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II. Abstract 

 

Rapid industrialization growth without appropriate emission standards for discharging 

environmental pollutants had exposed the ecosystem to detrimental effect. Due to their 

bioaccumulation propensity in organisms, toxicity and non-biodegradable aspect, heavy metal 

spoliation is currently a significant ecological obligation. Owing to their natural abundance and 

extensive use, cadmium (Cd) and lead (Pb), among different heavy metals, are the predominant 

toxic metals. The intrusion of Cd and Pb metal ions into the ecosystem is accomplished by widely 

accepted methods such as anticorrosive coating of steel, electronic circuit and batteries. 

 

Cu is essential for the maintenance of body metabolism but Cd and Pb are not required. 

So, exposure of these metal ions to very low amounts can cause serious health hazards such as lu

ng cancer, kidney problems, neurological impairment and hypertension. The recommendations 

for the concentrations of Cu, Cd and Pb in potable water by the World Health Organization (WHO) 

are 2 mgL-1, 0.003 mgL-1 and 0.01 mgL-1 respectively, but most typical reservoirs have much 

higher levels. Therefore, new technologies for a robust and ultra-trace measurement of Cd2+ and 

Pb2+ need to be developed immediately in order to satisfy wellbeing and environmental 

preservation requirements.  

 

The adsorption of heavy metals by organic compounds such as humic acid is also an interesting 

aspect of research. Humic substances (HS) are small organic particles that are ubiquitous in soil, 

water and organic matter. The prevailing HS mass fractions are fulvic acid (FA) and humic acid 

(HA), they are differentiated on the grounds of their solubility in acid and alkaline solutions. The 

humic acid (HA), is soluble in alkali but insoluble in acid, while the fulvic acid (FA), is soluble in 

both alkali and acid solutions. HS particles have a completely open framework and comprise of 

various functional groups that are mainly anions in aqueous solutions owing to proton dissociation 

and can interrelate with other positively charged ions, like metal ions. Metal ion bioavailability 

and toxicity in the environment are therefore affected by HS. HS comprises two main functional 

groups, carboxylic and phenolic, that are especially important for the binding of metal ions. 
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Humic acid and polysulfone hydrogel are both materials with clearly defined electrochemistry and 

can be readily processed in the development of different sensor formats. In this investigation we 

present both hydrogel (HGL) working electrode and hydrogel-humic acid (HGL/HA) working 

electrode which were prepared for electrochemical complexation of heavy metals (copper, 

cadmium and lead) in aqueous solutions. The Ag / AgCl pair was used as the reference electrode 

and the counter electrode was used as a platinum wire. Polysulfone hydrogel was successfully 

synthesized and characterized by scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) to analyze structural and topographic properties, cyclic voltammetry (CV) to 

study the electrochemical behavior of the hydrogel and Fourier transform infrared spectroscopy 

(FTIR) to confirm chemical make up by studying chemical bonds and composition of the hydrogel. 

The first electrode (AuE/HGL) was prepared by electrochemical deposition of the synthesized 

hydrogel (0.05 mol/L) onto AuE electrode using 10 cycles from 0 V and 1 V at 50 mV/s. The 

AuE/HGL/HA sensor was prepared by soaking the hydrogel thin film in humic acid for 30 minutes 

for impregnation. The measurements of heavy metals were performed in triplicates and LOD was 

determined for each detection. Average LOD values were calculated for comparison purposes. The 

complexation ability of AuE/HGL electrochemical sensor toward Cu, Cd and Pb was compared to 

that of AuE/HGL/HA sensor. For Cu studies, the AuE/HGL sensor achieved an LOD of 6.67 µM 

and the AuE/HGL/HA sensor offered an LOD of 6.24 µM. For cadmium studies, the AuE/HGL 

sensor achieved an LOD of 3.00 µM and the AuE/HGL/HA sensor offered an LOD of 2.61 µM. 

Lastly, for Pb studies, the AuE/HGL sensor achieved an LOD of 5.03 µM and the AuE/HGL/HA 

offered an LOD of 4.85 µM. The sensitivity of AuE/HGL/HA sensor was higher than that of 

AuE/HGL sensor.   
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                                                    Chapter 1 

1.1. Background 

Metal contamination in South Africa is largely due to the use of water for irrigation, mining, 

afforestation, power generation, and industrial and domestic purposes. Metals, particularly in 

sediments, are persistent and have a propensity for building up in the environment. The rationale 

for the toxicity of all metals at some high levels are attributed to their chemical properties [1]. 

Main routes of human exposure to reported carcinogens such as heavy metals in sub-Saharan 

Africa (SSA) are poor waste management, increasing urbanization, and mining activities. The 

World Health Organization (WHO) approximates that 40 per cent of all cancers can be prevented 

because it is possible to avoid exposure to their causes. Cancer causes include exposure to heavy 

metals in large quantities. As per the WHO, 70 per cent of the 7.6 million deaths from cancer 

(about 13 per cent of all deaths) took place in low-and middle-income countries, including SSA in 

2008 [2]. According to an extensive investigation by the WHO on the environmental burden of 

disease, environmental risk factors contribute a quarter of the overall disease burden and 2,97 

million human lives are lost in Africa each year [3]. The classification of human carcinogenic 

metals is summarized  in Table 1 [2]. The use of momentary dust, leaded gasoline, unidentified 

toxic waste, including cadmium-based batteries, as a consequence of deficient contamination 

regulations, has aggravated heavy metal contamination on the continent [4]. In most African 

countries, there are financial constraints for environmental sustainability, as most of the 

development projects concentrate on economic growth and industrialisation [5]. As a result, 

industrial development and greater exploitation of natural resources have led to a widespread 

heavy metal contamination [6]. Since heavy metals comprise severe health hazards, the degree of 

heavy metal contamination of the environment has attracted great interest. Despite advancements 

in analytical methods, such as adsorption, for removal of heavy metals from aqueous solutions, 

literature on the current status of more efficient sensor materials is scarce and hence the aim of this 

investigation was to construct a hydrogel sensor functionalized with humic acid for complexation 

of heavy metals of biological significance in aqueous solutions. 

 

1 
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Table 1: Classification of heavy metal human carcinogens, updated in 2012 
 

Metal reference      Class Class* IARC, monograph 

Cadmium and cadmium 
compounds                  

     1       58, 100C 

Chromium III compounds                                       3                     49 

Lead        2B                       23, supp 7 

Lead compounds, 
inorganic                          

        2A                    87 

Lead compounds, 
organic                                         

        3              23, supp 7 

Potassium bromate                                                                         2B          73 

Selenium and selenium 
compounds                                           

        3              9, supp 7 

 

Group 1: Carcinogenic to humans.  

Group 2A: Probably carcinogenic to humans:  

Group 2B: Group 3: Not yet classifiable as to its carcinogenicity to humans.   

Group 4: Probably not carcinogenic to humans                                          [2]. 
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1.2. Metals 

In general, heavy metals are known to be those with a density above 5 g/cm3. This classification 

includes a huge number of elements. Although arsenic is actually a semi-metal it is generally 

considered a dangerous heavy metal [7]. In the environment, heavy metals are non-degradable, 

which ensures that they cannot be depleted. Heavy metals are primarily associated with anthropic 

activities such as smelting, mining, or various types of wastes. It is worthy of note that although 

some of the heavy metals are essential for life (iron, selenium, cobalt, copper, manganese, 

molybdenum, zinc), several others are poisonous [8].  

Metal contamination of the marine ecosystem is also a major difficulty of growing severity which 

has become a matter of concern because the majority of heavy metals are carried into the marine 

environment and build up along the food chain without degradation. Addition of toxic substances 

into the marine ecosystem leads to detrimental consequences, including harm to living organisms 

and human health [9]. 

Heavy metals bioaccumulation can have an adverse effect on growth and development and is also 

linked to causing organ damage, cancer, damage to the nervous system, and death in extreme cases. 

Exposure to certain heavy metals can also lead to autoimmune disease wherein individual's 

immune system attacks their own cells and this tends to result in diseases of kidneys, nervous 

system, circulatory system, and joint disorders, such as rheumatoid arthritis [7].  

Through industrialization, all kinds of waste disposed from industrial manufacturing are disposed 

and pollute our environment severely. Harmful heavy metals as well as other toxins pollute the 

soil. Intake of food is one of the major routes of reaching the human body, meaning there could be 

risks to the plants and animal foods that have been heavy metal-polluted in contaminated farmland 

[10]. Since huge quantities of metal-polluted wastewater are discharged, industries bearing heavy 

metals such as Cu, Ni, As, Zn, Cd, Cr, and Pb are the most toxic among chemical-intensive 

industries. Heavy metals can be absorbed by living organisms because of their high solubility in 

marine ecosystem [7]. There are several analytical techniques used in the determination of metals 

such as X-ray fluorescence spectroscopy [11], [12], [13], atomic absorption spectroscopy [14], 

inductively coupled plasma (ICP) spectroscopy [15], [16], and electrochemical methods 

(amperometry, impedimetry and voltammetry) [17], [18], [19]. Recently, stripping voltammetry 

(SV) with differential pulse [20], and square wave [21] were preferentially reported for detection 

of trace elements [22]. 
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1.3. Problem statement 

Heavy metals are important in sustaining different biochemical and physiological processes in 

organisms at quite low levels, but then when they surpass certain threshold level, they become 

harmful. Heavy metal ingestion in many regions of the world is continuing and growing even 

though it is known that heavy metals have several negative health consequences and last for a 

considerable period of time. Obviously, heavy metals occur in the ecosystem as trace elements in 

rocks and soils, but they are often discharged into the ecosystem due to human practices such as 

mining, automotive pollution, chemical plant operations, chemical wastewater, residential 

drainage, waste discharges, bug or disease prevention chemicals administered to plants as well as 

other activities. Heavy metals represent substantial contaminants to the ecosystem, and their toxic 

effects is a concern of growing importance for environmental, physiological, nutritional reasons. 

Copper, nickel, zinc, cadmium, chromium, lead, and arsenic have been the most commonly 

encountered heavy metals in wastewater, all of which poses threats to people and the environment. 

Even though these metals play essential biological roles in animals and plants, they have also been 

given an additional advantage by their chemical chelation and oxidation-reduction characteristics 

so they can avoid regulatory mechanisms like transportation, compartmentalization, 

transportation, and binding to the appropriate cell components. These metals trigger cell 

defect, which in turn causes toxicity, by attaching to protein sites which are not formed for them 

and replacing the initial metals from their normal binding sites. Their numerous agricultural, 

domestic, technological, pharmaceutical, and industrial implementations have contributed to their 

widespread distribution throughout the ecosystem, raising fears regarding their impact on human 

health and the environment. A broad spectrum of treatment methods, such as chemical 

precipitation, membrane filtration, coagulation–flocculation, ion exchange, and flotation have 

been invented for the elimination of heavy metals from water systems in order to comply with 

more and more strict environmental legislation. Chemical precipitation is inefficient once the 

level of metal ions is low and can generate large quantities of effluent to be treated with limited 

success.  Membrane filtration method has problems such as significant costs and membrane 

fouling. Coagulation–flocculation treatment method involves chemical usage and increased 

volume of effluent production. Ion exchange, however, is costly and cannot be used on a broad 

scale. The drawbacks of the flotation method include high maintenance and operating expenses. 

Electrochemical techniques for heavy metal wastewater treatment are considered to be fast and 
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very well-controlled, necessitating far less chemicals, offering good reduction output, generating 

less effluent, appropriate for field testing, and handheld, making it suitable for the detection of 

heavy metals. Nevertheless, electrochemical methods involving large initial capital investment and 

costly electricity supply are continuing to limit its development. To address this challenge, we aim 

to construct a hydrogel-humic acid based, economical and highly sensitive electrochemical sensor 

for the determination of the heavy metals (Cu, Cd, and Pb). Acute toxicity of lead, cadmium, 

arsenic, mercury, and chromium makes them some of the most critical metals of public health 

importance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/ 
 



6 
 

1.4. Aims and objectives of the studies 

1.4.1. Aim 

The aim of this study is to develop a hydrogel electrode modified with humic acid as a 

complexing agent for metal cation detection. 

1.4.2.  Objectives 

The main objectives of this investigation were as follows;  

I. Prepare the hydrogel material for the production of stable chemically 

crosslinked hydrogel. 

II. Characterize the synthesized hydrogels by: 

o Examining the electrochemical behavior of the hydrogel by cyclic 

voltammetry (CV). 

o  Analysis of structural and topographic properties using electron 

scanning microscopy (SEM), atomic force microscopic (AFM).  

o Confirming the chemical make up by studying chemical bonds and 

composition of the hydrogel using FTIR. 

III.  Study the redox behavior of metals such as copper (Cu), cadmium (Cd) and 

lead (Pb) at the hydrogel-modified gold electrode. 

IV. Impregnate the hydrogel material with humic acid to produce a hydrogel -humic 

acid sensor for detection and complexation of Cu, Cd and Pb metal ions from 

aqueous solutions. 
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1.5. Motivation 

It is essential, as suggested by the World Health Organization, to assess water quality. The main 

purpose of the guidelines on water quality is to protect public health and to support the 

development and execution of risk management policies to ensure water safety by managing 

harmful water components [23]. Our contribution in this project will focus on developing a humic 

acid sensor for complexation of heavy metals from aqueous solutions by impregnating polysulfone 

hydrogel thin film with humic acid. The complexation ability of humic acid on its own towards 

heavy metals has been reported in literature but only limited publications address humic acid in 

the matrix of a polymer, which is the focus of the current work. The metal-detection capability of 

humic acid on a hydrogel platform will be studied electrochemically and compared to that of a 

hydrogel on its own. The successful immobilization of the hydrogel onto commercially available 

gold disc electrodes and the subsequent functionalization with humic acid are some of the 

highlights reported in this thesis. 
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1.6. Thesis scope            

 The aims and objectives of this work may be divided into the following sections, 

which provides relevant information on the development, characterization and 

application of synthesized hydrogels. 

 Chapter1:  
This chapter provides a general introduction to the challenge of metal pollution in 

Africa which results in chronic diseases and deaths through human exposure to 

high concentrations of metals. 

 Chapter 2: 

In this chapter a critical literature review on the hydrogels as possible adsorbents 

for heavy metal removal from aqueous solutions. 

 Chapter 3: 

This section describes how PSF-PVA hydrogels are prepared and synthesized and 

the concepts of various analytical techniques and instruments used in these studies. 

 Chapter 4: 

The results achieved by characterization methods such as spectroscopy 

microscopy, and electrochemistry are exhibited. 

 Chapter 5: 

This chapter provides details of the determination of three heavy metals based on 

square wave voltammetry. 

 Chapter 6: 

This chapter offers general conclusions and recommendations on complexation of 

other heavy metals and organic pollutants by the hydrogel and humic acid. 
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                                                      Chapter 2 

                                                Literature review 

2.1. Adsorption 

Several methods could be used to extract heavy metals from aqueous solutions. Some of the most 

broadly performed techniques include membrane filtration, chemical precipitation, ion exchange, 

advanced coagulation and adsorption. There is a need for inexpensive alternative technologies or 

adsorbents for metal removal [24]. Several strategies for developing faster and more effective 

innovations have been investigated, both to reduce the amount of water produced and to enhance 

the quality of the treated effluent. Adsorption has surfaced as one of the alternative solutions, and 

the quest for inexpensive adsorbents with metal-chelating capabilities has risen significantly. 

Adsorbents that derive from zeolites, biological or organic sources, industrial by-products, 

minerals, biomass and polymeric substances [7]. Adsorption is usually preferred, with the 

advantages of high performance, ease of application and availability of specific adsorbents. 

