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ABSTRACT

Pollutants present in textile waste water are recalcitrant and difficult to treat with simple processes.
In this study, an energy-sustainable method for treating dye-contaminated water was devised by
combining an electrochemical process and a microbial fuel cell. An electrochemical oxidation
procedure using copper cathode and graphite anode electrodes was employed for decolorizing
Malachite green (MG) and Bromophenol Blue (BB) dye in an aqueous solution. Bio-electricity
was generated using BB and MG dye-contaminated water in a dual chamber MFC. Micro-
organisms isolated and cultured from MG and BB dye-contaminated soil were also employed to
determine their efficiency in degrading dye-contaminated water. The isolated micro-organisms
were identified as Eubacterium sp (M2), Streptobacillus sp (M3), Aspergillus niger (B6),
Trichophyton terrestre (M4) Serratia marcescens (B2), Acinetobacter baumanni (B1), Bacillus
subtilis (B3), Bacillus megaterium (B5), Aspergillus Flavus (B7), Rhizopus stolonifer (B8)
respectively. Decolorizing ability of dyes was observed by dye decolorization assay.
Streptobacillus sp achieved the highest degradation efficiency of 95.6 % for MG while Serratia
marcescens achieved the highest degradation efficiency of 45.3% for BB. The impacts of a number
of variables, including the supporting electrolyte, temperature, current density, and pH on the
electrochemical dye removal process were investigated. While decolorization effectiveness
exhibited a nonlinear pattern with pH and temperature, it increased gradually with current density
and electrolyte content. With 100% maximum effectiveness, obtained at pH 3 for BB and 98.5%
obtained at pH 5 for MG, while maximum efficiency of 98.3% was obtained at 38°C for both MG
and BB. The maximum OCV and power density achieved by MG based MFC is 0.7 2V and 8.33
mW/m? while the maximum OCV and power density for BB based MFC is 1.28 V and 167.45
mW/m?. Density functional theory-based quantum chemical computations indicate oxidative
attack to be initiated at the Bromine atom of the hydro-phenyl group for BB and at Carbon atom
of the methylene group for MG.

Keywords: Microbial fuel cell, Decolorization, Microbial degradation, Fukui indices,

Electrochemical, Density Functional theory.
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CHAPTER ONE
INTRODUCTION

1.1 Background Information

Our world is reaching new heights as a result of the growth of mankind, society, science, and
technology, but the price we are paying or will pay soon is too great. One of the results of this fast
expansion is a major environmental disaster. Water pollution occurs when dangerous substances,
most typically chemicals or microbes, pollute a stream, river, lake, ocean, aquifer, or other body
of water, lowering water quality and making it poisonous to humans or the environment.
Agricultural, industrial, and domestic sectors consume 70%, 22%, and 8% of available fresh water,
respectively, resulting in the generation of large amounts of wastewater containing many
‘pollutants'(Gupta, 2009; Makarem, 2018). Aromatic amines, which are intermediate components
of azo dyes, may be carcinogenic in humans. Dyeing wastewater pollution has been a big issue in
the developing world, and scientists are working to reduce pollution by inventing new materials
and methods.

1.1.1 Pollutant

A pollutant is a substance or energy introduced into the environment that has undesired effects, or
adversely affects the usefulness of a resource. Pollutants can cause long-term or short-term harm.
Pollutants, an omnipresent and concerning aspect of our modern world, are substances or agents
that infiltrate our environment and pose a significant threat to the delicate balance of nature. These
harmful elements can arise from both natural processes and human activities, tainting the air we
breathe, contaminating the water we rely on, and degrading the soil that sustains life. From toxic
industrial emissions to everyday household waste, pollutants have far-reaching implications,
impacting both human health and the well-being of ecosystems. Understanding, monitoring, and
addressing pollutants are vital endeavors if we are to safeguard the planet's health and secure a
sustainable future for generations to come. Dye pollution is an important category of contaminants,
and once it gets into the water, it may be challenging to remove and remediate. This is due to the
dyes' synthetic origin and complex molecular structure, which makes them more stable and
difficult to biodegrade (Bhattacharyya & Sarma, 2003; Forgacs et al., 2004). Dye molecules can

withstand degradation even when subjected to high temperatures, oxidizing agents, or bright light
1



(Crini, 2006; Forgacs et al., 2004; Peng et al., 2018). Textiles and non-textile applications of dyes
include liquid crystals, acid-base indicators,biomedical, color filters for displays, ink-jet lasers,
sensors, etc (Sabnis, 2017).

1.1.2 Types of Dye

Dyes have a wide range of structural characteristics and are classified in a variety of ways. Dyes
are sometimes classified based on their application and structure. Azo dye, Nitro dye, Phthalein
dye, Triphenyl methane dye, Indigoid dye and Anthraquinone dye are classified on the basis of
their structure. Whereas, Acid dye, Basic dye, Direct dye, Ingrain dye, Disperse dye, Moderate

dye, Vat dye and Reactive dyes are classified on the base of their application

Malachite Green

Malachite green is a triphenylmethane dye that is used to color silk, wool, jute, and leather as well
as cotton that has been mordant with tannin. Malachite green has antifungal and antibacterial
properties. It has been employed in the fish breeding business to suppress the fungus Saprolegnia,
a water mold that destroys the eggs and young fry. The dye, which is made from benzaldehyde

and dimethylaniline, appears as shiny green crystals that are soluble in water and alcohol.

Figure 0.1 The chemical structure of Malachite Green

Bromophenol Blue

Bromophenol blue (BB), a significant triphenylmethane derivative, is frequently used as a

laboratory indicator and organisimal stain in sectors such as silk, leather, medicines, and copy.

Bromophenol blue is also used as a dye. At neutral pH, the dye absorbs red light most strongly and
2



transmits blue light. (Its peak absorbance is 590 nm at a basic pH of 12). As a result, the dye's
solutions are blue. The dye looks yellow in solution when the pH is low because it absorbs UV
and blue light the most effectively. Bromophenol blue has a distinctive green red color in solution
at pH 3.6 (in the middle of this pH indicator's transition range) obtained by dissolving in water
without any pH adjustment. The apparent color changes depending on the concentration and/or
path length through which the solution is observed. It is known as dichromatic color for this

behavior. It used as acid-based indicator, color marker and dye.

Br Br
HO OH

Br Br
O
/
Sx

|\
O

O

Figure 0.2 The chemical Structure of Bromophenol blue

1.1.3 Effect of Water Pollution on Man and His Environment

One of the most serious consequences is disease. According to the World Health Organization,
cholera kills over 120,000 people each year. Furthermore, the Fukushima disaster increased the
risk of thyroid cancer in newborns by 70%. The introduction or removal of specific microbes alters
the ecosystem. Nutrient pollution, for example, causes algae to grow, depleting the oxygen in the

water and killing fish and other aquatic life.



1.1.4 Water Pollution Treatment Method

Wastewater treatment is a process used to remove contaminants from wastewater and convert it

into an effluent that can be returned to the water cycle. Processes commonly used in wastewater

treatment include

Electro-oxidation (EO);

Electrochemical oxidation also known as anodic oxidation is a type of advanced oxidation
process used for wastewater treatment, primarily for industrial effluent. The most basic
configuration consists of two electrodes, an anode, and a cathode, connected to a power
source. When the system receives an energy input and a sufficient supporting electrolyte,
strong oxidizing species form and interacts with the contaminants, degrading them.

Microbial Method;

Microbial Wastewater Treatment is concerned with the use of microorganisms as a
decontaminating tool in the treatment of polluted wastewater. Microbial decoloration can
occur through two main mechanisms: biosorption, enzymatic degradation, or a

combination of the two.

Microbial fuel Cell (MFC);

A microbial fuel cell (MFC) is a device that uses microorganisms to transform chemical
energy into electrical energy. A bioanode and/or a biocathode are used in these
electrochemical cells. There are two types of MFCs: mediated and unmediated. It is used

in biosensors, power generation, and wastewater treatment.

1.2 Problem Statement

Every year, estimated 70x108 tons of synthetic dyes are produced and primarily used in the

textile, cosmetics, leather, and other industries, with 30-150 thousand tons of dye effluent

discharged into bodies of water. These dyes pollute the sediment, soil, ground water and

surface water systems, thus providing a significant problem for global pollution. Due to the

massive amounts of water that need to be cleaned as well as the visible high levels of toxins

present, conventional wastewater treatment is an expensive and energy-intensive procedure.

4
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1.3 Aim and Objectives

The aim of the study is to investigate the treatment of dye-contaminated water and the
simultaneous generation of electricity using coupled electrochemical and microbial methods
The objectives of this study are:
1. Isolation and identification of micro-organisms that can degrade malachite green and
bromophenol blue dye.
2. Determination of the efficiency of the microbial degradation of malachite green and
bromophenol blue contaminated water.
3. Determination of the efficiency of the electrochemical degradation of malachite green
and bromophenol blue dye contaminated water.

4. Generation of bio-electricity from a microbial fuel cell.
1.4 Justification of Study

Electrochemical processes consume a lot of energy (Mohanakrishna et al., 2021) while microbial
fuel cells that use bacteria as a bio-catalyst are known to effectively treat waste water

with no energy input (Kumar et al., 2019; Malyan et al., 2019). Due to its robust advantages
such as ease of use, electrochemical system waste water treatment is one of the most commonly
used treatment methods, and it has been proven to be a far better stand-alone technique than other
physicochemical methods. The efficiency of microbial fuel in wastewater treatment and electricity

generation is well documented.

1.5 Scope of Study

Three different experiments were performed:
Microbial degradation studies
» Dye: Mineral salt
» Duration: 9 weeks
Electrochemical studies
> Temperature (28°C, 38°C, 48°C, 58°C)
> Current density (0.27, 0.53, 0.8, 1.07, 1.33 mA/mm?)
> Electrolyte concentration (1, 0.5, 0.1, 0.05 M)



> pH(3,5,7,9, 11)
Microbial Fuel Cell
» Electrode material (Carbon felt, Graphite plate),
» Open circuit voltage
» Resistance (330,100 ohms)



CHAPTER TWO
LITERATURE REVIEW

Dye effluents are now a major source of environmental concern in wastewater treatment. Textile
industries consume a large amount of water and generate a significant amount of wastewater,
which contains unconsumed dyes and constituents, posing a serious problem for wastewater
treatment plants. Textile effluents contain high levels of color, TDS, and toxic metals, which have
been linked to a decrease in the capacity of pollutants in wastewater to degrade themselves. This
review of the literature supports the claim that stand-alone dye waste water treatment methods are
not very inefficient at degrading dye and producing electricity, but a combination of methods will.
Literature on the microbial method, electrochemical method, microbial fuel cell, and the combined

process was reviewed.

2.1 Dye as a Pollutant

When dyes have completed their duty in coloring materials, dye-using companies often store dye
effluents as industrial waste (Solis et al., 2012). An estimated 100,000 commercially available
dyes are used to produce 700,000 tonnes of different colorants each year. ( Gupta et al., 2009;
Abdi et al., 2017; Crini, 2006; Katheresan et al., 2018). The bulk of dyes are carelessly dumped
into environmental water bodies once they have served their purpose. Color, PH, suspended
particles, COD, BOD (Yaseen & Scholz, 2017), metals (Sekomo et al., 2012; Sharma et al., 2007),

and salts are all high in dye effluents.

These pollutants are subsequently disposed of in the environment's water bodies, converting
colorless pure water into tainted colored water. The presence of dyes in water is undesirable to
environmentalists and the general public since they are harmful poisonous compounds (Masindi
& Muedi, 2018). Dyes are regarded as an unpleasant form of pollutant since they are hazardous
(Bae & Freeman, 2007), mostly by oral consumption and inhalation, skin and eye irritation, and
skin sensitization, resulting in issues such as skin irritation and skin sensitization, as well as
carcinogenicity (Banerjee, 2007; Christie, 2007). They alter the color of the water, which is visible

to the naked eye and hence quite unappealing. Not only that, but they also interfere with light



transmission and disrupt biological metabolic processes, destroying aquatic communities in the
environment ( Rafatullah et al., 2010; Maleki et al., 2017; Zeng et al., 2017).

