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ABSTRACT

Microbial electrosynthesis (MES) is a promising carbon utilization technology, but the low-value prod-
ucts (i.e., acetate or methane) and the high electric power demand hinder its industrial adoption. In this
study, electrically efficient MES cells with a low ohmic resistance of 15.7 mQ m? were operated galva-
nostatically in fed-batch mode, alternating periods of high CO; and H; availability. This promoted acetic
acid and ethanol production, ultimately triggering selective (78% on a carbon basis) butyric acid pro-
duction via chain elongation. An average production rate of 14.5 g m~2 d~! was obtained at an applied
current of 1.0 or 1.5 mA cm~2, being Megasphaera sp. the key chain elongating player. Inoculating a
second cell with the catholyte containing the enriched community resulted in butyric acid production at
the same rate as the previous cell, but the lag phase was reduced by 82%. Furthermore, interrupting the
CO, feeding and setting a constant pHy of 1.7—1.8 atm in the cathode compartment triggered sol-
ventogenic butanol production at a pH below 4.8. The efficient cell design resulted in average cell
voltages of 2.6—2.8 V and a remarkably low electric energy requirement of 34.6 kWh kg~ of butyric
acid produced, despite coulombic efficiencies being restricted to 45% due to the cross-over of O, and H;
through the membrane. In conclusion, this study revealed the optimal operating conditions to achieve
energy-efficient butyric acid production from CO, and suggested a strategy to further upgrade it to
valuable butanol.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Remarkable coulombic efficiencies approaching 100% have been
reported for both products [4,5]. However, their low market value

The development of efficient carbon capture and utilization
(CCU) technologies with low power demand is compulsory to
achieve the Sustainable Development Goal (SDG) 13 on climate
action, while also avoiding negative impacts on other SDGs [1].
Among these technologies, microbial electrosynthesis (MES) has
emerged as a promising approach for the electricity-driven CO;
reduction to biofuels and platform chemicals by chemo-
lithoautotrophic organisms [2,3]. To date, acetate and methane
have been selectively produced from CO, and electricity in MES
cells using a mixed culture of microorganisms as inoculum.
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(<€0.7 kg~1) compared to their production costs challenges the
industrial adoption. Thus, recent studies focus on producing more
valuable compounds, such as ethanol and middle-chain fatty acids.

Ethanol can be produced from acetic acid by solventogenic mi-
croorganisms mainly belonging to the genus Clostridium [6,7].
Ethanol production in MES cells has often been reported upon
acetic acid accumulation. Romans-Casas et al. [8] achieved the
highest ethanol production rate of nearly 11 g m~2 d~!) after acetic
acid accumulated to 6 g L~ ! in the catholyte by operating an H-type
cell under high hydrogen partial pressure (pH; > 3 atm) and low pH
(<4.5). The produced ethanol can be extracted, purified and
commercialized, or further converted into higher-value products,
such as butyric acid, via chain elongation pathways [9].
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A thorough metagenomic survey confirmed the genetic poten-
tial of MES microbiomes to produce elongated (C4 and Cg) car-
boxylic acids and alcohols from CO [10]. Chain elongation is carried
out by anaerobic microorganisms, such as some Clostridium, Meg-
asphaera, and Caproiciproducens strains that convert a C; to a Gy, 2
carboxylic acid using ethanol or lactate as electron donors. This
occurs via reverse (-oxidation or fatty acid biosynthesis pathways
[9]. Thus, in the first chain elongation cycle, acetic acid is elongated
to butyric acid, a chemical with a market value of circa €1.8 kg™
that finds application in the pharmaceutical, farming, perfume, and
chemical sectors [11]. Butyric acid production from CO, in MES cells
was first reported by Ganigué et al. [12] and later in several studies
[13—16]. However, butyric acid was always produced in mixtures
with other carboxylic acids without exceeding 50% selectivity,
making the follow-up downstream step difficult. Various tech-
niques can separate carboxylic acids, including liquid-liquid
extraction, membrane separation, adsorption, and electrodialysis
[17]. However, regardless of the technique applied, the selective
extraction of butyric acid from a mixture of carboxylic acids re-
mains a challenge. Therefore, improving the selectivity of the
production stage is crucial to achieving cost-effectiveness.

