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ABSTRACT

PROMOTING THE APPLICATION OF ANAEROBIC DIGESTION
TECHNOLOGY: MICROBIAL ELECTROLYSIS CELL (MEC)
INTEGRATION AND STRUVITE PRECIPITATION

Kutlar, Feride Ece
Master of Science, Environmental Engineering
Supervisor: Assist. Prof. Dr. Yasemin Dilsad Yilmazel Tokel

June 2023, 203 pages

Two novel technologies were studied to promote the application of anaerobic
digestion (AD) in this thesis. AD was reconfigured with the microbial electrolysis
cell (MEC). This thesis compared two methods for AD-MEC integrated system start-
up: via the use of bioelectrodes (pre-biofilm formed in a controlled environment) vs.
bare electrodes (without biofilm). Among all reactors, graphite-stainless steel
bioelectrode AD-MECs fed with cattle manure at -0.95 V (vs. Ag/AgCl) cathode
potential produced the highest CHs vyield per gram volatile solids (VS),
corresponding to 105% increase compared to conventional AD. Graphite cathode
AD-MECs fed with cattle manure generated similar CH4 productions in bioelectrode
and bare electrode reactors resulting in 8-10% increase at -0.9 V (vs. Ag/AgCl)
cathode potential and 45-51% increase at -1 V (vs. Ag/AgCl) cathode potential.
When reactors were fed with wastewater biosolids, Bioelectrode, and pre-biofilm
formed granular activated carbon (GAC) combination increased CH4 production by
16% in comparison to the control. Overall, the methane production kinetics were

enhanced with the implementation of AD-MECs. The results showed that the reactor



enhancements mainly depended on the cathode material and cathode potential.
Archaeal community analysis confirmed the dominance of hydrogenotrophic
methanogens on the cathode of graphite — graphite AD-MECs fed with cattle
manure. The comparison of AD-MEC reactor performances indicated that pre-
cultivation of biofilm on the electrodes in a controlled environment is not necessary
and the use of bioelectrodes does not provide a significant advantage in the

performance over bare electrodes.

As a post-treatment of AD effluents, struvite precipitation with sustainable additives
was investigated in this thesis. Bone meal and waste magnesite powder were used as
a replacement for pure P and Mg additives for struvite precipitation from cattle
manure digestate. The important parameters and recovery efficiencies were
determined via the Box-Behnken model. Under optimal conditions (pH = 9.0, Mg:N
=2.2,and P:N = 1.8), 97.8 £ 0.1% NH4-N, 96.6 + 0.31% PO4-P, and 84.4 £ 0.9%
Mg?* were recovered. When the precipitated product was examined, X-ray
diffraction showed only struvite crystals. The product purity was around 49%, which
is relatively high when the use of wastes is considered. Heavy metals in the product

were below regulatory limits for fertilizer application.

In summary, both technologies promoted the application of AD by providing
selective benefits. The proposed processes have the potential to lower the impacts of
climate change, reduce nutrient depletion impacts, and help achieve sustainable
development goals. Next-generation biogas technology research should focus on

commercializing these processes.

Keywords: Microbial Electrolysis Cells, Bioelectrodes, AD-MEC Integration,

Industrial Symbiosis, Struvite Precipitation
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ANAEROBIK CURUTME TEKNOLOJISININ UYGULANMASININ
DESTEKLENMESI: MiKROBIYAL ELEKTROLIZ HUCRESI (MEH)
ENTEGRASYONU VE STRUVIT COKELTIMI

Kutlar, Feride Ece
Yuksek Lisans, Cevre Miihendisligi
Tez Yoneticisi: Dr. Ogr. Uyesi Yasemin Dilsad Yilmazel Tokel

Haziran 2023, 203 sayfa

Bu tezde anaerobik clritme (AC) uygulamasini tesvik etmek igin iki yeni teknoloji
tizerinde calisilmistir. AC, mikrobiyal elektroliz hiicresi (MEH) ile yeniden
yapilandirilmistir. Bu tez, AC-MEH entegre sisteminin baglatilmasi i¢in iki yontemi
karsgilastirmistir:  biyoelektrotlarin  (kontrollii bir ortamda ©nceden biyofilm
olusturulmus) kullanimi ile bakir elektrotlar (biyofilmsiz). Tiim reaktorler arasinda,
-0,95 V (Ag/AgCl’ye kiyasla) katot potansiyelinde sigir giibresiyle beslenen grafit-
paslanmaz celik biyoelektrotlu AC-MEH'ler, gram ugucu kati madde (UKM) basina
en ylksek CHa verimini Ureterek geleneksel AC'ye kiyasla %105 artis saglamustir.
Sigir giibresi ile beslenen grafit katotlu AC-MEH'ler biyoelektrot ve bakir elektrot
reaktorlerinde benzer CHa4 Uretimleri Ureterek -0,9 V (Ag/AgCl’ye kiyasla) katot
potansiyelinde %8-10 ve -1 V (Ag/AgCl’ye kiyasla) katot potansiyelinde %45-51
artig saglamistir. Reaktorler atik su biyokatilari ile beslendiginde, Biyoelektrot ve 6n
biyofilm olusturulmus graniiler aktif karbon (GAK) kombinasyonu CHa Gretimini
kontrole kiyasla %16 artirmistir. Genel olarak, metan iiretim kinetigi AC-MEH
entegrasyonu ile gelistirilmistir. Sonuglar, CHa iiretimindeki artigin esas olarak katot
malzemesine ve katot potansiyeline bagl oldugunu gostermistir. Arkeal topluluk
analizi, sigir giibresi ile beslenen grafit — grafit AC-MEH'lerin katodunda

hidrojenotrofik metanojenlerin baskin oldugunu dogrulamistir. AC-MEH reaktor

Vil



performanslarinin karsilastirilmasi, elektrotlar tizerindeki biyofilmin kontrollii bir
ortamda Onceden yetistirilmesinin gerekli olmadigin1 ve biyoelektrot kullaniminin

bakir elektrotlara gore performansta 6nemli bir avantaj saglamadigini gostermistir.

Bu tezde, AC cikisi igin ileri aritim olarak, siirdiiriilebilir katki maddeleri ile striivit
cokeltilmesi aragtirtlmistir. Kemik unu ve atik manyezit tozu, sigir giibresi guritlcu
cikis suyundan striivit ¢okeltimi icin saf P ve Mg katki maddelerinin yerine
kullanilmustir. Onemli parametreler ve geri kazanim verimleri Box-Behnken modeli
ile belirlenmistir. Optimum kosullar altinda (pH = 9.0, Mg:N = 2.2 ve P:N = 1.8),
%97.8 + 0.1 NHs-N, %96.6 + 0.31 POs-P ve %84.4 + 0.9 Mg?* geri kazanmlmistir.
Cokeltilen {irtin incelendiginde, X-1smm1 kirmiminda sadece strivit kristalleri
gozlemlenmistir. Uriin  saflign %49 civarindadir ve atiklarin  kullanimi
diisiiniildiigiinde bu oran oldukca yiiksektir. Uriindeki agir metallerin ise glbre

uygulamasi i¢in diizenleyici limitlerin altinda oldugu gortilmistiir.

Ozetle, her iki teknoloji de segici faydalar saglayarak AC sisteminin uygulamasini
tesvik etmistir. Onerilen teknolojiler iklim degisikliginin ve besin tikenmesi
etkilerini azaltma, buna ek olarak stirdiiriilebilir kalkinma hedeflerine ulasilmasina
yardimc1 olma potansiyeline sahiptir. Yeni nesil biyogaz arastirmalari bu

teknolojilerin ticarilestirilmesine odaklanmalidir.

Anahtar Kelimeler: Mikrobiyal Elektroliz Hicreleri, Biyoelektrotlar, AC-MEH
Entegrasyonu, Endustriyel Simbiyoz, Strivit Cokeltme
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CHAPTER 1

INTRODUCTION

The finite nature of fossil fuel sources makes the development and improvement of
sustainable energy resources crucial (Merlin Christy et al., 2014). Many issues with
the economy and the environment have resulted from the primary energy source
being fossil fuels (Adekunle & Okolie, 2015). In addition to an energy crisis, large
quantities of waste created by today's societies pose a serious threat to ecosystems
and the well-being of people and animals. Waste treatment and disposal procedures
are employed to avoid and regulate this. Maximum safety, lowest environmental
impact, and, wherever feasible, valorization of the waste and eventual recycling of
the end products should always be the criteria for selecting the appropriate waste
management approach (Holm-Nielsen et al., 2009). The anaerobic digestion (AD)
process is an important option for sustainable energy and waste management, which
will cut down the energy needs and may even offer an option to be a net energy
producer (Holm-Nielsen et al., 2009). AD facilities may process a variety of organic
materials, including household and commercial food waste, sewage from both
municipal and industrial sources, agricultural waste, and livestock manures, to create

energy on both small- and large-scale (WBA, 2019).

We have until 2030 before climate change becomes irreversible, according to the
United Nations' IPCC Special Report of 2018 (IPCC, 2018). Governments are under
increasing scrutiny to strengthen their climate policies, but we have a long way to go
before we even come close to meeting the minimum requirements. Considering the
worldwide potential for energy generation, greenhouse gas abatement, and nutrient
recovery, AD is a crucial technique for combating climate change and many other
challenges. In addition, AD technologies may be used to accomplish targets 2 (zero
hunger), 3 (good health and well-being), 5 (gender equality), 6 (clean water and

sanitation), 7 (affordable and clean energy), 9 (industry, innovation, and



infrastructure), 11 (sustainable cities and communities), 13 (climate action), and 15
(life on land) of the United Nations' Sustainable Development Goals (WBA, 2019).
AD has the potential to reduce greenhouse gas (GHG) emissions from 3,290 to 4,360
Mt carbon dioxide (CO2) eq., or 10-13% of the current GHG emissions due to
decrease (WBA, 2019).

Worldwide, there are around 50 million micro-digesters, 132,000 small, medium,
and large-scale digesters, and 700 biogas upgrading facilities. Germany (10,971
plants) and Italy (1,655 plants) are obviously in a leader position when it comes to
the number of plants per European Union (EU) countries, followed by France,
Switzerland, the United Kingdom, and Czechia, all of which have more than 500
plants each (EBA, 2018). However, there are only licensed 95 facilities in Turkey,
which is quite low compared to EU countries (EPDK, 2022). This implies that
Turkey has huge potential for biogas plants yet does not utilize this potential.

As AD allows the generation of clean energy from organic wastes, it is deemed
economically and environmentally viable. Nonetheless, AD also has a few
drawbacks, such as long start-up and hydraulic retention times, low organic
conversion efficiency, unpredictable performance, an excess of nutrients in the
effluent stream, and the development of scale on the equipment and post-digestion
systems (Siciliano et al., 2020; Zakaria & Dhar, 2019). In this thesis, two novel
approaches have been investigated to bolster well-established AD technology and
make it more efficient and sustainable: anaerobic digestion-microbial electrolysis

cell (AD-MEC) integration and struvite precipitation.

The long retention period, the low removal efficiency of organic compounds, and the
low biomethane production rate of conventional AD frequently restrict its
widespread utilization (Tomei et al., 2009). These limitations are typically linked to
the slow growth of methanogenic microorganisms and the slow hydrolysis rates
(Tomei et al., 2009). A relatively new technology, microbial electrolysis cells
(MEC), has been developed to boost methane (CHa4) production using electro-active

microorganisms (Yu et al., 2018a). When organic materials such as acetate are



oxidized by bacteria that are attached to the anode, the released electrons are
delivered to the cathode where they can be converted into desired value-added
products such as hydrogen (Hz) and CHa4 on the cathodic side. A minimal quantity
of external energy is needed to overcome the thermodynamic barrier of the desired
reaction (Zakaria & Dhar, 2019). When the obtained product is CHa4, the process is
called electro-methanogenesis. Recently, AD and MEC technologies (AD-MEC)
have been combined by introducing the electrodes into the AD system with the
application of external voltage to overcome the limitations of conventional AD
systems (Zakaria & Dhar, 2019). Several studies showed that CH4 production yield,
kinetics, and process stability can be increased with AD-MEC integration (Q. Huang
et al., 2020; Zakaria & Dhar, 2019). Even though there are a number of studies
available in the literature reporting positive impacts of the integration of AD-MEC
systems compared to AD, the impact of biomass colonization on the electrodes has
not been fully understood. Furthermore, the media composition, reactor design, and
electrode materials, that favor AD-MEC systems based on the selected substrate are
not identified.

Another shortcoming of AD systems is the high nutrient load effluent streams,
especially for certain types of wastes such as animal manure and leachate. AD
process is highly preferred to treat this kind of complex waste, yet their effluent
stream is highly rich in nitrogen (N) and phosphorus (P) (Siciliano et al., 2020). The
uncontrolled discharge of such streams with high N and P content is a serious
environmental problem. For example, in the case of P overload in surface waters, N
becomes a limiting factor for algae and aquatic plants, and N-fixing cyanobacteria
start to grow excessively to restore the equilibrium (Daneshgar et al., 2018; Siciliano
et al., 2020; Sondergaard et al., 2003). This excessive growth eventually leads to the
accumulation of dead biomass in freshwater bodies diminishing dissolved oxygen
content in the water column. Such impacts expressed under the term eutrophication
may also cause harmful algal blooms, producing toxins that are risky for human
health and the environment (Daneshgar et al., 2018; W. Zhang et al., 2018).

Therefore, it is critical to offer viable alternatives for proper animal manure



management and promote sustainable agricultural activities, as these are among the
major sources of nutrient pollution in the environment (Dadrasnia et al., 2021). On
the other hand, N and P play a crucial role in food production and agriculture and are
even required for preserving life as they are the building blocks of DNA (Kampen,
2014). N is present in the atmosphere, thus reachable via fixation, yet, phosphate
rocks as P sources are non-renewable (Daneshgar et al., 2018; Sena et al., 2021).
Currently, P is commonly extracted from mines, and the majority of the phosphate
rock reserves are located in Morocco that is followed by the following countries in
the order of abundance: Iraq, China, Algeria, Syria, Jordan, South Africa, the US,
and Russia (de Ridder et al., 2012). This uneven spatial distribution of such a vital
resource is a concern for many countries, including Turkey. Hence, over the past
decade, there has been a lot of focus on recycling and recovering N and P from
anaerobic digestion residues of a variety of wastes (Siciliano et al., 2020). Struvite
(magnesium ammonium phosphate (MAP), MgNH4PQO4.6H20) precipitation is a
promising nutrient recovery approach that has been commonly applied to a variety
of streams such as anaerobically digested poultry manure (Yilmazel & Demirer,
2011), urine (Sakthivel et al., 2012), leachate (H. Huang et al., 2014), swine manure
(Ryu et al., 2020). Further, with this process, simultaneous N and P recovery is
possible, and the product can be used as fertilizer and fire retardant barrier
(Yetilmezsoy et al., 2020). Several large-scale struvite precipitation facilities may be
found in various parts of the world (Desmidt et al., 2015). They are, nevertheless,
relying heavily on pure chemicals. There is a gap in the literature about how to

minimize operating costs while also increasing sustainability.

1.1  Aim of the Study

This thesis aimed to investigate the opportunities of promoting the AD process via
studying two different promising applications: AD-MEC integration and struvite

precipitation. In each one of these applications, research gaps were identified through



a detailed literature review and the experimental study was strategically designed to

fill in the gaps. The summary of the aim of the study is given in Figure 1.1.
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Figure 1.1. Aim of the study
1) AD-MEC integration

So far effective start-up strategies for AD-MEC systems have not been fully

investigated. In this work, two different start-up strategies were investigated:

1. Starting with biofilm-developed electrodes in a highly controlled
environment (bioelectrodes): This approach involves carefully monitoring
and adjusting the biofilm growth before transferring the “bio”’electrodes to
the AD-MEC reactors. For preparation of bioelectrodes, under selected
cathode/anode potentials, the anode and cathode biofilms were formed
separately in a controlled environment. The bioelectrodes with the pre-
formed biofilms are then transferred to the AD-MEC reactors once a stable
and fully established biofilm has been formed.

2. Starting with bare electrodes (without biofilm): This method, as opposed to

the first, involves putting bare electrodes into the AD-MEC reactors in their



bare form without any biofilms. In this approach, biofilm growth happens
gradually and organically in an unregulated environment within the AD-
MEC reactors. Over time, the microorganisms in the reactor gradually
colonize and create biofilms on the electrode surfaces. This method depends
on the reactor's natural microbial activity and community dynamics to start

and grow the biofilms.

The purpose of this research was to evaluate the two approaches with regard to
biofilm development, stability, and impact on methane generation as a whole. The
study's primary objective was to see if the advantages of the first strategy's controlled

environment were sufficient to warrant its adoption over the second.

In addition to biofilm formation, two different cathode materials and substrates were
examined in the AD-MEC reactors. The study aimed to evaluate how these variations
in cathode materials and substrates influence the overall performance, efficiency,
and methane production of the AD-MEC systems. By analyzing the results, the
objective was to gain insights into the optimal combination of cathode materials and
substrates for maximizing the performance and energy recovery potential of AD-

MEC systems.

2) Struvite precipitation

High amounts of magnesium and phosphate salts need to be added to obtain an
effective N and P recovery through struvite precipitation from anaerobically digested
wastes (H. Huang et al., 2014). This is due to the relatively higher abundance of N
ions than other struvite-forming ions (Mg and P) in such waste streams. The external
addition of such ions in the form of pure chemicals such as MgO or H3POu is costly
and risks the financial sustainability of the process (T. Zhang et al., 2009). Therefore,
sustainable replacements of pure chemicals such as MgO, MgCl2.6H20, and H3PO4
(Le Corre et al., 2009) have been explored to develop an economically viable and
environmentally friendly struvite precipitation process (Siciliano et al., 2020). On

the other hand, foreign ions—those other than Mg?*, PO4+*, and NH4* can be present



during the precipitation of struvite due to the variety of wastewater sources. Ca* (the
most common one), K*, COs?, SO4>, Cu?*, Zn?*, and AIP* are typical foreign ions
found in wastewater streams (B. Li et al., 2016). These ions may impact the rate of
reaction, the effectiveness of recovery, the morphology, and the purity of the final
product (Acelas et al., 2015; B. Li et al., 2016). Hence, the presence of such foreign
ions is a critical factor during the choice of sustainable replacements of pure
chemicals to be used in the struvite precipitation process. In this study, the use of
such alternative sustainable replacements named waste magnesite powder (WMP)
and bone meal (BM) was used in the struvite precipitation process as Mg and P
sources, respectively. WMP is generated during the processing of magnesite
(MgCO:s) to produce magnesium oxide (MgO) (Al-Mallahi et al., 2020). In Turkey,
approximately 13 — 25% of WMP is produced, and since WMP is composed of very
fine particles (~60 um particle size), its disposal is problematic (Al-Mallahi et al.,
2020). Besides, there is no known utilization of this waste material in Turkey (Al-
Mallahi et al., 2020; Erdogan, 2013). BM, on the other hand, is a by-product of the
meat industry that is produced by cooking and fat-removing mammal corpses and
then drying and crushing them (Cascarosa et al., 2012). Contrary to the majority of
naturally occurring phosphate ores, BM is devoid of heavy metals; hence, when used
for the struvite precipitation process the obtained struvite product may even be more
suitable as fertilizer (Deydier et al., 2005). More than 3.5 million tons of annual BM
are produced in the European Union (Coutand et al., 2008). In the case of Turkey,
estimated BM production equals 400,000 tons per year based on the annual number
of slaughtered cattle (Ahiler Development Agency, 2021; TURKSTAT, 2022). Yet,
only around 37% (~150,000 tons) of this total estimated amount has a beneficial use
as chicken feed (TURKSTAT, 2022). Therefore, both BM and WMP have a long-
term potential as sustainable P and Mg sources for struvite precipitation. In the
literature, in different studies WMP and BM have been used separately to replace
pure chemical additives in the struvite precipitation process (Al-Mallahi et al., 2020;
Siciliano, 2016). Yet, to the best of the authors’ knowledge, this is the first study that

combines BM and WMP for struvite precipitation from biogas plant effluents. This



study aims to offer a sustainable process for struvite precipitation that provides a
powerful example of “industrial symbiosis” that links meat production, magnesite
processing, and biogas industries for resource recovery. The proposed concept
enables a circular economy since the value-added product, struvite, can be employed
as a slow-releasing fertilizer. This process may promote the AD process by providing

a solution to the high nutrient load effluent management problem.

1.2 Scope of the Study

The experimental work of this thesis consists of two major parts: AD-MEC

integration and struvite precipitation.

AD-MEC integration: In the experiments two different organic feedstocks, namely

cattle manure and wastewater biosolids (WBS) were used. In the AD-MEC reactors,
two different cathode electrode materials, namely graphite block and stainless-steel
mesh (SS) were tested with varying cathode potentials. In total three experimental

sets were performed:

e Set 1. Graphite anode — graphite cathode AD-MEC fed with cattle manure
e Set 2. Graphite anode — SS cathode AD-MEC fed with cattle manure
e Set 3. Graphite anode — graphite cathode AD-MEC fed with WBS

In the experiments, the initial and final volatile solids (VS) were measured to assess
the extent of organic matter degradation throughout the AD-MEC operation. Cyclic
voltammetry (CV) analyses were carried out to monitor the electroactivity of the
biofilm on the electrodes. At the end of the AD-MEC operation, community analyses
were conducted to characterize the microbial populations present and evaluate their
diversity and abundance. Furthermore, the uptake of electric current was
continuously monitored to quantify the performance of the AD-MEC system in terms
of electron transfer efficiency. By employing these measurements and analyses, a
comprehensive understanding of the system's organic matter degradation, microbial

community dynamics, and electrochemical performance was obtained.



Struvite precipitation: Batch experiments were conducted to find the optimum

nutrient recovery conditions from a cattle manure-fed biogas plant effluent. For the
experiments, Box-Behnken Design (BBD) was used to define the optimum levels of
significant process parameters to maximize POs-P, Mg?* and NHa-N recoveries. 45
runs were carried out with BBD and the optimum condition was defined by modeling
the results. The optimum condition was performed, and precipitate characterization
was performed by using X-ray diffraction (XRD), scanning electron microscopy

(SEM), and elemental analyses.






CHAPTER 2

LITERATURE REVIEW

2.1  Anaerobic Digestion

AD is a well-established technology applied to process wastewater sludge and other
organic materials such as manure, food waste, and crops in a sustainable way. AD
has gained complete acceptance as a tried-and-true and even preferred approach for
these wastes (Adekunle & Okolie, 2015). The major advantage of AD is biogas
production which is rich in CHa. Produced biogas can be used as heat and electricity
for use in engines, microturbines, and fuel cells. Moreover, after biogas purification,
CHa can be used as fuel and gas grid (Molino et al., 2013). Digestate, which has a
liquid and solid portion, is the residual material remaining after the digestion process.
Digestate is typically divided into liquid and solid components, which are handled
differently (M. E. Lee et al.,, 2021). Digestate can be used for a variety of
advantageous purposes, such as animal bedding, and nutrient-rich fertilizer (M. E.

Lee et al., 2021). Possible waste streams and benefits of the AD are summarized in

Figure 2.1.
Ij-lsesat Powver
Slurry and manure ﬁ

|||||l
Crop and residues & gﬁz
S e~
i ||

Wastewater
Anaeroblc \ .
Digestion @

Food waste

7o) =
Digestate
(1]

Figure 2.1. Possible waste streams and benefits of the AD
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AD is a complex process in which various microorganisms actively participate
(Molino et al., 2013). Moreover, each step has different rates. The steps of the AD

are summarized in Figure 2.2.
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Figure 2.2. AD steps

Step 1 — Hydrolysis: The first step is the breakdown of complex organic polymers
into simple, soluble monomers by extracellular enzymes (such as cellulase, amylase,

protease, and lipase) generated by hydrolytic bacteria.

Step 2 — Acidogenesis: Acidogens (fermentative bacteria) transform the tiny
molecules left behind after hydrolysis into a combination of volatile fatty acids
(VFAs) such acetic acid, propionic acid, and butyric acid as well as other byproducts
like H2 and carbon dioxide (CO>).

Step 3 — Acetogenesis: Here VVFAs are further transformed by acetogenic bacteria
into acetate, CO2, and/or Hz.

Step 4 — Methanogenesis: It is the last step of the anaerobic process and produces the

substrate for methanogenesis. There are two possible pathways for producing CHa:
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acetoclastic and hydrogenotrophic. Around 60-65% of the CH4 is produced from the
acetoclastic pathway (Kotsyurbenko et al., 2004). Long-known hydrogenotrophic
methanogens can be found in some quantity in each microbial culture discovered in
anaerobic fermenters. Since they convert H2 and COz to CH4 and keep the H2
concentration at a level that allows stable acetogenesis to occur as a result of the
activity of syntrophic acetogenic microorganisms, which are extremely sensitive to
higher Hz concentrations (Kotsyurbenko et al., 2004). Therefore, hydrogenotrophic
methanogen activity is crucial for the stability of the entire process. As methanogens
are less tolerant to pH changes, maintaining methanogen development in the AD
process is necessary for CH4 generation. The pH range between 6.5 and 7.5 is ideal
for the development of methanogens (Ray et al., 2023). Methanogens are
unfavorably impacted by an extra buildup of intermediate metabolites such as VFAs,
which lowers CHa4 synthesis. The variety of mesophilic or thermophilic microbes
found in the AD system may affect the temperatures needed for the growth of
methanogens. Another important element that may limit the methanogenesis process
is mass transfer. These parameters affect the performance of the AD process.

The effectiveness of the bioconversion process depends on the balance between the
various phases, which can be affected by a variety of variables. Although the
underlying principle of AD has been known for many years, a lot of current research

is focused on improving AD.

211 Interspecies Electron Transfer

The basis for a functional AD system is the syntrophic interactions between bacteria
and methanogens. The AD microorganisms exchange electrons for energy, often by
the transfer of tiny, soluble chemical molecules that serve as electron shuttles, such
as Hz or formate (Figure 2.3A) (Martins et al., 2018). These microbes have diverse
but complementary metabolic capacities. Interspecies Hz/formate transfer pathway
is crucial because the ability of the microbial communities to sustain a low Hz partial

pressure affects the overall thermodynamics. Diffusion restrictions between

13



anaerobic bacteria and methanogenic archaea can therefore constitute significant

bottlenecks in the anaerobic conversion process (Martins et al., 2018).
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Figure 2.3. Electron transfer mechanisms in AD

It has also been observed that direct interspecies electron transfer (DIET) can occur
through cytochrome, conductive-pili, and cell appendages on the cell membrane.
DIET demonstrated better electron transfer efficiency than interspecies Hz/formate
transfer (Cruz Viggi et al., 2014) (Figure 2.3B and Figure 2.3C). According to recent
research, interspecies electron transfer (IET) may also be carried out directly
between bacteria and methanogenic archaea or with the help of conductive materials,
which may be a more energy-efficient method and increase the pace of
methanogenesis (Kutlar et al., 2022) (Figure 2.3D). Microorganisms that can donate
or uptake electrons to/from solid-state materials such as conductive materials are

called electrochemically active microorganisms (EAM) (Cheng et al., 2009).
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EAMs are present in electro-active biofilms, which may also harbor
electrochemically inactive microorganisms (Borole et al., 2011). The latter may
serve a variety of roles in the microbial community, including the decomposition of
complex organics through processes such as fermentation or the utilization of other
electron acceptors/donors (Borole et al., 2011). EAMSs can be categorized into two
distinct groups the first group is also known as exoelectrogens (transmit electrons to
the outside of the cell) and the second group is known as electrotrophs (accepting

electrons from outside of the cell) (Logan, 2009).

It was possible to demonstrate DIET only in co-cultures of exoelectogenic bacteria,
namely Geobacter species, particularly in co-cultures of Geobacter metallireducens
with Methanosaeta harundinacea or Methanosarcina barkeri (Lovley, 2017; Stams
& Plugge, 2009). Moreover, all syntrophic bacteria or archaea are not
exoelectrogenic or electrotrophic microorganisms, and not capable of DIET (Martins
etal., 2018).

Besides these facts, several studies in the last five years have documented an increase
in the production of CHa in anaerobic reactors that have added conductive materials,
including metal-based materials such as magnetite, and carbon-based materials such
as granular activated carbon (GAC), carbon nanotubes (CNT), and biochar and so
on (Kutlar et al., 2022). These conductive materials have a wide surface area, strong
adsorption capacity, and high electric conductivity in general (Kutlar et al., 2022).
The addition of conductive materials into the AD process has some advantages as an
increase in CHa yield, production rate, and stability, and a decrease in VFA

accumulation, and lag time (Kutlar et al., 2022).

