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ABSTRACT

ELECTROLYTE IMPACT ON METHANE PRODUCTION IN
ANAEROBIC DIGESTION - MICROBIAL ELECTROLYSIS CELL (AD-
MEC) INTEGRATED SYSTEMS

Oden, Berkan
Master of Science, Environmental Engineering
Supervisor: Assoc. Prof. Dr. Yasemin Dilsad Y1lmazel Tokel

August 2024, 171 pages

The anaerobic digestion (AD) process is widely used to produce biogas rich in
methane (CHa4) that can significantly contribute to the replacement of non-renewable
energy sources. However, conditions such as volatile fatty acid (VFA) accumulation
and pH changes can reduce AD efficiency. Anaerobic digestion and microbial
electrolysis cell (MEC) integrated systems (AD-MEC) is a promising technology,
that can overcome these problems by improving electron transfer and stability of the
methanogenesis process. In an AD-MEC, microorganisms utilize organic matter and
convert it into CHs while generating electric current by applying a small voltage.
Electrolytes including phosphate-buffered saline (PBS) and carbonate buffer (CB)
are used in AD-MEC systems for accelerated electron transfer and improved AD-
MEC performance yet their impact on AD-MECs has not been evaluated previously.
In this thesis, the effects of PBS and CB on AD-MEC integrated systems fed with
cattle manure were investigated under 0.7 V and 0.9 V applied potential. In the
experiments, single chamber MECs were used with carbon fiber brush (CFB)
electrodes under mesophilic conditions and PBS concentration ranged from 10 to 50

mM while CB concentration was changed from 30 to 120 mM. The results showed



that PBS and CB positively affected the current production of AD-MECs with
current density production up to 0.23 + 0.004 mA/cm? at 0.9 V (50 mM PBS).
Nevertheless, both electrolytes inhibited CH4 production. The no-buffer AD-MECs
had the highest CHa yield in both experimental sets up to 362.0 + 1.0 mL CHa/g
V Sadded. However, the AD control reactors with the highest concentration of PBS (50
mM) exhibited the lowest CHas yield (187.6 + 17.9 mL CHa/g VSadded). Anaerobic
toxicity assays showed the negative impact of increased buffer concentration on the
AD microbial community and a reduction in CHs production performance up to 50%
(in 50 mM AD control reactor). Therefore, it is very important to optimize the
selection and concentration of electrolytes for maximizing CHa production in AD-
MECs.

Keywords: Anaerobic Digestion (AD), Microbial Electrolysis Cell (MEC), AD-
MEC Integration, Electrolyte, Methane
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ANAEROBIK CURUTME - MiIKROBIYAL ELEKTROLIZ HUCRESI (AC-
MEH) ENTEGRE SISTEMLERINDE ELEKTROLITIN METAN URETIiMIi
UZERINDEKI ETKISI

Oden, Berkan
Yuksek Lisans, Cevre Miihendisligi
Tez Yoneticisi: Dog. Dr. Yasemin Dilsad Yilmazel Tokel

Agustos 2024, 171 sayfa

Anaerobik ¢iirlitme (AC) prosesi, yenilenemeyen enerji kaynaklarinin ikame
edilmesine 6nemli 6l¢iide katkida bulunabilecek metan (CH4) bakimindan zengin
biyogaz retimi i¢in yaygin olarak kullanilmaktadir. Ancak, ugucu yag asidi (UYA)
birikimi ve pH degisiklikleri gibi kosullar AC verimliligini azaltabilir. Anaerobik
curutme ve mikrobiyal elektroliz hiicresi (MEH) entegre sistemleri (AC-MEH),
elektron transferini ve metanojenez siirecinin istikrarini iyilestirerek bu sorunlarin
ustesinden gelebilecek umut verici bir teknolojidir. Bir AC-MEH'de,
mikroorganizmalar organik maddeyi kullanarak CHa'e dontistiiriir ve kiguk bir voltaj
uygulanmasiyla elektrik akimi tiretir. Fosfat tamponlu soliisyon (FTS) ve karbonat
tamponu (KT) gibi elektrolitler, AC-MEH sistemlerinde hizlandirilmis elektron
transferi ve gelismis AC-MEH performansi i¢in kullanilmaktadir, ancak AC-MEH
"ler tizerindeki etkileri daha dnce degerlendirilmemistir. Bu tezde, FTS ve KT 'nin
sigir gilibresi ile beslenen AC-MEH entegre sistemleri tizerindeki etkileri 0,7 V ve
0,9 V uygulanan potansiyel altinda arastirilmistir. Deneylerde, mezofilik kosullar
altinda karbon fiber firca (KFF) elektrotlu tek odacikli MEH'ler kullanilmig ve FTS
konsantrasyonu 10 ila 50 mM arasinda degisirken KT konsantrasyonu 30 ila 120

mM arasinda degistirilmistir. Sonuglar, FTS ve KT’nin AC-MEH'lerin akim
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iiretimini olumlu yénde etkiledigini ve 0,9 V'ta 0,23 £ 0,004 mA/cm?'ye kadar akim
yogunlugu trettigini gostermistir (50 mM FTS). Bununla birlikte, her iki elektrolit
de CHg Uretimini kisitlamigtir. Tamponsuz AC-MEH'ler her iki deney setinde de
362,0 + 1,0 mL CH4/g UKM'ye kadar en yiksek CHa4 verimine sahipti. Bununla
birlikte, en yiksek FTS (50 mM) konsantrasyonuna sahip AC kontrol reaktorleri en
diisik CHs verimini sergilemistir (187.6 + 17.9 mL CHa/g UKM). Anaerobik
toksisite deneyleri, artan tampon konsantrasyonunun AC mikrobiyal toplulugu
uzerindeki olumsuz etkisini ve CH4 iiretim performansinda %50’ye kadar diisiis
oldugunu gostermistir (50 mM FTS kontrol reaktori). Bu nedenle, AC-MEH’lerde
maksimum CHa4 Uretimi icin elektrolit segimini ve konsantrasyonunu optimize etmek

cok onemlidir.

Anahtar Kelimeler: Anaerobik Curutme (AC), Mikrobial Elektroliz Hiicresi (MEH),
AC-MEH Integrasyonu, Elektrolit, Metan
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CHAPTER 1

INTRODUCTION

Climate change is one of the most important challenges that the World is facing. One
of the most important causes of global climate change is the carbon dioxide (COz2)
emissions caused by the excessive use of coal, petroleum, and natural gas by human
activities including rapid population expansion, urbanization, and economic
development. The use of fossil fuels for heating and transportation purposes is
responsible for around 87% of global greenhouse gas (GHG) emissions (Babin et al.,
2021). Although renewable energies have the potential to reduce GHG emissions,
their existing storage limitations hinder their ability to successfully reach the global
safe limit of 410 ppm for CO2 emissions, as recommended by the Intergovernmental
Panel on Climate Change (IPCC) (Liu et al., 2022).

Conversely, the growing human population is resulting in a significant increase in
waste production. In 2020, 4.8 tonnes of waste was generated per capita in the EU
(Eurostat, 2023). Traditional waste disposal methods such as landfilling and
incineration release a substantial amount of GHGs to the atmosphere in the forms of
methane (CHa4) and CO2. According to the IPCC, Global Warming Potential (GWP)
of CHais 28 times higher than CO:2 over a 100-year period (International Panel on
Climate Change, 2014). Thus, there is an urgent need for improved waste
management strategies that would both mitigate climate change by controlling CO-

and CHa emissions and reduce the volume of the waste.

In Turkey, livestock-based GHG emissions were estimated as 33.85 million tons
CO2-eq for 2015 (Ersoy & Ugurlu, 2020). Globally, livestock production accounts
for 14.5% of anthropogenic GHG emissions while 10% of this value comes from

animal manures (Ersoy & Ugurlu, 2020). With the manures from livestocks, such as



cattle, Turkey has an important biogas potential of up to 8.41 billion m® which is
equivalent to 10.55 TWh of energy as of 2015 (Ersoy & Ugurlu, 2020). However,
the total installed capacity of biogas plants in Turkiye is only 2172 MW (Republic
of Turkiye Ministry of Energy and Natural Resources, 2022).

Bioenergy production in the form of biogas is a promising method for waste
management. The International Energy Agency (IEA) reports that the demand for
bioenergy has grown four times over the previous few decades (Liu et al., 2022).
Biogas can be produced with a conventional anaerobic digestion (AD) process
through the degradation of complex organic matter such as agro-industrial waste
including animal manure, organic fraction of municipal solid waste (OFMSW),
algae, and aquatic plants (Dhull et al., 2024). Biogas contains around 60-70% CHa4
that can be used for various purposes namely electricity production, heating, and as

an automobile fuel (Speece, 1983).

Biogas is produced in AD through four main stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. In hydrolysis, complex molecules break down
into simpler molecules (Merlin Christy et al., 2014). In acidogenesis, acidogenic
bacteria convert the simple molecules obtained from the hydrolysis stage into
volatile fatty acids (VFAS), alcohols, hydrogen (Hz), and CO- (Merlin Christy et al.,
2014). In the acetogenesis stage, acetogenic bacteria transform the VFAs and
alcohols into acetate, Hz, and CO. (Christy et al., 2014). In the last stage of AD,
methanogenic archaea convert acetate, Hz, and CO: into CH4 (Harirchi et al., 2022).
However, the AD process has limitations such as slow hydrolysis rates due to
feedstock composition, process instability, and inhibition. In addition, the metabolic
rate of methanogens makes them susceptible to alterations in environmental factors
including organic loading rate, operating temperature, and operating pH (Millati et
al., 2020).

Microbial electrolysis cells (MECs) are promising bioelectrochemical systems that
use electroactive microorganisms to convert organic substrates into H2 or CHs with

the application of a small external voltage (Logan et al., 2008). In an MEC,



electroactive bacteria oxidize organic substrates at the anode and release electrons
and protons. The electrons flow through an external circuit to the cathode, where
they combine with protons to produce Hz in the case of an abiotic cathodic chamber
or with CO2 to produce CHys in the case of a biotic cathodic chamber (Logan et al.,
2008).

The efficiency of MECs is affected by the characteristics of the electrode materials.
The anode material should be suitable for biofilm production, have a surface area
that supports microbial growth, and high conductivity that is crucial for the
operation. Graphite, carbon cloth, and carbon felt are often used as carbon-based
electrode materials because of their economical nature and electrochemical
characteristics (Feng, Liu, et al., 2015). The performance and efficiency of MECs
are influenced by such factors, including applied voltage, substrate type, electrode
spacing, electrolyte type, and reactor configuration. Usually, an external voltage
within the range of 0.2 to 1.0 V is used to surpass thermodynamic barriers and
facilitate electrochemical performance in the presence of a suitable electrolyte
solution (Rozendal et al., 2008).

By inserting two electrodes—a cathode and an anode—into conventional AD, the
combination of AD and MEC (AD-MEC) forms a novel technology. AD-MEC
systems have the potential to enhance the AD process by boosting the rate of CH4
production and overcome the limitiations of AD process (Zakaria & Dhar, 2019).
The charges produced in the electrode surface are transferred by either an electrical
circuit or by ions in the bulk solution that have a particular electrolytic/ionic
conductivity (Harnisch et al., 2023). Chemical compounds such as NaHPOu,
NaHCOs, NaCl, HNOg, etc. that dissociate into ions are known as electrolytes. The
electrolyte is initially neutrally charged and they split into anions and cations upon
addition to the solution (Harnisch et al., 2023). Phosphate-buffered saline (PBS) is a
widely used electrolyte in bioelectrochemical systems (BES) such as MECs and has
been reported to accelerate mass transfer, reduce internal resistances caused by the
bulk solution, and balance the pH (Miller et al., 2019). Although used in high
concentrations (up to 200 mM) in MECs and other bioelectrochemical reactors



(Miller et al., 2019), the effect of PBS and other electrolytes on AD-MEC systems
has not been investigated in a systematic manner. MECs are bioreactors that house
electro-active microorganisms (EAM) in high quantities, however, when combined
with AD the microbial community is much more diverse including hydrolysis
bacteria, acidogenic bacteria, and methanogenic archaea which may or may not be
electroactive. Therefore, the impact of such electrolytes in these two systems may

differ and is to be evaluated prior to their use.

1.1  Aim of the Study

The aim of this thesis is to investigate the effects of electrolyte solutions on the AD-
MEC system performance. For this purpose, two different buffer solutions as PBS
and carbonate buffer (CB) were tested as electrolytes at different concentrations.
Both of these electrolytes were selected based on their common use in BES (Rossi
etal., 2020; Miller et al., 2019).

Experiments were started by selection of an appropriate electrode material to be used
in the rest of the experiments. For this purpose graphite block (GB), carbon fiber
brush (CFB), stainless steel mesh (SM), and stainless steel brush (SSB) electrodes
were tested using external voltage application. Then the impact of PBS on AD
performance was analyzed using two different types of seeds: a fresh AD seed and a
lab-scale AD seed that was previously fed with with cattle manure under 5 mM PBS
for the purpose of acclimation. Also, AD-MECs were operated with PBS and CB
under two different applied voltages (0.7 V and 0.9 V) to evaluate their impacts on
the performance. Finally, all reactors in both sets were operated at 35°C under batch

mode with cattle manure substrate.



1.2

Scope of the Study

The experiments were summarized in three different sets:

1.

In Set 1, different types of electrodes were tested in acetate-fed MEC reactors
conducted using GB, SM, CFB, and SSB electrodes in varying pairs as anode
and cathode. This set was operated to decide the electrode pair to be used.

In Set 2, the impact of various concentrations of PBS on inoculum collected from
a lab-scale reactor that had been operated in the presence of PBS and fed with
cattle manure previously, as well as an inoculum that had not undergone any such
acclimation process was investigated in serum bottles with cattle manure as feed.
The motivation of this set was to determine whether any acclimation to PBS was
possible.

In Set 3, the impacts of PBS and CB on the performance of AD-MECs fed with
cattle manure were investigated under two different applied potentials of 0.7 V
and 0.9 V.






CHAPTER 2

LITERATURE REVIEW

2.1  Anaerobic Digestion (AD)

Anaerobic digestion (AD) is a well-established method for producing renewable
energy from different types of organic wastes (Raposo et al., 2012). Compared to
other waste-to-energy alternatives such as composting, gasification, incineration,
pyrolysis, and torrefaction, AD is regarded as a more feasible method due to its
economic and technological aspects (Kumar & Samadder, 2017). During the AD
process, microorganisms break down the organic waste and generate biogas rich in
CHa around 60-70% (Speece, 1983). The generated biogas could be utilized for
heating purposes, electricity production, and vehicle fuel (Abanades et al., 2022).
Moreover, the AD process decreases the concentration of organic substances in the
waste by 20-95% depending on the feed composition, and the residual of the AD
process, digestate, becomes less harmful when released into the environment and has
the potential to be used as fertilizer (Moller & Miiller, 2012).

2.1.1 Stages of AD

AD is a complex process that involves various microbiological processes. In CHa
production four main steps take place: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Li et al., 2019). The stages are summarized in Figure 2.1 and

explained in the following sections.
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Figure 2.1 Stages of AD

2.1.1.1 Hydrolysis

Hydrolysis is the first step of the AD process which is characterized by the enzymatic
conversion of complex organic wastes such as proteins, lipids, and polysaccharides
into simple soluble substrates that will later on serve as carbon sources (Christy et
al., 2014). The enzymes used in hydrolysis and their target substrates are given in
Table 2.1. Various bacteria take place in hydrolysis to produce multiple enzymes
that enable them to degrade organic substances. The hydrolytic microorganisms in
this process could be both strict anaerobes namely Bacteroides and Clostridia, and

facultative bacteria namely Pseudomonas and Streptococcus (Harirchi et al., 2022).



Table 2.1 Enzymes and their target substrates take place in the hydrolysis step
(Christy et al., 2014)

Enzymes Organic substrates Degradation products

Amylase Starch Glucose

Cellulase Cellulose Glucose

Hemicellulase  Hemicellulose Glucose, galactose, xylose, mannose,
and arabinose

Lipase Fats Fatty acids and glycerol

Pectinase Pectin Galactose, arabinose and
polygalacticuronic acid

Proteinase Proteins Amino acids

2.1.1.2  Acidogenesis

Acidogenesis is the second stage of the AD process. The degradation products
resulting from hydrolysis are rapidly used in this phase by acidogenic bacteria, which
can function either strictly or facultatively under anaerobic conditions similar to
hydrolytic bacteria. In this phase, three primary end products are generated and
categorized as follows: (1) acetate, (2) hydrogen/carbon dioxide (H2/COz2), and (3)
short-chain fatty acids such as acetic acid, propionic acid, and butyric acid and
alcohols (Christy et al., 2014). The sugars, long chain fatty acids, and amino acids
produced from the hydrolysis stage are transformed into acetate, propionate,
butyrate, ethanol, or CH4 (Christy et al., 2014).

2.1.1.3  Acetogenesis

Acetogenesis is the third stage where homoacetogens and syntrophic acetogens
utilize the H2/CO2 and the other substrates produced during acidogenesis to convert
them into acetate. The growth rate of these microorganisms is quite modest, and they
are highly susceptible to changes in the amount of organic matter and variations in

the environment (Christy et al., 2014). Homoacetogens utilize H2 as an electron



donor to convert COz2 into acetate. When the population of acetoclastic methanogens
(which convert acetate into CHa) is low, homoacetogens can use acetate in reverse
to produce Hz and CO2. This occurs in the presence of hydrogenotrophic
methanogens. The latter simultaneously utilizes the H2/CO2 generated. Furthermore,
the utilization of short-chain fatty acids by syntrophic acetogens to produce acetate,
COg2, and H2 provides a symbiotic relationship with hydrogenotrophic methanogens
(Marquez et al., 2014).

2.1.1.4 Methanogenesis

Methanogenesis is the fourth and final step of the AD process. In methanogenesis,
various forms of methanogens such as Methanobacterium, Methanococcus,
Methanosaeta, etc. convert acetic acid, CO2, and Hz into CHa4 (Harirchi et al., 2022).
Methanogens that use acetic acid are referred to as acetoclastic methanogens. These
microorganisms are responsible for around 70% of CHa4 generation via the acetate
pathway (Kothari et al., 2014). Methanogens that convert COzand Hz into CH4 are
referred to as hydrogenotrophic methanogens and are responsible for approximately
30% of CHas production (Kothari et al., 2014). The generated CO2 undergoes a
reaction with Hz, resulting in the production of more CHa4. The final output of the
AD process is biogas, which consists of around 50-75% CHa, 25-50% COz2, and trace
amounts of other gases including nitrogen (N2), ammonia (NHs), hydrogen sulfide
(H2S), and water vapor (Surendra et al., 2014). The biogas yield is heavily dependent
on the biochemical content and structure of the feedstock, as well as the specific

microbes and their metabolisms.

