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ABSTRACT

Water pollution poses a significant threat globally, rendering vital water resources unsuitable
for sustaining life. Detecting harmful substances dissolved in water can be done by observing
changes in its colour, indicating the presence of pollutants like chemicals, trash, bacteria, and
parasites. These contaminants alter water's appearance, affecting its clarity and overall quality.
Basic methods to improve water clarity involve coagulation and settling techniques, but these
can leave residues that lead to health issues. Efforts to treat wastewater have used strong
oxidizing agents to eliminate pollutants, but this approach introduces secondary pollutants in
treated water. Hence, there's a need for cost-effective techniques for domestic wastewater
treatment. This study explores an electrochemical method to remove dissolved organic
substances from water. It involves generating reactive oxidizing species at an electrode to
interact with these substances. Two types of anode electrodes were used. A platinum electrode
and a dimensionally stable anode (DSA) coated with iron (III) doped titanium dioxide on
graphite. The incorporation of iron (III) ions within the structure and the crystal form of the
material were both confirmed using SEM-EDX and XRD respectively. The experimental setup
featured a two-chamber cell divided by a proton exchange membrane (PEM) made from a
conducting polyaniline polymer. The polymeric material was characterized using Fourier
Transformation Infrared spectroscopy (FTIR). The analysis confirmed the presence of
conjugated bonds that can enable conduction of electricity by the organic material. The PEM
was casted onto a fritz grid separating the two compartments of the cell. The setup for the
oxidation process was done for the treatment of the domestic wastewater to enable a green
chemistry treatment method without generating secondary pollutants. Treatment occurred in
the anodic chamber where oxidizing species were generated. The platinum anode reduced
oxygen from the air, while the DSA facilitated electron and holes generation through photo-
oxidation, effectively degrading organic matter. Excess protons were discharged to the cathode
through the casted PEM, separating the two halves of the reactor. The cell successfully purified
a green leafy solution at 4.5 g/L concentration within 72 hours. Potential measurements reached
a high voltage of about 105 mV within the initial 150 minutes of the oxidation process.
Monitoring degradation through potential measurements and kinetics confirmed a gradual
reduction in dispersed matter concentration over time. These findings illustrate the potential of
this degradation process for remediating domestic wastewater, enabling its reuse at the source.



CHAPTER ONE

INTRODUCTION
1.1 Background of the study
Water pollution is a major concern to the global pollution as it renders the blue gold
unsuitable for supporting life. Because water is a universal solvent that easily and
uniformly disperse soluble nutrients, it contributes greatly to the quality of life on earth
(Brini et al., 2017). Even though this dissolving power of water is very important for life,
the presence of dissolved pollutants, and especially organic matter contributes to
unpleasant color, taste and odor in water. Dissolved organic matter also contribute to
reduction in oxygen concentration when decomposers break them into simple organic or
inorganic substances utilizing oxygen, and creating an extra demand for dissolved oxygen,

resulting to dead zones (Bhateria & Jain, 2016).

One way to determine if water has harmful substances dissolved in it is by observing
changes in its color. Pollution often causes water bodies to display unusual colors like
black, grey, or red (Xu et al., 2018). These colors indicate the presence of pollutants such
as chemicals, trash, bacteria, and parasites. When organic matter dissolves in water, it
fosters an environment where bacteria can thrive and contributes to its coloration. This
organic matter includes substances like carbohydrates, lignin, fats, soaps, synthetic
detergents, proteins, and their breakdown products, which enter the environment when
disposed of (Findlay, 2021). These compounds alter water's appearance, affecting its clarity
and indicating its quality. Domestic wastewater is one of the major sources of dissolved

organic matter.



Pollution due to domestic wastewater is mainly due to human activities in the households.
Such waters are largely discharged from the kitchen wash basin, shower, toilet and laundry
which is categorized as black water and grey water. Black water comprises of human feaces
mixed with urine while grey water is water from the sinks in the kitchen, plus effluent from
bathrooms and laundry. The main components of domestic wastewater and pollution to the

environment is as presented in table 1.1

Table 1.1: Components of domestic wastewater (Henze & Ledin, 2001)

Components Effects

Pathogenic bacteria, virus and worms, eggs Disease causing to humans

Detergents, pesticides, fat and grease, coloring, They are toxic, interfere with aesthetic and
solvents, phenols, cyanide bioaccumulate in the food chain

Nitrogen, phosphorus, ammonium Cause eutrophication and oxygen depletion to

aquatic life

Hg, Pb, Cd, Cr, Cu, Ni Are toxic and bioaccumulate in the
environment

Bases and acids such as hydrogen sulphide Corrosive and toxic

Hot water Change living conditions for flora and fauna

Odour Interfere with aesthetic and cause toxic effect

Radioactive substances Are toxic and they have accumulation effect

The physical properties of domestic wastewater include a grey color with a musty odor. It has
solid content of about 0.1% of which about 30% of these solids are suspended and 70% are
dissolved (Samer, 2015). Its chemical properties include presence of dissolved organic and
inorganic substances as well as dissolved gases. Among the organics are the carbohydrates,

proteins and fats reflecting human diet. The inorganics include the heavy metals, sulphur,



phosphorus and other toxic compounds. Gases commonly dissolved in water are methane,
ammonia, hydrogen sulphide and nitrogenous compounds. Some of these gases like hydrogen
sulphide, ammonia and methane arising from the degradation bio-material in the wastewater.
The concentrated domestic wastewater; representing households with low water consumption
(20-30 liters per day per household) and dilute wastewater representing households with high
water consumption (200 litres or more per day per household). The analysis of parameters in

typical domestic wastewater is shown in table 1.2.

Table 1.2: Parameters of domestic wastewater (Henze & Ledin, 2001)

Parameters Content in concentrated
wastewater for 5 days

Biochemical oxygen demand (BOD) 350 mg O2/1

Chemical oxygen demand (COD) 740 mg Oy/1

Total oxygen carbon (TOC) 250 g C/m?

Suspended solids (SS) 450 g SS/m?

Volatile suspended solids (VSS) 320 g VSS/m®

Alkalinity 37 Eqv/m?

Conductivity 120 mS/min

Total nitrogen 80 g N/m*

Total phosphorus 23 g P/m?

Fats, oil and grease 100 g/m’

A straightforward way to purify water involves employing coagulation and settling
techniques. Common water coagulants include ferric chloride, polyaluminum and
aluminum sulfate (alum). Aluminum sulfate (commonly used coagulant), research
indicates that its residues in water can lead to human diseases such as Alzheimer's disease,

bone issues, and kidney problems (Krupinska, 2020). This occurs because aluminium



sulfate undergoes partial hydrolysis, resulting in the production of AI(OH); and H* ions,

as illustrated in equation 1.1.

Al +3H,0 - Al(OH), +3H " (1)

Aluminum hydroxide, considered a weak base, does not ionize completely. Due to the
partial hydrolysis of aluminium sulphate, its solution turns acidic due to an excess of H"

ions, signalling a low concentration remaining A1>*

ions in the purified water (Krupinska,
2020). Even though the aluminum concentration is low, extended consumption poses a

danger to consumers (Jiao et al., 2015).

Another technique for purifying water is electrocoagulation, using an electric current to
break down a sacrificial electrode to remove pollutants from wastewater. However, this
treatment process has drawbacks: it generates sludge, dissolves the electrode (adding
more pollutants), and necessitates periodic replacement of the electrode (Ebba et al.,

2022).

In certain water treatment systems, strong oxidizing agents have been employed to treat
wastewater by oxidizing pollutants (Bartolomeu et al., 2018). However, this method
involves introduction of additional chemical species, resulting in secondary pollutants in
the treated water. A common method which does not introduce secondary pollution
applied in the treatment of dissolved organic matter in wastewater is by use of hydrogen
peroxide (H>O») for the oxidation process. Hydrogen peroxide treatment is suitable for
offensive odourant pollutants in aqueous wastes. The only limitation of hydrogen

peroxide is that, it involves procurement of the reagent.



To address these limitations, this study investigated an electrochemical approach for in-situ
oxidation of dissolved organic substances in domestic wastewater, specifically at the point of
use. An electrochemical cell was constructed to produce hydrogen peroxide from the
wastewater while simultaneously oxidizing dissolved organic matter, thereby purifying it. This
method draws inspiration from Microbial Fuel Cell (MFC), a type of bio-electrochemical
system that generates electric current by channeling electrons created during microbial
oxidation on the anode to reduce molecules, like oxygen, on the cathode through an external
electrical circuit. This conversion process turns chemical energy into usable electrical energy
(Vishwanathan, 2021). The MFCs are devices that do not involve combustion; instead, they
harness microorganisms as biocatalysts, using organic materials as sustenance for these
microorganisms. As the microbes metabolize, they convert chemical energy into usable

electrical energy (Prakasham & Kumar, 2019).

The components of the microbial fuel cell are electrodes and a two-chambered
compartment separated by a proton exchange membrane (PEM). The anode where
microorganisms colonize, is the site of oxidation. Electrons are generated from the
organic matter and passed onto the electrode surface. As the two electrodes are connected
by an external wire, the generated electrons are conducted through to the cathode. The
cathode can be surrounded by water or a dilute solution of potassium chloride or
potassium ferricyanide. The positively charged hydrogen ions generated at the anode are
passed through the PEM to the cathode, and combine with electrons and oxygen ions on
the cathode surface to form water, thus completing the electrical circuit (Roy ef al., 2023).
MFCs for wastewater treatment is a sustainable technology capable of removing organic
pollutants and have low energy requirement, which minimizes chemical usage (Aelterman et

al., 2006).



The MFCs have low start-ups because they are not electrochemically active. This necessitates
need of use of mediators to aid in transferring electrons from the organic molecules to the
electrode. Mediators include substances like thionine, methyl viologen, methyl blue, humic
acid, and neutral red, that are generally expensive and toxic (Gemiinde et al., 2022). On the
other hand, mediator-free microbial fuel cells utilize electrochemically active bacteria to
directly transfer electrons to the electrode. These bacteria act as catalysts in oxidation of organic
substrate, and are capable of transporting electrons from their respiratory enzymes directly to
the electrode. Among these electrochemically active bacteria are species such as Shewanella
putrefaciens, Aeromonas hydrophila, and others. These microbes possess pili on their external
membranes, suggesting that for them to function, they need to be present in the anode chamber,

potentially leading to the presence of these bacteria in the treated water (Gemma, 2018).

Several studies have investigated the use of MFC in wastewater treatment. The use of an MFC
to remove carbon and nitrogen from wastewater was investigated by (Zhao & Song, 2014).
They observed a nitrification rate of 17.9 mg-/L, and a COD removal efficiency of 94.1%.
Dairy industry wastewater treatment was carried out by (Mansoorian et al., 2016), using a
catalyst-less and mediator-less membrane microbial fuel cell and they observed maximum
removal efficiency of COD, BOD, NH3, NH4", dissolved phosphorus, phosphorus in suspended
solids, SO4 %, TSS, and VSS at 90.46%, 81.72%, 73.22%, 69.43%, 31.18%, 72.45%,
39.43%,70.17% and 64.6% respectively. Sodium dodecyl sulfate (SDS) and organic matter
removal using a constructed MFC was investigated by (Sathe et al., 2020), and the system
registered a SDS removal efficiency of more than 96%, and organic matter removal efficiency
of more than 71%. An on-site sanitary wastewater treatment system was constructed using an
MFC by Das et al. (2020). The system recorded a COD removal efficiency of 87.29% after a

retention time of 36 hours, while vegetable oil industrial wastewater was treated using an MFC



by Firdous et al. (2018), and the system registered the highest COD removal efficiency of
between 80-90% after 72 hours treatment time. While previous studies consistently
demonstrate that MFCs are effective in treating wastewater, they all depend on microorganisms
as biocatalysts to initiate the oxidation of organic matter. In contrast, this study modifies the
MFC design to operate without microbial involvement. Instead of relying on bacteria to drive
electron transfer and degradation processes, this system uses an electrochemically active anode
to directly oxidize organic pollutants in the wastewater. This approach eliminates the need for
microbial growth, maintenance, and retention within the system, thereby addressing concerns
related to microbial contamination of treated water and slow startup times associated with

microbial colonization.

The setup is inspired by the working of an MFC that has been utilized by Daniel and
colleagues, for electricity generation. Their study involved an MFC that relied on bacterial
action to oxidize organic matter, leading to the production of electrons at the anode.
Subsequently, these electrons moved to the cathode through an external connection,
facilitating the redox process (Daniel ef al., 2009). Similarly, this study capitalized on

electron generation at the anode, but without the involvement of microbes.



1.2 Statement of the problem

The discharge of untreated domestic wastewater into limited freshwater resources poses a
major environmental and public health challenge that requires urgent intervention.
Conventional wastewater treatment methods such as coagulation, chlorination, and filtration
are often costly and energy-intensive. Moreover, these processes may produce harmful

byproducts such as sludge and secondary pollutants, further degrading water quality.

Although biological systems such as microbial fuel cells have shown potential in treating
wastewater, they are limited by their dependence on microbial activity, slow start-up times, and
instability under varying conditions. Similarly, chemical and electrochemical approaches such
as electrocoagulation and advanced oxidation processes, while effective, often generate
secondary pollution, require sacrificial electrodes, or rely on externally supplied oxidants like

hydrogen peroxide, which increase operational cost and complexity.

Therefore, there is a pressing need for an alternative, sustainable wastewater purification
method capable of degrading dissolved organic pollutants in-situ, without microorganisms,
sacrificial electrodes, or added reagents. This study aims to develop an eco-friendly
electrochemical cell that generates reactive species to oxidize organic contaminants directly in
wastewater. The proposed system offers a potential point-of-use solution for wastewater
treatment, contributing to water recycling and helping mitigate water scarcity in resource-

limited environments.

