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Abstract: Sediment microbial fuel cells are relatively new devices, originally designed to generate electricity from the degradation of 

organic matter in the soil by microorganisms. Currently, SMFC-based biosensors are attracting scientific interest as new and promising 

devices for rapid real-time monitoring of water quality and water pollutants. Compared with conventional biosensors, SMFC-based 

biosensors show advantages such as low cost, simple design, and the possibility of IN SITU operation and self-powered monitoring. SMFC-

based biosensors are expected to be used for remote environmental monitoring, therefore evaluating their long-term performance is crucial 

for their usability. In this paper, we present new data needed to establish the long-term performance of SMFC based biosensors. The present 

study presents the effect of various environmental factors such as temperature, pH and microbial activity on the performance and 

effectiveness of the SMFC based biosensor for monitoring water contaminated with heavy metals. The results show stable long-term 

performance of these devices under various environmental conditions. 
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1. Introduction 

The development of on-line and in situ water sensors is critical 

for monitoring heavy metal discharge and taking emergency 

response. Conventional water quality monitoring depends on 

sampling and lab analysis, which often lags behind the discharge of 

wastewater, moreover, sampling and analysis cost long process 

time, making it impossible to alert heavy metal pollution when it is 

happening. [1,2] 

In recent years, MFC based sensors have been envisaged as a 

promising low-cost and energy-efficient tool for online monitoring 

of pollution events in water and soil. [3]The use of exoelectrogenic 

bacteria to sense contaminants had a serious drawback, as the 

sensors could not monitor repeated pollutions unless 

exoelectrogenic bacteria were recovered or re-inoculated and 

acclimated after each pollution event. Unfortunately, recovery from 

disturbance or acclimation usually took several weeks. [4,5] 

To overcome the drawback, SMFC-based biosensors can be 

used for monitoring water pollution with heavy metals. Sediment 

microbial fuel cells generate electricity from the electro-potential 

difference between aerobic water and anaerobic sediments. [6] Most 

sediment microbial fuel cells are open systems with anodes 

embedded in sediment and cathodes placed in water layer. The 

microorganisms in the sediment consume organic substrates and 

transfer the electrons to the anode. [7] Dissolved oxygen is utilized 

as electron acceptor and combines with protons to form water and 

generate electricity. The advantages of the SMFC biosensor 

include: 

- the cathode instead of exoelectrogenic bacteria in the 

sediment senses heavy metal contaminants discharged into 

the water. [8] The sediment adsorbed a large proportion of 

heavy metals and protect exoelectrogenic bacteria from 

being inhibited by heavy metals ions, thus the sensor could 

work normally after a shock. [9] 

- the sensor employs native exoelectrogenic bacteria in 

sediment to generate a baseline voltage, therefore, the 

inoculation process can be omitted. [10] 

- the sensor's components are assembled into an integrated 

and rigid system; thus, monitoring is conveniently started 

by inserting the sensor into the flooded soil. [11] 

The performance of SMFC is affected by many factors, such as 

temperature, pH, organic matter of the sediment and others. [12] 

In this study, a SMFC-based biosensor was constructed to 

investigate its long-term performance for heavy metals monitoring. 

The sensitivity of the biosensor under conditions of varying 

temperature and pH was also investigated The SMFC based 

biosensor was operated for a period of one year in the field 

environment and a group of heavy metal solutions ranging from 0.5 

to 50 mg/l were repeatedly applied in different seasons. 

2. Materials and methods 

Soil Sampling  

For the purpose of the study, river sediment was taken from 

Ivanyanska river, Bulgaria (42°42'27.1"N 23°11'46.4"E), from a 

depth of 20-30 cm. After taking the river sediment, the larger pieces 

were removed by sieving through 2 mm. In order to carry out 

physicochemical analyses, part of the sieved soil was air-dried. Soil 

pH was measured by pH-meter HANNA HI-9021 determined at 1 : 

2.5 (soil:water). Soil electrical conductivity (EC) was measured by 

WTW LF 197-S determined at 1 : 5 (soil:water). The main soil 

physicochemical properties were as follow pH 6.89, EC 142.31 µS 

cm-1. The soil was classified as sandy clay loam, the Kjeldahl-N 

content were 0.214% and dissolved organic carbon 68.34 mg kg-1.  

