ively) . 

(B) SWVs of variable concentrations of standard caffeine in pH 5 ABS containing 

constant concentration of theophylline (10 ~M). Concentration of standard caffeine ( 1-5): 

4, 6, 10, 20, 40 flM, respectively 

The method developed was applied for the determination of caffeine in coffee extract . 

Coffee extract samples were prepared as described in the procedure. Using the optimized 

conditions, square wave voltammograms of caffeine in coffee extract were recorded 

(curve a of Fig. 48A). The average result of three separate determinations of caffe ine in 

coffee extract samples at 95% confidence level, was 67.2 ± 0.095 mg/1 00 mL which i in 

the range reported in the literature [203,204]. Furthermore, three equal volume of c ~ 
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extract samples in pH 5.0 ABS (1:200 diluted) were spiked with different concentrati n 

of standard caffeine (4, 6 and 811M) and the square wave voltammogram were rec rded 

(curves b-d in Fig 48A). The current responses, percentage recoveries and perc ntag 

standard errors are summarized in Table 10. The method showed excellent rec veri 

signifying the potential applicability of poly(AHNSA)/GCE for the determination r 

caffeine in real samples such as coffee without any interferences from sample malri e . 

The possible interference from compounds of similar structures in the determinati n f 

caffeine was further studied. Fig. 48B shows the SWVs of variable concentration f 

caffeine (4, 6, 10, 20 and 40 11M caffeine) in the presence of constant concentration f 

theophylline (10 11M); which is one of the N-methyl derivatives of xanthine [208J . 

Clearly, there is an increase in the voltammetric peak current corresponding to oxidati n 

of caffeine with the increase of the concentration whiles the peak current respon e fI r 

theophylline almost remaining constant. This conftrms that analysis of caffeine in coffee 

extract using the polymer modifted electrode is not affected not only by the amp le 

matrices but also by structurally similar compounds like theophylline. 

Table 10 Percentage recoveries of spiked standard caffeine in coffee extract 

Sample Initial Spiked 

(uM) 

Coffee extract 17.35 4.0 

Coffee extract 17.35 6.0 

Coffee extract 17.35 8.0 

a Mean oftriplicate measurements 
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Detecteda 

(11M) 
21.10 ± 0.115 

23 .00 ± 0.127 

25.41 ± 0.386 

Recovery" 

(%) 
93.75 ± 2.32 

94.17 ± 2.11 

100.75 ± 3.32 
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4.2.3.7 Stability and comparison of the method dId . h h eve ope WIt ot er 

similar methods 

The stability of poly(AHNSA)/GC electrode towards caffeine oxidation wa te ted via 

the retention of the electrocatalytic currents ( ilio, where io represents the current rec rded 

during the first cycle and i during successive cycles) [225] as a function of the number of 

cycles. The modified electrode was first scanned repetitively in the supporting electro lyte 

until a steady current was attained. 

Then, the stabilized electrode was put in pH 5 ABS containing I x 10-3 mol L-1 caffeine. 

Two SWV measurements were recorded daily at an interval of 8 hours for ten 

consecutive days. To secure the cleanness of the electrode, each measurement wa 

preceded by linear scanning of the electrode in pH 5.0 ABS in the negative direction of 

the same potential window. The calculated mean current ratio (i/io) for twenty 

measurements in ten days duration was O.99958±O.00437 demonstrating the stability of 

the electrode. 

The method developed is compared with other similar electroanalytical methods (Tab le 

11). Apart from the stability and simplicity in the preparation of the modified electrode, 

the present method gives a reasonably lower detection limit and wider linear range. 

118 



AAU, Dept of Chemistry 
PhD Thesis 

Table 11 Comparison between the newly developed th d d me 0 an other reported meth d 

Electrode method Linear range LoD Ref. 
(mol L- 1

) (mol L-1
) 

SurfactantIMWCNTs AdSDPY 2_91 x 10-7 6.27 X 10-3 8.83 x 10-8 212 

Nafion/GCE DPY 9.95 x 10-7 
- 1.06 X 10-5 7.98 X 10-7 214 

Nafion/MWCNTs/GCE DPY 6 x 10-7 
- 4 x 10-4 2.3 x 10-7 21 

MWCNTs/Nafion/GCE DPSY 2.9 x 10'6 - 3.77 x 10-4 5.13 X 10-7 216 

MIP SWV 6 x 10-8 
- 2.5 X 10-5 1.5 x 10-8 217 

Nafionlboron-doped DPY 2 x 10-7 
- 1.2 X 10-5 1.0 X 10-7 218 

diamond 

Boron-doped diamond DPY 9.7 x 10-6 - 1.1 X 10-4 7.0 X 10-6 21 

Poly( safranine )/GCE LSY 3 x 10-7 - I X 10-4 1.0 x 10-7 220 

Poly(AHNSA)/GCE SWY 6 x 10-8 - 4 X 10-5 6.7 X 10-8 Thi 
w rk 

4.2.3.8 Conclusion 

The approach taken in this work provides a simple method for the determination of 

caffeine in coffee samples. The modifier is relatively cheaper than other modifier 

reported and easily deposited at the electrode surface. A wide linear range with a lower 

limit 6.0 x 10-8 mol Lot and a limit of detection as low as 6.7 x 10-
8 

mol L-
1 

wa 

observed. Excellent recoveries with acceptable errors were achieved for the 

determination of spiked standard caffeine samples in coffee extracts. Therefore, the 

method developed can be used for the direct analysis of caffeine content in real sample . 
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4.2.4 Fenitrothion in tap water samples 

4.2.4.1 Background 

Fenitrothion, O,O-dimethyl O-(3-methyl-4-nitrophenyl) phosphorothioate ( ch me 

which is one of the OP pesticides, is a contact and stomach poison [226,227]. It i widel 

used to control penetrating, chewing, and sucking insect pests (coffee leafminer I cu t , 

rice stem borers, wheat bugs, flours beetles, grain beetles, and grain weevil) on cerea l 

cotton, rice, and vegetables [227-229]. It is also used on farms and in public hea lth 

programs as a residual contact spray for flies, mosquitoes, and cockroaches [94,227]. 

Occupational exposure to FT causes many adverse health effects [95 ,230-233). It 

known to be one of the neurotoxic compounds which can irrever ibly inhibit 

acetylcholinesterase and lead to excessive cholinergic neurotransmission and ub eq uent 

signs of toxicity including autonomic dysfunction, involuntary movement , and even 

death at higher and prolonged exposure [234-236] . Because its extensive u age 

constitutes an important risk for nontarget species, including humans, and ha already 

caused serious environmental problems [231], there is a growing concern about the 

toxicological and environmental risks associated with FT residues [231 ,235]. 

Therefore, there is a considerable interest for the development of rapid, 

sensitive, cost-effective and environmentally friendly analytical method 

electi e 

for the 

d 
" . ' I I Chromatographic method 

etermmatlon of trace level of FT m envrronmenta samp es. . 

with different detectors [234,237,238], and biosensors [239-241] are the comm J1 

. . f FT Although the e method are 
analytical methods reported for the determmatlon 0 . 

120 



AAU, Dept of Chemistry 
PhD Thesis 

sensitive and specific, most of them demand compll'cated d . . an tIme-con umll1 

procedures, expensive apparatus, highly skilled technicians and large amount of organi 

solvents which eventually pollute the environment. 

Electroanalytical techniques have been of great interest due to their advantage including 

high sensitivity, comparative simplicity, rapid response and low cost [104). Alth ugh 

reports have been made on the application of electroanalytical method ft r th 

determination ofFT [160,227-229,233,242,243], most of them used mercury a working 

electrode whose toxicity cannot be overlooked. 

