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Abstract: In this study, the performances of a conventional anaerobic baffled reactor 19 

(ABR) and an ABR combined with microbial electrolysis cells (MECs) for enhancing 20 

degradation of volatile fatty acids (VFAs) were evaluated in 55 °C. The ABR-MECs 21 

system achieved a total chemical oxygen demand (COD) removal rate of 97.2% and a 22 

methane yield of 236 ± 5 mL/g COD removed at organic loading rate (OLR) of 6.9 kg 23 

COD m-3 d-1, which were higher than those of the ABR with 77.6% and 207 ± 5 mL/g 24 

COD removed, respectively, at OLR of 5.1 kg COD m-3d-1. The pyrosequencing 25 

analysis confirmed that the introduction of MECs into ABR was conducive to 26 

establishing stable functional communities of syntrophic fatty acids oxidizing bacteria 27 

(SFOB), exoelectrogens and hydrogenotrophic methanogens, such as Syntrophobacter 28 

(5.4%), Thermodesulfovibrio (2.0%), Methanobacterium (43.8%), Methanolinea 29 

(20.4%). The content of unclassified bacteria increased from 12.4% in the ABR system 30 

to 52.3% in the ABR-MECs system. In contrast, the proportion of aceticlastic 31 

methanogens decreased from 50.1% in the ABR to 24.5% in the ABR-MECs system. 32 

The improved performance of thermophilic ABR-MECs system was resulted from 33 

phase separation, wide ecological niche and intensification of methanogenesis process 34 

via functional microbes, which significantly enhanced the degradation of propionic acid 35 

and acetic acid. 36 

Key words: Anaerobic digestion; Microbial electrolysis cell; Methanogenesis; 37 

Thermophiles; Microbial community 38 

39 
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1. Introduction 40 

Anaerobic digestion (AD) has been widely applied in treating organic wastewater 41 

due to its advantage in energy recovery [1,2]. Nevertheless, some challenges such as 42 

low processing capacity and instability limited its efficiency for further application [3]. 43 

Correspondingly, different methods were adopted to improve efficiency of the AD 44 

process. For instance, researchers tried to optimize the conditions via engineering 45 

control and online monitoring in the early days. Boe et al. put forward several indicators 46 

for monitoring the AD process [4]. The VFAs, especially propionic acid, were important 47 

indicators for stable operation of the AD process [5]. 48 

In recent years, bioaugmentation technology has been widely investigated and 49 

applied in the AD process. Generally, the metabolic rate between acidogens and 50 

methanogens is imbalanced, which resulted in instability and accumulation of VFAs [6]. 51 

In response to this problem, Li et al. proposed the application of bioaugmentation to 52 

prevent failure from ammonia and propionate inhibition [7]. Town and Dumonceaux 53 

made use of a small and stable consortium capable of catabolizing acetate for 54 

stimulating methanogenesis [8]. These previous studies indicated the bioaugmentation 55 

via SFOB (e.g. propionic / butyric oxidizing bacteria) and acid-resistant methanogens 56 

was a meaningful attempt to avoid excessive acidification in the AD process. Indeed, 57 

bioaugmentation technology can reconstruct microbial community, improve abundance 58 

of functional bacteria and make up the imbalance between acidogens and methanogens 59 

to certain extent. However, the traditional bioaugmentation technology was hard to 60 
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make up the limitations of methanogens (e.g., long generation cycles and narrow 61 

ecological niches ) with acclimation of SFOB and acid-resistant methanogens [9]. 62 

Besides, how to keep stable existence of functional microbes is a key issue for 63 

traditional bioaugmentation. 64 

Bio-electrochemical system (BES) has been a promising energy-friendly system 65 

dealing with the imbalance between acidogens and methanogens via the function of 66 

exoelectrogens [10,11]. In a MEC, exoelectrogens transfer electrons to the anode by 67 

oxidizing organic matters, and the electrons pass through circuit to the cathode to 68 

produce H2. Thereafter, methane can be produced in the biocathode via 69 

hydrogenotrophic methanogens [12]. The previous study indicated that exoelectrogens 70 

compete with methanogens for electrons, realizing the oxidation of organic matter in the 71 

anode. In the cathode, exoelectrogens obtain electrons from cathode and conduct the 72 

synthesis of methane via H+, CO2 and electrons. BES dominated by exoelectrogens has 73 

lots of advantages in utilization of organic matter and biogas production. Clauwaert et al. 74 

investigated one mole acetate could be converted into 0.41 mole methane at the 75 

temperature ranges of 22 - 28 °C [13]. In addition, Hao et al. observed the 76 

exoelectrogens had a better adaptability than methanogens [14]. Therefore, it is quite 77 

possible to take advantage of exoelectrogens to enhance the oxidation of acetic acids 78 

and methane generation, making up the imbalance of metabolic rates between acidogens 79 

and methanogens. Actually, MECs have been already applied in the AD system. Overall, 80 

the previous studies on the AD-MECs mainly focused on: (1) Efficiency enhancement, 81 
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e.g. the improvement of methane production and energy recovery rate (Gajaraj et al., 82 

2017, Hassanein et al., 2017). (2) Microbial community. The hydrogenotrophic 83 

methanogens enriched in the cathode played important role in enhancing methane yield 84 

