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Hydrogen-oxidizing bacteria (HOBs) are prime candidates for the sustainable production of microbial protein
because of their high nutritional value and simple metabolic requirements, which could allow a simple resource
recycling of NH4" and CO, into a valuable product. The modality of hydrogen production/supply to HOBs
represents a challenge. In this work, bioelectrochemical hydrogen and oxygen productions were coupled with
HOBs cultivation in the same reactor. Using this approach, the protein content was 59 + 8% with Hydro-
genophaga and Xanthobacter as the most abundant HOBs. Biomass concentration was found to be dependent of the
current density with bulk liquid biomass increasing between 101 and 124 mg TSS-L™! for an increase of 0.1

mA-cm 2. Electrodes directly immersed in the bioreactor promoted biofilm formation on the electrode surface,
which could become an attractive alternative for biomass harvesting. The results of this work establish a novel
proof-of-concept for bio-electro production of microbial protein.

1. Introduction

Nitrogen is an essential nutrient for life, being basically contained in
proteins and nucleic acids. Current agro-systems are characterised by a
low conversion efficiency of reactive nitrogen (fertilizers) into edible
protein (4-14%) (Galloway and Cowling, 2002). Such low conversion
efficiencies produce substantial environmental losses of reactive nitro-
gen, and result in severe externalities to both the environment and
human health (Matassa et al., 2015a).

An innovative and resource-efficient alternative to produce protein
could be found in microorganisms. Reactor-based cultivation of mi-
crobes enables the conversion of ammonium into protein at efficiencies
(>90%) that are much higher than those of animal- or plant-based
farming systems (31-47%) (Galloway and Cowling, 2002; Matassa
et al., 2015a; Pikaar et al., 2017), and allows the synthesis of a final
product characterized by protein contents as high as 70 to 80% (Matassa
et al., 2020). Not only microbial protein (MP) production offers better
ammonium assimilation efficiency, it implies also lower water and land
footprints (Sillman et al., 2019). The widespread adoption of MP as an
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alternative nutritive source is dependent not only on the development of
new methods to maximise their productivity and nutritional value, but
also on finding strategies to gather the feedstocks needed (resource re-
covery). Taking all together, autotrophic microbial cultivation could be
an appropriate choice. The selectivity of the growth medium used by
autotrophic systems allows a better culture control without under-
mining the value of the final product (Matassa et al., 2015b; Volova and
Barashkov, 2010). Carbon and nitrogen could be sourced from waste
streams (e.g. flue gases and wastewater) in the form of CO, and
ammonium (NH4"). This action could provide not only carbon and ni-
trogen sequestration, but also the upgrade into a valuable product:
biomass. Among autotrophic microorganisms, hydrogen-oxidizing bac-
teria (HOBs) are gaining special attention. HOB can assimilate ammo-
nium by using hydrogen as electron donor, carbon dioxide as a carbon
source and oxygen (Eq. 1) or nitrate as electron acceptor (Matassa et al.,
20165 Yu and Lu, 2019; Zhang et al., 2020) to produce a protein-rich
biomass and also polyhydroxyalkanoates (PHAs) (Matassa et al.,
2015b).

4H, + O, + CO, + 0.24NH;—CH, 45N 2400 46 + 3.54H,0 (€D)]
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Being more complex to produce and manage than NH,;", Oy or COg,
techno-economically feasible hydrogen supply is crucial for HOB pro-
duction. Over the last years the so-called hydrogen economy has gained
momentum (De Vrieze et al., 2020; EU Hydrogen strategy, 2020), and
hydrogen can now be obtained from a vast array of sources (Holladay
et al., 2009; Hosseini and Wahid, 2016). Water electrolysis allows the
direct production of H; from potentially renewable electricity, thereby
improving the sustainability of the derived processes (Garcia-Garcia
etal., 2020). Electricity-driven hydrogen production could be coupled to
fermenters to cultivate HOBs and thus, to accumulate ammonium into
protein-rich microorganisms (Christiaens et al., 2017; Matassa et al.,
2016). How to couple water electrolysis and HOB cultivation is a
challenge.

A two-steps process (an electrolyser to produce Hy and a fermenter-
like reactor to cultivate HOB) ensures a good control of the two units
(Christiaens et al., 2017; Matassa et al., 2016). However, the need of
sparging hydrogen into the bioreactor might presents limitations related
to the low Hj solubility (around 1.6 mg H2~L’1 at 1 atm and 298 K) and
mass transfer rate.

The one-step process explores the in-situ production of H, and
cultivation of HOB by electrodes immersion (Liu et al., 2016) or hy-
draulic connection (Givirovskiy et al., 2019; Ruuskanen et al., 2021).
This method offers the advantage of improving the Hy transfer while
reducing the eventuality of generating explosive Hy/Oy mixtures.
However, the performances of one-step systems could be restrained by
the need to find balance between the optimal conditions for Hy gener-
ation and HOB cultivation (electrodes immersion), or be threatened by
biomass clogging in case commercial electrolysers would be employed
(hydraulic connection). Microbial Electrochemical Technologies (MET)
has been demonstrated as an effective tool to promote the interaction
between electrochemistry and bacteria. For example, they are an
effective solution as biocatalyst for hydrogen evolution (Perona-Vico
et al., 2020; Rozendal et al., 2008). This work develops a MET-based MP
cultivation platform which explores the coupling of bio-electro-hy-
drogen production together with the cultivation of HOB. Both the
structure and electrodes of the MET ensure a proper Hy transfer and
solubility for the HOB cultivation in the same reactor while reducing the
risks of clogging for commercial electrolysers.

