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Abstract: The combination of heavy metals and extracellular polymeric substances (EPSs) affects
the distribution of heavy metals in microbial aggregates, soil, and aquatic systems. This paper
aimed to explore the binding mechanisms of EPSs of different molecular weights in activated
sludge with heavy metals. We extracted the stratification components of activated sludge EPSs
and divided the components into five fractions of different molecular weight ranges. In the three-
dimensional fluorescence analysis of each fraction, the EPSs of activated sludge had two peaks, peak
A (representing low-excitation tryptophan) and peak B (representing high-excitation tryptophan),
and static quenching was the main reason for the fluorescence quenching between the compounds
attributable to peak A in activated sludge EPSs and Pb?" and Cu?*. Further exploration suggested
that the EPSs of activated sludge interacted with Cd?*, Pb%*, Cu?*, and Zn?* to form new substances.
The quenching effect of the EPSs with the highest molecular weight (100 kDa-0.7 um) was more
significant, and the binding ability was more stable. This study implies that the application of EPSs
from activated sludge is promising. While effectively binding heavy metals, it can also reduce the
volume of the excess activated sludge.

Keywords: extracellular polymeric substances (EPSs); different molecular weight; heavy metal;

interaction mechanism; fluorescence quenching

1. Introduction

In recent centuries, with the massive industrialization and economic growth, heavy
metal pollution in aquatic ecosystems has intensified, and has become one of the most
significant global environmental problems [1,2]. Heavy metals can be defined as any
metal with a density greater than 5 g/cm?; examples include cadmium (Cd), lead (Pb),
copper (Cu), zinc (Zn), etc. Tons of heavy metals are being discharged into the envi-
ronment, poisoning water bodies, soil, and more [3,4] through the course of wastewater
irrigation, sludge application, solid waste disposal, automobile exhaust, and industrial
waste dumping. Heavy-metal-polluted water bodies have suffered a calamitous loss of
aquatic biodiversity due to the toxicity, persistence, bioaccumulation, and undegradability
of heavy metals. In addition, the potential effects of metal-contaminated drinking water on
human health are of concern [5-7]. We cannot neglect to intervene. However, conventional
methods of wastewater treatment have some disadvantages, such as low removal rate of
metal ions, the formation of a large amount of sludge that is difficult to treat, and high
operating costs [8]. In recent years, a widely used approach has been to add chemical
agents, removing noxious heavy metals by converting their dissolved form into insoluble
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sediments. However, this method inevitably results in complex sediments that are costly to
treat. Due to their nonbiodegradable characteristics, heavy metals are always adsorbed
and removed from wastewater along with the wasted sludge [9,10].

Extracellular polymeric substances (EPSs) are a major component of activated sludge
flocs, biofilms, and microbial granules [11]. EPSs mainly contain substances secreted by
microbial cells, produced by cell autolysis, or exfoliated from the cell surface, such as
polysaccharides, proteins, nucleic acids, phospholipids, humins and humic acids; among
these, polysaccharides and proteins are the main components [12-14]. According to the
degree of combination of organic matter and cell phase, the sludge extracellular polymeric
substances can be classified into three types: slime EPSs (S-EPSs), loosely bound EPSs (LB-
EPSs), and tightly bound EPSs (TB-EPSs) [15-17]. EPSs generally exist in or at the surface
of activated sludge flocs, and include plentiful negatively charged functional groups such
as carboxyl groups, phosphoric groups, and hydroxyl groups. These functional groups
have been shown to be capable of efficiently complexing heavy metal ions via electrostatic
attraction, ion exchange, surface precipitation, and other types of interaction [18-21]. This
study aimed to gain a further understanding of the interaction mechanisms between EPSs
and heavy metals.

Traditionally, the characterization of EPSs obtained from sewage treatment plants has
been assessed by the determination of protein and polysaccharide concentration; however,
this is laborious and yields limited information. Fluorescence spectroscopy, a rapid, non-
destructive, sensitive, and low-cost measurement and characterization method, enables
researchers to quickly evaluate the dynamic characteristics of EPSs in sewage treatment fa-
cilities [22]. A combination of ultrafiltration fractionation, fluorescence excitation-emission
matrix quenching, and parallel factor analysis (PARAFAC) is employed by Wu Jun et al. [23]
to show the fluorescence characteristics of individual molecular weight components of
dissolved organic matter in landfill leachate, and to evaluate the practical value of this com-
bined method in the characterization of components separated based on molecular weight.
Previous studies attempted to explore the relationships between EPSs and heavy metals.
Through evaluating the instability of metal-bound EPSs, Bhaskar et al. [24] provided a
preliminary assessment of the role of bacterial EPSs in the binding of heavy metals (i.e., Cu
and Pb). Jin Wang et al. [25] applied Fourier transform infrared spectroscopy and demon-
strated that the EPSs extracted from Desulfovibrio desulfuricans bind Zn?* more strongly
than Cu?*. Much of the available literature deals with the binding mechanisms between
the EPSs of activated sludge and heavy metals. However, few studies have attempted to
use three-dimensional fluorescence spectroscopy to tackle this problem. Three-dimensional
excitation—emission matrix (EEM) fluorescence spectroscopy is a rapid, selective, and sen-
sitive technique that provides information regarding the fluorescence characteristics of
compounds by altering the excitation and emission wavelengths simultaneously [26].

