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Abstract: A review of the characterization and functions of extracellular polymeric substances (EPS)
of microbial aggregates in biological wastewater treatment systems is presented in this paper. EPS
represent the complex high-molecular-weight mixture of polymers excreted by microorganisms
generated from cell lysis as well as adsorbed inorganic and organic matter from wastewater. EPS
exhibit a three-dimensional, gel-like, highly hydrated matrix that facilitates microbial attachment,
embedding, and immobilization. EPS play multiple roles in containments removal, and the main
components of EPS crucially influence the properties of microbial aggregates, such as adsorption
ability, stability, and formation capacity. Moreover, EPS are important to sludge bioflocculation,
settleability, and dewatering properties and could be used as carbon and energy sources in wastewater
treatment. However, due to the complex structure of EPS, related knowledge is incomplete, and
further research is necessary to understand fully the precise roles in biological treatment processes.

Keywords: extracellular polymeric substances; wastewater treatment; microbial aggregation; biological
characteristics; contaminant removal; sludge properties

1. Introduction

Activated sludge is the main key in the common biological process for industrial and
municipal wastewater treatment plants [1]. Most of the microorganisms are present in
the form of microbial floccules, such as sludge flocs, biofilms, and granules. The major
components of microbial aggregates are the microorganisms and the extracellular materials,
known as extracellular polymeric substances (EPS). EPS are complex extracellular polymers
with high molecular weight, which are metabolic products of microorganisms and result
from effluent organic matter and microbial lysis or hydrolysis [2]. Furthermore, EPS
usually serve as a protective layer against the harsh external surrounding [3] and a major
composition of microbial floccules for keeping the sludge cells together [4].

Polysaccharides and proteins are the two main components of EPS [5-7]. Other compo-
nents, such as humic acids, nucleic acids, lipids, and uronic acids, have also been detected
in certain amounts in EPS [5,7,8]. In addition, there were some inorganic components in
EPS from various matrixes [8]. The contents and compositions of EPS in sludge flocs are
related to many factors, including extraction methods, wastewater type, sludge origins,
and operational conditions. EPS contents may be closely related to the growth phase
of the bacteria and increase with incubation time increasing in the exponential growth
phase. However, EPS contents also could decrease with incubation time increasing in the
stationary phase [9].

EPS were proved to have the ability to absorb and biodegrade certain substances. The
main components in EPS were found to influence the properties of microbial floccules, such
as transfer, surface hydrophilicity /hydrophobicity, and aggregate stability [7]. Recently,
the spatial distribution of EPS has been demonstrated to affect the bioflocculation, settling,
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and dewatering properties of activated sludge [10]. Because EPS play a role in mass
transfer between cells and environments, they can also influence microbial metabolisms
and pollutant removal [7]. EPS have a large number of functional groups, such as carboxyl,
phosphate, amine, sulfhydryl, pheaffectnol, and hydroxyl. Most of the functional groups
are negatively charged at neutral pH and capable of forming organometallic complexes
with metal ions. Therefore, EPS can be used as biosorbents for the removal and recovery of
heavy metals in certain industrial wastewater [11]. Xiong et al. indicated that EPS were
widely used in the food, cosmetics, and pharmaceutical industries because of their good
physical, rheological, and safety properties [12]. EPS with a high content of fucose could
be regarded as valuable chemicals for industrial applications, particularly in cosmetics
and pharmaceuticals areas [13]. Therefore, investigating the roles of EPS in wastewater
treatment systems, especially in the activated sludge process, has attracted significant
interest. Although several review articles have summed up the roles of EPS, the previous
research advanced needs to be summarized and analyzed [7].

The aim of this review is to provide an overview of the characteristics and functions of
EPS in biological wastewater treatment systems. The contents are as follows: (1) to clarify
the structure, distribution, and extraction methods of EPS; (2) to identify the biological
characteristics of EPS, such as stability, adhesion ability, and biodegradability; (3) to describe
the roles of EPS on contaminants removal such as organic matter, nitrogen, phosphorus,
and metal ions; (4) to discuss the effects of EPS on sludge flocculation, settleability, and
dewatering capacity.

2. Fundamentals of EPS
2.1. EPS Structure and Distribution

EPS have a three-dimensional structure with a gel-like and highly hydrated matrix;
the microorganisms are embedded and more or less immobilized in EPS [14]. Owing
to the distinct structure, EPS possess a vast surface area and carry numerous functional
groups (e.g., carboxyl, phosphoric, amine, and hydroxyl) [15], significantly affecting the
physico-chemical characteristics of sludge flocs, such as adhesion, hydrophobicity, settling,
and dewatering. Two forms of EPS can be subdivided outside of microorganisms cells,
including bound EPS (sheaths, capsular polymers, condensed gels, loosely bound polymers,
and attached organic materials) and soluble EPS (soluble macromolecules, colloids, and
slimes) [16]. Although the interaction between soluble EPS and cells is weak, the soluble
EPS are found to have impacts on microbial activity and sludge properties [17]. However,
the research on soluble EPS is limited, and the EPS mentioned in this review without being
specified are bound EPS. Bound EPS surrounding bacteria or in sludge flocs likely possess a
dynamic double-layered structure where tightly bound EPS (TB-EPS) forms an inner layer,
and loosely bound EPS (LB-EPS) diffuses in the outer layer [18]. LB-EPS are highly hydrated
and tend to form a dispersible and loose slime layer without a significant edge (dispersible
part). Sludge settleability and dewaterability were found to be more strongly correlated
with LB-EPS than TB-EPS [19], while TB-EPS were found to have effective flocculation
activity compared to LB-EPS [20].

2.2. Methods of Extracting EPS

Several EPS extraction methods can be employed from various wastewater sludge
(biofilm and aerobic or anaerobic activated sludge). Centrifugation is the most common
extraction method for soluble EPS. Notably, lots of extraction methods for bound EPS
have been generated, and new approaches are being developed [21]. These extraction
methods can be classified as physical methods and chemical methods, listed in Table 1. The
physical extraction methods usually adopt external forces, which are created by ultrasonic,
centrifugation, or heating, to encourage the EPS to detach from cells and then dissolve
in solution. The chemical extraction methods involve adding chemical compounds to
disrupt the binding interactions between the EPS and the cells to accelerate the dissolution
of the EPS. In general, the extraction efficiencies of the physical extraction methods are
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lower than those of the chemical extraction methods. As LB-EPS loosely bind with cells,
mild methods, such as high-speed centrifugation, heating at low temperatures, or high-
rate shear, should be utilized to prevent TB-EPS release. In addition to various physical
methods, chemical methods, and enzyme treatments, the extraction of TB-EPS usually adopts
more harsh combination methods, including CER + sonication, alkaline + heating, and
formaldehyde + heating.

Table 1. Different TB-EPS extraction methods.

Methods Mechanism Features Disadvantages References
Comparatively less The lowest amounts
. . . EPS are separated from cell lysis. of EPS are extracted.
Physical Centrifugation C?H surface and 'then Separate the soluble Bound EPS cannot be [8,11,22-24]
dissolve to solution under EPS from the extracted significantl
the centrifugal force. cellular biomass. ¥
Loosen the sludge o )
EPS dissolution will be structure by heating. Significant lysis and
Heating accelerated by enhancing Separate EPS from cells disruption. [11,22,25,26]
molecular movement microbial cells easily. Partial EPS hydrolysis.
with heating.
Effectively disinte-
grate sludge
flocs and .
release enzymes. EPS sirlppmg 1}51 not
i i t t
EPS of biofilm matrix are Mild and effective. ;(t)lnr;%:ri?n €
Sonication extracted under different EPS are separated tractions is 1. [11,22,27-29]
impulsive pressures using the shear Stractuonsis ‘ow:
p db pres! i force generating Disruption of the
created by sonication. from ultrasound extracellular matrix.
and the pressure
formed by the
cavity rupture.
Mild and effective.
) ) Widely used method.
EPIS Will dlsj()lvi into Ultra_sound and Disruption of the
Sonication/ centrifugation solution under the centrifugation extracellular matrix  [22,30]
1mpu151ve pressur? ) technlques are and partial
created by the sonication repeatedly used to cell breakage.
and centrifugal force. extract different
grades of EPS.
Rich in chemical
EPS are fallen away from groups (hydroxyl,
Chemical Acidic treatment .the cell f;urface, as the peptide bon.d, The extraction [8,11,22]
interaction between EPS polysaccharides, efficiency is low.
and cells is disrupted by phosphate, and sulfur
the repulsive force. functional groups).
Alkaline treatment with Effectively sever
NaOH addition causes cell lysis and the Neither extract more
Alkaline treatment the groups to be ionized, disruption of EPS nor get more [8,11,22]

resulting in a strong
repulsion between EPS
and cells.

macromolecules.

chemical groups.
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Table 1. Cont.

Methods Mechanism Features Disadvantages References
High extraction
efficiency.
Widely used
CER removes the method. Insignificant cell
CER divalent cations resulting The Products lysis using low 8,11,22,31]
in EPS falling apart. obtained from the amount of CER.
processing facilitate
subsequent analysis.
EPS matrix will fall apart, Cause a low degree Form complexes
because divalent cations of cell lysis. with EPS generating
EDTA for the cross-linking of Mild and acceptable interfere in the [8,11,22,32]

charged compounds are

extraction efficiency.

colorimetric analysis.

removed using EDTA.
The carbohydrate and Stable humus Specific for polymers.
. . protein-hydrolyzing contents in the Represent only a
Enzymatic extraction enzymes are used to extracted EPS. minority of EPS. [11,22,33]
disrupt the structure of Mild and effective. Underestimation of
sludge and dissolve EPS. the total polymer.
Extract
carbohydrate, Formaldehyde
protein and uronic alters the structure
HCHO reduces the cell acid for all sludges. and properties of
HCHO/NaOH lysis caused by The highest proteins in EPS. [11,29,34]
NaOH addition. amounts of Change the polymer
EPS extracted composition at
from sludges. pH>9.