1.3 Justification of the study
Water pollution, being a major concern globally, has been an area that is being continually

researched on due to its effect on general human health. Domestic wastewater is one of the



major sources of water pollution. The main treatment methods that have commonly been
used are expensive, toxic and harmful because they are used in proportion to the
contaminants. This means that the treated water has limited applications due to the
introduction of secondary pollutants from the oxidizing agents. The need to treat
wastewater using green methods that do not use chemicals that introduce secondary
pollution cannot be overemphasized. This is with an aim of averting water pollution and
increasing the reusability of domestic wastewater, hence coping with water shortage. The
results of this study are of importance to water treatment plants to improve on water
treatment methods. The study can also be useful to water resource managers to create better

policies on the reusability of wastewater.

1.4 Hypothesis
There is no significant degradation of dissolved organic matter in aqueous media using an
electro-oxidation process in a photoactive electrochemical cell incorporating an aniline-

based conducting polymer membrane.

1.5 Objective
1.5.1General Objectives
The general objective of the study is to purify domestic wastewater by in situ oxidation of

dissolved organic substances using an assembled electrochemical cell.

1.5.2 Specific objectives
i.  To prepare and characterize an inert conducting polymer synthesized from aniline
for use as a proton exchange membrane in the cell
ii.  To prepare and characterize a photoactive material for coating on a dimensionally

stable anode (DSA) of the cell
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iii.  To characterize the coated dimensionally stable anode electrode

iv.  To determine the degradation kinetics of dispersed organic species in model
wastewater solutions using the assembled electrochemical cell with a platinum
anode electrode.

v. To determine the degradation kinetics of dispersed organic species in model
wastewater solutions using the assembled electrochemical cell dimensionally

stable anode.

1.6 Significance of the study

This study offers a significant method of encouraging domestic wastewater recycling at the
point of use. It demonstrates that wastewater can be purified at small scale and in-situ
without adding chemicals that result to harmful by products, contributing towards

sustainable development goal 6, 9, 12 and 13.

1.7 Scope and limitations

This study involved the preparation and characterization of a conducting polymer from
aniline for use as a proton exchange membrane. It also looked into preparation and
characterization of a dimensionally stable anode by coating graphite electrode with iron
(III) doped titanium dioxide and fabrication of an electrochemical cell. The assembled cell
was used to degrade only the dissolved organic matter in domestic wastewater by
monitoring the decontamination process through the variation of potential across the cell
and the changes in optical property of the wastewater. The organic dissolved matter from
green leafy vegetable of Kale were studied. Organic matter from other vegetable washings

water and the subsequent inorganic ions in the matrix were the limitations of the study.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
The growth in population coupled with the high rate of urbanization has resulted in a high
demand of water resources while at the same time has affected its quality. From the United
Nations world population projections (Leong et al., 2018), the world population will have
increased from 7.8 billion in 2020 to 9.74 billion in 2050. This means that there is a
projected increase in demand for water. This demand has increased pressure on the
existing water resources since high population is not proportional to increase in
availability of water resources. The growing population and rising economy has also
caused increased discharge of wastewater-leading to heavy pollution of the already scarce
resource (Naidoo & Olaniran, 2014). In addition, pollution due to industrial and
agricultural activities lowers its supply to the high population and limits its availability
for sustainable urban growth. Pollution of this vital commodity does not only reduce the
availability of this vital commodity, but also affects the general health of man and the
ecosystem. In these circumstances, innovative wastewater techniques need to be
developed in order to deal with water shortage issues. Strategies to improve efficiency in

water usage, conservation and recycling are key to averting the existing water challenges.

2.2 Analysis of green leafy vegetable solution

The literature extensively discusses the composition of green leafy vegetables, which
generally includes water content within a pH range of 2-7, proteins, lipids, starch, and
mineral elements such as iron, calcium, phosphorus, and magnesium. When these
components are in solution, they dissolve and form a solution representing green leafy

vegetables ( Mathew, 2000; Natesh ef al.,2017; Butt & Sultan, 2018; Morris & Mohiuddin,
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2020). Such is the composition of domestic wastewater as analyzed previously in literature
(Henze & Ledin, 2001). In this study, these dissolved components serve as a model for

domestic wastewater that is oxidized by the assembled cell.

2.3 Remediation of domestic wastewater

On-site sanitation measures that include pit latrines as well as septic tanks are largely used
in rural and semi-urban areas in Africa. In some cases, such wastes are collected in trucks
to wastewater treatment plants for the necessary treatment (de Mello et al., 2018). Several
stages which include filtering to remove suspended particles, removal of organic
compounds by microbial digestion and then disinfection so as to meet the requirements for
discharge are used to purify wastewater. The solids removed from wastewater are then
digested through the activated sludge method in what we term as the biological degradation
process (de Mello et al, 2018). The biological degradation process of treatment is an
economical process in long term operations. However, the process is slow and results into

longer periods of storage of wastewater during treatment.

The use of oxidation process of the organic compounds in wastewater using an
electrochemical cell has recently attracted attention due to the ease of construction of the
treatment plant and its operation. The cell does not require the addition of chemical
reagents like in the chemical treatment since the oxidation of the organics takes place at
the surface of the electrode (anodes) which are the fixed active sites (Martinez-Huitle &
Andrade, 2011). Most water treatment process introduce secondary pollutants which are
one of the toxic by-products or require external source of energy. This study envisioned

and exploited a treatment process where all the leaching species are consumed in the
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electrochemical reactor with no side products and the process requires no external source

of energy while ensuring water security.

2.4 The electrochemical wastewater treatment

Electrochemical wastewater treatment is the use of electricity to decontaminate water. This
method has been applied using four mechanisms which include coagulation, electrochemical
deposition, flotation and oxidation (Ozyurt & Camcioglu, 2018). Electro-coagulation is a
method used to form coagulants mainly from iron and aluminium anodes. The method has been
widely studied and applied to purify water to drinking water standards. This electrochemical
process electrolytically oxidizes a sacrificial anode to release metal ions into the solution,
which interact with the intended pollutants to form coagulants, destabilizing contaminants, and
breaking emulsions. This means that metal ions are introduced in the treatment water resulting

into introduction of secondary pollution (Zheng et al., 2013).

Deposition is a method that uses the cathode reduction process to remove metals from
wastewater by electrically depositing them on the cathode. This technique is used to recover
metals from industrial effluents (Tao ef al., 2011). Electro-floatation systems are used to
generate hydrogen and oxygen gas bubbles from water via electrolysis, and these gases are
used to remove suspended solids in wastewater by froth floatation (Matis & Peleka, 2010). This

method can only be used to remove sub-micro particles from contaminated water.

The electro-oxidation process refers to enabling electrons being incorporated in the species with
high electron affinity of the material of interest. In this case, an oxidation process of organic
compounds in polluted water. It can be achieved by applying an electric current or a potential

difference between two electrodes (anode and cathode). The system generates strong oxidizing
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species when a supporting electrolyte and sufficient energy input are in place. These species
interact with pollutants and degrade them. The choice of anode material and the type of
electrolyte used determines the generation of oxidizing species during this electrochemical
reaction. This oxidation takes place at the anode where organics are completely oxidized to CO»
and H>O. The oxidation of organics at the anode can either be direct or indirect depending on
the type of anode, and whether a mediator is involved or not (Panizza & Cerisola, 2008). In
domestic wastewater, the main pollutants are the organics and microorganisms which are human
pathogens dissolved in water. These pollutants can be removed by electrochemical oxidation at

the anode of an electrochemical cell (Dbira et al., 2019).

2.4.1 Mechanisms of electrochemical oxidation

An electrochemical oxidation process can be achieved in two different methods. One being the
direct oxidation of organics on the surface of the electrode, thus a direct electron transfer or
adsorption of oxidant species. The second method is the indirect oxidation by use of mediated
oxidant species formed in the bulk solution as shown in scheme 2.1. In this work, direct

oxidation method was utilized as the degradation mechanism of the assembled cell.
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H +e

Scheme 2.1: Electrochemical oxidation of organics on metal oxide Adapted from
Shestakova & Sillanpaa (2017)

In the scheme 2.1, metal oxide semiconductor (MO x) anode in process 1 show the
reduction of water molecules. Process 2 is the Combustion of R (organic molecule).
Process 3 and 6 illustrates O 2 evolution, while process 4 indicates the formation of higher
oxide. Process 5 is the conversion of organics, R to organic oxides, RO. Such is the indirect

oxidation of organic species in an anode electrode.

Direct oxidation only occurs at the surface of the electrode when there is a direct exchange
of electrons between the anode and oxidizable organic species at the interface. The
degradation of the pollutants takes place when they diffuse and are adsorbed at the anode,
or by active species adsorbed onto the anode surface (Rasalingam et al., 2014). This
oxidation takes place at low potentials, below the oxygen evolution overpotential.

Nonetheless, the anode surface still undergoes passivation due to adsorption of organic
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molecules (Subba Rao & Venkatarangaiah, 2014). The mechanism of oxidation of organics
on metal oxide anodes as proposed by Shestakova & Sillanpdi (2017) shows that hydroxyl
(» OH) radicals are generated on the anode surface by water discharge at high potentials.
The (» OH)radicals then adsorb physically or chemically on the metal oxide anode (MO,

as shown in equations (2.1) and (2.2).

MO, +H,0 - (*OH)+ H* + e~ (2.1)

(¢*OH) > MO,y +H  + e~ (2.2)

In this study, chemisorption refers to the strong binding of oxygen species to the electrode
surface forming higher-valent oxides, while physisorption describes the weak, reversible
attachment of hydroxyl radicals on the electrode surface prior to oxidation of organic
molecules. During electro-oxidation, hydroxyl radicals (*OH) generated at the anode surface
interact with the electrode material to produce metal oxides of higher oxidation state (MOx,1)
in active anodes. Active electrodes therefore participate in surface redox chemistry, where the
metal oxide lattice undergoes reversible oxidation, forming chemisorbed oxygen species
(MOx,1/MOy). These chemisorbed oxygen species act as the primary active sites responsible

for the selective oxidation of organic compounds Shestakova & Sillanpdi (2017).

In contrast, non-active electrodes primarily act as electron sinks and provide minimal
surface interaction with organics due to the absence of significant adsorption sites. After
the initial chemisorption step, physiosorbed hydroxyl radicals on the electrode surface
facilitate further oxidation of organic molecules, progressively converting them into CO,
and H,O0, as illustrated in equations (2.3) and (2.4).

MOx+<OH +RH —- H>0 +R (2.3)

«OH+R ->MOx+CO,2+H,0 (2.4)
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It is notable that most electrochemical methods currently used for wastewater treatment are
energy-intensive because they rely on conventional electrolytic cells, which require continuous
external electrical input to drive non-spontaneous oxidation reactions. This makes their
application at small-scale level economically impractical, particularly in decentralized or low-
resource settings. Electrolytic systems consume energy rather than produce it, unlike fuel-cell-
based electrochemical systems, which generate electricity from spontaneous redox reactions
and therefore offer greater efficiency and sustainability for treatment and energy recovery

applications.

In this work, a novel electrochemical approach that does not rely on external electrical
energy was employed to oxidize organic matter in wastewater. The system instead
generates its own potential to sustain the oxidation reactions, demonstrating a cost-effective
alternative for small-scale water purification and promoting practical water recycling

solutions.

2.5 Electrochemical cell in this work

This study adopted an electrochemical cell configuration inspired by MFC design to
degrade oxidizable species dispersed in water. Unlike conventional MFCs, this system
operates without microorganisms, thereby eliminating secondary pollution associated with
biomass growth and sludge formation. The process is driven by solar energy rather than
external electrical power, making it cost-effective and suitable for small-scale water

purification applications.

The cell consists of an anodic chamber containing wastewater, which was continuously

bubbled with air. Air bubbling ensured a continuous supply of dissolved oxygen to support
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oxidation reactions and to replace the microbial role normally present in MFCs, thereby
maintaining an oxidative environment for pollutant degradation. The anode material plays
a critical role in determining the efficiency and selectivity of the electrochemical reactions
(Sequeira & Santos, 2009), as it facilitates the generation of reactive oxidizing species
through electron transfer processes analogous to metabolic oxidation in biological fuel

cells.

Two different anode materials were evaluated in separate remediation reactors for in-situ
generation of strong oxidizing species. One system employed a platinum anode, which
exhibits electrocatalytic properties and promotes oxygen reduction reactions as reported by
Huang ef al. (2021). In this configuration, oxidation of organic matter proceeds via the
electro-generated oxidizing species formed at the platinum surface shown in equations 2.5—

2.7 (Cheng, 2015).

H,0 »e OH + H* + e~ (2.5)

0, + 2H* 4+ 2e~ - H,0, (2.6)

The overall equation 2.7 is as shown.

0, + 2H,0 - 2H,0, (2.7)

The second reactor configuration employed a dimensionally stable anode fabricated by
modifying a graphite electrode with an iron (III)-doped titanium dioxide coating. In both
reactor setups, a graphite electrode served as the cathode. This system utilized the electron-
transfer characteristics at the interface of a stable anode surface to promote the degradation
of oxidizable species. Graphite was selected because it does not react with water to form
harmful by-products and is therefore suitable for long-term deployment in electrochemical

systems (Reimers et al., 2006; Bekyarova et al, 2013; Shao et al., 2018). In addition,
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graphite possesses a delocalized m-electron network that facilitates efficient electron
mobility, allowing it to function as an effective electron acceptor and conductive support
during oxidation processes (Dumas et al., 2007; Richter et al., 2008; Yi et al., 2009). This
property enables electrons generated during oxidation of organic matter to be transferred

efficiently, enhancing the electrochemical performance of the system.

