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Abstract: Microbial fuel cells (MFCs) have the potential to convert organic substrates 
into electricity thus facilitating the strategies of renewable energy production. In recent 
years the exploration for newer energy resources for MFC has widened and in this 
context, the use of glycerol in bioenergy production was investigated to check its 
efficacy in electricity generation. Thus, the power generation of a double-chambered 
MFC was observed with glycerol as the substrate and Citrobacter sp. as the bacterium 
of interest. Here, the MFC system yielded a power density of 79.42 mW/m² with carbon 
cloth as the electrodes and Nafion as the proton exchange membrane. Further, the MFC 
system was optimized for the ambient temperature, in which the maximum voltage and 
current were obtained at 35⁰C. In the study, the Citrobacter sp. showed its best 
performance at the optimum temperature of 350C. Likewise, the optimal pH for the MFC 
system in which the electrical output was high was observed in the pH value of 7.4. 
Moreover, the anodic bacterial biofilm analysis under confocal microscope provided 
evidence of the presence of live bacteria which were responsible for the efficient 
current generation of the MFC system. 
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INTRODUCTION 

Microbial fuel cells (MFCs) have emerged as a promising 

tool in the field of renewable energy and had seized the 
attention of the researchers as a potential technology for 
energy generation [1-2]. A microbial fuel cell (MFC) is a device 
that generates electricity from the organic substrate with the 
aid of microorganisms acting as biocatalyst termed as 
exoelectrogenic bacteria [3]. These bacteria possess the 
potential to oxidize the substrate liberating electrons and 
protons, thus generating electricity [4-5]. The electricity 
production primarily relies on the type of renewable biomass 
and carbon sources used in the study of MFC [6]. 

The use of substrates plays a pivotal role in MFC 
wherein they act as carbon sources for the generation of 
electricity [7, 8]. These substrates act as energy avenues [6] 

for efficient power generation [9-14]. MFCs are devices that 
target energy production with the aid of substrates that are 
easily available and versatile. Amidst the range of substrates, 
glycerol acts as an attractive fuel source which is found 
abundantly in nature. Further, glycerol occurs as the 
structural constituent of many lipids and is also one of the 
compatible solutes produced during osmoregulation in yeasts 
[15]. Moreover, glycerol is found abundantly as a biodiesel 
byproduct which could aid in the production of high-value 
goods by process of biotransformation. Altogether, its 
occurrence in nature has enabled many microorganisms to 
use glycerol as the primary source of carbon and energy. This 
potential of glycerol to substitute carbon sources in industrial 
fermentation processes have attracted the attention to be 
used as a fuel source.  Evidence of glycerol/O2 biofuel cells 
[16] confirms the usage of glycerol as an effective energy 
bank. Moreover, reports on fermentation of glycerol by a wide 
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range of microorganisms for product synthesis [17] together 
with the conversion of glycerol to ethanol [18] approves the 
application of glycerol for energy production. As glycerol is 
easily available and high-value compounds are obtained in 
larger amounts by its reduction as compared to sugars [19], 
hence glycerol is opted as an efficient carbon source for 
current production. Thus, the use of glycerol in microbial fuel 
cells for electricity generation has paved the way for newer 
ventures and a promising base for future energy applications. 

Furthermore, together with the substrate, the choice 
of microorganisms in a microbial fuel cell play a crucial role in 
the generation of electricity. Emphasis should be laid on the 
selection of microorganisms since these microbes could 
efficiently influence the power production by oxidation of the 
substrates yielding electrons [20]. Earlier studies provided 
the evidence of Geobacteraceae [21], Shewanella putrefaciens 
[22], Gammaproteobacteria [23], Betaproteobacteria [24], 
Clostridia [25], Pseudomonas [26], Rhizobiales [27] for 
electron production from substrates. Altogether, studies on 
pure cultures of bacteria viz. Rhodopseudomonas palustris 
strain DX-1 [28], Geobacter sulfurreducens [29] depicted that 
these cultures yielded power densities which comes within 
the same range as that of mixed culture communities [5]. 
Likewise, in a study by Xu and Liu 2011, an amount of 88.1 
mW/m2 was attained in a single chambered MFC in which 
Citrobacter sp. (SX-1) was used as an electrogenic bacteria 
[30]. Further, Chen et al. 2017, in their study had used 
Citrobacter freundii (a species of Citrobacter) with a 
consortium of bacteria which was used to decolourize Victoria 
Blue R and generated electricity from wastewater sludge [31].  

