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Gas fermentation has rapidly emerged as a commercial technology for the production

of low-carbon fuels and chemicals from (industrial) CO and/or CO2-rich feedstock gas.

Recent advances in using CO2 and H2 for acetic acid production demonstrated that

high productivity and substrate utilization are achievable. However, the costly constant

addition of base and the energy-intensive nature of conventional recovery options (e.g.,

distillation) need to be overcome to drive organic acid production forward. Recently,

membrane electrolysis has been presented as a technology that enables for the direct

extraction of carboxylates across an anion exchange membrane (AEM) into a clean and

low pH concentrate stream. Continuous in-situ extraction of acetate directly from the

catholyte of a microbial electrosynthesis reactor showed that membrane electrolysis

allows pure product recovery while improving productivity. Here we demonstrate that

the system can be further enhanced through additional input of electrolytic hydrogen,

produced at higher energetic efficiency while improving the overall extraction efficiency.

A gas-lift reactor was used to investigate the hydrogen uptake efficiency at high hydrogen

loading rates. During stable operation acetate transport across themembrane accounted

for 31% of the charge balancing, indicating that the use of external H2 can lead to a more

efficient use of the extraction across the membrane. By coupling membrane electrolysis

with the gas fermentation reactor the pH decrease associated with H2/CO2 fermentations

could be prevented, resulting in a stable and zero-chemical input process (except for the

CO2). This now enables us to produce more than 0.6M of acetic acid, a more attractive

starting point toward further processing.

Keywords: microbial electrosynthesis, anion exchange membrane, bioproduction, CO2 utilization,

bioelectrochemical systems

INTRODUCTION

In recent years, microbial electrosynthesis (MES) has emerged as a promising bioreactor technology
for the production of multi-carbon compounds from CO2 and renewable electricity (Rabaey and
Rozendal, 2010; Logan and Rabaey, 2012). This electricity-driven CO2-conversion process uses
the cathode of a so-called bio-electrochemical system to supply the reducing equivalents (in the
form of electrons and/or H2) for reducing CO2 in the Wood-Ljungdahl pathway (May et al.,
2016). Thus far acetic acid has been the main natural end-product of acetogenic metabolism in
MES (Nevin et al., 2010, 2011; Marshall et al., 2012; Jourdin et al., 2015, 2016b; Patil et al., 2015;
Bajracharya et al., 2016; Chen et al., 2016; Song et al., 2018), but recent reports have demonstrated
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the production of higher-value organics like isopropanol (C3)
(Batlle-Vilanova et al., 2017), butyric acid (C4) (Arends et al.,
2017), and caproic acid (Vassilev et al., 2018) from CO2 feed.
Since its first description in 2010 (Nevin et al., 2010), considerable
advancements in MES performance have been achieved, but
today production rates, energy efficiencies and product titers
are far too low to push MES forward as an industrial relevant
platform for CO2-based bioproduction (Desloover et al., 2012).
Since production rates are ultimately limited by the applied
current, it is essential to engineer MES systems that have the
ability to deal with high electron supply rates at a high conversion
efficiency and low power input (Gildemyn, 2016).

Gildemyn and co-workers have already demonstrated the
advantages of using membrane electrolysis (ME) for MES. This
approach can uniquely couple the production and recovery of
acetic acid through in-situ product extraction across an anion
exchange membrane (AEM) using nothing but an electrical
current (Andersen et al., 2014; Gildemyn et al., 2015). The use
of an AEM for MES can simultaneously separate, concentrate
and acidify the product as a single organic acid in a solid-
free extraction liquid, while enhancing performance through
the combined effect of product recovery and in-situ pH control
(Gildemyn et al., 2017). To date, the integratedMES approach for
production and extraction is limited in terms of: (i) production
rate; (ii) efficiency for electrons used for acetic acid recovery;
and (iii) energy input requirements for acetic acid production.
At best 40% of the electrons ended up in residual H2 during MES
experiments at 5A m−2 applied current density, indicating that
the transfer of reducing power to the homoacetogenic culture
needs optimization (Gildemyn et al., 2015; Patil et al., 2015;). At
100% efficiency for production and extraction, acetate transport
can at most account for 12.5% of the charge balance, as 8 moles
electrons are required per mole of acetic acid produced, while
extraction of the monovalent acetate ion (theoretically) only
requires one electron. Since the extraction efficiency is limited by
the production rate, acetate experimentally accounts for only 5–
8% of the charge balancing (Gildemyn et al., 2015, 2017). Most
of the charge is thus balanced by other anions, mainly HCO−

3 .
It should be recognized that the full extraction capacity of the
reactor can only be utilized if additional acetic acid is produced
with externally supplied reducing equivalents (as hydrogen gas).
We thus proposed an improved design where acetate production
from an external H2 source is linked to an extraction reactor
providing only 12.5% of the total load of reducing equivalents,
aimed at enhancing extraction efficiency at a lower power input.
An alternative embodiment for this would be the extraction
of acetate from an organic sidestream in combination with
additional acetate production using the cathodic hydrogen.

