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Abstract  Ongoing and widespread use of triclosan 
(TCS) negatively affects the environment and human 
health. The objective of this study was to investigate 
the fate of TCS in activated sludge systems under 
pulsed electric field stimulation and to explore the 
role of biodegradation and adsorption in its removal. 
Two parallel PEF-SBRs activated sludge systems 
were constructed with sodium acetate (R1) and glu-
cose (R2) as carbon sources respectively to illus-
trate the effects of different carbon source treatment 
systems on the performance, extracellular polymer 

substances (EPS) secretion characteristics, and micro-
bial communities of TCS-containing wastewater. 
TCS inhibited ammonia removal, with the inhibition 
becoming more pronounced as the TCS concentra-
tion (range of 0.5–5 mg/ L) increases, but the inhibi-
tion gradually faded as the sludge was acclimatized, 
and the continuous increase of TCS concentration 
had almost no effect on the removal effect. The EPS 
contents increased when TCS was added at 5  mg/L 
but decreased significantly at 10  mg/L TCS. The 
main removal pathway for TCS in both reactors was 
biodegradation, but the degradation efficiency of 
TCS was significantly higher in R2 than in R1. High 
throughput sequencing data showed that Thauera 
was dominant in R1, while Pseudomonas had the 
highest proportion of relative abundance in R2. This 
study further illustrated the effect of TCS on activated 
sludge systems and microbial communities under the 
influence of pulsed electric fields.

Keywords  Triclosan · High throughput 
sequencing · Microbial community · EPS · 
Denitrification

1  Introduction

Triclosan (C12H7Cl3O2, 5-chloro-2-(2’,4’-dichloro-
phenoxy) phenol, TCS), with antibacterial, deodor-
izing, disinfecting, and antiseptic effects, was widely 
used in industrial and personal care products such as 

Highlights   
1. The rise of TCS inhibited denitrification, but had no 
major effect on COD removal.
2. TB-EPS played more crucial roles in the removal 
process compared to LB-EPS.
3. Thauera dominanted in R1, while Pseudomonas was the 
dominant genus in R2.
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textiles, medical devices, children’s toys, toothpaste, 
soap and face wash (Ruszkiewicz et  al., 2017; Zhao 
et al., 2012). As triclosan is lipid soluble, it binds to 
fatty acid ligases to form trimeric FAS-NAD + -TCS 
complexes which hinder lipid synthesis and thus 
inhibit bacterial cell growth (Schweizer, 2001). Tri-
closan, therefore, dominated the ingredient list of 
most care products, causing it to enter municipal 
sewage treatment plants with domestic sewage. The 
ordinary municipal wastewater treatment process 
did not achieve the complete elimination of TCS, 
which was subsequently discharged into the natural 
environment (Chen et  al, 2014; Guerra et  al., 2019; 
van Wijnen et  al., 2018). For example, wastewa-
ter (10.9–86200  ng/L) (Kookana et  al., 2011; Sen-
thil et  al., 2010; Zhao et  al., 2010), surface water 
(0.16–2300  ng/L) (Yavuz et  al., 2015), groundwa-
ter (0–0.03  μg/L) (Raji & Packialakshmi, 2022; 
Sorensen, et  al., 2015), sediment (28–37,189  μg/
kg) (Cantwell et  al., 2010), and drinking water 
(0.2–14.5 ng/L) (Benotti et al., 2009) were detected. 
Animals and plants exposed to the TCS environment 
for long periods were damaged and eventually enter 
the human body through nature’s biological chain, 
causing irreparable damage to the body. A large num-
ber of toxicological studies have shown that, as an 
environmental hormone substance, the endocrine-dis-
rupting effect of TCS will not only produce various 
toxic effects and carcinogenic effects on mammals 
but also have an important impact on the growth, 
development, and reproduction of algae and fish in 
the water (Hao et  al., 2019; Nandikes et  al., 2022). 
Meanwhile, TCS could affect microbial activity in the 
environment and might cause changes in the structure 
or function of the microbial community in the waste-
water treatment system. Given the high ecological 
risk of triclosan, an effective elimination method of 
TCS was required.

Residues of TCS and its related compounds in 
the environment have been of increasing concern in 
recent years. To date, various technologies have been 
developed for the removal of TCS. Activated sludge 
(ASP) is a universally used method for aerobic bio-
logical treatment of wastewater. However, the par-
tial treatment of TCS in conventional ASP proved 
that TCS is refractory to biodegradation (Chen et al., 
2011). A study had shown that extending the hydrau-
lic retention time (HRT), sludge retention time (SRT), 
and temperature could enhance the removal efficiency 

of TCS, but excessive prolongation of the HRT or 
SRT may decrease the treatment ability and lead 
to sludge expansion (Armstrong et  al., 2018). The 
sequencing batch reactors (SBRs) had a good effect 
on the removal of TCS, while the adsorption of TCS 
by the biomass in the system also contributed to the 
removal of TCS from the effluent (Wang et al., 2020). 
Previous studies (Stasinakis et al., 2007) have shown 
that the addition of 0.5 mg/L TCS initially inhibited 
the nitrification of the no-acclimatized sludge, but the 
inhibition diminished as domestication progressed, 
and an increase in TCS dosing had no impact on the 
removal of ammonia. Similarly, the effect of differ-
ent concentrations of TCS on the continuously acti-
vated sludge system was found to have no significant 
adverse effect on the removal of chemical oxygen 
demand (COD), biochemical oxygen demand (BOD), 
and ammonia nitrogen (NH4

