
Introduction

With the rapid development of social economy, 
groundwater pollution is becoming more and more 
serious [1-3]. Groundwater is one of the most important 
resources in the world. It is a source of agricultural 
irrigation and drinking water of people [4]. However, it 
has received high N input from fertilizers [5], livestock 
wastewater and urban landfill leachate [6, 7] up to 

now. Even if anthropogenic inputs of reactive nitrogen 
were stopped today, elevated nitrate concentrations 
in aquifers could persist for decades to centuries, 
sustaining eutrophication in rivers, lakes, and estuaries 
[8, 9]. The government has to spend billions of dollars 
in environmental governance. The high concentration 
of nitrate in the groundwater will cause a series of 
diseases, such as colorectal cancer and non-Hodgkin 
lymphoma [10-12]. It also can affect local precipitation 
and cause climate degradation [13]. Therefore, nitrate 
removal is becoming the main issue to be solved [14, 
15]. Many water quality assessment models have been 
used to assess the water quality, such as water quality 
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index [16]. For the groundwater, Maryam Hosseini 
suggested that modified DRASTIC and GODS models 
can be used to assess groundwater vulnerability to 
pollution [17]. These models intuitively describe the 
degree of water pollution.

Microbial fuel cell (MFC), as a promising device 
to use bacteria as the catalysts to oxidize organic and 
inorganic matter and generate current, has been focused 
by a number of researchers. Ye Y. [18], Adeniran J.A. 

[19] and Zhu T.T. [20] constructed a dual-compartment 
MFC to treat wastewater under different ammonium 
concentrations. Nayak et al [21] prepared H-type 
two-chamber MFC by using sewage wastewater and 
distillery wastewater to investigate its efficiency. Zhu 
G.C. et al. [22] and Jin X.J. et al. [23] constructed a 
multi-anode MFC and an anodic denitrifying MFC 
respectively to investigate simultaneous nitrification and 
denitrifaction with different C/N ratios. Vilajeliu-Pons 
A. [24] designed a stacked MFC to treat swine manure 
with different electrode materials. Oon Y.S. [25] and 
Zhu G. C. [26] studied the denitrification and electricity 
generation capacity of MFC in closed or open circuit. 
These researches explored various factors affecting the 
performance of the MFCs treating nitrogen-containing 
wastewater. Their conclusions provide theoretical basis 
and practical reference for actual application of MFCs.

However, current studies are mostly limited to 
small water-soluble medium system MFCs, and their 
conclusions are not necessarily applicable to porous 
medium system of groundwater. The environment 
of groundwater is very complex. The temperature 
and pH are greatly different from district to district.  
For example, the temperature of groundwater keeps at 
6.5-9.5ºC in the north of China while keeps at 9-12ºC 
in the northwest of China. The pH of groundwater in 
southern China is generally lower than that in northern 
China. The harsh environment of groundwater limits 
the growth of microorganisms. 

In this study, we constructed a large-volume porous 
medium system MFCs whose anode and cathode were 
made of carbon cloth. We used a sand tanker to simulate 

the environment of groundwater. Under different pH 
values, we analysed the degradation degree of COD and 
nitrate. At optimal pH value, cyclic voltammetry and 
EIS were used to determine the best power generation 
capacity of MFC and DGGE was used to analyse the 
microbial community. The results of this paper can be 
used for further study. 

material and methods

Constructional Idea of Large-Volume 
Dual-Chamber MFC Device

Most of the experimentally studied MFC devices 
used PEM to conduct protons between the anode and 
cathode chambers at present. However, the expensive 
price and inconvenient use of PEM, which need cleaning 
after a period of time, inevitably limits its actual 
development and application. Salt bridge has great 
advantages in practical applications for its inexpensive 
price and easy operation. Therefore, this paper used salt 
bridge as the spacing material of the anode and cathode 
chamber to transfer protons and combined the actual 
conditions of the treated groundwater to design the 
dual-chamber in-situ remediation MFC device. 

The electron transfer in the environment of 
groundwater is complex. The electron transfer rate 
in porous system is lower than that in water-soluble 
system. To investigate the effect of porous system, we 
constructed a sand tanker as cathode chamber. The 
permeability of the sand was 0.0015 cm/s and the inlet 
flux was 8.85 mL/min.