2. Materials and methods
2.1. Experimental set-up

Two reactors (Reactor A and B) were set-up and operated as repli-
cates. Both reactors were assembled in three-neck bottles filled with 240
mL of liquid (150 mL of headspace). Both reactors presented a three-
electrode configuration, with a cathode (working electrode), anode
(counter electrode) and a reference electrode. The cathode electrode
(working electrode) was stainless steel mesh (98 cmz, mesh path light 5
x 5 mm). Stainless steel is a suitable metal for Hy production (Kundu
et al., 2013), and it ensures an easier biofilm removal compared to a
porous carbon-based electrode. The anode (counter electrode) was a Ti
covered with Mixed Metals Oxide (Ti-MMO) mesh (14 cm2, NMT elec-
trodes, South Africa) to promote O evolution (Lai et al., 2017). An Ag/
AgCl reference electrode was used (4+0.197 V vs. SHE, SE 11, Xylem
Analytics Germany Sales GmbH & Co. KG Sensortechnik Meinsberg,
Germany). The system was operated under potentiostatic conditions,
controlling the cathode potential at —0.997 V vs. Ag/AgCl using a
potentiostat (Nanoelectra Nev3.2., Spain) and promoting biocathodic
Hj generation (Batlle-Vilanova et al., 2014). All tests were performed at
20 + 2 °C.

2.2. Medium composition and reactor operation

The medium used to feed the two reactor replicates was modified
from Matassa et al. (2016), by reducing the ammonium content and
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avoiding the vitamins addition. It contained 0.4 g-L~! NH4CI (105 mgN-
NH4*L71), 1.05 gL NaHCOs, 2.3 g-L ™! KHyPOy, 2.9 g-L ™ NayHPO,,
0.5 g-L "} MgS04, 0.01 g-L ™! CaCl, and 5 mL-L ™! micronutrients solution
(Rabaey et al., 2005).

Both reactors were flushed twice a week with CO for 10 min (99.9%
Praxair, Spain) to simulate spent off-gases rich in CO».

Before starting the tests, a hydrogen-oxidizing enriched culture was
developed in the laboratory from a denitrifying biocathode (Pous et al.,
2017). Reactor's effluent was introduced in a 200 mL syringe bottle
together with the medium described above and periodically flushed with
H5:CO, (20:80 v/v — Praxair, Spain) and air (21% Os). Cultures were
developed for >30 days with periodical replenishment of medium.
When the HOB culture was developed, tests in the bioelectrochemical
set-up started. Reactors were inoculated with an HOB culture as protein-
rich biomass. Reactors were also inoculated with electroactive
hydrogen-producing bacteria (Rovira-Alsina et al., 2020) to promote
electricity-driven Hy production at a lower energy cost (Batlle-Vilanova
et al., 2014). A control test under Open Cell Voltage (OCV) conditions
was run in a third single-cell reactor inoculated and operated following
the same protocol.

2.3. Chemical analyses and calculations

Liquid samples were regularly taken from the bulk liquid to measure,
conductivity and ODggp (DR3900, Hach Lange, Germany). The rela-
tionship between ODgg and total suspended solids (TSS) was evaluated
experimentally (Eq. 2).

TSS = 1.31-ODgo (2)

where, TSS are the total suspended solids (mg TSS~L’1), and OD600 is
the optical density at 600 nm.

Total suspended solids (TSS), nitrite (N-NOy ™), nitrate (N-NO3),
and ammonium (N-NH4") were measured in accordance with the
American Public Health Association (APHA) standards (APHA, 2005). In
order to replace the extracted sampling volume, 60 mL were added
every seven days (HRT of 28 days). At the end of the experimental
period, electrodes were rinsed and washed biomass was analysed as total
biomass. Biomass attached to the electrodes was calculated by sub-
tracting the biomass analysed in the bulk liquid to the total biomass
observed after electrode rinsing.

Gas samples were analysed periodically by gas chromatography (490
Micro GC system, Agilent Technologies, US) (Rovira-Alsina et al., 2020).

Proteins were quantified using a Quick Start™ Bradford 1x Dye
Reagent (BioRad, USA) following the recommended instructions. Pre-
viously, cells partially disrupted using a beadbeater (MP instruments, 5
M/s, 30 s) and digested using alkaline conditions (1 M NaOH, 30 min at
95 °C). Digested cells were centrifuged to remove insoluble cell debris.
All samples were diluted 1:10 to avoid interferences. Samples were
analysed in triplicates.

Cyclic voltammetries (CVs) were recorded on the cathode electrode
through a potential range from —1.2 to 0.0 V vs. Ag/AgCl. Three cycles
were performed at scan rate 1 mV-s L.

