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A B S T R A C T   

The ubiquitous use of antimicrobial triclocarban (TCC) has raised widespread concern about the potential im-
pacts on wastewater treatment systems, the environment, and the human population. As important constituents 
of activated sludge secretions, extracellular polymeric substances (EPS) play essential roles in removing 
micropollutants during wastewater treatment. Here, the adsorption of TCC by sludge and EPS in a multistage 
biological process was investigated. The EPS was enriched upon TCC stress, and the adsorption by sludge and EPS 
showed multilayer heterogeneity. The adsorption constant Kf (6.3794–7.6061) of EPS was over 10 times higher 
than that of sludge (0.5661–0.6200) in all stages, potentially owing to the loose multilayer structure and sub-
stantial functional groups (tryptophan-protein as the main binding site) in EPS. TCC significantly inhibited the 
biological removal of ammonia nitrogen. Notably, TCC once reaching the cell surface, formed a stable complex 
with ammonia transporter (Amt, binding energy: − 73.1 ± 16.6 kJ⋅mol− 1) and bound to the selectivity filter 
vestibule of Amt (tryptophan 144 and serine 227), inhibiting the transport of ammonia. Our work drew 
molecular-level insights into the interaction between TCC and activated sludge, and evaluated the adverse im-
pacts on treatment performance through an in silico approach, providing new information on the fate and risk of 
TCC in wastewater treatment systems.   

1. Introduction 

Triclocarban (TCC), a typical antimicrobial agent added to de-
tergents, personal care products and textiles, has been widely detected 
in wastewater treatment systems and environmental media. The global 
annual use of TCC has exceeded 2000 tons with the annual use in China 
alone reaching 1220 tons [1,2]. The use of TCC has continued to grow 
with the increasing consumption of personal care products in the post- 
COVID-19 pandemic era [3]. Most TCC is collected by sewers and 

enters wastewater treatment plants (WWTPs), making WWTPs a main 
source of TCC in receiving waters [4]. Although WWTPs remove 97% of 
TCC from water, TCC is often present in activated sludge due to its 
recalcitrance to biodegradation [4]. A previous study reported that only 
21% of TCC was metabolized whereas the majority of the remaining TCC 
was adsorbed into sludge during wastewater treatment [5]. Activated 
sludge determines the fate of TCC as it is where the interaction and 
adsorption of most TCC occurs. The mean accumulative concentrations 
of TCC have been shown to reach up to 39 and 8.45 mg⋅kg− 1 in sewage 
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sludge from the United States and China, respectively [6,7]. Due to this 
strong absorption of TCC to sludge, it can then be released into the 
environment along with residual sludge with the detection level of TCC 
in environmental sediments reaching mg⋅kg− 1 level in several cases 
[5,8]. TCC may adversely affect aquatic organisms (e.g., beneficial 
algae) and can enter the human food chain, potentially posing risks to 
pregnant women by increasing the risk of fetal defects [5,9,10]. 
Therefore, exploring the adsorption behavior and mechanism of TCC in 
sludge is necessary for an in-depth understanding of the fate and risk of 
TCC during wastewater biological treatment. 

Activated sludge processes have varying adsorption capabilities due 
to its distinct characteristics in different treatment processes [11-13]. 
The surface properties of sludge (the type of surface charge, functional 
groups, specific surface area, etc.) affect the adsorption performance of 
sludge, and pH and temperature may also matter. Researchers have 
found that the outer shell of activated sludge is composed of abundant 
extracellular polymeric substances (EPS) [11,14-16]. EPS produced by 
sludge microorganisms can provide numerous binding and adsorption 
sites for micropollutants owing to the hydrophobic groups (e.g., amino, 
carboxyl, hydroxyl, and phosphate bonds) from proteins, poly-
saccharides, and other cellular secretion and lysis products [17-20]. 
Therefore, the type and quantity of EPS have a significant impact on the 
adsorption of activated sludge. For example, sequence batch reactors 
sludge secretes more proteins and has better adsorption of ciprofloxacin 
than activated sludge [11]. Although sludge adsorption is known to be 
an important pathway for TCC migration, the interaction between TCC 
and EPS as well as the adsorption mechanisms remain poorly 
understood. 

