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NPs was synergistic.
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tional groups in PN and PS to mixed Cu
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ABSTRACT

The work aimed to explore effects of polytetrafluoroethylene nanoplastics on joint inhibitions of ciprofloxacin
and bivalent copper on the nitrogen removal in a sequencing batch reactor and its potential mechanisms. The
addition of bivalent copper and/or ciprofloxacin reduced the ammonia nitrogen elimination rate with or without
polytetrafluoroethylene nanoplastics. Adsorption kinetics and thermodynamics showed the binary bivalent
copper and ciprofloxacin promoted their adsorptions by polytetrafluoroethylene nanoplastics. Polytetrafluoro-
ethylene nanoplastics enhanced combined toxicities of ciprofloxacin and bivalent copper to sludge activities and
microbial community involved into nitrification and denitrification due to the adsorption of ciprofloxacin and
bivalent copper by polytetrafluoroethylene nanoplastics. With or without polytetrafluoroethylene nanoplastics,
bivalent copper and/or ciprofloxacin caused more obvious level changes of protein than polysaccharide. This
study provides novel insights for understanding the effect of combined heavy metals and antibiotics on the
performance in a sequencing batch reactor with the nanoplastics stress.

1. Introduction

Polytetrafluoroethylene (PTFE) has been used widely in industries,

medicines and laboratories etc., and its fragments are found everywhere
in natural environments (Karpenko et al., 2022). Plastic fragments with
less than 1000 nm are usually defined as nanoplastics (NPs) that are a
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kind of emerging pollutants (Hartmann et al., 2019). Conventional
wastewater treatment plants (WWTPs) have been found as a large source
of NPs in natural environments, as WWTPs could hold plastics with a
large size and discharge little-sized plastics (Cheung and Fok, 2017).
Due to NPs with a large specific area, NPs have extraordinary adsorption
abilities for chemicals from wastewaters in WWTPs (Xiong et al., 2020).
This means when wastewaters contain toxic contaminants, their toxic-
ities to bacteria may be altered due to the adsorption of toxic contami-
nants by NPs. Therefore, it is essential to examine the impact of
polytetrafluoroethylene nanoplastics (PTFE-NPs) on the inhibition of
toxic contaminants on the biological wastewater treatment
performance.

Antibiotics and heavy metals are typical emerging and conventional
toxic pollutants, respectively, and they have been constantly found
simultaneously in WWTPs (Khurana et al., 2021). Many literatures have
testified the joint influence of antibiotics and heavy metals on the bio-
logical wastewater treatment performance and found the antibiotics and
heavy metals interaction resulted in the difference between the inhibi-
tion of blended antibiotics/heavy metals on bacteria and the toxicity
sum of individual antibiotics and heavy metals (Khurana et al., 2021;
Wang et al., 2020a; Wang et al., 2018). Notably, the interfacial inter-
action between NPs and antibiotics and between NPs and heavy metals
contains both electrosorption (Xiong et al., 2020), implying that there
would be a competitive or synergistic relationship between antibiotics
and heavy metals when NPs bind with antibiotics and heavy metals
(Wang et al., 2020b). Some literatures have depicted the relationship of
plastic particles with antibiotics and heavy metals. Zhou et al. (2022)
explored the adsorption behavior of bivalent copper (Cu(II)) on aged
microplastics (average diameter 75 pm) in a binary ciprofloxacin (CIP)
and Cu(II) system, and found CIP affected negatively the adsorption of
Cu(Il) by aged microplastics. Yu et al. (2020) stated the adsorption of Cu
(II) and levofloxacin on various size microplastics (diameter ranging
from 1 to 125 pm), and found that Cu(II) obviously promoted the
adsorption of levofloxacin by microplastics. The biotoxicity of antibi-
otics and heavy metals is closely related to their free-state levels (Wang
et al., 2018). This suggests that the reciprocity of microplastics with
antibiotics or heavy metals would change the blended antibiotics and
heavy metals toxicity to bacteria, and then alter the combined influence
of antibiotics and heavy metals on the biological wastewater treatment
performance. Notably, NPs are more likely to enter cells and even
change cell membrane permeability due to a smaller particle size in
contrast with microplastics (Alimi et al., 2018; Wei et al., 2020), which
would result in a more complex potential effect of NPs on the combined
toxicity of antibiotics and heavy metals to biological wastewater treat-
ment performances. Nevertheless, the current studies only focus on the
adsorption behavior of antibiotics and heavy metals on microplastics,
and no information has been implemented to explore the effect of this
adsorption behavior of NPs on the combined inhibition of antibiotics
and heavy metals on biological wastewater treatment systems.

In the study, PTFE-NPs, CIP and Cu(II) were chose as the represen-
tative of NPs, antibiotics and heavy metals, respectively, in order (a) to
assess the combined CIP and Cu(II) inhibition on the nitrogen elimina-
tion, nitrifying and denitrifying activity, extracellular polymeric sub-
stances (EPS), microbial community and interplay of sludge with CIP
and/or Cu(Il) in a sequencing batch reactor (SBR) with or without PTFE-
NPs, and (b) to discuss the adsorption kinetics and thermodynamics of
CIP and/or Cu(Il) by PTFE-NPs in solutions.