Dyes also have a tendency to sequester metal, which might cause microtoxicity in fish and other
animals. Therefore, it is essential to remove dye from colored effluents. The majority of dye
effluents discovered in the environment globally (more than half) are produced by the textile
industry (54%) and account for more than half of all dye effluents. Significant amounts of dye
effluent are produced by the dyeing sector (21%) as well as the paper and pulp (10%), tannery and
paint (8%), and dye manufacturing (7%) industries, all of which are related activities. (De Gisi et
al., 2016; Mojsov et al., 2016). Although the precise quantity of dye effluents released into the
environment by each industry is unknown, it is high enough to pose a significant threat to the
ecosystem. The textile sector is said to utilize more dyes than any other industry, consuming more

than 10,000 tonnes annually on a global scale (Rodriguez-Couto et al., 2009).

Furthermore, this company is reported to create around 100 tonnes of dye effluent per year, the
biggest volume of dye wastewater from a single industry (Solis et al., 2012). Furthermore, textile
manufacturers generate large volumes of dye effluent due to the industry's high water demand (
Chacko & Subramaniam, 2011; Salleh et al., 2011; Adegoke & Bello, 2015). Specific chemical,
dyestuff, and water mixes are created for various processes in the textile business. When the
procedure is finished, the remaining mixture (dye effluent) is released into the environment. For
example, 85% of dye effluent from the dyeing process is expelled. Dye effluents from the textile
industry are thought to exist because the dye combination (dye molecules and chemicals) is unable
to completely attach itself to fabric or cloth. Due to their restricted absorption capacity, fabrics, for
instance, can only absorb a maximum of 25 % of the dye mixture onto their body. One of the most
challenging industrial wastewater to treat is dye wastewater from the textile and dyestuff industries
(Nguyen & Juang, 2013). Dyes are resilient and difficult to biodegrade due to their synthetic origin
and complex aromatic compounds (Ali, 2010). Currently, several research publications claiming

successful dye removal have established various dye removal procedures.



a2.2 Microbial Treatment Method

Bacterial treatment is a less expensive and more environmentally friendly option for color removal
in textile effluents. The ability of microbes to degrade synthetic dyes has been linked to enzyme
production during degradation. Chen et al.(2008) investigated Shewanella Sp. biodegradation of
crystal violet. They isolated the bacterial isolate, strain NTOUL, from an oil refinery's cooling
system and used morphology characters, gyrase subunit beta gene, the 16S rRNA gene,
biochemical test and gram staining to identify the strain as a member of Shewanella decolorationis
(gyrB). The scientists found that this strain needed a pH of 8 to 9 and a temperature of 30 to 40 °C in order
to decolorize crystal violet under anaerobic circumstances. They discovered that Formate (20 mM) was
the best electron donor and that the addition of ferric citrate did not inhibit crystal violet
decolorization, that the addition of thiosulfate, ferric oxide, or manganese oxide slightly decreased
decolorization, and that the addition of nitrite (20 mM) inhibited crystal violet decolorization.
However, by supplementing the medium with formate and ferric citrate and cultivating it at optimal
pH and temperature, the strain was able to remove crystal violet at a concentration of 1500 mg/L
at a rate of 298 mg L h! (the ODgoo of the cell culture increased from 0.6 to 1.2 during
decolorization). The presence of N,N-dimethylaminophenol, 4 methylaminophenol N, N,N-
dimethylaminobenzaldehyde, [N, N-dimethylaminophenyl] [N-methylaminophenyl]
benzophenone and N'-bis(dimethylamino) benzophenone (Michler's Ketone) was detected in their
GC/MS analysis of crystal violet degradation products. These results suggest that crystal violet
(CV) was biotransformed into Michler's ketone and N,N-dimethylaminophenol before being
further degraded. Cytotoxicity and antimicrobial tests revealed that the decolorization process also

detoxifies crystal violet.

In a related work, Singh and Singh (2010) employed Aspergillus flavus to biodegrade Congo red
and Bromophenol blue, two commonly used textile dyes. In order to study the biodegradation of
various colors by this fungus, Potato Dextrose Agar (PDA) medium was employed in each
experiment. The amount of dye solution used in each experiment was set at 1.0% wi/v. They
reported that the fungus showed promising results for textile dye degradation. Dye degradation
was seen in fungus-treated Petri plates as a change in the original color and a visible removal of

color. The existence of color in the fungal mycelium or colored fungal mycelium in fungus-treated
9



Petri plates verified Singh and Singh's (2010) observation that dye degradation occurred when

fungal mycelium accumulated colors.

In another study, Parshetti et al.(2006) investigated the decolorization of MG by Kocuria rosea .
MG (50 mg/L) was completely decolorized by bacteria Kocuria rosea MTCC 1532 within 5 hours
under static anoxic conditions, but no decolorization was observed under shaking conditions.
Semi-synthetic media containing molasses, urea, and sucrose achieved 100, 91, and 81%
decolorization, respectively, for the effect of nitrogen and carbon sources. According to Parshetti
et al.(2006) induction of malachite green reductase and DCIP reductase activities during Malachite
green decolorization suggests their involvement in the decolorization process. They also
demonstrated that K. rosea could decolorize azo, triphenylmethane, and industrial dyes (cotton

blue, methyl orange, reactive blue 25, direct blue-6, reactive yellow 81, and red HE4B).

In a separate experiment. Shedbalkar et al.(2008) investigated the decomposition of cotton blue
dye. Penicillium ochrochloron decolorized cotton blue (50 mg/L) in 2.5 hours under static
conditions at pH 6.5 and temperature 25 °C. The ultimate products of cotton blue degradation, as
determined by their Fourier Transform-IR spectroscopy and GC-MS analyses, were sulphonamide
and triphenylmethane. They identified pH, temperature, and biomass maturity as factors
influencing the rate of decolorization. Shedbalkar et al. (2008) also found that a rise in lignin
peroxidase extracellular activity and the presence of aminopyrine N-demethylase, tyrosinase and
lignin peroxidase activities in the cell homogenate indicate that these enzymes are involved in the
decolorization process. Studies on the phytotoxicity and microbiological toxicity of extracted

metabolites show that they are less harmful.

Khehra et al.(2005) conducted another study to enrich and isolate bacterial strains capable of
decolorizing azo dyes present in soil/sludge samples collected from waste disposal sites of local
textile industries. They isolated Bacillus cereus (BN-7), Pseudomonas putida (BN-4),
Pseudomonas fluorescence (BN-5), and Stenotrophomonas acidaminiphila (BN-3) capable of
completely decolorizing C.I. Acid Red 88 (AR-88), and used them to form the HM-4 consortium.

The scientists also noted that whereas individual cultures took more than 60 hours to completely
10



decolorize the additional dye, the combined metabolic activity of the isolates allowed AR-88 (20
mg/L) to be completely decolored in just 24 hours. They also tested the consortium for its ability
to decolorize different concentrations of other commonly used azo dyes, in addition to AR-88, and
discovered that it could decolorize 82% of C.I. Reactive Red 120 ; 99% of C.I. Acid Red
119, 97; 99% of C.I. Acid Blue, 113; 94% of C.I. Acid Red, and 78% of C.I. Acid Red 88 dyes in
24 hours at an initial concentration of 60 mg/L of the mineral salt medium.

Employing thirty-nine strains of ligninolytic micro-organisms (fungi), Novotny et al. (2004)
examined the degradability of Cu-phthalocyanine, anthraquinone, and azo dye structures and
discovered that 60% of the dyes were susceptible to attack whereas 80-90% of the other dyes were.
They reported that Irpex lacteus could decolorize a variety of phthalocyanine, thiazine,
anthraquinone, triphenylmethane and azo dyes in stationary liquid culture at a concentration of
200 mg/L. After two weeks, their decolorization levels ranged from 60 to 100 %. Novotny et al
discovered that sodium azide and n-propyl gallate selectively inhibited manganese-dependent
peroxidase (MnP) and laccase, indicating that MnP is involved in the decolorization of
anthraquinone- and azo dyes. I. lacteus decolorized 100% of Remazol Brilliant Blue R (150 mg/L)
immobilized on pinewood cubes in six days. They also found that I.lacteus effectively removed
color from textile industry effluent including Acid Black (AB), Drimarene Red (DR), Remazol
Green (RG), and Drimarene Blue (DB), with corresponding decolorization rates of 35 %, 80%,
45%, and 100 % in 3-5 days.

Significant benefits of the method are its low cost, low operational costs, and non-toxic nature of
the final products from complete mineralization. The main drawbacks of microbial treatment
include low dye biodegradability, less flexibility in design and operation, a greater land area
requirement, and longer times required for decolorization-fermentation processes, making it
incapable of continuously removing dyes from effluent in liquid state fermentations despite the
cost-effectiveness of this methodology and its suitability for a wide range of dyes.

2.3 Electrochemical Method

Electrochemical degradation is a method of converting organic compounds into other compounds

by using direct oxidation and indirect oxidation processes. Harsini et al.(2016) investigated the
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electrochemical degradation of malachite green in the presence of nanoporous carbon paste as the
anode and silver wire as the cathode. Their findings revealed that the optimum state of degradation
is 10 volts potential with an electrolyte solution of 0.1 M NaCl and pH does not affect degradation
results. According to this study, the optimum time to degrade 50 ppm malachite green is 30 to 40
minutes to produce a harmless compound that can be determined by the impairment COD (95.05
%). Their UV-Vis spectra also confirmed that malachite green had been degraded.

Kusuma et al.(2016) investigated the degradation of malachite green dye using a voltage source
potential with a defined current passed through carbon/TiO2 electrodes as anodes and silver
electrodes as cathodes. In a malachite green solution containing 0.1 M NaCl electrolyte support,
degradation was performed with variations in potential, pH, and time. They obtained optimal
conditions of pH 7-8 and a potential of 10 V after 15 minutes of degradation. Kusuma et al., (2016)
concluded that the reactions that occurred were electrochemical-chemical-electrochemical (E-C-
E) and irreversible based on the voltammogram. During 30 minutes, they also observed a reduction

in the COD value of up to 81.89 % and 100 % degradation of malachite green solution at 25 ppm.

In a similar study, Chen et al., (2020) investigated the efficient electrochemical degradation of
Malachite green using Fluorine Doped Tin Oxide conductive glass as the anode. They investigated
several factors influencing electrochemical degradation efficiency, including solution pH,
electrolyte, applied current density, and degradation time. Chen et al used response surface
methodology (RSM) for optimal conditions based on the results of a single-factor experiment.
They discovered that electrolysis in 6.56 g/L NaCl (pH 8.84) solution with a current density of
8.61 mA/cm? for 20 minutes results in MG degradation rate exceeding 98 %. UV-VIS
spectroscopy, fluorescence spectrometry, and total organic carbon analysis were used for the
preliminary investigation of the degradation process. Miao et al., (2020) investigated the effects
of several experimental parameters, such as current density, pH, and supporting electrolyte, on the
electrochemical oxidation of malachite green (MG) in a one-compartment batch reactor with a
boron-doped diamond (BDD) anode and a stainless-steel cathode. They found that a current
density of 32 mA/cm?, a strongly acidic pH (pH = 3), and Na2SO4 as a good supporting electrolyte

were the best conditions for degradation. Miao et al.(2020) also discovered that after 60 minutes
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of electrolysis, a degradation efficiency of 98% was obtained, and 91% of chemical oxygen

demand (COD) was removed after 180 minutes of electrolysis.

In a separate study, Bromophenol Blue (BPB) was used as a simulated pollutant while Zhang et
al.(2019) assessed the electrochemical performance of a porous PbO2-ZrO, composite electrode.
During the electrochemical degradation process, they optimized operating parameters including
the supporting electrolyte (Na2SOa) concentration, initial pH values, current density and starting
BPB concentration According to their findings, the COD and BB removal efficiency could reach
74.7% and 96.9%, respectively, after 90 minutes of electrolysis when the starting BPB
concentration was 30 mg/L, the current density was 40 mA/cm?, the pH level was 4, and the
Na>S0s solution concentration was 0.07 mol/L. Additionally, their kinetic curves showed that the
pseudo-first-order process that caused the electrochemical breakdown of BPB had strong
correlation values (R2 > 0.99). According to Zhang et al., the supporting electrolyte had the least
impact on the electrochemical process, with the starting BB concentration and applied current
density having the most effects. A few intermediates were created throughout the degradation
process, according to high-performance liquid chromatography and the study of the ultraviolet-
visible spectra. After 90 minutes of electrochemical deterioration, BB and intermediates were

nearly entirely eliminated.