We recently reported the fabrication, characterization and applicati n f 

poly(AHNSA)/GCE for the electrochemical determination of some se lected alkal id s 

[244-247]. 

To the best of our knowledge, no conducting polymer-based electroanalytical meth d i 

reported for the determination of FT. In this regard, the aim of this study is to illu trate 

the applicability of a sensitive, selective and environmentally-friend Iy 

poly(AHNSA)/GCE working electrode for the trace level determination of IT in 

environmental samples. 

In this work, square wave adsorptive stripping voltammetric (SW AdSV) technique ba ed 

on poly(AHNSA)/GCE is presented. Cyclic voltammetry was used to inve tigate the 

electrochemical behavior of FT at the polymer-modified electrode. Furtherm re, 

SWAdSV was employed for the determination of trace level concentration of FT in tap 

water samples. 
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Scheme 9 Structural formula ofFT 

4.2.4.2 Electrochemical behavior ofFT at PoJy(AHNSA)/GCEs 

Fig. 49A depicts cyclic voltammograms of unmodified (curve I) and poly(AHN A) 

modified (curve II) glassy carbon electrodes in ABS (pH 5) containing 50 x 10-6 mol - I 

FT. As can be seen from the Figure, a pair of poorly resolved oxidative and reductive 

peaks (a and b, respectively), moreover diffused over a broad potential region with peak 

separation (ilEa-b) of320 mY and a third reductive peak (c) at -713 mY appeared at the 

bare GeE. In a similar manner, a pair of rather well-defined oxidative and reductive 

peaks (a ' and b ', respectively) with in improved peak potential separation (LlEo'-b) of 52 

mY and a reductive peak (c ') at -600 mY were observed at the polymer modified 

electrode. The peak potentials and the corresponding peak separations at the two 

electrodes are summarized in Table 12. The enhanced current response, the ignificant 

peak potential shift towards lower values and the improved reversibility of the redox 

couple (peaks a ' and b ') observed at the polymer modified electrode demonstrate the 

electrocatalytic activity of the polymer film towards FT. 
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Fig. 49_ (A) Cyclic voltammograms of UGCE (I) and PGCE (II) in AB (pi I 

containing 50 x 10-6 mol L-1 FT. (B) Cyclic voltammograms of PGCE in AB (pi I 5) 

containing no FT (J) and 50 x 10-6 mol L-1 FT (II) at 0.1 V S-I 

Table 12 Summary of peak potentials of three FT peaks at PGCE and UGCE 

Electrode Peak-l Epa Peak-2 Epc ~Ep Peak-3 Epc 

UGCE a +220 b -100 ~Ea_ b = 320 C -713 

PGCE a' +65 b' +13 ~Ea ' -b' = 52 c' -600 

~Ep* 155 113 
11 3 

Peaks 1 and 2 are oxidative and reductive peaks, respectively while peak-3 is an 

irreversible reductive peak. * potential advantage of PGCE over UGCE. 
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Fig. 49B shows the repetitive cyclic voltammograms of poly(AHNSA) modified E in 

ABS (pH 5) containing 50 x 10-6 mol L-
1 

FT (curve II) and CY of the same electrod in 

ABS conta ining no FT. Two reductive (b and c) and one oxidative (a) peak wer 

observed at the polymer modified electrode which were distinct from the polym r 

associated peaks in the analyte free ABS (curve I). With increasing number of cye le , the 

reductive current of peak c decreased while that of the oxidative and reductive couple (0 

and b, respectively) getting improved. From this observed variation of peak current with 

the number of scanning cycles, a reaction mechanism that involves an irrever ible 

reduction (peak c) followed by a quasi-reversible oxidation (peak a) and reduction (peak 

b) processes was proposed which is in agreement with the previou Iy rep rted 

mechanism [233]. 

4.2.4.3 Effect of potential scan rate 

Fig. 50A presents CVs of 50 IlM FT at PGCE in ABS (pH 5.0) at a scan rate range of40-

275 mV S- I . The irreversible reduction peak current of FT at the polymer modi fied 

electrode (peak c of Fig. 49) showed linear dependence on the potential sweep rate (0 f 

Fig. 50B) indicating a surface-confmed kinetics of FT. In the potential range studied, the 

. . . ' h . . potential scan rate confirming 
reductIon peak potential shifted negatively Wit mcreasmg 

the irreversibility of the reduction reaction. 

GCE is a surface-confined proce ; the 
Since the reaction of FT at the surface of P 

. , ted in the rate determin ing 
transfer coefficient (a), the number of electrons (n) partlclpa 

of FT at the surface of the polymer-film \J er 
step and the surface coverage (D 
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calculated using eqns. (7, 10 and 12) [105,124]. After integrating the peak area of the V 

at 0.1 V S-I (Fig. 50A), nand rwere calculated to be 3.7 (n :::: 4 ) and 8 x 10"11 In Ie rn" 

2, respectively. 

As descr ibed by Laviron [l30] , the relationship between E pc and scan rate for a t tall 

irreversible surface-confined electrode process obeys eqn. (11). 

Curve b of Fig. 50B depicts a linear dependence of the cathodic peak potential n the 

scan rate with a linear regression equation and correlation coefficient of Epc (V) = -0.568 -

0.23Ov (V S"I) and R2 = 0.9954, respectively from which the standard reduction potential 

If is calculated to be -0.568 V. Moreover, the values of a and ks were calculated to be 

0.21 and l.383 cm s"\ respectively using the slope and y-intercept of the linear regres i n 

equation of the Epc vs. logv plot (Inset of Fig. 50A). 
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Fig. 50. (A) Cyclic voltammograms of PGCE in ABS (pH 5.0) containing 50 x l 0-6 m 

L-I of FT at different scan rates (a-k: 40, 60, 80, 100, 125, 150, 175, 200, 225 250 and 

275 mV S-I , respectively). Inset: plot of cathodic peak potential (V) versu I g f 

potential scan rate (V S-I). (B) plot of cathodic (a) peak current (IlA) and (b) peak 

potential (V) versus potential scan rate 

The electron transfer coefficient was also calculated according to eqn. (9) [248]. From the 

cyclic voltammogram ofFT at scan rate ofO.1 V S-I (Fig. 50A), a value was calculated to 

be 0.228 which is in agreement with its previously calculated value. 

4.2.4.4 Influence of pH 

The effect of pH on the electrochemical behavior of FT at the modified electr de \! a 

Ii 
studied using cyclic voltammetry over the pH range 3.5-6.0. Fig. 5 J show the 

voltammograms of 50 x 10-6 mol L- I FT in ABS of various pH values. Both th p ak 
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current and peak potential showed variation with solution pH Th k . . e pea r current IIlcr a d 

with pH until it reached its maximum value at pH 50 (Fig 52 ) Th I . . a . en, t le urrcnt 

response decreased at pH values above 5.0. This is presumably due to the electr tati 

attraction between the -S03H group of the modifier (pKa ~4) [51] and the -

of FT whose tendency to undergo reduction depends on pH. Therefore, pH 5.0 wa u cd 

as the optimal pH of the solution for subsequent FT analyses. 

It was also observed from Fig. 51 that, as the pH of the medium was gradually increa ed 

in the pH range studied, the peak potential shifted towards more negative valuc 

suggesting the involvement of protons in the reaction. Fig. 52b show the linear 

dependence of E pc on pH in the range 4.5 to 6.0. A slope of 46.6 mY/pH sugge t that the 

reduction of FT at the modified electrode obeys the Nernst equation (T = 22 0 ) 

involving equal number of protons and electrons [222]. This could be attributed t the 

four-electron and four-proton transfer irreversible reduction of the nitro group (R- 2) t 

a hydroxylamine group (R-NHOH) [249]. 