Recently, various modifications had been 
implemented in the construction of MFC to enhance the 
power output and also to cut short the operating expenses of 
the system [32-33]. Studies on double chambered MFC have 
yielded different current and power densities under different 
conditions. Moreover, working on the reactor configuration 
and operation parameters of the microbial fuel cell can also 
lead to the enhancement of power output [34]. 

The present study basically aims for the power 
generation of Citrobacter sp. taking glycerol as a substrate in 
a double-chambered microbial fuel cell for enhancement of 
electrical energy. Since previously no study was undertaken 
with Citrobacter sp. along with glycerol, hence, the double 
chambered MFC was optimized for operational parameters 
like temperature and pH and the power density thus obtained 
is 79.42 mW/m². 
 
MATERIALS AND METHODS 
 
Inoculum preparation 
The Citrobacter (strain RCE3 JN673775) [35] for the MFC 
experiment was obtained from the Microbial Repository 
Centre of Institute of Bioresources and Sustainable 
Development (IBSD), Imphal, India. 

The growth medium in the MFC system constituted of 
the minimal medium (M9 medium) which comprised of salts 
such as disodium hydrogen phosphate (Na2HPO4) 33 g/L; 
potassium dihydrogen phosphate (KH2PO4) 15 g/L, sodium 
chloride (NaCl) 2.50 g/L, ammonium chloride (NH4Cl) 5g/L, 
together with addition of glycerol (0.4%), MgSO₄ (1M) and 
CaCl₂ (1M) [36]. For the inoculum preparation, about 200 mL 

of M9 medium was taken in an Erlenmeyer flask into which a 
loopful of pure culture of Citrobacter from a fresh Nutrient 
agar (NA) plate was inoculated and incubated for 24 hours in 
a shaker incubator (Scigenics Biotech, Orbitek) at 150 rpm at 
28°C [37]. After the specified time, about 1mL of bacterial 
culture was collected from the Erlenmeyer flask kept in a 
shaker incubator and used as anolyte along with the M9 
medium. The process of anolyte (M9 medium and inoculum) 
preparation was performed under laminar airflow hood 
(Hitech, HH 1200) in sterile conditions. 
 
 MFC design and operational conditions 
The double-chambered microbial fuel cell was constructed 
from low-density polyethylene (LDPE) boxes of 
191×156×37mm (L×W×H mm) which was obtained from 
Tarsons. The anodic and cathodic chambers comprised of 
200mL volume each constituting carbon cloths (EC-CC1) as 
the respective electrodes with an area of 6.25 x 10-4 m2. The 
Nafion (NRE-212) of size 2.5 cm × 2.5 cm acts as the proton 
exchange membrane (PEM) which remained in the middle of 
the two compartments for the transport of ions (protons) 
from the anodic to the cathodic compartment [Fig.1]. 
 

 
Fig. 1: Schematic diagram of double chambered microbial fuel 
cell 
 
Prior to the experiment, the MFC chamber was sterilized by 
UV irradiation for about 20 minutes under a laminar airflow 
hood (Hitech, HH 1200). Subsequently, after the sterilization 
process, about 200 mL of minimal media (M9 media) with 
glycerol (0.4%) as the carbon source and the bacterial 
inoculum (1mL) was used as anolyte in the anodic 
compartment. Simultaneously, about 200mL distilled water 
along with NaCl (0.18 g/L) was used as catholyte in the 
cathodic compartment of the MFC system and the electrodes 
were connected by copper wire to the external circuit. The 
MFC experiments were executed in replicates of three in a 
temperature controlled incubator (CALTAN, NSW 152). The 
current and voltage thus generated were recorded by a 
voltmeter and ammeter respectively. 
 
Experimental parameters 
The double-chambered MFC system was optimized for 
operational conditions of temperature and pH taking glycerol 
as the carbon source and Citrobacter sp. (Strain RCE3 
JN673775) as the bacterium of interest. For optimization of 
temperature, the MFC system was incubated at 25⁰C, 30⁰C 
and 35⁰C. For each individual temperature value, three MFC 
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replicates were run at each case. Altogether, for the 
optimization of the pH, experiments were performed at pH 6, 
pH 7, pH 7.4 and pH 8 for the desired pH taking three MFC 
replicates in each condition. 

