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Elektrot malzemesi, mikrobiyal yakit hiicrelerinde (MFC'ler) iiretilen elektrik miktarinda
onemli bir rol oynar. MFC'lerde kullanilan metal elektrotlar, hiicre veriminin diigmesine
yol acan biyolojik korozyona ve konsantrasyon hiicresi korozyonuna maruz kalir. Bu
caligmada, secilen {i¢ elektrot malzemesinin, paslanmaz celik, bakir ve ¢inkonun farkl
calisma kosullar1 altindaki korozyon davranisi arastirilmis ve tartisilmistir. Bu ¢alismada
saccharomyces cerevisiae, mikroorganizma (MO) olarak ve sodyum asetat ise substrat
olarak anot boliimiine eklenmisti. MO konsantrasyonu, katot bolimanun
havalandirilmasi ve katot bolimiindeki akis hiz1 gibi farkli ¢alisma parametrelerinin bu
elektrotlarin korozyon hiz1 (CR) tlizerindeki etkisi incelenmistir. Elektrotlarin korozyon
davranisint ve iretilen akimin davranisini anlamak icin elektrotun potansiyeli farkli
kosullar i¢in Olgiilmiistiir. Hem anot bélmesinde hem de katot bolmesinde elektrotlarin
en yliksek CR'sinin anot bolmesinde artan MO konsantrasyonu ile arttig1 tespit edildi.
Paslanmaz celik, arastirilan tiim ¢alisma parametreleri aralig1 i¢in en diisiik korozyon
oranini sergiledi ve ardindan bakir geldi. Incelenen tiim kosullarda korozyon hizinin gok
yliksek olmasi ve iiretilen akimin ¢ogunun korozyondan kaynaklanmasi nedeniyle ¢inko
elektrotun MFC'de elektrot olarak zayif oldugu tespit edildi. Ek olarak, bu ¢alisma, su
bolmesindeki hava pompalamasi ve ¢alkalamanin, iiretilen akimda ve her iki bolmedeki
elektrotlarin CR'sinde kayda deger bir artisa neden oldugunu gostermistir.
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anaerobik mikroorganizma, akis hizi, havalandirma



ABSTRACT

Master‘s Thesis

INVESTIGATION OF THE CORROSION BEHAVIOR OF METAL ELECTRODES
USED IN MICROBIAL FUEL CELL FOR GREEN ENERGY PRODUCTION

Mohammed Khamees Fayyadh ALALWANI

Ankara University
The Graduate School of Natural and Applied Sciences
Department of Energy Engineering

Supervisor: Assoc. Prof. Dr. Ozcan KOYSUREN

The electrodes material plays an important role in the amount of electricity produced in
microbial fuel cells (MFCs). Metal electrodes used in MFCs are subject to biological
corrosion and concentration cell corrosion which leads to decrease the efficiency of the
cell. In the present work, the corrosion behavior of three selected electrode materials,
stainless steel, copper, and zinc under different operating conditions was investigated and
discussed. The microorganism (MO) used in this study was Saccharomyces cerevisiae in
the anode chamber with sodium acetate as a substrate. The effect of different operating
parameters on the corrosion rate (CR) of these electrodes were studied such as: MO
concentration, aeration of cathode chamber, and flow velocity in cathode chamber. The
potential of the electrode was measured for different conditions to understand the
corrosion behavior of electrodes and the behavior of produced current. It was found that
the highest CR of the electrodes in both anode compartment and cathode compartment
increases with increasing MO concentration in anode compartment. The stainless steel
exhibited the lowest corrosion rate for the whole investigated range of operating
parameters followed by copper. The zinc electrode was found to be poor as an electrode
in MFC as its corrosion rate was very high in all conditions investigated and most of the
produced current is due to the corrosion. In addition, this study showed that the air
pumping and agitation in water compartment causes an appreciable increase in the
produced current and in the CR of the electrodes in both compartments.
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1. INTRODUCTION

Household and commercial energy consumption has increased as the global population
develops. Roughly, 80 percent of world energy supplies depend on current situations.
Non-renewable fossil fuels are easily exhausting. Crude oil, natural gas and liquid fuel
reserves were estimated to last 60, 120, and 60 years, respectively, at current consumption
rates (Buyanov et al. 2011). Another problem with fossil fuel consumption is greenhouse
gas emissions (GHGs). Microbial fuel cells (MFCs) have recently been intensively
researched in many academic laboratories as a potential bioenergy production technology
from organic carbon sources such as wastewater, sludge and others (Zhou et al. 2014,
Rhoads et al. 2005). The MFCs convert the energy stored in the chemical structures of
organic materials into electrical energy through the catalyst electrically active bacteria
reactions (biocatalysis). MFCs generate bioelectricity directly in the process of degrading
organic matter in wastewater instead of a biofuel (Zhou 2014, Rahimnejad 2015, Logan
and Regan 2006). The performance of MFC is depending on the electrode materials,
electrode potential, microorganism concentration and substrate concentration. These
factors influence the microbial metabolism, and thus the formation and composition of
biofilms. Microbial biofilms use a number of electron exchange pathways to create
electrochemical interactions with metal surfaces. Direct mechanisms involve adsorbed
bio compounds enzymes, which catalyze the cathodic reduction of oxygen for aerobic
biocorrosion or the proton/water reduction in anaerobic processes (Bergel et al. 2005).
Microscopic organisms serve as catalysts in MFCs, turning chemical energy into
electrical energy effectively through biological electrochemical reactions (Deval et al.
2017). According to Jack et al. (1992), microorganisms were accountable for 34% of
localized corrosion at an oil company. In the 1950s, it was estimated that the yearly cost
of microorganism influence corrosion (MIC)-related material properties repair and
upkeep in different kinds of delivery in the United States would be around $0.5-2 billion.
Booth (1964) estimated that MIC was accountable for 50% of pipe corrosive environment
in the United Kingdom. Microbial impacts are thought to be responsible for roughly 20%

of all corrosive environment to metallic surfaces.



Microorganism influence corrosion (MIC) is the result of a microbiologically induced
change that promotes the formation or preservation of physiochemical interactions that
would not normally occur under essentially similar circumstances. It is important to
remember that in essence, these microorganisms’ procedures need not act in solitude, but
instead in live show with electrochemistry forces inside the particular setting. The metal
degradation is recognized as biocorrosion, or microbially-influenced corrosion (Little and
Wanger 1994, Usher 2014). Southern Africa's national electricity company has identified
MIC of steel material in coolant rivers and streams in virtually most of its power plants,

supplying 90% of the total electricity generation.

The electrodes material has a significant impact on the electrochemical performance of
MFCs. As a result, electrode testing is crucial in this industry. The fundamental and
particular characteristics of MFC electrodes materials are numerous. Electrochemical
solid terminal materials ought to have high reactivity, biocompatibility, chemical
stability, dimensional stability, and also safely effective or caustic in particular
(Mashkour and Rahimnejad 2015). Metal electrodes are widely investigated to serve as
electrodes in MFC (Hamed et al. 2020, Nurettin 2017). Despite the several advantages of
metal electrode such as high electrical conductivity, high mechanical properties,
availability and cost-effective prices, the important limitation is the corrosion. The
formation biofilm and the formed compounds due to the bacterial activity affects the
electric current generated and the corrosion rate of metal electrode in MFCs.

The microbial fuel cell (MFC) is mainly a concentration cell in which a part of the current
produced between the two terminals of the same electrode material is due to the potential
difference and may be due to the corrosion. Despite the use of same electrode material in
the two compartments of MFC, a potential difference arises due to the establishment of
concentration cell effect. The corrosion in concentration cells has been investigated by
several author such as Ali and Hasan (2020), and Ahmad (2006).

In MFC, the presence of microorganism and substrate and the produced compounds due

to bacterial activity increases the concentration cell effect which leads to increase the



current produced. The potential difference between the two terminals may cause an
enhanced corrosion of the electrode in the compartment of high potential that leads to
decrease the MFC efficiency. The rate of corrosion of the electrode is dependent also on
the electrochemical properties of that electrode.

Amongst all metals, stainless steel, copper and zinc have been recently proposed as a
suggested electrode for MFC operation. In fact, most studies used these materials does
not pay enough attention to the corrosion problem of such metals in MFC environment
in both compartments. The conditions in both compartments are different and can
becomes considerably corrosive due to the formation of corrosive compounds in anode
compartment and due to the aeration and flow in cathode compartment to increase the
cell efficiency. The electrical connection between the two electrodes in MFC causes the
corrosion phenomena to become more complicated due to mutual effect of electrode on
each other. Although the corrosion phenomenon in MFC has a significant effect, studies
concerning this issue are limited in literature. Most of the literature focuses on the
maximization of the produced current without evaluation of the consequences on the
electrode corrosion often. Some studies used two different materials as electrode in MFC
without evaluation of the galvanic effect that is responsible about the production of
important part of the cell current. Accordingly, studying the corrosion behavior of the
commonly used metals electrode in microbial fuel cell under different operating
conditions is of a scientific and practical significance for recommending the successful

metals for this application.

1.1 Objectives of the Study

The major objectives of this work are:

1- Studying the corrosion behavior of some selected metals that are used as electrode
material in MFC; which are stainless steel, copper, and zinc.

2- Studying the effect of different operating parameters such as the microorganism
concentration in anode compartment, aeration in cathode, and flow velocity on the

corrosion rate and on the MFC current of these metals.



2. LITERATURE SURVEY

2.1 The Concept of a Microbial Fuel Fell (MFC):

The MFC is one of the most promising technologies for producing biological energy
(Drapcho et al. 2008, Zhang et al. 2019). MFCs have become one of the most prominent
technologies for generating clean green energy in current history (Mohan and
Chandrasekhar 2011, Pant et al. 2012). MFC, which utilizes organic and inorganic waste
to create power, is one of the environmentally friendly technologies that has expanded
gradually over the previous few decades (Mohan et al. 2014). A MFC is a bio-
electrochemical reactor containing microorganisms that create energy by oxidizing

organic or inorganic molecules (Logan 2006, Mook 2012).

Microbial fuel cells use an extremely active catalytic process to transform the stored
energy in the molecular structure or organic compounds into electrical energy
(biocatalysis). MFCs are a form of biofuel cell made up of solutions, electrode, biofuels,
biomaterials and other things. Microbial fuel cells also employ proton-conducting
membranes (or salt bridges). In microbial fuel cells, inert electrochemical solid terminals
such as graphite, carbon compounds and platinum are typically utilized (Cek 2016). MFC
generates electricity using bacteria's metabolic energy, acting as a bioprocess for the
organic oxidation and inorganic compounds as well as the creation of electrons and
protons. Figure 2.1 depicts a typical MFC in its simplest form. The reactions (Eq. 2.1-
2.3) are presented with acetic acid as the anode substrates and oxygen (Oz) as the terminal

electron for the cathode (Kalia and Kumar 2017).

Anodic reaction : CH:COOH + H20 —2C0O; + 8H™ + 8e~ (2.1)
Cathodic reaction : 8H* + 8~ + 20:—4H0 2.2)
Overall reaction : CH:COOH + 20:—2H20 + 2CO; (2.3)
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Figure 2.1 The layout of a simple MFC (Gerdon 2020)

In the anode compartment (anode reaction), microorganism respiration oxidizes the
acetate substrate to carbon dioxide, releasing protons and electrons (Equation 2.1).
During this reaction, electron intermediates are generated. It is then sent to the cathode
compartment via an external integrated circuit. Kim et al. (2007) analyzed that each
transferred electron is the result of the corresponding protons passing through the proton
permeable membrane and difusde into the cathode compartment, maintaining the charge
neutrality of the cathode compartment. The electrons are known to be a useful product
from the oxidation reaction at the anode compartment, which travels through the
conductors to the cathode compartment and forms water at the cathode electrode. Also,
as shown in the formula, protons react with electrons and oxygen to form water molecules
(cathodic reaction) (Equation 2.2). These protons travel to the cathode chamber through
the membranes connected to both the cathode and anode chambers. Membranes allow
protons (H*) to pass through, but at the same time do not allow electrons to pass through.
Therefore, the presence of oxygen in the cathodic reaction is important for the completion
of the reaction. Interestingly, the flow of electrons from the positive electrode to the

negative electrode through an external circuit is involved in the generation of energy.