From our observations on the cyclic voltammograms of FT at the modified GC (Fig. 

49B), the peak potential separation (LlEa '-b) (Table 12), the calculated number f 

electrons participated (n = 4) and the slope of the linear fit for the dependence of peak 

. d t' han ism (scheme 10) for the potential on scan rate (n = m); we propose a reac Ion mec 

overall redox reaction of FT at the poly(AHNSA)-modified GCE, which is in agreement 

with the previously reported mechanism [228,232,242]. 
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Fig. 51. Cyclic voltammograms of 50 x 10-Q mol L-I FI in ABS ofvariou pH (3.5 .0) 

atPGCE 
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Scheme 10 Proposed reaction mechanism for the reaction ofFT at PGCE 

4.2.4.5 Square wave voltammetric parameters 

Square wave vo ltammetry (SWV), as is one of the most sensitive technique it wa u cd 

for the quantitat ive determination ofFT at the polymer modified electrode. Fig. 53 h w 

the SWVs of FT at UGCE (a) and PGCE (b) recorded under similar condition . The 

catalytic activity of the polymer-modified electrode towards FT reduction i c nfirmed 

by the significantly enhanced cathodic peak current response and peak potential hi n in 

the negative direction, which could be ascribed to the accumulation of FT molecule n 

the surface ofthe polymer film. 
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Fig. 53. Square wave voltammograms of UGCE (a) and PGCE (b) in pH .0 
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4.2.4.6 Effect of accumulation potential (Eacc) and time (tm) 

From the effect of scan rate on the irreversible reductive peak current f IT b cr d in 

Fig. 50, it was evident that adsorption of FT on the electrode ur face h uld ha c n 

affected by the accumulation potential (Eaee) and accumulation time (lace). Thi IlIC ha 

helped us to study the influence of accumulation potential and time. The pcak lIrrcnt 

increased with increasing accumulation potential in the range -550 t -300 mV Lint il il 

reached its maximum value at -300 mV and then decreased at potential I I1C ·ati 

than -300 mV (Fig. 54A). Hence, -300 mV was taken as the optimum prec n cnlra li 11 

potential fo r further square wave voltammetric studies. 

24 
27 

20 
24 

16 

~ 
-;:; 12 
.2-

8 
16 

12 ~ __ ~~ __ ~~ __ ~ 
o 20 40 60 80 100 

CE c: 50 10-6 I L-1 FT 11 : Fig. 54. Dependence of SWV peak current response of PG Lor x m 

(A) the Eaee at taee 30 s and (B) taee at Eaec -300 mY. Pulse amplitude: 2S mV and lep 

potential: 4 m V 

. I f fme up to 70 5 and then d crea d The peak current also increased with the accumu a Ion I 

. h t f n level of the acti ve urfa slightly (Fig. 54B) which could be ascrIbed to t e sa ura 10 

h . preconcentration time. the polymer film. Thus, 70 s was taken as t e optimum 

130 



AAU, Dept of Chemistry 
PhD Thesis 

Moreover, method parameters such as pulse amplitude and potential tep w r ptim i('. d 

(data not shown). It was found that the peak currents increa ed with incr a in pu I 

amplitude in the range of20 to 100 mY, accompanied by the broadening of peak width at 

the same time. When the pulse amplitude was higher than 80 mY, the peak width b am 

much wider. Therefore, 80 mY was chosen as the optimum pulse amplitude. P tential 

step was tested in the range of 4 to 24 mY. Experimental results showed that th peak 

height increased with increasing potential step. When the potential tep wa greater than 

20 mY, the peak shape became much wider as well as not smooth. Thus 20 mY \ a 

selected as the optimal potential step. 

4.2.4.7 Calibration curves and limit of detection 

Aqueous standard solutions of FT were prepared for which SWYs were rec rded at the 

poly(AHNSA) modified GCE. Under the optimized solution and method parameter , th 

reductive peak current response showed linear variation with the concentration f FT 

-6 -I · . 
(Fig. 55) in the concentration range 0.001 to 6.6 x 10 mol L . The linear regre I n 

equation, correlation coefficient (R2) and detection limit (LoD = 301m for n = 6) wer ipc 

(IlA) = 1.616 + 13.514C (11M), 0.9994 and 7.95 x 10-10 mol L-
I
, respective l (In et f 

Fig. 55). 
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Fig. 55. SWVs of PGCE in pH S ABS containing variable concentration of FT (a-n: 

0.001, O.OOS , 0.010, 0.OS3, 0.066, 0.132, 0.396, 0.S28, 0.660, 1.32, 2.64, 3.96 5.28 and 

6.60 11M, respectively) under the optimized conditions (Pulse amplitude 80 mY ; p tential 

increment 20 mY; Eacc -300 mV and tacc 70 s). Inset: Plot of cathodic peak current ver u 

concentration ofFT 

4.2.4.8 Analytical application, reproducibility and interference studies 

The application of the polymer modified electrode for determination of FT in tap water 

was studied. Three standard solutions (a, b and c) of FT each with 0.5 x 10-6 m I L·
1 

concentration were prepared using tap water without any treatment. The tap water 

samples (a, b and c) were then spiked with 0.5, I.S and 2.S x 10-6 mol L·
1 

of tandard 

solutions ofFT, respectively. For each sample, triplicate square wave mea urement \ er 

recorded under the optimized conditions. The results are summarized in Table 13. A 

be seen from the Table, recoveries in the range 96-98% show that the anal e 
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tap water samples were not affected by sample matrix a d h h . n ence t e modlfi de le tr d 

has great potential applicability for the determination of FT . . 
In environmental ampl . 

Table 13 Determination ofFT in tap water samples (n = 3) 

Sample Standard FT Added Found* 

(IlM ) (IlM) (IlM) (%) (%) 

a 0.5 0.5 0.48 1.2 96 
b 0.5 1.5 1.46 1.5 97. 
c 0.5 2.5 2.45 1.7 98 
* Mean concentration of triplicate readings and **RSD (%) for n - 3 

Regeneration of the electrode and reproducibility of the respon e are Lw vital 

characteristics of an electrode for its electrochemical sensor applicati n . The arne 

polymer mod ified GeE was used for five successive measurements of I x 10- mi L-I 

FT. After each measurement, the surface of the poly(AHNSA)/GCE wa regenerated b 

successively scanning four cycles between -0.1 and -1 .1 V in ASS (pH 5). The electr de 

showed significant regeneration and reproducibility, and the relative standard deviati n 

(RSD) ofthe peak current was 2.6% (n = 5). 

Moreover, interference studies were performed for the analytical application f the 

proposed method_ A 5 x 10-D mol L-' FT spiked with various amount of meth I 

parathion, ascorbic acid and uric acid was evaluated under the same experimental 

conditions. According to the results obtained, methyl parathion showed ignifi ant 

interference even at concentrations as low as 1 x 10-D mol L-
I
. On the contrar ) a 

acid and uric acid showed no interference effect even at concentration leve l of 20 

moIL-'. 
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A comparison between the analytical performance of the pre en! meth d and m 

previously reported electroanalytical methods for the determinati n f . r ar 

summarized in Table 14. Among the mercury-free method Ii ted, the l et limit 

detection (1.6 x 10-
9 

M) obtained for FT determination was by carbon cerami ele tr d 

(CCE) whose fabrication is tedious besides the problem of reproducibility. In the pre nl 

work, a lower detection limit of 7.95 x 10-10 M has been achieved u ing an ea il 

fabricated, stable and environmentally friendly polymer film which a t the be t f ur 

knowledge could be the frrst conducting polymer used as electrode m difie r fI r th 

determination of FT. The lower limit of the linear range in our re ult al indi ate th 

potential app licability of our method for the determination of trace level FT in rca I 

samples. 

