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Abstract: In order to study the effects of operating conditions on the performance of a microbial
fuel cell (MFC) for treating ammonia nitrogen (NH4+-N) and phosphate and the changes in the
microbial community under optimized conditions, in this study, the response surface method (RSM)
and central composite design (CCD) were used to carry out experiments and construct a model of the
system to analyze the influence of the hydraulic retention time (HRT) and initial influent ammonia
concentration on NH4+-N and the total phosphorus (TP) removal performance of the MFC, and
the changes in the microbial community structure were analyzed. The results showed that: (1) the
initial influent ammonia concentration had a greater impact than the HRT; (2) after optimizing the
reaction conditions, the actual removal rates of NH4+-N and TP of the system were 94.88% and
59.39% (the predicted values were 90.18% and 56.25%), respectively; and (3) the total number of
species in the optimization group decreased, and the richness of the microbial community decreased.
The system conducted the orthoselection of the microbial community and optimized the structure of
the microbial community. After the optimization, the dominant strains for ammonia and phosphorus
removal on the cathode reactor of each system were strengthened at the phylum and genus levels.
Under the coaction of the dominant strains, the efficiencies of nitrogen removal and phosphorus
removal in the reactor were significantly improved. The performance optimization of and microbial
community change in NH4+-N and TP removal in the MFC system were studied using RSM, which
was helpful to improve the effect of nitrogen and phosphorus removal.

Keywords: microbial fuel cell; ammonia nitrogen; phosphorus; response surface method; central
composite design; mathematical model; microbial community

1. Introduction

From point source and non-point source pollution, too much nitrogen and phospho-
rus in water bodies caused by excessive emissions lead eutrophication, algae and other
plankton to grow rapidly. Dissolved oxygen (DO) in water is rapidly declining, resulting
in the deterioration of water quality, the death of fish and other organisms, the ecosystem
degradation of the water environment and threats to human health [1–3]. Water pollution
and the energy crisis have become the focus of global attention. Therefore, the development
of wastewater treatment technology should be continuously promoted [4,5]. Exploring
new efficient and low-consumption phosphorus and nitrogen removal technologies and
devices has become a research hotspot [2,3].

A microbial fuel cell (MFC) is a bioreactor that uses microbial biochemical reactions
to convert chemical energy from various organic substrates within a system into elec-
trical energy. An MFC can remove organic pollutants from wastewater and realize the
resource utilization of pollutants. They have been widely studied and practiced in animal
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wastewater, domestic wastewater, dyeing wastewater, etc., showing excellent character-
istics [5–12]. However, the performance of an MFC is affected by many factors, such as
the structure of the MFC, electrode material, pH, substrate concentration, temperature,
reaction time, external resistance, reactor volume and microbial community. The stability
and electrical performance of an MFC lead to its inability to be applied in large-scale
engineering [1,5,7,8,11,12]. Among them, cost reduction and optimal design are important
research directions to expand the scale and commercialization of MFCs.

The optimization design of MFCs has become a research hotspot. The performance
of an MFC was improved by optimizing the pH, anode biofilm, substrate concentration
and DO in the cathode [5,13–15]. By adjusting the DO of the cathode, Tao et al. found that
with the decrease in the DO of the cathode, the electron acceptor in the cathode chamber
gradually diminished, and the electric performance of the system decreased sharply. The
nitrogen removal effect was good, but the effect on the removal of TP and COD did not
change to a large extent [16]. Zhao et al. found that temperature, pH and p-nitrophenol had
significant effects on the removal of p-nitrophenol using an MFC system and found that the
removal performance of the system was optimal when the temperature was 34.63 ◦C, pH
was 7.4 and the initial p-nitrophenol was 126.96 mg/L [17].