2. Materials and methods
2.1. Reactors and wastewaters

Six SBRs (R1, R2, R3, R4, R5 and R6) with 50 % volume exchange
rate, 7.7 L available volume, 50 cm working height and 14 cm internal

diameter were set up. Every SBR in a cycle was managed according to
0.05 h influent, 5.5 h aerobic step, 1.5 h anoxic step, 0.9 h deposition
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and 0.05 h effluent, and the six SBRs were manipulated three cycles in
one day. The dissolved oxygen in aerobic step was higher than 2.0 mg L’
! Seeding sludge (RO) in the six SBRs was gained from a SBR manipu-
lated for 30 days at no Cu(Il), CIP and PTFE-NPs addition, and the
average chemical oxygen demand (COD) and ammonia nitrogen (NHj-
N) elimination efficiencies in seeding sludge were 89.06 % and 81.31 %,
respectively. The initial content of seeding sludge (measured by mixed
liquor suspended sludge (MLSS)) in the six SBRs was about 4000 mg L%
The artificial wastewaters pumped into R1, R2, R3, R4, R5 and R6
contained about 400 mg L' COD, 40 mg L'} NHf-N and 10 mg L
phosphorus, and different levels of PTFE-NPs (average diameter 800
nm), Cu(Il) and/or CIP. The influent PTFE-NPs, Cu(II) and CIP levels in
the six SBRs were listed (see supplementary material).

2.2. Determining methods

The NHZ-N, nitrite nitrogen (NO3-N), nitrate nitrogen (NO3-N), COD,
Cu(Il), MLSS, and mixed liquor volatile suspended solids (MLVSS) were
determined according to Wang et al. (2020a). CIP was checked in
accordance with Ma et al. (2022). Specific ammonia oxidation rate
(SAOR), specific nitrite oxidation rate (SNOR) and specific nitrate
reduction rate (SNRR) were tested according to Wang et al. (2015).
Bacterial community was detected by Personalbio Company (Shanghai,
China) using a high-throughput sequencing (Wang et al., 2020a), and
raw sequences data was submitted to the National Center for Biotech-
nology Information database (accession number: PRJNA855154).
Tightly bound-EPS (TB-EPS) and loosely bound-EPS (LB-EPS) were ob-
tained according as Wang et al. (2013). Protein (PN) and polysaccharide
(PS) levels were estimated according to Lowry method (Frglund et al.,
1995) and to anthrone-sulfuric acid method (Dubois et al., 1956),
respectively.

2.3. Batch adsorption kinetic and thermodynamic experiments

The batch adsorption kinetic and thermodynamic experiments with
Cu(Il) and/or CIP by PTFE-NPs were set in a thermostatic shaker at 200
revolutions per minute, and the adsorption processes were evaluated for
18 h. The adsorption kinetics was carried out at 288 K, and the tem-
peratures in the adsorption thermodynamic experiments were 288, 298
and 308 K, respectively. In the adsorption kinetic and thermodynamic
experiments of Cu(II) and/or CIP on PTFE-NPs, the initial PTFE-NPs, Cu
(I), CIP and mixed Cu(II)/CIP concentration was 1000 mg L1 (to ensure
that the PTFE-NPs was enough in the adsorption of CIP and Cu(Il) by
PTFE-NPs), 35 mg L%, 15mg L™ and 35 mg L! + 15 mg L'}, respectively.

The adsorption amount was appraised by equations (eq.) (1) (Yili-
mulati et al., 2021).
ge =G CIxV &)

m
where g, (mg g’l) was the adsorbent amount at equilibrium; V (L) was
the adsorption solution volume; Cp and C, (mg LY were the solute
levels at initial and equilibrium steps, respectively; m (g) was the PTFE-
NPs amount.

Adsorption kinetics of Cu(II) and/or CIP by PTFE-NPs were assessed
by the pseudo-first-order (PFO) and pseudo-second-order (PSO)
adsorption kinetic models, and they were shown in eq. (2) and (3),
respectively (Li et al., 2017).
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where g; (mg g_l) was adsorption capacity at time t; g, ; and g, 2 (mg
g~ 1) were adsorbed amounts at equilibrium in PFO and PSO equations,
respectively; k; (h™) and kz (g mg~'h™?!) were adsorption rates in PFO
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and PSO equations, respectively.

The adsorption thermodynamics were analyzed based on the data
obtained at varying temperatures, and thermodynamic parameters were
appraised by means of eq. (4), (5) and (6) (Yu et al., 2020).

_As AH

n(K) = %~ 2 )
AG = —RTIn(K,) 5)
kg = g— 6

where K4 was the adsorption constant of linear isotherm indicated the
adsorption capacity, and its determination was according to Yilimulati
et al. (2021); ¢, and C, were the same as those in eq. (1); R (8.314 J
mol~! K1) was the ideal gas constant at standard temperature and
standard pressure; T (K) was the absolute temperature; AG (kJ/mol) was
the free energy variation; AH (kJ/mol) was the enthalpy variation; AS
(kJ/mol) was the entropy variation.