Researchers are looking for economical adsorbents. Among different absorbents, starch has been 

known to be one of the best choices to prepare affordable absorbents and could be used to isolate 

pollutants from waste water, but the hydrophilic aspect of starch is a disadvantage that constrains 

the production of starch-based materials [25]. 

A number of physical and chemical techniques are currently being developed to recover metals 

from water, but most of these techniques need sophisticated equipment, controlled environments, 

sludge problems and high costs, and are therefore not desirable for selective detection of metal 

ions. Adsorption has emerged as one of the few viable alternatives to remove low heavy metal 

levels and widely accepted in environmental treatment applications globally [26]. Adsorption is 

considered to be one of the most effective wastewater treatment approaches used by factories to 

minimize the concentrations of heavy metals in effluents by offering flexibility in design and 

operation, remedying effluents containing low and high concentrations of heavy metals [27]. 

Numerous studies have focused on developing new, simple, selective, sensitive, and 

inexpensive analytical methods for measuring ultra-trace amounts of heavy metals in 

environmental waters. Whereas spectroscopic methods are most commonly used, some of them 
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suffer from methodological challenges such as interference or memory effects [28]. Conventional 

treatment methods were mostly restricted by technological inevitabilities and are typically difficult 

to implement, particularly when metals are dissolved in large amounts of water, but adsorption has 

emerged as one of the highly effective alternative treatment methods for the recovery of heavy 

metals because the interface between two processes, that is, the solid surface and the adjacent 

solution, accumulates a certain component or material during adsorption [29]. 

Over the last few years, enormous progress in the synthesizing of conducting polymers has been 

followed by the development of a wide range of potential applications for such materials, including 

the removal of pollutants and the construction of sensors. The properties of these materials are 

well known to make them particularly attractive for adsorption processes. In order to 

enhance selectivity and develop a better interaction, these materials must be chemically modified 

with organo-functional groups, making conducting polymers more suitable for adsorption 

applications compared to their unmodified counterparts [28]. 

2.2. Hydrogels 

A hydrogel is a water-swollen, crosslinked polymeric network formed by one or more monomers 

in a single reaction [30]. It can also be described as a polymeric substance capable of swelling and 

retaining a significant fraction of water or biological fluid inside its matrix, but does not dissolve 

[31]. In the polymeric network there are hydrophilic groups which hydrate in aqueous media 

producing hydrogel structure. The hydrogel's cross-links keep the polymer chains from dissolving 

before use [32]. Hydrogels' physicochemical characteristics rely on the selection of starting 

polymers and the method of synthesis since there are various methods to produce hydrogels [33], 

and they are made from materials such as polysaccharides, gelatin, polyelectrolyte complexes, 

polyacrylamide cross-linked polymers, and methacrylate esters polymers or copolymers [34].  

 Based on the application requirement, the functional properties of the suitable hydrogel material 

may include the highest absorption capacity in saline and the maximal absorption rate (preferred 

particle size and permeability) [30]. The polar hydrophilic groups are the first to be hydrated after 

contact with water, resulting in primary bound water being formed. As a result, the network swells 

and reveals the hydrophobic groups that also interact with the molecules of water. It leads to the 

production of hydrophobically-bound water. Owing to the osmotic driving force of the network 

chains towards infinite dilution, additional water must be absorbed by the network and the 
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hydrogel will therefore attain an equilibrium degree of swelling [35]. The extent of gel swelling 

is determined by the degree of cross-linking and the extent to which the gel likes water [36]. 

Unstable cross-links can be broken down by hydrolysis under physiological conditions, whether 

enzymatically or chemically [37]. It is presumed that the relatively large fraction of water in certain 

hydrogel materials is related directly to their high bio-compatibility. In addition, the higher the 

water content of the gel, the lower the mechanical properties of the gel [38].  

In the last two decades, natural hydrogels have been progressively replaced by synthetic hydrogels 

with a long lifetime, high absorption capability and high gel strength. Fortunately, synthetic 

polymers typically have well-defined structural characteristics that can be adjusted to improve 

their degradability and usability. Hydrogels can be produced using simple synthetic materials. This 

is also stable under conditions of rapid and high temperature variations [30]. 

 

2.2.1. Physically cross-linked gels 

Reversible/physical gels are referred to as 'reversible' or 'solid' gels when molecular 

attachments connect networks together and/or secondary forces such as hydrogen, ionic bonding 

or hydrophobic interactions. Disintegration is averted by physical interactions between various 

polymer chains in physically cross-linked gels. All such interactions are reversible and could be 

disarranged by variations in physical conditions or stress [35], [39]. Increased interest in physically 

interconnected hydrogels in the current era is attributable to a shortage of cross-linkers used for 

synthesis [32], and major characteristics such as self-healing and reversibility of hydrogels are 

becoming important features for the construction of new biomedical materials [40]. One of the 

hydrogel crosslinking methods for the fabrication of hydrogels is metal coordination between 

metal ions and functional groups in polymer chains. For instance, hydrogels produced from side-

chain bipyridyl-functionalized poly(2-oxazoline) could be crosslinked to Co(III), Fe(II), Ni(II) or 

Ru(II). At room temperature metal-ligand interactions between Co(III) and Fe(II)  are 

comparatively stable, however the interactions decompose once temperatures exceed 30 °C [41]. 

2.2.2. Chemically cross-linked gels 

Permanent or chemical gels are referred to when they are covalently cross-linked, by the 

substitution of the hydrogen bonds with stronger and stable covalent bonds. Polymer chains are 
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bound by covalent bonds in chemical gels. They reach an equilibrium swelling state depending on 

the polymer-water interaction parameter and the crosslink density [35], [42]. The production of 

chemical hydrogels entail the use of a cross-linking agent, usually a bifunctional molecule of  low 

molecular weight [43]. Growing interest in chemically interconnected hydrogels in the current age 

is due to the good mechanical strength of chemically crosslinked hydrogels [32]. One of the most 

appealing methods is enzymatic crosslinking. It provides the prospect of kinetic exploitation of gel 

formation in situ by regulating the amount of the enzyme. Strong covalent bonding and swift 

gelling under physiological conditions are some of the advantages of enzymatic crosslink. For 

example, transglutaminase (TG) and calcium ions as cofactors can facilitate formation of amide 

linkages between amine groups and carboxamide [41]. 

2.3. Application of hydrogels 

Hydrogels are commonly used in several technical fields, including contact lenses and protein 

separation materials, dies for cell encapsulation and instruments for controlled release of proteins 

and drugs [32]. Hydrogels have become outstanding delivery agents for drugs and bioactive 

macromolecules in their swollen state of equilibrium or as progressively swelling systems [39]. 

Therefore, in applications such as tissue engineering, wound healing and drug delivery, 

biocompatible hydrogels containing labile bonds are advantageous [35]. Apparently, polymers 

have found their way into every aspect of our everyday life. From smart devices in our pockets 

and the automobiles we drive to the artificial heart valves required to keep some people alive-

polymers are omnipresent [44]. Hydrogels are progressively being investigated as tissue 

engineering matrices. Hydrogels designed for use as tissue-based scaffolds may contain pores that 

are large enough to accommodate living cells, or they may be designed to degrade, releasing 

growth factors and creating pores into which living cells infiltrate and proliferate [45]. 

2.4. Hydrogels as adsorbents for removal of metals from wastewater 

Water is a vital resource for life, and for our activities only 0.03 per cent of the maximum water 

available on earth can be used. Rapid urbanization and industrial development have raised water 

requirements, but water supply remains constant. Furthermore, lack of sufficient industrial 

wastewater remediation has limited the supply of safe water [46].  With the exponential growth of 
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modern industrial production, water pollution by heavy metals has become a serious worldwide 

environmental issue. At high concentrations, heavy metals are highly toxic and can accumulate in 

organisms, leading to various diseases and disorders. It is therefore all-important to minimize or 

eradicate the amount of heavy metals in industrial wastewater discarded into the environment [47]. 

Adsorption has recently become one of the alternative treatment methods for heavy metal-

contaminated water. In an adsorption process, a mass of a substance is transferred from the solution 

to a solid's surface and becomes bound through chemical or physical interactions. Different 

affordable adsorbents made from farm waste, industrial by-products and organic substances have 

been lately produced and used to extract heavy metals from metal-polluted wastewater [48].  

Increased attention has been paid to polymer adsorbents in recent years due to their high 

performance at low concentration sewage, comparatively straightforward process and 

recyclability. Most researchers prefer inexpensive natural polysaccharide materials such as starch, 

chitosan, and cellulose among the adsorbents used to extract a variety of heavy metals. Adsorption 

method is typically preferred over other heavy metal treatment methods due to its high 

performance, range of various adsorbents, ease of operation and low cost through the use of 

inexpensive adsorbents such as starch and cellulose [49], [47], [50].   

Starch is an organic raw material that is plentiful, inexpensive, renewable and completely 

biodegradable. Modified starch uses for remediation of metal-laden wastewater have received 

considerable attention in recent years due to their environmental friendliness, ease of operation 

and accessibility [51], [52].  

Functional materials based on cellulose are usually used in the field of separation, especially in 

wastewater detoxification. Natural polymers, including  lignin, chitosan-based nanofibers, chitin, 

and cellulose offer good adsorption capacity for heavy metal ions in aqueous solutions [53], [54], 

[55]. 

Gum-polysaccharide-based graft copolymers have demonstrated their ability to adsorb various 

contaminants from wastewater. The key benefit of the use of such materials is their 

biodegradability, affordability and the capability to customize the material to the intended 

application. Polysaccharide-based crosslinked hydrogels are advantageous since they produce no 

secondary contaminants, in fact, they can be reused for adsorption [46]. Also, chitosan-based 

adsorbents have recently been tested and demonstrated the high capacity for water remediation 

due to their high contents of amino and hydroxyl functional groups and affordability [56].  
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One of the most important features of the hydrogel and other adsorbent materials is swelling 

behavior. The formation of a permeable structure results in high swelling ratio of the hydrogel. As 

per Flory’s theory, the swelling of the gel varies depending on the ionic osmotic strain, crosslinking 

density, and affinity of the gel for water [57]. Several findings have shown that the pH value of 

the solution, among other variables, has a direct effect on the swelling behavior of the hydrogel 

with regard to the change in the swelling proportion [58], [59]. The functional groups (carboxylic 

and amine groups) are protonated when pH is below pKa, resulting in a decline in swelling ratios 

but the functional groups are deprotonated when pH is above pKa, which increases the number of 

ionized groups, which in turn induces electrostatic repulsion forces between the neighboring 

ionized groups of the polymer matrix. It results in a network-like swelling of the hydrogels, which 

will in turn increase the swelling ratio [58], [60]. There is a direct correlation between the swelling 

ratio of hydrogels and their adsorption capability, that is, the higher swelling potential indicates 

the greater number of ionic groups in hydrogels [57], and this can promote the adsorption of metal 

ions because as soon as functional groups on the hydrogel networks are exposed they are readily 

available for adsorption [61]. The deprotonated functional groups on the surface of the hydrogels 

attract metals ions, among other positively charged pollutants. The carboxylic group has been used 

as a functional group for the adsorption of contaminants by electrostatic interactions in the majority 

of studies in literature [62]. 

 

 2.5. Hydrogels for sensor construction 

A sensor is an instrument that is capable of receiving and responding to environmental signals and 

stimuli. A physical sensor is an instrument that offers information on a system's physical property 

and a chemical sensor is an instrument which converts chemical information, ranging from the 

amount of a particular sample element to a general component analysis, into an analytically helpful 

signal [63]. In general, the two major components of all hydrogel sensors are the transducer and a 

hydrogel. The transducer transforms the hydrogel's swelling signal into the optical or electrical 

domain. Various hydrogels have been used as the sensing part, including  pH-sensitive hydrogels, 

glucose-sensitive hydrogels and ion-sensitive hydrogels, among others [64]. Hydrogels could be 

synthesized in aqueous solutions using radical polymerization, UV and addition reaction, among 
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others. These methods could be executed in many specialized techniques for the synthesis of 

special hydrogel structures that are applicable to sensing [63].  

Hydrogels that are sensitive to stimulation may serve as effective sensing material. These gels are 

responsive to slight environmental changes and offer the reaction to chemical stimuli (such as pH 

and ions), physical stimuli (such as pressure, temperature, ionic force, among others) or biological 

stimuli (such as enzyme and glucose) through volume changes. The response rate depends on the 

composition, shape and molecular weight of the hydrogel and can be enhanced by many suggested 

methods such as increasing ionic group content and pore size, and decreasing the size of cross-

linking density [65]. 

The hydrogels derived from poly(2-hydroxyethyl methacrylate) (pHEMA) have shown a low 

swelling ratio and high durability for pharmaceutical and biomedical uses. They can potentially 

give firm swelling and good mechanical features due to a strong configurational hydrophilic and 

lipophilic balance. Because of these features, pHEMA can be utilized as a covering material for 

biosensor tips and as a matrix for redox mediator immobilization due to its hydrophilic and 

excellent biocompatible characteristics [66]. 

Functional materials derived from cellulose have new applications as sensing materials in line with 

the trend of artificial intelligence in science and technology development. Hundreds of self-

designed gold arrays on cellulose membranes are used to assemble paper-based gold electrode 

arrays using low-cost inkjet printer. The resultant materials have many special features as thin-

film sensor platforms, such as excellent conductivity, good durability, and affordability [67]. 

These are comparatively hydrophilic and thus compatible with most biomolecules. Sensor 

construction [68], [69] as a function of these attributes,  is now one of the most common areas in 

the broad context of  hydrogel use. Conductive hydrogels, for instance, have been used efficiently 

to monitor glucose [70], [71] and hydrogels that are responsive to changes in the external 

environment  are also used as photonic sensors [72]. 

2.6. Humic acid 

Humic compounds are a major part of organic material and some of the most common materials 

on earth. They are formed during the decay of plant and animal biomass in ecological systems and 

typically contain skeletons of alkyl and aromatic monomers with functional groups such as 

carboxylic acid, quinine and phenolic hydroxyl groups connected to them [73]. Complexation 
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capability is an important characteristic of humic acids that affects the bioavailability and mobility 

of both nutrients and pollutants in the environment [74]. Humic substances manage the behavior 

of contaminants in the environment; their interactions are dependent on the humic material, pH 

metal and metal-ions [75]. 

Lately, humic materials have been incorporated into polymeric hydrogels to improve their water 

absorbencies [73]. As far as copper(II) binding on humic substances is concerned, different sorbent 

composition determines the complexed amounts and adsorption coefficient [74]. Complexation 

reactions of humic acids and metal ions have a complicated character given by their polydispersive, 

heterogeneous, polyelectrolyte identity. Humic acids can bind metal ions  in various ways, 

including electrostatically, interaction of  a cationic charge of a metal and the net anionic charge 

on the humic acid backbone in the formation of chelates and complexes with functional groups 

[76]. Humic materials constitute several various types of functional groups and can be used as 

multifunctional ligands, scheme 1. The most prevalent functional groups are the oxygen-

containing ones and hence the most essential for metal binding. The participation of other groups 

cannot be dismissed, nonetheless [75].  

