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Abstract 

The current research work is intended at the designing of a various electrochemical 

sensors for the analysis of pharmaceutical drugs and detection of toxic heavy metal ions. 

Three types of electrochemical sensors were prepared and characterized. These include 

nanosensors, DNA biosensors and surfactant based electrochemical sensors. In the 

electrochemical nanosensors, TiO2 nanoparticles and COOH functionalized MWCNTs 

were used as receptors for the sensing of oxymetazoline drug (OMZ). The designed 

nanosensor helped in the sensing of OMZ with a 4.4 nM detection limit. In the second type 

of electrochemical sensor, DNA was used a receptor over the surface of transducer. The 

designed DNA biosensors were employed for the detection of a number of Schiff bases, 

i.e., 2-((3-chlorophenylimino)methyl)-5-(diethylamino)phenol (2-CPMP), 2-((2,4-

dichlorophenylimino)methyl)-5-(diethylamino)phenol (2-DPMP), 5-(diethylamino)-2-

((3,5-dimethylphenylimino)methyl)phenol (5-DDPMP) and 5-(diethylamino)-2-((2,6-

diethylphenylimino)methyl)phenol (5-DDMP). All the Schiff bases were found to interact 

with DNA and interestingly the oxidation signal of 5-DDMP registered 30 times increase 

at the fMWCNTs fabricated DNA biosensor compared to DNA biosensor alone. Moreover, 

surfactant based electrochemical sensors were also designed and applied for the 

simultaneous detection of several toxic heavy metal ions. For this purpose, 1-dodecanoyl-

3-(4-methoxyphenyl)-2-thiourea and 1-(3-chlorophenyl)-3-dodecanoylthiourea were used 

as recognition layers for the simultaneous and sensitive sensing of four and six metal ions, 

respectively. The electrochemical behavior of the targeted analytes at the developed 

sensors was probed by adsorptive stripping differential pulse voltammetry (ASDPV) and 

cyclic voltammetry (CV). The performance parameters of the developed sensors were 

evaluated from EIS, CV and ASDPV. The conditions i.e. concentration of modifiers, type 

of electrolyte, pH of medium deposition potential and deposition time were optimized for 

getting the highest current response to achieve the lowest detection limits of the targeted 

analytes. The modified electrodes were tested for real samples to check their validity for 

practical applications. The results revealed all the designed sensors to demonstrate the 

qualities of excellent sensitivity, selectivity and reproducibility. 
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Chapter 1 

INTRODUCTION 

This chapter introduces sensor and its types for the sensing of target analytes. Here 

particular focus is on electrochemical sensors owing to their fast speed of analysis, high 

sensitivity, selectivity, stability, portability and cost affordability. Such capabilities of 

electrochemical sensors have made these analytical tools significantly important for 

clinical analysis and monitoring of water toxins.  

1.1. Sensors 

Sensors can detect physical, electrical and chemical stimuli and respond to the 

binding events in the form of readable signals. They consist of a sensing surface and a 

signal transducer which detect and transmit the signals forward without any kind of 

amplification. The produced signals may be thermal, optical or electrical which are 

transformed to digital signals for further handling.1,2 Peculiar features for selecting a sensor 

include; accuracy of the sensor, the limit of detection (LOD), linearity range of detection, 

resolution (minimum detectable increment), cost, repeatability and calibration.  

Sensors can mainly be divided into natural and artificial sensors. The components 

of natural and artificial sensors are given in Fig. 1.1. 

(a) Natural Sensors 

The best example of natural sensors is human sense organs. Human beings are 

gifted with five sense organs i.e., nose, tongue, eye, ear and skin. Each sense organ contains 

a number of receptors.  

A natural sensing system exhibits mainly two principal features. Firstly, fingerprint 

pattern production, i.e., the generation of a signal by natural chemoreceptors for each 
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element, secondly, their ability to transport signal to brain which after receiving interprets, 

records and finally responds to the signal generated. For example one gets surprised to see 

that how the small number of taste buds present on mammalian tongue (a small organ 

having chemoreceptors) can detect a number of tastes: sweat, salty, sour and bitter, and the 

chemoreceptors present in nose can perceive any kind of smell, truly portraying the multi-

dimensionality of the best functional architecture.3  

 

 

 
Fig. 1.1. Components of natural and artificial sensors.3 

 

(b) Artificial sensors 

 

Usually, human sensory panels, mass spectrometry (MS) and gas chromatography 

(GC) are employed to inspect or assess food aromas. The drawback associated with human 

sensing panels is low reproducibility (i.e., fluctuation of outcomes resulting from health of 

panel members, fatigue, time of day, prior aromas analyzed, etc.). Major drawback with 

human sensory panels is their inability to be used for hazardous food odor assessment. 

Other methods of analysis such as MS, GC/MS suffer from the requirement of substantial 

amount of human involvement and skill.4 In order to get rid of these issues artificial noses 

i.e., electronic noses have been developed by imitating the pattern of natural sensors i.e., 

nose, for recognition and classification of a large variety of food stuffs.5 
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1.1.1. Classification of sensors 

Sensors are designed to sense the analytes which may be in the form of liquid, solid 

or a gas. These are broadly classified into two classes i.e., chemical sensors, physical 

sensors.  

1.1.1.1. Physical sensors 

Physical sensors are carriers of physical stimuli such as pressure, temperature, 

magnetic field, force, etc. and do not have any chemical interface. They receive input as a 

physical change and produce an output signal per quantity of change measured. The 

quantity and quality of output signal depends highly on the type of transducer used. Mostly 

surface acoustic, piezoelectric, light emitting resistor and thermostat are used as physical 

transducers.6

1.1.1.2. Chemical sensors 

Chemical sensors are the miniaturized materials/devices, which can get on-line and 

real time evidence about the existence of analytes or compounds in complex samples. 

Generally chemical sensors are composed of a chemically selective coating which is able 

to respond chemically to a specific chemical in the surrounding and is able to be used for 

quantitative and qualitative analysis.7 The chemical sensor shown in Scheme. 1.1 has three 

components: analyte, sensing layer and the transducer.     

Scheme. 1.1. Pictorial representation of a chemical sensor. 
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1.1.1.2.1. Types of chemical sensors 

Depending upon the the type of transducer used, chemical sensors are categorized 

into following types 

(i) Electrochemical sensors 

(ii) Potentiometric sensors 

(iii) Amperometric sensors 

(iv)  Optical sensors  

(v) Mass sensitive sensors  

(vi)  Heat sensitive sensors 

(i) Electrochemical sensors 

Electrochemical sensors hold great promise for the determination of desired 

analytes due to their handeling convinence, high selectivity, ultrasensitivity, rapid response 

and low-cost. These have improved the practical applicability of the conventionaly used 

analytical devices/ tools owing to their distinguishing properties i.e. simple to operate, 

inexpensive and portable. These devices have also eliminated the problem of time 

consuming preparation process and  usage of costly reagents. Depending upon the 

transduction mode, electrochemical sensors are categorized mainly into potentiometric, 

amperometric, voltammetric,  conductometric and impedimetric sensors.8 

(ii) Potentiometric sensors 

Commonly used electrochemical methods for the detection and determination of 

analytes of interest are established on the principle of change in voltage or current during 

measurnments. In potentiometric technique, the potential difference is recorded between 

the reference and working electrodes. During the measurnment of current, a constant half 

cell potential is provided by the refrence electrode and a variable potential is developed by 

the working electrode depending upon the active analyte concentration in solution. 
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Commonly, the potentiometric sensor possess a membrane of unique composition. This 

membrane may be a plasticized polymer or a crystal or glass. The ion selective electrode 

composition is selected to impart the potential which is primarily related with the ion or 

ions of interest through a selective binding procedure at the membrane-electrolyte 

interface. Potentiometric sensors have gained the utmost attention for field operations as 

these are simple, highly selective and cost effective. On the contrary, these are 

comparatively less sensitive and are usually slower than their amperometric counterparts. 

(iii) Amperometric sensors 

In  amperometric  technique the signal of interest is generated that relates linearly 

with the concentration of analyte. During amperometric measurement, certain chemical 

species undergo oxidation while other undergo  reduction (redox reactions) at noble metal 

electrodes (working electrode) and electrons are transfered from working electrode to 

analyte specie or vice versa. The direction of transfer of electrons depends on the applied 

potential at working electrode and the nature of the analyte. Thus, amperometric sensors 

are designed for the detection of analyte species involved in biological or chemical 

recognition processes. The signal transduction takes place by keeping working electrode 

potential at a fixed value (comparative to reference electrode used) and the current is 

recorded with respect to time.9 

(iv) Optical Sensors 

Optical sensors have a variety of applications in clinical diagnostics and 

environmental monitoring. It is a promising analytical device for the continuous 

monitoring of a process and real-time information related to the process under observation, 

when required. They can detect the sources of pollution in an industrial process, track the 

formation and transfer of environmental contaminants and raise the threat alarm whenever 

some toxic specie exceeds the level of exposure. Hence, optical sensors play a significant 

part in clinical diagnostics. 
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The optical properties of optical sensors can be absorbance, reflectance, 

fluorescence, light polarization and many others. In optical sensors, a spectroscopic 

measurement is associated with a chemical reaction. Mostly these sensors are utilized for 

environmental monitoring because they can sense toxic elements even at trace levels.2,10 

Nowadays these techniques are extensively used for the analysis of toxic heavy metal ions 

found in the environment. The identification of heavy metal ions takes place by introducing 

a chemical compound into the system. The heavy metal ions react with this compound and 

hence a change in the absorbance, reflectance, fluorescence or light polarization of the 

compound under observation is detected. 

 

(v) Mass sensitive sensors 

 

Mass sensitive sensors utilize piezoelectric effect for their performance. They 

include devices or tools, for instance, surface acoustic wave devices that are principally 

valuable as gas sensors. These sensors rely on variation in mass at the surface of a 

fluctuating crystal which produces shift in the oscillation frequency. The extent of shift in 

the frequency depends on the extent of substrate absorbed over the surface. 

 

(vi) Heat sensitive sensors 

 

Heat sensitive sensors are commonly known as calorimetric sensors. Examples of 

heat sensitive sensors are platinum thermometer or a thermistor. Compared to optical or 

mass sensors, heat sensitive sensors are more effective due to their enhanced detectability. 

These sensors have gained the leading position among the existing sensors that have 

touched the commercial scale, and have also found wide applications in clinical, 

environmental, industrial and agricultural analysis.11 However, for the simultaneous 

sensing of multiple analytes, electrochemical sensors are the best owing to their ability of 

discriminating species on the basis of redox potentials. Hence, the current work intention 

lied on the development of electrochemical sensors.  
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1.2. Targeted analytes 

Three types of analytes were investigated as reported in this dissertation. These 

include pharmaceutical drugs, Schiff bases and heavy metal ions. A brief introduction of 

these analytes is presented in the subsequent sections. 

1.2.1. Pharmaceutical drugs 

Pharmaceutical drugs are chemicals used to cure, diagnose, prevent or treat a 

disease. The advancement in medical field relies on the development of pharmacotherapy 

based on the pharmacological science and pharmacy. A plethora of medicines have been 

prepared up till now. Some major classes of these pharmaceutical drugs include 

antipyretics, analgesics, antimalarials ect.  

Antipyretics are drugs used for reducing fever. They cause the reduction in 

prostaglandin temperature by overriding hypothalamus. The body then maintains lower 

body temperature that results in reduction of fever. In United States, the most common 

antipyretics are aspirin and ibuprofen. They are categorized as nonsteroidal anti-

inflammatory drugs (NSAIDs) often used as pain relievers, but also have antipyretic 

characteristics. Another widely used example of antipyretic drug is acetaminophen 

(paracetamol). 

The analgesics are a group of drugs used to pain relief. Analgesic drugs affect both 

the peripheral and central nervous systems. Unlike anesthetics, they produce long lasting 

effect which in some cases, eliminate the sensation. Important examples of analgesics are 

paracetamol (named as acetaminophen in North America), the opioid drugs i.e. oxycodone 

and morphine and NSAIDs i.e. the salicylates 

Antimalarial medicines are made to cure or prevent malaria. The function of these 

drugs is remediation of malaria in people with confirmed or suspected infection. The most 
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common antimalarial agents are hydroxychloroquine and chloroquine. They are also used 

in the cure of lupus-associated arthritis and rheumatoid arthritis. 

An antibiotic is a kind of antimicrobial drug used for prevention against bacterial 

infections. They prevent the growth of bacteria and sometimes kill them. They are not used 

for the cure of viral diseases i.e. the influenza (common cold). Sometimes the name 

antibiotic is mistakenly referred to any substance used for prevention against 

microrganisms. Although they both perform the same function of killing or inhibiting the 

growth of microbes, the main difference between these two is that antibiotics (penicillin) 

is collected naturally, while antimicrobials (sulfonamide) are synthetic. Other difference 

between antibacterial and antibiotic is that antibiotics are used in pharmaceutical drugs 

while antimicrobials are used in disinfectants and soaps. 

Antiseptics are disinfectants which are applied on skin/living tissue to lessen the 

chance of sepsis or putrefaction, infection and inflammation. The distinguishing feature of 

antiseptics from antibiotics is that it is transported via the lymphatic system to kill 

microorganisms inside the body, while antibiotics (disinfectants) eradicate bacteria found 

on non-living things. Sometimes antiseptics can destroy microbes (true germicide), while 

some only inhibit or prevent the microbial growth (bacteriostatic). 

A psychiatric medicine known as mood stabilizer is used to cure mood sickness 

identified by intense and constant mood shifts. The types of disorders are typically termed 

as schizoaffective disorder and borderline personality disorder. Common mood stabilizers 

are lithium and valpromide. 

Hormone replacement therapy (HRT) is a type of hormone therapy used for 

treatment of symptoms related to menopause in women. The symptoms of this stage 

include bone loss, hot flashes, vaginal atrophy and dryness which are the result of reduced 

levels of sex hormones during the menopausal period. Major hormonal therapies for HRT 

treatment of menopausal symptoms are progestogens and estrogens. Sometimes, androgens 

i.e. testosterone are also used in HRT.  
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Other pharmaceutical drugs include; oral contraceptives used for birth control, 

stimulants for enhancing the normal functioning of the body leading to recreational or 

performance-enhancing effects, tranquilizer for controlling fear, anxiety, tension, 

disturbances and agitation of the mind, and statins for curing cardiovascular disease. A 

brief introduction of the investigated commercial and potential synthetic drugs is given in 

the following sections. Moreover, toxic metal ions and importance of their detection for 

improving the quality of water is also discussed in this chapter. 

1.2.1.1. Oxymetazoline (OMZ) 

An electrochemical sensor was designed for the electroanalysis of a pharmaceutical 

drug oxymetazoline (OMZ). It is a topical nasal decongestant which is used particularly 

for decreasing nasal congestion. Topical nasal decongestant can be divided into two 

classes: sympathomimetic amines (amphetamine, cocaine, adrenaline, ephedrine) and 

imidazolines (oxymetazoline and xylometazoline).12 OMZ has been employed as a function 

of nasal vasoconstrictor for more than forty years.13 α-adrenoceptor, which is used as a 

nasal mucosa decongestant at allergic rhinitis or cold, is an agonist material.13,14 Excess 

dose of unprescribed oxymetazoline nasal drugs joins to systemic absorption from nasal 

mucosa and it might result in side effects at cardiovascular or/and central nerve systems.15 

The studies in the literature for the determination of OMZ can be summarized as 

follows, except its simultaneous determination studies with other compounds: flow 

injection analysis with chemiluminescence detector,15 HPLC for OMZ and its degradants16 

and mass spectrometry/ liquid chromatography method for the synthesis and identification 

of OMZ and two of its oxidation degradants.17 Electrochemical techniques are very useful 

methods for sensitive and selective determination of organic molecules like drugs as well 

as the redox properties of these molecules. Their low cost and their ability to be 

miniaturized make them alternative to classical analytical techniques for providing rapid 

and sensitive determination.18,19,20 No study has been encountered in the literature for 

electrochemical analysis of OMZ from pharmaceutical formulations. Therefore, this drug 

was selected for detailed electroanalytical investigation in this research. 
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1.2.2. Schiff bases  

 

Schiff bases are the products of condensation reaction between primary amines and 

carbonyl compounds. Their characteristic structures are identified by the presence of imine 

or azomethine (–C=N) group. They were named after their discoverer, a well-known 

chemist Hugo Schiff. Schiff bases attached to alkyl systems are relatively unstable and 

readily polymerize but those attached with aromatic systems are quite stable owing to 

conjugation.21 Schiff bases are bestowed with vast biocidal and technological applications 

owing to their photometric, electrochemical and thermochromic properties.22  

 

Schiff bases are employed as charge carriers in potentiometric sensors because of 

their excellent stability, sensitivity and selectivity.23 They can also inhibit corrosion by 

forming a monolayer on to the surface for protection.24 Moreover, they can also act as 

excellent ligands in the coordination chemistry field due to available binding sites in their 

structures.25 Thus, they are widely used for the formation of stable complexes with metal 

ions. These metal complexes act as models for herbicidal and anticancer applications.26 

Electrochemistry provides highly useful details of catalysis as it involves the change in 

oxidation state. The steric and electronic effects of Schiff bases contributed in the design 

of new catalysts in numerous fields.27 However, these types of compounds are capable of 

exhibiting excellent catalytic activity in homogenous28 and heterogeneous catalysis.29 They 

can catalyze a chemical reaction even in the presence of moisture and at temperatures 

higher than 100oC. The metal complexes of Schiff bases have been known to catalyze 

hydrogenation of olefins and many biological reactions. They also play important role in 

enzyme preparation.  

 

Schiff bases contains imine group which is associated with wide range of biological 

applications.30 Imine complexes are found to exhibit anti-malarial, anti-viral,31 anti-

tumour32 and anti-bacterial effects. They are widely employed for the treatment of diabetes 

and AIDS. They can work as model for understanding the activity of various biologically 

important compounds. Isatin Schiff base ligands are known to exhibit anti-viral activity 

and are found quite effective for HIV treatment.32 Other Schiff bases derivatives like 
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salicyaldehyde Schiff base derivatives may find their use in vaccination of various viral 

infections including small pox, poliomyelitis (polio) etc. They are used in antiepiletic drugs 

due to their capability of exhibiting anticonvulsant activity. The anticancer, antibacterial, 

anti-inflammatory agents, antitumor, anti-tuberculosis, antimicrobial, insecticidal and 

anticonvulsant33 activities of Schiff bases have been extensively reported to apply for the 

treatment of diseases caused by several organisms i.e. Candida Albicans, Plasmopora 

viticola, Mycobacteria, Bacillus polymxa, and Erysiphe graminis. Schiff bases synthesized 

by 4-dimethylamine benzaldehyde dispay excellent antibacterial activity and N-

(Salicylidene)-2-hydroxyaniline is used for the treatment of mycobacterium tuberculosis.34 

2,4-dichloro-5-fluorophenyl group containing schiff base is an effective inhibitor of 

bacterial growth.35 Schiff bases containing β-keto esters and o-aminobenzoic acid are used 

for the treatment of S. epidermidis, E. coli, B. cinerea and A. niger.36 Silva et al. 

documented the antiviral activity of schiff base produced form salicaldehyde and 1-amino-

3-hydroxyguanidine tosylate. Ancistrocladidine, a metabolitic product of 

ancistrocladaceae and dioncophyllaceae plants has been reported to show antimalarial 

properties.34 In medicines they are used as antibodies and anti-inflammatory agents.37

Photochromic and thermochromic properties of Schiff bases have made them useful 

materials in modern technological devices. They are in routine usage of optical computers 

and molecular memory storage devices and imaging systems where they are employed to 

measure as well as to control the intensity of radiations. Their photometric properties make 

it possible to use them as photodetectors in biological systems as well as photo stabilizers. 

They are also used as dyes in solar collectors. Similarly, they are applied in optical sound 

recording technology, in molecular memory storage and in reversible optical memories. 

Other properties of schiff bases which make them suitable material in modern appliances 

are their chelating ability, optical non-linearity, thermal stability, liquid crystal property 

and possessing a structure having electrical properties to transfer protons. Azomethine dyes 

comprising the largest percentage in organic dyes are well known in cosmetic and food 

industries as coloring agents.38  Beside their applications in emerging optical and analytical 

fields39 their pharmacological applications are also reported due to their structural 

similarity with natural biological species.40 They are widely distributed in organic 
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substances and Schiff bases having azomethine linkage (C=N), responsible for most of 

their biological and industrial applications.41 As the desired biological action of a 

compound requires structure analysis for its induction practically in life and 

electrochemical techniques give valuable information for the evaluation its structure and 

prediction of its redox mechanism, we developed a DNA biosensor for the investigations 

of biological applications of Schiff bases. The steric and inductive effects of the substituent 

groups also strongly influence the basicity of nitrogen atom which change the redox 

properties of whole Schiff base molecule.  

 

1.2.3. Heavy metal ions 

 

The heavy metals are the metal elements that possess comparatively high densities 

and even at very low concentration these tend to be a serious threat for living organisms.42 

Usually, all the metals or metalloids possessing densities higher than 4-4.5 g/cm3 fall in 

collective term of “Heavy Metals” (HMs).43 HMs include zinc (Zn), cadmium (Cd), 

mercury (Hg), lead (Pb), arsenic (As), copper (Cu), silver (Ag), platinum, chromium (Cr), 

and iron (Fe).44 

 

HMs is the integral part of the earth crust which is present as its natural inorganic 

component and are non-biodegradable. They are dispersed in soil, air and water. Excessive 

use of metals by mankind have seriously disturbed the normal environmental cycles. The 

main sources of heavy metals contamination in aqueous environment are so many.45 These 

sources are depicted in Fig. 1.2. 