Similarly, Rong (2015) investigated the electrochemical anodic oxidation of bromophenol blue
using boron-doped BDD as the anode. They used factorial design analysis to investigate the effect
of statistically important operating parameters on treatment performance, such as treatment time,
flow rate, applied current, and supporting electrolyte concentration. They believe that BDD
technology is extremely effective in the treatment of bromophenol blue. Furthermore, the results
demonstrated the applicability and potential of factorial design analysis in optimizing operating

parameters and practical engineering applications of BDD technology (Rong, 2015).

This approach is efficient for decolorizing soluble and insoluble colors while lowering chemical
oxygen demand. It is worth noting that, among other things, the rate of color and organic load

removal is affected by the anode's composition and operating potential. However, the primary
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disadvantages include high power costs and sludge generation, as well as contamination from

chlorinated organics and heavy metals caused by indirect oxidation.

2.4 Microbial Fuel Cell

MFC is a biochemically catalyzed system that produces electricity by oxidizing biodegradable
organic matter in the presence of fermentative bacteria or enzymes. Adeleye and Okorondu (2015)
explored the creation of bioelectricity utilizing a microbial fuel cell and waste water from dorms
for students. The Microbial fuel was created using two-liter plastic translucent chambers to
replicate the fuel cell's two chambers, carbon and copper electrodes, 1% sodium chloride, and 2%
agar proton exchange membrane. According to Adeleye et al. (2015), the starting voltage for both
fuel cells throughout the 14 days was 308 mV and 338 mV, respectively, with a high of 0.81 V
and 0.62 to 0.02 V for the copper-copper and carbon-carbon fuel cells, respectively. The voltage
generation followed a conventional growth curve, with the consistency of the copper-copper fuel
cell surpassing that of the carbon-carbon fuel cell. Additionally, they found that connecting the
two fuel cells in series resulted in a total voltage of 138 mV (1.38 V), demonstrating that this
configuration delivered the maximum output. Aerobic and anaerobic bacteria, such as
Micrococcus spp., Corynebacterium spp., Staphylococcus spp., Enterococcus spp., and, Bacillus
spp., were present on both electrodes.

Subsequent studies by Anuforo et al.(2017) evaluated the viability of producing bioelectricity
from piggery wastewater. They used three 2-chamber MFCs with copper-copper (CuCu), carbon-
copper (CCu), and carbon-carbon (CC) electrodes and piggery effluent with BOD levels of 420
mg/L and COD levels of 1057 mg/L. The authors measured the highest open circuit voltage (OCV)
for CC, CCu, and CuCu, respectively, at 969.6 mV, 1228.5 mV, and 1338.5 mV. The voltage
recorded across the MFCs was found to decrease as the external resistance decreased. The highest
power density (at Rex = 1000) for CuCu, CCu, and CC were 92.29 mW/m? (114.0 mA/m?),
156.32mW/m? (148.4 mA/m?), and 79.27 mW/m? (105.7 mA/m?), respectively. Across each MFC,
power density increased as external resistance decreased until 200, at which time it declined.
Anuforo et al., (2017) discovered that after 25 days of operation, the coulombic efficiency of the
Microbial fuel cell was 69 %, 74 %, and 84 %, respectively, while COD removal was 65 %, 47 %,

and 51 % for CC, CuCu, and CCu. They also discovered that a carbon-carbon electrode mix
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performed better in terms of electricity generation and wastewater treatment than copper-copper
electrodes or their combinations. The pre- and post-isolation and identification of bacteria
indicated the presence of Lactobacillus species, Streptococcus species, Proteus mirabilis,
Escherichia coli, Bacillus species, Corynebacterium species, Aeromonas species, Micrococcus

luteus species, Pseudomonas species and Enterobacter species.

In a related work, Liu et al.(2004) used a single-chamber microbial fuel cell with eight graphite
electrodes (anodes) and one air cathode to evaluate power generation during wastewater treatment.
Their system produced electricity (up to 26 mWm™2) while eliminating up to 80 % of the COD
from the wastewater when it was operated in continuous flow mode using primary clarifier effluent
from a neighboring wastewater treatment facility. They discovered that the power output was
proportional to the hydraulic retention time (3-33 h) and the influent wastewater strength (50-220
mg/L COD). The efficiency of the cathode was the primary determinant of the current generation.
The system's coulombic efficiency, based on COD removal and current generation, was 12%,
according to the authors, and the cathode performance was best when passive rather than forced
air flow was allowed (4.5-5.5 L/min). This indicates that a sizeable portion of the organic matter

was lost without current generation.

In a different study, Venkata Mohan et al.(2008) investigated the bioelectricity production of
aerated and ferricyanide catholyte in a dual-chambered microbial fuel cell (MFC) (mediator less
anode; graphite electrodes) using selectively enriched Hz-producing mixed consortia as anodic
inoculums. Their results showed that in situ bioelectricity generation and wastewater treatment
were feasible. They found that ferricyanide catholyte (586 mV; 2.37 mA; 0.559 kg COD/m? day)
produced more power and removed more substrate than aerated catholyte (572 mV; 1.68 mA,
0.464 kg COD/m?® day). At 100-ohm resistors containing ferricyanide and aerated catholyte,
respectively, they found the maximum power yield (0.635 W/kg CODR and 0.440 W/kg CODR)
and current density (222.59 mA/m? and 190.28 mA/m?).

Similar to this, Pramanik and Rana (2017) looked at the viability of producing bioelectricity

using a microbial fuel cell (MFC) that had a cation exchange membrane, carbon felt electrode and
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mixed culture inoculation. The complete cell operation was tracked for up to 25 days while their
cell was run under four external loads with pH levels varying from 4 to 10. The authors' findings
showed that when hexacyanoferrate (I11) was utilized as a cathodic reaction and the medium pH
was neutral, it was possible to produce the most current and power. They recorded a maximum
current density of 2.5 Am2, a power density of 1410 mWm on day 25, anode potential of -378
mV, and constant and consistent power from day 22 to day 25 when the cell was operated with
250 external loads. As operating duration rose, the fuel cell's internal resistance dropped, resulting

in a columbic efficiency (CE%) of 22.70 % at the stable stage of operation.

2.5 Combined Process

Several attempts have recently been made to develop new combinations for effective wastewater
treatment. Mohanakrishna et al. (2021) assessed the feasibility of combining electrochemical and
bio-electrochemical systems to treat produced water in an energy-efficient manner. They
employed five different current densities in the separate EC trials (4 h) (26, 36, 48, 59, and 71
mA/cm?), and the effluents from each EC operation were then further processed by MFC (10 h) to
generate bioelectricity. They observed that the extent of bioelectricity generation depended on the
electrochemical oxidation of the electrochemical cell (EC) process and the overall maximum
power generation of 2.74 mW was registered with EC-effluent from 48 mA/cm?. Their integration
showed the highest Total Produced Hydrocarbon (TPH) removal efficiency of 89% (EC, 305
mg/L; MFC, 317 mg/L) and COD removal efficiency of 89.6% (EC, 2160 mg/L; MFC, 1960
mg/L) at 71 mA/cm?. The researchers also noted that the integration resulted in an overall net

power production of 565 mWh (350 mL of anode capacity).

In a similar study, Zou and Wang ( 2017) also investigated the feasibility of azo dye wastewater
treatment and simultaneous electricity generation in a novel electrolysis cell-microbial fuel cell
process. They reported excellent Methyl Red removal and electricity production performance, with
COD removal and decolorization efficiencies of 89.3 % and 100 %, respectively, and a 0.56 V cell
voltage output. The decolorization rate (DR) was positively influenced by electrolysis voltage,
while the current efficiency (CE) suffered a sharp decline. Although the COD removal rate in the

EC system was only 38.5%, the biodegradability of the MR solution was much enhanced, with an
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average DR of 85.6%. According to Zou and Wang (2017), the COD removal rate in the EC-MFC
integrated process was 50.8 % higher than in the single EC system. Tawfik et al., (2014) looked
into the use of cationic polymer (Organo Polymer) in conjunction with a downflow hanging sponge
(DHS) system in the treatment of reactive dye wastewater. At the ideal circumstances of hydraulic
retention time (HRT) of 5 hours and 2.8 g COD/L.day organic loading rate (OLR), this
combination method eliminated 90.12 % of the color and decreased COD by 66.5 %. The
advantages of this combination process include high organic loads, minimal washout or clogging

problems, a lengthy biomass retention time, and a small reactor architecture.

El-Gohary and Tawfik (2009) investigated the efficacy of a coagulation/flocculation (CF) and
sequencing batch reactor (biological) combination in removing color and COD from industrial
textile wastewater. They compared the color removal efficiency of magnesium chloride
(MgCl,/Ca0) to that of alum and lime [Al2 (SO4)3] (Cao). They discovered that adding magnesium
chloride to the coagulation-flocculation process removed 100% of the color and reduced COD by
50 %. (MgCly). Furthermore, COD was reduced by 100% after the combined process with a
sequential batch reactor (SBR).

In a separate study, Lu et al. (2009) treated reactive brilliant red X-3B wastewater with a
combination of ozonation and up-flow biological aerated filtration (UBAF). They discovered that
while ozonation was extremely effective at decolorizing the azo dye X-3B, it was less effective at
reducing COD. The color removal and COD reduction efficiency were 97% and less than 30%,
respectively, under optimum circumstances. The subsequent UBAF process, according to Lu et al.,
(2009) significantly reduced the COD of wastewater treated with ozone pre-oxidation. On average,
the UBAF process reduced COD by more than 85%. The ozone pre-oxidation process significantly
improved the biodegradability of azo dye reactive brilliant red X-3B-containing wastewater,
increasing the BOD5/COD value from 0.102 to 0.406.

According to de Souza et al. (2010), the use of ozonation to treat dye effluent led to the creation
of by-products that were carcinogenic. After ozonation was implemented, a biofilm was used as

a biological therapy to deal with the problem. Their toxicological research with Daphnia magna
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showed that ozonation increased toxicity whereas biological treatment with a biofilm of the
Remazol Black B dye effluent decreased it. As a result of using less ozone to break down the dye
molecules, Souza et al. (2010) also came to the conclusion that the combined approach enhanced

color removal while being more cost-effective.

Despite being a cost-effective and ecologically benign method, traditional biological degradation
should not be employed as a stand-alone process to treat dye wastewater with high biotoxicity and
poor biodegradability. In addition to having a high energy need and operating expense,
electrochemical procedures are likely to produce secondary pollution from dye breakdown
intermediates, which are frequently mutagenic, carcinogenic, or teratogenic. Finally, wastewater
treatment methods will continue to evolve, with the development of more hybrid methods with
high degradation efficiency. This is precisely what this review of the literature demonstrates. These
various combinations present their own set of challenges in terms of cost, usability, accessibility,
complexity, and power generation. As a result, more research is required to develop a net energy
waste-water treatment process that is highly efficient, low-cost, simple, and easily accessible.
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CHAPTER THREE
MATERIALS AND METHODS

This chapter covers materials and experimental approaches for this research work. It includes
materials preparation (section 3.1) as well as a list of chemicals and reagents. This chapter also
describes the preparation of MG and BB solution, culture media, and samples (section 3.1.2-3.1.5).
Experimental procedure (section 3.2) electrochemical degradation experiments (section 3.2.1 -
3.2.5), Microorganism isolation, culturing and identification (section 3.2.6 - 3.2.9), microbial
degradation experiment (section 3.2.10 - 3.2.11). An analytical procedure (section 3.3.13) involved
in the research is a UV-Visible spectrophotometer. Computational studies of the pollutants

(3.2.14), Sampling procedure, and data analysis are described as well in this chapter.