Constructional Method of Large-Volume 
Dual-Chamber MFC Device

Dual-chamber MFC is applied to treating polluted 
groundwater. The cathode chamber of MFC is usually 
placed in the underground aquifer. Each cathode 
chamber of this paper is similar to a single well with the 

Fig. 1. Sketch map of the large-volume dual-chamber MFC device. 
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same salt bridge and carbon cloth electrode. The cathode 
chamber was filled with sand, and the anode chamber 
was filled with solution. The salt bridge of each cathode 
chamber was connected to anode chamber. The anode 
chamber was sealed by a cover, and the cover had a 
corresponding number of holes according to the number 
of salt bridges. Therefore, each cathode chamber and 
an anode chamber could form a circuit through the salt 
bridge.

Five cathode chambers (net volume was 0.5 L per 
chamber) were arranged in the sand tanker according 
to quincunx arrangement in this paper. There were six 
holes on the sand tanker. The upper three were hole 1, 
3, and 5. The lower three were hole 2, 4, and 6. Salt 
bridge was made of plastic hose which was injected 
with molten AGAR and KCl, and the pipe diameter 
and length of the plastic hose were 1.5 cm and 55 cm 
respectively. The area of carbon cloth cathode was  
120 cm2 (12×10 cm2). The net volume of the anode 
chamber which was made of organic glass was  
9000 cm3 (30×15×20 cm3), and the area of the carbon 
cloth anode was 176 cm2. Fig. 1 and Fig. 2 are the 
sketch map and physical map of the large-volume  
dual-chamber MFC device respectively. The connection 
method of the salt bridge shown in Fig. 1 used  
a main bridge. Considering the small treated area 
in practice and easy operation, the salt bridges 
were directly placed in the solution of the anode  
chamber.

Detection and Analysis Method of Large-Volume 
Dual-Chamber MFC Device

Analytical methods of nitrate pollutants in water:
 – Ultraviolet spectrophotometry method is used to 

measure NO3
–-N, 

 – N-(1-naphthyl)-ethylenediamine spectrophotometry 
method is used to measure NO2

–-N, 
 – Nessler reagent spectrophotometric method is used 

to measure NO4
+-N, and COD closed fast digestion 

titration method is used to measure COD.

The electricity generation performance of MFC was 
characterized by output voltage, internal resistance, 
polarization curve, and power density curve. In 
this experiment, the output voltage of MFC was 
continuously monitored by a real-time voltage monitor 
(PCI1713 data acquisition card, Taiwan Yanhua Science 
and Technology Company). The data were automatically 
stored by software in the computer, and the frequency 
of data recording was 400 s/times. The current 
produced by MFC can be calculated by Ohm’s law:  
I = U / R, in which U is the output voltage of MFC and 
R is the resistance of the external circuit. Polarization 
curve reflects the relationship between electrode 
potential and polarization current. In this experiment, 
the MFC polarization curve [27] was measured by 
steady-state discharge method. Coulomb efficiency 
(CE) is calculated by formula [28]. EIS is applied to 
evaluate the catalytic activity of the electrode and was 
measured by CHI-660C equipment (Shanghai Chenhua 
electrochemical instrument Co., Ltd). Microbial 
community is characterized by SEM-EOL JSM-6390LA 
scanning electron microscope (Japan Electronics 
Company) and DGGE (Bio-Rad Company, USA). 

pH value is one of the most important factors 
affecting MFC performance. In this paper, three groups 
of experiments were designed to control the pH value 
of the solution to be 5.5, 7.0 and 8.5 respectively. 
The concentrations of nitrate and COD in the three 
solutions were 100 mg/L and 500 mg/L respectively, 
and the external resistance of the battery was 1000Ω. 
The experimental conditions, methods, monitoring 
indexes and sampling intervals of the three comparative 
groups are the same. The samples were taken every 
4 hours from each outlet and were taken 4 times a 
day. To evaluate the MFCs capacity of continuous 
decontamination and electricity generation, the running 
time is 120 hours.

The research methodology diagram is presented in 
Fig. 3.

