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Abstract 20 
Microbial electrosynthesis (MES) is a potential technology for CO2 recycling, but insufficient 21 
information is available on the microbial interactions underpinning electrochemically-assisted 22 
reactions. In this study, an MES reactor was operated for 225 days alternately with bicarbonate 23 
or CO2 as carbon source, under batch or continuous feeding regimens, to evaluate the response of 24 
the microbial communities, and their productivity, to dynamic operating conditions. A stable 25 
acetic acid production rate of 9.68 g/m2/d, and coulombic efficiency up to 40%, was achieved 26 
with continuous CO2 sparging, higher than the rates obtained with bicarbonate (0.94 g/m2/d) and 27 
CO2 under fed-batch conditions (2.54 g/m2/d). However, the highest butyric acid production rate 28 
(0.39 g/m2/d) was achieved with intermittent CO2 sparging. The microbial community analyses 29 
focused on differential amplicon sequence variants (ASVs), allowing detection of ASVs 30 
significantly different across consecutive samples. This analysis, combined with co-occurence 31 
network, and cyclic voltammetry, indicated that hydrogen-mediated acetogenesis was carried out 32 
by Clostridium, Eubacterium and Acetobacterium, whereas Oscillibacter and Caproiciproducens 33 
were involved in butyric acid production. The cathodic community was spatially inhomogeneous, 34 
with potential electrotrophs, such as Sulfurospirillum and Desulfovibrio, most prevalent near the 35 
current collector. The abundance of Sulfurospirillum positively correlated with Acetobacterium, 36 
supporting the syntrophic metabolism of both organisms. 37 
 38 
Keywords: Bioelectrochemistry; Chain elongation; CO2 electroreduction; Cyclic voltammetry; 39 
Microbial electrosynthesis; Miseq Sequencing. 40 
 41 
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1. Introduction 47 
Increasing atmospheric CO2 concentrations poses a challenge for sustainable economic 48 
development at global level. Legislative action by the European Union, for example, resulted in 49 
a 22% reduction of greenhouse gas emissions between 1990 and 2017, but additional measures 50 
are required to achieve a climate-neutral economy by 2050 [1], and to contain the increase in 51 
global warming to under 2°C as stipulated in the Paris Agreement [2]. Indeed, through the 52 
‘European Green Deal’, the EU will invest over one trillion euros to enable the shift from a high-  53 
to low-carbon economy [3]. This will promote the adoption of decarbonisation technologies to 54 
treat CO2-rich flue-gases from the carbon-intensive energy, industrial and transportation sectors 55 
[1]. 56 
 57 
Carbon capture and storage (CCS) or utilisation (CCU) technologies can be applied for 58 
decarbonising flue-gas. CCU technologies offer the key advantage of recycling CO2 into products 59 
for use in the chemical and food industry, or as building blocks to produce fertilisers, plastics, 60 
structural materials, fuels or chemicals whilst displacing the dependency on fossil-fuel resources 61 
[4]. Several routes are available for product synthesis from CO2, involving combinations of 62 
physical, chemical, electrochemical, thermo-catalytic or biological processes [5]. The increased 63 
availability of low-cost, renewable electric energy makes electrochemical CO2 reduction the most 64 
sustainable route [6]. Electrolysers for CO2 reduction are approaching commercialisation, but the 65 
low product selectivity, high overpotentials, and requirement for expensive and stable catalysts 66 
and/or high temperatures remain unresolved challenges [4]. 67 
 68 
In 2010, Nevin et al. reported that the chemolithoautotrophic microorganism Sporomusa ovata 69 
catalyses CO2 reduction into acetic acid exploiting reducing power from solid electrodes, with 70 
coulombic efficiencies exceeding 85%, in a process called microbial electrosynthesis (MES) [7]. 71 
Biological catalysts can achieve higher electricity-to-chemical conversion efficiency (80-99%) 72 
and selectivity than metal-based catalysts, reduce materials costs, and allow operation under mild 73 
temperature and pressure conditions [8]. Mixed microbial communities from various sources have 74 
been shown to form effective, versatile and self-regenerating catalysts into electrodes to convert 75 
CO2 to acetic acid [9,10], or even longer-chain carboxylic acids [11–13] and alcohols [14–16] in 76 
MES devices. 77 
 78 
When mixed cultures are used as inoculum in MES cells, product diversification occurs as the 79 
result of overlapping (bio)electrochemical, acetogenic, solventogenic, and chain elongation 80 
pathways [17]. The end-product of MES is related to operating conditions: controlling pH, and 81 
abundance of carbon and reducing equivalents can result in a tuneable system, in which selective 82 
production of ethanol, butyric or caproic acid, over acetic acid can be achieved [13,18]. However, 83 
to date, acetic acid is the main product obtained by CO2 bioelectroreduction, whereas other 84 
organic compounds are typically obtained in mixtures and at low concentration [19]. Thus, 85 
strategies to trigger a selective production of valuable, long chain fatty acids and alcohols in MES 86 
cells have yet to be developed. 87 
 88 
Strategic development of product diversification will be strictly linked to deeper understanding 89 
of the microorganisms and mechanisms underpinning the MES process, particularly acetogenesis, 90 
solventogenesis and chain elongation, as well as how key species respond to dynamic operating 91 
