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A B S T R A C T   

Aniline is an important industrial raw material. Its complex structure makes it difficult to be chemically oxidized 
and its intense biological toxicity also increases the difficulty of biodegradation. Therefore, electro-biological 
system based on biological processing have become a new direction in the field of environmental governance. 
Comparative evaluation of the performance differences of reactors at gradient external voltages (1.5, 3.0, 4.5 and 
6.0 V) was investigated to seek the optimal applied voltage in the electro-enhanced sequence batch reactor 
treating aniline wastewater. Results showed that all reactors degraded aniline effectively, the aniline degradation 
rate of five reactors was about 100%. However, the highest removal efficiency of total nitrogen was obtained at 
1.5 V, up to 88.89%. Compared with control, high applied voltage (>3.0 V) deteriorated the nitrification per
formance and the removal efficiency of TN was descended along with the increase of applied voltages. Besides, 
proper applied voltage promoted the secretion of extracellular polymeric substance. The sludge activity such as 
specific oxygen utilization rate (SOUR), dehydrogenase (DHA) was highly increased under the applied voltage of 
1.5V, so did the Ammonia monooxygenase (AMO) and nitrate reductase (NAR). Based on the high-throughput 
sequencing analysis, introducing applied voltages altered the microbial diversity and community structure. 
Particularly, several functional genera such as autotrophic nitrifying bacteria and denitrifying bacteria were 
enriched in the system at 1.5V. Network analysis also found that the cooperative/competitive relationship be
tween key functional genus became simpler under the higher voltage. Additionally, the contribution of the 
functional flora to key metabolic pathways (benzoate and nitrogen metabolism) and the expression of various 
functional genes was augmented at the 1.5V applied voltage.   

1. Introduction 

Aniline(C6H5NH2) is an important raw material and intermediate in 
the textile printing and dyeing industry and its wastewater is continu
ously produced in the industrial production process (Abdel-Rahman 
et al., 2020; Mohammed et al., 2020). However, aniline also is a 
recognized toxic chemical that can cause many health problems in both 
organisms and humans (Zhang et al., 2021a). It can enter the body 
through skin contact, respiratory and digestive pathways. The toxicity 
mechanism of aniline to organisms is mainly reflected in the destruction 

of the structure of hemoglobin and the loss of its oxygen-carrying ca
pacity, and the subsequent oxidative damage to proteins, lipids and DNA 
and the damage to various tissues (Tao et al., 2022). Therefore, due to its 
strong toxicity, refractory characteristics and easy to accumulate in the 
water environment, aniline has been listed as a priority pollutant by 
national environmental authorities, which is one of the key monitoring 
and governance objects (Jiang et al., 2016). As a high-efficiency and 
economical wastewater treatment technology, biological methods have 
been applied to the field of aniline wastewater because of its function of 
organic matter degradation and simultaneous nitrogen removal. For 
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example, moving bed biofilm reactors, aerobic granular sludge and 
bio-augmented sequencing batch reactors have been developed to treat 
aniline, which showed high removal efficiency (Dvořák et al., 2014; 
Jiang et al., 2017; Zhang et al., 2021b). Although these studies provided 
unique insights into the biological degradation of aniline wastewater, 
they only focused on the removal of aniline and ignored the subsequent 
nitrogen removal process. By reason of the special structure of aniline, 
ammonia nitrogen will be released during its degradation. The treat
ment process of aniline wastewater should not only effectively achieve 
aniline degradation, but also have excellent nitrogen removal perfor
mance. In biological nitrogen removal process, ammonia nitrogen 
needed to undergo aerobic nitrification and anaerobic denitrification to 
be converted into N2 to escape (Yan et al., 2022). Therefore, in addition 
to the degradation of aniline, special attention should be paid to whether 
the subsequent nitrification (oxidation of ammonia nitrogen to nitrate) 
and denitrification (reduction of nitrate to N2) can be effectively carried 
out. As eutrophication has become the focus of environmental problems, 
the study of nitrogen metabolism in aniline degradation system has 
gradually become a hot topic in recent years (Peng et al., 2022). 
Nevertheless, the contradiction between aniline degrading bacteria and 
autotrophic nitrifying bacteria is hard to reconcile, such as dissolved 
oxygen competition. This makes nitrification become a stumbling block 
in the nitrogen removal process of the aniline biodegradation system 
(Fan et al., 2021). 

In recent years, bio-electrochemical technology which combines an 
electric field and biological process, is attracting more and more atten
tion because of its excellent performance on enhancing the degradation 
of refractory organic matter and nitrogen removal (Zhang and Angel
idaki, 2014). Compared with the traditional biological wastewater 
treatment process, bio-electrochemical technology can stimulate the 
growth of microorganisms, increase metabolic activity and promote the 
transfer of electrons under the action of electric field (Lin et al., 2019). 
At present, this technology has been used to remove various pollutants, 
such as azo dyes, aromatic hydrocarbons (Cardenas-Robles et al., 2013). 
In our previous study, the electro-enhanced sequence batch reactor 
(E-SBR) was established to degrade aniline, demonstrating the 
improvement of pollutant removal rate (Feng et al., 2022). Whereas, the 
operation conditions of E-SBR have not been optimized. As the critical 
index in the electro-biological system treating aniline wastewater, the 
applied voltage might be a double-edged sword. Microorganisms 
attached to the electrode or suspended in solution as the core of the 
system, which is directly or indirectly affected by the electric field, 
thereby affecting the degradation of pollutants (Hu et al., 2022). It is 
accepted that appropriate electrical stimulation has a positive effect on 
microorganisms, which can change the permeability of cell membrane, 
improve microbial activity and promote microbial metabolism. On the 
contrary, high applied voltage would inhibit the activity of microor
ganisms, even led to death. Therefore, it is important to explore the 
optimal applied voltage in the electro-enhanced sequence batch reactor 
treating aniline wastewater. 