Considering the aforementioned aspects, the focus of the
present study was to investigate the impact of additional H2

injection in an external fermenter on: (i) the current efficiency
for acetate extraction; (ii) the final acetic acid concentration
in the extraction liquid; (iii) the acetic acid production rate of
the integrated MES-extraction approach; and (iv) the energy
input for acetic acid production. Operation of the MES reactor
was modified by coupling it to a bubble-column fermenter
and adding externally produced H2 to the reactor system to

increase both H2 retention time in the aqueous medium and
productivity. Accordingly, this work reports on the development
of a platform for CO2 conversion based on existing gas
fermentation technology coupled to membrane electrolysis as
a tool for product recovery and pH control. Use of CO2 as a
raw material for large scale bioproduction will require proper
integration of autotrophic biotechnology to fully exploit the
intrinsic power of CO2-based bioproduction.

MATERIALS AND METHODS

Reactor Setup and Operation
The experimental setup included a three-chambered
electrochemical cell, a two-chambered water electrolyzer
and a custom-made glass bubble-column reactor (Figure 1). The
three-chambered reactor consisted of three identical Perspex
frames with a working volume of 0.2 L per chamber (20 × 5 ×

2 cm inner dimensions). The anode compartment contained a
50mM Na2SO4 solution as electrolyte (adjusted to pH 2 with
sulfuric acid) and a 20 × 5 cm MMO-coated titanium mesh
electrode (Magneto Special Anodes BV, The Netherlands). The
cathode compartment contained a modified homoacetogenic
medium (pH 7.7) as described by Gildemyn et al. (2015) and a
carbon felt electrode (100 cm² projected surface area, thickness
of 3.18mm, Alfa Aesar, Germany) with a stainless steel frame
current collector. The initial volume of the catholyte was 1 L
with the bubble-column reactor positioned in the recirculation
loop op the cathode chamber. The electrolyte in the extraction
compartment consisted of a 4-fold concentrated salt solution
containing the same salts as the catholyte, adjusted to pH 2 with
H2SO4. The initial working volume of the acolyte and extraction
medium was 0.35 L, including an external recirculation flask. The
anode and extraction compartments were separated by a cation
exchangemembrane (Fumatech FKB, Fumasep, Germany), while
an AEM (Fumatech FAB, Fumasep, Germany) was placed in
between the cathode and extraction chambers. All compartments
were operated in batch mode during the entire experimental
period (86 days) and recirculated at approximately 50mLmin−1.
A N2/CO2 mixture (90/10%, v/v) was continuously bubbled into
the cathode compartment at a flow rate of 28.5± 12.4 L d−1. The
reactor was operated as a three-electrode setup using the cathode
as working electrode and placement of a reference electrode
(Ag/AgCl, 3M KCl,+ 210mV vs. SHE, BASi) in the catholyte. A
fixed reductive current of −50mA (corresponding to a current
density of −5A m−²) was used to facilitate electrosynthesis by
means of potentiostatic control (VSP, BioLogic, France).

An additional two-chambered electrochemical cell was
constructed using identical materials except that a stainless
steel mesh was used as cathode material and a 0.5M Na2SO4

solution was used as electrolyte in both reactor chambers. Both
electrolytes were recirculated over a buffer vessel at high speed
(∼100mLmin−1) to ensure propermixing. The cell was operated
as a water electrolyzer (with CEM) at a fixed current density of
−35A m−² (0.35A), producing H2 gas that was sparged into the
bubble column through anaerobic tubing.

