Pol. J. Environ. Stud. Vol. 28, No. 5 (2019), 3779-3790
DOI: 10. ]5244/pjoes/98988 ONLINE PUBLICATION DATE: 2019-05-31

Original Research
Content and Species of Extracellular Phosphorus
in Activated Sludge of Biological Phosphorus
Removal Systems

Xiangyu Long', Ran Tang"?*, Chaoxin Xie', Zhendong Fang', Yongqin Li'

"Department of Military Installations, Army Logistic University of PLA, University Town, Chongqing, China
2College of Chemistry and Chemical Engineering, Chongqing University of Science and Technology,
University Town, Chongqing, China

Received: 13 June 2018
Accepted: 15 October 2018

Abstract

Extracellular polymeric substances (EPS) contain a large amount of phosphorus, but the content
of extracellular phosphorus in activated sludge and the decomposition of extracellular polyphosphate
(polyP) in extraction process is still unclear. In this study, the extraction efficiencies of extracellular
phosphorus using sonication, cation exchange resin (CER) and sonication-CER methods were investigated
and compared, taking the aerobic sludge from four lab-scale A/O-SBR reactors at different temperatures
and in different matrices as the objects. The sonication-CER method was an efficient and reliable method
for extracting EPS and extracellular phosphorus, which could avoid the decomposition of extracellular
polyP and the massive lysis of a bacterial cell. Importantly, utilizing CER with two successive alkaline
washes was a key factor for efficiently extracting extracellular phosphorus. The extracellular phosphorus
content of aerobic-activated sludge in 4 A/O-SBR reactors was 28.17~73.13 mg P/g VSS, accounting for
59.6~74.1% TP ... Thereby phosphorus of sludge floc was mainly located in EPS. Furthermore, polyP
was the main species of extracellular phosphorus in EBPR sludge, which mainly existed in the inner
layer of sludge floc. There was a close relationship between the content and species of extracellular
phosphorus and the EBPR performance of activated sludge.

Keywords: Enhanced biological phosphorus removal; extracellular polymeric substances (EPS); extra-
cellular phosphorus; cation exchange resin (CER) method; polyphosphate

Introduction an important approach to remove phosphorus in

wastewater [2]. The EBPR process is mainly attributed

Phosphorus is recognized as one of the main factors to a group of selectively enriched heterotrophic
for eutrophication in natural waters [1]. The enhanced bacteria, i.e., phosphorus-accumulating organisms

biological phosphorus removal (EBPR) process is (PAOs). PAOs, including denitrifying phosphorus-
accumulating organisms (DPBs), can release phosphorus
in the anaerobic phase and absorb phosphorus in the
aerobic or anoxic phase. Thereby, anaerobic/aerobic
*e-mail: tangranhncq@126.com phosphorus removal and denitrifying phosphorus
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removal are crucial approaches of EBPR [1-3]. However,
the mechanism of phosphate release and adsorption of
PAOs cannot explain all the phenomena of biological
phosphorus removal, indicating that the theory of
EBPR is not perfect [3]. Interestingly, extracellular
polymeric substances (EPS) containing a large amount
of phosphorus has been reported [4, 5], which provides a
new perspective for improving the EBPR theory.

EPS are important components in biological
aggregations [5, 6], of which the role in the EBPR
process should not be neglected. Cloete et al. [7] has
observed that 27~30% of phosphorus existed in EPS
of the sludge floc based on an X-ray scanning electron
microscope and  energy-dispersive  spectrometer.
Borovec et al. [4] adopted the Ruttenberg method for
chemical fractionation to evaluate the distribution of
phosphorus in the benthic cyanobacterial mat (CBM),
and reported that the phosphorus content of EPS was
as high as 52% of the TP of CBM. Wang et al. [8]
extracted EPS in EBPR granular sludge using a heating
method, and showed that the phosphorus content of
EPS was 30~45.4% of the TP of sludge. Li et al. [9] and
Zhang et al. [10, 11], however, extracted EPS using the
CER method and found that the phosphorus content of
EPS accounted for 9.61~9.97% and 6.6~10.5% of the
TP of sludge, respectively. These extraction amounts
of extracellular phosphorus were obviously different,
mainly due to the different extraction methods and
sources of sludge samples. Thus far, the exact roles
of extracellular phosphorus in the EBPR process have
not yet been clearly understood. To clarify the roles
of extracellular phosphorus, the suitable extraction
methods of extracellular phosphorus in activated sludge
of EBPR should be investigated for ascertaining the
content of extracellular phosphorus.