 

 

Scheme 1: Complexation of a metal ion (shown in red) by a naturally occurring humic acid (shown in green) [77] 
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2.7. Functionalization of hydrogels with humic acid  

Hydrogels are effectual for the absorption of huge quantities of water and organic solutions and 

have the potential to be used in sanitary products, agricultural  technology, medical applications 

and wastewater treatment  [78]. New biomedical applications have been opened up by functional 

modifications in the porous surface of macroporous polymeric materials with different biological 

and chemical functional groups. In addition to altering or enhancing the constraints related to 

physical characteristics of the hydrogels, functionalization would also provide functionality in the 

hydrogels for biological activities [79], [80]. Although there are many ways in which a functional 

group can be added on the backbone of polymers, in the context of polymeric hydrogels, 

copolymerization a functional group is a feasible option but it may become unreachable after 

polymerization due to entrapment inside the porous network [81]. Physical and chemical 

interactions are alternative methods for combining functional groups of macroporous hydrogels 

[82]. Physical interactions, that is, noncovalent connections between biomolecules and polymeric 

hydrogels, are fragile in nature, including electrostatic interactions, hydrophobic and metal-

mediated coordination [83]. It is possible to use a simple functionalization method that leaves no 

organic fraction other than the trapped humic molecules. To be effective, the trapping method 

should not alter the properties of the humic molecules, the gel matrix should interact minimally 

with the pollutant and the trapped humic molecules should be reachable through the pore to the 

exterior pollutant [84]. 

2.8. Analytes 

2.8.1. Copper (II) ions 

Copper (Cu (II)) is a vital and useful microelement for several plants and animals in trace amounts 

but it is toxic to aquatic plants at high concentrations (from 5.3 mg/L for humans  [85] and 20 nM 

for plants [86]) due to its connection with cell membranes, inhibiting transport through the cell 

wall [26]. It is considered vital at particular levels (0.6 mg/day for women and 0.7 mg/day for 

men), nevertheless, at high concentrations, it induces toxicity and can lead to bleeding, hepatitis, 

and brain inflammation. Copper (II) is one of the biologically significant component various 

organs such as nerves, blood and bones and its imbalance may cause anemia, skin pigmentation, 

http://etd.uwc.ac.za/ 
 



18 
 

and Wilson’s disease, among other disorders in animals [29], [87], [88]. Copper could be found in 

plants and animals, and in mussels and oysters at high levels and is also present in a variety of 

amounts in many foods and drinks that we consume, including potable water. Substances of copper 

are most widely used in farming for the prevention of plant pests and as preservatives for wood, 

leather and textiles [88]. Copper (II) is extremely toxic to drinking water, and mercury may be the 

only element that is more hazardous than copper. Thus, the overall permissible level in drinking 

water is not to exceed 0.05 mg / L. The development of innovative methods for the simultaneous 

study and complexation of low concentrations of copper in environmental waters is of great 

significance [26]. 

2.8.2. Cadmium (II) ions 

Pure cadmium (Cd) is a silver-white metal that is delicate and not normally present as a pure metal 

in the environment but as a mineral combined with other elements [89], and it is an environmental 

contaminant that is always-present and worldwide. Environmental exposure levels to Cd, which 

are considerably beyond the average, exist in places of current or historic industrial contamination 

[90]. Cd enters aquatic environments from factory and user waste. It contaminates the aquatic 

ecosystem and builds up in vertebrates throughout the food chain, destroying aquatic animals’ 

physiological tissues even at levels way below the hazardous level. Cadmium has many adverse 

effects on habitats, animal and human wellbeing. It is embryotoxic, provoking different types of 

mammal and reptile abnormalities  [91]. The likelihood of cadmium affecting your wellbeing 

depends on the present state of cadmium, the amounts taken into your blood, and whether you are 

consuming or breathing cadmium. Inhaling air with very high cadmium quantities can cause 

serious damage to the lungs and even death [89]. Based on the particle size, 10 to 50 per cent of 

the inhaled cadmium dust is absorbed. Roughly, five to ten percent of Cd ingested is absorbed, 

depending on particle size too. Intestinal absorption of Cd is greater for people with calcium, zinc, 

or iron shortage. Cigarette smoking is considered the greatest cause of human vulnerability to 

cadmium [92].  
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2.8.3. Lead (II) ions 

Lead is a blue-grey metal that occurs naturally and is found in small amounts in the earth's crust. 

Metallic lead does not dissolve in water and does not melt. Some natural and manufactured 

chemicals contain lead, but they do not look the same as lead in its metallic state [93]. Special 

lead characteristics such as tensile strength, smoothness, low melting point and corrosion 

resistance have caused extensive application in various industries such as automotive plastics, 

coatings, ceramics, among others. That, in effect, resulted in a significant increase in the 

occurrence of free lead in ecological systems and in the sterile environment [94]. The widespread 

use of lead is in the production of certain types of batteries, the manufacturing of weapons, certain 

types of metal goods and ceramic glazes. Several lead-containing substances are used in painting 

[93]. Lead exposure by occupational routes can trigger lead poisoning. In particular, in developing 

countries, lead is present in particulate form in the air and can be inhaled along with other heavy 

metals [95]. The primary target for lead toxicity is the nervous system. Long-term exposure of 

adults to lead at work has resulted in decreased performance in some tests that assess the role 

of the nervous system. Lead exposure can also induce anemia, which is a low number of blood 

cells, and it can also severely damage the brain and kidneys in adults or children at high levels of 

exposure [93].  
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Chapter 3 

Methodology and characterization techniques 

3. Introduction 

This chapter lays out the preparation steps for hydrogel synthesis, solvent preparation and 

instrumental characterization methods utilized to evaluate hydrogels. Different characterization 

methods have been utilized to study the attributes of polysulfone hydrogels as thin film 

membranes, prepared on a conductive electrode surface. These shall include:  

 Electrochemical techniques such as cyclic voltammetry and square wave voltammetry 

 Spectroscopic techniques used for membrane structure understanding at its molecular level 

(Fourier transform infrared spectroscopy (FTIR)) 

 Microscopic techniques such as (Scanning electron microscopy (SEM), and atomic force 

microscopy (AFM)) to evaluate the morphological and topographic features 

3.1. Methodology and experimental procedures 

    3.1.1. Instrumentation 

       3.1.1.1. Potentiostat set-up 

All electrochemical experiments were performed and recorded with a computer interfaced to a 

PalmSens electrochemical biosensor with PalmSens software, ((Palm Instruments BV, 

Netherlands), using either cyclic voltammetry (CV), or square wave voltammetry (OSWV). A 

conventional three-electrode system was utilized. The working electrode was a gold disc electrode 

(Bioanalytical Systems, Lafayette, IN, USA). Silver/silver chloride (Ag/AgCl – 3 M NaCl type) 

was used as the reference electrode and a platinum wire was used as auxiliary electrode [96], [97].  
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      3.1.1.2. Electrode surface preparation 

Before use, the gold working electrode was cleaned by sonication in 0.1 M HCl for about 30 

minutes, rinsed with deionized water and then polished using aqueous slurries of 1 μm, 0.3 μm 

and 0.05 μm alumina powder. The electrode was then rinsed with huge amounts of deionized 

water. The platinum (Pt) counter and glassy carbon reference electrode was frequently cleaned 

before, after and in between analysis [98].  

3.2. Materials and reagents 

Polyvinyl alcohol: PVA of 89,000-98,000 molecular weights, 99+ % hydrolyzed was supplied by 

Sigma-Aldrich, South Africa, Cape Town, with lot number MKBL028IV, Product code 

10001444119. this product was used as received from the supplier without any modification and 

was stored at room temperature. 

 

Polysulfone: Polysulfone (MW = 35.000, 0.2%w/v in CH3Cl3 25oC) was supplied by Sigma- 

Aldrich, South Africa, Cape Town, with lot number MKBS2962V and product code 1001845122. 

This product was used as received from the supplier without any modification and stored at room 

temperature. 

 

Glutaraldehyde: The cross-linker glutaraldehyde (GA), Grade I, 25% in water, total impurities ≤ 

0, 05% free of carboxylic acid (lot number SLBS4196) was supplied by Sigma Aldrich, South 

Africa, Cape Town. GA was stored in the freezer at a temperature of below -25°C 

N, N- dimethylacetamide (DMAc): DMAc of a molecular formula C4H9NO, lot number 

BCBL2233V, purity ≥ 99.5% (GC) was supplied by Sigma-Aldrich South Africa, Cape Town. 

 

Hydrochloric acid: 37% HCl product was supplied by Sigma-Aldrich, with lot number 

STBH1214 and product code 101947915 in which 2M HCl was prepared out of the 37% by 

dilution using the following formula. 

                      C1 × V1= C2 × V2    (1)                       [99]                        

 

The concentration of the 37% could be calculated from the following 
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                   C =
������ (�� �������)×��

��
          (2)                     [100] 

 

3.3. Synthesis and preparation of polysulfone-polyvinyl alcohol hydrogels 

3.3.1. PSF-PVA synthesis 

 

 

   Figure 1: Reflux reaction set up 
 

 A reflux system (figure 1) makes for the boiling and condensing of liquid, with the condensate 

going back to the reaction mixture. The application of heat speeds up the reaction but high 

volatility of most organic compounds makes them susceptible to loss through evaporation, which 

is averted by heating the reaction mixture under reflux. The reaction vapours condense, as a result 

of the circulating water in the condenser, and return to the round bottom flask and this increases 

product yield. The reflux equipment was coupled to a temperature control device for temperature 

moderation. The purpose for attaching the controller device was to prevent reaching the boiling 

point of polyvinyl alcohol. The PSF-PVA hydrogels were synthesized by dissolving 0,4421g of 
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polysulfone crystal into 50 mL of N, N-dimethylacetamide (DMAc) to yield 0.0554 M PSF-

solution after 1 hour of sonication. 5 mL of this solution was transferred to a round bottom flask, 

to which 2,5895g of PVA was added. To the mixture 1 mL glutaraldehyde crosslinker solution 

was added followed by the catalyst in order to speed up the reaction during the crosslinking 

process. An excess of acid was required for protonation and reduction of the aldehyde to produce 

alcohol. 1 mL of 2 M HCl catalyst was introduced to the reflux mixture and the mixture was 

allowed to react for 3 hours at 75ºC with uniform stirring. After three hours the mixture was stored 

at room temperature for 10 days in order to ensure completeness of cross-linking reaction. 

3.3.2. Hydrogel thin films prepared by drop coating method 

PSF-PVA hydrogels were physically adsorbed onto the screen-printed gold electrode by drop 

coating 10 µl of the hydrogels onto the gold electrode. For each experiment the same amount of 

10 µl of the hydrogels was drop coated and dried at room temperature for 24 hours to allow the 

interaction between the hydrogels and the surface of the electrode for a good conductivity. 

3.3.3. Cyclic voltammetry analysis of hydrogels 

In a three-electrode system (figure 2) all electrodes (working, reference and counter) are set in the 

self-same electrolyte solution. During the experiment, movement of charge mainly happens 

between the working and counter electrodes, whereas the potential of the working electrode is 

determined in respect to the reference electrode. Cyclic voltammetry (CV) was performed at a 

normal scan rate of 100 mV.s-1 to study the redox behavior of hydrogels by applying potential scan 

between -1200 mV and + 1400 mV (vs. Ag/AgCl). Cyclic voltammograms were obtained in the 

absence of any other analyte.  
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 Figure 2: Three-electrode electrochemical cell 

3.4. Theoretical principles 

3.4.1. PSF-PVA hydrogel composite mechanism of formation 

This segment of the work shows the suggested pathways of polysulfone hydrogels. The possible 

mechanism involves three steps, first, alcoholic oxygen protonation, second, aldehyde reduction 

into primary alcohol followed by crosslinking via the incorporation of oxygen. 

The mechanism's detailed steps can be summarized as follows (scheme 2): 
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Scheme 2: Mechanism of PSF-PVA hydrogel                              [101] 

 

Protonation of an alcoholic oxygen in PVA makes it a better group to leave. This is a really fast 

and reversible step [102]. The lone pairs of electrons on the oxygen render it a base for Lewis. 

Cleavage of the C-O bond makes it easier to lose the good leaving group as a neutral water 

molecule, leaving behind a very reactive primary intermediate carbonation. This step is the rate 

determining step (bond breaking endothermic). Generally, the reduction of an aldehyde yields a 

primary alcohol [102]. Reduction of glutaraldehyde mainly involves the introduction of a hydrogen 

atom to either end of the carbon-oxygen double bond to produce an alcohol (1, 5 pentanol). This 

will further undergo protonation of alcoholic oxygen to yield a primary carbocation. Attack of the 
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primary carbocation to an available oxygen site (ester or sulfone oxygen) occurs to yield PSF-PVA 

hydrogels. The line across the bond of the ether oxygen indicates that the polymer chain could be 

extended through polymerization. 

3.4.2. Electrochemical characterization 

Chemists and physicists have been using various methods to study conducting polymers. Transient 

electrochemical techniques such as chronoamperometry (CA), chronocoulometry (CC) and cyclic 

voltammetry (CV) are major tools used to monitor the formation and deposition of polymers and 

to follow the kinetics of their charge transport processes. Electrochemical impedance spectroscopy 

(EIS) has emerged as the most effective technique used to acquire parameters such as the double 

layer capacity, the resistance, the rate of charge transfer, the pseudocapacitance of the polymer 

film, as well as diffusion coefficients. CV supplies fundamental information about the oxidation 

ability of the monomers, about the redox behavior of the polymer, as well as about the surface 

concentration. Deductions can also be made from the cyclic voltammograms about the rate of 

charge transfer and the interactions that take place in the polymer segments [103]. 

The electrochemical workstation analysis tool is a system which helps to conduct all the techniques 

of electrochemical characterization, such as CV, CA, EIS, chronopotentiometry (CP), 

galvanostatic charging discharge (GCD), and other techniques. It can be used for various 

applications such as research of sensors, batteries and capacitors. The measurement of potential, 

charge or current is often used in electrochemical characterization to assess the amount of an 

analyte or to characterize the reaction kinetics of an analyte. The potential, load, and current are 

the profound electrochemical indicators that act as analytical indicators. For all the electrochemical 

characterization methods, these indicators establish the key experimental models. 

There are three kinds of electrode systems available in an electrochemical cell, the system of two 

electrodes, the system of three electrodes, and four electrodes. Electrochemical characterizations 

can be carried out using any of these electrode systems. The electrochemical cell comprises a 

working electrode and a counter-electrode. The working electrode's potential is responsive to the 

amount of the analyte. The loop is closed by the counter electrode. The working electrode's 

potential in relation to the counter electrode should be measured as it acts as a reference potential. 

The counter electrode's potential should therefore remain constant. If the counter electrode's 
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potential is not constant, two electrodes must replace the counter electrode, a reference electrode 

whose potential remains constant and an auxiliary electrode to complete the electrical circuit.  

The electrochemical system also makes it possible to measure all electrochemical characteristics 

in varying reaction conditions such as stirring, heating, purging of air, and introducing substances 

during actual-time measurement. In addition, it is also possible to detect and correct in situ pH and 

temperature while characterizing the cell. Hence, the in situ electrochemical evaluation of 

electrode material utilizing electrochemical characterization methods would therefore be possible 

in an electrochemical unit. Electrochemical output can be enhanced by expanding the porosity and 

surface area of the electrode, as this will give a good large number of active sites together with 

ease in the ion diffusion route for optimal charging storage. The lower scan is preferable over the 

higher one because at higher scan rates the charges are unable to adequately reach the active 

surface area of the electrodes because of the inadequate time  [104].  