Among the many optimization methods, the response surface methodology (RSM) is a
statistics-based approach that optimizes the experimental process with a limited number of
implementations to save money and time by influencing the experimental design as well as
the interaction between independent and non-independent variables [8,13,15]. It is widely
used in experimental design, the development of new water treatment technology, system
parameters optimization and other processes. Feng et al. constructed an electrobiological
integrated reactor (EBIR) to treat ibuprofen wastewater. The RSM was used to optimize
the operation parameters, such as current density (CD), hydraulic retention time (HRT)
and influent ibuprofen concentration, and the microbial community structure of the system
was studied and analyzed under optimal conditions [18]. Sugumar et al. used the response
surface method to study the influence of pH, substrate concentration and anode electrode
material on the performance of a 300 mL tubular microbiofuel cell. Under optimized
conditions, the pH was 7 and the substrate concentration was 75%, and a graphite rod was
used as an electrode material to achieve the maximum power density of the system [19].
Salar-Garcia et al. used the RSM to optimize the electrical performance of an MFC based
on human urine treatment using the anode area, external resistance and film thickness, and
found that the model was an effective tool, which provided important information for the
efficient optimization of the MFC [15].

However, the influence relationship of multiple operating parameters on the system is
still lacking [1]. The influent ammonia concentration and HRT were the main factors affect-
ing the performance of nitrogen and phosphorus removal [1,20]. The process of nitrogen
and phosphorus removal was a complex one and depended on different operating condi-
tions [1,21]. The increase in the initial ammonia concentration could inhibit the system’s
pollutant treatment and power generation performance [1]. It also had a certain inhibitory
effect on ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) [22]. The
HRT was an important parameter in sewage design, which played an important role in the
design and operation of the MFC system, thus directly affecting its performance [23,24].
The HRT was one of the most important factors in determining the contact time between
pollutants and microorganisms [4,24]. The electrons provided by electrogenic bacteria were
essential to improving the removal efficiency of organic pollutants from the MFC [1,16].
Therefore, the HRT of an MFC should be designed correctly [24,25]. Most previous studies
have focused on the effects of the initial ammonia concentration and HRT alone or with
other operating factors on MFCs, but there are few studies on the performance of the
MFC system under the two operating factors of the initial ammonia concentration and
HRT, and the effects of both operating parameters on microbial communities. In order to
further study the influence of operating conditions on the operation of an MFC, the RSM
was used to model and optimize the parameters of the MFC. By applying these methods,
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the relationship between the factors affecting MFC operation and its performance can be
effectively identified [7,8].

In this study, a two-compartment MFC was constructed to study the effects of the
influent ammonia concentration and HRT on the NH4+-N and TP removal performance
of the system. The RSM was used to design and optimize the experiment, and a central
composite design (CCD) was used to design the experiment. Design-Expert 11.0 software
was used to model the system. The feasibility and rationality of the mathematical model
were tested through analysis of variance (ANOVA), and the operating parameters of the
system were optimized in order to optimize the NH4+-N and TP removal performance of
the MFC. At the same time, the effects of operation parameters on the community structure
of the system were tested under optimal operating conditions. This study helps us to better
understand the effects of different operating conditions on NH4+-N and TP removal in
MFC and provides a certain theoretical reference for the performance optimization and
engineering applications of MFCs.

2. Materials and Methods
2.1. Experimental Facility

The construction of the two-compartment MFC is shown in Figure 1. The cathode and
anode chambers of the MFC were composed of Plexiglas, and the working volume of each
studio (6 cm × 6 cm × 5 cm) was 180 mL. The cathode and anode electrodes were composed
of 3.5 cm × 3.5 cm carbon cloth (WOS1009, Clean Energy Technology Co., Ltd., Taichung,
China). The cathode chamber was aerated and oxygenated with an air pump. Each working
chamber had two holes at the top for exhaust and electrode placement. The cathode and
anode compartments were pretreated before use with a proton exchange membrane (PEM)
(N-117, Dupont Inc., Wilmington, NC, USA) with an effective area of 9 cm2 at the junction.
The copper wire between the two electrodes and a 200 Ω fixed resistor were connected to
form a closed circuit, and the whole device ran at room temperature. When the system
voltage dropped below 50 mV, the new anode was replaced with medium [14].
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2.2. Wastewater

Throughout the whole experiment, synthetic wastewater was used. The synthetic wastew-
ater was prepared by adding 469 mg/L C6H12O6, 750 mg/L NaHCO3, 94.4~286.9 mg/L
(NH4)2SO4, 8.8 mg/L K2HPO4, 2.5 mg/L KH2PO4, 120 mg/L CaCl2·H2O and 2.5 mg/L
MgSO4·7H2O. Trace metals such as Fe, Ni, Mn, Zn, Co, Cu and Mo were added as per the
composition suggested by Pinto et al. (2011) [26]. All reagents were analytically pure. The
synthetic wastewater concentrations of COD, NH4+-N and TP were 500 mg/L, 20~80 mg/L
and 20 mg/L, respectively [9,27,28].

