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Abstract
The present study was aimed at producing enhanced and sustained bioelectricity from distillery wastewater in a double cham-
ber microbial fuel cell (MFC) by changing inter-electrode distance, inoculum and reactor volume. Using double chamber 
MFC with 1 L working volume, when the distance between the electrodes was kept shorter (1 cm), it generated power density 
of 1.74 W/m3, which was 42.5% higher than that of MFC with electrode spacing of 10 cm (1 W/m3). Using inoculum from 
different sources viz. garden soil (MFC-GS), wetland sediment (MFC-WS) and sludge from wastewater treatment plant 
(MFC-S), the highest open circuit voltage (OCV) of 0.84 V and power density of 2.74 W/m3 were produced by MFC-WS, 
which also showed sustained electricity production (1.68 W/m3) from the wastewater during a 10-day experiment. Relatively 
lower power density was generated from MFC-S (1.42 W/m3), while that from MFC-GS was the lowest (0.94 W/m3). Bio-
electricity generation and overall performance were then assessed using a smaller reactor size. Smaller working volume of 
MFC (250 ml) favoured greater production of power density (3.2 W/m3) than that with 1 L working volume (2.96 W/m3) 
with electrode distance of 1 cm. The present study was novel in selecting a suitable mixed-microbial inoculum out of the 
diverse sources screened and reducing resistance by sharply narrowing down inter-electrode distance and reactor volume, 
which led to significantly enhanced and sustained electricity generation from double chamber MFC.
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Introduction

Microbial fuel cells (MFCs) have emerged as a relatively 
newer option in the recent years performing the dual func-
tion of wastewater treatment and electricity production 
(Logan 2005). High organic load in various types of waste-
waters has been a major water pollution issue leading to 
development of different types of treatment technologies, 
mediated by different aerobic and anaerobic microbes. These 
conventional technologies, though effective, are costly and 
energy demanding, and mostly end up with toxic sludge 

generation. The MFCs, on the other hand, treat the organic 
substrate in the wastewaters through bio-electrochemical 
processes mediated by microorganisms which is cheaper and 
produce negligible sludge. Though MFCs show great prom-
ise for varied applications, yet there are certain bottlenecks 
and there is an urgent need to improve their performance 
for enhanced power density and pollutant removal from 
wastewaters to make it a commercially viable technology. 
For exploiting the MFCs for their maximum performance, 
optimization of operational parameters has been found to 
be important (Anam et al. 2020). Earlier researchers have 
focussed on MFC performance in relation to various opera-
tional parameters like pH (Kaushik and Chetal 2013; Singh 
and Kaushik 2020) temperature (Ren et al. 2017), conduc-
tivity (Karthikeyan et al. 2016), electrode material (Hamed 
et al. 2020), proton exchange membrane (Lee et al. 2015), 
inoculum type (Vázquez-Larios et al. 2011), catholyte (Wei 
et al. 2012), substrate type and concentration (Ullah and 
Zeshan 2020) and shown that power generation and COD 
removal from wastewater were enhanced by manipulating 
the parameters to optimal levels.
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Microorganisms growing in the wastewater in the MFC 
feed on the organic substrate and in the process release elec-
trons, which are utilized further in producing electricity. The 
type of microbial population in the biofilm plays a crucial 
role in both substrate degradation and power generation 
(Saratale et al. 2017). Microbial communities capable of 
transferring their electrons have been successfully estab-
lished from different sources of microbial inocula such 
as blended wastewater (Elakkiya and Niju 2021), sludge 
(Salar-Garcia et al. 2020), fresh sediment (Armato et al. 
2019), dye processing wastewater (Karuppiah et al. 2018), 
marine sediment (De Sá et al. 2017), manure (Pasupuleti 
et al. 2016) and compost (Cercado et al. 2013). Since, the 
type of microbial population in the biofilm plays a crucial 
role in both substrate degradation and power generation, the 
selection and suitability testing of inoculum source used in 
the MFC becomes important. Pure cultures of electrogens 
may be useful in high bioelectricity production in MFCs, but 
mixed consortia of microbes are more efficient practically 
as these are easier to obtain and handle. Using inoculum 
from different sources Mathuriya (2013) found mixed elec-
trogenic inocula to be more effective in producing higher 
current. Proper selection of inoculum has been found to play 
a key role in improving performance of MFC as stressed 
by (Logan 2008) and Srikanth et al. (2018). However, the 
presence of electrogenic microbes in mixed consortium have 
been seen to be highly affected over time due to growth of 
some non-electrogenic microbes, particularly methanogenic 
microbes. Selective treatment of inoculum has been found 
to suppress the methanogens using 2-bromoethane sulfonic 
acid (BESA) (Pasupuleti et al., 2015), aluminium dosing 
(Bagchi and Behera 2019) and several others, as critically 
reviewed by Jadhav et al. (2019).