 

Nowadays, the term “heavy metals” is extensively used in environmental studies 

due to their probable ecotoxicity.46 People get contact with HMs through air, food and water 

chain, occupational exposure, and industrial products. The toxic effect of HMs is the result 

of their great affinity to form complexes, particularly with oxygen, sulphur, and nitrogen 

possessing ligands of biological material and thus disturb the normal body chemistry. When 

they are consumed, poisonous metal ions (e.g., Pb2+, Cd2+, Zn2+, As2+, As3+, Ag+, and Hg2+) 

get transformed into their most stable form, thus they can combine with the biological 
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molecules of body (e.g., DNA, enzymes and proteins) and form solid linkage. The heavy 

metal atoms replace the metal and hydrogen atoms exists in the biological molecules thus 

inhibit their normal functioning.47, 48 Some heavy metals are very important for the 

metabolic activities of human body at low amount, i.e. Mg, Cu, Zn, Fe, while others are 

known to be highly poisonous even above the allowed levels of contamination. Table 1.1 

summarizes the threshold contamination level and the standards for HMs by WHO (World 

Health Organization) based on scientific studies and toxicity data of the heavy metal ions. 

 

 

Fig. 1.2. Major causes of heavy metal contamination of the aquatic system.45 

 

Currently, the determination of HMs with high precision/accuracy has become the 

most important task for regulatory authorities, the controlled community, and above all for 

the public to make the surrounding environment clean enough for their secure life. They 

face a great challenge to develop a technique with good sensitivity and high accuracy. 

Enormous work on analytical methods has been performed for achieving the targeted 

objectives. Commonly recommended sensing methods for the detection of HMs are 

inductively coupled plasma mass spectrometry,48 atomic absorption spectrometry49 and 

flame atomic absorption spectrometry.50 These methods are suitable for HMs sensing as 

they can provide a good linearity in calibration plot and relatively low limits of detection 
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of HM ions but the samples need to be collected and transported by the labors to the 

laboratories, instruments are large, expensive and difficult to operate. During this whole 

process, contamination of samples might occur. The slow detection time and greater cost 

of these traditional measurement techniques for measuring HMs compel search for a novel 

approach which could be more sensitive, inexpensive, portable and associated with fast 

speed of analysis. In this regard, electrochemical sensors hold great promise for onsite 

detection and monitoring HM ions owing to their rapid detection, excellent sensitivity, 

absolute selectivity and handling convenience. 

 

1.3. Materials for fabrication of electrode  

 
The electrochemical sensors require some material for fabrication on the electrode 

surface to boost the analytical signals of desired analyte. In the current work nanoparticles 

and surfactants were used as recognition layers over the surface of transducer. Their brief 

introduction is given below: 

 

1.3.1. Nanoparticles 

 

Recently, the designing of electrochemical and biosensors by the combination of 

recognition and electronic elements has grabbed much attention of the research community 

owing to their exceptional advantages. Nanomaterials such as nanowires, conducting 

polymer, nanoparticles or carbon nanotubes are employed as carriers to boost the probe 

area and act as supporters for capturing molecules. Nanomaterials are also designed for 

localized surface plasmon resonance (SPR) integrated with classical prism-based SPR 

sensors to provide greater sensitivity and low detection limits. The immobilization of 

modifiers by these nanomaterials on the electrode surface is a crucial step for designing of 

electrochemical sensors. In the present study, a variety of nanoparticles are used for 

immobilization. The immobilization method chosen for a study is displayed to affect the 

sensing ability of a sensor, mainly in terms of stability, sensitivity and reproducibility.  
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The modification of electrodes using carbon nanomaterials (CNMs) enables us to 

operate their distinguishing physiochemical properties in the field of medicine and 

technology. Owing to their outstanding properties, CNMs (particularly CNTs and GOs) are 

extensively used in sensor technology for loading of several drugs, as scaffolds for the 

advancement in tissue engineering by providing similar microenvironment as that of the 

extracellular matrix, and in formation of composite molecules with DNA or RNA, genes, 

proteins and nucleic acid.51 The use of CNMs as system for drug delivery was attributed to 

the several attachment sites which provide high surface area for loading of drug. In this 

respect, Ali-Boucetta and coworkers demonstrated the delivery and attachment of 

anticancer camptothecin and doxorubicin drug via π - π linkage between CNMs and π-

clouds of drugs. The sp2 hybridized five and six membered rings containing π-cloud were 

responsible for the interaction between these drugs and CNMs.52 Graphene oxide (GO) 

offer some useful merits i.e. two external surfaces, facile modification and fabrication, and 

the absence of toxic metal particles.53 GO also exhibit efficient drug binding due to the 

exposure of sp2 carbon atoms on its surface leading to an exceptionally high surface area.54  

 

The feasibility of electron transfer reactions depends upon redox components at the 

electrode, carbon structures, metallic nanoparticles, conductive polymers or their 

combinations at electrochemical sensing platform. These factors accelerate the 

transformation of irreversible oxidation processes to reversible processes because of rapid 

electron transfer process. Among carbon nanostructures, especially graphene, single-

walled and multi-walled carbon nanotubes are extensively used.53 CNTs are useful 

nanomaterials for fabrication of electrode owing to flexibility of their surface, wide 

potential window and electrocatalytic effect.55 Electrodes like glassy carbon and carbon 

paste electrodes modified with noble metallic nanoparticles show more electrocatalytic 

effect towards electroactive molecules compared to bare electrodes. Recently, TiO2 

nanoparticles find use in the designing of sensors due to their good adsorption, chemical 

and thermal stability, cheapness, bio-compatibility and environment-friendliness. 

Moreover, these can be used as surface-charge regulator and adsorbents for modification 

and allow the researchers to study analytes at a wide potential range.56,57 In the present 

study, -COOH functionalized MWCNTs and TiO2 nanoparticles fabricted electrode has 
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been used for the sensing of OMZ using a sensitive voltammetric method, anodic stripping 

differential pulse voltammetry (ASDPV).  

1.3.2. Surfactants 

Surfactants are a form of amphiphilic molecules, which are extensively used in 

several electrochemical methods. These wide applications of surfactants include 

electrocatalysis,58 electroplating,59 electroanalysis60 fuel cells61 and corrosion.62 The 

surfactants are also utilized as electrochemical sensors due to their ability to bind to the 

surface of transducer via the hydrophobic linkage with their hydrophobic C–H chains. 

They are not only capable of improving surface properties but are also found to fairly 

influence the electrochemical methods.63 They are also known to exceptionally enhance 

the enrichment capability of electrochemical sensors with organic compounds, i.e. 

phenol or derivatives of phenol. However, surfactants are utilized to boost the sensitivity 

of electrochemical sensor.64  

Moreover, the surfactants are surface active agents that provides a novel and 

useful direction for the study of metal ions. They can adsorb at the interfaces in between 

solution and electrode spontaneously or gather the electroactive compounds into 

aggregates (micelles) in solutions which may change/control the electrode surface 

properties and affects the electrochemical methods significantly. The bonding between 

solutes and micelles in solution phase is diffusion controlled and occurs in the 

microseconds.65 They also form several regulated structures in solutions or at the 

electrode surfaces, which is responsible for their extensive use in electroanalysis.66 For 

example, the ionic surfactants adsorbed on electrode surfaces yield charged layers of 

surfactants, which acquire a great accumulation ability for substrates having opposite 

charges67 and display an electrostatic repulsion capacity for species having same 

charges.68 In the similar manner, surfactants are able to make loose hydrophobic layers 

with the help of their hydrophobic tails at solution electrode interface69 and display a 

great accumulation ability for hydrophobic molecules.70 These surfactant layers evade 

the direct link of the electrode surfaces with the substrates and present the antifouling 
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ability of electrodes.71 Therefore, the improvement in sensitivity of electrochemical 

sensors in the presence of surfactants are primarily due to comparatively strong 

adsorption of surfactants and aggregation of substrates on electrode surfaces. For 

instance, the electrostatic interactions between Nafion films (negatively charged) and 

cationic surfactants,72 the hydrophobic interactions between paraffin oil  and surfactants 

leads to the relatively poor depletion of surfactant layers and the low renewal of 

electrode surfaces.73  

Surfactants have another ability to suppress the fouling electrode from the 

electrochemical reaction products. Owing to the unique molecular structure of 

surfactants, they are widely used in the field of electrochemistry and lot more 

applications. Moreover, the binding of surfactant micelles on to the electrode surface 

enhances the peak current, alters diffusion/charge transfer coefficient and redox 

potential.74 Similarly, surfactants have proved itself as an effective tool for 

electroanalysis of drugs and biological compounds owing to their ability to alter the 

electrode/solution interface and affecting electrochemical process. It was demonstrated 

that anionic surfactants can enhance the aggregation of some organic molecules i.e. 

ethopropazine on gold electrode surfaces.75 Furthermore, the simultaneous detection of 

two compounds i.e. dopamine and ascorbic acid76 and hydroquinone and catechol77 was 

also determined because of the influence of surfactant micelles. Electrode surfaces 

having hydrophobic interactions i.e. carbon paste electrodes, are also shown to interact 

with surfactants via surface adsorption. However, such surfactant modified electrodes 

revealed to be helpful for the electroanalysis of biological compounds and inorganic 

species.78  

Nowadays, electrochemical detection methods like potentiometery and 

amperometery are gaining importance for the trace level detection of analytes in 

comparison to other techniques. Although, thiourea based surfactants involve broad range 

applications as they work in hard water and are compatible with other types of surfactant, 

but limited literature is available about their sensing properties in different pH media. So, 

in order to link this gap and to offer suitable insight about the action mechanism of these 
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surfactants with heavy metals, thiourea based surfactants was employed as a modifier for 

simultaneous sensing of HMs.  

1.4. Aim of the work 

The goal of this work is to design reproducible, simpler, cheaper and quicker 

electrochemical sensors for the analysis of pharmaceutical drugs and detection of water 

toxins. The achievement of high sensitivity and selectivity for meeting application 

requirements and optimization of conditions for getting well defined electroanalytical 

response as required for quantitative analysis are our targets. The objective is to get 

information about the action mechanism of pharmaceutical drugs to know about the 

metabolic the fate of drugs in human body. The harmful effects of heavy metals on other 

living organisms have enforced the scientists to design highly sensitive and selective 

analytical tools for the low-level determination of toxic metals. Keeping this in mind, a 

part of the current research work is planned for the designing of ultra-sensitive 

electrochemical sensor which could simultaneously detect several HMs in the 

concentration ranges below the threshold declared toxic by EPA and WHO. 
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Chapter 2 

THEORETICAL BACKGROUND OF EXPERIMENTAL 

TECHNIQUES 

The experimental techniques performed during this work include electrochemical 

techniques (electrochemical impedance spectroscopy (EIS), differential pulse voltammetry 

(DPV), square wave voltammetry (SWV), cyclic voltammetry (CV), and UV visible 

spectroscopy. Computational studies were also performed with the objective of offering 

support to the experimental findings. A brief background of these methods is presented in 

this chapter. 

2.1. Electrochemical techniques 

 Understanding electrochemistry is an important for the analysis of electrochemical 

sensors and interpretation of the data obtained through these analytical toolsIt is usually 

based upon the reaction at the electrode-electrolyte interface. An electrochemical process 

includes all those chemical reactions driven either by externally applied potential or voltage 

produced by a chemical reaction. The efficiency of redox reactions can highly be 

influenced by the electrode substrate material, which is a semiconductor or a conductor 

that links the electrolyte solution directly. The most commonly used electrodes include 

mercury, carbon materials, noble metals (silver, gold, platinum, etc.), and semiconductor 

materials. The electrode processes involve redox reactions in which oxidation and 

reduction reactions are alienated in space or time, associated with an external electric 

circuit. Charge transfer can be either homogeneous or heterogeneous. Homogenous charge 

transfer is carried out in the solution while heterogeneous charge transfer occurs at the 

electrode surface. For electrical neutrality, half reactions of charge transfer must occur in 

the opposite direction. For heterogeneous charge transfer, these redox reactions occur in 

electrochemical cell having different electrodes dipped in a solution, connected externally 

by electrical wires and internally with a solution containing electrolytes.  
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2.1.1. Classes of electrochemical techniques 

 

Electrochemical techniques are simply classified into bulk electrochemical 

techniques and interfacial electrochemical techniques. The determination of solution’s 

conductivity which is proportional to the total concentration of ions is one of the examples 

of bulk electrochemical technique. While, interfacial electrochemical technique includes 

pH determination with the help of pH meter electrode. The main concern in this research 

is related to interfacial processes. 

 

2.1.1.1. Interfacial processes 

 

Interfacial processes are of two types; Faradaic and non-Faradaic processes. In 

Faradaic processes, redox reactions occur at the electrode solution interface following 

Faraday’s law.  While in non-Faradaic processes such as adsorption and desorption no 

transference of charge takes place and the reactions are kinetically or thermodynamically 

unfavorable. Although interface does not allow charges to cross under such conditions, 

external current can flow by changing solution composition, electrode area or potential in 

the interfacial region at the surface of electrode, where the charge distributes differently 

from that of the bulk phase. Such electrode at which no charge transfer occurs at solution 

electrode interface without considering the imposed potential from external source is 

known as ideal polarized electrode (IPE). Electrode can be IPE only within a certain limited 

potential range. In that range, the negligible Faradaic current flows only due to 

inconsiderable charge transfer reactions of trace impurities. In such processes the manner 

of metal solution interface is comparable to that of a capacitor (part of electrical circuit 

containing two metal sheets separated by a dielectric material) as no charge transfer occurs 

through the IPE interface by altering potential across it. The behavior of capacitor is 

governed by following relation: 
𝑞

𝐸
= 𝐶 

Where C represents the capacitance (in Farad, F), q the capacitor charge (in 

coulombs, C) and E the applied potential (in Volt, V). At a given potential the metal 
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electrode has a charge qM (negative or positive) opposite to the solution charge qS. For 

electrical neutrality qM = _qS. The charge on the metal represents the deficiency or excess 

of electrons existing on the electrode surface, while the charges in solution comprises of 

an excess of either anions or cations in the surrounding area of electrode surface. The whole 

display of charges and oriented dipoles located at the metal solution interface is called 

electrical double layer consisting of inner monomolecular layer of specifically adsorbed 

solvent molecules and often some ions or molecules called Stern or Helmholtz layer and 

an outer diffuse region comprising of nonspecifically adsorbed solvated ions compensating 

for any charge imbalance followed by completely random arrangement of bulk solution. 

 

2.1.1.2. Electron transfer process 

 

Electrode processes occur within the double layer, generating slight disproportion 

in the electrical charge of electrode and solution. Electron transfer takes place in a very 

thin region called as interfacial region of electrode with the help of quantum mechanical 

tunneling (process by which a particle i.e. electron can penetrate a naturally prohibited 

region of space). Activation energy of a process is related to the amount of work required 

to displace the water molecules in the hydration spheres of ions. 

 

 Reduction and oxidation are the terms employed when electrode is acting as a 

source or sink of electrons respectively. Transfer of electrons occurs to or from the species 

in the solution as represented by the following equation: 

 

O + ne → R 

 

Where, O and R stand for the oxidized and reduced species. For electron transfer 

the energies of the electronic orbitals of the reacting species must overlap in good 

agreement. To accompany this, the potential of electrode is varied with some external 

source which adjusts the energy levels of electrode in order to undergo oxidation or 

reduction, while the energy level of solution species remains the same. In case of reduction, 

the electrode is moved towards negative potential and the energy of electron in Femi level 



 

22 
 

of metal electrode increases. When this energy becomes sufficiently comparable with the 

vacant orbital energy of solution species, then reduction takes place. When large numbers 

of reducible species are there, the specie that is reduced first is the oxidant with the smallest 

negative Eo. On the contrary, the energy level of electrode is lowered by applying positive 

potential to the electrode so that this level is sufficiently depressed to gain an electron from 

constant energy level of solution species to undergo oxidation. The specie that is oxidized 

first among large number of oxidizable species is the reductant of smallest positive Eo. 

 

At equilibrium of the redox species, Nernst equation is mostly applied. Such a 

reaction is considered as a reversible redox reaction. Concentration of redox species 

depends upon mass transport of species. This mass transport is designated by the mass 

transfer coefficient kd. For a reversible reaction, electrode reaction occurs faster than the 

mass transport. Kinetics of electrode reaction is represented by k. Thus, for any reversible 

reaction: 

 

k >>kd 

 

For irreversible reaction, where the electrode process cannot be reversed the 

following condition holds: 

 

k <<kd 

 

Quasi-reversible reactions display a behavior in between reversible and irreversible 

reactions.79 Mass transport can happen by diffusion (movement of particles under the effect 

of a chemical potential gradient), convection (hydrodynamic or stirring transport) and 

migration (flow of charged particles by electric field). Among the different modes of mass 

transport, diffusion is considered as the most significant mode which occurs because of 

concentration gradient developed at the electrode surface. In convection, movement of 

species is controlled by mechanical means while in migration transport, species move due 

to electric field gradient.80 In electroanalytical reactions, all migration and convection 

effects are minimized in order to study only diffusional mass transport. For this purpose, 
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the convection is externally controlled i.e., solution is kept unstirred and a large amount of 

electrolyte is added to reduce the migration effects. The mechanism of electronic transport 

between the analyte and electrode can be envisioned from the following steps shown in 

Fig. 2.1: 

(i) Diffusion of the species to the electrode 

(ii) Reorganization of the ionic atmosphere (10-8 s)  

(iii) Reorientation of the solvent dipoles (10-11 s)  

(iv) Variation in the distances between the central ion and the ligands 

(v) Electron transfer (10-16 s) 

(vi) Relaxation in the opposite sense 

Fig. 2.1. Electron transfer steps at the electrode-electrolyte interface.81 

All of these steps proceed at different rates. Among these, mostly diffusion of the 

species remains as the rate-determining step. 

Electrode reaction kinetics at anode and cathode are represented by ka and kc 

respectively as given by Butler-Volmer equations: 

ka= k°exp[αanF(E-E°) / RT] 

kc = k°exp[αcnF(E-E°) / RT] 
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Where αc and αa are the cathodic and anodic transfer coefficients and E° is formal 

potential. It defines how the electric current of an electrode depends on the potential of 

electrode, since both anodic and cathodic reactions occur on similar electrode 

 

2.1.2. Voltammetric techniques 

 

Voltammetric techniques work by the principle of applying potential (E) to an 

electrode that produces current (I) flowing via the electrochemical circuit. Voltammetric 

techniques are preferred over other techniques as they are highly sensitive, faster and able 

to discriminate various analytes on the basis of their oxidation or reduction potentials. 

Moreover, unknown kinetic and mechanistic parameters can easily be determined by the 

application of these techniques. Furthermore, these techniques are useful for the analysis 

of inorganic and organic analytes present in trace amounts.82 Modern voltammetric 

techniques i.e. electrochemical impedance spectroscopy (EIS), differential pulse 

voltammetry (DPV), square wave voltammetry (SWV) and cyclic voltammetry (CV) are 

employed for the analysis of various analytes.  Details of these methods are given in the 

following sections: 

 
2.1.2.1. Electrochemical impedance spectroscopy  

 
 Electrochemical impedance spectroscopy is an effective method which deals with 

function of the electrochemical sinusoidal perturbation with respect to current or potential 

of the sample and covers broad range of frequencies. It is useful for sensing of various 

redox reactions happening at various rates and calculation of the capacitance of electrode. 

Moreover, this technique is further utilized for determination of kinetics of electrons 

transfer reactions for biosensors, battery, corrosion, and fuel cell.83 

 
             Electrical resistance of an electrical circuit element is its ability to resist the flow 

of electricity. It can be described by Ohm's Law: 

𝑅 =
𝑉

𝐼
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             Where V is the voltage and I is the current. Ohm's law is used for the determination 

of resistance of ideal resistors. While, many complex circuit elements can't be described 

merely by resistance i.e. alternating current (AC) circuits where resistivity depends on the 

frequency of the AC signal. In these circuits electrical impedance is more accurate than 

resistance to measure the of a circuit element's ability to resist the flow of electricity. The 

aim of electrical impedance recordings is the reconstruction of a sample's total electrical 

impedance into contributions by different mechanisms i.e. resistance, capacitance, or 

induction. 

 

2.1.2.1.1. Principles 

 

             Electrochemical Impedance Spectroscopy (EIS) is performed when an AC voltage 

is applied to a sample at different frequencies and the electrical current is measured. It 

follows the principles as given below: 

 

1) In Ohm's law, impedance replaces resistance when dealing with AC currents.  

𝑍 = 𝑅 

2) If the original AC signal is sinusoidal then a linear response means the current 

produced will also be sinusoidal, but shifted in phase. The frequency and phase 

shift of the voltage and current, is most easily accomplished by utilizing Euler's 

relationship and complex numbers where we have both real and imaginary 

component. The impedance for different components of a circuit can be expressed 

by following equations: 

𝑍 = −
1

𝑗𝜔𝐶
 

𝑍 = 𝑗𝜔𝐿 

 

             Where ω is the frequency of the AC current, C is the capacitance, L is the 

inductance, and j is the imaginary unit.  
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2.1.2.1.2. Nyquist plot 

 

            A Nyquist plot is obtained from the frequency response to the electrical impedance 

by plotting the imaginary component on the y-axis and the real component on the x-axis. 

