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Integrating microbial electrolysis cells (MEC) with anaerobic digestion (AD) would offer different synergistic
advantages to these technologies. The MEC bioanode could be immersed in the AD reactor, stabilizing the
process, or operated as an independent cell, further removing organic matter. However, up to now, bioanodes
operated in anaerobic digestion conditions present low current production and tend to deactivate over time. In
the present work, we conducted a comparison of six carbon-based and metal-based electrode materials, including
novel options such as stainless steel wool (SSW) and carbon nanofibers (ES300), never tested before under these
conditions. The electrodes were evaluated using two inoculation procedures, operating simultaneously in the
same electrolyte with different feeding media. The bioanodes produced double the current densities when fed
with undigested corn silage compared to anaerobic digester effluent, showing the potential for direct integration
into anaerobic digesters without pre-fermentation. Unprecedented stable current densities, up to 0.4 mA cm ™2,
were obtained over 60 days of operation in real anaerobic digestion conditions by Geobacter-dominated bio-
anodes on SSW and ES300, outperforming state-of-the-art bioanodes and avoiding the dramatic deactivation
previously reported. Microbial community analysis of SSW and ES300 elucidated how the microbial composition
in the bioanodes was mostly depending on the electrode material, rather than the inoculation procedure. The
results achieved with these bioanodes pave the way for scaling up and commercializing integrated AD-MEC
systems.

1. Introduction

Anaerobic digestion (AD) is a well-established bioprocess for the
sustainable treatment of organic matter and energy recovery. Here,
complex organic substances like silage and other agricultural waste,
animal manure, food waste, and wastewater get consumed by a mixed
microbial community in anaerobic conditions producing biogas, a
mixture of methane and carbon dioxide [1,2]. Coupling an anaerobic
digester with a microbial electrolysis cell (MEC), where electroactive
microorganisms consume small organic molecules (e.g., organic acids)
and utilize a polarized electrode as an electron acceptor for their
respiration metabolism [3], offers several synergetic advantages to the
AD process, as described in recent reviews [4]. For instance, a MEC can
stabilize an anaerobic digester in case of organic acids and nitrogen
overloads [5], improve the methane content of the biogas, and recover
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ammonium [6], while the chemical oxygen demand (COD) of the
anaerobic digester medium can provide part of the energy necessary for
the MEC operation.

The core of a microbial electrolysis cell is the so-called bioanode,
where the interaction between the electrode material and the electro-
active biofilm (EABf) takes place [7,8]. EABf grows on the surface of
polarized electrodes and uses them as electron acceptors in their meta-
bolism [9]. To form an EABf on an electrode surface, usually an inocu-
lation with a source of electroactive microorganisms is required, either
in pure culture, defined-mixed culture, or with natural inoculum sources
(i.e., activated sludge, wastewaters, anaerobic sludge). According to
several reviews [10-12], the main type of electrode utilized are
carbon-based materials [11] such as graphite felt, carbon paper and
graphite plates, and stainless steel-based materials, which can provide
excellent performances as bioanodes [12,13], even outperforming
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carbon-based ones [14]. However, most studies of bioanodes are per-
formed in independent biological experiments, where the bioanodes are
inoculated and operated independently from each other. This brings a
bias due to the differences in the inoculation procedure and from the
intrinsic heterogeneity of complex organic substrates, which change
dynamically their conditions (e.g. pH, type, and concentration of
organic compounds) due to fermentation, making it difficult to have the
same conditions in different bioreactors [15,16]. In this sense, only a few
systematic comparative studies of materials operated simultaneously in
the same medium are reported in literature [14,17,18], and a robust
comparative methodology for benchmarking different bioanode is still
lacking in the field.

In addition to this, the current densities and long-term stability of
bioanodes operated in industrially relevant conditions (i.e. with com-
plex non-axenic media as the electrolyte and without additional carbon
sources) are usually significantly lower than the ones reported for bio-
anodes operated in acetate media and axenic conditions [19]. The
development of high-performing bioanodes, capable of achieving
long-term high current densities, is considered one of the main re-
quirements for MEC scalability and industrial application [20]. In this
regard, Rosa et al. [21] reported a maximum current density of
0.01 mA cm™2 for bioanodes developed on graphite rods without
pre-enrichment and operated in amendment-free wastewater. Madjarov
etal [22] showed how anodes inoculated with a defined mix community
of Geobacter sulfurreducens, Geobacter metallireducens, and Shewanella
oneidensis performed similarly as non-inoculated anodes and anodes
inoculated with sewage sludge when operated with municipal waste-
water as substrate. Christgen et al. [19] presented a comparison of
different bioanodes developed on carbon veil as electrode material uti-
lizing three different inoculum sources and pre-enriched in acetate
media. Regardless of the inoculum used, all bioanodes showed a drop in
current densities, going from 0.25 to 0.45 mA cm 2 in acetate media to
around 0.1 mA cm ™2 when the acetate media was exchange to domestic
wastewater [19]. Kretzschmar et al. [23] showed how fully matured
Geobacter spp. EABf on graphite rod electrodes lost their functionality
within 1-8 days when operated inside an anaerobic digester. These re-
sults were expanded later by Dzofou Ngoumelah et al. [24], who showed
how older Geobacter spp. dominated EABf developed on graphite rods
had higher performances and resistance to deactivation in anaerobic
digestion conditions compared to younger ones. In any case, even the
older EABf showed a severe loss in current production during stepwise
adaptation to AD effluent.

From the results reported in literature, it appears that the improve-
ment of the current densities achievable by bioanodes in realistic in-
dustrial conditions is still a major necessity for the industrial application
of MEC [20]. In this sense, the aim of this paper is to develop bioanodes
capable of long-term high current density production, as well as inves-
tigate the interdependency between electrode materials, inoculation
procedures and fermentation degree of the feeding substrate, and their
effects on the electrochemical response of bioanodes operating in com-
plex, non-axenic anaerobic digester media. For this purpose, we carried
out a cross-comparison between commercially available electrode ma-
terials (graphite felt, graphite plate, stainless steel plate, stainless steel
mesh) and novel electrode materials which were never tested before as
bioanodes in anaerobic digester conditions (stainless steel wool and
in-house produced carbon nanofibers CNF-ES300). The bioanodes were
operated simultaneously and immersed in the same medium (over-
coming the bias of independent biological experiments) in two inde-
pendent reactors inoculated with either a mixed culture of
G. sulfurreducens and S. oneidensis or with a natural consortium from an
8 L laboratory-scale anaerobic digester digesting corn silage. The elec-
trochemical performances of the bioanodes were characterized by
chronoamperometry and polarization curves during the stepwise adap-
tation to the effluent from the same laboratory-scale anaerobic digester,
and afterward to the undigested corn silage which was used as feeding
substrate for the same laboratory-scale anaerobic digester. The daily
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bioreactor conditions (pH, conductivity, organic acids concentration,
soluble chemical oxygen demand) were monitored. Additionally, met-
agenomic analysis of the best-performing bioanodes were performed at
the end of the experimentation, to better understand the influence of
electrode materials and pre-inoculation procedures on the microbial
bioanode composition.

