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A B S T R A C T   

To realize energy-self-sufficient operation of wastewater treatment plants is a key step for carbon–neutral goal, 
and conductive materials have been widely used to build direct interspecies electron transfer (DIET) to promote 
methane production from waste activated sludge (WAS). However, the role and significance of co-additive of 
biochar (BC) and nano-magnetite (NM) have not been reported, and whether synergistic effects can be formed or 
not is still unknown. This study investigated the effects of co-additive of BC and NM by stepwise and simulta-
neous strategies on anaerobic digestion. Non-synergistic rather than synergistic effects were observed. The 
methane production reduced to 122.4 mL/g volatile suspended solids in simultaneous co-additive strategy, 
which was 24.7 and 38.3% lower than that in sole BC and NM, respectively. Differently, methane productions in 
stepwise additive strategies were higher than that in sole BC but lower than that in sole NM. Mechanism studies 
indicated that although NM accelerated WAS solubilization and hydrolysis, BC adsorbed soluble organics, 
reducing available substrates for methanogens at suspended stage. Also, extracellular polymeric substances were 
decreased, weakening electrochemical functions of redox-active shuttles. Besides, the DIET contributed by NM 
was reduced by the adsorption of BC to NM, and the NM adsorbed on BC were converted to nano-hematite, which 
presented inhibitions to methanogenesis. Moreover, the electron-active microorganisms, such as Clostridium and 
Methanobacterium, were all reduced at suspended and attached stages with the presence of BCs, limiting potential 
contributions of DIET on methane production improvement. This work may provide some new insights for ad-
ditive strategies of BC and NM for methane production enhancement from WAS.   

1. Introduction 

To achieve environment pollution reduction and energy utilization 
improvement, the carbon–neutral operation of wastewater treatment 
plants (WWTPs) is urgently essential around the world [1]. Recovering 
potential energy contained in wastewater and waste activated sludge 
(WAS) has been a preferential choice [2,3]. Particularly, the WAS, with 

huge productions, can be served as an alternative energy carrier because 
of its abundant organics [4,5]. As a green, sustainable and effective 
technology, anaerobic digestion can simultaneously realize methane 
recovery and sludge stabilization, presenting a crucial role in energy- 
self-sufficient operation of WWTPs [6–9]. 

In the past decades, the indirect interspecies electron transfer is the 
main pathway for methanogenesis, including interspecies hydrogen and 
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formate transfers [10], however, the diffusion of electron carriers is 
always limited by hydrogen partial pressure and/or formate concen-
tration [6,11]. Fortunately, the direct interspecies electron transfer 
(DIET) has been proved as an alternative strategy to promote electron 
transfer rate and efficiency, and the conversion ratio and speed of or-
ganics to methane are both accelerated [10,12–15]. However, the 
traditional DIET achieves electron transfer by conductive pili and c-type 
cytochromes between syntrophic bacteria and methanogens [10,12,13], 
some limitations are presented. One is the difficulty in spontaneously 
building syntrophic relationships [16], and another is the energy con-
sumption in generating cellular structures [15]. Interestingly, exoge-
nous conductive materials, such as nano-magnetite (NM), biochar (BC) 
and granular activated carbon, have been successfully employed to 
replace the role of conductive pili or c-type cytochromes to facilitate 
DIET [17–19]. 

Among the various conductive materials [6,8,20–22], BCs have su-
periorities of easy-preparation, low-cost and eco-friendly [6,23,24]. On 
the one hand, the BC is produced with anoxic combustion of biomass, 
reserving most of redox functional groups to act as a “battery” for 
electron transfer [25]; on the other hand, the BC has high surface area 
and numerous pores to be worked as the carrier for microorganisms’ 
growth [6,24]. In addition, NM, an excellent conductive material, has 
been widely added into anaerobic digesters to form DIET for methane 
production [11,17]. Particularly, the iron-reducing bacteria can be 
enriched with the presence of NM, on the one hand, Geobacter can build 
DIET with Methanosaeta or Methanosarcina [10,13]; on the other hand, 
the hydrolysis process may also be promoted with the presence of iron- 
reducing bacteria [11,17,26]. The current studies mainly focused on 
development of new type or composite conductive materials based on 
BC and NM, such as Fe-rich BC, resulting in following potential issues, 
one is the cost increase of conductive materials, and the other is 
complication of preparation process [4,23,27,28]. Herein, it is hypoth-
esized that the co-additive of BC and NM may form synergistic effects for 
DIET formation, and then the methane production potential can be 
improved. However, till now, few have been done to evaluate co-effects 
of BC and NM on anaerobic digestion, and the interaction process be-
tween BC and NM should be clarified, as well as the conversion rules of 
organics. Moreover, whether the synergistic effects can be formed or not 
also remains to be revealed. 

Therefore, the main aim of this study was to evaluate the potential 
co-functions, i.e., synergistic or non-synergistic effects, of BC and NM on 
methane production from WAS. Firstly, the methane production po-
tential of anaerobic digestion was studied; secondly, changes of or-
ganics, extracellular polymeric substances (EPSs), and conductive 
materials were investigated; thirdly, the successions of microbial com-
munity structures related to methanogenesis were revealed; finally, an 
overall underlying mechanism was discussed. It is expected to provide 
some new insights for the conductive materials applications in 
enhancing methane production from WAS. 

2. Materials and methods 

2.1. The properties of WAS and seed sludge 

The WAS was taken from a secondary sedimentation tank of a local 
WWTP in Xi’an, China. Its main properties were listed in Table 1. Before 
experiment start-up, the WAS was pretreated at low temperature of 
80 ◦C for 30 min to accelerate WAS solubilization [29], and the main 
characteristics of pretreatment sludge were also listed in Table 1. 
Notably, the raw WAS was used as the seed sludge in the present work. 