+-N) (Federle et  al., 
2002). Analysis of the effect of functional bacteria 
in activated sludge on the removal of TCS showed 
that 2  mg/LTCS was almost completely removed at 
an SRT of 7–8  days, with the contribution of AOB 
(36–42%), unknown degrading bacteria (59%) and 
KCY1 (8.5%), respectively (Lee et al., 2015). Nitros‑
omonas europaeal in activated sludge systems was 
able to biodegrade 0.5—2 mg/L TCS in mineral salt 
medium (Hyungkeun et  al., 2009). Stasinakis et  al. 
(2007) used synthetic wastewater as a substrate to 
construct an activated sludge system to investigate 
the effect of SRT on the degradation capacity of TCS, 
and the results showed that the degradation capac-
ity increased with the increase of SRT. According to 
Holzem et  al., (2018), TCS reduced the abundance 
and diversity of denitrifying bacteria in aged biosol-
ids. What’s more, EPS facilitate the adhesion and 
aggregation of the microorganism and contribute to 
the establishment and stabilization of microbial com-
munity structures (Hashem et  al., 2021; Miao et  al., 
2018). In addition, EPS was secreted by microbial 
cells to defend infringement from the severe envi-
ronment and different organic pollutants could be 
adsorbed by EPS through complex interactions (Yan 
et  al., 2019). Loosely bound EPS (LB-EPS) banded 
more strongly to TCS than tightly bound EPS (TB-
EPS) in a neutral environment. The hydrophobic zone 
in the sludge EPS was found to adsorb a wide range 
of organic pollutants, including phenanthrene and 
benzene (Liu et  al., 2001; Sheng et  al., 2008). The 
organic components of EPS could effectively adsorb 
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sulfamethazine through hydrophobic partitioning and 
hydrogen bonding to remove organic pollutants (Xu 
et al., 2013; Ismail et al., 2022).

Pulsed electric field (PEF), as the representa-
tive technology of electric field effect on microor-
ganisms, has great research value and application 
prospects in food processing, medicine, biotech-
nology, and other fields (Lee & Chang, 2014). It 
had been shown that PEF had a sublethal effect 
on microorganisms and that microorganisms were 
stimulated rather than inactivated when low elec-
tric field strengths based on sublethal levels were 
applied to them. Therefore, the technology of using 
PEF to stimulate microorganisms to treat pollut-
ants has attracted more and more attention. A study 
comparing two means of sludge pretreatment, PEF 
and ultrasonic, showed that PEF treated sludge sig-
nificantly more efficiently than ultrasonic pretreat-
ment (Rittmann et al., 2009). Our previous research 
proved that denitrification processes were facilitated 
when the applied voltage was reduced from the 
working voltage for microbial inactivation (kilo-
volts) to only a few volts in the presence of a pulsed 
electric field and a periodically reversed electric 
field (Qian et al., 2017, 2018; Zhang et al., 2019).

Herein, two PEF-SBRs coupling systems with dif-
ferent carbon sources were operated to explore the 
effects of different TCS concentrations on system 
performance, including organic loading and nitrifica-
tion, etc. The concentrations of TCS and EPS were 
determined at different phases and mass balance was 
performed to estimate the role of adsorption and bio-
degradation. High-throughput sequencing was car-
ried out to profile the composition of the microbial 
community within the reactors. Combined with the 
analysis of microbial community information and the 
fluctuation of COD, NH4

+-N, NO3
−-N, and NO2

−-N 
content, the key role of functional bacteria in the pro-
cess of stabilizing the activated sludge system con-
taining TCS and degrading TCS was fully explained.

2 � Materials and Methods

2.1 � Chemicals

Triclosan (C12H7Cl3O2, ≧ 97% purity) was purchased 
from Sigma-Aldrich (China). Acetonitrile (C2H3N, 
ACN), and methanol (MeOH) high-performance 

liquid chromatography (HPLC) grade chemicals were 
supplied by Rankem Chemical, China. Triclosan 
stock solution was prepared by dissolving 10  mg of 
triclosan standard in methanol solvent (100  mg/L). 
The configured stock solution was stored in the dark 
at 4℃.

2.2 � Wastewater Sampling and Characteristic

Seed sludge was obtained from a conventional acti-
vated sludge municipal wastewater treatment plant 
(WWTP) located in Shenyang. The samples were 
collected in brown glass containers and refrigerated 
at 4℃ before being transported to the laboratory for 
characterization and processing. Chemical oxygen 
demand (COD), total organic carbon (TOC), pH, con-
ductivity, and color were measured to characterize 
the physicochemical properties of the samples. The 
details of the samples were showed in Table S1.

Artificial wastewater consisted of 4.25  g glu-
cose; 0.50 g ammonium chloride (NH4Cl); 0.0075 g 
sodium chloride (NaCl); 0.002  g calcium chloride 
hexahydrate (CaCl2・6H2O); 0.04 g magnesium sulfate 
heptahydrate (MgSO4・7H2O); 0.016  g dipotassium 
hydrogen phosphate (K2HPO4), and 0.04  g mono-
potassium phosphate (KH2PO4) in 1Lde-ionized 
water.

