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a b s t r a c t

Metabolic uncouplers are widely used for the in-situ reduction of excess sludge from activated sludge
systems. However, the interaction mechanism between the metabolic uncouplers and extracellular
polymeric substances (EPS) of activated sludge is unknown yet. In this study, the interactions between a
typical metabolic uncoupler, o-chlorophenol (oCP), and the EPS extracted from activated sludge were
explored using a suite of spectral methods. The binding constants calculated for the four peaks of three-
dimensional excitation-emission matrix fluorescence were in a range of 1.24e1.76� 103 L/mol, implying
that the tyrosine protein-like substances governed the oCP-EPS interactions. Furthermore, the results of
Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy and 1H nuclear magnetic
resonance indicated that the carboxyl, carbonyl, amine, and hydroxyl groups of EPS were the main
functional groups involved in the formation of the oCP-EPS complex. The results of this study are useful
for understanding the interactions between metabolic uncouplers and the EPS of activated sludge as well
as their fates in biological wastewater treatment systems.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The activated sludge process is widely used in wastewater
treatment plants (WWTPs) for treating both municipal and indus-
trial wastewaters (Liu, 2003). However, long-term performance of
activated sludge systems can be constrained by production of excess
sludge (Gostomski and Vela, 2018). The treatment and disposal of
excess sludge may account for 50e60% of the total operational costs
of a WWTP (Guo et al., 2013). Thus, development of effective in situ
or post-sludge reduction strategies is essential. Among these avail-
able strategies, dosing metabolic uncouplers is regarded as prom-
ising in situ sludge reduction strategy because of its high efficiency,
easy operation, and consistent system configuration (Guo et al.,
e by Charles Wong.
ted Regulation and Resource
ion, College of Environment,
2013; Fang et al., 2015; Li et al., 2016a,b; Gostomski and Vela,
2018). Previous studies have shown that various metabolic
uncouplers, such as 2,4-dinitrophenol (dNP), para-nitrophenol
(pNP), 2,4-dichlorophenol (dCP), o-chlorophenol (oCP), 3,30,4',5-
tetrachlorosalicylanilide (TCS), and tetrakis (hydroxymethyl) phos-
phonium sulfate (THPS), were effective in reducing sludge produc-
tion at both lab and pilot scales (Guo et al., 2014; Fang et al., 2015; Li
et al., 2016a,b; Ferrer-Polonio et al., 2017).

Extracellular polymeric substances (EPS), which fill the space
between microbial cells, are sticky solid materials secreted by mi-
croorganisms for maintaining and protecting the structure and
strength of microbial aggregates (Sheng et al., 2010). EPS are mainly
composed of polysaccharides, proteins, nucleic acids and hetero-
polymers and account for 50e90% of total organic carbon in the
activated sludge (Wei et al., 2011). The presence of various func-
tional groups in EPS provides the binding sites for the adsorption of
pollutants, such as antibiotics, heavy metals, and metabolic
uncouplers, thereby affecting the transport, persistence and
bioavailability of pollutants in activated sludge systems (Sheng
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et al., 2010; Xu et al., 2013; Zhang et al., 2018). In previous studies,
the impacts of metabolic uncouplers on the reduction of excess
sludge are usually the research focus (Guo et al., 2014; Fang et al.,
2015; Ferrer-Polonio et al., 2017). Studies on the investigation
into the interaction between metabolic uncouplers and EPS of
activated sludge are very limited.

Recently, the interaction mechanisms between EPS and various
pollutants in wastewater were investigated. It was found that
electrostatic interactions and complexing bonds were the main
mechanisms for the binding reactions between heavy metals and
EPS (Sheng et al., 2013). Differently, hydrophobic interaction was
the main driving force for the binding process between EPS and
micro-pollutants like sulfamethizole (Xu et al., 2013; Wang et al.,
2018a). However, the interaction mechanism between metabolic
uncouplers and the EPS of activated sludge remains poorly
understood.