Results and discussion

COD Removal of Dual-Chamber MFC 
under Different pH Values

Fig. 4 showed the condition of COD removal under 
three different pH values of the anode solution in 
dual-chamber MFC devices. As shown in Fig. 4, the 
pH values had a great influence on COD removal in 
the dual-chamber MFC device. The MFCs whose pH 
values were 5.5 and 7.0 still showed the performance 
of decontamination, while the COD basically didn’t 
degrade in the MFC whose pH was 8.5 in the running 
time of experiment, where the lowest COD concentration 
was 365 mg/L and even up to 575 mg/L at the end of 
experiment. It showed that COD had accumulated a lot 
in it. By comparison, the MFC whose pH value was  
7.0 had better performance in two aspects: first, the 

Fig. 2 physical map of the large-volume dual-chamber MFC 
device.
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lowest COD concentration in the anode solution was 
190 mg/L, while the lowest COD concentration in 
the MFC anode solution whose pH value was 5.5 was  
260 mg/L; second, the degradation efficiency was 
higher than that of the MFC whose pH value is 5.5 
except for the third day. The results showed that the 
double chamber device is more suitable for treating 
neutral polluted groundwater.

Nitrate Removal of Dual-Chamber MFC 
under Different pH Values

The variation curves of the three nitrogen 
concentrations of the dual-chamber MFC’s outlets 
under different pH values were shown in Fig. 5 and  
Fig. 6 respectively. The nitrate degradation values of the 
overflow tank outlet were shown in Fig. 7.

As shown, the nitrate removal efficiency 
was different under different pH values. Nitrate 
concentrations of hole 1, 2, 3, and 4 were high under 
different pH values, and their concentrations decreased 
on the first day, while their concentrations kept at 
a high level at other time. Nitrate concentration 
of hole 5 was high at pH of 7.0, while nitrate 
concentration of hole 5 rapidly decreased at pH of  
5.5 and 8.5 on the first day of equipment running, 
and the lowest concentrations were 3.18 mg/L and  
0.49 mg/L respectively. However, they increased 
again from the next day. Nitrate concentration of hole  
6 continuously decreased at pH of 7.0, which performed 
better than that at pH of 5.5 and 8.5. The value of 
the final overflow tank outlet indicates that the MFC 
at pH of 7.0 had a slightly better final performance,  
and the value kept at a lower level from the next day 
of the experiment. The lowest concentration was  
19.51 mg/L, but then increased again. The end value 
was 73.77 mg/L. The result showed the instability 
of the device in the degradation of nitrate. Nitrate 
concentration generally over 70 mg/L except individual 
date at pH of 5.5 and 8.5. Fig. 5 to Fig. 7 reflected 
the relationship between the variation of nitrate 
concentration and spatiotemporal variation. Although 
the average value of the lower three holes was lower 
than that of the upper three holes, the overall values 
were high. Nitrate was worse for degradation under 
acidic and alkaline conditions than that under neutral 
condition. This result was consistent with the finding 
of other researchers [29, 30]. In neutral condition, 
the activity of the microorganism were better,  
which could accelerate redox reaction for nitrate. In 
acidic or alkaline, the activity of microorganism were 
inhibited.

Fig. 3. research methodology flowchart.

Fig. 4. COD removal under different pH values.
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The Electricity Generation Performance 
under Different pH Values

The electricity generation curve of dual-chamber 
MFC under different pH values showed in Fig. 8, and 
the corresponding polarization curve and power density 
curve showed in Fig. 9.

As shown in Fig. 8, at the pH = 7.0, the voltage was 
small and basically kept at about 40 mV. The highest 
voltage was 70.8 mV. At the pH = 8.5, the voltage 
continuously increased to 130 mV after 12 hours and 
then kept constant for 13 hours. After that, it started to 
decrease. At the pH = 5.5, the MFC barely generated 
electricity.

As shown in Fig. 9, the optimum internal resistance 
of the MFC whose pH was 7.0 was 12000Ω, the 
maximum power density was 0.003 mW/m2, the 
corresponding current density was 0.12 mA/m2. The 

optimum internal resistance of the MFC whose pH 
is 8.5 was 9000Ω, the maximum power density was 
0.00316 mW/m2, the corresponding current density 
was 0.141 mA/m2. The optimum internal resistance of 
the MFC whose pH is 5.5 was 12000Ω, the maximum 
power density was 0.00159 mW/m2, the corresponding 
current density was 0.087 mA/m2.

