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Abstract

The concept of electro-methanogenesis by combining the microbial electrolysis cell and
anaerobic digestion (MEC-AD) has become a promising method for improving methane
generation and improving the stability of digesters. Although the electro-methanogenesis process
is often featured as a simple process of coupling MEC with an anaerobic digester, several
fundamental and engineering bottlenecks are associated with their practical application. Most
importantly, a streamlined roadmap for establishing an active microbiome, process design,
optimization, and scale-up has not yet been achieved. Particularly, this doctoral thesis focuses on
understanding the roles of microbial syntrophy, extracellular polymeric substances, and power
supply schemes on electro-methanogenesis.

First, we reported an experimental investigation of extracellular polymeric substances (EPS),
reactive oxygen species (ROS), and the expression of genes associated with extracellular electron
transfer (EET) in methanogenic biocathodes electrodes. The MEC-AD systems were examined
using two cathode materials: carbon fibers and stainless-steel mesh. A higher methane generation
was attained in MEC-AD with stainless-steel mesh as a cathode electrode. A higher abundance of
hydrogenotrophic Methanobacterium sp. and homoacetogenic Acetobacterium sp. appeared to
play a major role in superior methanogenesis from stainless steel biocathode than carbon fibers.
Moreover, the higher secretion of EPS accompanied by the lower ROS level in stainless steel
biocathode indicated that higher EPS perhaps protected cells from harsh metabolic conditions
(possibly unfavorable local pH) induced by faster catalysis of hydrogen evolution reaction. In
contrast, EET-associated gene expression patterns were comparable in both biocathodes. Thus,

these results indicated hydrogenotrophic methanogenesis is the key mechanism, while cathodic
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EET has a trivial role in distinguishing performances between two cathode electrodes. These
results provide new insights into the efficient methanogenic biocathode development.

Second, previous studies for conventional anaerobic digestion systems have emphasized
maintaining an optimum propionate/acetate (HPr/HAc) ratio. To date, the detrimental ratio of
HPr/HAc concentrations towards the electro-methanogenesis process has not been examined yet.
Thus, this study focused on understanding the impact of different VFAs concentrations with varied
HPr/HAc ratios on the microbial community and methanogenesis process. The total cumulative
methane production remained almost the same after increasing HPr/HAc ratio from 0.5 to 1.5.
When HPr/HAc ratios further increased to 2.5 and 5, the total cumulative methane production
markedly decreased. EET-associated gene expression reduced under high HPr/HAc ratios (2.5 and
5) indicates the partial inhibition of biofilm electroactivity. Geobacter and Methanobacterium
species were abundant under lower HPr/HAc ratios, while their abundance decreased under higher
HPr/HAc ratios. Therefore, this study demonstrated that higher HPr/HAc ratios would adversely
impact methanogenesis rates in MEC-AD systems.

Third, from the perspective of energy saving in the operation of MEC-AD, we focused on
developing an intermittent power supply scheme. The applied potential was switched off for 12
and 6 hours/day during the operation of a laboratory-scale MEC-AD system fed with glucose. The
results from the operation under continuous applied potential served as the control. The overall
biomethane generation and net energy income from the process were unaffected when the applied
potential turned off for 6 hours/day. Both quantitative and qualitative analyses of microbial
communities suggested that a balanced microbiome could be maintained under short-term
switching-off the applied potential. However, performance substantially deteriorated when the

applied potential turned off for 12 hours/day. Overall, the results of this study suggest that MEC-
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AD operation does not need a continuous power supply, and higher energy efficiency can be
effectively achieved by intermittently powering the reactor. However, previous efforts to optimize
power supply schemes for MEC-AD systems were limited to the synthetic substrate only.
However, conventional digesters are typically operated with more complex substrates. Hence, we
investigated the impact of intermittent power supply in MEC-AD fed with mixed primary and
sewage sludge. Overall, the electrocatalytic activity of the anode biofilm demonstrated a higher
current density at 12 hrs ON mode. Also, the maximum methane generation attained when the
applied potential switched ON for 12 hrs/day. The extracellular electron transfer-associated genes
showed the highest expression at 12 hrs ON mode. Accordingly, the intermittent applied potential
for 12 hrs/day could provide an attractive opportunity to saving electrical energy input in MEC-

AD systems, thereby its economic benefits.
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Chapter 1
Introduction

1.1. Background

Developing advanced waste-to-bioenergy technologies can simultaneously expand waste
diversion from landfills in an environmentally friendly and cost-effective method. Anaerobic
digestion (AD), which represents an attractive option for treating organic waste, produces
renewable methane-rich biogas (Barua et al., 2018; Barua and Dhar, 2017; Dhar et al., 2012, 2011;
Ryue et al., 2019). However, this existing technology faces several limitations and challenges;
most notably, low organic compound removals, instability, and inferior methane recovery (Cai et
al., 2018; Jiang et al., 2018; Song et al., 2010). For instance, studies have suggested that a
significant portion of methane in traditional digesters would be produced via the acetoclastic route
(J. Guo et al., 2015; Shin et al., 2010). Acetoclastic methanogens are identified to grow slowly in
comparison with hydrogenotrophic methanogens (doubling time 5-7 days vs. 4-8 hours), which
results in the requirement of longer digestion time (Anderson et al., 2003). Particularly, due to
inferior acetoclastic methanogenesis kinetics, intermediates (mainly organic acids like acetate)
from biodegradation of complex organics can accumulate within the digester and lead to process
instability (He et al., 2018). Also, in comparison with hydrogenotrophic methanogens, acetoclastic
methanogens are more sensitive to various environmental parameters, including pH, ammonium,

and temperature (Cai et al., 2018; Jiang et al., 2018; Song et al., 2010).

In addition to traditional anaerobic digesters, bio-methane can be produced in microbial
electrolysis cells (MECs) (Hirano and Matsumoto, 2018; J. Park et al., 2018c; Ren et al., 2018;
Wang et al., 2015; Yu et al., 2018; Zhen et al., 2015). Compared to conventional anaerobic
digestion, MECs are a relatively emerging process that uses a special type of electroactive bacteria
(Logan et al., 2019; Lu and Ren, 2016). The electrons released from bacterial oxidation of simple
organic matters like acetate are transferred to the anode electrode and can be transformed into
target value-added products such as hydrogen gas, hydrogen peroxide, methane, etc. However, a

small amount of external energy may be required to surmount the thermodynamic barrier of a



cathodic reaction needed for the synthesis of a target value-added product (Cheng et al., 2015;
Cheng and Logan, 2007; Ditzig et al., 2007). For instance, depending on other energy losses (e.g.,
mass transfer limitations), an externally applied voltage of 0.5-1.0 V is required for H2 production
on the cathode from a MEC fed with acetate (Cheng and Logan, 2007; Ditzig et al., 2007; Logan
et al., 2008). The deployment of methanogens on the cathode can enable methane production
through COz reduction at a relatively lower energy input (Cheng et al., 2009; Siegert et al., 2015).
This emerging concept of methanogenesis is called ‘electro-methanogenesis’ (Cheng et al., 2009).
The electro-methanogenesis process can be retrofitted in traditional anaerobic digesters by
introducing a pair of electrodes with exogenous energy in the form of applied voltage (Cai et al.,
2016; Y. Chen et al., 2016; Cheng et al., 2009; Choi et al., 2017). In the literature, such systems
are also referred to as integrated microbial electrolysis cell-anaerobic digestion (MEC-AD) process

(Cai et al., 2016; Cerrillo et al., 2018).

In recent years, there has been a growing number of studies on incorporating electro-
methanogenesis in the anaerobic digestion process (Cai et al., 2016; Cerrillo et al., 2018; H. Chen
et al., 2016; Choi et al., 2017; Liu et al., 2019; Park et al., 2019; Yin et al., 2019). These studies
have demonstrated several benefits of catalyzing electro-methanogenesis, including better
methane productivity, kinetics, and process stability over traditional digesters (Y. Chen et al.,
2016; Choi et al., 2017; Park et al., 2019). A few studies also suggested that electro-
methanogenesis could alleviate the inhibitory effect of high levels of toxicants and recalcitrant
organics (e.g., ammonia, phenol, etc.) in feedstocks or a decline in performance during operation
of digesters at a relatively lower temperature than a typical mesophilic operating temperature (37
°C) (Luo et al., 2016; Yu et al., 2019). The most important benefit of electro-methanogenesis is
that it can alleviate the dependence on the acetoclastic methanogenesis route. In comparison with
acetoclastic methanogens, relatively fast-growing electroactive bacteria enriched on the anode can
more efficiently oxidize acetate and directly transfer electrons to the anode surface through
extracellular electron transport (Cheng et al., 2009; D. Liu et al.,, 2016). Ultimately, the
transferred electrons can be directly (CO:2 reduction to CH4) or indirectly (abiotic H2 production
and its subsequent methanogenesis) transformed into methane gas by methanogens grown on the
cathode (Cheng et al., 2009; Choi and Sang, 2016; Fu et al., 2015). Thus, electro-methanogenesis
has an enormous potential to be used as an effective strategy for developing robust and high-rate
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anaerobic digestion processes. Furthermore, in digesters catalyzed with electro-methanogenesis,
CHa4 content of biogas can be as high as 80-95% due to the consumption of CO2, which can
significantly reduce the biogas upgrading costs (Asztalos and Kim, 2015; Baek et al., 2017; Feng
etal., 2016; Kokkoli et al., 2018; Xu et al., 2014).

Although the electro-methanogenesis process is often featured as a simple process of coupling
MEC with an anaerobic digester, several fundamental and engineering bottlenecks are associated
with their practical application. Most importantly, a streamlined roadmap for establishing an active
microbiome, process design, optimization, and scale-up has not yet been achieved (Escapa et al.,
2015). Thus, the doctoral research attention is given to the electro-methanogenesis pathways,
functional microbiome, essential process parameters, and strategies for developing ideal

microbiome, developments of electrodes towards scale-up.

1.2. Scope and objectives

My doctoral thesis focuses on exploring fundamental insights into the developments of
microbial electrolysis assisted anaerobic digestion (MEC-AD) for effective treatment and
maximized methane recovery from organic waste. Also, it added new fundamental insights into
the electro-methanogenesis, functional microbiome, essential process parameters, and strategies
for developing ideal microbiome, developments of electrodes towards scale-up. The specific

objectives of this dissertation were:

1. Characterization and significance of extracellular polymeric substances, reactive oxygen
species, and extracellular electron transfer in methanogenic biocathode.

2. Investigation of the detrimental ratio of propionate to acetate in a microbial electrolysis
cell assisted anaerobic digester.

3. Assessment of an intermittent power supply scheme to minimize electrical energy input in
a microbial electrolysis cell assisted anaerobic digester.

4. Insights into intermittent over continuous energization during biomethane recovery from

sewage sludge with microbial electrolysis cell assisted anaerobic digester.



1.3. Thesis outline

This thesis consists of seven chapters. Chapter 1 demonstrate the background of
the doctoral thesis and discussing the scope and objectives of the doctoral research.
Chapter 2 provides particular attention to the electro-methanogenesis pathways, functional
microbiome, essential process parameters, and strategies for developing ideal microbiome,
developments of electrodes towards scale-up. Chapter 3 investigated the significance of
extracellular polymeric substances, reactive oxygen species, and extracellular electron transfer in
methanogenic biocathode. Chapter 4 investigated the detrimental ratio of propionate to acetate in
a microbial electrolysis cell assisted anaerobic digester. Chapter 5 focused on developing an
intermittent power supply scheme to minimize electrical energy input in a microbial electrolysis
cell assisted anaerobic digester. Chapter 6 provided insights into intermittent over continuous
energization during biomethane recovery from sewage sludge with microbial electrolysis cell
assisted anaerobic digester. Chapter 7 summarizes the conclusion and the recommendation of

future research.



Chapter 2

Literature Review
A version of this chapter was published in Bioresource technology, 289, 121738.
2.1. Introduction

Anaerobic digestion (AD), which represents an attractive option for treating organic waste,
produces renewable methane-rich biogas (Barua et al., 2018; Barua and Dhar, 2017; Dhar et al.,
2012, 2011; Ryue et al., 2019). Fundamentally, anaerobic digestion is a multi-step complex
bioprocess that consists of hydrolysis, fermentation, and methanogenesis stages (Barua and Dhar,
2017; Ma et al., 2013). In such a complex bioprocess, the kinetics of the slowest step usually
determines the overall process kinetics. If the kinetics of these steps are unbalanced, intermediates
(mainly short-chain fatty acids) from the fermentation of complex organics can accumulate within
the digester and lead to process instability as well as lower methane yields (Ma et al., 2013; Tomei
et al., 2009). Depending on the characteristics of feedstocks, either hydrolysis or methanogenesis
could be rate-limiting (Ma et al., 2013; Tomei et al., 2009). In general, the AD process is limited
by hydrolysis rate when digesters are fed with complex feedstocks primarily comprised of
particulate organics (Tomei et al., 2009). In contrast, the methanogenesis step could also be rate-
limited during digestion of readily biodegradable feedstocks or soluble organics (Tomei et al.,
2009). Hence, the development of a balanced microbiome is critical in attaining stable operation

and higher methane yields.

The conventional anaerobic digestion process relies on two major pathways of acetoclastic
and hydrogenotrophic methanogenesis. Studies have suggested that a significant portion of
methane in traditional digesters would be produced via the acetoclastic route (J. Guo et al., 2015;
Shin et al., 2010). Acetoclastic methanogens are identified to grow slowly in comparison with
hydrogenotrophic methanogens (doubling time 5-7 days vs. 4-8 hours), which results in the
requirement of longer digestion time (Anderson et al., 2003). Particularly, due to inferior
acetoclastic methanogenesis kinetics, intermediates (mainly organic acids like acetate) from
biodegradation of complex organics can accumulate within the digester and lead to process
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instability (He et al., 2018). Also, in comparison with hydrogenotrophic methanogens, acetoclastic
methanogens are more sensitive to various environmental parameters, including pH, ammonium,

and temperature (Cai et al., 2018; Jiang et al., 2018; Song et al., 2010).

In addition to traditional anaerobic digesters, bio-methane can be produced in microbial
electrolysis cells (MECs) (Hirano and Matsumoto, 2018; J. Park et al., 2018c; Ren et al., 2018;
Wang et al., 2015; Yu et al., 2018; Zhen et al., 2015). Compared to conventional anaerobic
digestion, MECs are a relatively emerging process that uses a special type of electroactive bacteria
(Logan et al., 2019; Lu and Ren, 2016). The electrons released from bacterial oxidation of simple
organic matters like acetate are transferred to the anode electrode and can be transformed into
target value-added products such as hydrogen gas, hydrogen peroxide, methane, etc. However, a
small amount of external energy may be required to surmount the thermodynamic barrier of a
cathodic reaction needed for the synthesis of a target value-added product (Cheng et al., 2015;
Cheng and Logan, 2007; Ditzig et al., 2007). For instance, depending on other energy losses (e.g.,
mass transfer limitations), an externally applied voltage of 0.5-1.0 V is required for H2 production
on the cathode from a MEC fed with acetate (Cheng and Logan, 2007; Ditzig et al., 2007; Logan
et al., 2008). The deployment of methanogens on the cathode can enable methane production
through COz reduction at a relatively lower energy input (Cheng et al., 2009; Siegert et al., 2015).
This emerging concept of methanogenesis is called ‘electro-methanogenesis’ (Cheng et al., 2009).
The electro-methanogenesis process can be retrofitted in traditional anaerobic digesters by
introducing a pair of electrodes with exogenous energy in the form of applied voltage (Cai et al.,
2016; Y. Chen et al., 2016; Cheng et al., 2009; Choi et al., 2017). In the literature, such systems
also referred to as integrated microbial electrolysis cell-anaerobic digestion (MEC-AD) process

(Cai et al., 2016; Cerrillo et al., 2018).

In recent years, there has been a growing number of studies on incorporating electro-
methanogenesis in the anaerobic digestion process (Cai et al., 2016; Cerrillo et al., 2018; H. Chen
et al., 2016; Choi et al., 2017; Liu et al., 2019; Park et al., 2019; Yin et al., 2019). These studies
have demonstrated several benefits of catalyzing electro-methanogenesis, including better
methane productivity, kinetics, and process stability over traditional digesters (Y. Chen et al.,
2016; Choi et al.,, 2017; Park et al.,, 2019). A few studies also suggested that electro-

methanogenesis could alleviate the inhibitory effect of high levels of toxicants and recalcitrant
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organics (e.g., ammonia, phenol, etc.) in feedstocks or a decline in performance during operation
of digesters at a relatively lower temperature than a typical mesophilic operating temperature (37
°C) (Luo et al., 2016; Yu et al., 2019). The most important benefit of electro-methanogenesis is
that it can alleviate the dependence on the acetoclastic methanogenesis route. In comparison with
acetoclastic methanogens, relatively fast-growing electroactive bacteria enriched on the anode can
more efficiently oxidize acetate and directly transfer electrons to the anode surface through
extracellular electron transport (Cheng et al., 2009; D. Liu et al., 2016). Ultimately, the
transferred electrons can be directly (CO:z reduction to CH4) or indirectly (abiotic H2 production
and its subsequent methanogenesis) transformed into methane gas by methanogens grown on the
cathode (Cheng et al., 2009; Choi and Sang, 2016; Fu et al., 2015). Thus, electro-methanogenesis
has an enormous potential to be used as an effective strategy for developing robust and high-rate
anaerobic digestion processes. Furthermore, in digesters catalyzed with electro-methanogenesis,
CHa4 content of biogas can be as high as 80-95% due to the consumption of CO2, which can
significantly reduce the biogas upgrading costs (Asztalos and Kim, 2015; Baek et al., 2017; Feng
et al., 2016; Kokkoli et al., 2018; Xu et al., 2014).

Although the electro-methanogenesis process is often featured as a simple process of coupling
MEC with an anaerobic digester, there are still several fundamental and engineering bottlenecks
associated with their practical application. Most importantly, a streamlined roadmap for
establishing an active microbiome, process design, optimization, and scale-up has not yet been
achieved (Escapa et al., 2015). In recent years, a significant research effort has been made to
address these objectives. This article is intended to review current research advances towards
developing the electro-methanogenesis process. Particular attention is given to the electro-
methanogenesis pathways, functional microbiome, essential process parameters, and strategies for

developing ideal microbiome, developments of electrodes towards scale-up.

2.2. Mechanisms of electro-methanogenesis

Figure 2.1 summarizes all possible pathways for the conversion of organic feedstocks to bio-
methane in an anaerobic digester catalyzed by the electro-methanogenesis process. Compared to a
conventional anaerobic digester, electro-methanogenesis can induce additional routes for

methanogenesis. Like traditional anaerobic digestion, methanogenesis would still occur through



the utilization of acetate/H2 produced from hydrolysis and subsequent fermentation of complex
organics. In the most general sense, electroactive bacteria can be emphasized as the key player in
promoting electro-methanogenesis (Feng et al., 2016; Zhao et al., 2015; Zhu et al., 2014). The
anodic electroactive bacteria oxidize simple organic acids (e.g., acetate) and transfer electrons to
the electrode via extracellular electron transport (EET) (Torres et al., 2010). The cathodic electro-
methanogenesis occurs via two major pathways: (1) directly via electron transport
to electrotrophic methanogens that are coupled with COz reduction to CH4, and (2) indirectly from
H: (i.e., abiotic H2 production and subsequent consumption by hydrogenotrophic methanogens)
(Choi and Sang, 2016). In addition to hydrogenotrophic methanogenesis, H2 can also be converted
to acetate by homoacetogens, and then can be utilized by acetoclastic methanogens or by

electroactive bacteria for anodic oxidation (Cheng et al., 2009; Fu et al., 2015).

As compared to the cathode potential of -0.41 V vs. standard hydrogen electrode (SHE)
required for abiotic H2 production, electro-methanogenesis via direct electron transport can occur
at a less negative cathode potential of -0.24 V vs. SHE (Figure 2.1) (Siegert et al., 2014a). Thus,
theoretically, electro-methanogenesis can occur with lower energy input than that required for
abiotic H2 production. Maintaining cathode potential more positive than -0.41 V vs. SHE can
promote methanogenesis via direct electron transport by eliminating H2 production. However,
practically, more negative cathode potential is required to compensate for high electrode
overpotential and internal resistance in the system, which ultimately increases the energy input for
methane production (Geppert et al., 2016). Therefore, the selection of cathode materials with lower
overpotential and minimizing internal resistance in the system would be required for reducing
energy input for the electro-methanogenesis process. The enrichment of a balanced microbiome is

also essential to realize the benefits of incorporating electro-methanogenesis in conventional

digesters (Kokko et al., 2018; S. Xu et al., 2019).
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2.3. Insights into the functional microbiome

Studies have revealed that the electro-methanogenesis processis functioned through a
complex microbiome involving both suspended and attached biomass, which consists of
electroactive bacteria, hydrolyzing/fermentative bacteria and methanogens (Y. Chen et al., 2016;
Lee et al., 2017; Saratale et al., 2017). Thus, it is essential to characterize both suspended and the
electrode attached biomass to clearly elucidate the functional roles of different microbial members
and their association in facilitating electro-methanogenesis. Table 2.1 summarizes the microbial

communities found in the MEC-AD process.

2.3.1. Bacterial community

As shown in Table 1, only a few studies provided a comprehensive characterization of
suspended and attached bacterial communities. However, these studies imply a clear pattern that
electroactive and hydrolyzing/fermentative bacteria would dominate the bacterial communities.
Although some electroactive bacteria can play dual roles of fermentation and EET to electrodes
(Kracke et al., 2015; Lusk et al., 2015; Summers et al., 2010), it has been widely accepted that
most of the electroactive bacteria are obligated to build a syntrophic partnership with other
bacterial members, such as hydrolyzing/fermentative bacteria, homoacetogens (Summers et al.,
2010). Consequently, for simple organic acids, electroactive Geobacter species were more
dominant in anode biofilms (D. Liu et al., 2016; Luo et al., 2016), while complex substrates (e.g.,
sludge, glucose, etc.) led to a more diverse community with a higher abundance of various
hydrolyzing/fermentative bacterial species, such as Bifidobacterium and Levilinea (Table 2.1).
Regarding suspended bacterial communities, in most cases, different hydrolyzing/fermentative
bacteria, such as Bifidobacterium, Cloacamonas and Pseudomonas were predominant (Table 2.1).
However, interestingly, a study by Luo et al. (2018) reported dominance of Geobacter species in
suspended communities, which could be attributed to differences in bioreactor configuration and
operating conditions. Geobacter species have been shown to be capable of directly transferring
electrons to electrotrophic methanogens, in some specific configurations of the conventional
anaerobic bioreactor, including up-flow anaerobic sludge blanket (UASB) reactor (Rotaru et al.,

2014a). This direct electron transfer process without electrodes is known as direct interspecies
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electron transfer (DIET). The readers are referred to the literature for details (Barua et al., 2019c,

2019b; Barua and Dhar, 2017; Rotaru et al., 2014a, 2014Db).

The hydrogen scavenging homoacetogens that utilize CO2/Hz to produce acetate, are often
observed to be linked with fermentable substrate utilization in the various configuration of MECs
(Dhar et al., 2019; D. Liu et al., 2017). With a few exceptions, there is limited evidence on the
significance of homoacetogens in methane-producing MEC-AD systems. Based on an extensive
literature search, a study could be found that reported enrichment of Acetobacterium on the cathode
accompanied by enhanced methanogenesis (D. Liu et al., 2016). The abundance
of hydrogenotrophic Methanobacterium in their study suggested the possible utilization of acetate
by electroactive bacteria, rather than acetoclastic methanogens. However, the insignificance of
homoacetogens is not surprising because of their thermodynamic and kinetic features.
Homoacetogenesis is thermodynamically less favourable than hydrogenotrophic methanogenesis;
standard Gibbs free energy (at pH 7) for hydrogenotrophic methanogenesis and homoacetogenesis
are —32.68 kJ/mol of H> and —24.94 kJ/mol of H> (Junicke et al., 2016). Additionally,
homoacetogens usually have a higher Michaelis—Menten constant (Km) and lower maximum
specific growth rate (imax) than those reported for hydrogenotrophic methanogens (Peters et al.,

1998).

2.3.2. Archaeal community

In MEC-AD systems, methanogens can either form biofilms or present as planktonic cells
(see Table 2.1). Regardless of differences in feedstocks/inoculum used, in most of the studies,
hydrogenotrophic methanogens (e.g., Methanobacterium, Methanospirillum, etc.) seem to be
abundant in archaeal communities (Table 2.1). Their dominance on cathodic biofilms could be
attributed to high H> partial pressure due to cathodic H2 evolution. Also, cathodic H2 synthesis
reaction could possibly lead to highly alkaline local pH which can impose free ammonia inhibition
effects, as ammonium ion can move towards the cathode to maintain charge neutrality in MECs
(Barua et al., 2019d, 2019a; Cerrillo et al., 2016). Previous studies also suggested a higher
tolerance of hydrogenotrophic methanogens to pH disturbance and ammonia inhibition over
acetoclastic methanogens (Cai et al., 2018; Song et al., 2010). For example, Cai et al. (2018)

recently demonstrated that an increase in pH in the microenvironment surrounding the cathode
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could significantly influence the methanogenesis rate as well as methanogenic communities in a
MEC-AD reactor; mcrA gene sequencing revealed that hydrogenotrophic methanogens (mostly

Methanobacterium alcaliphilum) were predominant on the cathode.

Although several studies suggested that electroactive bacteria could kinetically outcompete
acetoclastic methanogens, a few studies also reported the presence of various known acetoclastic
methanogens (Methanosarcina and Methanosaeta species) in cathode biofilms as well as in
suspension (see Table 2.1). Methanosarcina is the only methanogen that can switch between
acetoclastic and hydrogenotrophic methanogenesis routes, while Methanosaeta were known to
utilize acetoclastic pathway only (Cai et al., 2016; Luo et al., 2018; J. Park et al., 2018c; Siegert et
al., 2014b, 2015). Recently, both methanogenic genera have also been identified to be
electrotrophic due to their ability to directly accept electrons from their syntrophic partners or
conductive materials (i.e., DIET), which can be coupled with CO2 reduction to methane gas (J. H.
Park et al., 2018; Rotaru et al., 2014b, 2014a; Zhao et al., 2015). A few studies also revealed the
presence of methanogens in anode biofilms accompanied by high methane production (De Vrieze
et al., 2014; Yin et al., 2016), which also substantiate the significance of DIET in enhancing
methane production from MEC-AD systems. Thus, their versatile metabolic features justify their
presence either in cathode biofilms or suspension. It should be noted that most of the studies used
16S rRNA gene sequencing for the characterization of microbial communities, which provides
information about the relative composition of the microbial community. However, 16S rRNA gene
sequencing provides inadequate information on the metabolic features of different members in the
community. Previous studies established a positive correlation between the abundance
of merA genes with CHa production rate from conventional methanogenic bioassays
supplemented with H2/CO2 (Cai et al., 2018; Morris et al., 2014). Recently, Cai et al. (2018)
suggested that instead of 16s sequencing, mcrA sequencing could be a more effective tool to clarify
the metabolic features of the electro-methanogenic microbiome. Other studies also reported a
positive correlation between the CHa production rate and the abundance of mcrA gene copy

numbers in the cathodic biofilms (Li et al., 2019; Siegert et al., 2015).