conditions. Planktonic and cathode-attached microbial communities have been analysed to 92 
complement chemical and electrochemical data in MES studies [9,20]. However, such studies 93 
have provided only overviews on the relatively most abundant species in the community, 94 
sometimes only at the conclusion of MES trials during which operating conditions were changed 95 
several successive times,  and overlook important information on microbial dynamics. 96 
 97 
In this study, an MES reactor was operated under different carbon feeding regimens (bicarbonate 98 
dosing, and intermittent or continuous CO2 sparging), achieving stable production of acetic and/or 99 
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butyric acid. Distinct from previous studies, the microbial community analysis focused on the 100 
differential amplicon sequence variants (ASV) between triplicate samples collected at each 101 
operational stage of the MES reactor to unravel the role of microorganisms underpinning 102 
hydrogen and carboxylic acid production. The spatial distribution of the cathodic microbial 103 
community on the electrode, and co-occurence networks, particularly between microorganisms 104 
mediating hydrogen and carboxylic acid production, were also determined. Finally, the cathodic 105 
and planktonic communities were compared to assess whether, and to what extent, the 106 
composition of the planktonic community is reflected in the cathodic community. 107 
 108 
2. Materials and Methods 109 
2.1 Reactor set-up 110 
The h-type microbial electrosynthesis (MES) cells (Section SI 1.1, Fig. S1 in the Supplementary 111 
Information, SI) comprised of two acrylic cylinders (8 cm diameter, 12 cm height) connected 112 
through a circular (5 cm diameter) proton exchange membrane (Nafion 117, Fuel Cell Store, 113 
USA), pre-treated according to Modestra and Mohan [21]. The cathode electrode was an 8×16 114 
cm carbon felt (Panex 30 Fabric PW06, Fuel Cell Store, USA), connected to a Ti wire collector 115 
by pressure through a plastic nylon screw, installed on a perforated (48 holes of 6 mm diameter 116 
each) acrylic cylinder support. The anode electrode was a 2×2 cm platinised titanium mesh 117 
(TI008720, Goodfellow, UK) directly connected to the Ti connector. Connections between 118 
electrodes and collectors resulted in a resistance < 5 Ω. An Ag/AgCl reference electrode (BASi 119 
RE-5B, Alvatek, UK) was placed inside the cathodic chamber, a few mm distant from the cathode 120 
electrode, and kept in position using a rubber ring. The influent line consisted of a CO2-containing 121 
gas bag (10 L) connected to a pump (Verdeflex, The Netherland) and a mass flow meter (FMA-122 
1618A, Omega, UK). A gas bag was connected to the cathodic chamber headspace to maintain 123 
atmospheric pressure and facilitate gas analysis. A sampling port was built for collecting liquid 124 
samples from both chambers.  125 
 126 
2.2 Inoculum, anolyte and catholyte 127 
The inoculum was digested sludge (66.0 ± 3.0 g/L total solids, TS, and 49.8 ± 2.6 g/L volatile 128 
solids, VS) from a dairy processing industry (Dairygold, Ireland). The anolyte included (in g/L): 129 
KH2PO4 (0.33), K2HPO4 (0.45), NH4Cl (1.0), KCl (0.1), NaCl (0.8) and MgSO4×7H2O (0.2). 130 
Besides this, the catholyte contained 1 mL/L vitamin and 10 mL/L trace metal solution (DSMZ 131 
144). Before inoculation, the catholyte and anolyte had a conductivity of 10.6 and 5.7 mS/cm, 132 
respectively. Sodium bicarbonate (3.36 g/L, or 240 mg/L total inorganic carbon, TIC), or CO2 133 
gas, was added as carbon source according to the stages summarised in Table 1. 134 
Bromoethanesulphonic acid (BESA, 0.5 g/L) was added to suppress methanogenic archaea.  135 
 136 
2.3 MES reactor operation 137 
The MES cell was started-up with bicarbonate as carbon source, and an applied cathodic potential 138 
of -1.0 V vs. Ag/AgCl. Temperature was maintained at 25 (± 3)°C and the catholyte was stirred 139 
at approximately 400-500 rpm using a stirred hotplate (Cole-Parmer). After one week of operation 140 
under abiotic conditions, the cell was inoculated with 1 gVS/L of digested sludge, and BESA (0.5 141 
g/L) was supplied to suppress methanogenic archaea. Five fed-batch cycles of 6-7 days were 142 
performed, along with a sixth fed-batch cycle of 14 days, prior to switching the carbon source to 143 
gaseous CO2. At the end of each cycle, 25 mL (5%) catholyte were replaced with fresh medium 144 
containing sufficient bicarbonate to re-establish the initial concentration of 240 mg/L TIC. The 145 
pH was adjusted to 6.5-7.0 with 3 M HCl at the beginning of each cycle. From day 47, gaseous 146 
CO2, at a flow rate of 2 mL/min, was provided instead of bicarbonate, and 0.5 g/L BESA was 147 
again supplied to suppress methanogens. CO2 was first provided at 4-to-5-day intervals to avoid 148 
pH rise (days 47-78), then for two hours thrice weekly (days 79-183), and then continuously (days 149 
183-225) thereafter (with the exception of days 206-219, when no CO2 was supplied). Catholyte 150 
(2 mL) and anolyte (1 mL) samples were collected for chemical analyses thrice and once weekly, 151 
respectively, and fresh anolyte and catholyte were supplied to the MES reactor when about 10% 152 
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volume (i.e. 50 mL) was removed with samples. BESA was again supplied on day 171 in response 153 
to increased methane concentrations in the gas. Gas samples were periodically collected from the 154 
gas bag for analysis. 155 
 156 
Table 1. Summary of the operation stages 157 
Stage Days Carbon 