2.3 � Continuous‑Flow Reactors Construction

Two identical cylindrical lab-scale sequencing batch 
reactors (SBRs) with serrated grooves were used 
in this study, and each chamber had a 1.5 L work-
ing volume. The outer surface of the chambers was 
wrapped with tin foil to exclude the effect of photo-
degradation. According to previous studies, iron and 
carbon plates were inserted as anode and cathode 
respectively in the grooves with a pulsed power sup-
ply connected to the top. The operating parameters 
of the pulsed power supply were 0.01 A pulse cur-
rent, 1000  Hz pulse frequency, 6  cm plate spacing, 
and 50% duty cycle. Porous ceramic diffusers and air 
flow meters were used to aerate the reactors to ensure 
that the dissolved oxygen level in the chambers sta-
bilized at 2  mg/L-3  mg/L. Wastewater and solids 
recycling were driven by peristaltic pumps. Two 
cylindrical plastic tanks with a liquid volume of 50 
L were used to provide nutrients for continuous feed-
ing and to drain discharge respectively. The reactors 
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operated for four cycles per day, and each cycle con-
sisted of 5 min of feeding with artificial wastewater, 
330 min of aerobic nitrification, 20 min of sludge set-
tling, 5 min of effluent discharging, and idle periods. 
According to pre-experiment optimization results 
(Fig.  S1), HRT was 10  h, and SRT was maintained 
for 10 days. Meanwhile, the mixed liquor suspended 
solid (MLSS) ranged between 3000 ± 500 mg/L, the 
MLSS determination method has been added to the 
supplementary material. The configuration of the 
reactor was shown in Fig. 1.

Two continuous-flow PEF-SBRs systems were run 
in parallel. All chambers were operated at 20 ± 1.5 
℃ in the dark, pH was kept at 7.5 ± 0.2. R1 and R2 
were added sodium acetate and glucose, respectively. 
Two reactors were run for 98 days with four phases. 
The first 7  days (phase I) were aimed to set up the 
reactors and keep the system operation stable, all 
systems were fed with artificial municipal wastewa-
ter to keep the characteristics of influent wastewater 
were COD 300 ± 20 mg/L, NH4

+-N 50 ± 5 mg/L, and 
NO3

−-N < 5  mg/L. 0.5, 5, and 10  mg/L TCS solu-
tion was added to the last three phases of R1 and R2, 
respectively. The second phase and third phases of R1 
and R2 were run for 28 days, while the last phase was 
run for 35 days, a total of 98 days. TCS mass balance 
was calculated at the end of each stage. The concen-
tration of TCS used in this work was higher than that 
found in municipal wastewater, aiming to explore the 

degradation produced by TCS. Seven sludge samples 
were withdrawn, including one seed sludge sample 
and six experimental samples obtained from the end 
of each phrase in R1 and R2 for subsequent analysis.

2.4 � Mass Balance of Triclosan

The proportion of biosorption and biodegradation in 
the TCS removal process was assessed by mass bal-
ance calculations. At the end of each stage after the 
addition of TCS, samples of the influent, effluent, and 
sludge from the system were collected and the con-
centration and quality of the TCS were measured. 
TCS mass balance was calculated by measuring the 
amounts of TCS in the liquid and sludge phase at the 
end of the last idle period using the following equa-
tions (Jia et al., 2020):

where Mbiodegradation was the amount of TCS biodeg-
radation, Min was the amount of TCS added, Meff  
was the amount of TCS remained in the liquid phase, 
Madsorption was the amount of TCS remained in the 
sludge phase, Cin was the concentration of TCS influ-
ent, Vin was the volume of influent injected in this 
cycle, Cl was the concentration of TCS in the liquid 
phase, Cli was the concentration of TCS in the liquid 
phase in the last idle period, Vl was the volume of liq-
uid in this cycle, Vli was the volume of liquid in the 
last idle period, Cs was the concentration of TCS in 
the sludge phase, Csi was the concentration of TCS 
in the sludge phase in the last idle period, Vs was the 
volume of sludge in this cycle, Vsi was the volume of 
sludge in the last idle period.

2.5 � Microbial Community Analysis

To obtain sufficient biomass for the identification of 
the microbial community, samples needed to be col-
lected and concentrated several times at the same 
moment. Samples must be washed three times with 

(1)Mbiodegradation = Min −Meff −Madsorption

(2)Min = Cin × Vin

(3)Meff = Cl × Vl − Cli × Vli

(4)M���������� = Cs × Vs − Csi × Vsi

PEF

Pump

Pump

Influent

Effluent
Rotor flowmeter

Aerated stone

C Fe

Fig. 1   Sketch of continuous flow reactor
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PBS buffer after collection. Samples were treated 
with a cell crusher for 10  min to completely break 
down the microbial cells for DNA extraction. The 
Genomic DNA kit (Sangon Biotech, Shanghai, 
China) had been used for extracting DNA from the 
samples. The obtained DNA was sent to polymer-
ase chain reaction (PCR) amplification of the V3-V4 
region of the bacterial 16S rRNA gene. 20μL of the 
mixture was used for PCR reactions. The PCR prod-
ucts were quantitated by QuantiFluor™-ST fluorom-
eter (Promega, USA) and sequenced on Illumina 
MiSeq 2*150 platform according to the criteria.

The fastq files were de-multiplexed and quality-fil-
tered by Quantitative Insights Into Microbial Ecology 
(QIIME, version 2.0). The operational units (OTUs) 
were clustered (97% similarity cut-off) by UPARSE, 
and UCHIME was applied to take out the identified 
chimeric sequences. The RDP classifier was used to 
classify 16 S rRNA gene sequences with a 70% con-
fidence threshold against the silva (SSU115) 16 S 
rRNA database. The relative abundances at the phy-
lum, order, and genus levels were calculated by tax-
onomic data. The alpha diversity was exhibited by 
the values of Chao1, Shannon, and Simpson index. 
A principal coordinate analysis was performed to 
analyze the variability of the microbial community 
among the different samples.

