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ABSTRACT 

Human immunodeficiency virus (HIV) and acquired immune deficiency syndrome (AIDS) 

causes morbidity and mortality in infected patients. These epidemics are significantly reduced 

and treated globally with antiretroviral drugs (ARVDs). However, the eventual disposal of the 

ARVDs, either by excretion or otherwise, enables them to end up as emerging hazardous 

contaminants in our environment. Of all the available methods to remove ARVDs from our 

water bodies, electrochemical methods are reckoned to be one of the most effective. As a result, 

it is imperative to acknowledge the interactive behavior of these pharmaceuticals on the surface 

of the electrode. In this study, iron nano-particles were deposited on the carbon cloth electrode 

by electrodeposition using chronoamperometry techniques. The synthesized electrode was 

characterized using scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy 

(EDX), and x-ray photoelectron spectroscopy (XPS) microanalysis. The electrochemical 

characterization of the material was also carried out using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). The electrode's electrocatalytic activity toward 

the generation of hydrogen peroxide (H2O2) through a two-electron oxygen reduction reaction 

was assessed.  

Furtherance to this is the electrochemical degradation of nevirapine (NVP), lamivudine 

(LVD), and zidovudine (ZVD) in wastewater as a pharmaceutical model compound for organic 

pollutants in 50 mM K2SO4 electrolyte at a pH of 3. The SEM and EDX analysis showed the 

formation of iron nanoparticles within the matrix structure of the carbon cloth (CC) electrode. 

The XPS enlightened the presence of oxygen functional groups in the electrode's structure. EIS 

results are indicative that the modified electrode has a decreased charge transfer resistance (Rct) 
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value as compared to the bare CC electrode. On the other hand, the CV result fosters good 

conductivity, enhanced current and large surface area of the modified electrode. More active and 

anchor sites were discovered on the iron-supported CC electrode which resulted in higher 

catalytic activity for the generation and accumulation of H2O2. The concentrations of “in-situ” 

generated H2O2 were found to be related to the current density supplied to the device after 

quantification. Although the accumulated H2O2 concentration appears to be low, it's possible that 

side reactions depleted the amount of H2O2 produced. As a result, the oxygen reduction reaction 

(ORR) through 2e- has a higher electrocatalytic activity with the improved iron assisted CC 

electrode than bare CC electrode. The electrochemical degradation studies conducted with the 

modified CC electrode by electro-Fenton process show a decrease in the initial ARVDs 

concentration (20 mg/L) as compared with the bare electrode. Their rate constants were 1.52 x 

10-3 mol-1min-1 for ZVD, 1.20 x 10-3 mol-1min-1 for NVP and 1.18 x 10-3 mol-1min-1 for LVD. The 

obtained removal efficiencies indicate that the iron nanoparticle in the synthesised improves the 

degradation efficiency.  
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Chapter 1: Introduction 

Water reclamation from industrial and domestic wastewater is of global importance. Reclaimed 

water can be recycled for reuse and, therefore, can satisfy global water demand, as long as the 

wastewater is adequately treated. Treated wastewater effluents can be used for a good number of 

purposes such as toilet flushing, agricultural and irrigation purposes, industrial processes, and 

even for drinking and cooking purposes. However, the water must be accessible and safe. Access 

to a regular supply of clean water is part of our human needs. South Africa, which is situated in 

an arid region, lacks sufficient clean water to meet the needs of the people, especially those in 

the rural areas. The situation is further compounded by persistent periods of long droughts in 

recent times. This led the majority of people in South Africa to depend on groundwater obtained 

from aquifers and wells, which are often polluted. Water pollution occurs as a result of 

population increase, industrialization, rapid economic development, and water shortage. As a 

result, issues concerning water sustainability, usage, and management can be found almost in 

every sector of the world. There is a global prediction that water demand will increase by 55% 

during the period range of 2010 to 2050. However, this statistical global increase will see the 

water demand, from the manufacturing sector, increasing by about 400%. Also, the water 

demand in the electricity sector will increase by approximately 140% and in the domestic sector; 

the increase in water demand will be 130% (Water, U.N., 2015.). 

To avoid the risk of drinking contaminated water, the South African government has 

amended an act called the National Water Act 36 of 1998, Gazette No. 19182, and published it in 

the government gazette of September 6th, 2013. The act introduces stringent wastewater effluent 

disposal measures and made it mandatory for industries: (1) to treat effluents to acceptable 
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standards and limits before allowing the effluents into the water source as given in Appendix II, 

(2) to make effluent purification an integral part of the industrial process, and (3) to use certain 

prescribed amounts of water as permitted. Also, the Act imposes certain duties on the users, 

thereby, maintaining a balance between demand for water and water quality. These duties are 

designed to control water pollution, but because there are no incentives attached to compliance 

with these rules, industries tend to default. That is why the United Nations, suggested that 

protection of water quality from all sources of untreated wastewater, be they domestic, industrial 

or agricultural, is a prerequisite for ensuring sustainable development, poverty alleviation, job 

creation, human and ecosystem health and people’s well-being (Water, U.N., 2014). However, 

technological advancement and working mechanisms of industries (e.g. pharmaceutical, 

chemical, and agricultural industries) have made them the major producers of enormous amounts 

of industrial wastewater. Manufacturing industries produce on daily bases, a variety of new 

chemicals that can be used for disease treatment in the health sector, cleaning in the domestic 

and industrial sector, controlling pests to increase food production in the agricultural sector, and 

purification of water in the water sector among others. Apart from the beneficial purposes of 

these chemicals, some of them are very toxic and highly hazardous and can seriously be harmful 

to the environment and human health. These new products are known as emerging contaminants 

(EC) and are regarded as a wider range of active organic micro-pollutant resulting from man-

made chemicals. They include pharmaceuticals and veterinary medicines (prescribed and non-

prescribed drugs), personal care products (such as soaps, cosmetics, disinfectants, toothpaste, 

etc.), industrial chemicals (such as benzene, dioxins, and PCBs), pesticides and herbicides and 

many other emerging compounds (Archer, 2017). 
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As consumption of these chemicals increases, their environment concentration also 

increases as widely detected in recent times. Van Boeckel and co-workers in 2014 reported that 

there is a 36% increase in the global consumption of antibiotic drugs during the early period of 

2000 to 2010. He went further to suggest that 76% of the increment in global antibiotic drug 

consumption is among the BRICS countries which include Brazil, Russia, India, China, and 

South Africa. Researchers such as Rehman et al. 2015, Camacho-Muñoz et al. 2014, and Luo et 

al. 2014, have identified various pharmaceutical products in water bodies around the world.  In 

South Africa (SA), effluents from plant treating wastewater are the major source of pollution that 

deteriorates the water quality. Through this source, pharmaceutical products have been found to 

gain entry into the water bodies as reported by (Agunbiade and Moodley, 2016; Matongo et al., 

2015(a); Matongo et al., 2015(b); and Swanepoel et al., 2015). The presence of these 

pharmaceuticals in aquatic environments, even if they occur only in traces (sub nano or micro 

levels (ng/l or µg/l)), has led to great concern over their toxicological effect on exposure to 

humans and ecosystems. Jones and co-workers in 2001 identified microbial resistance to 

antibiotics and feminization or masculinization of aquatic organisms as the likely risk of 

exposure, among others. Generally, ECs have been identified to have endocrine-disrupting 

properties as pharmaceuticals in water may have an unintended effect on fishes (Nibamureke et 

al., 2019). Although there are no given limits for some of these pharmaceutical contaminants in 

SA, it has been suggested by the United States Environmental Protection Agency (US.EPA, 

2007), that these pharmaceuticals will be regulated shortly. Measuring the pharmaceutical micro-

pollutants as biological oxygen demand (BOD), SA has no given limits; but, the European Union 

(EU) stipulated a guideline that targets BOD limits of 3.0 to 6.0 mg/l for aquatic life to be 

employed (Chapman, 1996). As for the chemical oxygen demand (COD), SA guidelines for 
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industrial effluents are targeted to be within the range of 0 to 30 mg/l as stipulated in their water 

quality guidelines of 1984 (Chapman, 1996; DWAF, 1996). Although the Maximum 

Contaminant Level (MCL) for chemicals in wastewater were shown in Appendix III, the effluent 

standards as given by DWAF, (DWAF, 1998) were presented in Appendix I.  

To avoid the risk posed by these pharmaceutical micro-pollutants in our water bodies, it 

has become mandatory to develop treatment processes that will completely remove or reduce 

them from our environment. These treatment processes will allow pharmaceutical wastewater to 

be treated before their discharge to the environment (Edokpayi et al., 2017), thereby minimizing 

pollution problems and protecting groundwater with other receiving water bodies from 

contamination. Conventional treatment techniques such as adsorption, oxidation, biological 

process, precipitation, coagulation, sedimentation, and sand filtration (Zazouli and Kalankesh, 

2017; Pramanik et al., 2017) have been reported to be ineffective since they require high energy, 

produces toxic sludge and intermediates that need further purification before disposal. Non-

biodegradable micro-pollutants are recalcitrant to microorganism and are also very difficult to be 

removed by these treatment methods. Better and efficient purification technologies for 

water/wastewater treatment can eliminate the enumerated water associated problems. As a result, 

micro-pollutant removal using advanced oxidation processes (AOPs), Ozonation, and membrane 

bioreactor technology (MBR) are becoming more widely accepted (Garrido-Cardenas et al., 

2020). For this reason, the electro-Fenton process will be examined for the complete removal of 

organics from synthesized antiretroviral wastewater.  
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1.1 Problem Statement 

In the world today, there is an increasing rate in human usage and consumption of 

pharmaceutical products. This rate will keep increasing because of improving health care 

systems and longer life expectations of people. Excreted pharmaceutical products in the form of 

the parent compound, intermediates, or metabolites enter into the wastewater treatment plant 

(WWTP) where removal should be done. Their general occurrence in the effluent of WWTPs is a 

problem. The inability of WWTPs to remove completely these micro-pollutants maybe as a 

result of the application of ineffective traditional treatment processes. It may also be because the 

pollutants are recalcitrant and, therefore, very difficult to break down by chemical and biological 

processes. Another suggestion is that the treatment plant may lack robustness if not designed for 

such activities, allowing the micro-pollutants to exist in trace amounts in the WWTPs effluents.  

Stringent legislation has made it impossible for such effluents to be discharged into our 

water sources since they cannot support aquatic life and cannot be used for irrigation purposes. 

Such effluents are characterized by high chemical and biological oxygen demand.  As a result, it 

is imperative to develop a treatment process that will completely remove or reduce these micro-

pollutants to its allowable limits. Deziel et al. 2014, suggested that one major strategy in finding 

a lasting solution for the removal of wastewater micro-pollutants is through the combination of 

already existing treatment processes such as advanced oxidation processes (AOPs), biologically 

activated sludge and advanced membrane technology. Also, recent studies have shown that 

electro-Fenton is one of the most promising methods of recalcitrant organics removal from 

wastewater. However, in this study, the electro-Fenton process will be used to degrade and 
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remove selected recalcitrant pharmaceuticals such as zidovudine (ZVD), lamivudine (LVD) and 

nevirapine (NVP) antiretroviral drugs (ARVDs).  

 

1.2 Objective 

The main aim of this study is to use electro-Fenton process for the treatment of wastewater 

containing antiretroviral organics through the development of iron (II) deposited on carbon cloth 

electrode 

 

1.2.1 Specific objectives 

The basic objectives of this study are: 

 

I. To synthesise composite iron-supported carbon-cloth (Fe/CC) electrode via 

electrodeposition, this will serve as a catalyst in the heterogeneous electro-Fenton 

treatment of antiretroviral wastewater 

 

II. To characterise the surface morphology of the synthesized Fe/CC electrode using SEM, 

XPS, and EDS  

 

III.  To use electrochemical measurements such as electrochemical impedance (EIS) and 

cyclic Voltammetry (CV) to characterise the synthesised iron-supported CC electrode  
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IV.  To determine the performance of the electrochemical process with respect to the 

synthesised Fe/CC electrode for the treatment of antiretroviral organics. 

 

1.3 Project Scope 

This work covers the synthesis of the iron-supported carbon-cloth electrode using iron (II) 

sulfate heptahydrate (FeSO4∙7H2O) as the source of iron. It also covers the characterisation of the 

synthesised electrode and the degradation studies of antiretroviral organics of ZVD, LVD, and 

NVP in water using the electro-Fenton process. On this note chapter 1 reports on; introduction, 

problem statement, objectives, and project scope. Chapter 2 deals with the literature review; 

hence, it reports antiretroviral drugs (ARVDs) in general, available techniques for the removal of 

organics from industrial wastewater, modified electrode, electrochemical techniques, and 

reversibility. It also gives a summary of the electrochemical cell operations detailing the 

electrifying processes occurring at the solution-electrode interface. Chapter 3 gives the 

methodology on how the active iron salts precursor was impregnated to the CC electrode to 

acquire the desired electrode modification. The procedure of electrode testing, sample collection 

and characterisation was also reported. Chapter 4 highlights the electrocatalytic activity of the 

synthesised electrode toward the “in-situ” generation of hydrogen peroxide (H2O2) via oxygen 

reduction reaction (ORR) by two electrons. Chapter 5, however, is the applicability of the 

synthesised CC electrode in the degradation of antiretroviral wastewater effluents containing 

organics from NVP, LVD, and ZVD. Finally, Chapter 6 covers general conclusions, and 

recommendations 
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Chapter 2:  Literature review 

2.1 Wastewater micro-pollutant 

An increase in water usage gives rise to wastewater quantity. Discharges from industrial, 

agricultural, and domestic sources add micro-pollutants to the ecosystem. Water pollution occurs 

when water containing toxic micro-pollutants such as organic pollutants, inorganic pollutants, 

solids, pathogens, and nutrients enter the water body as shown in Figure 2.1. Polluted water can 

destroy plants around the ecosystem; harm people, and animals who consume it. According to 

Krishnan et al. 2017, wastewater is generally categorized by properties such as total dissolved 

solids (TDS), turbidity, chemical oxygen demand (COD), biological oxygen demand (BOD), 

dissolved oxygen (DO), hardness, pH, and color. Since these characteristics vary, efficient 

removal methods are required that allow effluent discharge within established environmental 

regulatory limits. Prevention of water sources from pollution and the protection of public health 

by safeguarding water supplies against the spread of diseases are the two fundamental reasons 

for treating wastewater.  

Wastewater containing organics undergo degradation and decomposition by bacterial 

activity. Carson and Mumford (2002), identified sources of organic micropollutants as cosmetics, 

pesticides, new Organic Chemicals, synthetic detergents, synthetic fibers, plastics, paints, food 

additives, pharmaceuticals, insecticides and volatile organic compounds (VOCs). Most of these 

synthetic compounds pose dangers to man and the environment hence are toxic and 

biorefractory, in other words, they are resistant to microbial degradation. Also, in this category is 

“oil” which enters the water body through oil spills, and wastewater from refineries. Oil spreads 
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over the water surface, thereby reducing the amount of dissolved oxygen entering into it and also 

covers algae preventing it from photosynthesizing properly. Fish and wildlife will eventually die 

because their food is poisoned from oil spills. 

 

 

Figure 2.1: Wastewater entering the aquatic system 

 

2.2 Antiretroviral drugs 

Pharmaceuticals are generally defined as prescribed medication used to treat and prevent 

diseases, thus improving the quality of life. Pharmaceuticals such as antiretroviral drugs 

(ARVDs) are used for the treatment and prevention of human immunodeficiency virus (HIV) 

infection (Günthard et al., 2016). HIV is retroviruses that attack body cells, naturally responsible 

for defence against illness, in the body's immune system. The mechanism of the HIV attack 

system is to fuse and incorporate its genes into the human DNA, where it replicates itself thereby 

diminishing and destroying the immune system (LaRosa and Orange, 2008). The collapse of the 
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body's immune system leads to Acquired immune deficiency syndrome (AIDS). Available data 

suggest that the HIV epidemic started in the mid-1970, during which escalation was rampant and 

approximately 100,000-300,000 persons were infected (Mann, 1989). According to UNAIDS 

(UNAIDS, 2018), 36.7 million people are globally estimated to be living with HIV. South Africa 

has the highest HIV scourge in the world, with 20% of the global number of people living with 

HIV, 15% of new infections, and 11% of AIDS-related deaths. HIV is transmitted through blood 

or bodily secretions contaminated with HIV-1 and HIV-2 (Cohen and Gay, 2010; Bhopale, 

2012). Other ways of transmission are through unprotected sexual contact, drug injection with 

non-sterile needles, and unscreened blood products.  

However, ARVDs do not kill or cure HIV and AIDS but rather prevent it from 

multiplication, by suppressing it to an undetectable level (Ying et al., 2016). Combinations of 

three or more antiretroviral drugs (ARVDs) available as highly active antiretroviral therapy 

(HAART) are used to prevent mortality and morbidity in pregnant women and with the 

avoidance of breastfeeding resulted in the elimination of mother-to-child transmission of HIV 

(Tonwe-Gold, 2007). Generally, compounds often used to treat HIV/AIDS includes nucleoside 

and nucleotide reverse transcriptase inhibitors (NRTIs/NtRTIs) such as lamivudine, tenofovir 

and zidovudine, non-nucleoside reverse transcriptase inhibitors (NNRTIs) such as efavirenz, 

nevirapine, and delavirdine, protease inhibitors (PIs) such as atazanavir, darunavir, and 

saquinavir, integrase inhibitors (INIs) such as raltegravir; fusion inhibitors (FIs) such as 

enfuvirtide; and chemokine receptor antagonists (CRAs) such as maraviroc (Bhopale, 2012). 

There is a tremendous increase in the global intake of pharmaceutical antiretroviral drugs. This 

sensational scale-up of HIV/AID treatment by many nations has lowered deaths associated with 

AIDS from 1.5 million in 2010 [1.3 million–1.7 million] to 1.1 million [940 000–1.3 million] in 
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2015 (UNAIDS, 2018). After using these medications for curative purposes, they end up as 

hazardous substances in our environment. It has been reported that South Africa has the most 

extensive antiretroviral therapy in the world. Since South Africa uses more of these compounds 

than any other nation, a larger amount of ARVDs is potentially discharged into the South African 

wastewater system. In water bodies, these antiretroviral drugs release organics which are 

regarded as micro-pollutant. Wood et al. 2015, reported that lamivudine, zidovudine, and 

nevirapine were detected in surface waters and effluents of WWTP in these concentration levels; 

lamivudine (0.09 – 0.24 µg/L), zidovudine (0.45 – 0.97 µg/L) and nevirapine (0.24 – 1.48 µg/L).  

These assertions of Wood et al. 2015, were supported by Schoeman et al. 2015, who 

reported that antiretroviral pharmaceuticals such as nevirapine and efavirenz were detected in the 

influent and effluent of SA WWTP at a concentration of about 2100 and 17400 ng/L. According 

to him, treated effluents from WWTPs contain nevirapine and efavirenz at concentrations as high 

as 350 and 7100 ng/L respectively. He, therefore, concluded that WWTP only removes to an 

extent some of the antiretroviral (about 50%). Another researcher, Fick et al. 2007, reported that 

the antiretroviral drug - oseltamivir is not degraded or removed during conventional wastewater 

treatment and therefore persistent in surface waters for a longer period. Vanková, (2010), carried 

out a biological treatment of synthetic wastewater of three antiretroviral drugs, lamivudine, 

nevirapine, and zidovudine in a closed bottle system and reported that these drugs were non-

biodegradable, toxic, and inhibitory to activated sludge bacteria, hence refractory in the 

environment. Conventional treatment of antiretroviral drugs may result in intermediates which 

according to (Dantas et al., 2007), inhibit the growth of microorganisms in WWTP thus affecting 

their removal efficiency. Other researchers such as Prasse et al. 2010, and Kummerer, (2008) 

also reported that there is incomplete or partial removal of antiretroviral drugs entering WWTP. 
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Consequently, detailed information about lamivudine, zidovudine, and nevirapine drugs that 

release an increased concentration of organics into our environment is given in the subsection 

below. 

 

2.2.1 Nevirapine (NVP) 

Nevirapine is a low aqueous solubility drug with a general molecular formula C15H14N4O, CAS 

No.129618-40-2 and molecular structure indicated in Figure 2.2a. For maximum solubility in 

aqueous buffers, nevirapine should first be dissolved in DMF and then diluted with the aqueous 

buffer of choice. It is lipophilic and has a molar mass of 266.30 g/mol with other of its properties 

indicated in Table 2.1. This antiretroviral drug which is used for HIV/AIDS treatment belongs to 

the non-nucleoside reverse transcriptase inhibitors (NNRTIs) group. Nevirapine is regarded as 

one of the first option drugs for triple schemes during pregnancy and prophylaxes of vertical 

HIV transmission as reported by Pereira et al., 2007. These drugs stop HIV from multiplying by 

preventing the reverse transcriptase (RT) enzyme from working. The most common side effect of 

nevirapine as indicated by David and Hamilton, 2010, are skin rash although in some patients it 

causes fatal and severe hepatotoxicity (chemical-driven liver damage).  

 

2.2.2 Lamivudine (LVD) 

General molecular structure, molecular formula and CAS No. for lamivudine are shown in 

Figure 2.2c, C8H11N3O3S and 134678-17-4. Another common name of Lamivudine is 3TC and it 

exerts antiviral effects by acting as a DNA chain terminator (Quercia et al., 2018). They also 

belong to the first group of nucleoside reverse transcriptase inhibitor (NRTI) that was officially 
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accepted for the treatment of HIV-1 infection in 1995 and hepatitis B virus (HBV) infection in 

1998 (Quercia et al., 2018; Bhatt et al., 2008). Lamivudine also is lipophilic and hence not 

recommended for the aqueous solution to be stored for more than one day. For long term storage, 

it was suggested that lamivudine should be stored as supplied at -20°C. See Table 2.1 for other 

properties of Lamivudine 

2.2.3 Zidovudine (ZVD) 

Zidovudine with a general molecular formula C10
H

13
N

5
O

4 was reported as the first antiretroviral 

drug used for the treatment of HIV infection (Fischl et al., 1987). It has a structural formula as 

indicated in Figure 2.2b, a CAS No.30516-87-1 and like other NRTIs, zidovudine completely 

blocks viral replication by inhibiting the activities of the viral reverse transcriptase-an enzyme 

that HIV uses to make a DNA copy. This action improves the immunologic function and clinical 

abnormalities of the patient associated with AIDS. Common side effects associated with AZT 

include increased body fat synthesis, discoloration of fingernails and toenails, nausea, and DNA 

damage (Butanda-Ochoa et al., 2017).  More severe side effects include anaemia, leukopenia, 

and bone marrow suppression (Alzahrani, 2015). Zidovudine is soluble in organic solvents such 

as ethanol, DMSO, and dimethylformamide (DMF), which should be purged with an inert gas.  

 

Figure 2.2: Structures of (a) Nevirapine (b). Zidovudine and (c) Lamivudine 
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2.3 Parameters for characterizing wastewater quality 

2.3.1 Dissolved Oxygen (DO) 

Waste substances in water are food for microorganisms. Microbes, therefore, demand oxygen to 

survive as they degrade these waste matters to form BOD or COD, which is the amount of 

oxygen used by microorganisms as they feed upon substances in wastewater (Gray, 2002). 