source 

Regimen Notes 

1 0-47 NaHCO3 Fed-batch BESA addition on day 0 and 47 

2 47-183 CO2 Fed-batch BESA addition on day 171 

3 183-206 CO2 Continuous  

4 206-219 None n.a. Potentiostat failure on day 209 

5 219-225 CO2 Continuous  

 158 
 159 
2.4 Microbiological analysis 160 
Catholyte samples for planktonic community analysis (2 mL) were collected in triplicate on days 161 
0, 47, 183, 206 and 225, and stored at -80°C after snap-freezing in liquid nitrogen. Triplicate 162 
biofilm samples were collected on day 225 from eight different sections of the cathode for analysis 163 
of the attached community, following the procedure described in the Supporting Information 164 
(Section SI 1.2). DNA was extracted using a previously described protocol [22]. 16S rRNA genes 165 
were amplified using the 515F and 806R primer pair. Initial denaturation (95˚C, 3 min) was 166 
followed by 25 cycles of denaturation (95˚C, 30 s), annealing (55˚C, 30 s) and extension (72˚C, 167 
30 s). Library preparation and high-throughput sequencing on the Illumina Miseq platform were 168 
performed by FISABIO (Valencia, Spain, fisabio.san.gva.es). The Amplicon Sequencing 169 
Variants (ASVs) were constructed using Qiime2 workflow. In the final analysis, 5,786 clean 170 
ASVs were extracted for n=39 samples on which different multivariate statistical analyses were 171 
performed using R software. The details of the bioinformatics steps are provided in the Supporting 172 
Information (Section SI 1.3). 173 
 174 
2.5 Electrochemical analyses 175 
Electrochemical analyses were performed using a multi-channel potentiostat (VMP3, Biologic, 176 
France) in three-electrode set-up. If not otherwise mentioned, all potentials are reported against 177 
the Ag/AgCl reference electrode. The MES cell was run in chronoamperometic mode with an 178 
applied potential of -1.0 V. Cyclic voltammetries (CV) were performed on days 0, 47, 183 and 179 
225 by switching the potential from 0.0 to -1.0 or -1.2 V at a scan rate of 1 mV/s for four replicate 180 
cycles. CV and first derivative analyses were performed using a personalised script on R software, 181 
as detailed in the Supplementary Information (Section SI 1.4).  182 
 183 
Current densities were normalised to either the cathode projected area (128 cm2) or the catholyte 184 
volume (0.5 L). Cumulative charge was calculated as the integral of the current curve over time. 185 
Average coulombic efficiency (CE) was calculated between two consecutive samples based on 186 
the ratio of charge converted into carboxylic acids (including acids detected in both the cathodic 187 
and anodic chamber). 188 
 189 
2.6 MES reactor monitoring 190 
Temperature was measured using a thermocouple thermometer (Digi-Sense Temp 10, Cole-191 
Parmer, UK). Cathodic pH was monitored on-line using a probe (VWR, USA) connected to a 192 
controller (Cole Parmer 300, UK), and both cathodic and anodic pH were measured from the 193 
samples using a Slimtrode (Hamilton, Switzerland). Anode and cathode conductivity was 194 
measured using a conductivity meter (Horiba EC-22, Japan). Total inorganic carbon (TIC) was 195 
measured using a TOC analyser (Shimadzu, Japan). Carboxylic acids and alcohols were 196 
quantified using a liquid chromatograph (1260 Infinity II, Agilent, USA) with Hi-Plex H column 197 
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held at 60°C and refractive index detector (RID). H2SO4 (5 mM) was the mobile phase at a 0.7 198 
mL/min flow rate. Gas was analysed using a gas chromatograph (7890B, Agilent, USA) equipped 199 
with thermal conductivity detector and Porapak-Q column. Injection port, oven and detector 200 
temperatures were 250, 60 and 250°C, respectively. 201 
 202 
2.7 SEM analysis 203 
Eight duplicate 1×1 cm samples were collected from the cathode electrode, as detailed in the 204 
Supplementary Information (Section SI 1.2), and stored in Petri dishes. The samples were fixed 205 
for 2 h using 2% (w/v) each of glutaraldehyde and paraformaldehyde in 0.1 M sodium cacodylate 206 
buffer (pH 7.2). Samples were dehydrated by passing twice (15 min each) through an ethanol 207 
concentration gradient (30, 50, 70, 90, and 100%), and hexamethyldisilazane (HMDS), and air-208 
dried overnight in a fume hood. Specimens were mounted on aluminium stubs with double-sided 209 
carbon tabs, and gold-coated using an Emitech K550 sputter coater. Imaging was using an Hitachi 210 
S4700 scanning electron microscope at 15 kV acceleration voltage and 50 µA current. 211 
 212 
3. Results and Discussion 213 
3.1 Carboxylic acid production from bicarbonate in fed-batch 214 
During the first week, in which the MES cell was operated under abiotic conditions, a negligible 215 
current (below 0.1 A/m2) was detected, and acetic acid production did not occur. After inoculating 216 
the cell (day 0), following a 7-day start-up, acetic acid was produced from bicarbonate at an 217 
average rate of 0.9 g/m2/d on days 7-47 (batch cycles II-VI), reaching a concentration of 0.9 g/L 218 
in the catholyte (Fig. 1). Simultaneously, the current demand slowly increased (Fig. 2), 219 
confirming the biological origin of the produced acetic acid. However, in this stage, the current 220 
remained low (below 0.8 A/m2) due to the incomplete biofilm formation on the cathode electrode, 221 
limiting the rate of acetic acid production. The highest production rate of 1.6 g/m2/d (41 mg/L/d) 222 
was obtained in batch cycle IV, with a coulombic efficiency (CE) of 61% (Table 2). A similar 223 
acetic acid production rate (29.4 mg/L/d) was obtained from bicarbonate with mixed cultures 224 
using a graphite rod and granular graphite electrode [23]. Production rates above 100 mg/L/d have 225 
been obtained using more sophisticated electrode materials, such as carbon nanotubes [10,24]. 226 
 227 
The CE declined from batch cycle V and was 16% in batch cycle VI. Overall, 35% of the carbon 228 
added as bicarbonate in the six batch cycles was recovered as acetic acid. Remaining carbon was 229 
likely consumed for microbial growth, in particular during batch cycle I, or diffused outside the 230 
MES reactor as CO2. Traces of methane were identified in the MES reactor headspace, suggesting 231 
the onset of methanogenesis favoured by the relatively high cathodic pH (7.9) on days 45-47. In 232 
MES reactors, the pH on the cathode surface is even higher than in the catholyte, due to the local 233 
production of hydroxyl ions [11], which could favour methanogenic archaea. Methanogens 234 
adversely affect the CE by converting MES products (i.e. carboxylic acids) or reducing 235 
equivalents (i.e. hydrogen) to methane. 236 
 237 
Table 2. Acetic acid production, average current and coulombic efficiency obtained in the MES 238 
cell in the six batch cycles with bicarbonate as carbon source. At the beginning of each batch 239 
cycle, bicarbonate was added to restore a concentration of 240 mgC/L. 240 
Batch 