The anode and cathode of each reactor were inoculated with 1/3 volume of sludge.
Aerobic and anaerobic sludge was obtained from a sewage treatment plant in Wuhu City,
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China. The system was initially acclimated, and the acclimation was considered successful
until the system produced stable electricity (above 200 mV), which lasted for about one
month. Then, batch testing began.

2.3. PEM and Electrode Pretreatment

All the electrodes were first washed with a small amount of water; then, they were
washed and soaked with 1 mol/L HCl and 1 mol/L NaOH, respectively, through a precon-
figured hydrochloric acid solution for 2 h; and finally, they were washed with deionized
water again and soaked for at least 6 h before taking out for later use. PEMs were immersed
in the middle of 3~5% H2O2 at 80 ◦C for 1 h, rinsed with distilled water 3 times, boiled
with 5% dilute sulfuric acid (mass ratio) at 80 ◦C for 2 h and finally cleaned with deionized
water until pH was neutral, cool and dry for use.

2.4. Modeling and Optimization

In this study, the central composite design (CCD) method in the RSM was used to
design the test scheme. The center points of the RSM were tested, and three levels were set
for each factor. The center points were repeated five times to test the repeatability of the test
and the rationality of the model so as to reduce the test error. The quadratic response surface
model was constructed by using Design-Expert 11.0 (Stat-Ease. Inc., Minneapolis, MN,
USA), and the results were analyzed. According to the optimal scheme, the relationship
between the experimental variables and the response value can be described using the
following polynomial [7,14,29,30].

y = β0 +
k

∑
i=1

βixi+
k

∑
i=1

βiix2
i +

k

∑
j=2

j−1

∑
i=1

βijxixj+ε (1)

where y represents the response value. xi and xj are the variables. β0 is a constant coefficient.
βi, βij and βii are the coefficients of the first term, the second term and the second term,
respectively. k is the number of independent parameters. ε is the random error. The terms
in front of the equation indicate exactly synergistic action, and the negative sign indicates
antagonistic action [13,14,31].

Two factors, HRT and initial influent ammonia concentration, were selected, and
the system performance of removing NH4+-N and TP was taken as the response values.
According to the CCD principle, the independent variables (low, medium and high) and
their level settings (−, 0, +) in the RSM in this study are shown in Table 1. The range and
level of variables were comprehensively determined based on preliminary test results and
the relevant literature [3,9,28,32]. The experimental design and operation results of CCD
are shown in Table 2.

Based on the control variables and response values, all experimental results in Table 2
were run, and the model prediction system of the initial influent ammonia concentration
and HRT was constructed to predict the removal performance of NH4+-N and TP.

Table 1. Response surface model factors and levels.

Number Factor Unit Code
Level

−1 0 +1

1 HRT h X1 12 18 24
2 initial influent ammonia concentration mg/L X2 20 50 80
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Table 2. The response surface design and results of CCD.

Factor 1 Factor 2 Response 1 Response 2

Run X1 X2
The Removal Rate of

NH4+-N (Y1)
The Removal Rate of

TP(Y2)

h mg/L % %

1 9.52 50 (0) 46.92 31.26
2 24 (+1) 80 (+1) 76.54 43.82
3 12 (−1) 80 (+1) 45.21 38.57
4 18 (0) 50 (0) 63.29 55.82
5 18 (0) 50 (0) 62.21 56.27
6 26.49 50 (0) 84.97 36.82
7 24 (+1) 20 (−1) 91.24 41.26
8 12 (−1) 20 (−1) 86.92 49.53
9 18 (0) 92.43 54.85 49.37
10 18 (0) 50 (0) 63.51 56.81
11 18 (0) 50 (0) 62.87 55.43
12 18 (0) 50 (0) 63.48 56.43
13 18 (0) 7.574 78.62 49.57

X1 is the HRT, and X2 is the initial influent ammonia concentration.

