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Microbial electrosynthesis is an uprising concept for the combined carbon dioxide reduction and electricity
storage in the form of green chemical compounds. Although several proof of principle studies show great
promise, mass-transfer limitations of substrates, protons and products remains one of the issues that needs to be
addressed to bring the systems towards greater scale applications. A previously tested solution formed force flow-
through catholyte recirculation, but this set-up encountered difficulties with gas accumulation during start-up at
higher current densities (~ —10 kA/m®), creating the need for a bypass to release gas. In this study, start-up at
high current density was achieved without a bypass by using an alternating flow-through regime. This regime
decreased the operating energy input from 221 to 136 kWh per kg of produced hydrogen and reached acetate
production within 10 days after start-up at high current density and elongation to n-caproate after 45 days. Mass-
transfer studies were included by microsensor measurements of local conditions (hydrogen concentration, pH)
combined with thermodynamic calculations at the start and end of 60-days biotic experiments. The microor-
ganisms on the cathode decreased pH gradients and consumed the formed hydrogen. The presence of Clostridium
sensu stricto 12 and Peptococcaceae species were related to chain elongation activity, and the presence of
Methanobrevibacter was linked to methanogenesis activity. By identifying the effects of different flow-through
strategies on local concentrations and functional microbial groups, this work provides insights on the optimal
conditions for microbial CO5 conversion and highlight the application potential of microbial electrosynthesis.

1. Introduction could be best designed and scaled-up. An important focus point to work

towards upscaling is the improvement of substrate and electron avail-

Microbial electrosynthesis (MES) is a promising technique for the
storage of electrical energy in chemical compounds. Basic bio-
electrochemical systems typically consist of two electrodes, separated
by a membrane. On the anode, an oxidation reaction provides electrons,
which gain energy by an applied potential and are then used in reduc-
tion reactions on the cathode. The reduction reaction on the cathode is
typically catalyzed by a microbial catalyst. The integration of microbial
and electrochemical catalysis allows for the electricity-driven formation
of multi-carbon compounds from waste streams, such as COj. Bio-
electrochemical CO, conversion, also called electro-fermentation, has
yielded various products such as methane, alcohols, proteins and fatty
acids[1-5]. Although these proofs of concept are promising, several
steps need to be taken to understand how electro-fermentations systems

ability for the microorganisms on the cathode[1]. By incorporating
microorganisms on the cathode, a biofilm is formed, to which electrons
can be supplied, directly or indirectly via e.g. hydrogen formation. The
growth and productivity of the biofilm depends on its access to substrate
and electrons and the removal of products[6]. A dense biofilm (>400
pm) facilitates high electron uptake rates and improved biocatalytic
performance[7,8], but inevitably also leads to mass-transfer limitations.
Therefore, pH and hydrogen gradients are likely to occur, resulting in
different local conditions at the electrode surface when compared to the
bulk conditions[9-13]. The pH gradients affect the microbial commu-
nity selection and thermodynamic limitations, as well as substrate and
electron donor availability[14,15].

To diminish the effects of significant local gradients of pH,
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substrates, products or energy (like hydrogen), mass-transfer can be
improved by changing the flow-regime[16]. Previously, 3-dimensional
flow-through electrodes have been demonstrated as a solution for bet-
ter mixing of the anodic or cathodic chamber[17,18]. Although these
flow-through configurations worked well for previous systems, prob-
lems were encountered when starting the flow-through configurated
systems at high current density (i.e. systems operating on at least —10
kA/m?). Starting bio-electrochemical CO, elongation systems at high
current density stimulates microbial activity[19], but also leads to local
accumulation of excess hydrogen gas between the membrane and low-
porous electrode. This hydrogen gas accumulation hinders the contact
between the electrolyte in the cathode compartment (catholyte), the
membrane, and the electrode, which introduces for example high elec-
trolyte resistances[20]. As a temporary solution, a bypass was used to
release accumulated gaseous hydrogen via an extra catholyte recircu-
lation outflow port, but catholyte could also flow through the bypass
[21]. About 50% of the recirculation flowed alongside the cathode
through the bypass instead of through the cathode. As a consequence of
this measure, about 50% of the nutrients from the recirculated medium
cannot reach the biofilm and the decreased flow velocity through the
biofilm can result in mass-transfer limitations. Both the decreased
nutrient supply and mass-transfer limitations can negatively affect the
cathodic biofilm activity. Therefore, the recirculation flow through the
cathode chamber needs to be optimized to allow start-up at high current
densities in a way that the mentioned bypass was not required.

In this study, the use of alternating direction of catholyte flows
through porous electrodes was assessed to decrease mass transfer issues
and the start-up time of microbial electrosynthesis at applied high cur-
rent densities was improved. The recirculation flow-through was alter-
nated from two sides of the cathode to allow alternate build-up gas
removal and hydrogen transfer to the cathode, which removed the need
for a bypass. Additionally, local distribution of electrical current,
hydrogen concentration and pH at different locations in the cathode was
studied with microsensor measurements. The local conditions were used
for identification of mass-transfer limitations and local thermodynamic
and microbial analysis. The links between local conditions and presence
of certain microorganisms give valuable insights about the conditions
required for optimization of microbial-electrochemical conversion
processes.
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2. Materials and methods
2.1. Reactor setup and flow-through configuration

The reactor setup for both the abiotic and biotic experiments was
used as described by De Smit, Langedijk, van Haalen, Lin, Bitter and
Strik [21]. In short, plexiglass flow-through plates were used for the
reactor assembly, with a Ti/Pt-Ir MMO anode (Magneto Special Anodes
BV, Netherlands) and a graphite felt cathode (3 mm thick, Rayon
Graphite Felt, CTG Carbon GmbH, Germany) with three layers separated
by plastic mesh spacers (3 layers mesh between cathode 1 and 2 and 3
layers between cathode 2 and 3). A video instruction of the reactor as-
sembly can be found in [21]. The cathode layers were connected in
parallel to a n-stat potentiostat (IVIUM, Netherlands) with titanium wire
(0.8 mm thick, grade 2, Salomon’s metalen, Netherlands) with 1 Q be-
tween each connection and the working electrode plug (Fig. 1). The
resistances were added between the cathode layer connection and
working electrode plug to allow multimeter (Fluke 175 True RMS
Multimeter) measurements of current and potential over these connec-
tions without having to break the connection. The anode (30 mL) and
cathode (90 mL) compartment were separated by a cation exchange
membrane (21.3 cm? projected surface area, Fumasep FKS, Fumatech
BWT GmbH, Germany). Both anolyte and catholyte were recirculated
via a 250 mL recirculation bottle (Fig. 1), with total volumes of
respectively 200-300 and ~400 mL for the anolyte and catholyte
(including tubing). For the first abiotic flow experiment (Fig. 2), a
bypass was used as described by De Smit, Langedijk, van Haalen, Lin,
Bitter and Strik [21]. For the following experiments, alternating flow-
through catholyte recirculation was used. To allow for alternating
flow-through, some adaptations were made. Solenoid valves (SMC, type
VDW22JA) were installed at four points around the cathode chamber
(Fig. 1A — D). The valves were controlled with a relay module (Field-
point FP-DO-410). The relay module was controlled with computer
software (LabVIEW 2015). The code used in LabVIEW can be found in
the Supporting Information (SI Fig. S1). The recirculation was alternated
between two directions: either from valve D to valve A or from valve C to
valve B (Fig. 1).