The instrument applies an alternating field voltage to the sample and measures the current 

response. The real and imaginary components of impedance are calculated by determining 

the phase shift and change in amplitude at different frequencies. An example of this is 

shown in Fig. 2.2. This plot is then used to build a circuit model that best represents the 

impedance of the sample. 

 

 
Fig. 2.2. A representation of the phase shift between the applied voltage and the measured 
current. 
 

             One of the simplest Nyquist plots is a semi-circle which can be seen in Fig. 2.3. It 

is represented by a resistor in series followed by a resistor and capacitor in parallel-- this 

is known as equivalent circuit modeling. Different physical processes correspond to 

elements in the circuit model; e.g. an electrical double layer that corresponds to a capacitor. 

A Nyquist plot is best modeled by a Randle cell as shown in Fig. 2.3. After the completion 

of Nyquist plot, the software presents equivalent circuit models to fit into experimental 

data. If the Nyquist plot does not have a good fit from the computer-generated equivalent 

circuit models, an independent circuit could be made to fit the data. 
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Fig. 2.3. A simple Nyquist Plot and its equivalent Randle cell model. 

 

2.1.2.2. Pulse voltammetric techniques 

 

Pulse techniques are related to the diffrence in the decay rate of charging and 

Faradic current followed by a step potential/pulse. The diffusion controlled faradic current 

decays as a fuction of 1/(time)½ while the charging current decays much faster. Pulse 

techniques were developed by Barker and jenkin with the intention of lowering the 

detection limit of electroactive species. By increasing the ratio of Faradic and charging 

current, quantification limit below 10-8 M was achieved using pulse voltammetric 

techniques. The basic principle behind these techniques is that a step potential is applied to 

a working electrode followed by a rapid decay of charging current while the Faradic current 

decay remains much slow. When the current is sampled the charging current contribution 

is nearly negligible at the end of the pulse. Important parameters of pulse techniques 

include pulse amplitude, pulse width, sample period and the drop time or pulse period for 

some pulse technique, particularly polarography. The main difference among various pulse 

techniques occurs in the region of current is sampling and in the excitation waveform. The 

following pulse techniques were used in the present work: 

 

2.1.2.2.1. Differential pulse voltammetry 

 

Differential pulse voltammetry is an electrochemical technique in which the current 

is recorded with respect to time and the potential is ramped in small pulses between the 

reference and working electrodes. The potential continues to vary as the pulses of 
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alternating amplitude. The superimposition of pulses of specific amplitude takes place on 

the linear potential ramp followed by its application to working electrode. The recording 

of current takes place in the beginning and at the end of each voltage pulse. The 

measurement of current right before the changing potential causes reduction in the 

influence of charging current. Voltammogram is obtained automatically by the instruments 

in the form of a plot of the differential current (Ib – If) vs. pulse potential (Fig. 2.4). The 

concentration of analyte determines the peak current while the peak potential gives 

information about the nature of the species. 

As compared to other electrochemical techniques, DPV is extremely sensitive 

technique. The sensitivity of this technique further exceeds when it is applied a stripping 

mode. This sensitivity is the result of its differential nature and comparatively small pulse 

time. The differential recording segregates the background processes, while the small pulse 

time enhances the currents measurement. Moreover, the two features responsible for high 

sensitivity are the reduction in effect of the charging current and extraction of only Faradaic 

current leading to more precise analysis of electrode reactions. 
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Fig. 2.4. (A) Potential wave form for differential pulse voltammetry (B) DPV of 0.4 mM 
5-(diethylamino)-2-((2,6-diethylphenylimino)methyl)phenol at pH 3.7 and10 mV/s scan 
rate. 

Other advantage of DPV is that it provides better peak resolution between two 

peaks (peaks separation of 50 mV can be measured). Generally differential pulse 
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voltammetry is applied under conditions of pulse amplitude of 25-50 mV and scan rate of 

5 mV/s. Determination of the electronic stoichiometry of the redox process is an important 

feature of this technique which is calculated by the relation: 

W1/2 = 3.52RT/nF 

2.1.2.2.2. Square wave voltammetry 

Square wave voltammetry comprises of of square waves imposed on potential of 

staircase base where the current is recorded two times, at the end of reverse and forward 

pulse. The reverse pulse undergoes reverse reaction of the products. The plot of difference 

between these two currents against the base potential is then produced in the form of a 

voltammogram shown in Fig. 2.5. Since total current is a difference between the forward 

and reverse currents, so it is always greater than either of the two with consequent excellent 

sensitivity. 
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Fig. 2.5. (A) Potential wave form for square wave voltammetry (B) SWV of second scan 
of 1mM 1-sec-butyl-3-dodecanoylthiourea in pH 7.4. 

In comparison to DPV, SWV has about 3.3 times greater sensitivity along with an 

extra benefit of fast speed of analysis. The effective scan rate is provided as f∆E where ∆E 

stands for potential step and f for frequency. If f = 50 Hz and ∆E = 2 mV then scan rate is 

equal to 0.1 Vs-1 suggesting a faster analytical technique. Other advantages of square wave 
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voltammetry include its ability to define the reversible nature of the redox process 

efficiently along with its effectiveness in kinetic studies. 

2.1.2.3. Cyclic voltammetry 

CV is normally the first technique that is performed in electrochemical 

investigation of the analytes. Hence, it is the most basic of all electrochemical techniques 

and possibly the most useful electrochemical method for the analysis of redox mechanisms. 

It is seldom employed for quantitative analysis of analytes, but it is extensively employed 

for the investigation of redox processes, recognizing reaction intermediates, and gaining 

stability of redox reaction products. CV is like linear sweep voltammetry (LSV) as 

electrode potential is ramped linearly vs. time but in comparison to it the scan direction is 

reversed after a definite potential. The plot of current vs. the applied potential at the 

working electrode is obtained in a cyclic voltammogram.84  

Fig. 2.6. Cyclic voltammetry potential waveform. 

The electrode potential ramping linearly as a function of time time is stated as scan 

rate (V/s) that is usually constant in an electroanalytical experiment, for instance 50 mV/s. 

The application of potential between reference and working electrode results in the 

generation of an appropriate current which is measured and plotted with respect to potential 

to obtain a cyclic voltammogram as represented in Fig. 2.6. 
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This voltammogram is simultaneously displayed on the computer while performing 

the experiment. The forward scan records signal of oxidation / reduction of the analyte 

while in the backward scan opposite reaction occurs in a reversible redox process (Fig. 

2.7).  

 
Fig. 2.7. A typical cyclic voltammogram showing peak parameters. 

 

Cyclic voltammograms are mostly categorized from the position and intensity of 

forward and reverse peaks, ratio of forward and backward currents and deviation of peak 

currents versus scan rate. Redox reaction can be regarded as irreversible, reversible and 

quasi reversible. For single electron transfer they can be designated as follows: 

 

(a) Reversible Processes 

 

For reversible redox couple, an analyte reduced or oxidized in the forward scan is 

reoxidized or rereduced, in an anticipated way in the reverse scan, generating a reversible 

wave. During reversible redox processes both species interchange electrons from the 

working electrode without any time lapse. The redox event is characterized from formal 

potential.  

2
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The above equation applies only to a reversible electron transfer reaction having 

charge transfer coefficient = 0.5. 

 

The difference in the concentration of analyte in the bulk and at the electrode 

surface results in diffusion controlled mass transport. Time dependent concentration 

distribution can be estimated from Fick’s second law: 

 
∂Ci (x,t)

∂t
= 𝐷i

∂2Ci (x,t)

∂x2   

 

Peak current expression for reversible redox reaction can be obtained by solving 

Fick’s law equation. The diffusion coefficient of the oxidizable species in a reversible 

redox process can be determined from the following form of Randles-Sevcik equation: 

 

Ip = (2.69 x 105) n3/2 A CD1/2 ν1/2 

 

Where Ip represents the peak current (A), n is the electron stoichiometry, A is the electrode 

area (cm2), D is the diffusion coefficient (cm2/s), C shows the concentration of the analyte 

(mol/cm3) and ν depicts the scan rate (V/s).  

 

The criteria for the reversible electrochemical reactions are described below: 

 

(i) The half peak potential is the potential where the (baseline corrected) current is half 

of the value of the peak current (Ip). Half peak potential and peak potential are 

interrelated as follows: 

 

Epc = E½ - (1.109 ± 0.002) RT/ nF 

Epa = E½ - (1.109 ± 0.002) RT/ nF 

 

Where E1/2 is the potential at 0.88 Ip 
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(ii) The peak position or peak potential is independent of scan rate. A typical CV of 

reversible system at various scan rates is shown in Fig. 2.8. In some cases, Ep1/2 

instead of Ep is reported where determination of Ep is not easy because of peak 

broadening i.e. the potential at I = 0.5Ip. This is associated to the half wave potential 

E1/2 (A potential at which polarographic wave current is equal to one half of 

diffusion current (Id)) by equation given as: 

 

Ep1/2 =   E1/2 ± 28/n (mV) at 298 K 

 

The symbol – is used for oxidation and + for reduction. This equation is employed for 

qualitative analysis.  

 
Fig. 2.8. Typical CVs recorded at different scan rates for some reversible reaction. 

 

(iii) Peak separation does not change by changing scan rate. Finite solution resistance 

present between working electrode and reference electrode may cause slight 

increase in peak separation. 

 

ΔEp = Epa- Epc ≈ 0.059/n V 

 

(iv) Ratio of the anodic and cathodic peak currents is equal to or very close to1 for 

reversible redox reactions. This ratio can be disturbed for reversible couples in case 

of adsorption/nucleation of the oxidizable or reducible species and their products. 
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(b) Irreversible processes 

For irreversible processes that involve slow electron transfer, peaks are condensed 

and are broadly separated i.e., separation is always greater than 59/n mV. For a complete 

irreversible process, the peak in reverse scan does not appear.85 Peak current is expressed 

by; 

Ip = (2.99 x 105) α1/2n3/2 A CD1/2 ν1/2 

Where α indicates transfer coefficient and n determines number of electrons. Here 

also the peak current is directly proportional to the bulk concentration but usually lower in 

intensity.  

Irreversibility of a redox process is categorized by the following features: 

(i) Peak potential shifts with scan rate. 

(ii) Peak width is specified by: 

lEp – Ep/2l = 1.857RT/αnF 

(iii) Ip is given by the following expression in terms of ksh: 

Ip =0.227nFACo*ksh exp[-(αnF/RT)(Ep-E°)] 

An alternative expression is:86 
𝐼p

nFA
= 𝐶𝑜

∗𝑘𝑠ℎ

ksh stands for standard heterogeneous rate constant. It has a value of < 10-5 cm/s 

along with very low value of α for irreversible reactions. Moreover, Nernst chemical 

equation cannot be applied on such reactions. Cyclic voltammograms of an irreversible 

process can be seen in Fig. 2.9. 
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Fig. 2.9. CVs of 40 µM 2-((2-chloro-4-methylphenylimino)methyl)-5-
(diethylamino)phenol in pH 4.7 of phosphate buffer and 10% DMSO solution recorded at 
different scan rates. 

 

(c) Quasi-Reversible Processes 

 

The third type of processes fall in between irreversible and reversible reactions i.e. 

Quasi-reversible processes. They are neither completely irreversible or reversible. 

Sometimes, a diminished reverse peak is observed having small magnitude which is related 

to the forward scan. Such processes can be characterized by the following features; 

 

(i) Peak separation (Epa- Epc) is 60 mV or greater which enhances with enhansing scan 

rate 

(ii) Ep – Ep/2  values are in between 60 and  100 mV 

(iii) Peak shifts towards negative potential with enhancing scan rate 

 

ksh fall in the range of 10-2 to 10-5 for quasi-reversible system. An example of a cyclic 

voltammogram of a quasi-reversible system is shown in Fig. 2.10. This picture clearly 

shows the difference in peak currents of a reversible couple representing quasireversible 

system. 
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Fig. 2.10. 1st scan cyclic voltammogram of 40 µM 2-((3-chlorophenylimino)methyl)-5-
(diethylamino)phenol at pH 4.7 of phosphate buffer and 10% DMSO solution.  
 

 

Cyclic voltammetry is widly used to examine the chemical reactivity of analytes. 

Two main processes occur in different steps for the illustration of mechanism of 

electrochemical reaction i.e. electron transfer processes and chemical reactions. Chemical 

reactions reduce the surface concentration of electroactive species. Chemical rate constant 

(k) is able to alter the appearance of reverse peak which is the indication of reversible nature 

of analyte. For very large values of k, R (formed from O in forward scan) reacts quickly on 

the voltammetric measurement timescale and so no R specie is left to maintain reversible 

redox couple. Therefore, cyclic volatmmetry gives a useful knowledge of these competing 

chemical reactions with the help of the shape of volatmmogram.  

 

Various types of mechanisms are discussed here. Firstly, EE mechanism involves 

multi electron transfer that ususally takes place in steps with each step recognized by its 

own electron transfer kinetics. Whenever the energy required for the second electron 

transfer is high, two separate waves are always observed for each electron transfer. In case 

the second electron transfer is easy to occur, the two waves merge into one. Two step 

electron transfer is usually observed in various quinone systems in aprotic media.87,88,89,90 

In many cases, the electron transfer is supported by ptoton transfer specially in biological 

systems.91 Secondly, It is classified as CE or EC mechanism depending upon whether the 

electron transfer is taking place first or vice versa. Generally, CE mechanism takes place 

in protic acidic medium and EC mechanism occurs in basic protic media for reduction 
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process.92 For oxidation process the reverse processes are considered. In addition to CE 

ane EC mechanism various other mechanisms such as CECE, ECEC, EECC, etc are also 

possible depending upon the studied analytes. A general case of ECE mechanism is shown 

below (Fig. 2.11). 

 

E O  +  e R

C R S

E S  +  e T

KECE

 
 

The first step is like EC process. The product (S)  for the chemical reaction in the 

second step is also electrochemically active. The voltammogram for an ECE mechanism 

of an analyte where the starting material O is more easily reduced than the product S. 

 

 
Fig. 2.11. CV of an analyte showing ECE mechanism. 

 

The scan initiates from the left hand side and the first peak is the reduction of O to 

R. Further extension of scan displays a new peak for the reduction of S to T. A reverse 

signal is observed for the S/T couple in the backward scan but only a signal of poor 

intensity is seen for the O/R couple. This voltammogram shows that nearly all of R is 

converted to S by chemical reaction. 

 

2.2. UV-Vis spectroscopy 

 
 Ultraviolet–visible spectroscopy also known as “electronic absorption 

spectroscopy” offers information about the binding event of the reacting species n the form 
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of variation in intensity of absorption in the UV-Visible spectral region. Molecules of the 

chemicals undergo electronic transitions in this area of the electromagnetic spectrum. This 

technique is the reverse of fluorescence spectroscopy because it involves transitions from 

ground state to the excited state, while the converse is true for fluorescence spectroscopy. 

Organic compounds are mostly transparent in the UV/Visible region (190-800 nm). 

Absorption spectroscopy in this range is very beneficial for the detection of impurities, 

structural elucidation of organic compounds and their qualitative and quantitative analysis. 

Furthermore, by this technique the solvent effect can be utilized for the determination of 

pKa of biologically significant compounds and to complement the results of other 

techniques. 

 

2.2.1. Electronic transitions 

 

UV-Vis spectrum is the outcome of absorbance of radiation from a light source that 

passes through a sample. This spectrum usually yields by the remaining portion of radiation 

left after absorbance. The absorbed energy corresponds to the excitation of outer electrons 

from lower to higher levels. The following three types of electronic transitions usually 

occur in this spectroscopy;  

 

(i) Transitions relating s, p, and n electrons  

(ii) Transitions relating charge-transfer electrons  

(iii)Transitions relating d and f electrons  

 

These transitions are the electronic transitions from HOMO to LUMO for UV-

Visible spectroscopy. The symbol σ is used for the lowest occupied molecular orbital and 

above it π molecular orbitals exist. The non-bonding molecular orbitals are greater in 

energy than π orbitals. The unoccupied π* and σ* are the highest energy orbitals. The 

vibrations and rotations of atoms in a molecule have fine levels of energy, which are 

gathered on top of every electronic level. A typical representation of energy levels and 

transitions is shown in Fig. 2.13. 
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(i) Transitions relating s, p, and n electrons  

 

The electrons may experience numerous type of transitions except in alkanes, 

where only σ→σ* transitions are possible. π→π* transitions require lower energy for 

transition of electrons from HOMO to LUMO. While n→π* transitions require least energy 

compared to other transitions. 

 

 
Fig. 2.12. Electronic energy levels and transitions.93 

 

Some selection rules restrict certain transitions to occur. So, every transition is not 

possible to happen because they do not follow these rules. The transitions, which do not 

follow these selection rules, are called “Forbidden transitions”. One of the selection rules 

demands similarity of spin quantum number during a transition. Other selection rules label 

the number of electrons that can excite and balance molecular orbitals. Sometimes 

forbidden transitions are also noticed e.g., n→π*, though their intensity remains much 

lower. 

 

(ii) Charge - Transfer electron transition 

 

Charge-transfer electronic transitions occur by several inorganic species known as 

charge-transfer complexes. In order to exhibit charge-transfer phenomenon for a complex, 

one of its substituents must be electronegative and another substituent must have the ability 

of accepting electrons. Hence, the transfer of an electron from orbital of donor to an orbital 
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of acceptor results in the absorption of radiation. Large molar absorptivities are involved 

for charge-transfer absorption (20,000 L mol-1 cm-1). 

 

(iii) Transitions related to d and f electrons  

 

Transition metals undergo transition involving 3d and 4d electrons which are 

characterized by the appearance of broad peaks. While the lanthanide and actinide ions 

involving 4f and 5f electrons respectively are distinguished by narrow and well defined 

peaks. Several charge-transfer complexes include electron transfer between ligands and 

metal atoms. 

 

2.2.2. Principle of absorption spectroscopy 

 

The amount of absorbed light relies on the number of in a sample molecules 

absorbing light as well as the length of the sample cell. In addition, the extent of absorption 

is determined by the effectiveness of molecule to absorb light. Absorption of radiation 

follows Beer-Lambert law: 

 

A = log (I0/I) = εcl 

 

Where A represents absorbance, I0 the intensity of incident light, I the intensity of 

transmitted light, c the solute molar concentration (mol dm-1), l the sample cell length (cm) 

and ε the molar absorptivity (M-1 cm-1). Mostly, ε values greater than 104 M-1 cm-1 are 

designated as higher intensity absorptions and those below 103 M-1 cm-1 are assumed as 

low intensity absorptions.  

 

2.2.3. Chromophore 

 

 The part of molecule or group of atoms holding electrons responsible for absorption 

of certain radiations of light is named as chromophore. The color of a molecule appears 

when it absorbs definite wavelengths of visible light and then transmits or reflects others. 
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Therefore, variations in the structure of chromophore interrupt the intensity and energy of 

absorptions. 

Alkanes: The only possible transition is σ→σ* for alkanes, possessing single bond. 

Alcohols, Ethers, Amines, and Sulfur compounds: The important transitions for these 

groups are n→σ* transitions owing to the presence of nonbonding electrons. 

Alkenes and Alkynes: Because of unsaturation the usual transitions are π→π*. 

Carbonyl Compounds: The most important transition in carbonyl compounds are n→π* 

due to the presence of unsaturation in it. A strong effect of substitution is observed on the 

chromophore for these transitions. Moreover, they also exhibit π→π* transitions as well. 

n→π* transitions are the forbidden one, thus they have smaller intensity as compared to 

π→π* transitions. 

2.2.4. Auxochromes 

Auxochromes are the saturated groups with nonbonding electrons that do not 

absorb light themselves but alter the wavelength and intensity absorbed by chromophores. 

For example, the substitution of OH, NH, and Cl on carbonyl compounds in place of 

hydrogen. Following are the possible effects of substituents: 

Bathochromic shift: The shift to the longer wavelength also termed as red shift. 

Hypsochromic shift: The shift towards smaller wavelength is indicated as blue shift. 

Hyperchromic effect: The increase in intensity of absorption is named as hypsochromic 

effect. 

Hypochromic effect: Hypochromic effect occurs due to the decrease in intensity of 

absorption. 

For polynuclear aromatic compounds the bands are shifted to longer wavelengths 

as compared to benzene. For example for naphthalene the band is shifted to 220 nm (in 

benzene at 184 nm). With the increase in conjugation in aromatic compounds, the peaks 

undergo even more bathochromic shift.  
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2.3. Computational study 

 
Computational chemistry applies mathematical, chemical and computing abilities 

towards the solution of fascinating chemical problems. It utilizes computers to produce 

information such as analysis of the structure and various properties of molecules or 

simulated experimental effects including charge distribution within molecules, electronic 

properties, spectroscopic data and dipole moment characteristics. Some computer 

softwares employed for computational chemistry include: Gaussian xx, Gaussian 94, 

MOPAC, Sybyl, GAMESS and Spartan. 

  

2.3.1 Applications of computational chemistry 

 

Computational chemistry has gained the attention of researchers as a useful tool to 

examine materials that are hard to find or very costly to purchase. These help chemists to 

make predictions before performing definite experiments. Computational chemistry uses 

Schrodinger equation because this equation makes the model of atoms and molecules 

applying mathematical models. A number of parameters such as geometry optimizations, 

electronic structure determinations, transition structures, frequency calculations, electron 

and charge distributions, protein calculations, i.e. docking, potential energy surfaces (PES), 

thermodynamic calculations i.e. heat of reactions, energy of activation, and rate constants 

of chemical reactions (kinetics) can be calculated from computational chemistry. 

