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ABSTRACT

The contribution of extracellular polymeric substances (EPS) to phosphorus uptake and the forms
of accumulated extracellular phosphorus were investigated under three organic loading condi-
tions (0.29, 0.58, 1.16 kg COD (m*d)™) in continuous flow A?O system. The results showed that
activated sludge flocs contained more EPS per unit mass under high organic load, which could
store more phosphorus. EPS accounted for up to 32.57% of the total phosphorus accumulation in
sludge floc with the increasing of organic load, which indicated that the phosphorus accumulation
in EPS was non-negligible in the system. High organic load promoted the production of organic
phosphorus and non-apatite inorganic phosphorus (NAIP) in EPS, increased the ratio of bioavailable
phosphorus, which was affected by the microbial population structure and metabolic mode. The
influence of organic load on intracellular and extracellular phosphorus removal performance was
compared, NAIP in bacterial cells played an important role in intracellular phosphorus removal,
while apatite phosphorus in EPS played an important role in extracellular phosphorus removal.

Keywords: Continuous-flow process; Organic loading; Extracellular polymer secretion; Phosphorus

forms transformation; Phosphorus removal performance

1. Introduction

Urban domestic sewage in China has the characteristics
of large quantity and wide range of pollutant sources,
leading to significant water quality fluctuation [1-3]. The
contribution of extracellular polymeric substance (EPS) to
phosphorus uptake and the forms of accumulated extra-
cellular phosphorus under different organic loads vary
substantially in different studies [4-9]. Furthermore, the
biological phosphorus research for migration between
various forms of phosphorus and its transformation rule
was almost discussed in enhanced biological phospho-
rus removal system operated by sequencing batch reactor

* Corresponding author.

(SBRs) [10-13]. However, the distribution of phosphorus
forms in the continuous-flow simultaneous denitrification
and dephosphorization system is still unclear.

In practical application, continuous-flow system is the
most commonly used system in sewage treatment plants,
and the growth environment of sludge strains is very dif-
ferent from that of SBRs. It is necessary to analyze the
relationship between the form of phosphorus and EPS secre-
tion under different organic loads in the continuous-flow
simultaneous nitrogen and phosphorus removal system,
evaluate the effect of EPS on phosphorus removal, and clar-
ify the mechanism of enhanced phosphorus removal by EPS.
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According to the above practical problems and techni-
cal background, a continuous-flow A?/O reactor was oper-
ated with different organic loads for 6 months in this study.
The change of phosphorus form components and sludge
characteristics was compared and analyzed. The influ-
ence of organic loads on intracellular and extracellular
phosphorus removal performance and the correlation
between EPS and phosphorus forms were discussed.
Combined with the role of EPS in biological phosphorus
removal, the adsorption of phosphorus by EPS can be
maximized in practical engineering according to the waste-
water properties and operation process, so as to effectively
and rapidly remove phosphorus.

2. Materials and methods
2.1. Setup of continuous-flow reactor and operation

A detailed description of this experimental facility has
been published by the study of Li et al. [14]. The operating
conditions were as follows: the water inflow was 188.0 L/d,
the hydraulic retention times of anaerobic tank, anoxic
tank and aerobic tank were 1.6, 2.5 and 8.3 h, respectively.
The return sludge ratio was 100%, and the nitrate recy-
cling ratio was 250%. Sludge retention time was controlled
at 15 d and sludge concentration was about 3,000 mg/L.
DO was controlled at about 3.0 mg/L by aeration.

2.2. Synthetic wastewater

The activated sludge used was taken from A%O
process of a WWTP in Tianjin, which possessed dense
bacterial micelle and good settling property. The syn-
thetic wastewater, with sodium acetate as carbon source,
KH,PO, and NH,Cl as phosphorus source and nitrogen
source. The experimental period included three different
organic load phases by adjusting influent chemical oxy-
gen demand (COD) concentration, which named Phase
I (0.29 kg COD (m?®*d)™), Phase II (0.58 kg COD (m?*d)-
1) and Phase III (1.16 kg COD (m®d)™), respectively. In
order to ensure sufficient supply of nitrogen and phos-
phorus in the system, the initial concentration of influent
ammonia nitrogen and total phosphorus were set as
40 and 10 mg/L, respectively. An additional amount
of CaCl, MgSO,, NaHCO, and trace element solution
was added in the synthetic wastewater, and the content
composition was the same as described by Li [15].

