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Abstract

:

Conventional aerobic treatment of swine wastewater, which generally contains 4500–8200 mg L−1 of organic matter, is energy-consuming. The aim of this study was to assess the application of scaled-up microbial fuel cells (MFCs) with different capacities (i.e., 1.5 L, 12 L, and 100 L) for removing organic matter from swine wastewater. The MFCs were single-chambered, consisting of an anode of microbially reduced graphene oxide (rGO) and an air-cathode of platinum-coated carbon cloth. The MFCs were polarized via an external resistance of 3–10 Ω for 40 days for the 1.5 L-MFC and 120 days for the 12L- and 100 L-MFC. The MFCs were operated in continuous flow mode (hydraulic retention time: 3–5 days). The 100 L-MFC achieved an average chemical oxygen demand (COD) removal efficiency of 52%, which corresponded to a COD removal rate of 530 mg L−1 d−1. Moreover, the 100 L-MFC showed an average and maximum electricity generation of 0.6 and 2.2 Wh m−3, respectively. Our findings suggest that MFCs can effectively be used for swine wastewater treatment coupled with the simultaneous generation of electricity.
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1. Introduction


Twenty-one million tons of swine manure (solid, liquid, and slurry) are produced annually in Japan [1]. Swine wastewater generally contains 4500–8200 mg L−1 of organic matter as biochemical oxygen demand (BOD) [2]. Swine wastewater is generally treated via activated sludge processes with aeration, which enhances microbial oxidation of organic matter. The electrical power consumption of aeration is 0.3 kWh m−3 and accounts for approximately two-thirds of the total power consumption [3,4]. Additionally, the operation of standard activated sludge processes is estimated to discharge 0.13–0.41 t-CO2 m−3 [5].



Anaerobic wastewater treatment such as methane fermentation has received considerable attention because of the advantages in energy conservation due to its aeration-free treatment and biogas-recovery from waste hydrocarbons [6]. The power generation efficiency of methane fermentation is in the range of 20–50% [7]. Additionally, the degradation of nitrogenous substances such as proteins and urea produces ammonia, which inhibits methane fermentation [8,9]. Furthermore, the residues remaining after methane fermentation of animal waste and wastewater have a high BOD and should therefore be treated before they are discharged to public waters [10].



Microbial fuel cells (MFCs) have received increasing attention as alternative anaerobic treatment systems due to their ability to convert organic matter into electricity. MFCs typically comprise one or two chambers, which have a platinum (Pt)-coated carbon cathode [11]. The electrons produced during microbial oxidization are transferred from the anode to the cathode for the reduction of oxygen in the air. Several single-chamber MFCs have been applied for the effective removal of organic matter from real wastewater with a chemical oxygen demand (COD) of 440–2250 mg L−1, such as domestic wastewater [12,13] and brewery wastewater [14,15] with the simultaneous generation of electricity. Furthermore, the electrons generated in the MFCs treating swine wastewater may be utilized for denitrification [16]. Many studies used small-scale MFCs (< 1 L) for treating various wastewaters, while the largest MFC treating swine wastewater was approximately 1.5 L [17]. Even larger MFCs (4.0–250 L) treating other real wastewaters, such as municipal wastewater [18,19,20] and brewery wastewater [21,22] have been reported. These large-scale MFCs were operated in continuous flow mode with hydraulic retention times (HRTs) of 0.2 h–13 d and could remove 52–88% of the initial COD content (50–5800 mg L−1) with electricity generation at a maximum of 0.12–6.0 W m−3. The scale of the MFC is expected to affect its performance. Generally, large-scale MFCs produce lower power densities due to the decrease in the ratio of electrode surface area to volume and the increase in the distance between the anode and cathode [23].



In this study, an MFC with a relatively small capacity (1.5 L) was used for swine wastewater treatment and subsequently scaled up to 12 and 100 L. The aim was to assess the application of scaled-up microbial fuel cells (MFCs) with different capacities (i.e., 1.5 L, 12 L, and 100 L) for removing organic matter from swine wastewater. A complex containing microbially reduced graphene oxide (rGO) and GO-reducing bacteria (rGO complex) was used as the anode material [24,25] for enhanced electricity generation from artificial dialysis wastewater and municipal sewage wastewater [26,27]. The performance parameters i.e., electricity production, COD removal efficiency (COD RE), and Coulombic efficiency of the different MFCs were compared.




