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Abstract

Although there have been many studies on the process conditions of Constructed Wetlands (CW) 
and Microbial Fuel Cells (MFC), there are few studies on the Constructed Wetlands coupled with 
Microbial Fuel Cells. Currently, low power production is the main problem faced by Constructed 
Wetlands-Microbial Fuel Cell systems (CW-MFCs). This experiment intends to research the effects of 
HRT, influent COD and electrode spacing on wastewater treatment and power generation performance. 
In this experiment, CW-MFCs with two different electrode spacings (18 cm for reactor A and 28 cm for 
reactor B) were set up under continuous flow conditions. The effects of HRT, influent COD and eletrode 
spacing on wastewater treatment and power generation performance were explored using a single-factor 
controlled variable method. Experiment results showed that the extension of HRT was beneficial for 
contaminants removal and the power generation of the CW-MFCs, but the excessive extension was 
ineffective for the electricity output. The optimal HRT of the CW-MFCs was 24 h when influent COD 
was 500 mg·l-1. Improving influent COD within the appropriate range (500~1000 mg·l-1) facilitated 
the power generation and contaminant removal performance of the CW-MFCs. The maximum output 
voltage and power density were obtained in reactor A when influent COD was 1000 mg·l-1 and HRT was 
24 h, which were 548 mV and 120 mW·m-3, respectively. Compared with reactor B, reactor with smaller 
electrode spacing achieved better electricity generation and contaminant degradation under the optimal 
condition. Its average output voltage could be improved by 5.1~46.1% and the removal rates of COD and 
NH4

+-N could also be improved by 0.2~4.9 % and -0.9~13.7 %, respectively. This phenomenon indicates 
that there was a significant positive correlation between the number of Gram-negative bacteria and 
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Introduction

Constructed Wetland (CW) is a compound system 
composed of plants, fillers and microorganisms, 
which has the advantages of simple structure, low 
operating cost and green environmental protection. It 
is considered as an efficient and energy-saving sewage 
treatment technology [1]. Microbial Fuel Cell (MFC) 
is a bioreactor which is composed of cathode, anode, 
reactor, ion exchange membrane and external circuit. 
Using microorganism as catalyst, the bioreactor can 
directly convert chemical energy into electric energy, 
which can realize the production of renewable energy 
and wastewater treatment [2]. Constructed Wetland-
Microbial Fuel Cell system (CW-MFCs) combines the 
advantages of both, which can not only improve the 
efficiency of sewage treatment, but also recover part 
of the electric energy. It is a new sewage treatment 
technology in recent years [3-5]. The power generation 
and sewage purification performance of CW-MFCs 
are closely related to operation mode, influent organic 
load, hydraulic retention time, electrode spacing, 
electrode material, reactor size and power-producing 
microorganisms [6-9]. Shewanella, Geobacter and 
Pseudomonas are common electron-producing bacteria 
with good electron transfer capabilities [10,11]. The 
genus Sulfuritalea has been shown to be a parthenogenic 
anaerobic sulphur-oxidizing bacterium, associated 
with organic matter degradation, and which can use 
nitrate as an electron acceptor and has denitrification 
capacity [12]. Thauera is a parthenogenic anaerobic 
bacterium with denitrification capacity and is widely 
used in all types of wastewater treatment plants [13].  
Anaerofustis is an anaerobic bacterium, associated with 
the oxidative degradation of organic matter [14]. The 
presence of these genera ensures to a certain extent the 
effluent treatment and power production performance 
of CW-MFCs. Wang et al. [15] used carbon fiber mat 
and graphite as electrode materials for CW-MFCs, 
and found that they had higher COD removal rate and 
output voltage. Doherty L et al. [16] used a combination 
of stainless steel mesh and granular activated carbon 
as the cathode material for CW-MFCs and achieved 
a maximum power density of 55.05 mW·m-2 for the 
system. Using common electrode materials (such as 
carbon, graphite and stainless steel mesh) instead of 
traditional MFC precious metal cathodes can greatly 
reduce the cost of electrode materials, which is the 
focus of largescale CW-MFCs research [16, 17]. Ge et 
al. [18, 19] found that the power density decreases with 
the increase of MFC reactor volume: when the reactor 
volume of MFC<50 ml, the maximum power density is 
more than 500 W·m-3; when the reactor volume >2000 