2.1.2 Electron Transfer in AD

In the AD process, CH4 is mainly produced via acetoclastic methanogenesis and
hydrogenotrophic methanogenesis (Kothari et al., 2014). The hydrogenotrophic

methanogenesis is mainly assisted by hydrogenotrophic archaea, which use H: that
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was produced by fermentative bacteria during the oxidation of VFASs as an electron
carrier. The term used to describe this mechanism is Hz-mediated interspecies
electron transfer (HMIET) (Bryant et al., 1967). While other carriers such as formate
can also facilitate this mechanism, their restricted diffusion can slow-down the
overall AD process (De Bok et al., 2002). Recently, a novel electron transfer process
called direct interspecies electron transfer (DIET) has been discovered as a substitute
for HMIET. DIET process facilitates the direct electron transfer across different
microbial species and eliminates the requirement for intermediary electron carriers
such as as Hz or formate (Kutlar et al., 2022). The validation of DIET was initially
demonstrated in co-cultures of Geobacter metallireducens and Geobacter
sulfurreducens, where electron transfer took place directly between cells through
conductive structures such as pili and c-type cytochromes (Kutlar et al., 2022). DIET
enables electron transfer outside of a cell between the electron donor and electron
acceptor which is called extracellular electron transfer (EET) unlike traditional
respiration which involves electron transfer within a cell (Logan et al., 2019). This
mechanism is analogous to the electron exchange observed in bioelectrochemical
systems (BESs). Moreover, there has been considerable focus on the contribution of
conductive materials in promoting DIET (Kutlar et al., 2022). Conductive materials
such as GAC and carbon cloth have been discovered to function as replacements for
pili and c-type cytochromes by acting as channels for electron transfer between
microbial species (Kutlar et al., 2022). It has been reported that the co-cultures of
Geobacter metallireducens with Methanosarcina barkeri and Methanosaeta
harundinacea improved the electron flow in the presence of conductive materials
(Rotaru et al., 2014). The finding that methanogens can engage in DIET with
Geobacter species implies that DIET might have a more substantial impact on AD

as a possible alternative to HMIET.
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2.1.3 Feedstocks in AD

Most of the complex organic wastes are suitable for the AD process. Feedstocks play
a crucial role in biogas yield and conversion efficiency depending on their
characteristics. The feedstocks used in AD can be categorized as municipal solid
waste (MSW), agro-industrial waste, and algae and aquatic plants (Dhull et al.,
2024). The organic fraction of MSW (OFMSW) often accounts for 40 to 60% of the
total MSW. This comprises various types of organic waste such as food waste,
kitchen waste, wood branches, paper waste, yard waste, and other organic materials
(Pongsopon et al., 2023). Volatile solids (VS) content is a criterion for the
determination of biodegradability. The VS content of OFMSW ranges between 48.1
and 93.3% indicating as a good feedstock for AD (Parvez & Ahammed, 2024). Lipid-
rich OFMSW tends to have higher CH4 yields up to 999.2 mL CHa/g VS such as
swine slaughterhouse waste than carbohydrate-rich substrates (Parvez & Ahammed,
2024). Agro-industrial feedstock comprises animal waste including cattle manure,
pig manure, and chicken manure, as well as lignocellulosic waste, such as rice straw
and wheat straw (Dhull et al., 2024). For example, the average VS content of animal
manure is 63.27%, with pig manure exhibiting the highest CH4 production potential
of 845.33 mL CHa/g VS, and cattle manure showing the CH4 production potential of
505.34 mL CH4/g VS (Shen et al., 2015).

2.14 Limitations of AD

2.1.4.1  Slow Hydrolysis

One of the most important limitations that affect AD performance is feedstock
composition. Various feedstocks, such as agro-industrial waste, animal manure, and
municipal solid waste, have unique chemical compositions that can greatly impact
the effectiveness of the AD process. For example, agro-industrial wastes such as corn

straw have high lignocellulosic content (lignin, cellulose, hemicellulose), limiting
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hydrolysis (Hu et al., 2017). Therefore, biological, chemical, and physical
pretreatment methods such as enzyme pretreatment, acid/alkali pretreatment, and
ultrasound pretreatment are usually applied to increase the hydrolysis rate and CH4
yields (Millati et al., 2020). However, most of the pretreatment methods can consume
a significant amount of energy and incur high costs, hence reducing the economic
feasibility of the AD operation (Millati et al., 2020). Also, pretreatment methods can

be inhibitory to microorganisms due to high chemical loading (Amin et al., 2017).

2.1.4.2  Slow Growth Rate Methanogens

The acetoclastic methanogenesis stage is stoichiometrically dominant with around
70% of CHs production (Kothari et al., 2014). However, the acetoclastic
methanogens that take place in the AD process have slow growth rates, with doubling
times of Methanocarcina in 1-2 days and Methanosaeta in 4-9 days which makes
the whole AD a naturally slow process (Harirchi et al., 2022). The slow growth rates
can cause longer start-up periods for microbial communities to adapt to new
substrates or environmental conditions and thus, increased retention times and larger
reactor volumes could be necessary. Furthermore, these can result in high investment

and operational costs for AD systems.

2.1.4.3  Process Instability

AD systems are susceptible to process instability due to fluctuations in
environmental conditions such as temperature, feed composition, pH, and hydraulic
loading rates. The operation temperature of AD can be either mesophilic (30-40°C)
or thermophilic (50-60°C). However sudden changes in temperature can result in
reduced microbial activity and lower CHayields. In a study, temperature shock from
35°C to 30°C caused 7.2% less biogas production compared to the control (Chae et
al., 2008). Similarly, volatile fatty acid accumulation (VFA) and sudden changes in

hydraulic loading rates or organic loading rates (OLR) during the AD process can
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lead to process failure due to the drop in pH. For example, although a sudden change
of OLR from 1.6 to 4.5 kg/m?.day decrease the CHa4 content to 30% from 50% in a
sugar beet pulp-fed continuous reactor, lowering the pH to 5.2 decreased the CH4
content of the biogas to 9% (Goux et al., 2015). However, adjusting pH with NaOH
and NaHCOs after acidification restored the CH4 content to 50% (Goux et al., 2015).
Therefore, the instability caused by VFA accumulation could be solved by increasing

the buffering capacity of AD reactors.

2144 Inhibition

The other important limitation of AD is the potential existence of inhibitory
compounds in feedstocks or their release during the process. Chemical substances
such as ammonia, sulfide, heavy metals, and specific organic compounds could
inhibit microbial activity and reduce biogas production (Chen et al., 2008). Ammonia
inhibition is a common problem that occurs during the digestion of nitrogen-rich
feedstocks such as animal manure or food waste (Rajagopal et al., 2013). Sulfide, a
by-product of the breakdown of sulfur-containing substances, has the ability to
impede microbiological activity and cause corrosion of equipment (Vu et al., 2022).
In addition, the existence of heavy metals can interfere with enzyme activity and
microbial cell function, resulting in a decrease in digesting efficiency (Chen et al.,
2008).

2.1.5 Recent Developments in AD

Recent developments in AD have focused on increasing its effectiveness, stability,
and economic aspects. An interesting trend is improving pre-treatment technologies
to increase the degradation of complex substrates such as lignocellulosic biomass.
Several pretreatment technologies such as steam explosion, ionic liquid, and
enzymatic hydrolysis could decompose recalcitrant compounds to improve biogas

production (Millati et al., 2020). Also, a substantial number of studies have focused
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on the improvement of co-digestion of several substrates to achieve a balance in
nutrients and buffering capacity, as well as to recover more energy. For instance, the
utilization of agricultural residues such as wheat straw, along with food waste and
cattle manure as co-substrates resulted in a 20% increase in CH4 production with a
yield of 416 mL CH4/gVS added (Rahmani et al., 2022a). Furthermore, conductive
material addition including metal-based materials like magnetite, as well as carbon-
based materials such as granular activated carbon (GAC), carbon nanotubes (CNT),
and biochar to AD has shown several benefits, including enhanced CH4 yield,
production rate, and stability, as well as reduced VFA accumulation and start-up time
due to their increased electron transfer efficiency, broad surface area, adsorption
capability, and electrical conductivity (Kutlar et al.,, 2022). Since these
improvements mostly rely on enhancing electron transfer, integrating electrodes as
done in MECs, is a logical next step to boost CH4 production and improve the overall

efficiency of the AD process.

2.2 Microbial Electrolysis Cells (MECs)

MEC:s is a relatively newer technology than AD for bioenergy production via waste
reduction. In an MEC, both CH4 and Hz can be produced from organic waste through
a small external voltage application. The development of MECs was derived from
microbial fuel cells (MFC) where the metabolic activity of -electro-active
microorganisms converts chemical energy into electrical energy. In an MFC,
electrons are released from substrate oxidation and are transferred from anode to
cathode for Oz (electron acceptor) reduction, resulting in current generation as the
product, spontaneously. Using EAMs in wastewater treatment gained popularity in
the early 2000s with the development of MFCs. The use of MECs for H2 production
was reported for the first time by (Liu et al., 2005) with a high yield (2.9 mol Hz/mol
acetate) from a simple substrate acetate. An MEC consists of four primary

components: an anode, a cathode, a membrane, and a power supply (Figure 2.2).
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Figure 2.2 Schematic representations of (A) Hz-producing MEC and (B) CHa-
producing MEC

There are two types of EAMs i) exoelectrogens and ii) electrotrophs (Logan et al.,
2019). Exoelectrogens are positioned on the anode of an MEC system to facilitate
the oxidation of organic matter. During this process, electrons are transferred to the
anode, while the released protons (H*) migrate to the cathode side. On the other hand,
electrotrophs are microorganisms that accept electrons from an external source such
as a cathode and use them for such processes including the reduction of CO: to CHa.
As shown in Figure 2.2A, on the cathode surface, H2 synthesis occurs abiotically by
a Hz evolution reaction (Logan et al., 2008). In an MEC, the small external
application between 0.2-0.8 V is needed for the H2 production and when compared
to conventional the required applied voltage for water electrolysis (~1.8 V) the
required voltage is much smaller (Rozendal et al., 2008). The performance of the
MECs is highly dependent on their microbial communities. Exoelectrogenic bacteria
such as Geobacter and Shewanella which are responsible for the oxidation of organic
substances transfer electrons to the anode surface either directly or through
conductive pili and mediators (Lovley, 2008). In Hz-producing MECs, CHa

production is also often observed due to the use of methanogen-rich inoculums. Early
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on since the presence of methanogens lowers Hz production, methanogens have been
usually inhibited with various methods that are both energy-intensive and ineffective
(Zhang & Angelidaki, 2014). However, instead of inhibiting the methanogens,
producing CH4with MECs could be more advantageous. The CH4 production occurs
as a result of a process called electromethanogenesis in an MEC (Cheng et al., 2009).

In this case, a biocathode is needed (Fig. 2.2 B).

2.2.1 Electromethanogenesis

MECs use external voltage to stimulate metabolic reactions by breaking through the
thermodynamic energy barrier. CH4 can be produced by electromethanogenesis in
two different paths: direct electromethanogenesis (Eg. 2.1), and indirect
electromethanogenesis or mediated electromethanogenesis (Eq. 2.2 + Eqg. 2.3),
which involve the production of Hz and other compounds such as acetate and formate
that are then combined with CO2 to produce CH4 (Huang et al., 2022).

CO, + 8H* + 8e~ — CH, + 2H,0 Eq. 2.1
E =-0.244 V vs. SHE

2H* + 2™ - H, Eq. 2.2
E=-0.41V vs. SHE

CO, + 4H, - CH, + 2H,0 Eq.2.3

The possible electron transfer mechanisms for the electromethanogenesis process
can be either indirect (IET) or direct (DET). In IET, the electrons are transferred to
intermediates before reaching the methanogens. For instance in Hz uptake, the
protons are reduced to Hz on the cathode surface (Figure 2.3A). The methanogens
then consume Hz for CHas production by the hydrogenotrophic methanogenesis
pathway (Villano et al., 2010). The other IET mechanism is electron shuttles (Figure
2.3B) such as AQDS, Fe**, U%*, and V** which accept electrons from the cathode

and then donate them to methanogens for CO: reduction to CH4 (Palacios et al.,
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2024). On the other hand in DET, the electrons from the cathode directly reach to
the methanogens. One mechanism for DET is conductive pili or nanowires (Figure
2.3C) that the electrons flow through to methanogens such as Methanospirillum
hungatei and Methanococcus maripaludis (Palacios et al., 2024). In addition to
conductive pili, c-type cytochromes (Figure 2.3D) on the outer membrane of
methanogens such as Methanosarcina acetivorans support the direct reduction of

acetate to CH4 by acting as conduits for electron uptake (Holmes et al., 2019).

Indirect Electron Transfer (IET)

CO, e
C v . Ox. l 2
H— — CH, D C
(Abiotic)™ Red. CH4

Direct Electron Transfer (DET)
(C) (D)

\/_\B CH4

=
C

Cathode
Cathode

' CH,COOH

Cathode
Cathode

CH,

Figure 2.3 Electron transfer mechanisms in a CH4-producing MEC: (A) hydrogen
uptake from the cathode, (B) electron shuttles, (C) conductive pili, and (D) c-type

cytochromes

Similar to Hz-producing MECs except abiotic cathode, CH4-producing MECs
consist of anode, biocathode, separator, and power supply. An oxidation reaction
occurs at the anode, which is required to supply electrons for CO2 reduction in the
biocathode region. The second crucial component is the biocathode, where CHa is

created with the help of microorganisms using the electrons provided by the
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oxidation reaction occurring in the anode (Pawar et al., 2022). To keep the solution
neutral, positively charged ions like Na+, K+, and H+ can migrate from the anodic
chamber to the cathodic chamber using a separator or ion exchange membrane.
Finally, to drive the reaction thermodynamically, electrical energy from an external
source is required (Pawar et al., 2022). Electromethanogenesis could potentially
occur with lower energy requirements compared to abiotic H2 generation. To boost
methanogenesis, it is necessary to maintain a cathode voltage greater than -0.244 V
relative to the standard hydrogen electrode (SHE) (Eq. 2.1). Nevertheless, to
compensate for the increased electrode overvoltage and internal resistance inside the
system, which eventually leads to increased energy consumption during
electromethanogenesis, it is necessary to employ a more negative cathode potential
around -0.5 V in practical applications (Litti et al., 2022). Thus, CH4 can be
generated through the bioelectrochemical reaction using a modest voltage
application (0.2 - 0.8 V).

2.3 Anaerobic Digestion-Microbial Electrolysis Cell (AD-MEC) Integrated

Systems

The conventional process of AD which is used frequently for sludge stabilization
and recovery, can reduce the volume of organic wastes. The AD process converts
different waste materials such as sewage sludge, food waste, livestock waste etc. into
renewable bioenergy CHa, which could eventually replace fossil fuels and address
the economic and political issues associated with the depleted non-renewable energy
sources (Zakaria & Dhar, 2022). However, a number of limitations, such as
accumulation of VFAs, a long SRT, pH change, and excessive ammonia, are easily
able to impair the traditional AD performance removal efficiency and energy
recovery. A promising method for removing these obstacles during anaerobic
digestion is the use of bioelectrochemical systems (BES). Due to its high efficiency,
simplicity of operation, low energy requirement, and environmental friendliness,

BES have been used in; the treatment of wastes, energy production, and the recycling
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of heavy metal ions (Yan et al., 2022). By incorporating two electrodes that will act
as an anode and a cathode into the AD process, MEC can enrich functional
electroactive bacteria while enhancing extracellular electron transfer and message
exchange between the microbial cells and electrodes (AD-MEC) (Zakaria & Dhar,
2019). Therefore, the AD-MEC system is a cutting-edge technology for organics
removal of waste and biofuel production. The AD-MEC studies conducted with

using electrolytes in recent years are given in Table 2.2,
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2.3.1 Design, Configuration, and Operation of AD-MEC Systems

23.1.1 Substrate

As shown in Table 2.2, most of the AD-MEC studies used complex substrates such
as food waste, animal manure, and sewage sludge, although numerous studies are
conducted on simple substrates such as glucose and acetate. Zakaria & Dhar, (2022)
showed a COD removal rate of 60.5% in an AD-MEC reactor fed with sewage sludge
which has an initial COD of 7.9 g/L under -0.4 V applied potential (Zakaria & Dhar,
2022). Zhi et al., (2022) reached 41.1% COD removal rate from an initial COD of
25.6 g/L with 1.2 V (Zhi et al., 2022). The studies that use swine manure as substrate
achieved a 40% COD removal rate from 16.5 g/L initial COD with -0.8 V applied
potential (Cerrillo et al., 2021). The AD-MEC system fed with black water has an
OLR of 0.77 gCOD/L-day and achieved a maximum VSS removal rate of 84.7%
under -0.2 V applied potential with an initial COD of 4.8 g/L (Huang et al., 2021).
Cattle manure is also being used as a substrate in AD-MEC studies. Researchers
obtained 75.46% (91.32 g/kg initial) and 61.68% (46.7 g/L initial) COD removal
rates with applied voltages of 0.6 V and 1.2 V, respectively (Xing et al., 2021,
Hassanein et al., 2020).

2.3.1.2 Temperature

The operational temperature has a significant impact on MEC performance since it
affects the activity of microorganisms. Even though there are a variety of
temperature ranges where AD can be carried out, the majority of AD-MEC
investigations have been carried out at mesophilic temperatures of 25-40 °C or
psychrophilic temperatures of under 25 °C, while there are fewer studies conducted

at thermophilic temperature of above 40°C (Error! Reference source not found.).
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Yu et al., (2019) evaluated the performance of the AD-MEC system fed with swine
manure operated at three different temperatures of 25, 35, and 45°C. The
performance of the combined system was compared with multiple control reactors
conventional digester (Yu et al.,, 2019). The results showed that increasing
temperature increases the AD-MEC performance due to enhanced methanogen
growth rates. Also, they found that the biogas production slightly increases at 25°C
due to applied voltage. These findings suggest that AD-MEC systems could serve as
an energy-efficient alternative to promote CHs production at ambient and low

temperatures.