Besides the valves, analog potentiometers (Fieldpoint FP-AI-110)
were installed to measure the cell potential, current distribution, and
the individual cathode potentials. The cathode potentials were
measured against the top reference (QM710X, Q-is, Oosterhout,
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Fig. 1. Schematic reactor setup of electrochemical reactor with switching valves (A-D) used for the alternation of flow-through electrolyte recirculation. The anolyte
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Netherlands) (Fig. 1) and not corrected for the electrolyte resistance.
However, for the calculations, the cathode potential of cathode 3 was
used for all three cathode layers, since it was demonstrated that the
electric field potential offset between the top reference and cathode
layer 3 was negligible [21].

Regarding the reactor operation, all parameters were set as described
by De Smit, Langedijk, van Haalen, Lin, Bitter and Strik [21]: temper-
ature 30 °C, flow rate of catholyte and anolyte recirculation 10 L/h,
—200 mA from anode to cathode, 100 LN/h CO; and 233.3 LN/h Ny
purging in catholyte recirculation bottle, No purging in anolyte recir-
culation bottle. The pH was measured (QMP108X, Q-is, Oosterhout, the
Netherlands) in the catholyte recirculation and controlled (Ontwikkel-
werkplaats, Elektronica ATV, the Netherlands) at 5.8 with the addition
of 1 M HCI. The reactor media compositions changed slightly with the
switch from abiotic to biotic experiments. The abiotic catholyte
composition was the same as described by de Smit, Buisman, Bitter and
Strik [22], while the abiotic anolyte consisted of 7.5 g/L NayH-
PO4-2H,0, 3.0 g/L KHaPOy, 0.05 g/L MgS04-7H,0, 0.01 g/L Ca(OH)a.
For the biotic experiments, ammonium was added to the electrolytes
(0.2 g/L NH4CI and 0.18 g/L (NH4)2COg3 respectively in the catholyte
and anolyte). The biotic catholyte also contained 3.23 g/L (98%) sodium
2-bromoethanesulfonoate. The anolyte and catholyte media were added
at flow rates corresponding with hydraulic retention times of respec-
tively 4 and 14 days from bottles stored in a fridge (4 °C flushed with
gaseous Ny). The biotic reactors were inoculated with 10 vol% fresh
inoculum from a biomass growth reactor, acclimatized with comparable
conditions; fed with gaseous CO,, operated at —200 mA to graphite felt
electrode (7.7 kA/m®), bulk pH 5.8, temperature 30 °C; which showed
production of fatty acids (C2-C4). The inoculation moments were day 5
and day 10.

2.2. Analyses

The volatile fatty acid and alcohol concentrations in the recirculation
catholyte were measured three times a week during the biotic experi-
ments. For this, 2 mL catholyte was sampled from the reactor and stored
in the freezer until analysis. Analysis was performed 1-2 times per week.
On the day of the analysis, the samples were centrifuged at 10 000 rpm
for 10 min. Next, the sample was diluted 10 or 20 times to a total volume
of 1,5 mL, depending on the concentrations of VFAs. 1,35 mL diluted
sample was mixed with 0,15 mL 15% formic acid to acidify the sample.
1 pL was injected with an autosampler in a gas chromatograph with a
flame ionization detector (GC-FID) (Agilent 7890B). The FID detects
alcohols (Methanol to hexanol) and VFA’s (C2-C8).

From day 40 of the biotic phase, the off-gas was measured three
times per week. No off-gas measurements were performed from day
0-40 because no methane formation was expected due to the 2-bromoe-
thanesulfanoate presence in the medium and catholyte. Since the flow-
through was alternated, it was expected that the hydrogen off-gas con-
centration might fluctuate with the fluctuating flow. To measure a
representative, average hydrogen fraction in the off-gas, off-gas was
collected in a 10L gas bag (Calibrated instruments, Inc.) for 30 min. The
nitrogen and carbon dioxide concentrations were analysed on a GC-TCD
(Shimadzu GC-2010), and the hydrogen concentration was analysed on
a GC with a thermal conductivity detector (TCD) (Agilent HP 6890 GC).
Methane was analysed on a GC with a pulse discharge detector (PDD)
(Global Analyzer Solutions CompactGC).

2.3. Microsensor analyses

During both abiotic and biotic experiments, microsensor measure-
ments (with LS18 laboratory stand, MM3-2 micro-manipulator, MC-232
Motor Controller of Unisense A/S, Denmark) were used to measure local
pH (pH-50, Unisense A/S, Denmark) and hydrogen (H,-50, Unisense A/
S, Denmark) concentrations. The method was applied as described by De
Smit, Langedijk, van Haalen, Lin, Bitter and Strik [21]. The abiotic
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profile measurements were made in reactors that were stabilized for at
least 60 h. Important to mention is that during biotic operation, the
graphite felt cathode was never pierced by the microsensor to prevent
changes of the flow-through path. The graphite felt cathode was only
pierced on day 60 of the experiment, during the measurements of the
hydrogen and pH profiles at the end of the biotic phase. Electric Po-
tential (EP-100, Unisense A/S, Denmark) measurements revealed that
the local electric field potential was affected by the alternating flow-
through operation. Therefore, the EP correction method described by
De Smit, Langedijk, van Haalen, Lin, Bitter and Strik [21] was not
applicable. To obtain reliable pH logging values, the pH microsensor tip
was placed near the fixed reference electrodes (3 M KCl Ag/AgCl,
QM710X, Q-is, Oosterhout, Netherlands) (top and bottom, Fig. 1).
Measurements with the EP sensor were used to determine the exact
location with 0 mV offset between the EP sensor and the fixed reference
electrode (both Ag/AgCl electrodes). The pH was logged at exactly those
locations to ensure there was no electric field interference of the
measurements.

2.4. Microbial community analysis

2.4.1. Samples collection and DNA extraction

The microbial communities at different cathode layers and in the
suspension were examined with Next Generation Sequencing. Samples
were taken at the end of the 60 day biotic operation, stored at —20 °C,
and DNA was extracted with the Powersoil DNA isolation kit (Qiagen,
USA) according to the instruction manual. The DNA concentration and
purity were measured with a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Germany).

2.4.2. Sequencing of 16S rRNA genes and bioinformatics

The isolated DNA was amplified with PCR, targeting the 16S V3 and
V4 region with gene-specific sequences selected from Klindworth,
Pruesse, Schweer, Peplies, Quast, Horn and Glockner [23]. Ilumina
adapter overhang nucleotide sequences were added to the gene-specific
sequences, resulting in the full length primers (with standard IUPAC
nucleotide nomenclature) shown in SI Table S1.

For the index PCR, Nextera UD indexes set D was used. After the
rDNA sequencing data was acquired, the reads were joined, de-noised
and quality filtered with the dada2 tool. For the taxonomic analysis,
the sequences were classified with the tool feature-classifier, with a pre-
trained Naive Bayes classifier trained on the amplicon of primer set 341F
and 805R, extracted from SILVA v. 132 reference database[24]. Di-
versity analyses were performed with the qiime2 diversity tool. This
bioinformatics process was performed on 4 October 2022. For the results
of this study, the most significant operational taxonomic unites (OTUs)
were presented for each sample, with a cut-off value of 3% relative
abundance. Microbiota raw sequencing data are submitted to the ENA
database (https://www.ebi.ac.uk/ena) under accession number
PRJEB55694.