In this work, different gradient applied voltage was exerted in 
sequence batch reactor treating aniline wastewater. The purpose was to: 
1) compare the aniline degradation and nitrogen removal performance 
under different applied voltages; 2) evaluate the effect of applied voltage 
on aniline degradation bio-system from the perspective of enzyme ac
tivity and microbial community structure; 3) reveal the enhancement 
mechanism of system performance under weak electrical stimulation 
combined with metagenomics. 

2. Materials and methods 

2.1. Synthetic wastewater and inoculated sludge 

In order to ensure the stability of influent quality, artificial simulated 
aniline wastewater was used in this experiment. Its composition was as 
follows: 400 mg/L aniline as the sole carbon and nitrogen source, 13 

mg/L NaH2PO4⋅2H2O and 50.4 mg/L Na2HPO4⋅12H2O as phosphate 
source and buffer solution, 0.03 mg/L MgSO4⋅7H2O, 0.15 mg/L 
ZnSO4⋅7H2O, 0.18 mg/L NaCl and 0.024 mg/L Fe (NO3)3⋅9H2O. The 
seed sludge was inoculated from aerobic pool of Longwangzui Waste
water Treatment Plant in Wuhan City, Hubei Province, China. Activated 
sludge generally consisted of four parts: a microbial community with 
metabolic functions, residues of microbial endogenous respiration and 
self-oxidation, refractory organic matter carried by raw sewage and 
inorganic substance adsorbed by sludge floc. The size of activated sludge 
floc was generally between 0.02–0.2 mm, with an indefinite shape and 
large specific surface area. The purification function of activated sludge 
mainly depended on the microorganisms inhabiting the activated 
sludge. The mixed liquor suspended solids (MLSS) concentration of the 
five reactors was controlled at about 3500 mg/L. 

2.2. Reactor set-up 

Five groups of sequencing batch reactor (SBR) with a cylindrical 
structure made of Perspex were used in the experiment. The effective 
volume of the reactors was 1 L and the size was 20 cm (height) × 10 cm 
(diameter). The applied voltage of the five reactors was Y1-0 V, Y2-1.5 
V, Y3-3.0 V, Y4-4.5 V and Y5-6.0 V, respectively. Carbon brush was used 
as the electrode material, and its effective area was 108 cm2 (3 cm × 3 
cm × 12 cm). The electrode distance was 5 cm and the pretreatment 
method of electrode was referred to the previous study (Qin et al., 2022). 
Cathode and anode were connected with the DC regulated power supply 
(PS-305DF, China). The operating cycle was 12 h and the volume ex
change rate was 50%. The reactor operated with the mode of O/A and 
the complete operational cycle included 5 min feeding - 6 h aerobic 
phase - 4.5 h Anoxic phase - 80 min setting - 5 min discharge. 

2.3. Analysis method 

Aniline, COD, NH4
+-N, NO3

− -N, NO2
− -N and total nitrogen (TN) were 

measured everyday according to the standard method (APHA, 2005). 
The thermal extraction method was used to separate extracellular 
polymeric substances (EPS) from sludge. The content of protein (PN) 
and polysaccharide (PS) was determined by Folin-phenol method and 
colorimetry of anthrone-sulfuric acid. Besides, dehydrogenase (DHA) 
and specific oxygen utilization rate (SOUR) were measured by the same 
method as previously reported (see supplementary data) (Li et al., 2014; 
Wang et al., 2016). The activity of ammonia monooxygenase (AMO) and 
nitrate reductase (NAR) was measured by ELISA Kit. The detailed steps 
were in accordance with the literature (Li et al., 2021). Each determi
nation was conducted in triplicate and average values were presented at 
graphs. 

2.4. High-throughput sequencing 

Sludge samples were collected for 16s rRNA sequencing and meta
genomic sequencing on the last day of operation. All the sequencing was 
done by Shanghai Majorbio Bio-pharm Technology Co., Ltd, China. The 
sequencing process and data analysis followed previous studies (Peng 
et al., 2022; Zhang et al., 2021b). 

3. Results and discussion 

3.1. Comparison of aniline degradation and nitrogen removal 
performance 

The aniline degradation and synchronous nitrogen removal perfor
mance of SBR under different applied voltage (0–6.0 V) was presented in 
Fig. 1. For aniline degradation, Y1 could almost fully degrade aniline 
within 5 days, and the time required for Y2 and Y3 was the same as that 
for Y1. However, Y4 and Y5 needed 8 days to adapt to the environment 
of aniline, so as to achieve the removal rate of about 100%. Since the 
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biodegradation process was carried out by microorganisms with certain 
functions under suitable environment, when microorganisms were in an 
environment unsuitable for their growth, its metabolic performance 
might be inhibited (Foesel et al., 2011). In this study, the biodegradation 
processes of aniline degradation needed to be driven by various enzymes 
that secreted by bacteria, whose activities might be impacted by high 
voltage. Obviously, too high applied voltage inhibited the ability of 
aniline degradation during the initial operation of system. However, 
complete aniline degradation could be achieved and remained stable 
after long-term domestication. This indicated that the aniline degrada
tion performance of the system did not differ significantly with the 
applied voltage. Meanwhile, the COD degradation trend of the five re
actors was consistent with that of aniline, and the effluent concentration 
of COD was basically stable at 55 ± 10 mg/L. 

