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A B S T R A C T   

Microbial electrosynthesis (MES) enables the production of carbon-neutral chemicals using CO2 as a carbon 
source. Acetic acid is the main MES product, but recent studies show the direct production of elongated car-
boxylic acids, e.g., butyric and caproic acid. However, the production of elongated acids in MES systems is still 
inefficient due to the low growth rates of acetogenic bacteria and to limited solventogenic rates. Subsequently, 
researchers have produced elongated carboxylic acids directly from acetic acid or have operated MES systems at 
low pH to favor solventogenesis. However, the effect the addition of different chain elongation precursors and 
the operation pH exerts in the bioelectrochemical production of elongated acids remains unclear. To investigate 
this, three pH-controlled MES systems were operated in this study with continuous liquid and gas supply. MES 
systems elongating acetic acid at pH 6 achieved higher butyric (0.71 vs. 0.42 g L− 1) and caproic acid (0.71 vs. 
0.42 g L− 1) titers in the absence of CO2 sparging. Additionally, lowering the pH to 5 in the MES systems fed with 
CO2 and acetic acid improved the elongated acids titers, reaching 0.72 g L− 1 butyric and 0.33 g L− 1 caproic acid. 
The 16 S rRNA analysis showed the community was dominated by Oscillibacter at pH 6, and by Clostridium at pH 
5. Furthermore, the first scanning electron microscopy pictures revealing biofilm stratification in MES cathodes 
were taken in this study, where homogeneous rod-shaped bacteria biofilm layers, in contact with the graphite 
cathode, were covered by heterogeneous biofilm layers.   

1. Introduction 

Anthropogenic CO2 emissions have been confirmed to be the main 
driver of global warming and associated adverse impacts on climate 
change [1,2]. To limit cumulative CO2 emissions and climate warming, 
all industries and economies must reach an average carbon neutrality. 
Models predict a temperature increase above 1.5◦ (where irreversible 
climate changes start) from pre-industrial levels to occur before the end 
of the century, while modeled pathways limiting the temperature in-
crease below this boundary imply immediate CO2 emissions reduction 
already in this decade [3]. The chemical industry sector has a great 
potential to contribute to the reduction of carbon emissions, since most 
chemicals are still produced from fossil fuels [3]. Microbial Electro-
Synthesis (MES) is one of the technologies that could aid in 

decarbonizing the chemical industry, as it uses renewable electricity to 
convert CO2 emissions into low-carbon-footprint chemicals. This can be 
done using acetogenic microbes as catalysts, which can uptake electrons 
from the cathode of an MES cell to reduce CO2 into acetic acid through 
the Wood-Ljungdahl pathway (reaction 1). The concept was first 
demonstrated by Nevin et al. [4] using a pure culture of Sporomusa ovata 
and by Marshall et al. [5] using a mixed culture. 

2CO2 + 8e− + 8H+→C2H3O−
2 +H+ + 2H2O (1) 

So far, acetic acid is the main product of microbial electrosynthesis, 
but significant efforts have been made in the last decade to expand the 
product portfolio and target higher-value compounds. Elongating the 
carboxylic acid chain of acetic acid by MES was first proven successful in 
batch systems to produce butyric and caproic acid [6]. In 2015, Ganigué 
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et al. [7] demonstrated the bioelectrochemical production of butyric 
acid directly from CO2. Later, in 2018, Jourdin et al. [8] achieved the 
first continuous production of caproic acid from CO2. The elongation of 
carboxylic acids chains takes place through the reverse beta-oxidation 
pathway, using lactic acid, ethanol, or methanol as electron donors. In 
MES, it has been suggested that acetic acid is first reduced to ethanol 
(also termed solventogenesis, reaction 2), which is then used as the 
electron donor by reverse beta-oxidizers to elongate acetic acid into first 
butyric (reaction 3) and then caproic acid (reaction 4) [7,8]. 

C2H3O−
2 + 5H+ + 4e− →C2H6O+H2O (2)  

6C2H6O+ 4C2H3O−
2 →5C4H7O−

2 +H+ + 4H2O+ 2H2 (3)  

6C2H6O+ 5C4H7O−
2 →5C6H11O−

2 +C2H3O−
2 +H+ + 4H2O+ 2H2 (4) 

