
ADDIS ABABA UNIVERSITY 

SCHOOL OF GRADUATE STUDIES 
 

 

 
Chemically Modified Electrodes for the Electrochemical 

Determination of Selected Pesticides and Pharmaceuticals 

 

 

 

Molla Tefera Negash 
 

                                  
 

 

 

                                                      June 2016 

 

 



2 
 

Chemically Modified Electrodes for the Electrochemical 

Determination of Selected Pesticides and Pharmaceuticals 

 

 

Molla Tefera Negash 

 

 
A Thesis Submitted to the Department of Chemistry in Partial 

Fulfillment of the Requirements for the Degree of Doctor of Philosophy 

in Chemistry, Addis Ababa University 

 

 

            Supervisors: Merid Tessema (PhD) 

                                Shimelis Admassie (PhD) 

 

                             

                                                                  June 2016 

     



i 
 

Abstract 

 

In this study, electrochemical sensors were developed for the determination of pesticides and 

pharmaceutical drugs based on poly(4-amino-3-hydroxynaphthalene sulfonic acid) 

(poly(AHNSA)), multi-walled carbon nanotubes (MWCNTs), mercury film (MF) and 

composites of cobalt nanoparticles-polypyrrole (CoNPs/PPy), graphene oxide-polypyrrole 

(GO/PPy) and multi-walled carbon nanotubes-poly(4-amino-3-hydroxynaphthalene sulfonic 

acid) (MWCNTs/poly(AHNSA)) modified glassy carbon electrode (GCE).  

 

CoNPs/PPy/GCE composite electrode was fabricated by electropolymerization of pyrrole in 

LiClO4 solution onto the GCE using cyclic voltammetry followed by drop coating CoNPs on the 

surface of PPy/GCE. The morphological structure and surface analysis of the electrodes were 

characterized using scanning electron microscopy, transmission electron microscopy, energy 

dispersive spectroscopy (EDS), Ultra violet-Visible spectroscopy (UV–Vis), Fourier Transform 

Infrared Spectroscopy (FT-IR), electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV). The characterization results demonstrated that PPy chains interacted with 

CoNPs in the composite through donor-acceptor bonds. The sensor exhibited a high electroactive 

surface area and a low electron transfer resistance towards phoxim. Under the optimal 

conditions, the sensor showed linear relationship between the peak current and the concentration 

of phoxim in the range of 0.025 M12 M with the detection limit of 0.0045 M. Besides, the 

sensor exhibited excellent reproducibility, good stability and selectivity towards possible 

interfering substances. The sensor was also successfully applied for the determination of phoxim 

in water samples. 

 

Graphene oxide-polypyrrole modified glassy carbon electrode (GO/PPy/GCE) composite was 

prepared by electrochemical polymerization of a mixture containing 30 L of GO suspension 

and 10 L of 0.25 M pyrrole in 0.1 M LiClO4 using cyclic voltammetry. SEM, FT-IR, UV-Vis 

and Raman spectroscopy were used to study the morphology and composition of GO/PPy/GCE. 

The results showed that GO layers have been successfully incorporated into the PPy film. The 

electrochemical behavior of the sensor was also characterized using EIS and CV. The 

voltammetric response showed a higher current response and a lower reduction potential at 
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GO/PPy/GCE for phenothrin reduction. The potential shift and current enhancement at the 

surface of GO/PPy/GCE demonstrated that the sensor exhibited favorable electron transfer 

kinetics and electrocatalytic activity towards the reduction of phenothrin. The sensor showed a 

linear response for phenothrin between 0.025 µM to 20 µM and a detection limit of 0.0138 µM. 

The applicability of the proposed method was carried for the determination of phenothrin in fruit 

juice samples. 

 

Fenitrothion was determined electrochemically on the surface of multiwall carbon nanotubes 

modified glassy carbon electrode (MWCNTs/GCE). The modified electrode showed three times 

higher surface active area as compared with glassy carbon electrode. The experimental 

parameters (amount of MWCNTs, pH of the fenitrothion solution and adsorption parameters) 

were optimized. The reduction current showed a linear relationship with the concentration of 

fenitrothion in a range of 0.01 M to 5.0 M, with a detection limit of 0.0064 M. The practical 

applicability of method was demonstrated in the assessment of fenitrothion in soil and teff 

samples and good recoveries varied from 86.7% to 93.3% were obtained. 

 

The electrochemical behavior of endosulfan was investigated at the surface of glassy carbon 

electrode modified with mercury film (MF/GCE). The electrode showed a linear response to 

endosulfan in the concentration range of 0.01-5.0 M, with a detection limit of 0.0059 M. The 

modified electrode also exhibited good stability and reproducibility. The sensor was successfully 

applied for the determination of endosulfan in onion and tomato samples. 

 

A poly(4-amino-3-hydroxynaphthalene sulfonic acid) modified glassy carbon electrode was 

employed for the simultaneous determination of caffeine and paracetamol using square-wave 

voltammetry. Poly(AHNSA)/GCE were electrochemically deposited on a glassy carbon 

electrode by scanning the potential in the potential range of -0.8 V to 2.0 V at a scan rate of 0.1 

V s-1 for fifteen cycles in 0.1 M HNO3 solution. The performance of the sensor was investigated 

using CV and SWV and it showed a linear response for both caffeine and paracetamol in the 

concentrations range of 10–125 M. The detection limits were 0.79 M and 0.45 M for 

caffeine and paracetamol, respectively. The effects of some interfering substances in the 

determination of caffeine and paracetamol were also studied and their interferences were found 
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to be negligible which proved the selectivity of the modified electrode. The method was 

successfully applied for the quantitative determination of caffeine and paracetamol in Coca-Cola, 

Pepsi-Cola and tea samples.  

 

Finally, a sensitive voltammetric method was developed based on glassy carbon electrode 

modified with a combination functionalized MWCNTs and poly(AHNSA) for the determination 

of uric acid (UA). The sensor was prepared by drop coating MWCNTs solution on the surface of 

poly(AHNSA)/GCE. A significant enhancement in the oxidation peak current of UA was 

observed at MWCNTs/poly(AHNSA)/GCE compared with bare GCE, poly(AHNSA)/GCE and 

MWCNTs/GCE. The electrode demonstrated a wide linear response in the range from 1.0–100 

M, with a low detection limit of 0.046 M and was successfully employed for quantification of 

UA in urine samples. 
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1. INTRODUCTION 

 

Electrochemistry is an interfacial science which is concerned with the interactions between 

chemical species and interfaces. The interface provides a suitable site for the reaction and a 

source or sinks for electrons [1]. The reactions in electrochemical processes involve a transfer of 

electrons from the electrode to the reduced species in solution and the transfer of an ion from the 

solution to the electrode surface [2]. The electrochemical process can be described by measuring 

some electrical properties which directly or indirectly related to the concentration of some 

particular chemical species. Electrical properties such as potential, current, resistance or 

conductance, or combinations of these are commonly measured. The distinction between various 

electroanalytical techniques reflects the type of electrical signal used for quantification. 

Compared with other analytical methods, electrochemical methods have the advantage of low 

cost, high sensitivity, easy operation, potential for miniaturization and automation, construction 

of simple portable devices for fast screening purposes and in-field/on-site monitoring [3, 4].  

 

1.1. Electrochemical sensors 

 

A sensor is a device which measures a physical quantity and converts the measurement into 

signals to be recorded elsewhere for further interpretation [5, 6]. Sensors can be classified as 

physical and chemical sensors. A physical sensor is sensitive to physical responses such as 

pressure, temperature, etc., while a chemical sensor provides continuous response which relates 

to the quantity of a specific chemical species. A chemical sensor consists of a receptor element, 

which responds in a selective way, and a transducer, which converts the chemical information 

into an analytical signal. A good sensor has good specificity and sensitivity, insensitivity to any 

other property likely to be encountered in its application, and does not influence the measured 

quantity [7, 8].  

 

Based on the types of transducer used, chemical sensors can be classified as electrochemical, 

electrical, optical, piezoelectrical or thermal. The current interest in analytical field is the use of 

new materials with chemical (molecular) recognition properties to carry out direct measurements 

without the necessity for a previous separation step [9]. Compared with other types of sensors, 
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electrochemical sensors are most rapidly growing because of their remarkable sensitivity, 

experimental simplicity and low cost [7]. Electrochemical sensors are important subclasses of 

chemical sensors in which the electrode is used as the transduction element, and is highly 

qualified for meeting the size, cost, and power requirements of on-site environmental monitoring 

[10]. Species can be determined quantitatively and qualitatively in solution. Electrochemical 

sensors can operate in potentiometric, sweep or pulse voltammetric techniques [6, 11, 12]. They 

are characterized by high sensitivity, good selectivity, wide linear range, minimal space and 

power requirements, and low-cost instrumentation. Electrochemical devices have been used in a 

wide range of applications for several decades for drugs, water contaminants [13], explosives 

[14], carcinogen monitoring (e.g. N-nitroso compounds or aromatic amines), development of 

(bio)sensors for the determination and control of pesticides [15, 16], energy conversion and 

storage [10, 17, 18 ].  

 

1.2. Conducting polymers and carbon nanotubes 

 

1.2.1. Conducting polymers 

 

Following the discovery of the simplest and the first conducting polymer-polyacetylene, many 

studies were conducted and these studies led to a Nobel Prize for Heeger (USA), MacDiarmid 

(USA, New Zealand) and Shirakawa (Japan) in 2000. Since then, different types of conducting 

polymers such as poly(pyrrole), poly(aniline), poly(thiophene) and poly(3,4-

ethylenedioxythiophene) have been prepared with a wide range of conductivities. Chemists, 

physicists and engineers were engaged in the development, improvement and applications of 

intrinsically conducting polymers [19, 20].  

 

Polymers can be natural or synthetic and are long-chain molecules (macromolecules) consisting 

of small building blocks or repeating units (monomers) connected to each other through covalent 

bonds. Initially, polymers were considered as plastic materials with insulating properties and are 

among the most used materials in the modern world. However, it has been discovered that some 

polymers have showed conducting properties. Conducting polymers show combination of 

characteristics of metallic and semiconductor, not exhibited by any other known material. These 
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special properties are due to the presence of conjugated double bonds along the backbone of the 

polymer, which enable the overlapping of π-orbital along the molecule (Figure 1.1). The π-

electrons in the conjugated systems are loosely bound and delocalized over the whole system and 

are shared by many atoms. As a result, they can move around the whole system [21, 22].  

 

A tremendous amount of research has been carried out in the field of conducting polymers since 

1977 when the conjugated polymer polyacetylene was discovered to conduct electricity through 

halogen doping [23]. Intrinsic conducting polymers or electroactive conjugated polymers exhibit 

interesting electrical and optical properties, which were found only in organic systems. The 

transfers of electrons occur by the movement of electrons through overlapping and unoccupied 

electronic energy states. However, due to being molecular in nature and lacking long-range 

order, conductive polymers are markedly different from all the familiar inorganic 

semiconductors such as Si and Ge [24].  

 

Based on the energy gap (band gap) between the conduction and valence band, materials can be 

classified as either conductor, insulator, or semiconductor. The energy difference between these 

two bands determines the resistance of the material to the passage of electrical current. The gap 

between the valence and conduction bands is large in insulating materials. Hence, it is difficult to 

promote electrons from the valance band to the conduction band which limits the flow of current 

through the material. Semiconductors have distinct valence and conduction bands, but the energy 

gap is not as large as insulators. However, in conductors, the conductance and valence band 

overlap. Conducting polymers, which combine the electronic characteristic of metals and 

inorganic semiconductors, possess the attractive advantage of having easy control of synthesis 

over the properties of the polymeric exposed surface such as structure, morphology and thickness 

[25, 26].  
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           Figure 1.1. Structure of polyacetylene 

 

The properties of intrinsically conducting polymers (ICPs) depend strongly on doping level, ion 

size of the dopant, protonation level and water content [24]. For instance, the conductivity of 

polyaniline is reduced as the pH is increased, leading to a decrease in proton doping. However, 

the conductivity of intrinsically conducting polymers such as polythiophene or polypyrrole 

demonstrates very little pH dependence. The effect of counter ion incorporated into the polymer 

as a dopant during polymer synthesis or testing on the pH stability of the intrinsically conducting 

polymers can also be important. Therefore, it is important to test the pH stability of intrinsically 

conductive polymers during incorporation of counter ion into the polymer as a dopant during 

polymer synthesis [25]. PANI for instance, shows high conductivity upon doping with simple 

Bronsted acids. PPy films doped with p-toluene sulphonate give good mechanical properties and 

chemical durability against oxidation. On doping, pristine (neutral) conductive polymer changes 

in to highly conductive polymers. The electronic conductivity originates from partial oxidation 

of conjugated π-bonds and these positive charges are equilibrated by inorganic anions, which can 

diffuse through the polymer net work. Charging and discharging of the film is accompanied by 

insertion and expulsion of anions of the supporting electrolyte. Alternatively, the conductive 

polymers can be partly reduced with cations as counter ions. Introduction of subtly different 

dopant groups into ICPs including variations in doping level results in different conductivities of 

the material. These dopants can be incorporated in to the polymer through chemically, 

electrochemically, or optically [27, 28].  

 

The doping process in CPs is slightly different from those in inorganic crystal (semiconductors). 

In semiconductors, doping is introduced by replacing atoms in the crystalline by acceptor or 

donor atoms. In oxidation doping (p-doping), an electron is taken from the valence band of the 

polymer (Figure 1.2A) and thus forming radical cations, i.e. polarons (Figure 1.2B). Here, the 
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chemical bonds are deformed and the unpaired electrons inside the gap become closer to the top 

of the valence band. The cation-radical in the polymer backbone is delocalized within several 

repeating units. The location of the electronic level of unpaired electrons in the gap, correlated 

with appearance of positive charge and the related transformation of the chemical bonds around 

this level, is equivalent to the formation of a positively charged polaron. With further oxidation, 

more electrons are withdrawn from the valence band; the polarons interact with each other and 

merging the localized polaronic levels into a continuous polaronic band. At high levels of 

doping, polaronic charge carriers may recombine their spins forming spinless, double charged 

bipolaronic charge carriers and these expand their own bands in the gap at the expense of the 

polaronic and valence bands (Figure 1.2C). Reduction doping (n-doping) causes the appearance 

of negatively charged polarons in the gap near the bottom of the conduction band, similar to the 

formation of positively charged polarons considered above. The formation of the electronic band 

structure with doping level suggests the appearance of a metal-like conductivity.  

 

The motion of delocalized electrons occurs through conjugated systems; however, the electron 

hopping mechanism is likely to be operative, especially between chains (interchain conduction) 

and defects. Electrochemical transformation usually leads to a reorganization of the bonds of the 

polymers prepared by oxidative or less frequently reductive polymerization of benzoid or 

nonbenzoid (mostly amines) and heterocyclic compounds [25].  

                        

 

Figure 1.2. Doping mechanism of polyacetylene 
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1.2.2. Polypyrrole (PPy) 

 

Polypyrrole is a conducting polymer which has an attractive characteristics due to its high 

electrical conductivity (101–103 S cm-1), its ease and high flexibility in preparation, good 

mechanical properties, high environmental and thermal stabilities. As a consequence, PPy is a 

promising material for commercial applications compared with many other conducting polymers 

[29, 30]. The electrical conductivity of PPy is the result of two important factors, the number and 

mobility of charge carriers. The positive charges created on the polymer backbone are the charge 

carriers for the electrical conduction. Like other conducting polymers, the electrical conductivity 

of PPy also depends on the electropolymerization conditions such as temperature, the type and 

concentration of dopant anion [31-33].  

 

1.2.3. Synthesis of polypyrrole  

 

Polypyrrole is most commonly synthesized through chemical and electrochemical 

polymerizations. Chemical polymerizataion is a simple, fast and controllable process which 

proceeds in the presence of the monomer (pyrrole) and oxidants such as K2S2O8, FeCl3, 

(NH4)2S2O8 and CuCl2 with appropriate electrolyte. Iron(III) chloride and water have been found 

to be the best chemical oxidant and solvent for chemical polymerisation with respect to desirable 

conductivity characteristics, respectively. Figure 1.3 shows the overall polymerisation of 

polypyrrole with ferric chloride oxidant. The monomer and the oxidant form intermediate 

species with time such as dimers, trimers, oligomers and finally polymer chain of linked 

monomer with an alternate single and double bonds [34].  

 

The oxidizing agent Fe3+ ions are reduced to Fe2+, imparting +1 charge and donating their excess 

Cl- ion as dopant ion to the polymer. The electrical neutrality of the polymer can be maintained 

by incorporation of anions from the reaction solution such as chloride ion from FeCl3. Here, the 

properties of the polymer are strongly influenced by the type of the solvent, reaction temperature, 

time, nature and concentration of the oxidizing agent. Polypyrrole containing substituents like 

long-chain alkyl and sulphonic groups are more soluble in common organic solvents. However, 

in such polymers the π-conjugation along the polymer chain decreases and brings a significant 
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decrease in the electrical conductivity of the polymer. Furthermore, it is tedious and leads to low 

efficiency and high cost [30, 35, 36].  

N
H

N
H n

+ n FeCl2

+
n + nFeCl3   Cl-

 
 
Figure 1.3. Chemical polymerization of polypyrrole 

 

 

Electrochemical polymerization produces thin films with a thickness of a few micrometers on an 

electrode surface with better conductivity and long-term stability. It is carried out by 

electropolymerizing a solution containing the monomer and an anionic dopant at the surface of 

an electrode anodically. The monomer is oxidised to a radical cation and reacts with another 

monomer to form a dimer, oligomeric and then the polymer products. The overall 

electropolymerization of polypyrrole can be simply shown as in Figure 1.4. The extended 

conjugation in the polymer results in a lowering of the oxidation potential compared to the 

monomer. Like chemical polymerization, the quality and quantity of the resulting polymer films 

in electrochemical polymerization are affected by various factors, such as the nature and 

concentration of the monomer, counter ion, solvent, the electrode type, applied potential, 

temperature and pH of the solution. Since the oxidation potential of pyrrole is relatively low, its 

electrochemical polymerization can be carried in aqueous electrolytes. In this method, dopants 

are not only critical to establish the electrical neutrality of the polymer film, but also determine 

the morphology and the conductivity of the polypyrrole. The conductivity can be enhanced 

significantly by using aromatic sulfonate dopants [31, 33, 37, 38]. In general, electrochemical 

polymerization produces a very thin and uniform polymer films on the surface of an electrode 

with high degree of geometrical conformity and controllable thickness using a potentiodynamic 

cycling at specific scan cycles [39].  
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Figure 1.4. Electrochemical polymerisation of polypyrrole 

 

1.3. Carbon nanotubes  

 

The development of advanced researches in the areas of nanoscience and nanotechnology is 

making the possible creation of new materials based on carbon structures with unique properties 

and potential applications of various nanostructures [40, 41]. Since the discovery of carbon 

nanotubes (CNTs) by Iijima in 1991, they have generated interest by researchers in various fields 

of study. CNTs are the allotropes of carbon which consist of carbon atoms with sp2 hybridization 

arranged in graphene sheets rolled up in a tube [42, 43]. Based on the rolling layers of graphene 

sheets, CNTs are classified into single-walled carbon nanotube (SWCNTs) and multi-walled 

carbon nanotubes (MWCNTs). SWCNTs are cylinders like in which a single graphene sheet 

rolled-up with diameters usually between 1 nm and 2 nm and lengths up to several micrometers 

or more [44, 45]. Multi-walled carbon nanotubes (MWCNTs) are composed of several tens of 

concentric cylinders of graphene sheets with a layer spacing of 0.3–0.4 nm, with diameters from 

10 to 200 nm and lengths up to hundreds of microns (Figure 1.5) [46-48]. These electrical hybrid 

tubes make MWCNTs metallic conductors, which in some respect allowing them more suitable 

for electrochemical applications [43]. 
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Figure 1.5. Structures of SWCNTs (A) and MWCNTs (B) 

 

1.3.1. Synthesis of carbon nanotubes 
 

Carbon nanotubes (CNTs) have attracted a lot of interest in recent years due their unique 

properties, such as good chemical stability, high surface area, excellent mechanical strength, and 

extraordinary electrical conductivity. However, these properties of the CNTs are strongly 

influenced by methods of synthesis. The synthesis of CNTs can be accomplished in a wide 

variety of methods that involve the catalytic decomposition of carbon containing gas or solid. 

The temperature, pressure and the types of metal catalyst, carrier gas and the carbon sources 

influences the properties of the synthesized CNTs. Arc discharge, laser ablation and chemical 

vapor deposition (CVD) are the most common synthesis techniques [48, 49].  

 

The arc-discharge method is the most common method of producing CNTs. It consists of two 

graphite rods placed end to end, separated by approximately 1 mm, in an enclosure usually filled 

with an inert gas (helium, argon) at low pressure (50-700 mbar). By applying a DC voltage 

between two graphite rods, the evaporated anode generates MWCNTs as a major product and 

fullerenes in the form of soot. On using methane as a carbon sources, MWCNTs can also be 
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synthesized at large scale. SWCNTs also synthesized when a metal catalyst like Fe or Co is used 

as anode in place of graphite. The limitation of the arc discharge method is the removal of 

impurities such as non-carbon nanotube and metal catalyst is very expensive than the production 

of CNTs [46].  

 

In laser ablation, a laser beam of CO2 is introduced onto the carbon composite doped with 

catalytic metals located in the center of a quartz tube furnace. The target is vaporized in a high-

temperature argon atmosphere and SWCNTs are formed; and the produced SWCNTs are 

conveyed by the gas to a special collector. This method is widely used for the production of 

SWCNTs. Temperatures of the furnace, type of catalyst and flow rate affect the quality of 

SWCNTs. Compared with the arc discharge mthod, laser ablation has several advantages, such 

as the high quality diameter and controlled the growth of SWCNTs [50].  

 

The chemical vapor deposition method involves the decomposition of various hydrocarbons such 

as methane, ethane, ethylene, acetylene and ethanol as the source of carbon under an inert 

atmosphere with iron/graphite, cobalt/graphite, or iron/silica as catalyst with plasma irradiation. 

The composition, morphology and property of catalysts are crucial in determining the yield and 

quality of the nanotubes. By controlling the growth conditions, SWCNTs can be synthesized. It 

has been shown that the size of the catalyst and the proportion between the carbon source and the 

catalyst determines the diameter and the thickness of the CNTs, respectively. In comparison with 

the other techniques, CVD is very economic and easily scaled-up to batch-scale production [51, 

52].  

 

1.3.2. Properties of carbon nanotubes 

 

CNTs have excellent mechanical strength. This is because the carbon-carbon covalent bonds in 

CNTs are strong and the arrangement of these bonds oriented along the axis of the nanotubes 

produces a very strong material with an extremely high strength-to-weight ratio [49]. The 

circular curvature of CNTs causes quantum confinement and – rehybridization. In such cases, 

three  bonds are slightly out of plane and for compensation the -orbitals are more delocalized 

outside the tube. The distortion of electron cloud induced by the curvature yields a rich -
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electron conjugation outside the tube, so that rich CNTs become more electrochemically active 

and electrically and thermally more conductive. In addition to the – rehybridization, the high 

surface area and the presence of potential topological defects induce local perturbations in the 

electronic structure and changes the chemical, electrochemical and biochemical reactivity. Thus, 

compared with analogue graphite, molecular adsorption and charge transfer in CNTs can be 

more facilitated [53]. 

 

However, due to the strong - interactions between the aromatic rings, CNTs tend to aggregate 

in aqueous solutions, making difficult their dispersion and further use for the development of 

electro(bio)chemical sensors. Therefore, attempts have also been made to prepare hydrophilic 

surface CNTs to overcome the dispersion problem in polar, non-polar and aqueous media. 

Functionalization of CNTs is an effective way to enhance the physical properties and improve 

the solubility. Depending on the interactions between the CNTs and active materials, 

functionalization can be covalent and non-covalent functionalization [54, 55]. 

 

Non-covalent functionalization is the wrapping of polymer around the CNTs to form 

supermolecular complexes of CNTs through the Van der Waals interactions and π-π stacking. 

Surfactants have been employed for non-covalent functionaliztion of CNTs. Surfactants are 

adsorbed on the CNTs surface by physical adsorption and overcome the Van der Waals attraction 

by electrostatic repulsive forces. Thus, the surface tension of CNTs is lowered and effectively 

prevents the formation of aggregates. Furthermore, non-covalent functionalization can be carried 

out by inserting guest atoms or molecules into the inner cavity, the ends or on the sidewalls of 

CNTs through capillary effect. This method of functionalization is particularly interesting 

because it does not perturb the conjugated system of the CNTs sidewalls and thus it maintains 

the unique electronic, structural and optical properties of the material. 

 

In covalent functionalization, CNTs are functionalized irreversibly with strong acids such as 

HNO3, H2SO4 or a mixture of these or with strong oxidants such as KMnO4 and ozone. Through 

oxidative treatments, the original CNTs with closed tips were transformed into shorter, open-

ended nanotubes with oxygenated functional groups such as carboxylic acid, ketone, alcohol and 

ester groups (Figure 1.6). These functional groups have rich chemistry and the CNTs can be used 
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as precursors for further chemical reactions, such as esterification. For instance, MWCNTs-

benzimidazole can be synthesized between functionalized MWCNTs and 1,2-phenylenediamine 

(Scheme 1) [56-58].  