ml, the power density is less than 30 W·m-3. Ieropoulos 
et al. [20, 21] made a comparative study of different 
sizes of MFC under the condition of continuous flow, 
and found that small MFC has higher output voltage 
than medium and large ones, and the more series 
units, the higher the power density and output voltage. 
However, small MFC is only suitable for laboratory 
research, not suitable for large-scale production and 
practical applications. Therefore, in order to provide 
technical support for further research and practical 
application of CW-MFCs, this experiment takes large-
scale CW-MFCs as the research object, taking into 
account the effects of hydraulic retention time, influent 
matrix and electrode spacing. The optimization of these 
factors is of great practical and reference significance 
for the low cost and high efficiency operation of the 
reactor.

Hydraulic retention time (HRT) reflects the amount 
of “fuel” that can be obtained by the electrogenic 
bacteria and the reaction time between microorganisms 
and organic matter, which significantly impacts the 
power output of the CW-MFCs. Previous literature [22-
26] reported diverse power generation performances 
under different HRTs in MFCs. A laboratory experiment 
showed that the optimal HRT was 9 d and the maximum 
output voltage was 82.1 mV, with maximum COD 
and sulphide removal efficiencies of 98% and 98.98% 
respectively [26]. In a study of MFC treatment of animal 
carcass wastewater, the maximum power density (Pm) 
of the system was 2.19 W·m-3 for a HRT of 72 h, with 
COD and NO3

--N removal efficiencies of 50.66% and 
79.76% respectively [22]. However, the exploration of 
best HRT of the CW-MFCs has not received sufficient 
attention so far as most studies were based on a fixed 
HRT. For example, Wang et al. [15] explored the effect 
of the C/N ratio of the influent on the denitrification 
performance of the CW-MFCs at HRT of 36 h. Few 
studies investigated the optimal HRT of the CW-MFCs. 
The optimization of HRT is worthy of attention to 
ensure a better power output of the CW-MFCs .

The influent COD concentration affects the power 
generation more directly than HRT. Although many 
studies explored the effect of influent organic loading 
on CW-MFCs, the influent COD concentration was 
generally at a low level. For example, Tang et al. [27] 
reported that a Pm of 7.99 mW·m-2 could be achieved 
when influent COD was 500 mg·l-1, with COD and 
NH4

+-N removal efficiencies of 91.7% and 97.3% 
respectively. When influent COD was 652 mg·l-1 [28], 
the average output voltage of the CW-MFCs constructed 
with graphite and gravel anode materials were about 
123 mV and 102 mV, respectively. In summary, the 
relevant experiments were conducted at a low influent 

the electricity production performance of the CW-MFCs, which was due to the difference in electron 
transfer efficiency. This study can provide operation parameters for the CW-MFCs process.
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COD concentration, and the CW-MFCs showed a lower 
power generation performance. The coupled system 
may output more electric energy when it is run with 
high-concentration COD wastewater (such as food 
and beverage wastewater). Therefore, it is valuable to 
explore the power generation performance of the CW-
MFCs under high organic load.

