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a b s t r a c t
A large amount of wastewater containing high concentration sulfate is discharged from the indus-
trial production process. Wastewater with a high concentration of sulfate and low chemical oxygen 
demand (COD)/SO4

2– ratio is difficult to biodegrade. An anaerobic fluidized bed–microbial fuel cell 
(AFB–MFC) system was constructed to illustrate the effects of high sulfate concentration and low 
COD/SO4

2– ratio on anodic system performance. Results showed that, with increased SO4
2– concen-

tration from 900 to 7,200 mg/L and COD from 6,000 to 2,400 mg/L, COD, NH4
+–N and SO4

2– removal 
efficiency decreased from 95.9% to 52.5%, 43.3% to 28.5%, 81.2% to 18.6%, respectively. When 
SO4

2– was 3,600 mg/L, the maximum output voltage of 704.6 mV and a power density of 24.8 mW/m2 
were achieved, respectively. Meanwhile, sludge characteristics analyses revealed a high concentration 
of SO4

2– addition had little effect on microbial sedimentation performance of the AFB–MFC system. 
Genomic sequencing analysis of anode bioparticles revealed that increasing sulfate altered Levilinea 
from 2.12% to 16.3%, which co-worked with Methanolinea while suppressing Methanosaeta thereby 
adapting to substrate adjustment. The studies would be conducive to the development of AFB–MFC 
applications in the treatment of high sulfate concentration wastewater.

Keywords: �Anaerobic fluidized bed; Community structure; Electricity generation; Microbial fuel cell 
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1. Introduction

Many industries, including chemical, pharmaceutical, 
papermaking, and mining processes [1,2], discharge large 
amounts of wastewater containing a high concentration of 
organics and sulfate [3]. Anaerobic biotechnology has been 
widely used to treat a high concentration of organic wastewa-
ter because it is cost-effective and environmentally-friendly 
[4]. However, a high concentration of sulfate will lead to 
the proliferation of sulfate-reducing bacteria (SRB), which 
is not conducive to biological treatment. On the one hand, 
sulfate-reducing produces sulfide, while both total dissolved 
sulfide and free H2S promote an adverse effect on microbes, 
reactor operation and pipeline [5]. On the other hand, SRB 

competes with methane-producing bacteria (MPB) for elec-
trons from organics degradation, thus affecting the perfor-
mance of the system. It has been widely accepted that the 
influent chemical oxygen demand (COD)/SO4

2– ratio would 
affect the dominant species (MPB and SRB) in the anaerobic 
reactor, which is important for organics removal and sulfate 
reduction [6,7]. Theoretically, the sulfate can be completely 
reduced when COD/SO4

2– ratio over 0.67, COD becomes a 
limiting factor, resulting in a decrease in sulfate reduction 
efficiency at COD/SO4

2– of 0.5 at an anaerobic reactor [8]. Hu 
et al. [6] revealed the conversion of influent COD to meth-
ane dropped from 80.5 to 54.4% by decreasing COD/SO4

2– 
ratio from 20 to 0.5 in the upflow anaerobic sludge blanket 
reactors. Therefore, finding a reactor that can operate at a 



J. Wang et al. / Desalination and Water Treatment 188 (2020) 159–168160

low COD/SO4
2– ratio and withstand the effects of sulfides is 

significant.
Microbial fuel cell (MFC) is a novel bioelectrochemical 

system for the recovery of energy and nutrients from various 
organic waste streams [9]. In MFC, organic compounds 
are oxidized by microorganisms while the produced elec-
trons are transferred to the external circuit to output electric 
energy. When the MFC is applied in treating sulfur-contain-
ing wastewater, the electrochemical properties of MFC can 
reduce the hazard of sulfide to the entire system. In general, 
sulfide concentration above 150 mg/L in wastewater is toxic 
to MPB [3]. However, Rabaey et al. [10] reported H2S gen-
erated in situ in an MFC would be expected to be rapidly 
oxidized to sulfur. H2S is an electron donor, which gives 
off its electrons to the oxidant with the most positive redox 
potential (anode electrode), and elemental sulfur is formed 
in the anode chamber as a by-product [11]. Meanwhile, 
hydrogen sulfide as an electron donor can make the anode 
potential more negative, which is beneficial to electricity 
generation [12]. Therefore, due to its unique energy envi-
ronment effect and sulfate adaptability, MFC has been used 
in sulfate-containing wastewater where studies have been 
carried out on denitrifying sulfide removal, operating con-
ditions, bioelectricity generation, etc. [12–14]. However, 
there is still a gap of knowledge about responses of mor-
phology and microbial communities to influence COD/SO4

2– 
ratios since a low COD/SO4

2– ratio will still yield poor MFC 
performance [15].

