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Biological hydrogen production from renewable feedstocks was reckoned as a
promising method for sustainable energy production. Bioelectrochemical hydrogen
production using microbial electrolysis cells (MECs) demonstrated superiorities over
the conventional methods for hydrogen production. The introduction of the
membrane-less single chamber design further improved the feasibility of MECs for
practical application, by offering superior electrochemical performance and decreased
capital cost. However, as the hydrogen produced via the cathodic electrochemical
process became accessible to the microbial communities, the presence of hydrogen
scavengers was observed along with significantly decreased hydrogen production.
Hydrogen consumptions via methanogenesis was noted as the prevalent hydrogen
scavenging process. Though methanogenic hydrogen consumption was well studied,
there was still a lack of practical inhibitory methods for the practical applications, as
the existing approaches demonstrated limited effectiveness and/or increased cost and
operational difficulty. On the other hand, homoacetogenesis was considered as a
newly identified hydrogen scavenging process in MECs, which could result in a

hydrogen production-consumption loop. However, the negative impact of such a loop
remained controversial and no effective inhibitory method against homoacetogenesis
was reported. Furthermore, due to the presence of hydrogen scavengers along with
inefficient designs, previously constructed up-scaled MECs yielded unsatisfactory
performance, hindering the potential for the practical application of MECs.
The present dissertation aims to develop a practical method against
methanogenesis, to investigate and quantify the negative impact of homoacetogenesis
on hydrogen production performance and the critical factor determining the
homoacetogenic hydrogen consumption rate, to develop an approach to cease
homoacetogenic hydrogen production in single chamber MECs, and to investigate the
hydrogen production performance using real feedstocks in up-scaled single chamber
MECs with the developed inhibitory methods against hydrogen scavengers.
The results in the present dissertation demonstrated significant progress
toward understanding and inhibiting hydrogen scavengers to benefit the application of
using single chamber MECs for hydrogen production. In the attempt to develop a
more practical inhibitory method against methanogenesis, low concentration
acetylene (0.1-5%, v/v) was examined as an effective methanogen inhibitor with only
periodical injection needed. Current generation and the synergy between fermentative
bacteria and exoelectrogens were not negatively affected by acetylene. These results
demonstrated the great potential of using acetylene as a cost-effective inhibitor
against methanogenesis in MECs. In terms of further understanding the impact of
homoacetogenesis, single chamber MECs were operated under various conditions and
the hydrogen production performance was monitored. Hydrogen partial pressure was

determined as the most critical factor affecting homoacetogenic hydrogen
consumption rate, while acetate concentration had little impact. At higher hydrogen
partial pressures, hydrogen yield and energy efficiency decreased to as low as 66%
and 48%, respectively, indicating the significant impact of the hydrogen productionconsumption loop. In the attempt to cease the homoacetogenic hydrogen
consumption, low concentration chloroform (0.005-0.03%, v/v) was tested as highly
effective against homoacetogenesis, enhancing hydrogen yield and cathodic hydrogen
recovery from 21% and 14% to 94% and 90%, respectively. The inhibitory effect was
more specific against homoacetogens, as the electrochemical performance was not
significantly affected. With the promising inhibitory effects of the developed method,
a 10 L single chamber MEC with a high electrode surface area to volume ratio (66
m2/m3) was constructed. In the 10 L MEC, 0.02% (v/v) chloroform enhanced the
hydrogen production rate from 0 L/L/D to 4.9 L/L/D and the current density from 1216 A/m2 to 18-21 A/m2, demonstrating promising hydrogen production performance
in the up-scaled MEC. To further examine the potential practical application of the
up-scaled MEC for hydrogen production, the hydrogen yield and the hydrogen
production rate were examined in the 10 L MEC using glucose, and validated using
real lignocellulosic hydrolysate and brewery wastewater, respectively. The hydrogen
yield using lignocellulosic hydrolysate was as high as 91% based on the dosed
substrate, though the energy efficiency based on the input electricity was determined
to be low (<62%). The hydrogen production rate using brewery wastewater was
determined as high as 33.9 L/L/D, yet primarily from dark fermentation instead of the

MEC process. Further investigations are still warranted for improving the efficiency
of the up-scaled single chamber MECs.
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1. Overview and Objectives
1.1 Overview of hydrogen production and consumption in membrane-less single
chamber MECs
As the depletion of unsustainable fossil fuels is expected and the greenhouse
gas emission related to the consumption of fossil fuels has increased drastically, the
search for a sustainable and clean energy production method has been the primary
task that needs to be accomplished in the near future [1]. Hydrogen is promising as an
alternative energy carrier, which could be utilized for heat generation through
combustion with only water as the byproduct, for electricity generation through
hydrogen fuel cells, for the seasonal storage of unused energy, and for long distance
transport of energy [2]. Besides, hydrogen is also an important feedstock for many
industries, including the production of ammonia for fertilizer and within heavy oil
refineries [3, 4]. Compared to the existing hydrogen productions via water
electrolysis and fossil fuel reformation, biological hydrogen production presents a
truly sustainable way of harvesting energy from renewable resources, bypassing the
dependence on non-sustainable fossil fuels [1, 4]. However, the current approaches
for biological hydrogen production have revealed many limitations. Photo-microbial
water splitting, and photo fermentation are limited by the low hydrogen production
rate and the high dependence on light sources [3, 5]. Dark fermentation is able to
generate hydrogen with an enhanced rate without the involvement of solar radiation,
but is still limited by the low hydrogen yield of only 0.8-1 mol H2/mol hexose [6].
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Bioelectrochemical hydrogen recovery using microbial electrolysis cells
(MECs) is a viable method for its high hydrogen yield and high energy efficiency
based on input electricity [7]. Hydrogen conversion efficiencies can be greatly
improved to 72-93% using MECs in comparison to the up to 33% from the
conventional bio-hydrogen production through dark fermentation [6]. As chemical
energy is available from the substrate, the energy efficiency based on the input
electricity could reach 194% to 406%, demonstrating a promising future of MECs in
the field of sustainable and renewable energy production [8]. Additionally, the
membrane-less single chamber design was implemented to replace the conventional
double chamber configuration. This is due to the superior electrochemical
performance as well as the reduced capital cost of the single chamber configuration,
thus significantly improving the feasibility and applicability of MECs [7].
The membrane-less single chamber configuration, while potentially more
efficient, could lend the produced hydrogen to the microbial communities, leading to
the proliferation of hydrogen scavengers, such as methanogens and homoacetogens
[7, 9-17]. Methanogens could compete with exoelectrogens for the substrate via
acetotrophic methanogenesis and/or actively consume the produced hydrogen via
hydrogenotrophic methanogenesis [18]. The hydrogenotrophic methanogenesis were
reported in peer studies as the most dominant competing process in MECs, hindering
the prospect of using MECs for efficient hydrogen production [19-22]. Efforts were
made by researchers in the attempt to cease methanogenesis in MECs through
physical inhibitory methods including temperature shock, pH shock, temporal oxygen
exposure, ultraviolet radiation and vacuum harvesting [7, 15, 23-25]. These efforts
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yielded either limited effectiveness against methanogenesis or significantly increased
capital cost and operational difficulty. Chemical inhibitors, including a number of
methanogenic coenzyme-M analogs, various antibiotics and chloroform, were also
tested as effective in ceasing methanogenesis [10, 14, 23, 26]. However, the cost of
such chemicals and the negative impact on the environment limited their application
to lab-use alone instead of directly contributing to the practical application of MECs.
Homoacetogens, which are capable of consuming hydrogen and carbon
dioxide for acetate synthesis, could be another prevalent hydrogen consumption
process in MECs, especially with the elimination of methanogens [13]. The
hydrogen-consuming homoacetogenesis could couple with the hydrogen-producing
MEC process to form a hydrogen production-consumption loop. Such a loop would
result in an internal recycle of electrons, which potentially lead to a waste of input
electricity. Furthermore, in such a loop, a fraction of electrons and energy from
hydrogen could be directed into the cell synthesis of homoacetogens, potentially
impairing hydrogen production performance [13]. However, the understanding of the
impact of the hydrogen production-consumption loop is still limited, as controversial
results were reported by peer researchers [11, 13]. Furthermore, no effective
inhibitory method against homoacetogenesis has been reported hitherto.
To facilitate the practical application, both double chamber and single
chamber MECs with sizes of up to 1000 L were constructed and tested using real
feedstocks by peer researchers [27-34]. However, unsatisfactory hydrogen production
performance was yielded with hydrogen production rates of 0.003-0.11 L-H2/L/D.
The use of the conventional double chamber configuration prevented undesired
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hydrogen consumption process but significantly limited the electrochemical
performance, resulting in the low hydrogen production rates (0.003-0.05 L-H2/L/D)
[27-29, 31-33]. In the up-scaled single chamber MECs, hydrogen production rate was
improved to up to 0.11 L-H2/L/D, yet with an even higher methane production rate of
0.25 L-CH4/L/D, indicating the dominance of methanogenesis [30].
Thus, it could be concluded that the undesired hydrogen consumption process
remains to be a major hurdle in achieving efficient hydrogen production via MECs.
Further investigations and mitigation strategies are highly warranted to ensure the
practical application of MECs.
1.2 Challenges and objectives
To achieve efficient hydrogen production via single chamber MECs, further
understanding of the undesired hydrogen scavenging processes is essential and the
development of mitigation strategies against the negative impacts is of vital
importance. While the methanogenic hydrogen consumption has been well studied by
peer researchers, the challenge lies in the development of a more practical inhibitory
method against methanogenesis. Fundamental understanding of homoacetogenic
hydrogen consumption’s negative impact on hydrogen production is essential, though
currently limited, making the development of an inhibitory method specifically
against homoacetogenesis challenging. Furthermore, as peer studies using real
feedstocks in up-scaled MECs yielded unsatisfactory hydrogen production
performance, due to the inefficient configuration and a lack of inhibition method
against hydrogen scavengers, improvements are warranted to demonstrate the
feasibility of practical application using MECs.
4

Thus, the objectives of this dissertation are to develop a practical method against
methanogenesis, to investigate and quantify the negative impact of homoacetogenesis
on hydrogen production performance and the critical factor determining the
homoacetogenic hydrogen consumption rate, to develop an approach to cease
homoacetogenic hydrogen production in single chamber MECs and to investigate the
hydrogen production performance using real feedstocks in up-scaled single chamber
MECs with the developed inhibitory methods against hydrogen scavengers. These
objectives are addressed in the following dissertation chapters in the form of
manuscripts:
1) Chapter 2: To present a review of relevant literatures to this dissertation,
covering the essential processes in MECs, the reactor configuration and
designs in MECs, the hydrogen consumption processes and potential
mitigation strategies in MECs.
2) Chapter 3: To investigate the effect of low concentration acetylene (0.15%, v/v) as a methanogen inhibitor and the impact on electrochemical
performance as well as the synergy between fermentative bacteria and
exoelectrogens in single chamber MECs.
3) Chapter 4: To quantify the loss of produced hydrogen and electrical
energy due to the hydrogen production-consumption loop, to determine
the critical environmental factors affecting homoacetogenic hydrogen
consumption rate and to identify the dominant homoacetogenic bacteria
species.
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4) Chapter 5: To investigate the effect of low concentration chloroform
(0.005-0.03%, v/v) on ceasing homoacetogenesis and methanogenesis
simultaneously and to elucidate the impact on electrochemical
performance and microbial communities.
5) Chapter 6: To construct a 10 L single chamber MEC with multiple stacked
electrodes and to test the hydrogen production performance using real
lignocellulosic hydrolysate and brewery wastewater with the developed
inhibitory methods against hydrogen scavengers.
In Chapter 7, conclusions from these studies are summarized and future works
on broader aspects are discussed. In Appendices, other published articles regard to the
biological production of sustainable energy and authored by Luguang Wang are also
included.
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2. Literature Review
2.1 The essential electrochemical and biological processes in MECs
2.1.1

Hydrogen production through the coupling of electrochemical and biological
processes
Among the hydrogen production methods, MECs present superiorities over

the electrochemical water electrolysis and the biological dark fermentation, with
improved energy efficiency and increased hydrogen yield, respectively. The hydrogen
production using MECs is achieved by coupling the biological extracellular electron
donating reaction (Equation 1) and the electrochemical hydrogen evolution reaction
(HER) (Equation 2) (Figure 2.1) [7, 8, 21].
CH! COO- + 4 H2 O → 2 HCO-3 + 9 H" + 8 e-

𝐸 # = 0.187V

Equation 1

2 H" + 2 e- → H$

𝐸 # = 0.0 V

Equation 2

The anodic microbial community could degrade organic matters (e.g. acetate)
into carbon dioxide, protons, and electrons, which are then transported extracellularly
to the anode under the appropriate potentials. The core species in the electroactive
microbial communities, known as exoelectrogens, are commonly noted as Geobacter
spp. and Shewanella spp., while in the recent years, more and more new species have
been identified as being capable of donating electron extracellularly [35-37]. The
most immediate electron acceptor in such a process is the anode, which needs to
demonstrate great conductivity, corrosion resistivity and biocompatibility. The
prevalent anode materials have been the carbon-based materials in forms of cloth,
paper, felt, brushes and granules, providing a high surface area to volume ratio for the
inhabitation of electroactive bacteria [4]. The harvested electrons then flow through
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an outer circuit to the cathode to conduct the reduction of protons into hydrogen.
However, as the overall reaction could not occur spontaneously for its
thermodynamically unfavorable feature, an applied voltage is needed to drive the
flow of electrons from the anode to the cathode. Due to the internal resistances, 0.2 V
has been considered as the minimum applied voltage required in the practical
operations of MECs [8]. Further increasing the applied voltage could enhance the
hydrogen production rate but potentially lead to a decreased energy efficiency [8].
The generation of hydrogen occurs on the cathode, which serves as both the current
collector and the catalyst for the HER. Carbon based materials have also been widely
used as the cathode but demonstrated insufficient catalytic ability [4]. Thus, metal
based materials have been used to form a thin catalyst layer on the cathode surface.
The well recognized metal catalyst is platinum (Pt), demonstrating great capability of
catalyzing HER but also showing limitation in practical applications by its high cost
[38]. Alternative metal based catalysts with potentially lowered cost have been
developed, such as Co/FeCo, NiMo/NiW, Fe/Fe3C, Nickel powder, Pd nanoparticles,
MoS2 and MoP [7, 39-44]. Furthermore, exoelectrogens have also been used on the
carbon based materials as the catalyst for HER [45-50]. Certain exoelectrogens
contain hydrogenase, which could couple with the extracellular electron transport to
achieve the hydrogen generation from protons and electrons [47]. Metal based
materials have also been used as both the current collector and the catalyst for HER,
including Ni mesh and stainless steel mesh, but potentially vulnerable to corrosions
over the long-term operations [51, 52].
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Figure 2.1. The schematic of membrane-less single chamber MECs.
2.1.2

The synergistic biological processes in the utilization of complex substrates
Hydrogen production from organic wastewater and lignocellulosic biomass

using MECs has the potential to achieve renewable and sustainable energy
production. In the wastewater and the hydrolyzed lignocellulosic biomass,
monosaccharides and volatile fatty acids (VFAs) are the major organics and their
utilizations are critical in achieving efficient hydrogen production [53, 54]. Certain
VFAs could be directly consumed by exoelectrogens, such as Geobacter
metallireducens, to achieve extracellular electron donation [37]. However,
monosaccharides cannot be directly consumed by exoelectrogens [24, 55]. In order to
achieve complete conversion of monosaccharides to hydrogen and carbon dioxide, it
is critical to involve the dark fermentation process. Dark fermentation is carried out
by a group of anaerobic fermentative bacteria and converts monosaccharides into a
variety of VFAs, including formate, acetate, propionate, butyrate, lactate and ethanol,
9

and yields hydrogen production at a theoretical maximum of 4 mol H2 per mol hexose
(Figure 2.2) [1, 56, 57].

Figure 2.2. Synergy between dark fermentation and electrochemical process
during hydrogen production from monosaccharides single chamber MECs
In MECs using monosaccharides as substrates, the variety of fermentatively
produced VFAs and their concentrations are critical in affecting the electrochemical
process and overall hydrogen production. Acetate is commonly utilized for
exoelectrogens, demonstrating the optimal electrochemical performance compared to
other VFAs with the similar concentrations [58, 59]. Fermentative production of
acetate also exhibits the highest hydrogen yield, 4 mol H2 per mol hexose, making
acetate the most desired fermentation end product. However, dark fermentation is
often performed by a mixed culture, presenting various fermentative pathways with
various fermentation end products [6, 57]. Among the other VFAs, the productions of
lactate and ethanol are not accompanied with the production of hydrogen [57]. Yet,
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they are recognized as feasible substrates for exoelectrogens with acceptable
electrochemical performance [60-62]. Butyrate, as one of the most commonly seen
VFAs in dark fermentation, is produced with 2 mol H2 per mol hexose [57]. The
consumption of butyrate by exoelectrogens is achieved through the fermentative
conversion of butyrate into acetate and hydrogen; and acetate is further directly
consumed by exoelectrogens [63]. However, the conversion of butyrate to acetate and
hydrogen could easily become thermodynamically unfavorable under higher
hydrogen partial pressures, making the consumption of butyrate in MECs
challenging. No direct consumption of butyrate by exoelectrogens has been reported
hitherto. Thus, dark fermentation in MECs is of vital importance in determining both
fermentative hydrogen production and electrochemical hydrogen production.
2.2 Improvements on the reactor configuration and the scaling-ups of MECs
The original configuration employed in MECs is the double chamber design,
in which the anode chamber and the cathode chamber are separated by an ion
exchange membrane (Figure 2.3) [64, 65]. The presence of ion exchange membranes
serves to prevent the produced hydrogen from being accessible to the potential
hydrogen scavengers in the anodic microbial community and to allow the harvest of
high purity hydrogen [8, 64]. The commonly used membranes are cation exchange
membranes (CEMs) and anion exchange membranes (AEMs) [39, 66, 67]. However,
the use of ion exchange membranes failed their primary mission, as neither the
diffusion of hydrogen to the anode chamber nor the diffusion of carbon dioxide to the
cathode chamber was prevented [8]. Furthermore, the use of ion exchange
membranes also impaired the electrochemical performance as they could increase the
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internal resistance and cause further potential loss. It was reported that potential
losses of 0.38 V and 0.26 V were observed with CEM and AEM, respectively [68].
To overcome such a potential loss, using higher applied voltage is inevitable, which
could cause a decreased energy efficiency. Meanwhile, significant pH changes were
noted with an increased pH in cathode chamber and a decreased pH in anode
chamber, causing an impaired hydrogen production rate [66, 68]. Finally, the cost and
operational difficulty brought by ion exchange membranes significantly hinder the
practical application of MECs.

Figure 2.3. Schematic of conventional double chamber MECs with anode
chamber and cathode chamber separated by A) cation exchange membranes and
B) anion exchange membranes.
The single chamber configuration offers reduced internal resistance brought
by the removal of ion exchange membranes [7, 8]. The reduced internal resistance
further benefits the potential loss and ion transport rate, improving the overall energy
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efficiency and hydrogen production rate, respectively [66]. In a study about the use of
single chamber configurations in microbial fuel cells (MFCs), compared with the
rather conventional double chamber design, the membrane resistivity of 2729 ohm
cm2 was removed. And the resistivities of anode, cathode and electrolyte were
significantly reduced by 96%, 89% and 72%, respectively [69]. Furthermore, the
other negative impacts in double chamber configurations, including increased capital
cost, increased operational difficulty and deviated pH in both chambers, were also
eliminated in the single chamber configuration. Regarding the accessibility of
produced hydrogen to the anodic microbial community, it was reported that in the two
studies using single chamber configurations, the cathodic hydrogen recoveries were
as high as 87% and 96%, indicating minor losses of electrochemical produced
hydrogen, in short term operations [7, 8]. Thus, the single chamber membrane-less
MECs presented great potential toward practical application.
Furthermore, global researchers have been endeavoring to facilitate the
practical application of MECs for hydrogen production using real feedstocks [27-34].
However, the successful practical application of MECs is still challenged by its
scalability, as most of the technological breakthroughs were made in lab scale MECs
with limited reactor size. Among the attempts to pursue efficient hydrogen production
from real feedstocks, conventional yet rather inefficient configuration and materials
were utilized to gain more reliable performance in wastewater treatment. In one
study, a 30 L double chamber MEC with stainless steel wool cathode was constructed
to produce hydrogen from municipal wastewater in a zig-zag flow but the observed
hydrogen production rate was low (0.003 L/L/D) [28]. The up-scaling of the similar
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designs to 100, 120, 130 and 175 L sizes demonstrated consistent hydrogen
production rates of 0.003-0.03 L/L/D [27-29, 32]. Yet, the hydrogen production
performance was limited in these designs. Improvements on the electrode materials
were made through using nickel decorated carbon paper as cathode in a 4 L single
chamber MEC and a 10 L double chamber MEC [31, 34]. However, the hydrogen
production performance was not significantly improved with hydrogen production
rates of 0.02 L/L/D and 0.05 L/L/D, respectively. In a 4 L double chamber MEC fed
with saline wastewater, which could significantly increase solution conductivity
compared to municipal wastewater, demonstrated both improved hydrogen
production rate of 0.9 L/L/D and the need for reducing internal resistance [33].
Cusick et al. (2011) constructed and tested a 1000 L single chamber MEC, the largest
built hitherto, to fed with winery wastewater [30]. However, the electrochemical
hydrogen production was up to 0.11 L/L/D and the methane production was up to
0.25 L/L/D, indicating the dominance of methanogenesis. Thus, improvements on
reactor configuration and material, as well as effectively inhibiting hydrogen
scavengers are necessary to ensure the successful application of MECs toward
achieving sustainable and renewable energy production.
2.3 Hydrogen consumptions and limitations of current inhibition methods in single
chamber MECs
In the membrane-less single chamber configuration, while superior
electrochemical performance was fulfilled, the hydrogen produced from the cathode
became accessible to hydrogen scavengers in the anodic microbial community. The
known hydrogen scavenging processes in MECs could be categorized into
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exoelectrogenic hydrogen consumption, methanogenic hydrogen consumption and
homoacetogenic hydrogen consumption.
2.3.1

Exoelectrogenic hydrogen consumption
Current generation through hydrogen consumption by the exoelectrogens,

Geobacter spp. was reported by Bond and Lovley (2003) [35]. Hydrogen could be
utilized as the electron donor by exoelectrogens to transfer the electrons
extracellularly to the electrode, which serves as the electron acceptor [70]. The most
well-known hydrogen consuming exoelectrogen is Geobacter sulfurreducens [70-72].
While certain members of the same genus, such as Geobacter metallireducens, could
not use hydrogen as the electron donor [73]. Kimura and Okabe (2013) reported that
another hydrogen consuming exoelectrogen, Hydrogenophaga spp., was in a
syntrophic association with Geobacter sulfurreducens in acetate oxidation process
[74]. Nevertheless, hydrogen consumption by exoelectrogens has not been reported to
have had a significant impact on the hydrogen production performance [75, 76]. Such
a phenomenon is possibly due to other organic compounds having a higher priority
than hydrogen as the substrate for exoelectrogens, under high organic conditions.
Furthermore, the exoelectrogenic hydrogen consumption could be reversed for
hydrogen production under the appropriate electrode potentials [47]. Such a process
allowed the microbial community containing hydrogenotrophic exoelectrogens to
catalyze the HER on biocathodes. The presence of biocathodes offered an promising
alternative to the use of precious metals as cathodic catalysts, potentially lowering the
cost of MECs [47].
2.3.2

Methanogenic hydrogen consumption
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In bioelectrochemical systems, the presence of methanogenesis has been
reported to be a major hurdle in achieving efficient hydrogen production.
Methanogens could actively compete with exoelectrogens for the substrate through
acetotrophic methanogenesis, which uses acetate as the primary substrate for
methanogenesis [77]. The more frequently observed methanogens are the
hydrogenotrophic methanogens, consuming hydrogen and carbon dioxide for
methane generation, significantly impairing hydrogen production performance [1922, 77, 78]
Efforts have been made by peer researchers in the attempt to inhibit
methanogenesis. 2-Bromoethanesulfonate (BES) has been reported as a classic and
specific methanogen inhibitor [4, 23]. BES shares structural resemblance with
coenzyme-M, critical in the final steps of methane formation, and competitively binds
to the methyl group to cease the synthesis of methane [4]. However, the use of BES in
MECs is limited to research purpose alone due to its high cost and the potential
impact to the environment. Thus, identifying a more practical methanogen inhibition
method is critical in facilitating the industrial application of MECs.
Hu et al. (2008) and Chae et al. (2010) investigated the effect of physical
methods, including temperature shock, pH shock and oxygen exposure, against
methanogenesis [7, 23]. Neither high temperature shock (100°C for 15 mins) nor
lowered temperature shock (30°C to 20°C) suppressed methanogenesis. Decreasing
pH from 7 to 4.9-8.5 also failed to inhibit methanogenesis. Oxygen exposure was not
an ideal method either due to the negative impact on the anodic microbial community.
Lu et al. (2012) also examined the effect of low temperature (4ºC) and found it
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effective against methanogens [24]. However, to achieve such a low temperature,
limits might be placed on geographical environments or the requirement of additional
energy input to maintain the low temperature. Another physical inhibitory method
using ultraviolet radiation also tested as effective on ceasing methanogenesis [25].
Nevertheless, the costs of the UV sources along with the appropriate reactor vessel
material could be too high to be promoted in practical applications. Lu et al. (2016)
proposed that active harvesting of hydrogen via a vacuum pump could be a viable
method against methanogens, as the energy requirement for the pump operation
claimed to be minimal [15]. However, this method might still be challenging to be
applied in up-scaled MECs.
Besides BES, other chemical inhibitors were also examined for their
effectiveness against methanogenesis. Lumazine with concentrations of 0-1144 μM
was tested by Chae et al. (2010) but failed to inhibit methanogens [23]. Chloroform
with a concentration of 0.5% (v/v) achieved effective inhibition but its application
was limited by the increased cost and the negative environmental impact [26]. Zhu et
al. (2015) reported that alamethicin successfully inhibited methanogenesis for over 10
batch cycles/30 days with a single dosage [79]. A variety of other antibiotics,
including neomycin sulfate, 2-bromoethane sulfonate, 2-chloroethane sulfonate, 8aza-hypoxanthine, also demonstrated effective suppression against methanogens [14].
Despite the high effectiveness and specificity of most chemical inhibitors against
methanogens in MECs, similar to BES, their application might be limited to lab use
only rather than with practical application. Further investigation on the alternative
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methanogen inhibition methods is warranted to benefit the practical application of
MECs for hydrogen production.
2.3.3

