ENHANCEMENT OF BIOGAS PRODUCTION FROM
CATTLE MANURE USING A COMBINED MICROBIAL
ELECTROLYSIS CELL AND ANAEROBIC DIGESTER

KOMBINE MiKROBIYAL ELEKTROLiZ HUCRESI VE
ANAEROBIK CURUTUCU KULLANILARAK BUYUKBAS
HAYVANSAL GUBRESINDEN BiYOGAZ URETIMININ
ARTTIRILMASI

KENAN DALKILIC

PROF. DR. AYSENUR UGURLU

Supervisor

Submitted to
Graduate School of Science and Engineering of Hacettepe University
As a partial Fulfillment to the Requirements
For the Award of the Degree of Doctor of Philosophy

In Environmental Engineering

2021






ABSTRACT

ENHANCEMENT OF BIOGAS PRODUCTION FROM CATTLE MANURE
USING A COMBINED MICROBIAL ELECTROLYSIS CELL AND
ANAEROBIC DIGESTER

Kenan DALKILIC

Doctor of Philosophy, Department of Environmental Engineer
Supervisor: Prof. Dr. Aysenur UGURLU
June 2021, 205 pages

It is assumed that fossil fuel sources which accounts for 80 % of the total energy
production in the world, will be depleted in the near future. Because of the depletion of
fossil fuel sources and environmental concerns, the attentions have been canalized to
renewable energy resources. Being one the most utilized renewable energy resource in
the world, biomass is also used extensively in anaerobic digestion processes for methane
production. Recently a new technology called Microbial Electrolysis Cell (MEC) was
introduced as an alternative and sustainable approach to harvest hydrogen, methane and
other valuable chemicals from the organic materials and to treat waste and wastewater
simultaneously. The studies conducted on MECs revealed that the newly technology is
superior to conventional anaerobic digestion (AD) in terms of methane production and
organic removal efficiency. Therefore, combined/integrated MEC+AD systems have
been introduced to overcome the limitations of anaerobic digestion such as unstable

process, insufficient treatment, low rate methane production, etc.



So far, organic materials used as substrate in MECs included synthetic wastewater,
acetate, waste activated sludge, leachate, food waste, pig slurry and other wastes. And yet
the operating conditions such as hydraulic retention times (HRT) and organic loading
rates (OLR) were not chosen in the range of that would force the limits of the reactors.
Thereby, cattle manure which to our knowledge have not been applied to MEC reactors
before was chosen as the substrate in this study. Also, because it was stated in many
studies that MEC technology was superior to conventional AD technology, it was thought
that combining MEC and AD could overcome the challenges of conventional AD
technology and enhance the treatment and methane production performances. As a result
the main objective of this thesis was determined as to enhance methane production from
cattle manure in a combined MEC+AD reactor operated at different conditions. Firstly
Biochemical Methane Potential (BMP) of cattle manure was investigated in MEC+AD
and control reactors to determine the differences in terms of methane production,
degradation efficiency and treatment time. BMP tests were conducted at the start-up
period and at the acclimatized conditions of the reactors. Then MEC+AD and control
reactors were operated on semi-continuous mode by feeding with manure at fixed content
(3% VS, 4.15 % TS, 30 g VS/L) and HRTs from 6 days to 1 day in descending order.
The feeding corresponded to OLRs from 5 to 30 g VVS/L/d. After that, the reactors were
operated at fixed HRT of 2 days by feeding with manure at content of 4.5 % VS and 6 %
VS corresponding to OLR of 22.5 and 30 g VS/L/d respectively. Meanwhile MEC+AD
reactors operated at different HRTs and OLRs were supplied with external voltages of
0.3,0.6 and 1.0 V as well. Biogas productions, methane yields, organic removal rates and

current productions of the reactors were observed during the entire study.

The results showed that biogas productions increased consistently in MEC+AD reactors
from the lowest OLR of 5 g VS/L/d to highest OLR of 30 g VVS/L/d. Biogas productions
in MEC+AD reactors changed between 1.23 L/L/d (HRT:6 day, OLR:5 g VS/L/d, 0.3 V)
and 5.11 L/L/d (HRT:2 day, OLR:30 g VS/L/d, 1.0 V) depending on HRT and OLR.
Methane yields of the MEC+AD reactors changed between 0.09 and 0.24 L CH4/g VS,
decreasing by the increase in OLR. The highest methane yield of 0.24 L CH4/g VS was
obtained at OLR and HRT of 5 g VS/L/d and 6 days respectively in MEC+AD with
supplied voltage of 0.6 V. Methane content of the biogas produced from MEC+AD
reactors were in the range of 75-80 % at all operational conditions. The methane content
of biogas was totally independent of the input voltage and the applied HRTs and OLRs



in this study. Input voltages of 0.6 and 1.0 V were significantly effective on biogas
productions at OLRs of as high as 20-30 g VSL/d. During the entire study biogas
productions and methane yields of MEC+AD reactors were superior to control reactors
atall HRTs (6, 4, 3 days). Energy assessments of the reactors showed that (MEC+AD)o.av
reactor exhibited the highest energy efficiency according to the energy input and energy
output. The energy content of methane obtained from (MEC+AD)o.3v reactor were 200
folds of the energy supplied to the reactor. Highest COD, TS and VS removal efficiencies
obtained in MEC+AD reactors were observed at HRT of 6 days and OLR of 5 g VS/L/d.
The highest removal efficiencies were between 41.4 and 44.9 % for COD, 26.1 and 29.5
% for TS and 34.3 and 37.7 % for VS respectively. Current productions in MEC+AD
reactors were strictly depended on the supplied voltage amount. Highest and lowest
current productions were generally in the range of 4 - 6 mA/L and 1 - 2.5 mA/L at supplied

voltages of 1.0 and 0.3 V respectively.

Keywords: Microbial electrolysis cell, anaerobic digestion, combined MEC+AD,

methane production, cattle manure, short hydraulic retention time
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Diinyadaki toplam enerji tiretiminin % 80'ine karsilik gelen fosil yakit kaynaklarinin
yakin gelecekte tiikkenecegi diisliniilmektedir. Fosil yakit kaynaklarinin tiikenecek
olmasindan ve cevresel kaygilardan dolayi, dikkatler yenilenebilir enerji kaynaklarina
kanalize olmustur. Diinyanin en ¢ok kullanilan yenilenebilir enerji kaynaklarindan birisi
olan biyomas, ayrica metan iiretimi i¢in anaerobik c¢liriitme proseslerinde yaygin sekilde
kullanilmaktadir. Son doénemlerde, Mikrobiyal Elektroliz Hiicresi (MEH) olarak
adlandirilan yeni bir teknoloji, organik materyallerden hidrojen, metan ve diger degerli
kimyasallarin liretimi ve ayn1 zamanda atik ve atiksularin aritimi i¢in alternatif ve
stirdiiriilebilir bir yaklasim olarak 6ne siiriilmiistiir. MEH ile yapilan ¢alismalarda, yeni
teknolojinin metan iiretimi ve organik madde giderim verimliligi konularinda geleneksel
anaerobik ciiriitmeye (AC) gore daha iyi oldugu ortaya konulmustur. Bu sebeple,

anaerobik ciirlitmenin istikrarsiz siireg, yetersiz aritma, diisiik oranli metan {iretimi vb.



siirlandirict  6zelliklerinin {istesinden gelebilmek i¢in kombine/entegre MEH+AC

sistemler One sitirilmiistiir.

Bugiine kadar MEH"lerde substrat olarak kullanilan organik materyaller, sentetik atiksu,
asetat, atik aktif ¢amur, sizint1 suyu, gida atiklari, domuz ciftligi atiksular1 ve diger
atiklardan olusmaktaydi. Bununla birlikte, hidrolik bekleme siiresi (HBS) ve organik
yiikleme orani (OYO) gibi isletme kosullari, reaktorlerin sinirlarini zorlayacak araliklarda
secilmemistir. Bdylece, bilgimize gore daha oOnce MEH'lere substrat olarak
uygulanmamis olan biiylikbas hayvansal giibre bu calismada substrat olarak secilmistir.
Ayrica, birgok ¢alisma sonucunda, MEH teknolojisinin geleneksel AC teknolojisine gore
daha iyi oldugu ileri siiriildiigliinden dolayi, MEH ile AC nin birlestirilerek, geleneksel
AC teknolojisinin sikintilarinin iistesinden gelinebilecegi ve aritma ve metan iliretme
performanslarinin arttirilabilecegi diisiiniilmiistiir. Sonug olarak, bu ¢aligmanin ana amaci
kombine mikrobiyal elektroliz hiicresi ve anaerobik ciiriitiiciide biiyiikbas hayvansal
giibreden farkli isletme kosullarinda biyogaz iiretimin arttirilmasi olarak belirlenmistir.
Ik 6nce, MEH+AC ve kontrol reaktdrlerinde, metan iiretimi, organik madde pargalama
verimi ve aritma siiresi konularindaki farkliliklar: belirlemek i¢in biiyiikbas hayvansal
giibrenin Biyokimyasal Metan Potensiyeli (BMP) arastinlmistir. BMP testleri,
calismanin baslangicinda ve reaktorlerin alismis oldugu kosullarda gergeklestirilmistir.
Sonrasinda, MEH+AC ve kontrol reaktorleri yari-siirekli calisma modunda, HBS'si 6
giinden 1 giine azaltilarak ve igerigi sabit olan giibre (% 3 UKM, %4,15 TKM) ile
beslenerek isletilmistir. Besleme 5 ila 30 g UKM/L/giin OYO denk gelmistir. Bundan
sonra reaktorler, OYO 22,5 ve 30 g UKM/L/giine karsilik gelecek sekilde 2 giinliik sabit
HBS'de % 4,5 UKM ve % 6 TKM igerigi sahip giibre ile beslenerek isletilmistir. Bu
esnada farkli isletme kosullarinda calistirilan MEH+AC reaktorleri, 0,3, 0,6 ve 1,0 V'luk
enerji ile de desteklenmistir. Biitiin ¢alisma boyunca, reaktorlerin biyogaz iiretimleri,
spesifik metan T{retimleri, organik uzaklastirma oranlar1 ve akim iretimleri

gozlemlenmistir.

Sonuglar gostermistir ki, MEH+AC reaktorlerinin biyogaz iiretimleri, en diisiik OYO
olan 5 g UKM/L/giin den en yiiksek OYO olan 30 g UKM/L/giin"e kadar devamli olarak
yiikselmistir. MEH+AC 'nin biyogaz iiretimleri, HBS ve OYO'na bagh olarak 1,23
L/L/giin (HBS: 6 giin, OYO: 5 g UKM/L/giin, 0,3 V) ile 5,11 L/L/giin (HBS: 2 giin, OYO:
30 g UKM/L/giin, 1,0 V) arasinda degismistir. MEH+AC nin spesifik metan iiretimleri



OYO’nun artmasi ile azalarak, 0,09 ve 0,24 L CH4/g UKM arasinda degismistir. 0,24 L
CH4/ g UKM olan en yiiksek spesifik metan iretim orani, 0,6 V voltaj uygulanan
MEH+AC de 6 giinliik HBS ve 5 g UKM/L/giin OYO'nda elde edilmistir. Reaktorlerde
iiretilen biyogazin metan orani, biitiin isletme kosullarinda % 75-80 arasinda olmustur.
Bu caligmada, biyogazdaki metan orani, uygulanan voltajdan, HBS ve OYO’'dan
tamamen bagimsiz sonu¢lanmistir. 0,6 ve 1,0 V olarak uygulanan voltajlar, 20-30 ¢
UKM/L/giin gibi yiiksek OYO'nda gerceklesen biyogaz iiretimleri iizerinde belirgin
sekilde etkili olmustur. Biitiin ¢alisma boyunca, MEH+AC reaktorlerinin, biyogaz
tiretimleri ve spesifik metan tretimleri her bir HBS'nde (6, 4, 3 giin) kontrol
reaktorlerinden daha iistiin olmustur. Reaktorlerin enerji degerlendirmeleri gostermistir
Ki, (MEH+ACQ)o.3v reaktorti, reaktorlere verilen enerjiye ve alinan enerjye gore, en yliksek
enerji verimliligini sergilemistir. (MEH+AC)o.3v reaktoriinden elde edilen metanin enerji
icerigi, reaktorlere saglanan enerji igeriginin 200 kati kadar olmustur. MEH+AC
reaktorlerinde en yiiksek KOI, TKM ve UKM giderim verimleri, 6 giinliik HBS ve 5 g
UKM/L/giin"liik OYO'nda elde edilmistir. En yiiksek giderim verimleri, sirastyla KOI
icin % 41,4 ile % 44,9, UKM i¢in % 26,1 ile % 29,5 ve UKM i¢in % 34.3 ile % 37,7
arasinda gergeklesmistir. MEH+AC reaktorlerindeki akim iiretimleri, uygulanan voltaj
miktarlarina kesin olarak bagimli olmustur. En yiiksek ve en diisiik akim tretimleri,
sirastyla 1,0 V ve 0,3 V gii¢ uygulanan reaktorlerde genel olarak 4-6 mA/L ve 1-2,5 mA/L

araliginda gergeklesmistir.

Anahtar Kelimeler: Mikrobiyal elektroliz hiicresi, anaerobic ¢iiriitme, kombine

MEC+AD, metan iiretimi, biiylikbas hayvan giibresi, kisa hidrolik besleme siiresi
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1. INTRODUCTION

Presently, life standarts, technological improvements and changes in habits increase the
energy consumption per capita consistently. According to World Bank data, petroleum
equvalent energy consumption per capita increased from 1.33 to 1.92 tonnes
petroleum/year-capita from 1971 to 2015 [1]. In reference to United Nations™ World
Population Prospects report [2], world population should have reached to 7.7 billion in
2019. When it is compared to the population of 1973 which was 2.5 billion, it can be
understood that energy consumption has increased enormously for the last 50 years [3].