2.4. Antagonism degree index

The degree index of antagonism was used to reflect the antagonistic
degree between the mixed toxic substances in the study, and the
antagonistic degree index was calculated using the following equation.

Diixea

D, + D, )

D =1-
where D, was the antagonistic degree index; Dpyixeq (%) was the
decreased degree of sludge activities at the mixed toxic substances stress

compared to control without toxic substances; D; and D, (%) were the
decreased degree of sludge activities at the alone toxic substance 1 stress
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and at the alone toxic substance 2 stress, respectively, compared to
control without toxic substances. D; was defined that it ranged from 0 to
1. The larger its value was, the antagonistic effect was more obvious.

2.5. Statistical analysis

An analysis of one-way variance with Tukey test was used to assess
data, and p less than 0.05 was regarded as a statistical significance. The
sample analyses were performed in triplicate, and data was exhibited as
means + standard deviation.

3. Results and discussion
3.1. Performance

Fig. 1 shows the effect of PTFE-NPs on the combined inhibition of Cu
(II) and CIP on COD and nitrogen removals in SBRs. At the single
pressure of Cu(Il) and CIP, the average COD and NHZ-N elimination
rates were 75.81 % and 75.17 % as well as 76.40 % and 46.48 %, cor-
responding to R1 and R2, respectively. At the binary Cu(Il) and CIP
stresses, the average COD and NH#-N elimination efficiencies in R3
showed 73.04 % and 38.61 %, respectively. The average COD and NH{-
N elimination efficiencies in R3 were always lower than those from R1
and R2, which was pertinent to the synergism or antagonism between
heavy metals and antibiotics (Wang et al., 2020a; Wang et al., 2018). To
reflect the effect of PTFE-NPs on the combined inhibition of Cu(II) and
CIP on the COD and NHj-N removals, the average elimination rates of
COD and NHj-N in R4, R5 and R6 with PTFE-NPs were assessed, and
they were 78.37 % and 80.17 %, 71.57 % and 43.92 % as well as 66.51 %
and 46.34 %, corresponding to R4, R5 and R6, respectively. The de-
creases in the average COD removal rate from R6 were always higher
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Fig. 1. Effect of PTFE-NPs on the combined inhibition of Cu(II) and CIP on COD and nitrogen removals in SBRs. (a) COD, (b) NH3-N, (c) NO3-N, (d) NO3-N.
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than that from R4 and R5, while the average NH;-N elimination rate in
R6 was less than that in R4 and was higher than that in R5. The changes
on the combined inhibition of Cu(II) and CIP on the COD and NHj-N
elimination at the PTFE-NPs intervention were different from those
without the PTFE-NPs stress. NPs could adsorb heavy metals and anti-
biotics (Yu et al., 2019), which could change the bioavailability of Cu(II)
and CIP. In addition, NPs was also significant carriers for the heavy
metals and antibiotics transport (Shen et al., 2019). These might cause
that once NPs-contaminant complexes were ingested by cells, these
contaminants might be simultaneously taken by cells through the NPs
desorption etc.. The interaction of PTFE-NPs with Cu(Il) and CIP
explained why the organic and nitrogen removals with or without PTFE-
NPs were different. The average effluent NO3-N levels in R1, R2, R3, R4,
R5 and R6 were 4.87, 9.04, 5.24, 1.89, 5.75 and 6.56 mg L'l, respec-
tively. The average effluent NO3-N level in R3 was lower than in R2
while higher than in R1. In R6, the average effluent NO3-N level was
always higher than in R4 and R5. Results suggested the PTFE-NPs stress
changed the combined effect of Cu(II) and CIP on the NO3-N elimina-
tion. The effluent NO3-N accumulation in R1, R2, R3, R4, R5 and R6 was
not constantly acquired.

3.2. Sludge activities

Fig. 2 depicts the effect of PTFE-NPs on the combined inhibition of
Cu(Il) and CIP on SAOR, SNOR and SNRR. The RO sample was taken
from seeding sludge at no Cu(II), CIP and PTFE-NPs. In RO, R1, R2, R3,
R4, R5 and R6, the SAOR values were 14.76, 7.86, 7.81, 7.02, 11.76,
5.20 and 4.99 mg N g~ VSS h™!, respectively, and the SNOR values
were 14.82, 7.58, 4.61, 5.92, 10.53, 6.77 and 4.41 mg N g71 VSS hfl,
respectively. In contrast with RO, the SAOR and SNOR values in R1, R2
and R3 were reduced by 46.73 % and 48.86 %, 47.12 % and 68.93 % as
well as 52.56 % and 60.08 %, respectively. The decreased degree of
SAOR (or SNOR) value in R3 was less than the total SAOR (or SNOR)
value decreased degree in R1 and R2, suggesting an antagonism between
Cu(Il) and CIP on ammonia-oxidizing bacteria (AOB) activities and
nitrite-oxidizing bacteria (NOB) activities. Metal ions and antibiotics
with electron-donor groups could form metals-antibiotics complexes,
and they were easily absorbed by activated sludge to form metals-
antibiotics-sludge complexes (Li et al., 2020a; Li et al., 2020b). This
could decrease the biological availability of metals and antibiotics,
which was one of reasons for the antagonistic effect of Cu(II) and CIP on
the nitrifying activities of sludge. The decreased degrees of SNOR values
in R1, R2 and R3 showed higher in contrast with SAOR, implying NOB

