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The stability of aerobic granular sludge (AGS) is closely related to its extracellular
polymeric substances (EPS). In this study, the composition and physicochemical charac-
teristics of EPS in AGS were determined to evaluate their roles in AGS stability. The
study evaluated the influence of influent phosphorus concentration on EPS protein (PN),
polysaccharide (PS) and orthophosphate content, zeta potential ({) and fluorescence
spectrum (EEM) in loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS). With
higher influent phosphorus concentration, the PN, PS and orthophosphate content were
higher, as was the zeta potential in TB-EPS, but it had less influence on LB-EPS.
Three-dimensional, synchronous fluorescence spectroscopy and fluorescence region inte-
gral (FRI) showed that protein-like substances were the primary components of LB-EPS
and TB-EPS. Phosphorus had a dynamic quenching effect on EPS at a concentration
between 0 mg L' and 17.5 mg L', which is the indirect production of phosphorus by
cations. An increased concentration of influent phosphorus was beneficial to AGS stability.
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Introduction

Aerobic granular sludge (AGS) is composed of
a multispecies microbial aggregation of self-curing
groups with a degree of self-balancing capacity.
Compared with traditional activated sludge, AGS
has better settling performance, stronger resistance
to impact loading, and higher biomass.' AGS tech-
nology has been recognized as one of the most
promising biological wastewater treatment technol-
ogies and has become a heavily studied topic in
wastewater treatment research. However, it is well-
known that, after reaching a certain size, some of
the AGS will rupture and be washed away, thereby
affecting the wastewater treatment results.?

The composition and content of extracellular
polymeric substances (EPS) play important roles in
maintaining the stability of AGS.> EPS is consid-
ered to secrete extracellular macromolecule active
substances of floc, biofilm, granular sludge, and
other microorganisms, strengthening the microbial
structure and promoting cell aggregation by form-
ing a polymer matrix.* EPS can be used as an ener-
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gy substance for microorganisms in the aerobic
starvation stage, but its inner and outer layers have
different biological availabilities; the inner layer of
EPS can easily be used by microorganisms, while
the bioavailability of the outer layer is poor. As a
consequence, microorganisms will use the inner
layer of EPS as an energy substrate in the starvation
stage, forming a different structure between the EPS
inner and outer layers, which greatly affects mainte-
nance of the structural stability of granular sludge.’
Many factors, such as the matrix type and content,
as well as operating conditions, among others, af-
fect the EPS content and composition in AGS.¢ In
addition, other components of the influent, such as
metal ions and phosphorus, will be complexed with
various functional groups in EPS, such as the car-
boxyl group, phosphoric acid, the thiol group, and
the phenol and hydroxyl groups, thereby affecting
the production of EPS.” For example, the presence
of cations such as Zn**, Mn?**, or Mo®" will change
the EPS content and composition significantly;® the
combination of divalent cations with EPS can main-
tain the microbial aggregate structure.’

Phosphorus is an essential nutrient needed for
the growth and metabolism of microorganisms. '
Phosphorus is involved in such activities as the syn-
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thesis of nucleic acids and high-energy compounds
adenosine-triphosphate and glucose metabolism in
microorganisms. However, many studies on the ef-
fect of influent phosphorus concentration on EPS
content and composition have mainly focused on
the lack of phosphorus content. A phosphorus de-
ficiency may lead to insufficient phosphorus for
microbial organisms to synthesize cells, thereby
causing metabolic abnormalities that affect micro-
organism growth; as a result, the proportion of larg-
er granular sludge in the system decreases, influ-
encing AGS stability. A phosphorus deficiency can
also induce excessive production of filamentous
bacteria, which results in deteriorated sludge set-
tling and bulking of activated sludge,'' changing the
content and composition of EPS.'? EPS contains a
large amount of phosphorus, acting as phosphorus
storage or a phosphorus transfer station in the pro-
cesses of phosphorus release and phosphorus ab-
sorption;'* EPS also participates in the process of
biological phosphorus accumulation." Insoluble
phosphorus can increase the polysaccharide (PS)
content in the EPS of sludge by providing a carrier
and inorganic crystal nucleus for microorganisms,
which is beneficial to granular sludge formation.'
EPS containing a large amount of negatively
charged phosphorus may affect the electrical charge
characteristics of EPS. The use of phosphorus re-
covery technology and different sources of phos-
phorus will result in differences in wastewater
phosphate content.'®!” Based on the superiority of
AGS, it has been used to treat a variety of wastewa-
ter types. However, the effect of influent phospho-
rus content on the content and composition of
sludge EPS and its influence on the properties of
EPS in AGS have been rarely mentioned.

