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ABSTRACT

START-UP STRATEGIES FOR ENHANCED METHANE PRODUCTION
FROM CATTLE MANURE IN BIOELECTROCHEMICAL SYSTEMS

Ghaderikia, Amin
Master of Science, Environmental Engineering
Supervisor: Assist. Prof. Dr. Yasemin Dilsad Yilmazel Tokel

December 2022, 122 pages

Bioelectrochemical methane production, known as electromethanogenesis, provides
an emerging technology for carbon recycling via the conversion of carbon dioxide
to methane with the additional benefit of simultaneous organic waste reduction.
Bioelectrochemical conversion reactions in an electromethanogenic microbial
electrolysis cell (MEC) are catalyzed by electro-active biofilm on the electrodes;
hence, biofilm formation has a key role in system performance. In this study, the
objective was to evaluate the impacts of different start-up strategies on the
performance of methane production from a complex waste, cattle manure in
bioelectrochemical reactors. At first, the focus was on the performance of an
electromethanogenic MEC and designed experiments for providing a comparative
analysis of the impact of biofilm formation upon feeding a simple substrate, acetate
(ACE), and a complex waste, cattle manure (CM). To this purpose, single chamber
MECs were operated with an applied voltage of 0.7 V on a fed-batch mode. Upon
biofilm formation on the sole carbon source (ACE or CM), a selected number of
MECs (ACE_CM and CM_ACE) were subjected to cross-feeding during the test
period. Even though the difference in the current production rate between the
ACE_CM and CM_CM reactors was 20% in favour of the ACE_CM, cross-feeding



lowered methane production. The results showed that there was around 20% higher
methane production rate (131.6 + 2 mL/L-d) when CM was used as the sole feed.
Evidently, microbial community analysis showed that the primary substrate shapes
the community of the bioelectrodes and cross-feeding does not have a significant
impact on the microbial community. Based on this knowledge, the second set of
experiments was designed to investigate the impact of the use of biofilm attached
electrodes formed via CM addition, and the amendment of a carbon-based
conductive material, granular activated carbon (GAC), on the integrated system of
anaerobic digestion — microbial electrolysis cell (AD-MEC). AD-MEC systems are
a combination of MECs and conventional AD reactors and have recently been used
for enhanced methane production from waste materials, however, there is limited
information on the start-up procedures. Further, the choice of reactor medium
(buffer) is significant in the performance of bioelectrochemical systems; therefore,
in this work, the performance of AD-MEC reactors fed with CM using two different
buffer solutions, 100 mM phosphate-buffered saline (PBS) solution and a salt media
without phosphate has been compared. Using the salt buffer solution in the AD
reactor resulted in a 4 times higher net methane yield and 5.8 times lower lag time
than the same reactor with 100 mM PBS media. The highest methane production rate
of 12.03+0.01 mL/d and methane yield of 318.1+1.4 mLCHA4/g volatile solids added
(VSadded) Were attained in the presence of salt medium with the amendment of
biofilm-attached GAC, named, BioGAC when bare electrodes were used in AD-
MEC. The vyield attained in AD-MECs was around 25% higher than conventional
AD.

Keywords: Anaerobic Digestion (AD), Microbial Electrolysis Cell (MEC), AD-
MEC, Biofilm Formation, Bioelectrode
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_BIYOELEKTROKIMYASAL SISTEMLERDE SIGIR GUBRESINDEN
URETILEN METANI ARTTIRMAK ICIN BASLANGIC STRATEJILERI

Ghaderikia, Amin
Yﬁkse}g Lisgns, Cevre Miihendisligi
Tez Yoneticisi: Dr. Ogr. Uyesi Yasemin Dilsad Yilmazel Tokel

Aralik 2022, 122 sayfa

Elektrometanojenesis olarak bilinen biyoelektrokimyasal metan iiretimi,
karbondioksitin metana doniistiiriilmesi yoluyla karbon geri doniisiimii icin
gelismekte olan bir teknoloji saglamakta ve ayni zamanda organik atik azaltimi1 gibi
ek bir fayda saglamaktadir. Elektrometanojenik mikrobiyal elektroliz hiicresindeki
(MEH) biyoelektrokimyasal doniisiim reaksiyonlari, elektrotlar {izerindeki elektro-
aktif biyofilm tarafindan katalize edilir; dolayisiyla biyofilm olusumu sistem
performansinda kilit bir role sahiptir. Bu calismada amag, farkli baslatma
stratejilerinin  biyoelektrokimyasal reaktorlerde karmasik bir atik olan sigir
giibresinden metan iiretiminin performansi iizerindeki etkilerini degerlendirmektir.
[lk olarak, elektrometanojenik bir MEH'in performansina odaklanmilmis ve basit bir
substrat olan asetat (ASE) ve karmasik bir atik olan sigir giibresi (SG) beslemesi
iizerine biyofilm olusumunun etkisinin karsilastirmali bir analizini saglamak icin
deneyler tasarlanmistir. Bu amacla, tek hazneli MEH'ler beslemeli y1gin modunda
0,7 V uygulanan voltajla ¢aligtirilmistir. Tek karbon kaynagi (ASE veya SG)
lizerinde biyofilm olusumu tizerine, secilen sayida MEH (ASE_SG ve SG_ASE) test
sliresi boyunca capraz beslemeye tabi tutulmustur. ASE_SG ve SG_SG reaktorleri

arasindaki mevcut iiretim hizindaki fark ASE_SG lehine %20 olmasina ragmen,

vii



capraz besleme metan iiretimini diisiirmistiir. Sonuglar, SG tek besleme olarak
kullanildiginda yaklasik %20 daha yiiksek metan {iretim orani (131,6 + 2 mL/L-d)
oldugunu gostermistir. Mikrobiyal komiinite analizi, birincil substratin
biyoelektrotlarin toplulugunu sekillendirdigini ve g¢apraz beslemenin mikrobiyal
topluluk {izerinde 6nemli bir etkisi olmadigin1 gostermistir. Bu bilgiye dayanarak,
ikinci deney seti, SG ilavesiyle olusturulan biyofilm bagli elektrotlarin kullaniminin
ve karbon bazli iletken bir malzeme olan graniil aktif karbonun (GAK) anaerobik
cliritme - mikrobiyal elektroliz hiicresi (AC-MEH) entegre sistemi iizerindeki
etkisini arastirmak tlizere tasarlanmistir. AC-MEH sistemleri, MEH'ler ve geleneksel
AC reaktorlerinin bir kombinasyonudur ve son zamanlarda atik maddelerden
iyilestirilmis metan lretimi i¢in kullanilmaktadir, ancak baglatma prosediirleri
hakkinda sinirli bilgi bulunmaktadir. Ayrica, reaktoér ortaminin (tampon) se¢imi
biyoelektrokimyasal sistemlerin performansinda Onemlidir; bu nedenle, bu
caligmada, 100 mM fosfat tamponlu salin (PBS) ¢6zeltisi ve fosfat igermeyen bir tuz
ortami olmak tiizere iki farkli tampon ¢ozeltisi kullanilarak CM ile beslenen AD-
MEC reaktorlerinin performansi karsilastiritlmistir. AD reaktdriinde tuz tampon
cozeltisinin kullanilmasi, 100 mM PBS ortamli ayni reaktdre gore 4 kat daha ytiksek
net metan verimi ve 5,8 kat daha diisiik gecikme siiresi ile sonu¢lanmistir. En yiiksek
metan tiretim hiz1 12,03+0,01 mL/giin ve metan verimi 318,1+1,4 mLCHa4/g eklenen
ucucu kati madde (UKMekienen), AC-MEH'de bakir elektrotlar kullanildiginda
BiyoGAK olarak adlandirilan biyofilm bagli GAK ilaveli tuz ortam1 varliginda elde
edilmistir. AC-MEH'lerde elde edilen verim, geleneksel AC 'ye gore yaklasik %25
daha yiiksektir.

Anahtar Kelimeler: Anaerobik Ciiriitme (AC), Mikrobiyal Elektroliz Hiicresi
(MEH), AC-MEH, Biyofilm Olusumu, Biyoelektrot
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CHAPTER 1

INTRODUCTION

The production of manure has increased as a result of industrial ranching, and its
disposal has become a significant environmental and public health challenge. On the
other hand, livestock manure is high in organic matter and can be used as a renewable
energy source (Syed et al., 2022). Utilization of animal manure through anaerobic
digestion (AD) technology is a sustainable method for energy production in the form
of methane gas (CHs) serving also the purpose of pollution reduction (L. Zhao et al.,
2021). There are four stages to AD: i) hydrolysis, where hydrolytic bacteria break
down organic matter into monomeric substances ii) acidogenesis, where
fermentative bacteria further break down the monomeric organic substances and
form carbon dioxide (COy), volatile fatty acids (VFASs), and other by-products iii)
acetogenesis, at which acetogens produce acetic acid along with CO; and hydrogen
(H2), and iv) methanogenesis, which is the final step of the AD process where
methanogens use the products of the previous steps such as acetate and H to produce
CHas (Mir et al., 2016). The hydrolysis step in the AD process is considered to be the
limiting stage for complex wastes and in the literature, it is reported that physical
and chemical pretreatment can speed up the hydrolysis phase (Bao et al., 2020).
However, these pretreatment methods can sometimes produce inhibitory compounds
and are most energy intensive hence should carefully be selected (Bougrier et al.,
2006). Besides that, since methanogens have a slow metabolic rate, changes in
environmental conditions such as organic loading rate, operation temperature, and
operation pH can easily affect the metabolic rate and the balance between acetogens
and methanogens (Feng et al., 2020). The mentioned drawbacks in the AD process
highlight the need for innovative technologies to overcome these concerns and

improve their stability and efficiency.



Bioelectrochemical systems (BES) are promising energy production technologies
that convert chemical energy in organic matters into direct energy in the form of
electricity or other value added products. Microbial fuel cells (MFC) and microbial
electrolysis cells (MEC) are the most common BES reactors. MEC was initially
developed to produce hydrogen gas from organic materials, but it has since been
used to produce other value-added products such as CHa, ethanol, hydrogen
peroxide, etc. MECs are unique and promising options for long-term CHys
production. In a MEC, electro-active microorganisms are grown as a biofilm on
electrodes, and a small voltage (0.2-0.8 V) is typically applied to drive the
bioelectrochemical reactions (Zakaria & Dhar, 2019). Methanogen enrichment on
the cathode of MECs leads to CHs production in a process known as
electromethanogenesis (Cheng et al., 2009). It may take place (i) via direct electron
transfer and reduction of CO. to CHas or (ii) via indirect electron transfer and
conversion of abiotically formed cathodic hydrogen to CH4 (Cheng et al., 2009).
Organics oxidation by exoelectrogens on the anode surface of the MEC provides the
electrons necessary for CO- reduction.

Electro-active microorganisms that colonize the electrodes of MECs are key to the
success of these systems. Exoelectrogens and electrotrophs are the two most
frequent forms of electroactive microorganisms. Exoelectrogens are the type of
microorganisms that can transmit electrons outside of the cell. Electrotrophs, on the
other hand, are microorganisms that are capable of directly accepting electrons from
the environment outside of the cell (Lovley, 2011). One of the most important
exoelectrogens available on the anode surface of MECs, which can oxidize a broad
range of organics, is Geobacter (Lovley, 2011). Furthermore, Geobacter species can
transfer electrons directly to other species through their electrically conductive pili
and outer surface c-type cytochromes (Rotaru, Shrestha, Liu, Markovaite, et al.,
2014; Rotaru, Shrestha, Liu, Shrestha, et al., 2014). The mechanism is called direct
interspecies electron transfer (DIET). According to Liu and colleagues, Geobacter
species can execute DIET in the presence of conductive materials, even in the
absence of electrically conducting pili and outer surface c-type cytochromes (F. Liu

et al.,, 2012). Conductive materials provide environmental advantages to
2



microorganisms by allowing them to reduce their DIET investments (Z. Zhao et al.,
2016a). The effects of carbon-based conductive materials, including granular
activated carbon (GAC), biochar, graphite, and metal-based conductive materials
like stainless steel, have been studied in many studies to improve the efficiency of
AD systems. The results demonstrated improved CHs yield and production rate while
decreasing lag time, effect of inhibitory compounds and VFA accumulation in the
AD system (Kutlar et al., 2022).

Anaerobic digestion—microbial electrolysis cell (AD-MEC) is a novel hybrid
technology that has recently emerged to improve CHa production and overcome the
limitations of AD (Zakaria & Dhar, 2019). Electromethanogenesis may be
incorporated into conventional AD systems by providing a pair of electrodes with
external energy in the form of applied voltage (Zakaria & Dhar, 2019). Several
studies have shown that combining AD-MEC in a single process can improve CHa
output, Kinetics, and increase process stability (Ying Chen et al., 2016; J. G. Park et
al., 2019; Q. Yin et al., 2016). However, it is stated that in the AD-MEC integrated
system, the bulk solution has a much larger share of CHs production than the
electrode surface (W. Wang et al., 2022). Therefore, creating other pathways such as
DIET with the help of conductive materials can be a good option to further improve
the CH4 production performance of AD-MECs (Feng, Song, & Ahn, 2018; Feng,
Song, Yoo, et al., 2018). Labarge and colleagues improved their MEC performance
by using GAC that had been pre-biofim formed by different substrates, which
decreased the start-up time and boosted the rate of CH4 production (LaBarge et al.,
2017a). Moreover, Ren and colleagues showed that adding conductive material such
as graphite can improve the stability of the AD-MEC system (Ren et al., 2018).

Phosphate buffer saline (PBS) concentrations ranging from 10 mM to 100 mM are
used as the reactor medium in most AD-MEC and other bioelectrochemical
(MEC/MFC) reactors (Bo et al., 2014; Ying Chen et al., 2016; Dou et al., 2018;
Siegert, Li, et al., 2015). PBS solution has two key functions in a bioelectrochemical
system. It adjusts the pH level in a way that is suitable for the growth of
microorganisms and increases the conductivity of the solution, which leads to better

3



mass transfer and electrochemical processes (Ou et al., 2017). However, the high
phosphorus concentration in the buffer solution can have an adverse effect on the
CHa production performance of the AD-MEC. Few studies investigated the effect of
phosphorus concentrations on AD and showed the inhibitory effect of phosphorus
on the mesophilic AD process (Mancipe-Jiménez et al., 2017; R. Wang et al., 2015).
Wang and colleagues stated that orthophosphate concentrations lower or higher
concentrations than 414 g P/m? slow down the CH. production processes in AD (R.
Wang et al., 2015). Although this promising technique, the AD-MEC, has been
studied for the factors affecting the performance of its systems (e.g., electrode
materials, reactor configuration, and applied voltage), little to no research has been
devoted to investigating the effect of PBS solution and possible inhibition to AD.
Also, Inhibition brought on by PBS may go undetected in some studies since control
reactors like open circuits (no voltage) or conventional AD along with AD-MEC

systems have not been operated.

1.1 Aim of the Study

In this thesis, the aim was to enhance biomethane production from cattle manure
(CM) using an integrated AD-MEC reactor. To this purpose, we investigated the
impacts of various start-up strategies on the CHa production performance of
bioelectrochemical reactors. In this study, CM was chosen as a substrate since its
production has recently skyrocketed as a result of modern animal agriculture, its
improper handling causes various environmental problems, and it is rich in organic
content (Huang et al., 2022). Further, currently, it is a commonly used feed of full-
scale AD plants (Y. Li et al., 2021).

The experimental study consisted of two major start-up strategies (Figure 1.1). In the
first part of this study, we investigated the potential of using CM as a substrate in
electromethanogenic MECs. We focused our efforts on the role of biofilm formation
in terms of the performance of electromethanogenic MECs that are fed with CM. To
the best of our knowledge, this is the first report of a comparative analysis of biofilm

formation by simple substrate (acetate) vs. complex waste (CM) on
4



electromethanogenic MECs. In the second part of this thesis, we attempted to
determine the impacts of using biofilm attached electrodes, amendment of GAC, and
voltage application on boosting CH4 generation and the effectiveness of AD-MEC
systems for treating CM. In addition, we looked at how 100 mM PBS and salt
medium without phosphate affected AD-MEC performance (Figure 1.1).

Start-up Strategies

Set 1 / \ Set 2

Electromethanogenesis: The effect of AD-MEC: The effect of GAC amendment
substrate used during biofilm formation and bioelectrodes on the methane

P—
] ™
Source X

Simple
(Acetate) | I

\ I | catte
|
s / \ NS
Complex / ‘l"“‘. N
\ (Cattle manure) \ -Media
" -Effect of additive (GAC) /

Enhancement in methane production

Figure 1.1 Aim of the study

1.2 Scope of the Study

This thesis contains two sets of experiments. In the first experimental set, the
performance of electromethanogenic MECs fed with CM was evaluated. During the
biofilm formation stage, two different substrates, namely acetate, and filtered manure
were used, and then a comprehensive comparison of MEC performances was
conducted. To this purpose, single chamber MECs of 25 mL were fabricated in our
laboratory and operated with an applied voltage of 0.7 V under mesophilic

conditions.