Therefore, the aim of this study was to explore the interaction
between metabolic uncouplers and extracted EPS. A typical meta-
bolic uncoupler, o-chlorophenol (oCP), was selected as the target
uncoupler. The solubilizing EPS were extracted from activated
sludge. The reaction mechanism between oCP and extracted EPS
was investigated using UVevis and three-dimensional excitation-
emission matrix (3D-EEM) fluorescence spectroscopic technolo-
gies. The variation of the functional groups in the interaction was
examined by using Fourier transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), and nuclear magnetic
resonance (NMR). In this way, useful information on the interaction
mechanism between metabolic uncouplers and EPS could be
provided.

2. Materials and methods

2.1. Seed sludge and wastewater

The seed sludge was obtained from the Northern Municipal
Wastewater Treatment Plant in Wuxi City, China. Then, it was
cultivated in a 12-L sequencing batch reactor (SBR), which was
operated in a continuously aerated mode at 30±1�C by using a
water bath. The reactor was operated sequentially within a 6-h
cycle, including feeding (5min), aeration (320min), settling
(15min), withdrawal (5min) and idle phase (15min). The hydraulic
and sludge retention times were maintained at 12 h and 15 d,
respectively. The pH of the feed solution was adjusted at 7.0± 0.2,
and the pH in the reactor was not controlled during the cultivation
period. The dissolved oxygen (DO) concentration was kept above
3mg/L through supplying air, and a stirrer was used tomix the bulk
liquid completely.

A synthetic wastewater was used throughout the experiments,
which was composed of sodium acetate (400e1000mg COD/L),
NH4Cl (92e153mg/L), KH2PO4 (17.5e43.8mg/L), MgSO4 (15mg/L),
CaCl2 (20mg/L), and FeSO4 (15mg/L). In addition, other minerals
were added, including H3BO3 (50 mg=L), ZnCl2 (50 mg=L), CuCl2
(30 mg=L), MnSO4$H2O (50 mg=L), (NH4)6Mo7O24$4H2O (50 mg=L),
AlCl3 (50 mg=L), CoCl2$6H2O (50 mg=L), and NiCl2 (50 mg=L). The
activated sludge was acclimated for two months and the mixed
liquid suspended solid (MLSS) level was maintained at approxi-
mately 3000mg/L prior to the experiments.

2.2. EPS extraction

EPS were extracted using the cation exchange resin (CER,
Amberlite 732, sodium form) method as described by Frølund et al.
(1996). A total of 3000mL of the sample was taken from the SBR at
the end of the aeration stage and then were centrifuged at
5000 rpm, 4 �C for 15min. The sludge pellets were washed twice
with a 100mmol/L NaCl solution. After each wash, the centrifuga-
tion was performed to remove the supernatant at 5000 rpm, 4 �C
for 15min. Later, the sludge pellets were resuspended to their
original volume (3000mL) with a phosphate buffer. The mixture
was transferred to a conical flask and the CER (60 g/g VSS) was
added. The suspensionwas stirred for 6 h at 4 �C and centrifuged at
10000 rpm, 4 �C for 30min. Thereafter, the supernatant was filtered
using a 0:45 mm Millipore filter and saved as the EPS for the sub-
sequent experiments.

2.3. Experimental setup and sampling

Our previous study has proven that 5e20mg/L of oCP could
effectively reduce sludge production (Fang et al., 2015). To further
investigate the interaction between oCP and EPS, the ranges of
5e20mg/L of oCP were selected in this study. First, the different
oCP concentrations of 5, 10, 15, and 20mg/L were prepared by
diluting oCP solution with deionized water for UVevis analysis.
Then, five beakers were prepared, each of which was filled with
250mL of the extracted EPS samples. Later, o-chlorophenol of
different volumes was added to make a final o-chlorophenol con-
centration of 0, 5, 10, 15, and 20mg/L in the five beakers. The
mixture was mixed by a magnetic stirrer for 4 h. Then, samples
were collected to measure the polysaccharides, proteins and humic
compounds, and for UVevis, EEM, FTIR, XPS, and NMR analyses.
The concentrations of polysaccharides, proteins and humic acids of
the pristine EPS were measured as 35.98± 3.66, 46.00± 1.67 and
10.38± 2.08mg COD/L, respectively.