It is assumed that energy produced from fossil derived fuels which accounts for 80 % of
total energy production in the world today, will be extinct in 60 to 120 years [1, 4].
International political crises aroused from petroleum prices in 1970s, depletion of fossil-
derived sources and the idea of reduction of dependence to these sources triggered the
search for alternative energy sources [5]. In the last 30 years, there have been discussions
on the international platforms that fossil-derived energy resources have been depleted,
and the use of these resources put pressure on the environment and climate change [5, 6].
The process, which started with the Kyoto Protocol in 1997, obliges the parties to protocol
to reduce the emission of gases (CO2, CHs, NO2, and industrial gases such as CO2, CHa,
NO- and SFe, HFC and CFC) in energy production and consumption at certain times and
at certain rates. At this point, it is understood that some of the targets have been achieved
in a short time by investing in renewable energy resources in the countries which are the
parties to the Kyoto protocol, for example in the developed countries of European Union
(EV) [7]. From 1990 to 2017, the EU increased the total energy produced from renewable
sources more than 3 times to 230 Mtoe (million tonnes of oil equivalent). In addition, the
part of the energy derived from renewable sources in the total amount of energy consumed
within the EU has been increased from 4 % to 14 % in 30 years [7].

Renewable energy can be described as the energy that can be obtained from the natural
resources such as solar, wind, water (hydroelectric), geothermal and from self-renewing
resources such as biomass [6, 8]. It is stated that renewable energy sector is the fastest
growing energy production sector in 2017 and this will continue until 2040 [5].
Renewable energy is shown as a resource that can be used to meet the demand which is
growing day by day. The renewable energy sector also has become one of the most



dynamic sectors that can contribute to the world economy and is seen as a tool to eliminate
the threat of global climate change [8].

Nearly 94 % of the energy derived from renewable energy sources consists of
hydroelectric, solar and wind energy. [6]. However, if biomass resources that provide
basic needs such as heating and incineration are also considered as renewable source, it
can be seen that 80 % of the energy obtained from renewable energy sources is supplied
from biomass [9, 10]. Biomass is defined as the living or recently living raw biological
materials such as plants and animal materials. It is stated that a potentially renewable
biomass is the material that can be grown equally or less than the used one [11]. Biomass
differs from other renewable sources with the possibility of being used as fuel (biodiesel,
bioethanol). It is pointed out that it is the only carbon-based renewable energy source to
replace the fossil fuels regarding to its storable, transportable and convertible features [9,
12].

The energy obtained from the biomass is called bioenergy and it can be in the forms of
power, heat, and solid, liquid, and gas fuels. Bioenergy can be generated by using a wide
range of plant and agricultural crops, food and animal wastes which are all composed of
cellulose, hemicellulose, starch, protein, and lipids [13]. These wastes are used as
resources to produce bioenergy by using various biological and physicochemical
methods. These methods are mostly anaerobic digestion, fermentation, pyrolysis,
esterification, gasification, incineration, landfill and also bioelectrochemical systems.
Bioelectrochemical systems have recently been started to be researched with the known
names of microbial fuel cells and microbial electrolysis cells [13].

Bioelectrochemical systems (BES) or microbial electrochemical systems are promising
alternative bioenergy production technology that can convert chemical energy in
biodegradable organics into direct energy. Direct energy derived from organics can be in
the form of electricity, hydrogen, methane gases and other value-added products derived
from all kinds of organic materials. In addition to energy production, waste/wastewater
treatment and bio-remediation can be applied as well [14]. They are mainly comprised of
microbial fuel cell (MFC), microbial electrolysis cell (MEC) and other
bioelectrochemical remediation systems. These systems include conductive electrodes
such as metals and carbonecous materials. Beside to the electrodes, waste/wastewater or

biodegradable organic materials and bacteria are the main components of the BESs. BES



processes may operate in one or multiple reactors linked to each other electrically and/or
physically by membranes or salt bridges. The electrodes in BESs are called anode and
cathode. Microbial break down of organic matters take place in anode chamber and
generally electron reduction reaction occurs in the cathode chamber. Both electrodes are
connected via an external circuit and electrons flow from high redox potential to low

redox potential by this external circuit [14, 15].

Being one of the most studied BES for the last ten years, Microbial Electrolysis Cell
(MEC) is a new emerging method for harvesting energy and other valuable goods from
organic materials and simultaneously treating waste and wastewater [15]. The difference
between MFCs and MECs is the operating modes of the systems which is galvanic in
MFCs and electrolytic in MECs [16]. In MFCs electricity is produced by the flow of
electrons as a result of spontaneous redox reaction that arises from the degredation of
organic material. On the other hand, in MECs, non-spontaneous redox reactions such as
hydrogen, methane, ethanol, and hdrogen peroxide formation occur through the
application of electrical energy which is theoretically between 0.2-0.8 V [17]. Seen as a
candidate of future waste biorefinery plants, MECs use microbes which are called as
exoelectrogenics to convert organic materials in the medium of an anode into electrons,
protons and CO». Afterwards, the electrons are transfered to cathode via an external
circuit while protons move from anode to cathode through a selective membrane or salt
bridge. At the cathode protons are reduced by the electrons and they form valuable
products such as Hz, CHa, ethanol, etc. by applying a small voltage. This voltage initiate
process to overcome the thermodynamic barrier because microbial electrolysis is an

endothermic reaction (positive free Gibbs energy) [17].

Conventional anaerobic digestion (AD) have been successfully applied to various organic
material including waste streams to produce biogas for a long time now. It has some
significant limitations such as destabilization of the process, insufficient degradation of
the substrates, low rate biogas production and treatment efficiency and long hydraulic
retention times (HRT). Recently, combined MEC and AD systems are being studied
bench scale to tackle these limitations. As it is a new method of interest, there is a lack
and an opportunity to make a statement on how efficiently a combined MEC and AD
system would produce biogas from animal manures and treat the waste stream. In this

context, it was aimed to enhance the biogas production from cattle manure using a



combined MEC+AD system in this thesis. To observe the results and to obtain the
optimum performance criterias, cattle manure was fed to the system at different operation
conditions. For example, in this study MEC+AD systems were operated under HRTs of
1 to 6 days which in AD systems only, HRT is mostly higher than 10 days. Since power
application is needed to trigger the biogas production in MECs, various electrical power,
0.3, 0.6 and 1.0 V, were supplied to the system to observe the effects of the different
voltages. Other than application different HRTs and voltages to the system, different
organic loading rates (OLR) between 5-30 g VS/L/day were implemented to see the effect
of organic load on MEC+AD systems.

Following the introduction, a detailed literaure review was given about MECs and
MEC+AD systems, the mechanism and driving force of MECs, effects of operational
conditions on MEC performances. Substrates used in MEC studies were also mentioned.
Biogas and methane production rates of other MECs were presented to make comparisons
with the results obtained in this study. Subsequently, in the material and methods chapter,
construction of the combined MEC+AD system was explained in detail. Construction of
electrodes and external circuit, maintainance of power supply units and the operational
methods of the study were expressed clearly. Analytical methods conducted to monitor
the related parameters in MEC+AD system was also given in detial. Then, the results of
the study were evaluated and discussed. Biogas production rate and the treatment
efficiency of the system are evaluated according to the operational conditions such as
HRT, OLR, and supplied voltage. Percentage of methane in the biogas was also evaluated.
Optimum operational conditions of the MEC+AD systems were clarified according to
biogas production rate and treatment efficiency. An assesment of energy balance of the

process were performed to see the feasibility of the MEC+AD system.



2. LITERATURE REVIEW

2.1. Backround and Definition of Microbial Electrolysis Cell

It was first found out by M.C. Potter [18] in 1911, that electrons are revealed in
consequence of degreadation of organic materials by microorganisms. Afterwards, in
1931 B. Cohen was able to produce 35 V at a current of 2 mA with a stacked biological
fuel cell. And NASA had utilized this phonomena to supply electricity from organic
wastes for small devices which may be useful during the long space flights in 1960s.
However as early as these findings were, invention and rapid evolvement of photo voltaic
systems delayed the enhancement of biological fuel cells [19]. Consequently for the last
20 years these biological fuel cells have been on the focus due to the fast depletion of the
fossil fuel sources which cause global climate change and environmental problems.

MFCs and MECs are the most studied alternative renewable technologies among all
bioelectrochemical systems. In MFCs, chemical energy stored in organic matters, can be
turned into electricity by microorganisms at suitable conditions. MECs on the other hand
perform the same process with the help of a little power supply and harvest hydrogen,
methane, ethanol and other valuable products. MEC which is a potentially alternative
renewable energy technology was first found out in 2005 by two different groups in Penn
State University and Wageningen University [16, 17, 19, 20]. At the early stages of the
MEC technology, the name of the technology was entitled as “electrochemically assisted
hydrogen generation” and “biocatalyzed electrolysis” or “electrohydrogenesis”. Finally
the name “microbial electrolysis cells (MECs)” was accepted by the scientists to
emphasize the process in general terms and to specify the technology in terms of products
[20, 21]. In MECs, electrochemically active bacteria named as electrogens,
exoelectrogenic or anodophilic bacteria break down organic matter and as a result CO»,
electrons and protons are generated. Exoelectrogens then send the electrons to the anode
and the protons are left to the anode solution. The electrons transferred to anode travel
through a conductive wire to an other electrode, cathode. Meanwhile protons move from
high concentration gradient to low concentration gradient through a selective membrane
if the anode and the cathode chambers are separated. Cathode chamber must not contain
electron donors such as Oz, NOs’, or SO if the target is to produce H2 and CHa. Since
the microbial electrloysis is an endothermic reaction (positive Gibbs free energy),

electron flow is needed to produce H> and CHa by reducing the protons that are coming



from anode. Therefore a small voltage between 0.2-0.8 V is needed to be supplied to the
cathode for this process. Finally electrons are combined with available protons (free/not
bounded) in cathode medium to generate Hz, CH4, C2HsOH or other goods [16, 17, 19-

22]. Figure 2.1 represents the schematics of a single and two chamber MEC.
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Figure 2.1.Schematics of (A) two chamber MEC with membrane separation and (B)
single chamber membraneless MEC [22].

2.2. Working Principles and Dynamics of MECs

Chemotrophic organisms provide the energy they need for living and reproducing by
transferring electrons from a low redox potential molecule that is an electron donor, to a
high redox potential molecule which is an electron acceptor [19]. These processes are
called oxidation-reduction processes. The maximal work done by the oxidation and the
reduction processes can be determined in terms of the Gibbs free energy [19, 23]. Gibbs
free energy defines the energy of a system and it determines whether the reactions are
favorable or not regarding the entalphy and entropy. Entalphy and entropy are the two
driving force of a particular reaction and these two driving forces determine the
spontaneity of that reaction. Therefore, Gibbs free energy is a function of entrophy (S)
and enthalpy (H) as it is shown in Equation 2.1. Entropy is the energy in a system that is

available for doing work; it is the tendency in nature for systems to proceed toward a state



of greater disorder or randomness. When matter is converted from solid to liquid, liquid
to gas phases, entropy increases. On the other hand entalphy is the the sum of the internal
energy and the product of the pressure and volume of a thermodynamic system. It is
usually expressed as the change in enthalpy, for a process between initial and final states.
For example when a process occurs at constant pressure, the heat either released or
absorbed is equal to the change in enthalpy. In this context Gibbs free energy is:

AG = AH - TAS Equation 2.1

Here AG, AH, T and AS stand for Gibbs free energy, enthalphy, temperature and entropy
of the system respectively. If AH<0 and the AS>0, then both the enthalphy and the entropy
are favorable and AG<0, and the reaction is spontaneous. If AH>0 and AS<O0, then both
the enthalphy and the entropy are not favorable and AG>0, and the reaction is non-
spontaneous. But in the case of one of entropy and entalphy is not favorable then the
Gibbs free energy of that system must be calculated to find out whether the reaction is
spontaneous or not. If a general redox reaction is vaA+veB—vcC+vpD, then Gibbs free

energy can be calculated using the molar concentrations of the reactants,

Equation 2.2

AG, = AG,° + RT In (M)

[A]VA[B]"B

In Equation 2.2 AG® stands for the Gibbs free energy at standart conditions (at 1 bar
pressure, 298.15 K temperatue and 1 M concentrations of the reactants), AGy stands for
the Gibbs free energy at a certain condition, T is the absolute temperature (K), and R is
the univesal gas constant (8.3145 /mol.K). Regarding a bioelectrochemical conversion,

electromotive force (Eemt, in volts ) can be used to assess the reaction’s Gibbs free energy:
-AG, = QE gnf = nF.Egpy Equation 2.3

Q stands for the charge transferred during the reaction. It is stated in coulumns (C), and
it is the product of electrons (n, mol) interchanged in the reaction. F stands for the
Faraday's constant (F=9.64853x10* C/mol). For standart conditions Equation 2.2 can be

rearranged as

-AG? = n.F.Eg,, Equation 2.4
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When Equations 2.2, 2.3 and 2.4 are combined, an electromotive force for a certain
oxidation and reduction reaction at given terms is formed. Equation 2.5 is the familiar
equation with the common name of Nernst Equation. If the results of this equation, Eem,
positive then the redox reaction can proceed by itself (spontaneous), if it is negative then

the reaction needs a trigger (nonspontaneous).