It seems evident that hydrogenotrophic methanogens were mostly dominant in cathode
biofilms as well as in suspension. However, to date, literature provides limited information on the

relative contributions of suspended and attached methanogenic communities. This fundamental
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information can be translated into efficient MEC-AD system design. For instance, optimization
of the cathode surface area would be an essential design factor if cathode-attached methanogenic

communities primarily generate methane.
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Table 2.1 Microbial communities in single-chamber methane-producing MECs

Inoculum

WAS

AD sludge

UASB
sludge
UASB
sludge

WAS

WAS

WAS

AD sludge
AD sludge

AD sludge

AD sludge

AD sludge

AD sludge

Substrate

Acetate

Molasses
Sewage
sludge

Glucose

WAS

Acetate

Glucose

Acetate and
mixed acids

WAS

Food waste

Mixed acids
(acetic acid,
propionic
acid and
butyric acid)

Sewage
sludge

Raw sludge

Anode Cathode Suspension
Archaeal Bacterial Archaeal Bacterial Archaeal Bacterial
i ) Hydrogenotrophic i i )
methanogens
- Peptoniphilus Methanosaeta - Methanosaeta Peptoniphilus
- Methylovirgulaligni Methanosarcina - - -
- Bifidobacterium Methanobacterium - Methanobacterium | Bifidobacterium
- Levilinea - - Methanosaeta Syntrophomonas
- Geobacter Methanobacterium | Acetobacterium | Methanospirillum -
- - - - Methanosaeta -
- - - - Methanosarcina Geobacter
- - - - Methanomicrobiales -
- - - Methanosarcina Clostridia
- Geobacter - - Methanobacterium -
- - ) - - Cloacamonas
i ) ) i Hydrogenotrophic Pseudomonas
methanogens
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AD sludge

Sediment
from a
freshwater
bog

Acetate

Acetate

Geobacter

Geobacter

Methanobacterium

Methanobacterium
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Geobacter &
Pseudomonas

Geobacter

(Siegert et
al., 2014a)

(Siegert et
al., 2014a)



2.4. Process optimization

2.4.1. Operating parameters

In general, various extrinsic controllable parameters, including operating temperature, pH,
applied voltage/potential, etc. can considerably influence the performance of MEC-AD systems.
There have been considerable research emphases on optimization of these parameters. However,
most of these studies were carried out with dual-chamber configurations having membranes, while
findings from single chamber MEC-AD studies would provide more insights for integrating
electro-methanogenesis with conventional digesters. Table 2.2 summarizes the electro-

methanogenesis performance in single-chamber MEC-AD studies.

Most of the electro-methanogenesis studies considered applied voltage, in the range of 0.3-
1.5 V, as a key process optimization tool (Table 2.2). For instance, Zhiqgiang Zhao et al. (2016a)
examined the impact of different applied voltages (0.6-1.2 V) on methane production from
municipal waste activated sludge. Their results demonstrated enhanced methane productivity with
the increase in applied voltage from 0.6 V (760 mL CHa4) to 0.8 V (884.7 mL CHa4), whereas a
further increase in applied voltage resulted in a decrease in methane production (800 mL CHas at
1.2 V). Likewise, in the range of 0.3—1.5 V, another study found the optimum applied voltage for
enhancing methane production from waste activated sludge to be 0.6 V (Y. Chen et al., 2016).
Compared to the conventional anaerobic digester, at an optimum voltage of 0.6 V methane
production increased by 79.6%. However, current density linearly increased from 0.37 to 2.55
A/m? with the step-wise increase in applied voltage from 0.3 to 1.5 V. Thus, these findings also
revealed a non-linear relationship between applied voltage and methane productivity. Nonetheless,
it was evident that an applied voltage of <1 V would be adequate to reasonably enhance
methanogenesis over control reactors (H. Chen et al., 2016; Choi et al., 2017; Zhigiang Zhao et
al., 2016b, 2016a; Zisheng Zhao et al., 2016). Moreover, an applied voltage higher than 1 V
(particularly 1.2-1.5 V) could adversely affect methanogenesis (H. Chen et al., 2016; Choi et al.,
2017; Zhiqiang Zhao et al., 2016a), which could be attributed to the creation of the alkaline
environment at higher applied voltages (Zamalloa et al., 2013). Higher voltages can lead to
excessive consumption of H to produce Hz gas via abiotic cathodic reaction, which can increase

pH to highly alkaline values (>8) and inhibit methanogenic activity (Y. Chen et al., 2016; Feng et
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al., 2015). Furthermore, higher applied voltages could create micro-aerobic condition through
anodic water electrolysis (2H20—O02+4H " +4¢") (Y. Chen et al., 2016), which can adversely affect

anaerobic microbial communities.

The optimization of set cathode potentials was also considered in several studies, while most
of them were conducted in dual-chamber MEC-AD systems having abiotic anode. Most of these
dual-chamber studies demonstrated an almost similar trend that a cathode potential more negative
than -0.5 V vs. SHE would be required for promoting electro-methanogenesis (Van Eerten-Jansen
etal., 2013; Zhen et al., 2016b). For instance, Zhen et al. (2016a) reported that methane production
linearly increased with applying more negative cathode potentials in a dual-chamber MEC having
hybrid graphite fiber biocathode; methane production rate increased from 6.4 to 80.9 mL/L-d when
cathode potential switched from -0.9 V to -1.4 V vs. Ag/AgCl, respectively. This trend is quite
expected from the fact that more negative cathode potential can provide more driving force
compared to the thermodynamic equilibrium (Geppert et al., 2016; Zamalloa et al., 2013). At more
negative cathode potential, anode potential may become more positive, which would be
problematic in single chamber MEC-AD systems. Several studies previously reported that more
positive anode potentials could adversely affect electroactive bacterial communities in anode
biofilms by allowing enrichment of non-electroactive competitive bacterial communities (Dhar et
al., 2016b, 2016a; Torres et al., 2009). Based on extensive literature search, a study could be found
that examined the impact of different cathode potentials (-0.6, -0.8, -1.0, -1.1 V vs. Ag/AgCl) on
methane production from a single chamber MEC-AD (D. Liu et al., 2017). Compared to -0.6 V
vs. Ag/AgCl, more negative cathode potentials (-0.8 V and -1.0 V vs. Ag/AgCl) only marginally
increased methane productivity by ~10%. However, cathode potential of -1.1 V vs. Ag/AgCl was
unable to provide methane production for a prolonged period (>72 h). In contrast, a dual-chamber
MEC-AD in their study showed sustainable methane production during 30 days of the total
experimental period, where an optimum cathode potential was found to be -1.0 V vs. Ag/AgCI.
The measurement of oxygen reduction potential (ORP) indicated O formation through anodic
water electrolysis. Authors postulated that anodic microbial consortia were inhibited due to O2
generation. Also, Oz diffused from anode to the cathode in a single-chamber configuration could

inhibit methanogens due to the absence of membrane between two chambers.
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Although previous studies mainly focused on the enhancement of methanogenesis, a few
studies also shown improved hydrolysis/fermentation from MEC-AD process, indicated by the
changes in volatile suspended solids (VSS), soluble chemical oxygen demand (SCOD), and
volatile fatty acids (VFA) concentrations (Asztalos and Kim, 2015; Y. Chen et al., 2016; Zamalloa
etal., 2013). Y. Chen et al. (2016) reported that the hydrolysis rates in waste activated sludge fed
MEC-AD system operated at 0.3—0.6 V were comparable to the conventional anaerobic digester
as indicated by the same VFA levels (1600 mg/L), while 1.2—1.4 V greatly enhanced hydrolysis
with high VFA levels (2250-2500 mg/L). It has been suggested that micro-aerobic environment
created through anodic water electrolysis could assist in the hydrolysis of particulate organics (Y.
Chen et al., 2016; Zamalloa et al., 2013). Although some electroactive bacteria can facilitate their
metabolic activity under microaerobic environment (Toh et al., 2011), as mentioned above, the
higher applied voltage would adversely influence methanogenic activity due to micro-aerobic
conditions and pH changes. A study by Feng et al. (2016) showed that increasing applied voltage
from 0.3 V to 0.7 V could significantly increase the abundance of various hydrolyzing bacteria
species (e.g., Saprospiraceae, Fimbriimonas, etc.) in suspended microbial communities. Thus, the

enhanced hydrolysis from MEC-AD systems could be the results of multiple mechanisms.

As shown in Table 2.2, most of the electro-methanogenesis studies used mesophilic operating
temperature (34-37 °C) possibly because conventional anaerobic digesters are mostly operated
under this condition. However, a few studies suggested that MEC-AD operated at psychrophilic
(or ambient) temperature could provide comparable performance with conventional mesophilic
anaerobic digesters (Asztalos and Kim, 2015; W. Liu et al., 2016), which could be attributed to
the effective metabolic activity of various electroactive bacteria (e.g., Geobacter species) under
ambient temperature (Ren et al., 2017). Also, hydrogenotrophic methanogens widely identified as
key methanogens in MEC-AD systems are relatively less susceptible to low temperature than
acetoclastic methanogens. To date, optimization of operating temperature has received little
attention. Ahn et al. (2017) examined the impact of various operating temperatures within
mesophilic temperature regimes (30, 35, and 40 °C). In their study, increasing temperature from
30 °C and 40 °C linearly increased VSS removal efficiencies, indicating a significance of
optimizing operating temperature for electro-methanogenesis. However, maximum methane yield
and current density were obtained at 35 °C. Authors suggested that some electroactive bacteria
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might be inhibited at 40 “C, which ultimately affected methane productivity. Thus, optimization
of operating temperature would be essential to balance the activity of microbes involved in various

biochemical steps, including hydrolysis, fermentation, anodic respiration, and methanogenesis.

2.4.2. Development of start-up strategy

The development of an effective method for a quick and reliable start-up would a key-step for
commercialization of MEC-AD process. The time required for the start-up of MECs can be
considerably longer depending on various factors, such as operating conditions and inoculum
selection. These factors can considerably influence the enrichment and acclimation of a balanced
microbiome with maximum activity. However, effective methods to establish electro-
methanogenic microbiome have not been well studied for MEC-AD. A few recent studies
suggested setting a cathode potential more negative than the potential required for abiotic Ha
production (i.e., -0.41 V vs. SHE) for an effective selection of active methanogens (Siegert et al.,
2014a). As discussed previously, it was evident that the operation of single-chamber MEC-AD
under controlled cathode potential would be technically unfeasible. Perhaps enriching
methanogenic microbiome in a dual-chamber reactor under optimum cathode potential and then
transferring to a single chamber (i.e., conventional digester) reactor operated under applied voltage
would be a viable approach which is yet to be investigated. Nonetheless, the control of working
electrode potential is not a practical approach for large-scale reactors due to the heterogeneous
distribution of applied potential within a large electrode (Jiang and Zeng, 2018). Also, the
inoculation of a large-scale system would require a substantial amount of inoculum. Overall, the
enrichment of a significant amount of inoculum for large-scale reactor using a potentiostat would

be challenging.

Besides operating condition, inoculum selection is also essential to provide rapid start-up of
MEC-AD systems. To date, a few studies attempted to compare various inoculum sources for
MEC-AD systems. Siegert et al. (2014b) compared two inoculum sources: (1) anaerobic digester
sludge dominated by acetoclastic Methanosaeta, and (2) anaerobic bog sediment enriched with
Ho-utilizing methanogens. The MEC inoculated with bog inoculum showed superior methane
production rate. Microbial community analysis targeting 16s rRNA gene identified the

hydrogenotrophic genera Methanobacterium and Methanobrevibacter as the key methanogens in
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MEC:s, and their presence in the inoculum significantly influenced the methanogenesis kinetics. A
recent study by Cerrillo et al. (2017) also compared two different inoculum sources: (1) a mixture
of biomass from a MEC and granular sludge from a full-scale anaerobic digester, and (2) granular
sludge from an UASB reactor fed with methanol. Interestingly, both inoculums showed
comparable performance regarding methanogenesis rate, and hydrogenotrophic methanogens
mostly dominated archaeal community. Thus, one possibility for developing high-rate electro-
methanogenic digester would be the use of inoculum pre-enriched with hydrogenotrophic
methanogens. Dykstra and Pavlostathis (2017) suggested that mixed culture digester sludge could
be further acclimatized with H2/CO2 to pre-enrich hydrogenotrophic methanogens and thereby
improve methane production from MEC-AD. Another approach suggested in the literature to
shorten the start-up time of MEC-AD systems is the deployment of pre-acclimated electrode
materials (De Vrieze et al., 2014; R. Xu et al., 2019). For instance, De Vrieze et al. (2014) reported
that retrofitting pre-inoculated electrode in a failed digester could lead to immediate recovery of

methanogenic activity.
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Table 2.2 Summary of electro-methanogenesis studies conducted with single-chamber MECs

Volume Electrodes Applied Temperature | Operating Substrate Max. C.H4 Max.
) Voltage ©C) Mode Inoculum (COD/L) production/ Current References
Anode Cathode W) g yield/rate
Anaerobic
sludge of (De Vrieze
0.8 Carbon felt | Carbon felt 0.5 34 Fed batch municipal a&:;ass/is) mis/lf /d i/?ni etal.,
sludge digester - 2014)
(10 g/L)
Anaerobic
sludge of (De Vrieze
0.08 | Carbon felt | Carbon felt 1 34 Fed batch municipal a&:;ass/is) niI%ZL? d 2/;82 etal,
sludge digester - 2014)
(10 g/L)
Plain Plain 04,07, Thermophilic Acetate 1103 i (Fu et al.,
0.25 carbon carbon 0.8 55 Fed batch anode MFC (COD 0.8 | mmol/m*/d NA 2015)
cloth cloth ’ effluent g/L) at0.8 vV
D 4 shud Waste
igested sludge ;
Carbon Stainless- Continuous + a(s::“ilatzd 15-25 (Asztalos
0.18 fiber Lo |12 225 b o - 5o | 256mLd | 7| and Kim,
brushes steel mes ed-batc Waste activated | (VSS,5.20 m 2015)
sludge g/L, COD
7.89 g/L)
Anaerobic Waste
Graphite | Graphite sludge from | - activated 035 | (Zhaoet
0.5 brﬁsh r(F)) J 0.6 37 Fed batch waste sludge sludge 2998.4 ml A}mz al., 2015)
treatment plant (VSS 41 ?
(VSS 43 g/L) g/L)
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Raw

. . Sludge of 1702 L/Kg | 4.3 A/m?
2 Pairof Fe | Graphite |, ¢ 35 Fedbatch | UASBreactor | SM92° | yS§9ar03 (Feng et
tube pillar (TCOD 50 g/l) (TCOD v al., 2015)
gV 1142 g1
Sludge of Glucose
Graphite Graphite Semi- UASB reactor , | (Lietal,
! rod rod ! 35 continuous |  (VSS 11.52 (C(/)LD) 7| 248mL/h ST A/m 2016)
gL) ¢
. . Anaerobic Glucose (Feng and
075 | Oraphite | Graphite | 5y 35 Semi-batch |  digester of con3s | 3229mLe |5 s ma | Song,
fiber fiber COD
sewage sludge g/L) 2016)
Activated Sewage 392
Graphite Graphite 0.3, 0.5, Sludge from sludge 370 mL/L.d 3 (Feng et
12 fiber fiber 0.7 25 Batch mesophilic (TCOD at0.3 Vv ;?’ggmv al., 2016)
MEC-AD 32-47 g/L) '
Waste
activated .
. (Zisheng
4 | Carbonfelt|  Graphite 0.6 35 Fedbatch | Wastesludge | M2 | 13634mL | 0.1 A/m? | Zhao etal.,
tube pillar (VSS, 30 2016)
g/L, TSS,
45 g/L)
Waste
Continuous activated (Zhigi
. . igiang
0.5 Graphite |~ Graphite 0.8 37 Waste sludge sludge g847mL | CO13% | Zhao etal,
brush rod (VSS, 28 A/m 2016b)
g/L, TSS,
101 g/L)
. . Waste 0.088 | (Zhigiang
0.5 Ggiﬁlsl;lte Gr:;l(;))(linte 0'16’ 10'28’ 37 Fed batch Waste sludge activated 884(.)78rr\1/L A\ Amlat | Zhao et al.,
o sludge : 12V 2016b)
(VSS, 28
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g/L, TSS,

101 g/L)
Mixed
Anaerobic (Aa(cne(iisc
0225 | Craphite | Carbon 0.5 35 Fed batch sludge of 1 ionic | 84mL na | (bwoetal,
felt paper sewage sludge . 2016)
digester & butyric
& acid, each
0.5 g/L)
Stainless- Waste activated Acetate 225.5mlL/g 166.7 (Yin et al
0.23 Carbon felt steel 1 25 Fed batch sludge (CoD 10 COD Al 2016)
g/L)
Stainless- WAS + Anode | AU omise | 304 | (vinetal
0.23 Carbon felt steel 1 25 Fed batch MEC effluent (ng0/]3) 10 COD Al 2016)
. WAS + Anode Acetate .
023 | Carbon fel¢ | Stainiess- 1 25 Fed batch | MEC effluent+ | (10cop | >00mbe | 304 (Yinetal,
steel . COD A/m 2016)
Methanosarcina g/L)
Artificial
Stacked of beer
Graphite 2 layers 0.5,0.7 Activated brewery 100 mL/g 84 mA | (Guoetal
0.7 fiber brush | stainless- 0.9 35 Fed batch sludge wastewater COD\? t09 at09Vv 2017a)
steel mesh (COD 1
g/L)
Atrtificial
Stacked of beer
Graphite 5 layers 0.5,0.7 Activated brewery 145 mL/g 129 mA | (Guo etal
0.7 fiber brush | stainless- 0.9 35 Fed batch sludge wastewater CODVa €09 at09Vv 2017a)
steel mesh (COD 1
g/L)
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Artificial
Stacked of beer 260 mL/g
0.7 Graphite 8 layers 0.5, 0.7, 35 Fed batch Activated brewery COD at 0.9 12.6 mA | (Guo et al.,
' fiber brush | stainless- 0.9 sludge wastewater v ' at09Vv 2017a)
steel mesh (COD 1
g/L)
Activated | Activated . sluclifgae“zv S )55
1 C;feorn Cgfe‘;n 0.3-1.5 35 Fed batch A;’ltlllzated 297 o/l \1/‘;0'9 Lke | gz g | (V- Chenet
: . ge COD 685 at0.6' vV 12V al., 2016)
textile textile
glh)
E. densa
harvested
Pair of Pair of Mesophilic from
0.8 Ti/RuO; Ti/RuO; 0.4,0.6, 35 Semi- kitchen waste domestic | 248 mL/L.d | 8.9 mA (Zhen et
' mesh mesh 0.8, 1 continuous | (VS 6.3 g/L, TS | wastewater atlVv at0.8 V | al,2016a)
plates plates 11 g/L) & lake
water (TS
50 g/L)
Waste
activated
Graphite Carbon Waste activated sludge 138 mL/L (W.Liuet
0.5 brush cloth 08 23 Fed batch sludge (VSS 14 reactor.d 1.8 mA al., 2016)
g/L, TSS
20 g/L)
Anaerobic Waste
. . inoculum activated (Zhigiang
05 | Graphite | Graphite 0.6 37 Fedbatch | sludge (vsS28 | S92 | o530 mid | NA | Zhaoetal,
brush rod (VSS 43
g/L, TSS 77 2016a)
/L) g/L, TSS
101 g/L)
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Reticulated | Reticulated Mesophilic Glucose 0.011 L/L.d 0.122 (Gajaraj et
0.8 vitreous vitreous 0.3,0.6 35 Fed batch | digested sludge (COD 1 'at 03 V' A/m?at al J2 0 1J7)
carbon carbon of (COD 3 g/L) g/L) ’ 06V °
Waste
Reticulated | Reticulated Mesophilic activated | 0.020 L/L.d 0.067 (Gajaraj et
0.8 vitreous vitreous 0.3,0.6 35 Fed batch | digested sludge sludge at0.3 & 0.6 | A/m2at al J201J7)
carbon carbon of (COD3¢g/L) | (COD 10 A% 03V ?
g/L)
Anaerobic
digestion Glucose 19.04
Carbon Carbon 0.5, 0.7, effluent 408 mL/g 3 (Choi et
027 | fiber brush | fiberbrush | 1, 1.5 33 Baich (COP2 | copatrv | A0 | al2017)
(VSS 13 g/L, gL)
TSS 18 g/L)
Raw
Sewage sludge sludge 1.63
. . 33 .
25 graphite graphite 0.3 30-40 Fed batch of MEC (VSS17.1 | 1.11 mo/m A/m® at (Ahn et al.,
felt felt offluent g/L, at 35 °C 35°C 2017)
" TCOD
29.2 g/L)
Graphite | - Graphit O (1. Park et
20 crir:;n cra:]r:S(Ln 0.3 33 SBR effluent of food (TCOD 171L/d N/A al., 2018c¢)
waste 60.3 g/L)
Eanode - Aerobic
. . 0.25, - actlvated.s!udge Acetate 777 mL/h 047 A
Graphite Graphite 0.3, - . of municipal at-0.25 (Zhao et
1 25 Continuous (COD 3 at-025Vv
rod rod 0.35, - sewage plant ) vs Ag/AoCl Vvs al., 2014)
0.4V vs (VSS 12 g/L, & SRV Ag/agCl
Ag/AgCl TSS 17 g/L)
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0.35

Graphite
rod

Graphite
rod

Ecathode -
0.8, -1, -
1.2 Vs
Ag/AgCl

55

Fed batch

Thermophilic
anaerobic
sludge

Glucose
(1560
mmol )

0.6 L/L/d at
-1 Vs
Ag/AgCl

-20 mA
at-1.2V
Vs
Ag/AgCl

(S.Y.Liu
etal.,
2017)
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2.5. System design and scale-up considerations

2.5.1. Electrode materials

As shown in Table 2.2, carbon-based electrodes have been a popular choice as cathode
material for electro-methanogenesis studies, while only a few studies used metal-based cathode.
It is not possible to systematically compare and comment on a superior cathode material for
electro-methanogenesis, as most of these studies used different system configuration, feedstock,
inoculum, and operating conditions. However, a few systematic studies on the comparison of
various electrode materials under identical operating condition suggested that careful selection of
cathode materials would be essential to reduce cathodic overpotential and attain a reasonable
methane production rate (D. Liu et al., 2018; Siegert et al., 2014a; Zhen et al., 2016b). Electrode
materials having high overpotentials may lead to inferior electron transfer activity and thereby
increase energy input (Guo et al., 2017a; Pinto et al., 2011). As mentioned previously, electro-
methanogenesis via CO2 reduction under standard condition can occur via direct electron transfer
at a potential of -0.240 V vs. SHE, or via H2 consumption via hydrogenotrophic methanogenesis
at a potential of -0.410 V vs. SHE. However, more negative cathode potential (e.g., -0.5 V vs.
SHE) is usually required to compensate for large electrode overpotential (Siegert et al., 2014a;
Zhen et al., 2016b), which ultimately increase the overall energy input for methane production.
Zhen et al. (2016b) found that modification of plain carbon stick with a layer of graphite felt could
potentially reduce the overpotential of carbon stick via serving as ‘artificial pili® for electron
transport between methanogen and cathode electrode. Another study by D. Liu et al. (2018)
exhibited that deployment of granular activated carbon (GAC) as methanogenic biocathode could
lead to methane production at cathode potential of -0.52 V vs. Ag/AgCl (-0.32 Vs. SHE)
accompanied by undetectable H2 production, suggesting that GAC can be an attractive cathode

material for designing MEC-AD systems.

2.5.2. Surface chemistry of electrodes

Surface chemistry of electrode materials can significantly influence the bio-electroactivity of
microorganisms. Most importantly, surface chemistry can play a crucial role in both direct or
indirect electron transfer mechanisms by impacting electrode-microbe interactions (K. Guo et al.,
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2015; S. Y. Liu et al., 2017; Siegert et al., 2015; Zhang et al., 2013; Zhen et al., 2018). Recently,
there has been rising interest on surface modification of electrode materials with nanomaterials
and metal catalysts (e.g., carbon nanotube, graphene, iron nanoparticles, etc.) and thereby tailoring
various physical and electrochemical properties, including surface area, surface charge, electrical
conductivity, biocompatibility (Feng and Song, 2016; Siegert et al., 2015; Tang et al., 2015; Zhang
etal., 2013; Zhen et al., 2018). For instance, heat treatment could lead to the formation of 3D iron
oxide nanoparticles on the surface of stainless-steel electrode, which provided elevated surface
area and biocompatibility for robust biofilm formation on the cathode (K. Guo et al., 2015; S. Y.
Liuetal.,, 2017). Also, the modification of cathode electrode with chitosan and cyanuric chloride
to provide positively charged surface has been suggested to improve microbe-electrode interaction
(Zhang et al., 2013), as positively charged surface can enhance adhesion of negatively charged
microbial cells (K. Guo et al., 2015). However, limited efforts have been devoted to the
optimization of these electrode materials for electro-methanogenesis (Guo et al., 2017a; D. Liu et
al., 2018; Saheb-Alam et al., 2018). S. Y. Liu et al. (2017) demonstrated that heat treatment of
stainless steel felt cathode could increase methane production rate by 1.4 times compared with the
untreated stainless steel felt at cathode potential of -1.3 V, while minor enhancement in methane
production rates was observed when the cathode potential was fixed at-1.1 V. Thus, more research
is needed to better optimize cathode materials, particularly with regards to applied

voltage/potential.

2.5.3. Electrode surface area

The electrode surface area is directly related to the required reactor volume, which is one of
the essential considerations in scale-up or commercialization of any microbial electrochemical
systems. Theoretically, increasing electrode surface area can reduce the overpotential and thereby
should increase the electrochemical efficiency of the corresponding electrode (Call et al., 2009;
Selembo et al., 2010; Siegert et al., 2014b). Although optimization of the specific surface area of
the anode has been extensively investigated for improving the current density of microbial
electrochemical systems, very few studies attempted to optimize electrode surface area for MEC-
AD. Guo et al. (2017a) examined the effect of different ratios of cathode surface areas to the spatial

volume of the anode (1, 2.5 and 4 cm?/cm®) on electro-methanogenesis performance, where the
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spacing between anode and cathode module was fixed at 3 cm. Interestingly, increasing
cathode/anode ratio did not affect methane generation rate at a lower applied voltage of 0.5 V,
while methane production rate gradually increased with increasing cathode/anode ratio at a higher
applied voltage (0.7-0.9 V). However, COD removal efficiencies remained almost constant at
different conditions, emphasizing that the inferior cathodic reaction mainly limited methane yield
when the cathode surface area was inadequate to enable retention of methanogenic biomass. A
study by De Vrieze et al. (2014) also revealed that the primary mechanism behind the enhancement
of electro-methanogenesis was the retention of methanogenic biomass on the electrode; however,
their study suggested that the role of applied potential would have little effect in enhancing the
methane production rate. Nonetheless, these studies emphasized that high cathode surface area

would be required to drive methane production rates from electro-assisted digesters reasonably.

2.5.4. Electrode spacing

Another critical design parameter that can influence the performance of a microbial
electrochemical system is the spacing between the anode and cathode electrodes (Call et al., 2009;
Park et al., 2017). Several studies revealed that reducing the distance between anode and cathode
electrodes can significantly reduce the internal resistance by improving ionic diffusion rates in
microbial electrochemical systems (Liang et al., 2011; Yao et al., 2014; X. Zhang et al., 2009).
Like electrode materials and specific surface areas, only a few studies investigated the effect of
electrode spacing on electro-methanogenesis kinetics (Im et al., 2015; Park et al., 2017; Rader and
Logan, 2010). Park et al. (2017) reported a 51% decrease in methane production with increasing
the spacing between the anode and cathode electrodes from 1 cm to 5 cm at a fixed applied voltage
of 0.3 V, likely attributed to the elevated internal resistance in the system which accompanied by
inferior protons transport from anode to the cathode chamber. Additionally, computational fluid
dynamics (CFD) modelling in their study suggested that mixing velocity can alleviate the internal
resistance at higher electrode distance, and considerably increase the methane production
rate. Thus, it was evident that the development of electrode materials must coincide with the

optimization of electrode spacing.