2.2. Characterizations of conductive materials 

The NM (Fe3O4, 99.5% purity) with the particle size of 200 nm was 
purchased from Shanghai Macklin Biochemical Co., Ltd, China, and BC 
was purchased from Henan Lize Environmental Protection Technology 

Co., Ltd, China. Specifically, BC was produced from corn stover pyrolysis 
at 500 ◦C for 2 h with free oxygen, and milled to particle sizes with the 
ranges of 0.25–1 mm. The primary characteristics of BC were listed in 
Table S1. 

2.3. Experiment set-up design and operation 

The experiments were carried out in lab-scale anaerobic digesters 
with the working volume of 350 mL, and the volume ratio between the 
pretreated and seed sludge was 4:1 [8]. According to the previous 
studies [6,11], 62.5 mg/g volatile suspended solids (VSS) NM and 1 g/g 
VSS BC were chosen as the additive dosages. In order to identify the roles 
of combination of NM and BC on the production of methane, five 
experimental groups were set up, i.e., a group amended with 1 g BC /g 
VSS (BC), a group amended with 62.5 mg NM/g VSS (NM), a group 
amended with the combination of 62.5 mg NM/g VSS and 1 g BC/g VSS 
(MB), a group amended with 1 g BC/g VSS followed by additive of 62.5 
mg NM/g on 8th day (BC-NM) and a group amended with 62.5 mg NM/g 
followed by 1 g BC/g VSS on 8th day (NM-BC). After adding the 
demanded conductive materials, all digesters were introduced with ni-
trogen gas for 10 min, then capped, sealed, and stirred in a water bath 
shaker (105 rpm) at 35 ± 1 ◦C for 35 days. 

2.4. Analytical and calculated methods 

2.4.1. Detection methods 
The sludge samples taken from the reactors were centrifuged at 8000 

rpm for 10 min, then the filtrates were immediately to analyze pH and 
soluble organics. The measurement methods for total suspended solids 
(TSS), VSS, total chemical oxygen demand (TCOD), soluble poly-
saccharides and proteins were consistent with the previous studies 
[7,30]. The content and composition of total short-chain fatty acids 
(TSCFAs) were detected by a gas chromatography (GC9720Plus, Fuli, 
China), equipped with a flame ionization detector (FID). The quality and 
composition of methane were measured by a gas chromatography 
(GC9720Plus, Fuli, China), equipped with a thermal conductivity de-
tector (TCD). The activities of electron transport system (ETS) of sludge 
samples were measured by INT (2-(p-iodophenyl)-3-(p-nitrophenyl)-5- 
phenyltetrazolium chloride)-ETS method [26], and the conductivity of 
suspension was measured by an electric conductometer (DDS-307, Rex 
Electric Chemical, China). The zeta potential was measured by Zetasizer 
Nano ZS90 (Malvern, England). Three-dimensional fluorescence 
excitation-emission matrix (EEM) spectroscopy (F-7000, Hitachi, Japan) 
was applied to characterize the dissolved organic matters (DOMs), 
loosely bound EPSs (LB-EPSs) and tightly bound EPSs (TB-EPSs)[31]. 
The organic functional groups of BCs were analyzed by a Fourier 
transform infrared spectroscopy (FT-IR, Nicolet iS50, America). The 
crystallization of BCs was identified by X-ray diffraction (XRD, Ultima 
IV, Japan) with the diffraction angle (2θ) of 10-90◦. The pH values of the 
BCs were measured in a 5% (w/v) suspension in deionized water, pre-
pared by shaking at 120 rpm under ambient temperature for 24 h. 
Brunauer-Emmett-Teller (BET) surface area of the BCs was measured by 
a V-Sorb 2800P surface area analyzer (Gold APP Instrument Co., China). 

Table 1 
Main characteristics of raw and pretreatment sludge.  

Parameter Raw sludge Pretreatment sludge 

TSS (%) 1.54 ± 0.02 – 
VSS (%) 0.8 ± 0.01 – 
pH 6.95 ± 0.02 6.81 ± 0.01 
TCOD (mg/L) 13850 ± 226 13280 ± 129 
Soluble COD (mg/L) 16 ± 3 1629 ± 19 
Soluble polysaccharides (mg COD/L) 27 ± 1 112 ± 2 
Soluble proteins (mg COD/L) 23 ± 4 612 ± 18 
Total SCFA (mg COD/L) 21 ± 1 23 ± 1 

Note*: “-” represented “not detected”. 

H.-Y. Jin et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 439 (2022) 135746

3

2.4.2. EPSs extraction and analysis 
The EPSs, a dynamic two-layer structure, play a crucial role to pro-

mote formation of microbial aggregates and participate in extracellular 
electron transfer (EET) [5,32]. The specific extraction method of EPSs 
was listed as the follows[33,34]: firstly, 5 mL samples were centrifuged 
at 8000 rpm for 10 min, and the filtrate was regarded as DOMs. Then, 
the residues were diluted to the original volume with 0.05% NaCl of 
70 ◦C, and the mixture was fully mixed and centrifuged at 8000 rpm for 
10 min. After filtration, the filtrate was named as LB-EPSs. Finally, the 
residues were diluted to the original volume with 0.05% NaCl of 70 ◦C 
again, and the mixture was mixed uniformity and heated at 60 ◦C for 30 
min in water bath. After centrifuging at 10000 rpm for 10 min, the 
filtrate was serviced as TB-EPSs. Considering that the polysaccharides 
and proteins accounted for 60–80% of organics in EPSs [7], the changes 
of them were employed to evaluate EPSs. 