2. Materials and Methods


2.1. Swine Wastewater Used as Influent


Effluent from the primary sedimentation tank of a swine wastewater treatment on a pig farm in Toyohashi, Japan was used as influent for the MFCs in this study. The swine wastewater was collected in a 20 L plastic bag and stored anaerobically in the laboratory at room temperature for MFC having 1.5L capacity (1.5 L-MFC). For MFC with 12 L capacity (12 L-MFC), the swine-wastewater was collected in a 20 L water tank and kept at room temperature in the laboratory. The wastewater was used in a week. The MFC with 100 L capacity (100 L-MFC) was set up near the wastewater treatment plant on a pig farm and supplied with the influent from the sedimentation tank. The COD content of the swine wastewater used as influent for the MFCs was in the range of 1700–12,000 mg L−1.




2.2. Electricity Generation Using Two Different Anodes


Swine wastewater was used to generate electricity through electrochemical cultivation (EC) using two different anodes: A hydrogel complex of rGO and microorganisms (rGO complex) and a graphite felt complex (GF complex). The rGO complex was prepared as described in the Supplementary Material and composed of black precipitates consisting of microbes and reduced GO (Supplementary Figure S1). Each anode was placed in a platinum cage, connected with a platinum wire, and introduced into a 0.93 L sterilized glass bottle filled with swine wastewater as the working electrode. An Ag/AgCl (KCl salt) electrode and another platinum wire were used as the reference and counter electrodes, respectively. Polarization was conducted by applying a potential of + 200 mV (vs. Ag/AgCl) to the working electrode by using a potentiostat (HA-1510; Hokuto Denko, Tokyo, Japan) for 30 days. During polarization, the current in the MFC was recorded every 60 min using a data logger (T&D Corporation, Nagano, Japan).




2.3. Microbial Fuel Cells with 1.5 L Capacity


The 1.5 L-MFC consisted of three single-chamber cylindrical acrylic MFC units (capacity: 0.5 L each; diameter: 8.8 cm; height: 15 cm) hydraulically connected in series by silicon tubes (Figure 1A). The MFC was operated in continuous plug-flow mode and supplied with swine wastewater using a peristaltic pump. The HRT of the 1.5 L-MFC was set to three days. Each MFC unit had an inflow port near the four graphite rod anodes and an outflow port near the cathode (projected area: 38.5 cm2). The Pt-coated carbon cloth cathode was prepared according to the method reported in a previous study [28]. The prepared rGO complex (Supplementary method) occupied approximately half the volume of each of the three MFC units. The 1.5 L-MFC was polarized for 40 days by connecting the anode and cathode via an external resistance of 10 Ω at room temperature. The voltage in the MFCs was recorded every 60 min using a data logger (T&D Corporation, Nagano, Japan). The power density was normalized to the volume of the MFC.




2.4. Microbial Fuel Cells with 12 L Capacity


The 12 L-MFC consisted of three single-chamber cubic acrylic MFC units (capacity: 4 L each; height: 20 cm; width: 20 cm; depth: 10 cm) hydraulically connected in series by silicon tubes (Figure 2A). These units were operated in continuous plug-flow mode with an HRT of three days. Swine wastewater was circulated through an outflow port near the top of the third unit and an inflow port at the bottom of the first unit by using a peristaltic pump. A carbon cloth cathode was used on both sides and there were 18 graphite rod anodes at the bottom of each MFC unit. The prepared rGO complex occupied approximately half the volume of each MFC unit. The 12 L-MFC was polarized for 120 days by connecting the anode and cathode via an external resistance of 10 Ω for the first 20 days and 3 Ω for day 21–120 at room temperature.




2.5. Microbial Fuel Fells with 100 L Capacity


The 100 L-MFC consisted of two single-chamber cubic acrylic MFC units (capacity: 50 L each; height: 34 cm; width: 73.5 cm; depth: 33 cm) hydraulically connected in series by silicon tubes (Figure 3A). Each MFC unit comprised of 3 cathode boxes and 4 anode boxes with 21 graphite rod anodes at the bottom. Both sides of the cathode boxes had Pt-coated (projected area: 523 cm2) carbon cloth cathodes. The MFC units were operated in continuous plug-flow mode but partially circulated from outflow port to inflow port in each MFC unit by using a peristaltic pump. The HRT was set to 3 days but actual HRT was approximate 5 days due to feeding trouble. The prepared rGO complex occupied approximately half the volume of each MFC unit. The 100 L-MFC was polarized for 120 days by connecting the anode and the cathode via an external resistance of 3 Ω at an outdoor temperature in a greenhouse.