Despite improvements in reactor design and electrode configuration, 
acetogenic growth and ethanol production as an intermediary are still 
the main limitations for the bioelectrochemical production of butyric 
and caproic acids from CO2 [9]. In some studies, researchers have sup-
plied both acetic acid and CO2 to the systems to avoid the acetogenic 
growth limitations [6,10,11]. However, the effect of CO2 and acetic acid 
in the process has, until now, gained less attention. On the other hand, 
pH is one of the operational conditions affecting both acetogenic and 
solventogenic rates [12,13]. At low pH, the undissociated fraction of the 
carboxylic acids, which can cross the bacterial membrane and then 
dissociate at the higher intracellular pH, increases. This results in the 
cell spending energy in proton transport to the outside of the membrane, 
thus lowering the growth yield [14]. To prevent this, solventogenesis is 
promoted at low pH to reduce the concentration of carboxylic acids [15, 
16], and therefore, MES operation at low pH could potentially address 
the limiting ethanol production step in bioelectrochemical chain elon-
gation processes. However, the reverse beta-oxidation pathway also 
increases the number of acid molecules, as more ethanol than acid is 
used as substrate for chain elongation to result in a positive energy yield, 
and this translates into a higher number of acids in the product side of 
the reaction (reactions 3 and 4). Additionally longer-chain fatty acids 
exhibit higher hydrophobicity, which also increases the diffusion of the 
acids into the cell [17]. Therefore, the chain elongation reaction is 
usually also inhibited at low pH [18]. Despite the importance and 
complexity of the pH effect in the bioelectrochemical production of 
butyric and caproic acid from CO2 and/or acetic acid, the MES perfor-
mance at different pH in pH-controlled MES systems has not yet been 
elucidated. 

In this study, three H-type MES cells were used to investigate stra-
tegies to enhance the production of butyric and caproic acid from CO2 
and acetic acid. The MES were run continuously, with a constant supply 
of fresh catholyte and gas, while the cell voltage, catholyte pH, and 
temperature were controlled. The overall performance of MES targeting 
the production of butyric and caproic acid was studied by focusing on 
two main parameters: the addition of chain elongation precursors (i.e., 
CO2, acetic acid, and butyric acid) and pH. Additionally, 16 S rRNA and 
SEM analyses were performed to characterize the suspended and biofilm 
communities. It was observed that both the addition of chain elongation 
precursors and the operation using lower pH (pH 5 vs. pH 6) promoted 
the formation of chain-elongated products. Furthermore, the addition of 
acetic acid to MES fed with CO2 decreased CO2 consumption, and chain 
elongation was shown to be more efficient in MES not sparged with CO2, 
suggesting the redundancy of inorganic carbon addition in the bio-
electrochemical chain elongation of acetic acid. Finally, microbial 
analysis showed that different microbial communities were responsible 
for the chain elongation observed at pH 6 and pH 5, the latter and most 
efficient being dominated by Clostridium spp. Moreover, the SEM pic-
tures revealed two distinct communities within the cathodic biofilm: a 
homogeneous microbial community in contact with the cathode, 
covered by layers of a different and more diverse community. 

2. Materials and methods 

2.1. Culture medium 

The catholyte of the MES cells was a modified basal anaerobic (BA) 
medium, containing the necessary nutrients for microbial growth. Stock 
solutions were prepared as described by Grimalt-Alemany [19]: 1) 
macronutrients solution (NH4Cl, 100 g L− 1; NaCl, g L− 1; MgCl2•6 H2O, 
10 g L− 1; CaCl2•2 H2O, 5 g L− 1), 2) dipotassium hydrogen phosphate 
solution (K2HPO4•3 H2O, 200 g L− 1), 3) sodium sulphate solution 
(Na2SO4, 100 g L− 1), 4) sodium sulphide solution (Na2S, 24.975 g L− 1), 
5) vitamin solution (biotin, 10 mg L− 1; folic acid, 10 mg L− 1; pyridoxine 
HCl, school 50 mg L− 1; riboflavin HCl, 25 mg L− 1; thiamine HCl, 
25 mg L− 1; cyanocobalamin, 0.5 mg L− 1; nicotinic acid, 25 mg L− 1; 
p-aminobenzoic acid, 25 mg L− 1; lipoic acid, 25 mpg L− 1; d-pantothenic 
acid hemicalcium salt, 25 mg L− 1), and 6) modified ATCC 1754 trace 
metal (micronutrients) solution (nitrilotriacetic acid, 2000 mg L− 1; 
MnSO4•H2O, 1119 mg L− 1; Fe(SO4)2(NH4)2•6 H2O, 800 mg L− 1; 
CoCl2•6 H2O, 200 mg L− 1; ZnSO4•7 H20, 200 mg L− 1; CuCl2•2 H2O, 
20 mg L− 1; NiCl2•6 H20, 20 mg L− 1; Na2MoO4•2 H2O, 20 mg L− 1; 
Na2SeO3•5 H2O, 27 mg L− 1; Na2WO4•2 H2O, 25 mg L− 1; H3BO3, 
10 mg L− 1; AlCl3, 10 mg L− 1). 

These stock solutions were added to deionized water to prepare the 
modified BA medium in the following amounts: macronutrients solu-
tion, 20 ml L− 1; dipotassium hydrogen phosphate solution, 5 ml L− 1; 
sodium sulphate solution, 10 ml L− 1; sodium sulphide solution, 
0.2 ml L− 1; vitamin solution, 10 ml L− 1; and trace metal solution, 
10 ml L− 1. Finally, yeast extract was supplemented to the media to a 
final concentration of 0.5 g L− 1. The only difference from [19] was a 
reduction of Na2S stock solution usage by four times, to achieve a final 
concentration of 1 ml L− 1 in the media. This was done to avoid precip-
itation and darkening of the media and the reactor, which would hinder 
monitoring of the biofilm formation and OD measurements. In some of 
the experiments the media was also supplemented with acetic acid 
(8 g L− 1 in the media) and butyric acid (3.5 g L− 1 in the media). 

