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Abstract 
Microbial fuel cells are devices that generate electricity by using the chemical energy which is hidden in 
the substrates.   Bacillus subtilis and Shewanella, connected in series, were used in order to increase the 
voltage. A bio cathode was used as an oxygen acceptor which was filled by Chlorella vulgaris. An amount 
of 200 mL molasses was used in the anode, and 200 mL BBM in the cathode. Nafion 115 was used as a 
PEM at 27˚C under microaerophilic conditions prepared for these experiments. At the same time as 
producing electricity, the basic protease was generated in the anode chamber containing B.subtilis. This 
protease was detected by Bradford’s test. The series connection of MFCs increased the voltage, and for 
the first time, we succeeded in producing biological products like enzymes in MFCs.  
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1. Introduction  

After the industrial revolution, the world's need of 
electrical energy raised, the major energy sources 
of which were fossil fuels, natural gas and nuclear 
materials [1]. However, the most important 
challenges that the world currently faces are 
removing the pollutants and the depletion of 
energy resources [2,3]. Microbial fuel cell (MFC), as 
one of the new methods that has less pollution, has 
received more attention from the researchers for 
energy production [4,5]. MFC is a bioreactor in the 
field of renewable energies. This electrochemical 
device can directly convert chemical energy stored 
in the binds between organic and inorganic 
compounds of substrates into electrical energy 
using the catalytic activity of microorganisms. That 
is waste water treatment, energy production, and 
electricity generation occur at the same time 
leading to biomass reduction [6,7]. Although the 
MFC was first used in 1911 by Dotter, significant 
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developments have occurred in this area. Generally, 
MFC consists an anode chamber (anaerobic) and a 
cathode chamber (aerobic) separated by a proton 
exchange membrane (PEM) or a salt bridge [8,9]. 
Electrons and protons are produced in the anode 
chamber during substrate oxidation by 
microorganisms. Protons move through the 
membrane into the cathode chamber while the 
electrons are transferred through an external 
circuit and thus producing electricity. The final 
electron acceptor to complete the cycle is oxygen in 
the cathode. In this way, electrons combine with 
oxygen to produce water [10,11].  

2. Materials and Methods  

2.1. First test  

The present study used Bacillus subtilis ATCC 6051 
in order to produce basic protease. It was used in 
the anode containing molasses (Khorasan sugar 
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factory, Iran) at pH 7.2 and 27˚C. The green algae 
Chlorella vulgaris (Alzahara University’s microbial 
collection, Iran) was used in the cathode. Its culture 
condition was BBM and 27˚C.  

2.2. Second test  

In the second test, Shewanella (sp) PTCC 1711 
(Research Organization for Science and 
Technology, Iran) was utilized in the anode. 
Shewanella was inoculated in the molasses at pH 
6.37 and 27˚C in order to monitor its 
electrochemical behavior. The Chlorella vulgaris 
was inoculated in BBM in the cathode of the MFC at 
27˚C.  

2.3. Third test  

In the third test, a series connection was made 
between the two MFCs in order to increase the 
voltage [12] (Figure 1). All the media, 
microorganisms, and culture conditions were the 
same as previous tests.   
All molasses media had some salts as follows:  
Magnesium sulfate 7 H2O: 0.1 g  
Ammonium sulfate: 2 g  
Di potassium hydrogen phosphate: 1 g   
Molasses: 40 g  
Deionized water was added to achieve the final 
volume of 200 ml. The pH was measured for each 
medium before they were autoclaved by a pH meter 
(METROHM, Swiss).   
All the mediums, salts, solutions and reagents were 
procured from MERK, Germany, except for absolute 
ethanol which was from BIDESTAN, Iran.  

  

  
 

Figure 1. Coupled MFCs with series connection 

2.4. Designing the device  

Our designed MFC was made of two 250 mL bottles 
connected by a 15 cm glass bridge with a radius of 
1.5 cm. Nafion 115 (2.5×2.5cm) was used as the 
proton exchange membrane in the middle of the 
bridge (Figure 2).  

 
Figure 2. Schematic picture of the MFC 

 
There was an inlet at the top of each bottle closed 
by cotton conducting the gas exchange between the 
MFC and its environment. MFCs were placed under 
a glass box with some candles lighted under it in 
order to prepare the microaerophilic condition. A 
water bath and aquarium heater were used in order 
to maintain a constant 27˚C temperature. A 
thermometer was used to measure the temperature 
exactly. A 25 W lamp was used to supply the 
required light for the algae. Tubular graphite was 
utilized as the electrode in each MFC cells and 82 
graphite granules were places in cells to increase 
the area of electrodes because this area is effective 
in biofilm formation. The calculation of the effective 
area follows:  
  

 Electrode Granule 

Length 110 mm 5 mm 

Radius 1 mm 1 mm 

Area of each one 
345.4 
mm2 

15.7 
mm2 

Total area of graphite in 
one MFC 

3265.6 mm2 

  

3. Preparation and Preculture of 
Microorganisms  

3.1.  Bacillus subtilis  

Before the inoculation of B.subtilis in the anode, it 
was precultured for 24 hours in Nutrient Agar (NA) 
medium at the aerobic incubator (AUTONICS, Pars 
Azma Co.) at 30˚C. Density of inoculation was 
checked by spectrophotometry at the wave length 
of 625 nm in saline. The read OD in this wave length 
was 0.099. This was equal to one unit of 0.5 
McFarland standard [13]. Since inoculation in this 
was 6 mL, the inoculation density of bacteria was as 
follows: 1 unit of 0.5 McFarland = 1.5×108 cell   
6×1.5×108 = 9×108 cell per mL   
The spectrophotometry device in this experiment 
was spectro UV-VIS double beam PC with 
LABOMED, INC brand.   
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3.2. Shewanella  

Shewanella was precultured for 24 hours in Luria-
Bertani (LB) medium at the anaerobic incubator at 
30˚C before inoculation in the device (Memmert 
Co.) (Figure 3). The inoculation density of 
Shewanella was the same as B.subtilis.  