As for the second set of experiments, the impact of the amendment of a carbon-based
conductive material (i.e., GAC) to AD-MEC integrated systems was investigated. In
this set, the single chamber reactor size was increased to 130 mL with an active

volume of 65 mL. Based on the results of the first experimental set, filtered manure
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was used for biofilm formation. Upon biofilm formation, biofilm attached electrodes,
i.e., bioelectrodes and biofilm attached GAC, bioGAC, were used in the AD-MEC
set. AD-MEC reactors were operated for two cycles: first with 100 mM PBS buffer
solution, and then with a salt solution to assess the impact of the reactor medium on

the performance.



CHAPTER 2

LITERATURE REVIEW

2.1  Anaerobic Digestion (AD)

AD technology is a sustainable method for energy production in the form of CH4 gas
and pollution reduction (Zhao et al., 2021). Various microorganisms work together
in AD to reproduce and generate energy for metabolic processes by digesting organic
compounds in the absence of oxygen. At the end of the anaerobic process, biogas is
produced as a result of these actions. There are four phases to AD: i) hydrolytic
bacteria break down organic matter into monomeric organic substances ii)
fermentative bacteria further break down the monomeric organic substance and form
COg2, VFAs, and other byproducts iii) acetogenesis by acetogens to produce acetic
acid along with CO» and hydrogen iv) methanogenesis is the final step of the AD
process in which methanogens use the products of the previous steps and produces
CHs (Mir et al., 2016). The steps of AD are shown in Figure 2.1.

)
Complex
organic matter

Hydrolytic

Hydrolysis bacteria

Dissolved
organic
monomers

Acidogenic

Acidogenesis f
g bacteria

Volatile fatty
acids and
alcohols

Acetogenesis

Acetate

Acetoclastic
methanogens

Hydrogenotrophic
methanogens

Methanogenesis

Figure 2.1 Stages of AD




211 Electron transfer mechanisms in AD

The successful operation of the AD process requires a good understanding of
interactions between different microorganisms involved in the different stages of the
AD process (Martins et al., 2018). The transport of electrons between bacteria and
archaea is necessary for the syntrophic interactions that occur between them for CHs
production. It has been demonstrated that CH4 can be produced in two different ways
during the process of methanogenesis: (1) through the conversion of acetate to CHs
by acetoclastic methanogens, and (2) through the transfer of electrons from VFAs to
CO- to produce CH4. This second process is carried out mostly by hydrogenotrophic
archaea, which use the hydrogen that is produced as a byproduct of fermentative
bacteria's oxidation of VFAs as an electron carrier. Hydrogen mediation of
interspecies electron transport is the name given to this mechanism (HMIET) (Bryant
et al., 1967) (Figure 2.2). Although other electron carriers like formate are capable
of acting as mediators during interspecies electron transfer (IET), the poor diffusion
of these intermediates causes the AD process to move at a slower rate due to diffusion
(De Bok et al., 2002). On the other hand, DIET, a fundamentally novel notion that is
an alternative to HMIET, was discovered around a decade ago (Kutlar et al., 2022).
Energy is preserved during classical respiration via electron translocation from an
electron giver (organic substrate) to a terminal electron acceptor (e.g., oxygen)
diffused into the cell. However, in DIET, electron transfer processes occur outside
the cell between the electron donor and acceptor, called extracellular electron
transfer (EET) (Logan et al., 2019). Microorganisms that have c-type cytochromes
and pili are capable of DIET (Figure 2.2). However, most fermentative bacteria and
methanogens lack these conduits (Martins et al., 2018). Recently, it has been shown
that conductive materials such as GAC, and carbon cloth can substitute c-type
cytochromes and pili to perform DIET (Rotaru, Shrestha, Liu, Markovaite, et al.,
2014) (Figure 2.2). Moreover, several researches showed that conductive material
amendment in AD results in several advantages as increase in CHs yield, CHs
production rate and tolerance to inhibitory compounds, and decrease in VFA

accumulation and lag phase compared to conventional AD (Kutlar et al., 2022).
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212 Limitations of AD

The hydrolysis stage of the AD process is believed to be the limiting stage, and the
AD process can be sped up by both physical and chemical pretreatment. On the other
hand, these pretreatment procedures can occasionally be difficult and pricey to

\

implement in practice (Bougrier et al., 2006). Alterations in environmental

circumstances such as loading rate, temperature, and pH may readily influence the
metabolic rate balance between acetogens and methanogens. This is due to the fact
that methanogens have a slow metabolic rate (Feng et al., 2020). The AD process

has a number of problems, some of which have been mentioned. These shortcomings
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highlight the need for novel technologies that may overcome these issues and
increase the stability and efficiency of the process. The activation of DIET by the
use of conductive material in AD reactors is one approach that may be taken to
circumvent these limitations. In the study by Ryue and colleagues, 25 g/L GAC was
added to the AD reactor treating food waste in mesophilic conditions. The results
showed two times increase in CHs yield and a 1.26 times enhancement in CHa
production rate compared to the control reactor (Ryue et al., 2019). The addition of
biochar for the anaerobic treatment of dairy manure in a psychrophilic condition also
showed a 28% enhancement in CH4 production yield and a 20% enhancement in
production rate compared to the control (Jang et al., 2018). In the study comparing
the effect of biochar and activated carbon addition on the mesophilic AD of piggery
waste. The bioreactors amended with biochar produced higher CH4, had a higher
kinetic constant and removed more COD than the control and activated carbon
reactors. Biochar-added reactors had a 6.9% higher maximum CHs output and
kinetic constant, and 3% higher COD removal efficiency. Compared to the control,
activated carbon only slightly improved AD (Herrmann et al., 2021). An additional
strategy for overcoming the constraints of AD systems is the integration of AD

systems with BES, which is a topic that will be covered in the next section.

2.2  Bioelectrochemical Systems (BES)

BESs are promising and relatively new technologies that combine electrochemistry
with microbial activity (Hamelers et al., 2010). In BESs, microorganisms attach to
one or both electrodes to perform oxidation on the anode and/or reduction on the
cathode. Biofilm-attached electrodes are called bioelectrodes (Hamelers et al., 2010).
There are two types of BES electron-producing MFCs and electron-consuming
microbial electrosynthesis (MES). That is, because of cathodic reactions, BESs can
be categorized. In MFCs, electrical energy production occurs. On the other hand, in
MES, electrical energy is used to obtain products such as hydrogen, CHs4, and
ethanol. There are many applications of BESs. Wastewater treatment is one example

of the application of BESs.
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2.2.1 Microbial Electrolysis Cell (MEC)

MEC originated from microbial electrosynthesis systems. MEC was developed to
produce hydrogen gas from organic materials (Logan et al., 2008). The system must
be anaerobic to enrich anaerobic microorganisms to occur in reactions. For hydrogen
production, biofilm formation on an anode (bioanode) surface is needed. These
microorganisms are called exoelectrogens, microorganisms that donate electrons to
a solid surface and protons to the solution (Logan et al., 2008). As a result of this
electron donation, the current is produced. Geobacter sulfurreducens is one of the
well-known examples of exoelectrogens (Bond & Lovley, 2003). Organics are
oxidized on the surface of an anode by exoelectrogens. Protons and electrons are
transported to the cathode. With the help of external voltage application, hydrogen
is produced abiotically (Figure 2.3). MECs are a very promising technology since
while organics are removed, valuable products such as hydrogen can be produced by

low energy input (Logan et al., 2008).

e e e e
S oy
co, ; ° CO, ;
] OHe / H
Organics { Organics / H* O, + 4H,
\ Meml;mne / \ Merr!l;mne /
Bioanode "™ Cathode Bioanode "™ Biocathode

MEC

MEC
{Methanogenic)

Figure 2.3 Hydrogen producing MEC and methanogenic MEC

MECs may also consist of a biofilm-formed cathode (biocathode) (Cheng et al.,
2009). By biocathode, CH4 can be harvested from MEC systems. They are called
electromethanogenic MECs (MMECs). Anode mechanisms are the same for both

systems. For MMEC, produced electrons are utilized by electrotrophs on the cathode
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surface to produce CHs. Moreover, abiotic hydrogen production can still occur with
protons transferred from the anode in MMEC. CHs production is not
thermodynamically feasible; therefore, external voltage application is needed for
MMEC. The schematic representation with all mechanisms in the MMEC systems

is given in Figure 2.4.

Anode Cade
== e e e e e e e e e e e e e e e e
: I : Methanogenesis via direct electron transfer: :
|C02 I CH4| l C02+ 8H™ + 8¢ — CH4 + ZHZO 1
- Y A e e
|’__ B N e 7
| 1, Hydrogen production (abiotic):
, || 2H +2e- — H, }
\ H2 J e e e e e e e e e e e e e e e e e e e
- =4 -
: /C02 / \

\ Electrotrophic methanogens

CO,— Acetate

\ @ Homoacetogens
H, —> CH, Hydrogenotrophic methanogens

Acetoclastic methanogens

\* Exoclectrogens /

Figure 2.4 The schematic representation of the electromethanogenic MEC
(MMEC)

On the anode, oxidation is performed by exoelectrogens. Oxidation of one mole
acetate at the anode chamber provides 8 electrons for methanogens on the biocathode
as given in Eg. 2.1 (Cheng et al., 2009).

CH3COO" + 4H,0 — 2HCO3 + 9H" + 8¢ (Eq2.1)
There are two mechanisms for electromethanogenesis on the cathode:

Q) Direct extracellular electron transfer in which microorganisms directly
get electrons from the cathode surface and use them to reduce CO: to
CHa.
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CO2+8H" +8e"— CHa + 2H20 (E =-0.24 V vs. Normal hydrogen electrode (NHE)
(Eq 2.2)

(i) Indirect extracellular electron transfer, in which either electrochemically
or bio-electrochemical, hydrogen evolution happens in the cathode, then

the produced hydrogen and CO: are utilized to produce CHa.
2H* + 2 — H (E =-0.41 V vs. NHE) (Eq 2.3)
CO2 + 4H2 — CH4 + H20 (Eq 2.4)

The hydrogenotrophic methanogens can only utilize abiotically produced hydrogen.
On the other hand, other methanogens may perform direct or indirect
methanogenesis. Based on the energy required for driving the reactions, CHa
production by direct extracellular electron transfer is an energy-efficient process, as
the energy needed for the hydrogen evolution process has a lower potential (E = -
0.41 vs. NHE) (Cheng et al., 2009). Low voltage (0.2 - 0.8 V) is applied for CH4
production in MMECs (Amrut Pawar et al., 2020). That is why CH4 production takes
place through which pathways (direct or indirect) it has still remained unknown
(Liang et al., 2009).

MMEC:s studies have been gaining attention over time when the interaction between
microorganisms and electrodes has been started to investigate. As shown in Figure
2.5, the number of studies between 2013 and 2022 increased dramatically. Even if
the number of studies is increasing, more research focusing on biocathode formation,
electron transfer mechanisms, and microorganisms attached to the electrode surface

is needed.
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The performance of MMECs can be affected by four main parameters as
configuration, electrodes, applied voltage, and substrate. Studies investigated
MMECs are summarized in Table 2.1 featuring main parameters as configuration,

electrodes, applied voltage, and substrate.
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Reactor configuration

The reactor design in MECs can affect current density through internal resistance,
which effects on CH4 production rate (Villano et al., 2016). Although the working
principles of BESs are the same, different types of reactors design, have by studied
up to now. Generally, these reactor designs can be classified into two-chamber and
single chamber MEC.

In two-chamber MECs, the anode and cathode chambers are separated by a cation
exchange membrane. Due to this separation, two different media or substrates can
be used in two-chamber MECs. Two-chamber reactors are widely used in different
types of chamber shapes such as H-type, disc-shape, cubic, and rectangular (Blasco-
Gomez et al., 2017). The problem with double chamber MECs is their complexity,
which makes it difficult for scaling up. The main reason for this complexity is the
ion-exchange membrane, which causes potential loss and pH gradient across the
membrane. The pH gradient causes a decrease in the anode chamber and an increase
in the cathode chamber, which leads to a performance loss of BES (Blasco-Gomez
et al., 2017). Single chamber MECs are developed to solve the problems related to
double chamber MECs by removing the membrane. In contrast to MFCs, MECs are
completely anaerobic, and removing the membrane does not introduce oxygen to the
system. Due to their low cost and operation advantages, single chambers are real
alternatives compare to double chamber ones. Single chamber MECs have been
developed in different shapes using different commercially available materials like
glass serum bottles, plastic cubes, glass tubes, and plexiglass cylindrical chambers.

Electrode types

Electrodes are one of the important parts of MECs. Different types of materials, such
as metals or carbon-based materials, have been used as electrodes (Siegert, Yates, et
al., 2015). There are important features of electrodes to be able to use in MMEC
systems. The electrodes should have (Amrut Pawar et al., 2020):

e High electrical conductivity,
e Chemical stability,
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e Anti-corrosiveness,

e Good biocompatibility,

e Low resistance,

e Large surface area,

e Strong mechanical strength,
e Fouling resistance

e Scalability preferably with ease of construction

e |ow cost.

According to desired features, an optimization of the electrodes should be done
considering the cost to obtain an efficient MMEC.

Among all different kinds of materials, Platinum, due to its excellent catalytic
capabilities, shows the highest hydrogen evolution production performance, which
results in a higher CH4 production rate (Villano et al., 2010). However, due to its
scarcity and high price, it is not economically feasible to use platinum cathodes in
large scale MMECs. However, in some studies, cheaper electrode materials like
stainless steel or carbon-based material have been coated with platinum powder (R.
Sunetal., 2015). Metal material such is Ni and steel also have been used as cathodes.
Ni-based materials are resistance to corrosion and also have good catalytic
capabilities (Hou et al., 2015). Stainless Steel mesh or brush is also good electrode
material due to providing high surface area for methanogens and low cost (Moreno
et al., 2016). Some other metals such as Ti also have been used as cathode materials.

Carbon-based materials also have been applied as electrodes due to their electrical
conductivity and also high biocompatible property. These materials provide a high
surface area for the growth of microorganisms, and since they have high porosity.
Microorganisms can easily attach to this type of electrode and form a biofilm. The
performance of different shapes of carbon-based electrodes such as carbon mesh,
carbon paper, carbon brush, graphite plate, and graphite felt, graphite granules have
been studied up to the present time. For example, graphite brush has been used in

many studies, since brush materials have a huge surface area compared to plate
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electrodes (Table 2.1). Since single material does not compensate for all the
necessities for catalytic activities, many modifications to the shape and structure of
cathode materials have been studied and research is still going on. For example, in
order to increase catalytic activity and decrease cathodic overpotential, a
combination of different metallic materials with carbon-based materials has been
used. Cost and applicability in larger-scale MMEC are important concerns for
cathode material and shape selection. The performance of different cathode materials
applications on MECs has been summarized in Table 2.1.

Voltage application

Besides reactor design and electrode selection, there are other operational parameters
such as applied voltage, temperature, and hydraulic retention time which effects the
performance of MMECs (Amrut Pawar et al., 2020). As explained before, CHa
production in MMECs takes place by applying a voltage to the system. The applied
voltage directly affects microorganisms’ distribution, growth, and CH4 production.
A wide range of studies reported applied voltage against Ag/AgCl or standard
hydrogen electrodes (SHE) using a potentiostat. The standard electrode potential of
Ag/AgCl against SHE is 0.197 V (Macaskill & Bates, 1978). The power supply was
used in other studies that reported voltage as only in V. Effect of different voltages
in the range of 0.3 to 1.5 V has been investigated in different studies as summarized

in Table 2.1. However electrical input at E,,, > 1.1V is so large that it is not

app
recommended (Ding et al., 2015). The applied voltage should be optimized
according to electrodes, microbial activity, microbial community, and substrate.
However, increasing the voltage application will increase the cost of the operation.
Therefore, an economic analysis considering the voltage application needed for

MMEC should be done to determine the feasibility of the process.
Substrate type

Among the CHa production pathways given in Figure, the CO> reduction pathway
determines the overall performance of BES, as it is considered the major pathway
which drives CH4 production (Amrut Pawar et al., 2020). CO- can be provided to the
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system directly in the form of gas or as bicarbonate in media. On the other hand, the
electron needed for CO reduction can be provided abiotically by water splitting or
biotically by oxidation of organic material on an anode. The minimum energy
required for water splitting is 1.2 V, which is the reason why this method is not
economically feasible. However, in lab-scale studies, water splitting can be
performed (Siegert, Yates, et al., 2015). Biotically oxidation of organic matter takes
place by exoelectrogens such as G. sulfurreducens, and G. metallireducens (Bond &
Lovley, 2003). Different types of simple compounds like acetate, glucose, or
complex source of organics such as different types of wastewaters (synthetic,
municipal, refinery, brewery, etc.), waste activated sludge, have been used as
substrates in MMECs. Table 2.1 shows the summary of studies that investigate the
effect of the different substrates in terms of CH4 production rate.