Table 14 Perfo rmance of the present method compared to previously reported meth d 

Electrode Linear range LoD Method Rer. 

used (IlM) (nM) used 

HMDE 0.01- 1 0.1 3 DPV 159 

HMDE 90 - 890 5.2 SWV 226 

CCE 0.005 - 0.1 1.6 SWAdSV 227 

Nano-Ti0 2/GCE 0.025 -10 10 SWV 2 2 

HMDE 0.01 - 0.12 1.6 DPV 242 

Poly(AHNSA)/GCE 0.001 6.6 0.795 

134 



AAU, Dept of Chemistry 

4.2.4.9 Conclusion 

Compared to the unmodified GCE, the poly(AHNSA) modified electr de h \ cd an 

excellent electrocatalytic effect towards the reduction of FT in 0.1 M A8 

voltammetry was used to estimate the kinetic parameters such a 11, a and ks. WAd 

determination of FT using the polymer-modified electrode revealed an extended linear 

range towards the lower concentration range. Moreover, lower LoD than the pre i u I 

reported works and excellent recoveries from tap water without the need fI r pn r 

treatment showed the potential application of the developed method fI r trace Ie 

determination ofFT in real samples. 
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4.2.5 Methyl Parathion in tap water samples 

4.2.5.1 Background 

Pesticides have been of enormous benefit to developing countries attempting t pr du e 

sufficient quantities of food and protect resources such as plantations. Protecti n f 

from grain-eating birds, insects, weeds and herbs is crucially imp rtant t u h 

economies. This is especially important now as many developing countrie ar nterin ' 

phases of industrial growth and experiencing mobilities of much of the agri ultural 

workforce to the industrial sector resulting in fewer people available to tend to cr p 

[250]. However, reliance on chemical pesticides can be problematic as many developi n 

countries continue to use toxic pesticides that can cause health problems and can have a 

serious negative impact on the environment. 

After the prohibition of organochlorine pesticides due to their bioaccumulati n and 

persistence in the environment, organophosphorous compounds became the 111 t 

commonly-used class of insecticides for pest control [70]. However, these pe ticide are 

highly toxic environmental and food chain pollutants. Due to the neurotoxic propertie of 

organophosphorus compounds, they have even been used as chemical warfare agent 

[251]. Methyl parathion (scheme 11) is a toxic organophosphorous compound that i 

commonly used for agricultural purposes in many countries and the current 

-I [252] N the less it is u ed for a ari t 
acceptable limit in ground water is 0.1 J.1g L . one , 

f frUI
·tS and cereals resulting in the accumulati n f it 

o crops including vegetables, 

d·· [25 3] Traditi nal farm r 
residue and metabolites in soils, water and food commo Itles . 
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in develop ing countries are often exposed to methyl parath · . . Ion as It I readil ab r d 

through intact skin and the lungs. 

Scheme 11 Structural formula of methyl parathion 

The general public in developing countries is usually exposed to organoph ph rll 

pesticides through the ingestion of contaminated foods (such as cereal , vegetabl and 

fruits), which are directly treated with the pesticides or are grown in contaminated field . 

Therefore, contamination of the environment and food by pesticide re idlle i an 

important topic in many areas of the world and the search for simple and en itive 

methods for qualitative and quantitative determination of such species is of great intere t 

to researchers in many parts of the world. However, expensive and time-con liming 

chromatographic techniques that require highly-trained operators are commonly 1I ed fI r 

pesticide analysis [254-256]. As a result, there is a growing interest in devel ping 

inexpensive, fast analytical techniques for these species. Electrochemical techniqlle 

have several attractive features for such analyses including high sensitivity electi it 

and simplicity, as well as low cost and rapid analysis times. 

Generally, electrochemical methods for pesticide analysis are based on pr e 

. 8] H the toxicity of Hg make it 
Occurnng at Hg electrode surfaces [257,25 . owever, 
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unattractive for routine analytical procedures, Hence, our focus is on the deve l pm nl r 

new, less harmful electroanalytical techniques with high sensl't ' 't d I " IVI Y an e ectlvlt fI r 

pesticide detection, Some of the methods previously reported in this area in lude la _ 

modified glassy carbon electrodes in the presence of a surfactant (cetyl trimelh I 

ammonium bromide) [259] hexadecane-coated glassy-carbon electrode [260], b r n­

doped diamond electrodes [261], molecular imprinting techniques [262-264] bi muth 

modified glassy carbon electrodes in the presence of a surfactant (cetyl trimcth I 

ammonium bromide) [265] , multiwalled-carbon nanotube modified gla y arb n 

electrodes [266], single walled carbon nanotube modified electrodes using ionic- liquid 

as binders [267] and biosensors [268-270]. 

Coating metal electrodes with a thin film of electronically conductive polymer ha proved 

to be a particularly simple and convenient method for the preparation of m di fied 

electrodes [27 1]. Polymer-modified electrodes may also exhibit preferential accumulation 

of analytes on bound surface functionalities, which can improve the selectivity f the 

electrode [221 ]. The use of poly(3,4-ethylenedioxythiophene) modified gla y carbon 

electrode for the electrochemical detection of paracetamol and paraminophenol in urine 

samples were recently reported [272,273]. Significantly, very few reports ex i t that 

describe the detection of parathion at polymer-modified electrodes, despite the impli il 

of the method and ease by which the analysis can be performed, In one report, Liu 

, h' ' poly(carmine) modified la I 

employed a linear sweep voltammetnc tec mque usmg a 

carbon electrode for the detection of parathion [274] 
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In this work we describe the SWV application of poly(4 . 3 h d -ammo- - y oxynap hthal ne 

sulfonic acid)modified GeE for the analysis of methyl parathion in drinking wat r 

samples. 

4.2.5.2 Voltammetry of methyl parathion at PGCE 

Cyclic voltammograms of methyl parathion at a PGCE (d) and UGCE (b) are h wn in 

Fig. 56. Also shown are voltammograms recorded at PGCE (c) and UG (a) in blank 

electrolyte containing no methyl parathion. During the first scan in the pre cnce 

methyl parathion, a single strong, irreversible reductive peak (peak 3) and weak red 

couples (peaks 1 and 2) were observed at -0.560, +0.020 and +0.050 V, re peclive l , 

which were dist inct from the peaks associated with the polymer (curve c of Fig. t\ . 

With increasing number of cycles, the peak current response for the reductive peak (peak 

3) decreased while increasing for peaks 1 and 2 showing that peak 3 i due t an 

irreversible reduction of methyl parathion. 

