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ABSTRACT

ENHANCEMENT OF BIOMETHANE PRODUCTION FROM CATTLE
MANURE VIA GRANULAR ACTIVATED CARBON AMENDMENT

Odabas, Yasin
Master of Science, Environmental Engineering
Supervisor: Assoc. Prof. Dr. Yasemin Dilsad Yilmazel Tokel

November 2022, 152 pages

In this study we investigated the impact of granular activated carbon (GAC)
application on anaerobic digestion (AD) process of cattle manure. Firstly, the effect
of the presence of basal medium on cattle manure digestion was evaluated. It was
observed that basal medium addition decreased methane yield and increased lag
time. Then, for the enhanced cattle manure digestion, a metal-based conductive
material, hematite (Fe>O3), and carbon-based material, GAC, were amended into the
reactors. From the comparison of these two conductive materials, GAC was selected
to be used in this study because of the higher performance in methane production.
To study, amendment of GAC the optimum dosage was determined as 40 g/L
experimentally. Further, the impact of GAC application on mesophilic (T = 35 °C)
cattle manure digestion was investigated under both mixing and no mixing
conditions and at two different food-to-microorganism (F/M) ratios of 1 and 3 in
batch reactors. In the experimental tests, sand particle of similar size as in GAC were
also added into the control reactors to assess the impact of supplying extra surface
area for biomass attachment. The application of GAC increased the methane yield
(139.0 ml CH4/g VSadded) by 28% at F/M ratio of 1 under mixing condition. While

the enhancement in methane yield by sand amendment (115.6 ml CH4/g VSadded) was



limited to 6% as compared to the Controll-mix (109.3 ml CH4/g VSadded). A higher
increase was attained at F/M ratio of 3 under mixing conditions. In GAC amended
reactor methane yield was 71% higher than the control, yet in sand amended reactor
methane yield was only 15% higher than control. This implies that the performance
enhancement in methane production and lag time is not merely due to surface area
and can be attributed to the presence of conductive material. Further, we investigated
the impact of GAC at psychrophilic temperature (~18 °C) conditions. GAC
amendment increased methane yield by 12% and 26% in comparison to conventional
anaerobic digestion reactor at F/M ratios of 1 and 3, respectively. Additionally, we
have also investigated the impacts of biomass attached GAC, named as BioGAC, on
the performance of psychrophilic manure digestion. BioGAC amendment enhanced
methane yield by 21% and 33% compared to the control reactor at F/M ratio of 1 and
3, respectively. When GAC and sand applications were compared, higher increase
in methane production was observed in GAC added reactors owing to its contribution
to direct interspecies electron transfer (DIET) mechanism in the reactors. These
results were also supported by cyclic voltammetry (CV) analysis. Finally, 16S
ribosomal RNA based methods were used to identify the key microorganisms present

in the psychrophilic reactors.

Keywords: Cattle Manure, Anaerobic Digestion, Granular Activated Carbon,

Methane, Direct Interspecies Electron Transfer
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G_RA_NI"J"L AKTiF KARBON EKLENM@Si iLE SIGIR GUBRESININ
CURUTULMESINDEN BiYOMETAN URETIMININ ARTIRILMASI

Odabas, Yasin
Yiiksek Lisans, Cevre Miihendisligi
Tez Yoneticisi: Dr. Ogr. Uy. Yasemin Dilsad Yilmazel Tokel

Kasim 2022, 152 sayfa

Bu calismada graniiler aktif karbon (GAK) uygulamasinin sigir giibresinin anaerobik
cliriitme (AC) siireci iizerindeki etkisini aratstirdik. ilk olarak, bazal besiyerin
varliginin sigir giibresi tizerindeki etkisi degerlendirilmistir. Bazal besiyeri ilavesinin
metan verimini azalttig1 ve reaktor baslama siiresini artirdigi gézlendi. Daha sonra,
metal bazli iletken madde, hematit (Fe,O3) ve karbon bazli iletken madde olan,
GAK, sig1r giibresi ciiriitiilmesinin artirilmasi i¢in reaktorlere eklendi. Bu iki iletken
maddenin kiyaslanmasindan, daha yiiksek perfromans sagladigi i¢cin GAK bu
caligmada kullanilmak iizere seg¢ilmistir. GAK eklenmesinin etkilerini incelemek
icin optimum dozaj deneysel olarak 40 g/L olarak belirlendi. Ayrica, GAK
uygulamasi mezofilik (35 °C) sigir giibresi ciiriitiilmesinde hem karistirma varken
hem de karistirma olmadan iki farkli besin-as1 oran1 (1 ve 3) saglanarak kesikli
reaktorlerde incelenmistir. Deneysel testlerde, biyokiitlenin tutunabilmesi i¢in ekstra
ylzey alani saglanmasinin etkisi GAK ile benzer boyutta kum pargaciklarinin
kontrol reaktorlerine eklenmesiyle incelenmistir. GAK ilavesi karistirma
uygulandiginda B/A orani 1 oldugunda metan verimliligini %28 artirmistir. Kum
parcaciklarinin eklenmesi ile ise bu artis kontrol reaktoriine kiyasla %6’da kalmistir.

Karigtirma uygulandiginda daha fazla artis B/A orani1 3’ken elde edilmistir. GAK

vii



uygulanan reaktérde metan verimliligi kontrolden %71 daha yiiksekken, kum
parcaciklarinin eklenmesi verimliligi kontrol reaktoriine kiyasla yalnizca %15
artirmistir. Bu, performans artisinin yalnizca saglanan ekstra ylizey alanindan
kaynaklanmadig1 ve iletken maddenin varligina atfedilebilecegi anlamia gelir.
Ayrica, psikrofilik sicaklikta (~18 °C) GAK uygulamasinin etkisini de arastirdik.
GAK uygulamasi metan verimliligini kontrol reaktorlerine kiyasla B/A oranin 1 ve
3 oldugu kosullarda sirastyla %12 ve %26 artirmistir. Ek olarak, BioGAK olarak
adlandirdigimiz 6nceden {izerinde biyokiitle olusturulmus GAK’1n psikrofilik sigir
giibresi ciirtitiilmesi iizerindeki etkisi de incelenmistir. BloGAK uygulamasi metan
verimliligini kontrol reaktorlerine kiyasla B/A oranin 1 ve 3 oldugu kosullarda
sirastyla %21 ve %33 artirmistir. GAK ve kum uygulamalar karsilastirildiginda,
tiirler aras1 dogrudan elektron transferi (TADET) mekanizmasina katkis1 nedeniyle
GAK eklenen reaktorlerde daha fazla performans artis1 gozlemlenmistir. Bu sonuglar
dongiisel voltametri (DV) analizi ile de desteklenmistir. Son olarak, psikrofilik
reaktorlerde bulunan temel mikroorganizmalarin tanimlanabilmesi ic¢in 16S

ribozomal RNA bazli yontemler kullanilmistir.

Anahtar Kelimeler: Sigir Giibresi, Anaerobik Ciiriitme, Graniiler Aktif Karbon,

Metan, Tiirler Aras1 Dogrudan Elektron Transferi
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CHAPTER 1

INTRODUCTION

In today’s world, people are mainly consuming fossil fuels for the purposes of
heating and cooking. Consumption of fossil fuels has many globally significant
adverse effects such as land degradation, water pollution and greenhouse gas
emissions (Rittmann, 2008). Besides the adverse effects of fossil fuels, their reserves
are limited, in other words, they are non-renewable. Approximately 80% of global
energy need is provided via fossil fuel consumption, and it is expected that the
lifespan of fossil fuels is nearly 50 years with the current consumption rate (Holechek

et al., 2022).

In order to sustain the demands of all living creatures and for the prevention of fossil
fuel effects, the concept of renewable energy such as wind, solar, biomass,
geothermal and hydropower is critical (S. S. Kumar et al., 2021). As another note,
the management waste materials produced as a result of human activities
(agricultural activities etc.) and their environmental impacts should be managed
properly (S. S. Kumar et al., 2021). Specifically, the pollution due to the release of
nutrients and organic compounds because of animal manure production should be

carefully addressed (Loyon, 2018).

Conventional anaerobic digestion (AD) is an effective technology for the treatment
of organic wastes and bioenergy production in the form of biogas (Anukam et al,
2019). As a result of AD, biogas containing 60-70% methane (CH4) and 30-40%
carbon dioxide (CO.) can be produced (Speece, 1983). Different feedstock such as

animal manure, municipal solid wastes and wastewater treatment plant sludge can



be used in AD for methane production. Especially, cattle manure (CM) due to its
high nutrients, organic content and high level of microbial activity, it has been
applied to AD as feed commonly (Zheng et al., 2015). Use of CM as a feed in AD
can decrease its environmental impacts and also provide beneficial products such as

biogas.

Although AD is a well-known and effective technology for organic waste disposal
and simultaneous renewable energy production, it has some limitations. These
limitations can be counted as low methane production rate due to slow reaction
kinetics, high sensitivity to inhibitory compounds such as ammonium, volatile fatty
acids (VFAs), and unstable operations with changing conditions due to accumulation
of VFAs (J. H. Park, Kang, et al., 2018; Yin et al., 2020). The slow processing of
wastes is a result of little energy gained by anaerobic microbes during AD, and slow
growth rate of the microorganisms involved in the AD process ((Yin et al., 2020)).
Further, since mostly the optimum growth of AD microorganisms is in the
mesophilic temperature range, any decrease in temperature due to seasonal variations
can result in instable AD operation (J. H. Park et al., 2020a). These drawbacks are

important for effective AD operation, and they should be properly managed.

The production of methane and organic matter decomposition during AD occur via
a series of reactions, hydrolysis, acidogenesis, acetogenesis and methanogenesis ((J.
H. Park, Kang, et al., 2018)). Hydrolytic bacteria, acidogenic bacteria and acetogenic
bacteria are responsible for hydrolysis, acidogenesis and acetogenesis.
Methanogenic archaea, on the other hand, is responsible for methanogenesis step (V.
Kumar et al., 2021). The syntrophic interactions between bacteria and methanogens
are the key for effective AD performance and this interaction is based on electron
transfer between different microbial communities (J. H. Park, Kang, et al., 2018). It
was considered that electron transfer between fermentative bacteria and
methanogens mainly occurs via hydrogen and acetate as soluble carriers ((Thauer et
al., 2008)). However, electron transfer via hydrogen and acetate depends on the
diffusion limitations of these carriers which creates a limitation on methane

production (Yin et al. 2020, Martins et al. 2018). Approximately, a decade ago



scientists discovered a new way of electron exchange in between different
microorganisms (Summers et al., 2010). For such kind of electron transfer is bacteria
and archaea (methanogens in AD) can use membrane bound proteins called
cytochromes and a conductive pili (J. H. Park et al., 2020a). This phenomenon
named, direct species electron transfer (DIET) was firstly demonstrated on co-
culture of Geobacter metallireducens and Geobacter sulfurreducens, which were
acting as electron-donating and electron-accepting bacteria with the presence of
ethanol and fumarate, respectively (Summers et al., 2010). G. metallireducens can
metabolize ethanol but is unable to use fumarate as an electron acceptor. On the other
hand, G. sulfurreducens can reduce fumarate, but is unable to metabolize ethanol.
The co-culture of G. metallireducens and G. sulfurreducens could, however, grow
in a medium with ethanol as the sole electron donor and fumarate as the sole electron
acceptor, which is only possible via DIET (Summers et al., 2010). It was emphasized
that DIET is thermodynamically more favorable because electrons are conveyed
directly from microorganism to microorganism, and it is an energy efficient
mechanism as compared to the mechanism via hydrogen and acetate since there is
no need for the production and consumption of intermediate products in DIET
mechanism (C. Wang et al., 2020). Later, it has been proven that DIET can also occur
in co-cultures of Geobacter species and aceticlastic methanogens; €.g. in co-cultures
of G. metallireducens and Methanosarcina barkeri (Rotaru, Shrestha, Liu,
Markovaite, et al., 2014a), and G. metallireducens and Methanosaeta harundinace
(Rotaru, Shrestha, Liu, Shrestha, et al., 2014). As more research was conducted on
this topic, it was proposed that DIET can also be performed between bacteria and
archaea in AD systems with the supplementation of conductive materials (CoMs),
which will replace the need for membrane bound proteins or conductive pili for
electron exchange and act as an electron transfer conduit (Rotaru et al., 2014; Kutlar
et al., 2022). Carbon based materials, metal-based materials, and metal oxides can
be used as CoM for AD performance improvement in terms of methane production.
In most studies, carbon-based materials, mainly biochar and granular activated

carbon (GAC) have been used as CoM since these are easily accessible, have an



environmental use at the moment and relatively cheaper as compared to other types
of CoMs (Kutlar et al., 2022). It was reported that the amendment of carbon-based
conductive materials improved the performance of AD process in terms of increase
in methane yield, enhanced methane production rate, reduction in lag time, decrease
in VFA accumulation and improved tolerance to inhibitory compounds (Kutlar et al.,

2022).

In the literature, biomethane recovery from many different feedstocks have been
tested via amendment of a variety of CoMs. However, there is only limited number
of studies investigating the impact of CoMs on biomethane recovery from digestion
of CM. Especially, studies investigating the impacts of CoMs on psychrophilic
anaerobic digestion are very limited. To fill this gap in the literature, the focus of this
study was to investigate the major impacts of adding CoMs into anaerobic digesters
for enhanced methane production from CM. After a comparative analysis GAC was
selected as a carbon-based CoM to further studies and the mechanisms behind the
enhancement of methane recovery via amendment of GAC was investigated. In total

four sets of laboratory experiments were performed:

e In Set 1 the impacts of nutrient addition via supplying a basal medium (BM)
and the amount of organic load on mesophilic (T =35 °C) CM digestion was
studied.

e In Set 2, the impact of two different CoMs were compared. A carbon-based
CoM, GAC, and a metal-based CoM, hematite (Fe2O3), were added into the
digesters for investigation of their impact on mesophilic AD performance and
also the optimum dosage of each was determined.

e In Set 3, the aim was to investigate whether the enhancement in mesophilic
anaerobic manure digestion via GAC is only due to surface area provided by
GAC for biomass attachment or not. To this purpose, we applied GAC as
CoM and also operated control reactors with sand (the same particle size with
GAC) application as a non-conductive material. Further, the applicability of

GAC on CM digestion under different organic loads (based on food-to-



microorganism (F/M) ratio) was studied under the presence and absence of
mixing.

Sets 1 — 3 were performed under mesophilic conditions. In the final set (Set
4), psychrophilic condition (T ~18 °C) CM digestion via GAC application
under different F/Ms was studied. In this set, to assess the effect of microbial
adaptation at psychrophilic temperature on AD performance, biomass
attached GAC (BioGAC) was also amended to the reactors and the
performances were compared against bare GAC. Further, to determine the
key microorganisms involved in psychrophilic AD of CM, the bacterial and
archaeal communities on the GAC samples were identified via 16S rRNA

based methods.






CHAPTER 2

LITERATURE REVIEW

2.1  Anaerobic Digestion (AD)

211 Process Description and Stages of AD

AD is a well-known technology for organic decomposition and biogas production
(Speece, 1983). It is a sustainable process that has been widely applied for treatment
of various wastes as it significantly contributes to global carbon cycle by biomethane
production (Speece, 1983). As a result of AD process, biogas containing 60-70%

methane and 30-40% carbon dioxide is produced.

AD consists of four stages: hydrolysis, acidogenesis, acetogenesis and
methanogenesis in which a consortium of anaerobic microorganisms take place (Y.
Liu et al., 2021). The stages and the microorganisms responsible for each stage are

given in Figure 2.1.
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Figure 2.1. AD stages and the microorganisms responsible for each stage (Adopted
from Y. Liu et al., 2021)

The first stage of AD (hydrolysis) is where the conversion of organic polymers
(carbohydrates, proteins, fats) into their monomers (sugars, amino acids, lipids)
within the presence of water takes place (Uckun Kiran et al., 2016a). In this stage,
hydrolytic bacteria excrete their extracellular enzymes for this conversion. With the
help of extracellular enzymes, organic materials are broken, and they are transferred
through the cell membrane. During the second stage named acidogenesis, acidogenic
bacteria convert soluble organic compounds produced in hydrolysis into
dicarboxylic acids, VFAs, carbon dioxide and hydrogen (Meegoda et al., 2018;
Uckun Kiran et al., 2016). For the production of VFA, pH is an important parameter.
When pH is greater than 5, VFA production is enhanced (Anukam et al., 2019). Due



to rapid growth of acidogenic bacteria, pH decreased as a result of acid accumulation
and the performance of AD in terms of methane production is inhibited if the acids
produced in acidogenesis are not degraded effectively in acetogenesis (Ugkun Kiran
et al.,, 2016a). In acetogenesis, acetogenic bacteria converts VFAs produced in
acidogenesis into acetate, carbon dioxide and hydrogen (Meegoda et al. 2018). In
this stage, the balance between the production and consumption of hydrogen is
important, because higher than 10 atm partial pressure of hydrogen as a result of
lower consumption can inhibit the activity of acetogenic bacteria and the overall
process can be harmed. In the final step of AD, methanogenesis, methanogens which
are strictly anaerobic microorganisms take place for the production of methane from
acetate and hydrogen produced in acetogenesis (Anukam et al., 2019). Methanogens
can be divided into two groups, acetate consumer methanogens, called acetoclastic
methanogens, and hydrogen consumer methanogens, called hydrogenotrophic
methanogens. Acetoclastic methanogens consume acetate to produce methane, while
hydrogenotrophic methanogens utilize hydrogen for methane production. In general,
methanogens among other consortium microorganisms are the most sensitive group
as they are mostly obligate anaerobes and slow-growing microorganisms, and hence

highly sensitive to environmental changes and operational parameters.

212 Important Parameters Affecting AD Performance

For an effective AD performance, some operational and environmental parameters
should be satisfied. Since there are many groups of microorganisms take a role in
AD stages, providing a suitable operational and environmental conditions is very
significant. Among many operational and environmental parameters for an effective
AD performance, temperature, pH, F/M ratio, the availability of nutrients and reactor

mixing are discussed in the following subtitles.



Temperature

Temperature is a significant parameter for the effective AD performance, because
microbial growth rate, thermodynamic equilibrium and the kinetics of the reactions
occurring during the stages, reactor stability and microbial community are highly
dependent on temperature of the operation (Panigrahi & Dubey, 2019). There are
three temperature ranges under which AD can take place: (i) psychrophilic, (ii)
mesophilic, and (iii) thermophilic (Sudiartha et al., 2022). Temperature of less than
25 °C refers psychrophilic temperature range, and between 25-40 °C of temperature
with an optimum value of 35 °C is accepted as mesophilic operation (Sudiartha et
al., 2022). Operational temperatures above 40 °C can be defined as thermophilic
temperature range (Jain et al., 2015; J. H. Park et al., 2020a). Although thermophilic
operation has the advantages of higher biogas production rate, relatively lower
hydraulic retention time (HRT) and higher growth rate of microorganisms, the high
energy needs for heating the reactor and the instability problems due to higher
sensitivity to change in temperature as compared to mesophilic operation are the
drawbacks of thermophilic operation (Panigrahi & Dubey, 2019). The decrease in
outside weather temperature due to seasonal changes, hence an increased energy
demand for heating as compared to psychrophilic operation are important

considerations for mesophilic operation.
pH

Effective AD performance is highly dependent on pH. Since there are different
microorganisms responsible for each stage of AD, they prefer different pH levels for
optimum activity. Mostly, neutral pH level is and optimum for overall AD
performance. For methanogenic activity, the range of 6.0 - 8.5 should be satisfied
and the optimum condition is between 7.0 and 8.0 (Uckun Kiran et al., 2016a). When
pH is decreased below 6.0 or increased above 8.5, AD is strongly inhibited. As a
result of the accumulation of the products during the hydrolysis, significant changes
in pH can occur. This can result in VFA accumulation due to inefficient
consumption, and this can have negative impacts on overall methanogenic activity

(Jain et al., 2015).
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Food to Microorganism (F/M) Ratio

The amount of organic material fed to the reactor per unit of time implies the organic
loading. For continuous systems, organic loading per unit volume is used as organic
loading rate. On the other hand, food to microorganism (F/M) ratio is applied for
batch systems. F/M ratio is a crucial parameter for AD performance. Very low F/M
ratios can prevent the production and activity of enzymes which are crucial for
biodegradation (Prashanth et al., 2006). On the other hand, high F/M ratio can cause
an imbalance between the activities of acetogens and methanogens, lead to the
accumulation of acids and ultimately process failure (Jain et al., 2015). Higher F/M
ratios can also result in shock effects on microorganisms (Panigrahi & Dubey, 2019).
On the other hand, the application of higher F/M ratio can provide a decrease in the
footprint of the digester since it may enable the degradation of higher organic
material per unit time. This benefit from the reactor size can decrease the cost of the
digester; therefore, it is important to be able to operate an AD reactor at the highest

possible loading rate without disturbing the process.
Nutrients

Adequate supplementation of macro- and micro-nutrients are very important for
effective AD performance. Microbial growth and activity are strongly dependent on
macro and micro-nutrients. Macro-nutrients such as phosphorus, nitrogen and
sulphur are important nutrients especially for buffering capacity of the operation
(Panigrahi & Dubey, 2019). On the other hand, micro-nutrients such as selenium,
iron, cobalt and nickel should be supplied as cofactor in enzymatic activities.
Additionally, nutrients can enhance methanogenic activity, which are specifically
affected by the presence of iron, cobalt and nickel (Speece, 1996). Typically, in batch
tests a cocktail containing macro nutrients and micro-nutrients along with buffer and

reducing agents are prepared to test the impact on the AD.
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Reactor Mixing

Mixing is an important operational parameter for AD performance since the
homogeneity in the reactor in terms of temperature and organic content and enhanced
mass transfer between microorganism and organic material can be provided via
mixing (Kim et al., 2017). For an effective biodegradation of organic material and
methane production, it is crucial for microorganisms to reach organic material as
their food via mixing. Also, it was stated that the excessive mixing during anaerobic
digestion can harm microbial communities, and this results in decrease in the

performance of the digestion (Lindmark et al., 2014).
Oxidation — reduction Potential (ORP)

Oxidation-reduction potential (ORP) is another important parameter for the effective
anaerobic digestion performance. It can be used as indicator to control the system
since it measures the net values of oxidation and reduction reactions which are
sensitive to the presence of oxygen and in the aqueous system (Nghiem et al., 2014).
The optimum range of ORP is -200 to -400 mV for effective methanogenic activity
(Hirano et al., 2013). In order to create an environment with low ORP values,

reducing agents are used such as sodium sulfide (Salvador et al., 2017).