The abundance of involved bacteria, Ammonia—
Oxidizing Archaea (AOA) and Ammonia—Oxidiz-
ing Bacteria (AOB), and Nitrite—Oxidizing Bacte-
ria (NOB) of the 13 sludge samples were quantified 
by quantitative-polymerase chain reaction (qPCR). 
The plasmid DNA containing the marker genes 
was diluted from 108 to 101 copies to determine the 
standard curve. The primers and composition of the 
mixture used in this study were shown in supple-
mental materials. Samples and standard plasmids in 
triplicate.

2.6 � Analytical Methods

To control the operation of continuous-flow systems, 
monitors of influent and effluent COD, NH4

+-N, 
NO3

−-N, and NO2
−-N were performed every two days 

using Standard Methods (APHA, 2005). All the sam-
ples were filtered with 0.45  μm pore size Millipore 
filters (Jinteng, Tianjin) before testing. The concen-
tration of DO was monitored by a portable DO meter 
(HQ30D, Hach, China). Temperature and pH values 

were determined daily by portable instruments. The 
ultrasonic heating method was applied to withdraw 
EPS from the obtained samples as supplemental 
materials. The Polysaccharides (PS) in EPS were 
tested by anthrone-sulfate spectrophotometry, with 
glucose as the prototype for the standard curve. The 
protein (PN) using the Folin—phenol reagent method 
for determination of bovine serum albumin as the pro-
totype for the standard curve. The experiments were 
repeated three times in parallel and the mean values 
were taken for analysis (Li & Yang, 2007). Triclosan 
concentration was detected by HPLC (Agilent 1200 
Series) equipped with a C18 column (Zorbax Eclipse 
Plus, 4.6 × 150 mm, 5 μm). The measurement wave-
length was 230 nm. The column temperature was set 
at 45℃. TCS separation was achieved with a mobile 
phase of A-70% water and B-30% acetonitrile at a 
flow rate of 1.0  mL/min. The injection volume was 
2 μL.

Statistical analysis and correlation analysis were 
analyzed by SPSS software (version 23.0). The data 
were compared with the mean ± standard devia-
tion. Additionally, a one-way analysis of variance 
(ANOVA) was used to test the variance of the bio-
degradation efficiency of TCS. P-value < 0.05 was 
used as a criterion for judging whether the data were 
statistically significant.

3 � Results and Discussion

3.1 � The Removal Efficiencies of Parameters in a 
Continuous System

3.1.1 � Effect of TCS on COD Removal

The PEF-SBRs systems were operated steadily for 
98  days. The removal performance of R1 and R2 
were depicted in Fig.  2a and b, during the start-up 
phase of the experiment (phase I), similar data of dif-
ferent parameters were observed in both systems. The 
average removal efficiencies of COD were 85.83%, 
and 88.34%, respectively. To further explore the fate 
and influence of the domestic sludge process, TCS 
was added to the influent wastewater according to 
the above experimental design. The addition of TCS 
led to a small increase in the influent concentra-
tion of COD, the average influent concentration was 
320 ± 10  mg/L. No deterioration of COD removal 
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efficiency was observed when 0.5 and 5  mg/L TCS 
were injected into reactors. The effluent COD of R1 
and R2 ranged around 30 mg/L during phases II and 
III, which indicated that 0.5 and 5 mg/L TCS had lit-
tle adverse effect on the reduction of COD. On the 
contrary, when 10 mg/L TCS was loaded to the two 
reactors, in the first few days of the fourth stage, the 
removal efficiencies of COD dropped slightly com-
pared with the first three-phase, averaging about 
77.58%. However, from the 12th day of the fourth 
stage, the COD removal rate in both reactors gradu-
ally increased, and then gradually recovered to more 
than 90%, especially the removal rate of reactor R2, 
which could reach 96.38%. This phenomenon may 
be due to the toxic interference caused by the amount 
of TCS in the reactors exceeding the tolerance value 
of activated sludge, and after a period of acclimation 

and culture, the tolerance capacity of the activated 
sludge increased and then survived. The overall 
removal capacity of R2 was slightly higher than that 
of R1, possibly because glucose was more readily uti-
lized by microorganisms in activated sludge.

3.1.2 � Effect of TCS on Nitrogen Removal

The variations of nitrogen removal in two reactors 
were shown in Fig.  2c and d. In phase I, average 
removal efficiencies of NH4

+-N in R1 and R2 both 
reached about 95%, on the contrary, the effluent 
concentration NO3

−-N and NO2
−-N were increased 

with the reduction of NH4
+-N. With 0.5 mg/L TCS 

added to reactors, NH4
+-N removal efficiencies were 

sharply reduced to 63.78% and 65.99%, respectively. 
In the next experiment, the removal rate of NH4

+-N 
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gradually increased and by the end of phase II, it 
was similar to that observed in phase I, demonstrat-
ing that microorganisms in activated sludge gradu-
ally adapted to TCS and recovered the system. Fur-
ther increase of TCS injection (5 and 10 mg/L) did 
not significantly affect the degradation capacity of 
NH4