The bubble-column was a cylindrical reactor with a volume
of 2 L (1m height, 5 cm internal diameter) and an integrated
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FIGURE 1 | Bubble column reactor setup for simultaneous biological

production and extraction of acetic acid from CO2 and electrical current

through a hybrid microbial electrosynthesis-gas fermentation approach. An

external fermenter is fed with additional hydrogen from a water electrolyzer to

increase acetate production rates. Full black lines show liquid streams, dotted

lines gas streams.

sintered glass to allow fine bubble dispersion. Connection to the
MES cell was established through glass nipples on the side of
the column. An ATEX gas pump (KNF Verder, Belgium) was
installed to intensively recirculate the headspace gas through the
fermentation medium (∼ 15 L min−1). The same experimental
procedures as described in Gildemyn et al. (2015) were used.
Any liquid removed during sampling as well as liquid lost via
electro-osmosis was replaced with an equal amount of sterile
anaerobic stock solution. The experiments were conducted under
anaerobic conditions, at room temperature (21 ± 2◦C). The
reactor setup (electrochemical cell + column) was inoculated at
the start of the experiment up to a final cell density of∼ 105 viable
cells mL−1

fermentation broth with a pre-enriched autotrophic acetate-
producingmixedmicrobial community that was used in previous
MES experiments (Patil et al., 2015; Gildemyn et al., 2017). Gas
and liquid samples were taken three times per week from each
reactor compartment for monitoring gas composition, VFAs,
alcohols, anions, cations, pH, conductivity and bicarbonate.
Water transfer was estimated based on the volume changes
in the different recirculation vessels. The flow rate of N2/CO2

was monitored by water displacement measurements prior to
sampling. For abiotic control experiments (current but no
bacteria as well as bacteria but no current) we refer to Gildemyn
et al. (2015) and Patil et al. (2015) since these studies showed that
in both control experiments no production of organic products
or biomass was detected.

Analytical Procedures
Conductivity and pH were determined according to standard
methods. VFAs, alcohols and inorganic anions were measured
using ion chromatography as described in Gildemyn et al. (2015).
Sodium, ammonium, potassium, magnesium, and calcium were
determined on a 761 Compact Ion Chromatograph (Metrohm,
Switzerland) using a conductivity detector. The device was
equipped with a Metrosep C6 – 250/4 column and a Metrosep
C4 Guard/4.0 guard column. The eluent was 1,7mM HNO3,
1.7mM dipicolinic acid. Gas samples were analyzed for the
presence of N2, O2, H2, and CH4 by gas chromatography
using a Compact GC (Global Analyser Solutions, Breda, The
Netherlands) equipped with a thermal conductivity detector.

Data Representation
The calculations for the volumetric acetic acid production
rate [based on the fermentation broth volume (g L−1 d−1)],
electron recovery and energy efficiency are based on the
methods described in (Patil et al., 2015). The calculation of
electron recovery in unutilized H2 is based on the residual H2

concentration in the off-gas from the bubble column reactor. The
extraction efficiency is defined as the ratio of extraction rate to
production rate (of the whole system, electrolyzer+MES), while
the charge balancing efficiency is defined as the ratio of the charge
transported as a specific ion through a membrane and the total
electrical charge of the extraction cell. Only the power input for
electrochemical reactions (water splitting) is taken into account
for specific energy input calculations.

In an abiotic test preceding the inoculation, the hydrogen
production rate of both the MES cell (operated at a fixed
current density of −5A m−2) and the electrolyzer (operated at
a fixed current density of −35A m−2) was quantified. With a
combined hydrogen gas flow rate of 3.5 ± 0.2 L day−1 leaving
the reactor, the electron balance could be closed for 86.4 ± 0.1%,
indicating some loss through tubing, connectors and sampling
ports (provided 100% current efficiency for H2 production).