cycle 

Days Bicarbonate 

supplied 

(mgC/L) 

Acetic acid 

production 

(mgC/L) 

Average 

production 

rate 

(g/m2/d) 

Average 

current 

(A/m2) 

Coulombic 

efficiency 

(%) 

I 0-7 240.0 9.5 0.13 0.25 7.7 

II 7-14 115.2 72.2 1.01 0.41 36.7 

III 14-20 134.4 53.4 0.87 0.42 32.2 

IV 20-26 175.7 97.6 1.59 0.41 61.0 

V 26-33 172.8 87.6 1.22 0.57 32.3 
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VI 33-47 240.0 53.2 0.36 0.37 15.9 

 241 

 242 
Figure 1. (A) Carboxylic acid concentration (acetic acid, blue circles; butyric acid, orange 243 
squares) in the catholyte and pH (black line) over time; numbers 1-5 refer to the operating stages, 244 
as summarised in Table 1. (B-E) focus on steady-state carboxylic acid production periods with 245 
regression curve showing the average production rates in g/m2/d, taking into account carboxylic 246 
acids detected both in the catholyte and anolyte (Fig. S2), and those removed with samples. Rates 247 
in g/m2/d: 0.94 (R2=0.95); 2.54 (R2=0.98); 0.39 (R2=0.97) and 9.68 (R2=0.97) in B-E, 248 
respectively. 249 
 250 
3.2 Carboxylic acid production from CO2 in fed-batch 251 
On day 47, after adding 0.5 mg/L BESA to suppress methanogens and switching the carbon source 252 
from bicarbonate to CO2, the reductive current increased and peaked at 3.5 A/m2 on day 96 (Fig. 253 
2), indicating development of the electrogenic community on the electrode. On days 96-183, the 254 
current slightly decreased due to declining conductivity of both the anolyte and catholyte (Fig. 255 
S3), attributed to microbial consumption of electrolytes (e.g. nutrients) present in the catholyte. 256 
However, the acetic or butyric acid production rates were not adversely affected (Fig. 1), 257 
suggesting the microbial community was not lacking nutrients at any stage. A steady acetic acid 258 
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production rate of 2.5 g/m2/d was achieved on days 66-106, up to 3 g/L acetic acid concentration 259 
in the catholyte (Fig. 1). From day 66 onwards, a share of the carboxylic acids migrated from the 260 
cathode toward the anode through the membrane, resulting in acetic acid concentrations >2 g/L 261 
in the anolyte (Fig. S2). Similar observations were reported from another long-term MES 262 
experiment [25], which suggested reactive oxygen species produced at the anode could degrade 263 
the membrane. CEs of 21-30% were achieved on days 47-92 (Fig. 2), lower than achieved with 264 
bicarbonate due to the low solubility of CO2 in the pH range 5-6. Solubility can be tackled by 265 
maximising the electrode active surface/volume ratio [13], or using gas diffusion electrodes 266 
(GDEs) [14,26]. 267 
 268 
On day 96, the current density plateau coincided with the onset of butyric acid production (Figs. 269 
1 and 2). From day 113, acetic acid production dropped, and its concentration in the catholyte 270 
stabilised to about 3 g/L, whereas butyric acid was steadily produced at 0.4 g/m2/d up to a 271 
concentration of 0.7 g/L on day 183 (Fig. 1). On days 171-183, butyric acid was the only 272 
carboxylic acid produced with 10-12% CE (Fig. 2). Since acetic acid concentrations were stable 273 
on days 113-177, and ethanol was not detected, butyric acid was likely produced from CO2 274 
through the Wood-Ljungdahl pathway coupled with Acetyl-CoA reduction, rather than via non-275 
electrochemical chain elongation [25]. Chain elongation is indeed more favourable at high 276 
hydrogen partial pressure [27], whereas this study was conducted at near-atmospheric pressure. 277 
Nevertheless, it cannot be excluded that ethanol was produced and immediately consumed for 278 
chain elongation. Ethanol production, and subsequent butyric acid production via chain 279 
elongation, was achieved previously [12] in a tubular MES reactor at hydrogen partial pressures 280 
>1 atm, reaching butyric acid production rates of 6.4 g/m2/d. Similarly, Vassilev et al. [13] 281 
obtained a mixture of acetic, butyric and caproic acid, and the respective alcohols, from CO2 282 