3. Biological Characteristics of EPS
3.1. Stability

In biological treatment systems, the stability of microbial floc is important to solid /liquid
separation [35]. EPS exist in the structure of microbial floccules and interact with cells
by polymer entanglement, electrostatic interaction, and ion bridging, as well as hydro-
gen bonds and van deer Waal’s force. These intermolecular interactions contribute to
the stability of microbial aggregates. This means that higher EPS contents lead to higher
stability in sludge [36]. Sludge has been reported to have a multiple-layer structure with
two independent parts. The outer layer is dispersible and could be extracted readily,
and the internal part is stable, where the non-readily extractable EPS glue the residual
sludge cells. Thus, closer relationships with sludge stability exist among the readily
extractable EPS [37].

3.2. Adhesion Ability

The formation of biofilm in a liquid environment is related to micro-surface characteris-
tics. EPS present on cell surfaces could enhance microbial deposition [38]. Some functional
groups in EPS contribute to microbial adhesion onto surfaces [39,40]. In the previous study,
the number of adherent bacteria on the sludge surface was found to be reduced after EPS
removal [41], and EPS-rich strains have stronger adhesion to bacteria than the EPS-deficient
strains under similar surface charge conditions [42]. Thus, the adhesion of cells created by
EPS can help to generate bioflocculation [43].

3.3. Biodegradability

Carbon and energy from EPS can be used by activated sludge [44]. Proteins and
polysaccharides are the main substances in EPS, and the degradation enzymes for these
polymers are adequate in biological wastewater treatment reactors. The excreted EPS
were found to be utilized by bacteria for metabolic activity when there was a nutrient
shortage [45,46]. However, some studies showed that some EPS could not be degraded by
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microbes [16]. EPS located in the inner layer of aerobic granular sludge were reported to
be biodegradable, but the situation was on the contrary in the outer layer [47]. Although
some EPS can be used as carbon resources, the degradation can cause deflocculation in the
activated sludge system. Moreover, the non-degradable EPS can be discharged along with
the effluent and bring negative effects on the effluent quality [48].

4. Contaminant Removal
4.1. Organic Matter Removal

Synthetic organic matter is extensively used in many fields, and the unintended release
into the environment poses a potential risk to human health and ecological systems [49].
EPS, as a kind of synthetic organic matter, play an important role in organic pollutant
removal [50]. EPS contain large quantities of negatively charged functional groups with
strong capabilities to adsorb organic pollutants [51], including phenanthrene [52], ben-
zene [53], humic acids [54], dye [55], and antibiotics [56]. A previous study reported that
more than 60% of benzene, toluene, and m-xylene could be absorbed by EPS and that only
a small part was performed by cells [57]. Because the binding strength and capability of
proteins are higher than that of humic substances, soluble EPS with more proteins have a
greater ability to bind organic pollutants than the bound EPS [58].

It was pointed out that EPS was important for organic pollutant adsorption, especially
for some special organic matter, such as antibiotics [55]. Large amounts of antibiotics from
hospitals and pharmaceutical factories have been discharged into the sewage plant every
year [59,60]. Sorption was regarded as the primary way to remove antibiotics in activated
sludge systems [61,62], and the adsorption capacity would decrease significantly after EPS
removal [63]. Notably, sulfamethazine, one typical antibiotic, could be effectively removed
by EPS adsorption, which was beneficial for the subsequent biodegradation [64].

4.2. Nitrogen and Phosphorous Remouval

Nitrogen and phosphorous are common nutrients in domestic wastewater [65]. The
biological phosphorus and nitrogen removal process has been developed for treating
wastewater and protecting water against eutrophication [66]. The activated sludge process
is the wildly used and well-established biological nutrient removal process [67]. No-
tably, the EPS of sludge also play an important role in phosphorus and nitrogen removal
because of the special roles in mass transfer [68-70]. The differences in surface func-
tional groups of EPS lead to variations in hydrophilicity and hydrophobicity, influencing
nutrient removal [71].

Cloete and Oosthuizen indicated that phosphorous could be accumulated significantly
in sludge EPS, and the role of EPS in phosphorous removal could not be negligible in
biological wastewater treatment systems [70,72]. The removal process of phosphorous by
EPS through transformation and transportation was considered to occur simultaneously
with the phosphorus-accumulating organism metabolism and phosphorous precipita-
tion [70,71,73]. Wang et al. indicated that 27% of phosphorus were adsorbed by EPS in the
denitrifying phosphorus removal process [74].

EPS adsorption also has positive effects on biological nitrification/denitrification [74],
especially for promoting the adsorption of ammonium [75]. Respectively, 32.94% and
72.29% of total nitrogen were removed by EPS adsorption in the processes of heterotrophic
denitrification and anammox [69]. However, as EPS are highly complex, the roles of
nutrient removal need to be further studied. In particular, knowledge of pollutant removal
pathways by EPS in activated sludge systems is very limited [71,73].

4.3. Metal Ion Removal

Ecotoxicological risks of heavy metals are widely investigated and have been a global
concern [76]. The existence of heavy metals in the aquatic system can be detrimental to var-
ious living species because these materials are non-biodegradable and tend to accumulate
in living organisms, causing diseases and disorders [77]. Owing to the non-biodegradable
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characteristics of heavy metals, biological sludge in municipal or industrial wastewater
facilities can be effectively used in heavy metal removal processes [78]. Sludge consists
of numerous organisms and several organic substances, such as EPS and cell flocs [11],
and has been proven to adsorb heavy metal ions in wastewater [79-82]. EPS also dis-
play acid-base and metal-ion binding properties [83-86]. The investigation has shown
the adsorption-desorption behaviors of Hg(Il) and Sb(V) on EPS [78]. Other authors also
studied the sorption of Pb(II) and Cd(II) by EPS extracted from pure bacterial strains or
activated sludge and showed EPS adsorbed over 80% Pb(Il) and 30% Cd(II) at pH 7 [5].
Mayer et al. found that Ca(Il) and Mg(Il) could be removed in activated sludge [87]. Fur-
thermore, a previous study reported that some trace elements (e.g., Cu, Zn, and Ni) might
be trapped by the organic matrix of EPS [88].

Functional groups of EPS, such as carboxyl, phosphoric, amine, sulfthydryl, phenolic,
and hydroxyl groups [89], harbored by cell walls, govern the metal-ion sorption [85,86,90].
These functional groups represent potential binding sites for the sequestration of metal
ions [91]. Proteins, carbohydrates, and nucleic acids in EPS all have the ability to bind
with heavy metals [92]. Proteins and humic substances in EPS were both strong ligands for
Cu(Il), and further investigation showed that Cu(Il) was bound with oxygen atoms in the
carboxyl groups of EPS [80]. Additionally, the abundant charged groups in EPS can react
with metal ions [69].

Several parameters, such as temperature, ionic strength, pH, biosorbent size, biosor-
bent dosage, initial solute concentration, and agitation rate [93], will influence the ability
of biosorbents to bind with metal ions. Because the metal affinity order to EPS changes
with pH [94], the biosorption for metal ions can be significantly influenced by pH [95].
For example, the number of EPS binding sites for Cu(II), Pb(II), and Cd(II) could increase
with pH increasing. It was reported that EPS produced by Parapedobacter sp. ISTM3 strain
removed 70% Cr(VI) at pH 4.0 and 95% Cr(VI) at pH 5.0 [96]. However, knowledge of how
pH affects EPS binding sites is very limited [94]. Higher temperatures usually enhance
sorption due to the increased surface activity and kinetic energy of the solute [97]. EPS
have different binding capacities for different metal ions. The binding ability to Pb(Il) is
better than that to Cd(II) [5], while Cu(Il) can be adsorbed more easily than Zn(II) [98].

The mechanisms of metal sorption, such as chelation, ion exchange, proton exchange,
coordination, and precipitation, are involved during metal and EPS interactions [5,99].
The adsorption of heavy metals onto the unfractionated and hydrophobic EPS could be
better described by the Langmuir isotherm, while Freundlich models are more suitable for
hydrophilic EPS [98]. However, further work is needed to obtain a full understanding of
the precise roles of EPS on heavy metals removal in biological treatment systems.

5. Effect of EPS on Sludge Properties

The activated sludge process is widely used, and the production of waste sludge is
an inevitable drawback inherent in the system. Serious pollution problems will be caused
if large quantities of waste sludge are not appropriately treated and disposed of [100].
During sludge treatment, sludge settling and dewaterability are the main obstacles faced by
wastewater treatment plants [101]. EPS are the important components of activated sludge
and play a specific role in sludge bioflocculation, settling, and dewatering properties [11].