21.2 Limitations of AD

The kinetics of the slowest stage often dictates the kinetics of the whole bioprocess
in such complicated bioprocesses as AD. Intermediates (mostly VFAs) from the

degredation of complex compounds might build up inside the digester if the kinetics
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of these processes are out of balance, which can cause process instability and
decreased CH4 production (Tomei et al., 2009). According to the properties of the
substrates, methanogenesis or hydrolysis may be rate-limiting (Tomei et al., 2009).
When digesters are supplied with complex feedstocks that mostly consist of
particulate organics, the process is often constrained by the rate of the hysrolysis
(Tomei et al., 2009). In contrast, the process of methanogenesis that occurs during
the digestion of simple substrates may also be rate-limited (Tomei et al., 2009). To
achieve consistent functioning and better CHa4 output, a balanced microbial
community must be developed. The main limitations of AD can be summarized
(Kofina et al., 2007; Le Corre et al., 2009; L. Zhao et al., 2021):

e Partial degradation of the organic chemicals in the waste.

e The reaction's slow rate necessitates a large-capacity digester, which is more
expensive.

e |t is less cost-effective because of the additional CO2, H2S, and moisture
present in addition to the CHa.

e The resultant sludge produces secondary contamination due to the presence
of hazardous undegraded volatile and non-volatile materials (heavy metals)
for agro-industrial waste

e The liquid part of the digestate has high nutrient content, which causes
discharge problems.

e Scaling is caused by ions in the effluent, which can accumulate on the walls
of AD and post-digestion systems as well as inside pipelines and heat
exchangers. It results in a significant level of downtime, a reduction in
hydraulic capacity, a limitation of flow, a loss of efficiency, and a rise in

pumping and maintenance costs.

In this thesis, two developing technologies have been examined as a means of
overcoming some of these constraints. The AD-MEC system was studied as a means
of enhancing AD technology and making it a more efficient process in terms of yield

and rate. Struvite precipitation was examined as a post-treatment to efficiently utilize
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digester effluent in order to support the AD system. These two promising techniques
have been investigated in an effort to advance current AD technology and make it

more feasible and effective.

2.2  Bioelectrochemical Systems

For the generation of energy from wastewater, bioelectrochemical wastewater
treatment has emerged as a potentially promising method. Using electrochemically
active microorganisms is the basis of bioelectrochemical wastewater treatment.
Extracellular electron transfer (EET) is a capability of active microorganisms that
allows them to transport electrons to an electrode (anode) while oxidizing (and hence
eliminating) the organic compounds in wastewater (Logan & Regan, 2006). The
electrode is known as a microbial bioanode because the microorganisms act as a
catalyst for the electrochemical oxidation of the organic substance. By electrically
linking a microbial bioanode to a counter electrode (cathode) that conducts a
reduction process, wastewater can be treated bioelectrochemically (Cheng et al.,
2009). The electrode reactions may take place and the electrons can go from the
anode to the cathode because of this electrical connection between the anode and
cathode (i.e. electrical current can flow). The required operation of the
bioelectrochemical system (BES) is determined by the Gibbs free energy change of
the entire reaction. Electrical energy may be generated when the total reaction's
Gibbs free energy change is negative, and the BES is then used as a microbial fuel
cell (MFC) (Logan & Regan, 2006). On the other hand, when the entire reaction’s
Gibbs free energy change is positive, electrical energy must be used, and the BES is
used as a microbial electrolysis cell (MEC) (Rozendal et al., 2008). EAMs play a
significant role in BES systems. According to the desired product, EAMs form

biofilm on the anode or both anode and cathode.
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2.2.1 Microbial Electrolysis Cell

MECs have the potential to play a significant role in the design of future waste
bioenergy facilities due to their ability to simultaneously treat waste and generate
renewable energy, high energy efficiency, versatility in waste inputs, and provide
resource recovery (Kadier et al., 2020). Figure 2.4 shows the schematic
representation of the MEC system. The anode, cathode, membrane, and power
supply are the four main parts of a MEC. By placing exoelectrogenic
microorganisms on the anode of a MEC system, biodegradable substrates (organic
matter) in wastewater are oxidized and electrons are transferred to the anode while
the released protons (H*) move to the cathode side. Then, on the cathode surface,
abiotic hydrogen production takes place abiotically via a hydrogen evolution

reaction (Logan et al., 2008).

Anode and cathode electrochemical reactions are described by the following
equations (Varanasi et al., 2018):

At anode: (acetate is shown as an example organic compound)

CHsCOO" + 4H20 — 2HCO3s™ +9H" +8¢ (Eq. 2.1)
At cathode: (hydrogen evolution reaction)

8H* + 8e” — 4H> (E = -0.41 V vs. SHE) (Eq. 2.2)

Microbial electrolysis is endothermic (positive Gibbs free energy, negative cell
voltage); hence it requires a very low partial pressure of Hz to proceed spontaneously.
Cathode H: production necessitates the application of a small voltage between the
electrodes to "force" current generation. A tiny solar panel, low-grade heat, or MFCs
can provide the necessary applied voltage (0.2-0.8 V), which is substantially lower
than that required for conventional water electrolysis (1.8-3.5 V) (Kadier et al.,
2016). As water electrolysis is currently used on full-scale plants for hydrogen
production, bioelectrochemical hydrogen production in MECs can be accepted as a

comparatively low-energy demand process (Y. Zhang & Angelidaki, 2014). Here,
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organic matter's chemical energy stores bridge the gap between microbiological and
pure electrochemical electrolysis. In addition to Hz, similar processes have been used
to produce a wide variety of inorganic and organic compounds such as methane,
ethanol, formic acid, and hydrogen peroxide (Y.Zhang & Angelidaki, 2014).
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Figure 2.4. Schematic of the MEC

MEC may have either a single chamber or a double chamber design. When there are
two independent compartments, they are separated by a membrane (typically a
proton exchange membrane is used). In order to maintain high Hz2 concentrations and
prevent Hz consumption by bacteria in the anode chamber, membranes have also
been utilized in MECs. Nevertheless, even with the use of a membrane, the Hz gas
generated at the cathode can be contaminated by gases (such as CO2) produced at the
anode, as has been pointed out in the literature (Cheng & Logan, 2007). Hz can still
diffuse back into the anode chamber even when a membrane is present (Ditzig et al.,
2007). Moreover, membranes can cause significant pH variations between the anode
and cathode chambers, as well as impede proton transfer between the electrodes (Call
& Logan, 2008). Also, the membrane increases the cost of the process. Due to these

reasons, membraneless MECs have been developed called single chamber MECs.
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2.2.2 Electromethanogenesis

During the Hz production, in earlier studies, CHa has often been discovered in the
MECs as a result of the growth of methanogens (Y. Zhang & Angelidaki, 2014). An
unanticipated result of methanogen presence in Hz-producing MECs is a reduction
in Hz generation. Therefore, methanogen development in MECs has been inhibited
by a number of methods such as explosion into the air and using specific inhibitors
(CHCIs, 2-BES, CHsF, Na2MoOs, etc.,) (Karthikeyan et al., 2017; Y. Zhang &
Angelidaki, 2014). Most of the approaches, however, are either inefficient or costly.
However, direct CHs synthesis in MECs has various benefits over methanogen

inhibition. Thus, CHs-producing MECs have been developed.

CHya production by COz2 reduction at a reduced energy input is possible with the use
of cathode-attached methanogens (Siegert et al., 2015). The term "electro-
methanogenesis™ has been used to describe this novel approach to methanogenesis.
The schematic of the process is given in Figure 2.5.

- Power T
Supply

b Biogas

Complex b
substrates

CHSCOOHD
CO,“ Bioanode !! Bjocathode
1
1\

Proton Exchange Membrane
(PEM) (optional)

Figure 2.5. Schematic of electromethanogenesis (CHs-producing MECs)
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Anode and cathode electrochemical reactions in an electromethanogenic MEC are

described by the following equations (Varanasi et al., 2018):

At anode: CH3COO™ + 4H20 — 2HCO3™ +9H* +8¢ (Eq. 2.3)
At cathode:

Direct electromethanogenesis:

CO2 + 8H* + 8¢ — CH4 + 2H20 (E =-0.244 V vs. SHE) (Eq. 2.4)
Indirect electromethanogenesis:

8H* + 8e” — 4Ha (E = -0.41 V vs. SHE) (Eq. 2.5)
CO:z + 4H2 — CHa + 2H20 (Eq. 2.6)

The configuration of CHs-producing MECs is similar to Hz-producing MECs, except
for the presence of a biocathode. In Hz2-producing MECs, cathode, and Hz production
is abiotic. On the other hand, in CHs-producing MECs methanogens are attached to

the cathode surface (hence called biocathode) as shown in Figure 2.5.

2.2.3 Electron Transfer Mechanisms

In these systems, EAMSs play a crucial role in facilitating effective electron transfer
and optimizing current densities and energy efficiency. For this reason, optimizing
the electron transfer activity of EAMs to the electrode or vice versa, as well as
enhancing their metabolic efficiency, are top priorities for BES development. Two
possible electron transfer mechanisms are possible during electromethanogenesis in

MECs: direct or indirect electron transfer (Figure 2.6).
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Figure 2.6. Electron transfer mechanisms on cathode surface in CH4 producing
MECs.

Direct electron transfer (DET) involves the uptake of electrons directly from the
cathode, whereas mediated or indirect electron transfer (IET) involves the production
of Hz and other chemicals like acetate and formate that are then mixed with COz2 to
generate CHa (Figure 2.6) (Pawar et al., 2020). Direct DET for CH4 synthesis is an
efficient use of energy since the energy needed to drive the reactions is lower than
that necessary for the IET as seen in Eq. 2.4 and 2.6. In CHs-producing MECs, CH4
is generated using a low voltage (0.2 to 0.8 V). However, because of the losses in
the MECs more than 0.4 V is typically applied to the cells, and through such kind of
voltage application it is possible to produce both H2 and CHa4. This is why it is still
not fully understood. which electron transfer path (direct or indirect) is used direct
(Pawar et al., 2020).

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

The electromethanogenesis can be integrated with conventional anaerobic digesters

by introducing a pair of electrodes and external energy (Zakaria & Dhar, 2019).
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These systems are called integrated AD-MEC processes. The findings from several
research studies showed that AD-MEC systems were capable of resolving some of
the issues that are troubling conventional digesters (Q. Huang et al., 2020). With the
hydrolysis and fermentation process, simple organic acids are formed, which are then

oxidized by certain electroactive bacteria in integrated AD-MEC systems.
CHa is produced via four pathways as seen in Figure 2.7.
1) Conventional acetoclastic methanogenesis.

2) Electromethanogenesis: electrotrophic methanogens directly use CO2, protons
(H"), and electrons (e") to generate CH4 (CO2 + 8H" + 8¢" — CH4 + 2H20 (E = -
0.244 V vs. SHE)).

3) Reduction of H*" to Hz2 gas by abiotic cathodic electrochemical H2 evolution
reaction (8H" + 8¢~ — 4H: (E = -0.41 V vs. SHE)), then H: is utilized by
hydrogenotrophic methanogens.

4) Hydrogenotrophic methanogens utilize the Hz produced by syntrophic fermenting

microorganisms. (Conventional hydrogenotrophic methanogenesis).
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Polymer

Figure 2.7. Schematic of AD-MEC integrated system (adopted from (Q. Huang et

al., 2020)

The contribution of the reactions at the cathode (2 and 3) is determined by cathode
potential. Moreover, energy loses including electrode overpotential and internal
resistances must be considered while applying energy supply (Q. Huang et al., 2020).
Generally, energy is applied more than needed theoretically (Q. Huang et al., 2020).
Acetoclastic methanogens could be outcompeted by electroactive bacteria on the
anode surface due to slow-growing kinetics and competition for the same substrate,
acetate (Figure 2.7). Thus, this could enhance pathways 3 and 4. In particular,
hydrogenotrophic methanogens might be enhanced since they are more resistant to

ammonia inhibition and low temperature (Florentino et al., 2019). AD-MEC systems

Power
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Biocathode

Bioanode

-/\__: Hydrolytic bacteria
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73:" Fermentative bacteria
'\_4 Acetoclastic methanogens

g

» Electrophic methanogens
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may therefore provide kinetically and thermodynamically advantageous conditions

for enhanced methanogenic productivity.

AD-MEC systems have recently received interest due to their potential to improve
AD performance. An overview of AD-MEC studies is summarized in Table 2.1.
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23.1 Substrate

Different substrates have been investigated in AD-MEC integrated system (Table
2.1). Among the studies, simple substrates have been widely investigated in the early
years of AD-MEC studies (Zakaria & Dhar, 2019). Since hydrolysis of the complex
substrates can be a limiting step for AD, using simple substrates such as acetate,
glucose is an option for understanding the system. Among complex substrates,
sludge from wastewater treatment plants such as waste activated sludge, and sewage
sludge has the highest number of studies. Extracellular polymeric substances (EPS)
and intracellular substances constitute the majority of organics of WAS (Zhen et al.,
2015). Nevertheless, the complicated structure of EPS and strong cell wall results in
a prolonged AD period and inefficient CH4 generation (Zhen et al., 2015). Therefore,
different pretreatment methods have been applied to the WAS to promote hydrolysis.
Wang et al. (X. T. Wang et al., 2022) summarized the possible pretreatment methods
and CH4 production with AD-MEC integration. Animal waste, such as pig slurry or
dairy manure, may contain recalcitrant components such as cellulose, hemicellulose,
and lignin, which results in hindering the hydrolysis of cattle manure in AD (Y. Li
etal., 2021; Nasir et al., 2012). Especially, lignin may only be degraded to a limited
degree (Alvarez & Lidén, 2009). Moreover, animal manure typically has a high
concentration of ammonia, which might hinder methane production (Yenigin &
Demirel, 2013). Recent studies have demonstrated that the application of conductive
materials and bioelectrochemical systems can mitigate the inhibition effect and
increase the system's stability resulting from various substrates such as animal
manure, industrial waste, etc. (Kutlar et al., 2022; X. T. Wang et al., 2022).

2.3.2 Electrodes

Table 2.1 shows that carbon-based cathodes have been widely employed in AD-
MEC research, while metal-based cathodes have been used in just a limited number

of studies. Due to the diverse system configurations, substrates, inoculums, and
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operational parameters used in most of these studies, it is impossible to compare and
remark on an ideal material for the cathode for electro-methanogenesis. Careful
selection of cathode materials would be required to reduce cathodic overpotential
and obtain a satisfactory CHa4 production rate, as demonstrated by a handful of
systematic studies that compared various electrode materials under identical
operating conditions. (Siegert, Yates, et al., 2014). Electrode materials with a high
overpotential may result in a decrease in the transfer of electrons activity,
accordingly requiring more energy supply. (Zhen et al., 2016). Moreover, the cost
must be considered for the selection of the electrode material for AD-MEC systems.
For example, Siegert et al. (2014) investigated different cathode materials as metal
powders of stainless steel or nickel; iron mineral coatings of ferrihydrite, magnetite,
or iron sulfide; MoSz; and carbon- based materials that included plain graphite
blocks, blocks coated with carbon black powder, and carbon fiber brushes during
electromethanogenesis. Among them excluding platinum, the carbon brushes
showed the best performance in terms of overall CH4 production rates (Siegert,
Yates, et al., 2014). In addition to the material of the electrode, the surface area of
the electrode is another important feature. When attempting to commercialize or
scale-up up a microbial electrochemical system, one of the most crucial factors to
consider is the reactor volume needed for the electrodes (Siegert, Yates, et al., 2014).
Theoretically, the electrochemical efficiency of an electrode may be improved by
increasing its surface area, which lowers its over-potential. Moreover, as surface area
increases biofilm attachment may also increase (Martins et al., 2018). Further,
cathode to anode ratio can be another important consideration that can further
increase CH4 production in BESs. Guo et al. (2017) evaluated the influence of
varying ratios of cathode to anode surface area on methane production. At 0.5 V,
high cathode to anode ratio did not have an impact on the CH4 generation rate, but at
higher voltages, it steadily increased (0.7-0.9 V) (Z. Guo et al., 2017). Nevertheless,
COD removal efficiencies were practically constant in varied settings, stressing that
the inferior cathodic reaction largely reduced CHa output since the surface area of

the cathode was insufficient to keep methanogens.
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2.3.3 Voltage application

Among the parameters affecting the operation of the AD-MEC, voltage application
is a parameter that directly changes the system. The feasibility of the process is
significantly affected by this operational parameter. Therefore, it has been widely
investigated in AD-MEC systems (Table 2.1). There are two possible voltage
application ways as power supply or potentiostat. Potentiostat provides a controlled
system by adjusting the potential of the working electrode. Contrarily, the power
source provides a constant voltage across the gap between the working and counter
electrodes. Even yet, due to the uneven dispersion of supplied potential inside a large
electrode, using a potentiostat may not be a viable option for large-scale applications
(Zakaria & Ranjan Dhar, 2021). Furthermore, the cost of implementing potentiostat-
controlled systems for large-scale reactors is a significant concern. The voltage range
varied significantly among the studies (Table 2.1). The necessary applied voltage is
0.2-0.8 V (Kadier et al., 2016). The conventional water electrolysis process requires

1.8-3.5 V (Kadier et al., 2016). Thus, high-voltage applications are not feasible.

The optimum voltage could change with electrode configuration, substrate, internal
resistances in the system, and media (Q. Huang et al., 2020). Consequently, the
optimum voltage should be determined with respect to each specific case. For
example, Chen et al. (Chen et al., 2016) investigated the effect of voltage on AD of
WAS. All applied voltages other than 0.9 V were able to increase CHa4 production
and VS removal efficiency, with the optimal applied voltage for CH4 production
being 0.6 V, which is 76.2% greater than the control group (Chen et al., 2016). H2
accumulated in the system as the voltage was raised from 0.9 V to 1.5 V (Chen et
al., 2016). Moreover, Liu et al. (D. Liu et al., 2017) investigated different cathode
potentials (—1.3, —1.1, and —0.8 V) on the CH4 production rate. The highest CH4
production rate was achieved at the most negative potential and at — 0.8 V cathode
potential, the CH4 production rate was significantly lower than others.
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234 Media

There is a gap in the literature about the optimization of process conditions (i.e.
voltage, buffer solution) and identification of microbial communities that perform
electron transfer in AD-MECs. Buffer solutions, mostly phosphate buffer saline
(PBS), have been used in MFC and MEC systems to provide pH balance, high
conductivity, and reduction in solution resistance (Ahn & Logan, 2013; F. Guo et
al., 2021; Liang et al., 2015). Although the effect of PBS has been investigated well
for MFC and MEC systems, the impact of the presence/absence of buffer solutions
on AD-MEC systems is still not exactly known. For example, the effect of 50 mM
PBS media usage in AD-MEC treating waste activated sludge (WAS) was
investigated (X. J. Xu et al., 2020). The presence of PBS increased CH4 production
by 1.4-fold compared to PBS under 0.8 V. Contradictory to this result, Sanli (2022)
revealed that 50 mM PBS may inhibit the AD process treating WAS due to high
orto-phosphate concentration. Moreover, Ghaderikia (2022) showed that 100 mM
PBS inhibited the AD-MEC system severely when the system was fed with cattle
manure and decreased the rate of the process significantly. However, the current
generation was high compared to a different salt media indicating that although the
system had a proper electron transfer with PBS media, PBS affected the AD process
negatively (Gharerikia, 2022).

2.35 Microbial Community

The process of electro-methanogenesis involves intricate interactions between
microorganisms. Clarifying the functions of various microorganisms in AD-MEC
systems may require an understanding of the spatial organization of the functioning
community. Biofilms on anode and cathode surfaces contain different types of
archaea and bacteria species. Bacteria's faster growth rate makes them ubiquitous
throughout the system, while archaea are more concentrated at the cathode than at

the anode and reactor content (suspension) (Cai, Han, et al., 2016). The distribution
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of microbes has only been fully characterized in a few studies. The majority of the
electroactive bacteria were found to reside on the anode, rather than the cathode or
in suspension (D. Liu et al., 2016). Hydrolytic/fermentative bacteria including
Cloacamonas, Bifidobacterium, and Pseudomonas were often the most abundant in
suspended sludge (Zakaria & Dhar, 2019). Hydrogenotrophic methanogens were the
most common kind of archaeal community found in cathode biofilms and suspension
(Zakaria & Dhar, 2019).

2.3.5.1  Archaeal Community

The integration of AD-MEC may enhance the abundance of fast-growing
hydrogenotrophic methanogens, including Methanobacterium,
Methanocorpusculum, and Methanoculleus (Table 2.2). Cathodic H2 may increase
the abundance of hydrogenotrophic methanogens on cathode surface (Cheng et al.,
2009). Additionally, due to their fast growth kinetics, certain exoelectrogens can
outcompete acetoclastic methanogens, since both of the microorganisms use acetate
(Cai, Liu, et al., 2016). Furthermore, hydrogenotrophic methanogens are more
resistant than acetoclastic methanogens (Florentino et al., 2019). Hence, the increase
in the abundance of hydrogenotrophic methanogens in AD-MEC systems should
help maintain system stability under adverse metabolic circumstances. In addition,
methanogens are capable of directly receiving electrons from conductive materials,
such as Methanosaeta, and Methanosarcina via DIET (Kutlar et al., 2022). These
methanogens can establish more effective syntrophic cooperation with syntrophic
fermentative bacteria, thereby mitigating the risk of organic acid accumulation in

digesters with high organic loading (Kutlar et al., 2022).

35



Table 2.2 Microbial communities in AD-MEC studies

Dominant microorganisms

Substrate i Ref
Bacteria Archaea
WAS Geobacter Methanobacterium (Ca"z'a'fé)et al,
WAS Geobacter Methanocorpusculum (Sun et al., 2015)
(Z. Zhao, Zhang,
WAS Levilinea Methanosaeta Quan, etal,,
2016)
Sludge : (W. Liuetal,
fermentative liquid Geobacter Methanobacterium 2016)
Sewage sludge Caprothermobacter Methanoculleus (Sasfgig)t al.
Acinetobacter (0.3 V)
Pseudomonas (0.6 V, Methanosaeta (0.3 V) Chen et al
WAS 1.2V, 15V) Methanoregula (0.6V, ¢ pote)
Proteiniclasticum (0.9 09V,12V,15V)
V)

Synthetic medium Arcobacter Methanospirillum (Bo et al., 2014)
Food waste Clostridia (class) Methanosarcina @ Pz""(;';;)t al.
In;:elgsgztt:aon Desulfuromondales Methanobacterium (Gao et al., 2017)

Table olive brine " cal
processing Desulfuromondales Methanoplanus ( a%‘fﬁ? &
wastewater

2.3.5.2  Bacterial Community

Table 2.3 shows that different types of electroactive bacteria on the anode might be
enriched by combining AD with MEC. Several investigations have shown that
electroactive Geobacter species predominate in AD-MEC systems (Cai, Han, et al.,
2016; W. Liu et al., 2016; Sun et al., 2015). Notably, most electroactive bacteria
(such as Geobacter) have restricted metabolic flexibility and do not have ability to
metabolize complex fermentable organics (Logan, 2009). Pseudomonas and
Desulfuromondales species, on the other hand, are not only electroactive but can
degrade aromatic molecules and other complex hydrocarbons as well (Gao et al.,

2017). Yet, in AD-MEC systems, a wide variety of fermentative bacteria play a

pivotal role in the breakdown of fermentable organics (J. Hao & Wang, 2015).
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The relative abundance of fermentative bacteria may increase, which may help speed
up the breakdown of complex organics (Chen et al., 2016). A predominancy of
fermentative  bacteria (Bacteroides, Anaerolinea, Aminobacterium, and
Aminomonas) that degrade carbohydrates and proteins was also observed (Z. Zhao,
Zhang, Ma, et al.,, 2016). In addition, studies have shown an increase in
Syntrophomonas and Syntrophobacter (Gao et al., 2017). It was discussed that
hydrogenotrophic ~ methanogens  predominate in  AD-MEC  systems.
Hydrogenotrophic methanogens' high rate of Hz consumption keeps the partial
pressure of Hz gas low, creating an environment where fermentative bacteria may
thrive (Sasaki et al., 2013). Hence, their syntrophic interactions may allow AD-MEC
systems to convert complicated feedstocks rapidly and increase in CHa production

rate.

2.3.6 Conductive Material Amendment

It has been demonstrated that adding conductive materials such as GAC, PAC, or
magnetite to MEC and AD-MEC increases CHa production, as reported in Table 2.3.
LaBarge et al. (2017) improved the performance of their MEC by adding GAC pre-
acclimated with methanol/ Hz, which reduced the start-up time and boosted the CH4
production rate. The establishment of DIET pathways in AD-MEC may be one
mechanism related to the enhanced performance generated by the conductive
additives. CH4 generation in AD-MEC was mostly from bulk solution rather than
electrode surfaces, therefore adding conductive materials to the reactor to promote
DIET acting on electroactive microorganisms might be a feasible improvement
technique (An et al., 2020).
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Table 2.3 Summary of conductive material amendment in CH4 producing MECs
and AD-MECs

Conductive o Voltage 1inCH4
material Dosage Substrate T (°C) V) production Ref
) . -0.6 _ (LaBarge
Pre aé‘i'g‘ated - CO; 31 (cathode, St'gart up etal,
vs. SHE) me | 2017b)
o Piao et
AC 3g/L Lignite 35 0.33 33% ot
o Piao et
AC 3g/L Lignite 35 0.67 267% oot
. 1la/g (C.Yinet
Biochar DM WAS 55 0.6 44.4% al., 2019)
. (Peng et
Nitrate lg/L WAS 35 0.8 8.9% al,, 2019)
Pre- .
acclimated 5g/L Synthetic 35 0.5 34% (Xu etal,
wastewater 2019)
GAC
Pre-acclimated Synthetic 0 (Xuetal.,
PAC SolL wastewater 3 0.5 32% 2019)
Feng et
AC 1g/L Glucose 35 0.5 58% A o0
Magnetite 20mM Glucose 35 0.8 12.9% (Vzuogtoz;‘"’
. Dairy 0 (Baek et
Magnetite 20mM Wastewater 35 0.6 288% al., 2020)
Cow manure
0 :
cBC* 0.15%  sndaloepeel 36 0.6 120680 ~ (Xinget
(w.) al., 2021)
waste

*Coconut-shell-derived bio-based carbon

2.4 Nutrient Recovery

For bio-energy production, organic biodegradable waste valorization, and possible
recovery of rich nutrient resources, which are concentrated in the residual
(mineralized) digestate, AD of sewage sludge, organic biological waste (crop
leftovers and other food waste), and animal manure is one of the most efficient and
ecologically beneficial processes (Vaneeckhaute et al.,, 2017). Because these
digestates cannot or only sparingly be returned to agricultural land in their basic
unprocessed form, further sustainable development of this technology is now
restricted, especially in high-nutrient locations. Legislative restrictions (low nitrogen
(N) and phosphorus (P) fertilization levels within the context of environmental

regulation), as well as logistical (high transport and storage costs due to volume), are
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the primary causes of this technological hurdle. Hence, digestate must undergo
further processing to concentrate and recover the nutrients as high-quality end-
products, so avoiding the problems associated with direct application. Sustainability
in the collection and recycling of nutrients from digestate is a problem for AD plants.
To put it another way, the current ‘waste' problem may be converted into an economic
opportunity by both satisfying regulatory drivers and creating an internal income

stream.

About all the nutrients in an AD system are found in the liquid and solid phases.
Most of the total N is converted to ammonium and free ammonia by anaerobic
hydrolysis and fermentation (Shi et al., 2018). Phosphorus in solution is often found
in the form of orthophosphate, which is strongly pH dependent. Around 90% of the
P in the digestate precipitates out with the metals, leaving just 10% in the solution
(Shi et al., 2018). The possible removal and recovery technologies are summarized
in the following sections.