2.4.3. Analysis of microbial community structures 
To reveal the effects of different combination strategies on succes-

sions of microbial community structures, including suspended and 
attached states, the samples collected at the end of experiments were 
detected by high-throughput sequencing. The bacterial fused primers of 
338F and 806R, and the archaea primers of 524F10extF and Arch958-
RmodR were selected for sequencing amplification. The detailed in-
formations for DNA extraction, PCR amplification and sequencing were 
same as the methods reported in the previous studies [5,35]. The results 
were analyzed by https://www.majorbio.com to reveal the response 
rules of microbial community structures. 

2.4.4. Calculation methods 
The TSCFAs were defined as the sum of acetic, propionic, iso-butyric, 

n-butyric, iso-valeric and n-valeric acids [30]. The conversion co-
efficients of each SCFA, soluble polysaccharide and protein to COD were 
same as the previous study [36]. 

The modified Gompertz model was applied to evaluate methane 
production rate and the lag phase [11], the equation was listed as 
follows:. 

P = Pmaxexp
{

− exp
[

Rmaxe
Pmax

(λ − t) + 1
]}

(1)  

where P is the cumulative methane production (mL/g VSS) at time t, 
Pmax is the maximal methane potential (mL/g VSS), t is the time (d), Rmax 
is the maximal methane production rate (mL/(g VSS⋅d)), λ is the lag 
phase (d), and e is 2.71828. 

2.4.5. Statistical analysis 
The statistical analysis was performed by the T-test using SPSS (SPSS 

17.0) and p < 0.05 was considered to be statistically significant. 

3. Results and discussion 

3.1. Performance responses of sludge anaerobic digestion 

3.1.1. Methane production 
The responses of methane production to different combination 

strategies of BC and NM are shown in Fig. 1(a), the sole addition of BC or 
NM generated different impacts on methane production, and NM per-
formed better, with an increase rate of 22.1% compared to BC. The 
possible reason was that BC did not accelerate the solubilization of WAS 
[37], instead, it adsorbed soluble organics [38], leading to substrate 
reductions for methanogens in suspended state. Meanwhile, NM could 
not only promote release of organics from cells and/or EPSs, providing 
more substrates for methanogenesis [11,39], but also facilitate DIET for 
methane production [11,17]. Unfortunately, the cumulative methane 
production was the lowest in MB, i.e., 122.4 mL/g VSS, reduced by 24.7 
and 38.3% compared to that in BC and NM. Although the conductive 

materials prepared by the composite of BC and NM enhanced methane 
production [23], the present results suggested that when BC and NM 
were simultaneously added to anaerobic digesters, there was no increase 
in methane production, but a significant reduction (p < 0.05). Differ-
ently, the cumulative methane productions in BC-NM and NM-BC were 
promoted compared to that in BC, with increase rates of 6.5% for BC-NM 
and 7.0% for NM-BC, but they were still lower than that in NM. These 
results indicated that whether BC and NM were simultaneously or 
stepwise added into anaerobic digesters, the productions of methane 
were all reduced compared to that in NM. Therefore, BC may weaken the 
role of NM on methane production, rather than synergistic effects. 

To further identify co-effects of BC and NM on methane production, 
the Gompertz model was employed to analyze the daily methane pro-
duction rate and lag phase (Table 2), the NM played a positive role on 
shortening lag phase (4.5 d), while a longer lag phase (7.0 d) was 
observed in BC. On the one hand, the NM with high conductivity likely 
acted as a “conductor” [11], while the BC with abundant oxygen- 
containing functional groups likely acted as a “battery” [6], so the NM 
might exhibit more advantageous in transferring electrons [25,40]. On 
the other hand, the NM improved WAS solubilization to provide more 
substrates for methane production [41], while the BC led to a reduction 
of soluble organics [39]. The longest lag phase was observed in MB, 
indicating that adding BC and NM simultaneously had an adverse effect 
on anaerobic digestion process. In addition, it can be found that the 
maximal methane production rate was also the lowest in MB (Fig. 1(b)). 
As the electron transfer rates between syntrophic partners are respon-
sible for methane production rate [17], a more significant DIET effect 

Fig. 1. The performance of methane yield (a) and the methane production 
rate (b). 

Table 2 
Kinetic parameters of the modified Gompertz model.  

Model Gompertz equation 

Group BC NM MB BC-NM NM-BC 
P0(mL⋅g-1VSS) 162.5 198.4 122.4 173.0 173.8 
λ(d) 7.0 ± 0.2 4.5 ± 0.3 8.4 ±

0.5 
7.1 ± 0.2 4.5 ±

0.3 
Rmax(mL⋅g- 

1VSS⋅d-1) 
10.3 ±
0.3 

13.1 ±
0.4 

6.2 ±
0.3 

10.0 ±
0.2 

9.0 ±
0.2 

R2 0.999 0.998 0.994 0.999 0.997  
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may occur in NM, rather than in sole BC or the combination of NM and 
BC. 

