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A B S T R A C T   

The synthesis of value-added compounds other than acetate at high rates while utilizing cheap electrode ma
terials is one of the current difficulties faced in microbial electrosynthesis. The present study investigated the 
production of higher chain volatile fatty acids from the reduction of ethanol and CO2 using unmodified carbon 
felt at different negative cathode potentials viz. − 0.8, − 1.0 and − 1.2 V vs Ag/AgCl. Propionic acid was produced 
as secondary main product after acetic acid. The applied voltage of − 1.2 V reported the highest amount of acetic 
acid with production rates of 949 mg L− 1 d− 1 (15.81 mM d− 1). The increased cathode potential from − 0.8 to −
1.2 V enhanced the maximum acetic acid production. The maximum acetic acid production achieved at a voltage 
of − 1.2 V was 1.72 and 1.17 folds higher than MES operation at − 0.8 and − 1.0 V, respectively. Highest amount 
of propionic acid with the production rates of 322 mg L− 1 d− 1 (4.34 mM d− 1) was obtained at − 1.0 V, which was 
1.20 and 2.12 times higher than the MES operation at − 0.8 and − 1.2 V, respectively. Scanning electron mi
croscopy revealed dense biofilm and strong attachment of diverse microorganisms on the biocathode.   

1. Introduction 

The concentration of carbon dioxide (CO2) in the atmosphere has 
been steadily rising over the past decades, and it is a major contributor 
to global warming [1]. Capture of carbon and production of fuels or 
chemicals from CO2 is a key strategy to achieve a carbon-neutral econ
omy. One of the most promising processes for reducing CO2 into 
methane, volatile fatty acids and alcohols is microbial electrosynthesis 
(MES) [2,3]. Bio-cathodic microorganisms of electrochemical cells aid in 
the transfer of electrons during the MES process, which in turn reduces 
CO2 into fuels and chemicals [4–6]. Generally, in MES, abiotic genera
tion of oxygen (oxidation) occurs at the anode (Eq. (1)), and reduction of 
CO2 or any other compound occurs at the cathode (Eqs. (2)–(5)) [3]. 
This process requires an external power supply to drive the chemical 
synthesis. 

At anode 

H2O→2e − + 2H+ +O2;E′

0 = − 0.82 V vs SHE (1) 

At cathode 

CO2+ 7H+ + 8e − →CH3COO − + 2H2O;E′

0 = − 0.28 V vs SHE (2)  

2H+ + 2e − →H2;E′

0 = − 0.41 V vs SHE (3)   

CO2 + 4 H2 → CH3COO- + H+ + 2 H2O                                           (4) 

CO2+ 8H+ + 8e − →CH4+ 2H2O;E′

0 = − 0.24 V vs SHE (5) 

Nevin et al. [7] investigated the proof of principle of MES from CO2 
using pure culture (Sporomusa ovata) as biocatalyst. Acetate and 2-oxo
butyrate were produced using a negatively poised graphite cathode; at a 
potential of - 0.4 V vs SHE. After this study, researchers employed mixed 
cultures from different anaerobic sources for electroreduction of CO2 to 
methane and value-added chemicals at the biocathode [8,9]. Further 
improvements in production rates of VFAs were carried out by using 
electrodes of different materials including chemically modified 
carbon-based electrodes, like carbon rod or stick, carbon felt, carbon 
cloth, reticulated vitreous carbon (RVC), etc. [9–13]. 

Even after numerous research on MES only the primary organic 
compound acetate has been observed as a major product of CO2 
reduction [14]. Since, acetate (C2) has a low market value compared to 
the medium chain carboxylic acids (C4-C6) [15,16]; researchers should 
now shift their focus on expanding the product spectrum. 

First instance of chain elongation from CO2 was demonstrated by 
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Ganigué et al. [17] in which butyrate was obtained using mixed culture 
in MES, at a rate of 0.04 g L− 1 d− 1. Following this, another study 
attempted to achieve butyrate in a tubular MES configuration [14]. They 
reported that butyrate was the major product, and the production rate 
was 0.16 g L− 1 d− 1, when MES was operated at an initial pH close to 5.0 
and hydrogen partial pressure greater than 1 atm. Furthermore, Vassilev 
et al. [18] reported the production of medium chain carboxylic acids; 
0.042 g L− 1 d− 1 of isobutyrate, 0.072 g L− 1 d− 1 of nC4 and 0.038 g L− 1 

d− 1 of nC6 and corresponding alcohols such as isobutanol, n-butanol, 
and n-hexanol which were also produced in trace quantities. However, 
acetate was still the predominant product synthesized at a rate of 
0.141 g L− 1 d− 1 [18]. Although medium chain fatty acids are obtained 
in MES from CO2, the low product titre and production rates are a 
hindrance to achieve sustainability. 