The specific objectives of the study were (1) to separate extracellular polymeric sub-
stances from activated sludge and classify according to their molecular weight, (2) to
conduct fluorescence quenching experiments using three-dimensional fluorescence and in
this way analyze the binding process of extracellular polymeric substances and different
heavy metals, and (3) to explore the mechanisms by which activated sludge extracellular
polymers with different molecular weights bind with different heavy metals in order to
provide valuable insight for the treatment of heavy metal pollution in soils and watersheds.

2. Materials and Methods
2.1. Sludge Samples

In this study, the activated sludge was collected from the oxidation ditch of a sewage
treatment plant located in Wenzhou (Wenzhou, China) during the plant’s stable operation.
The collected samples were transported to a laboratory within 30 min following sampling
and refrigerated in a 4 °C refrigerator for further analysis.
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2.2. Reagents and Instruments

In the experiment, the used Pb(NO3);, Cd(NO3),, Cu(NO3),, Zn(NO3),, NaH;POy,
Na3POy, NaCl, and KCl were analytically pure. The collected bottom sediments were
re-suspended to their original volume in a pH 7 buffer solution consisting of 1.3 mmol/L
NazgPQy, 2.7 mmol/L NaH,;PO,4, 6 mmol/L NaCl, and 0.7 mmol/L KCI [26].

All the glassware was rinsed and dried in a constant-temperature oven (DGG-9420,
Science and Technology Co., Ltd., Ningbo, China). Ultrafiltration cups (MSC300, Mosu Sci-
entific Equipment Co., Ltd., Shanghai, China) and ultrafiltration membranes (1 kDa, 5 kDa,
10 kDa, 100 kDa, Mosu Scientific Equipment Co., Ltd., Shanghai, China) were required
during the experiment. An electronic balance (AL204, Mettler-Toledo Instrument Co.,
Ltd., Zurich, Switzerland) and a suction filter (SHZ-D11, Qiuzuo Instrument Equipment
Co., Ltd., Henan, China) were also required. In addition, we used an ultrasonic cleaning
machine (SB-800DTS, Xinzhi Biological Technology Co., Ltd., Ningbo, China) and ultra-
speed refrigerating centrifuge (CT15RT, Tianmei Scientific Instruments, Peking, China). A
fluorescence spectrometer (F-4600, Hitachi, Tokyo, Japan) was used in the experiment.

2.3. Experimental Method
2.3.1. The Extraction of EPSs

High-speed centrifugation was used in the extraction of EPSs. It is worth noting
that the following conditions must be met when extracting EPSs: firstly, EPSs should
be separated from the cell surface without damaging the cell itself; secondly, all EPS
polymers should be extracted; thirdly, the structure and properties of the EPSs should not
be destroyed [27,28].

The extraction methods used in the experiment were as follows: (1) For the extraction
of slime we took 100 mL of activated sludge and poured it into a beaker, and let it stand for a
period of time; then, the supernatant was removed and the bottom sludge was transferred
into a 200 mL centrifuge tube for centrifugation (centrifugal conditions 2000x g, 4 °C,
15 min); after centrifugation, the supernatant was filtered with a 0.7 pm filter membrane
and the filtrate was the slime solution [28-30]. (2) For the extraction of LB-EPSs, buffer
solution was added to the residual sludge from (1) until the sludge returned to its original
volume, then the mixture was moved to a 200 mL centrifuge tube for centrifugation
(5000 g, 4 °C, 15 min); after centrifugation, the supernatant was filtered by a 0.7 um filter
membrane and the filtrate was the LB-EPS solution. (3) For the extraction of TB-EPSs, we
prepared a suspension with volume of 100 mL by adding buffer solution to the remains
in (2); after the ultrasonic treatment (20 kHz and 480 W for 10 min) the suspension was
centrifuged in a 200 mL centrifuge tube (20,000x g, 4 °C, 20 min) and the supernatant
was filtered through a 0.7 um membrane; the filtrate was the TB-EPS solution [31]. The
extraction process revealed that LB-EPSs were more closely related to sludge flocculation
and sedimentation, and TB-EPSs had a greater contribution to cell adhesion [32].