To further study the electrochemical behavior of methyl parathion at PGCE the effect of 

solution pH and scan rate on the irreversible reductive peak current and peak p lent ia l 

were invest igated. Fig. 57 depicts the cyclic voltammograms of the polymer mod ified 

GCE in ABS of various pHs containing methyl parathion. The peak potent ia l hitt 

observed with pH illustrates the participation of protons in the reduction reaction. In th 

pH range 4.5-6.0, a linear dependence of the peak potential on pH with a lope f 4 .8 

(curve a of Fig. 57B) indicated the participation of protons and electrons in a 1: 1 rati . 
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Moreover, the peak current response of the polymer modified GCE for meth I parath i n 

increased with increasing pH up to pH 5 where the maximum current r p n 

recorded (curve b of Fig. 57B). The peak current response then decrea ed at pI! hi ,her 

than 5.0. Thus, pH 5 was taken as the optimum solution pH in the ub equ nt anal 

The increase in peak current with pH in the range 3.5-5 .0 which then dec rea cd at pI! 

higher than the pka of the polymer film, could be attributed to the electro tati aUra ti 

force between the protonated polymer film and the nitro group of the analyte. 
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CE (c and d) PGCE in (a and c) th Fig. 56. Cyclic voltammograms of (a and b) UG , 

0.6 01 L·I methyl parathion (pH 5 AB absence and (b and d) the presence of lOx 1 m 
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Fig. 57. (A) CVs of lO x 10-6 mol L-1 methyl parathion in ABS of variou pH (3. -6.0 

at PGCE. (B) Plot of reductive peak potential (a) and peak current (b) versu pH 

The effect of scan rate on the irreversible reduction peak current of methyl parathi n at 

the polymer modified glassy carbon electrode was also investigated. Fig. 58 h \ th 
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cyclic voltammograms of polymer modified GeE in pH 5 AB containin rn th 

parathion at different scan rates. The peak potential shift with can rate 

peak 3 confirmed the irreversibility of the reduction reaction re pon ibl fI r p uk 

depicted in Fig. 56. The inset of Fig. 58 shows the linear dependence of the redu ti 

peak current (peak 3) on the scan rate in the range studied signi fy ing that the red u tin 

reaction is adsorption-controlled process [117]. 
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reduction peak current (peak 3) vs. scan rate 
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Since the reduction of methyl parathion at PGCE is a s ~ fi . . urlace-con lIled Irrc cr Ibl' 

reduction process, the number of electrons transferred during the proce (n) and ur fa 

coverage of methyl parathion at the modified electrode, r, were calculated u ing eqn . 7 

and 10) to be 3.8 and 1.7 x 10-
10 

mol cm-2
, respectively. Furthermore, the number 

electrons participated in the reversible redox couple of methyl parathion (peaks I and III 

Fig. 56) was calculated using eqn. (2) to be 2. 

Consequently, we concluded that the reaction of methyl parathion at the p ly(!\11 !\ 

modified electrode very likely proceeds according to the reaction mechani m prop ed in 

scheme 12 which is in agreement with the previously reported mechanism [260] . 

+4e-
R-N02 ---+4-H-+:----l .. ~ R-NHOH + H20 (peak 3) 

-2e-, -2H+ (peak 1) 
R-NHOH :::::; .. ;=========~b R-NO 

+2e-, 2W (peak 2) 

Scheme 12 Proposed reaction mechanism for the reaction of methyl parathion at P 

Due to the high sensitivity of square wave voltammetry, it was used to tudy the 

application of the polymer modified electrode for the determination of methyl parathi n 

f using the polymer modified GCE. Fig. 59 shows typical square wave voltammogram 

methyl parathion recorded at a bare glassy carbon electrode (curve a) and a 

poly(AHNSA) modified electrode (curve b). 

. f th I parathion at the p I mer 
In contrast to the bare GCE, the reduction current 0 me y 

der of magnitude which 111 
modified electrode was enhanced by more than one or 

t li k I 

Iyt t the electrode surface gi ing ri t 
could be due to the pre-concentration of the ana e a 
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the surface-confined kinetics and increased f£ . e ectlve surface area de cri b d pr 

The peak potential shift from -680 to -530 mY b d o serve supplemented b nc 

magnitude of peak current enhancement confir d th ' . . me e catalyt ic activity of th p l m r 

modified GCE towards the reduction of methyl parathion. 
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Fig. 59. SWVs of 10 x 10-6 mol L- I of methyl parathion in pH 5.0 AB at (a) and 

(b) PGCE. Pulse amplitude: 25 mY; potential step: 20 mY; frequency: J 5 Hz 

4.2.5.3 Effect of accumulation potential and accumulation time 

The effects of accumulation potential and accumulation time on the peak current re p n 

of PGCE for methyl parathion reduction were optimized by systematica ll altering ea h 

parameter. Fig. 60 shows the effect of accumulation potential (Eacc) and a cumulati n 

time (taee) on the SWV peak current response of poly(AHNSA) modified ele tr d fI r 

methyl parathion. Fig. 60A shows the significant peak current drop at potentia I m re 

negative than -0.3 V. At potentials more positive than -250 mY the current dr p \ ant 
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as high as was observed for higher negative t . I po entia s. Thus, an accumu lali 

of -250 mY was taken as the optimum Eacc. 
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Fig. 60. Effect of (A) Eaee at taee 60 s and (B) taeeatEaee-250 mY on the peak current 

An error bar in the range of 0.461.142 signified the stability and hence reproducibilit f 

the developed method. 
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The effect of the accumulation time on the peak current resp h . onse wa t en examined and 

is shown in Fig. 60B. Clearly, pre-concentrating the methyl parathion at the urfa 

the modified electrode generated an increased reductive peak current re p n rea hin 

its maximum at lace of 200 s. At lace higher than 200 s, the reduction current re p n 

started to decrease which could be due to the saturation level of the active urfa e f th 

polymer film. Therefore, in all analyses, a pre-concentration time of 200 at -2 0m 

was employed to guarantee maximum pre-concentration of the analyte at the electr d 

surface. 

4.2.5.4 Electroanalysis of Methyl Parathion in Drinking Water amplcs 

A series of aqueous standard solutions of methyl parathion in the concentration range I 

10-8 to 2 X 10-5 M were prepared and square wave voltammograms were recorded at the 

poly(AHNSA) modified electrode under the optimum conditions described ( Iacc = 200 , 

Eaee = -0.250 V, and 0.1 M pH 5 ABS). The square wave voltammogram and the 

resulting calibration curve are shown in Fig. 61. Clearly, an excellent Ilnearity between 

the peak current response and concentration (Inset of Fig. 61) with a co rrelation 

coefficient of 0.9991 and LoD calculated as three times the signal to noise rati in th 

voltamrnetric signal of 1.1 nM was obtained. 

To study the application of the developed method for the determination of meth I 

parathion in environmental samples, known concentrations of methyl parathi n \ er 

. 3 3 2 5) and the quare wa 
spiked to two drinking water standard samples (section .. , 

h d ummarized in 
voltammograms were recorded. The recovery results of the met 0 are 
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Table 15 . Clearly, excellent recoveries for the spiked standard methyl parathi n ampJ 

were obtained. Thus, it appears that the polymer modified electrode i ver pr mi in ' 

the analysis of methyl parathion in drinking water samples. 

Table 15 Recovery data for methyl parathion in drinking water sample 

Sample Added (IlM) 

0.148 

2 1.480 

Found' (IlM) 

0.138 ± 0.009 

l.323±0.019 
*Mean value ± standard deviation (n = 3) 
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Recovery (%)* 

93.24 ± 6.08 

89.39 ± 1.28 
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t" of melh J . H 5 ABS containing various concentralon Fig. 61. SWVs of PGCE m p . 

4 06 0.8, I, 2, 4, 6, 8 an parathion (a-n: 0.01, 0.04, 0.06, 0.08, 0.2, 0., ., 
d J 0 10-6 I I. 

. f thy I parathi n . f concentration 0 me respectively). Inset: Plot ofIpc as a function 0 
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4.2.5.5 Conclusion 

The electrochemical behavior of methyl parathion at the surface of p ly(A Ii 

modified GeE was investigated using cyclic voltammetry. A reaction me hani m 

involving an irreversible reduction followed by a reversible redox couple wa pr p d. 

Preferential adsorption of methyl parathion at the polymer-modified electr dc urfa 

was possible and voltammetric analysis revealed that surface-confined kincti 

predominated at the surface. 

A linear response up to 10 nM and a low limit of detection of 1.1 nM wa ob cr cd, 

which is well below the current acceptable limit for this pesticide in gr und water. 