2.1.3 Variety of Feedstocks in AD

There are many carbon sources that can be used as substrate during AD. The highly
complex organic materials that are used in AD can be mainly classified as municipal
solid waste, industrial waste and agricultural waste (Nwokolo et al., 2020).
Municipal solid waste is the wastes generated by household activities, industrial
activities and commercials. Food waste, kitchen waste and organic fraction of
municipal solid waste can be exemplified as municipal solid waste suitable for AD.
Especially due to their high organic content and huge amount of production,
municipal solid wastes are commonly used as feed in AD. Xiao et al., (2019)

investigated AD of food waste and paper waste, and 460 mL CHa/g volatile solid
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(VS) of methane yield was obtained from food waste digestion at thermophilic
temperature. Similarly, in another study, AD of organic fraction of municipal solid
waste was studied and methane yield of organic fraction of municipal solid waste
was enhanced via co-digestion (Ghosh et al., 2020). Industrial wastes are the end
product of industrial activities such as pulp and paper industry, food industry,
petrochemical refinery industry and textile industry. Since highly toxic and chemical
wastes are generated as result of these industrial activities, their application on AD
as carbon source should be carefully managed. Lin et al., (2017) obtained a methane
yield of 429 mL CHa/g VS from AD of pulp and paper mill sludge at mesophilic
temperature. It was also investigated that 200 and 400 mL CH4/g VS from AD of
untreated and treated textile product were observed, respectively (Jeihanipour et al.,
2013). Agricultural waste consists of lignocellulosic biomass and animal waste.
Lignocellulosic biomass has highly cellulose, hemicellulose and lignin contents, and
the amount of lignin affect its biodegradability as that is a recalcitrant component of
biomass (N. Xu et al., 2019). Animal wastes is an important alternative as carbon
source to be used in AD. In addition to its high organic content, animal waste should
be properly managed because it has a high nitrogen and phosphorus which can be

contamination source for water bodies and soil (Nwokolo et al., 2020).

214 Electron Transfer Mechanisms in AD

The balance and syntrophic interactions between bacteria carrying out hydrolysis,
acidogenesis and acetogenesis and archaea carrying out methanogenesis are essential
for AD process to be operated successfully (Martins et al., 2018). The syntrophic
interactions between bacteria and archaea depend on the electron transfer of these

microorganisms (Table 1).
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Table 2.1. Acetogenic and methanogenic reactions possible during AD process.

Pathway Reaction Microorganism Reaction no.
Aceticlastic methanogenesis CH;COOH — CH4+ CO, Aceticlastic methanogens 1
Syntrophic acetate oxidation | CH;COOH + 2H,0 — 2CO,+ | Syntrophic acetate oxidizing 2

4 H, bacteria
Hydrogenotrophic CO; +4H, —» CH;+ 2 H,O Hydrogenotrophic 3
methanogenesis methanogens

During AD process, electron transfer can be carried out by indirect or mediated
interspecies electron transfer (MIET), in which microorganisms use molecules such
as hydrogen as electron shuttle. As given in Reaction 2 of Table 1, during acetate
oxidation by bacteria, hydrogen is produced and is then consumed by
hydrogenotrophic methanogens (Reaction 3) in Table 1. This is illustrated in Figure
2.2a (Mostafa et al., 2020). For the further categorization of MIET, it can occur
through hydrogen molecules named as interspecies hydrogen transfer, IHT or
formate molecules named as interspecies formate transfer, IFT. In both cases there
is an intermediate product. MIET could also take place via extracellular soluble
compounds such as flavin and quinones (Figure 2.2b). In addition to MIET, DIET
carried out by cellular structures such as conductive pili or cytochrome rather than
using hydrogen or formate is an alternative route and shown in Figure 2.2¢ and

Figure 2.2d, respectively (W. Wang & Lee, 2021).
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Figure 2.2. Electron transfer mechanism during AD process; a) MIET via
hydrogen, b) MIET via extracellular soluble compounds, and c) DIET via
conductive pili d) DIET via electron transfer proteins. (Modified from Lovley,
2017; Stams et al., 2006)
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2.15 Limitations of AD

Although AD is a well-known technology, it has some limitations. During AD,
inefficient synthesis of fermentative intermediates such as propionate decreases the
performance of AD because the production of these intermediates limit electron
transfer between different microorganisms (Namal, 2020). Also, low efficient
degradation of these intermediates is another limitation for AD (J. Liu et al., 2020).
Due to slow reactions during AD, long acclimation time is needed for effective AD
performance (Park, Kang, et al., 2018). In addition to these, in terms of AD
performance, low methane yield and methane content and inhibition due to high

organic loading are drawback of AD process (W. Wang & Lee, 2021).

2.1.6 Methods used for AD Performance Enhancement and its
widespread Application

Although AD is a well-known technology and widely used for bioenergy production
and organic decomposition, its effectiveness should be improved due to process
instabilities and the reasons mentioned above. For an effective AD performance, the
syntrophic interactions between different microorganisms are the key factor. In order
to prevent process stability and enhance syntrophic interactions between
microorganisms, different strategies for the improvement of AD performance have

been examined and evaluated.
AD Feed Pre-Treatment

Some pre-treatment methods of organic wastes can be applied in order to improve
the hydrolysis of these organic wastes (Gonzalez et al., 2018). The reason for feed
pretreatment is to enable fast and higher degree hydrolysis of complex wastes, which
makes the activity of hydrolytic microorganisms more effective. Some widely

applied pre-treatment methods are:

e Chemical
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e Thermal

e Mechanical

e Mechanical-chemical
e Thermo-chemical

e Thermo-mechanical

As mentioned in the literature, the application of thermal pre-treatment of activated
sludge improved the biogas yield 50% as compared to untreated activated sludge
(Bougrier et al., 2006). As another example, ultrasound pre-treatment of activated
sludge increased the biogas yield 30% (Martinez et al., 2015). Although the
application of pre-treatment of organic wastes seems beneficial, the energy demand
of this approach should be carefully evaluated. Biological, physiochemical, and
chemical pre-treatment method have been widely applied to cattle manure (Orlando
& Borja, 2020). As an example of chemical pre-treatment, the application of pre-
treated cattle manure with calcium oxide resulted in 26% increase in methane yield
(Ramos-Suarez et al., 2017). For physiochemical pre-treatment, the incubated cattle
manure at 68 °C enhanced the yield 56% with respect to cattle manure without any

pre-treatment (Nielsen et al., 2004).
AD Effluent Post-Treatment

The effluent of AD named as digestate contains materials with different biological
and chemical characteristics (Issah et al., 2020). The operational parameters such as
pH, temperature, organic loading and microbial community results in this variety.
The digestate generally have low carbon content because it was consumed during
AD, and pH of it is in the neutral range (Issah et al., 2020). On the other hand,
nitrogen (N) and phosphorus (P) are not removed from the digestate during AD. For
the sake of widespread application of AD, the removal of these nutrients should be
evaluated. Otherwise, AD becomes an alternative approach for methane production
but not for nutrient removal because it contains high amount of N and P which makes
the digestate available as fertilizer. Although the digestate is suitable for the use as

fertilizer, the amount of production of the digestate from the industries could not be
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used totally as fertilizer. Struvite precipitation can be a good option as effluent
treatment for AD to remove residual nutrients (Palominos et al., 2021). Struvite is a
crystal which combines magnesium (Mg), N and P at high pH values, and it can be
used as fertilizer (Palominos et al., 2021). Although struvite precipitation will not
affect the system performance in terms of methane production yield, methane
production rate, lag time etc., it is an alternative approach for the effluent of AD.
(Cerrillo et al., 2015) observed that the precipitation of struvite from the effluent of
AD of pig slurry is beneficial and this struvite can be used as fertilizer due to its high

nutrient content.
The Integration of Bioelectrochemical Systems (BESs) with AD

BESs are the systems where electrochemistry is combined with biological
degradation and involves electrodes for the reactions (W. Wang et al., 2022). In these
systems, organic oxidation releasing electrons, protons and carbon dioxide takes
place in the anodic compartment. Electrons are then transferred by microorganisms
to anode via extracellular electron transfer (EET). These anodes associated
microorganisms are named as exoelectrogens since they have the ability to transfer
the electrons extracellularly to a solid state electron acceptor, i.e., anode (Anukam et
al., 2019). After the transfer of electron from anode to cathode, some products are
generated via reduction reactions in cathodic compartment. The kind of products are
different for each BES. In microbial electrolysis cells (MECs) methane can be
produced if cathode is colonized by methanogens in a process named as

electromethanogenesis (W. Wang et al., 2022) (Figure 2.3).

In the integrated AD-MEC systems, exoelectrogenic bacteria on anode for oxidation
of organic matter participate in and hydrogenotrophic methanogenesis or
electromethanogenesis take place in cathode (Baek et al., 2021). Similar to AD, in
hydrogenotrophic methanogenesis Hz is converted to methane by hydrogenotrophic
methanogens. Different from AD systems, with the application of external voltage,
H" and electrons produced methane via CO; reduction (Baek et al., 2021). There are

recent studies that combined AD and MEC systems for the enhancement of methane

18



production. J. Park, Lee, et al. (2018) obtained 70% higher methane yield from the
digestion of food waste in the integrated AD-MEC system as compared to AD
system with the application of copper, nickel and iron coated graphite cathode at an
external voltage of 0.3 V. 47% increase in methane yield was observed in the
integrated AD-MEC system at an external voltage of 1.2 V with stainless-steel mech

cathode when wastewater sludge was used as substrate (Asztalos & Kim, 2015).

Figure 2.3. Microbial electrolysis cell (MECs) as an example of bioelectrochemical
systems (BESs) (W. Wang et al., 2022)

The stimulation of DIET via Amendment of Conductive Materials to AD Reactors

Normally, electrons are transferred in AD systems via the pathways given in Figure
2.2; 1) intermediate products such as H» or acetate, ii) extracellular compounds, iii)
conductive pili and iiil) membrane-bound electron transfer proteins. In these
transfers, MIET (i and 11) and DIET (iii and 1iii) mechanisms are observed. As more
feasible and faster electron transfer mechanism, DIET vi CoM, was observed without
the need of the production intermediate products, the addition of extracellular
compounds and the ability of conductive pili (Figure 2.4). Kato et al., (2012) reported
that methane production was observed in the co-cultures of Geobacter and
Methanosaeta species within the presence of CoM. They also suggested that the
methane production in this environment is because of electrical connections between
Geobacter and Methanosaeta created by CoM. After these findings, it was observed

that Geobacter metallireducens and Methanosaeta barkeri species could produce
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methane from ethanol degradation within the presence of CoM (Liu et al., 2012).
They did not observe any methane when conductive material was not amended. After
these reports on the enhancement of methane production between co-cultures with
the presence of CoM, the effect of conductive material amendment on AD of organic
wastes was studied. In terms of methane yield, methane production rate and lag time,
CoMs enhanced AD performance. It was observed that the amendment of biochar as
CoM to AD of dairy manure enhanced methane yield 25% over AD control (Jang et
al., 2018), and this enhancement via biochar is associated with DIET mechanism. In
another study, it was observed that the amendment of graphite to AD reactor
enhanced the methane production rate 36% over AD control when commercial dog
food was used as organic source and based on microbial community analysis they
also suggest that DIET mechanism takes play in the improvement of system
perfromance (Dang et al., 2016a). These studies show that DIET mechanism without
intermediate products, extracellular compounds and conductive pili can occur via the

amendment of CoMs.

Organic Cco,

A\

CH, Co, %

CO, + 8H*+ 8¢ — CH, +2H,0

Figure 2.4. DIET via CoM (Modified from Park, Park, et al., 2018)
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2.2  The impact of Conductive Material Amendment on AD Process

2.2.1 Impacts of CoMs on AD

Enhanced methane production via CoM amendment to AD

In the literature, it was strongly suggested that the amendment of CoM enhanced
methane yield and methane production rate as compared to AD system. He et al.
(2021) observed that the addition of different carbon-based CoMs (GAC, carbon
cloth, nanoparticle of GAC) increased methane yield from mesophilic AD of co-
digestion of fat, oil, grease and wastewater sludge as compared to AD control.
Although the result of this study has been also evaluated based on electrical
conductivity of CoMs, the surface area for microbial attachment and interactions
provided by GAC and carbon cloth was suggested as an important factor for the
enhancement (He et al., 2021). In another study, the amendment of graphene as CoM
enhanced methane yield 25% and methane production rate 20% as a result of ethanol
degradation at mesophilic temperature under batch operation (Y. Lin et al., 2017b).
They suggested that the high electrical conductivity and surface area provided by
graphene addition plays an important role in this improvement, and they also provide
supportive evidence by the fact that there were microbial nanowires on cell surfaces
within the presence of graphene which can make electron transfer easier (Lin et al.
2017).J. H. Park et al., 2020a) studied the impact of the amendment of GAC as CoM
on AD of wastewater sludge under batch operation at psychrophilic and mesophilic
operation temperature. Their results showed that although methane yield was not
improved at mesophilic temperature, 20% enhancement was observed at
psychrophilic temperature (J. H. Park et al., 2020a). Based on microbial community
analysis, they suggested that the main reason behind this improvement comes from
the predominantly presence of DIET-related microbial communities and

hydrogenotrophic methanogens over AD control (J. H. Park et al., 2020a).

21



Decrease in lag time via CoMs

Different from methane yield and methane production rate, based on literature
survey, it was observed that the addition of CoM decreased lag time over AD control.
Similar to methane production rate, J. H. Park et al. 2020a observed that the addition
of GAC on wastewater sludge digestion decreased lag time at mesophilic
temperature over AD control. 8% decrease in lag time via GAC amendment was
obtained in this study, and this improvement can be attributed to DIET-related
microorganisms as explained in previous subtitle (J. H. Park et al., 2020a). Z. Yang
et al. (2016) obtained that the addition of magnetite (Fe3O4) as CoM at mesophilic
range decreased lag time over AD control when mixed VFA was used as substrate.
They emphasized that the addition of magnetite improved methanogenesis at the
early stage of the digestion (Z. Yang et al., 2016). In other words, the reactions
occurring during the digestion started earlier which results in earlier electron transfer

between microorganisms than AD control.
Mitigation of inhibitory compounds via CoMs

In addition to enhancement of methane yield and methane production rate and
decrease in lag time, successive consumption of VFA, tolerance of ammonium, pH
and high organic loading are other improvements via CoM addition to AD systems.
Although the enhancement in methane production can be seen due to surface area
provided by biochar, they stated that the buffering capacity which prevents VFA
accumulation is the main reason behind the improvement (Jang et al., 2018). Yin et
al. (2020) stated that the accumulation of VFA due to high organic loading results in
the failure of AD system. They mentioned that the addition of CoM can prevent the
failure of the system performance due to VFA accumulation and high organic
loading since the organic decomposition and electron transfer between
microorganisms can fasten with CoM. (W. Wang & Lee, 2021) also stated that the
amendment of CoM can alleviate the impact of high organic loading and VFA
accumulation. In another study, (Yan et al., 2020) evaluated the impact of different

CoMs (zero-valent iron, magnetite nanoparticles and powdered activated carbon)
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under ammonium -stressed condition. They observed that the addition of zero-valent
iron and magnetite nanoparticles could prevent ammonium inhibition and the
methane production did not fail (Yan et al., 2020)). In terms of the mitigation of
ammonium inhibition via CoM amendment (J. H. Park, Kang, et al., 2018) stated
that the adsorption of ammonium on CoM surface can decrease ammonium

concentration in bulk solution and create a more favorable environment for AD.

2.2.2 Types of CoMs

Carbon-based CoMs

Carbon-based CoMs used for the stimulation of DIET mechanism includes GAC,
powdered activated carbon, PAC, graphene, biochar, carbon fibers, carbon cloth,
graphite, graphite felt, carbon felt and carbon nanotubes (Park, Kang, et al., 2018;
Kutlar et al., 2022). Their high conductivity, large surface area and resistance against
corrosion are main characteristics for the preference as CoMs in methanogenic
environments. GAC with different size and dosage has been applied for the

stimulation of DIET mechanism.
The application of carbon-based CoMs to AD reactors

In order to enhance the degradation of kitchen waste, 8-20 mesh size of GAC was
used with GAC dosage of 13 g/L (J. Zhang et al., 2020). Namal, (2020) used 15-75
um of GAC with 1 g/L of dosage for glucose oxidation. Higher dosage of GAC was
also evaluated on AD. 50 g/LL of GAC was applied to AD of dry organic fraction of
municipal solid waste (Dang et al., 2017a). The powdered structure of activated
carbon in addition to granular structure, GAC was also used as CoM for degradation
of synthetic brewery wastewater and food waste with the dosages of 5 g/L and 15
g/L (S. Xu et al., 2015; L. Zhang et al., 2018) Similar to GAC, with the porous
structure, biochar was also widely used for the degradation of organic waste and the
production methane. Herrmann et al., (2021) added 50 g/L of biochar produced from
agricultural residues for AD of piggery waste. Also, Tiwari et al., (2021) investigated

23



the effect of different dosages of biochar (0.6, 1.2, 1.8, 2.4 and 3 g/L) on AD of the
co-digestion of sewage sludge and wheat. Graphene and carbon felt were also used
as CoMs on oxidation of ethanol and degradation of dog foot, respectively. (Dang et
al., 2016b; R. Lin et al., 2018). Zhao et al., (2015) used 12 graphite rods for the
enhancement of the oxidation of ethanol. Carbon nanotube as carbon based CoM

have been also applied for improved acetate oxidation by (Shen et al., 2020)
Metal-based CoMs

Other than carbon-based CoMs, non-carbon based CoMs have been also used for the
stimulation of DIET. Metal-based CoMs include magnetite, hematite (Fe203) and
stainless-steel. Based on physical and electrical characteristics, these materials can

be also used as CoMs to AD reactors for the enhancement of system performance.
The application of metal-based CoMs to AD reactors

Zhou et al., (2014) investigated the comparison of two iron-based CoM, hematite
and magnetite. The effect of different hematite dosages (12.5, 187.5, 375, and 875
mM Fe) on the degradation of swine manure was studied by Lu et al., (2019) For the
enhancement of butyrate degradation, nanosized magnetite was used with a particle
size of 30 nm (H. Li et al., 2015). In addition to iron-based CoMs, stainless steel has
been also used as CoM for the enhancement of AD performance (Y. Li et al., 2017)).
T. Wang et al., (2016) used two different metal-based CoMs, magnesium oxide and
silver nanoparticles with a particle size of less than 0.05 um and 0.1 pm for sludge

digestion, respectively.

2.2.3 Electrochemical Analysis of Microbial Electron Transfer: Cyclic
Voltammetry (CV)

Electroactive microbial biofilms and microbial community in these biofilms for
BESs have been studied for a long time since they effect the performance of the
system and they play an important role in the system (Harnisch & Freguia, 2012).

Cyclic voltammetry (CV) analysis is one of the most-widely used electrochemical

24



technique that can be used for the detection and evaluation of the biofilms in BESs
(Harnisch & Freguia, 2012). The analysis consists of working electrode, counter
electrode and reference electrode. For BESs, if the working electrode is anode, the
oxidation reaction and oxidation peak on voltammogram are analyzed (Harnisch &
Freguia, 2012). On the other hand, the reduction reactions and reduction peaks are
analyzed when the working electrode becomes cathode (Harnisch & Freguia, 2012).
For the demonstration of potential biofilm formation, electrochemical activities and
the determination of electron uptake patterns, CV analysis can be also applied to AD

systems (An et al., 2020; Rowe et al., 2019).