Homoacetogenic hydrogen consumption
Homoacetogenic hydrogen consumption is the uptake of hydrogen and carbon

dioxide by homoacetogenesis for acetate synthesis through the Wood-Ljungdahl
pathway [57]. In the double chamber MECs, where cathodic hydrogen is not available
in the anode chamber, the presence of homoacetogens in anodic biofilm was
identified by Parameswaran et al. (2010) [80]. The homoacetogen observed in this
study fell into the genus of Acetobacterium, a model homoacetogen species. It serves
in a syntrophic relationship with exoelectrogens in converting fermentable substrate
and fermentatively produced hydrogen into acetate for current generation. Another
identified homoacetogen in double chamber MECs was Treponema spp.. It too
involves syntrophic interactions by synthesizing feasible substrate for exoelectrogens
from hydrogen and monosaccharides and achieved high current density of 14.6 A/m2
with 96% COD removal [81]. Thus, it can be concluded that in the anodic microbial
community of double chamber MECs, the biological significance of hydrogen
consumption by homoacetogens appeared positive for their capability of utilizing
hydrogen and monosaccharides for the production of substrate for exoelectrogens,
enhancing electrochemical hydrogen production on the cathode.
Nevertheless, in the membrane-less single chamber configuration, with the
elimination of the competition from methanogens, homoacetogenesis could become
the major hydrogen scavenging process. Combined with the electrochemical
hydrogen generation process, the presence of a hydrogen production-consumption
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loop could be observed (Figure 2.4) [13]. Such a loop would result in an internal
recycle of electrons potentially leading to a waste of input electricity. As such a loop
occurs, a certain fraction of electrons and energy in hydrogen needs to be directed
into the cell synthesis of homoacetogens, which potentially lead to a loss of hydrogen
production. The negative impact of the hydrogen production-consumption loop on
hydrogen production was investigated by only a few researchers. Lee et al. (2010)
reported that the hydrogen production-consumption loop did not result in hydrogen
yield loss with only decreased energy efficiency [11]. However, Ruiz et al. (2013)
claimed that a significant amount of hydrogen could be scavenged through cell
synthesis as hydrogen consumption continuously aggravates, which crippled the high
hydrogen yield feature of MECs [13]. Thus, the negative impact from
homoacetogenic hydrogen consumption on hydrogen production could be significant,
especially with long-term operations under higher hydrogen partial pressures.
Power supply
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Figure 2.4. The hydrogen production-consumption loop resulted from
homoacetogenic hydrogen consumption in single chamber MECs.
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Although few studies attempted to inhibit homoacetogenesis in MECs, efforts
have been made by researchers to mitigate homoacetogenic hydrogen consumption in
the dark fermentation process. Unfortunately, limited effectiveness was achieved so
far. Heat treatment demonstrated minimal effectiveness against homoacetogens
because of its capability of forming spores [82]. Acid treatment temporarily ceased
homoacetogenesis but homoacetogenesis readjusted to the environment timely [83].
Temporal oxygen exposure also failed to cease homoacetogenesis in various
environments and the oxygen level was further reduced to benefit the metabolism of
homoacetogens [84, 85]. Temperature shock showed only limited effectiveness on
homoacetogens, and they were found to tolerate a wide range of temperatures from 4
to 80°C [86, 87]. Thus, the occurrence of a hydrogen production-consumption loop
was a novel but unresolved challenge in single chamber MECs. Further studies on
mitigating the impact from such a loop are necessary.
2.4 Potential mitigation strategies against hydrogen consumptions in MECs
As reported in previously mentioned studies, certain microbial inhibitors
demonstrated effective inhibitory effects against hydrogen scavengers. However, in
order to enhance the hydrogen production via MEC in practical applications, the
chemical inhibitors need to demonstrate the features of low-cost, low operational
difficulty and limited impact on the environment. Furthermore, the successful
application of chemical inhibitors also demands limited negative impact on the
essential biological and electrochemical processes in MECs.
2.4.1

Using acetylene as a specific methanogen inhibitor
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Studies have shown that acetylene, well known as a low-cost fuel, could
inhibit methanogenesis under various conditions, including marine sediments, landfill
cover soil, anaerobic digesters and fish intestines [88-90]. Chan and Parkin (2000)
and Zhao et al. (2010) reported that the presence of 1–10% (v/v) acetylene in the gas
phase could lead to 100% inhibition against methanogenesis though controversy still
exists in identifying the effective acetylene concentration range [88, 89]. Such an
inhibitory effect was likely the result of irreversible binding of acetylene to nickel,
which is present in the cofactor of methyl-coenzyme M reductase involved in
methanogenesis [91]. Also, acetylene was reported to decrease the ability of
methanogens to maintain or generate the transmembrane proton gradient for ATP
synthesis and methanogenesis [92].
The strong evidence indicating the effective inhibition of acetylene against
methanogenesis was exhibited. However, the inhibitory effect of acetylene was not
highly specific and the negative impact was also reported on other biological
processes, including denitrification, methane oxidation, reductive dechlorination and
hydrogenase-involved processes [91, 93]. Thus, the possible existence of nonspecific
inhibition and unintended impact on desired microbial processes in MECs cannot be
excluded. Nevertheless, the mechanisms and the inhibition thresholds against
different processes could also demonstrate significant differences as well, leading to a
relatively specific inhibitory effect against methanogenesis. Therefore, acetylene
could still be a viable method with a specific inhibitory effect against methanogenesis
in MECs with prospects in practical application. By far, no study has investigated the
effect of acetylene on methanogenesis in MECs.
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2.4.2

Using chloroform to cease homoacetogenesis
Chloroform is a well-known halogenated compound with broad applications.

It was also reckoned as a classic methanogen inhibitor in biological processes [10, 26,
94, 95]. Previous studies indicated that chloroform could negatively affect
homoacetogenesis. Scholten et al. (2000) reported that in freshwater sediment,
chloroform (20 and 50 μM) possibly inhibited biological processes involved with
acetyl-CoA cleavage, critical in homoacetogenesis [96]. Xu et al. (2010) reported that
in the anaerobic digestion process, the production of hydrogen was increased, and the
production of acetate was decreased with the dosage of 0.05% (v/v) chloroform,
which could also be the result of inhibition against homoacetogenesis [10].
However, the explicit demonstration of the complete blockage of
homoacetogenesis using chloroform has not been proposed. Meanwhile, the
successful application of chloroform as a homoacetogen inhibitor also requires
limited negative impact on desired microbial species. Zhang et al. (2016) applied
0.5% (v/v) chloroform in single chamber MECs as methanogen inhibitor and no
decreased electrochemical performance was observed [26]. Peer studies also
demonstrated limited inhibitory effects from low concentration chloroform (< 0.05%
v/v) against dark fermentation [94, 97, 98]. Thus, chloroform could be a promising
homoacetogen inhibitor in single chamber MECs, but its effectiveness has not been
investigated.
2.5 Conclusion
Sustainable hydrogen production from inexpensive feedstocks could be
achieved in MECs by coupling the electrochemical HER and the biological
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degradation of organics for extracellular electron donation. The membrane-less single
chamber configuration further offers superior electrochemical performance along
with the reduced capital cost in MECs, benefitting the potentially application of this
technology. However, in the single chamber configuration, the presence of
exoelectrogenic hydrogen consumption, methanogenic hydrogen consumption and
homoacetogenic hydrogen consumption have been observed and hereby summarized
in Figure 2.5. The exoelectrogenic hydrogen consumption utilizes hydrogen as the
electron donor for extracellular electron transport to generate current. Such a process
has not been reported to significantly impair hydrogen production in MECs. The
methanogenic hydrogen consumption has been known as the most dominant
hydrogen scavenging process. Various inhibition strategies have been developed but
revealed either limited effectiveness or difficulties for practical applications.
Homoacetogenic hydrogen consumption is a recently discovered process in MECs,
utilizing hydrogen for acetate synthesis. In the membrane-less single chamber
configuration, homoacetogenesis could couple with the hydrogen production via
MECs to form a hydrogen production-consumption loop. However, the negative
impact of such a loop remains unclear and no effective inhibitory method has been
proposed against homoacetogenesis. Nevertheless, potential inhibition strategies,
including using acetylene against methanogenesis and using chloroform against
homoacetogenesis, demonstrate promising prospects in tackling the hydrogen
scavengers in single chamber MECs. Thus, further investigations on the hydrogen
scavengers and the development of inhibitory methods are highly warranted in
facilitating the practical application of MECs for sustainable hydrogen production.
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Abstract: Microbial electrolysis cells (MECs) for hydrogen production exhibit great
advantages over many other biohydrogen production techniques in terms of versatility
on substrate and hydrogen yield. However, hydrogen and acetate scavenging by
methanogens put forward a great challenge to the application of the single chamber
MECs when using mixed culture. In this study, we investigated the feasibility of
using acetylene, a low-cost fuel and chemical building block, to selectively inhibit
methanogenesis in single chamber MECs. Results demonstrate that the periodical
injection of low concentration acetylene (1% and 5%) to headspace successfully
inhibited methanogenesis in MECs using both acetate and glucose as substrates. The
effectiveness was also compared with the classic methanogen inhibitor, 2bromoethanesulfonate (BES) with concentrations of 5-20 mM and low concentration
acetylene demonstrated superior effectiveness. Current generation and the syntrophy
between fermentative bacteria and exoelectrogens were not negatively affected by
acetylene. These results demonstrate the great potential of using acetylene as a costeffective inhibitor against methanogenesis in MECs.
Keywords: Acetylene; Microbial electrolysis cell; 2-bromoethanesulfonate (BES);
Methanogen; Exoelectrogen.
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3.1 Introduction
Hydrogen is promising as future energy carrier for its properties of high
energy density based on weight and clean combustion by-product. The global
interests in optimizing sustainable hydrogen production have been growing.
Microbial electrolysis cell (MEC) is an emerging technique in hydrogen recovery [8].
It has the advantages of versatility on substrate and higher hydrogen yield, compared
with conventional biological hydrogen production methods [24, 99]. Though
electricity input is required for microbial electrolysis, the electricity consumption is
only a fraction of that required for water electrolysis [7]. The feasibility of using
MECs to harvest hydrogen from inexpensive materials, like wastewater and
lignocellulosic hydrolysate also benefits the potential toward practical application
[20, 100-102]. Furthermore, membrane-less single chamber design could reduce
operational and constructional cost along with reduced internal resistance, improving
economic feasibility and electrochemical performance [7].
However, the membrane-less design lends itself to substrate scavenging via
acetotrophic methanogens and hydrogen scavenging via hydrogenotrophic
methanogens, reducing the coulombic recovery and cathodic hydrogen recovery,
respectively [7, 8, 103, 104]. Different strategies of methanogenesis inhibition have
been applied into single chamber MECs, however, with either limited effects or
challenges for practical application [105]. Conditions with low pH or short hydraulic
retention time failed to suppress methanogenesis effectively[7, 9]. 2bromoethanesulfonate (BES), low temperature (4℃), UV radiation, chloroform
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(0.5%) and actively harvesting hydrogen were reported as effective methanogenesis
inhibition strategies but potentially limited by increased cost or difficulty of operation
and/or construction [15, 23-25]. Studies have shown acetylene, a non-toxic and lowcost fuel, and chemical building block, inhibits methanogenesis in marine sediments,
landfill cover soil, anaerobic digesters and fish intestines [88-90]. Chan and Parkin
(2000) and Zhao et al., (2009) reported 1-10% (v/v) acetylene presence in gas phase
significantly impaired methanogenesis but controversy still exists in identifying the
effective acetylene concentration range [88, 89]. Meanwhile, no study has
investigated the effect of acetylene on methanogenesis in MECs. Furthermore, the use
of inhibitor could potentially cause nonspecific or unintended impact on desired
microbial processes. However, the impact of acetylene on exoelectrogens remains
unknown. Also, in the utilization of fermentable substrate, which is an important
component in many types of wastewater and biomass, dark fermentation precedes
exoelectrogenesis. The successful application of acetylene in methanogen inhibition
requires the syntrophic relationship between fermentative bacteria and exoelectrogen
to be not affected. Thus, the impact of acetylene on the syntrophy between
fermentative bacteria and exoelectrogen needs to be further explored in single
chamber MECs.
In this study, we investigated the feasibility of injecting low-concentration
acetylene (1% and 5%) in gas phase to inhibit methanogenesis in single chamber
MECs. The effect of acetylene on current generation and dark fermentation was also
investigated using acetate or glucose as substrates. The feasibility of such method for
industrial application and its environmental impact were further discussed.
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3.2 Materials and methods
3.2.1

Construction of single chamber MECs
Single chamber MECs were constructed to investigate the effect of acetylene

on methanogens, exoelectrogens and fermentative bacteria. The MECs were made
from narrow mouth media bottles sealed with butyl septum topped caps (VWR
International, LLC). Total reactor volumes were 320 mL with a liquid volume of 100
mL and a gas volume of 220 mL. The cathode was stainless steel mesh (200*200
Mesh, 304 Stainless steel woven wire cloth, McMASTER-CARR) with a projected
surface area of 50 cm2 and the anode was plain carbon cloth (Type-B,
fuelcellearth.com) with a projected surface area of 10 cm2. Two electrodes were
separated by a layer of cloth (First Brands Corporation, USA) and wrapped into a
tubular shape.
3.2.2

MEC inoculation and operation
The bacteria used in the MECs were originated from conventional single

chamber microbial fuel cells (MFCs) using local domestic sewage sludge as the
inoculum. When the power output of the MFCs were stabilized at 1.2 W/m2, the
anodes were removed and placed in MECs. The medium solution for MEC operation
contains 30 mM sodium acetate as substrate, 100 mM sodium phosphate buffer and
necessary minerals and vitamins as reported previously [64]. After purging the MECs
with N2 for 10 mins to maintain anaerobic condition, a voltage of 1.0V was applied to
the MECs. MEC current output was recorded as described previously [7]. When
stable generation of current density was achieved, 5 mL anaerobic digester sludge
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(Gresham, Oregon, USA) was introduced to allow methanogenesis in MECs. All
MECs were operated at 32°C.
The MECs were divided into four groups: 1% acetylene group, 5% acetylene
group, BES control group, and no treatment control group. 1% and 5% acetylene
group had an initial acetylene concentration of 1% and 5% in headspace, respectively.
BES of 5 mM was present initially in the BES control group to suppress
methanogenesis according to previous publications [10]. And 0.5 mmol BES
(corresponds to 5 mM based on liquid volume) was dosed into the MECs at each time
when methanogens revived. No treatment control group had no methanogen
inhibitors to demonstrate methanogenesis in MECs. Acetylene was supplemented on
operation day 7, 12, and 40, to restore initial acetylene concentration. Sodium acetate
was utilized as substrate from day 1 to day 40. Concentrated glucose (1 mL) was
injected on day 40 to reach a final concentration of 11 mM to investigate the effect of
methanogen inhibitors on sequential utilization of glucose by fermentative bacteria
and exoelectrogens, as glucose is an important component in many types of
wastewater and biomass. To further test the effect of lower acetylene concentration
on inhibiting methanogens, 0.1% acetylene in headspace was tested and the
performance was compared with no treatment control group. Each condition was
tested in duplicate MECs.
3.2.3 Analysis and calculations
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The gas composition in the headspace was measured using gas
chromatography equipped with a flame ionization detector (Agilent Technologies
6890N Network GC System). Gas analysis was performed every 24 hours. Voltage
over the resistor (1 ohm) was recorded using a multimeter with a data acquisition
system (2700, Keithley). Voltage was applied by a programmable power supply
(3645A, Array Elec. Co. Ltd). Current density (based on anode surface area) and
overall hydrogen yield were calculated as described previously [16]. Statistical
analysis was performed using RStudio (rstudio.com). Residual acetylene percentage
was calculated based on injected acetylene volume and dilution due to biogas
production, without considering the dissolution and consumption of acetylene, to
estimate the maximum possible residual acetylene concentration in headspace.
3.3 Results and discussion
3.3.1 Effectiveness of acetylene on methanogen inhibition
Figure 3.1 demonstrates the effectiveness of low concentration acetylene (1%
and 5%) on methanogen inhibition, compared with BES under acetate-fed and
glucose-fed conditions. The increase of biogas volume was found to be minimal and
previous study using the same anodic mixed consortia reported similar phenomenon,
due to homoacetogen consuming hydrogen and carbon dioxide for acetate synthesis
[16]. Thus, hydrogen and methane percentages in reactor headspace was studied as
the reflection of methanogenesis. The introduction of anaerobic digester sludge on
day 0 resulted in imminent methane production. From day 1 to 40, acetate was
utilized as the sole substrate. Injection of 1% and 5% acetylene into reactor headspace
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increased hydrogen percentage and decreased methane percentage immediately
(Figure 3.1). Two supplementary injections of acetylene were conducted on day 7 and
day 12 to restore the acetylene concentration to the desired initial concentration, due
to dilution of acetylene from biogas production. With the three consecutive dosages
of acetylene, hydrogen percentage and methane percentage were plateaued at 60-70%
and less than 1%, respectively. BES of 5 mM was dosed at day 1 of operation,
increasing hydrogen percentage to over 60% and decreasing methane percentage to
5% within 10 days. BES of 5 mmol was injected on day 19 to increase BES
concentration to 10 mM, as methane percentage demonstrated slight revival. Thus,
though not significant, acetylene groups demonstrated slightly better performance
against BES groups within the tested concentrations. Meanwhile, no treatment control
group was dominated by methanogenesis with presence of over 70% methane and no
hydrogen. To examine the possibility that acetylene with even lower concentration
could also inhibit methanogens, 0.1% acetylene was injected to duplicate MECs and
the performance was compared with no treatment control cells. The result indicated
that 100 hours of operation with 0.1% acetylene failed to inhibit methanogenesis, as
the methane and hydrogen changes were similar to those in no treatment control
group (Figure S3.1).

32

1% Acetylene

Hydrogen percentage

100%

5% Acetylene

BES

Control

A

80%
60%
40%
20%
0%
0

Methane percentage

100%

10

20

30

40

50

60

70

10

20

30
40
Time (day)

50

60

70

B

80%
60%
40%
20%
0%
0

Figure 3.1. A) Hydrogen percentage and B) methane percentage change
during the operation. Arrows of corresponding colors indicate the desired volume of
acetylene (to restore initial acetylene concentration)/5 mmol BES being injected.
Dashed line indicates substrate was changed from 30 mM acetate to 11 mM glucose.
Test was done in duplicate and data shown was selected from the representative cell.
On day 40 of operation, substrate was switched from 30 mM to 11 mM
glucose. Acetylene of 1%/5% and 5 mmol BES were injected into desired groups to
examine the effect on methanogenesis using fermentable substrate and the effect of
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acetylene on the syntrophy between fermentative bacteria and exoelectrogens. The
presence of 1% and 5% acetylene in headspace demonstrated successful inhibition
against methanogenesis, as methane percentage was maintained at below 2% during
24 days of operation. Hydrogen percentage in acetylene groups was able to be
maintained between 55%-65%, as the result of hydrogen production from dark
fermentation/MEC process. However, BES within the tested concentration range,
failed to achieve effective inhibition, despite an increase of BES concentration from
15 mM to 20 mM on day 48. Biogas production in no treatment control group was
still dominated by methane.
Thus, compared to BES, the classic methanogen inhibitor, 1% and 5%
acetylene in headspace achieved successful inhibition against methanogenesis, with
acetate or glucose as substrates. Such inhibitory effect was possibly the result of
irreversible binding of acetylene to nickel, which is present in the cofactor of methylcoenzyme M reductase, a critical enzyme methanogenesis [91]. Also, acetylene was
reported to decrease the ability of methanogens to maintain or generate the
transmembrane proton gradient for ATP synthesis and methanogenesis [92].
Acetylene inhibition against hydrogenase was reported [91]. However, in this study,
the successful hydrogen production using glucose was achieved, indicating the
presence of acetylene did not negatively affect hydrogenase involved dark
fermentation, which is necessary for hydrogen production from either dark
fermentation or MEC process. In this study, we also found the successful inhibition
against methanogens, however, led to homoacetogenesis with minimal biogas volume
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increase and hindered hydrogen production. Further investigation on inhibiting
homoacetogens is warranted.
3.3.2 Impact of acetylene on current generation
To further investigate the specificity of acetylene inhibition as well as the
impact of acetylene on exoelectrogens, stabilized maximum current densities were
compared as the most direct reflect of exoelectrogenic activities (Figure 3.2). With
acetate or glucose as substrate, 1% acetylene group demonstrated the highest current
densities (12.8 A/m2 with acetate and 9.3 A/m2 with glucose), followed by 5%
acetylene group with current densities of 11.5 A/m2 with acetate and 8.0 A/m2 with
glucose. However, the difference between 1% and 5% acetylene groups were not
conclusive, as p-value exceeded 0.05. Current densities in BES group (9.1 A/m2 with
acetate and 5.1 A/m2 with glucose) and no treatment control group (8.3 A/m2 with
acetate and 4.3 A/m2 with glucose) were significantly lower than that in 1% and 5%
acetylene groups (p<0.01). No significant difference can be concluded between BES
group and no treatment control group (p>0.05).
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Figure 3.2. Stabilized maximum current density for each treatment method
when fed with acetate or glucose. Error bars indicate standard deviations from
multiple measurements using duplicate cells.
The results in this study demonstrated superior electrochemical performance
in acetylene groups, compared to BES and no treatment control groups. BES is a
structural analog of coenzyme M, which inhibits methanogenesis through competing
with coenzyme M for substrate [91]. The mechanism of BES inhibition was well
studied and no inhibition against current generation in MECs has been reported. Thus,
the higher current density observed in acetylene groups indicated that not only no
inhibition against electrochemical performance can be concluded, but also low
concentration acetylene might enhance current generation. Acetylene was reported to
interact with methanogenesis, denitrification, methane oxidation, reductive
dechlorination and hydrogenase involved processes but in a negative manner [91, 93].
No study has reported that acetylene serves to enhance certain metabolic pathways.
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Thus, current density enhancement by acetylene is possibly the result of acetylene
inhibiting species that compete with exoelectrogens for substrates and space, such as
Paludibacter spp. and Bacteroidales spp. among the exoelectrogenic microbial
community [16]. However, we cannot exclude the possibility that acetylene directly
interacts with exoelectrogens to enhance electrochemical performance and further
study is warranted to reveal the mechanism of current density enhancement.
3.3.3 Feasibility for industrial application

7%
1% Acetylene

Acetylene percentage

6%

5% Acetylene
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4%
3%
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1%
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0
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20
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40
Time (day)

50
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Figure 3.3. Calculated acetylene percentage in headspace, based on injected
acetylene volume and dilution due to biogas production. Dashed line indicates
substrate was changed from 30 mM acetate to 11 mM glucose. Test was done in
duplicate and data shown was selected from the representative cell.
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Various strategies had been proposed against methanogenesis in MECs but
showed limited effectiveness and/or difficulty toward practical application (Table
3.1). However, given the effective and selective inhibition of acetylene against
methanogens, the low concentration needed, and the low cost ($0.036 per liter),
acetylene has greater potential to be more economical than many other methods. To
reveal the actual effective concentration and residual acetylene in biogas, the
acetylene percentage in reactor headspace was calculated without considering the
dissolution in aqueous phase (Figure 3.3). Three consecutive dosages of acetylene
successfully decreased methane percentage with either acetylene concentration. After
the injection on day 12, methanogenesis remained suppressed for the rest of the 64
days operation, with only one additional injection of acetylene on day 40. Such result
indicates periodical injection of acetylene is feasible for suppressing methanogenesis.
Acetylene concentration experienced drastic decrease after each injection, due to
dilution from biogas production. Thus, the actual concentration of acetylene in reactor
headspace was minimal as methanogens being inhibited. Such result demonstrated
that constant presence of acetylene is not needed to inhibit methanogens and the using
acetylene would not be a burden for downstream gas purification process. The cost of
using acetylene could be estimated from this study, though the reactor design in this
study is not reckoned as efficient. Assuming 1% of acetylene needs to be injected
every 20 days and current generation in this study (12 A/m2) corresponds to hydrogen
production, the cost of acetylene is $0.37 per kg H2, which is only a small portion of
US Department of Energy’s biological hydrogen cost goal. With improvements on
reactor design and operation, using acetylene could be even more economical.
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Table 3.1. Comparison of methods for inhibiting methanogens in MECs
Inhibition

MEC

Method

Configuration

Acetylene

Single chamber

1%/5% (v/v)

Dual chamber

N/A

Concentration Effectiveness/characteristic

Effective for 70 days/low
cost

Reference

This study

pH shock
(from 7.0-

Not effective

Chae et al.
(2010)

4.9)
Effective only before
UV radiation

Single chamber

N/A

methanogenesis was
established

Chloroform

Single chamber

0.5% (v/v)

BES

Dual chamber

286 µM

Single chamber

N/A

Low
temperature
(4°C)

(2014)

Effective for 11

Zhang et al.

batches/potential high cost

(2016)

Effective for 60

Chae et al.

days/potential high cost

(2010)

Effective/territorial

Lu et al.

restrictions

(2012)

Effective for 36

Active
Hydrogen

Hou et al.