This work reports the development of Geobacter-dominated bio-
anodes on stainless steel wool and carbon nanofibers capable of
achieving unprecedented and stable current densities for over two
months of operation under real anaerobic digestion conditions, up to
0.4 mA cm ™2, representing a four-fold increase compared to previously
reported results. It is also elucidates how the right choice of electrode
material and inoculation procedure enables the development of bio-
anodes with improved long-term stability and current production in an
anaerobic digester environment, overcoming challenges that, until now,
where only tackle from the point of view of the biological engineering of
the bioelectrodes [19,24,25]. Moreover, the reported methodology
represents a step ahead for the implementation of solid
cross-comparative methodologies in the field.

2. Materials and methods
2.1. Chemicals, materials, and methods

All the chemicals used were analytical grade or higher and were used
as received. A gas mixture consisting of 20% mol COy (purity >
99.995%, Linde, Germany) and 80% mol Ny (purity > 99.999%, Air
Liquide, Germany) was used for purging and anaerobization. The pH
measurements were done with a SenTix Mic probe connected to a
Multiline P4 measurement device (Xylem Analytics Germany GmbH,
Germany). Conductivity measurements were done with a WTW Tetra-
Con 325 probe connected to a Multiline P4 measurement device (Xylem
Analytics Germany GmbH, Germany).

Soluble chemical oxygen demand (COD) was determined using
Hach-Lange cuvette kits LCK014 with a detector model DR 3900 (Hach-
Lange, Germany) after sample filtration on 0.2 pm surfactant-free cel-
lulose acetate filters (Sartorius, Germany). The same detector was used
also to measure the optical density at a wavelength of 600 nm (ODggp).
The total COD was determined using the same procedure as the soluble
COD but without the filtration step. To track the organic acid concen-
trations, high-performance liquid chromatography (HPLC) measure-
ments were performed in an HPLC system (Alliance, Waters, Germany)
with 2414 refractive and 2489 UV index detectors (Waters, Germany)
equipped with an Aminex HPX-87 H column (300 x 7.8 mm) with 8 mM
H5S04 as eluent at 0.6 mL/min and column at 35 °C.

All the potentials throughout this work are referred to an Ag/AgCl
electrode model SE20EB (sat. KCl, 197 mV vs. Standard hydrogen
electrode, Sensortechnik Meinsberg, Xylem Analytics Germany GmbH,
Germany). The electrochemical analysis (chronoamperometry, polari-
zation curves, linear sweep voltammetry) were carried out using either a
multichannel potentiostat model PGU-MOD 500 mA-4 K (IPS Elek-
troniklabor GmbH and Co., KG, Germany) or single-channel potentiostat
Gamry Interface 1010 (GAMRY Instruments, USA).

2.2. Media preparation

The anode medium, containing lactate as the only organic substrate,
was derived from [26] and is reported in Table S1. S. oneidensis produces
acetate from lactate, providing a constant acetate feed to
G. sulfurreducens in co-culture conditions [27]. The undigested corn
silage was prepared weekly by mixing with a blender 80 g L' of frozen
solid corn silage, 2.65 g L7! of NayCO3, 0.25 g L™ of NH4Cl, and
1 mL L' of trace element solution (reported in Table S2) in distilled
water and kept aerobic at 4 °C in a fridge. The solid corn silage was
obtained from a full-scale biogas plant, and it was autoclaved and kept
frozen at —20 °C. The undigested corn silage and the anaerobic digester
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effluent (ADE) were sieved aerobically on 2x2 mm stainless steel mesh
before feeding to the reactors. The ADE was obtained from a
laboratory-scale anaerobic digester, inoculated with 10% V/V media
from a full-scale biogas plant, and digesting the previously described
undigested corn silage at an organic loading rate (OLR) of 1.33 g0,
Lrenctor d~! with a hydraulic retention time of 40 days.

2.3. Inoculum sources

G. sulfurreducens PCA was cultivated in an anaerobic medium for
48 hours as described by Coppi et al. [28]. After cultivation, the cells
were centrifugated and washed three times to remove soluble electron
acceptors, following the procedure described by Kipf et al. [17]. S.
oneidensis MR-1 was cultivated as described elsewhere [18,29] and
washed three times before inoculation to remove soluble electron ac-
ceptors. The natural mixed microbial community was obtained from the
laboratory scale anaerobic digester and sieved on 2x2mm stainless steel
mesh before inoculation.

2.4. Experimental set-up

The information regarding the electrode materials tested are re-
ported in Table 1. All the materials were commercially available except
for the carbon nanofibers ES300 (CNF-ES300). These were fabricated by
electrospinning of 8 wt% polyacrylonitrile in N,N-dimethylacetamide
and subsequent carbonization at 1000 °C, following the procedure re-
ported by Erben et al. [30]. The experiments were carried out at a
controlled temperature of 35 °C in two battery glass reactors (BGRs)
adapted from Erben et al [31] under continuous purging with a
20/80 mol% CO2/N gas mixture and continuous stirring at 300 rpm
with a magnetic stirrer. The reactors were made anaerobic via gas
purging 24 hours before the inoculation and were utilized without any
prior sterilization. All the electrode materials had a projected surface
area of 2.25 cm? and were assembled as described by Vazquez etal. [14].
Platinized titanium meshes (2.5 ym Pt layer, 1 mm thickness, Horbach
Industriebedarf GmbH, Idar-Oberstein, Germany) with a projected sur-
face area of 2.25 cm? were used as counter electrodes for each working
electrode. Titanium gauze (60 mesh woven from 0.2 mm diameter wire,
Alfa Aesar, Germany) was used as the current collector for each of the
working electrodes, while titanium wire (99.7 wt%, 0.25 mm diameter,
Sigma Aldrich, Germany) was used as the current collector for the
counter electrodes and for the electrical connection between the current

Table 1
Electrode materials information.
Material Type Thickness Manufacturer
Graphite Plate MR40 3 mm Miiller & Rossner GmbH & Co.
(GP) KG,
Troisdorf, Germany
Graphite felt GFD 2.5 2.5 mm SGL Carbon SE,
(Felt) EA Wiesbaden, Germany
Carbon ES300 ~ 0.7 mm In-house fabrication [30]

nanofiber mat
(CNF-ES300)

Stainless steel EN 1 mm EMB-Edelstahl &

plate (SSP) 1.4301 Metallhandelsgesellschaft
GmbH,
Stuhr, Germany
Stainless steel EN 1 mm HAVER & BOECKER OHG,
mesh (SSM) 1.4301 (from wire Oelde, Germany
w= diameter)
0,5 mm
0,4 mm
Stainless steel EN ~ 3 mm RAKSO, Oscar Weil GmbH,
wool (SSW) 1.4113 Lahr, Germany
d=~
0.09 mm
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collectors and the external connections to the potentiostat.
2.5. Experimental procedure

Two 960 mL BGRs were operated simultaneously following the same
experimental strategy, the only difference being the inoculation pro-
cedure. The first bioreactor, denominated “BGR-GS”, was inoculated
with G. sulfurreducens at an ODgo of 0.01 and S. oneidensis at an ODggg of
0.09 and kept in open circuit potential (OCP) for two days before the
start of the chronoamperometry (CA). This strategy was followed to
allow the bacteria to establish themselves on the anode surface before
the application of an external potential. The second bioreactor,
denominated “BGR-NMC”, was inoculated with the natural mixed mi-
crobial community from the lab-scale anaerobic digester in a ratio of 1%
V/V. BGR-NMC was polarized immediately after inoculation, to prevent
the anode colonization by non-electroactive microbes (e.g., fermenters,
methanogens) present in vast majority in the inoculum [32-35].