EPS can be categorized into loosely bound EPS
(LB-EPS) and tightly bound EPS (TB-EPS) accord-
ing to different distribution positions.'® TB-EPS is
located on the cell body surface and is closely inte-
grated with the cell wall. LB-EPS is distributed out-
side the TB-EPS, and has loose structure and low
density. LB-EPS and TB-EPS have different con-
tents and components, which have different effects
on the formation of biological aggregates and the
surface properties of granular sludge."”

The goal of this study was to evaluate the ef-
fect of influent phosphorus concentration on the
content, composition, and characteristics of LB-
EPS and TB-EPS in long-term AGS by determining
the orthophosphate, PS and protein (PN) content, by
performing fluorescence spectroscopy, fluorescence
region integral (FRI) analysis, and the zeta potential
({), in order to provide more detailed information
for a stable operation strategy for AGS in different
phosphate wastewater treatment processes.

Materials and methods

Reactor setup and operation

In this experiment, AGS was cultivated in two
identical laboratory-scale sequencing batch reactors
(SBR) made of organic glass, each with effective
working volumes of 4.20 L. The SBRs were desig-
nated as R1 and R2. The SBRs had an internal di-
ameter of 9 cm and height of 85 cm, with the upper
part filled with water and the middle part drained,
and a volume exchange rate of 50 % in every cycle.
The SBRs were run for six 240-min cycles each
day. Each cycle consisted of 5 minutes of influent,
210 minutes of aerobic conditions, 5 minutes of set-
tling, 5 minutes of draining, and 15 minutes of idle
time. A flow meter was used to control the air flow
rate at 1.19 vvm. The dissolved oxygen (DO) con-
centration was 6.00-8.00 mg L. The SBRs were
operated at room temperature (18-21 °C).

Sludge and wastewater composition

The inoculated AGS was derived from sludge
which was cultured for 60 d at an influent phospho-
rus concentration of 5.54 to 6.89 mg L' in the R1,
and 24.36 to 27.97 mg L' in the R2 reactor; the
mixed liquor suspended solids (MLSS) of R1 and
R2 were 2317.30 mg L' and 2026.78 mg L', re-
spectively. The AGS particle size distribution is
shown in Fig. 1.

Artificial wastewater was used in this expe-
riment; the compositions of the influent wastewater
and the effluent quality are shown in Table 1.
Glucose and sodium acetate (2:1) were the carbon
sources, ammonium chloride was the nitrogen
source, and considering that the phosphate in the
sewage was mainly in the form of orthophosphate,
phosphorus (total phosphorus) was replaced with

——--R1
—R2

W
LE

Volume (%)
e

0- PR ol ol g, '.‘. 1 PR PR "
1 4 16 64 256

Particle size (um)

PR
1024

Fig. 1 — AGS particle size distribution in R1 and R2
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Table 1 — Characteristics of influent and effluent of AGS reactors R1 and R2

Characteristics of influent and effluent

Parameter influent effluent
R1 R1 R2

PO, —P* (mg L™) 5.54-6.89 24.36-27.97 3.60-4.45 20.49-22.61
COD? (mg L) 417.24-538.82 91.18-174.08 88.42-179.61
NH,"-N¢ (mg L") 182.06-206.01 0.68-3.82 0.93-8.16
NO,—N? (mg L™) 0.04-0.07 69.7-93.2 58.7-84.4
NO,—N¢ (mg L) 0-0.02 2.7-43 2.2-13.7
pH 7.06-7.88 8.89-9.16 8.62-9.07
CaCl,-2H,0 (mg L™) 10.00

MgSO,-7H,0 (mg L) 20.00

orthophosphate;?® potassium dihydrogen phosphate
was the source of phosphorus, and an additional 0.5
mg L' of trace element was added.”! The pH of the
wastewater was stabilized at approximately 7.5 by
adding NaHCO,.