 

Inaddition, the sides of CNTs can also undergo reactions with molecules of high chemical 

reactivity like fluorine. The carbon atoms at the defect sites change from sp2 to sp3 hybridization, 

leading to a disruption of the electronic structure of CNTs. The weak C-F bonds in 

functionalized CNTs provide substitution sites for additional functionalization with amino, alkyl 

and hydroxyl groups. Covalent modification of the nanotube sidewalls totally changes the 

electronic properties of the CNTs, as a result the application of functionalized CNTs for sensing 

molecules becomes a big challenge [59].  

 

 

Figure 1.6. Covalent functionalized carbon nanotube 

 

 

 
Scheme 1. Synthesis route of functionalized MWCNTs-benzimidazole 
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1.4. Modified electrodes 

 

The concept of modified electrodes is certainly one of the exciting developments of the last three 

decades due to their wide range of applications, such as in electrocatalysis, corrosion protection, 

energy storage and electrochromic display [60]. In electroanalysis, the electrode itself can act as 

a reactant to pump (reduction) or withdraw (oxidation) electron in the reaction. Many 

compounds that are important biologically and environmentally show no response within a 

potential window at solid electrodes or for direct electrochemical detections usually require high 

potential. This can produce large background current, resulting in inferior detection limits. Also, 

passivation and deactivation of the electrode surface due to the adsorption of macromolecules or 

of reaction products, greatly affect the stability of the electrode response and reproducibility. 

Furthermore, coexisting components, which may be present in concentrations much larger than 

the analytes, may severely interfere within the determination of trace analytes. As a result, 

complicated sample pretreatments are often employed to eliminate or separate interfering 

components [61, 62]. These behaviors often can be controlled by manipulating the chemical 

nature of the electrode surface. In this case, the electrode surface needs to be modified with an 

additional layer capable of interacting specifically with sample components. Depending on the 

nature of interactions provided by additional layer, the response toward the target species is 

enhanced and/or the response of interfering species is attenuated. In either case an increase in the 

selectivity ratio analyte/interferent is observed [63]. The underlying motivations of electrode 

surface modifications stem is the desire for improving electrocatalysis and freedom from surface 

fouling effects. Alternatively, electrodes can be modified to prevent undesirable reactions from 

competing kinetically with the desired electrode process [60, 64]. Conventional electrode 

materials such as metallic electrodes (Pt, Ag or Au) or carbon materials such as glassy carbon 

may serve as a substrate for modification. Metallic electrodes such as Au, Ag and Pt can be used 

as a base for modification because their surfaces provide reproducible results and clean surfaces 

can be produced and maintained in the laboratory environment. Carbon electrodes are commonly 

employed as a substrate for covalent attaching schemes. This is due to the presence of sp2 

hybridized carbon atoms and oxygen-containing functional groups (i.e., carboxylic acids, 

alcohols and ketones) resulting on pretreatment [25, 65]. 
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The surface properties and reactivities of the electrodes can be controlled through surface 

modification, since the immobilization transfers the physicochemical properties of the modifier 

to the electrode surface. This process could impart a high degree of selectivity or sensitivity to 

the electrochemical transducers [66]. The modifier may act as a fast electron transfer mediator 

between the electrode and analyte species which is oxidized or reduced slowly or not at all at the 

bare electrode (Figure 1.7).  

 

 

MedRed

MedOx

AOx

ARed

e-

Electrode  

Figure 1.7. Electrocatalytic reaction on chemically modified electrode (Med- mediator and A- 

analyte)  

 

The overall process at the electrode surface can be described as: 

                                   MOx + Ared    MRed+ Aox 

                                      MRed - ne   MOx  

The transfer of electrons takes place between the electrode and mediator and not directly 

between the electrode and the analyte. In essence, then, the mediator can be considered to 

function simply as an electron shuttle between the electrode and the analyte. The net results of 

this electron shuttling are a lowering of the overvoltage to the formal potential of the mediator 

and increase in current density. 

 

There are various methods of modifying the surface of an electrode: physisorption, 

chemisorption, covalent attachment and electropolymerization. 
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Physisorption is a physical method of modifying an electrode by coating with organic or 

organometallic complexes in non-aqueous solution followed by droplet evaporation. For 

examples, phenothiazine derivatives modified graphite electrode are prepared by coating in DMF 

solution for oxidation of NADH and a solution of MWCNTs in acetone was drop coated on the 

surface of GCE for the electrochemical oxidation of dopamine and ascorbic acid. 

 

Chemisorption involves the spontaneous adsorption of molecules like thiols on the surface of 

metal electrodes through metal-sulfur interaction to form monolayers. The common electrode 

which is employed in such modification technique is gold electrode. Silver, copper, platinum, 

and mercury can also be utilized as electrode. The modification of gold electrode is shown 

below: 

                                     HeAuRSAuRSH  

This method is limited in forming multimolecular layer and layers, because they are slowly 

leached into the contacting solution phase during electrochemical or other investigations on the 

chemisorbed layer. However, mixed monolayers can be made by the simultaneous deposition of 

multiple precursors from the same solution [20, 67-69]. 

 

In covalent attachment the modifiers are covalently attached on the surface of the electrode in 

order to form several monomolecular layers. Due to the tendency of bearing different 

functionalities such as carboxylic acids, alcohols and ketones, carbon electrodes are appropriate 

substrate for covalent modifications. For instance, amino-group containing compounds are easily 

accessible for such modification [25]. 

 

The extended nature of the  -electron system in the conjugated polymer allows to exercise 

various modification techniques. These are: dip-coating, spin-coating, drop-coating, layer-by-

layer (LBL) self-assembly technique and electrochemical deposition. The deposition method of 

CPs strongly affects the electrical properties of the final product. 

 

Dip-coating of a substrate (electrode) can occur either by dipping the substrate in to a solution of 

the polymer or immersing the substrate into the monomer and oxidant solutions. The adsorbed 

monomer will be polymerized on the surface of the substrate. In spin-coating the polymer film 
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can be prepared by spreading soluble conducting polymers on a rotating electrode followed by 

solvent evaporation. The thickness of the film can be controlled by the concentration of the 

solution and rotation rate of the substrate. The other method is drop-coating, in which a solution 

of the polymer is droped onto the surface of the electrode and allowing the solvent to evaporate. 

It can also occur by dropping the monomer and oxidant solutions and letting them to react on a 

substrate. Layer-by-layer (LBL) self-assembly technique is another method of forming a polymer 

film throguh alternatively immersing a substrate into a polymeric anion solution and a polymeric 

cation solution. Here, the film consists of two electrolytes and the thickness of the LBL film 

depends on the number of repeating times. Finally, the most convenient and attractive method to 

deposit a conducting polymer film is electropolymerization. It involves electrochemical 

polymerization of a monomer solution on the surface of a substrate. This method has several 

advantages over the other methods such as being free of residual oxidant, ease to control the 

reaction conditions and film thickness through changing the current, potential, the scan rate or 

the number of voltammetric cycles. In addition, due to the polymerization of the monomer 

directly on the surface of the substrate film, it minimizes the use of a large number of volatile 

organic solvents. Because of these excellent features, the electropolymerization method has a 

promising future in constructing simple, highly stable, rapid and selective sensors. The choice of 

the modifier must account for the reactivity of the target surface site [70, 71].  

 

1.4.1. Polymer modified electrodes 

 

Due to moderately high conductivity, low cost, relatively high stability and facile production by 

electrodeposition, the conducting polymers: polypyrrole (PPy) and polyaniline (PANI) were 

frequently used for electrode modification [72]. These conjugated polymers used in sensor 

devices exhibit enhanced in electrocatalytic activity towards the oxidation or reduction of several 

chemical and biochemical compounds where some of the functional groups in polymers act as 

catalysts [73]. 

 

Polypyrrole is the most common conducting polymer which has been successfully used as an 

electrode material for electrochemical sensors and energy storage devices because of its high 

conductivity and fast redox electroactivity. However, its stability has been limited due to 
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continuous swelling/shrinkage of the interlaced polymer chains during charge/discharge 

processes. Besides, PPy usually shows a poor insolubility in common solvents and infusibility 

limits its commercial application. In recent years, there has been an enormous interest in the 

fabrication of composites with unique and tailored properties for various applications because 

they have better performance when compared with that of the individual components [74, 75]. 

 

Nanocomposites of metal-polymers or metal oxide-polymer composites are important classes of 

materials in the area of nanotechnology [76]. Owing to small dimensional size, good 

conductivity and excellent catalytic activity of nanomaterials, composites of conducting 

polymers with metal nanoparticles can accelerate electron transfer rate, enhance conductivity of 

electrodes and have good biocompatibility in electronics, sensors and catalysis applications [77, 

78]. While, the porous structure of conducting polymer allows the dispersion of the metal 

nanoparticles into the polymer matrix in order to stabilize the formation of metal nanoparticles 

and to prevent their agglomeration process. Based on the unique advantages of nanosize 

materials, a considerable amount of research has been carried out in developing methods for the 

production of nanoparticles and nanocomposites of electroactive polymers with noble metals or 

metal oxides [79–81]. On this basis, electrochemical sensors based on metal nanoparticles–

polypyrrole composites such as AgNPs/PPy [82], CuNPs/PPy/GCE [83], PtNPs/PPy [84], 

AuNPs/PPy [85-88] and MnNPs/PPy [89] have already been developed. 

 

Graphene oxide (GO) is a new carbon-based nanoscale material that provides an alternative path 

to graphene. Graphene oxide is a single-layer of graphite oxide, which is an oxidation by-product 

of graphite with its base made of oxygen-containing groups. Recently, GO has recived a great 

interest due to its low cost, easy access, and widespread ability to be converted in to graphene. 

Depending on the amount of oxidant and oxidation time, GO contains multiple defects. The 

amounts of oxidizing agent as well as the method of synthesis also determine the ability for 

graphene oxide to conduct [90]. Furthermore, oxygen-containing groups also enable GO to 

exhibit excellent hydrophilic properties which further allows its interaction with nanomaterials 

and polymers to form composites [91, 92]. The high surface-to-volume ratio of GO, in 

conjunction with its high dispersibility in both water and organic solvents as well as its wide 

range of reactive surface-bound functional groups, GO-based materials have been used to design 
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and prepare GO-based electrodes for a wide range of applications in electrochemical sensors and 

electroanalysis [93, 94]. Recently, GO-PPy composites have also become appealing sensor 

materials because of their combined effects, and better electrochemical performance than PPy 

alone [95]. The composites of GO-PPy have been fabricated as a promising material for 

supercapacitors [96-98], solar cell [99] and glucose biosensor [100]. 

 

Polyaniline (PANI) is one of the highly pursued conducting polymers in recent times owing to its 

excellent electrical and optical properties, better air and water stability and easy and cheap 

synthesis route. Due to these properties, polyaniline have been utilized for a variety of 

applications such as electrocatalysis, batteries, protection against corrosion and separation 

membranes. However, the utility of PANI limited in acidic media (pH <3) and the neutral 

polymer is also insoluble in common solvents. In order to use PANI in neutral pH ranges in 

aqueous media and to improve the solubility, it should be doped with some organic dopants 

(anionic species) such as benzenesulfonic acid, polystyrene sulfonate (PSS) or through electro-

copolymerization techniques of self-doped polymers by introducing sulfonic acid groups into the 

polymer backbone. These negatively charged groups act as intramolecular dopant anions that are 

able to compensate positive charges at protonated nitrogen atoms of the polymer backbone, thus 

replacing auxiliary dopant anions [20, 23, 101]. 

 

Literature reviews show that polymers of 1-aminonaphthalene and its derivatives have been 

successfully utilized for corrosion protection, sensors or electrochromic devices. In particular, 

poly(4-amino-3-hydroxynaphthalene-sulfonic acid) a polymer of a monomer 4-amino-3-

hydroxynaphthalene-sulfonic acid (AHNSA) has been used as a sensor for the detection of drugs 

[102-105] and pesticides [106]. Marjanovic et al. have reported the oxidative polymerization of 

AHNSA with ammonium peroxydisulfate as an oxidant. The result has shown that (Scheme 2) 

polymerization of AHNSA proceeds through the oxidation of the –NH2 group [107]. 
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Scheme 2. Proposed electropolymerization route of poly(AHNSA) 

 

1.4.2. Carbon nanotubes modified electrodes 

 

CNTs-modified electrodes have shown excellent electroanalytical properties, such as wide 

potential window, low background current, low detection limits, high sensitivities, reduction of 

over potentials and resistance to surface fouling. CNTs modified electrodes have been 

successfully utilized in the sensitive detection of various drugs [108-113] and pesticides [114, 

115]. Most of these electrochemical sensors were based on the modification of the working 

electrodes with CNTs only. However, recently CNTs-conductive polymers composite film 

modified electrodes have received increasing attention in analytical studies. In the composites, 

the solubilities of CNTs in organic solvents were significantly enhanced and the polymer 

matrices exhibit high compatibility in the presence of CNTs. As a consequence, the composites 

of CPs and CNTs have improved properties such as sensitivity and stability [116, 117]. These 

advantageous have made researchers to design and prepare sensors based on CNTs-CPs 

composites [118]. There are several methods to prepare polymer-CNTs composites, such as 

polymerization followed by coating, in situ polymerization, mini-emulsion polymerization, 

electrochemical, electrospinning, and other methods [119]. The coating of CNTs solution or 

suspension on the polymer modified electrode surface is a simple method [108]. 

MWCNTs/poly(melatonin) [116], MWCNTs/PEDOT [120], Poly(3-methyl 

thiophene)/MWCNTs [121, 122], polyaniline/SWCNTs [123], MWCNTs/polypyrrole composite 
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electrodes [124] are among the the composites of CNTs-CPs which have been utilized as sensor 

materials. 

 

1.4.3. Mercury film modified electrodes 

 

Narrow negative potential range of glassy carbon electrode, which reaches to around -1.0 V 

without significant hydrogen evolution in common aqueous media, limits the use of glassy 

carbon electrode for monitoring reducible species at more negative reduction potential [125]. 

Although, the use of mercury electrode for electrochemical analysis has been recently restricted 

due to environmental unfriendly, they are nearly ideal electrodes for the study of the 

electrochemical reduction of substances at very high negative reduction potential with negligible 

interference of dissolved oxygen. Its working potential extends from +0.4 V to -2.5 V [126128]. 

Since the amount of mercury required for film formation is much smaller than required for other 

mercury electrodes, the contamination caused by the use of mercury film as an electrode is 

insignificant. Besides, the mercury film has a tremendous resolving power of closely spaced 

peaks [129131].  
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2. ELECTROANALYTICAL TECHNIQUES 
 

Electroanalytical techniques have undergone many important developments in recent decades. 

They are routinely used for measurements in the laboratory, mostly for fundamental research in 

almost every chemical and biochemical research areas. They are not only used to study the 

nature of oxidation and reduction processes to unravel reaction mechanisms, but also used in 

studying the kinetics and thermodynamics of electron and ion transfer processes. Besides, it is 

apparent that electroanalytical techniques at varying levels of sensitivity are required to solve 

analytical problems. As a result, electroanalytical methods are widely used in specific studies 

and monitoring of industrial materials, biological samples and the environment. The choice of 

electroanalytical methods for analytical purpose depends upon the specific analyte, nature of the 

sample matrix, the parameter to be determined and the sensitivity and selectivity requirements. 

The techniques are characterized by instrumental simplicity, moderate cost and portability. Most 

electroanalytical techniques, such as cyclic voltammetry (CV), differential pulse voltammetry 

(DPV), square wave voltammetry (SWV) and stripping voltammetry are based on the concept of 

continuously changing the applied potentials at the electrode-solution interface and the resulting 

current is measured. 

 

In this study, the electrochemical behavior of sensors and analytes are studied using the 

electroanalytical methods: cyclic voltammetry, square wave voltammetry and electrochemical 

impedance spectroscopy [3, 4, 10, 132, 133]. 

 

2.1. Electrochemical cells 

 

The modern electroanalytical system for voltammetric measurements is usually composed of 

three components: a potentiostat, a personal computer and an electrochemical cell (Figure 2.1). 

Depending on the application, various cell designs and experimental assemblies are employed. 

The potentiostat consists of various components including electrometer circuits, various 

converters and amplifiers, as well as microprocessors with internal memory. In order to perform 

electrochemical experiments quickly and to increase the sensitivity by discriminating 

capacitative currents, modern potentiostat in a digital system containing “staircase’’ modulated 
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potential with ‘‘steps’’ can be utilized. The most frequent waveforms in modern potentiostats are 

linear or cyclic scan, differential pulse, and square wave. The choice of a particular instrument 

will be determined by the information (qualitative or quantitative) needed and the size of the 

electrodes. Depending on the type of techniques, the electrochemical cell can encompass a 

number of electrodes. For instance, potentiometry measurement requires two electrodes, while 

voltammetry three electrodes. Electroanalytical measurements with three electrodes systems are 

preferred over those involving two electrodes due to the reduction in uncompensated resistance. 

An electrochemical cell is considered to be a sample holder which consists of a solution of the 

analyte of interest, supporting electrolyte and the electrodes. The three electrodes are: working 

electrode, reference electrode and auxiliary or counter electrode.  

 

Working electrode (WE): It is an electronic conductor at which the reaction or transfer of 

electrons takes place. Solid or mercury-based electrodes are used as working electrodes in 

voltammetric techniques. In general, solid electrode materials have the advantage of being more 

mechanically stable, and they provide a larger anodic range than mercury-based electrodes. The 

mercury electrode has high hydrogen overpotential and can be a choice for analytes reduced at 

higher cathodic potential [25].  

 

The most common solid working electrodes can be inert materials such as Au, Ag, Pt, glassy 

carbon (GC), etc. However, for corrosion purposes, the working electrode would be the one 

which corrodes easily. The size and shape of the working electrode also varies and it depends on 

the application. The choice of a working electrode for electrochemical analysis depends on the 

redox behavior of the target analyte, potential window, electrical conductivity, surface 

reproducibility, mechanical properties, cost availability and toxicity and the background current 

over the potential region for the measurement. Besides, the solubility and adsorption properties 

of the reaction products on the surface of the electrode and the reaction mechanism also 

determine the electrode type. For example, lead ions are reduced in to lead atoms at mercury 

electrode and the reduction is fast and reversible, while on a platinium electrode the 

electrochemical process is complicated by nucleation and growth of lead micro-crystals [27]. 
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In the presence of electroactive species in the electrochemical cell, the applied potential will 

produce a change in the concentration of the monitored electroactive species at the electrode 

surface by electrochemically reducing or oxidizing them. Changing the concentration of any 

electroactive participant at the working electrode surface will cause mass transport toward the 

electrode, and current will flow through the electrodes directly proportional to the analyte 

concentration. This simple dependence between the measured current and analyte concentration 

makes voltammetric techniques to be routinely used for the quantitative determination of a 

variety of inorganic and organic compounds [25, 132]. 

 

Counter Electrode (CE): It is an electrode at which a counter reaction to that of the working 

electrode takes place. Pt wire, graphite, or thin pieces of gold are among the most frequently 

used as counter electrodes in voltammetric techniques. The purpose of the counter electrode is to 

preserve electroneutrality in the system, which is usually electrolysis of the supporting 

electrolyte or solvent and in order current flows without the need for using a large overpotential. 

Therefore, the area of counter electrode must be larger than the area of the working electrode in 

order to ensure the area of the electrode will not be a limiting factor in the kinetics of the 

electrochemical process under investigation [134].  

 

Reference Electrode (RE): Refrence electrode keeps the potential of an electrode constant 

regardless of the properties of the solution. The main criteria for an electrode to be classified as a 

reference electrode are the tendency to provide a reversible half-reaction based on Nernstian 

behavior with a constant potential over time, and to be easy to assemble and maintain. Calomel 

electrode (Hg2Cl2(s)/Hg), and silver/silver chloride electrode (Ag/AgCl) are the most common 

reference electrodes. They are constructed using an aqueous solution of saturated potassium 

chloride (KCl) and their potentials are determined by the concentration of chloride ion. These 

electrodes are commercially available in a variety of sizes and shapes. The effective separation 

of the reference electrode, on the other hand, can be decisive for the quality and accuracy of 

electrochemical measurements; in particular, for reference electrodes which contain ions that can 

influence certain reactions at the working electrode. The high stability of the reference electrode 

potential is usually reached by employing a redox system with constant (buffered or saturated) 

concentrations of each participants of the redox reaction. These reference electrodes are normally 
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contacted to the electrolyte through a porous frit that serves as a salt bridge. Moreover, the 

current flow through the RE is kept close to zero, which is achieved by using the CE to close the 

current circuit in the cell together with very high input impedance on the electrometer. 

 

The reference and counter electrodes should be located on the downstream side of the working 

electrode, so that reaction products at the counter electrode or leakage from the reference 

electrode do not interfere with the working electrode [132-134]. 

 

 
 

Figure 2.1. An electrochemical cell with three electrode system 

 

Supporting electrolytes: Supporting electrolytes are inert soluble substances added to the 

solution to avoid electrochemical reaction at the counter electrode during the course of 

electrochemical measurements. Since, the concentration of the supporting electrolyte is always 

much larger than (0.1 M1.0 M) that of the redox species unless ultramicroelectrodes are 

employed, it carries most of the ionic current and decrease the resistance of the solution by 

increasing the solution conductivity. Besides, it maintains a constant ionic strength and 

eliminates electromigration effects. The supporting electrolyte should be prepared from highly 

purified reagents, and should not be easily oxidized or reduced. Supporting electrolyte may be an 

inorganic salt, a mineral acid, a buffer or a chelating reagent [135]. 
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2.2. Electrode processes 
 

Electrochemical reactions involve the transport of electroactive species to or from the electrode 

and the transfer of electrons across the interface. The net rate of the reaction and the measured 

current may be limited by either mass transport of the reactant or the rate of electron transfer. 

There are three ways in which material may be transported to the electrode surface: diffusion, 

migration and convection. 

 

Diffusion is the spontaneous movement of electroactive species under the influence of 

concentration gradient, from regions of high concentration to regions of lower ones, aimed at 

minimizing concentration differences. Concentration gradients between the vicinity of the 

electrode and the bulk solution arise as the analyte is consumed and the product is formed at the 

electrode. The rate of diffusion is related to the concentration gradient rather than the 

concentration of the analyte in the solution. 

 

Convection is the transport of the electroactive species to the electrode as a result of an 

imbalance forces on the solution. The driving force for convection is due to stirring the solution, 

rotating and vibrating the electrodes, or even simply expanding its volume (which is a movement 

of its surface against the solution) like dropping mercury electrode.  

 

Migration is the movement of charged particles under the influence of an electric field generated 

by the electrode toward every ion having opposite charge. In addition, it is also due to the 

contemporary repulsion force of every ion having the same charge as the electrode.  

 

Among the three mass transport modes, only diffusion can be related to the concentration of the 

electroactive compound. Such phenomenon can be greatly simplified by suppressing the 

electromigration through the addition of high concentration of the supporting electrolyte 

(compared to the concentration of the electroactive ions). The effects of convection can be 

eliminated by preventing stirring and vibrations in the electrochemical cell. When the rate of the 

reaction is limited by mass transport (or diffusion), the electrode process is diffusion limited. On 
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the other hand, if the heterogeneous electron transfer is a sluggish step in the process, the 

reaction a surface-limited process [27, 68, 136]. 

 

2.3. Cyclic voltammetry 

 

Cyclic voltammetry involves the measurement of current based on various applied potential at 

the working electrode in both directions at a given scan rate and it is one of the most exploited 

techniques in electrochemical studies. It is widely used for identification of electroactive species, 

provides electrochemical information on the reaction rates, the number of electroactive species in 

a solution if each reacts at different applied potentials. Cyclic voltammetry (CV) can be used in 

single cycle or multicycle modes. Because of the capacitative current flowing at the 

electrode/electrolyte interface, CV is rarely used for quantification. The potential applied to the 

working electrode serves as a driving force for the reaction. It is a controlled parameter that 

causes the chemical species present in solution to be electrolyzed (reduced or oxidized) at the 

electrode surface. The magnitude of the measured current is an indicator of the amount of 

substances being oxidized or reduced and the corresponding peak potential is the characteristic 

for the redox process but also influenced by the electrode material. The values of peak potentials 

and peak currents provide the basis for classifying redox systems as reversible, irreversible or 

quasi-reversible systems. 

 

A reversible process is a process in which both the reactive species exchange electrons rapidly 

with the working electrode. The initial potential, E1, is the potential applied to the working 

electrode and final potential, E2, is the potential where the sweep is reversed to its initial value. 

As the applied potential is increased from E1, the current will also increase and reaches a 

maximum at Ep,f. Then after, the current decreases utill it reaches the switching potential, E2. 

After reaching the potential E2, the sweep is reversed to E1, the concentration of the analyte near 

the electrode surface diminished, and thus the current decreased. This constitutes one cycle of the 

cyclic voltammogram (Figure 2.2). The shape of the cyclic voltammogram gives information 

about the type of the electrode reaction, the number of electrons involved in the elementary step 

of the electrochemical transformation, as well as about additional phenomena coupled to the 
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electrochemical reaction of interest, like those for coupled chemical reactions or adsorption [4, 

13, 25, 132, 137, 138].  

 

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

the time scale of the voltammetric experiment. The electrode potential at the working electrode is 

changed with time and the current response depends on the scan rate. By varying the scan rate, 

we can also investigate the kinetics of the reactions and/or the mass transfer process. 