through combined acetogenesis, solventogenesis and chain elongation reactions. Conversely, 283 
Jourdin et al. achieved butyric and caproic acid, but not alcohol, production from CO2, likely due 284 
to the relatively high pH (5.8) preventing solventogenesis [28]. 285 
 286 
On days 67-183, the pH remained stable at 5.4 (± 0.2) (Fig. 1), due to the balance between H+ 287 
from carboxylic and carbonic acid dissociation, and OH- production at the cathode [4], which 288 
represents a key advantage of MES compared to non-electrochemical carbon recycling 289 
technologies. However, despite the low pH, OH- generation at the cathode can favour 290 
methanogens. On day 171, methane was detected at a rate of 20 mL/day, confirming methanogens 291 
are only temporarily inhibited by BESA [29],  and, thus, BESA was added once again, which 292 
slowly decreased methane production (Fig. S4).  293 
 294 
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 295 
Figure 2. Current (black line) and cumulative charge (green line) generated over time (primary 296 
axis) and share of electrons converted into acetic (light blue) and butyric (orange) acid (secondary 297 
axis). The coloured areas represent the average coulombic efficiency achieved between two 298 
consecutive samples. Numbers 1-5 refer to the operation stages as summarised in Table 1. 299 
 300 
3.3 Carboxylic acid production from CO2 in continuous 301 
From day 183, a constant acetic acid production rate of 9.7 g/m2/d (0.25 g/L/d) was achieved in 302 
response to the continuous CO2 supply, resulting in a maximum concentration of 6.2 g/L in the 303 
catholyte on day 204 (Fig. 1) and CEs up to 40% (Fig. 2). TIC concentration in the catholyte, 304 
which was below detection during fed-batch operation, increased to 35 mgC/L on day 187; 305 
however, it decreased to <10 mgC/L on day 204, suggesting fast dissolved-carbon fixation by the 306 
community (Fig. S5). Both the acetic acid production rate and CE fairly compare with those 307 
obtained from gaseous CO2 with mixed cultures and carbon-based fiber electrodes [19]. More 308 
advanced 3-D structured porous electrodes have been shown to increase the acetic acid production 309 
rate from CO2 by two orders of magnitude [19]. 310 
 311 
The reductive current followed the trend of acetic acid production, increasing from 2 (day 183) 312 
to 7 (day 198) A/m2 prior to stabilising (Fig. 2). Increased current was caused by increased 313 
electrons demand for acetic acid production, and by decreased pH from 5.6 (day 185) to 4.7 (day 314 
201) (Fig. 1). Acetic acid production stopped suddenly once the catholyte dropped below its pKa 315 
value of 4.75 (on day 201). At pH 4.71, about 55% of the acetic acid in the catholyte (3.4 g/L) 316 
was undissociated, and concentrations >40-50 mM (2.4–3.0 g/L) can be toxic for acetogenic 317 
bacteria [30]. The expected current drop, in response to inhibited acetogenesis, did not materialise 318 
(Fig. 2). The electron flow was indeed diverted towards hydrogen production with a rate of 185 319 
mL/d on days 197-204 (Fig. S6). It is plausible that (bio)-electrochemically generated hydrogen 320 
mediated acetic acid production [31], and acetogenesis inhibition resulted in accumulation of 321 
unused hydrogen.  322 
 323 
During continuous CO2 feeding (day 183-206), butyric acid CE remained <5% (Fig. 2) likely due 324 
to lower hydrogen partial pressure caused by CO2 sparging [12], supporting the conclusion that 325 
fed-batch operation, alternating low- and high-carbon-availability, triggers butyric acid 326 
production. This is in agreement with Arends et al. [16], who found that, though continuous 327 
operation outperforms batch operation for acetic acid production, low HRTs, and thus high carbon 328 
availability, result in lower product diversification. When the CO2 supply was switched off on 329 
days 206-219, however, butyric acid production was not restored, and only acetic acid was 330 
produced when continuous CO2 feeding was provided again on days 219-225 (Fig. 2). This 331 