Extraction of LB-EPS and TB-EPS

The sludge mixed liquor samples were collect-
ed 5 minutes before the end of aeration. A heat-ex-
traction method was used for TB-EPS extraction
and centrifugation was used for LB-EPS. The spe-
cific extraction procedures for LB-EPS and TB-EPS
can be found in the literature.?!

Analysis of three-dimensional fluorescence
spectra, synchronous fluorescence spectroscopy,
and fluorescence region integration

The three-dimensional fluorescence spectra
(3D-EEM) of the LB-EPS and TB-EPS solutions
were identified using a fluorescence spectropho-
tometer (F-4600, Hitachi, Japan). The range of exci-
tation (EX) wavelength was 220—450 nm increased
incrementally by 5 nm, and the scanning emission
(EM) spectra from 220 nm to 550 nm were mea-
sured in 1 nm increments. The EX and EM slits
were maintained at 5 nm, and the scanning speed
was 1200 nm min™'. The voltage of the photomulti-
plier tube was maintained at 400 V.

Synchronous scanning fluorescence spectrome-
try was used to measure the sample with a step val-
ue of A4 = 60 nm. The range of EX and EM wave-
lengths were 250-550 nm at 5 nm increments, the
scanning speed was adjusted to 240 nm min!, and
the EX and EM slits were sited at 5 nm.

FRI was proposed by Chen et al.?* in 2003, and
developed on the basis of the traditional peak meth-

od. Chen used FRI to divide the fluorescence spec-
trum (EEM) into five independent regions for quan-
titative analysis. The excitation/emission ratio (Ex/
Em) of 220-250/280-380 nm was assigned to tyro-
sine- and tryptophan-like substances, region (I) and
region (II), the Ex/Em = 220-250/380-550 nm was
identified as the fulvic acid-like region (III), the Ex/
Em = 250-450/280-380 nm was identified as the
soluble microbial byproduct-like material region
(IV), and the Ex/Em >250/ >380 nm was identified
as the humic acid-like region (V).

Deionized water was used as a blank during
sample analysis. Origin 8.0 software was used for
3D-EEM and synchronous data processing; mean-
while, contour lines were shown for each 3D-EMM
spectra to represent the fluorescence intensity. A
quantitative analysis of the entire area fluorescence
was performed using MATLAB 2016a. The total or-
ganic carbon (TOC) content of the solutions was
diluted to 10 mg L' before the three-dimensional
fluorimetry.

Analytical methods

The chemical oxygen demand (COD), ammo-
nium, nitrates, nitrite, orthophosphate, and MLSS
of samples were determined by the standard meth-
0ds.? DO was measured with a DO meter (inoLab
Oxi 7310, WTW Company, Germany). The PN was
measured according to the modified Lowry tech-
nique with bovine serum albumin as the standard,?
and PS was measured using the anthhrone-sulfuric
acid method with glucose as the standard.” The zeta
potential of the sample was measured using a zeta
potentiometric apparatus (Malvern Zetasizer Nano
7590, Britain). The TOC was measured using a TOC
analyzer (muliN/C2100, Analytikjena, Germany).
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Results and discussion

Main components of LB-EPS and TB-EPS

PS and PN are generally considered the main
components of EPS. The content of PN and PS, and
the PN/PS ratio in both LB-EPS and TB-EPS at dif-
ferent influent phosphorus concentrations are illus-
trated in Fig. 2.