To improve and to assess the performance of MFC on 
treating organic wastewater containing high sulfate, a con-
tinuous-flow MFC system was constructed. We transformed 
the anode chamber of the traditional dual-chamber MFC 
into an anaerobic fluidized bed (AFB) reactor, and the cath-
ode chamber adopted an aerobic biocathode. The anaerobic 
biological particles, which had been formed in the AFB in 
the previous experiment [16], were beneficial to the suf-
ficient contact between microorganisms and wastewater 
[17]. Meanwhile, the application of such systems in treating 
sulfate wastewater has not been reported. Hence, the main 
objective of this work was to confirm the effectiveness of 
anaerobic fluidized bed–microbial fuel cell (AFB–MFC) in 
the treatment of sulfate wastewater. The pollutant removal 
and power generation of the anode under different stages 
were investigated. Additionally, the responses of extracel-
lular polymeric substances (EPS) production and microbial 
communities to sulfate which governs the performance 
of the AFB–MFC system were analyzed in this study.

2. Materials and methods

2.1. MFC configuration, media and operational condition

In this experiment, a two-chamber MFC system made 
of plexiglass was constructed (Fig. 1), with an AFB (10.66 L 
effective volume) as the anode chamber and aerobic bioca-
thode (9.96 L aeration zone + 3.81 L sedimentation zone) as 
the cathode chamber. The anode and cathode were sepa-
rated by a proton exchange membrane (PEM, Nafion 117, 
Dupond, USA). Both the anode and cathode electrodes were 
made of porous carbon paper (HCP030, an effective area 
of 200  cm2). The anode chamber (dug up a portion of the 

wall) was attached to a porous (7 × 15 hole) plexiglass plate 
(180  ×  450  mm). The cathode chamber (dug up a portion 
of the wall as well) was connected to the other side of the 
porous plexiglass plate. The PEM was sandwiched between 
the sidewall of the cathode chamber and the plexiglass 
plate. In the anode AFB reactor, porous polymer-carriers 
were used as the nuclei of the anaerobic biological particles 
[18], which accounted for approximately 1/6 (v/v) of the 
anode chamber. The hydraulic retention time (HRT) of AFB 
was controlled at 24 h while the temperature was controlled 
at 35°C ± 1°C. Feedwater was mixed with the effluent from 
the upper part of the AFB bioreactor (4.6 L/h) through the 
reflux pump, and the water was evenly fed from the bottom 
of the reactor. The external resistance was fixed at 1 kΩ, and 
the output voltage was recorded by a computer connected 
to a UT70B multimeter.

2.2. Experimental wastewater and reactor operating parameters

Synthetic wastewater was used in this study. The main 
components of water distribution contained C6H12O6, 
(NH4)2SO4, KH2PO4, Na2SO4 and trace element (1  mL/L of 
each nutrient solution, Table S1). The operating parameters 
of MFC treating wastewater containing sulfate are shown in 
Table 1. To measure the high SO4

2– concentration and different 
COD/SO4

2– ratios on the performance of the AFB–MFC sys-
tem, the experiment was divided into two phases (Table S2). 
Stage I–V were the phase 1 by raising the influent sulfate 
concentration (from 900; 1,800; 3,600; 5,400 to 7,200  mg/L) 
while VI–VIII were the phase 2 by decreasing the influent 
COD concentration (from 6,000; 4,800; 3,600 to 2,400 mg/L).