Butanol production was occasionally reported along with
butyric acid in MES cells [10,12,18,19]. Butanol has great industrial
importance as a drop-in biofuel compatible with the current gas-
oline infrastructures [20] and also finds application in the phar-
maceutical and chemical industries as a precursor to acrylate and
methacrylate [21]. Selective extraction and purification of butanol
from mixtures is simpler than doing the same for butyric acid, as it
can be accomplished through distillation or by innovative, more
energy-efficient methods like pervaporation [22]. Rovira-Alsina
et al. [23] developed a thermodynamic model to predict the best
conditions to trigger the production of elongated carboxylic acids
and alcohols and reported that butanol production should be fav-
oured at low pH and high pH,. Although thermodynamics is not the
only factor affecting production in biological systems, setting up
operational conditions enhancing the thermodynamics of a specific
reaction is an effective starting point to optimize production rates
and specificity experimentally.

Besides the conversion efficiency, selectivity, and market value
of the final product, the techno-economic feasibility of MES widely
depends on the electric efficiency of the cells. Most of the studies on
MES have been performed in inefficient H-type cells, characterised
by high ohmic resistance and requiring as high as 7 V to deliver
current densities of 3—4 mA cm 2 [8]. In addition to high opera-
tional costs, technologies with a high power demand have been
demonstrated to have a collateral effect on population health, water
scarcity, and mineral/metal resources on a large scale [ 1]. Therefore,
compact, scalable electrochemical cells with low ohmic resistance
are imperative to reduce overpotentials, minimizing the electric
power input for product synthesis. Efficient, scalable, flat-plate cells
with a minimum distance between the cathode and anode elec-
trodes (i.e., low- and zero-gap configurations) have been designed
to perform electrochemical CO; reduction [24] and recently pro-
posed for bioelectrochemical systems [25].

Previous studies revealed the potential of MES for the conver-
sion of CO; to valuable butyric acid and butanol [10,18]. However,
increasing product selectivity to facilitate downstream processing
while minimizing the electric energy expenses is imperative to
bring this technology towards commercialization. This study aimed
to develop a strategy to achieve high-selectivity butyric acid pro-
duction from CO; in electrically efficient low-gap (with a 2-mm
distance between the electrodes) MES cells and unravel the com-
bination of operation conditions (pH;, pCO,, and pH) that trigger its
further conversion to butanol.
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2. Materials and methods
2.1. Electrochemical cell set-up

The experiments were conducted in two commercial electro-
chemical cells (MicroFlowCell, ElectroCell Europe, Denmark): EC-1
and EC-2 (Fig. S1). The cells were equipped with a dimensionally
stable anode (DSA-O;) and a carbon felt cathode electrode of
10 cm? projected area each, separated by a reinforced cation ex-
change membrane (CEM, Nafion N324, US). The volume of the
cathode and anode chambers was 4 and 3 mlL, respectively. The
cathode chamber was sealed to prevent gas exchange with the
atmosphere and promote the accumulation of H,, whereas the
anode chamber was open to prevent oxygen accumulation. Recir-
culation lines were built using glass bottles as buffer tanks, mar-
prene tubes, and a peristaltic pump (Watson Marlow 205U, UK).
The tubes were equipped with sampling ports for liquid (both
cathodic and anodic chamber) and gas (only cathodic chamber). An
Ag/AgCl reference electrode (+0.197 V vs. SHE, model RE-5B, BAS],
UK) was inserted in the recirculation line at about 10 cm from the
cathode since the cell design did not allow installation near the
cathode.

2.2. Electrochemical cell operation

The cathode chamber of EC-1 was inoculated with a mixed
culture dominated by Clostridium sp., shown to produce ethanol in
H-type MES cells [8]. The inoculum was mixed with a mineral
medium at a 1:10 v/v ratio. The medium used as both anolyte and
catholyte was described by Romans Casas et al. [8]. A total medium
volume of 80 mL was recirculated through a buffer tank at a rate of
5.2 mL min~! resulting in an up-flow velocity of 2.5 m h~! in the
cathode chamber. This configuration resulted in a headspace of
76 mL in the buffer tank (Fig. S1). EC-1 was connected to a poten-
tiostat (BioLogic, Model VSP, France) in a three-electrode configu-
ration and operated for 152 days at ambient temperature
(25—32 °C) under galvanostatic conditions. Cathode potential and
cell voltage were continuously monitored. The applied current was
increased stepwise from 0.3 to 3.0 mA cm~2, as indicated in Fig. 1.
EC-1 was operated in fed-batch mode, where the catholyte was
sparged with CO; (99.9 %, Air Liquide, Spain) for at least 3 min thrice
a week. After sparging, an initial partial pressure (pCO;) of either
1.3 atm (on days 0—14) or 1.5 atm (from days 16 onwards) was set at
the beginning of each fed-batch cycle by closing the gas outlet of
the cathode and regulating the pressure valve of the gas cylinder to
the desired pressure. Besides this, between days 44 and 126,
additional CO, was added twice per week to avoid CO, depletion by