Lc] <1D] D) Equation 2.5

— o _ BT, (Lelfibi®
Eemf - Eemf nF In ([A]"A[B]”B

In the case of an MEC, Eems is mostly negative. For example under standart biological

conditions, the Gibbs free energy of acetate oxidation to Hy is [22]:
CH;CO0~ + 4H,0 - 2HCO; + H* + 4H, (AG®%=+104.6 kJ/mol)Equation 2.6

Acetate cannot be converted into Hz because Gibbs free energy of this reaction is positive.
In order to overcome this thermodynamical barrier to generate H, an additional energy
is needed for this system to make it happen. To initiate the bioelectrochemical formation
of Hz and indirectly Hz to CHa, higher than minimum voltage of AG// n.F is needed to be

supplied to pass the equilibrium point.

Eems = Eeq = AGr/n.F =— 104.6x103/8x96485 = —0.14V  Equation 2.7

In general, voltage supply to the bioelectrochemical systems should be higher than the
result found in Equation 2.7. The voltage supply should be higher than 0.2 V because of
the limitations in the system such as ohmic losses, mass transfer limitations, resistance of

the membrane or electrolyte, bacterial usage and etc. [19, 22].

2.2.1. Electron Transfer Pathways in MECs

It is known that oxidation and reduction potential difference between major electron
donor and the final electron acceptor specify the net energy gain of chemotrophic
microorganisms. And this energy is stored through generation of adenosine triphosphate
(ATP) molecules. The basic respiration process is the transfer of electrons from a low
redox potential electron donor to a final electron acceptor at high redox potential [19, 24].
In BES systems, exoelectrogens on the electrodes transfer the electrons that are derivated
from substrates to anode in order to maintain the energy gain process. This is called
extracellular electron transfer (EET) which is illustrated schematically in Figure 2.2 and


https://tureng.com/en/turkish-english/schematically

it is carried out by two methods according to the characteristics of the microorganisms.
One of them is the direct electron transfer (DET) and the other one is the mediated
electron transfer (MET). In direct electron transfer pathway, microorganisms that are
bounded to the electrode surface with membrane-bound redox enzymes (cytochromes) or
microorganisms that can generate extracellular solid pili (nanowire bridge) transfer
electrons to the electrode directly without the need of any external or internal soluble
redox shuttles [19, 24, 25].

CO,

Bacterial cell

Figure 2.2 Schematic presentation of electron transfer from microorganisms to electrode
through: (A)membrane-bound proteins, (B)electrically conductive pilus, (C)redox
mediators [19].

In mediated electron transfer, there are redox shuttles such as organic and inorganic
soluble compounds that enable the electron transfer by accepting (getting oxidized) the
electrons first from the cell/cell membrane and leaving them to electrode by being
reduced. These redox shuttles can be oxidized and reduced back and forth at the inside
and outside of the cell repeatedly. In some cases redox mediators operate between cell
membrane and electrode only if they do not have the ability to penetrate through the cell
membrane. Redox mediators that are used in mediated electron transfer can be added
externally (exogenous) to the BES or they can be produced by the bacteria itself

(endogenous). Meadiators added externally to the system must be resistant to biological



degradation and should have fast kinetics of oxidation at an electrode. It is important for
the mediators to diffuse through bacterial membranes easily and to be nontoxic against
the microorganisms. Exogenous mediators for example, neutral red, thionin, phenazines,
phenothiazines, phenoxazines and various metals (Fe**, Mn**) are used to promote EET.
Self-secreted mediators by the bacteria are riboflavins, phenazines and quinones [15, 19,
21, 24, 25].

Basic respiration that provides energy is the electron transfer from a low redox potential
molecule such as nicotinamide adenine dinucleotide (NAD" and NADH: oxidized and
reduced back and forth) to the final electron receiver such as Oz or H>O at a high redox
potential. This respiration being an oxidation process involves tricarboxylic acid (TCA)
cycle. Before the TCA cycle, organic substrates are degraded into monomers and finally
to pruvate, acetyl-CoA or glycolysis to enter the TCA cyle. NADH, nicotinamide adenine
dinucleotide phosphate (NADPH), and flavin adenine dinucleotide (FADH>) are the
primary electron donors (reduced molecules) which are produced through the TCA cycle
for the electron transport chain. The oxidation and reduction of NADH, NADPH and
FADH> is performed by the electron carriers related with the membrane (a part of
membrane structure), including flavoproteins, iron—sulfur proteins, quinone pool, and a
series of cytochromes. Energy is released when the electrons are transferred from an
electron donor to the next electron acceptor. This process may go on couple of times,
there by an electron transport chain can be occured. The energy released during the
electron transport chain is gained by the cell to synthesize ATP. Figure 2.3 explains how
the energy is gained by electron transport chain.

Periplasm
4H* 4H* 2H* 3H*
4 Complex | Complex IV
Complex lll ATP
sl P N ; + synthase
(_\NADH’,) W NAD™)  Quinone pool et 20 4
Gyloptasm ADP+P  ATP

Figure 2.3 A model of electron transport series of respirating organism [19].
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Hydrogen atoms in molecules such as NADH, NADPH, FADH, are cut off from the
electrons during the electron transfer. The electrons are sent to the next carrier,
simultaneously the protons are ejaculated from the cell. Thus, due to the pH gradient
across the cell membrane, a proton motive force is generated that drives ATP synthesis
through a process called phosphorylation. An enzyme called proton translocating ATP-
synthase benefits the potential unleashed by the protons as they turn back to the cytoplasm
[19, 24-26].

2.2.2. Methane Formation in MECs

Methane (CHjy) is formed in two ways in nature. One way is the abiogenic chemical
reaction of carbon dioxide or carbon monoxide with hydrogen in extreme conditions and
the other one is the biogenic way which is a biochemical reaction that includes organic
material, microbes and suitable anaerobic environment [27]. Abiogenic methane
formation can be in two ways, natural thermal splitting of kerogen that is in sedimentary
rocks and catalytic formation of methane from carbondioxide and hydrogen (Sabatier

Process) under high temperature and pressure using catalysts [27, 28].

Biogenic methane formation is a more common and known way that microbes in
anaerobic and suitable environment (temperature, pressure) use organic materials and
produce methane as an end product. This process is called anaerobic digesiton. Over a
hundred years, anaerobic digestion process has been used to produce methane through
engineered reactors. In these engineered technological reactors different kinds of organic
materials and anaerobic bacteria meet to produce methane. Temperature adjustment and

stirring of the medium are applied to improve the methane production.

Bioelectrochemically methane production was first reported in 1999 [29]. It is stated that
beside the known pathway of acetoclastic methanogenesis, methane can also be produced
through the conversion of carbon dioxide using electrons as electron donor. This process
occur with the help of mediators that transfer electrons from cathode to methanogens [28,
29]. Further studies revealed that in hydrogen producing BESs, hydrogenotrophic
methanogens were consuming the hydrogen produced by microbial electrolysis. This was
shown by Clauwaert et al. [30] by producing hydrogen in an abiotic cathode and feeding
hydrogen to a separate anaerobic digestor. Bioelectrochemically methane production

were first entitled as “electromethanogenesis” by Cheng et al. [31] to refer an alternative
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methanogenic pathway. In electromethanogenesis, supplied electrical current to a system
were used to reduce CO; by a single Archeon (Methanobacterium palustre) and produce
methane. Equation 2.8 shows the reduction of CO. by the electrons catalyzed by

methanogen bacteria [27, 31].
CO, + 8H* + 8e~ & CH, + 2H,0 Equation 2.8

Many studies carried out to clarify the pathways of methane production in BESs revealed
that only one of the two pathways take place in MECs. However, Villano et al. [32]
suggested that methane generation in MECs can be in two ways. Firstly, methanogens
can accept electrons directly from electrode and produce methane by reducing the CO;
with electrons (Equation 2.8). The second one is the pathway that hydrogentrophic
methanogens produce Hz by using the electrons coming through electrode first (Equation
2.9) and then Hz is used to produce CH4 by methanogens (Equation 2.10) [27, 32]. Figure
2.4 represents the proposed methane generation pathways in a MEC that take place in

cathode chamber.
2H* + 2e” & H, Equation 2.9
CO, + 4H, & CH, + 2H,0 Equation 2.10

Although the ratios of the methane production through direct electron capturing or
hydrogen reduction by hdrogenotrophic methanogens is not determined exactly, set
cathode potential is an important force to drive the pathway of methane generation. It is
stated that at a set negative cathode potentials such as -750 to -900 mV, methane
generation through hydrogenotrophic methanogens is much more favorable compared to
methane generation through direct electron accepting [32].

EET to anode can be fulfilled in couple of ways as it is mentioned earlier: 1) directly
transfer through direct contant of microorganisms with the electrode surface or contact to
electrodes by nanowires that microorganism produce, 2) indirect electron transfer through
redox mediators. These electron transfer pathways are also valid for the electron uptake
from cathode electrode. The deatails of these electron uptake are made clear in this
section. Electrons captured from cathode, are used to reduce CO2 or H> to generate CHa.
There is also another proposed pathway beside the direct CO2 and H> reduction to

methane. This pathway is the production of fumerate and acetate by specific
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microorganisms such as Geobacter sulfurreducens, acetogenic bacteria Sporomusa
sphaeroides, Clostridium aceticum, and Moorella thermoaceticawhich lack of
hydrogenase enzymes. The latter stage is the methane production by methanogens
through the reduction of fumerate, acetate and formate [33]. It is also stated that electron
uptake with the reduction of fumerate, formate and acetate to methane is promoted by

microorganisms which have c-type cytochrome enzymes.
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Figure 2.4. Proposed electron transfer pathways that results in methane generation in
cathode chamber or around cathode electrode [26].

2.3. Components of Microbial Electrolysis Cell

An ordinary MEC consist of an anode and a cathode chamber with the electrodes in these
chambers. Membranes are also one of the main components of the MECs if the MEC
configuration is two chambered. The external electrical circuit in a MEC system is
indispensable because electrons occured in anode is transferred to the cathode and
additional power can be supplied through this external circuit. Also power supply unit is
the other essential component of the MEC system. In the following sections, components

of an MEC system are explained in detail.
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2.3.1. Anode

Anode is the chamber that includes an electrode (anode) material in it and that microbial
degredation of organic substrates take place. Exoelectrogens use the organic substrates
for energy production and for the metabolic activities. Then they release the electrons to
the environment, such as electrode or electrolyte. Electrodes in anode should have high
ionic and electronic conductivity. Since anodes carry out the electron transfer to cathode
and energy supply to electrolyte, anode material should be highly conductive regarding
the energy efficiency. Anode material should be stable biologically, chemically and
phisically. It is important for the anode materials to be durable againts biological
degredation and extreme pHs. They should not be corrupted at highly ionic concentrations
and electrical potentials. Also these materials should be affordable and accessible due to
economical reasons [16, 21].

Among the materials used for electrodes, carbon originated materials provide many of
the necessities remarked earlier. This is the reason , why carbon originated materials have
been used as electrode materials more than others. It is easy and cost effective to obtain
in nature or can be formed by various technics including carbonization and pyrolysis. The
cost of carbon-based materials may change from couple of dollars to one thousand dollar
per square meter owing to its structure [21]. A great amount of common carbon originated
materials employed in laboratory studies are graphite fibre/felt, carbon cloth/felt/paper,
carbon mesh, graphite plate, granular activated carbon (GAC), graphite granules and
graphite brushes [19, 21]. Figure 2.5 presents examples of carbon-based materials which
are used for electrodes. All these carbon based materials have their own specific features.
For example, graphites are very conductive and stable materials. By making a brush type
of anode from graphite, a high surface area for microorganisms can be created. GAC is
very cheap and has a high surface area also. However it has limitations such as distance
to conductive external wire or electron collector. Granule particles can be distant to

eachother which lead to low conductivity and poor electrical contact.

There are various pretreatment methods for electrode materials. These methods are acidic
or basic cleaning of the electrode surface, ammonia (NH3) or heat treatment (450 °C for
30 min.), electrochemical oxidation/reduction and surfactant treatment. Pretreatment of
the electrodes is used to enhance the anode perfromance due to their electron transfer

capacity, surface area improvement, and compatibility to biofilm formation. Different
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materials other than carbonoceous materials, such as metals (titanium and steel, iron,
nickel) have also been experimented as anodes in BESs. These metals has a very high
conductivity and stability however they are usually poor regarding to their surface area

which is not appropriate for biofilm development [16, 21].

b)

Figure 2.5. Carbon based electrode materials a)Carbon‘fiber, b)graphite plate, c)Granular
activated carbon, d)Graphite mineral

Carbon nanotubes are the other alternative anode materials regarding their extraordinary
electrical, mechanical, stabile and conductive features with great specific surface area.
On the other hand they impose some serious disadvanteges such as bacterial toxicity as

well. It is essential to modify them before using in large-scale applications [16, 21].