Lee et al., (2016) investigated CV analysis for AD of synthetic wastewater within
the presence of GAC as CoM. The disappearance of reduction peak on the
voltammogram of GAC biomass on without GAC biomass indicated that the
reduction peak was obtained as a result of biofilm formation on GAC because when
this biofilm was removed from GAC, the reduction peak was disappeared. Also, it
was implied that the location of the reduction peak on the voltammogram of GAC
biomass indicates biological methane production via potential DIET mechanism. In
another study, the location of the reduction peak was also appeared with implication
of methanogenesis (-0.44 V vs Ag/AgCl) (Y. Li et al., 2017). An et al., (2020) also
suggested that the absence of reduction peak in the control reactor implies very
limited DIET mechanism in conventional AD operation. On the other hand, they
obtained significant reduction potential on the voltammogram of the reactor with a

conductive electrode at -0.53 V (vs. Ag/AgCl) (An et al., 2020).

224 Microbial Communities of CoM amended AD Reactors

It was strongly suggested that electron transfer via DIET mechanism takes place
between fermentative bacteria and methanogenic archaea within the presence of
CoM, which makes the identification of involved bacterial and archaeal species
important. Once such species are identified, the information gathered may be used

for providing conditions for higher enrichment of such species in the bioreactors. In
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the pioneer work of DIET stimulation, Summers et al., (2010) observed the co-
culture of G. metallireducens as exoelectrogen and Geobacter sulfurreducens
exhibited DIET. For the bacterial community, it was stated that Geobacter species as
exoelectrogens were mostly enriched in the studies investigating the amendment of
CoM on AD process (Kutlar et al., 2022; Park, Kang, et al., 2018). Apart from
Geobacter species, Syntrophomonas was mostly enriched on the surface of GAC (J.
Zhang et al., 2020). Similarly, Lei et al. (2016) observed that the most abundant
bacterial specie in the system with the amendment of carbon cloth as conductive
material is Syntrophomonas. In addition to bacterial species, Kutlar et al. (2022)
stated that Methanosarcina and Methanosaeta species are the most enriched archaeal
species in DIET systems. J. Zhang et al. (2020) observed that the most enriched
archaeal specie is Methanosarcina within the presence of GAC as CoM. On the other
hand, Park, Park, et al. (2018) stated that the abundance of Methanosarcina decreased
after the amendment of GAC while the abundance of Methanosaeta increased. For a
comprehensive examination of DIET and the species participating in DIET,

microbial community analysis should be assessed.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Waste and Inoculum Characteristics

In this thesis, CM was used as feed in the AD reactors. It was taken from the inlet of
a full-scale CM fed biogas plant, Polres in Polatli. CM samples was blended for 1
hour for homogenization and no other pre-treatment was applied. For
characterization of CM, total solids (TS), volatile solids (VS), total chemical oxygen
demand (COD), soluble chemical oxygen demand (sCOD), total phosphorus, total
ammonium and alkalinity analysis have been conducted. Different experimental sets
were performed at different times throughout this thesis work, and since different
CM samples were collected from time-to-time characterization of the waste has been
repeated before each set. The characteristics of CM and inoculum used in Set 1 are
given in Table 3.1. The inoculum used in the experimental sets was taken from the
anaerobic digester of Eskisehir Municipal Wastewater Treatment Plant (ESKI) and
was also characterized as described. Inoculum characteristic of each set is also given

in the corresponding tables along with CM.
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Table 3.1. The characteristics of CM and inoculum used in Set 1

Parameter CM Inoculum
Density (g/mL) 0.997 0.997

pH 7.8 7.6

TS (%) 12.2+0.1 4.7 +0.0
VS (%) 9.2 +0.1 1.8+0.0
VSITS (%) 76.0 £ 0.7 39+£0.5
COD (mg/L) 88,000 + 11,000 30,500 + 1,050
sCOD (mg/L) 18,700 + 1,100 nd
Ammonium (mg NH4-N/L) 4,380 + 390 nd
Alkalinity (mg CaCOs/L) 18,200 + 430 nd

nd: not determined

After characterization experiments were conducted, CM sample was kept in the
refrigerator at -20°C to prevent the loss of organic content. The results of

characterization experiments for Set 2 are given in Table 3.2.

Table 3.2. The characteristics of CM and inoculum used in Set 2

Parameter CM Inoculum
Density (g/mL) 0.881 0.974
pH 7.8 7.5

TS (%) 12.2+0.1 3.3+0.0
VS (%) 9.5+0.1 1.8+ 0.0
VSITS (%) 77.6 £0.0 527+0.4
COD (mg/L) 151,743 + 6,446 30,027 + 61
Phosphorus (mg POs-P/L) 353+1.6 nd
Ammonium (mg NH4-N/L) 1,897+ 116.8 nd

nd: not determined

The characteristics of CM and inoculum used in Set 3 are given in Table 3.3.
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Table 3.3. The characteristics of CM and inoculum used in Set 3

Parameter CM Inoculum
Density (g/mL) 0.921 0.929
pH 7.7 7.5

TS (%) 12.2+0.1 3.9+0.0
VS (%) 9.5+0.1 2.1+0.0
VS/TS (%) 78.1+0.2 54.6+0.2
COD (mg/L) 140,000 £ 5,185 35,716 + 963
Phosphorus (mg POs-P/L) 42.8+£2.6 nd
Ammonium (mg NH4-N/L) 945 +58.1 nd

nd: not determined

CM and inoculum characteristics for in Set 4 are given in Table 3.4.

Table 3.4. The characteristics of CM and inoculum used in Set 4

Parameter CM Inoculum
Density (g/mL) 0.887 0.998
pH 7.7 7.6

TS (%) 11.5+0.1 2.5+0.0
VS (%) 8.7+0.1 1.4+0.0
VSITS (%) 75.6+0.3 56.8+0.5
COD (mg/L) 131,800 + 1,918 21,068 + 321
Phosphorus (mg POs-P/L) 62.5+4.7 nd
Ammonium (mg NH4-N/L) 1483 +83.4 nd

nd: not determined

For quality control purposes, characterization experiments were conducted in
duplicate and for each parameter the coefficient of variation (CoV), which is the ratio
of standard deviation to the average of the measurements was calculated. For the
characterization experiments, 10% of CoV was determined as a cut-off value and

when CoV value was higher than 10%, the analysis was repeated.
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3.2 Basal medium

To provide optimum conditions during AD and investigate the impact of additives
selected number of reactors were supplemented with a basal medium (BM) in Set 1.
To this purpose, BM with the following constituents was prepared (concentrations
are given in parenthesis as mg/L): NH4Cl (1200), MgS04.7H,0 (400), KCI (400),
NaS.9H,O (300), CaCl..2H>O (50), (NH4)2HPO4 (80), FeCl2.4H.O (40),
CoCl2.6H20 (10), KI (10), MnCl2.4H,0O (0.5), CuCL2.2H20 (0.5), ZnCl> (0.5),
AlICI3.6H,O (0.5), NaMo0O4.2H>O (0.5), H3BO; (0.5), NiCL.6H.O (0.5),
Na;WO04.2H20 (0.54), NaSeOs3 (0.5), cysteine (10), NaHCO;3 (6000) (Demirer et al.,
2000). In this cocktail cysteine acts as a reducing agent and bicarbonate works as a

buffer, while the others provide the macro nutrients and micro nutrients.

3.3  Analytical Methods

3.3.1 Characterization experiments

For characterization experiments, TS, VS, COD, sCOD, total Kjeldahl nitrogen
(TKN), phosphorus, ammonium and alkalinity analysis were conducted. For these
experiments, the followed methods are presented in Table 3.5. For COD analysis of
CM, since it had high solid content and it was hard to take samples homogenously,
hence we followed the Method 5220 B (Open Reflux Method). For inoculum, COD
was measured by following the Method 5220 C (Closed Reflux Colorimetric
Method). sCOD was measured by filtering the sample through 0.45 um pore size
filters before applying to the standard method (Standard Methods for the

Examination of Water and Wastewater, 1999).

pH of wastes and inoculum were measured with a pH meter (Starter300, OHAUS,
USA) and pH probe (ST320, OHAUS).
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ORP and electrical conductivity of the initial and final reactor content were measured
using a multi-parameter ORP probe (Multi3320, WTW, USA) and a conductivity

meter (Sension5, HACH, Germany), respectively.

Table 3.5. The methods used in the characterization experiments

Analysis Followed method

TS Method 2540 B (APHA, 1995)
VS Method 2540 E (APHA, 1995)
Open Reflux Method for COD Method 5220 B (APHA, 1995)
Closed Reflux Method for COD Method 5220 C (APHA, 1995)
TKN Method 4500N (APHA, 1995)
Alkalinity Method 2320 B (APHA, 1995)
Phosphorus Hach Method 8178

Ammonium Hach Method 8038

3.3.2 Determination of Biogas Production and the Content of Biogas

Biogas of the reactors were measured periodically during the operation. In order to
measure the total biogas production in each reactor during the operation, a water
displacement device was used (Figure 3.1). For the elimination of dissolution of CO»
and correct measurement, acidic waster (2% H>SO4) was used as displacement water

(Tezel et al., 2007).
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Figure 3.1. Water displacement device used for the measurement of total biogas
production

The composition of biogas produced in the reactors were determined a gas
chromatography device (Trace GC Ultra, Thermo Scientific) equipped with a
thermal conductivity detector (TCD) and columns connected series in (CP-Moliseve
5A and CP-Porabond Q). The temperature of oven, injector and detector were 35 °C,
50 °C and 80 °C, respectively. The carrier gas was helium at constant pressure of 75

kPa.

Daily produced methane was calculated from methane content and total produced

biogas (Filer et al., 2019)with the following Equation (3.1):

% CH4,t
100

%CH4,t—%CH4,t—1
100

V(chs) = ( * Vbiogas + ) * Vheadspace 3.1

where Vchs, Vbiogas and Vheadspace represent daily produced methane volume (mL),
daily produced total gas (mL) and volume of reactor headspace (mL), respectively.
%CHa4, t and %CHa, t-1 are the methane percent of total biogas production in the

corresponding day and the previous day, respectively.
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In order to have correct values for the composition of biogas and methane
production, gas chromatography was calibrated with a calibration gas (50% Hz, 10%
N2, 10% CH4 and 30% CO.) for methane and carbon-dioxide before each set. The
equation obtained from the calibration curve was used to calculate methane
production in each reactor. Calibration was repeated periodically during this thesis
work and an example of calibration curve for methane and carbon-dioxide is shown
in Figure 3.2. To check the calibration validity a mid-point standard was injected

periodically.
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1268000 y =32,566% — 50,597 L 3)
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Figure 3.2. An example of calibration curves a) for methane and b) for carbon

dioxide
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3.3.3 Determination of Volatile Fatty Acid (VFA) Concentrations

Since volatile fatty acids (VFAs) are intermediate products produced in acidogenesis
and converted during acetogenesis and methanogenesis during AD, their
concentration and accumulation significantly affect the performance of AD. In Set 3
and Set 4, we monitored the concentration of acetic acid, butyric acid and propionic
acid periodically in order to see VFA profiles of our reactor in terms of possible acid
accumulation. For VFA measurements a gas chromatography (Trace GC Ultra,
Thermo Scientific) with flame ionization detector (FID) that is equipped with a
carboxylic acid measurement column (Nukol-Model 25326, 15 m * 0.53 mm,
Supelco) was used. The carrier gas was helium with a flow rate of 6 mL/mins dry
air. The detector and the inlet temperatures were 280 °C and 250 °C, respectively.
The temperature of oven was initially set 100 °C then increased up to 200 °C with
the ramp of 8 °C/min. VFA measurement was performed per week for Set 3 and Set
4. Each week, after GC measurement for biogas production, 2 mL of suspended
sludge was taken from the reactors in the glovebox in order to prevent any oxygen
entrance to the reactors. After taking the sample in the glovebox, the reactors were
purged with mix gas to remove any oxygen in the headspace of the reactors. Before
the measurement of VFAs, samples were firstly filtered through 0.22 pm filters, and
they were acidified with formic acid (98%) to decrease pH of samples below 2.5 in

order to convert them in their free forms.

Similar to the practice followed during biogas composition analysis, we also
calibrated the gas chromatography for acetic, propionic and butyric acids with the
calibration standard of 1 mM, 2.5 mM, 5 mM and 10 mM VFA. An example of

calibration curves for acetic, propionic and butyric acids is given in Figure 3.3.
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Figure 3.3. An example calibration curve for a) acetic acid, b) butyric acid, and c)
propionic acid

3.4  BioMethane Production Data Analysis

To provide a comparative analysis of methane production within a set or between
different sets the cumulative methane production data was fit using the modified
Gompertz model (Zwietering et al., 1990). The kinetic parameters such as specific
methane production potential (mL, B¢), maximum methane production potential

(mL, Bo), methane production rate (mL CHs/day, Rm) and lag time for the reactor
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(day, A) were determined using the modified Gompertz model provided in Equation
(3.2):

Rmxe

B = B0 * exp{[ —

xA—0+1]}t=0 3.2)

where t is incubation time (day) e is 2.718

3.5  Experimental Sets and Procedures

In this study, four experimental sets were conducted as shown in the schematic
representation (Figure 3.4). The details of these sets will be explained separately in

the following sections.

Effect of Effect of

Set 1 Basal High and
Medium + Low COD

(BM) Operation

Effect of Effect of
Set 2 Different Different
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Dosages Dosages

Effect of Effect of
Effect of
GAC on o Different
Mesophilic Mixing FM

Set 3

Digestion

Effect of GAC Effect of
on Effect of

Psychrophilic BioGAC

Digestion

Different
F/M

Set 4

Figure 3.4. Schematic representation of the experimental sets
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3.5.1 The reactor configuration

In this work, there are two types of reactors in the sets. For Set 1, the serum bottles

with total volume of 100 mL and active volume of 60 mL were used as reactors

(Figure 3.5).

Figure 3.5. a) The serum bottle, stopper and clamp and b) the reactor filled with

inoculum and cattle manure for Set 1

For Set 2, Set3 and Set 4, the serum bottles with total volume of 300 mL and active

volume of 150 mL were as reactors (Figure 3.6).

Figure 3.6. The serum bottle, cap and stopper used in Set 2, Set 3 and Set 4

37



3.5.2 Set 1: The impact of Basal Medium on Mesophilic Anaerobic

Digestion of Cattle Manure

In this set, our objectives were two-fold: to determine (i) the impact of BM on the
anaerobic digestibility of CM, and (ii) the effect of initial COD (as higher and lower
COD) on AD performance. Two different initial COD concentrations representing
higher (~ 30,000 mg/L) and lower COD (~20,000 mg/L) were adjusted. After setting
up the reactors initial CODs were measured and in the reactors with higher COD, the
COD concentrations ranged between 30,240 mg COD/L and 31,240 mg COD/L and
in the reactors with lower COD, the initial COD concentrations ranged between

21,760 mg COD/L and 22,240 mg COD/L.

Set 1 experiments were conducted in 110 mL serum bottles with an active volume
of 60 mL (Figure 3.7). All reactors were inoculated with 30 mL of AD seed. Then,
20 mL of CM was added to the reactors. These additions established different F/M
ratios (in mg/L VS basis) in the reactors. F/M ratios of higher COD (HCOD) reactors
were around 1.9 and lower COD (LCOD) reactors were around 1. The experimental

design for Set 1 is shown in Table 3.6.

When needed, 10 mL of BM was added into the reactors according to the
experimental design to determine the effect of BM on AD performance. Blank
reactors having only inoculum in the absence of BM (B1) and in the presence of BM
(B2) were also operated to find out the background methane production from the

inoculum.
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Figure 3.7. The reactor filled with inoculum and cattle manure wrapped with
aluminum foil in Set 1

Table 3.6. The experimental design for Set 1

Initial COD Initial VS F/M

Reactor CM BM

Inoculum (mg /L) (mg/L) ratio
B1 w/o BM + - = = - -
B2 w/ BM + = + - 3 -
AD1, HCOD w/o BM + + - 30,240 £1,020 21,950+£317 1.9
AD2, HCOD w/ BM + + + 31,200 £ 880 23,650 +450 1.9
AD3, LCOD w/o BM + + - 21,760 £ 640 16,500+ 167 1.0
AD4, LCOD w/ BM + + + 22,240 +£720 17,067 £567 1.0

HCOD: higher COD; LCOD: lower COD; BM: basal medium

In this set, reactors were operated in triplicate without mixing. When all reactors
were filled according to the experimental design before the incubation, all 21 reactors
were sparged with 70% N2 and 30% CO; for 3 mins to maintain anaerobic conditions
in the reactors. After sparging, the reactors were immediately sealed with rubber
stoppers that are tied with plastic cable. For the removal of oxygen in the headspace
and providing an anaerobic environment, the headspaces of the reactors were purged

with the same gas for 2 mins. After sparging and purging, the reactors were covered
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with aluminum foil in order to prevent phototrophic metabolism. Then, the reactors

were incubated in a temperature-controlled room (35 £ 1 °C) at 150 rpm of mixing.

During the incubation period, produced biogas amount and its composition was
monitored periodically. When cumulative methane production as compared to
previous measurement was less than 10% for two times in a row, the operation of
the reactors was stopped. After the completion of the batch test, all reactors were
stored at 4 °C until the final analysis of composition was complete. TS, VS and COD
analysis for the reactor effluents were conducted. For the comparison of the reactor
performances, cumulative methane productions, methane yields (based on amount
of added VS) and organic removals were calculated. Additionally, modified
Gompertz fitting to cumulative methane production data was conducted for each

reactor.

3.5.3 Set 2: Enhancement of CM Digestion via Amendment of
Conductive Materials: Hematite vs. Granular Activated Carbon

In Set 2, the impact of the amendment of two different CoMs on the performance of
CM digestion in terms of methane yield, methane production rate and lag time was
studied under mesophilic conditions. In this set, two different CMs were tested: (i) a
carbon-based CoM, GAC (Merck, Germany) with 2.5 mm particle size and (ii) a
metal-based CoM, hematite (Polres, Turkey) (particle size distribution of hematite is
given in Figure 3.6). The particle size distribution of hematite was performed in our
lab with the help of sieves with different sizes. GAC and hematite were chosen as
CoMs to be used to provide a comparative analysis (Figure 3.7). In the experiments
different dosages of these CoMs s were used with the aim of choosing the better

CoMs in terms of performance enhancement.
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Figure 3.9. a) GAC and b) hematite used as CoM in Set 2

In the scope of characteristics of GAC and hematite, TS and VS results are given in

Table 3.7.

Table 3.7. TS and VS results for GAC and hematite

CoM TS(%)  VS(%) VSITS (%)
GAC  882+12 39+00 44+0.0
Hematite 99.2+0.0 04+00  04+0.0

Based on literature survey, for GAC application, three different dosages 20 g/L
(GAC20), 40 g/L (GAC40) and 60 g/ (GAC60), and for hematite application, two
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different dosages of hematite; 20 mM Fe containing hematite (Fe20) and 50 mM Fe
containing hematite (Fe50) were used in the experiments. For the reactors having
GAC, the dosages can be indicated as 0.6 g GAC/g VSadded for GAC20, 1.3 g GAC/g
VSadded for GAC40 and 2.0 g GAC/g VSadded for GAC60. But based on literature
survey and for clear comparison, we indicated GAC dosages as the amount of GAC

addition per active volume in the thesis.

The experimental design of Set 2 is given in Table 3.8. For the determination of the
performance of AD of CM and compare it with the amendment of CoMs, we set the
control (AD) without any CM. Also, we set a blank reactor (B) having only inoculum

as another control to determine the methane production coming from only inoculum.

Table 3.8. The experimental design for Set 2

Initial COD Initial VS F/M

Reactor Inoculum CM Dosage of CM
(mg/L) (mg/L) ratio

Blank + - 4 - =

Control + + 52,400 + 640 32,066 = 505 1.2

GAC20 + + 51,600+ 860 31,961 + 350 1.2 20 g/L of GAC

GAC40 + + 50,800 £ 820 30,852 +£279 1.1 40 g/L of GAC

GAC60 + + 48,800 = 1200 30,777 £ 751 1.1 60 g/L of GAC

Fe20 + + 49,200 + 940 31,964 209 1.2 20 mM Fe (hematite)

Fe50 + + 48,400 +820 31,580 £ 104 1.1 50 mM Fe (hematite)

In Set 2, the reactor volumes were increased slightly in comparison to Set 1. In this
set, 300 mL serum borosilicate bottles were used with a working volume of 150 mL
(Figure 3.8a). Before setting up the reactors, GAC was washed with deionized water
for several times to remove fine particles, and dried in an oven set to 80 °C overnight
(Ryue et al. 2019). The initial COD of the reactors were aimed to be around 50 g/L
and initial COD measurements ranged between 48400-52400 mg COD/L with an
F/M ratio of approximately 1.
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As explained in Set 1, similarly before starting the operation all reactors were
sparged with a mixture gas of 70% Nz and 30% CO; for 3 mins and purged with the
same gas mixture for 2 mins to rem maintain anaerobic conditions. All reactors were
then covered with aluminum foil and incubated at 35+1 °C in the temperature-
controlled room with mixing at 150 rpm with the help of a shaker (Figure 3.8b).
Mixing was applied during the operation in order to prevent the settlement of CoMs.

