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Abstract 29 

A novel integrated single-chamber air-cathode microbial fuel cell - anaerobic membrane 30 

bioreactor (ScMFC-AnMBR) system was designed. It involved an anaerobic membrane 31 

bioreactor (AnMBR) and a single-chamber air-cathode microbial fuel cell (ScMFC) 32 

being constructed in a common reaction chamber to enhance methane production and 33 

reduce membrane fouling in the AnMBR. Results indicated that ScMFC-AnMBR 34 

delivered a stable micro-bioelectric field environment with a voltage output of 95±4 mV. 35 

Compared with conventional AnMBR (C-AnMBR), methane production using this 36 

system increased by 35.89%. Soluble microbial product (SMP) and extracellular 37 

polymeric substances (EPS) dropped by 65.3% and 43.1%, respectively. Particularly, 38 

the transmembrane pressure (TMP) in the operating cycle was in a slow growth status 39 

with the maximum value of only 18.5 kPa. The bioelectric field helped aceticlastic 40 

methanogens (Methanosaeta) replace hydrogenotrophic methanogens 41 

(Methanobacterium) as the dominant methanogens via electron transfer under a closed-42 

circuit scenario. As syntrophic bacteria of methanogens (Syntrophobacter, Smithella 43 

and Syner-01) and exoelectrogens of Desulfovibrio were selected by the bioelectric field 44 

and gained a stable foothold, bio-foulant (Megasphaera) was significantly reduced. The 45 

complex microbial synergism in ScMFC-AnMBR greatly improved the methanogenic 46 

performance, thus effectively alleviated membrane fouling and prolonged the operation 47 

cycle of the system. Demonstrated here is the feasibility of practical application. 48 

Keywords Bioelectric field; Single-chamber air-cathode microbial fuel cell; Anaerobic 49 

membrane bioreactor; Methane production; Membrane fouling 50 

1. Introduction 51 

An efficient wastewater treatment strategy is very important for maintaining clean 52 

water supplies. Aerobic wastewater treatment technology has been in use for than a 53 

century, yet the advantages of wastewater reuse waned due to its high energy 54 

consumption and huge greenhouse biogas emissions [1]. Compared with aerobic 55 

technologies the, anaerobic membrane bioreactor (AnMBR) process stands out based on 56 

its advantages of low energy consumption, small footprint, small sludge yield, 57 
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production of recyclable biogas, etc. [2]. In recent years, many large-scale and pilot-58 

scale AnMBRs have been conducted for the treatment of high-concentration industrial 59 

wastewater and low-concentration domestic wastewater.  60 

Although AnMBRs produce good effluent quality, membrane fouling is still an 61 

important problem in their application. Membrane fouling can reduce flux, shorten 62 

membrane life and increase cleaning frequency, thus reducing the economical aspect of 63 

membrane filtration. Compared with aerobic sludge, anaerobic sludge has higher 64 

tendency to produce particles, which results in more serious and irreversible membrane 65 

fouling [3]. The mechanism that leads to membrane fouling is very complex. Studies 66 

suggested that such fouling mainly consists of pore clogging, formation of soluble 67 

microbial products (SMPs), extracellular polymeric substances (EPSs) and mud cake 68 

layer. Many pollutants such as particles of a large size and microorganisms exist in the 69 

liquid feeding matrix of AnMBRs. Small particle-sized particles may enter the interior 70 

of the membrane assembly and cause blockages, while those of large particle size may 71 

attach to the surface of the membrane assembly and form a dense mud cake layer [4, 5]. 72 

The high intensity interaction between pollutants (such as SMPs and EPSs) and the 73 

membrane leads to a blockage of membrane pores and the formation of a mud cake 74 

layer. Wang, Bi, Ngo, Guo, Jia, Zhang and Zhang [6] pointed out that EPS and SMP are 75 

negatively charged, so the electrochemical environment will effectively alleviate the 76 

deposition of fouling on the membrane components.  77 

To control membrane fouling, many researchers have introduced the electric field 78 

concept into AnMBRs. Katuri, Werner, Jimenez-Sandoval, Chen, Jeon, Logan, Lai, 79 

Arny and Saikaly [7] applied a small voltage of 0.7 V to the AnMBR, and their results 80 

showed that membrane fouling was effectively alleviated, and pointed out that 81 

increasing methane production might be linked to this electric field environment. A 82 

MEC-AnMBR reactor with an applied voltage of 0.6 V was constructed by Ding, Fan, 83 

Cheng, Sun, Zhang and Wu [8] and the results showed that the operational period of the 84 

membrane was 1.63-fold times larger than the original. Yang, Qiao, Jin, Zhou and Quan 85 

[9], [10] applied a carbon nanotube-based hollow fiber conductive membrane in 86 

AnMBR, and discovered that membrane fouling could be effectively mediated at an 87 
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applied small voltage of 1.2 V. In an electro-AnMBR system constructed by Zhang, 88 

Yang, Liu, Xu, Hei, Zhang, Chen, Zhu, Liang, Zhang and Huang [11] with the applied 89 

voltage reduced to 0.5 V, results showed that the membrane fouling rate and substances 90 

dropped by 23% and 10%, respectively. Previous studies proved that the existence of a 91 

micro electric field can effectively alleviate membrane fouling, but the applied electric 92 

field still consumed a lot of energy. Consequently, it is necessary to find a more energy-93 

saving and effective method to prevent or minimize membrane fouling. 94 

Microbial fuel cells (MFCs) can directly convert organic matter into useful electrical 95 

energy through redox reactions catalyzed by microorganisms, which is a new 96 

wastewater treatment technology and can reduce the net energy requirement in 97 

pollutants treatment. In recent years, great progress has been made in optimizing the 98 

structure, operating conditions, and synthesizing electrode materials of MFC. 99 

Technologies that combine MFC with other wastewater treatment processes have 100 

attracted wide attention. For instance, the combined reactor of MFC and AnMBR as 101 

devised by Tian, Ji, Wang and Le-Clech [12] for the first time treated domestic 102 

wastewater, with nitrate nitrogen wastewater the influent of MFC cathode chamber and 103 

nitrate nitrogen as electron acceptor. The outcomes showed that membrane fouling 104 

diminished by 11.3%. Evidence demonstrated that MFC (0.1 V of cell potential) 105 

combined with AnMBR showed that the bioelectric field could effectively alleviate 106 