2.4.3. Scanning electron microscopy imaging

From the cathode layers, Scanning Electron Microscope pictures
were taken to visualize the biomass distribution. Samples of cathode
(~50 mm?) were stored at 4 °C in biotic catholyte and fixed with 2.5%
glutaraldehyde for ~4 months at 4 °C. Prior to dehydration, the samples
were rinsed three times by replacing the liquid with demi water. For the
dehydration, the liquid was replaced by graded ethanol solutions (10,
30, 50, 70, 80, 90, 96, and twice 100%) for 10 min each. The samples
were dried with critical point drying (Leica EM CPD-030, Leica Micro-
systems, Germany) with CO,. The samples were attached on the SEM
stubs with carbon glue (Leit-C Conductive Carbon Cement, van Loenen
Instruments, the Netherlands) and coated with tungsten sputter coating
(12.0 nm, from two sides with 45° angle, Leica SCD 500, Austria) to
finalize the preparation for the imaging. The SEM images were obtained
with a Magellan 400 SEM (FEI Company, Hillsboro, OR, USA) at an
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acceleration voltage 2 kV and beam current of 13 pA at RT.

2.4.4. Calculations

For the calculations described below, all units are shown in square
brackets within the formulas. To calculate the power demand per kg
produced hydrogen (in kWh/kg Hj), the cell potential (V¢ep in V or J/C)
was used (measured between the anode and the cathode connection
before the parallel split), Faraday constant 96485.33 C/mol, 100%
electron recovery into hydrogen:

1 1
06485.33| C|wp Mol o WAL, MImolw] .\, [V], o [KW
mol,- moly, | 3600[s] 2.016*10-3 [kgyy, | c w
{kWh}
= Power
kgn,

(@9)
To calculate the cathode layer resistance (in sz), Eq. (2) was used:

_ Cathodelayerpotential[V]*projectedsurfacearea[m?]
N Cathodelayercurrent[A]

Resistance [anz}

@

The electron recovery into volatile fatty acids (nygas) and hydrogen
(nu2) was calculated based on the measured concentrations of volatile
fatty acids in the liquid phase at the sampling time Concypay, the
measured current in mA (i.e. mC/s) at the sampling time (Currenty), the
catholyte outflow rate at the sampling time (Q, calculated based on the
inflow rate and acid addition over time):

96485 .26 *Coneuy 221 1]+ s |

mot,— mmolyra
Current,[<]*3600 ¢]

Nyras = (€)]

To calculate the electron recovery into hydrogen, the hydrogen flow
was calculated based on the hydrogen and nitrogen fractions in the
measured off gas (fractionofrgasHa, fraction,frgasN2), the reactor temper-
ature (Temp) and the ideal gas law, assuming that the N, was inert inside
the reactors:

Flow mmoly,| _ fraction,g.sH, [%]*233.3 [LNd—NZ} . 101325[Pa]
e h N fraction e, N> [%]*24 [g] 8.314 [ﬁw[} *Temp|K|

€]

The electron recovery into hydrogen was calculated based on the
hydrogen flow and the current measured at the sampling time of the
hydrogen:

96485 [ mC ] *F[OWHZ {%] ED) |:mmol(,—

mmol,~ h mmoly.,

Mz = Current, [<]*3600 2]

L100[%] (5)

The electron recovery into methane was also calculated based on the
methane fraction in the off-gas, in the same way as the electron recovery
into hydrogen, with the adjustment that methane contains 8 mmol e~
per mmol methane.

The hydrogen concentration in the catholyte was calculated based on
the measured hydrogen fraction in the off-gas (fractionofrgas Ha), with a
Henry coefficient of 7.7E-06 mol/(m3Pa)[25] and a pressure of 1 atm
(101325 Pa).

mol

umol*m?
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3. Results and discussion
3.1. Increased power demand due to gas build-up at high current density

To demonstrate the issues with the state-of-art flow-through
configuration during start-up at high current density, abiotic reactors
were started up with controlled current of —10.4 kA/m>. The cell po-
tential was measured to calculate system power demand for production
of hydrogen. The previously suggested flow-through recirculation flow
was used[17,18] and a bypass outlet of the cathode chamber was placed
between the membrane and the cathode (Fig. 2B). When the recircula-
tion flow was forced through the graphite felt cathode (bypass closed),
the cell potential increased simultaneously with gas build-up between
the membrane and the cathode (Fig. 2, grey planes and SI Fig. S2). To
release the build-up gas and lower the system power demand, the bypass
was opened (Fig. 2A, white planes). Opening the bypass caused the cell
potential to drop almost instantaneously (Fig. 2A, zoom in frame).

The cell potential correlates with the system power input (right y-
axis, Eq. (1)), a cell potential increase correlates with a higher power
demand. The power needed during the time with the bypass opened
(white planes) was 146 kWh/kg hydrogen (assuming 100% CE to
hydrogen), while it increased to 221 kWh/kg hydrogen when the bypass
was closed (Fig. 2A, right y-axis). Presumably, the high power with the
bypass closed can be explained by the gas build-up between the mem-
brane and cathode, which caused increased ionic resistance[20]. To
keep the cell potential low, and thus reduce the operation energy costs,
the bypass would need to be opened to prevent build-up of gas between
the membrane and cathode. However, with the bypass open, about 50%
of the flow is directed through the bypass and not through the cathode.
This would mean that 50% of the electrolyte entering the cathode
chamber leaves the cathode chamber through the bypass, not being
forced through the cathode layers. With the flow only partially going
through the cathode layers, nutrient supply to the cathode biofilm is
limited. To allow both removal of excess gas build-up and flow through
the cathode layers, the reactor configuration was adapted to a cross
flow-through design: a second cathode inflow point was installed, the
bypass was replaced through a second reactor outlet, and all in- and
outlets were provided with switchable valves (Fig. 3B).

To measure the power demand of switching between two different
flow-through directions, the cell potential was measured over time
whilst different flow direction alternation intervals were tested
(Fig. 3A). The flow was alternated between away from the membrane
(orange dashed arrow, Fig. 3B) and towards the membrane (green filled
arrow, Fig. 3B), with increasing interval time between alternation time
(0.5 min to 10 min). Compared to the previous situation with the bypass
open, the power demand was lower with alternating flow. The longer
the time interval between flow direction alternation (x-axis, Fig. 3A), the
more the maximum cell potential increased with local gas accumulation
between the membrane and cathode (Fig. 3A, maximum values). With
the increasing cell potential, the power demand also increased, leading
to a higher average power demand for the experiments with longer time
between the flow direction switches. The replicate reactor showed the
same trend (SI Fig. S3).