Hence, Dissolved Oxygen (DO) is oxygen dissolved in water and this is what all aquatic 

organisms demand to stay alive. DO is expressed in milligram per liters (mg/L) or part per 

million (ppm). According to Brown, (1985), dissolved oxygen can also be depleted through 

respiration (from fish and aquatic plants), direct chemical oxidation, and outflow of water. If the 

oxygen in water decreases to a low level, that fishes begin to die, then the region becomes 

“septic”, hence at DO less than 2 ppm fishes die (Brown, 1985). After this point, even if all the 

organics and nitrogenous compounds are consumed, the DO will continue to be low until 

reaeration is performed naturally by the diffusion of air into the river. According to the Bureau of 

Indian Standards (BIS), the Dissolved Oxygen of wastewater should be within the range of 4 - 6 

mg/L (Siddiqui and Waseem, 2012). The concentration of DO in the water sample is influenced 

significantly by temperature, salinity, and atmospheric pressure. Hence, as the water gets 

warmer, it holds less oxygen; as the water gets saltier, it holds less oxygen and as you increase 

altitude, water holds less oxygen. Therefore, total oxygen demand is the total amount of oxygen 

required to oxidize biodegradable and non-biodegradable organic matter along with few 

oxidizable organic substances, hence, TOD > COD > BOD. Estimation of oxygen demanded by 

microbes is through the following methods:   
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2.3.2 Theoretical oxygen demand (ThOD) 

Oxidation of organic matter in the presence of oxygen results in the generation of carbon 

dioxide, water, and other inorganic products, such as ammonia, hydrogen sulfide, etc. The 

products of such processes depend on the elemental composition of the organic matter as given 

in Equation 2.0. Theoretical oxygen demand is, therefore, the amount of oxygen demanded by 

microbes to completely oxidize a known compound to CO2 and H2O, and it can be estimated by 

theoretical calculation that depends on simple stoichiometric principles. Materials containing 

carbon compounds, which serve as a food source to the microorganism, are sources of 

carbonaceous biochemical oxygen demand (CBOD). A stoichiometric equation for the oxidation 

of carbon-containing organic matter was represented in Equation (2.1). 

 

𝐶𝛼𝐻𝛽𝑂𝛾𝑁𝛿 +  [∝  + 
𝛽

4
−

𝛾

2
+  𝛿] 𝑂2 → 𝛼𝐶𝑂2 +  

𝛽

2
𝐻2𝑂 +  𝛿𝑁𝐻3 (2.1) 

 

Using glucose to represents carbonaceous compound containing organic matter, the biochemical 

reactions as microorganism (bacteria) feeds on it is same as respiration which occurs within a 

cell as shown in Equation 2.2. 

 

C6H12O6 + 6O2 6CO2 + 6H2O	   (2.2) 

 

Stoichiometrically, from Equation 2.2, 6 moles of oxygen were in demand per 1 mole of glucose 

(gluc.) consumed by the bacteria.  Hence, (
6mol 𝑂2

1 𝑚𝑜𝑙𝑔𝑙𝑐
). Multiplying this by their molecular weights, 
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6mol 𝑂2

1 𝑚𝑜𝑙𝑔𝑙𝑢𝑐
 x 

32g 𝑂2

1 𝑚𝑜𝑙𝑂2
 x  

1 mol gluc 

180 𝑔𝑔𝑙𝑢𝑐
  = 1.067 g O2/g gluc. = 1.067 mg O2/mg gluc. 

 

If 100 mg/L of glucose were dumped into the river, you can multiply by COD equivalent to 

knowing the amount of oxygen that microbes will consume per liter. Hence 

 

100 𝑚𝑔𝐺𝑙𝑐

𝑙
 x 

1.067 𝑚𝑔𝑂2

𝑚𝑔𝐺𝑙𝑐
 = 106.7 mg O2/L. This is, therefore, the oxygen in demand by 

microbes, to consume 100 mg/l of glucose dumped into the river.  

 

2.3.3 Biological Oxygen Demand 

Typical wastewater treatment plant depends on microorganisms in the wastewater to 

decomposed waste. In biological oxidation processes, organic micro-pollutants are oxidized by 

certain microorganisms into carbon dioxide and water using dissolved oxygen which resulted in 

ultimate BOD (BODu). This process is a very slow one and also time-consuming, as a result, 

another parameter BOD5 was universally adopted as a measure of relative pollution. Hence, 

Biochemical Oxygen Demand (BOD5) is the amount of dissolved oxygen required by 

microorganisms to biologically degrade organic components in water under aerobic conditions 

for 5 days of incubation at 20 oC. The BOD value is commonly expressed in milligrams of 

oxygen consumed per liter of the sample during 5 days of incubation at 20 oC. Hence, the 

presence of enough oxygen promotes the aerobic biological decomposition of organic waste by 

microorganisms (Tchobanoglus et al., 2003). The typical range of BOD5 in domestic wastewater 

ranges from 100 to 300 mg/L (Abdalla and Hammam, 2014) 
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2.3.4 Chemical oxygen demand (COD) 

The amount of oxygen needed by microbes to consume all chemicals both organic and inorganic 

in the water is called the Chemical Oxygen Demand (COD). It is an empirical laboratory method 

used to measure the total organic matter (biodegradable and non-biodegradable) contained in a 

water sample. In other words, the (COD) test determines the oxygen required for the chemical 

oxidation of organic substances with the aid of strong chemical oxidants. It is measured in mg of 

oxygen equivalent per liters (mg O2/l or mg/l). Currently, most COD tests use potassium 

dichromate as the oxidant. In the colorimetric method, organic matters are digested/consumed by 

potassium dichromate in acid solution, (Equation 2.3). Digestion is performed on the samples 

with a set amount of the oxidant, sulfuric acid, and heat (150 °C). This means the organics in the 

sample reacts with potassium dichromate, thereby reducing orange color dichromate ions (Cr2O7
-

2) to green trivalent chromium ions (Cr+3) (Clesceri et al., 1998) 

 

CnHaObNc + dCr2O7
-2 + (8d + c) H+ nCO2 + ((a+8d-3c))/2 H2O + cNH4

+ + 2dCr+3
 

            (2.3) 

Where d = 
2𝑛

3
 +  

𝑎

6
 - 

𝑏

3
 -  

𝑐

2
 

 

Both chromium species can absorb light or radiation in the visible region of the spectrum but at 

different wavelengths. While the dichromate ions are visible at 420 nm, the trivalent chromium 

ion Cr3+ is at 600 - 620 nm. In water analysis, the COD will always be higher than the BOD 

because COD measures both biodegradable and non-biodegradable organics. Hence, the BOD5-

to-COD ratio is called the "Biodegradability index" (B.I.) and it is utilized to quantify the 
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biodegradability of the effluent (Dahamsheh and Wedyan, 2017). It has been reported that the 

B.I. for municipal wastewater varies from 0.4 to 0.8 and the ratio can exceed 10 for industrial 

wastewater (Dahamsheh and Wedyan, 2017). However, B.I for raw wastewater can be used to 

determine treatment technology. If BOD/ COD is > 0.6 then the waste is fairly biodegradable 

and can be effectively treated biologically (Abdalla and Hammam, 2014). If the BOD/COD ratio 

is between 0.3 and 0.6, then seeding is required to treat it biologically, because the process will 

be relatively very slow. If BOD/COD < 0.3, wastewater is considered toxic and cannot be 

biologically treated (Abdalla and Hammam, 2014), hence chemical pre-treatment methods have 

to be deployed first to increase the biodegradability of the wastewater.  

 

2.4 Available techniques for the removal of organics 

from industrial wastewater 

Industrial wastewater usually contains organic and inorganic matter in varying degrees of 

concentration.  The majority of effluents from the industry is toxic, mutagenic, carcinogenic, or 

simply hardly biodegradable and enters water bodies through discharge. These industrial 

effluents must be treated to meet certain standards of purity before they can be discharged into 

waterways.  The techniques available for the treatment of wastewater are many and vary in 

different countries with the same aim of waste minimization and toxicity reduction. However, 

around the globe, there is an increase in domestic and industrial wastewater discharge without 

any form of treatment or after primary treatment only.  
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In China, a highly industrialized country, Dhote et al. 2012, reported that about 55% of 

all sewage is discharged without treatment. Kazora and Mourad, 2018 indicated that the majority 

of sub-Saharan African nations do not have wastewater treatment technologies, hence discharge 

wastewater directly to water bodies without treatment. Another researcher Momba et al. 2006, 

reported that in South Africa, municipal sewage treatment plants have operational deficiencies as 

they are insufficiently maintained allowing pollution to enter various water bodies. Conventional 

wastewater treatment methods such as filtration, evaporation recovery, chemical precipitation, 

chemical oxidation or reduction, electrochemical treatment, application of membrane 

technology, and biological treatment processes have been the major technique used in treating 

wastewater. While undergoing these treatment processes, wastewater goes through the following 

processes, preliminary treatment, primary treatment, secondary treatment, and tertiary treatment. 

However, it was discovered that conventional techniques are ineffective in the complete removal 

of micro-pollutants, particularly organic matter (Rajasulochana and Preethy, 2016). As a result, 

new green technical methods have been developed superior to conventional methods. Out of 

them are membrane bioreactors (MBR), and advanced oxidation process (AOP). Due to the 

presence of multiple contaminants in wastewater, a combination of two or three techniques was 

advised to be employed to get a better-treated effluent (Rajasulochana and Preethy, 2016). 

 

2.4.1 Membrane Bioreactor (MBR) 

Membrane technology is a recent technology used in treating industrial wastewater. Its 

application enables different filtration processes to be used with each process using a semi-

permeable membrane. These membranes, in operating principle, act as a filter (physical barrier) 

that will let water flow through but effectively removes suspended solids, viruses, bacteria, and 
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other unwanted substances. In such a way, they are used for the creation of process water from 

surface water or wastewater. Membrane bioreactors can, therefore, be regarded as a biologically 

activated sludge process that integrates active microorganisms with semipermeable membranes 

for the disintegration and removal of organics. Although wastewater treatment by membrane 

technology is well established, there is the need to improve in terms of separation properties, 

energy demand, and costs. For water to penetrate through these membranes, an electric potential 

should be introduced across it. This should be accompanied by high trans-membrane pressure on 

the feed side and a steady concentration gradient.  

For membrane configurations and classifications, in terms of placement of membrane 

inside the bioreactor, the MBR systems are of two configurations, the submerged configuration, 

and the external configuration (Mert et al., 2018). In the external configuration, the membrane 

module is placed outside the bioreactor tank and the permeate flux generally varies between 50 

and 120 Lh-1 m-2 with the trans-membrane pressure (TMP) in the range of 1 to 4 bar MBR 

(Gupta et al., 2008). Likewise, the submerged configuration gives a membrane module that is 

submerged in a proper aerated bioreactor tank. Operation is at lower flux which varies from 15 to 

50 Lh-1 m-2 with trans-membrane pressure (TMP) of about 0.5 bar (Gupta et al., 2008). Due to 

high permeate flux density; the submerged system is less prone to membrane fouling than the 

external system. In terms of pressure-driven filtration/separation processes, the membrane 

process is classified as reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and 

microfiltration (MF) (Abd El-Ghaffar and Tieama, 2017). Based on membrane pore size and 

mechanism of operation, membrane filtration processes are divided into a porous membrane and 

non-porous membrane. While UF and MF are porous membranes, NF and RO are non-porous 

membranes. According to materials of construction, membranes can also be classified into 
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organic polymeric membranes and ceramic membranes, although metallic membranes also exist. 

Polymeric membrane materials are organic materials such as polyethersulphone, polypropylene, 

polyvinylidene di-fluoride, polyacrylonitrile, polyamides, and polyethylene. Each of these 

materials is characterized by unique properties such as their degree of hydrophobicity, flexibility, 

pH, oxidant tolerance, and strength. MF and UF membranes are often constructed from these 

materials and that is why they have desirable resistance properties (Abd El-Ghaffar and Tieama, 

2017). Another type of membrane is cellulose membranes. The membrane is liable to 

biodegradation and as a result of this uniqueness, they are operated at a narrow pH range of 

about 4 to 8. To control biodegradation, fouling and membrane damage, chlorine doses less than 

0.5 mg/L should be added during its filtration process. In terms of shapes, design, and manner in 

which the membrane is arranged inside the modules, the membrane can come in four different 

configurations – tubular, spiral, hollow fiber, and flat sheet (El-Ghaffar and Tieama, 2017; Drioli 

et al., 2006). In recent times, researchers such as El-Ghaffar and Tieama, (2017), and others, 

have demonstrated the efficiency of using MBR to treat wastewater  

 

2.4.2 Advanced oxidation methods 

Advanced Oxidation Process (AOP) is a chemical treatment method used for the removal of 

problematic organic matter in the industrial management of wastewater. The basic principle of 

AOP is the generation of hydroxyl radicals (OH
•
), which is a powerful oxidant that mineralizes 

efficiently pollutants/recalcitrant organics contained in wastewater. As illustrated in Table 2.1, 

the hydroxyl radicals (OH
•
) has a very high oxidation potential which is only lower than that of 

fluorine (F2) (Tang et al., 2013). Its oxidation characteristics are non-selective and highly 
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reactive, allowing the simultaneous treatment of multiple contaminants. According to Hisaindee 

et al. 2013, there are different kinds of AOPs and they are classified into irradiation processes 

and non-irradiation processes. Hence, for all AOPs, the effectiveness of the process depends 

profoundly on the efficiency by which OH
•
 is generated. As a result, the most frequently studied 

and utilized for many applications are AOP using hydrogen peroxide, AOP using Fenton’s 

Reagent, Fenton-Like, and Photo Fenton Processes, Ozonation, and AOP with the application of 

irradiation using UV-VIS light at a particular wavelength (Krishnan, 2017). The focus in this 

study was on the use of electrochemical methods to produce hydroxyl radical, hence 

electrochemical Advanced Oxidation Processes (EAOP). Electro-Fenton was the first technology 

that was considered as an EAOP because of the production and active role of hydroxyl radical on 

the oxidation of organics (Brillas et al., 2009). 

 

Table 2.1:  Oxidizing potential for some oxidizing agents  

 

Oxidizing Agent  Oxidation Potential (V) 

 

Fluorine   3.06 

Hydroxyl radical  2.80 

Oxygen (atomic)  2.42 

Ozone    2.08 

Hypochlorite   1.49 

Chlorine   1.36 

Chlorine   1.36 
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Hydrogen Peroxide  1.78 

Chlorine Dioxide  1.27 

O2    1.23 

 

2.4.3 Electro-Fenton Process (EFP) 

This is a technology that uses electrochemical reactions to remove organic micro-pollutants. The 

use of electrochemical processes for wastewater treatment has generated much interest in recent 

years because of their environmental compatibility and simplicity. The process was found to be 

efficient in degrading and removing pollutants from various kinds of industrial wastewaters 

(Ciardelli and Ranieri, 2001). The efficiency of the processes in pollutant removal depends 

strongly on the nature of the materials used as electrodes. Therefore, electrode materials with 

good mechanical and chemical stability are often preferred for the generation of the required 

radicals. This technology is based on the promotion of, either the electrochemical regeneration of 

iron (II) from iron (III) species on the cathodic surface or the cathodic formation of hydrogen 

peroxide from oxygen reduction reaction. Therefore, when oxygen or air is continuously bubbled 

into the cathode chamber of an aqueous medium in an electrochemical cell with correct 

parameters, it picks up two electrons and becomes reduced to peroxide as shown in Equation 2.4 

(Panizza and Oturan, 2011; Naimi and Bellakhal, 2012; Cuerda-Corre et al., 2020). By this 

reaction, hydrogen peroxide is continually generated “in-situ” in the acidic media. So, hydroxyl 

radicals (HO•) are produced “in-situ” when Fenton reagents (Fe2+ and H2O2) are combined 

(Naimi and Bellakhal, 2012) according to Equation 2.5. The regeneration of Ferrous ions (Fe2+) 

can occur either by cathodic reduction of ferric ions (Fe3+) (Naimi and Bellakhal, 2012) Equation 
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2.6, or by ferric ions (Fe3+) oxidation of an organic radical (Rosales et al., 2012) (Equation 2.7), 

or Fenton-like reaction of ferric ions (Fe3+) with H2O2 (Rosales et al., 2012) (Equation 2.8).  

 

O2 + 2H+ + 2e-    H2O2 (acidic)    (2.4) 

Fe2+ + H2O2    Fe3+ + OH- + HO•  (2.5) 

  Fe3+ + e-    Fe2+    (2.6) 

Fe3++ R    Fe2+ + R+    (2.7) 

Fe3+ + H2O2    Fe2+ + HO2•   (2.8) 

  2H2O      O2 + 4H+ + 4e-   (2.9) 

  Organics + HO•   intermediates + CO2 + H2O  (2.10) 

 

The anodic reaction in the application of electric current between two electrodes gives the 

oxidation of water to molecular oxygen (Cuerda-Correa et al., 2020) (Equation 2.9) coupled with 

the production of hydrogen peroxide (Equation 2.4) which is necessary for Fenton's reaction.   

Organic micro-pollutants become destroyed and mineralized forming carbon dioxide, water, and 

intermediates (Equation 2.10). This is because of the (HO•) radicals produced in the aqueous 

media, abstract hydrogen from the organics by the process of oxidation. On the other hand, 

external energy source, in the form of UV light and ultrasound light (λ = 320 - 400 nm), can be 

used to illuminate the Fenton process to enhance micro-pollutant degradation efficiency resulting 

into photo-Fenton (PF) process. However, the effectiveness of EFP in the destruction of toxic 

waste and non – biodegradable effluents has been demonstrated as shown in the literature. 

Notable is the work of Naimi and Bellakhal, who in 2012 applied EFP in a 250 ml undivided cell 
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to remove 17β-Estradiol micro-pollutant in acetonitrile solution using carbon felt cathode and the 

platinum anode at a pH of 3, current density 200 mA and Fe2+ concentration of 0.2 mM. 

 

2.5 Hydrogen Peroxide (H2O2) 

H2O2 is an odorless and colorless water-soluble liquid reliably used as an oxidant in chemical 

synthesis (Ranganathan and Sieber, 2018). It was first identified as a product of barium peroxide 

with nitric acid in 1818 by Thenard (Campos-Martin et al., 2006).  The molecular structure of 

H2O2 is non-polar, with bent molecular shape and this permits it to be involved in both oxidation 

and reduction reactions. It is stored in an aqueous form and in a dark-colored container to avoid 

it reacting with light. H2O2 has a low molecular weight of 34.0147 g/mol which enables it to 

serve more effectively as an oxidizing agent than any other oxidant such as dinitrogen monoxide 

or nitric acid. On decomposition, as shown in Equation 2.11, it has an explosive reaction and 

gives only water and oxygen as the only reaction products, which makes it one of the most 

valuable, environmentally benign, and cleanest oxidants available. This characteristic of H2O2 

has increased its demand, hence its direct usage in many large-scale applications of human life as 

a safe oxidizing agent as shown in Figure 2.3. Apart from the anthraquinone autoxidation method 

of producing H2O2, it can also be produced by chemical catalysis which is its direct synthesis 

from hydrogen and oxygen using a variety of catalysts (Campos-Martin et al., 2006).   One of the 

most important applications of hydrogen peroxide is its current usage in domestic wastewater 

treatment.  

 

2H2O2   O2 + 2H2O     (2.11) 
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Not only was H2O2 used in the efficient removal of total organic carbon (TOC) and hypochlorite 

(Kosaka, et al., 2001), it was also used in the advanced oxidation process (AOP) as a source of 

hydroxyl radicals the second most powerful oxidant available after fluorine. In recent times, 

Hydrogen peroxide can be easily produced “in-situ” by electrochemical synthesis using only air, 

water, voltage supply, and simple electrodes (Peralta et al., 2013; Peralta-Hernández and 

Godínez, 2014). In particular, the desire to avoid transportation, handling, and storage of 

concentrated hydrogen peroxide solution, electrochemical synthesis is most preferable.  

 

 

Figure 2.3: Principal uses of hydrogen peroxide 

 

2.6 Electrochemical techniques 

These are experimental methods developed to study the processes of electron transfer in an 

electrochemical cell at the interface of an electrode and its solution. Mass transfer of 

electroactive species (ionic movement) within the bulk of the solution gives rise to current flow; 

hence electron exchange between the electrode and the electroactive species resulted from the 
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oxidation and reduction process. The variables involved in electrochemical techniques are 

potential (E), current (I), and time (t). Either the potential or the current at the WE is controlled 

while the other is observed as a function of time, serving as the analytical signal. Some of the 

electrochemical techniques carried out in this research are: 

 

2.6.1 Chronoamperometry 

In chronoamperometry techniques, the potential is applied to the working electrode while current 

signals were observed as a function of time. Hence, for the diffusion-controlled process 

occurring at the electrode surface, chronoamperometry can be used to monitor current–time 

dependence. However, working in a still electrolytic environment so that flux to the electrode 

surface is strictly diffusion-controlled, application of reduction potential from an initial value of 

V1 where no Faradaic current occurs to a set potential (V2) which is significantly more negative 

on the WE, will result to a rapid current rise as the electroactive species near the electrode 

surface became depleted by electrolysis. Sufficiently applied negative potential will results in a 

complete conversion of reactant to a product as demanded by the Nernst Equation. Hence at V2, 

the average concentration of reactants within the vicinity decreases, and Cottrell equation, 

describes the observed current (planar electrode) as a function of t-1/2 in the relationship shown 

by Equation 2.12.  

 

𝑖 = 𝑛𝐹𝐴𝐶0 (
𝐷𝑂

𝜋𝑡
)

1/2

=  𝑘𝑡−1/2     (2.12) 

 

Where n = stoichiometric number of electrons involved in the reaction;  
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F = Faraday’s constant, A = electrode area (cm2), Co = bulk concentration of electroactive 

species (mol/cm3) and Do = diffusion constant for electroactive species (cm2/s). 

Thus, a plot of i vs. 
t

1
yields a straight line. Such plots allow the estimation of the diffusion 

coefficients of the species to be obtained. 

 

 

Figure 2.4: Chronoamperometry (a) A single potential step application and response, (b) A 

double potential step application and response 

 

However, Chronoamperometry experiments can either be a single potential step, in which only 

the current resulting from the forward step as described above are recorded, or double-potential 

step, in which a second potential step (Vf) is applied following a period, usually designated as τ, 

at the step potential (V2)  (Figure 2.4) 
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2.6.2 Linear Sweep Voltammetry (LSV) 

Linear Sweep Voltammetry (LSV) is an electrochemical technique that involves sweeping the 

potential of the working electrode linearly from a lower limit (V1) where no electrochemical 

reaction occurs to an upper limit (V2) or from upper to lower potential with scanning not 

repeated. The resulting signal is recorded as cell current measured as a function of time and as a 

function of potential as indicated in the peak-shaped voltammogram of Figure 2.5. The decay of 

the current after the peak rise is controlled by diffusion. The peak height is dependent upon the 

concentration of the electroactive species. Elgrishi et al. 2017, suggested that the characteristics 

of the linear sweep voltammogram depend on several factors such as: 

 The rate of the electron transfer reaction(s) 

 The chemical reactivity of the electroactive species and  

 The voltage scan rate 

 

 

Figure 2.5: Linear increase of the potential vs time as depicted by Elgrishi et al., 2017 
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2.6.3 Cyclic Voltammetry (CV) 

This electrochemical technique is the most widely used in electrochemistry. The CV is used to 

measure the current-response of an electrode when a triangularly-shaped voltage is applied to the 

electrode in an unstirred solution (Nicholson and Shain, 1965). Typically, cyclic voltammetry 

consists of an electrolytic solution containing the analyst with a stationary electrode connected to 

a PGSTAT. Applying a sufficiently positive or negative voltage will force an electron transfer to 

occur at the interface. If the forward sweep (from A to F) as shown in Figure 2.6A, has 

sufficiently negative potential, a cathodic reduction process occurs until a peak is reached. The 

analyte O, therefore, gains an electron and became reduced to form new species R. As analyte is 

steadily depleted near the electrode surface to form new species, additional analyte via diffusion 

moves to the electrode surface from the bulk solution to replenish the depleted ones. The 

produced new species continues to grow on the electrode surface, forming a diffusion layer 

which slows down the mass transport of the analyte to the electrode surface.  