Monday Tuesday Wednesday Thursday Friday
Sparge 0.5 atm | Add 0.25 atm | Sparge 0.5 atm | Add 0.25 atm | Sparge 0.5 atm
| A I B I A |
Ec1[ 1] | | T ]
0 20 40 60 80 100 120 140 160
Time (d)
[A B B [C B |
EC-2| |
0 30 60 90
Time (d)

A: CO, sparging B: CO, sparging and addition C: ButOH test
[Jo.3mAcm2 []J0.6mAcm2 []J1.0mAcm2 []J1.5mAcm2 []3.0mAcm=2

Fig. 1. Operation timeline of EC-1 and EC-2. The weekly CO, feeding schedule is
indicated in the box. The red star indicates the day that 10% of EC-1 catholyte was
withdrawn to inoculate EC-2.
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the microbial community (Fig. 1). It was done by adding CO, from
the gas cylinder until the pressure of the cathode was increased by
0.25 atm without sparging. Sodium 2-bromoethanesulphonate
(Na-BES, 1 g L-1) was added upon methane detection in the cath-
olyte headspace (on days 28, 82, and 112).

EC-2 was inoculated with the EC-1 catholyte (1:10 v/v ratio)
after 110 days of experimentation and operated under the same
conditions but setting a current density of 1.5 mA cm~2 and a pCO,
of 1.5 atm from the beginning. EC-2 was operated in a two-
electrode configuration where only the cell voltage was continu-
ously monitored, whereas the cathode potential was measured on
sampling days with a multimeter (Lendher IMY64). Na-BES was
added on days 2 and 44 to prevent methanogenesis. Besides the
three weekly sparging and addition to 0.5 atm, extra CO, (0.25 atm)
was supplied twice per week from day 16 onwards (Fig. 1). Butanol
production tests (ButOH tests) were performed on days 44 and 56
by stopping the CO, supply and letting the hydrogen partial pres-
sure (pHy) increase to 1.7—1.8 atm, which was then kept constant
using a pressure-release valve. After the test, the CO, supply was
restored.

2.3. Chemical and electrochemical analyses

Liquid samples (3 mL) of both catholyte and anolyte and a gas
sample (5 mL) from the cathode were collected thrice weekly
before CO; sparging. The liquid withdrawn was replaced with CO;-
sparged fresh medium to maintain constant volumes. The optical
density (OD, 600 nm) of the catholyte and anolyte was measured
with a spectrophotometer DR3900 (Hach, Germany). The conduc-
tivity and pH of liquid samples were assessed by the respective
measuring instruments (EC-meter basic 30+ and pH meter Basic
20+, Crison Instruments, Spain). Gas pressure in the cathode
headspace was measured by using a digital pressure sensor (dif-
ferential pressure gauge, Testo 512, Spain). The concentration of
carboxylic acids and alcohols in the catholyte and anolyte was
measured in pre-filtered (0.2 pm) samples with a gas chromato-
graph (GC 7890 A, Agilent Technologies, USA) equipped with a DB-
FFAP column and a flame ionization detector (FID). Gas composition
was monitored by a GC (Micro GC 490, Agilent Technologies, USA)
equipped with a thermal conductivity detector (TCD) and two
columns: a CP-Molesieve 5A with helium as the carrier gas for CHg,
CO, Hy, 07, and N analysis, and a CP-Poraplot U with argon as the
carrier gas for CO, analysis. Details on both liquid and gas analysis
are published elsewhere [8].

Electrochemical impedance spectroscopy (EIS) was performed
before cell inoculation in two-electrode configurations to estimate
the ohmic drop (Rq) of the cell. A potential of O V vs. open circuit
voltage (OCV) and a sinusoidal wave of 10 mA in the frequency
range from 10 MHz to 100 kHz with 10 points per logarithmic
decade was applied. Cyclic voltammetry (CV) was performed on the
same day in a three-electrode configuration by sweeping the po-
tential from 0 to —0.5 V vs. SHE at 1 mV s~! scan rate for three
replicate cycles. The CV results were corrected against the un-
compensated resistance of 0.115 Q between cathode and reference,
estimated by three-electrode EIS.