 

Computational study along with experimental results can provide beneficial 

insights about the nature of chemical processes as well as it can offer the basis for various 

experimental results.94 Moreover, it can also help in the synthesis of entirely new 

compounds by computing the stabilization of freshly formed complexes and providing 

understanding into various types of interactions, which can occur between molecules. It 

can help in offering explanation to the binding events between the recognition layer of the 

sensors and analytes. By computational chemistry predictions can be made before 

performing the experiments for better insight about experimental results. 
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2.3.2. Branches of computational chemistry 

 

Computational methods are classified into three branches depending upon their 

related accuracy and simulation of experimental results.  

 

 

(i) Molecular mechanics 

 

Molecular mechanics is one of the computational techniques based on classical 

physics and depends on force-field with fixed empirical parameters. It does not determine 

electronic properties and functions with no breaking or formation of bonds. For the 

molecular mechanics simulations, classical energy expression is employed. All the 

parameters are attained either from the experiments or Ab-initio for these calculations. 

Molecular mechanics is least intensive that is able to analyze molecules as big as protein. 

Specific force field is applied only to limited class of molecules in molecular mechanics.  

 

(ii) Semi empirical and empirical calculations 

 

Semi empirical and empirical methods extensively use approximations in 

comparison to the ab-initio methods. They also employ experimentally derived empirical 

parameters. The importance of these methods is because of the fact that these are less 

difficult than Ab-initio methods and are able to analyze medium-sized systems. These 

methods are capable of calculating excited states and transition states. These also need data 

from experiments or from ab-initio for parameters as required for molecular mechanics. 

 

(iii) Ab-initio 

 

Ab-initio methods are totally centered on theoretical principles i.e. the equations 

employed do not use any experimental data. Therefore, these are the most accurate methods 

of computational chemistry. The Hartree-Fock method is the most basic of Ab-initio 

method. This is derived from the molecular orbital theory and these calculations do not 
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take the electron-electron repulsion into account but their average effect is considered. 

Increase in the basis set value results in achievement of Hartree-folk limit. Post Hartree-

folk methods initiate with Hartree-folk but later undergo correction for electron-electron 

repulsion. The major benefit of ab-initio methods is that these help in calculating the exact 

solution. However, their drawback is longer computational time. For smaller molecules 

these are quite effective. 

 

Density functional Methods 

 

Density functional methods (DFT) are supposed to be a part of ab-initio method. 

These are modified Hartee-Folk method because only electron density is considered here 

in comparison with the individual electrons. Because of this approximation, the 

computational cost is reduced. As individual electronic wave function is very complex and 

time consuming, So DFT takes the electronic density into account instead of single electron 

wave function. 
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Chapter 3 

EXPERIMENTAL 

 
This chapter encompasses details of the chemicals and instruments used in the 

experimental work for achieving the targeted objectives. 

 

3.1. Instrumentation 

 
The instruments employed for performing experiments discussed in this thesis are 

described as follows: 

 

3.1.1. Voltammetric measurements 

 

AUTOLAB-PGSTAT302 (Eco Chemie, Utrecht, The Netherlands) running with 

General Purpose Electrochemical Software (GPES) 4.9 was employed for voltammetric 

measurements i.e. cyclic voltammetry (CV), differential pulse voltammetry (DPV), square 

wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS). For DPV 

measurements, following parameters were adjusted: pulse amplitude, 0.05 V; step 

potential, 0.008 V; interval time, 0.5 s and modulation time, 0.05 s. The pulse width of 0.01 

V was adjusted for the average baseline correction. EIS measurements were performed 

using AUTOLAB-PGSTAT100N (EcoChemie, Utrecht, The Netherlands) electrochemical 

analyzer controlled by NOVA 2.1 software. Cell assembly comprised of electrochemical 

cells and electrodes.  

 

Voltammetric experiments were carried out using three electrodes i.e. working 

electrode, counter/auxiliary electrode and reference electrode. Glassy carbon electrode 

(GCE) was used in place of working electrode. The GCE surface was rubbed by alumina 

slurry (0.05 µm) before each experiment after thorough rinsing with distilled water. A 

silver chloride electrode (Ag /AgCl electrode) was employed in place of a reference 
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electrode. Platinum electrode with much greater geometric area was used as an auxiliary 

electrode.  

 

3.1.2. Instruments used for buffer preparation 

 

A pH meter and electrical balance were used for buffer preparation. All the pH 

measurements were performed by a pH meter Model 538 (WTW, Austria) with combined 

glass electrode. An electrical balance was used for mass determination of the compounds 

to prepare the stock solution for preparation of buffer. 

 

3.1.3. Instruments used for UV/Visible spectroscopic measurements 

 

UV-1601 Shimadzu spectrophotometer was used for UV-Visible 

spectrophotometric measurements. The wavelength of this instrument ranges in between 

of 190 nm and1100 nm was used for the electronic spectroscopic studies. It is a typical 

double beam spectrophotometer in which two light paths are available for both the sample 

and reference cells. The detector alternately senses the reference and the sample beam and 

the ratio of the intensities of the two beams i.e., It/Io gives the output of the detector. 

Samples were investigated in quartz cells of 1 cm thickness (internal distance between 

parallel walls). 

 

3.1.4. Instruments used for scanning electron microscopy  

 

Scanning electron microscopy (SEM) was performed by Zeiss Evo 40) in order to 

monitor the surface morphologies of the fMWCNTs, TiO2NPs, TiO2NPs/fMWCNTs, 

dsDNA and dsDNA/fMWCNTs modified glassy carbon electrode.  

 

3.2. Chemicals used 

 
The chemicals used for conducting present research are as follows: 
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Table 3.2. Structures of the Schiff bases. 

Names Symbol  Structures 

5-(diethylamino)-2-((2,6-

diethylphenylimino)methyl)phenol 

5-DDMP 
NC

H

OH

N

2-((3-chlorophenylimino)methyl)-5-

(diethylamino)phenol 

2-CPMP 

N
CH

OH

N

Cl

2-((2,4-dichlorophenylimino)methyl)-5-

(diethylamino)phenol 

2-DPMP 

N
HC

OH

N

Cl

Cl

5-(diethylamino)-2-((3,5-

dimethylphenylimino)methyl)phenol 

5-DDPMP 

N
HC

OH

N

3.2.2. Electrode modifiers 

The analysis of electrochemical sensors for the analysis of drugs and detection of 

water toxins require some electrode modifiers which can act as electrocatalyst for 

enhancing the electrochemical response of the targeted analytes. The modifier, fMWCNTs 

was purchased from DropSens (DRP-MWCNTCOOH; diameter is around 10 nm and the 

average length is 1-2 μm) and suspended in dimethylformamide (DMF, Merck). TiO2NPs 

(21 nm, Sigma Aldrich) was prepared in ultrapure water. Calf Thymus dsDNA was 

purchased from Sigma Aldrich and the stock solutions of it were kept at 4oC for 24 hours. 

The equation of Lambert – Beer’s Law (A = ԑcl) was employed for the calculation of molar 
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concentration of Calf Thymus DNA solution, where ԑ is molar absorption coefficient (6600 

M-1cm-1), A is the absorbance (260 nm) of Calf Thymus DNA solution and l is the path 

length of cuvette (standard path length is 1 cm).96 Similarly, polyA and polyG were also 

purchased from Sigma Aldrich for confirming the signals of DNA bases. 

 

For the simultaneous detection of heavy metal ions surfactant based 

electrochemical sensors was developed where surfactants acted as electrode modifiers. 

Surfactants are compounds having one polar head and a nonpolar tail. They were purchased 

from Sigma Aldrich for use in experiments. Their names, structures and abbreviation are 

displayed in Table 3.3. 

 

Table 3.3. Structure of the surfactants. 
 

Names Symbol Structures 
1-dodecanoyl-3-phenylthiourea 

 

DPTU H
N

C
S

NH
C

O

 
1-dodecanoyl-3-(2-

(trifluoromethyl)phenyl)thiourea 

 

CF3-

DPTU 
H
N

C
S

NH
C

O

CF3

 
1-dodecanoyl-3-(4-

methoxyphenyl)-2-thiourea 

MeO-

DPTU 

H
N

C
S

NH
C

O
O

 
1-(3-chlorophenyl)-3-

dodecanoylthiourea 

 

Cl-

DPTU 

H
N

C
S

NH
C

O

Cl
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3.2.3. Supporting electrolytes 

Acetate buffer solution (pH 3.7–5.7), phosphate buffer solution (PBS, pH 2.0, 3.0 

and 6.0–8.0) and borate buffer solution (pH 9.0–10.0) were used as supporting electrolytes 

for the investigation of analytes via nanosensors and biosensors. Solutions of these 

electrolytes were prepared in ultrapure water. The molarities of the acids and bases used in 

the formation of these buffers are given in Table 3.4. CH3COOH and H3PO4 were provided 

by Sigma–Aldrich. While Na2HPO4 and NaH2PO4·2H2O were bought from Riedel-de 

Haen.  

Table. 3.4. Supporting electrolytes. 

pH Acid Base 
2.0 0.1 M H3PO4 0.1 M NaH2PO4.2H2O 

3.0 0.01 M H3PO4 0.1 M NaH2PO4.2H2O 

3.7 0.25 M CH3COOH 0.025 M CH3COONa. 3H2O 

4.7 0.1 M CH3COOH 0.1 M CH3COONa. 3H2O 

5.7 0.025 M CH3COOH 0.25 M CH3COONa. 3H2O 

6 0.35 M NaH2PO4.2H2O 0.035 M Na2HPO4 

7.0 0.06 M NaH2PO4.2H2O 0.1 M Na2HPO4 

8.0 0.01 M NaH2PO4.2H2O 0.16 M Na2HPO4 

9.0 0.15 M H3BO3 0.05 M NaOH 

10.0 0.15 M H3BO3 0.125 M NaOH 

Britton–Robinson buffer (BRB) was used as supporting electrolyte in the study for 

simultaneous detection of multiple metal ions at a surfactant modified GCE. It is a universal 

pH buffer having range from pH 2 to pH 12. This buffer was prepared by a mixture of acids 

i.e. 0.04 M CH3COOH, 0.04 M H3PO4 and 0.04 M H3BO3 of negligible strength so that the 

variation in pH could be related to the quantity of 0.2 M NaOH for making buffer of the 

desired pH. It was prepared using analytical grade reagents. 
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Supporting electrolytes assist in carrying out two main functions. Firstly, it helps 

in maintaining the pH of the solution and secondly it eliminates the effects of migration 

current. Buffer systems comprised of suitable components serve the same purpose above 

pH 3. Addition of large concentration of an inert “supporting electrolyte”, can also prevent 

the migration current at least ten times higher than the targeted analyte, i.e. KNO3, KCl, 

HCl etc.97 The effects of migration current are minimized in this way as the ions of 

supporting electrolyte are attracted to electrode as a result of electrode potential and not of 

the electrochemical analyte under investigation. Thus, conditions are adjusted to study the 

diffusion current (due to diffusion of electroactive species) instead of migration current 

(due to the electric potential gradient).98 The inert ions of the supporting electrolyte are 

however not electrolyzed. 

 
3.2.4. Interfering agents used 
 

Ascorbic acid, uric acid, dopamine, glucose, L-cysteine, sodium hydroxide, sodium 

chloride, potassium chloride, strontium nitrate, chromium chloride, cobalt chloride, ferrous 

chloride, amino acids (leucine -Leu-, tryp-tophan -Trp-), 3-bromo benzaldehyde and 3-

hydroxy benzaldehyde were purchased from Sigma Aldrich. All solutions were prepared 

in doubly distilled water. However, different samples of tap water and drinking water were 

collected from various regions of Islamabad to check the performance of the designed 

sensor in real water samples. 

 

3.3. Procedures 

 
Methods for performing voltammetric and spectroscopic experiments are explained 

below: 

 

3.3.1. Voltammetric experiments 
 

Glassy carbon electrode was used as the working electrode for carrying out 

voltammetric experiments which was polished with alumina slurry each time for a new 

measurement. Electrode surface was judged by recording various scans in supporting 



 

52 
 

electrolyte through cyclic voltammetry in the desired potential range.99, 100 The surface was 

considered to be clean when a smooth baseline was obtained. Each solution was well 

saturated with N2 before measurements in the reduction region, to avoid the interference of 

oxygen. 

 

SWV voltammetry was carried out using experimental conditions of Es = 5 mV, f 

= 20 Hz, pulse amplitude = 50 mV and eff = 100 mV s-1. It was also applied for the 

concurrent sensing of multiple metal ions. DPV was performed at a scan rate of 5 mV/s.  

The variation of peak potential with pH helped to sort out the redox mechanism of the 

studied compounds. Blank voltammograms of the solvent systems were taken at each pH 

as verification that the voltammetric signal are due to analytes and not the solvent. This 

was done by taking the cyclic voltammogram of the solvent system only (Buffer + solvent) 

in the same composition as used for the sample compound in the specified potential range. 

 

3.3.2. Preparation of solutions 

 

The solutions used in performing experiments were prepared as follows: 

 

(a) Preparation of modified TiO2NPs/fMWCNTs/GCE  

 

Homogenous and stable 0.5 mg mL-1 fMWCNTs suspension was formed in DMF 

and the suspension was sonicated for 2 hours. Mechanical cleaning was made for GCE 

surface with alumina slurry (0.05 µm) on a rubbing pad and washed with deionized water. 

The TiO2NPs/fMWCNTs/GCE was prepared by placing 3 µL, 5 µL, 7 µL and 10 µL 

volume for each nanomaterials loaded i.e. TiO2NP and fMWCNTs onto the GCE. The 

optimum loading selected for TiO2NPs/fMWCNTs/GCE preparation was 5 µL fMWCNTs 

and 5 µL TiO2NPs onto the cleaned GCE surface, respectively. After each drop casting, 

electrode was dried at 40oC in vacuum oven.  
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(b) Nasal spray and recovery assay procedure 

 

7.5 µL of Iliadin® (0.05 %) nasal spray was taken and its 1 mM stock solution was 

prepared in methanol. The solutions for experiments were made by diluting stock solution 

with PBS (pH 7.0) and keeping the solvent ratio as 20 % methanol. To authenticate the 

precision of the developed method and investigation of probable interferences from desired 

analyte in the spray solution were investigated by recovery studies. For this purpose, known 

amount of the standard OMZ solutions were added to the pre-analyzed dosage form 

solution. The recovery results were investigated using the calibration equation.  

 

3.3.3. UV/Vis spectrophotometric experiments 

 

Electronic absorption spectroscopy was performed to study the interaction of DNA 

with Schiff bases. Solutions for spectrophotometric measurements were made by adding 

10% analytical grade DMSO in the sample solution. Absorption spectra were recorded by 

keeping the same composition of the solvent system in the reference cell as that for sample 

cell in order to avoid the interference of solvent system on the studied peaks of the 

compounds. All experiments were performed at room temperature i.e. 25oC. 

 

3.3.4. Computational analysis 

 

Computational calculations were carried for determining the charge and energy of 

the molecules using Semi-empirical AM1 method. It was used because of its simplicity 

and less consumption of time.100 Molecules were first optimized and then energy 

calculations were done on the optimized structures. For all computational measurements, 

GAUSSIAN 03W software was employed. The computations were carried out on P-4 

computer. 
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3.4. Schematics for the development of electrochemical sensors 

 
3.4.1. Schematics for nanosensor and surfactant based electrochemical sensor 

 

For the preparation of nanosensor, the mechanically cleaned electrode was drop 

casted by 5 µL droplet of 1 mg/mL of fMWCNTs and 5 ul droplet of 0.5% TiO2NPs, layer 

by layer (Scheme. 3.1). The application of each layer was followed by drying of the solvent 

in vacuum oven until the molecules are immobilized on the electrode surface after 

evaporation of the solvent. This modified electrode was used for the detection of OMZ 

drug. While, the modification of electrode surface for the detection of metal ions demanded 

some extra steps. After the fabrication of electrode by surfactants with the similar 

procedure as mentioned above, the modified electrode was subjected to adsorptive 

stripping electrochemical analysis of heavy metal ions as shown in Scheme. 3.2. Square 

wave anodic stripping voltammetry (SWASV) was performed for the simultaneous 

detection of toxic metal ions on the modified electrode surface. It involved two main steps. 

In the deposition step of SWASV, a predefined deposition potential was applied which 

caused electroplating of metal ions on the electrode surface for a specific time period. 

While in the stripping step, a square wave voltammogram was run for acquiring the 

oxidation signals of the electroreduced metal ions. 

 

 
Scheme. 3.1. Schematics of nanosensor. 
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Scheme. 3.2. Schematics of surfactant based electrochemical sensor. 

 

3.4.2. Schematics for DNA biosensor 

 

The schematics of DNA biosensor is shown in Scheme. 3.3. For its preparation, the 

electrode surface was first cleaned to a shiny smooth surface. The mechanically cleaned 

electrode was then fabricated with 5 uL droplet of 1mg/mL fMWCNTs and dried in 

vacuum oven. It was further modified with a 5 uL droplet of 50 ug/mL DNA solution three 

times. The resulting biosensor was then placed in the solution of 40 uL 5-DDMP solution 

for 5 minutes in order to give time to the receptor for recognizing the analyte. A 

voltammogram was then recorded in a buffer of pH 4.7 to see the analytical signals 

obtained at the designed sensor. 

 
Scheme. 3.3. Schematics of DNA biosensor. 
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Chapter 4 

RESULTS AND DISCUSSION 
 

This chapter describes the details of the results obtained over the designed 

nanosensors, biosensors and surfactants based sensors. In nanosensors, TiO2 nanoparticles 

and COOH functionalized MWCNTs were used as receptors for enhancing the analytical 

signals of the targeted analytes owing to their catalytic properties. In DNA biosensors DNA 

and COOH functionalized MWCNTs were used as receptors. DNA acted as a 

biorecognition element while MWCNTs helped in amplification of the electroanalytical 

response. In the third type of electrochemical sensor, surfactants were used as electrode 

modifiers for getting intense current response of the toxic metal ions than bare electrode. 

The performance of these sensors is discussed in the following sections. 

 

4.1. Nanosensor for the detection of Oxymetazoline drug 

 
This study offers the details of the fabrication of nanosensor for the sensitive, 

accurate, simple and selective sensing of Oxymetazoline drug. The electrochemical 

response of 10 µM OMZ was firstly analyzed with bare GCE in pH 7 PBS and 20% 

methanol by DPV in 0 – 1.0 V potential range. For the specified concentration, a prominent 

oxidative peak was obtained at 401 mV with current intensity of 0.22 µA. The study of 

blank solution with bare GCE showed no distinct response revealing that this oxidative 

peak purely belongs to the oxidation of OMZ drug and not due to solvent system. The 

oxidative signature of OMZ was then probed after modification of GCE by different 

nanomaterials as depicted in Fig. 4.1. The oxidative current intensity of OMZ was observed 

to increase by TiO2NPs and fMWCNTs modified GCE showing peak currents with values 

of 0.43 µA and 2.37 µA, respectively. Moreover, the fabrication of GCE with fMWCNTs 

made the electrode sensitive enough to detect one more anodic signal at 585 mV along with 

the previous signal. Subsequently, when the GCE was modified with fMWCNTs and 

TiO2NPs together, the peak current value of OMZ further enhanced. This enhancement of 

current intensity is the result of the catalytic properties of fMWCNTs and TiO2NPs towards 
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OMZ oxidation.101 Therefore, TiO2NPs and fMWCNTs were both selected as modifiers to 

study the oxidation mechanism of OMZ drug and to detect the trace amount of this drug in 

pharmaceutical compounds. 
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Fig. 4.1. DPV of 10 µM OMZ in pH 7.0 PBS and 20 % methanol at (a) bare GCE, (b) 
TiO2NPs/GCE, (c) fMWCNTs/GCE and (d) TiO2NPs/fMWCNTs/GCE. 

 

The morphologies of modified electrodes surface were obtained by SEM as shown 

in Fig. 4.2. The SEM images display smooth surface of bare GCE (Fig. 4.2A), the GCE 

surface modified with fMWCNTs (Fig. 4.2B), and TiO2NPs layers, independently (Fig. 

4.2C). Fig. 4.2D shows the SEM image of layer-by-layer modification of GCE surface 

with fMWCNTs and TiO2NPs, respectively. These SEM images indicate homogeneous 

modification of GCE surface with modifiers, hence producing clear and repeatable 

electrochemical signals.102 

 

4.1.1. Determination of charge transfer properties of modified electrodes 

 

The charge transfer properties of bare and modified electrodes were analysed by EIS 

and CV. The Nyquist plot was plotted from the EIS data obtained at bare and nanomaterials 

i.e. TiO2NPs, fMWCNTs and TiO2NPs/fMWCNTs modified GCE in 5 mM K3[Fe(CN)6] 

and 0.1 M KCl solution. EIS data is plotted in the form of nyquist plot which has two main 

parts. One is semicircle at greater frequencies and another is oblique line at smaller 
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4.1.2. Effect of type and quantity of nanomaterials 

 

Nanoparticles are widely used for electrochemical analysis of various compounds 

owing to their distinguishing characteristics i.e. improved conductivity via mass transport, 

electro-catalytic effect, enhanced effective surface area and stability of electrode’s 

chemical microenvironment.104 The electrocatalytic characteristics of such materials relies 

on the type and quantity of nanoparticles used. However, different types of nanoparticles 

and CNTs were fabricated on the electrode surface to get the best oxidative response of 

OMZ drug in this study. The nanoparticles tested for the oxidation of OMZ were ZnO, 

Fe2O3, TiO2 and diamond nanoparticles (5 % solution in water). The best result was 

obtained by employing TiO2NPs. After the selection of nanoparticles, the concentration of 

this modifier was optimized by using 0.05 %, 0.5 % and 5 % TiO2NPs. Out of the tested 

samples 0.5 % TiO2NPs was observed to give the optimum results. Moreover, -COOH and 

-NH2 functionalized MWCNTs fabricated GCE were tested for the detection of trace level 

concentration of OMZ drug individually. As the -COOH functionalized MWCNTs/GCE 

gave the optimum response, so it was selected as a suitable modifier for further 

experimentation. 