Polyphosphate (polyP) that is a key energy-storage
substance in the EBPR process, was detected in EPS
using *'P-nuclear magnetic resonance (NMR) [10-
12], indicating that EPS participated in the biological
phosphorus-accumulation process. PolyP, a high-energy
substance, is also easily decomposed [10]. Therefore, the
decomposition of extracellular polyP in the process of
extracting extracellular phosphorus should be avoided,

Table S1. The components of the synthetic wastewater.

which impacts the analysis results of extracellular
phosphorus species. However, the influences of EPS
extraction methods on the decomposition of extracellular
polyP are still unclear.

The evaluation of the EPS extraction methods was
mainly based on gaining the more extraction amount of
EPS and avoiding chemical pollution and bacterial cell
lysis, but not considering the greater extraction amount
of extracellular phosphorus and the decomposition of
extracellular polyP. Both sonication and CER methods
are widely used to extract EPS [10, 13, 14], because
of avoiding chemical pollution for extracted EPS.
However, the influences of sonication and CER methods
on the decomposition of extracellular polyP have not
yet been reported. Moreover, these two methods have
different action mechanisms, and if combining them,
the extraction amount of extracellular phosphorus
might be enhanced. In this study, based on discussing
the influence of sonication and CER methods on
the decomposition of polyP and avoiding significant
bacterial cell lysis as a prerequisite, the method
and procedure of combining sonication and CER
(sonication-CER method) were investigated. In addition,
the extraction extracellular phosphorus in the activated
sludge at different temperatures and in different
matrices with the three methods were compared in
order to confirm the content of extracellular phosphorus.
Finally, the relationship between the content and species
of extracellular phosphorus and biological phosphorus
removal performance of activated sludge was discussed.

Materials and Methods
Activated Sludge Culture

The seed sludge of four lab-scale A/O-SBR reactors
was obtained from the Ji Guan Shi Wastewater
Treatment Plant in Chongging, China. The sludge of
the reactors was fed with synthetic wastewater, which
utilized sodium acetate or sodium propionate as the sole
carbon source. COD: N: P of the synthetic wastewater
was 100:5:5; the components are shown in Table SI and

Components Concentration (g/L) Components of microelement Concentration (mg/L)
C2H3Na02~3HZO 1.2300 FeSO4’7HZO 4.1700
CHNaO, 1.3800 MnSO,-H O 1.1300
NH,CI 0.1433 ZnSO,7TH O 0.2880
KH PO, 0.1650 CoCl -6H O 0.0840
MgSO,-H O 0.0200 NaMoO,-2H,0 0.0390
CaCl, 0.0068 CuSO,5H 0 0.0180
FeSO,-7H,0 0.0043 KI 0.1080
HBO, 0.0900
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the pH was approximately 7.0. Instantancous filling
wastewater was adopted. The reactors had a working
volume of 15 L, and were operated for 2 cycles every
day. Each cycle lasted for 12 hr, involving a 4-hr
anaerobic period, 7-hr of aeration, 50-min settlement,
5 min of decanting, and 5 min of idling. The
temperatures of four reactors were controlled at 20+1°C
or 35£1°C. The solid retention times (SRTs) were
approximately 20 days, discharging the mixed liquid
every day. The dissolved oxygen (DO) concentrations
at the end of the aeration stage were 3.0-5.0 mg/L, with
regulating gas flow. The sludge samples were collected
at the end of the aerobic stage.

Method of Washing CER

001x7 gel-type CER (20-40 mesh, Suqing, Jiangsu,
China) was used to the CER and sonication-CER
methods. The CER was washed by 8% NaCl, 1 mol/L
HCI and 1 mol/L NaOH solution in turn, alternating
HCI and NaOH solution for 3 times wash. Meanwhile,
the CER was washed to neutral by pure water in
ecach washing step. At the end of the wash process,
two successive alkaline washes were key steps, after
which the CER was washed to neutral to prepare for
use.