Furthermore, the shape and orientation of electrode materials would be

an essential consideration in the selection of electrode spacing. Recently, a comprehensive review
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by Kariyama et al. (2018) suggested that a mixing strategy can significantly influence performance
(i.e., energy recovery efficiency) of conventional anaerobic digesters; intermittent mixing has been
identified to be enough for optimum digester performance. Therefore, further understanding of
the role of various mixing strategies (i.e., mode and intensity) would be essential to provide an
optimum hydrodynamic condition for biofilms as well as improving net energy efficiency in MEC-

AD systems.

2.6. Research gaps and outlook

Small- and medium-sized AD projects are usually perceived as economically unattractive due
to high capital costs and longer payback periods. In recent years, many countries have
implemented financial incentives for biogas-based electricity production. Therefore, the overall
acceptance of the anaerobic digestion process considerably increased. In this regard, if AD process
performance can be enhanced through electro-methanogenesis, the economic and environmental
benefit of AD projects will be very attractive. The adoption of MEC-AD has the potential to offer
high-quality biogas due to the reduction of CO2 to CH4 gas, which can reduce the biogas upgrading
cost. Moreover, retrofitting MEC would be a pragmatic solution to increase the capacity of existing
AD facility, which will ultimately help to balance population growth and sustainable waste
management. The MEC-AD systems have been studied for about 10 years. Like other microbial
electrochemical technologies, technology readiness level of MEC-AD is still low. While
significant research progresses have been made in terms of fundamental understanding and process
development at bench-scale, numerous challenges still need to be addressed. Although most of the
MEC-AD studies reported improved methane yields and organics (COD and VSS) removal
efficiencies over conventional, it is not possible to systematically compare their performance due
to differences in system configuration, feedstock, inoculum, and other operating parameters.
Figure 2.2 summarizes the major research gaps identified by this review. The complex interactions
between process configuration/parameters (e.g., electrode, applied voltage, temperature, etc.) and
functional microbiome has still not been completely understood. Several strategies have been
suggested for acclimation of the inoculum to promote faster start-up, while inoculation efficiencies
of these methods should be methodically compared. Furthermore, for commercialization, a

significant effort will be needed to develop a scalable process design/configuration which include
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multiple aspects, such as electrode materials, surface area, surface chemistry, and spacing. Also,
it is evident that process conditions (i.e., applied voltage) has a complex influence on the optimum
electrode configuration. To date, majority of studies explored these aspects individually. Thus,

further studies would be needed to systematically combine these aspects.

To date, there have been limited studies on techno-economic assessment on MEC-AD systems.
Recently, Beegle and Borole (2017) compared the economic efficiency of waste valorization
through integrated MEC-AD process. They found that integrated process has more potential to of
higher energy efficiency and economic benefits than AD or MEC alone. Among various key
variables, energy efficiency, biodegradability and sales price of biogas have shown to have more
impact on 20-year net present value (NPV), while other variables like capital cost, O&M costs,
and organic loading rate had minor effects. The improvement of energy efficiency would require
more understanding of fundamentals and effective system design, while biodegradability of
complex feedstocks can be enhanced through pre-treatment. Nonetheless, most of the economic
feasibility studies on various microbial electrochemical technologies are primarily based on lab-
scale results. Therefore, comprehensive techno-economic analysis and life-cycle assessments

based on pilot-scale MEC-AD systems are warranted.

2.7. Conclusions

A state-of-art review of electro-methanogenesis with a focus on fundamentals, process
optimization, and scale-up considerations was conducted. Electro-methanogenesis is still in the
embryonic stage in terms of commercial readiness but is expected to be an attractive option to
enhance the efficiency of conventional anaerobic digestion. The major challenges in applying
electro-methanogenesis include inadequate understanding of interrelationships between system
components and process parameters as well as their complex interactions with the functional
microbiome and process performance. Future research should consider bridging these aspects
along with comprehensive economic assessment to pave a roadmap for engineering MEC-AD

process as a next-generation biogas technology.
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Chapter 3

Characterization and significance of extracellular polymeric substances,
reactive oxygen species, and extracellular electron transfer in methanogenic

biocathode

A version of this chapter was published in Scientific Reports, vol. 11, 7933.

3.1. Introduction

The concept of electro-methanogenesis by combining the microbial electrolysis cell (MEC)
and anaerobic digestion (AD) has become a promising method for process intensification and
improving the stability of digesters (Choi et al., 2017; Huang et al., 2020; J. Park et al., 2018c;
Zakaria et al.,, 2020; Zakaria and Dhar, 2021a). The integrated process is called microbial
electrolysis cell assisted anaerobic digester (MEC-AD). In MEC-AD systems, methane can be
produced via multiple pathways, such as (1) direct electron transfer from the cathode to
electrotrophic methanogens coupled with CO2 reduction to methane, and (2) hydrogenotrophic
methanogenesis of H2 produced via cathodic hydrogen evolution reaction (HER) (Huang et al.,
2020; Villano et al., 2010; Zakaria et al., 2020; Zakaria and Dhar, 2019). Moreover, methane can
also be produced via direct interspecies electron transfer (DIET) between electroactive bacteria
(EAB) and electrotrophic methanogens in cathode and anode electrodes (Siegert et al., 2015,
2014a; Zakaria and Dhar, 2019). Nonetheless, a considerable portion of methane would still be

generated via conventional acetoclastic and hydrogenotrophic methanogenesis pathways.

The activity of anodic EAB was identified as one of the key factors for boosting the
methanogenesis process in MEC-AD systems. EAB can outcompete acetoclastic methanogens due
to faster growth kinetics (Cheng et al., 2009), and divert electrons from acetate to anode via
extracellular electron transport (EET). The transferred electrons can be utilized for hydrogen
production via a cathodic HER. Thus, fast-growing hydrogenotrophic archaea can be augmented
on the biocathode. Several studies reported enrichment of known hydrogenotrophic methanogens,
such as Methanobacterium and Methanobrevibacter in the biocathode (Cheng et al., 2009; Dykstra
and Pavlostathis, 2017; Siegert et al., 2015, 2014a). Thus, MEC-AD can provide faster
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methanogenesis rates compared to conventional anaerobic digesters. Furthermore, MEC-AD
systems could provide better process stability due to the faster utilization of volatile fatty acids
(VFAs) by EAB (Cheng et al., 2009; D. Liu et al., 2016). The accumulation of VFAs has been
widely reported as a critical factor influencing failure or process instability of digesters operated
at high organic loading rates (He et al., 2018; Ma et al., 2013; Tomei et al., 2009). A few studies
also suggested that MEC-AD systems could provide better resilience to inhibitory compounds
(e.g., phenol, ammonia, etc.) and decline of digester performance at lower temperatures (Luo et
al., 2016; Yu et al., 2019). Thus, MEC-AD systems can provide numerous benefits over

conventional AD.

Despite significant research efforts towards developing MEC-AD systems, studies exploring
the significance of extracellular polymeric substance (EPS) in biocathode are limited. Biofilm EPS
can have many functions, including attachment of cells to solid surfaces, maturation of biofilm
structures, and protection of cells from harsh environmental conditions (Xiao et al., 2017; Zakaria
and Dhar, 2020; Zhang et al., 2011). A few recent studies validated the significance of EPS in EET
within electroactive anode biofilms (Rollefson et al., 2011; Tan et al., 2019; Tian et al., 2019; Xiao
et al., 2017). In general, EPSs are composed of proteins, extracellular DNA (eDNA), humic acids,
polysaccharides, etc., that are secreted by microbes in pure and mixed cultures (Xiao et al., 2017,
Zakaria and Dhar, 2020). Notably, humic acids, eDNA, and heme-binding proteins showed redox
properties, serving as immobilized electron carriers in electroactive biofilms (Rollefson et al.,
2011; Tan et al., 2019; Xiao et al., 2017). Interestingly, EPS extracted from anaerobic digesters
also exhibited redox properties and identified as an essential route for DIET between syntrophic
bacteria and methanogens (Ye et al., 2018; Yu, 2020). As direct electron transport from the
cathode-to-methanogen and bacteria-to-methanogens can promote electro-methanogenesis in the
biocathode, it can be assumed that biocathode EPS can potentially be linked with MEC-AD
performance. However, to the best of the authors’ knowledge, reports on biocathode EPS

characteristics and expressions of EET genes in MEC-AD systems are still scarce.

The optimization of applied voltage/potential and inoculation method has been broadly
investigated to enrich a syntrophically balanced microbiome for MEC-AD systems (Villano et al.,
2016; Zakaria and Dhar, 2021a). Previous studies also substantiated the importance of persuasive

system design (Guo et al., 2017b; Ma et al., 2017; Noori et al., 2020). Particularly, cathode
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materials with low overpotential, large surface area, and good conductive properties were found
to play a deterministic role in MEC-AD performance (Choi et al., 2017; De Vrieze et al., 2014; D.
Liuetal., 2017; W. Liu et al., 2016). Carbon-based electrodes, such as carbon fiber, carbon cloth,
and carbon brush, have been mostly employed in previous studies due to their high surface area
and biocompatibility properties (Choi et al., 2017; De Vrieze et al., 2014; W. Liu et al., 2016).
Furthermore, low-cost 3D porous carbon-based composite materials have been developed for the
efficient growth of biofilms (Bian et al., 2018; Singh et al., 2021, 2018). However, carbon-based
electrodes provide slow catalysis for cathodic HER, which seems to be critical for enriching
hydrogenotrophic methanogens (Kim et al., 2017; W. Liu et al., 2016; J. Park et al., 2018¢). Some
previous studies employed metal catalysts (e.g., nickel, platinum, etc.) on carbon electrodes to
accelerate HER (Kim et al., 2017; W. Liu et al., 2016; J. Park et al., 2018c), while these catalysts
are still expensive. In contrast, non-precious metal electrodes, such as stainless steel, have shown
an excellent low-cost alternative (Call et al., 2009; Dykstra and Pavlostathis, 2017; D. Liu et al.,
2017; J. Park et al., 2018b; Wang et al., 2016). However, to date, limited information is available
on how carbon and metal-based electrodes shape biocathode structures in terms of EPS, expression

of EET genes, and microbial communities.

Considering the research gaps mentioned above, the main goal of this study was to provide
fundamental insights into the EPS characteristics and EET genes in methanogenic biocathode. The
novelty of this study is two folds. First, this study presents, for the first time, a comprehensive
characterization and significance of EPS and expression of EET genes for methanogenic
biocathode. Second, underlying mechanisms of methanogenesis performance with carbon and
metal cathodes were evaluated with a multifaceted approach combining molecular biology,

microscopic and electrochemical tools.

3.2. Materials and methods

3.2.1. Experiment

Two single chamber MEC-AD systems (working volume of 360 mL), constructed with
plexiglass, were used in this experiment. Carbon fibers (2293-A, 24A, Fibre Glast Development

Corp., Ohio, USA) fixed onto a stainless-steel frame (which was not exposed to the liquid medium)
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was used as an anode electrode in both reactors. A similar carbon fiber module was used as a
cathode electrode in one reactor (referred to as ‘CF-CF’), and a stainless-steel mesh (304 stainless
steel, McMASTER-CARR, USA) was used as a cathode in the other reactor (referred to as ‘CF-
SS’). The specific surface area provided by the stainless-steel electrode was 4.2 m?/m’.
Considering every single filament in the carbon fiber bundle (Error! Not a valid bookmark self-
reference.), the specific surface area of the carbon fibers module was estimated at 3609 m*/m?.
Moreover, considering all filaments in a bundle as a single fiber, the surface area was estimated at
41 m*m?. The detailed calculation of the specific surface areas is provided in the Supplementary
Information. The Ag/AgCl reference electrode (MF-2052, Bioanalytical System Inc., USA) was

positioned close (<1 cm) to the anode electrode.

Both reactors were inoculated with mesophilic anaerobic digester sludge and effluent from a
dual-chamber mother MEC operated with sodium acetate as an electron donor for >12 months.
Initially, sodium acetate (1600+£55 mg COD/L) supplemented phosphate buffer (50 mM) and trace
minerals were used as a substrate. The details of the trace minerals can be found elsewhere (Zakaria
and Dhar, 2021a). Both reactors were operated with acetate in fed-batch mode until peak current
densities reached ~77 A/m>. Then, the substrate was switched to glucose (2150+31 mg COD/L),
while buffer and trace minerals composition remained the same. With glucose, reactors were
operated for about six months under batch mode in repetitive cycles. The biogas produced from
the reactors were collected in gasbags. A decrease in daily methane production to <3 mL was
considered an indicator for replacing the substrate medium. During experiments, the anode
potential was fixed at -0.4 vs. Ag/AgCl with a potentiostat (Squidstat Prime, Admiral Instruments,
Arizona, USA). This anode potential was selected to enrich and maintain kinetically efficient EAB
as suggested in the literature (Dhar et al., 2016a; Torres et al., 2009; Zakaria et al., 2019). The
reactors were operated at room temperature (21£1°C) with continuous mixing (130£5 rpm) of the

liquid medium with magnetic stirrers.

3.2.2. EPS and ROS analyses

For EPS analysis, biomass samples were washed three times with 0.1 M PBS (pH 7.4), and
then the supernatant was removed after centrifugation at 3000 x g for 15 min at 21°C. EPS

extraction was performed using two methods: cation-exchange resin (CER) and heating method.
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Applying cation-exchange resins and heating methods was highly efficient in several previous
studies for the EPS extraction from biofilms, particularly carbohydrates, proteins, and eDNA (Cho
etal.,2012; Dai et al., 2016; Jachlewski et al., 2015; Tan et al., 2019; Xiao et al., 2017). In addition,
the pellets were collected to examine the cell lysis interference using a Glucose-6-Phosphate
Dehydrogenase kit (Sigma-Aldrich, USA). The details of EPS extraction and analytical methods
for various EPS components (proteins, carbohydrates, eDNA, heme-binding proteins, and uronic
acid) are provided in the Supplementary Information. These five major EPS components were
selected based on the EPS components previously found in electroactive anode biofilms (Stockl et
al., 2019; Xiao et al., 2017; Yang et al., 2019b, 2019a). Furthermore, these EPS components were
also found in archaeal biofilms in conventional anaerobic biofilm reactors (van Wolferen et al.,
2018; Zhang et al., 2019). Both EPS extraction methods (CER and heating method) provided
similar results (Table A.1). Hence, we reported the results from the CER method. Confocal laser
scanning microscopy (CLSM) was used to visualize and examine the EPS structure (for method,
see Supplementary Information). The quantitative analysis of EPS biovolumes and intensities was
carried out using biofilm image processing COMSTAT software (COMSTAT?2, Version 2.1, Dk,
http://www.comstat.dk/) (Heydorn et al., 2000; Vorregaard, 2008). For -electrochemical

characteristics, cyclic voltammetry (CV) of extracted EPS from biocathodes was performed. 2 mL
of extracted EPS was transferred to an electrochemical cell having screen printed electrodes (A-
AD-GG-103-N, Zimmer and Peacock Ltd., Royston, UK). The working electrode potential was
ramped between —0.8 and 0.8 V vs. Ag/AgCl at a scan rate of 1 mV/s using a potentiostat

(Squidstat Prime, Admiral Instruments, USA); the current was recorded every 1 second.

The ROS levels in biofilms were visualized using CLSM. We collected different parts of
electrodes, then washed them three times using 0.1 M PBS to remove any debris. Samples were
stained with 2',7'-Dichlorofluorescein diacetate (10 uM) (Thermo Fisher, USA) for one hour. The
visualization (Figure 3.8) was then performed with excitation and emission wavelength of 495 nm
and 520 nm, respectively. The quantification of ROS levels was then performed using image
processing COMSTAT software (COMSTAT2, Version 2.1, Dk, http://www.comstat.dk/)
(Heydorn et al., 2000; Vorregaard, 2008). Microscopic visualization of biofilms was performed

using a scanning electron microscope (SEM, Carl Zeiss, Cambridge, UK). Several images from
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different locations of electrodes were captured. The detailed protocol could be found elsewhere

(Zakaria and Dhar, 2020).

3.2.3. Microbial communities and gene expression analyses

For microbial analyses, genomic DNA was extracted from the anode and cathode biofilms
using PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) according to the
manufacturer’s instructions. The purity and concentration of DNA were measured with Nanodrop
spectrophotometer (Model 2000C, Thermo Scientific, USA). The extracted DNA was stored
immediately at -70 “C prior to the sequencing. Illumina Miseq Sequencing was performed by the
Research and Testing Laboratory (Lubbock, TX, USA) targeting 16S rRNA gene using bacterial
primers 341F: 5' CCTACGGGNGGCWGCAG 3' and 805R: 5'
GACTACHVGGGTATCTAATCC 3' (Klindworth et al., 2013; Logares et al., 2013), archaeal
primers 517F: 5' GCYTAAAGSRNCCGTAGC 3'and 909R: 5' TTTCAGYCTTGCGRCCGTAC
3 and specific mcrA archaeal primers mcrAf: 5!
GGTGGTGTMGGATTCACACARTAYGCWACAGC 3 and mcrAr: 5'
TTCATTGCRTAGTTWGGRTAGTT 3' (Morris et al., 2014).

For evaluating microbial diversity, the nucleotide sequence reads were sorted out using a data
analysis pipeline. Short sequences, noisy reads and chimeric sequences were removed through a
denoising step and chimera detection, respectively. Then, each sample was run through the
analysis pipeline to establish the taxonomic information for each constituent read. Microbial
taxonomy was assigned using the Quantitative Insights Into Microbial Ecology (QIIME) pipeline
(QIIME2, Version 2021.2, http://qiime.org, Bolyen et al., 2019). Principal component analysis
(PCA) of cathodic microbial communities was conducted using weighted Unifrac metrics to show
the relation between genera and PCs. The expressions of EET genes (i.e., pilA, omcB, omcC,
omcE, omcZ, and omcS) were also quantified (for details and method, see Supplementary

Information). The primers and design methods are listed in Table A.2.
3.2.4. Analytical methods and statistical analysis

Current and applied voltage/potential were recorded every 4.8 min using a computer
connected with the potentiostat. The chemical oxygen demand (COD) was measured with HACH
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method using UV-spectrophotometer (Model DR 3900, HACH, Germany). The volatile fatty
acids, VFAs (acetate, propionate, and butyrate), concentrations were measured with an ion
chromatography (Dionex ICS-2100, Thermo Scientific, USA) (Zakaria et al., 2019).
Electrochemical impedance spectroscopy (EIS) was performed for both reactors using a multi-
channel VSP potentiostat (VSP, Bio-Logic Science Instruments, France). The detailed
methodology is provided in the Supplementary Information. The biogas produced from reactors
was collected with 500 mL gas bags. The composition of biogas (i.e., methane content) was
analyzed with a gas chromatograph (7890B, Agilent Technologies, Santa Clara, USA) equipped
with a thermal conductivity detector and two columns (Molsieve SA and Hayesep). To reveal the
statistical difference between the results collected from two reactors, the student's paired t-test
(JMP Software, Version 11.0.0, SAS Institute Inc., Cary, NC, US, https://www.jmp.com/) was

used.

3.3. Results and discussion

3.3.1. MEC-AD performance

The performance of the two configurations was compared based on volumetric current
density and methane productivity. As shown in Figure 3.1, the maximum current density from the
CF-SS reactor reached 34.1+0.3 A/m?, which was significantly higher (p=0.01) than CF-CF
(27.6£0.2 A/m®). Although the methane generation patterns were comparable in both reactors
(Figure 3.2), CF-SS showed higher (p=0.03) daily methane production than CF-CF throughout the
batch cycle. The total cumulative methane production was substantially higher in CF-SS
(179.5£6.7 vs. 100.3+7.9 mL CHa; p=0.01). Both reactors used carbon fiber as the anode electrode
and were operated under identical operating conditions (e.g., mixing speed, substrate, inoculation,
etc.). Hence, the differences in system performance could be closely tied to the difference in the
cathode electrode. As discussed later, stainless steel mesh cathode in CF-SS facilitated denser

biofilms formation with more methanogenic biomass.

Anode electrodes providing high specific surface areas have been efficient for enhancing
the performance of various bio-electrochemical systems (Choi et al., 2017; De Vrieze et al., 2014;

Guo et al., 2017b; D. Liu et al., 2017; W. Liu et al., 2016). Therefore, carbon-based electrodes,
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such as carbon brush, activated carbon, have also been widely used for various biocathode
applications, including electro-methanogenesis (Choi et al., 2017; De Vrieze et al., 2014; W. Liu
et al., 2016). Notably, the rough surface of carbon fiber was found to be efficient for developing
EAB biofilms (Li et al., 2017). Although we cannot rule out that different textures (diameter of
carbon fiber and stainless steel wire) could also lead to distinct colonization of biomass
(Champigneux et al., 2018; He et al., 2011), the specific surface area provided by electrodes is
often considered a critical factor. This study shows that stainless steel cathode having a relatively
lower specific surface area than carbon fibers (4.23 vs. 3609 m?/m®) resulted in a superior
methanogenic activity. It has been previously suggested that the agglomeration of fibers in the
liquid phase could reduce the available specific surface area for biofilms formation (Babapoor et
al., 2015). Nonetheless, considering all carbon fiber filaments in a bundle as a single fiber, the
specific surface area provided by the carbon fiber was still higher than stainless-steel (4.23 vs. 41
m?/m®). In general, carbon-based electrodes are considered inferior catalysts for HER than metal
and carbon-metal composite electrodes (Call et al., 2009; Dykstra and Pavlostathis, 2017; D. Liu
etal., 2017; J. Park et al., 2018b; Wang et al., 2016). Previous MEC-AD studies substantiated the
role of hydrogenotrophic methanogenesis. It is also reasonable that acetoclastic methanogens
would likely be washed out at low residence time (<7 days) used in this study (Gaby et al., 2017,
Zakaria and Dhar, 2019). EIS analysis also indicated that stainless-steel biocathode could reduce
various intrinsic internal resistances in CF-SS compared to CF-CF (see Supplementary
Information). As shown in the Nyquist plot (Figure A.2), the overall internal impedance of CF-SS
(52.62 Q) was lower than that of CF-CF (77.28 Q). Thus, stainless-steel cathode largely influenced
the internal resistances, which influenced the HER kinetics and, ultimately, growth and activities
of hydrogenotrophic methanogens. Previous studies also suggested that lower ohmic resistance in
MEC:s could provide faster HER kinetics (Hou et al., 2014; Yuan and He, 2017). Thus, the inferior
methane recovery from the CF-CF reactor than the CF-SS reactor was likely due to the inferior

HER on carbon fibers and subsequent hydrogenotrophic methanogenesis.
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Figure 3.1 Volumetric current densities from CF-CF and CF-SS reactors. Note.
Volumetric current densities indicate the current normalized by the total
working volume of the reactor. The results from 3 representative batch cycles
during steady-state are shown here. The error bars indicate the standard

deviation of three replicates (n = 3)
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Figure 3.2 Methane production from CF-CF and CF-SS reactors. The error bars
indicate the standard deviation of three replicates (n = 3)

3.3.2. Organics removal and VFAs profiles

The effluent COD concentration from CF-SS (215+2.8 mg/L) was considerably lower
(p=0.001) than that of CF-CF (38243.0 mg/L) (Figure 3.3). Correspondingly, COD removal
efficiency in CF-SS (89.9+0.5%) was significantly higher (p=0.012) than that of CF-CF
(83+1.7%). Figure 3.3 show the VFAs profiles during batch operation. For both reactors, the
acetate concentrations were relatively higher than propionate and butyrate throughout the
operational period. The CF-SS reactor showed the highest acetate concentration of 439+2 mg
COD/L, while propionate (94+0.1 mg COD/L) and butyrate (61+0.3 mg COD/L) concentrations
were relatively lower. In contrast, CF-CF exhibited the highest acetate concentration of 320+0.4

mg COD/L, which was lower than that observed in CF-SS. Propionate concentrations were
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relatively higher in CF-CF, with the highest concentration of 118+0.4 mg COD/L. The highest
butyrate concentration (64.8+1.3 mg COD/L) in CF-CF was comparable to CF-SS (61+0.3 mg
COD/L). CF-SS also showed a lower accumulation of VFAs in the final effluent than CF-CF
(52.6£0.5 vs. 133.5+1.0 mg COD/L; p=0.005).

Throughout the batch operation, propionate concentrations in CF-SS remained relatively
lower than those observed in CF-CF, indicating faster conversion of propionate in the CF-SS. The
fermentation of propionate to acetate is a vital process towards anodic respiration (by EAB) and
acetoclastic methanogenesis. However, propionate fermentation to acetate is energetically
unfavorable in terms of Gibbs free energy (Krylova and Conrad, 1998). Thus, maintaining lower
hydrogen partial pressure would be critical for propionate fermentation to acetate. Even though
stainless-steel cathode would be expected to provide superior HER than carbon fibers (Call et al.,
2009; Dykstra and Pavlostathis, 2017), no hydrogen was detected in biogas from both reactors.
This might be due to the rapid consumption of hydrogen by hydrogenotrophic methanogens, as
suggested in previous studies (Asztalos and Kim, 2015; Dykstra and Pavlostathis, 2017).
Moreover, enhanced homoacetogenic activity (H2 + CO2 — acetate) could assist in maintaining
lower hydrogen partial pressure in biocathode (Asztalos and Kim, 2015; Dykstra and Pavlostathis,
2017). Microbial community analysis also coincided with these notions (discussed later). Thus,
the VFA profiles suggest that the microbiome in CF-SS more rapidly utilized hydrogen produced

via fermentation and cathodic HER.
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3.3.3. EPS characteristics

As shown in Figure 3.6a, the EPS composition of anode biofilms in both reactors was quite
similar and was not affected by the different cathode materials used. Protein was found as the
major EPS component in anode biofilms, consistent with recent reports on EPS composition in
pure culture Geobacter biofilms (Stockl et al., 2019; Tan et al., 2019). Geobacter species were
also abundant in anode biofilms in both reactors in this study (discussed later). The concentrations
of major EPS components (carbohydrates, proteins, and hemes) in the cathode biofilms in CF-SS
were higher than those of CF-CF. Notably, carbohydrates and proteins in cathodic EPS were
markedly higher in CF-SS than CF-CF (carbohydrates: 52.2+0.2 vs. 25.8+0.5 mg/cm?; proteins:
212.843.4 vs. 170£1.3 mg/cm?). The heme-binding proteins, uronic acid, and eDNA also showed
the same patterns. Overall, cathodic biofilms developed on the stainless-steel electrode exhibited

markedly higher EPS levels (p=0.03).