2.3.2. Cathode

Cathode is the other electrode in MEC systems. In MEC systems, anode and cathode
electrodes are connected to each other with an external circuit to maintain the electron
transfer and extra voltage supply [15, 17]. Valuable end products such as Hz, CHa,
ethanol, hydrogen peroxide and etc. are generated in cathode chambers. Cathode chamber
must be free of electron acceptors such as oxygen, nitrate or phosphate in order to perform
H> and CHa generation [20]. Carbon-based materials that are accessible and economical
can be used as cathode electrode/material as they are used for anodes. However if the
main target is Hz production with a plain carbon-based cathode, it is difficult to overcome
the slow evolution reaction of H> due to high overpotential of electrode. To come through
this limitation and accelerate H, formation, catalysts are being used on carbon-based
electrodes as reaction accelerator. Platinum and palladium are known as the most used
metals so far due to their stableness and fine catalytic features. However environmental
and economical concerns set back usage of platinum. On the other hand, metals such as
nickel, cobaltmolybdenum, stainless steel, their alloys have been testified to be
appropriate cathode materials as well. They are easily reachable, cheap, stable and they

have low overpotentials [16, 21]. Carbon nanotubes and graphene are growing into more
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preferable materials for anode and they have also been applied victoriously on the surface
of cathode materials as an alternative to expensive metals. Nickel alloys with iron,
molybdenum and cobalt have been investigated and discovered as good alternative

cathode materials [16].
2.3.2.1. Biocathode

Cathodes has a crucial effect in MECs since the products are generated in cathode. It is
desired for a process to be economical and feasible. Cathode materials along with the
metal catalysts comprise almost half of the cost of a BES system [34]. At the early stages
of the researches, MECs had comprised of abiotic cathodes. Those cathodes had included
metal and metal alloys which were expensive and environmentally harmful. Afterwards,
Rozendal et al. [35] for the first time found out that randomly collected mixed culture that
include electrochemically active microorganisms could produce hydrogen as a
biocatalyzer/biocathode. Further more, Jeremiasse et al. [36] conducted a research in a
MEC, in which both the anode and cathode included bacteria as catalyzer. They stated
that cobalt recovery was achieved in MEC with generation of methane and acetate as side
products as well. Recently, investigations have focused on metabolic processes occur in
cathode, looking for alternatives to abiotic cathodes. Usage of microorganisms as cathode
catalysts has some significant advantages over chemical catalysts mentioned in the earlier
section. Microbial catalysts are economical, self-generating, environmental friendly and
resistant to certain levels of impurities such as sulphur [20, 34]. Biocathodes are very
suitable for large scale applications. In a biocathode MEC, microorganisms are able to
use the surface of an electrode (cathode) as an electron source to motivate the combination
of electrons and protons to perform hydrogen and methane production. Microorganisms
on the cathode electrodes form biofilm and bulk sludge so that they can reach out to

electrons coming from anode.

It is stated in many studies that MECs with a biocathode configuration can generate much
more H gas and provide a higher substrate conversion rate compared to conventional
processes such as dark fermentation and photo-fermentation. Also the content of the gas
produced in MEC is much purer in comparison with the gas produced by other methods
[16, 21, 33, 37]. Gas purification methods are expensive and they contribute to a respected
part of the total cost of hydrogen production systems. Water hydrolysis is another

conventional technology that is used to produce H> gas. But the energy input of water
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electrolysis per liter of H2 gas varies from 5 to 50 folds of energy input that is needed for
MEC systems [21].

2.3.3. Membrane and Separator

Membranes are used to separate the chambers in which different processes take place in
MECs. At the anode chamber, organic matters are degraded by microorganisms at certain
conditions. At the cathode chamber electrons that are derived from the degredation of
substrates and supplied from the external power addition, are reacted with protons and
other chemicals [22, 33]. These electrons are used to generate H2, CHa, ethanol, methanol,
hydrogen peroxide and etc. through biological or chemical reduction of electrons [14, 15,
19]. By using membranes and seperators, it is aimed to prevent the interference of the
processes that occur in both electrodes [22]. With the application of a separator BES
configuration would be divided into two chambers: called anode and cathode chambers.
However it is optional to use a membrane in BES systems, there are some important
advantages that membranes can provide to the system. It is possible to enhance the
percentage H2 and CHgs in the generated gas and to avoid consumption of the produced
gas (especially Hz) by the anode bacteria. Membranes can retard the diffusion of produced
liquid-phase electrofuels toward the anode chamber and following reconsumption of the
fuel by the exoelectrogens in the biofilm occured on bioanode. Membranes also maintain
stability of the ionic and physical conditions of both chambers, in order the reactions
pursue. Also a membrane existence ensures to dispose the danger of short-circuiting [16,
21, 22, 33].

The first and the most used membranes in MEC studies are the cation exchange
membranes (CEM) such as Nafion 117 or Fumesap FKE. CEMs are very suitable for the
proton transfer from anode to cathode, however they also lead to pH gradient accros the
membrane. High pH in cathode and low pH in anode occur due to the accumulation of
molecules such as Na*, K*, NH4*, and Ca?* at the anode and the consumption of the
protons (H™) at the cathode [22]. Other types of membranes used in MECs are anion
exchange membranes (AEM) such as AMI-7001 and Selemion AMV, bipolar membranes
(BPM) and microporous membranes [16, 21, 22, 33]. It is found out that in the case of
using an AEM instead of CEM, internal resistance decreased and as a result hydrogen
production rate increased with the help of the phosphate anions that were on the

membrane that carry protons accross the membrane. Although membranes are suitable
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and serviceable for MECs, there are some disadvantages that they pose. One of them
comes to mind is the cost of the membrane which is very high compared to other parts of
the MECs. Also they cause voltage losses and an internal resistance for protons to pass
through and reach the cathode. Thus a pH gradient may occur accross the membrane.
Reduction in pH at anode and increment in pH at cathode may affect the microorganism
performance and deteriorate the reactions at both chambers. They also hinder the mass

transportation due to membrane fouling [21, 33].

2.3.4. Membraneless MEC

It is mentioned in the paragraph above that membrane is an optional material for MEC
technology. So, MECs could also be built free of membranes and as a result they could
be cost-effective in terms of construction, operation and competiveveness in large scales.
Call and Logan [38] had developed the first membraneless hydrogen producing MEC.
They stated that H2 production of 3.12 m3H./m? per day (292 A/m?) was achieved at an
input voltage of 0.8 V. Their motive was that oxygen had not been produced at the anode,
therefore a membrane would have not been needed to distinguish the gas generated at the
cathode. And if hydrogen generation rate was sufficiently rapid, transformation of
hydrogen to methane by methane-producing bacteria in the anode chamber could be
ignored due to the low solubility of hydrogen in water [33, 38]. Membraneless MEC
configuration could result in lower internal resistance and less complex MEC designs. It
would be easier for protons to reach to the cathode and production of H> would be

favorable due to reduced internal resistance.

Besides all these practical advantages of membraneless MECs, hydrogen produced at the
cathode can go through different operations and conversions that have a remarkable effect
on the efficiency of the reactors. Hydrogen produced in the cathode can be oxidised
repeatedly on the anode that cause an increase on hydrogen recycling phenomenon, which

artificially enhances the current in terms of supplied power.

This phenomenon causes the energy efficiency of the system decline. Also
microorganisms other than exoelectrogens may use hydrogen to produce acetate or
hydrogenetrophic methanogens can benefit from hydrogen and acetate for methane

production which cause a mixed content in off gas's. Finally competition between
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exoelectrogens and other microorganisms would end up with the decrease of MEC
performance if those migrooranisms are not restrained [16, 33].

The first reason that MECs were developped was to promote hydrogen production.
Although it is an efficient method to generate Hz in MECs, mass and ionic transportation
resistance caused by membranes and the need for a cost effective configuration prior to
industrialization were still the important obstacles to overcome [33]. For these challenges
membrane free MECs came into consideration. Although, H> generation has increased
due to the lack of membrane originated resistance, another problem showed up,
methanization. H> produced by the exoelectrogens on the cathode, can be used by
hydrogenetrophic methanogens and also direct reduction of CO, via methanogens with
electrons coming through cathode lead to methanization in MECs [29-32]. Methanization
process reduce Hx generation and electrical efficiency. It causes a competition between
exoelectrogens and methanogens over the substrates. Numerous methods has been
offered to eliminate undesired methane production in hydrogen production MECs. These
are addition of chemical inhibitors like 2-bromoethanesulfonate, 2-chloroethane sulfonate
and chloroform into the enviroment; control of pH; exposure of bioelectrodes to air at
certain periods; employing lower hydrogen retention time by continuous nitrogen
sparging; using double chamber configuration with a membrane; control of temperature
and voltage (higher voltages) [21, 33, 39]. Even though many methods were used to
prevent methane generation in MECs in order to promote Hz production, it was inevitable
to cut methane generation down to zero. Nevertheless, when applying these methods to
the system to prevent methane generation, chemical and physical conditions of MEC
medium may become unfavorable for many of the microorganism consortia including
exoelectrogens. This can cause hydrogen production to decrease and lead the system to
become inefficient and unfeasible [16, 20, 33, 39]. Therefore researchers argue that
encouraging methane generation in MECs instead of avoiding could have some
significant benefits compared to hydrogen production [16]. Among these advantages, it
can be taken into account that methane is easier to handle and store compared to
hydrogen. Also organic matter degredation and biogas generation are independent from
each other in MECs which allows superior biogas production and methane rate in biogas.
In MECs methane generation can proceed at ambient temperature, not requiring heating
process and thus energy can be saved. Inhibitor compounds such as ammonia do not
necessarily prevent methane generation because in MECs methanogens can acccept
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electrons from cathode and produce methane. Also MECs can process at low substrate
concentrations unlike anaerobic digestion [16, 20, 21, 40]. Combined microbial
electrolysis cell and anaerobic digestion process (MEC+AD) is also a membraneless
configuration where anode and cathode electrodes work in harmony in an anerobic single
cell. Combined MEC+AD can exploit synergies between the electrodes and can enhance
biogas production. It can also assist to lighten some of the limitations of AD. An MEC
replaced inside of an anaerobic digester can provide stability of AD by speeding up VFA
consumption during overloading and start-up stages where the metabolic activity of
methanogens is relatively low. Moreover, MECs can help healing of processes that have
gone through a troublesome failure by keeping biomass that is attached to electrodes and
help to keep the biomass inside the system [16].

This thesis statement focuses on combined MEC+AD process, so, further information and

discussion on MEC+AD processes can be found in section 2.5.1 and in Chapters 3 and 4.

2.3.5. Power Supply

MEC systems are composed of anode, cathode, optionally membrane, microorganisms,
external electrical circuit and power supplier [21]. The difference between MFC and
MEC, as it is mentioned at the earlier sections is that MFC system aims to produce
electricity, and MEC system aims to produce H2, CH4 and other value-added products
with the help of external power supply [15, 16, 20, 33]. Equation 2.9 is the chemical
reaction that explains how hydrogen production occurs at the cathode of the MECs.
Equation 2.11 is an example of how this reaction chain starts. In anode these electrons
are derivated by the degredation of substrate (in this case acetate) by microorganisms [21,
33]:

CH;CO00™ + 4H,0 — 2HCO3 + 9H" +8e~ Equation 2.11

In the absence of oxygen and other electron acceptors, electrons that are coming from
anode to cathode, are combined with the protons in the electrolyte and form Hz by the
catalytic reaction of microorganism [16, 17, 33]. For H production take place in MECs,
fixed electrical potential in the cathode should be minimum -0.414 V vs Normal
Hydrogen Electrode (NHE) at standart biological conditions (pH=7, T=25°C, Pn>=1 atm)
is needed at cathode [21, 33]. Some part of this potential come from anode due to the

substrate degredation and resulting electron flow to cathode. Theoretical potential of
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anode (Ean) for acetate (CH3COO") break down under standard conditions can be
determined according to Nernst Equation presented in Equation 2.12 [21, 33].

E, =E° — Eln [CH3007]

8F  [HCOF)2[H]° Equation 2.12

Here, Ean and Ean® are the potentials of anode at the specified time and at standart
conditions respectively. Standart Ean° for acetate is 0.187 V, Faraday's constant (F) is
9.65x10* C/mol, universal gas constant (R) is 8.31 J/mol/K.

E, =0.187 - 8.31x298.15 ([ [0.0169]

8x9.65x10% 0_005]2[10—7]9) = —0.300 V, Equation 2.13

On the other hand theoretical cathode potential for hydrogen evolution reaction (2H*+2e

—H?>(g)) that is aimed to be occured at cathode at standart conditions is [21, 33],

E . —po _RTy PH _ o _ 831x29815 ( 1 ) _
cat = “cat  gp U [g+)2 T 8x9.65x10% [10-7]2) —
—0.414V Equation 2.14

Ecat® is the standart electrode potential for hydrogen evolution (0 V) and Py is the partial
pressure of hydrogen gas (1 atm). Finally the equilibrium potential for acetate degredation
at usual process terms at both anode and cathode electrode is,

Eeq = Ecqt — Egn = (—0.414) — (—0.300) = —0.114 V, Equation 2.15

Since result of the Equation 2.15 is negative, it indicates that H> cannot be generated
spontaneously by acetate degredation or by most of the organic substrates. For this
reaction to become favorable and produce H», an additional input voltage of at least 0.114
V or more has to be supplied to the system [15, 21, 33]. Because the additional voltage is
calculated neglecting the losses derived from limitations such as ohmic and activation
losses, mass transport limitations and heat generation, the actual voltage that is needed to
be supplied to the system should be higher. Previous MEC studies have showed that
regarding the MEC configuration and specific features, voltage supply varying between
0.2-0.8 V is convenient to achieve a reputable current and hydrogen generation in MEC
[17, 19, 20]. Higher voltage applications such as 1.3 V to 2.3 V are used for water

electrolysis which are much more than voltages used for MECs [17, 20]. In MEC studies,
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if the aim is to generate hdrogen gas, generally cathode potential is set to values between
0.4-1.0 V, but in the case of methane production, set cathode potential may be as low as
0.2-0.3V[21].