2.4. Calculations

The production rates were calculated as the amount of product
synthesised in the time unit (sum of product detected in the
catholyte and anolyte) normalized to either the cathode projected
surface (10 cm?) or the catholyte volume (80 mL). Product selec-
tivity was calculated as the percentage of carbon recovered in a
specific product in relation to the total carbon recovered in car-
boxylic acid or alcohol. The electric energy requirement (E) in kWh
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kg~ ! was calculated as in equation (1), where Pis the electric power
consumed in the time period At, ACic;: and ACi,y, are the increase in
the concentration of the product i in the catholyte and anolyte,
respectively, and V is the electrolyte volume.

P x At

E= (ACicat + ACign) x V S

The coulombic efficiency (CE) was calculated as in equation (2),
where F is the Faraday constant (96485.33 C mol~1), M is the moles
of the product i, Ae; is the moles of electrons required per mol of
product formed by CO, reduction, and [Idt is the electric charge
supplied along the period considered.

F x ZiMf X Ae,- «

e [1ae

100 (2)

2.5. Microbial community analysis

Catholyte samples (5—8 mL) were collected before each change
in the applied current density (EC-1) and before and after butanol
production tests (in EC-2) for analysis of the suspended microbial
community. The catholyte removed was replaced with the same
amount of CO, sparged, freshly prepared medium. Suspended cell
samples were centrifuged at 4400 rpm for 30 min at 4 °C, super-
natants were discarded, and pellets were stored at —20 °C until
DNA extraction. A sample of carbon felt (1 cm?) was collected from
EC-2 at the end of the experiment and stored at —20 °C to analyse
the attached microbial community.

DNA was extracted using the FastDNA® SPIN kit for Soils (MP
Biomedicals, USA) following the manufacturer’s instructions and
quantified using a Qubit® 2.0 Fluorometer with the QubitTM
dsDNA HS Assay Kit (Thermo Fisher Scientific, US). The hypervari-
able V4 region of the 16S rRNA gene was amplified by polymerase
chain reaction (PCR) using the 515F-806R primer pair [26]. High-
throughput sequencing was conducted at the RTSF core facilities
at Michigan State University USA (https://rtsf.natsci.msu.edu/)
through Illumina PE 250 MiSeq platform. Raw sequences were
analysed using DADA2 [27]. Sequences were sorted, quality-
filtered, trimmed to a consistent length, dereplicated, denoised,
and merged to eliminate sequencing errors, to finally obtain a
sequence table with the inferred amplicon sequence variant (ASVs).
The taxonomy of each ASV sequence was assigned using the SILVA
138.1 database (https://www.arb-silva.de/). Data were treated us-
ing the phyloseq R package to analyse the relative abundance at the
genus level [27]. All sequences obtained in this study have been
submitted to the GenBank database under the SRA accession
number PRJNA926809.

3. Results and discussion
3.1. Bioelectrochemical CO» conversion to butyric acid

After inoculating EC-1, microbial growth was detected from the
first days of operation, as suggested by the linear OD increase from
0.027 to 0.161 by day 21 (Fig. 2). Despite this, no organic products
were synthesised from CO, on days 0—12 at an applied current of
0.3 mA cm 2. Acetic acid production was detected immediately
after increasing the applied current density to 0.6 mA cm 2 (Fig. 2),
with a linear production rate of 10.0 gm=2d~' (013 gL' d ') on
days 12—19 (Table 1), before slowing down on days 19—21. Acetic
acid production resumed at a constant rate of 5.5 g m~2 d~! after
increasing the applied current to 1.0 mA cm~2 until day 54. The
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Fig. 2. Partial pressures (a), pH and OD (b), and carboxylic acid (c) and alcohol (d) production profiles (sum of cathode and anode concentrations) in EC-1 (left) and EC-2 (right) at

the different current densities applied.

highest concentration obtained at the cathode was 2.6 g L7}
(Fig. S2). Concomitantly, the pH naturally decreased from 5.8 (day
23)to 4.5 (day 54) and eventually led to the inhibition of acetic acid
production (Fig. 2).