2.4. Analytical methods

The polysaccharide contents were determined by the anthrone
method using glucose as a standard (Sheng et al., 2005). The con-
tents of proteins and humic acids were determined using the cor-
rected Lowrymethod (Raunkjær et al., 1994). Egg albuminwas used
as the standard for the measurements of proteins, and humic acids
was used for the determination of humic compounds.

A UVevis spectrometer Alpha-1506 (PuYuan Co., China) was
used to detect the UVevis absorption spectra (200e700 nm) of all
samples with a 0.1 nm-step. The fluorescence EEMs of the samples
were recorded using a fluorescence spectrometer F-7000 (Hitachi
Co., Japan) with excitation (Ex) wavelengths ranging from 200 to
600 nm at a 10 nm-interval and emission (Em) wavelengths
ranging from 200 to 600 nm at a 2 nm scanning step. Excitation and
emission slits were both maintained at 5 nm and the scanning
speed was 12000 nm/min.

The EPS samples were freeze-dried by a vacuum freeze dryer
(Labconco Inc., USA). Then, the freeze-dried samples were analysed
by FTIR Nexus 870 (Thermo Nicolet Inc., USA). The FTIR spectra
were obtained over a frequency range from 4000 to 400 cm�1 and
the resolution was set as 2 cm�1. The amide I region of EPS at 1700-
1600 cm�1 was further analysed to extract protein secondary
structures. The overlapped peaks with the minimum residual were
resolved by using the Peakfit software (Version 4.12, Seasolve
Software Inc., USA).

XPS PHI 5000 (VersaProbe Co., USA) with an Al Ka X-ray source
(hn¼ 1486.6 eV) was used to determine the elemental composition
and functional groups of the EPS samples. In each measurement,
the X-ray source and the beam spot were set as 25W and 100 mm,
respectively. All binding energies were calibrated using the neutral
C1s peak at 284.6 eV. The XPS analysis consisted of a broad survey
scan (187.85 eV pass energy) for analyzing the main element
composition and a high-resolution scan (58.7 eV pass energy) for
determining the component speciation.

1H NMR spectra were recorded on a NMR spectrometer DRX500



Fig. 1. UVeVis spectra of (A) oCP at different concentrations, (B) EPS reacting with oCP
at different concentrations, and (C) Differential log-transformed absorption spectra of
EPS with oCP at different concentrations.
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(Bruker Co., USA) equipped with a 5mm inverse probe with a z-
gradient coil at 500MHz at room temperature. The freeze-dried
EPS samples were dissolved in 0.5mL D2O (99.9%) for data acqui-
sition in 5mm NMR tubes.

3. Results and discussion

3.1. UVeVis conformational changes of EPS caused by oCP

The UVeVis adsorption spectroscopywas applied to examine the
conformational changes of EPS due to different oCP concentrations.
The characteristic peaks of oCP in deionized water were located at
215 nm and 273 nm (Fig. 1A). The 215 nm peak was assigned to E2
band of phenol, while the peak at 273 nm was attributed to the
presence of oCP aromatic rings (Shi et al., 2012; Mal et al., 2017). In
Fig. 1B, the UVevis spectra of the pristine EPS also had two peaks.
The peak at 231 nm was assigned to n/p* transition of the amide
bond (Havel, 1996), and the band around 270 nm was possibly
ascribed to phenyl group of tryptophan residues (Trp) and tyrosine
in EPS (Mandal et al., 2009). To extract the change of UVevis spectral
response to oCP dosing, the UVevis spectral data of deionized water
with corresponding concentrations of oCP were subtracting from
the spectral data of EPS with different concentrations of oCP
(Habibul & Chen, 2018). The differential log-transformed forms of
UVevis spectral were shown in Fig.1C. On gradual addition of oCP to
EPS solution, the absorbance of the band situated at 215 nm
decreased and the absorbance of the band around 252e270 nm
fluctuated slightly, indicating that the interaction between oCP and
tryptophan and tyrosine proteins in EPS occurred.