As the rate of diffusion from the bulk solution to the electrode surface becomes slower, 

the current decreases as shown from (D to F). After reaching the switching potential (F), the scan 

direction is reversed, and the potential is scanned in the positive direction from (F to H) resulting 

in the anodic oxidation process. In this region, the formed species lose an electron and become 

oxidized. As the concentrations of the new species at the electrode surface became depleted, the 

concentration of the analyte at the electrode surface increased, satisfying the Nernst equati0on. 

The forward and reverse current has the same shape. The case is different as shown in Figure 

2.6B when the initial forward potential scan is in the positive direction (from a, to d) given rise to 

the anodic oxidation process. Concerning Figure 2.6, the parameters of greatest important during 



35 

 

cyclic voltammetry measurement are the peak cathodic potential (𝐸𝑝𝑐), the peak anodic potential 

(𝐸𝑝𝑎), the peak cathodic current (𝑖𝑝𝑐), and the peak anodic current (𝑖𝑝𝑎). 

 

 

Figure 2.6: A cyclic voltammogram showing (A) a sufficiently negative potential forward 

sweep from (A to F) (B) a sufficiently positive potential forward sweep from (a to 

d) 

 

2.7 Electrochemical Reversibility 

Electrochemical reversibility is a concept used when the surface concentrations of O/R redox 

couple species obey the Nernst equation (Equation 2.17) at any potential difference applied at the 

electrode-solution interface. Electrochemical reversibility is defined by the following 
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2.7.1 Reversible System 

The reversible system is characterized by fast electrode kinetics and a “large” value of the 

electrochemical rate constant (ko). In other words, large ko means increased mass transport to the 

electrode surface due to the "stretching" of the diffusion layer (Bard and Faulkner, 2001). For 

fully reversible O/R redox couple, peak current (Ip) was given by Randles – Sevčík equation (at 

25oC) as indicated in Equation 2.13. The corresponding potential for which the current reaches a 

peak value is given by Equation 2.14. If on assumption DO=DR=D, then the anodic-cathodic peak 

separation is given by Equation 2.15, at 25oC.  The peak – to – peak separation can be used to 

determine the number of electrons transferred in the process as well as a criterion for Nernstian 

behavior.  However, both the cathodic and anodic peak potentials are independent of the scan 

rate.  

Larger overpotential (ΔEp) is disadvantageous for a redox reaction. (Nicholson, 1965) 

suggested that smaller values of ΔEp results in a faster redox reaction, which indicates a higher 

electrocatalytic activity. The peak potential (Ep) is found to be related to the formal potential (Eo) 

of the redox process, which is centered between cathodic peak potential (Epc) and the anodic 

peak potential (Epa), Equation 2.16. For a simple one-electron reversible redox couple, the 

reverse-to-forward peak current ratio is equal to unity (Saber et al., 2016; Haque et al., 2013) 

(Equation 2.17). 

 

𝑖𝑝 = 0.446 𝑛𝐹𝐴𝐶√
𝑛𝐹𝑉𝐷

𝑅𝑇
 = (2.69 𝑥105)𝑛3/2𝐴𝐶𝐷𝑜

1/2
𝑉1/2  (2.13) 

𝐸𝑝 =  𝐸𝑂 +  
𝑅𝑇

𝑛𝐹
(𝑙𝑛 (√(

𝐷𝑅

𝐷𝑂
)

±1

) − 1.109 (±1))   (2.14) 
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∆𝐸𝑝 =  𝐸𝑝𝑎 − 𝐸𝑝𝑐 =  
59.2

𝑛
𝑚𝑉      (2.15) 

𝐸𝑂 =  
𝐸𝑝𝑎+ 𝐸𝑝𝑐

2
        (2.16) 

𝑖𝑝𝑐

𝑖𝑝𝑎
= 1         (2.17) 

 

Where n is the number of electrons involved, A is an area of the electrode in cm2,  

DO is the diffusion coefficient of the oxidized analyte in cm2/s, v is the scan rate in (V/s)  

and C the bulk concentration in (moles/cm3).  

 

2.7.2 Irreversible System 

Irreversible systems display sluggish electron transfer. It is characterized by a “small” value of 

rate constant (ko), slow electrode kinetics, and very small exchange current density (jo) (Bard 

and Faulkner, 1980). The Nernst equation is not applicable in the case of an irreversible process. 

This is because the sluggish transfer of electron is insufficient to maintain surface equilibrium 

and thus the oxidized and reduced species are not at equilibrium. Such a system has peak-to-peak 

separation (ΔE) larger than 200 mV (Emeji et al., 2019). To observe current flowing in an 

irreversible process, the application of an overpotential is required to strongly activate the 

charge-transfer reaction at the interface either in cathodic or in anodic section.  

The peak current (Ip) of an irreversible electrode process, as shown in Figure 2.7, can be 

calculated by a modified Randles – Sevčík equation as shown in Equation 2.18. The 

corresponding peak potential is given in Equation 2.19 

 

  𝑖𝑝 = (2.99 𝑥105)𝑛(𝛼𝑛𝑎)1/2𝐴𝐶𝐷𝑂
1/2

𝑉1/2    (2.18) 
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Where ∝ denotes the electron transfer coefficient and n, the number of electrons transferred in 

the rate-determining step and ko is the standard electrode reaction rate constant in cms-1. 

Generally, for irreversible processes, the peaks are reduced in size and widely separated, and 

they are characterized by a shift of peak potential with the scan rate. According to Chandra et al. 

2008, Laviron’s equation was used to analyze the peak potential of the irreversible process.  

Laviron suggested that a graph of Ep vs. (log v) as indicated in Equation 2.20 and 2.21, 

yields two straight lines with a slope equal to 
nF

RT


303.2  for the cathodic peak, and 

nF
RT

)1(
303.2


 the anodic peak. From these slopes, αn values can be calculated.  The 

apparent heterogeneous electron transfer rate constant ko could be determined using Equation 

2.22. With Equation 2.23 and 2.24, αn values can also be calculated with Va and Vc denoting the 

potential scan rates at intercepts of the straight-line fits to anodic and cathodic data. Thus: 
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2.7.3 Quasi-reversibility 

The voltammograms of a quasi-reversible process exhibit a large peak-to-peak separation 

compared to reversible processes. For this process, ΔEp is greater than (0.059/n) mV when the 

scan rate (v) increases (Haque et al., 2013).  The peak current increases with the scan rate (v1/2) 

but it is not linear. In the reversible process, the current is controlled purely by mass transport but 

in the quasi-reversible process, the current is controlled by both the mass transport and charge 

transfer kinetics. The Randles–Ševc´ik equation for a quasi-reversible system is Equation 2.25 

 

𝑖𝑝 = ±(2.65𝑥10
5)𝑛3/2ACD1/2𝜈1/2     (2.25) 

 

According to Haque et al. 2013, when the peak current ratio (i.e reverse-to-forward peak 

current ratio) is greater than unity, ((ipc/ipa> 1) the system is said to correspond to a quasi-

reversible system as indicated in Figure 2.7. 
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Figure 2.7: Examples of reversible, quasi – reversible and irreversible Cyclic Voltammetry. 

Source: Lee, (2014). 

 

2.8 Electrochemical Cell 

A typical electrochemical cell contains two electrodes and an electrolyte (Martinson et al., 2014). 

They are devices that use spontaneous chemical reactions to produce clean electricity or, 

conversely, use electricity in the form of electrical energy to bring about non-spontaneous useful 

chemical reactions. The electrochemical cell can be designed either to be divided or undivided. 

Undivided cells are more straightforward to set-up with both oxidation and reduction taking 

place within the same compartment. Watts et al. 2015, demonstrated that the undivided cell setup 

as shown in (Figure 2.8a) is designed in such a way that the products formed from the redox 

reaction will not react with the electrodes. On the other hand, divided cells as shown in Figure 

2.8b require a more specialized setup with electroactive species to be oxidized placed in the 

anodic compartment, while species to be reduced is placed in the cathodic compartment.  
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The cathodic and anodic chambers are separated with a semi-porous membrane such as 

sintered glass frit, porous porcelain, polytetrafluoroethylene, an ion-selective membrane or salt 

bridge. The purpose of the divided cell is to “separate” the chemistries at the two electrodes 

(Pletcher et al., 2017) hence permitting the diffusion of ions via the membrane and restricting the 

flow of the products and reactants. Other functions of the porous membrane are to complete the 

electric circuit and maintain electrical neutrality on both sides of the electrode compartment. The 

two resulting half-cells may utilize the same or different types of electrolytes. Electrolyte, 

therefore, is an ionic substance that permits ions to migrate between the electrode compartments, 

thereby sustaining the system’s electrical neutrality. The two types of electrolytes are strong and 

weak electrolytes. 

 

 

Figure 2.8: (a) Undivided Cell (b) Divided cell (c) 3-electrode cell electrochemical cell with EA 

as the applied voltage, WE, CE and RE as the working, counter and reference electrodes 

respectively 

 

Those electrolytes which completely ionize or dissociate into ions are known as strong 

electrolytes. Some of the examples of strong electrolytes are hydrochloric acid (HCl), sodium 
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hydroxide (NaOH), and potassium sulfate (K2SO4). Weak electrolytes, on the other hand, are 

those electrolytes that dissociate partially in an aqueous medium. Some of the examples of weak 

electrolytes are acetic acid (CH3COOH), carboxylic acid (H2CO3), ammonia (NH3), ammonium 

hydrosulphide (NH4OHH2S) (Tro, 2018). Electrochemical reactions occurring in a cell are 

between the electrolyte, electrodes, and an external substance (as in fuel cells that may use 

hydrogen gas as a reactant). 

 

 

 

 

Figure 2.9: (a) Overview of 2-electrode setup (b) Overview of 3-electrode setup (c) Overview 

of 4-electrode setup 

 

Electrodes are used to perform specialized roles in electrolytic cells; hence cells can be 

configured or set up to have two, three, or four electrodes, depending on the type of experiment 

to be conducted. The most basic form of cell configuration is the two-electrode cell 

configuration, which usually has the electrode under investigation as the working electrode (WE) 

and the electrode necessary to close the electrical circuit, the counter electrode (CE). The 
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electrode where the chemistry of interest occurs is the WE. The physical set-up for two-electrode 

mode is shown in Figure 2.9a with working (W) and working sense (WS) leads connected to the 

working electrode (WE) called the cathode and Reference (R) and counter (C) leads connected to 

the second electrode called the anode. In this type of setup, the counter electrode has two major 

responsibilities. It completes the circuit permitting charges to be circulated throughout the cell 

and it sustains the same interfacial potential despite the flow of free electrons. The role of 

circulating current with constant voltage supply, is, therefore, better utilized by two separate 

electrodes. Thus, this kind of setup is usually employed when one wants to examine and analyze 

properties such as electrolyte conductivity or to characterize semiconductor devices. For three-

electrode cell configurations, the cell setup consists of the working electrode (WE), a counter 

electrode (CE), and a reference electrode (RE) as depicted in Figure 2.9b. In this setup, the RE is 

most often positioned in such a way as to measure and control the working electrode potential 

(which has both Working and Working Sense leads attached, without allowing the passage of 

free flow electrons. The RE is expected to sustain the electrochemical potential value at low 

current density.   

Furthermore, since the RE allows the passage of so small current, the potential drop 

across the space separating the reference and the working electrode (iRU) is often very 

negligible.  Hence, the three-electrode system gives a much more stable reference potential value 

than others with additional compensation of iR drop-in solution. Therefore, in the three-electrode 

setup, the major role of the CE is to allow the passage of all free electrons required to stabilize 

any current detected at the working electrode. Hence, maximum potentials at the CE are needed 

to achieve such a task. The most uncommon cell configuration is the four-electrode cell 

configuration, which has the Working Sense lead decoupled from the working electrode, as 
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shown in Figure 2.9c. In a 4-electrode mode, working electrode potentials are not being 

measured but rather the effect of an applied current or some barrier on the solution itself was 

measured. A 4-electrode cell setup is generally used to analyze processes occurring within the 

electrolyte, between two measuring electrodes separated by a membrane (EIS03, 2011). 

 

2.9 Types of Electrochemical Cells 

The two main types of electrochemical cells and they are galvanic cells (also called voltaic cells) 

and electrolytic cells.  

2.9.1 Galvanic cells 

A galvanic cell is a device that utilizes spontaneous oxidation-reduction reaction to produce an 

electric current; hence it is also called a voltaic cell (Oon, 2007). Spontaneous redox reactions 

are exothermic reactions. They change the energy liberated by a spontaneous reduction and 

oxidation reaction into electrical energy used to do work. Thus, in galvanic cells, the redox half-

reactions typically occur in different compartments called half-cells. As depicted in Figure 2.8b, 

the porous barrier connects the two half-cell allowing ions to migrate between the two chambers 

while also retaining their electrical neutrality. The potential difference between the two 

electrodes (voltage) enables electrons to migrate from the reduced to the oxidized through an 

outer circuit, hence producing an electric current. The metal that is more readily oxidized serves 

as an anode with oxidation half-reaction occurring there while the cathode is the electrode at 

which the reduction half-reaction occurs. Using zinc (Zn) and copper (Cu) for illustration, the 

basic principles of the galvanic cell are represented in the following cell notation of Equation 
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2.26 and 2.27 (Holze, 2012). (Note that cell notation has its cathode displayed on the right-hand 

side and the anode on the left) 

 

Zn|ZnSO4 (aq)||CuSO4 (aq)|Cu      (2.26) 

Zn(s) + Cu2+ (aq) → Zn2+ (aq) + Cu(s)     (2.27) 

 

The ionic flow (electricity resulting from positive charge) is migrating from left to right once the 

zinc rod is immersed into its aqueous electrolytic solution of zinc (II) sulfate. As the reaction 

continues, the zinc rod melts with the appearance of massive copper metal. These conversions 

occur automatically, with all the energy released in the form of heat that can be dissipated. 

Conclusively, in Galvanic cell (aka Voltaic Cell), a chemical redox reaction is spontaneous as the 

change in Gibb’s energy is less than zero (∆G is < 0), hence electrode potential is greater than 

zero (Eo > 0). Electrons, therefore, migrate from the anode, the negative terminal to the cathode, 

the positive terminal (where electrons are gained). Examples of galvanic cells are (a) dry cell (i.e. 

non-rechargeable batteries) and (b) Daniel cell  

 

2.9.2 Electrolytic Cell 

The electrolytic cell, on the other hand, is an electrochemical cell that drives a non-spontaneous 

redox reaction through the application of an external source of electrical energy. In electrolytic 

cells, only a single compartment is employed in its applications. This kind of cell is mostly used 

to disintegrate chemical compounds, in a series of chemical operations called electrolysis. 

Examples of where this kind of cell is used are in rechargeable batteries, to divide solid metals 

from its metallic compound, to divide other chemical compounds such as water, to electroplate 
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metals and too impressed current cathodic protection. The main differences between galvanic 

and electrolytic cells are outlined in Table 2.2. However, all electrolytic cells contain three main 

parts: two solid electrode conductors in contact with its ionic conductors (electrolytes).  

The negative charge electrode is always the cathode while the positively charged is the 

anode. These two electrodes are manufactured from substances that take part in the chemical 

reaction of which zinc, copper, and silver are examples. Also, like graphite, silicon, or platinum, 

they can be produced from chemically inert materials, thus they are generally regarded as active 

electrodes. First, the battery from the external source supply’s electrical energy which sends the 

electrons onto the cathode, making it negatively charged.   

 

Table 2.2:  Correlation between galvanic and electrolytic cells 

Galvanic cell Electrolytic cell 

 

1. ∆G is < 0, Eocell > 0   

 

2. A Galvanic cell transforms chemical 

energy into electrical energy. 

 

3. A Galvanic cell transforms chemical 

energy into electrical energy. 

 

4. A spontaneous redox reaction occurs 

 

∆G > 0, Eocell < 0 

 

An electrolytic cell transforms electrical 

energy into chemical energy. 

 

An electrolytic cell transforms electrical 

energy into chemical energy. 

 

Electrical energy from external source 
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here which gives rise to the generation of 

electrical energy 

 

5. The cell is configured to have the two 

electrodes in different half-cells 

compartments, linked together via salt 

bridges or porous partition 

 

6. The anode is the negative pole while the 

cathode is the positive pole. An 

oxidation reaction occurs at the anode, 

while that at the cathode is a reduction. 

 

7. Oxidized species are the source of 

electrons supplied and they move from 

anode to the cathode 

initiates redox reaction, hence reaction is 

not spontaneous 

 

The cell is configured to have both 

electrodes in the same compartment 

having the same electrolyte. 

 

 

The cathode is the negative pole while 

the anode is the positive pole. An 

oxidation reaction occurs at the anode, 

while that at the cathode is a reduction. 

 

External source supplies the electrons 

and forced them onto the cathode and 

eventually come out through the anode. 

 

 

Pulling out electrons from the anode makes it positively charged. Once this occurs, a Redox 

reaction is initiated. Hence, an oxidation reaction occurs at the anode, allowing electrons to 

migrate freely, and becoming attracted toward the positive electrode. Consequently, electrons 

accumulate at the cathode where reduction takes place. 
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2.10 Electrochemical Cell Electrodes 

Electrodes are typically good electric conductors, carrying currents to non-metallic solids, 

liquids, or gases. In solid conductors, the current is carried by electrons. Some examples of solid 

conductors are zinc, carbon, and iron. In liquids and gases, the current is being carried by 

molecules that have acquired either positive or negative charges called ions. Examples include 

hydrogen ion (H+), hydroxyl ion (OH
•
), etc. According to Inzelt, (2015), there are numerous 

ways of classifying electrodes, hence enumerated. The electrode where reduction chemical 

reaction takes place is called the cathode and that where oxidation chemical reaction occurs is 

called the anode. Classifying electrode based on whether migratory ionic species across the 

boundary at the interface or not, we have a non-polarisable electrode which represents electrodes 

that allow mass transfer at the interface and polarisable electrode which does not allow any 

charge transfer at their interface. Based on the electrode size, electrodes can consequently be 

classified into microelectrodes, and ultra-microelectrodes. In terms of functional grouping, 

electrodes are classified as working, counter, and reference electrodes.  

On the other hand, electrode surfaces can be modified to incorporate an electrochemical 

function either not possible or difficult to achieve using conventional electrodes.  The targeted 

improvement includes increased selectivity, sensitivity, and improved resistance to fouling, 

chemical, and electrochemical stability. Durst, (1997) suggested that chemically modified 

electrode (CME) are electrodes made of a conducting or semiconducting material which is 

coated with a selected monomolecular, multimolecular, ionic, or polymeric film of a chemical 

modifier and that employing Faradaic (charge-transfer) reactions or interfacial potential 

differences (no net charge transfer) exhibits chemical, electrochemical, and/or optical properties 
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of the film. The distinguishing feature of a CME is that the substance coated on the electrode 

surface is electroactive, endowing the electrode with desirable properties in a rational chemically 

designed manner. Several methods used to chemically modify electrodes are chemisorption, 

covalent bonding, coating by thin films, cross-linking, dip-coating, electrochemical 

polymerization, spin coating (spin casting) and electrochemical deposition (Durst, 1997). In this 

study, electrochemical deposition is used to modify the electrode. Electro-deposition is also 

called electroplating and it is used to coat a conductive metal with a thin layer of material (Wang 

et al., 2018). It is a process that assembles solid materials from ions in a solution. In this study, 

chronoamperometry techniques from PGSTAT were used for electrodeposition. 

 

2.10.1 Working electrode (WE) and carbonaceous material 

This is the electrode where the reaction of interest takes place. It changes from experiment to 

experiment to supply separate potential windows or to minimize/upgrade surface adsorption of 

the species of interest. The selection of WE depends either on the reduction and oxidation 

performance of the targeted species and the background current over the potential area needed 

for the measurement. A PGSTAT is used to control the applied potential of the working 

electrode as a function of the reference electrode potential. Carbonaceous materials in recent 

times have attracted considerable interest as an electrode material due to their commercial 

availability, good electrical conductivity, chemical and thermal stability, adsorption properties, 

relatively inexpensive cost, flexibility, and high surface area (Peng et al., 2019).  

Carbonaceous material has many possible forms of existence; hence, it can be utilized as 

WE materials in different forms such as, carbon felt, activated carbon felt, carbon cloth, activated 

carbon, carbon nanotube, etc. Also, their porous nature, surface properties, and electronic 
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conductivity have made them excellent catalyst support (Yang et al., 2011). As support, their 

large surface area with varying pore size distribution and different surface functionalities can be 

utilized. Banuelos et al. used iron-modified activated carbon electrodes (Fe/AC) to obtain higher 

efficiency of discoloration and degradation in the EF and PEF processes of a typical dye aqueous 

solution (Banuelos et al., 2015). In this study, a highly porous and lightweight structured carbon 

cloth electrode was used to anchor iron (II) catalyst for the heterogeneous EF process of treating 

pharmaceutical wastewater.  

 

2.10.2 Counter electrode (CE) and boron-doped diamond 

(BDD) electrodes 

The counter electrode is also known as an auxiliary electrode. It is the electrode used to complete 

the electrical circuit in the electrochemical cell (Fowowe, 2011). Its major duty is to provide a 

different path for the current to pass so that only an insignificant amount of current migrates 

through the reference electrode. Commonly, they are called inert electrode and they do not take 

part in an electrochemical reaction. Current regarded as free flow electrons migrate between the 

Working electrode and the counter electrode. To make certain that the kinetics of reaction taken 

place at the CE do not obstruct those reactions happening at the WE, the surface area of the CE 

must be larger than the surface area of the WE (Tian et al., 2016). When studying a reduction 

reaction at the WE, an oxidation reaction occurs at the CE. As such, the CE should be chosen to 

be as inert as possible.  