The maximum and average volumetric biomass productivity rate in
the bulk liquid (mgTSS-L™}-d~!) and the related current density increase
rate (mA-crn’2~d’1) was calculated from the linear regression of biomass
concentration over time on days 0 to 13th in reactor A and days 27 to
60th in reactor B, respectively.

The average volumetric biomass extraction rate (mgTSS-L™!.d™!)
was calculated by taking into account the total biomass extracted for
sampling (mgTSS), the reactor volume (0.24 L) and the experimental
time duration (60 days).

The average volumetric biofilm productivity rate on the cathode
electrode surface was expressed per volume reactor (mgTSS-L_1~d_1)
and calculated from the biomass rinsed from the biofilm (mgTSS~L’1)
and the experimental time duration (60 days).
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The ammonium removal rate (mgN-L’l-d’l) was calculated by
dividing the ammonium removed (mgN-L™!) by the period of time
evaluated (60 days). The overall nitrogen yield (gTSS-gN"!) was
calculated by dividing the biomass produced (mgTSS-L™!) to the
ammonium removed (mgN-L™!) along the experimental time duration
(60 days).

Theoretical hydrogen production (mgHy-L 1) was calculated from
the current supplied (mA) during a specific period of time (days),
considering the Faraday constant (96,485 mC-mmol e !), the moles
required for Hy formation (2 mol e -mole Hy™ 1), the molecular weight
(2 g:mole™) and the reactor volume (0.24 L). The hydrogen yield
(gTSS-gHy 1) was calculated by dividing biomass produced
(mgTSS-L™!) and the estimated hydrogen produced (mgH,-L™1) along
the experimental time duration (60 days).

Theoretical oxygen production (mmole O5) was calculated from the
current supplied (mA) during a specific period of time (days), consid-
ering the Faraday constant (96,485 mC-mmole e”) and the moles
required for O, formation (4 mol e -mole O3).

Power requirement (W) was calculated with the measured current
(A) and cell voltage (V). Energetic requirements (Wh) were calculated
by taking into account the power supplied (W) during an specific period
of time (h). The energetic yield (gTSS-kWh™!) was calculated by taking
into account the biomass produced (gTSS) and the energy dosed (kWh)
along the experimental time duration (60 days).

2.4. Microbiological analyses

Biomass for DNA extraction was collected from the cathode stainless-
steel mesh and bulk liquid of each reactor. Before DNA extraction,
stainless-steel mesh was immersed in 4 mL of 0.1 M Na4P,07-10H,0 and
treated in a sonication bath for 60 s (Selecta, Spain), followed by 30 s on
ice. The suspended bacterial cells were centrifuged at 4000 rpm for 2
min (Vilajeliu-Pons et al., 2016). Samples from bulk liquid were
centrifuged to collect cell pellets (4000 rpm, 10 min, 4 °C). DNA was
extracted using the FastDNA® SPIN Kit for soil (MP, Biomedicals, Santa
Ana, California, EUA), according to the manufacturer's instructions. The
obtained DNA was quantified using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Inc., Wilmington, DE) and stored at
—20 °C. llumina MiSeq flow cell (V2) sequencing was conducted by the
RTSF Core facilities at the Michigan State University USA (https://rtsf.
atsci.msu.edu/). The primers set 515F and 806R were used for the
amplification of the V4 region of 16S rDNA (Kozich et al., 2013).

Sequences data from the MiSeq platform were quality filtered,
trimmed, dereplicated, merged and, after a process of chimera removal,
were clustered into amplicon sequence variants (ASVs) using the DADA2
Pipeline (Callahan et al., 2016). Afterwards, ASVs tabulation, chimera
removal, and taxonomy assignment were performed using the Silva
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taxonomic database (v132). Finally, the Phyloseq package was used to
tabulate relative abundances at various taxonomic levels (Nyyssola
et al., 2021). DADA2 was run as an R script (in R v.3.6.3) using R
packages dada2 v.1.14.1, phyloseq v. 1.30.0. ASVs were assigned
taxonomically using nucleotide Blast searches at NCBI.

3. Results and discussion
3.1. Electro-microbial protein production

Reactor replicates evolved during 60 days with an increase of mi-
crobial biomass from 60 to 182 = 17 and 320 + 54 mgTSS-L ™! in re-
actors A and B, respectively (mean data for days 40th to 60th) (Fig. 1).
No biomass growth was observed in the reactor operated under OCV
conditions (Supplementary Information). Along the whole duration of
the experimental period, pH remained stable at 6.7 + 0.3 and 6.7 &+ 0.1,
suggesting a proton (H") balanced process.

Despite the fact that reactors A and B were operated in a similar
manner, their evolution over time differed when looking at point-to-
point evolution. Reactor A showed an immediate activity, while
reactor B presented some issues related to the potentiostat clamps dur-
ing the first 10 days, which resulted in a fluctuating current (data not
shown). Once these issues were solved, the stable operational phase
started. In both reactors, suspended biomass concentration and current
density showed a dependency. Reactor A presented an increase of cur-
rent density together with an increase of biomass from day 0 to 13th.
After day 13th, both biomass and current density remained mostly stable
until the end of the experimental study. Reactor B presented a lag phase
(days 10th to 27th) and a growth phase (days 27th to 60th), where both
biomass and current density increased together. Steep variations in
current density were related to CO2 and medium replacement, and they
are commonly observed in reactors where bio-electrochemical Hy pro-
duction is carried out (Rovira-Alsina et al., 2020).