3.2. Fluorescence quenching mechanism for the EPS-oCP interaction

3D-EEMwas used to characterize the chemical compositionwith
fluorescence characteristics contained in the EPS. The fluorescence
peak positions and fluorescence intensity in the EEM spectra are
presented in Fig. 2 and Table S1, respectively. As illustrated in Fig. 2,
four main peaks (I-IV) were observed. Peak I, situated at 230/
300e305 nm, was attributed to the tyrosine amino acid, while Peak
II, located at 225e230/345-355 nm, was assigned to the tryptophan
amino acid. Peak III, located at 270e275/355-360 nm, belonged to
the tryptophan protein-like substances, while Peak IV, located at
280/310 nm, was attributed to the tyrosine protein-like substances
(Chen et al., 2003). The four peaks intensity in the 3D-EEM spectra of
EPS decreased with the increasing oCP concentration, indicating the
occurrence of fluorescence quenching. Previous studies have
demonstrated that the strong hydrophobic protein-like substances
in EPS could provide many active sites for the adsorption of organic
micro-pollutants (Sheng et al., 2010; Song et al., 2014). The presence
of tryptophan- and tyrosine-like substances facilitated the adsorp-
tion of ciprofloxacin onto the EPS extracted from activated sludge
(Zhang et al., 2018). Thus, the fluorescence quenching mechanism
was explored to elucidate the changes in the conformational
structure of the fluorophore in EPS.

The widely used fluorescence quenching processes include dy-
namic and static quenching processes. The diffusive collision be-
tween the excited fluorophore and quencher results in the dynamic
quenching process, while the complexation between fluorophore
and quencher leads to the static quenching process (Song et al.,
2010). The Stern-Volmer equation (Eq. (1)) was used to describe
the dynamic fluorescence quenching process:

F0
F

¼ 1þ KSV ½Q � ¼ 1þ Kqt0½Q � (1)

where F0 is the fluorescence intensity of the pristine EPS; and F is
the fluorescence intensities of EPS in the presence of oCP with
different concentrations (5e20mg/L). KSV denotes the Stern-
Volmer quenching constant, Kq is the quenching rate constant of
the biological macromolecule, t0 of 10�8 s represents the average
lifetime of the molecule in the absence of quencher, and [Q] is the
concentration of the oCP (Hu et al., 2005).

The estimated KSV values from the Stern-Volmer equation for
Peaks I, II, III and IV were 1.85� 103, 2.05� 103, 1.55� 103 and
1.26� 103 L/mol, respectively, with the corresponding Kq values



Fig. 2. 3D-EEM spectra of EPS reacting with oCP at different concentrations, (A) the pristine EPS, (B) EPS_5-oCP, (C) EPS_10-oCP, (D) EPS_15-oCP, and (E) EPS_20-oCP.
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calculated at 1.85� 1011, 2.05� 1011, 1.55� 1011 and 1.26� 1011 L/
mol/s. The quenching constants for EPS and oCP were all higher
than the maximum diffusion collision quenching rate constant
(2.0� 1010) (Xu et al., 2013). This result implies that the fluores-
cence quenching of EPS by oCPmight be caused by the formation of
a complex, i.e., EPS-oCP, rather than collision quenching.

The static fluorescence quenching process could be described by
the modified Stern-Volmer equation:

F0
F0 � F

¼ 1þ 1
KA½Q � (2)

where KA is the effective quenching constant for the accessible
fluorophores.

The estimated KA values from the modified Stern-Volmer
equation for Peaks I, II, III and IV were 2.09� 103, 6.46� 103,
2.24� 103, and 1.44� 103 L/mol, respectively, which were close to
the values (2.4� 103 L/mol) reported for the binding of 2,6-
dichlorophenol to EPS (Li et al., 2016a,b). These results indicate
that the four fluorescent substances had a strong binding ability to
oCP.

Fluorescence intensity data were used to estimate the binding
constant (Kb) and the number of binding sites (n) for EPS binding to
oCP using the Hill equation (Wang et al., 2018b):

log
F0 � F

F
¼ logKb þ nlog½Q � (3)

where Kb is the binding constant, and n is the number of binding
sites.