3.1 Material Preparation

3.1.1 Chemicals and Reagents

Bromophenol Blue and Malachite Green dye, supplied by Sinopharm Chemical Reagents Co.,
Ltd., were used as the contaminants. MacConkey Agar, Sabouraud Dextrose Agar, and Nutrient
Agar, purchased from Sigma Aldrich, were used for the isolation and culturing of the

microorganisms. Other chemicals and reagents used were of high quality and analytical grade.
3.1.2 Preparation Of Bromophenol Blue (BB) /Malachite Green (MG) Polluted Soil Sample
Soil samples (4.5 kg) were collected at a farm in SOSC extension FUTO. Then 1000 mL of 1g/L
of BB/MG solution was added to the soil and left for 21 days.

3.1.3 Preparation of Culture Media

MacConkey Agar: One liter of deionized water was mixed with 52 grams of Mac Conkey agar powder.
soaked for 10 minutes, then mixed, then sterilized for 15 minutes in an autoclave at 121 °C. The solution

was combined and placed onto Petri dishes after cooling to 47 °C.
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Figure 3. 1 Workflow of the study

Sabouraud Dextrose Agar: In 1 liter of distilled water, 65 grams of the powder were dissolved.
The mixture was heated to 121 °C for 15 minutes to thoroughly dissolve the medium before cooling
to 45-50 °C. It was then thoroughly combined and disseminated.

Nutrient Agar: In 1 L of distilled water, 28 grams of nutrient agar powder were dissolved. Swirled
to thoroughly mix, then fully dissolved. The solution was autoclaved at 121 °C for 15 minutes to
sterilize it. The liquid was then transferred to a Petri plate and given time to set.

3.1.4 Preparation of MG Solution

The stock solution of 1000 ppm of Malachite Green solution was prepared by dissolving 1g of
Malachite Green powder in 1L of distilled water. The solution was stirred continuously using a
magnetic stirrer to ensure homogeneity.

CaVa=CbVb 0.1
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3.1.5 Preparation of BB Solution

One gram of Bromophenol blue was dissolved in 1000 mL of distilled water to prepare 1 g/L of
Bromophenol Blue solution. The solution was continuously stirred with a magnetic stirrer until it
was completely dissolved. The stock solution was further diluted with distilled water to give the

different concentrations.

CiV1i=C V2 0.2

3.2 Experimental Procedure

Table 0.1 Experimental Variables

Variable Values

pH 3-11

Current density 0.27 — 1.33 mA/mm?
Temperature 28-58°C

Type of Supporting Electrolyte KClI and NacCl

The concentration of Supporting Electrolyte 0.005-1 M
Resistance 100-330 ohms

The ratio of dye to the mineral salt 1:2,2:1

3.2.1 Degradation Experiment

An electrolytic cell with a 500 ml capacity was used to electrochemically decolorize BB/MG
solutions. Ten ml of supporting electrolyte was added to 500 mL of 30ppm BB/MG solution and
stirred with a magnetic stirrer for proper mixing. The Dc supply was set at 25V and desired current.
Then Graphite plate anode and copper cathode of dimensions 60 x 25 x 2.5 mm are connected to

the DC supply before being inserted into the electrolytic cell. The set-up is allowed to run for a
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total of 110 min. about 3 ml of the sample is aspirated at 10 min intervals using a plastic syringe
and taken for analysis (Oguzie et al., 2021).
3.2.2 Effect of pH on Electrochemical Degradation

By altering the solution’s starting pH (3, 5, and 9) the impact of pH on the rate of degradation was
investigated. Depending on the situation, either 0.1 M H2S04 or 0.1 M NaOH was used to modify
the pH. With constant stirring and dropwise addition of the acid/base, the pH was measured.

3.2.3 Effect of Temperature on Electrochemical Degradation

The effect of temperature on the degradation rate was studied by varying the initial temperature of
the solution using a thermostat. The temperature was also monitored manually by a mercury bulb

thermometer.

3.2.4 Effect of Supporting Electrolyte on Electrochemical Degradation

The effect of supporting electrolytes on degradation rate was studied by varying the type of
electrolyte NaCl and the varying concentration 0.005, 0.1, 0.5, and 1 M. The same procedure is
repeated for KCI.

3.2.5 Effect of Current Density on Electrochemical Degradation
The effect of current density on degradation rate was studied by varying the amount of current
passing through the electrode for 1, 2, 3, 4, and 5A.

3.2.6 Preparation of Soil Sample

A ten-fold serial dilution as described by (Cheesbrough, 2004) was carried out. This was done by
dissolving 1g of BB dye-polluted soil in a test tube in 9 mL of sterile water as a diluent (D1).
Then 1 ml of diluent D1 was collected and added to another 9 mL of sterile water as a diluent
(D2) in atest tube. A diluent factor of 10 (D10) was used in this serial dilution procedure.
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3.2.7 Isolation and ldentification

Following the serial dilution, triple inoculations of samples from diluents D5, D7, and D9 were
performed on the three distinct medium. The inoculation was by the spread plate method of
Cheesbrough (2004). Then, to produce pure culture for microbial identification, the

microorganisms were streaked on a sterile Nutrient agar plate.

Identification was carried out according to Bergey's Manual of Determinative Bacteriology. The
bacterial isolates were recognized and classified based on their morphological, cultural, and
biochemical properties. Gram staining, H.S generation, Catalase, Oxidase, and Citrate utilization,
motility, methyl red, sugar fermentation tests were run. Colonies with various morphologies were

selected, and by further subculturing, they were cleansed.

3.2.8 Microbial Degradation Experiment

A volume of 100 mL of BB/MG and 50 mL of mineral salt medium were mixed in a conical flask.
The isolated microbial strain was added to the mixture in a loopful. The experiment was carried
out for nine weeks. 4 mL of the mixture is extracted once each week, centrifuged for 15 minutes
at 4000 rpm, and then submitted for analysis. 100 mL of mineral salt and 50 mL of BB/MG dye

are used for the procedure.

3.2.9 Effect of Dye and Mineral Salt ratio

The effect of mineral salt and dye volume on microbial degradation rate was studied by varying
the ratio of dye and mineral salt combined i.e. dye volume: mineral salt volume for concentration
1:2 and 2:1

3.2.10 Pretreatment of Carbon Electrode and Nafion-117 Membrane

The electrodes were submerged in 0.5 M H>SO4 and deionized water for 20 min. and 24 hrs.
respectively, to remove the metallic contaminant and equally increase conductivity. Thereafter,
Nafion 117 sheet was arched to a size of 25 cm? and processed by boiling in a series of 30% H-0x,
deionized water, 0.5M H2>SQO4, and deionized water for one hour each to improve porosity before

use.
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3.2.11 Microbial Fuel Cell Experiment (MFC)

H-type MFC made with two identical Duran bottles held together with external metal clamps was
used for the setup. The anode and the cathode compartments were separated with a nafion 117
membrane About 25 ml of 50 ppm BB/MG dye and 50 mL of bacteria broth mixture was poured
into the anolyte chamber while a mixture of 5mL of 0.1M, NaCl, and 75ml 0.1 M KMnO4 was
poured into the catholyte chamber. The carbon cloth (5x4x0.4 cm) anode and graphite sheet
(5x4x0.4 cm) cathode were inserted into the chambers. Copper wire (0.4m long, 1.5mm) was used
to connect the anode and the cathode, with a resistor placed in series between the anode and
cathode. All exposed metal surfaces were sealed with a nonconductive epoxy resin. The setup was
allowed to stand for 24 h before the open circuit voltage was recorded (Pramanik & Rana, 2017).

3.2.12 Effect of Resistance on MfC

By changing the resistor connected to the copper wire, the impact of resistance on the rate of
degradation was investigated. The resistance adjustment was achieved by using 100 and 330-ohm

resistors at different times.
3.2.13 Analytical Procedure

UV-Visible Spectrophotometer

The degradation of MG and BB was monitored using the UV-3600 Plus, a UV-Vis-NIR
spectrophotometer equipped with specific detectors for different regions. The Photomultiplier tube
(PMT) is utilized for the UV and visible regions, while the InGaAs and cooled PbS detectors cater
to the near-infrared regions. A notable feature of the UV-3600 Plus, setting it apart from traditional
spectrophotometers, is its employment of the InGaAs detector to cover the crossover region,
ensuring enhanced sensitivity across the entire wavelength range of measurements. Impressively,
it maintains a noise level of 0.00003 Abs at 1500nm. The instrument also boasts a high-
performance double monochromator, facilitating the acquisition of precise data with an ultra-low
stray-light level (0.00005% max. at 340nm) and a maximum resolution of 0.1nm. Moreover, its

wide wavelength range, spanning from 185 to 3,300nm, enables comprehensive measurement
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coverage across the UV, visible, and near-infrared regions (UV-3600i Plus Three-Detector UV-
Vis-NIR Spectrophotometer, 2010).

The DE was examined from their absorbance (A) decay at the maximum visible wavelength of
Amax = 590 nm for BB and 620 nm for MG and the percentage degradation was calculated and

recorded using the :

A, A
Do- T % 100 (3:3)

Ao

(Where A, and A, are the absorbances at time 0 and t respectively.)

3.2.14 Quantum Chemical Computation

BB/MG molecule's local reactivity was predicted using DFT simulations, which aimed to pinpoint
the active regions in charge of the oxidative decolorization procedure. The goal of this work was
to conceptually clarify the BB/MG decolorization mechanism. The Hirshfeld population analysis
(Delley et al., 1990; Delley et al., 2000) and restricted spin polarization on the DND basis set were
applied during the computational simulations, which made use of the DMol3 program (Materials
Studio). Prior to carrying out these computations, a Smart minimization strategy with high
convergence was used to geometrically optimize the BB/MG molecule structure utilizing the
COMPASS force field (Oguzie et al., 2021).
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CHAPTER FOUR
RESULTS AND DISCUSSION

This experiment examined the use of paired electrochemical and bio-electrochemical technologies
to remediate water polluted with Bromophenol Blue (BB) and Malachite Green (MG) while
simultaneously producing energy. An electrochemical oxidation procedure using copper cathode
and graphite anode electrodes was employed for decolorizing MG and BB dye in an aqueous
solution. Also, micro-organisms isolated and cultured from MG and BB dye-contaminated soil
were employed for degrading BB and MG dye-contaminated water Bio-electricity was generated
using BB and MG dye-contaminated water in a dual chamber MFC.

4.1 Microbial Degradation

To eliminate color from textile effluents, bacterial treatment offers a cost-effective and
environmentally conscious alternative. In the experiments, the efficiency of local microorganisms

in breaking down BB and MG was assessed over a period of nine weeks.

4.1.1 ldentification of Micro-Organism

The identification of microbial strains involved the utilization of biochemical tests and
examination of their morphological properties. Table 4.1 displays the codes and names of the
isolated strains. From the contaminated soil with Malachite Green, five distinct isolates were
obtained, whereas soil contaminated with Bromophenol Blue yielded seven distinct isolates as

shown in the table below.

Table 4. 1 Micro-organisms isolated from contaminated soil

Sample Name of strain

M2 Eubacterium sp

M3 Streptobacillus sp

M4 Trichophyton Terrestre
M5 Serratia marcescens
MO2/M1 Aspergillus flavus
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BB1 Acinetobacter baumaniu

BB2 Serratia marcescens
BB3 Bacillus subtilis

BB5 Bacillus megaterium
BB6 Aspergillus niger
BB7 Aspergillus Flavus
BB8 Rhizopus stolonifera

The soil is a well-known habitat for micro-organisms and one of the largest sources of micro-
organisms. Seven isolates were obtained from soil samples contaminated with Bromophenol Blue
while 5 isolates were obtained from the soil sample polluted with Malachite green, that means all
twelve isolates were resistant to 1000 ppm of studied dyes suggesting a natural adaptation of these
isolates, as they were from dye- contaminated samples. Since micro-organisms need nutrients and
other essentials to thrive in a habitat we can therefore say that the dye was toxic to other species
of bacteria and fungi while the isolated ones thrived by using the dye as a source of the nutrient, a
similar result has been reported by other authors (Bayoumi et al., 2014; Tayla et al., 2016). Serratia
marcescens and aspergillus flavus isolates were both found in Bromophenol blue and Malachite
green dye-polluted soil, meaning they can thrive in a variety of dyes ( Verma & Madamwar, 2003;
Kang et al., 2018;)

Some previous studies reported the ability of Serratia marcescens (Verma & Madamwar, 2003),
Aspergillus sp (Kang et al., 2018), Bacillus subtilis (Kumar et al., 2015), Bacillus megaterium
(Joshi et al., 2013), Rhizopus stolonifera (Anand & Misra, 2017), Eubacterium sp (Shivangi et al.,

2013), Acinetobacter baumaniu (Ning et al., 2014) for decolorization of textile dyes

4.1.2 Microbial Degradation of Bromophenol Blue and Malachite Green

The aim was to examine the degradation efficiency of Bromophenol Blue and Malachite Green

using microorganisms. For this purpose, 50ppm of dye-contaminated water was inoculated with
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the identified strains, each in a separate mineral broth.The results obtained are shown in Fig 4.1
and 4.2.