All reactors were operated in triplicate.

Figure 3.10. a) The reactors filled with inoculum and cattle manure and b) the

reactors on the shaker in Set 2

During the reactor operation, total produced biogas was measured via water
displacement device and the composition was determined using gas
chromatography. When cumulative methane production between consecutive
measurements was less than 10% for three times, the operation of the reactors was
completed. After the reactor operation, pH, electrical conductivity and ORP
measurement of the effluents were conducted. Also, final phosphorus and
ammonium concentrations of the effluents were analyzed. For the comparison of the
application of different CMs with different dosages on AD of CM, the reactors were
examined in terms of cumulative methane production, methane yields (based on

amount of added VS and COD) and organic removals. Also, the reactor
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performances were compared in regard to kinetic parameters (methane production

rate and lag time) calculated via modified Gompertz modeling.

3.5.4 Set 3: The Impact of GAC Amendment on Mesophilic AD of CM
under Different Organic Loads and the Impact of Mixing on the

Performance

Based on the results of Set 2 experiments, in Set 3 the experiments were designed to
determine the impact of GAC amendment on the performance of CM digestion at
varying operational conditions. The studied operational conditions were (i) mixing,
(i1) F/M ratio. In Set 3, GAC dosage of 40 g/L was kept constant in all the reactors.
Further, extra control reactors were operated by the amendment of a non-conductive
material with the same particle size to GAC and at the same dosage to investigate
the impact of providing extra surface area for microbial attachment on the reactor
performance. The dosage of GAC and sand can be indicated as 1.3 g GAC/g VSadded
and 1.3 g Sand/g VSaaded. The objective here was to observe whether the reason of
the enhancement of AD via GAC supplementation is only because of the extra
surface area provided by GAC which can be used biomass attachment. To this

purpose, as a non-conductive we used sand particles.

Set 3 experimental design is provided in Table 3.9. In this set, two groups of reactors,
were operated. The reactors were arranged to have an F/M ratio of 1 and 3. In each
group, there are the reactors having GAC as CoM, sand as a control. Further,
conventional AD reactors without any amendment of GAC and sand were also
operated as control. The reactors of each group were operated both under mixing and
no-mixing condition (Figure 3.9). Also, blank reactors having only inoculum at both
F/M ratios and under both mixing conditions were operated to determine the

background methane production coming from only inoculum.

Before the reactors were set, GAC and sand particles were washed with deionized

water for several times to remove fine particles and dried in an oven at 80 °C
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overnight as described earlier. The initial COD of all reactors of ranged between
50,400-51,600 mg COD/L. F/M ratio of the reactors were aimed to be around 1 and
3, and they were 1.2 and 2.8.

Table 3.9. The experimental design for Set 3

Initial COD Initial VS FIM

Reactor* Inoculum CM Dosage of additive
(mg /L) (mg /L) ratio

Bl + - - - - -
Controll + + 51,600 = 880 32,863 £ 86 1.2 -

GAC1 + + 51,200 = 600 32,703 + 460 1.2 40 g/L of GAC
Sandl + + 50,400 + 640 32,941 £ 326 1.2 40 g/L of sand
B3 + - - - - -
Control3 + + 50,800 + 940 31,991 +245 2.8 -

GAC3 + + 50,800 £ 820 32,133 £415 2.8 40 g/L of GAC
Sand3 + + 50,400 =920 31,632 £ 67 2.8 40 g/L of sand

*In Set 3, reactors were operated under two mixing conditions: mixing at 150 rpm, and no-mixing.

Similar to Set 2, 300 mL borosilicate serum bottles were used with an active volume
of 150 mL. Water displacement device were used to monitor total biogas production.
The quantification of produced biogas and VFA concentrations in the reactors were
analyzed by gas chromatography. When cumulative methane production between
consecutive measurements was less than 10% for three times, the operation of the
reactors was stopped. pH, conductivity, ORP, final phosphorus and ammonium
concentrations of the effluents were measured after the operation. For the
determination of the impact of GAC and sand on CM digestion under different
operational parameters, cumulative methane production, methane yields (based on
added amount of VS and COD) and organic removal were examined. Kinetic
parameters calculated from modified Gompertz modeling were also calculated for

discussion of the results.
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Figure 3.11. a) The reactors without mixing and b) the reactors with mixing on

shaker

Apart from the routine performance analysis, in order to investigate the
electrochemical activity and the potential of electroactive biofilm formation on GAC
and sand particles and the controls, CV analysis was performed using three-

electrodes system with a reference electrode as described in detail in Section 3.6.

At the end of the set the reactor effluents were used for struvite precipitation
experiments with the purpose of investigating the nutrient recovery potential and to
determine the impact of GAC on downstream processing of the effluent. To this
purpose, the effluents of each group of triplicate reactors were combined in three
groups, AD (the effluents from the controls), GAC (the effluents from GAC amended
reactors) and sand (the effluents from sand amended reactors). Here the F/M ratios
or mixing condition was disregarded. After we obtained these three groups based
only on the presence of additives, struvite precipitation experiments were conducted
as possible downstream treatment with the purpose of nitrogen and phosphorus
recovery and to determine any potential impact of GAC application on downstream
processing of the effluent. The protocols followed for struvite precipitation

experiments are described in Section 3.7.
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3.5.5 Set 4: The Impact of GAC Amendment on Psychrophilic Anaerobic
Treatability of CM under Different Organic Loads

The objective of Set 4 experiments was to investigate the impact of the amendment
of bare GAC on anaerobic treatability of CM at psychrophilic temperature under two
different F/M ratios of 1 and 3. Similar to Set 3, GAC dosage was kept constant at
40 g/L.

There are two main stages before setting the reactors for this set. These stages are
the acclimation of inoculum to psychrophilic temperature and the biofilm formation
on GAC particles, which later was named as BioGAC. These stages will be explained

in the following sections.
Acclimation of Inoculum to Psychrophilic Temperature

In Set 4, first we acclimated the inoculum taken from the full-scale mesophilic
digester to psychrophilic operation temperature of ~18 °. For the acclimation stage,
SL of glass bottle connected to a water displacement device was used as shown in
Figure 3.10. Inoculum was acclimated in a batch reactor with an active volume of 4
L by feeding with filtered CM (with a COD of 2000 mg/L) in fed-batch mode. The

reactor was kept under mixing at 150 rpm.

Figure 3.12. The reactor set-up for acclimation of inoculum
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Methane production of acclimation reactor was monitored as described earlier using
a GC periodically. The operation of the acclimation lasted 3 cycles (total 37 days).
Cycle implies the period of operation until less than 10% increase in cumulative

methane production as compared to previous measurement is obtained for two times.
Biofilm Formation on GAC Particles

For comparison of bare GAC and BioGAC on psychrophilic AD of CM, we
conducted a pre-step for biofilm formation on GAC particles. For this stage, 40 g/L
of GAC were put into 6 identical serum bottles of 110 mL of total volume. For GAC
dosage, it can be specified as 1.7 g GAC/g VSadded. The bottles with an active volume
of 65 mL were inoculated and fed with filtered CM (with a COD of 2000 mg/L) at
laboratory temperature (~18 °C). Methane production of the bottles were monitored
periodically and when cumulative methane production as compared to previous
measurement was less than 10% for two times, a new fed-batch cycle was started by

feeding substrate again.

GAC particles collected from these reactors are named as BioGAC, referring to the
biofilm attached GAC. Before setting up the reactors for Set 4, the bottles having
BioGAC particles were put in the anaerobic glovebox for the transfer of the particles
into the reactors used in Set 4. In anaerobic glovebox, the bottles having BioGAC
particles were shaken by hand, and the content of it was poured into the reactor that
will be operated in Set 4. After waiting for a while for the settlement of BioGAC
particles in the reactor, suspended sludge was taken with a pipette, and only BioGAC
particles was remained in the reactor without any suspended sludge from acclimation
period. The experimental design of Set 4 is shown in Table 3.10. All reactors were

mixed at 150 rpm.

48



Table 3.10. The experimental design for Set 4

Reactor Inoculum CM |Initial COD Initial VS F/M  Dosage of additives

(mg/L) (mg/L) ratio

Bl + - - - - -

Controll + + 35,500 £ 660 24,370+ 156 1.1 -
GAC1 + + 35,560 +£ 540 24,507 715 1.1 40 g/L of bare GAC
BioGAC1 + + 36,400 +£ 500 24,011 +£485 1.1 40 g/L of BioGAC

B3 + - - - - -

Control3 + + 35,560 + 820 23,347 +294 3.1 -
GAC3 + + 36,400 + 680 23,283 +375 3.1 40 g/L of bare GAC
BioGAC3 + + 36,960 + 760 23,640 +194 3.1 40 g/L of BioGAC

Similar to Set 3 reactors were run at two different F/M ratios. Blank reactors having
only inoculum under both F/M ratios of 1 (B1) and 3 (B3) were also prepared to
determine the methane production coming from only inoculum. During the operation
of this set temperature was recorded with a data collector (RC-4, Elitech) for the

whole duration.

Before starting to operate the reactors, similar to previous sets, all reactors were
sparged and purged with a mixture gas of 70% N2 and 30% CO> for 3 mins and 2

mins, respectively. to maintain the anaerobic conditions in the reactors.

Similar to other sets, total biogas production was measured with water displacement
device. Methane content of produced biogas and VFA concentrations of the reactors
were determined by gas chromatography. When cumulative methane production
between consecutive measurements was less than 5% for three times, the operation
of the reactors was stopped. pH, conductivity, ORP, final ammonium and
phosphorus concentrations of the reactors were analyzed at the end of the operations.

For the investigation of the impact of bare and BioGAC under different F/M ratios
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under psychrophilic conditions, cumulative methane productions, methane yields
(based on both added VS and COD) organic removal were calculated. Modified
Gompertz equation was also applied for more informative comparison of the reactor

performances.

Similar to Set 3, in Set 4 for the investigation of electrochemical biofilm formation
on GAC particles and for the control, CV analysis was also conducted. Further, a
techno-economic analysis was conducted to compare the performances of GAC
amendment at psychrophilic temperature and conventional mesophilic AD of CM
under different organic loadings. Lastly, microbial community analysis was
performed for the determination of key microorganisms on GAC biofilm and provide
a comparison with the suspended culture present in the reactors. The details of

microbial community analysis are provided in Section 3.9.

3.6  Cyclic Voltammetry (CV) Analysis

In order to investigate the electrochemical activity and to demonstrate the presence
of electroactive biofilm formation for Set 3 and Set 4, CV analysis was performed
using three-electrodes system with a potentiostat (Interface 1010B, Gamry). CV
analysis was performed at the end of the batch reactor operation. In summary, two
graphite plates (2.5%2.5*0.3 cm) connected with a titanium wire were located in the
reactors to be used anode and cathode (Figure 3.11). As a reference electrode an
Ag/AgCl electrode (3 M NaCl, MODEL re-5b, BASi).) was used. The reactors were
fed with filtered CM and this mixture was incubated for 3 days. Then, CV analysis
was conducted for each set. During the analysis, the voltage ranges were ranged

between -0.7 to 0 and scan rate was kept at 1 mV/S.
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Figure 3.13. a) Neoprene stopper, graphite blocks, reference electrode and CV cell

used in the analysis and b) during CV analysis reactors connected to a potentiostat

3.7 Struvite Precipitation Experiments and Product Analysis

The effluents of the reactors in Set 3 were used for struvite precipitation experiments.
The effluents collected after operation were combined in three separate groups: (1)
control group, having the effluent of all controls (Controll-mix, Controll-no mix,
Control3-mix and Control3-no mix, (2) sand group, having the effluent of all sand
amended reactor (Sand1-mix, Sand1-no mix, Sand3-mix and Sand3-no mix, and (3)
GAC group, having the effluent of all GAC amended reactor (GAC1-mix, GAC1-no
mix, GAC3-mix and GAC3-no mix. For the precipitation of struvite from the
effluents, the steps followed are: (i) chemical addition to adjust the molar ratio to
desired level, (ii) pH adjustment, (iii) mixing, (iv) settling and (v) filtration. From
each group of the samples (AD, GAC and Sand), 40 mL of sample was put into the
beakers. Then, Mg and P sources were added into the reactors with calculated
amount in order to have molar concentration ratio of the ions Mg:P:N of 1.5:1.2:1 as
this was an optimum molar ratio determined in a previous study from BioERG
(Kutlar & Yilmazel, 2022). Waste magnesite dust (WMD) and bone meal were used
as Mg and P sources, respectively (Kutlar & Yilmazel, 2022). Then pH of the
mixture was adjusted to 8.5 using 10% NaOH (v/v) solution. Following the pH
adjustment, the solution was mixed for 30 min with a stirrer at 200 rpm. Finally, for

settling we have waited for 60 mins. After settling down, the content of the beaker
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was filtered through coarse filter and N and P analysis of the filtrate were conducted.
Filter paper was waited at 35 + 1 °C to be dried in the temperature-controlled room.
After drying period, the precipitate was scratched from the paper and stored at room
temperature (Figure 3.12) till X-ray analysis for the confirmation of the presence of

struvite.

XRD analysis was conducted in METU Central Laboratory (Merkezi Laboratuvar)
at Middle East Technical University (METU) using Rigaku Ultima-IV X-ray
diffractometer. For data collection 2Theta method was used, where the scan range
and sampling step were 5 — 70  and 0.02°, respectively. Duration time was set to
1%min. Data analysis for the precipitate dentification were also conducted at the

Central Laboratory.

i

Figure 3.14. Precipitate scratched from the filter paper to be analyzed with XRD

3.8  Cost-Revenue analysis

Within the scope of the application of GAC and BioGAC at psychrophilic
temperature as compared to conventional AD operation at mesophilic temperature,
the calculation of the difference between cost and revenue was carried out for AD1-
mix (mesophilic AD), GACI and BioGACI (psychrophilic AD with GAC

amendment).
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For cost-revenue ratio, similarly, the costs of additive (c) were calculated with the
unit (per kg) prices of hematite and GAC as mentioned (not per added amount of VS
at this time). Revenue from methane production rate was calculated using the

following Equation (3.4) (Lu et al., 2020):
Emethane = SCH4*(I{R'I{C)>X< Lheat*f] (34)

Where

Emethane: revenue from methane production rate (dollars/day)
Rr: methane production rate of the reactor with GAC

Rc: methane production rate of the control

Lheat: lower heating value for methane (35800 kj/m?)

nN: energy conversion efficiency (90%)

scu4: sale price of methane as electricity (0.033 dollars/kWh)
(https://www.epdk.gov.tr/, 2022)

For the cost of heating for mesophilic temperature AD (Set 3), the following
Equation (3.5) was used (Yasemin Dilsad Yilmazel, 2014):

Bheat = ((Cp * F * (Tg-Ty) + (U*A*(Te-Tr) * 86,400)) * Petecicy (35)

where
Eheat: input energy for heating of anaerobic reactor (kj/d)
Cp: specific heat capacity of manure (kj/kg °C)
F: feed (kg/d)
U: overall coefficient of heat transfer (W/m? °C)

A: surface area of reactor walls through which heat loss occurs (m?)

53



Ta: temperature of mesophilic AD operation (35 °C)
T:: temperature of psychrophilic AD operation (18 °C)

Pelectricity:  price of electricity consumption for industrial zones (0.13

dollars/kWh) (https://www.epdk.gov.tr/, 2022)

In this calculation, C, was calculated based on following Eqaution (3.6) (Yasemin

Dilsad Yilmazel, 2014):
Co=144+2.75* Mc (3.6)

where Mc is moisture content of cattle manure which is approximately 88% for cattle

manure which we used in our study.

Also, U was calculated by summing up Uwan (0.68 W/m? °C), Usioor (0.85 W/m? °C)
and Uroof (091 W/m2 OC)

After the calculation of all costs (GAC cost and heating cost) and revenue (from
methane production rate), the differences between cost and revenue for GAC
application at psychrophilic temperature (GAC1 and BioGACI in Set 4) and

conventional AD at mesophilic temperature (AD1-mix in Set 3) were calculated.

For the cost of GAC, 2.5 dollars per kilogram (Ceyka Chemical Industry and Trade

Limited Company, Turkey) was used.

3.9  Microbial Community Analysis

Microbial community analysis was carried out for Set 4 only as there are less studies
conducted under psychrophilic conditions and our results will fill a gap in the
literature. In total 10 samples were prepared to compare the microbial community
distribution with each other. DNA isolation was performed mainly from two types
of samples 1) suspended culture, for this liquid sample collected directly from the
reactor content was used, ii)) GAC biofilm, for this GAC particles collected from the

reactors were used as a sample for DNA isolation. The suspended culture of the
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following reactors was sampled: Controll, GAC1, BioGACI1, Control3, GAC3 and
BioGACS3. For the GAC particles samples from the following reactors were sampled:
GACI1, BioGACI1, GAC3 and BioGAC3 (Table 3.10 shows the Set 4 experimental
design). The DNA from the collected samples were isolated using PowerSoil DNA
Isolation Kit (MoBio laboratories, CA) according to the manufacturer’s protocol. For
microbial community analysis of GAC particles, prior to the manufacturer’s
protocol, the buffer in the bead tube of the manufacturer was poured in 15 mL falcon
tube having sterile glass beads. The falcon tubes were centrifuged and vortexed for
5 mins at 12,000 g and 10 mins at maximum speed, respectively in order to rupture
microbial biofilm samples on GAC particles into liquid samples. Then the isolation
kit protocol was followed without any changes. DNA concentration and the purity
of DNA samples were determined via gel electrophoresis and nanodrop
(NanoPhotometer P-Class, Implen), respectively. Isolated DNA samples were sent
to BM Laboratory Systems Company (Ankara, Turkey) for metagenomics analysis,
in which V3-V4 variable region of bacterial and archaeal 16 rRNA genes were used.
The polymerase chain reaction (PCR) program includes 28 PCR cycles. Each cycle
with the steps of 95 °C for 3 min, then 28 cycles of 95 °C for 30 s, 55 °C for 3 min
and 72 °C for 3 min followed by a final elongation at 72 °C for 5 min. Both PCR
positive and negative controls were analyzed. For a second PCR with Illumina
sequencing adapters and dual-index barcodes to the target using KAPA HiFi
HotStart Ready-mix PCR Kit (Kapa Biosystems, USA) and Nextera XT index kit
(Illumina, USA) in according to the manufacturer's protocol. The second PCR
program includes the steps at 95 °C for 3 min followed by 8 cycles at 95 °C for 30
s, 55 °C for 30 s and 72 °C for 30 s followed by a final elongation at 72 °C for 5 min.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1  Set1: The Impact of Basal Medium on Mesophilic Anaerobic Digestion

of Cattle Manure

Reactors were operated with two different initial COD concentrations labeled as
higher and lower COD (See Table 3.6 for Experimental Design). Cumulative
methane production, organic removal (based on VS and COD) and methane yields
(based on added amount of VS and COD) of the higher COD and lower COD reactors
are depicted in Figure 4.1.

In terms of cumulative methane production, the highest production was observed in
ADI w/o BM (141 = 5 mL CH4) which is 25% higher than the production in AD2
w/ BM (113 + 6 mL CH4) among HCOD reactors (Figure 4.1a). Similarly, for LCOD
reactors, AD3 w/o BM (79 + 8 mL. CHa) produced 39% higher cumulative methane
than AD4 w/ BM (57 £ 4 mL CHa4). From the point of view of higher and lower COD
application, AD1 and AD2 with higher COD increased cumulative methane
production 78% and 98% as compared to AD3 and AD4 with lower COD,
respectively. In terms of percent methane, when BM was not added into the reactors,
AD1 and AD3 had 62.3 + 0.5% methane and 66.1 £ 2.8% methane, respectively. On
the other hand, BM addition decreased the percent methane in total biogas in AD2
and AD4. 55.6 = 2.1% methane and 58.3 = 1.1% methane were obtained in AD2 and
ADA4, respectively.

The reactor performances in terms of VS removal were similar. VS removals were
34% and 37% for HCOD and LCOD reactors, respectively, without showing any
significant change due to BM addition (Figure 4.1b). Among HCOD reactors, COD

removals were 44% and 40% in AD1 and AD2, respectively. For the reactors with
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LCOD, the removal of COD did not change with the addition of BM, and it was 36%
for AD3 and AD4.