membrane fouling in a more energy-saving way utilizing only 0.52%–0.99% of electric 107 

energy [13]. Recently, Yang, Wang, Zhang, Jia, Zhang and Gao [14] constructed a 108 

single-chamber MFC to reinforce anaerobic digestion, and the existence of a bioelectric 109 

field enhanced anaerobic digestion, achieving significantly higher COD removal 110 

efficiency (86%) and biogas production (240 ml/d). Such research fully revealed that 111 

the MFC can alleviate membrane fouling of AnMBR to a certain extent, and even 112 

improve its performance.  113 

However, the MFC-AnMBR system in current research is a combination process, 114 

rather than a real coupling system, which has the limitation of producing a large 115 

footprint. The combined processes of MFC and AnMBR ignore the synergistic effect of 116 

microorganisms in the two reactors. The underlying mechanism for the membrane 117 
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fouling mitigation and changing the performance of AnMBR in the bioelectric field are 118 

still unclear, and must be further explored. Thus, in this work, a novel integrated single-119 

chamber air-cathode microbial fuel cell - anaerobic membrane bioreactor (ScMFC-120 

AnMBR) system was designed by involving an anaerobic membrane bioreactor 121 

(AnMBR) and a single-chamber air-cathode microbial fuel cell (ScMFC) in a common 122 

reaction chamber to enhance methane production and reduce membrane fouling in the 123 

AnMBR. The chemical oxygen demand (COD) removal, methane production, 124 

membrane fouling and microbial community structure of the ScMFC-AnMBR were 125 

examined and compared with that of conventional AnMBR (C-AnMBR) system at the 126 

same operating conditions. The characteristics of AnMBR performance and the 127 

mechanism of membrane fouling mitigation in the bioelectric field were further 128 

assessed. This can contribute to the feasibility of AnMBR-based technology in practical 129 

applications and provide technical support for large-scale and low-cost wastewater 130 

treatment strategies. 131 

2. Materials and Methods 132 

2.1 Integrated ScMFC–AnMBR system 133 

The ScMFC-AnMBR system consists of an AnMBR and single chamber air 134 

cathode MFC, as shown in Fig. 1. The two systems share a reactor (a height of 30.5 cm, 135 

and a bottom circle diameter of 10 cm) with an effective volume of 2.0 L. An anaerobic 136 

membrane bioreactor acts as the MFC anode chamber, and the anode electrode (carbon 137 

felt with a size of 5×8 cm and effective area of 40 cm2) and membrane components 138 

were placed inside. The direct current (DC) resistance box (ZX21, Shanghai Dongmao 139 

Technology Co., Ltd.) was connected to a copper wire between the electrodes of the 140 

bipolar chamber. Cell voltages were collected every 10 min by connecting a data 141 

acquisition card (DAM-3000m, Beijing Altai Technology Co., Ltd.). C-AnMBR served 142 

as the control. YZ1515X peristaltic pumps work as water inlet and outlet devices. The 143 

circulating constant temperature water bath device (Wuxi Billang Experimental 144 

Instrument Manufacturing Co., Ltd.) helped to maintain the temperature of ScMFC-145 
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AnMBR and C-AnMBR. The biogas produced by anaerobic digestion was collected by 146 

aluminum foil biogas collection bags. According to Jeong, Kim, Jin, Hong and Park 147 

[15], ScMFC-AnMBR used a self-circulation device of biogas generation to replace the 148 

traditional stirring device. The self-circulation process of biogas was that when it is 149 

generated in the anaerobic digestion process, the biogas enters the pumping dual-150 

purpose vacuum pump (D50 remote control type (Chengdu Hailin Technology Co., 151 

Ltd.). It does this through the buffer bottle and drying bottle, and then enters the 152 

aeration disc in the reactor through the biogas flowmeter (LZB-3WB type), replacing 153 

the mixing device to achieve the purpose of mud and water mixing. Both systems were 154 

operating under dark conditions. 155 

 156 

 157 

Fig. 1. Schematic diagram of the ScMFC-AnMBR system 158 

 159 

2.2 Experimental materials and operating conditions 160 

Membrane components of both systems adopted polyvinylidene fluoride (PVDF) 161 

hollow fiber membrane (aperture 0.1 μm, Guangzhou Haike Membrane Technology Co., 162 

Ltd.), and the effective filtration area was 0.042 m2. The transmembrane pressure values 163 

of the two reactors were recorded by paperless recorder (MIK-R9600, Hangzhou 164 

Meikong Automation Technology Co., Ltd.). The pretreatment steps were as follows: 165 
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the carbon felt was soaked in 1 mol·L-1 HCl and 1 mol·L-1 NaOH for 24 hours 166 

respectively, and then dried for later use. The materials required for the preparation of 167 

air cathode are non-woven carbon cloth, poly tetra fluoroethylene (PTFE) emulsion, 168 

carbon black, platinum carbon, nafion 20% membrane solution (Shanghai Hesen 169 

Electric Co., Ltd.), isopropyl alcohol. The air cathode production method was 170 

implemented based on what other research suggested [16].  171 

Synthetic wastewater with a ratio of 205:5:1 of C: N: P was used in the experiment. 172 

The essential components of wastewater contained C6H12O6 (3000 mg·L-1), NH4Cl (120 173 

mg·L-1), KH2PO4 (120 mg·L-1), MgSO4 (30 mg·L-1), and FeCl2 (112 mg·L-1). The 174 

essential trace elements included MnCl2 (1 mg·L-1), ZnCl2 (1 mg·L-1), NiCl2, (21 mg·L-175 

1), CoCl2 (13 mg·L-1), CuCl2 (0.25 mg·L-1), H3BO3 (0.05 mg·L-1), and Na2MoO4 (0.24 176 

mg·L-1). The composition of phosphate buffer solution (PBS) buffer was made up of 177 

Na2HPO4 (4.58 g·L-1), and NaH2PO4 (2.13 g·L-1). 178 

The inoculated sludge was collected from the anaerobic digestion tank of a sewage 179 

treatment plant in Tianjin, and the mixed liquor suspended solids (MLSS) of inoculated 180 

sludge was 40000 mg·L-1. 500 mL inoculated sludge was added into the anode chamber 181 

of ScMFC–AnMBR and C-AnMBR, respectively. The circulating constant temperature 182 

water bath system was set outside the two systems devices to ensure that the 183 

temperature in the two systems remained stable at 35 °C. PBS buffer was added to 184 

obtain the pH in the two reactors and it was stable between 6.5 and 7.5. The dissolved 185 

oxygen in the two reactors was controlled below 0.2 mg·L-1 to ensure a strict anaerobic 186 

environment. The self-circulation system controlled the aeration rate through a timing 187 

switch, and the circulating aeration rate of the two reactors was stable at 0.8 L·h-1. 188 