Single chamber

N/A

harvest

days/hydrophobic

Lu et al.

membrane and vacuum gas

(2016)

chamber were required
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3.4 Conclusion
Low concentration acetylene (1% and 5%) was investigated as a selective
methanogen inhibitor in single chamber MECs. Compared to the classic methanogen
inhibitor, BES, with concentration of 5-20 mM, 1% and 5% acetylene both
demonstrated superior effectiveness against methanogenesis. Current generation and
dark fermentation were not negatively affected by the presence of acetylene. Given its
features of low-concentration and low-cost, periodical injection of acetylene could be
promising toward industrial application. Further investigation on its long-term
effectiveness with real wastewater under various operational conditions is needed to
confirm the feasibility of this novel approach.
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Figure S3.1. A) Hydrogen volume and B) methane volume change in 0.1%
Acetylene group and control group. Error bars indicate standard deviations from
multiple measurements from the representative cell.
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Abstract: Microbial electrolysis for hydrogen production exhibited great advantages
over many other biohydrogen production techniques in terms of hydrogen yield (HY)
and energy efficiency (EE). With the elimination of methanogens, homoacetogens
could thrive as the major hydrogen sink to impair HY and EE. However, the
determination of hydrogen loss in microbial electrolysis cells (MECs) was rather
controversial. In this study, we quantitatively investigated the negative impact of
homoacetogens on hydrogen recovery in single chamber MECs. Hydrogen partial
pressure (HPP) ranging from 0 to 40 kPa greatly affected the hydrogen consumption
rate while acetate concentration (AC) ranging from 0 to 100 mM had little impact.
HY base on consumed substrate was not significantly affected with less than 20 kPa
HPP but decreased from 87% to 66% with 20-34 kPa HPP. And the EE based on
input electricity was decreased from 160% to 48% accompanied with the increase of
HPP from 7 to 34 kPa. Microbial community analysis revealed that Acetobacterium
was the dominant homoacetogenic hydrogen scavenger in cathodic biofilm and
planktonic cells in the single chamber MECs.
Keywords: Microbial electrolysis cells; Homoacetogen; Hydrogen partial pressure;
Hydrogen production; Hydrogen consumption; Acetobacterium.
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4.1 Introduction
Bioelectrochemical hydrogen production using microbial electrolysis cells
(MECs) is a promising method for its high hydrogen yield (HY) and high energy
efficiency (EE) based on input electricity [64]. Hydrogen conversion efficiencies in
MECs can reach 72-93% in comparison with 18-38% in conventional biohydrogen
recovery method through dark fermentation [8]. As energy is also available from
organic matter in waste streams, the EE based on input electricity could achieve
194% to 406% within an applied voltage range of 0.3 to 0.8V [8]. Furthermore, single
chamber membrane-less MEC design would offer low constructional and operational
costs, significantly improving its feasibility for biohydrogen recovery [7].
Hydrogen could be produced through both cathodic reaction and dark
fermentation of fermentable substances in MECs. Hydrogenotrophic methanogens
have been reported as the major hydrogen sink to channel the consumption of
hydrogen to methane production in MECs [7]. Undesired methanogenic activity and
the inhibition methods have been well studied and proven effective in various
conditions [10, 15, 23, 25]. As competition from methanogens being eliminated,
homoacetogens thrive as the dominant hydrogen scavenger, capable of oxidizing
hydrogen with carbon dioxide to provide acetate for exoelectrogens [13].
Parameswaran et al. (2009) identified the presence of homoacetogens in anodic
biofilm of double chamber MECs, where cathodic produced hydrogen was not
available in the anode chamber [106]. The homoacetogen observed in their study fell
into the genus of Acetobacterium, serving as a syntrophic player in converting
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fermentable substrate and produced hydrogen into acetate for exoelectrogens. Gao et
al. (2014) further claimed that in double chamber MECs, homoacetogens (Treponema
spp.) could involve in syntrophic interactions by synthesizing feasible substrate for
exoelectrogens from hydrogen and fermentable substrate and achieved high current
density of 14.6 A/m2 with 96% COD removal [81]. Besides methanogenesis and
homoacetogenesis, current generation through hydrogen consumption by the
exoelectrogenic species, Geobacter sulfurreducens was also reported [35]. However,
this phenomenon appeared to be not universal among all exoelectrogens as certain
exoelectrogens were reported to be unable to directly oxidize hydrogen [75, 76].
Thus, the biological significance of hydrogen consumption by homoacetogens and
exoelectrogens appeared to be positive in double chamber systems in terms of
enhancing current production and cathodic hydrogen production.
However, in MECs with single chamber design, bioelectrochemically
produced hydrogen is also accessible for hydrogen scavengers in anodic community.
Combining with the hydrogen generation on cathode and acetate consumption on
anode through MEC process, hydrogen scavenging and acetate production by
homoacetogens could lead to a hydrogen production-consumption loop [11, 13, 99].
Lee et al. (2009) reported that the HY was not affected in the presence of hydrogen
production-consumption loop [99]. Nevertheless, Ruiz et al. (2013) claimed that
certain fraction of protons/electrons in hydrogen could be scavenged through cell
synthesis as hydrogen consumption continuously aggravates, which crippled the high
HY feature of MECs [13]. Thus, the determinations of loss on HY so far were rather
controversial. Furthermore, considering that additional voltage is needed to warrant
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the thermodynamically unfavorable hydrogen generation process, the spontaneous
homoacetogenesis could cause the input electricity to be wasted, which significantly
lowers EE [11]. However, there is a lack of studies on the quantification of losses on
EE. In addition, to our best knowledge, effective inhibition methods against the
hydrogen production-consumption loop in MECs are still not available. Unraveling
the effect of substrate (hydrogen) and product (acetate) on homoacetogenesis can help
determine conditions to limit hydrogen consumption in single chamber MECs.
Moreover, though anodic community analysis has been well conducted in double
chamber MECs to investigate the role of hydrogen scavengers play in the anodic
community [80, 81, 106], the characterization of cathodic biofilm and planktonic cells
in the reactor are also necessary to reveal the key players for hydrogen consumption
in single chamber MECs with homoacetogen dominance.
Therefore, the main aim of this study was to reveal the impact of the hydrogen
production-consumption loop against efficient hydrogen recovery in single chamber
MECs. We investigated the effects of various hydrogen partial pressures (HPPs) and
acetate concentrations (ACs) on hydrogen recovery. Response surface regression
analysis was conducted to derive a quantitative description of hydrogen consumption
rate as a function of HPP and AC. The losses on HY and EE were quantified under a
range of HPP to evaluate the significance of HPP. Community analysis of the
cathodic biofilm, planktonic cells and anodic biofilm was also conducted to unravel
the community composition and key homoacetogenic species in MECs with
homoacetogenesis dominance.
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4.2 Materials and methods
4.2.1 Construction of single chamber MECs
Single chamber MECs were constructed to investigate the effect of hydrogen
production-consumption loop on hydrogen recovery. The MECs were made from
narrow mouth media bottles sealed with butyl septum topped caps (VWR
International, LLC). Total reactor volumes were 320 mL with a liquid volume of 100
mL and a gas volume of 220 mL. The cathode was fabricated using the procedure
reported previously with a projected surface area of 10 cm2 [7]. The anode was plain
carbon cloth (Type-B, fuelcellearth.com) with a projected surface area of 10 cm2.
Both electrodes were connected to power supply using titanium wires and separated
by a layer of J-cloth (First Brands Corporation, USA) to prevent short-circuit.
4.2.2 MEC inoculation and operation
The bacteria used in the MECs were originated from an anodic mixed culture
in another single chamber MEC operated for over 6 months. Biofilms were scrapped
with a spatula from the anodes of MECs that had been operated for a few months and
spread to the plain carbon cloth anodes of MECs. The medium solution that was used
contains 50/100 mM sodium acetate, 200 mM sodium phosphate buffer, and
necessary minerals and vitamins as reported previously [107]. After purging the
MECs with pure nitrogen gas for 10 mins to achieve anaerobic condition, 5% (v/v)
acetylene was injected into reactor headspace to specifically suppress methanogens
based on our unpublished results at the beginning of each batch.
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Duplicate MECs were operated for five consecutive batches to evaluate the
negative impact of hydrogen production-consumption loop on hydrogen recovery.
The first batch was operated without artificially adjusted HPP or AC. In the second
batch, AC was increase to 100 mM to investigate the effect of AC. In the third and
fourth batch, purging the headspace with nitrogen for 5 mins was implemented to
examine the effect of reduced HPP. In the fifth batch, both reduced HPP and
increased AC were utilized to examine the repeatability of the results.
Additional operation using the same MECs was conducted to collect more
data to acquire a mathematic description of the hydrogen consumption rate by
hydrogen scavengers. HPP and AC were artificially affected to cover the desired
range (0-40 kPa HPP and 0-100 mM AC) while other environmental factors were
controlled at the similar condition as described previously. Voltage (1.0V) was
applied to MECs by a programmable power supply (3645A, Array Elec. Co. Ltd). All
MECs were operated at 32°C.
4.2.3 Analysis and calculations
The volume of biogas produced was measured using water displacement
method by a gas tight gradual cylinder, which was immersed in 0.005 M sulfuric acid
solution to preventing CO2 dissolution. The AC was determined using high
performance liquid chromatograph (Agilent Technologies 1200 Series) equipped with
Aminex HPX-87H column and a refractive index detector. The mobile phase was
0.005M sulfuric acid with a flow rate of 0.4 mL/min. The temperature of the column
and the detector was controlled at 30°C and 35°C, respectively. Injection volume for
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each sample was set at 10 μL. The system was calibrated with a mixture of standard
volatile acids from Agilent. The gas composition in the headspace was measured
using gas chromatography (Agilent Technologies 6890N Network GC System) with
the method described previously [7]. Gas analysis was performed every 24 hours.
Voltage over the resistor was recorded using a multimeter with a data acquisition
system (2700, Keithley) to calculate the current [7].
The MEC performance was evaluated based on the net hydrogen recovery,
current density, cathodic hydrogen recovery, EE based on input electricity, HY based
on consumed acetate, and hydrogen consumption rate. These parameters were
calculated as follows: Net hydrogen recovery = the amount of hydrogen detected
through gas collection device; Current density = I/Aanode, where I is the measured
current and Aanode is the anode surface area; Cathodic hydrogen recovery =
ehydrogen/ecurrent, where ehydrogen is the total electrons available in net hydrogen recovery
and ecurrent is the total electrons available in measured current for a certain period of
time; EE based on input electricity = Whydrogen/(ecurrent*Eap), where Whydrogen is the heat
of combustion of the recovered hydrogen, Eap is the applied voltage; HY based on
consumed acetate = ehydrogen/(nacetate*8), nacetate is the moles of acetate being consumed
and 8 is the moles of electrons donated per mole of acetate through complete
oxidation. Hydrogen consumption rate = (ecurrent - ehydrogen)/(2F*V*t), where, 2 is the
moles of electrons per mole of hydrogen, F is the Faraday’s constant, V is the liquid
phase volume and t is the time.
4.2.4 Response surface regression analysis
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Collected hydrogen consumption rate data under various HPPs and ACs were
imported to an open source modeling program (Eureqa 1.24.0,
https://www.nutonian.com). Variables were prepared with 70% smoothness and
normalized scale and offset, which were subtracted by mean and divided by standard
deviation. Hydrogen consumption rate was as the function of HPP and AC. The
acquired mathematical description was further imported in RStudio to generate the
response surface figure using packages ggpplot2 and plot3D (RStudio 1.0.153,
https://www.rstudio.com).
4.2.5 Microbial community analysis
Cathodic biofilm, planktonic cells, and anodic biofilm samples were collected
after 1000 hour’s operation. DNA was extracted using the DNeasy Blood & Tissue
Kit (Qiagen). Concentration and quality of the extracted samples were determined by
a NanoDrop Microvolume Spectrophotometer (Wilmington, DE, USA). 16S rRNA
gene V3-V4 region was amplified with primers containing a linker sequence, an 8 bp
index sequence, and universal primers [108]. AMPure XT beads (Beckman Coulter
Genomics, Danvers, MA, USA) were used to clean and purify amplicon pools. An
Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, US) was used to
check the size and quality of the amplicon library. Standard Illumina sequencing
method was used to sequence the amplicon library on the MiSeq platform (Illumina,
San Diego, CA, US). Image analysis, base calling, and data quality assessment were
performed on the MiSeq instrument.
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Raw sequencing results were prepared using QIIME (2.7.0). Sequences were
demultiplexed and the 8 bp barcode sequences were removed. An average phred
quality of 20 was used to filter the sequence reads for initial quality pre-processing.
Taxonomic assignment was conducted using Ribosomal Database Project (RDP)
Naïve Bayesian Classifier on Greengene database. Sequences of representative taxa
were deposited in the NCBI sequence reach archive under the following accession
number MH141223-MH141227.
4.3 Results and discussion
4.3.1 Effect of HPP and AC on hydrogen recovery
The MECs were operated for five consecutive batches to study the effect of
HPP and AC on net hydrogen recovery and cathodic hydrogen recovery. For the first
two batches, HPP increased as the hydrogen was continuously produced through
MEC process (Figure 4.1A). For the third to fifth batches, the HPP were adjusted
during the batch operation. The sharp decreases were the result of purging reactor
headspace with pure nitrogen. ACs were 50 or 100 mM initially and continuously
consumed by exoelectrogens (Figure 4.1B). Net hydrogen recovery and cathodic
hydrogen recovery responses were measured to investigate hydrogen consumption by
hydrogen scavengers (Figure 4.1C and 4.1D). In the first batch, hydrogen production
increased HPP to 43±3 kPa with net hydrogen recovery of 137±8 mL, which was
20.3% of the theoretical maximum hydrogen recovery from 50 mM acetate. At the
end of batch as net hydrogen production zeroed out, 26.7±2.2 mM acetate was not
utilized due to acetate consumption reached an equilibrium with acetate production.
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Considering the unused acetate, the net hydrogen recovery was only 43.8% of the
maximum hydrogen recovery from the consumed acetate. Cathodic hydrogen
recovery sharply decreased from 91±13% at 0h to 5±8% at 93h, indicating that
electrochemically produced hydrogen was actively consumed. In the second batch,
acetate dosage was increased from 50 to 100 mM and no significant changes on net
hydrogen and cathodic hydrogen recovery were noted. Acetate consumption was
26.2±0.1 mM, which was also similar as the consumption in the previous batch. In the
third and fourth batches, the net hydrogen recoveries increased to 211±1 mL and
187±72 mL, respectively, due to the reduced HPP caused by headspace purging. The
cathodic hydrogen recovery also exhibited immediate increases as HPP decreased. In
the fifth batch, it was confirmed that increase of AC had very limited effect on
hydrogen recovery but reducing HPP would trigger immediate enhancement on net
hydrogen and cathodic hydrogen recovery. Cathodic hydrogen recovery also
decreased from batch to batch, which was possibly the result of extended batch
duration that led to more growth of homoacetogens. Current density was maintained
at relatively stable level throughout the whole operation without sharp increase or
decrease of current density in a typical batch pattern (Figure S4.1).

52

53

Figure 4.1. A) HPP (kPa), B) AC (mM) C) Net hydrogen recovery and D)
Cathodic hydrogen recovery (CHR) changes within each batch. Dashed lines
indicate medium solution being replaced when biogas production stopped.
Arrows indicate HPP was artificially reduced or AC was increased. Error bars
represents standard deviations based on measurements from duplicate MECs.
To further derive a quantitative clarification of the dependency of hydrogen
consumption on AC and HPP, additional data was collected from further operation of
the MECs. Hydrogen consumption rate was measured with the HPP ranging from 2 to
43 kPa and AC ranging from 15 to 100 mM (Figure S4.2). The response surface
regression analysis of the dependency of hydrogen consumption rate on HPP and AC
was acquired using the collected data (Figure 4.2). As HPP increased from 0 to 40
kPa, the simulated hydrogen consumption rate increased from 0 to over 2.5 L/L/D,
nearly proportional to the change of HPP. Compared with the effect of HPP,
hydrogen consumption rate was not decreased by the increase of AC within the tested
range. A fluctuation of simulated HCR was observed at HPP from 16 kPa to 24 kPa,
which was possibly biased result due to the limited sample size.
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Figure 4.2. Response surface regression analysis of the dependency of hydrogen
consumption rate (HCR) by hydrogen scavengers on HPP ranging from 0-40
kPa and AC ranging from 0-100 mM.
There are two processes that might contribute to the improved hydrogen
recovery when HPP was reduced: enhanced cathodic hydrogen production and
reduced hydrogen consumption. The reduction in HPP could reduce the dissolved
hydrogen concentration and minimize the hydrogen bubble trapping on the cathode
surface, improving the electrochemical performance [15]. However, the constant
current density obtained in this study suggested that it was rather unlikely that
reduced HPP facilitated cathode performance and the improved hydrogen production
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was mainly due to the reduced hydrogen consumption by hydrogen scavengers.
Hydrogen is needed for homoacetogenesis and the reduced HPP could limit the
consumption of dissolved hydrogen by homoacetogens. The dissolved hydrogen
concentration was greatly affected by HPP, resulting an order of magnitude change
from low to high HPPs. At 2 kPa of HPP, the dissolved hydrogen concentration was
calculated as only 0.016 mM under equilibrium. When HPP was 40 kPa, the
dissolved hydrogen concentration was significantly increased to 0.308 mM under
equilibrium.
Acetate was used as the substrate for exoelectrogens on anode. It’s therefore
reasonable to expect that AC would affect the MEC performance. However, the
constant current density suggests that exoelectrogenic activity was not significantly
affected within the tested AC, which is supported by previous microbial fuel cell
(MFC) studies that current density followed the Monod equation and was plateaued
when the AC was higher than 13.3 mM [58]. On the other hand, acetate was the
product for homoacetogens using hydrogen and carbon dioxide as substrates. Wong et
al. (2014) reported that acetate could generate negative feedback against dark
fermentation [109]. Since the transition of acetyl phosphate into acetate was shared
between the homoacetogenesis and acetogenesis [110]. It was reasonable to speculate
the inhibitory effect from acetate against homoacetogenesis. However, in this study,
AC change did not exhibit a conclusive effect on hydrogen consumption rate within
the tested range, possibly due to that the tested range did not reach the concentration
threshold causing inhibition. Such finding was in agreement with a previous study
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that up to 117 mM acetate did not inhibit hydrogen consumption in an acetate
producing reactor using pure Clostridium spp. [111].
Hydrogen consumption rate simulated in this study reached as high as 3.0
L/L/D, which fell into the same order of magnitude that reported by peer studies
about homoacetogenic hydrogen consumption rate [12, 112]. Compared to the
maximum hydrogen production rate we could achieve based on the current density
(2.0 L/L/D), the hydrogen consumption could counteract the hydrogen production to
lower hydrogen recovery performance. Moreover, within the simulated HPP range (0100 kPa), hydrogen consumption increased proportionally to the increase of HPP,
indicating that as HPP continue to increase, hydrogen consumption could be further
be aggravated. As no effective inhibition method against homoacetogens has been
developed, the critical role of HPP should be taken seriously to optimize hydrogen
recovery. Lu et al. (2016) actively reduced HPP by coating a hydrophobic membrane
on cathode surface as well as creating a vacuum condition and demonstrated
enhanced electrochemical performance along with enhanced hydrogen recovery rate
[15].
4.3.2 Effect of HPP on HY and EE
Being aware of the significance of HPP in hydrogen consumption, the effects
of HPP on HY (based on consumed acetate) and EE (based on input electricity) were
investigated (Figure 4.3). HY ranged from 79.3% to 87.0% when HPP was below
20.4 kPa. Further increase of HPP from 20.4 kPa to 34.3 kPa, however, resulted in the
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decrease of HY from 87.0% to 66.1% (Figure 4.3A). The EE decreased from 159.8%
to 48.3% proportionally with the increase of HPP from 6.8 to 34.3 kPa (Figure 4.3B).
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Figure 4.3. The effects of HPP on A) HY (based on consumed acetate) and B) EE
(based on input electricity). Error bars represents standard deviation based on
measurements from duplicate MECs.
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The HY of 79.3% to 87.0% maintained at HPP of less than 20 kPa was in
agreement with the HY acquired in previous studies without hydrogen scavengers [8].
Lee et al. (2009) also reported that even with hydrogen production-consumption loop
observed, the loss on HY could be very minimal [99]. These studies suggest that HY
was not necessarily impaired even in the presence of hydrogen productionconsumption loop, possibly due to the limited hydrogen consumption for cell
synthesis at low HPP. This is also supported by a simulation of Gibbs free energy
change in homoacetogenesis that 20 kPa of HPP was determined as the critical point
for the reaction to occur spontaneously [12]. At lower HPP, the cell synthesis was
hindered due to very limited energy available. However, as HPP increased from 20.4
kPa to 34.3 kPa, the hydrogen consumption rate was boosted as well, which resulted
in significant losses on HY. Such significant losses on HY were in line with the
previous report by Ruiz et al. (2013), in which they identified the electron sink to be
cell growth [13]. In this study, we also observed very evident cell growth in the
solution as well as on the surface of the cathode although they were not quantified.
These results suggest that the controversial conclusions drew by Lee and Rittmann
(2009) and Ruiz et al. (2013) could potentially be ascribed to the difference on HPP,
although the HPP was not specified in their studies [11, 13].
The input electricity loss was characterized as relatively proportional to the
increase of HPP. As demonstrated in the previous session, increasing HPP
significantly increased hydrogen consumption rate, which in turn led to boosted
consumption of input electricity as well. An applied voltage of 1.0V was used in this
case to optimize electrochemical performance. A lowered applied voltage could

59

mitigate the impaired EE through lowering energy loss due to internal resistance, but
the electrochemical hydrogen production rate would be hindered as well. One of the
major merits of the membrane-less single chamber design was the greatly reduced
energy loss through lowered internal resistance [8]. However, the energy loss through
hydrogen scavenging could be the dominant portion instead of internal resistance in
single chamber MECs. Thus, the cost-effective and electrochemically superior single
chamber design might give its way to the double chamber design due to the greatly
reduced EE unless an efficient method for mitigating the loop is developed.
4.3.3 Revealing the dominant hydrogen scavenger through microbial community
characterization.
In order to identify the dominant hydrogen scavenger, cathodic biofilms,
planktonic cells, and anodic biofilms from duplicate MECs were sampled for
microbial community characterization using 16S rRNA gene sequencing analysis
after over 1000 hours’ operation. Phylogenetic comparison was performed among the
cathodic biofilms, planktonic cells, and anodic biofilms from both samples by
assigning qualified OTUs to known genus and the average relative abundance of each
genus was shown in Figure 4.4. Among the identified genus, Acetobacterium spp.
was the most abundant species in both cathodic biofilms and planktonic cells,
accounting for 62.0% and 48.9%, respectively. Its presence was also observed in the
anodic biofilms with an abundance of 8.1%. The anodic biofilm was dominated by
Geobacter spp. with an abundance of 50.9%. Geobacter spp. was also found in
planktonic cells and cathodic biofilms with abundances of 13.3% and 1.6%,

60

respectively. Other genus, including Paludibacter spp. and Bacteroides spp., did not
demonstrate significant difference in abundance among all three communities and
they may play a syntrophic role in cell debris degradation instead of hydrogen
scavenging [113-115].