(Gholikandi et al., 2014). Besides, the enrichment of exoelectrogens in the anode 85 

improved the removal of organics (Cerrillo et al., 2016, Liu et al., 2017). (3) Electron 86 

transfer mechanism. For instance, the zero-valent iron or suitable extra voltage 87 

promoted the direct electron transfer of exoelectrogens (Zhang et al., 2013, Choi et al., 88 

2017). Although the enhanced efficiency of the AD system by MECs and microbial 89 

composition were mainly focused, synergistic degradation of VFA via functional 90 

bacteria has not been paid much attention. Actually, the decomposition of propionic acid 91 

and butyric acid by exoelectrogens is much slower than acetic acid (Clauwaert et al., 92 

2008), which limits further application of the AD-MECs system. To accelerate the VFA 93 

degradation, the acclimated SFOB was applied to enhance degradation of propionic and 94 

butyric acid, further improve the removal of organics and methane production in the 95 

AD-MEC system. Through the synergistic effect of SFOB and exoelectrogens in the 96 

thermophilic condition, VFA can be fast degraded in this study. 97 

To the best of our knowledge, bioaugmentation technology based on thermophilic 98 

SFOB and exoelectrogens for boosting degradation of VFAs has not been applied and 99 

evaluated for the AD process. And its performances and responses of microbes have not 100 

yet been explored. So, an improved ABR-MECs system was established and evaluated. 101 

The ABR-MECs system was compared with a conventional ABR in performances, such 102 
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as COD removal, methane production and indicators for stability (i.e., VFAs, pH, 103 

alkalinity (ALK) and Oxidation-Reduction Potential (ORP). Moreover, microbial 104 

communities were analyzed to further demonstrate performance of the ABR-MECs 105 

system. 106 

2. Materials and methods 107 

2.1. Configuration, start-up and operation of the ABR-MECs system  108 

The volume of the ABR is 2.5 L with circling hot water to keep temperature of 55 109 

± 1 °C. The ABR is divided into five equal compartments by vertical baffles as shown 110 

in Fig.1. The temperature of the substrate tank was controlled by a water jacket with a 111 

cooler (4 °C). The temperature of ABR was assured by water jacket and heater, and 112 

submerged thermometers were equipped to indicate the temperature in the reactors. 113 

Each compartment is divided into down-corner and up-corner regions by hanged baffles 114 

of 45°. The synthetic wastewater was fed via a peristaltic pump (BT100-2i, Longer 115 

Pump, Britain). The reactor is sealed and the top of each compartment is connected to a 116 

7 L gas sampling bag for measuring the volume of biogas via a flow meter (LML-1, 117 

Changchun Automobile Filter., China). The anodes and cathodes are fixed in up-flow 118 

region of the three middle compartments and connected with power source (0.9 Volt). 119 

 The start-up was performed in a conventional ABR with OLR of 1.4 kg COD 120 

m-3d-1, and a stable COD removal of 72 ± 1% was achieved in the end of start-up stage 121 

(Period 1, Hydraulic Retention Time (HRT)=26 h). Further COD removal was hard to 122 

http://dict.youdao.com/w/England/#keyfrom=E2Ctranslation
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be obtained when low influent COD was given as insufficient COD presumably 123 

restricted the growth of sludge microorganisms. Correspondingly, OLR in the 124 

conventional ABR (Period 2, HRT=21 h) climbed up from 1.7 to 5.1 kg COD m-3 d-1. 125 

However, when OLR was 5.1 kg COD m-3 d-1, the COD removal rate decreased 126 

significantly (Fig. 2d) and VFAs were accumulated in the fifth compartment (Fig.3, 5b). 127 

Therefore, MECs were introduced into the traditional ABR by inserting electrodes with 128 

applied voltage, which was made as described in Section 2.3 to enhance the degradation 129 

of VFAs after 28 days operation of Period 2. Meanwhile, the sludge contained SFOB 130 

and exoelectrogens acclimated in the Section 2.3 were inoculated to accelerate the 131 

process of the ABR-MECs system. Therefore, the anaerobic process was defined into 132 

three periods. The first period was the start-up stage under low OLR in the ABR system. 133 

The second period was the operational stage in the ABR system. And the third period 134 

was operational stage after the electrodes inserting into the ABR system (ABR-MECs 135 

system). The introduction of MECs built a suitable electrochemical environment for 136 

stable existence of exoelectrogens. The operation of the ABR-MECs system started with 137 

OLR of 5.1 kg COD m-3d-1 and finally increased to 6.9 kg COD m-3d-1 (Period 3, 138 

HRT=21 h). The operation lasted for 72 days as described in Table 1.  139 

Fig.1. Process flow schematic of the ABR-MECs system. 140 

Table 1 Operation of the conventional ABR and ABR-MECs systems 

2.2. Characteristics of wastewater and inoculated sludge  141 

The study aimed to verify the feasibility of boosting VFAs degradation by SFOB 142 

http://dict.youdao.com/w/electrochemical/#keyfrom=E2Ctranslation
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and exoelectrogens. So, glucose was applied as single carbon source to reduce 143 

interference factors in the experiment. The NH4Cl and KH2PO4 were provided as 144 

nitrogen and phosphorus sources. In addition, the NaHCO3 was given to regulate pH 145 

value. The concentration of synthetic wastewater was prepared according to Table 1. 146 

Constant element and mineral solution of 1.5 mLL-1 was also added as nutrients based 147 

on our previous study [21]. It was prepared by dissolving 50 mgL-1 H3BO3, 30 mgL-1 148 