Both systems had the same influent load and adopted intermittent influent followed 189 

by continuous influent. The influent concentration increased step-by-step in three 190 

gradients. During Stage Ⅰ (day 1), influent COD concentration was 0 mg·L-1, and the 191 

operation at this influent concentration lasted only one day to complete the sludge 192 

standing. At Stage Ⅱ (days 2 to 35), the influent COD concentration rose to 1590 mg·L-1, 193 

and ScMFC-AnMBR was regarded as successful when the voltage peak reaches 100 194 

mV for 12 consecutive days at this influent concentration. At this time, the influent 195 
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mode changed from intermittent influent to continuous influent. For Stage Ⅲ (days 36 196 

to 75), based on the premise of successful start-up of ScMFC-AnMBR, the influent 197 

COD concentration increased to 3180 mg·L-1 when the COD removal of both systems 198 

reached 80%. Hydraulic retention time (HRT) stabilized at 96 h. 199 

2.3 Analysis methods 200 

During the operation, the pH of sludge mixture in the two reactors was determined 201 

by pH portable tester (HACH HQ11D, USA), while COD was detected by potassium 202 

dichromate rapid digestion spectrophotometry. MLSS and mixed liquid volatile 203 

suspended solids (MLVSS) were measured using the gravimetric method [17]. SMP was 204 

extracted by the centrifugal-filtration method, EPS was further separated from the 205 

sludge mixture via the pyrolysis method. The carbohydrate in SMP and EPS was 206 

measured by phenol-sulfuric acid method, and the protein was measured employing the 207 

Folin–Ciocalteu method [18]. The fluorescence emission matrix spectra of SMP and 208 

EPS were measured by three-dimensional fluorescence spectrophotometer. Sludge 209 

particle size was determined by Malvern laser particle size analyzer (Malvern Masters 210 

Sizer 2000, Malvern Instruments, UK).  211 

Zeta potential analyzer measured the surface charge of sludge. Volatile fatty acids 212 

(VFAs) were determined by biogas chromatograph (PerkinElmerClarus, USA). For 213 

ScMFC-AnMBR, electrochemical potentiostat (Shanghai Chenhua Instrument Co., Ltd.) 214 

measured the cyclic voltammetry curves. After successful start-up, the polarization 215 

curve of ScMFC-AnMBR was analyzed by the steady-state discharge method, wherein 216 

the curve of voltage and power density changing with current density was obtained by 217 

adjusting the change of resistance value of external resistance. The coulomb efficiency 218 

(CE) [1] was calculated by combining COD removal, resistance value and voltage value 219 

of ScMFC-AnMBR. The actual electron recovery rate of substrate and theoretical 220 

electricity generation under the actual substrate concentration could be obtained, and the 221 

calculation formula is written as follows (1):  222 

 223 
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                                    (1) 224 

where: U denotes the voltage output at t time; R is resistance value; F stands for 225 

Faraday constant (96485 C/mol); and b represents the number of electrons produced 226 

theoretically per consumption of 1 mol COD. High-throughput sequencing was done on 227 

the inoculated sludge and the sludge at the experiment’s later stage in the two systems 228 

(commissioned by Shanghai Meiji Biomedical Technology Co., Ltd.). Refer to the 229 

research conducted by Chen, Zhang, Zhang, Ma, Liu, Cao, Chai and Chen [19] for 230 

specific steps. 231 

 232 

3. Results and discussion 233 

3.1 Electricity generation performance of the ScMFC-AnMBR integrated system 234 

3.1.1 Voltage and Power density  235 

The voltage and power density of ScMFC-AnMBR during the entire operating 236 

cycle (1800 h) are shown in Fig.2a and 2b. The ScMFC-AnMBR system was 237 

successfully started at 414 h, and the voltage output from it was stable at 107±14 mV in 238 

the following 456 hours (until Stage Ⅲ commenced). Meanwhile, the maximum power 239 

density reached 342.23 mW·m-2. In Stage Ⅲ (3180 mg·L-1 of the influent COD 240 

concentration), the voltage of ScMFC-AnMBR finally stabilized at 95±4 mV, and the 241 

maximum power density reached 225.63 mW·m-2. Although the complex flora in 242 

ScMFC-AnMBR easily caused a low relative abundance of exoelectrogens [20, 21], the 243 

tiny amount of bioelectric field obtained remained very stable throughout the operation 244 

cycle. Additionally, compared with ScMFC-AnMBR before and after the increase in the 245 

influent load, it was obvious that voltage and power density duplicated the trend of 246 

decreasing first and then stabilizing, and the power generation performance after 247 

stabilizing was less than before (voltage output and maximum power density decreased 248 

by 11.2% and 34.1%, respectively). This was because it taken some time for 249 

exoelectrogens to adapt to the impact brought about by the rising organic load, and there 250 

was no positive correlation between extracellular electron transfer and organic load [22]. 251 
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In this study, AnMBR and ScMFC shared the same chamber, which involved the 252 

distribution of carbon sources. For this reason, it was speculated that the continuous and 253 

stable micro-bioelectric field changed the community structure of microorganisms, and 254 

the increase in the relative abundance of some non-exoelectrogens (such as 255 

methanogens) might allocate more carbon sources. 256 

 257 

Fig. 2. Variations in (a) voltage output, (b) power density, (c) coulomb efficiency with time and (d) 258 

polarization curves of ScMFC–AnMBR at the initial successful start-up (450th hour) and when the 259 

influent load increases (900th hour). 260 

 261 

3.1.2 Coulomb efficiency and polarization curve 262 

As shown in Fig. 2c, coulomb efficiency of ScMFC–AnMBR was below 7.79% 263 

and not positively correlated with the influent load. It was speculated that since glucose 264 

can be used by a variety of non-exoelectrogens due to its special fermentation properties, 265 

so the CE obtained when glucose was used given the substrate was lower [23]. In 266 

addition, the power generated in the ScMFC-AnMBR did not increase when organic 267 

matter degradation improved, resulting in the coulomb efficiency falling to 1.9% later 268 

on during the experiment. This may be due to the increase of influent load, the rate of 269 
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exoelectrogens in ScMFC-AnMBR to reproduce and metabolize and consume 270 

substrates for electron transfer reaches its peak at the same time, and the increase of 271 

non-exoelectrogens leads to a decrease in CE. 272 

The polarization curve of ScMFC-AnMBR was measured at the initial stage of 273 

successful start-up (450th hour) and when the influent load was increased (900th hour) 274 