100%

Other

90%

Sphaerochaeta
Acinetobacter

Relative abundance of genus

80%
70%

Helicobacteraceae_Unknown
genus
Geobacter

60%

RFN20
Tissierella Soehngenia

50%

Pseudoramibacter

40%

Acetobacterium

30%

Tindallia Anoxynatronum
Paludibacter

20%

Bacteroides

10%

Bacteroidales_Unknown genus
Unassigned

0%
Cathodic bioflim

Planktonic cells

Anodic biofilm

Figure 4.4. Relative abundance of genus in cathodic, planktonic and anodic
microbial communities. Genera with less than 1% of relative abundance were
classified into others
Acetobacterium spp. is the well-known homoacetogenic bacteria capable of
oxidizing hydrogen and fermenting monosaccharide to acetate [116]. Its dominance
in cathodic biofilms and planktonic cells provided a strong evidence that
homoacetogenesis was the dominant process in hydrogen consumption. In
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methanogenesis dominant single chamber MECs, Acetobacterium spp. was also
identified in the cathodic biofilm to scavenge hydrogen originated from cathodic
surface [117]. In addition to homoacetogenesis, homoacetogens could also be a
critical syntrophic player in anodic community. Acetoanaetobium spp. was observed
by Lesnik and Liu (2014) in the anodic communities of acetate-fed MFCs, possibly
involved with acetate production via dark fermentation for exoelectrogens [118].
Catal et al. (2017) reported hydrogen generation was associated with anodic biofilm
formation, also indicating the possible presence of dark fermentation of cell debris
[119]. In this study, as 8.1% of Acetobacterium spp. was characterized in the anodic
community, where local hydrogen concentration could be low, homoacetogens was
possibly also involved in the syntrophic interaction through scavenging cell debris
into acetate for exoelectrogens.
Geobacter spp. was dominant in many anodic communities as the core
exoelectrogenic bacteria for current generation from organic matters [118]. Geobacter
sulfurreducens was also reported to be capable of oxidizing hydrogen for current
generation in the absence of acetate [35]. Although it's possible that the Geobacter
spp. is also capable of consuming hydrogen, we speculate that hydrogen consumption
by Geobacter spp. was not a key process in this study due to the high acetate but low
hydrogen concentrations on the anode surface. Furthermore, our previous study using
an exoelectrogenic culture originated from the same MECs achieved a high CHR
(~90%), suggesting that hydrogen consumption by the exoelectrogenic biofilm is
minimal when Acetobacterium spp. is not present [7]. The presence of Geobacter spp.
in planktonic cells (13.3%) was also noted in this study. However, Geobacter spp.
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typically requires direct electrochemical contact with electrode to donate the electrons
no matter using acetate or hydrogen as electron donors [120]. Therefore, the
Geobacter spp. in this study were possibly detected as cell debris since no feasible
electron acceptor or contact with electrode was accessible for exoelectrogens in
planktonic cells.
4.4 Conclusion
Hydrogen scavengers coupled with bioelectrochemical hydrogen production
through MEC process formed a hydrogen production-consumption loop, which
significantly hindered the hydrogen recovery. HPP was determined as a critical factor
while AC within the tested range had no obvious effect on hydrogen consumption.
Within the range of 0-40 kPa, hydrogen consumption rate was simulated as
proportional to the increase of HPP. HY was not affected at lower HPP (below 20
kPa), but drastically impaired with over 20 kPa of HPP. EE loss was relatively
proportional to the increase of HPP. Thus, HPP needed to be minimized to gain
optimized hydrogen recovery. Microbial community analysis revealed
Acetobacterium spp. dominated cathodic biofilm and planktonic cells as the
homoacetogenic hydrogen scavenger. Further investigation on inhibition methods
against homoacetogens is warranted to improve hydrogen recovery in single chamber
MECs.
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4.6 Supplementary information
4.6.1 The effect of homoacetogenesis on current generation
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Figure S4.1. Current density was maintained at a relatively stable level
throughout the operation. Data shown was from a representative MEC and test was
done in duplicate.
4.6.2 Data collection and processing for response surface regression analysis
To acquire additional data for the response surface regression analysis,
hydrogen consumption rate was measured with the HPP ranging from 2 to 43 kPa and
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AC ranging from 15 to 100 mM (Figure S1). Each hydrogen consumption rate data
point corresponded to an HPP and an AC. By fitting the collected data to a regression
analysis program (Eureqa), a mathematical description of hydrogen consumption rate
as the function of HPP and AC was acquired as follows:

Hydrogen consumption rate =
0.299831116039383 + 0.0050310945881239 * CA + 0.00012688967194445 * PH * CA
+ 0.000179640747293276 * PH^2 + 0.397295958450346 * cos(1.18613466976484 *
cos(0.0904826828468556*PH)) - 0.137511528318049/cos(cos(1.18613466976484 *
cos(0.0904826828468556 * PH))) + 0.439901687924181 * cos(0.0904826828468556
* PH) * cos(cos(1.18613466976484 * cos(0.0904826828468556 * PH))) 0.816497063323778 * cos(0.0904826828468556*PH)
Where
CA - AC (mM)
PH – HPP (kPa)
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Figure S4.2. Measured hydrogen consumption rate under various A) HPPs (kPa)
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Abstract: The presence of homoacetogenesis and hydrogen production-consumption
loop significantly hinders the efficient hydrogen recovery in single chamber microbial
electrolysis cells (MECs). However, no effective inhibition method has been
proposed against homoacetogens hitherto. In this study, we demonstrated the
effectiveness of chloroform as a homoacetogen inhibitor in MECs. In small MECs
(320 mL) operated in batch mode, chloroform with concentrations of 0.02% (v/v) and
0.03% (v/v) ceased homoacetogenesis with non-fermentable substrate (acetate),
enhancing HY and cathodic hydrogen recovery from 21% and 14% to 94% and 90%,
respectively. Electrochemical performance was not significantly affected as current
density (based on anode surface area) only decreased from 18 A/m2 to 13 A/m2 with
chloroform concentration increased from 0% (v/v) to 0.03% (v/v). However, when
using a fermentable substrate (glucose), the inhibition against homoacetogens by
0.01% (v/v) chloroform led to a significant decrease in current density possibly due to
the decreased production of acetate, which reduced the substrate concentration for
exoelectrogenesis. Nevertheless, in a larger MEC (10 L), using an immobilized
sludge culture and higher glucose concentration (56 mM), 0.02% (v/v) chloroform
enhanced hydrogen production rate from 0 L/L/D to 4.9 L/L/D and current density
from 12-16 A/m2 to 18-21 A/m2. Microbial community analysis revealed that the
amount of homoacetogenic Acetobacterium spp. was eliminated in the cathodic
biofilms and planktonic cells by chloroform. Future improvement of this method,
through reducing the residual chloroform concentration and developing more
environment-friendly inhibitor using similar mechanisms, may lead to the practical
application in MECs.
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5.1 Introduction
As global interest in hydrogen production continues to rise, hydrogen production
using microbial electrolysis cells (MECs) is reckoned as a promising technology [7,
33, 121, 122]. Compared to conventional hydrogen production methods, more
varieties of substrates could be utilized by the mixed consortia in MECs to produce
hydrogen in a more efficient manner [24, 55, 80, 123]. Among them,
monosaccharides and volatile fatty acids (VFAs) are the significant carbon sources in
wastewater or lignocellulosic hydrolysate [53, 54]. Certain VFAs, such as acetate, can
be directly utilized by exoelectrogens, such as Geobacter metallireducens, to generate
electrons extracellularly and achieve complete oxidation [37]. Monosaccharide
utilization requires both dark fermentation and exoelectrogenesis to achieve high
recovery of electrons from substrate to hydrogen [24, 55].
Among the various MEC designs, the membrane-less single chamber MEC
configuration exhibits great potential towards practical application due to its
advantages on electrochemical performance and capital cost [7, 121]. However, the
superior single chamber design made the produced hydrogen vulnerable to
hydrogenotrophic methanogens and low hydrogen yield has been reported due to the
presence of methanogens when using mixed bacterial cultures [7, 24]. In “kicking the
elephant out of the room”, efforts have been made to inhibit methanogenesis and
various effective methods have been reported [14, 15, 17, 26, 124].
However, with the elimination of methanogens, homoacetogens thrived to
consume the produced hydrogen for acetate synthesis as recently discovered in single
chamber MECs [13, 99]. The homoacetogenic hydrogen consumption combining
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with the hydrogen generation through MECs resulted in a hydrogen productionconsumption loop [13, 99]. Such loop significantly impaired hydrogen yield and
energy efficiency through internal recycle of hydrogen and electrons, threatening the
practical application of MECs for hydrogen production [16]. However, no effective
inhibition methods against homoacetogens or homoacetogenic activities in MECs has
been proposed hitherto. Meanwhile, in the dark fermentation process, though efforts
have been made to mitigate hydrogen consumption through various undesired
hydrogen sinks, limited effectiveness was achieved in eliminating homoacetogenesis
[57].
Chloroform is well known as a classic methanogen inhibitor in multiple
biohydrogen production processes [10, 26, 94, 95]. Previous studies indicated that
chloroform could have negative impact on homoacetogenesis. Scholten et al. (2000)
reported that in freshwater sediment, chloroform (20 and 50 µM) possibly inhibited
various biological processes involved with acetyl-CoA cleavage, which was critical in
homoacetogenesis [96]. Xu et al. (2010) reported that 0.05% (v/v) chloroform
enhanced hydrogen recovery and decreased acetate concentration in anaerobic sludge
digestion compared to 2-bromoethanesulfonate (BES), which could also be the result
of inhibition against homoacetogenesis [10]. However, it still remains unknown that
if chloroform could achieve complete blockage of homoacetogenesis. Also, the
threshold and duration of effective inhibition has not been investigated. Furthermore,
the successful application of chloroform as a homoacetogen inhibitor requires limited
negative impact on desired microbial species. Zhang et al. (2016) applied 0.5% (v/v)
chloroform in single chamber MECs as methanogen inhibitor and no decreased
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electrochemical performance was observed [26]. Peer studies also demonstrated
limited inhibitory effects from low concentration chloroform (<0.05% v/v) against
dark fermentation [94, 97, 98]. Thus, chloroform could be a specific homoacetogen
inhibitor in single chamber MECs but its effectiveness has not been investigated
The main aim of this study was to investigate the effectiveness of chloroform as
a homoacetogen inhibitor in single chamber MECs with different reactor sizes,
substrates, initial bacterial cultures and operational modes. We investigated the effect
of various chloroform concentrations on ceasing homoacetogenic hydrogen
consumption and its impact on exoelectrogenesis and substrate (acetate and glucose)
utilization. Microbial community analysis was also conducted to reveal the impact of
chloroform on homoacetogens and exoelectrogens as well as on the syntrophy
between the fermentative bacteria and exoelectrogens.
5.2 Materials and methods
5.2.1

Reactor construction

Single chamber small MECs and a 10 litter MEC were constructed to investigate
the effect of chloroform on homoacetogenesis. The small MECs were made from
narrow mouth media bottles sealed with butyl septum topped caps (VWR
International, LLC). Each reactor has a total volume of 320 mL, with a liquid volume
of 100 mL and a gas volume of 220 mL. The cathode was fabricated using the
procedure reported previously with a projected surface area of 10 cm2 [7]. The anode
was plain carbon cloth (Type-B, fuelcellearth.com) with a projected surface area of
10 cm2. The electrodes were placed facing toward each other. Both electrodes were
connected to power supply using titanium wires and separated by a layer of J-cloth
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(First Brands Corporation, USA) to prevent short-circuit. To study the effect of
chloroform on fermentative bacteria alone, fermentation bottles were used and made
from glass serum bottles with 50 mL of liquid phase and 70 mL of gas phase. The
reactors were sealed with butyl septum and aluminium crimp seals (VWR
International, LLC).
The larger MEC was made from acrylic plastic with a depth of 10 cm, a width of
10 cm and a height of 100 cm, corresponding to a volume of 10 L as described in our
unpublished manuscript. The cathode was fabricated using the procedure reported
previously [7] but the platinum-carbon black mixture was substituted with a MoP
catalyst (2.5 mg/cm2) [44], with a projected surface area of 600 cm2. The anode was
plain carbon cloth (Type-B, fuelcellearth.com) with a projected surface area of 600
cm2. Each cathode was paired with six pieces of anode to form one electrode
assembly. The total electrode assembly number was five, corresponding to a cathode
surface area to volume ratio of 30 m2/m3. Immobilized fermentative bacteria beads
using anaerobic digester sludge (Gresham, OR) as inoculum of 200 mL were
prepared according to the procedure published previously and placed at the bottom of
the reactor (close to influent inlet) [125].
5.2.2

Reactor inoculation and operation

Biofilms were scrapped from the anodes of MECs that had been operated for 6
months and spread to the plain carbon cloth anodes of the small MECs. The medium
solution contained 75 mM sodium acetate or 28 mM glucose as substrate, 200 mM
sodium phosphate buffer, and necessary minerals and vitamins as reported previously
[7]. Small MECs were operated in duplicate to investigate the effects of chloroform
73

on homoacetogens and exoelectrogens with acetate as substrate and MECs’
headspace was purged with nitrogen gas to achieve anaerobic condition. When biogas
production levelled off, solution was replaced with the fresh growth medium.
Chloroform concentration of 0%, 0.005%, 0.01%, 0.02% and 0.03% (v/v) were dosed
sequentially at the beginning of each batch. MECs were operated for at least two
consecutive batches at each chloroform concentration to acquire stabilized
performance. The duration of effectiveness using chloroform against homoacetogens
was examined using duplicate MECs as well. After operating with 0.02% (v/v)
chloroform, growth medium was replaced with fresh medium without chloroform to
test the recovery of homoacetogenesis. Furthermore, to examine the effect of
chloroform on the monosaccharide utilization with the syntrophy between fermenters
and exoelectrogens, additional two MECs fed with glucose were dosed with 0.01%
(v/v) chloroform at the beginning of each batch and operated for five consecutive
batches.
The fermentation bottles were inoculated with reactor effluent from glucose-fed
MECs. The medium solution used was the same as that in glucose-fed MECs,
containing 28 mM glucose as substrate. Duplicate reactors were operated and purged
with nitrogen gas to achieve anaerobic condition. When biogas production levelled
off, solution was replaced with fresh growth medium. For the first batch, no
chloroform was dosed to examine the effect of homoacetogenesis on hydrogen
production as a negative control group. Starting from the second batch, 0.01% (v/v)
chloroform was dosed for five consecutive batches to examine the impact of
chloroform on fermentative bacteria alone.
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The 10 L MEC was inoculated using the same method mentioned above and
operated to examine the effectiveness of chloroform against homoacetogenesis in a
large scale reactor. The 10 L MEC was operated with an HRT of 24 hour and a
medium solution containing 56 mM glucose, 200 mM sodium phosphate buffer, and
necessary minerals and vitamins as reported previously [7]. Chloroform of 0% (v/v)
and 0.02% (v/v) was dosed into influent and tested sequentially in the 10 L MEC. At
each condition, after steady current and hydrogen generation performance was
reached, the reactor was operated for at least 40 hours to study the effect of
chloroform. All MECs in this study were operated at an applied voltage of 1.0 V and
32 °C. Besides chloroform, no other inhibitor was dosed as chloroform could also
inhibit methanogens.
5.2.3

DNA extraction and microbial community analysis of cathodic biofilms,
planktonic cells and anodic biofilms
Biofilms and planktonic cell samples were collected from both acetate and

glucose fed MECs with and without the dosage of chloroform. Biofilms samples were
collected by vortexing electrodes with glass beads in 10mL fresh medium solution
and centrifuging to acquire the biomass pellets. Planktonic cells samples were
collected by centrifuging 50 mL of reactor effluent. DNA extraction was performed
using E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega Bio-tek, Inc.) following the
protocol suggested by the manufacture. The quality of the DNA extraction was
checked using electrophoresis on an agarose gel.
The 16S rRNA gene V3-V4 region of the DNA samples were amplified with
primers containing a linker sequence, an 8-bp index sequence, and universal primers,
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which were 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’GACTACHVGGGTATCTAATCC-3’). The amplicon library was sequenced
together using standard Illumina sequencing primers for a 250-bp paired-end run (v3)
on the MiSeq platform (Illumina, San Diego, CA, US). Image analysis, base calling,
and data quality assessment were performed on the MiSeq instrument.
QIIME (version 2.7.0) was used to process raw sequencing result. Samples
were demultiplexed and the 8-bp barcode sequences were removed. Sequence reads
that did not have an average Phred quality of 20 were filtered out for initial quality
pre-processing. Taxonomic assignment was conducted using Ribosomal Database
Project (RDP) Naïve Bayesian Classifier on Greengene database. Sequences of the
representative taxa were deposited in the NCBI sequence read archive under the
following accession number MN257436-MN257444.
5.2.4

Analysis and calculations
For the small batch MECs, gas analysis was performed every 24 hours and

conducted using the procedure described previously [16]. Liquid sample analysis was
performed every 24 hours to acquire the volatile fatty acids (VFAs) concentration for
glucose-fed MECs. The VFA analysis was conducted as reported previously [16]. For
the 10 L MECs, gas analysis was performed every 6 hours after reaching steady state
and using the procedure described previously [16]. Voltage over the resistor was
recorded using a multimeter with a data acquisition system (2700, Keithley) to
calculate the current [126]. Hydrogen volume, cathodic hydrogen recovery and
hydrogen yield were calculated according to the previous publication [7]. Chloroform
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concentration was measured using a gas chromatograph (GC) equipped with flame
ionization detector (FID), with helium as carrier gas.
5.3 Results and discussion
5.3.1

Effect of chloroform on homoacetogenic hydrogen consumption and current
generation in small batch MECs
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Figure 5.1. The effect of chloroform on A) hydrogen volume per batch, cathodic
hydrogen recovery and B) maximum current densities in acetate-fed MECs.
Error bars indicate the standard deviations of measurements from duplicate MECs.
Figure 5.1A illustrates the effects of chloroform concentrations of 0-0.03% (v/v)
on hydrogen production and current density. For the no chloroform control, hydrogen
volume and cathodic hydrogen recovery were as low as 144 mL and 14%, indicating
an obvious presence of homoacetogenic hydrogen consumption since no methane was
detected in the biogas. The hydrogen yield at such condition was merely 21% based
on dosed substrate, due to the consumption of hydrogen for acetate production and
cell synthesis for homoacetogens [16]. When the chloroform concentration was
increased to 0.005% (v/v) and 0.01% (v/v), the hydrogen volume (108 and 196 mL)
and cathodic hydrogen recovery (12 and 16%) did not significantly change, indicating
the chloroform at these concentrations was not effective against homoacetogenesis.
However, as chloroform concentration increased to 0.02% (v/v) and 0.03% (v/v),
hydrogen volume and cathodic hydrogen recovery increased to 617-630 mL and 8790%, respectively. Also, the hydrogen yield was enhanced from 21% (no chloroform)
to 94% (0.03% chloroform). Furthermore, though not quantified, significant decrease
of biomass on cathode surface and liquid phase was observed. Homoacetogens are
capable of oxidizing hydrogen for homoacetogenesis through Wood-Ljungdahl
pathway [116]. Chloroform inhibition against acetyl-CoA cleavage, which is a critical
step in Wood-Ljungdahl pathway, was reported by Scholten et al. (2000). A similar
inhibition mechanism could exist in the successful cease of homoacetogenesis in this
study.
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The effects of various chloroform concentrations on electrochemical performance
are illustrated in Figure 5.1B. Compared to the no chloroform control, chloroform at
concentrations of 0.005% (v/v) and 0.01% (v/v) did not affect current density. Further
increasing the chloroform concentration to 0.02% (v/v) and 0.03% (v/v) decreased the
maximum current density to 13 and 12 A/m2, respectively, indicating that higher
chloroform concentrations can partially inhibit exoelectrogenesis. However,
compared to the extent of inhibition against homoacetogenesis, exoelectrogenesis was
less affected at these concentrations, suggesting that the inhibition threshold of
chloroform against exoelectrogenesis is higher than that of homoacetogenesis. The
well-developed anodic mixed-culture biofilm could also provide protection against
microbial stressors [127].
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Figure 5.2. A) Hydrogen volume, cathodic hydrogen recovery and B) current
density changes after removing chloroform in acetate-fed MECs. Dashed lines
indicate 0.02% (v/v) chloroform was removed from the growth medium. The growth
medium was replaced with fresh medium at 165h and 350h. Tests were conducted in
duplicate cells and result from the representative cell was shown.
The duration of effectiveness of using chloroform against homoacetogenesis was
also investigated through removing chloroform from medium solution to see if or
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when homoacetogenesis could recover (Figure 5.2). With the presence of 0.02% (v/v)
chloroform (batch 1), a decreasing trend on cathodic hydrogen recovery from 100%
to 68% could be concluded, although fluctuation existed. Such a decrease was
possibly the result of increased hydrogen partial pressure, which is a critical factor in
homoacetogenic hydrogen consumption [16]. Replacing the medium solution with
fresh growth medium containing no chloroform did not result in immediate revival of
homoacetogenic hydrogen consumption, as cathodic hydrogen recoveries of 94% at
68 hours and 65% at 141 hour were still achieved after the removal of chloroform
(Figure 5.2A). Such findings indicated that a periodic injection of chloroform could
be a viable method, instead of continuous exposure throughout the operation.
However, after 146 hours without chloroform, the cathodic hydrogen recovery as well
as hydrogen volume showed significant impairment due to the recovery of
homoacetogenesis. The constant current generation in the 3rd batch also indicated the
continuous production of acetate, as the result of homoacetogenesis (Figure 5.2B).
5.3.2

Effect of chloroform on the syntrophy between fermentative bacteria and
exoelectrogens
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Figure 5.3. The effects of 0.01% (v/v) chloroform dosage (batch 3-7) on A)
hydrogen volume per batch, cathodic hydrogen recovery, and B) maximum
stabilized current density in glucose-fed MECs. Error bars indicate the standard
deviations of measurements from duplicate MECs.
The effect of chloroform on the performance of the MECs using glucose was
examined to investigate its impact on the syntrophic interaction between fermentative
bacteria and exoelectrogens (Figure 5.3). Prior to the 0.01% (v/v) chloroform dosage,
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hydrogen volume and cathodic hydrogen recovery were recorded as low as 60 mL,
while the theoretical maximum hydrogen production is 753 mL. The low cathodic
hydrogen recovery (7-11%) under such condition served to confirm the presence of
homoacetogenic hydrogen consumption. High acetate concentration was detected
during the operation of batches 1 and 2 (Figure 5.4), which could also be the result of
homoacetogenic hydrogen consumption. Current density under this condition was
able to be maintained at 15-17 A/m2.
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Figure 5.4. The effect of 0.01% (v/v) chloroform dosage (batch 3-7) on
distribution of fermentation end products in the glucose-fed MECs. VFA analysis
was not conducted in the 7th batch as the batch duration was less than 24 hours. Error
bars indicate the standard deviations of measurements from duplicate MECs.
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The continuous dosage of 0.01% (v/v) chloroform from the 3rd batches led to the
increase of cathodic hydrogen recovery from 7% to 56% and hydrogen volume from
60 mL to 254 mL, corresponding to the increased hydrogen yield from 8% to 34%.
VFA analysis for these batches demonstrated acetate concentration decreased from 25
mM to less than 10 mM. Thus, the enhanced hydrogen recovery along with the
decreased acetate concentration confirmed that homoacetogenesis was impaired.
However, the current density continuously decreased from 15.5 A/m2 to 6 A/m2 over
the 3rd to 6th batches, possibly due to exoelectrogenesis was limited by a low substrate
(acetate) concentration [58]. Formate, lactate, propionate and ethanol production
became the dominant the fermentation end products, indicating a shift of fermentative
pathways due to chloroform exposure. In the 7th batch, hydrogen volume drastically
decreased to 94 mL while cathodic hydrogen recovery continued to rise to 81%, as
the result of severely affected current density (2 A/m2). Since 0.01% (v/v) chloroform
already showed inhibitory effect against current density, 0.02% (v/v) and higher
concentration chloroform were not tested in glucose-fed small MECs.
To further confirm the cause of decreased current density, the medium solution
with 28 mM glucose and 0.01% (v/v) chloroform was substituted with fresh medium
solution with 75 mM acetate and no chloroform. Hydrogen volume and current
density were restored immediately to 319 mL and 13 A/m2, respectively, indicating
the previous current density decrease was due to decreased acetate concentration for
exoelectrogens. Cathodic hydrogen recovery decreased from 81% to 62%, indicating
the revival of homoacetogenesis, which was necessary for acetate production through
glucose fermentation using such mixed culture community [57].
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Chloroform inhibition against homoacetogenesis is possibly achieved through
blocking the transition of acetyl-CoA to acetate in Wood-Ljungdahl pathway, which
is catalyzed by phosphate acetyltransferase and acetate kinase [128]. However, such
reaction is also shared in the fermentative production of acetate from
monosaccharides [24, 57]. Thus, the inhibition against the transition of acetyl-CoA to
acetate would not only cease homoacetogenesis, but also lead to decreased acetate
production through fermentation. However, the presence of low concentration acetate
indicated that the inhibition against fermentative acetate production was not as
complete as the inhibition against homoacetogenesis. This is possibly due to the low
concentration of dissolved hydrogen (less than 0.8 mM), which makes
homoacetogenesis more vulnerable to chloroform within the tested concentration
range. Further optimization on adjusting glucose concentration and chloroform
concentration could possibly mitigate the negative impact on fermentative acetate
production while achieving complete inhibition against homoacetogenesis. The
increased concentrations of formate, lactate and propionate were likely the result of
their fermentative production not requiring acetyl-CoA as an intermediate. The
fermentative production of ethanol, which involves acetyl-CoA but is not catalyzed
by acetyltransferase and acetate kinase [129], was increased as it might not be
influenced by chloroform. The effect of chloroform on fermentative bacteria alone
was also examined using fermentation bottles and the conclusion was consistent with
that in glucose-fed MECs (Figure S5.1 and Figure S5.2).
5.3.3

Effect of chloroform on microbial communities of cathodic biofilm, planktonic
cells and anodic biofilm
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Figure 5.5. Taxonomic classification of microbial communities of cathodic
biofilm, planktonic cells and anodic biofilms with chloroform (C) or no
chloroform (N) in acetate-fed MECs.
Samples of cathodic biofilms, planktonic cells and anodic biofilms of acetatefed and glucose-fed small MECs, before and after adding chloroform were collected
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for microbial community analysis. Taxonomic classification was performed by
assigning qualified OTUs to known taxonomical categories. Figure 5.5 demonstrates
the taxonomical classification of cathodic biofilms, planktonic cells and anodic
biofilms in the acetate-fed MECs. Prior to chloroform dosage, Acetobacterium spp.
dominated cathodic biofilms, planktonic cells and anodic biofilms with abundances of
80.9%, 35.3% and 36.4%, respectively. Acetobacterium spp. were reported as
homoacetogens, dominating in the cathodic biofilms and planktonic cells in single
chamber MECs [16]. Eubacterium spp. were consistently the second highest in
abundance in all communities, accounting for 11.3%, 24.0% and 16.0% in cathodic
biofilms, planktonic cells and anodic biofilms. The presence of Eubacterium spp.
were reported previously in the anodic community of an MEC, possibly serving as a
homoacetogen for hydrogen consumption [130]. Desulfovibrio spp. were found in in
planktonic cells and anodic biofilms with abundancy of 16.8% and 11.5%,
respectively, but not in the cathodic biofilms. The pure culture of Desulfovibrio
desulfuricans 27774 was reported to be electroactive [131] and Desulfovibrio spp.
were also found in the anodic community of microbial fuel cells using the same
inoculum in this study [132], indicating they might serve as an exoelectrogen for
current generation. Another notable genus was Tissierella spp., accounting for 7.5%
and 6.3% in planktonic cells and anodic biofilms and it was identified to produce
acetate from complex organic compound in electroactive communities [133].
Geobacter spp. were reported as the dominant exoelectrogen in anodic communities
of microbial electrochemical systems [16, 118]. However, though inoculated using
the same inoculum, the anodic community in this study only had 1.44% of OTUs
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assigned to Geobacter spp..
After operating with 0.02% (v/v) chloroform for multiple batches, cathodic
biofilms and planktonic cells could not be analyzed, as the result of significantly
decreased biomass. In the anodic biofilms, the most significant change caused by
chloroform was the decrease of the abundance of Acetobacterium spp. from 36.4% to
3.0%, serving to confirm the effectiveness of chloroform against homoacetogenesis.
The abundances of other genus increased as the result of decreased abundance of
Acetobacterium spp., but the relative distributions of these genera did not change
significantly. However, the abundance of Eubacterium spp., which were reported as
homoacetogens previously [134] was not negatively affected by chloroform.
Considering the high cathodic hydrogen recovery (90%) achieved with chloroform,
Eubacterium spp. might not contribute to homoacetogenesis in this study.

