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ELECTRICITY GENERATION AND CARBON REMOVAL FROM
SEWAGE SLUDGE USING TWO-CHAMBER MICROBIAL FUEL CELL
TECHNOLOGY

SUMMARY

Due to the increased interest in renewable energy, fuel cell technology has gained
importance in recent years. Microorganisms have proven to be promising agents for
electricity generation. Microbial fuel cells are considered to be exlyegficient

and present no risk to the environmehtmnicrobial fuel cell (MFC) is a device that
converts chemical energy to electrical energy with the aid of the catalytic reaction of
microorganisms

Two -chamber microbial fuel ceWith chromenickel plate electrodesvas operated
using sewage sludge as a fuel for electricity generation and carbon reftusal.
study mainly covers three main stages.

Firstly, lab - scale 4 literdatchreactor was inoculated with activatsewagesludge
from Bahcesehir Dmestic Wastewater Treatment Plant and operated for 1 month for
sludge production.

Second of all, after having all the necessary components of MFC, finap sdta
particular lab- scale twe chambered MFC system wamde.

Lastly, the operation of MFC wgasplit up into four experimental runs during which 2
liters of sewage sludge from batch reactor was used for each experimental run. The
first experiment was conducted to evaluate the performance of MFC inoculated with
activated sewage sludge by meaningel#ctricity generation and carbon removal.

The second and third experiments were carried out to check the performance of MFC
by measuring voltage (V) and to compare sludge digestion in MFC with Standard
aerobic sludge digestion based on sludge reductidncarbon removal. The fourth
experiment was conducted to observe electrical parameters such as power, current,
power densit, current density undexternalresistance
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1.INTRODUCTION

Energy, in any form, plays the most important role in the modern world and it has
been increasing worldwide exponentially. At present, global energy requirements are
mostly dependent on the fossil fuels, which eventually lead to fembe depletion

of limited fossil energy sources. Combustion of fossil fuels also has serious negative
effect on the environment due to €@mission. Climate changes, increased global
demand for the finite oil, natural gas reserves and energy securityirtemsified

the search for alternatives to fossil fuels. Due to this increased interest in renewable
energy, fuel cell technology has gained importance in recent years. Microorganisms
have proven to be promising agents for electricity generation. Mic¢Holelecells are
considered to be extremely efficient and present no risk to the environméinits
direction, bioelectricity generation through microbial fuel cells (MFCs) using a

variety of substrates is being studied extensively.

1.1 Aim of the Thesis

The aim of this study was to construct talmambered microbial fuel cell and
determine if sewage sludge contained electrochemically active microorganisms
capable of generating electricity in microbial fuel cells and if it did, how much
electricity cold be generated using sewage sludge as a faeinvestigate and
comparethe effects of anaerobisludge digestion in MFC systemith aerobic
sludge digestion carried out in a batch reactor on sludge reduweidrcarbon
removaj to estimate different pameters such as voltage, power, power density,

current, current desity under external resistance

1.2 Scope of the Thesis

The following five sections adress the scope of the study:

1 Chapter 1 covered the introduction, aim and scope of this study.



Chapter 2provided an outlook on MFCs, including history and previous
research. Components, current designs,working principles, performances,
factors affecting these performances, efficiency and applications of MFCs,
treatment of sludge including aerobic and aobierdigestion, were presented

as well.

Chapter 3 described the materials and methods applied during this particular
study. The assembly and operation of batch and MFC reactors, as well as
experimental runs, were presented. Applied calculations and aadlyti
methods were investigated.

Chapter 4 reported and compared the results illustrated in the form of tables
and graphics gained from different experimental runs.

Chapter 5, finally, discussed and summarized the insights obtained in this
thesis.



2.REVIEW ON MICROBIAL FUEL CELLS

2.1 Definition of microbial fuel cell

For centuries, microorganisms, which transform food into an electron flow, were

only a biological curiosity; but now scientists have made it possible to use them in
watchesand cameras as power source (Bennetto et al., 1B8&)link between

electricity and metabolic processes in living organisms was first studied in the
eighteenth century, when Luigi Galvani observed electricity production in the legs of

a frog and firstestb | i shed hi s t he or(Biccolinb, 1998.Mni ma | e
1910, Potter demonstrated the production of electrical energy (voltage and current)

from living cultures of eitheEscherichia colior SaccharomycebBy using platinum

electrodes (Potter,12). This important discovery (the first reported MFC) was
forgotten or ignored until 1931 when Cot
had already demonstrated how the enzymes in bacteria oxidise food (Cohen, 1931).

The microbial (or biological) fuelec| | was described in 1969
energy convertero (Bockri ss AendndBennetioi vasa
described a microbial fuel cell as able to withdraw electrons from the oxidation of a

carbohydrate (glucose) as electrieaergy (Allen and Bennetto, 1993).

Microbial fuel cells (MFCs) are devices that directly covert chemical energy to
electricity through catalytic activities of microorganisms. Electricity has been
generated in MFCs from various organic compounds, includadpohydrates,
proteins and fatty acid¢Catal et al.2008; Logan2007; Allen et al.1993; Jang et

al., 2004) A microbial fuel cell (MFC) is a device that converts chemical energy to
electrical energy with the aid of the catalytic reaction of micraoigns. A MFC
consists of anode and cathode separated by a «gtemific membrane. Microbes in
the anode oxidize fuel, and the resulting electrons and protons are transferred to the
cathode through the circuit and the membrane, respectively. Electrdn@@ons

are consumed in the cathode, reducing oxidant, usually ofygtt et al.2008;
Logan,2007)



2.2 Previous research on microbial fuel cells

While the concept of bioelectricity generation was first demonstrated nearly a
century ago, MFCs as weow know them from recent work really need to be
considered as a new technologyver the past years, MFCs as a new source of
bioenergy have been extensively reviewed and the number of journal publications
has increased sharply in the past three years mibre researchers joining the
research field. Several reviews on MFC are available, each with a different flavor or
emphasis. Logan et al. (2008gviewed MFC designs, characterizations and
performances. The microbial metabolism in MFCs was reviewed lnadyaand
Verstraete (2005). Lovley (200&)ainly focused his review on the promising MFC
systems known as Benthic Unattended Generators (BUGS) for powering +emote
sensoring or monitoring devices from the angle of microbial physiologies. Pham et
al. (2006)summarized the advantages and disadvantages of MFCs compared to the
conventional anaerobic digestion technology for the production of biogas as
renewable energy. Chang et al. (2006) discussed both the properties of
electrochemically active bacteria usednrediatorless MFC and the rate limiting
steps in electron transport. Bullen et al. (200@npiled many experimental results

on MFCs reported recently in their review on biofuel cellensidering the sewage
sludge Jiang et al(2009) used twahamberedFC with potassium ferricyanidas

its electron acceptor and over a 2isursdemonstration test, average stable voltage
produced was 0.687 and maximum power density was 8\Bm®. The
corresponding TCOD removal efficiency was 46.4% with an initial TCAGD o
10,850mg/l. Liu et al. (2009) obtained a power density o#40.7 mW/m? from
excesssludge using a single chamber floathogthodeMFC. Xiao et al. (2011)
conductedbatch tests to enhancing simultaneous electricity production and reduction
of sewagesludge in twechamber MFC by aerobic sludge digestion in cathode
chanber and sludge pretreatments (sterilization and base pretreatment) prior to
sludge addition to anode chamber, respectively. The voltage outputs of MFC
increased from 0.2®.31V to 0.410.43V and the power densities increased from
17.3 21.2mW/nf to 36.8 401mW/nf with aerobic sludgeligestion in the cathode
chamber. Aerobic sludge digestion in the cathode chamber increased sludge
reduction (TSS and VSSh the anode chamber from 33.9% and 36.9% (without
aerobic sludge digestion) to 34.5% and 38.7% (withkaesludgedigestion).



2.3 Components of microbial fuel cell

One of the most important objectives of any MFC or fuel cell is to produce as much

power as possible in the

and can be based on not odiyect efficiency relations such as coulombic efficiency

mo s t

ef fi

ci

ent

and energy efficiency, but also the areal and volumetric current and power densities,

material costs and design simplicity. Today, MFC designs are numerous and of

varying complexity. The design istefi dependent on the purpose of the MFC,

whether it is to analyze a particular aspect of MFC operation, like microbial

community analysis, or increasing power production through comparison of

materials like anode/cathode electrodes, catalyst consideratioby varying feed

conditions. MFCs typically are designed as either -dhambered or single

chambered.A typical MFC consists of two separate chambers which can be

inoculated with any type of liquid media. These chambers, an anaerobic anode

chamber andan aerobic cathode chamber, are generally separated by a Proton

Exchange Membrane (PEM) such as Nafion. A-compartment MFC eliminates

the need for the cathodic chamber by exposing the cathode directly to the air. Table

2.1 shows a summary of MFC compmits and the materials used to construct them

(Logan et al., 2006; Rabaey and Verstraete, 2005; Bullen et al., 2006; Lovley, 2006).