6%

5. 86

Extraction Methods of Extracellular
Phosphorus

Sonication Method

21 kHz sonication (JY90-II; Scientz Bioscience
Co., Inc., Ningbo, China) was used to act on the
40 mL sludge washed by centrifugation. Subsequently,
the sludge was centrifuged twice at 0+2°C and 43000xg,
and the supernatant was designated as EPS containing
extracellular phosphorus. The sonication probe area was
0.28 cm?, and the duty cycle of the sonication process
was 50%.

Cation Exchange Resin (CER) Method

The washed CER
40 mL sludge washed
the additional amount
Then the CER was
mesh with a 250-um
filtered mixed liquid

was used to process the
by centrifugation, of which
was 80 g of CER/g VSS.
filter-separated using nylon
pore diameter. Finally, the
was centrifuged twice at

0+2°C and 43000xg, and the centrifugal supernatant
as

was designated EPS extracellular

phosphorus.
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Fig. S13'P NMR spectroscopy of EPS simulation.
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Table 1. 3'P NMR chemical shifts and relative peak areas of phosphorus in EPS simulation dealing with sonication.

OrthoP PyroP End groups of PolyP | Middle groups of PolyP Average
Extraction Chemical | o | Chemical | | Chemical | | Chemical | , chain
conditions shift %) shift %) shift %) shift %) length
() (V] (V] ()
(ppm) (ppm) (ppm) (ppm) of polyP
Control 5.36 0.04 -5.51 0.59 -4.71 12.21 -19.43 87.16 16.28
0.5W/mL2min 5.36 0.05 -5.53 0.59 -4.79 12.31 -19.52 87.05 16.15
0.5W/mL4min 5.36 0.05 -5.52 0.60 -4.85 12.33 -19.58 87.02 16.12
0.5W/mL6min 5.36 0.03 -5.53 0.64 -4.92 12.23 -19.89 87.10 16.25
1W/mL 2min 5.36 0.02 -5.52 0.64 -4.96 12.14 -19.98 87.20 16.36
1W/mL 4min 5.36 0.13 -5.52 0.65 -5.05 12.15 -21.03 87.07 16.33
IW/mL 6min 5.36 0.06 -5.51 0.69 12.31 -20.09 86.94 16.12
2W/mL 2min 5.36 0.01 -5.52 0.62 12.26 -20.97 87.11 16.21
2W/mL 4min 5.36 0.12 -5.53 0.63 12.27 -21.16 86.98 16.18
2W/mL 6min 5.36 0.08 -5.51 0.79 12.43 -21.50 86.70 15.95
3W/mL 2min 5.36 0.13 -5.52 0.63 12.26 -22.05 86.98 16.19
3W/mL 4min 5.36 0.08 -5.50 0.75 12.48 -22.61 86.69 15.90
. -23.55
3W/mL 6min 5.36 0.06 -5.52 0.65 12.26 23,58 87.03 16.19
Sonication-CER Method Thereafter, the filtered mixed liquid was centrifuged
twice at 0+2°C and 43000xg, and the centrifugal
The washed sludge was processed by sonication, supernatant was designated as EPS containing
then reacted with the CER to cation exchange. extracellular phosphorus.

Table 2. 3'P NMR chemical shifts and relative peak areas of phosphorus in EPS simulation dealing with CER.

OrthoP PyroP End groups of PolyP Middle groups of PolyP Average
Extrggt ion Cherpical Peak area Cherpical Peak area Chen.'lical Peak area Cherpical Peak area chain
conditions shift shift shift shift length
em | " em | P eem | % gem | O Jofpolyp
Control 5.36 0.04 -5.51 0.59 4.71 12.21 -19.43 87.16 16.28
400 rpm10min 5.36 0.06 -5.53 0.52 -4.79 12.11 -19.52 87.31 16.42
400 rpm20min 5.36 0.15 -5.52 0.59 -4.85 12.00 -19.58 87.26 16.54
400 rpm30min 5.36 0.07 -5.52 0.49 -4.92 12.06 -19.89 87.38 16.49
400 rpm45min 5.36 0.32 -5.54 0.38 -4.96 12.14 -19.98 87.16 16.36
400 rpm60min 5.36 0.06 -5.53 0.57 -5.05 12.15 -21.03 87.22 16.36
550 rpm10min 5.36 0.06 -5.53 0.63 12.09 -20.09 87.22 16.43
550 rpm20min 5.36 0.01 -5.53 0.62 12.11 -20.97 87.26 16.41
550 rpm30min 5.37 0.06 -5.51 0.63 12.24 -21.16 87.07 16.23
550 rpm45min 5.36 0.05 -5.52 0.57 12.21 -21.50 87.17 16.28
550 rpm60min 5.36 0.06 -5.52 0.59 12.02 -22.05 87.33 16.53
-22.61
-23.55
-23.58




Content and Species of Extracellular Phosphorus...