The present study was aimed at enhancing the power 
output by altering some architectural features of MFC, 
such as distance between electrodes and reactor volume 
and selecting a suitable source of mix-microbe inoculum 
screened from diverse sources. Performance of a media-
tor-less and membrane-less microbial fuel cell was earlier 
reported to be improved when the electrodes were placed 
20 cm apart (Ghangrekar and Shinde 2007), while Sangeetha 
and Muthukumar (2013) reported 10 cm distance to favour 
better MFC performance when electrodes of 10–15 cm 
were used. The present study was designed for further nar-
rowing down the electrode distance to a minimal of 1 cm 
with an aim to improve the performance of the MFC by 
minimizing restrictions in proton transfer that are known to 
increase internal resistance. Reactor volume of MFC is also 
reported to influence resistivity (Clauwaert et al. 2008) in 
MFC. Power density was reported to decrease 2–4 orders 
of magnitude in larger (litre scale) MFCs as compared to 
smaller (ml scale) MFCs (Fan et al. 2007a, b). For single cell 
MFCs, Vázquez-Larios et al. (2011) demonstrated reduction 

of ohmic resistance when electrode distance and working 
volume were reduced.

In the present study, effect of inter-electrode distance 
was studied in double chamber MFC (1L capacity) fed 
with distillery wastewater, which was followed by experi-
ments using three mixed-microbial inoculum sources viz. 
wetland sediment, garden soil and sludge from wastewater 
treatment plant, and finally the wetland sediment inoculated 
MFCs of 1 L and 250 ml reactor sizes with minimal inter-
electrode distance of 1 cm were compared for bioelectric-
ity production. The novel approach in the present study 
involved screening out a suitable mix-microbe inoculum and 
decreasing the inter-electrode distance and reactor volume 
for  reducing the resistance while providing sustained and 
significantly enhanced bioelectricity from double chamber 
MFC.

Materials and methods

MFC configuration and working

Two sizes of double chamber H-shaped rectangular MFCs 
were fabricated viz. larger working volume (1 L) and smaller 
working volume (250 ml). The larger MFC with shorter 
spacing distance gave significantly improved output and 
therefore, for the smaller MFC, the electrode spacing dis-
tance was kept 1 cm only. The MFCs were equipped with 
graphite brush electrodes supported on aluminium-based 
alloy wire and separated using a proton exchange mem-
brane (Nafion-117). Dimensions of the brush electrodes 
used in larger MFCs were 15 cm (L) × 9 cm (B) in the 1 L 
MFC, while that in small MFCs were 6 cm (L) × 6 cm (B) 
in 250 ml MFC. Electrodes were connected through a dec-
ade type external load (20–2000 Ω) as described by Singh 
and Kaushik (2019). Molasses based distillery wastewater 
collected from a local distillery plant was fed as substrate 
in anode chamber of the MFCs. The original wastewater 
was acidic (pH 4.7) and chemical oxygen demand (COD) 
of 67,000 mg/L. The 50% strength of distillery wastewa-
ter was used for conducting the experiments as it was the 
optimised strength already validated by this research group 
(Singh and Kaushik 2020). Potassium permanganate (3 g/L) 
was used as catholyte in the cathode chamber. Operating 
temperature of the MFCs was maintained at ambient condi-
tions of 26–32 °C.

Experiment 1: electrode spacing

Electrode spacing in the 1 L MFCs were varied by keeping 
the length of the connecting arm between the two chambers 
as 10 cm (MFC-LS) and 1 cm (MFC-SS). No inoculum was 
added to the anode chamber in this experiment and distillery 
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wastewater (50% strength) was fed as feedstock in anode 
chamber.