+-N. Similar to COD removal, compared with 
R2, R1 owned a relatively lower removal ammonia 
ability, it might be due to the difference in carbon 
source. The nitrification reaction occurred when 
TCS was added, the production of NO2

−-N might 
be the inhibition of NOB by TCS (Jia et al., 2020). 
But with the increase of NO3

−-N in the effluent, 
the concentration of NO2

−-N decreased from the 
initial 38.78  mg/L to almost 3.66  mg/L in the first 
phase. From the second stage of R1 to the end of 
the reaction operation, the average effluent NO3

−-N 
and NO2

−-N concentrations remained stable at 
52.48 mg/L and 0.76 mg/L, respectively. The varia-
tion trend of parameter concentration in the R2 reac-
tor was similar to R1. The concentration of NO2

−-N 
was 43.78 mg/L at the initial stage of reactor opera-
tion, but soon dropped to 8.3 ± 0.5 mg/L. And at the 
next three phases of the reaction, the average efflu-
ent NO3

−-N and NO2
−-N concentrations remained 

stable at 47.53  mg/L and 0.48  mg/L, respectively. 
These results proved that TCS had an inhibitory 
effect on nitrogen removal, but after a period of 
acclimation, the inhibitory effect was weakened. 
The conversion of NO3

−-N to NO2
−-N recovered 

faster than the conversion of NO2
−-N to N2. Overall, 

R2 had stronger resistance to TCS than R1.
To assess the nitrification inhibition of TCS, nitri-

fication rates were calculated at different experimen-
tal stages. The average nitrification rate was calcu-
lated by Eq.  (5). It was assumed that the nitrogen 
required for cell growth was NH4

+-N in this work.

where qN was the average nitrification rate, mg Ng/
VSS/h; Inf .NH

4

+
− N was the influent content of 

NH4
+-N, mg/h; Eff .NH

4

+
− N was the effluent con-

tent of NH4
+-N, mg/h; Nsynthesis was the nitrogen 

required for cell growth, mg/h, Nsynthesis was obtained 
based on the daily biomass removed by the activated 
sludge system and 12% of the nitrogen biomass (Ritt-
mann et  al., 2009); V was the reactor volume, L; 

(5)qN =
Inf .NH+

4
− N − Eff .NH+

4
− N − Nsynthesis

V ×MLVSS

MLVSS was the concentration of volatile suspended 
solids in the reactors, g/L.

The effect of TCS on nitrification rates was similar 
to the previously reported effect on NH4

+-N removal 
(Stasinakis et  al., 2007). The addition of 0.5  mg/L 
TCS resulted in a significant decrease in qN, from 
1.35  mg Ng/VSS/h (phase I) to 0.58  mg Ng/VSS/h 
(phase II) in R1 and from 1.66 mg Ng/VSS/h (phase 
I) to 0.62 mg Ng/VSS/h (phase II) in R2. The further 
increase in TCS content did not significantly affect 
the nitrogen removal capacity.

3.1.3 � The Removal Efficiencies of TCS in Continuous 
PEF‑SBRs Systems

TCS removal efficiencies of R1 and R2 were shown 
in Fig.  3a. The effluent concentration of TCS of R1 
and R2 were 0.26  mg/L and 0.03  mg/L at the end 
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Fig. 3   a Variations of influent TCS and effluent TCS in sys-
tems R1 and R2. b  The proportion of biodegradation and 
adsorption in TCS removal in R1. c The proportion of biodeg-
radation and adsorption in TCS removal in R2
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of phase II, respectively. And at the end of phase 
III, 2.11  mg/L and 0.25  mg/L TCS were observed 
in effluent. At the end of the experiment, 4.88 mg/L 
and 0.78  mg/L TCS remained in the systems. Mass 
balance analyses were performed to further explore 
the fate of TCS in continuous systems. According to 
Fig. 3b and c, in the second phase of R1 (0.5 mg/L 
TCS addition), the average removal efficiency of TCS 
was only 80%, with biodegradation accounting for 
63.78% and adsorption for 16.22%, and the remain-
der all discharged. When 3 mg/L TCS was added to 
phase III, 86.88% of TCS average removal efficiency 
(80% of biodegradation and 6.88% of adsorption) was 
observed. Nevertheless, after adding 10  mg/L TCS 
into phase IV, the average TCS removal efficiency 
was only 63.33%, including 57.35% of biodegrada-
tion and 5.98% of adsorption. Moreover, in the sec-
ond phase of R2 (0.5 mg/L TCS addition), the aver-
age removal efficiency of TCS was 95.55%, with 
biodegradation accounting for 90% and adsorption 
for 5.55%, and the remainder all discharged. When 
3 mg/L TCS were added to phase III in R2, 97.88% of 
TCS average removal efficiency (95.89% of biodegra-
dation and 1.99% of adsorption) was observed. Nev-
ertheless, after adding 10  mg/L TCS into phase IV, 
the average TCS removal efficiency in R2 was only 
82.12%, including 80% of biodegradation and 2.12% 
of adsorption.