 
Confocal Microscopy 
For the study of the bacterial biofilms in the anodic 
compartment of the double chambered microbial fuel cell, the 
carbon cloth in the anode chamber was removed by 
dismantling the fuel cell. Proper care was taken not to touch 
the surface of the anodic carbon cloth while dissembling. The 
removal of the anodic carbon cloth was followed by the 
staining of the bacterial biofilm by the LIVE/DEAD BacLight 
Bacterial Viability Kit (L7012) (Molecular Probes, Eugene). 
The staining was performed according to the guidelines 
provided with the kit. On completion of the staining protocol, 
the carbon cloth was placed gently on a glass slide, onto which 
few drops of BacLight mounting oil were added. The bacterial 
biofilm was studied under a confocal laser scanning 
microscope with a Leica DMi8 with a 10X objective lens 
wherein the two-dimensional images were prepared. 
 
RESULTS AND DISCUSSION 
 
The Citrobacter sp. belongs to Gammaproteobacteria, 
Enterobacteriales and Enterobacteriaceae and is abundantly 
found in soil, water and sewage. This bacteria acts as a 
significant bioremediation tool [37] since it has the unique 
capability to withstand both in the presence and absence of 
electron acceptors. Former reports on the performance of 
Citrobacter sp. for electricity generation exhibited a power 
density of 204.5 mW/m2 with the strain C. freundii Z7 [38] and 
a current density of 205 mA/m2 [30] with the strain 
Citrobacter SX-1 taking sodium citrate as a substrate in a 
single chamber air-cathode. In our study, we have opted for 
Citrobacter (strain RCE3 JN673775) which is a rhizospheric 
bacteria obtained from the roots of Mandarin orange [35]. 
Studies revealed that rhizospheric bacteria are believed to be 
endowed with the capability to generate electricity [39] and 
report from Xu and Liu for electricity generation by 
Citrobacter sp. have confirmed it [30]. 

Selection of substrates plays a very important role in 
microbial fuel cells for efficient power generation. These 
substrates get oxidized generating protons and electrons 
which in turn affects the power generation of the MFC system. 
Previous studies revealed the utilization of a varied number 
of substrates like glucose, acetate, butyrate, propionate etc. 
[6] in the study for microbial fuel cells with electron 
producing bacteria like Geobacter sulfurreducens [29], 
Shewanella putrefaciens [22] etc. The aforesaid experiments 
corroborated the growth of the bacteria to be related to the 
power efficiency of the fuel cell. More the growth of the 
bacteria, more is the electrical output. 

Hence, in order to enhance the electrical output of a 
double-chambered microbial fuel cell, the Citrobacter sp. 
(strain RCE3 JN673775) along with glycerol as the substrate 
was used to study the operational conditions of the system. 
One of the crucial factors for electricity generation is the 
operating temperature of the MFC system. The optimal 
temperature effects the bacterial growth rate and power 
generation of the fuel cell and is one of the prerequisites for 

efficient energy generation. Thus, in our study, the operation 
of the MFC system for temperature optimization was 
performed at temperature values of 25°C, 30°C and 35°C with 
three MFC replicates in each case. The selection of the 
temperature range of the MFC system was based on the 
working temperature of the Citrobacter sp. which perform 
best at the temperature range of 22°C-35°C [40]. The voltage 
and current generated in the different temperature values 
showed a spike when the temperature was raised to 35°C as 
compared to that at 25°C and at 30°C. The maximum voltage 
attained by the system was found to be 599.5 mV and current 
of 82.8 µA at 35°C (Fig. 2).  
 

 

 
Fig. 2: Voltage and Current graphs during temperature 
optimization of the MFC system.  
 
The spike of electricity could be attributed to the enhanced 
growth of the bacteria at 35°C due to optimal conditions as 
compared to that of other temperature values. The enriched 
bacterial growth resulted in the increased metabolic activity 
which in turn led to the oxidation of substrates yielding more 
energy. Further, glycerol promoted the energy efficiency of 
the bacteria thus acting as a potent carbon and versatile 
energy source for the MFC system [40-41]. Studies on glycerol 
utilization in the MFC system by Bacillus subtilis exhibited an 
upsurge of power generation proving to be a potential 
substrate for the generation of electricity in MFC systems [42]. 
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Moreover, the Citrobacter sp. yielded a power density of 79.42 
mW/m² (Fig.3) at 35°C which is maximum as compared to the 
power densities obtained at 25°C and at 30°C. 
 

 
Fig. 3: Calculated power density of the MFC system at 
temperature values of 25°C, 30°C and 35°C 
 
The spike in the power density clearly revealed the maximum 
activity of the Citrobacter sp. due to favourable growth 
conditions of the bacteria generating a maximum electrical 
output. The decrease of power density in the temperature 
values of 25°C and at 30°C showed that the bacterium did not 
meet the optimal requirements of growth which led to the 
decline of MFC performance.  