(Fig. 2d). It was very clearly observed that the power generation performance of 275 

ScMFC-AnMBR declined significantly after the influent load increased, peak values of 276 

power density obtained from the two measurements were 784 mW·m-2 and 361 mW·m-2, 277 

and the corresponding current densities were 14 A·m-2 and 9.5 A·m-2, respectively. A 278 

larger external resistance value (1000 Ω) was selected for ScMFC-AnMBR to maintain 279 

a stable low voltage output, which not only alleviated membrane fouling but also did 280 

not allocate too many carbon sources [24]. 281 

3.1.3 Cyclic voltammetry curve 282 

The electron transfer between microbial or biofilm and MFC anode can be 283 

analyzed by using the cyclic voltammetry characteristic curve [25]. From the cyclic 284 

voltammetry curve of ScMFC-AnMBR at the later stage of the experiment (shown in 285 

Fig. S1), the cyclic voltammetry curve of ScMFC-AnMBR revealed no obvious redox 286 

peak while the integral area of scanning curve was small, indicating a uniform and poor 287 

charge/discharge capacity of ScMFC-AnMBR system. Discharge capacity can be used 288 

to characterize the stability of the ScMFC-AnMBR system’s generation of power. The 289 

scanning curve of ScMFC-AnMBR did not change greatly when the scanning cycles 290 

increased, meaning that ScMFC-AnMBR remained stable when generating power and 291 

can meet the requirements of long-term operation. 292 

3.2 Effect of the bioelectric field on the AnMBR performance 293 

 294 

3.2.1 Wastewater treatment performance 295 

The ScMFC-AnMBR and C-AnMBR’s removal of COD during the operational 296 

period are shown in Fig. 3a. In Stage Ⅱ (actual influent COD concentration of 297 

1586.6±8.9 mg·L-1), the COD removal of both ScMFC-AnMBR and C-AnMBR did 298 

improve with the extension of operations. When the COD removal of C-AnMBR 299 

reached 80%, the COD removal of ScMFC-AnMBR reached as high as 98.61%. It was 300 
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indicated that ScMFC-AnMBR removal of COD went up significantly faster, and the 301 

bioelectric field helped the AnMBR system to complete the rapid start. At the end of 302 

Stage Ⅱ, the COD removal of ScMFC-AnMBR reached 99.33%, which was 1.2 times 303 

better than that of C-AnMBR. This was due to being under the same influent load, 304 

where the bioelectric field can help improve the activity of methanogens, consequently 305 

affecting the anaerobic digestion process [26].  306 

In Stage Ⅲ (the actual influent COD concentration increased to 3177.3±11 mg·L-1), 307 

the COD removal of the two systems declined suddenly when the influent load 308 

increased. The COD removal of ScMFC-AnMBR and C-AnMBR decreased to 72.27% 309 

and 92.83%, respectively, whereas the trend still gradually rose. As in Stage Ⅱ, the 310 

improvement in COD removal in ScMFC-AnMBR was still faster than that in C-311 

AnMBR. At the end of Stage Ⅲ, the COD removal of ScMFC-AnMBR reached 99.81%, 312 

significantly higher than that of C-AnMBR by 12.09%. With regard to the influent load 313 

increase, the ScMFC-AnMBR system – with the COD removal always above 90% - 314 

presented stronger tolerance than C-AnMBR. This was explained by the bioelectric field 315 

strengthened the electron transfer chain between microbial cells, enhanced the sludge 316 

activity and shortened the time for microbes to adapt to changes in the external 317 

conditions [27]. In addition, the organic load of wastewater treated in this experiment is 318 

much higher than that of domestic sewage (usually less than 500 mg·L-1) so that the 319 

integrated system not only can meet the treatment needs of domestic sewage, but also 320 

treat high concentration organic wastewater in practical application. 321 

To further gain an insight into the energy distribution of the ScMFC-AnMBR 322 

system during stable operation, the mass balances of COD were analyzed in stage III 323 

(the procedures for all calculations were listed in the Supplementary Materials) [6]. The 324 

influent COD concentration in stage III was 3177.3±11 mg·L-1, and the permeate flux 325 

was maintained at 0.5 LMH. It was known that the TCOD in the influent was 1601.4 326 

mg·d-1. The average COD removal of ScMFC-AnMBR and C-AnMBR were 97.31% 327 

and 83.43% respectively in stage III, and the COD of the effluent (named Nd-COD) in 328 

the two systems were 43.1 mg·d-1 and 265.4 mg·d-1 respectively. Based on the average 329 

CE (1.91%) of ScMFC-AnMBR in stage III, it could be known that the COD used for 330 
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electricity generation was 29.8 mg·d-1. It can be inferred that 1.8% energy of the sewage 331 

in ScMFC-AnMBR was converted into electric energy. Although the power generation 332 

process in ScMFC-AnMBR accounted for a little part of COD consumption, the system 333 

could effectively recover energy from wastewater without external energy consumption. 334 

3.2.2 Methanogenic performance 335 

The methane production of ScMFC-AnMBR and C-AnMBR was measured to 336 

evaluate the two systems’ production performance (Fig. 3b). The production in both 337 

systems increased with the extension of operational time, indicating the development of 338 

methanogens. At the beginning of Stage Ⅱ, methane production and methane content in 339 

biogas production accounted for 6.99 mL·gCOD-1 and 22.26%, respectively, which 340 

were 65.1% and 86% of the C-AnMBR under the same influent load. It emerged that 341 

the methanogenic performance of ScMFC-AnMBR was not as good as that of C-342 

AnMBR at the beginning. The enrichment activities of exoelectrogens resulted in a 343 

inhibited metabolic activity of methanogens at the initial start-up stage. Subsequently, in 344 

the middle and late stage of Stage Ⅱ, the methane production of the ScMFC-AnMBR 345 

system was 38.89 mL·gCOD-1 and 67.84 mL·gCOD-1, respectively, reaching 137.4% 346 

and 161.9% of that of C-AnMBR. 347 

It was indicated that the rise rate of methane production of ScMFC-AnMBR was 348 

significantly faster than that of C-AnMBR. It was because direct electron transfer 349 

between species provided a better breeding environment for methanogens in ScMFC-350 