Moreover, electrode surfaces were visualized with CLSM (Figure 3.7). The CLSM images
showed that EPS was more uniformly distributed on the stainless-steel biocathode in CF-SS than
the carbon fiber electrodes in both reactors. The biovolume of cathode biofilms in CF-SS was
estimated at 30.2+4.2 pm?*/um?, which was two times higher than that estimated for cathode
biofilms in CF-CF (13.5+2.8 pum?*/um?) (Figure 3.6b). The biovolumes estimated for anode
biofilms in both reactors were comparable (p=0.007). The intensities of EPS and eDNA were also
quantified (Figure 3.6¢c). Like estimated biovolume, EPS and eDNA intensities in stainless steel
biocathode were higher than those estimated for carbon fiber biocathode (p=0.008).
Simultaneously, EPS and eDNA intensities were comparable for anode biofilms in both reactors
(p=0.20). Thus, CLSM imaging and COMSTAT (COMSTAT2, Version 2.1, Dk,
http://www.comstat.dk/) (“Comstat 2,” n.d.; Heydorn et al., 2000; Vorregaard, 2008) analysis

further confirmed that the stainless-steel biocathode resulted in the highest EPS production. The
SEM imaging of biofilms also corroborated these results (Figure 3.5). The biofilms did not fully
cover the surfaces of carbon fibers, while biofilms grown on stainless steel cathode in CF-SS were
evenly denser than anode/cathode biofilms grown on carbon fiber electrodes. The anode/cathode
biofilms grown on carbon fibers exhibited substantial heterogeneity. In contrast, a large secretion

of EPS could accelerate the surface attachment of cells on the stainless-steel.
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Studies on the EPS in electroactive biofilms received less attention and primarily focused on
understanding their role in anodic EET. A few reports revealed redox-active features of anodic
EPS in model EAB biofilms (e.g., Geobacter sulfurreducens, Shewanella oneidensis, and
Pseudomonas putida) (Stockl et al., 2019; Tan et al., 2019; Xiao et al., 2017). Notably, higher
levels of proteins in anode biofilms were correlated with higher EET efficiency. In this study,
despite differences in volumetric current densities, both EPS composition and concentrations were
quite similar in anode biofilms in both reactors. Instead, the difference in cathodic EPS levels was
likely linked to current densities and methane productivity. As mentioned earlier, EPS can serve
as immobilized redox cofactors (i.e., electron carriers) for facilitating EET in anodic EAB biofilms
(Tan et al., 2019; Xiao et al., 2017). EAB can also regulate EPS generation to balance EET and
protect cells (Yang et al., 2019a). The existing literature provides limited information on the roles
of EPS in methanogenic biocathode. However, a few reports suggested that EPS could play similar
roles (EET and cell protection) in archaeal biofilms in conventional digesters in the presence of
conductive additives (Mostafa et al., 2020; Ye et al., 2018). Interestingly, a recent study
demonstrated that the addition of iron-based conductive materials in conventional anaerobic
bioreactors could enhance redox-active EPS contents in methanogenic biomass (Ye et al., 2018),
which was positively correlated with methanogenesis rates. Conductive materials promote the
syntrophic DIET from bacteria to archaea and thereby enhance methanogenesis (J. H. Park et al.,
2018). Therefore, the CV of biocathode EPS from two reactors was performed to identify their
redox activity (Figure 3.4) qualitatively.

As shown in Figure 3.4, the voltammograms of cathodic EPS extracted from both reactors
showed distinct redox peaks, indicating their redox capability. However, redox peaks were
observed at different potentials, suggesting that redox properties would be different for EPS
extracted from two biocathodes. The peak current from stainless steel biocathode EPS was
considerably higher than the EPS extracted from carbon fiber biocathode. This difference could
be associated with higher levels of redox-active EPS in stainless steel biocathode, as previously
suggested in the literature for anodic EAB biofilms (Stockl et al., 2019; Xiao et al., 2017). Despite
higher EPS levels in stainless-steel biocathode and differences observed in CV patterns, the
expressions of genes associated with EET were comparable in both biocathodes (discussed later).

Thus, it can be inferred that redox activities of EPS did not play a decisive role in differentiating
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between the performances observed from the two systems. Instead, EPS variations might be more
associated with the protection of cells from harsh metabolic environments. Nonetheless, future
investigation is warranted to reach a more thorough understanding and quantitative

characterization of redox properties of EPS.

A recent study reported that the current from anode biofilms was positively associated with
EPS protein content and negatively correlated to carbohydrates in EPS (Yang et al., 2019a). In this
study, both carbohydrates and proteins in EPS were considerably higher in stainless steel
biocathode than that of carbon fiber biocathode (Figure 3.6). The secretion of carbohydrates could
be associated with harsh environmental conditions (Yu, 2020; Zakaria and Dhar, 2020) to provide
a protective layer and maintain the redox activity of proteins involved in EET (Rollefson et al.,
2011; Yu, 2020). It is possible that enhanced HER in stainless steel cathode could create highly
alkaline conditions near the cathode (Cai et al., 2018; Cerrillo et al., 2016; Zakaria and Dhar,
2019), which might induce more EPS secretion. Based on a recent report, hydrogenotrophic
methanogenesis could be the dominant pathway under alkaline pH (Wormald and Humphreys,
2019). As discussed later, stainless steel biocathode also showed a higher abundance of
hydrogenotrophic methanogens in this study. Thus, it appeared that higher enrichment of
hydrogenotrophic methanogens promoted by faster HER kinetics on stainless steel cathode was
possibly associated with higher EPS excretion. While further investigation is needed to get more
insights into the function of EPS on electro-methanogenesis, these results suggested that different
cathode materials could influence EPS secretion and methanogenic activity due to differences in

HER kinetics.
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Figure 3.5 Representative SEM images of biofilms developed on anode (CF-CF) (a), cathode
(CF-CF) (b), anode (CF-SS) (c), and cathode (CF-SS) (d)
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Figure 3.7 Representative confocal microscopic images of EPS with 3 pm scale;

anode (CF-CF) (a), cathode (CF-CF) (b), anode (CF-SS) (c), and cathode (CF-SS)

(d). The green color represents eDNA and the red color indicates EPS
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3.3.4. ROS levels

The quantitative measurement of ROS demonstrated a significant difference between biofilms
grown on stainless steel and carbon fibers (Figure 3.6d and Figure 3.8). The lowest ROS level was
observed for cathode biofilms formed on stainless steel, while ROS levels were very similar in
anode/cathode biofilms developed on carbon fibers. Recent studies reported ROS accumulation in
anaerobic digesters (Tian et al., 2019; Zheng et al., 2019), while ROS is usually thought to be
produced during aerobic metabolism. It has been suggested that unfavorable metabolic conditions
(e.g., inhibition by toxicants, pH changes) could lead to ROS accumulation in digesters (Tian et
al., 2019; Zheng et al., 2019). ROS accumulation may suppress metabolic activities, leading to the
deterioration of digester performance. As we used synthetic glucose medium as a substrate, the
potential unfavorable metabolic conditions induced by any toxic compounds can be ruled out.
Thus, potential local pH changes by HER can be considered as an unfavorable metabolic condition.
The HER in both biocathode can lead to alkaline pH due to protons reduction 2H" + 2e” — H>),
while effects will likely be more intense on stainless steel cathode (Call et al., 2009; Dykstra and
Pavlostathis, 2017; D. Liu et al., 2017; J. Park et al., 2018b; Wang et al., 2016). Thus, the lowest
ROS level in stainless steel biocathode suggests that higher EPS levels provided some degree of
protection to the cathodic microbiome from potential environmental stress (e.g., local alkaline pH
due to superior HER). However, potential mechanisms relating to EPS and ROS levels should be

further explored.
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Figure 3.8 CLSM of reactive oxygen species (ROS). Anode (CF-CF) (a), cathode
(CF-CF) (b), anode (CF-SS) (¢), and cathode (CF-SS) (d). (This figure has been
analyzed using COMSTAT?2, Version 2.1, Dk, http://www.comstat.dk/)

3.3.5. Microbial quantity and diversity

Figure 3.9 shows the quantitative assessment of microbial communities performed with
qPCR. The total microbial cell counts (16S) in anode biofilms in CF-SS were slightly higher than
that of CF-CF (9x108 vs. 8x10® cells/cm?) (Figure 3.9a). An almost similar pattern was observed
for cathode biofilms; however, the difference was more prominent (1x10'! vs. 6x10® cells/cm?).
The archaeal cell numbers also showed similar patterns, with the highest archaeal cell numbers for

the stainless steel biocathode.

Furthermore, mcrA gene copies were quantified (Figure 3.9b), considered a biomarker for

hydrogenotrophic methanogenesis (Wilkins et al., 2015). A few recent reports also confirmed the
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positive link between mcrA gene copies and methanogenesis rates in MEC-AD reactors (Alonso
et al., 2020; Morris et al., 2014; Wilkins et al., 2015). The highest number of mcrA gene copies
was observed for the stainless steel biocathode (4x10° cells/cm?; 100 times higher than carbon
fiber biocathode). The mcrA gene copies in anodic biofilms for both systems were comparable.
Thus, the higher abundance of mcrA gene copies within the stainless steel biocathode corroborated

with higher methane productivity in the CF-SS reactor.

The alpha diversity of microbial communities was also estimated (Table A.3). The higher
values of Chao 1, phylogenetic distance, OTUs, Pielou's evenness, and Shannon index clearly
showed that the richness and diversity indices were relatively higher in CF-SS than CF-CF (p =
0.02). Notably, cathode biofilms in CF-SS showed more diversity with the Shannon index of 5.10,
as compared to CF-CF (3.95) (p = 0.03). These results indicated that the stainless-steel electrode

persuaded the richness and diversity of the microbial communities.

54



(a)

1 O 12
16S
Arch

1011

Il

1010
10°

10®
107

10°
10°
10*
10°

cond 3ol vl il
H

Total microbial cells (Cells/cm?)

|

102

coond o

10t } ; }
Anode (CF-CF) Cathode (CF-CF) Anode (CF-SS) Cathode (CF-SS)

(b)

107

10°

10% 3

10% 5

Gene copy number of merA (copy/cm?)

102 5

10! : ' :
Anode (CF-CF) Cathode (CF-CF) Anode (CF-S8) Cathode (CF-S88)

Figure 3.9 Total cell number using 16s and archaeal primers (a), and mcrA
gene copies (b). The error bars indicate the standard deviation of three

replicates (n = 3)

55



3.3.6. Microbial community composition, and gene expression
3.3.6.1. 16S rRNA sequencing

Microbial communities in two reactors were analyzed with specific bacterial, archaeal, and
mcrA primers. Proteobacteria was the most abundant phylum in anode biofilms in both reactors;
however, its relative abundance was much higher in CF-SS (85%) than CF-CF (47%) (Figure A.3
Relative abundance of microbial community. Bacterial primer phylum level (a), and archaeal
primer phylum level (b)). The relative abundances of Bacteroidetes (26%) and Firmicutes (14%)
in CF-CF were considerably higher than CF-SS (6% and 4%, respectively). Also, Synergistetes
(6%) and Lentisophaerae (4%) were present at slightly higher abundances in CF-CF, while in CF-
SS, they were 1% and 3%, respectively. Proteobacteria was also the most abundant in both cathode
biofilms; their relative abundances (64%-68%) were also similar. However, the abundance of
Bacteroidetes was higher in CF-CF (17%) than CF-SS (6%). On the contrary, the phylum
Firmicutes (20%) was the second most abundant in CF-SS, while its abundance in CF-CF was

considerably lower (9%).

At the genus level, Geobacter, belong to Proteobacteria, was the most abundant in anode
biofilms (CF-CF: 22%; CF-SS: 59%) in both systems (Figure 3.10a). Geobacter is a highly
efficient EAB with the capability to facilitate EET from simple organic acids like acetate (Yang et
al., 2019a; Zakaria et al., 2019). In CF-CF, Bacteroides was the second most dominant genus
(12%), followed by Enterobacteriaceae (10%) and Dysgonomonas (5%). In contrast, the second
abundant genus in CF-SS was Enterobacteriaceae (23%), followed by Dysgonomonas (3%) and
Victivallis (3%).

The cathode biofilms in both reactors were dominated by the genus Enterobacteriaceae (CF-
CF: 42%; CF-SS: 60%). In CF-CF, Bacteroides (12%), Pleomorphomonas (9%), and
Desulfovibrio (4%) were the other dominant genera. In contrast, Acefobacterium was the second
abundant genus (16%), followed by Bacteroides (5%), Dysgonomonas (3%), and Desulfovibrio
(2%) in CF-SS. Acetobacterium, known homoacetogenic bacteria, can utilize H2 and CO: to
produce acetate (Dhar et al., 2019; D. Liu et al., 2017). Then, acetate can be consumed by either
acetoclastic archaea or EAB (Cheng et al., 2009; Fu et al., 2015; Zakaria and Dhar, 2019). The
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enrichment of Acetobacterium on the stainless-steel biocathode indicates the occurrence of higher
catalysis of HER. As mentioned earlier, H2 gas has not been observed in the biogas samples. This
might be due to the rapid utilization of the generated H2 via hydrogenotrophic methanogens and
homoacetogenic Acetobacterium, as suggested in the literature (Asztalos and Kim, 2015; Dykstra
and Pavlostathis, 2017). The presence of the highest acetate concentration (439+2 mg COD/L) in
CF-SS corroborated with a higher abundance of Acetobacterium. Moreover, Acetobacterium can
maintain a lower hydrogen partial pressure to provide thermodynamically favorable conditions for
propionate and butyrate fermentation to acetate. This notion is also supported in part by the lower

propionate concentrations in CF-SS compared to the CF-CF.

3.6.2. Archaeal and mcrA primer sequencing

For the archaeal phylum, relative abundances of Euryarchaeota were 32% and 51% in CF-CF
and CF-SS, respectively (Figure A.3 Relative abundance of microbial community. Bacterial
primer phylum level (a), and archaeal primer phylum level (b)). At the genus level, the abundance
of Methanobacterium was almost similar (13-14%) in the anode biofilms in both systems (Figure
3.10b). However, the abundance of Methanobacterium in cathode biofilms of CF-SS was higher
than CF-CF (51% vs. 32%). Previous studies also reported the enrichment of known
hydrogenotrophic methanogens in methanogenic biocathode (Cheng et al., 2009; Dykstra and
Pavlostathis, 2017; Siegert et al., 2015, 2014a). Moreover, mcrA gene sequencing was performed
(Figure 3.10c) to understand the taxonomy of methanogens (Alonso et al., 2020; Morris et al.,
2014; Wilkins et al., 2015). In the anodic biofilms, the abundances of Methanobacterium species
were almost similar, including formicicum (CF-CF: 67%; CF-SS: 71%) and subterraneum (CF-
CF: 34%; CF-SS: 29%). In the cathodic biofilms, CF-SS showed more diverse species of
Methanobacterium; formicicum (54%), subterraneum (24.4%), and palustre (22%), as compared
to CF-CF; formicicum (81%), and subterraneum (19%). Thus, the higher abundance and diverse
species of hydrogenotrophic Methanobacterium on stainless steel cathode might have contributed

to the faster methanogenesis via hydrogen utilization.
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3.6.3. Principal component analysis

The PCA analysis of biocathode bacterial and archaeal communities was performed to
evaluate the relation between genera and PCs (Figure 3.11). Based on 16S rRNA bacterial
sequencing of biocathode, the superior performance of CF-SS was related to the enrichment of
homoacetogenic Acetobacterium (Figure 3.11a). However, the other genera might have an indirect
relation to the superior performance of CF-SS. Based on archaeal sequencing of biocathode,
hydrogen-consuming Methanobacterium and Acetobacterium primarily contributed to the superior

performance of stainless steel biocathode (Figure 3.11Db).
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3.3.7. Expression of EET genes

The gene expression for pil/A and c-type cytochromes (Figure 3.12) shows trivial differences
in their expression levels in anode/cathode biofilms between both reactors. Moreover, compared
to anode biofilms, the EET-associated genes were less expressed in cathode biofilms in both
reactors. Based on the authors’ knowledge, this study first reports the expression of EET genes for
methanogenic biocathode. The EET from EAB to the anode has been demonstrated to be facilitated
via c-type cytochromes and conductive nanowire or pili (Hernandez-Eligio et al., 2020), while the
significance of EET in methanogenic biocathode is still ambiguous. However, previous reports
postulated that conductive pili and c-type cytochromes could play an important role in DIET from
EAB to methanogens (J.-H. Park et al., 2018; Rotaru et al., 2014b). Notably, some bacteria (e.g.,
Enterobacteriaceae, Desulfovibrio, etc.) found in biocathode in this study could express different
cytochromes and/or conductive pili (Gardy et al.,, 2003; Hernandez-Eligio et al., 2020).
Furthermore, a recent study suggested that Methanobacterium species could produce methane via
DIET (Zheng et al., 2020). Nonetheless, the expressions of these EET genes were quite comparable
in both systems, indicating higher current density and methane productivity from the CF-SS

reactor was not attributed to the overexpression of EET genes.
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3.3.8. Conclusions

This study provides new insights into the characteristics and significance of EPS and
expressions of EET genes in methanogenic biocathode. As compared to the carbon fiber,
significantly higher EPS levels were observed in the stainless steel biocathode. Protons reduction
to H2 during HER can create local alkaline pH on the cathode. Thus, it could be posited that the
highest EPS secretion in stainless steel biocathode could be linked with faster HER. One important
finding of this current study is that EET may not play a decisive role in differentiating
performances in MEC-AD systems using different electrode materials. Instead, the effective
catalysis of HER, lower internal resistance, and higher abundances of Haz-utilizing methanogens
and homoacetogens on stainless steel cathode appeared to be the primary reason behind the higher
methanogenic activity. Nonetheless, based on EET gene expression patterns and redox activity of

biocathode-derived EPS, EET would still be involved in cathodic electro-methanogenesis.
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Regarding the engineering significance of the results, carbon-based cathode electrodes have
been mostly used in MEC-AD systems due to their excellent biocompatibility and higher surface
area over metal-based electrodes. While carbon fibers provided a higher specific surface area,
stainless steel mesh outperformed carbon fibers under similar operating conditions (e.g., anode
electrode, inoculum, mixing, etc.). Given that most of the single-chamber MEC-AD studies used
carbon-based biocathode, the results of this study are significant for selecting efficient cathode
materials to realize improved performance. However, it should be noted that the results presented
here are from specific operating conditions with two selected electrode materials. Hence, further
research is warranted with more carbon and metal electrodes with similar textures and surface

areas.
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Chapter 4

Investigation of the detrimental ratio of propionate to acetate in a microbial

electrolysis cell assisted anaerobic digester
A version of this chapter will be submitted in a journal for peer-review and publication
4.1. Introduction

Integrating microbial electrolysis cells with anaerobic digestion is a promising approach for a
more robust and stable microbiome in attaining enhanced biomethane recovery from various
organic wastes (Huang et al., 2020; J. Park et al., 2018c; Zakaria and Dhar, 2019, 2021b). Such an
integrated process is called microbial electrolysis cell-assisted anaerobic digestion (MEC-AD). In
MEC-AD systems, simple organic substrates like acetate can be efficiently utilized by anodic
electroactive bacteria, such as Geobacter, Shewanella, Pseudomonas, etc. (Hari et al., 2017; Shao
et al., 2019; Yang et al., 2015). On the cathode electrode, methanogens can utilize electrons and

electrochemically produced Ha2 for methane production.

Fermentation is essential for converting complex organic substrates to simple organic acids
before being utilized via anodic electroactive bacteria (L. Lin et al., 2019b; Ruslan and Vadivelu,
2019). Notably, volatile fatty acids (VFAs) are essential intermediates resulted from the
fermentation process, which affects the process efficiency and stability (Hari et al., 2017; J. Park
et al., 2018a; Sun et al., 2012). The VFAs are primarily composed of acetic acid, butyric acid, and
propionic acid. Previous studies reported the following utilization sequence of VFAs in MECs:
acetate>butyrate>propionate (Lee et al., 2015; Lin et al., 2019; Yang et al., 2015; Shao et al.,
2019). However, several studies reported that electroactive bacteria could not directly oxidize
propionate or butyrate (Hari et al., 2017; Park et al., 2018a; Sun et al., 2012; Dhar et al., 2015,
2013; Hari et al., 2016a; Lin et al., 2019; Speers and Reguera, 2012; Yang et al., 2015).

Propionate is one of the critical metabolites produced during anaerobic digestion of complex
organics and can represent up to 35% of the total carbon flow to methane in conventional digesters

(Dyksma and Gallert, 2019). Furthermore, propionate accumulation has been frequently identified
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when conventional anaerobic digesters became unstable (Franke-Whittle et al., 2014; Gallert and
Winter, 2008; Pullammanappallil et al., 2001; Wang et al., 2009). However, several studies
reported low current density from MECs fed with propionate (Torres et al., 2007; Yang et al.,
2015). Propionate oxidation in MECs requires syntrophic interactions between fermenters and
electroactive bacteria (Hari et al., 2016b; Yang et al., 2015). Fermenters oxidize propionate firstly
to acetate and Hz, and then acetate could be utilized directly by electroactive bacteria (Hari et al.,
2016b; L. Lin et al., 2019b; Yang et al., 2015). Theoretically, the Gibbs free energy of the
syntrophic conversion of propionate to acetate is endergonic, close to AG +76.1 kJ/ mol propionate
(Krylova and Conrad, 1998). Therefore, the accumulation of acetate and other fermentable
products, i.e., H2, produced from propionate degradation would increase AG, which shift the
reaction into more endergonic and thermodynamically unfavorable. Thus, syntrophic interactions
between fermentative and electroactive bacteria along with H»-utilizing methanogens are required
to maintain the H2 partial pressure and acetate levels as low as possible to allow exergonic

propionate conversion (Yasri et al., 2019).

Inhibition of conventional anaerobic digesters at higher propionate concentrations has been
widely reported (Franke-Whittle et al., 2014; Wang et al., 2009). For instance, propionate
concentrations >20 mM were detrimental to the methanogenesis process (Gallert and Winter,
2008; Pullammanappallil et al., 2001). Wang et al. (2009) found that acetate of 2400 mg/L and
butyrate 1800 mg/L resulted in no inhibition of methanogenesis. However, a propionate
concentration of 900 mg/L resulted in the deterioration of the methanogenesis. Previous studies
also reported that the high acetate concentrations could inhibit the degradation of propionate (Lee
et al., 2015; L. Lin et al., 2019b). Therefore, maintaining an optimum propionate to acetate
(HPr/HAc) has been emphasized by previous studies (Franke-Whittle et al., 2014; Hill et al., 1987;
Kor-Bicakei et al., 2020). For instance, Kor-Bicakci et al. (2020) found a mild inhibition of the
AD system when HPr/HAc ratio exceeded 1.4. Thus, the removal of propionate is required for a
stable process. To date, the detrimental ratio of propionate/acetate concentrations towards the
electromethanogenesis process has not been examined yet. Thus, understanding the impact of
different VFAs concentrations with varied propionate and acetate ratios on the microbial
community and methanogenesis process would be essential for developing high-rate MEC-AD
systems.

66



4.2. Methodology

4.2.1 MEC-AD configuration

The experiment was conducted in a single-chamber MEC-AD reactor manufactured with
plexiglass with a total volume of 400 mL and a working volume of 360 mL. Carbon fibers (2293-
A, 24A, Fibre Glast Development Corp., Ohio, USA) integrated with a stainless-steel frame (as a
current collector) were used as anode and cathode electrodes. As previously described by Zakaria
and Dhar (2021a) before use, carbon fibers were pre-treated. Ag/AgCl (+0.19 V vs. SHE, MF-
2052, Bioanalytical System Inc., West Lafayette, IN, USA) was inserted as the reference electrode
within <1 cm of the anode electrode. The reactor was operated with a fixed anode potential of -0.4
V vs. Ag/AgCl using a potentiostat (Squidstat Prime, Admiral Instruments, Arizona, USA).
Current and voltage were recorded every 4.8 min using a Squidstat Prime software connected with
a potentiostat (Squidstat Prime, Admiral Instruments, USA). The reactor operated with continuous

stirring at 130+5 rpm at room temperature (21+1 °C).

4.2.2 Start-up and operation

The reactor was inoculated with anaerobic digester sludge and effluent from a mother MEC
reactor that has been in operation for > 12 months with a 25 mM sodium acetate medium. The
anaerobic digester sludge was collected from the Gold Bar Wastewater Treatment Plant
(Edmonton, AB, Canada). In the enrichment phase, the reactor was operated in a semi-continuous
mode with an anaerobic glucose medium (2235+31 mg COD/L) supplemented with 50 mM
phosphate-buffered saline (PBS, pH=7.05) and trace minerals. The trace minerals mixture was
added, according to c). After reaching the steady-state current (indicated by maximum peak current
of ~14 mA in multiple operating cycles), the reactor switched to the fed-batch operating mode for

experiments to evaluate the effects of various propionate to acetate ratios.

At the beginning of each fed-batch cycle, the reactor was evacuated and fed with an anaerobic
medium having a mix of acetate (HAc), propionate (HPr), and butyrate (HBu) as a carbon source.
The buffer and trace minerals remained the same as the glucose medium. The total VFAs
concentration was fixed at 2000+37 mg COD/L during the entire experiment. Depending on the

experimental conditions, HPr/HAc ratios were varied, while butyrate concentration was fixed
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throughout the experiment (Table 4.1). The fed-batch cycle was considered as completed when the
current declined < 2 mA. Then, the substrate medium was replaced with a fresh medium. Each
HPr/HAc ratio was operated for several consecutive cycles. All the medium was flushed with

nitrogen gas (99.99%) for 5 minutes prior to feeding to maintain anaerobic condition.

Table 4.1 Summary of experimental conditions under different propionate to acetate (HPr/HAc)
ratios

HPr/HAc ratios
0.5 1.5 2.5 5
Acetate, mg COD/L 1200+3 735+4 528+2 315+4
Propionate, mg COD/L 617+4 1075+3 132443 1560+3
Butyrate, mg COD/L 18543 176+2 182+2 18342
TCOD, mg/L 2002+4 1986+5 203443 2058+4

4.2.3. Characterization of EPS composition

The anode and cathode biofilms were analyzed for various EPS components: carbohydrates,
proteins, heme-binding proteins, uronic acid, and eDNA. Several portions of anode and cathode
biofilms were collected at the end of the fed-batch cycles of each condition using aseptic scissors.
The detailed protocol of sample preparation, EPS extraction, and characterization can be found in
the literature (Zakaria and Dhar, 2021). Briefly, two methods were used for EPS extraction: cation-
exchange resin (CER) and heating method. It should be noted that these two methods were reported
to be highly efficient for EPS extraction in several previous studies (Dai et al., 2016; Tan et al.,
2019; Xiao et al., 2017). Moreover, both methods provided consistent EPS extraction efficiency
in our previous study (Zakaria and Dhar, 2021b). EPS levels were presented as the mass of EPS
per unit surface area of the electrode (mg/cm?) for comparing EPS levels under different

conditions.
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4.2.4 Characterization of Microbial Community

4.2.4.1. DNA extraction and sequencing

Several portions of the anode and cathode biofilms were collected using an aseptic scissor for
each condition. According to the manufacturer's instructions, the genomic DNA was extracted
using PowerSoil DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, USA). DNA yield and
purity were measured spectrophotometrically using a Nanodrop spectrophotometer (2000C,
Thermo Scientific, USA) and then normalized based on the surface area of the electrode portion.
The extracted DNA samples were stored at -70 °C prior to the PCR analysis and sequencing. The
DNA samples were sent to Research and Testing Laboratory (Lubbock, TX, USA) to perform
[llumina Miseq Sequencing. For the sequencing primers, universal bacterial primer; 341F: 5'
CCTACGGGNGGCWGCAG 3'and 805R: 5' GACTACHVGGGTATCTAATCC 3' (Klindworth
et al., 2013; Logares et al., 2013), and archaeal primer; 517F: 5' GCYTAAAGSRNCCGTAGC 3'
and 909R: 5' TTTCAGYCTTGCGRCCGTAC 3' (Morris et al., 2014) were used to target the 16S
rRNA gene. The quantification of 16S rRNA of bacteria and archaea and Methyl Coenzyme-M
reductase gene (mcrA) gene copies was performed using qPCR (Zakaria and Dhar, 2021b). The
detailed protocol for qPCR and primers are listed in our previous study (Zakaria and Dhar, 2021b).