2.6. Chemical Analysis


The organic matter content of swine wastewater was determined before and after treatment with each MFC. The organic matter in swine wastewater was chemically oxidized using chromium and the amount of chromium was measured by a colorimetric method as described in a previous study [29] and arithmetically converted to chemical oxygen demand (COD).




2.7. Coulombic Efficiency


Coulombic efficiency (CE) was calculated using the equation given below as described in a previous study [30].


  CE =  C p  /  C  T i   × 100    ( % )   



(1)




where Cp represents the total Coulombs calculated by integrating the current over time, and CTi is the theoretical Coulombs that can be produced from swine waste water, and is calculated using the equation given below.


   C  T i   = F  b i   S i  v /  M i   



(2)




where F is Faraday’s constant (98485 C mol−1), bi is the number of moles of electrons transferred to a mole of oxygen (b = 4), Si (g L−1) is the COD concentration, v (L) is the liquid volume, and Mi is the molecular weight of oxygen (32 g mol−1).





3. Results and Discussion


3.1. Electricity Generation Using Two Different Anodes


Supplementary Figure S2 shows the current densities using rGO and GF complexes. The current density of the rGO complex was 99 µA cm−3 on day 0, reached the maximum value (470 µA cm−3) on day 7. Meanwhile, GF complex showed the maximum value (120 µA cm−3) on day 18. These results indicate that the rGO complex could generate electricity from swine wastewater more effectively than the GF complex. Therefore, the rGO complex was used as the anode in the MFCs hereafter in this study.




3.2. Performance of the 1.5 L-MFC


Figure 1B shows the power densities of the 1.5 L-MFC (Figure 1A) during the 40-day polarization period. The three MFC units of the 1.5 L-MFC were numbered starting from the inflow to outflow units as unit−01, −02, and −03. On day 0, these units showed slight electricity production in the range of 0.02–0.6 Wh m−3 of the average volumetric power density and gradually increased to the highest values (0.9–2.7 Wh m−3) within 15 days of polarization. Overall, unit-01 averaged 1.2 Wh m−3, which was always higher than that of unit-02 and unit-03. Unit-02 generated 0.4 Wh m-3 on average until day 22 and 0.1 Wh m−3 from day 23 to 40 while unit-03 generated 0.4 Wh m−3 until day 14 and almost no production from day 15 to 40. This trend was probably due to the decrease in organic compounds in the influent of unit-02 and -03 owing to the upstream degradation of organic compounds. Electricity production occasionally fluctuated due to problems with the influent flow. Specifically, drops in electricity production were observed on day 12, 19, and 23, which recovered after the feeding tubes were repaired.



The COD concentrations during the polarization period are shown in Figure 1C. The COD of the influent (COD-IN) was in the range of 1700–3700, which reduced to 88–1200 after passing through the three MFC units, resulting in an average COD removal efficiency (COD RE) of 85%. The color and turbidity of the effluent were visually less than those of the influent (Supplementary Figure S3A). The influent COD concentration was not stable; it decreased gradually until day 27 and subsequently increased to approximately 2400 mg L−1. However, the effluent COD concentration (COD-EF) stabilized from day 19 onwards (less than 200 mg L−1). The COD trend seemed to correspond to the electricity generation trend recorded in the three MFC units. Therefore, the low electricity generation in unit-02 and -03 in the latter stages of the polarization period may be attributed to the low COD of the wastewater. The CE calculated based on COD consumption and electricity generation was in the range of 5.6–15% (average: 8.4 ± 3.6%) during the 40-day polarization period (Figure 1D).




3.3. Performance of the 12 L-MFC


Like the 1.5 L-MFC, the 12 L-MFC consisted of three units. Although this MFC was polarized for 120 d, the effluent from unit-03 was partially circulated into unit-01 after day 23. The average volumetric power density of the three units during the 40-day operation period was 1.3, 0.9, and 0.9 Wh m−3 for units-01, −02 and −03, respectively (Figure 2B). These values were higher than those for the 1.5 L-MFC. The electricity generated by each unit increased gradually until day 3–5, was maintained at an average of 0.6–1.5 Wh m−3 until approximately day 35, and then gradually decreased. On day 52, the cathode of unit-02 was partially damaged and subsequently replaced. At the same time, the electric wires used for connecting the anode and cathode in all the three units were replaced because of partial corrosion. Following the replacement of the wires, electricity production recovered and finally became stable at 0.8–1.2 Wh m−3 after 100 days.