Both BGRs were operated in chronoamperometry mode at a set po-
tential of —197 mV vs Ag/AgCl (0 mV vs SHE) [14]. The chro-
noamperometry was only interrupted for the recording of the
polarization curves (PC) and restarted immediately after. PC were used
to obtain voltage-current behaviour for the electrodes in different media
conditions over time and were performed immediately after feeding the
reactors, according to the procedure described as follows [14]: after
1 hour of equilibration at —197 mV vs Ag/AgCl, the OCP of the elec-
trodes was recorded for 30 minutes. Afterward, the potential was
increased from —405 mV vs. Ag/AgCl to 45 mV vs. Ag/AgCl in 50 mV
steps every 30 minutes, with a recording time of one point every second.
The current densities were obtained from the average of the last 100
points of each potential step [14]. The charge exchanged, expressed in
coulombs normalized by the electrode area (C cm’z), was calculated as
the integral of the chronoamperometry in the two days before and after
each PC, as shown in Eq. 1.

5]
c- / 1de €b)
5]

Due to the low conductivity of the media (in the range 5-7 mS em ™)
and the distance between the reference electrode and the working
electrodes, the bioanodes’ potentials during the chronoamperometry
and polarization curves were corrected considering the uncompensated
resistance (iR,-drop) using the procedure reported by Madjarov et al
[36]. For this work, the reported potentials were corrected using Eq. 2
[14,36].

K
c

Ecac = Eap - (2)
where Eq is the corrected potential of the electrode, Eqyp is the potential
applied by the potentiostat, without correction, I is the current produced
by the bioanode, ¢ is the conductivity of the medium and K; is the ge-
ometry factor of the reactor. For the reactor design utilized in this work,
a geometry factor of 38.67 m™! was reported by Vazquez et al. [14].

The theoretical bioelectrochemical consumption of acetate was
calculated based on Faraday’s Law from the coulomb exchange between
each time interval (Eq. 1), multiplied by the molecular weight of acetate
(59 g mol 1), divided by the number of electrons liberated from the
acetate oxidation (8) and divided by the Faraday constant (96
485 C mol ! [37]), as reported in Eq. 3.

C (coulombs) x 59 (ﬁ)

Consumed acetate(g) =

3
8+ 96485 <#>

A summary of the experimental procedure is reported in Fig. 1-A. For
the first 10 days, the BGRs were operated in batch mode in the anode
medium. On day 9, before performing the polarization curve, the BGRs
were fed with 1 mL of lactate 60% in water, to prevent possible bias due
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Fig. 1. A: experimental operation diagram. B: evolution of the media concentration in time during the experimentation. The cumulative anaerobic digester media is
the sum of the anaerobic digester effluent concentration and the undigested corn silage concentration.

to substrate limitation. From day 11 to day 36, the BGRs were operated
in fill-and-draw mode, feeding ADE at an OLR of 1.44 g0y Liexctor d 1.
The daily feeding amount corresponded to 6.25% of the 960 mL reactor
volume, for a hydraulic retention time of 16 days. Polarization curves
were recorded on days 18, 28, and 36. From day 37 to day 61 the feeding
substrate was changed to undigested corn silage at an OLR of 3.31 gO,
Lrebetor A 1. The polarization curves were recorded on days 45, 53, and
61. On day 62 and day 63, the BGRs were spiked with 60 mL of an
8 g ™! sodium acetate solution. All the media were fed without prior
anaerobization to the BGRs. The daily analysis of pH, conductivity,
soluble chemical oxygen demand, and organic acid concentrations were
performed always before the daily feeding event. Fig. 1-B reports the
evolution of concentrations of all the media during the experiments due
to media exchange. It is worth noticing that this only gives an indicative
representation of the evolution of the BGRs liquid phase composition: it
is safe to assume that the microorganisms contained in the ADE prolif-
erated in the anode medium, bringing a dynamic evolution of the bio-
logical and chemical composition of the BGRs liquid phase which could
have established anaerobic digester conditions faster than the only ex-
change of media. However, following this experimental procedure, it is
possible to study the evolution of the current densities of the different
materials during the stepwise adaptation to anaerobic digester condi-
tions, and afterward to investigate the change in current densities
determined by the stepwise addition of an undigested media. While the
ADE has a total COD of 23 g0, L™! composed mostly of microbial
biomass and hardly degradable substrates, the undigested corn silage
has a total COD of 53 g0, L ™! and, since the solid silage was autoclaved
and kept frozen until further use, the number of living microorganisms
in it should be minimal, and most of the COD being composed of readily
biodegradable substrates.

2.6. Corrosion experiments

Metallic materials are susceptible to corrosion when operated as
anodes. In our experiments, stainless steel wool achieved the highest
current densities in almost all conditions, while the other two metallic
materials (stainless steel mesh and stainless steel plate) achieved only
negligible current densities when operating with ADE and undigested
corn silage. To rule out the possible contribution of abiotic corrosion to
the current densities achieved by stainless steel wool, we investigated its
possible corrosion following the methodology described by Vazquez
etal [14].

Linear sweep voltammetries (LSV) were carried out between
—550 mV vs. Ag/AgCl and 550 mV vs. Ag/AgCl at a scan rate of
1 mV s! in a three-electrode set-up inside modified Schott bottles. The
previously mentioned platinized titanium mesh was also used as the
counter electrode. The LSV were carried out in independent triplicates
under continuous purging with a CO2/N5 gas mixture in anode media,
anaerobic digester effluent and undigested silage. The LSV were carried
out both in biological conditions (denominated “raw media”) and in
autoclaved media. The experiments in autoclaved media were con-
ducted to rule out possible contributions from electroactive microor-
ganisms to the assessed corrosion current densities. The anode media is
expected to be abiotic, but it was nevertheless investigated in both
conditions for comparison. The media were autoclaved at 121 °C for
20 min. The autoclaving process not only determines the death of all
living cells in the media but also causes a change in the media pH, buffer
capacity, and chemical composition, due to the possible thermal
degradation of organic compounds. However, autoclaving is one of the
easiest and most efficient sterilization methods, and other methods (e.g.,
addition of chemicals, filtration) would determine even bigger changes
in the media conditions, without granting the same sterilization
efficiency.

The corrosion was assessed based on the corrosion potential and the
calculated exchange current density in the Tafel plot. Furthermore,
abiotic chronoamperometry at —197 mV vs Ag/AgCl were carried out
for 7 days under continuous purging with a CO5/Ny gas mixture, fol-
lowed by polarization curves. The experimentation was carried out in
independent duplicates for the three autoclaved media in a three-
electrode set-up inside modified Schott bottles.