Therefore, we anticipate that this method will be very useful for the analys i of mClh I 

parathion in ground water samples. 

148 



AAU, Dept of Chemistry 

4.3 Electrochemically pretreated I gassy carbon electrode for 

electrochemical determination of fenitrothion in human urine 

4.3.1 Background 

Due to the indiscriminate applications of fenitrothion, it find s a way int urfa v al r 

bodies, through agriculture runoff and municipal waste water sy tern by in e li n and 

inhalation reaching the human system. Therefore, the presence of re iduc 

pesticides in natural waters and in foodstuffs is of major concern for public hea lth rea n 

[225] which necessitated the development of methods that can be u ed t det rmin ' 

fenitrothion in environmental samples at trace levels. 

Ontop of the conventional methods of analyses, which involve compound extracti 11 , 

preconcentration and clean-up steps, making them tedious, time-con uming, expcn i e, 

not environmentally friendly and not suitable for in-field analys i , electr anal i al 

techniques have been of great interest due to their advantages, including high en it i it 

comparative simplicity, rapid response and low cost [104] . 

Although reports have been made on the application of electroanalyt ica l meth d fI r 

determination of fenitrothion [159,226-228,232,241 ,242], many of which u cd mer ur 

as working electrode whose toxicity cannot be overlooked while the remain in u ed 

polymer modified-electrodes. 

I
· 'd ad use in electroanal i , primar il 

Glassy carbon electrodes are current y In WI espre 

b 
. ' I b k round current rich ur fa e hcm i t . 

ecause of their broad potentIal wmdow, ow ac g , 
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low cost, easy surface modification, excellent mechanic I d I ' a an e ectrlca I pr pert i , 

chemical inertness, availability in various forms and shape d ' b'l' s an sUlta I It ~ r ari u 

sensing and detection applications [275-277]. 

Pretreatment of GCEs is an important way to improve their performance, Vari u kind 

of pretreatment methods such as electrochemical pretreatment [157,278-2821 radi 

frequency plasma [283] and in situ laser irradiation [284] have been reported, Am n 

these activation methods, electrochemical pretreatment is one of the mo t comm nl u d 

methods to improve electrochemical responses to biological compound due t it d 

reproducibility and simple operation, 

The present paper deals with the development of a simple, sensitive, electi ve and 

reproducible electrochemical method based on electrochemically pretreated gla carbon 

electrode applied for determination offenitrothion in tap water and human urine ample . 

4.3.2 Voltammetric behavior of fenitrothion at pretreated glassy 

carbon electrode 

Fig. 62 depicts the cyclic voltammograms of bare glassy carbon electrode ( 

(curves A and B) and electrochemically pretreated glassy carbon electrode (p 

(curves C and D) in pH 5.0 ABS in the absence (curves A and C) and pre ence of 0 

10.{i M FT (curves B and D). Cyclic voltammogram ofFT at the UGCE (curve B) h 
\ ed 

b t 0 71 V and diffused qua ire er ibl 
an irreversible weak reductive peak at a ou - , 

. b 0 08 nd +0 21 V respecti el . t th 
reductive and oxidative peaks centered at a out -, a ' , 

. I h d peak current and peak 
pGCE (curve D), similar peaks but with sigmficant Y en ance 
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potential shift were observed. Over 2 folds of peak current and a potential hin f ab UI 

140 mY was observed for the irreversibly reductive peak (peak c' of Curve D al Ih 

pGCE. These effects clearly prove the catalytic effect of the electrochemica l! prClrc, I d 

glassy carbon electrode towards the reduction of FT. The peak current enhan cmcnl and 

peak potential shift at the PGCE was also observed for the quasireversible red x peak . 

45 

30 

i 15 -.. 
C 
CI) 

t 0 
:::l 
(.) 

·15 

a' 
.3~11.2-""------Y.0-.8 --r--.Or.4--r-O~.O --r--:O.r:-4 ----.---

E IVvs SeE 

B and D) and absence of 50 ~ Fig. 62. CYs of pH 5.0 ABS in the presence (curves 

d GCE (C and D) atlOO mY 5.
1 

(curves A and C) at UGCE (A and B) an p 
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4.3.3 EIS characterization of pGCE 

The complex-impedance plots of the untreated GCE (curve a) and the electr hemi all 

pretreated GCE (curve b) are shown in Fig. 63 . In accordance with the previ u rep n 

[282], the charge transfer resistance (Ret) of the pGCE, which is the diam ter Ih 

semicircle, is clearly greater than that of the UGCE indicating the formation fa la r 

that inhibits the electron transfer between the electrode and the Fe( N) i ' I m. 

Compared to the UGCE, 4-fold increment of semi-circle diameter supplemented b th 

significantly high capacitive current of the pGCE (curve b of Fig. 63), verified the ur fa 

modification of the pGCE. Hence, the catalytic activity of pGCE toward reducti n f · r 

observed in Fig. 62 could presumably be due to the electrostatic attraction between th" 

negatively charged surface of pGCE [282] and protonated nitro-group of FT in a id i 

medium ofthe buffer system. 

1 .5 

1.0 

~ 
0.5 

• UGCE-Nyquist 
UGCE-Fit 

.. PGCE-Nyquist 
- PGCE-Fit 

b ,.. 

0 .0 .~-"~-:r-~---:-':1 6;-""--;':2.0;;--;'2.6.--3:3.00 
0 .0 0 .5 1 .0 . 

Z'/kO 

F· 63 I h ' I' d spectroscopiC plots measured in 10m 1 Ig. . E ectroc emlca Impe ance 

Fe(CN)63-iFe(CN)64- + 0.1 M KCI + PBS (pH 7.0) for UGCE (a) and pGCE (b) at an 

. . d fr Y range 0.0 I-I 00000 Hz. Th apphed potential +0.23 Y, amphtude 10 mY an equenc 

. . . h posed EEC; Rs (Q[Rcl W]) sohd hnes represent the best-fits accordmg to t e pro 
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4.3.4 Effect of pH 

The effect of pH on the peak current and peak potential of the irreversible redll ti n pc k 

ofFT at the pGCE was investigated in the pH range 3.0 to 6.0. Fig. 64A repre ent 

voltammograms of 50 x 10.Q M FT in ABS of various pHs at pGCE. The redll ti e peak 

current increased with pH until it reached its maximum at pH 5.4 and then be un t 

decrease slightly (curve a of Fig. 64B). The peak current decrease ob erv d at a pll 

higher than 5.4 could be ascribed to the decreasing proton concentration in th 1I ffi r 

system (pKa ~ 4.75) which is needed for the reduction of the nitro-group f . r. 

Therefore, pH 5.4 was taken as the optimum solution pH for further analy e . 

The effect of solution pH on the reductive peak potential of FT wa also inve tigated. A 

potential shift in the negative direction was observed with increasing pH indicatin th ' 

participation of protons in the reduction of FT. A linear relationship between redll ti > 

peak potential (Epe) and solution pH with a slope of 48.54 (curve b of Fig. 648) h ~ 

the participation of protons and electrons in a I: I ratio [285]. 
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Fig. 64. (A) Cyclic voltammograms of 50 x 10-6 M FT in ABS of variou pH ( , , 4. , 

4.6, 5.0, 5.4, 6) at pGCE. (B) Plot of reductive peak current (curve a) and redu ti e p ak 

potential (curve b) versus pH of ABS containing 50 x 10-6 M FT at pG 
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4.3.5 Effect of scan rate 

The influence of potential scan rate on the peak current (Jp ) and p ak p I III ia I I~"" 

50 X 10-6 M FT in pH 5.4 ABS at PGCE was studied in the ran e 10 I 2 m 

63A represents cyclic voltammograms of FT at di ffe rent can rale . R du Ii p a ~ 

current showed linear dependence on potential scan rate (F ig. 6 13 ~ ilh a b II ' r 

correlation coefficient in contrast to its dependence on the quare r an ral 

of Fig. 65B) indicating that the reduction kinetics is surface-ad rpli n nlr II d II 71. 