5.1. Effects of EPS on Flocculation Ability

The flocculation ability of microbial aggregates is essential to achieve high quality
and low turbidity in effluent. The effects of shear rate on the floc size distribution and
the correlation between flocculation dynamic parameters (such as collision efficiency and
breakage rate coefficient) and velocity gradient have been investigated widely in previous
studies. In fact, the zeta potential of flocs and the organic matter contents of EPS are
also important for activated sludge flocculation [11,48,102-104]. Bioflocculants, such as
microbial EPS, are natural organic macromolecule substances, flocculating suspended
bacterial cells, solids, and colloidal solids [105]. The highly hydrated gel matrix produced
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from EPS keeps the cells together [106], while the interactions between EPS and cells
have significant effects on microbial flocculation ability, showing EPS of flocs as the key
factor [107]. Adding a certain dose of LB-EPS or TB-EPS to the sludge solution after EPS
extraction could induce the aggregation of sludge, and the aggregation capacity of sludge
was restored to more than 80% [102-104].

The flocculation ability of microbial aggregates decreases with the total EPS increasing
and increases with protein contents increasing or humic substance contents decreasing [108].
Proteins constitute more than 43% of the total amount of EPS, while humic substances
constitute 15-42% [108]. However, no obvious relationships were found between nucleic
acid and sludge characteristics. Proteins and polysaccharides in EPS significantly affected
the flocculability of sludge, and the sludge had good flocculability when the proteins
and polysaccharides in EPS were less than 21.55 and 12.27 mg/g VSS, respectively [109].
Thus, the proportion of the main EPS components might have effects on microbial floccu-
lation [110]. Xing et al. also emphasized that EPS easily extracted were more beneficial
for flocculation. Some studies reported that the concentration of EPS was an important
influencing factor for bioflocculation [111], and too high or too low a concentration of EPS
would lead to a reduction in flocculation activity [20]. Recently, studies have demonstrated
that the spatial distribution of EPS also affected the bioflocculation, settling, and dewatering
properties of activated sludge [10].

EPS promote or bate cell aggregation with flocculation and settling. The flocculation
dynamic parameters are linearly correlated with the EPS content and zeta potential. The
floc size will gradually increase, while the flocculation balance factor will decrease with
increasing EPS content or decreasing absolute values of the zeta potential. Although high
EPS favored large flocs aggregation, the flocs containing high EPS were more prone to
large-scale fragmentation [112]. Although EPS was essential to biofloc formation, excessive
EPS in the form of LB-EPS would weaken cell attachment and deteriorate the activated
sludge floc structure, thereby resulting in poor biosolid-water separation [113].

Liu et al. indicated that both LB-EPS and TB-EPS substantively affected sludge aggre-
gation, but the contributions to sludge aggregation were different [48]. LB-EPS fraction did
not play an important role in bioflocculation, but the active part (i.e., TB-EPS fraction), con-
sidered to be the most active fraction in wastewater-activated sludge, was responsible for
the high flocculation rate [114]. Similarly, Bezawada et al. found that TB-EPS demonstrated
the highest flocculation activity and dewaterability compared to LB-EPS [20], due to the
presence of a large number of macromolecules (330-1200 kDa) and trivalent cations [114].

5.2. Effects of EPS on Settling Ability

Sludge settling properties are often regarded as the bottleneck in terms of upgrading
or increasing the capacity of wastewater treatment plants [115]. It was reported that the
number of EPS was more important to the sludge settleability than the composition [114].
Some studies reported that sludge settled faster with lower EPS [116], whereas others
reported the opposite [117]. Poxon and Darby [118] revealed that EPS contained a high
proportion of bound water, producing highly porous sludge flocs with lower density, which
led to poor sludge settleability. In addition, the increasing EPS concentration enhanced
the cell surface charge and then increased the repulsive forces among cells, generating a
decrease in activated sludge settleability [48].

The various components of EPS have different effects on the settling ability of activated
sludge. The production of highly porous flocs with low density due to the increase of LB-
EPS could induce irreducible water into the aggregates [113], expressing the negative effects
on sludge settleability. The SVI of microbial aggregates will increase with EPS contents
increasing. However, the effects of the major components of EPS on the settleability
of microbial aggregates are not clear. Proteins in EPS were found to have a positive
relationship with SVI[119], but carbohydrates had no significant effects [120]. Additionally,
no significant correlation had been observed between SVI and nucleic acid [109].
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5.3. Effects of EPS on Dewatering Ability

Dewatering is a crucial process in sludge treatment and involves significant technical
challenges. Reducing the water content of sludge cake is proven to be an efficient method of
decreasing transportation and disposal costs. However, the highly hydrated and negatively
charged EPS in sludge colloids can bind a large volume of water, i.e., bound water, within
the sludge flocs and affect the charge and stability of the flocs. EPS are usually regarded
as the key factor in the thickening and dewatering process of sludge [121,122]. There are
two binding mechanisms of EPS and water molecules, including electrostatic interactions
and hydrogen. The former played a major role in the permanent dipole of the water for the
functional groups of EPS, and the latter rose the main function in hydroxyl groups of EPS
and water molecules [123]. All these prevent sewage sludge from dewatering.

In general, the reason why the increase in EPS results in poor sludge dewatering
ability may be that the steric resistance generated by EPS prevents contractions among cells.
The macromolecules in EPS cause a large amount of water retained in the sludge floc and
increase the amount of interstitial water. EPS can also form a stable gel preventing water
seepage from the pores of flocs, which deteriorates the dewatering ability of the sludge [44].
Ni et al. reported that aerobic digestion increased dissolved EPS and reduced the sludge
dewatering ability [124]. The effects of EPS on sludge dewatering ability may be related
to the EPS contents and components. A previous study has shown that proteins with
high water-holding capacity may induce an increase in dissolved EPS [125]. Therefore, the
purpose of improving sludge dewatering ability can be achieved by reducing the protein
portion in sludge EPS [126]. In addition, increasing the proportion of carbohydrates in EPS
also would enhance the sludge dewatering [126]. Zhang et al. found that the proteins and
polysaccharides in EPS may control dewaterability, and the sludge had good dewatering
ability when the proteins and polysaccharides in EPS were no more than 21.55 and 12.27
mg/g VSS, respectively [109]. However, some studies have shown that with the increase of
EPS content, the sludge dewatering ability improves [125]. Thus, the interaction of EPS and
the dewatering ability of sludge needs to be further studied in the future, and the specific
role remains elusive so far.

Short-chain fatty acids (SCFAs), generated from waste activated sludge (WAS) [127],
have been considered a good carbon source needed for biological nutrient removal [128].
Enhancing SCFA production from WAS fermentation can substantially reduce the cost of
biological nutrient removal and effectively reduce WAS volume. Recently, the relation of
EPS with sludge reduction has been examined. Zhao et al. indicated that EPS in sludge were
the main matrix to produce SCFAs and helped to achieve sludge reduction [129]. However,
the specific mechanism and process are still unknown and limited research is available.

6. Findings

EPS are complex extracellular polymers with high molecular weight, including bound
EPS (subdivided into LB-EPS and TB-EPS) and soluble EPS. EPS have various biological
properties such as stability, adhesion capacity, and biodegradability. Given the different
structural traits of LB-EPS and TB-EPS, different extraction methods need to be adopted.
As the LB-EPS loosely bind with cells, mild methods, such as high-speed centrifugation,
heating at low temperatures, or high-rate shear, should be utilized to prevent TB-EPS
release. TB-EPS are usually extracted by harsh methods, including CER + sonication,
alkaline + heating, and formaldehyde + heating.

EPS have been found to play an important role in activated sludge treatment systems
for pollutants removal such as organic matter, nitrogen, phosphorus, and metal ions. In
terms of organic removal, the presence of EPS will help to remove phenanthrene, benzene,
humic acids, dyes, and even antibiotics by adsorption, beneficial for biodegradation in
subsequent treatments. The adsorption of EPS also presents positive influences on bio-
logical nitrogen and phosphorus removal. The organic matrix in EPS can sequester some
heavy metal ions, and the functional groups of EPS, including carboxyl, phosphate, amine,
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sulthydryl, phenol, and hydroxyl groups, can also provide potential binding sites for target
metal ions.

EPS can generate significant effects on the bioflocculation, settling, and dewatering
properties of sludge. Although both LB-EPS and TB-EPS contribute substantially to sludge
aggregation, different functions have been found. LB-EPS have adverse effects on sludge
settlement, while the presence of TB-EPS facilitates sludge to exhibit the highest floccula-
tion activity. The effects of EPS on sludge dewatering ability may be related to the EPS
contents and components. Reducing the protein portion or increasing the proportion of
carbohydrates in EPS will enhance the sludge dewatering. Additionally, EPS in sludge are
the main matrix to produce SCFAs and help to achieve sludge reduction.

7. Conclusions

The activated sludge process is the common biological process used in municipal and
industrial wastewater treatment plants. As the complex high-molecular-weight mixture
of polymers produced by microorganisms and the protective barrier for cells against the
harsh external environment, EPS are the important components of activated sludge. The
major components of EPS are polysaccharides, proteins, humic acids, and nucleic acids.
Several EPS extraction methods have been sorted out and analyzed, including physical and
chemical methods, and different extraction methods can be adopted according to different
research purposes. EPS have strong capabilities to adsorb organic pollutants, nutrients,
and heavy metal ions in wastewater treatment systems, because of the large quantities of
negatively charged functional groups involved in the matrix. The complex components in
EPS are found to crucially affect the properties of microbial aggregates, such as adsorption
ability and stability. Moreover, EPS are important to sludge bioflocculation, and settling
and dewatering properties. EPS can also be used by sludge floc as sources of carbon and
energy in wastewater treatment.

8. Recommendations

As EPS are highly complex, knowledge regarding the generation mechanism of EPS
is far from complete, and further work is needed to obtain a full understanding of the
precise roles of EPS in biological treatment systems. In particular, research about how EPS
influence the mass transmission between cells and the external environment is extremely
limited. Furthermore, the effect of various components of EPS on its functionality remains
unknown and limited research is available. At present, many studies are being conducted
on EPS, but further information on EPS is crucial to ensure its success as a commercial
product for real-world application.