The binding constants Kb for Peaks I, II, III and IV were 1.76� 103,
1.28� 103, 1.24� 103, and 1.25� 103 L/mol, respectively, and the
binding sites n for Peaks I, II, III and IV were 0.99, 0.60, 0.87, and
0.96, respectively. The binding site number n values for Peaks I and
IV were close to 1, indicating that one class of binding sites of the
tyrosine protein-like substances present in EPS was involved in
trapping oCP, and the binding of oCP to EPSwasmainly governed by
the tyrosine protein-like substances in EPS.
3.3. Functional groups involved in the formation of the EPS-oCP
complex

The FTIR spectra of the pristine EPS and EPS_20-oCP are illus-
trated in Fig. 3. The infrared spectrum of EPS exhibited a broad band
at 3378 cm�1, which was attributed to the stretching vibrations of
both OeH (of the polysaccharides) and NeH (of the proteins). The



Fig. 3. FTIR spectra of the pristine EPS and EPS_20-oCP.

Fig. 4. Second derivative resolution enhanced and curve-fitted amide I region (1700-
1600 cm�1) for proteins from (A) the pristine EPS and (B) EPS_20-oCP.

Table 1
Band assignments for the protein secondary structures of EPS.

Wavelength (cm�1) Secondary structures % area

Pristine EPS EPS_20-oCP

1607e1603 Tyrosine side chain 0.95 1.46
1626e1616 Aggregated strands 8.72 5.12
1640e1629 b-Sheet 10.94 22.4
1645e1640 Random coil e e

1650e1649 a-Helix 15.37 16.55
1671e1659 3-Turn helix 34.55 35.58
1691e1678 Antiparallel

b-sheet/aggregated strands
29.47 18.89
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weak peak at 2935 cm�1 corresponded to the CeH stretching vi-
bration (Song et al., 2014). The amide Ⅰ band at 1672 cm�1 was
assigned to C¼O stretching vibrations in proteins, and the band at
1369 cm�1 was caused by the symmetric stretching vibration of
C¼O in eCOO- groups (Yuan et al., 2011). The bands at 1099 cm�1

and 1137 cm�1 originated from the CeOeC ring and CeO stretching
vibrations in polysaccharides (Wang et al., 2012; Song et al., 2014).
The band at 979 cm�1 was ascribed to sulfate groups (CeOeS bond)
in EPS (Xiao et al., 2018).

After EPS reacted with the oCP, the shape and intensity of
several characteristic peaks in the FTIR spectrum changed. The
broad band at 3378 cm�1 turned to a narrow band at 3392 cm�1,
indicating that the hydroxyl groups in EPS and oCPwere involved in
the interactions. The bands at 1080 cm�1 and 1137 cm�1 were
shifted to 1099 cm�1 and 1155 cm�1, respectively, caused by the
interactions between carboxyl groups (CeO) in EPS and oCP. In
addition, the intensity of peaks at 2935 cm�1, 1672 cm�1 and
1369 cm�1 decreased, implying that carbonyl groups (C¼O)
contributed to the coordination of oCP with EPS. These observa-
tions suggest that the hydroxyl, carboxyl, and carbonyl groups in
EPS were the main functional groups involved in EPS-oCP complex
formation.

The protein secondary structures were analysed to further un-
derstand the role of proteins in the interactions between EPS and
oCP. The secondary structure of amide I was assigned to the spec-
ified region (Beech et al., 1999). The curve fitting of the original
spectra is presented in Fig. 4, and the detailed information of band
assignments are listed in Table 1. The amide I in the pristine EPS and
EPS_20-oCP included the tyrosine side chain (1607e1603 cm�1),
aggregated strands (1626e1616 cm�1), b-sheet (1640e1629 cm�1),
a-helix (1650e1649 cm�1), 3-turn helix (1671e1659 cm�1), and
antiparallel b-sheet (1691e1678 cm�1). The protein secondary
structure of random coils (1645e1640 cm�1) was absent in the
pristine EPS and EPS_20-oCP. Among all the protein secondary
structures, the 3-turn helix was the main protein secondary
structure (34.55e35.58%) of the EPS samples. After reacting with
oCP, the percentage of b-sheets in the EPS increased from 10.94% to
22.40%, while the percentage of antiparallel b-sheets decreased
from 29.47% to 18.89%. With an increase in b-sheet secondary
structure in the extracellular proteins, the inner hydrophobic
groups could be more readily exposed, leading to a higher hydro-
phobicity of EPS (Jia et al., 2017). According to previous studies (Yin
et al., 2015; Xing et al., 2018), certain protein secondary structures,
such as aggregated strands, b-sheets, and a- and 3-turn helices,
could enhance the aggregation, adsorption and biofilm formation
of microbial cells, but antiparallel b-structures and random coils
could reduce these factors. In addition, the value of a-helix/(b-
sheet þ random coils) decreased from 1.405 to 0.739, indicating
that the EPS had a loose structure and low flocculating ability after
reacting with oCP (You et al., 2017). These results imply that the
interaction between EPS and oCP could decrease the hydropho-
bicity and aggregation of activated sludge.