  

  
 

Figure 3. The gram stain of Shewanella (gram negative 
bacteria) 

3.3. Chlorella vulgaris  

This green alga was precultured for one week in 
BG11 medium at room temperature. A neubauer 
slide was used for calculating the density of algae 
before inoculation. The density of Chlorella after 
preculture was 38700 cell per mL. An amount of 
10% V/V of preculture was inoculated in the 
cathode. The density of algae in the cathode 
chamber was as follows:  
10% × 38700 = 3870 cell per mL  
3870×200 = 774000 algal cell in cathode   
Each medium in the cathode and anode was 
prepared for 200 mL with their suitable salts and 
buffers. Both B.subtilis and Shewanella were 
electrochemical active microorganisms, hence 
there was no need to use an electrolyte, which 
reduced the expenses.  

4. Results  

 During 24 hours of device operation, the voltage 
was recorded using a digital multimeter (SANWA) 
in the first and second tests, and 199999 Counts 
Dual Display Multimeter (GWINSTEK) in the third 
test. The voltage was measured every 25 seconds 
by this device. Data and voltage curves of each test 
follows:  

 

Table1. Comparison of voltage in the three tests by MFC 
 

 

 B.subtilis Shewanella 
Double 

MFC 

Maximum 

voltage (mV) 
169.3 423 631.95 

Time of 
maximum 
voltage (h) 

22.5 5.5 15.6 

Average voltage 

(mV) 
137.6 167.6 79.3 

 

 
 

Curve 1. Voltage (mV) changes across time (h) during 
24 hours of MFC’s operation – Bacillus subtilis 

 

 
 

Curve 2. Voltage (mV) changes across time (h) during 
24 hours of MFC’s operation – Shewanella 

 

 
 

Curve 3. Voltage (mV) changes across time (h) during 
24 hours of MFC’s operation – Coupled MFC 

 

 
 

Curve 4. Voltage (mV) changes across time (s) during 
24 hours of MFC’s operation – Coupled MFC  
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 4.1. Calculation of the protease produced in MFC  

After opening the MFC, molasses was centrifuged at 
600 rpm for 20 minutes, and the Bradford test was 
performed on the supernatant of B.subtilis 
containing the protease. The amount of protease 
was measured using a standard curve (curve5). The 
Spectrophotometry device was a mono beam of 
CECIL brand. The centrifuge device was ROTO-UNI 
made in Germany with BHG brand. The calculation 
and comparison between two amounts of protease, 
one in the single MFC containing B.subtilis, and 
another in coupled MFC was as follows:    
 

Y = 17.257 x + 0.0072  
  

  Y  X 

(mg/ml)  

mg protease in 140 

ml supernatant  

Single 

MFC  

1.620   0.093  13.08  

Coupled 

MFC  

1.408  0.081  11.36  

  

 
 

Curve 5. Standard curve for Bradford test 

 4.2. Calculating dry weight of microorganisms at the 
end of MFCs’ operation  

Molasses in the anode chamber was centrifuged at 
600 rpm for 20 minutes and bacteria’s cells were 
separated and kept in an oven in order to lose their 
water in dry heat. The weight of Shewanella’s and 
B.subtilis’ biomass was 2.7073 g and 2.2883 g, 
respectively.  

4.3. Scanning Electron Microscopy  

The SEM photos of biofilm which was formed on 
proton exchange membrane (Nafion115) were 
taken by an SEM device (VEGA3-TESCAN) in 
Alzahra University.  

5. Conclusion  

According to these three tests, the series 

connection of MFCs increased the voltage; and 

Shewanella as a producingelectricity bacteria was 

useful to increase the voltage of MFCs which have 

different microorganisms. Voltage-time curve for 

using Shewanella in MFC was like similar 

experiments in other studies [14-16]. 

 
 

Figure 4. SEM image of Bacillus subtilis’ biofilm on 
Nafion115 

 

  
 

Figure 5. SEM image of Shewanella’s biofilm on 
Nafion115 

 
MFCs can be used as bioreactors which produce 
biological products like enzymes, as they produced 
basic protease from Bacillus subtilis for the first 
time in this study. Since protease has different 
applications in various industries, this new usage of 
MFCs would be very practical. The voltage result 
was similar to previous experiments. Altering some 
characteristics of MFCs like using carbon cloth 
instead of graphite as electrode, adding more 
granules, decreasing the bridge length, and 
increasing the radius of the bridge and Nafion’s 
area can increase the voltage of MFCs. The amount 
of inoculation, density of substrate, pH and type of 
PEM can affect MFCs’ operation, too.    
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