2.3.2. Molecular Weight Classification of EPSs

The ultrafiltration membrane method was applied to classify the EPSs according
to molecular weight. The ultrafiltration membrane required treatment before use. The
pretreatment method was as follows [33]: the new membrane was soaked in ultrapure
water (the water resistivity was 18.2 M()-cm) for 8-12 h, then filtered with ultrapure water
for 2-3 h. The used membrane was treated with 0.2 mol/L NaOH solution for 30 min,
washed with water until it was neutral, and then stored in 20% ethanol solution until use.

Water samples (slime solution, LB-EPSs solution, and TB-EPSs solution) were added
to suction filters equipped with different ultrafiltration membranes (100 kDa, 10 kDa, 5 kDa,
and 1 kDa). The filtrates were collected to determine the total organic carbon (TOC), and
further filtered into different molecular weights. The process for obtaining the molecular
weight distribution of organic matter in the water samples is shown in Figure 1. The slime
solution that could filter through the 0.7 um microfiltration membrane but not the 100 kDa
ultrafiltration membrane was recorded as Slimel (100 kDa-0.7 um); the EPSs were divided
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into different molecular weights, recorded as Slime2 (10-100 kDa), Slime3 (5-10 kDa),
Slime4 (1-5 kDa), and Slime5 (<1 kDa). The molecular weights of LB-EPSs and TB-EPSs
were separated in the same way as the slime samples. After the EPSs were divided into
five fractions of different molecular weight ranges, the loss of TOC was controlled within
10%. The above experiments were repeated three times.

Water
sample

Y

0.7pm Microfiltration membrane

Y

D0OL Jo uoneuraala(J

Y
100 kDa Ultrafiltration membrane

Y
10 kDa Ultrafiltration membrane

|
5 kDa Ultrafiltration membrane

Y
1 kDa Ultrafiltration membrane

Figure 1. The process for determining the molecular weight distribution of organic matter in water
samples (TOC: total organic carbon).

2.3.3. Spectral Conditions

The fluorescence spectrum of the EPSs was measured by an F-4600 fluorescence
spectrometer (Hitachi, Ltd., Tokyo, Japan). A xenon lamp was the excitation source. The
excitation wavelength ranged from 200 to 500 nm, increasing by 5 nm each time. The
emission wavelength ranged from 250 to 600 nm, increasing by 2 nm each time [34,35].

2.3.4. Fluorescence Quenching Experiment of Pb%*, Cu?*, Cd%*, and Zn%*

Taking the fluorescence quenching experiment of Pb?* as an example, ultrapure water
was used as a blank control, and 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and
0.1 mmol/L lead nitrate were added into the EPSs of activated sludge with different
molecular weights. The other heavy metal fluorescence quenching measurement steps
were the same as those for heavy metal Pb?*, replacing lead nitrate can be changed into
cadmium nitrate, copper nitrate, and zinc nitrate, for example. All experiments were
repeated three times.
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The potential mechanism for quenching rate constants and quenching can be fitted
using the Stern—Volmer equation [36].

14K Q) =14 K[ 0
where Fjy and F are the fluorescence intensity of the fluorophore in the absence and presence
of heavy metals, Ksv is the Stern—Volmer quenching rate constant, [Q] is the concentration of
the heavy metal (mmol/L), Kq is the quenching rate constant of biological macromolecules,
Tp is the fluorescence lifetime of the molecule, and the average lifetime of the biological
macromolecule is generally about 1078 s.

The complexation constant (K}) and the number of binding sites (n) for the binding of
the two substances can be calculated using the modified Hill equation [37].

Fo —

F
log | | = logK;, +nlog[Q] 2
where Fy and F are the fluorescence intensity of the fluorophore in the presence and absence
of the quencher, K, is the binding constant, n is the number of binding sites, and Q is the
concentration of quencher (mmol/L).