2.3.1.3  Organic Loading and Hydraulic Retention Time

In batch operation, the AD-MEC performance is mostly influenced by substrate type,
applied voltage, and organic loading. For instance, up to 120% increase in CH4
production was observed in a batch AD-MEC fed with food waste compared to AD
reactor under a high applied voltage of 1.2 VV (An et al., 2020). In addition, smaller
voltages such as 0.3 V in a batch AD-MEC with food waste increased the CH4
production 43% compared to AD control (Choi & Lee, 2019). Also, sodium acetate
fed AD-MEC with high organic loading (10 g/L) increased the CHa4 production 32.4
% (Q. Yinetal., 2016). Similarly, dairy manure with a volume of 8 L and an applied
voltage of 1.2 V achieved a 116% increase in CH4 production (Hassanein et al.,
2020).
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Table 2.3 Organic loadings used in some of the batch AD-MEC studies

. Applied . Increase in
Substrate Oﬁga(}‘laon Vo(ltj)m ¢ Voltage 8;23?[:0 CH, Reference
(V) 9 production*
Food 249 0 (Anetal.,
waste Batch 0.3 1.2 CODIL 120% 2020)
Food 29 0 (Choi & Lee,
waste  Baeh 1 03 cop 43% 2019)
Sodium 0 (Q.Yinetal.,
acetate Batch 0.23 1 10 g/L 32% 2016)
Food 0 (Hassanein et
waste Batch 0.135 0.9 15.64 g/L 27% al., 2017)
(Choi et al.,
0,
Glucose Batch 0.27 1 2g/L 31% 2017)
Dairy 4.70 % 0 (Hassanein et
manure Batch 8 12 VS 116% al., 2020)
(Ghaderikia &
catle gach 0065 07 b 53% Yilmazel,
2024)

*Improvements are calculated with respect to the AD reactors.

In continuous operation, it is preferable to run bioreactors at higher OLRs and shorter
HRTs to reduce treatment costs and increase waste reduction efficiency. However,
at high OLRs, VFAs may accumulate in the digester as a result of an imbalance in
the kinetics of methanogenesis and hydrolysis. Typically, VFA accumulation causes
a pH reduction, which is followed by methanogenesis inhibition or/and digester
failure. Huang et al., (2021) examined a black water-fed AD-MEC system performed
under various OLRs, which ranged from 0.77 to 3.03 g COD/L-d at -0.2 V potential.
At higher OLRs, the AD-MEC system stability increased (Huang et al., 2021). The
reactor produced biogas with a maximum CHa content of 83 % and COD removal
efficiency of 82.6% at an OLR of 0.77 g COD/L-d, which gradually declined as the
OLR increased. At an OLR of 0.77 g COD/L-d, the highest CH4 output and energy
recovery efficiency were obtained (Huang et al., 2021). An ideal OLR/HRT is

28



anticipated to depend on the substrate properties, such as its solids concentration and

biodegradability.

Elevated HRT positively correlated the coulombic recovery and current density of
MEC, and it can have a considerable impact on the rate of organics removal in AD-
MEC (Ki et al., 2017). By adjusting HRT, AD-MEC performance might be
controlled. For example, Pérez et al., (2021) investigated the performance of AD-
MEC that was run on 20-day HRT and found that the best CH4 generation rate was
attained at a 10-d HRT with a 1 V applied voltage. Results showed that lowering
HRT to 2-d caused the CH4 rate to drop from 12.8 to 8 mLCH4/L-h (Pérez et al.,
2021). The HRT measures how long the substrate was in contact with the inoculum.
While successful organic degradation and CO: reduction can occur due to
insufficient methanogen duplication time, reducing HRT increases the organic load

and volumetric biogas output.

2314 Electrodes

In AD-MEC systems, carbon-based, and metal-based electrodes are used. The metal-
based electrodes include iron, stainless steel, zinc, and copper (Table 2.2). On the
other hand, carbon-based electrodes used in AD-MEC studies are carbon felt, carbon
fibre, carbon cloth, carbon brush, carbon mat, and graphite rod (Table 2.2). Since
carbon-based electrodes are more economically feasible, they are the most preferred
materials in AD-MEC studies. It was noted that carbon-based cathode, outperformed
metal-based cathode by yielding more CH4 and COD reduction due to its high
microbial adsorption property and DIET enhancement (Park et al., 2018). Electrodes
provide an area for biofilm generation thus it is important to have high
biocompatibility, high conductivity, and large surface area. For those properties,
electrodes with porous structures are favorable. Electron transfer plays an important
role in AD-MEC efficiency, rate of electron transfer is related with the interaction
between microbial community and electrodes. Lin et al., (2019) showed that using

carbon mat anode with carbon paper as cathode which have higher surface area than
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carbon felt, titanium mesh, and stainless-steel mesh, showed better CH4 yield with

sewage sludge substrate under 0.8 V (Lin et al., 2019).

2.3.1.5  Applied Voltage

Most of the AD-MEC studies revealed that applying external voltage increases CH4
generation compared to open-circuit (OC) reactors which have electrodes without
external voltage application as shown in Table 2.4. The reactors operating in open
circuit mode could not be operated steadily, but AD-MEC with voltage could
function steadily without VFA accumulation even under higher OLRs. Applying
external voltage has several beneficial effects on organisms, including enhancing
methanogen activity and DIET between microbes, providing energy for cellular
respiration, altering cell permeability, increasing extra polymeric substances (EPS)
production, and promoting H2 formation to augment hydrogenotrophic methanogens

and improving hydrogenotrophic methanogenesis (Wang et al., 2022).

Since it directly affects the energy efficiency, one of the most critical operational
parameters for AD-MEC systems is applied voltage. According to Table 2.4, the
majority of earlier investigations applied voltages between 0.3 and 1.8 V, but the
suggested optimum voltage varied widely. A higher applied voltage of 2.3 V resulted
in a decrease of about 65.9 % in CH4 production and a rate of volatile suspended
solid (VSS) removal of 47.7% due to the activity of hydrolysis microorganisms being
inhibited (Xiao etal., 2018). For instance, it was found that CH4 production increased
by 79.3 % at 1.8 V with a maximum VSS removal of 59.0 % (Xiao et al., 2018). It
was reported that when the applied voltage was raised from 0.9 VV to 1.5 V in an AD-
MEC system fed with swine manure a decrease in methanogenic activity was
observed (Zou et al., 2021). According to a few research, a voltage of 0.9 V was
ideal for boosting CH4 generation in AD-MEC systems (Joicy et al., 2022; Zou et
al., 2021). The variations in the inoculum, substrate, and system setup, such as

electrode material, the distance between electrodes, etc., may be responsible for the
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variances in reported optimum voltages. Thus, for the actual use of AD-MEC

systems, greater attention should be focused on optimal voltage selection.

Table 2.4 Optimum applied voltages found in some of the AD-MEC studies

Active  Applied  Optimum Increase in
Substrate  Volume Voltage Voltage Methane Yield* Reference
(L) V) W)
0.2,0.6 .
Sewage s 0 (Zhietal,
sludge 0.18 0.81, é.z, 1.2 31% 2022)
0.3, 0.6, 0 (Joicy et al.,
Glucose 0.5 0.9 1.2 0.9 26% 2022)
. 0.3,0.6
Swine D 0 (Zhou et al.,
manure 0.4 0.91, 2.2, 0.9 36% 2021)
0.4, 0.6, .
Cattle 03 0.8 1.0, 06 20% (Xing et al.,
manure 12 2021)
Sewage 0 (Cerrillo et
sludge 0.65 0.6,0.8 0.8 61% al., 2021)
0.6, 0.8, 0 (Pérezetal.,
Acetate 0.265 10 1.0 70% 2021)
- 0.4,0.7, (Gao et al.,
Quinolin 0.5 10 15 1.0 24% 2020)
0.6, 0.8, .
Sewage 0.18 1318, 18 44% (Xiao et al.,
sludge 53 2018)

“Improvements of AD-MECs are given compared to the OC reactors in optimum

voltages.

2.3.1.6 Conductive Material Addition

Recent relevant studies are described in Table 2.5 and demonstrate how adding

additives such as powdered activated carbon (PAC), biochar, graphene, or magnetite

to AD-MEC can increase CHa4 production. According to a research, the CH4 content

of the AD-MEC system increased by 41% when magnetite was added compared to
the control reactor (Madondo et al., 2021). By using PAC, the AD-MEC performance

was improved and start-up time decreased. Also, the CHa4 generation rate was
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boosted in comparison to the AD reactor (Joicy et al., 2022). Using biochar with an
applied voltage of 0.6 V, maximum biogas output and COD removal rate are
achieved (Xing et al., 2021). A reason for the performance improvement provided

by the conductive additives may be the development of DIET pathways in AD-MEC.

Therefore, adding additives to the reactor to enrich DIET acting on electroactive
microorganisms may be a viable improvement method. There have been observed
synergistic effects of additive supplements on AD-MEC. Liu et al., 2020
demonstrated that by using a voltage of 2.5 V for one hour each day, graphene
nanoparticles enhanced the cumulative CHa yield up to 2.54 times compared to a
control one (Liu et al., 2020). Another crucial factor is the conductive material's
surface area. It was found that, employing a carbon brush without external voltage
boosted the CH4 generation rate by around 57—-82% compared to applying voltage
(Baek et al., 2021).

Table 2.5 Effect of conductive material addition in some AD-MEC studies

Conductive Active  Applied Increase in

Substrate Material Volume Voltage Methane Reference
(L) V) Yield*
(Joicy et al.,
0,
Glucose PAC 0.5 0.9 32% 2022)
Sewage : 0 (Madondo et al.,
sludge Magnetite 0.8 0.4 43% 2021)
Cattle Coconut 0 (Xing et al.,
manure shell 0.3 06 48% 2021)
Ssngee Magnetite 0.2 0.8 9% (Qin et al., 2021)
Sewage Carbon 0 (Baek, et al.,
sludge brush 0.27 0 S7% 2021)
Swine (X. Liu etal.,
manure Graphene 0.8 2.5 61% 2020)
Cattle . 0 (Ghaderikia &
manure Bio GAC 0.065 0.7 50% Yilmazel, 2024)

*Improvements are based on the conductive material-free control reactors.
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2.3.1.7  Electrolytes

In MFC and MEC systems, buffers are used as electrolytes for reducing internal
resistance thus, increased buffer concentration decreases the resistance caused by the
solution as shown in Eq. 2.6 which is one of the components of the total resistance
in the system (Eqg. 2.5) (Miller et al., 2019), resulting in accelerated electron transfer

(Ahn & Logan, 2013). Therefore, enhances the electrochemical performance.

Vinput = I * Ripternal Eq.2.4

Rinternal = Ranode + Rcathode + Rsolution Eq- 2.5
_ Tsolution __ Qsolution

Rsolution - - Eq- 2.6

Ssolution Ssolution*cbuffer

Where Vinput is the applied voltage (V), | is the current (A), Rinternar IS the internal
resistance (). Ranode, Reathode, aNd Rsolution are the resistances related to anode surface
area, cathode surface area, and buffer concentration (). rsolution IS the area-specific
resistance (Qcm?), Ssowtion iS area between electrodes (cm?), Chutfer is the buffer

concentration (mM), and asolution is unit constant (Qcm?/mM).

However, using higher concentration buffers above 200 mM (PBS) showed an
inhibition of the performance of MEC by decreasing the current density (Miller et
al., 2019). While the influence of PBS on MFC and MEC systems has been
extensively studied, the effects of electrolyte solutions on AD-MEC systems remain
uncertain. Despite its extensive use in AD-MEC studies as shown in Figure 2.4,
number of published studies focusing on the effect of PBS on AD-MECs is limited.
There is only one study focused on the effect on AD-MECs. Xu et al., 2020
investigated the effect of PBS on AD-MEC systems and found that using 50 mM
PBS increased CHa4 production by about 40% more than the control (no PBS) with
pretreated sludge under 0.8 V (Xu et al., 2020). In addition, Ghaderikia and
Yilmazel, 2024 showed that the presence of 100 mM PBS had a severe inhibitory
effect on the AD-MEC system when it was supplied with cattle manure, resulting in

a considerable reduction in the CH4 production rate (Ghaderikia & Yilmazel, 2024).
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However, they reported that the AD-MECs were energy-positive with 100 mM PBS
up to 10-fold during the reactor operation and underlined that this calculation might
be misleading since it reflects substantial differences between AD-MEC and AD
reactors only due to the inhibitory conditions caused by PBS rather than an actual

enhancement in performance (Ghaderikia & Yilmazel, 2024).

S0 "Ig"%PBS 100 mM PBS
9%
200 mM PBS
N/A 1%
55%
PBS*
18%
10 mM PBS
1%
*PBS concentration is not defined

Figure 2.4 Electrolyte use in AD-MEC studies (compiled from Table 2.2 and Table
A.lin Appendix A)

Studies on AD-MECs have produced conflicting results about the impact of
electrolytes, especially PBS, on CH4 production. Some studies have found that the
PBS addition enhanced CH4 production, while others have reported its detrimental
effect. However, there is a gap in the literature regarding the impact of most
commonly used electrolyte types (CB and PBS) on methane production performance
of AD-MECs treating a complex waste such as cattle manure. Further, the level of
impact regarding electrolyte concentrations has not been investigated.
Understanding the role of electrolytes used in AD-MECs and their effects on
methanogenesis and electrochemical activity is critical for maximizing CHas
production. Therefore, this study reveals the effects of different concentrations of

PBS and CB in AD-MEC reactors using cattle manure as the substrate.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Inoculum and Substrate

In the scope of this thesis, there are three experimental sets (Table 3.1). The inoculum
used in these sets was taken from a mesophilic municipal wastewater treatment plant
(ESKI) digester from Eskisehir, Tiirkiye. The feed (substrate) used in Sets 2 and 3
was cattle manure obtained from a feed tank at a full-scale biogas facility in Polatl,
Ankara. The inoculum was not subject to any pretreatment. However, cattle manure
was blended for 10 min to homogenize. Both inoculum and substrate samples were
kept at 4°C until they were used. For characterization of inoculum and substrate,
total solids (TS), volatile solids (VS), total chemical oxygen demand (tCOD), and
soluble chemical oxygen demand (sCOD) experiments were conducted as well as
ammonium (NH4-N) and phosphate (PO4-P). Also, pH and conductivity values were
measured for characterization. The characterizations differed since the experimental
sets were executed in different time periods (Table 3.2-Table 3.6). Prior to use, the
seed activity was measured with a specific methanogenic activity (SMA) test. In this
test, sodium acetate was added to seed as substrate at a concentration with a known
theoretical CH4 value based on stoichiometry. The actual CH4 production was
compared with theroretical CH4 production and the seed was used if the activity was
above 70%. An example to the SMA test is given in Appendix B.
Table 3.1 Experimental sets of the study and the details of feed and inoculum

Experimental set Inoculum Feed
Setl - AD seed from ESKI Acetate
Set 2 - AD seed from ESKI Cattle manure
- Seed from lab-scale reactor
Set 3: Set 3.1, Set 3.2, Set 3.3 - AD seed from ESKI Cattle manure
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Table 3.2 Characterization of inoculum used in Set 1

Parameter Inoculum

pH 7.12

Conductivity (mS/cm) 4.32

TS (g/L) 31.51+0.00
VS (g/L) 15.97 +0.21
VS (% of TS) 50.68 + 0.67
tCOD (g/L) 21.96 £ 0.95
sCOD (g/L) 0.43+0.01

In Set 2, there were two different seeds; one was taken from a mesophilic municipal
wastewater treatment plant digester (fresh seed or FS) and one was taken from a
laboratory-scale continuous reactor (LS) fed with cattle manure and 5 mM PBS
(Table 3.3). The continuous reactor was operated for 136 days under an OLR of 5 kg
VS/m?3.day with an HRT of 16 days and the activity of the LS seed was 81% based
on the SMA test (Kutlar, 2023). On the other hand, the SMA of the FS seed was
89%.

Table 3.3 Characterization of inoculums and substrate used in Set 2

Parameter Inoculum (FS) Inoculum (LS) Cattle manure
pH 7.11 7.12 8.1
Conductivity (mS/cm) 5.52 3.2 7.86
TS (g/L) 22.68+0.08 72.23+1.18 159.62+0.75
VS (g/L) 12.49+0.12  4592+0.21 123.87+0.17
VS (% of TS) 55.12+0.20 63.59+0.52  77.60 +0.18

FS: fresh seed; LS: seed from laboratory-scale continuous reactor
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Table 3.4 Characterization of inoculum and substrate used in Set 3-1

Parameter Inoculum Cattle manure
pH 7.35 8.0
Conductivity (mS/cm) 3.95 10.24
TS (g/L) 23.54 +0.10 87.69+0.73
VS (g/L) 10.95+0.21 63.52 + 0.45
VS (% of TS) 46.53 £ 0.91 7245+ 1.26

Table 3.5 Characterization of inoculum and substrate used in Set 3-2

Parameter Inoculum Cattle manure
pH 7.4 7.8
Conductivity (mS/cm) 4.46 10.38
TS (g/L) 26.08 £ 1.82 81.66 £ 0.81
VS (g/L) 15.01 + 1.60 62.47 +1.41
VS (% of TS) 57.60 £ 2.61 76.50 £ 0.89
tCOD (g/L) 29.68 + 4.83 138.67 £ 3.05
sSOD (g/L) 0.248 + 64.52 11.52 +1.04
NHs-N (mg/L) 862.73 £0.90 867.02 +0.35
PO4-P (mg/L) 16.66 + 4.88 18.18 £ 0.45

Table 3.6 Characterization of inoculum and substrate used in Set 3-3

Parameter Inoculum Cattle Manure
pH 7.18 7.35
Conductivity (mS/cm) 3.65 11.24
TS (g/L) 44.58 +0.39 131 +£0.41
VS (g/L) 19.35+£0.39 101.14 £ 0.52
VS (% of TS) 43.40 £ 0.79 77.21+0.42
COD (g/L) 35.11 +1.47 151.20 + 8.31
sCOD (g/L) 0.47 £0.016 22.94 £ 0.47

37



3.2  Media Compositions and Preparation

Throughout the experiments, two types of buffer solutions namely PBS and CB were
used. In addition to these, a media without any buffer solution (NB) was also used
as a control. In all of the media (PBS, CB, and NB) preparations regardless of the
buffer choice the media contained NH4Cl (0.31 g/L), KCI (0.13 g/L), trace elements,

and vitamins.