 

4.1.3. Impact of pH on the electrochemical signal  

 

The effect of pH of buffer medium on the anodic peak potential and peak current 

of 200 µM and 100 µM OMZ was investigated in broad pH range (pH 2.0 – 10.0) at 

unmodified GCE and TiO2NPs/fMWCNTs/GCE by DPV as shown in Fig. 4.4.  

 

The DP voltammograms in Fig. 4.4A show that OMZ produces two anodic peaks 

in the pH range 4.7 to pH 10.0 while peak 3 is not observed in media of pH 2.0 to pH 3.7. 

Moreover, a shoulder on the peak 1 appears in the DP voltammograms from pH 4.7 to pH 

10.0. This appearance of a slight shoulder in peak indicates the presence of another peak 

(Peak 2) for the oxidation of OMZ. In the DP voltammograms obtained at 

TiO2NPs/fMWCNTs/GCE, one more prominent peak appears at the same potential where 

shoulder appeared at bare GCE (Fig. 4.4B). Hence, the oxidation of OMZ was observed to 
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take place in three phases as indicated by the appearance of three oxidation signals. 

Moreover, the peak clipping experiment revealed that all these three peaks are independent 

as shown in Fig. 4.4C. 

 

0.0
0.4

0.8
1.2

0

1

2

3

4

2

4

6

8

1 0

I p / 


A

pHE
p / V vs Ag/AgCl

A

Peak 1 Peak 3

0.0
0.4

0.8

1.2

1.6

0

5

10

15

20

2

4

6

8

1 0

I p / 


A

pH

E
p / V vs Ag/AgCl

Peak 3
Peak 1

Peak 2

B

0.3 0.6 0.9 1.2

0

7

14

21

I p / 


A

E
p
/ V vs Ag/AgCl

 0.1 mM OMZ at 100 mV/s
 Peak clipping of Peak 2
 Peak clipping of Peak 3

Peak 1

Peak 2

Peak 3

C

 
Fig. 4.4. DP voltammograms of (A) 200 µM OMZ at bare GCE (B) 100 µM OMZ at 
TiO2NPs/fMWCNTs/GCE in wide pH range (2, 3, 3.7, 4.7, 5.7, 6, 7, 8, 9, 10) of buffer and 
20 % MeOH (C) Peak clipping experiment by differential pulse voltammetry of 100 µM 
OMZ in pH 7 and 20 % MeOH at TiO2NPs/fMWCNTs /GCE. 
 

The plot of Ip versus pH of DP voltammograms obtained at 

TiO2NPs/fMWCNTs/GCE shows the Ip values of all the three peaks depends significantly 

on pH of the medium (Fig. 4.5A). The maximum Ip value was found in pH 7.0 for peak 1 

and peak 3. While, for peak 2 the peak current value remained sufficiently constant after 

pH 4.7. So, pH 7 was taken as the optimum pH for conducting further electroanalytical 
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experiments. To calculate the electrons number used in the anodic process, half peak width 

(W1/2) was measured for all the three peaks. The average W1/2 values for peak 1, peak 2 and 

peak 3 were 63 mV, 110 mV and 89 mV, respectively. These values reveal that oxidation 

process of peak 1 involves two electron redox process while peak 2 and peak 3 comprise 

of one electron oxidation mechanism as calculated by the following equation.105-107  

W1/2 = 90 mV/n 

As the pH of the system changed from pH 2.0 to pH 10.0, a gradual shift in peak 

potential (Ep) towards less positive position was noticed. The plot of this Ep versus pH 

showed a linear response with slope values of -52.96 mVs-1, -57.39 mVs-1 and -73.09 mVs-

1 for peak 1, peak 2 and peak 3, respectively as displayed in Fig. 4.5B. These slope values 

for all the peaks clearly depict that oxidation of OMZ involves equal number of electron 

and protons.108,109   
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Fig. 4.5. pH dependence of (A) Ip and (B) Ep of 10 µM OMZ at TiO2NPs/fMWCNTs/GCE 
using DPV. 

4.1.4. Influence of scan rate 

The redox signals of OMZ drug was investigated on different scan rate for getting 

information about its electrochemical mechanism. In this regard, the cyclic 
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voltammograms of 100 µM OMZ were recorded at 5–500 mV s-1 at the surface of 

TiO2NPs/fMWCNTs/GCE in PBS at pH 7 as displayed in Fig. 4.6A. The cyclic 

voltammograms displayed two peaks at lower scan rate (5 mV s-1 to 25 mVs-1) which is in 

accordance with the DPV results. While, at higher scan rates (50 mV s-1 to 500 mVs-1), 

these peaks combined to show only one peak. The plot of Ip versus scan rate (υ) showed a 

linear behavior with regression coefficient (R2) of 0.991 as shown in Fig. 4.6B. The value 

of R2 for this plot appeared to be greater than the R2 value of the plot of Ip versus square 

root of υ (0.9309 and 0.8981, respectively) (Fig. 4.6C). This suggests that the redox process 

of OMZ drug is adsorption controlled.110  The plot of log of Ip as a function of log of υ 

shows linear response having slope value of 0.9414 and 0.9376 for both peaks, respectively 

as displayed in Fig. 4.6D. This slope value further supports the adsorption controlled nature 

of the oxidation of OMZ drug as its value is near to 1 (the theoretical value for adsorption 

controlled redox process.111 

 

The Ep of the oxidation peak of OMZ appeared to be shifted towards positive 

potential on increasing the scan rate between 5–500 mVs-1. According to Laviron, Ep of a 

completely irreversible electrode process is expressed as.112  

 

𝐸p = 𝐸0 −
2.303𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔

𝑅𝑇𝑘0

𝛼𝑛𝐹
+

2.303𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔𝑣 

 

Where α, n, k0, E0, υ, F, T and R are transfer coefficient, number of transferred 

electrons, standard heterogeneous rate constant, formal potential, scan rate, Faraday’s 

constant, temperature, and general gas constant, respectively. The Ep versus log υ was 

plotted for peak 1 using CV data obtained from 5 mVs-1   to 500 mVs-1. The slope value 

was observed to be 0.0405 V with correlation coefficient of 0.9775 (see Fig. 4.6E). The n 

value for the oxidation of OMZ was obtained to be 2.92 (∼3) within the studied potential 

range.113 This n value complemented well with the combined n value calculated from W1/2 

of peak 1 and peak 2 of OMZ by ASDPV. Therefore, n values for peak 1 (2) and peak 2 

(1) were confirmed for determining the oxidation mechanism of OMZ drug. 
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Fig. 4.6. (A) CV at multiple scan rates i.e. 5 mVs-1, 10 mVs-1, 25 mVs-1, (Inset: 50 mVs-1, 
75 mVs-1, 100 mVs-1, 250 mVs-1 and 500 mVs-1) (B) Effect of scan rate on peak current for 
peak 1 (Inset: for Peak 2) (C) Effect of Ip on v1/2 for peak 1 (Inset: for Peak 2) of 100 µM 
OMZ in pH 7.0 PBS and 20 % methanol at TiO2NPs/fMWCNTs/GCE using data obtained 
from cyclic voltammetry, (D) Plot of log v vs log Ip. (E) Plot of Ep vs log v. 
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4.1.5. Oxidation mechanism of OMZ 

The electrooxidation behavior of OMZ was examined both by CV and DPV 

techniques. Although, the CV signals were not as sensitive as DPV, the CV data were 

necessary to monitor the reversibility of anodic reaction and the production of electroactive 

oxidation products. DPV being more sensitive was employed for the verification of the 

electron transfer processes. The CV results showed that all the electrochemical signals are 

irreversible and independent of one another. For the determination of the anodic 

mechanism of OMZ, the oxuidation response of imidazoline derivatives i.e. 

xylometazoline (XMZ) and naphazoline (NZ) were studied at pH 4.7, pH 7 and pH 9. Both 

model compounds appeared to give no signal at the peak potential of peak 1 and peak 2 of 

OMZ. While, peak 3 was observed at pH 9.0 for both XMZ and NZ in CV and in DPV at 

all selected pH conditions as shown in Fig. 4.7A and 4.7B.  
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Fig. 4.7. (A) Comparison of cyclic voltammograms of 200 µM OMZ with Xylometazoline 
(XMZ) and Naphazoline (NZ) at pH 9 (B) Comparison of differential pulse 
voltammograms of 100 µM OMZ at pH 9 (Inset: at pH 4.7) with model compounds (XMZ 
and NZ) at TiO2NPs/fMWCNTs/GCE. 

This result reveals that the peak 1 and peak 2 belongs to -OH group present in OMZ, 

while peak 3 results from the oxidation of imidazoline group. Considering all the previous 

results, we suggest that the oxidation of OMZ (Peak 1) involves removal of two electrons 

and one proton from unsubstituted carbon atom in the benzene ring to form a benzoxy 
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cation. This benzoxy cation gains one hydroxyl group and removes one proton to form a 

stable compound i.e. 2-tert-butyl-5-((4,5-dihydro-1H-imidazol-2-yl)methyl)-4,6-

dimethylbenzene-1,3-diol. The peak 2 of OMZ is possibly the result of oxidation of OH 

group of the molecule. So, the oxidation of phenol takes place by removal of 1 electron 

and 1 proton from OH to produce a phenoxy radical, which is thermodynamically unstable 

specie and may convert to a dimer in the last step. The emergence of peak 3 is attributed to 

the oxidation of imidazoline group. In the first step, one proton is removed from -NH site 

of the molecule followed by the removal of one electron to produce a radical. This radical 

exists in three thermodynamically unstable resonance forms, which undergoes 

dimerization in order to gain stability as depicted in Scheme. 4.1. 

 
Peak 1

Peak 2

OH

N

HN

O

N

HN

O

N

HN

O

N

HN

-1e-, -1H+

Peak 3

. .

.
O

N

HN

O

N

NH

OH

N

HN

OH

N

N

-e-. .-H+

OH

N

N. N

N

.

OH

H
N

N

OH

Dimerization

Dimerization

.

H
N

N

OH
OH

N

HN

OH

N

HN

OH

N

HN
-2e-, -1H+

HO+ H2O

-1H+

OH

N

HN

Scheme. 4.1. Proposed oxidation mechanism of OMZ. 

 

4.1.6. Effect of deposition potential and deposition time 

 

The determination of influence of deposition potential and time on Ip is necessary 

for the study of adsorption process of OMZ. Therefore, the effect of deposition potential 

and time were investigated with relation to Ip of 2 µM OMZ by ASDPV as depicted in Fig. 
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4.8A and 4.8B. The maximum Ip was observed to be attained at 0 V and 180 s indicating 

maximum surface coverage of electrode surface with oxymetazoline molecules. (Fig. 4.8C 

and 4.8D). Thus, the subsequent studies were performed at these optimum deposition 

potential and deposition time values. 
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Fig. 4.8. DP voltammograms showing (A) the influence of deposition potential on current 
signal at constant deposition time i.e. 60s (B) The influence of deposition time on current 
signal at constant deposition potential i.e. 0 V, of 2 µM OMZ in pH 7.0 PBS and 20 % 
methanol at TiO2NPs/fMWCNTs/GCE by ASDPV (C) The plot of Ip vs deposition 
potential (D) The plot of Ip vs deposition time. 

4.1.7. Calibration curves and analytical parameters 

The calibration curve of OMZ was recorded in the of concentration range from 0.05 

µM to 1.5 µM by ASDPV using modified GCE (Fig. 4.9A). The TiO2NPs/fMWCNTs/GCE 
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displayed a linear behavior with R2 of 0.996 and 0.995, respectively for both peaks as 

shown in Fig. 4.9B.  

0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

2.0
I p / 


A

E
p
/ V vs Ag/AgCl

 0M
 0.125M
 0.25M
 0.50M
 0.75M
 1.0M
 1.25M
 1.50M

A

Peak 1

Peak 2

0.0 0.4 0.8 1.2 1.6

0.0

0.6

1.2

1.8

2.4
 Peak 1
 Peak 2

I p / 


A

Concentration M

R2 = 0.9960

R2 = 0.9950

 

B

 
Fig. 4.9. (A) ASDP voltammograms and (B) calibration plots of OMZ within the 
concentration range of 0.05-1.5 µM in pH 7.0 PBS and 20 % methanol at 
TiO2NPs/fMWCNTs/GCE using 0 V deposition potential and 180 s deposition time. 

 

The detection limit (LOD) and quantification limit (LOQ) were measured by 

following equations: 

 

𝐿𝑂𝐷 = 3 𝑠/𝑚 

𝐿𝑂𝑄 = 10 𝑠/𝑚 

 

Where m represents the slope of relevant calibration plot and s is the standard deviation of 

Ip of blank solution (five runs).114 The LOD values for both peaks of OMZ were obtained 

as 4.40  nM and 9.84 nM, respectively. The summary of analytical data obtained from 

calibration curves and their relevant parameters are shown in Table 4.2.  

 

4.1.8. Repeatability and reproducibility of fabricated GCE 

 

The repeatability studies of fabricated GCE were acheived in order to get 

understanding about the precision of the developed electroanalytical methods.115,116 For 

this purpose, five measurements repeated within a day and three repeated between days 
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(three days) were taken at TiO2NPs/fMWCNTs/GCE by ASDPV (Fig. 4.10). The relative 

standard deviation (% RSD) was calculated for Ip and Ep of both peaks of OMZ. This % 

RSD values came out to be in acceptable range i.e. less than 1 % for peak 1 and less than 

5 % for peak 2 as listed in Table 4.2. 
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Fig. 4.10. Graphical representation of (A) intraday repeatability for five measurements and 
(B) between day repeatability for three days of using the designed 
TiO2NPs/fMWCNTs/GCE sensor in 0.75 µM solution of OMZ in pH 7.0 PBS buffer and 
20 % MeOH. 

 

4.1.9. Nasal spray analysis 

 

The reliability of proposed method was assessed with the pharmaceutical 

commercial spray. The results of ASDPV were found to be consistent with the amount of 

OMZ given in spray label. The recovery studies were also performed with the spray to 

analyze the accuracy of designed technique in practical applications. In this regard, a 

specific quantity of pure OMZ was added in the commercial spray and five measurements 

were taken alternatively on freshly prepared modified GCE. The recovery results of these 

repeated measurements were calculated by regression equation from calibration plot. The 

results obtained from spray analysis are summarized in Table 4.3. The results revealed 

superb accuracy and validity of proposed method for practical applications. 
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Table 4.2. Regression data of the calibration lines of OMZ peaks by ASDPV in standard 
solution at TiO2NPs/fMWCNTs/GCE. 
 

Parameters Peak 1 Peak 2 

Measured potential (mV) 413 572 

Linearity range (µM) 0.05 – 1.5 0.05 – 1.5 

Slope (µA µM-1) 1.111 0.497 

Correlation coefficient (R2) 0.996 0.995 

SE of slope 4.26×10-2 1.57×10-2 

LOD (nM) 4.40 9.84 

LOQ (nM) 14.68 32.79 

Repeatability of peak current (RSD%) a 0.465 2.432 

Repeatability of peak potential (RSD%) a 0.516 0.317 

Reproducibility of peak current (RSD%) a 1.009 4.029 

Reproducibility of peak potential (RSD%) a 0.632 0.517 
a Obtained from five experiments for the 0.75 µM of OMZ. 

 

Table 4.3. Results attained from the recovery experiments in nasal spray of OMZ at 
TiO2NPs/fMWCNTs/GCE using ASDPV. 
 

Parameters Peak 1 Peak 2 

Labeled claim (mg) 5.00 5.00 

Amount found (mg) * 5.05 5.28 

RSD % 0.89 3.34 

Bias % -1.00 -5.60 

Added (µM) 0.25 0.25 

Found (µM)* 0.249 0.283 

Average recovered % 99.80 113.20 

RSD % of recovery 0.88 3.90 

Bias % 0.20 -13.20 

* Obtained from five experiments. 
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(b) Electrochemical characterization of modified biosensor 

 

The electrochemical characteristics of unmodified and modified biosensor are 

usually determined by CV to investigate the fabrication of biosensor process.117 For this 

purpose, Fe(CN)6
3-/4- was employed as a redox probe. The cyclic voltammograms of bare 

GCE, fMWCNTs/GCE and dsDNA/fMWCNTs/GCE obtained in 5 mM K3(Fe(CN)6) and 

0.1 M KCl at 100 mV/s are presented in Fig. 4.12A. Modified and unmodified GCE 

showed distinct redox response of Fe(CN)6
3-/4- at a potential of 0.29 V and 0.15 V. The 

peak current of     Fe(CN)6
3-/4- redox couple was found greater for fMWCNTs/GCE than 

bare GCE indicating improvement of electron transfer through modified electrode owing 

to catalytic properties of fMWCNTs.118 This experiment ensured modification of 

fMWCNTs onto the electrode surface. For the case of immobilization of dsDNA onto 

fMWCNTs/GCE surface, the current intensity of Fe(CN)6
3-/4 peaks showed a considerable 

decrease with respect to fMWCNTs/GCE. The decrease in peak current intensity on 

immobilization of dsDNA at electrode surface is suggested to be the result negatively 

charged phosphate backbone of DNA which repels the Fe(CN)6
3-/4- ions and delays them 

to reach at the surface of electrode. Therefore, this reduction in peak current intensity give 

clue about the adsorption of dsDNA molecules onto fMWCNTs/GCE surface.119  

 

Similarly, EIS was conducted to examine surface features of the modified 

electrodes using 5 mM K3[Fe(CN)6] solution as shown in Fig. 4.12. After modification of 

the electrode with fMWCNTs, the semicircular diameter decreased significantly indicating 

enhanced transduction of the redox species through this modified electrode surface. On the 

contrary, the semicircular domain increased after application of DNA onto the modified 

electrode surface which suggests a decrease in surface activity of the electrode. This 

decline in conductivity could be attributed to the presence of DNA whose negatively 

charged phosphate backbone repel the Fe(CN)6
3-/4- ions and delay them to reach at the 

electrode surface. The circuit elements values obtained by fitting impedance data are listed 

in Table 4.4. The lowest Rct value obtained at fMWCNTs modified electrode suggests that 

fMWCNTs film enhances the electron transfer rate at the electrode/solution interface. The 

binding of DNA to the fMWCNTs film surface increased the Rct value of 
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immersion of GCE in 40 µM 5-DDMP solution for three minutes) within a pH 4.7 acetate 

buffer and 10% DMSO solution (Fig. 4.12). dsDNA showed two oxidation peaks at 

potential of 0.97 V and 1.23 V for guanine and adenine base pairs, respectively. The 

oxidation signal of 5-DDMP appeared at 0.88 V. Subsequently, the electrochemical 

response of guanine and adenine anodic signals was determined after application of the 

fMWCNTs on DNA biosensor. The peak current value appeared to enhance approximately 

30 times than that of unmodified one. The explanation of this boost in current intensity 

relates to the catalytic properties of fMWCNTs because of to their greater conductivity and 

high surface area.118 The electrochemical signatures of dsDNA were also investigated after 

immersion of dsDNA/fMWCNTs/GCE in 40 µM 5-DDMP solution for three minutes as 

shown in Fig. 4.13. The observed decrease in the peak currents of guanine and adenine is 

a clear indication of the binding of dsDNA with 5-DDMP.  
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Fig. 4.13. DPV of (a) dsDNA/GCE (b) bare GCE after incubation for 3 min in 40 µM 5-
DDMP (c) dsDNA/fMWCNTs/GCE (d) dsDNA/fMWCNTs/GCE after incubation for 3 
min in 40 µM 5-DDMP, in acetate buffer solution pH 4.7 and 10% DMSO. 
 

4.2.1.3. Effect of incubation time of 5-DDMP on analytical signals 

 

The interaction time for the immersion of dsDNA/fMWCNTs/GCE in 5-DDMP 

solution can influence the binding of 5-DDMP to dsDNA. Thus, the incubation time was 

optimized to obtain the maximum loading of 5-DDMP on the surface of the designed 
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biosensor. The electrochemical response of guanine and adenine were observed to decrease 

as a function of time up to 300 s. After 300, the observed current intensity values of guanine 

and adenine was leveled off and became constant up to 600 s as shown in Fig. 4.14. 

Therefore, incubation time of 300 s was taken as the optimum interaction time for all 

subsequent experiments. The reduction in current intensity of guanine and adenine 

oxidation can be attributed to the linkage of 5-DDMP and both guanine and adenine base 

pair. While binding of 5-DDMP to dsDNA on the fMWCNTs/GCE surface, a change in 

the electroactive groups of these oxidizable bases is possible which could be explained by 

the decrease in peak current value of adenine and guanine as reported in literature.120,121 
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Fig. 4.14. (A) DPV response of adenine, guanine and 5-DDMP at dsDNA/fMWCNTs/GCE 
after interaction with 40 µM 5-DDMP for (a) 0 min (b) 1 min (c) 3 min (d) 5 min (e) 7 min 
and (f) 10 min, in acetate buffer pH 4.7 and 10% DMSO between +0.50 and +1.40 V. (B) 
The effect of incubation time of 40 µM 5-DDMP with dsDNA/fMWCNTs/GCE on the 
peak currents of adenine, guanine and 5-DDMP. 