3.1.2. Changes of key organics 
The soluble organics are important substrates for acidification and 

methanogenesis, herein, soluble proteins and polysaccharides were 
employed to evaluate impacts of added strategies on WAS solubilization. 
As shown in Fig. 2(b), the changes of soluble proteins represented two 
trends, one was observed in NM, and the other was the groups with BC. 
The soluble proteins increased from 612 to 976 mg COD/L in NM on 5th 
day, indicating that the NM accelerated sludge solubilization [41]. 
Differently, soluble proteins in groups with BC addition, i.e., BC, MB and 
BC-NM, rapidly decreased from 612 to 168–179 mg COD/L, indicating 
that BC adsorbed soluble organics efficiently. Besides, when BC was 
added into digesters on 8th day with firstly additive of NM, i.e., NM-BC, 
soluble proteins were decreased to be similar with the BC addition 
groups (p > 0.05). This result further corroborated adsorption of BC on 
soluble organics. In addition, compared with promotion effects of NM, 
the absorption of BC played leading role on soluble proteins. Different 
from soluble proteins, soluble polysaccharides in all groups exhibited 
decrease trends (Fig. 2(a)). The possible reason was that compared to 
soluble proteins, soluble polysaccharides were more easily utilized by 
microorganisms. 

SCFAs, the key substrates for methanogenesis [42], were also 
affected by additive ways of conductive materials (Fig. 2(c)). The 
highest accumulation of TSCFAs, 204 mg COD/g VSS, was obtained in 
NM on 5th day, whereas it was observed on 7th day in BC. This result 
was consistent with the lag phase of methane production (Table 2), 

indicating that a slower acidification process led to a longer lag period 
for methanogenesis. Notably, the TSCFAs in MB was similar to that in 
BC, the possible reason was that the BC played predominant role on 
changes of organics. When NM was subsequently added in BC-NM, the 
TSCFAs reached 123 mg COD/g VSS, which was higher than that in BC 
on 11th day, suggesting that subsequent NM additive promoted acidi-
fication process. In contrast, when BC was subsequently added in NM- 
BC, the TSCFAs was rapidly decreased to 105 mg COD/g VSS, which 
may be attributed to the adsorption of BC, or a faster consumption rate 
than production rate. Furthermore, the reduction rates of TSCFAs were 
calculated from 7th to 15th, they were increased by BC, especially in 
MB, with the value of 16.6 mg COD/(g VSS⋅d), and the lowest was 
observed in NM, with the value of 10.8 mg COD/(g VSS⋅d). As TSCFAs 
were continuously produced and consumed, this balance might be 
broken by absorption of BC on organics. As a result, the methane yield 
was reduced. In addition, the propionate, n-butyrate and n-valerate 
showed significant decrease trends with BC (p < 0.05) (Fig. S1), the 
possible reason was that BC could act as intermediates of redox reactions 
to promote the syntrophic metabolism, i.e., acetogenesis [42]. 

3.1.3. Changes of EPSs 
The EPSs, including LB- and TB-EPSs, play important roles to 

maintain the primary function of sludge flocs, as well as in mass transfer 
and EET [43]. As shown in Fig. 3, on the 3th day, the polysaccharides in 
LB- and TB-EPSs were in order of BC > NM > MB. Differently, the 
proteins in LB-EPSs of NM were the highest, which were 2.08 and 2.38- 
folds of that in BC and MB. This result indicated that the BC led to a 
lower EPSs, and a simultaneous additive of NM caused further reduc-
tion. On the 35th day, polysaccharides in LB- and TB-EPSs were all 
lowest, especially in BC and MB. However, a different result appeared on 
proteins, which still remained a relative higher level. For the total pro-
teins in EPSs on the 11th day, i.e., the most active period for methane 
production, the content was the highest in NM (468 mg COD/L), while it 
was the lowest in MB (330 mg COD/L) (Fig. S2). It has been reported 
that the predominant components of proteins in EPSs were cytochrome 
and exoenzymes, most of which were electroactive and could participate 
in EET [44]. Thus, a higher content of proteins in EPSs might be bene-
ficial to methane production, which was in agreement with methane 
production orders. 

3D-EEM was employed to reveal the compositions of organics in 
EPSs. As shown in Fig. S3, the intensities of peaks mainly exhibited in 
region II, IV, V, which represented tryptophan-like proteins, soluble 
microbial byproduct-like, protein-like and humic-like substances [20]. 
Among them, region IV generally related to the biodegradable substrates 
[45]. The intensities of peaks (region IV and V) maintained at a high 
level in NM, whereas they were the lowest with the presence of BC, this 
result was in agreement with proteins in EPSs. The protein-like sub-
stances, e.g., cytochromes, could mediate electron transfer between 
electroactive bacteria and methanogens [46]. Meanwhile, humic-like 
substances were redox-active, and could act as electron shuttles 
among microorganisms [47]. Thus, a higher content of protein-like and 
humic-like substances in NM might represent a more efficient EET to 
build DIET pathway, while these substances were sharply reduced in 
MB, BC-NM and NM-BC. 

3.2. Reactions of BC and NM 

3.2.1. Changes of physic-chemical circumstances 
As shown in Fig. 4(a), NM had little impact on pH, while the pH in 

MB were similar with that in BC (P > 0.05), indicating that BC affected 
pH more than NM. For the stepwise additive of BC and NM, the pH 
exhibited a rapid increase, from 6.8 to 7.38 for BC-NM and from 6.8 to 
7.5 for NM-BC. It’s worth noting that methanogens were sensitive to pH, 
and the optimal range was 6.80–7.20 [42]. The pH values were more 
than 7.20 in MB, BC-NM and NM-BC, which may cause activities re-
ductions of methanogens. 

Fig. 2. The changes of (a) soluble polysaccharides, (b) soluble proteins and 
(c)TSCFAs. 
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In addition, NM also played little roles on the conductivities of sus-
pension, while an obvious increase was observed in BC (Fig. 4(b)). As the 
conductivity associated with the soluble salts [48], the contents of sol-
uble salts were increased in suspension when the BC was added. More-
over, the conductivities in suspension of MB, BC-MB and MB-BC were 
similar to that of BC (p > 0.05). Notably, although higher conductivities 
in suspension were observed with BCs, the methane production was 
reduced compared to that in NM. 