The COD concentrations during polarization are shown in Figure 2C. The COD-IN averaged 6500 mg L−1 with a range of 3000–16400, while the COD-EF averaged 3400 mg L−1 with a range of 870–6000. The average COD RE was 47%, although the value stabilized at a higher rate later in the experimental period i.e., COD RE average 66% between days 78–113. The effluent showed visually less color and turbidity than that of the influent, similar to that of the 1.5 L-MFC effluent (Supplementary Figure S2B). The influent COD concentration during day 7–50 was lower than that during the first 7 days; however, it increased to 9300 mg L−1 after day 50. The average COD RE during day 7–50 was 40%, while after day 50, it was 57%. Overall, electricity generation and COD REs appeared higher for higher COD-INs. The CE calculated based on COD consumption and electricity generation was in the range of 1.0–15 % (average: 7.0 ± 3.9%) during the 120 day polarization period (Figure 2D).




3.4. Performance of the 100 L-MFC


The 100 L-MFC was comprised of two units (units-01 and -02). Unit-01 was polarized for 120 days while unit-02 was polarized for 49 days, corresponding to 71–120 days after starting the polarization of unit-01. The effluent was partially circulated between each unit. The average volumetric power density of the two units was 0.8 Wh m−3 (unit-01) and 0.6 Wh m−3 (unit-02) during the 120-day operation period (Figure 3B), although the data collected by the data logger during days 30–41 for unit-01 could not be retrieved. The highest electricity production for the two units was 3.7 Wh m−3 on day 2 for unit-01 and 2.1 Wh m−3 on day 84 for unit-02. Overall, electricity production gradually declined, especially for unit-01. The decrease might be partially attributed to the decline in water temperature (Supplementary Figure S4), as reported in a previous study [31], although other reasons such as invisible corrosion or deterioration of electrodes might have affected electricity production.



The COD-IN averaged 7200 mg L−1 and varied in the range of 3500–12000, while the COD-EF averaged 3500 mg L-1 and varied in the range of 770–7500 (Figure 3C). Overall, the average COD RE was 52%. The drop in COD RE on day 95 and 99 was caused by accidental flushing, which recovered after the flow rate was restored. The effluent showed a stronger brown color with less turbidity than that of the influent (Supplementary Figure S2C). The stronger brown color was possibly caused by the oxidation of iron in the effluent due to the longer storage time in the effluent reservoir compared to the two small MFCs maintained in the laboratory. The CE was in the range of 0.7–9.2% (average: 3.0 ± 2.8%), which was significantly lower than that for the two small MFCs (Figure 3D). The CE was relatively high until day 28 i.e., in the range 3.3–8.8%, but gradually decreased to 1.5% on day 70, and then stabilized at a low range of 0.9–2.6%. There was one exception, however, where CE spiked to 9.2% due to accidental flushing of the influent. The CE appeared to respond to the change in electricity production rather than COD RE.




3.5. Effects of Scaling up Microbial Fuel Cells


The performance parameters of the three MFCs are summarized in Figure 4. The average values for electricity generation of the MFCs at three different scales were not significantly different, although the smaller-scale MFCs generally achieved greater electricity generation [23,32]. Among the three MFCs used in this study, the 12 L-MFC showed comparatively higher electricity production. This was possibly attributed to the smaller width of the reactor (i.e., 10 cm), in comparison with the 1.5 L-MFC (15 cm) and 100 L-MFC (33 cm). The width is assumed to be the maximum distance between the cathode and anode i.e., the rGO complex, and varies depending on the local position of the rGO complex in the MFCs. An increase in the resistance of the electrolytes as a result of the increase in the electrode spacing has been reported previously [33]. Therefore, it is probable that the distance between the electrodes and not the scale of the MFCs directly affected electricity generation in the present study.



