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Abstract: The variation of substrate concentration in anode chamber directly affects the power
generation efficiency and decontamination performance of microbial fuel cell (MFC). In this study,
three concentrations of swine wastewater with 800 mg/L, 1600 mg/L and 2500 mg/L were selected as
substrates, and the performance of MFC and response characteristics of anode microbial community
were investigated. The results show that the concentration of a selected substrate is positively
correlated with the output voltage of MFC and chemical oxygen demand (COD) removal rate.
The microbial community diversity in the anode chamber and the performance of battery can be
significantly affected when concentration changes in different ways, which helps to selectively cultivate
the adaptable dominant bacteria to enhance the stability and decontamination performance of MFC.
The community structure of anodic biofilm is mainly composed of Proteobacteria, Bacteroidetes,
Firmicutes, Chloroflexi and Spirochaetae. These findings are meaningful to improve the treatment
effects of swine wastewater and can help to find out the mechanism of varying concentration that
influences the production of microorganisms in MFC.

Keywords: microbial fuel cells; swine wastewater; concentration changes; electricity generation
performance; decontamination performance; microbial community

1. Introduction

It is well known that the swine industry has been developing rapidly over recent years [1]. However,
the improper disposal of most swine wastewater seriously affects the sustainable development of
the environment and the economy [2,3]. Currently, the treatment methods of livestock wastewater
mainly include the returning farmland mode, the natural mode and the factory mode, which are costly,
resource wasting and lead to unavoidable secondary pollution [4]. It is particularly emergent to make
swine wastewater profitable at a lower cost due to its abundance.

The advent of microbial fuel cell (MFC) has provided a solution to cope with wastewater and
convert chemical energy into electric energy efficiently [5]. By suspending microorganisms in the
anode chamber, MFC can degrade the complex organic compounds by the exoelectrogens attached
on the anode and produce electrons, which will pass the anode and reach the cathode through the
external circuit [6]. The protons produced by this anodic reaction are diffused through the isolation
membrane between the anode and cathode chamber, which can combine with the electrons in the
cathode chamber from an external loop to generate current [7]. However, the efficiency of MFCs is too
low, which prevents it from being used widely in practice [8].

Energies 2020, 13, 2231; doi:10.3390/en13092231 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/13/9/2231?type=check_update&version=1
http://dx.doi.org/10.3390/en13092231
http://www.mdpi.com/journal/energies


Energies 2020, 13, 2231 2 of 11

The researches into MFC have paid most attention to the materials or structure, while the
microorganisms and operation environment of the MFC has been largely neglected [9,10]. It was
found that the chemical oxygen demand (COD) of swine wastewater fluctuated frequently when
climate changed through field sampling, which directly affected the microorganism inside MFCs [11].
Feng et al. investigated the effect of substrate concentration on MFC performance by using sodium
acetate as wastewater. It was found that when the substrate concentration increased, the anode biomass
and COD removal rate decreased, and the power density increased [12]. Wang et al. found that the
sustaining time of current generated in MFC by using turmeric water as a substrate decreased with the
increase of COD, which means excessive COD may have an inhibitory effect on microorganisms [13].
At present, most of the researches working on the impact of COD on MFC performance did not use the
actual wastewater. Moreover, they did not systematically explore the effect of wastewater concentration
on microbial community structure, not to mention the influence mechanism of concentration variation
on MFC [14]. Therefore, it is critical to investigate the influence of the concentration variation of swine
wastewater on the performance of MFC, as well as the microbial community near anode.

In this study, parallel-operated double-chambered MFCs using actual swine wastewater as the
substrate were constructed. Based on the field investigation, the concentrations of 800 mg/L, 1600 mg/L
and 2500 mg/L were chosen to compare the effects on the performance of MFCs. The influence
mechanism of concentration variation on the performance of the battery was analyzed from the
perspective of the biological community. The predominant flora of MFC based on swine wastewater
under the condition of variable concentration is preliminarily determined. The experimental results
could provide guidance for livestock wastewater treatment and MFC performance enhancement.
Moreover, the influence mechanism of substrate concentration variation on the production of
microorganisms is exhibited.