Table 2.1:Basic components of microbial fuel cells

Tt=ms Materials Femarks
Graphite graphite felt carbon paper.
Anode carbon-cloth, P Pt blaclk reticulatsd MNecessary
writreous carbon (EWC)

_ Graphite, graphit= felt. carbon ppaper. e _
Catheds carbon-cloth, Pt Pt blaclk BEWVC MNecessary
Anodic Gl 1 t Plexigla ™

ass, secarbonate, exiglas MNecessarsy
chamber - Pell ) h -
Camhodie Gl 1 - Plexigla icnal
b=, =]
- ber ass. polscarbonats, xiglas Orptrorea
Proton FProton exchange membrane : MNafion,
- _ Ulltrex . pols=thydene polss [ N
-.-i‘-’.‘i:f.ﬂgu {=sivrene-co-divinsdben=sne ) salt bridege, Mecessary
B porcelain =ephim. or solelsr elec trolyte
Elsctrods Pt. Pt blaclk, IhinO2 . Fe3+, polyaniline, Opticnal
cataly=t electron media tor immobiliz=d on anode

The main three

membrane.

Schematic of the basic components of a microbial fuel cell is given in the figure 2.1.

below:

components of the MFC are the anadkode, and if present, the



Multimeter ﬁ Compute-

Resistor

+=- @

Cryganic:

matter I
CO:

H.C

Qz

7 ’
Anode Cathode /
Membrane Alr sparge-

Fig 2.1: Schematic of the basic components of arohial fuel cell

The anode and cathode chambers are separatadri®mbrane. The bacteria grow

on the anode, oxidizing organic matter and releasing electrons to the anode and
protons to the solution. The cathadesparged with air to provide dissolved oxygen

for the reactions of electrons, protons and oxygen at thedat with a wire (and

load) completing the circuit and producing power. The system is shown with a
resistor used as the load for the power being generated, with the current determined
based on measuring the voltage drop across the resistor using a teulhiowked

up to a data acquisition system (Logan, 2007).

2.3.1Anode and Cathode

The anode is the combination of several elements. Often, the electrode is composed
of graphite, carbon paper or carbon cloth (Clauwaert et al., 2007). High anodic
potential is desirable for increased energy generation, while lower potentials can
result in electron loss via transfer to alternative acceptors, like sulfates, or the
production of byproducts like methane (Verstraete, 2005; Verstra&t@7). This is
achieved prirarily by excluding oxygen from the chamber. The anodic chamber is
filled with the carbon substrate the microbes will metabolize to grow and produce
energy. The pH and buffering properties of the anodic chamber can be varied to
maximize microbial growth, emgy production, and electric potential (Rabaey and
Verstraete, 2005).The cathode completes the circuit of the cell by transferring
electrons to digh-potential electron acceptor. The electrode is composed of material
similar to those used in the anodevé&ral different media can be used to oxidize the

electron transporters at the electrode. The chamber is commonly filled with a



conductive media, like ferricyanide. Alternatively, the cathode can contain air, in
which case oxygen is the oxidant. Oxygen s preferred oxidizing reagent for
several studies, not only because oxygen is a potent oxidizing agent, but also because
it's use simplifies the operation of the cell. In a study by Liu et al. testing an MFC
designed to treat wastewater, it was discegté¢hat forced aiflow through a cathode
reduces the overall efficiency compared to a passive air flow (Liu, 2004). Again, this
demonstrates the importance of designing cells with maximum oxygen circulation

that can minimize the reactive oxygen entetliganode chamber through the PEM.

2.3.2 Proton Exchange Membrane

Although a common salt bridge can be used, a more effective ion exchange channel
is a proton exchange membrane (PEM). The PEM acts as the barrier between the
anodic and cathodic chambersidais commonly made from polymers like Nafion

and Ultrex. Ideally, no oxygen should be able to circulate between the oxidizing
environment of the cathode and the reducing environment of the anode. However,
this can frequently cause problems. The detrimesftacts of oxygen in the anode

can be lessened by adding oxygmavenging species like cysteine (Logan et
al.,2005)

2.4 Current design of microbial fuel cell

2.4.1Two - compartment MFC systems

Two-compartment MFCs are typically run in batch mode ofteth a chemically
defined medium such as glucose or acetate solution to generate energy. They are
currently used only in laboratories. A typical twoompartment MFC has an anodic
chamber and a cathodic chamber connected by a PEM, or sometimes agalttbrid
allow protons to move across to the cathode while blocking the diffusion of oxygen
into the anode.The bacteria grow on the anode, oxidizing organic matter and
releasing electrons to the anode and protons to the solution. The catlspdeged

with air to provide dissolved oxygen for the reactions of electrons, protons and
oxygen at the cathode, with a wire (and load) completing the circuit and producing
power.The compartments can take various practical shapes. The schematic diagrams
of five two-compartment MFCs are shown kig. 2.2
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The minkMFC shown in Fig. 2. having a diameter of about 2 cm, but with a high
volume power density was reported by Ringeisen et al. (2006). They caafbkins
powering autonomous sensors for léegm operations in less accessible regions.
Upflow mode MFCs as shown in Fig22D and E are more suitable for wastewater
treatment because they are relatively easy to-sgaléie et al., 2006). On the other
hand, fluid recirculation is used in both cases. The energy costs of pumping fluid
around are much greater than their power outputs. Therefore, their primary function
is not power generation, but rather wastewater treatment. The MFC design in Fig.
22.Eof ers a | ow internal resistance of 4 q

close proximity over a large PEM surface area.

2.4.2Single - compartment MFC systems

Due to their complex designs, tveompartment MFCs are difficult to scal@ even
though theycan be operated in either batch or continuous mode. One compartment
MFCs offer simpler designs and cost savings. They typically possess only an anodic

chamber without the requirement of aeration in a cathodic chaféseand Zeikus



(2003) designed a oneompartment MFC consisting of an anode in a rectangular
anode chamber coupled with a porous eathode that is exposed directly to the air

as shown in Fig. 2.3. Protons are transferred from the anolyte solution to the porous
air-cathode (Park and Zeikuz)03).
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Fig. 2.3: An MFC with a proton permeable layer coating the
insideof the windowmounted cathosl

Liu and Logan (20043esigned an MFC consisting of an anode placed inside a
plastic cylindrical chamber and a cathode placed outside. Fig.stiws the
schematic of a laboratory prototype of the MFC bioreactor. The anode was made of
carbon paper without wet proofing. The cathode was either a carbon electrode/ PEM
assembly fabricated by bonding the PEM directly onto a flexible carimbim
electrode,or a stand alone rigid carbon paper without PEM (Liu and Logan, 2004;
Liu et al., 2005Cheng et al., 2006a).
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Fig. 2.4: An MFC consisting of an anode aodthode place
onopposite side in a plastic aytirical chamber

A tubular MFC system with an outer cathode and an inner anode using graphite

granules is shown ifrig. 2.5 (Rabaey et al., 2005). In the absence of a cathodic



chamber, catholyte is supplied to the cathode by dripping an electrolytehaver t

outer woven graphite mat to keep it from drying up.
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Fig. 2.5: A tubular MFC with outer cathode and innanode
consisting ofgraphite granules

Another type of SCMFC reactor was reported by Liule{(2004). Their cylinder

was partitioned into two sections by glass wool and glass bead layers. These two
sections served as anodic and cathodic chambers, respectively as shown in Fig. 2.5.
The diskshaped graphite felt anode and cathode were placee abttom and the

top of the reactor, respectively. Fig. ZlBows another MFC design inspired by the
same general idea shown in Fig. 2.5 but with a rectangular container and without a
physical separation achieved by using glass wool and glass beads qUskiaknd

Guiot, 2006).
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The feed stream is supplied to the bottom of the anode and the effluent passes
through the cathodic chamber and exits at the top continuously (Jang et al., 2004;
Moon et al.,2005). There are no separate anolyte and catholyte. And the diffusion
barriers between the anode and cathode provide a DO gradient for proper operation
of the MFCs.

Without two-compartment and singleompartment systems, there are two designs of

MFCs : waking in contnous flow mode and stacked MFC.