2.3. Analysis and calculation

Concentrations of COD, NH4
+–N, NO3

– and NO2
– were 

measured according to the standard methods [19]. The 
removal efficiency is (Ea/Ec)  =  (C0–C1)/C0  ×  100%, where C0 
(mg/L) is the concentration of the influent and C1 (mg/L) 
is the concentration of the anode effluent. SO4

2– concentra-
tion was measured by ion chromatography using a Dionex 

 
Fig. 1. AFB–MFC system set-up.
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ICS-1100 (Thermo Fisher Scientific Inc., MA, USA). S2– con-
centration was measured by an iodometric titration method. 
The extraction of total EPS was heated at 80°C for 20 min, cen-
trifuged at 4,000 r/min for 15 min, and then passed through 
a 0.45  um aqueous phase membrane. The polysaccharides 
(PS) were detected by the phenol-sulfuric acid method while 
proteins (PN) were determined by the Lowry method [20]. 
Voltage was measured by a digital multimeter at definite 
time intervals and the volumetric power density was calcu-
lated as P  = U2/RA, where U is the recorded voltage (V), R 
is the external resistance (Ω) and A is the surface area of the 
anode electrode (m2).

2.4. Microbial community analysis

Microbial communities in the granule sludge at stage II 
and V were investigated using 16S rRNA amplicon sequenc-
ing. 2 ml of the per samples were taken and centrifuged at 
4,500 rpm for 15 min, and the precipitated DNA was taken. 
E.Z.N.ATM Mag-Bind Soil DNA kit (Omega Bio-tek, Inc., 
Norcross, GA, USA) was used for DNA extraction. The total 
DNA was extracted from the granular sludge according to 
the instructions, and DNA integrity was detected by an aga-
rose gel. Accurate quantification of genomic DNA used the 
Qubit2.0 DNA Assay Kit. For archaea, three-wheeled PCR 
amplification was used. The first round was amplified using 
M-340F and GU1ST-1000R as the primers. The second round 
was amplified using the products of the first round, and the 
primers used for PCR have been fused to the V3-V4 univer-
sal primers of the Miseq sequencing platform. For the third 
round of amplification, Illumina Bridge PCR compatible 
primers were introduced. For bacterial, the first round used 
the universal bacterial primers 341F and 805R to amplify 
the V1-V3 region of the 16S rRNA gene of the extracted 
DNA, and the Illumina bridge PCR compatible primers 
were introduced in the second round. After PCR amplifica-
tion, the amplicons were extracted from agarose gel using 
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 
Union City, CA, USA). DNA was accurately quantified by 
using the Qubit2.0 DNA detection kit and mixed in an equal 
amount of 1:1, then sequenced on the machine. Software 
used for sequencing was Prinseq, FLASH, Mothur, Uclust, 
Cytoscape, Oiime, Muscle, MEGAN, RDP, Fasttree. The data-
base used for the sequencing was the RDP classifier database, 
the Silva database, and the Unite database.

3. Results and discussion

3.1. Effects of sulfate on the treatment performance in the anode

3.1.1. COD removal

The COD concentrations and removal efficiency of 
the anode under different phases are shown in Fig. 2a. In 
phase 1, influent COD at a concentration of 6,000 mg/L was 
used. By increasing the influent SO4

2– concentration, the efflu-
ent COD concentration increased continuously (from 245.4 
to 1,058.1 mg/L), corresponding to a removal efficiency from 
95.9% to 82.4%. When influent SO4

2– concentration reached 
7,200 mg/L, the concentration of S2– in the effluent increased 
continuously (state in 3.1.3), thus stopped increasing the 
concentration of SO4

2– and gradually reduced the concen-
tration of the influent COD. The influent COD varied from 
4,800; 3,600 to 2,400  mg/L in phase 2, corresponding to a 
COD/SO4

2– ratio of 0.67, 0.50 and 0.33. In this phase, the COD 
removal efficiency decreased from 71.7% to 52.5%, which 
was worse than that in phase 1.