In this configuration, the graphite electrode was coated by dip-coating with iron (III)-doped
titanium dioxide to enable photo-oxidation of organic contaminants into harmless end-
products. Titanium dioxide (TiO,) has been widely used in wastewater treatment as a
photocatalyst due to its chemical and biological inertness, non-toxicity, and cost-
effectiveness (Al-Mamun et al., 2019). Doping TiO, with Fe (III) improves conductivity
and reduces its band gap, allowing activation under visible light rather than UV alone
(Gavali, & Thapa, 2021). Upon illumination with sunlight, TiO, generates electron—hole
pairs: electrons are excited from the valence band to the conduction band, leaving behind
positively charged holes. These charge carriers participate in redox reactions at the
electrode surface, driving the oxidation of organic pollutants in wastewater as shown in

equation 2.8 (Pathiraja et al., 2014).

hv/moist

Ti0, — h* + e~ (2.8)

The resulting electrons move to the surface of the semiconductor, and reduce the oxygen
and water molecules generating reactive oxidizing species, while the electron deficient
holes increase the surface area for the oxidation process of the organics in water as shown

in scheme 2.2.



20

_— Organics

Intermediates

Scheme 2.2: The mechanism of titanium dioxide as a Photocatalyst in degradation

of organic matter

The use of visible light from natural light as a clean energy was thus used to accelerate the
oxidation process. This implies that in this technique, the reaction can only take place if an
anode of an electrochemical cell is made to be photoactive. A photoactive anode in presence
of light generates reactive species that speed up the oxidation of dissolved organic species
in water (Miklos et al., 2018). The dimensionless stable electrode, acted as a photocatalyst,
hence used as an anode in the electrochemical cell to enhance the photo oxidation of
organic species in the water. The electrons generated in both cases were conducted through
an external conductor to the cathode and the protons pass through the proton exchange
membrane (PEM) to balance the charges due to the electrons. The difference in potential
between the two compartments of the cell resulting from the oxidation reaction that occurs
boosts electrons’ kinetic energy and enable them move to the counter electrode (Ibanez et

al., 2018). The electrons then migrate to the cathode due to the electromotive force.
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The PEM used in this study was made from a conducting polymer inert in aqueous media.
The materials used to make the PEM and the PEM itself are not soluble in water and as
such it does not get incorporated in the water causing pollution. The separation of the two
chambers ensured that there was no interaction between species in either of the chambers
of the electrochemical cell. The wastewater was continuously bubbled through the anodic
chamber to provide the required oxygen. This was to generate strong oxidizing species
capable of oxidizing the DOM and eventually release water and carbon dioxide (Khotseng,
2018). The electrons released during that process, migrated from the anode to the cathode
via an external conductor. The redox reaction is analogous to the corrosion process where
there is a spontaneous oxidation of a metal by oxygen in the environment (Singh et al.,

2010).

The generated electrons in the anodic chamber make that compartment of the cell
negatively charged and as such, the conductor immersed in that solution becomes a
negative terminal (anode) of the cell. Via external conductors the anode to the cathode is
connected while the solutions in the cell are separated by a membrane. This is because the
protons diffused through the PEM due to the difference in the charges at the anode and

cathode (Singh et al., 2010).

The presence of an oxidizing agent or oxygen at the cathode recombines with hydrogen
and the electrons from the anode to produce pure water, making this method efficient in its
combustion process, hence reducing water pollution (Peter, 2018). Such a cell can be
stationed at a domestic set up for wastewater treatment or at any other site where biomass

immersed in water is plenty (Cano-Castillo, 2013).
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2.6 The proton exchange membrane

A proton exchange membrane plays a critical role in electrochemical systems by selectively
transporting protons while preventing the mixing of oxidizing and reducing species. It
therefore supports charge balance and contributes to the conversion of chemical energy
into electrical energy during water treatment. An ideal PEM should be chemically inert,
mechanically stable, insoluble in water, and exhibit high proton conductivity with minimal

internal resistance (Amado et al., 2016).

Several PEM materials have been investigated in electrochemical and microbial fuel cell
systems. For example, Ghasemi et al. (2015) prepared a sulfonated polyether ether ketone
(SPEEK) membrane that achieved a maximum power density of 126.1 mW/m? in an MFC.
Mokhtarian et al. (2013) developed a Nafion-polyaniline (PANI) membrane based on
Nafion 112, which produced 124 mW/m?, while Ghasemi ef al. (2012) fabricated a doped
PANI-polysulfone membrane that yielded 62.5 mW/m?. Ceramic PEMs have also been
explored; Midyurova et al. (2016) synthesized various clay-based membranes and applied
them in sediment MFC systems, generating voltages in the range of 17.8-20.2 mV,

demonstrating potential for low-cost alternatives.

Among these membranes, Nafion remains the benchmark due to its excellent proton
conductivity and chemical stability (Logan ef al., 2006). However, it is costly, limiting its
applicability in decentralized or small-scale treatment systems. SPEEK and PANI-based
membranes provide moderate conductivity at a lower cost, while ceramic membranes offer
low-cost and durable options but generally lower proton transport efficiency. Ultrex has
also been explored as a commercial alternative to Nafion but still presents cost limitations

(Ghassemi & Slaughter, 2017). Considering performance, cost, and environmental factors,
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there remains a need for affordable and chemically stable PEMs for small-scale water

treatment.

In this work, a conducting polymer synthesized from aniline was developed and employed as
the PEM. The resulting PAni membrane, anchored onto a porous fritted glass support, served
as an inert, water-insoluble, and chemically stable ion-exchange material capable of selectively
transporting protons cost-effectively. It functioned passively by facilitating proton migration
from the anode to the cathode, consistent with conventional proton-exchange behavior in
electrochemical systems, while maintaining compartment separation without introducing
secondary pollutants. The membrane was incorporated into a two-chamber electrochemical cell
designed for the purification of domestic wastewater, where it provided effective ion transport
and electrical continuity. The electrodes were externally connected to complete the circuit and
initiate oxidative degradation of pollutants at the anode half-cell, while the cathode chamber
was filled with 0.01 M potassium chloride solution to enhance ionic conductivity and improve

the overall efficiency of the degradation process (Bond et al., 2002; Tabassum et al., 2021).

2.7 Polyaniline

Polyaniline is an organic conducting polymer that has been studied widely due to its low
cost, simplistic ways of preparing and the ease of doping. It can be found in different
oxidation states ranging from leucoemeraldine when fully reduced, protoemeraldine,
emeraldine, nigraniline, and pernigraniline when fully oxidized. However, PAni conducts
only when it is moderately oxidized (the emeraldine form). An easy method of doping
polyaniline is by use of protonic acids, such as hydrochloric acid, sulphuric acid and

phosphoric acids (Bienkowski, 2006).
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The protonation takes place first at imine groups that contribute to a spinless charged
bipolaronic structure, then rearranges to relatively stable radical cations followed by
polaron separation in a polaronic structure with delocalized p-charge carriers and
conjugated n-bonds. The doped PAni can be dedoped adding a base to the polymer which
forms the emeraldine base form (Boddula & Srinivasan, 2014). Polyaniline can be

synthesized electrochemically or chemically.

2.7.1 Aniline polymerization

Different mixtures of polyaniline in form of polymer matrix are conducive for a variety of
applications. This is because the desired properties are easily achieved by varying the host
polymer and reaction conditions (Sen et al., 2016; Zeghioud et al., 2015). Polyaniline is
prepared through chemical polymerization by ammonium peroxydisulfate oxidation of
aniline at a pH below 2.5. It is obtained as a precipitate salt of polyaniline hydrogen sulfate.
During oxidation, a pair of electrons on nitrogen in the aniline monomer is removed. This
creates positive polaron in the chain that causes deformation in the chain structure. As a
result, the polyaniline structure has m-electron clouds overlapping above and below its
structure. This provides for polyconjugate system which is a charge carrier system in the
polymer. The content of oxidized nitrogen atoms in polyaniline can change from zero in its
reduced form, leucoemeraldine to nearly one in the fully oxidized state, pernigraniline

(scheme 2.3) (Sapurina et al., 2015).
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Scheme 2.3: Different forms of Polyaniline polymer

The most stable form of polyaniline is emeraldine, in which every second nitrogen atom is
oxidized, and polymer chain contains equal number of oxidized and reduced units (Molapo

etal., 2012).

2.7.2 Mechanism of aniline polymerization.
Oxidative polymerization can be explained by electrophilic substitution reaction of

aniline and oxidized nitrogen in another aniline molecule as shown in scheme 2.4 and 2.5.
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Scheme 2.4: Electrophilic substitution reaction
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Scheme 2.5: Aniline oxidative polymerization process

In this case, the oxidized nitrogen acquires a positive charge to form an aniline cation
radical. The radical then attacks the phenyl ring of another aniline molecule and substitute
a proton from the ring. Both the ring and nitrogen in the aniline radical lose one proton.
The monomer units then bind with each other, and the chain becomes longer. The
polymerization process is terminated when one of the reactants, either monomer or the
oxidant is depleted. The state of the end product depends on the strength of the oxidizing
agent and the stoichiometric ratio of monomer to oxidant. If a strong oxidizing agent was
used in excess, the end product is the pernigraniline and when polymerization is carried
out under stoichiometric conditions or with excess aniline, emeraldine is the end product

(Cirié-Marjanovié, 2013).

When polymerization takes place at a pH less than 2.5, the amino groups of the chains, and
the monomers, are protonated. This maintains a balance of electron exchange between

chain and monomer while all growth patterns other than para-substitution are forbidden.
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This leads to the formation of regular polyconjugate chains of polyaniline with unique

conducting properties and high molecular weight (Sapurina et al., 2015).

2.8 Oxidation of Dissolved organic matter using Hydrogen peroxide

Dissolved organic matter, DOM is commonly defined as any organic substance that passes
through a given filter of between 0.1 and 0.7um (Denis et al., 2017). The main components
of DOM include carbohydrates, amino acids, proteins, phenols, lipids, alcohols, sterols and
organic acids. When DOM undergo degradation, it produces products such as dissolved
inorganic carbon (DIC), CO, CH4, CO;, and low molecular weight organic acids (Ward &
Cory, 2016). The degradation of DOM can be photo induced or initiated by the presence of
oxidizing agents. In both cases, the formation of reactive oxidizing species such as super

oxides and hydroxyl radicals are responsible for the degradation process.

Hydrogen peroxide is a suitable oxidizing agent that is stable but reactive. It undergoes
photo decomposition to generate radicals (hydroxyl) which have strong oxidizing
properties that indirectly initiates oxidizing reactions of DOM in water. Hydrogen peroxide
radicals react with DOM in water to completely mineralize them to carbon (IV) oxide and

water as the degraded product in equation 2.9).

The redox equations for the domestic wastewater have been proposed by (Ike et al., 2019;

Koroglu ef al., 2019) and are presented in equations 2.10 and 2.12.

Oxidation of domestic wastewater (at the anode)

C10H1903N + 18H,0 — 9C0, + NH{ + HCO3 + 50H™ + 50e~ (2.10)
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Reduction equation (at the cathode)

0, + 4H* + 4e~ — 2 H,0 2.11)

The overall equation

2C10H1905 N + 270, + 8H* - 18C0, + 2NH} + 2HCO; + 18H,0 (2.12)

2.9 Previous studies on in-situ electro-oxidation of dissolved organic substances

Previous studies on in-situ electro-oxidation of dissolved organic substances has been reported
by (Ryan et al., 2021) as they evaluated sequential electro-coagulation and electro-oxidation
processes for in-situ removal of trace organic compounds (TOrCs), acyclovir (ACY),
trimethoprim (TMP), and benzyl dimethyl decyl ammonium chloride (BAC-C10) in model
ground and surface waters. The sequential process registered a removal efficiency of 74 + 7%
for dissolved organic carbon from model surface water. Despite the success of the process, it
was reported that the removal of those dispersed species was energy intensive. This therefore
had a challenge and thus limits the upscaling of such a technology. Another in-situ remedial
process was reported by (Pei ef al., 2020) as they developed organic Fenton-like catalysis using
redox-active polymeric intermediates. In this work, phenol was degraded with production of
both oxygen and hydroxyl radicals in the anodic phenol conversion using the in-situ organic
Fenton-like catalysis. However, this system contained quinone like moieties and persistent

organic radicals which are pollutants of concern in the treated waters.

An in-situ radical and non-radical oxidative degradation of organic compounds in complex real
matrix was carried out by (Ganiyu & EI-Din, 2020). In that work, the electrolysis of oil sands

process water was carried out using boron doped diamond electrode. That method achieved
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complete mineralization of dissolved organic contents at current density > 5 mA cm™2.
However, this was also an energy intensive process that required enormous quantities of energy
and therefore expensive in the long run. To overcome such challenges, this study developed an
electrochemical method, effective in degradation of organic pollutants and does not require

external form of energy to drive it.

2.10 Cost Effectiveness of Wastewater Treatment Methods

The cost of wastewater treatment is a major factor influencing the adoption and sustainability
of purification technologies, particularly in low-resource settings. Conventional treatment
methods such as coagulation, chlorination, and membrane filtration are often associated with
high operational and maintenance costs due to chemical consumption, sludge handling, and
energy requirements (Chen et al., 2019; Ganiyu et al., 2018). Biological systems, including
microbial fuel cells and activated sludge processes, have been explored as cost-effective
alternatives; however, their dependence on microbial activity results in long start-up times,
strict environmental control, and high maintenance, which reduce their overall economic
viability (Liu et al, 2020; Logan et al., 2019). Similarly, electrochemical and advanced
oxidation processes achieve high degradation efficiencies but are limited by the cost of
sacrificial electrodes, use of external oxidants such as hydrogen peroxide, and significant
energy consumption (Martinez-Huitle & Ferro, 2016; Ganiyu et al., 2020). To address these
challenges, recent research emphasizes the development of sustainable electrochemical
systems capable of generating reactive oxidative species in-situ without added reagents or
sacrificial materials, thereby lowering operational costs and enhancing scalability (Woo ef al.,
2020; Garcia-Segura ef al., 2021). The electrochemical approach proposed in this study builds
on this concept, aiming to provide an efficient, low-cost, and environmentally friendly solution

for point-of-use wastewater treatment.
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2.11 Characterization

The synthesized polymer, iron doped titanium oxide and modified electrode are characterized
using several analytical techniques to determine their structural, morphological, optical, and
electrochemical properties and to confirm polymer identity and transformation during

degradation.

The Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray
Spectroscopy (EDX) examines the surface morphology, particle distribution, and elemental
composition of the iron doped titanium oxide. SEM scans the sample with a focused electron
beam and generates high-resolution images that reveal particle size, porosity, agglomeration
behavior, and surface texture (Saif ez al., 2017). The EDX simultaneously detects characteristic
X-rays emitted from the sample, allowing identification of titanium, oxygen, and dopant metals
and confirming successful metal incorporation into the TiO, matrix (Paul, 2018). The X-ray
Diftraction (XRD) determines the crystalline phases and structural characteristics of the iron
doped titanium oxide. The technique records diffraction patterns resulting from the interaction
of incident X-rays with atomic planes in the crystal lattice. The diffraction peaks are compared
with standard reference patterns to identify anatase and rutile phases of TiO,. Peak shifts and
broadening provide evidence of lattice modification due to doping and allow estimation of

crystallite size using the Scherrer equation (Khan ef al., 2020).

The UV-Visible spectroscopy evaluates the optical absorption properties and electronic band
structure of the iron doped titanium oxide. The instrument measures light absorption across the
UV-Visible range, and the band-gap energy is calculated using Tauc plots. Shifts in the

absorption edge and decreases in band-gap values indicate enhanced visible-light absorption



31

and improved photoactivity potential arising from metal modification (Zedek et al., 2021).
Fourier Transform Infrared Spectroscopy (FTIR) identifies the chemical structure and
functional groups of the polymers. The technique measures infrared absorption corresponding

to specific molecular vibrations, enabling polymer identification.

Potentiometric characterization evaluates the electrochemical behavior of the modified DSA.
The technique measures the potential difference between the working and reference electrodes
under open-circuit conditions. Measurements under both dark and illuminated conditions
assess photo-responsiveness and surface charge behavior. A shift in potential upon illumination
indicates photo-induced charge carrier generation, while stable potential values confirm the
suitability of the electrode for electro-oxidation and photocatalytic wastewater treatment

applications (Carbonari et al., 2017).

2.12 Research gap

Although biological treatment systems such as microbial fuel cells demonstrate high efficiency
in removing dissolved organic pollutants from wastewater, their reliance on microbial activity
presents several limitations. These include slow start-up times, the need for specific
electrochemically active bacteria, potential release of microorganisms into treated water, use
of toxic and costly mediators in some systems, and operational instability under varying
environmental conditions. Existing chemical and electrochemical approaches, including
electrocoagulation and advanced oxidation processes, are effective but generate secondary
chemical pollution, sludge, require sacrificial electrodes, or depend on externally supplied

oxidants such as hydrogen peroxide, increasing cost and operational complexity. Despite



32

advances in wastewater treatment technologies, there is limited research on electrochemical
systems that can generate reactive oxidative species in-situ and degrade dissolved organic
pollutants without microorganisms, sacrificial electrodes, added reagents, or secondary

pollution, particularly for point-of-use domestic wastewater treatment.

This study addresses this gap by developing and evaluating a microbe-free electrochemical cell
inspired by MFC design, capable of producing oxidizing species internally while
simultaneously oxidizing dissolved organic matter. The approach aims to provide a sustainable,
chemical-free, low-sludge, point-of-use purification solution suitable for water-scarce

environments.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Research design

This study involved several steps in its design. First, conducting polymeric material was
synthesized in the laboratory and characterized. Next, a membrane material was prepared from
this synthesized polymer. A dimensionally stable anode was a graphite rod modified by dip
coating it in paste of iron (III) spiked titanium dioxide. Following that, components of an
electrochemical cell were assembled using a glass blowing procedure to create the reactor
vessel for the electro-oxidation process in this investigation. The redox kinetics was monitored
in the remediation of dissolved organic species using synthetic wastewater. Finally, the
assembled cell was employed in treating actual domestic wastewater. The flow chart of the

process is shown in figure 3.1

Figure 3.1: Research methodology flow chart

3.2 Materials and reagents

All solutions in the entire study unless otherwise stated were dispersed in double distilled
water and all the reagents used were of analytical grade. Aniline, starch, potassium iodide,
iodine, hydrochloric acid, potassium persulphate, potassium chloride, phosphorus oxide,
polyvinyl alcohol, calcium silicate, Degussa P25 titanium dioxide, Iron (IIT) chloride, Iron

(III) nitrate, polystyrene and sulphuric (VI) acid were all from Sigma-Aldrich chemicals
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supplied by Kobian which its outlet in Nairobi, Kenya. Both the graphite electrode (5.0
mm diameter and 5 cm length) and the platinum electrode (0.45 mm diameter and 7.0 cm
height, 99.9% trace metals basis) were also supplied by Sigma-Aldrich. A Rocker pump
model Chemker 410 was used to circulate the water and bubble air in the anode

compartment of the reactor (cell) during the experiment.

3.2.1 Preparation of starch solution

Starch solution was prepared where soluble starch was dissolved at a ratio of 1.0g per 100
mL of distilled boiling water. This solution was then delivered into the anodic chamber as
the wastewater sample. Normal starch stock solutions for formulating a calibration curve
were prepared to produce 0.01%,0.02%, 0.05%, 0.10%, 0.15%,0.20%,0.40% and 0.50%
starch solutions. lodine solution was used in the absorbance measurements of starch

solution during degradation.

3.2.2 Preparation of iodine solution

A standard iodine solution (0.05 M) was made by dissolving iodine (7.0 g) and potassium
iodide (18.0 g) in distilled water (100 mL). Afterwards, 3 drops of hydrochloric acid were
added and then the solution was diluted to make it to a litre. The resultant solution was then

poured into an opaque bottle.

3.3 Apparatus and Instrumentation

A magnetic stirrer with hot plate was used for controlled polymerization of aniline, with
acidity monitored using a pH meter. An analytical balance ensured accurate weighing of
reagents, while glassware such as beakers and volumetric flasks supported solution

preparation and washing steps. The polymer membrane and electrode coatings were dried
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in a laboratory oven, and a porous glass frit served as a casting support. A muffle furnace
was used for calcination of titanium precursors, and a freezer was used for storage of

temperature-sensitive solutions.

Material characterization employed a UV—Visible spectrophotometer to assess optical
properties, and a Fourier Transform Infrared spectrophotometer (Perkin Elmer 100, ATR
mode) to identify functional groups in the polymer membrane. Surface morphology and
elemental composition of the electrode coating were examined by SEM-EDX (ZEISS),
while crystallinity of iron-doped TiO, was confirmed using XRD (RUKAGU Corp.,
Tokyo, Japan). Electrical conductivity of the membrane was measured using a Fluke 115
True-RMS multimeter, and electrochemical characterization of the dimensionally stable
anode (DSA) was carried out using a BASi Epsilon potentiostat with Ag/AgCl reference

and platinum counter electrodes.

The electrochemical cell comprised a 250-mL borosilicate glass reactor fitted with a Fe—
TiO, coated DSA (5.0 cm x 6.0 mm), a platinum electrode (70.0 cm x 0.45 mm) for
comparative studies, and a graphite cathode. The system was connected using insulated
wires, with circuit monitoring by digital multimeter. A Chemker 410 rocker pump
circulated the model wastewater and aerated the anode chamber. Degradation kinetics were
monitored periodically by UV—Visible spectrophotometry, with timed sampling performed
using micropipettes, sample vials, and a stopwatch. Physico-chemical water quality

parameters were further analyzed using a Palin Test Photometer 7100 (Dubai, UAE).

3.4 Experimental setup
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This study adapted the design of an MFC to create a cell capable of breaking down
oxidizable substances present in water within the anodic chamber, without relying on
microorganisms (Rahimnejad, 2023). Instead, the concept proposed the use of an
electrocatalytic and/or a photocatalytic electrode as the triggering material for the oxidation
process at the anode. The anodic chamber was aerated to initiate the redox reaction. A
conducting polymer that is inert and less expensive was also prepared from aniline for use
as a proton exchange membrane in the cell. The oxidation of organic species in wastewater
was facilitated by production of oxidizing species on the surface of the anode electrode
within the electrochemical cell through an electron transfer process similar to typical
metabolic pathways. This integration occurred when the wastewater treatment system was

incorporated as a component of an electrochemical cell, illustrated in figure 3.2.
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Figure 3.2: The experimental setup of the assembled electrochemical cell

The figure 3.2 highlights a crucial element of the electrochemical system: the anode

electrode, where the conversion of organic contaminants into carbon dioxide and water
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occurs. The material composing the anode significantly influences the efficiency and

selectivity of the electrochemical process at this site (Sequeira & Santos, 2009).

3.5 Components of the electrochemical cell
3.5.1 The Proton Exchange membrane
The proton exchange membrane was an assembly of several components which consisted of a

hydrogel, synthesized polyaniline, binder and a porous glass flitz.

3.5.2 Preparation of a biomass-hydrogel

A hydrogel material was prepared to seal the pores on the final PEM material to prevent
migration (leakage) of water from the anodic to the cathodic chamber or vice versa. It also
hydrated the membrane to enhance its conduction property (Gebel, 2000). The procedure for
the preparation was according to Mwangi and co-workers (Mwangi et al, 2019) as they
modified cow dung to form material with high water retention capacity. The resultant material
was dried at 60.0 °C and 2.0 g of that dry material was used in the preparation of the conducting

polymer membrane.

3.5.3 Polymerization of the conducting polyaniline

This was done by introducing distilled aniline (200 mL) into a reactor and then adding 2.0
M hydrochloric acid (300 mL). The mixture was stirred for 30 minutes. In a separate
connical flask, potassium persulphate (36.0 g) was dissolved in 2.0 M hydrochloric acid
(200 mL). The persulphate solution was added to the aniline, and the resultant solution was
mixed with the biomass hydrogel (2.0 g) and stirred thoroughly to form the conducting

polyaniline polymer.
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3.5.4 The assembly of proton exchange membrane

The exchange membrane was prepared as reported by Huang et al. (2016). Polyvinyl
alcohol (6.0 g) was added to distilled water (100 mL) under heating while stirring to
dissolve it for 2 hours. The resulting solution was then cooled to room temperature. It was
then mixed with the previously prepared polyaniline (10.0 g), hydrogel (2.0 g) and calcium
silicate (5.0 g) while constantly stirring to a uniform consistency. This product was frozen
for 24 hours, and later thawed for 24 hours. It was then immersed in distilled water for 24
hours to remove inorganic impurities. The material was then analyzed using FTIR and then

casted on the glass as a membrane for the cell.

3.5.5 Electric circuit continuity of the membrane

The continuity of the prepared membrane was determined as reported by Lu ef al. (2019), using
a Fluke 115 True-RMS digital multimeter (Singapore). This was done following a two-disk
method (Amer & Young, 2013). The schematic presentation of the basic parts of the tester
(multimeter) that was used for testing continuity tests across the test material is shown in figure

3.3.

RIIODK -)

H L[;ﬁfgkL[ 1

LED

BATERIES l | |
|| ” BUZZER

bl
A

_F

L, =" Dp0OBES
/'

Figure 3.3: Schematic presentation of a continuity tester
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By touching the negative and positive probes of the multimeter on the prepared polyaniline,
both light from the LED and a buzz confirmed continuity. The polymer surface exhibited

conductivity that was observed to be lower than 1 X 108 S cm™™.

3.5.6 Fourier Transformed Infrared spectrophotometer on polyaniline

The Fourier Transformed Infrared spectrophotometer with attenuated total reflectance (ATR)
mode (Perkin Elmer 100 with sampling accessory-Waltham, (MA, USA) was used to determine
the functional groups of the prepared polyaniline polymer (Mukamel, 2000). A mass (0.1g) of
the sample was used to make potassium bromide pellet using a pellet that was then analyzed in

the mid-IR (4,000 — 400 cm™) region.

3.6 Anode of the electrochemical cell

This research employed two types of anodes in separate remediation reactors to facilitate the
in-situ generation of strong oxidizing species for wastewater treatment. The first system
utilized a platinum electrode, which is an electrocatalytically active material capable of
supporting rapid oxygen reduction reactions without external activation, as reported by Huang
et al. (2021). The platinum electrode (70.0 cm height, 0.45 mm diameter) operated under
standard electrochemical conditions where oxidation occurred at the anode through electron

transfer processes inherent to platinum’s catalytic surface.
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In contrast, the second setup used a dimensionally stable modified graphite electrode coated
with iron (III)-doped titanium dioxide. Unlike platinum, this electrode functions as a photo-
active anode, relying on light-induced charge separation within the TiO, layer to generate
reactive oxidative species. Therefore, this configuration required different operating
conditions—particularly illumination and aeration—to activate the photocatalyst and enhance
electron transfer efficiency. The photo-electrode measured 5.0 cm in height and 6.0 mm in

diameter. In both systems, a graphite electrode served as the cathode.