Author Contributions: Conceptualization, writing-reviewing, and editing, L.H.; formal analysis, Y.J.
and D.Z.; data curation and investigation, L.L. and S.H.; writing-original draft preparation, Y.Z,;
supervision, Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of Chongqing, China (NO.
cstc2020jcyj-msxmX0365), Science and Technology Research Program of Chongqing Municipal Ed-
ucation Commission (Grant No. KJQN202100210), and Innovation and Entrepreneurship Training
Program for College Students (S202210635267).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Int. |. Environ. Res. Public Health 2022, 19, 12191 10 of 14

References

1.  Wanner, J. The development in biological wastewater treatment over the last 50 years. Water Sci. Technol. 2021, 84, 274-283.
[CrossRef] [PubMed]

2. Sun, HW,; Cai, CJ,; Chen, ].X;; Liu, C.Y.; Wang, G.J.; Li, X.Q.; Zhao, H.A. Effect of temperatures and alternating anoxic/oxic
sequencing batch reactor (SBR) operating modes on extracellular polymeric substances in activated sludge. Water Sci. Technol.
2020, 82, 120-130. [CrossRef] [PubMed]

3. Ali, K,; Ahmed, B.; Khan, M.S.; Musarrat, J. Differential surface contact killing of pristine and low EPS Pseudomonas aeruginosa
with Aloe vera capped hematite (alpha-Fe,O3) nanoparticles. J. Photochem. Photobiol. B Biol. 2018, 188, 146-158. [CrossRef]

4. Zhang, ].S.; Xue, Y.G.; Eshtiaghi, N.; Dai, X.H.; Tao, W.Q.; Li, Z. Evaluation of thermal hydrolysis efficiency of mechanically
dewatered sewage sludge via rheological measurement. Water Res. 2017, 116, 34-43. [CrossRef] [PubMed]

5. Guibaud, G.; Bhatia, D.; d’Abzac, P.; Bourven, L.; Bordas, F.; van Hullebusch, E.D.; Lens, PN.L. Cd(Il) and Pb(II) sorption by
extracellular polymeric substances (EPS) extracted from anaerobic granular biofilms: Evidence of a pH sorption-edge. J. Taiwan
Inst. Chem. Eng. 2012, 43, 444-449. [CrossRef]

6. Guo, X, Liu, J.; Xiao, B. Evaluation of the damage of cell wall and cell membrane for various extracellular polymeric substance
extractions of activated sludge. . Biotechnol. 2014, 188, 130-135. [CrossRef]

7. Zhao,].; Liu, S,; Liu, N.; Zhang, H.; Zhou, Q.; Ge, F. Accelerated productions and physicochemical characterizations of different
extracellular polymeric substances from Chiorella vulgaris with nano-ZnO. Sci. Total Environ. 2019, 658, 582-589. [CrossRef]

8.  D’Abzac, P; Bordas, F.; Van Hullebusch, E.; Lens, PN.L.; Guibaud, G. Extraction of extracellular polymeric substances (EPS) from
anaerobic granular sludges: Comparison of chemical and physical extraction protocols. Appl. Microbiol. Biotechnol. 2010, 85,
1589-1599. [CrossRef]

9. Liu, Y,; Lv, W.Z,; Zhang, Z.Q.; Xia, 5.Q. Influencing characteristics of short-time aerobic digestion on spatial distribution and
adsorption capacity of extracellular polymeric substances in waste activated sludge. Rsc Adv. 2018, 8, 32172-32177. [CrossRef]

10. Zhang, W.; Peng, S.; Xiao, P; He, J.; Yang, P; Xu, S.; Wang, D. Understanding the evolution of stratified extracellular polymeric
substances in full-scale activated sludges in relation to dewaterability. Rsc Adv. 2015, 5, 1282-1294. [CrossRef]

11.  Sheng, G.P; Yu, H.Q.; Li, X.Y. Extracellular polymeric substances (EPS) of microbial aggregates in biological wastewater treatment
systems: A review. Biotechnol. Adv. 2010, 28, 882-894. [CrossRef] [PubMed]

12. Xiong, Z.Q.; Chen, H.L,; Song, X.; Xia, Y.J.; Ai, L.Z. Rapid isolation of exopolysaccharide-producing Streptococcus thermophilus
based on molecular marker screening. J. Sci. Food Agric. 2022, 102, 862-867. [CrossRef] [PubMed]

13. Li, S.S.; Xia, H.Q,; Xie, A.Q.; Wang, Z.Y.; Ling, K.J.; Zhang, Q.X.; Zou, X. Structure of a fucose-rich polysaccharide derived from
EPS produced by Kosakonia sp. CCTCC M2018092 and its application in antibacterial film. Int. J. Biol. Macromol. 2020, 159,
295-303. [CrossRef] [PubMed]

14. Lin, H.;; Zhang, M.; Wang, E; Meng, E; Liao, B.-Q.; Hong, H.; Chen, J.; Gao, W. A critical review of extracellular polymeric
substances (EPSs) in membrane bioreactors: Characteristics, roles in membrane fouling and control strategies. J. Membr. Sci. 2014,
460, 110-125. [CrossRef]

15. Nkoh, J.N,; Yan, J.; Hong, Z.N.; Xu, RK,; Kamran, M.A; Jun, J.; Li, ].Y. An electrokinetic perspective into the mechanism
of divalent and trivalent cation sorption by extracellular polymeric substances of Pseudomonas fluorescens. Colloids Surf. B
Biointerfaces 2019, 183, 110450. [CrossRef]

16. Laspidou, C.S.; Rittmann, B.E. A unified theory for extracellular polymeric substances, soluble microbial products, and active and
inert biomass. Water Res. 2002, 36, 2711-2720. [CrossRef]

17.  Sheng, G.-P; Yu, H.-Q. Formation of extracellular polymeric substances from acidogenic sludge in H-2-producing process. Appl.
Microbiol. Biotechnol. 2007, 74, 208-214. [CrossRef]

18. Zanna, S.; Mercier, D.; Gardin, E.; Allion-Maurer, A.; Marcus, P. EPS for bacterial anti-adhesive properties investigated on a model
metal surface. Colloids Surf. B Biointerfaces 2022, 213, 112413. [CrossRef]

19. Li, X.Y,; Yang, S.F. Influence of loosely bound extracellular polymeric substances (EPS) on the flocculation, sedimentation and
dewaterability of activated sludge. Water Res. 2007, 41, 1022-1030. [CrossRef]

20. Bezawada, J.; Hoang, N.V,; More, T.T,; Yan, S.; Tyagi, N.; Tyagi, R.D.; Surampalli, R.Y. Production of extracellular polymeric
substances (EPS) by Serratia sp.1 using wastewater sludge as raw material and flocculation activity of the EPS produced. .
Environ. Manag. 2013, 128, 83-91. [CrossRef]

21. Nielsen, P.H,; Jahn, A. Extraction of EPS. In Microbial Extracellular Polymeric Substances: Characterization, Structure and Function;
Wingender, J., Neu, T.R., Flemming, H.-C., Eds.; Springer: Berlin/Heidelberg, Germany, 1999; pp. 49-72.

22. Comte, S.; Guibaud, G.; Baudu, M. Effect of extraction method on EPS from activated sludge: An HPSEC investigation. ]. Hazard.
Mater. 2007, 140, 129-137. [CrossRef] [PubMed]

23.  Yuan, D.Q.; Wang, Y.L.; Qian, X. Variations of internal structure and moisture distribution in activated sludge with stratified
extracellular polymeric substances extraction. Int. Biodeterior. Biodegrad. 2017, 116, 1-9. [CrossRef]

24. Zhao, P; Zhao, S.; Wang, H.G.; Lu, M; Li, Z.H. Encapsulation of bacteria in different stratified extracellular polymeric substances
and its implications for performance enhancement and resource recovery. Water Res. 2022, 220, 118684. [CrossRef] [PubMed]

25. Chen, Y.P;Li, C,; Guo, ].S; Fang, F; Gao, X.; Zhang, P; Li, S. Extraction and Characterization of Extracellular Polymeric Substances

in Biofilm and Sludge via Completely Autotrophic Nitrogen Removal Over Nitrite System. Appl. Biochem. Biotechnol. 2013, 169,
526-538. [CrossRef]


http://doi.org/10.2166/wst.2021.095
http://www.ncbi.nlm.nih.gov/pubmed/34312335
http://doi.org/10.2166/wst.2020.336
http://www.ncbi.nlm.nih.gov/pubmed/32910797
http://doi.org/10.1016/j.jphotobiol.2018.09.017
http://doi.org/10.1016/j.watres.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28292678
http://doi.org/10.1016/j.jtice.2011.12.007
http://doi.org/10.1016/j.jbiotec.2014.08.025
http://doi.org/10.1016/j.scitotenv.2018.12.019
http://doi.org/10.1007/s00253-009-2288-x
http://doi.org/10.1039/C8RA06277C
http://doi.org/10.1039/C4RA13379J
http://doi.org/10.1016/j.biotechadv.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20705128
http://doi.org/10.1002/jsfa.11398
http://www.ncbi.nlm.nih.gov/pubmed/34173230
http://doi.org/10.1016/j.ijbiomac.2020.05.029
http://www.ncbi.nlm.nih.gov/pubmed/32389651
http://doi.org/10.1016/j.memsci.2014.02.034
http://doi.org/10.1016/j.colsurfb.2019.110450
http://doi.org/10.1016/S0043-1354(01)00413-4
http://doi.org/10.1007/s00253-006-0634-9
http://doi.org/10.1016/j.colsurfb.2022.112413
http://doi.org/10.1016/j.watres.2006.06.037
http://doi.org/10.1016/j.jenvman.2013.04.039
http://doi.org/10.1016/j.jhazmat.2006.06.058
http://www.ncbi.nlm.nih.gov/pubmed/16879910
http://doi.org/10.1016/j.ibiod.2016.09.012
http://doi.org/10.1016/j.watres.2022.118684
http://www.ncbi.nlm.nih.gov/pubmed/35661510
http://doi.org/10.1007/s12010-012-9996-x

Int. |. Environ. Res. Public Health 2022, 19, 12191 11 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Dong, D.; Seo, D.; Seo, S.; Lee, ].W. Flocculation of microalgae using extracellular polymeric substances (EPS) extracted from
activated sludge. Membr. Water Treat. 2018, 9, 147-153.