AnMBR [28]. In the meantime, the exoelectrogens in ScMFC-AnMBR reached the 351 

peak value and tended to remain stable through the electron transfer of consuming 352 

substrates, so that the activity of methanogens would not be inhibited by the problem of 353 

substrate competition. The voltage output in this period was stable at 107±14 mV. Then 354 

in Stage Ⅲ, the methane production of the two systems indicated a positive correlation 355 

with the influent load, while that of ScMFC-AnMBR increased faster. At the end of the 356 

whole operation time, the methane production of ScMFC-AnMBR and methane 357 

proportion in produced biogas reached 85.92 mL· gCOD-1 and 52.54%, respectively. 358 

They were all 1.2 times higher than C-AnMBR. This confirmed that the bioelectric field 359 

can enhance the activity of methanogens and consequently the methanogenic 360 
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performance of the ScMFC-AnMBR system. 361 

The concentration of VFAs can directly reflect the activity of methanogens in the 362 

reactor [29], so it is important to understand the operational status of the two systems by 363 

measuring the VFAs concentration (Fig. 3c and 3d). Clearly, the VFAs content in C-364 

AnMBR was as high as 2778.37 mg·L-1 at the early stage of experimental operation, 7.2 365 

times that of ScMFC-AnMBR. It emerged that serious acidification occurred in C-366 

AnMBR, which was very unfavorable for commencing the AnMBR system, because the 367 

high content of VFAs inhibited the reproduction of methanogens and degradation of 368 

organic matter [30]. However, the existence of the bioelectric field improved the VFAs 369 

utilization rate and shortened the start-up period of ScMFC-AnMBR system. It is one 370 

reason why the COD removal of ScMFC-AnMBR rose much faster than that of C-371 

AnMBR in the early stages of the experiment.  372 

Although the VFAs content in C-AnMBR decreased to 626.35 mg·L-1 at the end 373 

of operation, it was still 2.6 times higher than in ScMFC-AnMBR. It was consistent 374 

with the optimization of organic degradation and methanogenic performance of 375 

ScMFC-AnMBR. At the same time, acetic acid was undetected in ScMFC-AnMBR, 376 

indicating that the anaerobic digestion process in ScMFC-AnMBR was smoother, 377 

presumably due to the existence of a bioelectric field enhancing the activity of 378 

aceticlastic methanogens. As well, the propionic acid content, considered to be highly 379 

toxic, was significantly smaller in ScMFC-AnMBR compared to the C-AnMBR. It also 380 

indicated the stronger activity of methanogens in ScMFC-AnMBR. 381 
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 382 

Fig. 3. Variation of (a) COD removal, (b) methane content, volatile fatty acid content in (c) C-383 

AnMBR (R1) and (d) ScMFC-AnMBR system (R2) with time. inf-COD: influent COD concentration; 384 

eff-COD: effluent COD concentration.  385 

 386 

3.2.3 Sludge characteristics  387 

The optimum pH range for methanogens ranges from 6.8 to 7.2, the higher or 388 

lower pH value would directly affect the activity of methanogens, and then the 389 

anaerobic digestion process in the reactor. The pH value of the influent and sludge 390 

mixture in the two systems was detected every day (Fig. 4a and 4b). Here the pH value 391 

of ScMFC-AnMBR always remained within the 7.09±0.06 range throughout the whole 392 

operational cycle, while the pH value in C-AnMBR was as low as 6.55 in the late 393 

operational period and acidification occurred. Therefore, the bioelectric field in ScMFC-394 

AnMBR helped improve the anti-acidification performance. 395 

When the MLVSS to MLSS ratio is higher than 0.85 or less than 0.4, it was 396 

indicated that the sludge does not appear under ideal conditions. MLSS and MLVSS of 397 

the two systems measured every 5 days are shown in Fig. 4c and 4d. The values of 398 

suspended solids in two systems were very close (MLSS and MLVSS in ScMFC-399 
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AnMBR were only 3.9% and 3.2% higher than those in C-AnMBR, respectively) and 400 

presented relatively stable growth trends. It showed that the advantage of metabolic 401 

strains breeding and disadvantage of die cracking in the reactor were in a state of 402 

relative balance during the operation, which met the requirements of comparative 403 

analysis between the two systems. Meanwhile, the ratio of MLVSS to MLSS in both 404 

groups fluctuated around 0.6, indicating the activity of anaerobic sludge was always 405 

stable within the desired range. 406 

 407 
Fig. 4. (a) pH of influent, (b) pH of sludge mixture, suspended solids in C-AnMBR (c) and ScMFC-408 

AnMBR (d) during operation time. 409 

 410 

3.2.4 Membrane fouling and mitigation mechanism 411 

As shown in Fig. 5a, the transmembrane pressure (TMP) in C-AnMBR grew 412 

slowly in the first four days. With the extension of running time, the TMP in C-AnMBR 413 

began to grow rapidly and exceeded 35 kPa on days 38, 56 and 73. Subsequently, 414 

chemical cleaning was carried out on the membrane components. In C-AnMBR, the 415 

operational cycle of the membrane component was gradually shortened when TMP 416 

reached 35 kPa again, which meant that the membrane fouling rate increased after 417 
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cleaning. It was difficult to ensure the long-term stable operation of the membrane 418 

fouling control of C-AnMBR only by means of cleaning. This was related to the self-419 

accelerating characteristics of membrane fouling. The removal of fouling by membrane 420 

cleaning was not complete. The remaining biofilms and EPS on the membrane can 421 

regenerate quickly and attach microorganisms easily, therefore the fouling of cleaned 422 

membrane was much faster than that of the fresh membrane [31]. However, the TMP of 423 

ScMFC-AnMBR was in a slow growth status during the whole continuous flow 424 

operational cycle. In the latter part of the experiment, the TMP value of ScMFC-425 