Compared with other researchers, the above  
results showed that the power generation performance 
of the dual-chamber MFC device under three different 
pH environments had not been properly exerted 
(Table 1). The reason may be related to salt bridge, 
porous medium system and running time. They 
greatly increased the internal resistance and decreased  
the electron transfer rate [31, 32]. At neutral condition, 
it was not suitable for bacterial to generate electricity. 
However, the other researchers constructed a small 
single-chamber MFC, and the anode and the cathode 

Fig. 5. a) variation curve of nitride concentration of hole 1 under different pH values; b) variation curve of nitride concentration of hole 
3 under different pH values; c) variation curve of nitride concentration of hole 5 under different pH values.

Fig. 6. a) variation curve of nitride concentration of hole 2 under different pH values; b) variation curve of nitride concentration of hole 
4 under different pH values; c) variation curve of nitride concentration of hole 6 under different pH values.
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were closer, which improved the electrode transfer  
rate. 

Electrochemical Activity Research 
in the Dual-Chamber MFC Device

Using cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) to test the electrodes of 
the mid-experiment and the end of the experiment. The 
anode and the cathode solutions were sampled at the 
mid-experiment and the end of the experiment.

Cyclic Voltammetry (CV) Analysis

CV curves of the carbon cloth cathode which 
obtained at the mid-term experimental solution and 

the end experimental solution showed in the Fig. 10a). 
CV curves of the carbon cloth anode which obtained 
at the mid-term experimental solution and the end 
experimental solution showed in the Fig. 10b).

As shown in Fig. 9a), the CV curves of the carbon 
cloth cathode were smooth in the two solutions, and we 
couldn’t observe the redox peak during the whole cyclic 
scanning process. It meant that the redox reaction didn’t 
occur on the cathode. The values of the current and 
voltage had the same order of magnitude at the mid-
experiment and the end of the experiment.

As shown in Fig. 10b), the electrochemical activity 
of the anode varied greatly with the running time of 
the reaction. We couldn’t observe the redox peak of 
the anode of the mid-experiment on CV curve, and 
the range of the current variation was narrow, which 
indicated that the electrochemical activity was poor. 
However, an obvious oxidation peak of the anode of the 
end of the experiment appeared at -0.83 V on the CV 
curve, and the range of the current variation enlarged. 
It meant that the electrochemical activity increased with 
prolonging the time of reaction.

By observation, there were few biofilms on 
the surface of the cathode, while there were many 
biofilms on the surface of the anode, which led to the 
different shape of the CV curves. It also meant that the 
microorganism produced electrons while consuming 
carbon source by respiration, resulting in the electrons 
accumulated near the electrode, which influenced 
the electrochemical activity of the electrode. The 
mechanism could be as follows:

     (1)

      (2)

         (3)

           (4)

Fig. 7. variation curve of nitride concentration of the overflow 
tanker outlet under different pH values.

Fig. 9. curves of the maximum power density and polarization 
under different pH values.

Fig. 8. voltage curve under different pH values.
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Electrochemical Impedance Spectroscopy 
(EIS) Analysis

Using the EIS to test the anode of the mid-
experiment and the end of the experiment, and the 
electrochemical impedance spectrogram showed as  
Fig. 11.

As shown in Fig. 11, a capacitive arc appeared 
between 26500-27800Ω at the end of the 
experiment, while a capacitive arc appeared between  
27250-28500Ω at the mid-experiment. The capacitive 
arc radius of the end of the experiment was smaller. 
The value of charge-transfer resistance depends on 
the capacitive arc radius. The smaller the radius of the 
capacitive reactance arc was, the smaller the impedance 
value was, and the electrode surface polarization 
resistance was smaller. Therefore the electrochemical 
activity of the anode at the end of the experiment 
increased. The conclusion was consistence with cyclic 
voltammetry.

Microbial Community Analysis

Morphological Analysis of biofilm 
on Electrodes Surface

The surface morphology of the carbon cloth 
anode and cathode after the end of the experiment 
was observed by SEM, and the results are shown in  
Fig. 12. Fig. 12a) clearly showed that a thick layer of 
rod-shape bacteria attached to the surface of the anode. 
Fig. 12b) showed that only few rod-shaped bacteria 
attached to the surface of the cathode. This was 
closely related to the fact that the anode and cathode 
were in different systems. Although the anode and the 
cathode had been used for two months, and the anode 
and cathode solution was inoculated with the same 
activated sludge, the carbon cloth anode was placed in 
solution medium system, and the carbon cloth cathode 
was placed in porous medium system. At the same 
time, there was adequate carbon resource in the anode 
chamber. Therefore, there was an obvious difference in 
biofilm on the anode and the cathode, which directly 
caused the differences between the electrochemical 
activity of the two electrodes.