24.1 Ammonia Stripping

Steam or air is supplied into stripping towers via compressors, while digestate flows
in the opposite direction, releasing NHs from the liquid to the gas phase (Shi et al.,
2018). NHs removal from digestate has been used worldwide from lab-scale to full-
scale. Nine to ten US full-scale stripping facilities recover NHs from digested sludge.
Germany has 15 stripping plants by 2015 (Zarebska et al.,, 2015). NHs"
concentration, temperature, pH, retention duration, and gas and liquid flow rates in
stripping towers determine NHzs stripping efficiency. High pH, temperature, air flow,
and NH4" concentration would help the NH4*/NHs equilibrium move toward NHs.
Practical plants add alkali such as lime which is cheap and widely utilized (Shi et al.,
2018). Unfortunately, large lime dosages cost a lot. Moreover, pH increases digestate
metal precipitation. NHs stripping is also complicated by digestate heating, which
demands a lot of energy. Most importantly, ammonia stripping only removes N, not

recovers it.
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2.4.2 lon Exchange and Adsorption

lon exchange and adsorption use sorbents in a column bed to remove target
molecules like POs* or NH4* from the feed solution. lonic forces promote ion-
exchange, while intermolecular forces cause adsorption. Zeolites and resins can
support both processes. Zeolites are the most researched adsorbents. Their enormous
holes and negative charges readily absorb cations. After application, zeolites may
release NH4" into the soil. Zeolites remove and recover NH4* from digestate in

several investigations.

lon exchange and adsorption are difficult processes. Particle removal is important
because suspended particles and precipitates can obstruct sorbent material cavities.
Zeolites may also adsorb metals like Mg?* and Ca?*, which compete with the target
NHs* and PO4*" ions. Zarebska et al. (2015) examined zeolite adsorption, NHz3
stripping, and struvite production chemical costs. Zeolites require more chemicals
than lime and MgO, hence their chemical cost was greater. lon exchange and
adsorption are straightforward to operate, which may save energy and labor costs
(Vaneeckhaute et al., 2017).

2.4.3 Membrane Filtration

Pressure-driven membrane filtration, microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), or reverse osmosis (RO), is a wastewater treatment method.
Nevertheless, digestate, manure, and sludge treatment have not yet shown promise
in the case of membrane technology (Vaneeckhaute et al., 2017). Due to high
operational expenses, few full-scale manure and digestate processing plants have
launched commercial pilots (Vaneeckhaute et al., 2017). Particles bigger than 0.1-1
pum can be eliminated by MF, whereas those between 0.01-0.2 um are retained by
UF (colloids) (Zarebska et al., 2015). Both MF and UF can utilize either a ceramic
membrane or a polymeric membrane Zarebska et al., 2015). MF and UF are thought

to be ineffective in removing dissolved compounds. Hence, following MF or UF
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separation, a liquid fraction rich in NHs-N and a solid fraction high in P can be
harvested. Water is readily diffused during nanofiltration (NF) and reverse osmosis
(RO), but salts and organic materials are retained. These systems can be used for the
aim of reusing water on farms, such as in the flushing of animal pens and for
agricultural irrigation (Hjorth et al., 2009). Meanwhile, the volume reduction makes
it possible to concentrate the ions in the feed solution. Results of a study showed that
RO can concentrate NH4-N to concentrations of 7-10 g/L, with a retention efficiency
of up to 99.8 percent (Ledda et al., 2013). According to Gerardo et al. (2015), the
separation efficiency of NH4-N in NF was only 5-23%, whereas the efficiency of P
is 97- 98%. However, it should be noted that the pressure need for NF is lower than
RO. The biggest problems associated with membrane technology are membrane

blockage and fouling, which need a lot of chemicals and energy (Ledda et al., 2013).

24.4 Chemical Precipitation

P recovery can be achieved by a variety of methods, such as adsorption (Rout et al.,
2017), metal ion precipitation (N. Xu et al., 2014), and reverse osmosis (Luo et al.,
2016). However, these methods produce dense sludge, treatment of which is
expensive, thus may only temporarily solve the problem without providing a
sustainable solution. Therefore, there is a need for a sustainable and economically
viable nutrient recovery process. It is generally accepted that P may be recovered
from the liquid phase by crystallization procedures as either magnesium ammonium
phosphate hexahydrate (also known as struvite), a slow-release fertilizer, or calcium
phosphates, which resemble phosphate rocks (Desmidt et al., 2015). K-struvite is
another kind of struvite (KMgPO4.6H20). The main difference between K-struvite
and struvite (MgNH4P0O4.6H20) is the substitution of a smaller K* ion for the larger
NH4" ion.

Struvite  (magnesium ammonium phosphate (MAP), MgNH4PO4.6H20)
precipitation is a promising nutrient recovery approach that has been commonly

applied to a variety of streams such as anaerobically digested poultry manure
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(Yilmazel & Demirer, 2011), urine (Sakthivel et al., 2012), leachate (H. Huang et
al., 2014), swine manure (Ryu et al., 2020). Further, with this process, simultaneous
N and P recovery is possible, and the product can be used as fertilizer, a fire-retardant
barrier on the flammability of cotton fabric and wooden plates (Yetilmezsoy et al.,
2020).

Struvite is a white insoluble crystalline substance, and its precipitation occurs when
the concentrations of ammonium, magnesium, and phosphate exceed the solubility
product under alkaline conditions (Fattah et al., 2008; H. Huang et al., 2014). Struvite
precipitation takes place according to the reaction (1) where n =0, 1, or 2 (S. Li et
al., 2020):

Mg2* + HoPO4™3 + NH4* + 6H20 — MgNH4PO4.6H20 | + nH"* (Ea. 2.7)

The occurrence and development of struvite are based on two stages: nucleation and
crystal growth (Le Corre et al., 2009). Nucleation is a stage in that crystal birth occurs
in liquid media (Le Corre et al., 2009). lons are combined and form struvite embryos,
which is the first state of crystals. After nucleation, crystal growth occurs, and
crystals are developed until equilibrium (Le Corre et al., 2009). As follows, the final
form and the size of crystals are established according to the kinetics. The time
passes through the mixing of the solution of precipitant ions, and the first measured
crystal is called induction time. To achieve precipitation of struvite, supersaturation
should be maintained in the solution. Supersaturation is a driving force and

prerequisite for crystallization on an industrial scale.

High amounts of magnesium and phosphate salts need to be added to obtain an
effective N and P recovery through struvite precipitation from anaerobically digested
wastes (H. Huang et al., 2014). This is due to the relatively higher abundance of N
ions than other struvite-forming ions (Mg and P) in such waste streams. The external
addition of such ions in the form of pure chemicals such as MgO or H3POQu is costly
and risks the process's financial sustainability (T. Zhang et al., 2009). Therefore,
sustainable replacements of pure chemicals are explored to develop an economically

viable and environmentally friendly struvite precipitation process. There have been
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pilot-scale and full-scale applications of the method for treating crude digestate and

wastewater (digested) sludge and manure, respectively.

2.5  Important Parameters for Struvite Precipitation

Thermodynamic instability characterizes struvite precipitation; however, the process
may be stabilized by nucleation and crystal growth (Desmidt et al., 2015). In
addition, physicochemical process factors including pH, molar ratio, presence of
other ions, and temperature have a significant role in crystallization. These variables
are associated with the waste stream and treatment method employed during struvite
precipitation. The system's efficiency can be maximized, and the recovered struvite

can be used as a product if these factors are addressed.

25.1 pH

Mg?*, NH4*, and POs* concentrations must be higher than the solubility product
(Ksp) for struvite to occur. Magnesium, ammonium, and phosphorus species and their
availability are determined by pH (Le Corre et al.,, 2009). Formation and
precipitation of struvite are greatly influenced by pH since the its speciation
components depends on pH.

In contrast to its solubility under acidic conditions, struvite is insoluble in alkaline
ones (Ariyanto et al., 2014). This means that the pH of the solution is used to regulate
the precipitation process. Typically, a pH of 7-11 is needed for struvite precipitation
(Le Corre et al., 2009). Researchers have reported a range of values for the optimal
pH for struvite, ranging from 8.0 to 10.7 (J. Wang et al., 2005). After pH 9, it is
reported that the purity of the struvite decreases (X. Hao et al., 2013). Moreover,
after pH 9, ammonia stripping occurs; hence available NH4* for the precipitation
decreases (Le Corre et al., 2009). The process of struvite precipitation involves
several interconnected variables. As a result, just the pH impact may be puzzling.

For each specific waste and additive, pH should be optimized.
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Generally, AD effluents have natural pH (Siciliano et al., 2020). To increase the pH
to a desired level, the supplementation of alkaline compounds is needed. NaOH is a
commonly used chemical for pH increase (Siciliano et al., 2020). Considering the

operational cost, the alkali addition must be considered.

25.2 Molar Ratio

When there are equal amounts of Mg?*, NH4*, and PO4* in a solution, struvite
nucleation occurs. Hence, the development of struvite crystals relies heavily on the
accessibility of the three components. The actual effluents typically have
substantially different molar concentrations of Mg?*, NH4*, and PO4* ions than those
found in laboratory samples. For instance, many wastewaters have more ammonium
relative to the other struvite elements in terms of molar quantities (Siciliano et al.,
2020). The contrast is most pronounced in AD products like leachate and digestate.
The cost of struvite precipitation, which is used to remove phosphorus and
ammonium from their contexts, rises because reagents of magnesium and
phosphorus must be added to achieve the stoichiometric molar ratios. In this
scenario, the effectiveness of the process is proportional to the molar ratios of the
three elements, nitrogen, magnesium, and phosphorus. Struvite precipitation
designed for phosphorus removal and recovery is a more environmentally friendly
option. However, N can also cause environmental problems and struvite
precipitation can achieve both removal and recovery of N and P. Moreover, by
increasing molar ratios, obtained product can be maximized, meaning that end-
product benefits and value can be increased. The cost is an important parameter to
think about while increasing molar ratios with additives. However, these additives
can be by-products or wastes so that the operational cost can be minimized.

Due to the presence of competitive ions in real wastewater, such as Ca?*, Na*, K*,
AP Fe3*, etc., which may react with Mg?* and PO4* ions to reduce their availability
for struvite, the reagents should be overdosed in comparison to the theoretical value,

even though the molar amounts needed for struvite precipitation are the same (Le
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Corre et al., 2009). Since the optimal molar ratios vary so greatly on the chemical-
physical features of wastewater, they must be evaluated on a case-by-case basis.
Dosages can also change based on the specific chemicals used as magnesium and

phosphorus sources.

2.5.3 Temperature

Compared to pH or the presence of other ions, temperature has less of an impact on
the precipitation of struvite. Nonetheless, it may have an impact on crystal shape or
solubility (Le Corre et al., 2009). Aage et al. (1997) showed that as the temperature
rises, struvite becomes more soluble. The influence of various temperatures (20°C
to 30°C) on struvite precipitation was examined by Ariyanto et al. (2014). The pace
at which struvite crystals grew increased along with the temperature. Struvite
precipitation often takes place between 25 and 35 °C (Ariyanto et al., 2014).
Moreover, ionic activities and the supersaturation coefficient have been reported to
increase as the temperature rises from 14 °C to 35 °C, decreasing the efficiency of
crystal formation by more than 30% (Ben Moussa et al., 2011). The chemical
structure of the solution has a significant impact on the solubility of the struvite in
combination with temperature. In essence, various research examined the
relationship between the solubility of struvite and the properties of the wastewater

where the precipitation takes place (Siciliano et al., 2020).

254 Presence of Competitive lons

The struvite precipitation process is complicated by the presence of various ions in
the influence stream and additives. There are a few potential ways in which these
ions might influence the struvite precipitation process. It has been shown that waste
streams may contain the ions Ca?* Cu?*, Zn?*, AI**, COs?, and SO+% (Li et al., 2016).
According to physicochemical factors, these ions can precipitate instead of struvite.

Table 2.4 lists several possible precipitates that may form. The pace of a reaction, its
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efficiency, the purity of a crystal, and even its form can all be altered by these factors
(Lietal., 2016).

There may be competition for ammonium in the synthesis of struvite compounds
from mono-valent ions like Na* and K*, leading to the creation of MgNaPOs and
MgKPO4 rather than MAP (Siciliano et al., 2020). Since influent contained high Na*
ions, Na salts were observed in the product (Siciliano, 2016). cPotassium salts,
including MgKPOQ4, have been found in the recovered solid of the MAP precipitation
procedure in various studies (Di laconi et al., 2010). Some research, however, claims
that high concentrations of NH4" are necessary for MgKPQO4 synthesis (Pastor et al.,
2010).

Table 2.4. Possible precipitates

Name Formula

Struvite MgNH4PO4.6H,0
K-Struvite MgKPO4
Newberyite MgHPQO4.3H,0
Bobierrite Mgs(PO4)2.8H,0
Trimagnesium phosphate Mgs(PQO4)2.22H,0
Hydroxyapatite Cas(PO4)3(OH)
Whitlockite Caz(PO4):
Oactacalcium phosphate Cag(HPO4)2(P04)s5.5H,0
Monenite CaHPOQO4

Brushite CaHPO4.2H:0
Calcium carbonate CaCOs

Calcium hydroxide Ca(OH),

Brucite Mg(OH),
Magnesium carbonate MgCOs;
Magnesium bicarbonate Mg(HCO:s)2
Ammonium bicarbonate NHsHCO3

Very high levels of alkalinity can also prevent struvite from forming. In particular,
HCOsz and CO3* may lead to the development of MgCOs, Mg(HCOa3)2, and
NHsHCOs (H. Huang et al., 2017). This decreases the availability of these two
elements, which are necessary during struvite precipitation. Furthermore, the

presence of Ca?* ions have a major negative influence on MAP precipitation. Struvite
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nucleation can be blocked by high calcium levels in the solution (B. Li et al., 2016).
Moreover, apatite and hydroxyapatite can be formed by the interaction of calcium
ions with orthophosphate. These processes deplete the solution of phosphate ions,
lowering the potential for struvite to develop. Even though struvite can precipitate
with high Ca?" concentration, the product purity declines (Hao et al., 2013).
Important considerations include the possibility that the product's shape and size will
be affected by the presence of other ions. When used as fertilizer, the quality of the
product must be ensured at a desired level. Li et al. (2016) showed that a Ca:Mg ratio
of less than 0.5 is necessary for practical operation for struvite precipitation.
Interference with the struvite precipitation can be avoided by pretreating Ca-rich
waste streams, such as dairy industry effluent, before the precipitation. Product value
and process capital and operating expenses should both be factored into any

economic evaluation.

255 Reactor Configurations

2551 Stirred Tank Reactors

Lab experiments often make use of stirred tank reactors (STR) (Siciliano et al.,
2020). From a design standpoint, they are incredibly straightforward units that just
need a mixing system to homogenize the components, and regulating the operating
parameters (Aguado et al., 2019). The generation of struvite is influenced by the
internal mixing conditions of the reactor (Stratful et al., 2004). If the solution and
solid phases are mixed well enough, more ions will be transferred from the solution
to the solid phase, facilitating the nucleation and development of the crystals. In
research using both synthetic and actual urine samples, Liu et al. (X. Liu et al., 2014)
found that an increase in mixing energy from 160 to 240 rpm improved struvite
crystal precipitation efficiency by 33%. Moreover, insufficient stirring energy raises
local solution oversaturation, which in turn encourages the regional production of

new struvite crystals without fostering their expansion. As a result, the rate at which
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crystals develop in a reactor rises in response to increased turbulence (Le Corre et
al., 2009). At a certain mixing speed, however, the benefits to crystal development
and morphology no longer exist (X. Liu et al., 2014). In fact, struvite crystal

formation was found to be limited at velocities over 500 rpm (Stratful et al., 2004).

The mixed reactors can function either continuously or in batches. The production
and precipitation of struvite take place in the same apparatus in a batch reactor, which
operates according to a sequence of stages. The precipitation stage, on the other hand,
is handled in a different unit from the struvite synthesis in a continuous reactor. The
generation of struvite can be controlled more easily and efficiently in stirred tank
reactors than in other technologies, which is why they are widely used. In particular,
STRs don't have the flow control issues that plague fluidized bed reactors (FBRs),
nor do they introduce plant complications (Igbal et al., 2008). Furthermore, STR may
be employed in either batch or continuous settings without any difficulty. cln
addition, the hydraulic reaction period may be brought down, resulting in excellent

process performance (Siciliano et al., 2020).

2552 Fluidized Bed Reactors

In the conventional arrangement, the fluidized bed reactors (FBR) have a central
body with a mostly longitudinal development, which is where crystal nucleation and
growth occur (Ohlinger et al., 2014). Typically, the chemicals required for struvite
nucleation and the waste stream are fed from the base of the reactor. The liquid drains
from the reactor's top to another clarifier, where some portion is recycled back down
to the reactor (Bhuiyan et al., 2008). The effluent and suspended struvite crystals are
recirculated from the top to the bottom of the reaction tank in some designs. The
recirculation flowrate is very sensitive to the features of the reactor and the kind of
wastewater being treated (Siciliano et al., 2020). The nucleation of struvite crystals
originates in the main part of the FBR, either through interactions with other struvite
particles or with seeding inert elements comprising the fluidized bed (Battistoni et

al., 2005). Either aeration or a sufficiently high recirculation flow rate will ensure
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that the particles in the reactor are fluidized (Battistoni et al., 2005). In addition to
bed fluidization, air insufflation also promotes pH rise, therefore less alkaline
chemicals are needed to achieve pH values favorable for struvite nucleation
(Battistoni et al., 2005). Le Corre et al. (2007) were able to remove up to 80% of
phosphorus in a batch FBR laboratory pilot plant.

In some of the studies, FBR was constructed from a series of zones whose diameters
gradually increased (Fattah et al., 2008). As fluidized particles undergo a change in
diameter, turbulent eddies form above each transition zone, facilitating proper
mixing and size classification (Rahaman et al., 2014). For example, phosphate
removals of 75-85% were reported at upflow velocities of 400-410 cm/min (Bhuiyan
et al., 2008). Fattah et al. (2008) found that at pH 7.5, the reactor with the increasing

diameter removed more than 90% of the phosphate.

Fluidized bed reactors accelerate struvite crystal formation (Le Corre et al., 2009).
In FBR, MAP particle dimensions grow over time, although numerous modalities
(seed inert substance, metallic meshes, internal seeds recycling, etc.) might restrict
fine particle generation (B. Li et al.,, 2019). Moreover, FBR requires more
management than stirred tank reactors. Controlling bed fluidization and fine particle

recycling flows could be problematic. Also, high flow rates cause high energy usage.

2553 Bioelectrochemical Systems

BES might also help recover nutrients via struvite (Cusick & Logan, 2012). Both
MFCs and MECs can be used for struvite precipitation. Compared to STR and FBR
reactors, BES systems have been developed recently. No full-scale or pilot-scale
applications have been constructed. Chemical addition, COz stripping, or electrolysis
can regulate struvite recovery from waste streams. Most struvite recovery research
involves increasing solution pH using chemical bases (NaOH, Mg(OH)?, Ca(OH)?)
and removing CO2 with aeration (Siciliano et al., 2020). These procedures cost

$140-460 per struvite ton (Cusick & Logan, 2012). Chemical bases can make up
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97% of struvite precipitation costs (Jaffer et al., 2002). Minimizing operational

expenses might turn recovered struvite into money.

MECs can offer a high local pH to induce struvite precipitation on the cathode
without base chemicals (Almatouq & Babatunde, 2017). Many MEC studies have
employed high local pH to precipitate harmful heavy metals and struvite crystals
without base chemicals (Cusick & Logan, 2012). Moreover, MECs can produce H:

as an additional benefit.

Phosphorus recovery in the form of struvite was studied by Cusick and Logan (2012)
via a single-chamber MEC. All of the cathodes were stainless steel, either 304 mesh
or flat plates (Cusick & Logan, 2012). The removal of phosphorus varied between
20% and 40%, with more removal achieved with mesh cathodes than with flat plates
(Cusick & Logan, 2012). While alternative techniques for forming struvite need far
more energy, with only 0.2-0.3 Wh/L, they were able to reduce the phosphate
concentration in the digestate supernatant by 70%-85% (Cusick et al., 2014).
Moreover, Almatouq and Babatunde (2017) used a double-chamber electrolytic
microbial cell to remove 95% of the phosphorus from synthetic wastewater. The
phosphorus was removed as struvite. With a voltage of 1.1 V, maximum H:
production rate was 0.28 m®Hz/m3d. Although BES shows promising results, their
widespread use in industry is still some distance off; hence, more research is

required.

2.5.6 Magnesium Sources

Magnesium and, if ammonium need to be eliminated, phosphorus compounds, are
essential to the struvite precipitation processes, as mentioned. The efficiency of a
process is profoundly affected by the selection of the reagents to be used. Indeed, the
reagents ought to be efficient, user-friendly, and free of substances that might impede

the struvite nucleation procedure. In addition, determining the efficacy of
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unconventional reagents at a low cost is crucial to reducing the treatment's financial
burden (Xavier et al., 2014).

The treatment for MAP precipitation often involves the use of pure reagents such as
MgSQO4, MgCl2.6H20 and MgO (Siciliano et al., 2020). Several of these salts,
including magnesium sulfate (MgSOs) and magnesium chloride (MgCl2), are
advantageous because they are extremely soluble, allowing for the recovery of a

precipitate with a high purity degree (Uysal et al., 2010).

Recently, researchers have been focusing on low-cost and sustainable magnesium
sources. Several substances, including wood-ash (Sakthivel et al., 2012), salt water
(B. Liuetal., 2013; X. Liu et al., 2014; Rubio-Rincoén et al., 2014), seawater bittern
(S. I. Lee et al., 2003; Siciliano & De Rosa, 2014), magnesite (Gunay et al., 2008;
H. Huang et al., 2014; Krahenbhl et al., 2016; Quintana et al., 2004)., and waste
magnesite powder (Al-Mallahi et al., 2020; Astals et al., 2021; Chimenos et al., 2003;

Quintana et al., 2004; Romero-Guiza et al., 2015) have been tested.

- Wood ash: Intending to encourage the precipitation of struvite, Sakthivel et
al. (2012) looked into the viability of using wood combustion ashes as a
magnesium source. 87% of entering phosphorus was eliminated when wood
ashes were added to the urine, although hydroxyapatite formation was still
the primary byproduct (Sakthivel et al., 2012). Moreover, the recovered
precipitate may not comply with the regulations for fertilizers because of the
significant content of metal compounds in combustion ashes.

- Salt water: The magnesium in seawater, at around 146 kg Mg?*/m?, may be
used to precipitate struvite at a reasonable cost (X. Liu et al., 2014). Recovery
of phosphorus by MAP production from isolated human urine was
investigated by Rubio-Rincon et al. (2014). At a Mg:P molar ratio of 3.3:1,
99% of the phosphorus was removed from the seawater in about 10 minutes
when it was combined with either non-hydrolyzed or hydrolyzed urine
(Rubio-Rincon et al., 2014). In other studies, fine crystal formation and co-
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precipitation of calcite together with struvite were found due to the usage of
saltwater (B. Liu et al., 2013; X. Liu et al., 2014).

Seawater bittern: The bittern found in seawater is a byproduct of the
production of sea salt and consists primarily of MgClz with trace quantities
of other inorganic chemicals. It might be a viable low-cost source of
magnesium because its Mg?* level is much greater than that of seawater (S.
I. Lee et al., 2003). By adding bittern to a synthetic solution, phosphorus
levels were reduced to the same extent as when using MgCl: or saltwater as
amagnesium ions source (H. Huang et al., 2014). For the elimination of NH4*
from leachates and digestate of calf dung, Siciliano et al. (2014) discovered
that seawater bittern may be employed effectively.

Magnesite (MgCO:s): It is a common mineral rock; however, it requires
proper pretreatments due to its limited solubility in water. Magnesite was
employed to test the efficacy of ammonium removal from landfill leachate
(Gunay et al., 2008). Specifically, HCI was used to prepare the magnesite
such that a significant amount of magnesium could be extracted as a solution.
91% of the ammonium was recovered as struvite (Gunay et al., 2008). The
use of MgCQOs rather than MgCl2 was estimated to reduce process costs by
18.3% (Gunay et al., 2008). Unfortunately, a sizable amount of HCI was
needed to completely dissolve the magnesium in the magnesite. Further
research has shown that by calcining magnesite at high temperatures, a by-
product may be created that is rich in MgO and can be used as a magnesium
source (H. Huang et al., 2014; Krahenbuhl et al., 2016; Quintana et al., 2004).
In the struvite precipitation procedure, Quintana et al. (Quintana et al., 2004)
found that BMP derived from magnesite calcination performed far worse
than pure MgO. Justification for this may be found in the fact that the amount
of Mg?* accessible in BMP is less than that in pure MgO (H. Huang et al.,
2014; Krahenbhl et al., 2016; Quintana et al., 2004).

Waste magnesite powder: A trace quantity of dust is produced and

transported by the exhaust gas during the kiln processing of magnesite. Then,
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2.5.7

an electrostatic precipitator is used to get rid of the dust called waste
magnesite powder (WMP). Chimenos et al. (2003) used WMP to precipitate
struvite from cochineal insect effluent. It was shown that WMP could extract
phosphorus as struvite, but it took 6.5 times more compared to pure MgO
(Chimenos et al., 2003). Moreover, Quintana et al. (Quintana et al., 2004)
demonstrated that WMP precipitates struvite over time due to phosphate loss.
WMP was less reactive than pure MgO, hence removal process took longer.
Boosting WMP reactivity reduces reaction time. Al-Mallahi et al. (2020)
investigated the effect of calcination of WMP on P recovery. It was
determined that 1 g/L of calcined WMP and a reaction time of 2 hours were
optimal precipitation conditions for the liquid fraction digestate(Al-Mallahi
et al., 2020). WMP was calcinated at 900°C for 0.25 h, resulting in a 96%
reduction in phosphorus for the synthetic solution and a 75% reduction for
the actual digestate (Al-Mallahi et al., 2020). Moreover, Romero-Gliza et al.
(Romero-Gliza et al., 2015) and Astals et al. (2021) investigated the
stabilizing agent as the magnesium phosphate resulting from pre- mixing
MgO and phosphoric acid on struvite precipitation. Experimental results
demonstrated that this reagent caused the precipitation of the magnesium
phosphate mineral phase (bobierrite or newberyite). For, Newberyite-rich
sample NH4-N removal was 66—73% from pig manure (Astals et al., 2021).

Phosphate Sources

P-based chemicals are typically HsPO4 and phosphate salts like NasPOs, Na2HPOs3,

and NaH2POq4 for struvite precipitation (Siciliano et al., 2020). These chemicals

allow highly pure struvite and extremely efficient ammonium removal rates.

Unfortunately, using pure reagents consumes natural P resources and drives up the

cost of the process (Siciliano et al., 2020). Hence, it's important to find inexpensive

and non-traditional phosphorus sources that can be used in the struvite precipitation
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process. The usage of P by-products has received very little attention in the scientific

community thus far.

Huang et al. (2014) used waste phosphoric acid to remove NH4" from landfill
leachate using phosphorus. At pH 9 and Mg:P:N ratio of 1.2:1:1, ammonium removal
was comparable to pure phosphate salts. By pairing HsPO4 waste with low-cost MgO
as the magnesium supply and alkali compound for pH adjustment, the NH4" removal
was 83% (H. Huang et al., 2014). On the other hand, AI** in phosphoric acid waste
competed for phosphate ions, hindering struvite production (H. Huang et al., 2014).
Moreover, bone meal, a byproduct of meat waste thermal treatment, was employed
as a low-cost phosphate source for MAP precipitation (Siciliano, 2016; Siciliano et
al., 2013; Siciliano & De Rosa, 2014). This by-product is seldom used as a fertilizer
in Europe and is mainly landfilled (Coutand et al., 2008; Deydier et al., 2005). Hence,
using bone meal for struvite precipitation is profitable because it recovers its P
content and produces a more valuable chemical containing PO4*~ and NH4*. NH4*
was recovered from methanogenic landfill leachates and calf dung digestates using
bone meal and seawater bittern as PO4% and Mg?* sources, respectively (Siciliano,
2016; Siciliano et al., 2013; Siciliano & De Rosa, 2014). The bone meal was
carefully combined in sulfuric acid solutions to dissolve its phosphorus content
(Siciliano, 2016). H2SO4 limited bone meal calcium breakdown, which generally
remained insoluble as CaSOas (Siciliano, 2016). By combining bone meal with
seawater bittern, 95% of NH4" and 99% of POs-P added were eliminated from
landfill leachate (Siciliano, 2016). Using the same reactants, digestates of calf dung
reduced NH4" by 90% and recovered POs-P by 99% at pH 9 and Mg:P:N =1.3:1.3:1
(Siciliano & De Rosa, 2014). Moreover, Darwish et al. (2017) discovered the greatest
phosphorus content in waste fish bone ash. Wastewater treatment yielded high-purity
MAP and 90% ammonium abatement (Darwish et al., 2017).
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CHAPTER 3

MATERIALS AND METHODS

3.1 AD-MEC Integration

There were in total of three AD-MEC sets in this thesis. The summary of three AD-
MEC sets conducted in the thesis is presented in Figure 3.1.
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Figure 3.1. Summary of AD-MEC sets conducted in the thesis

3.11 Inoculum, Substrate, and Media

3.1.1.1  Set1: Cattle Manure Fed AD-MEC Using Graphite — Graphite

Electrodes

Cattle manure was collected from the feed tank of a full-scale anaerobic digester

treating cattle manure in Ankara, Turkey. The raw cattle manure was blended for 15
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minutes for homogenization. Inoculum sludge was collected from a mesophilic
anaerobic digester of a municipal wastewater treatment plant in Eskisehir, Turkey.
The samples were stored at 4 °C until use. Characteristics of the samples are

presented in Table 3.1.