Moreover, electrode spacing also greatly influences 
the electricity generation and contaminant degradation 
of the CW-MFCs. Although the decrease of electrode 
spacing could reduce internal resistance of the CW-
MFCs [29], it could also reduce the difference of redox 
potential between both electrodes which would affect 
the favorable anaerobic environment of the electrogenic 
bacteria. In different electrode spacings (10, 12 and  
15 cm), the MFC was reported to obtain the maximum 
output voltage (900 mV) and COD removal rate was 
94% at an electrode spacing of 10 cm [30]. In addition, 
the reduced electrode spacing not only reduced  
the Ohmic internal resistance (from 406.79 Ω to  
72.61 Ω), but also significantly promoted the 
decolorization performance of CW-MFCs, the power 
density of the system was the highest (160 mW·m-3)
as the distance between electrodes was 6.6 cm [31]. 
The MFC was embedded in the CW system and the 
electricity production performance of the CW-MFCs was 
different from MFC. Although several studies reported 
the effect of electrode spacing on the power generation 
of MFC, the optimization of electrode spacing of CW-
MFCs has not received sufficient attention, especially 
for the cathode with aeration. In order to provide more 
references for scaled and commercial production of 
the CW-MFCs, it is significant to explore the effect of 
electrode spacing on both wastewater purification and 
power generation in the CW-MFCs.

Although many scholars have done a lot of research 
on the factors affecting the power generation and 
sewage purification performance of CW-MFCs, there 

are some differences in the results under different 
experimental conditions. At present, there is still a 
lack of discussion on the optimization of operation 
parameters in the application of single-chamber 
biological cathode CW-MFCs in sewage treatment. In 
this paper, a constructed wetland-microbial fuel cell 
coupling system was constructed under the condition 
of continuous flow to explored the effects of HRT  
(12, 24 and 48 h), influent COD (500, 1000 and 
2000 mg·l-1) and electrode spacing (18 and 28 cm) 
on wastewater treatment and power generation 
performance. The research will provide the optimal 
operation parameters for further actual operation of 
CW-MFCs.

Materials and Methods

Construction, Inoculation, and Operation 
of the System

Two identical integrated up-flow reactors with 
different electrode distances (A was 18 cm and B was 
28 cm) were constructed to simulate the CW-MFCs 
reactor as shown in Fig. 1. Two reactors were built of 
organic glass with length, width, and height of 40 × 
12 × 60 cm, respectively. The anode electrodes of both 
reactors were composed of granular activated carbon 
(equivalent diameter of 4~8 mm) wrapped in stainless 
steel mesh. The size of the stainless-steel mesh frame 
was 13 × 6 × 16 cm, the mesh size was 9 × 9 mm. And 
the cathode electrode was composed of a 13 × 6 cm 
sheet of stainless-steel mesh. The distribution zone was 
3 cm high and located at the bottom of the reactor. And 
the top of this zone was a uniform water distribution 
orifice plate. Zeolite filler (equivalent diameter  
4~6 mm, height 44 cm) embedded the anode, while the 
cathode electrode was placed above the water gathering 

Fig. 1. Schematic diagram of the CW-MFCs.
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area. The height of the water collection zone was 8 cm. 
The outer circuit consisted of a copper wire and a  
2000 Ω external resistors. Because the low effect of 
plants on contaminant removal in constructed wetland, 
the reactors do not grow plants in this experiment. 

The reactor was inoculated with a mixture of bacteria 
and synthetic wastewater (main components was same 
as stage 1) during the start-up stage. The mixed strains 
were Shewanella and anaerobic sludge from a sewage 
treatment plant of a university in Xi 'an. The hydraulic 
conditions and main components of the influent during 
each operating stage of reactors are shown in Table 1. 
The influent water nutrient contents were CH3COONa, 
NH4Cl, KH2PO4 (mg·l-1), and trace elements 
(0.250 mL·l-1). The proportions of trace element solution 
was as follows: ZnSO4.7H2O 0.110 mg·l-1, NaMO4 
0.110 mg·l-1, CoCl2.6H2O 0.120 mg·l-1, Mn2SO4.
H2O 0.117 mg·l-1, NiCl2.6H2O 0.104 mg·l-1, Na2HPO4 
0.570 mg·l-1, and FeCl3.6H2O 0.124 mg·l-1. The effects of 
HRT (12 h, 24 h, and 48 h), influent COD concentrations 
(500 mg·l-1, 1000 mg·l-1, and 2000 mg·l-1) and electrode 
spacings (18 cm and 28 cm) on wastewater treatment 
and power generation performance were investigated in 
CW-MFCs.