2.4. Microorganisms in Microbial Electrolysis Cell

All bioelectrochemical systems such as MFCs and MECs include microorganisms in the
process. Microorganisms commence the process mostly by decompising the organic
pollutants/substrates in the electrolyte and catalyze the transfer of electrons from organic
material to conductive electrode. For example in MFC and MEC, at anode chamber
organic materials are used by the microorganisms for their metabolic activities hence
current production as well as H> and CHas production begins [15, 16, 19]. These
microorganisms are called electro-active microorganisms, electrogens or exoelectrogens
in general. Exoelectrogens are the microorganisms in anode chamber (electrode) of an
MFC/MEC that can transfer the electrons derived from the substrate to the electrodes by
one of the extracellular electron transfer mechanisms [21, 41]. These exoelectrogens can
be found in various environment such as domestic wastewater, ocean and marine

sediments, anaerobic sewage sludge and even in earth soil.

2.4.1. Anodic Microorganisms

The information on genetic groups of exoelectrogens that are obtained from BES studies
so far includes: a-Proteobacteria (Rhodopseudomonas, Ochrobactrum), B-Proteobacteria
(Rhodoferax), y-Proteobacteria (Citrobacter, Shewanella, Enterobacter, Aeromonas), 6-
Proteobacteria (Geobacter, Geopsychrobacter, Desulfobulbus), Epsilonproteobacteria
(Arcobacter), Firmicutes (Clostridium and Thermincola), Acidobacteria (Geothrix) [21,
25, 41]. Exoelectrogens that are specified in numerous MFC studies, are mostly anode
respiring bacteria that can send electrons to anode by themselves (directly) or by
mediators. Table 2.1 presents the anodic and cathodic microorganisms with thier electron
transfer pathway. Bacteria for examle Shewanella, Rhodoferax, and Geobacter that can
reduce metals, are mostly in the group of the microorganism that can send electrons
directly to anode at final stage which are similar to the microbes that use solid mineral
oxides as final electron acceptor [42]. Microorganisms can transfer electrons to anode in
four different ways: 1) direct contanct with electrode, 2) contact with electrode by self
constructed pili (nano wires), 3) using self secreted mediators such as cytochromes and

4) using externally added mediators such as neutral red, thionin, sulphate, methylene blue,
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pyocyanin and phenazine-1-carboxamide and ferric chelate complex [41, 42]. Biofilm
(e.g. Shewanella putrefaciens, Rhodoferax ferrireducens, Geobacter sulfurreducens)
attached to the electrode surface can transfer electrons by outer membrane enzymes called
cytochromes while some other consortia (e.g. Shewanella oneidensis, G. sulfurreducens)
that is far from electrodes build pilus like nanowires that have width of several
nanometers to transfer electrons to anode [15, 19, 41-43]. It is also stated that a part of
filamentous bacteria exist in nature can transfer electrons by using their conductive
filaments that have a diameter of as much as 200 nM and length of 15 mm [43]. Some
other exoelectrogens (e.g. Pseudomonas aeruginosa, S. putrefaciens, S. oneidensis, G.
sulfurreducens, Clostridium butyricum) secrete self-made enzymes such as phenazine,
riboflavin and phenazine-1-carboxamide which can stimulate electron transfer for other
bacterial strains also in mixed cultures.The mechanism of electron transfer of these self-
made enzymes is similar to mechanism of the electron transfer of the exogenous
electrochemical redox mediators. They can increase the rate of electron transfer and this
leads to an increase in power density by transferring thousands of electrons with one

enzyme that is used more than once [43].

It is reported that mixed cultures can produce much more current compared to pure
cultures due to their various syntrophic species which all have specified tasks that
contribute to the higher rate electron transfer than pure cultures [25, 42, 43]. In a mixed
culture, fermentative bacteria work with the electrogens in a harmony. The most
appropriate electron transfer method amongst the others is selecting mixed culture for the
process due to the operational and environmental conditions [15, 42, 43]. Fermentative
and anaerobic bacteria that produce hydrogen and sulfur species by oxidation
respectively, contribute to the electron transfer mechanism by carrying electrons from
nonelectrogenic communities to exoelectrogens [15]. Therefore species such as Proteus
vulgaris, E. coli, P. aeruginosa and Desulfovibrio desulfuricans can produce H> and
sulfur species as interspecies electron acceptors. Electron exchange between specific
bacteria recommend that a nonelectrogenic bacteria in a co-operative biofilm medium
may support current generation if the electrons of that bacteria are taken up by the
electrogenic species through interspecies electron transfer. This interspecies electron
trasfer is actualized through production of primary metobolites such as Hz, formate and
lactate [15, 43].
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2.4.2. Cathodic Microorganisms

In BES studies the first configurations included mostly a biotic anode with an abiotic

cathode MFC. After microorganisms were found to be cheap and effective catalyzers,

biocathode applications started in BES studies. In MEC studies, precious metal catalyzers

such as platinum, paladium and their negative effects on microorganisms and the process

led the way to the biological cathodes. Due to the advantages of biological cathodes such

as being environmental friendly, cheap, affordable, accesible and effective, they became

very common in MEC studies. There are two kinds of biological cathodes in BES studies,

aerobic and anaerobic. Since the subject of this thesis statement is about MECs and CH4

production, anerobic cathodes will be explained in detail.

Table 2.1. Microorganisms that participate in MEC systems in anode and cathode [25,

27,37, 42, 43].
Anodic biofilm DET/MET __ Cathodic biofilm DET/MET
Actinobacillus succinogenes MET Geobacter sulfurreducens DET
Aeromonas hydrophlia DET Acidithiobacillus ferrooxidans DET
Pseudomonas aeruginosa DET Shewanella putrefaciens DET
Clostridium beijerinckii MET Desulfovibrio vulgaris DET
Clostridium butyricum MET Clostridium beijerinckii MET
Desulfovibrio desulfuricans MET Pseudomonas spp MET
Erwinia dissolven MET Shewanella oneidensis MET
Escherichia coli MET Acinetobacter calcoaceticus MET
Geobacter metallireducens DET Rhodopseudomonas palustris DET
Geobacter sulfurreducens DET Hydrogenophilic methanogenicc. DET
Gluconobacter oxydans DET Desulfovibrionaceae DET
Klebsiella pneumoniae MET Euryarcheota MET
Lactobacillus plantarum MET Methanobacterium sp. DET
Proteus mirabilis MET Methanosarcina mazei DET
Pseudomonas aeruginosa MET Methanobacterium bryantii DET
Rhodoferax ferrireducens DET Methanobacteriales MET
Shewanella oneidensis DET Methanobrevibacter ruminantium MET
Shewanella putrefaciens DET Methaomicrobium mobile MET
Streptococcus lactis MET Methanobacteriaceae MET

(DET: direct electron transfer; MET: mediated electron transfer)

Biocatalysts that are used in MECs should have the ability to overcome the

thermodynamic limitations for production of Hz, CH4 and other chemicals with the help

of external power. Electrode surface should be utilised as an electron donor by these pure
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or mixed culture biocatalysts [34]. In most of the MEC studies, anode as well as cathode
compartments were inoculated with the MFC/MEC's anode electrode or anode
electrolyte. Therefore similar to anodic cultures, cathodic cultures include the same
microorganisms such as Geobacter sp., Shewanella sp., Pseudomonas sp., Clostridium
sp. and Rhodoferax sp., Desulfovibrio sp., Bacteroidetes and Firmicutes phyla [34, 37].
Also in cathode, mixed cultures present higher performance compared to pure cultures.
Mixed cultures show syntrophic relationships during the process. Self-secreted
metabolites such as flavins and phenazines produced by S. Oneidensis and Pseudomonas
sp. respectively, can be utilised by other microorganisms several times to transfer the
electrons [43]. Generally, BES process with the specific characteristics of various
microorganisms as biocatalysts. Symbiotic relationship of interspecious microorganisms
for substrate breakdown and electron production leads to a complementary relationship
between microorganisms that can widen the utilizable organic material types. This
symbiotic relationship can enhance biodegradation of substrates and improve
bioelectrochemical cell efficiency. Moreover, employing mixed cultures in BES can
ensure robustness and consistance in BESs against the unexpected problems occur in the
process such as fluctuations of temperature and organic loading rate, etc. For these
reasons, selection of mixed cultures has been seen an advantage for efficient process in
BES [34, 37, 43].

It is known that some microorganisms have the ability to catalyze the hydrogen and
methane production with electrons derived from electrodes. Methane is produced either
by hydrogenotrophic methanogens that reduce CO2 and Hz to form CHa, or by acetoclastic
methanogens that reduce acetate [37] Recently, methane production is highly
contemporary in MEC studies because methane is easier and cheaper to produce, and it
can be stored and transported effectively compared to hydrogen. In MECs, methane
production reactions are mediated by biocathodes communites such as
Desulfovibrionaceae and the phylum Euryarcheota. It is reported that
Desulfovibrionaceae species have a connection between direct electron transfer or
hydrogen transfer from electrode surface to methanogenic consortia [27]. Also in mixed
culture at biocathodes, hydrogenotrophic methanogens are found to be the dominant
species. However, homoacetogens that reduce H> and CO: to acetate are also found in
biocathodes [27, 37]. Most cultures that are found in methane producing biocathodes are
the multiple methanogenic phylotypes such as Methanobacterium sp., Methanobacterium
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bryantii and Methanosarcina mazei and hydrogenetrophic methanogens such as
Methanobacterium or Methanobrevibacter [27].

2.5. Configuration Types of Microbial Electrolysis Cell

Configuration of the MEC systems are important regarding the optimization, process
performance and production of H2 and CHa. The first MEC design had two chambers and
it was spared with a proton exchange membrane (PEM) [44]. In time, configurations used
in MFC studies have also been used in MECs studies such as two chamber, single
chamber, AD+MEC single chamber, H type reactors, tubular and plate type reactors,
rectangular or cube type reactors, cylindrical and disc type reactors. The most significant
thing in MECs systems is that cathode of the MEC is needed to be anaerobic for H, and
CHa production. So far in lab-scale studies, it was aimed for the MEC reactors to be
optimized in terms of cost effective treatment and bioenergy production. Fort this
purpose, several MEC configurations have been developed and applied with various types

of materials as anode and cathode electrode materials and membranes [21].

2.5.1. Two Chamber Microbial Electrolysis Cell

Two chamber MEC systems consist of an anode and a cathode chamber that are disparted
from each other with a selective membrane. Only selective ions can travel through the
membrane therefore chemical and physical conditions such as pH, alkalinity, biology of
the electrolytes of the chambers can be different in a two chamber MEC. However
membranes impose an internal resistance which may decrease the rate of biogas
production of the MEC [16, 21, 45, 46]. It is stated in a study that 86 % of the total internal
resistance of a two chamber MEC was caused by a Nafion membrane [21]. Membranes
can cause pH gradients at the opposite sides of the membrane which can cause
performance and voltage losses. A unit of pH change can lead to 0.06 V loss [21]. The
actual reason of a membrane usage is to avoid the diffusion of H, from cathode to anode
and transfer of bactearia from anode to cathode which can provoke H> consumption by
the bacteria. A membrane can also maintain a high purity of the produced gas in cathode
by avoiding mixture of possible off gases such as CO2, CH4 that may arise from anode
chamber activities [21, 45, 46]. For given examples, when using a two chamber MEC
with a membrane, it is reviewed that H2 production from 0.01 to 6.3 m®/m?3/d was recorded
[46]. Although there are several advantages that two chamber MECs offer, there are also

some drawbacks such as, complexity, difficulty at operations and scale up problems,
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voltage losses and manufactoring cost of the membranes. On this context Figure 2.1 was
given to show the single and two chamber MEC configurations. It is also possible to treat
different chemical solutions or different waste streams in a two chamber MEC using the
chambers for different waste streams at the same time and recovering value-added
chemicals. Qin et al. [47] achieved a more energy efficient way to recover ammonia from
the catholyte solution compared the energy intensive aeration method.

2.5.2. Single Chamber Microbial Electrlysis Cell

The solubility of Hz in water is between 0-1.5 mg/L at 25°C and 1 atm Po. If Ho
production rates are at the foreseen level, it is most probable H2 will not be converted to
CHs by the MEC system. Since MEC needs to be totally anaerobic, removing the
membrane that separates the anode and cathode chambers will not negatively effect the
H> production [21]. This presumption and the negative impacts of membrane to MECs
such as pH gradient accross the membrane, internal resistance for mass and ion transfer,
complexity and building cost of the two chamber system have led the studies to single
chamber MECs [16, 21]. In single chamber MECs, both electrodes are placed in the same
cell without a membrane and they share the same electrolyte. Single chamber MECs are
clearly low cost and easy to operate and installation. They exhibit lower ohmic losses and
concentration overpotential due to the lower internal resistances compared to two
chamber MECs. It is simple to construct single chamber MECs as well. The problems
posed by two chamber systems e.g. fouling,clogging and biodegradation of the
membranes are avoided by single chamber MECs. Also constructional cost of the MEC
can be reduced [33, 46]. In single chamber MEC one type of electrolyte or liquid usually
wastewater is used for treatment beside to Hz or CH4 production [16].