2.4.2. Bioinformatics analysis

Bioinformatics analysis was performed, as previously described in the literature (Zakaria and
Dhar, 2021). The nucleotide sequence reads were analyzed using QIIME 2 pipeline (Quantitative
Insights Into Microbial Ecology pipeline, v. 2021.4, http://qiime.org; Caporaso et al. (2010).
DADA?2 was used to filter the sequenced amplicon errors by removing chimeric sequences, reads,
and short sequences (Bolyen et al., 2019). Then, the sequences were assigned to Operational
Taxonomic Units (OTUs) using UCLUST at 97% identity and aligned with the Greengenes
reference database (v. 13.8) (Edgar, 2010). Microbial diversity was represented by analyzing
several alpha and beta diversity metrics using QIIME 2. Alpha diversity was calculated by different
indices of richness and evenness, including Chaol, Shannon, OTUs, and Pielou’s evenness. Beta
diversity was analyzed using a weighted UniFrac distance matrix to show the community

dissimilarities in the phylogenetic relationships and then visualized as principal coordinates
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analysis (PCoA) plots. Also, the phylogenetic diversity was constructed as a rooted phylogenetic
tree using maftt program. The Qiime 2 artifact has been used to filter the alignment to remove the
highly variable positions. Then, the pipeline used FastTree to generate the phylogenetic tree, and
it is constructed using the online tool Interactive Tree of Life (iTOL, v. 6.1.1, Letunic and Bork,
2007, https://itol.embl.de). Chord diagram was created using OTU taxonomic units analyzed from

QIIME 2.

2.4.3. Correlation Coefficients

Bacterial and archaeal taxa with an abundance of >1% were correlated with each condition
using Spearman’s rank correlation (Khafipour et al.,, 2020). The correlation coefficient
(Spearman’s Rho) and p-values were calculated for each condition. The correlation coefficient
values ranged from -1 to +1, the higher positive values indicating stronger correlation and lower
negative values indicating weak correlation. Alpha value for the correlation confidence intervals
was set up as 0.05. Correlation analysis of bacteria and archaeal abundances along with different
parameters at each condition were visualized in scatterplot matrix and principal component
analysis (PCA) generated by JMP software (v. 11.0.0, SAS Institute Inc., Cary, NC, US,

https://www.jmp.com).

2.4.4. EET genes expression

The changes in expressions of genes associated with EET (pilA, omcB, omcC, omcE, omcZ,
and omcS) were assessed for different experimental conditions. The primer design approach was
previously described in the literature (L. Lin et al., 2019a; Zakaria and Dhar, 2021b). recA
housekeeping gene has been used as a reference gene (Rivas et al., 2005). The total RNAs of anode
and cathode biofilms were extracted for each test condition. The detailed method and the primers

used in this study are listed in our previous study (Zakaria and Dhar, 2021b).

4.2.5. Analytical methods

The influent and effluent samples from the reactor at each condition were filtered with 0.45
pm pore size for COD measurements with the HACH method using UV-spectrophotometer
(Model DR 3900, HACH, Germany). The concentrations of VFAs (acetate, propionate, and

70


https://itol.embl.de/

butyrate) were measured after filtration with 0.2 um pore size by an ion chromatograph (Dionex
ICS-2100, Thermo Scientific, USA) equipped with an electrochemical detector (ECD) and
microbore AS19, 2 mm column. The biogas was collected using a 500 mL gas bag, and biogas
composition (i.e., methane content) was examined by a gas chromatograph (7890B, Agilent

Technologies, Santa Clara, USA).

4.3. Results and discussion

4.3.1. Methane generation

Figure 4.1 shows the total cumulative methane production and yields under various HPr/HAc
ratios. The total cumulative methane production (426-434 L CHa/m?) and yields (71.1-73%)
remained almost the same after increasing HPr/HAc ratio from 0.5 to 1.5 (p=0.8). In contrast,
methane production reached a plateau after different operational times (144 vs. 204 h), indicating
higher HPr/HAc ratio slowed down methanogenesis rates. When HPr/HAc ratios further increased
to 2.5 and 5, the total cumulative methane production markedly decreased to 348+11.9 L CH4/m?
(after 192 h) and 332+8.7 L CH4/m? (after 228 h) (p=0.008), respectively. Moreover, methane
yields decreased to 56.3+1.5% and 42.7+1.7%, respectively (p=0.009). Based on previous reports,
HPr/HAc ratios >1.4 could lead to deterioration of methane generation in traditional anaerobic
digesters (Franke-Whittle et al., 2014; Hill et al., 1987; Kor-Bicakci et al., 2020). Nonetheless,
limited information is available in the literature on the effects of various HPr/HAc ratios on MEC-
AD systems. This study demonstrated that higher HPr/HAc ratios would also adversely impact

methane yields as well as methanogenesis rates in MEC-AD systems.

Inferior digester performance at higher propionate concentrations has frequently been reported
for conventional AD (Franke-Whittle et al., 2014; Wang et al., 2009). Although anode biofilms
can efficiently utilize propionate in MECs, several studies reported that propionate could not be
directly utilized by anodic electroactive bacteria (Dhar et al., 2015, 2013; Hari et al., 2016a).
Instead, electroactive bacteria would require syntrophic partners (e.g., propionate fermenters) for
propionate utilization. In this study, higher HPr/HAc ratios also impacted current densities from
MEC-AD. Notably, higher HPr/HAc ratios 2.5 and 5 considerably decreased current densities,

suggesting corroboration between current density and methane recovery (Figure 4.2).
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Moreover, known acetogens were selectively enriched on the cathode biofilms at higher
HPr/HAc ratios of 2.5 and 5 (discussed later). The enrichment of some specific acetogens,
particularly Sporomusa, on the cathode biofilms resulted in significant losses of COD from being
utilized for the methanogenesis process. In addition to Hz utilization (usually H2/COz2 conversion
to acetate) (May et al.,, 2016; Tremblay et al., 2017), electrotrophic activity of acetogenic
Sporomusa species in cathode biofilms have been reported in the literature (Aryal et al., 2017;
Nevin et al., 2011, 2009; Zaybak et al., 2013). For instance, Aryal et al. (2017) found several
species of Sporomusa, such as ovata, acidovorans, and malonica, could utilize electrons on the
cathode electrode and reduce CO: to organic compounds (e.g., acetate). Notably, acetogenic
species accounted for the consumption of >80% of the available electrons on the cathode (Nevin
et al., 2011). In biofilms environment, acetogens can even outcompete hydrogenotrophic
methanogens for H2 (Parameswaran et al., 2012). Although the co-existence of acetogens and
methanogens has also been reported for biocathode in MEC-AD, our results suggest that high
HPr/HACc ratios can proliferate the growth of acetogens in biocathode and consequently hinder the

availability of H2 or electrons to methanogens.

72



(a)

500
— O HPr/HAcO0.5
= O HPr/HAc 1.5
= A HPr/HAc2.5 0 oo o ® ©
~ 400 - < HPr/HAc 5 o
S 3 = o}
= o
FAQPAN
_;;’ o © A2 5 v
e 300 - [} o A - v
=% & o VAN v
= o P \v4
= A v
R=] (==}
S 200 - o o A A 3 V4 ¥
= o A v
<]
2 o) é V4 v
= o A
= 1007 ° s v
g s v
&) 3 v
- v 1 v 1 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
0 24 48 72 96 120 144 168 192 216 240
Time (hrs)
b -
( ) E 80 -
= 1 T
.
S 704 4 T
8 4
w0 60
a8 | I m—
8 50
s 1 T
5 40 -
on
£ 304
=
=
2, 20 1
D
2 ]
£ 10
D
= . 1
HPr/HAc 0.5 HPr/HAc 1.5 HPr/HAc2.5 HPr/HAc5
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Figure 4.2 Volumetric current densities at different HPr/HAc ratios. Note. Volumetric current
densities indicate the current normalized by the total working volume of the reactor. The results
from 3 representative batch cycles during steady-state are shown here
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4.3.2. COD removal and VFAs profile

Figure 4.3a shows changes in COD and VFAs during operation under various HPr/HAc ratios.
As shown in Figure 4.3a, the final COD and VFAs concentrations were comparable under different
HPr/HAc ratios (p=0.5), while their degradation profiles differed. Notably, propionate and acetate
degradation profiles were distinct under different HPr/HAc ratios, which primarily affected the
COD degradation profiles. In contrast, butyrate degradation profiles were comparable for different
conditions. Even though overall COD removal efficiencies were comparable for all conditions
(Figure 4.3a), methane yields varied considerably (Figure 4.1b). As mentioned earlier, methane
yields gradually decreased with increasing HPr/HAc ratios, indicating that a significant portion of
removed COD was presumably utilized through various processes other than methane production.
As discussed later, various fermentative bacteria belong to class Clostridia and Synergistia were
enriched at higher HPr/HAc ratios. Thus, such low methane yields (i.e., COD loss) might be

attributed to a higher yield of fermentative bacterial biomass.

Figure 4.3b shows the temporal changes in HPr/Hac ratios during the reactor's operation under
different conditions. For the initial HPr/HAc of 0.5, HPr/HAc ratio started to increase slowly from
0.5 to 1.0. For initial HPr/HAc of ratio 1.5, HPr/HAc ratio reached 5.1 after 108 h and then
decreased sharply to 1.3 at the end of the batch cycle. However, for an initial HPr/HAc ratio of 2.5
and 5, HPr/HAc ratios fluctuated during the batch cycles. For the initial HPr/Hac ratio of 2.5,
HPr/HAc ratio reached a maximum of 8.1 and then gradually decreased to 1.7 at the end of the
batch cycle. For HPr/Hac of 5, HPr/HAc ratio sharply reached as high as 23.7 and then fluctuated
until reaching 2.2 at the end of the cycle. The sharp increase of the HPr/HAc ratios at the initial
HPr/HAc 2.5 and 5 conditions indicated that the acetate consumed rapidly initially. Then
propionate started to ferment slowly (Figure 4.3a). Thus, high propionate oxidation was noticed at
low concentrations of acetic acid (less than 200 mg COD/L). In other words, high acetate
concentrations affected the oxidation of the propionate. Theoretically, the Gibbs free energy of the
syntrophic conversion of propionate to acetate is endergonic, which close to AG +76.1 kJ/mol
propionate (Krylova and Conrad, 1998). Moreover, the accumulation of acetate and other
fermentable products produced from propionate degradation would increase AG, which shift the

reaction into more endergonic and thermodynamically unfavorable. Thus, the inferior propionate
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degradation at higher acetate concentration observed in this study was consistent with these

fundamental notions.
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4.3.3. EPS composition

Figure 4.4 showed the EPS composition of anode and cathode biofilms at different HPr/HAc
ratios. The EPS composition under lower HPr/HAc ratios of 0.5 and 1.5 was similar in anode and
cathode biofilms (p=0.7). The changes in EPS composition were comparable, with a decreasing
trend in overall EPS levels under higher HPr/HAc ratios (2.5 and 5) (p=0.02). The carbohydrate
fraction of EPS increased in anode biofilms at higher HPr/HAc ratios of 2.5 (50.4+0.7 mg/cm?)
and 5 (57.8+0.4 mg/cm?) in comparison to ratios of 0.5 (26.6+1.3 mg/cm?) and 1.5 (34.7+0.3
mg/cm?). In contrast, protein fraction of EPS considerably decreased at higher HPr/HAc ratios of
2.5 (100.4+1.1 mg/cm?) and 5 (75.4+0.5 mg/cm?) than ratios of 0.5 (136.5+2.0 mg/cm?) and 1.5
(133.3+0.6 mg/cm?). Similar trends were observed for heme, uronic acids, and eDNA. eDNA
levels were much lower than other EPS fractions < 1 mg/cm?. EPS composition on the cathode
biofilms showed similar patterns to the anode biofilms. The ratios of the carbohydrates to proteins
increased from 0.2-0.3 at lower HPr/HAc ratios (0.5 and 1.5) to 0.5-0.8 at higher HPr/HAc ratios
(2.5 and ).

Despite biofilm EPS has multiple functions (e.g., biofilms maturation, cells attachments, and
protection), recent studies reported the potential role of EPS in extracellular electron transfer
(EET) in conductive biofilms (Stockl et al., 2019; Tan et al., 2019; Xiao et al., 2017; Angelaalincy
et al., 2018). Notably, several reports suggested lower EET efficiency at low EPS protein levels in
the anode biofilms (Stockl et al., 2019; Tan et al., 2019; Xiao et al., 2017). A recent study reported
hindered EET in Geobacter anode biofilms at higher carbohydrate levels (Yang et al., 2019b).
Another study reported deterioration in the current generation at high carbohydrate to protein ratios
in anode biofilms (Yang et al., 2019a). As mentioned earlier, current density also decreased at
higher HPr/HAc ratios in this study (see Figure 4.2). In addition to direct facilitation of EET, EPS
components could immobilize redox cofactors that facilitate EET in anode biofilms (Tan et al.,
2019; Xiao et al., 2017). However, the roles of EPS in cathodic methanogenic biofilms have rarely
been investigated. A few recent reports suggested that EPS components might provide cell
protection in methanogenic biocathode under harsh metabolic conditions (e.g., recalcitrant
compounds like phenol, high pH) (Mostafa et al., 2020; Zakaria and Dhar, 2021b). Consequently,

EPS could ease cathodic electron transport, which subsequently enhances the electro-
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methanogenesis process. In this study, higher HPr/HAc ratios clearly altered EPS compositions,
closely related to the current density and methanogenesis performance. It can be hypothesized that
a decrease in protein levels might hinder potential electron exchange between cell-to-electrode and

cell-to-cell and thereby affected MEC-AD performance.
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Figure 4.4 EPS composition at different HPr/HAc ratios. Note. The error bars indicate the

standard deviation of three replicates (n = 3).
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4.3.4. EET expression

Figure 4.5 shows expressions of EET-associated genes (c-type cytochromes and pilA) under
different HPr/HAc ratios. The EET-associated gene expression remained unchanged when
HPr/HAc ratios changed from 0.5 and 1.5 (p=0.8). However, with increasing HPr/HAc ratios to
2.5 and 5, their relative expression dramatically decreased (p=0.01). Multi-heme c-type
cytochromes and electrically conductive e-pili are known to facilitate EET (Gorby and Lovley,
1991; Hernandez-Eligio et al., 2020; Lovley and Walker, 2019; Reguera et al., 2005). In addition
to EET by electroactive bacteria (e.g., Geobacter sp.), some specific methanogens can also directly
accept electrons from their syntrophic partners, electrode, or conductive materials, known as direct
interspecies electron transfer (DIET) (Gao and Lu, 2021; Lovley, 2017; Rotaru et al., 2014a).
Notably, DIET activity of known hydrogenotrophic methanogen, typically enriched in
methanogenic biocathode (e.g., Methanospirillum, Methanobacterium species), have also been
reported in the literature (Walker et al., 2019; Zheng et al., 2020). As discussed later, Geobacter
and Methanobacterium species were abundant under lower HPr/HAc ratios, while their abundance
decreased under higher HPr/HAc ratios. Thus, reducing EET-associated gene expression under
high HPr/HAc ratios (2.5 and 5) indicates the partial inhibition of biofilm electroactivity. These
results were consistent with reduced EPS protein levels at higher HPr/HAc ratios and corroborated

with the low current generation and lower methanogenesis process.
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4.3.5. Microbial community analysis
3.5.1. Microbial diversity

The bacterial and archaeal diversities were assessed with QIIME2 (Figure 4.6) via analyzing
the alpha and beta diversity metrics. Significant differences were observed in the microbial
diversity and richness under various HPr/HAc ratios. The alpha diversity metrics of the anodic
bacterial community increased with increasing HPr/HAc ratios (Figure 4.6a) (p = 0.01). The
microbial richness of Chaol index and observed species (OTUs) were significantly increased from
100 to 176 and 120 to 211, respectively (p = 0.03). Similar patterns were observed for the
microbial diversity of the Shannon index and community evenness (Pielou's). The alpha diversity

matrics of the biocathode bacterial community also increased; however, at a smaller degree than
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the anode biofilms (Figure 4.6a). For the archaeal community, the alpha diversity matrics showed
a decrease in the richness and evenness in terms of Chaol index, OTUs, and Pielou’s evenness
(Figure 4.6b). However, biocathode archaeal diversity was significantly increased under higher
HPr/HAc ratios (2.5 and 5) with no significant change in the Shannon diversity index in the anode

biofilms (Figure 4.6b).

Beta diversity was also calculated to evaluate the dissimilarities in the bacterial and archaeal
communities on the anode and cathode biofilm by assessing the weighted UniFrac distance (Figure
4.7). The bacterial and archaeal communities showed similarity at lower HPr/HAc ratios of 0.5
and 1.5 on the anode biofilms, which are significantly distinct from the higher HPr/HAc ratios of
2.5 and 5 (Figure 4.7a). On the cathode electrode, the microbial community at the HPr/HAc 0.5
was significantly distinct from the higher HPr/HAc ratios of 1.5 to 5 (Figure 4.7b).

These results imply that higher HPr/HAc ratios induced a higher microbial richness, evenness,
and diversity for the anodic bacterial communities with less observed differences in the cathode
biofilms. On the contrary, for the archaeal community, the higher HPr/HAc ratios decreased the
alpha diversity metrics on the anode and cathode biofilms, except for an increase in the Shannon

index diversity on the cathode biofilms.
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3.5.2. Quantitative analysis with gPCR

Figure 4.8 shows the quantitative assessment of bacterial and archaeal communities performed
with specific primers using qPCR. For the universal primers, the total microbial cell counts in
anode biofilms were significantly increased at higher HPr/HAc ratios 2.5 (6 x 10'? copies/cm?) and
5 (4 x 10'% copies/cm?) than lower HPr/HAc ratios of 0.5 (9 x 10'° copies/cm?) and 1.5 (3 x 10!
copies/cm?) (p=0.005). On the contrary, the microbial cell counts on the cathode biofilms were
higher at lower HPr/HAc 0.5 (4 x 10° copies/cm?) and 1.5 (2 x 10° copies/cm?) in comparison to
the higher HPr/HAc ratios of 2.5 (4 x 10% copies/cm?) and 5 (4 x 10® copies/cm?). For the archaeal
primers, the total archaeal counts at lower HPr/HAc ratios (0.5 and 1.5) were quite similar in both
anode and cathode biofilms, while showed a significant decrease at higher HPr/HAc ratios of 2.5
and 5 (3-7 x 10° copies/cm? vs. 7-8 x 10° copies/cm?), respectively. These results showed that
higher concentrations of propionate (HPr/HAc 2.5 and 5) led to the colonization of higher bacterial
biomass, possibly for the requirement of syntrophic interactions between fermenters and

electroactive bacteria on the anode biofilms.

Furthermore, mcrA gene copies were quantified (Figure 4.8). The functional mcrA gene has
been considered a gene biomarker for the phylogenetic characterization of methanogens (Wilkins
et al., 2015; Zakaria and Dhar, 2021b). It has been reported in the literature there is a positive
correlation between methanogenesis rate and mcrA gene copies (Morris et al., 2014; Wilkins et
al., 2015; Zakaria and Dhar, 2021b). In both anode and cathode biofilms, increasing HPr/HAc
ratios decreased mcrA gene copies considerably. However, a greater reduction was observed in
the cathode biofilms. Thus, these results are consistent with the inferior methane production

observed under higher HPr/HAc ratios of 2.5 and 5.
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3.5.3. Microbial abundance

Figure 4.9 shows the effect of different HPr/HAc ratios on the microbial community
composition. At the phylum level, Proteobacteria was the most abundant phylum at HPr/HAc
ratios of 0.5 (61%) and 1.5 (67%); the abundances significantly decreased with increasing
HPr/HAc ratios to 2.5 (16%) and 5 (18%) (Figure 4.9a). Alternatively, Synergistetes phylum
significantly increased and became the most abundant at higher HPr/HAc ratio of 2.5 (46%) and
5 (50%) with low abundances at HPr/HAc ratios of 0.5 (14%) and 1.5 (11%). Also, abundance of
Firmicutes increased with increasing HPr/HAc ratios: 0.5 (1%), 1.5 (3%), 2.5 (18%) and 5 (19%).
The abundance of Bacteroidetes remained almost unchanged (12-16%) for increasing HPr/HAc

ratios from 0.5 to 2.5; however, it dramatically decreased to 6% at a higher HPr/HAc ratio of 5.
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At the genus level, Geobacter belongs to Proteobacteria was the most abundant at HPr/HAc
ratios of 0.5 (54%) and 1.5 (53%) (Figure 4.9b). However, after increasing HPr/HAc ratios to 2.5
and 5, the abundance of Geobacter genus showed a significant decrease (10-11%). Alternatively,
vadinCA02, a member of Synergistia, became the most abundant genus at HPr/HAc ratios of 2.5
(47%) and 5 (51%) than lower ratios of 0.5 (14%) and 1.5 (11%). Also, the relative abundance
of Acetobacterium belongs to Clostridia increased at HPr/HAc ratios of 2.5 (13%) and 5 (14%)
compared to~1% abundance at lower HPr/HAc ratios of 0.5 and 1.5. Bacteroides had the second
highest abundance at HPr/HAc ratios of 0.5 (15%), 1.5 (11%), and 2.5 (11%); however, it showed
a significant decrease to 3% at HPr/HAc ratio of 5. In addition, higher enrichment
of Christensenellaceae and Sporomusa, members of Clostridia, was observed at higher HPr/HAc
ratios of 2.5 (2% and 3%) and 5 (2% and 4%, respectively). In comparison, their abundances were
< 1% at low HPr/HAc ratios of 0.5 and 1.5. Other genera (Petrimonas, Xanthobacter) belong to
Proteobacteria, and Bacteroidetes were enriched at higher HPr/HAc ratios of 2.5 (1-3%) and 5 (2-
4%). On the other hand, their abundances were <1% at low HPr/HAc ratios of 0.5 and 1.5.

Overall, higher HPr/HAc ratios (2.5 and 5) considerably shifted the microbial communities at
phylum and genus levels. Geobacter, the most kinetically efficient electroactive bacteria (Dhar et
al., 2017; Malvankar et al., 2012; Torres et al., 2010), was markedly decreased at higher HPr/HAc
ratios corroborated with decreased current densities (Figure 4.2). The high abundance of
Geobacter in anode biofilms at lower HPr/HAc ratios (i.e., higher acetate levels) is consistent with
several previous studies fed MEC with acetate (D. Liu et al., 2016; Luo et al., 2016). However,
degradation of a complex fermentable substrate (e.g., propionate) would require more diverse
fermentative species to establish a syntrophic interaction with electroactive bacteria. In this study,
higher HPtr/HAc ratios of 2.5 and 5, members of Clostridia and Synergistia were significantly
increased. Notably, these members were reported to be propionate oxidizers in MECs (Hari et al.,
2017, 2016b; Ruiz et al., 2014). For instance, diverse phylotypes of Clostridia and Synergistia
were enriched in MEC fed with higher propionate concentrations (Hari et al., 2017).

The cathode biofilms also showed a shift in the microbial communities similar to the anode
biofilm. Bacteroides (12% vs. 20% vs. 27% vs. 23%) was the most abundant bacterial genus in the
cathode biofilms and showed a substantial enrichment with increasing HPr/HAc ratios of 0.5 to 5.

On the contrary, Acetobacterium was the second most dominant genus at HPr/HAc ratio of 0.5
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(8%), with < 1% abundance at higher HPr/HAc ratios of 1.5, 2.5, and 5. Notably, the enrichment
of Acetobacterium was accompanied by enhanced methanogenesis. Acetobacterium, a hydrogen
scavenging homoacetogens, could utilize H2/COz to produce acetate and then can be utilized by
members of electroactive bacteria on the anode biofilm (Cheng et al., 2009; Fu et al., 2015). A
recent study showed the enhancement of methanogenesis in MEC-AD systems accompanied by
the enrichment of homoacetogens (D. Liu et al., 2016; Zakaria and Dhar, 2021b). Alternatively,
the abundance of Sporomusa (3% vs. 4% vs. 16% vs. 19%) and vadinCA02 (3% vs. 2% vs. 7%
vs. 8%) increased at higher HPr/HAc ratios. Other genera, Bosea, Desulfovibrio, Geobacter
represented between 1% and 3% with the exception of Desulfovibrio at HPr/HAc ratio of 5

represented 4%.

As previously discussed, members of Clostridia and Synergistia were reported to be
propionate oxidizers in MECs fed with propionate (Hari et al., 2017, 2016b; Ruiz et al., 2014).
Also, the enrichment of acetogens, particularly Sporomusa, in the cathode biofilms at higher
HPr/HAc ratio 2.5 and 5 resulted in significant losses of electrons or H2 from being utilized by
methanogenic archaea. Notably, acetogenic Sporomusa species can utilize electrons/H2 and CO2
to acetate and other multicarbon compounds (Aryal et al., 2017; Izadi et al., 2020; Nevin et al.,
2011, 2009; Zaybak et al., 2013). Thus, the availability of H2 and/or electrons for methanogens in
biocathode would be hindered (Georg et al., 2020; Zakaria and Dhar, 2021a).

For both anode and cathode biofilms, Methanobacterium was the most abundant archaeal
genera under all conditions. Previous studies also reported known hydrogenotrophic methanogens,
particularly Methanobacterium, as key methanogen enriched in MEC-AD reactors regardless of
the substrate (Cerrillo et al., 2017; Dykstra and Pavlostathis, 2017; Siegert et al., 2014a). The high
abundance of known hydrogenotrophic Methanobacterium suggested that acetate was primarily
utilized by electroactive bacteria rather than acetoclastic methanogens (D. Liu et al., 2016; Zakaria
and Dhar, 2019). The abundance of Methanobacterium was negatively affected with increasing

HPr/HAc ratios from 0.5 to 5 (anode: 8% to 5%; cathode: 58% to 26%).