Experiment II: different inoculum sources

Three sources of inoculum were used: (i) Wetland sediment: 
sediment collected from Nazafgarh wetland, Haryana, India 
(28°30.303’N; 76°56.709’E) (depth: 15–20 cm); (ii) Garden 
soil: soil was collected from the university campus (depth: 
0–5 cm); (iii) Wastewater sludge: it was collected from univer-
sity sewage treatment plant. These were brought to the labora-
tory, air-dried and stored in refrigerator at 4 °C until used for 
the experiments. To compare the performance of these differ-
ently inoculated MFCs, 10 days’ batch experiments were run, 
one inoculated with wetland sediment (MFC-WS); other inoc-
ulated with garden soil (MFC-GS) and the last one inoculated 
with wastewater sludge (MFC-S) with 50% strength distillery 
wastewater fed as feedstock in anode chamber of each MFCs. 
The rest of the parameters such as anolyte, catholyte, pH was 
similar in all the MFCs.

Experiment III: working volume

MFC reactors with two different working volumes (1 L, 
250 ml) were used, which had inter-electrode distance of 
1 cm and the anode chamber was fed with the same distillery 
wastewater (50% strength) and the MFCs were inoculated with 
wetland sediment.

Bioelectricity measurement

Various output parameters (voltage (V), current (I), power (P) 
current density (CD) and power density (PD)) were measured 
in all the three experiments at regular time intervals. Multi-
meter (Model FLUKE 17B +) was used to record the voltage 
from the MFCs. Polarisation experiments were performed at 
different external resistances (R) (20–2000 Ω) to find out the 
internal resistance (IR) of MFC from slope of the graph plotted 
between voltage and current density. Power density and cur-
rent density were calculated by dividing the power and current, 
respectively, by the working volume (v) of anode chamber. 
Following equations (1–4) were used for calculating current, 
power, power density and current density.

(1)I =
V

R

(2)P = I × V

(3)PD =
P

v

After initial start-up for 24 h, when stable voltage from 
the MFC was obtained, experiments were conducted.

Results and discussion

Effect of electrode spacing on power generation

The electrode spacing between electrodes had a remark-
able impact on power generation. Power density of 1.74 W/
m3 was produced in MFC with electrode spacing of 1 cm, 
which was 1.7 times that of MFC with electrode spacing of 
10 cm (Fig. 1). The power density differences encountered 
between MFC-SS and MFC-LS, when tested through t-test 
were also statistically significant (p < 0.01). A recent study 
by Papillon et al. (2021) reported power improvement by 
21% when electrode spacing was reduced from 6 to 4 cm and 
by 28% when spacing reduced from 4 to 2 cm. In the present 
study, on reducing the electrode distance from 10 to 1 cm, 
there was 42.5% improvement in power generation. When 
the inter-electrode distance is narrowed down, the protons 
produced in the anode chamber have to travel less to reach 
to the cathode, the reaction is faster and therefore, higher 
power density is produced. Cheng et al. (2006) also found 
that power generation was enhanced in single cell MFC 
when electrode spacing was reduced. Reducing electrode 
space from 100 to 50 cm in sediment MFCs resulted in better 
COD removal and higher power density (Sajana et al., 2013). 

(4)CD =
C

v
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Fig. 1  Polarization behaviour and power density curve of the MFCs 
with different electrode spacing
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High power output was also reported in a study by Khamis 
et al. (2020) with shorter distance between electrodes.

The voltage generation in open circuit mode was moni-
tored in these MFCs up to 5 days in batch mode. The voltage 
generation was higher in MFC-SS (0.74 V) than MFC-LS 
(0.65 V). Proton transfer in the cathode chamber is a limit-
ing step if proton permeability is poor. Poor permeability 
results in slow cathode reaction and hence could result in 
low electricity generation (Gil et al. 2003). In MFC-LS, 
there is lower electricity generation because of the larger 
distance between anode and cathode since protons would 
have taken longer time to reach the cathode, which will limit 
the proton availability and lowered efficiency.

With the help of polarization behaviour, internal resist-
ance was also calculated in these MFCs (Fig. 1). It was 
found to be the least in MFC-SS (183.4 Ω) i.e. 34% lower 
than MFC-LS (277.9 Ω). This shows that larger distance 
between anode and cathode is creating increased resistance 
in the reactor and hence it is resulting in low power genera-
tion. The high internal resistance in larger spaced electrode 
is due to increased ohmic losses and mass transfer resistance. 
Mass transfer resistance is a limiting step in MFCs with 
larger spacing between electrodes. Harimawan et al. (2018) 
found least mass transfer resistance when the anode and 
cathode were in closer contact with the membrane, whereas 
when the distance increased, mass transfer resistance also 
increased and hence power density declined. Though, there 
are several studies suggesting the positive role of reduced 
electrode spacing in improving power generation, but in the 
present study, highly reduced electrode spacing of just 1 cm 
is taken, which yields superior MFC output. This shows that 
the distance between electrodes should be kept at minimum 
for exploiting the full potential of MFC.