2.3.5. Parallel Factor Analysis (PARAFAC)

In order to analyze different fluorescence components, parallel factor analysis was
used to process three-dimensional fluorescence data. PARAFAC is a trilinear model based
on alternating least squares, and decomposes a three-dimensional array X composed of
multiple EEM data (I x J x K) into three load matrices A, B, and C. The elements included
are ajf, by, cxs. Then, the three load matrices are calculated by minimizing the residual
sum of squares. Each column vector corresponds to the score, excitation spectrum, and
emission spectrum respectively. The mathematical expression for the PARAFAC can be
given as [23,38]:

F
Xijk = ) aybjas+epi=1,...,Lj=1,...,F k=1,...,K (3)
f=1

where Xjy, ajf, bj, and ¢y are the elements of matrices X, A, B, and C, respectively, and €ijk
is the residual of the fitting model.

3. Results and Discussion
3.1. Fluorescence Characteristics of EPSs of Activated Sludge

In this paper, the EPSs of activated sludge are divided into three types: S-EPSs, LB-
EPSs, and TB-EPSs. They were divided into five fractions of different molecular weight
ranges by the ultrafiltration membrane method described above. The five different molec-
ular weight ranges were 100 kDa—0.7 um, 10-100 kDa, 5-10 kDa, 1-5 kDa, and less than
1 kDa. Each group of EPSs (i.e., slime, LB-EPSs, TB-EPSs) was separated based on these
five molecular weight ranges, represented as S-EPS1 to S-EPS5, LB-EPS1 to LB-EPS5, and
TB-EPS1 to TB-EPS5, respectively.

The TOC content in pristine sludge samples and EPS samples were measured to
evaluate EPSs in pristine sample and in the five fractions representing different molecular
weight ranges. The results showed that a significant proportion of the total EPSs was S-
EPSs (65%). A possible explanation for this might be that S-EPSs were mainly composed of
microbial metabolites, and were free in solution instead of being adsorbed on the surface of
the cells. Thus, S-EPSs accounted for the majority of TOC in pristine. As shown in Figure 2,
based on different molecular weights, EPSs of large molecular weight (100 KDa—-0.7 um)
had a comparatively higher presence, and especially in LB-EPSs and TB-EPSs, EPSs of the
largest molecular weight made up a much greater proportion of the total than those of the
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smallest molecular weight. This difference might influence the binding ability of EPSs with
heavy metals.

Mo

15 E — — O =1kDa
E " F O 1-5kDa
& WF 0 5-10kDa
gL 35 O 10-100kDa
ﬂs% 0 E O 100k Da-0. 7 pm
E (] . c Bl Loss value
- E F —
Q 20 E |
= £
g9 15F
55 o F
5 10k
& L f N ” N
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Figure 2. The percentage of EPSs of the different-molecular-weight fractions in stratified extracellular
polymeric substances of activated sludge.

Different types of organic matter have different fluorescence characteristics, so the
analysis of three-dimensional fluorescence spectroscopy can reflect the nature of the type,
content, composition, and structure of the organic matter. We used a three-dimensional
fluorescence spectrometer to perform a three-dimensional fluorescence analysis of S-
EPSs, LB-EPSs, and TB-EPSs, and the results showed that there were two fluorescence
peaks in the three-layered EPSs. The three-dimensional fluorescence data were ana-
lyzed by PARAFAC. As illustrated in Figure 3, in S-EPSs, the wavelength of peak A was
Ex/Em = 225-275/336-340 nm and the wavelength of peak B was Ex/Em = 275-285/324—
336 nm. According to the position of the fluorescence peak, the literature indicates that
peak A and peak B represent protein-like fluorescent substances [39,40]. In LB-EPSs, the
wavelength of peak A was Ex/Em = 225-265/334-336 nm and the wavelength of peak B
was Ex/Em = 275-285/328-334 nm. Protein-like substances were represented by peak A
and the fluorescent substances represented by peak B were tryptophan-like and protein-like
substances. The wavelength of peak A in TB-EPSs was Ex/Em = 220-225/334-336nm and
the wavelength of peak B was Ex/Em = 275-280/328-334 nm. The fluorescent substances
attributed to peak A were protein-like, while those of peak B were tryptophan-like and
protein-like. This indicates that although LB-EPSs and TB-EPSs were located in the outer
and inner layers of the sludge, their components and material structures were basically the
same. Other fluorescent substances such as aromatic proteins, soluble microbial metabo-
lites, and tyrosine-like substances were not detected in this study. This is similar to the
results of Wang Weigang et al. [41], who only detected a large amount of tryptophan in the
fluorescence peak of stratified anammox granular EPS subfractions. Zhang Peng et al. [42]
detected three fluorescence peaks in the EPSs of biofilm and suspended sludge—namely,
peak A (tryptophan protein-like), peak B (aromatic protein-like substances), and peak
C (tyrosine protein-like). In our study, only two peaks were found in the three types
of EPS, which may be attributed to the fact that EPSs of activated sludge were selected.
The position and value of the fluorescence peaks change with different sludge sources,
and the fluorescent substances detected in each fluorescence peak were also not the same.
Therefore, the fluorescence characteristics of EPSs were closely related to the sludge types.
Further research on the differences in the peak values indicated that peak A in S-EPSs,
LB-EPSs, and TB-EPSs was attributable to low-excitation tryptophan, while peak B could
be attributed to high-excitation tryptophan. These two fluorescence peaks are related to
the structure of the aromatic amino acids in EPSs.
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Figure 3. Fluorescent components of different EPSs. (a,b) The fluorescent components of peak A and peak B in S-EPSs.
(c,d) The fluorescent components of peak A and peak B in LB-EPSs. (e,f) The fluorescent components of peak A and peak B