In this study, while the platinum electrode was used as CE during the iron (II) 

electrodeposition process, BDD was used as CE during the pharmaceutical wastewater 



51 

 

degradation. However, electrochemical oxidation using the BDD electrode has been realized as 

one of the most effective methods used for the degradation of refractory (Yu et al., 2014). The 

most useful property of BDD electrodes is their ability to generated hydroxyl radicals (OH
•
) that 

allow the complete degradation of organics at high anodic potentials in wastewater treatment. As 

suggested by Yu et al. 2014, using BDD in an electrolytic cell, resulted in water being oxidized 

to hydroxyl radical formation and adsorbed on the electrode surface as illustrated in Equation 

2.28 

 

H2O + BDD    BDD (HO•) + H+ + e-   (2.28) 

BDD (HO•) + R   BDD + CO2 + H2O + H+ + e-  (2.29) 

BDD (HO•) ads    BDD + 
1

2
O2 + H+ + e-   (2.30) 

 

Hence, organics (R) oxidation (equation 2.29) follows as any organics within this zone 

undergoes combustion, then oxygen evolution as shown by Equation 2.30. Patel et al. 2013, 

enumerated the following properties that made BDD the most efficient material for electro-

oxidation of wastewater   

 Extreme overpotential for oxygen and hydrogen evolution  

 High chemical and electrochemical stability, especially the high electrochemical 

stability under severe conditions  

 Corrosion stability in very aggressive media  

 Possibility to anodically produce hydroxyl radicals with high current efficiency 

without any modification of electrodes  
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 An inert surface with low adsorption properties and a strong tendency to resist 

deactivation (Swain, 1994).  

Apart from these advantages, BDD has a limitation, which is the high price of conductive 

diamond anodes thwarting the widespread use of BDD on a large scale.  

 

2.10.3 Reference Electrode (RE) 

RE is an electrode with constant potential and negligible current. Their potential is normally used 

to refer to the potential of other electrodes. Laboratory most commonly used reference 

electrodes, in aqueous media are silver-silver chloride Ag/AgCl electrode, the saturated calomel 

electrode (SCE), and the standard hydrogen electrode (SHE). These RE’s, in solution, are mostly 

isolated by a porous membrane. RE’s derived from Ag+/Ag couple is the most often used in non-

aqueous solvents, hence, a very high input impedance on the electrometer (> 100 GOhm) 

together with the CE, enables current flowing through the reference electrode to be maintained 

close to zero (ideally, zero). The half-reaction for the Ag/AgCl reference electrode and its half-

cell notation is shown in Equation 2.31 and 2.32. In the same manner, the half-reaction that 

occurs inside the saturated calomel (SCE) reference electrode and the shorthand notation for the 

SCE half-cell is given in Equation 2.33 and 2.34.  

 

AgCl (s) + e–   Ag(s) + Cl–(aq)    (2.31) 

Ag(s) / AgCl(s) //KCl (aq), AgNO3 (aq)     (2.32) 

 

Hg2Cl2(s) + 2e–   2 Hg (l) + 2 Cl– (aq)     (2.33)  

Pt(s) / Hg(l) // Hg2Cl2(s) / KCl (aq, sat‟d)      (2.34) 
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2.11 Electrode Potential (Eo) 

The electrode potential, E (SI unit is Volts) is the electric potential difference of an 

electrochemical cell. It is the potential value delivered by an electrode to its interfacial boundary 

with the electrolyte. In an electrochemical cell, each electrode exacts an electric potential at the 

interface with the electrolyte due to charged species that are transported over the interface. The 

difference between the two electrode potentials gives the cell potential (Equation 2.35). When 

current moves across any given cell, the resulting electrodes potential should be steady to 

maintain a precise potential value for the electrode under analysis.  Following the 

recommendations of IUPAC, the Standard hydrogen electrode (SHE) should be used as the 

reference point electrode. Hence, hydrogen is assigned a reference standard electrode potential of 

zero which all other electrodes are measured against. When SHE acts as the cathode, the half-cell 

reaction obtained is depicted in Equation 2.36.  

 

𝐸𝑐𝑒𝑙𝑙
0  = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

0 - 𝐸𝑎𝑛𝑜𝑑𝑒
0        (2.35) 

 

2H+ (aq) + 2e-     H2 (g)  𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
0  = 0.000V   (2.36) 

 

If the SHE is connected to an electrode in another half-cell, the cell potential (the difference in 

potential energy) can be used to determine the standard electrode potential of the other half cell. 

𝐸𝑐𝑒𝑙𝑙
0  is positive for reactions occurring spontaneous and negative for a non-spontaneous reaction. 

Given in Figure 2.10 are the standard potential of some common metals and non-metals. 
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Figure 2.10: Standard potential of some common metals and non-metals 
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2.12 Electrode Reaction 

Electrochemical reactions happening at the interface between the electrode and its electrolyte are 

fundamental in electrochemistry, with the application of electrode potential. These chemical 

reactions resulted from the heterogeneous migration of electrons between the electrode and the 

electroactive species in solution (Marcus, 1993). Hence, a standard electrode reaction requires 

electron(s) to be transferred between an electrode and the bulk electroactive species. It is not 

only a single electron-transfer step that is involved in electrode reactions, a sequence of two or 

more steps may also occur. Electrode reaction may produce positive or negative currents 

depending on the type of half-reaction occurring at the surface of the electrode. Electrochemical 

half-reaction can be referred to as anodic half-reaction or cathodic half-reactions and both are 

called redox reaction as expressed in Equation 2.37. 

 

O +  ne −
𝑅𝐸𝐷𝑈𝐶𝑇𝐼𝑂𝑁

⇌
𝑂𝑋𝐼𝐷𝐴𝑇𝐼𝑂𝑁

R      (2.37) 

O.A   R.A 

Reduced  Oxidized  

 

Where: O (Reactant) gains an electron and becomes reduced (GER), R (Product) losses electron, 

and becomes oxidized (LEO). Oxidation is the loss of electron/increase in oxidation number and 

reduction in the gain of electron/decrease in oxidation number. The reducing agent (R.A) loses 

an electron and it is said to be oxidized, while Oxidizing Agent (O.A) gains an electron and it is 

said to be reduced. By controlling the applied potential on the working electrode, the electrode 

reaction can be observed to follow the pathway shown in Figure 2.11. The steps include, 
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transportation of reactant electroactive species (O) to the electrode surface and this is termed 

mass transport, adsorption of the electroactive species onto the surface of the electrode, electrode 

reaction occurs which involves the exchange of electron through quantum mechanical tunnelling 

between the electrode and the electroactive species (Guo and McKenzie, 2017), the formation of 

products-R on the electrode surface, desorption of R from the electrode surface and transport of 

R-product away from the electrode surface to allow fresh reactant to accumulate on the 

electrode. Electron exchange between the electrode and the chemical species at the interface 

enables the interface to be electrified (i.e. current flows around) with the formation of a double 

layer, called an electric double layer (EDL). It was reported that EDL can only be explained 

using Helmholtz compact layer model, the Gouy-Chapman diffuse layer model, and the Stern 

model as depicted in Figure 2.12 (Gongadze et al., 2009).  

Helmholtz model proposed the existence of three regions, the inner Helmholtz plane 

(IHP) which passes through the centers of all species specifically adsorbed on the electrode 

surface as they have lost their solvation shell partially or completely. The second is the outer 

Helmholtz plane (OHP) which passes through the center of solvated ions located closest to the 

electrode surface, but not specifically adsorbed, only bounded by electrostatic forces. Ions in the 

OHP are hydrated with their solvation shell intact. The third region is the diffuse layer which is 

beyond the OHP. On the other hand, the Gouy-Chapman model assumes an outer “diffusion 

layer” containing an excess of cations or anions extending from the OHP to the bulk solution 

through a certain thickness, which is determined by the ion concentration. Stern model is a 

combination of both the Helmholtz and the Gouy-Chapman models, and he suggested that ions 

have finite size and consequently an ion's closest approach to the electrode is on the order of the 

ionic radius (Bard and Faulkner, 2001). 
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Figure 2.11:  Pathway of a general electrode reaction 

 

In the bulk of the ionic liquid, cations and anions are considered as a solid round object, of the 

same radius r, with its polarity situated at the center of the round object (Gongadze et al., 2009). 

In another development, from Equation 37, the relationship linking the oxidized (R) and the 

reduced (O) species in terms of concentration and free energy (Jmol-1) is given by Equation 2.38. 

However, the authentic cell potential is related to the change in Gibbs free energy with the 

maximum work done in a cell, which can be related to standard conditions (Equation 2.39). 

Therefore, the expression relating the potential and concentration of electroactive species taken 

part in any cell reaction at equilibrium is known as the Nernst Equation (Equation 2.40). 
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Figure 2.12: Electric Double Layer (EDL) showing Helmholtz compact layer, Gouy-Chapman 

diffuse layer, and Stern model 

 

Hence, the Nernst Equation is derived from the Gibbs free energy under standard conditions. 

Under standard conditions, all concentrations are equivalent to 1 m or 1 atm from the Nernst 

equation.  

∆G = ∆Go + RTln(Q) = ∆Go + RT ln 
[𝑅]

[𝑂]
    (2.38) 

∆G = -nFE = -nFEo       (2.39)  

-nFE = -n FEo + RTln(
[𝑅]

[𝑂]
), therefore E = Eo - 

𝑅𝑇

𝑛𝐹
ln 

[𝑅]

[𝑂]
    

E = Eo +  
0.059

𝑛
 ln 

[𝑂]

[𝑅]
       (2.40) 

 

The expression also indicates that the electrode potential of a cell is dependent on the reaction 

quotient Q of the reaction. As the reduction and oxidation reaction proceeds, reacting species are 
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used up, hence, decreasing the concentration of the reactants. Conversely, the concentration of 

the products formed increases. As this happens, the cell potential slowly decreases until the 

reaction reaches equilibrium. At equilibrium, ΔG = 0, also E = 0. The reaction quotient Q = 

equilibrium constant, K. then Equation 2.41, 

 

∆G = ∆Go + RTln(Q) ≡∆Go + RT ln 
[𝑅]

[𝑂]
 become 

 0 = ∆Go + RT ln K   

∆Go = - RT ln K       (2.41) 

 

Nernst Equation then gives the standard electrode potential of the cell as, 

-nFEo = - RT ln K,  

=> EO = 
RTln(K)

𝑛𝐹
 

 

But, when Q equals one, its logarithm gives zero, then the cell potential equals the standard cell 

potential. Hence: 

 

I.e. When Q = 1, then  
[𝑅]

[𝑂]
 = 1.  

Its logarithm gives:  ln Q = ln 
[𝑅]

[𝑂]
 = ln 1 = 0. 

Hence, E = EO  
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Where Q is the reaction quotient or activity, n represents the number of moles of electrons 

transported in the reaction (per mole of reactant or product), F represents the Faraday's constant 

= 96,500 C/Mol. and E is referred to as open circuit potential (OCP) or equilibrium potential.  

 

2.13 Electrochemical Resistance 

Electrochemical cells are constructed of various materials, such as the wire, the electrolytic 

solutions, the electrodes, and the containers. All of these materials together cause the cell to 

experience some sort of resistance. However, charges are transported in the electrolyte through 

the motion of ions (positive and negative). As the ions migrate from one point to another in the 

solution, ionic resistance occurs. The resistance of an ionic solution is therefore determined by 

the geometry of the area in which current is carried, the ionic concentration and type of ions, 

temperature. Charge transport can also occur in the electrode through the motion of electrons. 

Electronic resistance occurs along the electrode and external circuit as an electron is transferred. 

This type of resistance can be minimized by using electron-conducting materials.  

However, over a given cross-sectional area A and length l carrying a uniform current, the 

resistance is expressed as in Equation 2.42. Expressing ρ (solution resistivity) in terms of κ 

(solution conductivity), we obtain Equation 2.43. Standard chemical handbooks list conductivity 

(κ) values of specific solutions as a function of concentration (Weast, 1989). The units for 

conductivity (κ) are Siemens per meter (S/m). Multiplying Siemens with ohms gives unity by 

definition, so 1 S = 1/Ω. Generally, theses resistance causes the cell to lose some of its potentials. 

What remains of the cell's voltage after subtracting the voltage loss due to internal resistance is 

called the terminal potential difference as expressed in Equation 44. In Equation 2.44, Vt.p.d. is 
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the terminal potential difference, emf is the electromotive force, or ideal amount of energy (in 

volts) provided by the cell before there is resistance, I represent current in amperes, and 

represents the internal resistance in ohms. 

 

𝑅 =  𝜌
𝑙

𝐴
        (2.42) 

𝑅 =  
1

𝐾

𝑙

𝐴
 => 𝐾 =

𝑙

𝑅𝐴
      (2.43) 

Vt.p.d = emf – Ir       (2.44) 

 

2.14 Faradaic and Non-Faradaic Processes 

Redox reaction which involves the migration of electrons occurs at the electrode-solution 

interface. Such reactions are governed by Faraday’s law-which states that the number of moles 

of the electron, produced or consumed during an electrode process, is proportional to the quantity 

of electricity passing through the electrode. Therefore electron-transfer process, occurring at the 

charged interface and obeying faraday law are called Faradaic processes (Bard et al., 1980). 

Under certain given conditions, the electrode-solution interface can exhibit a set of potentials 

which does not support charge-transfer reactions because such reactions are disadvantaged. Such 

unit operation includes adsorption, desorption, movement of electrolytic ions, and reorientation 

of solvent dipoles. Therefore, the non-Faradaic process arises when no charge-transfer processes 

occur at the interface (Bard et al., 1980). Hence, both Faradaic and non-Faradaic operations 

occur simultaneously when electrode reactions take place. Generally, Faradaic current which 

flow at the interface is governed by Faraday’s law (Equation 2.45). The transport of a single 
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electron between two species of (O) and (R) (Equation 2.37) gives the cathodic and anodic 

current flowing as shown in Equation 2.46. Their corresponding reaction rate constants are 

predicted in Equation 2.47, which on relating it with free energy give Equation 2.48. 

 

Q = Nfn  then 
𝑑𝑄

𝑑𝑡
= 𝑖 = 𝑛𝐹

𝑑𝑁

𝑑𝑡
     (2.45) 

𝑖𝑐=−𝐹𝐴𝐾𝑟𝑒𝑑[𝑂]𝑜
  And 𝑖𝑎=−𝐹𝐴𝐾𝑂𝑥[𝑅]𝑜

     (2.46) 

𝐾𝑅𝐸𝐷 = 𝑍𝑒
−∆𝐺𝑅𝐸𝐷

𝑅𝑇  And 𝐾𝑂𝑋 = 𝑍𝑒
−∆𝐺𝑂𝑋

𝑅𝑇      (2.47) 

𝐾𝑅𝐸𝐷 = 𝑍𝑒
−∆𝐺𝑟𝑒𝑑𝑛𝑜𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑅𝑇

−∝𝐹𝑉

𝑅𝑇    And 𝐾𝑂𝑋 = 𝑍𝑒
−∆𝐺𝑜𝑥𝑛𝑜𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑅𝑇

(1−∝)𝐹𝑉

𝑅𝑇    (2.48) 

 

Where (Q) represents the total charge or quantity of electricity in the experiment, N is the 

number of molecules electrolyzed and n is the number of electrons transferred. Also, “i” is the 

Faradaic current, with 𝑖𝑐 and 𝑖𝑎 the reduction (cathodic) and oxidation (anodic) current, 𝐾𝑅𝐸𝐷 

and 𝐾𝑂𝑋 are the rate constants of the electron transfer,  

 

2.15 Mass transport processes in an electrochemical cell 

Whenever there is a charge transfer process at the surface of the electrode, the reacting species 

are used-up as they are consumed, setting up a concentration gradient within the solution. Under 

diffusion-controlled conditions, more reacting species from bulk solution moves in the direction 

of the electrode as a formed product moves into the bulk solution from the electrode surface. 

Therefore, mass transport of electroactive species in electrochemistry demonstrates the motion of 

species from one area to another in the solution due to the species concentration gradient in the 



63 

 

solution mixture. Elgrishi et al. 2017, reported that the three fundamental modes of mass 

transport are (1) diffusion, (2) migration, (3) convection.  

 

2.15.1 Diffusion 

Diffusion is the transport of particles as a result of the local difference in the chemical potential 

(Baierlein, 2001). In another word, diffusion is simply the random motion of a species from an 

area of higher concentration to another area of lower concentration and it must occur whenever 

bonds are broken or formed at the electrode surface. Diffusion-controlled electrode reaction 

arises when the molecular species close to the surface of the electrode are used-up, thereby 

reducing its amount near the electrode surface, hence more species diffuses in from the bulk 

solution to replenish it. Similarly, when a species is continually generated at an electrode, it 

begins to diffuse away from the electrode, where its concentration is zero. The rate of diffusion 

depends upon, the solution concentration gradient, and on the diffusion coefficient, D, of 

electroactive species fixed temperature.  

             Therefore, the movement of intermolecular species as effected by concentration gradient 

is described by Fick’s first law which states that the flux JA(x,t) of substance A, moving from 

higher concentration region to lower concentration region, has a magnitude which is proportional 

to the concentration gradient ΆCA(x,t)/Άx as shown in Equation 2.49. If the diffusion coefficient 

is self-sufficient and does not depend on position, then Fick's Second Law (Equation 2.50) may 

clarify the situation. 

 

𝐽𝐴(𝑥, 𝑡) =  −𝐷𝐴
𝜕𝐶𝐴(𝑥,𝑡)

𝜕𝑥
 (2.49) 
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𝜕𝐶𝑜

𝜕𝑡
=  𝐷𝑜 {

𝜕2𝐶𝑜

𝜕𝑥2
} (2.50) 

 

The diffusion of reactants and products in electrolytes should be considered in many types of 

interfacial processes. Diffusion of atoms on the electrodes may control the rate on the deposition 

and the value of the diffusion coefficient would, of course, vary from system to system. 

 

2.15.2 Migration 

The movement of charged particles in response to a local electric field is called migration (Yu et 

al., 2014). This electrostatic phenomenon emerged due to the application of voltage on the 

electrodes. Therefore, electroactive species near this electrified interface will moreover be 

attracted or repelled from the electrode surface by electrostatic forces. However, ion solvation 

effects make intermolecular movement within real solution very difficult to determine correctly. 

As a result, it has become unavoidably essential to add inert electrolyte in large quantities to the 

cell solution to shield the molecular species of any interest from migratory effect. The inert 

electrolyte commonly called the supporting electrolyte offsets the effect of intermolecular forces 

linking the working electrode and the molecular species by subduing the transported quantity of 

the reactants. This electrolyte can also act as a conductive solution to assist in the movement of 

the current. 

 

2.15.3 Convention 

Convection is the movement of solution species due to externally controlled forces. Forced 

movement of bulk electroactive species by rotation or vibration or automated stirring give rise to 
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forced convection. On the other hand, natural convection arises in solution due to changes in 

temperature and density. Fluid involved in forced convection can constantly be replaced and 

treated mathematically while natural convection cannot be reproduced or duplicated. Because the 

natural convention is not consistent, it is known to complicate the electrode process and therefore 

should be eliminated. This can be successfully reached by carrying out electrolysis in a 

thermostat-controlled system, in the absence of vibration. 
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Chapter 3: Materials and Methods 

Materials and methods used during the preparation of the supported CC electrode and the testing 

of the synthesized iron-supported carbon-cloth electrode on industrial wastewater with a focus on 

antiretroviral wastewater are discussed in this chapter. The material section highlighted sources 

of all reagents and equipment used for the electro-Fenton treatment process. On the other hand, 

the methodology gave an insight on electrode preparation and shows exactly how the active iron 

salts precursor was impregnated to the CC electrode to acquire the desired modified electrode. 

The procedure of electrode tested, sample collection, and characterization was also reported. 

 

3.1 Materials and Apparatus 

Materials used in this research are: 

 Potassium sulfate (K2SO4)  

 Sulphuric acid (H2SO4) 

 Iron (II) sulfate heptahydrate (FeSO4∙7H2O) 

 Titanium (IV) oxy-sulfate (TiOSO4, 15 wt. % in dilute sulphuric acid and purity of 

99.99% trace metals basis) 

 All chemicals were purchased from Sigma-Aldrich, South Africa, and are used as they 

were received without further purification.  All reagents used were prepared with high 

purity water (Millipore Milli-Q, 18 Mcm).  
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 Stainless steel wire was purchased from Nemtek, South Africa. AGA, South Africa 

supplied oxygen and nitrogen gasses. Hailea ACO-2204 air-pump, HM8040-3 triple-

power supplier, and beakers were also purchased in South Africa.  

 The Carbon-cloth electrode was purchased from Fuel Cell Earth, Massachusetts, United 

States. Boron doped diamond (BDD) electrode was purchased from CONDIAS GmbH, 

Germany.  Platinum electrode and Silver/silver chloride (Ag/AgCl) electrode was 

purchased from china.  

 UV–vis spectrophotometer (Perkin Elmer model Lambda 35) was used to measure the 

absorbance. An Autolab potentiostat galvanostatic (PGSTAT) was employed during 

electrode conductivity text, iron reduction potential experiment, electrodeposition, and 

degradation process. 

 The characterizations of the bare and modified CC electrode were carried out using the 

following techniques: scanning electron microscopy (SEM), energy-dispersive x-ray 

spectroscopy (EDX), and x-ray photoelectron spectroscopy (XPS) microanalysis.  

3.2 Methods 

3.2.1 Conductivity measurement using Linear Sweep 

Voltammetry (LSV) 

A conductivity experiment for the carbonaceous electrode was done in a typical three-electrode 

electrochemical cell consisting of bare CC electrode (12.5 cm2) as the working electrode (WE), 

platinum wire and Ag/AgCl as the counter electrode (CE) and a reference electrode (RE), 

respectively. Cell-connecting cables with crocodile clips were used to clip the heads of the 
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electrodes (WE, CE, and RE) and the other side connected to the Autolab PGSTAT. LSV 

measurement was carried out at room temperature in 50 mM K2SO4 electrolytic solution at a pH 

of 3.The first LSV scan was carried out in electrolyte enriched with O2/air for 35 minutes; the 

second linear sweep was carried in deoxygenated electrolyte achieved by pumping N2 gas into 

the solution for 35 minutes. This was very necessary to confirm if the material has large surface 

area with high porosity for surface adsorption of micro-pollutant. The LSV scan tested the 

electrode for 300 seconds (5minutes), using an electrochemical potential range of -1.5 V ≦ E≦ 

1.00 V at a scan rate of 0.05 V/s. 

 

3.2.2 Iron Reduction Potential measurement using Cyclic 

Voltammetry (CV) 

The iron reduction potential experiment was also performed using a typical three-electrode 

electrochemical cell (Figure 3.1) consisting of bare CC electrode (12.5 cm2) as the working 

electrode (WE), platinum wire, and Ag/AgCl as the counter electrode (CE) and a reference 

electrode (RE), respectively. Through the Teflon-cap of the cell cover, two tiny stainless-steel 

wires were used to hold the CC-working electrode and the platinum counter electrode firmly. 

Connecting cell cables with three crocodile clip heads were used to hold the heads of WE, CE, 

and RE with the other end connected to the Autolab PGSTAT. CV measurements were 

performed at room temperature in 50mM K2SO4 solution at a pH of 3 containing 0.1 M 100 ml 

FeSO4.7H2O. The electrolyte was only enriched with N2 gas for 35 min before the experiment.   

Iron electrodeposition on CC electrode was optimsed using the following CV potential ranges -

0.8 V ≦ E≦ 1.00 V; -1.3 V ≦ E ≦1.00 V and -1.8 V to 1 V; for 180 seconds and a scan rate of 
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0.05 V/S. When adding the electrolyte into the cell, it was done utilizing a thistle funnel, in such 

a way that the WE was completely immersed in the solution.  