Hydrogenconc[uM] =17.7 o 1076{ P }*101325[Pa]

m3Pa 100[%]

Jractionge, Ho %), 10
L*mol

} ©)
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3.2. Alternating flow-through allows cathode resistance decrease and
refreshing of local pH and hydrogen

Besides the effect of different alternating flow-through intervals on
power demand, the mass-transfer to the cathode and the cathodic bio-
film is an additional important parameter. To elucidate on the effect of
flow-changes on local conditions, and thus mass-transfer to the cathode,
several parameters were measured over time: cell potential (A), cathode
layer resistances (C) and current densities (D), as well as local pH I and
hydrogen concentrations (F) (Fig. 4). To properly show the trends at
both flow-through directions over several minutes, these measurements
were performed in the reactor with a 5:5 min switching between flow
towards (green filled) and flow away from (orange dashed) the
membrane.

The cell potential increases with the flow away from the membrane
(orange dashed) and remained rather constant (5.0-5.1 V, Fig. 4A) at the
minimum value with the flow towards the membrane (green filled). Note
that although it seems that the cell potential with the flow towards the
membrane is decreasing over time, this was not measured over the whole
25 h course of the experiment. Since the gas build up also increased over
time, the increase in cell potential seems a consequence of the gas build-
up between the membrane and cathode. Remarkably, the cell potential
(Fig. 4A) was the only parameter that linearly increases over time during
the flow away from the membrane, while cathode layer current and
resistance, local pH, local hydrogen change in a “switch-like” manner, i.
e. the values change right at the moment the flow direction switches.

The cathode resistances were higher with the flow towards the

membrane (green filled) compared to the values with flow away from the
membrane (orange dashed, Fig. 4C). The resistances corresponded with
the current densities, lower resistances resulted in higher (more nega-
tive) current densities (Fig. 4D). When comparing the three cathode
layers, the cathode layer closest to the membrane (cathode 1) had on
average the lowest resistance and the highest current (~85% of the total
current), whereas the furthest cathode layer (3) had the highest resis-
tance and lowest current (Fig. 4C and D). These trends were observed
through the whole experiment and are likely related to the distance from
the anode, as could be proven by e.g. electrochemical impedance spec-
troscopy measurements.

The pH measuring spot was chosen on the outer side of the cathode
(Fig. 4B) to investigate the effect of switching flow-through direction on
the pH dynamics in a possible “dead zone” location where less mixing
might occur. The pH was relatively high (7.7) when the flow was away
from the membrane (orange dashed, Fig. 4E) and decreased approxi-
mately 0.5 pH unit with the flow direction switch to towards the mem-
brane (green filled). The high values with the flow away from the
membrane indicate a high local pH at the cathode surface, caused by the
proton consumption for hydrogen formation. This local pH is different
from the controlled recirculation pH (5.8), showing indeed less mixing
in the measured location. During the direct mixing with the recirculation
electrolyte (towards the membrane flow), the local pH did not decrease to
the pH of the catholyte during the 5 min. The little pH decrease indicates
that with recirculation speed of 10 L/h, it takes longer than 5 min to
completely mix the 90 mL cathode chamber with the electrolyte.

The two local hydrogen measurements give valuable insights in the
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Fig. 4. Cell potential (A), cathode layer resistances (C) and current densities (D), and local pH (E) and local hydrogen concentrations (F) over time during 5:5 min
flow switching between flow away from (orange dashed) and towards (green filled) the membrane under abiotic conditions. The locations of the pH and hydrogen
measurements are indicated in B. Note: the different hydrogen measurements were overlapped in (F) for viewing purposes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

dynamics of the hydrogen distribution in the cathode 1 closest to the
membrane and the electrolyte between the cathode and the membrane
(Fig. 4F). When the flow was directed towards the membrane (green
plane), the hydrogen concentration inside cathode 1 decreased (grey
line). Simultaneously, an increase in the electrolyte next to the mem-
brane was measured (blue line). When the flow was switched from to-
wards the membrane to away from the membrane (orange dashed plane),
the hydrogen concentration in the electrolyte immediately dropped,
showing removal of excess built-up hydrogen gas next to the cathode,
and an increase in hydrogen concentration inside the cathode was
measured. With the flow away from the membrane, the hydrogen is
brought into cathode 1, while the flow towards the membrane relocated
the highest local hydrogen concentration from the cathode to the cath-
olyte. This shows a direct reversing effect of the highest hydrogen con-
centration relocation simultaneous with the reversing of the flow-
through direction. Fig. 4F also shows that the concentration of
hydrogen in the catholyte was always higher than the concentration of
hydrogen in the cathode. This could create an advantage for hydrogen
consuming microorganisms in the catholyte over those growing on the
cathode. However, from an earlier work with a similar experimental
design, it has been reported that CO,/N> sparging in the recirculation
bottle constituted for hydrogen loss in the catholyte, meaning that the
high hydrogen concentration in the catholyte was mostly lost via the
recirculation and thus less available for the biofilm [21].

3.3. Biotic start-up at high current showed faster n-butyrate production
with alternating flow-through strategy

Based on the previous results in the abiotic reactor, a flow switching
interval was considered to both increase the hydrogen concentration in

the cathode and also allow for mixing of the cathode chamber with the
recirculated catholyte. To direct the local hydrogen to the cathode
layers, the time with flow towards the membrane must be kept short, to
potentially prevent hydrogen loss and increase the concentration in
cathode 1. However, flow towards the membrane was required to refresh
possible dead zones and decrease the cell potential (and thus energy
demand). Thus, for mixing of the liquid in the catholyte chamber (90
mL), 1 min flow towards the membrane was chosen based on the theo-
retical hydraulic retention time of 32.2 sec with recirculation 10 L/h.
For the flow away from the membrane, 5 min was chosen to allow for
hydrogen-rich catholyte recirculation flow availability at the cathode
layers for 83.3% of the time of a full cycle. The resulting 5:1 interval for
the switch of flow direction led to a lower power demand when
compared to switching with equal intervals between both flow di-
rections (Fig. 3). With this chosen flow-through switching strategy, two
biotic reactors were started to test the feasibility of start-up at high
current density.

The two biotic reactors were operated with the 5:1 strategy for 60
days at a current density of —10 kA/m>. The volatile fatty acids in the
recirculated catholyte (Fig. 5A and B) and the hydrogen concentration in
the off-gas were measured to characterize productivity and electron
recovery into products (Fig. 5C and D). Production of acetate was ach-
ieved within 7 days after start-up and the first n-butyrate was observed
on day 13. Lower concentrations of acetate and n-butyrate were
measured in the second biotic reactor (Fig. 5B). Although the fast start-
up of autotrophic acetate production has previously been shown[26],
we observed, for the first time, a substantially faster increase in the n-
butyrate concentration over time. After 40 days, the n-butyrate con-
centration was 26 mM (Fig. 5A), while other comparable studies re-
ported 2 to 10 times lower n-butyrate concentrations[27-29] at 40 days



S.M. de Smit et al.