As shown in Fig. 2, the content of PS in LB-
EPS decreased from 8.48 mg g' to 7.15 mg g ! with
the increase in the influent phosphorus concentra-
tion, while the content of PN increased from 2.00
mg g' to 4.64 mg g!'. LB-EPS had more PS than
PN, which was consistent with previous studies.?
The PS and PN in TB-EPS increased from 17.75
and 64.4 mg g ' to 27.68 and 137.16 mg g!, respec-
tively, which may be sufficient phosphorus to pro-
mote microbial metabolism, thereby prompting mi-
croorganisms to produce more PS and PN;* in
addition, EPS contained certain metal ions which
can also stimulate microorganisms to produce more
PN and PS,%* which work together such that the
PN and PS contents increase with increasing influ-
ent phosphorus content. TB-EPS contained more
PN than PS, and the content of PS and PN in TB-
EPS was significantly higher than in LB-EPS,
which was aligned with preliminary results.?® The
ratio of PN/PS in LB-EPS and TB-EPS also in-
creased with increasing influent phosphorus con-
centration. PN plays a crucial role in the structural
stability of granular sludge, and the increase in PN
in the EPS enhanced the stability of the aerobic
granules.” In summary, increasing the concentra-
tion of influent phosphorus is appropriate for main-
taining AGS stability.

Orthophosphate content in LB-EPS and TB-EPS

Phosphorus exists in a variety of forms, and or-
thophosphate is the main form of phosphorus in the
EPS of AGS;* the orthophosphate content of the
LB-EPS and the TB-EPS in this experiment is
shown in Fig. 3.

As shown in Fig. 3, there were significant im-
pacts on the orthophosphate content of LB-EPS and
TB-EPS in the R1 and R2 reactors. The orthophos-
phate content in LB-EPS increased slightly with the
increase in influent phosphorus concentration, only
0.81 mg L', while the increment of TB-EPS was
greater, increasing from 1.42 mg g™ to 3.94 mg g
These results illustrate that the content of ortho-
phosphate in LB-EPS and TB-EPS increases with
an increase in influent phosphorus concentration.
The increased orthophosphate content of TB-EPS
was higher than that of LB-EPS, and the ortho-
phosphate content in TB-EPS accounts for more
than 78 % of the total content of orthophosphate in
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Fig. 3 — Orthophosphate content of LB-EPS and TB-EPS in
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each reactor, aligned with previous study results.'*
The reason for this may be because EPS has a cer-
tain adsorption and storage function for orthophos-
phate,?? in which the LB-EPS only transported and
retained orthophosphate, while TB-EPS not only
transported and retained orthophosphate but also
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participated in biological phosphorus accumula-
tion.'"* Additionally, the EPS extraction method may
have influenced the results; different extraction
methods can result in different EPS composition
and content,’ affecting the orthophosphate content
and distribution.

The previous analysis indicates that TB-EPS
plays a larger role than LB-EPS in the processes of
orthophosphate adsorption and storage, and that in-
creased influent phosphorus concentration is benefi-
cial for orthophosphate adsorption and storage of
LB-EPS and TB-EPS.

Fluorescence characterization
of LB-EPS and TB-EPS

3D-EEM

The 3D-EEM fluorescence spectrum is simple
and effective, and it is further employed to charac-
terize the components and structures of LB-EPS
and TB-EPS. Fig. 4 shows the 3D-EEM spectra of
LB-EPS and TB-EPS with different influent phos-
phorus concentrations. The fluorescence spectral
parameters of LB-EPS and TB-EPS, including the
peak locations and fluorescence intensity are sum-
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marized in Table 2. There are two main peaks with
different fluorescence intensity that can be identi-
fied from the LB-EPS and TB-EPS spectra. The
first peak was observed at Ex/Em equal to 220—
250/320-335 nm (Peak A), which could be attribut-
ed to aromatic PN.?? The second main peak was
observed at Ex/Em equal to 275-280/305-340 nm
(Peak B), corresponding to tryptophan-like PN.?
There was also a third peak (Peak C) located at Ex/
Em equal to 220-250/380-550 nm, described as a
fulvic acid-like fluorescence.”? The 3D-EEM results
revealed the presence of PN and humic acid-like
substances in LB-EPS and TB-EPS.