2.2 Basic Concept of Bio-Catalytic Energy Production and the Mechanisms of

Electron Transfer

Energy-rich molecules, such as glucose, are metabolized by living cells, and energy is
gained through following oxidation and reduction reactions (Eq. 2.4 and 2.5). To assist

to metabolize the substrate, enzymes in the cell minimize the activation energy (Christgen

etal. 2011).
CegH1206 + 6H20 — 6C0O2 +24H™ + 24 Eqs=0.014 V(SHE) (2.4)
602 +24H* +24e- — 12H20 Ep=123 V(SHE) (2.5)

Logan and Regan (2006) stated that microorganisms can produce electrons by three

methods:

l. Exogenous mediators (those that are produced outside of the cell) include small
amounts of potassium to work properly, thionine’s and neutral red.

Il.  Adopting bacteria's own mediators

. Electron transfer directly from respiration enzymes (cytochromes) to the

electrodes. Microorganisms are used to generate power in MFCs.

MFCs generate electric power by the use of microbes. Organisms that transmit electrons
to the anodic electrode are called electrode-reduction microorganisms. While the micro-
organism oxidizes organic materials or substrate into CO». The organisms can transfer
electrons through a mediator particle in the electrolyte, directly through enzymes in their
outer membrane, or through external circuit or pili that coat the outer surface of the
bacterium (Clark and Pazdernik 2009).

Figure 2.2 reveals the microbial fuel cell theory, direct electron transfer and then
nanowire structure from a bacterium to a working electrode. Electron paths from bacteria
to the positive electrode have been posited as conduction (direct) or facilitation (Figure
2.2) (Torres et al. 2010). Like recommended in chemical methods, mediators are
produced by the microbial community (Rahimnejad et al. 2015). The charged particles
produced in Eq. 2.4 are transferred to the anode as a final electron acceptor. An open

circuit is then used to send them to the cathodic electrode. A conductive polymeric matrix



and conductive nanostructured wire for close interaction with the anode are two other
options (Kato Marcus 2007, Sengodu 2015). In recent times, MFC research has mainly
focused on some issues such as MFC type anode, cathode, and membrane (Table 2.1).
Municipal/domestic industry effluents are the most common substrates used. MFCs can
be upscaled for treating wastewater by layering and/or using an altered electrode, as
discussed in the preceding sections. Before manufacturing wastewaters were introduced,
a current rating cons. of 1.25 A/m? and a removal efficiency of 35 percent were achieved
when utilized in conjunction with another sewage treatment unit, such as an anaerobic

fermentation (AD) unit with a 45 m® spending area (Wang et al. 2020).
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Figure 2.2 Basic concepts of MFC prevailing (a) the mediated, (b) direct and (c) electron
transfer and nanowires (Mohan 2014)

Table 2.1 Summary of MFC studies in the last five years (2016-2020)

Reactor Substrate Anode Cathode Membrane References

Type (Number) (Number)
1 Movable, Primary GFB(8) Bio-GFB  Dynamic (He et al. 2019)

15md effluent (7, (microbial)

(Primary Anode membrane

clarifier- effluent

DCMFC-

Secondary

clarifier)




Table 2.1 Summary of MFC studies in the last five years (2016—-2020) (continue)

2 DCMFC, 64 Municipal RVC RVC, VANA- (Blatter et al.
units, 1000 ww Groundwater Dion 2021)
L
3 DCMFC,50 Municipal GAC GAC, CEM (Liang et al.,
units, 1000 ww Artificial 2018)
L catholyte
4  SCMFC,6  Sanitary C felt CozZnFeOor  Clayware (Das et al.
units, 720 L sewage SnCu/C felt 2020)
5 Submergible Municipal GFB SS-AC (16, Glass (Hiegemanneet
MFC, 255 L ww (10) VitoCORE®) fiber al. 2019)
separator
6 DCMFC,96 Primary CFB C cloth/N- CEM (Ge at al.
units, 200 L effluent AC, Aerobic 2016)
effluent
7 SCMFC, 12 Swine GFB Gas diffusion None (Babanova et
units, 110 L wWwW (20) cathode al. 2020)
8 SCMFC, 85 Domestic GFB SS-AC (15, Glass (Rossi et al.
L ww (22) VitoCORE®) fiber 2019)
separator
9 DCMFC, 72 Synthetic GAC/Ti GAC/Ti CEM (Wu et al.
L ww mesh mesh, 2016)
Desalination
effluent
10 DCMFC, 6 Swine GG GR, AEM (Vilajeliu-Pons
units, 60 L, manure Ammonium et al. 2017)
SS SS, AEM (Vilajeliu-Pons
Ammonium et al. 2017)
11 SCMFC,45 Primary GFB(8) Pt/C cloth/SS None (Hiegemann et
L effluent (2 al. 2016)
12 SCMFC, 40 Municipal  Cfelt Pb/C cloth CEM (Estrada-
units, 16 L ww Arriaga et al.
2018)
13 DCMFC,2 Brewery Modified Modified C Nano- (Luetal.
units, 20 L ww C cloth cloth filtration 2017)
membrane

2.3 The Anode and Cathode Compartment

A typical MFCs design consists of two chambers: one is the anode chamber (anaerobic)
and the other is the cathode chamber (aerobic). The anode chamber that contains active

bacteria oxidize the substrate to produced protons and electrons, and transport the



electrons to form a biofilm on the anode electrode surface (Kim et al. 2008). These
electrons pass through the external circuit to reach the cathode, while positive charged
particles pass through the electrolyte and transfer through the salt bridge to reach the
cathode. When protons pass to the cathode chamber, they combine with negative charged
electrons and oxygen to form water with help of a catalyst (Liu and Logan 2004). The
dynamical membranes and simmered anolyte constructed of graphite fiber brushes were
used by He et al. (2019) to build low-cost bio-cathodes with microbiological biofilm
growth. A multi-panel air electrode has been patented by Bouwman et al. (2020), which
allows many smaller cathodes to be linked together through a uniform sheet of metal.
Rossi et al. (2019) tested this inter air cathode for purifying household sewage in an 85 L
single-chambered microbial fuel cell (SCMFC). With a 22-graphite fiber brushing as the
anode and fiber glass as that of the separator, a peak power efficiency of 0.605 W/m? was
achieved, with chemical oxygen demand (COD) elimination of 80% and current
efficiency (CE) of 27%. A 255 L MFC sample with the same electrode unit has also been

examined.

2.4 The Corrosion and Forms of Corrosion Attack in MFCs

Corrosion is an electrochemical process because it involves the transfer of electrons
between the surface of metal and the aqueous electrolyte solution (Zvandasara et al.
2010). Corrosion is caused by the natural tendency of most metals to return to their natural
state (Melchers 2005, Norsworthy 2014). Metal corrosion in an electrolytic environment
is an electrochemical process associated with the corresponding oxidation and reduction
reactions (Darowicki et al. 2001). Current flows from the high potential electrode to the
low potential electrode. As a result, the system experiences two reactions at the same
time. Oxidation is the process that occurs when electrons are emitted from a surface of
electrode called the anode. The emitted electrons are used in other circuits in the circuit

shown in the Figure 2.3.
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Figure 2.3 The corrosion cell (Richard 2021)

The steel corrosion would be considered as an electro-chemical technique which happens
in stages. First attack happens at anodic electrode region on the surface, where ferrous
ions go into electrolyte. Electrons are released from the anodic region and pass through
the external circuit to the nearby cathodic region on the surface where they combine with
02 and H20 to form OH" ions. The OH" ions react with the ferrous ions from the anodic
electrode to produce iron hydroxide, which has high tendency to react with ambient air
to produce hydrated iron oxide, red corrosion surface. The overall reaction is shown by
the following expression (Robert et al. 2003, Revie 2011):

Steel + oxygen + water = rust

This electrochemical process (corrosion) leads to loss of material properties, causes
economic loss, compromises safety, and causes environmental problems (Hussein 2006,
Roberge 2019). MFC has several corrosion attacks, which can be categorized based on
what corroded metal is found on the surface. Mere visual inspection can result in any
form. The naked eye is generally sufficient but zooming may or may not be useful.

2.4.1 Biological corrosion

The degradation of metal or non-metal objects due to the presence of microorganisms is
known as biological corrosion. This pitting corrosion is frequently caused by bacteria

clinging to metal surfaces inside the shape of biofilm. Corrosion can be caused by
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organisms producing oxidizing chemicals, which are mainly metabolism products or
indirect consequences of metabolic products acting on the metal. An electrochemical
reaction causes a metal in liquid to ionize.

M — MZ* + Ze (2.6)

Electrons removal by one or more mechanisms causes the reaction to proceed to

corrosion:
JH* + 2e” —2H — H; 2.7
Ha0 + 1/207 + 2e- — 2(OH) (2.8)

The oxidizers in these reactions are hydrogen ions and oxygen. Microbial development
or higher microorganisms may also contribute to or trigger corrosion by creating
differential concentrations of depolarizing agents, differential oxygen, or chemical
concentration cells. Certain anaerobic microorganisms that can activate and use
hydrocarbons can eliminate hydrogen (electrons) from metal substrates, speeding up the
process (Eq. 2.7). Interaction by organisms with the creation or destruction of natural or
applied protective layers, as well as the degradation of corrosion protection in closed
systems, might all have a part in the outcome corrosion rate. Various organic and
inorganic acids are among the most corrosive compounds created by bacteria. What is
important to promote corrosion is mainly produced under aerobic parameters (lverson
2008). These currents are important for the corrosion of many metals when they are dirty
or very heavy to activate metabolic processes in which microorganisms can generate
currents due to fluctuations in the cons. of oxygen or ions on the metal electrochemical
interface border. These potential differences cause the metal to be corroded in the
subterranean oxygen-poor anodic region, where electrons combine with oxygen and
water to form hydroxyl ions (Miller et al. 2016). Organisms that are susceptible to
oxidation have been found not only in anodes, where electrons are transmitted from
microbes to terminals, but in cathodes, where protons are consumed by bacteria (Bergel
et al. 2005). The indirect involvement of aerobic microorganisms in metal corrosion is
well understood (Figure 2.4a) (Hamilton 2003, Beech and Sunner 2004,).
Exopolysaccharides produce a biofilm on the metal substrate (EPS). At the anode,
zerovalent Fe is oxidized, and electrons are transported to the cathode, reducing EPS
bound Fe3* to Fe?*. Chemically or biochemically, Fe?* is oxidized to Fe**, reducing

oxygen (Beech and Sunner 2004). Sulfate-reducing bacteria, mostly species in the genus
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Desulfovibrio (Kakooei et al. 2012, Mand et al. 2014), employ sulfate as an acceptor and
minerals as an electron carrier in anaerobic MIC circumstances. According to one theory,
electrons are transferred directly from corrosion occurring metals to microbial species (as
depicted in Figure 2.4b) (Venzlaff et al. 2013). Other bacteria, such as anaerobic
chemolithotrophic homoacetogenic form a biofilm on which sulfate reducing microbes
cause corrosion. (Mand et al. 2014) Metals, on the other hand, are employed as electron
donors. According to one theory, electrons are transported directly from corrosion
occurring metals into bacterial cells (as depicted in Figure 2.4b) (Venzlaff et al. 2013).
Other bacteria, including anaerobic heterotrophs homoacetogens like Acetobacterium
woodii, establish a biofilm on the corroding electrode with the sulfate-reducing bacteria
(Mand et al., 2014). Desulfovibrio organisms cannot develop chemolithotrophically,
therefore the homoacetogens feed acetate to the sulfate-reducing bacteria. As a result,
knowledge obtained in the field of MIC might be used to advance cathode construction
for MFCs and conversely (Erable et al. 2012).
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Figure 2.4 a) Showing of iron corrosion under aerobic states (Beech and Sunner, 2004)
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b) Sulfate-reducing bacterium MIC presenting electron transfer from zero-valent
electrode to the bacterial domain through equilibrium redox development of
the mechanisms (Venzlaff et al. 2013)

2.4.2 General corrosion

This kind of corrosion is one of the most popular corrosion forms happened on most metal
electrode at a constant rate and often predictable. All homogeneous metals are subject to
such general attacks when there is no potential difference between any two points on the
electrode. Uniform corrosion is a chemical or electrochemical reaction used to
characterize this attack, which happens on specific area of electrode surface or on the
whole electrode surface. The metal becomes thinner and ultimately fails (Revie and Uhlig
2008, Fontana and Greene 2018). Uniform corrosion can be common in active dissolution
in acids, oxidation and tarnishing, anodic oxidation and passivity, atmospheric and
immersed corrosion in certain cases (Revie and Uhlig 2011).