Simple substrates have higher current production due to their easy biodegradability
for microorganisms, which leads to better performance for CHs production. Among
studies between 2009 and 2022, 83% of the studies were conducted with simple
substrates (Figure 2.6). However, the main idea behind MECs is waste treatment and
sustainable CH4 production. That’s the reason why complex substrates have been
thoroughly investigated in MECs. However, only 17% of the studies were conducted

with complex substrates. Therefore, there is a gap in the literature. Studies with

different kinds of complex substrates should be investigated in future studies.

|

= Complex substrate
Simple substrate

Figure 2.6 Distribution of studies among the researches in Table 2.1 with regard to

substrates as simple and complex.
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2.3  AD-MEC Integrated System

The AD process presents various challenges, some of which were discussed in
section 2.1.2. These deficiencies bring to light the requirement for the development
of innovative technologies that have the potential to solve these problems while also
improving the process's consistency and effectiveness. Numerous possible solutions,
including co-digestion, waste pretreatment, and parameter modification, have been
proposed to address the abovementioned issues. In addition, the incorporation of
conductive materials into the AD system in the form of additives, such as GAC,
biochar, and others, has been documented to enhance the process (Wang and Lee,
2021).

The novel technique of electromethanogenesis also is implemented into traditional
AD systems by inserting a pair of electrodes as an anode and a cathode and
supplementing the system with an external energy source in the form of an applied
voltage. In the literature, these systems are known as AD-MEC coupled systems (Cai
et al., 2016). The research conducted in recent years on increasing biomethane
recovery from wastewater through AD-MEC integrated systems has significantly
grown (Huang et al., 2022). According to the findings of these investigations, AD-
MEC coupled systems have several advantages over conventional digesters,
including improvements in kinetics, CH4 productivity, and reactor stability (Chen et
al., 2016; Choi et al., 2017; Park et al., 2019). The fact that the AD-MEC system can
reduce reliance on the acetoclastic methanogenesis pathway is the most significant
advantage offered by this technology. The electroactive bacteria on the anode surface
of these systems can oxidize the organic materials and directly transfer the electrons
to the anode surface with extracellular electron transport. Later, methanogens on the
cathode surface can convert these electrons to CHs via direct or indirect CHa

production pathways (Cheng et al., 2009).

Because of all of the benefits of using an AD-MEC system, using such a system is
the most advanced option for accelerating the process of organic decomposition and

producing biomethane. In spite of the fact that AD-MEC systems are typically

24



portrayed as a simple technology for the generation of biomethane, there are a variety
of factors that influence the performance of these systems. Therefore, over the last
five years, researchers have been studying the AD-MEC system from a variety of
perspectives, such as the configurations of AD-MEC systems, performance
enhancement strategies, operational parameters’ effects, and so on. Table 2.2
provides a synopsis of many different research projects that investigated the

generation of CH4 using AD-MEC reactors.

Table 2.2 Summary of CH4 production studies with AD-MEC reactors

CHa4 CHa production
Substrate ("Ij) Vc;l\t/a)\ge cocr:1|t_::1 t production enhancement with  Reference
yield respect to control
(L. Wang
Acetate 35 0.8 - 59.2 T/LSCH"/Q 42% etal,
2019)
) 0 i i (Dou et
Dextrin/peptone 22 2 88.5% al., 2018)
(M. Sun
Ethanol 35 01 - 530)8%"5"'3 15.69% etal.,
49 2020)
255.3 mL (Anetal.
0, 0, !
Food Waste 35 0.3 70.2% CHalg COD 43% 2020)
(Choi &
Food Waste 35 12 . S2omL TR 120% Lee,
2019)
Incineration ) ) o (Gao et
leachate 35 0.7 44.3% al., 2017)
. 0.6 mL CHalg 0 (Yuetal,
Swine manure 35 0.7 - VS 18.5% 2019)

. 0.52 mL . (Yuetal,
Swine manure 35 0.9 - CHalg V'S Negative 2019)
Waste activated } . 808 mL CH4 0 (Bao et

sludge 20-25 0.8 (cumulative) 7% al., 2020)
. (Z. Zhao
WaSt; jg;'g’awd 35 0.6 %iﬁfnm'a‘tsg“ 15.2% etal.,
2016b)

Wang et al. (2019) studied the effect of different cathode materials on CHa
production in the AD-MEC system. They used copper, nickel, and stainless steel as
the cathode in their single-chamber reactors and supplemented them with acetate
under 0.8 applied voltage. The results revealed that reactors with nickel cathode
showed maximum CHjs production yield compared to stainless steel and copper

electrode. AD-MEC reactors equipped with nickel electrodes enhanced the amount
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of CH4 produced by up to 40% compared to conventional AD reactors. To evaluate
the effect of voltage application and biofilm on the performance of the AD-MEC
system, Dou and colleagues used a dextrin/peptone mixture as a substrate in AD-
MEC reactors. They applied different voltages between 0.5to 2 V vs. Ag/AgCI. The
results showed that reactors with 2 VV vs. Ag/AgCl achieved 88.5% CHa4 content
which was the highest. The better performance of reactors with 2 V vs. Ag/AgCI
applied voltage was due to water electrolysis and hydrogen production in these
reactors (Dou et al., 2018). In the AD of food waste, the characteristics of
bioelectrochemical CHs generation were investigated with the use of a carbon-

modified copper foam electrode (An et al., 2020).

The operation of the digester, as well as aspects of its performance, such as CHs
output, process stability, and electrochemical characterization, were analyzed. The
results showed that the reactor with 0.3 V applied voltage at 35 degrees celsius
showed a 43% enhancement in CHs production compared to conventional AD
control with 70.2% CHs content. In another study for treating food waste in the AD-
MEC system, the reactor was incubated at 35 degrees Celsius, and 1.2 V voltage was
applied. The CH4 production rate was 326 ml CH4/g COD which was 120% higher
than the control reactor (Choi and Lee, 2019). Gao and his colleagues investigated
the potential of using incineration leachate as a substrate in the AD-MEC system.
According to their findings, AD-MECs are more successful in treating leachate from
municipal solid waste incineration, and their use should be taken into consideration
when planning the construction of new treatment facilities (Gao et al., 2017). In a
study for treating swine manure using AD-MEC reactors, different voltages (0.3, 0.5,
0.7, and 0.9) were applied to the system at 35 degrees Celsius. The highest CH4
production rate was achieved when 0.7 V voltage was applied to the reactor with 0.6
ml CH4/g VS, which increased the CH4 production by 18.5% compared to the control
reactor. Interestingly, the 0.9 V voltage application negatively affected CHs

production compared to the control reactor (Yu et al., 2019).

The effect of different pretreatment methods on CH4 production with an AD-MEC
integrated system has been investigated by researchers. Bae et al. improved waste-
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activated sludge's CH4 production by ultrasound and alkali pretreatment. Their study
showed that AD-MEC reactors increased CH4 output by three times compared to
control AD. AD-MEC integrated reactors produced 808 + 8 mL of CHa, up 97.0% +
1.85% from control AD reactors (410 mL) (Bao et al., 2020).

It has been demonstrated that adding additives into AD-MEC may increase CHs
production, and current research pertaining to this topic is described in Table 2.3.
GAC that had been pre-biofilm formed with various substrates, such as methanol,
hydrogen, acetate, and so on, was afterward processed and fed to AD-MEC reactors
that treated bog sediment to produce CHa. The findings indicated an increase in CHa
output and a reduction in the lag time between reactor startup and operation.
(LaBarge et al., 2017). In another study that looked into the impact that additives
have on AD-MEC reactors, 20 mM magnetite was added to AD-MEC reactors that
were treating dairy wastewater under mesophilic conditions. According to the
findings, there was a 288% increase in CH4 production compared to its control
reactor (Baek et al., 2020). Incorporating biochar into MEC increased CH4 output by
24.7% and VS removal by 17.9%, as reported by Yin et al. (C. Yin et al., 2019).
Microorganisms that bond to the surface of conductive materials facilitate DIET,
while additives like nitrate serve as electron acceptors to boost the efficiency of the
anode's oxidation process. (Peng et al., 2019) increased waste-activated sludge
decomposition by 55.9% with the addition of 1 g/L nitrate to the AD-MEC reactor.
In the study by (Xing et al., 2021), coconut-shell-derived bio-based carbon was used
as an additive for the co-digestion of cow manure and aloe peel waste. The reactors
were incubated at 36 °C, and 0.6 V voltage was applied. The results showed a

120.68% improvement in CHjy yield.
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Table 2.3 Additives effect on AD-MEC performance.

Substrate Additive  Additive Temperature  Voltage Performance Reference
dosage (°C) V) enhancement
0.6 Start-up time (LaBarge et
Bog sediment GAC - 31 (cathode, im rov?ament al 2of7b)
vs. SHE) P §
5.8% increased (Feng et al.,
Glucose AC lg/L 35 0.5 CHa production 2020)
. 12.9% increased (Vuetal,
Glucose Magnetite 20mM 35 0.8 CHa production 2020)
_— 3.3% increased (Piao et al.,
Lignite AC 3g/L 35 0.33 CHa production 2019)
I 26.7% increased  (Piaoetal.,
Lignite AC 3g/L 35 0.67 CHa production 2019)
Waste . .
. . 44.4% increased (C. Yinet
activated Biochar  1g/g DM 55 0.6 CHe production al., 2019)
sludge
Waste o
activated Nitrate lg/L 35 0.8 8.9% |ncreas_,ed (Peng etal,
CHa production 2019)
sludge
Cow manure .
CHa yield .
*
and aloe peel CBC 0.15 wt.% 36 0.6 improvement by (Xing et al,
waste co- 2021)
N 120.68%
digestion
Dairy . 288% increased  (Baek etal.,
wastewater Magnetite  20mM 3 06 CHa production 2020)

*

coconut-shell-derived bio-based carbon
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CHAPTER 3

MATERIALS AND METHODS

3.1  Preparation of Inoculum, Substrate, and Medium

3.1.1 Set 1: Electromethanogenesis

The inoculum used in this set was collected from the mesophilic municipal digester
at the Eskisehir Metropolitan Municipality Wastewater Treatment Facility in
Turkey. CM sample was taken from the feed tank of a biogas plant in Polatli, Turkey.
CM sample was sequentially filtered through 1000-um and 600-um mesh filters to
remove large particles for easier injection into the MECs. The inoculum and filtered
CM samples were kept at 4 + 2 °C before use. The characteristics of filtered CM and

AD seeds are shown in Table 3.1.

Table 3.1 Characteristics of filtered CM and AD seed used in Set 1

Parameter Filtered CM Anaerobic Digester Seed
pH 7.0 7.1

COD (mg/L) 64650 + 1961 26395 + 455
Soluble COD (mg/L) 19043 + 342 -
sCOD/COD (%) 29.5 -
Acetic Acid (mg/L) 4307 £ 83 -
POs-P (mg/L) 239+1 -
NHs-N (mg/L) 1800 £ 86 -

The medium consisted of PBS, trace elements, sodium bicarbonate, and vitamin
solution. PBS (100mM, pH = 7.0) was prepared by mixing 9.94 g/L of
NaH2P0O4.H-0, 5.5 g/L of Na2HPO4.H-0, 310 mg/L of NH4Cl, and 130 mg/L of KCI

(Siegert, Li, et al., 2015). The trace element solution was prepared with the
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composition provided in Table 3.2, sterilized via autoclave, and purged with nitrogen
(N2) gas for 10 mins. It was added at a dosage of 40 mL/L to the medium. Vitamin
solution contained all the necessary vitamins as given in Table 3.3 and it was added
to the medium at a dosage of 40 mL/L (Siegert, Li, et al., 2015). 25 g/L sodium
bicarbonate was separately prepared and transferred into an autoclaved-anaerobic
empty bottle via filter sterilization. A sodium acetate solution of 8.2 g/L (10 mM)
was prepared similarly by autoclaving and purging. PBS, trace element, vitamin, and
bicarbonate solutions were merged inside the anaerobic chamber (Plas Labs 818-GB,
MI, USA) forming the reactor media. This solution was divided into two bottles for
the addition of substrates; 10 mM acetate was added to one media bottle and filtered
CM, containing an adjusted amount of soluble chemical oxygen demand (sCOD)
equivalent to the 10 mM acetate (640 mg sCOD/L), was added to the other media
bottle.

Table 3.2 Chemical composition of trace element solution

Chemical composition g/L
Nitrilotriacetic acid 1.5
MgS04.7H20 3

NaCl 1

MnS04.H20 0.5
NiCl,.6H20 0.2
CoCly 0.1
CaCl,.2H20 0.1
FeS04.7H20 0.1
ZnSOq 0.1
AIK[SO4]2 0.01
CuS04.5H,0 0.01
Na2Mo004.2H20 0.01
HsBO3 0.01
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Table 3.3 Chemical composition of vitamin solution

Chemical composition mg/L
Pyridoxine HCI 10
Thiamin HCI
Riboflavin

Nicotinic acid
Calcium pantothenate
Vitamin B12
p-aminobenzoic acid
Thioctic acid

Biotin

Folic acid

ol

NN O1 01Ot o1 o1 ol

3.1.2 Set 2: Anaerobic Digestion - Microbial Electrolysis Cell (AD-MEC)

integration

The inoculum used in this set was collected from the mesophilic municipal digester
at the Eskisehir Metropolitan Municipality Wastewater Treatment Facility in
Turkey. CM was collected from the feed tank of a biogas plant located in Polatli,
Turkey. Before use, CM was mixed for 15 minutes to get a more homogeneous
composition. The inoculum and CM were maintained at 4 + 2 °C until they were used

in the experiments. The characteristics of CM and AD seed is given in Table 3.4.

Table 3.4 Characterization of inoculum and CM used in Set 2

Parameters Inoculum CM

TS (mg/L) 34,000 £ 6 124,000 + 1,400
VS (% of TS) 56 +0.1 78 £ 0.04

COD (mg/L) 13,000 + 8 146,800 + 3,100
sCOD/TCOD (%) 3.9+0.2 15.1+0.8

pH 7.55 7.84

Two different mediums were used in this set. The first medium was PBS (100mM,
pH 7.0, containing NaH2P04.H20 9.94 g/L, Na2HPO4.H,0 5.5 g/L, NH4CIl 310
mg/L, KCI 130 mg/L) (Siegert, Li, et al., 2015). The second medium (pH 7.0,
containing MgS04.7H20 0.5 g/L, CaCls.2H20 0.15 g/L, NaCl 5.5 g/L, NH4CI 310
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mg/L, KCI 130 mg/L) was a modification the first medium but without phosphate
and named as the salt medium in the rest of the thesis. The trace element solution
was added at a dosage of 40 mL/L (Table 3.2.) and then the combined medium was
sparged with N2 gas for 10 mins before being autoclaved. 2.5 g/L sodium bicarbonate
solution and vitamin solution (Table 3.3) were separately prepared and transferred
in the autoclaved-purged empty container after filter sterilization. Vitamin solution
was added at the same dosage as the trace element solution (40 mL/L). All
components of the medium were merged inside the anaerobic chamber (model no:
818-GB, Plas Labs, M1 USA).