The results demonstrated that the main removal 
pathway of TCS was biodegradation in both reactors, 
while the proportion of biodegradation and adsorp-
tion was different. The degradation efficiency of TCS 
in R2 was significantly higher than that in R1, and the 
proportion of biodegradation in R2 was higher than 
that in adsorption. This might be the reason for the 
difference in the performance of the two systems, and 
the difference in the removal mechanism could be due 
to the difference in the abundance of microorganisms 
degrading TCS in the systems (Wang et  al., 2020). 
The lowest removal efficiency occurred at phase III 
of R1 probably due to the toxic effect of the TCS 
addition on the activated sludge in the system and 
the high hydrophobicity of TCS negatively influenc-
ing the removal. EPS and cell structure are the main 
contributors to the process of pollutant adsorption by 
activated sludge. It has been shown that EPS plays a 
crucial role in the adsorption and removal of micro-
pollutants and that the characteristics of the organic 
fraction (especially the protein/polysaccharide ratio, 

i.e. PN/PS) were the main influencing factors (Zhang 
et  al., 2018). The hydrogen bonds and hydrophobic 
interaction was regarded as the dominant factor of 
the TCS binding to proteins in EPS. Meanwhile, the 
interaction between TCS and amides promotes the 
electrostatic interaction between the -COO- (C = O) 
and the -NH3

+(N–H), which further enhanced the 
adsorption of TCS by activated sludge. Hydropho-
bic interactions were the main mechanism of adsorp-
tion between log Kow larger compounds and hydro-
phobic adsorbents. Polysaccharides were considered 
to be good natural adsorbents and the hydroxyl and 
carboxyl groups could act as ligands and reaction 
sites for organic substances. Meanwhile, polysaccha-
rides were able to bind to organic pollutants through 
electron donor–acceptor interactions and bridging 
interactions. What’s more, the presence of hydrogen 
donors (OH groups) in sludge and hydrogen accep-
tors (Cl−, -NH or -COO-) in the analytical structure 
of organic matter could facilitate the formation of 
hydrogen bonds, thereby promoting activated sludge 
adsorption.

3.2 � The Effect of TCS on EPS in Activated Sludge

Most microorganisms activate their self-protection 
mechanism by secreting EPS when exposed to toxic 
substances (Wang et al., 2018). To reveal the defense 
mechanism of the activated sludge system against 
TCS, EPS content was monitored. TB-EPS and 
LB-EPS generated by R1 and R2 at different TCS 
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concentrations were depicted in Fig. 4. The TB-EPS 
content of the seed was 59.88  mg/g VSS, including 
31.24  mg/g VSS of PN and 5.89  mg/g VSS of PS. 
When 0.5 mg/L TCS was present, TB-EPS concentra-
tion in R1 (R1-1) was 79.13 mg/g VSS (66.25 mg/g 
VSS of PN and 18.35 mg/g VSS of PS), and that in 
R2 (R2-1) was 102.42  mg/g VSS (85.35  mg/g VSS 
of PN and 25.48 mg/g VSS of PS). With the increas-
ing amount of TCS, EPS content in the two systems 
also increased, but under the condition of the pres-
ence of the same TCS concentration, EPS concentra-
tion in R2 was higher than that in R1. In R1 phase III 
and IV, TB-EPS increased to 101.88 mg/g VSS (R1-
2) and 122.66 mg/g VSS (R1-3), respectively. Simi-
larly, TB-EPS increased to 125.52 mg/g VSS (R2-2) 
and 148.86 mg/g VSS (R2-3) in phases III and IV of 
R2, respectively. As shown in Fig.  4b, the LB-EPS 
concentration in R1 was increased from 5.21  mg/g 
VSS (seed) to 8.32  mg/g VSS (R1-1), 13.48  mg/g 
VSS (R1-2), and 9.38 mg/g VSS (R1-3), respectively. 
Obviously, the LB-EPS content in R2 was signifi-
cantly higher than that in R1. The LB-EPS content of 
R2-1(19.88 mg/g VSS) was 2.39 times that of R1-1, 
that in R2-2 and R2-3 were 14.98  mg/g VSS and 
17.58 mg/g VSS. Different from TB-EPS, the content 
of LB-EPS first increased and then decreased with the 
increase in TCS concentration.

EPS contains a variety of organic functional 
groups, so activated sludge can provide the electro-
static force required for biological adsorption in the 
face of various pollutants, effectively improving the 
removal efficiency. With the continuous operation of 
the systems, EPS contents were increasing, and the 
increase was mainly PN. When the concentration 
of TCS increased, the contents of LB-EPS and TB-
EPS initially decreased to varying degrees and then 
increased rapidly. This was because TCS inhibited 
the metabolic activity of sludge microorganisms, thus 
reducing the secretion of EPS. These results indicated 
that in the face of TCS stress, microorganisms secrete 
a large amount of PN to resist the toxicity of TCS 
and form a protective barrier, and extracellular pro-
teins can participate in the biodegradation process of 

TCS as enzymes. Moreover, the non-growth-related 
energy generated when the microorganisms degraded 
TCS was provided to the microorganisms producing 
EPS, which promoted PN increase. During the entire 
period of system operation, the rise of TB-EPS was 
more significant than that of LB-EPS. In the final 
stage of the reaction, TB-EPS reached 148.86  mg/g 
VSS in R2, among which, PN increased nearly 4 
times compared to the initial, while LB-EPS was only 
17.58 mg/g. It showed that the contribution of PN to 
the particle stability in TB-EPS was greater than that 
in LB-EPS, indicating that the higher the TB-EPS 
was, the more advantages it has in combating the tox-
icity of TCS. Compared with the changes of PN/PS 
in the two groups of reactors (Table 1), the PN/PS of 
LB-EPS fluctuated between 1 and 6 without obvious 
rule, while the PN/PS of TB-EPS gradually increased 
with the increase of activated sludge particle size, up 
to 9. Higher PN/PS indicated higher hydrophobicity 
and lower surface charge on the sludge surface, which 
contributed to increased tolerance to TCS.