Chemical Engineering Journal 464 (2023) 142599

Fig. 5. Concentrations of volatile fatty acids (acetate,

A Biotic VFAs B Biotic CH n-butyrate and n-caproate) over time during the biotic
4
160 experiments, with inoculation moments indicated by
140 ; [ jm g u® - h filled arrows. Of the two reactors, one showed mainly
' . " ! H chain elongation (CE: A,C), while the other showed
- 1201 v - a F Vv mainly methanogenesis (CH4: B, D). On day 18, the
2 1004 - " CO, supply was cut off for three days (grey plane). On
£ - 3 day 45, the medium supply in the fridge was refreshed
c 1 ] [] _m . . .
2 80 T (dash dot arrow). Leakages are indicated with dashed
2 ol L z arrows and always followed by addition of fresh me-
g . 3 adat n . dium to replace the leaked volume. Electron recovery
S L] AA 4 (]
404 L values were calculated as described in the materials
20 . aada .ay, and method.
1 n |
A
C 0+=n8 . AN o, 2 D -] ] A A A AAA AAA AL, 4, .,
100
: ! i
1 v v vy
S
2 60
3
8
c
S 404
@
w

204

o

50

| || III,||| ”
10 20 30 40

0 60 0
Time (day)
W Acetate A Butyrate Caproate = Hydrogen — Inoculation
EEm Acetate N Butyrate Caproate WM Methane --» Leakage

after start-up of microbial electrosynthesis with CO, as sole carbon
source, with n-butyrate formation from earliest 3 days after start up[28].
These studies used 5 A/m? [28,29] while the current study applied 92 A/
m? projected surface area, so suggestively the n-butyrate production
from acetate was stimulated by the high applied current density in this
study.

Besides the concentrations, the electron recoveries were also signif-
icantly high, with recoveries reaching up to 60% for the total fatty acid
production (Fig. 5C). In the second reactor, methane was measured as
the main product (biotic CHy, Fig. 5D). The methane was measured at
four different timepoints after the acetate and n-butyrate dropped in the
catholyte. Even though the methane fraction in the outgoing gas was
low, the total electron recovery reached up to 100 %. To investigate the
difference in the electron recovery gap between the methane and vola-
tile fatty acid producing reactors, a sample of anolyte was taken on day
59 and analysed for VFA’s. The anolyte of the biotic CH4 reactor con-
tained 155 mg L ™! acetate, and the anolyte of the biotic VFAs reactor
contained 885 mg L' acetate (and 235 mg L ! butyrate). Based on the
hydraulic retention time, it was calculated that up to 15 % of the elec-
trons ended up as volatile fatty acids in the anolyte in the biotic VFAs
reactor, likely contributing to the gaps in the electron balances (Fig. 5C
and D). These product losses need to be addressed and prevented when
aiming at upscaling. Despite the losses, the results from this study are
promising for the use of high current density and the alternating flow-
through regime for the fast start-up of carboxylate production from CO.

The methane formation was unexpected because a methanogenesis
inhibitor (2-bromoethanesulfanoate, 2-BES) was added to the medium
[30]. To verify that the 2-BES was not depleted in the catholyte of the
reactors, its concentration was measured in the catholyte of the two
reactors and in the medium supply (SI Fig. S4). Although the concen-
trations in the catholyte were 1.5 times lower than in the medium, 2-BES
was still detected in the catholyte, and no difference was observed be-
tween the 2-BES concentration in the two different reactors.

The striking difference between the main product of the two biotic
reactors could thus not be explained by operating parameters or

ERATTHIIT
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—» New medium

50 60

No CO2

differences in the bulk conditions. It is plausible that the difference in
results was caused by a difference in the initial attachment of the
biomass from the inoculum. For the VFAs reactor, the chain elongating
microorganisms could have been attached to a location on the cathode
with favourable conditions, whilst for the CHy4 reactor, the methanogens
could have been attached to a location on the cathode with favourable
conditions. For example, pH values between 5.0 and 6.0 have shown to
be more favourable for chain elongation microorganisms[31]. This dif-
ference in initial attachment location could have led to advantage for
different microbial groups and thus steered the selectivity towards the
microbial group with advantageous conditions. Therefore, linking local
conditions to the corresponding observed activity could elucidate
favourable conditions for either methanogenic or chain elongation mi-
croorganisms which is necessary for further scale up.

3.4. Local hydrogen decreased during biotic run while local pH stabilized

To investigate the local conditions for microbial activity, character-
ization was performed by local microsensor measurements of hydrogen
and pH throughout the cathode layers and electrolyte next to the cath-
ode on day 0 and day 60 (Fig. 6). At time 0, the conditions at the cathode
layers, inner and outer catholyte differed significantly within the re-
actors. Depending on the location and the flow direction, measured
hydrogen concentrations ranged from ~200 to 600 uM (Fig. 6A) and the
pH ranged from 5.0 to 7.0 (Fig. 6D).

The hydrogen concentration in the catholyte and cathode layers at
day 0 showed the same trend as earlier observed in Fig. 4F. Briefly, the
highest local hydrogen concentration moved from the catholyte to the
inside of the cathode layers when the flow was switched from towards the
membrane (green filled) to away from the membrane (orange dashed) in
both reactors (Fig. 6A, SI Fig. S5). The hydrogen concentration was
detected (range of 250 to 400 uM) in all three cathode layers and in the
catholyte on the outer side of the cathode when the flow was away from
the membrane, even though most hydrogen production probably
occurred at cathode 1, which had significantly higher current density
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(Fig. 4D). The wide range of conditions (Hy and pH) between different
spots supports the hypothesis that the attachment location of the mi-
crobial community in the inoculum may lead to the development of
different dominant microbial groups.

At the end of the biotic experiments (day 60), the hydrogen con-
centrations inside the cathode layers and in the catholyte on the outer
side of the cathode were lower compared to the concentrations on day
0 (Fig. 6B). The hydrogen concentration profiles measured at the bottom
well (lowest sampling point at the bottom of the reactor) were similar to
the profiles obtained at the middle well (SI Fig. S7B). However, at the
top well, the hydrogen concentration at the cathode layer 1 and 3, and
inner and outer catholyte was lower (SI Fig. S7A). The hydrogen con-
centrations were the highest inside cathode 1, where the highest current
densities were measured (SI Fig. S6), whereas little hydrogen was
measured inside cathode 3 (Fig. 6B). To also quantify the hydrogen
concentration in the bulk catholyte, e.g. the recirculation catholyte, the
hydrogen concentration was calculated based on the measured off-gas
concentration (Eq. (6)). The hydrogen concentration was 1.8 pM in
the biotic VFAs reactor and 0.5 pM in the biotic CH4 reactor (day 40-56).
These low concentrations are likely caused by stripping of hydrogen by
the incoming CO2/N3 gasflow in the recirculation. The measured low
hydrogen concentrations at the top of cathode layers 1 and 3 were
probably caused by removal of hydrogen via the outgoing recirculation
liquid. The lower hydrogen concentrations at the end of the biotic
experiment compared to day O indicate hydrogen consumption by the
microbial community growing on the cathode. Due to technical issues,
the local hydrogen concentration in the methanogenesis reactor was
only measured on the outer side of the cathode (SI Fig. S8). The
hydrogen concentration was substantially lower in the methanogenesis
reactor (SI Fig. S8) when compared to the chain elongation reactor. This
lower hydrogen concentration in the outer catholyte of the methano-
genesis reactor was measured over time during the whole biotic run (SI

Fig. S8). The lower hydrogen concentration could be due to higher
hydrogen consumption in the methanogenic reactor, which could be
caused by higher affinity for hydrogen by methanogenic microbes
compared to chain elongation microbes.