Different from aniline degradation, the nitrogen removal perfor
mance of each system varied with the applied voltage. As can be seen 
from Fig. 1b, the average TN removal efficiency of Y1 gradually reached 
75.53% in the last 15 days of operation. At this time, the effluent con
centration of NH4

+-N and NO3
− -N in Y1 was stable at 10.92 and 2.58 mg/ 

L respectively. As the main TN species in the effluent was NH4
+-N, the 

bottleneck of nitrogen removal in this sequencing batch reactor treating 
400 mg/L aniline was nitrification. Under the applied voltages of 1.5 V 
and 3.0 V, the effluent concentration of NH4

+-N in Y2 and Y3 were 4.61 
and 8.87 mg/L, respectively. Y2 and Y3 were superior to Y1 in the 
nitrification efficiency, and the order of the three was Y2>Y3>Y1. 
Applying appropriate lower voltage (≤3.0 V) could notably enhance the 

microbial activity, thereby obtaining the higher removal efficiency of 
ammonia nitrogen. Whereas, the higher applied voltage (>3.0 V) 
inhibited the NH4

+-N removal, and the NH4
+-N effluent concentration of 

Y4 and Y5 were 30.07 and 35.26 mg/L respectively. Apparently, the 
high applied voltage severely inhibited the activity of nitrifying bacteria 
in the system, resulting in the stagnation of nitrification. In addition, the 
NO2

− -N concentration under different applied voltages was trace 
amounts, except for the occasional fluctuation. With the enhancement of 
nitrification performance, Y2 and Y3 have lower NO3

− -N effluent con
centration than Y1 (Y2-1.83 mg/L and Y3-2.34 mg/L). For one thing, Y2 
and Y3 had the excellent nitrification effect, which produced much more 
NO3

− -N as the reaction substrate, bringing better denitrification perfor
mance. For another, H2 might be generated by electrode electrolysis, 
which can be used by denitrifying bacteria as the electron donor for 
autotrophic denitrification (Li et al., 2009). Owing to the lower effluent 
concentration of NH4

+-N and NO3
− -N, the TN removal rate of Y2 was 

nearly 10% higher than Y3, up to 88.89%. It was illustrated that the 
applied voltage of 1.5 V improved the nitrification and denitrification 
performance of aniline biodegradation reactor more significantly than 
3.0 V. However, the NO3

− -N effluent concentration of Y4 and Y5 was 
0.06 and 0.87 mg/L, while TN removal efficiency were only 47.8% and 
38.7%. The low effluent concentration of NO3

− -N in the two reactors 
implied that their poor TN removal ability might not be on account of 
the weak denitrification performance. On the contrary, NH4

+-N took up 
more than 96% of TN effluent in Y4 and Y5. This showed that further 
increase of applied voltage did not bring the outstanding performance of 

Fig. 1. The decontamination performance under the different applied voltages. (a) aniline and COD; (b) nitrogen.  
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nitrogen removal. It can be seen that the applied voltage had an 
important effect on the aniline degradation and nitrogen removal per
formance of the system. Therefore, these indexes of average removal 
rate of aniline, COD, NH4

+-N and TN were selected for regression analysis 
of applied voltage (see the supplementary data). Obviously, the applied 
voltage was negatively correlated with these indexes, and the trend was 
more significant under the higher voltage, indicating that high voltage 
would deteriorate the decontamination performance of the system. 
Meanwhile, the results of R2 showed that COD (0.8865) >Aniline 
(0.8476) >NH4

+-N (0.7949) >TN (0.7825). Therefore, it is considered 
that the average removal rates of aniline and COD were the most 
affected by the changes of applied voltage, followed by NH4

+-N and TN. 
To sum up, the appropriate applied voltage improved the degradation 
efficacy of pollutants, whereas, an inhibition effect was exerted at high 
voltage. It has been reported that the interaction between the electrode 
and microorganism accelerated the electron transfer rate under appro
priate applied voltage, thus potentially increasing the microbial degra
dation rate (Zhang et al., 2018). However, excessive voltage might 
destroy cell membrane and slow down the microbial growth and 
metabolism (Ding et al., 2018). Therefore, the applied voltage of 1.5 V in 
this study was the best choice to break through the bottleneck of ni
trogen removal in conventional aniline degradation SBR. 

3.2. Transformation of pollutants in typical cycle 

In order to further explore the removal and transformation process of 
pollutants under different applied voltage, the time profiles of aniline 
and nitrogen concentration in five reactors during one cycle were 
showed in Fig. 2. First of all, the aniline degradation rate of the five 
reactors were 26.3, 33.1, 30.6, 19.4 and 10 mg/(g⋅MLSS⋅h) respectively, 
that of the five reactors presented an order of Y2>Y3>Y1>Y4>Y5. 
Although there was no difference in the aniline effluent concentration of 
five reactors mentioned at section 3.1, the periodic data confirmed that 
the degradation rate of aniline can be effectively increased by nearly 
20% at the low voltage of 1.5 V compared with the control, while the 

applied voltage higher than 4.5 V seriously inhibited the degradation 
rate of aniline. Similarly, the COD degradation of the five reactors was 
synchronized with the degradation trend of aniline, which could also be 
found in our previous studies (Peng et al., 2021). Undoubtedly, the 
byproducts of aniline degradation could also be quickly absorbed and 
metabolized by microorganisms in the system. 