On the other hand, some researchers have used additional electron 
donor such as ethanol, acetate etc. [19,20]. In this context, a long-term 
continuous bioelectrochemical chain elongation from CO2 and acetate 
utilising a mixed microbial culture was reported by Raes et al. [20]. In 
this study, the maximum production rate of butyrate was around 
0.54 g L− 1 d− 1 at an applied cathodic current of 9.3 A m− 2 [20]. Addi
tionally, it was reported that caproate production from acetate and CO2 
was observed but at very low rates (0.07–0.18 g L− 1 d− 1). Moreover, 
usage of ethanol alone as electron donor in cathode chamber of MES is 
not sufficient to produce MCCAs, because the chain elongating bacteria 
like Clostridium kluyveri, require inorganic carbon or CO2 and organic 
carbon for their cell synthesis [21,22]. Recently, Jiang et al. [19] 
demonstrated caproate synthesis from ethanol and CO2 in MES. They 
reported the final concentration of caproate as 7.66 g L− 1 and a 
maximum production rate of 2.41 g L− 1 d− 1. 

Furthermore, by increasing the negative potential, more electrons 
could be provided to the bacteria which in turn can increase the pro
duction of organic molecules [23]. However, as there is a cost associated 
with each unit of electrical energy supplied to MES, the operating cost 
rises with the increase in applied potential. This highlights the need for 
electrode potential tuning to effectively produce organic compounds 
using MES. The productivity of the process can be significantly increased 
by optimising this parameter, which controls the bioelectrochemical 
processes occurring in the cathodic chamber of a MES [24]. 

From this perspective, our current study is aimed to understand the 
influence of applied potential in MES under optimal conditions obtained 
from previous experiments. In our previous mixed culture study, design 
of experiments was carried out in serum bottles for optimizing the 
operating conditions such as pH, ethanol concentration, and hydrogen 
partial pressure (data not shown). The optimal values viz. pH 7.15, 
ethanol concentration 2318.7 mg L− 1 obtained in the serum bottles ex
periments were chosen for the present batch MES study. The hypothesis 
of this study is that ethanol addition along with CO2 in the presence of 
electroactive-bacteria under different operating voltages can enhance 
the production rates of VFA and chain elongation above acetate [25]. 

2. Materials and methods 

2.1. MES reactor setup 

A double chambered microbial electrosynthesis cell (MES) was 
fabricated using acrylic sheets (Fig. S1). Both anode and cathode 
chamber had a working/total volume of 280/400 mL and was separated 
by a proton exchange membrane (Nafion117, Vinpro Technologies, 
Hyderabad). Before use, the Nafion117 sheet was pretreated by boiling 
(at 70 ◦C) sequentially in 30% H2O2, deionized water (pH 7.2), 
0.5 M H2SO4, and again deionized water each for a duration of 1 h to 
increase the porosity [27,28]. Pt coated Ti wire of 1.6 mm diameter and 
50 mm length was used as the anode material (ipgi Instruments, Chen
nai). Pt coated Ti wire weaved through carbon felt (Vinpro Technolo
gies, Hyderabad) with the dimensions of 3.5 cm × 5.7 cm (approximate 
projected surface area of 20 cm2) was used as the cathode material. The 

porosity and conductivity of the carbon felt used were 96% and 
2.85 S cm− 1, respectively. 

Prior to use, the carbon felt and Pt-coated Ti wire was pretreated 
using 1 M HCl for 24 h and followed by 1 M NaOH for further 24 h to 
remove any impurities and to open the active reactive sites on the 
electrode surface [28]. Pt-coated Ti wires were used to establish the 
connecting electrodes as current collectors. The electrodes were dipped 
completely in anolyte and catholyte respectively and catholyte mixing 
was done with the help of magnetic stirrer. Composition of the catholyte 
used in this study: was 0.2 g L− 1 of NH4Cl, 0.04 g L− 1 of MgCl2.6 H2O, 
0.015 g L− 1 of CaCl2,6 g L− 1 of Na2HPO4, 3 g L− 1 of KH2PO4 and the 
anolyte contained 44 mg L− 1 of Na2HPO4 and 25 mg L− 1 of 
KH2PO4[11]. Trace elements of concentration 1 mL L− 1 (DSMZ 320) 
and vitamins 2.5 mL L− 1 (DSMZ 141) were added to the catholyte to 
supply adequate nutrients required for the growth of microbes. Butyl 
rubber septa (Vohra rubber hoses, Chandigarh) was employed to avoid 
air entrance and ensure an anaerobic environment at both the chambers. 

2.2. Culture enrichment 

Anaerobic sludge collected from an anaerobic wastewater treatment 
plant was subjected to heat treatment at 85 ◦C for two hours to suppress 
the thermal-intolerant methanogens [29]. After heat treatment, 5 mL of 
sludge was used as inoculum to enrich homoacetogens in serum bottles 
by growing them at optimum conditions pH 7.15 and ethanol concen
tration 2318.7 mg L− 1. 