Methane yields were also evaluated based on the added amount of VS and COD
(Figure 4.1c). HCOD reactors, AD1 (107 =4 mL CH4/g VSadded) showed 35% higher
yield as compared to AD2 (79 £+ 4 mL CHa/g VSadded). Similarly, for LCOD, the
absence of BM in AD3 (79 mL + 8 CH4/g VSadded) resulted in 41% increase in
methane yield over AD4 (56 + 4 mL CH4/g VSadded) with BM addition. In addition
to this, the application of HCOD resulted in higher methane yield in AD1 and AD2
as compared to AD3 and AD4. 35% higher methane yield was observed in AD1 that
was operated at HCOD over AD3 that was operated at LCOD within the absence of
BM. When BM was present in the reactor, 43% higher methane yield was obtained
in AD2 as compared to AD4. Methane yields based on added COD had also similar
trends. The absence of BM increased the yield 30% in AD1 (78 mL + 3 CHa/g
CODadded) over AD2 (60 = 3 mL CH4/g CODadded) for higher COD reactors and 40%
enhancement was observed in AD3 (60 £ 6 mL CHa/g CODadded) Without BM
addition as compared to AD4 (43 £ 3 mL CHa/g CODagded) with BM among LCOD

reactors.

In addition to cumulative methane production, organic removal and methane yield,
the comparison of kinetic parameters for each reactor was conducted using modified
Gompertz modeling. The kinetic parameters (P, specific methane production
potential, Rm, methane production rate and A, reactor lag time) calculated using the
model were given in Table 4.1. Sample calculations for both models are given in

Appendix A.

As given in Table 4.1, the R? values were ranging 0.9811-0.9938 which indicates
that the experimental data is well fitted to the model data calculated from the
modified Gompertz equation. The cumulative methane production graphs showing
experimental data and the model data are shown in Appendix B. In terms of methane
production rate, among HCOD reactors, there was a higher methane production rate

without BM; in AD1 w/o BM, the rate (12.0 + 0.6 mL CHa4/day) was 103% higher
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than the rate of AD2 w/ BM (5.9 + 0.6 mL CHas/day). Same applies to LCOD
reactors, in the absence of BM methane production rate was 19% higher than the
reactor with BM addition. Further, higher COD reactors showed higher methane
production rate in comparison to lower COD reactors; AD1 HCOD w/o BM reactors

showed 40% higher rate than AD3 LCOD w/o BM.

Additionally lag time of reactors were increased when there was BM

supplementation, showing its adverse impact.
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Table 4.1. The results of kinetic parameters calculated from the Modified
Gompertz modeling for the reactors in Set 1

Reactor P (mL) Rm (ML CH4/day) A (day) R?

AD1, HCOD w/o BM 133.8+6.2 12.0+£0.6 02=+0.1 0.9822
AD2, HCOD w/ BM 113.1+5.9 5.9+0.6 1.5+£0.2 0.9914
AD3, LCOD w/o BM 73.6+5.8 8.6+0.7 0.1+£0.2 0.9811
AD4, LCOD w/ BM 56.1+4.2 7.2+0.1 0.7+0.0 0.9938

To summarize, in both COD conditions the presence of BM showed negative impact
on methane production rate and yield. Further, HCOD reactors showed a higher
performance in terms of methane yield and organic removal as compared to LCOD
reactors. In Table 4.2, methane yields of different studies in which CM was used as
carbon source are given. As given in Table 4.2, a wide range (89-266 mL CHa/g
VSadded) in terms of methane yield of CM digestion was observed in the literature.
The methane yield attained in HCOD reactors of this study are within this range.
There can be several reasons for obtaining different methane yield in different
studies, such as the lignin content of manure used, the initial organic loading, F/M

ratio and VS amount of wastes and the use of different inoculums.
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From the results of methane yields suggested that the presence of BM on AD of CM
causes an inhibition under both lower and higher COD operations. Additionally, the
presence of BM decreased methane production rate under both operations. Also, it
causes an increase in lag time (in AD2 and AD4) as compared to no BM addition
(ADI and AD3). This can be attributed to nutrient content of CM. Similarly, it is
reported that the nutrient in CM is already sufficient for anaerobic microbial growth
without the need an extra addition and in fact BM addition resulted in lower
performance in terms of methane production (Giingdr-Demirci & Demirer, 2004). In
other words, since nutrient in CM is sufficient for AD, the digestion is inhibited with
the extra nutrient addition via BM. In terms of the amount of organic loading, the
reactors with higher COD showed higher methane productions and methane yields
than the reactors with lower COD, and this can be resulted from an amount of higher

available carbon source for microbial growth and methane production.

The results of Set 1 show that for biomethane recovery from CM there is no need for
BM addition. This may be due to its complex content. Additionally, as mentioned
above, organic loading is an important factor for AD process, and under higher COD
operation (AD1 and AD?2), reactors showed a better performance than lower COD
operation in terms of methane yield and organic removal. Based on the results of Set
1, we decided to continue the rest of the experimental studies without BM addition

under higher COD loads.

4.2  Set 2: Enhancement of Mesophilic AD of CM via Amendment of
Conductive Materials (CoMs): Hematite vs. GAC

In Set 2, the impact of the amendment of GAC and hematite as different CoMs with
different dosages were investigated. Reactors were set according to the experimental
design given in Table 3.8. Cumulative methane production, organic removal (based
on VS and COD) and methane yields (based on added amount of VS and COD) of

the reactors are depicted in Figure 4.2.
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The impact of additives on biomethane production and organic removal

In the case of GAC amendment an increase in cumulative methane production was
observed for all three dosages in comparison to the control reactor. All GAC
amended reactors produced similar amounts of biomethane in 28 days of operation;
GAC20 reactor produced a total of 752 £ 10 mL of CH4, GACA40 reactor produced a
total of 754 £ 14 mL of CH4 and GACG60 reactor produced 750 £ 14 mL of CHg4
(Figure 4.2a). However, the control reactor produced only 583 + 2 mL of CH4 during
28 days of reactor operation. At an average 29% increase in the cumulative methane
production was observed in the GAC amended reactors when compared to the
control reactor, regardless of the dosage added. In terms of percent methane in total
produced biogas, the values were ranged between 50.9 £ 0.7% - 54.7 £ 0.4% methane
among the reactors amended with GAC. For hematite reactors, Fe20 and Fe50 had
58.1 + 1.1% methane and 59.1 + 0.2% methane in total produced biogas,

respectively.
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In the scope of literature survey, we observed that the amendment of GAC on AD of
CM digestion has not been studied extensively although swine manure and chicken
manure were used as substrate. This situation is also an important motivation for this
study. In Table 4.3, the studies using GAC for the enhancement of conventional AD
are presented. Generally, in these studies, WAS and simple substrates such as acetate
have been used as carbon sources. For example, in a study conducted with dewatered
activated sludge as substrate, GAC amendment enhanced cumulative methane
production 17% over the control (Y. Yang et al., 2017). Similarly, in another study,
cumulative methane production was enhanced via GAC 31% as compared to the

control when acetate was used as carbon source (J. H. Park, Park, et al., 2018).

In our study, the increase in dosage of GAC did not enhance cumulative methane
production further. He et al., (2021) even reported a decrease in methane production
when the dosage of GAC was increased from 10 g/L to 15 g/L during the co-digestion
of fat, oil, grease and activated sludge. They observed that 13% increase in
cumulative methane production via 10 g/L of GAC amendment decreased to 7%

when GAC dosage was increased to 15 g/L.
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The amendment of hematite also increased cumulative methane production in
comparison to control reactor. Similar to the GAC amended reactors, there was a
slight difference in the cumulative methane production of different dosage reactors

(Fe20 and Fe50). Fe20 reactors produced a total of 626 + 13 mL of CH4 and Fe50

reactors produced 641 £ 1 mL of CH4 corresponding to 7% and 10% increase over
control reactor, respectively (Figure 4.2). The studies using hematite for the
enhancement of conventional AD are summarized in Table 4.4. There was only one
study conducted with animal manure and the authors reported 11% increase in
methane yield via hematite addition to AD reactors fed with swine manure (Lu et
al.,2019). Similar to GAC higher enhancements with hematite has also been

observed with simple substrates such as acetate (Table 4.4).
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When compared to the increase over control in GAC reactors (~29%) in the

cumulative amount of methane, the increase in hematite amended reactors (max of
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10%) was significantly lower. Methane production yield is clearly a better parameter
for comparison of the reactor performances. Therefore, methane yield per gram
organic matter added is calculated for each reactor in Set 2 (Figure 4.2¢). Upon GAC
amendment methane production yields are increased by approximately 30% in the
case of GAC20 reactor (157 mL + 2 CH4/g VSadded) and around 34% in the case of
GAC40 (163 £ 3 mL CH4/g VSadded) and GAC60 (162 £ 3 mL CHa/g VSadded)
reactors in comparison to the control (121 £ 0.4 mL CH4/g VSadded). The results show
that even though there was a slight increase in the yield when dosage was increased
from 20 to 40 in dosage of GAC further from 40 to 60 g/L did not change the yield.
When the yields were represented in terms of COD similar results were obtained.
The increase in the methane yield per COD basis ranged between 31% - 38% when
compared to control. Similarly, He et al., (2021) observed that the addition of GAC
enhanced methane yield 13% as compared to the control on the co-digestion of fat,
oil, grease and activated sludge. In another similar study, it was observed that the
addition of GAC enhanced methane yield based on added COD, by 19% with swine

manure as the feed (Romero et al., 2020).

In the case of hematite amendment enhancement of methane production yield was
lower in comparison to GAC amendment. Fe20 (131 £ 2.6 mL CH4/g VSadded) and
Fe50 (135 £ mL 0.2 CH4/g VSaddea) enhanced methane yield by 8% and 12% as
compared to the control, respectively (Figure 4.2). In the literature, it was obtained
that the addition of hematite improved the yield 7% from AD of swine manure (T.
Luetal., 2019). Similarly, Ye et al., (2018) observed 36% increase in methane yield
via hematite application on AD of activated sludge. Although there is a 2.5 times
difference in dosage values of Fe20 and Fe50, the enhancement in methane yield in

Fe50 as compared to Fe20 is not as significant.

The application of GAC increased VS and COD removal as compared to the control.
25+ 1 %,24+0 % and 30 =2 % VS removals were observed in GAC20, GAC40
and GAC60, respectively, which are all greater than the VS removal attained in the

control (22+ 1 %) (Figure 4.2). Similarly, 50% improvement in VS removal was
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obtained via GAC amendment on AD of the dry organic fraction of municipal solid
waste over the control (Dang et al., 2017a). In another study, GAC application on
AD of waste fat, oil and grease enhanced VS removal 85% over the control (He et
al., 2021). In addition to added amount of VS, the reactors having GAC enhanced
COD removals 10%, 24% and 17% in GAC20 (32 £ 1 %), GAC40 (36 + 1%) and
GAC60 (34 £ 1%) as compared to the control (29 = 1 %), respectively. Similarly,
Romero et al., (2020) found that the application of GAC on AD of liquid fraction of
swine manure enhanced COD removal 16% over the control. As discussed in the
literature, the amendment of CoMs can improve organic removal as compared to the
control (Y. Liu et al., 2021). It is stated that GAC can accelerate the decomposition
of organic and can tolerate the adverse shocks during AD. As a result of this
acceleration in organic decomposition and recovery of the shocks, enhanced methane

production can be obtained.

Among the reactors with hematite, there was no significant change in VS or COD
removal as compared to the control was not observed (Figure 4.2). Although the
enhancement in cumulative methane production and methane yields was observed in
the reactors with hematite (Fe20 and Fe50) as compared to the control, there was no
enhancement in organic removal. As reported in the literature, the amendment of
hematite did not enhance the organic removal in AD of swine manure (T. Lu et al.,
2019). Similar trend was observed with the application of another iron-based CoM,
magnetite (Fe3O4) (Yin et al. 2016). They also reported that there is no significant

change in organic removal via magnetite application over the control.

The results of modified Gompertz modeling are given in Table 4.5 in terms of
methane production potential (P), lag time (1) and methane production rate (Rm).
For all the reactors, the R? values were ranging between 0.9939-0.9982 indicating a
well-fit of experimental data to the model data. The cumulative methane production
graphs showing experimental data and the model data for Set 2 are shown in

Appendix C. Methane production rates are 37.6 + 0.6 mL CHa4/day, 40.3 £ 1.0 mL
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CHs/day and 42.4 £ 1.2 mL CHas/day in GAC20, GAC40 and GAC60, respectively
which are higher than the control (28.5 + 0.5 mL CHa/day).

Table 4.5. Kinetic parameters calculated from the fitting with the modified

Gompertz model in Set 2

Reactor P (mL) R, (mL CH /day) A (day) R’

Control 674.9 £6.8 28.5+0.5 22+0.1 0.9939
GAC20  8367+167  37.6 £0.6(32%)  2.1£0.1(5%) 0.9958
GAC40  797.1+169  403+1.0(41%)  1.6+0.1(27%) 0.9964
GACG60 793.1+£8.2 424+ 1.2 (49%) 1.7£0.1 (23%) 0.9964
Fe20 6742+ 14.1 359+ 0.7 (26%) 2.1+0.1 (5%) 0.9973
Fe50 666.3 + 4.3 38.2 £ 0.6 (34%) 22+0.1(-) 0.9982

The number in the parenthesis indicates the enhancement in methane production rate and

decrease in lag time as compared to the control.

Similarly, it was observed that the addition of GAC enhanced methane production
rate 26% over the control on AD of food waste (Ryue et al., 2019). In another study,
Park et al., (2018) found 72% increase in methane production rate via GAC
application when the carbon source was acetate. As given in Table 4.4, the
amendment of GAC enhanced both simple substrate degradation such as acetate and
complex substrate degradation such as food waste in terms of methane production
rate. Zhang et al., (2017) and Park et al., (2018) observed 80% and 72% improvement
in methane production rate when acetate was carbon source, while the improvement

via GAC over the control was 26% in food waste digestion (Ryue et al., 2019). This
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higher enhancement in simple substrate degradation can be attributed to its more

simplicity than complex substrates.

In terms of lag time, there is a slight improvement in GAC20 (2.1 + 0.1 day) as
compared to the control (2.2 = 0.1 day). On the other hand, when GAC dosage was
increased, a significant decrease in lag time was observe; GAC40 (1.6 £ 0.1 day) and
GAC60 (1.7 £ 0.2 day) decreased lag time 27% and 23% over the control,
respectively. (Xie et al., 2020). Others have also reported similar results. GAC
amendment decreased the lag time 31% on AD of activated sludge (Xie et al., 2020).

The application of hematite was also enhanced methane production in terms of
methane production rate as given in Table 4.3. Fe20 (35.9 £ 0.7 mL CH4/day) and
Fe50 (38.2 £ 0.6 mL CHa/day) improved the rate 26% and 34% over the control,
respectively. Similarly, it was reported that the application of hematite enhanced
methane production rate by 34% on AD of swine manure (T. Lu et al., 2019). On the
other hand, there was no significant improvement in lag time with the application of

hematite over the control.
The impact of additives on nutrient concentrations

ammonium concentration is an important parameter for AD performance since the
release of ammonium during protein degradation can cause inhibition on
methanogenic activity (Rasapoor et al., 2020). Final ammonium concentration for

each reactor is depicted in Figure 4.3.
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Figure 4.3. Final ammonium and phosphorus concentrations in Set 2

The addition of GAC decreased the final ammonium concentration as compared to
the control. GAC20 (1218 £ 8 mg NH4-N/L), GAC40 (1339 + 2 mg NH4-N/L) and
GAC60 (1224 £ 8 mg NH4-N/L) decreased final ammonium concentration 21%,
13% and 20% over the control (1536 + 22 mg NH4-N/L), respectively. Similar result
was found by another study (He et al., 2021). It was observed that the addition of
GAC on the co-digestion of fat, oil, grease and activated sludge decreased final
ammonium concentration 37% as compared to the control. The decrease may stem
from the adsorption of ammonium on GAC particles, and lower concentration of
ammonium may create more suitable environment for methanogens for their activity
(He et al., 2021). As stated in the literature, ammonium concentrations for the
reactors having GAC are below the inhibition level that is approximately 2800 mg
NHs-N/L  (Krakat et al.,, 2017). Also, based on another study, ammonium
concentrations are less than the inhibition level that was stated as 1500 mg NH4-N/L

(Chen et al., 2016). On the other hand, final orthophosphate concentrations in
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GAC20 (27 £ 0.4 mg PO4-P/L), GAC40 (26 mg = 0.5 PO4-P/L) and GAC60 (26 £
0.7 mg PO4-P/L) were slightly higher than the control (18 £ 0.8 mg PO4-P/L) as

shown in Figure 4.3 yet were all comparatively small to cause any inhibition.

The amendment of hematite did not significantly change final ammonium
concentration over the control (Figure 4.3). Only 8% decrease in Fe20 (1409 £ 36
mg NHy4-N/L) was observed as compared to the control. On the other hand, Fe50
(1570 £ 8 mg NH4-N/L) caused a slight increase (~2%) over the control. For final
phosphorus concentration, Fe20 (19 £ 0.4 mg PO4-P/L) and Fe50 (18 £ 1 mg PO4-
P/L) had values close to the control without any significant change. Due to its high
ammonium content of CM, ammonium concentration is an important factor on the
performance of AD. Also, it affects pH of the system, eventually methane
production. As shown in Figure 4.3, ammonium concentrations ranged between 1200
- 1600 mg NH4-N/L which is less than the inhibition level mentioned as 3000 mg
NH4-N/L (Krakat et al., 2017).

The impact of additives on pH, ORP and electrical conductivity

The effects of GAC and hematite amendment on AD performance in terms of pH,
ORP and electrical conductivity were also assessed. pH, ORP and electrical

conductivity of the reactor effluents are given in Figure 4.4.
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Figure 4.4. Final pH, electrical conductivity and ORP values in Set 2

pH which is an important operational parameter for AD was measured after the
incubation of the reactors and the final pH level of each reactor is depicted in Figure
4.4. Final pH values ranged between 7.5-7.8, which is approximately neutral pH
range indicating no significant acid accumulation. As reported in the literature, these
pH values are between the optimum pH range which is 7.0-8.0 (Ugkun Kiran et al.,
2016).

Electrical conductivity has also been measured in the reactor effluents (empty bars,
Figure 4.4). The addition of GAC and hematite did not significantly change electrical
conductivity values as compared to the control. Similarly, the addition of GAC did
not change electrical conductivity in the reactors with GAC as compared to the
control reactor when co-digestion of brewery waste activated sludge and food waste

was performed (Johnravindar et al., 2020).

We also conducted final ORP measurement, which is an important parameter for the
microbial activity of methanogens, and the results are depicted in Figure 4.4
(triangles). ORP values of GAC20, GAC40 and GAC60 are -412 £ 2 mV, -418 £ 2
mV and -445 + 4 mV, respectively, which are slightly higher than ORP value of the
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control (-404 £ 3 mV). Methanogenesis ideally occurs at ORP range of -200 mV to
-400 mV (Martins et al., 2018). ORP values of the control and GAC reactors are not
out of the range and only in the case of GAC60, ORP value was lowered considerably
with respect to other reactors. Since more negative values of ORP is correlated with
more effective methanogenesis as reported in the literature, GAC addition is
presented as an applicable approach for more effective methanogenesis as it results
in relatively lower ORP (Martins et al., 2018). It can be suggested that the addition
of GAC on CM digestion creates only a slightly more suitable environment than
conventional system based on ORP reduction; hence other impacts should be more
significant. ORP values in the reactors having hematite are -405 =2 mV and -413+
2 mV in Fe20 and Fe50, respectively, which are very close to ORP value in the
control. Since hematite is a metal-based CoM, it was expected that it may decrease
ORP value to more negative values as occurred in GAC application, but it did not

significantly change ORP values over the control.
Comparison of GAC and Hematite

The results of methane yields and kinetic parameters showed that the performance
of AD of CM can be improved via GAC and hematite. Although there is an
improvement in both GAC and hematite application, GAC showed a higher
enhancement than hematite in both methane yield, methane production rate and
decreasing the lag time of the process. For the amendment of GAC, the enhancement
in methane production in general can be attributed to the supplementation of
available surface are via GAC for microbial growth, the adsorption of toxic
compounds which are inhibitory compounds for methanogens and provide an
opportunity for DIET between microorganisms, which enables a faster and more
effective electron transfer in the reactor (Johnravindar et al., 2020). In addition to
these improvements in AD performance, it was also suggested that to elucidate the
mechanisms of enhancement relevant controls with amendment of same size non-

conductive materials is important (Martins et al., 2018).
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For the application of hematite, it was mentioned that DIET mechanism for electron
transfer between bacteria and methanogen can be a major reason for the enhancement
in methane production with hematite application (Zhuang et al., 2015). Lu et al.,
(2019)explained that although iron can be used as trace element for metabolic
activities, since the release of soluble iron was not observed, and it did not affect
microbial communities. Within the presence of hematite, improvement in the
secretion of extracellular polymeric substances (EPSs) can promote DIET (T. Lu et
al., 2019). Also, they found that based on the analyses of functional genes, the
addition of hematite improved methanogenesis rather than acetogenesis (Lu et al.,
2019). It can be concluded that the application of hematite as CoM on AD of CM is
another feasible way to improve AD performance. Since BM used in Set | contains
FeCl2.4H>O, there is a Fe source for the system. Based on the calculation, due to BM
addition in Set 1, 0.03 mM Fe was added to the reactors having BM in Set 1, but this
is a considerable low concentration as compared to Fe concentrations of 20 mM and
50 mM due to hematite addition in Set 2. Therefore, it was suggested that this

concentration due to BM did not have a significant impact on AD performance.