9 
 

suggests the acetogenic community was resilient to starvation, and to the brief current interruption 332 
due to potentiostat failure on day 209. 333 
 334 
3.3 Electrochemical analysis 335 
Cyclic voltammetry analysis (Fig. 3) suggested the development of the cathodic biofilm over 336 
time, which was further confirmed by SEM imaging (Fig. S7). Indeed, the potential required for 337 
the hydrogen evolution reaction (HER) increased over time, being about -1.0 V and -0.7 V on 338 
days 0 and 183, respectively (Fig. 3), indicating increasing catalytic activity in the electrogenic 339 
biofilm, supporting previous reports [20,32]. However, the HER over-potential slightly increased 340 
on days 183-225, likely due to electroactive community impairment following starvation on days 341 
206-219. Additionally, the more narrow CV curve on day 225 compared to day 183 indicates 342 
lower capacitance, and, thus, lower biofilm density on the electrode [33].  343 
 344 
First derivative analysis showed the evolution over time of redox-active compounds, potentially 345 
mediating electron transfer between the electrode and microorganisms. The reductive peak 346 
detected at about -0.5 V on day 0 (Fig. 3), is likely due to traces of electroactive impurities on the 347 
electrode surface. On day 47, after six fed-batch cycles with bicarbonate, two further peaks 348 
appeared at a potential of -0.205 and -0.868 V, respectively. The peak at -0.205 V suggests the 349 
presence of membrane-bound cytochromes used by electroactive microorganisms for electron 350 
transfer [21]. The oxidation peak detected at -0.287 V (Fig. S8) on the same day may suggest a 351 
reversible (or quasi-reversible) redox system compatible with cytochromes, suggesting that 352 
hydrogen evolution at the electrode was catalysed by electrotrophic microorganisms (Section 353 
3.4.1). Interestingly, on day 183 the peak at -0.205 appears to overlap with another reductive peak 354 
at -0.297 V. Such a peak, detected when feeding CO2 but missing when feeding bicarbonate, 355 
indicates the presence of further electron shuttles involved in the electron transfer chain for acetic 356 
acid or even butyric acid production. Indeed, butyric acid was detected on day 183, but not on 357 
day 47. However, further studies are required to confirm this preliminary result. 358 
 359 
On day 183, the reductive peak at -0.583 V could be the same peak detected at -0.868 V on day 360 
47, suggesting the presence of electroactive compounds involved in hydrogen production, shifting 361 
toward positive potential over time due to the increasing electro-catalytic activity of the biofilm. 362 
Tahir et al. [34] obtained a similar peak in a CO2-fed MES reactor, although at a slightly higher 363 
potential (-0.557 V), which can be attributed to the better catalytic effect of their MXene-coated 364 
cathode than the bare carbon felt used in this study. Neither peak at -0.583 nor -0.297 V, however, 365 
was detected on day 225, when much lower acetic acid, and no butyric acid, was detected (Fig. 366 
2). 367 
 368 
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 369 
Figure 3. Cyclic voltammetry analysis at different time intervals. The voltage interval was from 370 
0 to -1.2 V when the analysis was performed on days 0 and 47, but the negative end was set to -371 
1.0 on days 183 and 225 due to potentiostat overload. The small squares represent details of the 372 
first derivative of the reduction sweeps, oxidation sweeps are available in the Supplementary 373 
Information (Fig. S8). CV analysis was done in four replicate cycles, and results reported refer to 374 
the third cycle. 375 
 376 
3.4 Microbial community analysis 377 
3.4.1 Evolution of the planktonic microbial community 378 
Alpha diversity analysis revealed significantly increased richness and reduced evenness in the 379 
planktonic community at day 47 (Fig. 4). However, no significant change in Shannon Entropy 380 
occurred. Differential taxa analysis revealed the abundance of several taxa belonging to 381 
Bacteroidetes, Synergystetes and Firmicutes increased during days 0-47 (Figs. 4 and S9). Among 382 
Bacteroidetes, ASVs belonging to the Rikenellaceae family, which was previously associated 383 
with hydrogen production in biocathodes [35], significantly increased (Fig. S9). This suggests 384 
that Rikenellaceae catalysed hydrogen production at the cathode electrode. Since hydrogen was 385 
not detected, it is plausible that it was utilised syntrophically by acetogenic Clostridiales 386 
(Firmicutes) such as Acetobacterium and Acetoanaerobium, which also increased significantly 387 
during the same period (Fig. 4). Representatives from both genera use hydrogen as electron source 388 
for acetic acid production from bicarbonate [31,36].  389 
 390 
BESA addition on day 0 significantly reduced the abundance of methanogens, such as the 391 