The redox reactions that happen in the cell form the basis for generating the current that passes 

between the electrodes. When the reaction is balanced, zero current (open circuit) is produced. The 

initial current is huge given the high concentration gradient. As time progresses, there is a 

reduction in the concentration gradient and an increase in the diffusion layer (when the other modes 

of mass transport are absent), which ultimately causes reduction in the value of the current (close 

to zero) and the equilibrium is attained. This can also be performed in another way where the 

current is supplied and the potential is controlled. This is the principle on which electrochemical 

techniques like CA (chronoamperometry) and CP (chronopotentiometry) work. In amperometry 

[105], the excitation signal applied to the working electrode (WE) is a constant potential. It is 

selected such that all the electroactive substance (the analyte) at the electrode surface is instantly 

electrolyzed (oxidized or reduced) and the electron transfer is not the rate-limiting step of the 

electrode process. The current flowing in the cell as a consequence of the electron transfer is 

monitored as a function of time and constitutes the analytical signal. In chronopotentiometry 

stripping analysis [106], after the pre-concentration of analyte at the electrode, a fixed current is 

applied to oxidise (or reduce) the accumulated species, and the E–t curve is recorded. During the 

stripping process, the potential remains close to a constant value, during a time known as the 

transition time, τ, which is directly proportional to the concentration of analyte in solution. 
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3.4.2.1. Cyclic voltammetry 

CV is the basic electrochemical material test. In this, the current is detected by sweeping the 

potential back backwards and forwards (from positive to negative and from negative to positive) 

between the chosen limits. Information collected from CV can be used to learn about the 

electrochemical activity of the material. The graphical analysis of the cyclic voltammogram shows 

redox peaks (figure 3), which are reduction and oxidation peaks of the material, predicting the 

capacitive behavior of the electrode. Therefore, the potential to oxidize and reduce the material 

can be found. Figure 3 displays a conventional potential-excitation signal (a) wherein the potential 

is first scanned to more positive values, to oxidize material R to O, and then reduce material O 

back to R by changing directions to scan to more negative potentials. Since cyclic voltammetry is 

performed in an unstirred electrolyte, the resultant cyclic voltammogram (b) shows distinct peaks 

for the oxidation reaction and reduction reaction, marked by a peak potential and a peak current 

respectively. 

 

 

 

 Figure 3: Schematic diagram of cyclic voltammetry 

 

As a feedback to the CV, a ramp signal is obtained. A positive ramp (neutral slope) signal is 

produced for the forward scan, while the voltage is reversed after the first half cycle, preceded by 

a negative ramp, which inverts the cyclic voltammogram structure for the second (next) half cycle. 
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With the aid of redox reactions, the process aims to achieve the state of equilibrium. It obeys a 

cyclic trend in which the trend gives information on the transitions the system has experienced. 

Through examining the curve of CV appropriately, one can draw many significant conclusions 

about the material and its characteristics (such as capacitive nature) along with the behavior of the 

system (reversible, irreversible, or quasi-reversible).   

The CV experiment can be carried out with one cycle or multiple potential cycles. The slope 

of the ramp signal expressed in volts per unit time is termed as the scan rate. The range of this scan 

rate can be from a few fractions of millivolts per second to several hundreds of volts per second. 

The scan rate of the system can be varied to get a clear idea of the electrochemistry of the cell. 

Hence, the scan rate plays a crucial role in the voltammetric behavior of the sample to be tested. 

Based on the scan rate, one can expect some changes in the oxidation and reduction peak currents 

along with peak potentials. Also, if the peak current (faradaic current) is increasing with the 

increasing scan rate, then it represents a good rate capability along with better pseudo capacitive 

behavior of the electrode material. Higher scan rate results in a higher number of redox reactions 

due to the presence of the electroactive species at the electrode’s (working electrode) surface.  

For a slower scan rate, however, there is the possibility of missing the peak (either forward or 

reverse scan peak) owing to the sufficient time available for the products from the reduction or 

oxidation to participate in a chemical reaction whose products may not be electroactive. This peak 

current in the CV can be computed using the Randles-Sevcik equation: 

   �� = 0.4463�
��

��
�

�/�

���/���/�����/�          (3) 

 

where Ip is the peak current, C represents the concentration of the electroactive species at the 

electrode, n represents the number of electrons in the redox reaction, A represents the area of the 

working electrode, D represents the diffusion coefficient of the electroactive species, and n is the 

scan rate. All of these factors have a vital role to play in deciding the CV maximum current. CV 

makes it easier to find the coefficient of electron transfer (the number of electrons transferred), the 

limiting factor (the factor controlling the speed of the reaction) and the rate constant of the reaction. 

The difference between the CV's two peak potentials provides insight into the impact of analyte 

diffusion levels. In contrast, the system's reversible, irreversible, and quasi-reversible existence 

can be observed using the anodic and cathodic maximum currents ratio [104]. For a reversible 

electrochemical reaction, the CV recorded has certain well-defined characteristics. These are: 
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1. The voltage separation between the current peaks is given as: 

������/�� =
��.�

�
��           (4)                      

2. The positions of peak voltage do not alter as a function of voltage scan rate. 

3. The ratio of the peak currents is equal to one. 

 

The CV for cases where the electron transfer is not reversible shows considerably 

different behaviour from their reversible counterparts. For quasi-reversible or irreversible 

electrochemical reaction the recorded CV has following characteristics. 

 

1. The voltage separation between the current peaks differs from that given in equation 4. 

2. The peak currents are a function of the applied potential. 

3. The positions of peak potential are a linear function of the logarithm of sweep rate. 

 

By analysing the variation of peak position as a function of a scan rate, it is possible to 

gain an estimate for the electron transfer rate constants. Adsorption processes on electrode 

surface can be distinguished from charge transfer processes, as in former case cyclic 

voltammogram is symmetrical around potential axes [107]. 

 

The formal potential (Eo) is represented by the following equation and is obtained from the average 

values of the peak potentials:  

                                                              �� =
(���  �  ���)

�
    (5)      [108]. 

3.4.2.2. Square wave and stripping voltammetry 

Square wave voltammetry (SWV) was developed by G.C. Barker and Jenkins in 1952 but it had a 

constrained scope of application due to the available equipment at that time. Now that appropriate 

potentiostat electronics are accessible, it is the preferred technique in several analyses on the basis 

of its sensitivity. The SWV waveform is a square wave which is overlaid on a potential stairway. 

The square wave is defined by a staircase height, ΔEs, pulse length, tp, cycle time, ts, and square 

wave amplitude, ΔEp. Alternatively, the pulse time can be expressed as a square wave frequency, 
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f = 1/2 tp. The stairway shifts by ΔEs at the beginning of each cycle so that the scanning rate is as 

shown in figure 4 [108]. 

 

 
Figure 4: Waveform and measurement scheme for SWV. It shows the sum of a staircase and a square wave             
[108] 

 

Stripping voltammetry (ASV) is an extremely sensitive technique for the electroanalytical sensing 

of a broad range of metals and organic material offering low detection limits that can reach 10-10 

M in advantageous cases. The procedure is categorized into three parts: anodic, cathodic or 

adsorptive stripping voltammetry, ASV, CSV or AdSV. In every case the first is 'pre-

concentration' step: 

 
ASV: Mn+ (aq) + ne- —→ M(electrode). 
CSV: M + Lm→ ML(n-m)- (ads) + ne-, 
Ad S V: M(aq) + L(aq) → ML(ads)y,  
 
Succeeded after an appropriate accumulation by a stripping step in which the potential from the 

working electrode is swept to Faradaic degradation of the built-up material from the electrode: 
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ASV:  M(electrode) → Mn+ (aq) + ne-, 

CSV: ML(n- m)- (ads) + ne- → M + Lm  

AdSV: A(ads) ± ne-    → B(aq) 

 

In ASV, the stripping step, generated by scanning the working electrode towards positive 

potentials compared to that used for pre-concentration step, produces a characteristic peak that 

allows the target trace ion to be quantified. The use of SWV to enhance sensitivity and the potential 

at which the stripping peak comes about at various potentials for various metals. 

 

 
 
Figure 5: Illustration of Square-wave anodic stripping voltammetry in 0.5 M acetate buffer for increasing additions 
of cadmium (II) [108]                                                                                                                                                                                                             
 
Figure 5 shows well-defined square wave anodic stripping signatures with a detection limit of 2.5 

x 10-8 M easily achievable. 

 
The following is an example of stripping voltammetry. 
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(A) The detection of As(III) in some drinking water supplies using a gold electrode and ASV: 

Pre-concentration: As(III)(aq) + 3e- → As(electrode) 

Stripping: As(electrode) → As(III)(aq) + 3e-. 

In this case after pre-concentration at a suitable reducing voltage, the working electrode is swept 

to positive potential and the resultant peak is used to measure low concentrations of As(III)      

[108]. 

3.4.3. Spectroscopic characterization techniques 

Spectroscopy is essentially an experimental topic of interest and concerns the absorption, emission 

or dispersion by atoms or molecules of electromagnetic radiation. Electromagnetic radiation 

covers a broad range of wavelengths, from radio waves to g ɣ-rays, and atoms or molecules may 

be adsorbed on a solid surface in the gas, liquid or solid phase, or of great importance in surface 

chemistry [109].  

Electromagnetic radiation is usually classified as radio waves, microwaves, infrared, visible and 

ultraviolet light waves, X-rays, and gamma rays. Electromagnetic waves are transverse waves that 

move at light speed and involve electrical and magnetic fields that oscillate at perpendicular to 

each other. Usually, spectrochemical techniques measure the generated electromagnetic radiation 

(emitted) or are absorbed by molecular or atomic species of species of interest. By introducing 

energy in the form of heat, light, or chemical reactions, the material to be characterized is triggered 

in this technique. The energy tends to result in the excitation of molecules held at ground level 

(low-energy state) to the excited state (high-energy state). Each species of molecules can absorb 

its own typical frequency. Each molecular species can absorb its own characteristic 

electromagnetic radiation frequencies and this process transfers energy to the molecule and tends 

to lead to a decrease in electromagnetic radiation intensity [104]. In spectrochemical analysis there 

are four main types of analysis: 

1. Atomic spectrochemical evaluation measures the fundamental makeup of a sample by atomic or 

ionic emissions and absorption spectra. 

2. Molecular spectrochemical evaluation by molecular absorption, luminescence, and Raman 

spectra measures the molecular makeup of materials. 
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3. Evaluation of the emission spectrum utilizes the spectra of atomic, ionic or molecular emissions 

produced by various sources of electromagnetic radiation in the range from gamma rays to 

microwaves. 

4. Absorption spectrum evaluation makes use of the absorption spectra of the material being 

evaluated; these spectra can be generated by a material's atoms, molecules or ions in different 

aggregation states [104]. 

In our research FTIR will be utilized to corroborate the formation of the cross links between 

polyvinyl alcohol and polysulfone as starting materials to yield the desired hydrogel materials. The 

FTIR of polysulfone starting material and the PSF-PVA product will be compared to find data 

concerning the crosslinking chemistry. 

3.4.3.1 Fourier transform infrared (FTIR) spectroscopy 

FTIR stands for Fourier transform infrared, the preferable method of infrared (IR) spectroscopy. 

In IR spectroscopy, IR radiation is passed through a sample. Some of the IR radiation is absorbed 

by the sample and some of it is passed through (transmitted). The resulting spectrum represents 

the molecular absorption and transmission, creating a molecular fingerprint of the sample. As two 

fingerprints never match, similarly no two unique molecular structures produce the same IR 

spectrum. This makes IR spectroscopy useful for several types of analysis. IR spectroscopy has 

been a workhorse technique for materials analysis in the laboratory for over 70 years. An IR 

spectrum represents the fingerprint of a sample, with absorption peaks that correspond to the 

frequencies of vibrations between the bonds of the atoms making up the material [104]. Infrared 

Spectroscopy is the evaluation of the interaction of infrared light with matter. Analysis of infrared 

spectra can reveal what molecules are present in a sample and at what amounts; this is why infrared 

spectroscopy is useful [110]. 
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Figure 6: Scheme showing the working principle of Fourier Transform Infrared Spectroscopy 

 

In Figure 6 a beam of monochromatic radiation is passed into a beamsplitter, fifty percent of the 

incident radiation is reflected to one of the mirrors and fifty percent will be transmitted through 

the beamsplitter and the sample. The two beams then recombine and interfere at the interferometer. 

The path difference of the two beams interfere destructively in the case of the transmitted beam 

and constructively in the case of the reflected beam. The beam that emerges from the mirror at 90o 

to the input beam is called the transmitted beam, which is the beam detected in FTIR spectroscopy. 

The recorder then records the IR spectrum [111].  

The principle of infrared spectroscopy is that a molecule absorbs infrared light under some 

conditions when irradiated with it. The energy hv of the absorbed infrared light is equal to an 

energy disparity between a certain energy level of vibration of the molecule (having an energy Em) 

and another energy level of vibration of the molecule (having an energy En). In the form of an 

equation, 

                                          �� = �� − ��            (6)             
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 In other words, absorption of infrared light happens principally based on a transition between 

energy levels of molecular vibration. This is why an infrared absorption spectrum is a vibrational 

spectrum of a molecule [112]. 

3.4.4. Microscopic characterization 

Microscopy involves the study of objects that are too small to be examined by the unaided eye. In 

the SI (metric) system of units, the sizes of these objects are expressed in terms of sub-multiples 

of the meter, such as the micrometer (1 Pm = 10-6 m, also called a micron) and also the nanometer 

(1 nm = 10-9 m). To describe the wavelength of fast-moving electrons or their behavior inside an 

atom, even  smaller units are needed [113].  

3.4.4.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) today is a versatile technique used for research and 

development in many industrial labs. SEM is often used in materials science, including polymer 

science, to elucidate the microscopic structure or to distinguish several phases from each other due 

to its high lateral resolution, its high focus depth and its X-ray microanalysis facility [114]. 

There is no question that the scanning electron microscope (SEM) is the most commonly used of 

all instruments with electron beams. The SEM's success can be attributed to many factors: the 

flexibility of its different imaging modes, the excellent spatial resolution that can now be achieved, 

the very modest required sample preparation and condition, the relatively straightforward analysis 

of the acquired image., accessibility of related techniques of spectroscopy and diffraction. And 

most of all, its user-friendliness, high levels of automation, and high performance make it 

accessible to most researchers. With the recent generation of SEM equipment, high-quality images 

can be obtained with an image magnification that is as low as approximately 5 and as high as > 1 

M ×; A wide range of image magnifications extends our visualization capacity from naked eyes to 

measurements of nanometers. Image resolution of approximately 0.5 nm can now be obtained in 

the current generation field emission gun SEM (FEGSEM), clearly surpassing that of a 

transmission electron microscope (TEM); nevertheless, the sample size may be as high as silicon 

wafers on a production scale [115]. 
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Figure 7: Scheme showing the principle of scanning electron microscope (SEM) 

 

The basic principle of the SEM is founded on the experiment of Knoll and the concept of von 

Ardenne for a microscope for the transmission of a scanning sample. In a similar approach to 

scanning the electron beam in a cathode ray tube (CRT), the focused electron beam scans the 

surface of the specimen in the evacuated microscope column line by line and forms signals based 

on the encounters between the beam and the specimen. The response signal was originally 

displayed as a modulation of brightness on a CRT where the electron beam is simultaneously 

driven to the column beam as shown in Figure 7. The conventional CRTs have now been 

substituted by digital computer techniques. Since the area of the displayed image remains 

unchanged, the magnification of the image is determined by the dimension of the scanned sample 

area. Generally, the resolution of the SEM image is determined both by the diameter of the electron 

probe focused on the sample surface and the interaction of the primary electrons (PE) with the 

sample [114]. 
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3.4.4.2 Atomic force microscopy (AFM) 

Since its advent, atomic force microscopy (AFM) has become a well-established tool for the 

characterization of soft materials. The strong interest in AFM studies arises from the fact that this 

technique complements or even replaces other microscopy or diffraction techniques commonly 

used for studying the structure and morphology of polymeric systems. AFM, initially introduced 

for high-resolution surface profiling, does not require for this purpose any special sample 

preparation and allows real-space visualization of the surface structures under study. Therefore, a 

great flexibility exists that also allows operation under different conditions, for example, in a 

controlled atmosphere, in liquids, or at elevated temperatures. The continuously growing 

popularity of AFM can be explained by the fast development of AFM instrumentation that has 

significantly extended its capabilities to include measurements of local mechanical, adhesive, 

magnetic, electric, and thermal properties [116]. 