To prepare the anolyte solution only macronutrients, dipotassium 
hydrogen phosphate, and sodium sulphate solutions were used, at the 
same concentrations used for the catholyte. 

2.2. Configuration of the microbial electrosynthesis cells 

Four MES cells (MES1, MES2, MES3, and MES-ab) were designed, 
mounted, and operated through this study, and the overall configuration 
is shown in Fig. 1. The water-jacketed, H-type glass bodies of the systems 
were custom made by Mikrolab (Denmark). The cathodes used were 
7.5×3x3 cm graphite blocks, and the anodes were 15×0.5 cm (H x Ø) 
rods made of IrMMO coated titanium (Magneto Special Anodes, 
Netherlands). Both were held to the lids with titanium wire (0.81 mm 
thickness), and connected to a potentiostat (Ivium, Netherlands). Be-
tween the anode and cathode chambers, a cation exchange membrane 
was placed (Membrane International, USA), held in place and sealed by 
a gasket and a metal clamp. The pH was monitored and controlled by a 
pH electrode (Mettler Toledo, Switzerland), and a pH transmitter 
(Knick, Germany) was connected to two pumps for acid (HCl 2 M) and 
base (KOH 5 M) addition. The temperature was controlled by a water 
bath (Julabo, Germany) connected to the water jackets of the cathodic 
and anodic chambers. The gas cylinder was connected to a mass flow 
controller (Bronkhorst, Netherlands), and the gas was flowing into the 
cathode chamber through a stainless-steel tube. A peristaltic pump was 
used to control the rate of liquid media supply through the top lid. Liquid 
flow out occurred naturally via a level tube. In the cathodic chamber, the 
catholyte was continuously mixed by a magnetic stirrer. There were 
sampling ports for liquid sampling in both the cathodic and anodic 
chamber, and for gas sampling in the cathodic chamber (the anodic 
chamber headspace was open to the air). The whole MES set-up was 
placed inside a fumehood. 
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2.3. Start-up and operation of the systems 

Prior to the start of the MES systems, the cation exchange membrane 
was first soaked in the anolyte solution overnight. Then the systems 
were mounted, the anolyte and catholyte solutions were poured into the 
reactor, and the catholyte was flushed with N2 for 30 min. The gas flow 
and composition was then switched to the one used in each MES, the pH, 
temperature and cell voltage control were connected, and finally the 

systems were inoculated. The inoculum size for MES1 and MES2 was 
50 % of the final catholyte volume, and it was taken from MES3, which 
was used for running preliminary experiments on the viability of the 
system and the use of CO2 and acetic acid as the carbon source at a pH of 
6, and an HRT of 7 days. MES3 was originally inoculated using anaer-
obic digester sludge from the Lyngby-Taarbæk wastewater treatment 
plant (Denmark). The sludge was heat pre-treated to remove methano-
genic bacteria, by subjecting it to 95 ◦C for 15 min, while being flushed 

Fig. 1. Flow diagram of the MES cells designed, built, and operated in this study. The main parts of the systems are numbered in the figure and are: (1) potentiostat, 
(2) anode, (3) cathode, (4) cation exchange membrane, fixed in-between the two chambers with a metal clam, (5) catholyte fresh medium, (6) N2 bag, (7) liquid 
inflow peristaltic pump, (8) level / liquid and gas outlet tube, (9) gas sampling port, (10) effluent bottle, (11) gas cylinder, (12) mass flow controller, (13) gas inlet 
tube, (14) catholyte liquid sampling port, (15) anolyte liquid sampling port, (16) pH electrode, (17) pH transmitter, (18) acid and base solutions, (19) peristaltic 
pumps for acid and base solutions, (20) water bath, (21) water jacket, (22) magnetic stirring bar. Note: the pH electrode (16), was shown on top of the gas inlet tube 
(13) for graphic purposes, but the actual location was below the cathode, at the same height as the gas sparger. 
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with N2. In addition, all inocula were supplemented with anaerobic 
mixed liquor taken from trickle bed reactors (TBRs) performing syngas 
fermentation and producing mainly acetic, butyric, and caproic acid 
[20] to reduce the start-up time needed to enrich an acetogenic and 
chain elongating mixed community. The origin of the TBRs microbial 
community was also heat-pretreated anaerobic sludge coming from 
Lyngby-Taarbæk wastewater treatment plant (Denmark), therefore the 
enriched strains supplemented with the TBR effluent were already pre-
sent in the original inoculum. 

MES1 and MES2 were operated at the same conditions apart from the 
gas flow rate, which was 1 ml min− 1 in MES1 and 0.77 ml min− 1 in 
MES2 (the gas flow rate in MES2 was lower than in MES1 due to an, 
initially, incorrect mass flow controller calibration). MES3 was used for 
additional experiments with chain elongation precursors addition in the 
absence of CO2, and MES-ab was used for abiotic controls. In the MES3 
experiments, the system was continuously sparged with N2, and the flow 
was controlled using a rotameter. This was done to avoid excessive 
buildup of H2 partial pressures, which could affect acetogenic and sol-
ventogenic rates and thus distort the CO2 effect that wanted to be 
investigated. MES-ab was a new, unused set-up to ensure abiotic con-
ditions, and it was run only for a few days in each condition. Table 1 
summarizes the conditions tested in each of the MES systems. The sys-
tems were run continuously until a steady state was reached. 