The reason for the variety in COD removal could be 
explained in two ways, microbial competition and sulfide 
toxicity. First, the sulfate reduction was weak in initial stages 
and the SRB could degrade the accumulation of propionic 
acid [21], and the system achieved a high COD removal 
efficiency of over 90%. In the later stages, increasing sulfate 
promoted the enrichment of SRB. Since SRB owns higher 
kinetic and thermodynamic advantages [22], and the sulfate 
reduction process generally takes precedence over the meth-
anogenesis process [23], SRB could usually compete over 
MPB. Moreover, lower COD/SO4

2– ratio (<0.67) in phase 2 
would affect normal anaerobic digestion and reduce system 
stability [24], which was manifested by a decrease in COD 
removal. Second, sulfide produced after sulfate reduction in 
the anaerobic environment. Initially, less sulfide was formed 
and could be quickly oxidized at the anode. Meanwhile, a 
suitable concentration of sulfides was beneficial to the sys-
tem. (a) Sulfide maintains the lower oxidation-reduction 
potential of the anode. (b) Sulfide can be used as a source 
for MPB growth. (c) Sulfide can precipitate Cu2+, Ni2+, Zn2+ 
and other heavy metals that are toxic to anaerobic microor-
ganisms [25]. However, in the later stages, with the accumu-
lation of large amounts of sulfide, the excess sulfide could 
form cross-links among polypeptide chains, denature pro-
teins, and interfere with key enzyme metabolism in the cells 
[26], thus reducing the stability of the system. It is worth 
noting that the COD removal efficiency of the whole system 
could still be kept above 50% even when the COD/SO4

2– ratio 
drops to 0.33.

3.1.2. Ammonium removal

In phase 1, the influent NH4
+–N concentration was 

displayed at 210  mg/L. With SO4
2– addition, the removal 

efficiency of NH4
+–N decreased continuously, from an aver-

age of 43.3% to 28.5%, with the corresponding amount of 
NH4

+–N removal decreased from 90.9 to 59.9 mg/L (Fig. 2b). 
The decrease of NH4

+–N removal efficiency was caused by 
two possible ways. (1) SO4

2– became an active electron accep-
tor. As the dominant species, SRB suppressed the activity of 
nitrifying bacteria and denitrification. (2) Increasing sulfide 

Table 1
Operating parameters of the AFB–MFC system

Phase 1 2

Anaerobic COD load, g/L d 6.0 6.0–2.4
Anaerobic NH4

+–N load, g/L d 0.210 0.210–0.084
Anaerobic SO4

2– load, g/L d 0.9–7.2 7.2
Anaerobic HRT, h 24 24
Anaerobic reflux rate, L/h 7.2 7.2
Aerobic COD load, g/L d 2.5 2.5
Aerobic reflux rate, L/h 1.24 1.24
Cathode dissolved oxygen, mg/L 6.5–7.0 6.5–7.0
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was toxic to nitrifying bacteria, which reduced NH4
+–N 

removal efficiency [27]. In phase 2, as influent COD reduced 
to 2,400  mg/L, the influent NH4

+–N was decreased in the 
same proportion, from 210 to 84  mg/L. With the decrease 
of N/SO4

2–, the removal efficiency increased slightly (from 
28.5% to 31.7%), however, the amount of NH4

+–N removal 
continued to decrease (from 59.9 to 26.7 mg/L).

Besides, a small amount of nitrite and nitrate were 
detected in samples of different stages in the AFB reactor 
(Fig. 2c). Possible explanations of nitrite and nitrate genera-
tion could be concluded in three ways. (a) Autotrophic nitri-
fication occurred at the anode since oxygen influx through 
the influent. (b) Partial ammonium could be directly oxidized 
on the anode electrode [16]. (c) Sulfate-type anaerobic 
ammonium oxidation reaction could occur as follows [28].

3 4 3 4 4 84
2

4
2

2SO NH S NO H O H2
− + − − ++ → + + + 	 (1)

NO O NO2 2 3
− −+ → 	 (2)

However, the main factor in nitrate and nitrite accu-
mulation cannot be confirmed. Chen et al. [29] noted the 
heterotrophic nitrification was markedly inhibited when 
sulfide exceeded 200 mg/L, resulting in nitrite accumulation 
and subsequent destruction of the denitrification system. 
In addition, with SO4

2– increased, the SRB competed over 
denitrifying bacteria for electronic donors, resulting in the 
gradual accumulation of nitrate and nitrite.