Table 3.1. Characterization of cattle manure and inoculum (AD seed) used in Set 1

Parameters Cattle manure Inoculum
COD (mg/L) 146,800 + 3,100 13,000 + 8
sCOD/TCOD (%) 15.1+0.8 3.9+0.2
TS (mg/L) 124,000 + 1,400 34,000 +6
VS (% of TS) 78 +0.04 56 + 0.1
pH 7.84 7.55

Three different media compositions were used in the study: 100 mM PBS, no-PBS,
and 5 mM PBS media. 100 mM PBS media contained NaH2PO4xH20 9.94 g/L,
Na2HPO4xH20 5.5 g/L, NH4Cl 310 mg/L, KCI 130 mg/L, NaHCOs 2.5 g/L, 81.2
mL/L of mineral and 26 mL/L vitamin solutions (Siegert, Li, et al., 2014). The
composition of the mineral and vitamin solutions is given in Table 3.2. Phosphate
compounds were eliminated from the media and named "No-PBS" (containing
NH4Cl 310 mg/L, KCI 130 mg/L), which contained the same amounts of NaHCOs,
minerals, and vitamins. By adding electrolytes as phosphate compounds, NaCl and
doubled NaHCOs, 5 mM PBS media (containing NaH2POs4xH20 0.53 g/L,
Na2HPO4xH20 0.23 g/L, NH4CI 310 mg/L, KCI 130 mg/L, NaCl 1 g/L, NaHCO35
g/L) was prepared. The mineral and vitamin solutions were the same for all types of
media (Siegert, Yates, et al., 2014). The comparison between different media used
in Set 1 is given in Table 3.3. PBS and mineral solution mixture were sparged and
purged for 40 minutes with N2 and autoclaved. It was cooled down with a flow of
N2. Separately sterilized anaerobic vitamin and bicarbonate solutions were added in
an anaerobic glovebox (Plas Labs 818-GB, MI, USA). The medium used for all

experiments was prepared as a 6.5X stock solution.
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Table 3.2. The composition of mineral and vitamin stock solutions

Mineral Solution (g/L)

Vitamin Solution (g/L)

Nitrilotriacetic Acid: 1.5
MgSQ4.7H,0: 3.0

NaCl: 1
MnSQ04.2H,0: 0.5
NiCl,.6H,0: 0.2
FeS0,4.7H.0: 0.1
CoCl,: 0.1
CaCl,.2H,0: 0.1
ZnS0,4: 0.1

CUSO4.5H202 0.01
AIK(SO,): 0.01
HsBOs: 0.01
NagMoO4.2H20: 0.01
Na,SeOs: 0.01
Na,WO.: 0.01

Pyridoxine-HCI: 0.0625
Thiamine-HCI: 0.03125
Riboflavin: 0.03125

Nicotinic Acid: 0.03125
Calcium Pantothenate: 0.03125
Vitamin B12: 0.03125
p-Aminobenzoic Acid: 0.03125
Lipoic (Thioctic) Acid: 0.03125
Biotin: 0.0125

Folic Acid: 0.0125

Table 3.3 The comparison of different media used in Set 1

Salt solution composition 100 MM PBS No-PBS 5 mM PBS
NH,CI (9/L) 0.31 0.31 0.31
KCI (g/L) 0.13 0.13 0.13
NaH,PO,x2H,0 (g/L) 11.24 - 0.6
Na,HPO, (g/L) 4.88 - 0.2
NaCl (g/L) - - 1
Sodium bicarbonate (g/L) 2.5 25 5
Conductivity (mS/cm) 4.4 1.1 2.6

3.1.1.2

Steel Electrodes

Set 2: Cattle Manure Fed AD-MEC Using Graphite — Stainless

As the experimental sets were conducted at different times fresh cattle manure was
collected before each set and characterization was performed similarly (Table 3.4).
In this set, the inoculum was collected from the effluent of a lab-scale mesophilic
AD treating cattle manure in the presence of 5 mM PBS media. Details and activities

about the continuously operated lab-scale reactor are given in Appendix A. Before
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the use of this seed, a specific methanogenic activity assay (SMA) has been

conducted as described below:

Two serum bottles with a total volume of 110 mL were split to serve as the control
and test with the duplicate operation. A known quantity of acetic acid (COD
concentration of 3000 mg/L in the reactor), 30 mL of seed, 10 mL of 5 mM PBS
media, and 25 mL of deionized water were added to the reactors. To achieve the
same active volume, all other variables were held constant in the control reactors
while deionized water was introduced in place of acetic acid. Estimates of the activity
are expressed as a ratio of actual to hypothetical methane output. The seed was
deemed appropriate for use in the reactors if the inoculum's activity was more than
70%.

In Set 2, 5 mM PBS media was used in Set 2 (See Table 3.3 for composition).

Table 3.4 Characterization of cattle manure and inoculum (Lab-scale reactor seed)
used in Set 2

Parameters  Cattle manure Inoculum
TS (mg/L) 103,000 £ 600 78,500 + 600

VS (% of TS) 78 +0.06 65+ 0.4
pH 7.8 7.8

3.1.1.3  Set 3: WBS Fed AD-MEC Using Graphite — Graphite Electrodes

Primary sludge (PS) and waste activated sludge (WAS) were obtained from the
primary and secondary sedimentation tanks of a municipal treatment plant in
Eskisehir, Turkey. PS and WAS were mixed at a 30:70 ratio (v:v), and the mixture
is named WBS. Inoculum was collected from the digester of the same wastewater
treatment plant in Eskisehir, Turkey as in Set 1. The samples were stored at 4 °C until
use. Characteristics of the samples are presented in Table 3.5. Similar to Set 2, 5 mM

PBS media was used during biofilm formation and AD-MEC operation stage.
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Table 3.5 The characterization of WBS and inoculum (AD seed) used in Set 3

Parameters WBS Inoculum
COD (mg/L) 33,500+899 19,800 +98

TS(mg/L)  31,600+500 33,300 % 100

VS (% of TS) 59+0.1 51+0.2
pH 6.36 7.6
3.1.2 Reactor Construction

Two types of reactors were used in this study. H-shaped double chamber MECs of a
total volume of 300 mL were used to develop cathode biofilms. The active volume
in each compartment was 100 mL, while the headspace volume was 50 mL. The
side-arms that connected the chambers had a length of 3.8 cm and an inner diameter

of 2.4 cm (Figure 3.2). The chambers were separated with a Nafion 117 proton

exchange membrane (PEM) and sealed with an o-ring. The PEM was pretreated by
boiling in 3% H20: for 1 h, deionized water for 1 h, 0.5 M H2S04 for 1 h, and then

deionized water for 1 h. Chambers were held by a screw clamp.

Figure 3.2. Construction of double chamber MECs

Single chamber MECs with an active volume of 65 mL (total volume of 130 mL)
were used for anode biofilm development and AD-MEC experiments. All reactor

tops were sealed with neoprene stoppers held tight using polypropylene screw caps
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with a 2.5 cm center hole (Figure 3.3). The stopper of the voltage-applied reactors

had a center hole to hold a reference electrode.

Figure 3.3. Construction of single-chamber MECs

Based on their unique qualities and attributes, graphite blocks and SS mesh were
chosen as cathode materials for the methane generation experiment in AD-MEC

systems.

Graphite block: Due to its great chemical stability and electrical conductivity,
graphite is a good material for electrochemical processes. Even with modest current
densities per unit area, cathodes built from these materials with high surface areas
might facilitate overall efficient electron transmission (Siegert, Yates, et al., 2014.
Additionally, methanogens attach well to carbon materials (Siegert, Yates, et al.,
2014).

SS mesh: SS cathodes with high specific surface areas can reach performance
comparable to carbon cathodes in MECs (Y. Zhang et al., 2010). Additionally,
comparing SS to graphite block cathode, SS is more prone to undergo the hydrogen

evolution reaction (Siegert, Yates, et al., 2014).

The study aims to evaluate the relative methane generation rates, efficiency, and
system performance of the two cathode materials by comparing them. Insights into
how cathode material affects the electrochemical reactions and microbiological
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activities involved in methane generation are anticipated to emerge from the
investigation. When employing SS as a cathode material, it might give insightful
information on the hydrogen evolution process and its effect on methane generation.

In Set 1 and Set 3, both electrodes (anode and cathode) were 2.5x2.5x0.3 cm graphite
plates (Eren Karbon Grafit San. Tic. Ltd. Sti, Istanbul, Turkey) with a total of 15.5
cm? surface area. Graphite blocks were Grade 2220 and characteristics are given in
Table 3.6. The graphite plates were polished using sandpaper, sonicated, cleaned by
soaking in 1 M HCI overnight, and rinsed. Titanium wires with a diameter of 1 cm
and a length of 15 cm (Timed Metal, Kocaeli, Turkey) were used to connect the
electrodes to the circuit.

Table 3.6. Properties of the graphite

Properties Values
Density (gr/cm?) 1,84
Porosity (%) 10
Bending Resistance (MPa) 57
Compressive Strength (MPa) 124
Particle size (cm) 0,0013
Resistivity pQ.cm 1.140

In Set 2, graphite was used as the anode and SS was used as the cathode. The graphite
anode was identical to the graphite used in Set 1 and Set 3. SS mesh was Type 304
with mesh size 60x60. SS mesh electrodes were connected to a SS wire (Type 304).

SS mesh was cut as 2.5x2.5 cm.

All anode and cathode potentials were measured using Ag/AgCl reference electrodes
(3 M NacCl, + 0.197 V vs. Standard H: electrode (SHE), RE-5B, BASI, U.S.A.) and
reported as V vs. Ag/AgCI (Figure 3.4A). Since the Ag/AgCI reference electrodes
used in the experimental setup are placed in sludge, clogging or contamination
problems may occur at the tip from time to time. This leads to operational problems
and setting the correct cathode potential becomes problematic. Therefore, it is
necessary to refurbish the reference electrodes periodically. Refurbishment of

reference electrodes was done as described by Siegert et al. (2014) by changing the
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solution and the tip. Firstly, in Set 1 reference electrodes were directly inserted into
the AD-MEC reactors however there were several problems during operation. Thus,
the problem was solved by making glass materials called salt bridges. Set 2 and 3
were operated with salt bridges and reference electrodes were placed into these salt
bridges. In this way, the reference electrodes were used longer, and overloading
problems were eliminated. Images with salt bridges were given in Figure 3.4B. With
a 3-electrode design, potentiostats (Interface 1010B, Gamry Instruments, U.S.A.)
were employed to apply the desired potentials to the system, with either the anode or

the cathode serving as the working electrode (Figure 3.5).

Figure 3.4. A) Reference electrode, B) salt bridge C) AD-MEC operation with a
salt bridge

Figure 3.5. Potentiostats used during the operation of the reactors
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3.1.3 Experimental Design and Reactor Operation

3.1.3.1 Biofilm Formation

All three experiments had two steps: biofilm formation and AD-MEC operation. In
the first step, cathode and anode biofilms were developed simultaneously in different
reactor set-ups. The details of cathodic and anodic biofilm development are
described below. The bare electrodes that were colonized by the cathodic or anodic
biofilm are named bioelectrodes throughout this thesis. These bioelectrodes were

then carefully placed in the AD-MEC reactors.
Cathode Biofilm

Methanogens were enriched on the cathode in double chamber reactors under -0.9 V
cathode potential. MECs were filled with 100 mM PBS media in Set 1, and 5 mM
PBS media in Set 2 and Set 3. During the fed-batch operation of two-chamber MECs
water electrolysis was performed in the anode chamber to eliminate any
contamination to the cathode surface. Thus, the anode chamber was not inoculated.
The cathode chamber was inoculated with AD seed and filled with fresh media
containing NaHCOz as the sole carbon source. During the operation, CH4 production
in the cathode chamber was monitored. When the increase in CH4 production was
lower than 10% in two successive measurements, a new batch cycle was started. To
start a new cycle, both chambers were filled with fresh media and some portion of
the cathode chamber media (called catholyte) was left in the cathode chamber. 4
batch cycles were performed for cathode biofilm development in each Set. The

details of the seed and volume ratio of catholyte left in the reactor are given below:

e Set 1: Cycle 1 started with 10% AD seed, Cycle 2 20% catholyte left, Cycle
3 10% catholyte left, and Cycle 4 10% catholyte left in the cathode chamber.
e Set 2: Cycle 1 started with 20% AD seed, Cycle 2 20% catholyte left, Cycle
3 20% catholyte left, and Cycle 4 0% catholyte left in the cathode chamber.
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e Set 3: Cycle 1 started with 20% AD seed, Cycle 2 20% catholyte left, Cycle
3 20% catholyte left, and Cycle 4 0% catholyte left in the cathode chamber.

Anode Biofilm

In the case of anode biofilm formation, single-chamber MECs were used. The
reactors were started with 10% AD seed and filled with 100 mM PBS media in Set
1-, and 5 mM PBS media in Set 2 and Set 3. 10 mM acetate was used as a carbon
source as most exoelectrogens are capable of consuming acetate (Borole et al., 2009).
To figure out which anode potential is suitable +0.4, +0.2, and 0 V anode potential
were applied during biofilm formation in Set 1. Based on the tests conducted in Set
1, 0 V was selected for biofilm formation for all three sets (Set 1, Set 2, and Set 3).
During biofilm development, current production was monitored continuously. When
the current dropped below 0.3 mA, 10 mM acetate was injected into the reactors to

start a new cycle.

Figure 3.6. Operation of reactors during A) cathode biofilm formation in double

chamber MECs, B) anode biofilm formation on the anode in single chamber MECs
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Test 1: Biofilm formation on GAC particles

Our study team'’s simultaneous investigations showed that operating an AD-MEC
with both a bare electrode and a bioelectrode fed with WBS did not significantly
boost methane generation (Sanli, 2022). As a result, conductive materials were added
to the AD-MEC system to increase methane generation in the case of WBS usage in
this thesis. GAC was chosen as a conductive material due to reports of improved
methane generation yield and kinetics according to our group and the literature
(Ghaderikia, 2022; Kutlar et al., 2022; Odabas, 2022). The reason for adding GAC
is to provide an advantage of surface area for microorganisms to attach. Moreover,
the cathode was touched to the GAC particles as an extension of the electrode.

Firstly, a preliminary experimental study (Test 1) was carried out to create a biofilm

on GACs and to decide on the GAC concentration in the reactor.

In the blank reactors, only the inoculum was used. Other reactors were fed with
WBS. All reactors included 5 mM PBS media and inoculum. In this test, an
anaerobic reactor fed with WBS was operated with 25, 35, and 45 g/L bare GACs
(2.5 mm, extra pure, Merck, Germany) in accordance with the literature. GAC
reactors contained additionally designated GAC concentrations. Conv. AD reactors
did not contain any GAC of BioGAC. Single chamber MECs with an active volume
of 65 mL (total volume of 130 mL) were used for this set. In test 1, the F/M ratio of
all reactors was 1. Accordingly, the total VS in the reactors was 15200 + 200 mg/L.

Test 2: Operation with BioGAC

After Test 1, the GAC particles collected from the reactors were named BioGAC.
As a result of this operation, sludge inside the reactors containing BioGAC was
carefully poured out in an anaerobic glovebox. BioGAC was rinsed two times gently
with distilled water to remove any sludge that may potentially accumulate in it. Fresh
substrate, inoculum culture, and media were then added to the reactor for Test 2.
Similar to Test 1, F/M was set to 1 with a corresponding total VS of 14200 + 300
mg/L. In the 2nd test, the BioGACs and control reactors were set up similarly to Test
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1. The highest CH4 production according to the concentration of BioGACs in this set
was selected to use in the AD-MEC operation. A summary of the preliminary tests
is given in Figure 3.7.

Test 1: Biofilm Test 2: Operation with Pre-
Formation on GAC  biofilm formed GAC (BioGAC)
25 g/L 25¢g/L
w GAC \ st / BioGAC
35¢/L . |359L
\w GAC it ) BIOGAC
( \ 45 g/L ( ‘ 45 g/L Selection (_)f the
\ﬁl GAC - BioGAC -conce_ntratmn of
—— BioGAC
Conv. AD Conv. AD
\—/ \—/
Blank Blank
\—/ \—/

Figure 3.7. BioGAC formation and determination of BioGAC dosage to be used in
Set 3

3.1.3.2 AD-MEC Operation

In each set of AD-MEC operations, there were multiple reactors along with some
control reactors. The controls in each set will further be described yet each set
includes Bioelectrode containing AD-MEC reactors. These are set by placing the
bioelectrodes that were developed during the biofilm formation stage without
touching the electrode surface into single chamber reactors in an anaerobic glovebox
(Figure 3.8). These reactors were then called bioelectrode reactors. At the same time
as a control, bare electrodes (without any biofilm) were placed in a single chamber

reactor and these reactors were called bare electrode reactors.
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Figure 3.8. Anaerobic glovebox used in the experiments

Set 1: Cattle Manure Fed AD-MEC Using Graphite — Graphite Electrodes

During AD-MEC operation, conventional AD (Conv AD, without any electrodes),
open circuit control (OC) (only electrodes, but no applied voltage), and blank (only
seed, without any electrodes) reactors were set to compare the effects of
bioelectrochemical systems. The reactors operated in each cycle are given in Figure
3.9 and Figure 3.10.

Figure 3.9. Operation of the A) AD-MEC reactors and B) controls
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Figure 3.10. The reactors operated in each cycle of Set 1

The fed-batch operation was employed during the AD-MEC stage and in AD-MEC
reactors cathode potential was set by using a potentiostat. Initially, the AD-MEC
operation was started using 100 mM PBS media. However, as a result of significant
inhibition, the reactors were emptied, and subsequently, the actual setup was
restarted (See 4.1.1).

After restart, 3 fed-batch cycles were operated: (1) no-PBS media under -0.9 V
cathode potential, (2) 5 mM PBS media under -0.9 V cathode potential, and (3) 5
mM PBS media under -1 V cathode potential. Electrodes of bioelectrode, bare
electrode, and OC reactors were preserved during all cycles. The schematic
representation of the experimental design is given in Figure 3.11. Cattle manure was
used as substrate in all cycles. In the first cycle, AD seed was used as inoculum. At
the second and third cycles, digestate obtained from the previous cycle was used as
inoculum without adding any AD seed. Fresh media and fresh cattle manure were
added to the reactors to start a new cycle. All experiments were performed in
duplicates. However, in Cycle 3, the duplicate of bioelectrode and bare electrode
were not given since an operational problem occurred due to the reference electrodes,

and thus the replicate reactor was stopped. The pH was adjusted to 7.0 + 0.1 at the
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start of each cycle. All reactors were incubated at 35 + 2 °C without shaking. All
reactors were covered with aluminum foil to prevent light entrance. In Set 1, the F/M
ratio of all reactors was 1. Accordingly, the total VS in the reactors was 19,000 +
450 mg/L.

First Step: Second Step:
Biofilm Formation AD-MEC Operation

Cycle 1 Cycle 2 Cycle 3
No-PBS 5 mM PBS 5 mM PBS
-09V -1V

-09V
e Bare
electrodes @ @ @
Bioanode formation »
@- —h _I i@ Bioelectrode @

Figure 3.11. Schematic representation of the experimental design of Set 1

Biocathode formation

—

Set 2: Cattle Manure Fed AD-MEC Using Graphite — SS Mesh Electrodes

Similar to Set 1, biofilm-formed graphite anodes (bioanodes) and biofilm-formed SS
mesh cathodes (biocathodes) were transferred to single-chamber reactors inside the
anaerobic glovebox. Bare electrodes were also put into single-chamber reactors. 3
fed-batch cycles were completed in Set 2. In the first cycle, - 0.9 V cathode potential

was applied. Each cycle had similar control reactors as in Set 1 (Figure 3.12).
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Figure 3.12. The reactors in each cycle of Set 2

After the first cycle, reactors were emptied and fresh cattle manure, seed, and media
were put into reactors. The electrodes of Bioelectrode reactors and Bare electrode
reactors were preserved for Cycle 2. Butin Cycle 2, new bare electrode reactors were
also set to investigate the effect of bare electrodes in different cathode potentials.
This new reactor couple was called the New Bare electrode. In terms of the reactor
types operated this is a major difference between Set 1 and Set 2. The original time
zero bare electrode reactors had no biofilm at t = 0, but after Cycle 1, they had biofilm
on the electrodes. Therefore, at the start of Cycle 2, new bare electrode-containing
reactors were also operated. In Cycle 2, - 1 V cathode potential was applied.
Moreover, in this set the electrodes of the OC were also changed with new bare

electrodes in each cycle.

After Cycle 2, similarly, the reactors were emptied and filled with fresh cattle
manure, seed, and media. The electrodes of Bioelectrode and Bare electrode reactors
were preserved. Yet, the electrodes of the New Bare electrode reactors were replaced
with bare ones. In Cycle 3, - 0.95 V cathode potential was applied. The summary of
the experimental design of Set 2 is given in Figure 3.13. In Set 2, the F/M ratio of all
reactors was 1. Accordingly, the total VS in the reactors was 16,000 + 800 mg/L.
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Figure 3.13. The experimental design of Set 2

Set 3: WBS Fed AD-MEC Using Graphite — Graphite Electrodes

As summarized earlier in this set there was BioGAC addition into some of the
reactors in this set and WBS was used as substrate in this set. According to the results
of the BioGAC dosage study (Test 1 and Test 2), the concentration of the BioGAC
to be added to the reactors was selected as 35 g/L. BioGAC and bioelectrodes were
transferred to the AD-MEC system prior to reactor operation. Similarly, bare
electrodes were put into AD-MEC systems. In Set 3, the F/M ratio was kept at 1 and
the total inlet VS was 12,500 £ 1000 mg/L. All the reactors were incubated at 35 +
2 °C without mixing. In this set, a constant cathode potential of -0.9 V and -1.0 V
were applied for Cycle 1 and Cycle 2, respectively. The experimental design of the

AD-MEC operation is given in Figure 3.14.
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Figure 3.14. The reactors for AD-MEC operation in Set 3

Each cycle had the following reactors Bioelectrode-BioGAC, Bare electrode-
BioGAC, and Bare electrode as AD-MEC reactors. As control reactors, OC-
BioGAC, OC, Conv. AD-BioGAC, Conv. AD and Blank were set as seen in Figure
3.14.

After Cycle 1, the reactors were emptied and the reactors were filled again with fresh
media, WBS, and inoculum to start Cycle 2. Bioelectrodes and BioGAC were
preserved through Cycle 1 to Cycle 2. The electrodes of the Bare electrode-BioGAC
and Bare electrode reactors were changed to new bare electrodes and fresh GAC
after Cycle 1. The detailed experimental design of the set and control reactors is
presented in Figure 3.15.
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Figure 3.15. The experimental design of Set 3

3.14 Electrochemical Data Processing

The applied potential on the anode or cathode was set using chronoamperometry
(CA) by a potentiostat, and the current production/uptake was monitored over the
whole operation duration of the reactors. The data is recorded at 10 min intervals.
CV analyses were performed to monitor the electroactivity of biofilms on the anodes
and the cathodes. During CV the scan range was between -0.8 to 0 V vs. Ag/AgCl
with a scan rate of 1 mV/S. CV was performed at t =0 (bare electrode), at the end of
anode biofilm formation on bioanode, and end of each cycle of cathode biofilm
formation on biocathode. For AD-MEC operation, CV analyses were performed for
each cycle. An example of the CV is given in Figure 3.16. If no oxidation or
reduction reaction occurs on the surface of the electrode, no peaks are expected in a
CV curve (Harnisch & Freguia, 2012). If the CV is performed on the anode (the

working electrode is the anode), an oxidative peak is expected to be observed. If CV
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on the cathode is performed (the working electrode is the cathode), a reductive peak
is expected to be observed in the presence of biofilm. As either anodic or cathodic
activity increases on electrodes, the peak will be larger compared to bare electrodes.
Thus, CV analysis is an important tool to observe the activity of the biofilm on the

surface of the electrodes (Harnisch & Freguia, 2012).

Anodic (Oxidation) — Positive Current
Oxidative peak

No peak observation (no
/oxidaﬂon/reduc‘tion reacti

— Reductive peak

Current (mA)

Cathodic (Reduction) — Negative Current
Anode/Cathode potential (V vs. Ag/AgCl)

Figure 3.16. An example of a cyclic voltammogram curve

3.1.5 Calculations

Net CHayield

The volumes of CH4and Hz in the biogas were calculated with the syringe method
as described by Filer et al. (2019). The net amount of CH4 production was calculated
by subtracting the cumulative CHa4 production of test reactors from the blank.
controls. Moreover, net CHa yield was calculated by dividing net CH4 production
(mL) by the total mass of VS added (g) from the substrate. Similarly, Hz yield was
calculated as cumulative Hz production (mL) divided by the mass of VS added (g)

from the substrate.

CHa production kinetics
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The modified Gompertz model (Eq. 3.1) was used to describe the kinetics of CH4
production during AD-MEC operation (Baek, Saikaly, et al., 2021). Detailed
calculation is given in Appendix B.

P = P,.exp {— exp [RPL: A-t+ 1]} (Eqg. 3.1)

where P is the maximum CH4 potential as mL/g VS, Rm is the maximum CH4

production rate as mL/VS.d, A is lag phase as d, e is Euler’s constant (2.718).
Current density

Current density (J) (Eq. 3.2) was calculated as:

] = r (Eq 32)

Aanode/cathode
Where I is current and A, ode/cathode 1S the total surface area of the anode or cathode.
Current to CH4

Current to CHa is the theoretical calculation of how much CH4 can be produced for

a given current uptake.

The cumulative electric charge (meq;i) was calculated by integrating the current (A)

over time and dividing it by Faraday’s constant (F = 96485C/eq).

fotldt
F*8

Current to CH, (mmol) = (Eg. 3.3)

Where F is Faraday’s constant (F = 96485C/eq). 8 is the number of electrons
exchanged in the reaction (CO2 +8e~ +8H*—CHa4 +2H:0).

Volume of methane is then calculated using the ideal gas law:

CH4(mmol)*0.08314+*308%1000

CH, (mL) = 1.01325

(Eq. 3.4)

Cathode Capture Efficiency (CCE, %)
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Cathode Capture Efficiency (CCE, %) is the fraction of the flowing electric current
diverted into a reduced product (methane and hydrogen) inside the cathodic chamber
(Cristiani et al., 2021).

meqcp, + meqy,

meq;j

CCE = (Eq. 3.5)

The cumulative electric charge (meqi) was calculated by integrating the current (mA)
over time and dividing it by Faraday’s constant (F = 96485C/eq).

meqcH4 = rCH4(mmol)*8

rCH4 = ACH4 = CHsap-mec — CHaoc

meqnz = rHz(mmol)*2

Removed VS to CH4

Removed COD (mg) = Removed VS (mg) * % ratio (Eq. 3.6)

The COD/VS ratio was 1.46 for Set 1, 1.86 for Set 2, and 1.48 for Set 3. The

difference was due to different inoculum and substrates among different sets.

0.395 mL CH,

Removed VS to CH, = Removed COD (mg) *
1 mg COD

(Eq. 3.7)
0.395 mL CHys is the theoretical conversion of 1 mg COD at 35°C (Raposo et al.,
2011).

Organic Conversion Efficiency (OCE)

Actual CH, (mL)
Theoretical Removed VS to CH, (mL)

Conversion Efficiency (OCE) (%) = (Eq. 3.8)

3.1.6 Analytical Methods

Standard methods were used to determine the total chemical oxygen demand
(TCOD), soluble oxygen demand (sCOD), total solids (TS), and volatile solids (VS)
of the samples (APHA et al., 2017). pH was measured with a portable pH meter
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(Starter300, Ohaus, U.S.A)). Conductivity was measured with a portable
conductivity meter (senslON 5, Hach, U.S.A.). Biogas production was measured
with a water displacement device which comprises solution at pH 2. Biogas
compositions were examined by gas chromatography (GC) (TRACE GC Ultra,
Thermo Scientific, U.S.A.) by injecting 200 pL of the sample. The GC was
configured with two series-connected columns (CP-Moliseve 5A and CP-Porabond
Q). and a thermal conductivity detector (TCD). Helium was the carrier gas with a
constant pressure of 100 kPa. Oven, injector, and detector temperatures were 35°C,
50°C, and 80°C, respectively.