2.5 Substrates used in Microbial Fuel Cells

Substrate is important for any biological process as it serves as carbon (nutrient) and
energy source. The efficiency and economic viability of converting organiesves
bioenergy depend on the characteristics and components of the waste material.
Especially the chemical composition and the concentrations of the components that
can be converted into products or fuels (Angenent and Wrenn, 2008)FCs,
substrate isregarded as one of the most important biological factors affecting
electricity generation (Liu et al., 2009. great variety of substrates can be used in
MFCs for electricity production ranging from pure compounds to complex mixtures
of organic matter @sent in wastewater such as : glucose, acetate, lignocellulosic
biomass,cellulose and chitin. Different kind of industrial wastewater was used too,

such as: brewery wastewater, synthetic wastewater, dye wastewater.

In the initial years, simple substratiédse acetate and glucose were commonly used,
but in recent years researchers are using more unconventional substrates with an aim
of utilizing waste biomass or treating wastewater on one hand and improving MFC

output on the otheThe maximum power densifyroduced appears to be related to
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the complexity of the substrate (i.e. single compound versus several compounds).
Heilmann and Logan (2006@eported that with substrates like peptone and meat
processing wastewater containing many different amino acidspeoteins, lower
power was produced than achieved using single compound like bovine serum
albumin (BSA). The power generation measured using xylose as substrate was lower
than studies with other fuels such as acetate or glucose (Huang et al., 2008)
Comman laboratory substrates include acetate, glucose,sucrose or lactate, while real

world applications to wastewater and landfills are also abundant.

2.6 Performances of microbial fuel cells

2.6.1ldeal MFC performance

The ideal performance of an MFC dependstbe electrochemical reactions that
occur between the organic substrate at a low potential such as glucose and the final
electron acceptor with a high potential, such as oxygen (Rabaey and Verstrate, 2005).
However, its ideal cell voltage is uncertain &ese the electrons are transferred to

the anode from the organic substrate through a complex respiratory chain that varies
from microbe to microbe and even for the same microbe when growth conditions
differ. Though the respiratory chain is still poorly enstood, the key anodic
reaction that determines the voltage is between the reduced redox potential of the
mediator (if one is employed) or the final cytochrome in the system for the
electrophile/anodophile if this has conducting pili, and the anodehbseltacterial
species that are incapable of releasing electrons to the anode directly, a redox
mediator is needed to transfer the electrons directly to the anode (Stirling et al., 1983;
Bennetto, 1984). In mediatbess MFCs utilizing anodophiles such 4&3.
sulfurreducens and R. ferrireducens, microbes form a biofilm on the anode surface
and use the anode as their end terminal electron acceptor in their anaerobic
respiration. Section 2 mentioned the possible electron transport process. Though the
respiratoy chain is still not well understood, the anodic potential can be evaluated by
the ratio of the final cytochrome of the chain in reduced and oxidized states. The
electrode reactions for various types of MFCs and their corresponding redox
potentials of thee substrates involved in electrode reactions are presented in Table 3
(Hernandez and Newman, 2001; Straub et al., 2001; Rabaey and Verstraete, 2005;
Madigan, 2000).
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2.6.2Actual MFC performance

The actual cell potential is always lower than its equilitoripotential because of

irreversible losses.

Activation polarization is attributed to an activation energy that must be overcome by
the reacting species. It is a limiting step when the rate of an electrochemical reaction
at an electrode surface is conlkedl by slow reaction kinetics. Processes involving
adsorption of reactant species, transfer of electrons across the doublelayer cell
membrane, desorption of product species, and the physical nature of the electrode
surface all contribute to the activatipolarization. For those microbes that do not
readily release electrons to the anode, activation polarization is an energy barrier that
can be overcome by adding mediators. In mediess MFCs, activation
polarization is lowered due to conducting pili.tkdic reaction also faces activation
polarization. For example, platinum (Pt) is preferred over a graphite cathode for
performance purpose because it has a lower energy barrier in the cathodic oxygen
reaction that produces water. Usually activation ppddion is dominant at a low
current density. The electronic barriers at the anode and the cathode must be

overcome before current and ions can flow (Appleby and Foulkes, 1989).

The resistance to the flow of ions in electrolytes and the electron flow dretie
electrodes cause Ohmic losses. Ohmic loss in electrolytes is dominant and it can be
reduced by shortening the distance between the two electrodes and by increasing the
ionic conductivity of the electrolytes (Cheng et al., 2006b). PEMs produce a
trarsmembrane potential difference that also constitutes a major resistance.

Concentration polarization is a loss of potential due to the inability to maintain the
initial substrate concentration in the bulk fluid. Slow mass transfer rates for reactants
and poducts are often to blame. Cathodic overpotential caused by a lack of DO for
the cathodic reaction still limits the power density output of some MFCs (Oh et al.,
2004). A good MFC bioreactor should minimize concentration polarization by
enhancing mass tnafer. Stirring and/or bubbling can reduce the concentration
gradient in an MFC. However, stirring and bubblieguires pumps and their energy
requirements are usually greater than the outputs from the MFC. Therefore, balance
between the power output atite energy consumption by MFC operation should be
carefully considered. A polarization curve analysis (Rhoads et al., 2005) of an MFC

can indicate to what extent the various losses listed in Eqg. (4) contribute to the
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overall potential drop. This can poitat possible measures to minimize them in order

to approach the ideal potential. These measures may include selection of microbes
and modifications to MFC configurations such as improvement in electrode
structures, better electrocatalysts, more conductigetrelyte, and short spacing
between electrodes. For a given MFC system, it is also possible to improve the cell
performance by adjusting operating conditions (Gil et al., 2003).

2.7 Factors affecting performance of MFC

So far, performances of laboratoMiFCs are still much lower than the ideal
performance. There may be several possible reasons. Power generation of an MFC is
affected by many factors including microbe type, fuel biomass type and
concentration, ionic strength, pH, temperature, and reacidigocation (Liu et al.,

2005.

2.7.1Effect of electrode materials

Using better performing electrode materials can improve the performance of an MFC
because different anode materials result in different activation polarization losses. Pt
and Pt black eléamdes are superior to graphite, graphite felt and cachaih
electrodes for both anode and cathode constructions, but their costs are much higher.
Schroder et al. (2003) reported that a currentief &hA could be achieved with
platinumized carbowloth anode in an agitated anaerobic culture of E. coli using a
standard glucose medium at 0.55 mmol/L, while no microbially facilitated current
flow is observed with the unmodified carboloth with the same operating
conditions. Pt also has a higher catalgativity with regard to oxygen than graphite
materials. MFCs with Pt or Ribated cathodes yielded higher power densities than
those with graphite or graphite felt cathodes (Oh et al., 2004; Jang et al., 2004; Moon
et al.,, 2006). Electrode modification &ctively investigated by several research
groups to improve MFC performances. Park and Zeikus (2002, 2003) reported an
increase of 10@olds in current output by using NRoven graphite and Mn(1V)
graphite anode compared to the woven graphite anode &l&éhand Mn(1V) served

as mediators in their MFC reactors. mediators in their MFC reactors. Doping ions
such as Fe (Ill) and/or Mn(lV) in the cathode also catalyze the cathodic reactions
resulting in improved electricity generations. The principle for tb&ialytic activity
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is the same as that of electron shuttles. The electron driving force generated is
coupled to the quantivalence change cycles of Fetg()I)-Fe(lll) or Mn(IV)-Mn

(1) or Mn(Il) -Mn(IV) on the cathode. Four times higher current caratl@eved

with the combination of Mn(I\fgraphite anode and Fedgaphite cathode
compared to plain graphite electrodes (Park and Zeikus, 1999, 2000, 2003).