Measurement and Calculations

The influent and effluent samples of reactors 
were sampled 3-5 days after changing the operating 
conditions, and were detected every 2 days. COD, 
NH4

+-N, nitrite, and nitrate were analyzed according to 
the standard method [32]. The output voltage U (mV) 
of both reactors was recorded by a digital multimeter 
(UNI-T, UT61E) for every 10 min. The volumetric 
power density P (mW·m-3) was calculated based on Eq. 
(1):

                           (1)

...where, P represents the power density, U represents 
the output voltage, Vano represents the effective volume 
of the anode chamber (1.25 L in this study), and Rex 
represents the external resistance. In addition, there 
were a maximum output voltage and a maximum power 
density which were described as Um and Pm in every 
stage.

Microbial Community Analysis

At the end of stage 2, the microbial community of the 
biofilm on anode electrodes was analyzed. Total DNA 
was extracted by the E.Z.N.A.® soil kit (Omega Bio-
tek, Norcross, GA, USA). DNA concentration and purity 
were valued by NanoDrop2000. DNA extraction quality 
was determined by 1 % agarose gel electrophoresis. The 
PCR-amplified of bacterial 16S rRNA genes used the 
primers of 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) 
and 806R (5’-GGACTACHVGG- GTWTCTAAT-3’), 
which target the hypervariable V3-V4 region. PCR was 
performed according to established methods [33]. Two 
samples were sequenced with Illumina Miseq System 
by Shanghai Majorbio Biopharm Biotechnology Co., 
Ltd. (Shanghai, China). The raw reads of this study has 
been deposited in NCBI GenBank with the accession 
numbers SRR11928279 and SRR11928278.

Results

Effect of the Hydraulic Retention Time 
on the Performance of the CW-MFCs

In reactor A, the influence of HRT on COD 
and NH4

+-N removal efficiencies and biogeneration 
performance is shown in Table 2. The result shows that 
the extension of HRT was beneficial for the removal of 
COD and NH4

+-N. And the removal rates of COD and 
NH4

+-N reached at their maximum of 91.2 % and 94.1% 
respectively when HRT was 48 h. As shown in table 2, 
the average output voltage increased from 244 to 319 
and 324 mV when HRT extended from 12 to 24 and  
48 h. The change of power density was similar to that 
of output voltage. The maximum output voltage (Um, 
357 mV) and maximum power density (Pm, 51 mW·m-3) 
were reached when the HRT was 24 h, and there was a 
slight decrease of Um and Pm when HRT changed from 
24 h to 48 h. As can be seen from Table 2, the trend 
of reactor B was roughly similar to that of reactor A. 
The above results were consistent with previous reports 
on MFC: as the HRT increases (4.1 to 16 h), the power 
generation of MFC increases and then decreases, with 
Pm obtained at an HRT of 11.3 h, at 22 W·m-3 [34].

Table 1. Working conditions of all stages of the CW-MFCs.

Stage Start-up 1-1 1-2 1-3 2-1 2-2 2-3

Time (d) 1~20 21~27 28~39 40~51 52~63 64~75 76~82

HRT (h) 48 12 24 48 24

O2 (mg·l-1) 4.13 3.24 2.06

Average CODinf (mg·l-1) 504 517 512 1008 2013

Average NH4
+-Ninf (mg·l-1) 25.02 24.73 25.29 38.74 39.45
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Effect of Influent COD on the Performance 
of CW-MFC

According to the results of the stage 1, the HRT 
was set to 24 h. In reactor A, the removal rates of 
COD and NH4

+-N and the bioelectricity generation 
performance under different influent COD are shown 
in Table 3. Obvious increase of the average net value 
of COD removal was detected when the influent 
COD doubled from 500 to 1000 mg·l-1, the removal 
rate slightly decreased from 86.6 % to 84.5 %. The 
net value of NH4

+-N removal first increased and then 
decreased when influent COD increased. When influent 
COD was changed from 500 to 1000 mg·l-1, influent 
NH4