As shown in Fig. 4(d), the values of zeta potential were − 20.2, 

− 16.1, − 20.3, − 20.4 and − 17.6 mV in BC, NM, MB, BC-NM and NM-BC, 
respectively. As an increase negative charge could strengthen the elec-
trical repulsion, compress the double electrode layer and restrain the 
cell-to-cell interaction and granulation [49,50], more negative zeta 
potentials were responsible for longer lag phase but lower methane 
productions. In addition, both BC and NM could generate positive effect 
on activity improvement of electron transfer [17,51], however, the 
synergistic effects were not observed in MB, BC-NM and NM-BC (Fig. 4 
(c)). 

Fig. 3. The changes of EPSs. (a1) - (c1) represent polysaccharides in EPSs on day 3, 11, 35, while (a2) - (c2) represent proteins in EPSs on day 3, 11, 35, respectively.  

Fig. 4. Effect of different added strategies on changes of physiochemical indicators. (a) pH, (b) suspension conductivity, (c) INT-ETS and (d) zeta potential.  
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3.2.2. The existence state of magnetite 
To study the fate of NM, the content of Fe2+ in suspension was 

studied (Fig. S4). It was found that the Fe2+ was not significantly 
increased in adding NM groups, suggesting that the NM still existed in an 
insoluble form, or the dissolved parts were converted to precipitation 
(Fig. S5). Compared to NM groups, the Fe2+ were significantly reduced 
in adding BC groups. The possible reason was that the BC adsorbed Fe2+, 
e.g., the Fe2+ were 0.15, 0.2 and 0.05 mg/L in MB, BC-NM and NM-BC 
on 20th day, while it reached to 0.61 mg/L in NM. The Fe2+ could 
accelerate methane production [11], so the soluble Fe2+ in NM also 
contributed to methane production enhancement, whereas the added BC 
reduced this contribution. 

As shown in Fig. 5(a), FT-IR of BCs obtained in MB, BC-NM and NM- 
BC exhibited broadband at 560 cm− 1, which was corresponded to Fe-O 
stretching vibration [52]. This result proved that NM was adsorbed by 
BC, and the XRD confirmed the FT-IR (Fig. 5(b)). As the diffraction peaks 
were associated with the cubic spinel structure of Fe3O4 [53], the pro-
duction improvement of methane was weakened with the presence of 
BC. 

In addition, there were peaks at 3401 cm− 1 from FTIR spectrum, 
attributing to the O–H stretching of the carboxylic groups [45]. The C–H 
and N–H stretching bands overlapped with those of O–H [23], sug-
gesting that part of polysaccharides and proteins were still stayed on BCs 
at the end of anaerobic digestion period. More interestingly, the 
diffraction peaks, associated with hematite (Fe2O3), were observed on 
BCs (Fig. 5(c)), suggesting that NM could be transferred to nano- 
hematite, and the highest proportion, 58.5%, was observed in MB. As 
Fe2O3NPs can inhibit methanogenesis [54], the highest Fe2O3NPs in MB 
may be one reason for the lowest methane production. Moreover, the 
linear fitting between hematite peak area and methane yield was built 
(Fig. 5(d)), the slopes were negative (R2 = 0.9315), suggesting that a 

higher Fe2O3NPs reduced the methane yield. 

3.3. The succession of microbial communities 

3.3.1. Bacterial community 
The successions of bacteria communities closely related to the 

changes of organics. As shown in Fig. 6(a), Firmicutes, Chloroflexi, 
Actinobacteriota and Bacteroidota were the four predominant phyla, 
with total percentages of 87.3–93.7% for all groups, including sus-
pended (_s) and attached (_a) states. Firmicutes, utilizing organics to 
produce SCFAs, has been proved as the key syntrophic bacteria in 
anaerobic digesters [7]. Its abundance reached 66.5% in NM_s, but 
reduced to 62.1% in MB_s, suggesting that the production of SCFAs for 
methanogens was reduced with co-additive of NM and BC. For attached 
state, compared with BC_a (64.8%), Firmicutes decreased by 11.4, 6.2 
and 6.4% in MB_a, BC-NM_a and NM-BC_a. Thus, no matter adding NM 
and BC by simultaneous or stepwise strategies, the reduction enrich-
ments of Firmicutes were observed on BC surface. Bacteroidota not only 
related to hydrolysis and acidification of organics, but also had the po-
tential to transfer electrons from organics to Fe (III) [21]. Besides, 
Chloroflexi played critical roles in hydrolysis and acidification stage, 
and Actinobacteria exhibited diverse metabolic properties [7]. It was 
noted that the sums of these phyla were increased from 22.4% in NM_s to 
26.0–31.5% in co-added groups, indicating that BC was favorable to 
enrich these phyla to conduct hydrolysis and acidification in suspended 
state. Similarly, these phyla also greatly enriched in attached state of co- 
added groups, with 33.9% for MB_a, 32.3% for BC-NM_a and 29.4% for 
NM-BC_a, while it was 26.7% in BC_a. These results indicated that the 
co-additive of BC and NM could achieve enrichment of Chloroflexi, 
Actinobacteriota and Bacteroidota but hinder Firmicutes at both states, 
which might be attributed to interaction between BC and NM, e.g., the 