2.7. Metagenomic analysis

For the metagenomic analysis of the different electrode materials,
the bioanodes were harvested after the experiment and stored in about
20 mL Allprotect Tissue Reagent (Qiagen, Hilden, Germany) at —20 °C
until further processing. To extract the genomic DNA, a 2 cm? piece of
the bioanodes was cut out and the DNA was then directly isolated using
the Qiagen DNeasy PowerBiofilm kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The total concentration and
purity of the extracted DNA was measured using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA) and the
Qubit dsDNA assay kit (Life Technologies, Carlsbad, CA, USA). Samples
were stored at —20 °C until metagenome sequencing. A total of 400 ng
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Qubit double-stranded DNA per sample was used for library preparation
using the Native Barcoding Kit 24 V14, SQK-NBD114.24 (Oxford
Nanopore Technologies, Oxford, UK). Sequencing was performed using
a MinION Mk1lb and an R10.4.1 flow cell with MinKNOW software
v.22.10.7 (Oxford Nanopore Technologies, Oxford, UK). Base calling
and demultiplexing were performed using Guppy v.6.4.2 in super ac-
curacy mode with read splitting enabled and a minimum score of 58.
Read assembly was performed using Flye v.2.9.1.-b1768 with the
additional parameters -nano-hg and -meta. The contigs were then pol-
ished twice using Racon v.1.5.0 and once using Medaka v.1.8, model
r1041 e82 400 bps sup g615. Minimap2 v.2.24 was used for read
mapping. Polished contigs were annotated using the GTDB-tk v2.1.1
with database r207 v2. Coverage of contigs was assessed using Mini-
map2 and Samtools v1.16.1. For taxonomic representation, values for
the same order were cumulated.

3. Results and discussion
3.1. Chronoamperometry

Fig. 2 shows the current densities for the 6 electrodes in the two
different reactors. During the first experimental block (corresponding to
the first 10 days of batch operation in anode medium), the reactor
inoculated with a co-culture of G. sulfurreducens and S. oneidensis (BGR-
GS) showed a clear hierarchy of materials, with stainless steel wool
(SSW) being the best-performing material. Carbon nanofibers ES300
(CNF-ES300) performed similarly to graphite plate (GP) while stainless
steel mesh (SSM) and graphite felt (Felt) performed similarly between
them. Stainless steel plate (SSP) showed the lowest performance of the
set. SSW was the best-performing material also in the case of the reactor
inoculated with the natural microbial consortium (BGR-NMC); at the
same time GP, CNF-ES300, and Felt performed similarly between them,
while SSM and SSP did not show appreciable current production
throughout the entire experimentation. During this first experimental
block, in BGR-GS all electrodes started their current production in less
than 2 h after the start of the chronoamperometry and exhibited a
general decreasing trend in current densities after the first current
density peak. In BGR-NMC the current production started after 2 days
and all the electrodes showed an overall increasing trend in the current
production. These differences were probably due to the different inoc-
ulation procedures of the two BGRs. However, both BGRs showed
similar current densities for SSW, Felt, CNF-ES300 and GP in these
conditions between days 5 and 10.

In the second (days 11-36, ADE as feeding substrate) and third (days
37-61, undigested corn silage as feeding substrate) experimental blocks,
the BGRs were operated in fill-and-draw mode, with a daily feeding
amount corresponding to 6.25% of the reactor volume and a hydraulic
retention time of 16 days. Undigested corn silage becomes ADE after
being fermented for 40 days in a lab-scale anaerobic digester; therefore,
the main difference between the two media is the biodegradation level.
Upon the start of ADE addition on day 11 and in the entire second block,
all the electrodes in both BGRs presented a stepwise decrease in current
production. Around day 23, all materials in both BGRs started displaying
a trend characterized by current peaks immediately after each feeding
event, followed by a sharp decline. This trend stayed consistent for the
remaining duration of the second experimental block. For instance, for
SSW in BGR-GS, on day 35 the current peaked 3.84 h after the feeding
event, with a current density going from 0.04mAcm™2 to
0.22 mA cm™—2 (5-fold increase) and then slowly decreased to
0.07 mA cm ™2 at day 36, right before the next feeding event. This is in
agreement with Kretzschmar et al [23] who also reported current
density peaks in correspondence to feeding events, correlating this effect
to an acetate concentration peak reached immediately after the feeding
event and a subsequent decrease of the acetate level until the next
feeding event [23]. In this same study, bioanodes derived from a Geo-
bacter anodireducens-dominated secondary biofilm on graphite rods
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showed a similar deactivation trend as the one reported in the second
experimental block of our experiments, going from a peak current
density in the range of 0.17 mA cm 2 during the first day of operation
inside an anaerobic digester to a peak current density of less than
0.03 mA cm 2 after 8 days of operation [23]. For comparison, GP (the
electrode material of the present study which is the most similar to
graphite rods used by Kretschmar et al.) in BGR-GS even towards the end
of the ADE addition phase still reached current density peaks in the
range of 0.1 mA em 2, while GP in BGR-NMC stopped performing on
day 13 going from 0.23 mA cm 2 to 0.02 mA cm™2, and did not show
any change during the rest of the experimentation. During the second
experimental block, in BGR-GS could still be observed a ranking of
materials, with SSW being the best-performing material in the entire
second block, followed by CNF-ES300 and Felt which performed simi-
larly. On average, SSW peaks reached double the maximum current
densities of CNF-ES300 and Felt. The picture changed in BGR-NMC:
CNF-ES300 and Felt were the two best materials, with similar perfor-
mances, and SSW ranked in third position.

Immediately after the first addition of undigested corn silage in the
third experimental block, in BGR-GS the current densities peaks for SSW,
CNF-ES300, and Felt doubled. Thus, SSW went from a maximum peak of
0.16 mA cm ™2 to a maximum peak of 0.32 mA cm™2. In this phase, it
was also possible to observe more stable current densities for all the
electrode materials and a clear ranking of them, with SSW being the
best-performing material, followed by CNF-ES300, Felt, GP, SSM, and
SSP. The addition of undigested corn silage also improved the current
densities generated by the porous electrodes in BGR-NMC, while the flat
materials did not show any improvement from the change of feeding
substrate. The current stabilized at around 0.2-0.3 mA cm ™2 for SSW,
Felt and CNF-ES300, which showed similar performances, while SSP, GP
and SSM kept producing only negligible current densities.

For the last 2 days, the BGRs were spiked with acetate instead of
feeding undigested corn silage, to test if increases in acetate concen-
tration in the media would have caused a spike in current densities in the
bioanodes. The calculated acetate concentration increases in the BGRs
due to these spikes was 500 mg L™1. On the other hand, the calculate
acetate increase in the BGRs due to the undigested silage feeding (with
an average concentration of acetate of 650 mg L) was 40.6 mg L™,
12-times lower increase compared to the acetate spike. After the acetate
spikes it was possible to notice a local spike in current, similar to the one
observable after the ADE and undigested silage feeding events. How-
ever, no major current increase compared to the other two feeding
substrates was observed, probably due to a fast consumption of acetate
from the bulk microbes [38-40]. It is also possible to notice an overall
decreasing trend of the current densities during the acetate spikes,
compared to the plateau observed during the undigested silage feeding.

Fig. 3 displays the iR-corrected electrode potentials obtained during
the chronoamperometry experiments reported in Fig. 2. Due to the un-
compensated resistance caused by the low conductivity of the medium
and the distance between the reference electrode and the working
electrodes in the BGRs [36], the real potentials of the electrodes were
more negative than the —197 mV vs Ag/AgCl setpoint of the potentio-
stat. The obtained results were in line with what was obtained from
Vazquez et al. [14] with the same reactor geometry. Due to this effect, it
is difficult to compare the current densities obtained throughout the
experimentation from the different bioanodes [36], since all of them
were polarized to different potentials, and those potentials changed
dynamically during the entire experimentation. Polarization curves
were performed to better clarify this point.