One can easily distinguish between two general modes of operation of the atomic force microscope 

(AFM) depending on absence or presence in the instrumentation of an additional device that forces 

the cantilever to oscillate in the proximity of its resonant frequency. The first case is usually called 

static mode, or DC mode, because it records the static deflection of the cantilever, whereas the 

second takes a variety of names (some patented) among which we may point out the resonant or 

AC mode. In this case, the feedback loop will try to keep at a set value not the deflection but the 

amplitude of the oscillation of the cantilever while scanning the surface. To do this, additional 

electronics are necessary in the detection circuit, such as a lock-in or a phase-locked loop amplifier, 

and also in the cantilever holder to induce the oscillatory excitation. From a physical point of view, 

one can make a distinction between the two modes depending on the sign of the forces involved 

in the interaction between tip and sample, that is, by whether the forces there are attractive or 

repulsive [117]. 

3.4.4.2.1. DC mode 

3.4.4.2.1.1. Contact mode 

Also called constant force mode, the contact mode is the most direct AFM mode, where the tip is 

brought in contact with the surface and the cantilever deflection is kept constant during scanning 
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by the feedback loop. Image contrast depends on the applied force, which again depends on the 

cantilever spring constant. Softer cantilevers are used for softer samples. It can be used easily also 

in liquids, allowing a considerable reduction of capillary forces between tip and sample and, hence, 

damage to the surface. Because the tip is permanently in contact with the surface while scanning, 

a considerable shear force can be generated, causing damage to the sample, especially on very soft 

specimens like biomolecules or living cells. 

 3.4.4.2.2. AC mode 

 3.4.4.2.2.1. Intermittent contact mode 

The general scheme is comparable to that of the non-contact mode, however in this case, during 

the oscillation, the tip is put into contact with the sample surface so that the dampening of the 

cantilever oscillation amplitude is caused by the same repulsive forces found in the contact mode. 

The oscillation amplitude of the cantilever is typically larger in intermittent contact than that used 

for noncontact. The vertical resolution is very good together with lateral resolution, there is less 

interaction with the sample compared with contact mode (especially lateral forces are greatly 

reduced), and it can be used in liquid environment [117]. 
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Figure 8: Scheme showing the principle of atomic force microscope (AFM)           
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Chapter 4 

Results and discussion 

The emphasis of this chapter is on interpreting the results obtained on the synthesized polysulfone 

hydrogels by different characterization techniques. The various techniques help to examine the 

different features of these hydrogels. 

4. Part I: Synthesis and characterization 

4.1. Electrochemical deposition of PSF-PVA hydrogel  

Polysulfone-polyvinyl alcohol hydrogels was synthesized as explained in chapter 3 and prepared 

as thin films on a gold electrode by electrodeposition. That is, about 1 mL of the hydrogel solution 

was injected into 5 mL of 1 M HCl with a syringe and electrodeposition was carried out by cycling 

the potential ten times from 0 to 1 V at the scan rate of 50 mV/s. 
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Figure 9: Cyclic voltammetry of PSF-PVA hydrogel in 5 ml of 1 M HCl at the scan rate of 50 mV/s 
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The cyclic voltammogram of the deposited hydrogel (PSF-PVA) within the potential window 

ranging from -1200 mV to 1400 mV (figure 9) shows the layers of the thin film on the gold 

electrode. The cyclic voltammogram showed an anodic peak at 850 mV and a cathodic peak at 

750 mV, vs Ag/AgCl. These peaks are ascribed to electron delocalization and the growth of a semi 

conducting PSF-PVA film on the Au electrode. Strong resonance delocalization of the lone pairs 

on ester oxygen that happens throughout the structure led to the redox peaks observed. The other 

reduction peak at 500 mV is ascribed to gold, which is the interface material [118].        

4.2. Electrochemical characterization  

       4.2.1. Cyclic voltammetry of PSF-PVA hydrogel 

Electrochemical characterization techniques focused on understanding PSF hydrogel redox 

behavior in the absence of heavy metals. Electrochemical characterization was performed by 

cycling the potential scan between - 1200 and + 1400 mV in 5 mL of 0.5 M phosphate buffer 

solution (PBS) at different scan rates ranging from 10 to 300 mV/s. The platinum (Pt) counter 

electrode was frequently cleaned before and after analysis. The working electrode was prepared 

by electrodepositing the hydrogel onto the Au interface by cycling the potential ten times from 0 

to 1 V in 0.5 M PBS at the scan rate of 50 mV/s. 
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Figure 10: Cyclic voltammetry of PSF-PVA hydrogel in 0.5 M PBS at different scan rate 

 
The synthesized hydrogels exhibited one anodic peak and two cathodic peaks at all used scan rates, 

as shown in figure 10. The peaks observed in the cyclic voltammogram were attributed to the redox 

properties of the synthesized hydrogel. Cyclic voltammogram (figure 10) exhibited redox peaks 

due to electron delocalization and the thickening of a semiconducting polysulfone hydrogel film 

on the Au interface as the scan rate increases. So far, only a little about polysulfone 

electrochemistry has been reported. Nevertheless, given organic chemistry aspects, the redox 

peaks noticed are attributed to delocalization of double bonds. The redox peaks noticed as the scan 

rate increased could be attributed to resonance delocalization of electron lone pairs on ester oxygen 

that takes place in the whole structure [119]. 
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Table 2: The oxidation and reduction peak current and potential values for PSF-PVA 
hydrogel at scan rates of 10, 50, 100, 200 and 300 mV/s 

 

Scan 

rate 

(mV/s) 

Anodic peak  

Current 

Ipa (µA) a1 

Cathodic peak  

current 

Ipc (µA) b1 

Anodic peak  

potential 

Epa (mV) a1 

Cathodic peak 

Potential 

Epc (mV) b1 

Formal 

Potential 

Eo’ (mV) 

 

Ipa/Ipc 

10 1.016 -1.716 868.52 545.48 323.04 0.592 

50 2.806 -5.263 905.62 532.55 373.07 0.533 

100 6.486 -9.363 912.83 526.24 386.59 0.693 

200 11.426 -15.77 931.17 523.74 407.43 0.725 

300 15.836 -21.323 946.70 520.87 425.83 0.743 

 

In table 2, cathodic peaks exhibit higher current response and also shifted to lower potential values 

but anodic peaks show lower values and shifted to higher potential values. That is, the potential 

values of the anodic peaks of the hydrogels increased with increasing scan rate whereas the 

potential at the cathodic peaks decreased with increasing scan rate. Also, the current values for 

both anodic and cathodic peaks increased with increasing scan rate for the hydrogel. As the scan 

rate increases the current ratio approaches 1, which means that the hydrogel system approaches 

reversible electrochemistry, which in turn indicates that the hydrogel system has fast electron 

transfer kinetics which is best matched by a fast scan rate [108].      
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Figure 11: Graph of anodic and cathodic peak current (Ip) vs. square root of scan rate 

 

The diffusion behavior of the hydrogel systems shows elements of quasi to full reversibility, 

depending on the scan rate applied. For simplicity we have approximated the diffusion coefficient 

(based on the available data) on the model for full reversibility. The approximated diffusion 

coefficients of the hydrogels were calculated by plotting the anodic peak current values and 

cathodic peak current values at different scan rates against the square root of the scan rates (10 to 

300 mV/s) as shown in figure 11.  A compressed Randle-Sevcik equation for a temperature state 

of 25 ˚C was used to evaluate the diffusion coefficient of the hydrogels using the equation below.  

   �� = (2.69 × 10�)��/����/���/��  (7) 

and rewritten as, 

                  � = �
�����

�.�� × �����/���
   (8)              
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where slope = Ip divided by square root of scan rate, A is the surface area of the electrode (in this 

case gold electrode with the surface area of 0.07 cm2), n is the number of electrons involved in the 

redox reaction and C is the concentration of the analyzed hydrogels.  The following equation was 

used to compute the number of electrons (n):                                                                                                                                 

                                 ��� − ��/�� =
�.��� ��

��
     at   25 °C (9) 

 

Where Ep is the formal potential, Ep/2 is half-peak potential, n is the number of electrons, T is 

temperature in Kelvin and F is faraday constant, R is gas constant. By making n the subject of the 

formula and 2.303 RT divided by F having a value of 59.19 mV at 25 ˚C, where 2.303 RT has a 

value of 0.593 kcal/mol at 25 ˚C and F is 23.06 kcal/mol V, the equation is rearranged to; 

 

                     � =
��.�� ��

�����/�
                          (10)  

The value of n obtained from the equation above for the synthesized hydrogels is 1. The 

concentration of the synthesized hydrogels was 0.05 M. The approximated diffusion coefficient of 

the synthesized hydrogels expresses the rate at which the electrons move in the direction of the 

electrode. The rate of diffusion of the hydrogels shows how fast the hydrogel releases electrons in 

the direction of the electrode. The values of the approximated diffusion coefficients are 0.33843 

cm2/s for anodic peak and 0.38609 cm2/s for cathodic peak. The greater cathodic diffusion 

coefficient agrees with high cathodic current which implies that the hydrogels diffused faster in 

the cathodic potential scan than in the anodic potential scan. The electron transfer rate constant 

was calculated to be 0.14 s-1 using equation 11. 

   

                                    �� =
∝����

��
                                           (11)                             

Where α is the electron transfer coefficient, n is the number of electrons, and F is faraday constant, 

vc is the x-intercept of the anodic line. R is gas constant, and T is temperature in Kelvin. 
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4.3. Spectroscopic characterization 

4.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was carried out using a Perkin Elmer Spectrum Two spectrophotometer in the range 

from 400 to 4000 cm-1 with a resolution of 4 cm-1. A little amount of the hydrogel was sandwiched 

between two filter papers and a physical force was exerted for dryness. The hydrogel was then 

allowed to dry for 24 hours at room temperature and thereafter the KBr pellet procedure was 

followed, where the hydrogel was compressed as a KBr disk, which was prepared by mashing 

almost 1% mixture of a solid hydrogel in KBr using a hydraulic press. PVA was also studied 

individually (Figure 10) following the above KBr pellet procedure. Given the bonds between 

different elements in a sample absorb light at different frequencies, PVA’s and PSF hydrogel’s 

absorbance of IR energy was quantified to confirm the materials’ molecular content and 

configuration. Unknown substances are identified by checking the spectrum against a repository 

of reference spectra. A device called an interferometer was used to identity samples by generating 

an optical signal with every IR frequency encoded into it. The signal was then deciphered through 

the application of a Fourier transformation technique. A mapping of the spectral information was 

then produced by this computer-generated process and that resultant spectrum was then compared 

with reference libraries for identification. The spectrum of the PSF-PVA hydrogel confirmed the 

cross-linking of the two polymers by the presence of both functional groups found in PSF and 

PVA with a band C-H at 3125 cm-1, C=C at 1800 cm-1, SO2 at 1300 cm-1 and C-C at 1100 cm-1. 

The absence of OH groups from PVA was interpreted as evidence of its involvement in 

crosslinking (Figure 12)  [120],  [121],  [122], [123]. 
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  Table 3: Fourier transform Infrared peak assignment 
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Figure 12: Spectrum of PVA and PSF-PVA hydrogel 

 

Functional groups Wave numbers  

C=C 1600-1500 

C-C 1200-1600 

C-H 3000-2800 

C-H 1500-1400 

OH 3600-2400 

SO2 1150-1300 
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From the suggested mechanism the two possibilities were identified for the position at which 

carbocation bonding could take place either at the ester oxygen, or sulphur oxygen. Fourier 

transform infrared analysis provides some evidence of point of linkage. The spectra of the PSF-

PVA hydrogels confirmed cross-linking of the two polymers by the absence C-O-C which is 

involved in cross linking (Figure 12) [123]. This indicates that the ester oxygen was the site for 

cross linking to form the hydrogel. The sulfone oxygen vibrations were still visible in the spectrum 

of the synthesized hydrogel. 

4.4. Microscopic characterization 

   4.4.1. Scanning electron microscopy 

         4.4.1.1. Polysulfone film preparation 

 
Preparation of thin films was done by drop coating 10 μL aliquot of polysulfone (PSF) solution 

and PSF hydrogels onto separate screen-printed carbon electrodes (SPCE) with a micropipette and 

allowed to dry overnight prior to imaging. Both samples were covered with a thin Au layer for 

viewing. The SEM study was carried out using the LEO 1450 scanning electron microscope 

coupled with an Energy Dispersive X-ray spectrometer. A 2 µm secondary electron (SE) image 

resolution was achieved at 20 kV accelerating voltage and 10 000 X magnification. 
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Figure 13: SEM images of polysulfone 

 

Scanning electron microscopic image (Figure 13) reveals that polysulfone is of a spherical shape 

with moderately even size distribution of spheres. The steadiness in color of the image showed the 

absence of charging owing to interaction with the incident electron beam. 
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Figure 14: SEM images of PSF-PVA hydrogel 

 

Figure 14 displays PSF-PVA hydrogel material which when compared to polysulfone alone, 

attested a transformation in morphology owing to the combination of PVA and PSF. The 

incorporation of polyvinyl alcohol resulted in a dwindled size of the surface morphology 

characteristics. Quite small PSF spheres were observable, but it was clear that PSF spheres 

controlled the expansion of PVA polymer, which is compatible with prospect for effectual 

crosslinking.  The role played by morphology in membrane technology, mechanical characteristics 

and electrical conductivity of the materials is critical [124]. It could be concluded by reason of the 

color and size distribution exhibited by PVA-PSF hydrogel that effectual crosslinking was 

accomplished with confirmation of PSF spheres controlling the morphology of crosslinking. The 

size of our hydrogel is 2µm but the ideal size distribution is about 100 nm as Salmaan H. et al 

prepared hydrogel ultrathin films of ∼100 nm size for sensors for biological applications [125], 

and Rui Wu et al. synthesized an amine-functionalized polyacrylamide hydrogel and experimental 

results indicate that the particle size range from 80–120 nm hydrogel is more efficient [126]. 
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4.4.2. Atomic force microscopy 

Atomic force microscopy has been utilized to study the roughness of the surface which is 

considered a significant surface property. The role played by this characteristic in membrane 

permeability and fouling behavior is critical. Roughness parameters such as root mean square 

roughness (Rrms) and average roughness (Ra) are used to determine surface roughness, which 

could in turn be related to the thin film’s hydrophobicity [127]. The sample, the hydrogel, was 

electrodeposited on the Au interface by cycling the potential ten times from 0 to 1 V in 1 M HCl. 

AFM was carried out using the Veeco Atomic Force Microscope. The sample was scanned with 

contact mode. In contact mode, as the tip is scanned across the sample surface, it is diverted up or 

down as it makes contact with the morphological details of the sample surface. In constant force 

mode, the tip is continuously adjusted to keep a constant deflection that holds the tip of the probe 

at a constant height above the surface. This height adjustment is shown as data. 

 

Figure 15: AFM images of the bare gold electrode 

 
 

http://etd.uwc.ac.za/ 
 



53 
 

 
 
 
 
Figure 16: AFM images of PSF-PVA hydrogel 

 

The surface roughness of the bare gold electrode (Figure 15) was measured and found to be higher 

(53.349 mV) compared to that of PSF-PVA hydrogels (Figure 16), which is 23.666 mV. This lower 

surface roughness of the hydrogel corroborates the observed surface properties from SEM, and an 

evident decrease in height can be ascribed to modification with PVA. The hydrophobicity of a 

material could be linked to surface roughness, the rougher the surface the more it becomes 

hydrophilic [127]. The observed topographic features agree with SEM images where a dwindled 

size of the surface morphology was observed after the crosslinking of PSF and PVA, which in turn 

confirms that the hydrophobic nature of polysulfone was reduced.  
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                                                         Chapter 5 

Results and discussion 

 

This chapter presents results generated from SWV carried out on three different heavy metals. 