2.5. Methods for Wastewater Quality Testing and Microbial Sequencing

According to standard methods, the concentration of NH4+-N and TP in the samples
were measure by using a visible spectrophotometer (V-1100D, Shanghai Meipuo Instrument
Co., Ltd., Shanghai, China) at wavelengths of 420, and 700 nm, respectively [18,33]. All
the above parameters were measured three times through repeated sampling, and all test
results were averaged. The relative error of test results was less than 5%.

The microbial community was extracted from the cathode of each system after 85 d of
operation. The diversity and community structure of microorganisms were tested using 16S
rDNA (V3–V4). Amounts of 30 ng of qualified genomic DNA sample and corresponding
fusion primers were used to configure the PCR reaction system, and the corresponding PCR
reaction parameters were set for PCR amplification. Agencourt AMPure XP magnetic beads
were used to purify the PCR amplification products, dissolved in Elution Buffer, and labeled
to complete the library construction. The Agilent 2100 Bioanalyzer (Agilent Technologies
Inc., Palo Alto, CA, USA) was used to detect the fragment range and concentration of the
library. The qualified libraries were detected and sequenced. Reads were spliced into Tags
through the Overlap relationship between reads, and OTU was clustered in Tags to carry
out OTU species annotation on OTU.

3. Results and Discussion

In this section, based on the experimental results, the Design-Expert 11.0 software was
used to build the model, and ANOVA was used to validate the accuracy and rationality of
the model. A three-dimensional (3D) response surface diagram and two-dimensional (2D)
contour analysis diagram were used to analyze the interaction between factors combined
with the relevant literature, the optimization results were verified, and finally the microbial
diversity and community structure of the system were analyzed.

3.1. Construction and Optimization of NH4+-N Removal Rate Model

Analysis of variance (ANOVA) was used to statistically test the model, and the results
of ANOVA are shown in Tables 3 and 4.
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Table 3. ANOVA analysis of the NH4+-N removal model.

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 2013.49 2 1006.74 16.33 <0.0001 significant
X1 1000.41 1 1000.41 16.22 0.0024
X2 1013.08 1 1013.08 16.43 0.0023

C.V. % is 11.59.

Table 4. ANOVA analysis of the TP removal rate model.

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 867.51 5 173.50 41.97 <0.0001 significant
X1 2.93 1 2.93 0.71 0.4276
X2 9.42 1 9.42 2.28 0.1748

X1 X2 45.70 5 45.70 11.05 0.0127
X1

2 792.14 5 792.14 191.60 <0.0001
X2

2 60.79 5 60.79 14.70 0.0064
C.V. % is 4.26.

3.1.1. Analysis of Variance and Validation of the NH4+-N Removal Model

All experimental results in Table 2 were run, and the model prediction system of the
initial influent NH4+-N and HRT was constructed to predict the removal performance of
NH4+-N. The experimental results were fitted through linear polynomial regression using
the Design-Expert 11.0 software, and the linear equation of the ammonia removal model
was obtained through software analysis:

Y1 = +67.741 + 11.183 × X1 − 11.253 × X2 (2)

In the formula, Y1 is the removal rate of NH4+-N, X1 is the HRT and X2 is the initial
influent ammonia concentration.

From the NH4+-N removal model shown in Equation (2), it was found that the
coefficient of X2 was larger than that of X1, indicating that the initial influent ammonia
concentration had a greater impact on the removal rate of NH4+-N in the system than
the HRT. In the model equation, X2 had a negative sign, indicating that the increase in
the influent ammonia concentration had an antagonistic effect on the system treatment of
NH4+-N. To further check the rationality and validity of the model, ANOVA was conducted
on the model, and the results are shown in Table 3.

As shown in Table 3, the fitting model of the F-value was 16.33, which showed that
the model for NH4+-N in terms of the wastewater degradation prediction had a good
effect, and the p-value was less than 0.0001, showing that the model was reliable [13]. The
significant levels of the two factors (p < 0.05) indicated that the HRT and initial influent
ammonia concentration were the key factors affecting the performance of NH4+-N removal
in the system. The coefficient of variation (C.V. %) was 11.59, and the signal-to-noise ratio
was 11.90 (>4), which proved that the test had a high accuracy. The R2 of the fitted model
was 0.77, the adjusted R2 was 0.72 and the predicted R2 was 0.53. The difference between
the two was less than 0.2, indicating the rationality of the model construction.