The locations of peak C in the LB-EPS of R1
and R2 were identical, but slightly different for
peak A and peak B. R2 compared to R1 has a blue-
shift of 20 nm in terms of Ex wavelengths, a red-
shift of 55 nm in terms of Em wavelengths for peak
A in LB-EPS. Meanwhile, the location of peak B in
TB-EPS of R2 has a blueshift of 2 nm in terms of
Em wavelengths; peak A also has a blueshift of 5
nm along the Em axis compared to R1. The shift in
the peak position may be due to the decrease in the
number of aromatic rings and the decrease in conju-
gation bonds in the chain structure, or perhaps the
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Fig. 4 — 3D-EEM of LB-EPS and TB-EPS in different reactors: (a) LB-EPS of R1, (b) LB-EPS of R2,

(c) TB-EPS of R1, (d) TB-EPS of R2



64 L. L. Yan et al., Effects of Phosphorus on Loosely Bound and Tightly Bound..., Chem. Biochem. Eng. Q., 33 (1) 59-68 (2019)

Table 2 — Fluorescence spectral parameters of LB-EPS and TB-EPS in reactors RI1 and R2

Peak A Peak B Peak C
Sample
Ex/Em Intensity Ex/Em Intensity Ex/Em Intensity

R1 2507275 17.02 275/305 32.55 245/535 4787
LB-EPS

R2 230/330 16.39 275/305 32.11 245/535 4777

R1 225/335 102.30 280/336 77.04 230/500 6.325
TB-EPS

R2 225/330 129.40 280/334 94.11 230/500 6.371

presence of the carbonyl-containing substituent,
alkoxyl, amino groups.’' These results indicate that
the influent phosphorus concentration will influence
a chemical structural change in LB-EPS and
TB-EPS.

Correspondingly, the fluorescence intensities of
the three peaks rarely changed with increased phos-
phorus concentration in LB-EPS. The peak intensity
ranking was peak B > peak A > peak C. However,
the fluorescence intensities of peaks A and B in-
creased markedly from 102.3 and 77.04 to 129.4
and 94.11 in TB-EPS, respectively. There was al-
most no change in the fluorescence intensity and
the position of peak C; the peak intensity ranking
was peak A > peak B > peak C. Additionally, the
peak intensity and the position of the three peaks
were obviously different between TB-EPS and LB-
EPS; the peak intensity in TB-EPS was higher than
that in LB-EPS, except peak C. These results sug-
gest that increased phosphorus concentration had a
different effect on LB-EPS and TB-EPS. Aromatic
and tryptophan PN-like substances were more im-
portant EPS components than was humic acid in
maintaining the stability of granular sludge.’* The
results suggest that a high influent phosphorus con-
centration can promote the production of PN in TB-
EPS, which is beneficial to AGS stability.

FRI analysis

Fig. 5 shows the percentage distribution of five
regional integral standard volumes from FRI analy-
sis of LB-EPS and TB-EPS. The results show that
region [ and region II accounted for the largest
share of relative organic matter in LB-EPS and TB-
EPS, accounting for 50.83—60.80 % of EPS; these
regions were categorized as PN-likes. This suggests
that PN-likes were a major component of EPS, a
quantitative result that is consistent with previous
3D-EEM results. Region IV was the second-largest
component in LB-EPS, accounting for 16.89 %
(R2) and 19.89 % (R1), but Region V was the sec-
ond-largest component in TB-EPS, accounting for
23.73 % (R1) and 24.88 % (R2). Region III (fulvic
acid-like) had the smallest percentage in LB-EPS
and TB-EPS. The percentage of fulvic acid-like
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Fig. 5 — Percentage distribution of five regional integral
standard volumes of LB-EPS and TB-EPS in Rl
and R2

substances in R2 was higher than that in R1 in LB-
EPS, while in TB-EPS, the percentage of tyrosine-
and tryptophan-like substances was higher. It is
possible that the different influent phosphorus con-
centrations had different effects on LB-EPS and
TB-EPS.