Fig. 5. Comparison of (a) FT-IR spectra, (b) XRD pattern, (c) semiquantitative analysis of XRD of raw and sifted BCs (i.e., BC, MB, BC-NM and NM-BC), and (d) the 
linear fitting of maximal methane yield and hematite peak area. 
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changes of NM existence state from NM to nano-hematite on BC surface. 
At genus level, the most abundant bacterium was Paraclostridium, 

with the values of 42.4% in NM_s, and 37.0–37.6% in co-added groups, 
revealing that Paraclostridium, hydrogen-producing acetogenesis [9], 
was weakened in co-added groups compared to NM. For attached state, 
Paraclostridium in MB_a, BC-NM_a and NM-BC_a was 32.6, 36.8 and 
34.0%, while it reached to 44.7% in BC_a, suggesting that the co- 
additive of BC and NM reduced the enrichment of Paraclostridium in 

both states, especially in MB_a. Clostridium, a commonly fermentative 
and electroactive anaerobe, could utilize organics as electron donors to 
transfer electrons to iron oxides or syntrophic anaerobes [20,51]. It was 
observed that Clostridium in NM_s was 3.1, 4.2 and 2.6% higher than that 
in BC_s, BC-NM_s and NM-BC_s, suggesting that a reduction of EET or 
syntrophic metabolism might happen with BCs. For attached state, the 
lowest abundance of Clostridium was present in MB_a (9.5%), which was 
2.2% and 3.1% lower than that in BC-NM_a and NM-BC_a. It could 

Fig. 6. The succession of (a) bacterial and (b) archaeal communities at genus level, and (c) the detailed procedures for different methanogenic pathways.  
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explain the worst performance of methane production in MB, on one 
hand, a less abundance of Clostridium limited the conversion of organics 
to SCFAs, on the other hand, the efficiency of EET was decreased with 
the reduction of Clostridium. 

3.3.2. Archaeal community 
For evolution of archaeal community, the predominant genera were 

Methanosarcina, Methanobacterium and Methanosaeta in both suspended 
and attached states (Fig. 6(b)). Methanosarcina was abundant in anaer-
obic digesters and well-known as the mixotrophic methanogens [13]. Its 
abundances accounted for 53.4, 41.2, 64.8, 57.7 and 43.6% in BC_s, 
NM_s, MB_s, BC-NM_s and NM-BC_s, suggesting that the BC played 
positive roles on enrichment of Methanosarcina, and the highest abun-
dance was occurred in MB_s. For attached state, Methanosarcina was 
obviously decreased in MB_a, BC-NM_a and NM-BC_a, with reduced 
percentages of 12.4, 4.9 and 21.2% than BC_a. This result suggested that 
the enrichment of Methanosarcina was limited on surface of BC when NM 
was added. The different phenomena were presented on Meth-
anobacterium, with abundance of 28.3% in MB_s, which was 19.7% 
lower than that in NM_s. Methanobacterium was a typical hydro-
genotrophic methanogen, and had been proved to produce methane by 
DIET [12]. These results suggested that the potential DIET between 
electron-active bacteria (i.e., Clostridium) and Methanobacterium might 
be built with the assistance of NM, but co-added BC weakened this ef-
fect. In addition, it was noted that the archaeal communities in BC-NM 
were similar with that in BC, while they were similar in NM-BC and NM, 
so the archaeal community was mainly controlled by the firstly added 
conductive materials. Interestingly, the Methanosaeta in MB_a, BC-NM_a 
and NM-BC_a ranged from 6.4 to 7.8%, indicating that the NM may 
optimize the property of BC for the enrichment of Methanosaeta. 

3.3.3. Metabolic pathway for methanogenesis 
To further clarify the metabolic pathways for methanogenesis 

affected by different added strategies of conductive materials, the 
related encoded genes and key enzymes for methanogenic pathways 
were analyzed. There were mainly three methanogenic pathways i.e., 
hydrogenotrophic, acetoclastic, and methylotrophic pathways [24,55]. 
As shown in Fig. 6(c), acetate kinase (EC: 2.7.2.1), acetate-CoA ligase 
(EC: 6.2.1.1), CO-methylating acetyl-CoA synthase (EC: 2.3.1.169) and 
anaerobic carbon monoxide dehydrogenase (EC: 1.2.7.4) [8] were all 
key enzymes involved in acetoclastic methanogenesis (Table. 3). For 
suspended state, compared to NM, the enrichments of these enzymes in 

BC and co-added groups were similar, and showed increase trends, 
suggesting that BC might play dominant role in co-added groups. 
Correspondingly, the genes ackA, acs, cdhC and cdhA in co-added 
groups were also increased, suggesting that the acetoclastic methano-
genesis was promoted in co-added groups. 

However, there were different observations on enzymes related to 
hydrogenotrophic methanogenesis, e.g., 5,10-methylenetetrahydrome-
thanopterin reductase, coenzyme F420 hydrogenase and tetrahy-
dromethanopterin S-methyltransferase [56] were decreased in MB_s, 
BC-NM_s and NM-BC_s compared to that in NM_s, while these enzymes 
were increased in MB_a, BC-NM_a and NM-BC_a than BC_a. As both 
hydrogenotrophic methanogenesis and DIET were realized by reducing 
CO2 to produce methane, so the abundance of CO2-reduced enzymes 
could partly represent DIET when the conductive materials were existed. 
In addition, although the acetoclastic methanogenesis was enhanced by 
BC, the genes and enzymes related to hydrogenotrophic methanogenesis 
were much more than that of acetoclastic one, suggesting that the 
hydrogenotrophic methanogenesis might still play a crucial role for 
methane production. With higher abundance of Clostridium in NM, the 
microorganisms could take advantage of NM as electron shuttles to 
mediate dissimilatory iron reduction, and transfer electrons to metha-
nogens, i.e., Methanosarcina, Methanosaeta or Methanobacterium. How-
ever, this advantage was weakened in co-added groups because of the 
adsorption of NM on BC. 