Nonetheless, 16S rRNA gene sequencing could not detect the low-abundant archaeal genera.
Based on the phylogenetic tree analysis using sequencing results of a specific archaeal primer,

more diverse methanogenic archaea existed at higher HPr/HAc ratios (Supplementary
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information). At a low HPr/HAc ratio of 0.5, only three different species (Methanobacterium,
Methanosarcina, and Methanobrevibacter) were detected. However, at higher HPr/HAc ratios, 4-
5 other archaeal genera were observed (Figure B.3 Phylogenetic tree using bacterial and archaeal

primer at HPr/HAc ratio of 0.5
and Figure B.5 Phylogenetic tree using bacterial and archaeal primer at HPr/HAc ratio of 2.5

). For instance, at a high HPr/HAc ratio of 5, Methanobacterium, Methanobrevibacter,
Methanosarcina, Methanoculleus, and Methanolinea were existed (Figure B.6 Phylogenetic tree

using bacterial and archaeal primer at HPr/HAc ratio of 5

). Nonetheless, the methanogenesis process was negatively affected at higher HPr/HAc ratios.
Thus, these results suggested that the abundance of archaeal genera might be the most critical
factor for enhancing the methanogenesis process regardless of the diversity of these genera. Thus,
the higher abundance of the archaeal population might have contributed to the superior MEC-AD

performance under low HPr/HAc ratios.
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3.5.4. Correlation analysis

Figure B.1 Principal Component Analysis of the microbial communities at different HPr/HAc
ratios shows a principal components analysis (PCA) loading plot for the abundances of the
microbial communities at different HPr/HAc ratios. PCA analysis shows the clustering of
Methanobacterium, Geobacter, and Rhodocyclaceae with HPr/HAc ratios of 0.5 and 1.5.
However, these genera have been negatively affected at higher propionate concentrations
(HPr/HAc ratios of 2.5 and 5). However, several other fermenters (vadinCA02, Sporomusa, etc.)
are dominated and closely located at the same quadrants of HPr/HAc ratios of 2.5 and 5.
Furthermore, the scatterplot matrix and correlation coefficients indicated a relatively positive
correlation of Methanobacterium (r=1.0), Geobacter (1=0.9) and Rhodocyclaceae (1=0.8) at higher
acetate concentrations (i.e., HPr/HAc ratios 0.5 and 1.5) (Figure B.2 Scatterplot matrix of the
microbial communities at different HPr/HAc ratios and (Table B.2 Correlation analysis of the

microbial communities at different HPr/HAc ratios

Figure B.3 Phylogenetic tree using bacterial and archaeal primer at HPr/HAc ratio of
0.5Table B.2 Correlation analysis of the microbial communities at different HPr/HAc ratios. These
genera showed a negative correlation (-1.0, -0.9, and -0.8, respectively) at higher propionate
concentrations (i.e., HPr/HAc ratios 2.5 and 5). These results further indicate that higher HPr/HAc
ratios significantly shifted the microbial community abundances, particularly Methanobacterium

and Geobacter.
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3.5.5. Chord diagram

The chord diagram shows the relationship between microbial genera abundances on the anode
and cathode biofilms (Figure 4.10). In anode biofilms, Geobacter was closely associated with the
enrichment of hydrogenotrophic methanogen (Methanobacterium) (see Figure 4.12a). A recent
study confirmed DIET-based syntrophy between Geobacter and Methanobacterium (Zheng et al.,
2020). Acetogenic genera VadinCA02, Sporomusa, Bosea, and Petrimonas, were closely
associated together. For cathode biofilms, Methanobacterium showed a close association with
Acetobacterium. As previously discussed, the enrichment of Acetobacterium accompanied by
enhanced methanogenesis. Acetobacterium, known as hydrogen scavenging homoacetogens, can
utilize H2/COz to produce acetate, which anodic electroactive bacteria can utilize (Cheng et al.,
2009; Fu et al., 2015). A previous study also reported enhanced methanogenesis accompanied by
the enrichment of homoacetogens in biocathode (D. Liu et al., 2016). However, Geobacter and
other acetogenic genera, i.e., Sporomusa and VadinCAO02 in cathode biofilms, were not linked to
the enrichment of Methanobacterium. These results further revealed that enrichment of acetogens

in cathode biofilms affected the growth of methanogens at higher HPr/HAc ratios.
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4.3.6. Multivariate analysis

The multivariate principal components analysis was performed to evaluate the correlation
between various process variables and different HPr/HAc ratios. As shown in Figure 4.11, for
anode biofilms, most of the process variables (COD removal efficiency, EET gene expression,
EPS, archaeal cells, mcrA copies, methane, etc.) are located close to the lower HPr/HAc ratios of
0.5 and 1.5. On the other hand, bacterial cell numbers (represented by 16S rRNA gene copies) are
located in a different quadrant, closely linked to the higher HPr/HAc ratios of 2.5 and 5. For
cathode biofilms, all the process variables are located in the same quadrants of HPr/HAc ratios of

0.5 and 1.5.

Moreover, correlation coefficients and scatterplot matrix were tested to examine the
correlation of process variables to different HPr/HAc ratios (Figure 4.12 and Table 4.3). The
process variables showed a relatively high positive correlation to higher acetate concentrations
(HPr/HAc ratios 0.5 and 1.5). In comparison, a relatively negative correlation was observed at
higher propionate concentrations (HPr/HAc ratios 2.5 and 5). For instance, EET gene expression
showed a relatively positive correlation on the anode and cathode biofilms (r = 0.8 and 0.9,
respectively) at higher acetate concentrations (HPr/HAc ratios 0.5 and 1.5). However, a noticeable
negative correlation was observed at anode and cathode biofilms (r = -0.8 and -0.9, respectively)
at higher propionate concentrations (HPr/HAc ratios 2.5 and 5). Also, other process variables such
as EPS, methane, archaeal cells, etc., showed similar trends. The only exception is the high positive
correlation of bacteria cells (r = 0.8) enriched on the anode biofilms at higher HPr/HAc ratios of

2.5 and 5.

Thus, these analyses further indicate that a higher MEC-AD efficiency based on most of the
process variables was obtained at low HPr/HAc ratios of 0.5 and 1.5. However, at higher HPr/HAc
ratios of 2.5 and 5, most of the variables considered in the analysis were negatively correlated,

which consequently corroborated with inferior MEC-AD performance.
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Table 4.2 Correlation analysis of the process variables components at different HPr/HAc ratios
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4.4. Conclusion

This study focused on maintaining an optimum propionate/acetate (HPr/HAc) ratio towards
the electro-methanogenesis process and the microbial community. The total cumulative methane
production remained almost the same after increasing HPr/HAc ratio from 0.5 to 1.5. When
HPr/HAc ratios further increased to 2.5 and 5, the total cumulative methane production markedly
decreased. EET-associated gene expression reduced under high HPr/HAc ratios (2.5 and 5)
indicates the partial inhibition of biofilm electroactivity. Geobacter and Methanobacterium
species were abundant under lower HPr/HAc ratios, while their abundance decreased under higher
HPr/HAc ratios. Therefore, this study demonstrated that higher HPr/HAc ratios would adversely
impact electro-methanogenic activity in MEC-AD systems. However, further research is required

to elaborate on the significance of HPr/HAc ratios under high-strength feedstocks.
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Chapter 5

An intermittent power supply scheme to minimize electrical energy input in a

microbial electrolysis cell assisted anaerobic digester
A version of this chapter was published in Bioresource Technology, 319, 124109.
5.1. Introduction

Anaerobic digestion (AD) is a well-established and cost-effective technology for simultaneous
treatment of organic waste and biogas (50-60% CH4 and 40-50% CO:) production (Barua et al.,
2018; Barua and Dhar, 2017; Chen et al., 2008). Nevertheless, conventional anaerobic digestion
faces various challenges, including sensitivity to the environmental parameters (pH, temperature,
alkalinity, etc.), slow hydrolysis process, and chemical inhibition (organic acids, ammonia, etc.)
(Ma et al., 2013; Tomei et al., 2009). For instance, digesters' operation at higher organic loading
rates causes the accumulation of volatile fatty acids (VFAs) inside the digester, creating an acidic
environment and leading to digester instability (Ma et al.,, 2013). Consequently, the
methanogenesis could be inhibited and become a rate-limiting step, which leads to poor biogas
yield and quality (Ma et al., 2013). Hence, developing a stable bioreactor system with a balanced

microbiome is critical in attaining higher methane yields.

Recently, various microbial electrochemical systems, such as microbial fuel cells (MFCs),
microbial electrolysis cells (MECs), have been extensively researched as nascent approaches for
waste/wastewater treatment with value-added applications, including bioenergy (i.e., electricity,
biomethane, biohydrogen, etc.), and chemicals (i.e., nutrients, H2Oz, alkali, etc.) production (Barua
et al., 2019b; Choi et al., 2017; Ki et al., 2017b; Li et al., 2016; Siegert et al., 2014b; Xin et al.,
2019). Notably, coupling MECs with AD holds great promise to enhance the methanogenesis
process by introducing a pair of electrodes with an external supply of small voltage or applied
voltage. This process is called electro-methanogenesis, and integrated systems are known as MEC-

AD (Siegert et al., 2015; Zakaria and Dhar, 2019).
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Previous studies reported that electroactive bacteria in MEC-AD systems could divert
electrons from organic acids to the anode that can be transformed into hydrogen gas on the cathode
(Cho et al., 2019; Heidrich et al., 2013). Thus, fast-growing hydrogenotrophic methanogens could
be enriched on the cathode, while electroactive bacterial bacteria could outcompete slow-growing
acetoclastic methanogens (L1 et al., 2016; Siegert et al., 2015). Moreover, hydrogenotrophic
methanogens have a higher tolerance for harsh environmental conditions (e.g., pH, temperature,
high ammonia levels) than acetoclastic methanogens (Cai et al., 2018; Jiang et al., 2018). Thus,
MEC-AD systems could provide superior process kinetics, stability, and methane productivity

(Choi et al., 2017; Zakaria and Dhar, 2019).

Despite these benefits, the operation of MEC-AD will increase the operational cost due to the
requirement of energy input in the form of applied voltage/potential (Lim et al., 2020). The
laboratory-scale MEC-AD systems can be operated with low energy input (0.3-1.5 V) (Choi et al.,
2017; Zakaria and Dhar, 2019). However, based on energy efficiencies, studies reported mixed
results. For instance, Luo et al. (2016) reported no clear benefit in terms of energy recovery
between conventional AD and MEC-AD systems. In contrast, Zhao et al. (2016) suggested that
the energy income from the increased methane production from a MEC-AD system could be as
high as 13.4 times as more as the electrical energy input. Nonetheless, it is expected that the
operation of large-scale MEC-AD systems would substantially increase the energy input due to
high system overpotentials (Ge and He, 2016; Heidrich et al., 2014, 2013). There have been
numerous researches on the development of operational strategies for MEC-AD systems.
However, most of these researches have been focused on the optimization of applied
voltage/potential, where systems were operated with a continuous supply of external voltage or
potential (Choi et al., 2017; Zakaria et al., 2019; Zhao et al., 2016). Although few studies have
demonstrated that intermittent power supply could improve energy recovery and organics removal
with MECs (Ailijiang et al., 2016; Cho et al., 2019; Hussain et al., 2018). Hussain et al. (2018)
reported that on/off mode of operation of MEC could significantly lower the internal resistance of
the system, and thereby increased the fraction of electroactive bacterial species within the anode
biofilms. Cho et al. (2019) suggested that continuous applied voltage in MECs could lead to
excessive energy input required for a cathodic hydrogen evolution reaction. In addition to
improving energy efficiency, the on/off mode operation could increase effective cathode surface
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area for hydrogen evolution reaction by alleviating the attachment of small hydrogen gas bubbles.
Moreover, hydrogen partial pressure around the cathode can be reduced under on/off mode
operation (Cho et al., 2019), which can potentially benefit the anaerobic digestion process. Higher
hydrogen partial pressure may inhibit the consumption of volatile fatty acids (VFAs) during
anaerobic digestion (Magdalena et al., 2019; Oh and Logan, 2005). Considering these aspects, it
can be hypothesized that the on/off mode operation can potentially benefit the operation of MEC-
AD systems. However, limited information is available on the impact of intermittent power supply
in MEC-AD systems. However, limited information is available on the impact of intermittent

power supply in MEC-AD systems.

Therefore, this study assessed cycling open/closed circuit operation scheme for an applied
potential controlled MEC-AD reactor fed with a complex fermentable substrate, glucose. Under
different on/off times for applied potential, the system's performance was compared in terms of
methane production, current density, and organics removal. Moreover, the qualitative and
quantitative shifts of microbial communities under the different duration of applied potential were
examined with 16S rRNA approaches and qPCR. To the best of the authors' knowledge, the
findings of this study are the first of the few efforts to optimize an on/off applied potential scheme,

which can potentially increase the economic benefits of MEC-AD systems.

5.2. Material and methods

5.2.1. Setup and operation of MEC-AD

A single-chamber MEC-AD was fabricated using plexiglass tubes with a working volume of
360 mL. Carbon fibers (2293-A, 24A Carbon Fiber, Fibre Glast Development Corp., Ohio, USA)
integrated with a stainless-steel frame was used as the anode electrode, and a stainless-steel mesh
(304, McMaster-CARR, USA) was used as the cathode electrode. Carbon fibers were pretreated
according to the method previously described by Dhar et al. (2013). Ag/AgCl reference electrode
(MF-2052, Bioanalytical System Inc., USA) was placed with a distance of ~1 cm to the anode
electrode. A multi-channel potentiostat (Squidstat Prime, Admiral Instruments, Arizona, USA)
was used to set a fixed anode potential of -0.4 V vs. Ag/AgCl. During the entire experiment, the

liquid medium in the reactor was mixed at 130 &= 5 rpm using a magnetic stirrer.
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In the beginning, the reactor was seeded with 15 mL of anaerobic digester sludge and 30 mL
effluent from an identical mother MEC that has been operated with a 25 mM acetate medium for
>12 months. An anaerobic glucose synthetic wastewater media (2061+32 mg COD/L) was
supplemented as a feed with 50 mM phosphate buffer and trace minerals. The detailed
composition of the trace minerals used in this study could be found in the literature (Dhar et al.,
2013). This followed by monitoring the current generation until a steady-state current of ~14.33
mA was attained prior to run the experiment. Then, the reactor was evacuated and fed with a fresh
glucose synthetic wastewater media (2061+32 mg COD/L) in a fed-batch mode. The MEC-AD
reactor was operated under three conditions; the applied potential switched on for 24 hours (closed-
circuit) as a control condition (referred to as 24 hrs ON). For the second condition, the applied
potential switched on for 18 hours (closed-circuit), followed by switched off (open-circuit) for 6
hours (referred to as 18 hrs ON). For the third condition, the applied potential switched on for 12
hours, followed by switch off for 12 hours (referred to as 12 hrs ON). The reactor operated under
each condition until it reached a steady-state for several consecutive cycles. Here, results from
three representative cycles were presented. All experiments were performed at room temperature

(21£1°C) with a mixing speed of 130 rpm.

5.2.2. Analytical methods

The current generation from the reactor was recorded every 4.8 min using a potentiostat
(Squidstat Prime, Admiral Instruments, USA). Chemical oxygen demand (COD) was measured
with the HACH kit (HACH, Loveland, Colorado, USA). The produced biogas was collected from
the reactor using 500 mL gas bags. The biogas composition determined by a Gas Chromatograph
(7890B, Agilent Technologies, Santa Clara, USA). Volatile fatty acids (VFAs) concentrations
were measured by the Ion chromatograph (Dionex™ ICS-2100, Thermos Scientific, USA)
(Zakaria et al., 2019).

5.2.3. Characterization of microbial community

Several portions of anode and cathode biofilm were collected by sterile pipet tips at the end
of each operating condition. The samples were washed 3x times with 0.1 M PBS buffer (pH 7.4),

followed by centrifugation to remove any contaminant. The DNA was extracted using the
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PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) according to the
manufacturer’s instructions. The purity and concentration of the extracted DNA were measured
using NanoDrop™ 2000C spectrophotometer (Thermo Scientific, USA). Then, the DNA was
stored immediately at -70 °C for further analysis. Illumina Miseq Sequencing was constructed and
performed by the Research and Testing Laboratory (RTL genomics, Lubbock, TX, USA). The
analysis methodology for sequencing (https://rtigenomics.com/documents) was provided by the
laboratory. 16s rRNA was targeted by wusing universal bacterial primers 341F:
CCTACGGGNGGCWGCAG and 805R: GACTACHVGGGTATCTAATCC (Klindworth et al.,
2013), and archaeal specific primers 517F: 5' GCYTAAAGSRNCCGTAGC 3' and 909R: 5'
TTTCAGYCTTGCGRCCGTAC 3'. Also, qPCR was performed to quantify microbial cell

number.

For microbial diversity and community analysis, raw sequencing data were provided from
RTL genomics. Initially, USEARCH UCHIME was used for denoising process and chimera
detection in order to remove noisy reads and chimeric sequences (Edgar et al., 2011). The reads
were assigned and clustered into operational taxonomic units (OTUs) using the Greengenes
database at a 97% sequence similarity level (Edgar, 2010). The alignment process was performed
using PyNAST tool. The microbial taxonomy was analyzed using the Quantitative Insights Into

Microbial Ecology (QIIME 2) pipeline (https://qiime.org/, Bolyen et al., 2019).

Additionally, qPCR was performed to quantify microbial cell numbers at the three operating
conditions. 16S universal primers, 357Wf: CCTACGGGNGGCWGCAG and 785R:
GACTACHVGGGTATCTAATCC, were used to quantify the DNA samples (Klindworth et al.,
2013). qPCR mixtures were prepared in 25 uL reactions using QuantiFast SYBR® Green PCR Kit
(Qiagen, CA) as the following: 2 pL of the DNA template, 12.5 pL 2x master mix, 2.5 pL forward
and reverse specific primer, and 5.5 pL nuclease-free water. CFX 96 real-time PCR system with
a C1000 Thermal Cycler (Bio-Rad, USA) was used with the following cycling conditions
according to the QuantiFast SYBR® Green PCR Kit’s protocol; PCR initial heat activation cycle
at 95 °C for 5 min, 35 cycles at 95 °C for 10 sec and 60 °C for 30 sec, and finally, one cycle at 40

°C for 30 seconds. Triplicate reactions were run for all samples.
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5.2.4. Calculation of energy income

The net energy income under different operating conditions was determined, according to
Zhao et al. (2016) and Lim et al. (2020), after some modifications. The net energy income per
cycle (Whet, kJ) (Eq. 1) determined based on the difference between the total energy income from
methane produced (Wcns, kJ) and the total electric energy consumed via applied potential (We,

kJ).

Wnet :WCH4 - We (Eq- 1)

The total energy income from methane production (Wcnas, kJ) was calculated by multiplying
the energy content of methane-based on the heat of combustion (AHs = 890.31 x 10° J/mol) and
total moles of methane produced. The total electric energy input (We, kJ) was calculated by

multiplying the applied voltage and cumulative coulombs.

5.3. Results and discussion

5.3.1. Current generation

Figure 5.1 shows the variations in the current generation in MEC-AD under different
conditions. The current generation under 24 hrs ON and 18 hrs ON modes were comparable
(12.2+0.7 vs. 11.0+0.3 mA) while it declined when the reactor switched to 12 hrs ON mode
(6.8+#0.7 mA). Thus, it appeared that switching off the applied potential for 6 hours did not interrupt
the electrocatalytic activity of the microbiome. However, when the applied potential was switched
off for 12 hours, the performance deteriorated compared to the other two conditions with a sharp
decline in the current generation. Closed-circuit operation plays an important role in the
enrichment of an electroactive microbiome (Huang et al., 2014). Notably, the closed-circuit
operation would be critical for facilitating the metabolic function of anodic electroactive bacteria
(Huang et al., 2014; Michie et al., 2020). For instance, several studies reported that certain
electroactive bacteria, particularly from the Deltaproteobacteria class, could be enriched under
closed-circuit rather than open-circuit operation (Huang et al., 2014; Shehab et al., 2013; Yu et al.,
2015). Under intermittent open-circuit conditions, electroactive bacteria would oxidize the

substrate and accumulate electrons in the anode biofilms (Bonanni et al., 2012; Chung et al., 2020).
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After switching to the closed-circuit condition, the accumulated electrons would be quickly
discharged, which would provide a temporary peak current. Such peak currents could also be
observed in this study (Figure 5.1b & 5.1¢). Nonetheless, the results of this study suggested that
switching off the applied potential for 12 hours might disturb or affect the anode biofilms. As
discussed later, intermittently applied potential caused a shift of microbial communities and

allowed enrichment of non-electroactive bacteria (discussed later).
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5.3.2. Methane generation and organics degradation

Figure 5.2a shows volumetric methane generation profiles under different operating modes
(Fig. 2a). The pattern of methane generation was almost comparable under 24 hrs ON and 18 hrs
ON conditions. At the end of the batch cycle, the total cumulative methane production reached
429+13.7 CH4/m> (24 hrs ON) and 433+7.9 L CHa4/m? (18 hrs ON), respectively. Thus, switching
off the applied potential for 6 hours/day literally had no impact on methane production compared
to operation under continuous applied potential. When the applied potential was switched off for
12 hours/day (i.e., 12 hrs ON), decreases in methane production was observed. The total
cumulative methane production considerably decreased to 283+7.9 L CHa/m? under this condition.
As discussed later, enrichment of hydrogenotrophic methanogens and electroactive bacterial
communities under 24 hrs ON and 18 hrs ON conditions benefited the methane production. The
prolonged operation of MEC-AD systems under open-circuit conditions could hinder the
metabolic activities of both hydrogenotrophic methanogens and electroactive bacteria. First,
intermittent applied potential can affect growth and substrate (e.g., acetate) utilization by
electroactive bacteria. Second, cathodic hydrogen production would be hindered, which would
create substrate limiting conditions for hydrogenotrophic methanogens. Nonetheless, these results
suggested that a balanced microbiome could be maintained when the power supply was switched

off for 6 hours/day (18 hrs ON).

Figure 5.2b shows the degradation pattern of glucose under different conditions. Under 24
hrs ON and 18 hrs ON modes, effluent COD concentrations were 221+7.0 and 290+14.0 mg
COD/L, respectively, which resulted in COD removal efficiencies of 90+2.1% and 87%=+2.6%,
respectively. However, for 12 hrs ON mode, effluent COD concentration was considerably higher
than the other two conditions (537+4.0 mg COD/L) with a lower COD removal efficiency of
75+1.9%. These results suggested that turning off the applied potential for a prolonged period of
12 hours affected the substrate utilization by microbial communities. As discussed earlier, the
open-circuit operation would affect the anodic electroactive bacterial communities that oxidize
VFAs (particularly acetate) and generate electrical current (Huang et al., 2014; Michie et al., 2020).
Therefore, profiles of VFAs were monitored throughout the experiment (Figure 5.3). VFA profiles

were similar under all the operating conditions; Acetate>Propionate>Butyrate. However, total
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VFA (TVFA) concentration under 24 hrs ON and 18 hrs ON modes reached a maximum
concentration of ~700 mg COD/L, as compared to ~560 mg COD/L under 12 hrs ON mode. There
was no substantial difference in concentrations propionate and butyrate under all conditions.
However, acetate concentrations were as high as 521+0.4 and 489+1.8 mg COD/L under 24 hrs
ON and 18 hrs ON condition, respectively. In contrast, the maximum acetate concentration of
363+4.4 mg COD/L was observed under 12 hrs ON mode. At the end of operational cycles, TVFA
concentration was as low as 60+2.5 and 76+3.0 mg COD/L under 24 hrs ON and 18 hrs ON modes,
as compared to 205+3.5 mg COD/L under 12 hrs ON. Notably, the effluent from 12 hrs ON
condition showed considerably higher accumulation of acetate (197+3.4 mg COD/L), as compared
to the other two conditions (<39+3.1 mg COD/L). The higher accumulation of acetate indicated
that the electroactive bacterial community was adversely affected under 12 hrs ON mode, which
are considered the main acetate-utilizing bacteria (discussed later). Moreover, these results
suggested that fermentative bacterial communities could also be negatively affected under 12 hrs

ON condition, as indicated by the decline in glucose degradation and TVFA production.
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5.3.3. Changes in microbial community
3.3.1. Bacterial communities

Figure 5.4 shows the effects of different operating conditions on the microbial community
composition of anode biofilms. Under all conditions, Proteobacteria was the highest dominant
phylum with an abundance of 70% (24 hrs ON), 66% (18 hrs ON), and 52% (12 hrs ON).
Bacteroidetes was the second most abundant phylum recorded 23% (24 hrs ON), 19% (18 hrs
ON), and 16% (12 hrs ON). The other dominant phyla were Synergistetes (4-11%) and Firmicutes
(4-6%), while Euryarchaeota represented a minor portion (1.7-3%) of the microbial community.
Thus, at the phylum level, there were no significant changes in the anodic microbial abundances
under 24 hrs ON and 18 hrs ON modes (Figure 5.4a). However, when the reactor switched to 12

hrs ON mode, the relative abundance showed a marked change compared to two other conditions.

At the genus level, Geobacter belongs to Proteobacteria was the most dominant (31%) under
24 hrs ON mode. However, after switching the operation to intermittently applied potential, the
relative abundance of Geobacter species decreased to 12% in 18 hrs ON and 2.5% in 12 hrs ON
modes (Figure 5.4b). Alternatively, members of the Enterobacteriaceae tamily became the most
dominant in 18 hrs ON mode (48%), as compared to 24 hrs ON (17%), and 12 hrs ON (32%)
modes. Bacteroides were enriched equally (16-17%) under 24 hrs ON and 18 hrs ON modes;
however, their abundance decreased to 12% under 12 hrs ON mode. Also, the abundance of
Synergistaceae_vadinCA02 decreased from 9% (24 hrs ON) to 3% (18 hrs ON) and 2% (12 hrs
ON). Bosea and Pleomorphomonas were accounted for 5% and 4% under 24 hrs ON mode,
respectively. The abundance of these both genera decreased to < 2% after switching to intermittent
applied potential conditions (18 hrs ON and 12 hrs ON). Alternatively, higher enrichment of
Rhodocyclaceae K82, Azovibrio, and Victivallis was observed under 18 hrs ON mode (7%, 4%,
and 4%, respectively) than 24 hrs ON (3%, 1%, and 1%), and 12 hrs ON (2%, 1%, and 2%) modes.
Other genera, such as Cloacibacillus, Desulfovibrio, Dysgonomonas, etc., represented a small

portion of the microbial communities with an abundance of < 2%.

Thus, the duration of applied potential considerably influenced the microbial communities at

both the genus and phylum levels. Notably, at the phylum level, the abundance of Proteobacteria
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and Bacteroidetes decreased with decreasing the duration of applied potential. At the genus level,
Geobacter species were found to be more affected by the decrease in the duration of applied
potential. Previous studies also suggested that closed-circuit operation (i.e., applied potential)
would be critical for the enrichment of Geobacter species (Shehab et al., 2013; Zakaria et al.,
2019). The high abundance of Enterobacteriaceae family under intermittent applied potential
conditions (18 hrs ON and 12 hrs ON), as compared to 24 hrs ON mode, might explain their ability
to grow with or without applied potential. Enterobacteriaceae was identified as having a dual
function of fermentation and anodic respiration (Feng et al., 2014; Rasmussen and Minteer, 2015;
Toczylowska-Maminska et al., 2015). Several studies revealed that some species from genera
Enterobacter (e.g., E. cloacae) belonging to family Enterobacteriaceae could generate electricity
in various microbial electrochemical systems (Feng et al., 2014; Rasmussen and Minteer, 2015;
Toczytowska-Maminska et al., 2015). For instance, Feng et al. (2014) found that Enterobacter
strains, isolated from a microbial fuel cell, generate nanowires, which might contribute to
extracellular electron transport for the current generation. Under 18 hrs ON mode, other known
fermentative bacterial genera, such as Rhodocyclaceae K82, Azovibrio, and Victivallis were
identified in anode biofilms (Mei et al., 2015; Ruiz et al., 2014). Interestingly, despite the fact that
microbial community shifted due to intermittently applied potential, performances of MEC-AD
were comparable for both 24 hrs ON and 18 hrs ON conditions. This might be due to the increase
in the abundance of the Enterobacteriaceae family, which can act as fermentative and electroactive
bacteria (Feng et al., 2014; Rasmussen and Minteer, 2015; Toczytowska-Maminska et al., 2015).
Based on the comparable current generation under 24 hrs ON and 18 hrs ON modes (discussed
earlier), it can be argued that other -electroactive bacteria like members from the
Enterobacteriaceae family possibly compensated for the decrease in the abundance of Geobacter

species under 18 hrs ON condition.

Similar to anode biofilm communities, there was a substantial shift in the cathodic biofilm
communities (Figure 5.4). Proteobacteria (75% vs. 50% vs. 65%) and Bacteroidetes (22% vs.
32% vs. 13%) were the two most dominant phyla in the cathode biofilms. At the genus level,
Enterobacteriaceae (61% vs. 56% vs. 36%) and Bacteroides (25% vs. 18% vs. 9%) were the two
most dominant genera. The abundance of genera Rhodocyclaceae K82 and Azovibrio was almost
similar (5% vs. 4% vs. 3%). Interestingly, under 18 hrs ON mode, the abundance of
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Acidaminococcus increased from 0.5% (24 hrs ON) to 4.5% (18 hrs ON). Other genera,
Desulfovibrio, Pleomorphomonas, Bosea, etc., represented <2% of the cathode biofilm
communities. Notably, genus Acidaminococcus, a member of class Clostridia, is known as
homoacetogens (Chowdhury et al., 2014). As discussed later, some hydrogenotrophic
methanogens were marginally affected after switching to intermittent applied potential conditions,
which could provide a kinetic advantage to homoacetogens. Nonetheless, the abundance of genus
Acidaminococcus was still low, and their abundance further decreased from 4.5% (18 hrs ON) to
1.9% (12 hrs ON). Thus, homo-acetogenesis appeared to play a minor role under different

conditions.