The electrode potential is related with the scan rate: 

                                                                                                      (1) 

After reaching the final value usually set at electrode potential values, the electrode potential is 

scanned back to the initial value: 

                                                                                                      (2) 

Several species that react at different applied potentials can be determined almost simultaneously 

in the same experiment without the need for prior separation [132, 139]. The maximum current is 

called the peak current and the potential at maximum peak current is called the peak potential. 

 

For an electrochemically reversible reaction, the peak current (at 25°C) is given by the Randles–

Sevcik equation and it is proportional to the square root of the scan rate. 

 
                      ip = (2⋅69×105)n3/2ACD1/2 ν1/2,                                                   (3) 

 
where, ip refers to the peak current, A is the surface area of the electrode (in cm2), v is the scan 

rate (in V s-1) and C is the concentration (in mol cm-3), n is the number of electrons, D is the 

diffusion coefficient (in cm2 s-1). Accordingly, the current is directly proportional to the 

concentration of analyte and increases with the square root of the scan rate. Such dependence on 

the scan rate is indicative of electrode reactions controlled by mass transport (semi-infinite linear 

diffusion). The reverse-to-forward peak current ratio, ip,r/ip,f, is unity for a simple reversible 

couple.  
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The position of the peaks on the potential axis (Ep) is related to the formal potential of the redox 

couple. The formal potential for a reversible couple is centered between Epa and Epc: 

                      Eo = 
2

pcpa EE 
                                                                       (4) 

For multi-electron transfer processes, the cyclic voltammogram consists of several distinct peaks, 

if the Eo values for the individual steps are successively higher and are well separated. 

Besides, the separation between the peak potentials is given by: 

                       V
n

EEEp pcpa
059.0

                                                       (5) 

           

Figure 2.2. Potential–time excitation waveform (A) and cyclic voltammogram (B) 

 

For irreversible processes (those with sluggish electron exchange), the individual peaks are 

reduced in size and widely separated. Totally irreversible systems are characterized by a shift of 

the peak potential with the scan rate: 
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where  is the transfer coefficient, k is standard rate constant and n is the number of electrons 

involved in the charge-transfer step.  

The peak potential occurs at a potential higher than E°, with the overpotential related to k° and . 

The peak current is also proportional to the bulk concentration and square root of scan rate. The 
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magnitude of peak current will be lower in height (depending on the value of ) as compared 

with the current obtained in a reversible system [68] and is given as:  

                   ip = (2.99x105)n(n)1/2ACD1/2v1/2                                                     (7) 

 

For an adsorbed species which reduced irreversibly [136], the peak current and potential are 

related with the scan rate with the equation: 

                   ip   RT
AvF o
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Where *
0  surface coverage and other symbols have their usual meanings.  

2.4. Square wave voltammetry 

 

Square wave voltammetry is a powerful electrochemical technique that can be applied in both 

electrokinetic and analytic measurements [3]. The excitation signal in SWV consists of a 

symmetrical square wave pulse of amplitude, Esw superimposed on staircase wave form (Figure 

2.3A). At each step of the staircase ramp, two equal in height and oppositely directed potential 

pulses are imposed. SWV data can be characterized in terms of amplitude (Esw), pulse width (tp), 

step potential (Es) and frequency (f) [27, 40, 136].  

 

The current is sampled twice during each square wave cycle, once at the end of the forward pulse 

and once at the end of the reverse pulse. The reverse pulse causes the reverse reaction of the 

product of the forward pulse. The net current is obtained on subtracting the forward and 

backward currents of a single potential pulse and its value is larger than either of the forward or 

the reverse current value. This is due to the fact that the reverse current has a negative sign and 

the difference of the two currents in SWV becomes their sum. The currents are plotted as a 

function of the corresponding potential of the staircase waveform (Figure 2.3B).  

In each of the forward and reverse cycles, the charging current decreases exponentially with 

time, while the faradaic current is inversely proportional to the square root of time. At the end of 
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each cycle, the charging current is smaller than the faradaic current. Since the charging current 

depends on the difference between the electrode potential and potential of zero charge, it is partly 

eliminated by the subtraction of currents measured at the end of two successive half-cycles [27, 

68, 136, 140, 141]. 

 

 

 

Figure 2.3. Square wave voltammetry potential waveform (A) and response for a forward 

current (if), a reverse current (ir) and net current (inet) (B)                        

 

SWV has several advantages for electroanalysis. First, the use of SWV reduces the effects of 

charging current and as a result the scan rate can be increased drastically. The second advantage 

of SWV is in the negative potential region, oxygen may not require excluding from the analyte 

solution; unless it directly interferes with the electrode reaction under study. This is due to, in the 

limiting current region for oxygen reduction, the forward and reverse currents are equal which 
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leading to a zero net current. In addition, during a scan from negative potentials in the positive 

direction, a fast effective scan rate means that no electroactive oxygen species have the time to 

diffuse to the electrode surface from the bulk solution. As a result, the experimental time is less 

and the procedures are simplified because prior bubbling of nitrogen or argon in the solution is 

avoided. The other advantage of SWV, the height of the peak is usually quite easy to read and 

thus increases the accuracy and sensitivity. In general, for reversible and irreversible SWV 

currents are 4 and 3.3 times higher, respectively, than the analogous differential pulse response 

[4, 68]. 

 

2.5. Electrochemical impedance spectroscopy (EIS) 

 

In a direct circuit (DC), a resistor is the only element which resists the flow of electric currents 

(electrons). This ideal resistor obeys Ohm’s Law at all current and voltage levels and its value is 

independent of frequency. 

 

In an alternating circuit (AC), impedance is a measure of the ability of a circuit to resist the flow 

of electrical current. Unlike resistance, it is not limited by the Ohm’s Law. Impedance is a 

combination of resistors, capacitors, or inductors. EIS uses small amplitude perturbing sinusoidal 

voltage signal to an electrochemical cell and the resulting current response is measured [142, 

143]. This small imposed perturbation can be an applied potential or applied current. It sensing 

events at the surface of an electrode and is widely used in different fields studies [144]. It has 

many advantages over the other electrochemical techniques. Since it applies a small amplitude 

AC signal, it is a non-destructive method for evaluating a wide range of materials, including 

coatings, anodized films and corrosion inhibitors [145]. It can also be provide detail information 

of systems under examination; parameters such as corrosion rate, electrochemical mechanisms 

and reaction kinetics, detection of localized corrosion, can all be determined from these data 

[146, 147]. The response to the applied perturbation (potential or current) which is generally 

sinusoidal, can differ in phase and amplitude from the applied signal. Moreover, measurement of 

the phase difference and the amplitude (i.e. the impedance) permits analysis of the electrode 

process in relation to contributions from diffusion, kinetics, double layer, coupled homogeneous 
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reactions, etc. [148]. If a sinusoidal potential excitation is applied to the electrode/solution 

interface, the potential and current can be expressed as: 

                       E(t) = Eosin(t)                                                               (10a) 

                       I(t) = Iosin(t+)                                                             (10b) 

Where Eo and Io are constants, ω is radial frequency in rad/s and  is the phase shift angle 

between E(t) and I(t). 

 

An analogous to Ohm's Law, based on eqn. (10a) and (10b) the impedance of the system can be 

calculated as:  

                       Z =  
 tI
tE  =  

)sin(
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                                               (11)
 

The impedance (Z) can be described based on the real-axis (Z’) and imaginary-axis (Z’’) 

components as given in Figure 2.4. 

                       Z() = Z’ + jZ’’                                                               (12) 

The impedance and phase angle are related to the real and imaginary axises according to 

equations 13 and 14: 

                           2122 "' ZZZ                                                          (13) 

                        '/"tan 1 ZZ                                                             (14) 

The impedance is also related to the resistance (R), reactance (Xc) and capacitance (C) by 

equation (15): 

                       Z = R – jXC = R-
C
j

                                                       (15)
 

where j is an imaginary number with a value of 1 , ω = 2πf, f is the frequency measured in 

Hertz (Hz). 

 

In a DC, a resistor that does not have any capacitance and impedance becomes frequency 

independent [25, 149], i.e, Z = Z' = R.       
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Figure 2.4. The impedance plotted as a planar vector using rectangular and polar coordinates 

 

The results in impedance measurement can be expressed commonly using Nyquist plot and Bode 

plot. Nyquist plot contains the real part of impedance in the X-axis and imaginary part of the 

impedance in the y-axis for different values of frequency (Figure 2.5A). The plot includes a 

semicircle portion at higher frequencies corresponding to electron transfer limited process and a 

linear part at a lower frequency range representing diffusion limited process [150, 151]. 

However, Nyquist plot is limited in determining the frequency by simply looking at the plot. 

When an electrode process involves several steps, sometimes a succession of semicircles side by 

side are obtained, corresponding to RC parallel combinations in series and with different RC 

time constants, from which it is possible to deduce the corresponding parameters [148]. 

 

Bode plot is a plot of impedance against the logarithm of frequency or phase angle against the 

logarithm of frequency (Figure 2.5B). The Bode plot directly displays the frequency dependence 

of impedance. 
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Figure 2.5. Nyquist plot (A) and Bode plot (B) 

 

Solution resistance, (R) is the resistance developed between the working electrode and the 

reference electrode due to electrolyte. It is determined by the type of ions, ionic concentration, 

temperature, solution conductivity and the geometry of the cell, namely the distance between the 

electrodes and the cross-sectional area of the solution linking the electrodes. Mathematically, it 

can be expressed as:              

                                R = 
A
l

                                                                 (16) 

where ρ is the resistivity of the solution, l is the length and A is the area of the cell. Its 

measurement is taken at the high frequency intercept close to the origin of the Nyquist plot [25]. 

 

Charge transfer resistance, Rct is the resistance associated with the charge transfer mechanisms 

for electrode reactions. It controls the electron transfer kinetics of a substance at the electrode 

interface. The semicircle portion at higher frequencies in the Nyquist plot corresponds to the 

charge transfer resistance (Rct) at the electrode surface [150, 151]. Its value depends on the kind 

of the reaction, temperature, concentration of the reactants and the potential.  

 

The charge transfer resistance can be expressed in terms of exchange current, Io under 

equilibrium using the formula  
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                                Rct = 
onFi

RT                                                             (17) 

The current density depends on the concentration of the analyte as shown below 

                     CnFAki o
o                                                            (18)  

Where R is the gas constant, k is charge transfer rate constant, T is the temperature (K), A is the 

electrode area (cm2), C corresponds to the bulk concentration of the redox species (mol cm-3), 

and n is the number of transferred electrons per molecule of the redox species. 

 

After substituting the values in eqn. 18 into eqn. 17, charge transfer resistance, Rct and 

concentration of the redox species can be related by the following equation: 

                     Rct = 
CAkFn

RT
o22                                                      (19) 

where, k is the potential dependent charge transfer rate constant, A is surface area of the 

electrode, C is the concentration of the analyte, F is the Faradays constant, T is the temperature 

and R is the gas constant [136, 142, 143, 144, 152, 153].   

 

Double layer capacitance, Cd develops at the interface between an electrode and its surrounding 

electrolyte as a result of ions from the solution "sticking on" the electrode surface in order to 

adjust the ionic atmosphere until the charge balance between the electrode surface and the 

solution is maintained. The charged electrode is separated from the charged ions. Charges 

separated by an insulator form a capacitor. The value of the double layer capacitance depends on 

the electrode area, temperature, nature and ionic strength of the electrolyte and impurity 

adsorption [25].   

 

Warburg impedance, ZW is a resistance resulting from the diffusion of ions from the bulk 

solution to the electrode surface. Zw is a complex number with real and imaginary parts 

depending on the perturbation frequency: 

                                  2
1

2
1 

  jZw                                               (20) 
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 is the Warburg coefficient defined as:  
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                            (21)   

In which, DO is the diffusion coefficient of the oxidant, DR is the diffusion coefficient of the 

reductant, A is the surface area of the electrode, n is the number of electrons involved, CO* is the 

concentration of the oxidant, CR* is concentration of the reductant, F is the Faradays constant, T 

is the temperature and R is the gas constant. 

 

The value of Warburg impedance is small at higher frequencies since diffusing reactants do not 

move very far, but at low frequencies, the reactants have to diffuse farther and the Warburg 

impedance increases. The mass transfer impedance depends on the mode of mass transport 

within the cell.  

 

The R, Rct, Cd and ZW can be represented simultaneously using Randles circuit. It is assumed 

that the charge transfer resistance and the Warburg impedance are both parallel to the interfacial 

capacity (Figure 2.6). 

 

 

Figure 2.6. Randles equivalent circuit 

 

At low frequency (0), the reaction is controlled solely by diffusion, while at high frequency 

() the reaction is purely kinetic and Rct≫Zw. 

                 Z(0) = R + Rct                                                                  (22) 
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                 Z() = R                                                                         (23) 

                 Z = R + Rct +  2/1                                                            (24) 

                 Z = - 2/1 -2 2 Cd                                                                (25)            

For very high frequency, Z" (=
dC

1
 ) is very small, but rises as the frequency diminishes [25, 

148]. 
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3. SURFACE CHARACTERIZATION 

 

Eventhough, electrochemical methods are powerful and sensitive in providing information about 

the kinetics of electron transfer and film porosity, they are limited in providing information about 

surface structure or elemental composition. Therefore, it needs other techniques in order 

characterize completely the surface of electrodes [136].  

 

Electron microscopes are scientific instruments that use a beam of highly energetic electrons to 

examine materials on a very fine scale. They provide information on topography, morphology, 

composition (the elements and compounds that the object is composed of and the relative 

amounts of them) and crystallographic information (how the atoms are arranged in the object). 

Microscopic techniques which use electrons as energy source are preferable over light using 

microscopes because they image substances at a very high depth with high resolution by using 

electromagnetic radiation of shorter wavelengths (Figure 3.1).  

 

Figure 3.1. Working ranges of various electron microscopy techniques and optical microscopy 

 

3.1. Scanning electron microscope (SEM) 

 

SEM is a powerful microscopic method that uses beams of electrons rather than light to form an 

image of objects. It helps to characterize physical properties such as morphology, shape, size or 

size distribution of materials at the microscale and nanoscale [154]. In SEM, a set of coils moves 

the electron beam across a sample in a two dimensional grid. When a high energy beam of 
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electrons originating in the electron beam hits the specimen, the electrons penetrate a distance 

directly proportional to the energy of the beam and inversely proportional to the specimen 

density. As the primary electrons interact with specimen atoms, the energy is dissipated within 

an interaction volume. From 20 to 30% of the primary electrons collide with specimen atoms, 

rebound elastically with little energy loss, and are scattered out of the specimen. The reemerging 

beams of electrons are known as backscattered electrons (BE). When the primary electron beam 

hits the specimen, atoms may be ionized by the forced emission of electrons which is referred to 

as secondary electrons [155]. These secondary electrons are attracted to and detected by a 

positively charged detector and SEM is then translated into signals which are amplified and 

analysed before being translated into understandable images. The signals are derived from 

electron-sample interaction and reveal information about the sample including external 

morphology (texture), chemical composition, crystalline structure and orientation of materials 

making up the sample. The preparation of sample for SEM analysis is relatively easy as most 

SEM measurements only require the sample to be conductive and the thickness is monitored 

using the principle of the quartz crystal microbalance; when a sputtered material is deposited on 

an oscillating quartz crystal its frequency is decreased in relation to the mass of the material 

deposited.   

 

The SEM is usually equipped with an X-ray analyzer and an X-ray dispersion spectrometry 

(EDS), also referred to as EDX (for energy dispersive analysis of X-rays), which yields 

information about the elemental composition of the material being analyzed. The secondary 

electrons are emitted from an atom and they create “holes” in the electronic configuration. These 

holes will be filled through electrons jump from higher shells through the release of excess 

energy as characteristic X-rays, so called because the properties of the X-ray (energy and 

wavelength) are characteristic of the element from which it was derived (Figure 3.2). The X-rays 

being emitted by atom in sample are analyzed. 
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Figure 3.2. Generation of X-rays  

 

SEM is equipped with a detector for imaging, secondary and backscattered electrons, and X-rays 

for compositional analysis. The most commonly used detector for secondary electrons (SEs) is 

the Everhart-Thornley (ET) detector. This detector consists of a collector, scintillator, light pipe, 

and photomultiplier. SEs are attracted to the collector of the ET detector by its small positive 

charge. A scintillator element is provided with a large positive charge that accelerates the 

electrons toward the ET. The electrons emit light when they crash into the scintillator, and this 

light is carried by the light pipe out of the specimen chamber to an external photomultiplier tube 

where the light energy is converted to an electric current.  

 

However, BE can be detected using scintillator and solid state detectors. A scintillator type BE 

detector is similar to the ET detector but larger in size and positioned so that more BEs strike it. 

A solid state type BE detector consists of a semiconductor “diode.” When struck by aBE, the 

semiconductor produces an electron-hole pair, the components of which migrate in opposite 

directions under the influence of a small applied field. These moving charges produce an 

electrical current.  

 

An EDS unit is a very sophisticated device that accurately measures very miniscule amount of 

ionization current produced when an X-ray is absorbed in a silicon sensing element (silicon 

diode). Two types of X-ray spectrometers can be employed: EDS detector and wavelength 

dispersive spectrometer (WDS). In EDS a multichannel analyser gives the photon energy 
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spectrum, while WDS is based on measuring the wavelength, and the wavelengths corresponding 

to the ejected photons to be determined. In both cases, peaks can be assigned to particular 

elements with the corresponding percentage present in the sample. The peaks that overlap in 

EDS are observed as discrete peaks in WDS [148, 155]. 

 

3.2. High resolution transmission electron microscope (HRTEM) 

 

HRTEM is a powerful technique which is widely used for analyzing crystal structures and lattice 

imperfections in various kinds of advanced materials on an atomic scale. HRTEM images 

depend on some optical factors in the imaging process by the electron lens and on the scattering 

process of the electrons incident on the crystal specimen. HRTEM image shows the position of 

atoms relative to others. HRTEM resolution is an important quality to measure for imaging 

systems, which helps to produce images showing distinct separation of discrete objects (atoms or 

columns of atoms) and the determination of their relative positions. Higher resolution allows the 

identification of closer objects; improves the detection of weaker signals and making possible 

imaging of lighter atoms in the presence of heavier ones [156]. In an HRTEM, beams of 

electrons are emitted in the electron gun by thermionic or field emission. A multistage condenser 

lens system permits variation of the illumination aperture and the area of illumination. The 

intensity behind the specimen is imaged with a lens system onto a fluorescent screen. The image 

is recorded digitally using a CCD camera [157]. In contrast to SEM, HRTEM can be used to 

probe surfaces and subsurface regions because the electrons used for imaging transmit the 

samples. This is particularly of interest in cases where buried interfaces need to be studied with 

near atomic resolution [158]. In high resolution transmission electron microscopy, lens 

aberrations play a key role in the imaging and the interpretation of object structures on an atomic 

scale. Aberrations are beneficial and detrimental to high resolution imaging at the same time: On 

the one hand, they introduce unwanted blurring in any imaging plane, hence obscuring the finest 

object details. On the other hand, they are urgently needed to produce the desired phase contrast 

of the very thin objects required for high-resolution structure investigations [159].  
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3.3. Fourier transform infrared spectroscopy (FTIR) 

 

Different spectroscopic techniques operate over limited frequency ranges within the 

electromagnetic spectrum, depending on the processes that are involved and on the magnitudes 

of the energy changes associated with these processes. FTIR is a rapid, nondestructive and time 

saving method that can detect the interaction between an infrared radiation and a sample that can 

be solid, liquid or gaseous. FTIR radiation encompasses a long range of wavelengths, which 

consists of other subregions: near, middle and far infrared regions. However, most infrared 

spectroscopic measurement are performed in the mid- infrared region, which covers the spectral 

region between 400 cm-1 and 4000 cm-1. It measures the frequencies at which the sample absorbs 

and also the intensities of these absorptions. Since, functional groups are responsible for the 

absorption of radiation at different frequencies; it is possible to identify the composition of a 

sample [160].   

 

Chemical bonds vibrate at a characteristic frequency representative of their structure, bond angle 

and length. The frequencies absorbed by the sample are helpful for the identification of the 

composition due to the fact that functional groups are responsible for the absorption of radiation 

at different frequencies. Individual absorption peaks can then be identified and assigned to 

individual chemical bonds which help for identification of individual compounds in complex 

systems qualitatively or quantitatively. FTIR spectroscopic imaging has significant advantages 

compared to many other imaging methods for the characterization of molecules because it relies 

on the characteristic absorbance of corresponding molecular vibrations in the sample. Therefore, 

FTIR imaging does not require the use of added dyes or labelling methods for visualisation of 

different chemical components in the sample [161-163].  

 

FTIR spectrometer use Nernst glower (a fused mixture of zirconium, yttrium, and thorium oxides 

molded), nichrome wire (a film of black oxide formed on the coil) and a Globar rod (made of 

silicon carbide) as radiation sources. Commonly used detectors are pyroelectric devices 

incorporating deuterium tryglycine sulfate (DTGS) in a temperature resistant alkali halide 

window. A Michelson interferometer, which consists of two perpendicularly plane mirrors, one 

of which can travel in a direction perpendicular to the plane is the most common interferometer 
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used in FTIR spectrometry. The radition from the source is passed through an interferometer to 

the sample before reaching the detector. Upon amplification of the signal, in which high 

frequency contributions have been eliminated by a filter, the data are converted to digital form by 

an analog-to-digital converter and are transferred to the computer for Fourier-transformation 

[164]. 

 

3.4. Raman spectroscopy 

 

Raman spectroscopy is the most powerful technique in order to get information on the 

vibrational and electronic structures of substances. The Raman effect arises when a beam of 

intense monochromatic radiation passes through a sample that contains molecules that can 

undergo a change in molecular polarizability as they vibrate. It uses a single frequency of 

radiation to irradiate the sample and it is this radiation scattered from the molecule which is 

detected. A very small fraction of the incoming radiation undergoes inelastic scattering, in which 

the scattered wave compared with the incoming wave results in a different frequency. The basic 

principle in Raman spectroscopy is when a light interacts with the molecule and the cloud of 

electrons round the nuclei distorts to form a short-lived state called a ‘virtual state’. This state is 

not stable and the photon is quickly re-radiated to the vibrational state. The energy changes that 

can be detected in vibrational spectroscopy are those required to cause nuclear motion. If the 

scattering process is from the ground vibrational state to a higher energy excited on absorption of 

energy by the molecule, it is a Stokes scattering. However, scattering from molecules which are 

present in the excited vibrational state due to thermal energy, to the ground state, is called anti-

Stokes scattering. The difference between the incident radiation and the Raman scattered 

radiation produces the vibrational spectrum of interest. Raman scattering (both Stokes and anti-

Stokes) are relatively inefficient processes, so that a very intense excitation sources are required.  

This incident radiation does not raise the molecule to any particular quantized level, it only 

polarizes the molecule and is considered to be in virtual or quasi-excited state. The shift in 

frequency of the scattered Raman radiation is proportional to one of the vibrational energy levels 

involved in the transition.  
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The Raman spectrometer consists of laser excitation unit and a spectrometer unit using gratings 

with 1200 grooves mm-1. The laser sources can be He-Ne or Ar-Kr laser and multialkali-metal 

cathode and the gallium arsenide photocathode as detectors, which depend on the laser line used. 

Raman spectroscopy can be performed on a liquid, solution, transparent or translucent solid, 

powder, pellet, or gas samples. Water is an excellent solvent for Raman work because of its low 

scattering [148, 165]. 

 

3.5. Ultraviolet-Visible spectroscopy (UV-Vis) 
 

Ultraviolet-visible spectroscopy (UV-Vis) is an analytical technique which involves the 

absorption of light by molecules in ultraviolet-visible region. The absorption in the visible range 

directly corresponds to the color of the chemicals involved. UV-Vis can be used to identify some 

chemical species and to determine the concentration of the solution based on the absorbance. 

This is because the wavelength at which a molecule absorbs light is a function of its electronic 

structure and the amount of UV-Vis light that is absorbed by a sample is related with the number 

(amount) of molecules. The amount light absorbed by a sample is proportional to the 

concentration of the absorbing species in accordance with the Beer-Lambert’s law:  

                          A = εbc                                                                       (26)     

where, A is the absorbance, ε is the molar absorbtivity, b is the path length and c is the 

concentration of the absorbing species [166-168]. 
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4. OBJECTIVES OF THE STUDY  
 

4.1. General objective 
 

The general objective of this research was to develop electrochemical sensors based on 

chemically modified electrodes for sensitive and selective determination of pesticides 

(endosulfan, fenitrothion, phoxim and phenothrin) and pharmaceuticals (caffeine, paracetamol 

and uric acid) in environmental samples. 