Fig. 2. Effect of PTFE-NPs on the combined inhibition of Cu(II) and CIP on
SAOR, SNOR and SNRR. RO: seeding sludge. R1: with Cu(II). R2: with CIP. R3:
with Cu(I)/CIP. R4: with Cu(II)/NPs. R5: with CIP/NPs. R6: with Cu(Il)/
CIP/NPs.
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was more impressible to Cu(II) and/or CIP than AOB. The results were
similar to previous study in which NOB was more sensitive to a harsh
environment than AOB (Shi et al., 2021). The SAOR and SNOR values in
R4, R5 and R6 at a PTFE-NPs stress were decreased by 20.36 % and
28.96 %, 64.76 % and 54.35 % as well as 66.12 % and 70.24 %,
respectively, compared to RO. There was a lower decreased degree of
SAOR (or SNOR) value in R6 than the sum of SAOR (or SNOR) value
decreased degree in R4 and R5, suggesting no change of Cu(II) and CIP
antagonistic effect on AOB and NOB was caused by PTFE-NPs. The
decreased degrees of SNOR values in R4 and R6 were higher than SAOR,
while the opposite result was found in R5. This suggested PTFE-NPs
changed the sensitivity of AOB and NOB to CIP, and did not change
those to Cu(II) and mixed Cu(II)/CIP. Li et al. (2020a), Li et al. (2020b)
found that plastic particles had a significant effect on ammonia oxida-
tion but no nitrite oxidation. The CIP concentration was the lowest
among Cu(II), CIP and mixed Cu(Il)/CIP, which might cause that the
PTFE-NPs stress more easily affected the CIP toxicity than Cu(II) or
mixed Cu(I)/CIP. In addition, the adsorption of CIP and/or Cu(Il) by
PTFE-NPs belonged to physical adsorption, as AH value in 3.4.2 section
was lower than 40 kJ-mol ™! (Li et al., 2010). The AH value for CIP was
the highest among Cu(II), CIP and mixed Cu(Il)/CIP, suggesting that
physical adsorption might had less contribution to the adsorption of
PTFE-NPs for CIP than for Cu(I) or mixed Cu(II)/CIP (Chen et al., 2021).
Generally, desorption was more easily found in physical adsorption (Liu
etal., 2022), suggesting there might be a more obvious desorption for Cu
(II) or mixed Cu(II)/CIP than for CIP. This might explain why the PTFE-
NPs addition did not more obviously change the toxicity of Cu(Il) or
mixed Cu(II)/CIP for SAOR and SNOR than for CIP. In RO, R1, R2, R3,
R4, R5 and R6, the SNRR values were 22.95, 9.88, 5.95, 8.14, 12.67,
7.97 and 5.99 mg N g~! VSS h™!, respectively. Compared to RO, the
SNRR values without the PTFE-NPs stress in R1, R2 and R3 were reduced
by 56.95 %, 74.08 % and 64.53 %, respectively, and at the PTFE-NPs
stress, the SNRR values in R4, R5 and R6 were decreased by 44.77 %,
65.25 % and 73.89 %, respectively. The sum of SNRR value decreased
degree in R1 and R2 and the sum from R4 and R5 were higher than the
decreased degree of SNRR value in R3 and R6, respectively. The results
suggested a Cu(Il) and CIP antagonism on denitrifying bacteria with or
without the PTFE-NPs stress. Gao et al. (2022) found that the inhibitory
effect of antibiotics and heavy metals on denitrifying bacteria was
antagonistic. Among R1, R2 and R3, the decreased level of SAOR in R1
showed higher than in R2 and R3, while the SNOR and SNRR decreased
levels in R1 showed less than in R2 and more than in R3. Differently, the
SAOR, SNOR and SNRR decreased levels in R6 were always higher than
in R4 and R5. The changes showed an increase in the mixed Cu(II)/CIP
inhibition on SAOR, SNOR and SNRR as the PTFE-NPs addition, sug-
gesting that the Cu(I) and CIP antagonism to nitrifiers and denitrifiers
was weakened by the PTFE-NPs intervention.