3.6.1 Modification of the graphite electrode

The graphite electrode (anode) in this study was modified by coating it with iron doped
titanium dioxide. The iron-doped titanium dioxide was prepared by impregnation method
(Amords-Pérez et al., 2018). To a sample of Degussa P25 titanium dioxide powder (5.0 g),
1 mL of 0.1 M Fe (NO3);3 solution was added. The resulting mixture was stirred for 2 hours
and sonicated for 30 minutes. Subsequently, excess solvent was removed by drying the
mixture in an oven at 80 °C for 24 hours. The sample was further calcined at 500 °C for 2
hours. This process aimed to decompose nitrates, eliminate impurities, and enhance the
interaction between metal and TiO.. The resulting powder was mixed with calcium silicate
powder to the ration of 5:1 respectively in a 250 mL beaker. Distilled water (100 mL) was
then added to the mixture and the mixture sonicated for 10 minutes to form a paste. The
graphite rods were then (immersed) dipped into this paste for 24 hours and then air dried
for 2 hours at first and then oven dried for 24 hours at a temperature of 80 °C. The dried
rods were stored under water for 24 hours before use. This hydration step stabilizes the
coating, improves adhesion, allows swelling and settling of the composite film, and

prevents layer cracking or flaking when placed in service. It also removes any loosely
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attached particles, ensuring a uniform, durable, and electrochemically stable electrode

surface.

3.6.2 Characterization of the photoactive material

The effect of doping was investigated using a UV—Vis spectrophotometer. The equipment had
an integrating spheres assembly that enabled the measurement of the total radiation reflectance
and transmittance from the sample. This was to confirm the shift in frequency of excitement.
A Shimadzu UV-2450 (Tokyo, Japan) UV—Vis spectrophotometer was used to confirm doping
of titanium dioxide. A small sample (0.1g) of the iron doped titanium dioxide powder was
placed in the powder kit and spectra reflectance measurements were carried out. Scanning
electron microscopy (SEM: ZEISS microscopy) was used to examine the microstructural
properties and Energy-dispersive X-ray (EDX) spectroscopy was used to determine the
composition of the material. X-ray diffraction (XRD) (RUKAGU Corp. Tokyo Japan) was used
to determine the crystalline phase and structure. A sample (10.0g) of the iron doped material
was crashed using mortar and pestle. It was then placed in the sample holder and the phase was

analyzed using radiation from CuKa (A= 1.5406 A).

3.6.3 Voltametric analysis

The voltametric analysis was divided in two sections. The first one was to characterize the
graphite electrode to establish its performance upon modification using iron (III) doped
titanium dioxide and second was for monitoring the variation of the oxidizable species in the
anode compartment of the electrochemical cell. The equipment used is an Epsilon electro
analyzer that is equipped with a door that can shield the analytes from external radiation as

shown in the figure 3.4.
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Figure 3.4: Epsilon electro analyzer equipped with a door used in the voltammetry

analysis in this work

3.6.4 Characterization of the graphite electrode

The electrochemical effect of modification of the graphite was carried out because the anode
electrode in the electrochemical cell has a high influence on the efficiency and the selectivity
of the electrochemical process (Sequeira & Santos 2009). The electrochemical properties of
the photoactive electrode were investigated by use of domestic wastewater analyte prepared as
described in section 3.9.3. The analyte was supported in KCI 0.1 M and analyzed using the
cyclic voltammetry. The experiment was undertaken at a scan rate of 100 mV/s on the modified
electrode. The electrochemical analyzer was an Epsilon potentiostat (E2) with a cell stand Basi
C3 (Dubai) using platinum electrode as a counter electrode and Silver/Silver chloride as
reference electrode. These experiments were done at room temperature of about 25 °C, both in

the dark and under natural light.

3.7 Monitoring the variation of the oxidizable species in the anode compartment
The voltametric analysis was also carried out to monitor the variation of the oxidizable species

in the anode compartment of the electrochemical cell. The measurements were done using 0.1
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M potassium chloride (pH 7.24) as the support electrolyte in which the analyte samples were
dispersed. The solution was taken into the polarographic cell and continuously a
voltammogram obtained to check the purity of the solution while purging with nitrogen gas.
This was followed by addition of domestic wastewater sample solutions (5 mL) and a
voltammogram obtained while the modified electrode was the working electrode and the cell
was under visible radiation conditions. The process was repeated while the cell was not exposed

to light. The results obtained were captured and recorded using a voltammeter

3.8 Assembling the electrochemical cell

A glass H-design cell with two chambers whose capacity is 250 mL on either side of the
half-cell was assembled. A sintered glass disc (fritz), on which the ready PEM material was
casted, was used to separate the two chambers, The slurry method was used to perform the
casting (Goral et al., 2009), where the prepared hydrogel polymer (10.0 g) was weighed
before adding calcium silicate (1.0 g), distilled water (100 mL) and polyvinyl alcohol ( 2

mL). The mixture was rigorously stirred to form a suspension.

The cell was placed vertically and the mixture drained from one chamber to settle down at the
frit to a 2.0 mm level. Using a strong suction pump, the solvent (water) was drawn from the
opposite chamber to allow the packing material to settle solidly and clog the pores of the
sintered glass fritz. This membrane was left to cure for one and a half days and the same
procedure replicated for the other chamber. The hydrogel’s volume increased after contact with
water, ensuring that all the pores were clogged and hence the solutions between the two

compartments could not mix.
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The cell is a continuous flow reactor where the sample water is being continuously circulated
from a reservoir (2 L) through the electrochemical reactor cell and back to the reservoir. The

fabricated electrochemical cell assembled for this study is as shown in figure 3.5.

Figure 3.5: The assembled electrochemical cell in this study

A H-design electrochemical cell made of glass with two chambers with a capacity of 250 mL
on each side of the half-cell was assembled. The chambers are separated by a sintered glass
disc (fritz) on which the prepared PEM material is casted. The anode solution, where
oxidation takes place is circulated with domestic wastewater containing dissolved organic
matter using a peristatic pump to allow air bubbling to aid in the oxidation process. The
solution in the cathodic chamber is kept constant. In one set of experiments, a platinum wire
was used as the anode while graphite was used as the cathode. In another set of experiments,
the iron-doped titanium dioxide coated graphite electrode which is the DSA was used as the

anode in both set of experiments a graphite electrode was used in the cathode compartment.

3.9 The working of the cell
Starch solution (wastewater 2 litres) was circulated in one of the chambers (anode) via a water
pump at a the rate of 18 L/min over the entire period of the experiment and the potential

difference at the electrodes of the electrochemical cell was measured by a digital multimeter
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(Fluke 115 True-RMS, Singapore). Distilled water containing dissolved potassium chloride
(0.2 M KCl) was filled in the opposite cathode chamber. A platinum electrode was used as the
anode while graphite was used as the cathode. Copper conductor was used to externally connect

the anodic and cathodic chambers and the potential difference measured.

3.9.1 The anodic solution
The anodic solutions used in this cell were starch solution prepared as synthetic wastewater

and green leafy vegetables solution as real domestic wastewater.

3.9.2 Measurements of degradation of starch in water

Aliquots of the starch solution (5 mL) were extracted at constant time intervals of 10
minutes for an hour. A drop of iodine solution was added to each of these samples, and then
a UV-Vis analysis was done with the wave band range of 200 nm to 700 nm before
recording absorbance readings for the region of maximum absorbance (4,,,,). The
potential difference across the electrodes was monitored using a digital multimeter and the

voltage was recorded at constant time intervals.

3.9.3 Domestic wastewater

The domestic wastewater in the electrochemical treatment process was carried out using a
solution obtained from the leaves of the normal green vegetables used in the kitchen for
preparation of a meal. This solution was prepared by weighing chopped green leafy
vegetables (9.0 g) and to that, distilled water (200 mL) was added and allowed to boil for
15 minutes, then cooled to room temperature. This solution was filtered to remove any
suspended particles and then diluted to make it to 2 litres. This method was adopted to
mimic the organic load typically found in domestic wastewater, particularly the

biodegradable organic fraction originating from kitchen effluent and food preparation
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residues. The use of vegetable extract as a model wastewater allowed for a controlled and
reproducible organic content while representing real household wastewater characteristics,
ensuring safe handling and eliminating variations that may arise from real wastewater
sources. Samples of the prepared solution were then introduced into the electrochemical
reactor similarly to the starch solution in the previous section and the potential difference
monitored at regular time intervals. The analysis of the physio-chemical parameters of this

water was also measured using a Palin test Photometer 7100, Dubai, United Arab Emirates.

3.9.4 The cathodic solution
Preparation of the cathodic solution was done by dissolving KCI (0.7 g) in a litre of distilled
water. This ensured improved conductivity of the distilled water. The resultant solution had

a temperature was 27 °C and a pH of 6.6.

3.10 Optical analysis of transparency of water

Visual analysis of the degradation of the dissolved organic matter in the sample of water
was carried out by drawing wastewater samples (5 mL) from the anode compartment at
regular time intervals of 30 minutes. The level of degradation was observed using an UV-

Vis instrument at a wavelength ranging from 200 nm to 600 nm.

3.11 Optical analysis of the oxidation of dissolved organic matter

The degree of oxidation was analyzed using the starch iodine complex technique. This
entailed drawing wastewater samples (5 mL), and then adding a drop of iodine solution.
The mixture was then activated in a water bath at 70 °C for 2 hours to form starch iodine
complexes. The samples were allowed to cool to 25 °C then analyzed on a UV-Vis

spectrophotometer. The UV-Vis analysis was carried out within the wave band range of
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200 nm to 700 nm and absorbance readings recorded for the region of maximum absorption
(Amax)- The absorption data was fitted into first and second-order expressions to understand
the degradation kinetics of the redox reaction taking place in the electrochemical cell. The
same procedure was followed for the domestic wastewater only without the iodine

complexation step.

3.12 Variation of oxidizable species in the oxidation process

Samples (5 mL), from the anode compartment were drawn every half an hour for 3 hours. A
potentiostat was used to analyze the samples where cyclic voltammetry was done on the
samples using platinum electrode as the functional electrode and Ag/AgCl electrode as the
electrode of reference. The scanning rate used was 100 mV with a maximum current of 100
mA. One drop of the water sample solution was dissolved in 1.0 M KNO3 solution (25 mL)
which served as the supporting electrolyte. The experiments were conducted at room

temperature of approximately 25 °C.

Differential Pulse Anodic Stripping Cyclic Voltammetry (DPASCV) was employed in this
study to monitor the electro-oxidation progress. This hybrid electroanalytical technique
combines features of differential pulse voltammetry and anodic stripping analysis with
conventional cyclic voltammetry. In this method, analytes in the wastewater first undergo a
pre-concentration step on the electrode surface, followed by a potential sweep where the

accumulated species are stripped (oxidized) while recording current response.

The differential pulse component enhances sensitivity by applying small potential pulses
during the scan, allowing detection of changes in redox behavior with greater resolution. This

approach was selected because it provides high sensitivity to changes in electroactive organic
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species and intermediates, enabling real-time monitoring of oxidation efficiency and electron-
transfer dynamics during wastewater treatment. The electro-oxidation process was monitored
using a potentiostat (Basi Epsilon, version 2.13.77) for the cyclic voltammetry (CV)
measurement. Having detailed the materials, experimental procedures, and analytical
techniques employed in this study, the next chapter presents and interprets the findings

obtained.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter reports on the results obtained from all the experimental data obtained in this
study. The results are discussed according to the order they appear in the experimental
methods. They provide evidence for the deductions and conclusions made in the study. They
include the synthesis and characterization of a conducting polymer from aniline, after which
the conducting polymer was used in the preparation of a proton exchange membrane used
in the assembly of the electrochemical cell. The chapter also highlights the preparation of a
photoactive electrode for use in the oxidation process of dissolved organic matter in water.
The results of the oxidation of dissolved organic matter in the laboratory using starch
solution and the degradation of dissolved organic matter from green leafy vegetable solution

using the cell are also presented here.

4.2 Characterization of the polymeric conducting membrane
The polyaniline conducting polymer used to cast onto a porous glass fritz was characterized
using a Perkin Elmer 100 instrument Fourier Transform Infrared Spectrometer (FTIR) on

the ATR mode and the results obtained are shown in figure 4.1.
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Figure 4.1: FTIR spectra of the synthesized conducting polyaniline polymer

The broad bands ranging 3200-2800 cm™ were assigned to N-H stretching vibrations and C-
H vibrations in the polymer (Kadari et al., 2017). The peaks at 1566 cm™ and 1493 cm™!, were
attributed to C=C stretching vibrations within the polymer that gives the polymer the
conducting properties (Jamadade ef al., 2010). After confirmation of the structure, it was
mixed with polyvinyl alcohol and calcium silicate as binder to make the membrane. It was
then employed as a proton exchange membrane in the electrochemical cell and the

degradation of the starch sample was then analyzed.

The conductivity of the membrane was confirmed by use of continuity tester whose light bulb
glowed when touched with the terminals, to a given signal, that the test material was a good
conductor of electricity (Platt, 2009). The polyaniline membrane exhibited electrical
conductivity attributable to the conjugated n-electron system along its polymer backbone and
proton doping, which enables electron delocalization and charge transport. The alternating
C=C bonds in the polymer chain facilitate conjugation, forming pathways for electron

mobility and thereby imparting conducting properties. The FTIR spectroscopy was employed
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to confirm the presence of characteristic polyaniline functional groups, including the
quinonoid and benzenoid bands, which verified successful polymer formation. In addition to
conductivity measurements, the membrane was examined visually for homogeneity and
adhesion to the support matrix, and its structural integrity was evaluated through swelling
stability in aqueous media. While FTIR confirmed the chemical structure, future work may
incorporate complementary techniques such as XRD, SEM, TEM, UV-Vis, or Raman

spectroscopy to fully confirm morphology and crystallinity of the membrane.