RESULTS AND DISCUSSION

Additional Hydrogen Injection Enhances
Acetic Acid Productivity
Production of acetic acid by the microbial community in
a galvanostatic operated MES reactor started 10 days after
inoculation. The longer lag-phase in this study (3–5 days in our
previous studies) could potentially be attributed to the lower
initial biomass concentration and the larger reactor volume.
Once acetogenic activity started, gas recirculation was activated
to improve the H2 mass transfer to the fermentation broth.
A cathode potential of −1.21 ± 0.07V vs. SHE was recorded
during the experiment. Carbon fixation via homoacetogenesis
allowed for a sustained increase in the concentration of acetic
acid throughout the test. Acetic acid gradually accumulated in
the extraction chamber, reaching 37.0 g L−1 (617mM) on day 86
(Figure 2A). This is the highest titer of acetic acid reported so
far for MES from CO2 feed. From day 56, acetate concentration
in the catholyte remained fairly constant (4.1 ± 0.6 g L−1), while
the concentration in the anolyte rose to reach 13.7 g L−1 by the
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end of the cycle. For the whole 86 days operation, the average
acetic acid production rate was 0.76 gacetate L−1 d−1. Higher
carbon fixation rates (1.48 g L−1 d−1) were observed during
stable operation (from day 37 to 65), whereas a maximum value
of 3.54 g L−1 d−1 can be reported. These results confirm that an
8 times higher H2 feeding rate and a higher H2 retention time
(∼ 1 h by continuous recirculation of the H2 headspace through
the fermentation medium) resulted in 2.6–4.1 times higher
acetic acid concentration and 2.1–2.7 times higher volumetric
productivity compared to our previous studies (Gildemyn et al.,
2015, 2017). Acetic acid accounted for 99.8% of all organic
compounds present at the end of the experiment (as carbon,
sum of products in all reactor compartments). Other carboxylates
such as formate, propionate and butyrate were present but only
in low concentrations (<50mg L−1). Just as in our previous
work, product diversification to alcohols was not observed and
methane was not consistently detected in the off-gas. The batch
cycle resulted in a total acetic acid production of 42.9 g acetic
acid by day 86 (Figure 2B), resulting in an overall electron
recovery in acetic acid of 21% (Figure 2C). When only taking
into account the stable operation period, the coulombic efficiency
(CE) was 41%. CE increased throughout the test, probably due to
a higher biomass density in the fermentation broth, and reached
a plateau from day 75 (Figure 2C). Unutilized H2 in the reactor
off-gas resulted in an overall electron recovery in H2 of 45%.
The electron balance can be further closed with the presence
of other products (short-chain carboxylic acids and methane;
<1%), losses of H2 gas through tubing, connectors and stoppers
(13.6% based on abiotic quantification), and biomass production.
The concentrations in the different reactor compartments did
not reflect the real productivity of the system because water
displacement between the compartments caused a change in
the volumes throughout the reactor run. An average water
flow across the AEM of 0.75 L m−2

membrane d−1 was observed
(from cathode to extraction compartment), which was 11 times
higher than the flow across the CEM (0.07 L m−2

membrane d−1).
The water flux through the AEM is diluting the acetic acid
stream, limiting the product titer in the extraction liquid so that
a final concentration of 37 g L−1 (in 1.20 L) instead of 108 g
L−1 (in 0.35 L) was achieved. It was observed that the water
flux showed a linear dependency on current in the range of
current densities tested (data not shown), and seems to be related
to the hydration shell of the anions crossing the membrane
(electro-osmosis) (Lakshminarayanaiah, 1969; Giorno et al.,
2016).

MES offers the intrinsic advantage to directly supply bacteria
with electrons, however there is more and more evidence that
production via MES is mainly driven by an indirect electron flow
from the cathode to the acetogens, occurring via abiotically or
biologically induced H2 production (Patil et al., 2015; Jourdin
et al., 2016b). The crucial role of H2 in the conversion of CO2

to organics is thus creating the need for a MES reactor design
that can work at high current density and consume high H2

fluxes. As discussed in previous reports, MES reactor design
(often H-type, cylindrical or plate and frame type reactors) is
not optimized for in-situ H2 conversion, leading to high losses
of residual H2. Efforts to increase CEs have been focusing on

FIGURE 2 | (A) Acetic acid concentration in the catholyte, middle

compartment and anolyte. (B) Total mass of acetic acid produced, extracted

across the AEM and present in the extraction liquid. (C) Overall charge

efficiency for production and extration. (D) pH in the different reactor

chambers. Dotted vertical lines represent the start of gas recirculation.