in TB-EPSs.

3.2. Fluorescence Quenching Mechanism
3.2.1. Stern—Volmer Equation

Fluorescence quenching, broadly speaking, includes any action that can reduce the
intensity of fluorescence. In the narrow sense, it only refers to the physical or chemical
processes that lead to a decrease in fluorescence intensity due to the interaction between
fluorescent molecules and solvent or solute molecules. The substance that causes the
fluorescence decrease in the interaction process is called the fluorescence quencher. The
quenching process competes with the luminescence process to shorten the life of the excited
state of the luminescent molecule. We used the Stern—Volmer equation to fit the quenching
constant and understand the quenching process of Pb?>* and Cu?* through the change in
the quenching constant to explore the quenching mechanism.

Figure 4 shows the change in the Stern-Volmer quenching rate constants of Pb?* and
Cu?* at peak A of EPSs with different molecular weights. From Figure 4a—c, the quenching
rate constant (Ksv) of the same heavy metal (Pb%?*) and peak A of different EPSs of activated
sludge first decreased, then increased with decreasing EPS molecular weight; similarly, it
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can be seen from Figure 4a,d that when different heavy metals (Pb?*, Cu?*) interacted with
peak A of the same activated sludge EPSs, the Ksv decreased as the EPS molecular weight
decreased. Interestingly, we found that in the process of combining heavy metals with
activated sludge EPSs, the overall trend of the quenching rate constant had similar features,
all of which were U-shaped. This is because the fluorescence quenching of heavy metals
and activated sludge EPSs is a slow and stable process. There were some differences in the
fluorescence quenching process between activated sludge EPSs with different molecular
weights and heavy metals, and the interaction of heavy metals with activated sludge EPSs
with larger molecular weight was more obvious.

10 14
sl 12|
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s 6F —" =
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- - r
T | = [
g 3 8-
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L sl
2 1 1 1 1 1 L 1 1 1 1
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Different molecular weight S-EPS Different molecular weight LB-EPS
(a) (b)
z
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(c) (d)

Figure 4. Stern—Volmer quenching rate constants of heavy metals on peak A of EPSs with different molecular weights.
(a—c) The Stern—Volmer quenching rate constants of Pb%* on S-EPSs, LB-EPSs, and TB-EPSs (peak A) with different molecular
weights. (d) The Stern-Volmer quenching rate constants of Cu?* on S-EPSs (peak A) with different molecular weights.

Furthermore, we wanted to explore the fluorescence quenching process of heavy
metals and activated sludge EPSs. The collision process between quenched matter and a
fluorescent material is called dynamic quenching, while the process that quenches matter
and fluorescent material and generates a nonluminescent material at this wavelength is
called a static quenching process. It can be seen from Tables 1 and 2 that the Kq values
between Pb?*, Cu?*, and activated sludge EPSs (peak A) were greater than the quenching
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rate constant between the quencher and biomacromolecules (2.0 * 10'° mol/L-s), indicating
that the fluorescence quenching was caused by the formation of new conjugates—that is,
static quenching was the main reason for the fluorescence quenching between Pb?** and
Cu?* and the fluorescent group A in the EPSs of activated sludge. In order to quantify
the complexation between EPSs and heavy metals, Wang Jin et al. used the Stern—Volmer
equation to evaluate the conditional stability constant of EPS binding with heavy metals. An
R? value greater 0.90 indicates that the equation can accurately describe the complexation
process [25]. From the results of this experiment, only the conditional stability constant R?
of Pb?* complexation with S-EPS4 was less than 0.90, which indicated that the protein-like
compound in S-EPS4 had a weak complexation ability with Pb%*. On the whole, R* was
greater than 0.90, showing a linear correlation; the Stern—-Volmer equation could adequately
judge the complexing ability of heavy metals and EPSs in this experiment.