The elemental compositions and functional groups of the pris-
tine EPS and EPS_20-oCP were further detected by XPS to explore
which functional groups in EPS were involved in the formation of
the EPS-oCP complex. To quantify the variation in the functional



Table 2
Binding energies (eV), assignments, and quantization of XPS spectral bands of the
pristine EPS and EPS_20-oCP.

Element EPS EPS_20-oCP Assignments

Peak (eV) atomic(%) peak (eV) atomic (%)

C1s 284.30 55.55 284.40 53.21 C-(C,H)
C1s 285.11 39.99 285.20 40.21 C-(O,N)
C1s 286.80 4.46 287.00 6.58 C¼O,OeCeO
O1s 530.50 31.39 530.65 35.76 C¼O
O1s 531.90 68.61 532.20 64.24 CeOeC,CeOeH
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groups of the EPS with or without oCP, the C1s and O1s were
determined via the high-resolution XPS spectra. The presence of
C1s peaks and O1s peaks in the pristine EPS and EPS_20-oCP are
illustrated in Fig. 5, and the assignment and quantification of these
XPS spectral bands are listed in Table 2.

The C1s peak of the pristine EPS could be resolved into three
component peaks (Fig. 5A). The peak at 284.30 eV, which is regar-
ded as aliphatic CeC and CeH bonds (CeC, CeH) from lipids or
amino acid side chains, accounted for the largest percentage in the
spectral band (55.55%). The peak at 285.11 eVwas attributed to CeO
or CeN from ether, ethanol or amine groups of proteins (Lin et al.,
2016; Yuan et al., 2011). However, the C¼O or OeCeO (286.80 eV),
attributed to carboxylate, carbonyl, amide, acetal, or hemiacetal
groups, presented a lowest percentage in the spectral band (4.46%).
The O1s peak of the pristine EPS was resolved in two component
peaks and is presented in Fig. 5C. The O1s peak at 530.5 eV (31.39%)
was assigned to the O double bonded to C (O¼C), as in carboxylate,
carbonyl, ester, or amide. The second O1s peak at 531.90 eV
(68.61%) was mainly attributed to CeO, as in alcohols, hemiacetal,
or acetal groups (Sun et al., 2011).

The C1s and O1s peaks of the EPS_20-oCP are shown in Fig. 5B
and D. The C1s peaks at 284.30, 285.11, and 286.80 eV were slightly
shifted to 284.40, 285.20 and 287.00 eV, respectively, indicating
that the electronic density around C in Ce(O,N) and C¼O increased
and the electronic density around C in Ce(C,H) decreased. The O1s
peaks at 530.50 and 531.90 eV were shifted to 530.65 and
532.20 eV, respectively, suggesting that the electron cloud around
the oxygen atom was transferred to carbon or hydrogen atoms
(Song et al., 2014). This observation implies that the carboxyl,
carbonyl, amine, and hydroxyl groups of EPS were involved in the
formation of the EPS-oCP complex, which was in agreement with
the FTIR analytical results.
3.4. NMR results

The 1H NMR spectrum of the pristine EPS is delineated in Fig. 6A.
The weak peaks in the region of 8.0e7.5 ppmwere attributed to the
aromatic ring structure of EPS (De Sousa et al., 2008). The strong
Fig. 5. XPS spectra of (A, C) the prist
signals at 4.0e3.0 ppm represented hydrogen in the eOH group of
the polysaccharides and proteins in EPS. The dispersed weak peaks
in the 1H chemical shift range of 3.0e0.5 ppm represented the
saturated hydrogen of the alkyl group. The peak at 4.66 ppm was
attributed to the D2O.