Acetic acid accumulation and the pH decrease triggered the
onset of solventogenesis [28]. Ethanol was produced concomitantly
with acetic acid from day 30 onwards, although its concentration
remained low (<20 mM C). On day 63, acetic acid and ethanol
concentrations decreased, and longer C-chains compounds (mainly

butyric acid) were formed. This shift was due to the onset of chain-
elongating pathways [29]. After increasing the current to
1.5 mA cm™2 on day 75, ethanol was only detected in low amounts
(<2 mM C), suggesting its rapid consumption by chain-elongating
microorganisms. Butyric acid concentrations increased, although
with some fluctuations, likely due to the increased availability of H;
in the reactor. The observed fluctuations in butyric acid concen-
tration were presumably due to competitive reactions such as
solventogenic butanol production and further elongation to caproic
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acid (Fig. 2). Additionally, a portion of butyric acid was likely
oxidized due to O, diffusion from the anodic to the cathodic
chamber, an ongoing challenge in MES [30]. Despite these factors,
a linear (R*> > 0.95) butyric acid production with a rate of
145 g m2d1 (017 g L' d~!) was observed on days 65—79
(Table 1). This rate was independent of the applied current density
of 1.0 mA cm ™2 (on days 65—75) or 1.5 mA cm~2 (on days 75—79).
These results suggest that butyric acid synthesis was limited by
the ethanol production rate, despite the increased availability of
reducing equivalents at higher currents. Butyric acid was pro-
duced until day 117, reaching a total of 234 mM C. The highest
butyric acid concentration in the catholyte was 3.2 g L~! (Fig. S2).

Caproic acid production started after day 70 when butyric acid
concentration at the cathode was near 1 g L™, It was produced at a
rate of 2.0 g m~2 d~! on days 77—82, up to a maximum of 24 mM C
on day 91, before declining until day 126. No net carboxylic acid or
alcohol production was achieved after increasing the applied
current density to 3.0 mA cm~2 on day 126, despite the increased
H, production and the pH rise from 4.5 to 5.3. This can be
attributed to a progressive biofilm detachment caused by the
increased Hy production [31], as suggested by the increase in OD
(Fig. 2). Furthermore, doubling the applied current likely inten-
sified O diffusion from the anode, causing an increased product
consumption by aerobic organisms.

During cell operation, the gas pressure at the cathode followed
a cyclic trend, where pCO, decreased from the initial set value of
1.3—1.5 atm (feast conditions) towards negative pressures (famine
conditions) due to consumption by bacteria for their metabolism
and product synthesis. Concomitantly, pH, increased over time
proportionally to the current applied (Fig. 2). The average pH; at
the end of each batch cycle was 0.73 + 0.20, 0.87 + 0.27,
1.02 + 0.34,1.33 + 0.26, and 2.52 + 0.38 atm at an applied current
of 0.3, 0.6, 1.0, 1.5, and 3.0 mA cm™2, respectively. The alternate
periods with high and low Hj availability (and the opposite CO,
trend) favoured the solventogenic and acetogenic pathways,
respectively, ultimately leading to butyric acid production via
chain elongation with over 70% selectivity (Table 1).

To further assess the replicability of the process, a second cell
(EC-2) was inoculated with 8 mL (10%) of catholyte from EC-1 and
operated under similar conditions, excluding the current density,
which was set to 1.5 mA cm~? from the beginning. Acetic acid
production began on day 7, and its concentration rapidly increased
to 62 mM C (day 12) and then slowed down, reaching 97 mM C by
day 46. Ethanol concentration remained below 8 mM C, as it was
consumed for butyric acid production by chain elongation. Butyric
acid production was observed from day 12 (Fig. 2). The lag phase
was 82% lower than in EC-1, confirming that enriched cultures of
chain-elongating microorganisms can start up MES cells in a rela-
tively short time. Butyric acid was produced linearly on days
14—28, with an average rate of 14.2 g m~2 d~, similar to the rate
obtained in EC-1 (Table 1). During this period, it was produced with
a remarkable 78% selectivity (on a carbon basis), well above those
achieved in previous studies [16,18,32]. From day 28 onwards, the
production rates declined, likely due to the increased butyric acid
concentrations in the catholyte (around 2.3 g L) (Fig. S2) in
combination with low pH (<4.8). Nevertheless, butyric acid was
still produced until day 44, reaching 196 mM C. Butanol and caproic
acid were detected from day 14 onwards and reached 8.3 and
6.4 mM C, respectively. The concentration of caproic acid was
considerably lower than those typically achieved from acetic acid
and ethanol in fermentation bioreactors [9]. It appears that the
further elongation of butyric acid to caproic acid was impeded by
the low ethanol:acetic acid ratio in the catholyte resulting in the
slow ethanol production kinetics in MES cells [32], despite the
relatively high pH; achieved in this study.