3.3.2. Archaeal communities

Figure 5.4b shows the abundance of archaeal communities sequenced using 16s rRNA primer.
The abundance of Methanobacterium in cathode biofilms was higher than that of anode biofilms
under all conditions. @ The members of the genus Methanobacterium are known as
hydrogenotrophic methanogens (Zakaria and Dhar, 2019). The hydrogen produced on the cathode
could stimulate the enrichment of hydrogenotrophic methanogens, which is consistent with
previous studies (Choi and Sang, 2016; Saheb-Alam et al., 2019). On the other hand, acetoclastic
methanogens could be either outcompeted by electroactive bacteria or washed out due to the
operation of the reactor under shorter hydraulic residence time (~4 days) (Ho et al., 2014; Li et al.,
2016; Zakaria et al., 2019). However, the abundance of Methanobacterium in cathode biofilms
decreased with decreasing the duration of applied potential. Their relative abundances were 6%,
5%, and 1%, under 24 hrs ON, 18 hrs ON, and 12 hrs ON modes, respectively. Thus, the results
suggested that substrate (i.e., H2) limitations caused by intermittently applied potential might
adversely affect the hydrogenotrophic methanogenic communities on the cathode. under 12 hrs
ON mode. On the other hand, similar methane production from 24 hrs ON and 18 hrs ON modes
suggested that the archaeal community was kinetically balanced to the fermentative and

electroactive bacterial communities to maintain similar performance under 18 hrs ON mode.
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To get more insights into the shifts in the archaeal communities, the archaeal communities
on the anode and cathode biofilms under different operating modes were further analyzed using a
specific archaeal primer (Figure 5.5a). As shown in Figure 5.5a, the archaeal communities in both
anode and cathode biofilms were dominated by Methanobacterium, with a relative abundance of
>90% under all conditions. Recent studies suggested that Methanobacterium could produce
methane via directly accepting electrons from the cathode or direct interspecies electron transfer
(DIET) with syntrophic partners (i.e., bacteria) (Siegert et al., 2015; Zhao et al., 2015), which could
explain their abundance on the anode biofilms under different conditions. However, 16S rRNA
gene sequencing does not provide precise information about the specific methanogenesis
pathways. The other major archaeal genus identified in both biofilms was Methanocorpusculum,
with a relative abundance from 6% to 7%. Also, metabolically versatile Methanosarcina (Luo et
al., 2018) presented a minor portion of archaeal communities in cathode biofilms under 24 hrs ON
(2%), and 18 hrs ON (3%) modes. However, under 12 hrs ON mode, Methanosarcina completely
disappeared from the cathode biofilms, suggesting the significance of cathodic hydrogen
production for their metabolism. However, the absence of Methanosarcina might also occur due
to the low acetate production levels (De Vrieze et al., 2012). Nonetheless, based on the results of

this study, archaeal communities were less sensitive to the intermittently applied potential.

3.3.3. Quantity and diversity of microbial communities

The quantitative analysis of microbial communities was performed with qPCR analysis
(Figure 5.5b). For the anode biofilms, microbial cell number under 24 hrs ON mode (1.25x10"
cells/cm?) was higher than 18 hrs ON mode (5.7x10° cells/cm?). Then, it further decreased
(2.1x10% cells/cm?) after switching to 12 hrs ON mode. Thus, microbial cell numbers were
adversely affected by the intermittently applied potential. The microbial cell numbers in the
cathode biofilms under 24 hrs ON, 18 hrs ON, and 12 hrs ON modes were 2.5x10°, 7x10°, and
1x107 cells/cm?, respectively. These results indicated that the microbial cell numbers in anode and
cathode biofilms were unaffected after switching off the applied potential for 6 hrs; however, it
was negatively affected after the applied potential was switched off for 12 hrs. As a result, the
performance of MEC-AD deteriorated at 12 hrs ON condition.
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The diversity of anode and cathode microbial communities were assessed with QIIME2 (Table
1). For 24 hrs ON and 18 hrs ON modes, diversity analysis of anode biofilms in terms of Shannon
index (4.1-4.2) indicated similarity between two conditions (p = 0.09). However, as evident from
the increase in Shannon index to 4.7, anodic microbial communities became more diverse under
12 hrs ON mode (p = 0.01). Previous studies also suggested that the open-circuit operation of
various microbial electrochemical systems could lead to more diverse anodic biofilm communities
(Huang et al., 2014; Shehab et al., 2013). The evenness of cathode biofilms showed a similar
pattern like anode biofilms, 4 vs. 3.9 vs. 4.5. Thus, switching operation to alternating open/closed
circuit operation led to more diverse microbial communities. However, there were no significant
changes in Chaol and OTUS results. These indicated that the richness of the anode and cathode

microbial communities was unaffected under different operating conditions.
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5.3.4. Energy efficiency

As compared to 24 hrs ON condition, the electrical energy inputs under 18 hrs ON and 12 hrs
ON modes were 25% and 50% lower, respectively. However, the total energy income from
methane produced under 24 hrs ON and 18 hrs ON conditions were comparable (~4.8 kJ per batch
cycle) (Figure 5.6). Thus, despite a 25% decrease in electrical energy input, 18 hrs ON mode
provided slightly higher (6%) net energy income, as compared to 24 hrs ON condition. For 12 hrs
ON mode, the total energy income from methane production was 35% lower than the other two
conditions (3.1 vs. 4.8 kJ per batch cycle), which led to a marked decrease in net energy income
(2.8 vs. 4-4.3 kJ per batch cycle). Thus, our results suggested power supply in MEC-AD systems
can intermittently be switched off for up to 6 hours without compromising the overall energy

output. For instance, the power supply in the reactors can be turned off during the pick hours of

electricity, which can provide saving in operational cost.
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Figure 5.6 Energy income under different operating conditions
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5.4. Conclusion

The results of this study demonstrated that intermittent power supply could be a practical
solution for minimizing electrical energy input for the operation of MEC-AD systems. According
to these results, the applied potential in MEC-AD systems can intermittently be switched off for
up to 6 hours/day without compromising the system performance. However, turning off the applied
potential for 12 hours caused a decrease in the methane generation and overall energy efficiency.
In addition to known electroactive bacteria, the archaeal community was negatively affected.
However, further optimization would be needed to determine precise and more optimum on/off

switching times.
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Chapter 6

Insights into intermittent over continuous energization during biomethane
recovery from sewage sludge with microbial electrolysis cell assisted

anaerobic digester
A version of this chapter will be submitted in a journal for peer-review and publication
5.1. Introduction

Anaerobic digestion (AD) is a well-established and cost-effective technology for organic
waste stabilization and bioenergy generation (Barua et al., 2019¢e; Bose et al., 2021; L. Lin et al.,
2019a; Ryue et al., 2019). Anaerobic digestion consists of multi-stages; hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. Hydrolysis and methanogenesis are considered the two major
rate-limiting steps in anaerobic digestion depending on the complexity of the substrate. Hydrolysis
is considered the rate-limiting step, especially when complex particulate substrates are used (Ma
et al., 2013; Zakaria and Dhar, 2019). In contrast, methanogenesis can be the rate-limiting step if
simple or soluble organic substrates are used (Ma et al., 2013; Zakaria and Dhar, 2019).
Particularly, at high organic loading rates, volatile fatty acids (VFAs) can be generated by
acidogenic bacteria at a faster rate, which is considered more kinetically faster than acetoclastic
methanogenesis (Ma et al., 2013). Due to the slow kinetic features of acetoclastic methanogens,
VFAs may accumulate in digesters, leading to depletion of the buffering capacity followed by
acidification (Ma et al., 2013; Shi et al., 2017; Tomei et al., 2009). Thus, methanogenesis becomes
a rate-limiting step, which impedes digester performance (Ma et al., 2013). Therefore, establishing
a kinetically efficient digester microbiome is essential for developing a stable system and

improving methane recovery.

In addition to traditional AD, methane can also be generated by integrating microbial
electrolysis cells in anaerobic digestion (MEC-AD) (Ren et al., 2018; Rousseau et al., 2020;
Zakaria and Dhar, 2019). Such configurations are usually known as MEC-assisted AD (MEC-AD)

systems (Ren et al., 2018; Rousseau et al., 2020; Zakaria and Dhar, 2019). In MEC-AD systems,
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a unique group of bacteria, called electroactive bacteria (EAB), can be enriched on the anode
electrode (D. Liu et al., 2016; Logan et al., 2019; Lu and Ren, 2016; Siegert et al., 2014b). EAB
can oxidize simple organic acids, particularly acetate, outcompeting slow-growing acetoclastic
methanogens due to their faster growth kinetics (D. Liu et al., 2016; Logan et al., 2019; Lu and
Ren, 2016; Siegert et al., 2014b). The relatively fast-growing hydrogenotrophic methanogens (e.g.,
Methanobacterium and Methanobrevibacter) are enriched on the cathode biofilms, where H: is
produced via cathodic electrochemical reduction of protons (Lee et al., 2009; Siegert et al., 2014b).
Nonetheless, different forms of extracellular electron transfer (EET) can also contribute to methane
generation in MEC-AD systems. For instance, some methanogens can directly capture electrons
from the cathode (Lee et al., 2009; Siegert et al., 2014b). Moreover, a recent study showed the
potentiality of the direct interspecies electron transport (DIET) between methanogens and EAB
for methane generation in the anode biofilm (Baek et al., 2021). Most studies demonstrated
enhanced methane recovery with MEC-AD systems compared to conventional AD (Ren et al.,
2018; Rousseau et al., 2020; Zakaria and Dhar, 2019). However, the operation of MEC-AD
systems requires external energy input via power supply/potentiostat to overcome the
thermodynamic barriers, primarily for the cathodic hydrogen generation (Ditzig et al., 2007; Logan

et al., 2008; Zakaria and Dhar, 2021b, 2019).

One of the critical challenges in deploying MEC-AD systems on a large scale is the
operational cost due to the requirement of energy input in applied voltage/potential (Lim et al.,
2020; Wang et al., 2020; Zakaria and Dhar, 2021a). A few reports demonstrated that intermittent
power supply could achieve better methane generation and reactor performance (Ailijiang et al.,
2016; Hussain et al., 2018; Wang et al., 2020; Zakaria and Dhar, 2021a). Our previous study
investigated the intermittent power supply scheme on MEC-AD fed with glucose (Zakaria and
Dhar, 2021a). Our results suggested that the applied potential in MEC-AD systems can
intermittently be switched off for up to 6 hours/day without compromising the system
performance. It was reported that the continuous energy supply might cause an intensive cathodic
hydrogen evolution reaction (HER). Consequently, the over accumulation of hydrogen gas bubbles
on the cathode electrode will reduce the effective surface area. The intermittent power supply will
elevate the attached small gas bubbles (Cho et al., 2019). However, previous efforts to optimize
power supply schemes for MEC-AD systems were limited to the synthetic substrate only (Cho et
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al., 2019; Wang et al., 2020; Zakaria and Dhar, 2021a). However, conventional digesters are
typically operated with more complex substrates (Ahn et al., 2017; W. Liu et al., 2016). Notably,
EAB can easily oxidize simple soluble substrates like acetate; however, when dealing with
complex substrate, the syntrophic interactions between hydrolytic/fermentative bacteria and EAB
and their diversity are critical (Lovley, 2008; Saratale et al., 2017; Shao et al., 2019). Although
methane recovery from sewage sludge with MEC-AD systems have been investigated by previous
studies (Ahn etal., 2017; W. Liu et al., 2016), the impact of the intermittent power supply in MEC-

AD systems fed with sewage sludge has never been reported.

Therefore, this study investigated the MEC-AD performance under cycling on/off the applied
potential fed with a mixture of primary and sewage sludge. We comprehensively evaluated the
current density, methane generation, sludge degradation efficiency, the expression of EET genes,
and microbial cell numbers based on 16S rRNA gene copies using qPCR. To the best of the authors'
knowledge, the novelty of this study is to optimize an on/off applied potential scheme in MEC-

AD systems fed with a mixture of primary and sewage sludge rather than the synthetic substrate.

5.2. Material and methods

5.2.1. Setup and enrichment of MEC-AD

A single-chamber MEC-AD was fabricated using plexiglass tubes with a working volume of
360 mL. Carbon fibers (2293-A, 24A Carbon Fiber, Fibre Glast Development Corp., Ohio, USA)
integrated with a stainless-steel frame was used as the anode and cathode electrodes. Carbon fibers
were pretreated according to the method previously described by Dhar et al. (2013). Ag/AgCl
reference electrode (MF-2052, Bioanalytical System Inc., USA) was placed with a distance of ~1
cm to the anode electrode. A multi-channel potentiostat (Squidstat Prime, Admiral Instruments,
Arizona, USA) was used to set a fixed anode potential of -0.4 V vs. Ag/AgCl. During the entire

experiment, the liquid medium in the reactor was mixed at 130 £+ 5 rpm using a magnetic stirrer.

In the beginning, the reactor was seeded with 15 mL of anaerobic digester sludge and 30 mL
effluent from an identical mother MEC that has been operated with a 25 mM acetate medium for
>12 months. An anaerobic glucose synthetic wastewater media (2120£56 mg COD/L) was

supplemented as a feed with 50 mM phosphate buffer and trace minerals. The detailed composition
121



of the trace minerals used in this study could be found in the literature (Dhar et al., 2013). This
followed by monitoring the current generation until a steady-state current of ~14.33 mA was
attained prior to run the experiment. Then, the reactor was evacuated and fed with a mixture of

primary and sewage sludge (1:1 on a volume basis) in a semi-continuous mode.

5.2.2. Experiments with sludge

The primary sludge and sewage sludge were collected from the Gold Bar Wastewater
Treatment Plant (Edmonton, Alberta, Canada) and stored at 4 °C before use. The average
characteristics of mixed sludge were as follows: total chemical oxygen demand (TCOD):
7198 £57 mg/L, soluble chemical oxygen demand (SCOD): 935+11 mg/L, total suspended solids
(TSS): 5627+105 mg/L, volatile suspended solids (VSS): 4700+£88 mg/L, total volatile fatty acids:
628+21 mg COD/L, pH: 6.4 £ 0.1, alkalinity: 1065+32 mg as CaCOs/L. The sludge was fed into
the reactor in semi-continuous mode (45 mL/d) at a hydraulic residence time (HRT) of 8 d. This
HRT was reported to be optimum for efficient solids removal in sewage sludge-fed MECs (Ki et
al., 2017a; Song et al., 2016). Before feeding, the pH of the primary sludge was always adjusted
to 7.2+ 0.1 using 1 N NaOH.

The MEC-AD reactor was operated under three conditions; the applied potential switched on
for 24 hours (closed-circuit) as a control condition (referred to as 24 hrs ON). For the second
condition, the applied potential switched on for 18 hours (closed-circuit), followed by switched
off (open-circuit) for 6 hours (referred to as 18 hrs ON). The applied potential switched on for 12
hours for the third condition, followed by a switch off for 12 hours (referred to as 12 hrs ON). .
The reactor operated under each condition until it reached a steady-state. Here, results from four
representative cycles were presented. All experiments were performed at room temperature

(21£1°C) with a mixing speed of 130 rpm.

5.2.3. Quantification of cell number and EET gene expression analyses

qPCR was performed to quantify microbial cell numbers at the three operating conditions.

16S universal bacterial primers 341F: 5' CCTACGGGNGGCWGCAG 3' and 805R: 5'

GACTACHVGGGTATCTAATCC 3' (Klindworth et al., 2013; Logares et al., 2013), archaeal

primers 517F: 5' GCYTAAAGSRNCCGTAGC 3'and 909R: 5' TTTCAGYCTTGCGRCCGTAC
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3 and specific mcrA archaeal primers mcrAf: 5!
GGTGGTGTMGGATTCACACARTAYGCWACAGC 3 and mcrAr: 5'
TTCATTGCRTAGTTWGGRTAGTT 3' (Morris et al., 2014). qPCR mixtures were prepared in
25 pL reactions using QuantiFast SYBR® Green PCR Kit (Qiagen, CA) as the following: 2 pL of
the DNA template, 12.5 pL 2x master mix, 2.5 pL forward and reverse specific primer, and 5.5
uL nuclease-free water. CFX 96 real-time PCR system with a C1000 Thermal Cycler (Bio-Rad,
USA) was used with the following cycling conditions according to the QuantiFast SYBR® Green
PCR Kit’s protocol; PCR initial heat activation cycle at 95 °C for 5 min, 35 cycles at 95 °C for 10
sec and 60 °C for 30 sec, and finally, one cycle at 40 °C for 30 seconds. Triplicate reactions were

run for all samples.

The expressions of EET genes (i.e., pilA, omcB, omcC, omcE, omcZ, and omcS) were also
quantified (for details and method, see Supplementary Information). The primer design was
performed similarly to Lin et al. (Lin et al., 2019), and recA housekeeping gene was used as a
reference (Rivas et al., 2005). The genome sequences of the anode biofilm were collected from the
National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov). These
followed by multiple-aligned using the ClustalX alignment tool (http://www.clustal.org/clustal2/)
to select most of the homologous gene regions (Thompson, 1997). Then, gene-specific primers for
RT-PCR were designed with Primer3 software (http://bioinfo.ut.ee/primer3) by selecting an
almost similar range of melting temperatures. The Basic Local Alignment Search Tool (BLAST)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to check the specificity of the primers. Also,
the primers were experimentally examined using agarose gel electrophoresis. The primers were

prepared by Integrated DNA Technologies (IDT, USA) and are listed in Table A.2.

Total RNA was extracted using RNeasy PowerSoil Total RNA Kit (Qiagen, CA), then the
purity and concentration were examined using Nanodrop (2000C, Thermo Scientific, USA).
Subsequently, cDNA synthesis was performed using QuantiTect Reverse Transcription Kit
(Qiagen, CA). Then, RT-PCR mixtures were prepared in 25 uL reactions using QuantiFast SYBR®
Green PCR Kit (Qiagen, CA) as the following: 1 puL of the template, 12.5 pL 2x master mix, 2.5
puL forward and reverse specific primer, and 6.5 puL nuclease-free water. CFX 96 real-time PCR
system with a C1000 Thermal Cycler (Bio-Rad, USA) was used with the following cycling

conditions according to the QuantiFast SYBR® Green PCR Kit’s protocol; PCR initial heat
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activation cycle at 95 °C for 5 min, 35 cycles at 95 °C for 10 sec and 60 °C for 30 sec, and finally,

one cycle at 40 °C for 30 seconds. Triplicate reactions were run for all samples.

5.2.4. Calculation of energy income

The net energy income under different operating conditions was determined according to
(Zakaria and Dhar, 2021a). The net energy income per cycle (Whet, kJ) (Eq. 1) determined based
on the difference between the total energy income from methane produced (Wcn4, J) and the

total electric energy consumed via applied potential (We, kJ).

Wnet :WCH4 - We (Eq 1)

The total energy income from methane production (Wcn4, kJ) was calculated by multiplying
the energy content of methane-based on the heat of combustion (AHs = 890.31 x 10* J/mol) and
total moles of methane produced. The total electric energy input (We, kJ) was calculated by

multiplying the applied voltage and cumulative coulombs.

5.2.5. Analytical methods

The current generation from the reactor was recorded every 4.8 min using a potentiostat
(Squidstat Prime, Admiral Instruments, USA). Chemical oxygen demand (COD) was measured
with the HACH kit (HACH, Loveland, Colorado, USA). Suspended solids (VSS and TSS)
concentrations were measured according to the standard method (Federation and American, 2005).
pH was measured with a benchtop pH meter (Accumet AR15, Fisher Scientific, Pittsburgh, PA,
USA). The produced biogas was collected from the reactor using 500 mL gas bags. The biogas
composition determined by a Gas Chromatograph (7890B, Agilent Technologies, Santa Clara,
USA). Volatile fatty acids (VFAs) concentrations were measured by the Ion chromatograph
(Dionex™ ICS-2100, Thermos Scientific, USA) (Zakaria et al., 2019).
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5.3. Results and Discussion

5.3.1. Current density

Figure 6.1 shows the fluctuation of volumetric current density in MEC-AD under different
operational conditions. The maximum current density was observed for 12 hrs ON mode (16.1£0.2
mA, p = 0.0001), followed by the 18 hrs ON mode (14.5+0.2 mA, p = 0.004) and then the 24 hrs
ON mode (10.44+0.3 mA). Initially, the maximum current density was observed immediately at the
18 hrs ON and 12 hrs ON modes once the applied potential switched on, and then maintained a
steady-state, demonstrating the sudden electrocatalytic activity of the anode biofilm (Aelterman et
al., 2008; Wang et al., 2020; Zakaria and Dhar, 2021a). Previous studies reported the diverse
impact of intermittent power supply on MECs and MEC-AD systems. Our previous study showed
a decrease in current density when the power supply in a MEC-AD system fed with glucose was
switched off for 12 hours (Zakaria and Dhar, 2021a). Another recent study reported an increase in
current density in a MEC fed with acetate when external energy input was provided for 12 hours
per day (Wang et al., 2020). It is expected that the complexity of substrate in different studies
would be an influential factor, leading to mixed results. Notably, EAB can directly oxidize simple
substrates like acetate, while syntrophic interactions between EAB and hydrolytic/fermentative
bacteria would be critical for complex substrates (Lovley, 2008; Saratale et al., 2017; Shao et al.,
2019). In this study, the MEC-AD system was operated with a more complex feedstock (i.e.,

sewage sludge).

Generally, current density is directly associated with the electrocatalytic activity of EAB
(Babauta et al., 2012; Michie et al., 2020; Tahernia et al., 2020), while applied potential is critical
in the selection and enrichment of EAB (Baek et al., 2021; Huang et al., 2014; Michie et al., 2020,
Shehab et al., 2013; Yu et al., 2015). However, during the intermittent applied potential, the
cytochromes present within EAB can act as pseudocapacitor to store the energy in the forms of
electrons and immediately discharge after switching to closed-circuit mode (Bonanni et al., 2012;
Chung et al., 2020; Esteve-Nuiiez et al., 2008; Houghton et al., 2016; Schrott et al., 2011; Uria et
al., 2011; Wang et al., 2020). For instance, Geobacter sulfurreducens showed a high capability to

oxidize organic substrates in the absence of an external acceptor utilizing their cytochromes as an
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electron sink (Esteve-Nufiez et al., 2008; Schrott et al., 2011). Moreover, Uria et al. (2011)
indicated the ability of Shewanella oneidensis MR-1 to store the electric charge while oxidizing
organic substrates without an external acceptor. Also, this study found that the current generated
after the open-circuit condition period is proportional to the period of the open-circuit mode.
Similarly, a maximum current peak was observed after switching on the applied potential
immediately. Therefore, the intermittent supply of the applied potential enhanced the
electrocatalytic activity of the anode biofilm, demonstrating a higher current density at 12 hrs ON

mode.
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Figure 6.1 The current generation under different operating conditions
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5.3.2. Methane generation

The methane generation profile was monitored under different operating conditions (Figure 6.2).
The maximum methane generation of 214+1.5 L CHa/m? (p = 0.002) was attained when the applied
potential was switched on for 12 hours, followed by 206+1.5 L CH4/m> (p = 0.01) for 18 hrs ON
mode. The methane production further decreased to 199+2.9 L CHa/m? for 24 hrs ON mode. Thus,
intermittent applied potential demonstrated better methane recovery over continuous applied
potential. During the continuous operation of applied potential, EAB might reached a high
electrocatalytic activity and consume the organic acids, particularly acetate (Huang et al., 2014;
Shehab et al., 2013; Wang et al., 2020; Yu et al., 2015). However, excess hydrogen production on
the cathode might exceed the microbial utilization capacity of hydrogenotrophic methanogens,
which consequently directed to other microorganisms present in the cathode biofilm for
byproducts formation instead of CHa generation (Lee et al., 2009; Sangeetha et al., 2017; Wang et
al., 2020). Notably, acetogenic species can utilize electrons/H2 and CO:z to acetate and other
multicarbon compounds (Aryal et al., 2017; Izadi et al., 2020; Nevin et al., 2011, 2009;
Parameswaran et al., 2012; Zaybak et al., 2013). Nonetheless, elevated Hz partial pressure may
also create thermodynamically unfavorable conditions for fermentation. As shown in Error!
Reference source not found., the highest methane yield (CODmethane/CODremoved) Was observed at
12 hrs ON mode (70.7+0.6%, p = 0.01). In addition to methane, the potential sink of the COD
might include biomass synthesis, sludge accumulation, and dissolved methane (Freguia et al.,

2007; Hari et al., 2016b; Lee et al., 2008).

Additionally, it was found based on the intensive literature that known hydrogenotrophic
methanogens, such as Methanobacterium and Methanobrevibacter were mostly enriched on the
biocathode (Cheng et al., 2009; Dykstra and Pavlostathis, 2017; Siegert et al., 2015, 2014a; Zakaria
and Dhar, 2021b). Interestingly, few reports also found the enrichment of known hydrogenotrophic
methanogens on the anode biofilms (Hari et al., 2016b; W. Liu et al., 2018; Zakaria and Dhar,
2021b). For instance, Methanoculleus, Methanocorpusculum, Methanococcus and
Methanobacterium were enriched on the anode biofilms (W. Liu et al., 2018). Therefore, EAB can
act as a pseudocapacitor storing the electrons, which could stimulate DIET between the

methanogens and electroactive bacteria present on the conductive anode electrode. Several
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previous reports supported the potential of DIET between EAB and methanogens on anode
biofilms and other conductive materials (Flores-Rodriguez and Min, 2020; C. Lin et al., 2019; Yin
et al., 2016; Zheng et al., 2020). Rotaru et al. (2014b) and (2014a) demonstrated the DIET
mechanism between methanogens and EAB. It has been suggested that a few methanogens have
the unique capability for DIET (Gao and Lu, 2021; Lovley, 2017; Rotaru et al., 2014b, 2014a; Shi
et al., 2016; Walker et al., 2019). Also, a recent study indicated that hydrogenotrophic
methanogens, particularly Methanospirillum hungatei, have the capability for long-range electrical
connections using e-pili (Walker et al., 2019). Another recent study explored the capability of
Methanobacterium to produce methane via the DIET mechanism (Zheng et al., 2020). Therefore,
longer switching off the applied potential for 12 hrs might stimulate the DIET between
methanogens and EAB, allowing the efficient utilization of the electrons towards methane

generation.
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5.3.3. Sludge removal

Figure 6.4a shows the TCOD effluent concentrations and TCOD removal efficiencies at
different operating modes. Under continuous applied potential, TCOD removal efficiency reached
51.5+0.8% with effluent concentration 3842.3+65.8 mg COD/L. However, the TCOD removal
efficiency increased at 18 hrs ON mode to 57.7+0.7% (p = 0.0001), then further increased to the
highest removal efficiency of 60.5+0.7% (p = 0.0001) under 12 hrs ON mode with effluent
concentrations of 3354.3+57.4 and 3130.7£53.6 mg COD/L, respectively. Also, 12 hrs off mode
exhibited the highest VSS removal efficiency of 67.0+0.5% (p = 0.0003), compared to 63.8+0.5%
and 62.7+£0.5% observed for 18 hrs ON and 24 hrs ON modes, respectively (Figure 6.4b).
Moreover, the SCOD/TCOD ratio of the sludge effluent slightly increased from 0.42+0.009 at the
continuous operation mode to 0.51£0.008 (p = 0.005) and 0.57+0.006 (p = 0.002) for 6 hrs off
mode and 12 hrs off mode (Figure 6.5), respectively, suggesting that the sludge hydrolysis has
been improved at 12 hrs off operational mode (Liang et al., 2019). A previous study showed that
the intermittent voltage gradient stimulated the sludge hydrolysis and dewaterability (Ibeid et al.,
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2013). Moreover, the intermittent power supply might create a pore opening in the cell membrane
followed by the release of soluble components and increase the bioavailability of organics (H.