CuCl2, 50 mgL-1 MnSO4, 50 mgL-1 (NH4)6MoO24·4H2O, 50 mgL-1 AlCl3, 50 mgL-1 149 

CoCl2·6H2O and 50 mgL-1 NiCl2 in the distilled water. Seed sludge of ABR was 150 

obtained from an anaerobic digester treating filtrate from hydrothermally treated sewage 151 

sludge [22]. The seed sludge in each compartment of reactor was about half of the 152 

working volume (0.5 L per compartment). SS and VSS of Seed sludge were 31.2 gL-1 153 

and 12.5 gL-1, respectively. 154 

2.3. Pre-acclimation of exoelectrogens and SFOB in static experiment 155 

Exoelectrogens were pre-acclimated in microbial fuel cells (MFCs). The beaker 156 

with 500 mL volume was applied to constitute a single chamber MFC. Resistance of 157 

1000 Ω, electrode film and substrate were formed together as a circuit. Sodium acetate 158 

was added as carbon sources to provide COD with concentration of 4000 mgL-1 while 159 

50 mM phosphate buffer nutrient medium was applied to sustain pH value of 7.0. A 160 

mineral solution of 1.5 mLL-1 was also added as nutrient based on our previous study 161 

[21]. The electrode was 54.0 cm2 with 6.0 cm in width and 9.0 cm in length. The anodes 162 

and cathodes were made of carbon cloth (WOS1009, CeTech, Taiwan) and stainless 163 
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steel mesh catalyzed by Ni nanoparticles, respectively. Six parallel groups were 164 

executed in 55 ± 1 °C. One cycle was finished when COD removal rate was higher than 165 

80% and then substrate was replaced to begin another cycle. Stable voltage higher than 166 

300 mV was generated by MFCs after 5 cycles, indicating that electrodes with enriched 167 

exoelectrogens were well prepared. More detail about the modified method of cathodes 168 

and procedure of exoelectrogens acclimation can be found in our previous article [21]. 169 

The SFOB was acclimated in anaerobic bottles. Sodium propionate and sodium 170 

butyrate were applied in equal amount as carbon sources to provide COD with 171 

concentration of 4000 mgL-1. The proportion of COD: N: P was 500: 5: 1. A mineral 172 

solution of 1.5 mLL-1 was also added as nutrients based on our previous study [16]. Six 173 

parallel groups were executed in 55 ± 1 °C. Substrate was updated every 7 days. After 174 

five cycles, the COD removals were more than 93.8%. Besides, butyrate was not 175 

detected and the removal rate of propionate was 98.2%, suggesting the acclimated 176 

sludge with enriched SFOB was well prepared.  177 

In order to construct an improved ABR-MECs system for enhancing the 178 

degradation of VFAs, the acclimated sludge containing 60% exoelectrogens and 40% 179 

(V/V) SFOB was inoculated into the middle three compartments as soon as electrodes 180 

inserted into the ABR system after operation of Period 2. The proportion of inoculation 181 

was 5% (V/V) working volume (0.5 L) of per compartment. Besides, in order to keep 182 

the sludge of system consistent, equivalent original sludge was removed before 183 

inoculation.         184 
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2.4. Analytical methods 185 

Effluent samples from each reactor and substrate were taken from the sampling 186 

ports based on HRT. All chemical analyses of effluent such as pH, alkalinity, COD were 187 

followed Standard Methods [23]. The VFAs and biogas were measured via a gas 188 

chromatograph (GC9790II, Fuli, China) with He as the carrier gas and hydrogen for 189 

burning of the flame. The VFAs were measured with a flame ionization detector using a 190 

capillary column (ATFFAP 30 m × 0.32 mm × 0.50 μm), and the temperature of 191 

column, injector, and detector were 150 °C, 210 °C, and 220 °C, respectively. The 192 

biogas was monitored with a thermal conductivity detector equipped with a stainless 193 

steel column (TDX-01 2 m × 3 mm), and the temperature of column, injector, and 194 

detector were 120 °C, 120 °C and 150 °C, respectively. Gas sample was taken from 195 

each gas pipeline by a 1mL syringe equipped with metal hub needles to measure the gas 196 

composition. A volume of 0.5 mL of gas sample was injected into the gas 197 

chromatograph. Microorganisms in sludge and electrodes were also observed by 198 

scanning electron microscope (S-4800, Hitachi, Japan). The samples were prepared 199 

according to following method [21]: first, samples were fixed by 2.5% solution of 200 

paraformaldehyde for 0.5 h, and then dehydrated by ethanol series of 50%, 70%, 80%, 201 

90% and 100% (v/v) for 0.5 h each time, and subsequently dried by a critical point 202 

dryer (HCP-2, Hitachi, Japan). Data in the steady state were collected at least three 203 

times. The average values of these measurements are presented in Table 2.  204 

The sludge samples of days 45 (mature sludge in the middle three compartments of 205 
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conventional ABR) and days 70 (only biofilm of both anodes and cathodes in the 206 

ABR-MECs system) were collected to analyze microbial communities via 207 

high-throughput 16S rRNA pyrosequencing. The samples collected from anodes were 208 

mixed to extract DNA for three times and then the DNA samples were mixed to conduct 209 

the high-throughput 16S rRNA pyrosequencing. The samples collected from cathodes 210 

and the ABR system were handled as those of anodes. DNA was extracted by FastDNA 211 