To further assess the influence of PTFE-NPs on the Cu(II) and CIP
antagonistic effect on SAOR, SNOR and SNRR, the antagonism degree
index (Dt) was calculated, and the results were shown in Fig. 3. The
larger Dt value was, the interaction between mixtures more easily
affected their toxicities to SAOR, SNOR and SNRR. The Dt values for
SAOR, SNOR and SNRR at no PTFE-NPs stress were 0.44, 0.49 and 0.51,
respectively, implying the Cu(Il) and CIP interaction at no PTFE-NPs had
more distinct effects on denitrifiers than nitrifiers, and on NOB than
AOB. At the PTFE-NPs stress, the Dt values for SAOR, SNOR and SNRR
were 0.22, 0.16 and 0.33, respectively. The Dt values with PTFE-NPs
were always lower than at no PTFE-NPs, suggesting the PTFE-NPs
stress increased the influence of CIP and Cu(Il) interaction on nitrify-
ing and denitrifying activities. NPs could increase bacterial permeability
(Feng et al., 2020a), resulting in the entry of more Cu(II) and/or CIP into
cells at PTFE-NPs stress. Additionally, the synergistic adsorption of CIP
and Cu(II) by PTFE-NPs and their desorption could be found based on
the analyses of adsorption kinetics and thermodynamics, respectively
(3.4.2 section), meaning when PTFE-NPs were ingested by cells, CIP and
Cu(Il) could also be simultaneously taken by cells (Shen et al., 2019).
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These could also cause more CIP and Cu(Il) to enter into cells, and
resulted in the increase in the mixed Cu(II)/CIP breach to cells with
PTFE-NPs compared to no PTFE-NPs. These could interpret why the Dt
values for SAOR, SNOR and SNRR at PTFE-NPs stress were lower than at
no PTFE-NPs. At no PTFE-NPs, the Dt value for SNOR was higher than
SAOR and lower than SNRR, while under PTFE-NPs stress, the Dt value
for SNOR was the lowest among SAOR, SNOR and SNRR. Results implied
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the Cu(Il) and CIP antagonism on SNOR was most distinctly changed by
PTFE-NPs among SAOR, SNOR and SNRR. The changing trend of Dt
values for SAOR, SNOR and SNRR with and without PTFE-NPs were
different, which might be pertinent to the PTFE-NPs biotoxicity. This
need to be studied future.

3.3. Microbial community

Fig. 4a shows the impacts of PTFE-NPs on the joint Cu(II) and CIP
inhibition on the evolutions of functional bacterial community involved
in nitrification and denitrification at the genus level. There were about
200 recognized genera that their mean relative abundance in the seven
samples was always more than 0.01 %, and the genus composition
changes were analyzed based on 50 genera with more than 95 % of total
abundance. In the 50 genera, 14 genera pertained to nitrifers and
denitrifers. The genera Nitrosomonas and Nitrospira pertained to nitri-
fying bacteria (Yang et al., 2021), and these genera Nitratireductor,
Caulobacter, Reyranella, Acidovorax, Cupriavidus, Dechloromonas, Deni-
tratisoma, Leptothrix, Thauera, Thiomonas, Pseudomonas and Comamonas
belonged to denitrifying bacteria (Feng et al., 2020b; Wang et al., 2020a;
Xia et al., 2019). The effect of PTFE-NPs on the nitrifiers and denitrifiers
relative levels and their changed degrees at the Cu(II) and/or CIP stress
are depicted in Fig. 4b and 4c. In RO (seeding sludge), R1, R2 and R3, the
denitrifers relative level was 75.60 %, 65.79 %, 44.83 % and 60.22 %,
respectively, and compared to RO, the decreased degrees in R1, R2 and
R3 showed 12.97 %, 40.70 % and 20.34 %, respectively. The sum of
denitrifers relative abundance reduced level in R1 and R2 was 53.67 %,
which was higher than R3. Results might lead to the Cu(Il) and CIP

Fig. 4. Effect of PTFE-NPs on the combined inhibition of Cu(II) and CIP on (a) the evolutions of functional microbial community associated with nitrification and
denitrification, (b) the total relative abundance of nitrifiers (or denitrifiers) and (c) the decreased degrees of relative abundance of nitrifiers, denitrifiers, AOB and
NOB at the genus level. RO: seeding sludge. R1: with Cu(II). R2: with CIP. R3: with Cu(II)/CIP. R4: with Cu(II)/NPs. R5: CIP/NPs. R6: with Cu(II)/CIP/NPs.
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antagonistic effect on SNRR. This was similar to previous studies in
which zinc and tetracycline antagonistically affected the activities of
nitrate and nitrite reductase (Wang et al., 2020a). The denitrifers rela-
tive abundance in R4, R5 and R6 was 69.20 %, 50.03 % and 45.40 %,
respectively, and compared to RO, the reduced degrees in R4, R5 and R6
were 8.46 %, 33.82 % and 39.94 %, respectively. The sum of denitrifers
relative abundance decreased degree in R4 and R5 was 42.28 %, which
was higher than R6. The changes suggested there was still a Cu(Il) and
CIP antagonistic effect on SNRR under a PTFE-NPs stress. The decreased
degree of denitrifers relative level in R6 showed higher than in R4 and
R5. While the decreased degree was more in R3 than in R1 and lower
than in R2. Results suggested the PTFE-NPs stress increased the inhibi-
tion of mixed Cu(Il) and CIP on denitrifiers compared to no PTFE-NPs.
This might decrease the antagonistic effect between Cu(II) and CIP on
SNRR at a PTFE-NPs stress compared to no PTFE-NPs.