3.2. Polarization curves

Fig. 4 reports the maximum current densities obtained in the po-
larization curves, the minimum slope in the ohmic region of the polar-
ization curves, and the cumulative charge exchanged in the two days
prior and two days after each polarization curve. The complete iR-
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corrected polarization curves are reported in Figure S1 and Figure S2. In
both BGRs the maximum current densities in anode media were in line
with values reported in the literature for similar bioanodes. The
maximum current densities in anode medium for Felt and SSM in BGR-
GS were around 0.4 mA cm~2 for both materials, while Kipf et al. [17]
reported maximum current densities of around 0.7 mA cm ™2 for similar
electrode materials operated as bioanodes in a similar anode medium
with a pure culture of G. sulfurreducens (ODgoo = 0.1) as inoculum. It is
also worth noticing the outstanding current density (higher than
1 mA cm?) obtained by SSW in the anode medium, regardless of the
inoculation procedure. The addition of ADE caused decreases of similar
magnitudes in the maximum current densities and the charge exchanged
for all materials in both BGRs. For instance, the maximum current
density of GP in BGR-GS decreased from 0.5 mA cm™2 in the anode
medium to 0.08 mA cm ™2 after 17 days of ADE addition. On the other
hand, SSW and CNF-ES300 reached, in both BGRs, maximum current
densities in the range of 0.2 mA cm ™2 after 17-25 days of ADE addition,
when the ADE concentration in the liquid phase of the BGRs was be-
tween 36% (on day 17) and 62% (on day 25). For comparison, Dzofou
Ngoumelah et al. [24] reported the operation of a 3-week-old Geobacter
spp. EABf on graphite rods at different ADE concentrations. The

maximum current densities produced by those bioanodes dropped
below 0.1 mA cm ™2 after 1 week of operation at ADE concentrations
between 25% and 75%.

SSW in BGR-NMC achieved lower maximum current densities during
ADE addition than Felt and CNF-ES300, while the charge exchanged in
the 4-day interval around the polarization curve is about the same values
for the three materials. This effect may be due to a combination of
different causes. For instance, this effect could be related to the different
mass transfer in the biofilm, which regulates the access to substrate, for
the different electrode materials [41-43]. It is also important to notice
how the maximum current densities are achieved in the polarization
curves at set bioanode potentials, while the charge exchanged is calcu-
lated during the chronoamperometric control of the bioanodes. As
shown in Fig. 3, the bioanodes potentials during the chro-
noamperometry change dynamically due to uncompensated resistance.
Therefore, it may be possible that even if Felt and CNF-ES300 can ach-
ieve higher maximum current densities at more positive bioanode po-
tentials, this doesn’t reflect in an improvement of bioanodes
performance in the middle-long term during chronoamperometric con-
trol. These results indicate how is important to not only consider
maximum current densities when comparing bioanode performances
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but also take into consideration the current densities trends and the
related charge exchanged. The addition of undigested corn silage had
little effect on the performances of the flat electrodes (SSM, SSP, and GP)
while the porous ones showed a recovery in current densities and charge
exchanged, even though not fully recovering to the performances ob-
tained in the anode medium. It is worth noticing how the maximum
current densities obtained by SSW, Felt, and GP in BGR-GS after the
beginning of the addition of undigested corn silage are in the same range
as the results presented for the same electrodes in the same type of
reactor by Vazquez et al. [14] after 3 weeks of operation of the bioanodes
(inoculated with real wastewater and G. sulfurreducens) in synthetic
non-axenic brewery wastewater. Furthermore, the PC slopes reported in
the same work for the aforementioned bioanodes are in the same range
as the ones reported in our work for the same electrode materials in
BGR-GS. The stepwise addition of ADE also determined an increase in
the slope of all the electrodes in both BGRs. For instance, in both BGRs,
SSW went from ~0.05 kQ cm? in anode medium to ~0.3 kQ cm? after 17
days of ADE addition. This effect may derive from the colonization of the
EABf by fermenters and other non-electroactive microorganisms. These
microbes form the biofilm structure by producing extracellular poly-
meric substances (EPS), a sort of “microbial glue” which keeps together
the biofilm [44,45]. The increase amount of EPS and non-electroactive
microbes could determine an increase in the EABf internal resistance
[46,47]. The porous electrodes presented similar slopes in both BGRs,
which stabilized at around 0.3-0.8 kQ cm? from the beginning of ADE
addition. On the other hand, the flat electrodes in BGR-NMC presented
slope values 10-20 folds higher than their counterparts in BGR-GS.

In general, it is possible to observe how the maximum current den-
sities obtained in the polarization curves and the charge exchanged in
the selected timeframes for the two BGRs further validated the ranking
(for BGR-GS) and grouping (for BGR-NMC) of materials obtained in the
chronoamperometry, with SSW being the overall best-performing ma-
terial. From our results, it can be noticed how the bioanodes that pre-
sented the lowest slope of the PC in the ohmic region, which indicates
the internal resistance of the bioanodes, were also the best-performing
ones in terms of maximum current densities in the PC and charge
exchanged in the selected timeframes.

Journal of Environmental Chemical Engineering 12 (2024) 113071
3.3. Corrosion analysis

SSW outperformed the other metallic materials in all our experi-
mental conditions. For this reason, the corrosion tests were performed
only on SSW, using LSV to evaluate the corrosion potentials and the
corrosion current densities and quantify the possible contribution to the
current densities achieved due to the corrosion of the material. The
resulting Tafel plots are reported in Fig. 5, while the calculated corrosion
potentials and corrosion current densities for all media and conditions
are reported in Table S4.

The results for the LSV performed in the raw mediums (non-auto-
claved and without any pre-treatment) showed that the corrosion cur-
rent densities obtained were negligible compared to the current
densities achieved in the biotic chronoamperometry. It is also possible
that the obtained corrosion current densities were the result of the
electrochemical oxidation of organic molecules on the electrode, or from
the contribution of electroactive microorganisms. To discard this last
hypothesis, we performed the LSV in autoclaved mediums to obtain
results in strictly abiotic conditions. The obtained corrosion current
densities (Table S4) in autoclaved mediums were around 1 order of
magnitude lower than the ones obtained in the raw mediums.

To obtain a comparison with the results reported in the previous
experimental sections, SSW was polarized at the —197 mv Vs Ag/AgCl
(same potential of the chronoamperometry) over 7 days in duplicate in
the three media. The media were autoclaved to prevent the formation of
an electroactive biofilm. After 7 days, PC were recorded in the same way
as previously described. The resulting PCs are reported in Figure S3. The
current densities obtained were negligible compared to the results from
the biotic chronoamperometry and polarization curves reported in the
previous Sections.

In conclusion, from the results achieved in the corrosion experi-
ments, it is possible to claim that the outstanding electrochemical per-
formances of the SSW bioanodes were due to pure bioelectrochemical
activity, with minimal contribution due to material corrosion, in
agreement with precedent literature [14].

3.4. Battery glass reactors conditions

The bioreactor parameters (pH, conductivity, and soluble COD)
through the experimentation are reported in Fig. 6. It is worth

Log,, /1 (mAcm?)