+-N increased from 24.72 to 38.64 mg·l-1, NH4
+-N 

removal rate decreased from 84.51 % to 65.99%, but 
the net NH4

+-N removal still increased from 20.89 to 
25.50 mg·l-1. However, when influent COD increased 
from 1000 to 2000 mg·l-1, influent NH4

+-N was 
38.21 mg·l-1, NH4

+-N removal rate decreased from 
66.0% to 46.9%. In addition, When the influent COD 
changed from 500 to 1000 mg·l-1, the average voltage, 
Um, and Pm almost double increased to the maximum, 

where the average voltage was 524 mV, the Um was 
548 mV, and the Pm was 120 mW·m-3. However, the 
output voltage decreased sharply to 33 mV when 
influent COD changed to 2000 mg·l-1. As can be seen 
from Table 3, the trend of reactor B was roughly similar 
to that of reactor A.

In general, for the biological sewage treatment 
system, HRT and influent COD could be unified into the 
organic load. However, comparing the results of stage 
1-1 and stage 2-2, it could be seen that the wastewater 
treatment and power generation performance of the 
system with HRT of 24 h was significantly better than 
that of the system under HRT of 12 h under the same 
organic load. This indicates that the organic load cannot 
be simply used as a single indicator to reflect the effect 
of organic load on pollutant removal efficiency and 
power generation performance of the system.

Effect of Electrode Spacing on the Performance 
of the CW-MFCs

As shown in Fig. 2, the contaminant removal 
efficiency of reactor A was slightly better than that of 

Stage
2-1 2-2 2-3

A B A B A B

CODinf( mg·l-1) 515±5 1008±10 2014±11

NH4
+-Ninf( mg·l-1) 24.72±0.56 38.64±0.79 38.21±0.77

ΔCOD ( mg·l-1) 446±10 426±40 911±7 882±3 1122±38 1106±35

ΔNH4
+-N ( mg·l-1) 20.89±0.49 20.38±0.36 25.50±1.86 25.57±3.00 17.92±2.05 15.99±2.98

Average output voltage (mV) 325 284 524 497 33 31

Um( mV) 348 326 548 540 128 88

Pm( mW·m-3) 48 43 120 117 7 3

Note: ΔNH4
+-N = NH4

+-N influent-NH4
+-N effluent, ΔCOD = COD influent-COD effluent

Table 2. Effect of HRT on COD and NH4
+-N removal and power generation of reactors A and B.\

Stage
1-1 1-2 1-3

A B A B A B

HRT(h) 12 24 48

CODinf( mg·l-1) 518±7 515±5 518±6

NH4
+-Ninf( mg·l-1) 24.76±0.64 24.46±0.30 24.97±0.23

ΔCOD ( mg·l-1) 387±9 379±6 443±8 423±1 473±14 472±5

ΔNH4
+-N ( mg·l-1) 16.28±1.23 17.68±0.94 20.83±0.38 19.99±0.22 23.41±0.35 23.61±0.33

Average output voltage (mV) 244 167 319 230 324 284

Um( mV) 275 223 357 271 344 307

Pm( mW·m-3) 30 20 51 30 50 38

Note: ΔNH4
+-N = NH4

+-N influent-NH4
+-N effluent, ΔCOD = COD influent-COD effluent

Table 3. Effect of influent COD on COD and NH4
+-N removal and power generation of reactors A and B.
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reactor B. In stage 1, the average COD and NH4
+-N 

removal rates of reactor A were 0.2~4.9% and 
-0.9~13.7% higher than those of reactor B, respectively. 
During stage 2, average COD and NH4

+-N removal rates 
of reactor A were 1.5~4.6% and -0.9~11.9% higher than 
those of reactor B, respectively. However, the electrode 
spacing has a marked impact on electricity generation. 
As shown in Fig. 3, the average output voltages of 
reactor A in stages 2-1, 2-2, and 2-3 were 14.5%, 5.5%, 
and 9.3% higher than those of reactor B, respectively. 
The results show that reactor A performed better than 
reactor B.