A maximum volumetric biomass production rate of 17.0 and 61.4
mgTSS-L~!-day ! and an average volumetric biomass production rate of
10.8 and 8.7 mgTSS-L™!-day~! were observed for reactors A and B,
respectively (Table 1). Current density increased at a rate of 0.011 and
0.007 mA-cm~2day ™! in reactors A and B, respectively, during the
growth phase periods. Considering the increase on current density
together with the increase on biomass, it could be calculated that for an
increase of 0.1 mA.cm 2, the suspended biomass concentration
increased by 124 and 101 mgTSS-L ™}, respectively. When the current
density remained stable, the suspended biomass content remained stable
as well (days 14th — 50th and 0 - 27th in reactors A and B, respectively).
Under these stable phases, hydrogen was mainly used to replace the
biomass extracted from the system (60 mL per week - biomass extraction
rate of 3.6 and 3.4 mgTSS-L™'-day ! for reactors A and B, respectively).
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Fig. 1. Evolution of biomass (Total Suspended Solids, TSS), ammonium concentration and current density in reactor replicates A (A) and B (B).
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Table 1

Bioresource Technology Reports 18 (2022) 101010

Summary of results obtained in this study compared with other works on hydrogen-oxidizing bacteria. Legend: BL = Bulk liquid (max: maximum; avg.: average); E =
Electrode; TOT = Overall experimental period Electrode + Bulk liquid; SBR = Sequence Batch Reactor; CR = Continuous reactor; * = Hydrogen yields estimated by
assuming that all current supplied to the cathode was converted into H,, ** = Biomass data presented originally as cell dry weighHt (CDW), but assimilated here as TSS.

Biomass production rate Protein Hydrogen Nitrogen Microbial culture Hydrogen and Oxygen source ~ Temperature
content yield yield
(mg (mg TSS-mg (%) (g TSS-g (g TSS-g (Hy: O, ratio) [{O)
TSSLLd)  TSSe ld ) Hy™) NTD
17.0 (BL-max)
A L0BBLavg g 53+8  0.20% 51
50 (B) Mixed culture containin; Produced in the reactor b
Reactors of 11.6 (TOT) 8 y
. Hydrogenophaga sp. and BES 20 +2
this study 61.4 (BL-max)
8.7 (BL-avg) Xanthobacter sp. (2:1)
B oo .1 + .31% .
3.8 (E) 0.15 64+ 4 0.3 5.5
12.6 (TOT)
4488 + 1080 9.0-15.0 66 + 5 1.28 £0.32 Hs produced by electrolysis
Matassa et al., (SBR) (SBR) (SBR) (SBR) 2P Y v
o and sparged to the SBR. 28
216 9744 (CR) 19.5-32.5 715 2.32 (CR) (3.25: 1)
(CR) (CR) : Mixed culture dominated -
by Sulfuricurvum sp. (97%) H, and Ozproduced by
Christiaens et al., electrolysis in two different
2017 1720-1850 1.7-1.9 1.04-1.36 cells and sparged to the 23+2
reactor (3: 1)
Givirovskiy et al., o Bioreactor hydraulically
2019 257 Cupriavidis necator connected to an electrolyser 30
to provide H,. Air sparging
Dou et al., 2019 264-288 63-64 1.0-1.1 0.3 Paracoccus Sparged (3.5: 1) 30
. 238 + 48 3.1+0.6 369+ 1.9 £0.4* N. nitrophenolicus Electrolysis in the reactor by
Nyyssola et al., 1.1 . .
2021 397 4 with continuous CO5: N flush 30
62 £ 19 0.7 £0.2 1 7 0.5 £ 0.2 R. opacus (2:1)

No harming of biomass related to high currents were expected at the
tested current densities (<0.4 mA-cm™2) (Zhang et al., 2020).

Along the whole experimental period biomass was analysed only in
the bulk liquid, but cells attached to the electrodes were also observed as
a thick biofilm only on the cathode electrode. This observation could be
related to the fact the H; is the limiting substrate for HOB cultivation
(Eq. 1). At the end of the study (day 60th), biomass loosely attached to
the cathode was rinsed in the same reactor solution and analysed. These
results showed a total biomass content (suspended biomass and biofilm)
of 480 and 551 mgTSS-L™! in reactors A and B, respectively. These
values were higher than those observed in the bulk liquid alone (182 and
320 mgTSS-L~}, respectively). If it is assumed that the biofilm was
constantly growing along the whole duration of the experimental study,
an average volumetric biofilm production rate of 5.0 and 3.8
mgTSS-L~1.day ! (12.2 and 9.4 mgTSS-cm2-day 1) would be estimated
for reactors A and B, respectively. Taking all data together (biofilm and
bulk liquid), the average volumetric biomass production rate was esti-
mated as 11.6 and 12.5 mgTSS-L~!.day ! for reactors A and B, respec-
tively. It remains unclear whether biofilm evolved in a similar trend as
the biomass in the bulk liquid and how were they affecting each other.
According to the above discussed figures, biofilm growth accounted for
about 43 and 31% of the overall final volumetric biomass productivity.