3.2 Reactor Construction

3.2.1 Set 1: Electromethanogenesis

Single chamber MECs with a total volume of 25 mL (active volume of 15 mL) were
fabricated as described elsewhere (Kas & Yilmazel, 2022). Graphite blocks (Eren
Karbon Grafit San. Tic. Ltd. Sti, Istanbul, Turkey) of the following dimensions: 2
cm (L), 1 cm (W), and 0.3 cm (D) were used as both anode and cathode. Pretreatment
of cut graphite blocks was performed in four steps: (i) polishing with 400-grit type
sandpaper, (ii) sonication, (iii) soaking in 1 N HCI overnight, and (iv) rinsing three
times with deionized water. The pretreated electrodes were connected to an 8 cm
long titanium wire with an inner diameter of 0.08 cm (Timed metal, Turkey) that is
also cleaned with the same sandpaper. Electrodes with more than 0.5 Q contact
resistance between graphite block and titanium wire were discarded. Two electrodes
per reactor (anode and cathode) were fixed in the thick butyl rubber stopper and then
pushed into the serum bottles. After crimp sealing the bottles, all reactors were
purged using N2/CO2 (80/20) for 10 mins to sustain anaerobic conditions and

autoclaved at 121 °C for 15 mins. The reactor configuration is given in Figure 3.1.
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Figure 3.1 Reactor configuration used in Set 1

3.2.2 Set 2: Anaerobic Digestion - Microbial Electrolysis Cell (AD-MEC)

integration

Serum bottles with two side ports and a total volume of 130 mL were used in the
experiments. Both anode and cathodes were isomolded graphite blocks with
dimensions of 2.5%2.5x0.3 (total surface area of 15.5 cm?) connected to 12 cm
titanium wire (0.1 cm diameter; Timed metal, Turkey). After electrode preparation,
they were fixed in the thick neoprene stopper (40 mm diameter) at approximately 1
cm distance, then pushed into the serum bottles. The reactor configuration is given
in Figure 3.2. GAC was used as the conductive material in the experiment. GAC
particles were thoroughly washed with deionized water and dried overnight in an
oven at 80 °C. The pre-biofilm formation of electrodes and GAC started with twelve

reactors containing 40 g/L GAC.
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Figure 3.2 Reactor configuration used in Set 2

3.3  Experimental Design and Reactor Operation

The start-up strategies for CH4 production enhancement using two different sets of
experiments were established in this study. In the first set of the experiment (set 1),
the effect of two different substrates namely, CM and acetate as the complex and
simple substrates on the biofilm formation for electromethanogesis cells were
examined. In the second phase of the experiment (set 2), the pre-biofilm formation
of electrodes and GAC using CM as substrate was performed and used in AD-MEC
reactors to determine which parameters (electrode surface area, GAC, electrode, and
GAC pre-biofilm formation, and voltage application) have the most impact on

boosting CH4 generation and the effectiveness of AD-MEC systems for treating CM.

3.3.1 Set 1: Electromethanogenesis

The experiments consisted of two stages: (1) biofilm formation, and (2) test period
(Figure 3.3). In the first stage, MECs were divided into three groups; the first group
was inoculated with AD seed and fed with ACE, the second group was inoculated
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with AD seed and fed with CM, and the last group labeled as Blank did not receive
any AD seed and fed with CM. Blank reactors were operated as a control to observe
the impact of native microorganisms present in the CM. All the reactors except the
Blank group were then inoculated with AD seed (10% v/v). In the first stage, the
objective was to provide an environment suitable for biofilm formation on the
electrodes; hence, reactors were operated by injecting substrate (either ACE or CM)
into the reactors without any liquid removal. During this stage, when the current
reached its peak point and then dropped below 0.05 mA a new cycle was started
through the injection of the corresponding substrate (ACE or CM). After several
cycles when the current production in all the reactors became stable, the second stage
named as test period was started. The difference between the biofilm formation and
test period in terms of MEC operation is that during the test period when the current
dropped below 0.3 mA a new cycle was started by replacing the total reactor content
with new media. To keep the MECs anaerobic, between each cycle, the reactor
headspace was purged using an N2/CO. (80/20) gas mixture for 10 mins after

medium exchange.

Biofilm
Formation

ACE_ACE  ACE_CM CM_ACE  CM_CM Blank

Figure 3.3 Experimental design of Set 1
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During the test period all reactors, except the controls, were fed with CM to compare
the impact of acclimation substrate on the reactor performance. To provide a baseline
and serve as a positive control, half the reactors from both the first group (ACE fed
during biofilm formation) and the second group (CM fed during biofilm formation)
were fed with ACE during the test period. Hence, MECs that were fed with ACE
during biofilm formation was divided into two ACE_ACE and ACE_CM, indicating
that the former reactor received ACE during both biofilm formation and the test
period, while the latter received ACE during the biofilm formation but was switched
to CM during the test period (Figure 3.3). The described sequential feeding approach
used in this study is referred to as cross-feeding (Ivanov et al., 2013). Similarly, CM
fed MECs were divided into two as CM_CM and CM_ACE, where CM_ACE are
the cross-fed reactors. The Blank reactors were kept on CM during the test period.
All MECs were operated in triplicate. Also, each group had two extra reactors
running for destructive tests such as SEM. Open circuit controls were also run in the
same condition except for voltage application to determine any background CHs
production. During the test period, after two cycles sCOD concentration of MECs
was increased. The positive controls (ACE_ACE and CM_ACE) were run for about
48 days in total at two concentrations (600 and 1200 mg/L sCOD). The test reactors
(ACE_CM and CM_CM) and the Blanks were run for around 60 days at four
concentrations (600, 1200, 1800, and 2400 mg/L sCOD) until we observed the same

amount of CHys as in positive controls.

Anodes of all MECs were connected to the positive terminal and cathodes to the
negative terminal of the power supply. The positive leads had a 10 Q resistor, and a
multimeter (Keysight Technologies, 34972A LXI, USA) was used to record the
voltage at 10 min intervals. MECs were incubated at 35 °C without mixing, and 0.7
V was applied to the reactors using a power supply (Marxlow, RXN-1502D, China)
(Figure 3.4).
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Figure 3.4 Reactors during the Set 1 operation

3.3.2 Set 2: Anaerobic Digestion - Microbial Electrolysis Cell (AD-MEC)

integration

Similar to Set 1 experiments, in Set 2 there were two stages in total. The first stage
was named Biofilm Formation and the second stage was named AD-MEC Operation.
The experimental design of Set 2 is given in Figure 3.5.

Biofiim formation period, 34 days

MEC Cycle 1: 100 mM PBS, 45 days Cycle 2: modified media, 30 days
Pre-biofilm formation, 28 days lnsst,

100 mM PBS 100 mM PBS I
— ] ~—

Bioel- Bareel-
ngGAC GAC
. - |
I AD-MEC-GAC
Bareel- Bioel- Bioel- Bareel-
Bareel- Bioel- FreshGAC  BioGAC FreshGAC BioGAC
FreshGAC i0GAC
@ Bareel- Bioel- Bioel- Bareel- Bioel- Bareel-

V]

_ﬁ @ AL

noGAC HOGAC FreshGAC EioGAC  FreshGAC  BioGAC  noGAC noGAC
Start of End of AD'GAC
biofilm biofilm
formation formation AD-noGAC
EI\DGAC FreshGAc )
\ >

Figure 3.5 Experimental design of Set 2
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Stage 1: Biofilm Formation Period

All reactors were filled with 59.5 mL of 100 mM PBS growth medium containing
filtered cattle manure (1200 mg/L sCOD) as substrate and 6.5 mL inoculum (10%

v/V) inside the anaerobic chamber.

The reactors were connected to the power supply (Marxlow, RXN-1502D, China)
under 0.7 V voltage and incubated at 35 °C without mixing (Table 3.5). The current
produced was monitored using a multimeter (Keysight Technologies, 34972A LXI
Data Acquisition, U.S.A.). During the pre-biofilm formation period, the reactors
were operated by injecting substrate (filtered CM) without any sampling or opening
of the reactors. Filtered CM (1200 mg/L) was injected into the reactors and the
current was monitored. When the current density dropped under 0.08 mA/cm?, fresh
filtered CM was injected into the reactors. After a few times substrate injections, all
of the reactors' current production became stable; therefore, pre-biofilm formation of

electrodes and GACs was considered complete.

Table 3.5 Experimental design during biofilm formation (pre-biofilm formation)

Feed (filtered Applied
Reactor cm) AD Seed  Electrode GAC | tage (V)
Bareel + + + - +
Bareel-FreshGAC + + + + +

After completion of the pre-biofilm formation stage, all the reactors were emptied
and then filled with fresh medium (100 mM PBS) and 1200 mg/L filtered cattle
manure as the substrate to perform the MEC test. At this point, no inoculum was
added and hence most activity can be attributed to the colonized biofilm on the
electrodes considering the negligible impact of native microorganisms present in the
filtered CM. Two batch cycles of the MEC test were done for all of the reactors,
which was similar to the operation of reactors during the test period of Set 1. The
amount of CH4 produced by the reactors as well as their current production was

measured.
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To compare the performances of reactors after scaling up the data of Set 1 and Set 2
were compared as the active volume of the reactor in Set 1 was increased from 15
mL to 65 mL in Set 2. After running two batch cycles of the MEC test, all of the
reactors were emptied, and the bio-electrodes and bio-GACs were carefully moved

to new reactors within the anaerobic chamber so that the AD-MEC test could begin.
Stage 2: Test Period

In the Test Period, the experiment contained sixteen types of reactors in duplicate.
These sixteen types of reactors were divided into three main groups: i) AD-GAC, ii)
AD-MEC, and iii) AD-MEC-GAC.

The AD-GAC groups were made up of three different types of reactors: AD-noGAC,
AD-FreshGAC, and AD-BioGAC. The AD-GAC group's major purpose was to
examine the impact of the addition of both fresh GAC and biofilm attached GAC
(BioGAC) on conventional AD reactor performance. The AD-MEC group included
two reactor types: Bioel-noGAC, Bareel-noGAC, and their open circuit (OC)
control. The goal of operating these reactors was to assess the effects of biofilm
attached electrodes (Bioel) vs. bare electrodes (Bareel) on AD-MEC. Again,
corresponding OC controls were set without external voltage to investigate the
influence of electrode surface area on AD-MEC performance. The AD-MEC-GAC
group had four different combinations of Bareel-FreshGAC, Bioel-FreshGAC,
Bareel-BioGAC, Bioel-BioGAC, and their OC controls. Also, blank reactors were
set up without cattle manure as the substrate to investigate the CH4 production from

seed (Table 3.6). The experimental design is shown in Figure 3.5 and Table 3.6.
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Table 3.6 Experimental design for Set 2

Reactor Feed Seed  Electrode GAC Vﬁfa%';e?v)
Blank +
> AD-noGAC + + - - -
8 AD-FreshGAC + + - Fresh -
g AD-BioGAC + + - Bio -
Bioel-noGAC + + Bio - 0.7
5 Bareel-noGAC + + Bare = 0.7
E OC-Bioel-noGAC + + Bio - -
OC-Bareel-noGAC + + Bare - -
Bareel-FreshGAC + + Bare Fresh 0.7
Bioel-BioGAC + + Bio Bio 0.7
JU> Bioel-FreshGAC + + Bio Fresh 0.7
r% Bareel-BioGAC + + Bare Bio 0.7
8 OC-Bareel-FreshGAC + + Bare Fresh -
8 | oc-Bioel-BioGAC ¥ ¥ Bio Bio .
OC-Bioel-FreshGAC + + Bio Fresh -
OC-Bareel-BioGAC + + Bare Bio -

Except for the blank reactors, all reactors had a total active capacity of 65 mL filled
with 100 mM PBS growth medium and a mixture of inoculum (AD seed) and
substrate (CM) with an F/M ratio of 1 (Table 3.7). The blank reactors contained only
AD seed and growth medium (Table 3.6). The GAC dosage of 40 g/L was kept

constant in this study.

Table 3.7 Initial composition of the reactors with 100 mM PBS

Initial VS

Reactor Seed Feed F/M ratio
(mg/L)
Blank + - 9000175 -
Test reactors + + 19200+400 1

Following pH and conductivity measurements for all reactors within the anaerobic
chamber, the headspace of all reactors was flushed for 10 mins with N2/CO. (20/80
%) gas and then operated at 35 °C in duplicate without shaking or stirring. When the
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cumulative CHa4 production increase dropped to below 3%, the operation ended.
Once the operation with 100 mM PBS was completed, the reactors were emptied and
refilled with fresh feed, seed, and salt growth medium filled into the reactors. The
bare electrode reactors also received new bare electrodes and fresh GAC reactors
received fresh GAC.

Since high phosphate concentration due to 100 mM PBS media has inhibition
potential, salt media was also used in the AD-MEC operation (Carliell-Marquet &
Wheatley, 2002). The salt media was developed according to the growth medium of
some well-known methanogens: Methanosaeta pelagica (DSMZ DSMZ: Deutsche
Sammlung von Mikroorganismen und Zellkulturen (German Collection of
Microorganisms and Cell Cultures) 1329) medium, Methanobacterium (DSMZ 119)
medium, Methanogenium medium (DSMZ 141), Methanosarcina (DSMZ 120)
medium, and Methanoculleus sp. (DSMZ 141b). Common salts were chosen among
these medias to increase the conductivity of the medium. These salts are
MgS0.4.7H20, CaCl».2H.0, and NaCl. The concentrations of salts according to the
growth medium are given in Table 3.8. Since NH4Cl and KCI do not contain
phosphate, these salts were kept the same with 100 mM PBS media.

Table 3.8 Salt concentrations in different methanogenic mediums

MgS0O4.7H0 CaClz.2H,0 NacCl
Medium (o/L) (9/L) (9/L)
Methanosaeta pelagica - 0.15 20
Methanobacterium 0.4 0.05 0.4
Methanogenium 3.45 0.14 18
Methanosarcina 0.5 0.25 2.25
Methanoculleus sp. 3.45 0.14 6

The concentrations of the selected salts were chosen to be within the range of the
medium given in Table 3.8. Furthermore, the ion concentration due to the salt media

was computed and compared to the literature to eliminate any inhibition (Table 3.9)
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(Ye Chen et al., 2008). Furthermore, the conductivity of the salt solution was
equalized to 100 mM PBS (8 mS/cm). As a result of these factors, the salt
concentrations in the medium were selected as 0.5 g/L MgS04.7H20, 0.15 g/L
CaCl,.2H20, and 5.5 g/L NaCl.

Table 3.9 A summary of possible inhibitory compounds in AD

Chemical Effect

As ammonia concentrations were increased in the range of 4051-5734 mg

Ammonia | NHs-N/L, acidogenic populations in the granular sludge were hardly affected
while the methanogenic population lost 56.5% of its activity.

The levels reported in the literature for inhibition of MPB also vary, with
Sulfide IC50 values of 50-125 mg H,S/L at pH 7-8 for suspended sludge and 250
mg H,S/L and 90 mg H.S/L at pH 6.4-7.2 and pH 7.8-8.0, respectively.
After being exposed to 1000 mg/L Al(OH)s for 59 days, the specific activity
Aluminum of methanogenic and acetogenic microorganisms decreased by 50% and
72%, respectively.

Ca?* was moderately inhibitory at a concentration of 2500—4000 mg/L but

Gl was strongly inhibitory at a concentration of 8000 mg/L.

Magnesium Cultures could be adapted to 300 mM (7.2 mg/L) Mg?* without a change in
growth rate, but growth ceased at 400 mg/L Mg?*.
It was observed that 0.15 M (5850 mg/L) K* caused 50% inhibition of
Potassium acetate-utilizing methanogens. The inhibition could be at the acidogenic
stage.
The optimal growth conditions for mesophilic hydrogenotrophic
Sodium methanogens reportedly occurred at 350 mg Na*/L. Na* concentrations range

from 3500 to 5500 mg/L to be moderate and 8000 mg/L to be strongly
inhibitory to methanogens at mesophilic temperatures.

The initial composition of the reactors with the salt medium is given in Table 3.10.

Moreover, the reactor operation during Set 2 is shown in Figure 3.6.

Table 3.10 Initial composition of the reactors with salt medium

Reactor Seed Feed Initial VS F/M ratio
(mg/L)
Blank + - 8200160 -
Test reactor + + 16500+300 1
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Figure 3.6 Reactors during the set 2 operation

3.4 Analytical Methods

Standard methods were used to determine COD (Method 5220 B), TS (Method 2540
B), and VS (Method 2540 E) (APHA, Standard Methods for the Examination of
Water and Wastewater, 1999). Determination of orthophosphate (POs4-P) and
ammonium nitrogen (NH4-N) was performed via the amino acid colorimetric method
(Hach Method 8178) and the Nessler colorimetric method (Hach Method 8038)
using a spectrophotometer (Hach Company, DR9200, USA), respectively. pH was
measured with a portable pH meter (Ohaus, Starter300, U.S.A.). A portable
conductivity meter was used to test conductivity (Hach, senslON 5, U.S.A.). Biogas
production was measured using a gas-tight glass syringe at the end of each cycle. To
analyze the CH4 content of biogas, 150 uL of the sample was injected into a gas
chromatograph (Thermo Scientific, TRACE GC Ultra, USA) equipped with a
thermal conductivity detector (TCD) and two columns connected in series (CP-
Moliseve 5A and CP-Porabond Q). Oven, injector, and detector temperatures were
set as 35 °C, 50 °C, and 80 °C, respectively. Helium was used as carrier gas at a

constant pressure of 100 kPa.
Calibration curve for determination of biogas composition

The calibration equation was obtained by the use of 5-point duplicate injections of

standard gas with volumes ranging from 50 pL to 250 uL of standard gas. The
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standard gas was a mixture of hydrogen, N2, CO2, and CHa4. The composition of the
mixture was, 50% hydrogen, 30% CO., 10% N, and 10% CHa. In Table 3.11 and
Figure 3.7, an example of how to calibrate for CH4 can be seen.