3783

Cell Lysis Analysis

The cell lysis rate during the extraction process
was evaluated by glucose-6-phosphate-dehydrogenase
(G6PD) activity [15, 16]. A Hoechst 33342/ propidium
iodide (PI) double staining kit (Shanghai BestBio,
Shanghai, China) was used to stain the bacterial cell
after extracting EPS and extracellular phosphorus, then
living and dead cells were observed by laser scanning
confocal microscopy (LSCM; Leica TCS SP8, Oskar
Barnack , Germany).

3IP NMR Analysis

The extracted EPS and extracellular phosphorus
solution was lyophilized, and then stored at -20°C
before implementing *'P NMR analysis. Approximately

e

15 mg of the freeze-dried samples were re-dissolved
with 0.4 mL of D,O and 0.2 mL of 100 mmol/L EDTA
solution. Before analysis, 0.2 mL of 2 mol/L NaOH
solution was added. A 600 MHz NMR spectrometer
(Agilent Technologies, Santa Clara, USA) was used
to analyze the *'P NMR spectrum [10]. The number
of scans was set at 256 (EPS extracts) or 64 (EPS
simulation). The spectra were analyzed according to
a previous study [17] and the data were determined
by NMR data processing software (MestReNova
v6.1.0-6224).

EPS simulation with high-temperature sterilization
was used to study the features of polyP decomposition
during the extraction process. The components of the
EPS simulation were similar to EPS, in which polyP
substance was sodium hexametaphosphate (Sigma-
Aldrich, St. Louis, MO, USA).

Fig. S2. Bacterial cell apoptosis / death induced by extraction process: a) Photo of confocal laser scanning microscope for raw sludge; b)
Photo of confocal laser scanning microscope under the condition of sonication with the power density of 1 W/mL for 6 min; ¢) Photo of
confocal laser scanning microscope under the condition of sonication with the power density of 3 W/mL for 6 min; d) Photo of confocal
laser scanning microscope under the condition of CER with the stirring rate of 400rpm for 30 min; e) Photo of confocal laser scanning
microscope under the condition of CER with the stirring rate of 550rpm for 30 min; f) Photo of confocal laser scanning microscope with

sonication of 1 W per mL for 6 min and CER of 400 rpm for 30 min.
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Other Chemical Analyses

The total organic carbon (TOC) content of EPS
extracts was measured using a TOC analyzer (multi
N/C 2100S; Analytik Jena AG, Jena, Germany). The
suspended solids (SSs), volatile suspended solids
(VSSs), total extracellular phosphorus (TP_,), and
total phosphorus in sludge (TP ) were measured
according to standard methods [18]. The morphology of
microorganisms in the activated sludge was observed by
a scanning electron microscope (MIRA 3 GMU/GMH;
TESCAN, Brno, Czechoslovakia).

Results and Discussion
PolyP Decomposition of the Extraction Process

PolyP is a high-energy substance and prone to
degradation [10]. To elucidate the species of extracellular
phosphorus, polyP decomposition in the process of
extracting EPS and extracellular phosphorus should be
avoided. PolyP decomposition induced by sonication and
CER methods were studied, taking EPS simulation as an
object. EPS simulation dealt with sonication and CER
methods, respectively, and then the phosphorus species
were analyzed by *'P NMR spectroscopy (Fig. S1). To
avoid polyP decomposition/synthesis due to microbial
metabolism, strict sterile operations were used in the
process. In addition, the average chain length of polyP
can be calculated from the ratio of peak area between
the middle and end groups [19]. The average chain
lengths of sodium hexametaphosphate in EPS simulation
was approximately 16. Importantly, the peak areas and
the average chain lengths of the polyP were unchanged
(Tables 1 and 2), when EPS simulation was processed by
sonication method at a low frequency (21 kHz) and low
power density (<3 W/mL) or CER method with a short
duration (<60 min) and medium-high speed (<550 rpm).
The results indicated that PolyP decomposition was not
induced by the sonication and CER methods with the
above operating conditions, suggesting that analysis of
species of extracellular phosphorus in the extracted EPS
should be reliable.