The volumetric production rates observed in this study were lower
than those shown for systems where Hj gas was sparged, which are the
highest HOBs growth rates reported so far (Table 1). For example, HOB
growth rate of 4488 + 1080 mgTSS-L™!.d™! was observed in a
sequencing batch reactor (SBR) or 9744 mgTSS-L™'-d™! when the
reactor was operated in continuous-flow mode (Matassa et al., 2016).
When combining ammonium recovery from urine with HOB cultivation
in a bubble column, a volumetric biomass productivity rate of
1720-1850 mgTSS-L_1~d_l was shown (Christiaens et al., 2017). A
single factor cannot explain the differences in productivity rates, but a
combination of them. For example, the present study started with an
inoculum presenting a biomass of 60 mgTSS-L ™!, while previous studies
inoculated the reactor with concentrations of 77-91 mgTSS-L™*
(Nyyssola et al., 2021), 300-500 mgTSS~L_1 (Matassa et al., 2016) or

1000 mgTSS~L*1 (Christiaens et al., 2017). If the inoculum concentra-
tions are taken into account, the specific growth rate observed in re-
actors A and B was of 0.18 and 0.15 mg TSS-mgTSS 1-d~! (20 °C).
While it has been observed rates between 0.7 and 3.1 mg
TSS-mgTSSy 1-d™! (30 °C) (Nyyssold et al., 2021), or 19.5-32.5
mgTSS-rngTSSo’l-d’1 in continuous flow mode (28 °C) (Matassa et al.,
2016). It is worth noting that the study presented here were performed
at room temperature (20 + 2 °C), while most of the works have been
performed at higher temperatures (Dou et al., 2019; Givirovskiy et al.,
2019; Matassa et al., 2016; Nyyssola et al., 2021) (Table 1).

A relevant comparison is the work recently reported by Nyysola and
co-workers, where HOB pure cultures (N. nitrophelicus and R. opacus)
were cultivated at 30 °C using a bioreactor with an immersed electro-
lyser (Nyyssola et al., 2021). A maximum volumetric biomass produc-
tion rate of 238 + 48 and 62 + 19 mg TSS-L™'-day ! for N. nitrophelicus
and R. opacus, respectively, was observed. The differences on tempera-
ture (30 °C instead of the 20 °C) and the operation under a continuous
CO2:N; flow stream could explain the different growth rates observed.

Regarding the ammonium assimilation, protein analyses performed
at the end of the study revealed a protein content of 53 + 8% and 64 +
4% in reactors A and B, respectively (Table 1). These values were higher
than those reported by using an immersed electrolyser (32.7-36.9%)
(Nyyssola et al., 2021), but similar to the values observed by Hy sparging
in a sequence batch reactor (66 + 5%) or a continuous reactor (71 +
5%) (Matassa et al., 2016). If the total final balance in terms of nitrogen
consumption and biomass production is considered, the calculated ni-
trogen yield was 5.1 and 5.5 gTSS-gN"?, respectively. As a mean of
comparison, the stoichiometric nitrogen yield for Cupriavidis necator is
7.3 gTSS~gN’1 (Yu and Lu, 2019). Hence, the values observed in this
study were slightly lower than HOB stoichiometric values. It might
indicate the presence of parallel nitrogen reactions inside the reactor (i.
e. nitrification). Nitrate and nitrite were only detected at low concen-
trations along the experimental process (0.3 + 2.7 mg N-NO,~-L™! and
1.5 + 2.0 mg N-NO3~-L™1), suggesting that both nitrification and deni-
trification processes could be occurring in the reactor. In fact, when
considering a crude protein content of 53-64% for the biomass
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produced, as well as a nitrogen-to-protein ratio of 6.25, the calculated
nitrogen biomass content would be 8.5-10.2% in the reactors. In addi-
tion, if all the consumed nitrogen, as measured through the nitrogen
yield, would have been converted into biomass, the average N content of
biomass would be 19.5 and 18.3% for reactors A and B, respectively.
Based on these assumptions, the impact of the nitrification/denitrifica-
tion process can be estimated to be around 56 and 44% of nitrogen
removed, respectively.

Taking all together, the system presented here allowed electricity-
driven ammonium accumulation in protein-rich bacteria. Bacteria
were not only cultivated in the bulk liquid, but also as biofilm, which
would allow a cheaper harvesting and dewatering of the product. Higher
current densities allowed a higher biomass growth. Nevertheless, the
system still requires optimization, both in terms of volumetric biomass
productivities as well as in relation to the parallel, unwanted, nitrogen
reactions. In order to better understand the processes occurring in the
system, hydrogen and oxygen supply rates and ratios and the microbial
community richness require special attention.