Most WWTPs use a combination of processes to remove carbon, ni-
trogen, and phosphorus from wastewater [21]. A hydrolytic 
acidification-anoxic/aerobic (HA-A/O) process integrates multiple 
techniques to improve the treatment of industrial and municipal 
wastewater [22]. The HA section achieves thorough microbial decom-
position of organic pollutants [23], and the A/O process has the po-
tential to simultaneously remove nitrogen and phosphorus, while also 
ensuring cost-effectiveness and efficiency [24]. The removal of 
ammonia nitrogen is crucial to ensuring that the effluent fulfills the 
quality level[25]. Toxic pollutants in sewage hinder ammonia nitrogen 
removal by inhibiting N-removal microorganisms, restricting the 
transport of ammonia, and hindering the transformation of ammonia 
nitrogen by N-removal microorganisms [26]. In our previous work, we 
discovered that TCC undergoes both adsorption and biodegradation 
throughout the HA-A/O process and inhibits ammonia nitrogen removal 
[27]. However, discrepancies were observed in the adsorption of TCC by 
the sludge from different treatment sections, and binding mechanisms 
remain unclear. As EPS is as an important and inseparable part of sludge, 
elucidating the role of EPS during the adsorption of TCC is necessary. 

In order to fill these knowledge gaps, the adsorption behavior and 
mechanism of TCC in sludge in different operational sections (hydrolytic 
acidification, anoxic, and aerobic section) were investigated. The ob-
jectives of this study were to: (i) investigate the adsorption behavior of 
TCC in each section of HA-A/O and the affinity of different sludge; (ii) 
explore the role of EPS and the adsorption mechanism in the removal of 
TCC; and (iii) elucidate the binding of TCC to ammonia transport pro-
teins (Amt) and the impact on ammonia nitrogen removal. Together, our 
findings provide in-depth insights into the intrinsic mechanisms of the 
adsorption of TCC in different sludge types, evaluate the impact on 
treatment performance, and expand the understanding of TCC migration 
as well as the adsorption pattern of broader emerging organic contam-
inants in biological processes. 

2. Materials and methods 

2.1. Standards and reagents 

TCC (≥98%) was purchased from Aladdin (Shanghai, China). NaN3, 

chromatographic grade methanol, and acetonitrile (>99.9%) were ob-
tained from Sigma-Aldrich (USA). Unless otherwise stated, all other 
chemicals (>99.9%) were obtained from Kemiou Chemical Reagent Co. 
Ltd. (Tianjin, China). 

2.2. Experimental device and operation 

The HA-A/O reactor (Fig. S1) was operated in continuous flow for 
80 days at different stages (details of the reactor working conditions in 
Supporting Information (SI)). The reactor was fed with synthetic 
wastewater. No TCC was introduced during the first 20 days to adapt the 
sludge (Stage i). The reactor was then operated for another 60 days at 
different influent TCC concentrations (Stage ii: 1 mg⋅L− 1 TCC from days 
21 to 40; Stage iii: 5 mg⋅L− 1 TCC from days 41 to 60 and Stage iv: 
8 mg⋅L− 1 TCC from days 61 to 80). 