Measurements of three replicates were performed for the detection of Cu (II), Cd (II) and Pb (II) 

respectively with the bare gold electrode (AuE), hydrogel-modified gold electrode (AuE/HGL) 

and the humic acid-modified gold electrode (AuE/HGL/HA). 

5. Part II: Electrochemical studies of heavy metals 

5.1. Procedure for complexation of copper with PSF hydrogel and PSF 

hydrogel-HA 

The application of the PSF hydrogel for copper complexation is not captured in literature. This is 

an expansion to the applications of the recently developed hydrogel. The complexation of metal 

ions (Cu, Cd and Pb) by PSF hydrogel and PSF hydrogel-humic acid in an aqueous solution was 

studied by square wave voltammetry (SWV) in a three-electrode electrochemical system. About 

1ml of PSF hydrogel was transferred into the cell containing 5ml of 1 M HCl. The PSF hydrogel 

was electrodeposited on the gold electrode (AuE) interface by cycling the potential from 0 to 1 V 

ten times.  The deposited hydrogel on the AuE interface was allowed to dry for an hour. The 

electrolyte, 5 ml of 0.5 M phosphate buffer (PBS), was purged with argon. Metals solutions were 

sequentially added in 2 µl aliquots to the cell. Quantification of metal ions with the hydrogel was 

studied by SWV using the following parameters: potential window: -0.8 V to 0.6 V, amplitude: 

0.2 V, scan rate: 100 mV/s, frequency: 10 Hz, and E-step: 0.01 V.  We have selected 100 mV/s as 

the analytical scan rate because it represents the best match in analytical redox of the metal ions 

with the electron transfer capabilities of the hydrogel systems. The potential scan was started in 

the oxidation (anodic) direction after 2 second rest period and it was repeated. For quantification 

of metal ions with PSF hydrogel-HA, the dry PSF hydrogel thin film on the AuE interface was 

impregnated with HA by submerging in 2 ml HA solution for 30 minutes. Quantification of metals 

with PSF hydrogel-HA was then carried out with SWV following the same procedure as described 
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above. The obtained results showed an increase in peak current as a function of an increase in 

concentration of the analyte. The detected concentrations varied from 1.78 µM to 54 µM in 0.5 M 

PBS, pH 7.0. For evaluation of the linearity of the sensor, the calibration curves were plotted to 

compute correlation coefficient, intercept and slope values. The limits of detection for Cu (II), Cd 

(II) and Pb (II) were estimated based on equation 12. 

         LOD = 3.3 × �S�/��                    (12)  [128]       

 

Where SY denotes the standard deviation (SD) of responses and “a” for the slope of a linear 

calibration line.  The lowest concentration that can be measured in a sample at an acceptable level 

of accuracy and precision, that is limit of quantitation, was computed using standard deviation of 

the response and the slope method expressed as displayed in equation 13 [129]. 

               ��� = 10 × ���/��                (13) 

 

Measurements of three replicates were performed and expressed as RSD % among responses using 

equation 14.         

           ��� = �
��

����
� × 100%        (14)  [129] 

 

The current readings were captured for quantitative analysis. 

The surface concentration of PSF hydrogel on the surface of the AuE can be determined by using 

the Brown Anson approximation, equation 15. 

 

��, �  =
�����Г

���
�     (15) 

 
Where:  

Ip,a is the peak current (A)  

n is the number of electrons (1)  

F is Faradays constant (96485 C.mol-1)  

A is the geometric area of the electrode surface (0.07 cm2)  

R is the gas constant in J mol-1 K-1 (8.314 J.mol-1K-1)  

T is presented by the absolute temperature (298.15 K)  
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ν is the scan rate in (V.s-1)  

Г represents the surface concentration coverage/density (mol.cm-2).  

Therefore, Г for PSF hydrogel is calculated to be 8.64×10-10 mol.cm-2.  

 

Preparation of Au electrode interface 

 

 

Scheme 3: Steps of electrode preparation 
 

Commercial Au electrodes were modified with PSF hydrogel and HA as indicated (Scheme 3). 

The metal ions in solution were quantified by standard addition method using cyclic voltammetry 

and square wave voltammetry. 
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5.2. Electrochemical study of transducer modification 

Square wave voltammetry analysis used to evaluate the redox chemistry of metal ions at the 

hydrogel and hydrogel/HA electrode interfaces, respectively. The electrochemical window was 

fixed from -0.8 to 0.6 V and the scan rates were incremented in the range 10-300 mV/s. 

 
Figure 17: Square wave voltammetry of the bare AuE, PSF hydrogel and HA in phosphate buffer solution at the 
gold electrode in the potential range from -0.8 V to 0.6 V. Scan rate 100 mV/s 

 

The Au electrode interface was modified with PSF hydrogel as evidenced by the development of 

peaks at – 0.3 and 0 V and a noticeable decrease in current response (figure 17). Upon further 

modification with HA, no peak was observed and a further decrease in current was observed. The 

quantitative analysis of Cu, Cd and Pb ions were evaluated at the hydrogel and hydrogel 

encapsulated humic acid electrode interfaces. Humic acid is a complexing agent of choice since it, 

firstly, contains several functional groups that are involved in complexation of metals and, 

secondly, the waste material of the sensor is environmentally friendly since humic acid is a 

naturally occurring complexing agent unlike several other ligands. 

http://etd.uwc.ac.za/ 
 



58 
 

5.3. Electrochemical studies of copper 

5.3.1. Electrochemical study of copper at the bare glassy carbon electrode 

(GCE) 

Quantification of copper at the bare GCE was carried out by standard addition method, where 

copper amounts were added in 10 µl increments to the cell with 5 ml of 1 M HCl. HCl is a standard 

electrolyte and most metals are soluble in it. It is a strong electrolyte that reduces and oxidizes 

metals at the bare electrode. There might have been lack of sensitivity for lower concentrations 

but the focus here was not the study of the analytical profile of metals but the behaviour, to identify 

electrochemical peaks at the bare GCE. The potential was applied and resulted in a steady increase 

in current response. 

 

 

Figure 18: Cyclic voltammetry of copper in HCl solution at the bare GC electrode in the potential range from -800 
V to 1200 V. Scan rate 50 mV/s 
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Cyclic voltammetry of copper at bare GCE offered a clear-cut voltammogram as shown in figure 

18 and it displays two oxidation peaks. There was no peak observed prior to the addition of copper 

solution, but upon the addition of copper peaks were observed. As copper was incremented an 

increase in peak current response was observed and hence all the peaks are attributed to free copper 

ions in the solution. The calibration curve for quantification of copper at bare GCE (figure 19) was 

used to determine corresponding coefficients of peak (a), where limit of detection (LOD) was 

found to be 2.1375 × 10-4 M, limit of quantification was 6.4786 × 10-4 M, sensitivity of 53.9607 

µA/mM was achieved and R-squared value was 0.98846. This data reveals that GCE has good 

sensitivity towards copper. GCE could not be modified with PSF hydrogel due to its low affinity 

for the hydrogel, meaning it would easily fall off the GCE interface. Cyclic voltammetry of copper 

could only be successfully performed at the bare GCE but showed inadequate sensitivity at Au 

interface.

 

Figure 19: Calibration plot for detection of copper at the bare glassy carbon electrode 
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5.3.2. Electrochemical study of copper at the bare gold electrode (AuE) 

Square wave voltammetry of copper at the bare gold electrode (AuE) gave a well-defined 

voltammogram as shown in figure 20 and it exhibits three oxidation peaks, whose development 

confirms that copper (II) is redox-active at our AuE sensor and hence it was inferred that copper 

could also be redox-active at the modified interface. All the peaks can be ascribed to copper since 

no peak was observed for the bare AuE prior to the addition of copper solution into the electrolyte. 

As the concentration of copper increased the peak current responses also increased steadily. It is 

assumed that the observed increase in current response is due to the detection of free copper ions 

in the solution. 

 

Figure 20: Square wave voltammetry of copper in phosphate buffer solution at the bare gold electrode in the 
potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 21 shows the calibration curves for replicate measurements of Cu(II) at bare Au electrode 

and since there is always some error associated with the measurement of any signal (due to material 

differences during preparation as well as human error), this figure shows the differences between 

measurements. The detections were performed in triplicates and the average current response 
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measured as a function of concentration for the oxidation of Cu(I) to Cu(II) at bare Au electrode 

was used for the construction of the calibration curve in figure 22 to determine more parameters. 

The standard deviations of current response were used to determine error bars. As the 

concentration increases, error bars increase. The calibration curve for determination of copper at 

bare gold electrode is displayed in figure 22 and its corresponding coefficients in table 4, where 

the values of limits of detection and quantitation, sensitivity, RSD, and also the coefficient of 

determination (R2) are presented. The attained variation is evidently nonlinear with high error bars, 

which may be due to slight variation in electrode characteristics such as electron exchange ability, 

electronic structure and density of states which are significant reaction kinetics. When comparing 

the three measurements at the bare electrode (table 4) their slopes (sensitivities) were different 

given high RSD. 

 

Figure 21: Calibration plot for the triplicate detections of copper at the bare gold electrode 
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Figure 22: Calibration plot for the detection of copper at the bare gold electrode. The error bars represent the 
standard deviation of measurements from 3 times repetitions 

 
 Table 4: Data for copper detection with the bare gold electrode 

 

Electrode  
Number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

Bare AuE 1 0.2379 10.6954 32.4103 0.92391  
        19.51% 

Bare AuE 2 0.3310 7.8196 23.6958 0.95820 

Bare AuE 3 0.2415 3.8992 11.8158 0.98935 

5.3.3. Electrochemical study of copper at the PSF hydrogel-modified gold 

electrode (AuE) 

Square wave voltammetry has been used to investigate metal-complexing capability of the 

synthesized and electrodeposited hydrogels. As shown in figure 23, the peak current increased 

with metal concentration and three peaks were observed. Square wave voltammetry (SWV) reveals 
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a distinctive peak at + 0.05 V, associated with oxidization of Cu/Cu2+ on a HGL-modified AuE 

[130]. A minor peak was observed around -0.4 V in figure 21, due to the partial reduction of 

entrapped Cu2+ to Cu+ [131], [132]. The hydrogel used to modify the surface of the gold electrode 

has been found to have a considerable influence on the peaks. The peaks observed at +0.05 V and 

+0.35 V became broader than at the ones observed at bare electrode, which could be linked with 

copper complexation by the hydrogel on the surface of the electrode.  

 
 

Figure 23: Square wave voltammetry of copper in phosphate buffer solution at the PSF hydrogel modified gold 
electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 24 shows the calibration curves for replicate measurements of Cu(II) at the Au/HGL 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 

between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Cu(I) to Cu(II) at the 

Au/HGL electrode was used for the construction of the calibration curve in figure 25 for 
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determination of more parameters. The standard deviations of current response were used to 

determine error bars. As the concentration increases, error bars increase. The observed slope 

change in figure 25 was attributed to near-saturation of the polysulfone hydrogel with Cu. 

Supposing that there is a direct correlation between the linear section and the binding capacity of 

the hydrogel for Cu, this binding ability is of the order of ~ 16 µM Cu for 8.64 ×10 -10 mol.cm-2 

PSF hydrogel. The related coefficients are shown in table 5, where the values of sensitivity, the 

coefficient of measurement and limits of detection and quantitation are shown. The limit of 

detection was calculated as the values in table 5 according to equation 12 for AuE/HGL sensor.  

 

Figure 24: Calibration plot for the triplicate detections of copper at the PSF hydrogel-modified gold electrode 
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Figure 25: Calibration plot for the detection of copper at the PSF hydrogel modified gold electrode. The error bars 
represent the standard deviation of measurements from 3 times repetitions 

 

Table 5: Data for copper detection with PSF hydrogel-modified gold electrode 

 

Electrode  
Number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL 1 0.4130 5.5185 16.7228 0.97887  
        36.19% 

AuE/HGL 2 0.4815 6.5839 19.9512 0.97009 

AuE/HGL 3 0.2217 7.8982 23.9338 0.97959 

5.3.4. Electrochemical study of copper at the PSF hydrogel/humic acid-

modified gold electrode (AuE) 

The electrodeposited hydrogel was functionalized with humic acid and square wave voltammetry 

was used to study the metal complexation ability of the hydrogel-humic acid sensor. The forward 
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potential scan produced three oxidation peaks, as shown in figure 26, which could all be associated 

with copper since the hydrogel-humic acid background exhibited no peak. The effect of humic 

acid was attested by the uniform spacing between peaks given the overlapping peaks observed at 

the bare electrode and at the hydrogel-modified electrode, especially the peaks at – 0.25 V and + 

0.35 V. Other studies [133] have already shown that the adsorption of copper ions rises with the 

amount of suspended humic substances and declines with low pH levels or a rise in dissolved 

organic substances. Since the electrolyte pH of ~7 was kept constant prior to and after the 

entrapment of humic acid in the hydrogel, it is therefore evident that the observed decrease in 

current response is due to the fact that the adsorption of Cu (II) ions increased when humic acid 

was incorporated in the hydrogel matrix which reduced the number of free Cu (II) ions in the 

solution and hence low current response. Humic materials constitute a diverse range of functional 

groups, including hydroxyl (OH), carboxyl (COOH), and carbonyl (C=O) and these are some of 

the active sites through which metal ions are bonded to form complexes after loss of protons from 

this ligand [134]. The swelling of the hydrogels increases with  pH [135], but the rationale 

for constant neutral pH is that copper adsorption tends to decline at high pH levels owing to the 

development of hydroxides of metals or dissolvable organic metal complexes [136]. 