Table 1. Stern—Volmer constants of different heavy metals reacting with the same kind of activated sludge EPSs.

Fluorescence Ksv Kq

Quencher Different Molecular Weight EPSs Peak 1x10° LimoL 1 x 10" L/(moL-s) R?
S-EPS1 9.160 9.000 0.965
S-EPS2 5.942 5.940 0.953
Pb%* S-EPSs S-EPS3 6.071 6.070 0.984
S-EPS4 2.791 2.790 0.843
S-EPS5 8.632 8.630 0.937
S-EPSI Peal A 7.851 7.850 0988
S-EPS2 3.061 3.060 0.911
Cu?t S-EPSs S-EPS3 3.429 3.430 0.967
S-EPS4 3.051 3.050 0.986
S-EPS5 6.155 6.160 0.900
Table 2. Stern-Volmer equation of the same kind of heavy metals react with different activated sludge EPSs.
Quencher Different Molecular Weight EPSs Fluoll)':z;(ence 1 % 1(1;81‘; /mol. 1 x 1011K13(m0L 5) R?
S-EPS1 9.160 9.160 0.965
S-EPS2 5.942 5.942 0.953
S-EPSs S-EPS3 6.071 6.071 0.984
S-EPS4 2.791 2.791 0.843
S-EPS5 8.633 8.633 0.937
LB-EPS1 8.684 8.684 0.980
LB-EPS2 8.512 8.512 0.988
Pb2+ LB-EPSs LB-EPS3 Peak A 6.393 6.393 0.865
LB-EPS4 8.096 8.096 0.934
LB-EPS5 1.217 12.17 0.935
TB-EPS1 21.39 21.39 0.996
TB-EPS2 10.77 10.77 0.982
TB-EPSs TB-EPS3 11.99 11.99 0.986
TB-EPS4 10.70 10.70 0.954
TB-EPS5 20.70 20.70 0.981

3.2.2. Binding Constant and Number of Binding Sites

In order to further explore the binding ability of EPSs to Cu?*, S-EPSs, LB-EPSs,
and TB-EPSs of different molecular weights were quenched and titrated to determine the
binding constant logKb of different components in EPSs to Cu?* and the number of binding
sites (n). The binding constants (logKb) and the number of binding sites (1) between Cu?*
and peak A are shown in Table 3.



Separations 2021, 8, 120

10 of 21

Table 3. The binding constants for Cu?* and EPSs of activated sludge.

EPSs Fraction Peak n logKjy, R?
SEPSL povw  oewr 2245 0582
SEPS2  pels  omoes 2095 0968
SEPSs  SEPSS  polR (ma 362 945
SEPS: polp o6l o760 0958
s T R v S
LBEPST  polE s ey 0995
3 i 1260 0593
LB-EPSs LB-EPS3 I;iiig 8:1{3; }:Zgi 822;2
LBEPSS it omm 07769 0854
BEpss  beaka 02520 028 095
TBEPST  porT 0d0 Lot 0067
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From the results in the table, it can be seen that for S-EPSs, LB-EPSs, and TB-EPSs
fractions with different molecular weights, the binding sites between peak A and Cu?* was
less than 1, except for S-EPS5 (molecular weight below 1 kDa). The binding sites of peak B
and Cu?* were all less than 1, indicating that there was only one type of adsorption site for
Cu®* in activated sludge EPSs. There was no significant difference in the binding constants,
but they were more inclined to protein-like fluorescent substances.

In addition, except for S-EPS2 with a molecular weight of 10-100 kDa and TB-EPSs
with a molecular weight of 10-100 kDa, the results of which were abnormal (S-EPS2: The
binding constant of activated sludge EPSs (peak A) and Cu®* was 1.8442, which is smaller
than the binding constant of activated sludge EPSs (peak B) and Cu?*; TB-EPS2: The
binding constant of activated sludge EPSs (peak A) and Cu?* was 1.1721 less than that of
the activated sludge binding constant of activated sludge EPSs (peak B) and Cu?"), the
binding constant (logKb) of Cu?* and activated sludge EPSs (peak A) was higher than
that of heavy metal Cu?* and activated sludge EPSs (peak B), indicating that the binding
of Cu?* with the compounds represented by fluorescence peak A was more stable than
that of activated sludge EPSs (peak B). The effective quenching constants logKa of S-EPSs,
LB-EPSs, and TB-EPSs with Cu®* were in the range 0.78-3.67, 0.78-3.12, and 0.83-2.99,
respectively. This shows that the interaction between S-EPSs and Cu?* formed a more
stable composite than the LB-EPSs and TB-EPSs layers.