2.3. TCC adsorption by inactivated AN, ANO, and O sludge 

Three sections of sludge were taken from the HA-A/O reactor: 
anaerobic (AN), anoxic (ANO), and aerobic (O). TCC adsorption by AN, 
ANO, and O sludge was evaluated using a series of batch sorption tests. 
The sludge samples were taken on day 20 (0 mg⋅L− 1 TCC) and washed 
three times with phosphate buffered saline (PBS, 0.01 mM). No back-
ground TCC was observed after washing. The sludge samples were then 
placed into a series of 50 mL brown conical flasks with a MLSS con-
centration of 2 g⋅L− 1. Sodium azide (NaN3, 0.1% w/v) was added into 
each flask to inhibit possible degradation of TCC by the sludge [11]. 
During the experiments, each shake flask was a sampling point (each 
point with 2 replicates) with TCC in the aqueous phase. EPS and acti-
vated sludge were separated from the TCC in the aqueous phase using 
centrifugation at 5000 rpm for 15 min. Then, EPS was extracted using a 
thermal extraction method [28], and EPS (aqueous phase) and sludge 
were then separated by centrifugation (9000 rpm, 15 min). All samples 
were lyophilized (FD-1–50, BIOCOOL, China), redissolved in methanol, 
and filtered through a 0.45 μm organic membrane before being analyzed 
using Ultra-Performance Liquid Chromatography (UPLC, Waters, USA). 
The removal efficiency of TCC and specific adsorption (qt) were exam-
ined (SI). Langmuir (1) and Freundlich (2) adsorption isotherm models 
were applied to fit the experimental data (SI). 

2.4. The binding experiments of TCC and EPS 

The binding experiments were conducted at a range of TCC con-
centrations to examine the adsorption by EPS. On day 20, EPS (prepared 
as described in section 2.3) was separated from sludge samples of each 
section (AN, ANO, and O), purified using a 0.45 μm filter, and lyophi-
lized. Deionized water was used to dissolve the lyophilized EPS, yielding 
a resolution of 20 mg⋅L− 1 EPS. Then, various volumes of TCC mother 
liquor (30 g⋅L− 1) were mixed with the EPS solution. The TCC concen-
tration range included: 50, 100, 500, 800, 1000, 3000, 5000, 8000, and 
10000 μg⋅L− 1 with two replicates. The pH of the EPS-TCC solutions was 
adjusted to 7.0 ± 0.2 using 0.1 M HCl/NaOH. The EPS-TCC sample tubes 
were placed in a 150 rpm light-proof shaker at 30 ± 0.1℃ and mixed for 
4 h to reach adsorption equilibrium before spectral analysis. 

2.5. Analytical methods 

2.5.1. Chemical analysis 
Polysaccharides and proteins were determined by the phenol sulfate 

method [29] and Micro BCA protein assay kit (Sangon Biotech, China). 
The contents of TCC were analyzed by UPLC (Waters, USA) with a 
reverse phase C18 column (Waters, USA) in gradient elution mode at a 
flow rate of 0.10 mL min− 1 at 275 nm [27]. 

2.5.2. Spectral analyses 
In order to reveal the mechanism of EPS binding to TCC 
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(fluorescence quenching technique) and the effect of TCC on the EPS 
content in AN, ANO, and O sections of sludge, a three-dimensional 
excitation-emission matrix (3D-EEM) fluorescence scan was performed 
by a fluorescence spectrophotometer (JASCO FP-6500, Japan). The 
wavelengths of excitation (Ex) and emission (Em) were scanned from 250 
to 500 nm and 250 to 550 nm, respectively, with a scanning interval of 
5 nm and a sensitivity of 700 V. 

Fourier transform infrared (FTIR) spectroscopy (Spectrum One B, 
PerkinElmer, USA) was performed to determine the functional groups 
responsible for binding TCC in the EPS extracted from AN, ANO, and O 
section sludge samples. The lyophilized EPS powder was mixed and 
ground with KBr at a mass ratio of 1:100, and pressed into thin slices for 
FTIR. 

2.5.3. Molecular docking and molecular dynamics simulation 
In order to explore the impact and molecular mechanism of TCC on 

ammonia transport, the transmembrane ammonia transporter protein 
(Amt) PDB ID: 6eu6 was chosen, and the gene sequence shared high 
homology with two genes (72.2% and 75.6% homology) in the AN 
sludge metagenomic (Table S2). Molecular docking of TCC and Amt 
protein, molecular dynamics, and binding energy-related calculations 
were done separately using the Yinfu cloud platform (https://cloud.yin 
fotek.com). The following parameters were set: molecular docking box 
centers (-12.572, − 38.25, 16.508) and box sizes (36.566, 31.436, 
29.152). Kinetic parameters were as follows: pressure of 1 atm and non- 
bond truncation value of 10 Å (SI for the more detailed relevant 
parameters). 