Table 3.11 CHj4 gas calibration for GC-TCD

Injection . Standard Coefficient of
Trial | Peak Area Mean o
Volume Dev. Variation (%)
1 698710
50 691688 9930.60 1.44
2 684666
1 1314449
100 1308597 8275.97 0.63
2 1302745
1 1936349
150 1935039.5 1851.91 0.1
2 1933730
1 2562074
200 2583951.5 30939.45 1.2
2 2605829
1 3243900
250 3297415 75681.63 23
2 3350930
4000000 1
3500000 1 y = 129939 + 13229
3000000 R*=09984 .~
2500000 1 =
@ ]
$ 2000000
< ] ‘
1500000 A
] I 4
1000000 A .
500000 1 ¢
0 : T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30

Injection volume (uL)

Figure 3.7 CHa gas calibration curve and equation
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35 Calculations

Current Generation

In both Set 1 and Set 2 to monitor current production due to oxidation of organics,
the voltage across the external resistor (Rex: 10 Q) connected to the anode electrode
is continuously monitored using the data acquisition unit and calculated as given in
Eqg. 3.1 (Kas & Yilmazel, 2022) for Set 1 and 2.

[= - (Eq. 3.1)

Rex
The produced current was normalized by dividing it into anode total surface area (A)
immersed in the reactor electrolyte. This normalized current is called current density
(J) and is calculated using Eqg. 3.2.

j (i) = - (Eq. 3.2)

m?2

3.5.1 Set 1: Electromethanogenesis

Coulombic efficiency (CE)

The ratio of measured electrons from current and electrons that are available from
substrate removal describes CE and is calculated as in Eq. 3.3 (Guo et al., 2017).

‘1a
CE(%) = Asfg—ptbo x 100 (Eq. 3.3)

Mo

where AS is the substrate (COD) removed (mg/L), V is reactor active volume, F is
Faraday constant (96485 C/mole of €), bo is the mole of electrons that can be
produced from the oxidation of organic matter by 1 mole O2 (4 mole e /mole Oy),
and Mo is the molar mass of oxygen (32 g/mole). An example calculation of the

parameters is given in Appendix B.
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Charge accumulation graph

The moles of electrons (Coulombs) that transferred from the anode are calculated
below (Eqg. 3.4).

C=[_,Idt (Eq. 3.4)

where | is the measured current and dt (s) is the interval over which data are collected.
Summing up all the moles of electrons during specific time interval provides charge
accumulation graph as equation below (Eg. 3.5) (Guo et al., 2017). An example

calculation of the parameters is given in Appendix B.

. t=n
charge accumulation = }} ftzn_l

Idt (Eg. 3.5)
Gompertz Fitting to Charge Accumulation

The charge accumulation graph of reactors was fit by the modified Gompertz
equation (Eq. 3.6) to interpret the charge accumulation rate and other relevant

parameters for different reactors.
P =P, Xexp {— exp [% 1—-t)+ 1]} (Eq. 3.6)

where P is cumulative coulombs transferred (C), P is coulombs transferred potential
(C), Ym is the maximum specific coulombs transfer rates (C/d), and A is the lag phase
period to start coulombs transfer (days) (Fujikawa et al., 2004). An example
calculation of the parameters is given in Appendix B.

3.5.2 Set 2: Anaerobic Digestion - Microbial Electrolysis Cell (AD-MEC)

integration

Change in energy recovery efficiencies

Change in energy recovery efficiencies relative to the AD control was calculated as
below (Huang et al., 2022):
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WCH4AD

Change in energy efficiency = (Eq. 3.7)

where Wepa, 450 1S the energy recovery as CHs from the AD-MEC system (kJ).
Wena,, 1S the energy recovery as CH4 from the control AD (kJ).

Wps (KJ) is the energy added by the power source. It is corrected for losses across
the external resistor (Rex = 10 Q) and calculated as (Call & Logan, 2008; Cheng &
Logan, 2007).

Wps = X1 1EpsAt — YT I*R,, At (Eg. 3.8)
where Eps = 0.7 V is the voltage applied using the power source, At (s) is the time

increment for n data points measured during a batch cycle.
Gompertz Fitting to Methane Production

The modified Gompertz equation was used to estimate the trend of CH4 production

in reactors as below:
G =G, X exp {— exp [% (w—1t)+ 1]} (Eq. 3.9)

where G is cumulative CH4 production (mL), G.. is CH4 production potential (mL),
Xm is the maximum specific CH4 production rate (mL/d), and w is the lag phase
period to produce CH4 (days) (Fujikawa et al., 2004). An example calculation of the

parameters is given in Appendix B.

3.6  Statistical Analysis of Set 1: Electromethanogenesis

The Statistical Analysis System (SAS version 9.4 SAS, Cary, NC) was used to
analyze the COD removal and Ce of MECs in Set 1. General linear model (GLM)
analysis was used to determine differences between the averages of the groups, and
Duncan’s multiple comparison test was used to determine differences between the

groups. P values < 0.05 were considered statistically different.
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3.7  Cyclic Voltammetry

Cyclic Voltammetry (CV) is a strong and widespread electrochemical method used
to study molecular species reduction and oxidation (Fricke et al., 2008). We apply
different voltages to the reactors and measure the current. The largest current
indicates the voltage with the most oxidation, and the lowest current indicates the
reduced peak voltage (Figure 3.8). In both Set 1 and Set, 2 CV analysis was
conducted using the same protocol. To analyze the activity of bioelectrodes CV with
a standard three-electrode system was performed in each reactor (Scan range of -0.7
to 0 V vs. Ag/AgClI (3 M NaCl), scan rate 1 mV/S, equilibrium time 99 s) using a
potentiostat (Gamry, Interface 1010B, USA). CV was performed on both anode and
cathode after ten days from the start of biofilm formation and at the end of the test
period. CV was also performed on a sterile bare anode and cathode with a sterile

fresh anaerobic medium to provide an abiotic CV curve.

Oxidation

¢ (Anodic) peak

e

juaun?d

Reduction —
(Cathodic) peak)

A J

Voltage

Figure 3.8 Example of cyclic voltammogram (Elgrishi et al., 2018)
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3.8 Scanning Electron Microscopy (SEM) for Set 1 Electrodes

For SEM of bioelectrodes, samples were fixed with 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer at pH 7.4 for 8 hours at 4°C as described elsewhere (Kas &
Yilmazel, 2022). After three times washing with 0.1 M phosphate buffer, the samples
were dehydrated in 25%, 50%, 75%, 95%, and 3x 100% EtOH. In order to increase
the conductivity, before imaging, the samples were coated with a 15 nm gold-
palladium coating. (Kas & Yilmazel, 2022). SEM was performed on day 10 of the
biofilm formation stage for each MEC in Set 1.

3.9  Microbial Community Analysis in Set 1: Electromethanogenesis

The total genomic DNA isolation from the electrode surface and bulk solution was
performed using GeneMATRIX Soil DNA Purification Kit (EURX, Poland)
following the manufacturer’s protocol. Isolated DNA sample concentrations and
purities were checked by gel electrophoresis and NanoPhotometer P-Class (Titertek-
Berthold, Germany). The metagenomic analysis was performed by the BM
Laboratory Systems Company (Ankara, Turkey). The V3-V4 variable region (length
of ~464 bp) of bacterial and archaeal 16S rRNA gene was used for metagenomic
analysis using a set of primers: 341F (5'-CCTAYGGGRBGCASCAG-3') and 785R
(5'-GGACTACNNGGGTATCTAAT-3") for bacteria, and archaea (Klindworth et
al., 2013). During polymerase chain reaction (PCR) 28 cycles were performed.
Cycles included the following steps: 95°C for a duration of 3 mins, followed by 28
cycles of 95°C for half a minute, 55°C for half a minute, and 72°C for a half minute,
followed by the last step of elongation performed at 72°C for 5 mins. After
purification, the PCR products were used for another PCR reaction, where Illumina
sequencing adapters and dual-index barcodes were attached to the amplicon target
using KAPA HiFi HotStart Ready-mix PCR Kit (Kapa Biosystems, USA) and
Nextera XT index kit (Illumina, San Diego, CA, USA) in accordance with the
manufacturer’s protocol. The second amplification program consists of the following

steps: 95°C for 3 min, followed by 8 cycles of 95°C for half a minute, 55°C for half
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a minute, and 72°C for half a minute, followed by a final elongation step at 72°C for
5 mins. High-throughput sequencing was performed on Illumina Novaseq 6000
platform according to the standard protocols. All steps of the bioinformatics analysis
were done on QIIME2 v2020.8 (Bolyen et al., 2019). The raw sequence reads were
first checked and filtered using the q2-dada2 pipeline program by de-replication, de-
noise procedures, and chimera removal (Callahan et al., 2016). g2-vsearch was used
to cluster DNA sequence data into operational taxonomic units (OTUs) (Rognes et
al., 2016). Taxonomic identification was achieved by aligning a representative
sequence of each OTU using the Silva database (http://www.arb-silva.de). The
overall community structure of bacterial and archaeal was determined based on
biodiversity. Diversity indices of Shannon, Chaol, phylogenetic diversity and the
observed richness were used to describe alpha diversity. An unweighted pair group
method with arithmetic mean (UPGMA) clustering was used to assess the diversity
between samples (beta diversity) based on the OTUs obtained from each sample.
Both alpha and beta diversity indices were processed via the QIIME pipeline.

Community analysis was performed for only Set 1.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Set 1: Electromethanogenesis

4.1.1 Current generation and charge accumulation

After the start-up of the MECs (t = 0) during the biofilm formation, current
production in both ACE and CM fed reactors started approximately two days (Figure
4.1). The first peak in ACE fed MECs was recorded around day 4, and the peak of
the CM fed reactors was recorded around day 8. On the other hand, the first peak of
Blank reactors was recorded on day 30. When the coefficient of variation in the
average peak current density of MECs over three consecutive cycles during the
biofilm formation stage dropped to below 3%, the initial cycle of the three was
accepted as the start of the stable current production in our study. Based on this,
stable current production was started around day 15 for ACE fed MECs, day 20 for
CM fed MECs, and day 25 for Blank MECs. During the biofilm formation period,
the highest average peak current density of 0.30 = 0.007 mA/cm? was recorded with
the ACE fed reactors, which was around two times higher than the average peak
current density (0.15 + 0.005 mA/cm?) recorded with the CM fed reactors. This may
be due to the complex nature of the CM, leading to its slower utilization.
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Figure 4.1 Current density graphs of MECs during A biofilm formation period
(average of triplicate reactors is shown; a red circle on the x-axis (day 10) shows the
time at which SEM was performed.)

Prior to stable current production in any of the reactors on day 10 of the biofilm
formation stage, one reactor from each group was sacrificed for SEM imaging of
electrode surfaces (Figure 4.2). Microorganisms with rod shape morphology and
similar size, which are most likely exoelectrogens, were abundant on the anodes of
both ACE fed MECs and CM fed MECs (Figure 4.2). Interestingly the cathodes of
MECs fed with CM were also predominantly populated by rod shape
microorganisms. Yet, on the cathodes of MECs fed with ACE mostly coccoidal
shape microorganisms were observed. This suggests the presence of different types
of microbial species on the cathodes as the cathode is a very selective environment
(Zeppilli et al., 2015). As expected from very low current densities, there was no

significant biofilm formation on the electrodes of Blank controls as of day 10.
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(A)  Anode cattle manure fed

(B) Anode Acetate fed reactor
(C) Cathode cattle manure fed reactor

(D) Cathode acetate fed reactor

(E) Bare electrode (Graphite) surface

Figure 4.2 SEM images of bioelectrodes of A) anode of CM fed MECs, B) anode of
ACE fed MECs, C) cathode of CM fed MECs, D) cathode of ACE fed MECs, E)

Bare electrode

The current densities of the MECs during the test period are depicted in Figure 4.3
(see Appendix C for triplicate reactors). Among reactors fed with CM, namely,
ACE_CM, CM_CM, and Blank, in most cycles of the test period, the highest current
density was recorded with the ACE_CM reactors (Figure 4.3). Clearly, the current
was improved due to the use of ACE. Similar to our results, a higher peak current
was recorded with ACE during biofilm enrichment, and a lower current was
produced upon switching to animal rendering waste in another recent work, where
electrical current production in MECs was studied (Xie et al., 2021). During the test
period, substrate concentration was gradually increased, and increasing the substrate
concentration did not affect the peak current density; however, it had a direct relation
with the cycle time (R? = 0.98; Figure 4.4). Among all reactors, ACE_ACE positive
controls produced the highest peak current density of 0.41+ 0.02 mA/cm?in the test
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period, as expected (Figure 4.3). Siegert and others (2015) investigated the impact
of different inoculation ratios of AD seed as inoculum (0.01% to 25% (w/v)) and
similarly used acetate (10 mM) as the electron donor for both biofilm formation and
test periods (Siegert, Li, et al., 2015). The recorded peak current densities in Mini
MECs ranged from 0.22 — 0.28 mA/cm? when normalized to the whole immersed
anode surface area (Siegert, Li, et al., 2015). The higher current densities recorded
in our ACE_ACE MECs may be related to different inoculums, MEC materials, and
higher operating temperatures of 35 °C in our experiments (Siegert, Li, et al., 2015).
During the test period, the cross-fed positive controls (CM_ACE) reached 0.34 +

0.04 mA/cm?, which was lower than single substrate ACE_ACE controls.
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Figure 4.3 Current density graphs of MECs during the test period at different
sCOD concentrations of 600, 1200, 1800, and 2400 mg/L (average of triplicate

reactors is shown)
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Figure 4.4 The relation between the sCOD added and cycle duration

Analyzing the charge accumulation profile is helpful for evaluating MEC
performance and waste treatability (Ivanov et al., 2013). To this purpose, transferred
coulombs through the circuit were computed by summing up the current output over
time (Ivanov et al., 2013) and then analyzed using the modified Gompertz equation
(Figure 4.5 and Table 4.1). The modified Gompertz fittings and experimental data of

all reactors are shown in Appendix D.
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Figure 4.5 Charge accumulation curve during the test period at different SCOD
concentrations of 600, 1200, 1800, and 2400 mg/L (Only the second cycle at each

sCOD concentration is shown)

Table 4.1 Coulombs transferred rates (C/d) during the test period at different SCOD

concentrations (Average of triplicate reactors)

sCOD _ CM CM CM_ACE ACE_ACE ACE_CM Blank
concentration
600 mg/L 51.07  123.47 178.57 61.97  49.81
1200 mg/L 7231 179.06 204.68 71.66 6157
1800 mg/L 80.69 83.71  79.61
2400 mg/L 77.82 101.74  84.96

Total charge accumulation for CM_CM reactors in all sSCOD concentrations was
slightly higher compared to ACE_CM reactors. Yet, interestingly, Ym in ACE_CM
reactors at 600 and 2400 mg/L sCOD concentration was ~20% higher than CM_CM.
The higher Yn translates into less time requirement of ACE acclimated reactors to

56



reach their peak current and this is related to the microbial community on the anode
of MECs. A similar observation was made for positive controls. During the test
period, coulombs transferred in ACE_ACE and CM_ACE were both around 107 C
at 600 mg/L sCOD concentration, which was almost doubled at 1200 mg/L sCOD
concentration reaching 203.7 £ 5.8 C in CM_ACE and 208.6 £ 5.1 C in ACE_ACE
(Figure 4.6A). Yet, the modified Gompertz fitting of charge accumulation profiles
showed that ACE_ACE reactors had 36% higher Ym (maximum specific coulombs
transfer rate) compared to CM_ACE reactors at 600 mg/L sCOD concentration
(Figure 4.5and Table 4.1). At 1200 mg/L sCOD concentration, again there was faster
charge accumulation in ACE_ACE reactors in comparison to CM_ACE reactors, yet
the difference decreased to 15%. Feeding ACE during the biofilm formation stage
favors more exoelectrogens as most are capable of utilizing ACE, which increases
the rate of coulombs transfer. Our microbial community analysis also supported this,
as Geobacter, the model exoelectrogen, was present in ACE acclimated reactors at a

higher abundance (Logan et al., 2019).

4.1.2 Methane production

By increasing substrate concentration, CHs production in MECs also increased
(Figure 4.6B). Mostly the highest CH4 production for CM fed reactors was recorded
with CM_CM reactors. With this reactor, there was 127.6 + 8.82 mL/L (91.2 + 6.6
mL/L-d) of CHs production at 600 mg/L sCOD and 530 + 60 mL/L (150.2 + 17.0
mL/L-d) at 2400 mg/L sCOD. Positive controls produced higher CH4 than CM added
reactors at the same sCOD level. For example, ACE_ACE reactors produced 267 +
7 mL/L (with a rate of 200 = 5 mL/L-d) of CH4 at 600 mg/L of SCOD concentration
and 518 = 10 mL/L (with a rate of 230+ 4 mL/L-d) of CH4 at 1200 mg/L of sCOD.
Since ACE is a pure, readily biodegradable substrate, CH4 production in MECs fed
with ACE was two times higher than in MECs fed with CM at the same sCOD
concentration. This may stem from the presence of slow hydrolysis steps that are
necessary to obtain suitable electron donors for exoelectrogenic bacteria when CM
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is fed as a substrate. These results show that twice as much sCOD was needed for

producing the same amount of CH4 with CM.