2.3. MES reactor operation 

The work was divided into two stages (1) startup phase and (2) in
fluence of applied potential on MES reactor under optimal operating 
conditions. The startup phase began with a decrease in step-wise applied 
potential to acclimate electroactive bacteria to the current [30]. 
Enriched culture with a 25% of working volume was used as inoculum in 
the cathodic chamber of the MES setup. 

Pure CO2 gas was purged into the cathodic chamber of MES at the 
rate of 10 mL min− 1 for 60 min, once in every three days, as the carbon 
source. The flow rate of CO2 gas was selectively kept low to avoid dis
rupting the biofilm that had grown on the cathode surface. The anolyte 
was flushed with N2 gas continuously to avoid oxygen bubbles forming 
at the surface of the anode and dissolved oxygen crossover to the cath
ode chamber [31]. A gas bag (0.5 L) filled with N2 was connected to the 
cathodic chamber outlet, to ensure anaerobic condition and for gaseous 
sample collection. In the second stage, the reactor was operated at 
different applied potentials viz. − 0.8, − 1.0 and − 1.2 V vs Ag/AgCl, at 
optimal operating conditions such as pH of 7.15 and ethanol concen
tration of 2318.7 mg L− 1. Also, pure CO2 gas was sparged for 60 min, 
once every four days. The CO2 feeding was considered as a cycle and the 
reactor was operated at each potential till the VFA production was sta
ble. The MES reactor was operated at a room temperature of 27 ± 5 ◦C. 
The experiments were carried out under dark conditions to avoid pho
totrophic activity [11]. 

2.4. Electrochemical analysis 

Because of the consistent formation of a biofilm with more electro
chemically active microorganisms on the cathode, the bio
electrochemical activity of the biocathode improves over time. By using 
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 
(CV) at various points in time, these specific processes can be accurately 
explored in MES systems. These electrochemical investigations were 
carried out in MES using a Potentiostat (Autolab, Metrohm, India). The 
anode was used as a counter electrode, and the biocathode was used as a 
working electrode, whereas the potentials were poised over an Ag/AgCl 
reference electrode (+288 mV vs. SHE, TES instruments, Chennai, 
India). CV analysis was carried out in potentiostatic mode with an 
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applied potential window of − 1.2–1.2 V at a scanning rate of 1 mV/s. 
Electrochemical impedance spectroscopy (EIS) was conducted with an 
applied cathode potential of − 1.0 V vs. Ag/AgCl, with a voltage 
amplitude of 5 mV and a frequency range from 100 kHz to 10 mHz [32]. 
The EIS circuit fit circle method was employed in NOVA 2.0 software to 
analyze the solution and charge transfer resistance. 

2.5. Scanning electron microscopy of biocathode 

The surface morphology of the biofilm developed on the cathode in 
MES was examined using focused ion beam scanning electron micro
scopy (FIB-SEM, IIT Hyderabad, India). At the end of the experiments, 
the biocathode was carefully removed from MES, cut into small pieces, 
and prepared for biofilm imaging. The carbon felt sample was prepared 
as per the previous literature for FIB-SEM analysis [33]. 

Furthermore, the biofilm-containing bacteria were initially fixed by 
adding a few drops of 2% glutaraldehyde to each piece of biocathode 
and stored in a refrigerator at 4 ◦C for 24 h. After that, an alcohol-based 
dehydration method was adopted, using ethanol in different concen
trations such as 25%, 50%, 75%, and 100% using milli pore water as the 
dehydrating agent. The ethanol-washed samples were allowed to dry in 
a petri dish for several hours. Later, gold was sputter deposited over each 
piece for 6 s. Then, the dry samples were placed on a pin mount using 
conductive carbon tape. FIB-SEM analysis was carried out at different 
magnification levels. 

2.6. Analytical methods 

Liquid samples of 5 mL were taken out of the cathode compartment 
through a rubber stopper using a 5 mL syringe. Firstly, the pH of each 

sample was determined using research grade pH meter (Hanna and 
HI5221). After that, the liquid samples were filtered through a 0.22-µ 
PVDF syringe filter and were stored at a temperature of − 20 ◦C. Sam
pling and replenishment of fresh medium were done during the CO2 gas 
feeding to avoid O2 interference. The amount of volatile fatty acids 
(VFAs) in liquid samples was measured using a gas chromatograph (GC- 
FID, Bruker SCION TQ) with a flame ionization detector and a 
0.25 mm × 30 m column (DB SWAX) utilizing helium as the carrier gas. 
A temperature program of 250 ◦C, 200 ◦C (100 ◦C for 1 min, 
100–200 ◦C with a ramping of 15 ◦C/min, holding 200 ◦C for 2 min), 
and 250 ◦C was used for the injector, column-oven and detector, 
respectively. Total Organic Carbon (TOC-L) Analyzer was used for the 
Total Inorganic Carbon (TIC) analysis and the bicarbonate consumption. 
Also, 5 mL gas samples were taken from the reactor headspace using a 
5 mL gas-tight syringe. Gas samples were taken from gas bag connected 
to the outlet of the cathode chamber and analysed for gas composition 
using a gas chromatograph (Agilent micro GC 490, TCD detector). H2, 
N2, O2 gases were analyzed using Mol Sieve 5 A with a temperature 
program of 70 ◦C, 40 ◦C, 40 ◦C used for the injector, column-oven and 
detector, respectively. In parallel, CO2 was analysed in PoraPLOT U 
column with a temperature program of 52 ◦C, 130 ◦C, 130 ◦C used for 
the injector, column-oven and detector, respectively. 