The COD REs of the 1.5 L-, 12 L-, and 100 L-MFCs were in the range of 47–87%, and there were no significant differences among them (Figure 4B). The 1.5 L-MFC achieved a relatively higher COD RE than the other two MFCs. This was possibly caused by the lower COD-IN of the 1.5 L-MFC i.e., 2500 mg L−1 than those of the 12 L-MFC (6500 mg L−1) and 100 L-MFC (7500 mg L−1). The average CEs of the 1.5 L-, 12 L-, and 100 L- MFCs were 8.5%, 7.0%, and 3.0%, respectively (Figure 4C). The average CE of the 100 L-MFC was significantly lower than those of smaller-scale MFCs. Both the lower electricity production and high COD-IN concentration possibly caused the lower energy recovery of the 100 L-MFC. Unlike in a single-chamber MFC [34], NH4+ removal was not observed in all of the MFCs (data not shown). To remove nitrogen, the MFC systems must be supplied with oxygen through processes such as partial recirculation of anode-treated water to the cathode reactor [35].




3.6. Comparison of MFC Performance with Previous Reports


The performance of MFCs at three different scales were compared with other MFCs composed of a single anodic chamber equipped with an air-cathode and treated with swine wastewater (Table 1). In previous reports [17,36,37,38,39], the unit scales ranged from 0.028 to 0.33 L and maximum electricity production ranged from 1.5 to 154 Wh m−3. The highest value was possibly attributed to the extremely high COD i.e., 60,000 mg L-1 [37]. When focusing on the MFCs treating < 10,000 mg L−1 COD, the electricity density normalized cathode area was in the range of 0.15–1.2 Wh m−2 and had no correlation with COD-IN in the range of 1312–8320 mg L−1 (Figure 5A). Other factors in MFC configuration such as membrane, cathode catalyst, and HRT does not seem to affect the electricity density normalized cathode area. The values observed at the three different scales in this study were comparative with the those in other studies. In contrast, electricity density normalized MFC-volume is highly affected by cathode specific surface area (CSSA) [m2 m−3] (R2 = 0.97), as mentioned in a previous report [32] (Figure 5B), indicating that the increase in CSSA is the most important factor for recovering more electricity. CE was inversely correlated with the removed COD concentration (Figure 5C) and corresponded with previous findings [36]. This suggested that other anaerobic digestion of COD are major rather than oxidation of COD coupling electron transfer to the anode.




3.7. Net Energy Balance when Combining MFC and Post-Aeration


The final effluents of the three MFCs in this study contained 355–3500 mg L−1 of COD and required additional treatment such as post aeration before being discharged to public water. When the COD of the discharged water was set to 10 mg L−1, 345–3490 mg L−1 of COD should be aerobically treated with an energy consumption of -0.6 kWh kg-COD−1 [41,42]. According to the electricity production and COD removal observed in this study, electricity generation efficiency (EGE) of the three MFCs was 0.026–0.044 kwh kg-COD−1 (Table 1) and lower than that observed using biogas-based EGE i.e., 1.6 kwh kg-COD−1 [43]. Table 2 shows the net energy in wastewater treatment using MFCs with three different capacities and post-aeration. The energy consumption (EC) using aeration to treat 1 m−3 of wastewater with 2300, 6500, and 7200 mg L−1 of COD was −1.4, −3.9, and −4.3 kwh m−3, respectively. Thus, EC could be reduced to 50–91% by using MFCs, although the net energy balance was still negative. However, the net energy balance in wastewater treatment combining MFCs and post-aeration may be positive when the wastewater contains lower COD concentrations (< 500 mg L−1) [43]. These results suggest that MFC is more effective for reducing lower COD or hydrocarbons with less carbon numbers [36], and should be integrated with the pretreatment of anaerobic digestion and post-aeration for swine wastewater containing high concentrations of COD.





4. Conclusions


Microbial fuel cells (MFCs) with different capacities (1.5 L, 12 L, and 100 L) were used to treat swine wastewater in this study. The average COD removal efficiency and Coulombic efficiency of the scaled-up MFCs were less than those of the 1.5 L-MFC. However, the average and maximum volumetric power density of the 100 L-MFC was 0.6 and 2.1 Wh m−3, respectively, with an average COD removal efficiency of 52%. This is the first study to analyze the performance of scaled-up MFCs with 100 L capacity in swine wastewater treatment. Therefore, the results obtained can be used as a reference for the practical treatment of swine wastewater using MFCs as well as for generating electricity from the system.
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Figure 1. The configuration and photo of the (A) 1.5 L-microbial fuel cell (MFC), and changes in (B) electricity production, (C) COD RE, and (D) Coulombic efficiency during swine wastewater treatment. 
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Figure 2. The configuration and photo of (A) the 12 L-microbial fuel cell (MFC), and changes in (B) electricity production, (C) COD RE, and Coulombic efficiency (D) during swine wastewater treatment. The arrow in (B) indicates when the wires of the three MFC units and the cathode of the second MFC unit were replaced (day 52) due to decreased electricity generation. 
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Figure 3. The configuration and photo of (A) the 100 L-microbial fuel cell (MFC), and changes in (B) electricity production, (C)COR RE, and (D) Coulombic efficiency during swine wastewater treatment. The data recorded by the data logger for (B) during days 30–41 could not be retrieved. 
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Figure 4. Comparison of (A) electricity generation, (B) COD RE, and (C) Coulombic efficiency in microbial fuel cells (MFCs) with different capacities. The blue and white bars show average and maximum electricity generation, respectively. 