As the polymer moves toward the cell center,
the relative content of soluble microbial byprod-
uct-likes and humic acid-likes gradually increases,
while the content of PN-like substances and fulvic
acid-like substances decreases. The main metabolic
activity of microorganisms is the decomposition of
simple PN-like substances to produce soluble mi-
crobial byproduct-likes; high molecular weight and
stable humic-like substances are easy to produce in
TB-EPS. Clearly, the FRI can provide valuable in-
formation to analyze the fluorescence peaks that
were not identified with 3D-EEM.

Synchronous fluorescence

The synchronous fluorescence spectra of LB-
EPS and TB-EPS at different phosphorus concen-
trations are shown in Fig. 6(a). Based on previous
studies,* the fluorescence areas corresponding to
the wavelength ranges of 250-300, 300-380, and
380-550 nm can be roughly classified as PN-like,
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fulvic-like, and humic-like fluorescence fractions,
respectively.

As shown in Fig. 6(a), one obvious fluores-
cence peak occurred in LB-EPS and TB-EPS, be-
longing to PN-like substances. The fluorescence
intensities of LB-EPS remained almost unchanged
with phosphorus concentration (from 6.28 to 6.54
mg L'). At the same time, the fluorescence peak
position had a blueshift of 7 nm compared to R1 at
the 280 nm fluorescence peak. In TB-EPS, no
movement in the fluorescence position occurred,
only the intensity of fluorescence increased from
19.58 to 23.45. These results show that the concen-
tration of phosphorus had a greater influence on the
fluorescence intensity of TB-EPS compared with
that of LB-EPS, higher influent phosphorus concen-
trations enhanced the production of PN-like sub-
stances, which are the main components of LB-EPS
and TB-EPS.** In addition, other components of
EPS, such as phosphorus and metal ions, among
others, may also have an impact on EPS fluores-
cence intensity.

To confirm the influence of phosphorus con-
centration on the synchronous fluorescence intensi-

ty of EPS, orthophosphate was added to EPS in
concentrations of 0, 1, 5, 10, 15,17.5, 20, 30, and 40
mg L! (V thophosphate: Veps = 1:10), and oscillated at
room temperature for 24 h before synchronous flu-
orometric determination. The peak values of fluo-
rescence intensity with different orthophosphate
concentrations are shown in Fig. 6(b). Whether or-
thophosphate can produce fluorescence quenching
to EPS is related to the concentration of influent
phosphate and the composition of EPS; the fluores-
cence intensities slowly decreased from 68.67 to
4591 while the orthophosphate concentration in-
creased from 0 mg L' to 17.5 mg L. This indi-
cates that phosphorus content can produce a fluo-
rescence quenching phenomenon in EPS. However,
when the orthophosphate concentration increased to
40 mg L', the fluorescence intensity increased to
56.7, where it had no fluorescence quenching effect
on EPS.

Because identical charges repel each other, the
negatively charged EPS had difficulty adsorbing the
negatively charged phosphorus. However, there
were positive charge groups in the EPS, especially
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some metal elements that allowed the phosphorus to
be contained in the EPS.?! It is possible that phos-
phorus interacted with the positive charge groups,
such as the metal ions, and then had indirect fluo-
rescence quenching with the organic components of
EPS. The phenomenon of indirect quenching will
disappear when the concentration of influent phos-
phate is too high. To investigate whether the fluo-
rescence quenching of EPS on phosphorus had a
direct effect, the EPS was extracted by the cation
resin method. The same phosphorus concentrations
as above were added to the EPS, and synchronous
fluorescence was measured after shaking at room
temperature for 24 h. As shown in Fig. 6(c), the flu-
orescence intensity of the PN-like substances did
not substantially change, remaining at approximate-
ly 14.18. In conclusion, the fluorescence quenching
of phosphorus to EPS is mainly the indirect effect
of phosphorus on EPS by cations. Further studies
are needed in this area.