Among all reactors, it is obvious that the reactors amended with GAC improved AD
performance at a higher rate than the reactor amended with hematite in terms of
methane yield, organic removal, methane production rate and reduction in lag time.
Among the reactors with GAC, GAC40 and GAC60 performed better than GAC20
in terms of methane yield, methane production rate and lag time. When GAC dosage
was increased from 20 g/L to 40 g/L, methane yield was enhanced 4%, and the
application of 20 g/LL of GAC did not improve lag time. There was no significant
difference between GAC40 and GAC60 in terms of methane yields but GAC40
decreased lag time of the control with a significant difference as compared to
GAC®60. Therefore, we continued the rest of the investigations with GAC at a dosage
of 40 g/L.
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4.3  Set 3: Enhancement of CM Digestion via GAC under Different Organic
Loads and Mixing

In Set 3, the impact of the amendment of GAC under different organic loads were
investigated within the presence and absence of mixing. Also, the reactors amended
with sand were operated as a control to determine the impact of providing extra
surface area for microbial attachment on the reactor performance in terms of methane
production. Based on the results of Set 2, 40 g/L. of dosage was used both for GAC

and sand. Reactors were set according to the experimental design given in Table 3.9.
The impact on biomethane production

Cumulative methane production, organic removal (based on VS and COD) and
methane yields (based on added amount of VS and COD) of reactors with F/M ratio
of 1 and 3 reactors are depicted in Figure 4.5. Among the reactors with F/M ratio of
1 without mixing, the application of GAC increased cumulative methane production
12% and 42% in GAC1-no mix (611 = 34 mL CH4) over Controll-no mix (546 + 6
mL CH4) and Sandl-no mix (431 £ 14 mL CHas), respectively (Figure 4.5a).
Similarly, when mixing was applied, cumulative methane production in GAC1-mix
reactor (682 + 33 mL CH4) was enhanced over Controll-mix (539 + 12 mL CHa).
As opposed to no mixing, in the case of mixing Sand1-mix (571 £ 15 mL CH4)
reactor also produced 6% higher than control reactor (Figure 4.5a). In terms of
percent methane in total produced biogas, for the reactors without mixing at F/M
ratio of 1, the values are 38.3 + 1.5%, 42.8 + 3.0% and 52.4 + 2.6% methane in AD1-
no mix, GACI-no mix and Sand1-no mix, respectively. When mixing was applied,
the values for AD1-mix, GAC1-mix and Sand1-mix are 38.0 + 0.6%, 42.8 + 2.1%
and 38.2 + 0.8% methane, respectively. For the reactor at F/M ratio of 3, AD3-no
mix, GAC3-no mix and Sand3-no mix had 36.9 £ 1.4%, 41.1 £ 0.9% and 45.3 +
1.4% methane, respectively. When mixing was applied, the percent methane values
in AD3-mix, GAC3-mix and Sand3-mix are 34.5 £ 0.7%, 35.7 £ 2.4% and 31.0 +

0.5% methane, respectively.
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Figure 4.5. a)-b) Cumulative methane production for F/M of 1 and 3 reactors, c)-d)

organic removal for F/M of 1 and 3 reactors and e)-f) methane yields for F/M of 1

and 3 reactors in Set 3

Similar to the reactors with F/M ratio of 1

36% higher methane than Control3-no

, GAC3-no mix (515 + 22 mL CH4) showed
mix (378 £ 1 mL CH4) and 64% higher
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methane than Sand3-no mix (314 £ 6 mL CHa) (Figure 4.5b). Similar to F/M ratio
of 1 when mixing was not applied; the application of sand caused a decrease in
cumulative methane production. Cumulative methane production in GAC3-mix (601
+ 29 mL CHy) reactor was 70% higher than Control3-mix (352 + 2 mL CH4) and
51% higher than Sand3-mix (397 + 8§ mL CHa).

In terms of methane yields based on added VS for the reactor with F/M ratio of 1,
the application of GAC increased the yield by 13% and 44% in GAC1-no mix (125
+ 7 mL CH4/g VSadded) as compared to Controll-no mix (111 + 1 mL CH4/g VSadded)
and Sandl-no mix (87 £ 3 mL CHa/g VSadded), respectively (Figure 4.5¢). Sand
application decreased the yield in this case. With Sand1-mix around 6% increase in
the yield (based on VS) was observed in comparison to control and in GAC1-mix
around 28% increase in the yield was obtained over Control1l-mix (109 + 2 mL CH4/g

VSadded)-

Among the reactors with F/M ratio of 3, the improvement in the yields is higher in
the reactors with GAC compared to their corresponding controls as compared to the
reactors with F/M ratio of 1 (Figure 4.5f). Methane yield based on added VS was
increased by 35% in GAC3-no mix (107 = 5 mL CHa/g VSaddeda), but the yields
decreased by 16% in Sand3-no mix (66 £ 1 mL CHa4/g VSadded) as compared to
Control3-no mix (79 + 0 mL CHa4/g VSadded). In GAC3-mix reactor methane yield
was recorded as 125 + 6 mL CH4/g VSadded. This yield is 71% higher than Control3-
mix (73 = 0 mL CH4/g VSadded) and 49% higher than Sand3-mix (84 £ 2 mL CHa/g
VSadded).

Among the reactors with F/M ratio of 1, in terms of VS removal, the removals are
ranging 32%-39% with the highest removal was recorded in GACIl-mix and the

lowest removal was recorded in Sand1-mix reactors (Figure 4.5c).

For the reactor with F/M ratio of 3, VS removals are ranging 29%-42% with the
highest VS removal in GAC3-mix. A similar finding was observed by the fact that

the addition of magnetite as CoM enhanced COD removal as compared the addition
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of silica as non-conductive material especially at higher organic loadings (Wang et

al., 2020).

Among the reactors with F/M ratio of 1, R? values are ranging 0.9781-0.9948
implying that the experimental data are well fitted to the model data (Table 4.6). The
cumulative methane production graphs showing experimental data and the model
data are shown in Appendix D. GAC amendment enhanced the methane production
rate in GAC1-no mix by 33% when compared to Controll-no mix. When mixing
was applied, the addition of GAC improved the rate in GACIl-mix by 96% in
comparison to the control. Further, Sand1-mix reactor also showed around 42%
increased methane production rate in comparison to control. In terms of lag time,

there was no difference among the reactors as F/M ratio of 1.
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Table 4.6. The results of kinetic parameters calculated from Gompertz modeling

for the reactors in Set 3

P (mL) R,, (ML CH,/day) A (d) R’
Control1-no mix 571.2+£5.6 31.2+0.5 0.2+0.1 0.9893
Controll-mix 651.9+9.1 23.0+£0.8 0.1+0.1 0.9781
GAC1-no mix 608.1 £27.5 41.6 = 4.8 (33%) 0.3+0.0(-) 0.9939
GAC1-mix 690.4 + 28.1 45.1+4.0 (96%) 0.6+0.2(-) 0.9948
Sandl-no mix 438.0+13.7 26.8+1.2(-) 0.3+£0.1() 0.9932
Sandl-mix 588.5+12.4 32.6 £ 2.0 (42%) 02£0.2(-) 0.9818
Control3-no mix 441.4+2.7 18.6+0.8 2.1+£0.5 0.9907
Control3-mix 577.9+29.4 153+04 46+0.5 0.9732
GAC3-no mix 529.5+21.4 324+1.5(74%)  1.7+0.1 (19%) 0.9979
GAC3-mix 621.1 +19.1 36.2+43(137%) 14+0.1(70%)  0.9969
Sand3-no mix 344.1+10.0 16.3+0.2 (-) 22+0.2(-) 0.9953
Sand3-mix 507.7+15.8 18.1£0.5(18%)  2.8+0.3 (39%) 0.9877

The number in the parenthesis indicates the enhancement in methane production rate and

decrease in lag time as compared to the corresponding control.

For the reactors with F/M ratio of 3, R? values are ranging from 0.9732 to 0.9979
indicating that there is a good correlation between experimental data and the model
data (Table 4.6). At F/M of 3, GAC increased methane production rate by 137%
under mixing condition in GAC3-mix and by 74% under no mixing condition in
GAC3-no mix. Again, only in mixed reactors surface area provided an increase in
methane production rate but it was limited to 18%, showing that most of the

contribution to increased methane production rate can be attributed to the presence
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of GAC and not only due to providing extra surface area. In terms of lag time, similar
trends observed in methane production rate were obtained. GAC decreased the lag
time 19% in GAC3-no mix compared to Control3-no mix. The highest decrease was

attained by 70% in GAC3-mix reactor in comparison to the Control3-mix.
Comparison of amendment of non-conductive particles and GAC particles

In each condition in terms of performance parameters, the improvement in the
reactor with GAC was higher than the reactor amended with sand. Similar finding
was observed in another work, where GAC amendment increased methane
production rate to a higher extent than non-conductive ceramic particles addition
during ethanol oxidation by Geobacter (Mei et al., 2018). In another study, the
enhancement in GAC application on dog food digestion was higher than the
enhancement in polyester cloth as non-CoM (Lei et al., 2016). Similarly, (S. Zhang
et al., 2017) investigated the effect of GAC as CoM and zeolite as non-CoM on
acetate oxidation and found that methane production was enhanced more via GAC
than zeolite application. Additionally, it was found that the addition of high-density
polyethylene (HDPE) as non-CoM on acetate oxidation did not improve the methane

yields as much as modified graphite improved (J. Liu et al., 2020).

As mentioned, the application of GAC and sand had different impacts on AD of CM
for both F/M ratios (Table 4.5). For the reactors with F/M ratio of 1, the application
of GAC provided 55% and 38% higher improvement for methane production rate in
GACl-no mix and GACIl-mix as compared to Sandl-no mix and Sandl-mix,
respectively. The improvement in the rate via GAC was also higher than sand
addition among the reactors with F/M ratio of 3. GAC resulted in 99% and 100%
higher increase in the rate than sand application under both no mixing and mixing
conditions, respectively. Although biomass formation on GAC and sand particles
may attribute to the enhancement over conventional AD, the significant difference
between GAC and sand may not only be explained by biomass formation. Faster
methane production via GAC amendment can be attributed to more effective

interspecies electron transfer with DIET mechanism. Since there is no need for the
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production of intermediate products such as H» or acetate as in MIET, DIET via GAC
may provide faster and more effective electron transfer between syntrophic bacteria
and methanogens. As a result of this phenomenon, electrons can be transferred faster
between microorganisms and higher methane production is observed per unit time.
Similar finding was observed by (J. Liu et al., 2020). They found that methane
production rate was enhanced more with the application of graphite as CoM as
compared to the enhancement via HDPE as CoM over the control. Other mechanisms
of improvement in AD performance via GAC amendment may be adsorption of
inhibitory compounds and further reduction in ORP (J. H. Park, Kang, et al., 2018).
The former point is hard to elucidate, to this purpose we have measured ammonium
concentrations as it is a common inhibitory product during AD of animal wastes. To

investigate the latter we have analyzed ORP in each reactor as discussed later.

From the point of the lag time, the enhancements via GAC were higher than sand
application as compared to the controls (Table 4.5). Although there is no lag time
therefore no improvement among the reactors with F/M ratio of 1, the lag time was
decreased via GAC application more than sand addition for the reactors with F/M
ratio of 3 under mixing condition. 100% increase in decrease of the lag time was
obtained via GAC in GAC3-mix as compared to Sand3-mix. These results suggest
that electron transfer via DIET mechanism within the presence of GAC as CoM is
faster than MIET mechanism via H» and acetate (Namal, 2020). Zhang et al., (2017)
was also found that the addition of GAC showed shorter lag time than sand
application for acetate oxidation. Similarly, the addition of GAC as CoM shortened
the lag time of the reactor more than the amendment of polyester cloth as non-CoM

on AD of dry organic fraction of municipal solid waste (Dang et al., 2017).

These results indicate that the improvement in methane production on AD of CM
can be attributed to the enrichment of electro active microorganisms with GAC. In
GAC amended reactors it may behave as an electron conduit between bacteria and
methanogen, providing an opportunity for DIET. Although the surface area provided

by GAC particles is not the only reason behind the improvement, the porous structure
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of GAC may provide larger specific areas for biomass attachment than sand particles,

and it can also contribute the improvement in methane production.
Effect of different F/M ratios

Organic loading is an important parameter for AD. For batch systems, F/M ratio is
used to mimic organic loading. In Set 3 mostly the reactors with F/M ratio of 1 had
higher methane yields than the corresponding reactor with F/M ratio of 3. The
interesting part of our finding is that the addition of GAC with F/M ratio of 3 under
mixing condition (GAC3-mix) compensated the decrease in methane yield from
Controll-mix to Control3-mix. When F/M ratio was increased from 1 to 3, methane
yield in Controll-mix (109 + 2 mL CHa/g VSadded) decreased to 73 = 0 mL CHa/g
VSadded in Control3-mix because of slower methanogenic activity as compared to
organic decomposition. With the addition of GAC at F/M ratio of 3 under mixing
condition, GAC3-mix showed methane yield of 125 +£ 6 mL CHa4/g VSadded Which is
in fact 15% higher than Controll-mix. This result indicate that more waste can be
processed in the same reactor set-up without any reduction in the yield via
amendment of GAC to a conventional AD reactor. Eventually, operation with the
same methane yield but at a higher F/M ratio may translate into a significant saving
in large scale application with shorter hydraulic retention time. For the reactors
under no mixing condition, this compensation was not observed. Similarly, Xu et al.,
(2015) indicated that the addition of GAC enhanced methane production from AD
of synthetic brewery wastewater as compared to control reactor when organic
loading was increased from 2.9 g COD/L/d to 5.8 g COD/L/d in lab scale upflow
anaerobic digesters. In another study, it was found that the application of carbon
cloth as CoM on AD of leachate from municipal solid waste plant maintained the
methane production with increasing organic loading (from 36.8 g COD/L/d to 49.4
g COD/L/d) although methane production rate was decreased in the control (Lei et
al., 2016). Similar finding was stated by Zhao et al., (2015). They observed that the
enhancement via GAC in methane production rate was increased when organic
loading rate was increased from 4 to 12 kg COD/m?*/day on ethanol degradation as

compared to the control.

86



Although the addition of GAC and sand enhanced methane production rate under
both mixing and no mixing conditions, GAC application among the reactors with
F/M ratio of 3 increased the rate more than GAC application for the reactor with F/M

ratio of 1.

From our results and the literature, it can be implied that the addition of GAC as
CoM can help the reactor to resist high organic loadings for the process performance.
With the applicability of high organic loading, it can be also possible to have small
footprints of the reactors without any decrease or inhibition during AD of CM via

GAC amendment.
Effect of mixing

Mixing is another important parameter for an effective AD performance since it
affects the contact between microorganisms and substrates and stability of
microorganisms (Shekhar Bose et al., 2021). Mixing in AD controls did not change
the methane yields; similar methane yields were attained in Controll-no mix and
Controll-mix at F/M ratio of 1 and Control3-no mix an Control3-mix at F/M ratio
of 3. On the other hand, the application of mixing increased methane yield in GAC
added reactors. Among the reactors with F/M ratio of 1, mixing enhanced methane
yield 11% for GAC application as compared to no mixing condition, respectively.
Similarly, at F/M ratio of 3, 17% improvement in methane yield were observed in
GAC3-mix as compared to GAC3-no mix. This can be attributed to continuous
motion of biofilm on GAC particles to reach carbon source easily with mixing. Our
results suggest that the application of mixing is an effective approach to enhance

methane yield from AD of CM with the presence of GAC as CoM.

In terms of methane production rate, the mixing had also different impacts on AD of
CM for the control and the reactor with GAC. The application of mixing caused 26%
and 18% decrease in methane production rate of the control in Controll-mix and
Control3-mix as compared to Controll-no mix and Control3-mix, respectively. This
can be attributed to the morphological deterioration of microorganisms, especially

for some methanogens. On the other hand, mixing was increased the rates for the
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reactor having GAC. For the reactors with F/M ratio of 1, methane production rates
were increased 8% in GACI-mix over GAC1-no mix. Conformably, the rate was
enhanced 12% in GAC3-mix over GAC3-no mix with the application of mixing for

the reactor with F/M ratio of 3.

For the lag time of the reactors, since there is no lag time observation for F/M ratio
of 1 operation, we did not see any effect of mixing on lag time for the reactors with
F/M ratio of 1. On the other hand, the application of mixing shortened the lag time
18% in GAC3-mix over GAC3-no mix, although it did not further decrease the lag

time in the control at F/M ratio of 3.
The impact on electro-active biofilm formation

The results of CV analysis for each set of the reactors are given in Figure 4.6. Among
the reactors with F/M ratio of 1 under no mixing condition, the application of GAC
and sand (GAC1-no mix and Sand1-no mix) showed similar reduction peaks which
are bigger than the reduction peak observed in CV curve of Controll-no mix (Figure
4.6a). The difference between the peak heights were even more visible under mixing,
which may be interpreted as an indication of higher activity of electro-active
microorganisms present in these reactors (Figure 4.6b). The first derivative is
calculated to find the reduction peak which is observed around -0.5 V vs. Ag/AgCl.
This reduction peak point in CV voltammograms is in the range of carbon dioxide
reduction to methane (Y. Li et al., 2017); which may be possible via DIET (Kutlar
et al., 2022).

88



0.8 -
08 m— Controll-no mix a) —— Control1-mix b)
0.6 Sand 1-no mix 0.6 Sand 1-mix
' —— GAC1-no mix —  GACIl-mix
0.4 0.4
<
g 0.2 - 0.2
c g
5 0 = 0.0
S :
-0.2 0-0.2
-0.4 -0.4
_06 -0 6 whe poential AgiAgl]
-0.7 -0.5 -0.3 -0.1 -0.7 -0.5 -0.3 -0.1
Cathode potential (V vs Ag/AgCl) Cathode potential (V vs Ag/AgCl)
0.8 0.8 -
—— Contfrol3-no mix c) —— Control3-mix d)
0.6 Sand3-no mix 0.6 Sand3-mix
0.4 —— GAC3-no mix 0.4 GAC3-mix
<02 202
= g
= 0.0 = 0.0
5-0.2 5-0.2
-0.4 -0.4
-0.6 -0.6
_0 8 -08 e potential AgiAgC]
-0 -0.7

i -0.5  -03 -0.1 ) -0.5 . -03 -0.1
Cathode potential (V vs Ag/AgCl) Cathode potential (V vs Ag/AgCl)

Figure 4.6. Cyclic voltammetry analysis of F/M 1 reactors under a) no mixing and
b) mixing and F/M 3 reactors under ¢) no mixing and d) mixing (inset 1st
derivative of CV results)

For the reactor with F/M ratio of 3, under no mixing GAC added and sand added
reactors showed higher reduction and oxidation peaks over Control (Figure 4.6¢).
Under mixing condition at F/M ratio of 3, the reduction and oxidation peaks in
GAC3-mix are clearly bigger than Control3-mix and Sand3-mix (Figure 4.6d). Also,

sand application showed clear improvement over the control (Control3-mix) in terms

of the reduction and oxidation peaks.
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As mentioned in the literature, the redox peaks observed on CV suggest potential
reduction of carbon dioxide to methane biologically via DIET mechanism (Lee et
al., 2016). The results of CV analysis imply that GAC amendment on AD of CM
significantly had impact on electro activity and electro active biofilm formation.
GAC application on AD may promote more effective DIET mechanism for methane
production than the control and sand application. Also, the application of sand
showed an indication of DIET mechanism probably by providing a biofilm formation
on sand particles. Similarly, as Li et al., (2017) stated the oxidation peaks observed
in CV voltammograms of the reactors with GAC matched with the range of volatile
organic acid oxidation by exoelectrogens such as Geobacter having the ability of
giving electron outside the cell. Also, reduction peaks in CV voltammograms of the
reactors with GAC fell into the range of carbon dioxide reduction to methane (Y. Li
etal., 2017). The size of oxidation and reduction peaks imply the more oxidation and
reduction substance to be used in the system (Sun et al., 2021). This indicates the
amounts of reduction and oxidation active substances in the reactor with GAC are
clearly more than the control and the reactors with sand. These results are clear
indications for evidence of potential DIET mechanism provided by the amendment

of GAC as CoM on AD of CM.