2.3. Method for determination of morphological phosphorus

The phosphorus forms in sludge and bacterial cells
were measured by European Standard SMT Protocol.
This method divided total phosphorus (TP) into inor-
ganic phosphorus (IP) and organic phosphorus (OP), IP
was further divided into non-apatite inorganic phospho-
rus (NAIP) and apatite phosphorus (AP). NAIP referred
to the unstable and weakly bonded phosphorus adsorbed
on the surface of iron, manganese, aluminum oxides and
their hydroxides. AP referred to various inert phospho-
rus bound to calcium ion; NAIP and OP were collectively
known as bioavailable phosphorus, which can be directly

utilized by microorganisms. The specific extraction
method was referred to Guo et al. [16].

2.4. High-throughput sequencing

16S rRNA high-throughput sequencing was carried out
using the Illumina MiSeq System (Illumina MiSeq, USA) at
Shanghai Sangon Biotech Co., Ltd. A detailed description
of this experimental procedure can be seen in Li et al. [14].

2.5. Conventional analytical method

COD, NH;-N, NO;-N, PO;-P, total nitrogen, mixed
liquor suspended solids (MLSS), SV30 and SVI were
determined according to the Standard Method [17]. EPS
extraction was carried out by ultrasonic-cation exchange
resin method [18]. Polysaccharide (PS) were determined by
anthrone colorimetry, while protein (PN) was determined
by coomassie bright blue colorimetry [19,20]. Humic acid
(HA) was determined by modified Folin-Lowry method
[21]. The correlations between the content and composi-
tion of EPS and the forms of phosphorus were determined
by Pearson correlation using IBM SPSS Statistics 25.

3. Results and discussion
3.1. Effect of organic load on EPS content and composition

As shown in Fig. 1, the total EPS in anaerobic, anoxic,
and aerobic tanks increased from 43.65 to 85.60 mg/g
MLSS with the increasing of organic load. It was also
found that loosely-bound PN (LB-PN) content was sig-
nificantly higher than that of loosely-bound PS (LB-PS)
under three organic loads in this experiment. The loosely-
bound PN/PS (LB-PN/PS) ratio increased from 4.09 to
14.02 with the increasing of organic load. However, the
tight-bound PN/PS (TB-PN/PS) ratio was relatively sta-
ble. Compared with tightly-bound EPS (TB-EPS), loosely-
bound EPS (LB-EPS) was more susceptible to influent
organic load, and protease was mainly concentrated
in LB-EPS, which promoted the production of LB-PN.
Furthermore, EPS content in the aerobic tank decreased
under medium and high organic load conditions (Phases
IT and III). The reason may be that high organic load lead
to high bacterial activity, organic load in aerobic tank
can’t meet the biological growth, EPS was absorbed as
organic matter. Too little organic matter in aerobic tank
under low organic load condition (Phase I), poor micro-
bial activity lead to the death of some microorgan-
isms. In the process of extinction, humic acid, protein,
polysaccharide, nucleic acid and other end products
was produced, which increased the content of EPS.

3.2. Effect of organic load on phosphorus forms variation in EPS

The contents of TP, IP, OP, AP and NAIP all increased
with organic load increasing in bacterial cells and in EPS
(as shown in Fig. 2a and b). The main reason was that
activated sludge flocs contained more EPS per unit mass
under high organic load, which could store more phos-
phorus. As shown in Table 1, IP accounted for the largest
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Fig. 1. Variation of EPS content and composition in anaerobic, anoxic, and aerobic tanks during different phases (Al, A2 and
O3 indicate that the samples are taken from anaerobic, anoxic and aerobic tanks respectively).
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Fig. 2. Variation of phosphorus form and content of aerobic tanks in bacterial cells and in EPS under different organic loads
(a) changes of phosphorus form in bacterial cells and (b) changes of phosphorus form in EPS.

Table 1
Percentages of various forms of phosphorus in extracellular polymers under different organic loads

Phases IPEPS/ P EPS OPEI’S/ TPEPS NAIPEPS/ IPEI’S APEPS/ P EPS
Phase ] 88.71% 16.17% 29.23% 72.94%
Phase IT 66.04% 27.42% 41.68% 67.84%
Phase III 61.34% 35.50% 41.77% 64.10%

proportion of total extracellular phosphorus under dif- by cations in EPS, formed precipitation and stored in
ferent organic loads, and AP was the main component of EPS. With the increasing of organic load, the ratio of IP
IP in EPS. AP was Ca* bound phosphorus and strongly  to TP in EPS decreased from 88.71% to 61.34%, the ratio
adsorbed phosphorus, which was more easily adsorbed of NAIP to IP increased from 29.23% to 41.77%, and the
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ratio of AP to IP decreased from 72.94% to 64.10%. High
organic load also promoted the production of OP in EPS,
the proportion of OP to TP content in EPS increased
from 16.17% to 35.50%.