Calibration curve for GC analysis

GC calibration curves were formed by the use of 5-point duplicate injections of the
calibration gas. Calibration gas was composed of 50% H2, 10% N2, 10% CHa4, and
30% COz2. Volumes ranging from 100 pL to 500 pL were injected into the GC. An
example of the calibration curve for each gas is given in Figure 3.17. All the gas

production data is given for 35 °C.
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Figure 3.17. A) Hz, B) N2, C) CHa4, and D) CO2 gas calibration curve and equation

3.1.7 Microbial Community Analysis

Sample collection and DNA isolation

For Set 1, after Cycle 3 electrodes of all reactors and suspended of Conv. AD reactors
were taken for DNA isolation. In a sterile laminar flow hood, biofilms were dried on
the electrodes for about 10 minutes before being scraped off using a sterile scalpel.
DNA extraction was performed following the manufacturer’s protocol
(GeneMATRIX Soil DNA Purification Kit, EURX, Poland). Gel electrophoresis and
NanoPhotometer P-Class (Titertek-Berthold, Germany) were used to determine the

quantities and to check the purity of the isolated DNA samples.
16S rRNA-based identification

Isolated DNA samples were then sent to the BM Laboratory Systems Company
(Ankara, Turkey) where the metagenomic analysis was carried out. Briefly, for
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microbial community analysis, the V3-V4 variable region of the bacterial and
archaeal 16S rRNA genes (length: 464 bp) was employed. The primers used were
341F (5'-CCTAYGGGRBGCASCAG-3') and 785R (5'-
GGACTACNNGGGTATCTAAT-3") for bacteria and archaea, respectively. PCR
amplification was performed using the following thermal cycling profile: 95°C for 3
minutes, 28 cycles of 95°C for half a minute, 55°C for half a minute, and 72°C for a
half minute, elongation at 72°C for 5 mins in BM Laboratory Systems Company. On
the Illumina Novaseq 6000 platform, high-throughput sequencing was carried out in
compliance with the standard protocol. The analysis did not include reads with low-
quality scores, unclear bases, or possible chimeric sequences. QIIME2 v2020.8 was
used for the bioinformatics analysis at every stage. DNA sequence data were grouped
into operational taxonomic units (OTUs) using g2-vsearch. By using the Silva
database (http://www.arb-silva.de) to align sample sequences from each OTU,
taxonomic identification was accomplished. Based on biodiversity, the general
community structure of the bacterial and archaeal domains was identified. Alpha
diversity was described using the Shannon, Chaol, phylogenetic, and observed
richness diversity indexes. To evaluate the diversity between samples (beta diversity)
based on the OTUs produced from each sample, the unweighted pair group method
with the arithmetic mean (UPGMA) clustering technique was applied. The QIIME
pipeline was used to process both the alpha and the beta diversity indexes.

3.2 Struvite Precipitation

3.2.1 Preparation of the Biogas Plant Sample

Biogas plant effluent sample was collected from a full-scale biogas plant treating
cattle manure at mesophilic conditions in Polatli, Turkey. The preparation process is

given in Figure 3.18 as described elsewhere (Yilmazel & Demirer, 2011).
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Figure 3.18. Acid dissolution procedure

The sample was centrifuged at 11,000 g for 15 minutes. Solid fraction (Total solids
(TS) = 16%) was collected and diluted to TS of 9% to enable continuous mixing.
The sample was then subjected to an acidic dissolution process to increase dissolved
PO4* concentration and maximize P recovery. Acidic dissolution was accomplished
in three steps: (i) acid addition, (ii) mixing, and (iii) centrifugation, as described
elsewhere (Yilmazel & Demirer, 2013). 6.5 N sulphuric acid (H2SO4) was added
until pH was decreased to 2.0 + 0.2. The mixture was continuously mixed overnight
using a stirrer (Velp Scientifica, AREC, Italy). Finally, the sample was centrifuged
at 11,000 g for 15 minutes to collect the supernatant. This liquid solution, P-enriched

digestate, was characterized and kept at 4° C until use (Table 3.7).

3.2.2 Preparation of WMP and BM Solution

BM was collected from DSA Agri-food Products, Kirikkale, Turkey. WMP was
obtained from KUMAS Magnesite Inc. in Kiitahya, Turkey. The characterizations of
these raw materials are presented in Table 3.7.
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Table 3.7. Characterization of P-enriched digestate, raw WMP, and BM

Parameters P-enriched digestate WMP BM
PO4-P (mg/L) 1100 + 110 (35.5 £ 4 mM) - -
NHs-N (mg/L) 1950 + 180 (139 + 13 mM) - -

K (mg/qg) 20+0.1(51.2+2 mM) 0.367 £ 0.02 25+01
Mg (mg/g) 1.14 + 0.05 (46.9 + 2 mM) 270+ 10 34+01
Fe (mg/g) 1.06 + 0.01 (18.9 £ 0.002 mM) 146 +0.2 n.d.

Na (mg/g) 0.90 £ 0.01 (39.1 £ 0.04 mM) 0.597 £ 0.01 6.2+0.2
Ca (mg/g) 0.49 +£0.01 (12.2 £ 0.05 mM) 6.6+0.1 170+ 10
P (mg/g) - n.d. 742
Zn (mg/g) 0.033 £ 0.002 (0.5 £ 0.03 mM) 0.021 + 0.001 n.d.

Al (mg/g) 0.013 £ 0.001(0.5 £ 0.04 mM) 0.720 £ 0.04 n.d.

Cu (mg/kg) 21+0.1(33+£1.6 uM) 151+0.3 n.d.

Cr (mg/kg) 1.5+0.1(0.5+1.9 uM) 286 £ 7 n.d.

Ni (mg/kg) 0.80 £0.03 (13.6 £ 0.5 uM) 668 + 14 n.d.

Pb (mg/kQg) 0.052 £ 0.002 (0.02 + 0.01 pM) 11.5+0.04 n.d.

Cd (mg/kg) 0.014 + 0.001 (0.12 = 0.009 pM) 0.67 £0.04 n.d.

n.d.: not detected, (-) indicates a parameter that was not measured

The images of BM and WMP are given in Figure 3.19A-B. Like biogas plant
effluent, an acidic dissolution process was applied to both raw materials for proper
solubilization of magnesium and phosphate before experimental runs. The method
was modified from Siciliano and De Rosa (Siciliano & De Rosa, 2014). Briefly, 60
grams of BM was dissolved in 150 mL 3 N Hz2SOa. In the case of WMP, 90 grams
of solid WMP was dissolved into 100 mL 3 N H2SOs. H2SO4 was used to prevent
the dissolution of calcium ions (Siciliano & De Rosa, 2014). The mixtures were
mixed for 2 hours and centrifuged at 4,000 g for 15 minutes. The supernatant
solutions obtained after centrifugation were used as liquid Mg and P sources in the
experiments. The schematic of the dissolution process is given in Figure 3.19C.
WMP solution contained 88 g/L Mg?* (3.6 M) and BM solution contained 18 g/L
PO4+—P (0.6 M) and 0.4 g/L NHs-N (28 mM).
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Figure 3.19. A) BM, B) WMP, C) Protocol for preparing WMP and BM solutions

3.2.3 Experimental Design and Optimization

This work used a statistical model to investigate the impacts of different factors on
the performance parameters, such as the amounts of sustainable substitutes and the
operation pH. BBD was selected as response surface methodology (RSM) since it
can assess multiple factors with the smallest number of experimental trials possible
(Engin et al., 2018). Most importantly, interactions between factors can be
investigated via BBD (Engin et al., 2018). In the formation of struvite, pH is the
driving force, and any change in the pH of the solution may affect struvite
precipitation (Gunay et al., 2008). Besides, low pH values hinder struvite formation,
and at high pH values, co-precipitates may be produced instead of struvite, which
may cause a decline in ammonium recovery efficiency (Dogan et al., 2018; T. Zhang
et al., 2009). Additionally, the struvite precipitation process is highly affected by the
concentrations of Mg, P, and N (Dogan et al., 2018). Struvite precipitation occurs
when molar concentrations of Mg*?, NHa, and PO4® are equivalent, making their
availability crucial (Le Corre et al., 2009; Siciliano et al., 2020). Although molar
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amounts of the struvite-forming ions should be equal, the presence of competitive
ions like Ca?*, Na*, and AI®* from digestate, BM, and WMP can react with Mg*2and
PO4? and cause a decline in the available ions to form struvite (Le Corre et al., 2009;
Siciliano et al., 2020). Accordingly, the optimum molar ratios of the struvite-forming
ions should be evaluated by considering the type of wastewater used. For these
reasons, in this study, the BBD matrix was created (Table 3.8) using three factors:
pH (A), Mg:N molar ratio (B), and P:N (C). Each factor was tested at three levels :-
1 denotes the low level, +1 represents the high level, and 0 shows the midpoint to
evaluate experimental error (Polat & Sayan, 2019). Researchers have reported a
range of values for the optimal pH for struvite, ranging from 8.0 to 10.7 (J. Wang et
al., 2005). Since after pH 9, the purity of the struvite decreases, the pH range was
selected as 8 — 9 in this study (X. Hao et al., 2013). The amounts of Mg?* and PO4>
ions available for the formation of struvite are decreased by the phosphorus and
magnesium, which can result in the formation of additional magnesium and
phosphate compounds (S. I. Lee et al., 2003). This is why the amount of phosphorus
and magnesium exceeded the theoretical value required to obtain high recovery
values (S. I. Lee et al., 2003). Therefore, to maximize ammonia recovery, Mg:N and
P:N molar ratio was set to more than 1. The ranges of the factors were setas 8 — 9
for pH (A), 1.5 — 2.3 for Mg:N molar ratio (B), and 1.2 — 2 for P:N molar ratio (C).
The responses were selected as NHs-N, PO4-P, and Mg?* recovery. Recovery is
calculated according to levels after the addition of sustainable substitutes. The
experimental design is given in Table 3.8. For quality control experiments were run

in triplicate, thus a total of 45 experiments were carried out.

Table 3.8 Box-Behnken experimental design

Levels
Factors
-1 0 +1
pH 8.0 8.5 9.0
Mg:N (molar ratio) 15 1.9 2.3
P:N (molar ratio) 1.2 1.6 2.0
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A second-order polynomial reaction related to the NHs-N recovery and the residual

PO4-P concentration is given in Equation (2) as follows:
YNrPRIMR =0 +B1A +B2B +B3C +BaA? +PsB+PsC2+ + BrAB +PsAC +PeBC 2

where Ynr = predicted response for NHs-N recovery Yre = predicted response for
PO4-P recovery, Ywr = predicted response for Mg?* recovery, o = intercept, p1, P2,
B3 = linear coefficients, B4, Bs, s = squared coefficients, B7, fs and Be = interaction

coefficients and A, B and C = independent variables.

3.24 Struvite Precipitation Procedure

Four sequential steps were followed in the batch-type experiments: (i) addition of
reagents, (ii) pH adjustment, (iii) settling, and (iv) filtration (Uysal et al., 2010;
Yilmazel & Demirer, 2013). The steps are shown in Figure 3.20.

WMP BM Product (Drying at
Solution  Solution 35°C for 1 day)
| —_— | —_— —_—
> Filtrate
1. Addition of 2. Mixing 3. Settling 4, Filtration

materials (Duration: 30 min)  (Duration: 60 min)

Figure 3.20. Struvite precipitation procedure

Each reactor contained 40 mL of P-enriched digestate sample. For each run,
ammonium, and phosphate concentration of the P-enriched digestate sample was
measured. To achieve the desired total molar concentration ratio of Mg:N:P in the
reactor, the addition of WMP and BM solution to the digestate sample was calculated
by taking into account the initial concentrations of these ions in the sample and were
adjusted accordingly. pH was increased to the desired value using 10 N NaOH and

mixed using a magnetic stirrer (Velp Scientifica, AREC, Italy). The pH of the
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solution was measured continuously until a steady pH at the desired level was
observed. After the pH value was stabilized (with a variation of + 0.1), the
equilibrium state was reached. After equilibrium, the reactors were kept mixed at
200 rpm for 30 minutes. All the runs were carried out at ambient laboratory
temperature (~20 °C). The reactors were then settled for 1 hour to allow the
separation of crystallized precipitate from bulk liquid. Finally, the reactor contents
were filtrated through a folded coarse filter (ISOLAB, product code: 1.107.40.140)
to separate the product from the liquid. The filtrate was subjected to Mg?*, NHs-N,
and PO4-P, measurements. The remaining part on the filter (product) was dried at a
constant temperature room (35 £ 1 ° C) for 24 h. The tare weight of the coarse filter
and the weight of filter paper containing the product after drying was measured to
calculate the amount of total precipitate. The product was manually separated from
the filter paper. Since the product may contain different precipitates such as K-
struvite, struvite, newberyite, brucite, calcium carbonate, and calcium hydroxide, the
product was subjected to XRD and SEM analyzes (B. Li et al., 2016).

3.25 Analytical Methods

All samples were filtered using 0.45 um filters to remove any suspended particles
before analyses. The amino acid colorimetric method (Hach Method 8178) and the
Nessler colorimetric method (Hach Method 8038) were used to quantify PO4-P and
NH4-N concentration, respectively. A spectrophotometer was used for colorimetric
methods (HACH, DR 2800). All metals and ions except Mg were measured with
inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer, DRC II,
USA) in METU-Central Laboratory, Turkey. Mg concentrations were measured
following the procedures in the Standard Methods by using atomic absorption
spectroscopy (Perkin Elmer, Aanalyst 400, USA). The pH was monitored with a
portable pH meter (Ohaus, Starter300, USA).

XRD tests were carried out to explain the structural behavior of the powder samples

to verify that the precipitate contains struvite. All the samples were examined using
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a Rigaku Ultima IV X-ray diffractometer at METU Central Laboratory. During
XRD, the scan range was set to 5-70°, and the duration time/scan speed was 1
deg/min. The morphologies of the precipitates were analyzed with Field Emission
SEM (Quanta, 400F) at METU Central Laboratory.

Elemental analysis (C, H, N, S) was conducted with an elemental analyzer (LECO,
CHNS-932 at METU Central Laboratory. Extracted Phosphorus (2% Citric Acid
Soluble) in the effluent was analyzed using ICP-OES (TS EN 15959) at Cinar
Environmental Laboratory Co. Other macro and micro elements were analyzed with
ICP MS (TS EN ISO 17294) at Cinar Environmental Laboratory Co. Since struvite
is the desired chemical, the product purity is determined by the proportion of struvite
in the solid precipitate. The effectiveness of the product for end-use applications and
the market price would therefore both be enhanced by high product purity. Unwanted
particles may precipitate concurrently during struvite crystallization, influencing the
struvite crystal development, due to the complexity of the digestate, WMP, and BM
composition. Theoretical value elements for pure struvite are 9.9%, of Mg, 5.7% of
N, and 12.6% of P (H. Huang et al., 2006). Since the only precipitate that contains
N is struvite, purity was calculated as given in Eqg. 3.3 (Cerrillo et al., 2015;
Numviyimana et al., 2020).

Purity (%) = "N« 100 (Eq. 3.3)

Where nnHa-n is the molar ratio of N in the product. The theoretical molar ratio of N
is 5.7 for struvite (H. Huang et al., 2006).

Calibration for AAS measurement

Before each measurement, calibration is performed in AAS analysis. Mg?* standards
were prepared as concentrations 0.1, 0.5, 1.0, and 1.5 mg Mg?* /L. As calibration
blank, deionized water was used. An example of a calibration curve is given in Figure
3.21.
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CHAPTER 4

RESULTS AND DISCUSSION

41  AD-MEC

4.1.1 Set 1. Cattle Manure Fed AD-MEC Using Graphite — Graphite
Electrodes

4111 Biofilm Formation

After the inoculation of the cathode chamber, cathode biofilm was formed with 4
cycles. A new cycle started when the daily increase in methane production dropped
below 10%. 100 mM PBS medium was used for biofilm formation (Baek et al., 2017;
Siegert, Li, etal., 2014). CH4 production during biocathode development is given in
Figure 4.1. Maximum CHa production was observed during Cycle 1 since 10%
inoculum was present at that cycle. As the operation continued, CHs production
stabilized at around 12 mL at the end of 47 days. Baek et al. (2017) investigated the
development of biocathode with a similar configuration under -0.9 V vs. Ag/AgCI
cathode potential during repeated cycles. To contrast to this study, CH4 production
in the first cycle was low compared to the following cycles. Reported CH4 production
rate was 46.2 — 384.3 mmol/m?.d. In this study, the CHs production rate was 26
mmol/m?.d which is lower than the reported rate. This deficiency may result from
the differences in reactor configuration such as electrode and wire material, and
inoculum. Biofilm formation was also confirmed with CV analysis as shown in
Figure 4.2. At t=0, there was no reduction peak. After the first cycle, the reduction

peak was clear indicating biofilm formation on the cathode surface.
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Figure 4.1. The cumulative CH4 production during Set 1 cathode biofilm formation
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Figure 4.2. CV analysis of cathode during Set 1 biofilm formation

Anode biofilm formation was monitored by current production (Figure 4.3). Current
generation at +0.4 and +0.2 V anode potential was not observed (data is not shown).
The current was seen after switching the anode voltage to 0 V. Maximum current
density was 0.63 + 0.1 A/m? during biofilm formation. Cycle time was decreased
during the operation to 2 days. Anode biofilm formation (18 days) was shorter than
cathode biofilm formation (47 days) and this is expected because exoelectrogens on
the anode grow at a faster rate than methanogens on the cathode. Biofilm formation
via electrochemical activity on the anode was also monitored with CV (Figure 4.4).
The oxidation reaction was observed on the anode which results from the attachment

of exoelectrogenic bacteria to the surface of the anode.
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Figure 4.4. CV analysis of anode during Set 1 biofilm formation

4.1.1.2  Current Uptake

After biofilm formation, AD-MEC operation was started with 100 mM PBS media.
Buffer solutions, mostly phosphate buffer saline, have been used in microbial fuel
cell (MFC) and MEC systems to provide pH balance, high conductivity, and
reduction in solution resistance (Ahn & Logan, 2013; F. Guo et al., 2021; Liang et
al., 2015). The current and methane production data with 100 mM PBS is given in
Appendix C. Significant inhibition was observed during operation. It was reported
that high PBS concentrations containing PO4-P may inhibit the AD process (Carliell-
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Marquet & Wheatley, 2002; Mancipe-Jiménez et al., 2017; R. Wang et al., 2015).
Especially, rate of the process may be affected severely. Therefore, the AD-MEC

operation was restarted with no-PBS media.

Current uptake was monitored during 102 days of AD-MEC operation as seen in
Figure 4.5. Replicates of the reactors are given in Appendix D. All current data
reported as negative indicating cathodic current. Bioelectrode reactors had a
maximum current density of -0.17 + 0.11 A/m? and an average current density of -
0.09 + 0.07 A/m?. The absence of PBS may have no effect on the current flowing
through bioelectrode reactors since they were already colonized by biofilm at the
beginning of this test. However, the current uptake in bare electrode reactors during
Cycle 1 was almost zero (-0.0026 + 0.002 A/m? average current density). It implies
that biofilm could not develop on electrodes without PBS. The current was very low
since there was no electron transfer. In the absence of PBS, low conductivity in the
reactor and high internal resistance due to suspended sludge may limit electron
transfer (Ahn & Logan, 2013). For example, in another work it is reported that the
maximum power density was improved by 45% when the phosphate buffer
concentration was increased from 50 to 100 mM, indicating enhanced electron
transfer (Fan et al., 2007).
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Figure 4.5. Current density during AD-MEC operation
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Therefore, in the second cycle, electrolytes were added to the media to increase
conductivity. Bicarbonate and NaCl addition was selected as electrolytes since
several studies reported that they may substitute PBS (Ahn & Logan, 2013; Ambler
& Logan, 2011; F. Guo et al., 2021). The conductivity of this new 5 mM PBS
medium (2.6 mS/cm) was adjusted to be close to 100 mM PBS media (4.4 mS/cm)
without any inhibition. When media was switched, bare electrode reactors started
current uptake with a maximum current density of -0.15 + 0.1 A/m? and an average
current density of -0.04 + 0.03 A/m? under the same cathode potential of -0.9 V vs.
Ag/AgCI. During Cycle 2, as biofilm formed, the current uptake of bare electrode
reactors had an increasing trend. Bioelectrode reactors had -0.09 + 0.02 A/m?
maximum-current density and -0.03 + 0.03 A/m? average current density. After the
media switch, which was adequate conditions for bare electrode biofilm growth, both
reactors had matching current densities, showing that bioelectrode reactors had no

benefit over bare electrode reactors in terms of current uptake.

When cathode potential increased to -1 V with 5 mM PBS media, current density
increased significantly for the bare electrode (-2.25 A/m? maximum current density)
and bioelectrode (-2.26 A/m? maximum current density) reactors compared to
previous cycles. Bioelectrode and bare electrode reactors had comparable current
uptake among operations of Cycle 3 like Cycle 2. Bioelectrode (-0.63 A/m?) and bare
electrode (-0.59 A/m?) reactors both had similar average current densities. Few
studies investigated applied cathode potential on AD-MEC systems (Cerrillo et al.,
2018; Cristiani et al., 2021; W. Liu et al., 2016). Moreover, the current should be
normalized to the surface of electrodes or reactor volume to compare data from
different studies. Liu et al. (D. Liu et al., 2016) reported -10 mA/m?3 current density
at 10°C under -0.9 V cathode potential, which is lower than the current densities
recorded in our study (30 — 3846 mA/m? during Cycle 1 and Cycle 2 at -0.9 V
cathode potential). These deviations could result from differences in feed, operation

temperature, reactor volume to electrode surface area, and electrode material.
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4.1.1.3  Methane and Hydrogen Production

VS normalized cumulative CHa4 productions are given in Figure 4.6. Net CH4 yields
are presented in Figure 4.7.
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Figure 4.6. Cumulative A) CH4 and B) H2 production during 3 fed-batch cycles of
Set 1 (cycle 1: no-PBS at -0.9 V, cycle 2: 5 mM PBS media at -0.9 V and cycle 3: 5
mM PBS media at -1 V) (Error bars represent standard deviations of triplicate

reactors. The error bars may be smaller than the symbols)

In the first cycle, cumulative CH4 production of Conv. AD was 257 + 4, 205 + 3, and
239 + 2 mL CHa/g VS for Cycles 1, 2, and 3, respectively. In each cycle, control
reactors were set to compare AD-MEC implementation. This is because even
conventional AD yields show variations from cycle to cycle depending on the media
and the inoculum.
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Figure 4.7. Net CHa yield of the reactors in Set 1

There is a decrease in the net methane yield of Conv AD in both Cycle 2 and Cycle
3 in comparison to Cycle 1 (Figure 4.7). This is due to the change of medium to 5
mM PBS, which had an inhibitory effect of 20% in Cycle 2 and 7% in Cycle 3.
However, as described in the current uptake part, a conductive buffer medium is
needed for biofilm formation during AD-MEC operation. When electrodes were
introduced to the system without voltage application as in OC controls, CH4 yield
was increased by 5% in Cycle 1, 1% in Cycle 2, and 6% in Cycle 3. There are
contradictory results in the literature and others reported that the implementation of
electrodes can greatly improve CHa4 production without the use of voltage (Baek,
Kim, et al., 2021; Baek, Saikaly, et al., 2021). However, the surface area of the
electrodes in this study was smaller than in other studies, thus enhancement due to
surface area was not significant in this study. Nevertheless, it makes more sense to
evaluate the exact mechanisms involved in the enhancement of the AD-MEC system
by comparing AD-MEC reactors to OC for CHa4 yield.

In cycle 1, biofilm on electrodes of the bare electrode could not develop due to no-
PBS media; thus, CHa yields of bare electrode reactors (279 £ 9 mL CHa4/g VS) were
similar to the yields of OC controls (270 £ 12 mL CHa4/g VS). Bioelectrode reactors
promoted CHa production by 10% compared to OC in Cycle 1. When media changed
to 5 mM PBS in Cycle 2, bioelectrode and bare electrode reactors had nearly equal
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CHy yields as 222 £ 9 mL CHa/g VS and 227 + 3 mL CHa/g VS, respectively. 8 —
10% enhancement was observed between AD-MEC reactors and OC reactors. This
was similar to Cycle 1 indicating that independent of media usage, enhancement of
methane production via the use of AD-MEC over conventional AD was limited
under -0.9 V cathode potential. Therefore, in the third cycle, -1 V cathode potential
was applied. Enhancement of CHa yields of bioelectrode (as 384 mL CHa/g VS) and
bare electrode (366 + 3 mL CHa/g VS) were 52% and 45% compared to OC,
respectively. Moreover, voltage change from -0.9 V to -1 V increased CHa4 yield over
73% for bioelectrode and 61% for bare electrode compared to Cycle 2 bioelectrode
and bare electrode reactors (Cycle 2 vs. Cycle 3). Similarly, Liu et al. (D. Liu et al.,
2017) observed enhancement in CHs production with the increase of cathode
potential from -0.8 V to -1.1 V and -1.3 V in MECs with graphite felt cathode.
Comparing bare electrode and bioelectrode at Cycle 2, pre-biofilm formation did not
have a significant improvement in CHs yield. When cathode potential increased to -
1V, the bioelectrode reactor showed only a 5% increase over the bare electrode
reactor, which was not significant, indicating that bioelectrode usage does not offer
a significant advantage in terms of CHa yield compared to the bare electrode as a

start-up strategy.

In Set 1 Hz production was also monitored during operation. The normalized
cumulative Hz production of the reactors is given in Figure 4.6B. No Hz was detected
in the control reactors. Under -0.9 V cathode potential, H2 was not detected in AD-
MEC reactors during Cycle 1 and Cycle 2. Although H2 evolution on cathode may
occur, H2 may have been utilized simultaneously by hydrogenotrophic methanogens
or homoacetogens (Q. Huang et al., 2020; Sasaki et al., 2013). Yet, Hz production
was recorded at -1 V cathode potential in AD-MEC reactors. Oxygen was not
detected in the biogas for any of the reactors. It indicates that water electrolysis did
not occur under these conditions. Maximum H: yield was 52 mL H2/g VS and 33
mL H2/g VS for bioelectrode and bare electrode, respectively in the first 2 days of
cycle 3. H2 was consumed after two days; however, after 7 days of operation, Hz

production increased again. It implies that H2 production was faster than

96



consumption. Few studies reported Hz production during AD-MEC operation (X.
Guo et al., 2013; Hassanein et al., 2020; Hou et al., 2020). Guo et al. (X. Guo et al.,
2013) observed 8 mL maximum Hz production at 4 days of operation under 1.8 V
applied voltage. Similar to this study, 1.4 and 1.8 V applied voltages resulted ina 1.7
— 5.2 times increase in hydrogen generation compared to control with no voltage
application. (X. Guo et al., 2013). However, Hz production was low compared to this
study. These variations might result from differences in the microbial communities,
MEC configuration, applied voltage, and substrates for Hz production. Hassanein et
al. (2020) investigated H2 and CH4 production from dairy manure in AD-MEC
systems at an applied voltage of 1.2 V. Maximum H2 production was reported as
0.16 m® Ha/m%/d. In this study, maximum Hz production was 0.24 m® Ha/m®/d for
bioelectrode and 0.15 m® Hz/m®d for bare electrode reactors, which is quite

comparable to the study of Hassanein et al. (2020).

4.1.1.4  Methane Production Kinetics and Organic Removal

The modified Gompertz equation was used to calculate the kinetic parameters of CH4
production. The parameters P, Rm, and were derived in relation to the comparison of
experimental data to model simulation of VS normalized cumulative CHa
production. Table 4.1 provides a summary of the parameters of the CHas fitted
equation. The model and experimental plots are given in Appendix E. The correlation
coefficients (R?) were around 0.9922 — 0.9987 for all reactors, indicating a well—
fitted model.
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Table 4.1 Modified Gompertz kinetics of Set 1

VS Ps Rm"

Reactors removal  (mL CHalg (mL CHalg A R?
%) VS) Vs/d) (day)
- Conv AD 39.2+3 2502 17.8+0.1 1.23+£0.12 0.9961
©  Opencircuit ~ 344%1 264+9(6) 17.1+12() 119£007(3) 0.9943
S Bareelectrode 328%1 270+11(8) 189%0.7(6) 1.06+0.15(14) 0.9932
Bioelectrode 359+4 283+16(13) 20.9+1.1(17) 0.98+0.15(20) 0.9922
N Conv AD 2872 212+ 4 145+04 5.10+£0.61 0.9963
2 Open circuit 315+1 209+1(-) 141+£02(-) 3.73+£0.09 (26) 0.9987
L>)~ Bare electrode  29.6+1 227 £ 2 (3) 175+0.1(21) 3.44+0.52(33) 0.9975
Bioelectrode 358+5 227+9(3) 154+0.6(6) 4.85+0.51(5) 0.9979
- Conv AD 3061 231+2 13.8+0.2 6.15+0.62 0.9963
2 Open circuit 324+1 243+9(5) 149+0.3(8) 6.09+0.09(1) 0.9951
&  Bareelectrode 32.0 364 (63) 15.4 (12) 5.34 (13) 0.9983
Bioelectrode 31.8 382 (71) 15.6 (13) 4.40 (28) 0.9963

(P-: Maximum CHa yield potential as mL/g VS, Rm: Maximum CHa production rate as mL/g VS/d, A: Lag phase
as d, R% Coefficient of determination) and VS removal (%) of the reactors at 3 cycles

*
Numbers in parentheses are the percent increase in CHa4 production rate and percent decrease in lag time
compared to Conv AD in the respective cycles.