The constructional and operational advantages of single chamber MECs made way for
various single chamber designs. These reactors can be sorted as combined AD+MEC,
continuously upflow MEC in which cathode electrode is at the top of the cell, sequencing
MEC reactors and microbial fluidised (GAC) electrode electrolysis cell in which GAC is
used to enhance the anode biomass [16, 21, 45]. Most of the reactors used in MEC studies
are cylindrical (tubular) because of the well mixed characteristic. Some reactors are
constructed in a way that a tubular anode can embrace a cathode or vice versa and
electrolyte flow through one of them or between them. Planar reactors are also popular

when plate like electrodes are used. Single chamber MEC can also be designed in a way
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that consist of multiple anode and cathodes in a line [16, 46]. The first pilot scale MEC
was a continuous single chamber MEC reactor equipped with multiple electrodes and had
a volme of 1 m3. The highest gas generation rate was 0.19 m® biogas/m®/d and the gas
content was 86 % CHgs in that study [48]. In a combined single chamber AD+MEC
average biogas production per day was 0.59 L/L/d when it was used in batch mode for 23
days [49]. In the same study average biogas production of anaerobic control reactor was
only 0.34 L/L/d over 23 days. A very common used anaerobic sequencing batch reactor
with 20 L volume, was employed as a combined AD+MEC at HRT of 20 days by feeding
with high concentrated food waste [50]. At the final steady state of this process, the daily
methane production rate was 17 L CH4/d and methane yield of the system was 0.34 L-
CH4/g-CODyenm..

2.5.3. Other Types of Microbial Electrolysis Cells

Bioelectrochemical system related studies opened a new era for water/wastewater/waste
treatment along with other value added chemicals/sources production. So far laboratory
scale studies aimed to integrate MECs with MFCs, dark fermentation, anaerobic
digestion, desalination cells and bio-photoelectrochemical cells.

In MEC-MFC coupled systems, the external power supply for H2/CH4 production in the
MEC is provided by a separate MFC. So an extra energy consumption may not be needed
by the coupled MEC-MFC system if the energy provided by the MFC is stable and
continuous. An MFC-MEC coupled system can also be linked to a dark fermentation
reactor in which complex biodegredable organic substrates can be first converted into
simple monomers. Afterwards these substrates can be fed to the MFC-MEC system for
power and gas generation respectively [21, 33]. Solar cells can also be applied for power
supply to MECs.

Microbial desalination cell is an MFC induced salinity removal cell from seawater that
aims to decrease the salinity via the electrical current produced by anode and oxygen
reduction in cathode. However the electrical input of the MFC may vary due to the
biological process occurs in anode that cause unstable salt removal. Hence, a low and
stable voltage application can further increase the salt removal from seawater with an
additional Hz production in cathode chamber of an MEC. There must be a third chamber
between anode and cathode where the seawater is placed and desalinated. Anode and the
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other chamber consists of seawater are spared by an anion exchange membrane which
allows negative ions (Cl) pass through to the anode. Cathode and the seawater chambers
are separated by an cation exchange membrane which transfer cations (Na*) to the
cathode chamber. Beside the desalination system in Microbial Electrodialysis Cell
(MEDC), H> can be produced in cathode [33]. Figure 2.6 presents a MEDC for better
understanding.

AEM CEM
Figure 2.6. Microbial electrodialysis cell [33]

2.6. Substrates Used in Microbial Electrolysis Cell

Hydrogen and methane can be produced in MECs using various kinds of substrates
including sodium acetate, volatile fatty acids, glucose, cellulose, and different types of
wastes originates from agricultural and industrial processes. These wastes/wastewaters
can be sorrted as domestic wastewater, swine wastewater, winery wastewater, dairy and
chicken wastes, wastewater treatment plant sludges, food industry wastewater and etc.
Because MECs can treat a wide range of wastes/wastewater, they can be an opportunity
for biogas production and value-added chemicals production along with the

waste/wastewater treatment.

Early MEC studies were conducted using readily usable substrates for exoelectrogens
such as acetate, glucose and volatile fatty acids which are known as fermentation end
products. For example, in the studies conducted by Liu et al. [44] and Rozendal et al. [51]
acetate was used as substrate. Acetate is an end product of fermentation however with an
extra power supply, it can be converted into H» by bacteria [44, 51]. Liu et al. [51]
accomplished specific H2 production of 2.9 mol Hz/mol acetate with a 0.25 V power
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supply. Rozendal et al. [51] presented H, production of approximately 0.02 m? Hz/m3/d
with an power supply of 0.5 V using acetate as the substrate. The best H> production rate
observed so far is the 50 m* Ho/m* MEC/d with an voltage supplementation of 1.0 V using
acetate as substrate in a two chamber MEC in which cathode was a nickel foam that had
a high surface area [52]. Other than acetate, non-fermentable carbonaceous matters such
as glucose and glycerol were also applied as substrates in MECs. Glucose was used as
substrate in a single cell MEC that was employed under temperature of 4°C. It was
reported that the H> yield of approximately 6 mol Hz/mol glucose, and at H> production
rates of 0.25-0.37 m® Hyo/m?/d were achieved in that study [53].

It was stated earlier that since CH4 production is inevitable in MECs [16], some
researchers investigated the CH4 production in MECs by using different configurations
and substrates and by changing operational conditions. Recently in a combined
MEC+AD, mixed food waste at highest OLR of 10 kg COD/m3/d was used to produce
CHa4 over a 20 days HRT. The maximum methane yield in this study was 0.36 m%kg
CODremWhen fed with OLR of 6-10 kg COD/m®/d. MEC+AD was operated at applied
voltage of 0.3 V and 35°C [54]. MEC was also used as the second stage of a two stage
process that includes dark fermentation as the first stage. In this study recalcitrant
lignocellulosic materials were converted into H, and then to CHa4. At fermentation stage
1.67 mol Hz/mol glucose at a rate of 0.25 L Hz/L/d was produced with a lignocellulosic
effluent [50]. Xiao et al. [55] used aeration tank sludge as feed for MEC in their study.
The sludge was first pretreated thermally and alkaline. The pretreatment was made by
increasing the pH of the sludge with NaOH addition and then keeping the sludge at 175°C
for 30 mins. The methane generation from pretreated sludge increased between 20-80 %

when external voltage of 0.6-1.8 V was applied compared to control reactor.

Heidrich et al. [56] treated raw domestic wastewater with a 100 L MEC for 12 months
period at ambient temperature changing between 1-22°C. They noted that 100 L of MEC
produced hydrogen at the rate of 0.6 L/day and achieved electrical input recovery of 49
%. Also they remarked inconsistent and low level COD removal rates due to the design
issues and poor pumping system. Another different type of influent was used by Gao et
al. [57] in combined anerobic digestion and MEC for methane production and COD
removal. It is reported in this study that municipal solid waste (MSW) incineration

leachate was used as feed for MEC+AD for treatment and methane production. It was
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found out that COD removal efficiencies and methane productions increased 8.7 % and
44.3 % respectively in MEC+AD compared to control anaerobic reactors. Also MEC+AD
can recover more rapidly from rancidness caused by high organic loading rates. Sewage
sludge was used as the carbon source in a combined anaerobic digestion and MEC by
Guo et al. [58]. It was reported that in the MEC+AD where Ti/Ru based electrodes were
used, hydrogen production was 1.7-5.2 fold of the control reactor's hydrogen production
and the methane production was 11.4-13.6 fold of the control reactor’'s methane
generation at additional power of 1.4 and 1.8 V and at temperaure of 37 °C. It is clear that
various kinds of wastes and wastewater were used as substrate in MECs or MEC+AD
reactors for biogas production and treatment. A parallel work conducted by Feng et al.
[59] revealed a cumulative methane yield of 0.17 m%/kg VSS at the end of a 20 days batch
study conducted at 35°C and with a voltage supplementation of 0.3 V in a combined
MEC+AD with iron and graphite electrodes. Total solid content as high as 10-12 % was
used in that study. An UASB and an MEC are combined to enhance methane production
and COD removal from glucose based synthetic waste stream at 35°C and HRT of 6 hours
wit a given voltage of 1.0 V. The result was combined UASB+MEC could still operate at
stable performance (COD removal rate: >70%) at a high organic loading rate of 28 g
COD/L/d at short hydraulic retention time of 6 hours. The methane productions were
248.5 mL/h and 51.3 mL/h at combined UASB+MEC and UASB only respectively [60].

In the studies that conducted with lab scale small reactors (<100 mL), most used substrate
was the acetate (sodium acetate). The best Hz production rates, 6.3-50 m3/m®/d are
obtained from these studies in which voltage of 1-1.5 V were applied [61]. According to
Lu and Ren [61], H2 production rates decrease from non-fermentable substrates
(fermentation products) to fermentable products due to the structure change from simple
substrates to more complex substrates. Acetate, glucose, organic acids, alcohols and
monosaccharide or disaccharide are suitable feed for exoelectrogens to degrade easily.
However recalcitrant and polymeric substrates, protein based substrates, wastewater
sludges and domestic wastewater lead to very low H production rates such as 0.05-0.54
m3/m3d in MECs [61]. Hydrogen production rates in MECs decrease when the lab-scale
reactors turn into pilot-scale reactors in which mostly complex substrates such as
industrial wastes, food processing wastewater, domestic wastewater and sludges are used
as substrates. Several stuies conducted with larger reactors having volume from 100 L
t01000 L, reported H, production rates that were lower than 0.02 m3/m®/d [61].
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The only study that used dairy wastewater as substrate in MECs reported very little
current and Hx production. However in the same study good performance of H:
production and current generation were obtained with potato wastewater [62]. Biogas
production rate and biogas yield, current generation and VS/COD removal of an MEC
systems do not depend only to the substrate type. The results also depend on the anode
and cathode materials, microorganism types, operational conditions (pH, temperature,
OLR, HRT), applied voltages and reactor configuration such as batch, continuous feed,

upflow reactors or two or single chamber MECs.

2.7.Anaerobic Digestion Process

Anaerobic digestion is a multiple phase process that includes the interrelationships of
several microbial consortia and interdependency of these microbial consortia to each
other [63]. In anaerobic digestion process, various kinds of microorganisms work in
harmony to reproduce and harvest energy for metabolic activities by degrading organic
substances at the absence of oxygen. As a result of these activities, biogas is produced at
the end of the anaerobic process. Biogas is a valuable gas which generally composed of
50-70 % methane. Table 2.2 presents some important characteristics of biogas.

It is accepted that anaerobic process take place in four distinct phases respectively;
hydrolysis, acidogenesis, acetonegenesis and methanogenesis [63,64]. Figure 2.7
represents a short summary of the four phases of anaerobic digestion. In anaerobic
digestion, each phase is conducted by different type of microbial consortia at specific
environmental conditions. These microbial consortia work in a harmony. End product of
a substrate can be a new substrate for the next consortia in the food chain. Some bacteria

can not degrade substrates in the absence of the other symbiotic bacteria [65].

Table 2.2 Important features of biogas [65].

Content %55-70 Methane (CHa), 30-45 Carbondioxide (CO), % 1-3 Other
Gases (H.S,H-0,N,CO)

Energy content 6.0-6.5 KWh/m?

Fuel equivalent 0.60-0.65 L oil/m? biogas

Explosion limits If the volume of the methane in the air is 6-12%

Ignition temperature 650-750 °C (at 55-70% methane )

Criticalpressure 75-89 bar

Critical temperature -82.5°C

Density 1.2 kg/m?®

Molar mass 16.043 kg/kmol (STP :0°C, 1 bar)
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2.7.1. Hydrolysis

Hydrolysis phase can be explained as the degredation and depolymerization of the
complex polymeric organic substances into soluble monomers by certain fermentation
microorganisms [63]. In hydrolysis phase, complex compounds such as proteins,
carbohydrates and fats are degraded into monomers as in soluble amino acids,
monosaccharides, sugars, glycerol and short chain fatty acids. Degredation of complex
compounds into monomers provided by the enzymes such as hydrolase, cellulase,
amylase, protease that are secreted extracellularly by facultative and some other anaerobic
bacteria. For example cellulose is converted into lignin and hemicellulose, carbohydrate
is converted into glucose and pentose, protein is converted into polypeptide and amino
acids and fat is converted into alcohols, fatty acids and hydrogen. Hydrolysis of the
carbohydrates can take several hours where as hydrolysis of fats and proteins can take
several days [65]. Facultative bacteria such as Streptococci and Enterobactriaceae and
bactericides along with the Clostridia involve in hydrolysis process [64]. It is evaluated
that hydrolysis phase can be the restrictive phase for the whole anaerobic digestion
process because it determines the HRT of the process. HRT, OLR, pH, temperature, the
type of organic substance are the main parameters that specifies the hydrolysis rate of the

process [63].
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Figure 2.7. Anaerobic digestion and its phases [63, 65, 66].

2.7.2. Acidogenesis

Acidogenesis phase, also known as fermentation, occurs in an environment that is free of
an inorganic electron receiver (Oxygen, sulphate or nitrate). Organic materials that were
converted into monomers such as amino acids, monosaccharides, glycerol and long chain
fatty acids in hydrolysis phase, are broken into one to five carbonaceous short chain fatty
acids by various facultative bacteria. Volatile fatty acids (butyric acid, propionic acid,
acetic acid) and other common intermediate products such as acetate, alcohols, hydrogen,
carbondioxide and etc. are formed at the end of the acidogenesis phase [65]. Some of the
bacteria types that participate in acidogenesis phase are Clostridia, Lactobacillus,

Micrococcus, Pseudomonas, Desulfuromonas, and Streptococcus. Hydrogen ions that are
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produced internally by bacteria can affect the end products of process such that the increase

of the partial pressure of hydrogen leads to a decrease in acetate production [65].