3. Results and discussion 

3.1. Microbial electrosynthesis of acetate and propionate 

The MES converted ethanol and CO2 into organic chemicals, majorly 
acetic acid and propionic acid. The production of VFAs and the con
sumption profiles of ethanol at initial pH 7.15 and ethanol concentration 

Fig. 1. VFA production and ethanol consumption profiles with time of operation in MES: (a) MES startup-pure CO2 as carbon source (− 0.8 V); (b) - 0.8 V, (c) − 1.0 V 
and (d) − 1.2 V vs Ag/AgCl (operating conditions for b, c and d: at initial pH of 7.15, ethanol concentration of 2318.7 mg L− 1, and CO2 feeding 10 mL per min for 
60 min for every 4 days). 
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of 2318.7 mg L− 1 are shown in Fig. 1. Before studying the influence of 
applied potential on VFA production, a batch experiment was performed 
with CO2 as the sole carbon source. The investigation was named startup 
MES (Fig. 1a), which was inoculated with culture enriched in serum 
bottles as mentioned in the above Section 2.2. The negative applied 
voltage was decreased by 0.1 V daily from − 0.1 to − 0.8 V in eight 
days. The slight decrement of cathode voltage of 0.1 V was adopted to 
make the electroactive bacteria acclimated to the current [30]. Gas of 
composition CO2:H2 (1:1), v/v was supplied at a rate of 10 mL per 
minute to the cathodic chamber of MES on 0th, 4th and 7th days. After 
that, only CO2 was fed for an hour at a rate of 10 mL per minute for every 
three days. The acetic acid production started from day 3 and steadily 
increased till day 16 (from 36 mg L− 1 to 1128 mg L− 1). A rapid increase 
was observed from day 17 to day 18 (from 1138 mg L− 1 to 1527 mg L− 1) 
and then slightly decreased with time. The main reason behind the 
decrement might be due to the consumption of acetic acid by VFA 
consuming bacteria in the mixed culture during MES [27]. The second 
reason might be due to lack of nutrients in the electrolyte solution at the 
end of the batch experiment, causing the inhibition of microbial activity 
and the bioconversion process. The maximum acetic acid production 
was 1527 mg L− 1 (maximum rate of production 389 mg L− 1 d− 1) which 
was observed on day 17. While acetic acid was the predominant product 
when pure CO2 was used as the sole carbon source, trace amounts of 
propionic acid and isobutyric acid were also observed. The maximum 
production of isobutyric acid was 19.02 mg L− 1 on day 15. Similarly, 

propionic acid production was observed on day 6 and then increased 
slowly as the operation progressed. It reached a maximum production of 
67.67 mg L− 1 on day 19. 

After the startup, the MES reactor was operated at different negative 
applied voltages under optimal operating conditions. The applied volt
ages of − 0.8, − 1.0 and − 1.2 V vs Ag/AgCl (+288 mV vs SHE) were 
chosen based on our previous published statistical data analysis [34] 
and were named as first, second and third batch experiments, 
respectively. 

In the first batch MES experiment, the cathodic chamber was inoc
ulated with enriched mixed culture (25% of working volume), and this 
followed a negative cathode voltage of − 0.8 V which was imposed 
using chronoamperometry. This experiment was divided into four cy
cles, and each cycle lasted for 4 days, which was chosen based on the 
substrate (CO2) feeding interval. Acetic acid production started on the 
3rd day, and a steep increment was observed up to the 10th day, and 
then the VFA productions declined (Fig. 1b). The cumulative acetic acid 
production was 1406 mg L− 1, which was achieved within ten days. 
Similar to the MES startup, after 10th day, it was consumed by VFA 
consuming microbes in the mixed community [27]. Interestingly, in this 
batch experiment, the propionic acid production started on day 5th and 
reached a maximum production of 1023 mg/l (351 mg L− 1 d− 1) on the 
same day as the highest acetic acid production was reported. Along with 
them, butyric acid (C4) was also observed but its concentration was 
below 100 mg L− 1. 