In Cycle 2 and Cycle 3, Conv AD reactors had similar CHs production rates (14.5 £
0.4 mL/g VS/d and 13.8 + 0.2 mL/g VS/d). However, the production rate in cycle 1
was higher (17.8 £ 0.1 mL/g VS/d) with no-PBS. These results are in agreement with
the yield data and indicate that 5 mM PBS medium may have negatively affected the
rate of methanogenesis during the AD process. On the other hand, Conv AD reactors
had different lag times in the three cycles of Set 1. This discrepancy may be due to
inoculum collection time (in relation to the activity of the inoculum), and operation
time difference. Therefore, enhancement in AD-MEC reactors was assessed
according to Conv AD in each respective cycle. OC reactors did not increase CHa in
Cycle 1 and Cycle 2. However, an 8% increase was observed with OC reactors in
Cycle 3. In contrast, the lag time of OC reactors was unaffected in Cycle 1 and Cycle
3 relative to Conv AD, while a 26% decrease was observed in Cycle 2. Therefore,
adding electrodes to AD systems without applying voltage might not be efficient.
Bioelectrode reactors increased production rate by 17% and 6% and decreased lag
time by 20% and 5% in Cycle 1 and Cycle 2, respectively. Under -1 V, lag time

decreased by 28% with the bioelectrode operation.
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In the case of the bare electrode, performance was slightly impacted than that of the
bioelectrode because biofilm and current were seen to be low in the first cycle.
However, bare electrode usage increased the production rate by 21% and decreased
lag time by 33% in Cycle 2, which was higher than the performance of bioelectrode
reactors. Although CHas yields were nearly the same, rate and lag time were
advantageous for bare electrode. The electroactive bacteria were well enriched and
adapted in the reactor, as evidenced by the shortened lag time (An et al., 2020).
Moreover, in Cycle 3 at -1 V cathode potential, the bare electrode showed a 12%
increase in rate and a 13% decrease in lag time. Bioelectrode had a 13% increase in
rate and a 28% decrease in lag time. At -1 V, Bioelectrode was more advantageous
in terms of lag time. According to CH4 production kinetics, the most beneficial start-
up strategy is bare electrode usage under -0.9 V cathode potential due to the highest

enhancement compared to Conv AD.

VS removal of the reactors in three cycles is also summarized in Table 4.1. 29.9 —
39.1% VS removal was observed in this Set. Among the reactors, there was no
significant difference in organic removal. The complex and naturally polymeric
cattle manure is made up of both soluble and insoluble organic compounds, including
polysaccharides, lipids, and proteins (Nasir et al., 2012). The complex structure of
these recalcitrant components of cattle manure (cellulose, hemicellulose, and lignin)
may hinder the hydrolysis of cattle manure in AD (Y. Li et al., 2021; Nasir et al.,
2012). Especially, lignin may only be degraded to a limited degree (Alvarez & Lidén,
2009). Similar VS removal efficiencies in the range of 28.2 - 37.1 were observed by
Moset et al. (2015) with dairy cattle manure-fed reactors. Due to the composition of
cattle manure, low VS removal compared to other substrates such as WAS were
observed (Q. Huang et al., 2020; Zakaria & Dhar, 2019). The study measured only
the organic removal at the end of the operation, and the results showed no significant
difference in the ultimate VS removal between AD-MEC and conv. AD reactors. It
is important to note that while AD-MEC operation may not impact the ultimate VS
removal, it can potentially enhance the rate of organic decomposition. This increase

in decomposition rate could, in turn, affect the rate of methane production.
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4115  Cyclic Voltammetry

The objective of CV was to analyze the electroactivity of the biofilm on the
electrodes and how it altered under varied media and cathode potential. CV of anode
and cathode at the start-up of AD-MEC and end of operation of three cycles are given
in Figure 4.8. At the start-up (t=0), bioelectrode reactors had an oxidation peak in
the anode CV and a reduction peak in the cathode CV indicating pre-biofilm
formation (Figure 4.8A and Figure 4.8C). On the other hand, bare electrode reactors
had zero peaks (Figure 4.8B and Figure 4.8D). In cycle 1 with no PBS, similar to
current uptake data, bioelectrode continued to have electroactivity on electrodes.
However, the Bare electrode reactor had similar CVs to bare electrodes at t=0,
especially for the anode. It implies that there was no activity on the electrodes of bare
electrode reactors with no-PBS media. Liang et al. (2015) showed that the bioanode
of MECs with lower phosphate concentrations was not as electrochemically active
as those with higher amounts, demonstrating that phosphate content is an important
determinant in MEC performance. With 5 mM PBS media, biofilm formation, and
activity were observed on the electrodes. Midpoint cathode potentials of
bioelectrodes reactors were -0.46 V, -0.59 V, -0.5 V, and -0.4 V vs. Ag/AgCl for t=0,
Cycles 1, 2, and 3, respectively. In the case of bare electrode, cathode midpoint
potentials were -0.47 V for Cycle 2 and -0.4 V for cycle 3. Direct electron transfer
might take place since midpoint potentials were close to -0.55 V (Fu et al., 2015).
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Figure 4.8. CV of A) anode of bioelectrode, B) anode of bare electrode, C) cathode
of bioelectrode, and D) cathode of bare electrode AD-MEC reactors at the end of
biofilm formation (t=0), Cycle 1, Cycle 2, and Cycle 3

4116 Archaeal Communities

The samples were collected as described in Chapter 3.1.7. Genus level archaeal
communities of electrodes of bioelectrode, bare electrode, and OC and suspended of
Conv. AD reactors are given in Figure 4.9. Methanosaeta (64%) in suspended of
Conv AD and (100%) on OC electrodes, Methanobrevibacter (61%) in the anode of
the bare electrode, Methanocorpusculum (71%) on the anode of bioelectrode and
(55%) cathode of bare electrode and Methanoculleus (54%) in cathode of
bioelectrode genus were dominant. The microbial community of Conv. AD and OC
electrodes were similar to each other with Methanosaeta, an acetoclastic
methanogen that can utilize only acetate, dominancy. Methanosaeta is known for its

ability to accept electrons from a syntrophic partner or conductive materials
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performing direct interspecies electron transfer (DIET) (Cai, Liu, et al., 2016; J. H.
Park et al., 2018). Thus, DIET might be performed on the surface of OC electrodes.
Overall, acetoclastic methane generation may be the primary path for methane

production in control reactors.
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Figure 4.9. Set 1 - Relative abundance of archaeal communities at the genus level
(The relative abundance of genus less than 3% of total composition was defined as

others.)

In contrast, hydrogenotrophic methanogens, (Methanocorpusculum,
Methanoculleus, Methanobacterium, and Methanobrevibacter) were dominant in
AD-MEC reactors. Due to abiotic Hz evolution on the cathode, hydrogenotrophic
methanogens may be favored by applying voltage. It indicates that indirect transfer
had a major role in AD-MEC operation rather than direct electron transfer (Sun et
al., 2015). Similar observations were reported in a number of AD-MEC studies (Y.
Lietal., 2016; Siegert et al., 2015; Siegert, Yates, et al., 2014; Z. Zhao et al., 2014).
Moreover, hydrogenotrophic methanogens are less susceptible to unfavorable
metabolic conditions, higher salt concentration or phosphate concentration may
favor their growth in AD-MEC systems over acetoclastic ones (Florentino et al.,
2019; D. Liu et al., 2016). Comparing the cathode biofilms of Bare electrode and
Bioelectrode reactors, it was found that many of the methanogens were in the same
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genus. The major difference was Methanocorpusculum and Methanoculleus
dominancy in the cathode of bare electrode and bioelectrode, respectively. Lackner
etal. (2020) showed that Methanoculleus was the dominant specie among phosphate-
buffered samples. Moreover, Ghaderikia et al. (2023) reported that the first settlers
resist the biofilm. It implies that the primary microbial community will remain on
the electrodes and biofilm will not reshape entirely once the feed is changed.
Considering these two studies, the use of 100 mM PBS during the biofilm
development on the bioelectrode reactors was shown to be the explanation for the
abundance of Methanoculleus over Methanocorpusculum between the cathodes of

the bioelectrode and bare electrode.

When the anodes of AD-MEC reactors were compared, different hydrogenotrophic
methanogens were observed. The anode of Bare electrode reactors was dominated
by Methanobrevibacter. On the other hand, Methanocorpusculum was the dominant
species in Bioelectrode reactors. Clearly, the archaeal communities in the
Bioelectrode and Bare electrode reactors differed significantly. The alteration of
environmental factors (controlled vs. uncontrolled environment) and media
composition during biofilm formation and operation of the AD-MEC had a
substantial impact on the archaeal community structure. Interestingly, despite these
distinctions, there was not a significant difference in methane production between
the two reactors. This indicates that methane production is not dependent solely on
a single species, but rather on the synergistic interactions between multiple species.
In addition, it is essential to observe that the operational conditions of the reactor
systems played a significant role in shaping the microbial communities. Overall,
these results emphasize the complexity of microbial interactions and the need to
optimize methane production processes by considering environmental factors and

operational conditions.
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41.1.7 Bacterial Communities

Phylum-level bacterial communities of DNA collected from bioelectrode, bare
electrode, and OC and suspended in Conv AD reactors are given in Figure 4.10A.
Genus-level bacterial communities of the reactors are given in Figure 4.10B. It is
interesting to note that the bacterial communities of the OC (open circuit), the anode
of the bare electrode, and the anode of the bioelectrode were remarkably similar.
Similarly, the cathode of the bioelectrode and the bare electrode showed similarities
in their microbial communities as well. This similarity between microbial
communities suggests that both the bare electrode and the bioelectrode supported the
development and establishment of comparable bacterial populations. Thus, the
bacterial community is not selective with respect to environmental conditions

(controlled or uncontrolled) compared to the archaeal community.

Firmicutes was abundant phylum (13-50%) in all of the reactors. In the majority of
manure digesters or co-digesters containing mixed substrates, Firmicutes
predominates similar to this study (J. Li et al., 2015; F. H. Liu et al., 2009; St-Pierre
& Wright, 2014). Bacteroidota (synonym Bacteroidetes) was another abundant
phylum among 26% in suspended of Conv AD, 17% on electrodes of OC, 21% on
the anode of the bare electrode, 18% on the anode of bioelectrode, 7% on the cathode
of the bare electrode and 3% on the cathode of bioelectrode. Bacteroidota is a
potential exoelectrogen that might interact with methanogens to enhance the
performance of MEC by transferring electrons through the metabolism of organic
substrates (H. J. Kang et al., 2021; S. Xu et al., 2015). Another dominant phylum
was Proteobacteria 18% on electrodes of OC, 15% on the anode of bare electrode,
15% on the anode of bioelectrode, and 38% on the cathode of bioelectrode.
Numerous bacteria that can give electrons outside of the cell are classified under
Proteobacteria (L. Zhao et al., 2021). The bacterial populations at the phylum level
were comparable between reactors and with several studies (Cerrillo et al., 2018; Lei
et al., 2016; L. Zhao et al., 2021). Thus, biofilm formation on the anode was not

selective in terms of the bacterial community. On the other hand, the dominant
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phylum on the cathode of bioelectrode was Desulfobacterota which can use the
extracellular electron transfer pathway (Ward et al., 2020). These results showed that
exoelectrogens were abundant on electrodes of AD-MEC systems with a syntrophic

relationship with methanogens performing DIET.
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Figure 4.10. Set 1 - Relative abundance of bacterial communities A) at the phylum

level, B) at the genus level
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(The relative abundance of genus less than 3% of total composition was defined as

others.) (“U_” means uncultured.)

The dominant genus in the reactors was Bacterioidete (7%) in suspended Conv AD,
Lactobacillus (18%) on electrodes of OC, (15%) anode of the bare electrode, and
(19%) anode of bioelectrode, Tepidiphilus (21%) on the cathode of the bare
electrode, and uncultured Thermodesulfovibrionia (27%) on the cathode of
bioelectrode.  Sulfate-reducing  bacteria  (SBR)  (Thermodesulfovibrionia,
Desulfovibrio, and Desulfomicrobium) were dominant on the cathode of the AD-
MEC reactors. These hydrogen-utilizing SRBs require acetate and CO2 as carbon
sources (Rabus et al., 2015; Umezawa et al., 2021). To date, sulfate reduction in
biocathodes using hydrogen as the electron transfer mediator has been reported
(Cordas et al., 2008). However, Su et al. (2012) showed that without electron shuttles
or hydrogen production, sulfate-reducing biofilms are able to receive electrons
directly from electrodes. Thus, as electroactive methanogens, SBR may be colonized
on the cathode to receive electrons from the cathode surface or use hydrogen
produced from cathode surface as electron shuffle (Yuan et al., 2020). SRB and
methanogens use the same electron donor substrates and direct electrons from
cathode (Hu et al., 2015). The utilization of acetate by SRB is thermodynamically
more favorable than that by methanogens in terms of the standard Gibbs free energy
(Muyzer & Stams, 2008). Due to their overlapping metabolic pathways and
preferences for similar environmental conditions, SRB and methanogens could
potentially compete in this research. The competition between these microbial
groups can influence the overall AD and the production of methane, with the
dominance of either SRB or methanogens influencing the distribution of electron
flow and the composition of the final biogas. Yuan et al. (2020) showed that MEC
enhanced the availability of substrates for anaerobic digestion, thereby increasing
CHa production in the AD-MEC system under high-strength sulfate conditions.
Similarly, AD-MEC may provide sufficient substrates to SRB and methanogens in

this study.

106



4.1.2 Set 2: Cattle Manure Fed AD-MEC Using Graphite — Stainless Steel
Electrodes

4121 Biofilm Formation

Biofilm on the cathode was formed during 4 fed-batch cycles for 57 days. A new
cycle started when the daily increase in methane production dropped below 10%.
Cumulative CHa4 production is given in Figure 4.11A. The highest CH4 production
was observed in the third cycle with 28.9 mL. Inoculum decreased gradually among
cycles. At the fourth cycle, no catholyte was left in the reactors as inoculum. At cycle
4, the bulk solution was composed of only media. Since no inoculum was added to
the cathode chamber, CH4 was produced only from methanogens on the cathode
surface. This suggests that the biofilm grew successfully on the SS cathode.
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Figure 4.11. A) CHas production, and B) Hz production during cathode biofilm
formation in Set 2
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In addition to CHa4, H2 was observed during the first cycle of biofilm formation.
Cumulative Hz during cathode biofilm formation is given in Figure 4.11B. However,
when graphite was used as a cathode in Set 1, H2 was not detected at the same
cathode potential. Similarly, Siegert et al. (2014) observed that SS cathode produced
abiotic Hz2 while H2 was not produced with graphite block at -0.8 V vs. Ag/AgCl
cathode potential. The highest H2 was observed on day 2 with 17.8 mL. Then, Hz is
utilized by hydrogenotrophic methanogens. At other cycles, H2 was not detected,
indicating that any H2 that is produced may have been simultaneously utilized by

methanogens.

Compared to graphite cathode (Set 1), CH4 production was higher in Cycle 2 and 3
with SS mesh cathode (Set 2). Due to increase hydrogen production with the use of

SS mesh, hydrogenotrophic methane production may increase.

In addition to CH4 and H2 production, CV analysis was performed to monitor electro-
active biofilm formation. As seen in Figure 4.12, no peaks were observed in the CV
of bare SS. The peaks were observed in other cycles compared to bare SS, implying
biofilm formation on the surface. CV plots obtained with SS were different than with
graphite block electrodes. This difference may be due to the mesh-type electrode.
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Figure 4.12. CV analyses during cathode biofilm formation in Set 2

Simultaneous with cathode biofilm formation, anode biofilm was formed in single-
chamber MECs. The current density during anode biofilm formation is given in
Figure 4.13A. Biofilm formation took a total of 23 days corresponding to 3 cycles.
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The average peak current density was 0.678 + 0.083 A/cm?. The results were similar
to Set 1 since the same electrode material, graphite, was used as anode. The stable
current density was observed in Cycle 2 and Cycle 3. Observed current production
suggested that exoelectrogens formed biofilm on the anode surface. This was also
confirmed with CV analysis (Figure 4.13B). A distinctive oxidation peak was
observed compared to the bare graphite anode. This implies the abundance of

electro-active microorganisms on the anode surface.
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Figure 4.13. A) Current density graph, and B) CV analyses during anode biofilm
formation of Set 2
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41.2.2 Methane and Hydrogen Production

In AD-MEC operation, the reactors were operated in 3 cycles. The cathode potentials
of -0.9 V, -1V, and -0.95 V were applied in Cycle 1, Cycle 2, and Cycle 3,
respectively. During the 3 cycles, CH4 and H2 production were monitored (Figure
4.14). At a cathode voltage of -0.9 V (Cycle 1), CH4 productions of the Bioelectrode,
and Bare electrode were similar until day 16 (Figure 4.14A). Nevertheless, the Bare
electrode generated more CHa after day 16. Thus, prior biofilm growth did not affect
CHa generation at -0.9 V potential. After 10 days, AD-MEC reactors began to

surpass Conv. AD and OC controls.

As seen in Figure 4.14, applying a cathode potential of -1 V in Cycle 2 inhibited CH4
production in voltage-applied reactors. Therefore, the CH4 production in the AD-
MEC was lower than in control reactors. Thus, the second cycle was operated for
only 9 days due to the inhibition (Figure 4.14B). It has been reported in the literature
that high Hz partial pressure can inhibit methanogens (Deublein & Steinhauser,
2011). In the reactors, the H2 partial pressure was calculated as given in Appendix
F. The Hz partial pressure was approximately 0.57 atm, which is exceedingly high
compared to inhibitory levels (partial pressure >10~* atm) inhibits (Kutlar et al.,
2022). This effect was not observed at -1 V cathode potential in Set 1 with graphite-
graphite electrodes. The difference between the two sets was the cathode material,
and the use of SS mesh as cathode increased Hz production as expected (Ambler &
Logan, 2011). Cycle 3 was operated by applying -0.95 V. As previously described
in the experimental design, AD-MEC reactors of Set 2 were also operated with new
bare electrodes starting from the second and third cycles. However, it seems that CH4
production is very limited in New_Bare electrode reactors at -1 V. With higher
cathode potentials, it might be challenging for biofilm to develop due to abiotic Hz

production on the cathode surface.
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Figure 4.14. Cumulative A) CHas and B) Hz production during AD-MEC operation
in Set 3

In the 3rd cycle (-0.95 V cathode potential), the reactor with Bare electrode showed
lower CH4 production than the Bioelectrode reactors. After day 6, this difference
increased gradually. New_Bare electrode reactors showed significantly lower
performances than other reactors. After 30 days, the methane production was higher

than control reactors. However, overall performance was lower than the other two
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AD-MEC reactors (Bioelectrode and Bare electrode); since it could not catch up
despite the long operating time (36 days). This may be due to inadequate biofilm
colonization on the electrode surface, resulting in comparatively high Hz generation
(Figure 4.14B). Thus, no significant H2 was observed in those reactors, except the
New Bare electrode reactors. This suggests that hydrogenotrophic methanogens can
consume H: that is produced abiotically on the cathode surface. In addition, Conv.
AD and OC controls produced comparable amounts of CH4 during each cycle.
Consequently, adding electrodes without applying voltage had no effect on CHa
generation. Although several studies have demonstrated that OC reactors may
outperform AD-MEC reactors, the electrode surface area is a significant variable that
may make a difference (Baek, Kim, et al., 2021; Baek, Saikaly, et al., 2021).
Increasing the surface area further may alter the performance of OC compared to
Conv. AD and AD-MEC reactors.

Although bare electrode reactors exhibited a higher yield at -0.9 V cathode potential,
bioelectrode reactors produced significantly more CHa than bare electrode reactors
at -0.95 V cathode potential. Although H2 generation increases as the cathode
potential rises, bioelectrode was used to simultaneously utilize the Hz; hence, no Hz
was observed at -0.95 V cathode potential. Nevertheless, Bare electrode reactors
were unable to use the entire H2 and produced less CH4 than Bioelectrode. The

abundance of hydrogenotrophic methanogens might be the explanation for this.

CHa yields provide a more straightforward comparison of the reactors' performance
(Figure 4.15). The highest CH4 was observed by the Bioelectrode reactors at — 0.95
V cathode potential (454 £ 13 mL CH4/g VS). Compared to Conv. AD (222 £ 5 mL
CHoa/g VS) reactors, there is an increase of 105%. It is followed by the Bare electrode
at — 0.9 V cathode potential and the Bare electrode at — 0.95 V cathode potential.
Although these reactors produced the same quantity of CHas in both cycles (Bare
electrode at — 0.9 V: 336 £ 4 mL CH4/g VS and Bare electrode at — 0.95 V: 335+ 6
mL CHa/g VS), they did so at varying rates. Moreover, the CH4 production increased
by 51% compared to the Conv. AD reactors. Bioelectrode reactors at -0.9 V cathode
potential (305 = 11 mL CHa/g VS) increased CH4 production by 37% compared to
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Conv. AD reactors. OC reactors (233 = 4 mL CHa/g VS) increased CHs yield by 5%
compared to Conv. AD. The increased surface area due to the electrodes did not
cause a significant increase unless voltage was applied. The increase between the
OC and AD-MEC reactors proved that the AD-MEC system works efficiently.
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Figure 4.15. Net CH4 yield of the reactors in Set 2

4.1.2.3  Current Uptake

During AD-MEC operation current uptake was monitored as seen in Figure 4.16.
Replicates of the reactors are given in Appendix G. At cathode potential -0.9 V,
Bioelectrode and Bare electrode reactors showed very similar current densities with
averages of -0.58 + 0.18 A/m? and -0.69 + 0.25 A/m?, respectively. The current
densities did not change significantly over time for 22 days of operation. After 22
days, the first cycle was completed, and fresh seed, substrate, and media were put in
the reactors. The cathode potential was increased to -1 V. The highest current density
was observed at -1 V cathode potential. At -1 V, a new pair of bare electrodes was
set at the start of the operation. The average current densities were -1.92 + 1.16 A/m?,
-2.7+ 1.1 A/m?, and -1.6 + 0.5 A/m? for Bioelectrode, Bare electrode and New_Bare

electrode, respectively. Also, during the 9 days of operation, current densities varied
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significantly. Although current uptake was the highest, CHs production was
significantly low compared to other cycles. As discussed by Liang et al. (2015), even
though greater applied voltage results in higher current, it is not advantageous for
preserving the exoelectrogenic bacterial population in the microbial community of
the bioanode. At the third cycle, the cathode potential was set - 0.95 V. The average
current densities for Bioelectrode, Bare electrode, and New_Bare electrode were -
0.69 + 0.19 A/m?, -1.27 + 0.46 A/m?, and -0.72 + 0.32 A/m?, respectively. The
findings show that current increases along with cathode potential. Choi et al. (Choi
et al., 2017) made comparable observations. As the cathode potential changed from
-0.7 V to -1.01 V, the current considerably increased. Yet, increasing the cathode

potential further decreases the current, which was not investigated in this study.
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Figure 4.16. Average current uptake graph during AD-MEC operation in Set 2

4.1.2.4  Methane Production Kinetics and Organic Removal

The cumulative CHa yield plots were fitted by the modified Gompertz model. Kinetic
parameter summaries are given in Table 4.2. The agreement between the model and
experimental data was evaluated by the coefficient of determination (R?) (Table 4.2)
and model fit (Appendix H). The closer the R? value is to 1, the greater the agreement

between the model and experimental data (Gurkok et al., 2011). R? values of all
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reactors are higher than 0.995. Since the -1 V cathode potential inhibited CHa
production, the kinetic data is not given for Cycle 2. In addition to the increase in
CHjs yield, the kinetics of CH4 production may affect the implementation of AD-
MEC systems compared to AD (Zakaria & Dhar, 2019). Thus, this implies that AD-

MEC may handle more waste and generate more CHs in less time.

Table 4.2 Kinetic parameters from the modified Gompertz model and VS removal
for Set 2

Reactors (mL CIF;OZ/g VS) (mL cniTg Vs/d) (dgy) R®

Conv AD 2285 17.2+1.0 1.7+£001 0.9983

Open circuit 245+5 (7 16.9+05() 1.9+0.02() 0.9982
> Bare electrode 394+11(73) 20.0+0.3(17) 2.6+0.25(-) 0.9983
g.' Bioelectrode 330+ 17 (45) 205+1.0(19) 2.0+0.12(-) 0.9988
~ New_Bare electrode 347 + 2 (52) 9.8£0.1() 54+0.01(-) 0.9950
& Bare electrode 334+16 (46) 158+05(-) 1.5+0.21(12) 0.9980
< Bioelectrode 477 +16 (109) 24.2+12(41) 2.8+0.06(-) 0.9980

2 Numbers in parentheses are the percent increase in CH4 production rate and percent decrease in lag
time compared to Conv AD in respective cycles.

It was observed that the Conv. AD and OC reactors had similar CH4 production rates.
In general, the AD-MEC systems increased the rate and did not decrease the reactor
start-up time. The highest CH4 production rate was observed for the Bioelectrode
reactors at -0.95 V cathode potential (24.2 mL CHa4/g VS/d). This rate was 41%
higher than Conv. AD reactors. On the other hand, the shortest lag time was observed
with Bare electrode reactors at -0.95 V with a 12% decrease with respect to Conv.
AD. For -0.9 V cathode potential, the CHa4 production Kinetics of Bioelectrode was
higher than Bare electrode. However, the overall CH4 production potential of the
Bare electrode was higher (73% higher than Conv. AD). This implies that biofilm
formation on bare electrodes may extend the start-up time of the reactor and limit the
CHya production rate. After biofilm formation, the performance of the Bare electrode

suppressed Bioelectrode reactors under -0.9 V cathode potential.
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In addition to CH4 production Kkinetics, organic removal is an important parameter to
evaluate the performance of degradation and CHa4 production. In Figure 4.17, VS
removal performances of the reactors are shown. Since at -1 V cathode potential,
inhibition was observed, the operation was stopped earlier. Thus, VS removal was
very low at this cathode potential. Other than Bioelectrode reactors at -0.95 V
cathode potential, other reactors had comparable VS removal performances.
Compared to Conv. AD reactors, the VS reduction in bioelectrode reactors was
48.5% greater in Cycle 3. AD-MEC systems speed up the organic removal rate and
degradation of VFA; hence CHs production increases (Z. Yu et al., 2018).
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Figure 4.17. VS removal of the reactors

4.1.25  Cyclic Voltammetry

CV analyses were done weekly, beginning at t=0 to monitor the electroactivity of
biofilm on electrodes and to explore its evolution over time. CV analyses for the
three cycles are shown in Figure 4.18 — Figure 4.20. As seen in Figure 4.18,
bioelectrode reactors had significant reduction and oxidation peaks at the initial CVs.
On the other hand, bare electrodes had no electroactivity. In the first week, oxidation
was observed for bare electrodes, implying the growth of electroactive biofilm
(Figure 4.18A). The oxidation peak increases with the second week and is almost the

same for the second and third weeks. Thus, exoelectrogens may require almost 15
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days for bare electrode. On the other hand, the anode CV of bioelectrode showed

relatively low peak oxidation compared to the initial (Figure 4.18B).
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Figure 4.18. CV of the reactors at -0.9 V cathode potential, A) anode of Bare

electrode, B) anode of Bioelectrode, C) cathode of Bare electrode, C) cathode of

Bioelectrode reactors in Set 2

For the cathode, the oxidation peak increased significantly in the first week. The

oxidation peak was found to be around -0.15 V, which is in the range of

exoelectrogens that catalyze the bio-oxidation of volatile organic acids, such as
Geobacter species (-0.46 V to 0 V) (Zhu et al., 2012). Moreover, the reduction peak

at-0.44V corresponded well with methanogenesis (Eo values for CO2— CHs4=-0.437
V vs. Ag/AgCl, and CO2—ethanol: —0.51 V vs. Ag/AgCI) (K. Guo et al., 2014; F.