AnMBR was only 18.513 kPa. This phenomenon of significantly reduced membrane 426 

fouling rate can be attributed to the fact that the bioelectric field strengthened the 427 

electrostatic repulsion between microorganisms and stripped the pollutants from the 428 

membrane surface, thus slowing down the membrane fouling.  429 

SMP and EPS are the supporting structures of biofilm and activated sludge, and 430 

they are also the main membrane fouling substances [32]. The measured SMP and EPS 431 

of C-AnMBR and ScMFC-AnMBR are illustrated in Fig. 5a and 5b. The SMP and EPS 432 

in the two systems exhibited an upward trend, because the substrate degradation 433 

microorganisms could reach a state of dynamic balance with the endogenous respiratory 434 

microorganisms after adapting to the environment. Since excessive EPS would cause 435 

serious membrane fouling, and the SMP content was also positively correlated with the 436 

membrane fouling rate, the content of SMP and EPS in the two systems was compared 437 

[33, 34]. It was obvious that the content of SMP and EPS in ScMFC-AnMBR was lower 438 

significantly (65.3% and 43.1%, respectively) compared to C-AnMBR.  439 

However, the SMPp/SMPc ratio of ScMFC-AnMBR was higher, which reached 440 

3.711. More notably, the EPSp/EPSc ratio of ScMFC-AnMBR reached 3.72, 1.33 441 

higher than that of C-AnMBR. According to previous research, it has been reported that 442 

a higher SMPp/SMPc ratio reduced the irreversible fouling of membrane components 443 

[35]. Although the ratio of protein to carbohydrate was higher in ScMFC-AnMBR, the 444 

rate of membrane fouling of the integrated system was obviously lower than that of C-445 

AnMBR. The bioelectric field effectively alleviated membrane fouling by reducing the 446 

amount of substances, thus slowing down the rate of membrane flux reduction in 447 
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ScMFC-AnMBR. Moreover, the comprehensive effects caused by the bioelectric field, 448 

including particle size, sludge charge, SMP\EPS content and microbial community 449 

structure change, were likely to work together to complete the important task of 450 

preventing or minimizing membrane fouling in the system.  451 

Zeta potential of sludge can characterize the charged property of sludge surface, 452 

which also reflects the stability of anaerobic sludge. According to the Derjaguin-453 

Landau-Verweyand-Overbeek (DLVO) theory [36], an increase in the absolute value of 454 

zeta potential means a rise in the static charge on the sludge surface, which enlarges the 455 

electrostatic repulsion between sludge particles and makes it difficult for sludge 456 

particles to combine with each other. Conversely since the absolute value of zeta 457 

potential was low, the effect of sludge flocculation was very clear. The absolute values 458 

of zeta potential of the sludge in ScMFC-AnMBR and C-AnMBR were 18.3 and 27.9, 459 

respectively. The absolute value decrease of zeta potential in ScMFC-AnMBR indicated 460 

that the sludge mixture had a stronger agglomeration ability compared with C-AnMBR, 461 

which was caused by a significant decline in EPS content in this system [37]. 462 

Furthermore, the changes of sludge particle size distribution in the two systems are 463 

shown in Fig. 5d.  464 

At the initial stage of the experiment, the sludge particles size and distribution in 465 

the two systems were basically the same. However, with the extension of operational 466 

time, the particle size of the two systems increased by 19.32 μm and 10.98 μm 467 

compared with the initial operation, respectively. The sludge particle size in ScMFC-468 

AnMBR increased rapidly to 54.33 μm, while it was less than 50 μm (only 45.93 μm) in 469 

C-AnMBR. The particle size increase was more obvious when the zeta potential value 470 

was low in ScMFC-AnMBR. It was generally believed that when the sludge particle 471 

size was less than 50 μm, the small particles of sludge were more likely to form a dense 472 

cake layer on the membrane components [38]. Thus, it contributed to more serious 473 

membrane fouling in C-AnMBR. From the perspective of the change of sludge zeta 474 

potential and sludge particle size distribution, the aggregation of sludge particles caused 475 

by the bioelectric field did make a great contribution to alleviate membrane fouling. 476 
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 477 
Fig. 5. (a) TMP variation of ScMFC-AnMBR and C-AnMBR，SMP and EPS in C-AnMBR (b) and 478 

ScMFC-AnMBR (c) during operation, (d) size distribution of activated sludge flocs in ScMFC-AnMBR 479 

and C-AnMBR; SMPc: carbohydrate in SMP; SMPp: proteins in SMP; EPSc: carbohydrate in EPS; 480 

EPSp: proteins in EPS. 481 

 482 

The three-dimensional fluorescence spectra of SMP and EPS in C-AnMBR and 483 

ScMFC-AnMBR are illustrated in Fig. S2. The main peak was found in the range of 484 

210~230/330~360 nm and 250~290/330~370 nm, representing 485 

common aromatic proteins or aromatic organic substances containing two to three 486 

benzene rings [39] and humic acids or organic substances containing three to five 487 

benzene rings [40], respectively. They showed strong persistence in the environment 488 

due to their difficult degradation [41]. Obviously, the existence of the bioelectric field 489 

weakened the fluorescence intensity of the EPS and SMP peaks in the reaction process, 490 

and the concentration of proteins and humic acids was significantly reduced, which 491 

agreed with what Wang, Bi, Ngo, Guo, Jia, Zhang and Zhang [6] reported. Under the 492 

influence of the bioelectric field, the deposition rate of substances causing membrane 493 
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fouling diminished. Thus, the fouling of membrane components was slowed down to a 494 

certain extent and the operation cycle of the reactor was prolonged. 495 

3.3 Microbial community diversity analysis 496 

Through high-throughput sequencing analysis for the mixed sludge, the abundance 497 

of microorganisms was obtained in C-AnMBR and ScMFC-AnMBR. The top 20 498 

abundances at phylum level of both systems are shown in Fig. 6a. Phylum Bacteroidetes 499 

(19%) of the two systems disappeared completely in Stage Ⅲ. Although phylum 500 

Bacteroidetes was deemed to be an efficient bacterium for protein and carbohydrate 501 

degradation, they may not adapt to the influent components in this experiment. This was 502 

due to the feed composition and existing substrate concentration in the reactor possibly 503 

being more selective for microbial community composition than the composition of the 504 

raw sludge and reactor configuration [42]. The dominant bacteria of ScMFC-AnMBR in 505 

the latter part of Stage Ⅲ were phylum Firmicutes (16.04%), phylum Actinobacteria 506 