2.5.4. Statistical analyses 
One-way analysis of variance (ANOVA) was used to assess differ-

ences in sludge secretion EPS under different TCC concentration con-
ditions performed by SPSS 16.0. Adsorption kinetics simulations were 
performed using the statistical functions of Origin 2018b. Parallel factor 
(PARAFAC) analysis was performed in Octave 7.10. For fluorescence 
EEM spectra, PARAFAC models with 2 to 5 components were calculated, 
and the correct three components were identified by analysis of 

residuals, split-edge tests, and database comparisons (results are 
uploaded at: https://openfluor.lablicate.com/of/measurement/9066). 

3. Results and discussion 

3.1. Characterization of the EPS in HA-A/O process at different TCC 
concentrations 

The concentration and composition of EPS were investigated at 0, 1, 
5, and 8 mg⋅L− 1 TCC consecutive stress. The concentration of EPS in 
sludge samples increased significantly with increasing TCC concentra-
tion in AN (31.9, 35.7, 69.1, and 119.9 mg⋅gMLSS− 1, p < 0.05), ANO 
(48.2, 59.3, 76.3, and 176.1 mg⋅gMLSS− 1, p < 0.05) and O (40.8, 59.0, 
83.4, and 99.0 mg⋅gMLSS− 1, p < 0.05) (Fig. 1a). The increase in TCC 
concentrations stimulated the generation of EPS in all sections. This 
observation is consistent with a previous study in which increasing TCC 
concentration (0 to 20 mg⋅L− 1) enhanced loosely bound-EPS (LB-EPS) 
and tightly bound-EPS (TB-EPS) contents from 20.95 to 31.72 and from 
53.98 to 68.02 mg TOC g⋅VSS− 1, respectively [30]. Increases in EPS can 
help defend against toxic substances and harsh external environments 
[31] such as those experienced with increasing TCC concentrations. 

The EPS extracted from AN, ANO, and O sludge samples had nearly 
identical compositions, with protein (PN) and polysaccharide (PS) being 
the predominant components (Fig. 1a). For all sludge types, both PN and 
PS contents increased with increasing TCC concentration (Fig. 1b-d). 
The PN portion of EPS can interact with contaminants and reduce the 
toxic effects of antimicrobial agents on microorganisms [11,32]. More-
over, the PN/PS mass ratio is frequently used to evaluate the hydro-
phobicity of sludge and accessibility to adsorption positions [11]. The 
increase in the influent TCC concentration resulted in a constant 
decrease in the PN/PS of soluble-EPS (S-EPS) in the three different 
sludges. The PN/PS of LB-EPS decreased at 0–5 mg⋅L− 1 TCC (PN/PS in 
AN, ANO, and O sections decreased from 4.45 to 2.18, 9.98, to 3.96 and 
10.17 to 4.38, respectively) before an increase at 8 mg⋅L− 1 (PN/PS 
raised to 2.41, 8.38, and 4.73, respectively) in the three sections. The 
overall trend of PN/PS of TB-EPS was increased at 0–8 mg⋅L− 1 TCC in 
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the three sections (Fig. 1b-d). This implies that the stability of the sludge 
in the three sections decreased with increasing TCC concentration while 
forming richer aggregates [15]. In the AN and ANO sections, TB-EPS 
(47%-58%) was the dominant EPS subfraction while S-EPS (8.9%- 
21%) and LB-EPS (19%-43%) account for minor proportions at 8 mg⋅L− 1 

TCC. The content of PS and PN were generally higher in TB-EPS than 
that in LB-EPS after four operational stages under different TCC stress 
(Fig. 1cd). The EPS content in TB-EPS promoted formation of biofilms 
[33]. Comparable percentages of S-EPS (19%-45%) and TB-EPS (29%- 
57%) were found in the O section sludge, which indicated sufficient 
oxygen was present, and in turn, both the metabolic capability of mi-
croorganisms and the secretion of EPS were stimulated. This suggests 
that the sludge secretes more EPS and richer aggregates to counteract 
the toxic stress from TCC. 