2.7.3. Acetogenesis

Acetogenesis means the formation of acetate which can be produced by the reduction of
CO; and organic acids. The products of acidogenesis phase are used as substrate by the
bacteria of acetogenesis phase. In this phase, homoacetogenetic microorganisms use
hydrogen and carbondioxide as electron acceptors to produce acetic acid and to harvest

energy:
2C0O, + 4H, & CH;COOH + 2H,0 Equation 2.16

Homoacetogenic bacteria can compete with methanogenic bacteria over hydrogen,
methanol and formic acid. On the other hand some type of acetogenic bacteria produce
hydrogen as a side product when they aim to produce acetate from acidogenesis products
such as long chain fatty acids (propionic acid, butyric acid) and alcohols (ethanol).
However such acetogenic bacteria can obtain the energy required to survive and
reproduce at only low hydrogen concentrations. Accumulation of hydrogen in the
environment can inhibit metabolic activities of these bacteria. Therefore hydrogen is
needed to be at low concentrations for hydrogen producers and acetogenic bacteria.
Obligatory, acetogenic and methanogenic microorganisms live in a symbiotic
relationship. Since hydrogentrophic methanogens can survive at high hydrogen
concentrations and use hydrogen to produce methane, they maintain low hydrogen
concentrations in the environment which is suitable for acetogenic bacteria for existence.
At this circumstances hydrogen, carbon dioxide and acetate are intensely produced by
acetogenic bacteria. However if the H, concentration is high in the environment, butyric,
carbonic, valeric and propionic acids are also formed which are not useful for
methanogenic bacteria to produce methane because only carbondioxide, acetate and

hydrogen are used by methanogens to produce methane [63-65].

It is stated that approximately 30 % of the total biogas in anaerobic digestion is formed
by the reduction of CO2 with hydrogen gas. This phenomena is illustrated in Figure 2.8
that Hz is formed by acetogenic bacteria as a result of metabolic activity and following it
is used by methanogens as a electron donor to oxidize CO, and produce CHa. Conversion

of fatty acids and alcohols to acetate is a energy waste process for methanogens. Therefore
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it is good to have acetogens in the same habitat with the methanogens because acetogens
use fatty acids and alcohols as substrate and they form CO>, H> and acetic acid which are

used by methanogens for energy and living [65, 66].

Acetogen Methanogen

Butyrate/

propionate \ , H,0 “ ’ Co,
A A L

Figure 2.8. Ha transfer between acetogens and methanogens [63].

In anaerobic process, complex organic molecules are degraded by a variety of
fermentation bacteria into compounds (short/long chain fatty acids) such lactate, ethanol,
propionate and butyrate. Then in acetogenesis phase, acetogens oxidize hydrolytic
products further to hydrogen, formate and acetate. Meanwhile a some homoacetogenic
bacteria (homoacetogens) make use of CO./H: as feed to form acetic acid. At the end,
products such as acetic acid, formic acid, and CO2/H> that were originated at acidification
phase, converted into methane by methanogens. These anaerobic oxidation reaction series
that are implemented by acetogenic bacteria, result with a positive Gibbs free energy
change (AG°®). Because of this, acetogenic bacteria can only perform and produce

hydrogen, formate and acetate when they are utilized by the methanogens [66, 67].

Acetogenic bacteria creates acetate which can be utilized directly by aceticlastic
methanogens (Methanosarcina spp. and Methanosaeta spp.) or can be oxidized by
syntrophic bacteria (syntrophic acetate oxidizers) and hydrogenotrophic methanogens.
CO; that yield as an metabolism product of acetotrophic methanogenensis, and H. are

utilized by hydrogentrophic methanogens to produce methane [69].

2.7.4. Methanogenesis

The last phase of the anaerobic process is the methanogenesis phase. In this phase, acetate,
CO», Ho, alcohols, formic acid and one carbon methyl compounds are used as substrate
by methanogen bacteria and CH4 is formed at the end of this process. Metabolism of
methanogens are different than most of the livings. They obtain their energy not with the

known way of substrate level phosphorylation, but obtaine from probably by a proton
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motive force. Methanogens can be found in the strict anaerobic environment that is free
of electron acceptors such as Oz, NOs, Fe*® and SO+ Methanogenic activities are
exothermic reactions which occur effectively at certain temperatures such as mesophilic
and thermophilic. It is not possible for every kind of methanogen to catabolize any kind
of organic materials. Therefore methanogens are separated into three groups according to
their feeding substrates: Acetotrophic (acetoclastic or acetic acid methanogens)
methanogens turn acetate into CH4 and CO2; hydrogenotrophic methanogens utilize CO:
and Hz and form CHa; methylotrophic methanogens convert one carbon methyl compouns

such as methanol, methylamine, methyl capto propionate, dimethyl sulfide into CH4 [63].
Acetotrophic (acetoclastic) methanogens, CH3COO;

CH;CO0™ + H* -» CH, + CO, Equation 2.17
Hydrogenotrophic methanogens, CO2, HCOO, CO;

4H, + CO, —» CH, + 2H,0 Equation 2.18

Methylotrophic methanogens, CH3OH, CH3sNHs, (CHs)2NH2*, (CHs)sNH*, CHsSH,
(CH3)2S;

4CH,OH —» 3CH, + CO, + 2H,0 Equation 2.19

In methanogenesis phase roughly 70 % of the methane is generated by the conversion of
acetate and 27-30 % of the methane is produced by the conversion of CO, and Hz. When
the production of methane is disturbed, acidification occurs in the environment. Also
when acetogens interact with the bacteria that produce hydrogen sulfide but not
methanogens, methanogens get effected negatively and they can be exposed to toxic
effect of hydrogen sulfide hence the process failure take place. Therefore it is important

for methanogens to stay in contact with hydrogen producers [63].

Methanogens have an interesting metabolism that has enzymes and co-enzymes. They are
the largest and most diverse group in the Archea. Their unique metabolism and genetics
differ from the other two domains of life, the Bacteria and Eukaryota. An important
characteristic of methanogens is that there is no methanogen kind that harvest energy
from the substrate level phosphorylation. However required energy (ATP) is obtained by

the driving force of the proton translocation. Most abundant methanogen groups are
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Methanosarcinales, Methanomicrobiales, Methanobacteriales, Methanococcales,

Methanocellales, Methanotrix, Methanospirillum, and Methanosaeta [67].

The process of conversion of acetate into methane is a limiting stage for anaerobic process
because methanogens show a slow growth rate. They are very sensitive to saturated
oxygen in the habitat even in the range of 0.01-0.08 mg/L concentration. Methanogens
are ususally effective at the pH range of 6.5-7.6. Mesophilic and thermophilic
temperatures are the best operational temperature for the methanogens [68]. Optimum

operational conditions in anaerobic process are given in Table 2.3.

Table 2.3.General specifications of anaerobic digesiton phases [65].

Parameter Hydrolysis/Acidogenesis Methanogenesis
o Mesophilic:32-42°C

Temperature 25-357°C Thermophilic : 50-58 °C
pH 5.2-6.3 6.7-7.5
CIN 10-45 20-30
Total solids content <%40 total solids <%30 total solids
Redox potential +400 to -300 mV <-250 mV
Required C/N/P/S rate 500:15:5:3 600:15:5:3

Nickel, Cobalt, Molibdenum,
Trace metals - :

Selenium

Acetotrophic (acetoclastic) and hydrogenotrophic methanogenesis pathways are the two
types of methane formation ways in anaerobic digestion. In natiire, hydrogenotrophic
methanogenesis is mainly found in marine environments and on the other hand acetate
acetoclastic methanogenesis is more dominant in freshwater environments. Acetoclastic
and hydrogenotrophic methanogens utilize the hydrolysis products such as acetate and
hydrogen and form methane. They use special kind of enzymes in methane formation in
which trace elements such as molybdenum (Mo), selenium (Se), nickel (Ni), iron (Fe)
and cobalt (Co) are utilized as co-factors of the enzymes. If those elements are not present
sufficiently in the medium, restriction of formate and acetate oxidation can result in acid
accumulation and severe drop in pH which ultimately cause failure of methane formation
[69]. It is also suggested that acetoclastic methanogenis are more sensitive to long chain
fatty acids than the hydrogenotrophic methanogens. This is attributed to the composition
of the cell membrane, which is different for the two species. However, acetoclastic
methanogens were found to be more robust to hign total ammonia nitrogen concentrations
[69].
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It is stated by many researchers that three and more carbonaceous volatile fatty acids
should not be accumulated in the medium for a healthy process. They can not be utilized
directly as substrate by the methanogens, so they need to be oxidized into more readily
substrate such as acetic acid, hydrogen and formate for methanogens before the
methanogenesis phase. Acetic acid is generally formed by acidification of mono
substrates, however it can also be transformed by homoacetogens through hydrogen and
carbon dioxide reduction. If conversion of acetic acid by homoacetogens can be increased
technically, more direct substrate would be available for acetotrophic methanogens for
methane generation in the methanogenesis stage. Homoacetogens can reduce a part of
CO2 in the medium to VFAs according to the Wood-Ljungdahl pathway for ATP
synthesis. When homoacetogens utilize H> and CO; for their metabolic activities, carbon
enters the Wood-Ljungdahl pathway during CO, reduction. Hydrogen is utilized as the
electron supplier for the reduction of CO: in this reaction.

In anaerobic process, methanogenesis phase is the electron transfer phenomenon from
electron supplier to electron receiver. Therefore, enhancement of electron transfer tends
to increase methane generation. In hydrogentrophic methanogenessis, Hz is the primary
element than can transfer electrons from organic acid oxidizers to hydrogenotrophic
methanogens. Thereby, hydrogenotrophic methanogenesis conducted by some type of
methanogens such as Methanobacteriales, Methanococcales is an important absorber of
electrons anaerobic medium. This electron sink is performed through interspecies
electron transfer. Hydrogenotrophic methanogens sustain low concentrations of dissolved
hydrogen by collateral interaction with hydrogen producers (acetogens). As a result they
maintain a favorable environment for hydrogen producing acetogens. Most part of the
methane production that originates from hydrogen, occurs in flocks or biofilms. This
ebanles direct and fast transfer of hydrogen from the hydrogen producing microorganism

to the hydrogen consuming methanogens easily.

2.8. Operational Parameters Affecting Combined MEC and AD

Operational parameters in biological and chemical processes are very determinant and
effective for the outcomes of the processes. All living organisms need a stable and reliable
environment to carry out metabolic activities otherwise they get stressful and their
activities can get interrupted. In wastewater treatment or in anerobic digesiton,

operational parameters such as temperature, pH, OLR, HRT, alkalinity and substrate type
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are important. Cathode potential or applied voltage are also efficient in
bioelectrochemical processes. These parameters determine the rate, performance and

outcomes of the combined MEC+AD process in this case.

2.8.1. Temperature

All living organisms need an optimum temperature range to fulfill the essential activities.
Anaerobic digestion can be materialized in three temperature ranges which are
psychrophilic (10-20°C or <20 °C), mesophilic (30-40°C or 30-45°C) and thermophilic
(50-60°C or 50-70°C) [66, 69]. As it is accepted that actvities of microorganisms enhance
with a raise in temperature up to a point. Figure 2.9 illustrates methanogenic activity in

anaerobic process at different temperature ranges.
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Figure 2.9. Growth and activity rate of methanogens at different temperature ranges [70].
Most of the anerobic processes are operated under mesophilic conditions since mesophilic
processes are more stable and resistant to pH, temperature and OLR fluctiations compared
to thermophilic ones. However thermophilic reactors are also common due to their
accelerated reaction rates, increased gas production and higher rates of pathogen removal
compared to mesophilic and psychrophilic reactors. High temperatures also make
substrate more readily soluble in water and easy for utilization by methanogens. These
facts indicate thermophilic processes are much faster which result in small reactor
volumes compared the lower temperatured reactors. But it is worth to note that mesophilic
and especially psychrophilic anaerobic digestion processes are much more cost effective
compared to thermophilic process because of the required energy amount to heat the

process [69, 70, 71]. In psychrophilic reactors, energy is only needed for mixing. Process
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temperature is mostly the ambient temperature. Operating temperature in an anaerobic
process also specifies the distribution of the active and dominant methanogen archaea.
Thermophilic microbiome is more sensitive to pH and temperature fluctiations that may
cause a decrease in biogas production [21, 69, 72]. Beside this, at high temperatures, free
ammonia accumulation occurs in the process which can lead to process inhibition. At
thermophilic conditions it is also likely for hydrogen partial pressure to be higher
compared to lower temperatured processes which in turn can lead to acetotrophic
methanogens get affected negatively and fail the syntrophic relationship between

hydrogen producers and hydrogen scavengers [72].