2. Materials and Methods

2.1. Materials

As shown in Figure 1, four identical double-chambered MFC reactors (250 mL) were fabricated
using transparent plexiglass, which were separated by the Nafion 117 proton exchange membranes
(50 mm * 50 mm) from DuPont (DuPont China Holding Co., Ltd. Beijing Branch, Beijing, China).
All carbon cloth anodes (Φ16 mm, HCP330N, Shanghai Hesen Electric Co., Ltd., Shanghai, China)
were first soaked in acetone for 3 h and then rinsed with the ultrapure water to neutrality. Finally, they
were dried under 60 ◦C for spare. The cathode employed the same carbon cloth material as anodes,
with 0.35 mg/m2 Pt catalyst distributed on its surface. The two electrodes of MFC were connected by
an external titanium conductor with resistance of 1000 Ω to form a closed-loop circuit.
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Figure 1. The diagram of the microbial fuel cell (MFC): (a) single microbial fuel cell; (b) microbial fuel
cell stacks.
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The inoculation solution of anode chamber included anaerobic sludge, swine wastewater and
inoculum. Inoculum was arranged as previously described. The solution in cathode chamber was
comprised of 0.1 mol/L K3[Fe (CN)6] and 50 mM phosphate buffer [15]. Anaerobic sludge was initially
collected from a sewage disposal factory in Nantong, China. After two weeks of anaerobic incubation,
it was filled to the anode chamber in MFCs. Swine wastewater was obtained from the supernatant of
a pig farm in Nantong before fermentation, and stored in the refrigerator with a temperature of 4 ◦C.

2.2. Construction and Operation

Each MFC reactor used in the experiment started in fed-batch mode based on 2500 mg/L of swine
wastewater, and the anode solution was updated every 48 h. The experiment was divided into 3 phases.
Phase 1: two reactors were filled with 800 mg/L (recorded as L) and 2500 mg/L (recorded as H) swine
wastewater respectively for 2 cycles, while another two reactors were both filled with 1600 mg/L swine
wastewater, which were recorded as M_H_L, and M_L_H, separately. Phase 2: The M_H_L and M_L_H
were swapped with 2500 mg/L and 800 mg/L swine wastewater and ran for 2 cycles. The H and L
continued to run without replacing the anolyte. Phase 3: the M_H_L and M_L_H were replaced with
800 mg/L and 2500 mg/L swine wastewater, respectively, and operated for another 2 cycles, as shown in
Figure 2. All reactors were operated at a temperature of 30 ◦C. After two weeks of stable operation, the
stable voltage profiles, polarization curves, COD removal rates and microbial diversity were measured
three times, respectively.
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Figure 2. Technology roadmap.

2.3. Statistical Analysis

With the help of the upper computer of LabVIEW, the external voltage of MFC was measured
and recorded online using a data acquisition board (NI USB-6343, National Instruments Co., Ltd.,
Guangdong, China). The detection frequency was 60 times/h. The polarization curve and power
density curve were drawn by steady state discharge method [16]. The power density was calculated
by the following formula:

PAn =
U2

Rex × SAn
(1)

where PAn is power density (MW/m2); U is operating voltage (mV); Rex is external circuit resistance (Ω);
SAn is anode electrode surface area (m2).

The sewage samples purified by MFC were filtered by 0.45 µm drainage membrane (Jingteng
Experimental Equipment Co., Ltd., Tianjin, China). The COD concentrations were measured by water
quality analyzer (DR3900, HACH, CO, USA) and the COD removal rates were calculated.
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The PowerSoilTM DNA isolation Kit (MoBio, Carlsbad, CA, USA) was used to extract the
DNA of MFC anode biofilm after two cycles of stable operations. The 16S universal primers 338F
(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used
to amplify the V3~V4 regions of the 16S rDNA gene. Barcoded 16S rDNA gene polymerase chain
reaction (PCR) amplicons were derived in sequence on the Illumina Miseq platform. The qualified
sequences were clustered into operational taxonomic units (OTUs) with 97% similarity cutoff by the
SRA (Sequence Read Archive, http://www.ncbi.nlm.nih.gov/Traces/sra). In order to analyze microbial
community diversity and microbial community at all levels, the results were used to calculate the
indexes of Chao, Heip, Shannon and Coverage [17].