2.4.3 Concentration cell corrosion

This sort of corrosion occurs between same metal immersed in different electrolytes with
different corrosive species concentrations. The difference in potential forces the metal to
develop cathodic and anodic zones. The electrical circuit (a conduit for electron

movement) is completed by the metal surface and the electrolyte solution, allowing
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current to flow and electrochemical corrosion to proceed (Ali and Hasan 2020).
Concentration cell corrosion can be classified into two categories:

1- Metal lon Concentration Cells: In the presence of water, a high concentration of
metal ions in microorganism compartment and a low concentration of metal ions in
water compartment. This difference in concentration of metal ions will create
difference in electrical potential. The portion of metal in contact with low metal ion
concentration will be cathodic, while the area in contact with high metal ion
concentration will be anodic and corroded.

2- Oxygen Concentration Cells: A water solution in contact with the metal surface will
normally contain dissolved oxygen. When there is a difference in dissolved oxygen
concentration between microorganism compartment (anode) and water compartment

(cathode), corrosion will occur at the area of low-o0xygen concentration (anode).

Concentration Cells (Galvanic cells) are commonly seen in subterranean constructions
like as buried pipelines for crude oils, where the water layer that settles at the bottom of
the tank has high concentration of salt, causing cons. cell deterioration between both the
tank walls and the tank base. The potential difference is caused by changes in the
dissolved content of corrosive components in the fluids found at the bottom of the storage

facilities, resulting in cathodic and anodic zones (Ahmad 2006, Heidersbach 2018).

2.5 Parameters Impacting on MFC Electrodes Corrosion Rate

The accumulation of resulted biological contaminates in the biofilm (oxidized
intermediates or protons) would be prevented where oxidation parameters can be
changed, and the metabolism of the biofilm stops (Clauwaert et al. 2007). For the suitable
operation of the MFC, both protons and electrons need to move freely from the anode to
the cathode at the highest feasible rates. Diffusion alone may not be sufficient to reach
acceptable levels of current and cell potential. A sharp decrease in proton transport can
decrease the pH of anode below 5 making it unfavorable for bacterial growing and more
corrosive. To solve this problem, turbulent parameters can be introduced into both
electrode by either vibration or recycling of raw materials (Rozendal et al. 2008).

However, energy is spent, which reduces the overall efficiency of the system (Clauwaert
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et al. 2008). The rate of corrosion is subjected for various parameters in microbial fuel
cell. The various parameters depend mainly upon major mechanisms: physical, chemical,

and biological as illustrated in Figure 2.5 (Muhammad et al. 2018).
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Figure 2.5 The effective parameters on MIC corrosion (Muhammed et al. 2018)

2.5.1 Effect of microorganism

Biofilms are bacterial populations that attach to metallic or even non-metallic
electrochemical interface borders (Hall Stoodley et al. 2004). Adherent cells are bacteria
that are embedded in biofilms, whereas planktonic cells are germs that are floating in bulk
fluid (Donlan 2002, Veerachamy 2014). Microorganisms without stems can break out
from the biofilm and colonize new territory (Costerton 2007). Microorganisms release
extracellular polymer substances (EPS), such as nucleic acids, polysaccharides, and
proteins to create biofilms (Usher et al. 2014). Corrosion that is impacted by microbiology
is caused by microbial activity (Little and Lee 2014, Liu et al. 2018). In the vast majority
of cases, biofilms are regarded to be the principal source of microbiologically caused
corrosion (Xu et al. 2017). Due to bacteriologically impacted corrosion (MIC), aluminum
alloy is not damaged by pitting corrosion (Dai et al. 2016). Bacteria create organic acids,
which can cause corrosion to carbon steel. Other metals, such as zinc, have been observed
to be corroded by these acids (Juzeli et al. 2007, Qu et al. 2017). Microorganisms are
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already known to cause biocorrosion due to organic acid production which increases the
acidity beneath biofilm communities (Xu et al. 2016). The pH underlying the biofilm may
be lower than that of the bulk liquid. Vroom et al. (1999) observed that the acidity values
of two nearby locations in the same biofilm might range by 2 or more. Proton impact is
thermochemically beneficial when combined with oxidization at low enough pH. The
organic acids are generally weak acids. At the same pH, acids, which have the ability to
buffer protons, are significantly more invasive than strong acids like sulfuric (Kryachko
and Hemmingsen 2017).

2.5.2 Effect of electrode materials

In terms of electron transport, resistance to corrosion, and electrolytic efficiency,
choosing the proper electrochemical electrode is critical for MFC performance. Scaling
power generation using various types of carbon paper, carbon steel, copper and stainless
steel has been the subject of significant research (Govind 2015). The latest trend in MFC
research work is to choose the low-cost electrode material, high corrosion resistant and
high current density. Furthermore, the negative electrode must possess catalytic
characteristics for the reduction of oxygen (Logan 2010). The anode and cathode
materials must have the following features: Porosity and electrode area: The electrode of
the terminals drastically limits the MFC's output power. The electrode resistance is
equivalent to the ohm losses. Increasing the specific electrode area while maintaining the
volume constant is the simplest technique to decrease losses and improve MFC
efficiency. Furthermore, the huge electrode area gives more sites for reactions, which
improves the electrode's reaction rate (Wang et al. 2011, Rismani-Yazdi 2008).
Permeability, on the other hand, lowers the material's conductivity. Electrical
Conductivity: After traveling through to the anode, electrons generated by
microorganisms most typically flow via external circuits. The electrochemical solid
terminal material's excellent electrical conductivity adds to the electron flow's low
impedance. At around the same time, in order to enable electron transfer, the interface
impedance must be low. lonic conductivity is also required at the cathode to support the
three-phase border reaction (Natarajan and VVan Nguyen 2004). Stability and long-term

viability: Microbial fuel cells' reducing, and oxidizing environments can induce material
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expansion and degradation. Large electrode irregularity can boost the material's
endurance while also raising the risk of cross-contamination, lowering MFC's long-term
effectiveness. As a result, in both acidic and basic environments, the electrochemical solid
terminal material must be robust and stable. Cost and accessibility: For fuel cells, the cost
of electrocatalysts has a substantial influence on the capital cost. In order for MFC to be
commercialized, materials must be inexpensive, durable, and easily available. Platinum,
for example, is both costly and unsustainable. In the future, precious metal-free
alternatives, such as composites, may be used to replace precious metals in electrode.
Furthermore, the anode material utilized must be biocompatible. Bacterial adhesion is

increased by using biocompatible materials, which extends the life of MFC.

2.5.3 Effect of dissolved oxygen concentration (DO)

Most electrolytes that come into contact with the air (natural water and synthetic solutions
in flask) will have dissolved oxygen. The quantity of oxygen that water can hold is
affected by the temperature, saltiness, and water pressure. As the temperature rises, the
absorption of gases drops (colder water holds more oxygen). With increased salinity, gas
viscosity decreases (freshwater holds more oxygen than does saltwater). With altitude,
both pressure gradient and percentage of oxygen saturation will change. Finally, when
pressure decreases, gas solubility diminishes. As a result of the reduction in relative
pressure, the amount of oxygen dissolved (DO) and consumed in water reduces as altitude
rises. The DO can oxidize dissolved substances into inorganic salts and ruin the protective
hydrogen coating that develops on many minerals (Revie and Uhlig 2011). Due to such
unsteady system features of the structure as i - building up of passivation layer on the
electrode, ii - development of exterior roughness, iii - changing physical properties
characteristics of the corrosion products and iv - changing mechanics of flow, transfer
phenomena under operation flood are very complicated in corrosion processes in which

dispersed oxygen acts as a depolarizer (Mahato et al. 1980).
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2.5.4 Effect of flow velocity

Due to the flow impacts on both oxidation and reduction processes, velocity of the fluid
is among the most critical characteristics to examine throughout metal corrosion (Musa
et al. 2011). The relative mobility between the metal electrodes and the corrosion
occurring environment can affect the corrosion process in a variety of ways. The heat and
mass transfer of reagents toward as well as from the interface of the corrosion occurring
metal can be increased as a result of this relative movement, leading to an increase in the
corrosion rate. As a result, the impact of flow on corrosion of metals is a crucial factor to
consider when designing and utilizing industrial machinery. As previously stated, speed
has the greatest impact on base mass transfer. The substrate mass transfer is mostly
affected by velocity. As previously stated, the mass transfer equations for the anode side
and the kinetics equations are the same for both configurations. The only difference in
the mass transfer equations for the cathode side is that the cathode compartment equation
is substituted by Eq (2.9). In this configuration, natural convection carries oxygen from
the environment to the bulk. As a result, the oxygen flux is calculated as follows (Vania
et al., 2018):

N02 = hmass(cgz - C(l))glk) (2.9)

The transmission of motion from such an agitator to the liquid is required for agitated
mixing of liquids. The functioning of an impeller placed on a shaft driven motor may be
separated into two categories (Coker 2007):

1. When shearing stresses transmit momentum in a plane perpendicular to the
streamwise direction. Spinning disc and conical agitators are included in this
category.

2. Normal stresses transmit momentum in a flow direction that is parallel towards the
streamlines. Agitators in this domain include paddles, propeller, and turbocharged

mixers.

Wagh (2017) investigated the impact of agitation speed on MFC efficiency. The results
showed that raising agitation speed increased fuel cell's efficiency. Because the voltage

is formed by the diffusion of particles induced by microbes, the dispersion situation is

18



eliminated by agitation or agitating the solution. The higher the agitation speed, the more
exterior power is consumed, which is not good. With increased agitation speeds, the air
movement inside the electrolyte creates additional challenges. Hamed et al. (2020)
discovered that increased agitation speeds first increase overall power density by raising
the agitating speed of a certain value. By expanding the amount of bubble shards in the
bulk solution, raising the agitation speed creates more electronic resistance inside the
electrolyte. Baday et al. (2017) discovered that raising agitation of the bulk solution
increases the corrosion rate. This demonstrates that when agitating is conducted off with
no gas sparging, the influence of the mixing rate upon that erosion rate is more evident.
The contradictory impacts of the exhaust stream on the system's hydraulics explain this.
The rising of the gas has diminished the strength of liquid turbulence caused by the
impellers on the bottom half of the vessel, as well as the flow regime has shifted from

radially to longitudinal (Vasconcelos et al. 1995).

2.6 Literature Review

The effect of dissolved oxygen concentration (DO) on MFC performance for electricity
production was investigated by Tao et al. (2014). In fed-batch mode, the two cylindrical
chamber MFCs were used. Anode was carbon paper, while cathode was carbon cloth
containing (Pt). The solution in the blown glass bottle was oxygenated with an air pump,
and the airflow was balanced with a rotameter for air flow. The cathode received four
airflow doses of 3.5, 2.8, 2.5, and 2.0 mg/l, respectively. The cathode electrolyte was
recirculated at a rate of around 20 mL/min between the cathode chamber and the glass
container. The anode and cathode chambers were inoculated with a mixture of anaerobic
and aerobic sludge. Under a 3.5 mg/l air flowrate, the maximum output voltage is 521
mV (Tao et al. 2014).

Ogugbue et al. (2015) used a dual-chambered (anaerobic and aerobic) fuel cell to
generate power from swine effluent. Copper electrodes, in instance, generated far more
power than carbon (graphite) electrodes. The power generated by the microbial fuel cell
with copper electrodes increased from an initial output of 12.81 watts to a peak of 251.54

watts and then decreased to 57.57 watts after an eight-week trial. In addition, power
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output in the graphite electrode microbial fuel cell followed a similar pattern, growing
from 2.52 W to 52.26 W before dropping to 8.448 W at the end of eight weeks (Ogugbue
et al. 2015).

According to Aghababaie et al. (2015), copper was not an ideal material for anode due
to its microbial toxicity. Although carbon was a superior electrochemical solid terminal
material for bacterial adhesion, it had a lower conductivity for converting electrons.
Foam, linen, carbon felt, fibers, and paper are some of the materials available. Copper
anodes provide low power (2 mW/m?) when compared with stainless steel (12 mW/m?)
or carbon cloth (CC) (880 mW/m?) anodes due to the greater specific electrode area of
CC compared to the metal mesh. Graphite rods or plates are more multilateral in nature
since they are easy to handle, inexpensive, and have a definite electrode area. When
compared with other electrochemical solid terminal materials, CCs have a higher porosity

and mechanical strength (Aghababaie et al. 2015).