It is remarked temperature is a critical parameter that affects the activity of
exoelectrogenic bacteria. As a result, change in activities can lead to performance
alteration of an MEC such as current density, biogas generation, and organic removal rate
[71]. Current density of electrochemically active microorganisms at anode can decrease
at long term at mesophilic condition (35°C) even though it seems to increase at the
beginning of the process. Kyazze et al. [73] indicated an optimum temperature of 30°C
(56.5 mL Ha/d, current density 1.69 A/m?-anode) when working with a two chamber
MEC fed with acetate at the temperatures of between 18.5 °C and 49.4 °C. In their study,
it was found out that the current generation and biogas (Hz2, CH4) production reduced at
the temperatures of under 25°C and above 40°C due to the lower activity of
exoelectrogens [73]. Another research shared similar results in which highest current
density and COD removal rates obtained at the temperature of 31°C in a single chamber
MEC [74]. Ahn et al. [71] conducted batch tests with a 2.5 L single chamber MEC fed
with sewage sludge to investigate the effect of temperatures of 30, 35 and 40°C on
methane generation and organic matter removal at applied voltage of 0.3 V. They reported
methane generation, methane yield and COD removal efficiency of 1.11+0.07 m® CHa/m?
and 104.2+11.2 L CHa/kg CODrem. 39 % respectively at 35°C. Liu et al. [75] studied the
effect lower temperatures (10°C) in a combined bioelectrochemical anaerobic system
(BES-AD) and revealed a CHg yield of 31 mg CH4-COD/g VSS at a cathode potential of
-0.9 V. According to this work, biogas production in the combined system was 5.3-6.6
times higher than that of AD reactor only at 10°C. They also claimed that CH4 production
rate accomplished in the integrated BES-AD reactor at 10°C was almost same with the
methane production obtained AD reactor at 30°C [75]. Yang et al. [76] used NaHCOs3 as
CO:2 source in a synthetic waste and studied the conversion of CO into CHas at six
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different temperatures between 15 and 70 °C. They reported that the highest CHa
generation was at 50°C (2.06 + 0.13 mmol CHa/h) and 35°C respectively in a two chamber
MEC at fixed cathode potential of -0.9 V. A pilot scale study was conducted with a single
chamber continuous flow MEC of 1000 L that included 144 pairs of electrodes with 24
modules. Pilot scale MEC was fed with winery wastewater. After 60 days of
exoelectrogenic biofilm enrichment period, MEC was ready to operate at applied voltage
of 0.9 V at 31 °C. With this MEC, SCOD removal rate of 62+20 % was accomplished at
a HRT of 1 day and biogas production reached to highest level of 0.19 L/L/d with a CH4
percentage of 86+6 % [77].

It seems like there are different opinions on optimum temperature ranges in MEC studies.
Different results were obtained at MEC studies that focused on biogas production and
treatment efficiency at various temperatures. However it is clear that mesophilic and
thermophilic temperatures are much more appropriate when the target is methane
production but not hydrogen production or current generation.

2.8.2. pH

pH is a measure of H" ion concentration in a mild environment or in water that is related
to the acidity or alkalinity of the water. pH influences the growth and metabolism of the
microorganisms. In anaerobic digestion, pH is so important for the anaerobic
microorganisms especially methanogens, that an undesired pH level can inhibit and
deterioate the process. Methanogens should be kept in a stable environment because of
their sensitive nature against to pH variations [77]. However different optimum pH ranges
are remarked for methanogens, it can be concluded that methane production takes place
effectively at pH ranges of 6.5-8 independent from substrate type [66, 77]. Methane
production can be heavily limited when pH declines below 6.0 or increases above 8.5.

pH increases as a result of ammonia accumulation which arises from intensive breakdown
of protein or nitrogenous content. When ammonia concentration escalate pH, ionized
ammonia (ammonium-NH4") become free ammonia and this situation exhibits toxic
effect on methanogens [78]. On the other hand, pH decreases due to the accumulation of
the organic acids or fatty acids (VFA) that comes from carbohydrate degredation. If the
alkalinity of the solution is high enough, then pH fluctiations that deteriorates the process
stability will not be the subject. Most animal manure has high alkalinity that can stabilize
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the pH. VFA concentration over 2 g/L can inhibit methanogen activity [64, 66]. If the pH
level decrease as low as to 6.6 and further, methanogen activity gets harmed significantly.
After a threshold pH level of 6.2 and lower, methanogens can be affected toxically. At
this point, VFA production by acid bacteria continues and this leads to decrase of pH to
the 4.5-5.0 levels.

Hydrogenotrophic methanogens stay in contact with hydrogen producing acetogens so
that they can benefit from hydrogen produced. In this way hydrogenotrophic
methanogens that produce methane by using hydrogen and carbondioxide, maintain the

hydrogen concentration stay low and prevent pH decrease [63].

In bioelectrochemical (BES) systems, exoelectrogens are the main bacteria type that
transfer electrons derived from organic substances to an electrode and finaly to an external
circuit. There have been several efforts to research the effects of pH on exoelectrogens
which in some cases have indicated contradictory results. The contradictory results may
have been arised from the differences in reactor design such as membrane used reactors
or membrane free single chamber BESs and air cathode MFCs and different substrates
and catholytes used. It was reported that even though there are conflicting ideas on most
suitable anolyte pH level for electron transfer, general view is that neutral pH levels are
favorable among exoelectrogens [79]. As a result of the study performed by Min et al.
[79], it was found out that anolyte pH ranging from 6.3 to 7.6 was optimal for higher
power output and COD removal for the treatment of food waste leachate in MFCs. A
research about the yield and decay coefficients of exoelectrogenic bacteria in BES
systems, pointed out that at mildly acidic pH level of 5, exoelectrogenic growth is
seriously inhibited [80]. It was also found out that exoelectrogens presented similar
growth coefficients to anerobic microorganisms which ranged between 0.1 to 0.3 gVSS/g
COD at pH ranges of 7-9 [80]. In a two chamber MEC in which an abiotic cathode
chamber full of saline solution was used. The highest specific hydrogen production was
reported as 3.3 mol Hz/mole per acetate. Volumetric hydrogen generation was 2.2 m?
Ho/m3/d and anolyte pH was 9 in the begining of the study [81]. It can be understood that
exoelectrogens can perform at a wide range of pH levels but neutral pH range can be used

for both exoelectrogens and anaeobic consortia.
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2.8.3. Organic Loading Rate and Hydraulic Retention Time

Organic loading rate (OLR) is the quantity of a biologically degredable substrate that is
fed to the digestor/reactor during a period of time. It is a function of flowrate, substrate
concentration and reactor volume and it is expressed in kg VSS or COD per volume of
reactor per day, (kg COD/m®/d) [82]. Equation 2.20 explains the relationship of OLR
between substrate concentration (S,), flowrate (Q) and reactor volume (V). On the
contrary, hydraulic retention time (HRT) is the measured time (hours, days) that feedstock
(fed waste, substrate) stays in a digester and it is the contact period of substrate and
microorganisms. It is related to digestor capacity and calculated by dividing digester
volume by the flowrate.

So
HRT

OLR =

= S(,2 , HRT = Equaiton 2.20
14

14
Q
OLR and HRT are operational factors that affect the reactor's performance in terms of
biogas production especially in continous mode. Both of them must be optimized for a
given reactor, substrate type and temperature range [21]. It can be expected that at
thermophilic process, the digestor can overcome higher OLR or lower HRT conditions
compared to mesophilic process because the microbial activity is higher at thermophilic
conditions [69, 70]. Substrate type is also significant for determining the OLR and HRT
of the system. Hardly biodegradable organic matters such as lignocellulosic biomass
which are composed of wheat straw, sugarcane bagasse, corn stalks, rye straw, rice straw,
and barley straw as well as various types of organic fraction of these crops take time to
be utilized [83, 84].

Conventional anaerobic reactor types include fast processing reactors such as upflow
anaerobic sludge blanket (UASB) reactors, filters, and anaerobic fluidized bed reactors.
The other conventional reactors are anaerobic sequencing batch reactors and continuously
stirred tank reactors (CSTR) which all of them operate on totally different working
principles. In anaerobic digestion, up to a point, incrementation of OLR results in
enhancement of biogas, however at some point, increasing OLR leads to a reduction in
biogas production and deterioration in process due to some unfavorable situations such
as VFA and ammonia accumulation or pH decrease or increase [85]. Wide range of OLRs
can be applied to the anaerobic digestors. For instance, Rico et al. [86] studied methane

production with a laboratory scale UASB reactor. Cheese whey and dairy manure liquid
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were treated together at 35°C. They reported that a stable operation was achieved under
the highest organic load of 28.7 kg COD/m®d at hydraulic retention time of 1.3 days.
Organic removal and methane generation rates were 95 % and 9.5 m® CH4/m%/d in the
study. Similar OLR values and results were reported by Torkian et al. [87] when using
slaughter house effluent as substrate in a UASB. They stated that OLR values less than
30 kg COD/m®/d was enough for a stable process at HRTs of as low as 2-7 h. After a
threshold value of OLR, reduction in removal efficiency and methane content were
observed owing to a combined effect of high OLR and low HRT. Liu et al. [88] used a
pilot scale CSTR to produce biogas from co-digestion of municipal solid biomass waste
with waste activated sludge. The maximum methane generation in that study was 2.94
m3/m®d at OLR of 8.0 kg VS/m®/d and HRT of 15 days. It was reported that the operation
was highly under at risk with the organic loading rate of 8.0 kg VS/m®/d due to the
reduction in organic degredation, pH level and methane percentage in biogas [88]. Olive
mill solid residues were subjected to biogas production in a CSTR at different OLRs and
HRTSs by Rincon et al. [89]. They reported similar operational conditions such as OLR of
9.2 VS/m®/d and HRT of 17 days that process was at the most efficient operational
condition. However decreasing HRT to 15 days which in turn increased OLR to 11.0
VS/m3/d, led the way to the destabilization and process failure.

As it is clear, change in OLR and HRT can influence process outputs significantly and
furthermore OLR also changes by alteration of HRT when used the same feed. The
optimization of the process parameters such as OLR and HRT in this case, is crucial
because if the digestor has a high OLR and a short HRT, system failure may possibly

occur due to VFA accumulation, pH decrease or ammonia inhibition.

In this work, cattle manure was used as feedstock in a combined MEC+AD system at
different OLRs and HRTSs. In this context following paragraph gives a brief information
about several studies that are conducted by using cattle manure as feedstock which
investigated the OLR and the HRT effects in anaerobic processes.

In a study, food waste and cattle manure fed together (ratio of 1:2 weight basis of VS
content) to a 16 L CSTR in purpose of decreasing the HRT of the reactor at 37°C [89]. In
that study, different HRTs from 25 to 4 days were tried to evaluate the methane
production. Highest production was achieved as 1.48 L/L/d with an HRT of 5 days which
corresponded to an OLR of 12 kg VS/m®/d. However maximum methane yields (236-257
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mL/g VS) were attained at HRT of 15 days (4 kg VS/m®/d). Methane yields decreased at
lower HRTSs than 15 days and at HRT of 4 days (15 kg VVS/m3/d) process was inclined to
deterioration. Similarly, Zhang et al. [90] also studied co-digestion of food waste and
cattle manure in a 0.8 L semi continuous reactor at mesophilic temperature. In their work,
specific methane productions obtained from digestion of food waste were increased by
53% and 55% corresponding to 388 and 317 mL/g VS respectively when the mixture of
cattle manure and food waste at a ratio of 1:2 fed to the reactors at OLRs of 8 and 10 g
VS/L/d respectively. Furthermore, it is reported in that study, maximum methane yield of
mono digestion of cattle manure was 113 mL/g VS when the OLR was 3 g VS/L/d [90].
Li et al. [91] carried out a study in which a semi continuous stirred 30 L reactor was
operated at 37°C co-digesting rice straw and cattle manure at different mixture ratios and
OLRs. Steady and effective process was obtained with a biogas yield of 383.5 L/kg VS
and volumetric biogas production rate of 2.30 L/L/d at an OLR of 6 kg VS/m3/d. However
anaerobic co-digestion treatment was seriously restricted by VFA accumulation when the
OLR was increased to 12 kg VS/m3/d. A large scale plug flow anaerobic reactor with
working volume of 38.5x10° m® operated for a long period of time by Dong et al. [92].
Cattle manure with total solids content of 7-10 % was treated to produce biogas at HRT
of 25 days under 37—40 °C with this reactor. They reported an average monthly biogas
production of 7.45x10* m® and daily biogas production rate of 1.07 m®m?®/d with methane
content of 56.4 % at steady state. Moreover, biogas production yield and the substrate
removal efficiency were 0.39 m3/kg VS and 59 % respectively in this work. Varol and
Ugurlu [93] developed a hybrid reactor that is horizontal and operated as a plug flow
reactor. It had four sequental compartments for four consecutive stages of anaerobic
digestion. They compared a CSTR with hybrid reactor using dairy (cattle) manure as
substrate at different OLRs between 1.1-5.4 g VS/L/d. The biogas productions and
methane yields obtained from the hybrid reactor (0.45-1.73 L/L/d and 440-320 mL/g VS
respectively) were superior to CSTR results at every trial. Also it was stated that co-

digestion of manure with maize sludge increased the methane yield about 1.2 folds.

It can be concluded that cattle manure is a complex type of substrate when used in
anaerobic digestion as a sole substrate as Tufaner and Avsar implied [94]. Therefore
anaerobic treatment of cattle manure together with carbon rich sources leads to resolving
imbalances such as VFA accumulation and poor alkalinity and it improves the biogas

production with synergistic effect [94].
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2.8.4. Applied Potential or Set Electrode Potential

The reason of the application of an external potential to MECs and the mechanism of this
application are explained in Section 2.3.4 in details. When the purpose of a study is to
produce hydrogen in a MEC a specific amount of external power must be applied to the
system because the potential of the cathode must be minumum 0.42 V (vs Normal
Hydrogen Electrode) [21]. When used most known organic matters, anode potential can
be as high as -0.3 V and therefore a voltage between 0.2-1.0 V can be applied to the MEC
[21, 33]. Apllied power of 1.1 V and higher than this is not prefered due to the excess
energy application and occurence of water electrolysis [21]. Also voltage amount has
essential influence on development and variation of microorganisms, biogas production,

and organic removal rates [21].

There are several studies focused on the effects of different voltage levels applied to the
MECs. These effects can be indicated as methane or hydrogen production amount, VS or
COD reduction, current generation and microbial species distruibution. Choi et al. [95]
studied effects of external voltages of 0.5, 0.7, 1 and 1.5 V on a bench scale single cell
CS