(29.02%), phylum Chloroflexi (5.02%) and phylum Desulfobacterota (14.01%), while 507 

the relative abundance in C-AnMBR were 31.81%, 13.79%, 8.34% and 5.06%, 508 

respectively. Interestingly, phylum Firmicutes constituted the main species of 509 

microorganisms in the initial start-up stage of MFC and can carry out extracellular 510 

electron transfer [43], but phylum Firmicutes were also a bio-foulant leading to 511 

membrane fouling [44]. The abundance of phylum Firmicutes in ScMFC-AnMBR was 512 

approximately 50% of that in C-AnMBR. It was indicated that the bioelectric field 513 

restricted the development of this bio-foulant, and phylum Firmicutes gradually became 514 

less.  515 

Phylum Actinobacteria was considered to be an environmentally friendly strain 516 

that can be used for biological remediation [45], and its relative abundance in ScMFC-517 

AnMBR was more than twice that of C-AnMBR, indicating that the bioelectric field 518 

promoted the growth of phylum Actinobacteria, and the complex synergistic effect 519 

among the bacteria in ScMFC-AnMBR helped to maintain the stability of the 520 

bioelectric field [46]. Compared with the raw sludge, the abundance of phylum 521 

Chloroflexi in ScMFC-AnMBR and C-AnMBR fell by 80.8% and 68.2%, respectively, 522 
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so the presence of the bioelectric field caused the faster decline of phylum Chloroflexi 523 

abundance. Referring to SMP and EPS as the organic carbon sources of phylum 524 

Chloroflexi growth [47], the abundance of phylum Chloroflexi can characterize the 525 

content of SMP and EPS in the system. The reduction in phylum Chloroflexi abundance 526 

in ScMFC-AnMBR further indicated that the bioelectric field inhibited the secretions of 527 

SMP and EPS, thus alleviating membrane fouling. Phylum Desulfobacterota is an 528 

electricity generator with high electron transfer efficiency, and its abundance in 529 

ScMFC-AnMBR was enhanced [26], ensuring the stable operation of the bioelectric 530 

field.  531 

The top 20 examples of abundance at the genus level of both systems are shown in 532 

Fig. 6b. The abundance levels of Brooklawnia (14.05%) and Trichococcus (4.51%) in 533 

ScMFC-AnMBR were 12.33% and 4.5%, respectively, higher than in C-AnMBR. 534 

Brooklawnia can take up VFAs as the main fermentation product and plays an 535 

important role in hydrolysis and acid production during anaerobic digestion [48]. At the 536 

same time, Brooklawnia is part of the phylum Actinobacteria species, and its high 537 

growth in ScMFC-AnMBR corresponded to elevated phylum Actinobacteria abundance, 538 

which may help the stable voltage output of the bioelectric field. Trichococcus can 539 

decompose complex organic matter into simple organic matter such as lactic acid, acetic 540 

acid, formic acid and ethanol, making it a favorable substrate for other bacteria and 541 

methanogens [49]. Additionally, the abundance of acidophilic bacteria Desulfovibrio in 542 

ScMFC-AnMBR amounted to 6.81% while in C-AnMBR it was 3.65%. All these 543 

indicated that the hydrolytic acidification process in ScMFC-AnMBR was smoother 544 

than that in C-AnMBR, thereby greatly improving the methanogenic performance of the 545 

AnMBR system. More notably, the relative abundance of Megasphaera in ScMFC-546 

AnMBR was only 0.002%, while the abundance of that in C-AnMBR was 7.87%. The 547 

significant decrease in the relative abundance of Megasphaera (belonging to phylum 548 

Firmicutes) in ScMFC-AnMBR explained the decrease in the abundance of phylum 549 

Firmicutes. Since Megasphaera was a bio-foulant that easily adhered under acidic 550 

conditions [50], the reduction in Megasphaera meant that the bioelectric field 551 

environment inhibited the growth of bio-foulant and thus mitigated membrane fouling. 552 
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A comprehensive analysis of methanogens and exoelectrogens in the two systems 553 

reported that the relative abundance of methanogens and exoelectrogens in ScMFC-554 

AnMBR was higher than that in C-AnMBR (Fig. 6c and 6d). Interestingly, 555 

hydrogenotrophic methanogens (Methanobacterium) were the dominant methanogens in 556 

C-AnMBR during the later stages of operation, with a relative abundance of 11%. 557 

Conversely, in ScMFC-AnMBR, the relative abundance of Methanobacterium 558 

diminished to 2.17%, and aceticlastic methanogens (Methanosaeta) emerged as the 559 

dominant methanogens, with a relative abundance of 6.83%. This outcome 560 

corresponded to the significant decrease of VFAs content in ScMFC-AnMBR, 561 

indicating that the system can better resist acidification. It was worth noting that 562 

Syntrophobacter and Smithella were the two major syntrophic bacteria of methanogens, 563 

and their abundances were positively correlated with methanogens [51]. Furthermore, 564 

Syner-01 was deemed to be an acid fermentation bacterium, which further enhanced 565 

methanogenesis in a syntrophic way with Methanosaeta [52].  566 

As a result, the relative abundance of the three bacteria in the two systems at the 567 

late part of Stage Ⅲ was compared. It emerged that the abundance of Syntrophobacter 568 

(0.46%), Smithella (1.37%) and Syner-01 (1.22%) in ScMFC-AnMBR was 8.9 times, 569 

14.6 times and 305 times higher than that in C-AnMBR, respectively. Here, it is 570 

suggested that the bioelectric field enhanced methanogenic activity by increasing the 571 

abundance of syntrophic bacteria of methanogens, and then enabled ScMFC-AnMBR to 572 

perform better methanogenically. Desulfovibrio (6.81%) became the dominant 573 

exoelectrogens in ScMFC-AnMBR, and Petrimonas (0.93%), Geobacter (0.08%), 574 

Bacillus (0.42%) and Thauera (0.02%) also obtained a better breeding environment 575 

compared with C-AnMBR. There was a mutually beneficial relationship between MFC 576 

electricity generation and microbial enrichment and growth (Rabaey, Boon, Siciliano, 577 

Verhaege and Verstraete [53], so the stable bioelectric field in ScMFC-AnMBR was 578 

closely bound up with the synergistic effect of exoelectrogens. In the meantime, the 579 

stable bioelectric field environment promoted the reproduction and metabolism of 580 

exoelectrogens, putting into motion a virtuous cycle of electricity generation. To sum up, 581 

the stable micro-bioelectric field in ScMFC-AnMBR altered the structure of the 582 
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microbial community, and strengthened the interaction between microorganisms. 583 