Along with the degradation of aniline, NH4
+-N was simultaneously 

released. Theoretically, 400 mg/L aniline can release 60 mg/L NH4
+-N 

after complete degradation, but all reactors only released 18–25 mg/L 
ammonia nitrogen after complete degradation of aniline. There were 
two explanations for this phenomenon: 1) It was found that there was a 
certain ammonia nitrogen removal in the process of aniline degradation, 
which might be caused by heterotrophic nitrification-aerobic denitrifi
cation (HN-ADB) (referred to a class of bacteria that can perform het
erotrophic nitrification and aerobic denitrification in the presence of 
oxygen) according to our previous study (Zhang et al., 2022). 2) Het
erotrophic bacteria consumed ammonia nitrogen through assimilation 
while degrading aniline. The average removal rates of NH4

+-N in the five 
reactors within the 6h of aerobic phase were calculated as Y1-4.04 
mg/L⋅h, Y2-4.61 mg/L⋅h, Y3-4.37 mg/L⋅h, Y4-2.37 mg/L⋅h, and Y5-2.19 
mg/L⋅h, respectively. This result was consistent with the analysis in 
section 3.1. Low applied voltage could significantly enhance the 
removal rate of NH4

+-N, while higher than 4.5 V applied voltage was 
opposite. It was worth noting that, as the main pathway of NH4

+-N 
removal in aniline degradation reactor, autotrophic nitrification would 
only appear in the aerobic phase after complete degradation of aniline 
(Fan et al., 2021). However, it could be found that the remaining time 
for nitrification in Y4 and Y5 after aniline degradation was short (only 2 
h) and the autotrophic nitrification rate was low. These results indicated 
that the weak NH4

+-N removal performance of them was probably 
caused by the comprehensive inhibition of aniline degradation and 
autotrophic nitrification under high applied voltage, especially in Y5. 
Due to different degree of nitrification occurred in the reactor except for 
Y5, the peak values of nitrate and nitrite appeared. When entering the 
anoxic phase, the total amount of nitrate and nitrite through 

Fig. 2. Variation of aniline and nitrogen concentrations in a typical cycle.  
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denitrification in the five reactors reached Y1-7.99 mg/L, Y2-10.46 
mg/L, Y3-12.02 mg/L, Y4-2.98 mg/L and Y5-0.28 mg/L, respectively. 
Y2 and Y3, stimulated by 1.5 V and 3.0 V applied voltage, had the better 
denitrification performance than Y1. Similarly, high applied voltage also 
worse the denitrification performance. Notably, the denitrification ef
fect of Y3 in the anoxic phase was better than that of Y2, which was 
probably because Y2 consumed much carbon sources in the process of 
aerobic denitrification and assimilation in the aerobic phase, resulting in 
its carbon source reserve inferior to Y3 in the process of denitrification. 
Therefore, the key to the best nitrogen removal in Y2 might lie in the 
promotion of ammonia nitrogen removal by heterotrophic bacteria 
under 1.5 V applied voltage. Nevertheless, the improvement of auto
trophic nitrification under 3.0 V applied voltage was more significant 
than 1.5 V, but the overall denitrification effect was still inferior to 1.5 V. 

3.3. Property of activated sludge 

3.3.1. The analysis of EPS 
Extracellular polymeric substances (EPS) was macromolecule poly

mer secreted by microorganisms in response to external pressure (Sid
dharth et al., 2021). The change of EPS content during the operation 
could reflect the response of activated sludge to different applied voltage 
stimulation (Fig. 3a). The EPS content of the control group (Y1) grad
ually increased from 75.09 mg/g MLSS to 121.17 mg/g MLSS during 
operation. As the pollutant with high biological toxicity, aniline and its 
metabolites would induce free radical formation, which can lead to 
oxidative stress and cytotoxicity. Therefore, when the microorganisms 
in the activated sludge were stimulated by aniline, more extracellular 
polymeric substance would be secreted to enhance toxicity resistance. 
Similarly, the EPS content of Y2 and Y3 also increased to 150.51 and 
298.93 mg/g MLSS, while that of Y4 and Y5 decreased continuously to 
82.22 and 70.14 mg/g MLSS during operation. Appropriate voltage 
could stimulate the increase of EPS secreted by microorganisms. How
ever, the EPS content would reduce with the applied voltage exceeding 
4.5 V. This phenomenon might be caused by the dissolution of EPS on 

account of high applied voltage (Cao et al., 2018). When microorgan
isms lost the protective effect of EPS, exposed microorganisms were 
more likely to be stimulated by external electric field, leading to reduced 
activity or even death by cleavage. In addition, Protein (PN) was the 
main component of EPS. The main components of protein were extra
cellular enzymes, most of which had electrical activity or acted as 
electron shuttles (Qin et al., 2022). In this study, the increase of protein 
observed at lower applied voltage might lead to more extracellular en
zymes involved in extracellular electron transfer. Besides, proteins 
played an important role in the cell adhesion and aggregation, helping to 
maintain the stability of sludge structure (Cai et al., 2022). 