Moreover, the peak potential shift observed with increa ing ca n rate I· i . 

confirmed the irrevers ib i I ity of the reducti n rea ti n. 

12 

9 

6 

3 

o 

-1.0 -0.8 -0.6 -0.4 

E I V vs SeE 
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Fig. 65. (A) Cyclic voltammograms of pGCE in ABS (pH 5.4) c nta inin ' ° 10 

FT at different scan rates (a-I): (10, 20, 40, 60, 80, 100, 125, 150 17 

mV/s). (B) Plot fpc vs. potential scan rate (v). Inset: plot of f pc v . quare r 

4.3.6 Kinetics of the electrochemical reaction 

For an irreversible adsorption-controlled electrochemical reaction the kineti para nPt ' r 

(n, ks, E', 0. and I) can be calculated experimentally. The tran fer coefficienl (n) , numb r 

of electrons participated in the rate determining step (n), change in half-peak p tential 

(11 E pc, 1/2 in V where I1 E pc,I12 = Epc - E pc,II2), peak current re pon e (fpc in A ) urfa 

coverage (r in mol em-2) and charge consumed (Q in C) are related t ne an lh r a 

shown in eqns. (7, 10 and 12) [117,159]. 

Using the wave at scan rate ofO.1 V S-I in Fig. 65 , tJ.Epc,J/2 and an" ere al ulat d 1 

0.046 V and 1.33, respectively. 
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Using the integrated peak area (Q), corresponding peak current (fpc) fthe 
al v .1 

V S-I in Fig. 65A, the experimental temperature (17 °C) and the ca l ulat d W I alu , th 

number of electrons participated (n) was calculated to be 3.79 ( :::: 4) . A mpar alll 

was also obtained using the slope of the plot of fpc versus v ( -ig. 6 B equal in I I 

(an)nFQ . 
-'---'-----"- . Fmally, the electrode surface coverage (J) and the tran fer c ffi i nl (J. 
2.718RT 

were calculated to be 1.69 x 10-
11 

mol/cm2 and 0.33, re pectively u tanlialin I th 

irreversibility of the reduction reaction ofFT at PGCE surface. 

Since the dependence of peak potential of FT on pH revea led the participati n f pr t 11 ' 

and electrons in a 1: 1 ratio and the number of electrons participated i 4 the r a ti n 

mechanism depicted in scheme 13 is proposed for the irrever ible reducti n rca ti n r 

FT at the pGCE, which is in agreement with the mechanism reported el ewhere [227 J. 

R-N02 + 4e- + 4W -----;.~ R-NHOH + H20 

where R- is methyl group. 

Scheme 13 Proposed reaction mechanism for the irreversibly reduction reacti n f Fr 

The peak potential of FT at pGCE, varied linearly with scan rate in the range tudied 

b . . ' E ( V) - 02 v + 762 mY with correlation o eymg the regressIon equatton: pc m - . 

(R2) of 0.995 (Fig. 66). The formal potential (g), which is represented b the inter ept r 

plot of Epc versus v [286], was found to be 0.762 V. 
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Fig. 66. Plot ofEpe of 50 x 10-<i M FT in 0.1 M ABS (pH 5.4) ver u ca n rate 

For an adsorption-controlled totally irreversible electrode process, the peak potential "pc 

is related to the scan rate (u) by the Laviron's equation [247] . Rearrangement f eq n. II 

after the scan rate is replaced by its value in eqn. (10) gives eqn. (22) which relate peak 

current response with the overpotential (Epc-E!\ 

The intercept of the linear plot ofln(lpc) versus overpotential (Epc' It) (Fig. 67) v a u ed 

to calculate the heterogeneous rate constant (ks) of the reduction reaction of Ff a 

-emF 0 
J

pc
=n2FAT'ks e RT (Epc-E ) ... ....... ........... ........ .......... ....... .... (22) 

2.178 
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• 
• 
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-0.05 -0.04 -0.03 -0.02 -0.01 0.01 

Fig. 67. in (Ipe) versus (Epe - EO) for 50 x 10.{i M FT at pGCE in AB (pH 5.4 . 

4.3. 7 SWV for the quantitative analyses of FT at pGCE 

Since square wave voltammetry (SWV) has a much higher en itivity and bcttcr 

resolution than cyclic voltammetry, the applicability of pGCE for the quantitati e 

determination ofFT has been investigated using SWV. 

Fig. 68 describes the square wave voltammograms of UGCE and pGCE in pH 5.4 AS 

containing 50 x 10-6 M FT. The peak current response at pGCE (curve b) wa tv -f! Id 

when compared to the peak at the UGCE (curve a) besides the peak potential hi ll in th 

posit ive direction by about 40 mY. The peak current enhancement and peak p t ntial 

shift are conformations for the electrocatalytic effect of the pGCE toward FT red u li n. 
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Fig. 68. SWVs of 50 x 10-6 M FT in ABS (pH 5.4) at UGCE (a) and p E (b) 

Taking in to account the peak current response and peak shape, SWV parameter uch a 

the step potential, pulse amplitude and frequency were optimized to be 12 mY, 70 mV 

and 30 Hz, respectively. 

4.3.8 Effect of accumulation potential and time 

Since the reduction of FT at the pGCE is adsorption-controlled, the effect f 

accumulation potential (Eaee) and time (taee) was investigated as depicted in Fig. 69 . In et 

of Fig. 69 shows the dependence of accumulation potential on the peak current re P n 

of pGCE for FT at taee 30 s. The peak current increased with increasing E oee fr m -410 t 

-570 mV and then decreased at higher negative potentials showing that -570 m i th 

optimum accumulation potential. Inset of Fig. 69B presents the effect of lace n th peak 

current response of pGCE for FT recorded at Eoce -570 mY. The peak current in rea d 

with tace up to 75 s beyond which is leveled off. This could be due to the aturati n I \I I 
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of the active electrode surface. Hence -570 , mY and 75 s were taken a the ptimizcd £u 

and lace, respectively. 

Epc IVvs SCE 
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-0.5 -0.4 
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-0.6 

Epc I V vs. SCE 

L 20 
B 

15 

-
10 ~ 

5 

tacc Is 

-0.4 -0 .2 

Fig. 69. SWVs of pGCE in ABS (pH 5.4) containing ftM FT (A) at tacc 30 and ari u 

Eacc, (B) at Eacc -570 mY and variable tacc. Step potential : 12 mY; pul e amp litude: 70' 

frequency: 30 Hz 

4.3.9 Linear range and limit of detection 

Under the optimized solution and method parameters, calibration curve wa con tru ted 

by recording the SWV peak current responses of pGCE for different concentrati n f 

standard FT (Fig. 70) . The peak currents were linearly related to concentrati n in th 

range 0.4 to 50 x l 0-6 M (Inset of Fig. 70) with a regression equati n, regr 
i n 

coefficient (R2) and limit of detection (LoD) of Ipc (ftA) = 0.976C (~IM) - 0.04 . R2 -
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0.9972 and 7.2 x 10-8 M (SIN = 3) respect" I Th , Ive y. e observed gradllal d . . lall n r m 

linearity of the current response for concentrat" h' h Ions Ig er than 50 10M uld be du 

to the saturation level of the electrode surface. 