4.3 Characterization of the photo active material

The doping of titanium dioxide with iron (III) nitrate was to facilitate the degradation process
to be done under ordinary day light conditions. This is due to the band gap of the photo active
material being lowered to absorption band in the visible spectrum (Lee et al., 2012). The
prepared electrode was therefore able to facilitate advanced oxidation processes as a
heterogeneous oxidant of organic pollutants in wastewater. Therefore, it is an effective agent

for the degradation of organic pollutants that exist in water.

The doping was confirmed by studying the sample using UV-Vis together with an assembly
of integrating spheres to analyze the total diffuse transmittance and diffuse reflectance. The

results of the photoactive material before and after doping are given in figure 4.2.
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Figure 4.2: The UV-Vis spectra of A undoped and B Fe-doped TiOz respectively

The results indicate a variation of photo activity from the UV spectrum to the visible spectrum
after doping. It is apparent that doping by pure TiO> material (curve A) starts at 250 nm (UV
region) with maximum activation at 275 nm and substantially dropping at around 290 nm
while the Fe (III)-doped TiO> material showed that the absorption starts at 250 nm with the
maximum activation occurring at 290 nm. The peak absorption wavelength for the two
materials were found to be 275 nm and 290 nm respectively which shows a red shift effect on
the spectra (Moradi ef al., 2018; Wang et al., 2003). The observed red shift indicates that the
introduction of Fe ions into the TiO, lattice alters its electronic structure. Even though the
absorption remains in the UV region, the systematic red-shift trend is the critical indicator of
successful modification of the TiO, band structure, which is widely recognized as evidence
of Fe-doping. Doping with transition metal ions such as Fe** creates additional localized

energy states within the TiO, band gap and enhances electronic interactions between the
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dopant and the TiO, conduction/valence bands. This modification narrows the effective band
gap, thereby lowering the excitation energy required to promote electrons from the valence
band to the conduction band. As a result, the absorption edge shifts toward longer
wavelengths (visible light region), enabling improved utilization of visible radiation (Lee et
al., 2012). The red shift therefore reflects enhanced photoactivity under visible light due to
new impurity energy levels, reduced recombination of photogenerated charge carriers, and
improved electron—hole separation efficiency introduced by Fe doping (Weng, 2014). The
electrode was then used in the assembled cell as an anode for the degradation of dissolved

organic matter in real wastewater from green leafy vegetables.

4.4 The X-ray diffraction
The results of powder X-ray diffraction studies of prepared photoactive material, which

provide information about the crystal structure are presented in figure 4.3.
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Figure 4.3: The crystalline forms of undoped (A) and Fe-doped (B) titanium

dioxide respectively

The crystalline forms of the unmodified titanium dioxide show a combination of both the
rutile and the anatase phase, figure 4.3(a). The crystalline form of the iron doped titanium
dioxide shows a combination of both the rutile and the anatase phase, however, there was
brookite crystal form also obtained as shown in figures 4.3(b). All of them showed a
tetragonal structure with space group of 141:141/amd:1, and their unit cell parameters of a
=3.77658 A b =3.77658 A ¢ = 9.41424 A for TiO,, a = 3.78572 A b =3.78572 A ¢ =
9.49120 A for Fe-TiOx. In general, the lattice parameters increased due to the effect of the
metal ions within the structure of the titanium dioxide. As a result, there was an overall

increase in the lattice volume from 134.271 A for TiO> to 135.025 A for Fe-TiO».
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The iron doping of titanium dioxide is influenced by the charge neutrality that require a
decrease in level of oxygen valences and /or formation of interstitial of higher valency.
Cationic doping is a p-type of doping where cations are used to cause defects. Cations of
bigger radii and higher valency (greater than 4) are known to promote phase transitions.
This is because they substitute for Ti*' ions on the crystal lattice, giving rise to destruction
of existing large and rigid oxygen sub-lattice vacancies which determine the structural
stability, and results to the formation of gaps similar or lower valences enabling the capacity
of reorganizing chemical bonds (Sarkar & Khan, 2019). The incorporation of Fe** cations
into vacant Ti*' positions in TiO, was possible due to substitution of the similar ionic radius
of Ti*" and Fe** measuring approximately 0.605 A, , and 0.61 A, respectively (De Yoreo,

2020).

The XRD results revealed presence of very distinct peaks at specific 20 values. They
corresponded to (110), (111), (020), (121), (400), (202), and (410) crystallographic planes
in the Fe-TiO». The observed signals were at 26 values of 25.3, 25.9, 32.8, 38.7, 39.1, 40.8,
and 42.6 degrees, respectively. That indicates that the dominant phases found in the doped
titanium dioxide are anatase, rutile and brookite. Despite the fact that the particle sizes of
the modified samples were found to be within the nano-range, the modification contributed
to an increase in particle sizes. That increase was confirmed using the Debye Scherrer's
equation 4.1. The TiO; particles exhibited sizes ranging from 9.2 nm to 30.0 nm, while the
Fe-TiO2 particles displayed sizes ranging from 43.2 nm to 97.4 nm.

__K4
f cosé (4.1)

Where D is the particle size, K is the Scherrer constant, A is wavelength of the X-ray beam

used, B is the Full width at half maximum (FWHM) of the peak and 0 is the Bragg angle.
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4.5 Scanning electron microscopy-Energy dispersive X-ray (SEM-EDX) analysis

The morphology and the elemental compositions were analyzed using SEM-EDX. The
morphology of Fe-TiO: particles showed irregular shapes with some surface charge. The
elemental composition of the material was analyzed using EDX spectroscopy. It indicated
the presence of Ti, O and Fe atoms with weight percentage of 53.0 %, 31.45 % and 14.57 %
respectively. The SEM micrographs and the energy dispersive X-ray and composition of the

Fe-doped titanium dioxide are shown in figure 4.4 and 4.5 respectively.
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Figure 4.5: The Energy dispersive X-ray and composition of the Fe-doped titanium

dioxide

4.6 Potentiometric characterization of the dimensionally stable anode
The modified electrode used in this study served as the dimensionally stable anode and
consisted of a graphite rod coated with iron (I11)-doped titanium dioxide. Potentiometric and

voltametric characterization was performed using a Basi Epsilon analyzer under both dark
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and natural light illumination to assess the electrochemical and photo-electrochemical
behavior of the electrode. Two experimental conditions were evaluated. In the first setup, the
modified electrode acted as the working electrode, the silver/silver chloride (Ag/AgCl)
electrode served as the reference electrode, and a platinum electrode functioned as the counter
electrode. The AQ/AgQCI electrode provided a stable reference potential for accurate
measurement of electrode reactions, while the platinum counter electrode completed the
electrical circuit and balanced current flow during measurements. In the second setup, the
unmodified graphite electrode was used as the working electrode, while the reference and
counter electrodes remained the same, enabling comparison of modified versus unmodified
electrode performance. Experiments were conducted within a potential window of —0.3 to —
0.9 V at a scan rate of 100 mV s%. Cyclic voltammograms were obtained for domestic
wastewater samples dispersed in 0.1 M KCI, and the results presented below correspond to
measurements acquired under illuminated conditions using the unmodified electrode as

presented in figure 4.6.
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Figure 4.6: The Voltammogram of unmodified graphite electrode vs Ag/AgClI using 0.1M

KCl as the electrolyte on potential range -0.3V to -0.9V in dark environment

The results show that neither an oxidation nor a reduction peak was observed within the
applied potential range. The experiment was repeated under a dark environment and the
results obtained were not any different. These findings indicate that there is neither generated
nor existing electro active species in the solution. Therefore, no reduction or oxidation has
taken place in the electrochemical cell as the cell is not exposed to radiation (Garcia-Espinoza

etal., 2021).

In another experiment, a cyclic voltammogram using iron-doped titanium dioxide coated
graphite electrode which is the DSA as a working electrode vs Ag/AgCl was acquired in a
dark environment. The set parameters were scan rate of 100 mV/s in 2.0g/L while the
domestic wastewater sample was dispersed in 0.1 M KCI with the cell continuously being

stirred by bubbling in white spot nitrogen gas. The results obtained were as shown in figure

4.7.
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Figure 4.7: The Cyclic voltamogram using iron-doped titanium dioxide graphite electrode
as a working electrode vs Ag/AgCl without illumination, scan rate of 100 mV/s in 2.0g/L

domestic wastewater dispersed in 0.1 M KCI

The results show a small peak potential of -161.8 mV with a corresponding current of 7.68
1A (anodic) with one cathodic peak at peak potential -37.6 mV and a current of 6.29 uA
obtained when the instrument is set at very high sensitivity showing that the generated

electroactive species are extremely low.

Another experiment was carried out when the analytical cell was illuminated using natural
light under the similar experimental conditions. The results obtained were as presented in

figure 4.8.
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Figure 4.8: Cyclic voltamogram using iron-doped titanium dioxide graphite electrode as
a working electrode vs Ag/AgCl illuminated using UV light (254 nm), scan rate of 100
mV/s in 2.0g/L domestic wastewater dispersed in 0.1 M KCI

The results show the presence of two peaks 3 and 4 within the cathodic sweep. This is
attributed to the presence of two electro active species that lost some election(s) from the
overall charge to some species in the solution which are related to the availability of
irradiation. The emergence of peaks could be due to the generation of electro oxidative
species due to photo oxidation on the surface of the dimensionally coated electrode (Ruzgys
etal., 2019). The peaks 1 and 2 in the anodic sweep confirm the presence of oxidizable species
in the solution. This observation of the two peaks is attributed to the fact that dissolved
vegetative matter from plants can be divided in two groups as with reference to (Nawaz et al.,
2006). Within the same region, there is a reduction (negative potential scan) peak indicating
that only one oxidation product is reversible generating anodic peak in the negative scan.
These results are similar to an observation by (Elmas et al., 2019; Yadav et al., 2021). The

results from this analysis show that the modified graphite coated electrode is sensitive to light
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generating strong oxidizing species. This enables in-situ oxidation by free hydroxyl radicle
like mechanism (Ghasemi et al., 2020). These radicals result into organic radical formation,
and electron transfer forming highly reactive species, (H2O2 and superoxide O;) that
mineralize the organic molecules (Wang et al., 2021). The presence of these reactive species
can be confirmed through indirect probing techniques such as scavenger studies,
electrochemical signals associated with radical formation, or spectroscopic detection of
intermediate oxidation products. The electrode is then found suitable for in-situ oxidation of

domestic wastewater.

Another electrochemical method for the treatment of domestic wastewater at a point of use was
investigated. This was by use of platinum electrode as an anode for the generation of strong
oxidizing species on its surface. A platinum electrode whose dimensions were 0.45 mm
diameter and 7 cm height were used as an anode with bubbling air on its surface. The potential
of the cell was registered as 1.24 V when organic content in starch solution was oxidized. This
was achieved by the generation of strong oxidizing species on a platinum electrode surface
because the platinum surface plays an important role in Pt surface oxide coverage and Oxygen
Reduction Reaction (ORR) kinetics (Kongkanand et al, 2023).This result to an oxygen

reduction reaction that takes place as shown in the equations 4.2-4.4.

0, + 4H* + 4e~ > 2H,0, E°=0.680V (4.2)
2H,0, + 2H" + 2e~ - 4H,0 E° =1.776V 4.3)
The overall equation is as shown below

+ - 0 _
20, +4H" +4e” ->2H,0, E°=1.240V 4.4

In that experiment, the oxidizing species that reacted with the DOM are as shown in equation
4.5.

2H,0, + RCH,0H + ne~ - 2H,0 + CO, (4.5)
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Where R is the carbon tail in the starch molecule chain. That generation of oxidizing species
is then found suitable for in-situ oxidation of domestic wastewater. The platinum wire is thus
used in a separate experiment as an electrode suitable for in-situ oxidation of domestic

wastewater.

4.7 Degradation of starch solution

To study the degradation of the model wastewater (starch solution), the anodic chamber of
the cell was circulated with a prepared starch solution. The reactor vessel, where a chemical
process was intended to occur, aimed to transform domestic wastewater into a desired product
namely, clarified water suitable for domestic use. The reactor was designed to achieve this

expected product within a reasonable time frame.

During the experiment, the potential across the cell's terminals (reactor vessel) was monitored
using a digital multimeter while monitoring the potential after every 10-minute intervals over
a two-hour period. The two-hour reaction period was selected based on preliminary trials and
literature guidelines demonstrating that significant electro-oxidation activity and observable
starch degradation occur within this duration, with minimal additional benefit beyond two
hours. This ensured that the reaction captured the key oxidation behavior without unnecessary

extension.

Electric potential, defined as the work required to move a unit charge in an electric field, was
monitored across the cell to evaluate the electrochemical driving force responsible for
forming oxidizing species. Variations in potential over time reflected the progression of

electron transfer reactions and consequent degradation of organic contaminants in the model
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wastewater. The initial test samples were distilled water (blanks) and the domestic waste

water and the results obtained were as shown figure 4.9.
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Figure 4.9: Voltage values against time for the degradation of starch solution (sample)
and distilled water (blank)

The results show that the oxidation reaction caused the potential of the cell to increase
exponentially with the voltage rising to about 1.24 V in the initial 45 minutes. The potential
then decreased gradually with time with depletion of the species undergoing oxidation
reaction. This observation demonstrates that there is a relationship between electrical
potential, as a measurable and quantitative phenomenon, with the electrical potential as an
outcome of the chemical change. Electric potential is the amount of driving force needed to

move a unit charge from a reference point to a specific point against an electric field.

The first Faraday’s laws states that the amount of chemical change produced by migration of
electrons at an electrode-electrolyte boundary is proportional to the quantity of electricity
used (Emeji et al., 2020). This implies that the amount of substance undergoing an

electrochemical reaction (reduction or oxidation) at the electrode-electrolyte interface is
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directly proportional to the amount of electricity (charge) that passes through the electrode

and electrolyte as according to Faraday’s first law as expressed in equation 4.6.