 

3.2.3 Preparation of Iron-Supported CC Electrode by 

Electrodeposition 

Reagent grade iron (II) sulfate heptahydrate (FeSO4.7H2O) was used to prepare 0.1 M 100 mL 

iron (II) sulfate solution using 50 mM, N2-gas enriched K2SO4 electrolyte at a pH of 3.0. The 

electrochemical setup for electrodeposition was a standard three-electrode cell (Figure 3.1) with 

12.5 cm2 carbon cloth as the working electrode, platinum as the counter electrode, and silver-

silver chloride as the reference electrode. Two stainless steel wires passing through two separate 

smallest holes on the cell cover were used to hold WE and the CE externally. Through another 

hole on the cell cover, closer to the WE, Ag/AgCl reference electrode (RE) was inserted, and 

utilizing a thistle funnel, about 10 ml of the prepared iron (II) solutions were poured into the cell. 

The electrodeposition of iron on the surface of the electrode was performed using 

chronoamperometry techniques of Autolab PGSTAT 302F. Iron particles were deposited by 

cyclic sweeping from -1.8 to 1 V and back at 0.05V/s for 90 cycles in an N2-enriched working 

solution containing 0.1M FeSO4.7H2O and 50 mM (millimole) of K2SO4 at a pH of 3. To load 

different amount of iron on the electrode surface, 0.01M, 0.001M and 0.0001M of Iron (II) 

sulfate heptahydrate in 100ml of solution were prepared using 50 mM, N2-gas enriched K2SO4 

electrolyte at a pH of 3.0. 

The modified electrodes were rinsed with high purity water and air-dried, after which they were 

characterized using SEM analysis, EDX analysis, and XPS analysis. 
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Figure 3.1: Standard three-electrode electrochemical cell containing 2.78g FeSO4.7H2O  

in 50 mM, N2-gas enriched K2SO4 electrolyte at a pH of 3.0 
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Figure 3.2: Photo image of (a) modified iron-supported carbon-cloth electrode (b) bare 

carbon-cloth electrode 

3.3 Characterization of the electrode 

Figure 3.2 presents the image of the synthesized iron-supported carbon cloth electrode and bare 

carbon cloth electrode. These electrodes were characterized using methods presented in the 

subsection of 4.3 below. 

 

3.3.1 SEM, EDX, XPS analysis, and electrochemical 

measurements. 

 To depict the surface morphology of the material after iron electrodeposition, the electrodes 

were characterized. Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) analyses were done on a gold plate with an application of 20 KV electron 

acceleration voltages using JEOL-733 super probe equipment. The X-ray photoelectron 

spectroscopy (XPS) spectrum was obtained on a Thermo ESCALAB system which uses AXIS 

SUPRA for data acquisition (Shimadzu Inc., Kyoto, Japan). Further characterization was 

evaluated using electrochemical experiments with Autolab PGSTAT-307, in a typical three-

electrode system, with silver-silver chloride (Ag/AgCl) serving as the reference electrode, BDD 

as the counter electrode and bare or modified CC electrode as the working electrode. The 

electrochemical techniques used for characterization were cyclic Voltammetry (CV) and 

Electrochemical impedance spectroscopy (EIS) with a working electrolytic solution of 50 mM 
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(millimole) of K2SO4 at a pH of 3 enriched with O2-gas for 35 min before the experiment at room 

temperature 

3.4 Evaluation of “in-situ” generated H2O2 using 

the electrolysis method 

The electrolysis experiment enables the determination of the maximum concentration of H2O2 

electro-generation within the system. It also enables current to be optimized at maximum 

peroxide concentration. The H2O2 electro-generation experiment was performed in an undivided 

glass cell of 250 ml capacity using an air pump and HM8040-3 triple-power supply. The 

modified iron-supported CC electrode (2.5 cm x 5 cm) was selected as the cathode and a 

platinum wire was employed as the anode. Using stainless-steel wire, the electrodes were held 

firmly in such a manner that they were 2 cm from the bottom of the glass cell and 2 cm from one 

another. Before the electrolysis experiment, compressed air (oxygen) was used to saturate 0.05M 

K2SO4 aqueous electrolyte using the air pump for about 35 minutes. By transferring the aeration-

tube near the cathodic surface, an essential amount of oxygen was supplied for the 

electrochemical reactions; electrolyte oxygenation was maintained with a constant magnetic 

stirrer of 400 rpm. Oxygen was reduced by applying a constant electric current (I) of 0.1A on the 

surface of the working electrode for 60 minutes. Sampling was done every 10 minutes utilizing 

an Eppendorf micro-pipette. The concentration of H2O2 electro-generated during the process (C) 

was quantified by photoelectric measurement, measuring the absorbance of the color complex 

intensity of hydrogen peroxide solution treated with titanium oxy-sulfate at a wavelength of 405 

nm using a UV-Vis spectrophotometer (García-Rodríguez et al., 2016; Eisenberg, 1943). Hence, 
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0.5 ml of working solution was introduced into a sample bottle where 0.5 ml TiOSO4 and 4 ml of 

deionized water were added to obtain a total of 5 ml sampling solution whose absorbance was 

obtained at a wavelength of 405 nm. Different synthesized CC electrode with different iron 

concentration were used to generate in-situ H2O2, for optimum performance 

Figure 3.3: Setup used for the “in-situ” generation of hydrogen peroxide (H2O2).  

 

3.5 Preparation of standard stock solution 

A standard stock solution of nevirapine (NVP), lamivudine (LVD), and zidovudine (ZVD) were 

prepared by transferring 100 mg (0.1 g) of accurately weighed powdered pure samples into 

100ml volumetric flask. 60 ml of methanol was poured into the flask and manually shaken for 5 

minutes to dissolve the powder. The volumetric flask was made up to the mark with 40 ml of 

deionized water to obtain a final strength of 1mg/ml (1000 µg/ml = 1000 mg/L) of Nevirapine, 

lamivudine, and zidovudine separately. 
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3.5.1 Selection of sample wavelength 

Sample wavelength for NVP, LVD, and ZVD were determined by scanning two milliliters (2 ml) 

of stock solutions from 50 – 300 nm range using UV-vis spectrophotometer and their obtained 

UV spectra recorded. From this stock solution, working standard solutions were prepared for 

calibration by the dilution process. This involves adding defined volumes of the stock standard 

solutions into 100 ml flask and toping-up the volume mark with deionized water to obtain 

concentrations of 5.0, 10.0, 15.0, 18.0, 20.0 µg∙mL−1 respectively for NVP, LVD, and ZVD. 

 

3.5.2 Preparation of Synthetic Wastewater for degradation. 

The working solution for the degradation process was prepared using the appropriate dilution 

process. Two milliliters (2 ml) of the stock solution was transferred into a 100 ml volumetric 

flask containing 0.8713 g of K2SO4 supporting electrolyte (50 mM). The volumetric flask was 

then made up to the mark with deionized water and sonicated for 30 minutes. Supporting 

electrolytes was used in all experiments to increase the conductivity of the antiretroviral solution. 

Concentrated sulfuric acid was then added to reduce the pH of the resulting solution to 3.0. 

 

3.6 Electrochemical degradation experiments. 

The degradation experiments were carried out at room temperature in an undivided, magnetically 

stirred electrochemical glass cell with a working volume of 100 ml. The prepared synthetic 

ARVDs wastewater solution of 20 mg/L at a pH of 3, was transferred into the electrochemical 
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cell containing iron supported or bare CC electrode as the cathode electrode, and a 24 cm2 thin-

film BDD as the anode. The BDD-anode was clamped in the middle of the cell, and a distance 2 

cm from the cathode. The crocodile clips were used to clip the head of the cathode and anode 

while connecting the other end to Autolab PGSTAT-204. For two-electrode setup using 

PGSTAT, CE, and RE are joined together to serves as an anode, while sense (S) and WE joined 

together became the cathode (EC08, 2011). The air pump was used to saturate the electrolyte 

with oxygen (O2) for about 35 minutes before the experiment and continue thereafter during the 

electrolysis process. Oxygenation is maintained throughout to ensure continuous saturation of the 

wastewater with oxygen. A magnetic stirrer apparatus with an agitation speed of 400 rpm was 

used to completely ensure homogenous conditions in the reactor. Degradation reaction was 

initiated by selecting a chronoamperometric method for 3 and a half hour, with a voltage range 

of -0.5 to 0.5 V and a constant current condition of 0.025A. All the experiments were repeated 

three times, as aliquot is taken every 40 minutes. Antiretroviral drug residues were analyzed 

using UV-vis spectrophotometer according to the method recently reported by Kumar et al. 

(Kumar et al., 2014). Also according to Youssef et al. 2016, the degradation removal efficiency 

was calculated using: 

 

Removal efficiency % = (1 −  
𝐶𝑡

𝐶0
)  𝑋 100        (3.1) 

 

Where Ct and C0 are the concentration of the antiretrovirals at reaction time = t and time = 0, 

respectively. 
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3.7 Electrochemical Regeneration. 

For reusability and stability study, the catalytic efficiency of the synthesized electrode was 

measured for five cycles using the same protocol as in the degradation experiment of section 3.6. 

After initially using the Fe/CC electrode in the electrochemical cell filled with the micro-

pollutant, the first degradation cycle was initiated for 210 minutes. After the first degradation 

cycle, the spent electrode was separated, rinsed with high purity water and oven dry for 70 OC. It 

was then used for the next degradation cycle consecutively until five cycles.  
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Chapter 4:  Electrochemical Preparation of Iron-

Supported Carbon-Cloth Electrode and Its 

Application in the In-Situ Production of Hydrogen 

Peroxide 

4.1 Introduction 

Hydrogen peroxide (H2O2) is an ecologically benign oxidant and one of those chemicals used in 

advanced oxidation processes (AOPs) for water and sewage decontamination (Čolić et al., 2018). 

The use of H2O2 has offered an efficient alternative for the obliteration of organic and inorganic 

contaminants in aqueous media. Although hydrogen peroxide is profitably produced on a 

commercial scale by anthraquinone process, the process is rigorous and generates a significant 

volume of liquid wastes. Besides, the product must be handled and transported to the worksite, 

posing a safety risk. Therefore, hydrogen peroxide produced using this technique, encompasses a 

significant environmental influence, which is in contrast to green chemistry principles (Goti and 

Cardona, 2018). As a result, a replacement for H2O2 production follows the pathway of two-

electron oxygen reduction reaction (ORR) in acidic, basic, or neutral media as shown in Equation 

4.1 and 4.2 (Jiao-jiao et al., 2018; Zhou et al., 2018). ORR can also occur by a direct process 

called 4e− process as depicted in Equations 5.3 and 5.4 (Zhou et al., 2018). Hence, the on-site 

generation of sustainable hydrogen peroxide requires the operations of air (oxygen), water, and 

electricity, which could be provided from renewable sources.   
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Generally, the use of Fenton’s reagent in recent times, as an oxidative degradation tool is 

very attractive because iron is a non-toxic element and easily available. Besides, H2O2 breaks 

down to environmentally harmless products of hydrogen and water (equation 5.5) (Foustoukos et 

al., 2011; Pouran et al., 2015). However, homogeneous Fenton technology has its limitations, in 

the massive ferric-hydroxide sludge formation (Pouran et al., 2015) at pH greater than 4.0 and 

the complication arising from the transportation, handling, and storage of H2O2 (Qiu et al., 2015). 

To overcome these limitations to some extent, heterogeneous catalysts are used. Hence, in a 

heterogeneous Fenton process, iron is fixed or immobilized within the catalyst structure and 

reaction occurs on the surface interfaces of the solid catalyst-electrode and the conducting 

solution. Therefore, an apparent adsorption and diffusion process of H2O2 on the surface of the 

electrode enhances catalytic reaction (Zhang et al., 2015). Punzi and co-workers, in 2012, also 

reported that the slower step of the heterogeneous catalytic system, as compared to their 

homogeneous counterpart, could be as a result of an electrodeposited small fraction of iron on 

the surface of the catalyst. 

 

O2 (g) + 2H+ + 2e-   H2O2 (acidic)     (4.1) 

O2 (g) + 2H2O + 2e-   H2O2 + 2OH
•
 (basic)    (4.2) 

O2 (g) + 4H+ + 4e-   2H2O (acidic)     (4.3) 

2O2 (g) + 4H+ + 4e-   4 OH
•
 (basic)     (4.4) 

2H2O2     O2 + 2H2O     (4.5) 

Fe2+ + H2O2    Fe3+ + OH- + OH
•
    (4.6) 

Organics + OH
•
   Oxidation intermediates + CO2 + H2O  (4.7) 
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Several authors such as Peralta-Hernández et al. 2008, Martínez-Huitle and Brillas 2009, and 

others, have demonstrated that “in-situ” electro-generated H2O2 can be used successfully to 

separate micro-pollutants from water effluents contaminated with different organic compounds 

in an aqueous or a non-aqueous medium.    

The principle of decontamination, however, is initiated through Fenton reaction 

(Equation 4.6) (Pouran et al., 2015; Heidari et al., 2015), as “in-situ” electrochemical generated 

peroxide reacts with ferrous ions (Fe2+) to produce hydroxyl radicals (OH
•
) which can efficiently 

mineralize recalcitrant organic micro-pollutants contained in wastewater as shown by Equation 

4.7 (Zhang, 2021). This technique, frequently called electro-Fenton (EF) is an advanced 

oxidation process (AOP) because of the creation of active hydroxyl radicals (OH
•
) a very strong 

reactive oxidant with high oxidation potentials of 2.8 V. The use of carbonaceous materials as 

electrode materials are found to catalyze oxygen reduction reaction (ORR) selectively by two 

electrons using appropriate cathodic potential, in an electrolytic solution enriched with oxygen 

forming hydrogen peroxide. Apart from electrode materials, another inhibiting consideration in 

the capability of hydrogen peroxide production through ORR is the high insolubility of oxygen 

in water at room temperature. Hence, the use of gas diffusion electrode (GDE) overcomes the 

high insolubility of oxygen, which causes mass transfer limitations at the cathode surface. 

Carbon-based materials such as glassy carbon modified with palladium nanoparticles (Kitte et 

al., 2013), activated carbon (Zhou et al., 2019), carbon nanotubes (CNTs) (Lu et al., 2018), and 

nitrogen-doped mesoporous carbon (Sun et al., 2018), have shown great promise as alternative 

catalysts for the electrochemical production of hydrogen peroxide. Despite progress in the 

synthesis of carbon-based electrodes, there is still room for improvement in modifying and 
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developing carbon-based substances for “in-situ” production of hydrogen peroxide. In this study, 

we analyzed the electrocatalytic activity and selectivity of carbon-cloth and iron supported 

carbon-cloth electrode toward “in-situ” production of H2O2 using surface oxidation. 

 

4.2 Materials and Methods 

4.3 Materials and Apparatus 

 

The described materials and apparatus under section 3.1 of chapter 3 were also used in this 

chapter. 

 

4.3.1 Linear Sweep Voltammetry (LSV) Measurement for 

ORR 

 

The linear sweep voltammetry measurement was achieved by following the same procedure as 

described under section 3.2.1.  
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4.3.2 Evaluation of Iron Reduction Potential through Cyclic 

Voltammetry (CV) Measurement 

 

The procedure to determine the iron reduction potential measurement through cyclic 

voltammetry follows that described under section 3.2.2 

 

4.3.3 Preparation of Iron-Supported CC Electrode by 

Electrodeposition 

 

A similar approach as explained under section 3.2.3 above were followed for the preparation of 

composite Fe-supported-CC electrode through chronoamperometry method 

 

4.3.4 “In-situ” electrochemical generation of H2O2 

Using the same procedural method given under section 3.2.3, “in-situ” electrochemical 

generation of H2O2 was quantified.  

The current efficiency (CE) for H2O2 generation was calculated with the formula depicted 

in Equation 4.8 (Qiang et al., 2002; Yu et al., 2015). 

 

𝐶𝐸 =
2𝐹𝐶𝑉

∫ 𝐼𝑑𝑡
𝑡

0

× 100%        (4.8) 
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Where F is the Faraday constant, equal to 96500 C/mol, C is the concentration of H2O2 in mol/L, 

V is the solution volume (L), I is the applied current (A), and t is the production time (s). The 

electric energy consumption (EEC) (kWh/m3) was calculated using the expression in Equation 

4.9 (Yu et al., 2015). 

 

𝐸𝐸𝐶 =  
𝑈𝐼𝑡

𝑉
         (4.9) 

 

Where U represents the applied voltage (V), I the current (A), t the treatment time (h) and V is 

the solution volume (m3) 
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4.4 Result and Discussion 

4.4.1  Characterization Result 

 

  

 

  

 
Figure 4.1: (a) SEM of bare-CC electrode, (b) SEM of bare-CC electrode showing lumps as 

impurities, (c) EDX of bare-CC electrode, (d) SEM of iron-supported CC 

electrode, not completely covered, (e) SEM of iron-supported CC electrode, 

uniformly covered, and (f) EDX of iron-supported CC electrode 

 

Iron deposition on the surface of the electrode was performed by applying a constant potential of 

-1.8 V to 1 V vs Ag/AgCl for 40 minutes. During this process, some bubbles were observed 

moving from the platinum electrode toward the carbon cloth electrode. After sometime, the 
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solution changes its color to yellow colouration. Once electrodeposition stops, the CC working 

electrode was removed, rinsed inside a beaker of distilled water to remove any surface 

impurities, oven dried at 70 oC for 2 hours and stored for characterisation. Using SEM analysis, 

the morphological characteristics of the electrode prepared using 0.1M FeSO4.7H2O; 50 mM 

(millimole) of K2SO4 at a pH of 3 and the bare electrode were inspected as depicted in Figure 4.1 

(a, b, d, and e). This is because the electrode prepared by 0.1M FeSO4.7H2O, were found to give 

higher organics removal efficiency as expressed in section 5.4.9. Figure 4.1a shows that the 

untreated bare-CC electrode had a porous structure with overlapping carbon fibers. The carbon 

fibers have a very smooth surface with irregular small lumps attached to it, as shown in Figure 

4.1b.  

These attachments may have been some contaminant and could be removed through pre-

treatment with acid and alkali. Figures 4.1d and 4.1e shows that after electrodeposition, iron 

particles were deposited and well dispersed on the surface of the CC electrode, making their 

surface rough. This means that the CC electrode has high porosity and consequently, good 

adsorption capacity. As shown in Figure 4.1d, the iron deposit was not completely uniform as 

observed in some places of the bare carbon-cloth electrode. However, in Figure 4.1e, the 

coverage was uniform over the carbon cloth lattice. This structure was expected to help enhance 

electrochemical activity and the mass-transfer process of ORR by 2e-, leading to the “in-situ” 

generation of H2O2. The EDX result as shown in Figure 4.1(c & f) and Table 4.1, confirms the 

elemental composition of the electrode surface. Based on the result, the presence of C, O, and N 

was confirmed on the bare CC electrode. Besides, the presence of different weight % of Fe was 

confirmed in the structure of the modified electrode.  
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Table 4.1: EDX result of bare and iron-supported CC electrode 

Samples     Weight % 

Carbon           Oxygen           Nitrogen           Potassium           Iron 

    

 Fe / CC Electrode  55.79              16.14               0.53                   0.58                   26.96 

      

 Bare Electrode  99.74                0.22                0.04 

 

 

Based on the EDX results, the magnitudes of nitrogen-to-carbon (N/C) and oxygen-to-carbon 

(O/C) ratios were calculated to be 0.009% and 0.29% after electrodeposition on the surface of 

the electrode. The calculated result shows that the resultant modified electrode has high oxygen 

content as compared to nitrogen, which confirmed the adsorption of iron onto the CC electrode 

surface after electrodeposition. 

Another surface analysis that determines the atomic composition of the electrode was X-

ray photoelectron spectroscopy (XPS) analysis as shown in Figure 4.2. It can be seen from 

Figure 4.2a, that the bare-CC electrode has three detectable peaks: one at 284.3 eV, which 

corresponds to carbon C1s, another at 532.1 eV corresponding to oxygen O1s and the last at 

400.7 eV corresponding to nitrogen N1s. The modified electrode presented an extra peak at 

711.3 eV, corresponding to the iron Fe2p3 particles and 377.8 eV corresponding to the 

potassium K2s. For the coated CC electrode, a high-resolution XPS spectrum of O1s shows the 

presence of an additional functional group of O1s (metal oxide) (530.1 eV) and O1s (organic C-
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O) (531.6 eV). However, oxygen-based functional groups in carbon materials serves as an active 

sites for adsorbing dissolved oxygen molecules and converting them to hydrogen peroxide via a 

two-electron oxygen reduction process (ORR).  

Therefore, the existence of these oxygen-containing functional groups in the carbon-cloth 

electrode provided more active sites, which enhances the catalytic activity for the promotion and 

generation of H2O2. This result agrees with Zhong et al. 2018, who demonstrated that the surface 

reduction/modification of carbon support produces more active and anchor sites for the 

enhancement of ORR catalytic activities. Also, agreeing with this assertion is Ananth and co-

workers (2009), who reported that the protection of crystalline structures and the presence of 

additional surface oxygen-containing functional groups improve ORR activity. On the other 

hand, bare cc electrode contains very low oxygen functional group (Figure 4.2a) which cannot 

generate sufficiently needed in-situ hydrogen peroxide for catalytic Fenton reaction. 
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Figure 4.2: XPS analysis of (a) Bare-CC electrode, (b) Iron-supported CC electrode and (c) 

High-resolution spectra of iron-supported CC electrode 

 

4.4.2 “In-situ” electrochemical generation of H2O2 in the 

electrochemical Cell 

The Linear sweep voltammetry (LSV) study was performed at a scan rate of 0.05 mV/s and 

electrochemical potential range of -1.5 V ≦ E ≦ 1.00 V. The experiments were carried out to 

examine the ability of the CC electrode to create H2O2 through the cathodic reduction of diffused 
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O2 in a 50 mM solution of K2SO4 electrolyte altered to a pH of 3 with H2SO4. LSV curves for 

the CC electrode are presented in Figure 4.3.  

 

Figure 4.3:  LSV response of CC electrode immersed in (a) O2-saturated (b) N2-saturated, 50 

mM K2SO4 solution, Scan rate = 0.05V/s 

 

The CC electrode discloses good ORR activity in the oxygen-enriched electrolyte (curve a), and 

relatively poor activity in the nitrogen-enriched electrolyte (curve b). The oxygen reduction 

reaction (ORR) occurs within the depressed region (I), generating hydrogen peroxide. The 

oxygen reduction potentials for the CC electrode were therefore detected at -0.65V. Although 

oxygen reduction reaction is recognized to progress through two and four-electron pathways, as 

presented in Equation 4.1, 4.2, 4.3 and 4.4, the use of carbonaceous material, selectively enables 

the two-electron pathway thus favoring the production of “in-situ” generated H2O2 (Reid, 2017). 

However, the route of oxygen reduction is firmly based on the type of electrode material. The 

surface chemistry and the majority of the electrode’s crystalline structure are responsible for the 
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perceived excellent oxygen reduction capabilities. The LSV results have, therefore, demonstrated 

that the CC electrode are conductive (conducts electricity), highly porous with has larger surface 

area, hence can rapidly adsorbed dissolved oxygen on its surface for ORR producing H2O2. 