Table 2 shows the percentages of each form of extracel-
lular phosphorus to that of in sludge floc under different
organic loads. The proportion of TP increased from 19.19%
to 32.57%, the proportion of IP increased from 23.88% to
28.68%, and the proportion of OP increased from 11.73%
to 42.06%. It can be seen that the higher the organic load,
the stronger the ability of EPS to bind phosphorus. The
proportion of NAIP increased from 9.02% to 18.83%, and
the proportion of AP decreased from 85.40% to 50.51%,
indicating that high organic load was beneficial to the
absorption and binding of NAIP by EPS, but unfavorable
to the absorption of AP. This was affected by the micro-
bial population structure and metabolic mode, which was
explained in detail in the following chapters. In a word,
about 19.19%~32.57% of TP in the sludge was reserved in
the EPS at the end of the aerobic phase and could contribute
to the phosphorus removal through sludge discharge. These
results indicated that the contribution of EPS to the phos-
phorus removal in the A%/O process could not be neglected.

3.3. Correlation between EPS component and
different phosphorus forms

In order to explore the influence of EPS contents and
components on different phosphorus forms in EPS, a cor-
relation analysis was conducted between EPS and various
phosphorus forms (Fig. 3). The results showed that TP
content was positively correlated with LB-PN (r = 0.707,
P =0.033), TB-PN (r = 0.828, P = 0.006), TB-HA (r = 0.907,

Table 2

67

P =0.001), LB-PN/PS (r = 0.872, P = 0.002), EPS (r = 0.924,
P=0.011), PN (r = 0.791, P = 0.011), HA (r = 0.876, P = 0.002),
TB-EPS (r = 0.913, P = 0.001), and was negatively correlated
with LB-PS (r = -0.748, P = 0.020), LB-HA (r = -0.671,
P =0.048). TP and EPS had the highest positive correla-
tion, which indicated that the total EPS had the greatest
influence on TP in the EPS. The TP content was mainly
affected by TB-EPS, but had no significant correlation with
LB-EPS content. According to the component analysis of
EPS, proteins in LB-EPS and TB-EPS were favorable for
the storage of TP, polysaccharides in LB-EPS were unfa-
vorable for the storage of TP, polysaccharides in TB-EPS
had no obvious effect on the storage of TP, humic acid
in LB-EPS was unfavorable for the storage of TP, humic
acid in TB-EPS was favorable for the storage of TP. The
same correlation trend was found in IP, OP, NAIP, AP as
that of TP.

The correlation analysis of different phosphorus forms
in sludge was also investigated (as shown in Table 3).
It can be seen that the content of TP in sludge was signifi-
cantly correlated with the content of other phosphorus
forms. The correlation between TP and IP was the stron-
gest, followed by TP with NAIP and TP with AP. There
was a significant positive correlation between TP, IP and
bioavailable P (r, = 0.995, r, = 0.924, P < 0.01). The higher
the content of TP and IP in sludge, the higher the content
of bioavailable P, which consisted with the conclusion
of Wang et al. [22]. There was a very significant positive
correlation between NAIP and bioavailable P (R = 0.983,
P < 0.01), which indicated that NAIP in sludge had a
great impact on bioavailable phosphorus, and the poten-
tial agricultural value of sludge can be judged from the
level of NAIP content in sludge.

The proportion of each form of phosphorus in extracellular polymer to each form of phosphorus in sludge

Phases IPEPS/ IPﬂoc OPEPS/ OPﬂoc NAIPEI’S/ NAIPﬂoc APEPS/ APﬂoc TPEPS/TPﬂoc
Phase I 23.88% 11.73% 9.02% 85.40% 19.19%
Phase II 23.85% 15.94% 12.89% 69.16% 24.68%
Phase III 28.68% 42.06% 18.83% 50.51% 32.57%
=
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Fig. 3. Heat map of correlation between EPS components and phosphorus forms in EPS.
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Table 3