The 1H NMR spectrum of EPS interacting with 20mg/L oCP is
shown in Fig. 6B. Some changes in the hydrogen signals were
observed in comparing the spectrum of EPS_20-oCP with the spec-
trumof thepristineEPS. The positions of the hydrogenpeakwere not
shifted, but the intensity of peaks at 1.25e1.0 and 3.75e3.25
increased after the dosage of oCP. This result indicated a decrease in
electron density around the oxygen atoms and an increase in elec-
tron density around the hydrogen atoms in the hydroxyl groups
(Song et al., 2014). Therefore, the hydroxyl groups in oCP and EPS
were involved mainly in the reaction between oCP and EPS.

3.5. The oCP -EPS interaction mechanisms

EPS are complex matrix materials secreted by microorganisms
in thewastewater treatment process and can interact with different
organic matters in wastewater. Recently, the interaction mecha-
nisms between EPS and various pollutants, e.g., heavy metal or
micro-pollutants, in wastewater have been heavily investigated
(Sheng et al., 2013; Xu et al., 2013; Wang et al., 2018a). Two types of
mechanisms have been reported for the binding reactions between
heavy metals and EPS, including electrostatic interactions and
complexing bonds (Sheng et al., 2013). Differently, hydrophobic
ine EPS, and (B, D) EPS_20-oCP.



Fig. 6. 1H NMR spectrum of (A) the pristine EPS, and (B) EPS_20-oCP.

F. Fang et al. / Environmental Pollution 247 (2019) 1020e10271026
interaction was found to play a crucial role in the interaction be-
tween EPS and organic pollutants (Xu et al., 2013). In the interaction
between sulfamethazine and the proteins in EPS, hydrophobic
interaction was the main driving force of the binding process (Xu
et al., 2013). Wang et al. (2018a) also observed that the in-
teractions between EPS and sulfamethizole were attributed mainly
to the proteins in EPS. In this study, the EEM result shows that the
proteins in the sludge EPS provided binding sites and governed the
interactions between oCP and EPS, especially the tyrosine protein-
like substances (Fig. 2). Furthermore, the FTIR, XPS and NMR results
indicate that the main functional groups, such as carboxyl,
carbonyl, amine, and hydroxyl groups, dominated the interaction
between oCP and EPS (Figs. 3, 5 and 6). These results suggest that
the interaction mechanism between metabolic uncouplers such as
oCP and EPS were similar to those between EPS and typical anti-
biotics such as sulfamethizole.

Our results demonstrate the metabolic uncouplers, which are
able to disassociate the energy coupling between catabolism and
anabolism and result in the dissipation of certain portions of energy
through futile cycles, can be trapped by the tyrosine protein-like
substances of EPS produced from activated sludge. Thus, the real
effect of the metabolic uncouplers would be reduced due to the
secretion of EPS in activated sludge. Since the EPS compositions can
be affected by many factors (such as hydrodynamics, dissolved
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oxygen concentration, etc.), in the future some strategies should be
explored to reduce the tyrosine protein-like substances content in
EPS. Thus, the effect of excess sludge reduction can be enhanced,
which is useful in biological wastewater treatment systems.

4. Conclusions

The interaction mechanisms between oCP and EPS extracted
from activated sludgewere explored in this study by using different
spectral methods. The EEM result showed that the proteins in the
sludge EPS provided binding sites and governed the interactions
between oCP and EPS. By analyzing with the fluorescence
quenching mechanism, the high value of binding constant indi-
cated that the binding of oCP to EPS was mainly governed by the
tyrosine protein-like substances. Furthermore, the changes of the
carboxyl, carbonyl, amine, and hydroxyl groups of EPS with the
analysis of FTIR, XPS, and 1H NMR indicated that these groups were
the main functional groups involved in the formation of the oCP-
EPS complex. These results provide useful information to under-
stand the interactions between metabolic uncouplers and EPS of
activated sludge and track their fates in biological wastewater
treatment systems.
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