TM SPIN Kit for Soil (MP Biomedicals, USA). The V3-V4 region of 16S rRNA gene 212 

was amplified by PCR using the primers 341 F (CCTACGGGNGGCWGCAG), 785 R 213 

(GACTACHVGGGTATCTAATCC) for bacteria and the primers 787 214 

(ATTAGATACCCSBGTAGTCC), 1059 R (GCCATGCACCWCCTCT) for archaea. 215 

Additional information about DNA extraction, PCR and sequencing can be found 216 

elsewhere [24]. The raw sequence data were deposited in the NCBI Short Reads 217 

Archive database under the accession number SRP150392. 218 

3. Results  219 

3.1. The COD removal efficiency  220 

The COD removal efficiency in different stages is showed in Fig.2 (d). The 221 

growing influent COD in the conventional ABR (Period 2) led to a rapid increase of 222 

total COD removal rate of 95.3% when influent COD was 3500 mgL-1. Therefore, 223 

enough nutrients with moderate alkalinity were beneficial to the operation of ABR. 224 

Nevertheless, the COD removal rate decreased significantly as influent COD climbed 225 
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up to 4500 mgL-1 with OLR of 5.1 kg COD m-3d-1. And 77.6% of COD removal rate 226 

was detected in the conventional ABR in the end of Period 2 regardless of adequate 227 

ALK. Accordingly, the concentration of VFAs (Fig.3 1b-5b) indicated that propionic 228 

acid and acetic acid were dominant in the conventional ABR, causing fast growing of 229 

effluent COD. The phenomenon indicated the ABR system was in a critical stable state 230 

accompanied with the occurrence of propionic accumulation in Day 45. It was benefited 231 

to the investigation on propionic degradation when electrodes were inserted at this time. 232 

Therefore, the operation of conventional ABR was stopped and further modified by 233 

inserting electrodes and inoculating enriched SFOB and exoelectrogens to establish an 234 

improved ABR-MECs system. After modification, the total COD removal rate of the 235 

ABR-MECs system increased to 97.2% when the OLR was up to 6.9 kg COD m-3d-1, 236 

19.6% higher than that of conventional ABR with OLR of 5.1 kg COD m-3d-1. Besides, 237 

the COD removal rates in five compartments were 54.3%, 36.7%, 2.2%, 2.3% and 1.8%, 238 

respectively, while those in the ABR were 29.1%, 18.4%, 13.9%, 9.2% and 7.1%, 239 

correspondingly. Clearly, the COD removal efficiencies were promoted in front parts of 240 

ABR-MECs system. The pollutant removal capacity was significantly enhanced in the 241 

ABR-MECs system. The improved performance was due to further degradation of 242 

VFAs (Fig.3, 1-5a). Specifically, both acetate and propionate were reduced significantly 243 

in the ABR-MECs system. 244 

Fig.2. Process changes of COD, ORP, ALK and pH in C1, C2, C3, C4 and C5. C1 to C5 245 

mean the first to fifth compartment of reactor in flow direction.   246 
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Fig.3. Contrast of VFAs in (a) the ABR-MECs, (b) conventional ABR.   247 

3.2. The methane content performance  248 

Average contents of methane in the first to fourth compartments were 56.3%, 249 

63.7%, 66.2% and 73.8%, respectively, in the stable stage of the ABR system. In 250 

contrast, Average contents of 58.6%, 72.8%, 80.9% and 83.5% were detected 251 

correspondingly in the stable stage of the ABR-MECs system. The maximum content of 252 

CH4 (83.5%) in biogas was detected in C4 with a total production rate of 236 ± 5mL 253 

CH4 /g COD removed in the ABR-MECs system. The maximum content of CH4 in 254 

conventional ABR was 73.8% and the total production rate was 207 ± 5 mL CH4/g COD 255 

removed. Besides, contents of CO2 in the middle three compartments (MECs) were 256 

25.3%, 17.6% and 14.2%, respectively, while those of conventional ABR were 30.4%, 257 

27.3% and 25.7%, correspondingly. More net methane and less carbon dioxide were 258 

detected in the ABR-MECs system when compared with the ABR system. They were 259 

also higher than the previous study [25], in which methane content was usually from 260 

50% to 75% while the carbon dioxide content was from 25% to 50% in the AD system. 261 

The results indicated that energy production was enlarged in the ABR-MECs system. 262 

3.3. The characteristics of ORP, alkalinity and pH values  263 

The ORP, alkalinity and pH values were important indicators of stability in the 264 

anaerobic system and their changes were depicted in Fig.2 (a-c). The ORP is one of key 265 

factors influencing acid fermentation types and methane production. As can be seen in 266 

Fig. 2a, the range of ORP in the ABR-MECs system is between -240 mV and -280 mV. 267 
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Notably, it is higher than the ORP with the range of -280 mV to -320 mV in the ABR 268 

system. Higher ORP was obtained in the ABR-MECs system to produce methane than 269 

other results made by Khanal and Huang [26], who observed that the best ORP for 270 

methanogens was -350 mV. Besides, the ORP of the middle three compartments (MECs 271 

parts) were higher than the first and last compartment in the ABR-MECs system. It 272 

indicated that the introduction of MEC increased the ORP of the AD system. As for 273 

alkalinity and pH, the influent alkalinity in the conventional ABR (Period 2) grew fast 274 

to keep enough buffer capability. In the ABR-MECs (Period 3), higher effluent 275 

alkalinity (2912.9 mgL-1) was detected with lower influent alkalinity (2900 mgL-1) 276 

when compared with the corresponding 2769.6 mgL-1 and 3200 mgL-1in the 277 

conventional ABR. The pH values of the middle three compartments grew up from 6.9 - 278 