AnocQ:>An:kQ:2

zF (4.6)
Where
An =Change in the number of moles of substance undergoing an electrochemical reaction
z = number of electrons involved
Q = Electric charge
k =constant

F =Charge per mole-Faraday’s number

The equation shows that the variation of concentration of the species is proportional to
variation in potential. This justifies the variation of analytical parameters being carried out
spectro-photometrically which is based on the Beer-Lambert law. As the concentration varies,

the driving force (potential) also varies.

According to Beer-lamberts law, the absorbance of a solution is directly proportional to the
concentration of the absorbing material present in the solution and path length (Mayerhofer
et al., 2020). By monitoring the changing concentration with time, it indicates the
simultaneous change in potential. The analysis was carried out by drawing using a pipette the
starch sample solutions (2 mL) from the anodic chamber at regular time intervals of 10
minutes for a period of one hour. To each of the solutions, iodine solution (0.5 mL) was added
to form a coloured iodine starch complex which was then analyzed using UV-Vis with the
wave band range of 200 nm to 600 nm (Li et al., 2011). The results obtained after the UV—

Vis analysis are as presented in figure 4.10.
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Figure 4.10: UV-Vis spectra for monitoring the degradation process of starch using the
assembled cell with the sample marked 1 as the initial sample, while sample marked 5,
sample that was taken after an hour (time interval of 10 minutes)

Figure 4.11 show two peaks for absorption maxima (Amax) for the organic matter to be 221 nm
and 230 nm. The results obtained in the overlay spectra show a decrease in absorbance with
increase in oxidation time as shown by the spectra 1 to 5. The decrease in concentration with
time is similar to the observations of potential change observed in figure 4.10 where potential
decreased with time due to the degradation of the dissolved organic matter. From the spectra
in figure 4.11, the sample marked 1 was the initial sample at the beginning of the redox
process, while sample marked 5 is sample that was taken after an hour. The diagram
demonstrates compliance with Beer—Lambert’s law and also the Nernstian equation through
the linear reduction in absorbance with time, indicating proportionality between absorbance
and concentration as the starch is oxidized. Although the key analytical region lies within the
UV range associated with polysaccharide absorption, the spectrum was recorded from below
200 nm to 550 nm to ensure complete characterization of the sample, validate baseline
stability, and detect any intermediate or by-product species formed during electro-oxidation.

The observation is similar to that reported by Islam and coworkers (Islam ef al., 2019) as they


https://www.mdpi.com/search?authors=Nazrul%20Islam&orcid=
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monitored the degradation of low molecular weight chitosan using UV-Vis spectroscopy. In
this study, it is observed that the DOM content decreased as confirmed by the decrease in the

absorbance of the water sample.

The absorbance values obtained from the oxidation process were plotted against time, and the

results obtained were as presented in figure 4.11.
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Figure 4.11: A plot of absorbance against time showing degradation of starch

It was observed that the DOM decayed exponentially. The percentage starch removal

efficiency was 52% after one hour as determined by equation 4.7.

. _A
% removal at time t = % x 100 4.7
0

where Ay is the absorbance at t=0 and A is the absorbance at sampling time t. The data was
analyzed using the first and second-order kinetics to investigate molecularity of the decay
(Ho et al., 2000). The first and second-order kinetic equations meant to linearize the
relationship between absorbance against time are expressed in equations 4.8 and 4.9

respectively:
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Abs =kt +C (4.8)
L =kt+C

Abs 4.9
Where

|A] =Absorbance of radiation
k =Proportionality constant (slope)
C =Intercept
The results obtained were presented in figure 4.12.
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Figure 4.12: Kinetic data for (A) first order and (B) second order Kinetics for degradation

of starch solution

The figure shows that the linear regression in A, which is for the first order, is higher than
the second order kinetics in B. This suggests that the decay of organic matter in wastewater
followed first-order kinetics which is unimolecular degradation with a constant of 0.0148.
Other species in the wastewater did not interfere with the electro-oxidation process of the
dissolved carbon, confirming that degradation reaction was a time-dependent process. This
means that as the redox process continued in the cell, there was depletion of the dissolved
carbon material hence reducing the concentration of the DOM in wastewater. Therefore, the

wastewater is purified with time as the redox process progressed.
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The assembled cell was then used for degradation of the organic matter in domestic

wastewater. The organic matter was a heterogeneous class of water-soluble multicomponent

of both organic and inorganic nature that are water soluble. The properties of the sample

domestic wastewater before and after treatment are recorded in table 4.1.

Table 4.1: Parameters of the domestic wastewater before and after the electro-oxidation

process
PARAMETER UNIT SAMPLE After 120 After 3600
S UNTREA minutes minutes
TED
Electrical conductivity, EC puS/cm 1260 860 750
pH - 7.3 7.3 7.6
Colour Pt-Co 5.0 5.2 4.6
units
Turbidity NTU 700 500 210
Total Hardness mg/l 136 110 96
Total Alkalinity mg/l 8.5 53 4.5
Total dissolved solids, TDS mg/l 630 430 375
Total Suspended solids, mg/I 18 8 5
TSS
Sulphate mg/I 560 70 55
Chloride mg/I 700 375 490
Total phosphorus, TP mg/l 9.6 5.6 4.4
Total nitrogen, TN mg/I 16.4 8.6 6.4
Total organic carbon, TOC mg/I 2.8 2.4 1.6
Volatile suspended solids, mg/l 1.2 0.0 0.0
VSS
Fats, Oil and Grease mg/l 0.8 0.0 0.0
Chemical oxygen demand, mg/I| 120 80 55
COD
Biochemical oxygen mg/l 40 24 14
demand, BOD
Iron mg/l 5.88 6.54 0.66
Copper mg/l 3.53 5.10 2.15
Chromium mg/l 0.52 0.77 0.32
Lead mg/I 0.04 9.01 0.00
Zinc mg/l 6.40 6.26 341

Due to logistical and instrumentation limitations, each physio-chemical parameter was

measured once per sampling point. Therefore, standard deviations are not reported. Future
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studies should include replicate sampling to strengthen statistical reliability. The results
show a distinct variation of the parameters analyzed. The color of the sample water was
analyzed using the Pt-Co method, and it is evident that the removal of species responsible
for coloration as the Pt-Co units decreased from 5.2 to 4.6 in the treated wastewater. This is
because Platinum-Cobalt colour scale ranges from 0 to 500 with the lowest value at “0”
referring to water as white or “distilled and a 500 value on the scale means the water is
distinctly yellow (Yang ef al., 2020). The degradation of the same domestic wastewater was
done by electro-oxidation in the reactor cell designed by this study. It was conducted in a
natural-light illuminated setting, and a digital voltmeter was used to track the degradation
process and the potential difference between the electrodes of an electrochemical cell was

recorded. The recorded results are shown in figure 4.13.
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Figure 4.13: The variation of potential difference of the electrochemical cell

The results indicate that the cell registered a high voltage of approximately 105 mV in the
first 2!/> hours of the oxidation process. Thereafter the potential begins to reduce with time

at a relatively high rate. This observation is attributed to the reduction in the oxidizable
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species due to the redox reaction or anode deactivation. The concentration changes of the
species undergoing oxidation are proportional to the adsorption rate and the catalytic
reactions taking place at the anode, hence the deactivation of the electrode (Berger ef al.,

2012; Kumar et al., 2015).

4.9 Cyclic voltammetry (CV) analysis of the degraded wastewater

An attempt to further understand the effect of redox reaction to the inorganic substances in
the wastewater was carried out using a potential stat-Basi Epsilon analyzer. The cyclic
voltametric method was used to study the electro-oxidation process. Samples of 2 mL samples
were drawn from the reactor at half-hour intervals and introduced to the electro-analyzer cell.
The measurements were conducted when the samples were put in a potassium nitrate solution
(0.1 M) that was then repeatedly stirred by white spot nitrogen gas that was bubbling. The
electro-analyzer cell’s potential sweep range was fixed between —1.0 and 0.8 V (vs. SCE)
with a scanning rate span of 1-100 mV s’'. The experiments were carried out at a room

temperature of 25 °C and the results achieved are shown in figure 4.14.
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Figure 4.14: Cyclic voltammograms of the degraded wastewater over time during

treatment

The figure shows distinct redox responses that evolve with treatment time. The progressive
increase in peak current and changes in peak position reflect the release and redox
transformation of electroactive species during degradation of dissolved organic matter.
Sample 1 (0 min) shows the lowest redox activity, while Sample 6 (end of treatment) exhibits
the highest peak currents, consistent with increasing concentration of released inorganic ions
over time. This confirms that the electro-oxidation process is time-dependent, and that
oxidation of organic matter results in measurable electrochemical changes in solution (Pipi et

al., 2013).

A notable peak observed around —0.18 V (vs SCE) is attributed to surface-bound and
subsequently released Fe**/Fe*" transitions. This assignment is consistent with reported

studies on iron-containing systems showing similar redox signatures (Toh et al., 2014). The
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peak was absent in the initial blank electrolyte and in voltammograms recorded with the
unmodified electrode, confirming its origin from the iron-modified electrode and from iron
species released during electro-oxidation. These findings therefore indicate that iron
associated with the oxidized organic complexes enters solution gradually during treatment.
This observation aligns with changes in physicochemical parameters in table 4.1, confirming

increased metal ion release and subsequent reduction in dissolved organic matter.

The voltammograms do not exhibit the classical reversible peak patterns typically seen in
simple electrochemical systems. Instead, the broad, asymmetric signals and peak shifts arise
from interaction between electrochemical oxidation and photocatalytic reactions and evolving
matrix composition as contaminants degrade. The cyclic voltammetry analysis demonstrates
that electro-oxidation gradually releases electroactive iron species and simultaneously
degrades dissolved organic matter in a time-dependent manner. The evolution of peak currents
and potential shifts confirms active redox behavior associated with catalyst-mediated

oxidation, validating the efficiency of the developed electrode for wastewater purification

(Tan et al., 2023).

4.10 Time dependent clarification

4.10.1 Time dependent clarification using a platinum electrode
Over time, the decrease in the reactant concentrations leads to a reduction in reaction rates.
To understand this phenomenon, the changes in wastewater clarity were monitored over an
extended period. The degradation rate of dissolved organic matter while using a platinum
electrode by regularly drawing 5 mL wastewater samples from the anode solution after every
30 minutes for a total duration of three hours. The samples were abbreviated as 1-5, ranging

from initial (sample 1) to sample after three hours, (sample 5). These samples were then
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analyzed using a UV-Vis spectrophotometer within a wavelength range of 270 nm to 300 nm.
This spectroscopy method is known for its ability to identify DOM composition, source, and

reactivity (Li & Hur, 2017). The findings are displayed in figure 4.15.
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Figure 4.15: The spectra of the degradation of dissolved organic matter with time

The results obtained show a peak of maximum absorption at 300 nm wavelength. This is
attributed to the presence of dissolved small molecular organic matter after the oxidation of
the complex organic matrix of the green leaty sample wastewater (Lei et al., 2019). It was
observed that the concentration of the oxidized products from the complex organic matrix
decreased as shown from the initial sample 1 to the sample (6) after three hours, of oxidation
time. The optical analysis of transparency of water was monitored with time using a UV-Vis
spectrophotometer at 300 nm. The results show that despite the release of free iron into the
solution which gave a brown-colored solution confirmed by cyclic voltammetry, the
coloration of water was cleared. This implies that all the species dispersed in the water are

oxidized and removed from the water. The absorbance data plots are shown in figure 4.16.
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Figure 4.16: Absorbance data plotted against time in (A) and Time dependent

clarification of the wastewater in (B)

The results indicated a reduction in absorbance with time, demonstrating that the

electrochemical process for the dissolved species (inorganic or organic) that had dispersed in

water decayed exponentially with time. This suggests that with continued redox process in

the cell, there is a steady depletion of any dissolved matter in the sample wastewater resulting

to improved clarity as shown in figure 4.16 B. The data obtained was treated with the first

and second order kinetic models represented by equations (4.8) and (4.9). This was to

determine the molecularity of the degradation process with a view to establishing the number

of species that affect the oxidation process (Woo et al., 2020). The outcomes of the first and

second order models were as shown in figure 4.17.
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Figure 4.17: First and second order degradation kinetics of the domestic wastewater

The individual plots produced straight lines with a correlation coefficient of R2=0.9612 for
first order kinetics while it was R2 = 0.9792 for second order kinetics hence proving that the
electrochemical process for the degradation of organic substances is bimolecular of second
order kinetics. This is the case because there are other species in the water that are
electroactive and are electro oxidized alongside the organic matter. This is as shown in the
cyclic voltametric analysis which indicated the presence of dissolved iron as evidenced by
signals recorded as -0.180 V (Toh et al., 2014). That is one of the other species in the
solution affected by the electro-oxidation hence an overall a second order electro-oxidation.
The iron (I11) ions are oxidized to form an insoluble substance (sludge) that settles at the
bottom of the reactor vessel as can be seen in figure 4.9. The degradation process is therefore
time-dependent reaction as demonstrated by the increase in clarity of the water with time

capable of removing both organic and inorganic pollutants from water.
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4.10.2 Time dependent clarification- using the iron (111) doped titanium dioxide coated

dimensionally electrode

The degradation rate of dissolved organic matter in the water sample was analyzed and the
analyte sampled in a similar manner as in section 4.10.1 while using the iron (IIT) doped
titanium dioxide coated dimensionally electrode. The coating made it possible for the
oxidation process to be activated by the visible radiation as reported by Moradi and co-
workers (2016). The wavelength of maximum absorption was observed at a wavelength 300
nm similar to the case in above section. This is because the species being analyzed are the

same. The degradation kinetics data obtained was as presented in figure 4.18.
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Figure 4.18: Absorbance data plotted against time in (A) and Time dependent

clarification of the wastewater in (B)