Effect of inoculum sources on MFC output

Open circuit voltage (OCV) generation

Sustained electricity generation from three MFCs carrying 
distillery wastewater as substrate was found to be influenced 
significantly by the inoculum source. Voltage generation in 
the open circuit condition by three differently inoculated 
MFCs i.e., MFC-WS, MFC-GS and MFC-S are shown in 
Fig. 2. Though there was instantaneous voltage genera-
tion in all the three MFCs, but the same could not be sus-
tained equally for a 10-day run. At 3 h, voltage generation 
by MFC-GS was maximum (0.8 V), followed by MFC-S 
(0.78 V), while MFC-WS produced least voltage of all 
(0.77 V). However, the trend was reversed with advancing 
run of the MFCs. The MFC-WS started producing maximum 
OCV (0.84 V) that remained stable over 10-day operation. 
However, voltage generation from MFC-GS as well as the 
MFC-S tended to sharply decline over time. It seems that 

microbial diversity in MFC-WS have rightfully exploited the 
substrate compared to that of MFC-GS and MFC-S. Though, 
the initial voltage was low in MFC-WS but with time due to 
better acclimatization to the anodic environment, the voltage 
stabilised and started increasing while in the other two cases, 
voltage declined with time. Mixed communities have differ-
ent varieties of microorganisms that could be electrogenic or 
non-electrogenic or both. While MFC can operate with just 
one electrogenic microbe (Cao et al. 2019), presence of non-
electrogenic microbes like methanogenic microbes can com-
pete for food and space (Jadhav et al. 2019). In MFC-WS, it 
may be possible that electrogenic microbes outcompete the 
non-electrogenic microbes that facilitates higher electricity 
generation with time.

Polarization behaviour and output of power density

After acclimatization, all the MFCs were compared in terms 
of their polarization behaviour and production of power 
density. Since all the MFCs were able to produce quite 
high voltage in open circuit condition, it was important to 
study their behaviour on application of different resistances 
(closed circuit condition).

Polarization was performed to calculate the internal 
resistance of the system and to identify electron losses 
during transfer of the same from the microbes to the anode 
and ultimately to the cathode. Ohmic losses in all these 
MFCs with different inoculum were studied based on their 
polarization behaviour, which varied over the passage of 
operation time (Fig. 3a–d). Initially, internal resistance 

Fig. 2  Comparison of OCV generation in MFC-WS, MFC-GS and 
MFC-S over a period of 10 days
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was minimum for MFC-GS (131.9 Ω) and the maximum 
internal resistance was shown by MFC-WS (140.4 Ω). 
However, on 4th day, the trend changed showing high 
internal resistance for MFC-GS (144.9 Ω) and lower inter-
nal resistance for MFC-WS (120 Ω). After 4 days of run, 
internal resistance of all the MFCs started increasing, with 
least increase in the MFC-WS. Thus, inoculum type had an 
influence on internal resistivity of MFCs and consequently 
on power production. Varied impact of different inoculum 
types on MFC resistance was shown by Vazques-Larios 
et al. (2011). Internal resistance in the MFC inoculated 
with aerobic consortium was much higher than that inoc-
ulated with methanogenic microbes and sulphate reduc-
ing consortium. Since wetland sediment is derived from 
anaerobic habitat, the microbial consortium seems to be 

well adapted to the anode environment favouring less 
resistance.

The trend of power density is represented in Fig. 3a–d. 
Highest power density was produced by MFC-GS on 1st 
day (2.63 W/m3) followed by that from MFC-WS (2.24 W/
m3) and the least by MFC-S (1.63 W/m3). Power density 
however, tended to decline for the MFC-GS with time, and 
on 10th day it was the lowest (0.94 W/m3). The MFC-S 
maintained a higher power density (1.42 W/m3). The MFC-
WS not only gave maximum power density of 2.74 W/m3, 
but also maintained a higher power density of 1.68 W/m3 
till the end of the experiment. Thus, MFC-WS gave more 
stabilised power density for 10 days. The decline in power 
density by MFC-GS may be due to the presence of some 
non-electrogenic strains that quickly use up all the substrates 

Fig. 3  Polarization behaviour of MFC-WS, MFS-GS and MFC-S: a 1st day, b 4th day, c 7th day and d 10th day
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and electricity generation declines. MFC-WS gave sustained 
power density, suggesting the involvement of more electro-
genic strains which help produce stabilised power.