 

 

Figure 4.4:  CV measurement of CC electrode in N2-saturated 50 mM K2SO4 solution, at a pH 

of 3 containing 0.1M 100ml FeSO4.7H2O. Scan rate = 0.05V/s 

 

On another development, Figure 4.4 (a-c) depicts the CV measurement within the range 0.8 V ≦ 

E≦ 1.00 V; -1.3 V ≦ E ≦1.00 V and -1.8 V≦ E ≦1.00 V which was carried out to optimize iron 

reduction potentials for successful electrodeposition. Figure 4.4a reveals that during the potential 
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sweep of -0.8V < E < 1 (vs Ag/AgCl), there was no observable peak for the oxidation and 

reduction reaction in the electrochemical cell. This is an indication that the electrode needs a 

wider potential window within which to operate. The rapid increase in current as shown by 

arrow-I was attributed to the electrochemical decomposition of the electrolyte (K2SO4). As iron 

species are initially present in the solution competing with potassium ions for active sites, a 

further negative potential sweep (-1.3 V vs Ag/AgCl) results in a cathodic reduction process on 

the electrode surface. This results in the desire of the system to set-up an equilibrium directed by 

the applied voltage. Hence, in Figure 4.4b, it was observed that the shape of the forward 

reduction peak is not identical to the shape of the oxidation peak for the reverse sweep.  

This indicates that iron reduction and oxidation rates are not equal, indicating successful 

electrodeposition at this potential. Improved electrodeposition was observed in Figure 4.4c at a 

potential sweep of -1.8 V to 1 V vs Ag/AgCl. The voltammograms resulting from this potential 

scan show similarity in shape between cathodic and anodic waves. The cathodic peak current and 

voltage were located at IV = - 4 mA and III = - 124 mV while the anodic peak current and 

voltage correspond to I = 15 mA and II = 102 mV. However, peak-to-peak potential difference 

greater than 200 mV (ΔEp > 200mV) indicates irreversibility (Brookes and Inman, 1986).  The 

redox peak potential difference (ΔEp=
a

p

c

p EE  ) was 226 mV indicating that the process is not 

reversible. Hence at the applied potentials of -1.8V < E < 1 (vs Ag/AgCl) and 1 V to -1.5 V (vs 

Ag/AgCl), the cyclic voltammetry (CV) measurement obtained with CC electrode indicates 

better morphological structure, as corroborated by the diagram in Figure 4.4. Therefore, -1.8V < 

E < 1 is the optimized iron reduction potential for effective and uniform electrodepoition of iron 

on the electrode surface. However, the irreversibility of the process may probably be responsible 

for the successful iron electrodeposition on the surface of the electrode.  
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4.4.3 Effect of current density on “in-situ” electro-

generated H2O2 

The effect of current density on H2O2 production, based on the study conducted using a UV-vis 

spectrophotometer is shown in Figure 4.5. The yield of H2O2 with the bare-CC electrode in 60 

min at different current densities of 1, 2, 4, and 8 mA/cm2 was 3.796, 3.983, 3.924, and 4.011 

mg/L, respectively. For current densities of 1, 2, 4, and 8 mA/cm2, it was observed that generated 

H2O2 concentration is directly related to the current density furnished to the system. Hence, the 

optimal current density was 8 mA/cm2 which resulted with the application of 0.1 A. This result 

conforms to previously reported results (García-Rodríguez et al. 2016). In the case of 4 mA/cm2 

current density application, the H2O2 concentration obtained was 3.924 mg/L (Figure 4.5a), a 

value lower than what was obtained when a current density of 2 mA/cm2 was applied for 60 

minutes. A tenable clarification for this phenomenon lies in the mass transfer coefficient of H2O2 

formation in the system, as explained by Peralta-Hernández and Godínez 2014.   

However, increased current density accelerates electron transfer on the CC electrode, 

promoting the oxygen reduction reaction. As a result, the higher current density can produce 

more “in-situ” generated H2O2 as depicted in Figure 4.5b. Petrucci and co-workers in 2016 

reported a decrease in the generation of “in-situ” generated H2O2 when the current density is 

increased by a few milliamps per square centimeter (mAcm-2) in plain carbonaceous materials.  
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Figure 4.5:  H2O2 production during electrolysis using triple power supplier in an O2-saturated 

50 mM K2SO4 solution, at a pH of 3 (a) at different current densities (b) at 

different reaction time. 

 

Pérez et al. 2017, suggested in his report that the application of current density higher than the 

limiting current density, could lead to the advancement of some side reactions, which compete 

with the generation and accumulation of H2O2, like 4e- reduction of O2 to H2O (Equation 4.3) 

and peroxide decomposition (Vázquez et al., 2018) leading to oxygen evolution (Equation 4.5). 

Some researchers such as Barros et al. 2015, Kolyagin and Kornienko 2014, etc. have previously 

applied higher current density in the electrochemical generation of hydrogen peroxide with an 

excellent outcome. However, those results show that more research is needed for the 

advancement of hydrogen peroxide production using carbonaceous materials. It was reported that 

at high current density, current efficiency decreases, and at low current density, current 
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efficiency increases (Petrucci et al., 2016).  This is in agreement with the results obtained in this 

study, with the modified CC electrode given higher current efficiency. 

 

4.4.4 Evaluation of the catalytic activity of CC electrode 

The catalytic activity in the oxygen reduction reaction of the CC electrode was carried out during 

the production of “in-situ” generated H2O2. Bare-CC electrode accumulated 4.011 mg/L of H2O2 

in the electrochemical cell, as shown in Figure 4.5. The accumulated H2O2 in the cell is low, as 

compared to 8 mg/L results obtained by García-Rodríguez et al. 2016. Though, the “in-situ” 

generation of H2O2 was achieved by the bare-CC electrode, instability, and self-decomposition of 

the resulting H2O2 molecule (equation 4.5) may be responsible for the low value of result 

obtained. The limitation of oxygen reduction reaction (ORR) on carbonaceous material may be 

another reason for the low generation of hydrogen peroxide in the electrochemical cell or lack of 

availability of an active site on the electrode surface for a surface reaction as proposed by 

(Bañuelos et al., 2015).  

After the analysis of the bare-CC electrode, an iron-supported CC electrode prepared by 

electrodeposition was used to determine the response of iron-metal to the amount of H2O2 

accumulated in the electrochemical cell. As shown in Figure 4.6b, the H2O2 concentration 

increases linearly in the system with electrolysis time up to 60 minutes. The enhanced value of 

36.939 mg/L of H2O2 was accumulated in the electrochemical cell for 60 minutes. Therefore the 

modified CC-electrode generated an outstanding amount of “in-situ” generated H2O2 of 36.939 

mg/L as compared to the 4.011 mg/L generated by the bare CC electrode. However, the 

generated amount of H2O2 in the electrochemical cell could be much higher than the 

spectrophotometrically measured amount. It has been reported that after iron electrodeposition 
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on the surface of the carbon-based electrode, zero-valent iron(ZVI)(Fe0) was found to be 

electrodeposited on the material, which, through time, oxidizes and generates Fenton reagent 

(Equation 4.10), which, in turn, reduces the accumulated amount of hydrogen peroxide as 

indicated by Equation 4.6 (Banuelos et al., 2015). Also, having a greater amount of iron present 

on the electrode surface (26.96 wt. %) as depicted by EDX analysis (Table 4.1) means that iron 

was interfering with the generated H2O2 to produce hydroxyl free radicals as indicated in 

equation 4.6, so the electrogenerated H2O2 was consumed as quickly as it was produced 

(Banuelos et al., 2015). 

 

  

 

Figure 4.6: Performance of bare and iron-supported CC electrode for H2O2 accumulation by 

electrolysis using triple power supplier (a) at 30 and 60 minutes (b) against 

electrolysis time Vs Ag/AgCl 
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Therefore, it is evident that the iron-supported CC electrode exhibits higher catalytic activity and 

reaches a larger accumulation of H2O2 after electrodeposition than bare CC electrode. On a 

general note, oxygen-containing functional groups introduced on the surface of the electrode as 

corroborated by XPS analysis (Figure 4.2), could be responsible for higher catalytic activity for 

H2O2 enhancement. In comparison with other previously reported (Table 4.2), the modified CC 

electrode was found to be superior, and this implies that the iron-supported CC electrode used 

herein can be considered as an effective catalyst for “in-situ” generation of hydrogen peroxide  

 

Fe0 + O2 + 2H+   Fe2+ + H2O2      (4.10) 

 

Table 4.2: Performance of various supported CC electrode 

 

Catalyst 

 

1. Carbon cloth 

modified with 

anthraquinone 

derivatives 

 

2. carbon cloth 

modified with 

Pd/C and Ni/C 

 

3. carbon cloth 

 

Electrolyte 

 

KOH in Milli-Q water, 

saturated with O2 

 

 

 

Formic acid with 

deionized water 

 

 

Na2SO4 enriched with 

 

 

 

Unreported data. Very 

low con. of H2O2 

generated 

 

 

Unreported data. Much 

smaller con. of  H2O2 

generated 

 

         7.6 

 

Reference 

 

 

Lobyntseva et al., 2017 

 

 

 

 

Fan et al., 2017 
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modified with 

mesoporous 

carbon black 

 

4. Carbon cloth 

modified with 

iron particles 

oxygen 

 

 

 

K2SO4 enriched with 

oxygen. 

 

 

 

 

        36.7 

Papagiannis et al., 2019 

 

 

 

 

[This work]. 

 

 

4.5 Conclusion 

In this study, the CC electrode was found to be electrically conductive with a stronger ORR 

activity in the oxygen-enriched electrolyte for H2O2 production. Iron was used to modify the CC 

electrode by electrodeposition, after using CV measurement to determine iron deposition 

potential.  Hence, the application of negative potential on electrode material promotes oxygen 

reduction reaction (ORR) via 2e- as verified by EDX analysis. After modification, 

characterization analysis confirms a successful iron electrodeposited process on the surface of 

the carbon cloth electrode. More active and anchor sites were found to be present on the iron-

supported CC electrode for ORR enhancement leading to higher catalytic activity for the 

generation and accumulation of H2O2. On quantification, the concentrations of “in-situ” 

generated H2O2 were found to be related to the current density furnished to the system. Although 

accumulated H2O2 concentration appears to be low, it could be that the generated amount of 

H2O2 was depleted by side reactions. Hence, modified iron supported CC electrode has a higher 
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electrocatalytic activity of oxygen reduction reaction (ORR) via 2e- than bare CC electrode, thus 

providing an improvement in the initial production of H2O2.  
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Chapter 5: Electro-Fenton degradation of selected 

antiretroviral drugs using a low-cost iron-modified 

carbon-cloth electrode 

 

5.1  Introduction 

Ever since the discovery of the human immunodeficiency virus (HIV) around 1981 (Sharp and 

Hahn 2011), its eventual prevalence was found to be causative of acquired immune deficiency 

syndrome (AIDS). Recently, it has globally been estimated that about 36.7 million of people are 

living with HIV (Klaas et al., 2018). From developing countries, South Africa has the largest 

HIV epidemic in the world, with an estimated 7.1 million people living with HIV by the end of 

2016 (Gutreuter et al., 2019). The collapse of the body's immune defense system (IDS) provides 

a route to AIDS. Due to its negatively causative impact on people, AIDS has been a subject of 

great concern to researchers, governments, countries, individuals, etc. In treating HIV from 

positive patients, antiretroviral drugs (ARVDs) are used. South Africa had the largest 

antiretroviral therapy program in the world (Evans, 2013). Indisputably, ARVDs are very 

important for human survival in the 21st century. When consumed, some go through 

biotransformation while other antiretrovirals are excreted from the body unchanged (Galasso et 

al., 2002).  
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Hence, anti-HIV compounds often used to treat HIV/AIDS are classified into Nucleoside reverse 

transcriptase inhibitors (NRTIs) (e.g. Lamivudine), non-nucleoside reverse transcriptase 

inhibitors (NNRTIs) (e.g. Nevirapine), protease inhibitors (PIs) (e.g. atazanavir), HIV integrase 

inhibitors (INSTIs) (e.g. raltegravir), fusion inhibitors (FIs) (e.g. enfuvirtide) and C-C chemokine 

receptor type five (CCR5) (e.g. maraviroc) (Swanepoel et al., 2015; Shi et al., 2016; De Clercq 

and Li 2016).  

Since South Africa uses more of these compounds than any other nation in the world, a 

larger amount of ARVDs is potentially discharged into the South African wastewater system. 

Although ARVDs enter the environment through the myriad of scattered points, the major source 

is through, excretion of unmetabolized ARVDs via feces or urine, domestic and sewage wastes 

(septic tanks) (Bound and Voulvoulis 2005), direct disposal of medicine into the environment 

(Bound and Voulvoulis 2005), and wastewater generated from pharmaceutical industries and 

hospitals (Khetan and Collins 2007; Lillenberg et al., 2010). In water, these micropollutants form 

recalcitrant non-biodegradable metabolites (Mascolo et al., 2010; Prasse et al., 2010), which 

persist and bioaccumulates (Badmus et al., 2018). They are also deemed extremely hazardous 

due to their toxicity (Sanderson et al., 2004), causing adverse effects on humans and the 

ecosystem. ARVDs in water are responsible for reproductive disorders, cancer and immune 

abnormalities. These dilemmas of discharging untreated wastewater into the ecosystem, 

therefore, threaten humans, animals and plant's health, hence purification is needed. In another 

development, it has been shown that conventional wastewater treatment systems (a system which 

removes solids, organic matter and sometimes nutrients with the combination of physical, 

chemical and biological processes) cannot sufficiently remove these micro-pollutants; hence 

other treatment methods such as secondary and tertiary treatment methods were employed 
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(Clouzot et al., 2013). Since conventional treatment processes are problematic, the use of 

activated carbon adsorption, membrane bioreactor and electrochemical processes (such as AOPs) 

have been reported as a successful alternative for treating wastewater containing compounds 

such as ARVD and persistent organic pollutants (POP) (Badmus et al., 2018). Advanced 

oxidation processes (AOPs) are chemical treatment processes which predominately generates 

hydroxyl radicals (OH
•
) for the degradation of recalcitrant micropollutants.  

The OH
• 

radicals effectively destroy soluble organic contaminants into biodegradable 

forms (Badmus et al., 2018). The mechanism of destruction is such that the end product of the 

chemical oxidation is the mineralization of the contaminant to form water, carbon dioxide, 

nitrogen and other non-toxic minerals. These processes usually employ ozone, hydrogen 

peroxide and/or UV light. Mokhbi et al. 2019, gave a detailed classification of AOPs, in which 

among various classified AOP technologies, electrochemical advanced oxidation processes 

(EAOPs) have attracted much interest because of their usage of electric current as the main 

reagent without the use of harmful chemicals to produce hydroxyl (OH
•
) radical’s in solution “in 

situ”. Garcia-Segura et al. reported that electrochemical advanced oxidation processes (EAOPs) 

have been effectively and extensively employed to degrade recalcitrant and/or toxic pollutants in 

wastewater and they includes anodic oxidation (AO), electro-Fenton (EF) and photoelectron-

Fenton (PEF) (Garcia-Segura et al., 2016). While AO process destroys organics at the anode 

surface by electron transfer, electrochemical “in situ” generation hydrogen peroxide (H2O2), with 

the addition of iron (II) in the bulk, originates EF process, which produces hydroxyl ions (OH
•
) 

from Fenton’s reaction of Equation 5.1 (Garcia-Segura et al., 2016). Fenton’s reaction can be 

effectively applied in an acidic pH of 2.8–3.0 (Sirés et al., 2014). However, in a Fenton-like 
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reaction, the Fe3+ produced can react with hydrogen peroxide and hydroperoxyl radical to 

regenerate Fe2+ as indicated in Equations 5.2 and 5.3 (Mortazavi et al., 2005; Vasquez-Medrano 

et al., 2018).  

To achieve high generation of “in situ” H2O2, the contact between cathode, oxygen, and 

water must be maximized. In another development, it has been reported that the utilization of 

carbonaceous materials in EAOPs as the cathodic electrode selectively catalyze oxygen 

reduction reaction (ORR) by two electron transfer thus generating H2O2 continuously (Equation 

5.4) (Emeji et al., 2019). 

Fe2+ + H2O2    Fe3+ + OH
• 

+ OH-    (5.1) 

Fe3+ + H2O2     Fe2+ + HO2
* + H+    (5.2) 

Fe3+ + HO2
*    Fe2+ + O2 + H+     (5.3) 

O2 + 2H+ + 2e-        H2O2 (acidic)      (5.4) 

M + H2O                        M (OH
•
) + H+ + e-     (5.5) 

Some of the cathodic electrodes used by researchers are carbon-cloth modified with iron (Emeji 

et al., 2019), activated carbon fiber (Wang et al., 2008), and carbon nanotubes (Khataee et al., 

2014).  In the same manner, anode materials are also very important in EAOPs, hence Boron-

doped diamond (BDD) thin-film electrodes are regarded as the best anode used for EAOP due to 

their higher oxidation ability producing “in situ” BDD(OH
•
) and their larger O2-overpotential 
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(Garcia-Segura et al., 2016). Equation 5.5 indicates how the radicals are being formed 

chemically (Garcia-Segura et al., 2016).  

However, some of these electrodes exhibit much more complex behavior in solution with 

the application of a small AC potential perturbation over a range of frequencies. The input 

voltage signal as expressed in Equation 5.6 resulted to a response current signal through the 

electrochemical cell (Equation 5.7) (Lvovich, 2012). With the application of an expression 

analogous to Ohm’s law, the impedance response of the system was obtained and measured as 

indicated in Equation 5.8 and 5.9 (Lvovich, 2012). While Nyquist plot details processes taking 

part at the electrode surface, combined electrical circuit elements called equivalent circuits are 

used to fit the Nyquist data obtained as a model (Pandey et al., 2017).  

 Et= Eo sin ωt         (5.6) 

 It = Iosin (ωt +  ∅)        (5.7) 

 𝑍 =
𝐸𝑡

𝐼𝑡
 = 𝑍𝑜

sin(𝜔𝑡)

sin(𝜔𝑡+ ∅)
        (5.8) 

 𝑍(𝜔) = 𝑍𝑜(𝑐𝑜𝑠∅ + 𝑗𝑠𝑖𝑛∅)       (5.9) 

In this study, the carbon-cloth electrode was modified with iron particles. The simulated 

pharmaceutical, antiretroviral wastewater of NVR, ZDV, and LVD were chosen as a good 

example of micro-pollutant because of their high toxicity and persistence in South African 

environs. The redox behavior of the electrode in terms of electron charge transfer kinetics and 

impedance at the interface with this selected antiretroviral wastewater was measured using 

electrical impedance spectroscopy (EIS) and cyclic Voltammetry. 
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5.2 Experimental 

5.2.1 Materials and Apparatus 

Potassium sulphate (K2SO4), Sulfuric acid (H2SO4), Iron (II) sulfate heptahydrate (FeSO4∙7H2O), 

Nevirapine (NVR), Zidovudine (ZDV), Lamivudine (LVD), methanol and titanium (IV) oxy-

sulphate (TiOSO4.xH2O, 15 wt. % in dilute sulphuric acid and purity of 99.99% trace metals 

basis), were all purchased from Sigma-Aldrich, South Africa. All reagents used were prepared 

with double-distilled water (DDW). Nevirapine (NVR), zidovudine (ZDV) and lamivudine 

(LVD) chemical structures were depicted in Figure 5.1 and other properties specified in Table 

5.1. They were simulated in this study as ARVDs wastewater when combined with potassium 

sulphate supporting electrolyte. A carbon-cloth electrode was purchased from Fuel Cell Earth, 

Massachusetts, United States. Nitrogen and oxygen gasses were supplied by AGA, South Africa. 

The characterizations of the CC electrode were carried out using scanning electron microscopy 

(SEM) to determine the surface morphology after electrodeposition and energy-dispersive x-ray 

spectroscopy (EDX) for elemental composition of the synthesized electrode. X-ray photoelectron 

spectroscopy (XPS) microanalysis further confirms the atomic composition of the synthesized 

electrode. 100 mL undivided electrochemical cell equipped with 2 electrodes, simulated ARVDs 

wastewater and 50 mM (millimole) K2SO4 aqueous electrolyte at a pH of 3, was used to conduct 

the degradation experiment. While oxygenation of the system was done using Hailea air-pump, 

an Auto lab potentiostat/galvanostat (PGSTAT) was employed during degradation electrolysis 

method, electrode conductivity text, iron reduction potential experiment and electrodeposition. 

The decay of ARVDs wastewater and the absorbance of pertitanic acid complexes formed by the 
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reaction between hydrogen peroxide and titanium (IV) oxy-sulphate, was studied using a UV–vis 

spectrophotometer (PerkinElmer model Lambda 35). 

 

Figure 5.1: Structures of (a) nevirapine, (b) zidovudine and (c) lamivudine 

Table 5.1: Properties of Nevirapine, lamivudine, and Zidovudine 

    Nevirapine  Lamivudine  Zidovudine 

 Class    NNRTIs  NRTIs   NRTIs 

Molecular Formula  C15H14N4O  C8H11N3O3S  C
10

H
13

N
5
O

4 

Molar Mass (g/mol)  266.8   229.3   267.3 

CAS No.   129618-40-2  134678-17-4  30516-87-1 

UV/Vis.-λmax (nm)  213, 233, 284  203, 233, 271  209, 266 

Soluble in   methanol  water   water 
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5.3 Methods 

5.3.1 Preparation of standard stock solution 

The method for the preparation of standard stock solution was followed as explained under 

section 3.5 of chapter 3. 

5.3.2 Selection of sample wavelength 

Also, the determination of wavelength for NVP, LVD, and ZVD sample solution was strictly 

followed as explained under section 3.5.1.  

 

5.3.3 Preparation of modified iron-supported carbon-cloth 

electrode. 

A similar method as explained under section 3.2.3 above were followed for the preparation of 

composite Fe-supported-CC electrode through chronoamperometry method  

5.3.4 Preparation of Synthetic Wastewater for degradation 

Synthetic wastewater of the ARVDs was prepared following the same method as under section 

3.5.2 
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5.3.5 Electrochemical degradation experiments 

 

The electrochemical degradation method followed for the degradation of sample ARVDs was 

performed under section 3.6 

5.3.6 Electrochemical Measurements 

The techniques involved under electrochemical measurements were electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV). For all engaged electrochemical 

measurements, standard three-electrode configured system and Autolab PGSTAT-204 were 

employed. The bare or modified carbon-cloth electrode was engaged as the working electrodes, 

while BDD and Ag/AgCl were used as the counter (CE) and reference electrodes (RE). CV and 

EIS measurement was carried out using 100 mL electrochemical cell containing 50 mM of 

K2SO4 supporting electrolyte at a pH of 3. The electrolytic solution was enriched with O2 gas for 

35 min prior to the experiment at room temperature. Open circuit potential (OCP) with a 

frequency range from 0.1 Hz to 100000 Hz was then applied. 