Besides that, trace quantities of medium chain fatty acids like valeric 
acid (C5), caproic acid (C6), and heptanoic acids (C7) were observed. 
The amount of bicarbonate consumption in the cycle 1 was 
20.33 mg L− 1 and it increased to 81.33 mg L− 1 in the cycle 4 during the 
VFA synthesis (Fig. 2). The electroactive bacteria consumed around 95% 
ethanol to produce VFAs in 12 days (Fig. 1b). The full utilization of 
ethanol for VFA production by bacteria, was in accordance with previ
ous studies [36,37]. Vasudevan et al. [35] used a two-year-old enhanced 
mixed culture and reported full ethanol consumption at day 20 
(11.4 g L− 1). According to Steinbusch et al. [36] an enriched mixed 
culture consumed all of the ethanol (4 g L− 1) within 40 days. In the 
present study, the results suggest that the VFA productions were ob
tained mostly from ethanol than CO2 based on the carbon mass balance 
calculations given in Table S1. The combination of CO2 and ethanol 
indicates the importance of ethanol addition to produce propionate. The 
production of the C3 compound from C1 and/or C2 might be due to the 
activity of chain elongation bacteria. The MES startup (CO2 alone) 
comparison with the first batch experiment (ethanol and CO2) 
confirmed that electroactive bacteria promoted chain elongation due to 
the addition of ethanol. Additionally, the MES batch experiment with 
ethanol resulted in reduction of startup time for chain elongation than 
CO2 feeding alone (Fig. 1). In the first batch experiment, the pH changed 
from its initial value of 7.15–6.20 over eight days (Fig. 3). The decre
ment of pH was due to the production of VFAs during the MES process. 
In this study, the final pH didn’t reach below 6, possibly due to bacterial 
metabolism and buffering capacity. Maybe due to the above reason, 
higher production rates of long-chain fatty acids were not observed. 
Between the days 9 and 14, the pH increased from 6.20 to 6.76; this 
might be due to VFA-consuming bacteria utilizing the early produced 
acids for their metabolism. 

The next batch experiment started after finishing the first batch 
experiment with a fresh medium with the same optimal operational 
conditions. Like the first batch experiment, 25% of enriched inoculum 
was added to the cathodic chamber of MES for carrying out the second 
batch experiment. The MES experiment was run for 18 days with a 
cathode applied voltage of − 1.0 V vs Ag/AgCl. The second batch MES 
experiment achieved the maximum acetic acid production of 
2074 mg L− 1 (442 mg L− 1 d− 1) and the highest amount of propionic 
acid production of 1228 mg L− 1 (322 mg L− 1 d− 1) over 13 days 
(Fig. 1c). The final ethanol concentration reached below 100 mg L− 1 

after 14 days of MES operation. Around 259 mg L− 1 of bicarbonate was 

Fig. 2. Amount of bicarbonate consumption during each cycle of MES.  

Fig. 3. pH profiles during MES operation at different applied voltages.  
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consumed between 8 and 12 days, which was much higher than the first 
cycle (105 mg L− 1) and second cycle (80.37 mg L− 1). Like the first batch 
study, butyric acid concentration never went above 100 mg L− 1

, and the 
other VFAs were produced in low quantities. The initial pH reduced to 

6.25 from 7.15 after eight days of MES operation, which was due to the 
accumulation of VFAs in the system. 

Like the first and second batch experiments, the same procedure was 
followed for the third batch experiment, and a cathode voltage of 
− 1.2 V was imposed. Production of acetic acid and propionic acid 
slowly started from day 4, it was consistent in production till day 7 and 
then suddenly increased to 2424 mg L− 1 between days 7 and 10 
(Fig. 1d). It depicted the highest acetic acid production rate of 
949 mg L− 1 d− 1 when compared to first batch experiment (423 mg L− 1 

d− 1) and second batch (442 mg L− 1 d− 1). The accumulation of acetic 
acid resulted in pH drop down to 5.7 from the initial pH 7.15 after 12 
days of MES operation. Propionic acid production reached a maximum 
of 580 mg L− 1 (maximum production rate of 110 mg L− 1 d− 1), which 
was low compared to the second batch experiment. The ethanol con
sumption was around 97.35% over 18 days of MES operation. The bi
carbonate consumption reached maximum of 312 mg L− 1 in eight days, 
and this was the main reason for production of such a higher rate of 
acetic acid production during second cycle. 

The carbon recovery was calculated using mass balance; carbon 
provided to the MES system and carbon present in the product 
(Table S1). The percentage of carbon recovery obtained in the present 
study was 100.5, 108.5 and 103.9 for the MES cells operated with 
− 0.8 V, − 1.0 V and − 1.2 V, respectively. The calculated percentage 
was higher than 100% due to consumption of CO2 available in the gas 
bag connected to cathode chamber and direct utilization of the gas while 
feeding. 

In the present study, a volumetric acetate production rate of 
15.81 mM d− 1 (0.95 g L− 1 d− 1) was obtained with carbon felt electrode 
and made a comparison with previously published studies was 
mentioned in the Table 1. 

This rate was higher than most of the other MES studies [32,38–40] 
but slightly lower than the MES cell used graphite granules 17.25 mM 
d− 1 (1.04 g L− 1 d− 1) [40]. The higher production rates and chain elon
gation was achieved due to (1) addition of external electron donor along 
with CO2 for the electrosynthesis and (2) operation of MES reactor at 
optimized conditions. 