Microbial Community Assessment on the Anode

The microorganism distribution at the genus level 
in the biological film is shown on Fig. 4. The dominant 
genera observed in reactor A include Thauera (4.2%), 
Sulfuritalea (3.2%), Aquaspirillum (3.2%), Arcobacter 
(2.9%), Bacteroidetes_vadinHA17 (2.6%), Desulfomi- 
crobium (2.4 %), Pseudomonas (2.1%), Acidaminobacter 
(1.9%), and Geobacter (1.5%). The dominant genera 
observed in reactor B include, Geobacter (11.0%), 
Bacteroidetes_vadi- nHA17 (4.6%), Anaerofustis (4.5%), 
Sedimentibacter (4.1%), Arcobacter (3.7%), Acida- 
minobacter (2.5%), Desulfitobacterium (2.2%), and 
Macellibacteroides (2.1%). 

Discussion

This study presents the impact of factors on 
the wastewater treatment and power generation 
performance of the CW-MFCs. Result showed that the 
extension of HRT was beneficial for the contaminants 
removal and the power generation of the CW-MFCs 
under high influent load. This may benefit from 
that the electrogenic bacteria had sufficient time to 
degrade organic matter and generate power with the 
extension of HRT. However, excessive extension of 

HRT was ineffective for the electricity output. A similar 
phenomenon was observed in MFCs, where the COD 
removal rate increased from 32.8% to 64.8% as HRT 
extended from 2.2 to 8.8 h [35]. The removal rate of 
COD only increased by 4.7 %, and that of NH4

+-N only 
increased by 9.0 % when HRT was changed from 24 
to 48 h. In addition, there was a slight decrease of Um 
and Pm. This showed that the increase of bioelectricity 
generation was very limited when HRT was changed 
from 24 to 48 h. This due to that sufficient organic 
substrate was vital for metabolism and power 
generation of microorganisms in the CW-MFCs [36]. 
The dramatically prolonging HRT led to the failure 
of the microorganism obtaining sufficient “fuel” for 
power output. And it also led to the increase of internal 
mass transfer resistance [37], which was detrimental 
for electricity generation of MFCs [38]. In conclusion, 
increasing HRT within a proper range aided power 

Fig. 2. COD a) and NH4
+-N b) removal rates in reactors A and B at each stage. 

Error bars represent standard deviations.

Fig. 3. Bioelectricity generation performances of reactors A and 
B at each stage.  Error bars represent standard deviations.
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generation, but excessive extension was ineffective. 
Thus, in consideration of practical engineering 
application, the optimal HRT was 24 h.

In stage 2, the average net value of COD removal 
of the reactor increased when influent COD changed 
from 500 mg·l-1 to 1000 mg·l-1. This may benefit from 
the facilitation of increased influent COD on the growth 
of microbes in the CW-MFCs [23]. However, when 
influent COD increased from 1000 mg·l-1 to 2000 mg·l-1,
the average net value of COD increased slightly. COD 
removal rate decreased sharply from 84.5% to 55.8%. 
This indicated that the redundant organic substrate had 
not been utilized and degraded effectively. In addition, 
the net worth of NH4

+-N removal first increased and 
then decreased with increasing of influent COD. The 
increase of net removal value may benefit from the 
facilitation of increased influent COD on denitrification 
which could improve the removal of NH4

+-N in the 
system [39]. However, the net value of removal in stage 
2-3 was lower than that in stages 2-1 and 2-2. Studies 
have shown that MFC could significantly enhance TN 
removal efficiency of CWs by about 4.81% to 15.48% 
[26]. This may be explained by that NO2- and NO3- 
could be interchangeably used as cathodic electron 
acceptors for nitrogen reduction [40]. However, the 
increased concentration of organic matrix could 
enhance the competition between heterotrophic bacteria 
and nitrifying bacteria [41]. This weakened the activity 
of nitrifying bacteria and decreased the number of 
electron acceptors, thus reducing the removal of 
NH4

+-N. Therefore, although the MFC enhanced the 
NH4

+-N removal, the increased influent COD restrained 
the NH4

+-N removal in the CW-MFCs. Therefore, when 
HRT was 24 h, the best influent COD concentration of 
the system was 1000 mg·l-1. 