Autoclaved

5 2 i i . i
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Fig. 5. Tafel plots for the three different media (anaerobic digester effluent, anode medium, and undigested corn silage) in the two different conditions (raw and
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1



S. Colantoni et al. Journal of Environmental Chemical Engineering 12 (2024) 113071
A) G
eobacter + Shewanella
Daily feeding with Daily feeding with
Anode medium anaerobic digester effluent undigested corn silage
Batch mode HRT = 16 days HRT = 16 days

:

'T—l
o ol
o =
£ e 5
5 3000 e
g ~—
£ 17 £
Q o
T 2000 £
c =
g, {6 2
% O
© 1000 <
= =
- o
-: 0 A A A A A A A A A A 4
o0 0 5 10 15 20 25 30 35 40 50 60
Time (days) Time (days) Time (days)
|—e— COD —©—pH Cond uctivityl
B) Mixed microbial community
Daily feeding with Daily feeding with
Anode medium anaerobic digester effluent undigested corn silage
4000 Batch mode HRT = 16 days HRT = 16 days g

3000

2000

1000

pH (-) / Conductivity (mS em™)

Chemical oxygen demand (mgO2 I.'l)

0 s A A A e A A A A A 4
0 5 10 15 20 25 30 35 40 50 60
Time (days) Time (days) Time (days)
—6—COD —&—pH Conductivity

Fig. 6. Evolution of soluble COD, pH, and conductivity for the two BGRs. (A, inoculated with a co-culture of Geobacter sulfurreducens and Shewanella oneidensis,
and B, inoculated with a natural mixed microbial community from a lab-scale anaerobic digester). The analyses were done immediately before the feeding events.
HRT: hydraulic retention time.

10



S. Colantoni et al.

mentioning that in the second and third experimental blocks, the sam-
plings for the analysis were carried out always before the daily feeding
event, therefore, the presented values describe the BGRs’ conditions
when the substrates were depleted after 24 h of microbial activity. The
feeding events may have caused changes in the BGRs’ conditions during
the 24 h between each analysis.

The pH remained constant at around 7.5 for both BGRs, possibly due
to the high buffer capacity of the media utilized in these experimenta-
tions and the continuous gas purging with 20% CO,, which kept con-
stant the gas composition on the BGRs’ headspace and stabilized the
carbonate buffer. A neutral pH of around 7-7.5 is considered the opti-
mum for methanogenesis and AD processes [48,49], however, more
alkaline pHs are considered beneficial for the electrochemical response
of bioanodes [50,51]. Accordingly, a pH of 7.5 could be considered the
optimum “middle-point” to benefit both the AD microbial community
and the bioanode EABf. Since the pH trends of both BGRs has been
exactly the same for the entire duration of the experimentation (except
for an outlier for BGR-NMC at day 3), an influence of the pH on the
different electrochemical response of the BGRs can be ruled out.

The conductivity decreased for both BGRs from the start of the
addition of ADE and reached a plateau at around 5 mS cm L. This is due
to the addition of a media with lower conductivity (ADE and undigested
corn silage, both with a conductivity of ~ 4-5 mS cm’l) to the anode
medium, which instead had a conductivity of ~ 7-7.5 mS cm™ 1. The
soluble COD showed an increase in day 9, due to the lactate addition,
then rapidly decreased for both BGRs from the beginning of ADE
feeding. This could be explained by the fact that the ADE contained a
microbial community of fermenters and methanogens which can rapidly
biodegrade COD [52,53]. On the other hand, the COD showed an
increasing trend after the beginning of undigested corn silage addition.
This could be due to the difference in biodegradability between the two
media. The higher amount of biodegradable substrate in undigested
corn silage could also have stimulated the microbial activity in the bulk
of the BGRs, explaining the latter decrease in COD from day 50.

Fig. 7 describes the profiles through time for the concentrations of
acetic acid, propionic acid, butyric acid, and lactic acid. The HPLC an-
alyses were carried out on the same sample utilized for the COD, pH and
conductivity analysis, consequently the sampling for the analysis in the
second and third experimental blocks was carried out always before the
daily feeding event. Consequently, the organic acids concentrations
describe the BGRs’ conditions when the substrates were consumed by
24 h of microbial activity. For comparison, in Figures S5 and S6 are
reported, respectively, the organic acids profiles of ADE and undigested
corn silage.

In the first experimental block, lactic acid, which was the only sub-
strate initially added and present with a starting concentration of
3.73 g L7}, was present in only a minimal amount until day 9. This may
be due to its fast consumption by S. oneidensis in the bulk phase of BGR-
GS and by the fermenters present in the inoculum of BGR-NMC [54]. The
biodegradation of lactic acid and yeast extract, present in a concentra-
tion of 1 gL~ in the anode medium, determined the relatively high
concentrations of acetic acid and propionic acid detected in the anode
medium [55]. Three moles of lactate can be fermented to two moles of
propionate and one mole of acetate [55]. Accordingly, the complete
fermentation of the 3.73 g L1 of lactate present at the beginning of the
experiment would result in a propionate concentration of 2 g L™} and an
acetate concentration of 0.8 g L™, which is in line with the detected
concentrations of such compounds. Acetic acid was always present in
concentrations above 400 mg L™! in both BGRs during the first experi-
mental block. However, the two BGRs presented different acetic acid
trends until day 9: increasing for BGR-GS and decreasing for BGR-NMC.
The increase of acetate concentration in BGR-GS could be due to the
fermentation of yeast extract, while the decreasing trend of acetate in
BGR-NMC could be due to the presence of acetate-consuming microbes
in the inoculum [35]. The concentration of propionic acid during the
first experimental period was high and stable and without major
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changes for both BGRs, around 1000 mg L' for BGR-GS and around
800 mg L.™! for BGR-NMC. The propionate may have been produced by
ubiquitarian fermenters present in the environment [56], which prolif-
erated in the anode medium and fermented the lactate to propionate.
The butyric acid concentration was minimal in both BGRs for the entire
duration of the experimentation and without significant changes. The
addition of lactate on day 9, before the analysis, determined an increase
in the concentrations of acetic acid and propionic acid in both BGRs, in
agreement with the hypothesis that these organic compounds are pro-
duced by fast biodegradation of lactate. Acetic acid then decreased
rapidly in BGR-NMC, while it kept increasing in BGR-GS. During the
entire experimentation, the total daily bioelectrochemical consumption
of acetate (sum of acetate consumed by all the six bioanodes inserted in
the BGR) has been in the 5-60 mg day ! range for both BGRs. The total
daily theoretical bioelectrochemical consumption of acetate by the
bioanodes during the entire experimentations are reported in Figure S4.
In relation to this, the reduction of acetate concentration due to its
bioelectrochemical oxidation at the bioanodes is minimal in comparison
to the acetate levels in the BGRs. The decrease of the acetate concen-
tration in BGR-NMC can thus be explained by the presence of
acetate-consuming microbes in the inoculum utilized [35].