Figure 4. Comparison of (A) electricity generation, (B) COD RE, and (C) Coulombic efficiency in microbial fuel cells (MFCs) with different capacities. The blue and white bars show average and maximum electricity generation, respectively.



[image: Water 11 01803 g004]







[image: Water 11 01803 g005 550] 





Figure 5. The effects of (A) chemical oxygen demand in the influent (COD-IN) and (B) specific cathode area on electricity density, and the effect of (C) removed COD on Coulombic efficiency (CE). Open and closed circles are the data obtained in this study and previous studies [17,36,38,39], respectively. 
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Table 1. A comparison of microbial fuel cell (MFC) performance for treating swine wastewater.
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Reference

	
Previous Research

	
This Study




	
17

	
36

	
37

	
38

	
39

	
0.5 L

	
4 L

	
50 L






	
Type

	
SAC a

	
SAC

	
SAC

	
SAC

	
SAC

	
SAC

	
SAC

	
AIC b




	
Unit scale (L)

	
0.30

	
0.028

	
0.07

	
0.4

	
0.028

	
0.5

	
4

	
50




	
CA c [cm2]

	
187

	
7

	
47

	
400

	
7

	
39

	
400

	
1569




	
CSSA [m2 m−3]

	
64

	
25

	
67

	
100

	
25

	
7.8

	
10

	
3.1




	
CC d

	
MnO2 e

	
Pt f

	
Pt g

	
AC h

	
Ptf

	
Pt g

	
Pt g

	
Pt g




	
Membrane

	
CEM i

	
Nafion

	
PTFE

	
PTFE

	
PTFE

	
PTFE

	
PTFE

	
PTFE




	
Temp. [°C]

	
30

	
30

	
RT j

	
30

	
30

	
RT

	
RT

	
28.5–5.9




	
IN-COD k [mg/L]

	
5845

	
8270l

	
60000

	
1313

	
8230 l

	
2325

	
6500

	
7200




	
EF-COD m [mg L−1]

	
1110

	
1320l

	
2900–9400

	
156

	
6090 l

	
355

	
3400

	
3500




	
Operation

	
C

	
FB n

	
FB

	
FB

	
FB

	
C

	
C

	
C




	
HRT

	
5.7–23 h

	
260 h

	
3–17 d

	
84 h

	
44 h

	
3 d

	
3 d

	
5 d




	
Electricity [Wh m−2]

	
0.23

	
Max: 0.23

	
Max: 2.3

	
Max: 0.27

	
Max: 0.26

	
Max: 0.35 Ave: 0.048

	
Max: 0.15 Ave: 0.09

	
Max: 1.2 Ave: 0.25




	
[Wh m−3]

	
15

	
Max: 5.8

	
Max: 154

	
Max: 27

	
Max: 6.6

	
Max: 2.7 Ave: 1.2

	
Max: 1.5 Ave: 0.9

	
Max: 3.7 Ave: 0.8




	
COD RE [%]

	
81

	
84

	
91

	
88

	
27

	
85

	
49

	
52




	
CE [%]

	
0.3–0.5

	

	
47

	
14

	
8

	
5.6–15

	
1.0–15

	
0.7–9.2




	
EGE p [kwh kg-COD−1]

	

	

	

	

	

	
0.044

	
0.035

	
0.026








a Single anodic chamber, b air-cathode integrated reactor, c cathode area, d cathode catalyst, e 8.0 mg cm−2 MnO2, f 0.35 mg cm−2 Pt, g 0.5 mg/cm2, h activated carbon, I cation exchange membrane, j room temp., k COD of influent [40], l Soluble COD, m COD of effluent, n Fed-batch, Continuous feeding, p electricity generation efficiency.
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