3.3.2. Sludge activity index 
To investigate the impact of different applied voltage on various 

functions of activated sludge, the corresponding sludge activity indexes 
(specific oxygen utilization rate (SOUR), dehydrogenase (DHA), 
ammonia monooxygenase (AMO) and nitrate reductase (NAR)) were 
monitored (see supplementary data). Firstly, the SOUR of Y1 only 
slightly decreased and finally remained at 26.45 mg O2/(g MLSS ⋅ h), 
indicating that the sludge activity remained relatively stable during 
operation. The specific oxygen consumption rate (SOUR) of activated 
sludge was one of the important parameters to characterize the bio
logical activity of sludge. It reflected the physiological state and sub
strate metabolism of activated sludge from the perspective of microbial 
respiration rate. Therefore, SOUR not only represented the ability of 
microbial system to take up oxygen during aerobic degradation, but also 
demonstrated the activity of heterotrophic bacteria to degrade aniline. 
The activity of SOUR in Y2 and Y3 increased observably, reaching 33.78, 
28.35 mg O2/(g MLSS ⋅ h) on day 30, while that of Y4 and Y5 dropped to 
22.08 and 19.23 mg O2/(g MLSS ⋅ h), respectively. Stimulation of low 
voltage would change the permeability of cell membrane, enabling 
microorganisms to make better use of nutrients to maintain their own 
growth and metabolism, thus increasing the consumption of dissolved 
oxygen (Chen et al., 2006). However, high voltage could directly oxidize 
the intracellular substances without destroying the cell membrane, 

Fig. 3. The EPS content of five reactors.  
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reducing microbial activity and leading to the cell death (Matsunaga 
et al., 1992). Dehydrogenase (DHA), as an oxidoreductase, its activity 
was an indicator of the oxidation ability of microorganisms to degrade 
organic pollutants. After 30 days of continuous operation, the contents 
of DHA in the five systems were 38.58, 46.83, 42.82, 34.88 and 27.75 
mg TF/g MLSS,h, respectively. Low applied voltage promoted the ac
tivity of DHA in Y2 and Y3 to some extent. The increase of DHA activity 
indicated the promotion of electron transport system in activated sludge. 
This indirectly enhanced the activity of key enzymes in aniline degra
dation, consequently accelerating aniline degradation. 

At the same time, the activity of AMO and NAR also showed the same 
trend. Ammonia oxygenase (AMO) and nitrate reductase (NAR) were the 
main functional enzymes in nitrification and denitrification processes of 
nitrogen metabolizing functional bacteria, respectively. The content of 
AMO in the five systems on day 30 was 26.55, 35.95, 30.95, 16.89 and 
16.88 U/L, respectively. The significant increase of AMO activity at low 
voltages explained why Y2 and Y3 had better NH4

+-N removal perfor
mance. Nevertheless, too high voltage could cause metabolic disorder of 
microorganisms. Obviously, the nitrification performance of Y4 and Y5 
became worse, and the activity of AMO decreased sharply. Similarly, the 
activity of NAR in the five systems on day 30 was 21.56, 27.98, 29.35, 
16.77 and 16.08 U/L, respectively. The activity of denitrifying bacteria 
decreased in the control group (Y1) due to long-term carbon shortage. 
The NAR activity of Y2 and Y3 increased gradually during operation. 
Combined with the results of section 3.1, weak electrical stimulation 
could promote denitrification by increasing the activity of NAR. In 
contrast, the NAR activity of Y4 and Y5 decreased gradually, which 
confirmed that the further improvement of denitrification effect cannot 
be remedied by increasing the voltage stimulation. Meanwhile, high 
voltage could directly oxidize the intracellular substances without 
destroying the cell membrane, leading to the deterioration and disorder 
of organic (aniline) metabolism and nitrogen metabolism of microor
ganisms. To sum up, the change trend of sludge activity indexes under 
different applied voltage was roughly the same, which echoed with the 
macroscopic performance, showing the phenomenon of “low promotion 
and high inhibition”. 

3.4. Microbial community response 

3.4.1. Shifts of microbial diversity 
Sludge samples were taken for 16s RNA sequencing analysis on the 

last day of operation of the five reactors and the sludge sample name was 
consistent with the reactor. The richness and diversity of microbial 
community was usually evaluated by the alpha diversity. Fig. 4a dis
played the Ace, Chao, Shannon and Simpson indices under different 
applied voltages. In general, compared with other samples, Y2 obtained 
the maximum Ace, Chao, Shannon and minimum Simpson values (1710, 

1675, 5.51 and 0.010, respectively). Obviously, the system of 1.5 V 
applied voltage showed higher community richness and diversity. 
Combined with the best decontamination performance of Y2, it implied 
that microbes which were originally at a disadvantage in competition 
developed rapidly, thus increasing the richness and diversity of micro
bial communities. On the contrary, when the applied voltage was 
greater than 1.5 V, the richness and diversity of communities decreased 
with the increase of voltage. This was the result of the selection of mi
crobial living environment condition. In addition, the same conclusion 
as the diversity index was drawn from the analysis of Venn diagram. The 
total number of OTUs of Y2 were 1366, significantly higher than that of 
other samples, and the unique OTUs was as high as 500. With the in
crease of applied voltage (≥3.0 V), the total number of OTUs gradually 
decreased (Y3:992, Y4:864, Y5:737). Moreover, the results of PCA also 
showed that the distance between each sample was relatively far, indi
cating that the introduction of voltage made a great difference in the 
microbial community structure of different systems. 