The fluorescence composition of the sludge EPS at different TCC 
concentrations was investigated. Based on EEM, three distinct fluores-
cence peaks were detected in all sludge EPS samples (Fig. 2). These 
peaks were found at 270–280/320–340 nm (peak A, tryptophan-like 
protein), Ex/Em: 260–280/420–450 (peak B, humic xanthic acid) and 
Ex/Em: 350–370/430–450 nm (peak C, hydrophobic humic acid) [34]. 
The fluorescence intensity noticeably increased as the influent TCC 
concentration increased. The increase in peak A (tryptophan-like pro-
tein) fluorescence intensity suggested that the prolonged exposure to 
TCC provoked the secretion of protein, which was consistent with the 
observed composition of EPS (Fig. 1b-d). Similar results have been 

previously observed in which both protein and polysaccharide contents 
of EPS in four different sludge (primary sludge, thickened sludge, 
dewatered sludge, and anaerobic digested sludge) were enriched with 
increasing triclosan concentration [35]. Furthermore, the fluorescence 
signal of tryptophan-like proteins in all sludge samples was significantly 
enhanced with increasing TCC concentration, suggesting their crucial 
role in the adsorption of TCC by EPS. 

3.2. Adsorption of TCC by AN, ANO, and O sludge 

The removal of TCC can reach 78–92% during adsorption and bio-
logical processes [5] for which EPS potentially provides a large number 
of active sites [11,36]. A sequencing batch adsorption experiment was 
performed to explore the role of EPS in the adsorption of TCC, 
employing the EPS extracted from sludge in each section. The results 
indicated that adsorption was the primary removal mechanism for TCC 
within 24 h. Specifically, up to 15.7 ± 0.5%, 14.5 ± 0.3%, and 
13.6 ± 0.3% of TCC were adsorbed by EPS from the AN, ANO, and O 
sludge, respectively. The similar removal efficiencies might attribute to 
the similar amount of EPS secreted by the sludge in all three sections. 
The adsorption of TCC to each sludge EPS during the experimental 
period was shown in Fig. 3a-c. During the first five minutes, TCC was 
rapidly adsorbed to EPS, and similar adsorption patterns were observed 
for samples from all sludge sections (p > 0.05). However, the adsorption 
of TCC remained relatively stable from 0.05 to 24 h, possibly due to the 

Fig. 2. EEM fluorescence spectra (normalized) of S-EPS, LB-EPS and TB-EPS in the AN (a), ANO (b) and O (c) section with the concentration of TCC 0, 1, 5 and 
8 mg⋅L− 1, respectively. 
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Fig. 4. The EEM spectrum of EPS 
decomposed by PARAFAC and the 
tryptophan-like protein (a), hydrophobic 
humic acid, (b) and xanthic acid (c). 
Fitting results for fluorescence intensities 
of components of tryptophan-like protein 
(EX280/EM340), hydrophobic humic 
acid (EX270/EM450; EX360/EM450) 
and xanthic acid (EX330/EM410) in EPS 
from AN, ANO, and O sludge with 
different TCC concentration using Sterne 
Volmer-equation(F0/(F-1) and TCC con-
centrations) (d) and double-logarithm 
regression equation (e).   
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depletion of TCC at the adsorption positions. 
The Freundlich and Langmuir isotherms (Fig. 3c) were used to 