The mechanism of fluorescence quenching can
be divided mainly into dynamic and static quench-
ing based on the interaction between the quencher
and the fluorophore.** The Stern-Volmer equation
can be used to deal with fluorescence quenching
data (Eq. (1)):

%:HKSV[Q]:HquO[Q] (1)

in which F and F are the fluorescence intensities
with the absence and presence of orthophosphate,
respectively. K is the Stern-Volmer quenching rate
constant, [Q] is the concentration of orthophos-
phate, kq is the quenching rate constant of the bio-
logical macromolecule, and 7, is the average life-
time of the molecule (10 S).

Ordinarily, when the Stern-Volmer model is
linear, the quenching is either dynamic or static, and
when the model is curvilinear at high concentration,
the quenching may be a combination of quenching
types.** The results showed that k, = 0.67-10"° <
2.0-10'"° L mol! s, and the Stern-Volmer model
was linear, as shown in Fig. 6(d) at orthophosphate
concentrations between 0 mg L' and 17.5 mg L;
therefore, the quenching was considered to be dy-
namic quenching.** This finding also indicates that
phosphorus can be removed by EPS during waste-
water treatment.

Zeta potential of LB-EPS and TB-EPS

To obtain the surface natures of LB-EPS and
TB-EPS, their zeta potential was measured, as
shown in Table 3. The zeta potential of LB-EPS and
TB-EPS are both negative, because EPS contains
more sulfate, phosphate and carboxyl groups (and
other negative functional groups), but fewer amino
groups and other positive functional groups.’

Table 3 — Zeta potential of LB-EPS and TB-EPS in reactors

RI and R2
Zeta potential (mV)
Sample
LB-EPS TB-EPS
R1 —11.15+1.51 —37.354+2.06
R2 —4.97+0.64 -38.85+1.73

Ordinarily, PS is negatively charged while PN
is positively charged. In this study, the ratio of PN/
PS in R1 (0.23) was less than that in R2 (0.65) in
LB-EPS, and although the content of orthophos-
phate in R2 was slightly higher than that in R1,
there were many substances with positive charges,
such as metal ions in LB-EPS.?' The zeta potential
of LB-EPS in R1 was lower than that in R2: —11.15
mV and —4.97 mV, respectively. This finding may
be the result of the combined action of PN/PS, or-
thophosphate, and metal ions. However, the zeta
potential change in TB-EPS was just the opposite,
at —37.35 mV and —38.85 mV, respectively. When
the ratio of PN/PS in R1 (4.45) and R2 (4.95) was
similar, it was mainly because the orthophosphate
content in R2 was considerably higher than that of
R1 in TB-EPS, which was more than 2.52 mg g
However, further studies are needed to explain why
the zeta potential of LB-EPS and TB-EPS varied
with influent phosphorus concentration.

The zeta potential in TB-EPS was significantly
lower than that in LB-EPS, which was consistent
with previous studies. The zeta potential of AGS
was significantly lower than that of floc sludge; the
zeta potential of LB-EPS can reflect the electro-
chemical properties of sludge better than that of
TB-EPS, and plays a major role in the formation
and stability of aerobic granules.*® Therefore, it may
be concluded that a higher influent phosphorus con-
centration is appropriate for AGS formation and sta-
bility.

Conclusions

The influent phosphorus concentration affects
the content, orthophosphate content, zeta potential,
and fluorescence characterizations of LB-EPS and
TB-EPS. The phosphorus, PN and PS content in
LB-EPS and TB-EPS were higher when the influent
phosphorus concentration increased, except for PS
in LB-EPS. With higher influent phosphorus con-
centration, the zeta potential of LB-EPS was lower,
while for TB-EPS, the result was opposite. Whether
phosphorus can produce fluorescence quenching to
EPS is related to the influent phosphorus concentra-
tion and the composition of EPS. The PN-like sub-
stances are the major component of EPS, and higher
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phosphorus caused the TB-EPS to contain large
amounts of PN-like substances, while it did not
change considerably in LB-EPS. The PN was the
key component in AGS stability.
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