3.2. Hydrogen and oxygen supply efficiency

The volumetric biomass productivity in the electro-protein set-up
depended on the current density. Higher current densities lead to a
higher production of hydrogen (cathode) and oxygen (anode), providing
the required substrates for biomass growth. At a poised cathode poten-
tial, the current density depends on the cathode activity. If an abiotic
activity on the electrode is taking place, a pattern of stable current
density would be expected. In the current study, the basal/abiotic
cathode activity would be related to the current observed at the begin-
ning of the experimental period (<0.10 mA-cm 2 in both reactors). As
the MET reactors started to run, an evolution of current density was
observed in both replicates, suggesting that an increase of activity was
occurring on the cathode surface. Since the systems were inoculated
electroactive hydrogen-producing bacteria (Rovira-Alsina et al., 2020),
it was considered that the increase of cathode activity was related to the
growth of Hy-producing bacteria. A piece of representative evidence was
observed in the cyclic voltammetries (CVs) recorded in reactor B (Fig. 2).
On day 7th, the current density at cathode potential values <—0.85 V vs.
Ag/AgCl was around —0.1 mA-cm 2. On day 49th, the current density at
this potential window had increased to —0.5 mA-cm 2. Considering that
cathode potentials below —0.85 V vs. Ag/AgCl fit in the Hy evolution
zone, this result indicates that an increase of activity towards Hy evo-
lution occurred from day 7th to day 49th. Not only the current density
increased, but also the onset potential (i.e. potential at which H starts to
be produced) moved from values around —1.10 V vs. Ag/AgCl to —0.85

A

o
N

o
N
A

o
<}
.

Current density (mA-cm™®)
s
N

0.4 1 —— Day7
—— Day 15
0.5 1 —— Day 49
-0,6 - - - . . . .
14 -12 10 -08 -06 -04 -02 00 02

Working electrode potential (V vs. Ag/AgCl)

Bioresource Technology Reports 18 (2022) 101010

V vs. Ag/AgCl. A decrease in the onset potential for H, evolution implies
an improvement on the reaction thermodynamics, since a lower over-
potential was needed to produce Hj. Such an improvement suggests the
settlement of a biofilm catalysing Hy formation (Batlle-Vilanova et al.,
2014; Perona-Vico et al., 2020).

However, an increase of current density was also detected between
—0.3 and —0.7 V vs. Ag/AgCl, which could suggest some oxygen recy-
cling on the cathode. It was assumed that the anode solely performed
water oxidation into O,. Evidences of hypochlorite formation were not
detected due to the low chloride content (about 0.25 gCl~L’1, while
saltwater is about 19 gCl.L™!) and the low current input (<0.4
mA-cm~2). Thus, Oy reduction on the cathode suggested an accumula-
tion of Oy in the system. The presence of an excess of oxygen is not
unexpected since HOBs require an Hy:O5 ratio of 4:1 (Eq. 1, (Yu and Lu,
2019)), while water electrolysis is ideally producing H5:0, at 2:1. For
every mole of HOB produced (Eq. 1), 4 mol of Hz and 1 mol of O, are
consumed, while 1 mol of O3 remains in excess. Gas composition ana-
lyses indicated that hydrogen gas was rarely detected in the headspace
and it was found below the explosivity limit of 4% when biomass was
present. Reactor A showed a maximum Hj content in the headspace of
1.2% (day 14th). Reactor B showed a variable Hy content in the head-
space between 4.4 and 8.9% between days 0 and 17th (at the low frame
of explosivity risk of 4-75%), where no biomass growth was observed.
When biomass started to grow, Hy rapidly disappeared and the
maximum content detected was 0.2% (day 55th). On the contrary, ox-
ygen concentration in the headspace was found between 21 and 39%.
Fast hydrogen consumption by bacteria together with surplus oxygen
recycling on the cathode clearly reduces the risks associated to Hz:O2
explosive mixtures while reducing the costs associated to air sparging.
However, O, accumulation can reduce the efficiency of the process by
promoting nitrification (ammonium accumulation efficiency is
decreased) and generating parasitic currents on the cathode (energy
dissipation). A preliminary evaluation about the extent of oxygen
recycling could be made by calculating a hydrogen yield for biomass
based on the hypothesis that all current density was used to produce Hy.
Under these circumstances, and taking the whole duration of the
experiment (bulk liquid and biofilm biomass), a biomass hydrogen yield
of 0.29 and 0.31 gTSS-gH, ! was observed for reactors A and B,
respectively (Table 1). These values were lower than those presented in
the literature for HOBs cultivated with sparged Hy gas (1.04-2.32
gTSS-gHz’l) (Garcia-Garcia et al., 2020; Matassa et al., 2016) or the
stoichiometric values for Cupriavidis necator (1.52 gTSS-gHg’l) (Yu and
Lu, 2019). A similar difference can be observed with an immersed
electrolyser with continuous CO2:N» flushing (i.e. excess O, purged) if
the hydrogen yield is estimated considering that all current supplied was
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Fig. 2. Cyclic voltammetries performed on the cathode of reactor B: A) Current density response to working electrode potential. B) First derivatives of CVs. Only 3rd

scans are shown.
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dedicated to H, production (0.5-1.9 gTSS-gH, 1) (Nyyssold et al.,
2021).