The influence of the two factors on the removal of NH4+-N from wastewater in the
system was slightly different, and the order of significance was as follows: initial influent
ammonia concentration >HRT.

3.1.2. Effect of the Interaction of Factors and Optimization of the System

After the model was verified, the interaction of factors was studied to analyze and
optimize the performance of the system in treating NH4+-N. The 3D response surface
helped to visualize the interaction between variables [29]. The 3D response surface and 2D
contour diagram of the influent ammonia concentration and HRT on the system treatment
of NH4+-N are shown in Figure 2.
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It can be seen from Figure 2a that both the HRT and initial influent ammonia concen-
tration had significant effects on the system’s NH4+-N treatment performance. With the
increase in the initial influent ammonia concentration, the removal rate decreased, and
with the increase in the HRT, the system treatment efficiency increased. It can be seen
from Figure 2b that the two operating factors had significant effects on the performance
of the system in treating NH4+-N. The COD/N ratio in wastewater treatment was an
important parameter that directly affected the nitrification process of the system. Nitrifying
bacteria are autotrophic, and a higher amount of organic matter can promote the growth of
heterotrophic bacteria and inhibit the growth of nitrifying bacteria [34]. When the COD/N
ratio was greater than 7, nitrification/denitrification was feasible. However, at a very
low COD/N ratio, a greater nitrogen removal effect could be achieved. When COD was
500 mg/L and ammonia concentration was 40 mg/L, the maximum COD removal rate
was 87.2%, and the higher ammonia removal efficiency was approximately 95%. Moreover,
increasing the initial influent ammonia concentration had a significant negative effect on
the system’s removal effect, which may limit the simultaneous nitritation/denitritation
(SND) [1,32]. With the increase in the initial NH4+-N concentration (free ammonia nitrogen
(FAN) > 40 mg/L), the performance of the system ammonia removal decreased signifi-
cantly [1,21]. When the HRT increased from 12 h to 24 h, the contact time between the
substrate and microorganisms increased, which was conducive to the removal of pollu-
tants [4]. When the HRT was 24 h, the initial influent ammonia concentration was 20 mg/L,
and the system’s NH4+-N removal rate was 90.18%.

3.2. Construction and Optimization of TP Removal Rate Model

Similar to the modeling of the NH4+-N removal rate, the polynomial regression fitting
analysis was carried out through the Design-Expert 11.0 software to obtain the equation of
the test.

3.2.1. Analysis of Variance and Validation of the TP Removal Rate Model

Y2 = +56.152 + 0.605 × X1 − 1.085 × X2 + 3.380X1 × X2 − 10.671X1
2 − 2.956X2

2 (3)

In the formula, Y2 is the removal rate of TP, X1 is the HRT and X2 is the initial influent
ammonia concentration. It can be seen from the above equation that the performance of the
initial influent ammonia concentration in the system’s removal of TP was greater than the
HRT. The analysis of variance of this model is shown in Table 4.
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As shown in Table 4, the F-value of the fitted model was 41.97, indicating that the
model had a good effect on the prediction of TP degradation in sewage, and the p-value
was less than 0.0001, indicating that the model was reliable [13]. The coefficient of variation
(C.V. %) was 4.26%, and the signal-to-noise ratio was 16.07 (>4), which proved that the test
had a high accuracy. The R2 of the fitted model was 0.97, the adjusted R2 was 0.94, and
the predicted R2 was 0.78; the difference between them was less than 0.2. The R2 value,
which was close to 1, indicated that the constructed model had a high fitting degree to the
actual data [13,18], indicating the rationality of the constructed model without a significant
lack of fitting, and the model had a satisfactory R2 value for the removal of TP. Among
the two factors, the difference in TP removal in the system water was slightly different,
and the order of significance of the two factors was as follows: initial influent ammonia
concentration >HRT.