Cell Lysis of the Extraction Process

Intracellular ~ polymers and phosphorus are
released with cell lysis, which would pollute EPS
and extracellular phosphorus. Therefore, serious cell
lysis should be avoided in the extraction process. Cell
lysis induced by sonication, CER, or sonication-CER
methods were analyzed, taking the activated sludge
at the end of the aerobic stage of 20°C sodium acetate
A/O-SBR reactor as an object. From Fig. la), with the
increase of sonication power density and duration, the
G6PD activity of EPS (G6PD, ) was increased. Under
the condition of sonication with the power density of
1 W/mL for 6 min and the power density of 3 W/mL
for 2 min, the G6PD_,, accounted for 3.24% and 2.77%

a
) 18 4 -l 1W/mL
) ~O-2W/mL
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Fig. 1. G6PD activity in extracted EPS with different methods
and conditions: a) G6PD activity in the extracted EPS with
sonication method, b) G6PD activity in the extracted EPS with
CER method, and ¢) G6PD activity in the extracted EPS with
sonication-CER method.

GO6PD,,,..» respectively. Nevertheless, under conditions
of sonication with a power density of 3 W/mL for 6 min,
the G6PD,, accounted for 12.83% of GOPD .- The
acceptable range for the ratio of G6PD,,, to G6PD_ -
was less than 10% [16]. Thereby, the extraction
conditions of high power density (>3 W/mL) and long
duration (>6 min) should not be used in the sonication
method.

From Fig. 1b), with the increase of stirring rate and
duration, the G6PD_,, was also increased. Under the

conditions of CER with duration of 30 min and stirring
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Fig. 2. Extraction amounts of EPS with different methods:
a) TOC_,, and TOC and b) TOC_/TOC ratio (the

EPS sludge EPS sludge
extraction condition of sonication method was the power density
of 1 W/mL for 6 min; the extraction condition of CER method
was the stirring rate of 400 rpm for 30 min; the extraction
condition of sonication-CER method was the power density of

1 W/mL for 6 min and the stirring rate of 400 rpm for 30 min).

rate of 400 rpm and 550 rpm, the G6PD,, accounted
for 6.42% and 8.34% of G6PD_ , . respectively. Under
conditions of CER with duration of 60 min and stirring
rate of 400 rpm and 550 rpm, the G6PD,, accounted
for 9.38% and 13.04% of G6PD - respectively.
Thereby, the extracting conditions of high stirring rate
(=550 rpm) and long duration (> 60 min) should not be
employed in the CER method.

In the sonication-CER method, the sonication could
disperse sludge flocs, and improve the reaction rate
of the subsequent CER. From Fig. 1c), the risk of the
cell lysis of sonication-CER method was more than the
CER method. To avoid bacterial cell lysis, the suitable
extracting conditions of sonication-CER method was
sonication with the power density of 1 W/mL for 6
min or the power density of 3W/mL for 2 min, and
subsequent CER reaction with the stirring rate of 400
rpm for 30 min.

The bacterial cell apoptosis/death induced by
extraction process was investigated (Fig. S2), with
double-staining of Hoechst 33342/PI and observation
by a confocal laser scanning microscope (CLSM).

The apparent bacterial cell apoptosis/death was not
observed, of which the ratio of apoptosis/death cell
to living cell was less than the corresponding ratio
of G6PD,,-to-G6PD .. It might be due to cell
membrane permeability increasing in the extraction
process of the three methods, which caused G6PD
transfer from bacterial cells to EPS, but the apoptosis/
death of bacterial cell was rarely induced. The results
exhibited how cells lysis could be effectively avoided in

the extraction process of the three methods.
EPS Extraction Amount

The temperature and matrix are important factors
influencing biological metabolic activity and process
and biological phosphorus removal performance [20,
21]. Compared to the sonication and CER methods,
the extraction efficiencies of EPS and extracellular
phosphorus with the sonication-CER method were
studied, taking the activated sludge at the end of aerobic
stage of the 4 A/O-SBR reactors as objects.