During operation, the catholyte was continuously replaced with a 
peristaltic pump set to a hydraulic retention time (HRT) of 5 days, while 
the anolyte was fully replaced manually every second week. The tem-
perature of the systems was kept constant at 37º C, and the potentiostat 
was used to fix a cell voltage of − 3.5 V, which in preliminary experi-
ments (using a reference electrode immersed in the catholyte and con-
verting CO2 to carboxylic acids in MES3) was equivalent to − 1.0 V 
cathode potential.2 Liquid and gaseous samples from the cathodic 
chamber were taken three times per week to monitor the reactor per-
formance. The anolyte composition was analyzed every time it was 
replaced, to include the products, which had potentially migrated to the 
anolyte through the membrane, in the calculations. 

2.4. Analytical methods 

The gas composition in the cathodic chamber was determined in a 
gas chromatograph (8610 C, SRI Instruments, Germany) equipped with 
a thermal conductivity detector and two packed columns (6′ × 1/8″ 
Molsieve 13× column and 6′ × 1/8″ silica gel column) connected in 
series through a rotating valve. The columns were kept at 65◦C for 
3 min, followed by a 10 ◦C min-1 ramp till 95◦C, and a 24 ◦C min-1 ramp 

reaching 140 ◦C. 50 µl gas samples were collected and injected with a 
gas-tight syringe (model 1750SL, Hamilton) [21]. Volatile fatty acids 
and alcohols in the catholyte and anolyte were measured through a 
High-Performance Liquid Chromatograph (Shimadzu, USA) equipped 
with a refractive index detector and an Aminex HPX-87 H column 
(Bio-Rad, Denmark) maintained at 60◦C, using as eluent 12 mM H2SO4 
at a flow rate of 0.6 ml min− 1. 

The biomass concentration in the catholyte was indirectly monitored 
by measuring the optical density at a wavelength of 600 nm (OD600) 
using a spectrophotometer (DR3900, Hach Lange). The pH of the broth 
was measured externally using a PHM210 pH meter (Hach, USA), that 
was also used for recalibrating the internal pH electrode when 
necessary. 

2.5. Calculations 

The electron yields, e-yields, represent the portion of the consumed 
electrons which ended up in our products. The electrons consumed 
include the electrical current and the available electrons present in the 
acetic and butyric acid being consumed in the system. The consumption 
of yeast extract was not added to the e-yield calculations, as its complex 
and variable composition makes it difficult to estimate the content in 
available electron equivalents for acetogenesis and chain elongation. An 
extensive explanation of the e-yield calculation can be found in [22]. In 
short, to calculate the e-yields (reaction 5), the average production or 
consumption rate (positive and negative, respectively) of each com-
pound at the steady-state (ri) was multiplied by the number of electron 
equivalents in that compound (e−i ), to obtain the e-mol pro-
duction/consumption rate for each compound. This was divided by the 
total e-mol consumption rate (

∑
ri • e−i ) in that steady-state, to calculate 

the e-yield for each compound. The e-mol consumption due to the 
electric current was calculated using the real-time monitoring of the 
current given by the potentiostat. The amperage measured by the 
potentiostat was converted to e-mol min− 1 taking into account that one 
ampere is equivalent to 6.24‧1018 electrons per second [23]. 

e − Yieldi =
ri • e−i∑

ri • e−i
(5)  

2.6. Community analysis 

For suspended growth samples, 50 ml of culture was collected from 
the catholyte, centrifuged to remove the supernatant, and the pellet was 
frozen at − 20◦C. For the biofilm samples, one side of the graphite blocks 
was washed with phosphate-buffer saline (PBS) solution and then 
scratched with a knife to collect all biofilm, which was frozen at − 20 ◦C. 

The DNA was extracted using DNeasy Blood and Tissue Kits (Qiagen, 
Denmark), and submitted to Macrogen Inc. (Korea) for 16 S rRNA 
amplicon library preparation and sequencing using Illumina Miseq 
(300 bp paired-end sequencing). The libraries were constructed ac-
cording to the 16 S Metagenomic Sequencing Library Preparation Pro-
tocol (Part #15044223, Rev. B) using Herculase II Fusion DNA 
Polymerase Nextera XT Index Kit V2. Regions V4-V5 of 16 S rRNA gene 
were amplified with primers 515 F (5′-GTGYCAGCMGCCGCGGTAA-3′) 
and 926 R (5′-CCGYCAATTYMTTTRAGTTT-3′) [24]. 