The plot in Fig 4.1 can be divided into two different regions. The first region depicts rapid
degradation (the first 3 weeks) while the second region shows a steady degradation rate. Serratia
marcescens achieved the highest degradation and in the fastest time of 2 weeks while Bacillus

subtilis achieved the lowest. Generally, degradation efficiency increased as time increases.
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Figure 4. 1 Graph showing the biodegradation efficiency of BB in 1:2

Legend: BB1, Acinetobacter Baumaniu; BB2, Serratia marcescens; BB3, Bacillus subtillis; BB5,

Bacillus megaterium; BB6, Aspergillus niger; BB7, Aspergillus flavus; BB8, Rhizopus stolonifer

The graph in fig 4.2 shows that degradation efficiency increased with time. Trichophyton terrestre,

Serratia marcescens, and Aspergillus flavus recorded a very fast degradation rate in the first week
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and steadily increased in the following week. Eubacterium sp degradation efficiency can be
described as a linear-steady-linear-steady profile. Streptobacillus sp did not degrade the dye until

the 2nd week
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Figure 4. 2 Graph showing the biodegradation efficiency of MG in 1:2
Legend: M2, Eubacterium sp; M3, Streptobacillus sp; M4, Trochophyton Terrestre; M5, Serratia

marcescens; MO2, Aspergilus flavus

Biodegradation is defined as the biologically mediated breakdown of chemical compounds; it is a
time-consuming process that entails the breakdown of dye into numerous byproducts by the
activity of various enzymes (Kaushik & Malik, 2009). Biodegradation of synthetic dyes results not
only in dye decolorization but also in the fragmentation of dye molecules into smaller and simpler
pieces (breakdown products). Decolorization of the dye occurs when the dye's chromophoric
center is cleaved, as evidenced by a progressive decrease in absorbance at the max (BB = 590 nm
and MG = 620 nm). The microbial strains that were identified exhibited different capabilities in
breaking down BB and MG dye-contaminated water. Certain microorganisms demonstrated

notable advantages over others in the biodegradation of Bromophenol Blue and Malachite Green
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pollutants. The efficacy of microbial decolorization relied on the adaptability and activity of the

chosen microorganisms.

Dye decolorization can occur in two ways: adsorption on microbial biomass or biodegradation of
the dyes by cells (Ali, 2010). Dye adsorption can occur on both living and dead microbial cells,
preserving the original dye structure without breaking it down. On the other hand, biodegradation
involves microbial cells breaking down the dye, leading to its fragmentation and, in some cases,
complete mineralization into CO2, H20, and simple organic compounds. The degradation of BB
and MG primarily followed the biodegradation process due to the nature of both processes
(biosorption and biodegradation). Dye biosorption does not provide a solution to the problem, as
it only traps the pollutant within the adsorbent matrix (the microbial biomass) without eliminating
it. Disposing of microbial biomass carrying adsorbed dyes presents a significant challenge in
implementing bio-cleaning methods for colored waterways (Chander & Arora, 2007). A
biosorption process, in addition to biodegradation, may play an essential part in the decolorization
of dyes by a live fungus (Fu & Viraraghavan, 2001), and dye biosorption may be of importance in
bio-recovery of these synthetic compounds from wasted dye baths. This is accomplished by

desorbing the adsorbed dyes using appropriate solvents or solvent combinations (Ali, 2010).

4.1.3 Investigating the Impact of Dye and Mineral Salt Volume Ratio on the Microbial

Degradation of Malachite Green and Bromophenol Blue

Degradation experiments were conducted using two distinct ratios of dye to broth solution to
investigate how the efficiency of Malachite Green and Bromophenol Blue degradation is
influenced by the concentration of both the dye and mineral salt. The plot of degradation efficiency

as a function of micro-organisms is shown in fig 4.3 and fig 4.4

The plot in Fig 4.3 shows that Aspergillus flavus and Streptobacillus sp performed better in 2:1,
Eubacterium sp and M4 performed better in 1:2 and Serratia marcescens performed well in both
ratios. The micro-organisms also achieved very high degradation efficiency irrespective of their
dye-to-mineral salt ratio
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Figure 4. 3 MG Degradation at Different Dye and Mineral Salt Volume Ratios
Legend: M2, Eubacterium sp; M3, Streptobacillus sp; M4, Trochophyton terrestre; M5, Serratia

marcescens; MO2, Aspergilus flavus

The bar chart in fig 4.4 shows two distinct results. Acinetobacter baumannii, Serratia marcescens,
Aspergillus niger, Aspergillus flavus, and Rhizopus stolonifer exhibited greater degradation
efficiency at a ratio of 1:2 compared to 2:1. Conversely, Bacillus subtilis and Bacillus megaterium

demonstrated consistent performance regardless of the dye/mineral salt ratio.
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Figure 4. 4 BB degradation at different dye to mineral broth ratio

Legend: BB1, Acinetobacter Baumaniu; BB2, Serratia marcescens; BB3, Bacillus subtillis; BB5,
Bacillus megaterium; BB6, Aspergillus niger; BB7, Aspergillus flavus; BB8, Rhizopus stolonifer

Abiotic mechanisms and microbial metabolic activities have the greatest effect on pollutant
decolorization. The ability of bacteria to breakdown synthetic colors have been connected to
enzyme synthesis during degradation. The growth of microorganisms and their decolorization
ability can be impacted by the presence of harmful dye levels. The dye's class, which determines
its structural characteristics, also plays a role in the extent of decolorization. Additionally, the
quantities of nitrogen and glucose in the medium can influence dye decolorization by affecting the
bacteria's enzyme-producing capacity. Our findings align with this, as we observed that ratio 1:2
performed better than ratio 2:1. In this study, it was discovered that medium containing less
Bromophenol Blue dye concentration and more mineral salt degraded faster. This is in agreement
with studies carried out by ( Pazarlioglu et al., 2005; Parshetti et al., 2006; Parshetti et al., 2011;).
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It was also observed that decolorization efficiency for degradation of Malachite Green
contaminated water did not follow the rule but was an exception, as the dye to mineral salt ratio
had little to no effect on the degradation efficiency of MG. A similar result was obtained by
Olukanni et al., 2021 who ascribed the cause to be because sometimes dyes act as inducers of
enzyme production in a culture medium and are in turn decolorized by the enzymes, and the highest
inducer is decolorized highest (Olukanni et al., 2021)

4.2 MFC/Bioelectricity Production

The generation of electricity from MG and BB-contaminated water was carried out using
indigenous cultured micro-organisms. Only the best performing micro-organism during bio-
degradation was used in the MFC. In addition to the dye-contaminated water as a substrate for
both fuel cells, potassium permanganate was used as the catholyte. The set-up was allowed to stand
for 24hr before the initial reading was taken. The results for the open circuit voltage and current

recorded are shown in fig 4.5 and fig 4.6

Fig.4.5 shows two very distinct phases i.e., high value (1-6th day) and low value (7 -14 th day)
phases. A high OCV and OCA were recorded in the first four days with the highest obtained On
3rd day (1.5 V) and 2nd day (1.7mA\) respectively, after which a decline in OCV and OCA
followed.
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Figure 4.5 Plot for open-circuit voltage and current for MFC using Bromophenol Blue dye
as substrate

The plot in Fig.4.6 shows a very irregular OCV and OCA reading. Zero values were recorded for
the first 2 days and no current was recorded from the 10th day. The highest voltage of 0.75V was

obtained on the 6th day while the highest current was obtained on the 3rd day.
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Figure 4. 6 Plot for open-circuit voltage and current for MFC using Malachite Green dye
as substrate

According to Logan (2007), "in an MFC, the bacteria must colonize the electrode and create
enzymes or structures necessary to move electrons outside the cell over time." In mixed cultures,
various bacteria develop and reach distinct potentials. This explains why the experiment required
such a lengthy acclimation time (24 hours for BB-based MFC and 72 hours for MG-based MFC).
There is then an exponential development stage during which the organisms (electricigens)
aggressively use the organics in the wastewater for energy which accounts for the peak period of
voltage recorded. Later, close to the conclusion of the 14 days, the voltage started varying again.
These were ascribed to the organisms' consumption of organic materials in the wastewater,
accumulation of toxic compounds, and inter/ intra-species competition, which is why they are
progressively approaching the decline phase of development (Adeleye & Okorondu, 2015). The
fact that both MG and BB-based MFC could produce electricity shows that the injected
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microorganisms were electro-active. Exoelectrogens are the most prevalent organisms linked to

biofilm development (Shewa et al., 2013)

4.2.1 Effect of Resistance on Current Density

The current density of the microbial fuel cells (MFCs) across the two resistors was determined by
correlating the voltages measured across known external resistors with the anode surface area.
Ohm's law states that current (1) at constant voltage is inversely proportional to applied external
resistance (R) (V).

V=IR 4.1

The resultant effect of resistance on current density as a function of time is shown in fig 4.9

From figure 4.7 it can be deduced that the 330-ohm resistor recorded a higher current density than
the 100 ohms resistor on 2 different days (the 4th and 7th day) while on the 5th,6th, and 8th day
the 100-ohm resistor generated a higher value than the 330 ohms. The maximum current density
recorded across 100 Q for MG was 92 mA/m? while 75.69 mA/m? and was the highest recorded
across 330 Q resistor for MG-based MFC. The maximum current density was recorded on the 4th
day for 330 Q resistors and the 5th day for 100 Q resistors
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Figure 4. 7 Current density across 100 and 330 Q resistors in MG-based MFC
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Fig 4.8 shows two very distinct phases. The first phase shows relatively high and steady values for
both 330 and 100 ohms resistors. The values generated for 100 ohms are generally higher than that
of 330 ohms with the exception being on the 4th day. The maximum current density was recorded
on the 4th day (341.74 mA/m?) for the 330 Q resistor and the 5th day (550 mA/m?) for the 100

Q resistor.
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Figure 4. 8 Current density across 100 and 330 Q resistors in BB-based MFC

Current density is the amount of charge per unit of time that flows through a unit area of a chosen
cross-section. Current density is important to the design of electrical and electronic systems.
Circuit performance depends strongly upon the designed current level, and the current density then
is determined by the dimensions of the conducting elements. From the results, it can be deduced
that current density increased with decreasing external resistance. This is in line with Ohm's rule,
which stipulates that current rises as external resistance lowers at a constant voltage. simialr trend
was also reported by other researchers (Taylor et al., 2014; Anuforo etal., 2017; Pramanik & Rana,
2017)
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4.2.2 Power Density

The power derived from the MFC was calculated using the voltage measured across a known

external resistor and the surface area of the anode.

Power = 12 X Rext 4.2

The resultant effect of resistance on the power density of microbial fuel is shown in fig 4.9 and fig
4.10.

Fig 4.9 shows a very irregular pattern for power density as a function of time. The power density
associated with the 330 ohms can be best described in terms of high-low-high series. While the
power density of the 100-ohm resistor increased from the 4th day, peaked on the 5th day, and
reduced on the 6th day but increased again on the 8th day. The maximum power density for MG

was recorded on the 5th day for 100 Q resistors and the 4th day for 330 Q resistors.
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Figure 4.9 Power density across 100 and 330 € resistors in Malachite green-based MFC
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Fig 4.10 has 3 distinct regions. Days 1-3 recorded relatively high and steady current densities, day
as average value, and days 5-6 recorded very low and steady current densities. The maximum
power density for BB was recorded on the 3rd day for both 100 and 330 Q.