The local pH also changed between the start and end of the biotic
measurements. On day 0, the pH between the membrane and cathode
(inner, Fig. 6D) increased several pH units when the flow was directed
away from the membrane (orange dashed). This increase in pH after
switching the flow direction to away from the membrane became less
evident over time, as the pH remained approximately constant during
both flow directions on day 60 (Fig. 6E and F). On the last day of the
biotic runs, the pH in the methanogenesis reactor (Fig. 6F) was slightly
higher than in the chain elongation reactor (Fig. 6E). The pH on the
outer side of the cathode gives valuable insights on the mixing of the
systems. It is expected that poor mixing might lead to “dead zones”, and
therefore, higher pH, as observed in the abiotic reactor (Fig. 4E).
However, on day 60, the pH on the inner side was similar to the outer
side pH (5.8-6.3 and 5.8, respectively). This similarity in pH at different
locations of the reactor indicates that the one-minute flow towards the
membrane (green filled) was a successful strategy to homogenise the
catholyte and prevent the accumulation of high pH catholyte.

3.5. Gibbs free energy changes based on local conditions

Based on the local pH and hydrogen concentration measurements,
thermodynamic feasibility of different reactions could be determined for
the different locations in the reactor. The thermodynamic feasibility can
be used as theoretical parameter for determination of productive sites in
the biotic reactors. The suggested minimum required Gibbs reaction
energy for microbial growth is —20 kJ/reaction[32]. More negative
Gibbs reaction energy correspond with higher energy gain for micro-
organisms and thus better microbial feasibility. To investigate the



S.M. de Smit et al.

Table 1

Chemical Engineering Journal 464 (2023) 142599

Local Gibbs free energy of different possible reactions in the CO,-fed electrochemical reactors before (abiotic) and at the end of the biotic run (biotic), calculated based
on the measured local conditions at different locations in the reactor (inner catholyte, cathode 1, cathode 2, cathode 3 and outer catholyte, shown in Fig. 4AB and DE).
For undetected hydrogen concentrations in the abiotic reactor, 1 pM was assumed. The values are given for both hydrogen and cathode (at measured cathode potential)
as electron donor and coloured based on their magnitude. Compound dissociation and solubility were taken into account for the calculations (details in SI appendix I).

Day 0 Day 60 (VFAs reactor)
Inner Cat1 Cat2 Cat3 Outer|lnner Cat1l Cat2 Cat3 Outer
1 Hydrogen formation 2H* + 2e~ — H, kJ*(mol 2e)™ -113.9 -113.8 -102.8 -98.4 -99.4 -102.8
2 Acetogenesis ki*(mol CO,) ] -476 -511 -51.2 -500 -50.7| -31.8 -289 -27.0 207 -27.§
2C0, + 4H, - CH,CO00™ + H* + 2H,0 kJ*(molH,)™” | -23.8 -25.0 -25.3| -159 -145 -135 -103 -13.8
kJ*(mol 2¢)* 403 -1407 1137 -1139 -1140
3 Acetate to n-butyrate elongation kI*(mol Ac)™ | -2 -84 -74 -79| -295 -27.2 -262 -22.8 -265
2CH;C00™ + 2H, + H* Ki*(molH,)* [ 122 83 -84 74 78 295 -272 -262 -228 -265
— CH3(CH,),C00™ +2H,0 kJ*(mol 2¢)* -122.6 -122.6 -1226 -126.0 -126.0 -126.0
4 n-Butyrate to n-caproate elongation kJ*(mol Ac)' | 231 -175 -178 -15.8 -62.6 -604 -53.7 -61.0|
CH,C00™ + CHy(CH,),C00™ + 2H, + H* kJ*(mol H)* | 126 88 -89 79 -313 -30.2 -26.9 -30.5
- CH3(CH,),C00™ + 2H,0 kJ*(mol 2¢)* 1227 -1227 -122.7 -129.7 -129.7 -129.7
5 Hydrogenotrophic methanogenesis kJ*(mol CO,)|-136.6 -130.3 -130.8 -126.8 -137.1 -132.8 -119.4 -134.
CO; + 4H; - CH, + 2H,0 ki*(molH,)* | 382 -326 -327 -317 -343 -332 -29.8 -33.5
kJ*(mol 2¢)* 41331 -1331 -133.1
6 Acetoclastic methanogenesis ki*(molAc)” [ 103 70 71 67 68| 210 -198 -197 -195 -197
CH;C00~ + H* - CH, + CO,

feasibility of different microbial conversions, the available Gibbs free
energy was calculated in the catholyte and inside the different cathode
layers (cathode 1-3) for different possible reactions[33-37] (Table 1).
The feasibility was calculated both for hydrogen as electron donor
(white filled cells) and for direct electron uptake as energy source (blue
filled cells), at day 0 and day 60 of the biotic VFAs reactor. The CHy4
reactor was not considered since no hydrogen data was available for day
60. Based on the thermodynamic calculations, all reactions with CO; as
substrate (2 and 5, Table 1) show values more negative than —20 kJ/
reaction on day 0 in all tested biotic reactor locations. The difference in
Gibbs free energy yield between different locations was small — up to 10
%. With the measured cathode potential, direct electron uptake re-
actions have a more negative Gibbs reaction energy compared to
mediated electron uptake (i.e. using hydrogen as an electron donor)
(Table 1, kJ/mol 2e~ vs kJ/mol hydrogen), as also suggested previously
[35]. However, it is unknown whether all the present microorganisms
have the capability of direct electron uptake. Since the Gibbs reaction
energy values do not differ substantially between different locations, the
impact of the different local hydrogen concentrations and pH did not
seem to significantly affect the thermodynamic feasibility.

A thermodynamic shift can be observed between the start (day 0) and
the end (60 d) of the biotic experiment. At the start, acetogenesis (re-
action (2)) and methanogenesis (reaction (5)) were both feasible and
competing for the same substrate (CO3). As shown previously, the
competition was won by acetogenesis in the chain elongation reactor,
and by the methanogenesis in the methane forming reactor (Fig. 5A and
B). On day 0, the Gibbs free energy for methanogenesis was slightly
more negative (—30 to —40 kJ/mol hydrogen) than for acetogenesis
(-23 to —25 kJ/mol hydrogen), at all locations. This shows a small
thermodynamic advantage for methanogenic microorganisms. On day
60, the thermodynamic favourability shifted from acetogenesis towards
acetate elongation reactions to butyrate and caproate (reactions (3) and
(4)), mainly because of the increased acetate and butyrate concentra-
tions in the reactor. Also acetoclastic methanogenesis was more
favourable at day 60 compared to day O (reaction (6)). At the end of the
biotic phase, the difference in Gibbs free energy between the different
locations was slightly higher compared to day 0. In particular at cathode
3, the Gibbs free energy decreased up to 20% (less negative free en-
ergies), meaning that all the reactions were energetically less favourable
at this position compared to day 0. The differences in thermodynamic
feasibility are a direct result of the differences in local conditions,

showing the importance of monitoring local conditions.