From Fig. 2, the extraction effects of EPS with the
sonication-CER method were better than that with the
sonication and CER methods. The extraction amounts
of EPS with the sonication, CER and sonication-
CER methods were 11.75~28.06 mg TOC/g VSS,
36.64~138.15 mg TOC/g VSS, and 51.26~168.27 mg
TOC/g VSS, respectively, which were equivalent to
2.9~6.4%, 8.9~31.5%, and 12.4~38.4% of TOC . The
sonication-CER method was the most efficient method
in extracting EPS among the three.

For the sludge flocs of different temperature reactors,
the extraction amount of EPS with the sonication-
CER method were obviously different (Fig. 2). From
Fig. 2, the extraction amounts of EPS of sludge flocs
with sodium acetate and sodium propionate as the sole
carbon source in 20°C were much greater than that in
35°C. The extraction amount of EPS of sludge flocs
from the 20°C sodium acetate, 20°C sodium propionate,
35°C sodium acetate, and 35°C sodium propionate
reactors were 34.9%, 38.4%, 149% and 12.4% of
TOC,, 4500 respectively. The results presented the reactor
temperature as having an important influence on EPS
content. The EPS content of activated sludge at the
higher temperature (35°C) was less than that at the
lower temperature (20°C), which could be explained as
follows. Most EPS was biodegradable [22], and the net
production of EPS was lower at the higher temperature
(35°C) because of the higher microbial metabolic
activity. In addition, microbial communities were
influenced by temperature, and the production of EPS
of different microorganisms was distinctly different [5].

Extraction Amount and Species
of Extracellular Phosphorus

As shown in Table 3 and Fig. 3, the extraction
amounts of extracellular phosphorus with the
sonication, CER, and sonication-CER methods were
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Table 3. 3'P NMR chemical shifts and relative peak areas of the extracted extracellular phosphorus in the different sludges with the

different methods.
Extraction End groups of | Middle groups of
OrthoP PyroP
Reactor Extrac- amounts of Y PolyP PolyP AZ}?;?fe
tion extracellular | Chemical | Peak | Chemical | Peak | Chemical | Peak | Chemical | Peak
number . . length
methods | phosphorus shift area shift area shift area shift area | o holyp
(mg/gVSS) | (ppm) | (%) | (pm) | (%) | (pm) | (%) | (ppm) | (%)
Sonica- 1.55 534 9672 | 573 | 113 - 0 - 0 -
tion
-4.83 -19.47
” CER 27.00 539 8671 | 554 |660| -499 |208| -2018 | 408 | 592
-5.07 21.49
Sonica. -4.83 -19.47
o CER 28.17 539 | 8567 | -554 |694| -500 |240| -2001 | 499 | 6.17
1o -5.07 21.49
Sonica- -5.01 -19.49
omea 3.78 537 | 8214 557 |14.80 ' 239 | -19.57 | 067 | 256
tion -5.09
-19.65
-4.84 -19.49
24 CER 29.29 536 | 6377 | 557 [1673| 501 | 3.1 | -2002 |1639| 12.53
-5.08 21.50
Sonica. -19.53
e 3115 540 | 7286 | 553 [508| 499 [292| -1998 |19.14| 15.12
tion-CER
21.50
Sonica -4.84 -19.49
. 16.27 537 | 73.82| 557 [1026| 501 | 413 | -1994 |11.79| 7.71
on -5.09 -21.49
20.12
3t CER 58.37 516 | 60.81 - 0 492 | 256 | -21.11 |36.63| 30.57
21.54
Soni -20.10
Somes 66.99 514 4834 | 567 047 | 492 | 284 | 2108 [47.39| 3533
tion-CER
21.53
S‘;’l“o‘ﬁa 14.97 530 | 87.27 - 0 563 | 147 | 2154 |1126| 17.38
-19.50
CER 66.53 539 | 6476 | 551 |460| -498 |267| -2007 |27.97| 22.94
4#
-21.49
Sonica 2017
>omiea- 73.13 515 5719 | 568 |035| 492 |3.16| -21.09 |3500| 2422
tion-CER 2154

a. 1#1is 35°C sodium acetate reactor; 2# is 35°Csodium propionate reactor; 3# is 20°C sodium acetate reactor; 4# is 20°C sodium

propionate reactor.

b. Conditions of the three extraction methods are the same as Fig. 2.