 

4.2. Specific objectives 
 

The specific objectives of the study include: 

 
 To synthesize cobalt nanoparticles and cobalt nanoparticles-polypyrrole composite 

 To develop an electrochemical sensor based on cobalt nanoparticles-polypyrrole composite 

 To characterize CoNPs/PPy films using HRTEM, HRSEM, FTIR, UV-Vis, CV and EIS 

 To develop a graphene oxide-polypyrrole (GO/PPy) electrochemical sensor  

 To characterize the GO/PPy film using SEM, FTIR, UV-Vis, Raman spectroscopy, CV and 

EIS 

 To prepare electrochemical sensors: poly(AHNSA), MWCNTs, MWCNTs/poly(AHNSA) 

and mercury film  

 To investigate the electrochemical behavior of pesticides and pharmaceuticals 

 To establish optimum conditions for the determination of pesticides and pharmaceuticals 

 To investigate the effect of interfering substances in the electrochemical determination of 

pesticides and pharmaceuticals 

 To apply the sensors for the determination of pesticides and pharmaceuticals environmental 

samples 
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5. MATERIALS AND METHODS 
 

5.1. Chemicals and reagents 

 

In this study, all chemicals and reagents used are of analytical grades and were used without any 

further purification. Endosulfan, fenitrothion, methanol, multiwalled carbon nanotubes (density 

2.1 g/mL at 25 C, diameter: 7.5–15 nm, length: 0.5–10 µm, purity > 99%), phenothrin, phoxim, 

caffeine, paracetamol, uric acid, 4-amino-3-hydroxynaphthalene sulfonic acid (AHNSA), acetic 

acid and sodium acetate, cobalt chloride hexahydrate, pyrrole, sodium borohydride, graphite 

powder, sulfuric acid, sodium nitrate, potassium permanganate, sodium hydroxide, hydrogen 

peroxide, dimethyl formamide, lithium perchlorate, ethanol, potassium ferrocynide, potassium 

chloride, dipotassium hydrogen phosphate, potassium dihydrogen phosphate and substances used 

for interference experiments were all purchased from Sigma-Aldrich.  

 

The stock solutions of endosulfan and fenitrothion were prepared by dissolving with 

acetonitrile/water (1:1, v/v) and methanol, respectively and stored at 4 oC until use. Mercury 

solutions were prepared by dissolving mercury(II) nitrate monohydrate in double distilled water. 

Phosphate buffer solutions were prepared using 0.1 M dipotassium hydrogen phosphate and 0.1 

M potassium dihydrogen phosphate. Britton-Robinson buffer (BRB) solutions were prepared by 

mixing 0.04 M boric acid, 0.04 M phosphoric acid and 0.04 M acetic acid, and the pH of the 

solutions were adjusted with 0.2 M NaOH. Acetate buffer solution also prepared with 0.1 M 

acetic acid and 0.1 M sodium acetate. All chemicals were analytical reagent grade and all the 

aqueous solutions were prepared with double distilled water. The working solutions of 

endosulfan and fenitrothion were prepared by diluting the stock solutions with Britton-Robinson 

and phosphate buffer solutions, respectively.  

 

The standard solutions of phoxim and phenothrin were dissolved in ethanol and stored in a 

refrigerator. The working solutions were prepared by dilution of the stock solution with the 

phosphate buffer.  
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Stock solutions of caffeine and paracetamol were prepared freshly by dissolving a weighed 

amount in double distilled water and then stored in refrigerator. The working standard solutions 

of both caffeine and paracetamol were prepared by appropriate dilutions of the stock solutions in 

acetate buffer solution just before use. Similarly, the stock solution of uric acid was prepared 

with double distilled water. The aliquots were prepared from the stock solution by diluting with 

0.1 M phosphate buffer solutions before commencing the voltammetric measurements. All 

extraction solvents for samples were used as received without further purification. 

 

5.2. Apparatus and instrumentations 

 

The voltammetric measurements of fenitrothion, endosulfan, uric acid and both caffeine and 

paracetamol were performed with a CHI760D electrochemical Workstation, CHI Instruments 

(Austin, Texas, USA) controlled by a personal computer. However, voltammetric measurements 

of phoxim and phenothrin were carried out on PalmSens Trace (Palm Instruments BV, Utrecht, 

Netherlands). Electrochemical impedance spectroscopic experiments were performed on a 

CHI604D Electrochemical Workstation (CH Instruments, Inc., Austin, Texas, USA). Three 

electrode cell systems were used to monitor the cyclic, square wave voltammetric and 

electrochemical impedance spectroscopic experiments. In addition, all pH measurements were 

determined by digital Jenway model 3345 ion meter. Ultrasonic cleaner YJ 5120-B (Shanghai, 

China) was used for dispersing MWCNTs. 

 

In all the electrochemical measurements, platinum wire and Ag|AgCl (3 M KCl) electrode were 

used as counter and reference electrode, respectively. The working electrodes were GCE or 

MWCNTs/GCE for fenitrothion, GCE or MF/GCE for endosulfan, GCE or poly(AHNSA)/GCE 

for caffeine and paracetamol, GCE, MWCNTs/GCE, poly(AHNSA)/GCE or 

MWCNTs/poly(AHNSA)/GCE for uric acid, GCE, CoNPs/GCE, PPy/GCE or CoNPs/PPy/GCE 

for phoxim and GCE, GO/GCE, PPy/GCE or GO/PPy/GCE for phenothrin determinations. 

 

UV–Vis spectra were recorded on a Nicolette Evolution 100 Spectrometer (Thermo-Electron 

Corporation, UK). FTIR spectra were recorded on a Perkin Elmer Spectrum 100-FTIR 

spectrometer (Waltham, USA). 
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The morphology and elemental compositions of PPy, CoNPs and CoNPs/PPy composite were 

examined using high resolution scanning electron microscopy (AURIGA, Field Emission Gun 

High resolution scanning electron microscope (FEG HRSEM, Zeiss), high resolution 

transmission electron microscopy (HRTEM, FEI Tecnai G2 F20 X-Twin 200 kV field-emission 

gun) and energy dispersive X-ray spectra were collected using EDX liquid nitrogen cooled 

lithium doped silicon detector. For HRSEM measurement, screen printed carbon electrodes were 

used for the electrodeposition of PPy, CoNPs and CoNPs/PPy composite. Moreover, in HRTEM 

measurements the samples were prepared by drop coating one drop of specimen solution onto a 

holey carbon coated copper grid. Then, it was dried under a Xenon lamp for about 10 min, where 

after the sample coated grids were analyzed under the microscope. 

 

The Raman spectra were measured by Triax 320 Raman system (Jobin-Yvon, Inc., Longjumeau, 

France), equipped with 632.8 nm He/Ne laser line as excitation source (JDS Uniphase 

Corporation, Milpitas, CA) and liquid-nitrogen cooled Ge array detector (Jobin-Yvon, Inc.). 

 

5.3. Preparation of modified electrodes 

 

Before modification, glassy carbon electrode was carefully polished with different sizes (1.0, 0.3 

and 0.05 µm) of alumina slurry in sequence until a mirror like surface was obtained and then it 

was washed with double distilled water. Finally, it was sonicated successively with ethanol and 

double distilled water in order to remove adsorbed particles, and then it was allowed to dry in air. 

 

5.3.1. CoNPs/PPy/GCE 
 

The synthesis of cobalt nanoparticles was performed according to the procedure proposed by 

Guo et al. and Phelane et al. Briefly, 0.5 M solution of CoCl2.6H2O in ethanol was prepared. To 

this dark blue solution, a mixture of 1.0 M sodium borohydride and 0.2 M sodium hydroxide 

were added. The solution was allowed to stay for 24 h until the reaction is completed. Then after, 

the solution was centrifuged for 20 min and the precipitate was washed completely with double 

distilled water and ethanol. Finally, the precipitate dried in an oven for 24 h and ground with a 
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pestle and mortar [81, 169]. CoNPs/GCE was prepared by drop coating CoNPs dissolved in 

DMF on the surface of GCE.   

 

A 0.25 M solution of pyrrole in 0.10 M LiClO4 was electropolymerized on GCE by cycling in the 

potential range -1.1 to +0.7 V at a scan rate of 0.05 V s-1 for 15 cycles. Thenafter, 

CoNPs/PPy/GCE was prepared by drop coating 5 L of CoNPs onto the PPy/GCE surface and 

dried in air prior to its use for analysis.  

 

5.3.2. GO/PPy/GCE 

 

GO was synthesized from graphite using the modified Hummer’s method following a procedure 

similar to that reported by Hanifah et al. [170]. 3 g of NaNO3 was dissolved in 140 mL of conc. 

H2SO4 in an ice bath. Next, 15 g of KMnO4 and 3 g of graphite powder were added gradually 

into the above mixture. The temperature was maintained below 20 oC with vigorous stirring 

using a mechanical stirrer. The temperature of this mixture was then increased and maintained to 

35 oC. The mixture was continuously stirred for 12 h at this temperature and the resulting 

solution was diluted with double distilled water under vigorous stirring. Consequently, 20 mL of 

H2O2 and 800 mL of double distilled water were added into the mixture. The color of the mixture 

was observed changing from brown to brilliant yellow. Then, the mixture was washed with HCl 

and water followed by repeated centrifugation and filtration until the pH of filtrate became 

neutral. Lastly, the final product was washed and dried in vacuum. 

  

20 mg GO was dispersed in 10 mL of double distilled water (2 mg mL-1) followed by 

ultrasonication for 30 min. The electrolyte was purged before voltammetric experiments for 10 

min with highly purified N2 inorder to eliminate the adsorbed oxygen. GO/GCE was prepared by 

drop coating GO solution on GCE. Whereas, GO/PPy/GCE composite was prepared by 

electrochemical polymerization of a mixture containing 30 L of GO suspension and 10 L of 

0.25 M pyrrole in 0.1 M LiClO4 using cyclic voltammetry by scanning the potential from -1.2 to 

+0.6 V at a scan rate of 0.05 V s-1 for 8 cycles.  
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5.3.3. MWCNTs/GCE  
 

2 g of MWCNTs were allowed to be oxidized in a conc. HNO3 and H2SO4 (1:3, v/v) at 90 oC for 

8 h in order to remove impurities and to generate surface functional groups. Then after, the 

functionalized MWCNTs was allowed to cool to room temperature and the resulting slurry was 

decanted consecutively and finally washed throughly with double distilled water followed by 

filtration until the pH reached 7.0. Finally, the precipitate was dried at 90 oC in an oven for 10 h. 

A solution of functionalized MWCNTs was prepared by mixing 1 mg MWCNTs with 1 mL 

deionized water (1 mg mL-1) followed by sonication in order to debundle and disperse the 

nanotubes [42]. 10 L of MWCNTs solution was drop coated onto the surface of the polished 

glassy carbon electrode and was left to dry in sunlight until the solvent evaporated. Finally, the 

surface of the modified electrode was rinsed throughly with deionized water. 

 

5.3.4. MF/GCE 

 

Mercury film modified glassy carbon electrode (MF/GCE) was prepared by immersing the 

glassy carbon electrode in a solution of 10 mM Hg(NO3)2.H2O in 1.0 mM HNO3/KNO3 and 

electrodeposited at -1.0 V for 240 s. Once the mercury film was plated, the electrode was gently 

rinsed with doubly distilled water and was used in a freshly prepared endosulfan solution. 

 

5.3.5. Poly(AHNSA)/GCE 
 

The surface of the glassy carbon electrode was modified by scanning the electrode in 0.1 M 

HNO3 solution containing 2 mM AHNSA monomer with a repetitive potential scan between -0.8 

V and +2.0 V at a scan rate of 0.1 V s-1 for 15 cycles. Finally, the modified electrode was 

carefully washed with double distilled water and immersed in monomer free 0.5 M H2SO4 

solution and the potential was scanned between -0.8 V and +0.8 V (at a scan rate of 0.1 V s-1) 

until a stable voltammogram was obtained.  
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5.3.6. MWCNTs/poly(AHNSA)/GCE 

 

First, poly(AHNSA)/GCE was prepared by electropolymerization of 4-amino-3-

hydroxynaphthalene sulfonic acid solution by sweeping the potential between -0.8 V and +2.0 V 

in 0.1 M HNO3 at a scan rate of 0.1 V s-1 for 15 cycles. Then, MWCNTs was drop coated on 

poly(AHNSA)/GCE to fabricate MWCNTs/poly(AHNSA)/GCE composite electrode. 

 

5.4. Preparation of samples 
 

5.4.1. Water samples 
 

Water samples were collected from Kuils River, Cape Town, South Africa. The water samples 

were filtered using a Whatman No. 41 filter paper to remove particulate matter and were stored 

at 4 oC for one week in a refrigerator until analysis. To the water samples ethanol were added 

and the pH value of the water samples (2 mL) was adjusted with 5 mL of 0.1 M PBS of pH 6.0. 

The spiked sample solutions were prepared with the addition of various concentrations of 

standard phoxim solutions. 

 

5.4.2. Fruit juice samples 
 

Apple, grape and orange juices were purchased from Pick and Pay supermarket (Krush 100% 

Juice Blend) at Bellville suburb of Cape Town, South Africa. After centrifuging and filtering 

each juice sample, 5 mL clear solution was diluted with 10 mL of PBS pH 6.5. The samples were 

spiked with stock solution of phenothrin in PBS pH 6.5 for recovery test. 

 

5.4.3. Soil and teff samples 
 

Soil and teff samples used in this study were collected from different farm sites in Alamata 

Woreda, South Tigria Administer Zone, Tigria Regional State, Ethiopia. Before analysis, the soil 

samples were dried in a dish at room temperature for 5 days and then were ground in pestle and 

mortar in order to homogenize. Anhydrous sodium sulfate (200 mg) and dichloromethane–

acetone mixture (2:1, v/v; 50 mL) were added to the soil samples. The mixture was sonicated for 
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5 min and was shacked vigorously by hand for 10 min. The mixture then centrifuged to obtain 

the supernatant layer followed by suction filtration with Buchner funnel. Finally, the solvent was 

evaporated to dryness using a rotatory evaporator. To the dry sample, 4 mL methanol was added 

and the solution was diluted with PBS pH 6.0 and the solution was analyzed using square wave 

voltammetry.  

 

After homogenizing and powdering, 15 g of teff was extracted with of 50 mL of 

dichloromethane twice and it was transferred into a Buchner funnel and filtered under suction. 

To the extract, 50 mL water, 15 mL saturated sodium chloride and 50 mL dichloromethane were 

added. Then, the mixture was throughly shaked for 5 min in a separatory funnel. The combined 

extracts were filtered over 50 g of anhydrous sodium sulphate and the solvent was evaporated 

with a rotatory evaporator. Methanol (4 mL) was added to the residue and was further diluted 

with phosphate buffer for voltammetric analysis. 

 

5.4.4. Onion and tomato samples 
 

Samples were collected from a local market near to Koka Lake, Eastern Oromia Zone, Ethiopia. 

For endosulfan analysis, each sample was well washed with tap and double distilled water to 

remove dirt, and was chopped in to small pieces. 20 mL acetone was added to 10 g of each 

sample (onion and tomato) and was stirred for 5 min in order to homogenize. After the solutions 

were filtered, the filtrates were mixed with 50 mL NaCl (20%, w/v) and were subjected to 

extraction with 50 mL of ethylacetate:hexane (4:1, v/v). The organic extracted phase was then 

filtered on filter paper after the moisture was absorbed using 10 g of anhydrous sodium sulfate. 

The filtrate of each sample was then evaporated using a rotary evaporator at a temperature of less 

than 40 oC to dryness and the residues were dissolved with 6 mL acetonitrile/water (1:1, v/v). 

Before electrochemical analysis, both samples were diluted with Britton-Robinson buffer pH 5.0 

(1:2, v/v).  
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5.4.5. Coca-cola, pepsi-cola and tea samples 

 
Cola-beverages (coca-cola and pepsi-cola) were obtained from local supermarkets, Addis Ababa 

and were used by diluting with a factor of 1:10 (v/v) with acetate buffer solution (ABS) after 

sonical elimination of gas. Tea solutions were prepared by dissolving 15.0 g of tea (Ethiopian 

Black Lion Tea) in 250 mL of double distilled water followed by boiling for 1 h on a hot plate 

with stirring [170]. The residue was allowed to settle and was filtered through a filter paper and 

diluted with acetate buffer by a factor of 1:10 (v/v). The dilution process helps to reduce the 

matrix effects [171]. The standard addition method was used for the analysis of coca-cola, pepsi-

cola and tea samples by spiking with aliquots of caffeine and paracetamol. 

 

5.4.6. Urine samples 
 

Human urine sample was collected from an adult and stored in refrigerator until analysis. The 

urine sample was diluted 100-fold with PBS (pH 7.0) without any further pretreatment. A certain 

volume of this solution was added into an electrochemical cell for an electrochemical 

measurement. To study the accuracy of the sensor, recovery experiments were carried out using 

addition of various concentrations of standard solution of uric acid in to the urine sample, and 

then analyzed by SWV.  
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6. RESULTS AND DISCUSSION 
 

6.1. Synthesis, characterization and electrochemical application of cobalt nanoparticles-

polypyrrole modified glassy carbon electrode for the determination of phoxim  

 

6.1.1. Background 

 

Organophosphate (OP) pesticides are the most extensively used pesticides across the world in 

agriculture. They have also contributed significant health and economic benefits to the society 

[172]. However, due to highly persistence and toxicity, even trace contamination of 

organophosphorus pesticides in the environment and food chain create a lot of pollution 

problems [173, 174]. The toxicities are caused by inhibiting the activity of acetylcholinesterase 

(an enzyme in the central nervous system), often leading to perturbation of the nerve conduction 

system and rapid paralysis of vital functions of living systems and finally death [175-177].  

 

Phoxim (phenylgloxylonitrile-oxime-o,o-diethyl-phosphorothionate) is an organothiophosphate 

insecticide that is widely used to control a wide range of insect pests in fruits, vegetables and 

commercial crops [179]. Many analytical methods such as high performance liquid 

chromatography [180-182], liquid chromatography [183, 184] and spectrophotometry [185] have 

been reported in the literature for the determination phoxim residues. However, these methods 

require expensive equipments, large amounts of organic solvents and are time consuming. In 

recent years, electroanalytical sensors have attracted wide attention because of their compact 

nature, easy handling in field trials, low cost, higher sensitivity and selectivity [186]. Phoxim 

was determined electrochemically on the surface of a composite of gold nanoparticles and silk 

fibroin modified platinum electrode [175], graphene–modified glassy carbon electrode [187], 

graphene oxide–gold nanocomposite modified glassy carbon electrode [188], poly(3-

methylthiophene)–nitrogen doped graphene modified glassy carbon electrode [189] and 

molecular imprinting graphene modified glassy carbon electrode [190]. 

 

Owing to small dimensional size, good conductivity and excellent catalytic activity of 

nanomaterials, composites of conducting polymers with metal nanoparticles can accelerate 
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electron transfer rate, enhance conductivity of electrodes and have good biocompatibility in 

electronics, sensors and catalysis application [39, 77]. Besides, the conducting polymers have 

been proven to be suitable host matrices for dispersing metallic particles. Based on the unique 

advantages of nanosize materials, a considerable amount of research has focused on developing 

synthetic methods for the fabrication of nanoparticles and nanocomposites of metals or metal 

oxides with electroactive noble polymers [80, 191-193].  

 

In this work, CoNPs and CoNPs/PPy/GCE were prepared and characterized using FTIR, UV-

Vis, HRSEM, HRTEM, EIS and CV and were also applied for the determination of phoxim in 

water sample. 

 

6.1.2. Electropolymerization and characterization of electrode materials  

 

The polymer film was obtained by electropolymerization of 0.025 M pyrrole in 0.1 M LiClO4 on 

glassy carbon electrode by cycling in the potential range -1.1 to +0.7 V at a scan rate of 0.05 V s-

1 for 15 cycles (Figure 6.1A). In the forward scan, an oxidation peak was observed around 0.1 V, 

which corresponds to the formation of pyrrole radical cations (PPy+). In the reverse scan, a 

reduction peak appeared around -0.15 V due to the reduction of the pyrrole radical cations [194]. 

The increase in the intensity of the peak currents with increasing scanning cycles confirmed the 

formation of polypyrrole films. Therefore, the thickness of the polymer on the electrode could be 

controlled by the scan number. Furthermore, the electrochemical behavior of the modified 

electrode was studied in a monomer free supporting electrolyte and an oxidation peak and 

reduction peak appeared at 0.25 V and -0.32 V, respectively, indicating that the polypyrrole film 

was formed at the surface of the glassy carbon electrode (Figure 6.1B). Finally, CoNPs solution 

was drop coated on the surface of the polymer film in order to fabricate CoNPs/PPy/GCE. 
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Figure 6.1. Cyclic voltammograms of (A) electropolymerization of 0.25 M pyrrole in 0.10 M 

LiClO4 and (B) a monomer free 0.10 M LiClO4 on GCE (a) and PPy/GCE (b). 

 

6.1.3. Surface Characterization  

 

The interactions between cobalt nanoparticles and polypyrrole were investigated using FTIR and 

UV-Vis spectroscopy. Figure 6.2 displays the FTIR spectra of PPy and CoNPs/PPy. For pure 

PPy, an absorption band at 3150 cm-1 attributed to the N-H stretching vibration, absorption peaks 

at 1500 cm-1 and 1400 cm-1 were due to C=C and C-N stretching of pyrrole ring, respectively. 

The broad band around 1210 cm-1 was caused by the C-N stretching and =C-H in plane 

deformation vibrations of the aromatic ring, while the two absorption peaks that appeared at 850 

cm-1 and 620 cm-1 are due to C-H out-of-plane bending [195, 196]. The spectroscopic evidence 

confirms the formation of polypyrrole. The FTIR spectrum of CoNPs/PPy shows the 

characteristics peaks of PPy, with a shift of peak positions toward lower wave number (1400 cm-

1 to 1390 cm-1 and 1200 cm-1 to 1108 cm-1), indicating the dispersion of the electron density 

towards the nanoparticles [82, 197].  
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Figure 6.2. FTIR spectra of PPy and CoNPs/PPy. 

 

Due to surface plasmon resonance (SPR), metallic nanoparticles manifest themselves in 

absorption spectra [198]. Figure 6.3 shows the UV-Vis spectral change of PPy, CoNPs and 

CoNPs/PPy composite. The CoNPs show adsorption bands at 250 nm and 310 nm and the 

spectrum obtained resembles with previous studies of the UV-Vis spectra of CoNPs [199, 200]. 

The spectral result indicates the formation of nanoparticles. Based on Mie's theory, Creighton 

and Eadon have reported the calculated SPR absorption of cobalt nanoparticles in the range of 

250-450 nm [201]. Th PPy spectrum exhibited characteristic bands at around 265 nm, which is 

assigned to π-π* transition of the pyrrole ring. However, the bands that appeared for both CoNPs 

and PPy were not observed in the CoNPs/PPy composite and a broad band observed around 410 

nm, which indicate the composite was synthesized successfully.  

 

From the spectral changes, a strong coordination bond was formed between cobalt and the 

negatively charged (deprotonated) pyrrolic nitrogen (Scheme 3), which is in agreement with the 

structure proposed by Shi et al. [202]. 
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Figure 6.3. UV-Vis spectra of CoNPs, PPy and CoNPs/PPy.  
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Scheme 3. Proposed active-site structure of CoNPs/PPy. 
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Besides, the surfaces of CoNPs, PPy and CoNPs/PPy were characterized using HRSEM and 

HRTEM analyses. HRSEM was employed to characterize the morphology of CoNPs, PPy and 

CoNPs/PPy deposited on the screen-printed carbon electrode. The HRSEM spectra are presented 

in Figure 6.4. The image of PPy shows non-uniform distribution of polypyrrole particles. In 

CoNPs, the shape of grain particle is spherical and distributed uniformly. However, the HRSEM 

image of CoNPs/PPy shows the size of nano-polymer composite was slightly larger than CoNPs 

[81]. 

 

Figure 6.5 shows the HRTEM images of PPy, CoNPs and CoNPs/PPy. HRTEM images of 

CoNPs and CoNPs-PPy composite showed agglomeration of particles which indicates the 

incomplete reaction.  Besides, the large Van Der Waals forces and magnetic dipole interactions 

make it hard to get isolated Co nanocrystals [81]. 

 

The sizes of the particles in CoNPs/PPy were bigger than in CoNPs particles. As shown in the 

histogram, the mean diameter of CoNPs/PPy (8.5 nm) were slightly higher than CoNPs only (4.3 

nm) (Figure 6.6). This size differences confirms the incorporation of CoNPs into the PPy in 

forming the composite. The increased particle sizes in the composite compared with the free 

CoNPs were due to the interaction of the nanoparticles with the polymer during the growth into 

larger crystals. 

 

The chemical compositions of the CoNPs and CoNPs/PPy were analyzed using EDS. The EDS 

peaks of CoNPs showed the presence of Co, Cl, C and O (Figure 6.7). The chlorine atom 

observed is from the starting material CoCl2.6H2O, carbon and oxygen were from ethanol used to 

disperse powder samples for HRTEM analysis. CoNPs/PPy composite is composed of C, O and 

Co, which confirms that the composite is formed from cobalt nanoparticle and polypyrrole. The 

absorption peak of copper is attributed to the copper grid used for the characterization of 

nanoparticles [203].  
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Figure 6.4. HRSEM images of PPy (A) CoNPs (B) and CoNPs/PPy (C). 
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Figure 6.5. HRTEM images of PPy (A) CoNPs (B) and CoNPs/PPy (C). 
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Figure 6.6. Size distribution of CoNPs (A) and CoNPs/PPy (B). 
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Figure 6.7. EDS images of PPy (A) CoNPs (B) and CoNPs/PPy (C). 