describe the adsorption behavior of TCC by sludge, EPS, and the com-
bination of sludge + EPS in the sequencing batch experiment (Table S1). 
The adsorption of TCC by sludge + EPS in all three sections agreed well 
with the Freundlich isotherm (R2 > 0.9661), which indicated a sophis-
ticated homogeneous process owing to a heterogeneous EPS structure 
over the whole adsorption site [11,30]. Moreover, the adsorption of TCC 
by EPS alone matched the Freundlich isotherm model (R2 > 0.9320), 
indicating a multilayer biosorption pattern of TCC by the heterogeneous 
surfaces of EPS [28,34]. Similarly, The adsorption of TCC by denitrifying 
sludge fitted the Freundlich isotherm with a Kf value of 0.458 at 100 to 
4000 μg⋅L− 1 TCC was observed [37,38]. The energy binding constant Kf 
in the Freundlich model reflects the affinity of the adsorbent to bind to 
TCC, and the Kf values (binding energy constant) of TCC adsorption by 
EPS (7.6061, 6.3794, and 6.6760 for AN, ANO, and O section, respec-
tively) were significantly greater than those by sludge (0.5661, 0.6163, 
and 0.6200, respectively) and sludge + EPS (0.7030, 0.7503, and 
0.5664, respectively). These observations together suggested that EPS 
exhibited higher adsorptive affinity than sludge alone and sludge + EPS 
in the case of TCC adsorption. Within EPS, the highest Kf value of AN 

sludge EPS further suggested the highest affinity of the AN section as 
compared with the ANO and O sections. The adsorption kinetics showed 
that EPS binds to TCC by a multilayer heterogeneous structure with a Kf 
value one order of magnitude higher than that of the sludge. This sug-
gests that EPS plays a very important role in the adsorption of TCC by 
sludge, providing a large number of adsorption sites with a small mass 
proportion. 

3.3. Interaction between EPS and TCC 

The content of EPS secreted by sludge in the three stages differed, but 
they had the same composition. EEM fluorescence quenching coupled 
with PARAFAC analysis was used to investigate the interaction between 
EPS and TCC as well as the intrinsic structural and conformational 
modifications of the fluorescent groups in EPS. As a type of interaction 
between EPS and TCC, quenching involves static and dynamic processes 
and can be examined by the Stern-Volmer equation. Specifically, static 
quenching is caused by the development of a non-fluorescent complex 
between the fluorophore and the quencher; whereas dynamic quenching 
is caused by a collision between the excited fluorophore and the 
quencher [36]. The extracted EPS was mainly composed of a 

Fig. 5. Molecular dynamic (MD) simulation analysis of the binding process of the Amt (PDB ID:6eu6) structure with TCC: Comparison between the variation of root- 
mean-square-deviations (RMSD) (a), and radius of gyration (Rg) of Amt and Amt-TCC complex(b); The different types of binding energies (c), and the contribution of 
the ammonia residue (d), of Amt-TCC complex; The binding conformation of the Amt-TCC complex (e). 
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tryptophan-like (C1, 280/340, Fig. 4a) substance, a hydrophobic humic 
acid (C2, 270/450; 360/450, Fig. 4b), and a xanthic acid (C3, 330/410) 
based on the PARAFAC analysis (Fig. 4c and Table S4) [39]. 

The linear regression of the PARAFAC analysis of the fluorescence 
quenching data calculated Kq values of 5.32 × 1015 (R2 = 0.9725), 
3.25 × 1016 (R2 = 0.9154), and 2.5 × 1016 (R2 = 0.9219) L⋅mol− 1⋅s− 1 for 
tryptophan-like proteins, hydrophobic humic substances, and xanthates 
(Fig. 4), respectively. All values were magnitudes larger than the 
maximum diffusive collisional quenching rate constant of 2.0 × 1010 

L⋅mol− 1⋅s− 1 for various bursting agents with biomolecules [40]. There-
fore, the quenching of fluorescence intensity may be owed to the for-
mation of EPS-TCC complexes instead of dynamic collision. 