Summarizing, the acetic acid production was higher in the case of 
MES operated at − 1.2 V than the other imposed potentials. Since this 
study targeted the production of higher chain carboxylic acids produc
tion, the cumulative production of propionic acid profiles suggests 
− 1.0 V as best imposed potential for the reduction of ethanol and CO2 
in a dual chambered MES. 

Table 1 
Results obtained in earlier studies performing MES of VFAs. All studies were performed using carbon felt (CF) as cathode.  

References Voltage/ 
potential (V) vs. 
SHE 

Current 
density 
(A m¡2) 

Source of inoculum Surface area of 
CF, cm2 

Maximum acetate 
titer, g L¡1 

Acetate, mM 
d¡1 

Other products 

MES from CO2       

Min et al.[37] -0.903 -2.96 Sewage treatment 
plant 

4.5 × 4.5 4.7 2.35 H2 

Jiang et al.[10] -0.953 -19 Sewage treatment 
plant 

7.0 × 7.0 0.095 6.58 H2 and methane 

Patil et al.[38] -1.26 -5 Enriched mixed 
culture (UASB) 

4 1.29 1 H2 

Song et al.[31] 3 4 Mixed culture 5 × 5 7.8 4 NA 
Bajracharya et al. 

[26] 
-0.9 10 Mixed culture 2 * 5 × 3 0.6 1.3 H2 and CH4 

Bajracharya et al. 
[39] 

-0.78 -15 mA cm− 2 Mixed culture 2 * 10 (circular) 2 2.34 Ethanol and butyrate 

MES from CO2 and ethanol       
Current study -0.51 

-0.71 
-0.91 

-0.01 mA cm− 2 

-0.02 mA cm− 2 

-0.31 mA cm− 2 

Enriched mixed 
culture 

5.7 × 3.5 1.4 
2.07 
2.42 

7.05 
7.36 
15.81 

H2, propionic acid and 
butyric acid 

Note: UASB: upflow anaerobic sludge blanket reactor; NA: Not available; SHE: Standard hydrogen electrode 

Fig. 4. Current density of MES during different applied voltage operation (Ag/ 
AgCl (0.1 M KCl) as reference electrode). 

Fig. 5. Cyclic voltammetry graphs: for second batch MES operation at all stages 
(Scan rate of 1 mV/s recorded with respect to SHE as reference electrode). 
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3.2. Influence of applied voltage on VFA synthesis 

Imposed potential affects the metabolic activity of electroactive 
bacteria. A study by [41] described an increase in intensity in cell 
rupture and a reduction in cell metabolism with increase in imposed 
potential [42,43]. Increase of cathode potential from − 0.8 to − 1.2 V vs 
Ag/AgCl, in the current study, enhanced the maximum acetic acid 
production. The maximum acetic acid production (at − 1.2 V) was 1.72 
and 1.17 folds higher than in the MES operated at − 0.8 and − 1.0 V, 
respectively. In contrast, the highest propionic acid production was 
achieved at − 1.0 V which was 1.20 and 2.12 times higher than the MES 

operation at − 0.8 and − 1.2 V, respectively. 
Also, the different negative applied voltage affects the beginning of 

VFA production (Fig. 1(b)-(d)). The more negative applied voltage had a 
higher lag time. These results indicate that higher H2 evolution at the 
cathode due to more negative cathode potential caused pH variation 
(Fig. 3), inhibiting a few microbial activities and reducing biofilm for
mation. Low negative imposed potential has more butyric acid pro
duction from ethanol and CO2 via microbial chain elongation. However, 
the product final concentration didn’t reach more than 100 mg L− 1. 

When operating at − 0.8 V, the MES reactor used less energy, or 1.53 
kWh mol− 1 of VFA produced, as opposed to 2.55 and 51.04 kWh mol− 1 

Fig. 6. Electrochemical impedance spectroscopy of cathode with: (a) Electrolyte; (b) Electrolyte with trace elements and vitamins; (c) Medium with ethanol; (d) 
Medium with ethanol and CO2; (e) After inoculation on 0th day; (f) After inoculation on 16th day, for MES operated at − 1.0 V. 
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at − 1.0 and − 1.2 V, respectively (Table S2). These results demonstrate 
how well the MES utilized the energy input for the production of VFA. 

The MES operated at − 0.8 V was observed to be more sustainable on 
utilization of coulombs to synthesize VFA. This batch experiment 
(− 0.8 V) has achieved a coulombic efficiency of 47.37%, which was 1.6 
and 15.7 folds higher than MES operated at − 1.0 V and − 1.2 V, 
respectively (Fig S2). These coulombic efficiencies were in agreement 
with previously reported studies, for instance Bajracharya et al. [39] 
obtained CE of 29.3% from CO2: N2 gas ratio (20:80), MES operated at 
− 0.8 V. Similarly, CE of 6.81% [6] and 38% [43] were obtained from 
bicarbonate in MES operated at − 0.8 V. 