3.2.2. Analysis of Variance and Validation of the TP Removal Rate Model

The 3D response surface and 2D contour diagram of influent ammonia concentration
and HRT on the TP removal rate in the system are shown in Figure 3.
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According to Figure 3a, with the increase in the HRT and initial influent ammonia
concentration, the system’s removal rate of TP was first increased and then decreased.
When the HRT was 18 h and the initial influent ammonia concentration was approximately
50 mg/L, the system’s removal rate of TP reached the maximum. This may be due to the
effect of operation factors on the removal performance, microbial activity and community
of the system. After a certain time of acclimation, the colony structure of the system was
acclimated and changed, and the synergistic effect of the dominant strains enhanced the TP
removal performance of the system. The appropriate extension of the HRT was beneficial
for microorganisms to make full use of the organic matrix and promote microbial growth,
thus enhancing the treatment performance of the system. However, when the HRT was
too long, the treatment performance of the system was inhibited [4,24]. It can be seen from
Figure 3b that the initial influent ammonia concentration had a larger effect on the system’s
performance of treating TP than the HRT, which was consistent with the equation of the
model construction, and a good interaction between the two factors was found [8]. When
the HRT was 17.99 h and the initial influent ammonia concentration was 44.48 mg/L, the
theoretical value of the TP removal rate of the system reached 56.25%.

3.3. Optimization of the System and Verification of the Model

The significance of the modeling process and its results was that it was possible
not only to demonstrate the influence of operating parameters but also to predict the
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performance of the system under various operating conditions [8,13]. The objective of the
verification and optimization experiment was to optimize the performance of NH4+-N and
TP removal of the system by optimizing the operating conditions, and reduce the HRT at
the same time, so as to reduce the time and power consumption in the actual treatment. By
2.2, the model was built, the system was optimized to obtain the best operating conditions
and verification tests were carried out under the optimal conditions.

The theoretical maximum removal rates of NH4+-N and TP were 90.18% and 56.25%,
respectively; when the HRT was 24 h, the initial influent ammonia concentration was
20 mg/L and when the HRT was 17.99 h, the initial influent ammonia concentration
was 44.48 mg/L. Under the conditions in which the HRT was 24.00 h, the initial influent
ammonia concentration was 20 mg/L, and when the HRT was 18.00 h, the initial influent
ammonia concentration was 45 mg/L, and the system was optimized. After the stable
operation of the system, the system was continuously tested for 3 days, and the average
value was taken. The experimental results are shown in Table 5.

Table 5. The results of NH4+-N and TP removal rate model verification.

X1 X2 Response Value

h mg/L Predictive Value Real Value

NH4+-N removal
rate model 24 (actual 24) 20 (actual 20) 90.18% 94.88%

TP removal rate
model 17.99 (actual 18) 44.48 (actual 45) 56.25% 59.39%

It can be seen from Table 5 that the actual removal rates of NH4+-N and TP in the
optimized system were 94.88% and 59.39% (the predicted values were 90.18% and 56.25%),
and the data errors were all within 5%, indicating that the expected experimental results
were achieved and the accuracy of optimization of the constructed model was verified.

3.4. Analysis of Microbial Diversity and Community Structure

Pyrosequencing technology was used to further compare the microbial diversity and
community structure of each system under the operating conditions. Groups A and B were
optimal for the NH4+-N and TP removal rates, respectively. The operating conditions of the
two systems are shown in Table 5. Group C was the control group, the operating condition
for the HRT was 12 h, the initial influent ammonia concentration was 80 mg/L, and the
operation time of each system was approximately 85 d. During stable operation, samples
were taken, and the biological colonies of each system were detected. The experimental
results and analysis are as follows.

3.4.1. Microbial Diversity Analysis of Each System

The Chao index was the estimated OTU number, which was used to characterize the
richness of the microbial community. ACE indicated the number of species. The Shannon
and Simpson indices were the alpha diversity indices of microbial communities. The higher
the value of the Shannon index, the higher the community diversity, while the higher the
value of the Simpson index, the lower the community diversity.

According to the data in Table 6, under the condition of more than 99% sample library
coverage, the Chao, ACE and Shannon values of experimental groups A and B decreased
after optimization, while the Simpson value increased. The changes in data indicated that
after the optimization of the system operation parameters, the total number of species in
systems A and B decreased, and the richness of the microbial community decreased. The
system made an orthoselection of the microbial community and optimized the structure of
the microbial community.
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Table 6. Statistical table of α diversity of each system.