3.3.4. Principal component analysis on microbial communities 
Principal component analysis (PCA) was conducted at genus level 

(Fig. 7(a)). It was clearly observed that both the bacterial communities 
in suspended and attached states of MB were in the third quadrant. 
Notably, the bacterial communities in BC and BC-NM formed a cluster, 
while they formed another cluster in NM and NM-BC. These results 
further illustrated that the bacterial communities were dominantly 
controlled by the first added conductive materials. Compared to sus-
pended states (Fig. 7(b)), Marmoricola, Mesorhizoblum and Syntrophus 
were significantly increased in attached states (p < 0.05). As Syntrophus 
was a common electorn-active bacteria [56], the added BC was benefi-
cial to its enrichment. 

The archaeal communities in attached states were concentrated in 
first and second quadrants, while they in suspended states were in third 
and fourth quadrants (Fig. 7(c)). It should be noted that the archaeal 
community in MB had a closer distance with that in BC rather than in 
NM group, confirming the dominant role of BC when BC and NM were 

Table 3 
Relative abundance of key enzymes involved in methanogenesis for KEGG pathways with different conductive materials additives.  

Enzyme types EC 
number 

Description BC_s NM_s MB_s BC- 
NM_s 

NM- 
BC_s 

BC_a MB_a BC- 
NM_a 

NM- 
BC_a 

Aceticlastic 
pathway 

2.3.1.169 CO-methylating acetyl-CoA synthase 5223 4183 5805 5456 4545 5759 4719 5371 4007  

2.7.2.1 acetate kinase 5922 5742 5860 5973 5003 6094 5964 5975 5319  
6.2.1.1 acetate-CoA ligase 11,611 8894 10,409 9194 12,904 9424 12,260 12,343 13,432  
1.2.7.4 anaerobic carbon monoxide 

dehydrogenase 
11,125 8287 11,641 9499 11,091 11,641 9618 11,125 8287 

CO2-reducing 
pathway 

3.5.4.27 methenyltetrahydromethanopterin 
cyclohydrolase 

9867 10,331 9597 9736 10,119 9606 10,144 9751 10,341  

2.3.1.101 tetrahydromethanopterin N- 
formyltransferase 

14,774 16,719 13,586 14,303 15,916 13,544 15,816 14,336 16,879  

1.5.98.1 methylenetetrahydromethanopterin 
dehydrogenase 

9844 10,314 9578 9726 10,108 9511 10,110 9714 10,312  

1.5.98.2 5,10-methylenetetrahydromethanopterin 
reductase 

9907 10,342 9608 9756 10,120 9570 10,193 9765 10,333  

2.1.1.86 tetrahydromethanopterin S- 
methyltransferase 

84,111 87,633 82,640 86,769 84,077 82,640 86,894 84,111 87,633  

1.12.98.1 coenzyme F420 hydrogenase 38,658 40,402 38,261 38,354 38,853 36,999 39,495 37,457 39,866  
1.2.7.12 formylmethanofuran dehydrogenase 82,822 80,474 85,148 83,642 80,160 83,582 81,369 82,410 78,993 

Shared 2.8.4.1 coenzyme-B sulfoethylthiotransferase 30,354 31,647 29,304 29,940 30,948 29,214 31,212 29,865 31,647  
2.1.1.86 tetrahydromethanopterin S- 

methyltransferase 
84,999 87,599 83,060 84,077 86,769 82,640 86,894 84,111 87,633  
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simultaneously added. In addition, compared to MB, BC-NM and NM-BC 
had a closer distance with NM (Fig. S6), which was consistent with 
methane production performance. 

3.4. An overall understanding for the reduced methane production 

To improve methane production from WAS, building DIET by 
external conductive materials has been served as a promising way 
[4,6,37]. However, an unusual phenomenon occurred when BC and NM 
were co-added simultaneously or stepwise, e.g., the methane production 
were all weakened rather than enhanced compared to that in NM. 

Fig. 8 shows the potential response mechanism of anaerobic diges-
tion to the added strategies of conductive materials. For suspended state, 
soluble organics were absorbed on BC, leading to the available sub-
strates reduction for producing methane. Although NM could accelerate 
the solubilization and hydrolysis of WAS, the absorption of BC played a 
predominant role in abundance of soluble organics. Besides, the SCFAs 
were influenced by co-additive BC, i.e., the time for the maximal SCFAs 
production reached in co-added groups were delayed two days, resulting 
in a longer lag phase for methanogenesis. The contents of EPSs in co- 
added groups were also decreased by adding BC, this not only reduced 

the substrates for producing methane, but also weakened the functions 
of redox-active shuttles, such as cytochromes or humic substances. 
Meanwhile, the more negative zeta potentials induced by adding BC 
hindered the mass transfer between microorganisms. Nevertheless, the 
added BC improved the electron transfer activities of microorganisms 
and the conductivity of supernatant, but the process of adsorbed or-
ganics by BC was the limited factor for the methane production 
enhancement at suspended state in co-added groups. For attached state, 
it should be noted that some absorbed organics still stayed on surface of 
BC at the end of experiment, leading to the reduction of the available 
substrates for producing methane. Moreover, the BC not only absorbed 
Fe2+ but also absorbed NM, on the one hand, the interspecies electron 
transfer process contributed by NM was reduced, on the other hand, the 
NM on the surface of BC was oxidized to nano-hematite, especially in 
MB, exhibiting inhibition effects to methanogenesis. 