3.1.3. SO4
2– removal and S2– production

The study demonstrates that MFC has the special capa-
bility of combining sulfate reduction and sulfide oxidation 
[10]. SO4

2– and S2– in the effluent with different influent con-
centrations of SO4

2– were detected, and the results are shown 
in Fig. 2d. In phase 1, sulfate addition was exceeded the 
amount of sulfate that the system could remove, and the 
removal efficiency of SO4

2– in anode decreased (from 81.2 to 
54.5%). Meanwhile, the amount of removed SO4

2– increased 
from 730.6 to 3921.0  mg/L, with the corresponding efflu-
ent S2– concentration increasing from 133.6 to 344.4  mg/L. 
Chatterjee et al. [3] reported that sulfide concentration did 
not inhibit anodic biochemical reactions in MFCs, due to 
instantaneous abiotic oxidation to sulfur. However, in our 
studies, there was still a cumulative accumulation of sul-
fides. It was probably due to the relatively small propor-
tion of electrode in the entire reactor and the continuous 
deposition of S0 on the electrode resulted in the reduction 
of effective electrode area, thus the sulfide in the anodic 
chamber could not be completely oxidized.

As MPB was inhibited by sulfides and SRB could grow 
in acetate and ethanol with high concentrations of sulfides 
(IC50~1,300  mg/L H2S) [26,30], and the amount of sulfate 
reduction continued to increase. In phase 2, as organics 
decreased, removal efficiency of SO4

2– decreased from 54.5% 
to 18.6%, while S2– production decreased from 344.41 to 
209.6  mg/L. The continuous reduction of COD/SO4

2– ratio 
led to a reduction in the supply of electrons to SO4

2– reduction 
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Fig. 2. Variations of anaerobic effluent COD (a), NH4
+–N (b), NO3

––N and NO2
––N (c), SO4

2– and S2– (d) under different stages.
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thus resulted in the rapid decline in SO4
2– removal and 

S2– produced.
Furthermore, it can be easily seen from Table 2 the ratio 

of S2–
production/SO4

2–
removal was changed from 0.207 to 0.093 and 

then elevated to 0.156, comparing to a theoretical value of 
0.33 (S2–/SO4

2–  =  0.33). The declining ratios confirmed the 
occurrence of sulfide oxidation. Sulfide was oxidized to 
sulfur while sulfur was further oxidized to thiosulfate, 
sulfite and sulfate [13].

As a conclusion, the possible mechanisms of desulfuri
zation in the anode were illustrated in Fig. 3 according to the 
above experimental phenomena in 3.1. (a) Microorganisms 
absorbed sulfate as a nutrient to synthesize important sul-
fur-containing organic compounds, such as cysteine [31]. 
(b) Sulfate was reduced to sulfide by SRB. (c) H2S gas 
was generated and discharged outside of the reactor and 
absorbed by the lye. (d) Sulfide oxidation by sulfur-oxidizing 
bacteria (SOB). (e) Sulfide was simultaneously desulfur-
ized and denitrified with NO2

– and NO3
– to form N2 and S0 

by sulfur denitrifying bacteria [32]. (f) S0 was formed due 
to electrochemical oxidation of sulfide.

3.2. Electricity generation of the AFB–MFC reactor for treating 
organic wastewater containing sulfate

Initially, the output voltage and power density increased 
from 662.5 to 704.6 mV and 21.9 to 24.8 mW/m2 with SO4

2– 
addition (Fig. 4). The elevation can be directly correlated 
to the increasing sulfate ion concentration, which led to an 
increase in electrical conductivity. Wei et al. [33] noted that 
suitable sulfate addition increased the amount of electric-
ity generated at startup. Furthermore, sulfide oxidation is 
one of the key players in electricity generation in sediment 
systems [10]. The accumulation of sulfide led to a decrease 
in the anode potential while the residual sulfate and sul-
fide formed as a soluble redox mediator, which assisted 
electrons transfer and increased the electricity generation 