1.55~16.27 mg P/g VSS, 27.00~66.53 mg P/g VSS,
and 28.17~73.13 mg P/g VSS, respectively, which were
equivalent to 3.3~17.1%, 57.1~67.4%, and 59.6~74.1%
of TP e The extraction amounts of extracellular
phosphorus with the sonication-CER method and the
CER method were comparative, which were greater
than that of the sonication method. High valence cations
were key substances for EPS adsorbing and combining
phosphate or phosphate chemical precipitation in EPS
[23, 24]. Thereby extracellular phosphorus was released
rapidly with the sonication-CER and CER methods,
while high valence cations in sludge were exchanged

with the sodium ion in CER. There are complex forces
in EPS of activated sludge, including ionic bonds,
hydrogen bonds and hydrophobic interactions [25].
Ionic bonds in EPS could be destroyed in the process
of cation exchange reaction, but hydrogen bonds and
hydrophobic interactions were less affected. Thus, the
extraction efficiencies of extracellular phosphate with
the sonication-CER and CER methods were greater than
that of EPS.

The content of extracellular phosphorus in sludge
flocs at different temperatures were obviously different.
From Table 3, the extracellular phosphorus contents of
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were same as those in Fig. 2).

sludge flocs with sodium acetate or sodium propionate
as a sole carbon source at 20°C were much greater
than those at 35°C. With the sonication-CER method,
the extraction amounts of extracellular phosphorus
of sludge flocs from the 20°C sodium acetate, 20°C
sodium propionate, 35°C sodium acetate and 35°C
sodium propionate reactors were 66.99 mg P/g VSS,
73.13 mg P/g VSS, 28.17 mg P/g VSS and 31.15 mg P/g
VSS, respectively. Therefore, the temperature had an
important influence on the extracellular phosphorus
content of sludge floc.

The orthophosphate (orthoP) and polyP (including
the end groups and middle groups of polyP) were
the main species of extracellular phosphorus, which
included a small amount of pyrophosphate (pyroP) and
a very small amount of monoester and DNA phosphorus
(Table 3). Importantly, the species of extracellular
phosphate were affected by the temperature. There
was a large amount of extracellular polyP in the 20°C
sludge flocs, while orthoP was the major species of
extracellular phosphorus in the 35°C sludge flocs. The
extracted extracellular polyP of sludge flocs from the
20°C sodium acetate reactor with the sonication, CER
and sonication-CER methods were 15.92%, 39.19%,
and 50.23% of TP_,, respectively, of which the polyP
chain lengths were 7.71, 30.57, and 35.33 in turns. The
extracted extracellular polyP of sludge flocs from the
35°C sodium acetate reactor with the above 3 methods
were 0, 6.16%, and 7.39% of TP, respectively, of
which the polyP chain lengths were 0, 5.92, and 6.17
in turns. In addition, their extracellular orthoP were
96.72%, 86.71%, and 85.67% of TP, respectively. For
the same sludge floc, the sonication-CER method could
not only extract more extracellular phosphorus than the
sonication method, but also extract more extracellular
polyP. The loosely-bound EPS existing in the outer layer
of sludge floc was extracted with the sonication method,
through destroying the weak forces in sludge floc [26].
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Fig. 4. Extraction amounts of EPS and extracellular phosphorus
with CER by different wash procedures: a) extraction amounts
of EPS and b) extraction amounts of extracellular phosphorus.

The tightly bound EPS located in an inner layer of
sludge floc could be extracted with the subsequent CER
method, based on the ion-exchange reaction and stirring-
shear action. Therefore, most of the extracellular polyP
should be located in the inner layer of sludge floc.