Jia, EX,; Yang, Q.; Han, J.H,; Liu, X.H,; Li, X.Y.; Peng, Y.Z. Modeling optimization and evaluation of tightly bound extracellular
polymeric substances extraction by sonication. Appl. Microbiol. Biotechnol. 2016, 100, 8485-8494. [CrossRef]

Li, D.X,; Xi, H.L. Layered Extraction and Adsorption Performance of Extracellular Polymeric Substances from Activated Sludge
in the Enhanced Biological Phosphorus Removal Process. Molecules 2019, 24, 3358. [CrossRef]

Nguyen, V.H.; Klai, N.; Nguyen, T.D.; Tyagi, R.D. Impact of extraction methods on bio-flocculants recovered from backwashed
sludge of bio-filtration unit. J. Environ. Manag. 2016, 180, 344-350. [CrossRef]

Yuan, D.Q.; Wang, Y.L.; Feng, J. Contribution of stratified extracellular polymeric substances to the gel-like and fractal structures
of activated sludge. Water Res. 2014, 56, 56—65. [CrossRef]

Zuriaga-Agusti, E.; Bes-Pia, A.; Mendoza-Roca, J.A.; Alonso-Molina, J.L. Influence of extraction methods on proteins and
carbohydrates analysis from MBR activated sludge flocs in view of improving EPS determination. Sep. Purif. Technol. 2013, 112,
1-10. [CrossRef]

Sun, M,; Li, W-W.; Mu, Z.-X.; Wang, H.-L.; Yu, H.-Q.; Li, Y.-Y.; Harada, H. Selection of effective methods for extracting extracellular
polymeric substances (EPSs) from Bacillus megaterium TF10. Sep. Purif. Technol. 2012, 95, 216-221. [CrossRef]

Ma, Y,; Yuan, P-K.; Wu, Y.;; Meng, H.; Wang, G.-X,; Xie, W.-M.; Zhang, L.-M.; Ma, ].; Xiao, Y. Insight into the role of different
extracellular polymeric substances components on trimethoprim adsorption by activated sludge. J. Environ. Manag. 2022, 306,
114502. [CrossRef] [PubMed]

Sun, X.-y.; Tang, Z.; Yang, X.-p. Comparison of Extraction Methods of Extracellular Polymeric Substances from Activated Sludge.
Huanjing Kexue 2018, 39, 3306-3313. [PubMed]

Wang, Y.E; Sun, X.E; Xia, P.E; Xing, S.E; Song, C.; Wang, S.G. Influences of D-tyrosine on the stability of activated sludge flocs.
Bioresour. Technol. 2014, 154, 26-31. [CrossRef] [PubMed]

Mikkelsen, L.H.; Nielsen, P.H. Quantification of the bond energy of bacteria attached to activated sludge floc surfaces. Water Sci.
Technol. 2001, 43, 67-75. [CrossRef]

Sheng, G.P; Yu, H.Q.; Li, X.Y. Stability of sludge flocs under shear conditions: Roles of extracellular polymeric substances (EPS).
Biotechnol. Bioeng. 2006, 93, 1095-1102. [CrossRef]

Carniello, V.; Peterson, B.W.; van der Mei, H.C.; Busscher, H.]. Physico-chemistry from initial bacterial adhesion to surface-
programmed biofilm growth. Adv. Colloid Interface Sci. 2018, 261, 1-14. [CrossRef]

He, J.Z.; Li, C.C.; Wang, D.].; Zhou, D.M. Biofilms and extracellular polymeric substances mediate the transport of graphene
oxide nanoparticles in saturated porous media. J. Hazard. Mater. 2015, 300, 467—474.

Zhang, M.; Peacock, C.L.; Cai, P; Xiao, K.Q.; Qu, C.C.; Wu, Y.C,; Huang, Q.Y. Selective retention of extracellular polymeric
substances induced by adsorption to and coprecipitation with ferrihydrite. Geochim. Cosmochim. Acta 2021, 299, 15-34. [CrossRef]
Park, Y.S.; Kim, D.S,; Park, T].; Song, S.K. Effect of extracellular polymeric substances (EPS) on the attachment of activated sludge.
Bioprocess Eng. 2000, 22, 1-3. [CrossRef]

Hizal, E; Choi, C.H.; Busscher, H.].; van der Mei, H.C. Staphylococcal Adhesion, Detachment and Transmission on Nanopillared
Si Surfaces. Acs Appl. Mater. Interfaces 2016, 8, 30430-30439. [CrossRef] [PubMed]

Zaidi, N.S.; Muda, K; Sillanpaa, M. Effects of extra-cellular polymeric substances towards physical properties of biomass under
magnetic field exposure. Int. ]. Environ. Sci. Technol. 2019, 16, 3801-3808. [CrossRef]

More, T.T; Yadav, J.S.S,; Yan, S.; Tyagi, R.D.; Surampalli, R.Y. Extracellular polymeric substances of bacteria and their potential
environmental applications. J. Environ. Manag. 2014, 144, 1-25. [CrossRef] [PubMed]

Shao, Y.X.; Zhang, H.X.; Buchanan, I.; Mohammed, A.; Liu, Y. Comparison of extracellular polymeric substance (EPS) in
nitrification and nitritation bioreactors. Int. Biodeterior. Biodegrad. 2019, 143, 104713. [CrossRef]

Zhang, S.; Su, ].E; Zheng, Z.].; Yang, S. Denitrification strategies of strain YSF15 in response to carbon scarcity: Based on organic
nitrogen, soluble microbial products and extracellular polymeric substances. Bioresour. Technol. 2020, 314, 123733. [CrossRef]
Wang, Z.W.,; Liu, Y.; Tay, J.H. Biodegradability of extracellular polymeric substances produced by aerobic granules. Appl. Microbiol.
Biotechnol. 2007, 74, 462—466. [CrossRef]

Liu, X.M.; Sheng, G.P; Luo, HW.,; Zhang, F; Yuan, S.J.; Xu, J.; Zeng, R.J.; Wu, ].G.; Yu, H.Q. Contribution of Extracellular
Polymeric Substances (EPS) to the Sludge Aggregation. Environ. Sci. Technol. 2010, 44, 4355-4360. [CrossRef]

Sutherland, D.L.; Ralph, P.J. Microalgal bioremediation of emerging contaminants—Opportunities and challenges. Water Res.
2019, 164, 114921. [CrossRef]

Qian, Y.X.; Zhang, K.F; Jin, H.X,; Lei, L.C.; Zhang, H.N.; Gan, H.H. Removal of acenaphthene from wastewater by Pseudomonas
sp. in anaerobic conditions: The effects of extra and intracellular substances. Environ. Technol. 2020, 41, 1298-1306. [CrossRef]
Huang, Q.J.; Shen, Y.W.; Wang, Y.H.; Xiao, ].M.; Yuan, H.P,; Lou, Z.Y,; Zhu, N.W. Synergy between denitrification and calcium
bridging improves dewaterability of waste activated sludge. J. Clean. Prod. 2020, 242, 118438. [CrossRef]

Chen, Y.Q.; Wang, M.L.; Zhou, X.W.; Fu, H.Y.; Qu, X.L.; Zhu, D.Q. Sorption fractionation of bacterial extracellular polymeric
substances (EPS) on mineral surfaces and associated effects on phenanthrene sorption to EPS-mineral complexes. Chemosphere
2021, 263, 128264. [CrossRef] [PubMed]


http://doi.org/10.1007/s00253-016-7748-5
http://doi.org/10.3390/molecules24183358
http://doi.org/10.1016/j.jenvman.2016.05.051
http://doi.org/10.1016/j.watres.2014.02.028
http://doi.org/10.1016/j.seppur.2013.03.048
http://doi.org/10.1016/j.seppur.2012.05.010
http://doi.org/10.1016/j.jenvman.2022.114502
http://www.ncbi.nlm.nih.gov/pubmed/35033891
http://www.ncbi.nlm.nih.gov/pubmed/29962156
http://doi.org/10.1016/j.biortech.2013.11.092
http://www.ncbi.nlm.nih.gov/pubmed/24382476
http://doi.org/10.2166/wst.2001.0342
http://doi.org/10.1002/bit.20819
http://doi.org/10.1016/j.cis.2018.10.005
http://doi.org/10.1016/j.gca.2021.02.015
http://doi.org/10.1007/PL00009092
http://doi.org/10.1021/acsami.6b09437
http://www.ncbi.nlm.nih.gov/pubmed/27750009
http://doi.org/10.1007/s13762-018-1897-2
http://doi.org/10.1016/j.jenvman.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24907407
http://doi.org/10.1016/j.ibiod.2019.06.001
http://doi.org/10.1016/j.biortech.2020.123733
http://doi.org/10.1007/s00253-006-0686-x
http://doi.org/10.1021/es9016766
http://doi.org/10.1016/j.watres.2019.114921
http://doi.org/10.1080/09593330.2018.1531940
http://doi.org/10.1016/j.jclepro.2019.118438
http://doi.org/10.1016/j.chemosphere.2020.128264
http://www.ncbi.nlm.nih.gov/pubmed/33297208