Construction of SMFC biosensor 

The sediment microbial fuel cell is a plastic container with a 

volume of 800 cm3. At the bottom of the vessel is a stainless steel 

electrode with an area of 32 cm2. The vessel was filled with river 

sediment with a volume of 550 cm3. The cell was then filled with 

pure water and a second 32 cm2 stainless steel electrode was placed 

in the surface layer of the water. The physicochemical 

characteristics of water was pH 7.08, Eh 363 mV and EC 62 µS cm-

1 measured by Vernier LabQuest Mini. On Figure 1 is shown a 

scheme of the laboratory model of the SMFC-biosensor. 

 

Fig. 1 The schematic diagram of the SMFC-based biosensor 

1 – Inflow, 2 – Peristaltic pump, 3 – Sediment microbial fuel cell, 4 – 

Digital multimeter, 5 – Outflow, A – Anode C – Cathode  

The test solutions pass through the cathode zone, where heavy 

metals ions play the role of an additional electron acceptor and 

increase the voltage of the cell by changing the electrochemical 

parameters. Four identical SMFC-based biosensors were made. The 
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anode and cathode of each biosensors were connected with an 

external 1000Ω resistor using copper wire. Then they had been 

acclimated, until the base voltage is reached and the electroactive 

microorganisms acclimatize. The SMFC based biosensor was 

operated for a period of one year in the field environment in area 

with Moderate continental climate. 

The abundance of exoelectrogenic microorganisms was 

quantified by 16S rRNA gene. In the sediment Geobacter and 

Clostridium, were dominant exoelectrogenic bacteria. 

Anaeromyxobacter, Bacillus, Pseudomonas and Desulfolobus was 

also detected.  

Heavy metals pollution 

For the purposes of the study, synthetic solutions containing 

copper (CuSO4.5H2O), zinc (ZnSO4.7H2O), nickel (NiSO4.6H2O) 

and chromium (K2Cr2O7) with different concentrations were 

prepared. Solutions were prepared in seven concentrations – 0.5, 1, 

2.5, 5, 10, 25, 50 mg/l. The solutions were repeatedly applied in 

different seasons with various temperature and pH conditions.  

Electrochemical analysis 

Polarization and power curves of the individual SMFCs were 

obtained by varying external resistances sequentially from 11, 10, 9, 

8, 7, 6, 5, 4, 3, 2, 1.5, 1.3, 1, 0.7, 0.5, 0.3 to 0.1 KΩ using MCP lab 

electronics BXR-04 ResistorBox. 

To determine the response of voltage signals to Cu2+ shock, the 

biosensors` voltage was measured and recorded with Vernier 

LabQuest Mini and Logger Lite software. 

 

3. Results and discusion 

The open circuit voltage of the four sediment microbial fuel 

cells was monitored for one year. The cell voltage was almost the 

same throughout the period, with the graph showing the average 

cell voltage over a year (Figure 2). 

 

Fig. 2 Dynamics of open circuit voltage of SMFCs during one year 

 From the data in front of the graph, it can be seen that the 

voltage of the cells is significantly higher in spring and summer, 

when the average daily temperatures are also higher. 

Temperature 

The next experiment aimed to establish the effectiveness of the 

SMFC-based biosensors at different ambient temperatures. From 

the preliminary data in figure 3, it is clear that the voltage generated 

by the cells is directly dependent on the average daily temperatures. 

Higher ambient temperatures enhance the metabolic activity of 

exoelectrogenic bacteria, leading to an increase in the generated 

voltage. When average daily temperatures decrease in winter, the 

activity of microorganisms in the sediment becomes lower and the 

cell voltage decreases. 

 

Fig. 3 Dynamics of open circuit voltage of SMFCs during one year 

The experiment was conducted at three different temperatures, 

characteristic of the different seasons in a Moderate continental 

climate zone. The study was conducted in summer, autumn and 

winter at respective average daily temperatures of 25, 15 and 5◦C. 

The results of the study are presented in Figures 4, 5, 6 and 7. 