9
o

Selectivity (%)

95.8
59.2
74.2
60.7
233
82.6
77.6
279
18.3

4.6

CES (%)
25.5
72
453
17.7
46
27.6
24.6
1.7
56
3.8

Power requirement

(kWh kg™1)
344
1111
34.6
943
434.8
345
65.4
11111
416.7
625.0

Production rate
(mgl'd™)
125.4

68.8

181.5

124.4

25.2

340.9

1774

10.1

27.0

17.8

Performance parameters

Production rate

(gm=2d™)
10.0
55
145
10.0
2.0
273
14.2
08
22
14

oD’ (AU)
0.12
0.11
0.28
0.44
0.45
0.22
0.38
0.41
0.17
0.27

pH; (atm)
91
1.14
0.85
6
34
8
1.5
1.80
1.7

0.
1
1.
1
1

pH range
5.4-6.1
4.5-5.8
4.9-5.6
47-5.2
4.8-5.1
5.3—6.8
47-5.3
4.7-4.9
4.6—-4.7
47-4.9

Cathode potential
(V vs. SHE?)

—0.55
-0.51
—0.50
-0.52
-0.51
-0.42
-047
—-0.46
—-0.40
-043

Cell voltage (V)

2.40
2.57
2.58
2.75
2.75
2.67
2.66
2.67
2.68
2.70

Operational conditions
Current applied

(mA cm?)

6
0
1.0
1.5
1.5
1.5
5
1.5

Product
Acetic acid
Acetic acid
Butyric acid
Butyric acid
Caproic acid
Acetic acid
Butyric acid
Caproic acid
Butanol
Butanol

Period (d)
12—-19
21-54
65—79
86—105
77—82
7-11
14-28
18-28
46-51

67-72
b Optical density in absorbance units.

¢ Standard hydrogen electrode.
¢ Coulombic efficiency.

EC-2

Cell
EC-1

Operation conditions and average performance parameters of the EC-1 and EC-2 cells during the periods of linear (R? > 0.95) production.

Table 1
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3.2. Butyric acid upgrade to butanol

In EC-1, butanol production fluctuated on days 88—125, with a
concentration above 2 g L~! of butyric acid and pH below 5. The
fluctuation was due to the intermittent high pH, and pCO, condi-
tions. The butanol production peaks were obtained in concomi-
tance with high pH; (1.5—1.7 atm) and low pCO; (<0.05 atm)
(Fig. 2), whereas it was consumed in periods with high carbon
availability. A highly positive Pearson correlation (T-score: 6.742,
p-value <0.05) between butanol selectivity and pHp, as well as a
positive Pearson correlation (T-score: 3.903, p-value < 0.05) be-
tween butanol production rate and pHj, were observed in this
phase (Fig. S3).

To further investigate this phenomenon, the CO, supply was
interrupted for one week in EC-2 on days 46—56 (ButOH test 1,
Fig. 3) when the butyric acid concentration at the cathode was
around 3 g L7! (Fig. S2), pH was 4.6, and a stable pH, of
1.78 + 0.04 atm was maintained in the cell through a pressure
release valve. Butanol was linearly produced for five days with an
average production rate and selectivity of 2.2 g m—2 d~! and 28%,
respectively, before stopping due to a pH increase to 4.9. Similarly,
Ganigué et al. [12] and Srikanth et al. [18] reported butanol pro-
duction rates of 2—3 g m~2 d~! at pH values of 4.5—4.6, though with
substantially lower selectivity than in this study. This suggests that
maintaining a pH below the pKa of butyric acid (i.e., 4.82) is
imperative to trigger butanol production. At pH 4.6, nearly 70% of
the butyric was in the undissociated form, which is the most toxic
form for the microorganisms, triggering the defensive solvento-
genic mechanism [33]. Therefore, high butyric acid accumulation,
low pH, lack of inorganic carbon, and high pH; (at least 1.5—1.7 atm)
are simultaneously needed to trigger butanol production from
butyric acid via solventogenesis, as previously reported for ethanol
production from acetic acid [7].