Cathodic
Biofilm (N)

Anodic
Biofilm (N)

Planktonic
Cells (N)

Anodic
Biofilm (C)

Planktonic
Cells (C)
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Figure 5.6. Taxonomic classification of microbial communities of cathodic
biofilm, planktonic cells and anodic biofilms with chloroform (C) or no
chloroform (N) in glucose-fed MECs.
Figure 5.6 demonstrates the taxonomical classification of cathodic biofilms,
planktonic cells and anodic biofilms in the glucose-fed MECs. Without chloroform,
Eubacaterium spp. were the dominant species in cathodic biofilms, planktonic cells
and anodic biofilms, possibly playing an important role in fermentation of glucose, as
a previous literature reported that Eubacaterium spp. were able to use various sugars
for hydrogen, butyrate, caproate, ethanol, formate and lactate production [135]. The
homoacetogen, Acetobacterium spp. accounted for 21.2% in cathodic biofilms but
only accounted for 2.0% and 1.6% in planktonic cells and anodic biofilms,
respectively. Citrobacter spp., which did not account for a significant portion in
acetate-fed MECs, existed in cathodic biofilms, planktonic cells and anodic biofilms
with abundances of 8.0%, 20.2% and 7.5%, respectively. Citrobacter spp. were
reported to be capable of generating current from a variety of substrates and hydrogen
production from dark fermentation [136, 137]. However, due to its limited current
generation performance (0.06 A/m2) and no access to electrode in planktonic cells,
Citrobacter spp. in this study might function primarily as dark fermentative bacteria.
With the dosage of 0.01% (v/v) chloroform to the glucose-fed MECs, in both
planktonic cells and anodic biofilm, the abundances of Eubacterium spp. were greatly
reduced to 0.7% and 1.4%, respectively. The dominance of Citrobacter spp. was
likely attributed to the versatile fermentation pathways while the Eubacterium spp.
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possibly only generated acetate through fermentation of glucose, which could be
inhibited by chloroform. The abundance and the biological significance of other
genera were relatively similar to that in acetate-fed MECs.
Alpha diversity analysis was also performed on collected samples to reveal
the effect of chloroform on microbial diversity (Table 5.1). As indicated by both ACE
and Chao1, chloroform decreased community richness in both acetate-fed and
glucose-fed MECs, as certain bacteria could not tolerate chloroform exposure.
Simpson and Shannon indicated that chloroform also decreased community diversity
in glucose-fed MECs, as the fermentative bacteria solely producing acetate were
possibly eliminated by chloroform, leading to dominance by Citrobacter spp..
However, community diversity increased in acetate-fed MECs as indicated
consistently by Simpson and Shannon. This was likely the result of eliminating
homoacetogenic Acetobacterium spp., which relatively increased the abundance of
other species. Thus, as indicated by alpha diversity analysis, the negative impact on
hydrogen production in glucose-fed MECs might be neutralized by compensating the
decreases of community richness and diversity through using a more diversified
inoculum.
Table 5.1. Alpha diversity analysis of cathodic biofilms, planktonic cells and
anodic biofilms with/without chloroform.
Substrate

Acetate

Chloroform
No
Yes

Sample

ACE

Chao1

Simpson

Shannon

Cathodic biofilm

899

559

0.66

0.9

Planktonic cells

849

561

0.21

2.18

Anodic biofilm

1191

762

0.18

2.57

Anodic biofilm

644

568

0.08

3.22

90

No
Glucose
Yes

5.3.4

Cathodic biofilm

940

716

0.3

2.01

Planktonic cells

851

594

0.3

2.04

Anodic biofilm

790

543

0.29

2.33

Planktonic cells

233

183

0.7

0.9

Anodic biofilm

348

293

0.67

1.06

Effect of chloroform on hydrogen production and current generation in 10 L
large scale MEC with immobilized fermentative bacteria
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Figure 5.7. The effect of chloroform (0.02%, v/v) on current density and
hydrogen production rate in the 10 L MEC with immobilized fermentative
bacteria beads at steady state. Current density is calculated as the total current over
the total cathode surface area. Hydrogen production rate is calculated as produced
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hydrogen volume per liter reactor volume per day.
To further investigate the effectiveness of chloroform against
homoacetogenesis, the 10 L single chamber membrane-less MEC was operated with
0.02% (v/v) chloroform as compared to no chloroform control (Figure 5.7). In the
attempt to mitigate the negative impact on fermentative acetate production,
immobilized fermentative bacteria beads with a potentially more diversified inoculum
and higher glucose concentration (56 mM) were used in the 10L MEC test. Prior to
the presence of chloroform, no hydrogen could be recovered while current density
was maintained at 12-16 A/m2, indicating the presence of homoacetogenesis. With
the addition of 0.02% (v/v) chloroform, hydrogen production rate significantly
increased to 4.5-5.4 L-H2/L-reactor/day and current density also demonstrated slight
increase from 12-16 A/m2 to 18-21 A/m2. The average hydrogen production rate
acquired in the test (4.9 L-H2/L-volume/day) corresponds to cathodic hydrogen
recovery of 110-129%, based on the lowest and highest current density values.
The over 100% cathodic hydrogen recoveries were due to the contribution of
both dark fermentation and microbial electrochemical process to hydrogen
production. Assuming hydrogen is produced only through the most effective pathway
in dark fermentation (acetate as the end product only), the theoretical maximum
cathodic hydrogen recovery should be 150%, as a maximum of 8 moles of hydrogen
can be generated from electrochemical acetate oxidation and a maximum of 4 moles
of hydrogen can be generated from dark fermentation. Considering that other less
efficient dark fermentative hydrogen production pathways were highly possibly to
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exist, the cathodic hydrogen recovery of 110-129% achieved in this study indicated
that the MEC performance was very efficient and homoacetogenesis was greatly
impaired. In contrast to the previous results of small batch reactors that chloroform
did not lead to enhanced hydrogen recovery performance when using glucose as
substrate, the large MEC containing immobilized fermentative bacteria resulted in
significant enhancement in hydrogen recovery. The fermentative culture in the larger
reactor was originally enriched from an anaerobic digester sludge. The fermentative
bacteria in the glucose-fed small MECs were originated from anodic microbial
community, which was acclimated with acetate as substrate. It’s possible that the
immobilized culture could provide more diverse fermentative species, capable of
fermenting glucose into other consumable VFAs for exoelectrogens. In addition, the
immobilized beads may provide protection for the fermentative bacteria inside the
beads as the result of biofilm formation [127]. Further investigations on microbial
community composition and the effect of chloroform on immobilized fermentative
bacteria are needed.
5.3.5

Outlook for future application
In this study, low concentration chloroform demonstrated great potential in

effectively inhibiting homoacetogenesis in single chamber MECs with mixed
cultures. Chloroform successfully inhibited homoacetogenesis in acetate-fed MECs
but led to starvation of exoelectrogens in glucose-fed MECs within the tested glucose
concentration range. With the increase of substrate concentration, such a starvation
effect could be possibly mitigated. In the 10 L MEC with immobilized fermentative
bacteria beads, the negative impacts on current generation were not identified,
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possibly due to the protection mechanism in immobilized bacteria and more diverse
species that could ferment feasible VFAs for exoelectrogens while tolerate low
concentration chloroform. Thus, further investigation on the effect of chloroform on
microbial community within the immobilized beads and its mechanism is warranted.
Low concentration chloroform is potentially a cost-effective chemical agent (as low
as 0.45 USD per liter) against homoacetogenesis for large scale MEC operation.
Based on the conditions (0.02% (v/v) chloroform, 24h HRT) and hydrogen
production (129% cathodic hydrogen recovery at a volumetric current density of 600
A/m3) in the 10 L MEC, the cost of chloroform would be 0.10 USD per kg H2. Such
cost is realistic in reaching the targeted hydrogen cost, based on the US Department
of Energy’s hydrogen cost goal (2 USD per kg H2). With further improvement of this
method and the optimization of reactor design, using chloroform could be potentially
more economical.
Chloroform is potentially hazard to aqueous systems and its environmental
impact should be further evaluated. In this study, over 85% of chloroform was
removed from the liquid phase by the end of the batch operation in the small MECs
(Figure S5.3), suggesting the possibility of mitigating its environmental impact.
Chloroform could be further removed from aqueous phase through incorporating
reductive dechlorination, which is the degradation of chlorinated compound with the
assistance of a reducing agent. Reductive dechlorination could exist in MECs because
of: 1) The origin inoculum for anodic biofilm, sewage sludge, is capable of
performing reductive dechlorination but with limited reaction rates [138-140]; 2) In
situ generation of hydrogen in MECs could provide ample reducing agent to facilitate
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the reaction rate. Thus, by incorporating and controlling reductive dechlorination in
MECs, such method could be more environment-friendly. On the other hand, this
study could offer a path toward developing/identifying new chemicals using the same
inhibition mechanism but safe to the environment.
5.4 Conclusion
Chloroform with a concentration range from 0% (v/v) to 0.03% (v/v) was
investigated as an inhibitor against homoacetogenic hydrogen consumption in single
chamber MECs operated in batch mode. The results demonstrated 0.02% (v/v) and
0.03% (v/v) chloroform successfully ceased hydrogen production-consumption loop,
improving hydrogen yield and cathodic hydrogen recovery to 94% and 90%,
respectively. The inhibitory effect was more specific against homoacetogenesis, as a
current density of 13 A/m2 was achieved while homoacetogen being effectively
ceased. However, with fermentable substrate (glucose), 0.01% (v/v) chloroform
decreased acetate production from dark fermentation, lowering the substrate
concentration for exoelectrogenesis. Nevertheless, in the 10 L MEC with immobilized
fermentative bacteria beads, hydrogen production rate increased from 0 L/L/D to 4.9
L/L/D and current density increased from 12-16 A/m2 to 18-21 A/m2. Microbial
community analysis indicated that Acetobacterium spp. was nearly eliminated.
Though such method demonstrated great potential in industrial application, further
investigation on the environmental impact and the economic analysis are still needed
to confirm the feasibility of such method.
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5.6 Supplementary information
5.6.1

Effect of chloroform on hydrogen production through dark fermentation
The effects of chloroform on fermentative bacteria alone and the change of

fermentation pathways were further studied using batch fermentation experiments
with the reactor effluent of glucose-fed MEC as inoculum. Prior to the dosage of
0.01% (v/v) chloroform, hydrogen production was merely 0.1 mL, as the result of
homoacetogenic hydrogen consumption (Figure S5.1). Acetate was the dominant
fermentation product (Figure S5.2), which was consistent with the VFA analysis
result in the glucose-fed MECs. After the dosage of 0.01% chloroform, hydrogen
production significantly increased for 3 consecutive batches from 0.1 mL to 19.9 mL,
while acetate still remained as the dominant fermentation end product. However, as
chloroform exposure continued in batch 5 and 6, hydrogen production decreased to
12.5 mL and 8.0 mL, respectively. The concentration of acetate also decreased from
28.1 mM to 17.5 mM and 9.7 mM in batch 5 and 6, respectively. As the concentration
of acetate decreased, the concentrations of formate, lactate and ethanol changed,
which was consistent with the result in the glucose-fed MECs, possibly as the result
of inhibited fermentative acetate production.
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Figure S5.1. The effect of 0.01% (v/v) chloroform on hydrogen volume per batch
in dark fermentation bottles. Error bars indicate the standard deviations of
measurements from duplicate reactors.
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Figure S5.2. The effect of 0.01% (v/v) chloroform on VFA production for each
batch in dark fermentation bottles. Error bars indicate the standard deviations of
measurements from duplicate reactors.
5.6.2

Determination of chloroform concentration in reactor liquid and gas phase
Chloroform is known to be a contaminant in water as a by-product of water

chlorination and might cause extra work in downstream purification processes. It is
critical to determine the concentrations of chloroform in gas and liquid phase. With a
dosage of 0.02% (v/v), which is 20 μL chloroform in 100 mL solution with 220 mL
headspace, the initial concentrations of chloroform in liquid phase and gas phase are
calculated as 1.75 mM and 0.34 mM, respectively. With the continuous biogas
production in a single batch, the concentration of chloroform in liquid phase
decreased and about 85% of chloroform was removed from liquid phase at the end of
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batch (Figure S5.3). The removal of chloroform from liquid phase is possibly through
volatilization, as no derivative of dechlorination was detected using GC-FID. As for
in the gas phase, chloroform incrementally decreased from 0.76% to 0.11% in
recovered biogas, which was a tiny portion compared to other by-product like carbon
dioxide and nitrogen. Thus, majority of chloroform was removed from liquid phase to
contained biogas. With improvement of such method, its environmental impact could
be further mitigated.
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Figure S5.3. Chloroform concentration decrease in reactor gas and liquid phases
within a single batch of operation. Error bars represent standard deviations from
duplicate measurements.
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Abstract: Biological hydrogen production via microbial electrolysis cells (MECs) is
a promising method toward achieving sustainable energy production. Yet hurdles still
exist in the way of hydrogen production from real feedstocks using up-scaled MECs,
including inefficient configurations and the presence of hydrogen scavengers. In this
study, a 10 L single chamber MEC with a high electrode surface area to volume ratio
(66 m2/m3) was constructed with cathodic biofilms enriched as the catalyst for
hydrogen evolution reaction. The 10 L MEC was firstly evaluated with glucose under
organic loading rates (OLRs) of 1.94 g/D, 0.62 g/D and 0.45 g/D. The highest
hydrogen yield was determined to be 83% based on the dosed substrate. To validate
the hydrogen yield using real feedstocks, lignocellulosic hydrolysate was dosed with
an OLR of 0.4 g/D. The hydrogen yield at such a condition was as high as 91% based
on the dosed substrate but the energy efficiency based on the input electricity was
below 62%. The 10 L MEC was then evaluated with drastically increased OLRs
ranging from range of 104.3 g/D to 260.9 g/D using glucose as the substrate. The
highest hydrogen production rate was determined as 32.0 L/L/D. The validation of the
optimal condition using brewery wastewater as the feedstock resulted in a hydrogen
production rate of 33.9 L/L/D. However, the dark fermentation was determined to be
the major contributor at such conditions. Microbial community analysis revealed that
methanogens and homoacetogens existed during the enrichment phase, as no
inhibitory method was applied. The dosage of 0.02% (v/v) chloroform successfully
eliminated the hydrogen scavengers. Enterococcus spp. was the dominant species
possibly functioning as the electroactive bacteria in both cathodic and anodic
communities.
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6.1 Introduction
Biological hydrogen production from renewable feedstocks is a promising
method toward achieving sustainable energy production [141-143]. However,
limitations have been revealed in conventional biological hydrogen production
methods. Photo-microbial water splitting and photo fermentation, are limited by the
low hydrogen production rate and the high dependence on light source [3, 5]. Dark
fermentation produces hydrogen in a rapid manner without the assist of light, yet
hindered by the low hydrogen yield of generally 0.8-1 mol H2/mol hexose with the
majority of energy trapped in the leftover volatile fatty acids (VFAs) [6]. The
microbial electrolysis cell (MEC) was introduced as a novel method for the biological
production of hydrogen, capable of achieving a higher hydrogen production rate
and/or a higher hydrogen yield compared the conventional biological hydrogen
production methods [21, 64]. The efficient production of hydrogen via MECs is
attributed to the coupling of the electrochemical hydrogen evolution reaction (HER)
with the biological degradation of volatile fatty acids (VFAs), which serve as the
direct substrates for exoelectrogens [8, 20, 21, 37]. However, the organics in various
promising renewable feedstocks, such as hydrolyzed lignocellulosic biomass and
organic wastewater, is constituted mostly by monosaccharides, which cannot be
directly consumed by exoelectrogens in MECs [53, 54]. The degradation of
monosaccharides requires the assist from dark fermentation process, which converts
monosaccharides into VFAs along with hydrogen production [6]. Sequentially, the
fermentation end products VFAs could be further degraded by exoelectrogens to
achieve efficient hydrogen production via MECs.
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However, the successful practical application of MECs is still challenged by
its scalability, as peer studies on scaling up MECs reveal that hurdles still exist in the
way of using MECs for hydrogen production from real feedstocks [27-34]. In a
previous study, a 30 L double chamber MEC with stainless steel wool cathode was
constructed to produce hydrogen from municipal wastewater in a zig-zag flow and a
low hydrogen production rate of 0.003 L/L/D was observed [28]. The scaling-ups of
the similar design to 100, 120, 130 and 175 L demonstrated consistent hydrogen
production rates of 0.003-0.03 L/L/D [27-29, 32], indicating the hydrogen production
performance was still limited. The low production rates could be attributed to the use
of the inefficient reactor configuration and the ordinary electrode materials, which
resulted in limited electrochemical performance. Modified electrode materials, like
nickel decorated carbon paper, were used as cathodes in a 4 L single chamber MEC
and a 10 L double chamber MEC with slightly improved hydrogen production rates
of 0.02 L/L/D and 0.05 L/L/D, respectively [31, 34]. Cusick et al. (2011) constructed
and tested a 1000 L single chamber MEC fed with winery wastewater, demonstrating
hydrogen production rate of 0.11 L/L/D, yet with an even higher methane production
rate of 0.25 L/L/D [30]. In a 4 L double chamber MEC fed with saline wastewater,
which could offer significantly reduced internal resistance compared to municipal
wastewater, demonstrated improved hydrogen production rate of 0.9 L/L/D [33].
Thus, it could be concluded that the causes of the low hydrogen production rates
could be attributed to: 1) the limited electrochemical performance due to the
inefficient configuration and electrode materials, and 2) the presence of hydrogen
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scavengers, hindering the further practical application of MECs in sustainable energy
production and wastewater treatment processes.
Improvements on hydrogen production in MECs could be potentially achieved
without significantly increasing the cost and operation difficulty. Biocathode is a
promising alternative to the abiotic cathodes, which showed either significantly
increased cost or comprised performance in up-scaled MECs [47, 49, 50]. The
electroactive bacteria serve as the catalyst on biocathodes by accepting electrons
extracellularly to reduce protons into hydrogen [48]. Unlike the abiotic cathodes, the
enrichment of cathodic biofilm is potentially as spontaneous as the enrichment of
anodic biofilm, without the complicated fabrication process, making biocathodes
ideal for up-scaled MECs. However, no up-scaled MEC (> 1L) has been constructed
using a biocathode. In addition, as indicated by previous studies, the internal
resistance in up-scaled MECs is in need of minimization to enhance the
electrochemical performance. Improvements could also be made on the design
aspects to achieve the reduced internal resistance. While the existing designs of the
up-scaled MECs mostly implemented the double chamber configuration, the
membrane-less single chamber design could offer superior electrochemical
performance along with the reduced capital cost [7, 8]. Also, the previous constructed
MECs had rather insufficient usage of the reactor vessel space, with relatively low
electrode surface area to volume ratios of below 30 m2/m3. However, it was
demonstrated by previous studies that reduced electrode distance and compact
electrode configuration could enhance the electrochemical performance of
bioelectrochemical systems [69, 144]. Also, the complete utilization of reactor space
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could further decrease the capital cost per unit of hydrogen production, compared to
the designs with low electrode surface area to volume ratios. Thus, the examination of
hydrogen production via large MECs with features of biocathodes, single chamber
configuration, and compact electrode assembly is warranted to facilitate the industrial
application of MECs.
In this study, a 10 L single chamber MEC with stacked electrodes was
constructed with a high electrode surface area to volume ratio of 66 m2/m3.
Electroactive cathodic biofilm was enriched as the catalyst for biocathodes. The 10 L
MEC was evaluated using glucose as substrate for the optimal hydrogen yield and
optimal hydrogen production rate. The condition for the highest hydrogen yield was
validated using real lignocellulosic hydrolysate. The condition for the highest
hydrogen production rate was validated using both real lignocellulosic hydrolysate
and real brewery wastewater. Microbial community analysis was also conducted to
reveal the microbial community compositions of both anodes and cathodes.
6.2 Materials and methods
6.2.1 Reactor design and construction
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Figure 6.1. Schematic of A) Reactor diagram, B) Biocathode assembly and C)
Bioanode assembly.
The reactor vessel was constructed using acrylic plastic in a cubic shape with
width of 10 cm, depth of 10 cm and height of 100 cm (Figure 6.1A). The influent port
was placed at the bottom of the vessel, to achieve a uniform distribution of water,
while the effluent port was placed at 5 cm away from the top of the vessel, also
serving as the liquid level control. The gas collection and sampling port was placed
on the very top of the vessel. Three liquid sampling ports were placed on the front
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panel with distances to the bottom of 71.4 cm, 43.2 cm and 20.3 cm. The reactor
vessel was connected to a recycle vessel through another two ports, with one on the
top as an effluent port while the other one was at the bottom as an influent port. The
recycle vessel was modified from a 3 L bioreactor (Applikon biotechnology) to
achieve pH and temperature control of the 10 L MEC.
The electrodes in the 10 L MECs consisted of 4 pieces of cathodes and 7
pieces of anodes. Each cathode was made from 3 layers of carbon cloth
(fuelcellearth.com, USA) with a total projected surface area of 600 cm2 (Figure 6.1B).
To prevent a short-circuit, one layer of non-woven cloth was placed on each side of
the carbon cloth and then firmly pressed together by a folded frame made from
titanium (99.5 cm by 7.5 cm). Each anode was also made from carbon cloth (Type B,
fuelcellearth.com) with a total projected surface area of 600 cm2, and clamped by a
folded titanium frame (99.5 cm by 7.5 cm) (Figure 6.1C). The cathodes were labeled
as C1, C2, C4 and C4 from left to the right (front view) and the anodes were labeled
as A1, A2, A3, A4, A5, A6 and A7 from left to the right (front view).The frames
were fastened by nylon screws and nuts (McMaster-Carr). To reduce the potential
loss across the electrical wire, solid core copper wires were secured on electrodes by
tightening the electrical wire through a nylon thread and a nylon nut (Figure
6.1B&C). The anodes and cathodes were then connected to a power source
(DCP3010D). To prevent corrosion, the connections between titanium frames and
copper wires were covered with Epoxy gel.
6.2.2 Inoculation and operation
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The cathodes and anodes were inoculated through the dosage of returned
activated sludge (500 mL) from a local wastewater treatment plant (Corvallis,
Oregon, USA) and 10 times diluted effluent from a 1 L MEC operated for over 12
months using acetate as the substrate. During the biofilm enrichment phase, the
reactor was operated in batch mode with a medium solution containing 30 mM
sodium acetate as substrate, 200 mM sodium phosphate buffer, and necessary
minerals and vitamins as reported previously [7]. The medium solution was replaced
with fresh medium solution when current density started to decrease until stabilized
current density for each electrode was achieved.
Table 6.1. Substrate types, organic concentrations, OLRs and HRTs at all
operational conditions
Substrate