3.4.2. Evolution of microbial community composition 
To further illustrate the changes in microbial community structure 

under different applied voltages, the top ten phyla and fifty genera of the 
five samples was analyzed (Fig. 5). At the phylum level, Bacteroidetes 
(38.17%), Proteobacteria (37.69%) and Actinobacteriota (9.52%) was the 
main contributors in the control group. Thereinto, Bacteroidetes included 
a variety of bacteria with the function of degrading aromatic compounds 
(Liu et al., 2022), and Proteobacteria was the main phylum involved in 
organic matter degradation and nitrogen removal in wastewater treat
ment (Yan et al., 2021). Therefore, these two kinds of phyla could 
possess high abundance in aniline degradation system. Nevertheless, 
Bacteroidetes, Proteobacteria and Actinobacteriota still occupied the 
dominant position under different applied voltages, accounted for 
74.27%, 83.39%, 84.91% and 86.05% of Y2, Y3, Y4 and Y5, respec
tively. With the increase of voltage, the total proportion of these three 
main phyla increased gradually. Moreover, the relative abundance of 
Proteobacteria and Actinobacteriota presented the order of Y5 > Y4 > Y1 
> Y2 > Y3. This indicated that high applied voltage of 4.5 V and 6.0 V 
stimulated the proliferation of Proteobacteria and Actinobacteriota. Be
sides, Chloroflexi was enriched under the introduction of voltage. The 
relative abundance was 11.58% at the 1.5 V applied voltage, much 
higher than Y1. 

At the genus level, the dominant genera (relative abundance >3%) 
included norank_f_Saprospiraceae (10.44%), norank_f_NS9__marine__group 
(8.24%) and Arenimonas (4.61%) in Y1. With the introduction of 
voltage, their dominant position descended in varying degrees. This was 
because the tolerance of different genus to applied voltage was not 
consistent, and the external voltage would cause great changes in mi
crobial structure. As the voltage increased from 0 V to 3.0 V, the 

Fig. 4. The differences in microbial diversity results. (a) alpha diversity; (b) Venn diagram; (c) PCA analysis.  
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abundance of Ferruginibacter and norank _ f _ AKYH767 gradually 
increased and became the main genera. It was worth noting that there 
was little difference in the abundance of these five genera in Y2, sug
gesting that compared with Y1 and Y3, these genera did not compete 
with other genera at the applied voltage of 1.5 V. More obvious resource 
sharing was conducive to the formation of higher microbial diversity. 
However, owing to the negative effect of higher voltage (4.5 V and 6.0 
V), these genera were inhibited markedly. In addition, the introduction 
of applied voltage dramatically increased the abundance of Pseudomonas 
and Hydrogenophaga. These two genera were well-known electroactive 
bacteria that possessed high adaptability to various environmental 
conditions (Li et al., 2022; Zheng et al., 2019). The existence of high 
abundance of electroactive bacteria in the system facilitated to accel
erate the electron transfer, thus promoting the degradation of pollutants. 
Meanwhile, considering that aniline degradation, nitrification and 
denitrification all took place in this system, it was necessary to pay 
attention to changes in the abundance of functional genera under 
different applied voltages. Several genera with the potential ability of 
aniline degradation were detected in the five reactors, including nor
ank_f__Microscillaceae (Bowman et al., 2017), Luteococcus (Feng et al., 
2022), Rhodococcus (Prieto et al., 2002), unclassified_f__Chitinophagaceae 
(Hou et al., 2021). Except for norank_f__Microscillaceae, the abundance of 
the other three genera increased with the applied voltage. It implied that 
these genera possessed strong tolerance to voltage and play an important 
role in aniline degradation. Although there were several 
aniline-degrading bacteria with high abundance existing in Y4 and Y5, 
the high voltage condition prevented them from degrading aniline 
efficiently. The macroscopic manifestation of this inhibition was that the 
degradation rate of aniline in the system was reduced and the secretion 
of EPS and sludge activity (SOUR and DHA) in Y4 and Y5 were inhibited. 
Meanwhile, as autotrophic bacteria, the abundance of Nitrosomonas and 
Nitrospira was far blow in all five reactors than heterotrophic bacteria on 
account of its sensitivity to aniline toxicity. The abundance of Nitro
somonas, belonging to Ammonia Oxidizing Bacteria, was 0.16% (Y1), 
0.24% (Y2), 0.07% (Y3), 0.03% (Y4), 0.01% (Y5). And the abundance of 

Nitrospira, belonging to Nitrite Oxidizing Bacteria, was 0.005% (Y1), 
0.48% (Y2), 0.002% (Y3), 0.001% (Y4), 0.003% (Y5). The abundance of 
nitrifying bacteria in Y2 was much higher than other reactors, especially 
Y4 and Y5. Obviously, the excellent nitrification performance of Y2 was 
attributed to the high abundance of autotrophic nitrifying bacteria, 
while Y4 and Y5 was just the opposite. High applied voltage severely 
inhibited nitrifying bacteria and hindered subsequent nitrification and 
denitrification process. Accordingly, the enrichment for denitrifying 
bacteria in Y4 and Y5 was affected by reason of the low nitrate substrate 
concentration. Ferruginibacter (Wang et al., 2020), the most abundant 
denitrifying bacteria in Y3 (12.92%), was inhibited under the high 
applied voltages (Y4-1.03%, Y5-1.21%). So did the other denitrifying 
bacteria, such as Terrimonas (Pishgar et al., 2019b) and Dokdonella 
(Wang et al., 2019). In addition, it could also be noted that Thauera, a 
typical genus with denitrifying function (Pishgar et al., 2019a), was 
enriched in Y2 (6.15%). However, compared with denitrifiers, hetero
trophic nitrifying-aerobic denitrifying bacteria (HN-ADB) could be met 
with adequate survival resources in the system with sufficient DO and 
NH4