 

6.1.4. Electrochemical characterization 

 

After the electrode was prepared as shown in the schematic representation (Scheme 4), the 

electrochemical behavior of the electrodes was studied using cyclic voltammetry. The 

electroactive surface areas of the modified electrodes, PPy/GCE, CoNPs/GCE and 

CoNPs/PPy/GCE were determined in 1.0 mM [Fe(CN)6]3-/4- in 0.1 M KCl solution at different 

scan rates. For a reversible process, based on the Randles-Sevcik equation (Eqn. 3) the 

electroactive surface areas were calculated from the slope of the plot of current vs the square root 

of scan rate. The result showed that the surface area of CoNPs/PPy/GCE was 2.6 and 2.1 times 

greater than the surface areas of PPy/GCE and CoNPs/GCE, respectively (Table 6.1). Significant 
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increased of the electroactive surface area of CoNPs/PPy/GCE can enhance the sensitivity of the 

electrode when used for electroanalysis. 

 

 

 

 

 

 

 

 

 

 

                                                

 

Scheme 4. Illustration of the preparation of CoNPs/PPy/GCE. 

    

Table 6.1. Surface area of the modified electrodes. 

Electrode Surface Area (cm2) 

   PPy/GCE 0.125 

   CoNPs/GCE 0.16 

   CoNPs/PPy/GCE 0.34 
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6.1.5. Electrochemical behavior of phoxim 

 

The electrochemical behavior of phoxim was studied at the surfaces of GCE, PPy/GCE, 

CoNPs/GCE and CoNPs/PPy/GCE using cyclic volatmmetry. As shown in Figure 6.8, a well 

defined reduction peak was observed in the absence of any oxidation counterpart, indicating that 

phoxim is an electroactive and the cathodic peak is irreversible. Compared with the GCE, 

increased in the reduction peak current with shift of potential towards positive direction was 

observed at the surface of PPy/GCE, CoNPs/GCE and CoNPs/PPy/GCE. Furthermore, the 

decreased in overpotential and increased in the peak current were significant at the surface of 

CoNPs/PPy/GCE. These remarkable changes indicated that cobalt nanoparticles and polypyrrole 

have synergistic electrocatalytic effect for the electrochemical reduction of phoxim as a result of 

their high electroactive surface areas. 
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Figure 6.8. Cyclic voltammograms of 5 M phoxim in 0.1 M PBS (pH 7) at GCE (a), PPy/GCE 

(b), CoNPs/GCE (c) and CoNPs/PPy/GCE (d).  

 

Electrochemical impedance spectroscopy (EIS) was employed to study the interface properties of 

an electrode [144, 204]. Figure 6.9 shows the Nyquist plots for GCE (a), PPy/GCE (b), 

CoNPs/GCE (c) and CoNPs/PPy/GCE (d) in 20 M phoxim solution. It is clearly seen that a 
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GCE exhibits a large semicircle at high frequency and nearly a straight line at low frequency 

regions. 

 

Upon modifying the GCE with PPy (PPy/GCE), the diameter (Rct) of Nyquist plot decreased, 

which is an indication of the increased in the surface roughness and enhanced electron transfer 

rate which occurred between the electrode and the phoxim. At CoNPs/GCE, the Rct value 

decreased implying the deposition of highly conductive nanoparticles with high surface area that 

acted as electron transfer channels. Surprisingly, CoNPs/PPy/GCE, exhibited smallest electron 

transfer resistance as compared with the CoNPs/GCE and PPy/GCE. These results support the 

combined effect of increased surface area and good electrical conductivity of CoNPs/PPy/GCE. 

The significant change of Rct as a result of modification of GCE indicated that both CoNPs and 

PPy films have been successfully attached to GCE surface. Thus, the EIS results strongly 

corroborated the results obtained from the CV study. 

 

Furthermore, the effects of various concentrations of phoxim on the value of charge transfer 

resistance, Rct were studied at the surface of CoNPs/PPy/GCE according to equation 19 [143, 

152]. The Nyquist plot (Figure 6.10A) shows that with increasing phoxim concentration, the 

shape of the semicircle began to change and its diameter was gradually decreased. The reciprocal 

of charge transfer resistances were plotted against the phoxim concentration and the resulting 

plot is shown in Figure 6.10B. It was found that Rct decreased with increasing phoxim 

concentration, which indicates that the rate of charge transfer was not hampered with the 

adsorption of various species on the surface of CoNPs/PPy/GCE.  
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Figure 6.9. Nyquist plot of 20 M phoxim in ethanol for the GCE (a), PPy/GCE (b), 

CoNPs/GCE (c) and CoNPs/PPy/GCE (d). 
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Figure 6.10. (A) Nyquist plots of CoNPs/PPy/GCE for various concentrations of phoxim in PBS 

pH 7 solution: 1.0 M (a), 2 M (b), 5 M (c) and 10 M (d) phoxim at CoNPs/PPy/GCE and 

(B) plot of 1/Rct vs concentration of phoxim.  

 

6.1.6. Effect of pH  
 

The effect of solution pH on the reduction of phoxim at CoNPs/PPy/GCE was investigated in 0.1 

M PBS. From Figure 6.11A, it can be observed that the peak current increased as the pH of the 

solution changes from pH 4 to 6 and decreased, then after. As a result, pH 6.0 was selected as the 

optimum value for subsequent studies. In addition, the peak potential shifted towards more 

negative values as the pH increased (Figure 6.11B) and are related linearly with a regression 

equation: Epc(V) = -0.054pH +-0.42, R2 = 0.9995. The slope 0.054 V/pH was close to the 

theoretical value given by the Nernst equation [205], suggesting that the reduction of phoxim 

involves the transfer of equal number of protons and electrons according to Scheme 5 [187].  

 



68 
 

-1.5 -1.0 -0.5 0.0 0.5
-20

-15

-10

-5

0

5

10

4 5 6 7 8

-0.85

-0.80

-0.75

-0.70

-0.65

-0.60

E(V)= -0.054pH + -0.42
R2 = 0.9995

E(
V)

pH

(B)

 

 

(A)

8

4

I(


)

E(V)

Figure 6.11. Effect of pH of PBS on the peak current for 5 M phoxim at CoNPs/PPy/GCE (A) 

and plot of peak potential vs pH (B). 
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Scheme 5. Mechanism of phoxim reduction. 

 

6.1.7. Effect of scan rate 

 

The reaction kinetics of phoxim reduction was investigated by studying the effects of scan rate 

on the peak current and potential using cyclic voltammetry (Figure 6.12A). It can be seen that the 

reduction peak current increased linearly with an increase in the scan rate in the range 0.05 V s-1 

0.11 V s-1 (Figure 6.12B) with a regression equation: Ipc(A) = 126.1v + -1.53, R2 = 0.9970. 

This indicates that the reduction of phoxim on CoNPs/PPy/GCE is an adsorption-controlled 

process. Furthermore, the peak potential shifted to more negative values as the scan rate was 
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increased, this supports the fact that the electrontransfer is not diffusion-controlled only[206, 

207].  
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Figure 6.12. Cyclic voltammograms for 5.0 M phoxim in 0.1 M PBS pH 6.0 at the 

CoNPs/PPy/GCE at various scan rates (A) and plot of the peak current vs scan rates (B). 

 

6.1.8. Effects of accumulation potential and time 

 

In an adsorption controlled process, both accumulation potential and time affect the amount of 

the adsorbed analyte on the surface of the electrode. The influence of accumulation potential was 

studied at various applied potentials (-0.2 V to -0.8 V) for a fixed period of time (40 s). The 

results indicated that the peak current increased from -0.2 V to -0.5 V and decreased when the 

potential was increased beyond -0.5 V (Figure 6.13A). Therefore, deposition potential of -0.5 V 

was taken as the optimum value. Similarly, the effect of accumulation time on the peak current 

for phoxim also studied in the range from 20 s to 70 s. Figure 6.13B shows that the peak current 

increased up to 50 s and then it gradually decreased due to the saturation of the electrode surface. 

Thus, 50 s was chosen as the optimal accumulation time for further analysis. 
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Figure 6.13. Effects of accumulation potential (A) and accumulation time (B) on the peak 

current of 2.5 M phoxim in PBS solution (pH 6) at the surface of CoNPs/PPy/GCE. 

 

6.1.9. Calibration curve 

 

Under the optimal conditions, the relationship between peak current and the concentration of 

phoxim was examined using SWV. Figure 6.14 shows the SWV responses of the 

CoNPs/PPy/GCE for various concentrations of phoxim. The peak current increased upon 

increasing phoxim concentration and a linear response was obtained in the concentration range 

0.025 M to 12 M with the linear equation: I(M) = 2.1C(M) + 5.9, R2 =0.9984. The limit of 

detection of the sensor was calculated to be 0.0045 M (S/N = 3). 

 

The performance of this sensor was compared with other reported sensors. The linear range and 

detection limit of the prepared sensor are comparable with or even better than many of 

previously reported sensors (Table 6.2). This better performance can be ascribed to the faster 

electron transfer and high electrocatalytic performance of the sensor as a result of large surface 

area and good conductivity. Therefore, CoNPs/PPy/GCE could provide a good platform for the 

effective detection of phoxim. 
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Figure 6.14. Square wave voltammograms for various concentrations of phoxim in PBS pH 6.0 

at CoNPs/PPy/GCE electrode: (a) 0.025, (b) 0.05, (c) 0.5, (d) 1.5, (e) 3.5, (f) 5.0, (g) 7.5, (h) 10 

and (i) 12 M. Inset: The calibration plot of peak current with concentrations of phoxim at 

CoNPs/PPy/GCE. 

 

Table 6.2. Comparison of different electrochemical sensors reported for the determination of 

phoxim. 

Electrodes Linear range 

   (M) 

Detection 

limit (M) 

References 

Gr/GCE 0.02-20   0.008 [187] 

AuNPs/RGO/GCE 0.01-10    0.003  [188] 

P3MT/NGE/GCE 0.02-0.2 0.0064  [189] 

MIP/graphene/GCE 0.8-140   0.02  [190] 

AchE/AuNPs/SF 0.005-0.2    0.002  [191] 

AuNEES 59-12000   0.0048 [208] 

CoNPs/PPy/GCE 0.025-12    0.0045  This work 



72 
 

6.1.10. Repeatability, reproducibility and stability  

 

The repeatability of the CoNPs/PPy/GCE was evaluated with repeated current responses (n = 6) 

with the same modified electrode for 5 M phoxim in PBS pH 6 solution and the relative 

standard deviation (RSD) of the peak current was calculated to be 4.1%. Similarly, the 

reproducibility of the CoNPs/PPy/GCE was examined by measuring the peak current of phoxim 

with three different electrodes prepared under the same conditions (n = 5). The relative standard 

deviation of the measurements for the three electrodes was 2.0%, which suggests that the 

precision and reproducibility of sensor were quite good.  

 

The stability of the sensor was examined after storing it in a refrigerator at 4 oC for 5 days and 

the peak current was retained 91% of its initial value. This might be the absorption of reduction 

products which decreases the specific sites. This indicates that the modified electrode has good 

stability. 

 

6.1.11. Interference study  

 

To apply the method for analytical application, the effects of some common interfering 

substances such as inorganic ions (Fe3+, Mg2+, Zn2+ and Cl-) and pesticides (dichlorvos and 

phenothrin) in the determination of phoxim were examined by SWV under the optimized 

conditions. The tolerance limit was defined as the maximum concentration of the interfering 

substance that caused an error less than 5% in the determination of phoxim [209].  

 

The response of 10 M phoxim was compared to the response obtained in the presence of these 

species at various concentrations. The results in Table 6.3 indicates that 1000-fold of Fe3+, Mg2+, 

Zn2+ and Cl- did not interfere with the determination of phoxim. 10-fold of dichlorvos and 

phenothrin did not influence the current responses of phoxim. Change of  5% in the phoxim 

peak current in the presence of interferents proved the sensor had good selectivity. 
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Table 6.3. Influence of potential interferences on the voltammetric response of CoNPs/PPy/GCE 

to 10 M phoxim. 

Interfrences  Change in current 

response (%) 

        Signal 

  change (%) 

 

Fe3+  101.5 +1.5 

Mg2+  97.3 -2.7  

Zn2+  95.3 -4.7  

Cl- 97.4 -2.6  

Dichlorvos  95.3 -4.7  

Phenothrin  95.6 -4.4  

 

 

6.1.12. Application 

 

Under the optimum conditions, CoNPs/PPy/GCE was applied for the determination of phoxim in 

river water sample. After the pH of the water sample was adjusted with 0.1 M PBS of pH 6.0, the 

water sample were analyzed first without addition of phoxim standard. As can be seen in Figure 

6.15, no voltammeteric response which corresponds to phoxim was observed when the water 

samples were analysed. Subsequently, the water samples were spiked with various 

concentrations of phoxim (0.75, 2, 4 and 6 M). The recovery of the water samples were ranged 

from 94.6 to 100.2% (Table 6.4), indicating that the sensor could be successfully applied for 

phoxim determination in real samples with good recovery.  
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Figure 6.15. Square wave voltammograms of CoNPs/PPy/GCE for water samples spiked with 

different concentrations of standard phoxim (a = 0 M, b = 0.75 M, c = 2 M, d = 4 M and e 

= 6 M). 

 

Table 6.4. Recovery of phoxim in river water sample.  
 

Sample       Added  

       (M) 

    Found a 

    (M)sd 

Recovery (%) 

Water 

 

 

 

0.75 0.710.013 94.6 

2.0 1.90.0.7 95.0 

4.0 

6.0 

3.850.20 

6.010.29 

96.3 

100.2 

         a triplicate measurements 
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6.2. Electrochemical determination of phenothrin in fruit juices at graphene oxide-

polypyrrole modified glassy carbon electrode 

 

6.2.1. Background 

 

Pyrethroids are synthetic insecticides with structures based on the natural chemicals pyrethrins. 

They are broad spectrum, low resistant to pests and low mammalian toxicity, highly stable to 

light and temperature and are very lipophilic compounds. Due to these properties, they are 

widely used in pest control in agriculture, public health, horticulture and veterinary applications 

[210-217]. 

 

Phenothrin (C23H26O3) belongs to the type I pyrethroids with chrysanthemate moiety non-

cyanopyrethroid insecticide (Figure 6.16). It has been used extensively to control pests in 

agricultural crops such as vegetables, fruits, potatoes, cereals and household insects. Although 

phenothrin is thought to be of low toxicity to humans, the residues left after its use contaminate 

food, water, soil, etc. It can cause endocrine-disrupting diseases and depolarization to humans 

and paralyze the peripheral and central nervous system through interaction with sodium channels 

and eventually leading to death [218]. The general routes of phenothrin are through inhalation of 

household aerosol sprays, ingestion of food containing residual material, or dermal contact with 

pediculicides.  

 

Owing to its toxicity, it is necessary to develop a rapid and effective method for the 

determination of phenothrin in the food samples. Analytical techniques such as gas 

chromatography [217, 219], gas chromatography with mass spectrometry [220], electrophoresis 

[221] and immunoassay methods [222] have been most widely used for the determination of 

phenothrin. Despite of their advantageous, most of them have limitation with respect to 

sensitivity, selectivity and simplicity, which make the detection time-consuming and requiring a 

tedious sample pretreatment [114, 223, 224]. Consequently, electrochemical methods have 

presented an alternative technique for the detection of pyrethroids. Thriveni et al. reported an 

electrochemical sensor based on a hanging mercury drop electrode for the determination of 
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phenothrin in agricultural formulations, vegetables, and storage bags of wheat and rice samples 

[225]. 

 

The combination of excellent properties of graphene oxide and polypyrrole, have brought 

synergetic effect that gave an improvement in the properties of each component. Thus, in this 

study, we report the use of graphene oxide-polypyrrole composite modified glassy carbon 

electrode for the determination of phenothrine in various fruit juices. 
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Figure 6.16. Structure of phenothrin. 

 

6.2.2. Prepartion of GO/PPy/GCE 

 

On electropolymerization of a solution of GO and pyrrole in 0.1 M LiClO4 using CV in the 

potential range -1.2 to +0.7 V at a scan rate of 0.05 V s−1 for 8 cycles at a glassy carbon 

electrode, an oxidation peak current appeared in the forward direction due to pyrrole oxidation 

(Figure 6.17). In subsequent cycles the current appeared at potentials slightly shifted to the 

positive direction. In the reverse scan, a reduction of the pyrrole radical cation occurred and the 

peak current increased with increasing number of cycles. The overall preparation of this 

electrode is presented in Scheme 6. 
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Figure 6.17. Cyclic voltammograms of electropolymerization of a solution of 0.25 M pyrrole in 

0.10 M LiClO4 and GO.  
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Scheme 6. Route for fabrication of GO/PPy/GCE. 

 

6.2.3. Surface characterization  

 

The surface morphology of the GO and GO/PPy composite was characterized using SEM. As 

shown in Figure 6.18A, GO shows a rough surface with many wrinkles, showing a three-

dimensional (3D) morphological microstructure due to the presence of GO sheets. On careful 

looking a slight change in the morphology of GO/PPy can be observed, which confirms the 

formation of GO/PPy composite (Figure 6.18B). 
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FTIR spectra of GO, PPy and PPy/GO are shown in Figure 6.19. In GO, the broad peak at 3431 

cm-1 corresponds to O-H stretching, which is responsible for good dispersibility in water [170]. 

The peaks at 2924 cm-1 and 2848 cm-1 are assigned to symmetric vibration and asymmetric 

stretching peaks of aromatic CH2 group [100, 226, 227]. Peaks at 1640 cm-1 and 1740 cm-1 can 

be attributed to the aromatic C=C stretching and the carbonyl (C=O) stretching vibration, 

respectively [170]. The absorption peaks at 1539 cm-1 corresponds to the C=C stretching of the 

aromatic ring of GO [100]. Finally, the absorption peaks 1295 cm-1, 1163 cm-1 and 1073 cm-1 

correspond to C-OH of carbonyl, C-OH of alcohol and C-O of epoxy group, respectively [228]. 

For PPy, the absorption peaks at 3180 cm-1, 1650 cm-1 and 1405 cm-1 correspond to N-H, C-N 

and C-C stretching vibration in the polypyrrole ring, respectively. In addition, the band at 1108 

cm-1 is attributed to the C-H in plane vibration of pyrrole ring.  

 

In the composite GO/PPy, the characteristic peaks of PPy at 1650 cm-1 and 1405 cm-1 have been 

shifted to 1717 cm-1 and 1454 cm-1, respectively. This is most likely caused by the – 

interaction between the GO layers and aromatic polypyrrole rings. Furthermore, a broad peak 

with decreased in size exhibited at 3431 cm-1, which are attributed to the hydrogen bonding 

between the GO layers and aromatic polypyrrole rings. The peak due to C=O of GO shifted 

towards lower wave number, which indicates that the electron density around the surface groups 

on the GO dispersed in polypyrrole polymer in forming the composite. However, the other 

characteristic peaks of GO can be found in the spectrum of PPy/GO composite with decreased in 

intensity. These results suggest that GO has been successfully incorporated into the PPy film 

[227-230]. 

 

Figure 6.20 shows the UV-Vis spectra of GO and GO/PPy. The spectrum of GO shows 

absorption band at 322 nm and 457 nm, corresponding to the π-π* transition of the conjugated 

aromatic double bonds (C=C) and n-π* transitions of the carbonyl groups, respectively [38]. 

After the polypyrrole electropolymerized in the presence of GO (GO/PPy), absorption peaks 

were observed at 260 nm and 322 nm, which are attributed to π-π* transitions and n-π* 

transitions, respectively. A shoulder-like appearance observed over the range 400 nm to 520 nm 

corresponds to the polaronic and bipolaronic transition (n-π* transition) which are the feature of 

the oxidized state of PPy segments. The change in the intensity of the absorption band and 
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appearance of new band in GO/PPy indicates the electronic structure of GO was changed due to 

its interaction with PPy as a result of polymerization of pyrrole monomers. The energy of π-π* 

transitions of aromatic C=C bonds in GO has changed significantly by the addition of PPy, 

which is very likely caused by the π-π stacking between PPy and GO [95, 170, 202, 231, 232]. 

The UV-Vis results provide a good agreement with the FTIR results. 

 

 
 

Figure 6.18. SEM images of the GO (A) and GO/PPy (B). 
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Figure 6.19. FTIR spectra of GO, PPy and GO/PPy. 
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Figure 6.20. UV–Vis spectra of GO, PPy and GO/PPy.  
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The Raman spectrum of GO (Figure 6.21) shows two characteristic bands at 1335 cm-1 (D band) 

and 1608 cm-1 (G band). The D band corresponds to the structural imperfections created by the 

attachment of oxygenated groups (such as hydroxyl, epoxy, and carboxy) on the carbon basal 

plane, while the G band is related to the in-plane vibration of sp2 carbon atoms in a 2D 

hexagonal lattice. The intensity ratio of the D-and G-bands (ID/IG) indicates the degree oxidation 

and the size of sp2 ring clusters in a network of sp3 and sp2 bonded carbon. 

 

In PPy, the band that appeared at 1585 cm-1 is attributed to the C=C backbone stretching of PPy 

and the band at 1373 cm-1 could be due to the ring-stretching mode of PPy. In addition, the bands 

in the range of 1080 cm-1 to 1240 cm-1 which are associated to the C–H in-plane deformation of 

the PPy and the band at 934 cm-1 is assigned to the ring deformation associated with dication 

(bipolaron) and radical cation (polaron) formation. As shown in the Raman spectrum of GO/PPy 

composite, there are two bands at 1595 cm-1 and 1375 cm-1 with decrease in intensity compared 

with the bands for GO, confirming decrease in the disorder due to the increase in size of the in-

plane sp2 domains in the presence of PPy. Furthermore, the intensity ratio of the D and G bands 

(ID/IG) decreased from 1.27 (GO) to 1.08 (GO/PPy), indicating a decrease in the defect sites [96, 

97, 233-237]. 
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Figure 6.21. Raman spectra of GO, PPy and GO/PPy. 
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6.2.4. Electrochemical behaviors of phenothrin 

 

To demonstrate the successful prepartaion of GO/PPy/GCE, electrochemical impedance 

spectroscopy was used to get information on the impedance changes of the electrode interface in 

the modification process. Electrochemical impedance spectra of phenothrin were analyzed in the 

frequency range of 1 Hz and 1x105 Hz at GCE, GO/GCE, PPy/GCE and GO/PPy/GCE. From the 

Nyquist plots (Figure 6.22), Rct values for different electrodes were found to increase in the 

order: GO/PPy/GCE < PPy/GCE < GO/GCE < GCE. GO/PPy/GCE shows the smallest 

semicircle at mid-high frequency regions because of its large surface area, high electrical 

conductivity.  This can be accounted by the interaction of oxygen containing functional groups in 

GO through - interaction and H-bonding with polypyrrole, which well improving the contact 

rate of the composite and electrolyte.  
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Figure 6.22. Nyquist plots of 0.1 mM phenothrin at GCE (a), PPy/GCE (b), GO/GCE (c) and 

GO/PPy/GCE (d). 

 

The electrochemical behavior of phenothrin studied using cyclic voltammetry. Figure 6.23 shows 

typical cyclic voltammograms at GCE (a), GO/GCE (b), PPy/GCE (c) and GO/PPy/GCE (d) for 

10 M phenothrin in PBS (pH 7.0) at a scan rate of 0.1 V s-1. In all the voltammograms, only a 
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reduction peak was observed without oxidation peak in the reverse direction, indicating the 

irreversibility of phenothrin reduction at the surface of these electrodes as reported in previous 

works [225]. The reduction peak of phenothrin at the surface of GCE is weak and broad due to 

slow transfer of electrons. However, at the modified electrodes the peak current responses are 

significantly enhanced. Moreover, at GO/PPy/GCE a remarkably sharp peak was observed at 

about 0.89 V, which showed 1.5-fold increase in current response compared to that at PPy/GCE 

(curve c), 1.7 fold to that at GO/GCE (curve b) and 3.2-fold at GCE (curve a). The results 

suggest that the GO/PPy film possess a more pronounced effect on the reduction of phenothrin 

than at GO or PPy modified electrodes. This can be attributed to the synergistic effect of fast 

electron transfer rate, large surface area, high electrical conductivity and increased active sites of 

GO/PPy/GCE. Furthermore, the electroactivity of phenothrin is more feasible due to - 

interactions between Go/PPy film and phenothrin which contribute to peak current enhancement. 
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Figure 6.23. Cyclic voltammograms of 10 M phenothrin in PBS (pH 7.0) at GCE (a), GO/GCE 

(b), PPy/GCE (c) and GO/PPy/GCE (d) at 0.1 V s-1.  
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6.2.5. Effects of scan rate and pH 
 

In order to obtain the optimum experimental conditions, parameters such as pH and scan rate that 

can affect the peak current and peak potential were studied for phenothrin solution at 

GO/PPy/GCE. The effect of the scan rate on the current response of phenothrin in PBS of pH 7.0 

was studied using cyclic voltammetry (Figure 6.24A). With increased scan rate, the cathodic 

peak current also increased. A good linearity was observed between the peak current and scan 

rate in the range 0.05-0.12 V s-1 (Figure 6.24B), which shows that the reduction of phenothrin at 

GO/PPy/GCE is an adsorption controlled process. Their linear relationship is described with the 

regression equation: I(μA) = 150.4υ + 3.43, R2 = 0.9973. 