 

Fig. 4 SMFC-based biosensors standard curves Ni2+ 

 

Fig. 5 SMFC-based biosensors standard curves Cu2+ 

 

Fig. 6 SMFC-based biosensors standard curves Zn2+ 
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Fig. 7 SMFC-based biosensors standard curves Cr6+ 

Regardless of the ambient temperature, the results show a very 

high coefficient of determination - R2 for all four investigated 

metals. Temperature affects only the base voltages of the cells, as it 

is largely formed by the activity of exoelectrogenic bacteria. The 

voltage increase after the addition of the heavy metal solutions is 

exclusively based on a change in the electrochemical parameters, 

namely the addition of an additional electron acceptor in the 

cathode region. Therefore, the efficiency of the SMFC-based 

biosensor for heavy metals monitoring remains high coefficient of 

determination (R2 = 0.9783 – 0.9984) at all three investigated 

temperatures. 

pH 

The next experiment aimed to establish the influence of pH on 

the performance of SMFC-based biosensors for monitoring water 

pollution with heavy metals. Heavy metal solutions have pH values 

of 2.5, 4 and 5.5. The investigated pH values were chosen so that 

the investigated metals were in soluble form. 

 

Fig. 8 SMFC-based biosensors standard curves Ni2+ 

 

Fig. 9 SMFC-based biosensors standard curves Cu2+ 

 

Fig. 10 SMFC-based biosensors standard curves Zn2+ 

 

Fig. 11 SMFC-based biosensors standard curves Cr6+ 

The results of the study show a very high coefficient of 

determination - R2 for all four investigated metals regardless of the 

pH of the incoming solutions. The coefficient of determination 

varies between 0.9839 and 0.9964. 

Inhibition of exoelectrogenic bacteria 

The next experiment aimed to establish the inhibitory effect of 

heavy metals on exoelectrogenic bacteria in long-term operation. 

We have found that Geobacter and Clostridium are dominant 

exoelectrogenic bacteria in Starting soil. Therefore, they were 

selected as representatives of exoelectrogenic bacteria for qPCR 

assay. After one year of operation of the SMFC based biosensor, the 

abundance of Geobacter and Clostridium in the anode area was 

determined. The results are shown in Table 1. 

Table 1: Copies of 16S rRNA gene for Geobacter and Clostridium 

 

Geobacter 

copies of 16S rRNA gene 

(109 ) 

Clostridium 

copies of 16S rRNA gene 

(109 ) 

 Ni2+ Cu2+ Zn2+ Cr6+ Ni2+ Cu2+ Zn2+ Cr6+ 

Starting 

soil 
0.31 

0.31 0.31 0.31 0.49 0.49 0.49 
0.49 

After 

one 

year 

0.27 

0.29 0.25 0.22 0.47 0.46 0.48 

0.45 

 

The abundance of Geobacter and Clostridium were determined 

with copies of 16S rRNA gene. The copies of 16S rRNA gene for 

Clostridium were approximately two times higher than those for 

Geobacter. In the anodic zone, there was no significant difference 

between the initial soil and the soil after one year of operation in the 

copies of the 16S rRNA gene for Geobacter and Clostridium. This 

is probably because the surface layer of soil adsorbs heavy metal 

ions abundantly and is thus prevented penetration into deeper soil 
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layers. It can be concluded that the exoelectric bacteria were not 

inhibited in the deeper soil layer and hence the influence of heavy 

metal ions on exoelectric bacteria is limited. 

3. Conclusion 

In order to determine the influence of environmental factors of 

long-term operation and effectiveness of SMFC-based biosensors 

for heavy metal polluted waters, four sensors were constructed. The 

influence of temperature, pH and the toxic effect of heavy metal 

ions on the performance of the biosensor was investigated. The 

results showed that temperature only affects the base voltage of the 

biosensor, but not its sensitivity to heavy metal ions. The pH of the 

inlet solution did not affect the performance of the biosensor, and 

high values of the coefficient of determination were achieved for all 

four heavy metals investigated. The surface layer of soil adsorbs 

heavy metal ions abundantly and is thus prevented penetration into 

deeper soil layers. This results in minimal inhibition of 

exoelectrogenic bacteria and allows the biosensor to be used for 

monitoring recurring water pollution with heavy metals. The results 

proved the long-term effectiveness of the SMFC-based biosensors 

when working in different environmental conditions. 
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