Javed et al. (2016) illustrated the numerous mechanisms suggested for MIC of copper
alloys, as well as microbe tolerance to copper ions and their influence on future microbial
corrosion. Sulphate-reducing bacteria have been shown to cause localized and/or inter-
granular degradation of copper-nickel alloys in many of recent research. According to the
study, copper-based alloys really aren't resistant to microbial populations and the
resulting MIC. When exposed to seawater, alloying elements have indeed been known to
suffer from localized corrosion. Both biotic and abiotic mechanisms have been used to

explain the type of corrosive environments on these alloys (Javed et al. 2016).

Dual chamber MFC was utilized by Oliveira et al. (2016). A graphite brush was used to
collect the electron-transferring bacteria in the anode chamber, while a simple carbon
paper impregnated with Pt (platinum) was used as the cathode electrode in the cathode
chamber. In the anode and cathode chambers, wastewater was employed as an inoculum.
The effect of hydrodynamic conditions on MFC performance was determined using
various rotational speeds in the cathode chamber. The varied Reynolds numbers of
rotational speeds (0, 2236, 11152, 22317 and 33469) were tried. For a 22317 Reynolds
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number of rotational speed, a higher power density of 37.3 mW/m? was reached (Oliveira
et al. 2016).

Harshitha et al. (2019) employed graphite electrodes in a two-chamber MFC. The
substrate is cow dung compost, while the anode inoculum is municipal sludge mixed with
drain water. The operating period (days) and temperature are two variables that have a
significant impact on voltage generation. On the second day, a maximum of 223 mV of
voltage was created, which then progressively fell to 220 mV on the fourth day. At
working temperatures of 30-35°C, the better voltage output of 215 mV was obtained.
Alkalinity (pH of 8) that promotes the growth of organic matter and hence affects the
MFC's effectiveness (Harshitha et al. 2019).

Liu et al. (2019) studied the corrosion mechanisms of carbon steel underneath deposit in
the addition of the sulphate reduction bacterial (SRB) Desulfotomaculum nigricans
employing electrode morphology, losing weight, and electromechanical testing.
According to the findings, SRB under deposit greatly exacerbated both overall and
localized corrosion. According to the losing weight data, the rate of material deterioration
in the presence of SRB was nearly 6 times that of the control. The greatest corrosion pit
depth in the presence of SRB was nearly 7.7 times that of controls. That both anodic and
cathodic processes were considerably enhanced by SRB. Significant corrosion process
occurred as a result of a galvanic action produced by the heterogeneity biofilm in the
presence of SRB (Liu et al. 2019).

Khouzani et al. (2019) discovered a significant microbiologically driven collapse in the
elbow of a sub electrode amine pipeline. The investigators performed a comprehensive
examination into a significant MIC-related collapse in a subterranean amine pipeline,
which included intensive microstructural studies, corroded products/biofilm studies, and
causative bacteria monitoring. Conclusions were drawn using data from visual
observation, transmission electron microscopy (TEM) and Power X-ray spectrometry
(EDS)/X-Ray Diffraction (XRD) experiments. The presence of pathogenic

microorganisms, notably salt microbes, which play a vital role in corrosion, was also
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evaluated. The failure in this example was found to be caused by salt bacterial (SRB), a
well-known significant group of microorganisms engaged in microbiological corrosion
(Khouzani et al. 2019).

The impact of operating factors on MFC performance was investigated by Gadkari et al.
(2020). A total of four single-chamber membranelles air-cathode MFCs were built. They
experimented with different working temperatures ranging from 20 to 40°C, and found a
4.5 percent drop in maximum power density at 40°C compared to 34°C. The effect of
electrode spacing was also investigated. The spacing ranged from one centimeter to four
centimeters. The optimal power density rises as the distance between the two electrodes
is reduced. The present work delivers the investigation of the impact on various
parameters: electrodes metal type, the presence and absence of air pumping, the yeast
concentration and the agitation speed. The electrochemical characteristics of microbial

fuel cell and corrosion rate are obtained through the current study (Gadkari et al. 2020).
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3. EXPERIMENTAL WORK

3.1 Microbial Fuel Cell (MFC) Configuration

The electrochemical cell constructed in this work was a double chamber microbial fuel
cell (MFC) operates in a batch mode under the aeration. The experimental set up is shown
schematically and photographically in Figures 3.1 and 3.2, respectively. Three different
electrode materials were used which were stainless steel (SS), copper (Cu), and Zinc (Zn).
The electrode was placed in the middle of a solution containing different concentrations
of microorganism (MO) which was yeast (Saccharomyces cerevisiae) and sodium
chloride 0.1 N to facilitate the electrons transfer in the circuit. This compartment is the
MO compartment which also contains a substrate of 2g/l. The other compartment (water
compartment) also contained 0.1 N NaCl. The two solutions were connected with a salt
bridge containing saturated salt solution of 0.4N NaCl used to transfer the ions between
the microorganism (MO) compartments and water compartment. The electrodes were
connected by external copper wire to transfer electricity and complete the circuit. The
temperature was kept constant at 30°C using a water bath. Air pump was used to pump
the air into water chamber at a rate of 2.51 I/min. A mechanical agitator was used for

agitating the solution with different stirring speeds in the water chamber.

The experimental work includes 4 parts:

1. Studying the effect of microorganism concentration (3, 6, and 10 g/I) on the corrosion
rate, cell current and electrode potentials.

2. Examination the effect of increasing the dissolved oxygen (DO) concentration by air
pumping into the water (cathode) chamber on the corrosion rate and electrode
potentials in MO compartment and in water compartment.

3. Investigating the effect of agitation velocity on corrosion rate, current and electrode
potentials by agitating the solutions with different speeds; 150, 300 and 450 rpm.

4. Studying the joint effect of various agitation velocity (150, 300 and 450 rpm) with air

pumping in water chamber on corrosion rate, cell current and potentials of electrodes.
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Figure 3.1 Sketch diagram of the MFC unit: (1) Ampere meter, (2) Electrodes, (3) Beaker,
(4) Water bath, (5) Salt bridge, (6) Stirrer, (7) Impeller, (8) Saturated calomel
electrode in MO solution side, (9) Voltmeter, (10) Air pump, (11) Saturated
calomel electrode in water solution side, and (12) VVoltmeter

Figure 3.2 Photograph of the experimental cell.
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3.2 Materials

3.2.1 Electrode materials

Three electrode materials were used: stainless steel, copper and zinc, as an electrode for
bio-electricity production in MFC to study their corrosion behavior. These materials were
selected because of their use in literature for MFC electrode. Figure 3.3 shows photos of
the 3 electrodes used. The dimensions of each electrode were 50 x 50 mm. One face was

exposed to the solution, while the other was taped shut.

Figure 3.3 Three electrodes, (a) zinc (Zn), (b) stainless steel (SS) and (c) copper (Cu)

3.2.2 Organic substrate

Sodium acetate (product code 20236 K02, China) with a concentration of 2 g/l is used as
a substrate to enhance microorganism fuel cells energy generation.

3.3 Experimental Apparatus

The experimental apparatus comprised:

1. Water bath: CIC model (India) with a temperature controller to keep the temperature
constant within £1.5 °C. All experiments were carried out at constant temperature of
30°C.
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2. Beakers: two beakers of 2 liters made of Pyrex were placed in the test solution served
as anode and cathode compartments.

3. Electronic Balance: (KERN& Sohn, GmbH, Germany) It can measure weights that
range up to 200g, with the precision of 0.1mg. This was used to weigh the electrodes
before and after the experiment in weight loss experiments.

4. Desiccator: (Hubei, China) made of Pyrex to keep the electrodes away from moisture
using highly active silica gel.

5. Thermometer: The device, which can operate in the range of -10°C to 50°C, was
used to measure the solution temperature.

6. Reference Electrode: It was a standard calomel electrode (SCE) (model ME-SC900,
United Kingdom), used to measure the potentials of each electrode in each chamber
(Figure 3.4a). The tip of the reference electrode was placed at about 2 mm from the
electrode surface.

7. Salt bridge: Made of Pyrex for ensuring the electrical connection between the two
compartments. Its inner diameter is 1.3 mm (Figure 3.4b).

8. Mechanical stirrer: type SS10 manufactured by Stuart (UK) to provide flow velocity
for the solution in water compartment (which is the cathode compartment) with a
range of 0 to 2000 rpm. The stirrer is equipped with an impeller of two blades with
the dimensions of 30 mm height, 15 mm width and 2 mm thickness as shown in
Figure 3.5c.

9. Air pump: It pumps the air with a flow rate of 2.5 I/ min. In MFC, air supply is used
to increase the oxygen concentration in the cathode compartment which enhances
the produced current (Figure 3.4e).

10. Digital pH Meter: type (VantaKool, diliss, China) that measures the pH value of the
sample +0.3 at temperature in a range of 0°C - 50°C.

11. Dissolved Oxygen Meter: Senso Direct 200 model used to calculate the
concentration of dissolved oxygen in a unit (mg/l) (Figure 3.4f).

12. VICTOR VC97 Digital Voltmeter: to measure the potential in V.

13. VICTOR VC97 Digital Multimeter: to measure the current in mA.

14. Glass holder: to hold electrodes in the solution as shown in Figure 3.4d.

15. Accessories: connection wires, stands and clamps.
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16. Microscope: (MML 1200, KRUSS, Germany) used to take photographs of each
electrode at 500x zooming (Figure 3.5).

m r

Figure 3.4 (a) Calomel electrode, (b) Desiccator, (c) Salt bridge, (d) stirrer paddle, (e) Air
pumping and (f) Dissolve Oxygen meter

Figure 3.5 Microscope used to take photographs
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3.4 Experimental Procedure

3.4.1 Electrodes corrosion rate measurement (weight loss)

Before each run, the electrode specimen was washed with tap water with brushing by
plastic brush, followed by distilled water, dried with a clean cloth. Then it was dried by
using a furnace at about 80°C for 5 minutes (Mahato et al. 1980). The desiccator
containing high activity silica gel was used for keeping the specimen until use. Then the
specimens were weighed to the 4" decimal of gram (w1) by using digital balance. One
face of the electrodes was completely insulated by tape and the electrodes were placed in
the middle of the compartments. The, Sodium acetate salt of 2 g/l, used as a substrate to
enhance MFC energy generation, and sodium chloride of 0.1 N, used to facilitate the
electrons transfer in the circuit, were added into the anodic compartment which
containing yeast (Saccharomyces cerevisiae, MO). The MO chamber is the anode
chamber because most of the reactions in this chamber are oxidation reaction (Potter
2011).

The other compartment, containing water with NaCl, is the cathode chamber that include
the cathodic reactions especially oxygen reduction reaction. The two solutions were
connected with a salt bridge containing saturated salt solution used to transfer the ions
between the microorganism (MO) compartment and the water compartment. The
electrodes are connected by external copper wire to transfer electricity and complete the
circuit. The temperature was kept constant at 30°C by using a water bath. At the end of
weight loss experiments (different MO concentration, flow velocity, and air pumping and
agitating in cathode compartment) the electrodes were cleaned according to a standard
procedure. The specimen after the corrosion test was cleaned by water with brushing by
plastic brush, then rinsed with distilled water and acetone, respectively. Then was placed
in oven at 80°C for 5 minutes and kept in desiccator until it cools and then weighted (w2).
So that the corrosion rate (CR) can be determined using the Equation 3.1:

CR = AW/AXT (3.1)

where Aw is weight loss (gram), A is area (m?), and T is time (day).
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3.4.2 Current density and potential measurements

Before each test, the two beakers were washed with distilled water at the start of each
run. The temperature of the solution was double-checked using a thermometer. The
electrodes were then immersed in both compartments, and the electrical circuit was
completed by connecting the electrodes, ammeter, voltmeter, and placing the salt bridge.
The electrodes were held in the solutions by connecting them to a glass board. The yeast
microorganism was then added to one compartment and mixed gently and left for 15
minutes to let it grow and adapt to the temperature and the surrounding environment.
Sodium acetate (2 g/l) substrate was added. Bacteria grew in aerobic conditions in the
anodic compartment. The produced current and the electrode's potentials after adding the
yeast microorganism (Saccharomyces cerevisiae) were recorded with time for three

hours.

It is to be confirmed that the electrode material is the same in each compartment. In the
measurement of closed circuit (working MFC), potential of the electrodes was measured
with time. The measurements of the electrode potentials were performed by using two
saturated calomel electrodes. The Lugging capillaries were positioned at 2 mm from the
surface of the electrodes. The experimental runs were carried out twice or more for
checking reproducibility and accuracy. Air was pumped into the water compartment at a
rate of 2.5 I/min. The dissolved oxygen (DO) was measured under different operating
conditions. A mechanical agitator (stirrer) was used to provide the required rotational

speed.