 

5.3.7 Chromatographic conditions 

The degradation of antiretroviral solution, with samples taken at specific time intervals of 30 

minutes were further analysed on a high performance liquid chromatography (HPLC) with 

photodiode array detector (UltiMate 3000 series) set at a wavelength of 254 nm. A gradient LC 
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method was used to achieve the elution of samples at a flow rate of 0.2 mL/min on a LUNA 5 

mm C 18 reversed phase column (150 x 4.6 mm) maintained at room temperature. Initial elution 

of the sample was carried out for 6 minutes using acetonitrile: water ratio of (30:70, v/v). This 

ratio was then increased to 90:10 within 2 minutes and held for 1 minute. For the next 8 minutes 

the ratio was reverted back to the initial value of (30:70) ratio and held constant for 3 minutes. 

Separation of intermediate products was achieved using LC-20Ad XR model liquid 

chromatography (LC) with column and mobile phase same as those used in HPLC analysis. 

However, in all cases, the identification of intermediate products was made by comparison of the 

HPLC retention times (tR) of all peaks in the degradation solution with the peak of the pure 

standard solutions.  

 

5.4 Results and discussion 

5.4.1 Characterization  

The morphological structure of the carbon-cloth electrode before and after electrodeposition was 

investigated using scanning electron microscopy (SEM) analysis. The micrograph of the bare CC 

electrode shows naturally overlapping tube-like carbon fibers with a porous texture as depicted 

in Figure 5.2a. Also shown in Figure 5.2b is bare CC electrode contaminated with small lumps 

attached to the stem of the carbon-fiber and this contaminant can be removed by pretreatment 

with alkali or acid. Figure 5.2c shows a typical rough structure of iron particles deposited on the 

surface of the CC electrode, and the SEM image of Figure 5.2d indicates well-dispersed iron 
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particles on the surface of the CC electrode. This dispersion was completely uniform over the 

crystal lattice of the carbon-cloth structure. The depicted structure of the modified CC electrode 

by SEM analysis was expected to help improve the electrochemical activity of the electrode 

toward the “in situ” generation of hydrogen peroxide (H2O2). On the other hand, the EDX result 

which is shown in Table 5.2 confirms C, O, N, K and Fe as the elemental components of the 

synthesized modified Fe/CC electrode. The availability of these elements in the lattice structure 

of the carbon support indicates the successful fabrication of the intended Fe/CC electrode.  

From the EDX result shown in Table 5.2, 0.26% and 0.06% was obtained as the values of 

oxygen-to-carbon (O/C) ratio and nitrogen-to-carbon (N/C) ratio. This result indicates higher 

oxygen content as compared to nitrogen in the modified electrode and this confirmed the 

adsorption of iron particles onto the surface of carbon support after electrodeposition. Higher 

resolution O 1s XPS spectra in Figure 5.2e, shows a few additional oxygen functional group of O 

1s (metal oxide) at 531.0 eV and O 1s (organic C-O) at 532.7 eV. The introduction of this 

oxygen functional group in the structural matrix of carbon-cloth electrode provides more active 

sites for catalyzed oxygen reduction reaction (ORR) activity which promotes “in situ” hydrogen 

peroxide generation. The obtained, therefore, agrees with Wang and coworkers in 2012, 

indicated that surface functionality of carbon support generates active and anchor sites for the 

improvement of ORR catalytic activities. 
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Figure 5.2: (a). SEM image of bare carbon-cloth electrode, (b) SEM image of bare carbon-

cloth electrode showing impurities, (c) SEM image of iron-supported CC 

electrode, not completely covered, (d) SEM image of iron-supported CC 

electrode, uniformly covered, (e) High-resolution O 1s XPS spectrum of modified 

Fe/CC electrode showing relatively few types of oxygen functional groups 

Table 5.2: EDX result obtained from the circuit fitting for bare CC and modified CC 

electrode 

Samples     Weight % 

     C   O      N  K    Fe 

Bare CC electrode   99.74              0.24          0.02     

Modified (Fe/CC) electrode  57.09            14.70         0.36             0.41         27.44       
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5.4.2 Electrochemical study using CV and electrical 

impedance spectroscopy (EIS) 

The electrochemical characterization of bare CC and modified Fe/CC electrodes were performed 

in a 100 mL electrochemical cell containing 50 mM potassium sulphate (K2SO4) electrolyte at a 

pH of 3. Back and forth application of a potential sweep to the WE at a scan rate of 50 mV for a 

definite number of cycles produces a CV voltammogram which was represented in Figure 5.3 (a, 

and b). About 50% of enhancements in current signals were observed after using a modified 

carbon-cloth electrode with iron (II).  This enhancement may be attributed to the improvement in 

the conductivity and the surface area of the modified Fe/CC electrode due to the presence of 

nanoscale iron (II) nanoparticles in their morphological matrix. Hence, this quality appends to 

the electrochemical application of the synthesized electrode.  

On another development, the EIS analysis denotes the measurement of the impedance at 

the surface of the electrode occurring at the solution-electrode interface which resulted when 

there is an application of a small alternating (AC) sinusoidal voltage (~10 mV peak-to-peak). In 

this study, EIS testing was also used to estimate the conductivity and diffusivity of bare CC and 

iron-modified CC (Fe/CC) electrode. Obtained results were shown in the Nyquist complex plots 

of real impedance (Z’) vs. imaginary impedance (Z’’) of Figure 5.3c.  
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Figure 5.3:  (a). Cyclic Voltammogram of bare CC electrode (b) Cyclic Voltammogram of 

modified Fe/CC electrode (c) EIS of bare CC and modified Fe/CC electrodes; in 

50 mM K2SO4 at 50 mV/s and a pH of 3 

From Figure 5.3c, it was observed that the EIS spectrum of the bare electrode is composed of a 

well-defined large semicircle at the high-frequency region and a straight line at lower frequency 

region as indicated by the black curve. On the other hand, the red modified electrodes under all 

conditions show very compressed semicircles than the black bare ones. The formed semicircle 

may be ascribed to the electron (charge) transfer process at the interface and its diameter is 

equivalent to charge transfer resistance (Rct) (Dhillon and Kant 2017). The larger the diameter of 

the semicircle the higher the resistance (Dhillon and Kant 2017); hence smaller diameter shows 
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faster charge transfer kinetics at the interface (Wang et al., 2012), between the heterogeneous 

electrode and the electrolyte. Obtained results are in line with that suggested by Dhillon and Kant 

2017. Fitting the EIS data of the bare and modified electrode using the Randle–Sevcik model, 

Table 5.3 is obtained. The EIS results presented by Nyquist plots of Figure 5.3c and Table 5.3 

concur with the CV of Figure 5.3a, b. It is therefore imperative to pinpoint that an increment in 

current indicates smaller charge transfer resistance or lower resistance to current flow. Therefore, 

the lowest charge transfer resistance was established from the modified Fe/CC electrode (Table 

5.3), which was in agreement with the highest peak current obtained from the CV measurement 

(Figure 5.3). Hence, smaller semicircle narrows down predominantly charge transfer regions 

with an increase in ionic conduction at the interface while the raised arm region of the curve 

corresponds to the diffusion-limited process.  

Table 5.3: Obtained result from circuit fitting for bare CC and modified CC electrode 

Circuit Element  Bare CC electrode  Modified (Fe/CC) electrode 

Rs (Ω)    9.5187    7.6209 

Rct (Ω)   184.9824   14.0625 

 

5.4.3 Catalytic activity of the synthesized Fe/CC electrode 

The amount of hydrogen peroxide generated “in situ” was measured in order to determine the 

catalytic activity in oxygen reduction reaction (ORR) of the electrode. Iron-supported carbon-
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cloth (Fe/CC) electrode was used to evaluate the iron response to the accumulated H2O2 in the 

electrochemical cell. As depicted in Figure 5.4a, the concentration of “in situ” H2O2 

electrogenerated in the cell increases linearly with electrolysis time up to 60 minutes. The 

modified Fe/CC electrode generated an enhanced H2O2 value of 39 mg/L for 60 minutes as 

indicatively shown, while the bare electrode accumulated a smaller concentration of about 3 

mg/L of H2O2. In comparison, it can be deduced that 89% more H2O2 was reached with the 

modified Fe/CC electrode and this is favorable to the EF process. Hence, the enhanced “in situ” 

peroxide may be attributed to the oxygenated functional groups within the structural matrix of 

the CC electrode as stipulated by XPs analysis.  

On the other hand, the EDX result which was presented in Table 5.2, shows that C, Fe 

and O, are predominantly the elemental component of the synthesized electrode which 

indicatively suggested successful electrodeposition. This means that zero valence iron (ZVI) is 

most likely present on the freshly coated electrode surface after electrodepositon. The production 

of iron oxide was unavoidable during drying and exposure to the atmosphere. This then helps us 

to infer that the carbon-cloth support has been electrodeposited with iron oxides. However, it has 

previously been reported that in the presence of dissolved oxygen, zero valence iron (ZVI) (Fe0) 

can degrade and oxidize organic compounds by transferring two electrons to O2 to generate H2O2 

at shown in Equation 5.10 (Bañuelos et al., 2015; Fu et al., 2014; Shahwan et al., 2011). 

However, the true amount of maximum peroxide produced in the electrochemical cell may not 

exactly be the measured value of 39 mg/L as spectrophotometrically presented. This suggestion 

occurs because of the iron oxides present on the surface of the electrode which interferes with the 

created H2O2 in order to generate free hydroxyl radicals as shown in equation 5.1. The “in situ” 
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H2O2 was consumed as quickly as it was generated (Bañuelos et al., 2014), thus reducing them 

as obviously observed in the spectrophotometric concentration reported.  

 

Fe0 + O2 +2H+     Fe2+ + H2O2     (5.10) 

 

5.4.4 Electrochemical degradation study of ARVDs (LVD, 

ZVD, and NVP) in a solution using the electro-Fenton 

process 

 

The UV spectra of Figure 5.4b - d stipulates the antiretroviral detection wavelengths that gave a 

good peak response at 289 nm, 274 nm and 271 nm for nevirapine, lamivudine and zidovudine. 

Therefore, in studying ARVDs degradability using a uv-spectrophotometer, NVP, LVD and 

ZVD micropollutants show maximum absorbance at 289, 274 and 281 nm respectively; hence 

their wavelengths were used to construct a calibration curve of absorbance vs. concentration so 

as to find their absorbance linear range. The obtained calibration curves as shown in Figure 5.5a 

- c were acquired with 5 standard samples of each drug solution. Their correlation coefficients 

(R2) were greater than 0.98 and this indicates good adjustment for all calibration curves. 

However, with the application of the modified electrode, degradation process was observed as 

electrolysis time increases (Figure 5.5d). The iron (II) particles electrodeposited on the carbon-

cloth (CC) electrode was observed to play an important role as Electro-Fenton reaction occurs 

given an increased production of “in situ” hydrogen peroxide as shown by Equation 5.4.  
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Figure 5.4: (a) H2O2 accumulation by electrolysis of bare and iron-modified CC electrode; 

UV spectra of (b). Nevirapine, λmax = 289 nm (c). Lamivudine, λmax = 274 nm (d). 

Zidovudine, λmax = 271 nm 

 

Increasing the electro-generation of hydrogen peroxide (OH
•
) results in the attack of the 

micropollutants, and this causes a gradual decrease in the absorbance of the antiretroviral drug 

solutions. Decrease in absorbance was used to measure the extent of degradability at a pH of 3.  

The degradation profile of lamivudine, nevirapine, and zidovudine with modified CC electrode 

was shown in Figure 5.5d. Indicated was the normalized concentration (Ct/Co) of ZVD which 

decreases to 0.688 as electrolysis time increases to 210 minutes. Also shown in the same manner 

is the normalized concentration (Ct/Co) for NVP and LVD which decreases to 0.753 and 0.763 
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respectively. Deductions of obtained data shows that ZVD degrades faster with a removal 

efficiency of 31% as compared to 25% removal efficiency recorded for NVD and LVD 

respectively. In comparison with previously reported, Gouthami et al. 2013, obtained a lower 

removal efficiency of 20% when 10 mg/L of lamivudine solution were degraded against 0.1 N 

HCl in India.  

On another instance, Pottabathini and co-workers in 2016 recorded a lower removal 

efficiency of 20.91% in acid degradation of nevirapine at 80 oC for 8 hr. Degradation product 

formation may be responsible for the low removal efficiency recorded in most antiretroviral 

degradation processes (Boix et al., 2013). Although removal of microorganics from ARVDs in 

wastewater has been scarcely reported, the removal efficiency obtained in this study represent 

good and superior on comparison with others as indicated in Table 5.4. In another development, 

the kinetics of Figure (5.4d) shows that the decrease in ARVDs concentration with time indicates 

an exponential relationship which follows a pseudo-first-order dynamics (Asenjo et al., 2013; 

Turabik et al., 2014). The organics attack by short lifetime hydroxyl radicals (OH
•
) as shown in 

Equation 5.11, were described by Langmuir-Hinshelwood model in Equation 5.12 which on 

integration can be written as either Equations 5.13 or 5.14 (Ahmed et al., 2016). 

ARVDs + OH
•
         oxidation products    (5.11) 

−
dC

dt
=  𝐾𝑎𝑏𝑠 [OH •][𝐴𝑅𝑉𝐷𝑠] = 𝐾𝑎𝑝𝑝 [𝐴𝑅𝑉𝐷𝑠]    (5.12) 

ln (
Co

𝐶𝑡
) =  Kapp. t        (5.13) 

ln (
C𝑡

𝐶𝑜
) =  −Kapp. t        (5.14) 
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Where, Co represents the initial concentration of the selected ARVDs to be degraded at time of 

degradation = 0 min. Ct is the concentration of the same ARVDs at time t of degradation. 

 

Figure 5.5: Calibration curve of (a) Lamivudine, (b) Nevirapine, (c) Zidovudine, and (d) 

Degradation profile of modified electrode on LVD, NVP, and ZVD all at a pH 3 

The apparent degradable rate constants (Kapp) for the different sampled ARVDs solution were 

determined from the slope of the straight lines of the graphs in Figure 5.5d, according to 

Equation 5.12. Their values were 1.52 x 10-3 mol-1 min-1 for ZVD, 1.20 x 10-3 mol-1 min-1 for 

NVP and 1.18 x 10-3 mol-1 min-1 for LVD. Hence, degradability of antiretroviral micropollutants 

was observed using the EF process and a couple of “in situ” generated oxidant species at the 
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surface of the electrode was responsible for the degradation process. On the other hand, the result 

of Figure 5.6 demonstrated that with increasing electrolysis time, the normalized concentration 

(Ct/Co) of ZDV, LVD, and NVP using bare electrode only decreases marginally to 0.9303, 

0.9811, and 0.981.  

 

Figure 5.6: Degradation of (a) NVP, (b) LVD, and (c) ZDV, in electro-Fenton (EF) process 

with iron modified CC and bare CC electrode 
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This slight decrease was attributed to the lower quantity of “in situ” H2O2 and hydroxyl ions 

(OH
•
) generated in the solution as shown in Equation 5.1 and 5.4, which was quite insufficient to 

degrade the organics catalytically. This is consistent with the literature which under acidic 

conditions produces protons for 2-electron ORR to generate “in situ” H2O2 (Sirés et al., 2014; 

Zhang et al., 2009; Qiang et al., 2002). The outcome has therefore portrays that the EF process 

using iron modified CC electrode is more efficient than bare CC electrode for ZDV, NVP and 

LVD degradation. This is also verified by the results presented in Figure 5.4a, in which modified 

CC electrode and bare CC electrode obtained higher and lower H2O2 output. 

 

Table 5.4: Comparison with other removal methods Degradation processes   Drugs degraded   

Equipment used and Removal efficiency Reference 

Degradation processes Drugs degraded Equipment used and 

Removal efficiency 

Reference 

 

1. Acid 

degradation, 

Base 

degradation,  

Oxidative 

degradation, 

Thermal 

 

Nevirapine (NVP) 

degraded significantly 

in acid and thermal 

degradation 

 

 

 

High-Resolution Mass 

Spectrometry 

(HRMS). 20.9% 

 

 

 

 

Gouthami et al., 2013 
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degradation, 

and Photolytic 

degradation 

was carried 

out 

 

2. Oxidative 

degradation 

was done 

against 0.3% 

H2O2 

 

3. EF process 

using iron 

modified 

carbon-cloth 

electrode 

 

 

 

 

Lamivudine (LVD) 

degraded more in 

alkaline condition 

than in acidic 

hydrolysis 

 

Zidovudine, 

Lamivudine, and 

Nevirapine was 

degraded using EF 

Process 

 

 

 

 

UV-Vis 

Spectrophotometer. 

20% 

 

 

UV-Vis 

Spectrophotometer. 

31%, 25% and 25%. 

 

 

 

 

Pottabathini et al., 

2016 

 

 

 

 

This work 
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5.4.5 Effect of initial pH on the degradation of NVP, LVD 

and ZVD pharmaceuticals   

The pH value has been shown to have a considerable impact on the performance of electro - 

Fenton reactions (Badawy et al., 2006). The pH value of 3 has long been thought to be the best 

for wastewater treatment (Zhou et al., 2012). As a result, the influence of pH on the degradation 

efficiency of antiretroviral pharmaceuticals by electro-Fenton process was investigated, with the 

results given in Fig. 3. The findings revealed that the degradation of ARVDs pharmaceuticals 

was accelerated in acidic environments. After 210 minutes at pH 3, the degradation removal 

efficiency of NVD, LVD, and ZVD was 25%, 25% and 31%. At increased pH, the degradation 

removal efficiency dropped to 20%, 21% and 25% at pH 5 for NVD, LVD, and ZVD and 17%, 

18% and 20% at pH of 7. As a result, increasing the pH of the ARVDs pharmaceutical solution 

reduces the efficiency of breakdown. Based on these findings, the ideal pH is thought to be 3. 

This tendency could be explained by the slow rate of breakdown of H2O2 at pH levels over 3.0, 

which results in a decrease in hydroxyl ions (OH
•
) production (Li et al., 2009). Previous studies 

on electro-Fenton degradation of several types of organics (Ravina et al., 2002; Yang et al., 2009) 

similarly found pH of 3 as the optimized pH. 
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Figure 5.7: Effect of initial pH on the degradation of organics from NVP, LVD and ZVD by 

Fenton oxidation. 

 

5.4.6 Effect of different pollutant concentration on the 

degradation of organics from ARVDs 

The degradation of simulated antiretroviral pharmaceutical wastewater at various doses was 

investigated; the findings were given in Fig. 3. It can be seen that as the concentration of ARVDs 

was increased, the efficiency of its decomposition reduced. The degrading efficiency of NVP 
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concentration within 210 minutes of reaction fell from 25% to 12% and then 8% as its 

concentration was increased from 20mg/L to 40mg/L and then 60mg/L. Similarly, the degrading 

efficiency of ZVD concentration also decreases from 31% to 16% and then 10% as the 

concentration increases from 20mg/L to 40mg/L and then 60mg/L. LVD on the other hand has 

its degradation efficiency decreases from 25% to 21% and then 15%. This is because with the 

application of same current density, the same number of iron ions and hydroxyl radicals move to 

the solution at different ARVDs concentrations. Hence, lower concentration of hydroxyl ions 

resulted from increasing the concentration of ARVDs within the solution. Researchers who 

observed same trend includes Rahmani et al. 2015, Babuponnusami and Muthukumar 2011, 

Zazouli and Taghavi 2012, etc. 
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Figure 5.8: Effect of initial NVP, LVD and ZVD concentration on NVP, LVD and ZVD 

removal by electro-Fenton process (operation condition: applied current 8 

mA/cm2, K2SO4 100 mg and pH 3) 

5.4.7 HPLC analysis  

HPLC analysis was performed to identify the oxidation by-products formed during the electro-

Fenton treatment of aqueous lamivudine, nevirapine and Zidovudine antiretroviral samples 
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5.5d, the concentration of the ARVD samples decreases with increasing time monitored at the 

specified wavelengths. This decrease was accompanied by the appearance of new peaks as 

shown in the HPLC chromatogram of Figure 5.10.  By comparing the obtained peak’s retention 

time (tR) with that of injected reference standards in the same chromatographic system, 

intermediate products were identified. However, unreacted drug solutions showed only one 

major peak, as depicted in a standard chromatogram of nevirapine (Vijayaraj et al., 2013), 

lamivudine (Bedse et al., 2009) and zidovudine (Mandloi et al., 2011) of Figure 5.9. As shown in 

Figure 5.10a, peak I and II with retention time 3.27, 3.78 minutes indicates two degradation 

product formations on treating nevirapine aqueous solution with Fenton reagent. Peaks assigned 

to the intermediate products III, IV, V and VI (Figure 5.10 b, c) with retention times of 2.64, 

2.98, 1.24 and 3.13 minutes, respectively, were observed from the degradation sample solutions 

of LVD and ZVD at a pH of 3. 

 

 

 

 

 

Figure 5.9: Typical Chromatogram of (a) Nevirapine, (b) Lamivudine, and (c) Zidovudine 
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The existence of these degradation products confirms degradation oxidation reactions of ARVD 

solutions mediated through iron-supported carbon-cloth electrode during electro-Fenton process. 

Furthermore, this analysis corroborated the UV–Vis analysis of Figure 5.5d which suggested a 

decrease in microorganic concentration from the solution of aqueous ARVDs. However, peaks 

with similar retention times have been previously observed for nevirapine (Vijayaraj et al., 

2013), lamivudie (Bedse et al., 2009), and zidovudine (Mandloi et al., 2011). 

 

 

 

 

 

Figure 5.10: Degradation Chromatogram of (a) Nevirapine, (b) Lamivudine, and (c) 

Zidovudine 
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in Figure 5.11. The removal efficiency of the iron modified electrode in terms of yield was 

stable, after the first cycle with values 30% for ZVD, 24%, for NVP and LVD. Hence, the 

stability of the electrode in the second, third, fourth and fifth circle is an indication that it is 

highly reusable and hence possibly appropriate for low-cost wastewater treatment. 

 

Figure 5.11: Reusability of Fe/CC electrode for five successive cycles for the degradation of 

ARVDs. 
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5.4.9 Effect of Fe2+ dosage on the degradation of organics from 

ARVDs 

 

Figure 5.12: Effect of electrodeposited iron concentration of 0.1M, 0.01M, 0.001M and 

0.0001M on the degradation of organics from ZVD by Electro 

Fenton.Experimental Condition: [ZVD] = 20 mg/L , pH = 3 

The effect of Fe2+ doses on the degradation of ARVDs was investigated by varying its 
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mA/cm2. The ZVD concentration was measured against time after the application of current to 

see if the electro-Fenton reaction would start and aid in the breakdown of the organics from 

ARVD. It can be seen from the ZVD normalization concentration profile as a function of initial 

iron concentration and time that at 0.0001 and 0.001M Fe+2, there is only 7 % and 12 % removal 

efficiency of ZVD within 210 min of reaction. The obtained lower degradation efficiency was 

attributed to Fe2+ concentrations scavenging for more hydroxyl radicals as represented in 

Equation (5.15), thus reducing the oxidation power of the Fenton system and ZVD removal 

efficiency (Brillas et al., 2009; Brillas and Martínez-Huitle 2015).  

This is a significant inhibitory reaction because hydroxyl radicals are wasted by reacting 

with Fe2+, thus limiting the amount of organics from ARVDs that can be oxidized. The 

scavenging role of Fe2+ therefore destroys hydroxyl ions and is parasitic, competing with 

Fenton’s reaction. However, a significant improvement in the degradation of organics from 

ARVDs was found in the presence of 0.01 and 0.1M Fe2+, with degradation efficiencies of 28 % 

and 31 %, respectively, within 210 minutes of reaction. The increased generation of OH
•
 with 

high dose of Fe 2+ in the Fenton reaction was primarily responsible for the enhanced degradation 

efficiency. As a result, 0.1 M Fe2+ was determined to be an appropriate dosage for ARVDs 

decomposition.  