Group Chao Shannon Simpson ACE Coverage

A 1563.73 5.4477 0.0122 1568.53 0.9965
B 1565.79 5.5642 0.0133 1582.03 0.9971
C 1719.84 5.5889 0.0097 1730.60 0.9943

Experiments were performed on three groups of experimental samples and analyzed
at the phylum and genus levels (as shown in Figures 4 and 5).
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3.4.2. Analysis of Microbial Community Structure

Figure 4 shows the changes in the microbial community structure in the cathode
chamber of each system under the best working conditions at the phylum level. The main
dominant bacterial groups in experimental group A included Proteobacteria, Firmicutes,
Chloroflexi, Bacteroidetes and Nitrospirae. Compared with group C (the control group),
Proteobacteria increased from 39.68% to 44.41%, Firmicutes increased from 5.62% to 14.16%,
Chloroflexi changed from 4.27% to 7.87%, Bacteroidetes changed from 16.36% to 6.50% and
Nitrospirae increased from 2.34% to 4.97%. The dominant bacterial groups in experimental
group B included Proteobacteria, Bacteroidetes, Firmicutes and Chloroflexi. Compared with
group C, Proteobacteria increased from 39.68% to 47.02%, Bacteroidetes from 16.36% to 19.20%,
Firmicutes increased from 5.62% to 8.01% and Chloroflexi increased from 4.27% to 5.91%.

Compared with control group C, the Chao value and ACE value of groups A and B
decreased significantly. The results of the phylum comparison showed that the abundance
of the community in systems A and B decreased significantly after optimization. As the
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initial influent ammonia concentration increased, the adaptability of the microorganisms
changed, AOB and NOB bacteria were inhibited [22] and properly prolongating the HRT
was conducive to microorganisms making full use of organic matter for growth and repro-
duction [4,24]. Therefore, by optimizing the initial concentration of NH4+-N and HRT, the
adaptability of microorganisms changed. The proportion of dominant flora increased after
systematic directional selection, which was conducive to improving the system’s function
of removing NH4+-N and TP. Within the dominant bacterial strains, Proteobacteria was the
largest group of bacteria. Most of the microorganisms involved in cathodic denitrification
belong to this group [35], including most of the bacteria that degrade organic matter, re-
move phosphorus and remove heavy metals [36] and also have a strong ability to provide
electrons to external electrons. Nitrospirae is one of the phyla required for nitrification [37].
Chloroflexi, as a facultative anaerobe, can degrade complex organic compounds and also
participate in denitrification in the absence of oxygen [38]. In Proteobacteria, Bacteroidetes
are the main organic phosphate-mineralizing bacteria in agricultural production [39,40].
Firmicutes are a major group in MFC systems that have been reported in many studies [41]
and other electrochemical biological systems [18,42]. After the optimization of the initial
pH, glucose concentration and external resistance, Geetanjali et al. found that Proteobacteria,
Firmicutes, and Actinobacteria were the dominant phyla in SMFC, accounting for 78% [5].
The complex co-trophic interactions among microbial communities were important for the
effective removal of organic compounds [17].

Based on the level of microbial community, the microorganisms in each system were
identified at the genus level to further analyze the mechanism of nitrogen and phosphorus
removal in each system. The result is shown in Figure 5.

Figure 5 shows the changes in microbial communities at the genus level for each group.
The dominant bacteria in group A were: Comamonas, Bacillus, Brevundimonas, Geobacter,
Shewanella, Dechloromonas, Nitrospira and Acetobacteroides. Compared with the control group
C, Comamonas, Bacillus, Brevundimonas, Geobacter, Shewanella, Dechloromonas, Nitrospira
and Acetobacteroides accounted for 6.20%, 6.56%, 3.22%, 4.92%, 4.85%, 4.44%, 3.04% and
2.37%, which increased to 11.39%, 7.97%, 7.17%, 6.60%, 6.23%, 5.03%, 4.23% and 3.94%,
respectively. However, Aeromonas increased to 2.44% from 1.31%. The dominant bacteria in
group B were Bacillus, Desulfovibrio, Comamonas, Dechloromonas and Simplicispira. Compared
with the control group C, it was found that Bacillus rose from 6.56% to 10.90%, Desulfovibrio
4.23% to 7.42%, Comamonas 6.20% to 6.82%, Dechloromonas 4.44% to 6.43% and Simplicispira
1.87% to 3.03%.