In Set 1, PBS media was used at a constant PBS concentration (20 mM) in all reactors

and the composition used in Set 1 is given in Table 3.7.

Table 3.7 Reactor media used in Set 1

PBS concentration 20 mM
NH4CI (g/L) 0.31
KCI (g/L) 0.13
NaH2PO4-2H20 (g/L) 2.16
Na2HPO4-2H20 (g/L) 1.2
NaHCOs (g/L) 2.5
Trace element

Vitamin

In Set 2, 5 different PBS concentrations were used (2.5 mM, 5 mM, 10 mM, 20 mM,
and 50 mM) with two different seed types (Table 3.8).
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Table 3.8 Reactor media used in Set 2

PBS Concentration NoPBS 25mM 5mM 10mM 20mM 50 mM

NH4CI (g/L) 0.31 0.31 0.31 0.31 0.31 0.31
KCI (g/L) 0.13 0.13 0.13 0.13 0.13 0.13
NaH2PO4-2H20 (g/L) - 0.27 0.54 1.08 2.16 5.4
NazHPO4-2H20 (g/L) - 0.15 0.3 0.6 1.2 3
NaHCOs (g/L) 2.5 2.5 2.5 2.5 2.5 2.5
Trace element + + + + +

Vitamin + + + + +

When moved to Set 3, CB was also used as an alternative buffer to PBS and the aim
was to compare the performances of two different types of buffers. Therefore, as
opposed to Set 1 and Set 2, bicarbonate was removed from PBS media (Table 3.9).
lonic strengths of both electrolytes were calculated with Eg. 3.1 as a comparison tool

for different types of electrolytes.
I = % nczf Eqg. 3.1

Where ci is the molar concentration of ion as mM anz zi is the charge number of ion.

All compounds except vitamins were accounted in ionic strength calculation.

Table 3.9 PBS media used in Set 3.1 and Set 3.3

35

PBS Concentration NoPBS 10mM 20mM 30 mM mM 50 mM
NH4CI (g/L) 0.31 0.31 0.31 0.31 0.31 0.31
KCI (g/L) 0.13 0.13 0.13 0.13 0.13 0.13
NaH2PO4-2H20 (g/L) - 1.08 2.16 3.27 3.82 5.4
Na2HPO4-2H20 (g/L) - 0.6 1.2 1.81 2.11 3
Trace element + + + + + +
Vitamin + + + + + +
lonic strength (mM) 10.7 32.2 54.0 76.0 87.7 121.1
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PBS containing media was prepared in three stages: first, the chemicals NH4Cl, KClI,
NaH2P04.2H20, Na2HPO4.2H20, and trace element solution were added and mixed
in deionized water in a serum bottle then sparged and purged with N2 gas for 40
minutes to maintain anaerobic conditions and then autoclaved for sterility. Second,
NaHCO3swas prepared in a different bottle, filter sterilized through a 0.22 pm filter,
and sparged and purged with N2/CO2 gas mixture for 40 minutes. Third, PBS,
NaHCOs, vitamin solution, and trace element solutions were combined in an
anaerobic chamber (Plas Labs 818-GB, MI, USA). When PBS is used in different
concentrations in an experimental set, the first step was modified: PBS media was
initially prepared as 50 mM and then serially diluted to desired concentrations
without the chemicals NH4Cl and KCI. After the dilutions, these chemicals were
added to the media bottles separately. The PBS media stock solution was

concentrated 6.5X in all experiments.

In Set 3, CB was also used to compare their effect on methanogens in addition to

PBS media. The content of CB containing media is given in Table 3.10.

Table 3.10 CB media used in Set 3.2 and Set 3.3

CB concentration No CB 30 mM 60 mM O0Om™M 120 mM
NH4CI (g/L) 0.31 0.31 0.31 0.31 0.31
KCI (g/L) 0.13 0.13 0.13 0.13 0.13
K2COs (g/L) - 0.38 0.75 1.3 1.51
NaHCOs (g/L) - 2.29 4.58 6.87 9.16
Trace element + + + + +
Vitamin + + + + +
lonic strength (mM) 10.7 50.8 92.0 134.0 175.2

The preparation steps of CB media were similar to PBS media (6.5X). In the
preparation of CB media, firstly CB was prepared in 120 mM and sterilized through
a 0.22 um filter and then diluted to other concentrations. Secondly, NH4Cl and KCI

were added to each media bottle and sparged and purged with N2/CO2 gas mixture.
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Finally, separately sterilized trace element and vitamin solutions were then added
into CB media in the anaerobic chamber the contents of trace element and vitamin
solutions are given in Table 3.11 and Table 3.12, respectively. After preparation,
conductivities of both media were measured as another tool for comparison besides

of ionic strengths and shown in Figure 3.1.
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Figure 3.1 Conductivities of (A) PBS media and (B) CB media

Table 3.11 Content of the trace element solution

Trace elements Concentration
Nitrilotriacetic Acid 1.5¢g/L
MgSOas-7H20 3g/L
NaCl 1g/L
MnSO4-7H20 0.5¢9/L
NiCl2-6H20 0.2g/L
FeSO4-7H20 0.1g/L
CoCl2 0.1g/L
CaCl2:2H20 0.1¢g/L
ZnS0O4 0.1g/L
CuS04-5H20 0.1g/L
AlIK(S04)2 0.01 g/L
H3BOs 0.01 g/L
NazMo0O4-2H20 0.01 g/L
Na2SeOs 0.01 g/L
Na2WOa4 0.01 g/L
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The trace element solution (80X) was prepared by dissolving nitrilotriacetic acid and
adjusting the pH to 6.5, then adding the remaining chemicals and adjusting the final
pH to 7.0 with KOH (Siegert et al., 2014). The solution was sparged and purged with
N2z and autoclaved. Both trace element and vitamin solutions were prepared as stated

elsewhere (Siegert et al., 2014).

Table 3.12 Content of the vitamin solution

Vitamins Concentration
Pyridoxine-HCI 10 mg/L
Thiamin-HCI 5 mg/L
Riboflavin 5 mg/L
Nicotinic acid 5 mg/L
Calcium pantothenate 5 mg/L
Vitamin B12 5 mg/L
p-Aminobenzoic acid 5 mg/L
Lipoic (thioctic) acid 5 mg/L
Biotin 2 mg/L
Folic acid 2 mg/L

3.3  Reactor Construction and Electrode Preparation

In Set 1, MECs were operated and they were assembled in-house. The reactors were
made of borosilicate glass bottles with arms on both sides having a total volume of
130 mL with an active volume of 65 mL. Only the reactors that contained carbon
fiber brushes as both anode and cathode were chosen from borosilicate bottles of 300
mL as a larger reactor body was needed to easily insert the electrodes inside the
reactors while making sure the electrodes do not touch each other. In this case,
reactors used with CFB electrodes did not have a side arm (Figure 3.2). This set was

operated solely to compare the current production of various electrodes.
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Figure 3.2 Single chamber MECs used in the experiments (A) 130 mL volume with

side arms, (B) 300 mL volume without any side arms

In MECs the anode surface is colonized by exoelectrogenic bacteria that transform
the organic substrate into electrons, protons, and carbon dioxide. The electrons
located on the surface of the anode are transported to the cathode through the circuit
and react with the protons present there, resulting in the production of Hz and/or CH4
(Zhao et al., 2020). When the product is H2 then the product formation is abiotic,
when the product is CHa then the product formation is a biotic process. In the former,
the cathode material is not occupied by microorganisms yet in the case of latter the
cathode surface should be colonized by electrotrophs. Carbon and stainless steel are
the predominant electrode materials utilized in MECs (Bora et al., 2022). Stainless
steel is usually preferred as it can catalyze abiotic Hz evolution reaction, on the other
hand carbon-based materials are preferred for their ease of use and economical
advantages (Pawar et al., 2022).The materials are favored due to their excellent
conductivity, low electrical resistance, biocompatibility, and economic feasibility

(Aiken et al., 2019). In set 1, electrode studies were conducted using graphite block
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(GB), stainless steel mesh (SM), carbon fiber brush (CFB), and stainless steel brush
(SSB) electrodes.

e Graphite block electrodes (Figure 3.3A) were cut using a water jet to
dimensions of 2.5 cm x 2.5 cm x 0.3 cm. Subsequently, two holes were made
using a 1 mm drill bit to establish a connection for the 1 mm diameter
titanium wire (Timed Metal, Kocaeli, Turkey). The graphite block electrodes
were abraded using 400 and 1200-grit sandpapers and subjected to ultrasonic
treatment for 14 minutes. Subsequently, they were immersed in a 1 N HCI
solution overnight. Following this, they were rinsed with distilled water prior
to use (Yates et al., 2014).

e Stainless steel (SS) mesh was acquired in 304 grade, measuring 50 cm x 50
cm. The mesh was subsequently trimmed to dimensions of 2.5 cm x 2.5 cm
using a pair of scissors (Figure 3.3B). As a preliminary step, it underwent
ethanol washing followed by rinsing via distilled water. Subsequently, a hole
was made using a 0.8 mm drill bit to connect 0.8 mm diameter titanium wire.

e SS brush was purchased in a pre-made state, measuring 1.5 cm in diameter
and 4 cm in length (Figure 3.3C). It underwent the identical pre-treatment
procedure as the stainless steel mesh. The connection with SS wire was made
by twisting the wire to the stem of the brush.

e Carbon fiber brushes (Figure 3.3D) were fabricated using carbon fiber yarn
and titanium wire, measuring 2.5 cm in length and 2.5 cm in diameter. Prior
to use, the brushes were pre-treated in a muffle furnace at a temperature of
450°C for a duration of 30 minutes.

e Multiple SS mesh type electrode were prepared by attaching 6 SS mesh plates
to each other, each of which has a size of 2.5 cm x 2.5 cm. The plates were

connected using SS wire (Figure 3.3E).
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Figure 3.3 Electrodes used in Set 1 (GB: Graphite block; SM: Stainless steel mesh;
SB: Stainless steel brush; CFB: Carbon fiber brush; MSM: Multiple stainless steel

meshes)

In Set 2, For the comparison of PBS-acclimated lab scale reactor inoculum (LS) and
non-acclimated fresh inoculum (FS), serum bottles with a total volume of 110 mL

were used as batch reactors.

In Set 3, as CFB electrodes were used as both anode and cathode 300 mL serum
bottles as shown in Figure 3.2B are used as AD-MECs. The AD-MECs also housed
a salt bridge in the middle of the reactor which is then used for housing the reference
electrode and making the electrochemical measurements. The reference electrode
used in the experiments was Ag/AgCl with 3 M NaCl and + 0.197 V vs. Standard H2
electrode (SHE) (re-5b, BASI, USA).
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3.4  Experimental Setup

341 Set 1: MECs for Electrode Selection

In Set 1, the effects of different electrode types on current generation in MEC
systems were investigated. The experimental design of Set 1 is shown in Figure 3.4.
Set 1 was carried out in two different parts. In Set 1-1 different types of SS cathodes
were used, keeping the anode material constant (GB). In Set 1-2, different

combinations of CFB and GB electrodes were tested.

Set 1-2

Anode: Graphite block Anode: Graphite block
(GB) (GB)

Cathode: SS mesh
(SM)

Anode: Graphite block
(GB)
Cathode: Multiple SS

w meshes (MSM)

Anode: Graphite block

- (GB)

Cathode: SS brush

’ (SB)

Cathode: Carbon fiber
brush (CFB)

Anode: Carbon fiber
brush (CFB)

Cathode: Carbon fiber
brush (CFB)

Anode: Carbon fiber
brush (CFB)
Cathode: Graphite
block (GB)

Figure 3.4 Schematic representation of the experimental setup of Set 1

The effective volume of the reactors was 65 mL. A 10% inoculum was added by
volume, along with 10 mL of 20 mM PBS media and 10 mM sodium acetate solution.
The reactors were subsequently deprived of oxygen by sparging and purging a gas
mixture of (80%:20%) nitrogen and carbon dioxide (N2/COz). They were then
placed in a temperature-controlled environment, maintained at a constant
temperature of 35 £ 2°C, and left undisturbed. The anodes of the MEC reactors were
linked to 10 Q resistors and subsequently connected to a power source (Marxlow,
RXN-1502D, China), where a voltage of 0.7 V was applied. The current generated

was observed using a multimeter, with data collected at 10-minute intervals
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(Keysight Technologies, 34972A LXI, USA). Figure 3.5 displays the diagram of the
operational system.

The reactors were operated in two parts as biofilm formation and reactor operation.
In both parts, the only performance parameter that is monitored was the current
generation. In the biofilm formation part, the reactors were supplied with acetate
without any reactor liquid removal. When the current densities dropped below
around 0.03 mA/cm?, a new cycle was started by acetate injection. However, in the
reactor operation part, the reactors were emptied and re-filled with media and acetate

in each cyle.

Power supply Data monitoring

10 Q resistor

Cathode Anode

o 4P
(&)

-
o
o

MEC Data acquisition unit

Figure 3.5 Schematic diagram of MEC operation

3.4.2 Set 2: Effect of PBS on AD Performance

The objective of this set was to investigate the impact of various concentrations of
PBS on inoculum cultures that had been fed with PBS for a specific duration, as well
as on inoculum cultures that had not undergone any acclimation process. A

laboratory-scale anaerobic digester effluent and untreated anaerobic digester sludge
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(FS) were used as inoculum. This experiment was conducted as a biomethane
potential (BMP) test to assess the CHa production capacity of the inoculums with

cattle manure substrate under controlled conditions.

For this set, serum bottles with a total volume of 110 mL (active volume 65 mL)
were used. These batch reactors were supplemented with cattle manure at an F/M
ratio of 1 and the initial VS contents of the reactors was 11635 + 500 mg/L. Reactors
were fed with PBS media of varying concentrations (2.5 mM, 5 mM, 10 mM, 20
mM, 50 mM), all of which contained equivalent quantities of trace elements and
vitamins. Details of the PBS media is shown in Table 3.8. Additionally, seed control
reactors were established that contained only an inoculum and deionized water. The

experimental design for this set is shown in Figure 3.6.

TR

25mM 5mM 10 mM 20 mM 50 mM Seed Control
PBS PBS PBS PBS PBS

______________________________________________________

; /_;r» o
=

Fresh seed from municipal AD (FS)
___________________ 1 Sl P}

Figure 3.6 Schematic representation of the experimental setup of Set 2

In this set, the reactors were operated as duplicates to ensure the reliability and
reproducibility. During the reactor operation, CHa4 production was periodically
measured. The reactor operation was ended when the change in daily CH4 production
dropped below 3%. Besides VS, pH, conductivity, and ORP values were measured

before and after the reactor operation.
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3.4.3 Set 3: Effect of PBS and CB on AD-MECs Under Different Applied
Voltages

The aim of Set 3 was to investigate the effect of PBS and CB on AD-MEC integrated
systems under voltages of 0.7 V and 0.9 V. The illustration of the set is given in
Figure 3.7.

Set 3-1 Set 3-2 Set 3-3

[ N
| e |
30 mM CB 10mMPBS 30mM CB
[ IS — [ IS
| g-rage | | 1ap-nekc ] | ap-ae |
20 mM PBS 60 mM CB 30mMPBS 60mMCB
[ T#p-rec ] AD-MEE [ A-rage | | -rage |
35 mM PBS 90 mM CB 50 MM PBS 120 mM CB
Applied voltage: 0.7 V
| Ab-nage | | Ap-magc |
e
50 mM PBS 120 mM CB
Applied voltage: Applied voltage: o) ) Blank )

0.9V 0.9V |

Figure 3.7 Schematic representation of the experimental setup of Set 3
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In this set, AD seed from ESKI was used as inoculum, and cattle manure was used
as substrate as in the previous set. According to the result of Set 1, it was decided to
use CFB as anodes and cathodes. Other reasons for choosing the CFB were that it
provides a large surface area for the growth of microorganisms and has high
biocompatibility due to its carbon structure (Baek et al., 2021). Set 3 was carried out
in three different parts (Set 3-1, 3-2, and 3-3). In Set 3-1, an active volume of 150
mL was obtained after adding different concentrations of PBS (10 mM, 20 mM, 35
mM, and 50 mM) to the reactors along with inoculum and substrate. Borosilicate
bottles with a total volume of 300 mL were used as reactors (Figure 3.1B). The initial
VS and F/M ratios (based on VS) for Set 3 are given in Table 3.13. The externally
applied potential in Set 3.1 and 3.2 was 0.9 V. Again, as in Set 1, current data were

recorded at 10-minute intervals.

Table 3.13 Initial VS and F/M values of Set 3

Experiments Initial VS (mg/L) FIM
Set 3-1 13500 + 500 0.6
Set 3-2 11500 £ 700 0.6
Set 3-3 18600 + 245 1

As controls, open circuit (OC) reactors with electrodes but no voltage applied,
conventional anaerobic digester (AD), and seed controls (SC) were set up (Table
3.14). All reactors were brought to anaerobic conditions with N2 gas and operated at
35°C. The only distinction between Set 3-1 and Set 3-2 was the composition of the
electrolytes. CB was used at various concentrations (30 mM, 60 mM, 90 mM, and

120 mM) instead of PBS and the purge gas was changed to N2/CO:..
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Table 3.14 Test and control reactors operated in Set 3

Reactors Seed Cattle manure  Electrodes Voltage application
AD-MEC + + + +
ocC + + + -
AD + + - -
SC (Blank) + - - -

In Set 3-3, the applied voltage was reduced to 0.7 V, and instead of setting the PBS
and CB reactors in separate parts, they were combined in one part by decreasing the
number of reactors. Both the PBS and CB were used in three different
concentrations; 10 mM, 30 mM, and 50 mM for PBS and 30 mM, 60 mM, and 120
mM for CB. The AD-MEC reactors during the operation of Set 3-3 are given in
Figure 3.8.

Similar to Set 2, all the reactors were operated as duplicates. During the reactor
operation, current production and CHa4 production were continuously monitored. The
reactor operation was ended when the change in daily CHas production dropped below
3%. Also, VS, pH and conductivities were measured before and after the reactor

operation.
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Figure 3.8 Operation of AD-MEC reactors in Set 3-3
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3.5  Analytical Methods

351 Standard Methods Used for Characterization

The characterization experiments such as TS, VS, tCOD, and sCOD were performed
as stated in the Standard Methods (APHA, 2017). On the other hand, Hach Methods
were used to determine the phosphate (POs-P) and ammonium (NH4-N)
concentrations. Details of the specified methods are presented in Table 3.15. Prior to
sCOD, POs-P, and NH4-N experiments, the samples were filtrated via a vacuum filter
and the pore size of the filter was 0.45 um. In these experiments, a spectrophotometer
was used (HACH, DR 2800).