Similarly, in RO, R1, R2, R3, R4, R5 and R6, the genus Nitrosomonas
relative abundance was 0.67 %, 0.61 %, 0.57 %, 0.58 %, 0.64 %, 0.50 %
and 0.48 %, respectively, and the genus Nitrospira relative level showed
1.90 %, 1.70 %, 1.27 %, 1.63 %, 1.75 %, 1.31 % and 1.21 %, respec-
tively. Compared to RO, the genus Nitrosomonas relative abundance
reduced levels in R1, R2, R3, R4, R5 and R6 were 9.42 %, 15.36 %,
13.87 %, 4.96 %, 25.75 % and 28.72 %, respectively, and the genus
Nitrospira relative abundance decreased levels were 10.67 %, 33.26 %,
14.57 %, 8.04 %, 31.16 % and 36.42 %, respectively. The sum of genera
Nitrosomonas and Nitrospira relative level decreased degree in R1 and R2
was 24.78 % and 43.93 %, respectively, and they were always higher
than the genera Nitrosomonas and Nitrospira relative abundance in R3.
The changes could result in the Cu(I) and CIP antagonistic effect on
SAOR and SNOR. Analogously, the genus Nitrosomonas (or Nitrospira)
relative abundance in R6 was lower than the sum of genus Nitrosomonas
(or Nitrospira) relative abundance decreased degree in R4 and R5. At a
PTFE-NPs stress, the decreased degrees of genera Nitrosomonas and
Nitrospira relative abundance with mixed Cu(II)/CIP were closer to their
sum with alone Cu(ll) and CIP, compared to no PTFE-NPs stress. The
results might cause the Cu(Il) and CIP antagonistic effect on SAOR and
SNOR at no PTFE-NPs stress was more obvious than that with PTFE-NPs.
The decreased degree of denitrifiers in R1, R2, R3, R4, R5 and R6 was
always higher than nitrifiers, and the decreased degree of genus Nitro-
spira was higher than the genus Nitrosomonas. The results suggested with
or without PTFE-NPs, Cu(II) and/or CIP always had a distinct impact on
denitrifiers than nitrifiers, and on the genus Nitrospira than the genus
Nitrosomonas.

3.4. Adsorption behavior

To understand the effect of PTFE-NPs on the Cu(Il) and CIP antag-
onism on sludge activities, the adsorption kinetics and thermodynamics
were investigated.

3.4.1. Adsorption kinetics

Fig. 5 shows the single and binary adsorption processes of CIP and Cu
(II) by PTFE-NPs. The single system was the adsorption of CIP or Cu(II)
by PTFE-NPs, while the binary system was the adsorption of PTFE-NPs
with CIP and Cu(Il). The rapid increase in the adsorption amount (g,
of PTFE-NPs for CIP and Cu(Il) in the single and binary system could be
found in the initial phase, and then the increase gradually slowed. The
changes suggested that the adsorption of PTFE-NPs with CIP and Cu(II)
occurred on the surface of PTFE-NPs (Yu et al., 2020). When q, for CIP
and/or Cu(Il) in the single and binary system was not obviously altered
as time, the adsorption equilibrium was achieved. The q; value under the
adsorption equilibrium condition was regarded as the max adsorption
amount. The max adsorption amounts for CIP by PTFE-NPs in the single
and binary systems were 1.01 and 1.28 mg g}, respectively, and the
max Cu(II) adsorption amounts of PTFE-NPs were 0.85 and 0.89 mg g},
respectively, corresponding to the single system and the binary system.
Xue et al. (2021) reported similar results in which antibiotics were
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Fig. 5. The single and binary adsorption processes of CIP and Cu(ll) by
PTFE-NPs.