For binding involving a static burst mechanism, the modified double 
logarithmic equation can be used to determine the apparent binding 
constants and the number of binding positions, assuming the presence of 
independent binding positions in EPS [41]. To further determine the 
binding permanent (Kb) and the number of binding positions (n) on EPS 

during the static quenching, a double logarithmic regression equation 
was employed to fit the experimental data (all with R2 > 0.90) [41]. As 
shown in Fig. 4, for tryptophan protein, hydrophobic humic acid and 
xanthic acid, the n values were 0.47, 0.54, 0.37, and 0.37, while the 
binding constants were 1.33 × 102 (R2 = 0.9472), 0.42 (R2 = 0.9842), 
and 16.71 (R2 = 0.9602) L⋅mol− 1, respectively (Fig. 4d). The binding 
strength of TCC to proteins was 1–3 orders of magnitude higher than the 
that to humic substances in EPS. Therefore, proteins may dominate the 
interaction between EPS and TCC. 

3.4. Functional groups in binding TCC onto EPS 

EPS is an important component of the sludge floc; in particular, the 
inner layer of TB-EPS directly contacts with the cell membrane. The 
exact functional groups involved in the binding of TCC to EPS in the 
three sludge sections were identified based on the FTIR analysis. The 
FTIR curves present the typical spectral bands of polysaccharides and 

Fig. 6. The docking conformation of Amt domain and NH4
+ (a), Amt domain-TCC and NH4

+ (b) and assign of the two structures (c).  
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proteins (Fig. S2). The peak at 1661 cm− 1 was associated with the 
stretching vibration of amide I (C = O) and the bending vibration of N-H 
[42,43]. Previous studies reported that the interaction between pollut-
ants and proteins in EPS can result in a decreased amide bond absorption 
peak [14,36], and a red or blue shift [26,35]. The binding of TCC to EPS 
resulted in a red shift of the amide bonds of the sludge in all sludge 
samples further suggesting that proteins in EPS were involved in TCC 
adsorption. Interestingly, absorption peaks of S-EPS and LB-EPS were 
smaller at 1661 cm− 1 and greater for TB-EPS. The interaction between 
TCC and the protein in EPS potentially reduced the absorption peak of 
the amide bond, while TB-EPS, through absorbing the amide bond 
introduced by TCC, expanded the absorption peak (SI for the molecular 
structure of TCC). Similarly, a previous study reported that the amide 
bond absorption peak of denitrifying sludge increased when the EPS was 
bound to TCC [37]. The TB-EPS of all sludge showed a significant blue 
shift in the P-O stretching vibration at 1071 cm− 1, which suggested that 
TCC would bind to organophosphorus functional groups [44]. In addi-
tion, a red shift of the O = C–O (corresponding to carboxylate groups) at 
1453 cm− 1 was observed for the TB-EPS-TCC of AN, ANO, and O sludge 
samples [45]. In particular, the 995–1090 cm− 1 region was assigned to 
C-H stretching vibrations [46], and the TCC-EPS in the three sections 
showed a red shift, indicating that polysaccharides may also be another 
site for TCC adsorption. 

3.5. Molecular insight into the binding property of EPS and TCC 

TCC continuously migrates to the sludge microbial cell surface via 
EPS and inevitably contacts and affects cell membrane proteins. Several 
studies have shown that TCC (1 mg⋅L− 1) affects ammonia nitrogen 
removal in HA-A/O reactors and nitrification reactors [27,30]. The ef-
fect of TCC on ammonia transport proteins (Amt), which are important 
NH4

+ transport channels, was investigated by using molecular docking 
and molecular dynamics simulations [47]. The RMSD of the molecular 
trajectory during the binding of the Amt structural domain to TCC was 
stable after 30 ns (Fig. 5a). The TCC-Amt binding underwent confor-
mational fluctuations and gradually formed a stable structure. In 
particular, the Rg (representing the compactness of the protein [48]) of 
TCC-Amt slightly decreased (Fig. 5b), indicating that the TCC resulted in 
a more compact Amt protein structure possibly affecting the NH4