As expected, acetogenesis ceased during the test due to the lack
of CO,, but acetic acid was progressively converted to butyric acid,
suggesting that chain elongating pathways were still active in the
absence of CO,. This is an expected result, as acetogenesis is the
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Fig. 3. H, accumulation tests (ButOH test 1 and ButOH test 2) performed in EC-2. The
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was supplied again.
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only CO,-requiring metabolic reaction in the system. Ethanol con-
centration also increased during CO, depletion, confirming that
solventogenic pathways are favoured under those conditions when
the corresponding carboxylic acid is present. From day 50 onwards,
the increasing pH resulted in a depletion of alcohol concentrations,
which became more evident after resuming the CO, feeding on day
56, suggesting the reversibility of the bioreaction [7]. Repeating the
test on days 67—79 (ButOH test 2, Fig. 3) confirmed the same
trends, although the production rate was 35% lower due to the
slightly higher initial pH (4.73 vs. 4.61).

3.3. Microbial community analysis

The suspended community of EC-1, originally dominated by
species belonging to the genus Clostridium, radically changed
within the first 12 days of operation at an applied current of
0.3 mA cm 2 (Fig. 4). During this period, the relative abundance of
Clostridium sp. dropped. Accordingly, neither carboxylic acids nor
alcohols were produced at such low current density (Fig. 2).
Desulfovibrio sp., an electrotrophic microorganism capable of cat-
alysing H; production at the cathode, was detected on day 12 with a
relative abundance of 7%, suggesting that Hj-mediated aceto-
genesis was taking place [34]. A meta-analysis of MES microbiomes
has shown that Desulfovibrio is commonly found as the syntrophic
partner of acetogenic microorganisms in biocathodes [35].
Increasing the current from 0.3 to 0.6 mA cm~? resulted in an
increased relative abundance of acetogenic microorganisms iden-
tified as Sporomusa sp. (from 1% to 10%) and Acetobacterium sp.
(from 2% to 5%), with the resulting onset of acetic acid production
(Fig. 2). Sporomusa sp. has a lower H, threshold than most aceto-
genic microorganisms [36], allowing these organisms to perform
acetogenesis through the Wood-Ljungdahl pathway at low applied
potential or, in this case, at low applied current.

Further increasing the current to 1 mA cm™~ resulted in the
revival of Clostridium sp. (most likely Clostridium ljungdahlii) and
Eubacterium sp., which were the dominant acetogens in the inoc-
ulum, at the expense of Sporomusa (<1%), probably due to their
faster kinetics for H, consumption [36]. Since the cathode potential
remained fairly constant at the increasing current density applied
(Fig. S4), this result suggested that the availability of reducing
equivalents was the main driving force in selecting the acetogenic
communities in the E-cells.

In EC-1, after 75 days of operation, Megasphaera sp. was detected
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at a relative abundance of 32%, which increased to 54% on day 111.
Megasphaera has been shown to perform chain elongation from
various sugars and lactic acid [9,37], and it was suggested to use
ethanol as the electron donor in MES cells to form butyric acid [16].
Megasphaera was the most abundant genus in EC-2, with relative
abundances between 30% and 44%, and contributed by 24% to the
attached community by the end of the experiment (Fig. 4). Such a
high relative abundance indicates its key role in butyric acid pro-
duction in the two cells. Butanol production tests did not sub-
stantially affect the composition of the microbial community.
Therefore, it can be hypothesized that the shift from acidogenesis to
solventogenesis was due to metabolic shifts rather than species
substitution.

Current densities of 1.0 mA cm~2 and above had the collateral
effect of increasing O production at the anode, likely resulting in
its faster diffusion of O, through the membrane towards the cath-
ode. This was confirmed by the increased relative abundance of
facultative or strictly aerobic microorganisms acting as oxygen
scavengers [16,38]. In particular, Acetobacter sp. reached 22% of
sequence reads in EC-1 after increasing the current density to
3.0 mA cm2. Interestingly, in EC-2, the relative abundance of
Acetobacter sp. among the attached community was remarkably
lower than in the bulk community (Fig. 4). This suggests that the
scavengers were effectively shielding the cathodic community from
oxygen intrusion, protecting the anaerobic members of the com-
munity at the expense of the CEs (Table 1). Overall, the key species
found in the attached and suspended communities were similar,
although the relative abundances were different, as previously re-
ported [39].

3.4. Perspectives and challenges

Fed-batch operation with alternating periods of high pCO, and
pHz was a suitable strategy to target high-selectivity butyric acid
from CO, in MES cells. The E-cell was designed to maximise electric
efficiency with only a 2-mm distance between the cathode and the
anode and a high Acat/Vear 0f 250 m? m~3 for microbial adhesion.
This resulted in an ohmic resistance of 15.7 mQ m?, estimated by
EIS analysis (Fig. S4). To our knowledge, a lower ohmic resistance
(2.4 mQ m?) has been reported only in a methanogenic zero-gap
MES flow cell equipped with membrane-electrode assembly and
solid anodic electrolyte [40]. This allowed us to achieve an electric
power requirement of 34.6 kWh kg~! butyric acid, 2-fold lower
than the 64.3 kWh kg~ ! reported in the literature [13].