adsorbed by microplastics more easily than metals whether in the single
or binary systems of antibiotics and metals. The max adsorption
amounts for CIP and Cu(II) by PTFE-NPs were always higher in the bi-
nary system than in the single system, suggesting a synergistic adsorp-
tion process between CIP and Cu(Il) by PTFE-NPs. The results were
coincident with previous literatures in which the synergistic adsorption
was due to the complex of carboxyl/amino group from antibiotics to
metal ions (Chen and Li, 2022). As the desorption of PTFE-NPs with CIP
and Cu(II) was achieved (see 3.4.2 section), the synergistic adsorption
process of CIP and Cu(II) by PTFE-NPs might cause more CIP and Cu(II)
in cells were found in the binary system after the adsorption of PTFE-NPs
by cells than the single system. More entry of CIP and Cu(II) into cells
through the synergistic transport of PTFE-NPs could explain why the
combined CIP and Cu(II) toxicity to bacteria was increased by the stress
of PTFE-NPs. The CIP and Cu(Il) complexes toxicity to bacteria showed
less than alone Cu(II) and was higher than individual CIP (Zhang et al.,
2012). This might be one of reasons the combined CIP and Cu(II) toxicity
to bacteria at a PTFE-NPs stress was still antagonistic. To understand the
mass transfer process of CIP and Cu(Il) by PTFE-NPs in the single and
binary systems, the adsorption kinetics was analyzed using the pseudo-
first-order (PFO) model and the pseudo-second-order (PSO) model, and
the fitting properties are depicted (see supplementary material). The
correlation coefficient (R?) values for the PFO model and the PSO model
were always higher than 0.95 in the single and binary systems, revealing
both the PFO model and the PSO model could match the data well. The
evolutions suggested the mass transfer processes of CIP and Cu(II) by
PTFE-NPs in the single and binary systems were both dependent on the
sorbent concentration (based on the PFO model fitting results) and the
available sorption domains of PTFE-NPs (based on the PSO model fit
results) (Yao et al., 2021). For the PFO model, the adsorption reaction
rates (k;) of Cu(II) and CIP on PTFE-NPs in the single system were 0.80
and 0.62 h™?, respectively, and those in the binary system were 1.53 and
1.98 h™1, respectively. Similarly, for the PSO model, the adsorption
reaction rates (kz) of Cu(Il) and CIP on PTFE-NPs in the single system
were 0.91 and 0.77 h™!, respectively, and those in the binary system
were 2.86 and 1.05 h™ 1, respectively. The adsorption reaction rates of
Cu(ID) or CIP on PTFE-NPs in the single systems were always lower than
those in the binary systems, suggesting binary Cu(II) and CIP promoted
their adsorptions by PTFE-NPs. Previous studies reported similar results
in which the interaction between antibiotics and metals served as
bridges increased the adsorptivity of plastic particles with antibiotics (or
metals) to metals (or antibiotics) (Yu et al., 2020; Zhou et al., 2022).
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3.4.2. Adsorption thermodynamics

To understand the dynamic forces of CIP and/or Cu(II) adsorption on
PTFE-NPs, the adsorption thermodynamics were analyzed in the single
and binary systems, and the AG, AH and AS values are shown (see
supplementary material). In the single CIP or Cu(II) adsorption process
by PTFE-NPs at 288, 298 and 308 K, the AG values for the CIP adsorption
on PTFE-NPs showed 5.30, 5.07 and 4.83 kJ-mol ™}, respectively, and
they in the Cu(Ill) adsorption by PTFE-NPs were 5.70, 5.73 and 5.76
kJ -mol’l, respectively. Similarly, in the binary CIP and Cu(II) adsorp-
tion system by PTFE-NPs, the AG values for CIP at 288, 298 and 308 K
were 4.61, 4.53 and 4.44 kJ -mol’l, respectively, and were 5.60, 5.56
and 5.52 kJ-mol ™! for Cu(II), respectively. The AG values in the single
system showed higher than those in the binary system, implying the
binary Cu(II) and CIP promoted their adsorptions by PTFE-NPs. The
results were similar to Xue et al. (2021) in which higher AG values in the
single adsorption of Cu(Il) or oxytetracycline by thermoplastic poly-
urethane microplastics were found compared to their binary adsorption
system. The AG values at different temperatures in the single and binary
system were always positive, suggesting the adsorption process of CIP
and/or Cu(Il) by PTFE-NPs was nonspontaneous, and the complex of
PTFE-NPs with CIP and/or Cu(II) was not stable (Guo et al., 2022). The
results were similar to previous studies, in which the adsorption of an-
tibiotics on microplastics was nonspontaneous, and the adsorption was
promoted by vibration (Yu et al., 2020). The AH values for CIP and Cu
(II) in the single system were 12.05 and 4.92 kJ-mol~?, respectively, and
they in the binary system were 7.06 and 6.72 kJ-mol~?, respectively.
Chen et al. (2021) found that physical adsorption played a dominant role
when AH was less than 40 kJ-mol ™. Generally, physical adsorption had
lower stability than chemical adsorption (Liu et al., 2022). This was one
of the reasons that the complex of PTFE-NPs with CIP and/or Cu(II) was
not stable. The AS changes could reveal whether the adsorption process
involved in an associative or dissociative mechanism, and the AS value
above —10 kJ-mol ! meant the adsorption conformed to a dissociative
mechanism (Akpomie et al., 2015). The AS values in the single and bi-
nary system for CIP were 23.44 and 8.51 kJ-mol~!, respectively, and
they for Cu(Il) were —2.73 and 3.91 kJ-mol~}, respectively. The AS
values in the single and binary system for CIP and Cu(Il) were always
higher than —10 kJ -molfl, which also confirmed CIP and/or Cu(II)
could be desorbed from the unstable PTFE-NPs complex with CIP and Cu
(ID). Wu et al. (2019) observed the desorption of bisphenol analogues
from microplastics when AS was larger than —10 kJ-mol l. The
adsorption thermodynamics showed that the nonstable complex of
PTFE-NPs with CIP and/or Cu(II) could be formatted in their adsorption
processes, and the nonstable complex formation might lead to the results
that more CIP and Cu(II) could enter into cells through the desorption of
CIP and/or Cu(Il) from the nonstable PTFE-NPs complex with CIP and
Cu(Il) inside cells compared to no PTFE-NPs. The changes explained
why the PTFE-NPs existence decreased the antagonistically combined
toxicity of CIP and Cu(II) to bacteria.