Table 3.15 Methods used for analyzing the samples

Experiments Method
Total Solids (TS) Standard Method 2540 B
Volatile Solids (VS) Standard Method 2540 E
Chemical Oxygen Demand (COD) Standard Methods 5220 B and 5220 C
Phosphate (PO4-P) Hach Method 8178
Ammonium (NH4-N) Hach Method 8038

Conductivity, pH, and ORP of the reactor samples were measured with a
conductivity meter (Sension5, HACH, Germany), a pH meter (Starter300, OHAUS,
USA), and a multiparameter ORP probe (Multi3320, WTW, USA), respectively.

3.5.2 Biogas Amount and Composition Measurement

Biogas production in reactors was measured using a water displacement mechanism
with a liquid at a pH of 2. The composition of the biogas was determined with a gas
chromatography (GC) device (Trace GC Ultra, Thermo Scientific, USA) in the first
two sets. After Set 2, the GC measurements were switched on to another device (GC-
2010 Pro, Shimadzu, Japan). Both devices had a thermal conductivity (TCD)
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detector and a special type of column that consists of two different columns serially
connected (CP-Moliseve 5A and CP-Porabond Q, Agilent, USA) to measure biogas
composition. The injection volumes for both GCs were 200 pL. The carrier gas used
was helium, maintained at a constant pressure of 100 kPa. The temperatures of the

detector, oven, and injector were 80°C, 35°C, and 50°C, respectively.

GC-TCD was regularly calibrated with a calibration gas containing 10% CH4, %10
N2, 30% CO2, and 50% Ha. Injection volumes were ranged between 50 pL and 500
HL. The injections were triplicates at 5 points. The linear equations generated from
the calibration curves were used for the calculations of gas production for each set.

An example of the calibration curves is given in Figure 3.9.
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Figure 3.9 An example of calibration curves of the gases (A) Hz, (B) N2, (C) CHg,
and (D) COea.
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3.6 Electrochemical Tests

Electrochemical tests were conducted to AD-MEC reactors to evaluate the
electrochemical performance of the reactors. For the experiments, potentiostats were
used (Interface 1010E and Interface 1010B, Gamry, USA).

3.6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) tests were conducted to evaluate the electroactivity of
biofilms on both the anode and the cathode surfaces with a three-electrode
configuration consisting of a working electrode, a counter electrode, and a reference
electrode (Figure 3.11). The reference electrode was Ag/AgCIl with 3 M NaCl
solution inside (re-5b, BASi, USA). The electrode designated for the examination of
biofilm electroactivity was connected to the working electrode clip, while the other
electrode was connected to the counter electrode clip. The reference electrode clip
was attached to the reference electrode. In CV, the voltage range of the scan was
from -0.7 to 0 V vs reference electrode Ag/AgCl, and the scan rate was 1 mV/s. An
example of a three-electrode configuration for a CV experiment is shown in Figure
3.10.

Figure 3.10 Three-electrode configurated reactor connected to a potentiostat
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3.6.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was conducted to acquire internal

electrochemical data for AD-MECs. The acquisition of Nyquist and Bode plots was

performed using a potentiostat (Interface 1010E, Gamry, USA) equipped with a

frequency response analyzer. The data were mostly utilized to acquire the internal

resistances of the cells. The EIS experiment was conducted under conditions of open

circuit potential (OCP) utilizing a 2-electrode configuration in Set 3-3 to gather

comprehensive information about the whole cell between the anode and cathode. The

analysis frequency range was adjusted from 0.01 Hz to 100000 Hz, with an AC signal

amplitude of 5 mV. The difference between the 2-electrode and 3-electrode

configurations is given in Figure 3.11.

A (B) RE

RE J cs
WE CE WE CE
WS S

WE: Working electrode, WS: Working sense, RE: Reference electrode, CE: Counter electrode, CS: Counter sense

Figure 3.11 Schematic descriptions of electrode configurations used in
electrochemical tests: (A) 2-electrode configuration and (B) 3-electrode

configuration

3.7 Calculations

3.71 Methane Production

Cumulative CHas production was calculated from Eq. 3.2 as stated in Filer et al.,

(2019). Net CHa values were obtained by subtracting the cumulative CH4 production

of the seed control reactors from the test reactors.
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%CH,,t

_ %CH4t—%CH,,(t—1)
VCH4_ - VWD._IOO + Vh'

100

Eq. 3.2

where, Vt represents the volume of biogas or CH4 measured at a specific time t, mL.
%CHa,t refers to the percentage of CH4 present at that time t. Vwo is the volume of

the water displacement, in mL and V is the headspace volume in mL.

3.71.1 Methane Yield

The net CH4 yield was calculated by subtracting the cumulative CH4 production of
the seed control reactor from the cumulative CH4 production of the test reactors and
dividing it by the VS value of the feed inside the reactor (Eg. 3.3).

__ Veu, T-Ven,,SC
Vyp, = Lol VenySC Eq. 3.3

VSsubstrate

where Ycna is the net CHa yield in mL CHa4/ g VS added, Vcwa, T is the cumulative
CHa production of the test reactor in mL, VcHs,SC is the cumulative CH4 production

of the seed control reactor in mL, and VS of the substrate in g.

3.71.2 Methane Production Kinetics

The kinetics of CH4 produced in the reactors was calculated with the modified

Gompertz model given in Eqg. 3.4 (Yahya et al., 2022).
Rm.e
P,t = P,.exp (—expp—. -1+ 1) Eq. 3.4

Where Pt is the cumulative CH4 production at a given time t in mL, Rm is the CH4
production rate in mL/day, A is the lag time in day and Pm is the maximum CHa

production potential in mL.
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3.7.2 Current Density

Within the MECs, the current production was monitored using a data acquisition unit
(Figure 3.5) and the calculation is carried out according to Ohm’s law and
normalized as current density by dividing the current produced by the surface area

of the anode. The equation is given in Eq. 3.5.
=— Eq. 3.5

Where J is the current density in mA/cm?, | is the current produced in mA, and A is

the surface area of the CFB anode (projected cylindrical surface area is 29.45 cm?).

3.7.3 Charge Accumulation

Charge accumulations of the AD-MEC reactors were approximated by using the
trapezoidal rule since the current data was measured in discrete intervals (10 min)
with Eq. 3.6.

Q,t =X I(t). At Eq. 3.6

Where Q,t is the accumulated charge at time t in Coulombs, C. Lti is the current
produced at i-th step, in A, and At is the duration between each measurement
(Ghaderikia et al., 2023).

3.74 Coulombic Efficiency (CE)

Coulombic efficiency (CE) is calculated from Eq. 3.7 as the ratio of the total charge
in Coulombs and the theoretical charge that could have been generated based on

substrate consumption as COD (Guo et al., 2017).

t
%CE = s Eq.3.7

Mg
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AC represents the substrate removal in g COD/L, V is active reactor volume in L, F
is the Faraday constant (96485 C/mole €), bo is the number of moles of electrons
transferred from the oxidation of organic matter by 1 mol of Oz (4 mol of e/ mol of

oxygen), and Mo is the molar mass of Oz (32 g/mol).

3.75 Change in Energy Efficiency

Changes in energy efficiency were calculated as stated in Ghaderikia and Yilmazel
(2023) from the formula Eq. 3.8.

Wch, ADMEC—Wpgs
WCH4,AD

Change in energy ef ficiency = Eq. 3.8

WocHa,ap-MEC represents the amount of energy recovered as CH4 from the AD-MEC
reactor, in kJ. Wchs,ap is the energy recovered as CHa4 from the AD reactor, in kJ,
and Whs is the energy added by the power supply, in kJ. Weswas corrected for the
losses caused by the external resistor Rex (10 Q). The correction calculation is given
in Eq. 3.9 (Ghaderikia & Yilmazel, 2024).

Wps = Y1 1. Eps. At — YT 2. R, At Eq. 3.9

Where Eps is the external voltage applied in V, At represents the duration between

each measurement of n data points taken during the reactor operation.

3.7.6 Methanogenic Activity

In sets 2 and 3, the percent methanogenic activities of the reactors were calculated
by dividing the cumulative CH4 production of the test reactor by the cumulative CH4

production of the NB AD control reactor as given in Eq. 3.10.

% Methanogenic activity = % 100 Eq. 3.10

CH,C

Where Vcus, T is the cumulative CH4 production of the test reactor in mL, Vcra,C is

the cumulative CH4 production of the control reactor in mL
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3.8 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis was conducted on the CFB electrodes
with biofilm from the reactors operated in Set 3-3 to differentiate the microbial
density that could be caused by inhibition. The brush pieces were cut right after the
reactor operation was ended with a pair of sterilized scissors under a laminar flow
inside the fume hood that was pre-sterilized. Then the pieces were placed into
separate containers with caps and covered with 4% paraformaldehyde (PFA)
solution in 0.1 M PBS at 7.4 pH and left at 4°C for 8 hours for biofilm fixation on
the electrode surface. PFA and PBS solutions were prepared as stated in Kas &
Yilmazel, (2022). PFA solutions were carefully removed from the edge of the
containers with Pasteur pipettes so as not to touch the surface of the brush pieces and
the containers were then filled with PBS and emptied 3 times in 5-minute intervals
to remove the remaining PFA solution. Afterward, the brush pieces were subjected
to a serial dehydration process with ethanol in different concentrations (25%, 50%,
75%, 95%, and %100) and 3 times in 5-minute intervals. The last 100% ethanol was
not removed from the containers instead, the samples were dried by leaving the lids
open under a fume hood overnight. After the fixation process, the brush pieces were

sent to METU Central Laboratory for coating with Au/Pd and imaging.
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CHAPTER 4

RESULTS AND DISCUSSION

41 Set 1: MECs for Electrode Selection

Electrodes provide a conductive surface for transferring electrons from the anode to
the cathode in MECs enabling methane production and increasing the MEC
efficiency as they provide an attachment surface for microorganisms (Choi et al.,
2019).

Different types of electrodes were tested at different periods in MEC systems (Figure
3.3) and the experimental set up schematic is given in Figure 3.4. The current density
was chosen as the performance parameter and obtained by dividing the amount of

current generated in the reactor by the anode surface area (Eq. 3.4).

Set 1 was conducted in two parts. In Set 1.1, the effect of the cathode surface area
on current generation was investigated. The current was continuously monitored and
10 mM sodium acetate was injected into the reactors when the current dropped below

around 0.03 mA/cm2.

During reactor operation part starting on day 11, the reactors were emptied in the
anaerobic chamber and replaced with media to examine the performance of biofilms
on the electrodes and there was no reinoculation. Then they were fed with sodium
acetate and this process was repeated when the current dropped. As can be seen in
Figure 4.1, the current densities of the reactors with all MSM and SB electrodes
continued with approximate values after the 12th day. While the peak current density
value of the reactor with SM cathode at reactor operation period was 0.96 mA/cm?,
the peak current density of the reactor with MSM cathode was 1.61 mA/cm? and the

peak current density of the reactor with SB cathode was 1.85 mA/cm?.
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Figure 4.1 Current densities of the reactors with SS cathodes: (A) SM cathode, (B)
MSM cathode, and (C) SB cathode

In Set 1.2, MECs were set up in which CFB electrode was used as anode, cathode
and both anode and cathode. In the same way, their currents were continuously
monitored and sodium acetate was fed when the current dropped below 0.03

mA/cm?.

The highest current density peak (0.18 mA/cm?) was obtained in the MEC where
both electrodes were used as CFB (Figure 4.2). The current densities in the reactors
where the GB electrode was used in addition to the CFB, remained at low levels

throughout the operation.
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Figure 4.2 Current densities of the reactors with CFB: (A) both anode and cathode
are CFB, (B) CFB anode GB cathode, and (C) GB cathode CFB anode

Considering both parts, it was decided to use CFB as the electrode in the subsequent
AD-MEC sets. Although they have a similar current density to SM, they are
considered to be more suitable for use in AD-MECs due to their high
biocompatibility and large surface area due to their carbon structure (Baek et al.,
2021). In addition, this selection also served as a confirmation that carbon fiber brush
electrodes could be used effectively without significant alterations to the system
design. Moreover, stainless steel material is known to trigger Hz production
reactions in MECs (Olivares-Ramirez et al., 2007). The fact that the H2 produced can
inhibit the microbial community in the AD-MECs due to H2 partial pressure also

played an important role in the selection of CFB as the electrode.
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4.2 Set 2: Effect of PBS on AD Performance

42.1 Set 2: Methane Production

The schematic representation of Set 2 is given in Figure 3.5. For this set, two
different inoculum sources were used. The effluent collected from a lab-scale
reactor, which was continuously fed with cattle manure in the presence of 5 mM PBS
was used as inoculum (LS) to test whether any acclimation to PBS was possible. In
addition, the reactors with the fresh inoculum (FS) were also operated as a control.
Except for the inoculum used, the same feed (cattle manure) and the same media
were used in these two sets of experiments. CH4 production of Set 2 batch reactors
at 35°C is given in Figure 4.4. Here SC represents the seed control reactor that
received no manure and serves to calculate the net CH4 production. The NB reactors
also show the other control reactors which received no PBS. The composition of the

media added to the reactors is given in Table 3.8.
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Figure 4.3 Cumulative methane productions of the AD reactors operated in Set 2:
(A) LS reactors, (B) FS reactors

Although the total CH4 production seems to be higher in LS reactors, the net CH4
production obtained by subtracting the CH4 produced by control reactors were higher

in FS reactors for each PBS concentration (excluding NB control reactors, LS _NB:
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102.2 £ 0.7 mL, FS_NB: 96.6 £ 0.2 mL). As seen in Figure 4.3, an increase in PBS
concentration led to a decrease in CH4 production in reactors operated with both
types of inoculums.

Net CH4 yields are shown in Figure 4.4. With both inoculums, CH4 yields, were at
similar levels up to 5 mM PBS, but started to decrease significantly with increasing
concentrations and this impact was more pronounced beyond 10 mM PBS. It can be
clearly seen that the CHa4 yields of FS reactors are higher at all PBS concentrations
than their respective counterparts of LS reactors. The net CH4 yields of FS reactors
were 1.03 — 1.62 times higher than LS reactors. This information led to the
conclusion that the inoculum culture was not acclimated to 5 mM PBS, but rather

partially inhibited showing that the PBS acclimation of the seed was not successful.
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Figure 4.4 Net methane yields of the AD reactors operated in Set 2

When compared with the AD studies that used cattle manure as the sole substrate, a
wide range of CH4 yields were observed in the range of 79-330 mL CHa4/g V Sadded
although their initial organic loadings vary (Table 4.1). All CH4 yields obtained in
this set are within this range. However, since the increase in PBS concentration after

5 mM caused drops in CHayields in FS reactors, there might be an inhibition due to
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high phosphate concentrations. For example, increasing POs-P concentration from
57 to 414 g/m3 had been shown increased CHa yield up to 350 mL CHa/g VSS.
Nevertheless, further increase in PO4-P concentrations led to a decrease in CHayield
and slowed down the CHa rate in AD process (Wang et al., 2015). Similarly in a
study, POs-P concentrations higher than 250 mg/L resulted in an inhibition of CH4
production and slowed down the process (Carliell-Marquet & Wheatley, 2002).
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4.2.2 Set 2: Organic Removal and Methane Production Kinetics

Kinetic parameters such as CHs production rate (Rm) and start-up time (A) were
calculated by a mathematical model, the modified Gompertz equation (Eq. 3.3).
When the CHa production rates of the two inoculums are compared, the production
rates of FS reactors are relatively higher. The rates of the PBS reactors of both seeds
were smaller than their NB controls. In fact, there was a decrease in the rate of CH4
production in each inoculum upon PBS addition. The percent decrease in the rates
with respect to their own control reactors for each inoculum is shown with a
paranthesis in Table 4.2. When the lag times were compared, it was observed that
LS reactors lagged 3-6 times more than FS reactors. In addition, with FS the lag time
was increased up to 4 times with increasing PBS concentration in the range of 10 —
50 mM.

Table 4.2 VS removals and kinetic parameters of the reactors operated in Set 2

VS Removal

Reactor (%) Pm (ML) Rm (mL/day) A (day) R?
LS NB  34.81+1.48 151.6 £ 0.64 7.28+0.19 152 +0.03 0.9911
LS 25 40.05+0.001 14153+1.01 6.67+£0.18(8) 13+0.1 0.9881
123.81 6.07£0.73
LS 5 35.73£0.29 19.62 (16) 1.04 £0.32 0.9851
LS 10 37.11 £ 3.44 110.42+£9.34 6.3+£0.18(13) 1.12+0.05 0.9849
LS 20 40.16 £3.94 104.97 £1.96 6'15(1153)'07 1.67 £0.23 0.9918
LS 50 29.29+1.29 77.36 £6.63 5'17(;9;)'26 2.68 £0.27 0.9984
FS NB 21.99+1.39 110.97 £9.07 9.27£0.005 0.26 £0.07 0.9920
FS 25 29.18 £ 2.07 115.21+£0.35 8.81+0.19(5 0.2+0.04 0.9899
FS 5 22.8 £0.53 119.25+236 8.67+x04(7) 0.2+0.03 0.9891
FS 10 18.88 £ 3.67 103.49+25 9.26+0.36(-) 0.36+0.06 0.9886
7.72 £0.25
FS 20 24,69 £3.73 92.7 £0.62 (17) 0.46x0.14 0.9916
FS 50 35.85%0.001 83.51+25 3'87(518?36 0.88 = 0.06 0.9940

* The number in parentheses shows the % increase in performance with respect to AD of

the same PBS concentration.
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The VS removals of LS reactors were 27-49% higher than their corresponding FS
reactors except LS_50 reactor which had 22% lower VS removal. The reason for
such difference in LS and FS reactors could be the difference in their inoculum
contents. Since the inoculum of LS reactors was cattle manure fed, there might be an
acclimation to cattle manure which may result in higher VS removals. Also, pH,
conductivity, and ORP values were measured initially and after the operation (Table
C.1in Appendix C). The pH of the reactors remained unchanged at around 7.0 at the
end of the reactor operation. On the other hand, the ORP values were slightly
decreased at the end indicating optimal anaerobic conditions (-200 to -400 mV) for
methanogens maintained during the operation (Hirano et al., 2013). However, the
reactor conductivities were unexpectedly increased up to 93%. This may be due to
experimental error such as taking the initial measurements without mixing after the
buffer addition.