Table 2
Variations of anaerobic S2–

production/SO4
2–
removal in different stages

Stage S2–
production/SO4

2–
removal

I 0.207
II 0.133
III 0.108
IV 0.097
V 0.093
VI 0.103
VII 0.121
VIII 0.156

 
Fig. 3. Proposed mechanism of desulfurization in the anode of AFB–MFC.
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[34]. At an SO4
2– concentration of 7,200  mg/L, more SO4

2– 
competed with electrodes for electrons, thus hindering 
the electricity generation [35]. Moreover, the accumulated 
of sulfide in AFB had a toxic effect on electrogenic bacte-
ria [36], which decreased the voltage output (from 704.6 to 
604.8  mV). As influent organics decreased in phase 2, the 
voltage dropped sharply to 511.3  mV at influent COD of 
2,400 mg/L. It might be caused by the reduction of electron 
donors provided by organic matter, and the electrons trans-
ferred to the anode were reduced. In addition, the solid 
sulfur gradually formed on PEM (Nafion), preventing the 
attachment of protons to the membrane itself. This mecha-
nism, known as Nafion scaling, together with the growth of 
the sludge on the membrane, leads to membrane saturation, 
which ultimately prevents cations and protons from partic-
ipating in the cathodic reaction. Moreover, Nafion has neg-
atively-charged chemical groups that attract positive ions in 
the organic substrate [37]. Because only H+ can pass through 
the PEM, other positive ions accumulate on the membrane, 
which prevented further passage of H+. The accumulation 
of protons at the anode resulted in a decrease in cathode 
function, which lowered the pH (from the initial pH of 7.54 
to the final 7.02) of the anode reactor as in turn. In summary, 
the output voltage and power density of this experimental 
stage showed a trend of initial increase and followed by a 
decrease.

3.3. Sludge characteristics

3.3.1. Mixed liquid suspended solids and mixed liquor volatile 
suspended solids

As shown in Fig. 5a, in phase 1, both the mixed liq-
uid suspended solids (MLSS) and mixed liquor volatile 
suspended solids (MLVSS) of anaerobic sludge in anode 
increased, from 46.4 to 54.1 g/L and 40.6 to 42.3 g/L, respec-
tively. Related to adaptability, the upward trend of MLSS 
and MLVSS were gradually increased. At this phase, the 
number of SRB increased, and the sulfate-reducing activity 
was significantly enhanced. When SO4

2– further increased to 
7,200 mg/L, solid sulfur appeared in the effluent. The color 
of the sludge became deeper while the smell of H2S became 

obvious. Thereafter, based on the growth rate and the accu-
mulation of sulfide, the growth of microorganisms slowed 
down in phase 2, and the MLSS and MLVSS were decreased 
slightly.

Specifically, the ratio of MLVSS/MLSS declined through-
out the experimental period, from the initial 87.7% to 74.2%. 
This might be related to the increase of S0 in the structure 
of the microorganisms. However, the biomass of the anode 
still kept at a high level, which was an important reason for 
the high efficiency obtained in the AFB–MFC system.

3.3.2. Extracellular polymeric substances

EPS plays a key role in particle formation and stabiliza-
tion. Studies have shown that high salinity concentrations 
have a significant effect on the structure of microbial EPS [38]. 
To further investigate the influences of sulfate on commu-
nity structure, the EPS were extracted and the main compo-
nents of PS, as well as PN, were analyzed. The results under 
different phases are summarized in Fig. 5b. At per stage, the 
concentration of PS and PN increased first and followed by 
a decrease (data not shown). The initial elevation might be 
caused by the acclimatization of microorganisms while the 
microorganisms had a process of adapting to sulfate.

In phase 1, the PS and PN increased from 18.6 to 
31.6  mg/g MLVSS, 19.8 to 31.9  mg/g MLVSS, respectively. 
These results indicated microbes secreted more EPS to alle-
viate adverse environments under the environmental stim-
ulus. By contrary, in phase 2, the PS and PN decreased from 
28.29 to 21.2 mg/g MLVSS, 27.06 to 22.29 mg/g MLVSS. With 
the reduction of influent carbon and nitrogen, the capacity of 
the carbon and nitrogen source that the microorganism could 
absorb and utilize was reduced. Hence, the secretions, excre-
tions, hydrolysates, and metabolites of the cells themselves 
were decreased, resulting in the decline in PN and PS content.