 584 
Fig. 6. Top 20 levels of abundance at (a) phylum and (b) genus level; (c) Relative abundance of 585 

methanogens and (d) exoelectrogens; R1 and R2 represent C-AnMBR and ScMFC-AnMBR, 586 

respectively. S0, S1, S2 and S3 represent raw sludge sample, sludge samples at the early, middle and 587 

late phase of Stage Ⅲ, respectively.  588 

 589 

Table 1. Alpha diversity index in C-AnMBR (R1) and ScMFC-AnMBR (R2). 590 

Sample Sobs Shannon Simpson Ace Chao Coverage 

R1-S1 1407 4.491487 0.064614 1655.879 1615.398 0.996971 

R1-S2 1331 4.402041 0.062412 1555.944 1521.048 0.997471 

R1-S3 1287 4.482407 0.038322 1526.732 1503.005 0.997612 

R2-S1 1152 4.510172 0.030007 1408.628 1369.775 0.997272 

R2-S2 1094 4.35349 0.032366 1305.507 1302.643 0.997484 

R2-S3 1025 4.092493 0.046227 1337.524 1302.44 0.997227 

 591 

According to the Shannon index concerning the two systems (Table 1), their levels 592 

of microbial diversity were basically the same. In order to investigate changes in the 593 

structure of the microbial community due to the bioelectric field in ScMFC-AnMBR, 594 

principal component analysis (PCA) (Fig. S3) was conducted. Obviously, the separation 595 

Jo
urn

al 
Pre-

pro
of



 

24 

 

distance of microorganisms in the two systems was large at PC1 and PC2 levels, but 596 

particularly at the PC1 level. These results indicated that the microbial relationship 597 

between the two systems was distant, and the existence of the bioelectric field did not 598 

improve the microbial diversity in ScMFC-AnMBR. Nonetheless, it significantly 599 

changed the structure of the microbial community. Based on these results, the 600 

microorganisms selected by the bioelectric field developed well and resulted in 601 

enhancing the AnMBR performance and minimizing the problem of membrane fouling.  602 

The correlation network diagram between exoelectrogens and methanogens at the 603 

genus level is shown in Fig. 7, and reveals the interaction between two functional 604 

bacteria groups in ScMFC-AnMBR. The relative abundance of two acidophilic bacteria 605 

(Desulfovibrio (6.81%) and Methanosaeta (6.83%)) in ScMFC-AnMBR increased, 606 

which promoted the abundance of many methanogens (Methanospirillum (0.21%). 607 

Methanofollis (0.13%)) and exoelectrogens (Bacillus, Petrimonas, Thauera) which 608 

positively correlated with the two bacteria. Here the selected exoelectrogens and 609 

methanogens promoted each other in ScMFC-AnMBR, which did two things: ensure 610 

the stability of the bioelectric field; and promote anaerobic digestion in the system to a 611 

certain extent.  612 

Meanwhile, Methanosaeta dominated the ScMFC-AnMBR system due to their 613 

greater affinity for acetic acid and lower threshold for acetic acid utilization [54]. The 614 

relative abundance of hydrogenotrophic methanogens (Methanobacterium, 2.17%) was 615 

only 17.5% of that of C-AnMBR, possibly the result of the electron transfer effect 616 

(combination of hydrogen and hydroxide ions) under the bioelectric field. It also led to 617 

better functional bacteria negatively related to Methanobacterium. These functional 618 

bacteria included exoelectrogens, mesophili methanogens (Methanofollis), 619 

hydrogenotrophic methanogens (Methanospirillum) and Methanosarcina (1.5%). De 620 

Vrieze, Hennebel, Boon and Verstraete [55] noted that Methanosarcina had a higher 621 

growth rate and tolerance than other methanogens, while Walter, Probst, Hinterberger, 622 

Muller and Insam [56] pointed out that Methanosarcina abundance did positively 623 

correlate with methanogenic performance. Therefore, the increase in Methanosarcina 624 

abundance in the bioelectric field environment strongly suggests that ScMFC-AnMBR 625 
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performed excellently in the methanogenic scenario. In brief, the enhanced 626 

methanogenic performance of ScMFC-AnMBR did rely on the interaction between 627 

methanogens and exoelectrogens. Of these, Desulfovibrio, Methanosaeta and 628 

Methanosarcina contributed the most.  629 

 630 

Fig. 7. Correlation network diagram between methanogens and electrogenic bacteria at genus level. 631 

(The node size represents species abundance, different colors represent species at different phylum 632 

levels, line color represents positive and negative correlation, red represents positive correlation, 633 

green represents negative correlation, thicker line indicates higher correlation between species, and 634 

more lines indicate a closer relationship between this species and other species.)  635 

 636 

4. Conclusions 637 

A novel ScMFC-AnMBR system, combining an AnMBR with a single-chamber 638 

air-cathode MFC, was constructed for the purposes of enhancing methane production 639 

and reducing membrane fouling. The ScMFC-AnMBR system provided a stable micro-640 

bioelectric field under constant influent load. Compared with C-AnMBR, the COD 641 

removal and methane production using the ScMFC-AnMBR clearly improved, and 642 

superior acidizing resistance was obtained. Moreover, the comprehensive effects caused 643 

by the bioelectric field, including particle size, sludge charge, SMP\EPS content and 644 

microbial community structure change, jointly alleviated membrane fouling in the 645 

system. Furthermore, the abundance of aceticlastic methanogens (Methanosaeta), 646 
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syntrophic bacteria of methanogens (Syntrophobacter, Smithella and Syner-01) and 647 

exoelectrogens with better electron transfer function (Desulfovibrio) increased., 648 

Meanwhile the abundance of bio-foulant (Megasphaera) decreased in the ScMFC-649 

AnMBR system. The two functional microbes of exoelectrogens and methanogens 650 

helped each other, stabilizing the bioelectric field and enhancing the activity of 651 

methanogens. The integrated system significantly improved the methanogenic 652 

performance, shortened the start-up period, and alleviated membrane fouling under the 653 

stable micro-bioelectric field, emphasizing the feasibility of the ScMFC-AnMBR to 654 

treat wastewater efficiently and effectively. 655 
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