 

On the other hand, with increased in the scan rate, the potential shifted to more negative values, 

which confirms the irreversible behavior of phenothrin reduction. The linear relationship 

between the peak potential and the logarithm of the scan rate can be expressed using the 

regression equation: Epc(V) = -0.13logv + -1.12, R2 = 0.9960 (Figure 6.25). According to Laviron 

theory [238], the peak potential and scan rate can be related by:  

        
v
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                     (26)                
 

where α is the transfer coefficient, ko is the standard heterogeneous rate constant of the reaction, 

n is the number of electrons transferred, v the scan rate and Eo is the formal redox potential. 

Other symbols have their usual meanings. After substituting the values of T, R and F in the 

above equation, the value of αn was calculated to be 0.445. To determine the number of electrons 

transferred (n), the value of α is calculated using the equation: 

                           
 

mV
EE pp 2/

7.47



                                                               (27)

 

From this, the value of α was found to be 0.23. Thus, the number of electrons transferred in the 

reduction of phenothrin was calculated to be 1.94 ≈ 2, which indicates two electrons are involved 

in the reduction of phenothrin as shown in the mechanism (Scheme 7) [225].  
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Figure 6.24. Cyclic voltammograms of 10 M phenothrin in PBS of pH 7.0 at GO/PPy/GCE for 

various scan rates: (a) 0.05, (b) 0.06, (c) 0.07, (d) 0.08, (e) 0.09, (f) 0.1, (g) 0.11 and (h) 0.12 V s-

1 (A) and plot of current vs scan rate (B). 
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Scheme 7. Mechanism of phenothrin reduction. 
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Figure 6.25. Plot of peak potential vs logarithm of scan rate for 10 M phenothrin in PBS of pH 

7.0 at GO/PPy/GCE. 

 

The effect of pH on the electrochemical behavior of phenothrin was studied in the range 5.0 to 

8.0 in PBS. It was found that the reduction peak current increased with increasing the pH values 

from 5.0 to 6.5 and then decreased when the pH exceeded 6.5 (Figure 6.26). Thus, pH 6.5 was 

selected as an optimum working pH for phenothrin determination.  

 

In addition, with increased in pH, the reduction peak potential shifted toward more negative 

values. The shift in the values of reduction potential indicates the participation of protons in the 

electrode reaction. A plot of peak potential with pH values was found to be linear over the pH 

range of 5.0-8.0 with a regression equation of: Epc(V) = -0.061pH + -0.41, R2 = 0.9950. The 

slope -0.061 V/pH, which is close to the theoretical value of -0.059 V/pH, indicates that the same 

number of protons and electrons are involved in the reduction of phenothrin [225].  
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Figure 6.26. Plot of peak current and peak potential for 10 M phenothrin at GO/PPy/GCE in 

PBS of varying pH. 

 

6.2.6. Effects of accumulation potential and time 

 

The sensitivity of the sensor is undoubtedly improved by varying accumulation parameters: 

potential and time. The effect of varying the accumulation potential on the reduction current of 

phenothrin was studied in the range -0.3 to -1.0 V at an accumulation time of 25 s using SWV. 

The current response increased up to -0.7 V and decreased after -0.7 V (Figure 6.27A). 

Therefore, the accumulation potential of -0.7 V was chosen as an optimum potential for further 

measurements.  

 

The effect of accumulation time on the reduction peak current for 10 M phenothrin was also 

investigated in the range 20–90 s by SWV, and the results are illustrated in Figure 6.27B. The 

peak current increased with increasing accumulation time in the range 20–60 s and then a current 
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plateau was observed as a result of surface saturation. Therefore, 60 s was chosen as the optimal 

accumulation time for the determination of phenothrin. 
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Figure 6.27. Effects of accumulation potential (A) and accumulation time (B) on the peak 

current of 10 M phenothrin in PBS (pH 6.5).  

 

6.2.7. Calibration curve 

 

In order to validate the method for quantitative determination of phenothrin, the variation of the 

peak current with concentration of phenothrin in PBS (pH 6.5) was studied using SWV. As can 

be seen in Figure 6.28, the peak current increased linearly with phenothrin concentrations in the 

range 0.025 µM to 20 µM. The linear equation is: I(µA) = -1.21C(µM) + -5.86, R2 = 0.9971. A 

detection limit of 0.0138 µM (S/N = 3) was obtained.  

 

The performance of the GO/PPy/GCE was compared with the one reported based on hanging 

mercury drop electrode (HMDE). The result demonstrated that the detection limit of the sensor is 

better than the detection limit (0.019 µM) obtained at HMDE [225]. 
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Figure 6.28. Square wave voltammograms of various concentrations of phenothrin (0.025, 0.05, 

1.0, 2.5, 5.0, 7.5, 10, 15 and 20 M in PBS pH 6.5) at GO/PPy/GCE (A) and the calibration plot 

of phenothrin at GO/PPy/GCE (B). 

 

6.2.8. Repeatability, reproducibility and stability 

 

The repeatability of the GO/PPy/GCE was studied using the same electrode for six consecutive 

determinations for 10 µM phenothrin and a relative standard deviation (RSD) of 4.28% was 

obtained. This indicates that the sensor has good repeatability. The reproducibility of 

GO/PPy/GCE electrodes was also evaluated with three different electrodes prepared in the same 

experimental procedure. The RSD was found to be 5.1%, demonstrating an excellent detecting 

reproducibility. 

 

The stability of the sensor was also tested by keeping the electrode in 0.1 M PBS (pH 6.5) in a 

refrigerator at 5oC. For 10 µM phenothrin solution, the current response of the electrode was 

found to decrease by 5.6% of its initial value after 7 days of storage. This indicates that the 

electrode has good stability. 
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6.2.9. Interference study  

 

Selectivity of the sensor plays an important role in the determination of analyte in various 

samples. Investigation was made on species which may affect the signal for phenothrin in fruit 

samples. The interferents studied were ascorbic acid, citric acid, dichlorvos, phoxim and urea. 

The results indicated that the presence of 100–fold excess of ascorbic acid, citric acid and urea 

did not affect the determination of phenothrin (Table 6.5). Besides, a 10-fold concentration of the 

two pesticides (dichlorvos, phoxim) showed no interference effect. Thus, these results reveal that 

GO/PPy/GCE had a good selectivity for phenothrin. 

 

Table 6.5. Influence of interfering substances on the voltammetric response for 10 M 

phenothrin in PBS pH 6.5. 

Interferences Concentration ratio 

([Interference]/[pheno.]) 

Signal change 

(%) 

 

Ascorbic acid 100 -1.5  

Citric acid 100 +3.4 

Dichlorvos 10 +4.3  

Phoxim  10 -5.7  

Urea 100 +1.7  

    

 

 

6.2.10. Application 

 

To investigate the practical applicability of the developed method, the determination of 

phenothrin was carried out in commercial juice samples. The samples were prepared according 

to the procedure described in section 5.4.2. The voltammetric measurements were carried out in 

apple, grape and orange juices in PBS pH 6.5. The results did not show any electrochemical 
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response at the peak potential where phenothrin was reduced. This indicates that phenothrine was 

not available in all the juice samples. 

 

Recovery experiments were performed by spiking the juice (apple, grape and orange) samples 

with three different concentrations of phenothrin. The results are summarized in Table 6.6. The 

recoveries of the spiked samples were in the range 90.0% to 105.0%. It proved that the sensor 

could be successfully applied for the detection of phenothrin in real samples. 

 

Table 6.6. Recovery study of phenothrin in juice samples (n= 3). 
 

Samples    Added 

(M) 

Found/M 

(sd) 

Recovery 

(%) 

Apple juice 2.5 2.45 (0.08) 98.0 

 5.0 4.5 (0.25) 90.0 

 10.0 10.3 (0.16) 103.0 

Grape Juice 2.5 2.56 (0.23) 102.4 

 5.0 4.83 (0.42) 96.6 

 10.0 10.2 (0.52) 102.0 

Orange Juice 2.5 2.46 (0.07) 98.4 

 5.0 4.74 (0.3) 94.8 

 10.0 10.5 (0.46) 105.0 
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6.3. Determination fenitrothion at multiwalled carbon nanotubes modified glassy carbon 

electrode 

 

6.3.1. Background 

 

Fenitrothion (o,o-dimethyl o-4-nitro-m-tolyl phosphorothionate) is a contact and non-persistent 

organophosphrous pesticide (Figure 6.29), which is used in agriculture, horticulture, forestry and 

public health against chewing and sucking insects on cereals, cotton, orchard fruits, rice, 

vegetables and forests [239-241].  
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Figure 6.29. Structure of fenitrothion 

 

With the introduction of OPs to the market in the 1970s and increasing concerns on health and 

their potential environmental impact, many analytical methods such as soxhlet extraction 

followed by gas chromatography [242], paper bio-chromatographic method [243], 

spectrophotometric [244], solid-phase extraction and solid-phase microextraction followed by 

gas chromatography and gas chromatography/mass spectroscopic methods [245-247] and high 

performance liquid chromatography [242, 248, 249] were developed to detect these compounds. 

However, these methods require complex separation and sample pretreatment processes, 

expensive equipments and toxic solvents, trained personnel and time consuming. Due to their 

high sensitivity, good stability and cost-effectiveness, electrochemical methods are more 

advantageous [250].  

 

Glassy carbon electrodes (GCE) were used extensively in electrochemistry and often as the base 

for surface modified electrodes [251]. However, due to low sensitivity and reproducibility, slow 

electron transfer reaction, low stability over a wide range of solution composition and high 
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overpotential, GCE has limited electrochemical applications. Modification of the electrode 

surfaces helps to enhance the sensitivity and selectivity of electrochemical sensors and prevents 

surface fouling. Different materials were used for modification of these electrode surfaces, such 

as carbon nanotubes, metal oxides, conductive polymers, and inorganic catalysts [252-254]. 

 

Hanging mercury drop electrode [239, 255], static mercury drop electrode [256] and activated 

glassy carbon electrode [257] were commonly used for detecting fenitrothion. Recently, few 

modified electrodes have been reported for the electrochemical detection of fenitrothion, like 

polyaniline modified glassy carbon electrode [241], nano-TiO2 modified glassy carbon electrode 

[258] and poly(AHNSA) modified glassy carbon electrode [106]. 

 

Due to their extraordinary properties, CNTs have been widely utilized in the electrochemical 

detection. However, the poor solubility and dispersity of CNTs in conventional solvents has 

restricted their use as an active layers processed by simple methods like spin coating. Acid-

treatment as well as other modifications has been shown to assist in overcoming the disadvantage 

of poor dispersity of CNTs [124, 259-263]. In this study, the fabrication MWCNTs/GCE for the 

determination of fenitrothion is described. The application of the method for the determination of 

fenitrothion in real samples, soil and teff is also demonstrated. 

 

6.3.2. Electrochemical characterization of MWCNTs/GCE 

 
The electrochemical behaviors of MWCNTs/GCE were investigated using cyclic voltammetry 

using 0.1 mM potassium ferrocyanide in the presence of 0.1 M KCl. The electrochemical 

response of 0.1 mM K4[Fe(CN)6] at MWCNTs/GCE exhibits a reversible reaction. Both the 

anodic and cathodic peak currents at the modified electrode show three-fold increase compared 

to the GCE. The enhancement of the peak current demonstrates the modification of GCE by 

MWCNTs.  

 

Under the same experimental conditions, the surface active area of GCE and MWCNTs/GCE in 

K4[Fe(CN)6] solution was estimated in the scan rate range 0.04 and 0.2 V s-1 using the Randles-

Sevcik equation (eqn. 3). The slope of ip vs v1/2 was found to be 15.6×10-6 A(V s-1)-1/2 and the 
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electrochemical active surface area of the MWCNTs/GCE was calculated to be 0.232 cm2, which 

is about five times higher than the GCE (0⋅047 cm2). The significant increase in the surface 

active area suggests that the GCE was modified and is useful for electrochemical sensing.  

 

6.3.3. Electrochemical behavior of fenitrothion  

 

The electrochemical behavior of fenitrothion at GCE and MWCNTs/GCE was examined in the 

potential range -0.9 V to 0.5 V at a scan rate of 0.1 V s-1. Fenitrothion exhibits an oxidation peak 

at -0.083 V (O1) and two reduction peaks at -0.121 V (R1) and at -0.671 V (R1) and with 

remarkable peak increment at MWCNTs/GCE compared to the GCE (Figure 6.30). The 

increased currents as well as the potential shifts of the anodic peak to more negative and 

reduction peaks to more positive potentials demonstrates the catalytic behavior of 

MWCNTs/GCE towards fenitrothion. This behavior can be attributed to the presence of larger 

active surface area on MWCNTs to trap fenitrothion [73].  
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Figure 6.30. Cyclic voltammograms of 40 M fenitrothion solution at GCE (a), 0.1 M PBS (pH 

7.0) at MWCNTs/GCE (b) and 40 M fenitrothion solution at MWCNTs/GCE (c). Scan rate: 0.1 

V s-1. 
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6.3.4. Effect of varying the amount of MWCNTs on fenitrothion determination 

 

The quantity of MWCNTs needed to modify GCE was optimized in order to obtain a better 

electrochemical response. Figure 6.31 shows the effect of various volumes of MWCNTs coated 

on the surface of GCE towards the responses for fenitrothion. The reduction peak current 

increased as the volume of MWCNTs suspension was increased until it reached the maximum 

value of 10 µL. Then, the reduction peak current was nearly constant when the amount of 

MWCNTs exceeded 10 L. Therefore, 10 L of MWCNTs suspension was used to modify the 

surface of glassy carbon electrode in this study. 
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Figure 6.31. Effect of amount MWCNTs on the reduction peak current of 40 M fenitrothion in 

0.1 M PBS pH 7.0 at 0.1 V s-1. 

 

6.3.5. Effect of pH 

 

The effect of solution pH on the reduction peak current and the peak potential of fenitrothion 

were investigated using cyclic voltammetry in PBS in the pH range 5–7.5. The peak current 

increased with the pH value until it attained the maximum value at pH 6.0 and then decreased 

with further increase in the pH value (Figure 6.32A). The reduction peak potential was also 
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affected by the solution pH and it shifted negatively with increasing pH values (Figure 6.32B). 

The peak potential showed a linear relationship with solution pH with a regression equation: 

Epc(V) = 0.040 pH + -0.399 (R2 = 0.9997), indicating that the reduction of fenitrothion occurs by 

transfer of protons. Therefore, pH 6.0 was selected as the optimum pH.  
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Figure 6.32. Cyclic voltammograms for 40 M fenitrothion in 0.1 M PBS at various pH (A) and 

plots of peak current and peak potential vs pH for 40 M fenitrothion at MWCNTs/GCE (B). 

 

6.3.6. Effect of scan rate  

     

The effect of scan rate on the reduction peak current of 40 M fenitrothion at MWCNTs/GCE 

was studied within the range 0.04 V s-1 to 0.225 V s-1. The reduction peak current increased 

linearly with increased the scan rate (Figure 6.33), with the linear equation: Ipc(A) = 0.118v + 

15.91, R2 = 0.9966. This result indicates the electrochemical reaction of fenitrothion at 

MWCNTs/GCE exhibits an adsorption-controlled process. The reduction peak potential also 

shows dependence on the scan rate. The peak potential shifted to more negative values on 

increasing the scan rate, which further confirms the irreversibility of the reduction of fenitrothion 

at -0.671 V (R2).  
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Figure 6.33. Cyclic voltammograms (A) for 40 M fenitrothion in 0.1 M PBS (pH 6.0) at 

MWCNTs/GCE at various scan rates (0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2 and 0.225 

V s-1) and plot of reduction peak current vs scan rate (B). 

 

6.3.7. Effects of accumulation potential and time  

 

The effect of accumulation potential for the reduction current of 40 M fenitrothion at 

MWCNTs/GCE was examined in the range -0.1 to -0.55 V at an accumulation time of 40 s. The 

results showed that the reduction peak current increased as the accumulation potential changed 

from -0.1 to -0.4 Vs and then the accumulation potential was further decreased (Figure 6.34A). 

Thus, an accumulation potential of -0.4 V was used in subsequent studies. 

 

The effect of accumulation time on the reduction peak current for fenitrothion was also 

examined. The peak current increased as the accumulation time increased up to 80 s and then no 

significant change was observed after this time (Figure 6.34B), indicating that the accumulation 

of fenitrothion at MWCNTs/GCE nearly reached saturation at 80 s. Therefore, the optimum 

accumulation time selected for the measurement was 80 s.  
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Figure 6.34. Effects of accumulation potential (A) and accumulation time (B) on the peak 

current for 40 M fenitrothion in 0.1 M PBS of pH 6.0 at MWCNTs/GCE. 

 

6.3.8. Effect of square wave parameters  

 

The effect of step potential on the reduction current of fenitrothion was studied over the range 

0.002 V–0.020 V by fixing the amplitude and frequency at 0.050 V and 15 Hz, respectively. The 

peak current increased significantly up to 0.01 V with the best shape for the peak. The influence 

of amplitude on the reduction current of 40 M fenitrothion was also investigated in the range 

0.020–0.110 V, the peak current was found to increase with increasing amplitude and reached 

maximum at 0.09 V and then decreased. Thus, 0.09 V was fixed as the working amplitude in the 

detection of fenitrothion. In addition, the influence of square wave frequency on the peak current 

was also evaluated at the optimized step potential and amplitude. The frequency was varied in 

the range between 5 and 30 Hz, the peak currents reached maximum at 20 Hz and gradually 

decreased thereafter. Hence, for further electrochemical investigation, a step potential of 0.01 V, 

amplitude of 0.09 V and 20 Hz frequency were selected as the optimal values. 
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6.3.9. Calibration curve 

     

A calibration curve was constructed under the optimum conditions to demonstrate the 

relationship between the square wave voltammetry peak current and the concentration of 

fenitrothion. Figure 6.35 shows the peak current increases with increasing fenitrothion 

concentration in the range 0.01 M5.0 M at the MWCNTs/GCE. The linear regression 

equation is: Ip(A) = -7.20C(M) + -0.762 and R2 = 0.9975. The sensitivity of MWCNTs/GCE 

was 7.2 (µA/µM) and the detection limit was obtained as 0.0064 M based on signal-to-noise 

ratio of 3.  

     

The performances of the modified electrode were compared with those previously reported in the 

literatures and presented in Table 6.7. The results obtained in this work show a detection limit 

lower than or comparable with the results reported for other electrodes for the determination of 

fenitrothion.  
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Figure 6.35. Square wave voltammograms of fenitrothion (a) 0.01 M, (b) 0.2 M, (c) 0.5 M, 

(d) 0.75 M, (e) 1.0 M, (f) 1.25 M, (g) 1.5 M, (h) 2.0 M, (i) 2.5 M, (j) 3.0 M, (k) 3.5 

M, (l) 4.0 M and (m) 5.0 M (A) and calibration plot of peak current vs concentrations of 

fenitrothion at MWCNTs/GCE (B). 
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Table 6.7. Comparison of analytical parameters for the reduction of fenitrothion at 

MWCNTs/GCE and other electrodes. 

 

       

6.3.10. Repeatability, reproducibilty and stability 

 

The repeatability of the MWCNTs/GCE was evaluated with replicate measurements of the 

current for 40 M fenitrothion solution under the optimized conditions and the relative standard 

deviation (RSD) was found to be 2.88% (n=10), indicating a good repeatability of the responses 

at the MWCNTs/GCE. The reproducibility of the sensor was also studied by measuring the 

current for 40 µM fenitrothion for three similarily prepared electrodes under the same 

experimental conditions, and the RSD of the responses of the modified electrodes was 4.5%, 

which demonstrates a good reproducibility.  

 

Furthermore, the stability of the electrode was evaluated by measuring the current responses for 

40 M fenitrothion by keeping the electrodes in phosphate buffer solution (pH 6.0) over a period 

Electrode             Modifier                          Linear 

   Range (M) 

Detection 

limit (M) 

References 

GCE Poly(AHNSA)   0.001-6.6 0.0008 [106] 

HMDE        -    0.093-0.89                0.0052 [239] 

GCE polyaniline    0.01-100                   0.0072 [241 

HMDE  0.01-1.0 0.00013 [242] 

STMDE        -    0.01-6.2                   0.01 [256] 

GCE activated    0.4-50                      0.078 [257] 

GCE Nano-TiO2               0.025-10                  0.01 [258] 

GCE MWCNTs    0.01-5.0 0.0064 This work 
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of 10 days. The electrochemical responses indicated that the current responses decreased only by 

7.2% compared to the initial response, which shows the long-term stability of MWCNTs/GCE. 

 

6.3.11. Interference study 

 

The effects of interfering substances on the determination of fenitrothion were investigated at the 

MWCNTs/GCE by adding various species to 2 M fenitrothion in pH 6.0 PBS. The 

experimental results show that the voltammetric determination of fenitrothion was not affected in 

the presence of 1000-fold excess concentration of Na+, Co2+, ascorbic acid and phenol as 

presented in Table 6.8. Moreover, 100-fold increment in the concentrations of 4-aminophenol, 

10-fold of nitrobenzene and 1:1 ratio of 4-nitrophenol had no influence on the current response 

of fenitrothion (signal change below 5%). NO2-group containing interfrents exhibit a strong 

tendency to interfere with fenitrothion at higher concentrations. In general, the results reveal that 

MWCNTs/GCE electrode exhibited a good selectivity towards the determination of fenitrothion. 

 

Table 6.8. Effect of interferents on detection of fenitrothion at MWCNTs/GCE. 

 
 
 
 
 
 
 
 
 
 
 
 
 

a average of tiplicate determinations 

 

 

 

Interferent  [interferent]/(M)                                                                                                            Current response (%)a 

     Na+ 2000 99.2 

     Co2+ 2000 97.7 

     Ascorbic acid               2000 98.7 

     4-aminophenol             200 94.6 

     4-nitrophenol               2 95.3 

     Nitrobenzene 20 95.5 

     Phenol 2000 97.6 
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6.3.12. Application  
 

The practical applicability of the MWCNTs/GCE was evaluated by applying it in the 

determination of fenitrothion in soil and teff samples collected from Alamata Woreda. The 

procedure for the fenitrothion analysis was followed as described in the procedured section 

(5.4.3). Voltammetric peaks corresponding to fenitrothion were not observed in analyzing the 

samples. Thus, in recovery tests, the standard addition approaches was adopted to estimate the 

reliability. Different amounts of fenitrothion were spiked into the soil and teff samples, and 

adjusted to a certain concentration. The results obtained are summarized in Table 6.9. The 

recoveries of soil samples were in the range 88% to 93.3% and for teff were in the range 86.7% 

to 91.4%. These results indicate that the sensor can effectively used for the determination of 

fenitrothion in soil and teff samples. 

 

Table 6.9. Recovery study of fenitrothion in soil and teff samples (n = 3) at the MWCNTs/GCE. 

 
 

 

 

 

 

 

 

 

 
              a average of tiplicate determinations 

 

 

Samples Added 

(M) 

Found 

(M)a 

Recovery (sd) 

(%) 

Soil 2.5 2.2 88.0 (2.3) 

 3.0 2.8 93.3(3.1) 

 3.5 3.1 88.6(1.3) 

Teff 2.0 1.8 90.0(1.8) 

 3.0 2.6 86.7(2.5) 

 3.5 3.2 91.4(1.5) 
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6.4. Voltammetric determination of endosulfan in vegetable samples using mercury film 

modified glassy carbon electrode 

 

6.4.1. Background 

 

Organochlorines pesticides (OCPs) are characterized by low polarity, low solubility in aqueous 

media and high affinity to accumulate in fatty tissues (lipophilicity). As a result, they are highly 

persistent and resistant to biodegradation and may lead to chronic toxicity in animals and humans 

when taken in to the body [264-267]. Since OCPs are more pollutant than other types of 

pesticides and most of them have been banned or restricted for some applications [268-270]. 

 

Endosulfan, (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzodio 

xthiepine-3-oxide) is a broad spectrum insecticide, which is available as a mixture of two 

stereoisomers: alpha and beta in the ratio of 7:3 in a pure form. It is effective in killing insects on 

cereals, coffee berry, cotton, oil seeds and vegetables. It is harmful for both humans and animals 

and mainly affects the central nervous system, kidney, liver and testicules in animals, and the 

central nervous system and respiratory systems of humans [271, 272]. In addition, it persists in 

the soil and water from six to nine months. Therefore, it is necessary to develop a convenient, 

sensitive and reliable method for the determination of endosulfan in environmental samples. 

 

In recent years, many research reports have presented the use of various analytical methods for 

the determination of endosulfan. Gas chromatography [273, 274], liquid chromatography [275], 

high-performance liquid chromatography [276], gas chromatography/mass spectrometry 

[277285] and spectrophotometry [286288] for the determination of endosulfan have been 

described. Compared with the above methods for endosulfan determination, electrochemical 

methods have attracted wide attention due to their convenience, higher sensitivity and selectivity 

and improved detection limits [264, 289].  

 

So far, few studies have been reported in the literature for the electrochemical determination of 

endosulfan at the surface of various electrodes. Electrochemically endosulfan was determined 

using C18-modified carbon-paste electrode [271], glassy carbon electrode [290], 5,10,15,20-
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tetraphenylporphyrinatoiron(III) chloride-modified glassy carbon electrodes [291], polypyrrole 

coated glassy carbon electrode [292] and sodium montmorillonite clay modified glassy carbon 

electrode [293]. Recently, Ribeiro et al. employed a hanging mercury drop electrode for 

detection of endosulfan in sugar cane, tomato and natural water samples [294].  