180 100 ohms
1 _ 330 ohms
1604 —  —
& 140 4
£ —
= 1204 | —
E
2100
[72]
a |
8 80
= |
= 60
o |
a
40 -
20 -
0 T T T T T T T T T T
4 5 6

— T
1 2 3 7 8 9

Time(Day)

Figure 4. 10 Power density across 100 and 330 Q resistors in Bromophenol Blue-based
MFC

The value of power densities for 330 ohms is bigger than that of 100 ohms for BB and MG-based
MFC. Therefore, we can say that power density increases with an increase in resistance. The max
power density obtained from MG across 330 Q was higher than that recorded by ( Liu et al., 2009;
Kalathil et al., 2011, 2012) in their various experiments. The maximum power density obtained
from BB was greater than that obtained from MG and conducted by (Sun et al., 2012) in their
study of anode enlargement for enhanced simultaneous azo dye decolorization and power output
in air cathode microbial fuel, but this is less than the maximum recorded by (Li et al., 2010; Sun
etal., 2009, 2011; Hou et al., 2011)
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4.3 Electrochemical Degradation

4.3.1 Effect of Initial pH Of Malachite Green and Bromophenol Blue Dye Solution

The efficiency of electrochemical degradation processes is greatly affected by the pH of the
solution, with the optimal dye removal occurring at a specific pH level. To alter the pH of the dye
solutions, 1 M H2SO4 or 1 M NaOH was utilized. Figure 4.11 and 4.12 present the degradation
efficiency as a function of time at different pH levels.

In the shortest time of 20 minutes, pH 5 achieved more than 90 % degradation efficiency. The
pH 11 profile differs slightly from the other pH levels. The pH pattern in the profile is linear rise-
steady. The maximum degradation efficiency (98.5 %) was reached at pH 5, whereas the lowest
degradation efficiency (73.5 %) was found at pH 11.
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Figure 4. 11 Effect of initial pH decolorization efficiency of MG

(Concentration = 30 mg/L, Current density = 1.33mA /mm?, Temperature (T) = 28 °C, Voltage = 25V,
Electrolyte = 1 M KCI)

The degradation efficiency profile in Fig 4.12 can also be divided into two regions. A region of
rapid linear growth for the first 40 min and a region of steady growth for the next 30 min. The

maximum degradation efficiency was achieved at pH 3 (100 %) while the lowest degradation
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efficiency was at pH 11(97 %). to reaction time; pH 3 achieved more than 90 % degradation
efficiency at 30 min, pH7 at 40min, pH 9 at 50min, and pH 11 at 70min.
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Figure 4. 12 Effect of initial pH decolorization efficiency of BB

(Concentration = 30 mg/L, Current density = 1.33 mA /mm?, Temperature (T) = 28°C, Voltage = 25V,
Electrolyte = 1 M KCI)

The initial pH of the solution is a critical factor that influences the advancement of electrochemical
processes. Understanding the pH dependence of degradation processes can be complex as it
impacts various properties, such as the chemical states of solution species and solvent molecules,
electrostatic interactions at the electrode/solution interface, and the types of active oxidizing
species generated during the reaction, among others (Oguzie et al., 2021). Within the anodic
oxidation system, a continuous competition occurs between the reactions of oxygen evolution and
the oxidative degradation of organic substances on the anode. As the solution's pH increases, the
rate of oxygen evolution at the anode surface also rises. Consequently, this reduces the oxygen
evolution potential, hinders the diffusion of organic pollutants to the anode, and ultimately

decelerates the oxidation rate of organic matter on the anode surface (Zhao et al., 2019). On the
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other hand, when the environment is acidic, the electrochemical conditions for organic pollutant
degradation at the anode surface get better as the oxygen evolution process slows (Aquino Neto &
de Andrade, 2009). Moreover, in alkaline conditions, the solution's conductivity decreases because
of inadequate supporting electrolytes, leading to a further decline in the efficiency of decomposing
organic pollutants (Dai et al., 2013). The considerably decreased decolorization efficacy at alkaline
pH may be caused by the low oxidation potential of CIO species relative to Cl> and HOCI (
Rajkumar et al., 2007; Kariyajjanavar et al., 2011; Baddouh et al., 2018). The findings are in line
with the results reported by (Reza et al., 2020), demonstrating that higher degradation efficiency

is attained in the acidic medium for both MG and BB compared to the alkaline medium.

Therefore, pH 5 and pH 3 were the ideal conditions for MG and BB decolorization. Studies on the
electrochemical degradation of methylene blue dye using a graphene-doped PbO- anode (Reza et
al., 2020) and electrochemical degradation of Bromophenol blue on porous PbO»-ZrO> composite
electrodes (Reza et al., 2020) both came to the same conclusion that the optimal degradation
occurred at pH 5.6 and 3 respectively. . Furthermore, the kinetics of contaminant removal at pH =
3 was greater than pH values of 7 and 10 in research by Fernanda et al. for the degradation of
dimethyl phthalate ester employing fluoride-doped Ti/b- PbO, anode (Souza et al., 2014).
Additionally, employing an Nb/PbO- anode, the maximum electrochemical breakdown efficiency
of methyl Orange was attained at an initial pH of 6 (Zhao et al., 2019). All of the above experiments

are in support the result of this study

4.3.2 Effect of Current Density

An important factor in regulating the rates of electrochemical processes is current density, which
is a measurement of the number of electrons moving between the anode and cathode. At a very
high voltage of 25 V, five different values of current density ranging from 0.27 mA/mm? to 1.33
mA/mm? were examined to evaluate the impact of current density on the effectiveness of
electrochemical decolorization of BB and MG. The correlation between MG and BB degrading

efficiency and current density are shown in Fig.4.13 and fig 4.14 respectively.
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The plot in figure 4.15 can be divided into two regions. The first region from 0-20 mins shows
rapid linear growth while 30-40 mins show steady growth. Additionally, Fig.4.3 demonstrates
that current density at 1.33 mA/mm? achieved more than 90 % degradation in 10 min; 0.27, 0.53,
and 0.8 mA/mm? did this in 30 min; and 1.33mA/mm? achieved this in 20 min. The effectiveness
of removing MG dye increased from 96.7 % to almost 99 % when the current density was

increased from 0.27 mA/mm? to 1.33 mA/mm?.
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Figure 4. 13 Effect of current density on decolorization efficiency of MG

(Dye concentration = 30mg/L, Temperature (T) = 28 °C, Voltage = 25 V, Electrolyte =1 M KCI, pH =7)

Figure 4.16 displays the anticipated pattern of enhanced degradation efficiency as the reaction time
progresses. The plot also has two regions i.e rapid linear growth (0-30 min) and steady growth (40-
70 min). For reaction time 1.33 mA/mm? attained more than 90 % degradation in the quickest time
(20 min) when compared to other current densities. The highest degradation efficiency (99.9 %)

was recorded at 1.33 mA/mm?and the lowest (95.5 %) was recorded at 0.27mA/mm?
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Figure 4. 14 Effect of current density on decolorization efficiency of BB

(Dye concentration = 30mg/L, Temperature (T) = 28 °C, Voltage = 25 V, Electrolyte = 1 M KCI, pH =7)

Among the factors influencing the electrochemical oxidation process, current density has been
identified as one of the most critical factors responsible for regulating the rate of electrochemical
degradation (Ansari & Nematollahi, 2018; Nakamura et al., 2019). Increasing the current density
over a fixed duration enhances electrochemical oxidation systems' efficiency by speeding up the
synthesis of HO and water oxidation at the anode surface ( Wang et al., 2015; Dai et al., 2016).
Contrarily, using a greater current density in the electrochemical cell stops the electrolysis
intermediates from deactivating the electrochemically active sites on the anode surface. However,
a significantly higher current density might exacerbate the immediate and unfavorable effects of
oxygen evolution at the anode surface, which competes with the oxidation of organic matter there
and, ultimately, lowers the effectiveness of organic pollutant removal in electrochemical
degradation systems ( Wang et al., 2015; Ansari & Nematollahi, 2018; Yao et al., 2019). Because
of this, the degradation of the MG and BB dyes in this investigation was beneficial at high current
densities between 0.27 and 1.33 mA/mm2. This was supported by (Zhao et al., 2019). In addition,

Duan et al., 2013 investigation for the electrochemical degradation of phenol by lead dioxide
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anode showed that increasing the current density in the 10-50 mA/cm? range led to an increase in

phenol elimination effectiveness from roughly 19 % to 79 % (Duan et al., 2013).

4.3.3 Influence of Supporting Electrolyte

The objective of the experiments was to evaluate how varying concentrations of two supporting
electrolytes (KCI and NaCl) influence the efficiency of MG and BB decolorization.The acquired
findings for KCI and NaCl after 70 minutes of exposure are shown in Figs. 4.15 and 4.16,

respectively.

From Fig 4.15 it can be seen that 1M NaCl behaved differently from other concentrations. the 1M
NaCl concentration achieved a very fast degradation efficiency of 80 % in 10 mins and steadily
increment for the next 60 min. concentration 0.5, 0.1, and 0.05 M followed the same pattern of
slow linear color decolorization. 1 M achieved the highest degradation efficiency of 98.3 % while
0.05 M recorded the lowest (38.1 %).

Also, from fig 4.15b, it can be seen that 1M KCI and 0.5 M have a different profile from the other
concentrations. 1 M KCI achieved 90% degradation efficiency in 10 min and steady growth. The
1 M and 0.5 M degradation profiles can be described as a steep linear degradation curve from the
10™ min to the 50th min while the other two concentration profile is a very low steep growth. 1 M
concentration achieved the highest degradation of 99 % while 0.05 M recorded the lowest
degradation efficiency of 17.6 %. With a rise in both KCI and NaCl concentrations, both graphs
demonstrate an increase in degradation efficiency. Fig 4.17 also shows that KCI achieved higher
degradation than NaCl.
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Figure 4. 15 Effect of supporting electrolyte on decolorization efficiency of MG using (a)
NaCl and (b) KCI

(Dye concentration = 30 mg/L, Temperature (T) = 28 °C, Voltage = 25 V, Electrolyte = 1 M KCI, Current
density = 1.33 mA/mm?)

From figure 4.16a it can be seen that the DE curve for 1M and 0.5M concentrations differ from
that of 0.1 and 0.05M. The first 50 min for both 1M and 0.5M shows a very steep slope for 1 and
0.5 M while the degradation curve for 0.1 and 0.05 M is low sloping.1M concentration achieved

more than 90% degradation in the quickest time.

Fig 4.16b shows a steeply sloping curve for 1M and 0.5 M concentration and a linear curve for 0.1
M and 0.05 M concentration. Both plots showed an increase in degradation efficiency from 0.05
M to 1M of the supporting electrolyte solution. 99.7 % and 99.9 % were the highest degradation
efficiency achieved by 1 M NaCl and 1 M KCI while 28.8 % and 55.9 %2 were the lowest recorded
by 0.05 M NaCl and KCI respectively. Fig 4.18 also shows that 0.5 M KCI achieved more than 90

% degradation but in lesser time (60 min) than 1 M
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Figure 4. 16 Effect of supporting electrolyte on decolorization efficiency of BB using (a)
NaCl and (b) KCI

(Dye concentration = 30 mg/L, Temperature (T) = 28 °C, Voltage = 25V, Electrolyte = 1 M KClI,
Current density = 1.33 mA/mm?, pH = 7)

In electrocatalytic degradation, support electrolytes play a crucial role. The simulated solution is
different from actual wastewater in that it is low in salt concentration and conductivity. As a result,
the simulated solution has to have the right quantity of supporting electrolyte supplied. This could
be attributed to an increase in the concentration and mobility of hypochlorite ions and chloride
ions, which serve as the primary oxidizing species in the solution and are found in chloride salts
such as KCI and NaCl. However, it is important to acknowledge that a high concentration of the
supporting electrolytes could potentially adversely affect the color removal process (Zainal et al.,
2005). Kaur & Kaur, (2016) conducted a comparative investigation of KCI and NaCl, which

further confirms that KCI serves as a superior supporting electrolyte compared to NaCl.
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4.3.4 Effect of Temperature

The experiments were conducted at temperatures of 28°C, 38°C, 48°C, and 58°C, using a
concentration of 30 mg/L, to identify the ideal temperature for degrading MG and BB
solutions.The resultant effect of temperature on electrochemical degradation is shown in fig 4.17
and 4.18.The degradation profile in fig. 4.17 can be divided into 2 regions. The region of rapid
linear growth (0-20 min) and a region of steady state (30-70 min). The overall trend shows an
increase in degradation efficiency with time. 48°C achieved more than 90 % degradation in the

fastest time of 30 min.
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Figure 4. 17 Decolorization of MG at Different Temperatures

(Dye concentration = 30mg/L, Temperature (T) = 28 °C, Voltage = 25V, Electrolyte = 1 M KCI, Current
density = 1.33mA/mm?, pH = 7)
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The degradation profile in fig. 4.18 can also be divided into 2 regions. The region of rapid linear
growth (0-30 min) and a region of steady state (40-70 min). The overall trend shows an increase
in degradation efficiency with time. 48°C achieved more than 90% degradation in the fastest time

of 30 min.