2.7.2pH buffer and electrolyte

If no buffer solution is used in a working MFC, there will be anioby pH
difference between the anodic and cathodic chambers, though theoretically there will
be no pH shift when the reaction rate of protons, electrons and oxygen at the cathode
equals the production rate of protons at the anode. The PEM causes traasypant

to the cross membrane diffusion of the protons, and proton transport through the
membrane is slower than its production rate in the anode and its consumption rate in
the cathode chambers at initial stage of MFC operation thus brings a pH difference
(Gil et al., 2003). However, the pH difference increases the driving force of the
proton diffusion from the anode to the cathode chandmetr finally a dynamic
equilibrium forms. Some protons generated with the biodegradation of the organic
substrate trarfisrred to the cathodic chamber are able to react with the dissolved
oxygen while some protons are accumulated in the anodic chamber when they do not
transfer across the PEM or salt bridge quickly enough to the cathodic chamber. Gil et
al. (2003) detected jpH difference of 4.1 (9.5 at cathode and 5.4 in anode) after 5
hour operations with an initial pH of 7 without buffering. With the addition of a
phosphate buffer (pH 7.0), pH shifts at the cathode and anode were both less than 0.5
unit and the current opitit was increased about 1 to 2 folds. It was possible that the
buffer compensated the slow proton transport rate and improved the proton
availability for the cathodic reaction. Jang et al. (2004) supplied an HCI solution to
the cathode and found that themrent output increased by about one fold. This again
suggests that the proton availability to the cathode is a limiting factor in electricity
generation. Increasing ionic strength by adding NaCl to MFCs also improved the
power output (Jang et al., 2004ulet al., 2005b), possibly due to the fact that NaCl
enhanced the conductivity of both the anolyte and the catholyte.
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2.7.3Proton exchange system

Proton exchange system can affect an MFC system's internal resistance and
concentration polarization losnd they in turn influence the power output of the
MFC. Nafion (DuPont, Wilmington, Delaware) is most popular because of its highly
selective permeability of protons. Despite attempts by researchers to look for less
expensive and more durable substitukésjon is still the best choice. However, side
effect of other cations transport is unavoidable during the MFC operation even with
Nafion. In a batch accumulative system, for example, transportation of cation species
other than protons by Nafion dominateg charge balance between the anodic and
cathodic chambers because concentrations of Na+, K+, NH4 +, Ca2+, Mg2+ are
much higher than the proton concentrations in the anolyteathdlyte (Rozendal et

al., 2006). In this sense, Nafion as well as other PEbed in the MFCs are not a
necessarily proton specific membranes but actually cation specific membranes. The
ratio of PEM surface area to system volume is important for the power output. The
PEM surface area has a large impact on maximum power outjet ifower output

is below a critical threshold. The MFC internal resistance decreases with the increase
of PEM surface area over a relatively large range (Oh and Logan, 2006). Min et al.
(2005)compared the performance of a PEM and a salt bridge in aniMfeGlated

with G. metallireducens. The power output using the salt bridge MFC was 2.2
mW/m2 that was an order of magnitude lower than that achieved using Nafion.
Grzebyk and Pozniak (200%eported that they prepared interpolymer cation
exchange membranesvith polyethylene/ poly (styrereo-divinylbene) by
sulfonation with a solution of chlorosulfonic acid in -tizhloreoethane. Their MFC
using this differentmembrane instead of Nafion had a relative low performance. The
highest voltage achieved in theirA@ (with E. coli) was 67 mV with a total
resistance of 830 q and graphite electrodes
cm2 for both anode and cathode. Park and Zeikus (2088) a porcelain septum
made from kaolin instead of Nafion as the protonchkange system in a one
compartment MFC. The maximum electrical productivities obtained with sewage
sludge as biocatalyst and a Mngraphite anode and a Fe8taphite cathode were

14 mA current, 0.45 V potential, 1750 mA/m2 current density, and 788 m\Wm2 o
power density. No obvious disadvantages in performance were observed with the

kaolin septum to Nafion.
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2.7.40perating conditions in the anodic chamber

Fuel type, concentration and feed rate are important factors that impact the
performance of an MFC. Wh a given microbe or microbial consortium, power
density varies greatly using different fuels. Many systems have shown that electricity
generation is dependent on fuel concentration both in batch and contftavous
mode MFCs. Usually a higher fuel conteation yields a higher power output in a
wide concentration range. Park and Zeikus (2002) reported that a higher current level
was achieved with lactate (fuel) concentration increased until it was in excess at 200
mM in a singlecompartment MFC.inoculaed with S. putrefaciens. Moon et
al.(2006) investigated the effects of fuel concentration on the performance of an
MFC. Their study also showed th#te power density was increased with the
increase in fuel concentration (Moon et al., 2006). Gil et a0D32fund that the
current increased with a wastewater concentration up to 50 mg/L in their MFC.
Interestingly, the electricity generation in an MFC often peaks at a relatively low
level of feed rate before heading downward. This may be because a higlatieed
promoted the growth of fermentative bacteria faster than those of the
electrochemically active bacteria in a mixed culture (Moon et al., 2006; Kim et al.,
2004; Rabaey et al., 2003). However, if microbes are growing around the electrodes
as biofilms,the increased feed rate is unlikely to affect the flora. One possible reason
is that the high feed rate brings in other alternate electron acceptors competing with

the anode to lower the outpu

2.7.50perating conditions in the cathodic chamber

Oxygen isthe most commonly used electron acceptomMFCs for the cathodic
reaction. Power output of an MFC strongly depends on the concentration level of
electron acceptors. Several studies (Oh et al., 2004; Pham et al., 2004;Gil et al.,
2003) indicated that DO &g a major limiting factor when it remained below the air
saturated level. Surprisingly, a catholyte sparged with pure oxygen that gave 38
mg/L DO did not further increase the power output compared to that of the air
saturated water (at 7.9 mg/L DO) (Ohatt 2004; Min and Logan, 2004; Pham et

al., 2004;). Rate of oxygen diffusion toward the anode chamber goes up with the DO
concentration. Thus,part of the substrate is consumed directly by the oxygen instead
of transferring the electrons though the eled#rand the circuit (Pham et al., 2004).

Power output is much greater using ferricyanide as the electron acceptor in the
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cathodic chamber. So far, reported cases with very high power outputs such as 7200
mW/m2, 4310 mW/m2 and 3600 mW/m2 all used ferricyanid the cathodic
chamber (Oh et al., 2004; Schroder et 2003; Rabaey et al., 2003, 2004), while
less than 1000 mW/m2 was reported in studies using DO regardless of the electrode
material. This is likely due to the greater mass transfer rate and bmtigation
energy for the cathodic reaction offered by ferricyanide (Oh et al., 2004).

Using hydrogen peroxide solution as the final electron acceptor in the cathodic
chamber increased power output and current density according to Tartakovsky and
Guiot (2006). As a consequence, aeration is no longer needed for singlecompartment
MFCs with a cathode that is directly exposed to air. Rhoads et al. (2005) measured
the cathodic polarization curves for oxygen and manganese andtfmtneéducing
manganese oxidedelivered a current density up to 2 orders of magnitude higher
than that by reducing oxygen. Surely changing operating conditions can improve the
power output level of the MFCs. However, it is not a revolutionary method to
upgrade the MFCs from low powsystem to a applicable energy source at the very
present. The bottleneck lies in the low rate of metabolism of the microbes in the
MF Cs . Even at their fastest growth rate (i
slow transformers. The biotransformationeraf substrates to electrons has a fixed
ceiling which is inherently slow. Effort should be focused on how to break the

inherent metabolic limitation of the microbes for the MFC application.

High temperature can accelerate nearly all kinds of reactnwhsding chemical and
biological ones. Use of thermophilic species might benefit for improving rates of
electron production, however, to the best of our knowledge, no such investigation is
reported in the literature. Therefore this is probably anotheresobpgmprovement

for the MFC technology fromthe laboratory research to a real applicable energy

source.

2.8 Efficiency of Microbial Fuel Cell

The MFC output is measured in terms of net anodic compartment (NAC), the actual
surfacearea reaction takes plaoa, as compared to total anodic compartment (TAC)
which accounts for all of the surface area within the anode. Maximum efficiency can
be obtained using ideal substrates, pH, temperature biocatalysts, redox potential, and

electrode composition. In a repgutiblished in 2003, Rabaey et al. confirmed a
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maximum output of 90 W/m3 NAC and 48 W/m3 TAC using a highly efficient
system (Rabaey, 2003). Their maximal efficiency utilized a mmextobial culture

with acetate as a substrate in a tubulaifloyy MFC. The design was aimed at
streamlining a microscale prototype useful for wastewater treatment. Generally,
power density output is low in MFCs, and energy output is reported in milliwatts. Put
into perspective, one AA battery produces approximately 3006hoats of energy.

The most efficient fuel cell at the time of publication peaked out at 59 W/m3 at
ninety-six per cent efficiency on a columbic basis (Rabaey, 2005). It would be
favorable to increase the efficiency of these cells to produce a steady 1 kW/m3 of
energy if they are to be economically viable to operate (Rabaey, 2005). One of the
best ways to increase efficiency are to learn more about microbial community
ecology; some of the most efficient designs use mixed microbial cultures from
marine environmds, and it is believed that the most vigorous biocatalysts have yet
to be isolated (Rabaey, 2005; Ren et al.,2007). Optimizing anodic conditions,

housing constructs, and component materials are also important factors.