 

In this study we report voltammetric methods based on mercury film modified glassy carbon 

electrode for the determination of endosulfan in vegetable samples. 

 

6.4.2. Electrochemical behavior of endosulfan at MF/GCE 

 

Figure 6.36 shows the cyclic voltammograms of 50 M endosulfan at GCE and MF/GCE at scan 

rate of 0.1 V s-1 in the potential range -0.4 V to -1.5 V. The cyclic voltammetric curve at the 

GCE (curve a) shows no obvious electrochemical responses for endosulfan, indicating that either 

endosulfan exhibits a poor electrochemical response at the bare glassy carbon electrode or the 

reduction of endosulfan occurs beyond the potential window of glassy carbon electrode. Under 

identical conditions, a reduction peak current of about -18.5 A at a peak potential of -1.25 V 

(curve b) with out any oxidation peak in the reverse scan was observed at the MF/GCE, 

indicating an irreversible behavior for the electrode reaction of endosulfan. 
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Figure 6.36. Cyclic voltammograms of 50 M endosulfan at GCE (a) and MF/GCE (b) in BRB 

pH 7.0 at scan rate of 0.1 V s-1. 

 

6.4.3. Effect of pH 

 

The effect of solution pH on the peak current and peak potential for the reduction of endosulfan 

at the surface of the modified electrode was investigated in Britton-Robinson buffer (BRB) using 

cyclic voltammetry at a scan rate 0.1 V s-1. The reduction peak current increased with increasing 

solution pH up to 5.0, and then decreased gradually with increasing pH value (Figure 6.37A). 

Thus, pH 5.0 was taken as the optimum pH value for subsequent investigations. 

 

Furthermore, the effect of pH on the reduction peak potential was also examined. It was found 

that the peak potential shifted to more negative values with increasing pH, showing that protons 

were taking part in the electrode reactions (Figure 6.37B). The peak potential and pH showed a 

linear relationship with a regression equation: Epc(V) = -0.027pH + -1.11, R2 = 0.9956. The slope 

-0.027 V/pH indicates that the number of electrons involved at the surface of MF/GCE were 

twice the number of protons. This is consistent with the mechanism (Scheme 8) reported by 

Ribeiro et al. [294].  
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Figure 6.37. Cyclic voltammograms of 50 M endosulfan at MF/GCE in various pH values of 

BRB (A) and plots of the peak current and potential vs pH of BRB (B). 
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Scheme 8. Mechanism of endosulfan reduction in acidic (A) and basic solution (B). 
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6.4.4. Effect of scan rate 

 

The effect of scan rate on the reduction current of endosulfan at MF/GCE was investigated in the 

potential scan range 0.05 V s-1 to 0.3 V s-1 using cyclic voltammetry. The peak current increased 

with increasing scan rate at MF/GCE (Figure 6.38). It is related linearly with the scan rate with a 

regression equation: I(A) = 43.54v + 7.89, R2 = 0.9976. This suggests that the reduction of 

endosulfan at MF/GCE is an adsorption-controlled process. Furthermore, the reduction peak 

potential also shifted to more negative values as the scan rate increased, which indicates that the 

reduction of endosulfan at MF/GCE is an irreversible process. According to Laviron's (eqn. 26), 

the linear relationship between the peak potential and logarithm of the scan rate is expressed with 

regression equation: Epc(V) = -0.02logv + -1.31, R2 = 0.9950. From the slope of Figure 6.39, the 

value of αn was calculated to be 2.95. Based on eqn. 27, the value of electron transfer coefficient 

(α) was calculated as about 1.35. So the electron transfer number (n) was found to be 2.1( 2), 

suggesting that the electrocatalytic reduction of endosulfan at ME/GCE is a two-electron transfer 

mechanism (Scheme 8). As mentioned in section 6.4.3, the number of electrons involved in the 

reduction of endosulfan was twice the number of protons, therefore the electrochemical 

reduction of endosulfan at MF/GCE is a two electron and one-proton process. 
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Figure 6.38. Cyclic voltammograms of 50 M endosulfan in BRB solution (pH 5.0) at MF/GCE 

with increasing scan rates (0.05-0.3 V s-1) (A) and plot of peak current vs scan rate (B). 
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Figure 6.39. Plot of peak potential vs logarithm of scan rate for 50 M endosulfan in BRB (pH 

5.0) at MF/GCE.  

 

6.4.5. Effects of accumulation potential and time 
 

Accumulation parameters can influence the sensitivity and the intensity of peak current of 

endosulfan at MF/GCE. Initially, peak current of 10 M endosulfan increased significantly with 

accumulation time up to 80 s. Then after, the peak currents increased slightly and then reached a 

plateau (Figure 6.40A). As a result, accumulation time of 80 s was chosen as the optimum 

accumulation time for further experiments. Figure 6.40B shows the effect of accumulation 

potential on the reduction peak current of endosulfan. As the accumulation potential changed 

from -0.5 V to -0.8 V, the reduction peak current increased. However, with further increase in 

the accumulation potential to more negative values, the reduction peak current decreased. Hence, 

-0.8 V was selected as the optimal accumulation potential for further experiments. 
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Figure 6.40. Effect of accumulation time (A) and accumulation potential (B) on the peak 

currents of endosulfan in BRB pH 5.0. 

 

6.4.6. Calibration curve 
 

Square wave voltammetry was used to investigate the variation of the peak current on the 

concentration of endosulfan. It was found that peak current increased linearly with endosulfan 

concentration over the range 0.05 M10 M as shown in Figure 6.41 and the linear equation is: 

I(A) = -1.35C(M) + -2.63, R2= 0.9953. The detection limit was found to be 0.0059 M. In 

addition, the sensitivity of the MF/GCE was obtained from the slope of the calibration plot to be 

1.35 A/M. 

 

Moreover, the performance of the sensor was compared with some reported values. From Table 

6.10, it can be seen that the detection limit of this method is lower than the octadecyl/carbon 

paste electrode [271], GCE [292] and hanging mercury drop electrode [293]. Meanwhile, the 

linear range is comparable with the mentioned sensors. This result suggests that the modified 

electrode can be a very promising electrochemical sensor for trace analysis of endosulfan. 
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Figure 6.41. Square wave voltammograms of various concentration of endosulfan (from a to h): 

0.05, 0.5, 1.0, 2.5, 3.5, 5.0, 7.0 and 10 M in BRB pH 5.0 (A) and plot of the peak current vs 

concentration of endosulfan (B). 

 

Table 6.10. Comparison of analytical performance for the reduction of endosulfan using 

different electrochemical sensors. 

Electrode Linear  

Range(M) 

Detection 

Limit(M ) 

References 

 

Octadecyl /Carbon Paste Electrode    NA        0.98 [271] 

HMDE 

MF/GCE 

   0.154 15.7 

   0.0510 

0.297 

0.0059 

[294] 

This work 
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6.4.7. Repeatability, reproducibility and stability  

 

The repeatability of the modified electrode was estimated by five successive measurements of 

the current for 5 M endosulfan in BRB solution at the optimized conditions using SWV. The 

RSD of the peak current was found to be 2.0%, which demonstrats an excellent repeatability of 

the method. Similarly, the reproducibility of the electrodes was determined by using three 

mercury films modified glassy carbon electrodes under the same working conditions and the 

RSD was 4.3 %. The results indicated that the MF/GCE showed good reproducibility for the 

detection of endosulfan.  

 

Furthermore, the stability of the sensor was investigated after one week of storage in a 

refrigerator. The results showed that the sensor retained 93.2% of the initial response. This 

demonstrates the good stability of the film. 

 

6.4.8. Interference study 

 

Under the same experimental condition, the effect of interferences (Zn2+, Cd2+, Pb2 and 

fenitrothion) on the current response for 5 M endosulfan was examined using square wave 

voltammetry. The current variation of endosulfan reduction due to these interferents was less 

than 5% of the current response in the absence of interference, indicating the excellent selectivity 

of the sensor (Table 6.11).  
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Table 6.11. Influence of potential interfering species on the current response of endosulfan. 

Interfering agent Concentration 

(M) 

Signal change 

(%) 

  Cd2+ 100 +1.3 

  Pb2+ 100 -4.7 

  Zn2+ 

  Cl- 

  SO4
2-  

100 

100 

100 

+2.7 

-3.1 

-1.8 

  Fenitrothion 100 -4.7 

 

6.4.9. Application 

 

The developed sensor was used to determine the quantity of endosulfan in onion and tomato 

samples which were collected from local market near Koka Lake. SWV results showed 

voltammetric responses at the reduction position of endosulfan in both onion and tomato 

samples. Besides, the peak current increased at about the same peak potential after the samples 

were spiked with known concentration of endosulfan standard solution (Figure 6.42). This 

indicates the presence of endosulfan in these vegetable samples. The recoveries of endosulfan 

were in the ranges 94.0%101.2% and 90.2%95.5%, for onion and tomato samples, 

respectively (Table 6.12), indicating that the developed method was reliable. 
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Figure 6.42. Square wave voltammograms of onion (A) and tomato (B) samples without (a) and 

spiked with 1.0 M (b), 1.5 M (c) and 2.5 M (d) standard endosulfan in BRB pH 5.0 at 

MF/GCE. 

 

Table 6.12. Recovery study of endosulfan in onion and tomato samples (n=3).  

Sample Added (M) Found(M) Recovery (%) 

Onion - 0.07 - 

 1.0 1.01 94.0 

 1.5 1.52 96.7 

 2.5 2.45 101.2 

Tomato - 0.025 - 

 1.0 0.98 95.5 

 1.5 1.42 93.0 

 2.5 2.28 90.2 
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6.5. Simultaneous determination of caffeine and paracetamol by square wave voltammetry 

at poly(4-amino-3-hydroxynaphthalene sulfonic acid) modified glassy carbon electrode 

 

6.5.1. Background 

 

Caffeine (1,3,7-trimethylxanthine) is a naturally occurring alkaloid belonging to N-methyl 

derivatives of xanthine, which is found in tea leaves, coffee beans, cola nuts, cocoa beans and 

other plants. It is used as a flavoring agent in a variety of beverages, including some soft and 

energy drinks. Caffeine is also a central nervous system stimulant. In moderate doses, it can 

increase alertness, reduce fine motor coordination, cause insomnia, headaches, nervousness and 

dizziness [170, 295-298]. However, intense use of caffeine over time can lead to irritability, 

mutation effects such as inhibition of DNA, anxiety and tremors, among other side effects [299, 

300]. It can mobilize calcium from cells that leads to bone mass loss and is considered as a risk 

factor for cardiovascular diseases [301-303].  

 

Paracetamol (N-acetyl-p-aminophenol, acetaminophen) is an effective and safe drug that is 

applied to reduce fever, relieve coughing, colds and pain including muscular aches, chronic pain, 

migraine headache, backache and toothache [304309]. Recent researches suggest that 

paracetamol can help to protect hardening of arteries that cause cardiovascular disease. It also 

remains the analgesic choice for people with asthma [310]. In general, paracetamol does not 

exhibit any harmful side effects but overdosing. However, chronic use produces toxic 

metabolites accumulation that will cause kidney and liver damage [311313]. Paracetamol is 

often used in the presence of other drugs like; aspirin, cetirizine, tramadol, caffeine and codeine 

[314, 315]. A combination of caffeine and paracetamol is used in migraine attack, child birth and 

avoiding postpartum hemorrhage [316]. The use of the mixture of paracetamol and caffeine as an 

analgesic and antipyretic is well established in pharmaceutical formulation [317]. Thus, a simple, 

fast, sensitive and accurate analytical method for the determination of caffeine and paracetamol 

in food, pharmaceutical products and biological samples is needed. 
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Different methods have been employed for the simultaneous determination of caffeine and 

paracetamol which include spectrophotometry [306, 317, 318321] and high-performance liquid 

chromatography [296, 302, 322326].  

 

Using electrochemical methods, caffeine and paracetamol were determined simultaneously at the 

surface of glassy carbon electrode [327], cathodically pretreated boron doped diamond electrode 

[328], self-assembled monolayer of non-peripheral amine substituted copper(II) phthalocyanine 

modified with glassy carbon electrode [329], poly(taurine)/TiO2-graphene nanocomposite 

modified glassy carbon electrode [330], Nafion/ruthenium oxide pyrochlore/GCE [331] and in 

situ surfactant-modified multi-walled carbon nanotube paste electrode [332].  

 

6.5.2. Electrochemical properties of poly(AHNSA)/GCE 

 

Poly(AHNSA) film formation at GCE was carried out by the electropolymerization of AHNSA 

monomers using cyclic voltammetry. Figure 6.43 depicts the electrochemical polymerization of 

AHNSA on a GCE in the potential range of -0.8 V and 2.0 V at a scan rate of 0.1 V s-1 for fifteen 

cycles in 0.1 M HNO3 solution. In the first cycle, two oxidation peaks (ipa1 and ipa2) and one 

reduction peak (ipc) were observed at peak potentials of 0.054 V, 0.61 V and -0.11 V, 

respectively. With increase in the number of voltammetric scans, one oxidation peak (ipa3) was 

gradually observed at 0.38 V. As can be seen, all the anodic peak and cathodic peak currents are 

enhanced gradually with increasing in voltammetric scans, indicating the formation and growth 

of an electroactive layer on the GCE surface. The electrodeposition of the polymer on the GCE 

was examined using cyclic voltammety between -0.8 V and +0.8 V in 0.5 M H2SO4 solution 

without the monomer (inset Figure 6.43). Three couples of redox peaks (ipa1-ipc1, ipa2-ipc2 and 

ipa3-ipc3) were observed which further confirmed that glassy carbon electrode has already been 

modified. These results are consistent with the previous related work [104, 105].  
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Figure 6.43. Cyclic voltammetric electropolymerization of 2x10-3 M AHNSA in 0.1 M HNO3 at 

GCE. Inset: Cyclic voltammetry of poly(AHNSA)/GCE in a 0.1 M HNO3 at 0.1 V s-1. 

 

6.5.3. Electrochemical behavior of caffeine and paracetamol  

 

Figure 6.44 shows cyclic voltammograms of 1.0 mM caffiene in pH 5.0 ABS at a GCE and at 

poly(AHNSA)/GCE at a scan rate of 0.1 V s-1. At the GCE, caffeine showed an 

electrochemically irreversible characteristic with an oxidation peak at 1.60 V (curve b). In 

comparison to the GCE, the poly(AHNSA)/GCE a much more enhanced current (curve c) was 

observed for caffeine oxidation with a shift for peak potential to 1.45 V, indicating the catalytic 



118 
 

activity of the modified electrode. The oxidation of caffeine at poly(AHNSA)/GCE is 

irreversible, as reported in the literature [170, 298, 301, 303, 333].  

 

Paracetamol shows an irreversible wave with an oxidative peak at 0.563 V at GCE electrode 

(Figure 6.45 curve b), indicating a sluggish electron transfer kinetics at the GCE. However, a 

pair of well-defined redox peak currents at an anodic peak potential of 0.477 V and cathodic 

peak potential of 0.388 V with peak-to-peak separation of 0.089 V was observed at the surface of 

poly(AHNSA)/GCE (curve c). The remarkable oxidation potential shift, enhancement of the 

peak current (two fold) and appearance of a new peak in the cathodic direction provides clear 

evidence of the catalytic effect of poly(AHNSA)/GCE towards paracetamol.  
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Figure 6.44. Cyclic voltammograms of poly(AHNSA/GCE without caffeine (a), 1.0 mM 

caffeine at GCE (b) and poly(AHNSA)/GCE (c) in 0.1 M ABS (pH 5.0), at scan rate of 0.1 V s-1.  
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Figure 6.45. Cyclic voltammograms of 0.1 M ABS (pH 5.0) at poly(AHNSA)/GCE (a), 0.1 mM 

paracetamol in ABS of pH 5.0 at GCE (b) and at poly(AHNSA)/GCE (c), at a scan rate of 0.1 V 

s-1. 

6.5.4. Electrochemical behavior of caffeine and paracetamol mixture 

 

The electrochemical performance of poly(AHNSA)/GCE was examined in ABS containing 

caffeine and paracetamol using cyclic voltammetry (Figure 6.46). Caffeine showed an oxidation 

peak at 1.53 V with a peak current of 35 A at the GCE (curve b). However, at the 

poly(AHNSA)/GCE (curve c) the peak current for caffeine oxidation is enhanced (53 A) at a 

potential about 0.1 V less positive than at the GCE electrode. The oxidation peak of paracetamol 

appeared at +0.62 V without a reduction peak in the reverse scan at GCE (curve b). The 

hydrolysis of N-acetyl-p-quinoneimine (NAPQI) to p-benzoquinone is responsible for the 

disappearance of the cathodic wave in the cyclic voltammograms [307]. In contrast, at the 

poly(AHNSA)/GCE (curve c) a new peak appeared in the reverse direction around 0.458 V. In 

addition, the oxidation peak potential shifts to 0.525 V and the peak current is twice larger than 
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the current at the GCE. The increase in the oxidation peak currents and lowering of oxidation 

peak potentials of caffeine and paracetamol with improved reversibility for the latter are clear 

evidence of the catalytic effect of the modified electrode. The carbonyl group on caffeine and 

both carbonyl and hydroxyl groups of paracetamol form hydrogen bonds with both the hydroxyl 

and amino groups of poly(AHNSA) and thus, these bonds are responsible for increased 

adsorption tendency of both analytes on the surface of poly(AHNSA)/GCE. 
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Figure 6.46. Cyclic voltammograms of 0.1 M ABS (pH 5.0) at poly(AHNSA)/GCE (a) 1.0 mM 

caffeine and 0.1 mM paracetamol at GCE (b) and (c) at poly(AHNSA)/GCE at a scan rate of 0.1 

V s-1. 

 

6.5.5. Effect of pH 

 

The pH of the supporting electrolyte is an important factor that affects the redox behavior of 

biomolecules, drugs and many electroactive compounds. The influence of the pH on the peak 

currents and potentials of caffeine were examined by cyclic voltammetry in the pH range 3.5 to 

6.0 at 0.1 V s-1. As depicted in Figure 6.47, the current increases from pH 3.5 to pH 4.5, and then 

decreases with an increase in pH.  
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The peak potential was also affected by a change in pH (Figure 6.48). The oxidation peak 

potential of caffeine shifted negatively with increasing pH values. A linear relationship was 

observed between the peak potential and pH with a regression equation of E(V) = -0.045pH + 

1.67, R2 = 0.9994. A slope of 0.045 V/pH suggests that the overall process involves transfer of 

equal number of protons and electrons (Scheme 9), which is in agreement with previous reports 

[170, 327, 334, 335].  

 

Similarly, the effect of pH of the solution on the electrochemical behavior of paracetamol at scan 

rate of 0.1 V s-1 was studied using cyclic voltammetry. The peak current increased from pH 3.0 

to 4.5 and then decreased at higher pH value (Figure 6.49). Moreover, as can be seen in Figure 

6.50, both the anodic and cathodic peak potentials were shifted negatively when the solution pH 

was increased. The linear dependence of the peak potential on the pH is represented by the 

equations: Epa(V) = -0.049pH + 0.673, R2 = 0.9931 and Epc(V) = -0.06pH + 0.679, R2 = 0.9863. 

The slopes of -0.049 V/pH and -0.06 V/pH showed that equal number of electrons and protons 

(2e-/2p) are involved (Scheme 10), which is in agreement with previous reports [305, 307, 309, 

310]. The increase in peak current of caffeine and paracetamol at lower pH of acetate buffer 

solution were due to the interaction between the positive charge on caffeine (pKa = 10.4) and 

paracetamol (pKa = 9.7) and the negative charge of polymer-modified surface (pKa  4) [310, 

335]. Therefore, pH 4.5 was chosen as the optimum pH value for further studies. 
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Figure 6.47. Cyclic voltammograms of 1.0 mM caffeine in ABS of various pH value at 

poly(AHNSA)/GCE. Inset: plot of peak currents vs pH at a scan rate of 0.1 V s-1. 
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Figure 6.48. Plot of peak potential values for 1.0 mM caffeine as a function of pH at 

poly(AHNSA)/GCE. 
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Figure 6.49. Cyclic voltammograms for 0.1 mM paracetamol in ABS of various pH value at 

poly(AHNSA)/GCE. Inset: plot of peak currents vs pH at a scan rate of 0.1 V s-1. 
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Figure 6.50. Plot of peak potentials for 0.1 mM paracetamol as a function of pH at 

poly(AHNSA)/GCE. 
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Scheme 9. Oxidation reaction of caffeine 
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6.5.6. Effect of scan rate 

 

The effect of scan rate on the peak current for these two species was investigated in ABS of pH 

4.5 containing 1.0 mM caffeine and 0.1 mM paracetamol. As shown in Figure 6.51, the peak 

currents of both caffeine and paracetamol showed a linear relationship with the scan rate. This 

confirmed that the electrochemical behavior of caffeine and paracetamol at the surface of 

poly(AHNSA)/GCE is an adsorption–controlled processes. On the other hand, for both 

compounds the peak potentials are shifted to the positive direction with increase in the scan rate. 

This indicated that the oxidation of caffeine is irreversible and the redox reaction of paracetamol 

is quasi-reversible at poly(AHNSA)/GCE.  
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Figure 6.51. Cyclic voltammograms of 1.0 mM caffeine and 0.1 mM paracetamol in ABS pH 

4.5 at the poly(AHNSA)/GCE at various scan rates (0.075, 0.10, 0.125, 0.150, 0.175, 0.20, 

0.225, 0.250 and 0.275 V s-1) (A) and plot of peak current vs scan rate of caffeine and 

paracetamol (B). 
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6.5.7. Optimization of square wave voltammetric parameters 

 

The dependence of the peak current of caffeine and paracetamol on the square wave step 

potential, pulse amplitude and frequency were studied. The step potential was varied in the range 

616 mV by fixing the frequency at 20 Hz and the amplitude at 30 mV. The peak height 

increases as the step potential was increased, exhibiting a maximum at 12 mV, after which it 

decreased accompanied by broadening of peak. Therefore, 12 mV was chosen as the optimum 

square wave step potential. The amplitude was also optimized in the range 40100 mV by 

keeping the frequency and step potential at 20 Hz and 12 mV, respectively. The peak current 

increased up to 80 mV and then it decreased. Thus, 80 mV was employed in the subsequent 

measurements. Finally, by taking the optimum values of amplitude and step potential, the effect 

frequency on the current response was studied in the range 2050 Hz. The peak current for 

caffeine and paracetamol increased up to 35 Hz, but after 35 Hz the peak current decreased. As a 

result, 35 Hz was selected as the optimal value for the subsequent measurements. 

 

6.5.8. Determination of caffeine and paracetamol 

 

Under the optimized conditions, square wave voltammograms (Figure 6.52) were recorded for 

different concentration of caffeine (5 M125 M) in the presence of fixed concentrations of 

paracetamol (2 M) in 0.1 M ABS (pH 4.5). The peak current for caffeine increased linearly 

with concentration and a regression equation: I(A) = 0.259C(M) + 3.53, R2 = 0.9988, was 

obtained. 



127 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

-5

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120 140
0

5

10

15

20

25

30

35

40

I( ) =  0.25 9C( ) +  3.53
R 2 =  0.9988I(


)

[Caffeine]/I(


)

E(V)

 

Figure 6.52. Square wave voltammograms of 5, 8, 10, 20, 30, 40, 60, 80, 100 and 125 M of 

caffeine and 2 M paracetamol at poly(AHNSA)/GCE. Inset: plot of peak current of caffeine vs 

concentration. 

 

Similarly, Figure 6.53 shows the square wave voltammograms recorded for different 

concentration of paracetamol (3–60 M) at fixed concentration of caffeine (10 M). It can be 

seen that no significant changes were observed in the oxidation current of caffeine on addition of 

different concentration of paracetamol. This indicates that the addition of paracetamol does not 

affect the determination of caffeine. The peak current of paracetamol increased linearly with 

increase in paracetamol concentration with a regression equation: I(A) = 1.66C(M) + 3.83, R2 

= 0.9984. These results suggest that the poly(AHNSA)/GCE can effectively be utilized for the 

determination of caffeine in the presence of paracetamol and the vice-versa.  
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The simultaneous determination of caffeine and paracetamol was carried out using square wave 

voltammograms at the optimized conditions at the poly(AHNSA)/GCE by varying the 

concentrations of both caffeine and paracetamol. Figure 6.54 shows the SWV responses of 

poly(AHNSA)/GCE for caffeine and paracetamol when the concentrations of these species were 

increased at the same time. The peak currents for both caffeine and paracetamol increased 

linearly with concentrations in the range 10-125 M. The linear regression equations are: 

Icaf(A) = 0.218C(M) + 5.45, R2 = 0.9989 and Ipara(A) = 0.332C(M) + 3.26, R2 = 0.9986 for 

caffeine and paracetamol, respectively. 

 

The detection limit was calculated by using the relationship 3s/b, where s is the standard 

deviation of the blank measured under the same conditions as for the standard sample analysis (n 

= 5) and b is the slope of the calibration curve. The detection limits of caffeine and paracetamol 

were estimated to be 0.79 M and 0.45 M, respectively. 
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Figure 6.53. Square wave voltammograms of 3, 6, 8, 10, 15, 20, 30, 40, 50 and 60 M of 

paracetamol and 10 M caffeine in ABS (pH 4.5) at poly(AHNSA)/GCE. Inset: plot of current 

responses vs paracetamol concentration. 
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Figure 6.54. Square wave voltammograms for different concentrations (a = 10, b = 20, c = 30, d 

= 40, e = 60, f = 80, g = 100 and h = 125 M) of caffeine and paracetamol at 

poly(AHNSA)/GCE. Inset: plot of current vs the concentration of caffeine and paracetamol.  