This study also demonstrated that the increase of 
influent COD within a certain range was beneficial for 

the power generation in the CW-MFCs, and it would 
exert a severely negative impact on the electricity output 
when the influent COD exceeded the threshold. In this 
experiment, when the HRT was 24 h, the threshold was 
1000 mg·l-1. One explanation for this phenomenon was 
described in a report that the excessive COD intensified 
the competition between electrogenic bacteria and other 
fermentation or methanogenic bacteria in the anode area 
[42]. Excessive substrate provide suitable growth sites 
for methanogenic bacteria and improves their activity, 
which decreases the coulomb efficiency of the system 
and inhibits the system’s power generation ability [43]. 
This phenomenon was also confirmed in this study. 
Moreover, under high influent COD concentration 
(>1000 mg·l-1), the increased organic matter, entering 
the cathode area without sufficient oxidation would 
inhibit the cathodic reduction by competing for oxygen, 
could in turn decrease the output power of the CW- 
MFCs [44].

Comparing the contaminant removal efficiencies 
and the power generation performance of reactors 
A and B, it can be known that reactor A (with small 
electrode spacing) performed better to reactor B.  
This demonstrated that the smaller electrode spacing 
slightly promoted the sewage treatment efficiency of 
the CW-MFCs. Other studies have found that this 
phenomenon was caused by that shorter electrode 
spacing provided better mass transfer, thus improving 
the removal of organic matter [45]. Moreover, the results 
also showed that the smaller electrode spacing was more 
conducive to power generation, which is consistent with 
previous study [46]. Therefore, reducing the distance 
between electrodes was beneficial to increase the output 
voltage of the system.

The relationship between microbial community 
structure and function and the power generation 
performance of the CW-MFCs was also discussed in 

Fig. 4. Bacterial community composition at the genus level in anode samples.
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this study. Thauera was a facultative anaerobic species 
with denitrification capacity, which can be widely 
found in various types of wastewater treatment plants. 
However, no studies reported an extracellular electron 
transport ability of Thauera [47]. Other denitrifying 
bacteria include Sulfuritalea [48-50] and Aquaspirillum. 
Bacteroidetes_vadinHA17 was a methanogenic 
bacterium [51]. Anaerofustis was associated with 
oxidative degradation of organic compounds [52]. The 
growth of these acid-producing and methanogenic 
bacteria may be caused by high influent COD, which 
indicated that influent COD of the reactor should not 
stay at a high level for a long time. The general electron 
transfer mechanisms of microorganisms included: the 
transfer of electrons through the conducting medium 
generated by the bacteria themselves [53-55], directly 
to the electrode through membrane-bound redox 
compounds [56] and the nanowires generated by cells 
[57, 58]. Geobacter and Pseudomonas are common 
electricity-producing bacteria, which can transfer 
electrons, but the large distance between electrodes 
has hindered the efficiency of electron transfer, which 
was consistent with the experimental phenomenon of 
electricity production performance.