7.1 to 7.2 - 7.3 when the ABR transformed to ABR-MECs system.  279 

3.4. Microorganisms morphology analysis 280 

The sludge in the conventional ABR and ABR-MECs systems were analyzed by 281 

SEM to characterize the structure and morphology, as showed in Fig. 4. The major 282 

species of C2-C4 changed from globular bacteria in the ABR to bacillus of anodes in the 283 

ABR-MECs system, revealing difference of functional microbes in the methanogenic 284 

phase. Notwithstanding, there was no distinct change of microorganism morphology in 285 

the C1, suggesting that the main functional microorganism in the acidogenic phase did 286 

not change much between the ABR and ABR-MECs system. It was consistent with the 287 

results obtained by Liu et al.[27], who found that shot rod-shaped and filamentous 288 
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bacteria in initial compartment of the ABR were responsible for hydrolysis and 289 

acidification. Clearly, the electrochemical system only changed microbial communities 290 

of methanogenic phase in the ABR-MECs system, making it more effective in 291 

degradation of product from acidification. Particularly, microbial community would be 292 

further analyzed in the pyrosequencing analysis. 293 

Fig.4. Photograph of scanning electron microscope: (a) 01, sample from C1 in the ABR 294 

stage, (a) 02, sample from C1 in the ABR-MECs stage, (b) 01, sample from C2-C4 in 295 

the ABR stages, (b) 02, sample from anodes in the ABR-MECs stage. 296 

3.5. Pyrosequencing analysis.   297 

Pyrosequencing analysis was performed to find the specific difference of microbial 298 

communities between the conventional ABR and ABR-MECs systems. Communities of 299 

functional eubacteria at phylum level in the ABR and ABR-MECs systems were 300 

described in Fig.6. Although the studies on the microorganism of integrated AD-MEC 301 

system were the research hot spot, the achievement of thermophilic condition are 302 

relatively deficient. However, some comparisons can still be found. (1) The dominant 303 

bacteria in both ABR and ABR-MECs systems were Firmicutes and Proteobacteria 304 

with contents of 14.7% and 9.8% in the ABR-MECs system, and 49.0% and 16.5% in 305 

the ABR system. The analysis of microbial was in agreement with the previous studies 306 

[28,29] that Firmicutes was dominant in the thermophilic electrochemical system and 307 

thermophilic anaerobic system. The difference lies in a large increase of Firmicutes in 308 

the ABR-MECs system. It further proved the significance of Firmicutes in the 309 
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thermophilic electrochemical system. In order to find the further difference between 310 

these two systems, eubacteria at genus level were described in Fig.5 (b). (2) The 311 

potential exoelectrogens, a significant growth of Thermodesulfovibrio [30] was found in 312 

the ABR-MECs system with proportion of 2.01% when it was not detected in the ABR 313 

system. It was different from other thermophilic system [18] that Desulfuromonadaceae 314 

was the most active family in a thermophilic MEC. Furthermore, Geobacter, one kind of 315 

main exoelectrogens discovered in the mesophilic MECs system, was completely 316 

disappeared in the thermophilic ABR-MECs system. It's worth noting that the 317 

proportion of Unclassified bacteria in the ABR-MECs system was nearly 5 times 318 

(52.6%) of that in the ABR system. All these finding further indicated the complexity of 319 

thermophilic electrochemical system, and the physiological characteristics of 320 

thermophilic exoelectrogens remained to be further studied. On the other hand, the 321 

content of Syntrophobacter, one of SFOB that made use of propionate, was promoted 322 

272.4% in the ABR-MECs system, accounting for the effective degradation of propionic 323 

acid in the ABR-MECs system. The increased abundance of Syntrophobacter, 324 

Thermodesulfovibrio and Unclassified bacteria further confirmed that the introduction 325 

of MECs into ABR system was conducive to establishing stable communities of 326 

exoelectrogens and SFOB in the anode. 327 

   Communities of functional archaea in both ABR and ABR-MECs systems were 328 

illustrated in Fig.6. The abundance of hydrogenotrophic methanogens in the cathode 329 

was 68.4%, nearly double of that in the ABR. At genus level, as depicted in Fig.5 (a), 330 
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Methanobacterium, one kind of hydrogenotrophic methanogens, was detected at 43.8 % 331 

of archaea in the ABR-MECs system, which was nearly double of those in the 332 

conventional ABR system. The abundance of Methanolinea (20.4%) in the ABR-MECs 333 

system, one of hydrogenotrophic methanogens, is 10 times of that in the ABR. This 334 

finding suggested that both hydrogenotrophic methanogens were well enriched in the 335 

cathode of ABR-MEC system. In contrast, the proportion of aceticlastic methanogens 336 

decreased from 50.1% in the ABR to 24.5% in the ABR-MECs system. The increase of 337 

hydrogenotrophic methanogens and exoelectrogens as well as decrease of aceticlastic 338 

methanogens made fewer generation of CO2, building up the biological basis of 339 