Raw reads were merged, quality-filtered, and denoised, using the 
DADA2 algorithm within the Qiime2 pipeline, to obtain ASVs [25]. 
Taxonomic assignment was then performed using a classify-sklearn al-
gorithm, together with a classifier trained on the Greengenes2 (2022.10) 
database. Further downstream analysis was performed using phyloseq 
and ggpubr packages in R. The raw sequences obtained in this study are 
available in the NCBI SRA database with BioProject accession number 
PRJNA1063202. 

Table 1 
Conditions tested in each of the different MES used in this study. Conditions not 
separated by a horizontal line indicates they were tested sequentially, without 
restarting the system.  

System Condition Carbon substrate pH 

MES1 
& 
MES2 

CO2 fermentation CO2  6 
Acetate Addition CO2 + Acetate  6 
Acidic pH CO2 + Acetate  5 

MES3 Acetate elongation Acetate  6 
Butyrate addition Acetate + Butyrate  6 

MES-ab Abiotic CO2  6 
Abiotic (Acidic) CO2  5  

2 Preliminary experiments highlighted the challenge of long-term continuous 
MES operation including reference electrodes, which would require continuous 
or periodic replacement of electrolyte solution. Although no reference elec-
trodes were included in the experiments shown in this study, we can assume 
that the 3.5 V cell voltage would result in cathode potentials close to the 1 V 
cathode potential obtained in preliminary experiments. 
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2.7. SEM analysis 

The biofilm on the surface of the graphite electrode was primarily 
fixed for 6 h using a fixative reagent containing 2.5 % glutaraldehyde at 
4 ◦C, followed by washing with a 0.1 M phosphate buffer solution three 
times. Next, the samples were gradually dehydrated by immersing the 
electrode for 30 min in successive ethanol solutions with increasing 
concentrations (50 %, 70 %, 90 % and absolute ethanol). The samples 
were dried in a vacuum freeze dryer overnight to preserve the structure 
of the bacteria and prevent collapsing and deformation. Finally, the 
samples were sputter-coated with gold for 40 sec to avoid charge 
accumulation and the surface topography of the samples was examined 
using scanning electron microscopy (SEM, Zeiss Supra VP 40, Carl Zeiss 
NTS GmbH, Germany) [26]. 

3. Results and discussion 

In this study, three MES systems were used to investigate the feasi-
bility of chain elongation processes using mixed microbial cultures as 
biocatalysts. Different carbon substrates were supplied (CO2, acetic, and 
butyric acid) at two different pH (pH 5 and pH 6), and electrons were 
provided by the cathode at a constant cell voltage (-3.5 V). Fig. 2 shows 
the production profile of the three systems through the whole study. 

3.1. Chain elongation improvement by precursor addition 

Different studies have shown chain elongation from either CO2 [8, 

27], CO2 and acetic acid [10], or different carboxylic acids [11], but 
there is a lack of studies analyzing the effect the addition of these 
different carbon precursors has on the bioelectrochemical production of 
butyric and caproic acid. Fig. 3A shows the concentration of butyric and 
caproic acid before and after supplementing acetic acid to two MES 
systems (MES1 and MES2) performing CO2 conversion, and before and 
after supplementing butyric acid to a MES system (MES3) performing 
acetic acid elongation. MES1 and MES2 showed the same trend, 
although MES2 had overall lower chain-elongated products due to the 
lower gas flow received (as mentioned in Section 2.2). Before the sup-
plementation of acetic acid, the systems still exhibited some chain 
elongation activity; however, butyric and caproic acid were present in 
very small quantities (0.023 g L− 1 butyric, 0.015 g L− 1 caproic in MES1; 
and 0.019 g L− 1 butyric, 0.016 g L− 1 caproic, in MES2). After the sup-
plementation with acetic acid the concentration of butyric acid 
increased to 0.423 and 0.288 g L− 1 in MES1 and MES2, respectively; 
while the concentration of caproic acid increased to 0.062 and 
0.033 g L− 1, respectively in MES1 and MES. This is a 15–18x increase in 
butyric and 2–4x increase in caproic acid production. On the other hand, 
MES3 (Fig. 3A), fed with acetic acid, and without any CO2 or carbonate 
addition, exhibited a more efficient chain elongation process, reaching a 
caproic acid titer of 0.211 g L− 1. In a similar way as in MES1 and MES2, 
the addition of butyric acid increased the concentration of caproic acid 
over 2x, reaching a final concentration of 0.5 g L− 1. 

Fig. 3 shows a tendency of higher yields and titers of chain elongated 
products in the absence of an inorganic carbon source, i.e., CO2. This 
cannot possibly be attributed to a buildup of H2 partial pressure (that 