For microbial communities, the Firmicutes in co-added groups was 
reduced with BC additive at either suspended or attached state, while 
the Chloroflexi, Actinobacteriota and Bacteroidota were enriched, 
which might due to the interactions between BC and NM. Furthermore, 
the electroactive genus Clostridium was also decreased at both suspended 
and attached states in co-added groups, suggesting that the presence of 

Fig. 7. Principal component analysis between suspended and attached samples. (a)-(b) represent bacterial communities, and (c)-(d) represent archaeal communities.  

Fig. 8. An overall understanding of co-actions of BC and NM for methane production.  
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BC might reduce the potential DIET induced by NM, especially in MB. 
Methanobaterium at suspended state of co-added groups was down- 
regulated than that in NM, while Methanosaeta at attached state in co- 
added groups was up-regulated than that in BC, thereby methanogenic 
pathway was partly changed from hydrogenotrophic to acetoclastic 
methanogenesis, which was consistent with the changes of related 
encoded genes and key enzymes. 

4. Conclusion 

This study was conducted to investigate whether the synergistic ef-
fects formed or not with co-additive of BC and NM into WAS anaerobic 
digesters for methane production. A simultaneous additive of BC and 
NM caused the lowest methane production. Although the methane 
productions in BC-NM and NM-BC were promoted compared to that in 
BC, they were still lower than that in NM. Thus, non-synergistic rather 
than synergistic effects were observed with co-additive of BC and NM. 
Mechanism analysis indicated that the NM could accelerated solubili-
zation and hydrolysis of WAS, but the adsorption of BC played pre-
dominant roles on soluble organics. Also, the contents of EPSs were 
decreased, weakening the electrochemical functions of redox-active 
shuttles, e.g., the intensities of peaks of cytochrome or humic sub-
stances were reduced. Besides, the NM was tended to be adsorbed by BC, 
on the one hand, the DIET contributed by NM was reduced, on the other 
hand, NM adsorbed on BC were converted to nano-hematite, presenting 
inhibitions to methanogenesis. Moreover, the electron-active microor-
ganisms, such as Clostridium and Methanobacterium, were all reduced at 
suspended and attached stages with the BCs, limiting potential contri-
butions of DIET on methane production improvement. Therefore, either 
sole NM or BC additive is more promising for promoting methane pro-
duction from WAS, rather than the co-additive of NM and BC. The 
findings of this work may provide some new insights for the additive 
strategies of BC and NM for the enhanced methane production from 
WAS, and then make a sound contribution to the carbon neutrality. 
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[54] E. Kökdemir Ünşar, N.A. Perendeci, What kind of effects do Fe2O3 and Al2O3 
nanoparticles have on anaerobic digestion, inhibition or enhancement? 
Chemosphere 211 (2018) 726–735. 

[55] F. Lü, C. Luo, L. Shao, P. He, Biochar alleviates combined stress of ammonium and 
acids by firstly enriching Methanosaeta and then Methanosarcina, Water Res. 90 
(2016) 34–43. 

[56] Z. Zhao, J. Wang, Y. Li, T. Zhu, Q. Yu, T. Wang, S. Liang, Y. Zhang, Why do DIETers 
like drinking: Metagenomic analysis for methane and energy metabolism during 
anaerobic digestion with ethanol, Water Res. 171 (2020), 115425. 

H.-Y. Jin et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1385-8947(22)01246-3/h0135
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0135
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0140
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0140
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0140
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0140
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0145
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0145
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0145
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0145
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0150
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0150
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0150
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0150
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0155
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0155
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0155
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0155
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0160
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0160
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0160
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0160
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0165
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0165
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0165
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0170
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0170
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0170
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0170
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0175
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0175
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0175
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0180
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0180
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0180
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0180
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0185
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0185
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0185
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0185
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0190
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0190
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0190
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0190
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0195
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0195
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0195
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0200
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0200
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0200
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0200
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0205
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0205
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0205
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0210
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0210
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0210
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0210
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0215
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0215
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0215
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0220
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0220
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0220
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0225
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0225
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0225
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0225
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0230
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0230
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0230
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0235
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0235
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0235
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0240
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0240
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0240
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0240
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0245
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0245
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0245
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0250
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0250
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0250
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0255
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0255
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0255
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0260
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0260
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0260
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0265
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0265
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0265
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0265
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0270
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0270
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0270
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0275
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0275
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0275
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0280
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0280
http://refhub.elsevier.com/S1385-8947(22)01246-3/h0280

	Role and significance of co-additive of biochar and nano-magnetite on methane production from waste activated sludge: Non-s ...
	1 Introduction
	2 Materials and methods
	2.1 The properties of WAS and seed sludge
	2.2 Characterizations of conductive materials
	2.3 Experiment set-up design and operation
	2.4 Analytical and calculated methods
	2.4.1 Detection methods
	2.4.2 EPSs extraction and analysis
	2.4.3 Analysis of microbial community structures
	2.4.4 Calculation methods
	2.4.5 Statistical analysis


	3 Results and discussion
	3.1 Performance responses of sludge anaerobic digestion
	3.1.1 Methane production
	3.1.2 Changes of key organics
	3.1.3 Changes of EPSs

	3.2 Reactions of BC and NM
	3.2.1 Changes of physic-chemical circumstances
	3.2.2 The existence state of magnetite

	3.3 The succession of microbial communities
	3.3.1 Bacterial community
	3.3.2 Archaeal community
	3.3.3 Metabolic pathway for methanogenesis
	3.3.4 Principal component analysis on microbial communities

	3.4 An overall understanding for the reduced methane production

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary data
	References