Int. |. Environ. Res. Public Health 2022, 19, 12191 12 of 14

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Lee, TH.; Cao, W.Z.; Tsang, D.C.W.; Sheu, Y.T.; Shia, K.F,; Kao, C.M. Emulsified polycolloid substrate biobarrier for benzene and
petroleum-hydrocarbon plume containment and migration control—A field-scale study. Sci. Total Environ. 2019, 666, 839-848.
[CrossRef]

Esparza-Soto, M.; Westerhoff, P. Biosorption of humic and fulvic acids to live activated sludge biomass. Water Res. 2003, 37,
2301-2310. [CrossRef]

Tahir, U.; Yasmin, A. Role of bacterial extracellular polymeric substances (EPS) in uptake and accumulation of co-contaminants.
Int. J. Environ. Sci. Technol. 2019, 16, 8081-8092. [CrossRef]

Wang, L.E; Li, Y.; Wang, L.; Zhang, H.].; Zhu, M.].; Zhang, PS.; Zhu, X.X. Extracellular polymeric substances affect the responses
of multi-species biofilms in the presence of sulfamethizole. Environ. Pollut. 2018, 235, 283-292. [CrossRef] [PubMed]

Spath, R.; Flemming, H.C.; Wuertz, S. Sorption properties of biofilms. Water Sci. Technol. 1998, 37, 207-210. [CrossRef]

Pan, X.L.; Liu, J.; Zhang, D.Y.; Chen, X.; Song, W.].; Wu, F.C. Binding of dicamba to soluble and bound extracellular polymeric
substances (EPS) from aerobic activated sludge: A fluorescence quenching study. J. Colloid Interface Sci. 2010, 345, 442-447.
[CrossRef]

Danner, M.C.; Robertson, A.; Behrends, V.; Reiss, J. Antibiotic pollution in surface fresh waters: Occurrence and effects. Sci. Total
Environ. 2019, 664, 793-804. [CrossRef]

Liu, C,; Tan, L.; Zhang, L.M.; Tian, W.Q.; Ma, L.Q. A Review of the Distribution of Antibiotics in Water in Different Regions of
China and Current Antibiotic Degradation Pathways. Front. Environ. Sci. 2021, 9, 692298. [CrossRef]

Wang, L.; Ben, WW.; Li, Y.G; Liu, C.; Qiang, Z.M. Behavior of tetracycline and macrolide antibiotics in activated sludge process
and their subsequent removal during sludge reduction by ozone. Chemosphere 2018, 206, 184-191. [CrossRef]

Zhang, X.Y,; Chu, Y.Y,;; Zhang, H.Y,; Hu, ].; Wu, E; Wu, X.Y,; Shen, G.E; Yang, Y.; Wang, B.; Wang, X.L. A mechanistic study on
removal efficiency of four antibiotics by animal and plant origin precursors-derived biochars. Sci. Total Environ. 2021, 772, 145468.
[CrossRef] [PubMed]

Khunjar, W.O.; Love, N.G. Sorption of carbamazepine, 17x-ethinylestradiol, iopromide and trimethoprim to biomass involves
interactions with exocellular polymeric substances. Chemosphere 2010, 82, 917-922. [CrossRef] [PubMed]

Xu, J.; Sheng, G.P; Ma, Y,; Wang, L.E; Yu, H.Q. Roles of extracellular polymeric substances (EPS) in the migration and removal of
sulfamethazine in activated sludge system. Water Res. 2013, 47, 5298-5306. [CrossRef] [PubMed]

Wang, X.; Jin, P; Zhao, H.; Meng, L. Classification of contaminants and treatability evaluation of domestic wastewater. Front.
Environ. Sci. Eng. China 2007, 1, 57-62. [CrossRef]

Rout, PR.; Shahid, M.K,; Dash, R.R.; Bhunia, P.; Liu, D.Z.; Varjani, S.; Zhang, T.C.; Surampalli, R.Y. Nutrient removal from
domestic wastewater: A comprehensive review on conventional and advanced technologies. ]. Environ. Manag. 2021, 296, 113246.
[CrossRef]

Backman, G.; Gytel, U. Activated sludge optimization using ATP in pulp and paper industry. Water Sci. Technol. 2015, 71,
1173-1179. [CrossRef]

Li, WW.,; Zhang, H.L.; Sheng, G.P,; Yu, H.Q. Roles of extracellular polymeric substances in enhanced biological phosphorus
removal process. Water Res. 2015, 86, 85-95. [CrossRef]

Yan, L.L.; Zhang, S.L.; Hao, G.X.; Zhang, X.L.; Ren, Y.; Wen, Y.; Guo, Y.H.; Zhang, Y. Simultaneous nitrification and denitrification
by EPSs in aerobic granular sludge enhanced nitrogen removal of ammonium-nitrogen-rich wastewater. Bioresour. Technol. 2016,
202, 101-106. [CrossRef]

Zhang, H.L.; Fang, W.; Wang, Y.P; Sheng, G.P; Xia, C.W.; Zeng, R.J.; Yu, H.Q. Species of phosphorus in the extracellular polymeric
substances of EBPR sludge. Bioresour. Technol. 2013, 142, 714-718. [CrossRef]

Chen, B.; Li, F; Liu, N.; Ge, E; Xiao, H.X,; Yang, Y.X. Role of extracellular polymeric substances from Chlorella vulgaris in the
removal of ammonium and orthophosphate under the stress of cadmium. Bioresour. Technol. 2015, 190, 299-306. [CrossRef]
Cloete, T.E.; Oosthuizen, D.]. The role of extracellular exopolymers in the removal of phosphorus from activated sludge. Water
Res. 2001, 35, 3595-3598. [CrossRef]

Lin, Y.M.; Bassin, J.P.; van Loosdrecht, M.C.M. The contribution of exopolysaccharides induced struvites accumulation to
ammonium adsorption in aerobic granular sludge. Water Res. 2012, 46, 986-992. [CrossRef] [PubMed]

Wang, Y.Y.; Qin, ].; Zhou, S.; Lin, X.M.; Ye, L.; Song, C.K ; Yan, Y. Identification of the function of extracellular polymeric substances
(EPS) in denitrifying phosphorus removal sludge in the presence of copper ion. Water Res. 2015, 73, 252-264. [CrossRef]

Qiao, L.; Cheng, J.; Meng, N.; Qian, Y.L.; Yuan, Y.; Li, Y,; Chen, TM.; Zhang, Y.Q.; Ding, C. An isothermal adsorption model for
adsorption of substrates by anammox extracellular polymeric substance proteins: Establishment, verification, and determination
of adsorption capacity. J. Water Process Eng. 2021, 43, 102233. [CrossRef]

Gryta, A.; Frac, M.; Oszust, K. The Application of the Biolog EcoPlate Approach in Ecotoxicological Evaluation of Dairy Sewage
Sludge. Appl. Biochem. Biotechnol. 2014, 174, 1434-1443. [CrossRef] [PubMed]

Pal, A.; Bhattacharjee, S.; Saha, ].; Sarkar, M.; Mandal, P. Bacterial survival strategies and responses under heavy metal stress: A
comprehensive overview. Crit. Rev. Microbiol. 2022, 48, 327-355. [CrossRef]

Zhang, D.Y.; Lee, D.J.; Pan, X.L. Desorption of Hg(Il) and Sb(V) on extracellular polymeric substances: Effects of pH, EDTA, Ca(II)
and temperature shocks. Bioresour. Technol. 2013, 128, 711-715. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2019.02.160
http://doi.org/10.1016/S0043-1354(02)00630-9
http://doi.org/10.1007/s13762-019-02360-0
http://doi.org/10.1016/j.envpol.2017.12.060
http://www.ncbi.nlm.nih.gov/pubmed/29291528
http://doi.org/10.2166/wst.1998.0623
http://doi.org/10.1016/j.jcis.2010.02.011
http://doi.org/10.1016/j.scitotenv.2019.01.406
http://doi.org/10.3389/fenvs.2021.692298
http://doi.org/10.1016/j.chemosphere.2018.04.180
http://doi.org/10.1016/j.scitotenv.2021.145468
http://www.ncbi.nlm.nih.gov/pubmed/33581539
http://doi.org/10.1016/j.chemosphere.2010.10.046
http://www.ncbi.nlm.nih.gov/pubmed/21111443
http://doi.org/10.1016/j.watres.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23866152
http://doi.org/10.1007/s11783-007-0011-7
http://doi.org/10.1016/j.jenvman.2021.113246
http://doi.org/10.2166/wst.2015.081
http://doi.org/10.1016/j.watres.2015.06.034
http://doi.org/10.1016/j.biortech.2015.11.088
http://doi.org/10.1016/j.biortech.2013.05.068
http://doi.org/10.1016/j.biortech.2015.04.080
http://doi.org/10.1016/S0043-1354(01)00093-8
http://doi.org/10.1016/j.watres.2011.11.072
http://www.ncbi.nlm.nih.gov/pubmed/22209260
http://doi.org/10.1016/j.watres.2015.01.034
http://doi.org/10.1016/j.jwpe.2021.102233
http://doi.org/10.1007/s12010-014-1131-8
http://www.ncbi.nlm.nih.gov/pubmed/25119549
http://doi.org/10.1080/1040841X.2021.1970512
http://doi.org/10.1016/j.biortech.2012.10.089