3D electrodes that supply H2 in the whole cathode chamber
(Jourdin et al., 2016a; Song et al., 2018), but the scalability of these
systems is questionable and channeling issues may arise when
microbial growth completely fills the electrode pores (Klasson
et al., 1991). Due to the fact that electrosynthesis is limited
to the surface (and close surroundings) of the cathode reactor,
scalability of this 2D system is more challenging compared
to 3D gas fermentation systems. For the first time coupling
MES to the gas fermentation platform is demonstrated as a
strategy to achieve higher electron supply rates for CO2-based
bioproduction. As a CO2-based bioproduction platform MES
is still far behind H2/CO2 or syngas based fermentation in

Frontiers in Energy Research | www.frontiersin.org 4 September 2018 | Volume 6 | Article 88

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Verbeeck et al. Membrane Electrolysis Assisted Gas Fermentation

terms of production rates, energy efficiencies, scalability, and
maturity, so integration within the gas fermentation platform
could push MES forward as an elegant way to control/steer
fermentation and achieve in-situ product recovery (see further).
The coupling of MES to a bubble column reactor is also a
promising strategy to increase the H2 retention in the reactor,
thereby increasing the H2 conversion efficiency. However, more
optimization will be needed to boost production and achieve
high H2 uptake efficiencies typically obtained in optimized gas
fermentation reactors (El-Gammal et al., 2017; Steger et al., 2017).
The continuous supply of N2:CO2 gas mixture resulted in a
relatively low H2 partial pressure of 0.07 ± 0.03 bar, limiting the
driving force for H2 mass transfer from gas to liquid. The low
gas-to-liquid mass transfer of H2 has been identified previously
as the rate-limiting factor in gas fermentation processes (De
Tissera et al., 2017). It could be expected that production rates
will increase when H2 is not flushed out permanently, but
accumulates in the headspace of a pressurized reactor system,
increasing the pH2. The use of pure CO2 (limiting the dilution of
H2/CO2 with N2) or intermittent sparging of CO2 (for example
pH or [CO2]dissolved controlled) could be exploited as gas feeding
strategies to increase pH2. Efforts to increase the volumetric
mass transfer coefficient (kLa) mainly focus on increasing the
interfacial surface area for mass transfer via mixing, microbubble
sparging, or the use of packing material (Orgill et al., 2013).
Bioreactor designs such as bubble, immobilized cell and trickle
bed columns are proposed as low-cost reactor platforms for gas
fermentation (De Tissera et al., 2017). Although the design and
operation of gas fermentation reactors has reached industrial
scale, energy efficient recovery of the water-soluble products from
the aqueous broth still presents an engineering challenge. For
the first time interlinking of different autotrophic bioprocesses
is proposed as a way to overcome the limitations of separate
technologies. Furthermore, additional value could be created
by coupling different production platforms to upgrade the
low-value products typically produced in MES as well as gas
fermentations and produce higher value chemicals. The further
conversion of acetic acid to caproic and caprylic acid through
chain elongation has been proposed as an efficient way to increase
the product value of primary fermentation products (Gildemyn,
2016).

Membrane Electrolysis as a Tool to Assist
Gas Fermentation: in-situ Product
Recovery and pH Control
As the result of charge balancing, an electrochemical reactor
with an AEM has the intrinsic ability to extract in-situ the
produced acetic acid as the negatively charged acetate ion,
into the acidic extraction compartment (termed membrane
electrolysis, ME) (Andersen et al., 2014; Gildemyn et al., 2015).
Since acetate synthesis from CO2 requires 8 electrons per mole
acetate (at 100% current efficiency), and since the electricity-
driven extraction of one mole of acetate theoretically requires
only one electron, the current use for acetate extraction (limited
to a maximum of 12.5%) can only be improved by linking
an external H2 source to the MES reactor (increasing the

theoretical production rate and thus the membrane availability
for extraction). Acetate transport from the cathode to the
extraction compartment accounted for 17.5% of the charge
balancing through the AEM (Figure 2C), while in a MES cell
without external H2 injection, acetate accounted for only 8.1 ±

0.8% of the charge passing through the AEM (Gildemyn et al.,
2015). This result clearly indicates that through external H2