+-N. Pseudomonas and Rhodococcus were reported to have the ability 
of heterotrophic nitrification and aerobic denitrification (Li, 2013; 
Zhang et al., 2011). The abundance of Rhodococcus achieved to 7.01% in 
Y5 and maintain to less than 3% in the other four reactors, and the 
abundance of Pseudomonas was 0.33% (Y1), 1.13% (Y2), 0.90% (Y3), 
2.69% (Y4), 3.32% (Y5). The result suggested that conventional nitri
fiers and denitrifiers were greatly inhibited led to the competitive ad
vantages gradually occupied by HN-ADB. The enrichment of HN-ADB 
under high applied voltage implied that aerobic heterotrophic bacteria 
had great potential to obtain survival advantages under the voltage of 
4.5 and 6.0 V. Nevertheless, as mentioned in section 3.2, relatively low 
removal rates of NH4

+-N and aniline have been achieve by Y4 and Y5 in 
typical cycle. Therefore, such significant survival advantages of aerobic 
heterotrophic microorganisms seemed not to bring the apparent 
improvement in aniline and nitrogen removal performance for Y4 and 
Y5. In a word, the abundance of functional genera changed in response 
to the different applied voltage, resulting in changes of the 

Fig. 5. The changes in microbial community structure at the phylum (a) and genus (b) level.  
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decontamination performance. 

3.4.3. Network correlation analysis 
The co-occurrence network analysis of the top 50 genera under low 

applied voltage (0–3.0 V) and high applied voltage (3.0–6.0 V) was 
presented to explore the impact of the applied voltage on the relation
ship between microbial community (Fig. 6). The distribution range of 
degree-clustering of genera under low and high applied voltage was 
similar (the clustering indexes were all in the range of 0.5–0.95) (Wang 
et al., 2022). believed that the indexes of clustering and degree were 
positively correlated with the importance of nodes. Although the mi
crobial community was significantly changed at high applied voltage, 
the new dominant bacteria selected by the higher applied voltage could 
reconstruct the abundant interrelationships comparable with low 
applied voltage. Besides, under the impact of low and high applied 
voltage, there was no great difference in degree centrality, total cen
trality and betweenness of system (see supplementary data). This 
demonstrated that there were always new key genera selected to act as 
important “node” and “intermediary” under the microbial community 
succession, which was caused by the increase of voltage. Even if a 
complete microbial network comparable with the biosystem of low 
voltage was established, the ideal performance could not be achieved 
under the high applied voltage. 

As a dominant aniline-degrading bacteria, norank_f__Microscillaceae 
formed cooperative relations with 11 genera and competitive relations 
with other 11 genera under low voltage conditions. However, its com
petitors increased and collaborators decreased under high voltage con
ditions. It could be seen that the cooperative advantage of this genus was 
greatly weakened under high voltage. Similarly, the relationship of 
another important aniline-degrading bacteria, unclassified_f__chitinopha
gaceae, was revealed to be simple at high voltage (cooperators: com
petitors was 6: 2) and complex at low voltage (cooperators: competitors 
was 11: 11) (Mougi and Kondoh, 2012). suggested that the increase of 
network complexity might enhance the stability of microbial commu
nity. Moreover, the electroactive bacteria, Pseudomonas and 

Hydrogenophaga, tended to form the competitive relationship with other 
genera under the higher applied voltage. The increased competition 
might be responsible to the deterioration of its function. In addition, the 
relationships between some genera with high abundance and other 
genera were no obvious difference at different voltages, such as Pseu
doxanthomonas and Luteococcus. It implied that there were various key 
bacteria acting as key nodes under the ranges of different voltages, but 
their overall microbial communities were relatively similar. The distri
bution of denitrifying bacteria also proved this reason. It seemed that the 
number of links between dominant denitrifiers and other genera did not 
change significantly under various applied voltage, such as Dokdonella, 
Ferruginibacter, Arenimonas, norank_f__Saprospiraceae. Thus, a node in a 
network would be occupied by a new genus when the original genus in 
this node was eliminated by the impact of applied voltage. Conse
quently, although the microorganisms were significantly selected by the 
impact of different applied voltage, the overall microbial network would 
not be affected obviously. 