 

6.5.9. Repeatability and stability of the modified electrode 

 

Several measurements were taken to determine the repeatability of the electrochemical responses 

of poly(AHNSA)/GCE for 0.1 mM caffeine and 0.1 mM paracetamol in ABS (pH 4.5). The 

results of ten successive measurements showed RSD of 4.45% and 3.62% for caffeine and 

paracetamol, respectively, which indicates that the poly(AHNSA)/GCE has good repeatability. 

The long-term stability of the electrode was evaluated by measuring the response for 0.1 mM 

caffeine and 0.1 mM paracetamol by keeping the electrode in 0.1 M acetate buffer solution in a 

refrigerator for 15 days. The electrode retained about 95% and 97% of its original activity for 

caffeine and paracetamol, respectively, indicating the electrode was very stable. 

 

 



131 
 

6.5.10. Interference study 

 

The selectivity of poly(AHNSA)/GCE for the determination of equimolar concentration (40 M) 

of caffeine and paracetamol was investigated in the presence of different interfering substances 

such as ascorbic acid, citric acid, glucose, uric acid and Pb2+ with concetrtaions 40 and 400 M 

by SWV at pH 4.5. The corresponding oxidation peak currents obtained in the presence of 

interfering substances were compared with those obtained in the absence of each interferents. 

The percent changes in the peak current response of these species were less than 5% (Table 

6.13). Hence, it can be concluded that these species do not significantly interfere in the 

determination of caffeine and paracetamol, and the modified electrode had good selectivity for 

the determination of caffeine and paracetamol. 

 

Table 6.13. Effect of interfrences in the analysis of 40 M caffeine and 40 M paracetamol 

under optimized conditions. 

Interference Conc./M      Change in response (%)  

      Caffeine Paracetamol  

Ascorbic acid 40 2.1 2.2  

 400 4.3 3.3  

Citric acid 40 1.7 3.8  

 400 0.5 7.0  

Glucose 40 5.0 4.0  

 400 3.9 2.7  

Uric acid 40 4.2 2.8  

 400 1.4 4.1  

Pb2+ 40 2.2 4.3  

 400 4.5 5.0  
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6.5.11. Application 
 

The application of the developed method was examined in the determination of both caffeine and 

paracetamol in Coca-Cola, Pepsi-Cola and tea samples. The samples first were diluted with the 

supporting electrolyte and then spiked with known concentrations of standard caffeine and 

paracetamol. A peak for caffeine was observed exactly at the same potentials as that observed in 

the case of standard caffeine, which indicates the presence of caffeine in all the three samples. 

The values of caffeine in coca-cola, pepsi-cola and tea were found to be 111.5(11.1) mg/L, 

114.3(5.50) mg/L and 13.1(1.26) mg/g, respectively, which are in good agreement with values 

reported in the literature [299, 302, 336339]. However, none of the samples analyzed contained 

paracetamol.  

 

In addition, standard solutions of caffeine and paracetamol were added to the samples to test the 

applicability of the method in these matrices using recovery method. The results are summarized 

in Table 6.14. The recovery was acceptable, showing that the developed method could be 

effictively used for the simultaneous determination of caffeine and paracetamol in Cola and tea 

samples.  

 

The analytical performance of the present modified electrode was compared with some other 

similar modified electrodes (Table 6.15). These data show that the detection limit is comparable 

and a relatively wider linear range, simple preparation of the electrode, remarkable sensitivity, 

stability and reproducibility were achieved in the present method. 
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Table 6.14. Recovery test for caffeine and paracetamol in coca-cola, pepsi-cola and tea samples 

(n=3). 

Sample         Analyte              Added        Found        RSD         Recovery 

                                         (M)          (M)          (%)             (%) 

 

 

Coca-cola 

 

 

 

 

 

 

Pepsi-cola 

 

 

 

 

 

 

Tea 

 

Caffeine 

 

 

Paracetamol 

 

 

 

Caffeine 

 

 

Paracetamol 

 

 

 

Caffeine 

 

 

Paracetamol 

 

0 

10 

20 

0 

5 

10 

 

0 

10 

20 

0 

5 

10 

 

0 

20 

30 

0 

5 

20 

2.8 

11.7 

20.9 

- 

4.7 

10.5 

 

3.0 

12.3 

21.7 

- 

4.7 

10.6 

 

1.2 

17.4 

30.5 

- 

4.5 

9.7 

- 

3.8 

7.6 

- 

6.5 

7.5 

 

- 

6.4 

6.6 

- 

6.3 

8.7 

 

- 

10.8 

8.8 

- 

3.7 

2.9 

- 

89.0 

90.5 

- 

94.0 

105.0 

 

- 

93.0 

93.5 

- 

94.1 

106.0 

 

- 

81.0 

97.7 

- 

90.2 

97.9 
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Table 6.15. Comparison of the analytical performance of poly(AHNSA)/GCE for caffeine and 

paracetamol determination with previously reported work. 

      Electrode Analyte          L. Range        LOD                 Sample        Ref 

                       (M)              (M)         

 

Boron-doped diamond  

 

Poly(taurine)/TiO2-Gr/GCE 

 

Nafion/RuO2/pyrochlore/GCE 

 

Graphite-polyurethane/SPE 

 

Boron-doped diamond  

 

Poly(AHNSA)/GCE 

 

Caffeine           0.7835           0.096            Drugs           [327] 

Paracetamol     0.5461           0.23 

Caffeine            0.05100        0.5                Serum          [330] 

Paracetamol      0.05100        0.034 

Caffeine            10250           1.2                Drugs           [331] 

Paracetamol        5250           2.2           

Caffeine              4200           1.6                Drugs           [340] 

Paracetamol        140              0.84 

Caffeine              0.583           0.035           Drugs           [341] 

Paracetamol        0.583           0.49 

Caffeine              10125          0.79             Cola, Tea     This  work   

Paracetamol        10125          0.45 
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6.6. An electrochemical sensor based on multiwalled carbon nanotubes coated 

poly(AHNSA) modified electrode for the determination of uric acid 

 

6.6.1. Background 

 

Uric acid (2,6,8-trihydroxypurine, UA) is the primary product of protein and purine metabolism 

in the human body. It is normally present in millimolar range in urine and in micromolar levels 

(0.13–0.46 mM) in serum [342-344]. It is excreted in urine. UA is a natural antioxidant, which 

can scavenge free radicals, superoxide, hydroxyl radical, and singlet oxygen. In addition, UA has 

the ability to bind iron and inhibit iron dependent ascorbate oxidation. Owing to these properties, 

UA prevents the destruction of human tissues and cells [345-347]. Humans have higher UA 

levels in serum when compared to other mammals due to the lack of uricase enzyme, which 

catalyses UA to more soluble end product (allantoin). Recently, due to improvement of dietary 

life as a result of economic development causes over nutrient of high protein for the people. 

Consequently, the level of uric acid is increasing in the blood serum. Over taking of alcoholic 

beverages, underexercise and a heavy stress can also influence the levels of uric acid [348-351]. 

Extreme level of UA in human body reflect purine metabolism disorders which may lead to 

several diseases, such as gout, hyperuricemia, pneumonia, obesity, diabetes, high cholesterol, 

high blood pressure, kidney disease and heart disease [347, 352]. Monitoring the levels of UA in 

body fluids can be used as an indicator in the diagnosis of many health problems [353]. Due to 

the high clinical and pharmaceutical significance, it is essential to develop new sensors with 

improved sensitivity for the determination of UA in real samples.  

 

Various analytical techniques such as high performance liquid chromatography [354], high 

performance liquid chromatography-mass spectrometry [355], spectrophotometric method [356, 

357] and chemiluminescence [348, 358] have been reported for the determination of UA. Over 

the last few decades, because of the electroactive nature of UA electroanalytical methods have 

gained considerable attention for the determination of UA [359].  

 

Previous reports showed that UA has been determined electrochemically using various 

electrodes. Platinum nanosheets (PtNSs)/fullerene(C60)/glassy carbon electrode [360], graphene-
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nickel hydroxide modified glassy carbon electrode [361], SnO2/graphene nanocomposite 

modified glassy carbon electrode [362], poly(glyoxal-bis(2-hydroxyanil)) modified glassy 

carbon electrode [363], graphene oxide modified glassy carbon electrode [364], over-oxidized 

poly(3,4-ethylenedioxythiophene) nanofibers modified pencil graphite electrode (Ox-PEDOT-

nf/PGE) [353], multiwalled carbon nanotubes modified glassy carbon electrode [365], 

polymerized Luminol Film modified glassy carbon electrode [366] and poly(chromotrope 2B) 

modified glassy carbon electrode [367] electrodes have been utilized for the detection of UA. 

 

Eventhough, the electrocatalytic activity of conjugated polymers or CNTs individually showed 

good results, some properties such as mechanical stability, sensitivity for different techniques, 

and electrocatalysis for some compounds are poor [73, 116, 368, 369]. To overcome this 

difficulty, in recent years studies have been conducted in preparing composite electrodes which 

composed of both CNTs and conjugated polymers. The incorporation of CNTs in conjugated 

polymers resulted in the formation of new composite materials having the properties of each 

component with a synergistic effect such as high aspect ratio and high surface area, increasing 

the rate of electron transfer and high accessibility of the analyte to the surface of the electrode. 

As a consequence, they can enhance electrocatalytic properties, reduce the required 

overpotential, increase reaction rate, increase sensitivity and stability, and prevent surface 

fouling of the electrode. − electronic and hydrophobic interactions between MWCNTs and 

polymers resulted in successful dispersion in forming homogeneity for electrochemical sensors 

[60, 73, 270, 347, 370]. 

 

In this study, a sensor based on MWCNTs/poly(AHNSA) modified glassy carbon electrode was 

prepared by electrodeposition of poly(AHNSA) on to GCE and then drop-coating with 

MWCNTs. The sensor was utilized for the investigation of the electrochemical investigation of 

uric acid and its determination in real samples. 
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6.6.2. Electrochemical behavior of uric acid 

 

The electrochemical behavior of UA was studied using cyclic voltammetry at the surface of GCE 

and poly(AHNSA), MWCNTs and MWCNTs/poly(AHNSA) modified electrodes at a scan rate 

of 0.1 V s-1. As can be seen in Figure 6.55, a broad oxidation peak without any peak in the 

reverse scan was observed at a potential of +0.595 V at the surface of the GCE. After 

modification with poly(AHNSA) and MWCNTs, the oxidation peak current was shifted to 

+0.354 V with a remarkably increment in its response. A very small reduction peak current 

appeared in the reverse scan near +0.281 V at these electrodes, which is due to the reduction of 

diimine to UA. Thus, UA shows a quasi-reversible electrochemical reaction at the surface of 

poly(AHNSA)/GCE (curve b) and MWCNTs/GCE (curve c).  

 

The current response for UA at MWCNTs/poly(AHNSA)/GCE was higher than at 

poly(AHNSA)/GCE, MWCNTs/GCE and GCE. The current response obtained at the composite 

was found to be three-fold higher than observed at the GCE. The remarkable signal enhancement 

in electrochemical detection of UA at the composite modified electrode is due to the synergistic 

effect resulted from combining the individual characteristics, such as high electrical conductivity 

and large specific surface area. Therefore, due to high sensitivity MWCNTs/poly(AHNSA)/GCE 

was chosen as the sensing electrode for the determination of UA used in this study. 
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Figure 6.55. Cyclic voltammograms for 1.0 mM UA in 0.1 M PBS (pH 7.0) at GCE (a), 

Poly(AHNSA)/GCE (b), MWCNTs/GCE (c) and MWCNTs/Poly(AHNSA)/GCE (d) at scan rate 

of 0.1 V s-1. 

 

6.6.3. Effect of pH 

 

The effect the pH of PBS on the electrochemical response for UA at MWCNTs/poly(AHNSA)/ 

GCE was studied over pH range 5.0−8.5 by cyclic voltammetry. As shown in Figure 6.56, the 

anodic peak current of UA at MWCNTs/poly(AHNSA)/GCE increased with increasing of pH 

until it attained the maximum at pH 7.0, and then decreased rapidly when the pH increased. 

Thus, pH 7.0 was chosen as the optimum value for subsequent experiments.  

 

Furthermore, the effect of solution pH on the peak potential for UA at 

MWCNTs/poly(AHNSA)/GCE was studied. The potential shifted negatively with increasing pH, 

suggesting the involvement of protons in electrochemical process of UA (Figure 6.57). The 

relationship between the peak potential and the pH can be described as: Epa(V) = -0.061pH + 

0.840, R2 = 0.9977. The slope 0.061 V/pH is close to the theoretical value 0.059 V/pH (at 25 oC) 
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given by the Nernstian equation [205 ], which indicates equal numbers of protons and electrons 

participatein the oxidation of UA as described in Scheme 11. 
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Figure 6.56. Cyclic voltammograms for 1.0 mM UA in 0.1 M PBS of various pH (pH 5.0-8.5) at 

MWCNTs/poly(AHNSA)/GCE at scan rate of 0.1 V s-1. 
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Figure 6.57. Effects of pH on the anodic peak potential for 1.0 mM UA in PBS at scan rate of 

0.1 V s-1. 
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Scheme 11. Mechanism of UA oxidation 

 

6.6.4. Effect of scan rate 

 

The kinetics of the electrode reaction was investigated by studying the influence of scan rate on 

the anodic oxidation peak current of UA. Figure 6.58 shows the influence of scan rate on the 

oxidation peak current of UA at the MWCNTs/poly(AHNSA)/GCE. The oxidation peak current 

of UA in PBS (pH 7.0) increased with increase in scan rate over the range 0.050 to 0.25 V s-1. 

The anodic peak currents showed a linear relationship with the scan rate and the linear regression 

equation obtained is: Ipa(A) = 251v(V/s) + 14.15, R2 = 0.9982. This indicating that the oxidation 

of UA at the MWCNTs/poly(AHNSA)/GCE is an adsorption-controlled process (in set of Figure 

6.58). In addition, the oxidation peak potentials of UA shifted slightly in a positive direction with 

an increase in scan rate, demonstrating that the electrode reaction is quasi-reversible.  



141 
 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1 .4

-40

-20

0

20

40

60

80

100

120

0 .0 5 0 .1 0 0 .15 0 .2 0 0 .2 5
20

30

40

50

60

70

80

I( )  =  2 51 v (V /s ) +  1 4 .1 5
R 2  =  0 .9 9 82

I(



)

S c a n  R a te (V /s )

0 .25 V /s

0.05 V /s

I(


)

E(V )

 
Figure 6.58. Cyclic voltammograms for 1.0 mM UA in PBS (pH 7.0) at various scan rates 

(0.05–0.25 V s-1). Inset: plot of peak currents vs scan rates. 

 

6.6.5. Accumulation potential and time 

 

Since the electrochemical oxidation of UA at MWCNTs/poly(AHNSA)/GCE is an adsorption-

controlled process, accumulation potential and time can influence on the magnitude of the peak 

current. The effect of accumulation potential on the oxidation peak current for 0.1 mM UA in 

PBS of pH 7.0 was studied using square wave voltammetry over the range 70 mV to 280 mV 

(Figure 6.59A). A maximum peak current was observed at 180 mV and then it decreased with 

increasing potential. Therefore, 180 mV deposition potential was selected as the accumulation 

potential for further measurements.  

 

On the other hand, the effect of accumulation time on the oxidation peak current for 0.1 mM UA 

was also investigated, and the results are illustrated in Figure 6.59B. The peak current increased 

rapidly with increasing accumulation time in the range 30–60 s and remained almost unchanged 
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when the accumulation time was further increased due to surface saturation of the electrode. 

Consequently, accumulation time of 60 s was selected as the optimum accumulation time for 

further studies.  
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Figure 6.59. Effect of accumulation potential (A) and accumulation time (B) on the peak current 

for 0.1 mM UA.  

 

6.6.6. Calibration curve 

 

Under the optimum conditions, the oxidation peak currents for various concentrations of UA 

were recorded by SWV. A linear relationship between the oxidation peak current and the 

concentration of UA was obtained in the range 1.0 M to 100 M in PBS of pH 7.0 (Figure 

6.60). The linear regression equation of the oxidation peak current versus concentration for this 

range is: Ipa(A) = 0.462C(M)+ 10.29, R2 = 0.9972. The detection limit calculated to be 0.046 

M based on the three times signal-to-noise ratio (3S/N). 

 

The linear range and detection limit for UA at the MWCNTs/poly(AHNSA)/GCE were 

compared with those reported in the literature (Table 6.16). The sensor exhibited low detection 
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limits compared with reported values. Besides, the preparation of the modification was very 

simple and not time consuming. 
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Figure 6.60. Square wave voltammograms responses for various concentrations of UA in PBS 

pH 7.0 (from a to h): 1.0, 5.0, 10, 20, 40, 60, 80 and 100 M at MWCNTs/poly(AHNSA)/GCE. 

Inset: plot of peak current vs the concentration of UA. 
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Table 6.16. Comparison of the electrode with previously reported electrodes for the 

determination of UA. 

Electrode Method L. Range 

(M) 

D. Limit  

 (M) 

References 

PtNSs/C60/GCE DPV 9.5–1187 0.63 [360] 

SnO2/graphene/GCE SWV 0.1–200 0.28 [362] 

Poly(glyoxal-bis(2-hydroxyanil))/GCE DPV 1.0–200 0.3 [363] 

Reduced graphene oxide/GCE DPV 0.5–60 0.5 [364] 

Poly-(luminol)/GCE DPV 0.3-100 2 [366] 

NanoSnO2/MWCNTs/Cpe(sim) DPV 3–200 1.0 [371] 

Poly(Aspartic Acid)AgNPs/GCE LSV 5–100 0.3 [372] 

Graphene/GCE CV 2–120 0.6 [373] 

Cetylpyridinium chloride /GCE DPV 0.50–110 0.13 [374] 

MWCNTs/poly(AHNSA)/GCE SWV 1-100 0.046 This work 

 

6.6.7. Repeatbility and stability 

 

The repeatability of the modified electrode was investigated in ten successive measurement of 

the current response for 1x10-5 M UA under the same experimental conditions. The RSD of the 

response was found to be 2.3%, which suggests good repeatability of the measurement at the 

modified electrode. The stability of the sensor was also determined. The stability of the 

MWCNTs/poly(AHNSA)/GCE towards UA oxidation was also evaluated by measuring the 

response for 1x10–5 M UA in 0.1 M PBS (pH 7.0) by keeping the electrode in a buffer solution 

for a week. The current response decreases only 2.3%, suggesting that 

MWCNTs/poly(AHNSA)/GCE has a good stability. 
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6.6.8. Interference study 

 

To assess the selectivity of the MWCNTs/poly(AHNSA)/GCE, the influence of possible 

interferents which may coexist with uric acid in real samples on the electrochemical 

determination of 20 M uric acid was examined under the optimum conditions. The tolerance 

limit was defined as the maximum concentration of potentially interfering species, with a relative 

error of less than 5%. As shown in Table 6.17, a 100-fold excess concentrations of Co2+ and 

Cu2+, and 50-fold concentrations of ascorbic acid, glucose and urea were shown no interference 

on the response current of UA (signal change below 5%), indicating that 

MWCNTs/poly(AHNSA)/GCE possessed excellent selectivity towards UA. 

 

Table 6.17. Effects of interferences on the response of UA.                                                                                                                            

Interferent Conc.(M) Signal change (%) 

  AA 1000 +4.3 

  Glucose 1000 +2.3 

  Urea 1000 +4.1 

  Co2+ 2000 +1.5 

  Cu2+ 2000 -3.1 

   

 

6.6.9. Applications 

 

The applicability of the MWCNTs/poly(AHNSA)/GCE sensor for the determination of UA was 

tested for urine samples collected from a normal person. After diluting the urine sample with 

PBS pH 7.0, an oxidation peak was appeared at 0.24 V. To confirm the oxidation peak was due 

to UA, the sample was spiked with known concentrations of standard UA. As can be seen in 

Figure 6.61, the standard solution of UA added to the urine sample caused an increase in the 

oxidation peak current, which confirmed that the peak observed for the urine sample was due to 

the oxidation of UA.  
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In addition, in order to evaluate the validity of the developed method for the determination of 

UA in urine samples, standard addition method was applied by spiking urine samples with 

different concentration of standard UA solutions. The percent recoveries were found in the range 

92.0% to 102.9% (Table 6.18). These results indicate that MWCNTs/poly(AHNSA)/GCE has 

good reliability for detecting UA in human urine. 
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Figure 6.61. Square wave voltammograms of urine sample diluted with 0.1 M PBS (pH 7.0) 

(dash line) and after addition of 50 M UA to the urine sample (solid line). 

 

Table 6.18. Recovery study of UA in urine sample (n = 3) 

Sample Added (M) Found (M) Recovery (M) 

 -      6.12 - 

Urine 15 21.57(0.42) 102.9 (2.81) 

 25 31.71(1.16) 102.4(3.37) 

 40 42.84(0.74) 92.0(1.73) 
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7. CONCLUSIONS 

 

In this study, different types of electrochemical sensors were developed for the analysis of 

selected pesticides (phoxim, phenothrin, fenitrothion and endosulfan) and pharmaceuticals 

(caffeine, paracetamol and uric acid). 

 

Cobalt nanoparticles (CoNPs) were synthesized and CoNPs/GCE was prepared by drop coating 

the nanoparticles on GCE. After preparing PPy/GCE using electropolymerization of pyrrole in 

LiClO4 solution, the CoNPs/PPy/GCE composite electrode was fabricated by drop coating the 

CoNPs on the PPy/GCE. Different characterization techniques such as transmission electron 

microscopy, scanning electron microscopy, UV–vis spectroscopy, FTIR and energy dispersive 

spectroscopy (EDS) were used to study the morphological structure and surface analysis of the 

prepared sensors. Among all electrodes, CoNPs/PPy/GCE exhibited highest electroactive surface 

area and lowest electron transfer resistance towards phoxim. Besides, the composite electrode 

demonstrated excellent reproducibility, good stability and selectivity towards the possible 

interfering substances. All of these properties proved CoNPs/PPy/GCE a suitable 

electrochemical sensor for the electrochemical determination of phoxim in water samples by 

square wave voltammetry. 

 

A new and sensitive electrochemical sensor for the determination of phenothrin is reported based 

on graphene oxidepolypyrrole modified glassy carbon electrode. Graphene oxide was 

successfully prepared from graphite and electropolymerized in a mixture containing pyrrole in 

LiClO4 by cyclic voltammetry. The characterization of the composite film was performed by 

FTIR, UV-Vis, Raman spectroscopy, EIS, cyclic voltammetry and SEM. The characterization 

results confirmed that GO/PPy composite was synthesized successfully. Phenothrin showed an 

adsorption-controlled irreversible electron transfer reaction at GO/PPy/GCE. The electrode 

showed reproducible measurements, better selectivity and good recovery for the determination of 

phenothrin in fruit juice samples. 

 

A sensor for fenitrothion was prepared by drop coating MWCNTs on to GCE. The 

MWCNTs/GCE exhibited an excellent electrocatalytic activity in lowering overpotential and a 
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significant enhancement of the peak current of fenitrothion as compared to the bare electrode, 

with a wider linear range, higher sensitivity and less than 5% reproducibility. The developed 

sensor was successfully applied for the determination of fenitrothion in soil and teff samples with 

a good recovery without the interference of coexisting species.  

 

MF/GCE was prepared for the electroanalysis of endosulfan and it showed a better 

electrocatalytic activity towards the reduction of endosulfan. Compared with other electrodes 

available in the literature, low detection limit was obtained at MF/GCE. This low detection limit 

indicate that the electrochemical sensor is suitable for trace analysis. In addition, the method was 

also successfully applied for the detection of endosulfan in onion and tomato samples. 

 

Caffeine and paracetamol were determined simultaneously at poly(4-amino-3-

hydroxynaphthalene sulfonic acid) modified glassy carbon electrode. The electrode exhibited an 

enhancement in the peak current and shifts of the peak potential towards negative potential. 

Besides, the low detection limit, wider linear range, high selectivity and stability of the sensor, 

the simultaneous determination of caffeine and paracetamol was possible with this electrode. 

Moreover, the electrode was also utilized successfully for the analysis of caffeine and 

paracetamol in Coca-Cola, Pepsi-Cola and tea samples. 

 

Multi-walled carbon nanotubes coated poly(4-amino-3-hydroxynaphthalene sulfonic acid) 

modified glassy carbon electrode was applied for the determination of uric acid.. The 

MWCNTs/poly(AHNSA)/GCE exhibited higher sensitivity to uric acid as compared to the 

MWCNTs/GCE, poly(AHNSA)/GCE and the GCE. This is due to the synergistic effect of larger 

surface area, higher accumulation efficiency of the MWCNTs film and the electrostatic 

interaction between the hydroxyl, sulphonic and amine groups of the polymer with the uric acid. 

The composite modified electrode also showed remarkable electrochemical advantages such as, 

high reproducibility and stability, wide linear range and low detection limit. Moreover, the 

sensor was employed for the analysis of UA in human urine.  
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