 

Fe2+ + OH
•     Fe3+ + OH-         (5.15)  
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5.5 Conclusions 

In this study, iron particles were successfully electrodeposited on a carbon-cloth electrode using 

the chronoamperometric method. An electrochemical technique was used to investigate its 

electron charge transfer and redox behavior. Result obtained herein indicates that synthesized 

iron-supported CC electrode has iron particles embedded in its matrix structure and this enhances 

the surface area, improve the conductivity and charge transfer properties of the electrode. This 

was demonstrated by the reduced semicircle diameter and lower Rct values observed from the 

modified carbon-cloth electrodes. The modified electrodes also show excellent redox behaviour 

with faster electron transfer kinetics as compared to the bare electrode. This property was evident 

in the apparently improved oxidation and reduction peak currents of the modified electrode. The 

application of the synthesized electrode was observed using EF process in the degradation of 

antiretroviral drugs solution at a pH of 3. While 31% removal efficiency was observed for ZVD, 

25% was recorded for NVD and LVD. However, the result obtained is in corroboration with Jain 

et al. 2013, who demonstrated partial degradation for antiretroviral drugs during wastewater 

treatment. It is therefore anticipated that this work will motivate more interest in the use of 

modified CC electrode and advanced oxidation process to advance more knowledge for efficient 

antiretroviral drugs removal from the environment. 
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Chapter 6: General Conclusions and Recommendations 

6.1 General Conclusions 

This study deals with the application of EF, with a carbonaceous cathodic electrode for the 

degradation of the pharmaceutical antiretroviral drugs. It has generally been demonstrated that 

EF-BDD, are very efficient in the removal of pharmaceuticals in an aqueous medium. The use of 

a carbon cloth as a cathodic cathode amid oxygenation makes certain the continuous 

electrogenerated of H2O2 and Fe2+ needed to produce homogeneous OH
• 

in the bulk solution. 

The synthesis of iron supported CC electrode was done by electrodeposition of iron (II) onto the 

surface of the CC electrode  through cyclic sweeping from -1.8 to 1 V and back at 0.05V/s for 90 

cycles in an N2-enriched working solution containing 0.1M FeSO4.7H2O and 50 mM (millimole) 

of K2SO4 at a pH of 3.  

The BDD anode also produces large amounts of active heterogeneous BDD (OH
•
) 

radicals, making the EF-BDD (with BDD anode) processes one of the most efficient processes 

for the mineralization of pharmaceuticals. For the characterization of the synthesized iron 

supported electrode, the SEM and EDX analysis show the formation of iron nanoparticles within 

the matrix structure of the prepared CC electrode. The XPS analysis highlights the presence of 

oxygen functional groups in the synthesized electrode's structure. EIS result depicts a decrease in 

charge transfer resistance (Rct) value as compared to the bare CC electrode. Finally, the CV 

result of the modified electrode fosters good conductivity, enhances current and large surface 

area. After characterization, the synthesized Fe/CC electrode was tested in the electro-Fenton 

degradation of prepared synthetic NVP, LVD and ZVD antiretroviral wastewater solution with 
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an initial concentration of 20 mg/L and a pH of 3. The aqueous solution of the antiretroviral 

organics was prepared using 50 mM of K2SO4 supporting electrolyte to increase their 

conductivity. The result of the degradation of electrolysis experiments by UV-vis analysis shows 

a decrease in the normalized concentration (Ct/Co) of the organics with respect to reaction time.   

Deductions from the obtained data show that ZVD degrades faster with a removal 

efficiency of 31% as compared to 25% removal efficiency recorded for NVD and LVD 

respectively. This result is very promising when compared to the removal efficiency obtained by 

Gouthami et al. 2013 and Pottabathini et al. 2016. The apparent degradable rate constants (Kapp) 

obtained were 1.52 x 10-3 mol-1min-1 for ZVD, 1.20 x 10-3 mol-1min-1 for NVP and 1.18 x 10-3 

mol-1min-1 for LVD. Further analysis of degradation samples of NVP, LVD, and ZVD using 

HPLC, indicates peaks which were assigned to the intermediate products of I, II, III, IV, V, and 

VI with retention times of 3.27, 3.78, 2.64, 2.98, 1.24, and 3.13 minutes, respectively. Generally, 

the obtained result heightens the potentiality of EF as environmentally benign technologies for 

the remediation of wastewaters containing pharmaceutical organics and their oxidation by-

products. 

 

6.2 Recommendation 

For future studies, researchers should be encouraged to put more effort into exploring ways of 

improving the catalytic activity, stability, and selectivity of iron supported electrode since it 

encourages the continuous “in-situ” electrogenerated H2O2 and Fe2+ needed to produce 

homogeneous hydroxyl radicals (OH
•
) for total mineralization of micro organics. Also, there is a 

need to study the chemistry of electrodeposition on the solid electrode support. 
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APPENDICES 

Appendix I 

 

CALCULATING THE CONCENTRATIONS OF THE ARVDS 

Mass of ARVDs measured = 0.1 g = 100 mg 

Vol of deionised water = 100 ml 

Concentration of ARVDs stock solution =  
100𝑚𝑔

100𝑚𝑙
=

1𝑚𝑔

𝑚𝑙
= 1000 𝑚𝑔/𝑙 

Concentration of stock ARVDs solution = 1000 mg/l 

To prepare a working ARVDs solution having 20 mg/l of concentration in 100 ml 

volumetric flask, we use dilution method as expressed in equation as:  C1V1 = C2V2 

  20 mg/l x 100 ml = 1000 mg/l x V 

               
20 00 𝑚𝑔.𝑚𝑙.𝑙

1000 𝑚𝑔.𝑙
= 2 𝑚𝑙  

So we measure 2 ml from stock solution into 100 ml volumetric flask and top it up with 

deionised water. 

 

Initial Concentration (C0) of NVP, ZVD and LVP that degraded = 20 mg/L 

Preparation of Iron (II) Solution of different concentration. 

Prepare 0.1M, 0.01M, 0.001M and 0.0001M of Iron (II) in 100ml of solution. 

 0.1M 100ml Iron (II) sulfate heptahydrate 

1M I000mL FeSO4.7H2O ≡ 278.01g/mol FeSO4.7H2O 

0.1M I000mL FeSO4.7H2O ≡ 27.8 g/mol FeSO4.7H2O 
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0.1M 100mL FeSO4.7H2O ≡ 2.78 g/mol FeSO4.7H2O  

Therefore, measure 2.78 g of FeSO4.7H2O and pour it into 100mL volumetric flask.  

 0.01M 100ml Iron (II) sulfate heptahydrate are prepared as 

0.1M 100mL FeSO4.7H2O ≡ 2.78 g/mol FeSO4.7H2O  

0.01M 100mL FeSO4.7H2O ≡ 0.278 g/mol FeSO4.7H2O  

0.001M 100ml FeSO4.7H2O ≡ 0.0278 g/mol FeSO4.7H2O 

0.0001M 100 ml FeSO4.7H2O ≡ 0.00278 g/mol FeSO4.7H2O 

Smaller concentrations require smaller masses, which the weighing balances cannot measure. As 

such, we use Dilution method, hence: 

 C1V1 = C2V2       

To prepare 0.001M 100 ml FeSO4.7H2O from 0.1M 100mL FeSO4.7H2O solution we will have: 

0.001M x100 ml = 0.1M x V2 

V2 = 1 ml (We measure 1ml from 0.1M 100 ml solution into a 100ml vol. flask)                                                    

To prepare 0.0001M 100 ml FeSO4.7H2O from 0.1M 100mL FeSO4.7H2O solution we will have: 

0.0001M x 100 ml = 0.1M x V2 

V2 = 0.1 ml (We measure 0.1ml from 0.1M 100 ml solution into a 100ml vol. 

flask)                           

 

Different Con. of Fe2+ precursor used during iron electrodeposition on CC electrode 

                          

Fe2+ Molar Con. (Mol) Mass (g)  Vol. Measured (mL)  

0.1    2.78    - 

0.01   0.278    - 
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0.001   0.0278    1 

0.0001   0.00278   0.1 

 

 

Values obtained when CC is loaded with different Fe2+ concentration to degrade ZVD 

wastewater solution  

 

For ZVD  

Time    Ct/C0 for different Fe2+ Loading 

   0.1MFe     0.0001MFe 0.01MFe 0.001MFe 

0  1  1  1  1 

10  0.93525 0.95345 0.94525 0.95345 

20  0.88826 0.94571 0.92015 0.94431 

30  0.84801 0.94321 0.89021 0.92211 

60  0.79434 0.94191 0.85733 0.91689 

90  0.78704 0.93979 0.85221 0.89902 

120  0.73806 0.93457 0.81112 0.89321 

150  0.7266  0.93029 0.79239 0.89012 

180  0.71076 0.92413 0.75713 0.88831 

210  0.68803 0.92869 0.72112 0.88122 

 

 Degradation removal efficiency (RE) obtained for ZVD at different iron dose loading  

For 0.1M Fe2+, RE = (1 – 0.68803/1) x 100 = 31% 
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For 0.0001M Fe2+, RE = (1 – 0.92869/1) x 100 = 7% 

For 0.01M Fe2+, RE = (1 – 0.72112/1) x 100 = 28% 

For 0.001M Fe2+, RE = (1 – 0.88122/1) x 100 = 12% 

 

For NVP 

     Ct/C0 

 Time  0.1MFe2+ 0.01MFe2+ 0.001MFe2+ 0.0001MFe2+ 

0      1      1      1      1 

10  0.93763 0.96983 0.99083 0.99183 

20  0.92243 0.95463 0.98662 0.98941 

30  0.90322 0.93542 0.97879 0.98821 

60  0.86518 0.89738 0.96563 0.98501 

90  0.84433 0.87653 0.95112 0.97663 

120  0.80891 0.84111 0.95758 0.97431 

150  0.79379 0.82599 0.94321 0.97079 

180  0.77972 0.81192 0.93597 0.95979 

210  0.75366 0.78556 0.93312 0.94879 

Degradation removal efficiency (RE) obtained by degrading NVP  

For 0.1M Fe2+, RE = (1 – 0.75366/1) x 100 = 25% 

For 0.01M Fe2+, RE = (1 – 0.78556/1) x 100 = 21% 

For 0.001M Fe2+, RE = (1 – 0.93312/1) x 100 = 7% 

For 0.0001M Fe2+, RE = (1 – 0.94879/1) x 100 = 5% 
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For LVD 

 

0      1     1     1     1 

10  0.94873 0.98093 0.99661 0.99881 

20  0.93592 0.96812 0.98381 0.98601 

30  0.92615 0.95835 0.97404 0.97623 

60  0.87311 0.90531 0.97042 0.97261 

90  0.86831 0.90399 0.95121 0.96913 

120  0.81567 0.88135 0.93915 0.95746 

150  0.81151 0.87719 0.93887 0.95213 

180  0.79171 0.85739 0.92837 0.94914 

210  0.76213 0.82781 0.90879 0.94888 

Degradation removal efficiency (RE) obtained by degrading LVP 

For 0.1M Fe2+, RE = (1 – 0.76213/1) x 100 = 25% 

For 0.01M Fe2+, RE = (1 – 0.82781/1) x 100 = 17% 

For 0.001M Fe2+, RE = (1 – 0.90879/1) x 100 = 9% 

For 0.0001M Fe2+, RE = (1 – 0.94888/1) x 100 = 5% 
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Values obtained for calibration curves at λmax 289 nm for NVP, 274 nm for LVD and 281 

nm for ZVD 

 

Conc.   Nevirapine   Zidovudine    Lamivudine  

          Absorbance   Absorbance    Absorbance 

5 0.43011   0.81871   0.91237 

10 0.87007   1.33414   1.58011 

15 1.29402   1.93957   2.40412 

18 1.57401   2.29583   2.70114 

20 1.75012   2.52361   3.02044 

     

 

Obtained values for the degradation of NVP, LVD and ZVD at pH 3 

 

      NVP   LVD    ZVD   

Time      Con. (Ct)   (Ct/C0) Con. (Ct)        (Ct/C0)  Con. (Ct)   (Ct/C0) 

0      20            1                20               1                     20               1 

10 18.7526          0.93763 18.9746 0.94873 18.705  0.93525 

20 18.4486 0.92243 18.7184 0.93592 17.7652 0.88826 

30 18.0644 0.90322 18.5230 0.92615 16.9602 0.84801 

60 17.3036 0.86518 17.4600 0.8730  15.8868 0.79434 

90 16.8866 0.84433 17.3662 0.86831 15.7408 0.78704 

120 16.1780 0.8089  16.3134 0.81567 14.7612 0.73806 
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150 15.8758 0.79379 16.230  0.8115  14.5320 0.7266 

180 15.5944 0.77972 15.8340 0.7917  14.2152 0.71076 

210 15.0732 0.75366 15.2426 0.76213 13.7606 0.68803  

 

Degradation removal efficiency (%) = (
𝐶0− 𝐶𝑡

𝐶0
)  𝑥 100 = (1 −  

𝐶𝑡

𝐶0
)  𝑥 100  

For NVP, RE = 
20−15.0732

20
 𝑥 100 = 25% 

For LVD. RE = (1 – 0.76213/1) x 100 = 24% 

For ZVD, RE = (1 – 0.68803/1) x 100 = 31% 

 

Values for in-situ generated hydrogen peroxide (H2O2) 

 

   Bare Electrode  Modified Electrode 

Time   Con.   Con  

5   2.20436  6.46463 

10   2.23094  10.82966 

15   2.25753  14.43996 

20   2.28222  20.46539 

30   2.3335   25.42118 

40   2.53988  29.32005 

50   2.74437  35.33308 

60   3.25969  39.23256 
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Calculation for the Effect of pH on degradability 

For NVP  

  Time  Ct/C0 values at different pH  

    pH=3  pH=5  pH=7   

 0      1      1     1 

10  0.93763 0.94763 0.95763 

20  0.92243 0.93194 0.94176 

30  0.90322 0.92134 0.93195 

60  0.86518 0.89077 0.90231 

90  0.84433 0.87123 0.89141 

120  0.80891 0.85632 0.87831 

150  0.79379 0.83312 0.84661 

180  0.77972 0.80761 0.83132 

210  0.75366 0.79851 0.82864 

 

At pH = 3, Removal efficiency = (1 – 0.75366/1) x 100 = 25% 

     pH = 5, Removal efficiency = (1 – 0.79851/1) x 100 = 20% 

    pH = 7, Removal efficiency = (1 – 0.82864/1) x 100 = 17% 
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For ZVD 

  Time  Ct/C0 values at different pH  

    pH =3  pH =5  pH =7   

  0  1  1  1 

10  0.93525 0.94525 0.94425 

20  0.88826 0.92015 0.93115 

30  0.84801 0.90732 0.91615 

60  0.79434 0.86121 0.89192 

90  0.78704 0.84733 0.87767 

120  0.73806 0.81121 0.86239 

150  0.7266 1 0.79239 0.83141 

180  0.71076 0.75736 0.80213 

210  0.68803 0.74889 0.79769 

 

At pH = 3, Removal efficiency = (1 – 0.64532/0.93525) x 100 = 31% 

     pH = 5, Removal efficiency = (1 – 0.725925/0.96790) x 100 = 25% 

    pH = 7, Removal efficiency = (1 – 0.782312/0.97789) x 100 = 20% 

 

For LVD 

 

  Time  Ct/C0 values at different pH  

    pH =3  pH =5  pH =7 

    0       1      1     1 
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10  0.94873 0.95873 0.96873 

20  0.93592 0.94131 0.95717 

30  0.92615 0.93592 0.94341 

60  0.87311 0.89141 0.92174 

90  0.86831 0.87731 0.89321 

120  0.81567 0.84326 0.86745 

150  0.81115 0.82345 0.85511 

180  0.79171 0.80139 0.85311 

210  0.76213 0.78887 0.84879 

 

At pH = 3, Removal efficiency = (1 – 0.71155/0.94873) x 100 = 25% 

     pH = 5, Removal efficiency = (1 – 0.764649/0.96791) x 100 = 21% 

    pH = 7, Removal efficiency = (1 – 0.801935/0.97797) x 100 = 18% 

 

Effect of initial AVRDs Conc. On degradability 

For NVP 

   Ct/C0 

Time  20mg/L 40mg/L 60mg/L 

0     1       1     1 

10  0.93763 0.96881 0.97921 

20  0.92243 0.96122 0.97414 

30  0.90322 0.95161 0.96774 

60  0.86518 0.93259 0.95506 
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90  0.84433 0.92217 0.94811 

120  0.80891 0.90445 0.9363 

150  0.79379 0.8969  0.93126 

180  0.77972 0.88986 0.92657 

210  0.75366 0.87683 0.91789 

At 20mg/L NVP, Removal efficiency = (1 – 0.75366/1) x 100 = 25% 

     40mg/L NVP, Removal efficiency = (1 – 0.87683/1) x 100 = 12% 

    60mg/L NVP, Removal efficiency = (1 – 0.91789/1) x 100 = 8% 

 

For ZVD 

0       1      1      1 

10  0.93525 0.96762 0.97841 

20  0.88826 0.94413 0.96275 

30  0.84801 0.92401 0.94934 

60  0.79434 0.89717 0.93145 

90  0.78704 0.89352 0.92901 

120  0.73806 0.86903 0.91269 

150  0.7266  0.8633  0.90887 

180  0.71076 0.85538 0.90359 

210  0.68803 0.84401 0.89601 

At 20mg/L ZVD, Removal efficiency = (1 – 0.68803/1) x 100 = 31% 

     40mg/L ZVD, Removal efficiency = (1 – 0.84401/1) x 100 = 16% 

    60mg/L ZVD, Removal efficiency = (1 – 0.89601/1) x 100 = 10% 
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For LVD 

 

0      1      1       1 

10  0.94873 0.95873 0.96873 

20  0.93592 0.94131 0.95717 

30  0.92615 0.93592 0.94341 

60  0.87311 0.89141 0.92174 

90  0.86831 0.87731 0.89321 

120  0.81567 0.84326 0.86745 

150  0.81115 0.82345 0.85511 

180  0.79171 0.80139 0.85311 

210  0.76213 0.78887 0.84879 

At 20mg/L LVD, Removal efficiency = (1 – 0.76213/1) x 100 = 25% 

     40mg/L LVD, Removal efficiency = (1 – 0.78887/1) x 100 = 21% 

    60mg/L LVD, Removal efficiency = (1 – 0.84879/1) x 100 = 15% 
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Appendix II: General and specific standard for effluent being discharged into a water 

resource (DWA, 2013). 

 

Substances/Parameters General limit Special limit 

Faecal coliforms (per 100ml) 1000 0 

Chemical oxygen demand (mg/l) 75 30 

pH 5.5 – 9.5 5.5 – 7.5 

Ammonia (ionized and unionized 

as nitrogen (mg/l) 

6 2 

Nitrate/nitrite as nitrogen (mg/l) 15 1.5 

Chlorine as free chlorine (mg/l) 0.25 0 

Suspended solids (mg/l) 25 10 

Electrical conductivity (mS/m) 70 ms/m above intake to a 

maximum of 150 mS/m 

50 mS/m above background 

receiving water, to a maximum 

of 100 mS/m 

Ortho-phosphate as phosphorous 

(mg/l) 

10 1 (median) and 2.5 (maximum) 

Fluoride (mg/l) 1 1 

Soap, oil or grease (mg/l) 2.5 0 

Dissolved arsenic (mg/l) 0.02 0.01 

Dissolved cadmium (mg/l) 0.005 0.001 

Dissolved chromium (vi) (mg/l) 0.05 0.02 

Dissolved copper (mg/l) 0.01 0.002 

Dissolved cyanide (mg/l) 0.02 0.01 
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Dissolved iron (mg/l) 0.3 0.3 

Dissolved lead (mg/l) 0.01 0.006 

Dissolved manganese (mg/l) 0.1 0.1 

Mercury and its compounds (mg/l) 0.005 0.001 

Dissolved selenium (mg/l) 0.02 0.02 

Dissolved zinc (mg/l) 0.1 0.04 

Boron (mg/l) 1 0.5 

OTHERS   

Dissolved Oxygen (mg/L)  75% saturation  75% saturation (8 – 10) 

Temperature (°C)  35  25 

Total Suspended Solids (mg/L)  90  10 

   

 

Appendix III:  Maximum Contaminant Level (MCL) for chemicals according to 

(NPDWR, 2016) 

Contaminant MCL (mg/L) 

Acrylamide TT 

Acetaminophen  - 

Alachlor 0.002 

Ampicillin   - 

Aspirin  - 

Atenolol   - 

Atrazine 0.003 
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Benzene 0.005 

Bezafibrate   

Benzo(a)pyrene (PAHs) 0.0002 

Bisphenol-A, BPA  

Carbofuran 0.04 

Carbon Tetrachloride 0.005 

Caffeine   

Carbamazepine   

Chlorobenzene   0.1 

Chloramphenicol    

Clozapine    

Ciprofloxacin   

2,4-D 0.07 

Dalapon  0.2 

1,2-Dibromo-3-chloropropane (DBCP) 0.0002 

o-Dichlorobenzene 0.6 

p-Dichlorobenzene 0.075 

1,2-Dichloroethane 0.005 

1,1-Dichloroethylene 0.007 

cis-1,2-Dichloroethylene 0.07 

Polychlorinated Dibenzofurans (PCDFs)  

Trans-1,2-Dichloroethylene 0.1 

Trans-1,2-dichloroethylene  

Dichloromethane  0.005 
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4,4'-Dichlorodiphenyl sulfone  

1,2-Dichloropropane 0.005 

Di(2-ethylhexyl) adipate 0.4 

Di(2-ethylhexyl) phthalate 0.006 

Dinoseb 0.007 

Dioxin (2,3,7,8-TCDD) 0.00000003 

Diclofenac   

Diquat  0.02 

Endothall  0.1 

Endrin  0.002 

Epichlorohydrin  TT 

Ethylbenzene  0.7 

Ethylene dibromide 0.00005 

Erythromycin  114-07-8 

Glyphosate  0.7 

Heptachlor  0.0004 

Heptachlor epoxide  0.0002 

Hexachlorobenzene 0.001 

Hexachlorocyclopentadiene  0.05 

Ibuprofen   

Ketoprofen   

Lindane  0.0002 

Methoxychlor  0.04 

Metronidazole      
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Nalidixic acid     

Nonylphenols  

Oxamyl (Vydate)  0.2 

Polychlorinated 

biphenyls (PCBs) 

0.0005 

Pentachlorophenol  0.001 

Picloram  0.5 

Simazine  0.004 

Styrene  0.1 

Sulfamethoxazole   

Sulfamethazine   

Streptomycin   

Toxaphene  0.003 

Tetracycline   

Trimethoprim   

Triclosan   

Tylosin  

1,1,2-Trichloroethane 0.005 

Trichloroethylene  0.005 

Vinyl chloride 0.002 

Xylenes (total) 10 

 

 

 