3.4.3 Microscopic tests of electrodes corrosion

After each experiment, the electrodes cleaned according to standard procedure and

microscopic images of corroded electrodes were taken for different conditions.
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4. RESULTS AND DISCUSSION

This chapter presents the experimental results and discussion for the corrosion of three
different electrode materials (copper, stainless steel, zinc) for the whole investigated
ranges of microorganism concentration, air pumping, agitation velocity, and conjoint
effect of air pumping with agitation velocities in cathode compartment of microbial fuel
cell (MFC). The results are presented and discussed in this chapter as the corrosion of
electrodes under running conditions of energy generation for a range of operating

conditions.

4.1 Corrosion of Copper Electrode in MFC

4.1.1 Effect of MO concentration

Table 4.1a shows the MO concentration effect on the corrosion rate (CR) of copper
electrodes in anode and cathode chambers at T= 30°C and 2 g/l sodium acetate as a
substrate. In anode chamber when increasing the MO concentration from 3 to 10 g/l, the
corrosion rate of electrodes increases from 2.11 to 6.34 gmd (about 200% increase). This
increase in the corrosion rate of electrode is due to biological corrosion. Corrosion is
caused by organisms producing oxidizing or depolarizing agents, which are mainly
metabolic products or indirect products of metabolic products acting on the metal. The
microbes release carbon dioxide gas (CO>) as a result of the process of respiration and
food fermentation (as seen in Table 4.1b). Thus carbonic acid H.COs, corrosive to metals,
can be produced and increasing the MO concentration led to the solution in anode
chamber to be more acidic (Egs 4.1 and 4.2) (Revankar 2016):

CH3COOH + H20 —2CO2 + 8H™ + 8¢~ 4.2)

CO2+H,0—H2CO3 4.2)
In addition, the microbes work on corrosion due to the chemicals resulting from the
metabolic processes of yeast, as this microorganism increases the acidity of the MO
solution as shown in Table 4.1b. Thus, the biofilm formation on metal surface, and this
biofilm works to collect chemicals under it, causing corrosion (Revie and Uhlig 2011).

This chemical attack the electrode surface by oxidizing the copper as in Equation 4.3:
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Cu — Cu?" + 2¢ (4.3)
In cathode chamber it is notable that the corrosion rate of copper electrode in water
compartment (Cathode chamber) increases too from 0.19-2.88 gmd by increasing the MO
concentration in anode chamber from 3-10 g/l. The reason is the chemical and
electrochemical process in MFCs. In the cathode chamber, the reduction of O2 is main
cathodic reaction as in Egs. 2.7-2.8.

2H" + 2e° —» 2H — H> 2.7)

H,0 + 1/20; + 2¢" — 2(OH) (2.8)
Electrons are released from anode chamber and pass through the external circuit to the
cathode chamber where they combine with Oz and H20 to form OH" ions. The OH" ions
react with the copper ions from the cathode electrode by uniform corrosion to produce
copper hydroxide, which has high tendency to react with ambient air (O2) to produce
hydrated copper oxide, which means that increasing CR in the anode compartment causes
an increase in the CR in cathode compartment. Another reason, when two electrodes are
immersed in an electrolyte, one of which acts as an anode (high potential force because
of bacteria activity) and the other as a cathode. Moving an electric current between them
in the electrolyte solution, the potential difference force of electrodes in the solution
works to corrode the anode as one of the poles of the concentration cell corrosion (Ali
and Hasan 2020). Moreover, it is clear that the corrosion rate of copper electrodes in
anode chamber at different MO concentrations is more than in cathode chamber. First
reason is the biological corrosion in anode chamber. When the pH is less than 4.0, the
oxide film dissolves instead of a being accumulated on the surface of electrode to create
a layer. The surface of electrode is in direct contact with the acid solution without the
protective oxide film the corrosion reaction continues at a faster rate than it does at higher
pH values (Gedeon 2011) (Table 4.1b). Second reason is the potential difference of
electrodes (Figure 4.1). As well as Figure 4.1 shows that the potential becomes more
negative with time until reaching the steady state value. This decrease is ascribed to
biofilm formation and corrosion product layer on the electrode surface.
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Table 4.1 a) The MO concentration effect on the corrosion rate of copper electrodes in
anode and cathode chambers

MO Concentration Cu corrosion rate in Cu corrosion rate in
anode chamber cathode chamber
gmd gmd
Yeast 3 g/l 2.11 0.19
Yeast 6 g/l 3.46 2.21
Yeast 10 g/l 5.34 2.88

b) The values of pH at T=30°C and 2 g/l sodium acetate in anode compartment

MO Concentration MO Water compartment
compartment (0.1 N NaCl solution)
Yeast 3 ¢/l 4.1 6.3
Yeast 6 ¢/l 3.9 6.2
Yeast 10 g/l 3.5 6.2

Figures 4.2 and 4.3 show the MO concentration effect on the potential of cupper electrode
versus time immersed in the MO solution at T= 30°C. When increasing the MO
concentration from 3-10 g/l the potential shift in anode chamber to a more positive value.
On another hand, increasing MO concentration from 3 tol0 g/l shifts the potential
(cathode chamber) slightly to a more positive value. The reason is that the increased
concentration of microorganisms leads to increasing in oxidation process, and an increase
the thickness of biofilms that is formed on the electrode surface and the MO compartment
solution becomes more acidic (Table 4.1b). Increase acidity of the MO solution increase
the electrode potential of MO chamber (Figure 4.2) (Revie and Uhlig 2000). This is
accompanied by an increase in current density as shown in Figure 4.4. In fact, this current

might be partly due to the microbial activity and partly due to corrosion of the electrodes.
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Figure 4.2 Effect of different MO concentrations on copper electrode potential in anode
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Figure 4.4 The current density versus time for copper at different concentrations of MO

Figure 4.5a-c show microscopic images of the electrode surfaces before and after the
experiment for different MO concentrations. Those images confirm that increasing MO

concentration increases the corrosion for both electrodes as they are galvanic couple.
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Figure 4.5 a) Microscopic images of (a) clear copper electrode, (b) corroded copper
electrode in water compartment, (c) corroded copper electrode in MO
compartment at C= 3 g/l (500x zoom)

b) Microscopic images of (a) clear copper electrode, (b) corroded copper electrode in
water compartment, (c) corroded copper electrode in MO compartment C=
6 g/l with the magnification is 500x

c) Microscopic images (a) clear copper electrode, (b) corroded copper electrode in water
compartment, (c) corroded coper electrode in MO compartment at C= 10 g/I
(500x zoom)
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4.1.2 Effect of air pumping

Table 4.2 shows the air pumping effect into water chamber at a rate of 2.5 I/min at
different MO concentrations on the corrosion rate of copper electrodes at 30°C. Increasing
yeast concentration led to increases in the corrosion rate of the two compartment (anode
and cathode) electrodes. Comparing Table 4.2 with Table 4.1 indicates that when
pumping the air in water compartment, the corrosion rate of copper in that compartment
increases appreciably compared to the case of without air pumping. The corrosion rate of
copper in (MO) anode compartment increase slightly compared to the case of no air. This
phenomenon can be interpreted as follows: when the air is pumped into the cathode
chamber, the oxygen concentration in this chamber increases (as shown in Table 4.3),
leading to increase in the corrosion rate because oxygen is a strong oxidizer to the metal
(Revie and Uhlig 2011). The air pumping led to increase the CR of anode electrode as
they galvanically linked.

Table 4.2 Effect of air pumping at different MO concentrations on the corrosion rate of
copper electrodes

MO Cu corrosion rate in Cu corrosion rate in
Concentration anode chamber gmd cathode chamber with
aeration gmd
Yeast 3 g/l 2.21 0.76
Yeast 6 g/l 3.88 2.30
Yeast 10 g/l 6.19 3.65

Table 4.3 Measured concentration of dissolved oxygen at 30°C, with the sodium acetate
concentration of 2 g/l, yeast 3-6 g/l in anode compartment, and air pumping
speed 2.5 I/min in cathode compartment

Component The concentration of
dissolved oxygen (mg/l)

Distilled water + 0.1 N NaCl (salt) 6.1
Distilled water + 3 g/l yeast + sodium 2.4
acetate

Distilled water + 6 g/l yeast + sodium 2.1
acetate

Distilled water + salt + air pumping 7.2
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Figure 4.6 shows the air pumping (aeration) effect into the water compartment (cathode
compartment) on the potential of both copper electrodes (anode and cathode
compartments) versus time at concentration of MO of 3 g/l. The results show that the
addition of air into the water compartment has shift the potential of electrodes to more
positive. The reasons are subject to several considerations such as increased O
concentration in both chambers and the joint effect of biofilm and bubbles on the anode
surface (Table 4.3).
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Figure 4.6 Electrode potential vs. time in the presence and absence of air pumping in
water (cathode) chamber for 3g/l MO concentration

Figure 4.7a-b shows the aeration effect in the water chamber on the galvanic current
density between copper electrodes for different concentrations of microorganism 3-10
g/l. These results reveal that the aeration into the water compartment works to increase
the current output. This is because it increases the dissolved oxygen concentration in the
water compartment (Table 4.3), which reacts with the proton H* transported through the
salt bridge resulted from bacteria oxidation. Increased bacteria oxidation leads to an
increase in corrosion rate of copper electrode in anode chamber that causes an increasing
corrosion rate of copper electrode in cathode chamber too as it is galvanically coupled
with anode chamber. Another reason for increasing the produced current is that when
pumping the air in the water chamber, the oxygen concentration increases leading to an

increase in the potential of the cathode (as shown in Figure 4.6) which results in the
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increased potential difference between cathode and anode (Salam et. al. 2020, Ali and
Hasan 2020) which enhances the MO oxidation and thus the current and corrosion rate
increases by galvanic action as show in Figures 4.8 and 4.9. When there is no aeration,
the current is low and when aerating the cathode chamber, the current increases. This
large increase of current clearly indicate the increase in corrosion rate of at least on the
terminal, which is the anode (Table 4.2). By direct contact, electroactive bacteria can
move electrons to an electrode due to the presence of redox-active proteins (Drapcho et
al. 2008, Kumar 2015).
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Figure 4.7 Current density vs. time for copper electrode in the presence of air pumping in
the water chamber and the effect of the MO concentration at (a) 3 g/l, (b) 10

g/l

The current produced in the MO compartment is a result of two contributions. Part of it
comes from the corrosion of metals in the two terminals which is the scope of the present
work. The second part comes from the oxidation reactions occurring in the cell due the
microorganism activity. The exact or rough estimation of bio-current which is produced
from MO activity needs to carry out experiments with highly noble metals that do not
corrode. This is beyond the scope of present work and can be investigated in future
research. Definitely, part of this current is a result of the electrodes corrosion in the two
compartments as indicated by the weight loss of each electrode. Figure 4.8 and 4.9 show
microscopic images of copper electrodes in different conditions. The copper electrode in
both compartments is subjected to a clear corrosion attack leading to a clear defect of the

surface morphology.
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Figure 4.8 Microscopic images of electrodes under air pumping into water compartment,
(@) clear copper electrode, (b) corroded copper electrode in water
compartment, (c) corroded copper electrode in MO compartment at C= 3 g/l
(500x zoom)

Figure 4.9 Microscopic images of electrodes under air pumping into water compartment,
(@) clear copper electrode, (b) corroded copper electrode in water
compartment, (c) corroded copper electrode in MO compartment at C= 10 g/l
(500x zoom)

4.1.3 Effect of flow velocity

Table 4.4 shows the agitation velocity effect in the water chamber on the corrosion rate
of copper electrodes in the two compartments. It can be seen that increasing agitation
velocity from 150 to 450 rpm increases the corrosion rate of the two electrodes for the
range of MO concentration of 3-10 g/l. This is because of the increase of oxygen
transport from the solution bulk to the electrode surface (cathode) in the water

compartment (Table 4.5). Oxygen works to increase the corrosion rate of cathode
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electrodes, thus increasing CR of cathode electrodes increases the corrosion rate (CR)
of anode electrodes as they are galvanically coupled. In general, the flow velocity in
cathode chamber enhances the corrosion rate of both MO electrode and water electrode
due to the effect of flow induced corrosion. This finding agrees with previous works of
different authors (Hasan 2014, Ali and Hasan 2020).