2.9 Applications of microbial fuel cel technology

2.9.1Wastewater treatment

Micro-organisms can perform the dual duty of degrading effluents and generating
power. MFCs are presently under serious consideration as devices to produce
electrical power in the course of treatment of industagtjcultural, and municipal
wastewater. When microrganisms oxidize organic compounds present in waste
water, electrons are released yielding a steady source of electrical current. If power
generation in these systems can be increased, MFCs may pravade method to

offset operating costs of waste water treatment plants, making advanced waste water
treatment more affordable in both developing and industrialized nations (Shukla et
al.,2004). In addition, MFCs are also known to generate less excess slsidge
compared to the aerobic treatment process (Kim et al., 2007)

2.9.2 Powering underwater monitoring devices

Data on the natural environment can be helpful in understanding and modeling
ecosystem responses, but sensors distributed in the natural envitoregaire

power for operation. MFCs can possibly be used to power such devices, particularly
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in river and deepvater environments where it is difficult to routinely access the
system to replace batteries. Sediment fuel cells are being developed to monitor
environmental systems such as creeks, rivers, and oceans (Bond et al.,2002). Power
densities are low in sediment fuel cells because of both the low organic matter
concentrations and their high intrinsic internal resistance. However, the low power
densitycan be offset by energy storage systems that release data in bursts to central

sensors (Logan et al.,2006)

2.9.3Power supply to remotesensors

With the development of micrelectronics and related disciplines the power
requirement for electronic deviceashdrastically reduced. Typically, batteries are
used to power chemical sensors and telemetry systems, but in some applications
replacing batteries on a regular basis can be costlysdimsuming, and impractical.

A possible solution to this problem is tise selHrenewable power supplies, such as
MFCs, which can operate for a long time using local resources.

2.9.4 BOD sensing

Another potential application of the MFC technology is to use it as a sensor for
pollutant analysis andh situ process monitoringand control. Biological Oxygen
Demand (BOD) is the amount of dissolved oxygen required to meet the metabolic
needs of aerobic organisms in water rich in organic matter, such as sewage. The
proportional correlation between the coulombic yield of MFCsthadconcentration

of assimilable organic contaminants in wastewater make MFCs possible usable as
BOD sensors. An MF@ype BOD sensor can be kept operational for over 5 years
without extra maintenance, far longer in service life span than other types of BOD

sensors reported in the literature (Lovley,2006).

2.9.5 Hydrogen production

Hydrogen production by modiyed MFCs operat:.i
interesting alternative. In such devices, anaerobic conditions are maintained in the

cathode chamber aratiditional voltage of around 0.25 V is applied to the cathode.

Under such conditions, protons are reduced to hydrogen on the cathode. Such

modi yed MF Cs adleetrochermicalhy e assistdal i noicrobial reactors

(BEAMR).
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2.10The treatment of sludge

The teatment of wastewater produces a significant quantity of residual suspended
solids that must be further processed prior to disposal. Digestion is a commonly used
biological process for the stabilization of sludges from wastewater treatment plants
(WWTPSs).Digestion usually refers to the biological breakdown of the organic matter

in sludge. Digestion makes the sludge easier to dewater in general. It is employed as
a way to stabilize the sludge, reduce its volume, and reduce the pathogens in it.
Biosolids ae usually thickened prior to digestion. Digestion can occur either
aerobically or anaerobicallyReduction of volatile solids and destruction of
pathogens are the primary objectives of both processes. Each digestion is processed
through very different miabiological and biochemical reactions and the major
difference of two digestion processes is whether digestion proceeds in the presence

or absence of molecular oxygen (Metcalf and Eddy, 1991).

2.10.1Aerobic digestion

Aerobic digestion of wastewater sludgis a stabilisation process in which aerobic
micro-organisms consume the biological degradable organic component of the
sludge. Basic objectives include producing a biologically stable product while
reducing both sludge mass and volume. In aerobic digeg$tod is highly limiting,
resulting in the micraprganisms consuming their own protoplasm to obtain energy
for cell maintenance reactions (endogenous respiration). This results in the biomass
concentration continuously decreasing until the remaininggoorepresents such a

low energy content as to be considered biologically stable and suitable for disposal in
the environmen (D'Antonio, 1983). The basis of aerobic digestion process is similar
with activated sludge process. In the presence of moleculaggen and nitrate,
microorganisms convert organic matter into carbon dioxide, amnhynieater and

new biomass. As available substrate is depleted, endogenous respiration, auto
oxidation of cellular protoplasm, takes place, accounting for the destrudtion o
volatile solids (Metcalf and Eddy, 19915implicity of process, lower capital cost,

the stabilized sludge is free of offensive odor and an excellent fertiazerthe
advantages of aerobic digestion compared to anaerobic process and because of these
merits, aerobic digestion has been a popular option for the small scale WWTPs.

Volatile solids reduction meets or exceeds that of anaerobic digestion.
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2.10.2 Anaerobic digestion

With comparison to aerobic digestion, anaerobic digestion is a very complex process
and various groups of groorganisms in the absence of oxygen and nitrate are
involved in reciprocal relationship. Conversion of organic matter into methane after
several steps of biochemical reactions accounts for removing COD of feed sludge in
anaerobic digestion (Metcalf andddy,1991). The anaerobic process is known to
occur in 3 steps: hydrolysis, acidogenesis, and methanogenesis. In the first step,
hydrolysis, insoluble organic matter and large molecular organic compounds are
hydrolyzed to soluble and smaller size of orgaoc@mpounds. In acidogenesis,
anaerobic microorganisms break down the products of first step into hydrogen
molecule and simple organic acids such as volatile fatty acids and acetic acid. In the
final step of anaerobic digestion, known as methanogenesisamogtenic bacteria
convert acetic acid and hydrogen into methane and carbon dioxide. It is also believed
that one third of methane is produced from the pathway of using hydrogen and the
rest of methane is from the acetic acid. Methanogens are strict besend have

very slow growth rate. Consequently, their metabolism is usually considered rate
limiting and long detention time is required for slow growth (Metcalf and Eddy,
1991). The advantages of anaerobic digestion include the production of usable
enegy in the form of methane gas. Low solid production, very low energy input
(Bill, 1995). Higher pathogen inactivation can also be accomplished due to the harsh
condition in anaerobic process than in aerobic digestion (Grady et al., 1998).
Disadvantage itludes very high capital costs, susceptibility to upsets from shock

loads or toxics, and complex operation requiring skilled operators (Bill, 1995).

2.10.3 Sludge treatment with MFC

Sewage sludges an organic byroduct of biological wastewater treatmehat
requires treatment and dispogAppels et al, 2008) Due to the wide application of
biological wastewater treatmergewage slugle is massproduced. In addition, the
quantity of generatesludgehas increased annually with the developmergesfage
treatment systems. As the treatment and dispossludfeaccounts for 2865% of

the total plant operation costs (Liu, 2003), it hasdme an important problem for
many wastewater treatment plarifsppels et al, 2008)However, swage sludge
contains high levels of ganic matters and is regarded as an available resource

(Appels et al, 2008) Many researches have been done to realize the reclamation of
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sludge, for example, anaerobialigestion for methane production, anaerobic
fermentation for hydrogeproduction, aerobicompost for fertilizeproduction,and

SO on.

As most organic matters in sludge are microbial and enclagbth microbial cell
walls (Appels et al, 2008)t is thought that electricity productiaf sludge is similar

to other sludge treatment, suchaaserobic digestion, andowld be impacted by the
hydrolysis ofsludge. 1 is possible to enhance the electricity producfrom sludge

by the two pretreatments. However, few studies hasidressed this problem.
Furthermore, the cathode chamber of MiBQusually used oxygen as dant and
biocathodes could improvgustainability of MFCs (He and Angenert,2008jhen
sludge is addition into the cathodeamber of MFC, aerobic digestion of the sludge
would occur.Aerobic digestion of sludge can produce certain ions (like NH4+,
NO3T1T , 3P)XKIm et al 2002; Song et al.,2010vhich could replace the
traditional cathodelectrolytes (like phosphate buffered saji(ohan et al., 2008)
The replacemenvould make MFC more environmentally friendly since éailition

of phosphate Htered saline in the cathode chamber bathstes phosphorus and
increases the pollution of MFC. Additionallpacteria in the aerobic digestion of
sludge may acceleratexygen reduction by functioning as a biocathode. It is,
therefore,possible that sludgeould be used to replace the buffer solutiorthia
cathode chamber. Similarly, however, few studies have dir¢otédattention to the

above problem.
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3. MATERIALS AND METHODS

The experimental studies wertaged withrunning a 4Llab-scale batch reactor
where the activated sludge is generated. The sludge generated in the batch fill and
draw reactor was then harvested and used in MFC studies conducted for sludge

digestion.

The first stage of MFC sludge digestion studieslved running the MFC system to
observe sludge reduction and electricity generation in the system. This step was the
preliminary experimental step to test the electricity generation in MFC when only
excess sludge was fed to the system.The seconddtagperiments were composed

of running the MFC system with excess sewage sludge and an aerobic sludge
digestion reactor in order to observe the performance of MFC for sludge digestion
and to compare it with that of the aerobic digestor which was opewatdet the

same conditions. This stage was conducted for 2 sets of experiments, namely the

second and the third experimental runs.