Furthermore, the ratio of PN/PS decreased slightly with 
sulfate increased. Generally, higher PN/PS values contribute 
to sludge flocculation by increasing the hydrophobicity of 
the particles [39]. The slight decline indicated sulfate addi-
tion made little detrimental in sludge sedimentation per-
formance. In addition, the solid sulfur produced by sulfate 
reduction might be used as a nucleus by microorganisms 
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to promote the formation of the particles. Therefore, during 
the whole experiment, the sludge in the anode chamber had 
good sedimentation performance, even when influent sulfate 
concentration reached 7,200 mg/L, there was no phenomenon 
of sludge floating up.

3.4. Microbial community analysis of anode

To further investigate the effects of SO4
2– on microbial 

community diversity, genomic sequencing analysis was per-
formed on the anaerobic biological particles with SO4

2– at 
1,800 mg/L (stage II) and 7,200 mg/L (stage V). Results showed 
that, for bacteria (Table 3a and Fig. 6a), Actinomyces was most 
frequently detected (33.7%/27.5%), followed by Anoxybacter 
(25.8%/18.0%), Mesotoga (10.3%/12.2%), Desulfomonile 
(5.25%/6.07%), Desulfomicrobium (4.16%/6.94%), Desulfovibrio 
(3.4%/5.29%) and Levilinea (2.12%/16.3%).

Actinomyces naeslundii sp., Mesotoga infera sp. and 
Anoxybacter fermentans sp. were hydrolyzed acid-produc-
ing bacteria. Actinomyces naeslundii sp. requires CO2 as a 
growth factor, which has also been reported in the anode 
chamber of MFC treating palm oil mill effluent wastewater 
[40]. Meanwhile, Mesotoga infera sp. is a medium-tempera-
ture anaerobic bacterium, which can utilize complex organic 
compounds, amino acids and glucose to reduce S0 to S2– 
[41,42]. Levilinea saccharolytica sp. is a mesophilic multicellu-
lar microorganism. It can provide abundant electron donors 
and carbon source materials for SRB through the metabolites 
of anaerobic fermentation.

Apart from the fermentation bacterium, SRB also played 
an important role in the anode community. Desulfomicrobium 
baculatum sp. belongs to the group of incomplete organic 
oxidizers, which oxidizes propionic acid and lactic acid to 
acetic acid by utilizing sulfate, sulfite and thiosulfate as the 
electron acceptors [1]. Most species of Desulfomonile can auto-
trophically grow in the presence of H2 and CO2 with sulfate 
or thiosulfate as the terminal electron acceptor. It can also 

utilize pyruvic acid and formate, reducing sulfate simulta-
neously [43]. Desulfovibrio giganteus sp. played a great role in 
organic substrates degrading and sulfate reduction, which 
also present in this system treating ammonium/organics 
rich wastewater [16]. As acclimation time increased, the pro-
portion of SRB in the community increased, more SRB were 
domesticated and stored in the anode microbial community. 
It is worth noting that Levilinea saccharolytica sp. was grad-
ually accounted for an important proportion in microbial 
communities from 2.12% to 16.3% due to its beneficial effect 
for providing SRB with abundant carbon source and electron 
donors.

It has been widely accepted that anodic sulfide oxidation 
in MFC was mediated by both abiotic and biotic processes. 
However, the SOB (such as Paracoccus sp., Pseudomonas 
sp. and Rhodobacter sp.) were not shown in the microbial 
community. Since anodic sulfide oxidation occurred as the 
formation of sulfur production, it could be concluded the 
sulfide oxidation to sulfur in the AFB–MFC system was 
mainly mediated by the abiotic process. Moreover, the most 
common electrogenic bacteria Geobacter sp. was also not 
found in this test [44]. The differences can be explained by 
the different samples taken, which were not from the elec-
trode biofilm but the anaerobic biological particles in the 
anode chamber.