Table 4.4 The effect of agitation velocities in the water compartment on the corrosion
rate of two compartments for copper electrodes

MO Speed in Cu corrosion rate | Cu corrosion rate in
Concentration cathode in anode chamber, | cathode chamber,

chamber, rpm gmd gmd

150 5.19 2.30

Yeast 3 g/l 300 6.57 3.38
450 8.65 4.61

150 1.15 1.92

Yeast 6 g/l 300 5 4.42
450 5.76 4.80

150 1.6 1.9

Yeast 10 g/l 300 2.30 2.11
450 4.23 2.30

Figure 4.10a shows stirring speed effect in the water compartment on the cell current
density. Increasing speed results in an increase in current density but at high speed (450
rpm) a slight decline in current density occurs. The increase in the cell current density
with increasing flow velocity in cathode compartment is ascribed to the increased oxygen
arrival to the electrode surface which enhancing the oxygen reduction reaction. This
increase in the reaction results in an increase of the corrosion rate of both electrodes in
MO and water chambers. At high speed (450 rpm), air bubbles were formed on the surface
of cathode electrode (Figure 4.10b). The air bubbles on copper electrode surface shifts
the potential to more negative due to the resistance polarization and the current decreases
in case of 450 rpm compared to 300 rpm because the air bubbles increase the electrical
resistance around the electrode. Also, it can be seen that the increase in the agitation speed

(450 rpm) resulted in an increase of O transfer into the anode compartment.
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Figure 4.11 shows potential trends in both compartments with time for different agitation
speeds. The potential of both electrodes (anode and cathode) shift to more positive
because increasing the dissolved oxygen concentration in both compartments (Table 4.4).
The increasing electrodes potential means increasing CR of electrodes.

35
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0
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Figure 4.10 a) The current density for copper electrode at different agitation velocities in
water chamber at MO concentration of 3 g/l

b) The photograph showing air bubbles on the copper electrode (cathode) at N= 450
rpm
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Figure 4.11 The effect of different agitation velocities into water compartment on copper
electrodes potential for water and MO compartments at C=3 g/I.

Table 4.5 lists the measured dissolved oxygen concentration in MO (anode) and water
(cathode) chambers. When the compartment is open to the atmosphere, increasing the
agitation speed, causes transport of oxygen from atmosphere to the water chamber. Then,
the O transfers from water chamber to the MO chamber via the salt bridge. This increase
of Oz concentration in both chambers may affect the corrosion rate by affecting the

microbe’s activity and oxidation reactions.

Table 4.5 Measured dissolved oxygen (DO) concentration in both compartments at
different agitation velocities, at C = 3 g/l and T= 30°C

Agitation velocity DO concentration in MO DO concentration in
(rpm) chamber mg/| water chamber mg/I

0 2.4 6.1

150 2.5 6.4

300 2.9 6.9

450 3.1 7.1

Figures 4.12 show microscopic images of electrodes after the cathode compartment has
been exposed to the agitation velocity of 450 rpm. According to these images, CR in

anode electrode is more than in cathode electrode.
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Figure 4.12 Microscopic images of (a) clear copper electrode, (b) corroded copper
electrode in water compartment, (c) corroded MO compartment electrode,
at C= 3 g/l, 450 rpm agitation velocity and the magnification of 500x

4.1.3 Effect of air pumping 2.51 I/min and flow velocity

Table 4.6 shows the effect of agitation velocity, 150, 300 and 450 rpm, respectively, and
2.51 I/min of air pumping in the water compartment on corrosion rate of electrodes at
different MO concentrations. It is notable that at 3 g/l MO concentration, increasing
agitation velocity between 150-450 rpm with 2.51 I/min of air pumping in the water
compartment, the corrosion rate of copper electrodes increases because of increasing
turbulence of the solution and this turbulence of solutions may remove the protective

films (copper oxide).

Figure 4.13 shows effect of agitation velocities and pumping in the water compartment
on current density at the MO concentration of 3 g/l. These results show that an increase
in the agitation speed leads to an increase in current because of the increase in the
potential difference. It is indicated that there is no decrease in current density even at high
velocity. The disturbances within the solution remove the corrosion layer that is formed
on the copper electrodes surface, so the current density continues to increase even at high
speed. The steady-state current density values are 8, 10, 12, and 16 mA/m?at 0, 150, 300
and 450 rpm, respectively.
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Figure 4.14 shows microscopic images of electrodes at 450 rpm agitation velocity and air
pumping into the water compartment, at 3 g/l MO concentration, and T= 30°C. It is clear
that the corrosion on the anode electrode surface is more than the corrosion on the cathode

electrode surface.

Table 4.6 The effect of air pumping 2.51 I/min and different agitation velocities in water
compartment on the corrosion rate of copper electrodes in two compartments
at different MO concentrations

MO Speed, rpm in Cu corrosion rate | Cu corrosion rate in
Concentration | cathode chamber | in anode chamber cathode chamber
gmd gmd
150 2.69 1.15
Yeast 3 g/l 300 3.65 3.07
450 5.96 5.19
150 2.5 2.3
Yeast 6 g/l 300 5.38 2.11
450 5.57 3.84
150 2.8 2.4
Yeast 10 g/l 300 5.19 4.03
450 6.3 4.92
30
Cu, C=3 g/l at T=30°C —e—N=0rpm
25 —e—N= 150 rpm
.20 N= 300 rpm
g —e—N=450 rpm
e 15
10
5
0
0 40 80 120 160 200
t, min

Figure 4.13 Current densities vs. time for copper electrode for air pumping and different
agitation velocity at MO concentration of 3 g/l
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Figure 4.14 Microscopic images of (a) clear copper electrode, (b) corroded copper
electrode in water compartment, (c) corroded copper electrode in MO
compartment, at C= 3 g/l, 450 rpm agitation velocity and air pumping into
the water compartment (500x zoom)

4.2 Corrosion of Stainless Steel (316) Electrode in MFC

4.2.1 Effect of MO concentration

Table 4.7 presents the corrosion rate of stainless steel (SS) in both MO (anode) chamber
and water (cathode) chamber for different MO concentrations at 30°C and 2g/l sodium
acetate. It is obvious that the CR of SS increases with increasing the MO concentration.
At 3 g/l of MO concentration, the corrosion rate of electrodes is zero. The cell current
density at this concentration is also zero as shown in Figure 4.15. This can be ascribed to
the fact that the bacteria form a thin biofilm on SS electrode surface which produces a
negligible amount of current on stainless steel electrode surface. Figure 4.16 shows a little
defect of the SS surface at 3 g/l. This indicates the high corrosion resistance of SS in the
MO solutions. Increasing the MO concentration to 6 and 10 g/l causes a clear generation
of current as in Figure 4.17 and a noticeable corrosion rate of SS (as in Table 4.7). The
amount of electroactive biofilm produced on the electrode surface determines the increase
in electrochemical performance (Yuvraj et al. 2017). Stainless steel contains metallic
components that enhance bacteria metabolism and so facilitate biocorrosion (Lopes et al.
2006). Another reason is that the potential difference between the electrodes is very low
as shown in Figure 4.18. The small potential difference between SS electrodes in both

chambers plays an importance role for low produced current values. This is attributed to
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the electrochemical properties of SS, which is high from corrosion standpoint and low

from biological current production standpoint.

The increase in the produced current with increasing the MO concentration is ascribed to
the increase in the thickness of biofilm on anode surface of SS. Biofilms have long been
recognized as powerful microbial corrosion catalysts because they catalyze the reduction
of dissolved oxygen on stainless steel (Equation 4.4) (Bergel et al. 2005, Scotto and Lai
2016):

02 +2H,0 + 2Me — 2Me (OH): 4.4
where Me is the metal atom. The underlying alloy's oxidation provides the electrons taken
from the substance by the cathodic process (Hamilton 2003). The first impact is an
increase in free corrosion potential (potential ennoblement), which causes the oxide layer
that shields stainless steel from corrosion to be disrupted. The disruption of the biofilm

may increase the possibility of corrosion (Erable 2012) (Figures 4.16-4.17).

Table 4.7 The effect of MO concentrations on the corrosion rate of stainless-steel

electrodes
MO Concentration SS corrosion rate in SS corrosion rate in
anode chamber cathode chamber
gmd gmd
Yeast 3 g/l 0 0
Yeast 6 g/l 1.5 0.23
Yeast 10 g/l 3.65 1.53

Figure 4.15 illustrates the MO concentration effect on current density. The increase in
concentration from 6-10 g/l resulted in an improvement in MFC performance with the
increase in the current density produced. At 3 g/l a current density was zero because the
potential difference between electrodes is too low as show in Figure 4.18. The maximum
steady-state current density is 4 mA/m? at 6 g/l and 10 g/I. This behavior is dependent on
the surface morphology, adhesion properties and electrochemical properties of stainless
steel which affects the formation of the biofilm. Also, there is an increase in current
density and a decrease in potential in the first half-hour of the run followed by a state of

stability. This depends on the activity of microorganisms, the efficiency in the
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transmission of electrons to the electrodes, and conductivity of the electrode and of
solution. Hisham et al. (2013) deduced that the sudden drop and rise in performance of
MFC might be due to the biofilm formed on the conductor surface, which has completely
detached itself from the conductor. To replace the previous deteriorated biofilm, a new
one is created. The energy produced on such electrode is dependent on the
electrochemical behavior of this metal, and adhesion of biofilm on this metal and its
thickness (Salam et al. 2020). Images (Figure 4.16) indicate slight corrosion for bacterial
concentration of 3 g/l, while Figure 4.17 indicates appreciable corrosion in 10 g/l MO

concentration which support the CR values in Table 4.7.
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Figure 4.15 Current vs. time graphs of SS electrodes at (a) 3 g/l and 10 g/l, (b) 3 g/l and
6 g/l MO concentrations

Figure 4.16 Microscopy image of (a) clear stainless-steel electrode, (b) corroded SS
electrode in water compartment, (c) corroded SS electrode in MO
compartment, at C= 3 g/l (500x zoom)
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Figure 4.17 Microscopy image of (a) clear stainless-steel electrode, (b) corroded SS
electrode in water compartment, (c) corroded SS electrode in MO
compartment, at C= 10 g/l (500x zoom)
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Figure 4.18 Electrode potentials vs. time for anode and cathode electrodes at MO
concentration of 3 g/l

4.2.2 Effect of air pumping

Table 4.8 presents the corrosion rate (CR) of SS in MFC under the effect of air pumping
in the water chamber for different MO concentrations. Comparing Table 4.8 with 4.7
indicates that the air pumping in cathode chamber causes an increase in the corrosion rate
of SS in both chambers. The increased oxygen concentration in the aerated chamber
enhances the oxidation of SS and reduction reaction of Oz on SS surface which increases
the CR of both terminals. The reason is the aeration of water compartment increases the
dissolved oxygen in cathode (as shown in Table 4.3) which causes an increased corrosion
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rate in cathode electrode and that lead to an increase in the CR at anode electrode as they

are galvanically coupled.

Table 4.8 The effect of air pumping 2.51 I/min in cathode chamber at different MO
concentrations on the corrosion rate of stainless-steel electrodes

MO Concentration SS corrosion rate in anode SS corrosion rate in
chamber gmd cathode chamber gmd
Yeast 3 g/l 0.19 0.17
Yeast 6 g/l 2.29 1.31
Yeast 10 g/l 5.57 4.61

Figure 4.19 shows the comparison between the potential of stainless-steel electrodes in
anode chamber and cathode chamber in the presence and absence of aeration in the water
compartment versus time at 3 g/l MO concentration. It is clear that no difference between
potential of electrodes (anode and cathode) in the presence and absence of aeration in the
water compartment. This explains why the current density is zero and the CR is low for
this concentration. The zero current indicate that the oxidation and reduction reaction in

both chambers are very little or absent.