CHy production of Blank reactors was mostly less than CM_CM reactors which were
inoculated with AD seed. However, as time passed, the difference between the CHa
production rate in Blank reactors and CM_CM reactors decreased from 45% at 600
mg/L sCOD to 10% at 2400 mg/L sCOD. The difference clearly stems from the
inoculum. There is a longer time requirement for Blank reactors to establish an active

layer of electro-active biofilm similar to AD seed inoculated reactors.
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during test period at different sSCOD concentrations (average of triplicate reactors is
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When the CHs production of ACE_CM reactors and CM_CM reactors were
compared, the total amount of CHa4 production in CM_CM reactors was higher or
similar to the ACE_CM reactors in various sSCOD levels. This may be indicative of
a slight adverse impact of cross-feeding on the performance of electromethanogenic
reactors. Hence, for electromethanogenic reactors, there is no need for starting up
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the reactors with a simple substrate. It should be noted that among the CM fed
reactors, peak current was higher in ACE_CM and Blank reactors in comparison to
CM_CM, and this does not necessarily translate into the total amount of CHs
production. On the other hand, total coulombs transferred are directly related to the
amount of CH4 production (Figure 4.5 and 4.6B). CH4 production in open circuit

controls was negligible (<0.1 mL).

4.1.3 COD removal and coulombic efficiency

The COD removal during each cycle is given in Figure 4.6C. As expected, there was
lower organic removal in the case of complex waste in comparison to ACE. The
average COD removal, including all cycles of the test period, was 18.3 +£2.9% in the
CM_CM reactor, 17.0 +£5.2% in the ACE_CM reactors and 16.2 + 3.2% in the Blank
reactors. The charge accumulation trend of reactors fed with CM suggests that at the
start of each batch cycle, exoelectrogens rapidly start to degrade the readily
biodegradable portion of the substrate and produce current at a high rate. As time
passed the current production rate decreased which may be explained by the reduced
substrate degradation rate. Unlike reactors fed with ACE, the charge accumulation
in these reactors did not reach a plateau because there was no complete depletion of
the substrate (Figure 4.5). Regardless of the initial concentration, COD removal in
positive controls which were fed with ACE averaged 94 + 2%. Almost complete
substrate depletion in ACE fed MECs also explains the plateau reached by the end
of the cycle in the charge accumulation graphs of ACE fed MECs (Figure 4.5).

Among the ACE fed reactors (CM_ACE and ACE_ACE) there was a statistically
significant difference in COD removals, only when MECs were fed with sCOD of
600 mg/L and no statistically significant difference in COD removals was observed
when reactors were fed with sCOD of 1200 mg/L. Further, no statistically significant
difference was found in the CEs of CM_ACE and ACE_ACE reactors in either
sCOD of 600 mg/L or 1200 mg/L (Table 4.2 and 4.3). This can be interpreted as the
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short-term impact of complex waste feed during biofilm formation in terms of

organic removal.

Table 4.2 Summary table for statistical analysis for COD removal (CR, %) with

respect to different COD concentrations

Reactor COD600 COD1200 COD1800 COD2400
CM_CM 19.140.2° 13.8+0.8¢ 18.2+0.5% 22.2+1.0%
ACE_CM 11.5+0.4¢ 18.5+0.6° 11.840.3° 24.2+0.3
ACE_ACE | 93.240.3° 96.30.22 - -
CM_ACE 91.2+0.2 95.6+0.2 - -
Blank 11.6+0.6¢ 21.740.1° 13.9+0.2° 17.9+0.4°

Means of three replicates (Mean + Std. Errors). Values within a column followed by different

lowercase letters are significantly different (p < 0.05).

Table 4.3 Summary table for statistical analysis for coulombic efficiency (CE, %)

with respect to different COD concentrations

Reactor COD600 COD1200 COD1800 COD2400
CM_CM 67.2+0.9° 110.5+6.0° 77.7+0.7° 67.9+6.6%
ACE_CM | 102.3+3.6% 73.9+4.2° 103.4+0.4° 61.3+0.5
ACE_ACE | 78.9+0.6° 88.7+1.1° - -
CM_ACE 81.4+3.5° 88.4+1.3 - -
Blank 89.346.4° 54.5+1.4¢ 81.1+1.0° 80.3+1.9°

Means of three replicates (Mean + Std. Errors). Values within a column followed by different

lowercase letters are significantly different (p < 0.05).

When ACE_CM and CM_CM were compared in terms of COD removals and CEs;
there was a statistically significant difference between their COD removals at SCOD
concentrations of 600, 1200, and 1800 mg/L (Table 4.2 and 4.3). Yet, no statistically
significant difference was found between ACE_CM and CM_CM at sCOD of 2400

mg/L, which corresponds to an operation of more than 55 days. As opposed to
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CM_ACE and ACE_ACE, a longer time was needed for ACE_CM and CM_CM
reactors to show no statistically significant difference. Hence, if the aim is to feed
MECs with a complex waste it is suggested that biofilm formation also started with

the same complex waste.

Our results also clearly show that the biofilm formation protocol, i.e., the type of the
primary substrate and the source of inoculum, does not significantly impact the COD
removals during the test period, and it is mostly related to the complexity of the
substrate.

4.1.4 Electrochemical analysis of the electrodes at different stages

The SEM images showing the presence of microorganisms on the anodes, and
current production together imply that exoelectrogenic microorganisms were
enriched in the MECs. As proof, CV curves of both ACE fed MEC anodes (dashed
line in Figure 4.7A) and CM fed MEC anodes (dashed line in Figure 4.7B) showed
a sigmoidal curve with clear oxidation peaks. However, as there was not sufficient
biofilm on the anode of the Blank reactors, no such peak was observed on the anode
of the Blank MECs (dashed line in Figure 4.7C). This is also consistent with the
SEM images. The sigmoidal CV curve is typical for direct electron transfer and has
been also observed with model exoelectrogens such as Geobacter (Fricke et al.,
2008).

62



ANODE
25 7
1 (A) CM_CM
15 ]
< ]
E 05 ]
€ ]
[ ]
= -0.5
= .
o ]
-15 7
'2.5 ] T T T T T T T T T T T T T T
-0.8 -0.6 -0.4 -0.2 0
Anode potential (V vs. Ag/AgCI)
= ==« Biofilm formation
e Test
Abiotic control
4 §(B) ACE_CM P
3 o257
3 1 ,f'
— ] K
< E K
é 2 9 Iy’
= E ¢
c
g 1 E ,/’l
] v
S O PR T =
1]
'2 : T T T T T T T T T T T T T T T T
-0.8 -0.6 -0.4 -0.2 0
Anode potential (V vs. Ag/AgCl)
= === Biofilm formation
Test
Abiotic control
2

(C) Blank

Current (mA)
o

2 ]

-0.8 -0.6 -0.4 -0.2 0
Anode potential (V vs. Ag/AgCl)
= === Biofilm formation
Test
Abiotic control

N
~

o
N
P

0.4

Current (mA)
o

'

o

N
1

CATHODE
1(D) CM_CM

-0.8 -0.6 -0.4 -0.2 0
Cathode potential (V vs. Ag/AgCl)

= === Biofilm formation
Test
Abiotic control

0.5 1 (E) ACE_CM
] ‘l’. s'
~ 0.3 1 7 f
< 1 7
E 77 /
: 0 1 7 ,v' 4
S 1 "'-—’ '1’
5-014 2 -
o ] ‘\\ 'v"
-0.3 ] T
-0.8 -0.6 -0.4 0.2 0

Cathode potential (V vs. Ag/AgCl)

= === Biofilm formation
Test
Abiotic control

i (F) Blank

-0.8 -0.6 -0.4 -0.2 0
Cathode potential (V vs. Ag/AgCl)
= = == Biofilm formation
Test
Abiotic control

Figure 4.7 CV graphs of anodes of A) CM_CM, B) ACE_CM, C) Blank reactors
and cathodes of D) CM_CM, E) ACE_CM, F) Blank reactors



CV curves of the CM_CM and ACE_CM cathodes both showed a reduction peak
between the potential of —0.35 and —0.65 V vs. Ag/AgCl on day 10, and yet there
was no such reduction peak in the Blank reactors. As biofilm formed in the Blank
reactors by the end of the test period, the final CV of the Blank reactors also showed
a similar reduction peak (straight line, Figure 4.7E) as in CM_CM and ACE_CM
CVs. This is another proof of the late biofilm formation on the electrodes of the
Blank reactors and the need for a longer time. CM_CM and ACE_CM cathodes
showed a clear cathodic reduction peak between —0.35 and —0.65 V vs. Ag/AgCl
with a midpoint potential around ca. —0.5 V vs. Ag/AgCl. The midpoint potential in
the Blank reactors was around —0.4 V vs. Ag/AgCl. No appreciable peak was
observed in the bare electrodes placed in the abiotic control. Similar CV curves to
our work were obtained when thermophilic electomethanogenic biocathodes
prepared in single chamber MECs were later used as cathodes in two-chamber MECs
(Fu et al., 2015). The presence of the catalytic wave similar to our results with a
midpoint potential of around —0.55 V vs. Ag/AgCl (-0.35 V vs. SHE) was observed
in another study, indicating the presence of direct electron transfer mechanism in
electromethanogenic MECs (Fu et al., 2015).

4.1.5 Archaeal community

The diversity of archaea on the CM_CM anode and CM_CM cathode appears to be
similar except for minor differences. In the CM_CM anode biofilm, the unidentified
species belonging to the genus Methanoculleus and Candidatus methanogranum
were the most abundant archaea with rates of 45.4 % and 44.1 %, respectively
(Figure 4.8).
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Figure 4.8. Microbial community structures based on the relative abundance of 16S
rRNA sequences of AD seed, filtered CM, and biofilms of the electrodes in MECs
at the archaeal genus level

In the CM_CM cathode biofilm, the same archaeal species were dominant with
47.9% and 33.9%, respectively. Methanoculleus is a hydrogenotrophic methanogen;
hence capable of using H> released from the cathode surface for the reduction of CO>
to CH4 (Eq. 2 and 3) (Cheng et al., 2009). On the other hand, members of the family
Methanomethylophilaceae, including the genus Candidatus methanogranum, are
methylotrophic methanogens using hydrogen-dependent reduction of methanol to
CHs; (H2 + CH3OH — CHs + H20) (lino et al, 2013). Family
Methanomethylophilaceae are among those methanogens that are mostly associated
with the digestive tracts of animals, which explains their presence in CM-associated

reactors (Cozannet et al., 2021). The existence of the genus Methanoculleus in
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methanogenic communities of BES such as AD — MEC systems have been
previously reported (Bo et al., 2014). However, the significant presence of the genus
Candidatus methanogranum was rare to the best of our knowledge. It is clear that
the microbial diversity that can form biofilms on the electrodes of Blank reactors
comes only from CM. When the diversity of archaea in the anode and cathode of the
Blank reactors was examined, it was revealed that communities of bioanode and
biocathode were quite similar even though the ratios of the genera were different
(Figure 48). The most abundant archaea in Blank reactors belong to the genus
Methanoculleus, with a ratio of 92.9% at the anode and 73.4% at the cathode. When
the archaeal diversity analysis of CM alone was examined, it was observed that
Candidatus methanoplasma (97.0%) from the family Methanomethylophilaceae is
the dominant species, which has also been detected in the archaeal microbiome of
mesophilic biogas plants located in Italy that are fed cattle sewage and corn silage
(Agrimonti et al., 2022). However, in anode and cathode biofilms of MECs that were
fed with CM, the relative proportion of this genus decreased with the increase in the
diversity during the electromethanogenesis process (Figure 4.8).

In the ACE_ACE cathode biofilm,  Methanospirillum  (87.6%),
Methanocorpusculum (7.0%), and Methanoculleus (3.2% listed under others in
Figure 4.8) stand out as the three dominant archaeal genera which are
hydrogenotrophic (Demirel and Scherer, 2008). In addition to these, metagenome
analysis of the biofilm on ACE_ACE cathode also identified the members of
methylotrophic  order  Methanomassiliicoccales,  hydrogenotrophic  order
Methanomicrobiales, as well as a well-known acetoclastic methanogen
Methanosaeta in small proportions (Demirel and Scherer, 2008). Although ACE is
the only substrate in the ACE_ACE reactor, acetoclastic methanogens appear to have
a relatively small abundance in diversity, as noted above. Many studies reported that
hydrogenotrophic methanogens are dominant in MEC cathode biofilms, whereas
acetoclastic methanogens are less abundant (Dykstra and Pavlostathis, 2017). Our
results are consistent with the results of previous studies. Here, the presence and

activities of syntrophic acetate-oxidizing (SAO) bacteria on the electrodes should be
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noted. SAO bacteria work in coordination with hydrogenotrophic methanogens to
perform a two-stage conversion. In the first stage, SAO bacteria produce Hz and CO»
via the degradation of ACE, then these products are consumed by hydrogenotrophic
methanogens to produce CH4 (Westerholm et al., 2018). Recently it was reported
that SAO bacteria replace acetoclastic methanogenesis during the anaerobic
degradation of biowaste (Dyksma et al., 2020). The close association between these
two groups makes the dominance of hydrogenotrophic methanogens clear, especially
in cathode biofilms. When anode archaeal microbial community distribution is
analyzed, we observe mostly similar distribution of archaeal microbial community
to their respective cathodes especially in single substrate MECs of ACE_ACE,
CM_CM, and Blank. In the case of cross-feeding of CM and ACE, differences
between archaeal communities in the anodes and cathodes were observed. For
example, the CM_ACE anode was populated with the Methanosarcinaceae family,
while it was not present in the CM_ACE cathode. It is reported that this family is the
most adaptable among all methanogens regarding the variety of the substrates they
are capable of using; for instance, some can utilize methanol, multiple species can
use hydrogen, some use acetate and there are also others capable of utilizing other

substrates such as carbon monoxide (Oren, 2014).

4.1.6 Bacterial community

It was revealed that there was a highly diverse range of bacterial communities on the
electrode biofilms when compared to the archaeal diversity, as shown by the higher
contribution of others (<5% abundance) in Figure 4.9. 16s rRNA amplicon-based
microbial diversity results identified over one hundred bacteria at the genus level. In
general, it was observed that the dominant phylum on the anodes is Desulfobacterota,
to which the genus Geobacter belongs. On the other hand, Firmicutes, to which the
SAO bacteria species of the dominant phylum were present on the cathodes (Figure
4.9). In fact, Geobacter, the model exoelectrogens commonly found in MECs, was
the most dominant genus in all anode biofilms (Figure 4.10).
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Further, the ratio of phylum Bacteroidota in biofilm samples taken from all
electrodes is undeniable. It was present by 18.1% in AD seed and 39.3% in filtered
CM. Its higher abundance in the CM sample played a role in its relatively higher
abundance on the cathodes of MECs fed with CM. For example, Class Bacteriodota
belonging to phylum Bacteroidota was present at 21.7% on the cathodes of Blank
reactors, 19.1% on the cathodes of CM_CM reactors, 20.6% on the cathodes of
ACE_CM reactors, 14.5% on the cathodes of CM_ACE reactors, and less than 10%
(~9.3%) on the cathodes of ACE_ACE reactors. A similar observation was noted for
the anodes; the lowest abundance was present in ACE_ACE anodes, among others.
The presence of exoelectrogenic species belonging to the Class Bacteriodota on the

anodes of bioelectrochemical reactors has also been reported in other studies (Kutlar
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et al., 2022). In general, it was observed that the bacterial diversity distribution on
the cathodes was proportionally more balanced than on the anodes, and anodes

created a more selective environment for bacteria.