Liu et al., 2012). When bare electrode and bioelectrode reactors were compared, the
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peak point for oxidation was almost 4 times higher in the case of the bare electrode
(Figure 4.18A and 4.18B). However, their shapes were significantly different. The
shape of the CV depends on thermodynamic, Kinetics, reversibility, and mass transfer
properties (H. Wang et al., 2020). The bioelectrode reactors displayed distinct anode
and cathode peaks, but the bare electrodes did not. Moreover, since the oxidation and
the reduction did not take place at one potential, reactions were possibly
quasireversible (H. Wang et al., 2020).

Due to inhibition at -1 V cathode potential, CV analyses are not given. In Cycle 3,
cathode potential was decreased to -0.95 V. Corresponding CV analyses are given in
Figure 4.19. When anode CV analyses were investigated, the highest oxidation point
was observed with the Bare electrode (Figure 4.19B). It was followed by
Bioelectrode and New_Bare electrode (Figure 4.19A and 4.19E). In the same way,
cathode CV plots showed the same result. Bioelectrode showed a clear reduction
peak (Figure 4.19F) since increased CHas generation may result from the high
electroactivity of methanogens on the cathode for Bioelectrode. Moreover, over
time, the New_Bare electrode exhibited a gradual increase in cathode reduction
peaks, which coincided with an increase in methane production (Figure 4.19C). The
peaks correspond well with exoelectrogens and methanogenesis (Figure 4.19A,
4.19B, and 4.19E).

As seen in Figure 4.19B, D, E, and F, CV plots of the first week were higher than
CV plots of the remaining weeks. Peaks became lower over time for Bare electrode
and Bioelectrode reactors. Bioelectrode formation and AD-MEC operation took 57
days and 71 days, respectively. This may cause maturation of the biofilm and a
decrease in the electroactivity of the biofilm (J. Kang et al., 2012). A study conducted
by J. Kang et al. (2012) showed that as the cell density increased, the current
decreased in the CV graphs. This could be attributed to the reduced effective surface
area of the electrodes due to bacterial cells covering a larger area, which interfered
with the electrochemical reactions (J. Kang et al., 2012). As the biofilm matured and
bacterial accumulation exponentially grew, the current of the colonized electrodes

decreased compared to the uncolonized electrodes (J. Kang et al., 2012).
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4.1.3 Set 3: WBS Fed AD-MEC Using Graphite — Graphite Electrodes

41.3.1 Biofilm Formation on GAC

Three concentrations (25, 35, and 45 g/L) were tested during biofilm formation on
GAC. In Test 1, bare GAC particles were amended to the reactors. CHs production
of the tests is given in Figure 4.20 and Figure 4.21. The graph shows that bare GACs
did not significantly increase CHa production (Figure 4.20). For these reasons, it was
chosen to employ biofilm-developed GAC (BioGAC) particles rather than GAC
without biofilm in AD-MEC operation. BioGACs were collected from the effluent
of Test 1 reactors. In order to decide on the best concentration of BioGAC to use in
the AD-MEC system, reactor operation was performed with the BioGAC as Test 2.
Cumulative CHa4 productions are given in Figure 4.21. BioGAC_35 and BioGAC_45
produced almost the same CH4 corresponding to a 9% increase compared to Conv.
AD.
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Figure 4.20. Cumulative CH4 production of the reactors during Test 1 (GAC)
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Figure 4.21. Cumulative CHa4 production of the reactors during Test 2 (BioGAC)

Upon analysis of the results, it was observed that BioGAC_35 and BioGAC_45
exhibited comparable outcomes. Nevertheless, the utilization of a higher
concentration of GAC entails increased process costs. Consequently, the
BioGAC_35 reactors were chosen for operation in the AD-MEC system, considering

the balance between performance and cost-effectiveness.

4132 Biofilm formation on Electrodes

The cathode biofilm was developed in four cycles, like the previous sets. A new
cycle started when the daily increase in methane production dropped below 10%.
Cumulative CHa production during 4 cycles is given in Figure 4.22. In the first two
cycles, CHa is produced at a similar rate. As the inoculum was reduced repeatedly
between cycles, the production of CH4 will decline due to a decrease in background
CHa production. In the fourth cycle, CH4 synthesis is only possible through the
cathode biofilm since no catholyte was left in the reactor. This demonstrates that the
cathode biofilm was formed successfully. To make sure that the biofilm on the

electrode surface was active, the fourth cycle was not completed.
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Figure 4.22. Cumulative CHa production during cathode biofilm development in
Set 3

Biofilm growth during each cycle was verified with CV analysis in addition to CH4
production. CV peaks of bare graphite and cathodes in each cycle were compared to
one another to investigate the electroactivity of the biofilm (Figure 4.23). The CV
graph of bare graphite did not exhibit a reduction peak. On the other hand, a clear
reduction peak was observed in Cycle 3 (Figure 4.23). Thus, cathodic biofilm was

successfully developed.
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Figure 4.23. CV during cathode biofilm development in Set 3

The anode biofilm on graphite was formed at the same time as the cathode biofilm.
The identical process as with the prior sets was used during anode biofilm formation.
The system received a new injection of acetate when the current decreased to 0.15
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A/m?. Eight cycles were completed to form a biofilm (Figure 4.24A). It is observed
that the current has decreased with time. The activity of the biofilm was confirmed
with CV analysis. At the end of the anodic biofilm formation, CV was performed.
The activity was observed with the clear oxidation peak in CV analysis (Figure
4.24B).
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Figure 4.24. A) Current generation (Arrows represent new acetate injection.), B)

CV during anode biofilm formation in Set 3

The generated bioelectrodes were then placed in AD-MEC single-chamber reactors.
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4.1.3.3  Methane and Hydrogen Production

The total net CH4 production is shown in Figure 4.25A. A cathode potential of -0.9
V and -1 V was applied during Cycle 1 and Cycle 2, respectively. The reactors
generally produced equal amounts of CH4 up until Day 12. The Bioel-BioGAC
reactors started to produce more CH4 than the other reactors after Day 12. Except for
Bioel-BioGAC, all reactors produced the same amount of CH4 on Day 23, at the end
of Cycle 1. Bare el reactors showed a delay from day 2 to 10. Since at the start of the
operation Bare el reactors had no biofilm, removed VS, and applied energy may be
used for biofilm formation rather than CHs production. Moreover, H2 was not

detected during -0.9 V cathode potential.
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Figure 4.25. Cumulative A) CHs, and B) Hz production of reactors in Set 3
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The cathode potential was raised to -1 V in Cycle 2. Due to significant Hz production
(Figure 4.25B), the AD-MEC reactors (Bare el, Bare el-BioGAC, Bioel-BioGAC)
produced less CH4 than the control reactors. At -1 V cathode potential, CH4
production was inhibited since a significant amount of Hz was created. A high H:
partial pressure has been linked to methanogen inhibition in the literature (Deublein
& Steinhauser, 2011). In the reactors, the Hz partial pressure was approximately 0.46
atm, which is exceedingly high compared to inhibitory levels (partial pressure >107*
atm) inhibits (Kutlar et al., 2022). The calculation of the Hz partial pressure was
given in Appendix F. Cattle manure set with graphite-graphite electrodes enhanced
CHas production at -1 V cathode potential; however, with WBS, this was not
observed. Thus, on day 8, inhibition was verified, and the set was stopped.

Additionally, the CHa yields of the reactors at -0.9 V cathode potential are given in
Figure 4.26. The highest CH4 yield was observed with Bioel-BioGAC reactors with
422 + 13 mL CHa/g VS. Similar CH4 yields were obtained in other reactors, with an
average of 366 £ 5 mL CHa/g VS. Implementation of AD-MEC integration with
bioelectrodes and BioGAC increased the CHs vyield by 16% compared to
conventional AD system. When pairs of reactors such as Conv AD and Conv.AD-
BioGAC, OC and OC-BioGAC, and Bare el and Bare el-BioGAC were compared,
it can be concluded that the sole addition of BioGAC was not sufficient to boost CHa
yield. Therefore, using both BioGAC and bioelectrodes had a synergistic effect on
CHys production with AD-MEC systems fed with WBS.
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Figure 4.26. Net CHa4 yield of the reactors at -0.9 V cathode potential in Set 3

4.1.3.4  Current Uptake

Figure 4.27 shows the current density graphs for the two cycles of Set 3. Replicates
of the reactors are given in Appendix I. The maximum current at -0.9 V cathode
potential is produced by Bioel-BioGAC, with a peak current density of 3 A/m?. The
Bare el-BioGAC reactors had a peak current of 0.34 A/m?, while the Bare el reactors
recorded 1.6 A/m?. The Bioel-BioGAC reactor's high current uptake and the excess
CH4 output may be related. The current in the Bare el reactors started to decrease
after the fifth day of operation. Following that, the current densities in the Bare el
and Bare el-BioGAC reactors were comparable. Compared to the first cycle, the
current in the second cycle is extremely high at -1 V cathode potential. Peak current
densities for Bare el, Bare el-BioGAC, and Bioel-BioGAC are -10.5 A/m?, -9.5
A/m?, and -4.4 A/Im?, respectively. The current density is shown to increase along
with the cathode voltage. Moreover, an increase in current density is seen as a result

of the increased H2 production. More current, however, implies more energy is used.

Time (days)
0 5 10 15 20 25 30 35

Current density (A/m?)

Bare el
-8 1 Bare el-BioGAC
1
—— Bioel-BioGAC 1
10 1 -0.9V !

Figure 4.27. Current uptake of the AD-MEC reactors during 2 cycles
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4.1.3.5  Methane Production Kinetics and Organic Removal

Modified Gompertz modeling was used to derive the kinetic parameters of the
methane production in the reactors. Only kinetic data of reactors at -0.9 V cathode
potential is given in Table 4.3 due to inhibition in Cycle 2. The model and

experimental plots are given in Appendix J.

Table 4.3 Kinetic parameters and VS removal of the Set 3 reactors at -0.9 V cathode

potential
VS P. Rm A
Reactors removal (mL CH.g (mL CH./g (day) R?
(%) V/S) V/S/d)
Conv.AD 19.8+3.6 351+10 459+11 0.5%£0.01 0.9953
Conv. AD-BioGAC 289+22 350+6(-) 46.0+0.1(-) 0.3+0.05(40) 0.9934
oc 147+19 358+4(2) 475+13(3) 05+005() 0.9959
OC-BioGAC 263+16 355+9(1) 46.7+04(2) 03+0.11(40) 0.9914
Bare el 148+36 358+12(2) 392+34()  13+048()  0.9905
Bare el-BioGAC 219+32 356+5(1) 50.8+05(11) 0.3+0.15(40) 0.9892
Bioel-BioGAC 218404 401+9(14) 423+13() 0 (100) 0.9718

The highest rate was observed in Bare el-BioGAC reactors with an 11% increase
compared to Conv. AD (50.8 £ 0.5 mL CH4/g VS/d). Although the methane yield of
Bare el-BioGAC did not differ with Conv. AD reactors, the rate of the process

increased with the use of Bare el-BioGAC.

It is clear that the Conv. AD reactors fed with WBS produce CH4 at a high rate
compared to cattle manure-fed reactors. BioGAC-added reactors decreased lag time
by 40% in all cases. Bioelectrode implementation caused even an absence of a lag
time. Thus, the BioGAC additive was the most significant factor when the reactor in
terms of the start-up time.

While other reactors had an average VS reduction of 16.4 £ 2.9%, BioGAC reactors
had a mean VS removal of 24.7 + 3.5%. VS removal of BioGAC reactors was
significantly high compared to the reactors without BioGAC. According to the

results, the main factor affecting VS removal is the presence of BioGAC.
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AD systems fed with WBS are already very effective compared to cattle manure-fed
AD systems. By applying AD-MEC integration on a system that was already
effective, possible improvements are limited. This improvement was made possible
by combining the AD-MEC and BioGAC options. The results showed that using
bioelectrodes together with BioGAC for WBS rather than bare electrodes had better
outcomes. By speeding up a start-up, increasing organic removal from the reactor
and CHs yield were successfully boosted. The production of CHs4 was also
significantly reduced by the high cathode potential. This needs to be taken into
account by WBS-fed systems.

4.1.3.6  Cyclic Voltammetry

In Figure 4.28, CV plots of the reactors are given. Since inhibition was observed
with a -1 V cathode potential, CV data was not given. When the initial CV of Bare
el and Bare el-BioGAC reactors were compared, BioGAC reactors had slight electro-
activity compared to Bare el reactors. The BioGAC particles may cause a difference

in CV because the cathode had contact with them.

In the first week, both anodic and cathodic peaks were observed. For cathode biofilm,
the reduction peaks of Bare el and Bare el BioGAC were around -0.7 V —-0.6 V vs.
Ag/AgCI. Similarly, the initial CV of Bioel-BioGAC showed a reduction peak
around these values. However, the reduction peaks of the following weeks were
around -0.3 V — -0.2 V vs. Ag/AgCIl. This shows the changing biofilm to
exoelectrogens like the Geobacter species that accelerate the bio-oxidation of
volatile organic acids (He et al., 2021).

Moreover, the presence of a biocatalyst able to transport electrons extracellularly to
the electrode was evidenced by the appearance of distinct oxidation peaks and
reduction peaks in the CV curves of anodic biofilms (Qin et al., 2021).
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F) cathode of Bioel-BioGAC at -0.9 V cathode potential in Set 3
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4.1.4 Comparison of AD-MEC Sets

The application of AD-MEC increased CH4 production compared to conventional
AD systems. CHas production and kinetics are unaffected by the addition of
electrodes to a system without the application of voltage (i.e., an increase in surface
area). This is confirmed by the inclusion of OC controls in each set. Additionally,
buffer media is essential for AD-MEC systems. Biofilm formation was not observed
in electrode reactors without PBS media. After the media was replaced with 5 mM
PBS, the formation of biofilm was monitored by current and CV. Therefore, AD-
MEC systems require a conductive medium for effective electron transfer. Overall,
bioelectrodes and bare electrodes demonstrated comparable efficacy, despite their
distinct microbial communities. Controlled biofilm formation did not result in a
significant improvement over the use of bare electrodes expect graphite-SS
bioelectrode AD-MEC fed with cattle manure at -0.95 V cathode potential which
produced the highest CHa. Since energy is required for the formation of biofilm on
bioelectrodes while increasing operational costs, it is suggested, to begin with bare
electrodes.

All CHg4 yield values obtained from this study are summarized in Table 4.4. Among
all reactors, graphite-SS bioelectrode AD-MEC fed with cattle manure at -0.95 V
cathode potential produced the highest CHa yield (454 £ 13 mL CHa/g VS). It was
followed by WBS-fed reactors. WBS shows better CH4 yield potential than cattle
manure and this is due to the different characteristics of these feedstocks. Control
reactors (OC and Conv. AD) fed by WBS are already quite efficient systems. Thus,
a further increase may not be feasible with AD-MEC integration. By combining
BioGAC and bioelectrodes, a 13% increase was accomplished. However, this limited
increase may not be feasible considering the increase in capital and operational costs.

Thus, cattle manure is a better option considering AD-MEC integration systems.

Obviously, to accomplish these CHa yields, the AD-MEC systems require a certain
amount of energy. In order to calculate energy consumption in AD-MEC systems, it

is necessary to measure the potential difference between the anode and cathode.
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However, this measurement could not be performed in this study due to technical
limitations. Nevertheless, because of the uneven distribution of applied potential
within a large electrode, controlling the working electrode potential is not a viable
option for commercial reactors, i.e., a potentiostat may not be used in the field.
Therefore, this study is preliminary research about AD-MEC systems investigating

different substrates, cathode potential, and start-up strategies.

Table 4.4 CHa yields from all data sets of this study

Sets Conditions Reactors Methane yield

(mL CH./g VS)
Conv. AD_noPBS 2574
5 No PBS OC_noPBS 270+ 12
= Bareel noPBS 279 + 10
o No PBS, -0.9V Bioel noPBS 207+ 4
S Conv. AD 2392
5 > MMPBS oC 253£2
o Bareel 5SmMPBS 227+3
g >MMPBS, 09V T Bicel smMPBS 222+9
&) Conv. AD 205+ 3
S °mMPBS ocC 207+ 1
B Bareel 5SmMPBS 366 + 3
n } _
SmMPBS, -1V Bioel 5mMPBS 384
Conv. AD 222 +5
2@ OMMPES oc 233+4
-
< (H i Bare electrode 336+4
© o SmMPBS-0.9V Bioelectrode 305+11
% 2 New Bare electrode 279+ 2
» & 5mMPBS-0.95V Bare electrode 335+6
Bioelectrode 454 + 13

) Conv. AD 364 +3
< Conv. AD-BioGAC 364 +3
0 > mMPBS oc 367 + 3
@ OC-BioGAC 371+7
? Bare el 360 £7
©  5mMPBS-09V Bareel-BioGAC 372+3
& Bioel-BioGAC 422 £13

Table 4.5 and Table 4.6 and Table 4.7 presents theoretical calculations based on the
produced current and the removal of VS for Set 1 (Cattle manure Gr-Gr), Set 2
(Cattle manure Gr-SS) and Set 3 (WBS-Gr-Gr), respectively. The calculations in the

tables are given in Chapter 3.1.5. These calculations provide an estimation of the
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expected outcomes in terms of various parameters. For Set 1 (Cattle manure Gr-Gr),
the absence of PBS resulted in low current and unreliable CCE. While the uptake of
current may not directly contribute to increased CHa production, its application
potentially facilitated the conversion of intermediate products into CHa. The current
application also influenced the suspended sludge in the reactors, may enable DIET
and fostering syntrophic relationships among microorganisms, leading to
enhancement. (Kutlar et al., 2022; Sanli, 2022) Moreover, the presence of electrodes
increased the surface area, could potentially promote a higher cell density of

methanogens and increased methanogenic activity.

In Set 1, the replicates of the bioelectrode and bare electrode showed variations, but
they both produced the same amount of CHs as the OC. This suggests a high
deviation in CCE. Interestingly, the Bare electrode generated more current, but this
increased current was not effectively converted into CHs production. On the other
hand, the Bioelectrode removed more VS compared to other reactors, indicating a
higher removal efficiency. However, despite this enhanced VS removal, the
conversion efficiency of the Bioelectrode reactor was similar to the expected or
theoretical values. For Cycle 1 and Cycle 2, COz levels were lower for Bioelectrode
reactors compared to other ones. The enhancement in CHs4 may be due to CO2

conversion to CHa.

Under a cathode potential of -1 V, the presence of Hz was detected. When calculating
CCE, H2 production was also taken into account. However, the current generated
was significantly higher compared to the amount of CH4 or H2 produced, resulting
in a low CCE. CCE calculation only considers use of electrons while production of
CHa or Hz, however, there may be other reduced products such as acetate or the
electrons may be used by other microorganisms rather than methanogenic
electrotrophs such as SRB. Therefore, lower than 100% CCE is reasonable.
Additionally, since H2 was consumed by other microorganisms, the reliability of
CCE calculations may be compromised. When investigating the conversion of VS to

CHa4, the AD-MEC demonstrated an increase in OCE. In some cases, the conversion
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efficiency was reported to be higher than 100%, which is attributed to rough
estimations made by taking the ratio of the initial VS to COD of cattle manure sample
fed to the reactors.

In Set 2 (Gr-SS Cattle manure), the CCE values were lower than 100%. This could
be attributed to the fact that SS may consume more energy due to corrosion.
Furthermore, the Bare electrode exhibited a higher CCE than the Bioelectrode in Set

1, resulting in a greater production of CH4 by the Bare electrode.

When using a cathode potential of -1 V in Cycle 2, if the current measured is
significantly higher than the amount of Hz produced, it could be attributed to factors
such as corrosion. Corrosion can lead to additional current flow due to the
degradation of electrode materials (Azri et al., 2023; Cristiani et al., 2021). These
factors can result in higher currents being observed compared to the actual H2
production. Due to inhibition in Cycle 2, OCE values were not calculated.

At a cathode potential of -0.95 V, the bioelectrode exhibited the highest CCE value
compared to the other electrodes. This higher CCE value is the main reason for the
increase in CHa yield observed in the Bioelectrode reactor. Additionally, VS to CHa
production in the Bioelectrode reactor was closer to the theoretical value, indicating
a more efficient conversion process. Moreover, the Bioelectrode reactors showed a
greater removal of VS, indicating a higher degradation of organic matter and
potentially contributing to the increased CH4 production.

Among Set 3 (Gr-Gr WBS), only the Bioel-BioGAC reactor produced more CHa
compared to the OC. Consequently, CCE was calculated only for this reactor. The
CCE of this reactor was lower than 100%.This indicates that some of the currents
might have been utilized for other electrochemical reactions or processes rather than

CHa production such as SRB activities.
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4.2  Struvite Precipitation

421 RSM for the Optimization of Struvite Crystallization Process

BBD was applied to optimize performance parameters to maximize the NH4-N, POs-
P, and Mg?* recovery. BBD provided 15 different experiments; within these, there
were 12 different designs and 3 repetitions of the center point. Second-order
regression equations related to the NH4-N recovery (NR) and PO4-P recovery (PR)
and Mg?* recovery (MR) are described as given in Eq. 4.1 — 4.3:

Ynr = -420 + 61.2 pH + 99.5 Mg:N + 158.7 P:N - 2.07 pH*pH - 25.11 Mg:N*Mg:N
- 26.55 P:N*P:N - 2.70 pH*Mg:N - 10.86 pH*P:N + 16.94 Mg:N*P:N
(Eq. 4.1)

Yer = -1451 + 339.0 pH - 37.0 Mg:N + 142.9 P:N - 19.24 pH*pH + 0.05
Mg:N*Mg:N - 38.55 P:N*P:N + 3.08 pH*Mg:N - 7.97 pH*P:N + 16.45 Mg:N*P:N
(Eq. 4.2)

Ymr = 1177 - 220.9 pH - 32.0 Mg:N - 142.2 P:N + 11.08 pH*pH - 6.86 Mg:N*Mg:N
- 10.21 P:N*P:N + 1.94 pH*Mg:N + 17.95 pH*P:N + 18.52 Mg:N*P:N
(Eq. 4.3)

Experimental results demonstrated that NHs-N recovery range between 78.45% +
0.53% and 96.89% + 0.64%. POs-P and Mg?* recovery range between 69.2% + 5.0%
—96.3% + 1.3% and 99.9% + 0.1% — 75.1% = 0.3%, respectively (Table 4.8). The
residual concentrations of the NH4*, PO+, and Mg?* corresponding to each run are
given in Table 4.8. The actual and predicted values plots showed significant
consistency (R? = 0.8404 for NR, R? = 0.8739 for PR, and R? = 0.9187 for MR)
(Figure 4.29). Further, as the R? value approaches 1.0, the model has a high
correlation (Gurkok et al., 2011). Obtained R? value here demonstrated that the
model fit the data with sufficient accuracy. Lower than 1.0 R? values, on the other
hand, may be due to the impurities present in the additives. Also, there was no

collinearity among variables (variable inflation factor (VIF) <10) (Appendix K)
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(Niuetal., 2019). Estimations of regression coefficients and results of statistical tests

are given in Appendix K.

Table 4.8 The Box-Behnken design, experimental and predicted results for the
NHa4-N recovery, residual POs-P concentration, and residual concentration of the
NH4*, PO4* and Mg?*

Factors Responses (%) Residual mM
. . NHas-N PO4+-P Mg?* + 3 -
Run pH Mg:N PN Recovery Recovery Recovery NH, PO, Mg

1 80 15 1.6 829+04 81.7+11 979 +03 171 303 3.2
2 90 15 1.6 85.3+0.4 845+30 999x01 152 26.9 0.07
3 80 23 1.6 96.6 £ 0.6 87.7+21 89.1+02 3.7 23.0 29.0
4 90 23 1.6 96.9+0.6 929+16 927x05 3.6 142 195
5 80 19 1.2 80.2+04 849+04 96.0+01 113 184 40.2
6 90 19 1.2 90.0+0.3 941+08 85904 532 8.1 3038
7 80 19 2 94.7+0.3 70.2+24 957+0.1 51 60.0 8.0
8 90 19 2 95.8+0.1 73.0+£03 999+0.1 44 533 0.04
9 85 15 1.2 83.3+0.7 83.6+11 921+06 195 231 14.1
10 85 23 1.2 78.5+04 96.3+1.3 751+03 234 56 627
11 85 15 2 89.5+0.4 69.2+50 999+0.1 108 63.7 0.05
12 85 23 2 95.4+0.3 923+10 948+08 4.4 144 101
13 85 19 1.6 92105 89.7+05 94.2+0.6 8.6 17.7 153
14 85 19 1.6 96.3+0.2 93.8+0.7 928+0.2 4.4 154 12.2
15 85 19 1.6 96.4+0.3 91.1+0.7 925+0.3 4.3 140 16.0

Even though substitutes such as WMP and BM that are heterogeneous in nature have
been used in this study, in nine out of fifteen experimental runs, NH4-N recoveries
were greater than 90%, with a maximum of 97%. NHa4-N recoveries attained in this
study are higher than the performances reported in the literature. For example, Huang
et al. (H. Huang et al., 2014) investigated the effect of low-cost MgO and waste
phosphoric acid in struvite precipitation from landfill leachate. The maximum NHas-
N removal was observed as 83% with a 3:1:1 Mg:N:P molar ratio (H. Huang et al.,
2014). The reason for higher NH4-N recoveries in this work may be due to the pre-
treatment (acidic dissolution process) that is applied to WMP, which may enhance
the availability of WMP for a chemical reaction. Another factor influencing NHs-N

recovery could be the P:N ratio, which was kept higher than 1:1 in this work for all
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experimental runs. Yet, accordingly, a higher residual PO4-P concentration was
observed in this study. In another work, 96% NHa-N removal was observed using
BM as a P source and seawater bittern as a Mg source for struvite precipitation from
leachate by Siciliano (2016). Further, with pure chemical MgClz, only up to 65%
NH4-N recovery was observed previously when poultry manure-fed biogas plant

digestate was subjected to an acidic dissolution process (Yilmazel & Demirer, 2011).
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Figure 4.29. Scatter diagram of predicted vs. experimental response values for the
(A) NHa-N recovery (B) POs-P recovery, and (C) Mg?* recovery (%)

The precision and significance of derived model parameters were examined using
the analysis of variance (ANOVA). ANOVA results for the response surface

quadratic model for the responses are given in Table 4.9. The regression analysis of
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NHa-N recovery indicated that all three factors (pH, Mg:N, and P:N) had significant
effects (P< 0.05) on NHa4-N recovery. Among them, the P:N molar ratio was the most
significant factor, with an F-value of 84.8, followed by the Mg:N molar ratio, with
an F-value of 31.3. Clearly, the amount of added P has a significant role in N
recovery because large amounts of Ca?* and Mg?* that may come from BM and/or
WMP may compete against struvite for PO4 to produce Mgs(PO4)2 and Cas(POa)2
(Song et al., 2018). This competition would decrease available PO4? for struvite
precipitation and may lower NHs-N recovery (Song et al., 2018). Because the
selected pH range (8 — 9) was suitable for struvite precipitation, it had a less
significant effect on the model. Quadratic effects of Mg:N and P:N showed a
significant effect (P< 0.05) on NH4-N recovery. However, the quadratic effect of pH
was insignificant (P> 0.05). Besides, among the interaction effects, only pH x Mg:N

was insignificant (Table 4.9).

The regression analysis of the PO4-P recovery indicated that all three of the factors
(pH, Mg:N, and P:N) had a significant effect (P< 0.05) on the POas-P recovery.
Similar to NHa4-N recovery, the P:N molar ratio was the most significant factor. Thus,
adding PO4-P concentration with BM is directly related to the POa4-P recovery.
Regarding their quadratic effects, pH x pH and P:N x P:N has a significant impact
(P< 0.05) on the PO4-P recovery. On the other hand, the quadratic effect of Mg:N x
Mg:N was insignificant. All interaction effects were insignificant (P> 0.05) (Table
4.9).