 
Figure 26: Square wave voltammetry of copper in phosphate buffer solution at the PSF hydrogel/ humic acid-
modified gold electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 
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Figure 27 shows the calibration curves for replicate measurements of Cu(II) at the Au/HGL/HA 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 

between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Cu(I) to Cu(II) at the 

Au/HGL/HA electrode was used for the construction of the calibration curve in figure 28 for 

determination of more parameters. The standard deviations of current response were used to 

determine error bars. As the concentration increases, error bars increase. The observed change in 

slope in figure 28 was accredited to near-saturation of the HA with Cu. Presuming that the linear 

section is directly proportional to the binding ability of the HA for Cu, this binding ability is of the 

order of ~ 18 µM Cu for 0.25 ml of HA. Table 6 presents the corresponding coefficients, including 

the coefficient of determination (R2), sensitivity, limit of detection and limit of quantitation. HA 

has a great metal complexing ability as it has carboxylic groups and phenolic-OH as predominant 

sites for metal complexation. The ability of HA to form stable chelate complexes varies with metals 

[137]. The results of IR spectrophotometer of humic acid exhibit that a broad peak was observed 

at 1640–1588 cm−1, linked to the carbonyl of the carboxylic acid group, and a great peak at 

3416.6 cm−1, linked with phenols, alcohols and carboxylates [138]. It is generally approved that 

metals can also be held firmly through binding specifically with N and S groups on humic acid 

which favourably bind metals like copper among others [139].  
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Figure 27: Calibration plot for the triplicate detections of copper at the PSF hydrogel/humic acid -modified gold 
electrode 

 
Figure 28: Calibration plot for the detection of copper at the PSF hydrogel/ humic acid-modified gold electrode. 
The error bars represent the standard deviation of measurements from 3 times repetitions 
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Table 6: Data for copper detection with PSF hydrogel/humic acid-modified gold electrode 

 

Electrode  
Number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL/HA 1 0.3250 9.3452 28.3189 0.94134  
        28.24% 

AuE/HGL/HA 2 0.4041 5.0111 15.1854 0.98251 

AuE/HGL/HA 3 0.2249 4.3651 13.2276 0.98993 

5.3.5. Conclusions on the electrochemical study of copper  

Simple square wave voltammetric sensors based on gold electrode/polysulfone hydrogel 

(AuE/HGL) and gold electrode/polysulfone hydrogel/humic acid (AuE/HGL/HA) have been 

developed for complexation of copper (II) ions. Comparison of sensitivity values for the modified 

and unmodified electrodes shows that modification of AuE with HGL improved the sensitivity of 

the electrode and further modification with humic acid further enhanced the sensitivity according 

to the limits of detection. The redox chemistry of copper exhibited the same number analytical 

peaks at both modified and unmodified interfaces. Humic acid is understood to have the effect of 

a surface-active agent which could be greater than the propensity for the adsorption of Cu-HA; 

this is the most likely reason behind the absence of an observable rise in linear range in spite of 

greater concentrations whereas the sensitivity rose [140]. The measurements were performed in 

triplicates and the slope and standard deviation of the calibration curves have been used for the 

determination of limit of detection (LOD) of the sensors. The AuE/HGL sensor in our study 

achieved  the average limit of detection of 6.6669 µM,  which makes it less sensitive than the 

electrochemical Cu (II) sensor constructed by Oztekin et al [141]; where the limit of detection 

(LOD) was calculated as 5.0 x 10-12 M for a gold electrode modified with 4-formylphenylboronic 

acid, and Lu et al [142] used nafion modified electrode to determine Cu (II), which achieved an 

LOD of 0.021 µM. The lower sensitivity of our AuE/HGL sensor could be ascribed to lesser 

adsorption groups on our hydrogel. In our work, the average LOD values were found to be 7.4714 

µM for the bare AuE sensor, 6.6669 µM for the AuE/HGL sensor and 6.2405 µM for the 

AuE/HGL/HA sensor. The humic acid sensor shows the lowest LOD, which implies that it can 

detect copper ions at lower concentrations than the other two sensors. The rationale for a 

very small difference between the LOD values of the hydrogel sensor and the humic acid sensor 
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is the small amount of the entrapped humic acid in the hydrogel matrix, meaning adsorption 

increases with dissolved humic substances. The humic acid sensor (AuE/HGL/HA) in our study 

was found to be less sensitive than the sensor developed by Marta Radaelli et al. [143]; which 

yielded the (LOD) of 0.52 nM for Cu ions by DPASV. The sensor constructed by Eub-Duck Jeon 

et al. [144] also exhibited higher sensitivity and the determined LOD was 8.0 X 10-8 M. The 

explanation for the lower sensitivity of our humic acid sensor could be that the amount of the 

ligand that interacted with copper ions was limited owing to the small surface concentration of the 

hydrogel which could not entrap a large amount of humic acid. Another reason might be that some 

of the active sites on the entrapped humic acid could not be reached by metal ions due to the 

conformation of the ligand. Our hydrogel-humic acid sensor achieved an LOD lower than the 

WHO’s guideline value of 2 mg/L and this is advantageous since it would allow for detection of 

even lower concentrations. Given the LOD value and linear range fall within the range of copper 

concentrations in water, which is from 0.0005 to 1 mg/L, the sensor is more suitable for water 

quality monitoring. Our sensor has been constructed in such a way that it would be environmentally 

friendly since the modification layer, the hydrogel, was synthesized by incorporating PVA, which 

is biodegradable under both aerobic and anaerobic conditions, and PSF which is a green material 

due to its biodegradability. Humic acid is an environmentally friendly adsorbent and enhances soil 

fertility and removes polluting agents. Therefore, the modification layer does not increase but 

decreases toxicity in the environment due to its dominant organic content. The reduction potential 

for free Cu(II) ions is 0.34 V [145], whereas in complexed form, Cu(II)-HGL, it reduced to 0.057 

V. After modification of the hydrogel thin film with humic acid, the reduction potential of the 

complexed state, Cu-HGL-HA, decreased more to -0.123 V. The observed decreasing pattern of 

the reduction potential after complexation is ascribed to higher complexing agent (HGL and HA) 

stabilization of Cu(II) than Cu and consequently it decreases the reduction potential of Cu(II)-Cu 

redox couple. Tabbì et al [146] obtained a shifted formal potential of  -0.118 V for Cu(II) complex 

with ligands having oxygen and nitrogen as donor atoms, which coordinate Cu(II) in a square 

planar arrangement. 

5.4. Electrochemical study of cadmium 

Square wave voltammetry of cadmium was performed successfully at Au interface but cyclic 

voltammetry showed inadequate sensitivity at Au interface. 
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5.4.1. Electrochemical study of cadmium at the bare gold electrode (AuE) 

The electrochemical study of cadmium at the bare gold electrode resulted in the development of 

one oxidation peak as exhibited in figure 29. No peak was observed in the absence of metal ions 

but the effect of the increasing concentration of cadmium ions led to the observed increase of peak 

height and hence it is assumed that it was the detection of free cadmium ions that lead the observed 

increased in current response. 

 
Figure 29: Square wave voltammetry of cadmium in phosphate buffer solution at the bare gold electrode in the 
potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 30 shows the calibration curves for replicate measurements of Cd(II) at bare Au electrode 

and since there is always some error associated with the measurement of any signal (due to material 

differences during preparation as well as human error), this figure shows the differences between 

measurements. The detections were performed in triplicates and the average current response 

measured as a function of concentration for the oxidation of Cd to Cd(II) at bare Au electrode was 

used for the construction of the calibration curve in figure 31 for determination of more parameters. 
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The standard deviations of current response were used to determine error bars. As the 

concentration increases, error bars increase. The values of sensitivity, limits of detection (LOD) 

and quantitation (LOQ), RSD and the coefficient of determination (R2) are presented in table 7. 

When comparing the three detections at the bare electrode (table 7), the achieved sensitivities are 

almost the same as attested by their RSD, which is also the case with the achieved values of LOD. 

The values of R2 obtained display the very good reliability of the method. 

 

Figure 30: Calibration plot for the triplicate detections of cadmium at the bare gold electrode 
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Figure 31: Calibration plot for the detection of cadmium at the bare gold electrode. The error bars represent the 
standard deviation of measurements from 3 times repetitions 

 

Table 7: Data for cadmium detection with the bare gold electrode 

 

Electrode  
number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

Bare AuE 1 0.1283 2.7831 8.4336 0.99045  
        3.83% 

Bare AuE 2 0.1193 2.8031 8.4942 0.98632 

Bare AuE 3 0.1264 2.8722 8.7037 0.98699 

5.4.2. Electrochemical study of cadmium at the PSF hydrogel-modified gold 

electrode (AuE) 

The gold electrode was modified with the hydrogel to produce a sensor for detection of cadmium 

ions. The forward (oxidation) potential scan produced two peaks as shown in figure 32. The 

shifting of the broader peak to a less negative potential value, i.e. -0.3 V, could be attributed to the 

formation of a complex between the hydrogel and cadmium ions. The development of the second 
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anodic peak could also be linked to the interaction between the hydrogel and cadmium ions given 

the absence of the second peak when cadmium was detected with the bare electrode. 

 
Figure 32: Square wave voltammetry of cadmium in phosphate buffer solution at the PSF hydrogel -modified gold 
electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 33 shows the calibration curves for replicate measurements of Cd(II) at the Au/HGL 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 

between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Cd to Cd(II) at the Au/HGL 

electrode was used for the construction of the calibration curve in figure 34 for determination of 

more parameters. The standard deviations of current response were used to determine error bars. 

As the concentration increases, error bars increase. The big error bars may be as a result of slightly 

different hydrogel surface concentration which presented different amounts of binding sites on the 

modified interface. Table 8 presents values of sensitivity, limits of detection (LOD) and 

quantitation (LOQ), RSD and the coefficient of determination (R2). The observed slope change 

was attributed to near-saturation of the PSF hydrogel with Cd. Supposing that there is a direct 

http://etd.uwc.ac.za/ 
 



75 
 

correlation between the linear section and the binding capacity of PSF hydrogel for Cd, this binding 

ability is of the order of ~ 12.5 µM Cd for ~ 8.64 ×10 -10 mol.cm-2 PSF hydrogel. The obtained 

values of R2 show good reliability of the method. When comparing the three measurements at the 

hydrogel-modified electrode, only two values of achieved sensitivity are comparable and hence 

their high RSD.  

 

Figure 33: Calibration plot for the triplicate detections of cadmium at the PSF hydrogel-modified gold electrode 
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Figure 34: Calibration plot for the detection of cadmium at the PSF hydrogel modified gold electrode. The error 
bars represent the standard deviation of measurements from 3 times repetitions 
 

Table 8: Data for cadmium detection with PSF hydrogel-modified gold electrode 

 

Electrode  
number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL 1 0.0990 2.2454 6.8041 0.99376  
        27.35% 

AuE/HGL 2 0.1016 4.6338 14.0142 0.98454 

AuE/HGL 3 0.1566 2.1149 6.4087 0.99447 

5.4.3. Electrochemical study of cadmium at the PSF hydrogel/humic acid-

modified gold electrode (AuE) 

The hydrogel thin film was functionalized with humic acid to produce a sensor for detection of 

cadmium. As shown in figure 35, the forward scan led to the development of two oxidation peaks. 

The wide peak separation at -0.3 V could be the effect of humic acid since peak separation around 
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that potential was smaller when detection was performed with the bare electrode and with the 

hydrogel-modified electrode. The second oxidation peak around 0 V decreased considerably and 

this could be due to complex formation between humic acid and cadmium ions. Once humic acid 

was incorporated into the hydrogel a decrease in current response was observed and this could be 

attributed to an increase in binding capacity as a result of modification with humic acid. The 

explanation for lower current response could be that humic acid, through its functional groups, 

complexed most of the free copper (II) ions in the solution. Cadmium preferably interacts with the 

ionizable carboxyl groups that are available for complexation [147]. It is understood that 

complexation capacity increases with pH and the amount of both metals and dissolved organic 

substances, the explanation being that as pH increases more functional groups are ionized and 

become available for complexation and an increase in the amount of organic substances increases 

the number of functional groups which could be ionized to interact with metal ions. Therefore, this 

increase in adsorption capacity can only be ascribed to the presence of humic acid since the pH of 

~7 was kept constant throughout the measurements. 

 
 

Figure 35: Square wave voltammetry of cadmium in phosphate buffer solution at the PSF hydrogel/ humic acid 
modified gold electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 
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Figure 36 shows the calibration curves for replicate measurements of Cd(II) at the Au/HGL/HA 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 

between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Cd to Cd(II) at the 

Au/HGL/HA electrode was used for the construction of the calibration curve in figure 37 for 

determination of more parameters. The standard deviations of current response were used to 

determine error bars. As the concentration increases, error bars increase. The error bars are high, 

which is indicative of nonlinear variation and could be attributed to leaching of the hydrogel into 

the electrolyte, leading to various amounts of the adsorbent on the interface of the three modified 

electrodes. The observed change in slope in figure 37 was accredited to near-saturation of the HA 

with Cd. Presuming that the linear section is directly proportional to the binding ability of the HA 

for Cd, this binding ability is of the order of ~ 12.5 µM Cd for 0.25 ml of HA. The corresponding 

coefficients are presented in table 9, in which the values of limits of detection (LOD) and 

quantitation (LOQ), the coefficient of determination (R2), sensitivity, RSD and are displayed. 

Comparing the three detections in table 9, the three sensitivity values are different and high and 

that could be associated with formation of complexes between humic acid and cadmium ions. The 

R2 values obtained show good reliability of this method. 
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Figure 36: Calibration plot for the triplicate detections of cadmium at the PSF hydrogel/humic acid-modified gold 
electrode 

 
Figure 37:  Calibration plot for the detection of cadmium at the PSF hydrogel/humic acid-modified gold electrode. 
The error bars represent the standard deviation of measurements from 3 times repetition 
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Table 9: Data for cadmium detection with hydrogel/humic acid-modified gold electrode 

 

Electrode  
number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL/HA 1 0.1783 4.1468 12.5661 0.99499  
        31.74% AuE/HGL/HA 2 0.0950 2.7043 8.1949 0.99064 

AuE/HGL/HA 3 0.1766 0.9752 2.9551 0.9880 

5.4.4. Conclusions on the electrochemical study of cadmium  

The development of a voltammetric sensor based on gold electrode/polysulfone hydrogel/humic 

acid for detection of cadmium (II) ions has been achieved. When comparing sensitivity values for 

the bare sensor and modified sensor, the AuE/HGL/HA sensor is way high and this could be 

attributed to functionalization of the hydrogel thin film on the gold interface. The number of 

analytical peaks observed for cadmium increased from one to two upon electrode modification, 

which could be due to the formation of complexes between the hydrogel and cadmium ions. The 

measurements were performed in triplicates and the slope and standard deviations were used to 

determine the average LOD values. The average LOD for Cd(II) detection with AuE/HGL sensor 

was found to be 2.9980 µM which makes it more sensitive than the sensor constructed with  

Bi/Nafion/thiolatedpolyaniline/GCE treated with SWASV by Chen et al, whose LOD was found 

to be 3.56 ×10-4 M [148]. The LOD value of the AuE/HGL sensor was also compared with some 

LOD values achieved by other researchers and found to be less sensitive. The other more sensitive  

sensors include the one constructed with polycyclodextrin-modified carbon paste electrode treated 

with anodic stripping voltammetry by Roa et al [149]; where the LOD was reported as 2.51 µM, 

graphene/polyaniline/polystyrene (G/PANI/PS) nanoporous fiber modified SPCE by Promphet et 

al, whose LOD was found to be 1.59×10-8 M [150], and a nafion modified electrode treated with 

DPASV by Lu et al. [142] whose  LOD was found to be 0.035 µM. This lower sensitivity of our 

sensor compared with the abovementioned sensors could be attributed to less binding sites on the 

hydrogel and lower surface concentration. The humic acid sensor, AuE/HGL/HA, constructed in 

the current work achieved the average LOD of 2.6088 µM, which makes it more sensitive than the 

hydrogel sensor, AuE/HGL, prior to its functionalization with humic acid. This attests to the 

binding capacity of humic acid for cadmium ions through its many functional groups. The 
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sensitivity of the constructed humic acid sensor in the current work was compared with other works 

and found to be less sensitive. The other works include the study by Grabarczyk and Koper [151]; 

where an LOD of 3 x 10-10 M was achieved. The other investigation was conducted by Radaelli et 

al. [143] and achieved an LOD of 0.097 nM. The explanation for the lower sensitivity of the humic 

acid sensor in the current work could be that the humic acids of different molecular weights were 

used. Molecular weight (Mw) is an important property of humic acid and its increase leads to a 

decrease in the concentration of acidic functional groups, so the larger Mw of the humic acid in 

the current study could be one of the reasons for the lower binding capacity of the sensor. Our 

hydrogel-humic acid sensor offered an LOD way higher than the WHO’s guideline value of 0.003 

mg/L. Both the LOD and linear range do not allow for the detection of Cd at or below the guideline 

value since they are above. Our sensor is more suitable for food quality monitoring since the LOD 

and linear range fall within the range of Cd concentration in food, which is from 10 to 1000 µg/kg. 

Our sensor was developed so that it would be environmentally friendly. The modification layer 

was made up of the hydrogel, which was produced by blending two polymers, PVA and PSF, 

which are mostly organic and therefore green materials because of their biodegradability. The 

hydrogel was further modified with HA which is a naturally occurring organic substance, meaning 

it does no harm to the environment. Therefore, the modification layer, which would be waste 

material after detections, would not increase toxicity in the environment. The reduction potential 

of free Cd(II) ions is -0.40 V [145], while in complexed form, Cd(II)-HA, it reduced to -0.300 V. 