acetotrophic Methanosaeta (Fig. S9). However, the relative abundance of Methanobrevibacter, a 392 
hydrogenotrophic methanogen, increased by day 47, (Fig. 4), explaining the traces of methane in 393 
the cathode headspace and suggesting BESA does not entirely inhibit the methanogenic 394 
community. Methanobrevibacter was previously identified in MES reactors, despite BESA 395 
addition and low methane production. It was speculated that this genus can obtain energy by 396 
catalysing hydrogen production at the cathode [31]. Similarly, Patil et al. reported trivial methane 397 
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production and suggested that Methanobacterium was pushed towards hydrogen production by 398 
the excess of reducing equivalents at the cathode [32]. 399 
 400 
Changing the carbon source from bicarbonate to gaseous CO2 on day 47 increased the 401 
environmental pressure on the microbial community, resulting in significantly reduced alpha 402 
diversity (Fig. 4). Clostridiales significantly increased during this phase, suggesting their 403 
involvement in acetic and butyric acid production (Fig. 2). A significant increase in ASVs 404 
assigned to the Ruminococcaceae family was observed, in particular Oscillibacter sp. and 405 
Caproiciproducens sp. (Fig. 4), which strongly indicates their role in butyric acid production. 406 
Indeed, the Caproiciproducens galactitolivorans genome includes genes encoding Butyril-CoA 407 
synthesis [37], confirming its capacity for butyric acid production. Although no direct evidence 408 
is available on its involvement, Oscillibacter sp. were found relatively more abundant 409 
concomitantly with middle-chain fatty acid production pathways [38,39]. 410 
 411 
On days 183-206, continuous CO2 sparging resulted in further reduced alpha diversity (Fig. 4), 412 
indicating the emergence of a highly specialised community. The relative abundance of 413 
Clostridiaceae further increased, whereas Ruminococcaceae significantly declined (Fig. 4). This 414 
included ASVs classified in the Oscillibacter genus, whereas ASVs belonging to the 415 
Caproiciproducens genus continued to increase (Fig. 4). Since butyric acid was not produced 416 
during this stage, it can be concluded that Oscillibacter sp. was the main producer on days 47-417 
183. Besides Clostridiales and Ruminococcaceae, only Sulfurospirillum sp. (Campylobacterales) 418 
significantly increased from day 183 to day 206 (Fig. S9). Sulfurospirillum sp. is a microaerobic 419 
organism commonly found among the cathodic communities in MES [20,40], and a role as an 420 
oxygen scavenger has been speculated, although it also grows on acetic acid using hydrogen as 421 
electron donor [41]. Both are possible in this case, since the acetic acid concentration in the 422 
catholyte was as high as 6.2 g/L (Fig. 1), and both hydrogen production at the cathode (Fig. S6) 423 
and oxygen production at the anode increased as a response of the current increase (Fig. 2).  Some 424 
oxygen diffused to the cathodic chamber through the membrane, resulting in concentrations of 2-425 
4% in the headspace. Such oxygen intrusion, together with BESA addition on day 171, resulted 426 
in fewer archaea (Fig. S9) and lower methane production (Fig. S4). This suggests low oxygen 427 
concentrations may benefit MES, as far as oxygen-scavenging species protect the strictly 428 
anaerobic members of the electotrophic community. 429 
 430 
Discontinuing the CO2 supply on days 206-219 lowered the relative abundance of autotrophic 431 
Clostridium and Methanobrevibacter sp. (Figs. 4 and S9). This interrupted acetic acid production 432 
(Fig. 1), and acetate was likely consumed by Methanosaeta sp. (Fig. S9). The development of the 433 
methanogenic community was likely promoted by the current interruption caused by the 434 
potentiostat failure on day 209, since it was previously reported that open-circuit operation of 435 
MES reactor promotes methanogenesis [42]. 436 
 437 
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 438 
Figure 4. (A) NRI and NTI phylogenetic clustering analysis (See the Supporting Information 439 
Section SI 1.3) for details), Pielou’s evenness, rarefied richness and Shannon Entropy (Lines of 440 
significance depict significant differences as follows: * (p < 0.05), ** (p < 0.01), or *** (p < 441 
0.001) based on ANOVA); (B) Taxa plots representing the 25 most abundant microorganisms on 442 
the planktonic community over time; (C) Heat trees depicting taxa (identified by differential taxa 443 
analysis available in Supplementary Table 1), which are up- or down-regulated between samples. 444 
The brown colour indicates higher abundance in the latter sample. Cut outs of the Clostridiales 445 
are presented for ease of use. Whole trees are available in the Supplementary Information (Fig. 446 
S9). 447 
 448 