In the second block, the acetic acid concentration of BGR-GS started
to decrease due to the addition of ADE, which contained acetate-
consuming methanogens and had an average acetate concentration of
470 mg L' and stabilized around a value of 600 mg L™! from day 20.
BGR-NMC showed a decreasing trend similar to the previous block,
which then changed to an increasing trend from day 19 and stabilized at
a value of 600 mgL™!. In both BGRs, propionic acid showed a
decreasing trend from the start of ADE addition and stabilized at around
day 22 to a value of 100 mg L™!. The inoculum utilized for BGR-NMC
should contain propionate-consuming microbes [57], but, since no
propionate degradation was present in the first experimental phase, it
would be possible to hypothesize that the anode medium conditions did
not allow the propionate-consuming microorganism to prosper. The
beginning of ADE addition increased the amount of
propionate-consuming microorganisms present in the BGRs [57],
determining a fast propionate consumption.

In the third block, in both BGRs, acetic acid increased after the
beginning of the addition of undigested corn silage, then started to show
a decreasing trend. The last 2 days of acetate spikes did not determine an
increase in the measured acetic acid concentrations. This effect can be
explained by the fast consumption of acetate by the organisms present in
the planktonic phase [52,53,58]. The propionic acid amount was higher
in BGR-NMC than in BGR-GS and did not decrease as sharply, but in both
cases, it showed a trend similar to the acetic acid one. Propionate also
showed a rapid decrease in BGR-NMC during the acetate spike since no
further propionate is added during the acetate spike and the propionate
consuming microbes rapidly metabolized the propionate accumulated in
bulk during the undigested silage feeding. Also lactic acid showed a
similar trend in both BGRs, with a decreasing trend compared to the
second block. These differences could be due to the intrinsic heteroge-
neity of the independent BGRs.

In general, it is worth noticing how the BGRs could operate at an HRT
of 16 days while being fed with undigested corn silage at an OLR of 3.31
g0, L7 day™! without presenting any sign of overacidification. This
OLR is 2.5-folds higher than the OLR of the laboratory scale anaerobic
digester fed with undigested corn silage and operated to obtain the ADE.
For comparison, the lab-scale AD presented signs of overacidification
and process inhibition for HRT lower than 40 days (data not showed).
During the 24 days of operation in these conditions, the BGRs did not
present any pH decrease nor soluble COD or organic acids accumulation.
During the third experimental phase (undigested corn silage feeding),
the total daily bioelectrochemical consumption of acetate was in the
10-20 mg day ! range. From these results it is possible to hypothesize
that the bioanodes can improve the anaerobic digestion process stability
even if the amount of acetate degraded by the bioanodes is very low



S. Colantoni et al.

A)

__ 2000
.T—l
(o))
E
c 1500
.0
<
€
(]
2 1000
(o]
(8]
(2]
R
()
O 500
L
o
O
o
(@)
0

B)

__ 2000
'T_I
O
E
c 1500
.8
©
=
c
(]
£ 1000
(o]
(8]
"
R
()
T 500
L
=
O
o
o
0

Anode medium

Journal of Environmental Chemical Engineering 12 (2024) 113071

Geobacter + Shewanella
Daily feeding with Daily feeding with
anaerobic digester effluent undigested corn silage
HRT = 16 days HRT =16 doys_

Anode medium

Batch mode

CI
-2,5 O Acetic acid
3, O  Butyric acid
:i O Lactic acid
——————— =1~ 1 'l O Propionic acid et il bl indatady
g; b % pioni i
® fo)
= o() () 2 @
I (o)
.._o_o_o__pp-!_o‘ .O_Q_ _____ -O- - SRR S P ———
00| % &
00° o 9
I Q) (o]
' QQQ@ (o)
I - I N St o |y,
o} (] e Tele c@ S
e . o) o ©
688 . eeé?? .._.ll-i:uli-z-'-;.is' O ~
5 10 15 20 25 30 35 40 50 60
Time (days) Time (days) Time (days)

Mixed microbial community

Daily feeding with Daily feeding with
anaerobic digester effluent undigested corn silage
. HRT.= lédays HRT=_16days_

: T
.gi O Acetic acid
3| O  Butyric acid
:i O Llactic acid o
“““““““ w1~ 1 [l © Propionicacidl] [~~~ "~~~
o1
M
|
i 1)
.._o_______é)_o_.
080 Op
3 o8
o)
______ o_ - -
o
o i
086, 00989
5 10 15 20 25 30 35 40 50 60
Time (days) Time (days) Time (days)

Fig. 7. Organic acids concentrations over time for the two BGRs (A, inoculated with a co-culture of Geobacter sulfurreducens and Shewanella oneidensis, and B,
inoculated with a natural mixed microbial community from a lab-scale anaerobic digester). The analyses were done immediately before the feeding events. HRT:

hydraulic retention time.

12



S. Colantoni et al.

compared to the OLR of 3.31 g0, L™! day ™! during the third experi-
mental phase.

3.5. Bioanalysis

To gain insight into the microbial community colonizing the two
best-performing electrode materials, SSW and CNF-ES300, a meta-
genomic analysis was performed on them. Fig. 8 shows the orders with
an abundance greater than 1% in at least one of the samples, which were
defined as major contributors, while all classified microbial genera are
provided in the Table S5. A total of 15 major contributors were identi-
fied, with Geobacterales being the most abundant order in all four
samples. The only species that was found within the order of Geo-
bacterales was G. sulfurreducens (Table S5). The abundance of this spe-
cies was higher on the CNF electrodes with 38% for BGR-GS and 33% for
BGR-NMC compared to the SSW electrode with 30% and 27% for BGR-
GS and BGR-NMC, respectively. Geobacter species are reported to be the
most common exoelectrogens in MEC-AD processes with relative
abundances of up to 70% [59-61], so the abundances found on all four
bioanodes are consistent with the literature. Pre-cultivation of
G. sulfurreducens and S. oneidensis resulted in a higher abundance of
G. sulfurreducens for both electrodes compared to the system inoculated
with natural mixed microbial community, but the difference found was
relatively small with 5% and 3% higher abundance for the CNF and SSW
electrodes, respectively. Interestingly, S. oneidensis could not be identi-
fied at all (Table S5) on any of the anodes analyzed. This indicates that
S. oneidensis could not be established as part of the anode biofilm. In the
study of Liu et al [61] a similar effect was reported, where a
pre-cultivated MEC-anode was introduced into an anaerobic digestion
reactor and Shewanella species were only detected after the start-up but
not in the final analysis of the bioanode. In addition, Engel et al. [62]
showed that S. oneidensis was not part of the established biofilm of an
MEC-anode, but that the presence of this organism had beneficial effects
on the current production of G. sulfurreducens that colonized the elec-
trode material.