Organic concentration (g/L) OLR (g/D) HRT (h)
5
1.94
62
5
0.62
194
3
0.45
160
Glucose
10
104.35
2.3
15
156.52
2.3
20
208.70
2.3
25
260.87
2.3
3
0.40
180
Lignocellulosic hydrolysate
20
208.70
2.3
634.43
2.3
Brewery wastewater
60.8
208.46
7
To identify the optimal hydrogen yield, the reactor was operated in continuous
flow mode with medium solution containing 3 or 5 g/L glucose as substrate. As
methane was detected during the initial enrichment phase, 0.02% (v/v) chloroform
was dosed into the medium solution to eliminate methanogenesis and also to prevent
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homoacetogenesis as reported previously [145]. To benefit the full utilization of
substrate, prolonged hydraulic retention times (HRTs) and lowered organic loading
rates (OLRs) were used and the conditions were specified in Table 6.1. After
knowing the optimal condition for achieving high hydrogen yield, glucose was
replaced by real lignocellulosic hydrolysate as substrate and the HRT was adjusted to
ensure similar OLR (Table 6.1). The lignocellulosic hydrolysate was acquired using
enzymatic hydrolysis (Cellic® CTec2, Novozymes, USA) of raw cellulosic materials
originated from Napier grass. To identify the optimal hydrogen production rate, the
HRT was significantly reduced to 2.3 hours and the OLR was also increased by
increasing the glucose concentration to 10, 15, 20 and 25 g/L (Table 1). After
acquiring the optimal condition for the optimal hydrogen production rate, brewery
wastewater (Mazama brewing, Corvallis, Oregon, UAS) was characterized and tested
without supplementation of buffer solution or additional nutrients. All tests in this
study were operated at 35 °C and an applied voltage of 1.36 V, which was tested to
generate the highest current density.
6.2.3 Microbial community analysis
Biofilms samples were collected from both cathodic biofilms and anodic
biofilms after the biofilm enrichment process for over 300 hours. After the operation
for optimal hydrogen yield, biofilms samples for both electrodes along with
planktonic cells samples were collected as well for microbial community analysis.
Biofilms samples were collected by vortexing electrodes with glass beads in 10 mL
fresh medium solution and centrifuging to acquire the biomass pellets. Planktonic
cells samples were collected by centrifuging 50 mL of reactor effluent. DNA
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extraction was performed using E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega Biotek, Inc.) following the protocol suggested by the manufacturer. The quality of the
DNA extraction was checked using electrophoresis on an agarose gel.
The 16S rRNA gene V3-V4 region of the DNA samples were amplified with
primers containing a linker sequence, an 8-bp index sequence, and universal primers,
which were 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’GACTACHVGGGTATCTAATCC-3’). The amplicon library was sequenced
together using standard Illumina sequencing primers for a 250-bp paired-end run (v3)
on the MiSeq platform (Illumina, San Diego, CA, US). Image analysis, base calling,
and data quality assessment were performed on the MiSeq instrument.
QIIME (version 2.7.0) was used to process raw sequencing result. Samples
were demultiplexed and the 8-bp barcode sequences were removed. Sequence reads
that did not have an average Phred quality of 20 were filtered out for initial quality
pre-processing. Taxonomic assignment was conducted using the Ribosomal Database
Project (RDP) Naïve Bayesian Classifier on the Greengene database.
6.2.4 Analysis and calculations
The produced biogas volume was monitored by a drum-type flowmeter
(Ritter, TG 0.5 Plastic). The biogas composition was analyzed using the procedure
described previously [16]. The current density based on the projected surface area for
each electrode was calculated by recording the voltage over a 0.1Ω resistor using a
multimeter with a data acquisition system (2700, Keithley) as described previously
[16]. Hydrogen volume, cathodic hydrogen recovery, hydrogen yield based on the
consumed substrate, hydrogen production rate and energy efficiency were calculated
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according to the previous publication [16]. The hydrogen yield based on the
consumed substrate was calculated as the mols of electrons in the harvested hydrogen
over the mols of electrons in the dosed substrate subtracting the mol of electrons in
the residual organics. Characterization of feedstocks was performed using a high
performance liquid chromatograph (Agilent Technologies 1200 Series) equipped with
an Aminex HPX-87H column and a refractive index detector to acquire the types of
organics and concentrations of the VFAs in lignocellulosic hydrolysate and brewery
wastewater. Since the Aminex HPX-87H column could not separate different types of
monosaccharides, the total sugar concentration was determined by the chemical
oxygen demand (COD) analysis for the samples containing sugar as the sole carbon
source. VFA analysis was conducted also using a high performance liquid
chromatograph (Agilent Technologies 1200 Series) equipped with an Aminex HPX87H column and a refractive index detector to acquire the concentrations of the
fermentation end products in the reactor effluents.
6.3 Results and discussion
6.3.1 Reactor startup by enriching the cathodic and anodic biofilms simultaneously
After the inoculation, the current density of each electrode was monitored
during the biofilm enrichment phase (Figure 6.2). The dosage of sludge into the
reactor (hour 0) did not lead to the immediate increase of current density for each
electrode. After the brief lag phase (about 23 hours), the current densities for all the
electrodes demonstrated a continuously increasing trend for nearly 300 hours.
Afterwards, the current densities for all the electrodes were plateaued. The stabilized
maximum current densities for the cathodes were 15.6 A/m2 (C1), 16.3 A/m2 (C2),
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15.5 A/m2 (C3) and 16.5 A/m2 (C4). The current densities for the anodes were 5.6
A/m2 (A1), 9.7 A/m2 (A2), 13.7 A/m2 (A3), 6.2 A/m2 (A4), 11.3 A/m2 (A5), 9.1 A/m2
(A6) and 7.9 A/m2 (A7).

Current density (A/m 2)

20

A

15
10
5
C1

0
0
Current density (A/m 2)

15

100

C2

C3

200

C4

300

400

B

10

5
A1

0
0

100

A2

A3

A4

200
Time (hour)

A5

A6
300

A7
400

Figure 6.2. Current density increases of A) Biocathodes and B) Bioanodes during
the enrichment phase.
Compared to the electrochemical performance in the previous MECs using
biocathodes, the current density based on projected electrode surface area achieved
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was significantly higher in this study, possible due to the use of multiple layers of
carbon cloth in the biocathode assembly [47]. Before the rapid increase of current
density, a constant but low background current was noted in each of the electrodes.
Such a low current (0.71 A) was likely not the real reflection of the MEC process as
no hydrogen or methane was detected during the lag phase. Its presence was possibly
the result of the conductive biofilm/sludge built up and trapped at the porous
electrode holders, which were placed on the top and at the bottom of the electrodes to
secure the location of each electrode. The startup process in this study was shorter
than the commonly noted startup in other bioelectrochemical systems, generally
ranging over 14 days [30, 146]. The shortened startup could be attributed to that this
the reactor had been previously operated for other tests, and then stopped by draining
the solution and exposing to the air for over 2 weeks. Thus, the electrodes in the 10 L
MEC might contain dormant biofilms from previous operations and quickly
reactivated by the operation in this study. At the steady state, the current densities for
the cathodes demonstrated high consistency while the current densities for the anodes
varied from 5.6 A/m2 to 13.7 A/m2. This could be the result of cathode performance
being the limiting factor to the overall electrochemical performance, as the current
densities for all cathodes reached their maximum to match the current densities for
the anodes. However, we cannot conclude a possible reason contributing to the
pattern of the distribution of the current among the anodes.
6.3.2 Performance at low OLRs using glucose and lignocellulosic hydrolysate
Among the promising feedstocks, lignocellulosic biomass is a natural
byproduct of various agricultural processes and the most abundant raw material on
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Earth. The hydrolyzed lignocellulosic biomass (lignocellulosic hydrolysate) could be
utilized in MECs as an inexpensive but not no-cost feedstock, with costs associated
with the harvesting, transportation, pretreatment and hydrolysis processes. In reaching
the US Department of Energy’s hydrogen cost goal (2 USD per kg H2) using
lignocellulosic biomass, the cost for feedstocks could account for about 50% of the
total cost based on the Pacific Northwest National Laboratory’s unpublished report.
At such a context, the full utilization of the feedstock is vital to the economic viability
of MECs, indicating high hydrogen yield needs to be achieved. To investigate the
optimal hydrogen yield, the 10 L MEC was fed with glucose as substrate. The
substrate concentration and HRT were adjusted accordingly to achieve incrementally
decreased OLRs of 1.94 g/D, 0.62 g/D and 0.45 g/D. At the highest OLR (1.94 g/D),
hydrogen production rate was stabilized at 1.67 L/L/D while the hydrogen yield was
low at 45% (based on the dosed substrate) (Figure 6.3). At the slightly lowered OLR
(0.62 g/D), the hydrogen production rate decreased to 0.78 L/L/D but the hydrogen
yield (based on the dosed substrate) increased to 67%. With the further decrease of
OLR to 0.45 g/D, the optimal hydrogen yield of 83% was achieved and the hydrogen
production rate didn’t decrease significantly (0.73 L/L/D). Thus, to validate whether
the optimal hydrogen yield could be also achieved using real feedstocks, glucose was
replaced by lignocellulosic hydrolysate, which was characterized as monosaccharides
being the only carbon source. The operational condition was adjusted as close as
possible to the previous condition and an OLR of 0.4 g/D was determined. At such a
condition, the hydrogen yield demonstrated a slight increase to 91%, compared to that
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using glucose as substrate. The hydrogen production rate was measured to be quite
identical to that using glucose (0.71 L/L/D).
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Figure 6.3. Hydrogen yield (based on dosed substrate) and hydrogen production
rate at steady state under various OLRs with glucose (G) or lignocellulosic
hydrolysate (H) as substrate. Error bars indicate standard deviations of multiple
measurements
The average current density of each electrode during each condition at the
steady state was shown in Figure 6.4 to investigate the electrochemical performance
of the 10 L MEC. With the decrease of OLR from 1.94 g/D to 0.4 g/D, the decrease
of current density was not proportional to the decrease of OLR as the total currents of
the reactor for each condition were 2.95 A, 2.43 A, 2.41 A and 2.15 A, respectively.
The distribution of the current among electrodes remained similar with different
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OLRs. Among the cathodes, C4 demonstrated the highest current density (14.7-17.8
A/m2) for all conditions, followed by C1 (9.6-11.4 A/m2), C2 (7.2-11.1 A/m2) and C3
(4.4-8.9 A/m2). Among the anodes, A3 consistently demonstrated the highest current
density of 7.2-9.9 A/m2 while the current densities for other anodes varied from 4.3
A/m2 to 7.4 A/m2.
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Figure 6.4. Average current density of each electrode at the steady state with
various OLRs of A) 1.94 g/D glucose, B) 0.62 g/D glucose, C) 0.45 g/D glucose
and D) 0.40 g/D lignocellulosic hydrolysate. Error bars indicate standard deviations
of multiple measurements.
The VFA profiling of the liquid samples collected from the three sampling
ports during each test was conducted to reveal the fermentation end products and to
further analyze the electron flux (Figure 6.5). At the highest OLR of 1.94 g/D,
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concentrations of formate, acetate, propionate and butyrate ranged from 140 to 640
mg/L. The reduction of OLR to 0.62 g/D also reduced VFA concentrations to less
than 450 mg/L while the relative abundance of the dominant VFAs remained the
same. However, as the OLR was further reduced to 0.45 and 0.4 g/L, butyrate was no
longer the dominant VFA with concentrations of less than 40 mg/L. The
concentration of acetate was also decreased to less than 70 mg/L. Formate and
propionate were still the dominant VFA with concentrations of 214-297 mg/L and
174-297 mg/L, respectively. No residual monosaccharide was detected, indicating the
complete consumption of the monosaccharides in lignocellulosic hydrolysate.
700
Concentration (mg/L)

600

700

A

600

500

500

400

400

300

300

200

200

100

100

0

0
Top

700
Concentration (mg/L)

600

B

Middle

Bottom

Top
700

C

600

500

500

400

400

300

300

200

200

100

100

0
Top

Middle

D

Middle

Bottom

Lactic acid

Formic acid

Acetic acid

Propionic acid

Ethanol

Butyric acid

0

Bottom

Top

Middle

Bottom

Figure 6.5. VFA profiling of the liquid samples collected from three sampling
ports with various OLRs of A) 1.94 g/D glucose, B) 0.62 g/D glucose, C) 0.45 g/D
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glucose and D) 0.40 g/D lignocellulosic hydrolysate. Error bars indicate standard
deviations of multiple measurements.
Table 6.2 listed the hydrogen production performance, the electrochemical
performance and the efficiency analysis of the 10 L MEC during the hydrogen yield
tests. The highest hydrogen yield based on the dosed glucose (83%) was higher than
previously reported hydrogen yields using glucose as the substrate under various
concentrations, generally ranging from 48% to 70% (5.8 – 8.4 mol H2/mol glucose)
[24, 26, 55]. The hydrogen yield based on the consumed substrate was as high as 99%
with OLR of 0.45 g/D (glucose) and 0.4 g/L (lignocellulosic hydrolysate), indicating
an extremely efficient conversion of consumed organic matters into hydrogen.
However, cathodic hydrogen recovery (CHR) at each condition was calculated to be
relatively low with the highest value of 56% and the lowest value of 30%. The
theoretical maximum of CHR using glucose in MECs could be as high as 150%, as up
to 4 mol H2 could be produced in the dark fermentation process and up to 8 mol H2
could be generated from the electrochemical process. The presence of
homoacetogenic hydrogen scavengers was reported to be the main cause of low CHR
[13, 16]. However, in this study, 0.02% (v/v) chloroform was dosed to prevent and
eliminate potential hydrogen scavengers as reported previously [145]. Also, the same
reactor using a different configuration achieved CHRs ranging from 110% to 129%
with the dosage of 0.02% (v/v) chloroform [145]. Thus, the cause of the low CHR in
this study could be the result of the background current, which was measured as 0.71
A at the very beginning of the operation, accounting for 24-33% of the total currents.
Energy efficiency based on the input electricity was also determined to be low with a
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range from 35% to 61%, even lower than the efficiency of conventional water
electrolysis [147]. The low energy efficiency could also be attributed to the
background current, which could cause a loss of electrical energy. Another potential
cause of the low energy efficiency could be the high applied voltage (1.36 V) used for
facilitating hydrogen production rate and overcoming potential loss across the
electrical wires/frames. The electrical wires used in this study could also cause a
significant potential loss of 0.2-0.3V, due to the high current on each electrical wire,
wasting the electrical energy input.
Table 6.2. Hydrogen production performance, electrochemical performance and
efficiency analysis of the hydrogen yield tests
OLR
(g/D)

HRT
(h)

1.94

62

0.62

194

0.45

160

0.40

180

Substrate
5 g/L
glucose
5 g/L
glucose
3 g/L
glucose
3 g/L
hydrolysate

HPR
(L/L/D)

HY
(Dosed
substrate)

HY
(Consumed
substrate)

Total
current
(A)

Energy
efficiency

CHR

1.67

45%

71%

2.95

62%

56%

0.78

64%

90%

2.43

35%

32%

0.73

83%

99%

2.41

33%

30%

0.71

91%

99%

2.15

36%

32%

However, further improvements could be made to minimize the waste of
electrical energy while maintaining the high hydrogen yield. The low CHR in this
study was possibly the result of the background current caused by biofilm/sludge built
up in the porous electrode holders, which could be replaced by using other securing
methods, such as holding the electrodes from the top or from the horizontal direction.
Besides the reducing the background current, the materials and numbers of the
electrical connections and the size of each electrodes need to be optimized, to achieve
a minimized potential loss without significantly increased the capital cost. As the
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applied voltage chosen in this study aimed to facilitate the optimal current density,
lowering the applied voltage could significantly increase the energy efficiency. It was
reported that a decrease of applied voltage from 0.8 V to 0.3 V improved energy
efficiency from 194% to 406% [8]. If these improvements could be achieved, the
CHR and energy efficiency could be improved to fulfill the advantages of MECs.
6.3.3 Performance at high OLRs using glucose, brewery wastewater and
lignocellulosic hydrolysate
Wastewater was the commonly tested feedstock in previous studies and was
generally considered as a no-cost feedstock [27-34]. At such a context, the economic
viability of MECs relies on the total volume of hydrogen produced within the lifespan
of MECs, which corresponds to the hydrogen production rate. Thus, demonstrating
high hydrogen production from wastewater is critical to the practical application of
MECs. To increase the hydrogen production rate, the HRT was drastically reduced to
2.3 hours and the glucose concentration was incrementally increased to 10, 15, 20 and
25 g/L, corresponding to OLRs of 104.3, 156.5, 208.7 and 260.9 g/D. At the steady
states, the results of hydrogen production performance and electrochemical
performance were recorded, and liquid samples from the three sampling ports were
collected (Figure 6.6). With the increase of OLR from 104.3 g/D to 208.7 g/D, the
hydrogen production rate increased from 10.4 L/L/D to 30.7 L/L/D along with the
increase of hydrogen yield from 5.1% to 7.6%. With the further increase of OLR to
260.9 g/D, the hydrogen production rate did not demonstrate significant increase with
a value of 32.0 L/L/D and hydrogen yield decreased to 6.3%. To investigate if high
hydrogen production rate can be achieve using brewery wastewater at the similar
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OLR, the growth medium solution was replaced by brewery wastewater, which
contains sugars as the dominant soluble carbon source (>99% w/w). A hydrogen
production rate of 33.9 L/L/D was achieved using brewery wastewater with the
hydrogen yield of 9.6%, which was 10.4% and 26.3% higher than the values achieved
with glucose, respectively. The enhanced hydrogen production rate and yield using
brewery wastewater was possibly due to the rich nutrient content. Lignocellulosic
hydrolysate was also tested using the similar OLR (208.7 g/D) but the hydrogen
production rate and the hydrogen yield were relatively lower with values of 23.3
L/L/D and 5.7%, respectively. The potential presence of phenolic compound in
lignocellulosic biomass was reported and could serve as a microbial inhibitor at such
a high OLR [148]. A higher loading of brewery wastewater was also tested but
demonstrated obvious substrate inhibition effect (Figure S6.1).
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Figure 6.6. Hydrogen yield (based on dosed substrate) and hydrogen production
rate at steady state under various OLRs with glucose (G), lignocellulosic
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hydrolysate (H) and brewery wastewater (W) as substrate. Error bars indicate
standard deviations of multiple measurements.
The average current density of each electrode of each condition at the steady
state was shown in Figure 6.7. Using glucose as substrate, with the tested OLR range
from 104.3 g/D to 260.9 g/D, the total current of the reactor was relatively constant
but low at 0.96-1.09 A, corresponding to a hydrogen production rate of up to merely
1.1 L/L/D. The significantly decreased current density was possibly to the substrate
inhibition effect from the high OLRs, as sugar concentrations of over 54 mM could
trigger such an inhibitory effect [149]. The distribution of the current among
electrodes was also similar with different conditions. Among the cathodes, only C1
and C4 demonstrated viable current densities with 5.6-6.1 A/m2 and 6.9-8.6 A/m2,
respectively. While C2 and C3 demonstrated impaired current densities, especially at
the highest OLR, which were 0.1 and 0.2 A/m2, respectively. Among the anodes, A3
demonstrated the highest current density of 3.8-4.9 A/m2 while the others were low at
0.7-2.8 A/m2. For the electrochemical performance using lignocellulosic hydrolysate,
the total current and its distribution among electrodes in the hydrolysate fed had a
strong resemblance to that using glucose with an OLR of 208.7 g/D. However, while
fed with brewery wastewater, the total current was as low as 0.75 A, which was close
to the background current. Besides C1 (6.3 A/m2), C4 (5.9 A/m2) and A3 (7.9 A/m2),
the current densities for other electrodes were very low with values generally below 1
A/m2. Given that C1, C4 and A3 had the highest current density for all conditions, it
might be possible that the background current was the result of the partial shortcircuit between these C1/C4 and A3.
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Figure 6.7. Average current density of each electrode at the steady state with
various OLRs of A) 104.3 g/D glucose, B) 156.5 g/D glucose, C) 208.7 g/D glucose,
D) 260.9 g/D glucose, E) 208.7 g/D lignocellulosic hydrolysate and F) 208.5 g/D
brewery wastewater. Error bars indicate standard deviations of multiple
measurements.
The VFA profiling of the liquid samples collected from the three sampling
ports was also conducted to reveal fermentation end products of each condition
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(Figure 6.8). During the optimization of hydrogen production rate using glucose, at
the lowest OLR of 104.3 g/D, over 85% of the dosed glucose was consumed. Lactate,
formate and acetate were the dominant fermentation end products with concentrations
of over 584 mg/L, 200 mg/L and 316 mg/L, respectively. With the increase of OLR to
156.5 g/D, most of the dosed glucose was still able to be consumed with the residual
concentration of 433-1323 mg/L. An increase of butyrate concentration was noted
with 759-1930 mg/L. At the OLR of 208.7 g/D, which demonstrated the optimal
hydrogen production rate, residual glucose concentration increased to 2282-3933
mg/L along with the increased lactate and butyrate concentrations of 1780-3828 mg/L
and 1104-2311 mg/L, respectively. With the further increase to the highest OLR of
260.9 g/D, residual glucose concentration drastically increased to over 10000 mg/L,
indicating the glucose dosage had become redundant for the dark fermentation
process. Lactate was the most dominant VFA with concentrations of 3397-3739
mg/L. While the concentrations of other VFA remained similar to previous
conditions, an increase of ethanol production was noted with concentrations of 702747 mg/L. The VFA profiling for hydrolysate fed condition was also similar to that
using glucose as substrate with OLR of 208.7 g/D. The VFA profiling for the brewery
wastewater fed condition demonstrated that lactate and butyrate were still the most
dominant fermentation end product with similar concentrations as that in the glucosefed condition. However, slight increases of formate, acetate and ethanol concentration
were noted. The COD analysis was also conducted on the effluents under the
conditions with lignocellulosic hydrolysate and brewery wastewater to reveal the
residual monosaccharides content. The results indicated high content of
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monosaccharide leftovers in the effluents, in agreement with the results acquired
using glucose as substrate (Figure S6.2). Furthermore, for all conditions, no
significant difference or certain distribution pattern can be concluded from the
samples collected from different locations, indicating the mixing condition in the upflow reactor was good.
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Figure 6.8. VFA profiling of liquid samples collected from three sampling ports
with various OLRs of A) 104.3 g/D glucose, B) 156.5 g/D glucose, C) 208.7 g/D
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glucose, D) 260.9 g/D glucose, E) 208.7 g/D lignocellulosic hydrolysate and F)
208.5 g/D brewery wastewater. Error bars indicate standard deviations of multiple
measurements.
The highest hydrogen production rates using glucose were determined to be
from 30.7 to 32.0 L/L/D. With the real feedstocks, the hydrogen production rate was
as high as 33.9 L/L/D, the highest volumetric hydrogen production rate achieved in
scaled-up MECs hitherto. However, the hydrogen yields were generally low (5.1%7.6%), indicating the majority of energy in the substrate was left in the effluent or
directed into cell synthesis. Compared to the very high hydrogen production rate, the
total currents of the reactor were low, corresponding to a hydrogen production rate of
up to 1.1 L/L/D, indicating about 97% hydrogen was produced through dark
fermentation process instead of MEC process. The low current density was possibly
due to substrate inhibition effect caused by the high VFA concentrations. Under the
high OLR conditions, even with the high electrode surface area to volume ratio and
the high applied voltage, the electrochemical hydrogen production was not the
dominant process. To achieve the high hydrogen production rate in this study through
the electrochemical process alone, the total current of the 10 L MEC needs to reach at
least 30 A, assuming the CHR is 100%. Given that the electrode surface area to
volume ratio cannot be easily increased, the current density for the cathode needs to
reach 125 A/m2 and the current density for the anode needs to be as high as 71.4
A/m2, indicating improvements on the electrochemical performance are still
warranted. Thus, at the current stage, dark fermentation alone is still the most
practical method in order to achieve rapid hydrogen production from no-cost
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feedstocks. The poor electrochemical performance was possibly due to the substrate
inhibition effect, which could be potentially mitigated by using MECs as a second
stage process with a decreased OLR. Furthermore, depending on the techno-economic
analysis, more MEC stages could be implemented to potentially increase the overall
hydrogen production rate and the overall hydrogen yield along with the economic
viability of sustainable hydrogen production. Thus, with further improvements on the
designs and configurations of MECs’, the hybrid system involving both dark
fermentation and MEC process could be a promising method for rapid hydrogen
production.
6.3.4 Microbial community analysis of the cathodic and anodic biofilms
To characterize the microbial community of the biofilms inhabiting the
cathodes and anodes, samples were taken from each electrode at the ends of the
enrichment phase and the hydrogen yield test, respectively. In the biofilm samples
collected at the end of the enrichment phase, the dominant genera in the anodic
community were characterized as Cloacibacillus spp. (17.54%), Tissierella spp.
(17.42%), Enterococcus spp. (9.24%), Proteiniphilum spp. (8.17%) and Desulfovibrio
spp. (6.95%) (Figure 6.9A). While the abundances of other genera were generally
below 4%. In the cathodic community, the dominant genera were Acetobacterium
spp. (22.22%), Enterococcus spp. (20.74%), Methanobrevibacter spp. (12.69%) and
Anoxynatronum spp. (8.47%). While the abundances of Proteiniphilum spp. and
Desulfovibrio spp. were 5.22% and 4.68%, respectively (Figure 6.9B).
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Enterococcus spp. was reported to be both exoelectrogenic and
exoelectrotrophic [150]. In this study, it could be the core species in both the cathodic
community and the anodic community to conduct electron acceptance for hydrogen
production and organic degradation to donate electrons extracellularly, respectively.
The possible role of Enterococcus spp. involved in the dark fermentation process
cannot be excluded, as Enterococcus spp. were also reported to be able to ferment
cellulosic materials for hydrogen production [151, 152]. Furthermore, compared to
the previous studies using the same inoculum in other bioelectrochemical systems, the
dominance of Enterococcus spp. was unique as that Geobacter spp. were more
frequently observed [16, 118]. It could be related to the simultaneous enrichment of
the cathodic and anodic biofilms, in which Enterococcus spp. outcompeted Geobacter
spp., as known members of the Geobacter spp., such as Geobacter metallireducens,
could not conduct the exoelectrotrophic hydrogen generation [73]. Another potential
exoelectrogen found was Desulfovibrio spp., as reported to be electroactive in a
previous study using the same inoculum [132]. The presence of homoacetogenic
Acetobacterium spp. and methanogenic Methanobrevibacter spp., was detected in the
cathodic community, as the result of no inhibitory method used in the enrichment
phase [134, 153]. Cloacibacillus spp., Tissierella spp., Proteiniphilum spp. and
Anoxynatronum spp. serve most likely as syntrophic fermentative bacteria in both
communities, producing volatile fatty acids (VFAs) from extra polymeric substances
and cell debris [133, 154-156].
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A