purification of methane in site. 340 

Fig.5 Genus of Archaea and Eubacteria in both ABR and ABR-MECs systems: (a) 341 

Archaea of middle three compartments in the ABR system and archaea of cathodes in 342 

the ABR-MECs system; (b) Eubacteria of middle three compartments in the ABR 343 

system and Eubacteria of anodes in the ABR-MECs system. 344 

Fig.6 Relative abundances of functional microbes in both ABR and ABR-MECs 345 

systems:  346 

Table 2 Process performance for the thermophilic ABR and ABR-MECs systems in the 

stable state 

4. Discussion  347 

In this study, an effective AD-MECs process was established to accelerate 348 

degradation of VFAs and generation of methane. Some main parameters in stable period 349 
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were depicted in Table 2. The new system has a better efficacy than traditional ABR 350 

system in COD removal and methane production. Besides, the performance was also 351 

better than the results of previous study [31], in which COD removal rate was 68 % 352 

-72 % with influent COD concentration of 5000 mgL-1 and HRT of 120h at operational 353 

temperatures of 37 °C and 55 °C, respectively. The improved performance was resulted 354 

from further degradation of VFAs (Fig.3, 1-5a). The total VFAs in five compartments 355 

were 4107.3 mgL-1, 3169.2 mgL-1, 1938.8 mgL-1, 1179.2 mgL-1 and 869.4 mgL-1, 356 

respectively, in the conventional ABR. In contrast, a sharp decrease was sketched in the 357 

ABR-MECs system, about 63.0% drop of VFAs was detected in effluent. Specifically, 358 

both acetate and propionate were reduced significantly in the ABR-MECs system. It is 359 

consistent with the previous studies that propionic acid can be fast oxidized into acetic 360 

acid by propionate oxidation bacteria in the AD process [32] and the concentration of 361 

acetic acid had a substantial decrease in the MECs system [33]. The results further 362 

indicated that SFOB and exoelectrogens performed well in the ABR-MECs system. As 363 

an evidence, the Syntrophobacter (5.4%), Thermodesulfovibrio (2.0%), 364 

Methanobacterium (43.8%), Methanolinea (20.4%) were well enriched in the 365 

ABR-MECs system as showed in Fig.5. Thus, it was an effective way to improve COD 366 

removal efficiency by enriching both SFOB and exoelectrogens in the anode, making 367 

the new system better adapt to propionic acid fermentation. 368 

     As for methane production, more methane and less carbon dioxide were achieved 369 

in the ABR-MECs system and the advantages were still obvious when compared with 370 
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other AD process. The content of CH4 was 73.0% - 75.4% in a pilot-scale UASB [34] 371 

and 180 mL CH4/g COD removed was detected by Wirth et al. [31]. The results in Table 372 

2 indicated that more and purer methane (236 mL CH4/g COD removed) was generated 373 

in the ABR-MECs system. One direct reason was that the abundance of 374 

hydrogenotrophic methanogens (67.2%) in the ABR-MECs system, which were nearly 375 

double of that (37.5%) in the ABR system as depicted in Fig.6. They were also 376 

significantly higher than the traditional AD system in which aceticlastic methanogens 377 

were dominant in the methanogenic process. The significant increase of 378 

hydrogenotrophic methanogens can be due to the enhanced production of H2 by 379 

exoelectrogens [35]. In all, the exoelectrogens boosted the degradation of acetic acid, 380 

removed acetic inhibition for SFOB and simultaneously promoted the abundance of 381 

hydrogenotrophic methanogens and generation of methane.             382 

 Nevertheless, If it was the only way consuming hydrogen via hydrogenotrophic 383 

methanogens, hydrogen should be detected in the system, as hydrogenotrophic 384 

methanogens cannot completely remove hydrogen if methane production was only 385 

caused by converting hydrogen [36]. In fact, hydrogen was not discovered in the 386 

ABR-MECs system. There may be other ways to generate methane in the ABR-MECs 387 

system. The electrochemical systems offer possibilities for new methanogenic pathways. 388 

The exoelectrogens were defined as a kind of microorganisms with extracellular 389 

respiration. Specifically, methane could be produced by exoelectrogens through direct 390 

electron transfer in bio-cathode with the reaction of CO2 + 8H+ + 8e- = CH4 + 2H2O [37]. 391 

http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3Daceticlastic%26keyfrom%3Dhao360&q=aceticlastic&ts=1526871371&t=2ba08376ad590d9964efc9195c4dc8f
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3Dhydrogenotrophic%26keyfrom%3Dhao360&q=hydrogenotrophic&ts=1526871428&t=a460f84eeb53624bef6b6c7db6d4fa9
http://dict.youdao.com/w/nevertheless/#keyfrom=E2Ctranslation
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Indeed, Methanobacterium, one kind of methanogens with electrochemical active, was 392 

detected at 43.83 % of archaea in the cathodes of the ABR-MECs system, which was 393 

nearly double of the ABR as described in Fig.5 (a). Correspondingly, more CO2 was 394 

fixed in site realizing the purification of methane [38].The significance of 395 

Methanobacterium discovered in cathodes not only certified such a new way to generate 396 

methane but also proved that it can play a leading role in certain conditions. Thus, 397 

higher content of methane in the ABR-MECs system was resulted from enrichment of 398 

hydrogenotrophic methanogens and methanogens with electrochemical active (e.g. 399 

Methanobacterium) in the cathodes. It is an effective way to improve generation of 400 

methane by coupling biocatalyzed electrolysis reactor with conventional AD process. 401 