3. Results

3.1. MFC Performance

3.1.1. Power Generation Performance

All reactors were started by using the swine wastewater with the same concentration. The mapping
voltage variation curve is shown in Figure 3. In Phase 1, the voltage amplitude decrements varied
greatly among reactors. Under steady state, the maximum voltage was H (0.61 V), followed by M_H_L,
M_L_H and L, indicating that the voltage in Phase 1 was mainly affected by the concentration of
wastewater, and they were positively correlated. In Phase 2, the voltage difference in M_H_L and
M_L_H was larger than it was in Phase 1, which means the concentration variation of anolyte directly
influences voltage recovery. Although the stable voltage in M_H_L was higher than M_L_H, they
both were lower than that in Phase 1. The reason may be that microbial community structure affected
by concentration could compromise the MFC performance. In Phase 3, both the voltage change rate
and stable voltage in M_H_L and M_L_H decreased relatively, which indicated that the concentration
variation may choose to cultivate a more adaptable dominant bacteria group. The stable voltage of MFC
based on 2500 mg/L and 800 mg/L was lower than that in H and L. No matter how the concentration
changed, the maximum stable voltage of MFC was suppressed. The maximum voltage duration in
M_H_L and M_L_H was longer than that in L and H, indicating that the change of concentration was
beneficial for the stable operation of MFC.
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Figure 3. Stable voltage profiles of MFCs along with substrate concentration variation. 
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In order to analyze the influence of variable concentration of swine wastewater on the MFC
performance, the polarization curves and power density curves were obtained after each replacement
of different concentrations of swine wastewater in MFC (Figure 4). The maximum power density
of H (770.97 MW/m2), M_H_L (616.11 MW/m2), M_L_H (503.44 MW/m2), and L (317.19 MW/m2) in
Phase 1 (Figure 4a) was measured and ranked in turns, as well as the output voltage of MFC. In Phase 2
(Figure 4b), the maximum power density in M_H_L (585.18 MW/m2) was significantly higher than
that in M_L_H (430.76 MW/m2), but both were lower than the previous phase. In Phase 3 (Figure 4c),

http://www.ncbi.nlm.nih.gov/Traces/sra
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the maximum power density in M_H_L (585.18 MW/m2) was apparently higher than that in M_L_H
(430.76 MW/m2), and both were lower than the previous phase. Therefore, the power density of M_H_L
or M_L_H had a positive correlation with the concentration of swine wastewater, which was consistent
with the previous [18].
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Figure 4. Polarization curves and power density curves of MFC at different phases:(a) polarization 
curves and power density curves of M_H_L, M_L_H, H and L in Phase 1; (b) polarization curves and 
Figure 4. Polarization curves and power density curves of MFC at different phases:(a) polarization
curves and power density curves of M_H_L, M_L_H, H and L in Phase 1; (b) polarization curves and
power density curves of M_H_L and M_L_H in Phase 2; (c) polarization curves and power density
curves of M_H_L and M_L_H in Phase 3.
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3.1.2. Decontamination Performance

The decontamination performance of MFC was evaluated by the COD removal rate (Table 1).
Combined with the analysis of MFC electricity production, it was found that the microbial community
structure was varied with different concentrations, and the dominant bacteria in a short period (4 days)
can adapt to high concentration successfully. The COD removal rate of the final effluent of MFC was
positively correlated with COD of swine wastewater in Phase 3. The dominant bacteria capable of
effectively resolving pollutants may not survive well in variable concentration of swine wastewater.
The microorganisms which were selectively cultured by variable concentrations in the anode chamber
could increase the degradation rate of 2500 mg/L and 800 mg/L swine wastewater by 12.5% and 208%,
respectively, which is different from the previous report. This result indicates that the substrate used in
this experiment was actual swine wastewater with a relatively low concentration range.

Table 1. Chemical oxygen demand (COD) removal rate of swine wastewater.

Group Influent COD
(mg/L)

COD Removal
Rate in Phase 1

(%)

COD Removal
Rate in Phase 2

(%)

COD Removal
Rate in Phase 3

(%)

COD Removal
Rate of Effluent

(%)