3.3. Current density performance in MES 

The current density profiles of MES during operation at different 
negative applied voltages − 0.8, − 1.0 and − 1.2 V vs Ag/AgCl are 
shown in the Fig. 4. Increase in current density or current consumption 
led to the increased production of VFAs. After feeding CO2 gas, the 
current increased suddenly and got stabilized in the same cycle due to 
the consumption of bicarbonate by microorganisms while producing 
VFAs. 

The previous studies that used carbonate and/or CO2 as a carbon 
source at neutral pH to explore the MES of VFA noticed that the pattern 
of increase in current following the addition of carbon source was found 
to be consistent [44,45]. 

The maximum current density was recorded from MES operation at a 
negative applied potential of − 1.2 V followed by − 1.0 and − 0.8 V, 
which suggest that − 1.2 V is a best applied for production of total VFAs 
from CO2 and ethanol. The average current density was seen to be 0.009, 
0.022, and 0.315 mA cm− 2 in the MES operated with − 0.8, − 1.0 and 
− 1.2 V, respectively. The current consumption profiles of batch MESs 
correlate with the acetic acid production synthesized in this experi
mental study (Figs. 1 and 4). 

3.4. Electrochemical characterization of cathode 

Electrochemical characterization of cathode was done, using cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS), 
at different stages of MES operation. The maximum current response for 
bare electrode with medium and medium with trace elements and vi
tamins was 26.6 and 22 mA, respectively. The current response value 
was 1.16 folds higher after the inoculation of cathode chamber (day 0) 
compared to medium with ethanol. To further examine the electro
chemical kinetics of the cathode at each stage of MES, onset potential 
was determined from Fig. 5. The value of onset potential is taken as 
− 1 mA which is the point of intersection of two tangents drawn from 

the starting point of the negative current and from the location when the 
CV curve changes direction [44]. 

The bare electrode with electrolyte and biocathode after 16 days 
were observed to have an onset potential of − 0.295 and − 0.178 V, 
respectively. The onset potential was lower for the biocathode compared 
to bare electrode with electrolyte which can be attributed to the high 
electrochemical activity of microorganisms in the cathodic biofilm. 

Activation overpotential barriers in various stages at each stage of 
MES and the interfacial electron transport behaviour in the bioconver
sion reaction process were further studied using EIS. The real and 
imaginary components of impedance values are represented in the X and 
Y axes of a typical EIS plots, respectively. 

The Nyquist plot provides the details of solution resistance (Rs) and 
charge transfer resistance (Rct) by studying the interaction between the 
electrolyte and electrodes and the redox process. The maximum area of 
the semi-circle provides the value of Rct, and the distance between the 
origin of the Nyquist plot and the occurrence of the first impedance 
value at the X-axes can be used to determine the magnitude of Rs. The 
system with the lowest Rct value is regarded to have the lowest activa
tion energy demand for redox reactions since the magnitude of Rct is 
directly proportional to the activation energy. The Rct and Rs values 
increased with increase in all the stages of MES operation except at the 
end of experiment (Fig. 6(a)-(f)). The Rct value for the bare electrode 
with electrolyte system was observed as 17.79 Ω and it increased to 
59.9 Ω after the addition of inoculum to medium. At the end of the 
second batch MES, the Rct value was 66.69 Ω. On other hand, the Rs 
values obtained for bare electrode with electrolyte system and after 
inoculum were 1.17 Ω and 1.59 Ω, respectively. On 16th day the Rs 
value showed the lowest resistance around 0.33 Ω (Fig. 6f). 

This might be due to continuous growth of biofilm thickness on the 
cathode, detachment and accumulation of dead cell biomass in the 
electrolyte. These Rs values were found to be less than those previously 
reported, which were 2.8 Ω or 5.06 Ω respectively from a dual chamber 
MES with a Ni-PHF or Ni-PHF/CNT cathode [45]. 

3.5. Characterization 

3.5.1. Fourier-transform infrared spectroscopy (FTIR) 
The functional groups of carbon felt was identified using FTIR 

spectroscopy and the results are shown in Fig. 7. The absorption peaks of 
carbon felt were obtained at 535 cm− 1, 1024 cm− 1, 1382 cm− 1, 
1634 cm− 1, 2851 cm− 1, 2922 cm− 1 and 3429 cm− 1. The absorption 
peak at 1380 cm− 1 − 1385 cm− 1 corresponds to C-H bending (medium, 
alkane), 1600 cm− 1 − 1650 cm− 1 corresponds to C––C stretching (con
jugated alkene), 2840 cm− 1 - 3000 cm− 1 to C-H stretching (medium, 
alkane), 3200 cm− 1- 3550 cm− 1 to O-H stretching (strong, alcohol). 