supply, a more efficient use of the intrinsic extraction capacity
of the reactor can be achieved, but also that the charge efficiency
for extraction is limited by the efficiency for production.
During stable operation, a charge balancing efficiency for acetate
production of 31% was achieved. Calculated on a mass balance,
94% of the produced acetic acid was extracted and 85% of
the product was present in the extraction solution (Figure 2B).
Diffusion of uncharged acetic acid molecules through the
CEM resulted in an acetic acid loss of 9% toward the anode
compartment although principally in time this should stabilize.
From day 75, the extraction efficiency was 100%, as no product
build-up in the catholyte took place. Membrane electrolysis
can avoid product build-up in the fermentation broth, and
thus allows a batch mode operation without the occurrence
of product inhibition or product diversification. Separation
of the fermentation product from the broth in a cost- and
energy- efficient recovery process is envisaged as a crucial
feature for scaling up gas fermentation processes to commercial-
scale production plants. Distillation has been the traditional
recovery technology for low boiling point fermentation products
(Liew et al., 2013), but its energy-intensive nature has led to
the development of alternative and potentially less expensive
separation techniques (Ezeji et al., 2010), of which membrane
electrolysis is of particular interest for charged metabolites that
have the tendency to lower broth pH. ME stabilized the pH
of the fermentation medium throughout the operation at a pH
value of 8.30 ± 0.19 (Figure 2D), while typically a pH drop
in the broth of MES and gas fermentation reactors is observed
unless a chemical pH control mechanism is applied (Liew et al.,
2013; Arends et al., 2017). pH control is an effective strategy to
achieve long-term stable acetate production and high product
concentrations (Drake et al., 2006; De Tissera et al., 2017),
but the addition of large amounts of base is costly and adds
salts to the broth (Gildemyn et al., 2017). Base (to prevent
product inhibition) and acid dosage (to acidify the product
stream) are fully replaced by OH− and H+ production at the
cathode and anode of the ME reactor, respectively, highlighting
that integration of ME in gas fermentation technology enables
operation of a bioproduction reactor without addition of
chemicals. This confirms earlier observations that an AEM can
stabilize MES operation (Gildemyn et al., 2017). The results
suggest that the in-situ extraction of the acetic acid produced
in a gas fermenter can enhance productivity through the
combined effect of product removal and in-situ pH control.
The ME technology would be more efficient as “secondary”
microbial electrochemical technology (MET), assisting H2/CO2

fermentation, rather than as a electrosynthesis approach itself.
In this way a larger fraction of the intrinsic extraction capacity
of the system can be used, and the power input of this
cell can be lowered as only part of the reducing equivalents
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will be supplied by this reactor. As secondary MET, the
extraction through ME supports H2/CO2 fermentation by: (i)
extracting the produced acetic acid (avoiding product build-
up and inhibition); (ii) balancing the pH of the fermentation
broth (avoiding caustic addition); and (iii) providing additional
reducing equivalents in the form of in-situ electrochemically
produced hydrogen (generating high pH2 close to the electrode
surface) (Figure 3). Periodic (ON-OFF) extraction could be
exploited as a way to make fully use of the capabilities of ME
during gas fermentation as it allows to recover the product more
efficiently at higher product concentrations in the broth. It could
thus be implemented as a recovery approach that intermittently
extracts the product when pH stabilization is needed, or when
acetic acid accumulates above a set concentration. Fine-tuning
of this ON-OFF strategy could results in an optimized energy
investment and reduction of water displacement across the
membrane. By lowering the current density applied to the
three-chambered reactor (and increasing the availability of
acetate ions at the membrane surface) the electro-osmotic water
transport per kilogram product can be reduced (compared a
system where all H2 is produced in-situ). HCO−

3 transport over
the AEM is of high importance for charge balancing and is
a major contributor of the (electro-osmotic) water transport
(Gildemyn et al., 2017). Intermittent extraction could result in
short periods of very efficient extraction with limited water
drag.

Membrane Electrolysis Assisted Gas
Fermentation as Future Scenario to
Reduce Power Input
Increasing productivity at a lower power input is crucial for the
economics of both MES and H2/CO2 fermentation processes.
The power input for the system presented here required 15
kWh kg−1 for the production of 3.7% acetic acid (only taking
into account the electricity input of the electrochemical cells),
which is 19–43% lower compared to the energy input in MES-
extraction reactors without additional H2 (max. 1.35% acetic
acid), but still, undeniably, too high to compete with current

production standards (98% acetic acid production via methanol
carbonylation at 4 kWh kg−1) (Althaus et al., 2007). The
power consumption per kilogram product can be decreased
by: (i) increasing the H2 conversion efficiency (getting more
product with the same power input), or (ii) reducing the cell
voltage of the system (getting the same amount of product at
a lower power input). For an industrial process it is critically
important to operate a production process at high volumetric
production rates, so for MES this means that current densities
will need to increase drastically. It is however highly debatable
whether H2 can be produced at high energy efficiencies in a
MES cell at high current densities when using the conventional
(rather unconducive) bacterial growth media as electrolyte, while
alkaline or polymer electrolyte membrane (PEM) electrolyzers
are optimized for efficient H2 generation. Due to the fact
that biological compatibility needs to be guaranteed during
electrolyte selection, the low conductivity will make these systems
not competitive with abiotic electrolyzers considering only H2