4.2.3 Set 2: Methanogenic Activities

To understand whether there is a correlation between PBS concentration and
methanogenic activity, relative activities were calculated and compared with PBS
concentrations. Relative activities were calculated in the same way for LS and FS
reactors and compared with the CHa4 production of reactors with other PBS

concentrations, assuming that the no PBS control reactors (NB) had 100% activity.
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Figure 4.5 Methanogenic activites of the AD reactors operated in Set 2: (A) LS

reactors, and (B) FS reactors

Figure 4.5 shows a strong correlation between methanogenic activity and PBS
concentration in reactors with both inoculums. The slope of the regression line in
Figure 4.5A is relatively higher than the slope in Figure 4.5B may be due to the prior
inhibition of the inoculum used in LS reactors. On the other hand, in the FS reactors
with low PBS concentrations (2.5 mM and 5 mM), there may be an improvement

since methanogenic activities were above 100%.

The drop in methanogenic activities was also reported in previous studies. For
example, phosphate addition in 100 mM severely inhibited the CH4 production in
thermophilic AD (50°C) with carboxymethyl cellulose substrate, and the initially
dominated species shifted from acetoclastic methanogens to hydrogenotrophic
methanogens (Lackner et al., 2020). In another study, increasing the phosphate level
from 10 to 100 mM caused a decrease in CHa production between 6.2 to 26.2%
compared to control with a starch-rich substrate at 39°C (Feng & Jian, 2012).
Moreover, phosphate buffer in 70 mM dropped the methanogenic activity by 79% at
55°C with sludge substrate (Paulo et al., 2015). There might be numerous underlying
mechanisms for methanogenesis inhibition by phosphate. One reason could be that
phosphate could affect the availability of trace elements by forming a precipitate

with ammonium and magnesium ions as magnesium ammonium phosphate crystals,
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namely struvite in a wide range of pH (7.0-11.0). Since enzymes that take place in
the methanogenesis pathway require trace elements, limited availability could hinder
the enzyme activities and thus inhibit the methanogenesis (Lackner et al., 2020). The
other mechanisms may include alterations in extracellular pH and inhibition of
enzymes that are involved in the conversion process (Witney et al., 1977; Lackner et
al., 2020). In the case of acetoclastic methanogenesis, phosphotransacetylase enzyme

may potentially be impacted by the high concentration of phophate (Niu et al., 2018).

PBS has been used as an electrolyte for enhanced activities in many MEC systems
and even in AD-MECs, there is a clear negative impact of PBS on the mixed
anaerobic microbial community as evident with Set 2 results. However, as mentioned
earlier due to the known benefits of PBS or other electrolytes in bioelectrochemical
systems, experimental proof of its impact on AD-MEC:s is still needed. Therefore,

Set 3 experiments were conducted.

4.3  Set 3: Effect of PBS and CB on AD-MECs Under Different Applied
Voltages

MECs encounter energy losses that can be attributed to internal resistances caused
by the electrodes, mass transfer of the liquid in the reactor, and/or the membrane
(Wang et al., 2022). PBS is a frequently used buffer in MEC systems to facilitate
electron transfer and overcome the resistance caused by the solution and enhance the
efficiency of CH4 production from the electrolysis cell component. However, in our
research group’s previous studies, it has been shown that PBS have negatively
impacted AD-MEC performances at 100 mM concentration (Ghaderikia &
Yilmazel, 2024). This brings the question whether a lower concentration is actually
beneficial for the performance of AD-MECs and if so what is this optimum PBS
concentration. Therefore, in Set 3 the aim was to investigate the impact of PBS and
CB on CH4 production kinetics and electrochemical system performance of AD-

MEC systems.

71



43.1 Set 3.1: Effect of PBS on AD-MEC Under 0.9 V

AD-MEC reactors were supplemented with four different concentrations of PBS (10
mM, 20 mM, 35 mM and 50 mM). The control reactors included no buffer AD-MEC,
open circuit (at the same buffer concentrations), conventional AD (at the same buffer
concentrations) and blank (seed control, at the same buffer concentrations).
Including the duplicate operation in total there were 40 reactors in this set: 10 AD-
MECs, 10 OC reactors, 10 AD reactors, and 10 Blank reactors.

4311 Set 3.1: Methane Production

The highest CH4 productions were observed in AD-MEC reactors with NB media
(265.36 + 2.34 mL) and 10 mM PBS (269.48 £ 0.53 mL) (Figure 4.6). In the reactors
with the same PBS concentration, AD-MEC, AD and OC were in the order from the
highest CH4 production to the lowest CH4 production. The reason why OC reactors
had the lowest CHa4 production may be due to the fact that methanogens may have
spent less energy on CHa4 production due to the energy spent to grow on the brush
surface (Zhang et al., 2013). Therefore, the improvement caused by applying voltage
to the reactors may be greater than it appears, especially at low PBS concentrations.
The increase in PBS concentration led to a decrease in CH4 production in all reactor
types as in the previous set. The lowest CH4 productions were observed in 50 mM

PBS reactors.
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Figure 4.6 Cumulative methane production of the reactors of Set 3.1: (A) AD-
MECs, (B) OC controls, (C) AD controls

The “S” shape in the graphs of AD reactors with 35 mM and 50 mM PBS shows the
long start-up times and lower rates in these reactors. However, this “S” shape does
not appear in AD-MEC reactors with external voltage; this is because AD-MEC
systems increase the rate of organic conversion when compared to conventional AD
(Xu et al., 2020). The modified Gompertz equation was used to calculate kinetic

parameters such as start-up time and discussed in the following section.

Net CH4 yields are calculated by subtracting the amount produced in the reactors

from their corresponding Blank, i.e., seed controls. In this set multiple seed controls
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were operated with varying PBS concentrations as in other reactors. Yet, there was
no significant difference between them with a standard deviation of 3.3 mL (Figure
F.1in Appendix F). Thus In Figure 4.7 only NB_SC is shown.
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Figure 4.7 Net methane yields of the reactors of Set 3.1

When the net CH4 production yields of the reactors were compared, it was observed
that increasing PBS concentrations led to a decrease in yield in all reactor types
(Figure 4.7). The highest CH4 yield was obtained in NB_ADMEC reactor with 302.8
+ 15.7 mL CHa/g VSaddea Which was 51% higher than PBS_50_ _ADMEC reactor.
CHy yields of the AD reactors were similar to the yields of FS reactors from Set 2
with maximum 6.9% difference. The net CHa4 yields of the OC reactors were lower
than both of its corresponding AD-MEC and AD reactors. It is concluded that the

high surface area inside the reactor does not have a positive effect when no external
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voltage is applied, but on the contrary, has a negative effect. This result was
contradictory to the study which revealed increasing the surface area by adding CFB
without any voltage application had better methane production performance than the
AD-MEC reactor with CFB electrode (Baek, et al., 2021).

4.3.1.2  Set 3.1: Organic Removal and Methane Production Kinetics

The kinetic parameters obtained by applying the modified Gompertz equation and
VS removals are summarized in Table 4.3. CH4 production rates were close to each
other in reactors with the same PBS concentration up to 35 mM, with AD reactors
being the highest. Among the 35 mM PBS-added reactors, the highest CHa
production rates were observed in AD-MEC reactors (10.88 = 0.87 mL/day). The
CHa production rates of 35 mM and 50 mM AD-MEC reactors were 20% and 41%
higher than their AD controls, respectively, which shows that under inhibitory
conditions the stabilities of the reactors are increased when AD-MECs are operated
instead of conventional AD. This finding is consistent with the literature. Although
the inhibitory compound was ammonia, AD-MEC integration had shown an increase
in stability with pig slurry substrate (Cerrillo et al., 2018). In addition, there was a
strong negative correlation between the CH4 production rate and PBS concentration
with an R? range of 0.8521 — 0.9715 (Figure G.4 in Appendix G) Regarding the start-
up times, the longest start-up times occurred in AD reactors with 35 mM and 50 mM
PBS this is because of the higher inhibitory impacts at these concentrations. In terms
of organic matter removal, the highest VS removal of AD-MEC reactors was
observed in NB reactors with 46.3 + 0.4%. However, there was at most 18%
difference between the reactors with the lowest and highest VS removals occurred.
Similar VS removal rates of around 41.9% and 47.9% were observed in AD-MEC
studies with cattle manure substrate (Hassanein et al., 2020; Dalkilic & Ugurlu,
2024).

In this set, initial and final measurements of pH and conductivity were taken (Table

E.1in Appendix E). The reactor pH values remain neutral at the end of the operation.
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Although the final conductivities were slightly higher than their initial values there

was not drastical changes as in Set 2.
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43.1.3

Set 3.1: Methanogenic Activities

Methanogenic activities were calculated to understand the relationship between PBS
concentration and methanogenic activity in AD-MEC, OC and AD reactors. The NB
reactor of AD reactors was assumed to have 100% methanogenic activity and

compared with the other reactors. The graphs of methanogenic activities and PBS

concentration are shown in Figure 4.8.
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Figure 4.8 Methanogenic activities of the reactors operated in Set 3.1: (A) AD-
MEC reactors, (B) OC reactors, and (C) AD reactors

In all reactor types, there was a decrease in methanogenic activities with increasing

PBS concentrations. However, there was 6 and 8% improvement in the NB and 10

mM PBS AD-MEC reactors, respectively. Such improvement was observed in
literature. Conrad et al., (2000) reported that 10 mM PBS enhanced the CHas
production while higher PBS concentrations lowered the CH4 production process by

inhibiting acetoclastic methanogenesis in rice root experiments (Conrad et al., 2000).
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Although there is inhibition in all reactor types, the correlation between
methanogenic activity and PBS concentration in AD reactors is higher than in other
reactor types as shown with a greater R? value. When the slopes of the lines were
analyzed, it was observed that the sharpest inhibition was observed in AD reactors.
The lower slope of the OC graph compared to the other reactor types may be due to
the high surface area caused by the brush, which may have increased the tolerance
of methanogens to PBS as in the literature, where the attached surface increased the
tolerance of microorganisms to inhibitory compounds such as pharmaceuticals

compared to suspended microorganisms (Falas et al., 2012).

4314 Set 3.1: Current Production

Current densities were obtained by dividing the currents produced by the
exoelectrogens in the reactors by the cylindrical surface area (29.45 cm?) of the CFB
used as the electrode. The highest current density was observed in the 50 mM PBS
reactor with a peak current density of 0.23 + 0.004 mA/cm? in contrast to CHa
productions (Figure 4.9). The current densities decreased with decreasing PBS
concentration and the lowest peak current density was observed in the PBS control
reactor with 0.04 + 0.004 mA/cm?. According to these results, as frequently shown
with MECs in the literature (Miller et al., 2019), PBS had a positive effect on the
current generation. As shown in Figure 4.9, multiple current density peaks were
observed during the operation. This may due to the content of the substrate. Since
cattle manure contains multiple complex organics such as carbohydrates, proteins,
fat and lignocelluloses, their disintegration may occur in different times. Based on
this, the first peak would indicate carbohydrate disintegration while the last one
lignocellulosic mass. Such multiple peaks were observed in AD-MEC studies with
cattle manure substrate (Xing et al., 2021; Ghaderikia & Yilmazel, 2024).
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Figure 4.9 Current densities of the AD-MECs operated in Set 3.1

4.3.1.5  Set 3.1: Charge Accumulation and Coulombic Efficiency

Similar to the current generation, PBS has a positive effect on charge accumulation
as shown in Figure 4.10. The NB AD-MEC reactor showed the least charge
accumulation (1040 + 33 C) indicating a minimum electrochemical activity when
PBS was not used. AD-MEC reactors with 10 mM and 20 mM PBS showed increases
in charge accumulation that indicates a positive enhancement in electron transfer
compared to the NB reactor. The reactors with higher concentrations of PBS,
specifically 35 mM and 50 mM, showed a significant increase in charge
accumulation. The reactor with 50 mM PBS showed the highest levels of charge
accumulation (7700 £ 130 C) which was about 7.4 times higher than NB AD-MEC
reactor especially after a 10-day period. It appears that a higher concentration of PBS
greatly improves the electrochemical performance and electron transfer in AD-MEC

systems.
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Figure 4.10 Charge accumulations of the AD-MECs operated in Set 3.1

Coulombic efficiency (CE) is a critical parameter of the performance of AD-MECs
since it reflects the efficiency with which electrons derived from the substrate are
converted into electrical energy. The lowest CE was obtained in NB reactor with 6
+ 0.1%. However increased PBS concentration improved the CE up to 51.6 = 1.3%
(50 mM PBS) indicating half of the electrons produced were converted to CHa
(Figure 4.11). The improve in CE with increased PBS concentration shows that the
electrolyte optimally supports electron flow towards methanogenesis possibly due to

reduction in overpotential and better charge mobility in the system.
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Figure 4.11 Coulombic efficiencies of the AD-MECs operated in Set 3.1

4.3.1.6  Set 3.1: Change in Energy Efficiencies

The fold-change in energy efficiencies was calculated from Eq. 3.6. The AD-MEC
systems are considered energy positive if the energy required to transmit power to
them is lower than the difference in CHa4 production between AD and AD-MEC
systems. Thus, if the number is greater than 1, the system is energy-positive, equal
to 1 it is energy-neutral, and if it is smaller than 1, it is energy-negative. The fold
change shown in Figure 4.12A is calculated with respect to the conventional AD

reactors at each PBS concentration.

As shown in Figure 4.12, none of the AD-MEC reactors were energy-efficient during
the whole operation. However, when compared to their respective ADs the 35 mM
PBS AD-MEC was initially energy-positive until day 16. Similarly, 50 mM PBS
reactor started as energy-negative, the energy efficiency was increased and reached
up to 1.2 fold until the 10" day followed by a sharp decrease until the 27t day, then
stabilized at 0.06. The NB_ADMEC reactor showed a stable change during the

operation period and was almost energy neutral with 0.96 fold change. Moreover,
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using an applied potential of less than 0.9 V could make the process energy efficient.
Thus, finding the optimal levels of PBS in optimal applied voltage is essential for
long-term energy efficiency. The reason for observing energy-positive trends until
day 10 was the CH4 productions of PBS 50 AD and PBS_35 AD reactors were
inhibited. To make a better interpretation, comparing the buffered AD-MEC reactors
with the NB_AD reactor could be more accurate. Thus, in Figure 4.12B, the fold
changes in energy efficiencies were calculated with respect to the NB_AD reactor.

Based on this, none of the PBS reactors were energy-positive.
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Figure 4.12 Fold change in energy efficiencies of AD-MECs of Set 3.1: (A) with
respect to AD at the same PBS concentration, (B) with respect to NB AD

4.3.2 Set 3.2: Effect of CB on AD-MEC Under 0.9V

43.2.1 Set 3.2: Methane Production

The experimental design on Set 3.1 is given in Figure 3.7. AD-MECs were
supplemented with four different concentrations of CB media (30 mM, 60 mM, 90
mM and 120 mM). As in the PBS set, the CB set consisted of four different reactor
types: AD-MEC, OC, AD, and SC. Including the duplicate operation in total there
were 40 reactors in this set: 10 AD-MECs, 10 OC reactors, 10 AD reactors, and 10
Blank reactors. The applied voltage was the same as Set 3.1 (0.9 V).
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In all reactors, the cumulative CH4 production trend was similar, the highest was
observed with NB and that was followed by 30 mM CB (Figure 4.13) except the AD
reactors where 60 mM CB reactor produced 5% more CH4 than 30 mM CB reactor.
Of all the different types of reactors in this set, the highest CH4 production was
observed in the NB AD-MEC reactor with 272.94 + 3.00 mL (Figure 4.13). The AD-
MEC reactors exhibited the maximum CHa production especially in the reactors with
low CB concentrations (NB and 30 mM), The increase in CB concentration resulted
in a decline in CH4 production across all types of reactors, similar to the PBS set (Set
3.1). However, the standard deviations between the reactors with 60, 90, and 120
mM CB was 6.5 mL and 7.1 mL in AD-MEC and OC reactors, respectively. This
results may indicate the effect of CB in increased concentration is not as sharp as in
PBS.

In a similar manner to Set 3.1 multiple SC reactors for each CB concentration was
operated but as in the Set 3.1, all SC reactors produced similar CH4 with a standard
deviation of 1.6 mL (Figure 1.1 in Appendix I). Thus only the CH4 production of
NB_SC reactor shown in Figure 4.16.
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Figure 4.13 Cumulative methane production of the reactors of Set 3.2: (A) AD-
MECs, (B) OC controls, (C) AD controls

Looking at the net CHa4 yields of the reactors (Figure 4.14), it is seen that the yields
of all reactors supplemented with CB are lower than the yields of the NB control
reactors. Similar to Set 3.1, the highest CH4 yield was observed as 362.0 + 1 mL
CHa/g VSadded in NB_ADMEC reactor while the lowest was observed in
CB_120 ADMEC reactor as 222.4 £ 9.8 mL, it was 38.7% lower than NB_ADMEC
reactor. This led to the conclusion that the effects of both CB media and PBS media
are similar and inhibitory to CH4 production on such systems. The yields of all
reactors decreased with increasing CB concentration except for OC reactor with 90
mM CB and AD reactors with 60 mM CB. When the NB reactors of this set
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compared with Set 3.1 NB reactors, there were 17.8, 35.4, and 20.5% differences
between the AD-MEC, OC, and AD reactors, respectively. The reason for such
differences could be the different characteristics of the inoculums used in Set 3.1 and

3.2 as can be understood from the CH4 production of SC reactors of both sets.
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Figure 4.14 Net methane yields of the reactors of Set 3.2

4.3.2.2  Set 3.2: Organic Removal and Methane Production Kinetics

The kinetic parameters obtained by applying the modified Gompertz equation and
V'S removals of Set 3.2 reactors are given in Table 4.4. The highest CH4 production
rate was observed in the AD-MEC reactor with no buffer, which was around 12%
higher than the corresponding conventional AD reactor. Even with 30 mM CB the
AD-MEC produced CHa at a 14% higher rate than its corresponding conventional
AD reactor. This 30 mM CB AD-MEC also produced CHa at a slighltly higher rate
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(18.35 £ 0.38 mL/day) than NB AD reactor (17.88 + 0.13 mL/day). This shows that
the AD-MECs can offer higher CH4 production rate when compared to conventional
AD, which then may be translated to lower reactor volume in the field. Also, similar
to Set 3.1, there was a strong negative correlation between the CB concentration and
CHa production rate among AD-MEC and AD reactors with R? values of 0.9732 and
0.9670 (Figure J.4 in Appendix J). Regarding the start-up times, the longest start-up
time occurred in OC and AD of the reactors with 90 mM and 120 mM CB. From this
point, it is seen that applying external voltage to AD-MEC reactors containing CB
media reduces the lag times. Regarding the organic matter removal, it is seen that
there was at most 15% difference between the reactors, but it was lower than the PBS
reactors of Set 3.1. This may be due to the fact that the operating time of PBS reactors
is 39 days and the operating time of CB reactors is 24 days. The reason for the change
in the operation time of the sets was that the daily CH4 production of some reactors
in Set 3.2 did not fall below 3% until the last day. So, the other reactors may have

over-operated.