Zhang et al., 2009).

Figure 6.6a shows the average three major VFAs (acetate, butyrate, and propionate) effluent
concentrations at different operating modes. Although the sludge hydrolysis improved at 12 hrs
off mode, the VFAs concentration at the continuous operational mode (1192+5.2 mg COD/L) was
higher (p = 0.007) than the other two operational modes; at 18 hrs ON mode (1085+8.5 mg COD/L)
and 12 hrs ON mode (1087+10.5 mg COD/L) operational mode. These might have resulted from
the extensive release of the protons within the anode biofilm at the continuous operational mode
resulted in a pH drop in the anode biofilm (Dhar et al., 2017; Torres et al., 2008). This might cause
a slower EAB activity, leading to the accumulation of VFAs at the continuously applied potential.
Nonetheless, slight differences in the VFA concentrations did not affect the recorded pH values of
6.85 (continuous mode), 6.80 (18 hrs ON mode) and 6.90 (12 hrs ON mode). However, the bulk
fluid pH measurement may not reflect the actual pH inside the biofilms (Dhar et al., 2017;
Hollmann et al., 2021; Torres et al., 2008).

Figure 6.6b shows the impact of the operating conditions on the distribution of particulate
COD, other soluble COD fractions, and VFAs in the MEC-AD effluents. Although 24 hrs ON
mode showed higher VFAs in the effluent, particulate COD fractions were higher at 24 hrs ON
than 18 hrs ON and 12 hrs ON modes. However, soluble COD (VFAs+ Other soluble COD) was
higher at 18 hrs ON and 12 hrs ON mode than 24 hrs ON mode. Thus, it was evident that

intermittently switching off the applied potential could enhance the sludge solubilization.
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5.3.4. Expression of EET genes

Figure 6.7 shows the EET-associated genes expression levels at different operating conditions.
The EET-associated genes expression, such as c-type cytochromes and pi/A, on the anode and
cathode biofilms, have been measured under different conditions. Generally, the EET-associated
genes showed the highest expression at 12 hrs ON mode (p = 0.008), followed by 18 hrs ON mode
(» = 0.01). Multi-heme c-type cytochromes and electrically conductive e-pili are the key
components that mediate the electron exchange between the electroactive biofilms and anode
electrodes (Gorby and Lovley, 1991; Heidary et al., 2020; Hernandez-Eligio et al., 2020; Logan et
al., 2019; Lovley and Walker, 2019; Reguera et al., 2005). For instance, Nevin et al. (2009)
observed significantly low current generation and inhibited biofilm formation after deleting pilA
and omcZ genes in Geobacter sulfurreducens biofilms. EAB can still oxidize organic compounds
during open-circuit conditions in the absence of external electron acceptors (Esteve-Nufiez et al.,
2008; Schrott et al., 2011; Uria et al., 2011). In such conditions, cytochromes present within EAB
can act as pseudo-capacitors to store electrons and liberate them when switched to closed-circuit
mode (Houghton et al., 2016; Schrott et al., 2011; Uria et al., 2011; Wang et al., 2020). Thus, the
pseudocapacitance of electroactive biofilms possibly explains the upregulation of the EET-
associated genes observed during the closed-circuit condition in 12 hrs ON mode (see Figure 6.7).
Meanwhile, some methanogens also have the capability of DIET (Gao and Lu, 2021; Lovley, 2017,
Rotaru et al., 2014b, 2014a; Shi et al., 2016; Walker et al., 2019). Also, the possibility of the
potential DIET mechanism between methanogens and EAB might contribute to the high EET-gene
expressions during open-circuit conditions (Rotaru et al., 2014b, 2014a). In order to further clarify
whether the EET-associated genes are still expressed during the off period of the applied potential
for the DIET mechanism, expressions of EET genes have been measured during the switching off
period at the 18 hrs ON mode and 12 hrs ON mode. The results showed that the EET-associated
genes were still expressed in both anode and cathode biofilms during the off period, which supports

the potentiality of the DIET mechanism between EAB and methanogens on the anode biofilm.
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5.3.5. Quantitative analysis with gPCR

Under different operating modes, bacterial cell numbers on the anode and cathode biofilms
and the suspension were quantified with universal primers using qPCR (Figure 6.8). Also, the
archaeal cell numbers were quantified using specific archaeal and mcrA primers (Figure 6.8). For
the anode biofilms, the total microbial cells using 16S rRNA universal primer decreased
significantly (p = 0.0017) after switching from 24 hrs ON mode to 18 hrs ON and 12 hrs ON modes
(4.9 x 10'° cells/cm? vs. 3.2 x 10'% vs. 4.2 x 10'° cells/cm?). On the contrary, the archaeal cell
number increased using specific archaeal primers (2.5 x 10* vs. 9.8 x 10% vs. 9.1 x 10° cells/cm?),
and mcrA primers (3.3 x 10 vs. 4.3 x 10? vs. 8.1 x 10° cells/cm?), respectively. The increase of
the methanogens on the anode biofilm could stimulate DIET with EAB present on the anode
electrode. This could also be associated with the higher methane generation observed for
intermittent applied potential conditions. Several previous reports supported the potential of DIET
between EAB and methanogens on anode biofilms and other conductive materials (Flores-
Rodriguez and Min, 2020; C. Lin et al., 2019; W. Liu et al., 2018; Yin et al., 2016; Zheng et al.,
2020).

For the cathode biofilms, there were no significant changes in the archaeal cell numbers using
the archaeal primers and mcrA primers (2.0 x 107 vs. 2.3 x 107 vs. 3.5 x 107 cells/cm?) and (4.2 x
10° vs. 1.3 x 103 vs. 3.9 x 10° cells/cm?), respectively. Also, the bacterial cell numbers using
universal primers showed minimal differences between 24 hrs ON and 18 hrs ON modes (3.4 X
10° vs. 2.1 x 10° cells/cm?). However, it further decreased (4.4 x 10® cells/cm?) after switching off
the applied potential for 12 hours. As aforementioned, at 24 hrs ON mode, excess hydrogen
production on the cathode might exceed the microbial utilization capacity of hydrogenotrophic
methanogens, which consequently directed to other microorganisms present in the cathode biofilm
for byproducts formation instead of CH4 generation (Lee et al., 2009; Sangeetha et al., 2017; Wang
et al., 2020). Notably, acetogenic species can outcompete hydrogenotrophic methanogens for the
utilization of electrons/H2 and CO:z to acetate and other multicarbon compounds (Aryal et al., 2017,
Izadi et al., 2020; Nevin et al., 2011, 2009; Parameswaran et al., 2012; Zaybak et al., 2013). This
is also supported by the higher acetate concentrations observed at 24 hrs ON mode (Figure 6.6).
However, at 12 hrs ON mode, the cathodic hydrogen production might be decreased, which
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consequently decreasing the growth of acetogens. Thus, Ha/electrons are mostly directed to be

utilized via methanogens. There were no significant changes in the microbial and archaeal cell

numbers for the suspension under different operating modes, suggesting that applied potential

primarily influenced the electrode-attached biofilms communities.
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5.3.6. Energy efficiency

The intermittent applied potential for 18 and 12 hours decreased electrical energy input by
21.5+1.8% and 42.3+0.4%, compared to the continuous operation with applied potential.
Nonetheless, methane recovery showed a marked increase under 18 hrs ON and 12 hrs ON
conditions compared to 24 hrs ON condition by 15.6+3.2% and 31.7+5.8%, respectively. Thus,
the total energy income (as methane) also showed a significant increase for switching from 24 hrs
ON mode to 18 hrs ON (2.5 vs. 2.7 kJ/d; p = 0.05) and 12 hrs ON mode (2.5 vs. 2.8 kJ/d; p =0.03)
(Figure 6.9). Compared to the continuous applied potential, the reduction in electrical energy input
and the increment of the total energy income led to an increased net energy income for 18 hrs ON
(2.3 vs.2.5kJ/d, p=10.05) and 12 hrs ON (2.3 vs. 2.6 kJ/d, p = 0.03). Thus, these results suggested
that the intermittent applied potential for 12 hours per day could provide an attractive opportunity

to saving electrical energy input in MEC-AD systems, thereby its economic benefits.
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5.4. Conclusions

In the present study, we investigated the MEC-AD performance under cycling on/off the
applied potential fed with a mixture of primary and sewage sludge. Intermittent power supply at
switching off the applied potential for 12 hrs/day to MEC-AD enhance the methane generation
from 199 L CHa4/m?> to 214 L CH4/m>. Also, sludge degradation efficiency and expression of EET-
genes improved. However, continuous operation of applied potential or switching off for 6 hrs/day
showed less performance of MEC-AD. Accordingly, the intermittent applied potential for 12 hours
per day could provide an attractive opportunity to saving electrical energy input in MEC-AD

systems, thereby its economic benefits.
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Chapter 7

Conclusions and Recommendations

7.1. Conclusions

This doctoral thesis focused on exploring fundamental and applied aspects of the
developments of microbial electrolysis assisted anaerobic digestion (MEC-AD) for effective
methane recovery from organic waste. Particularly, the results provide insights into the
significance of functional microbiome, extracellular polymeric substances, and power supply

schemes on electro-methanogenesis.

This thesis presents a comparative study on the effectiveness of the carbonaceous (carbon
fiber) and metallic (stainless-steel mesh) cathode electrodes for MEC-AD. The stainless-steel
electrode improved electro-methanogenic efficiency by promoting a higher abundance of
hydrogenotrophic archaea and homoacetogenic bacteria, owing to the faster catalysis of hydrogen
evolution reaction. The concentrations of major EPS components in the stainless-steel cathode
biofilm were higher than that of carbon fiber cathode biofilm, which might facilitate the electron
transfer mechanism. Also, EET gene expression patterns and redox activity of biocathode-derived
EPS provided evidence that cathodic EET was also involved in methanogenesis in both
biocathodes. The results of this study are also significant for selecting efficient biocathode material

to realize improved performance from MEC-AD systems.

To determine the detrimental ratio of HPr/HAc towards the electro-methanogenesis process
in MEC-AD, different propionate/acetate ratios of 0.5, 1.5, 2.5, 5 with varying concentrations were
tested. Our results showed that the performance of the reactor was comparable at HPr/HAc ratios
0.5 and 1.5, which showed the highest performance in terms of current density and methane
generation. Geobacter and Methanobacterium species were abundant under lower HPr/HAc ratios
of 0.5 and 1.5. However, the performance of MEC-AD has been adversely affected at HPr/HAc
ratios higher than 1.5. Overall, this study demonstrated that higher HPr/HAc ratios would

adversely impact methanogenesis rates in MEC-AD systems.
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From the perspective of energy saving in the operation of MEC-AD, this thesis investigated a
cycling on-off power supply scheme for the operation of MEC-AD fed with glucose and sewage
sludge. The overall performance of MEC-AD fed with glucose showed no differences in
biomethane generation and net energy income when the applied potential turned off for 6 hrs/day.
However, performance substantially deteriorated when the applied potential turned off for 12
hrs/day. On the other hand, when MEC-AD was fed with sewage sludge, the maximum methane
generation was attained when the applied potential was switched off for 12 hrs/day. Also, the
extracellular electron transfer-associated genes showed the highest expression at 12 hrs ON mode.
Thus, the complexity of the substrate influenced the intermittent power supply scheme, indicating
that substrate-specific optimization of the power supply scheme would be critical for MEC-AD

systems.

7.2. Recommendations

e The results of this study indicated the significance of EPS on electro-methanogenic activity,
while further investigation is needed to get more insights into the quantitative electrochemical

features of EPS and establish their relationship with electro-methanogenesis kinetics.

¢ Given that most of the single-chamber MEC-AD studies used carbon-based biocathode, the
results of this study are significant for selecting efficient cathode materials to realize improved
performance. However, it should be noted that the results presented here are from specific
operating conditions with two selected electrode materials. Hence, further research is warranted
with more carbon and metal electrodes with similar textures and surface areas with more complex

substrates.

e For the determination of the detrimental ratio of HPr/HAc towards the electro-
methanogenesis, this study demonstrated the different HPr/HAc ratios at COD concentrations of~
2000 mg/L. However, conventional digesters are usually operated with high-strength complex
substrates. Therefore, further investigation is required to elaborate on the significance of HPr/HAc
ratios for MEC-AD systems operated with high-strength feedstock. Also, the different inoculum

strategies are essential to be examined towards different propionate/acetate ratios.
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e For the intermittent power supply scheme of MEC-AD, further optimization would be

needed to determine precise and more optimum on/off switching times.
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Appendix A

Supplementary Information for Chapter 3

Text A.1 Estimation of specific surface area of electrodes

1. Stainless-steel mesh electrode
The surface area was calculated according to Zhang et al. (Zhang et al., 2010) with minor
modification.

3
S =2mbdn(n+ 1) + Endz(n + 1)?

Where, (b) is the pore size, and (d) is the wire diameter, (n) is 70 mesh

b=0.02 cm,d=0.016 cm

The specific surface area based on reactor volume = 0.0016/0.00038 m?*/m? = 4.23 m*/m?
2. Carbon fiber electrode

The surface area of carbon fiber was calculated using two approaches previously reported in the

literature (Brunschweiger et al., 2020; Lanas and Logan, 2013):

1. Considering every single filament in the carbon fiber bundle (filament bundle consists of 24000

single filaments, each with diameter 7 um, and the length = 130 cm)

S.A.=2nthxn=2x3.14 x 0.0007 cm x 130 cm x 24000 = 13715.5 cm?

The specific surface area based on reactor volume = 1.372 m? / 0.00038 m* = 3609 m?*/m?

2. Considering all filaments in a bundle act together as a single fiber (width = 0.5 cm, length = 130
cm, height = 0.1 cm).

S.A.=2 (wh+Lw + Lh) = 156.4 cm?

The specific surface area based on reactor volume = 0.0156 m?/ 0.00038 m® = 41 m*/m*
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Figure A.1 Photograph of carbon fiber bundle
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Text A.2 EPS extraction protocol and analytical methods for EPS measurement

EPS Extraction: CER method for EPS extraction was performed according to Frelund et al.
(Freolund et al., 1996) with some minor modification, 52 cm? of carbon fiber and 0.054 cm? of
stainless-steel were resuspended in 0.1 M PBS buffer, pH 7.4. Then, 2 g CER (Dowex Marathon
C sodium form, Sigma-Aldrich, USA), washed with 0.1 M PBS for 15 min (10 mL g"! Dowex),
was added to each sample. The samples were agitated at a high capacity for 20 min on the shaker
(Vortex Mixer, Fisher Scientific, USA). The heating method was conducted according to Xu et al.
(Xu et al., 2013), the electrodes were washed twice with 0.9% NaCl (w/v), then resuspended in
0.9% NaCl (w/v). The samples were heated at 60°C in a water bath for 30 minutes. For both
methods, the EPS were harvested by centrifugation three times at 20,000 x g for 20 minutes at
4°C. The supernatant was collected and filtered using a 0.2 pm filter and the EPS stored at -20°C
for further analysis. Also, the pellets were collected to examine the cell lysis using Glucose-6-
Phosphate Dehydrogenase kit (Sigma-Aldrich, USA). EPS levels were presented as the mass of

EPS per unit surface area of the electrode (mg/cm?) for comparing EPS levels in two reactors.

Analytical methods for EPS measurement: The total carbohydrate content was measured
using a phenol-sulfuric acid method using glucose standards according to DuBois et al. (DuBois
et al., 1956) with some minor modification. 2 mL of EPS was mixed with 5 mL of concentrated
sulfuric acid followed by the addition of 0.05 mL of 80% wt. phenol. Then, the samples were
incubated at room temperature for 10 minutes, then shake followed by incubation for 20 minutes
at 30°C. The samples were measured at 490 nm using UV-spectrophotometer (Model DR 3900,
HACH, Germany). The protein contents of the EPS were measured using Pierce Modified Lowry
Protein Assay Kit (Thermo Fisher, USA) according to the manufacturer’s instructions. Uronic acid
was measured according to Blumenkrantz and Asboe-Hansen (Blumenkrantz and Asboe-Hansen,
1973) and Ghods et al. (Ghods et al., 2015) with glucuronic acid (Sigma-Aldrich, USA) as a
standard. Heme contents were measured using the Heme Assay Kit (Heme Assay Kit, Sigma-
Aldrich, USA) according to the manufacturer’s instructions. The extracellular DNA (eDNA) was
quantified using the diphenylamine colorimetric method with calf thymus DNA as the standard

(Brunk et al., 1979). 100 uL EPS was pipetted in a cuvette and 2.5 mL of the reagent (0.2 ppm
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DAPI (4, 6-diaminodino-2-phenylindole) in 100 mM NaCl, 10 mM EDTA, 10 mM PBS, pH 7.2)

was added. All the above measurements were conducted in triplicate.

Table A.1 EPS composition using CER and heating methods

Carbohydrate | Proteins Heme Uronic Acid | eDNA
(mg/cm?) (mg/cm?) (mg/cm?) (mg/cm?) | (mg/cm?)
CER Method

Anode (CF-CF) 28.225 133.545 40.58 10.6 0.55

Cathode (CF-CF) 25.775 170.025 16.52 6.2 0.39
Anode (CF-SS) 34.775 146.405 37.94 11.665 0.685
Cathode (CF-SS) 52.14 212.79 34.22 15 1.525

Heating Method

Anode (CF-CF) 35.575 109.29 50.45 13.065 0.69
Cathode (CF-CF) 27.78 163.29 18.62 8.27 0.365

Anode (CF-SS) 24.1 172.855 41.13 11.32 0.46
Cathode (CF-SS) 52.61 223.885 37.57 15.2 1.715

184



Text A.3 Method for CLSM imaging

Confocal laser scanning microscopy (CLSM) was used to visualize and examine the EPS
structure on the electrodes. Portions of carbon fibers and stainless-steel mesh were cut with an
aseptic scissor from different locations and washed with 0.1 M PBS buffer (pH 7.4) to remove any
debris. The electrodes were fluorescently stained with TOTO-1 (Thermo Fisher, USA) and
Concanavalin A (ConA) Alexa Fluor 633 Conjugate (Thermo Fisher, USA) for one hour in the
dark for eDNA and EPS visualization, respectively. Then, the samples were washed again with
PBS buffer to remove any non-specific binding stains. The stained electrodes were placed on
MatTek dishes with a 1.5 coverslip (MatTek co., USA) to ensure that the biofilm was not
compressed. The visualization of the electrodes was performed using a Leica inverted DMI 6000
B microscope (Leica Microsystems, USA). CLSM was equipped with an argon laser and helium-
neon lasers. The images were acquired using x63/1.3 water immersion lens using LAS AF software
(Leica Microsystems, USA, https://www.leica-microsystems.com/) at a resolution of 1024 x 1024
with 120 nm pixel size. Images z-stack were acquired with several steps 29 with z-step size 0.29
um with smart grain 687. The quantitative analysis of EPS structure was carried out using biofilm
image processing COMSTAT software (COMSTAT2, Version 2.1, Dk, http://www.comstat.dk/)
(“Comstat 2,” n.d.; Heydorn et al., 2000; Vorregaard, 2008). The EPS intensities were reported as

intensity/um?® of the electrode.
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Text A.4 Methods for measurement of EET gene expression levels.

The concept is to design primers to detect most of the omcB, omcC, omcE, omcZ, omcS, and pil A
gene sequences as possible. The primer design was performed similarly to Lin et al. (L. Lin et al.,
2019a), and recA housekeeping gene was used as a reference (Rivas et al., 2005). The genome
sequences of the anode biofilm were collected from the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov). These followed by multiple-aligned using
the ClustalX alignment tool (ClustalX, Version 2.1, http://www.clustal.org/clustal2/) to select
most of the homologous gene regions (Thompson, 1997). Then, gene-specific primers for RT-PCR
were designed with Primer3 software (Primer3, Version 4.1.0, http://bioinfo.ut.ee/primer3) by
selecting an almost similar range of melting temperatures. The Basic Local Alignment Search Tool
(BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to check the specificity of the
primers. Also, the primers were experimentally examined using agarose gel electrophoresis. The

primers were prepared by Integrated DNA Technologies (IDT, USA) and are listed in Table S1.

Total RNA was extracted using RNeasy PowerSoil Total RNA Kit (Qiagen, CA), then the
purity and concentration were examined using Nanodrop (2000C, Thermo Scientific, USA).
Subsequently, cDNA synthesis was performed using QuantiTect Reverse Transcription Kit
(Qiagen, CA). Then, RT-PCR mixtures were prepared in 25 uL reactions using QuantiFast SYBR
Green PCR Kit (Qiagen, CA) as the following: 1 pL of the template, 12.5 pL 2x master mix, 2.5
puL forward and reverse specific primer, and 6.5 pL nuclease-free water. CFX 96 real-time PCR
system with a C1000 Thermal Cycler (Bio-Rad, USA) was used with the following cycling
conditions according to the QuantiFast SYBR Green PCR Kit’s protocol; PCR initial heat
activation cycle at 95 °C for 5 min, 35 cycles at 95 °C for 10 sec and 60 °C for 30 sec, and finally,

one cycle at 40 °C for 30 seconds. Triplicate reactions were run for all samples.
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Table A.2 Primers used for studying gene expression levels

Forward (5°-3”)

Reverse (5°-37)

recA CACCGGCATAATCTCCAAGT | ATCTTGCGGATATCGAGACG
_ TTATGATCGTGGTTGCCATT | CCGCAGTTAAACCTTCTGCT
piA GAGCGATGTTCTTTCCGTTT | AATCCTGATAGGCGGGAATC
CCGAAAATTACGCAGGTGTT | GGAGTTCACGAAACCAAGGA

omed GAGGGACGATGTCAACCTGT | TTCGCAAGGTAGCTGTTGTG
CTGGTACTCTGGGTGGCATT | GCTGTGGTTAGCAGCATTGA

omee ACGAGTTCCAGACCAACACC | GGCAGTATCGTCCCAGTTGT
ATGTCCTACGGCGATGCTAT | GTAACCTGCAGGAAGGTGGA

omek CTCGTCCAGCAGCATGAATA | GGGGTGATCATTGCTCAGAT
GGACGTATTGTGGCAGAGGT | GGCCACTACATTCCGACCTA

omes GGCCACTACATTCCGACCTA | GGACGTATTGTGGCAGAGGT
GCTGACTACACCGTGCTCAA | TGAACTCGTATGCCAGGTTG

omes GGCAAGTACCGTCGTTTTGT | GTAGCTTCCGTCCGGTTGTA
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Text A.5 Microbial quantification using RT-PCR

qPCR was performed to quantify bacterial cell numbers before and after AgNPs injection. 16S
universal primers, 357WH: CCTACGGGNGGCWGCAG and 785R:
GACTACHVGGGTATCTAATCC, were used to quantify the DNA samples. qPCR mixtures
were prepared in 25 uL reactions using QuantiFast SYBR Green PCR Kit (Qiagen, CA) as the
following: 2 uL of the DNA template, 12.5 pL 2x master mix, 2.5 uL forward and reverse specific
primer, and 5.5 pL nuclease-free water. CFX 96 real-time PCR system with a C1000 Thermal
Cycler (Bio-Rad, USA) was used with the following cycling conditions according to the
QuantiFast SYBR Green PCR Kit’s protocol; PCR initial heat activation cycle at 95 °C for 5 min,
35 cycles at 95 °C for 10 sec and 60 °C for 30 sec, and finally, one cycle at 40 °C for 30 seconds.

Triplicate reactions were run for all samples.

Text A.6 Electrochemical impedance spectroscopy (EIS)

EIS was performed with a multi-channel VSP potentiostat (VSP, Bio-Logic Science
Instruments, France), and the data was recorded using EC-Lab software (EC-Lab, Version 10.38,
BioLogic Science Instruments, France, https://www.biologic.net/). EIS measurements performed
using two reactor configurations; two-electrode configuration for the whole cell (anode as working
electrode and cathode and reference electrodes as counter electrodes), and three-electrode
configuration to test anode and cathode electrodes separately, where anode/cathode as working
electrode and the other as counter electrode, and Ag/AgCl was used as a reference electrode
(Hidalgo et al., 2015; Wang et al., 2020; Xochitl et al., 2012). The potentials set depending on the
potential of anode and cathode electrodes. The sinusoidal amplitude was fixed at I mV with a
frequency range of 100 kHz to 0.01 Hz. Then, the data were fitted using Z-fit with an equivalent
circuit model (ECM), as previously described in the literature (Wang et al., 2020). Equivalent
circuit model provided as following; [Rs (ohmic resistance)] [Rct (activation resistance) Q1 (phase
element)] [Rd (concentration resistance) Q2 (phase element)], was used for the whole cell, and [Rs
(ohmic resistance)] [(Rct (activation resistance) Q1 (phase element)] Rs (ohmic resistance) [Rd

(concentration resistance) Q2 (phase element)] ECM was used for testing the individual electrodes.
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Table A.3 The diversity and richness of the biofilms of both systems

Reactor/electrode | Chao 1 Phy‘logenetic OTUs Pielou's Shannon | Coverage
distance evenness
CF- Anode 137 11.68 132 0.45 3.14 1.0
CF [ Cathode | 76 7.19 76 0.63 3.95 1.0
CF- Anode 146 13.57 146 0.72 5.18 1.0
8§ " Cathode | 155 12.32 150 0.71 5.10 1.0
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Supplementary Information for Chapter 4

Appendix B

Table B.1 EPS composition using CER and heating methods

Carbohydrate Proteins Heme Uronic Acid | eDNA
(mg/cm?) (mg/cm?) (mg/cm?) (mg/cm?) | (mg/cm?)
CER method
HPr/HAc 0.5 26.55 136.47 45.12 11.22 0.62
2 HPr/HAc 1.5 34.66 133.28 46.59 12.33 0.71
% HPr/HAc 2.5 50.41 100.43 26.37 10.36 0.49
HPr/HAc S 57.77 75.44 29.12 10.9 0.4
HPr/HAc 0.5 30.71 131.4 28.35 7.2 0.29
-°g’ HPr/HAc 1.5 33.55 135.41 27.77 6.4 0.28
?)’ HPr/HAc 2.5 60.21 87.94 16.31 6.9 0.18
HPr/HAc S 59.44 80.32 18.55 5.9 0.21
Heating method
HPr/HAc 0.5 28.21 140.55 47.32 12.1 0.71
2 HPr/HAc 1.5 32.11 133.49 45.11 12.34 0.67
5 HPr/HAc 2.5 51.94 94.85 24.28 9.99 0.51
HPr/HAc 5 55.51 79.13 31.55 9.47 0.42
HPr/HAc 0.5 34.61 133.48 29.31 6.94 0.31
é’ HPr/HAc 1.5 34.59 139.29 24.39 7.1 0.3
g HPr/HAc 2.5 66.58 87.2 20.39 7.08 0.14
HPr/HAc S 66.31 84.13 18.21 6.1 0.19
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Table B.2 Correlation analysis of the microbial communities at different HPr/HAc ratios
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