4.2.1.4. Calibration plot and limit of detection 

The interaction of 5-DDMP and dsDNA was further investigated by examining 

different concentrations of 5-DDMP on dsDNA/fMWCNTs/GCE. The DP 

voltammograms were taken in pH 4.7 acetate buffer and 10% DMSO solution as shown in 

Fig. 4.15A. The anodic response of guanine and adenine decreased resulting from the 

increase in different concentrations of 5-DDMP. The decrease in anodic current intensities 
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dsDNA + 5-DDMP ↔5-DDMP – dsDNA 

 

The binding of dsDNA with 5-DDMP is assumed to produces only one type of 

complex. This linkage between dsDNA with 5-DDMP can be monitored with the help of 

subsequent equation:124,125 

 

𝐿𝑜𝑔 (
1

[5 − 𝐷𝐷𝑀𝑃]
) = 𝑙𝑜𝑔𝐾 + log (

𝐼5−𝐷𝐷𝑀𝑃−𝑑𝑠𝐷𝑁𝐴

𝐼𝑑𝑠𝐷𝑁𝐴 − 𝐼5−𝐷𝐷𝑀𝑃−𝑑𝑠𝐷𝑁𝐴
) 

 

 where “K” belongs to binding constant, IdsDNA the current signal of dsDNA and I5-DDMP-

dsDNA the current signal of 5-DDMP-dsDNA complex. The value for the binding constant, 

K, for the particular complex, can be obtained from the intercept value of the plot of log 

(1/[5-DDMP]) vs. log (IdsDNA - I5-DDMP-dsDNA). The K with a value of 1.38 × 103 L mol−1was 

calculated for adenine.  

 

Table 4.5. Regression data of the calibration lines of 5-DDMP, adenine and guanine peaks 
by ASDPV in standard solution. 
 
Parameters 5-DDMP Guanine Adenine 

Measured potential (mV) 741 986 1250 

Linearity range (µM) 5-50 5-50 5-50 

Slope (AM-1) 0.0540 -0.0190 -0.0238 

Correlation coefficient (r) 0.9983 0.9874 0.9886 

SE of slope 9.759 X 10-4 1.07 X 10-3 1.28 X 10-3 

LOD (M) --- 2.57 X 10-7 2.05 X 10-7 

LOQ (M) --- 8.58X 10-7 6.85 X 10-7 

Repeatability of peak current (RSD%) a 1.91 1.97 3.67 

Repeatability of peak potential (RSD%) a 0.062 0.162 0.044 
aObtained from five experiments for 40 µM of 5-DDMP 
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4.2.1.5. Validation of interaction mechanism 

 

To authorize the proposed interaction mechanism, the interaction of polyguanine 

(polyG) and polyadenine (polyA) with 5-DDMP was studied. DPV was performed to 

determine the effect of interaction time (in 40 µM 5-DDMP) on the anodic current signals 

of both adenine and guanine moieties. The consistent DP voltammetric anodic signal of 

guanine and adenine bases were found to decrease upon interaction with 5-DDMP as 

shown in Fig. 4.16. The decrease in anodic peak signals of guanine and adenine bases is 

more likely the same as that of DNA biosensor upon interaction with 5-DDMP (Fig. 4.13). 

The anodic peak of 5-DDMP was also observed to increase in the same way as that of 

developed sensor indicating similar type of interaction.126 Hence, the present study of 

polyoligonucleotides has confirmed similar mode of interaction of guanine and adenine 

moieties with 5-DDMP by these experiments as that of dsDNA/fMWCNTs/GCE. 

 

0.4 0.6 0.8 1.0 1.2

0.0

0.7

1.4

2.1

I p / 


A

E
p
/ V vs Ag/AgCl

A a

e

b

e

0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.5

1.0

1.5

2.0

I p / 


A

E
p
/ V vs Ag/AgCl

B

a

b

e
e

 
Fig. 4.16. (A) DPV response of guanine and 5-DDMP at the surface of 
polyG/fMWCNTs/GCE (B) DPV response of adenine and 5-DDMP at 
polyA/fMWCNTs/GCE after interaction with 40 µM 5-DDMP for (a) 0 min (b) 1 min (c) 
3 min (d) 5 min (e) 10 min. in acetate buffer pH 4.7 and 10% DMSO between +0.50 and 
+1.40 V. 

 

4.2.1.6. UV–vis spectrophotometric analysis of the interaction of 5-DDMP and ds-DNA 

 

The interaction between dsDNA and 5-DDMP was also inspected by UV-Visible 

absorption spectrophotometry between 220 nm to 600 nm wavelengths at pH 7.4 using tris 
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buffer. This study supported the outcome of electrochemical investigations of 5-DDMP 

and dsDNA. 5-DDMP showed one clear absorption peak at 410 nm which is surrounded 

by two shoulders of absorption peaks at 360 and 430 nm as depicted in Fig. 4.17A. Such 

absorption signals are the result of n-π* transition of C=N and C=O moieties present in the 

molecule as reported in literature.127 The appearance of shoulder of peaks suggested the 

occurrence of 5-DDMP in zwitterionic form as revealed from the crystal structure study of 

ortho-hydroxy Schiff bases.128 In Fig. 4.17B the effect of different concentrations of 

dsDNA on the absorption spectrum of 5-DDMP is presented. The absorption spectra of 5-

DDMP was found to reduce with the gradual enhancement in dsDNA concentration (0.25 

– 2 µg/mL) to the constant concentration of 5-DDMP (40 µM) at 410 nm showing no 

hypochromic or bathochromic shift.  
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Fig. 4.17. (A) Absorption spectra of (a) 500 µg/mL dsDNA, (b) 40 µM 5-DPMP in the 
absence of dsDNA and (c) and 40 µM 5-DPMP in the presence of 2 µg/mL dsDNA in 10% 
DMSO and phosphate buffer pH-7 at 25oC (B) The effect of DNA concentration on the 
absorption spectra of 40 µM 5-DPMP in 10% DMSO and tris-HCl buffer solution. 

 

Furthermore, the binding constant of 5-DDMP was calculated based on variation 

of absorbance spectra of 5-DDMP on addition of dsDNA. The following Benesi-

Hildebrand equation was used for calculation of binding constant:129  

 
𝐴𝑜

𝐴 − 𝐴𝑜
=

Ɛ𝐺

Ɛ𝐻−𝐺 − Ɛ𝐺
+

Ɛ𝐺

Ɛ𝐻−𝐺 − Ɛ𝐺
𝑋

1

𝐾[𝐷𝑁𝐴]
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Where, A and Ao are the absorbance intensity of SB complex with DNA and SB, 

respectively. K is the binding constant, ƐG and ƐH-G   are the absorptivity coefficients of the 

SB and SB-DNA complex respectively.130,131 The binding constant with a value of 2.19 x 

103 Lmol-1 was calculated from the ratio of intercept to slope value of plot of A0/(A − A0) 

vs. 1/[DNA]. This value complemented well with the binding constant value calculated 

from electrochemical study i.e. 1.38 × 103 L mol−1. 

 
4.2.1.7. Interference study 

 
Interference study was conducted to determine the selectivity of the developed 

biosensor. In this regard, differential pulse voltammetric response of 

dsDNA/fMWCNTs/GCE having 5-DDMP on its surface (after immersion of developed 

biosensor in 40 µM 5-DDMP solution for 5 min) was compared with DPV responses after 

adding 100 µg/mL of various compounds (Glucose, NaCl, uric acid, ascorbic acid and L-

cystine) and 50 µg/mL dopamine in 40 µM 5-DDMP solution. Fig. 4.18 displays that there 

is no significant interference of these compounds on the anodic response of adenine and 

guanine, representing good selectivity of the developed sensor. This selectivity of DNA 

biosensor is attributed to the lack of any considerable interaction of other compounds with 

DNA under given conditions.  
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Fig. 4.18. (A) DPV showing the effect of interfering agents i.e. Glucose, NaCl, DA, UA, 
AA and L-Cys on the oxidation signals of 5-DDMP, adenine and guanine at the surface of 
dsDNA/fMWCNTs/GCE after interaction of dsDNA with 40 µM 5-DDMP for 5 min in 
acetate buffer pH 4.7 and 10% DMSO (B) Corresponding bar graph. 
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4.2.2. DNA biosensor for the verification of DNA binding with Schiff bases 

 

DNA biosensor was designed for the sensing of Schiff bases. The corresponding 

DP voltammogram are shown in Fig. 4.19. Black colored voltammogram shows the signals 

of guanine (~1 V) and adenine (~1.2 V) on dsDNA modified GCE. Red voltammogram 

represents the signal of 2-CPMP after incubation of bare GCE into the solution of 2-CPMP 

for 3 minutes (Fig. 4.19A). After the immersion of dsDNA modified GCE in 40 µM 2-

CPMP solution for 3 minutes, the current intensity of the electrochemical signal of dsDNA 

was observed to decrease. This reduction in the current signals of guanine and adenine is a  

   

 
Fig. 4.19. DP voltammograms of (a) dsDNA/GCE (b) bare GCE after incubation for 3 min 
in 40 µM (c) dsDNA/GCE after incubation for 3 min in 40 µM of (A) 2-CPMP (B) 2-
DPMP (C) 5-DDPMP obtained in acetate buffer solution pH 4.7. 

A B 
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clear indication of their binding with 2-CPMP as shown by the blue colored 

voltammogram. Similar electrochemical responses were noticed for rest of the Schiff bases 

i.e. 2-DPMP and 5-DDPMP (Fig. 4.19B and 4.19C). 

 

4.2.2.1. Effect of interaction time on analytical signals 

 

The effect of interaction time on the binding of the Schiff bases to dsDNA was 

performed by DPV as depicted in Fig. 4.20. The electrochemical response of guanine and 

adenine were observed to decrease on increasing the interaction time. The largest reduction 

in adenine and guanine oxidation signals was obtained at 60 s. Fig. 4.20A shows a  
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Fig. 4.20. The effect of incubation time on the adenine, guanine and Schiff base signals 
using 40 µM of (A) 2-CPMP (B) 2-DPMP (C) 5-DDPMP at dsDNA/GCE. 
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considerable reduction in the anodic response of guanine and adenine by increasing 

incubation time upto 60 s. This reduction is suggested to be due to a probable change in 

the electroactive groups of the oxuidizable bases of DNA. Further increase in incubation 

time shows no drastic decrease in peak signal indicating no further interaction between 

DNA and the Schiff base molecules. While the electrochemical signals of 2-CPMP appear 

to increase gradually on increasing the interaction time. Similar electrochemical response 

was observed for 2-DPMP and 5-DDPMP (Fig. 4.20B and 4.20C). 

4.2.2.2. Validation of DNA interaction 

     DNA interaction of Schiff bases was validated by polyG and polyA modified 

biosensors. For this purpose, polyG modified GC electrode was developed and the 

corresponding measurements were examined in pH 4.7 acetate buffer solution as displayed 

in Fig. 4.21. The guanine oxidation signal appeared around 1 V. After interaction with 2- 

Fig. 4.21. The effect of incubation time on the guanine and Schiff bases signals using 40 
µM of (A) 2-CPMP (B) 2-DPMP (C) 5-DDPMP at polyG/GCE. 
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CPMP and upon increasing the incubation time the peak of guanine base reduced in 

intensity in a similar manner as was observed for DNA biosensor, thus suggesting 

interaction of 2-CPMP with the bases of DNA (Fig. 4.21A). Similar responses were 

observed for 2-DPMP and 5-DDPMP complexes (Fig. 4.21B and 4.21C). Like poly G, 

polyA modified GCE was prepared for the verification of interaction between bioreceptor 

and Schiff bases (Fig. 4.22). Hence confirming the interaction of Schiff bases with DNA.  

 

  

 
Fig. 4.22. The effect of incubation time on the peak current of  adenine and Schiff bases 
using 40 µM (A) 2-CPMP (B) 2-DPMP (C) 5-DDPMP at polyA/GCE. 
 
4.2.2.3. Interference study 

 
To check the selectivity, voltammetric responses of DNA nanobiosensor was 

examined in the presence of sugar, NaCl and Dopamine along with 2-CPMP. Fig. 4.23 

elucidates that the anodic response of the studied Schiff bases is not distinctly affected in 
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the presence of 100 times higher concentration of interfering agents than that of analyte. 

The deviation between current signals is below 3%. This suggests that the designed sensor 

has favorable properties of discrimination between target analyte and interfering species. 
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Fig. 4.23. (A) DPV showing the effect of interfering agents i.e. Glucose, NaCl and DA 
along with 2-CPMP on the oxidation signals of adenine and guanine (B) Corresponding 
bar graph. 

 
4.3. Simultaneous detection of Tl+, Cu2+, Hg2+ and Zn2+ ions by 1-

dodecanoyl-3-(4-methoxyphenyl)-2-thiourea (MeO-DPTU) 
modified electrode 
 
GCE was also modified with surfactants to improve its sensing response. The 

surfactant fabricated GCE was employed for the simultaneous sensing of several heavy 

metal ions i.e. Tl+, Cu2+, Hg2+ and Zn2+ ions.132  

 
4.3.1. Selection of the best electrode modifier  

 
            Surfactant modified electrodes were characterized by EIS in 5 mM solution of 

K3[Fe(CN)6] using 0.1 M KCl as supporting electrolyte The Nyquist plots of EIS data 

recorded for bare and surfactant modified GCEs (MeO-DPTU/GCE, DPTU/GCE and CF3-

DPTU/GCE) are presented in Fig. 4.24A. The largest semicircle domain observable for 

CF3-DPTU modified GCE and bare GCE show limited electron transfer ability through 

these electrodes possibly due to greater double layer resistance. In case of GCE modified 

either with DPTU or MeO-DPTU interfacial resistance of electron transfer process 

B A 
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on the electrode surface. The parameters calculated from the plot of Fig. 4.24B are shown 

in Table 4.7. The response of this technique by reactants is explained by integrated Cottrell 

equation known as Anson equation.134  

𝑄𝑑 =
2𝑛𝐹𝐴𝐷0

1/2
𝐶0 𝑡

1/2

𝜋1/2
+  𝑄𝑑𝑙 + 𝑛𝐹𝐴Γ 

where n corresponds to the number of electrons per mole  (mol-1), F the Faraday constant 

(C mol-1), A the electrode area (cm2), D0 the diffusion coefficient (cm2 s-1), C0 the bulk 

concentration of the diffusing electroactive molecule (mol cm-3), t the time (s), Qdl the 

capacitive charge (C) and Γ the surface excess concentration of reactant (mol  cm-2). 

Table 4.6. Parameters evaluated from EIS data obtained at bare and surfactant modified 
GCEs. 

Modifiers CPE (µF) Rs (Ω) Rct (kΩ) 

CF3-DPTU/GCE 1.89 825 14.6 

Bare GCE 1.21 772 12.0 

DPTU/GCE 1.07 724 11.7 

MeO-DPTU/GCE 0.89 698 10.1 

The electrochemical surface area of the MeO-DPTU-modified GC electrode (A = 

0.81 cm2) deduced from the Cottrell equation is almost double to that of the bare electrode 

(A = 0.43 cm2). The greater area of the modified electrode is expected to anchor more 

analyte species compared to the unmodified GCE. An observation of Table 4.7 reveals 

higher values of surface coverage and adsorbed charge were obtained for the modified 

electrode. 

Table 4.7. Parameters calculated from chronocoulometry for bare and MeO-DPTU 
modified GC electrodes. 

Electrode Area / cm2 Qads / μC Γ / 10-12 mol cm-2 Q / Å2 

Bare GCE 0.43 0.082 0.99 1.7 

MeO-DPTU/GCE 0.81 0.49 3.2 0.52 
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Square wave voltammograms in BRB (pH 6) solution containing Zn2+, Tl+, Cu2+ 

and Hg2+ were recorded at  bare GCE and using GCEs modified individually with three 

different surfactants (Fig. 4.25). MeO-DPTU and DPTU surfactants immobilized on the 

electrode surface exhibited current enhancement as compared to bare GCE. The metal ion 

complexation ability of carbonyl and thiourea groups of the modifiers are expected to 

enhance the availability of metal cations at the electrode-solution interface, resulting in a 

significant increase in the electroplating efficiency during the deposition step, eventually 

boosting the oxidation signals. As the adsorbed surfactant layer and ligation moieties in its 

molecules can offer adsorption sites and chemical binding possibilities for metal ions, the 

recognition layer is expected to facilitate the existence of metal atom-metal ion couples 

required for stable and intense current signal. The presence of electron withdrawing 

trifluoromethyl group on CF3-DPTU can be associated to the decrease in the binding 

affinity of thionyl group for metal ions, resulting in lower peak currents at CF3-DPTU-

modified GCE, while the methoxy group on MeO-DPTU provides a stronger affinity for 

the metal ions, as evidenced by more intense current response with this surfactant. MeO-

DPTU at the surface of GCE could be conceived to act like a mediator of transferring 

charge from the donor guest (reduced metal ions (metal atoms)) to the acceptor GCE. Thus, 

it acts as a stepping stone between the analyte and electrode for rapid electron transfer. 
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Fig. 4.25. SWASV obtained at bare and surfactant-modified electrodes, for MeO-DPTU, 
DPTU and CF3-DPTU surfactants in a solution mixture containing 20 µM Zn2+, 10 µM 
Tl+, 15 µM Cu2+ and 10 µM Hg2 in BRB (pH 6). At 100 mV s-1, deposition potential -1.2 
V, deposition time 100 s. 
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4.3.2. Conditions optimization 

The experimental conditions (stripping solvent, pH, surfactant concentration, 

deposition parameters (potential and time)) were optimized for the most efficient surfactant 

identified in the previous section, i.e. MeO-DPTU. SWAS voltammetry of the analytes at 

MeO-DPTU fabricated GCE was carried out in solutions of various electrolytes such as 

BRB, phosphate buffer, 0.1 mM HCl, 0.1 mM NaCl, 0.1 mM KCl and 0.1 mM NaOH (Fig. 

4.26A). The most intense signals of the analytes were observed in BRB, thus selected for 

further electroanalytical experiments. 
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Fig. 4.26. (A) Effect of various stripping media such as BRB (pH 6), phosphate buffer (pH 
7), 0.1 mM KCl , 0.1 mM NaCl , 0.1 mM HCl (pH 4) or 0.1 mM NaOH (pH 10) on the 
SWASV peak currents of 20 µM Zn2+, 10 µM Tl+, 15 µM Cu2+ and 10 µM Hg2+ solutions 
on a MeO-DPTU-modified electrode at 100 mV s-1. (B) SWASV of metal ions on a MeO-
DPTU-modified electrode in BRB at different pH (4 – 12) at 100 mV s-1. (C) Plot of anodic 
peak current vs pH. 
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The electrode reaction is typically influenced by the pH of the medium.135 In this 

regard, SWASV was investigated over a wide pH range (from 4 to 12) in BRB (Fig. 4.26B). 

The maximum peak current was registered in BRB as pH 6 (see Fig. 4.26C). Low peak 

currents obtained in acidic media may be the result of protonation of the thiourea groups, 

thus, resulting in lowering their metal ion complexation ability, while basic conditions lead 

to the formation of metal hydroxides. Hence, pH 6 was taken as the optimum pH for the 

best response of the targeted metal ions. 

The magnitude of current signals was observed to enhance with enhancement in 

concentration of the surfactant and at 30 µM, the current intensity was noticed to be at the 

maximum. The only possible reason for its increase would be the accessibility of more 

binding sites on the surface of electrode, where metal ions can interact to boost the current 

signal (Fig. 4.27). As surfactants are larger molecules, they saturate the surface of electrode 

after a certain concentration such as after reaching 30 µM concentration of the surfactant, 

hence a slight decrease in current signal was displayed, which is the result of saturation of 

electrode surface. The results attained by increasing the concentration of surfactants are 

also consistent with former report with Sodium dodecyl sulfate (SDS) surfactant, which 

has shown a decrease in peak current beyond a certain concentration.136  
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Fig. 4.27. (A) Influence of different concentration of MeO-DPTU drop casted on the 
SWASV for detection response from 20 µM Zn2+, 10 µM Tl+, 15 µM Cu2+ and 10 µM Hg2+ 
solution and BRB of pH = 6; (B) Plot of Ip vs MeO-DPTU concentration. 
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The stripping analysis of metal ions requires effective deposition of metals at the 

electrode surface.137 The optimum loading of metal ions can be achieved for given 

deposition potential and time only. Hence, SWASV was investigated at MeO-DPTU-

modified electrode by varying the deposition potential from 0 V to -1.4 V (Fig. 4.28A); 

maximum stripping peak currents were obtained at -1.2 V, for which the electrode surface 

coverage probably reached saturation.  

The effect of deposition time was also investigated, for a deposition potential of 1.2 

V (Fig. 4.28B). The optimal deposition time was found as 100 s; longer deposition time 

resulted in the generation of less intense signals, possibly due to the formation of an 

inhomogeneous layer of electroreduced metal. 