M_H_L 1600 60.56 45.2 14 42.38
M_L_H 1600 66.56 27.25 63.08 72.4

H 2500 - - - 64.36
L 800 - - - 13.75

3.2. Microbial Community Diversity

In order to analyze the mechanism of variable concentration on cell performance from the
perspective of the biological community, the original sequences of raw sludge, 2500 mg/L swine
wastewater (Swine) and four experimental groups were optimized by the Illumina sequencing analysis,
leading to a total of 226,646 optimized sequences. The sequences were selected by nucleotide
identification, where the similarity with operational taxonomic units (OTU) was more than 97%.
The species richness and diversity of the environmental communities were analyzed by calculating the
indexes of Chao, Heip, Shannon and Coverage (Table 2). Based on the Chao index, the L group was
found as the group with the highest species richness, followed by the H, M_H_L, Sludge, M_L_H and
Swine groups. The Heip index shows that the species evenness, in descending order, was Swine, Sludge,
M_H_L, L, H, and M_L_H. The Shannon index indicates that the order of community diversity was L,
Sludge, Swine, H, M_H_L and M_L_H. The values of coverage in Table 2 are converging to one, while
all rarefaction curves in Figure 5 tend to be flat, showing that the sequencing data used in the microbial
diversity analysis are sufficient to reflect the species diversity in the samples. The results demonstrate
that the microbial community diversity is directly affected by the concentration, and the species richness
of the biofilm selected by the MFC is higher than that of Sludge and Swine, although the diversity
index is slightly lower. Moreover, the diversity index tends to be higher at lower concentrations, and
the community diversity of the MFC anode can be reduced by variable concentration, which may
improve the performance of electricity generation and pollutant removal [19].

Table 2. Alpha diversity analysis.

Sample Seqs OTU Chao Heip Shannon Coverage

M_H_L 35,458 594 695 (658,754) 0.2124 4.84 (4.82,4.86) 0.9942
M_L_H 33,177 569 627 (604,667) 0.1915 4.69 (4.66,4.71) 0.9952

H 35,632 664 783 (739,853) 0.1920 4.85 (4.83,4.87) 0.9955
L 35,340 692 798 (758,862) 0.2118 4.99 (4.97,5.02) 0.9951

Sludge 42,403 599 674 (641,732) 0.2331 4.94 (4.92,4.96) 0.9971
Swine 44,636 464 488 (475,514) 0.2829 4.87 (4.85,4.88) 0.9981
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3.3. Microbial Community Structure

The comparison of microbial communities in different samples at phylum level is useful to
analyze the function of some special species in MFC. As shown in Table 3, the bacteria are mainly
distributed in Proteobacteria (60.45%), Bacteroidetes (18.72%), Firmicutes (4.75%), Chloroflexi (4.73%)
and Spirochaetae (4.54%). Proteobacteria and Bacteroidetes are dominant groups in each sample.
The relative abundance of Proteobacteria in Sludge or Swine is significantly less than that in the
experimental groups, indicating that Proteobacteria are beneficial to improve the MFC performance.
The relative abundance of Proteobacteria in the M_H_L or M_L_H groups are higher than that in H or L,
showing that Proteobacteria could adapt well to a changing environment, especially one with a variable
concentration, which is consistent with previous reports [20]. Compared with the experimental groups,
Bacteroidetes occupy a greater proportion in Sludge and Swine, and the highest proportion in H,
indicating that Bacteroidetes can effectively improve the electricity generation performance while
maintaining the stable operation of MFC. Mei et al. constructed a single-chamber air cathode MFC
based on waste water, and found that the Bacteroidetes of anode dominant bacteria could adapt to the
changing external micro-ecological environment and improve the performance of MFC [21]. Firmicutes
account for 44.56% in Swine, and belong to the dominant groups in M_H_L and M_L_H, which was
reported in many dominant electricigens [22]. This finding indicates that Firmicutes in the experimental
groups were mainly introduced from the wastewater, and the performance of Firmicutes adapted
to variable concentration environment was better than its electricity generation performance. In the
experimental groups, Chloroflexi were mainly introduced from the sludge but in a small proportion,
indicating that they could not adapt to the variable concentration environment of swine wastewater,
which complies with the previous conclusion. At the same time, the relative abundance of Spirochaetes
in the experimental groups was lower than that in Sludge and Swine, indicating that the enrichment of
Spirochaetes is beneficial to maintain the stable operation of MFC under the variable concentration
environment conditions [23,24].

According to Table 3, the dominant bacteria in the MFC anode chamber were mostly obtained
from the sludge, but the original dominant bacteria in the swine wastewater, such as Firmicutes,
were more useful to maintain the stable operation of the MFC. Variable concentration environments
would selectively culture the initial flora, whose species structure is significantly different from that
under the constant concentration environment. In the initial flora, Firmicutes and Spirochaetae can
enhance the electricity production of MFC and show better adaption to the variable concentration
environment, while the adaptability of Actinobacteria, Chloroflexi, Proteobacteria and Synergistetes is
relatively poorer.
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Table 3. Comparison of relative abundance of anode microbial community in M_H_L, M_L_H, H, L,
Sludge and Swine at phylum level.