Analysis of Microbial Community Composition 
on Electrodes Surface

DNA was extracted from the biofilm samples 
on the anode surface at the end of the experiment 
and was carried out PCR amplification and DGGE 
electrophoresis. The gene fragments of the dominant 
bacteria in the biofilm were shown in Fig. 13. Each  
bright band in the picture represented a bacterial 
species, and the brightness indicated the relative 

Table 1 Maximum power and maximum current obtained when treating nitrogen-containing wastewater.

Methods Medium Maximum power Maximum current Reference

CWs-MFC Swine slurry & alum sludge 0.268 W/m3 0.9 A/m3 [33]

CWs-MFC Wastewater & gravel 36 mW/m2 219 mA/m2 [34]

CWs-MFC Swine slurry, gravel & alum sludge 0.276 W/m3 0.636 A/m3 [35]

Fig. 10. a) CV curve of the anode; b) CV curve of the cathode.

Fig. 11. EIS atlas of the anode solution.
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abundance of the bacteria in the community. The 
Brightness-enhanced bands 4, 5, 6, 10, 11 and 12, 
which the electrodes mutually had, were separated from 
DGGE gel, sequenced after PCR amplification, and 
the measured gene sequences were submitted to the 
gene bank of the National Biotechnology Information 

Center of the United States. The corresponding login 
numbers were obtained, and the sequences with 
higher similarity were aligned as shown in Table 2, 
respectively. Sequences can be found in the gene pool, 
and the highest similarity is 100%. DNA Star software 
was used to make the evolutionary tree of strains that 

Fig. 12. a) the carbon cloth anode; b) the carbon cloth cathode.

Fig. 13. DGGE image of biofilm bacteria on the carbon cloth anode.

Fig. 14. Eevolution tree of bacteria community in dual-chamber.

Table 2 DNA sequencing results of biofilm on dual-chamber carbon cloth anode and cathode, and compared with Genbank Database.

Sequence designation Accession number The results of Ribosomal database project Identity (%)

Band4 AJ505857 Comamonadaceae bacterium 76

Band5 AB101445 Xanthomonas axonopodis 94

Band6 AF234745 Rhodobacter 100

Band10 GQ497287 Acinetobacter sp 100

Band11 AB021388 Janthinobacterium lividum 89

Band12 HM124367 Hyphomicrobium sp 96
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were selected with high similarity and identified by  
adjacency method. The results were shown in Fig. 
14. It could be seen from the evolutionary tree 
that the biofilm bacteria on the cathode and anode 
carbon cloth had high homology of Rhodobacter, 
Acinetobacter sp, Hyphomicrobium sp, respectively. 
The dominant microbial communities attached to 
carbon cloth electrodes were Comamonadaceae 
bacterium, Xanthomonas axonopodis, Rhodobacter, 
Hyphomicrobium sp, Acinetobacter sp, 
Janthinobacterium lividum and Hyphomicrobium sp.

conclusions

This study constructed a dual-chamber MFC to 
treat nitrogen-containing groundwater, and the MFC 
worked in the porous medium which was used to 
simulate the environment of groundwater. The highest 
COD removal efficiency was 62% ,
and the maximum power density was 0.003 mW/m2. 
The high COD removal efficiency meant that the MFC 
could be used to treat groundwater in practice. In the 
porous medium, there were few microorganism attach 
to the cathode while there were many microorganism 
attach to the anode in the water-soluble medium. That 
was the reason why the property of anode better than 
that of cathode. The domain microbial communities 
were Comamonadaceae bacterium, Xanthomonas 
axonopodis, Rhodobacter, Hyphomicrobium sp, 
Acinetobacter sp, Janthinobacterium lividum and 
Hyphomicrobium sp. Though the ability of electricity 
generation was weak, it could be improved by 
improving the structure of MFC. This result can be 
used for reference for our further study.
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