Similar to previous sets, reactor pH values remain neutral at the end of the operation.
The final conductivities were again slightly higher than their initial as in Set 3.1
(Table H.1 in Appendix H).
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4.3.2.3  Set 3.2: Methanogenic Activities

In order to understand the relationship between CB concentration and methanogenic
activity in AD-MEC, OC and AD reactors, methanogenic activities were calculated.
The NB reactor of AD reactors was assumed to have 100% methanogenic activity
and compared with the other reactors. The graphs of methanogenic activities and CB

concentration are shown in Figure 4.15.
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Figure 4.15 Methanogenic activities of the reactors operated in Set 3.2: (A) AD-
MEC reactors, (B) OC reactors, and (C) AD reactors

In contrast to the PBS media, even the CB media used at low concentrations showed
no improvement and all showed inhibition, except the NB_ADMEC reactor had 3%
improvement in its methanogenic activity. However, when the reactors were
compared with the PBS media of Set 3.1, it was found that all the reactors had much
less slopes, i.e. there was no sharp difference between the lowest CB concentration
(30 mM) and the highest concentration (120 mM).
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4324 Set 3.2: Current Production

The highest current density was observed in the 120 mM CB reactor with a peak
current density of 0.18 +0.004 mA/cm? in contrast to CH4 productions (Figure 4.16).
The current densities decreased with decreasing CB concentration and the lowest
peak current density was observed in the NB reactor with 0.01 + 0.0002 mA/cm?.
According to these results, CB, similar to PBS, has a positive effect on the current
generation. Similar to Set 3.1, multiple peaks were observed in this set as well, but

narrower, indicating the oxidation of complex molecules.
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Figure 4.16 Current densities of the AD-MECs operated in Set 3.2

4.3.25  Set 3.2: Charge Accumulation and Coulombic Efficiency

Similar to PBS media CB has also a positive effect on charge accumulation as shown

in Figure 4.17. As expected from Figure 4.16 with low current generation, when CB
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was not used, the AD-MEC reactor showed the least charge accumulation. AD-MEC
reactors with 30 mM and 60 mM CB showed similar charge accumulations and they
were higher compared to the NB reactor. The highest charge accumulation observed
in 120 mM CB reactor with 1934 £+ 71 C followed by 90 mM CB reactor with 1160
+ 45 C. However, the overall charge accumulations of CB AD-MEC reactors (Set
3.2) were lower than the charge accumulations of the PBS AD-MEC reactors (Set
3.1). When the NB AD-MEC reactors of each set were compared, the charge
accumulation of the NB AD-MEC reactor of Set 3.1 was almost 2-times higher than

the charge accumulation of the NB AD-MEC reactor of Set 3.1.
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Figure 4.17 Charge accumulations of the AD-MEC reactors operated in Set 3.2

The CEs of the CB reactors are shown in Figure 4.18. Similar to Set 3.1, the lowest
CE were observed in NB reactor with 10 £ 3%. Increased concentration of CB caused
an improvement in CE with maximum of 54 + 2% in 120 mM CB reactor similar to
PBS.
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Figure 4.18 Coulombic efficiencies of the AD-MEC reactors operated in Set 3.2

4.3.2.6  Set 3.2: Changes in Energy Efficiencies

As shown in Figure 4.19, when the AD-MEC reactors were compared with their
corresponding AD reactors, the AD-MEC reactor with 30 mM CB was energy-
positive with a 1.15-fold change in energy efficiency while the NB AD-MEC reactor
was energy-neutral at the end of the operation. Also, AD-MEC reactors of both NB
and 30 mM CB enhanced the CHa4 production rates compared to their AD controls
as shown in Figure 4.19. Therefore, AD-MEC integration is worth investigating as a
viable option. The 60 mM and 90 mM CB reactors showed similar trends during the
reactor operations and they were energy-negative at 0.84 fold at the end. The 120
mM CB reactor was the least energy-efficient AD-MEC reactor among all reactors.
However, when changes in energy efficiencies were calculated based on the NB_AD

reactor (Figure 4.19B) none of the buffer-containing reactors were energy-efficient.
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4.3.2.7 Set 3.2: Electrochemical Performance of the Reactors

4.3.2.7.1 Set 3.2: Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) provides information on electron transfer processes,
electrode performance, microbial activity, and system optimization in AD-MEC
systems and can ultimately contribute to the development of efficient and sustainable
bioenergy production systems. For AD-MEC reactors using CB media, CV was
performed using a three-electrode system against Ag/AgCl with parameters of -0.7
to 0 V scan range, 1 mV/s scan rate, and 99 s equilibrium time. Looking at the anode
CV graphs of the anodes (Figure 4.20) the peak currents corresponding to the same
anode potential gradually diverged from the beginning of the operation and the
highest oxidation peaks were observed in the period when the peak current
production occurred. Increased CB concentration resulted in sigmoidal curves
indicating enhanced bioelectrochemical activity due to DET (Fricke et al., 2008).
The CB_120_ADMEC reactor produced the highest oxidation peak as 6.1 mA at -
0.27 V vs. Ag/AgCl indicating that CB has a positive effect on exoelectrogenic
bacteria (Figure 4.20E). Looking at the cathode CV graphs (Figure 4.21), the current
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data corresponding to the same cathode potential indicate that the CB until 60 mM
did not significantly affect the electron transfer process on the cathode during the
operation. This may be because of the growth rate of methanogens on the surface
area of the CFB electrode used is slower than the growth rate of exoelectrogenic
bacteria, a solution to this problem could be to grow methanogens on the surface of
the electrodes beforehand (bioelectrode) or to prolong the reactor operation time
(Ghaderikia et al., 2023). However, as shown in Figure 4.21D and Figure 4.21E, two
clear reduction peaks were observed at 90 mM (-4.2 mA, -4.18 mA) and 120 mM
CB (-1.6 mA, -2.43 mA) reactors at -0.4 V and -0.56 V similar to the study uses CFB
as electrodes (K. S. Choi et al., 2017). This indicates CB with high concentrations
facilitated the extracellular electron transfer mechanism.
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Figure 4.20 Anode CVs of AD-MEC reactors operated in Set 3.2: (A) NB, (B) 30

mM CB, (C) 60 mM CB, (D) 90 mM CB, and (E) 120 mM CB
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43.3 Set 3.3: Effect of PBS and CB on AD-MEC Under 0.7 V

In Set 3.3, a complementary experimental set consisting of both PBS and CB was
conducted by applying 0.7 V external voltage to eliminate the differences that could
be caused by the seed and the cattle manure. As in the previous sets, AD-MECs were
the test reactors, and AD, OC, and SC reactors were the controls. In this set 10 mM,
30 mM and 50 mM PBS concentrations and 30 mM, 60 mM and 120 mM CB
concentrations were tested. Since the SC reactors from Set 3.1 and 3.2 did not
significantly effected from buffers, the SC reaktor was set up with NB only in this

set

4331 Set 3.3: Methane Production

The cumulative CH4 productions based on reactor types are given in Figure 4.22.
Among all reactor types, the highest cumulative CH4 production was observed in the
NB AD-MEC reactor (572.0 + 10.5 mL) and there was less than a 1% difference
with the second-highest CH4-produced 30 mM CB AD-MEC reactor (567.4 £ 1.2
mL). The NB AD-MEC reactor produced around 7% more CH4 than its OC control
(533.0 £ 6 mL) and 4% more CHa than its AD control reactor (552.8 £ 4.7 mL).
Based on this data it is clear that the external voltage application enhanced the CHa
production in NB reactors. The lowest CH4 production in AD-MEC reactors was
observed in the reactor with 50 mM PBS (470.0 £ 18.7 mL). However, its CH4
production was 21% higher than its OC control (369.1 £ 1.3 mL) and 17% higher
than its AD control (392.6 + 6.6 mL). Also, an “S” shape in the OC and the AD
reactor of 50 mM PBS was observed indicating an inhibition as in Set 3.1. As
expected, the lowest CH4 production among the CB reactors was observed in 120
mM CB reactors with the OC reactor producing 486.1 + 2.9 mL. Similar to NB and
50 mM PBS reactors, AD-MECs of almost all buffered reactors produced more CHa
than their control reactors. As in the previous sets, the OC reactors produced less
CHa than the AD reactors.
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Figure 4.22 Cumulative methane production of the reactors of Set 3.3: (A) AD-
MEC reactors, (B) OC reactors, (C) AD reactors

The net CHa yields were dropped in all reactors when the PBS and CB concentrations
increased (Figure 4.23). In all reactor types, the highest CHa yields were obtained in
NB reactors (310.1 + 7.4 mL CHa4/g VSadded iIn AD-MEC) while the lowest CHa
yields were obtained in the reactors with 50 mM PBS (167.1 £ 0.9 mL CHa4/g V Sadded
in OC). The sharpest difference among the reactor types was observed in OC reactors
with a 51.3% difference between the 50 mM PBS reactor and its NB control. This
number was 26.3% among the AD-MEC reactors and 47% in AD reactors. The
negative effect of adding surface area without applying voltage is seen in this set as
in Set 3.1 and 3.2.
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On the other hand, the net CHs yields of the CB reactors were closer to the NB
reactors and were higher than PBS reactors (Figure 4.23B). Similar to the PBS
reactors, the highest net CHs yields were obtained in AD-MEC reactors. The highest
CHa yield was obtained in the AD-MEC reactor containing 30 mM CB (306.5 £ 0.8
mL CHa/g V Sadded) With a 1.2% difference from the NB_ADMEC reactor. As in the
PBS reactors, the lowest CH4 yield was observed in the OC reactor containing 120
mM CB with a net CHs yield of 249.4 + 2.1 mL CHa4/g VSaddeds. The difference
between the CB reactors showing the lowest and the highest CH4 yields was 20%,
12.4%, and 15.1% in AD-MEC, OC, and AD reactors, respectively. This may
indicate that the effect of CB is less severe than PBS. When comparing the CHa4
yields with Set 3.1, the NB reactors had only 2%, 11%, and 5% difference with its
corresponding AD-MEC, OC, and AD reactors, respectively. This result may
suggest that the performance of the reactors were not greatly affected from initial
organic loading and F/M ratio. However, when the CH4 yields of this set compared
with Set 3.2 NB reactors, the differences raised up to 15%, 25% and 15% with its
corresponding AD-MEC, OC, and AD reactors, respectively.

4.3.3.2  Set 3.3: Organic Removal and Methane Production Kinetics

The results of kinetic parameters obtained via Gompertz modeling and VS removals
are shown in Table 4.5. CH4 production rates were highest in AD-MECs in each
buffer concentration with both media. The highest CH4 production rate was
calculated in the NB AD-MEC reactor (40.39 = 0.60 mL/day). This shows regardless
of the buffer and its concentration there is a drop in the rate of AD-MECs upon buffer
addition. On the other hand, NB AD-MEC produced 13% higher rate than NB
conventional AD so this is a positive impact of MEC integration. The highest
increase in CHa production rate based on its AD reactor is obtained in PBS reactor
with 24% increase in its AD-MEC reactors. This may indicate the MEC integration
could overcome the issues caused by inhibition. Comparable to previous sets, there

was a strong negative correlation between both CB and PBS concentrations of this
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set and CH4 production rate with an R? range of 0.9114 — 0.9947 (Figure L.4 in
Appendix L). Regarding the start-up times, the longest start-up times occurred in OC
and AD of the reactors with 30 mM PBS, 50 mM PBS, and 120 mM CB. It can be
said that the application of external voltage to AD-MEC reactors that contain both
media reduces the lag times and increases the CH4 production rate, in contrast to the
previous set, which only experienced a change in CH4 production rates. The VS
removal efficiencies were similar to Set 3.2. In contrary to Set 3.1, there was a
significant difference between NB and 50 mM PBS reactors with 53%, 73%, and
60% in AD-MEC, OC, and AD reactors, respectively.

The pH and conductivities were measured at the beginning and at the end of the
operation (Table K.1 in Appendix K). Similar to previous sets, the pH values of the
reactors were around 7 throughout the experiments and a slight increase was

observed in conductivities.
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4.3.3.3  Methanogenic Activities

The methanogenic activities were calculated as in the previous sets to determine the
impact of both buffers on methanogens (Figure 4.24). In contrast to Set 3.1, no PBS
reactors including 10 mM PBS exceed 100% microbial activity, but the
methanogenic activity of the NB AD-MEC reactor was 104%. Therefore, inhibition
was also induced by PBS in small concentrations. Among the PBS reactors, the
highest slope values were obtained in OC and AD reactors meaning the inhibition
was higher in those than in AD-MEC reactors in the same PBS concentrations.
Similar to the previous sets, applying external voltage may have increased the
resilience of methanogens to high buffer concentrations. However, there was an
enhancement in methanogenic activity in the 30 mM CB AD-MEC reactor (around
3%). Similar to Set 3.2, the inhibitions caused by CB were less than PBS reactors in

both types of reactors since their slopes were lower than their corresponding reactors.
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Figure 4.24 Methanogenic activities of the reactors operated in Set 3.3: (A) PBS
AD-MEC reactors, (B) PBS OC reactors, (C) PBS AD reactors, (D) CB AD-MEC
reactors, (E) CB OC reactors, and (F) CB AD reactors

4334 Set 3.3: Current Productions

The highest current density was observed in the 30 mM PBS AD-MEC reactor with
a peak current density of 0.18 + 0.008 mA/cm?, and the peak current density of the
50 mM AD-MEC reactor was very close to 30 mM PBS reactor with 0.155 + 0.005
mA/cm? (Figure 4.25). However, the drop in current was slower in the 50 mM AD-
MEC reactor so, charge accumulation of was higher than in other reactors as
expected. Among the CB AD-MEC reactors, the highest peak current density was
obtained in the 120 mM CB reactor with 0.14 mA/cm?. The current production of
120 mM CB reactor reached its peak value on day 6 and dropped under 0.01 mA/cm?
on day 20 while 30 and 50 mM PBS-containing reactors reached their peak current

on day 11. The current productions of 30 and 50 mM PBS-containing reactors
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dropped under 0.01 mA/cm? on day 25 and on day 36, respectively. On the other
hand, the reactors containing NB, 10 mM PBS, 30 mM CB, and 60 mM CB reached
their peaks at around day 3 and dropped under 0.01 mA/cm? on day 10. The lowest
peak current density was observed in the NB AD-MEC as 0.04 mA/cm?. Looking
from this perspective, strengthens the idea that using both buffers in high
concentrations is essential for exolectrogen growth. When compared with the
previous sets, the current densities were smaller than Set 3.1 and Set 3.2. For
instance, the peak current density of the PBS_50 ADMEC reactor decrease around
30% in this set when compared to Set 3.1, while the peak current of
CB_120_ADMEC reactor decreased around 22% than Set 3.2. The reason for this is
most probably the difference in applied voltages between these sets. This result was
similar to literature where they found increasing the external voltage application
from 0.7 to 1 V enhances the peak current generation from 3.02 to 5.1 mA with CFB
electrode (Choi et al., 2017).
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Figure 4.25 Current densities of the AD-MECs operated in Set 3.3

4.3.35  Set 3.3: Charge Accumulation and Coulombic Efficiency

The charge accumulation curves of the AD-MEC reactors operated in Set 3.3 are
given in Figure 4.26. The AD-MEC reactors with 30 mM PBS, 50 mM PBS, and 120
mM CB showed a significant increase in charge accumulation with 5600 + 650 C,
6950 £ 270 C, and 3815 + 580 C, respectively. The highest charge accumulation was
observed in the 50 mM PBS which was 25% higher than the charge accumulation of
30 mM PBS reactor and 82% higher than the 120 mM CB reactor. From this
perspective, it can be concluded that PBS can be a better buffer than CB for
electrochemical performance. The NB AD-MEC reactor and 30 mM CB reactor
showed the smallest charge accumulations indicating poor electrochemical

performance.
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All of the reactors have the same amount feed, i.e., the apparent concentration of the
feed is the same, but only different concentrations of buffer is present in different
reactors. Charge accumulation is directly related to the consumption of readily
available substrates or hydrolyzed products by exoelectrogenic bacteria, since they
generate electrons by utilizing those substrates such as acetic acid. Using buffers at
lower concentrations seems to limit the availability of these substrates. Other types
of microorganisms that have shorter or similar doubling times to exoelectrogens may
compete with them for such substrates. For example, using buffers at higher
concentrations could potentially stimulate exoelectrogen growth and/or supress
competing microorganisms, such as methanogens, which may in turn lead to an
increased availability of the substrate to exoelectrogens. To understand this better,

microbial community analysis during reactor operation could be conducted.
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Figure 4.26 Charge accumulations of the AD-MECs operated in Set 3.3

When the CEs of the AD-MEC reactors are compared, the highest CE was obtained
in 50 mM PBS reactor with 93.2 £ 21% which was almost 2 times higher than the
corrresponding CE of Set 3.1. This may be due to the difference in applied potential.