+

binding and transport. The Amt domain was bound to TCC mainly by 
electrostatic force and supplemented by van der Waals force (Fig. 5c). 
Furthermore, molecular dynamic simulations revealed that the mini-
mum binding energy of TCC to Amt was − 73.1 ± 16.6 kJ⋅mol− 1, which 
was much lower than the known minimum binding energy of sulfa-
methoxazole (-31.73 kJ⋅mol− 1) and phenol (-19.51 kJ⋅mol− 1) [26,49]. 
These observations implied that TCC was more easily bonded to Amt 
than sulfamethoxazole and phenol, resulting in a stable structure. The 
lower binding energy and more stable binding structure could cause a 
stronger reduction of Amt activity by TCC as compared with sulfa-
methoxazole and phenol. This might imply a stronger impact of TCC on 
functional species than sulfamethoxazole and phenol, which requires 
further studies. 

Amino acid residues with absolute binding free energy 
values>0.5 kJ⋅mol− 1 were chosen to investigate the contributions of the 
amino acids of the Amt domain to TCC binding (free energy, Fig. 5d, 
Table S4). Residues aspartic acid (ASP)163 (1.88 kJ⋅mol− 1), tryptophan 
(TRP) 144 (1.72 kJ⋅mol− 1), serine (SER) 227 (0.97 kJ⋅mol− 1), lysine 
(LYS) 157 (0.78 kJ⋅mol− 1), leucine (LEU) 147 (-1.32 kJ⋅mol− 1), alanine 
(ALA) 143 (-1.23 kJ⋅mol− 1), phenylalanine (PHE) 161 (-0.75 kJ⋅mol− 1), 
LEU229 (-0.60 kJ⋅mol− 1), and histidine-E type (HIE) 141 
(-0.51 kJ⋅mol− 1) played important roles in the binding of Amt to TCC. 
Among them, residues PHE164 (bond distance 5.4 Å), SER227 (2.8 Å), 
LEU228 (2.3 Å), and LEU229 (4.5 Å) bound to TCC near the docking 
pocket via Pi-Pi, hydrogen bonds, hydrogen bonds, and Amide-PI in-
teractions, respectively (Fig. 5ef). 

To investigate the effect of TCC on the binding of Amt to NH4
+, the 

kinetically stabilized Amt-TCC structure was molecularly docked with 
NH4

+. NH4
+ can interact with Amt via the π-cation interaction of Trp144 

and the hydrogen bond of PHE164. The residues SER149, ASP 151, and 
glutamine (GLN) 152 of TCC-Amt interacted with NH4

+ through 
hydrogen bonding (Fig. 6); moreover, TCC squeezed the position of NH4

+

(Fig. 6b), thus impacting the binding to NH4
+. Importantly, both TRP144 

and SER227 are selectivity filter vestibules of the Amt domain, and the 
occupancy of the binding site by TCC may interfere with NH4

+ transport 
in microbial metabolism. 

4. Conclusions 

In this study, we elucidated the mechanisms of TCC adsorption by the 
EPS of sludge from three sections in the HA-A/O treatment process. 
Activated sludge bacteria can resist TCC toxicity by secreting EPS, 
especially polysaccharides and proteins. Adsorption kinetics revealed 
rapid adsorption of TCC at 5 min, and 30–50 mg⋅gMLSS− 1 EPS 
contributed to 13%-16% of the adsorption (while sludge provided 
59.1%-79.7%). The binding capacity of EPS was 10 times higher than 
that of sludge, potentially due to the static quenching of tryptophan-like 
proteins to TCC and various functional groups such as hydroxyl groups. 
Once reaching saturated adsorption, TCC migrates to the cell surface and 
binds to the ammonia transporter Amt, which robs the NH4

+ binding 
pocket and selectivity filter vestibule, inhibiting NH4

+ binding and 
transport. The results broaden the understanding of the adsorption of 
TCC by sludge and elucidating the role of EPS in TCC removal, hence 
clarifying the adverse impact of TCC on wastewater treatment systems. 
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