The results depict a reduction in absorbance with time, suggesting that the electrochemical
process cause the dissolved organic matter to decay exponentially. The degradation process
is also shown to be a time-dependent reaction signifying that prolonged redox process in the
cell leads to a depletion of the dissolved organic matter content in the wastewater as depicted
in figure 4.18 B. This explained that by the use the photo-active DSA there is evidence of the
formation of reactive species on its surface (Garcia-Espinoza et al., 2021). The data obtained

on the degradation using the DSA above was treated with the first and second order kinetic
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models expressed in equations (4.8) and (4.9) respectively. The data obtained was as

presented in figure 4.19.
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Figure 4.19: First and second order degradation kinetics for the degraded domestic

wastewater

Based on the values of co-efficient of correlation values, the degradation prescribed to first
order kinetics of unimolecular electro-oxidation. This was to establish the molecularity of the
degradation process with a view of the number of species that affect the oxidation process
(Woo et al., 2020). The presence of iron (I11) had earlier been confirmed in the cyclic
voltammetry experiments. However, kinetic studies do not show a second order degradation
as was observed while the oxidation took place at the platinum anode oxidation. This was
despite the release free unbound iron (I11) ions released from the vegetative mater dispersed
in water. This could imply that only one specie is available in the electro oxidation process.
The observation could be explained by recent studies by Abebe and Ananda (2018) who
confirmed that nanosized titania has a number of unique properties. In their study, they
reported that titanium dioxide agglomerates with iron oxides to form particulate adsorbents
with a large number of adsorptive sites by impregnation method (Abebe & Ananda Murthy,
2018). This is contributed by the fact that titanium dioxide forms different types of metal

oxides, and with presence of iron in wastewater oxides of y-Fe20s, a-Fe203, and FezO4 could
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have been formed (Porter et al., 2018). The affinity of titanium dioxide to iron ions released
from wastewater leads to their agglomeration, which can be confirmed using the SEM-EDX,
and XRD analysis of the sample and therefore removal from the solution. This resulted to the
generation of oxidizing species which interacted with the dissolved matter lowering the
concentration (of the dissolved matter) in the water (Ferroni et al., 2021). The transparency
(clarity) of the treated water increased with time and the color change was clearly observable
as it happened. The green leafy (parent water sample) colored solution transited from green
to a brown evenly dispersed colored solution, and then cleared after 72 hours of continuous
oxidation. It should be noted that half of the treatment process was met by the night and there

was no solar radiation.

The samples obtained from the above process were simultaneously analyzed for dissolved
organic matter using the starch iodine complex method. This is based on the formation of
colored starch iodine complexes (Li et al., 2011; Louis & Gabriel, 2014). It was done by
addition of iodine a constant amount of iodine to each sample separately and the resulting
color variation monitored using UV-Vis spectrophotometer and the results presented in figure

4.20.
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Figure 4.20: The spectra of iodine complex of the dissolved organic matter

The results show peaks between 275-300 nm and between 325-375nm. The maximum
absorption of radiation found at 290 nm is attributed to the chromophore I -I" complex
(Moulay, 2013; Mwangi et al., 2013). This leads to the suggestion that the oxidation process
of the dissolved organic matter in the green leafy vegetable water sample results to smaller
molecules of starch which complex with the iodine solution (Hansen et al., 2016). The signal
profile confirmed that the samples that had undergone oxidation as evidenced by their sizes.
The shortest treatment time had a high absorbance value while the highest treatment time
showed the lowest absorbance value. The relation between the clarity and the treatment time
is directly proportional. This indicates that the more the oxidation time, the higher the
degradation of starch compounds by the oxidation process of the organic matter in the green

leafy solution.

During the treatment process, the color of the sample water transited from light green/yellow
to dark brown solution which is likely due to oxidation of the organic starch material to
carbon dioxide and water resulting to the release of iodine from the starch-iodine complex.

This is similar to what was reported by Redel and co-workers (2009) as they studied a starch-
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iodine model in inorganic—organic hybrid compounds. They observed that the deep blue
color of starch— iodine also disappears when air is bubbled through its colloidal solutions

due to the oxidation of the iodate ion to iodine (Redel ef al., 2009).
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
This study aimed to develop a sustainable electrochemical cell for the oxidation of organic
matter in domestic wastewater, adapted from a microbial fuel cell concept. The study

objectives were successfully achieved as outlined below:

To prepare and characterize an inert conducting polymer synthesized from aniline for use as
a proton exchange membrane in the cell. A conducting polymer synthesized from aniline
was successfully prepared and incorporated into a hydrogel matrix before being cast on a
sintered glass frit to form a proton exchange membrane (PEM). The membrane was
reinforced with calcium silicate to improve mechanical strength. FTIR analysis confirmed
the presence of functional groups characteristic of polyaniline, verifying successful
synthesis, while conductivity measurements showed good proton transport properties

suitable for application in an electrochemical cell.

To prepare and characterize a photoactive material for coating on a dimensionally stable
anode (DSA) of the cell. A Fe(IlI)-doped titanium dioxide photocatalyst was prepared and
used to dip-coat a graphite anode to render it photoactive. UV—Vis spectroscopy revealed a
red-shift in the absorption spectrum, confirming enhanced sunlight absorption due to Fe
doping. SEM-EDX confirmed the incorporation of iron ions within the TiO, matrix, and
XRD analysis verified the crystalline phase of the material, indicating successful

modification.
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To characterize the coated dimensionally stable anode electrode. Electrochemical
characterization using cyclic voltammetry demonstrated improved redox activity and
electron transfer properties of the Fe(Ill)-doped TiO,-coated electrode compared to the
unmodified one. The electrode exhibited enhanced current response under natural light

illumination, confirming its effectiveness as a photoactive DSA for oxidation reactions.

To determine the degradation kinetics of dispersed organic species in model wastewater
solutions using the assembled electrochemical cell with a platinum anode electrode.

An electrochemical cell with two glass compartments separated by the synthesized PEM
was successfully assembled. The platinum electrode system achieved a peak potential of
approximately 1.24 V within 40 minutes, maintaining a stable voltage of 1.2 V throughout
the oxidation process. The degradation of dissolved organic matter (DOM) in the model
starch solution followed first-order kinetics, indicating unimolecular electro-oxidation

triggered by reactive oxygen species generated on the platinum surface.

To determine the degradation kinetics of dispersed organic species in model wastewater
solutions using the assembled electrochemical cell with a dimensionally stable anode.

The Fe(Ill)-doped TiO,-coated graphite electrode demonstrated effective oxidation of
organic species in a real wastewater sample derived from green leafy vegetable washings.
UV-Vis and potential measurements indicated a progressive reduction in DOM
concentration over time, with a maximum voltage of 105 mV recorded within 2.5 hours.
The DSA electrode, however, exhibited deactivation after approximately 12 hours, whereas
the platinum anode remained active for up to 48 hours. The system purified 4.5 g/L of green
leafy extract within 72 hours, and the degradation process followed first-order kinetics,

showing independence from intermediates or secondary species.
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These findings confirm that the developed electrochemical cell offers a cost-effective,

sustainable, and environmentally friendly approach for point-of-use wastewater purification,

contributing toward the realization of sustainable development goal 6, 9, 12 and 13.

5.2 Recommendations

The assembled electrochemical cell can be effectively used for the electro-oxidation
of dissolved organic matter in wastewater.

It is suitable for small-scale or point-of-use domestic wastewater remediation.

This approach offers a promising method to reduce water pollution and mitigate

environmental contamination.

5.2.1 Recommendation for future work

Explore alternative conducting polymers and photoactive electrodes to enhance
performance and durability.

Conduct studies to reduce deactivation of the DSA electrode, improving its
operational efficiency.

Investigate the potential for electricity generation during wastewater treatment,
similar to microbial fuel cells.

Develop hybrid advanced oxidation processes by combining two or more treatment
methods for improved wastewater purification.

Optimize other components and operational parameters of the electrochemical cell

to enhance overall efficiency.
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APPENDICES

Appendix A: Raw Degradation Data for Green Leafy VVegetable Wastewater
Table 1: Voltage values for the degradation of starch

Time (min Potential (V)
0 1.11

20 1.2

30 1.24

35 1.25

40 1.25

50 1.23

60 1.23

70 1.22

80 1.21

Table 2: Absorbance values of degradation of starch against time,

Time (Minutes)

Absorbance
(nm)

0
30
60
90
120
150
180

2.3416
1.7138
1.1845
0.5859
0.4764
0.3845
0.2716

Table 3: Kinetic data fitted for first order expression

Time (minute)  Absorbance(nm)
0 2.3416
30 1.7138
60 1.1845
90 0.5859
120 0.4764
150 0.3845
180 0.2716
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Table 4: Kinetic data fitted for second order expression

Time Reciprocal

(Minutes) Abs
(1/nm)

0 0.427

30 0.5834

60 0.844

90 1.7068

120 2.099

150 2.6

180 3.681

Table 5: The variation of potential difference of the electrochemical with time

Time Voltage (mV)
(Minutes)

0 0

30 97.6
60 105
90 108.2
120 110.6
150 1114
155 104.1
160 100.2
170 97.3
175 97
180 93.3
185 90.1
190 87.9
200 84

Table 6: The results of UV-Vis absorbance data plotted against time using dimensionally
stable anode

Time Absorbance
(minutes) (nm)
0 2.4
30 1.6
5 12
0.68
120
150 0.544
175 0.47
0.4

200 0.31
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Table 7: UV-Vis absorbance data plotted against time for dimensionally stable anode

Time Absorbance(nm)
(minutes)
0 2.4
1440 1.2
2880 0.4
4320 0.061
5760 0.005

Table 8: First order degradation kinetics data

Time In Abs

(minutes)

0 0.875469
30 0.470004
60 0.182322
90 -0.38566
120 -0.60881
150 -0.75502
180 -0.91629
210 -1.17118

Table 9: Second order degradation kinetics data

Time(minutes) 1/Abs (nm™)

0 2.4
30 1.6
55 1.2
80 0.68
120 0.544
150 0.47
175 0.4

200 0.31
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Starch calibration curve

2.5 7
Ab
sor 2
ba
ncils -
e
(n 1
m)

0.5 7

0
0 0.2 0.4 0.6 0.8
Concentration (%)

1.2

Figure 1: The starch calibration curve

Table 10: Data for starch calibration curve

Concentration Absorbance

(%) (nm)
1 2
0.5 1.15
0.1 0.3

0 0
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ABSTRACT

Kewords
Elecrrochemicat ol

Availability of dean water is of concern due to pollation and diminishing supply pollution. However, purification
is possible depending on the incorporated contaminants. Domestic wastewater contains dissolved organic matter
and its remediation can be dore by oxidation. The best axidation can be achieved by dlectran transfer the ame
way metabolic processes occur. This study exploited the wse of a film of iron (1T} doped titanium dicxde applied
oa an electrode which was found to be effective. Natural light coaditions generated slectrans thar migrated
through the electrode leaving behind Boles which axidized the contaminants & the excess electrons were dis-
charged at the cathode after passing through the casted proton exchange membrane (PEM) separating the two half
cells of the prepared reactor. This electrochemical method has the advamtage in that the arganic pollutants are
oxidized to carbon dioxide with no secondary pollutants and the inorganic pollutants into insoluble matter. The
assembled cell was appiied to purify both synthetic and real water samples of green leafy vegetable solution from
the kitchen by dlarification. The clarification process was monitored by UV-Vis using distilled water as a reference
o compare the light that ransmitted throegh a sample. 1t was observed that the electro-oxidation process took
place showing a high potential 105 mV within the first 150 min followed by degradation at a high rate. The
oxdation of the organic matter was confirmed by UV-Vis analysis as well as by cydlic voltametric analysis of iron
released into the solution of the synthetic samples. The electro chemical treatment of the water was then applied
to purify real water samples made from a sample of 4.5 g minced of green vegetables dispersed in ane liter of
water (4.5 g/1). The green leafy coloured solution was clarified after 154 h of coatitmous oxidation. The
degradation process was confirmed 1o be independent of intermediates or other species present in solution as it
was of first order reaction kinetics. The electrochemical oxidation of organic matter in water using iron () doped
Atanium dioxide coated graphite dectrode has potentiad application on the purification of water.
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Abstract

This study reports on the treatment of wastewater containing dissolved organic matter (DOM). DOM introduces complexing
agents, promotes bacterial growth. and affects the color plus taste of water negatively. The normal practice for treatment such
pollutants is the use of introduction of oxidizing agents in the water. However, this introduces secondary pollutants to the
treated water, and to overcome the challenge, this study has developed an electrochemical method for treating wastewater
with no secondary pollutants. A two-chamber electrochemical cell separated by a proton exchange membrane (PEM) was
constructed with inert electrodes. The PEM was made from a conducting polymer inert in aqueous media. The anode water
was bubbled with air for reduction of oxygen and therefore formation of strong oxidizing agent for the degradation of DOM.
The degradation was monitored using Ultraviolet—visible (UV-VIS) spectroscopy as the potential difference across the cell
was monitored. There was a significant reduction in the color and the decay followed first-order kinetics. for unimolecular
degradation with a constant of 0.0148 min~'. A high potential of 1.25 V was registered within the first 40 min confirming
that the degradation was spontaneous making the water safe for consumption. The degradation was confirmed by voltamet-
ric method where the concentration of iron within the vegetative matter was observed to increase at a potential of —0.18 V
with time due to the release of the labile metal ions. This shows that the constructed cell has a potential application in the
remediation of domestic wastewater at a point of use.

Keywords Electrochemical cell - Proton exchange membrane - Oxidation - Pollution - Wastewater