By comparing the data, after the optimization, the proportion of active ammonia-
removing bacteria (Comamonas, Bacillus, Brevundimonas, Geobacter, Shewanella, etc.) on the
cathode reactor of group A increased, while the proportion of bacteria without an ammo-
nia removal function decreased. Among them, Comamonas and Bacillus showed the most
obvious changes. Comamonas belongs to the Proteobacteria phylum, which has the effect
of removing organic matter, ammonia and phosphorus in sewage [43]. Bacillus belongs to
Firmicutes. It is a typical bacterium for removing NH4+-N [44,45]. In addition, Brevundi-
monas has a positive effect on nitrogen mineralization [46], and Geobacter and Shewanella
are typical bacteria with high denitrification performances [47,48]. After the optimization,
the phosphorus-removing strain (Comamonas, Bacillus, Desulfovibrio, etc.) activity on the
cathode reactor of group B was enhanced. Bacillus is a P-soluble bacterium involved in
regulating phosphorus conversion in wastewater [49]. Comamonas and Desulfovibrio have
played a role in dephosphorization [43,50].

In sum, after the operation conditions were optimized for the microbial communities
on the cathode reactor, the activity of the NH4+-N-removing strains (Comamonas, Bacillus,
Brevundimonas, Geobacter and Shewanella) and phosphorus-removing strains (Comamonas,
Bacillus and Desulfovibrio) were strengthened. Under the synergistic effect of the dominant
strains, the efficiency of nitrogen and phosphorus removal in the reactor was significantly
improved [17]. The analytical results were consistent with the experimental results.
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4. Conclusions

In this paper, the two factors of the HRT and initial influent ammonia concentra-
tion were selected, and the performance of removing NH4+-N and TP of the MFC was
taken as the response value. According to the principle of CCD, the response surface
test arrangement and model construction were carried out by using the Design-Expert
11.0 software.

(1). The F-value of the fitted model for removing NH4+-N was 16.33, which showed that
the model had a good effect, and the p-value was less than 0.0001, which showed that
the model was reliable. The value of coefficient variation (C.V.) was 11.59%, and the
signal-to-noise ratio was 11.90 (>4), which proved that the test had a high accuracy.
The R2 of the fitted model was 0.77, the adjusted R2 was 0.72 and the predicted
R2 was 0.53, indicating the rationality of the model construction. Two factors had
a significant influence on the removal of NH4+-N; the effect of the initial influent
ammonia concentration was greater than that of the HRT.

(2). The F-value of the fitted model for removing TP was 41.97, indicating that the model
had a good effect, and the p-value was less than 0.0001, indicating that the model
was reliable. The value of coefficient variation (C.V.) was 4.26%, and the signal-to-
noise ratio was 16.07 (>4), which proved that the test had a high accuracy. The R2 of
the fitted model was 0.97, the adjusted R2 was 0.95 and the predicted R2 was 0.78,
indicating the rationality of the model construction. Two factors had a significant
influence on the removal of TP; the effect of the initial influent ammonia concentration
was greater than that of the HRT.

(3). The results of the optimization and verification experiments showed that the actual
removal rates of NH4+-N and TP in the optimized system were 94.88% and 59.39%,
respectively (the predicted values were 90.18% and 56.25%), indicating that the ex-
pected experimental results were achieved and the accuracy of optimization of the
constructed model was verified.

(4). Changes in the structure of microorganisms and the community: after the optimization
of the system operation parameters, the total number of species in the optimization
group decreased, and the richness of the microbial community decreased. The system
performed an orthoselection of the microbial community and optimized the structure
of the microbial community. After the optimization, the dominant strains for NH4+-
N and TP removal on the cathode reactor of each system were strengthened at the
phylum and genus levels. Under the coaction of the dominant strains, the efficiency of
nitrogen removal and phosphorus removal in the reactor was significantly improved.
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