Enterococcus
Tissierella
Acetobacterium
Cloacibacillus
Proteiniphilum
Desulfovibrio
Methanobrevibacter
Anoxynatronum
Bifidobacterium
Sedimentibacter
Petrimonas
Proteiniclasticum
Unclassified
Others

B

Enterococcus
Tissierella
Acetobacterium
Cloacibacillus
Proteiniphilum
Desulfovibrio
Methanobrevibacter
Anoxynatronum
Bifidobacterium
Sedimentibacter
Eggerthella
Unclassified
Others

Figure 6.9. Microbial community compositions of A) bioanode biofilms and B)
biocathode biofilms at genus level at the end of the enrichment phase. The
abundance of each genus shown reflects the average abundance of the genus in all
anodic or cathodic biofilms. Genera with relative abundances of below 0.5% were not
shown.
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The microbial community compositions of the biofilms sample collected at
the end of the hydrogen yield test was demonstrated in Figure 6.10. The abundances
of the Enterococcus spp. in both anodic and cathodic community increased drastically
to 47.79% and 72.99%, respectively. As for the syntrophic fermentative bacteria in
the anodic community, the notable genera were Clostridium sensu stricto spp.
(8.47%), Petrimonas spp. (5.20%) and Proteiniphilum spp. (4.46%). In the cathodic
community, the presence of Proteiniphilum spp. (5.62%), Citrobacter spp. (4.42%)
and Petrimonas spp. (3.02%) was observed. The previously observed
homoacetogenic Acetobacterium spp. and methanogenic Methanobrevibacter spp.
were eliminated, due to the use of 0.02% (v/v) chloroform as the hydrogen scavenger
inhibitor. Thus, compared to the original microbial communities at the end of the
enrichment phase, the diversity of the communities at the end of the hydrogen yield
test was decreased due to the dominance of Enterococcus spp., which could be
critical in achieving the efficient hydrogen conversion from substrate with minimal
loss of electrons.
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A

Enterococcus
Unclassified
Clostridium sensu stricto
Petrimonas
Proteiniphilum
Citrobacter
Anaerofilum
Clostridium XlVb
Oscillibacter
Lutispora
Others

B

Enterococcus
Proteiniphilum
Citrobacter
Unclassified
Petrimonas
Clostridium XlVb
Clostridium sensu stricto
Oscillibacter
Others

Figure 6.10. Microbial community compositions of A) bioanode biofilms and B)
biocathode biofilms at genus level after the optimization of hydrogen yield. The
abundance of each genus shown reflects the average abundance of the genus in all
anodic or cathodic biofilms. Genera with relative abundances of below 0.5% were not
shown.
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6.4 Conclusion
The high hydrogen yield of 91% from lignocellulosic hydrolysate and the high
hydrogen production rate of 33.9 L/L/D from brewery wastewater were achieved
using a scaled-up MECs with stacked bio-electrodes. The 10 L MEC was evaluated
with low OLRs for the optimal hydrogen yield and then validated using
lignocellulosic hydrolysate under a similar condition, yet the energy efficiency was
relatively low. The 10 L MEC was then tested with drastically increased OLRs using
glucose as well and the condition with the highest hydrogen production rate was
validated using brewery wastewater and lignocellulosic hydrolysate. However, the
major contributor to the high hydrogen production rate was the dark fermentation
process, instead of MEC process. Microbial community analysis demonstrated that
both cathodic biofilms and anodic biofilms were dominated by Enterococcus spp..
With further improvement and optimization, MEC could potentially couple with the
dark fermentation process to enhance the overall hydrogen production rate and
overall hydrogen yield simultaneously.
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Figure S6.1. The hydrogen production rate during the operation using brewery
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7

Conclusion and Outlook

7.1 Conclusion
In this dissertation, we aim to develop a more practical and effective method
against methanogenesis, to elucidate and quantify the negative impact of
homoacetogenesis on hydrogen production performance, to identify an approach to
eliminate homoacetogenic hydrogen production in single chamber MECs and to
investigate the hydrogen production performance using real feedstocks in up-scaled
single chamber MECs with the developed inhibition methods against hydrogen
consumption processes.
The inhibition against methanogens using low concentration acetylene was
determined as a promising approach. Compared to the classic methanogen inhibitor,
BES with concentrations of 5-20 mM, 1% and 5% acetylene both demonstrated
superior effectiveness against methanogenesis. Current generation and dark
fermentation were not negatively affected by the presence of acetylene. Given its
features of low-concentration and low-cost, periodical injection of acetylene could be
promising toward the practical application.
The negative impact of hydrogen production-consumption loop was
quantified, and the critical environmental factor was determined. Hydrogen partial
pressure was determined as the critical factor while acetate concentration within the
tested range had no obvious effect on hydrogen consumption. Within the range of 040 kPa, hydrogen consumption rate was simulated as proportional to the increase of
hydrogen partial pressure. Hydrogen yield was not affected at lower hydrogen partial
pressures (below 20 kPa), but drastically decreased to 66% with over 20 kPa of
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hydrogen partial pressures. Energy efficiency loss from 160% to 48% was relatively
proportional to the increase of hydrogen partial pressure.
The effect of chloroform against homoacetogenesis was tested as effective.
The results demonstrated 0.02% (v/v) and 0.03% (v/v) chloroform successfully
ceased hydrogen production-consumption loop, improving hydrogen yield and
cathodic hydrogen recovery to 94% and 90%, respectively. The inhibitory effect was
more specific against homoacetogenesis, as a current density of 13 A/m2 was
achieved while homoacetogen being effectively ceased. However, with fermentable
substrate (glucose), 0.01% (v/v) chloroform decreased acetate production from dark
fermentation, lowering the substrate concentration for exoelectrogenesis.
Nevertheless, in the 10 L MEC with immobilized fermentative bacteria beads,
hydrogen production rate increased from 0 L/L/D to 4.9 L/L/D and current density
increased from 12-16 A/m2 to 18-21 A/m2.
Using the developed inhibition methods against the undesired hydrogen
scavengers, the 10 L MEC was evaluated using glucose as substrate for the optimal
hydrogen yield and the optimal hydrogen production rate. The optimal hydrogen yield
using glucose was 83% based on the dosed substrate. The validation using
lignocellulosic hydrolysate achieved high hydrogen yield of 91% based on the dosed
substrate, yet with a relatively low energy efficiency (<62%). The optimal hydrogen
production rate was tested as 32.0 L/L/D for glucose and 33.9 L/L/D for brewery
wastewater. The dominant contributor in achieving the high hydrogen production rate
was determined to be the dark fermentation process, rather than the MEC process.
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Thus, the results in this dissertation provided strong evidence that the effective
inhibition against hydrogen scavengers could lead to efficient hydrogen production
performance using membrane-less single chamber MECs, benefiting the future
application of single chamber MECs toward sustainable and renewable energy
production.
7.2 Outlook
Given the results demonstrating effective inhibition against hydrogen
scavengers, further improvements are still warranted to facilitate the practical
application of MECs. In this dissertation, chloroform was utilized as an effective
inhibitor on both methanogens and homoacetogens, without significantly increasing
the operational cost and difficulty. However, its negative impact on the environment
needs to be mitigated in order to be used for industrial application. The incorporation
of the reductive dechlorination could be a potentially viable method to achieve in situ
mitigation of the negative impact from chloroform. On the other hand, the mechanism
of the chloroform inhibition against homoacetogenesis needs to be unraveled. Such
information would be of vital importance to the development or identification of new
chemicals using the same inhibition mechanism as chloroform, but potentially safe to
the environment. Also, as certain feedstocks could be dosed into MECs in the form of
soluble solids, the solution could be partially recycled to minimize the use and
discharge of chloroform. This would reduce the use of other essential chemicals, such
as nutrients and buffers. Besides the chemical inhibitory methods, certain physical
methods could also achieve efficient hydrogen production through the blockage of
hydrogen scavenging process. Lu et al. (2016) utilized an additional hydrophobic
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membrane under vacuum condition to actively harvest hydrogen to prevent the
hydrogen scavenger process [15]. Improvements could be made by coating certain
hydrophobic materials on the vacuum-facing side of the cathode, such as
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF), which have
been utilized in microbial fuel cells to permit air diffusion while sealing the reactor.
Such a hydrophobic layer under vacuum condition could achieve the active hydrogen
harvesting while improving the feasibility by removing the use of additional
membranes and structural support for the cathode. Furthermore, with the recent
improvements on membranes, the double chamber design could still be a viable
configuration. Instead of using the ion exchange membranes, which have shown high
resistivities, certain hydrophilic filtration membranes with the appropriate pore size
could effectively prevent the produced hydrogen from being accessible to the
microbial communities while adding minimal internal resistance as all ions and small
molecules could diffuse freely across the membrane.
Another challenging but imminent task is to resolve the issues in the scalingup of MECs. In this dissertation, the 10 L MEC achieved viable hydrogen production
from real feedstocks but yielded relatively low energy efficiency, due to the potential
loss through the internal resistance. The most commonly used method in the lab scale
to resolve such an issue is to increase solution conductivity using buffers, such as
sodium phosphate and sodium bicarbonate. However, this is not practical for the
practical application unless the solution could be partially recycled. Furthermore, it
was discovered that the electrical wires and frames also contributed to the internal
resistance greatly. The choice of electrical connection in the 10 L MEC was in
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dilemma, as increased conductivity would bring impractical cost, but decreased
conductivity would lead to a waste of electricity, due to the high amperage generated
on the large electrodes. Thus, balancing the current generation and electrical
connection could potentially reduce the potential loss and lower the capital cost.
Another hurdle in the practical application of up-scaled MECs is the capital cost,
which primary contribute by the cost of electrode materials. The cost of the carbon
based materials generally cost about 200 USD per m2. Given the configuration of the
10 L MEC in this dissertation, the cost of carbon cloth would be $320. With the
hydrogen production rate of 30 L/L/D from no-cost feedstocks, the cost of electrode
base materials would already be $3.2 per kg H2 for the continuously operation for 10
years, demonstrating the great need for reducing the cost while improving the
electrochemical performance. Also, the long-term stability of MECs need to be
further examined and improved for practical applications. Though the materials
commonly used in MECs, such as carbon based materials, titanium and stainless
steels, have been considered as corrosion-resistant but they still reveal fouling over
the long-term operation. Stainless steel could be corroded as the base materials of
anodes and surface of titanium could also be partially affected by the effect of
anodized oxidation [157, 158]. Besides the materials, the stability of microbial
community could be vulnerable to exogenous events, such as unexpected operational
disturbance and suddenly altered substrate type. The recent development on artificial
intelligence has promoted various advanced models to predict the bioreactor
performance and to help develop mitigation strategies to preserve microbial
community stability.
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Furthermore, besides hydrogen as the gas product, the growth of microbial
biomass could offer another path toward the production of value-added products.
Food waste has been one of the most popular feedstocks for its high organic and
nutrient content in MECs. The growth of microbial biomass from the rather safe food
waste via MECs could be a great source of single cell protein (SCP), a promising
dietary protein in animal feed. The preferred type of microbial biomass comes from
the archaeal methanogens, which is high in protein content but low in undesired
nucleic content, compared to other types of SCPs. The production of SCPs could be
achieved through the in situ utilization of produced hydrogen and carbon dioxide,
negating the need for gas collection and transportation. Also, MECs could provide an
ideal condition for the rapid growth of methanogens with the pressurized gas phase
containing high percentage of hydrogen gas. Furthermore, the production of SCPs via
MECs is achieved through bioelectrochemical processes, which is independent from
the necessary presence of agricultural land or solar radiation. Such features could
allow the production of SCPs to occur in areas where traditional industrial agriculture
is not suitable, like barren lands or outer space, to benefit the search for a sustainable
future for all mankind.
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Abstract: High concentration of total ammonia nitrogen (TAN) in the form of urea is
known to inhibit the performance of many biological wastewater treatment processes.
Microbial fuel cells (MFCs) have great potential for TAN removal due to its unique
oxic/anoxic environment. In this study, we demonstrated that increased urea (TAN)
concentration up to 3940 mg/L did not inhibit power output of single-chambered
MFCs, but enhanced power generation by 67% and improved coulombic efficiency
by 78% compared to those obtained at 80 mg/L of TAN. Over 80% of nitrogen
removal was achieved at TAN concentration of 2630 mg/L. The significantly
enhanced coulombic efficiency coupled with the increased nitrogen removal were
reported for the first time, suggesting the potential presence of a new electricity
generation mechanism in MFCs: direct oxidation of ammonia as electron donor for
power generation. This study also demonstrates the great potential of using one MFC
reactor to achieve simultaneous electricity generation and urea removal from
wastewater.
Keywords: Microbial fuel cell; Urea; Total ammonia nitrogen; Nitrogen removal;
Power generation; Wastewater treatment
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1. Introduction
Animal wastewater typically contains high concentration of nitrogen in the
reduced forms of ammonia and organic nitrogen. In swine or poultry manure
wastewater, total ammonia nitrogen (TAN) is typically among 3000-4000 mg/L
(Hansen et al. 1998; Yenigün and Demirel 2013). The high TAN in animal
wastewater is mostly originated from the urea contained in animal urine. However,
the less readily degraded form of urea and the pH change brought by urea hydrolysis
present more challenges to the conventional nitrogen removal process in wastewater
treatment (Chen et al. 2008). Another challenge for treating animal wastewater
containing high TAN is the potential effects of inhibition on nitrification and
anaerobic digestion process. Previous research has demonstrated that over 700 mg/L
TAN could inhibit nitrification, which is typically coupled with denitrification for
nitrogen removal in wastewater treatment. Such inhibition occurred through
decreasing the activity of nitrite oxidizing bacteria (NOB) and leading to nitrite
accumulation (Kim et al. 2006). In addition, anaerobic digestion reactor failure can be
caused by the presence of over 1700-1800 mg/L TAN (Yenigün and Demirel 2013).
Achieving simultaneous carbon and nitrogen removal in high TAN wastewater puts
forward great challenges to current wastewater treatment technologies.
Microbial fuel cell (MFC) technology has great potential for wastewater
treatment due to its capability of generating electricity directly from organic
compounds (Liu and Logan 2004). Simultaneous carbon and nitrogen removal has
also been reported in multiple types of MFC reactors (Chen et al. 2014; Clauwaert et
al. 2008; He et al. 2009; Min et al. 2005; Virdis et al. 2010, 2009; Xie et al. 2011; Yu
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et al. 2010; Zhang and He 2012). However, to fulfill the nitrification-denitrification
combined nitrogen removal process, multiple reactors or MFC chambers are needed,
which could result in high constructional and operational costs (Kim et al. 2008).
Using air-cathodes in single-chambered MFCs not only eliminate the need of
membranes and aeration, but may also create a unique oxic/anoxic environment for
nitrogen removal. Although single-chambered air-cathode MFCs have been evaluated
for ammonia removal in previous studies (Kim et al. 2011, 2008; Min et al. 2005;
Nam et al. 2010; Yan et al. 2012), testings were either conducted at low TAN
concentrations or demonstrated very limited nitrogen removal. None of these studies
used urea as the ammonia source.
In this study, we tested single-chambered air-cathode MFCs for removing
high concentration of TAN with urea as ammonia. MFC performances using urea and
ammonium chloride were compared and possible mechanisms for the high nitrogen
removal and enhanced power generation were investigated.
2. Materials and methods
2.1 MFC construction
Single-chambered air-cathode MFCs were fabricated as reported previously
(Liu and Logan 2004). The anode was made of carbon cloth. The cathode was
prepared with carbon cloth as base material, activated carbon powder as catalyst,
carbon black as conductivity enhancer, and polytetrafluoroethylene (PTFE) as binder
and diffusion layer (Janicek et al. 2015). The anode and cathode were placed on the
opposite sides of a plastic cylindrical chamber 1.7 cm long by 3 cm in diameter with
an empty bed volume of 12 mL (Liu and Logan 2004).
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2.2 MFC inoculation and operation
The MFCs were inoculated with the effluent of an MFC that has been
operating in the lab for over 1 month with acetate as substrate. The medium solution
that was used to start up the MFC contains 100mM sodium acetate, 100mM sodium
phosphate buffer and necessary mineral and vitamins as reported previously (Liu and
Logan 2004). When the power density reached and maintained stably around 1.6
W/m2, the MFCs were switched to a medium solution that contain urea or ammonium
chloride with the TAN concentrations increased incrementally (80 mg/L, 160 mg/L,
330 mg/L, 660 mg/L, 1310 mg/L, 2630 mg/L, 3940 mg/L, 5250 mg/L, and 7870
mg/L) using the same MFC (six replicates). Under each TAN concentration, the
MFCs were operated for at least 2 batches. Additional four MFCs operated under 80
mg/L were also witched to 2630 mg/L directly to investigate its performance
difference without incremental increase of TAN concentration. Control reactors were
operated with 2630 mg/L TAN of urea under the same condition except without the
inoculum to investigate possible nitrogen removal through physical chemistry
processes. All MFCs and control reactors were operated under 32℃.
2.3 Analysis and calculations
External cell voltage was recorded using a multimeter with a data acquisition
system (2700, Keithley). Total nitrogen was measured using Alkaline Persulfate
Oxidation Digestion Method (EPA, LG208). Nitrate concentration was measured
using Ultraviolet Spectrophotometric Screening Method (APHA, AWA, WPCF,
1995). The pH values for all influents and effluents were measured using a pH meter
(SB90M5, VWR). Solution conductivity was measured using a conductivity meter
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(44600-00, Hach). coulombic efficiency and power density were calculated based on
the ratio of total Coulombs produced to maximum possible Coulombs of total acetate,
as previously described (Liu and Logan 2004).
3. Results and discussion
3.1 Effects of TAN concentration on power generation

Fig 1. Effect of TAN concentration on power density generation. Error bars
represent standard error based on duplicate measurements from six MFCs.
TAN concentrations varying from 80 mg/L to 7870 mg/L were used to
examine the effect on power generation. Power density increased with the initial TAN
concentrations from 80 mg/L to 3940 mg/L for urea and achieved a maximum power
density of 3.2 W/m2 at 3940 mg/L, which is 67% higher than that obtained at 80 mg/L
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(Fig. 1). Similar trend was also observed with the increase of ammonium chloride at a
concentration less than 5250 mg/L, although the maximum power density (2.31
W/m2) was significantly less than that achieved by urea at the same TAN
concentration (3940 mg/L). Polarization curves of MFCs containing 80 mg/L and
3940 mg/L TAN (Urea) also confirmed enhancement on power density as 69% of
increase was noted in the high TAN cell (Fig. 2). It was reported by Nam et al (2010)
that over 500 mg/L of TAN could significantly inhibit the power generation of batch
mode single-chambered MFCs. The high power density observed at 3934 mg/L of
TAN (urea) suggests that the exoelectrogens in the community are capable of
tolerating high TAN concentrations in wastewater. Power generation decreased when
the urea and ammonium chloride TAN concentration further increased to 5250 mg/L
and 7870 mg/L, respectively. The impairment on power generation performance
could not be restored by lowering the TAN concentrations.
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Fig 2. Polarization curves of MFCs dosed with 80 mg/L and 3940 mg/L TAN
(Urea).
There are several factors that may contribute to the increased power density
with TAN concentration. Increasing urea and ammonium chloride concentrations
could lead to an increase in the solution conductivity. Research indicates that at the
same level of conductivity, a higher power density could be achieved from
ammonium chloride than potassium chloride due to the strengthened availability of
protons in ammonium (Kim et al. 2011). While increased conductivity may contribute
to the increased power, lower influent conductivity was observed with urea
containing medium than the ammonium chloride containing medium at the same
TAN concentration (Fig. 3). Within a single batch, the conductivity of urea
containing medium did not increase significantly due to the hydrolysis or urea. The
significantly higher power density achieved by urea containing MFCs suggests that
conductivity increase was not the main cause for enhanced power increase by urea.
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Fig 3. Influent conductivity of urea and ammonium chloride containing MFCs.
The enhancement of power density with increased TAN concentration could
also be a result of direct electron donation from ammonia derived from urea. We
hypothesize that the coexistence of extracellular electron donation from ammonia and
acetate would enhance the power generation. Power generation from ammonia in the
absence of organic carbon source has been reported previously (He et al. 2009).
However, due to the low coulombic efficiency (0.06%) obtained in that study, the
authors speculated that ammonia was more likely to be utilized by autotrophs to
synthesize organics rather than being directly utilized as electron donor. The
enhanced coulombic efficiency (as presented in 3.2) coupled with TAN removal in
current study suggest that direct oxidation of ammonia on anode is possible although
further research is needed to provide direct evidence to prove this hypothesis.
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C/N ratio may also affect the power production through affecting bacterial
growth. Enhanced power generation performance was observed as C/N ratio
decreased from 35 to 1.1, while inhibitory effects on power generation were observed
at C/N ratio of 1.0 and 0.8. However, when C/N ratio was lowered by decreasing
sodium acetate without changing TAN concentration, maximum power density
difference at each TAN concentration were less than 5.0%. Thus, power generation
enhancement was more directly correlated to TAN concentration rather than C/N
ratio.
3.2 Effects of TAN concentration on coulombic efficiency
Coulombic efficiencies for both urea and ammonium chloride containing
MFCs gradually increased as the TAN concentration increased (Fig. 4). Compared
with the initial TAN loading of 80 mg/L, an approximately 78% increase in
coulombic efficiency was observed for urea and 49% for ammonium chloride at TAN
concentration of 5250 mg/L. The significant enhancement in coulombic efficiency
with the increase of TAN had never been reported, as far as we know.
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Fig 4. Effect of TAN concentrations on coulombic efficiency. Error bars
represent standard error based on duplicate measurements from six MFCs.
The significant increase in coulombic efficiency in this study could be caused
by direct oxidation of urea and/or ammonia. The direct oxidation of ammonia for
electricity generation could contribute 20.2% of ammonia removal based on the
difference in coulombic efficiency at 5200 and 80 mg/L TAN loadings.
Unexpectedly, at over 5000 mg/L TAN, coulombic efficiency still exhibited
enhancement while power density was inhibited. It was possible that power
generation from acetate oxidation was inhibited, which would result in an impaired
power density. But with the presence of power generation from ammonia, an
increasing loading of TAN could still lead to an enhanced coulombic efficiency.
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Another possible reason for the improved coulombic efficiency was that
ammonia inhibited the competing processes for electrons. Methanogenesis was
frequently observed in MFC reactors and was reckoned as an actively competing
process against electron generation on the anode (Chae et al. 2010). However,
methanogenesis can be seriously inhibited by over 1700 mg/L TAN (Yenigün and
Demirel 2013). Thus, the inhibition of methanogenesis could also be a critical reason
of improved coulombic efficiency. In addition, it was considered that the oxygendemanding nitrification process could lower oxygen consumption for aerobic
heterotroph cell synthesis and benefit coulombic efficiency (Yan et al. 2012).
Furthermore, TAN was reported as a stressor against various bacteria (Baolan et al.
2012; Werner et al. 2014). It was possible that exogenous TAN could cease biomass
synthesis to benefit coulombic efficiency.
3.3 Effects of TAN concentration on nitrogen removal
Nitrogen removal (%) decreased with initial TAN (urea) concentrations from
160 mg/L to 1310 mg/L (Fig. 5). Enhanced nitrogen removal, however, was observed
when the TAN (urea) concentration further increased to 2630 mg/L and 3940 mg/L,
reaching 44% and 46% of removal, respectively. Similar trend was also observed in
ammonium chloride containing MFCs. Nitrate concentration was below the detection
limit in all MFC effluents. For the abiotic control reactors fed with 2630 mg/L TAN
of urea, an average of 1.8% of total nitrogen removal was observed in two
consecutive batches.
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Fig 5. Total nitrogen removal at various TAN concentrations. Error bars
represent standard error based on duplicate measurements from six MFCs.
When urea concentration increased directly from 80 mg/L to 2630 mg/L, a
total nitrogen removal of 84% was achieved, which was even slightly higher than the
removal with incremental increase of urea concentration (Fig. 6). This result suggests
that the microbes that contribute to nitrogen removal already present and abundant in
the microbial community and microbial adaption is not critical in the tested MFCs.
Furthermore, the power density exhibited immediate enhancement when power
density was increased directly to 2630 mg/L, which also negated the possibility of
microbial adaption over time.
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Fig 6. Total nitrogen (Urea) removal at 2630 mg/L and 660 mg/L for MFCs with
and without incremental increase in TAN concentrations. Error bars represent
standard error based on duplicate measurements from duplicate MFCs.
The high nitrogen removal efficiency observed at high TAN concentrations in
this study is different from that obtained by Kim et al (2011), in which only limited
nitrogen removal (less than 10%) was observed at over 1500 mg/L TAN. While high
total nitrogen removal efficiencies were observed in some previous studies, these
studies were either focused on low TAN concentrations using enriched nitrifying
bacterial culture or using double-chambered or triple-chambered MFCs that involved
in multiple processes (Table 1).
Table 1. Nitrogen removal comparison with results in peer publications
Nitrogen
Concentration

MFC
Configuration

Membrane

Power
density
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TAN
removal

TN
removal

Reference

0.08-3.94 g/L
TAN (Urea)

Single
chamber

None

2.5 W/m2

31-84%

This study

0.08-10 g/L
TAN

Single
chamber

None

0.56 W/m2

10-45%

Kim et al.
2011

1-5 g/L TAN

Double
chamber

Cation
exchange
membrane

9%

Clauwaert
et al. 2008

0.08-4 g/L
TAN

Single
chamber

None

0.39 W/m2

4-63%

Nam et al.
2010

0.7 g/L TAN

Double
chamber (plus
a nitrification
reactor)

Cation
exchange
membrane

34.6 W/m3

69%

70%

Virdis et al.
2008

0.349 g/L
TAN

Single
chamber

None

0.0007
W/m2

49.2% at
HRT of 1d.
69.7% at
HRT of 6d.