3.3 � Variations of Functional Genes and Related 
Denitrifying Bacteria in PEF‑SBRs Systems

The abundance of total bacteria, AOA (amoA gene), 
AOB (amoB gene), and NOB involved in micro-
bial reactions in the system were shown in Fig.  5. 
The abundance of bacteria in seed sludge was 
5.12 × 1012 copies/g SS. For R1, the abundance of 
bacteria first dropped to 5.80 × 1010 copies/g SS in 
phase II and then gradually increased to 4.03 × 1012 
copies/g SS (phase III) and 4.80 × 1012 copies/g SS 
(phase IV). Meanwhile, the bacterial abundance in 
R2 had the same trend, but the overall abundance 
was higher than that in R1. The bacteria abundance 
was 6.30 × 1011 copies/g SS (phase II), 4.50 × 1012 
copies/g SS (phase III), and 5.26 × 1012 copies/g SS 
(phase IV), respectively. The abundance in phase IV 
in R2 was a little higher than that of the seed. The 
results were in line with the finding reported by Dai 
et  al., 2022. In addition, in Fig.  5b, in both R1 and 
R2, the abundance of AOA remained low after an 

Table 1   Variations of PN/
PS

PN/PS Seed R1-1 R1-2 R1-3 R2-1 R2-2 R2-3

TB-EPS 5.35 3.98 6.88 6.56 6.66 9.06 8.53
LB-EPS 4.08 3.61 2.25 2.89 3.35 5.80 5.18
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extremely rapid decline from the abundance of seed 
sludge (7.68 × 107 copies/g SS) in the second stage. 
The results demonstrated that the addition of TCS had 
a strong inhibitory effect on AOA, and the inhibition 
could not be recovered with the increase of TCS con-
tent. For AOB, the abundance in R1 showed a gradual 
upward trend from 1.87 × 108 copies/g SS (seed) to 
3.76 × 109 copies/g SS (phase II), 4.97 × 109 copies/g 
SS (phase III), and 5.04 × 109 copies/g SS (phase IV), 
respectively. In R2, the abundance of AOB recovered 
to 3.96 × 108 copies/g SS in phase III after dropping 
sharply to 7.87 × 106 copies/g SS in phase II and con-
tinued to increase to 4.25 × 109 copies/g SS (phase 
IV). The data indicated that compared to R1, AOB 
was inhibited with the addition of 0.5 mg/L TCS in 
the R2 system (glucose as substrate), but AOB abun-
dance was gradually recovered when TCS addition 
was gradually increased, indicating that the AOB 

gene was able to be acclimated. As shown in Fig. 5d, 
when 0.5  mg/L TCS addition, the abundance of 
NOB of R1 and R2 dropped from 1.96 × 107 copies/g 
SS (seed) to 6.88 × 106 copies/g SS and 9.35 × 106 
copies/g SS. The abundance of NOB increased gradu-
ally with increasing TCS concentration, with aver-
age abundances of 2.17 × 108 copies/g SS (R1) and 
2.85 × 108 copies/g SS (R2) at the latter two phases. 
In brief, the addition of TCS had a transient inhibi-
tory effect on AOB and NOB, which was weakened 
with increasing TCS concentration, but the inhibitory 
effect on AOA persisted.

3.4 � Microbial Community Structure Analysis

The diversity index of samples Alpha were shown 
in Table 2. The larger values of the alpha diversity 
index, the higher the species abundance (Shi et  al., 
2020). The OTUs number, Chao1 index, and Shan-
non index showed a declining trend in R1, indicat-
ing that the first addition of triclosan had an obvi-
ous inhibitory effect on microorganisms, leading to 
a decrease in microbial diversity. In R1, the number 
of OTUs dropped from 1576 to 388, and the Chao1 
index values decreased from 1816.33 to 466.43, the 
value of the Shannon index reduced from 6.88 to 
3.15. On the contrary, the number of OTUs, Chao1, 
and Shannon value showed a trend of decreasing 
first and then increasing in R2, which was differ-
ent from that of R1. The number of OTUs dropped 
from 1576 to 435 at the end of phase II, and then 
increased to 828 at the end of phase IV. Similarly, 
the values of Chao1 and Shannon of R2 reduced 
from 1816.33 and 6.88 to 431.78 and 3.28 after 
0.5  mg/L TCS addition, and then rose to 816.85 
and 5.21 at the end of the whole run, respectively. 
It could be inferred that the augment of TCS could 
influence the biodiversity of the R2 system. In this 
process, the degradation efficiency of TCS decreased 
first and then increased, demonstrating that some tri-
closan degraders were enriched.

The changes in microbial community structure at 
the phylum level and genus level in the two systems 
were shown in Fig. 6a. At the phylum level, Proteo‑
bacteria was the dominant class in both R1 and R2 
and the relative abundance was all above 80%. Pro‑
teobacteria could remove nitrogen and phosphorus 
and were common dominant bacteria in activated 
sludge systems (Sun et  al., 2021). When 0.5  mg/L 
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TCS was added, the relative abundance of Proteo‑
bacteria in the two systems decreased to 63.68% 
and 66.88%. In phase III, the relative abundance of 
Proteobacteria with nitrification function in the two 
systems recovered to more than 95%. The final domi-
nance of the microbial community in R1 and R2, with 
relative abundances of 98.12% and 99.25%, respec-
tively, indicated that Proteobacteria in the PEF-SBR 
were more resistant to TCS than others.