3.5.2. Scanning electron microscopy 
The structural morphology of the carbon felt before and after the use 

as cathode in MES is as shown in Fig. 8. The unused and pretreated 
carbon felt was having clean threads and no deposition on the fibers 
could be observed in the Fig. 8(a)-(b). The FIB-SEM imaging (Fig. 8(c)- 
(d)) clearly shows biofilm growth, indicating a significant microbial 
attachment on the surface of the biocathode. 

The biofilm was consistent on the biocathode and uniformly 
distributed over the electrode surface. Also, it consists of multilayers 
with dense microbial formation on the electrode (Fig. 8e). The porosity 
of carbon felt might have allowed their growth in depth from the sur
face. FIB-SEM image of the biofilm on the biocathode of MES showed 
strong interaction between the electrode surface and electroactive mi
crobes (Fig. 8f). The formation of biofilm mainly due to applied potential 
on cathode positively affected the MES performance in terms of VFA 
production. 

Typically, the electron transfer occurs in three ways such as direct 
electron transfer (DET) from electrode surface, indirect electron transfer 
(IDET) via H2 and electron shuttles [3]. The absence of pili or nanowires 

Fig. 7. FT-IR spectrum of carbon felt.  
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from the microorganisms in the biocathode may point to an indirect 
electron transfer mechanism in which H2-mediated electron transfer is a 
potential route for electron uptake [44]. Also, hydrogen bubble forma
tion and its continuous movement upwards on the electrode surface was 
observed physically. The presence of various sizes and shapes of mi
croorganisms were clearly observed and depicted a different group of 
species involved in the transfer of electrons from electrode. However, for 
a clear understanding of the improvement in microbial electrosynthesis 
from ethanol and CO2, more thorough and in-depth genomic in
vestigations regarding the biofilm on the electrode would be necessary. 
In a study conducted by Li et al. [46] in MES with ethanol and CO2, 
microbial community analysis at genus level showed that Pseudoclavi
bacter was dominant with a higher relative abundance of 24 ± 8%, 

which mainly guided chain elongation as reported by Cheng et al. [47]. 
Also, the presence of acetogens such as Acetobacterium (10 ± 6%) and 
Acetoanaerobium (1–6%), might have been involved in CO2 conversion 
[48]. Anaerocolumna (9%) are reported to be capable of utilizing 
hydrogen [49] and Rummellibacillus are tolerant to ethanol and salt [50]. 
In the current study, there might be a similar existence of communities 
which might lead to the production of acetic acid and propionic acid 
from ethanol and CO2. 

3.6. Gas production and composition 

For the headspace gas analysis, 5 mL of samples were collected using 
gas tight syringe, at the end of MES operation. The gas profiles of reactor 

Fig. 8. FIB-SEM micrograph of (a) plain carbon felt, (b) magnified image of plain carbon felt, (c-d) biofilm on biocathode of MES and (e-f) magnified image of biofilm 
on biocathode of MES. 
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headspace gases are shown in the Fig. 9. The gas analysis revealed that 
there was no methane production in MES over 16 days of operation 
which might be due to the short time operation of MES and the change in 
medium pH from alkaline to acidic pH within six days due to VFA 
production and accumulation in the catholyte which inhibited the 
methanogenesis. Additionally, the H2 evolution at the surface of the 
cathode was seen continuously during the experiments. But H2 was not 
observed in the headspace, maybe due to leakage. CO2 and N2 were 
observed in the headspace. The oxygen generated at the anode was 
continuously expelled using N2 gas feeding. However, the existence of 
oxygen in the cathode indicates the possibility of cross over from anode 
to cathode. 

4. Conclusions 

This study investigated the influence of different negative applied 
voltage such as - 0.8 V, - 1.0 V and - 1.2 V on the MES of carboxylic acids 
production from CO2 and ethanol. MES operated under optimal condi
tions viz pH 7.15, ethanol concentration 2318.7 mg L− 1, obtained from 
serum bottles study, could produce acetic acid and propionic acid as 
main organic compounds. The applied voltage of − 1.2 V reported the 
highest amount of acetic acid production with production rates of 
949 mg L− 1 d− 1 (15.81 mM d− 1). Furthermore, the highest amount of 
propionic acid with the production rates of 322 mg L− 1 d− 1 (4.34 mM 
d− 1) was obtained at - 1.0 V applied voltage. The biofilm formation on 
the cathode enhanced the production rates and showed higher current 
densities. This study helps in selecting the optimal voltage for synthesis 
of chain elongated products from CO2 and ethanol in a dual chambered 
MES cell. Further studies on real industrial effluent containing ethanol, 
and under continuous MES operation, will be necessary to verify the 
products achieved here under batch operating conditions with synthetic 
wastewater. Current study demonstrated chain elongation from ethanol 
and CO2 using enriched mixed culture in a synthetically prepared me
dium. Real wastewater might pose more challenges which are not 
explored in the current study. A simultaneous bio-utilization of CO2 and 
ethanol has not been proven yet. Higher pressures can improve chain 
elongation, however the reactor design used in the current study could 
not withstand higher pressures. Further experimental research is needed 
for modified reactor design. 
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