When the hierarchical clustering of the isolated DNA samples from both electrode
surfaces of each MEC, the initial AD seed, and filtered CM was analyzed according
to the UPGMA (Figure 4.11), and two distinct communities on anodes and cathodes
were statistically distinguished as expected. Community cluster analysis proved that
the primary substrate has critical importance in the formation of microbial biofilm
on the electrodes and the impact of cross-feeding was not significant on the biofilm
microbial population. In other words, after biofilm formation on the electrode surface
is completed upon feeding the primary substrate, changing the substrate does not
help to reshape the biofilm entirely, and the first settlers resist the biofilm. This
explains why the performance of reactors decreased when the substrate was changed.
A similar observation was reported recently by Harnish and Korth (2021), where
they report that the microorganism that first colonized on the electrode occupies the
surface and hence forms most of the biofilm community. In our work, during the
biofilm formation stage, we did not add any CM to ACE fed reactors; hence
microorganisms originating from CM may not have predominated in the biofilm of
these MECs. For instance, among the anode microbial community, we observed that
ACE_CM and ACE_ACE were related more closely than the cluster of CM_CM,
CM_ACE, and Blank reactors, all of which received only CM during the biofilm
formation stage (Figure 4.11). Detailed analysis of Figure 4.10 shows that Geobacter
abundance on the anodes of CM_ACE and Blank reactors was relatively higher than
CM_CM; hence they are clustered closely. When cathodes were analyzed, we
observed that ACE_ACE cathodes were less similar to others; which can be
explained by the fact that this reactor never received CM while all others received
CM. For example, although not dominant a significant presence of Geobacter was
observed in the ACE_ACE cathodes. This may be explained by DIET between
Geobacter and Methanofastidiosum, which was recently reported to be possible in a

recent study (Konig et al., 2022). Among CM receiving reactors, CM_CM and
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CM_ACE were more closely related than the Blank cathode indicating the

importance of the seed on cathodic biofilm formation.
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Figure 4.11. Microbial community structures based on the relative abundance of 16S
rRNA sequences of AD seed, filtered CM, and biofilms of the electrodes in MECs

the via hierarchical clustering tree

4.2  Set 2: Anaerobic Digestion - Microbial Electrolysis Cell (AD-MEC)

integration

4.2.1 Biofilm Formation

Initial Current Production and Cyclic Voltammetry

The experimental design of the test period of biofilm formation in Set 2 is given in
Table 3.5 and Figure 3.5. The current density during the first 28 days of the biofilm
formation stage is shown in Figure 4.12. Around 4 days after the incubation of
MECs, current production started in both MECs with GAC and MECs without GAC.

The current production dropped after almost 8 days. Hence, the first cycle lasted
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around 8 days. Once the current density dropped to below 0.08 mA/cm?, a new cycle
was started via injection of the substrate. Later on, based on the increase in the
biofilm amount on the electrodes, the cycle time decreased to 4 days. In this stage,
there were 4 cycles in total corresponding to 28 days of total operation time. The
highest current density during this initial phase averaged at 0.189 + 0.08 mA/cm? in
MECs without GAC while the average peak current was around 0.216 + 0.06
mA/cm? in MECs with GAC. At the end of day 28, CV was performed for both
anodes and cathodes to monitor the presence of biofilm on the electrodes. The yellow
lines in (Figure 4.13A and 4.13B) belong to the bare electrode as abiotic controls.

No appreciable peak was observed in the bare electrodes placed in the abiotic control.

The cathodic and anodic peaks for MEC_noGAC and MEC_GAC are shown in
Figures 4.13A and 4.13B. The cathodic and anodic peaks for MEC_noGAC and
MEC_GAC are shown in Figures 4.13A and 4.13B. The CV results for anodes of
MEC_noGAc and MEC_GAC showed a sigmoidal curve with clear oxidation peaks.
The sigmoidal CV curve is characteristic of direct electron transfer, and it has been
seen in the field with model exoelectrogens like Geobacter (Fricke et al., 2008). The
cathode CV results for both MEC_noGAC and MEC_GAC showed a reduction peak
between the potential of —0.35 and —0.65 V vs. Ag/AgCl with a midpoint around -
0.5V vs Ag/AgCl. Another research found a catalytic wave with a midpoint potential
of —0.55 V vs. Ag/AgCl (-0.35 V vs. SHE) in electromethanogenic MECs,

confirming direct electron transfer (Fu et al., 2015b).
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Figure 4.13 Cyclic voltammetry graph for A) cathode, B) anode after 28 days of
operation

Performance of MEC test

Before completion of the biofilm formation stage, each of the MECs was operated
for two more cycles in fed batch mode. This time as described in the Materials and
Methods section, the reactor content was emptied and refilled to start a new cycle.
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During the first MEC cycle, the MEC _noGAC produced an average of 277.9+35.3
mL/L of CH4, while during the second cycle, they produced 297.9+17.9 mL/L
(Figure 4.14A). On the other hand, the MEC BioGAC produced 324.6+18.5 mL/L
CHys during the first cycle and 395.3+26.2 mL/L CHa4 during the second cycle (Figure
4.14A). Even though the difference in the first cycle was not significant there was
around 28% higher CH4 production in the presence of BioGAC during the second

cycle.

Coulombs transferred, current density, and charge accumulation graphs are shown
in Figure 4.14B and Figure 4.15. Both the current densities and coulombs transferred
were similar in the absence and presence of GAC, hence it may be concluded that
the presence of GAC did not have a significant impact on the performance of
exoelectrogenic microorganisms colonized on the anode surface. The position of the
anode electrode within the MEC is a probable explanation for the identical current
output in the MEC_GAC and MEC_BioGAC. There was no contact of GAC with
the anode electrode, hence its impact on anodic biofilm may be lower.
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Figure 4.14 A) CH, production B) Total number of Coulombs transferred during
fed-batch operation of MECs at the biofilm formation stage

74



0,20 600

1(A) 1 (B)

g ] 6500;

S 0,15 = ]

< ] S 400 ]

£ 1 3 ]

> 1 2 ]

£'0,10 A £ 300 A

2] g 3

c (S ]

() Q _

S $200:

$ 0,05 - o ]

o Y =

2 MEC_noGAC 8 100 ]

© ] MEC_bioGAC | ©O ]

0,00 TTITrrrrrrrrrr[rrrrr[rrrrprorrrs 0-lllllllll|llll|llll|llll|llll
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (days) Time (days)

Figure 4.15. A) Current density B) Charge accumulation graph during fed-batch
operation of MECs at the biofilm formation stage

Comparison of Set 1 and Set 2 Data

In order to see how scaling up the reactors from 15 ml to 65 ml active volume affects
the MEC performance during the biofilm formation stage, we compared the results
of CM_CM reactors from the first set of experiments with MEC_withoutGAC
(Figure 4.16A and 4.16B). To do this, we have used the same sCOD (1200 mg/L)
cycle data. We normalized the coulombs transferred to the surface area of the
electrodes used in Set 1 and Set 2. The normalized coulombs transferred for 15 mL
and 65 mL active volume were 25.13+0.9 and 26.20+0.1 C/cm?, respectively. Also,
the normalized CH4 production in 15 mL active volume reactors of Set 1 averaged
297.2244.64 mL/L, and CH4 production in 65 mL active volume reactors of Set 2
averaged 287.9+10 mL/L. These results show that there was a similar performance
of MEC batch cycles after scaling up the reactor size from 15 mL to 65 mL active

volume. See Appendix B for the details of the calculations.
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422 Test Period

Methane production and organic removal

The experimental design of the test period of Set 2 is given in Table 3.7 and
illustrated in Figure 3.5. The cumulative CH4 production of the AD-GAC, AD-MEC,
and AD-MEC-GAC groups is shown in Figure 4.17A-C. Moreover, cumulative CHa,
net CH4 yield and production rate parameters (lag time, and maximum CHya
production rate), equivalent CH4 of current, and VS removal are summarized in
Table 4.4 for 100 mM PBS and Table 4.5 for salt media. The modified Gompertz
fittings and experimental data of all reactors are shown in appendix D for 100 mM
PBS media and Appendix E for salt media. The lag time and maximum CHjs
production rate were calculated via modified Gompertz fitting to the cumulative CHa
production and the equivalent CH4 of current was calculated assuming all current is
used for CHs4 production, i.e., 100% cathodic recovery. An example calculation for

all these parameters is provided in Appendix B.

When 100 mM PBS was used as the medium, the conventional AD (AD-noGAC)
reactor produced 88.44 + 1.7 mL CHjy leading to around 49.9 + 2.6 CH4/g V Sadded as
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yield during 45 days. Upon extension of the batch cycle to 61 days, total cumulative
CHa production was increased to 129.9 + 1.2 mL corresponding to a net CH4 yield
of 112.6 £ 1.7 mL CH4/g VSadded, (Table 4.4). The long lag time of around 25 days
as well as CH4 production lower than Blank reactors is an indication of strong
inhibition in the AD-noGAC reactors. In a study for evaluating the effect of
phosphorus enrichment on digester performance, different concentration of
phosphate (500, 1000, and 2000 mg/L) PO4-P was added to AD reactors, The results
demonstrated that reactors with 500 mg/L started CH4 production after 11 days and
on day 18 produced 85% of CHs which control reactor without phosphorus did
produce. The reactors with 1000 and 2000 mg/L phosphorus produced the same as
the control reactor after 46 and 71 days respectively (Carliell-Marquet & Wheatley,
2002). The PO4-P concentration in 100 mM PBS is around 3000 mg/L which could

be the reason for inhibition in the AD-noGAC reactor.

The cumulative CH4 production and CHa yield for AD-FreshGAC during 45 days of
operation were 130.9 + 3.1 mL and 114 £ 4.6 mL CHa/g V Saddeq, respectively. Even
though the cumulative CH4 production and yields are similar, the presence of fresh
GAC increased the CH4 production rate by 70% and decreased the lag time by 62%
when compared to conventional AD. Using conductive materials such as GAC
boosts the CH4 generation rate and reduces the lag time, by promoting DIET in the
microbial consortium (Lovley, 2017; J. H. Park et al., 2018). As opposed to MIET
electron transfer via DIET does not have the same diffusion constraints therefore the
rate of conversion is higher (Lovley, 2017; J. H. Park et al., 2018). When bioGAC
was amended (AD-BioGAC), the reactors produced 183.5 + 2.3 mL cumulative CH4
corresponding to a yield of 193.8 + 3.4 mL CHa/g VSadded during 45 days. Adding
bioGAC in conventional AD reactors increased the CH4 production rate by 63% in
comparison to AD-noGAC. The lag time for conventional AD reactors without GAC
amendment was around 25 days, which shows the inhibitory effect of 100 mM PBS
medium on the AD process. However, using the bioGAC in the AD reactors dropped
the lag time to 1.8 days. It is reported that the addition of GAC adsorbs the inhibitory
compounds and hence improves AD performance (Aktas & Cegen, 2007; Poirier et
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al., 2017). The better performance of AD-BioGAC reactors compared to AD-
FreshGAC could be the microbial aggregation on GAC during the biofilm formation
stage (Cayetano et al., 2022).
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* The results during 45 days of batch operation.
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The total CH4 production in the OC-Bioel-noGAC reactor was similar to Bioel-
noGAC and 12% higher than Bareel-noGAC reactors. However, the modified
Gompertz results revealed that the required start-up time for this reactor was 120%
longer than Bioel-noGAC and 70% longer than Bareel-noGAC. Chen and colleagues
stated that applying electrical stimulation could expedite the hydrolysis process
(Chen et al.,2016). The CHs production yield in the OC-Bareel-noGAC reactor
produced was 67.5 + 1.3 mL CHa4/g VSadded as of day 45 and when compared to the
other OC reactor (OC-Bioel-noGAC) this amount is less than 50%. The difference
between the two OC reactors comes only from the biomass colonized on the
electrodes (Ying Chen et al., 2016). The presence of bioelectrodes clearly reduced
the lag time of the reactors. Also, in the literature, it is reported that the
microorganisms attached to a carrier surface may better tolerate adverse conditions

than suspended microorganisms (Falas et al., 2012).

During batch experiments with 100 mM PBS medium, regardless of whether there
was applied voltage, all BioGAC amended reactors (AD-BioGAC, Bioel-BioGAC,
Bareel-BioGAC, OC-Bioel-BioGAC, OC-Bareel-BioGAC) started CH4 production
after two days. Also, the CH4 production yields in these reactors were ranked the
highest five among all reactors. Between the FreshGAC amended reactors, although
the performance of the reactors when the voltage was applied was slightly lower than
their OC controls (Bioel-FreshGAC vs. OC-Bioel-FreshGAC) and (Bareel-
FreshGAC vs. OC-Bareel-FreshGAC), the modified Gompertz results analysis
showed that application of voltage shortened the lag time. The lag time in OC-Bioel-
FreshGAC was around 6.6 and dropped to 1.8 days in Bioel-FreshGAC. The lag time
in OC-Bareel-FreshGAC was around 12.6 and dropped to 5.9 days in Bareel-
FreshGAC. The results of reactors' operation with 100 mM PBS suggest that
integrating AD with MEC or amendment of conductive material in AD systems
increases the stability of the reactors.

Because there was a significant inhibition in AD reactors via the use of 100 mM

PBS, a salt media was used in the second cycle, in this salt media P concentration
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was significantly lowered yet the same conductivity level of 8 mS/cm was
maintained via various salt additions. (See Figure 3.5 for the experimental design.)
The same performance parameters (CH4 production yield, lag time, CH4 production
rate, etc.) were calculated with salt media and summarized in Table 4.5. In this case,
there was no long lag time as opposed to 100 mM PBS. When the modified salt
medium was used, the cumulative CH4 production reached 174.6 + 1.4 mL in the
AD-noGAC reactor with a net CHs yield of 247 mL CHa/g VSadded in 30 days of
operation. This is more than twice the yield with 100 mM PBS media. The
cumulative CH4 production and CHj4 yield for AD-FreshGAC were around 250 mL
CHoa/g VSadded. Fresh GAC did not significantly affect CH4 production, however, it
decreased the lag time by 37% in comparison to AD-noGAC. Using the modified
medium instead of 100 mM PBS resulted in 298 mL CHa4/g VSadded Net CH4 yield
during 30 days batch cycle in BioGAC amended AD (AD-BioGAC) reactors. The
biomass attached to GAC within the reactors might be responsible for the 15%
increase in cumulative CHs output (Lee et al., 2016). Besides that, salt medium
BioGAC amendment increased the CH4 production rate by 10.7% as compared to
AD-noGAC.
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As compared to 45 days of operation with 100 mM PBS medium, the cumulative

CHa production plateaued after 30 days in the salt medium. Bioel-noGAC reactors
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showed an 8% improvement in total CH4 production and an 11% improvement in
net CHy yield compared to OC-Bareel-noGAC reactors. External voltage application

as well as using biofilm-attached electrodes are responsible for this increase.

Bareel-FreshGAC reactors produced around 180 mL CHg; yet, with biofilm formed
electrodes and bioGAC (Bioel-BioGAC), the amount of CHa increased to 208 mL
(Table 4.5). The cumulative CH4 production results suggested that biofilm attached
electrodes (Bioel) and GAC (BioGAC) can increase CH4 production by 14%
compared to the Bareel-FreshGAC system. The net CH4 yield results suggest that
using bio-GAC in reactors can increase the net CHs yield by more than 28% despite

the type of reactor.

The VS removal of the reactors is shown in Tables 4.4 and 4.5. The VS removal of
conventional AD reactor (48.9 = 1.5%) and OC-AD-MEC-Bareel reactors (46.4 +
0.4%) with 100 mM PBS solution after 61 days batch cycle was highest among all
the reactors of the test period. Other than the mentioned reactors, the organic removal
of all reactors was similar during the 45 days of batch cycle with 100 mM PBS
solution (averaged at 29.8 =4.7%). Similarly, when the salt medium was used during
the 30 days batch cycle, all reactors had almost identical VS removal (average of
29.6 + 4.6%). CM has a complex structure (lignin, cellulose, and hemicelluloses),
and this complexity slows down its degradation (Font-Palma, 2019). The higher VS
removal of conventional AD reactors and OC-Bareel-noGAC reactors could be due
to longer incubation times than other reactors. Even though the batch cycle of
reactors with 100 mM PBS was a total of 45 days; which is 15 days longer than those
with salt medium, their VS removals were similar. Despite the longer batch cycle,
the similar organic removals with 100 mM PBS and salt medium suggests that being
exposed to high phosphate concentration due to 100 mM PBS media, inhibits the AD
mechanism and slows the organic degradation (Carliell-Marquet & Wheatley, 2002).
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Current Generation in AD-MEC Reactors during Test Period

During the two cycles, the change in current density in reactors was monitored to
evaluate the bioelectrochemical system's contribution to CH4 production (Figure
4.18) (see Appendix F for duplicate reactors). When utilizing 100 mM PBS instead
of the salt medium, exoelectrogenic bacteria function better on the anodic surface,
as seen by both the current density and charge accumulation graphs. In the AD-MEC
group, the reactors with bioelectrodes (Bioel) produced 0.05 + 0.002 mA/cm? stable
current during the first 20 days of the experiment, and then the current density
dropped to around 0.02 + 0.005 mA/cm?. There was no peak current in these reactors
and it is expected as there was already biofilm on the electrodes. On the other hand,
the reactors with bare electrodes started the current production after 3 days and
reached a peak of 0.18 + 0.1 mA/cm? on day 9, and then on day 17, a second peak
around 0.12 = 0.1 mA/cm? was seen. The Current eventually dropped to 0.03 = 0.003
mA/cm? at the end of the batch cycle with 100 mM PBS medium. The second peak
was observed in the Bioel reactors as well, but not distinct as in Bareel reactors.
According to the research that has been published, the first peaks might be the result
of the breakdown of carbohydrates, while the second peaks could be the result of the
degradation of crude proteins and lignocelluloses (Xing et al., 2021; C. Zhang et al.,
2018).