3.6. Qualitative visualization of biofilm and identification of microbial
communities on the three cathode layers

After showing the thermodynamic feasibility of both chain elonga-
tion and methanogenesis during the biotic phase, the position of the
biofilms on the cathodes layers was visualized and the species present in
the microbial community were identified. The relative amount of bio-
film and biofilm structures on the different cathode layers were visual-
ized with Scanning Electron Microscopy (SEM), and the presence of
planktonic cells in the catholyte was measured with optical density. The
optical density values were 0.146 and 0.067 for the biotic chain elon-
gation reactor and the methane producing reactor, respectively. This
indicates a higher presence of suspended microorganisms in the chain
elongation reactor, which could be explained by the slightly higher
hydrogen concentrations in the catholyte (SI Fig. S8). The Scanning
Electron Microscopy showed diversity in the coverage of the graphite
felt electrode at the measured spots, corroborating with the different
local cathodic current, hydrogen concentration and pH as described
above (Fig. 7, overview pictures in SI Figs. S9-S12).

The SEM pictures were taken from the top, middle and bottom of the
three different graphite felt cathode layers (Cat 1-3), corresponding
with the reactor orientation used in the previous figures (e.g. Fig. 6C).
Samples after 60 days were imaged with overview pictures (SI Figs. S9-
S11) and with close-up pictures of the biofilm structures (Fig. 7). For the
biotic volatile fatty acid producing reactor, most biofilm coverage was
seen on the extracted samples from cathode 3 and the top of cathode 1
(SI Fig. S11A, Cat 3 and Cat 1 top), whilst for the biotic methane pro-
ducing reactor most biofilm coverage was found in the middle and
bottom parts of cathode 1 and a bit in the top of cathode 3 (SI Fig. S11B,
Cat 1 mid, Cat 1 bottom and Cat 3 top). The cathode pieces with the least
biofilm coverage showed biofilm structures on the graphite felt cathode
fibres, whilst the cathode pieces with higher biofilm coverage also
showed biofilm structures between the fibres (Fig. 7). As opposed to
cathode layers 1 and 3, hardly any biofilm structures were observed on
cathode 2. The differences in the locations with the highest biofilm
coverage between the two biotic reactors could be related to differences
in optimal conditions between the chain elongation and methanogenic
microorganisms. For example, at cathode 1, the hydrogen production
was the highest (Fig. 6A and B) and this cathode showed dense biofilms
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Fig. 7. Detail Scanning Electron Microscope image of biofilm on graphite felt pieces of different reactor locations from the biotic volatile fatty producing reactor (A
VFAs, top 9 images) and the biotic methane producing reactor (B CH,, bottom 9 images), both sampled on day 60. The reactor orientation and the definition of
bottom, mid and top is in accordance with the schematic of the reactor shown in Fig. 6C.
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Relative abundance of different microbial groups found in the biofilm at the different cathode layers (mid) and suspended culture of the biotic reactor with chain
elongation (VFAs) and methane formation (CH4) after 60 days of biotic operation. Only the classified genera with Operational Taxonomic Unit (OTUs) with at least 3%

relative abundance are shown in this table.

Biotic VFAs Biotic CH,
Affiliation Catholyte | Cathode 1| Cathode 2 | Cathode 3 | Catholyte | Cathode 1| Cathode 2 | Cathode 3
Clostridium sensu stricto 12 | § 41.1% 35.1% 41.0% 0.8% 0.9% 22.8% 0.6%
Peptococcaceae 8.1% 27.5% 18.5% 0.3% 15.8% 31.4% 20.0%
Methanobrevibacter 4.6% 18.2% 4.6% 11.1% 12.8% 26.9% 12.4% 23.7%
Bacteroides 4.5% 1.9% 2.4% 2.2% 25.7% 5.5% 2.3% 6.6%
Rhodocyclaceae 1.5% 0.8% 2.0% 1.7% 23.9% 6.4% 2.8% 9.3%
Rikenellaceae U29-B03 8.1% 4.6% 2.2% 2.6% 1.0% 2.2% 1.0% 1.5%
Rikenellaceae RC9 gut group 3.6% 6.9% 7.3% 7.9% 0.6% 6.2% 4.6% 3.4%
Erysipelotrichaceae UCG-004 0.2% 0.3% 0.5% 0.3% 0.8% 6.4% 2.5% 5.0%
Desulfovibrio 0.4% 0.2% 0.1% 0.1% 3.2% 2.2% 0.7% 1.9%
Other (<3%) 12.8% 17.9% 18.4% 14.5% 30.9% 27.5% 19.4% 27.9%

in the CHy4 reactor (Fig. 7B, Cat 1) at two locations (mid and bottom),
whilst only for one location (top) in the VFAs reactor (Fig. 7A, Cat 1).
Generally, a higher biofilm coverage was observed (by eye) on the
cathode parts where the flow-through recirculation was entering the
cathode, so the outer sides of the cathodes (SI Fig. S12). The reason for
lower biofilm coverage on cathode 2 could be a filtering function of
cathode 1 and 3, which were located as the first cathode layers at the
flow-through inlet points. As a result, greater flocculant parts of biomass
might be forced to adsorb or attach to cathode 1 and 3 rather than
passing those cathodes to reach cathode 2.

To identify which microorganisms were accountable for the observed
biotic structures, Next Generation Sequencing was performed with
samples from the suspension and the three cathode layers. Regions of the
16S rRNA were extracted and classified down to genus level (Table 2).

In the reactor with chain elongation products (acetate, butyrate, and
caproate), Clostridium sensu stricto 12 related species were the most
abundant microorganisms (Table 2, Biotic VFAs). In the methanogenic
reactor, Peptococcaceae and Methanobrevibacter species had the highest
relative abundance (Table 2, Biotic CHy4). The Peptococcaceae species
were abundantly present on the cathodes of both reactors. Other
microorganism groups with significant relative abundance are Bacter-
oides and Rikenellaceae U29-B03 and RC9 gut group. Rhodocyclaceae
species were found in the methanogenic reactor, but with substantial
lower abundance values in the chain elongation reactor. Interestingly,
the Peptococcaceae species has low relative abundance in the catholyte
and high relative abundance on the cathode, suggesting an affinity to
grow attached to the graphite felt. The Bacteroides however, shows an
opposite trend, suggesting a higher affinity for suspended growth. The
presence of certain microorganisms can be linked to the observed
products to suggest the role and function of the different microbial and
Archaea groups.

Several Clostridium species are known for CO, fixation and/or elon-
gation of acetate to n-butyrate and n-caproate[38-47]. It is therefore
likely that the Clostridium sensu stricto 12 related species were respon-
sible for the production of n-butyrate and n-caproate (Fig. 5A). Uncul-
tured Peptococcaceae have been found with high relative abundance in
microbial electrosynthesis systems where CO, was reduced to acetate
[48] and in a culture producing acetate from CO, acetate[49]. Meth-
anobrevibacter is known for methanogenesis from CO; using hydrogen
(Table 1, reaction (5)) or formate[50]. All Methanobrevibacter species
grow well with hydrogen and CO3[51], and several microbial electro-
synthesis systems have reported presence of Methanobrevibacter
[34,52,53]. The Bacteroides are gut and soil bacteria have shown sugar,
fatty acid, and hydrocarbon degradation activity in other studies[54],
suggesting that their role in the biotic reactors could be mainly related to
the degradation of products and dead biomass material. However, some
species of the Bacteroides genus are capable of fermentation[54] or even
carbohydrate conversion to fatty acids combined with CO5 capture[55].
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Members of the Rikenellaceae family have been associated with the
degradation of carbohydrates[56] and members of the Rhodocyclaceae
family have been associated with acetate oxidation[57].