The relatively low hydrogen yields further supports the hypothesis
that a fraction of the current density was dedicated to oxygen recycling
on the cathode. An oxygen balance of the whole experiment can be
performed by considering: i) the total amount of oxygen produced at the
anode (144 + 1 mmoleOy), ii) the estimated magnitude of the nitrifi-
cation process (9.8 + 1.6 mmoleOy), iii) the stoichiometric re-
quirements for HOBs (7.1 + 0.4 mmoleO5) and iv) the oxygen detected
(i.e. not consumed) (25.9 + 9.5 mmoleO,). The oxygen balance can
estimate that about 102 + 9 mmoleO- could have been reduced on the
cathode surface (Fig. 3), accounting for 70 + 6% of the current supplied
to the system. The previous mass balance allows recalculating a
hydrogen-to-biomass yield of 1.0 + 0.1 gTSS-gH, ™!, which is in agree-
ment with the values commonly found for HOBs (Christiaens et al.,
2017; Matassa et al., 2016; Nyyssola et al., 2021; Yu and Lu, 2019).

The energetic requirement dedicated to oxygen recycling had a
direct impact on the energy efficiency of the system. An energetic effi-
ciency of 3.7 and 3.0 gTSS-kWh™! was observed in reactors A and B,
respectively. Considering the stoichiometric hydrogen yield of an HOB
(Cupriavidis necator - 1.52 gTSS~gH2’1) (Yu and Lu, 2019), and the en-
ergetic requirements for existing Ho-producing technologies (22.4-96.3
Wh-gH, ! for steam methane reforming and coal gasification, respec-
tively) (Batlle-Vilanova et al., 2014), the energetic cost could be ideally
found between 15.8 and 67.9 gTSS-kWh™!. Further studies are required
to investigate strategies for mitigating oxygen recycling on the cathode.

3.3. Community analyses

Samples were taken at the end of the study to analyze the bacterial
community present in both the bulk liquid and the cathode electrode
surface (Table 2). The predominant phyla in the samples were Prote-
bacteria (66.54-53.81%), Bacteroidota (30.87-13.80%), and Actino-
bacteria (18.54-4.34%). Being Burkholderiales (38.77-3.27%),
Rhizobiales (42-11.80%) and Xanthomonadales (21.53-1.47%) the most
represented orders.

Sequences belonging to the potentially HOB, such as Hydrogenophaga
flava, Xanthobacter flavus, Pelomonas and Rhizobium, were among the
most frequently found (7.6-26.5% in reactor A and 29.9-34.4% in
reactor B). These percentages reveal a high level of diversity in the re-
actors, which is in concordance with the high diversity found when
cultivating HOBs under batch conditions (Matassa et al., 2016). The
same authors showed how the relative abundance of HOBs increased,
resulting in better performances in terms of growth rates and yields,
when they operated the system under continuous-flow mode. This
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Fig. 3. Oxygen end-users in reactor replicates A and B presented as mean value
+ standard deviation. Not consumed oxygen accounts for O, detected in the
headspace and the liquid phase.
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suggests that a higher selective pressure to increase the abundance of
HOBs could be obtained with the system operated under continuous-
flow mode.

In reactor A, a nitrogen-fixing HOB, Xanthobacter flavus (Malik and
Claus, 1979), was preferentially found on the cathode electrode
(22.21%). In reactor B, H. flava was the dominant HOB either in the bulk
liquid (18.7%) and the cathode electrode (21.92%). Both have been
previously found in MET biocathodes for volatile fatty acids, CH4 or Hy
production (Jourdin et al., 2016; Van Eerten-Jansen et al., 2013) and
Hydrogenophaga are a known PHA accumulators (Crognale et al., 2019).

The combination of oxygen and ammonium in the same chamber
also lead to the development of nitrifiers/denitrifiers such as Steno-
trophomonas nitritireducens (Finkmann et al., 2000), Devosia humi (Ren
et al., 2020), Terrimonas suqianensis (Liu et al., 2020) or Niabella yan-
shanensis (Bucci et al., 2020). Nitrifiers/denitrifiers accounted for
26.5-41.2% of abundance in reactor A, but less prominent in reactor B
(12.7-15.0%). These results are in accordance with estimated nitrogen
balance (Section 3.1.), which suggested that nitrification/denitrification
could account for up to 56 and 44% of the nitrogen fate in reactors A and
B, respectively. It might imply a competition with HOBs for ammonium
but also for hydrogen, which could be used by hydrogenotrophic de-
nitrifies. However, it has to be taken into account that some HOBs such
as Xanthobacter also grow on nitrate (Murrell and Lidstrom, 1983).

Few differences were observed between the abundances found in the
bulk liquid and the cathode electrode. The most relevant was Mycolici-
bacterium insubricum, which has been found in oxygen-reducing bio-
cathodes (Zhang et al., 2017), which could contribute on mitigating the
04:H, misbalance.

The presence of other members of the microbial community could
help clarifying better the bio-reactor performance and potential. For
example, the presence of polyhydroxyalkanoates accumulating Sphin-
gopyxis terrae (Lam et al., 2017), which could increase the PHA pro-
duction potential of the system together with the abilities of
Hydrogenophaga (Crognale et al., 2019).