Relationships between Extracellular Phosphorus
and Biological Phosphorus Removal Performance
of Activated Sludge

In this study, the extracellular phosphorus extracted
by the sonication-CER and CER methods were up to
59.6~74.1% and 57.1~67.4% of TP e’ respectively,
which were slightly more than the results of Borovec et
al. [4] and Wang et al. [8]. Importantly, the results in 2.2
section showed that massive cells lysis induced by the
three extraction methods could be avoided, indicating
that the phosphorus in sludge floc was mainly located
in EPS, and that EPS was the storage of phosphorus.
However, the results were markedly different from
those reported Zhang et al. [10, 11] and Li et al. [9], in
which the extracellular phosphorus extracted by CER
method only accounted for 9.61~9.97% and 6.6~10.5%
of TP e respectively. The extraction efficiencies of
EPS and their extracellular phosphorus with the CER
method were affected by the washing procedure of
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CER. From Fig. 4, the extracted amounts of EPS and
their extracellular phosphorus by the CER method with
two successive alkaline washes were greater than those
with one alkaline wash, and the former were 2.5~3.3
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and 3.8~5.1 times as much as the latter, respectively.
In this study, the CER with two successive alkaline
washes was adopted. Thereby the extracted amounts of
extracellular phosphorus were more than those reported
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Fig. S3. Microbial morphology of the four reactors a) Microbial morphology of 35°C sodium acetate reactor; b) Microbial morphology
of 35°C sodium propionate reactor; ¢) Microbial morphology of 20°C sodium acetate reactor; d) Microbial morphology of 20°C sodium

propionate reactor.
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by the literature. All in all, the sonication-CER method
using the CER with two successive alkaline washes is
efficient for extracting extracellular phosphorus.

Temperature had an important influence on
biological phosphorus removal [21, 27]. The biological
phosphorus removal performances of the 4 A/O-SBR
reactors were distinctly different (Fig. 5). From Fig. 5,
the effluent TP concentrations of the 20°C reactors fed
with sodium acetate or sodium propionate were lower
than those of the 35V reactors. Furthermore, the amounts
and speeds of both anaerobic phosphorus release and
aerobic phosphorus uptake in the 20°C reactors were
greater than those of the 35°C reactors. The orders of
the biological phosphorus removal performance of
the 4 reactors were as follows: 20°C sodium acetate
reactor >20°C sodium propionate reactor >35°C sodium
propionate reactor >35°C sodium acetate reactor. From
Table 3, the extracellular phosphorus contents and the
extracellular polyP contents of the sludge in the 20°C
reactors were also greater than those of the sludge in the
35°C reactors. In addition, the orders of the extracellular
polyP content of the sludge in the 4 reactors were also
as follows: 20°C sodium acetate reactor >20°C sodium
propionate reactor >35°C sodium propionate reactor
>35°C sodium acetate reactor. The results revealed
that there should be a close relationship between the
content and species of extracellular phosphorus and the
biological phosphorus removal performance of activated
sludge.

Phosphorus accumulating organisms (PAOs) are the
key functional microorganism in EBPR, which play
an important role in biological phosphorus removal
[28]. From Fig. S3, the main microorganisms in the
sludge of the two 20°C reactors were Brevibacteria,
which were common PAOs [29]. However, there were
almost no Brevibacteria in the sludge of the two 35°C
reactors. The relationship between the content and
species of extracellular phosphorus and the biological
phosphorus removal performance of activated sludge
might be linked to the microbial population. Thereby,
the relationship between microbial population and the
content and species of extracellular phosphorus is in
need of further elucidation.

Conclusions

The sonication-CER method was an efficient and
reliable method for extracting EPS and extracellular
phosphorus, which could avoid the decomposition of
extracellular polyP and the massive lysis of bacteria
cells. In the sonication-CER method, employing CER
with two successive alkaline washes was a key factor
for efficiently extracting extracellular phosphorus. The
extracellular phosphorus content of aerobic activated
sludge in 4 A/O-SBR reactors was up to 59.6~74.1%
TP, 4 Which suggested that the phosphorus in the
sludge floc were mainly located in EPS. Furthermore,
polyP was the main species of extracellular phosphorus

in the EBPR sludge, mainly existing in the inner layer of
sludge floc. The extracellular phosphorus contents and
the extracellular polyP contents of the sludge with EBPR
performance in the 20°C reactors were greater than
those of the sludge without EBPR performance in the
35°C reactors. There was a close relationship between
the content and species of extracellular phosphorus and
the EBPR performance of activated sludge.
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