As confirmed by CV analysis (Fig. S4), the H, onset potential was
around —0.5 V, higher than in previous studies performed under
galvanostatic conditions [14,41], suggesting a low overpotential for
the cathodic hydrogen evolution reaction (HER). Interestingly,
increasing applied current density had only a marginal effect on the
cathode potential (Fig. S4), suggesting that Hy production can be
sustained at relatively high current densities without significantly
increasing the overpotential. Conversely, the anode potential
increased significantly with the current applied (from 1.52 V
at —0.3 mA cm™2 to 2.96 V at —3.0 mA cm~2). Hence, the anodic
reaction was the main contributor to the overall cell voltage, which
can be reduced by mitigating the pH split between anode and
cathode and considering less demanding anodic reactions, such as
oxidation of organics [42].

Although the process may not be competitive with the current
electricity prices, it should be considered that the cost of renewable
energy (mostly solar and wind power) is expected to drop to
somewhere between €10 MWh~! and €50 MWh~! by 2050 [43].
Assuming an electricity price of €30 MWh ™!, a production cost of
around €1 kg~ ! can be achieved, which would then require addi-
tional expenses for extraction and purification, typically accounting
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for 30—40% of the production cost [44]. The power consumption
can be theoretically reduced to as low as 7.5 kWh kg~! when
assuming the minimum cell voltage of 1.23 V for water splitting and
100% CE. However, a more realistic voltage of 1.8—2.0 V, as achieved
in state-of-art electrolysers [45], would produce an electric power
requirement of 10—15 kWh kg, potentially making the process
competitive with chemical synthesis. Further conversion of the
produced butyric acid to butanol, a promising green alternative to
traditional fuels [46], will further improve the economics of the
process. However, production rates, selectivity, and titer must be
improved. This can be accomplished by implementing a controlled
system that maintains the required pH (<4.8) and pH; (>1.7 atm)
following butyric acid accumulation.

Employing compact and modular cells with minimum distance
between the electrodes, connected in a multi-stack configuration,
represents the most efficient approach to scaling up electro-
chemical systems, such as MES [47]. However, despite the consid-
erable improvements in electric efficiency, minimizing the distance
between electrodes can increase the exposure of the cathodic
community to O,. Cation exchange membranes cannot completely
circumvent O, diffusion to the cathode, hampering the activity of
strictly anaerobic members of the microbial community and/or
causing product consumption by microaerophilic microorganisms
[30]. Additionally, if not immediately utilized by the microbial
community, the Hy produced at the cathode can permeate towards
the anode and escape into the atmosphere. This issue is particularly
relevant when the cathodic chamber is maintained under pressure.
In this study, it was experimentally measured that 4.6 pmol h~! of
H, (2.5% of the total produced at 10 mA cm~2 applied current) were
lost through the membrane at a pHy of only 1.12 atm. Considering
that the cells reached pH; values up to 3 atm, this percentage was
inevitably higher, particularly during operation at 1.5 and
3 mA cm 2 applied current. The same phenomenon was observed
for CO,, which was shown to permeate through the membrane at a
rate of 22 mmol h~! when the pCO, was around 1.5 atm. This issue
could potentially be solved by employing low-gas permeability
membranes. However, to the best of the authors’ knowledge, such
membranes are yet to be developed and implemented. It is
essential to address this problem in the near future and find a so-
lution, as higher current densities are required to scale up MES
cells.

4. Conclusion

This study shows that fed-batch operation with alternating
periods of high pCO, and pH; is suitable for promoting butyric acid
production from CO; in MES cells. A microbial population domi-
nated by Megasphaera sp. achieved 78% selectivity, the highest re-
ported so far for butyric acid, at an applied current density of
1.5 mA cm~2. The enriched cathodic community can act as inoc-
ulum to obtain butyric acid production in successive cells with
reduced start-up time. An efficient cell design with low ohmic
resistance helped to reduce the electric power requirement to
34.6 kWh kg~! butyric acid. The produced butyric acid can be
further converted to valuable butanol by ceasing the CO, supply
and maintaining high pH, (>1.7 atm) and low pH (<4.8).
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