In the experiment, the power generation performance 
of the reactor increased at first and then decreased 
with the increase of influent COD concentration, 
and the power generation performance of the system 
collapsed when the influent COD was 2000 mg·l-1. This 
was because when the influent COD concentration 
increased from 500 mg·l-1 to 1000 mg·l-1, the organic 
matter concentration in the reactor increased, and the 
utilization rate of organic matter by microorganisms 
increased, thus generating more electricity. However, 
when the concentration of influent COD increased from  
1000 mg·l-1 to 2000 mg·l-1, the power generation 
performance decreased significantly.There were 
two reasons for this phenomenon. On the one hand, 
the cathode is the place where protons, electrons 
and electron receptors produce electricity. Oxygen 
becomes the commonly used electron acceptor of CW-
MFCs because of its high potential [59]. When the 
influent COD was too high, the COD which was not 
completely oxidized by the anode enters the cathode. 
Thauera and Bacteroidetes_vadinHA17 are facultative 
anaerobic bacteria, which compete for oxygen in 
the cathode region, and the electron reaction in the  
CW-MFCs also needs oxygen as the electron acceptor. 
This competition affects the semi-reaction of electricity 
production in the cathode region, thus reducing the 
power production performance of the system [60]. 
The change trend of DO value during the operation 
of the reactor in Table 1 can verify this conjecture. 
On the other hand, according to the analysis of COD 
removal rate, when COD increases from 1000 mg·l-1 to 
2000 mg·l-1, although the amount of removal is 
the same, the power production performance was 
significantly lower than that when COD was 1000 mg·l-1.
This indicated that although a large amount of COD 

was degraded and utilized, the electrons produced were 
not effectively captured on the anode electrode, thus 
reducing the power generation performance [61]. In 
addition, microorganisms in the reactor detected that 
Bacteroidetes-vadinHA17 and Bacteroidetes-BD2-2 
are acid-producing methane-producing bacteria. In the 
process of metabolism, these bacteria would compete 
for the substrate of the electroactive microorganism 
and the protons in the system, which would reduce the 
electricity-producing performance [62]. Geobacter was 
a common electrogenic bacterium with electrically 
conducting “pili” [63, 64], its extracellular direct 
electron transfer capacity has been discovered [65,66]. 
Pseudomonas is also a common anode electrogenic 
bacterium which could secrete the mediator of pyocyanin 
for electron transfer [67]. From the relative abundance 
of the two genera Geobacter and Pseudomonas, 
reactor B (11.0 %) was significantly higher than reactor 
A (3.6 %). However, the majority of the bacteria 
in the anode of the reactor A were gram-negative 
bacteria, such as Sulfuritalea [49, 68], Aquaspirillum, 
Arcobacter, Desulfomicrobium [69], Pseudomonas [70], 
Acidaminobacter [71], Geobacter. Reactor B contained a 
number of gram-positive bacteria, such as Anaerofustis 
[66], Sedimentibacter [72], and Desulfitobacterium [73]. 
Most of the bacteria with electrical activity were gram-
negative bacteria [74]. Metabolically, the cell wall of 
gram-positive bacteria was much thicker than that of 
negative bacteria because it contains a large amount 
of peptidoglycan, which hinder electrons conduction. 
It is generally considered that the electrochemical 
activity of gram-positive bacteria was less obvious than 
negative bacteria [74]. Therefore, from the perspective 
of electron transfer, reactor A with more gram-negative 
bacteria in the anode microorganisms would has 
better electroactivity, which was consistent with the 
phenomenon that the output voltage of reactor A was 
higher than that of reactor B as described in sections 
3.1 and 3.2.

Conclusions

When the HRT was within 12~48 h and the influent 
COD was 500~2000 mg·l-1, this experimental study 
was carried out. The results showed that when the 
HRT was 24 h and the influent COD was 1000 mg·l-1,
the maximum power generation performance of the 
reaction system was obtained. The maximum output 
voltage was 548 mV and the maximum power density 
was 120 mW·m-3. Compared with reactor B, the 
reduction of electrode spacing helps to improve the 
power production performance, and the average output 
voltage was increased by 5.1% to 46.1%. In the case 
of optimal HRT and influent COD, the average output 
voltage of reactor A and B were 524 mV and 497 mV 
respectively, and the power production performance of 
reactor A was better than that of reactor B. The total 
proportion of gram-negative bacteria in reactor A and 
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B anodes was 17.2% and 14.8%, respectively. From the 
point of view of electron transfer, it was inferred that 
reactor A with more Gram-negative bacteria in the 
anode has better electrical activity, which was consistent 
with the macroscopic power generation of the reactor.
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