Int. |. Environ. Res. Public Health 2022, 19, 12191 13 of 14

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

D’Abzac, P; Bordas, F.; van Hullebusch, E.; Lens, PN.L.; Guibaud, G. Effects of extraction procedures on metal binding properties
of extracellular polymeric substances (EPS) from anaerobic granular sludges. Colloids Surf. B Biointerfaces 2010, 80, 161-168.
[CrossRef]

Sheng, G.P; Xu, J.; Luo, HW.,; Li, WW.,; Li, WH.,; Yu, H.Q.; Xie, Z.; Wei, 5.Q.; Hu, E.C. Thermodynamic analysis on the binding of
heavy metals onto extracellular polymeric substances (EPS) of activated sludge. Water Res. 2013, 47, 607-614. [CrossRef]

Wang, J.; Li, Q.; Li, M.M.; Chen, T.H.; Zhou, Y.E; Yue, Z.B. Competitive adsorption of heavy metal by extracellular polymeric
substances (EPS) extracted from sulfate reducing bacteria. Bioresour. Technol. 2014, 163, 374-376. [CrossRef]

Yan, L.L; Liu, Y;; Wen, Y.; Ren, Y.; Hao, G.X.; Zhang, Y. Role and significance of extracellular polymeric substances from granular
sludge for simultaneous removal of organic matter and ammonia nitrogen. Bioresour. Technol. 2015, 179, 460—-466. [CrossRef]
[PubMed]

Fang, L.C.; Wei, X.; Cai, P; Huang, Q.Y.; Chen, H.; Liang, W.; Rong, X.M. Role of extracellular polymeric substances in Cu(II)
adsorption on Bacillus subtilis and Pseudomonas putida. Bioresour. Technol. 2011, 102, 1137-1141. [CrossRef] [PubMed]
Kenney, ] P.L; Fein, ].B. Importance of extracellular polysaccharides on proton and Cd binding to bacterial biomass: A comparative
study. Chem. Geol. 2011, 286, 109-117. [CrossRef]

Sheng, G.P; Xu, J.; Li, WH.; Yu, H.Q. Quantification of the interactions between Ca2+, Hg2+ and extracellular polymeric
substances (EPS) of sludge. Chemosphere 2013, 93, 1436-1441. [CrossRef] [PubMed]

Wei, X,; Fang, L.C.; Cai, P,; Huang, Q.Y.; Chen, H.; Liang, W.; Rong, X.M. Influence of extracellular polymeric substances (EPS) on
Cd adsorption by bacteria. Environ. Pollut. 2011, 159, 1369-1374. [CrossRef]

Mayer, C.; Moritz, R.; Kirschner, C.; Borchard, W.; Maibaum, R.; Wingender, J.; Flemming, H.C. The role of intermolecular
interactions: Studies on model systems for bacterial biofilms. Int. J. Biol. Macromol. 1999, 26, 3-16. [CrossRef]

Flemming, H.C. The perfect slime. Colloids Surf. B Biointerfaces 2011, 86, 251-259. [CrossRef] [PubMed]

Liu, H.; Fang, H.H.P. Characterization of electrostatic binding sites of extracellular polymers by linear programming analysis of
titration data. Biotechnol. Bioeng. 2002, 80, 806-811. [CrossRef]

Kantar, C.; Demiray, H.; Dogan, N.M.; Dodge, C.J. Role of microbial exopolymeric substances (EPS) on chromium sorption
and transport in heterogeneous subsurface soils: I. Cr(IIT) complexation with EPS in aqueous solution. Chemosphere 2011, 82,
1489-1495. [CrossRef]

Mohite, B.V.; Koli, S.H.; Patil, S.V. Heavy Metal Stress and Its Consequences on Exopolysaccharide (EPS)-Producing Pantoea
agglomerans. Appl. Biochem. Biotechnol. 2018, 186, 199-216. [CrossRef]

Priester, ].H.; Olson, S.G.; Webb, S.M.; Neu, M.P; Hersman, L.E.; Holden, P.A. Enhanced exopolymer production and chromium
stabilization in Pseudomonas putida unsaturated biofilms. Appl. Environ. Microbiol. 2006, 72, 1988-1996. [CrossRef] [PubMed]
Rezaei, M.; Pourang, N.; Moradi, A.M. Removal of lead from aqueous solutions using three biosorbents of aquatic origin with the
emphasis on the affective factors. Sci. Rep. 2022, 12, 751. [CrossRef]

Comte, S.; Guibaud, G.; Baudu, M. Biosorption properties of extracellular polymeric substances (EPS) towards Cd, Cu and Pb for
different pH values. J. Hazard. Mater. 2008, 151, 185-193. [CrossRef] [PubMed]

Bashir, A.; Malik, L.A.; Ahad, S.; Manzoor, T.; Bhat, M.A ; Dar, G.N.; Pandith, A.H. Removal of heavy metal ions from aqueous
system by ion-exchange and biosorption methods. Environ. Chem. Lett. 2019, 17, 729-754. [CrossRef]

Tyagi, B.; Gupta, B.; Thakur, 1.S. Biosorption of Cr (VI) from aqueous solution by extracellular polymeric substances (EPS)
produced by Parapedobacter sp. ISTM3 strain isolated from Mawsmai cave, Meghalaya, India. Environ. Res. 2020, 191, 110064.
[CrossRef]

Vijayaraghavan, K.; Yun, Y.S. Utilization of fermentation waste (Corynebacterium glutamicum) for biosorption of Reactive Black
5 from aqueous solution. J. Hazard. Mater. 2007, 141, 45-52. [CrossRef] [PubMed]

Wei, L,; Li, Y.; Noguera, D.R.; Zhao, N.; Song, Y.; Ding, J.; Zhao, Q.; Cui, F. Adsorption of Cu 2+ and Zn 2+ by extracellular
polymeric substances (EPS) in different sludges: Effect of EPS fractional polarity on binding mechanism. J. Hazard. Mater. 2017,
321, 473-483. [CrossRef]

Ding, D.H.; Zhao, Y.X,; Yang, S.J.; Shi, W.S.; Zhang, Z.Y.; Lei, Z.F,; Yang, Y.N. Adsorption of cesium from aqueous solution using
agricultural residue—Walnut shell: Equilibrium, kinetic and thermodynamic modeling studies. Water Res. 2013, 47, 2563-2571.
[CrossRef] [PubMed]

Yu, H.Q. Molecular Insights into Extracellular Polymeric Substances in Activated Sludge. Environ. Sci. Technol. 2020, 54, 7742-7750.
[CrossRef]

Cao, B.D.; Zhang, T.; Zhang, W.]J.; Wang, D.S. Enhanced technology based for sewage sludge deep dewatering: A critical review.
Water Res. 2021, 189, 116650. [CrossRef]

Harif, T.; Khai, M.; Adin, A. Electrocoagulation versus chemical coagulation: Coagulation/flocculation mechanisms and resulting
floc characteristics. Water Res. 2012, 46, 3177-3188. [CrossRef] [PubMed]

Li, H.S.; Wen, Y.; Cao, A.S.; Huang, ].S.; Zhou, Q.; Somasundaran, P. The influence of additives (Ca2+, Al3+, and Fe3+) on
the interaction energy and loosely bound extracellular polymeric substances (EPS) of activated sludge and their flocculation
mechanisms. Bioresour. Technol. 2012, 114, 188-194. [CrossRef]

Van De Staey, G.; Smits, K.; Smets, I. An experimental study on the impact of bioflocculation on activated sludge separation
techniques. Sep. Purif. Technol. 2015, 141, 94-104. [CrossRef]


http://doi.org/10.1016/j.colsurfb.2010.05.043
http://doi.org/10.1016/j.watres.2012.10.037
http://doi.org/10.1016/j.biortech.2014.04.073
http://doi.org/10.1016/j.biortech.2014.12.042
http://www.ncbi.nlm.nih.gov/pubmed/25575205
http://doi.org/10.1016/j.biortech.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20869870
http://doi.org/10.1016/j.chemgeo.2011.04.011
http://doi.org/10.1016/j.chemosphere.2013.07.076
http://www.ncbi.nlm.nih.gov/pubmed/24012141
http://doi.org/10.1016/j.envpol.2011.01.006
http://doi.org/10.1016/S0141-8130(99)00057-4
http://doi.org/10.1016/j.colsurfb.2011.04.025
http://www.ncbi.nlm.nih.gov/pubmed/21592744
http://doi.org/10.1002/bit.10432
http://doi.org/10.1016/j.chemosphere.2011.01.009
http://doi.org/10.1007/s12010-018-2727-1
http://doi.org/10.1128/AEM.72.3.1988-1996.2006
http://www.ncbi.nlm.nih.gov/pubmed/16517647
http://doi.org/10.1038/s41598-021-04744-0
http://doi.org/10.1016/j.jhazmat.2007.05.070
http://www.ncbi.nlm.nih.gov/pubmed/17611021
http://doi.org/10.1007/s10311-018-00828-y
http://doi.org/10.1016/j.envres.2020.110064
http://doi.org/10.1016/j.jhazmat.2006.06.081
http://www.ncbi.nlm.nih.gov/pubmed/16879915
http://doi.org/10.1016/j.jhazmat.2016.05.016
http://doi.org/10.1016/j.watres.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23481288
http://doi.org/10.1021/acs.est.0c00850
http://doi.org/10.1016/j.watres.2020.116650
http://doi.org/10.1016/j.watres.2012.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22525456
http://doi.org/10.1016/j.biortech.2012.03.043
http://doi.org/10.1016/j.seppur.2014.11.022

Int. |. Environ. Res. Public Health 2022, 19, 12191 14 of 14

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Siddharth, T.; Sridhar, P.; Vinila, V.; Tyagi, R.D. Environmental applications of microbial extracellular polymeric substance (EPS):
A review. J. Environ. Manag. 2021, 287, 112307. [CrossRef]

Joachim, R.; Volker, T. Encyclopedia of Geobiology; Springer: Dordrecht, The Netherlands, 2011.