Fig. 2. Main extracellular compounds in MES1 (A), MES2 (B), and MES3 (C). The experimental conditions (pH and carbon addition) are indicated in the graph, and 
the timeframes considered for the steady-state calculations is highlighted in yellow. 
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could favor solventogenesis, and thus, chain elongation), since a N2 flow 
was established to substitute the CO2 flow and ensure anaerobic con-
ditions. It cannot respond to the longer operation time of MES3 either 
(150 vs 90 days), as the 90 days in MES1 and MES2 should be sufficient 
for the development of a steady biofilm. Instead, the absence of inor-
ganic carbon in MES3 could have resulted in the suppression of aceto-
genesis as a competing pathway for electron use, enhancing thus the 
transfer of electrons towards the reduction of acetic acid to ethanol and 
subsequently promoting chain elongation. Similarly, CO2 has been 
shown to reduce the yields of butyric and caproic acid in chain elon-
gation studies, by diverting electron equivalents into the acetogenic 
pathway instead of into the reverse β-oxidation [28]. In the present 
study ethanol was rarely observed, in agreement with other continuous 
MES experiments targeting elongated acids [8,10], implying that the 
rate of ethanol use in chain elongation is higher than the rate of ethanol 
production. On the other hand, recent studies have suggested that CO2 is 
necessary for bacteria chain elongating ethanol [29] and high CO2 
loading rates benefit the elongation of CO2 [30]. Besides, C. Kluyveri, a 
known chain elongating bacterium, is known to need CO2 for its protein 
synthesis [31]. Nevertheless, Raes et al. [11] showed the elongation of 
acetic, propionic, and butyric acid was possible in three plexiglass MES 
systems supplied with just 0.25 g L− 1 ammonium carbonate as inorganic 
carbon source. Analogously, in this experiment the presence of 0.5 g L− 1 

yeast extract could have allowed the growth of chain elongating bacteria 
in the absence of CO2, either by direct consumption or through the CO2 
generated by fermentation of the yeast extract. To the best of our 
knowledge, this is the first study that compares the bioelectrochemical 
elongation of acetic acid with and without an inorganic carbon source; 
and although MES3 lacked a reactor replicate to confirm these findings, 

the fact that chain elongation was favored in the absence of inorganic 
carbon source is an outcome that deserves more investigation. 

3.2. Chain elongation improvement by acidic conditions 

After reaching a steady state converting CO2 and acetic acid to chain 
elongated acids, the pH of MES1 and MES2 was changed to 5, based on 
the hypothesis that a lower pH would enhance ethanol production from 
acetic acid, and thus improve chain elongation activity, as it was shown 
in batch MES experiments by Vassilev et al. [27]. Reducing the pH did in 
fact enhance chain elongation activity (Fig. 4), as both butyric and 
caproic acid concentration increased in the two MES. Especially, the 
production of caproic acid increased by 5.4x (MES1) and 3.4x (MES2), 
reaching concentrations of 0.335 and 0.113 g L− 1, respectively, prob-
ably due to a significant increase of ethanol production from acetic acid 
as intermediary. In fact, it can be seen how, especially in MES1, the 
consumption of acetic acid was enhanced by a lower pH (Fig. 4B). The 
chain elongation activity reached in MES2 was, especially in this case, 
lower when compared to MES1 (Fig. 2). This difference was due to 
disturbances which caused the chain elongation activity to decrease 
sharply in MES2, resulting in lower concentrations of chain elongated 
products at the end of the experiment, which did not allow a steady state 
to be reached. This experiment demonstrates a significant continuous 
production of chain elongated products from CO2 and acetic acid at low 
pH, which reached production rates of 0.142 g L− 1 day− 1 butyric and 
0.067 g L− 1 day− 1 caproic acid. Although most acetic acid was not 
consumed in this experiment, further tuning of operating conditions 
such as HRT, cell voltage, and acetic acid concentrations, as well as 
improvements of the reactor design is needed to optimize acetic acid 
consumption efficiencies and chain elongation rates. Raes et al. [10] 
used MES in galvanostatic mode to apply currents about 3x the currents 
reported in this study (Fig. S1, supplementary material) and produce 
longer chain carboxylic acids from acetic acid, at pH 5.5 and an HRT of 
20 h. Raes et al. obtained lower butyric acid titers (0.59 g L− 1), but 
higher production rates (0.54 g L− 1 day− 1) due to the low HRT used. On 
the other hand, low HRTs did not allow for significant caproic acid 
production, which was only detected in trace amounts. Jourdin et al. [8] 
achieved efficient butyric (3.2 g L− 1 day− 1) and caproic acid (0.95 g L− 1 

day− 1) production rates from CO2 at a pH of 5.8 and an HRT of 4 days, 
probably due to a very efficient reactor design which maximized the 
cathodic and membrane surface in respect to the catholyte volume. 
Nevertheless, the effect of catholyte pH in pH-controlled MES has not 
been explored before, and as shown in this study, low pH operation 
would have the potential to further increase the butyric and caproic acid 
production rates in optimized reactor configurations. However, acidic 
pH has been showed to increase the toxicity of elongated carboxylic 
acids [14]. To avoid the inhibition of the undissociated fraction of 
elongated acids at low pH, in-line extraction of elongated acids could 
keep their concentrations below toxicity levels [33]. 