The last stage of the experimental studies were conducted to observe the
performance of the MFC system in terms of electriaityl power generation. This
experimental run (fourth experimental run) involved monitoring the electricity
generation in the MFC system by applying different external resistances to the

system.

This section details the methods and materials pertainirgstparticular design and

experimentation.

3.1 An innoculum

3.1.1Source

Activated sewage sludge was coll ected
Treatment Plant located in Istanbul. The properties of active sludge samples such as
COD (mgl/l) levels could vary slightly.

3.1.2A lab-scale activatedsewagesludge 4l batchreactor set-up and operation
The experiment set up was located in thér. Sedat Urundullaboratory of
Environmental Engineering Department in Istanbul Technical University. The lab

scale 4 liters reactor was inoculated with activatediage sludge contaimg 6345
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mg VSS/Lwith the aim to produce sludge and use it in MFC systema.shown in
the figure 3.1. below:

Fig. 3.1: A Lab- scale activated sludge
4L batchreactor

Reactor was fed with sodium acetate. Total COD concentration fed to the reactor was
1000 mg COD/I. Macro and micronutrients were added in sufficient quantities for
biological growth in the form of Solution B and Solution A, of which the content is
givenin Tables 3.1 and 3.2 below

Table 3.1:Solution A composition

Compound Fead Concentration [g1]
MeS04. TH2O 13

Fe304. TH2O 0.5

CaCly ZH20 1,51

Mn504. H:0 0,606

InS0¢ TH2O 0.5

Table 3.2:Solution B composition
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Compound Faad Concentration [g1]

WH4Cl 120
EH:PO4 160
E:HPO: 320

The reactor was operated at constant hydraulic retention time (HRT) of 24h
throughout the study. Daily controls and dutiéthe reactor were done:

Effluent was withdrawn;

Reactor was fed up;

TSS (mg/l) and VSS (mg/l) were checked;

Influent and effluent SCOD (mg/l) samples were taken (in order to estimate

S

SCOD (mg/l) removal efficiency).

1. Filling Stage
1! 2. Mixing Stage

= = ~ S ration ing
5. Drainage Stage

Figure 3.2 Daily control of reactar
The biomass growth was calculated each day by measuring the MLVSS (mg/l) in the
reactor. The excess amount of biomass was calculated and it was wasted by keeping
the MLVSS concentration in the reactor camg at 6000 mgVSS/l. Wasted sludge
calculation according to amount of MLVSS (mg/l) in the reactor is given below:

V waste _(MLVSScurrent—MLVSES set)-V : (3 _ 1)

MLWV5S current

where Vvaste () isamount of wastedlsdge;VSS current (mg/l) iscurrent amount
of volatile suspended solids in the reactd8S set (mg/l) is a desired amount of
volatile suspended solids in the reackl)is total volume of the reactor.

The experiments were performed at room temperature
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3.2Two - chambered Microbial Fuel Cell

3.2.1Components of MFC system

A particular lab- scale twe chambered MFC system wasde of the following

components listed in the table 3.3. below:

Table 3.3:Components of MFC system

1. A r=actor from Plexislas
{15*15*15cm)

2. A stimrer

3. A MNodem Digital MNultimester
{CT60F)

4. 2 Elactrodes (Chromea-Nicksl Plats)

5. A computer

6. A Proton Exchangzs Nembrans
Nafion 117)

7. Air ston=

8. Resistors 10002-300022

3.2.2MFC set-up and operation

Setup of two - chambered microbial fuel cell was done step by step. Microbial fuel
cell was designed and fabricated in laboratory scale using Plexiglas material. MFC
was composed of 2 chamberanode and cathode. Each chamber had dimensions of
15cm*15cm*15cm and each compartment had a total working volume of 2 liters.
The proton exchange membrane (Nafion 117) was kept in distilled water for 12 h
prior to use. After that, the Nafion membrane was sandwiched between two
compartments and sealed étiger with screws. Both plate electrodes were made of
Chrome and Nickel (7.5 cm x 13 cm) to enable indefinite use without corrosion or
fouling. ChromeNickel plate electrodes with wires were inserted into both the
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cathode and anode compartments (195)crAir stone was put into cathode
compartment in order to have aerobic conditions. The anode compartment was
stirred by a magnetic stirrer to get complete mixing. The wires of electrodes were
connected to a digital multimet¢lJT60F). Digital multimeter wasonnected to
personal computer via cabie order to transfer and record the data. This digital
multimeter was used for voltage (V) measurements. The final assembly of MFC for

electricity generation can be seen from Figure 3.3.

Figure 3.3: Final setup of MFC system

After the final assembly of MFC, 2 liters of activated sewage sludge was taken from
4 liters activated sludge reactor and placed to anode compartment for electricity
generationfor each experimental rur? liters of distilled water was poutdo the
cathode compartment. The cathode chamber was continuously sparged with air.
Micro and macro nutrients were added aoode compartment. Operation of the
microbial fuel cell was split into four experimental runs.MFC was operated at opened
circuit (infinite resistance, zero current) during 3 sets of experiments, and under an
external -b6BAOYY1600F¥Nng the | ast set. Eac
and the last experiment days. The first experiment was conducted to evaluate the
performance bMFC inoculated with activated sewage sludge by measuring voltage
(V) under open circuit. The second and third experiments were carried out under
open circuit to check the performance of MFC by measuring voltage (V) and to
compare sludge digestion in MRG@th Standard aerobic sludge digestion. The fourth
experiment was conducted to determine current (A), current déAsityr), power

(Watt), power densityW.cm?),andto estimateCoulombicefficiency under closed
circuit by changing external resistors.
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Voltage was recorded every 4 minutes and transferred from multimeter to computer
via cable.The same MFC satp, i.e. the same electrodes and membrane, was used
for all experimental runs. Between each experimental run, MFC system was cleaned
out and rinsedvith distilled water and new sewage sludge from batch reactor was

used. The MFC was operated at room temperature.

3.3 Experimental runs for determining the performance of MFC using an

activated sewage sludge as a fuel

3.3.1The first experimental run

In the first experiment, MFC was inoculated with activated sewhgiye containing
5800 mg VSS /IMFC system was set to obtain data in the form of open circuit
voltage. The system was continuously run for 10 days in order to obtain voltage (V)
profile over tme (days). MFC system was not fed with any substrate or artificial
wastewater. Sludge was not wasted during the experimentaBegause the water

in the cathode chamber volatildeby aeration, distilled water was supplied

periodically to maintain theolume of the mixed liquid

The performance ahicrobial fuel cells was evaluated by measuring volts®eQD

(mg/l) removal efficiency aniSS(mg/l),VSSmg/l), pH.

3.3.2Second and the third experimental runs

The second and the third experimental runsewgerformed in identical order.
During second and third experimental runs, in parallel to MFC system, cylindrical
batch reactor was set up with the aim to investigate and compare the effects of
anaerobic sludge digestion in MFC with aerobic sludge dmgestarried out in a
batch reactor on sludge reductiamdcarbonremoval.ln order to study these effects,

2 liters of sewage sludge (containing 5430 mg/l VSS) was added into the anode
chamber of MFC and 1 liter to a batch reactor in the second run segage sludge
containing 5240mg/l VSS in the third rukeration in batch reactor was supplied to
meet complete mixing. Cylindrical batch reactor with 1 liter working mauis
shown in the figure 3.%4elow. During anaerobic digestion process in MFC eyst
voltage profile (OCV), VSS(mg/l), TSS(mg/l), SCOD(mg/pH were observed.
During aerobic digestion process in a batch reas86 (mg/l), TSS(mg/l), SCOD

(mg/l), pH samples were measured. These parameters were measured in dublicate.
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Figure 3.4:1 liter lab scale batch reactor in parallel to MFC system

3.3.3Fourth experimental run

During the last experiment, voltageitputwas measured for 5 days while varying
external resistance from 1000 Y to 5000
(A.cm?), power (Watt), power densityW.cm?) and to estimate Coulombic
efficiency. The change in fuel cell voltage under differexternal resistance was
recorded daily.

3.3.4Calculations

The voltage is the function of the external resistangg,(B load on the circuit, and
the current I. The relationship between these variables is Wedtiwn equation. This

equation igyivenbelow:
where V(V) is voltage, I(A) iscurrent;Rex (Y ) exiermal resistance.