By contrast, archaea communities exhibited much less 
diversity than bacterial communities. In the archaea (Table 3b 
and Fig. 6b), almost all archaea were anaerobic methano-
gens, as Methanolinea (65.3%/76.3%) dominated, followed by 
Methanosaeta (26.9%/11.2%), Methanobacterium (4.13%/7.49%), 
and Methanospirillum (2.07%/1.46%). Methanolinea tarda sp. is 
a strictly anaerobic, Gram-negative bacterium and capable 
of utilizing H2 and formate as electron donors for methane 
production. Scheller et al. [45] reported that the terminal elec-
tron acceptors for anaerobic oxidation of methane include 
sulfate and nitrate, which promotes the growth together with 
SRB. As a result, the relative abundance of Methanolinea and 

Table 3a
Summary of bacterial phylotypes retrieved from anode chamber at different SO4

2– concentration

Operation  
conditions

Abundance  
%

Closest cultured species  
(NCBI Accession) % homology

Class

Stage II 33.7 Actinomyces naeslundii strain 97 Actinomycetaceae
25.8 Anoxybacter fermentans strain 95 Halanaerobiales
10.3 Mesotoga infera strain VNS100 99 Kosmotogaceae
5.25 Desulfomonile tiedjei strain DSM 96 Desulfomicrobiaceae
4.16 Desulfomicrobium baculatum sp. 100 Desulfomicrobiaceae
3.4 Desulfovibrio giganteus strain DSM 100 Syntrophaceae
2.12 Levilinea saccharolytica strain KIBI-1 97 Anaerolineaceae

Stage V 27.5 Actinomyces naeslundii strain 97 Actinomycetaceae
18.0 Anoxybacter fermentans strain 95 Halanaerobiales
16.3 Levilinea saccharolytica strain KIBI-1 97 Anaerolineaceae
12.2 Mesotoga infera strain 99 Kosmotogaceae
6.94 Desulfomicrobium baculatum sp. 100 Desulfomicrobiaceae
6.07 Desulfomonile tiedjei strain DSM 96 Desulfomicrobiaceae
5.29 Desulfovibrio giganteus strain DSM 100 Desulfovibrionaceae
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Methanobacterium increased. However, Methanosaeta concilii 
sp. could use acetate as the sole source of carbon and energy 
along with methane production [46], which might in part 
explain the inhibited observed with increasing sulfate load.

4. Conclusion

The AFB–MFC system was subjected to increasing sulfate 
and decreasing COD load where the pollutant treatment per-
formance and power generation capacity was explored. The 
COD and NH4

+–N removal efficiency dropped from 95.9% 
to 52.5% and 43.3 to 28.5%, while voltage output increased 
from 662.5 to 704.6 mV and followed by a drop to 511.3 mV, 
suggesting COD/SO4

2– ratio below 0.67 has a greater impact 
on the performance of AFB–MFC. Sulfide oxidation to sul-
fur in the AFB–MFC system was mainly mediated by the 
abiotic process and sulfate addition made little detrimental 
in sludge sedimentation. Increasing SO4

2– altered Levilinea 
from 2.12% to 16.3%, which provoked the Methanolinea but 
suppressed Methanosaeta.
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Supplementary information

Table S1
Trace element of nutrient solution

Composition Amount (g/L) Composition Amount (g/L)

Nutrient solution 1 EDTA 15.00 H3BO3 0.014
ZnSO4·7H2O 0.42 CoSO4·7H2O 0.28
CuCl2·2H2O 0.17 MnSO4·H2O 0.85
NiSO4·6H2O 0.21 (NH4)2MoO4 0.20

Nutrient solution 2 EDTA 15.00 FeSO4·7H2O 5.00

Table S2
Operation stages of the AFB–MFC system

Influent 
concentration mg/L

Phase 1 Phase 2

I II III IV V VI VII VIII

COD 6,000 6,000 6,000 6,000 6,000 4,800 3,600 2,400
SO4

2– 900 1,800 3,600 5,400 7,200 7,200 7,200 7,200
COD/SO4

2– 6.7 3.3 1.7 1.1 0.83 0.67 0.50 0.33
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