The interaction of SFOB, exoelectrogens and hydrogenotrophic methanogens in 402 

the ABR-MECs system originated from two aspects: (1) organic matters that hard to 403 

utilized (i.e., propionic acid, butyric acid) were fast degraded to acetic acid by SFOB 404 

and in turn exploited by exoelectrogens in the anode; (2) Electrons in the cathode 405 

obtained by exoelectrogens directly or transformed to H2 and then made use by 406 

hydrogenotrophic methanogens to produce methane. The existent of SFOB reduced the 407 

accumulation of propionic acid and provided enough substrate for exoelectrogens. The 408 

consumption of acetic acid by exoelectrogens not only removed the acetic inhibition of 409 

SFOB, but also promoted the enrichment of the hydrogenotrophic methanogen. 410 

Therefore, the SFOB and exoelectrogens were the most important functional 411 

microorganisms in the ABR-MECs system to realize fast degradation of VFAs. 412 

http://dict.youdao.com/w/microorganism/#keyfrom=E2Ctranslation
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It is worth noting that the purer methane was generated stably in the ABR-MECs 413 

system when ORP was in the ranges of -250 mV ~ -280 mV. Higher ORP was obtained 414 

to produce methane compared with conventional ABR and other results made by 415 

Khanal and Huang [26], who observed that the best ORP for methanogens was -350 mV, 416 

meaning wider ecological niche in the ABR-MECs system [39]. Wang et al. found that 417 

maximum electric current was generated in a modified MFC with ORP of -219 mV. The 418 

finding demonstrated the exoelectrogens can adjust themselves well in high ORP [39]. 419 

Thus, methane can be produced without such strict anaerobic conditions as conventional 420 

ABR did, facilitating the running of anaerobic system. It may be a practical advantage 421 

in further application of the AD-MECs system. Besides, high ALK and pH values 422 

resulted from efficient degradation of VFAs were considered to other factors which 423 

were beneficial to the stability of system [21]. It was reported by Gil et al. that MFC 424 

achieved a maximum current density with an optimal pH range of 7.0 - 8.0 [40], while 425 

O'Flaherty et al. reported that the growth rates of methanogens could be inhibited when 426 

pH was above 7.5 or below 7.0 [41]. Therefore, pH level of 7.2 - 7.3 in the MECs parts 427 

of the ABR-MECs system were in favor of methane production. Consequently, a wide 428 

ecological niche containing suitable ALK, pH and wide range of ORP was the chemical 429 

foundation of the ABR-MECs system to perform well in the COD removal and methane 430 

production. 431 

In a traditional AD process, methanogenesis was the speed-limiting step and 432 

unbalanced metabolic rate between methanogens and acidogens resulted in poor 433 
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treatment and unstable performance. In the ABR-MECs system, middle three 434 

compartments were coupled with electrodes to produce methane while the first 435 

compartment performed as acidogenic phase, making them more integral and effective. 436 

Favorable structure of ABR realized cascade-utilization of organic matter in different 437 

units with phase separation. Similar research was conducted by Cusick et al.[42], who 438 

coupled several electrodes in series as an integral MEC in pilot scale and obtained better 439 

efficiency. The better performance of the ABR-MECs system fundamentally originated 440 

from phase separation, wide ecological niche and synergistic degradation of VFAs via 441 

SFOB, exoelectrogens and hydrogenotrophic methanogens.  442 

5. Conclusion  443 

Biocatalyzed electrolysis significantly improved the performance of anaerobic 444 

system in organic removal efficiency and methane production. More importantly, 445 

microbial analysis certified that, it was the synergy effect of exoelectrogens and SFOB 446 

in the anode correspondingly with hydrogenotrophic methanogens and methanogens 447 

with electrochemical activity in the cathode achieved rapid degradation of organic 448 

matter and considerable methane production in the new system. These finding further 449 

confirmed that it provided an insight into methanogenic steps from cascade degradation 450 

of VFAs by the SFOB, exoelectrogens and hydrogenotrophic methanogens.    451 

 452 
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Figures Captions 

Fig.1. Process flow schematic of the ABR-MECs system.  591 

Fig.2. Process changes of COD, ORP, ALK and pH in C1, C2, C3, C4 and C5. C1 to C5 mean the 592 

first to fifth compartment of reactor in flow direction.   593 

Fig.3. Contrast of VFAs in (a) the ABR-MECs, (b) conventional ABR.   594 

Fig.4. Photograph of scanning electron microscope: (a) 01, sample from C1 in the ABR stage, (a) 02, 595 

sample from C1 in the ABR-MECs stage, (b) 01, sample from C2-C4 in the ABR stages, (b) 02, 596 

sample from anodes in the ABR-MECs stage. 597 

Fig.5 Genus of Archaea and Eubacteria in both ABR and ABR-MECs systems: (a) Archaea of 598 

middle three compartments in the ABR system and archaea of cathodes in the ABR-MECs system; 599 

(b) Eubacteria of middle three compartments in the ABR system and Eubacteria of anodes in the 600 

ABR-MECs system. 601 

Fig.6 Relative abundances of functional microbes in both ABR and ABR-MECs systems:  602 



 

Revised Manuscript (With Track Changes) 

 31 

 

Fig.1 

 

 

 

 

 



 

Revised Manuscript (With Track Changes) 