He et al.
2009

0.2 g/L TAN

Double
chamber

Proton
exchange
membrane

0.25 W/m2

83%

Min et al.
2005

0.188 g/L
TAN

Single
chamber

None

0.2 W/m2

60%

Kim et al.
2008

97%

97%

Xie et al.
2011

0.15 g/L TAN

2 MFCs of 6
chambers
coupled

Cation
exchange
membrane

14 W/m3
for Oxicbiocathode
MFC
7.2 W/m3
for anoxicbiocathode
MFC

0.104 g/L
TAN

Single
chamber

None

0.9 W/m2

97%

94%

Yan et al.
2012

0.1 g/L TAN

Double
chamber

Cation
exchange
membrane

0.005-0.01
W/m2

99%

6%

Chen et al.
2014

0.1 g/L TAN

Single
chamber

None

0.6 W/m2

99%

0.05 g/L
TAN，0.05
g/L NO3-

Triple
chamber

Anion
exchange
membrane
& Cation
exchange
membrane

0.03 g/L TAN

Triple
chamber

None

0.001 W/m2

Yan et al.
2013

97%

50%

Zhang et al.
2012

99%

52%.

Yu et al.
2011

There are several processes that might contribute to the nitrogen removal
besides TAN being utilized as electron donor on anode. Nitrification coupled to
denitrification was the dominant process for TAN removal in previous MFC studies
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(Yan et al. 2012; Chen et al. 2014; He et al. 2009; Kim et al. 2008; Virdis et al. 2010;
Xie et al. 2011; Yu et al. 2010). Denitrification process would compete with power
generation for electron donor, which would result in a lower coulombic efficiency.
Sukkasem et al (2008) reported that the presence of 8 mM nitrate was able to
decrease coulombic efficiency by 21.3%. In this study, nitrate production could be as
high as 280 mM if TAN was completely nitrified. The enhanced coulombic efficiency
along with the undetected nitrate concentration indicated that the
nitrification/denitrification process was not a major process for nitrogen removal in
this study.
Nitrogen removal could also occur through ammonia volatilization caused by
increased pH (Kim et al. 2008). In this study, effluent pH of the ammonium chloride
containing MFCs appeared minor fluctuations around 7.0 (Fig. 7). For the urea
containing MFCs and abiotic control cells, pH increase was observed possible due to
urea hydrolysis. However, the low total nitrogen removal (1.8%) in the control
reactors suggested that pH was not the major reason causing the TAN removal in the
MFCs. The enhanced nitrogen removal without pH change in ammonium chloride
containing MFCs further confirmed that the volatilization process was not a major
contributor to the nitrogen removal.
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Fig 7. Effluent pH changes at each total nitrogen dosage. Error bars represent
standard error based on duplicate measurements from four MFCs.
Anaerobic ammonia oxidation (ANAMMOX) could also contribute to total
nitrogen removal in the presence of nitrite and ammonium. Although total nitrogen
removal by ANAMMOX couldn’t be directly correlated to current generation, it’s
possible that ammonium can be oxidized to nitrite close to cathode, which was then
reduced by ANAMMOX on or close to anode to nitrogen gas. It’s not clear if
ANAMMOX bacteria are present in the current MFC community. Further study on
the community composition is warranted. Thus, it’s possible that direct oxidation of
TAN and/or ANAMMOX contributed to the enhanced nitrogen removal. Fig 8
provided a schematic of the known electron donating process and the potential
processes of TAN being utilized as electron donor and ANAMMOX in singlechambered MFCs.
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Fig 8. Schematic of single-chambered MFC with the known existing and
potential mechanisms for nitrogen removal or power generation. Known existing
mechanisms are indicated with solid line arrows. Potential mechanisms are
indicated with dashed line arrows.
4. Conclusions
The feasibility of using single-chambered air cathode MFCs to achieve
efficient urea removal at high TAN concentrations was confirmed. Up to 84% of total
nitrogen removal was observed at 2630 mg/L TAN. Power density and coulombic
efficiency were enhanced by 67% and 78% at high urea concentration (over 3900
mg/L TAN), reaching 3200 mW/m2 and over 60%, respectively. Simultaneous
enhancement of power generation and total nitrogen removal could be mainly
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attributed to direct ammonia oxidation coupled with electricity generation and/or
ANAMMOX at high TAN concentrations. However, due to limited time and
resources, we cannot confirm the presence of the potential processes and conclude the
dominant process accounting for the enhancements at high TAN concentrations.
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Abstract: Machine learning emerges as a novel method for model development and
could be a potential solution to the unexpected performance perturbations in
anaerobic digestion. In this study, several machine learning algorithms were applied
in regression and classification models on digestion performance to identify
determinant operational parameters and predict methane production. In the regression
models, K-nearest neighbor algorithm demonstrates optimal prediction accuracy (root
mean square error=26.6, with the dataset range of 259.0 to 573.8), after narrowing
prediction coverage by excluding extreme outliers from the validation set. In the
classification models, logistic regression multiclass algorithm yielded the best
prediction accuracy of 0.73. Feature importance reveals that total carbon was the
determinant operational parameter. These results demonstrate the great potential of
using machine learning algorithms to predict anaerobic digestion performance.
Keywords: Anaerobic digestion; Methane production; Machine learning; Prediction;
Operational parameters.
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1. Introduction
Anaerobic digestion (AD) is well recognized as a promising technology for
renewable and sustainable energy production while achieving solids reduction in
organic waste streams (Mao et al., 2015). AD is a series of biological processes
(hydrolysis, acidogenesis, acetogenesis, and methanogenesis) in which anaerobic
microbes break down organic matter in a step-by-step and synergistic manner (Wang
et al., 2018). Among sustainable and renewable energy production technologies, AD
demonstrates great potential for scaling-up and coupling with existing organic waste
treatment operations. Based on U.S. EPA’s report in 2019, there are over 1200
industrial grade anaerobic digesters coupling with water resource recovery facilities
and another 248 being operated on livestock farms. However, due to the diversity and
variability of feed streams, the operation of anaerobic digesters has experienced
issues with unexpected perturbations in biogas production/organic reduction, leading
to inferior digestion performance and high operational cost (Gaida et al., 2017). Thus,
operational parameters need to be optimized to guarantee good digestion
performance. Mathematical models constructed by the understanding of underlying
processes in AD, such as Anaerobic Digestion Model No.1 (ADM1), made significant
progress toward comprehensive evaluation and prediction of digestion performance
(Batstone et al., 2002). However, microbial and physicochemical processes of AD are
highly complicated. Current understanding of these processes is not comprehensive
and relatively limited as new microbial processes being reported constantly (Jain et
al., 2015). Consequently, mechanistic AD models encounter challenges due to lack of
comprehensive understanding of AD, and their applications in evaluating and
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predicting digestion performance are mostly inaccurate (Batstone et al., 2015). Thus,
novel methods are greatly needed to accurately predict digestion performance.
With the recent development of computational algorithms and the accessibility of
computing power, machine learning emerges as a novel method for data mining and
model development (Krogh, 2008). It could offer insights into latent interactions
between numerous input features and output results to achieve output prediction.
Such an approach is independent of complex interactions that mathematical models
have used, which could lead to a higher prediction accuracy (Portugal et al., 2018).
The recent developed algorithms, including artificial neural network (ANN), support
vector machine (SVM), random forest (RF), logistic regression multiclass
(GLMNET) and K-nearest neighbor (KNN) can be employed to achieve such
prediction in regression or classification models. In various bioreactors, machine
learning techniques have demonstrated their strength in prediction using conventional
experimental results and/or microbial community information. Lesnik and Liu (2017)
used ANN to predict the changes of microbial community composition as the result
of various environmental stresses in microbial fuel cells (MFCs) (Lesnik & Liu,
2017). Cai et al. (2019) employed classification models using various machine
learning algorithms to predict substrate types by microbial community compositions
(Cai et al., 2019). Prediction of total nitrogen concentration in the effluent of a
wastewater treatment plant was fulfilled using ANN and SVM by Guo et al. (2015)
(Guo et al., 2015). Efforts have also been made to predict biogas production using
machine learning algorithms. Qdais et al. (2010) and Dong and Chen (2019)
examined ANN and SVM, respectively, to numerically predict methane production
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from digestion (Abu Qdais et al., 2010; Dong & Chen, 2019). Clercq et al. (2019)
developed an online web-tool to estimate biogas output and the corresponding
revenue, primarily using regression models (De Clercq et al., 2019). Thus, the
prediction performance in existing studies could be limited with the use of single
algorithm in the regression model alone, as there are many more combinations of
algorithms and models with potentially superior performance. Furthermore, the
identification of the critical operational parameters and quantification of their
importance in determining digestion performance were needed to adjust operational
strategies. However, the importance of critical operational parameter in determining
digestion performance has not yet been studied.
In this study, the feasibility of predicting methane production from operational
parameters using several machine learning algorithms and models was examined. The
experimental data in published articles using the same digester was collected and the
operational parameters were used as input features. Machine learning algorithms of
RF, GLMNET, SVM and KNN were selected and tested in both regression and
classification models. The accuracy of each prediction was examined, and the choice
of appropriate approach was discussed. The effect of removing extreme outliers from
the dataset on prediction accuracy was also examined. Furthermore, feature
importance was investigated to gain insights in performance predictions and guidance
of future operations.
2. Materials and Methods
2.1 Data collection and preparation
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To examine the feasibility of predicting methane production from operational
parameters, a total of 17 samples were collected from published works using the same
anaerobic digestion configuration to minimize the impact from other uncertain
variables, e.g. microbial community composition and reactor configuration. (Chen et
al., 2016; MacLellan et al., 2013; Zhong et al., 2015). The process parameters, which
are reflections of controllable operational parameters, including total carbon ranging
from 39.3 to 44.5%TS (weight% in total solids), total nitrogen ranging from 1.1 to
3.2%TS, C/N ratio ranging from 12.3 to 29.9, cellulose content ranging from 0 to
30.6%TS, xylan content ranging from 11.4 to 19.4%TS, lignin content ranging from
19.6 to 28.4%TS, glucan content ranging from 0 to 22.7 %TS, and temperature with
20, 35 or 50°C were selected as input features to construct the dataset. The output
feature in this study was methane production (mL-methane/L-reactor volume/day).
The actual methane production values were illustrated in Figure 1. In the regression
models, for each test, the samples were randomly separated into a training set and a
validation set. The number of samples in the training set is 15 (with outliers) or 13
(without outliers) and the number of samples in the validation set is 2, according to
the scaling law (Namekata et al., 2017). In the classification models, the samples
were classified into 3 equal-width groups based on methane production, which were
low (<300 mL/L/D), mid (300-400 mL/L/D) and high (>400 mL/L/D). For each test,
the samples were also randomly separated into a training set and a validation set. The
number of samples in the training set is 14 (with outliers) or 12 (without outliers) and
the number of samples in the validation set is 3.

183

Figure 1. Actual methane production values in collected data. The two datapoints
with methane productions of 6.6 and 13.3 mL/L/D were considered as outliers.
2.2 Machine learning algorithms selection and tuning
Four algorithms, RF, GLMNET, SVM and KNN with radial kernel were
selected as they demonstrate promising prediction accuracy in other biological
processes and potentially more suitable for analyzing the data in this study (Cai et al.,
2019). The algorithms were tested in both regression and classification models. RF is
a supervised non-parametric statistical method that constructs a forest containing
multitudes of decision tree classifiers. Each tree classifier is independent and is
generated by a random vector sampled from input samples. It aims to find the highest
rank among all tree classifiers, which are generated by a random vector sampled from
input samples (Che et al., 2011). Feature importance could also be generated by RF.
In this study, after optimization, the number of variables randomly sampled as
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candidates at each split (mtry=4) were used to grow a tree with the minimum size of
terminal nodes set as 1. The splitting rule was set to “extratrees” for classification
examination. GLMNET uses the lasso, ridge regression and mixture of the two (the
elastic net, could overcome the limitation of the lasso method) for the estimation of
generalized linear models with convex penalties. This algorithm includes linear
regression, binary classification and multinomial classification regression problems
with a suitable penalty parameter lambda (λ) (Friedman et al., 2010). The elastic net
regularization (a regularized regression method that linearly combines lasso and ridge
method) was set with a λ of 0.00023 for a fixed α (the mixing parameter between
ridge and lasso), which was the minimum cross-validation error. SVM is a
discriminative classifier for linear problem. The algorithm constructs a hyperplane to
separate and classify the data into distinct feature spaces in a higher dimensional
space. In this study, SVM with radial kernel was used to solve the non-linear problem
(Scholkopf et al., 1997). The free parameter sigma was optimized and set as 0.62 to
control the basis function. KNN is a non-parametric, supervised algorithm aims to
identify k-nearest training example in the feature space (as Euclidean distance) and
the classification is decided by a plurality vote of its neighbors (Chirici et al., 2016;
Wager & Athey, 2018). If k=1, the object is simply assigned to the single nearest
neighbor. So, the k-value (the number of the nearest neighbor) plays a significant role
in determining the model efficiency. The k-value was optimized and set as 3 to
balance the noisy data and the bias.
2.3 Evaluation of prediction accuracy and identification of feature importance
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In the regression models, the prediction accuracy was evaluated by direct
comparison between real methane production and predicted methane production, as
well as root mean square error (RMSE) (Barnston, 1992). In the classification
models, the prediction was evaluated by accuracy and kappa values (Banerjee, 1999).
The feature importance of each operational parameter was evaluated by Mean
Decrease Gini and IncNodePurity for the regression model and the classification
model, respectively (Che et al., 2011). All models were trained, evaluated and
validated using Caret R package (Kuhn, 2008).
3. Results and discussion
3.1 Prediction of methane production using regression models
To examine the feasibility of numerical prediction of methane production by
machine learning, algorithms of RF, GLMNET, SVM and KNN were used to train
the regression model and their prediction accuracy and suitability were evaluated. The
accuracy was examined by comparing predicted values with the real values in the
validation set, which were repeated for 40 times (Figure 2). All four algorithms
generally demonstrate viable prediction accuracy, though the accuracy for lower
methane productions was poor. The accuracy was also examined by comparing the
RMSEs of these algorithms with the data range of 6.6 to 573.8 mL/L/D. KNN (85.5)
yielded the best prediction accuracy, followed by GLMNET (96.8) and RF (121.5).
SVM was determined by RMSE to yield the worst prediction accuracy (150.5).
However, in the direct comparison of actual methane productions and predicted
methane productions, SVM was able to generate relatively accurate predictions for
methane productions ranging from 259 to 502 mL/L/D. The high RMSE in SVM was
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possibly due to the poor prediction accuracy for the low methane production and the
high appearance of the low methane production in its validation set. Meanwhile, the
prediction accuracy after removing the extreme outliers (7 and 13 mL/L/D) from the
validation sets was also examined. The data range was narrowed to 259.0 to 573.8
mL/L/D. The RMSEs for the predictions of non-outlier-sets with RF, GLMNET,
SVM AND KNN were improved to 65.1, 83.6, 36.9 and 26.7, respectively. KNN
consistently yielded the best result in prediction accuracy. Interestingly, after
removing extreme outliers from the validation set, SVM became the second best in
prediction accuracy as its RSME greatly decreased from 150.5 to 36.9.
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Figure 2. Comparisons between the real methane productions and the predicted
methane productions in regression models using algorithms of A) RF, B)
GLMNET, C) SVM and D) KNN. The RMSEs for the predictions with RF,
GLMNET, SVM AND KNN are 121.5, 96.8, 150.5 and 85.5, respectively. The
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RMSEs for the predictions of no-outlier sets with RF, GLMNET, SVM AND KNN
are 65.1, 83.6, 36.9 and 26.7, respectively.
To further investigate the effect of removing outliers and the potential for
further increasing prediction accuracy, the two extreme outliers mentioned previously
were removed from both the training set and the validation set and the prediction
accuracy was examined (Figure 3). After the training with the no-outlier set
containing randomly assigned 13 values, two other values were used to validate the
prediction accuracy, which was repeated for 120 times. All four algorithms still
demonstrate decent prediction accuracy for most validation sets, however, the
accuracy for the higher methane productions was relatively low. RMSEs were 81.5,
71.7, 68.6 and 89.0 for RF, GLMNET, SVM AND KNN, respectively, with the data
range of 259.0 to 573.8 mL/L/D. The RMSEs in this case were consistently higher
than those with outliers in the training set. Such result indicates that removing
extreme outliers from both the training set and the validation set failed to further
improve prediction accuracy, possibly due to the higher methane production became
more deviated compared to other values in the set. Thus, in this study, including
outliers in the training set but narrowing the range of prediction through excluding
outliers from the validation enhanced prediction accuracy. This could be a viable
approach to improve performance prediction. Further investigation and optimization
are needed.
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Figure 3. With the removal of outliers, comparisons between the real methane
productions and the predicted methane productions in regression models using
algorithms of A) RF, B) GLMNET, C) SVM and D) KNN. The RMSEs for the
predictions with RF, GLMNET, SVM AND KNN are 81.5, 71.7, 68.6 and 89.0
respectively.
3.2 Prediction of biogas production using classification models
To examine the feasibility of predicting methane production in the
classification models, algorithms of RF, GLMNET, SVM and KNN were used to
train the model and their prediction were evaluated by accuracy and kappa metrics.
With the extreme outliers included in the dataset, the models trained by RF and SVM
demonstrate resembled accuracy values (0.69 and 0.68) and kappa values (0.47 and
0.49) (Figure 4A). While the prediction of the models trained by GLMNET and KNN
demonstrated decreased accuracy (0.57 and 0.62) and kappa values (0.30 and 0.33).
The prediction accuracy of the models trained with no-outlier set was also evaluated
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(Figure 3B). GLMNET yielded the best prediction accuracy of 0.73 and kappa value
of 0.61, which was greatly improved from those of GLMNET trained with outliers.
This could be attributed to that GLMNET fits logistic regression model via penalized
maximum likelihood (Friedman et al., 2010), which could be corrected by outliers in
the similar way as discovered in the previous session. The optimal accuracy acquired
in this case (0.73) was improved, compared to the accuracy values achieved in
previous study using XGboost algorithm (0.66) and the same algorithm in this study
(0.64) in the classification models (De Clercq et al., 2019). RF demonstrated similar
prediction accuracy as acquired with the outliers-included set. However, the
prediction accuracy values of SVM and KNN decreased to 0.59 and 0.61,
respectively, along with their kappa values decreasing to 0.01 and -0.07, respectively,
indicating these models are not suitable for predicating performance of the digester
with the data in this study. The negative impact of removing outliers on prediction
accuracy using KNN was likely the result of the decreased differences among three
groups. The decreased prediction accuracy in SVM could be attributed to that the
hyperplanes constructed in SVM failed to successfully separate the dataset. Also, the
impaired performance of KNN and SVM was also possibly related to small dataset,
which could only assign 5 samples into each group. However, based on the results,
the issue with small sample pool could be mitigated using regression models or
classification models with regression-derived algorithms (Friedman et al., 2010).
With further modifications on sample preparation and the amplification of sample
pool, the prediction accuracy using the classification models could be improved.
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Figure 4. Accuracy and kappa values of different algorithms in classification
models incorporated with A) outliers-included set and B) outliers-excluded set.
Error bars indicate standard deviations from 30 replicative tests.
3.3 The importance of operational parameters in biogas production
To further investigate the latent connections between operational parameters
and methane production and to identify the critical parameter to guide future
operations, feature importance generated by RF was used to quantify the importance
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of each operational parameter using both regression and classification models. In the
regression models, Mean Decrease Gini was calculated for each operational
parameter with and without outliers in the dataset (Figure 5A). Total carbon loading
was unanimously considered as the most important feature (2.5 with outliers and 1.5
without outliers) to affect methane production. The Mean Decrease Gini values of
xylan content (1.2 with outliers and 1.4 without outliers) and lignin content (0.8 with
outliers and 0.9 without outliers) also did not show significant differences between
the models. However, obvious disagreements on glucan content, cellulose content and
temperature were noted, as their Mean Decrease Gini values were 1.3, 1.1 and 0.9 for
the model with outliers and 0.5, 0.6 and 0.4 for the model without outliers. This was
possibly due to the unique characteristics of the outliers, which were obviously higher
in glucan content and lower in cellulose content and temperature, compared to other
samples (Table 1). In the classification models, IncNodePurity was calculated for
each operational parameter with and without the outliers in the dataset to evaluate the
feature importance (Figure 4B). The values and distributions of IncNodePurity
between the models were highly divergent except lignin content. The most significant
difference was on temperature (58489.7 with outliers and 2635.0 without outliers),
which was low (20°C) in the outliers but higher (35 and 50°C) in the other samples.
Removing the two extreme outliers greatly affected the characteristics of the low
group, due to the small sample numbers in each group and the huge gap between the
outliers and other samples. The obvious differences on the other operational
parameters could be attributed to the same reason as well. Thus, in the classification
models, the presence of outliers and the size of the sample pool are critical in
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determining feature importance. The feature importance values in the regression
models were less sensitive to sample size or the presence of outliers, making the
regression models more suitable to identify the critical operational parameter for
small datasets. In summary, despite inconsistency of the conclusions from different
models, this study offered an approach to identify the most influential defined
components on digester performance for the first time. By identifying the most
influential operational parameter and adjusting it accordingly, the digestion
performance could be improved. The operational parameters selected in this study
were based on the controllable variables from previous publications and potentially
limited in terms of fully reflecting the control processes of digesters. However, the
significance of this approach could be brought into future studies with more
controllable operational parameters to improve digestion performance based on
predictions by machine learning algorithms. Future investigation on using
classification models for larger dataset to identify the critical parameter to guide
future operations is also warranted.
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Figure 5. The feature importance of operational parameters acquired using RF
in A) regression models and B) classification models with and without the
presence of outliers.
4. Conclusions
In this study, accurate prediction of digester performance using machine
learning algorithms was achieved. In the regression model using KNN, by excluding
outliers from the validation set, optimal prediction accuracy was demonstrated with
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RMSE as low as 26.6 compared to the data range of 259.0 to 573.8. The classification
model using GLMNET yielded the best accuracy of 0.73. The determinant
operational parameters could be concluded by feature importance to guide future
operations using regression models. Further improvements such as increasing the
amount of data and algorithm optimization could benefit the application of machine
learning in predicting digestion performance.
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