The charge accumulation graph shows that reactors with bare electrodes produced
3071 + 99 C, which is 40% higher than reactors with bioelectrodes 2452 + 134 C. In
the second cycle with salt medium, the Bioel reactors produced a stable current
density of 0.03 + 0.002 mA/cm? during the first 12 days and then dropped to 0.006
+ 0.002 mA/cm? at the end of the experiment. However, the reactors with bare
electrodes started the current production after 4 days and reached 0.12 + 0.03
mA/cm? after 6 days and finally dropped to 0.006 + 0.001 mA/cm?. The trends in
current generations with the two medias for both Bioel-noGAC and Bareel-noGAC
were similar yet the generated current was different among all the reactors.

Accordingly, the charge accumulation graph shows that the total charge transferred
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with 100 mM PBS was ~3.1 times higher than the salt medium. The charge

transferred for Bioel reactors was 675 = 120 C, while for the bare electrode reactors,

it was 53% higher with 1162 + 22 C.
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Among the GAC added reactors there was no change with the presence of

bioelectrodes. In other words, during the batch cycle with 100 mM PBS, both Bioel-
FreshGAC and Bioel-BioGAC produced 0.08 + 0.005 mA/cm? stable current until
day 10 and then gradually dropped to 0.003 = 0.0005 mA/cm?. The highest current
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density between GAC amended reactors belongs to Bareel-BioGAC reactors, which
produced the highest peak current of all the reactors of 0.19 + 0.01 mA/cm? and also
the peak current in this reactor was reached faster than all of the others. In Bareel-
BioGAC the peak was reached on day 5 of incubation and then gradually dropped
after 1 day. The Bareel-FreshGAC reactor peaked on day 8 with a comparatively
high peak current of 0.23 £ 0.05 mA/cm?. At the end of the first batch cycle, the
current density for all the GAC amended reactors was 0.003 + 0.0005 mA/cm?.

The GAC amended reactors, with 100 mM PBS Bareel-FreshGAC reactors showed
the highest charge transferred with 2503 + 73 C. The charge transferred for the Bioel-
BioGAC, Bioel-FreshGAC, and Bareel-BioGAC reactors were similar; 2119 + 297
C, 2020 £479 C, and 2127 + 53 C, respectively. During the second cycle with salt
medium, the reactors performed similarly to the cycle with 100 mM PBS medium
with a lower current density peak as in AD-MECs without any GAC. The highest
current density belonged to the Bareel-BioGAC reactor with 0.17 + 0.03 mA/cm?
and Bareel-FreshGAC showed a peak of 0.14 + 0.02 mA/cm?. The Bioel-BioGAC
reactor's peak current density was 0.04 = 0.08 mA/cm? and the lowest peak current
density was Bioel-FreshGAC with 0.02 + 0.07 mA/cm?2. Accordingly, Bareel-
BioGAC reactors transferred the highest charge between the anode and cathode with
918 + 5 C. Bareel-FreshGAC, Bioel-BioGAC, and Bioel-FreshGAC transferred 761
+21C, 626 +97 C, and 467 + 128 C, respectively.

The decrease in current production indicates the depletion of available substrate for
anodic oxidation (Z. Zhao et al., 2016a). Based on the charge accumulation trend, in
100 mM PBS medium, although the current production did not stop, the rate
decreased after 20 days from the start of the batch cycle. On the other hand, with the
salt medium, the trend of charge accumulation for both Bioel and Bareel reactors
plateaued after 15 days. The reason could be the inhibitory effects of 100 mM PBS
which suppress the microorganisms in the bulk solution. Therefore, the electroactive
microorganism on the anode surface becomes the main consumer of available
organics in the reactor. In the reactors amended with GAC, regardless of buffer
medium type, the charge accumulation graph plateaued between 15-20 days after the
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start of batch cycles. The reason could be the availability of GAC in the reactors,
which decreased the inhibitory effect of 100 mM PBS (Kutlar et al., 2022).
Therefore, the available microorganisms in bulk solution also consumed the

organics.

The produced current due to the oxidation of organics by exoelectrogenic bacteria is
expected to be used by electroactive methanogens on the cathode surface (Cheng et
al., 2009). Assuming all the produced currents were converted to CH4 on the
biocathode, the equivalent produced CHg is theoretically calculated in Tables 4.4 and
4.5. Comparison of equivalent CH4 produced from current given in Table 4.4 and
4.5, regardless of reactor type, the 100 mM PBS added reactor produced 67 + 6%
higher than the corresponding reactor with the salt medium. Since the conductivity
of both 100 mM PBS and salt media was the same (8 mS/cm), factors other than
conductivity also affect the function of exoelectrogenic bacteria. It is stated that PBS
decreases the internal resistance of the cell and improves the current production
performance (Ruiz et al., 2016). Ruiz and colleagues (2016), operated MECs with
PBS, high conductivity, and low conductivity media. The high conductivity media
had the same conductivity as PBS media, however, results showed that MEC with
PBS had better performance compared to both high conductivity and low

conductivity media.

As indicated in Tables 4.4 and 4.5, CHs production in AD-MEC reactors was
comparable to that of their OC controls (no applied voltage). When equivalent CH4
from the current was taken into account, these variations (AD-MEC vs. OC) were
expected to be higher. As a result, the difference in CH4 production between AD-
MEC reactors and their OC controls is not correlated with equivalent CH4 production
from the current. For example, with 100 mM PBS medium, AD-MEC-Bioeel
reactors produced 150.6 + 7.1 mL, and its open circuit control produced 153.1 £ 7.5
mL of CHa; however, the equivalented CH4 based on its produced current was 80.3
+ 4.4 mL. One possible reason could be the slower rate of methanogens compared to

the current production rate by exoelectrogenic bacteria (J. Zhang et al., 2013).
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Energy recovery efficiencies

The current density graph shown in Figure 4.18 illustrates that in both 100 mM PBS
and salt medium, bioelectrode reactors produce less current than reactors with bare
electrodes. This has far-reaching implications as the energy requirement due to
external voltage addition in these reactors will be much less in comparison to higher

current density producing reactors.
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AD-MEC systems will be regarded energy positive when the energy needed to
deliver voltage to them is less than the difference in CH4 generation between AD and
AD-MEC systems. In Figure 4.19, when the change in energy efficiency is greater
than 1, it shows the system is energy positive. In 100 mM PBS medium, all the
reactors were energy positive, except Bareel-noGAC and Bareel-FreshGAC. Bareel-
noGAC and Bareel-FreshGAC had longer lag times, it took 12 and 20 days for them
to become energy positive, respectively. As shown in Figure 4.19, the efficiency for
all the reactors dropped after day 28, when conventional AD reactors started to

produce more CHa.

Three reactors Bioel-noGAC, Bareel-BioGAC, and Bareel-BioGAC were always
energy positive compared to the AD control when the salt medium was used. The
Bioel-FreshGAC efficiency fell below 1 after day 17, indicating that running these
reactors beyond day 17 was inefficient since the necessary energy for the operation
was more than their energy production when compared to conventional AD reactors.
Clearly, in continuous system operation, this information may be used to select a
retention time. A similar observation was made for Bareel-FreshGAC reactors after
day 13. Bareel-noGAC reactors, which surprisingly never became energy efficient,
had the lowest performance in terms of energy efficiency. Although the results imply
that reactors with 100 mM PBS have substantially better efficiency than those with
the salt medium, it should be that the main cause of such a significant difference is

the suppression of AD control in the presence of 100 mM PBS.

90



CHAPTER 5

CONCLUSION

The results of the first part of the experiment revealed that the presence of AD seed
minimizes the time required for biofilm development and start-up of CH4 production
from CM as opposed to no inoculum addition. The comparison of peak current
density and CH4 production data at different SCOD concentrations showed that there
is no strong relation between peak current and CH4 production. Instead, charge
accumulation graphs provide better tools for comparative analysis, as the total
Coulombs transferred is directly linked to the total CH4 production. There was no
clear advantage of using ACE during biofilm formation for CM fed reactors;
therefore, using CM instead of ACE decreases the operational cost. Therefore, for

biofilm formation in the AD-MEC experiment, CM was used as a substrate.

Comparing the results of the AD-MEC experiment based on the buffer solution type
showed that using 100 mM PBS improves the electrochemical characteristic of
reactors such as current production and peak current density. However, it negatively
affects the net CH4 yield, CH4 production rate, and lag time. These negative effects
were more pronounced in conventional AD reactors, however: voltage application
in AD-MEC coupled system and GAC addition in bulk solution decreased these
negative effects. Using biofilm developed electrodes (Bioel) and GACs (BioGAC)
positively affected the CH4 production and kinetics, especially in severe conditions
(100 mM PBS) due to microbial aggregation on the surface. However, using bare
electrodes without voltage (open circuit) application did not show any significant
effect. Regardless of reactor type or buffer solution, BioGAC amended reactors
showed the highest CHa4 production performance. This suggests that bioGAC is the
most significant factor promoting the AD system. The current density graph
illustrated that biofilm formed reactors produce less current than reactors with bare

electrodes. This has far-reaching implications as the energy requirement due to
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external voltage addition in these reactors will be much less in comparison to higher
current density producing AD-MEC reactors. Therefore, the use of bioelectrodes
together with bioGAC improves biomethane production from animal wastes both in
terms of the yield of CHs and from the perspective of energy efficiency. The
proposed study revealed the higher effectiveness of the AD system when assisted by
MECs with GAC. This result will be useful for future research on improving AD

performance by combining diverse BESs.
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CHAPTER 6

RECOMMENDATIONS

Electromethanogenesis is a relatively new technology. Similarly, AD-MEC systems

have been studied for only ten years. Therefore, they have not been ready for

commercialization yet. Despite significant research advancements in fundamental

comprehension and bench-scale process development, several recommendations for

future research can be summarized as follows:

The results of this thesis revealed that buffer solution had a great impact on
the performance of the reactors. Therefore, further investigation is required
to find an optimal buffer solution in order to enhance the AD-MEC system
performance from both methane and current generation perspective. For this
purpose, it is suggested to run toxicity assays for the AD-MEC system using
different buffer solutions.

The viability of electro-active biofilm during the reactor operation time
period has not been assessed in this study. It could be useful to assess the
viability of biofilm by employing confocal microscopy to quantify the
abundance of the live/ cells that are present on the biofilm.

In this work, experiments were carried out with batch reactors with < 150 mL
active volume. Based on this data, a continuous reactor system at a larger
scale may be operated. Finally, executing these systems on a pilot scale

might be the next step on this long road toward commercialization.
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APPENDICES

A. Supplementary information for the Figure 2.2

Figure 2.2. Figure 2.2 Scientific publications investigating MMECs published from
2013 to 2021. This data was extracted from Scopus database using the keywords
“microbial electrolysis cell”, and “methane” (Search date: 27 July 2022) (Appendix
A).

Search criteria;

KEY (' microbial AND electrolysis AND cell AND methane) AND ( LIMIT-
TO (DOCTYPE, "ar")) AND (LIMIT-TO (EXACTKEYWORD, "Methane"
) OR LIMIT-TO (EXACTKEYWORD, "Microbial Electrolysis Cell"))
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B. Example calculations

Modified Gompertz kinetic parameter calculations:

R, Xe
P

P, =Poo><exp{—exp[ (A—t)+1]}

P is cumulative CH4 production (mL), P is CH4 production potential (mL), Rm is
the maximum specific CHs production rate (mL/d), and A is the lag phase period to
produce CH4 (days) (Fujikawa et al., 2004).

Predicted methane production using modified Gompertz formula was calculated for
each sampling. The difference between actual methane and predicted methane for

each sampling squared and then sum of all of them calculated as below.
SSR = Z(Pp - Pactual)2
n

Using solver in excel then minimum of value SSR with initial value of 1 for P, R,,,
A calculated. Later the R? value for finding the correlation between predicted and
actual methane for each reactor calculated.

Coulombs transferred calculations:

020

Area under
graph

0.15

0.10 f

)

000 +H% '
2

0 1
Time (days)

Current (A)

e\ EC_bi0GAC

Figure B.1 Example of current graph for MEC-BioGAC
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The moles of electrons (Coulombs) that transferred from anode is calculated as

below
C = [, Idt = 406.1

Asurface area = 15.5 cm?

o contome = 2061 _ ¢
normalized coulombs = —=—= = 26.6 /sz

Converting transferred Coulombs to mL methane:

First, we convert moles of electrons to the moles of methane using the formula

below:

t
_ Idt 406.1
CH4_ = ft_o =

— —4
8F ~ 8x9s4gs 2 <10

Then using ideal gas formula, we convert moles of methane to the ml methane as

below:

PV =nRT

P =1.01325 atm
T =308K

R = 0.08314

v = 5.2x 107* x 308 x 1000

1.01325 = 13.29mlL cu,
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C. Current density graphs for triplicates in Set 1
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Figure C.1 Current density graphs for triplicates in Set 1 (A) ACE_ACE (B)
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D. The Modified Gompertz Fittings of Charge Accumulation in Set 1
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Figure D.1. The modifed Gompertz model fittings of charge accumulation at 600
mg/L sCOD concentration during Set 1 (A) CM_CM, (B) CM_ACE, (C)
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ACE_ACE, (D) ACE_CM and (E) Blank (Dashed line: experimental results, Solid
line: model results)

120 1 250
o 1@»CoM.Cem : © 1 (B)CM_ACE
=100 1 =200 ]
S ] S ]
T 80 ] 8
2 ] R2=0.9990 2150 R2 = 0.9984
60 3
3 ] 3
8 40 5100
L 1 L 1
G 20 3 g 20 ]
e ] e B
O % (@) ]
o +¥rr—r—rrr—r—r—r—r—rrrrrrreeee 0 fFr——rrr—rrrrrr—rrrrreee
0,0 04 08 12 16 20 24 2,8 0,0 04 08 12 16 20 24
Time (day) Time (day)
250 7 120 1
© 1 (C)ACE_ACE O 1 (D)ACE_CM
£200 ] e
S ] S
8 < 80 ’
2150 - R2=0.9989| 2 1 R2 = 0.9905
60 7
3 3 7
5100 8 40 ]
S S ]
g 20 1 g 20 7
e 1 i 1 /4
®) ] ®] e
0 — 0 Frrrrrrrree
0,0 04 08 12 16 20 24 2,8 0,0 04 08 12 16 20 24 2,8
Time (day) Time (day)
100 1
o 1 (E) Blank
= 80 -
S ]
© 1
2 60 1 R2=0.9963
S ]
8 40
o ]
< 20 ~
< 4
O 14
0 I.I' IIIIIIIIIIIIIIIIIIIIIIIIII

0,0 04 08 12 16 20 24 2,8
Tlme(day)

Figure D.2. The modifed Gompertz model fittings of charge accumulation at 1200
mg/L sCOD concentration during Set 1 (A) CM_CM, (B) CM_ACE, (C)
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ACE_ACE, (D) ACE_CM and (E) Blank (Dashed line: experimental results, Solid

line: model results)

180 3 160 3
Gieo { OMCM ez Giso | BIACECM o
'5140 E 5120 E
F120 8100
£ 100 ; R2 = 0.9989 E ]
3 80 ' 3 80 ; R? = 0.9870
S 60 3 S 60 3
S 40 ; S 40
2 50 3 & 20 1

S < — 0 , |
0 1 2 3 4 0 1 2 3 4
Time (day) Time (day)

160 -
6140 1 (C) Blank
1203 e

R?=0.9888

Charge accumulati
(o]
o

O:.l.lllllllllllll

2
Time (day)

Figure D.3. The modifed Gompertz model fittings of charge accumulation at 1800
mg/L sCOD concentration during Set 1 (A) CM_CM, (B) ACE_CM, (C) Blank,
(Dashed line: experimental results, Solid line: model results)
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Figure D.4. The modifed Gompertz model fittings of charge accumulation at 2400
mg/L sCOD concentration during Set 1 (A) CM_CM, (B) ACE_CM, (C) Blank,

(Dashed line: experimental results, Solid line: model results)
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E. The Modified Gompertz Fittings of Methane Production in Set 2
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Figure E.1. The modifed Gompertz model fittings of cumulative methane

production with 100 mM PBS media during Set 2 (Dots: experimental results,

Solid line: model results)
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F. Current density graphs for duplicates in Set 2
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Figure F.1 Current density graphs for duplicates in Set 2 (A) Bioel-noGAC, (B)
Bareel-noGAC, (C) Bareel-FreshGAC, (D) Bioel-BioGAC, (E) Bioel-FreshGAC,
and (F) Bareel-BioGAC
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