3.4. Potentialities and hurdles of electro-protein cultivation

The introduction of electrodes inside an HOB bioreactor can reduce
the need of equipment for hydrogen production and storage, while
reducing the risks associated to the formation of potentially explosive
hydrogen mixtures. The concept of an electricity-driven MP production
allows a tunable and apparently simple method to accumulate ammo-
nium in form of a protein-rich biomass. Biomass was cultivated either in
the bulk liquid or as biofilm (Fig. 4). Biomass cultivation on the elec-
trode ensures a faster Hy uptake and also enables a better biomass
harvesting and dewatering, which could reduce the cost associated to
biomass downstream processing. The maximum current density
observed was low (<0.4 mA~cm’2), but this current input could be
increased by further lowering of the cathode potential or by switching
the operational mode to galvanostatic conditions.

The energetic costs observed for biomass growth in this study (3.3 +
0.5 gTSS-kWh 1) were found to be higher than those expected by
coupling hydrogen production in a MET (Batlle-Vilanova et al., 2014),
with the cultivation of a pure HOB culture (Cupriavidis necator, 33
gTSSkWh™1) (Yu and Lu, 2019). Results obtained suggested the pres-
ence of oxygen recycling on the cathode electrode together with the
unwanted growth of nitrifying/denitrifying bacteria. Different alterna-
tives to mitigate this issue could be explored such as regular oxygen
wash-out by CO4 sparging or the usage of 2-chambers MET, which is the
most commonly used configuration for microbial electrosynthesis (Dessi
et al., 2021). In addition, the promotion of bacterial growth directly
from the electrode instead of Hy mediation could also reduce the ener-
getic demand of the system. In this latter case, either an anode for mi-
crobial Hy oxidation (Hirose et al., 2021) or a cathode for O reduction
(Hoareau et al., 2021) could be alternatives to be explored because of
the high protein conversion efficiency of microorganisms in respect to
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Table 2

Most abundant ASVs after comparison of sequences with the NCBI GenBank database.
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Number ASVs

Most probable identification
(% similarity)

Sequence similarity range (%)

Relative abundance (% of sequences)

Reactor A Reactor B
Bulk liquid Cathode Bulk liquid Cathode
electrode electrode
Proteobacteria
(NR_114133.1)
ASV1 Hydrogenophaga flava strain NBRC 102514 100 0.56 241 187 2192
(NR_113665.1)
ASV4 Xanthobacter flavus strain NBRC 14759 100 3.65 2221 143 1.59
ASV2 (NR_025305.1) o . 100 20.98 15.23 0.51 0.62
Stenotrophomonas nitritireducens strain L2
(NR_113727.1)
ASV3 Sphingopyxis terrae strain NBRC 15098 996 12.88 5.38 5.46 279
(NR_114189.1)
A 1 2. B . .
Své Pelomonas saccharophila strain NBRC 103037 0o ° 0.56 7.08 6.83
(NR_115018.1)
ASV8 Pararhodobacter aggregans strain D1-19 98.81 ND ND 3.45 6.99
(NR_117715.1)
ASV11 Afipia felis strain CIP 103515 100 3.00 4.33 3.73 2.51
(NR_147759.1)
ASV14 Devosia humi strain THG-MM1 100 2.76 4.01 2.86 2.79
(NR_118139.1)
ASV15 Rhizobium mesoamericanum CCGE 501 100 0.48 1.35 273 401
(NR_134182.1)
ASV2 - 1 .2 B .1 ND
Sv26 Sphingomonas kyeonggiensis strain THG-DT81 0o 3.26 0.34 0.14
Bacteroidota
ASV10 (NR'.l 64880'1). . . 100 12.71 5.33 4.95 3.97
Terrimonas suqianensis strain C3-5
(NR_116677.1)
ASVS Niabella yanshanensis strain CCBAU 05354 98.42 471 1.93 6.63 5.31
ASV16 (NR'13472?'1) . . 96.05 5.99 3.35 0.61 0.35
Flavobacterium giangtangense strain F3
Actinobacteria
(NR_125525.1)
ASV7 Mycolicibacterium insubricum strain FI-06250 100 4.08 17.98 9.65 1521
Potentiostat
1 o
[J]
(] o
e
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Fig. 4. Set of wanted and unwanted reactions occurring in the electro-protein set-up.
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animal- or plant-based farming systems (Galloway and Cowling, 2002;
Matassa et al., 2015a; Pikaar et al., 2017).

4. Conclusions

This work explored the use of MET for electricity-driven ammonium
accumulation into biomass (protein content between 53 + 8 and 64 +
4%). Mixed-culture biomass was cultivated (Hydrogenophaga, Xantho-
bacter as the main HOBs). Immersion of electrodes in the bioreactor
allowed to safely provide in-situ oxygen and hydrogen. For an increase
of 0.1 mA-cm ™2, the suspended biomass increased 101-124 mgTSS-L 1.
Biomass growth occurred both in the bulk liquid and on the cathode
electrode surface, offering an alternative strategy for MP harvesting.
However, electro-microbial cultivation requires further improvements
to reduce oxygen recycling and achieve higher volumetric biomass
productivities.
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