100 4 o N
A & 8
] e
80 - e
AN
A /)
e A e
. 60 N v
O\D 7 /
g .
O 404 |
v
20 ~=28C
o e 38C
0o+ —A—48C
—v— 58C
T T T T T T T T T T T I N I

0 10 20 30 40 50 60 70 80
Time(min)

Figure 4. 18 Decolorization of BB at Different Temperatures

(Dye concentration = 30mg/L, Temperature (T) = 28°C, Voltage = 25 V, Electrolyte = 1 M KCI, Current density = 1.33mA/mm?)

The impact of temperature on the electro-oxidation of organics is not consistently predictable and
varies depending on the specific organic compound and the environment. While higher
temperatures are generally expected to enhance reaction rates, some cases have shown that electro-
oxidation and decolorization rates may decrease. For example, studies by Ma et al. (2007)
demonstrated that temperatures above 25°C led to decreased rates of electro-catalytic oxidation
and de-colorization of methyl orange in water containing NaCl as a supporting electrolyte.
Similarly, Panizza and Cerisola (2008) observed hindered electrochemical oxidation of acid blue
22 by a boron-doped diamond electrode at higher temperatures. Rajkumar et al. (2007) found that
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the ability of reactive blue 19 to be electrochemically decolored in a chloride solution was less

effective as the temperature rose. These findings align with our present study.

The influence of temperature on electro-oxidation systems has dual effects. On one hand, it
increases the oxidation rate of organic contaminants by oxidizing species in the solution, and on
the other hand, it initiates the decomposition of the oxidizing species. It has been suggested that
temperature has minimal impact on electro-oxidation processes involving OHe radicals, while the
generation of chlorine/hypochlorite is hindered by an increase in temperature (Ma et al., 2007;
Panizza & Cerisola, 2008).

4.3.5 UV-Visible Spectrum

After various times during electrolysis, typical UV-visible analysis for untreated and treated dye
solutions was performed, and changes in dye solutions' absorbance were examined.
The UV-Visible spectrum of electrochemical degradation of Bromophenol Blue dye and Malachite

green dye contaminated are shown in Figures 4.19 and 4.20 respectively.
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—— 30min
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Figure 4. 19 UV-Visible spectra of degradation of BB at different time intervals
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The plot in figure 4.19 shows the UV-VIS absorption of BB dye-contaminated water at various
times during treatment. Several peaks were formed around 590 nm, 450 nm, 380 nm, and 320nm.
Zero minutes achieved the highest absorbance while 70 min was the lowest at 590 nm. The plot

also shows a very rapid decline in absorbance value at 590 nm between 0 min and 70 min.

At 0 minutes, the highest absorption peak strength was observed at 590 nm, corresponding to the
chromophore group in the Bromophenol Blue molecule.With increasing reaction time, absorption
peak intensity dropped, notably at 590 nm, suggesting that BB had experienced a considerable
oxidative breakdown. The discovery of a novel absorption wavelength at 420 nm indicates the
presence of a less conjugated aromatic intermediate. Additionally, the peak at 400 nm moves to a
shorter wavelength. Therefore, the characteristics of BB degradation on anodes involve rapid

mineralization and minimal accumulation of aromatic intermediates.
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Figure 4. 20 UV-Visible spectra of degradation of MG at different time intervals

The plot in figure 4.20 shows the UV-VIS absorption of MG dye-contaminated water at various
times during treatment. Several peaks were formed around 620 nm, 420 nm, and 320nm. Zero
minutes achieved the highest absorbance while 70 min was the lowest at 590 nm. The plot also
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shows a very rapid decline in absorbance value at 590 nm between 0 min and 70 min. There is also

a shift in absorption at 420 nm for 0 min to 320 nm for another time.

The chromophore aromatic rings and the dye molecule's acid function are represented as
absorbance peaks in the MG spectrum at 620 nm, 420 nm, and 316 nm, respectively. The rapid
decline in absorbance after 0 minutes at 620 nm and the shift toward shorter wavelengths can be
attributed to intermediate and aromatic ring decolorization /degradation. The absorbance at 620
nm was nearly negligible after 70 minutes of EC treatment, demonstrating the lack of auxochrome
groups -N(CHa) in charge of the MG dye's hue. The presence of mono aromatic rings in the
solution is indicated by the peak at 316 nm shifting to shorter wavelengths (209 and 185 nm) after
50 minutes of treatment. The N-demethylating process results in a change in the location of spectral
peaks to shorter wavelengths, or hypsochromic shifts. This shift can also be brought on by

modifications in solvatochromic factors, such as solvent polarity.

Generally, most absorption spectroscopy of organic compounds is based on transitions of n or p
electrons to the p* excited state. This is because the absorption peaks for these transitions fall in
an experimentally convenient region of the spectrum (200 nm — 800 nm). These transitions need
an unsaturated group in the molecule to provide the p electrons. —N=N bonds and aromatic rings
were broken during the electrochemical breakdown, which caused the absorbance band of the dye
solutions to narrow. Additionally, the absorption band has changed from the visible to the UV
area, showing that larger dye molecules have disintegrated into tiny pieces. A decline in
absorbance in the visible region of the spectrum indicates the loss of a conjugated system in the
chemicals. This suggests that oxidative species first oxidized dyes before converting them into
carboxylic intermediates, which may ultimately result in the full mineralization of carbon into
COs.. Although measurements of absorbance cannot tell if full mineralization happens (Jovic et al.,
2013).

The spectrum of the absorbing species can be influenced by the solvent in which it is dissolved.
When solvent polarity increases, peaks resulting from n—p* transitions shift to shorter

wavelengths (blue shift). This occurs because the lone pair experiences greater salvation, which

52



lowers the energy of the n orbital. Conversely, p—p* transitions may sometimes show the reverse
effect (i.e., redshift). This redshift is caused by attractive polarization forces between the solvent
and the absorber, which lower the energy levels of both the excited and unexcited states. This
effect is more pronounced for the excited state, slightly reducing the energy difference between
the excited and unexcited states, leading to a small redshift. While this effect also influences n—p*

transitions, it is overshadowed by the blue shift resulting from the solvation of lone pairs.

4.3.6 Kinetic Approach

The most convenient method to monitor the rate of dye decolorization is by observing color loss
over time. The rate of the reaction can be determined by calculating the negative change in dye
concentration over time ([dye]) divided by the change in time (time), as described by Equation
(4.6). As the rate may vary over time, finite differences are used as an approximation. However,
for the purpose of analyzing the initial rate of the reaction, a linear relationship between
concentration and time can be assumed. Initial rate experiments are conducted to maintain reactant

concentrations within 1% of their initial values.

_ —Aldye] _ :
rate= ———= K[dye]*[OCI]Y 4.3
dldye] _

After integration we have

[dye]
In dye] — kt 4.5
[dye]= [dye]Be 4.6

Where [dye] is the initial concentration of dye, [dye] is the actual concentration, K is the rate

constant (min™?)

Assessing Time Course in Relation to Integrated Rate Laws
An initial rate study is a great way to determine the order with hypochlorite since the hypochlorite

ion is not a colored species. On the ground that the dye is the colored reactant, determining the
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reaction order with the dye necessitates a time course analysis. In a time-course study, the
concentration of a reactant or product is compared with the integrated rate laws corresponding to

reactions of different orders, as a function of time.

Expression for First Order Reaction Rate

The rate law for a reaction that is first-order in the reactant is:

Rate = —44 4.7
dt

This rate law applies to one-reactant reactions, such as A— Products.

This rate law can be applied to our reaction, which takes the form A + B— Product

When compared to equation 1, the first order rate law in equation 4.8 yields x =1 andy =0 or
If [OCI-]¥ remains constant and is included in k

rate = (K[OCI]) [dye]* = Kes[dye] 4.8

Keri= Is the effective rate constant (K[OCI-]y).

In simpler terms, the first-order rate law remains applicable, but we calculate an effective first-
order rate constant, Keff, which considers the impact of hypochlorite concentration. To maintain
a constant [OCI-]y, one can conduct experiments with a substantial amount of hypochlorite,
ensuring minimal overall concentration change during the reaction. This situation is referred to as

a pseudo-first order in the dyeing process.The integrated rate expression is as follows:

[dye] _
n =-Keit OR 4.9
In[dye] =Kefit + In[dye]@ 4.10

Where [dye]o is the initial concentration of dye at time zero and [dye] is the concentration at any

Time, t.

Expression for Second Order Rate of Reaction
If x=2andy =0 or [OCI7] is held constant in equation 4.6:
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d(dy

2] = Kendye]? 4.11

Rate= —

The reaction is pseudo-second-order in CV and integration of equation 4.12 gives

1 1 _
dyel Tayern  Feeft 4.12

Determining the Order of Reaction

As absorbance is directly proportional to concentration, following Beer's Law (A = elc),
absorbance can be used instead of concentrations for curve fitting. In a first-order reaction, the
absorption coefficient cancels out in both the numerator and denominator of the In term in Equation
4.14. Therefore, either concentration or absorbance can be utilized to directly calculate the rate

constant.For a second-order reaction, since

[dye] = Alel, 4.13
L1 _Keffy 4.14
A A0 €l

Where Ao is the starting absorbance.

Absorbance versus time measurements is collected and plotted to determine the order of a reaction.
The concentration of absorbance versus the time plot for a zero-order reaction is a straight line. A
plot of In [dye] or In A versus t for a first-order reaction should yield a straight line with a slope of
kefr, according to equation 4.12.

A plot of 1/[dye] or 1/A versus t for a second-order reaction is a straight line, according to
equations 4.13 and 4.14.

To attempt to match the present data with a kinetic first-order rate equation, a graph is drawn
between In A and time t. Figures 4.21 demonstrate that BB followed a first-order reaction equation.

This is similar to the result reported by Zhang et al., (2019)
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Figure 4. 21 Kinetic studies of the first-order BB reaction at different times during
electrochemical dye degradation

The second-order equation's kinetics is then applied to the degradation data of MG. Fig.4.22
demonstrates that MG degradation obeyed the second-order kinetics. The Kinetics of malachite
Green degradation varies as different authors have reported different reaction orders. Chen et al.,
(2020) reported the kinetics to be first order while Kusuma et al., (2016)reported the kinetics to be

first-order and half.

56

-10 0 10 20 30 40 50



Equation y=a+b*x
Plot B
40 qweight No Weightin
1.2645 = 1.
{intercept 4505
0.56193 +0
30 4 Slope 103467 .
Residual Sum of 30.29682
Squares
TPearson's r 0.98877
< R-Square (COD) 0.97767
= 20 - Adj. R-square 0.97394

104

-10 0 10 20 30 40 50 60 70 80
Time(min)

Figure 4. 22 Kinetic studies of the second-order MG reaction at different time points
during electrochemical dye degradation.

4.3.7 Considering energy usage

The electrical energy consumption associated with the electrochemical degradation of BB and MG
can be evaluated by measuring the amount of electrical energy (kWh) utilized during the process
(Jovi¢ et al., 2013; Moura et al., 2016):

_ PW)xt(h)
E(KWh) = Ve(dm 3) 4.15
where:
PW)=1(A)xv (V) 4.16

P is the electrochemical cell's electrical output (measured in Watts), t is the electrolysis's time
(measured in hours), V is the amount of dye solution electrolyzed (measured in dm3), I is the

current (measured in Amperes), and v is voltage (in Volts).
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The energy consumption figures in Table 4.2 make it possible to calculate how much energy is
used to treat each cubic meter of water that has been contaminated by MG and BB to Nigeria's
average power rate, which is around 60.16 NGN/kWh. This corresponds to 3510.3 NGN — 17551.7

NGN for the current range studied.