Xu, J.; Yu, H.Q,; Li, X.Y. Probing the contribution of extracellular polymeric substance fractions to activated-sludge bioflocculation
using particle image velocimetry in combination with extended DLVO analysis. Chem. Eng. J. 2016, 303, 627-635. [CrossRef]
Wilen, B.M; Jin, B.; Lant, P. The influence of key chemical constituents in activated sludge on surface and flocculating properties.
Water Res. 2003, 37, 2127-2139. [CrossRef]

Zhang, Z.; Zhou, Y.; Zhang, J.; Xia, S.; Hermanowicz, S.W. Effects of short-time aerobic digestion on extracellular polymeric
substances and sludge features of waste activated sludge. Chem. Eng. ]. 2016, 299, 177-183. [CrossRef]

Lai, H.J.; Fang, HW.; Huang, L.; He, G.J.; Reible, D. A review on sediment bioflocculation: Dynamics, influencing factors and
modeling. Sci. Total Environ. 2018, 642, 1184-1200. [CrossRef] [PubMed]

Xing, L.L.; Yang, ].X.; Ni, B]J.; Yang, C.; Yuan, C.Y,; Li, A. Insight into the generation and consumption mechanism of tightly
bound and loosely bound extracellular polymeric substances by mathematical modeling. Sci. Total Environ. 2022, 811, 152359.
[CrossRef]

Li, Z.L.; Lu, PL,; Zhang, D.]J.; Chen, G.C.; Zeng, SW.; He, Q. Population balance modeling of activated sludge flocculation:
Investigating the influence of Extracellular Polymeric Substances (EPS) content and zeta potential on flocculation dynamics. Sep.
Purif. Technol. 2016, 162, 91-100. [CrossRef]

Yang, S.F; Li, X.Y. Influences of extracellular polymeric substances (EPS) on the characteristics of activated sludge under
non-steady-state conditions. Process Biochem. 2009, 44, 91-96. [CrossRef]

Yu, G.-H.; He, P-J.; Shao, L.-M. Characteristics of extracellular polymeric substances (EPS) fractions from excess sludges and their
effects on bioflocculability. Bioresour. Technol. 2009, 100, 3193-3198. [CrossRef]

Strubbe, L.; Pennewaerde, M.; Baeten, E.J.; Volcke, I.P.E. Continuous aerobic granular sludge plants: Better settling versus
diffusion limitation. Chem. Eng. . 2022, 428, 131427. [CrossRef]

Wang, W.Q.; Li, D.; Li, S.; Zeng, H.P,; Zhang, ]. Characteristics and mechanism of hollow anammox granular sludge with different
settling properties. J. Environ. Chem. Eng. 2022, 10, 107230. [CrossRef]

Wang, L.; Zhan, H.H.; Wang, Q.Q.; Wu, G.; Cui, D.B. Enhanced aerobic granulation by inoculating dewatered activated sludge
under short settling time in a sequencing batch reactor. Bioresour. Technol. 2019, 286, 121386. [CrossRef]

Poxon, T.L.; Darby, J.L. Extracellular polyanions in digested sludge: Measurement and relationship to sludge dewaterability.
Water Res. 1997, 31, 749-758. [CrossRef]

Liao, B.Q.; Allen, D.G.; Droppo, L.G.; Leppard, G.G,; Liss, S.N. Surface properties of sludge and their role in bioflocculation and
settleability. Water Res. 2001, 35, 339-350. [CrossRef]

Liu, X.Y,; Pei, Q.Q.; Han, H.Y;; Yin, H.; Chen, M.; Guo, C.; Li, ].L.; Qiu, H. Functional analysis of extracellular polymeric substances
(EPS) during the granulation of aerobic sludge: Relationship among EPS, granulation and nutrients removal. Environ. Res. 2022,
208, 112692. [CrossRef]

To, VH.P.; Nguyen, T.V,; Bustamante, H.; Vigneswaran, S. Effects of extracellular polymeric substance fractions on polyacrylamide
demand and dewatering performance of digested sludges. Sep. Purif. Technol. 2020, 239, 116557. [CrossRef]

Ward, B.].; Traber, J.; Gueye, A.; Diop, B.; Morgenroth, E.; Strande, L. Evaluation of conceptual model and predictors of faecal
sludge dewatering performance in Senegal and Tanzania. Water Res. 2019, 167, 115101. [CrossRef]

Wu, B.R.; Wang, H.; Li, W.X,; Dai, X.H.; Chai, X.L. Influential mechanism of water occurrence states of waste-activated sludge:
Potential linkage between water-holding capacity and molecular compositions of EPS. Water Res. 2022, 213, 118169. [CrossRef]
[PubMed]

Ni, BJ.; Yan, X.E; Sun, J.; Chen, X.M.; Peng, L.; Wei, W.; Wang, D.B.; Mao, S.; Dai, X.H.; Wang, Q.L. Persulfate and zero valent iron
combined conditioning as a sustainable technique for enhancing dewaterability of aerobically digested sludge. Chemosphere 2019,
232,45-53. [CrossRef] [PubMed]

Mikkelsen, L.H.; Keiding, K. Physico-chemical characteristics of full scale sewage sludges with implications to dewatering. Water
Res. 2002, 36, 2451-2462. [CrossRef]

Cetin, S.; Erdincler, A. The role of carbohydrate and protein parts of extracellular polymeric substances on the dewaterability of
biological sludges. Water Sci. Technol. 2004, 50, 49-56. [CrossRef]

Yuan, Y,; Wang, S.Y,; Liu, Y,; Li, B.K.; Wang, B.; Peng, Y.Z. Long-term effect of pH on short-chain fatty acids accumulation and
microbial community in sludge fermentation systems. Bioresour. Technol. 2015, 197, 56—63. [CrossRef]

Wang, D.B.; Huang, Y.X,; Xu, Q.X,; Liu, X.R.; Yang, Q.; Li, X.M. Free ammonia aids ultrasound pretreatment to enhance short-chain
fatty acids production from waste activated sludge. Bioresour. Technol. 2019, 275, 163-171. [CrossRef]

Zhao, ].W.; Wang, D.B.; Li, XM.; Yang, Q.; Chen, H.B.; Zhong, Y.; Zeng, G.M. Free nitrous acid serving as a pretreatment method
for alkaline fermentation to enhance short-chain fatty acid production from waste activated sludge. Water Res. 2015, 78, 111-120.
[CrossRef]


http://doi.org/10.1016/j.jenvman.2021.112307
http://doi.org/10.1016/j.cej.2016.06.042
http://doi.org/10.1016/S0043-1354(02)00629-2
http://doi.org/10.1016/j.cej.2016.04.047
http://doi.org/10.1016/j.scitotenv.2018.06.101
http://www.ncbi.nlm.nih.gov/pubmed/30045500
http://doi.org/10.1016/j.scitotenv.2021.152359
http://doi.org/10.1016/j.seppur.2016.02.011
http://doi.org/10.1016/j.procbio.2008.09.010
http://doi.org/10.1016/j.biortech.2009.02.009
http://doi.org/10.1016/j.cej.2021.131427
http://doi.org/10.1016/j.jece.2022.107230
http://doi.org/10.1016/j.biortech.2019.121386
http://doi.org/10.1016/S0043-1354(96)00319-3
http://doi.org/10.1016/S0043-1354(00)00277-3
http://doi.org/10.1016/j.envres.2022.112692
http://doi.org/10.1016/j.seppur.2020.116557
http://doi.org/10.1016/j.watres.2019.115101
http://doi.org/10.1016/j.watres.2022.118169
http://www.ncbi.nlm.nih.gov/pubmed/35180582
http://doi.org/10.1016/j.chemosphere.2019.05.148
http://www.ncbi.nlm.nih.gov/pubmed/31152902
http://doi.org/10.1016/S0043-1354(01)00477-8
http://doi.org/10.2166/wst.2004.0532
http://doi.org/10.1016/j.biortech.2015.08.025
http://doi.org/10.1016/j.biortech.2018.12.055
http://doi.org/10.1016/j.watres.2015.04.012

	Introduction 
	Fundamentals of EPS 
	EPS Structure and Distribution 
	Methods of Extracting EPS 

	Biological Characteristics of EPS 
	Stability 
	Adhesion Ability 
	Biodegradability 

	Contaminant Removal 
	Organic Matter Removal 
	Nitrogen and Phosphorous Removal 
	Metal Ion Removal 

	Effect of EPS on Sludge Properties 
	Effects of EPS on Flocculation Ability 
	Effects of EPS on Settling Ability 
	Effects of EPS on Dewatering Ability 

	Findings 
	Conclusions 
	Recommendations 
	References