3.5. Extracellular polymeric substances

Fig. 6 shows the effect of PTFE-NPs on the joint inhibition of Cu(II)
and CIP on EPS. The PN and PS contents from LB-EPS in RO, R1, R2, R3,
R4, R5 and R6 were 11.87 and 1.92, 26.22 and 3.77, 24.50 and 2.03,
55.53 and 3.83, 50.10 and 3.63, 33.46 and 2.13 as well as 42.14 and
2.40 mg g~ VSS, respectively, and those from TB-EPS showed 16.83 and
2.62, 29.13 and 3.88, 28.90 and 3.27, 58.40 and 3.75, 33.87 and 2.63,
56.85 and 4.32 as well as 50.77 and 2.78 mg g~ VSS, respectively.
Compared to RO, the PN and PS levels from LB-EPS and TB-EPS
increased, which was related to bacterial protective responses to
harmful environments (Wang et al., 2020a). The PN/PS ratios from LB-
EPS and TB-EPS were 6.18 and 6.41, 6.95 and 7.51, 12.05 and 8.84,
14.51 and 13.16, 13.82 and 15.59, 15.70 and 12.86 as well as 17.59 and
18.24, respectively, corresponding to RO, R1, R2, R3, R4, R5 and R6. The
PN/PS ratio in RO showed the lowest in the seven samples, suggesting
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Fig. 6. Effect of PTFE-NPs on the combined inhibition of Cu(II) and CIP on (a)
PN, (b) PS and (c) PN/PS ratio in EPS. RO: seeding sludge. R1: with Cu(Il). R2:
with CIP. R3: with Cu(I)/CIP. R4: with Cu(II)/NPs. R5: with CIP/NPs. R6: with
Cu(II)/CIP/NPs.

with or without PTFE-NPs, PN had a more critical role in protecting
bacteria from the toxicity of Cu(II) and/or CIP than PS. Previous studies
reported similar results that bacteria secreted more PN to decrease the
toxicity of metals and antibiotics to them rather than PS (Wang et al.,
2017; Zheng et al., 2016). Compared to RO, the PN level from LB-EPS
and TB-EPS in R1, R2 and R3 increased by 120.89 % and 73.08 %,
106.43 % and 71.72 % as well as 367.84 % and 229.96 %, respectively.
The increased degree of PN from LB-EPS (or TB-EPS) in R3 was higher
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than the total increased level from R1 and R2, suggesting the bacterial
protective responses to the binary Cu(II) and CIP stress might be higher
than the sum of protective levels to the single Cu(II) and CIP stress. The
results might be one of reasons that Cu(II) and CIP had antagonistic
effects on SAOR, SNOR and SNRR. The increased degree of PN from LB-
EPS showed higher than TB-EPS, suggesting at no PTFE-NPs stress, PN
from LB-EPS played more important roles in protecting bacteria from the
single and binary stresses of Cu(II) and CIP than TB-EPS. Compared to
RO, the PN content from LB-EPS and TB-EPS in R4, R5 and R6 increased
by 322.03 % and 247.01 %, 181.87 % and 101.27 % as well as 255.05 %
and 201.64 %, respectively. At a PTFE-NPs stress, the increased degree
of PN from LB-EPS was higher than TB-EPS, which was similar to the
results at no PTFE-NPs. The changes suggested with or without PTFE-
NPs, PN from LB-EPS had a more critical protective role for bacteria at
the single and binary stresses of Cu(Il) and CIP than that from TB-EPS.
This was similar to previous study in which more PN was found in LB-
EPS than in TB-EPS under harmful environment (Wang et al., 2017).
While at a PTFE-NPs stress, the increased degree of PN from LB-EPS (or
TB-EPS) in R6 was lower than the sum of increased degree in R4 and R5,
suggesting the protective role from PN of LB-EPS (or TB-EPS) in R6
might be less than the sum in R4 and R5. The results with a PTFE-NPs
stress were contrary to those at no PTFE-NPs, which might explain
why the PTFE-NPs stress decreased the Cu(II) and CIP antagonistic effect
on SAOR, SNOR and SNRR.

4. Conclusions

The COD and NHZ-N removal rates decreased as the Cu(II) and/or
CIP addition with or without PTFE-NPs. The PTFE-NPs addition weak-
ened the antagonistic effect of Cu(Il) and CIP on the nitrifying and
denitrifying activities of sludge, and enlarged the degree of reduction in
the relative level from nitrifiers and denitrifiers with mixed Cu(II)/CIP.
PTFE-NPs did no change the results that denitrifiers were more
impressible to Cu(Il) and/or CIP than nitrifiers. Mixed Cu(II)/CIP pro-
moted their adsorptions by PTFE-NPs based on adsorption kinetics and
thermodynamics. With or without PTFE-NPs, PN had more obvious
protective responses to Cu(Il) and/or CIP than PS.
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