Similarly, Table 4.9 shows the ANOVA results for Mg?* recovery. In comparison to
the other responses, the residual Mg?* concentration provided the greatest correlation
between the experimental and model results (R?=0.9187, F = 43.93). P:N and Mg:N
were the two most crucial variables affecting the response. pH was insignificant
affecting Mg?* recovery since the selected pH range as it is changed within the
optimal struvite precipitation pH levels. Similar to PO4-P recovery, Mg:N and P:N
molar ratios are the most significant factors over linear, square, and 2-way

interactions.
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Table 4.9 ANOVA results for the NH4-N, PO4-P, and Mg?* recovery

Source DF AdjSS AdjMS F-Value P-Value
NH2-N recovery (%)

Model 9 1540.00 171.11 20.47 0.000
Linear 3 1040.11 346.70 41.48 0.000
pH 1 69.68 69.68 8.34 0.007
Mg:N 1 261.72 261.72 31.32 0.000
P:N 1 708.70 708.70 84.80 0.000
Square 3 351.63 117.21 14.02 0.000
pH*pH 1 2.98 2.98 0.36 0.554
Mg:N*Mg:N 1 178.74 178.73 21.39 0.000
P:N*P:N 1 199.83 199.83 23.91 0.000
2-Way Interaction 3 148.27 49.42 5.91 0.002
pH*Mg:N 1 3.50 3.50 0.42 0.522
pH*P:N 1 56.64 56.64 6.78 0.013
Mg:N*P:N 1 88.13 88.13 10.54 0.003
R?= 0.8404 R%ud) = 0.7993 R2@red) = 0.7266
PO4-P Recovery (%)

Model 9 2949.26 327.7 26.94 0.000
Linear 3 2193.18 731.06 60.11 0.000
pH 1 149.75 149.75 12.31 0.001
Mg:N 1 942.64 942.64 77.51 0.000
P:N 1 1100.79 1100.79 90.51 0.000
Square 3 637.89 212.63 17.48 0.000
pH*pH 1 256.26 256.26 21.07 0.000
Mg:N*Mg:N 1 0 0 0 0.994
P:N*P:N 1 421.43 421.43 34.65 0.000
2-Way Interaction 3 118.19 394 3.24 0.034
pH*Mg:N 1 4.55 4.55 0.37 0.545
pH*P:N 1 30.5 30.5 2.51 0.122
Mg:N*P:N 1 83.14 83.14 6.84 0.013
R?=0.8739 R%.qj = 0.8414 R%(preq) = 0.7802
Mg?* Recovery (%)

Model 9 1587.91 176.435 43.93 0.000
Linear 3 1187.55 395.849 98.57 0.000
pH 1 0.01 0.009 0 0.963
Mg:N 1 549.56 549.565 136.84 0.000
P:N 1 637.97 637.973 158.85 0.000
Square 3 138.61 46.202 115 0.000
pH*pH 1 85.05 85.053 21.18 0.000
Mg:N*Mg:N 1 13.35 13.353 3.32 0.077
P:N*P:N 1 29.54 29.54 7.36 0.010
2-Way Interaction 3 261.76 87.252 21.73 0.000
pH*Mg:N 1 1.81 1.806 0.45 0.507
pH*P:N 1 154.59 154.593 38.49 0.000
Mg:N*P:N 1 105.36 105.359 26.23 0.000
R?=0.9187 Rz(adj) =0.8978 Rz(pred) =0.8569
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4.2.2 Response Surface Analysis

The interaction effects of variables can be visualized on response surface plots while
the other factors are held constant. 3D response surface plots are given in Figure 4.30
for the NH4-N, PO4-P, and Mg?* recovery. From the surface plots of NH4-N in Figure
4.30A, it was indicated that increasing the P:N ratio from 1.2 to 2 and raising Mg:N
ratio from 1.5 to 2.3 resulted in the highest NHs-N recovery. It showed that the
potential of NH4* removal increases with the presence of Mg?* and PO4* ions. On
the other hand, an increase in Mg:N ratio from 1.9 to 2.3 resulted in lower NHs-N
recovery at 1.2-1.5 P:N ratio. Figure 4.30B shows the interaction effect of pH x P:N
on NHa-N recovery. A response surface plot's slope indicates how significantly an
input variable influences a response variable. Thus, P:N is more influential on NHa-
N recovery rather than pH change. Since the slope of Figure 4.30A is greater than
Figure 4.30B and Figure 4.30C, it is clear that the interaction impact of Mg:N x P:N
is more significant than the others on the NH4-N recovery. Also, these results are
consistent with the ANOVA outputs given in Table 4.9.

The significant effect of P:N on NH4-N recovery may be explained by the fact that
increasing P:N enables particle size increase of the precipitates; thus, a higher
amount of struvite is produced at the same reaction time (Zhou et al., 2021). Besides,
an increase of pH from 8 to 9 caused an increase in the NH4-N recovery, which may
be a result of a decrease in the H* concentration and, thus, increasing HPO4?
concentration. This could improve struvite production and accelerate the recovery of
ammonia nitrogen (Song et al., 2018). Similar results were obtained in another recent
study, where BBD was applied to increase ammonia nitrogen recovery during
struvite precipitation (Zhou et al., 2021). In their study, Zhou and others (2021)
changed pH between 9 and 10; thus, it was reported that pH x P:N significantly
affected the recovery of ammonia nitrogen.
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Figure 4.30. 3D surface and contour plots for NHs-N (A)-(C), POs-P (D)-(F), and
Mg?* (G)-(I) showing the interaction of pH (8.0-9.0), Mg:N (1.5-2.3) and P:N (1.2-
2.0) by fixing one factor at a time (pH = 8.5, Mg:N = 1.9, or P:N = 1.6)

The interaction effects of process variables on the PO4-P recovery are given in Figure
4.30D-F. Considering the slope of the graphs, the P:N molar ratio was the most
significant variable, and the findings match the ANOVA outputs (Table 4.9). High
P:N molar ratio resulted in high residual PO4-P concentration, indicating low PO4-P
recovery. It means that PO4% concentration was in excess amounts compared to Mg*
and NH4" as well as other ions that may form precipitates with PO4+%; hence, POs*
remained in the solution instead of precipitation (Table 4.8). Especially when the
P:N ratio was higher than Mg:N ratio, the remaining POs-P concentration was
highest among the other two ions. Moreover, PO4-P recovery increases along with

an increase in the Mg:N ratio (Figure 4.30D and Figure 4.30F). Similarly to this, Zin
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et al. (2020) stated that the molar ratio of Mg?* to POs-P should be greater to
accomplish over 90% PO4-P removal.

3D surface plots are given in Figure 4.30G-1 for Mg?* recovery. Figure 4.30G
showed that Mg:N and P:N molar ratio has the opposite effect on Mg?* recovery. For
example, the highest recovery was achieved at 1.5 Mg:N and 2.0 P:N molar ratio.
Siciliano and De Rosa (2014) showed that when the amount of magnesium was
increased, where the recovery for Mg?* lowered from 99% to 81.3%, which is similar
to this study. Among parameters, the pH x P:N ratio has the highest significance on
Mg?* recovery as the slope of Figure 4.30H. The remaining Mg?* may precipitate
with PO4* to create other precipitates, such as Mgs(POa)2, after POs* was recovered
as struvite (Zin et al., 2020). Therefore, a high P:N ratio results in cause high Mg?*

recovery.

4.2.3 Verification of the Optimum Conditions

The process was optimized to determine a particular condition at which the NH4-N,
PO4-P, and Mg?* recovery efficiency would be high. From the model, optimum
conditions were obtained as pH of 9.0, Mg:N molar ratio of 2.2, and P:N molar ratio
of 1.8 with corresponding responses of 97.4% (95% prediction interval (PI): 90.95 —
100) NHas-N recovery, 90.2% (95% PI: 82.44 — 98.03) POs-P recovery, and 96.8%
(95% PI: 92.30 — 100) Mg?* recovery. The tests were conducted under the model-
provided optimal conditions to assess the dissimilarity between the experimental
value and the optimum value estimated by the model. The experimental results were
as follows: 97.8 + 0.1% NHa-N recovery and 96.6 + 0.31% POs-P recovery and 84.4
+ 0.9% Mg?* recovery. The experimental findings and predicted response values
agree with a dissimilarity of 0.4%, 6.9%, and 14.3% for the NHs-N, POz-P, and Mg?*
recovery, respectively. Since the predicted value was quite close to the experimental
result, the model helps estimate the NH4-N recovery under different conditions. For
POs-P recovery, the result was within P1. On the other hand, there was a considerable

discrepancy between the predicted and experimental results for Mg?*. The remaining
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concentration of the ions was 2.1 £ 0.07 mM, 5.8 + 0.53 mM, and 33.3 + 1.95 mM
for the NH4-N, POs-P, and Mg?* ions. This indicates that NHa-N and POs-P limit the
precipitation and excess Mg?* remains in the solution. Higher PO4-P recovery and
less available PO4* ions compared to the predicted value result in the high
dissimilarity of Mg?* recovery. By decreasing the Mg:N or P:N molar ratio closer or
below 1, more removal of Mg?* and PO4*- can be accomplished, which can be studied
deeper. However, it may result in high NH4* effluent concentration. Regardless, the
constructed model could identify the optimum conditions for nutrient recovery via
the use of WMP and BM as additives. Considering the initial characteristics of P-
enriched digestate, all struvite-formed ions had significantly lower concentrations.
This work provides insight into simultaneous NH4-N and PO4-P recovery/removal
as well since the majority of the struvite precipitation studies in the literature only

focused on PO4-P recovery/removal.

4.2.4 Product Purity and Characterization

The dried precipitates from 15 runs of BBD experiments, as well as a precipitate
from the verification experiment, were all subjected to XRD analysis to determine if
the obtained precipitates were struvite. The XRD patterns of the products are given
in Figure 4.31. The intensity and positions of the XRD patterns match only with the
reference struvite pattern (JCPDS file N0.15-0762); hence it was confirmed that all
the samples contained only struvite crystals. Since amorphous substances might
potentially have precipitated together, it could not be said that the entire recovered
precipitate was a struvite (Zin et al., 2020). In another study by Siciliano (2016),
amorphous phases, strong magnesium phosphate, and potassium metaphosphate
peaks were also observed in XRD results when BM and seawater bittern were used
as P and Mg sources, respectively. Although WMP and highly heterogenous BM
were used in this study, XRD patterns matched with struvite crystal. Additionally,
Figure 4.31. shows that the mineralized products were preferentially oriented along
the [010] direction because the products had significantly strong (020) and (040)
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diffractions due to the use of BM and WMP (H. Li et al., 2015). Determining the
crystal orientation of struvite is essential for comprehending its crystal structure,
predicting its growth habit, identifying its mechanical properties and defects, and

customizing its crystallographic texture for a variety of applications.
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Figure 4.31. The XRD results of the precipitates obtained from experimental runs
compared with the peaks of reference struvite (JCPDS file N0.15-0762) (Conditions
are given as pH/Mg:N/P:N)

The XRD pattern of the product formed at the optimal conditions (pH of 9.0, Mg:N
of 2.2, and P:N of 1.8) is shown in Fig. 4. Also, this product was subjected to SEM
analysis to assess the structure and morphology of the product (Figure 4.32.). There
was no sign of any other crystalline compounds in the produced precipitate's X-ray
diffractogram, indicating that impurities are in amorphous form. (Figure 4.32). SEM

images showed that the precipitates have irregular prismatic orthorhombic crystals.
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The structure was consistent with the literature, where rectangular platelet, prismatic,
needle, and pyramidal shape crystals have been observed in different studies (Le
Corre etal., 2009; Song et al., 2018). The SEM images of the product showed clearly
defined crystals with some amorphous material depositions on their surface as XRD
results. Moreover, the crystal size of the struvite has been reported between 10-40
pm (Siciliano & De Rosa, 2014). The crystal size of the product under optimum
conditions is around 25 pum, which is consistent with the literature. The molar ratio
of the ions, crystal growth conditions like mixing, and temperature can all be used to

explain the various morphologies of struvite (Le Corre et al., 2009).
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Figure 4.32. The XRD spectra and SEM images at 6000x magnification of the
product under optimum condition (pH = 9.0, Mg:N = 2.2, P:N = 1.8)

To assess the product quality with amorphous depositions, the elemental
composition of the dried product was examined. The mass of the product obtained
at optimum condition was 0.12 + 0.01 g product/mL digestate sample. Since other
precipitates may be present in the product, purity is an important parameter to
consider for the future economic viability of the process. The elemental composition
of the product is given in Table 4.10. The impurities present in the BM and WMP
may cause co-precipitates within the amorphous phase that decrease the purity of the
product. Moreover, the highest impurity was Na due to NaOH addition. Thus,
aeration may be used for pH increase in further studies. The obtained product was
composed of 49% struvite. Investigations that have focused on product purity is quite

limited. For example, similar digestate sample was used by Cerillo et al. (2015).
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After struvite precipitation from pig slurry, purity was analyzed (Cerrillo et al.,
2015). The purity was 48% and 44% at 100 rpm and 200 rpm mixing velocities,
respectively (Cerrillo et al., 2015). Also, the study indicated that the obtained struvite

is appropriate for use as an agricultural fertilizer (Cerrillo et al., 2015).

Moreover, the heavy metal content of the product was assessed. As a result, the
heavy metal composition of the product was lower compared to Turkey’s regulations
(Appendix L).

Table 4.10 Elemental composition of the product

Macro elements Microelements
Element % Element %
P 15.25 Al 0.083
Mg 6.7 Mn 0.066
H 4.7 Zn 0.04
Na 4.27 Ni 0.006
C 4.05 B 0.002
N 2.8 Ba 0.001
K 142 Co 0.001
S 1.39 Ti 0.001
Fe 1.22 V 0.001
Ca 0.875 Cr 0.001
Cu 0.0004
As 0.0002
Li 0.0001
Cd 0.00002
Se 0.00002
Pb 0.000001
4.2.5 Conclusion on Struvite Precipitation

This study used BM and WMP as sustainable substitutes for pure P and Mg sources
for struvite precipitation from cattle manure digestate. BBD was applied to determine
optimum conditions of process parameters of pH, Mg:N, and P:N molar ratio, and a
model was developed to predict the recovery performance. ANOVA revealed that
the model had been satisfactorily fitted to the experimental data. Additionally, 3D
surface plots provided a visual insight into the different factors' combined effects on
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the responses selected as NHs-N, POs-P, and Mg?* recovery. Among the parameters,
the P:N molar ratio was the most significant factor for all responses. During the
verification experiments, 97.8 £ 0.1% NHas-N recovery and 96.6 + 0.31% PO4-P
recovery, and 84.4 + 0.9% Mg?" recovery were attained under the optimum
conditions (pH = 9.0, Mg:N = 2.2, P:N = 1.8). The verification experiment product
quality was analyzed through purity measurement, XRD, and SEM. Even though
waste material (WMP) and industrial by-product (BM) have been used as additives
in this process, almost complete NHs-N and POs-P recovery were recorded under
optimum conditions with fairly high product purity (=49 %). However, Mg?
concentration was higher compared to most digestate samples to achieve such higher
NHs-N and POs-P recovery. This should be taken into consideration. Moreover,
struvite should be used in combination with other fertilizers for optimal results
(Kataki et al., 2016). Fertilizer companies use struvite as an additive or a substitute

raw material in standard fertilizer production technology (Kataki et al., 2016).

BM and WMP have a significant potential to be used partially or entirely as additives
for the industrial recovery of nutrients since they are waste or by-product materials.
These results are promising and illustrate a powerful example of industrial symbiosis
between the meat, magnesite, and biogas industries. The findings of this study will

stimulate more efforts to create sustainable strategies for resource recovery.
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CHAPTER 5

CONCLUSIONS

Two novel technologies were investigated to enhance the application of AD
technology in this thesis. As a new configuration, AD-MEC systems were combined.
The results showed that AD-MEC systems produced more CHa per VS added into
the reactors, increased the rate of the production and organic removal, decrease the
start-up time and increase the stability of the process. AD-MEC reactors were
compared to conventional AD reactors (Conv. AD) to assess the enhancement in
CH4 production. Graphite cathode AD-MEC fed with cattle manure operation
enhanced CH4 production by 10% with Bioelectrode and by 8% with Bare electrode
under -0.9 V cathode potential. When the cathode potential was increased to -1 V,
Bioelectrode and Bare electrode increased CHas production by 52% and 45%,
respectively. When the cathode was changed to SS mesh, Bioelectrode increased
CH4 production by 37%; however, the Bare electrode increased by 51% under -0.9
V cathode potential. On the contrary, when the cathode potential was -0.95 V, the
Bare electrode increased CH4 production by 51%, and Bioelectrode increased by
105%. For WBS-fed AD-MEC reactors, the enhancement was limited to 16% with
Bioel-BioGAC reactors. The findings revealed that the formation of biofilms in a
controlled setting led to alterations in microbial communities and system
performance. The enhancements observed in the reactors were specific to each case
and closely tied to the material and potential of the cathode. Notably, bioelectrodes
and bare electrodes exhibited comparable performance, except for the graphite-SS
bioelectrode AD-MEC fed with cattle manure at a cathode potential of -0.95 V.
Allowing biofilms to develop on the bare electrodes during operation is a viable
approach, and there is no significant advantage of prior cultivation of the biofilm in

a controlled environment.
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As a sustainable post-treatment option, struvite precipitation with low-cost materials
was investigated in this thesis. BM and WMP were employed to precipitate struvite
from cattle manure digestate as sustainable alternatives to pure P and Mg. NH4-N,
PO4-P, and Mg?* recovery range between 78.45% — 96.89% , 69.2% — 96.3%, and
99.9% — 75.1%, respectively. The actual and predicted values showed significant
consistency, indicating that the model is satisfactory. Under optimum conditions (pH
=9.0, Mg:N =2.2,and P:N = 1.8), 97.8 + 0.1% NHa-N recovery and 96.6 + 0.31%
PO4-P recovery and 84.4 + 0.9% Mg?* recovery were attained. The XRD results
confirmed the sole presence of struvite crystals. SEM images showed irregular
prismatic orthorhombic crystals and amorphous material depositions on precipitates
with ~25 um crystal size. The product was 49% struvite with 15.25% P content. The
heavy metal content was lower than regulatory limits. These encouraging findings
demonstrate industrial synergy between the meat, magnesite, and biogas sectors.

This study will spur sustainable resource recovery initiatives.

This study showed that both methods are promising to enhance the AD system. These
systems may have an impact on mitigating climate change, depletion of nutrients,
and achieving sustainable development goals. Research into the next generation of

biogas technology should focus commercialization of the processes.
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CHAPTER 6

RECOMMENDATIONS

The outcomes of this initiative have also created fresh opportunities, ideas, and

research areas. In conclusion,

o The AD and AD-MEC systems are both significantly impacted by the buffer
media. Finding the best buffer option to enhance the AD-MEC system
requires evaluating performance from both the CH4 and current production
viewpoints.

e Future research should focus on evaluating the AD-MEC system's
performance using complex waste streams similar to cattle manure in larger-
scale reactors, with the ultimate goal of implementing large-scale or pilot
systems utilizing such waste materials.

e Multiple electrodes and high surface area materials such as brush-like
electrodes may be used to enhance biofilm attachment. Since methanogens
develop slower than exoelectrogens, the anode-to-cathode ratio should be
adjusted for maximal CH4 generation.

e A detailed cost analysis should be conducted to reveal the change in the
operational costs when sustainable substitutes are used for struvite
precipitation.

e In addition to Mg, and P, the use of NaOH can be eliminated in struvite
precipitation. Nutrient recovery via microbial electrolysis cells is a novel

technology, which can be further investigated.
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APPENDICES

A. Set 2 — Inoculum preparation and specific methanogenic activity of the seed

For inoculum preparation, the fed-batch operation was employed with a 1.8 L active
volume reactor. HRT was 16 days. The organic loading rate was 5 kg VS/m3.day.
After 26 days, production stabilized. Then, the seed was used for AD-MEC
operation.
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Time (days)

Figure A.1. Daily CH4 production in the seed reactor

The seed was subjected to specific methanogenic activity (SMA) test before use.
88.75 mL CHa was the theoretical value. 81.1% of activity was observed for the
inoculum,

o

81.1% activity

N WS 01O
o O O

o

Cumulative net
methane (mL)

[N
o

T?me (day%)
Figure A.2. SMA of seed
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B. Example calculations

Modified Gompertz kinetic parameter calculations (provide a reference):

P =P,.exp {— exp [? A-t)+ 1]}

o)

Pw: Maximum CHa yield potential as mL CHa4/g VS
Rm: Maximum CHa production rate as mL CH4/g VS /d
A: Lag phase as d,

R?: Coefficient of determination

For each sample, the expected CH4 production was estimated using the modified
Gompertz formula. The following is a formula for summing the squared differences

between observed and projected CHa levels across all samples.

SRR = Z(PPredicted - actual)2

n

Using the Excel solver, the minimal SSR value with a starting value of 1 for P, Rm,
and A was computed. Later, the R? value was determined for each reactor to

determine the relationship between expected and actual CHa.
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C. AD-MEC operation with 100 mM PBS media
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Figure C.1. Current density of AD-MEC operation with 100 mM PBS
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Figure C.2. Cumulative CH4 of AD-MEC operation with 100 mM PBS
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D. Current density of the replicate AD-MEC reactors in Set 1
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Figure D.1. Current Density of the replicate A) Bioelectrode, B) Bare electrode AD-
MEC reactors in Set 1 during Cycle 1 and Cycle 2
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E. The modified Gompertz models of Set 1
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Figure E.1. The modified Gompertz model for cycle 1 (No-PBS, -0.9 V cathode
potential) of reactors A) Bioelectrode, B) Bare electrode, C) OC, and D) Conv. AD

(Dots: experimental data, Solid line: model data)
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Figure E.2. The modified Gompertz model for cycle 2 (5 mM, PBS, -0.9 V cathode
potential) of reactors A) Bioelectrode, B) Bare electrode, C) OC, and D) Conv. AD

(Dots: experimental data, Solid line: model data)
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Figure E.3. The modified Gompertz model for cycle 3 (5 mM, PBS, -1 V cathode
potential) of reactors A) Bioelectrode, B) Bare electrode, C) OC, and D) Conv. AD

(Dots: experimental data, Solid line: model data)
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F. Ha partial pressure calculation

In calculations, water vapor pressure was considered since reactors were operated at
35 °C. According to Neubert et al. (2021), absolute humidity (AH) was calculated:

AH = 120 _ PH20,sat
Vbiogas Tbiogas Rmo

where Ruzo = 461.52 J/kg.K

exp (34.49 4. 3924.99

(T+105)1T_5*7237'1 (unit of Pa)

Ps (Pa) =
T=35°C
The water vapor pressure is 5629 Pa at 35 °C.

_ Mo _ Pmogat
AH = =
Vbiogas Tbiogas Rmo

Example calculation for the Bioelectrode reactor in Set 2 Cattle manure Gr-SS at -1

V cathode potential:

My20 _ 5629 Pa

J
0418L 308K '46]'52kg7

mu20=0.017 g
Then, using ideal gas law,

PV=nRT

_nRT_ (0017 g)(8.314——)(308 K)x1000%>

p-M (99000 Pa)(18.02-5) =0.023 L

where M is the molecular weight of the water.

Then, to find the vy}

total _ _dry
Vbiogas— Vbiogas+ VH20
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d
Viiogas—0-418 L- 0.023 L =10.39 L,

2 —0.56 (H2 content of the reactor)

Vtotal biogas

PHZ PHZ

= =0.56
Ptotal biogas 1 0 1 .325 kPa

Ph2 = 57.45 kPa = 0.57 atm

Reference:

Neubert, K., Kretzschmar, J., dos Santos, T. R., Hértig, C., & Harnisch, F. (2021).
Making sense of gas measurements: quantification of multicomponent gas mixtures

in biological and chemical laboratory experiments. ChemTexts, 7, 1-25.
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G. The current density of the replicates of AD-MEC reactors in Set 2
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Figure G.1. Current Density of the replicate A) Bioelectrode and B) Bare electrode
AD-MEC reactors under -0.9 V cathode potential in Cycle 1
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Figure G.2. Current Density of the replicate A) Bioelectrode, B) Bare electrode, and
C) New_Bare electrode AD-MEC reactors under -1 V cathode potential in Cycle 2
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Figure G.3. Current Density of the replicate A) Bioelectrode, B) Bare electrode, and
C) New_Bare electrode AD-MEC reactors under -0.95 V cathode potential

197



H. The modified Gompertz models for Set 2

400

A) Bioelectrode

300
200

100 R2 =0.9988

Cumulative methnae
yield (mL CH,/g VS)

o

10 15 20 25
Time (day)

250
200
150
100

R2 =0.9982

Cumulative methnae
yield (mL CH,/g VS)
o1
o

o

0 5

| -1.0- ) I1|5I ) IZIOI ) I25
Time (day)

500
400
300
200
100

E) Bioelectrode

R2=0.9980

Cumulative methnae
yield (mL CH4/g VS)

o

0 5 10 15 20 25 30 35 40
Time (day)

300
1G) New_Bare electrode

200 1

100 - R2 = 0.9950

Cumulative methnae
yield (mL CH4/g VS)

o

0 5 10 15 20 25 30 35 40
Time (day)

B) Bare electrode

R2=0.9983

Cumulative methnae
yield (mL CH,/g VS)
N
o
o

0 5 10 15 20 25
Time (day)

250

D) Conv. AD

=R N
o u 9
S © o

R2=0.9538

Cumulative methnae
yield (mL CH,/g VS)
ol
o

o

10 15 20 25

0 5

Time (day)
400
g Q F) Bare electrode
£ 5 300
q) ~
E X
.?2: :) 200
©
3 E 100 R? = 0.9960
Eo
R
O o

0 5 10 15 20 25 30 35 40
Time (day)

Figure H.1. The modified Gompertz model A) Bioelectrode, B) Bare electrode, C)
OC, and D) Conv. AD under -0.9 V cathode potential, E) Bioelectrode, F) Bare

electrode, and G) New_Bare electrode under -0.95 V cathode potential (Dots:

experimental data, Solid line: model data)
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I. The current density of the replicates of AD-MEC reactors in Set 3
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Figure 1.1. Current Density of the replicate A) Bioel-BioGAC, B) Bareel-BioGAC,
and C) Bareel AD-MEC reactors under -0.9 V cathode potential in Cycle 1

199



J. The modified Gompertz models for Set 3
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Figure J.1. The modified Gompertz model A) Bioel-BioGAC, B) Bare el-BioGAC,
C) Bare el, D) OC-BioGAC, E) OC, F) Conv. AD-BioGAC G) Conv. AD under -0.9
V cathode potential (Dots: experimental data, Solid line: model data)
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K. Estimations of regression coefficients and results of statistical tests

Table K.1. Estimations of regression for NHs-N Recovery

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 94.952 0.964 98.53 0
pH 1.704 0.59 2.89 0.007 1
Mg:N 3.302 0.59 5.6 0 1
P:N 5.434 0.59 9.21 0 1
pH*pH -0.519 0.869 -0.6 0.554 1.01
Mg:N*Mg:N -4.017 0.869 -4.62 0 1.01
P:N*P:N -4.247 0.869 -4.89 0 1.01
pH*Mg:N -0.54 0.835 -0.65 0.522 1
pH*P:N -2.173 0.835 -2.6 0.013 1

Mg:N*P:N 2.71 0.835 3.25 0.003 1

Table K.2. Estimations of regression for POs-P Recovery

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 91.52 1.16 78.73 0
pH 2.498 0.712 3.51 0.001 1
Mg:N 6.267 0.712 8.8 0 1
P:N -6.772  0.712 -9.51 0 1
pH*pH -4.81 1.05 -4.59 0 1.01
Mg:N*Mg:N  0.01 1.05 0.01 0994 101
P:N*P:N -6.17 1.05 -5.89 0 1.01
pH*Mg:N 0.62 1.01 0.61 0.545 1
pH*P:N -1.59 1.01 -1.58 0.122 1
Mg:N*P:N 2.63 1.01 2.61 0.013 1
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Table K.3. Estimations of regression for Mg?* Recovery

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant  93.246  0.668 139.59 0
pH -0.019  0.409 -0.05 0.963 1
Mg:N -4.785  0.409 -11.7 0 1
P:N 5.156 0.409 12.6 0 1
pH*pH 2.771 0.602 4.6 0 1.01
Mg:N*Mg:N -1.098  0.602 -1.82 0.077 1.01
P:N*P:N -1.633  0.602 -2.71 0.01 1.01
pH*Mg:N 0.388 0.579 0.67 0.507 1
pH*P:N 3.589 0.579 6.2 0 1
Mg:N*P:N 2.963 0.579 5.12 0 1
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L. Comparison of the product heavy metal content with regulations

Table L.1. The heavy metal content of the product and Turkey regulations’ limit
value

Heavy Metal Compound Limitvalue  The product

(%) (%0)
cd 0.0003 0.00002
Cu 0.045 0.0004
Ni 0.012 0.006
Pb 0.015 0.000001
Zn 0.11 0.04
Hg 0.0005 -
Cr 0.035 0.001
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