The source of inoculum in MFCs thus plays a major role 
in increasing the output of MFC and suggested to be a key 
parameter in MFC design (Cercado-Quezada et al. 2010). 
Microorganisms on the anode surface being responsible 
for degradation of contaminants and electricity production 
simultaneously (Logan and Regan 2006) are the most vital 
in MFC. The activity of the bacteria on the surface of anode 
is therefore particularly important for electricity produc-
tion. Related to the present study, Ishii et al. (2017) also 
found differences in electrochemical features of MFCs while 
using different inoculum. Change in inoculum sources have 
recently been found to show significant changes in electricity 
generation by Marks et al. (2020). When inoculum source 
was replaced from anaerobic sludge to cow dung, it led to 
increase in voltage production due to change in microbial 
composition. Relationship between bacterial composition 
and originating inoculum was shown recently by Salar-
Garcia et al. (2020) who observed changes in power density 
with changing microbial composition over a period of time. 
Ahmed et al. (2016) also stressed on the role of inoculum 
in MFC and found higher COD removal and power density 
using anaerobic sludge as inoculum compared to using a 
mixed-microbial solution.

The OCV and power density generated from the differ-
ently inoculated MFCs in the present study clearly show 
that wetland sediment used as a source of inoculum in the 
MFC gives the highest and sustained output. The wetland 
sediment being anaerobic got adapted to the anaerobic anode 
environment, and effectively formed a stable biofilm on 
the anode surface in the presence of distillery wastewater. 
Considering a major role played by microbes in electric-
ity production, enrichment of sulphate reducing consortium 
was done with micronutrients like Fe (III) and Mn (IV) that 
gave very good results (Vázques-Larios et al. 2015). Another 
study reported betterment in MFC performance by mixing 
different types of inoculums (Sun et al. 2009). Thus, there 
is a scope for further improving MFC output by modifying 
the microbial inoculum.

Effect of working volume of MFC

As the reactor working volume of the MFC was reduced to 
250 ml, there was a sharp increase in maximum power den-
sity value (3.2 W/m3) higher than that of larger MFC (1 L) in 
which maximum power density was 2.96 W/m3 (Fig. 4). The 
results of power density generation in both the MFCs were 
compared statistically through t-test. Significant difference 
(p < 0.01) was observed in the power density generation by 
these two MFCs. The resistance calculated from the polari-
zation behaviour (Fig. 4) shows least internal resistance 

(67.2 Ω) generated in small size MFCs, and  higher internal 
resistance (123.7 Ω) in larger sized MFCs. Clauwaert et al. 
(2008) analysed the volume based resistivity in MFCs and 
suggested that internal resistance is mainly created due to 
increased volume of reactor. This resistivity includes all the 
components of MFCs i.e., anode and cathode overpotential, 
overpotential created due to concentration, membrane and 
solution resistance. Resistance in small sized MFCs is thus 
found to be reduced. Studies have reported that with increase 
in MFC reactor size, the volumetric power density decreases 
(Ieropoulos et al. 2008). To increase the overall wastewa-
ter treatment effectivity, stacking of smaller units of MFCs 
is suggested to get better removal of COD and increased 
energy recovery from MFC. Jadhav et al. (2020) have criti-
cally discussed the challenges of large scale MFCs for prac-
tical applicability. However, some large capacity MFCs such 
as 720-L hexagonal MFC (Das et al. 2020), submerged 255 
L prototype MFC (Hiegemann et al. 2019), 648 L four cham-
ber concrete MFC (Akatah et al. 2019), 1500 L bioelectric 
toilet (Das et al. 2018) have been operated. Most of these 
studies conducted on large capacity MFCs are effective in 
sanitation wastewater treatment with considerable amount 
of electricity production.

Conclusion

The study shows that inoculum from different habitats influ-
ence the performance of MFCs and in the present study, the 
wetland sediment inoculum, which was adapted to anaerobic 
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environment was the most suitable, developing a good bio-
film on anode surface and producing remarkably higher and 
sustained power density from distillery wastewater. Narrow-
ing down the inter-electrode distance to as low as 1 cm sig-
nificantly reduced resistance and improved OCV and power 
density. Reducing the reactor volume also proved effective in 
improving MFC output. Thus, using MFC with 250 ml reac-
tor volume, short inter-electrode spacing (1 cm) inoculated 
with wetland sediment inoculum led to least internal resist-
ance (67.2 Ω) and enhanced and sustained power density 
(3.2 W/m3).
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