40 45 
Ipc (~A) = - 0.043 + 0.796 IF"r] ' I"M 

R2 = 0.9972 • 

30 30 

~ 20 
Co) 

~ 

10 
o ,. 

o 20 30 40 50 

o 
~~ ____ ~~ __ ~~~~ .. ____ ~Fn/~M 

-1.0 -0.8 -0.6 -0.4 -0.2 

Epc I V vs_ SeE 

Fig. 70. SWVs of pGCE in ABS (pH 5.4) containing various concentration f VI' (a-j: 

0.4, 0.6, 1, 2, 5, 10, 20, 30, 40 and 50 11M, respectively). Inset: plot of peak current 

concentration of FT. Eacc -570 mY; tacc 75 s; pulse amplitude (mY), step potential (rn 

and frequency (Hz) of70, 12 and 30, respectively 

4.3.10 Recovery and Interference study of the developed method 

The applicability of the developed method for the determination of FT in en ir nrnental 

f 
samples containing potential interferents was investigated by evaluating the recover 

spiked standard FT in tap water, filtrated human urine and samples of a corbic a id and 

uric acid . 
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4.3.10.1 Recovery study ofFT from tap water 

Three 10 !lM standard FT samples (A, Band C) in H 54 P . AB were pr par d LI in I t< P 

water. Then, the samples (A Band C) wer "k d . , e Spl e with 5, 10 and 15 11M tandard 1:""1, 

respectively. 

20 c 

15 

~ 1:3 10 
c. 

5 

o 

-1.0 -0.8 -0.6 -0.4 

Epc I V vs. seE 

Fig. 71. SWVs ofpGCE in pH 5.4 ABS (tap water) containing I 0 x 10-6 M FT piked 

with (A) 5, (B) 10 and (C) 15 !lM standard FT. Eacc: -570; tacc: 75 s; pul e amplitude: 7 

mY; step potential: 12 mY; frequency: 30 Hz 

The SWV (Fig. 71) results recorded under the optimized conditions are ummarized in 

Table 16. Recoveries in the range 93.3 to 96.7% showed the app licabilit f th 

developed method for quantitative determination of FT in water sample . Mor 
er. I \ 

RSD values indicate the reproducibility of the measurements. 
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Table 16 Summary of the recoveries of . varIOUS concentration of FT piked in lap IV lcr 

and human urine samples using pGCE 

Sample SWV Initial Spiked Detected3 

(Figure) wave (J-lM) (J-lM) (J-lM) (% 

Tap water A 10 5 14.79 ± 0.01 9 .8 2.4 

(Fig. 69) B 10 10 19.33 ± 0.02 9 . 1.4 

C 10 15 24.51 ± 0.01 6.7 .1 

Human urine b 20 18.79 ± 0.01 94. 1 

(Fig. 70) c 10 9.30 ± 0.02 9 .0 I. 

d 5 4.29 ± 0.12 85.7 

a Mean oftriplicate measurements ± RSD, b Mean recovery of triplicate 

4.3.10.2 Recovery study ofFT from human urine 

Three tap water and human urine samples (labeled A-C and b-d, re pectivel ) \ ' r' 

prepared as described in the procedure under experimental part. The three urine ample 

were spiked with appropriate amounts of standard FT until the final concentrati n ar ' 

20, 10 and 5 J..lM, respectively. Recoveries in the range 85 .73-93.3% from human ur in ' 

(summarized in Table 16) still indicated the applicability of the method fo r determ inati 11 

FT in real samples. Moreover, lower recovery for a lower concentration of FT curve d 

Fig. 72) signified the influence of urine matrix in the determination of IT fr m human 

urine at low concentrations. The slight potential shift observed for the 
r r in 
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human urine samples (curves b-d in cont t t ras 0 curve a of Fig. 72) could pr ba 

to the effect of co-adsorption of urine mat . fiX. 

16 

12 

4 

o 

-1.0 -0.8 -0.6 

E IV VS. seE 
-0.4 -0 .2 

du 

Fig. 72. SWVs of (a) 20 x 10-6 M FT in pH 5.4 ABS and (b-d) 20 10 and 5 f.lM FT, 

respectively spiked to human urine diluted with pH 5.4 ABS. Eaee: -570; t3 C: 7 ; pul ' . 

amplitude: 70 mY; step potential: 12 mY; frequency: 30 Hz 

4.3.10.3 Interference studies 

The applicability of the developed method for determination of FT in the pre enc r 

potential interferents was studied (Fig. 73). The peak current responses of pG ~ r a 0 

x 10-6 M FT in the presence of ascorbic acid (AA) and uric acid (U A) in a l : I and I : 

ratio are summarized in Table 17. In the presence of AA in a I : I ratio, the peak urrent f 

FT decreased by 9.1% (curve b of Fig. 73A). On increasing the amount of A t I: 

level, the peak current of FT remained the same (curve c of Fig. 73A) indicating that 

analyses of FT is not significantly influenced by AA. Conversely, pre ence f 
in a 

1: 1 ratio with FT showed no observable influence on the peak current of 
111'1' b r 
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Fig. 73B). However, it caused a decrease in peak current of FT by 9.9% \ hen it ( In unt 

is increased to 1:2 level (curve c of Fig. 73B) showing the inter fer n e 

concentrations higher than FT. 

Table 17 Summary of effect of the presence ofAAand UAat 1:1 and 1:2 n nt rtli n 

ratios on the peak current response of pGCE for 50 x 10-6 M FT in pI! 5.4 !\ 13 

Sample FT:AAI 

FT:UA 
FT 1 :0 

FT+AA (l: 1) 

FT+AA (l :2) 

FT+UA (l: 1) 

FT+UA (1 :2) 

50 a 

40 

30 

l5. 20 

10 

o 

-1.0 -0.8 -0.6 -0.4 

Epc I V vs. seE 

50 

40 

30 

'1 -E. 20 

10 

0 

Ipc % 

(~A) ( rr r) 
48.55 

44.11 .10 

43.93 9. 0 

48.59 0.08 

43 .74 9.90 

c 

-1.0 -O.B -0.6 -0.4 

Epc I V vs. SeE 

., 50 x 10-6 M IT \ ith a rb i 
Fig. 73. SWV ofpGCE in 0.1 M ABS (pH 5.4) contatnmg . 

rd ' 12 m V: t p P t nlla I: 
570 ' t . 75 s' pulse amp Itu e. , 

acid (A), and uric acid (B). Eacc: - ,ace' , 

12 mY; frequency: 30 Hz 
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4.3.11 Conclusion 

The electrochemical behavior of FT both at UGCE and pGC · wa tudi d u in 

voltammetry. An irreversible reductive peak with a qua irever ibl 

appeared at both electrodes. In contrast to the UGCE, pGCE howcd ab ut -fl Id r 
"-

peak current enhancement and potential shift to lower value ignifyin it ata l 

activity towards FT. The effects of pH and scan rate on peak current and pea k p t ntial 

for the irreversible reductive peak of FT were investigated and the kinetic paramct r II , 

a., ks, If, I1Epc,J/2 and I) were estimated. A reaction mechani m involvin' 4-c le tr n 4-

proton reduction of the nitro-functional group ofFT was propo ed . 

The SWV current response of pGCE for FT varied linearly with the c ncentrati n in th ' 

range 0.4-50 x 10-6 M with a linear regression equation, correlation coefficient and limit 

of detection ofIpc (IlA) = 0.796 C (11M) -0.043, R2 = 0.9972 and 7.8 x 10-
8 

M ( 

respectively. The method revealed recoveries of FT from spiked human urine and tap 

water samples in the range of 85.73-96.7% indicating the applicability of the de el p d 

method for determination of FT in real environmental ample . H .. e er, th 

regeneration of the pGCE needs repetitive treatment compared to the P 
E. 
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