Phylum
Abundance (Above 0.1%)

SEM p-Value
Sludge Swine M_H_L M_L_H H L

Acidobacteria 6.69% 0.02% 0.74% 0.40% 1.02% 2.78% 1.03% 0.07
Actinobacteria 2.32% 0.83% 1.92% 2.31% 2.17% 2.23% 0.23% 0.02
Bacteroidetes 17.35% 32.25% 15.96% 15.89% 25.63% 15.59% 2.83% 0.17
Chloroflexi 23.62% 0.00% 2.43% 1.50% 4.54% 9.65% 3.60% 0.24

Cyanobacteria 1.31% 0.01% 0.17% 0.92% 0.23% 0.67% 0.21% 0.01
Firmicutes 0.97% 44.56% 7.81% 4.44% 3.43% 3.83% 6.80% 0.01

Gemmatimonadetes 1.81% 0.00% 0.11% 0.01% 0.07% 0.13% 0.29% 0.02
Ignavibacteriae 1.43% 0.00% 0.13% 0.03% 0.15% 0.33% 0.22% 0.01

Nitrospirae 1.26% 0.00% 0.02% 0.01% 0.16% 0.31% 0.19% 0.01
Parcubacteria 4.82% 0.02% 0.00% 0.01% 0.00% 0.00% 0.80% 0.05
Proteobacteria 33.17% 19.91% 66.07% 66.55% 53.14% 58.81% 7.76% 0.33

Saccharibacteria 1.36% 0.04% 0.34% 0.66% 0.15% 0.34% 0.19% 0.01
Spirochaetae 0.33% 0.73% 3.54% 5.86% 6.11% 2.53% 1.04% <0.01
Synergistetes 0.05% 0.06% 0.29% 0.64% 1.35% 0.55% 0.20% <0.01

Verrucomicrobia 0.05% 0.14% 0.03% 0.42% 0.51% 1.31% 0.20% <0.01
others 3.46% 1.43% 0.44% 0.35% 1.34% 0.94% 0.46% 0.03

As shown in Figure 6, the experimental results are different between the groups of Sludge
and Swine at the genus level. The community composition of M_H_L is closer to that of M_L_H,
while the compositions of H and L are closer to each other, indicating that environmental conditions
directly affect the community structure of the anode surface. As shown in Figure 7, the relative
abundance that exceeds 1% at the genus level of each sample are Zoogloea (5.79%), Plasticicumulans
(4.59%), Bacteroidetes_unclassified (3.55%), Comamonadaceae unclassified (2.81%), Azoarcus (2.71%),
Comamonas (2.48%) and Methylomonas (2.43%). Zoogloea was proven to be able to adapt to the
temperature change effectively while producing electricity steadily [25]. Tamis et al. found that the
accumulation of Plasticicumulans was beneficial to the degradation of acetic acid and other small
molecular fatty acids. Moreover, he also proved that the dominant bacteria were not necessarily capable
of producing electricity, but they could degrade organic compounds or provide excellent prerequisite
substances for the exoelectrogens to assist electricity generation. Azoarcus [26] and Comamonas [27]
were the reported bacteria that can degrade sewage effectively, while a small amount of Methylomonas
can oxidize methane into carbon dioxide and assist in the production of electricity [28]. The production
performance of other unclassified bacteria remains to be further proved. 9 of 11 
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4. Conclusions

The concentration of wastewater in the anode chamber directly affects the power generation and
decontamination performance of the MFC. The concentration of COD is positively correlated with
the output voltage and the removal rate of COD. The abrupt change of concentration suppresses the
ability of MFC voltage recovery and decontamination. The dominant bacteria in the anode chamber
have a stronger environmental adaptability under lower concentrations. Variable concentration
environments can reduce microbial diversity to decrease the electricity production of MFC, but the
selectively cultured bacteria with a better adaptation capability could enhance the stability and
decontamination performance of the MFC. The dominant bacteria in the experimental groups were
mainly distributed in Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi and Spirochaetae, while
Zoogloea and Plasticicumulans might be the most important bacteria to enhance the performance of
the MFC.

5. Patents

The authors of this paper have carried out research on the microbial fuel cell for many years.
Four China invention patents related to this paper have been granted; the patent numbers are
CN106784952B, CN106876760B, CN106848361B and CN108075162B. In addition, four China invention
patents have been published; the patent numbers are CN110713899A, CN110669644A, CN108101211A
and CN108996699A.
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