3.5. Metagenomic analysis of performance enhancement mechanism 
under weak electrical stimulation 

3.5.1. Changes of metabolic function 
Metagenomics is a new microbial research method that takes the 

microbial genome in environmental samples as the research object, 
functional gene screening and sequencing analysis as the research 
means, and microbial diversity, population structure, evolutionary 
relationship, functional activity, cooperative relationship, and rela
tionship with the environment as the research purpose. To further 
elucidate the enhancement mechanism of system performance under 
applied voltage of 1.5V, sludge samples from Y1 and Y2 on the last day 
of operation were collected for metagenomic sequencing. The metabolic 
pathways of Y1 and Y2 were predicted by Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database to find out the changes of metabolic 
function (see supplementary data). The top five functions were meta
bolic pathways, biosynthesis of secondary metabolites, microbial 

Fig. 6. The co-occurrence network analysis of the top 50 genera under low applied voltage of 0–3.0V (a) and high applied voltage of 3.0–6.0V (b). The red line 
represents the positive correlation and the blue line represents the negative correlation. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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metabolism in diverse environments, biosynthesis of amino acids and 
carbon metabolism. There was no significant difference in the abun
dance of the five metabolic functions between the two systems, not 
exceeding 0.1%. Furthermore, the abundance of benzoate metabolism 
(the aniline metabolic pathway was included in benzoate metabolism) 
and nitrogen metabolism in the two samples was 0.51% (Y1), 0.58% 
(Y2) and 0.43% (Y1), 0.51% (Y2). The functions of aniline degradation 
and nitrogen metabolism under weak electrical stimulation (1.5 V) were 
enhanced. 

The contributions of the top ten genera to benzoate metabolism and 
nitrogen metabolism were conducted to establish the relationship be
tween key pathways and functional flora (Fig. 7a). In the control group 
(Y1), Candidatus_Microthrix was the major contributor to benzoate and 
nitrogen metabolism, while other genus contributed comparatively less. 
However, the contributions of dominant genera to these two functions 
were evenly distributed in the Y2. Thauera, the most abundant genera of 
Y2 (6.15%), has the highest contribution to benzoate and nitrogen 
metabolism. A large number of intermediate products during aniline 
degradation could be consumed by Thauera to denitrify efficiently. In 
addition, Dokdonella, unclassified_f__Chitinophagaceae, Ferruginibacter and 
Pseudomonas had greater contributions to benzoate and nitrogen meta
bolism simultaneously in Y2, but exactly the opposite was Y1. It indi
cated that the utilization rate of aniline degradation intermediates by 
denitrifying bacteria could be improved under the voltage of 1.5 V. 
Thus, the denitrifying and aniline-degrading capacity of Y2 was pro
moted simultaneously without supplementary carbon source. In addi
tion, the total contribution of the top ten genera to benzoate metabolism 
(Y1-79702, Y2-129420) and nitrogen metabolism (Y1-82274, Y2- 

108828) suggested that Y2 had better performance of aniline degrada
tion and nitrogen removal than Y1 due to the higher species 
contribution. 

3.5.2. Response of key functional genes 
Metagenomic sequencing can not only reveal the changes of micro

bial community structure, but also reveal the changes of systematic 
metabolic pathways and the abundance of key functional genes. Com
bined with the gene data of the metagenomic sequencing results and the 
information of benzoate metabolism and nitrogen metabolism in KEGG 
database, the pathway of aniline degradation and nitrogen metabolism 
was obtained (Fig. 7b). The first step of aniline degradation was to 
decompose into NH4

+-N and catechol. Therefore, it was necessary to 
reveal the functional gene abundance of catechol metabolism (ortho and 
meta metabolism) and conventional nitrogen metabolic pathway. The 
results showed that the applied voltage did not seem to affect the main 
metabolism pathway of aniline degradation and both Y1 and Y2 
preferred to degrade aniline through the ortho pathway. Moreover, it 
should be noted that the gene abundance of Y2 was 2–10 times higher 
than that of Y1 in most steps of both ortho and meta metabolism 
pathway. Such a disparity of functional gene abundance implied that 
compared with the control, most of the functional bacteria responsible 
for aniline-degrading pathway proliferated significantly under the 
applied voltage of 1.5 V. This phenomenon also agreed with the best 
aniline-degrading performance of Y2 in section 3.2. In contrast, the 
voltage of 1.5 V seemed to obviously stimulate few genes with the 
function of nitrification or denitrification, such as hao (Y1-104, Y2-586), 
norBC (Y1-3888, Y2-8156) and nosZ (Y1-2812, Y2-6444). It 

Fig. 7. (a) The contributions of the top ten genera to benzoate metabolism and nitrogen metabolism; (b) The potential pathway of aniline degradation and nitrogen 
metabolism and the differences in the abundance of functional genes at each step. 

J. He et al.                                                                                                                                                                                                                                       



Journal of Cleaner Production 389 (2023) 136077

10

demonstrated that the 1.5 V applied voltage could improve the nitrifi
cation by stimulating the massive replication of genes (determined by 
metagenomics data) which controlled oxidation of hydroxylamine, and 
enhance the denitrification performance by strengthening the replica
tion of nitrate reducing gene. This indicated that the incentive strategies 
of 1.5 V applied voltage for aniline degradation and nitrogen meta
bolism were different. In general, the introduction of voltage enhanced 
the related functional genes to enhance the decontamination function of 
the system. 

4. Conclusions 

The present work revealed the influence of gradient voltages on the 
decontamination performance, sludge property and microbial commu
nities in E-SBR. The degradation performance of aniline was almost not 
affected by different applied voltage. However, the optimal applied 
voltage for nitrogen removal was 1.5 V, the average removal rate of TN 
increased by 13.36% compared with control. Meanwhile, the content of 
EPS and sludge activity was increased at proper applied voltages. In 
addition, obvious differences in microbial community structure were 
observed at different applied voltages. The metabolic function and the 
expression of key functional genes was enhanced at 1.5V applied 
voltage. 
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