3.3. Interaction between Heavy Metals and EPSs of Activated Sludge with Different
Molecular Weights

We compared the fluorescence peaks before adding a fluorescence quenching agent
(heavy metal salt) with those when the concentration of the fluorescent quenching agent
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reached 100 pmol/L. The results showed that the quenching agent had an effect on the
quenching of the fluorescence peak. When the concentration of the quenching agent
increased, the quenching of the fluorescence peak of EPSs also changed. When the concen-
tration reached 100 pmol/L, the peak value of the EPS fluorescence peak did not change,
indicating that a binding saturation state had been reached.

Table 4 shows the change in the EPS fluorescence peak value when the concentration
of heavy metal salt reached 100 umol/L. It can be seen from the table that the fluorescence
of EPSs (peak A) was higher than that of EPSs (peak B), indicating that the interaction
of heavy metals with EPSs (peak A) was stronger than that with EPSs (peak B) in the
process of the interaction between heavy metals and activated sludge EPSs. The analysis
of the binding constants in Section 3.2.2 can also explain this result. In addition, after
cadmium nitrate, lead nitrate, copper nitrate, and zinc nitrate were combined with S-EPS1,
LB-EPS1, and TB-EPSI fractions (i.e., those with the largest molecular weight (100 kDa-
0.7 pm)), the fluorescence values reached their highest level. This showed that EPSs with
the largest molecular weight could combine with heavy metals well and exhibited the
best fluorescence quenching effect. It can be seen from the variation in the fluorescence
peak values of activated sludge EPSs that the peak value of the fluorescence increased
and decreased after metal salt solution was added, indicating that heavy metals could
not only complex with the compounds responsible for the fluorescence peak to produce
nonfluorescent substances, but also produce fluorescent substances, which had a good
quenching effect on the fluorescence peak of activated sludge EPSs, and the strength of the
quenching effect was ordered as Pb** > Cd?* > Cu?* > Zn?*.

Table 4. The change in the EPS fluorescence peak values when the concentration of heavy metal salt reached 100 umol/L.

S-EPSs LB-EPSs TB-EPSs
Heavy Metal Salt  EPSs Molecular Weight Fraction

Peak A Peak B Peak A Peak B Peak A Peak B

1 534.9 345.30 3235 80.30 2220 435.0

2 91.20 —-14.70 1 140.1 29.00 521.6 113.2

Cd(NO3), 3 179.4 64.90 181.0 61.10 320.0 17.60
4 299.9 150.9 147.5 24.00 224.0 —52.401
5 82.30 24.40 101.3 45.10 23631 —201.5

1 663.1 292.8 460.7 85.60 3396 1010

2 317.2 —8.300 1 144.1 49.36 642.6 149.3

Pb(NOs); 3 453.2 139.5 83.60 24.66 749.2 171.6

4 192.2 50.40 184.9 51.30 2732 74.40

5 90.00 27.10 79.99 21.61 276.9 139.4

1 577.7 405.6 699.8 319.3 3746 1929

2 187.5 79.70 142.3 83.79 1355 501.9

Cu(NO3), 3 227.7 124.5 218.7 114.0 1123 488.4

4 131.2 98.90 92.10 39.59 305.3 75.00

5 54.84 23.37 90.28 41.30 104.7 11.10

1 311.2 123.2 598.3 202.1 2343 442.0

2 176.8 42.70 116.1 17.40 1022 2442

Zn(NOs); 3 165.4 39.00 61.00 —-31.801! 798.8 192.2

4 183.7 51.70 40.10 —11.501 231.8 19.00
5 96.30 19.50 47.30 —36.221 144.4 —30.80 1