The observed decline in reduction potential after complexation implies that the oxidized form, 

Cd(II), becomes more stable after complexation and this is attributed to higher complexing agent, 

HA, stabilization of Cd(II) than Cd and as a result, it reduces the reduction potential of Cd(II)-Cd 

redox couple. Cadmium-methionine complex was studied by Rangarajan et al. [152];  where a 

shifted formal potential of -0.569 V was obtained. 

5.5. Electrochemical study of lead 

Square wave voltammetry of lead was performed successfully at Au interface but cyclic 

voltammetry showed inadequate sensitivity at Au interface. 
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5.5.1. Electrochemical study of lead at the bare gold electrode (AuE) 

The electrochemical study of lead at the bare gold electrode resulted in no peak in the absence of 

cadmium as shown in figure 38. The anodic potential scan resulted in the development of two 

oxidation peaks as soon as lead was introduced and the broader peak being around -0.3 V and the 

other one around -0.1 V. As the concentration of lead ions increased, the current responses 

increased accordingly and hence it is assumed that it was the detection of free lead ions that lead 

to an increase in current response. 

 

 
Figure 38: Square wave voltammetry of lead in phosphate buffer solution at the bare gold electrode in the potential 
range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 39 shows the calibration curves for replicate measurements of Pb(II) at bare Au electrode 

and since there is always some error associated with the measurement of any signal (due to material 

differences during preparation as well as human error), this figure shows the differences between 

measurements. The detections were performed in triplicates and the average current response 

measured as a function of concentration for the oxidation of Pb to Pb(II) at bare Au electrode was 
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used for the construction of the calibration curve in figure 40 for determination of more parameters. 

The standard deviations of current response were used to determine error bars. As the 

concentration increases, error bars increase. The corresponding values of sensitivity, LOD, LOQ 

and R2 are shown in table 10. The achieved sensitivities of the three measurements are almost the 

same as attested by low RSD. Only two values of the LOD are comparable.  

 

 
         Figure 39: Calibration plot for the triplicate detections of lead at the bare gold electrode 
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 Figure 40: Calibration plot for the detection of lead at the bare gold electrode. The error bars represent the 
standard deviation of measurements from 3 times repetitions 

 
Table 10: Data for lead detection with the bare gold electrode 

 

Electrode  
Number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

Bare AuE 1 0.0850 6.6180 20.0548 0.96883  
        9.40% 

Bare AuE 2 0.0704 5.0501 15.3032 0.98163 

Bare AuE 3 0.0697 2.7934 8.4650 0.99526 

5.5.2. Electrochemical study of lead at the PSF hydrogel-modified gold 

electrode (AuE) 

The electrode was electrochemically modified with the hydrogel for detection of lead. As shown 

in figure 41, the anodic potential scan produced two oxidation peaks, one around -0.3 V and the 

other around 0 V. The increasing lead concentration resulted in corresponding increase in peak 

height. The broadened peak around 0 V could be due to complex formation between the hydrogel 
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and lead ions. In figure 41 there is a little decrease in current response and that could be due to the 

complexation of free Pb ions from the solution with the hydrogel thin film.  

 
 Figure 41: Square wave voltammetry of lead in phosphate buffer solution at the PSF hydrogel-modified gold 
electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 42 shows the calibration curves for replicate measurements of Pb(II) at the Au/HGL 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 

between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Pb to Pb(II) at the Au/HGL 

electrode was used for the construction of the calibration curve in figure 43 for determination of 

more parameters. The standard deviations of current response were used to determine error bars. 

As the concentration increases, error bars increase. The observed change in slope in figure 43 was 

attributed to near-saturation of the polysulfone hydrogel with Pb. Supposing that there is a direct 

correlation between the linear section and the binding capacity of PSF hydrogel for Pb, this binding 

ability is of the order of ~ 13.5 µM Pb for ~ 8.64 ×10 -10 mol.cm-2 PSF hydrogel. The related 
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coefficients are in table 11, which also presents the values of sensitivity, LOD, LOQ and R2. The 

sensitivities attained from three detections are a little different from each other and hence high 

RSD. 

 

       Figure 42: Calibration plot for the triplicate detections of lead at the PSF hydrogel-modified gold electrode 
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Figure 43: Calibration plot for the detection of lead at the PSF hydrogel-modified gold electrode. The error bars 
represent the standard deviation of measurements from 3 times repetitions 

 
Table 11: Data for lead detection with PSF hydrogel-modified gold electrode 

 

Electrode  
Number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL 1 0.0697 6.1893 18.7556 0.96073  
        17.04% 

AuE/HGL 2 0.0458 2.8798 8.7266 0.99127 

AuE/HGL 3 0.0568 6.0149 18.2271 0.96285 

5.5.3. Electrochemical study of lead at the PSF hydrogel/humic acid-

modified gold electrode (AuE) 

The hydrogel thin film was functionalized with humic acid to develop a sensor for lead detection. 

No peak was observed in the absence of lead ions as shown in figure 44. The forward potential 

scan produced two oxidation peaks immediately after the addition of lead and the current responses 

http://etd.uwc.ac.za/ 
 



88 
 

increased with the concentration of lead. The wider and uniform peak separation around both -0.3 

V and 0 V could be associated with the complexes formed between humic acid and lead ions. In 

figure 44 a noticeable decrease in current response was observed and that could be due to 

complexation of free Pb ions with humic acid, whose incorporation seems to have increased the 

complexation capacity of the sensor. It is known that complexation capacity is determined by pH 

and the concentration of both metal ions and humic substances. The pH was kept constant 

throughout the measurement and the same concentration increments were made as in the detection 

with the hydrogel sensor, so the only difference is the presence of humic acid and hence the 

observed increase in adsorption is ascribed to the many ionizable functional groups on humic acid. 

 

 
Figure 44: Square wave voltammetry of lead in phosphate buffer solution at the PSF hydrogel/humic acid-modified 
gold electrode in the potential range from -0.8 V to 0.2 V. Scan rate 100 mV/s 

 

Figure 45 shows the calibration curves for replicate measurements of Pb(II) at the Au/HGL/HA 

electrode and since there is always some error associated with the measurement of any signal (due 

to material differences during preparation as well as human error), this figure shows the differences 
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between measurements. The detections were performed in triplicates and the average current 

response measured as a function of concentration for the oxidation of Pb to Pb(II) at the 

Au/HGL/HA electrode was used for the construction of the calibration curve in figure 46 for 

determination of more parameters. The standard deviations of current response were used to 

determine error bars. As the concentration increases, error bars increase.  The observed change in 

slope in figure 46 was accredited to near-saturation of the HA with Pb. Presuming that the linear 

section is directly proportional to the binding ability of the HA for Pb, this binding ability is of the 

order of ~ 13.5 µM Pb for 0.25 ml of HA. The corresponding coefficients in table 12, in which the 

values of limits of detection (LOD) and quantitation (LOQ), the coefficient of determination (R2), 

sensitivity, RSD and are presented. The values of sensitivity attained from the three detections are 

different and hence high RSD. That is also the case with LOD values.  

 

Figure 45:  Calibration plot for the triplicate detections of lead at the PSF hydrogel/humic acid-modified gold 
electrode 
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Figure 46: Calibration plot for the detection of lead at the PSF hydrogel/humic acid-modified gold electrode. The 
error bars represent the standard deviation of measurements from 3 times repetitions 

 
 
Table 12: Data for lead detection with the PSF hydrogel/humic acid-modified gold electrode 

 

Electrode  
number 

Sensitivity 
(µA/µM) 

  LOD 
 (µM) 

LOQ 
(µM) 

R-square RSD% 
(Sensitivity) 

AuE/HGL/HA 1 0.0639 5.7689 17.4817 0.97239  
        22.34% 

AuE/HGL/HA 2 0.0532 5.0285 15.2379 0.97377 

AuE/HGL/HA 3 0.0899 3.7531 11.3729 0.98525 

5.5.4. Conclusions on the electrochemical study of lead  

An electrochemical sensor based on gold electrode/ hydrogel/ humic acid for complexation of lead 

(II) ions has been constructed. The redox chemistry of lead showed the same number, i.e.   two, of 

analytical peaks even after interface modification. The sensitivity values achieved at the bare 

electrode and at the modified interface show no considerable difference, which is indicative of the 
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weak complexation ability of the hydrogel and humic acid for lead ions. The measurements were 

performed in triplicates and the AuE/HGL sensor in the current work achieved an average LOD 

of 5.03 x 10 µM, which makes it more sensitive than the two sensors from previous works, first, 

chitosan-coated SPCE treated by SWASV by Hwang et al [153]; where the LOD of 2.82×10-5 M 

was achieved and second, sensor by Chen et al; where  Bi/Nafion/thiolatedpolyaniline/GCE treated 

with SWASV  offered a lower LOD value of 2.41×10-4M  [148]. One of the factors that could be 

attributed to the better sensitivity of our AuE/HGL sensor might be higher surface concentration 

of the be hydrogel which makes more binding sites available. The sensitivity of AuE/HGL Pb (II) 

sensor was also compared with some LOD values obtained by other researchers, e.g.: a 

polycyclodextrin-modified carbon paste electrode treated with SWASV by Roa et al where the 

LOD was found to be 7.14×10-7 M [149], a graphene/polyaniline/polystyrene (G/PANI/PS) 

nanoporous fiber modified screen-printed carbon electrode (SPCE) by Promphet et al offered the 

LOD of 3.94× 10-8 M [150], and a nafion modified electrode treated with DPASV by Lu et al 

[142], whose LOD was found to be  00.049 µM. The humic acid sensor, Au/HGL/HA, in the 

current work achieved an average LOD of 4.85 µM, which makes it less sensitive than the sensor 

constructed by Jeong et al [144], where humic acid was incorporated into graphite powder on a 

carbon paste electrode and achieved an LOD of 5 x 10-10 M. The lower sensitivity of our sensor 

could be ascribed to different molecular weights of the humic acids. Another explanation could be 

that the pH was, by any chance, less than 6.6 which leads to repulsive electrostatic interactions 

between the hydrogel and lead ions. Although the electrostatic interactions between humic acid 

and Pb ions is attractive for pH values between 1.6 to 9 [154], the fact that humic acid was 

encapsulated in the hydrogel matrix might have made it difficult for Pb ions to access it due to 

repulsive interactions between the hydrogel and Pb ions. Our hydrogel-humic acid sensor offered 

LOD higher than the WHO’s guideline value of 0.01 mg/L. Both the linear range and LOD are 

above the guideline value and hence the detection of concentrations at and below the guideline 

value is not possible. The concentrations of Pb in air, water and food is way lower than the LOD 

and linear range achieved by our sensor and hence our sensor needs further modification to achieve 

higher sensitivity. As far as toxicity of the sensor is concerned, the modification layer, the 

hydrogel, does no harm to the environment since it is a derivative of two organic polymers, PSF 

and PVA, which are environmentally friendly due to their biodegradability. The hydrogel was 

further modified with a naturally occurring organic substance, humic acid, which actually reduces 
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toxicity. Therefore, the modification layer which would be sensor waste material after detection 

would not increase toxicity in the environment. The reduction potential for free Pb(II) ions is -0.13 

V [145], whereas in complexed form, Pb(II)-HGL, it reduced to -0.272 V. After modification of 

the hydrogel thin film with humic acid, the reduction potential of the complexed state, Pb(II)-

HGL-HA, further decreased to -0.322 V. Overall, a decline in reduction potential has been 

observed after complexation, which means that the oxidized form, Pb(II), becomes more stable 

after complexation. This is attributed to higher complexing agent, HGL and HA, stabilization of 

Pb(II) than Pb and as a result, it reduces the reduction potential of Pb(II)-Pb redox couple. A Pb 

(II)- bis-(hydrazone) complex was studied by Giraldo et al. [155]; where a shifted formal potential 

of -1.11 V was obtained.  
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                                                      Chapter 6 

6.1. Conclusions  

In this current study we have supplied evidence to confirm the formation of polysulfone hydrogels 

through the incorporation of polyvinyl alcohol (PVA) into polysulfone (PSF) employing 

glutaraldehyde as a cross-linking agent. The synthesized hydrogels were characterized by 

electrochemical, spectroscopic and microscopic techniques. Scan rate studies attested the 

crosslinking of PSF and PVA polymers. The scanning electron microscopy (SEM) analysis 

exhibits how PSF and the produced hydrogels differ in terms of membrane porosity and 

morphology. Unaltered PSF exhibits spherical shape good-sized distribution and uniformity of 

morphology. The integration of PVA into PSF was observed as groups of smaller particles 

scattered on the PSF template. The synthesized hydrogels exhibited nanometer size distribution 

and the homogeneous integration of PVA morphology into PSF template was taken as proof of 

crosslinking between these starting materials to make entirely new hydrogels. Atomic force 

microscopy was utilized to investigate the surface topography as surface roughness variable, which 

is connected to the height distribution at the surface. The height distribution attested the properties 

of the polymers exhibited in SEM images. An increased hydrophilicity of the hydrogel material 

was inferred from higher roughness. Cyclic voltammetry was used to investigate the redox 

behavior of the produced hydrogel thin films and the charge transport characteristics of the 

hydrogel were found to be corresponding to that of an extremely conductive polymer.  Square 

wave voltammetry (SWV) was used to study the redox behavior of heavy metals (Cu, Cd and Pb) 

at the bare gold electrode, hydrogel-modified and hydrogel/humic acid-modified electrode. For Cu 

studies, the AuE/HGL/HA sensor was found to be more sensitive than the AuE/HGL sensor. For 

cadmium (II) studies, the AuE/HGL/HA sensor showed higher sensitivity than the AuE/HGL 

sensor. The AuE/HGL/HA sensor also achieved better sensitivity than the AuE/HGL sensor. The 

same number of analytical peaks were observed for the study of all the three metals even after 

surface modification with the hydrogel and humic acid. 
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6.2. Recommendations 

The investigation attested the successful synthesis of the hydrogel material via crosslinking. 

Nevertheless, several physical characteristics of the hydrogel are yet to be studied such as 

temperature degradation profiles by thermogravimetric analysis and swellability. The research to 

date confirmed the successful use of the hydrogels and humic acid as complexing agents for 

removal of heavy metals from aqueous solutions. The motivation of the research was to present 

the hydrogel material as an enhanced metal-complexing agent by functionalization with humic 

acid ligand. The small-scale tests may be extended to cover more heavy metals and matrices. These 

hydrogels and humic acid may be evaluated for their complexing ability for other organic 

pollutants. The achieved results confirm that the functionalization of the hydrogel by humic acid 

increases the sensitivity of the sensor but it would be interesting in the next studies to find out 

using different methods which of the possibilities of humic acid complexing metal ions happens, 

whether it is: 1) chelation between two carboxylic groups, 2) between carboxylic and phenolic 

groups, 3) binding with phenols or phenolic ethers or 4) complexation with carboxyl group. 

 

We will also work on the implementation of innovative chemical sensors to real sample 

evaluation and produce a mobile in-site tracking set-up for the assessment of heavy metals and 

other ecological pollutants. Mobile potentiostats that are cooperative with constructed sensors 

could be used along with screen printed gold electrodes modified with PSF hydrogel /humic acid 

to determine chosen heavy metals in particular samples in industrial wastewater. It therefore 

unveils the potentiality to carry the research facility to the site of pollution to carry out the 

assessment of a chemical makeup of multi-element samples utilizing uncomplicated sensor 

devices. 

The future work will include the study of sensor efficiency in multi-metal solution since most 

heavy metal-contaminated waters contain more than one heavy metal, so it would be necessary to 

determine the binding abilities of the humic acid-functionalized hydrogel with multi-metal 

solutions. The spectroscopic analysis, by ICP-OES, will also be considered in the future work since 

the focus of the current work was the electrochemical behaviour of metals.  
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