Table 0.1 The Correlation between Applied Current and Electrical Energy Consumption
during the Degradation of MG and BB at 25 V.""

Current Voltage Time Energy Consumption

(A) (V) (h) (KWh/m?)
1 25 1167 5835

2 25 1167  116.7

3 25 1167  175.05

4 25 1167 2334

5 25 1167 29175

As expected, the electrical energy consumed by the process increased steadily with increasing
current and is of similar magnitude as the values for electrochemical decoloration of dispersed

blue 1 dye, as reviewed by (Oguzie et al., 2021).
4.3.8 DFT Computation

To theoretically understand the mechanism behind the decolorization of Bromophenol Blue and
Malachite Green dyes, DFT computations were conducted. These computations involved
modeling the local reactivity of the Bromophenol Blue and Malachite Green molecules to identify
the active sites where the oxidative attack would commence. The computations utilized various
techniques, including the Hirshfeld population analysis (Delley, 1990, 2000), the Perdew-Wang
(PW) local correlation, limited spin polarization on the DND basis set, and the DMol3 software
(Materials Studio).The COMPASS force field and the Smart reduction approach were used to
geometrically optimize the BB molecule structure before the calculations utilizing high-

convergence criteria. The optimal structure, orbital density, highest occupied molecular orbital
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(HOMO), lowest unoccupied molecular orbital (LUMO), and Fukui functions of BB and MG are

shown in Table 4.3

Table 4. 2 Electronic properties of Bromophenolblue and Malachite green dye

Optimized HOMO LUMO F+ F-

Structure

The HOMO regions, representing the sites most susceptible to attack by electron-seeking species,
align with the electrophilic Fukui functions, which indicate the molecule's ability to donate
electrons. Conversely, the LUMO regions correspond with the F+ regions, which indicate the
molecule's tendency to receive electrons. By applying the theoretical principles of the hard and
soft acids and bases (HSAB), it becomes feasible to elucidate the electronic structures using

fundamental molecular reactivity indicators (Cerda-Monje et al., 2014).

As a result, the molecular and electronic structure of MG and BB are described in Tables 4.2 and

4.3 using certain quantum-chemical terms. The propensity of a species to emit electrons is

indicated by a high value of HOMO. The energy required to evict an electron from the outermost

orbital also decreases with the magnitude of E = LUMO - HOMO. Chemical hardness (or softness),
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which promotes intimate contact between the interacting species, may be a significant determinant

of the likelihood of electrophile/nucleophile interaction

Table 0.2 features of BB's quantum chemistry as calculated

Chemical Parameters Values (eV)
Enomo -6.493
ELumo -2.925
Energy gap, AEgap= (Eiumo — EHomo) 3.568
Electrochemical potential, p = -X -4.709
lonization potential, | 6.493
Electron affinity, A 2.925
Electronegativity, X = (1+A)/2 4.709
Chemical Hardness, n = (I-A)/2 1.784
Chemical softness, S =1/1 0.561
Electrophilicity, o = p%/2 n 6.214
AE Back donation (-n/4) -0.446

Table 0.3 features of the MG's quantum chemistry, as calculated

Chemical Parameters Values (eV)
EHomo -3.186
ErLumo -2.880
Energy gap, AEgap= (Eiumo — EHomo) 0.306
Electrochemical potential, p = -X -3.033
lonization potential, | 3.186
Electron affinity, A 2.880
Electronegativity, X = (1+A)/2 3.033
Chemical Hardness, n = (I-A)/2 0.153
Chemical softness, S =1/1 6.534
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Electrophilicity,m = u%/2 n 30.062
AE Back donation (-n/4) -0.038

BromophenolBlue molecules' reactive areas were evaluated using the Fukui indices (FI) for
nucleophilic (F+), electrophilic (F-), and radical (FO) attacks. In Table 4.4, the derived Fukui

functions BB are displayed.

Table 0.4 values of the radical, nucleophilic, and electrophilic Fukui indices for BB

No/ Atom F F* Fo

C (1) 0.027 0.014 0021
C (2) 0.016 -0.000 0.008
C (3) 0.028 -0.007 0.010
C (4) 0.019 0.010 0.014
C (5) 0.016 0.011 0.014
C (6) 0.033 0.013 0.023
C (7) 0.002 0.002 0.002
C (8) 0.030 -0.004 0.013
C (9) -0.009 0.029 0.010
C (10) 0.028 0.016 0.022
C (11) 0.015 0.018 0.016
C (12) 0.035 0.014 0.025
C (13) 0.035 0.016 0.025
C (14) 0.016 0.001 0.008
C (15) -0.004 0.050 0.023
C (16) 0.010 0.087 0.049
C (17) 0.016 0.087 0.030
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C (18) 0.012 0.067 0.040

C (19) 0.002 0.060 0.031
Br(20)  0.062 0.043 0.052
Br(21)  0.125 0.050 0.087
Br(22)  0.066 0.059 0.062
Br(23)  0.150 0.053 0.101
0 (24) 0.053 0.020 0.036
0 (25) 0.055 0.020 0.038
H (26) 0.019 0.010 0.014
H (27) 0.020 0.011 0.015
S (28) 0.006 0.027 0.017
0 (29) 0.022 0.046 0.034
0 (30) 0.011 0.045 0.028
0 (31) 0.002 0.018 0.010
H (32) 0.014 0.001 0.007
H (33) 0.008 0.001 0.007
H (34) 0.015 0.011 0.013
H (35) 0.013 0.001 0.007
H (36) -0.001 0.029 0.014
H (37) 0.010 0.044 0.027
H (38) 0.013 0.031 0.022
H (39) 0.011 0.036 0.024

The information in Table 4.4 indicates that the different functional groups in the BB molecule are
more reactive to electrophilic attack in the following order: Br23>Br21>Br20>Br22
>025>024>C12=C13>C8>C10>029>S28. This indicates that the bromine atom in the 3,5-
dibromo-4-hydroxyphenyl group is the most vulnerable to assault by oxidizing (electrophilic)
species. The reactivity order for the nucleophilic attack, which corresponds to
C17=C16>C18>C19>Br22>Br23>Br21=C15>029>030>Br20>528>024 shows the most

reactive sites to be on the Benzoxathiole group. Both attacks appear to be equally likely based on
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the nucleophilic and electrophilic reactivity index values.The radical reactivity order;
Br23>Br21>Br22>Br20>C16>C18>C19>025>024>029>C17>030>528>031 suggests the
possibility of attack mainly on the 3,5-dibromo-4-hydroxyphenyl group moiety. The results of the
computed quantum chemical descriptors indicate that the main reactive sites responsible for the
oxidative decolorization of BB are situated on the Bromine atom within the 3,5-dibromo-4-
hydroxyphenyl group.This finding is in line with the study conducted by (Cong et al., 2021)
Malachite Green dye molecules' reactive areas were also evaluated using the Fukui indices (FI)
for nucleophilic (F*), electrophilic (F), and radical (F°) attacks. In Table 4.5, the derived Fukui
functions BB are displayed.

Table 0.5 calculated values for the MG's radical, nucleophilic, and electrophilic Fukui indices

No/Atom F F+ FO

C ) 0.049 0.053 0.051
C(?2 0.026 0.028 0.027
C®d® 0.025 0.027 0.026
C@4 0.008 0.010 0.009
C (5) 0.025 0.027 0.026
C (6) 0.026 0.028 0.027
Cc(@ 0.071 0.083 0.077
C(8) 0.010 0.007 0.008
C(9 0.009 0.006 0.007
C(10)  0.025 0.024 0.025
C(11) 0.024 0.023 0.023
C(12) 0.032 0.033 0.032
C(13)  0.023 0.022 0.023
C(14)  0.024 0.025 0.024
C (15) 0.024 0.023 0.023
C (16) 0.023 0.022 0.023
C(l7)  0.031 0032 0.031
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C (18)
C (19)
N (20)
N (21)
C (22)
C (23)
C (24)
C (25)
H (26)
H (27)
H (28)
H (29)
H (30)
H (31)
H (32)
H (33)
H (34)
H (35)

H (36)

H (37)
H (38)
H (39)
H (40)
H (41)
H (42)
H (43)
H (44)
H (45)

0.023
0.023
0.032
0.031
0.011
0.011
0.010
0.010
0.027
0.021
0.012
0.012
0.021
0.013
0.017
0.017
0.012
0.013
0.017

0.017
0.012
0.016
0.015
0.016
0.016
0.014
0.016
0.015

0.022
0.024
0.028
0.027
0.010
0.010
0.010
0.010
0.029
0.022
0.013
0.013
0.022
0.013
0.017
0.017
0.012
0.012

0.017

0.017
0.012
0.015
0.014
0.015
0.015
0.013
0.015
0.015

0.023
0.024
0.030
0.029
0.010
0.010
0.010
0.010
0.028
0.021
0.013
0.013
0.021
0.013
0.017
0.017
0.012
0.012

0.017

0.017
0.012
0.015
0.014
0.015
0.016
0.013
0.015
0.015
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H (46) 0.015 0.014 0.015
H (47) 0.014 0.013 0.014
H (48) 0.015 0.014 0.014
H (49) 0.015 0.015 0.015
H (50) 0.015 0.014 0.014

According to the information in Table 4.5, the different functional groups in the MG molecule
should be attacked by electrophiles in the following order: C7>C1>C12=N20>C17=N21
>C2=C6>C10=Ca3. This means that the most reactive site for attack by oxidizing (electrophilic)
species is the phenyl methylene group. The reactivity order for the nucleophilic attack, which
corresponds to C7>C1>C12>C17>C6=C2=N20>C3=C5=N21>C14 shows the most reactive
sites to be also in the Phenyl methylene group. The radical reactivity order;
C7>C1>C17>N20>N21>C2=C6 also suggests the same possibility. The nucleophilic,
electrophilic, and radical reactivity indices' values indicate that all types of attacks are equally
likely. Additionally, the computed quantum chemical descriptors show that the primary reactive
sites responsible for the oxidative decolorization of MG are situated on the carbon atom within the
methylene group.The work of (Singh et al., 2013; Sasidharan Pillai & Gupta, 2016) provides

evidence for this
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Based on findings from this research it can be concluded that Bromophenol Blue (BB) dye and
Malachite Green (MG) dye contaminated can be degraded to high efficiency with the
electrochemical method. Operating variables including temperature, PH, current density, and
supporting electrolyte type had minimal impact on the degradation efficiency, whereas
supporting electrolyte concentration showed a more marked shift. Generally, it was observed
that the highest degradation efficiency occurred in acidic media, high current density, high
electrolyte concentration, and temperature range of 38°C to 48°C. DFT calculations indicate
oxidative attack to be initiated at the Bromine atom of the hydro-phenyl group for BB and

Carbon of the methylene group for MG.

Bacteria and fungi strains were successfully isolated and cultured from MG and BB dye-
polluted soil respectively. High degradation efficiency was recorded for MG but not for BB.
Bioelectricity was successfully produced from MG and BB dye-contaminated water. BB dye-

contaminated water achieves the highest power density.

5.2 Contribution To Knowledge

With its two-prong approach, this work has significantly added to the database of coupled
systems for efficient treatment of dye-contaminated water and simultaneous electricity
production. This will greatly assist wastewater water treatment managers and
environmentalists to make better cost-effective and energy-efficient decisions about

wastewater treatment.

5.2 Recommendation

1) Further studies should be carried out to determine the biodegradation mechanism of BB

and MG by the isolated strains.
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2) A continuous-reactor MFC design for both BB and MG dye-contaminated water should be
studied to better understand the current producing capacity of the dyes.
3) COD, TOC, and other water treatment analyses should be carried out in both the microbial

degradation and MFC to determine the extent of re-useability of the wastewater.
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Appendix 1: Microbial degradation flask
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Appendix 3: Microbial Fuel Cell Setup
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