1 A negative sign indicates that the fluorescence value increased.

3.4. The Quenching Effect of Heavy Metals on Activated Sludge EPSs

Taking the interaction of Cd?*, Cu?*, and LB-EPSs with different molecular weights
as an example, the fluorescence peaks of LB-EPSs were observed after adding quenching
agent. Figures 5 and 6 both reflect an obvious trend. With an increase in the concentration
of quenching agent, the quenching effect of heavy metals on the fluorescence peak was
more obvious. At the initial stage of quenching agent, the change of the fluorescence peak
was obvious, showing a continuous downward trend, but as the concentration of heavy
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metals in the quenching agent increased, the change tended to be more gradual, and finally
the fluorescence peak was almost unchanged. During the interaction with heavy metals,
the fluorescence value of peak B was lower than that of peak A. Therefore, compared
with peak B the quenching effect of heavy metals on peak A was more obvious. This
was because the initial fluorescence of peak B was small, so the addition of a heavy metal
quenching agent could not give it a large downward trend. Therefore, the quenching effect
of Cd?* or Cu?* for peak A was much stronger than that for peak B.
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Figure 5. Fluorescence quenching of LB-EPSs with different molecular weights by Cd?* at 25 °C. The fluorescence quenching
of Cd2* to (a) LB-EPS1, (b) LB-EPS2, (c) LB-EPS3, (d) LB-EPS4, and (e) LB-EPS5 at 25 °C.
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Figure 6. Fluorescence quenching of Cu®* with different-molecular-weight LB-EPSs at 25 °C. The fluorescence quenching of
Cu?* to (a) LB-EPS1, (b) LB-EPS2, (c) LB-EPS3, (d) LB-EPS4, and (e) LB-EPS5 at 25 °C.

In this study, cadmium nitrate was used as a fluorescence quencher to interact with
extracellular polymers of activated sludge with different molecular weights. We took
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cadmium nitrate as an example. From Figures 7-9, it can be clearly seen that after adding
cadmium nitrate the peak values of peak A and peak B decreased, indicating that the
quenching agent had an obvious quenching effect on fluorescence peaks A and B of slime,
LB-EPSs, and TB-EPSs with different molecular weights. However, in Figure 9i,j, peak A
and peak B of TB-EPS5 showed an abnormal behavior after adding the quencher. Compared
with the original peak value, the fluorescence peaks of peak A and peak B both increased.
It is possible that cadmium nitrate reacted with TB-EPS5 to form a luminescent substance,
affecting the quenching effect.
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Figure 7. Cont.
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Figure 7. Three-dimensional fluorescence spectra of activated sludge S-EPSs with different molecular weights before and
after adding Cd(NOs3); at 25 °C. (a,c,e,g,i) the three-dimensional fluorescence spectra of S-EPS1, S-EPS2, S-EPS3, S-EPS4,
and S-EPS5 before adding Cd(NOs); at 25 °C. (b,d,f/h,j) The three-dimensional fluorescence spectra of S-EPS1, S-EPS2,
S-EPS3, S-EPS4, and S-EPS5 after adding Cd(NOg3), at 25 °C.
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Figure 8. Three-dimensional fluorescence spectra of activated sludge LB-EPSs with different molecular weights before
and after adding Cd(NOg3), at 25 °C. (a,c,e,g,i) The three-dimensional fluorescence spectra of LB-EPS1, LB-EPS2, LB-EPS3,
LB-EPS4, and LB-EPS5 before adding Cd(NO3); at 25 °C. (b,d,f,h,j) The three-dimensional fluorescence spectra of LB-EPS1,
LB-EPS2, LB-EPS3, LB-EPS4, and LB-EPS5 after adding Cd(NOj3), at 25 °C.
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Figure 9. Three-dimensional fluorescence spectra of activated sludge TB-EPSs with different molecular weights before
and after adding Cd(NOs3); at 25 °C. (a,c,e,g,i) The three-dimensional fluorescence spectra of TB-EPS1, TB-EPS2, TB-EPS3,
TB-EPS4, and TB-EPS5 before adding Cd(NOg3), at 25 °C. (b,d,f,h,j) The three-dimensional fluorescence spectra of TB-EPSI,

TB-EPS2, TB-EPS3, TB-EPS4, and TB-EPS5 after adding Cd(NOj3), at 25 °C.

4. Conclusions

In this study, three-dimensional fluorescence spectroscopy was used to explore the
quenching mechanism of heavy metal ions and EPSs and to understand the interaction
between heavy metals and EPSs. The findings clearly indicate that although LB-EPSs and
TB-EPSs are located in the outer and inner layers of sludge, respectively, their composition
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and material structure are basically the same. The activated sludge EPSs included two
fluorophores, both of which were protein-like substances. The compounds attributable to
peak A in fluorescence spectra are high-excitation tryptophans and those attributable to
peak B are low-excitation tryptophans. Peak A and peak B could be quenched by heavy
metals, and the quenching process was static quenching. Compared with peak B, the
quenching effect of heavy metals on peak A was more significant, indicating that the
combination of heavy metals and EPSs mainly occurred on the peak A compounds and
their binding ability was more stable. The interaction between heavy metals and the EPSs
with the highest molecular weight evaluated here (100 kDa—0.7 um) was more stable than
that with the other ESPs. The strength of the quenching effect of different heavy metals on
EPSs was ordered as Pb?" > Cd?* > Cu®* > Zn?".
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