The thermodynamic parameters of the electro oxidation method was obtained by 

determining the effect of deposition temperature in order to get useful information about 

these processes.138 The stripping current signals of every metal ion was observed to 

enhance with increasing temperature possibly due to reduction in solution viscosity and 

consequently faster diffusion of the metal ions as displayed in Fig. 4.28C. Thermodynamic 

parameters for all the metals listed in Table 4.8 were calculated employing the equations 

reported in previous articles.135,139,126,140,141 The +ΔH values specify the expected 

endothermic nature of the redox process, while the +ΔG values display this process to be 

non-spontaneous. On the contrary, the calculated -ΔS values illustrate the strong adsorption 

of metal ions at the electrode surface which in turn is reduced by surfactant molecules 

present at the electrode surface and get oxidized during stripping step. Furthermore, the 

increase in heterogeneous rate constant with temperature is indicative of a facile redox 

process. The observed gradual drop in ΔG and boost in ΔS values with an increase in 

temperature determine the shift of the process towards spontaneity as a result of increase 

in degree of disorder (ΔS).135  
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Fig. 4.28. SWASV obtained in solution mixture of 20 µM Zn2+, 10 µM Tl+, 15 µM Cu2+

and 10 µM Hg2+ ions in BRB at pH 6, showing A) the effect of deposition potential (inset: 
plot of Ip vs Ed) and (B) the effect of deposition time at a fixed deposition potential of -1.2 
V (inset: plot of Ip vs td).  (C) Effect of deposition temperature on the peak currents of four 
metal ions in BRB (pH = 6); scan rate 100 mV/s, deposition potential -1.2 V and deposition 
time of 100 s. 

Table 4.8. Thermodynamic parameters calculated for Zn2+, Tl+, Cu2+, and Hg2+ ions at 303 
K. 

Metal 

Ions 

Ks 

(km/s) 

Ea 

(kJmol-1) 

∆H 

(kJmol-1) 

∆G 

(kJmol-1) 

∆S 

(JK-1mol-1) 

Zn2+ 1.60 19.779 17.259 45.605 -93.550 

Tl1+ 9.40 24.161 21.642 41.161 -64.420 

Cu2+ 5.30 24.320 21.800 42.599 -68.642 

Hg2+ 7.90 28.773 26.253 41.597 -50.640 
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4.3.3. Evaluation of detection and quantification limits 

The limits of detection and quantification were determined under optimized 

conditions using MeO-DPTU modified electrode for the simultaneous sensing of Zn2+, Tl+, 

Cu2+ and Hg2+ (Fig. 4.29). The detection and quantification limits of the analytes were 

determined by the relationships 3𝜎/𝑚 and 10 𝜎/𝑚, respectively, where 𝜎 represents the 

standard deviation of the blank solution (replicate measurements of peak currents in BRB 

without analyte) and m denotes the slope of the current-concentration plots.142,143,144 

The detection limits of Zn2+, Tl+, Cu2+ and Hg2+ ions given in Table 4.9 are lower 

than the threshold limits of these toxins declared by the World Health Organization (WHO) 

and the Environmental Protection Agency (EPA).136 The analytical detection parameters 

obtained with MeO-DPTU-modified electrode are reported in Table 4.10 and compared to 

other Zn2+, Tl+, Cu2+ or Hg2+ sensors reported in literature.145,146,147,148,149,150  Our designed 

sensor can sense multi ions and possess the ability of giving a stable response even after 

30 days, owing to the non-leaching ability of MeO-DPTU due to its insolubility in aqueous 

system. 
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Fig. 4.29. (A) SWASV obtained for detection of Zn2+, Tl+, Cu2+ and Hg2+ on a MeO-
DPTU-modified electrode, in BRB (pH 6). Scan rate 100 mV s-1, deposition potential -1.2 
V, deposition time 100 s. The concentration range is given above each peak. (B) 
Corresponding calibration plots for each ion. 



 

94 
 

Table 4.9. Figures of merit of the MeO-DPTU-modified electrode. 

 
Metal 
Ion 

Sensitivity 
limit 
(M) 

Limit of 
quantification 
(M) 

%RSD 
(reproducibility) 

(n=6) 

%RSD 
(repeatability) 
(n=8) 

Zn2+ 10 × 10-7 33 × 10-7 2.8 3.3 

Tl+ 2.7 × 10-7 9.2 × 10-7 2.2 2.8 

Cu2+ 5.2 × 10-7 17 × 10-7 2.7 4.2 

Hg2+ 3.7 × 10-7 13 × 10-7 1.4 2.9 

 
 
Table 4.10. Comparison of LODs of MeO-DPTU/GCE with already reported sensing 
methods for the sensing of Zn2+, Tl+, Cu2+, and Hg2+ ions. 
 

Electrode 
substrate 

Measurement 
technique 

LOD (M)  
Ref. Zn+2 Tl+ Cu+2 Hg+2 

AuNPs/GCE DPASV N.M. N.M. N.M. 1.0×10-6 145 

SBA 15-

silica/CPE 

DPASV N.M. N.M. 2.0×10-7 4.0×10-7 146 

WBMCPE DPASV N.M. N.M. N.M. 7.2×10-7 147 

Chitosan modified 

GCE   
DPASV N.M. N.M. 8.9×10-7 N.M. 151 

CdTe QDs  PL 1.2×10-6 N.M. N.M. N.M. 149 

sCalix[5]arene-

hexaacetic acid 

hexaethyl ester 

SSM N.M. 3.0×10-7 N.M. N.M. 150 

MeO-DPTU/GCE SWASV 10.0×10-7 2.7×10-7 5.2×10-7 3.7×10-7 Present Work 

 
GCE: glassy carbon electrode; AuNPs: gold nanoparticles; SBA 15-silica: silica organo-
functionalized with 2-benzothiazolethiol; WBMCPE: water hyacinth biomass-modified carbon 
paste electrodes; CdTe QDs: cadmium telluride quantum dots; PL: photoluminescence; SSM: 
separate solution method; MeO-DPTU: 1-dodecanoyl-3-(3-methoxyphenyl) thiourea.  
*N.M. = not measured 
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4.3.4. Validation of the proposed methodology 

Repeatability (test – retest reliability) of a sensor represents consistency of 

measurements taken on the same working electrode under constant experimental 

conditions. We checked the repeatability of our designed sensor by recording eight 

successive SWASVs (Fig. 4.30) on the same GC electrode onto which fresh MeO-DPTU 

was immobilized each time. As shown, variations in peak height and position are very 

small (RSD below 5%). The reproducibility of MeO-DPTU modified electrode was also 

examined by recording voltammograms on six different freshly prepared MeO-DPTU-

modified GC electrodes (Fig. 4.30C). RSD (n=6) was found below 3%. 
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Fig. 4.30. (A) SWASV showing repeatability of the measurements on a MeO-DPTU-
modified electrode (n = 8). (C) SWASV showing reproducibility of the measurements on 
MeO-DPTU-modified electrodes (n=6). 
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The effect of   interfering cations (Sr2+, Cr3+, Co3+, Fe2+), anion (NO3
-), amino acids 

(leucine, tryptophan), and organic compounds (3-hydroxy benzaldehyde, 3-bromo 

benzaldehyde) was also probed on the SWASV response of Zn2+, Tl+, Cu2+ and Hg2+ 

cations (Fig. 4.31). These results show that even multifold higher concentrations of the 

selected interfering agents, compared to the targeted ions concentrations, do not 

significantly influence the SWASV signals of Zn2+, Tl+, Cu2+ and Hg2+ ions. 
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Fig. 4.31. (A) SWASV performed with a MeO-DPTU-modified electrode in a solution 
containing 20 µM Zn2+, 10 µM Tl+, 15 µM Cu2+ and 10 µM Hg2+ plus one of the following 
interfering agents (IA): No I.A., 5 mM Sr2+, 7 mM Cr3+, 5 mM Co3+, 1.5 mM Fe2+, 5 mM 
NO3

-, 2.5 mM Leucine, 5 mM Tryptophan, 3.5 mM 3-hydroxy benzaldehyde or 2 mM 3-
bromo benzaldehyde. (B) Corresponding bar graphs. 

The viability of the method for practical applications was tested by measurements 

on real water samples. Drinking water and tap water were added with known concentration 

of metal salts. The percent recoveries of spiked samples of known concentration were 

calculated by comparing the measured SWASV peak currents with their calibration curves. 

They fall in the range of 93.0 - 99.5 % with relative standard deviation of 1.0 % to 2.9 % 

(Table 4.11). 
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Table 4.11. Results for metal ion detection in real water samples obtained under 
optimum experimental conditions. 

Metal 

Ions 

Sample Initially 

found 

(µM) 

Spiked 

amount 

(µM) 

Found 

(µM) 

RSD (n=3) 

(%) 

Recovery 

(%) 

Zn2+ Tap water 0 20 19.9 1.8 99.5 

Drinking water 0 20 19.0 1.8 94.8 

Tl+ Tap water 0 10 9.60 2.5 96.0 

Drinking water 0 10 9.50 1.8 95.0 

Cu2+ Tap water 0 15 14.8 2.9 98.5 

Drinking water 0 15 14.2 0.95 94.9 

Hg2+ Tap water 0 10 9.30 1.7 93.0 

Drinking water 0 10 9.70 2.7 97.0 

4.3.5. Computational studies 

The experimental results were supported by computational calculations using 

HyperChem 7.5 software. The energy values (HOMO, LUMO, heat of formation, binding 

energies), quantitative structure activity relationship (QSAR), band gap, 

electronegativities, chemical hardness and softness were calculated (Table 4.12) for all the 

selected modifiers (MeO-DPTU, DPTU, CF3-DPTU) used for modifying the electrode 

surface.152 The molecular structures were optimized by semi-empirical, AM1 method. The 

electron affinity and ionization energy values were evaluated from the LUMO and HOMO 

levels shown in Fig. 4.32. The values of band gap were determined to assess the extent of 

favorable interactions between surfactants and metal ions. The greater band gap value of 

MeO-DPTU suggests its stronger metal ions affinity. Thus, electrode surface modification 

by MeO-DPTU is a useful choice for getting a sensitive metal ion detection platform. 

The physico-chemical properties specifically quantitative structure activity 

relationships properties were calculated to authenticate the stability and effectiveness of 

the surfactants.153,154 Table 4.12 displays some QSAR properties including log P, 



98 

refractivity, hydration energy and polarizability of all the selected surfactant modifiers. The 

hydration energy was measured to determine the stability of surfactants. The MeO-DPTU 

surfactant was observed to show the highest hydration energy as compared to DPTU and 

CF3-DPTU indicating its higher stability. Moreover, the polarizability of MeO-DPTU 

showing the ease of its electronic cloud distortion was found greater than CF3-DPTU and 

DPTU due to the presence of electron donating group. Furthermore, the hydrophobicity of 

the studied molecules was predicted from the values of log P. The MeO-DPTU modifier 

with the lowest log P suggests its highest hydrophobic character, as a result, capable of 

maintaining its integrity in aqueous system as a stable modifier (vide supra) on the 

electrode surface.155 The results of computational studies offer a strong support to the 

experimental findings of the stability and sensitivity of MeO-DPTU modified GCE. 

Fig. 4.32. Pictorial representation of HOMO (Highest occupied molecular orbital) of 
optimized structures of MeO-DPTU, DPTU and CF3-DPTU surfactants by Hyper Chem 
7.5 software using semi-emperical AM1 method. 
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Table 4.12. Comparative data showing chemical reactivity descriptors of MeO-DPTU, 
DPTU and CF3-DPTU surfactants. 

Parameters MeO-DPTU DPTU CF3-DPTU 

Total energy (G Cal/mol) -0.098 -0.087 -0.123 

Heat of formation (kCal/mol) -88.01 -50.58 -205.85 

Binding energy (M Cal/mol) -5.584 -5.212 -5.543 

EHOMO (eV) -8.92 -8.60 -8.83 

ELUMO (eV) -0.79 -0.75 -1.08 

I.E=-EHOMO (eV)  8.93  8.61  8.83 

E.A=-ELUMO (eV)  0.79  0.76  1.08 

Band Gap=EHOMO-ELUMO (eV)  8.14 -7.85 -7.76 

Electronegativity /χ (eV)  4.85  4.71  4.95 

Chemical Hardness η (eV)  4.07  3.92  3.88 

Chemical Softness σ (eV)  0.24  0.25  0.26 

Hydration Energy (kcal/mol) -5.82 -4.33 -3.56 

Refractivity (Å3) 108.17 101.71 107.68 

Polarizability (Å3) 42.80 40.32 41.89 

Log P 5.69 5.94 6.82 

4.4. Simultaneous detection of Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ ions 
by 1-(3-chlorophenyl)-3-dodecanoylthiourea (Cl-DPTU) modified 
GCE  

Six heavy metal ions i.e. Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ ions were 

simultaneously detected by Cl-DPTU modified GCE. 

4.4.1. Electrode modifier (Sensor) selection 

     Electrode modification was assessed from the results of EIS and chronocoulometry 

(CC) carried out in a 5 mM K3[Fe(CN)6] solution and 0.1M KCl. The EIS was performed 

to analyze the fabrication and charge transfer property of surfactant modified GC 
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Table 4.13. Parameters calculated for bare and surfactant modified GC electrode from 
electrochemical impedance spectroscopy. 

Modifiers CPE (µF) Rs (Ω) Rct (kΩ) 

CF3-DPTU/GCE 1.89 825 14.6 

Bare GCE 1.21 772 12.0 

DPTU/GCE 1.07 724 11.7 

Cl-DPTU/GCE 0.79 691 10.4 

Chronocoulometry (CC) was then performed to find out the surface properties of 

the modified electrode i.e. adsorbed charge (Qads) on surface with time, surface area of the 

adsorbed molecule and surface coverage (Γ) on the electrode surface. The 

chronocoulograms for Cl-DPTU/ GCE showed increase in charge with respect to time than 

that of bare GCE as shown in Fig. 4.33B. These results ensure the increased charge transfer 

of charge on modified electrode as compared to bare GCE. The working area and other 

parameters of the bare and Cl-DPTU/GCE was calculated from Cottrell equation are 

tabulated in Table 4.14. The calculated surface area of the Cl-DPTU/GCE was found to be 

much higher (A = 0.123 cm2) than the bare GCE (A = 0.089 cm2) ensuring its better sensing 

ability. Likewise, the comparable enhancement in charge adsorbed and surface coverage 

was also observed for the Cl-DPTU/GCE. The calculated area occupied by single 

surfactant molecule on electrode surface was observed to be smaller suggesting greater 

lodging of molecules on the electrode’s surface. The coulometric parameters enlisted in 

Table 4.14 show increase in the accessibility of active sites which strengthen the 

appearance of increase in analytical response of electrode after adsorption of selected 

surfactant. 

Table 4.14. Parameters calculated for bare and Cl-DPTU modified GCE from 
chronocoulometry. 

Electrode Area / cm2 Qads / μC Γ / 10-11 molcm-2 Ơ / Å2 

Bare GCE 0.089 0.109 0.635 0.260 

Cl-DPTU /GCE 0.123 0.483 2.815 0.059 
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The Square wave voltammetry (SWV) was performed at bare and surfactant 

modified electrodes (DPTU/ GCE, Cl-DPTU/ GCE, CF3-DPTU/ GCE) for the 

simultaneous metals ions detection (Zn2+, Cd2+, Pb2+, Cu2+, Hg2+, Sr2+) in BRB (pH 4) at 

100 mVs-1 as depicted by six oxidation signals (Fig. 4.34). The oxidative signatures of 

Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ metal ions appeared at -1.06, -0.67, -0.43, 0.03, 0.27 

and 0.87 V in SWVs. A distinct increase in current signals was found with surfactant 

modified electrodes as compared to bare GCE. This enhancement in current signal is 

attributed to the thiourea group present in the surfactant molecules which is suggested to 

interact with metal ions. Infact, the mercury ions are supposed to form covalent bond with 

sulfur of thionyl (C=S) groups of two adjacent DPTU molecule with the removal of two 

protons while metal ions can also form coordinate covalent bond between nitrogen and 

sulphur of thiourea group of three adjacent DPTU molecules to form complexes. Hence, 

the increase in binding sites of metal ions by surfactant leading to complexation of metal 

ions with thiourea group in surfactant is responsible for this significant enhancement in the 

oxidation current signals. In case of CF3-DPTU modified electrode, the anodic current 

response was observed to decrease owing to the electron withdrawing effect of 

trifluoromethyl group attached to DPTU molecule leading to decrease in the  
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Fig. 4.34. SWASV obtained at bare and surfactant-modified GCE in a solution mixture 
containing 30 µM of Zn2+, 15 µM of Cd2+, 15 µM of Pb2+, 20 µM of Cu2+, 15 µM of Hg2+ 
and 60 µM of Sr2+ in BRB (pH 4) at 100 mV s-1 scan rate, -1.0 V deposition potential and 
100 s deposition time. 
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electronegativity of thiourea group. Thus, the binding of metal ions on modified electrode 

decreased resulting in decrease of surface activity. While the oxidation signals for all six 

metal ions were found to be largest for Cl-DPTU/GCE owing to the enhancement of 

electronegativity of thiourea by electron donating effect of Chloro group attached to it 

which results in the increment of binding of metal ions and enhancement of surface activity 

of the Cl-DPTU/ GCE (Fig. 4.34). Taking into account these observations, the Cl-

DPTU/GCE was further investigated for sensing of metal ions. 

4.4.2. Parameters optimization 

     As the experimental conditions were observed to affect the intensity and shape of 

peak, the sensing conditions were optimized for the establishment of promising sensor for 

the simultaneous sensing of heavy metal ions. The stripping solvent or supporting 

electrolyte, medium pH, the concentration of recognition layer (surfactant), deposition 

time, deposition potential and deposition temperature are considered as the critical factors 

that influence the sensor performance. 

The Ohmic/iR drop and the migration currents are observed to vary with variation 

in stripping solvent. Thus, the effect of supporting electrolyte was determined on the 

voltammetric signals of the target metal ions in various electrolyte solutions including BRB 

(pH- 4), phosphate buffer (pH - 7), 0.1mM NaCl, 0.1mM HCl, 0.1mM KCl and 0.1mM 

NaOH using the Cl-DPTU /GCE. The electro-oxidation signals of all metal ions were 

examined to be the most enhanced in the BRB, and it was selected as the sensing medium. 

(Fig. 4.35A). Moreover, as the pH of the medium also influenced the electrode reaction,135 

the voltammetric signals of targeted metal ions were examined over a wide pH range from 

2.0 to 12.0 in the BRB solution. The square wave voltammograms appeared to show 

variable signals in response to change in pH as displayed in Fig. 4.35B. The plot of peak 

current (Ipa) as a function of pH was established showing the maximum peak current at 

pH~4 in BRB. The reduction of oxidation signals in basic medium could be the result of 

the formation of hydroxides of metal ions. However, pH~4 solution was taken as the 

standard pH amongst all the studied pH media for further analysis of metal ions by forming 

complex of metal ions with fully deprotonated Cl-DPTU surfactant.  
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Fig. 4.35. (A) Effect of various stripping solvents (supporting electrolytes) i.e. BRB (pH = 
4), phosphate buffer (pH = 7), 0.1 mM KCl, 0.1 mM NaCl, 0.1 mM HCl and 0.1 mM NaOH 
on the SWASV peak currents of 30 µM of Zn2+, 15 µM of Cd2+, 15 µM of Pb2+ , 20 µM of 
Cu2+ , 15 µM of Hg2+ and 60 µM of Sr2+ ions using Cl-DPTU/GCE at scan rate 100 mV/s. 
(B) Plot of SWASV peak currents of metal ions as a function of pH of BRB obtained on a 
Cl-DPTU/GCE at 100 mV s-1. 

The concentration of modifiers is also a contributing factor which affects the 

magnitude of current signals. A boost in peak current was observed with increase in 

surfactant concentration. This increase could be the result of the availability of additional 

binding places on the electrode surface. (Fig. 4.36). However, maximum current signals  
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Fig. 4.36. (A) Influence of different concentration of Cl-DPTU drop casted on the SWASV 
detection response from 30 µM of Zn2+, 15 µM of Cd2+, 15 µM of Pb2+, 20 µM of Cu2+, 15 
µM of Hg2+ and 60 µM of Sr2+ ions in BRB of pH = 6; (B) Plot of Ip vs Cl-DPTU 
concentration. 
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were attained at 20 µM concentration displaying the complete coverage of all the binding 

sites on the electrode surface.  A minor decrease in oxidation signatures was attained by 

further increase in concentration, which is the outcome of saturation of electrode surface. 

These findings are completely related to previous study with Sodium dodecyl sulfate (SDS) 

surfactant, where the peak current also appeared to show a decrease beyond certain 

concentration.137, 141 

The deposition step is a crucial step in terms of stripping of electrochemical species 

which determines the deposition of metal ions on the working electrode surface.147 The 

standard metal ions coverage on electrode surface was displayed by the analysis of the 

effect of deposition parameters i.e. potential, time and temperature on oxidation signals. 

Keeping these considerations in mind, a study of the influence of deposition potential was 

performed on the oxidative signals of selected metal ions at the Cl-DPTU/GCE by setting 

the deposition potential from 0 V to -1.4 V (Fig. 4.37A).  The stripping signals were noticed 

to increase with enhancing negative deposition potential showing maximum peak currents 

at -1.0 V which is attributed to the saturation of electrode. Thus, -1.0 V was used as 

standard deposition potential for further experimental work. 

Similarly, the influence of deposition time on oxidation signatures of metal ions 

was determined by keeping the deposition potential constant at -1.0 V. The stripping 

currents of all metal ions was observed to increase with every 20 s rise in deposition time 

up till 100 s (Fig. 4.37B). The maximum boost of peak currents was observed at 100 s with 

a corresponding decrease in its value after 100 s as a result of complete coverage of 

electrode surface and formation of multiple layers of electrochemically reduced metal ions 

at the Cl-DPTU modified electrode. Hence, 100 s was taken as the standard deposition time 

for further electroanalytical study in order to detect multiple ions. 