The current produced from a MFC is small, so that vehemall MFC is constructed
in the laboratory the current is not measured,but instead it is calculated from the

measured vohge drop aross the resistor as:
1=V /Rex ; 3.3
where V(V) is voltage, I(A) is current,.R( Y ) extersal resistance

Current density is calculated by dividing the obtained current with the surface area

(cm?) of the anode. Current density was calculated as

lan=I/Aan (3.9
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wherelan (A-cm?) is current densityi(A) is calculated currentAan (cnr) is the
projected surface area of the studied electrode.

To make MFCs useful as a method to generate power, it was essential to optmize th

system for power production. Power was calculated from a voltage and current as :

P=IAV (3.5)
whereP(Watt) is pwer, I(A) is currentV/(V) is voltage;

The power output by an MFC is calculated from the measured voltage #ueoss

load and the current as:

P=1 AVmf ¢ (3.6)
whereP(Watt) is pwer, I(A) is calculated curren/(V) is measured voltage

Knowing how much poer is generated by an MFC does not sufficiently describe
how efficiently that power is generated by the specific system architecture. For
example, the amount of anode surface area available for microbes to grow on can
affect the amount of power generatéthus, it is common to normalize power
production by the surface area of the anode so that the power density produced by the

MFC is calculated as

Pan=P/Aan (3.7)

whereP(W-cm?) is power density P(W) is power A (cn?) is the projected surface
area of the studied electrode.

While generating power is a main goal of MFC operation, we also seek to extract as
much of the electrons storedtime biomass as possible as current, and to recover as
much energy as possible from the system. The recovery of electrons is referred to as
Coulombicefficiency defined as the fraction (or percent) of electrons recovered as
current versus that in the stag organic matter. The oxidation of a substrate occurs
with the removal of electrons, with the moles of electrons defined for each substrate

based on writing out a half reaction.

An ampere is defined as the transfer of 1 Coulomb of charge per secdnél,od
CIS. If we integrate the current obtained over time we obtain the total Coulombs
transferred in our system.Coulombic efficiency can be calculated for-abdéch

systems as it is given below:
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t,

MsHy dt
CE =_ 0o
Fh.V,,Dc (3.8)

whereag is the substrate concentration change over the batch cycleover a,tvhe t
is the molecular weight othe substratel- i s Faradayobusisthenst an:

volume of liquid n the anodeompartment.

For complex substrates, it is more convenient to use COD as a measuistodite

concentration, and therefore t8e becomes

ty
8p dit
_ 0

Ce = FV, .DCOD
V.. (3.9)

where 8 is a constant used for COD, baselor= 32 for the molecular weight of 0

2 andbe, = 4 for the number of electrons exchanged per mole of oxygen.

3.3.5Analytical methods

During the systemo0s oper aanalyzed: SS5(my/l), owi ng
VSS(mg/l), SCOD(mg/l) and pH. These parameters were measured in dublicate.

A So | Bandlgsis consisted of the total suspended solids (TSS) and volatile
suspended solids (VSS) contents. After the original sample was mixed and diluted,
was passed through a peeighed and prdried glass fiber filter. The filter residue

was collected for TSS measurement. After drying for 1 hour in an oven, the filter
paper (contained in alumiumm dishes) was weighed to determine the amount of TSS
and then burned ina muffle furnace for 15minutes to removehe volatile
component. From thdifference in weight before and after the volatile component
was removed, the VSS concentration was determined. Before any samples were
weighed, they were cooled ind@ssicator at room temperature for a minimum of 15

minutes.

SCOD (mg/l) parameters were analyzed according to International Organization for
Standardization method, ISO 6089COD samples were filtered through48. pm
membrane filtersSamples (1ml) wergansferred to the reaction glass and 1.5 ml of
potassium dichromate solution was added. Later, slowly 1.5 ml of silver sulfate

sulfuric acid were added and glasses were immediately digested for two hours at
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150°C. Later, cooled to room temperature sampke titrated with standard ferrous
ammonium sulfate (FAS) using two to three drops of ferroin indicator until color
changes from blugreen to reddish brown that persists. In the same manner, blanks
were refluxed and titrated containing the reagentsandlume of distilled water

equal to that of sample.

Samples for pH analysis were taken from MFC system, analysis were carried out by
a calibrated pH metelb20Aplus pH meter)n accordance wittstandard Methods
(APHA, 1998).



4. EXPERIMENTAL RESULTS

4.1 Performance of an activated sewage sludge 4 | batch reactor

An activated sewage sludge bataleactor,fed with acetate andiorking at room
temperature4 + 4 °C), was operated for 1 monthhis reactor had an initial SCOD
of 1132mgl. Effluent SCOD concentrations decreasém 415mg/l to 145 mg/l

during this period as it is shown in figure 4.1.

During the @eration time, SCO@Ng/l) samples were measured once in a day for 5
days in a week, and reactor was fed triple for every wekkinat is why some
SCOD (mg/l)concentrations are highierfig. 4.1 than the others

SCOD(ng/1) concentrations
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Fig. 4.1:Profile of influent and effluent SCOD(mg/l) change with a time

By day 29, the COD removal efficiency had reached approximately 86%. The results

obtainedare given in the fig 4.2 belaw

SCOD(mg/l) removal efficiency(%o)
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20 * +000%0000000®
*040%40
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4 Carbonremoval efficiency(%)
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Time(days)

Fig.4.2: Profile of % SCOD(mg/l) removal efficiency change with a time
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An activated sewage sludge 4l batch reactor had an initial TSS concentration of
14085 mg/I(Figure 4.3.) Higher TSS(mg/l) and VSS(mg/l) values the figure
belongs tothe high MLSS concentrations obtained after weekends tighe
feedings. It was seeked to obtain around 6000mg/l VSS in the reactor in the end of
the month. Sludge age was not calculated, because of sludge poor settling and
sludge scaping with an effluent. By day 29, the VSS(mg/l) concetration reached the

value of 5800mg/I and it was used for MFC system for continous experiments.

Effluent TSS(mg/1) and VSS(mg/1)

]
=
= 14000 (&
= 12000
=
= >
% = 10000 * * <
= en cseeee Soee ¢ oo
= = ¥ P 4 ®» &
: s 8000 - S g *®
z - O
=]
= f 6000 7-7-7-7-7-7.7.7.7-7Iﬁ-7-7-,-ﬁ-,-,
E 4000
=
=
= 2000
=
@] & Tss(mg/l)
o] — : —_—— :
i 3 5 7 9 11 13 15 17 19 21 23 25 2
| \VSS(mg/l)

Time(days)

Fig 4.3 Variations in TSS(mg/l) and VSS(mg/l) with ate

4.2 Performance of MFC during the first experimental run

Experimental results from the first experimental run showed that ¢thambered
MFC system using chromm@ckel electrodes could generate electricity using sewage
sludge as substrate. When sewage sluafgb700 mgVSS/lwas introduced into
MFC, an initial circuit voltage of 50 mV was immediately generated as it can be seen
from the figure 4.4 belowAfter a sharp drop in the"®daythe voltage output rapidly
increasedrom about7.8 mV to 100 nVY (at 3.5 d)) and kept increasing.

Voltage(OCV)output
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Time(days)

10
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Fig.4.4 Voltage (OCV) output(exp.run).
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During ten days of the operatiohne cell voltage kept increasing and th@aximum

voltage outpubdf 167.2 mV was achieved in the eighth day of operation and did not

vary much in the last days.

SCOD (mg/l) concentratiawere gradually decreasing during the period of 10 days

as it is shown in the fig. 4.8y day 1Q theSCOD removal efficiency hackached

approximately 3%.
SCOD(mg/1) profile
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Fig.4.5.:S00D (mg/l) profile and removal efficiency (%§t&xp.run).
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Fig.4.6.: Variations of TSS(mg/l) and VSS(mg/l) with a tigd& exp.run).

Profiles of TSS (mg/l) and VSS(mg/l) concentratiomsgiven in the figure 4.6The

low level of sludge reduction has been surprising with the amount of electricity

production in the system. Howeyéhis observatios considered as an experimental

error due toinaccurate measuremewith undiluted samples for the high sludge

concentration present in the MFC system. The expected level of sludge reduction is

much higher than the results presentethis experimental run.
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4.3 Performance of MFC and 11 batch reactor during 2" and 3¢ experimental

runs

4.3.1Effects of anerobic and aerobic sludge digestionon sludge reduction and

carbon removal during 2" experimental run

During the second andhe third experimental runs, sewage sludge was digested in
two identically started systems: (1) in 1 L batch reactor where excess sewage sludge
is aerobically digested and (2) in MFC system where excess sewage sludge is
anaerobically digested. During anaam digestion with MFC, the cell voltage
(OCV) profile was observed as wellhe second experimental run was started with
5700 mgVSSI/I excess sludge feeding o the MFC and to the batch regmtor.
voltage outputuringthe seconexperimental runn MFC system issummarized in

fig. 4.7.