Correlation coefficient matrix of the different forms of phosphorus in sludge

TP 1P or NAIP AP NAIP + OP
TP 1
P 0.995** 1
OP 0.740* 0.692* 1
NAIP 0.962** 0.954** 0.838** 1
AP 0.931** 0.953** 0.501* 0.829** 1
NAIP + OP 0.924** 0.900** 0.922** 0.983** 0.746* 1
**indicated significant correlation at 0.01 level (two-tailed test);
*indicated significant correlation at 0.05 level (two-tailed test).
Table 4
Different forms phosphorus uptake in bacterial cells and in EPS under different organic loads
Phases Type ATPulotake AIPup‘ake AOPuptake (mg/g) ANAIPuptake AAPuptake
Phase I Intracellular 1.32 £0.05 0.89 +£0.02 0.45 +0.02 0.73 £0.02 0.04 +0.01
Extracellular 1.20 £ 0.04 0.79 £0.03 0.15+0.01 0.27 £0.02 0.45 +0.02
Phase II Intracellular 2.74 +0.05 1.30 £ 0.04 0.70 £0.02 1.02 £ 0.03 0.23 +0.01
Extracellular 1.27 £0.05 0.94 +£0.02 0.23 £0.01 0.58 +£0.03 0.69 +£0.03
Intracellular 3.79+£0.08 2.52 +£0.05 1.42 +0.04 1.62 +0.05 0.46 +0.02
Phase II1 Extracellular 3.23+0.12 170 +0.05 1.02:+0.05 0.82+0.04 0.86 + 0.04
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Fig. 4. Proportion of phosphorus accumulating bacteria in anaerobic, anoxic, and aerobic tanks during different phases
(A1, A2 and O3 indicate that the samples are taken from anaerobic, anoxic and aerobic tanks respectively).

3.4. Influence of organic load on intracellular and
extracellular phosphorus removal performance

As shown in Table 4, the phosphorus uptake in bacte-
rial cells from anaerobic to aerobic stage increased from
1.32 mg/g MLSS to 3.79 mg/g MLSS with the increase
of organic loads, indicating the bacterial cells with high
organic load showed higher phosphorus uptake. AIP

uptake

accounted for 55.6%~60.3% in ATP ., and the greatest
change in AIPuptake was ANAIP wltdch was 53.8%~82.0%
of AIPupmke. It was concluded that NAIP in bacterial cells
played an important role in intracellular phosphorus
removal. The phosphorus uptake in EPS increased from
1.20 mg/g MLSS to 3.23 mg/g MLSS from anaerobic to aer-
obic stage. The change of TP was dominated by IP incre-
ment, which was 52.6%~74.0%, and the greatest change
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in AIPuptake was AAP_ ., which was 50.6%~71.2% of AIP.
Furthermore, it can Pbe analyzed from the data in the
last column of Table 4, AAP_ in EPS of three phases
were much higher than that in bacterial cells. The ratio of
AAPulgtake to AIPupmke were 91.8%, 75.0% and 65.2% with the
increase of organic loads, which had a distinct advantage
in extracellular phosphorus removal. It was concluded
that AP in EPS played an important role in extracellular
phosphorus removal.

It can be seen from Table 4, high organic load pro-
moted the production of OP and NAIP in EPS signifi-
cantly, which was speculated that they were affected
by the metabolism of functional flora. By using
high-throughput sequencing, it was found that the abun-
dance of phosphorus accumulating bacteria (PAOs)
increased with the increase of organic load (as shown
in Fig. 4). As denitrifying phosphorus removal bacte-
ria, the abundance of Dechloromonas increased from
1.06% to 2.97%, and Gemmatimonas increased from
0.29% to 0.57%. As traditional phosphorus removal bac-
teria, Acinetobacter increased from 0.11% to 0.91%, and
Pseudomonas increased from 0.07% to 0.42%.

4. Conclusion

This study revealed the characteristics of phosphorus
accumulation in EPS under different loads in the continu-
ous-flow A?*/O process. All forms of phosphorus showed
higher content in the EPS with the increasing of organic
load, IP was the main form of phosphorus, and AP is the
main component of IP in EPS.

High organic load promoted the production of OP and
NAIP in EPS significantly, meanwhile the abundance of
PAOs increased with the increase of organic load, which
mean that the formation and transformation of phospho-
rus in EPS were affected by the microbial population struc-
ture and metabolic mode, rather than a simple process of
extracellular phosphate dissolution and precipitation.

The ratio of bioavailable P to TP in sludge signifi-
cantly improved with the increase of organic load. In other
words, more phosphorus in sludge under high load condi-
tion can be used biologically. It can be seen that mastering
the change rule of phosphorus form can provide scientific
reference and theoretical basis for subsequent sludge rea-
sonable disposal and application management.
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