Moreover, the influence of deposition temperature was also investigated for the 

determination of thermodynamic parameters of the electro oxidation reaction taking place 

at the electrode surface. Thermodynamic parameters helps us to gather useful insights 
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about these processes.138 The boost in stripping peak currents of all the metal ions with 

increasing temperature depicted the decrease in solution viscosity and quick diffusion of 

the metal ions in the solution as shown in Fig. 4.37C. The thermodynamic parameters for 

all the metal ions were calculated with the help of the equations reported in literature (see 

Table 4.15).135,138 The positive ΔH and ΔG values displayed SWASV redox process to be 

of endogenic and non-spontaneous nature respectively. While, the calculated negative ΔS 

values signified this process to be entropy controlled. The lower entropy of the product in 

comparison with the reactants further confirmed the adsorption of metal ions by formation 
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Fig. 4.37. (A) SWASV recorded in solution mixture of 30 µM of Zn2+, 15 µM of Cd2+, 15 
µM of Pb2+, 20 µM of Cu2+, 15 µM of Hg2+ and 60 µM of Sr2+ ions in BRB of pH = 4; 
(inset: Plot of Ip vs Ed) (B) Effect of deposition time at a constant deposition potential of -
1.0 V; (inset: Plot of Ip vs td). (C) Effect of deposition temperature on the peak currents of 
six metal ions in BRB (pH = 4); scan rate 100 mV/s, deposition potential -1.0 V and 
deposition time of 100s. 
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of complex with thiourea group of the surfactant molecules at the electrode surface. The 

elevation in heterogeneous rate constant with the temperature indicated this redox process 

to be facile. Moreover, the gradual decline in ΔG and rise in ΔS values with successive 

increase in temperature governed the shift of this process towards spontaneity and increase 

in degree of disorder of the product respectively.138 

Table 4.15. Thermodynamic parameters calculated for Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and 
Sr2+ ions at 303 K. 

Metal 

Ions 

Ks 

(km/s) 

Ea 

(kJmol-1) 

∆H 

(kJmol-1) 

∆G 

(kJmol-1) 

∆S 

(JK-1mol-1) 

Zn2+ 1.25 30.419 27.900 46.225 -60.478 

Cd2+ 7.09 15.629 13.110 41.869 -94.914 

Pb2+ 1.37 20.103 17.584 45.995 -93.765 

Cu2+ 6.06 13.837 11.318 42.263 -102.128 

Hg2+ 5.65 14.801 12.288 42.439 -99.53 

Sr2+ 2.04 31.338 28.819 28.819 -72.46 

4.4.3. Evaluation of detection and quantification limits 

The limit of sensitivity and quantification of Cl-DPTU/GCE was then investigated 

under optimized conditions for the simultaneous detection of six metal ions as shown in 

Fig. 4.38. The sensitivity limits and quantification limits of metals were calculated using 

equations i.e. 3𝜎/𝑚 and 10 𝜎/𝑚 respectively, where 𝜎 corresponds to the standard deviation 

of the blank solution (repeated measurements of electrochemical response in the electrolyte 

solution in the absence of analyte) and m designates to the slope of current-concentration 

plot. 142,143,144  The sensitivity limit of detection for Cd2+, Cu2+, Hg2+, Pb2+, Zn2+, and Sr2+ 

ions were calculated as 6.45 nM, 7.85 nM, 9.15 nM, 11.0 nM, 16.9 nM, and 178.8 nM 

respectively which are lower than the threshold limits given by WHO and EPA (United 

States Environmental Protection Agency).136   The sensitivity and quantification limits of 

these metal ions reveal considerably good sensitivity of the Cl-DPTU surfactant based 
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sensor as tabulated in Table 4.16. The calculated sensitivity limits of the selected metal 

ions displayed a lower value than the sensitivity limits of various sensing mediums reported 

in literature145,146,147,149,151,157,158  as presented in Table 4.17. The sensitivity of our 

surfactant based sensor is although not more than PTE based modifier, the stability of our 

sensor is much greater due to its insolubility in medium for detection of metal ions i.e. 

water. This improved stability is further indicated by enhanced reproducibility.  
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Fig. 4.38. SWASV recorded for the sensing of Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ ions 
at Cl-DPTU/GCE in BRB (pH 4); scan rate 100 mV/s, deposition potential -1.0 V, 
deposition time of 100 s. The concentration ranges are presented above each peak  

Table 4.16. Figures of merits of the Cl-DPTU modified GCE. 

Metal 

Ions 

Sensitivity 

limit (nM) 

Limit of 

Quantification 

(nM) 

%RSD 

(Reproducibility) 

(n=6) 

%RSD 

(Repeatability) 

(n=6) 

Linearity 

range 

Zn2+ 16.9 56.5 3.57 4.70 2 nM-10 M 

Cd2+ 6.45 21.5 1.68 3.77 1 nM-5 M 

Pb2+ 11.0 36.8 2.31 3.40 1 nM-5 M 

Cu2+ 7.85 26.2 3.78 3.40 1.1 nM-10 M 

Hg2+ 9.15 30.4 2.05 4.36 1 nM-5 M 

Sr2+ 178.8 596 3.80 3.79 8 nM-5 M 
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Table 4.17. Comparison of some figures of merit related to the different reported modified 
electrodes for sensing ability of Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ ions. 

Electrode 

substrate 

Measurement 

technique 

LOD (nM) 

Ref. Zn2+ Cd2+ Pb2+ Cu2+ Hg2+ Sr2+ 

BiONPs-CS/GCE DPASV N.M. 500 N.M N.M. N.M. N.M 157

AuNPs/GCE DPSV N.M. N.M. N.M N.M. 1000 N.M 145

SBA 15-

silica/CPE 

DPASV N.M. N.M. 40 200 400 N.M 146

WBMCPE DPASV N.M. N.M. N.M N.M. 720 N.M 147

Chitosan/GCE DPASV N.M. N.M. N.M. 8900 N.M. N.M. 151

CdTe QDs PL 1200 N.M. N.M. N.M. N.M. N.M. 149

Oligonucleotide/ 

Biosensor 

EIS N.M. N.M. 34.7 N.M. N.M. N.M. 158

Cl-DPTU/GCE SWASV 16.9 6.45 11.0 7.85 9.15 178.8  Present 

Work 

BiONPs-CS: bismuth oxide nanoparticles-chitosan; GCE: glassy carbon electrode; AuNPs: gold 

nanoparticles; SBA 15-silica: silica organofunctionalised with 2-benzothiazolethiol; WBMCPE: 

Water hyacinth biomass modified carbon paste electrodes; CdTe QDs: cadmium telluride quantum 

dots; PL: photoluminescence; EIS: Electrochemical impedance spectroscopy; Cl-DPTU: 1-(3-

chlorophenyl)-3-dodecanoylthiourea. 

*N.M. = not measured

4.4.4. Validation of the proposed methodology 

Repeatability is the test–retest consistency of a sensor described as the discrepancy 

in measurements attained on the same working electrode under same experimental 

environment.159 The repeatability of our designed sensor was recorded by six successive 

recordings of voltammetric signals on same working electrode with fixed Cl-DPTU 



110 

surfactant concentration applied on fresh electrode surface each time as shown in Fig. 

4.39A. The oxidation signatures were observed to be almost identical showing no signal 

variation in all the measurements. It was also confirmed by the average current values of 

the metal ions by six repeated sensors showing relative standard deviation (RSD) value 

below 5% (see Fig. 4.39B).  
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Fig. 4.39. SWASV showing (A) repeatability of the Cl-DPTU/GCE (n=6) (B) 
Corresponding bar graph and (C) SWASV showing reproducibility of Cl-DPTU/GCE 
(n=6). 

On the contrary, reproducibility is the element of precision in any measurement 

system.160 The reproducibility of the Cl-DPTU modified electrode was determined by 

independent modification of six working electrodes and measuring their stripping anodic 

response for all the selected metals as shown in Fig. 4.39C. The voltammetric signals came 

out to be similar in each recording while the RSD % values for Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ 
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and Sr2+ ions were found to be 3.57, 1.68, 2.31, 3.78, 2.05 and 3.80 (below 5%) respectively 

by the Cl-DPTU surfactant based electrodes as displayed in Table 4.16. Hence the results 

showed that our designed sensor is highly stable and durable due to its great repeatability 

and reproducibility. 

     An important property of a sensor is its ability to discriminate between target metal 

ions and interfering agents present in the same environment.161 So, the voltammetric 

current signals of metal ions was investigated to determine the effect of interfering agents 

on the analyte solutions having fixed amount of selected metal ions (15 µM for Zn2+, 7.5 

µM for Cd2+, 7.5 µM for Pb2, 10 µM for Cu2+, 7.5 µM for Hg2+, 30 µM for Sr2+) in the 

presence of interfering agents under similar experimental environment as conducted vide 

supra. Various interfering agents used in the study were metal cations (Ni2+, Cs2+, Cr3+, 

Co3+), anions (SO4
2-), aminoacids (Tryptophan, Leucine), and organic compounds (3-

bromo benzaldehyde, 3-hydroxy benzaldehyde). The square wave voltammetric current 

signals of selected metal ions appeared not to deviate much in the presence of interfering 

agents which is also characterized by a bar graph (Fig. 4.40 A, B). However, these results 

revealed that our designed sensor can maintain its robustness and abstract the metal ions  
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Fig. 4.40. (A) SWASV obtained with Cl-DPTU/GCE in a solution mixture of 30 µM of 
Zn2+, 15 µM of Cd2+, 15 µM of Pb2+, 20 µM of Cu2+, 15 µM of Hg2+ and 60 µM of Sr2+ 
ions along with the following interfering agents(I.A): No I.A, 1.5 mM Ni2+, 3 mM Cs2+, 5 
mM Cr3+, 4.5 mM Co3+, 2.5 mM SO4

2-, 3.3mM Leucin, 2.5 mM Tryptophan, 2.5 mM 3-
bromo benzaldehyde, 5 mM 3-hydroxy benzaldehyde and (b) Corresponding bar graph. 
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from solution even in the presence of several folds’ higher concentration of interfering 

agents than the metal ions (see Table 4.18). 

Table 4.18. Tolerance limit of interfering agents in the presence of of 30 µM of Zn2+, 15 
µM of Cd2+, 15 µM of Pb2+, 20 µM of Cu2+, 15 µM of Hg2+ and 60 µM of Sr2+ ions. 

Interfering 
Agents 

Tolerance Limit (Fold higher concentration than the analyte)/ 
µM 

Zn2+ Cd2+ Pb2+ Cu2+ Hg2+ Sr2+ 

Ni2+ 41.66 83.33 83.33 62.50 83.33 20.83 

Cs2+ 100 200 200 150 200 50 

Cr3+ 166.7 333.3 333.3 250 333.3 83.33 

Co3+ 150 300 300 225 300 75 

SO4
2- 83.33 166.7 166.7 125 166.7 41.67 

Leucine 110 220 220 165 220 55 

Tryptophan 83.33 166.7 166.7 125 166.7 41.67 

3-bromo 

benzaldehyde 

83.33 166.7 166.7 125 166.7 41.67 

3-hydroxy 

benzaldehyde 

166.7 333.3 333.3 250 333.3 83.33 

The Cl-DPT modified GCE was employed for the measurement of selected HMs 

in real water specimens to illustrate the feasibility of the proposed method for practical 

applications. In this regard, known concentration of metal salts was added to the samples 

of real water collected from different sources of drinking water and tap water. The recovery 

of selected metal ions in these water samples was measured by comparing their peak 

currents values with the calibration curves. The percentage recoveries of these metal ions 

in five different real water samples appeared to be in between 95.78 % to 99.85 % with 

percentage RSD of 0.93 % to 4.80 % as listed in Table 4.19. Therefore, recovery of analyte 

revealed the precision and practical application of the designed surfactant based sensor for 

the sensing of multiple toxic HMs in real water samples.  
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Table 4.19. Results for Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ determination in real water 
samples obtained under the optimum experimental conditions. 
 

Metal 

Ions 

Sample 

 

Initially 

found 

(µM) 

Spiked 

amount 

(µM) 

Found 

(µM) 

 

RSD (3) 

(%) 

 

Recovery 

(%) 

 

Zn2+ Tap water  0 28 27.23 1.32 97.25 

Drinking water  0 28 26.99 1.56 96.39 

Cd2+ Tap water  0 14 13.63 4.29 97.35 

Drinking water  0 14 13.54 3.84 96.71 

Pb2+ Tap water  0 14 13.95 4.16 99.64 

Drinking water  0 14 13.90 4.55 99.28 

Cu2+ Tap water  0 19 18.92 1.86 99.57 

Drinking water  0 19 18.94 1.34 99.68 

Hg2+ Tap water  0 14 13.71 3.28 97.92 

Drinking water  0 14 13.62 4.54 97.28 

Sr2+ Tap water  0 60 57.62 3.34 96.03 

Drinking water  0 60 58.72 4.22 97.86 

 

4.4.5. Computational Analysis 

 

The experimental results were further verified by computational calculations using 

Hyper Chem 7.5 software. The computational analysis involved the calculation of energy 

values, band gap, chemical hardness, chemical softness, electronegativities and QSAR 

properties for all the selected sensors i.e. Cl-DPTU, DPTU and CF3-DPTU. The energy 

values include the values of HOMO, LUMO, binding energies and heat of formation.152 

The geometry of surfactant molecules was first optimized before the molecular orbital 

calculations. These calculations were performed by semi-empirical (AM1 method) as 

given in Table 4.20. The HOMO and LUMO energy values were employed for the 

evaluation of ionization energy and electron affinity respectively. The pictorial 

representation of orbitals of HOMO and LUMO energy levels for selected modifiers are 

presented in Fig. 4.41. The band gap values calculated for all the modifiers determined the 
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extent of promising interactions between surfactant molecules and metal ions. The highest 

value of band gap (-8.311 eV) was observed by Cl-DPTU surfactant molecule as compared 

to band gap values of of -7.851 eV for DPTU and -7.760 eV for CF3-DPTU. These 

calculations were completely in accordance with experimental findings that Cl-DPTU 

surfactant molecule (selected sensor in present study) can easily develop interactions with 

metal ions than other surfactant molecules.138  

 

 
Fig. 4.41. Pictorial representation of HOMO (Highest occupied molecular orbital) of 
optimized structures of Cl-DPTU, DPTU and CF3-DPTU surfactants by Hyper Chem 7.5 
software using Semi-emperical AM1 method. 
 

The quantitative structure activity relationship (QSAR) properties are the physico-

chemical properties of a molecule which is specifically calculated to determine its stability 

and efficiency. Thus, these calculations are required for the confirmation of the optimized 

groups that enhance the efficiency of a molecule.153,154 The QSAR properties calculated 

for all the three surfactant modifiers includes refractivity, Log P and polarizability. The 

partial charges on the ground state of surfactant was zero. Similarly, the polarizability of a 
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compound determines the amount of distortion in the electronic cloud of its molecule.  It 

is greater for the molecules having electron donating and electron withdrawing groups.  As 

expected, the polarizability of Cl-DPTU (42.25 Å3) and CF3-DPTU (41.89 Å3) came out 

to be larger than DPTU (40.32 Å3). Furthermore, log P, another QSAR property helped us 

to determine the hydrophobicity of the molecules. The higher log P value is symbolic of 

decrease in hydrophobicity and vice versa. The log P values of 4.53 for Cl-DPTU showed 

the lowest value among all the surfactant molecules revealing its least attraction for water. 

This hydrophobic character of Cl-DPTU explains its higher stability as a modifier because 

it does not come off in the analyte solution.155 The computational studies of our selected 

compounds showed complete correspondence with the experimental results. 

 
 
Table 4.20. Comparative data showing chemical reactivity descriptors of Cl-DPTU, DPTU 
and CF3-DPTU surfactants. 
 

Parameters Cl-DPTU DPTU CF3-DPTU 

Total energy (kcal/mol) -95369.03 -87079.80 -123300.19 

Heat of formation (kcal/mol) -42.47 -50.58 -205.85 

Binding energy (kcal/mol) -5181.29 -5212.51 -5543.23 

EHOMO (eV) -8.5048 -8.6068 -8.8314 

ELUMO (eV) -0.1937 -0.7553 -1.0753 

I.E= -EHOMO (eV) 8.5048 8.6068 8.8314 

E.A= -ELUMO (eV) 0.1937 0.7553 1.0753 

Band Gap=EHOMO-ELUMO (eV) -8.3111 -7.8514 -7.7601 

Electronegativity /χ (eV) 4.3492 4.7116 4.9553 

Chemical Hardness η (eV) 4.1555 3.9257 3.8801 

Chemical Softness σ (eV) 0.2406 0.2547 0.2630 

Refractivity (Å3) 111.23 101.71 107.68 

Polarizability (Å3) 42.25 40.32 41.89 

Log P 4.53 5.94 6.82 
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4.5. Conclusion 

The findings of the present work demonstrate the usefulness of electrode 

modification for the preparation of a variety of efficient binder free electrochemical sensors 

for the sensing of pharmaceutical drugs and water toxins. The obtained results offer useful 

guidelines to the health stakeholders and environmentalists to adopt precautionsfor 

ensuring water quality standard and label claim of pharmaceutical drugs. The summary of 

these results is as follows. 

In the first study of this research, the nanomaterials i.e., TiO2NPs and fMWCNTs 

were successfully coated over the electrode surface. The designed nanosensor was 

employed for the determination and electroanalysis of OMZ drug.  In this study, the 

influence of pH, scan rate, deposition potential, deposition time and concentration were 

investigated. The possible number of electrons and protons involved in reaction mechanism 

were calculated by cyclic voltammetry and DPV. The electrochemical oxidation of OMZ 

was found to occur in an irreversible manner following adsorption controlled process. The 

electro-oxidation mechanism was discussed in detail. The voltammetric behavior of 

imidazoline derivatives i.e. xylometazoline and naphazoline, structurally related to OMZ 

was investigated. In these investigations, the involvement of imidazoline group was 

probed. TiO2NPs/fMWCNTs/GCE demonstrated excellent electro-catalytic performance 

as evidenced from the remarkable enhancement of peak current. The LOD values were 

calculated to be 4.40 nM and 9.84 nM for both peaks of OMZ, respectively within the linear 

concentration range of 0.05 µM to 1.5 µM. Moreover, this method exhibited good 

repeatability and stability hence suitable as a fast, sensitive, simple and less expensive 

electrochemical method for application to pharmaceutical dosage of OMZ and related 

drugs. 

The second study introduced an efficient fMWCNTs modified DNA based biosensor 

for the sensing of 5-DDMP. The electron transfer rate was improved by fMWCNTs 

modified GCE as compared to bare GCE as validated from the CV and EIS results using 

Fe(CN)6
3−/4− as redox probe. The biosensor was formed by immobilization of dsDNA for 
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the sensing of 5-DDMP. The binding of 5-DDMP with DNA was investigated by DPV and 

UV visible spectroscopic studies. The binding constant value calculated from both these 

techniques complemented well with each other. The present designed electrochemical 

DNA biosensor came out to be highly sensitive, selective, precise and reproducible for the 

determination of 5-DDMP. Moreover, these techniques for the determination of a Schiff 

base enabled us to monitor the binding modes of other Schiff bases with DNA. 

 

In the third study GC electrode was modified with surfactants and the designed 

sensing platform was used for the detection of toxic metal ions by employing SWASV. 

Among the three surfactants tested, 1-dodecanoyl-3-(4- methoxyphenyl)-2-thiourea (MeO-

DPTU) showed promising results for the simultaneous detection of four metal ions i.e. 

Zn2+, Tl+, Cu2+ and Hg2+ ions. The sensor was tested in aqueous media of different pH and 

supporting electrolytes. MeO-DPTU-modified electrode showed the best performances for 

discriminating the four targeted metal ions, even in the presence of multifold higher 

concentrations of interfering ions or organic molecules. The excellent percent recoveries 

obtained for measurements in tap water suggested that the method is applicable in real 

water samples. Theoretical calculations of the physicochemical parameters of the selected 

surfactants individually and merged with the targeted metal ions supported the 

experimental findings. Similarly, electrochemical techniques i.e. EIS, CC, SWASV and 

CV were performed to probe the ability of the surfactant modified GCE for getting 

enhanced current signals for six metal ions i.e. Zn2+, Cd2+, Pb2+, Cu2+, Hg2+ and Sr2+ ions 

compared to unmodified electrode.  Among the three different surfactants used as electrode 

modifiers, the surfactant Cl-DPTU led to a significant boost in the peak current response 

of the analytes. The results of SWASV revealed successful modification of the electrode 

surface and its ability of detecting toxic metal ions to a concentration even lower than the 

threshold limit declared toxic by EPA and WHO. Well resolved anodic peaks (un-

overlapped peaks) for the simultaneous sensing of multiple metal ions revealed absolute 

discrimination ability of the surfactant based electrochemical sensors. Under optimized 

conditions the designed sensors were found to demonstrate the qualities of repeatability 

and rapid responsiveness. Robustness of the signals of targeted analytes even in the 

presence of multifold higher concentration of interfering agents suggested excellent anti-
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interference ability of the electrochemical sensing platforms. High recoveries (with RSD 

less than 5%) authenticated practical applicability of the designed sensors. The results of 

this research are expected to offer useful guidelines for the design of an affordable filtration 

medium that could efficiently remove multiple pollutants from contaminated water 

resources. 
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