Besides Geobacterales, a high abundance of fermentative organisms
was identified. In particular, species of the order Bacteroidales were
found to dominate the SSW bioanode with 21% for the system with pre-
cultivation and 22% for the system with the NMC. On the CNF bioanode,
Bacteroidales were found with an abundance of 5% and 4% of the pre-

100

Journal of Environmental Chemical Engineering 12 (2024) 113071

cultivated and the NMC system, respectively. Species of this order are
known for their high potential to degrade lignocellulosic substrates as
well as amino acids into acetate and ammonia and their high abundance
in AD processes was previously reported [63,64]. Furthermore, a high
abundance of Petrotogales was found on the CNF bioanode with (1.2%)
and without (1.3%) pre-cultivation as well as on the SSW bioanode with
(5%) and without (8%) pre-cultivation. This order of bacteria is known
to produce mostly acetate, and, in minor amount, propionate and suc-
cinate, fermentatively from lactate and glycerol in AD processes [65].
The ability of this order to produce acetate could explain the high
abundance found on the bioanodes as it suggests a close interaction of
these organisms with G. sulfurreducens cells which utilize acetate as their
energy and electron source. Accordingly, Synergistales were found as
major contributor on both CNF electrodes (up to 2%), while being a
minor contributor on the SSW electrodes (<1%). This order was re-
ported to be able to degrade several amino acids [64,66] and lactate
[65] to produce acetate as well. Syntrophales were found as major
contributor on the SSW electrode with pre-cultivation (1%), whereby
these organisms are reported to contribute to the degradation of buty-
rate, iso-butyrate, and iso-valerate to produce acetic acid [67]. Addi-
tionally, Propionibacteriales were found with an abundance of around
1% on the SSW bioanode and with a slightly lesser abundance of around
0.9% for the pre-cultivated CNF bioanode and 0.1% for the CNF bio-
anode without pre-cultivation. These organisms are also known to
contribute to AD processes mainly for their production of propionate
[65].

In addition, several species of the phylum Firmicutes were identified
on the tested bioanodes (Table S5). Firmicutes are syntrophic bacteria
known to degrade volatile fatty acids (VFAs) to hydrogen and have been
reported as key organisms for anaerobic digestion processes [68]. The
hydrogen produced by these organisms in a conventional AD process is
used by hydrogenotrophic methanogens to produce methane [68]. In
the bioanodes studied here, it is also conceivable that G. sulfurreducens
utilized the hydrogen produced locally by these organisms in the anode
biome, as this organism can use hydrogen as an electron donor alongside
acetate [69]. Consistent with this, an abundance of 0.1-2.7% of Cloa-
cimonadales, an order also known for its interaction with hydro-
genotrophic methanogens in AD processes [70,71], was found on all
bioanodes. The syntrophic interaction with methanogens was further
reported for organisms of the order Anaerolineales [72], which were

Relative abundance (%)

CNF-ES300
BGR-GS

CNF-ES300
BGR-NMC

SSw

BGR-GS

|:| Unrepresented
[ Syntrophales

[ Methanosarcinales
[ Burkholderiales
Il Cloacimonadales
[ Anaerolineales
I Bacilli RFN20
[ Methanobacteriales
I Propionibacteriales
[ Methanomicrobiales
[ Petrotogales

[ synergistales
[ Cloacimonadales
[ Anaerolineales
[ Sporomusales
[ Bacteroidales
[ Desulfotomaculales

Il Geobacterales

SSw
BGR-NMC

Fig. 8. Relative abundance (%) of microbial orders colonizing the bioanode. The microbial diversity on the two best-performing bioanodes (CNF and SSW) was
analyzed using metagenome sequencing. Unclassified genera were excluded after the analysis. Orders with abundance >1% in at least one of the samples are given in

the bar chart, while all classified genera are listed in Table S5.
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found as major contributor with an abundance of 1% for both SSW
electrodes and 3.5% for the CNF electrode with NMC. These organisms
are known to utilize various substrates, such as sugars, peptides, and
organic acids in the AD process [72]. Lastly, Burkholderiales, which
were found only on the CNF electrode with NMC (2%), are reported to
be involved in the production of VFA and hydrogen from more complex
organic matter, including aromatic compounds [73,74].

As third group besides fermentative organisms and the exoelectro-
genic organism G. sulfurreducens, a total abundance of methanogens
with 0.5% and 3.7% for CNF and 3.8% and 5.6% for the SSW bioanode
with and without pre-cultivation, respectively, were identified. Three
different orders of methanogens were found, namely Methanobacter-
iales, Methanosarcinales, and Methanomicrobiales. While both Meth-
anobacteriales and  Methanomicrobiales are classified as
hydrogenotrophic methanogens, Methanosarcinales can utilize acetate
for the formation of methane [75,76]. Therefore, the presence of all
three orders is in line with the other identified bacterial orders on the
bioanode, as these groups provide hydrogen as well as acetate for the
methanogens. However, an abundance below 6% of the methanogens
compared to the 30% abundance found for G. sulfurreducens could imply
that most of the produced acetate and hydrogen was utilized by the
exoelectrogenic organism. Furthermore, Geobacter species were re-
ported to be able to perform direct interspecies electron transfer (DIET)
with electrotrophic microorganisms [77], suggesting a close interaction
between G. sulfurreducens and the identified methanogens. This would
directly influence the monitored current density, however, the low
abundance of methanogens on the bioanode (<6%) might indicate that
this interaction and the negative effect of DIET on the current produc-
tion was rather limited.

In general, the microbial orders identified in the bioanalysis of the
bioanodes correspond to the groups known in the literature to be
involved in the AD process. Interestingly, the CNF anode, especially the
one where the pre-cultivation of G. sulfurreducens and S. oneidensis took
place, showed a higher abundance of unclassified or underrepresented
orders compared to the SSW electrode. This implies that the CNF ma-
terial provided an environment in which a more diverse biofilm could be
established, whereas the SSW resulted in a more dominant presence of e.
g. Bacteroidales and Petrotogales in the bioanode in comparison.
Furthermore, the inoculation strategy did not affect the biodiversity in
the bioanode of the SSW material, whereas a difference was found for
the CNF electrode. Nevertheless, both electrode materials in which a
pre-cultivation took place resulted in a slightly better performance in
terms of current density (Fig. 2), which might indicate that the pre-
cultivation has a beneficial effect on the performance of the bioanode
regardless of the biodiversity found in the performed bioanalysis.

4. Conclusions

Geobacter-dominated bioanodes, using stainless steel wool and car-
bon nanofibers as base material, were successfully operated long-term
under real anaerobic digester conditions. After 60 days of operation,
these bioanodes achieved unprecedented stable current densities of
0.4 mA cm ™2, up to four times higher than previously reported values
under similar conditions. Notably, porous electrodes, such as stainless
steel wool and carbon nanofibers, consistently outperformed flat elec-
trodes over the long-term, regardless the inoculation procedure and the
fermentation grade of the substrate. Furthermore, as the blank experi-
ments showed, the currents associated with the corrosion process for the
stainless steel wool were negligible. The influence of the inoculum,
whether a define mixed community of electroactive microorganisms or a
natural mixed microbial community, on the performance achieved by
the porous electrodes was minimal. By contrast, the microbial compo-
sition of the bioanodes depends mainly on electrode material rather than
the inoculation procedure. Another significant factor that affecting the
performance of porous electrodes was the biodegradability grade of the
feeding media. Bioanodes from porous electrodes exhibited more than
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twice the current density when the reactors were fed with undigested
corn silage instead of anaerobic digestor effluent, demonstrating the
potential for direct integration of microbial electrolysis cells into
anaerobic digesters without pre-fermentation steps. After establishing
anaerobic digestion conditions, the reactors were operated at an HRT of
16 days, without over-acidification nor COD accumulation. Even though
the calculated bioelectrochemical consumption of acetate was relatively
low to play a major role in the COD removal, it can be hypothesized that
the bioanodes had a beneficial effect on the anaerobic digestion process.
These findings represent a step forward towards the development of
bioanodes which can be utilized in real industrial applications.
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