Besides temperature, pH also influences the growth 
of the bacteria thus leading to variation in the energy output. 
Slight variations in pH could affect the bacterial growth in the 
anodic chamber due to which the power generation of the 
system could be altered. Hence, the current generation was 
monitored for the ambient pH of the anodic medium of the 
MFC system with glycerol as the substrate. The anodic 
medium in our study of the MFC system comprised of the 
minimal medium (M9 media). In order to check the efficacy of 
the Citrobacter sp. in the medium, different pH values of pH 6, 
7, 7.4 and 8 were selected to determine the optimal pH. The 
choice of pH values was based on the pH of M9 medium (pH 
7.4) and accordingly related to it, the lower and upper pH 
values were selected. The results revealed that amidst the pH 
values of pH 6, 7, 7.4 and 8, the optimum pH was obtained at 
pH 7.4 (Fig. 4). The experiment was operated with three MFC 
replicates in each case in a temperature controlled incubator 
at the optimized temperature of 35°C. In Fig. 4, the voltage and 
current generation increased at pH 7.4 while it decreased in 
the latter cases. The enhancement of electrical energy could 
be credited to the metabolic activities of the bacterium 
leading to the production of electrons and protons in the 
favourable pH [43]. Studies pertaining to pH made it quite 
evident that the production of electricity is directly influenced 
by the pH of the electrolyte of the MFC system [43]. Previous 
MFC experiments exhibited a decrease near acidic pH (5.2) 
which was gradually increased as the pH reached to the 
neutral range of pH 7 [44]. Further, earlier reports stated that 

the neutral pH provided the optimum environment for the 
bacteria at which the bacterial metabolism showed the 
maximum activity [45-47]. Henceforth, the optimised pH 
observed in our study clearly revealed the rise of power 
density due to the maximum activity of the bacterium in the 
neutral range of pH 7.4.  
 

 

 
Fig. 4: The voltage and current output of the MFC at different 
pH of the media for Citrobacter sp. at the operational 
temperature of 35°C 
 
Previous studies on the anodic bacterial biofilm illustrated 
that the power output from the MFC system was due to the 
attached bacterial cells onto the surface of the electrode [43, 
48]. The cells of the bacteria get deposited on the electrode 
surface forming a layer resulting in a bacterial biofilm. Studies 
elucidated that the thickness of the biofilm is related to the 
power production i.e. thicker the biofilm higher is the energy 
output. Further, the inability of the bacteria to adhere to the 
anode surface acts as a limiting factor in the generation of 
electricity [49]. These findings provided an insight into the 
correlation of bacterial growth and current production in the 
MFC system in which the bacterial biofilm acts as a significant 
factor. Hence, in order to check the impact of bacterial growth 
in our study for electricity generation, anodic biofilm images 
were captured under Confocal Microscopy at the beginning 
and during the experiment.  
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Fig. 5: Confocal microscopy image on anodic carbon cloth 
biofilm in a magnification of 10X. (A) Biofilm with live and 
dead Citrobacter in the carbon cloth; (B) Live bacterial biofilm 
with green fluorescence; (C) Dead bacterial biofilm with red 
fluorescence. 
 

The results showed that in the anodic compartment, the 
Citrobacter sp. forms a layer of biofilm on the surface of the 
anodic carbon cloth wherein the carbon cloth fibres get 
completely coated by the bacterial biofilm. The use of the 
LIVE/DEAD BacLight kit (L7012) (Molecular Probes, Eugene) 
enabled the visualization of the viable cells by displaying the 
cells with a green fluorescence. And when the cells remained 
in a non-growing stage, the kit enabled its visualization with a 
red fluorescence (Fig. 5). Thus, these Confocal Microscopy 
images provided the evidence of living bacteria in the 
bacterial biofilm thus generating electricity which eventually 
increased as the biofilm layer got gradually deposited on the 
carbon cloth. 
 
CONCLUSION 
 
This study primarily focused on the optimization of 
operational parameters of temperature and pH in a double-
chambered MFC system with glycerol as the carbon source. A 
power density of 79.42 mW/m² was observed with the 
bacterium Citrobacter sp. in the anodic chamber of the MFC 
system in the optimized temperature of 35°C and at an 
optimal pH of 7.4. Altogether, the images of the bacterial 
biofilm observed under confocal microscope indicated the 
role of bacterial biofilm in the production of electricity. These 
findings highlighted the role of glycerol as an efficient energy 
source for generating electricity with the bacterium 
Citrobacter sp. in a double-chambered MFC system. 
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