Figures 4.20 and 4.21 show air pumping effect in the water compartment on the potential
of the MO electrode at 6 g/l and 10 g/l concentrations of MO, respectively. It can be seen
that there is an increase in the potential of SS in the MO solution due to aeration of the
water compartment. It is indicated that the tendency of the MO electrode towards the
positive direction can be due to the passage of oxygen across the salt bridge that affects
the active bacteria shifting the potential to more positive. Another reason for the potential
shift is that the presence of air in the water compartment increases the potential at this
compartment which in turn increases the potential in the MO compartment due to the
galvanic effect based on the concept of mixed potential theory (Table 4.3) (Revie and
Uhlig 2011).
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Figure 4.19 Comparison between the potential of SS electrodes in anode and cathode
compartments (with and without air pumping into the water compartment)
at 3 g/l MO concentration
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Figure 4.20 Electrode potential versus time for SS electrode in the MO chamber in the
presence and absence of aeration for 6 g/l MO concentration

Figures 4.22 and 4.23 show the effect of air pumping into the water compartment on the

current density at different MO concentrations of 6-10 g/l. The presence of air increases

the currents by average percentages of 100% and 80% for MO concentrations of 6, and

10 g/l, respectively.
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Figure 4.21 The potential versus time for SS electrode in the MO chamber in the presence

and absence of aeration for 10 g/l MO concentration
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Figure 4.22 Effect of presence and absence of aeration into the water chamber on current

density for stainless steel electrode at 6 g/l MO solution
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Figure 4.23 The current density in the presence and absence of aeration into the cathode
chamber for stainless steel electrode at 10 g/l MO solution

4.2.3 Effect of flow velocity

Table 4.9 shows the effect of agitation velocities into the water compartment on the
corrosion rate of stainless-steel electrodes of both compartments at 30°C and 2g/1 of
sodium acetate. The result shows that increasing agitation velocities in the water
compartment at 3-10 g/l MO concentration increases the corrosion rate of electrodes in
cathode chamber. The reason is increasing dissolved oxygen concentration in the water
chamber by speed increases. The corrosion of stainless-steel increases by an increase in
the concentration of dissolved oxygen (Gong et al. 2020) (Table 4.5). For the anode
electrode, bacteria may form a thin biofilm on stainless-steel surface. This thin biofilm

has small effect on corrosion of electrode because of stainless steel corrosion resistance.

At MO concentrations of 6 g/l to 10 g/l, the corrosion rate in cathode chamber increases
by increasing agitation velocities. The reason was explained previously (Cu electrode).
Figure 4.26 shows the optical microscope images of stainless-steel electrodes at 450 rpm
agitation velocity in the water compartment at C= 6 g/l and T= 30°C. The corrosion in

the anode compartment is more than in cathode compartment.
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Table 4.9 The effect of agitation velocities in the water compartment on the corrosion
rate of stainless-steel electrodes

MO Speed, rpm in SS corrosion rate | SS corrosion rate in
Concentration | cathode chamber | in anode chamber | cathode chamber

gmd gmd

150 0 0
Yeast 3 g/l 300 0.28 0.32
450 0.31 0.36
150 1.5 1.2
Yeast 6 g/l 300 1.96 0.92
450 2.2 1.3
150 1.3 0.92
Yeast 10 g/l 300 2.2 1.83
450 3.1 2.23

Figure 4.24 shows the effect of the different agitation velocity in the water compartment
on the potential of SS in anode at 6 g/l MO concentration. This figure shows that
increasing agitation velocity shifts the potential to more positive. This is due to the
increased arrival of Oz to the surface by convective transport from the solution bulk
(Ferolis 1979, Slaiman et al. 2010, Ali and Hasan 2020).

Figure 4.25 illustrates the effect of agitation velocities in the water compartment at 6 ¢/l
MO concentration on the produced current. There is a rise in the current density in the
first half hour of run with increasing agitation velocity until the current density reaches a
steady state at 4 mA/m?2. Increasing the dissolved oxygen concentration in MO
compartment is not favorable for increasing MFC performance as has been pointed out
by Karmakar et al. (2010).
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Figure 4.24 The effect of different agitation velocities into the water solution on the
potential of SS electrode in the MO compartment at C=6 g/I
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Figure 4.25 Effect of agitation velocities in the water compartment at 6 g/l MO
concentration on the produced current
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Figure 4.26 Microscopic image of (a) clear stainless-steel electrode, (b) corroded SS
electrode of the water compartment, (c) corroded SS electrode of the MO
compartment in the presence of agitation in the water compartment at C= 6
g/l (500x zoom)

4.2.4 Effect of pumping of air 2.51 I/m and flow velocity

Table 4.10 shows the effect of different agitation velocity and pumping of air 2.51 I/min
into water compartment on the corrosion rate of SS electrodes in both cathode and anode
chamber at different MO concentration, 2 g/l sodium acetate and T= 30°C. The results
show that at 3 g/l MO concentration, increasing agitation speed and pumping of air into
cathode compartment leads to increase corrosion rate of electrodes in the water
compartment. The reason is increasing agitation velocity and air pumping remove passive
layer on the surface of electrode. Stainless steel (316) is an iron-chromium alloy in which
the chromium forms a thin coating of oxide on the steel's surface, known as the "passive"
layer, which inhibits surface corrosion (Kim and Yu 2013). Hence, the removal of this
layer causes increasing the corrosion rate. At 6 and 10 g/l MO concentration, increasing
agitation velocities at 2.51 I/min of air pumping into the cathode chamber led to an
increase in the CR value of both electrodes as show in Figure 4.30. Increasing agitator
speed at air pumping in the water compartment has no effect on the potential of electrodes
at C= 3 ¢/l. In this MO concentration of 3 g/l, the current density is zero because there is
no potential difference between electrodes. The reason explained previously in the effect
of air pumping for SS electrode.
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Table 4.10 The effect of different agitation velocity at air pumping of 2.51 I/min into the
water compartment on the corrosion rate of SS electrodes in both cathode
and anode chamber at different MO concentrations

Speed, rpm in SS corrosion rate | SS corrosion rate in
MO cathode chamber | in anode chamber | cathode chamber

Concentration gmd gmd
150 0.38 0.56

Yeast 3 g/l 300 0.51 0.92
450 0.31 0.52

150 5.76 2.88

Yeast 6 g/l 300 6.92 3.84
450 7.43 4.21

150 2.7 1.62

Yeast 10 g/l 300 3.46 3.07
450 4.5 4.01

Figures 4.27 and 4.28 show the effect of the aeration (2.51 I/min) and different agitation
velocity into the water compartment on the potential of anode and cathode electrodes at
6 g/l MO concentration. Those figures show that the potential of the MO electrode is
more negative since DO is transferred from the water solution to the MO solution through
the salt bridge and the potential of MO solution is sensitive to traces of O, which can
weaken the MO activity (Bennetto et al. 1983). On the other hand, the SS electrode

potential in the water solution is more positive.
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Figure 4.27 The effect of different agitation velocity at 2.51 I/min of air pumping into the
water compartment on the SS electrode potential in MO compartment at 6
g/l MO solution
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Figure 4.28 Effect of air pumping (2.51 I/min) and different agitation velocity into the
water chamber on SS electrode potential in water solution at C= 6 g/I

Figure 4.29 exhibits the current density graph of the SS electrode in different agitation
speeds at 2.51 I/min of air pumping into the water compartment at MO concentration of
6 g/l. As a general trend, increasing the agitation speed causes an increase in the cell

current due to the increased O reduction on the metals surface (Salam et. al. 2020).

57



Conspicuously that for all speeds the current increases with time to reach steady state
value. It is notable that agitation at 300 rpm with air pumping gives high current density
due to the increased O concentration by aeration and O transport to the electrode surface
by stirring. For high speed (450 rpm) the presence of the air pumping reduces the current
produced below 300 rpm. This is thought that the fact that the sever dispersion of air
bubbles in the solution which arrives to the electrode surface reducing the electrical

conductivity resulting in lower current flow in the cell as shown in Table 4.10b.

9
7 SS, C=6 g/l at T=30°C
€O
-0-0-0-0-0-0-0-0—0— 00— 00— 00— 00— 0—0—0
E 3 ——N=0rpm
- —e—N= 150 rpm
1 N= 300 rpm
—o—N=450 rpm
4
0 50 100 150 200

t, min

Figure 4.29 The current vs. time behavior of SS electrode for different agitation speeds
at 2.5 I/min of air pumping into the water chamber at 6 g/l MO concentration

Figure 4.30 Microscopic image of (a) clear stainless-steel electrode, (b) corroded SS
electrode of water compartment, (c) corroded SS electrode in MO
compartment at agitation velocity and air pumping in water compartment at
C=6g/l (500x zoom)
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4.3 Corrosion of Zinc Electrode in MFC

4.3.1 Effect of MO concentration

Table 4.11 shows the bacteria concentration effect on the corrosion rate of Zn electrodes
in both anode and cathode chambers. When increasing the MO concentration from 3-10
g/l in anode chamber, the corrosion rate of Zn electrodes increases appreciably from 5.57
to 34.42 gmd (6.1 times). This increase is the highest when compared with SS and Cu
electrodes. According to Zuo (2007) and Jia (2019), corrosion is either accelerated or
slowed when a bacterial biofilm forms on zinc surface. Zinc is easily affected by bacteria
and is easily covered by biofilm. Furthermore, the bacteria's (biofilm) attachment to the
zinc has accelerated corrosion (Yu et al 2014). It is notable that the CR of zinc electrode
in anode (MO) chamber is less than that of CR value in cathode (water) chamber as shown
in Table 4.11.

Table 4.11 Bacteria concentration effect on the corrosion rate of zinc electrodes in both
cathode and anode compartments

MO Concentration Zn corrosion rate in Zn corrosion rate in cathode
anode chamber chamber
Yeast 3 g/l 5.57 16.92
Yeast 6 g/l 14.80 20.19
Yeast 10 g/ 15.42 38.42

The higher corrosion rate in water chamber can be explained based on the potential values
in Fig.4.31. It can be seen that the Zn electrode in MO chamber is more negative than that
in water chamber. This causes higher corrosion rate in water chamber due to higher
potential. This means that the presence of MO biofilm on Zn reduced the potential, and
the metabolism might cause a production of some ions that leads to shift the potential to
more negative which means less corrosion. The presence of biofilm may reduce the
arrival of O2 to the anode surface partially which causes the CR of the anode to be less
than the CR of the cathode. The ions of zinc that formed on the surface of electrode
through the corrosion of electrodes may be toxic to bacteria. Galvan et al (2018) reported

that zinc oxide nanoparticles are toxic to the baker's yeast, Saccharomyces cerevisiae.
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Dead bacteria deposit on the surface of zinc electrode (because of surface roughness) and
prevent oxygen from reaching zinc surface, which leads to reduced corrosion on the
anode electrode. Accordingly, in the MFC cell, increasing MO concentrations in one
chamber causes an appreciable increase in the corrosion rate of both coupled electrodes.
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Figure 4.31 Electrode potentials of Zn at C=6 g/l

Figures 4.32 and 4.33 illustrate the of microorganism concentration effect on the potential
of Zinc electrode in MO and water solutions, respectively. Those figures show that an
increase in bacteria concentration from 3 to 10 g/l results in a slight shift in Zn electrode
potential in MO chamber to more positive. While in water solution increasing MO
concentration gives rise to a prominent shift in Zn electrode potential into more positive.
The cell currents (galvanic) increase as the potential differences between the two
chambers increase as shown in Fig. 4.34. The MO chamber shows more negative
potential than the water chamber. Consequently, as a general trend, the corrosion caused

by concentration cell effect is higher in cathode chamber (Figure 4.35).

Figure 4.34 shows the MO concentration effect on the current density. It can be noted
that increase MO concentration from 3 to 10 g/l increases the current density because of
the bacteria oxidation and increased potential difference. A biofilm layer is created on the

conductor surface of anode because of microorganism. Biofilm provides electron transfer
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to the conductor (anode electrode). Therefore, biofilm formation and biofilm growth
within the conductor (anode) will increase the power made in microorganism fuel cells
(Karra 2013) (Figure 4.35).
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Figure 4.32 MO concentration effect on Zinc electrode potential in MO chamber
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Figure 4.33 The effect of MO concentration on Zinc electrode potential in water
compartment
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Figure 4.34 The effect of MO concentration on the current density of Zn electrodes

Figure 4.35 Microscopic image of (a) clear zinc electrode, (b) corroded Zn electrode in
water compartment, (c) corroded Zn electrode in MO compartment at C= 3
g/l (500x zoom)

4.3.2 Effect of air pumping

Comparing Table 4.11 with Table 4.12 indicates that when pumping the air in water
compartment, the corrosion rate of zinc electrodes in both compartments increases
appreciably compared to the case of in the absence of air pumping. Table 4.12 shows the
air pumping effect at different MO concentrations on the corrosion rate of zinc electrodes
at 30°C and 2g/l sodium acetate. It shows that increasing MO concentration increases the

corrosion rate of electrodes in both chambers (cathode and anode) as shown in Figure
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4.36 The corrosion rate in anode chamber is less than in cathode chamber as explained

above in Zn electrode.