production. During stable reactor operation, cell voltages of
3.91 ± 0.10V were recorded for the MES cell (5 A m−2), while
conventional water electrolyzers are operated under current
densities ranging from 1,000 to 3,000A m−2 and stable cell
voltages of 1.7–1.9V (Zeng and Zhang, 2010). With an energy
efficiency ranging from 65 to 82%, current industrial PEM
electrolyzers are much more efficient in producing H2 than MES
systems currently do (35% energy efficiency at only 5A m−2).
Projecting forward to a fully realized system, the power input
of acetic acid production via the ME-assisted gas fermentation
pipeline should be calculated based on realistic rather than
experimental and non-optimized cell voltages. The economics
of the proposed concept is briefly demonstrated for a 10,000 L
gas fermentation reactor. At 2,000A m−2 and 1.8V, the power
cost of water electrolysis is calculated at 4.3 kWh per Nm3 of
H2 produced, which corresponds to e 4.8 per kg H2 (at an
energy cost of e 0.1 per kWh). Considering a gas fermentation
reactor fixing CO2 into acetic acid at a volumetric productivity
of 148 g L−1

reactor d
−1 (experimentally achieved by Kantzow et al.,

2015) and 90% electron recovery, H2 gas should be supplied
at a flow rate of 106 Nm3 per hour. If coupled to continuous

FIGURE 3 | Benefits and drawbacks of gas fermentation and microbial electrosynthesis as CO2-based production platforms. The coupling of both technologies

results in a hybrid reactor configuration that combines the product recovery and pH stabilizing ability with the maturity and productivity of gas fermentation.
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extraction in aME unit operated at 1000Am−2, 42m²membrane
surface is needed to allow for a stable broth concentration. At
5V and a charge balancing efficiency by acetate of 65%, 17% of
the total H2 load is produced in the ME cell and ME is able to
recover 1.48 ton acetic acid per day (extraction rate is set equal
to production rate). Based on these assumptions a power input
for acetic acid production and extraction of 9.56 kWh per kg
acetic acid is calculated, of which 36% can be attributed to the
electrochemical extraction. Assuming 40m2 membrane electrode
assembly per cubic meter reactor (Desloover et al., 2015), a ME
setup of 1.06 m² would be sufficient to control fermentation.
Potentially the power input can be further decreased if the
system is operated with an intermittent rather than continuous
extraction (for example 10% of the time ON, 90% OFF), since a
higher molecular availability for flux results in a higher charge
efficiency for carboxylate extraction and thus a potentially lower
current use by the ME system. Assuming a charge balancing
efficiency by acetate of 80% when acetate concentration in the
broth is 20 g L−1, the power input can be lowered to 8.76
kWh per kg product. This demonstrates that the ME extraction
would fit ideally with a high concentration fermentation to
obtain an effective and cost-optimized ME step. To lower the
energy input per kilogram acetic acid extracted, it is clear that
a maximal use of the “expensive” charge for target ion recovery
in the ME cell should be targeted. Furthermore, off-gases from
industrial processes, such as steel production and reformed
biogas, as well as syngas from biomass gasification can serve
as substrate gas in the flexible/hybrid MES-gas fermentation
approach.

CONCLUSION

Since its first demonstration, MES has been intensively studied
in terms of microbiology (Nevin et al., 2011), electron transfer

(Marshall et al., 2012; Jourdin et al., 2016b), electrode materials
(Zhang et al., 2013; Jourdin et al., 2016a), CO2 supply
(Bajracharya et al., 2016), media modification (Ammam et al.,
2016), and product outcome (Ganigué et al., 2015; Vassilev et al.,
2018), but engineering of the system has only been studied in
terms of product recovery. This study presents an reactor setup
that allows operation of MES reactors at higher current densities,
thereby increasing the availability of reducing equivalents and,
thus, increasing the (theoretical) production rates (provided that
the kinetics of the acetogens are not the rate-limiting factor).
Coupling direct extraction to an H2/CO2 gas fermentation
column allows for recovery of the pure product in an acid and
clean extraction liquid while simultaneously stabilizing the pH in
the fermentation broth. The external hydrogen injection allows
acetic acid production from CO2 at a lower power input and cost.
We therefore believe that ME-assisted gas fermentation offers
opportunities for the scalability of acetic acid production from
CO2.
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