Voltage(OCV)output
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Fig.4.7: Voltage(OCV) output of the second experimental run

When sewage sludge was introduced into MFC, an initial circuit voltag@ ofV
was immediately generatedhen low levels of the cell voltage (OCV) generation
was observed during the first 4 days of the experimenttendditage output rapidly
increasedrom about 7.1mV to 100.4mV (atd). During ten days of the operation,
maximum voltage outpudf 153.8 mV was achieved in the tenth day of operation.

During anaerobic and aerobic digestion, 2 paramétasrisspended solids and soluble
chemical oxygen demandere considered and measured. SCOD(mg/l) removal (%)

and sludge reduction (TSS and VSS) were taken into account.

The soluble COD values were monitored he batch aerobic digestor and the MFC

system, in order to investigate the solubilization of sludge and the removal of
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solubilized organic content of the two different systems. SCOD (mg/l) profiles and
removal efficencies in a batch reactor and MFC systenmg aerobic and anaerobic

digestion,are given in the fig. 4.8 and fig.4.9, respectively below:

140 SCOD(mg/]) profile
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Fig.4.8.:SCOD(mg/l) profile (2" exp.run).

Initial SCOD concentrations of MFC and batch reactor were 102.9 mg/l and 131.7
mg/l, respectively. As it an be seen from the fig. 4.8 above, SCOD (mg/l)
concentration continuously decreased and became stable at the value of 77.4 mg/l
in MFC system with the value of 69.7mg/l This indicates that the solubilization
process after 5 days of digestion was slowen the COD removal processes
(namely microbial growth), keeping the SCOD constant at these levels which are
presumably the inert COD generated as the soluble microbial products in

endogeneous respiration process.

SCOD(mg/l)removal efficiency
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Fig.4.9.:SCOD(mg/l) removal efficiend%)(2™ exp.run).

In the course of aerobic and anaerobic dige$MifC system)the higher efficiency
in COD removal (up to 41.2%) was achieved in a batch redadvlFC system,
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SCOD (mg/l) removal was poorer (up to 32%), because of appearance @banae
conditions.

Profile of TSS andvSS(mg/l) concentrationgiven in the figure 4.10. The VSS
values obtained for this run were fluctuationg and this observetioansidered as
an experimental errodue toinaccurate measuremenith undiluted sampkefor the

high sludge concentration present in both the aerobic digestor and the MFC system.
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Fig.4.10 VSS(mg/l) concentrations in a batch reactor and MFC
(2™ exp.run).

pH profiles in a batch reactand MFC system during the second experimental run
is given in the figure 4.11.: below:
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Fig.4.11 pH profile (2 exp.run).

pH values were in the range of 6 andwhich is the optimum pH level for MFC
operation. Therefore the effect of pH changes be Electriciy generation

performance of the MFC for sludge digestion were kept at minimum levels.
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4.3.2 Effects of anerobic and aerobic sludge digestionon sludge reduction and

carbon removal during 3% experimental run

The third experimental run wasdublicate of the second experimental run, where the
sludge digestion performances of aerobic reacemd MFC system were

monitoredThe third experimental run was started with 5700mgV.SS/I

Excess sludge feeding to the MFC and to the batch readbe voltage output
during the third experimental ruin MFC system is summarized in fig. 4.1®%/hen
sewage sludge was introduced into MFC, an initial circuit voltagg2df mV was
immediately generated. The voltage output rapidly incre&ssd about 42 mV to
90mV (at 45 d).
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Fig.4.12: Voltage(OCV)otput (3¢ exp.run).
During ten days of the operation, maximum voltage outpdd6 mV was achieved.

SCOD (mg/l) profiles and removal efficencies in a batch reactor and MFC system
during aerobic and anasdgic digestion timeare given in the fig. 4.13 and fig.4.14,

respectively below:
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Fig.4.13: SCOD(mg/l) profile(¥ exp.run).
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SCOD (mg/l) concentration decreasing gradually and became stable with the value
of 70.9 mg/l and that indicates endogemoespiration because of the lack of organic

matterin the in a batch reactor, and in MFC system with the value of 78.8 mg/l.

SCOD(mg/l) removal efficiency
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Fig.4.14..SCOD(mg/l) removiefficiency(%)(3rd exprun).

After 7 days of operation, when a stable state for SCOD removal abserved
duringaerobic and anaerobic digestion ,the highecieficy in COD removal (up to
42.P%6) was achieved in a batch reactorMFC system, SCOD (mg/l) removal was

poorer (up to 32%), because of appearance of anaerobic conditions.

During the fist and the second experimental runs, experimental errors were observed
while measuring TSS and VSS parameters. During the third experimental run, Y4
dilution was applied to TSS and VSS samples in order to avoid experimental errors
during sampling and dryingf'SS and VSS concentrations are given in the fig 4.15
below:

TSS and VSS(mg/l)

8000

VSS(mg'l)

S 7000 = ] _
2 " m EMFCTSS (mg/l)
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Fig.4.15 Variations of TSS(mg/l) and VSS(mg/l) with a time
(3rd exp.run).
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Sludge was reduced during aerobic and anaerdigestiorifSS and VSS of the
sludge decreased and their reductions increased with the operation of MFC and batch
reactor(fig. 4.15).

The initial TSS value in both MFC and batch reactor was 7270 mgTSS/l and the
initial VSS value in both systems was4&82mgVSS/I. It is observed that the TSS
value was reduced to 6020 mgTSS/l in 5 days and to 5070 mgTSS/I in 10 days in the
MFC system. The VSS value achieved in the MFC system after 5 days was 4620
mgVSS/I and after 9 days was 3630 mgVSS/Il. TSS value @otafter 5 days in the
aerobic digestor was 4915 mgTSS/l and it was 3695 mgTSS/| after 9 days. The VSS
value achieved in the aerobic batch reactor after 5 days was 3850 mgVSS/| and after
9 days it was 2415 mgVSS/I.
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Fig.4.16.:TSS and VSS(mg/l) reductiomith a time
(3rd experimental run)

At the end of the third experimental run , the reductions of sludge (TSS and VSS)
had reached 30.2% and 30.7% the MFC systemand 49.2% and 53.9% the
batchaerobicreador, respectively. The results demonstrate that the sludge aerobic
digestionin a batch reactor occurs faster than anaerobic one (MFC) and at the same
time sludge reduction is observed to be higher in the aerobic reactor.

pH profiles in a batch reactor @MFC systemduring the thirdexperimentatun is

given in the figure 4.1elow:
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Fig.4.17.: pH profile(3rd experimental run)

pH values slightly varied between 6.5 which is and appropriate level that would

not significantly effect the performancéMFC in terms of electricity production.

4.4 Performance of MFC during the fourth experimental run

The fourth experimental run was conducted for the investigation of the performance

of MFC system for sludge digestion in terms of electricity generaliba.test was
started with feeding the MFG/stem with excess sludge of 564@)VSS/I. During

the test, thecell voltagewas detecteavith external resistances fromklLYto 5k Y

with an interval of 4min. Each external resistance was applied during 1 day of

operation after the staup of the system and the resistances were applied

consequently.

Voltage(V)

0.0025

0.002

0.0015

0.001

0.0005

Voltage(V)output{1kQl)

Voltage(V) output

o] 0.5 1

Time({days)

Fig4.18.Vol t age output wunder

1kY

Closed circuit voltage was minimu (max voltage observed was 212/) when

sewage was used as feed
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Power& Current generation(1kQ)
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Figure 4.19 Power& Current generation undeklY r es.i st ance

Fig. 4.19shows that the maximum current achieved @&92mA. The cell had a
peak poweperformance 00.000004mW at an external resistance & D 0 . k Y

Power& Current densities(1kQ2)
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Figure 4.20 Power& Current densities undek 1Y sistance

Maximum current and power densities observed v0et87 mA.m? and 0.000226

mW.mi?, respectively.
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Fig42l:Vol t age output .under 2kY

Closed circuit voltage was minimu (max voltage observed was m8V) when
sewage was used asdee
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Power& Current generation(2kQ)
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Figure 4.22 Power& Current generation undek2Y r es.i st ance

Fig. 4.22shows that the maximum current achieved @&938mA. The cell had a

peak poweperformance 00.000028nW at an external resistance @ ® 0 . k Y

Figure 4.23 Power& Current desitiesunderR Y r es.i st anc e

Maximum current and power densities observed v@et848 mA.m? and 0.0015
mW.mi%, respectively.

Fig424Vol tage output .under 3KkY resista

Closed circuit voltage was minimu (max voltage observed was 12V) when

sewa@ was used as feed
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