Table 4.12 The effect of air pumping in cathode chamber at different MO concentrations
on the corrosion rate of zinc electrodes

MO Concentration with air Zn corrosion rate in Zn corrosion rate in
pump 2.51 I/min anode chamber gmd cathode chamber gmd
Yeast 3 g/l 6.19 20.03
Yeast 6 g/l 15.38 25.92
Yeast 10 g/l 16.53 39.42

Figures 4.37a and 4.37b show a comparison of the zinc electrode potential in the MO and
water compartments through the use of an air pumping in the water compartment. The
result shows that air pumping into the water compartment shifts the electrode potential in
water solution to more positive and shifts the electrode potential in MO compartment
slightly to more positive since the high DO concentration in cathode chamber raise the
electrode potential and for the anode chamber, the passage of oxygen across the salt

bridge affects the active bacteria, shifting the potential to more positive.

Figure 4.36 Microscopic image (a) clear stainless-steel electrode, (b) corroded Zn
electrode in water compartment, (c) corroded Zn electrode in MO
compartment at air pumping into the water compartment at C= 3 g/l (500x
zoom)
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Figure 4.37 a) The air pumping effect in the water solution on the potential of the water
electrode at 6 g/l of MO concentration
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b) The effect of air pumping in the water solution on the potential of the MO electrode at
6 g/l of MO concentration

4.3.4 Effect of flow velocity

Table 4.13 shows different agitation velocity effect on the corrosion rate of zinc
electrodes in both cathode and anode compartments at different MO concentrations at 2
g/l of sodium acetate. The results showed that at 3 g/l of MO concentration, increasing
the agitation speed leads to increase in the electrode corrosion rate in the water

compartment. The reason is agitation velocity increases the arrival of O to the surface
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and removes zinc oxide layer from the surface enhancing the corrosion. Zinc has the
advantage of forming a film on the metal surface, which is produced by oxidation (patina)
over time, this film layer significantly slows the corrosion of Zn itself (Kareta 2022). It
IS to be noted that the CR in the water chamber is much higher than in the MO chamber,
indicating that the flow in water chamber enhanced the corrosion rate in both chambers
(Figure 4.38).

Table 4.13 Agitation speed effect on the corrosion rate (CR) of zinc electrodes in cathode
and anode compartments at different MO concentrations

MO Speed, rpm in Zn corrosion rate | Zn corrosion rate
Concentration | cathode chamber | in anode chamber in cathode

gmd chamber with

agitation, gmd
150 6.23 29.03
Yeast 3 g/l 300 9.23 26.34
450 22.88 37.30
150 6.32 33.52
Yeast 10 g/l 300 15.96 37.5
450 23.65 44.65

Table 4.14 Measured DO concentration in two compartments at different agitation
velocity at T= 30 °C, 3 g/l MO concentration

Agitation speed DO conc. in MO solution DO conc. in water
(rpm) mg/| solution mg/I
0 0.22 6.1
150 0.28 6.5
300 0.31 6.9
450 0.42 7.1
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Figure 4.38 Microscopic image of (a) clear stainless-steel electrode, (b) corroded Zn
electrode in the water compartment, (c) corroded Zn electrode in the MO
compartment at 300 rpm agitation velocity in water compartment at C= 3 g/l
(500x zoom)

Figures 4.39 and 4.40 show the effect of different agitation velocity in water chamber on
zinc electrode potential in MO and water chambers, respectively. It is notable that when
increasing agitation speed from 150 to 450 rpm in the water chamber, the potential of
electrode in the MO compartment shifts slightly to a more positive value. In water
compartment, it shifts to a much more positive value because of the lower DO
concentration in the MO compartment compared with the water compartment (Table
4.14). In the cathode compartment, the potential under flow conditions is more positive
than stationary condition because of the arrival of more O to the cathode surface (Hamad
and Hasan 2015).

Figure 4.41 shows the effect of agitation velocity in the water chamber on the cell current.
Increasing speed from 150 to 450 rpm leads to an increase in the current density.
Increasing speed leads to increase the oxygen transport to the cathode surface which
increase the potential difference between the two chambers. This causes an increase in
the oxidation reactions in the MO compartment and O> reduction reaction in the water
compartment which results in an increase in the cell current. This agrees with the
observations from the literature (Salam et al. 2020, Abdul-Wahid et al. 2021).
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Figure 4.39 Effect of different agitation velocity in the water compartment on the Zn
electrode potential of the MO compartment at 3 g/l of MO concentration
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Figure 4.40 Effect of different agitation velocity in the water chamber on the zinc
electrode potential of the water chamber at 3 g/l of MO solution
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Figure 4.41 The effect of different agitation velocity in the water compartment on current
density of zinc electrode at 3 g/l of MO concentration

4.3.4 Joint effect of air pumping and agitation velocity

Table 4.15 shows the CR values in both cathode and anode chambers at different MO
concentration for under joint effect of agitation velocity and air pumping into the water
compartment. The results show that increasing the agitation velocity with air pumping in
the water compartment cause a considerable increase in CR of Zn electrode in the water
compartment (Figure 4.42). It can be seen that the increase of CR with the agitation in
presence of air is not uniform. This can be attributed to the high dispersion of air bubbles
in the solutions which play two conflicting roles. The first is that the dispersion of air
bubbles increases the concentration of Oz in the solution which enhances the CR in water
chamber and, thus, in the MO chamber. The second role is reduction of the solution
electrical conductivity which reduces the CR value and the corrosion current especially

when the bubble touches the electrode surface.
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Table 4.15 The effect of the agitation velocity and air pumping in water compartment on
the corrosion rate of zinc electrodes in both cathode and anode chambers at
different MO concentrations

Speed, rpm in Zn corrosion rate | Zn corrosion rate
MO cathode chamber | in anode chamber | in cathode chamber

Concentration gmd gmd
150 5.19 35.96

Yeast 3 g/l 300 28.30 44.76
450 23.46 46.15

150 6.8 55.23

Yeast 10 g/l 300 43.26 51.73
450 45.87 62.79

Figure 4.42 Microscopic image of (a) clear stainless-steel electrode, (b) corroded Zn
electrode in the water compartment, (c) corroded Zn electrode in the MO
compartment at 300 rpm agitation velocity and air pumping in the water
compartment at C= 3 g/l (500x zoom)

Figure 4.43 shows the effect of the agitation velocity and pumping of air in the water
chamber on cell current density at 3 g/l MO concentration. This figure shows that an
increase in the agitation velocity with air pumping leads to an increase in current density
because of the increase in the potential difference and increased oxidation and reduction
reactions in both compartments. The maximum steady-state current density values are 4,
32, 12, and 92 mA/m? at 0-450 rpm, respectively.
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Figure 4.43 Effect of the agitation velocity and air pumping in the water compartment on
the current density of zinc electrodes

4.4  Comparison Among the Copper, Stainless steel and Zinc Electrodes

4.4.1 Microorganism concentration effect

Figure 4.44 shows the comparison between corrosion rates of three electrodes at different
MO concentrations. The corrosion rate of stainless steel is zero at low MO concentration
and it is lower than copper and zinc electrodes because SS has high corrosion resistance.
Figures 4.45 and 4.46 show the potential of three electrodes (anode and cathode
chambers) at the microorganism’s concentration of 3 g/l. It can be noted that there is a
large difference between zinc potential and copper and stainless-steel electrodes. This is
because zinc is more active and weaker in neutral and acidic solutions, thus its corrosion
rate is high, and it is not recommended for microbial fuel cell. SS has the lowest corrosion

rate in MFC medium and thus it is successful from corrosion point of view.
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Figure 4.45 The potential of the MO electrode for three electrodes at the microorganism’s
concentration of 3 g/l
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Figure 4.46 The potential of the water electrode for three electrodes at the concentration
of microorganisms 3 g/l

Figure 4.47 shows the current density flowing in cell between three different electrodes
at the microorganism’s concentration of 10 g/l. The steady state current density of these
electrode is 16, 4, and 70 mA/m? for copper, stainless steel and zinc respectively.
Therefore, the highest current is provided by Zn, but a major part of this current is
produced by the corrosion of Zn in both compartments. The SS produced the lowest

current density indicating the high corrosion resistance.

In MFC, the produced current is dependent on several factors such as the adhesion of
biofilm on the electrode surface, the thickness of that film, the electrochemical and
corrosion properties of the electrode, and the ability of the microorganism for the
oxidation (Salam et al. 2020, Kalia and Kumar 2017). Accordingly, this difference in the

values of produced current for the three electrodes is ascribed to those reasons.
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Figure 4.47 The current density for three electrodes at the microorganism’s concentration
of 10 g/l

4.4.2 Air pumping effect

Figure 4.48 shows a comparison between the corrosion rate of three electrodes under air
pumping in the water compartment at 3g/l MO concentration. It can be seen in the
presence of aeration; SS results the lowest CR and Zn results the highest for all MO

concentrations (Figures A.3 and A.4).
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Figure 4.48 The comparison of the corrosion rate of three electrodes at 2.51 I/min of air
pumping in the water compartment at 3 g/l MO concentration
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4.4.3 Effect of agitation velocity

When comparing the corrosion rate of three electrodes at different agitation velocities in
the water compartment according to Tables 4.4, 4.9 and 4.6, the stainless steel shows the
lowest corrosion rate among the experimented electrodes for the whole range of velocities
(Figure A-5 and A-6). Figure 4.49 shows the current density of Cu, SS, and Zn electrodes
at the agitation velocity of 150 rpm. According to this figure, the lowest current was
obtained with SS electrodes due to the low corrosion rate and the highest current was
obtained with Zn electrodes due to the high corrosion rate. This difference depends on
the nature of the electrode surface, its conductivity, and its porosity, as well as the

corrosion of the electrode.
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Figure 4.49 Current density vs. time for three electrodes at 150 rpm of agitation velocity
and at 3 g/l of MO concentration

4.4.4  Joint effect of air pumping and flow velocity

According to Tables 4.6, 4.10 and 4.15, the stainless-steel shows low corrosion rate
compared to zinc and copper electrodes at different agitation speeds. Increasing the
agitation velocity (150, 300 and 450 rpm) at air pumping in the water compartment
increase the corrosion rate of Cu, SS, and Zn electrodes in both compartments (anode and
cathode (Figure A.7 and A.8).
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5. CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

The major conclusions that are deduced from the experimental work of corrosion

behavior of electrode materials (stainless steel, copper and zinc) used in microbial fuel

cells (MFC) under different operating conditions are as follows:

1.

The selection of the electrode material (metals properties) is crucial for the
performance of MFCs in terms of corrosion resistant, bacterial adhesion, electron
transfer and electrochemical efficiency. Overall, the stainless steel is a successful
electrode from corrosion standpoint in MFC, but the energy generated by such
electrodes is low, followed by copper.

Zinc is not suitable electrode to be used in MFC neither in the MO (anode)
compartment nor in the water (cathode) compartment because it exhibits high
corrosion rate in both compartments.

The microorganism concentration increases the corrosion rate of electrodes in
both anode and cathode compartments in MFC due to the metabolism and
concentration cell effect.

The biofilms that attached to the surfaces are useful for providing longer time of
contact between the bacteria and surface but at the same time, it can cause a
considerable corrosion rate of anode electrodes by biological corrosion.

The current produced in the MFC cell is a result of two contributions. Part of this
current is bio-current generated by MO and part is due to the corrosion of
electrodes.

The air pumping in the water compartment increases the corrosion rate of
electrodes in both MO and water compartments and increases the cell current.
The agitation velocity of catholyte increases the corrosion rate of electrodes in
both MO and water compartments. It increases the cell current too.

In general, the potential in the MO compartment is more positive than in water
compartment due to the MO activity which increases the CR in this compartment

and increases the cell current
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9. Stainless steel and copper exhibited higher potential in both compartments
(comparing with zinc electrode) leading to high corrosion resistance.
10. The zinc electrode is the best electrode in the output current but high corrosion

rate was obtained according to the results.

5.2 Recommendations for Future Work

The recommendations for further investigations are as follows:

1. Investigate the corrosion rate of the SS and Cu by using another type of
microorganism.

2. Extending the work to understand the mechanisms associated with corrosion of
electrodes and the effect of metals ions on the microorganism’s activity.

3. Study the effect temperature and salt concentrations of the corrosion rate of
electrode and produced current of MFC.

4. Investigation of the effect of substrate type and concentration on the corrosion
rate of electrodes.

5. Use of another method for determining the corrosion rate of electrodes in MFC

such as polarization technique.
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