The lower voltage may reduce overpotentials and electron losses and might cause a
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more efficient electron transfer process. Unlike the PBS, the CE of 120 mM CB
reactor (31 + 3%) was decreased about 42% when the applied potential decreased
from 0.9 V to 0.7 V. This suggest that CB requires higher voltages than PBS to drive

effective electron transfer. This could be due to its specific ionic composition.
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Figure 4.27 Coulombic efficiencies of the AD-MECs operated in Set 3.3

4.3.3.6  Set 3.3: Change in Energy Efficiencies

The fold-change in energy efficiencies was given in Figure 4.28. Similar to Set 3.2,
as seen in Figure 4.28A, the AD-MEC reactor with 30 mM CB was energy-positive
with a 1.15-fold change in energy efficiency. The 10 mM PBS AD-MEC reactor was
also energy-positive throughout the operation and 1.10-fold energy-positive at the
end of the operation. As in Set 3.2, the NB AD-MEC reactor was energy-neutral at
the end of the operation. Up until day 29 the 50 mM PBS AD-MEC reactor was
energy-positive up to 1.55 fold. However, the energy efficiency of the 50 mM PBS
AD-MEC reactor dropped after day 29 and stabilized at 0.85 fold at the end of the
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operation. In choosing the HRTSs for continuous operation for large-scale AD-MEC
applications, the information when the energy efficiency drops below 1-fold could
be helpful. On the other hand, when the AD-MEC reactors were compared with the
NB_AD reactor (Figure 4.28B) all of the reactors were energy-negative except the
NB and 30 mM CB reactor which were energy-neutral. Therefore, the operation of
large-scale  AD-MECs without these electrolytes or using them in lower

concentrations appears to be the most sustainable.
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Figure 4.28 Fold change in energy efficiencies of AD-MECs of Set 3.3: (A) with
respect to AD at the same PBS concentration, (B) with respect to NB AD

4.3.3.7  Set 3.3: Scanning Electron Microscopy (SEM) Results

Shortly after the reactor operation ended, the anode and cathode electrodes were
subjected to SEM analysis and selected reactor images are shown below (Figure
4.29). As can be seen from Figure 4.29A and Figure 4.29B, there was a distinct
difference between the amount of biofilms indicating exoelectrogen density on the
anode surfaces of NB_ADMEC and PBS_50 _ADMEC. The higher abundance of
microorganisms in the electrodes of PBS added reactor is also consistent with higher

current densities.
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Figure 4.29 SEM images of CFB in Set 3.3: (A) Anode of NB_ADMEC, (B)
Anode of PBS 50 ADMEC, (C) Cathode of CB_30 _ADMEC, and (D) Cathode of
CB_120_ADMEC reactors

Similar to the anodes, there were also biofilm deposition on the cathode surfaces of
both CB_30_ADMEC and CB_120 ADMEC reactors (Figure 4.29C and Figure
4.29D). It is clear that biofilm do not necessarily cover the whole surface of the fibers

on the electrode but attach to a certain area and extend to other fibers.
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4.3.3.8 Set 3.3: Electrochemical Performance

4.3.3.8.1 Set 3.3: Cyclic Voltammetry (CV)

In Set 3.3. the AD-MEC reactors operated under 0.7 V applied voltage with both
buffers were subjected to CV experiments. CV experiments were performed at the
beginning of operation (initial), at the time when current production reached its peak,
and about one week after the peak drops. The CV graphs of the anodes are given in
Figure 4.30. The anode CV’s of PBS 30 ADMEC, PBS 50 ADMEC, and
CB_120_ADMEC (Figure 4.30C, D, G) showed sigmoidal curves at their peak
currents indicating DET (Fricke et al., 2008). This type of sigmoidal curve also has
been observed in immobilized G. sulfurreducens cells which is an exoelectrogen
species (Srikanth et al., 2008). The peak currents corresponding to the same anode
potential gradually diverged from the beginning of the operation when both CB and
PBS concentrations increased and reached maximum oxidation peak with 50 mM
PBS reactor (18.5 mA), followed by 120 mM CB reactor (18.4 mA) and 30 mM PBS
reactor (16.2 mA). It can be said that both PBS and CB have positive effects on
exoelectrogenic bacteria or may be essential for exoelectrogen growth since the AD-
MEC reactors with low CB and PBS concentrations produced lower peak currents.
Looking at the cathode CV graphs (Figure 4.31), clear reduction peaks were
observed in the cathode potential of -0.6 V indicate that the PBS in 30 and 50 mM
significantly affects the electron transfer process on the cathode at the peak current.
On the other hand, the reduction peak is observed in CB at only 120 mM reactors at
-05V.
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4.3.3.8.2 Set 3.3: Electrochemical Impedance Spectroscopy (EIS)

The EIS tests in Set 3.3 were performed using a two-electrode setup in the AD-MEC
reactors which were operated at an applied voltage of 0.7. Since EIS experiments
were very susceptible to configuration changes, an initial EIS was conducted in one
reactor with the same electrodes by changing the liquid inside to eliminate the errors
caused by electrode difference (Figure 4.32A). Based on the results, increased buffer
concentration showed a decrease in solution resistance (the first intersection of x-
axis (Zheng et al., 2020). The lowest solution resistance was observed in 120 mM
CB reactor (4 Q) while the highest one was in the NB reactor (13.5 Q). Charge
transfer resistance is estimated as the diameter of semicirle in the later experiments
as shown in Figure 4.32B (Noori et al., 2018). Based on this, the NB ADMEC reactor
showed a semicircle diameter around 70 Q, resulting in increased charge transfer
resistance and thus, low electron transfer. In the 10 mM PBS AD-MEC reactor, the
semicircle became narrower and its resistance decreased to around 10 Q. In the 30
mM PBS and 50 mM PBS AD-MEC reactors the results were similar in a further
reduction in the diameter of the semicircle to around 3 Q indicating the highest
charge transfer efficiency as shown in Figure 4.32B, which was consistent with
charge accumulation curve. The 30 mM CB AD-MEC reactor exhibited a charge
transfer resistance of around 15 Q. This was comparable to 10 mM PBS AD-MEC,
suggesting similar electrochemical performance. These results suggest that higher
concentrations of PBS have a greater impact on reducing resistance and improving

electron transport compared to CB.
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CHAPTER 5

CONCLUSION

In this thesis, the effects of PBS and CB on AD-MEC integrated systems were
investigated under different applied voltages. PBS is a frequently used electrolyte in
MECs due to its positive effects such as enhancing electron transfer, supporting
exoelectrogenic bacteria growth, and increasing current production. These properties
makes PBS as an attractive component for MEC and AD-MEC. However, this
research highlights a critical aspect: the adverse effect of high buffer concentrations
on AD-MEC systems.

In both experimental sets, it was found that both PBS and CB has an inhibitory effect
on CHa production and CHa4 production rate at high concentrations on AD process
although the inhibition caused by CB is less severe than PBS. For example no-buffer
AD-MECs achieved the highest CHa yield at 362.0 + 1.0 mL CHa/g VSadded, While
the highest concentrations of PBS (50 mM) and CB (120 mM) resulted in the lowest
yields in AD-MECs (PBS: 200.7 + 5.8 mL CH4/g VSadded; CB: 222.4 + 9.8 mL
CHa/g VSadded). The inhibition in AD-MEC reactors was lower than their AD and
OC control reactors indicating external voltage application reduces the inhibitory
effect of both PBS and CB. However, increased buffer concentrations enhanced the
electrochemical properties such as current production and charge accumulation.
According to the CV graphs of anodes, the reactors containing higher buffer
concentrations have higher biofilm activities. Therefore, the highest peak current
densities were obtained in higher buffer concentrations with 50 mM PBS (0.23 +
0.004 mA/cm?) and 120 mM CB (0.18 £ 0.004 mA/cm?) due to their positive effect
on exoelectrogens. In addition, both buffers reduced the internal resistance at high
concentrations thus facilitating the electron transfer resulting in increased current
production. However, PBS outperformed CB in reducing charge transfer resistance

in EIS analysis. Although buffers enhanced the bioelectrochemical properties, they
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were energy-negative at moderate and high concentrations. The possible solutions
for this can be ending the reactor operation earlier or using the buffers in lower
concentrations. Also, this information may help in choosing HRTs for large-scale

applications.

51 Recommendations

Based on the findings of this thesis, several suggestions can be made for future

studies:

e Buffers inhibit the methanogenesis stage of AD when the substrate is cattle
manure. Therefore, their effect on other complex organic wastes should be
carefully investigated prior to applying directly. An optimization study can
be conducted to find the best buffer in desired substrates.

e The underlying mechanism of phosphate inhibition should be researched
with metabolic and microbial community analyses.

e This thesis includes lab-scale batch experiments to prove a concept. Future
studies should cover larger volume continuous AD-MECs and their techno-

economical analyses along with the scalability of electrolytes.
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APPENDICES

A. AD-MEC Studies Conducted without Electrolyte Use
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B. Specific Methanogenic Activity (SMA) Test

= The theoretical COD value inside the reactor is 3000 mg/L
= Density of acetic acid is 1.050 mg/L

CH;COOH + 20, — 2C0, + 2H,0

From the reaction above, 1 mole of acetic acid (60 g) requires 2 moles of oxygen (64
g). For every 60 g of acetic acid, 64 g of oxygen is consumed, so the COD per gram
of acetic acid is: 64/60 = 1.067 g O2/ g acetic acid.

= COD of acetic acid is: 1.050 mg/L x 1.067 = 1.12 mg/L

= Active volume for SMA is 65 mL. Therefore, the volume of acetic acid is: 0.17
mL

= Theoretical CH4 from acetic acid at 35°C is: 3000 mg/L x 0.395 L/ gCOD * 65
mL =77 mL CHas

= Activity of seed (%): 100 x (78.8 — 9.6)/77 = 89% Activity
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Figure B.1 An example to SMA test
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C. Initial and Final pH, Conductivity, and ORP Measurements of Set 2

Table C.1 Initial and final measurements of pH, conductivity, and ORP in Set 2

Reactor ORP (mV) pH Conductivity (mS/cm)

Initial Final Initial Final Initial Final

LS_NB -2938 -366.15+295 724 7.15+001 6.37 7+0.06
LS 25 -328.7 -358.95+285 7.25 7.14+0.005 5.27 7.08+0
LS5 -337.7 -3643+11 728 7.16%x001 548 7.14+0.03
LS 10 -331.7 -363.95+155 727 7.18%+0.02 555 7.13+0.03
LS 20 -339.1 -3706+18 7.32 7.18+0 5.84  7.41+0.03
LS 50 -339.2 -370.35+135 7.17 7.16+0.04 447 8.62+0.04
LS SC -239.7 -316.6%5 711 6.95+0.08 316 3.18+0.06

FS_NB -376.1 -3619+16 737 7.13+x0.005 486 525+0.08
FS_25 -3444 -368.15+1.75 734 7.13+0.005 4.89 542+0.03

FS 5 -359.6 -367.55+235 7.34 7.11+0.005 5.06 5.44+0.02
FS_10 -3458 -367.8+0.2 731 7.14+0.005 5.17 547+0.01
FS_ 20 -347.2 -3755+438 7.3 7190 543  5.86+0.01
FS 50 -360.2 -37745+185 735 7.28+0.035 7.02 7.37+0.01
FS_SC -203.7 -326.7+19 7.12 7160 246 2,66 +£0.02

152



D. Gompertz Fittings of Set 2 Reactors
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Figure D.1 The modified Gompertz fittings of the AD reactors from Set 2: (A)
LS NB, (B) LS 2.5, (C) LS_5, (D) LS_10, (E) LS _20, and (F) LS_50
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E. Initial and Final pH and Conductivity Measurements of Set 3.1

Table E.1 Initial and final measurements of pH and conductivity in Set 3.1

Reactor pH _ Conductlv!t_y (mS/cm) _
Initial Final Initial Final
NB_ADMEC 745 7.25+0.21 4.05 4.55+0.04
PBS 10 ADMEC 8.15 7.20+0.06 4.04 4660
PBS 20 ADMEC 7.9 7.27+0 4.53 5.05+0.06
PBS 35 ADMEC 8.27 7.41+0.06 5.28 5.92 +0.03
PBS 50 ADMEC 8.3 747+0 6.15 6.8+0
NB _OC 745 7.18+0.01 4.05 4,54 £0.01
PBS 10 OC 8.15 7.25+0.08 4.04 474+ 0
PBS 20 OC 7.9 7.36 £0.005 4,53 5.12 £ 0.005
PBS 35 OC 8.27 7.45+0.01 5.28 5.91+0.02
PBS 50 OC 8.3 7.39+0.005 6.15 6.79 £0.03
NB_AD 745 7.19+£0.02 4.05 4,59 + 0.005
PBS 10 _AD 8.15 7.18+0.06 4.04 4.81 +0.04
PBS 20 AD 7.9 7.32+0.03 4.53 5.18 +£0.02
PBS 35 AD 8.27 7.50 +0.005 5.28 5.92 +0.04
PBS 50 _AD 8.3 7.48 £0.01 6.15 6.81 + 0.005
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F. Cumulative Methane Productions of SC Reactors of Set 3.1
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Figure F.1 Cumulative methane productions of the SC reactors with each PBS

concentration
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G. Gompertz Fittings of Set 3.1 Reactors

300

Cumulative CH,4 production (mL)

250

Cumulative CH,4 production (mL)

0

----PBS_20_ADMEC_Fit

250 4
200 4
150 1
100 -

50 1

200 A

150 -

100 -

50 4

A .
.
.- ®
-®
/.,
,/
o’
. R? = 9802
¥
0 10 20 30 40
Time (Days)
---- NB_ADMEC_Fit ® NB_ADMEC
©) [ S L
,’—’.’
L
/./
’/
e
% R2 = 9880
®
0 10 20 30 40
Time (Days)

® PBS_20_ADMEC

Cumulative CH,4 production (mL)

Cumulative CH,4 production (mL)

300 1

250 (B)
200 1
150 1
100 ]

50

20

Time (Days)

----PBS_10_ADMEC_Fit
250 -

® PBS_10_ADMEC

200 ] )
150
100

50 ]

0

R? = 9885

0

20

30 40

Time (Days)

----PBS_35_ADMEC_Fit

5 250
£
§ 20y B e
S JPPEte I
B 150 { I
s X
S 100 ] ®’
e .’
2 ] .
g 0 R? = 9935
S .,‘
3 0@ ; ‘ ‘
0 10 20 30 40
Time (Days)

----PBS_50_ADMEC_Fit

® PBS_50_ADMEC

® PBS_35_ADMEC

Figure G.1 The modified Gompertz fittings of the AD-MEC reactors from Set 3.1:
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Figure G.3 The modified Gompertz fittings of the AD reactors from Set 3.1: (A)
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H. Initial and Final pH and Conductivity Measurements of Set 3.2

Table H.1 Initial and final measurements of pH and conductivity in Set 3.2

Reactor _ pH _ Coer_uctlwty (m§/cm)
Initial Final Initial Final
CB_0 ADMEC 7.72 7.23 4.07 4.86
CB_30_ADMEC 7.79 7.25 5.14 6.72
CB_60_ADMEC 7.82 7.33 6.96 8.38
CB_90 ADMEC 7.69 7.39 8.43 10.11
CB 120 ADMEC 7.71 7.44 10.42 11.79
CB 0 OC 7.72 7.20 4.07 4.84
CB 30 OC 7.79 7.23 5.14 6.57
CB _60 OC 7.82 7.31 6.96 8.42
CB 90 OC 7.69 7.33 8.43 10.08
CB_120 OC 7.71 7.37 10.42 11.83
CB 0 AD 7.72 7.37 4.07 4,78
CB_30 AD 7.79 7.19 5.14 6.52
CB_60_AD 7.82 7.19 6.96 8.28
CB 90 _AD 7.69 7.23 8.43 9.95
CB_ 120 AD 7.71 7.25 10.42 11.52
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Cumulative Methane Productions of SC Reactors in Set 3.2
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Figure 1.1 Cumulative methane productions of the SC reactors with each CB

concentration

162



J. Gompertz Fittings of Set 3.2 Reactors
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Figure J.1 The modified Gompertz fittings of the AD-MEC reactors from Set 3.2:
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Figure J.3 The modified Gompertz fittings of the AD reactors from Set 3.2: (A)
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K. Initial and Final pH and Conductivity Measurements of Set 3.3

Table K.1 Initial and final measurements of pH and conductivity in Set 3.3

Reactor _ pH _ _C?onductlwty (mS/cm)
Initial Final Initial Final
NB_ADMEC 7.13 7.07£0.01 4.39 5.135+0.04
PBS 10 ADMEC 7.09 7.26 +0.04 4.67 5.305 + 0.004
PBS 30 ADMEC 7.15 7.465 £ 0.06 5.26 6.21 +£0.09
PBS_50 ADMEC 7.05 7.415£0.035 6.51 7.005 £ 0.04
CB_30 ADMEC 7.18 7.37+£0.02 571 6.755 + 0.04
CB_60 ADMEC 7.20 7.155 £ 0.025 7.77 8.495 £ 0.03
CB_120 ADMEC 7.28 7.515 +0.02 10.80 11.28 +0.04
NB_OC 7.13 7.07%0 4.39 5.11£0.03
PBS 10 OC 7.09 7.075 £ 0.05 4.67 5.215+0.035
PBS 30 OC 7.15 7.165+£0.01 5.26 6.075 + 0.025
PBS 50 OC 7.05 7.31+£0.02 6.51 7.035 + 0.005
CB_30 OC 7.18 7.115 £ 0.005 571 6.8 £ 0.06
CB_60 OC 7.20 7.145 £ 0.005 7.77 8.54 £ 0.02
CB_ 120 OC 7.28 7.23+0.01 10.80 11.575 £ 0.075
NB_AD 7.13 7.155 £ 0.085 4.39 5.11£0.02
PBS 10 AD 7.09 7.08 £0.02 4.67 5.205 + 0.015
PBS 30 _AD 7.15 7.195+£0.01 5.26 6.015 + 0.015
PBS 50 AD 7.05 7.415 £ 0.06 6.51 7.04+0.11
CB 30 AD 7.18 7.19 £0.07 571 6.715 + 0.055
CB_60 _AD 7.20 7.155 £ 0.005 7.77 8360
CB_120 AD 7.28 7.31+£0.07 10.80 11.445 £0.135
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L. Gompertz Fittings of Set 3.3 Reactors
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Figure L.1 The modified Gompertz fittings of the AD-MEC reactors from Set 3.3:
(A) NB, (B) 10 mM PBS, (C) 30 mM PBS, (D) 50 mM PBS, (E) 30 mM CB, (F)
60 mM CB, and (G) 120 mM CB
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Figure L.2 The modified Gompertz fittings of the OC reactors from Set 3.3: (A)
NB, (B) 10 mM PBS, (C) 30 mM PBS, (D) 50 mM PBS, (E) 30 mM CB, (F) 60
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Figure L.3 The modified Gompertz fittings of the AD reactors from Set 3.3: (A)
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