 449 
3.4.2 Comparison between the cathodic and planktonic community 450 
After 225 days of operation, the carbon felt surface was covered with a total of 1.83 g of biofilm, 451 
with an average of 14.3 (± 3.5) mg/cm2, against 6.67 g of biomass (13.3 ± 0.8 g/mL) in planktonic 452 
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form. Among the top-25 families in the planktonic community, 16 were also abundant in the 453 
cathodic community (Figs. 4 and 5), suggesting the planktonic community may provide an 454 
estimation of cathodic community composition, which is often difficult to access during MES 455 
operation. Nonetheless, PERMANOVA (based on a comparison of all cathode samples to the 456 
final planktoic community) revealed significant (R2 = 0.195, P=0.001) differences in the final 457 
planktonic and cathodic communities. Local Contribution to Beta Diversity (LCBD) analysis also 458 
revealed significant differences between the final planktonic community and the microbial 459 
communities in seven of the eight cathode samples (Fig. 5).  460 
 461 
To identify differential taxa between the whole cathode community and the final planktonic 462 
community, all cathode samples were grouped and differential taxa analysis was performed. Very 463 
few bacterial species were more abundant in the cathodic than in the planktonic community (Fig. 464 
S10). Among them, the hydrogenic Rikenellaceae and the acetogenic Eubacteriaceae, as well as 465 
Sulfurospirillum sp., were strongly upregulated in the cathode, suggesting their active role in CO2 466 
reduction to acetic acid. Among acetogens, Eubacterium sp., rather than Acetobacterium sp., was 467 
significantly up-regulated on the cathode. Eubacterium sp. was recently shown to perform both 468 
acetogenesis via the Wood-Ljunghdal pathway and solventogenesis [18], and is therefore a 469 
suitable microorganism for MES. Interestingly, Oscillibacter sp. was more abundant in the 470 
cathodic community, whereas Caproiciproducens sp. was more abundant in the planktonic 471 
community (Fig. S10), suggesting mediation in differential butyric acid production pathways. 472 
Therefore, the capability of Oscillibacter sp. for butyric acid production by direct electron transfer 473 
requires more investigation. 474 
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 475 
Figure 5. (A) Schematic illustrating the cathode sections sampled; (B) Local Contribution to Beta 476 
Diversity (including the final planktonic community) and PcoA (cathode samples only) using the 477 
Bray-Curtis distance metric. Lines of significance depict significant differences as follows: * (p 478 
< 0.05), ** (p < 0.01), or *** (p < 0.001) based on ANOVA. When all cathode samples were 479 
grouped together and compared to the final planktonic community PERMANOVA revealed the 480 
cathode and planktonic communities to be significantly (P=0.001***) different; (C) Top 25 most 481 
relatively abundant taxa in the cathode samples. 482 
 483 
3.4.3 Spatial variation in the Cathodic Community 484 
Significant differences were observed in alpha diversity of cathode samples, and beta diversity 485 
analysis revealed highly significant (p = 0.001) localised clustering (Fig. 5). Clustering revealed 486 
separation between the top and bottom of the cathode. Only one study previously evaluated the 487 
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spatial distribution of the cathodic community in MES, reporting no statistically significant 488 
differences between the top, middle and bottom of a carbon cloth electrode [43]. However, the 489 
analysis was performed on a methane-producing MES reactor, with a community overwhelmingly 490 
dominated by Archaea (97% relative abundance). Furthermore, the analysis was performed on 491 
the core taxa (OTUs present in all samples at >0.1% relative abundance), whereas, in this study, 492 
an ASV-based analysis (which gives variants even down to one nucleotide difference) was 493 
implemented, which indicated that communities are more heterogeneous.   494 
 495 
SPLS-DA analysis revealed 105 discriminant ASVs among the different cathode locations (Fig. 496 
S11). Several microorganisms appear associated with the top of the cathode, including 497 
Methanobrevibacter, Oscillibacter, Eubacterium, Desulfovibrio and Sulfurospirillum among 498 
others. Both Desulfovibrio sp. and Sulfurospirillum sp. have been reported as members of the core 499 
microbiome for CO2 reduction to acetic acid, together with Acetobacterium sp. [44] Furthermore, 500 
Desulfovibrio sp. was hypothesised to accept electrons from the cathode using cytochromes, 501 
formate dehydrogenase and hydrogenases [44], and has been shown to produce hydrogen in MES 502 
systems [45], which could explain its higher abundance on the top of the electrode, in proximity 503 
to the current collector. Interestingly, Sulfurospirillum abundance negatively correlated with 504 
distance from the current collector, suggesting non-homogeneous hydrogen production on the 505 
cathode surface, with higher production in proximity of the collector. 506 
 507 
Genus-level co-occurrence analysis on cathode samples revealed several sub-communities (Fig. 508 
S12). Two genera, Acetobacterium and Methanobrevibacter (brown-shaded sub-community in 509 
Figure S12), displayed most connections with other genera, indicating their potential function in 510 
shaping the cathode community. More specifically, Acetobacterium correlates positively with 511 
Sulfurospurillum, (further highlighting their potential syntrophy) and negatively with Clostridium 512 
sp., among others, suggesting competition between the two microorganisms. Acetobacterium was 513 
abundant in the cathodic community of acetic acid producing MES reactors [10,20,46] and 514 
hypothesised as the primary carbon fixer in MES communities [44]. Methanobrevibacter also 515 
correlated positively with Sulfurospurillum, and negatively with Clostridium sp., as well as 516 
Caproiciproducens, Methanobacterium, and Oscillibacter, among others. Highly abundant 517 
Acetobacterium and Methanobrevibacter spp. were reported in MES under acetogenic conditions 518 
[47] indicating this relationship may not be unique to our system. It is possible that 519 
Methanobrevibacter and Acetobacterium influenced the community by regulating localised 520 
hydrogen, CO2 and acetate concentrations at the cathode interface, supporting micro-521 
environments and inducing spatial heterogeneity in the microbial community. 522 
 523 
4. Conclusions 524 
This study shows that higher acetic acid production rates can be achieved feeding MES reactors 525 
with gaseous rather than soluble CO2. Continuous CO2 sparging resulted in the highest acetic acid 526 
production rate of 9.68 g/m2/d, whereas intermittent sparging is necessary to trigger butyric acid 527 
production. A novel approach to microbial community analysis, based on significant differences 528 
between communities at ASV level, provided explicit information on the role of microorganisms 529 
underpinning acetic and butyric acid production in the MES cell. Combined with co-occurrence 530 
network and CV analysis, this revealed hydrogen-mediated acetogenesis was mainly carried out 531 
by Clostridium, Eubacterium and Acetobacterium, whereas Oscillibacter and Caproiciproducens 532 
were involved in butyric acid production. Planktonic community analysis may provide an 533 
estimation of the species dominating the cathodic community, typically difficult to access in MES 534 
reactors. Spatial inhomogeneity of the microbial community on the cathode surface was attributed 535 
to differential hydrogen, CO2 and acetic acid concentrations on the electrode interface. This can 536 
represent a barrier when scaling-up bioelectrodes, and suggests multiple connections are required, 537 
in full-scale electrodes to promote the establishment of an homogeneous biofilm. 538 
 539 
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