The e-yields, or coulombic efficiencies, calculated for the steady 
states reached in MES1, MES2, and MES3 (Figs. 3B and 4B) showed that 
the carboxylic acids produced accounted for 33–70 % of the electrons 
consumed. Also, no H2 was detected in the systems during steady-states. 
The fate of the remaining electrons was to alternative products (5–10 % 
of electrons), especially propionic, iso-valeric, and iso-butyric, diffusion 
of carboxylic acids into the anolyte (1–2 % of electrons), reduction of 
inorganic species such as sulfate, biomass growth, and potentially to the 
production of non-measured products such as methanol. In this regard, 
the absence of CO2 in MES3 improved the e-yields of chain-elongated 
acids from 42 % and 35 % in MES1 and MES2 (Fig. 3B) to 59 % in 
MES3. Similarly, decreasing the pH to 5 also improved chain-elongated 
acids e-yields in MES1 and MES2 to 65 % and 61 %, respectively. 
Presumably, future designs applying acidic pH in the absence of CO2 will 
reach even higher e-yields in chain-elongated acids. This should be 
combined with studies tuning the acetic acid added in chain-elongating 
MES, the cell voltage applied, and the HRT to maximize the percentage 

Fig. 3. Concentrations of butyric and caproic acid in the different MES at pH 6 
before and after adding a reverse beta-oxidation precursor (A) and e-yields of 
the different entities participating in reactions 1–4 (B). In MES3, no CO2 was 
added to the systems. 
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of acetic acid elongated, the product yields, and the production rates. 
Decreasing the concentration of acetic acid added may enhance the 
acetic acid conversion (a maximum of 22 % conversion was achieved in 
this study) but at the risk of reducing the elongation rates. Additionally, 
increasing the cell voltage may increase chain elongation rates up to a 
point, but it will also increase the operational costs. Finally, HRT should 
be high enough to achieve relevant chain-elongated acid titers without 
reaching toxicity limits [30]. These fine-tuned parameters can then be 
implemented in optimized bioelectrochemical designs, which maximize 
electrode and membrane area to reactor volume ratios and use 3D 
electrodes to increase the flow of electrons and, thus, volumetric pro-
ductivities [32]. 

3.3. Impact of conditions on CO2 consumption 

The CO2 consumption in all steady states reached in MES1 and MES2 
was above the consumption of the abiotic controls (Fig. 5 and table S1). 
Statistical analysis using 2-way Anova revealed that the addition of 
acetic acid significantly reduced the consumption of CO2 in both systems 
(p<0.05), while a reduction of the pH did not decrease CO2 consump-
tion. Although CO2 solubility decreases at lower pH values, and this 
could decrease the CO2 consumption calculated, the CO2 consumption 
percentage did not change in the pH range and the liquid and gas flows 
used when tested in abiotic controls (table S1, supplementary material). 
On the other hand, the addition of acetic acid to the media triggered a 

switch in the electron acceptor in the catholyte from CO2 to acetic acid, 
thus reducing acetogenesis. Similarly, the absence of CO2 in MES3 
improved the yields of chain elongated products, presumably as it 
allowed for more electrons to be directed towards the chain elongation 
route instead of towards acetogenesis. As it was discussed in previous 
sections, CO2 has sometimes been addressed as necessary for chain 
elongating bacterial growth [29–31]. Interestingly, in this study the 
reduction in CO2 consumption when acetic acid was added to the sys-
tems was associated with increased chain elongation activity, and the 
MES3 experiments, which were not sparged with CO2, exhibited the 
highest chain elongating activity among the tests performed at pH 6. 
Nevertheless, the carbon fed to the systems as acetic acid was three times 
higher than the carbon fed as CO2, and therefore additional experiments 
testing different acetic acid: CO2 ratios should follow before concluding 
the redundancy of CO2 in the bioelectrochemical elongation of acetic 
acid. 

3.4. Microbial community analyses 

Samples for 16 S rRNA analysis were taken from MES1 and MES2 at 
the steady states reached with acetic acid supplementation at pH 6 and 
pH 5, and the relative abundances were summarized in Fig. 6. The 
suspended biomass triplicates taken for both MES at pH 6 (each taken on 
a different date of the steady-state) showed the reproducibility and 
consistency of the sampling process, as well as of the bacterial com-
munity during the steady-state. The relative abundances were also very 
similar between systems and, although no biofilm samples could be 
taken from the pH 6 steady-states, at pH 5 the biofilm samples differed 
only slightly from the attached growth samples. In contrast, there was a 
notable community shift associated with the pH change. The most 
abundant genus at pH 6 was Oscillibacter, which has been found in other 
MES communities and has been associated with butyric and caproic acid 
production [34,35]. On the other hand, at pH 6 there was almost no 
presence of the Clostridium_B genus that was the most abundant genus at 
pH 5 in both suspended and attached samples. Clostridium species are 
known acetogens and reverse beta-oxidizers and have been detected in 
MES catholytes and cathodes in several studies [27,35]. Desulfovibrio is a 
known electroactive microbe, which can uptake directly microbes from 
the cathode [36], however, the fact that it had a significant relative 
abundance in all liquid samples, but was almost absent from the biofilm 
samples, could indicate that it was performing other functions such as 
acetic acid oxidation [37]. Clostridium appears to be the key genus 
responsible for the improved chain elongation at pH 5. Additionally, 
Caproicibacter, another chain-elongating genus, seemed to be especially 

Fig. 4. Concentrations of butyric and caproic acid, in g L− 1, in MES1 and MES2 at pH 6 and pH 5 (A); and e-yields of the different entities participating in reactions 
1–4 (B). 