In addition to CV voltammograms, first derivatives of CV voltammograms were
analyzed as shown in Figure 4.6. For the operation under mixing condition at both
F/M ratios of 1 and 3, the application of GAC showed the highest peak for the first
derivative than the control and the reactors with sand. For no mixing operation, the
application of GAC and sand had the reduction peaks bigger than the controls. The
location of the reduction peak in the first derivative of CV voltammograms (ca.
approximately -0.5 V vs. Ag/AgCl) is an indication of biological methane production

from carbon dioxide reduction (Fu et al., 2015).
VFA concentrations in Set 3 reactors

For the reactors with F/M ratio of 1 under no mixing condition, acetic acid

concentration peaked in 2" week in each set (Controll-no mix, Sand1-no mix and
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GAC1-no mix) with the highest value of 1785 £ 159 mg/L in GAC1-no mix (Figure
4.7a). Although rapid degradation of acetic acid was observed in GAC1-no mix and
Controll-no mix in 3™ week, Sandl-no mix showed significant acetic acid
degradation in 4™ week. It can be because of high propionic acid and butyric acid
concentrations during 1% week in Sand1-no mix. Under mixing condition, Controll-
mix had higher acetic acid concentrations in 1* and 2" week over GAC1-mix and
Sand1-mix. Although it was produced during 1% week and peaked, since it was not
degraded properly probably higher propionic and butyric acid concentrations in
Controll-mix, acetic acid concentration was still the highest in Controll-mix.
GAC1-mix showed the peak concentration of acetic acid, butyric acid and propionic
acid in 1% week, and they were degraded properly in the following weeks. VFA
degradation was positively affected under mixing condition, especially in GACI-
mix. In GAC1-mix, all VFAs concentrations were peaked in 1% week, and they were
degraded, but the time for reaching the peak concentration of all VFAs was retarded
in GAC1-no mix. As stated in literature, the highest acetic acid concentration was
1785 £ 159 mg/L in GACl-no mix that is less than 2000 mg/L mentioned as
inhibitory level (Mawson et al., 1991). Beyond this concentration, propionic acid
degradation can retard, and overall system performance can be affected due to

propionic acid accumulation (Mawson et al., 1991).
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Among the reactors with F/M ratio of 3 under no mixing condition, the peak
concentrations of acetic acid and propionic acid in Control3-no mix, GAC3-no mix
and Sand3-no in 1% week (Figure 4.7b). Although the degradation of VFAs was rapid
in Controll-no mix and GAC1-no mix for the first 3 weeks, Sand3-no mix showed
higher VFA concentrations in each week than Control3-no mix and GAC3-no mix.
Under mixing condition, GAC3-mix showed lower VFA concentrations than
Control3-mix and Sand-mix in each week. Although final acetic acid concentrations
are not in the inhibitory level, in 1% and 2™ week, acetic acid concentrations were
higher than 2000 mg/L which is inhibitory level in Sand3-no mix and Sand3-mix,
respectively. As stated in the literature, this can cause the retard of propionic acid
degradation, and it was observed by the fact that propionic acid concentrations were
highest in Sand3-no mix and Sand3-mix in 1% and 2" week, respectively (Mawson
etal., 1991). Total VFA profiles for both reactors with F/M ratio of 1 and 3 are given
in Figure 4.8.
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Figure 4.8. Total VFA profiles of the reactors with a) F/M 1 and b) F/M 3 in Set 3

The impact on pH, electrical conductivity and ORP results
After the operation of the reactors, pH of reactor effluents was measured, and the
results are depicted in Figure 4.9. Among the reactors with F/M ratio of 1, pH values

are ranging 7.3-7.5 which is between the suitable range of 7.0-8.0 for methanogenic

activity as mentioned in the literature (Uckun Kiran et al., 2016). For the reactors
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with F/M ratio of 3, pH of 7.2 and 7.6 are the boundary values and these are also in
the range of the safe zone as mentioned. Since the pH values of the reactors are not
out of the neutral pH range and below 6.0, it can be suggested that there is no acid

accumulation which can inhibit methanogenic activity.
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Figure 4.9. Final pH, electrical conductivity and ORP values in Set 3

In terms of electrical conductivity (Figure 4.9) there is no significant difference
among the reactors with F/M ratio of 1. GAC1-mix had the highest electrical
conductivity value of 11.4 £+ 0.0 mS/cm. Among the reactors with F/M ratio of 3, the

highest electrical conductivity value was observed in GAC3-mix (10.7 £ 0.1 mS/cm).

We also measured ORP for each reactor as one of the important parameters for
methanogenic activity, and the results are given in Figure 4.9. Among the reactors
with F/M ratio of 1, GACI1-mix showed the lowest ORP value with -485 = 5 mV.
Except from GAC1-mix, ORP values are ranging from -370 £ 3 mV to -402 + 2 mV
for the reactor with F/M ratio of 1. Among the reactors with F/M ratio of 3, ORP
values are ranging from -373 £ 3 mV to -477 £ 5 mV, and the lowest values belongs
to GAC3-mix. As mentioned before, more negative values represent more suitable

environment for methanogenic activity. As stated in Martins et al. (2018), the
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addition of CoM resulted in a more negative ORP values both for the reactor with

F/M ratios of 1 and 3.

As shown in Figure 4.8, the highest ORP and electrical conductivity values are
obtained in GACI-mix at F/M ratio of 1 and GAC3-mix at F/M ratio of 3. Among
the reactor at F/M ratio of 1, the average ORP and electrical conductivity values are
-387£10 mV and 9.7 + 0.3 mS/cm except from GAC1-mix, and ORP and electrical
conductivity values are -485 £ 5 mV and 11.4 £ 0.0 mS/cm GAC1-mix that is quite
higher than others. Similarly for F/M ratio of 3, the average ORP and electrical
conductivity values except from GAC3-mix are -385+ 11 mV and 9.5 + 0.5 mS/cm,
but these values are -477 = 5 mV and 10.7 = 0.1 mS/cm in GAC3-mix. Among the
reactors with F/M ratio of 1 and 3, the highest methane yields and methane
production rates were obtained in GAC1-mix and GAC3-mix that is correlated with

ORP and electrical conductivity values in these reactors.
The impact of additives on nutrient concentrations

Among the reactor with F/M ratio of 1, the highest ammonium concentration was
observed in GAC1-mix with 1438 + 42 mg NH4-N/L which is 25% and 38% higher
than Controll-mix (1149 £ 16 mg NH4-N/L) and Sand1-mix (1045 + 22 mg NHy-
N/L), respectively (Figure 4.10). For the reactors with F/M ratio of 3, final
ammonium concentrations are ranging 936 =42 — 1074 + 28 mg NH4-N/L with small
differences. Since, ammonium concentrations are not higher than the inhibition level
that was stated as 3000 mg NH4-N/L, ammonium inhibition was not observed in the

reactors (Krakat et al., 2017).

For final phosphorus measurement, Controll-no mix (35 + 0.6 mg PO4-P/L) and
Sandl-no mix (35 £ 1.9 mg PO4-P/L) had the highest final phosphorus
concentrations among the reactors with F/M ratio of 1 (Figure 4.10). Except from
Controll-no mix and Sandl-no mix, final phosphorus concentrations ranged
between 19-28 mg PO4-P/L. Among the reactors F/M ratio of 3, Sand3-mix had the
highest final phosphorus concentration with 36 mg POs-P/L, and the lowest value
belongs to Control3-mix (14 + 0.4 mg POs-P/L). Except from Sand3-mix and
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Control3-mix, final phosphorus concentrations are ranging 21 + 0.7 — 28 £ 0.9 mg
POs-P/L for F/M ratio of 3. These levels are certainly below any inhibitory
concentrations (R. Wang et al., 2015).
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Figure 4.10. Final ammonium and phosphorus concentrations in Set 3

4.3.9 Struvite Precipitation from the Reactor Effluents (Set 3)

The results of struvite precipitation experiment are shown in Table 4.7 for each group
(AD, GAC and Sand). The removal from the mixture of effluent sample (GAC, Sand
and AD), WMD, and bone meal are given in Table 4.7. In terms of nutrient recovery,
phosphorus removals are similar for each group. For ammonium removal, Sand

group showed highest removal and AD group had the lowest ammonium removal.
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Table 4.7. The results of struvite precipitation in terms of N&P removals and the

amount of struvite precipitated in Set 3

PO,-P NH,-N Product (g struvite/ml
Group
removal (%)  removal (%) sample)
AD 97.4+0.8 82.5+04 0.036 £ 0.001
Sand 97.2+0.5 92.0+0.6 0.034 +0.002
GAC 96.6 £ 0.6 83.4+03 0.027 £ 0.001

In order to be sure that the precipitates are struvite, they were analyzed with XRD
technique as stated in Section 3.2. From the results of XRD analysis of the samples
(Figure 4.11), the precipitates were determined as struvite. For clear comparison of
the amount of struvite precipitation, the amount was normalized based on total
volume of the sample (the mixture of effluent, waste magnesite dust and bone meal).
GAC group had the lowest amount of precipitation. In AD and Sand groups, 33%
and 26% more struvite than GAC group was precipitated, respectively. From the
results it was strongly suggested that struvite precipitation as downstream treatment
of wastes and nutrient recovery from reactor effluents can be an effective approach
especially for AD operation, although the amendment of GAC caused a slight

decrease in struvite precipitation.
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4.4  Set4: The Impact of GAC & BioGAC Amendment on Psychrophilic
AD of CM under Different Organic Loads

In Set 4, the impact of the amendment of bare GAC and BioGAC on AD of CM at
psychrophilic temperature two different F/M ratios of 1 and 3 was investigated.
Similar to Set 3, 40 g/L of GAC were used. The experimental design for Set 4 is
given in Table 3.10. Before setting the reactors for this set the stages of the
acclimation of inoculum to psychrophilic temperature and the biofilm formation on

GAC particles were conducted.
Acclimation of Inoculum to Psychrophilic Temperature

The inoculum from a mesophilic anaerobic digester in the WWTP was acclimated to
psychrophilic temperature by feeding with filtered CM. During the acclimation
period, methane production was monitored with GC, and a new cycle was started
when cumulative methane production as compared to previous measurement was
less than 10% for two times. The operation of the acclimation lasted three cycles
(total 37 days), and cumulative methane production in each cycle was shown in
Figure 4.12 After this stage, the inoculum was accepted as ready to be used for Set

4,
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Figure 4.12. Cumulative methane production during the acclimation period

Biofilm Formation on GAC Particles

In order to obtain biofilm attached GAC (BioGAC), the reactors with a working
volume of 150 ml and 6 replicates were supplied with 40 g/L. of GAC and operated
with addition of filtered CM as carbon source prior to start of Set 4. Methane
production of the reactors were monitored periodically and when cumulative
methane production as compared to previous measurement was less than 10% for
two times, new cycle was started by feeding. The operation of the acclimation lasted
for two cycles, and cumulative methane production in each cycle is shown in Figure
4.13. At the end of this stage, biofilm attached GAC were taken out of these reactors

inside the anaerobic glovebox and were transferred to the reactors of Set 4.
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Figure 4.13. Cumulative methane production for biofilm formation reactors

During the operation of the reactors in the scope of Set 4, the temperature was
monitored with a data collector (RC-4, Elitech), and the change in temperature
during the operation is shown in Figure 4.14. According to the temperature profile
during the incubation period, the average temperature was 18.1 = 1.2 °C. The
average temperature value confirmed the application of psychrophilic operation, and
this temperature value was used in cost-revenue analysis for the comparison with

mesophilic temperature.
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The impact of GAC amendment on biomethane production at psychrophilic

temperature

Cumulative methane productions for all reactors are depicted in Figure 4.15a.
Among the reactors with F/M ratio of 1, the application of GAC in GAC1 (498 + 12
mL CH4) enhanced cumulative methane production 13% in comparison to Controll
(442 = 8 mL CHa4), while the enhancement is 20% in BioGAC1 (531 £ 6 mL CHa).
Similar findings were obtained for F/M ratio of 3 operation (Figure 4.15b). At F/M
ratio of 3, GAC and BioGAC application increased cumulative methane production
by 17% and 25% in GAC3 (656 + 15 mL CH4) and BioGAC3 (698 + 15 mL CHa)
as compared to Control3 (560 = 6 mL CHas), respectively. In terms of percent
methane in total produced biogas, AD1, GACI and BioGACI1 had 59.5 + 0.5%, 53.9
+ 1.9% and 55.9 + 0.3% methane, respectively for the reactors at F/M ratio of 1. For
F/M ratio of 3 operation, the percent methane values are 56.3 + 1.3%, 52.8 + 0.4%
and 56.9 £ 0.8% methane in AD3, GAC3 and BioGAC3, respectively.
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Methane yields (based on both added amount of VS and COD) are presented in
Figure 4.15d for all reactors. For the reactor with F/M ratio of 1, the application of
GAC and BioGAC in GAC1 (135 + 3 mL CH4/g VSadded) and BioGAC1(147 + 2 mL
CH4/g VSadded) enhanced methane yield (based on added amount of VS) by 12% and
21% as compared to Controll (121 +£2 mL CH4/g VSadded), respectively. Among the
reactors with F/M ratio of 3, the improvements via GAC and BioGAC were higher
than F/M ratio of 1 operation. Methane yield of Control3 (160 + 2 mL CH4/g VSadded)
was improved 18% via GAC and 23% via BioGAC application.

Organic removals for all reactors are shown in Figure 4.15c. At F/M ratio of 1 no
significant change in organic removals were observed, VS removal in Controll
averaged at 22 £+ 2 %, in GACI1 averaged at 24 + 3 % and in BioGAC1 averaged at
25 £2 %. For the reactors with F/M ratio of 3, the application of GAC and BioGAC
increased organic removal when quantified via VS. In GAC3 (41 = 3 %) and
BioGAC3 (41 + 1 %) around 37% higher VS removal were attained as compared to
the Control3 (30 = 0 %) (Figure 4.16b). The application of higher F/M ratio resulted
in positive impact on organic removals. For VS removals, 36%, 71% and 64%
improvements were obtained in Control3, GAC3 and BioGAC3 as compared to

Controll, GAC1 and BioGACI1, respectively.

The results of kinetic parameters for all reactors are given in Table 4.8. For the
reactors with F/M ratio of 1, R? values are ranging in 0.9958-0.9990 for all reactors
indicating that the experimental data are well fitted to the model data. The cumulative
methane production graphs showing experimental data and the model data are shown
in Appendix E. From the point of view of methane production rate, the application
of GAC and BioGAC increased the rate over the control. 7% and 10% enhancement
in the rate was observed in GACI1 (15.5 = 0.2 mL CHy4/day) and BioGAC1 (15.9 +
0.4 mL CHa/day) as compared to Controll (14.5 = 0.4 mL CHas/day) via GAC and
BioGAC application, respectively. In terms of lag time, GAC and BioGAC
amendment in GAC1 (5.9 + 0.6 days) and BioGACI1 (4.3 £ 0.3 days) resulted in 45%

and 60% decrease in lag time over Controll (10.7 &+ 0.6 days), respectively.
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Table 4.8. The results of kinetic parameters calculated from Gompertz modeling

for the reactors in Set 4

Reactor P (mL) R, (ML CH,/day) ) (day) R’
Controll 495.7+11.0 145+04 10.7+£ 0.6 0.9990

GAC1 523.6+30.2 155402 (7%) 5.9 +0.6 (45%) 0.9967
BioGAC1 553.8+7.5 159404 (10%) 4.3 +0.3 (60%) 0.9958
Control3 697.0£ 14.5 16.4+0.5 10.7+£0.2 0.9993

GAC3 687.4+11.6 219+ 1.3 (34%)  7.320.1 (32%) 0.9980
BioGAC3 719.9 +20.0 23.4+0.7 (43%) 6.2 +0.3 (42%) 0.9982

The number in the parenthesis indicates the enhancement in methane production rate and

decrease in lag time as compared to the control.

GAC and BioGAC supplementations in GAC3 (21.9 + 1.3 mL CHa/day) and
BioGAC3 (23.4 + 0.7 mL CHa/day) enhanced the rate 34% and 43% as compared to
Control3 (16.4 = 0.5 mL CHas/day), respectively. Similarly, GAC and BioGAC
addition in GAC3 (7.3 = 0.1 days) and BioGAC3 (6.2 = 0.3 days) decreased lag time
32% and 42% as compared to Control3 (10.7 &+ 0.2 days), respectively. Significantly
further improvement in lag time via BioGAC application can be explained by the
fact that BioGAC has biofilm formed with acclimated microorganisms before the
operation. This can lead to methane production earlier than bare GAC and results in

decrease in lag time.

These results strongly suggest that the application of GAC on AD of CM at
psychrophilic temperature is a promising approach for the enhancement of reactor
performance in terms of methane yield, rate and start-up time. Similar finding was
observed by Park et al. (2020). They found that the application of GAC on AD of

activated sludge increased cumulative methane production and methane yield as
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compared to the control (without GAC) at psychrophilic temperature (J. H. Park et
al., 2020a). These results indicate that GAC and BioGAC addition can enhance
methane production from a complex waste over conventional AD process especially
at higher loadings i.e. higher F/M ratio, even at psychrophilic temperature. Also, in
our study, it was observed that further improvement in methane yield can be obtained

via BioGAC application for both F/M ratios.
Effect of different organic loading application

When the reactor performances of F/M ratio of 1 and F/M ratio of 3 were compared,
we have observed that the methane yield in F/M ratio of 3 are even higher than F/M
ratio of 1. The application of GAC and BioGAC at F/M ratio of 3 in GAC3 and
BioGAC3 enhanced methane yield 55% and 62% as compared the control at F/M
ratio of 1. The application of BioGAC resulted in further enhancement since it

provided the acclimated microorganism on GAC particles:

These improvements in the yield via GAC and BioGAC application can be attributed
to potential DIET mechanism provided by GAC. GAC and BioGAC can behave as
electron and create a syntrophic interaction conduit between microorganisms even at
psychrophilic temperature. Although it was observed that GAC application supports
potential DIET mechanism in methanogenic environments at mesophilic
temperatures (F. Liu et al., 2012; Rotaru et al., 2014a), it is strongly presented that
the application of GAC provides enhancement in reactor performance even at
psychrophilic temperature and this provides clear indications for the application of

psychrophilic temperature for AD of CM.
The impact on electro-active biofilm formation

The results of CV analysis are given in Figure 4.16 for each group of the reactors.
Among the reactors with F/M ratio of 1, the reduction peak is significantly higher in
BioGACI1 as compared to GAC1 and Controll (between -04 V - -0.6 V vs
Ag/AgCl). The similar peaks were observed in Controll and GAC1. For the reactors
with F/M ratio of 3, the difference between reduction peaks of Control3 and GAC3

107



is very small. Similar to F/M ratio of 1, at F/M ratio of 3 BioGAC showed
significantly bigger reduction peak over Control and GAC.
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Figure 4.16. a) CV curves for reactors with F/M ratio of 1 b) first derivatives of CV
curves of F/M ratio of 1 reactors, ¢) CV curves for reactors with F/M ratio of 3 (d)

first derivatives of CV curves of F/M ratio of 3 reactors

The reduction peaks observed in CV analysis can be correlated to biological methane
production via DIET mechanism as mentioned in the literature (Lee et al., 2016). CV
analysis suggest that the application of BioGAC and GAC provide an electro active
biofilm formation. Further analysis of CV voltammograms of the reactors in terms
of 1% derivative of the voltammograms shows that higher reduction peaks were
obtained in GAC1 and BioGACI1 over Controll among the reactor with F/M ratio of
1. On the other hand, for F/M ratio of 3 reactors, BioGAC3 had significantly higher
reduction peaks than Control3 and GAC3. For the 1% derivative analysis of the
voltammograms, it is strongly suggested that the peak observed in the range of

approximately -0.6 V vs Ag/AgCl is an implication of biological methane production
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from carbon dioxide reduction via DIET mechanism as stated in the study conducted

by (Fu et al., 2015). These results are similar to our observation in Set 3.
VFA concentrations in Set 4 reactors

As one of the important parameters for AD performance, periodic changes in VFAs
for each reactor group are given in Figure 4.17 with an interval of 1 week. Among
the reactors with F/M ratio of 1, although GAC1 and BioGAC1 peaked acetic acid
concentration in the initial, the peak concentration was observed in 2" week for
Controll (1741 £ 54 mg/L). After 2™ week, degradation of acetic acid was observed
in each group of the reactors. Interestingly, acetic acid concentration was lower in
GACI1 and BioGAC] than Controll except 1% week, and it can be an indication of
effective digestion performance of CM via GAC and BioGAC application. Similarly,
Jang et al. (2018) found that total VFA concentration was lower during AD of dairy
manure in the reactor having biochar as CM than the control without CM at
psychrophilic temperature. For butyric acid concentration, although GAC1 and
BioGACI showed the peak concentrations in 1% week and the degradation started
from 1% week, the time for peak concentration in Controll delayed and it showed in
2" week. In terms of propionic concentrations, similar to acetic acid concentrations,
GACI1 and BioGACI1 reached the peak concentration at the initial and started to the
degradation of propionic acid. For Controll, propionic acid concentration was

peaked in 2™ week and the degradation was initiated in 3™ week.
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Figure 4.17. a)-b) acetic acid concentrations for F/M of 1 and 3 reactors,
butyric acid concentrations for F/M of 1 and 3 reactors and e)-f) propionic acid

concentrations for F/M of 1 and 3 reactors in Set 4

For the reactors with F/M ratio of 3, acetic acid concentrations followed similar trend
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were observed in the initial and 1% week, then the degradation was continued with a
small difference in the final concentration. For butyric acid concentration, although
similar trends were observed in Control3, GAC3 and BioGAC3, final concentration
of butyric acid was significantly higher in Control3 (91 £+ 12 mg/L) than GAC3 (25
+ 8 mg/L) and BioGAC3 (7 = 5 mg/L). In terms of propionic acid concentration, the
lagging for peak concentration was observed in Control3 with a peak concentration
of 547 + 27 mg/L. It was reached the peak concentration in 3™ week, although GAC3
and BioGAC3 reached the peak concentrations in 1% week and 2" week,

respectively.