Based on the detected microorganism genera, Peptococcaceae species
are suggested to be mainly responsible for acetogenesis in the systems of
this study, the Clostridium sensu stricto 12 species will be responsible for
the acetate elongation to n-butyrate and n-caproate, possibly together
with Bacteroides. Methanobrevibacter is suggested to produce the
observed methane and the Rikenellaceae and Rhodocyclaceae species are
likely carbohydrate scavengers from e.g. decaying biomass. The higher
relative abundance of Clostridium sensu stricto 12 species in the biotic
VFAs reactor compared to the biotic CH4 reactor (Table 2) corresponds
with the observed higher volatile fatty acid productivities (Fig. 5).
Furthermore, the higher relative abundance of Methanobrevibacter spe-
cies in the biotic CH4 reactor corresponds with the higher observed
methane concentrations in the off gas of that reactor (Fig. 5). However,
Cathode 2 shows similar relative abundance distributions for both biotic
reactors (Table 2) despite the different measured net productivities,
showing that productivities and functional groups can differ signifi-
cantly between different locations at the cathode. Possibly the local
hydrogen concentration differed over the different locations like in the
biotic VFAs reactor (SI Fig. S7).

3.7. Outlook: Insights for electro-fermentation designs

The differences between the product spectra of the two biotic re-
actors show the importance of measuring local conditions and the effect
of different local conditions on the microbial community. Despite the
equal operation parameters and alternating flow-through regime, dif-
ferences in local conditions could lead to different microbial activities.
Although the thermodynamic calculations predicted an advantage for
the methanogens (Table 1), other factors such as the elevated undisso-
ciated volatile fatty acid concentrations[58] could inhibit methanogenic
organisms. In this study, even though the bulk pH was controlled at 5.8,
hydrogen formation and its accompanied proton consumption, resulted
in local higher pH values on the cathode surfaces. A local pH of 6.5
causes a decrease of 6% of the undissociated acetate concentration
(compared to pH 5.8), which is beneficial for methanogenesis activity.
The local hydrogen concentration is another factor that might influence
the selection for either chain elongation or methanogenesis. The local
hydrogen pressure in the methane forming reactor in this study was
substantially lower than in the chain elongation reactor (Fig. 5C and SI
Fig. S8A and B). The hydrogen pressure might have been detrimental for
chain elongation microorganisms, since too low hydrogen pressure
values have been shown to stimulate fatty acid oxidation rather than
production[59]. Overall, monitoring local concentrations over time and
investigating the effect of changing operating parameters on the local
conditions is crucial. With this knowledge, the optimum operating
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parameters can be selected and applied to steer the process towards
either methanogenesis or chain elongation.

The results obtained in this work support the application potential of
electro-fermentation processes like microbial electrosynthesis. First, the
alternating flow-through regime allowed a start-up at high current
density whilst maintaining hydrogen inside the porous cathode layers.
Besides, this flow strategy decreased the power demand per kg
hydrogen. The fast start-up at high current density was a crucial step
forward on the previously reported need to focus on higher current
density conditions [13,19,34,60]. However, further optimization is
required to increase the electron recovery values into fatty acids. To
increase the concentration of the desired products, it is recommended to
focus on factors including energy efficiency, mass-transfer, biomass
growth and selectivity of microbial conversions.

The energy efficiency of these systems is intrinsically related to the
uptake of electrons from bacteria and their use to form added values
compounds. Energy efficiencies decrease when a large faction of the
provided electrons (cathodic current) is lost in the form of hydrogen gas
or used for competing processes (e.g. methanogenesis). The energy ef-
ficiency could be enhanced by the development of direct electron
transfer mechanisms or application of intermittent current[61]. Based
on the results of this study, it seems hydrogen availability cannot be
limited at cathodes with low electric current since that might stop the
chain elongation conversions. From the local measurements of
hydrogen, it can be concluded that the hydrogen availability decreased
over time (Fig. 6A and B). Therefore, with further development and
maturation of the biofilm that grows on mediated electron transfer, it is
expected that hydrogen becomes the limiting factor. To reduce de-
pendency on hydrogen availability, the hydrogen supply could be slowly
lowered over time by lowering the applied current. The lowering of the
hydrogen availability could trigger development of direct electron up-
take mechanisms in the microorganisms[62,63] and thus lower de-
pendency on hydrogen as electron donor. An important note is that
focussing on direct electron uptake as microbial energy source by
reducing hydrogen also decreases the electron donor for suspended
microorganisms. An alternative route for a more efficient electron
transfer could be the external, electrochemical high-performance pro-
duction of hydrogen[64], which can be supplied to the reactors[65].
This external introduction of the electron donor requires investigation
since it would remove the need for bio-electrochemistry and thus also
the reported issue of volatile fatty acid transport to the anode
compartment.

To ensure sufficient mass-transfer in larger scale systems operating at
high current density, it is recommended to measure local conditions
with various large scale electrode designs. This allows to identify which
electrode configuration gives the least mass-transfer limitations[6].
From a thermodynamic perspective, the acetate concentration is an
important parameter as it determines the available energy for chain
elongation. Therefore, monitoring acetate concentrations in the reactor,
by means of e.g. an acetate probe[66], would give valuable real-time
insights on the local conditions and the most favourable locations to
achieve high biological activity. For further elucidation of important
steering parameters and operating conditions, the microbial analysis
should also be extended with e.g. activity or quantitative[67]analyses
linked to local conditions.

The advantage of working with a mixed culture is the possibility of
using selective pressure to enable the growth of the most robust mi-
croorganisms under a given set of operating conditions (e.g. salinity and
pH). Given that mixed cultures are already present in waste streams,
these streams could be used as an inflow source for bio-electrochemical
CO4, valorisation, without the need for aseptic methods. It should also be
noted that, whilst the specific conditions of the three cathode layers and
catholyte positions were identified, the spatial distribution of the mi-
croorganisms within the depth of the biofilm was not covered. Linking
the spatial distribution of microbial groups on the cathode to the local
conditions can give more insights on e.g. electron uptake mechanisms.

12

Chemical Engineering Journal 464 (2023) 142599

Finally, with the identification of the microbial community, operating
conditions could be tested to favour the growth of the most biologically
active bacteria. Once defined, these operating conditions could be
applied for upscaling[15].

4. Conclusions

In this study, alternating flow-through was used to start-up bio-
electrochemical systems at high current density. Alternating flow
reduced the power input to 136 kWh per kg hydrogen. Start-up of mi-
crobial electrosynthesis systems with chain elongation was achieved
within 10 days after start-up at constant applied current. After 60 days,
local hydrogen concentrations between 100 and 600 uM were measured
in the cathode layers, whilst 0.5-1 pM was measured in the bulk cath-
olyte. The pH in the catholyte next to the cathodes were around 5.8-6.8.
The alternating flow operation showed better mass-transfer, as both
distribution of hydrogen to the cathode layers and also refreshing of
possible “dead zones” were improved in the cathode chamber. Produc-
tion of short and medium chain fatty acids was linked to presence of
microorganisms classified as Peptococcaceae and Clostridium sensu
stricto 12 species, whilst hydrogenotrophic methanogenesis was linked
to Methanobrevibacter.
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