 32 

-320

-280

-240

-200

5.5

6.0

6.5

7.0

7.5

0 10 20 30 40 50 60 70
0

1500

3000

4500

6000

7500

0 10 20 30 40 50 60 70

800

1600

2400

3200

O
R

P 
(m

V
)

 C1,  C2,  C3,  C4,  C5

pH

 

 ( d )  ( c )

 ( b ) ( a ) Per.1 Start-up Per.2  ABR Per.3  ABR-MECsPer.3  ABR-MECsPer.2  ABR Per.1 Start-up 

C
O

D
 (m

gL
-1

)

Time  ( d )

 Influent

0

20

40

60

80

100

A
lk

al
in

ity
 (m

g 
C

aC
O

3/L
)

 COD removal rate

C
O

D
 re

m
ov

al
 ra

te
 (%

)

 Influent

Time  ( d )

 

0

20

40

60

80

100COD removal rate

C
O

D
 re

m
ov

al
 ra

te
 (%

)

 

Fig.2 

 

 

 

 

 

 

 

 



 

Revised Manuscript (With Track Changes) 

 33 

1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
0

500

1000

1500

2000

2500

3000

3500

4000

4500
V

FA
s (

m
gL

-1
)

Compartments

 valeric acid
 butyric acid
 propionic acid
 acetic acid

 

Fig.3 

 

 

 

 

 

 

 

 

 

 



 

Revised Manuscript (With Track Changes) 

 34 

 

Fig.4 

 

 

 

 
 

 
 

 



 

Revised Manuscript (With Track Changes) 

 35 

Meth
an

ob
ac

ter
ium

Meth
an

oli
ne

a

Meth
an

om
ass

ilii
co

ccu
s

Meth
an

oth
erm

ob
ac

ter

Meth
an

osa
eta

Meth
an

osa
rci

na

Unc
las

sfi
ed

 Arch
ae

a
Othe

rs
0

10

20

30

40

50(a)

A
bu

nd
an

ce
 r

at
io

 (%
)

Genus of Archaea 

 ABR
 ABR-MECs

 

 

Unc
las

sif
ied

 ba
cte

ria
Othe

rs

Clos
tri

diu
m

Sy
ntr

op
ho

ba
cte

r

Acet
oth

erm
ia

 U
nc

las
sif

ied
 Plan

cto
myce

tac
ea

e

Lac
toc

oc
cu

s

Cop
rot

he
rm

ob
ac

ter

The
rm

od
esu

lfo
vib

rio

Unc
las

sif
ied

 C
hlo

rof
lex

i

The
rm

oh
yd

rog
en

ium

The
rm

oto
ga

Geo
ba

cte
r

Desu
lfo

micr
ob

ium

Ferv
ido

ba
cte

riu
m

0

10

20

30

40

50

60(b)

A
bu

nd
an

ce
 r

at
io

 (%
)

Genus of Eubacteria

 ABR
 ABR-MECs

 

Fig.5 



 

Revised Manuscript (With Track Changes) 

 36 

ABR 

ABR-M
ECs 

ABR 

ABR-M
ECs 

0

20

40

60

80

100
EubacteriaArchaea

Different stages 

Others

Unkown

Proteobacteria

Firmicute

Others

Aceticlatic 
methanogens

A
bu

nd
an

ce
 r

at
io

 (%
)

Hydrogenotrophic 
methanogens

Fig.6 

 

 

 

 

 

 

 

 

 

 



 

Revised Manuscript (With Track Changes) 

 37 

 

Table 1 Operation of conventional ABR and the ABR-MECs systems 

Stage Days COD 

(mgL-1) 

HRT 

(h) 

OLR 

(kg COD m-3d-1) 

Alkalinity 

(mg CaCO3 L-1) 

NH4+-N 

(mgL-1) 

PO43- 

(mgL-1) 

Period.1 1-20 1500 ± 50  26 1.4 ± 0.1 580-1100 75 ± 5 5 ± 1 

Period.2 21-48 1500-4500 21 1.7-5.1 1100-3200 75-225 5-15 

Period.3 49-72 4500-6000 21 5.1-6.9 2400-2900 225-300 15-20 

 Period.1: start-up of conventional ABR, Period.2: conventional ABR system, Period.3: the ABR-MECs system. 
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Table 2 Process performance for the thermophilic ABR and ABR-MECs systems in the stable state 

Items ABR-MECs ABR Items ABR-MECs ABR 

COD (mg L-1) 6000 ± 150 4500 ± 100 
Effluent VFAs 

(mgL-1) 
321.4 ± 9.1 869.4 ± 23.2 

OLR （ kg COD 

m-3d-1) 
6.9 ± 0.1  5.2 ± 0.1 ORP 

-250 mV to 

-280 mV 

-300 mV to 

-330 mV 

Maximum COD 

removal rate (%) 
97.2 ± 0.5 77.6 ± 0.5 pH 6.5 - 7.4 6.9 - 7.1 

Average CH4 content 

(%) 
78.6 ± 1.0 65.3 ± 1.0 

Influent ALK 

(mgL-1) 
2900 ± 50 3200 ± 50 

Maximum CH4 

content (%) 
83.5 ± 2.0 73.8 ± 2.0 

Effluent ALK 

(mgL-1) 
2912 ± 23 2769 ± 52 

Average CH4 yield 

( L/g COD removed) 
236 ± 5 207 ± 5 
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