These higher concentrations and delay to reach peak concentration in the controls
(Controll and Control3), especially in propionic acid concentrations, may explain
lower methane yield and production rate in controls since it is known that propionic
acid can inhibit methanogenic activity independent of pH ((Dang et al., 2017b)).
Although the profiles of VFA concentrations in each group of the reactor were
different, the inhibition level of about 6000, 8000 and 4000 mg/L for acetic acid,
butyric acid and propionic acid was not observed in this study (Yin et al., 2020).
Faster propionic acid degradation in the reactors with GAC (GACI1, BioGACI,
GAC3 and BioGAC3) as compared to their controls (Controll and Control3) is an
important indication for a promoted DIET mechanism as stated by (Liang et al.2021).
The profiles of total VFA for each reactor are given in Figure 4.18. The results
suggest that the application of GAC and BioGAC as CMs resulted in more effective
degradation of VFAs and it was strongly supported that enhanced methanogenesis is

potentially correlated to DIET mechanism.
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Figure 4.18. Total VFA profile for the reactors in Set 4

With the application of higher organic loading (F/M ratio of 3), higher VFA
concentrations during the operation were observed in comparison to the reactors with
F/M ratio of 1. Especially for acetic acid and propionic acid concentrations this is
the case, which is expected as higher organic loadings may result in VFA
accumulation in AD reactors (Yin et al., 2020). After relative accumulations of acetic
acid and propionic acid for F/M ratio of 3 as compared to F/M ratio of 1 in the first
two weeks, the difference in cumulative methane production became more apparent

in F/M ratio of 3 over FM ratio of 1 with the degradation of these VFAs.
Nutrient concentrations in Set 4 reactors

Final ammonium and phosphorus concentrations for all reactors are shown in Figure

4.19. For the reactors with F/M ratio of 1, the highest ammonium concentration was
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measured in Controll (910 £+ 36 mg NHs-N/L). The application of GAC and BioGAC
decreased final ammonium concentration 22% and 6% in GAC1 (713 =26 mg NHg-
N/L) and BioGACI1 (855 + 19 mg NH4-N/L), respectively as compared to Controll.
In terms of phosphorus concentrations, the reactors with GAC and BioGAC had
higher values than the control. 37% and 16% higher final phosphorus concentrations
in GAC1 (67 £ 6 mg PO4-P/L) and BioGACI1 (57 + 4 mg PO4-P/L) were observed
than Controll (49 + 3 mg PO4-P/L).

Among the reactors with F/M ratio of 3, similar to F/M ratio of 1, the amendment of
GAC and BioGAC decreased final ammonium concentration over the control
(Control3) (Figure 4.19). 28% and 31% decrease was observed in GAC3 (752 + 25
mg NHs-N/L) and BioGAC3 (722 + 10 mg NH4-N/L) as compared to Control3 (1049
+ 18 mg NH4-N/L), respectively. For final phosphorus measurements, Control3
showed the lowest concentration with 36 + 3 mg PO4-P/L among the reactors with
F/M ratio of 3. Higher final phosphorus concentrations were measured in GAC3 (62
+ 3 mg PO4-P/L) and BioGAC3 (67 £+ 5 mg PO4-P/L) than Control3.

Likewise in Set 3, the ammonium concentrations are not higher than inhibition level
that was stated as 3000 mg NH4-N/L, it can be concluded that any inhibition due to
ammonium accumulation was not observed (Krakat et al., 2017). Also, any inhibition

due to phosphorus accumulation was not observed in this set (R. Wang et al., 2015).
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Figure 4.19. Final ammonium and phosphorus concentrations in Set 4

pH, electrical conductivity and ORP measurements of reactors in Set 4

The results of final pH, ORP and electrical conductivity measurements for all
reactors are given in Figure 4.20. In the reactors pH ranged between 7.4-7.5, which
is in the range of the safe zone for methanogenic activity as mentioned in the
literature (Uckun Kiran et al., 2016b). pH values may also imply that potential
inhibition of acid accumulation was not occurred, and the reactors performances
were not inhibited. For electrical conductivity measurements, the application of
GAC and BioGAC for both F/M ratios increased electrical conductivity as compared
to the controls (Controll and Control3). Among the reactors with F/M ratio of 1,
electrical conductivity values followed the order of BioGACI (8.2 = 0.1 mS/cm) and
GACI1 (8.2 £ 0.0 mS/cm) that were higher than Controll (7.7 + 0.1 mS/cm). In terms
of ORP measurement, among the reactors with F/M ratio of 1, GAC and BioGAC
amendment resulted in more negative ORP values than AD indicating a more
suitable environment for methanogenic activity (Martins et al., 2018). For the
reactors with F/M ratio of 1, GAC addition decreased ORP values in Controll (-419
+ 5 mV) to 449 + 9 mV. Additionally, further decrease in BioGAC1 (-463 =9 mV)

was observed via biofilmed GAC particles. Among the reactors with F/M ratio of 3,
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ORP values decreased in the control (Control3) from -438 £ 5 mV to 444 £+ 6 mV
and -463 = 6 mV, respectively with the application of GAC and BioGAC in GAC3
and BioGAC3, respectively.
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Figure 4.20. Final pH, electrical conductivity and ORP values in Set 4

Microbial community analysis
Archaea

The diversity of microbial community analysis on each sample in terms of archaeal
species seems to be different based on the presence of GAC and BioGAC and also
F/M ratios. The most abundant archaca were Methanosaeta in each sample except
GAC3 S  (Figure 4.21). The undefined genus  belonging to
Methanomassiliicoccaceae is the most abundant archaea in GAC3_S with 48%.
Methanosaeta had the abundances of 73%, 78%, 65%, 73% and 49% in ADI,
GACI1_A, GAC1 _S, BioGACI1_A and BioGACI1_S for the samples of F/M ratio of
1 application. For F/M ratio of 3i the abundances of Methanosaeta 57%, 56%, 17,
48% and 53% in AD3, GAC3 A, GAC3 S, BioGAC3 A and BioGAC3 S.

Methanosaeta is a well-known acetoclastic methanogen consuming acetate for its
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metabolism and the production of methane (Mori et al., 2012). Rotaru et al. (2014)
suggested that the co-cultures of Geobacter and Methanosaeta species are capable
of performing electron transfer via DIET in anaerobic reactors. It was also suggested
that Geobacter and Methanosaeta species can attach on conductive material such as
biochar and can transfer electron to each other as a result of the metabolism of
organic substances (Zhao et al., 2016) Our finding supported these findings by the
fact that the samples BioGAC1_A, BioGAC3 A, GAC1_A and GAC3_ A have
Methanosaeta as the most abundant specie suggesting that Methanosaeta may attach
on GAC and participate in anaerobic digestion by performing DIET. The members
of family, Methanoregulaceae, including the genus Methanolinea, were observed in
each sample. Methanolinea is a hydrogenotrophic methanogen which was stated as
well-tolerated to acidic environments and yielding better growing than other
methanogens (Y. Li et al., 2018). It was mentioned that Methanolinea was the
predominant genus on anaerobic biofilm of polyurethane which is a biological filler,
indicating that Methanolinea can grow on materials and producing a biofilm (Shi et
al., 2019). This suggests that on GAC and BioGAC particles, Methanolinea could
produce an anaerobic biofilm and also this biofilm could be observed in suspended
sludge samples. In some of our suspended sludge samples including ADI,
BioGAC1 S, GACI1_S and GAC3_S, the members of family, Methanosarcinaceae,
including the genus, Methanosarcina, was observed. (Rotaru et al., 2014a) stated
that Methanosarcina is one of the methanogens having membrane-bound
cytochromes which can lead a potential mechanism for extracellular electron
exchange. It was mentioned that Methanosarcina is one of the mostly abundant
methanogens in anaerobic systems and their ability to DIET mechanism was proven
(Kutlar et al., 2022). This can suggest that DIET could be conducted since
Methanosarcina was observed in our suspended sludge. The genus,
Methanospirillum, from the family of Methanospirillaceae, was enriched only in the
samples of BioGAC1_A, GAC1_A and GAC3_A. This situation was associated with
the biofilm formation on GAC samples and the possible DIET mechanism. (Yu et

al., 2021) observed syntrophic interactions between the hydrogenotrophic
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methanogen, Methanospirillum and some bacteria. Also, they stated the enrichment
of Methanospirillum on the biofilm from GAC samples. This supported by the fact
that our GAC samples had methanogenic biofilm including Methanospirillum and
DIET took place on the biofilm of GAC samples. The enrichment of
Methanospirillum on our working temperature was also supported by another study.
L. Zhou et al. (2014) stated that optimal temperature was 25 °C for the growth of
Methanospirillum which is quite close to our operational temperature. In terms of
F/M ratio, the microbial community analysis shows that at F/M ratio of 3, the genus,
Methanoregula, from the family of Methanoregulaceae, was observed in the
samples of BioGAC3 A and GAC3_A. At F/M ratio of 1, Methanoregula was not
enriched. Similarly, Zhen et al. (2022) observed that when OLR of their system was
increased, Methanoregula exhibited its activity and abundantly enriched over other
methanogens. Abundance of lower than all the other reactors Additionally, Kang &
Liu (2021) stated that the abundance of Methanoregula was increased when
magnetite was used as conductive material for their system which is similar to the

amendment of GAC as conductive material in our system.
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Figure 4.21. Microbial community structure based on relative abundance of 16S

rRNA sequences of the sample in Set 4 at archaeal genus level

Bacteria

The microbial community analysis of the samples showed that the bacterial diversity
was higher than archaeal diversity for the samples (Figure 4.22). It was revealed that
generally the dominant order is Cloacimonadales. Although it was stated that the
order, Cloacimonadales is one of the major players participated in mesophilic
anaerobic systems, it was observed in all samples at our working temperature which
belongs to psychrophilic range (Arthur et al., 2022). On the other hand, the genus,
Smithella, belonging to phylum Desulfobacterota, was observed in all samples
except GAC1_A. Puengrang et al. (2020) showed that Smithella is a syntrophic
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propionate-oxidizing bacteria which can have syntrophic interactions with
hydrogenotrophic methanogens such as Methanospirillum and Methanoculleus. This
finding was supported with our results by the fact that especially, Methanoculleus
was enriched in our samples except GAC3 S. Except from BioGACI S,
BioGAC3_S and GACI1 S, Treponema, from the family of Spirochaetaceae, was
observed in the samples. It was stated that Treponema is an homoacetogens that can
produce acetate by consuming H» and CO» and it can be a partner with acetoclastic
methanogens (W. Wang et al., 2013). Since it has been reported that homoacetogenic
activity is typically occurred at psychrophilic temperature and the occurrence of
Treponema as homoacetogen in our samples is not surprising (L. Li et al., 2016). In
BioGAC1_ A, BioGAC3 A,GAC1 Aand GAC3_A, the genus, Pseudomonas, was
enriched. It was stated that Pseudomonas do not have an effective extracellular
electron transfer ability although it is an electrogenic bacteria, in other words, it can
produce electron by organic degradation (R. Lin et al., 2017). It was reported that the
amendment of graphene as CoM on AD operation resulted in direct electron transfer
between Pseudomonas and methanogens which suggests DIET mechanism can
occur via graphene with the occurrence of Pseudomonas. In another study,
Pseudomonas was enriched in the reactor having GAC as CoM, but it was not found
in control reactor (Wan et al., 2021). It was mentioned that due to the occurrence of
electrogenic bacteria, Pseudomonas, DIET mechanism was promoted with the
amendment of GAC (Wan et al., 2021). Similar to these findings, in our study, since
Pseudomonas was found in BioGAC1_A, BioGAC3 A, GAC1_A and GAC3 A
samples, it can be speculated that the addition of GAC and biofilm attached GAC

promoted DIET mechanism.
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rRNA sequences of the sample in Set 4 at bacterial genus level

Comparison of Mesophilic and Psychrophilic AD of CM (Set 3 and Set 4)

In the scope of our study, we also compared the impact of the amendment of GAC
as CoM at psychrophilic temperature (Set 4) over conventional AD operation at
mesophilic temperature (Set 3). In this comparison, we examined AD1-mix in Set 3
as conventional AD operation and Control 1, GAC1 and BioGACI1 in Set 4 as the
reactors amended with GAC at psychrophilic temperature. In order to have a clear
comparison, methane yields and methane production rates for AD1-mix, Control 1,

GACI1 and BioGACI1 are given in Table 4.9.
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Table 4.9. Methane yield and methane production rates for AD1-mix, GAC1 and

BioGACl1

Methane yield (mL | Methane production
Reactor* CHa4/g VSadded) rate (mL CHa4/day)
ADI-mix (mesophilic) 109 +2 21.6+0.7
Control1(psychrophilic) 121 £2 145+04
GACI (psychrophilic) 135£3 155+0.2
BioGACI1 (psychrophilic) 147 £2 15.7+04

* Mixing was applied to all psychrophilic reactors.

As given in Table 4.9, in terms of methane yield, the operation of psychrophilic AD
via GAC amendment in GAC1 and BioGACI resulted in 24% and 35% improvement
over AD1-mix. Also, conventional AD operation at psychrophilic temperature
resulted in 11% enhancement over mesophilic AD operation (AD1-mix). On the
other hand, methane production rates were decreased at psychrophilic temperature
as compared to mesophilic operation. In Table 4.10, the costs due to GAC application
and heating and revenue from methane production rate for AD1-mix, GAC1 and
BioGACI1 are given. In this calculation, the dimensions of real biogas plant (Polres)
were used. The diameter of the reactor is 12.6 m, and the height of the reactor is 18
m. The active volume of the reactor is 9000 m?>. In order to evaluate the application
of GAC amendment at psychrophilic temperature, we calculated the revenue from
produced methane and cost due to GAC application (for psychrophilic temperature,
Set4) and heating (for mesophilic temperature, Set3), and we compared the
difference between cost and revenue for each reactor to obtain which system is

costly.
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Table 4.10.The costs due to GAC application and heating, revenue from methane

production rate and the difference between cost and revenue for AD1-mix, GACI

and BioGAC1
GAC cost Extra cost Revenue Cost— Cost—
(thousand due to from Revenue Revenue
dollars/day) | heating to a methane (dollars/day) | (thousand
higher production dollars)
temperature rate
(thousand (dollars/day)
dollars/day)
AD1-mix - 250 2.3*%10°° 250 7500
(mesophilic)
GACl1 30 - 1.7*%10% 30 1500
(psychrophilic)
BioGAC1 30 - 1.7*%10° 30 1500
(psychrophilic)

As shown in Table 4.10, the difference between cost and revenue for AD1-mix that
is conventional AD operation at mesophilic temperature is higher. On the other hand,
at psychrophilic temperature, the amendment of GAC and BioGAC decreased the
difference between cost and revenue is lower as compared to mesophilic AD
operation. Based on our cost calculation, the operation of psychrophilic AD with
GAC amendment is 80% less costly than conventional AD operation at mesophilic
temperature. To sum up, since there is less heating cost for psychrophilic operation,
the cost of methane production is decreased and psychrophilic operation via GAC
amendment becomes more feasible and economical. The cost calculations are highly
dependent on the lifetime of GAC to be used during AD. Depending on the need for

replacement/reloading, the cost calculations may need to be revised.
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CHAPTER 5

CONCLUSION

The main objective of this study was the examination of the anaerobic digestibility
of CM, and the investigation of the improvement in AD of CM via different CoMs
amendment, GAC and hematite. Our study indicated that there is no need for external
nutrient supplementation during CM digestion at initial COD concentrations up to
30 g/L. In fact, the addition of BM as external nutrient supplementation decreased
methane production rate and caused a longer lag time. For the improvement of CM
digestion, it was shown that GAC amendment is better than hematite amendment as
it resulted in higher enhancements in both methane yield and methane production
rate and lower lag time. In the experimental work, three different GAC dosages of
20 g/L, 40 g/L and 60 g/L were tested and based on the performance parameters of
methane production yield, methane production rate and lag time, 40 g/L was selected
as optimum dosage under mesophilic conditions. Further, our results suggested that
the application of mixing was important when GAC amendment was applied; and
higher performances were recorded in the reactors where mixing at a rate of 150 rpm
was applied. The conventional AD reactors ideal scenario regarding F/M ratio is 1.0
yet higher F/M ratio may indicate an overloading condition. Therefore, we have
tested both F/M ratio of 1 and 3 in the batch reactors at mesophilic conditions. The
results show that the improvement via GAC addition with respect to control was
higher at F/M ratio of 3 rather than F/M ratio of 1. This may be interpreted as an
increased process stability, which may be attributed to the reduced ORP, and
increased conductivity values of GAC amended reactors. The changes in ORP and
conductivity may suggest that the presence of GAC created a more suitable
environment for anaerobic degradation and microbial interaction. Also, the results
of CV analysis imply that the addition of GAC on CM digestion had a significant

impact on enrichment of electro-active microorganisms in comparison to the control,
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and GAC application on AD may promote more effective DIET mechanism for
methane production. Lastly, the experiments that were run at psychrophilic
conditions (~18 °C) revealed that the application of GAC enhanced methane
production and further improvement was observed via BioGAC application. Similar
to mesophilic operation, CV analysis imply that the addition of GAC on AD of CM
significantly increased enrichment of electro active microorganisms in comparison
to control. Based on the 16S RNA based microbial community analysis, the
occurrence of several archaeal genera and the existence of several bacteria suggested
that DIET mechanism may be promoted with the application of GAC at
psychrophilic temperature. In addition to improvement in methane yield, methane
production rate and lag time, the cost-revenue analysis suggested that the application
of GAC and BioGAC at psychrophilic temperature may offer a more feasible and

economical than operation of CM digestion at mesophilic conditions.
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CHAPTER 6

RECOMMENDATIONS

The enhcancement of cattle manure digestion in terms of methane yield, methane
production rate and lag time via GAC amendment at both mesophilic and
psychrophilic temperature was observed in our study under batch operation
conditions. Hence, the impact of GAC amendment on the digestion under continous
operation mode should be assessed with different organic loading rates. Further, to
prevent biomass and GAC washout from the system, there may be a casing needed
for holding the particles. Additionally, from the economical perspective there should
be a market search to find GACs produced from local and cheaper raw materials to

be used in the experiments.
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APPENDICES

A. Calculation for kinetic parameters

The Modifief Gompertz Modeling was applied to find kinetic parameters of AD such
as maximum methane production potential (mL, Bo), methane production rate (mL
CH4/day, Ri) and lag time for the reactor (day, A) based on the foowing equation:

Rmxe

By = BO * exp{[ —

«s(A—t)+1]}t=0

where t is incubation time (day) e is 2.718.

For each sampling day, the equation was applied, and specific methane production
(mL, B¢) was calculated After that, the difference between actual cumulative methane
production and calculated specific methane production for each sampling day was
squared and summed up as sum of square roots (SSR). After this step, the Solver in
Excel was used. The objective was determined ‘the minimum value’ of SSR, and the
variables are ‘maximum methane production potential’ cell, ‘methane production
rate’ cell and ‘lag time’ cell with the initial value of 1. After we apply the Solver,
these three parameters were calculated. Then, to find the correlation between
experimental data and calculated data, we used RSQ formula between these two

groups of data, and calculated R? values for each reactor.
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B. Modified Gompertz Model Fittings for Set 1
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Figure B.1. The fittings of the experimental data and the model data in Set 1

148



C. Modified Gompertz Model Fittings for Set 2
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D. Modified Gompertz Model Fittings for Set 3
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Figure D.1. The fittings of the experimental data and the model data for reactors at

F/M ratio of 1 in Set 3
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Figure D.2. The fittings of the experimental data and the model data for reactors at

F/M ratio of 3 in Set 3
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E. Modified Gompertz Model Fittings for Set 4
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Figure E.1. The fittings of the experimental data and the model data in Set 4
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