Fig. 5. Consumption of CO2 as percentage of the total CO2 fed for each of the 
steady states reached in MES1 and MES2. The averaged percentage of CO2 
consumed in abiotic controls (Table S1, supplementary material) is indicated 
with a grey dashed line. 
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abundant in the pH 5 biofilm samples. Nevertheless, although the pH 5 
condition had the most efficient chain elongation, both communities 
were responsible for significant chain elongation using MES. In a similar 
experiment, La Belle et al. [38] operated batch MES cells at − 600 and 
− 800 mV at pH ranging from 4.5 to 6.5 and produced only acetic acid 
and H2. In that case, the 16 S rRNA analysis showed that the culture was 
dominated by Acetobacterium, and there was no evidence of Clostridium, 
Oscillobacter, or Caproicibacter genera. In contrast to the present study, 
where an inoculum with high diversity was used, La Belle et al. used an 
inoculum from a previously operated MES systems producing acetic 
acid, which might have affected the specificity and diversity of the mi-
crobial community. 

At the end of the study, the cathodic biofilms (Fig. 7A) were fixed, 
dehydrated, and gold-sputtered to be pictured by the SEM. The biofilm 
thickness was especially high, and this resulted in a shrinkage of the top 
layers of the biofilm during the dehydration step (Fig. 7B), which made 
it possible to photograph the top and bottom layers of the biofilm 
independently. Consequently, two very distinct communities were 
detected. At the biofilm bottom (Figs. 7C and 7D), in contact with the 
cathode surface, only rod-shaped bacteria were seen, which according to 
the 16 S analysis could correspond to Clostridium or Caproicibacter 
genera, both rod-shaped. On the other hand, at the biofilm top layer 
(Figs. 7E and 7F), a very diverse community was seen, including rod, 
spherical, and filamentous bacteria of different sizes. Figs. 7G and 7H 
show simultaneously bottom and top layers of the biofilm. To the best of 
our knowledge these are the first pictures where a MES cathodic biofilm 
stratification can be directly observed using SEM. In other studies, in the 
international literature, SEM is solely used to confirm the cathode nano- 
or micro-structure and identify the biofilm, which appears as a uniform 
single or multilayer [8,36,37]. These pictures show how in an open 
mixed culture MES, operating continuously, the electroactive bacterial 
layer in contact with the cathode, may end up fully covered by multiple, 
very diverse, bacterial layers, which might contribute with synergies, 
but also may generate significant challenges such as mass transfer lim-
itations, and pH, substrates, and products gradients. Further studies 
should be performed to determine whether this could be a challenge to 

be addressed in the commercialization of long-term continuous MES 
systems. 

4. Conclusions 

In this study, three MES systems were run continuously (concerning 
both liquid and gas flow) with controlled temperature, cell voltage, and 
catholyte pH to investigate the influence of pH and different carbon 
precursors addition (CO2, acetic acid, and butyric acid) in the produc-
tion of chain-elongated carboxylic acids. It was shown how the addition 
of carboxylic acids (acetic and butyric acid) to MES systems fed with CO2 
directed the flow of electron equivalents out of the acetogenic pathway 
and into the chain elongation route, thus reducing CO2 consumption but 
increasing the yield of chain-elongated acids. Similarly, the MES system 
elongating acetic acid in the absence of CO2 achieved higher butyric and 
caproic acid yields than the MES systems fed with acetic acid and CO2. 
Therefore, acetic acid and CO2 act as competing electron acceptors in 
MES systems, and this should be taken into account in future MES de-
signs to improve the yields of chain-elongated carboxylic acids. Addi-
tionally, the reduction of pH from 6 to 5 favored the production of 
longer-chain fatty acids, presumably as it favored the reduction of ace-
tic acid to ethanol, which was directly consumed for chain elongation. 
These results correlated with the microbial community analysis, which 
showed two different communities performing bioelectrochemical chain 
elongation at pH 6, dominated by Oscillobacter, and at pH 5, dominated 
by Clostridium, implying that a more acidic operating pH could lead to 
changes in the microbial community that translate into more efficient 
chain elongation processes. At the end of the study, the SEM analyses of 
the cathode biofilms at pH 5 revealed two distinct communities present 
in the biofilm: a community of solely rod-shaped bacteria in contact with 
the cathode covered by a highly diverse bacterial community. This 
suggests that, in long-term continuous MES systems, the potentially 
electroactive microbial layer may get covered by a thick biofilm, which 
reduces their access to nutrients and protons; therefore, maintenance 
measures may be needed to maintain high productivities over time. 
Overall, this study points towards the use of MES for the chain 

Fig. 6. Relative abundance of the 15 most abundant genera in the pH 6 (CO2 + acetic acid) and pH 5 steady-states.  
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elongation of acetic acid effluents at acidic conditions and in the absence 
of CO2 as an additional carbon source. 
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