At the level of genus classification, Haliangium, 
Defluviicoccus, and Dermatophilus were mainly 
observed in seed samples in R1 systems Fig. 6b. The 
relative abundance of these bacteria genera decreased 
gradually with the operation of the system, indicat-
ing that the physiological tolerance of bacteria had 
a significant impact on their response to adverse 
environmental changes (Xu et  al., 2020), so the non 
– tolerant bacteria were eventually removed from R1. 

Table 2   Alpha diversity 
index of microbial samples

Samples OTUs Chao1 Shannon Index Simpson Index Good’s 
coverage/ 
(%)

Seed 1576 1816.33 6.88 0.8983 99.65
R1-1 1344 1533.77 6.05 0.9415 99.27
R1-2 1069 1411.58 5.66 0.9276 99.03
R1-3 988 1098.51 4.93 0.9125 99.18
R1-4 594 809.85 3.88 0.8643 99.41
R1-5 416 599.55 3.54 0.8894 99.39
R1-6 388 466.43 3.15 0.8257 99.69
R2-1 825 498.66 4.86 0.8889 99.05
R2-2 435 431.78 3.28 0.8527 99.12
R2-3 553 485.22 4.88 0.8726 99.25
R2-4 604 624.50 3.95 0.8925 99.61
R2-5 785 832.26 4.06 0.8833 99.40
R2-6 828 816.85 5.21 0.8926 99.45

Fig. 6   Relative abundance 
changes of the reactors R1 
and R2 at phylum level (a) 
and genus level (b) in dif-
ferent phases
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Thauera was the dominant genus in the R1 system 
after 0.5 mg/L TCS addition (phase II), and its rela-
tive abundance was 74.88%. Thauera was a micro-
organism with EPS secretion and nitrogen removal 
function. Acidovorax (3.22%), Ottowia (5.98%), and 
Sphingopyxis (3.38%) appeared in phase II, which 
may be potential TCS degraders similar to Thauera. 
Sodium acetate as a carbon source promoted the 
growth of Acidovorax, which was capable of cracking 
TCS to release nitrogen. When the TCS concentration 
increased to 5 mg/L, the relative abundance of Thau‑
era, Ottowia, Acidovorax, and Sphingopyxis increased 
to 79.86%, 7.31%, 4.11%, and 3.88%, respectively. 
This was precisely in line with the phenomenon of 
higher pollutant degradation capacity at this stage. In 
phase IV (10  mg/L TCS loaded), the relative abun-
dance of Thauera was dropped to 53.89%, indicating 
that TCS inhibited the functional colonies in the sys-
tem. However, this bacterium was an important deni-
trification functional bacterium, which also explained 
that the NH4

+-N removal efficiency of the system 
decreased with the increase of TCS concentration and 
led to the accumulation of nitrate nitrogen.

As for R2, Hydrogenophaga, Dechloromonas, 
and Brevundimonas showed a declining trend, 
while Pseudomonas, Paracoccus, Zoogloea, and 
Flavobacterium increased steadily. Initially, Pseu‑
domonas was predominant, the relative abundance 
was 72.86% at the end of phase I, and Pseudomonas 
played a vital role in denitrification. After adding 
0.5 mg/L TCS (phase II), Pseudomonas remained in 
high abundance (78.66%), and Paracoccus (3.13%), 
Zoogloea (5.66%), and Flavobacterium (5.89%) 
appeared. Due to the addition of TCS, Paracoccus, 
Zoogloea, and Flavobacterium were stimulated to 
secrete more EPS for self-protection. Paracoccus 
was closely related to the digestion and absorption 
of carbon and nitrogen. Zoogloea was resistant to 
adverse external conditions and enhanced microbial 
cohesion. In phase III, several dominant bacteria 
genera in phase II still maintained the leading posi-
tion, and their relative abundance increased to vary-
ing degrees. However, the proportion of dominant 
bacteria decreased in phase IV, which may be due to 
the toxic effect of TCS addition on bacteria, which 
reduced the activity of bacteria. Overall, the results 
implied that TCS could influence microbial com-
munities in nitrification systems. Likewise, it was 
the presence and relative abundance of dominant 

bacteria with TCS degradation capabilities in the 
activated sludge system that allows for a high degra-
dation efficiency of TCS.

4 � Conclusion

This work aimed to investigate the behavior of TCS 
in activated sludge systems and to study the role of 
biodegradation and adsorption. The main mecha-
nism for TCS removal was found to be biodegrada-
tion. PEF-SBRs system performance was inhibited by 
TCS initial addition, but with increased TCS injection 
inhibition could be eliminated. The R2 reaction sys-
tem with glucose as a carbon source showed stronger 
resistance to inhibition than the R1 reaction system 
with sodium acetate as a carbon source. TCS had a 
relatively weak effect on COD. The results of the EPS 
showed that the TB-EPS content was higher than LB-
EPS and the PN content was always higher than PS. 
The microbial community analysis showed that Thau‑
era was dominant in R1 and Pseudomonas was the 
predominant genus in the R2 system. The addition of 
TCS had a short-term inhibitory effect on AOB and 
NOB, but with increasing TCS concentrations, AOB 
and NOB abundances gradually recovered or even 
became more abundant than that in the seed samples. 
However, the inhibitory effect of TCS on AOA was 
irreversible.
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