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a b s t r a c t

Phosphorus has been successfully eliminated from wastewater by biological techniques of enhanced
biological phosphorus removal (EBPR) process, which relies on a specific microbiota of polyphosphate
accumulating organisms (PAOs) that accumulate phosphate as polyphosphates (poly-P). Most methods
for quantification of poly-P pools suffer from low accuracy and specificity. More powerful and imple-
mentable P-analysis tools are required for poly-P quantification, which will help in improved evaluation
of processes in laboratory and full-scale EBPR systems. This study developed two methods to quantify
poly-P pools by releasing the poly-P from the cell. During experimental optimization, it was observed
that two different methods resulted in the highest phosphate release: acetate addition at a pH of 4.8 and
exposure to EDTA solution with a concentration of 1% (w/v). Treatment with EDTA resulted in a higher
amount of phosphate release from all sludge samples. This was characterized by P-release of 1.5e2.5
times higher than the control tests. In contrast, treatments with acetate addition at a low pH exhibited
that P-release depended upon the types of the sludge samples. The highest P-release amount and rate
were found in highly-enriched PAO sludge samples, but with fewer influences on the sludge collected
from WWTP, which may be attributed to the lower fraction of PAOs in the sludge. Overall, the proposed
approaches to quantify the poly-P concentration can be applied in simple, user-friendly, and cost-
effective ways.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Phosphorus (P) is one of the most abundant elements in the
Earth’s crust and is present in a large variety of forms, either in
organic or inorganic forms, and as a monomer (phosphate) or as a
constituent part of macromolecules (polyphosphates, referred to
poly-P). Enhanced biological phosphorus removal (EBPR) has been
recognized as the most sustainable and economical process to
remove P from wastewater (Oehmen et al., 2007; Van Loosdrecht
gy, Delft University of Tech-
erlands.
ogy, Delft University of Tech-
erlands.
e.feng@polimi.it (C. Feng),
sdrecht@tudelft.nl (M. van

r Ltd. This is an open access article
et al., 1997). EBPR relies on the enrichment of phosphate accumu-
lating organisms (PAOs) by alternating anaerobic (feast) and aero-
bic or anoxic (famine) conditions.

The EBPR process imposes a selective pressure favoring the
growth of PAOs. Under anaerobic conditions, PAOs are capable of
taking up carbon substrates, primarily volatile fatty acids (VFAs),
and storing them in the form of polyhydroxyalkanoate (PHA)
(Comeau et al., 1986; Martin et al., 2006; Mino et al., 1998; Oehmen
et al., 2007; Wentzel et al., 1985) (Fig. 1a). The energy required for
this metabolic process is primarily gained from the degradation of
intracellular poly-P, which releases ortho-P to the bulk liquid. The
reduction equivalents for the conversion of VFA into PHA are
generated through glycolysis of intracellularly stored glycogen. In
the subsequent aerobic phase, PAOs take up ortho-P to recover the
poly-P level using the stored PHA as the energy source. Glycogen is
a key component in PAO metabolism. Poly-P is composed of three
to several hundred phosphate units (Fig. 1b). As indicated above,
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Fig. 1. (a) Schematic diagram of the anaerobic metabolism of PAOs with acetate as the carbon source (Acevedo et al., 2012; Hesselmann et al., 2000). The inserted figures marked
with numbers display the potential mechanisms involvement of EDTA treatment and acetic acid presence at low pH values. (b) Structure of linear condensed phosphate (poly-P),
where Me is monovalent (NH4

þ, Kþ, Naþ) or divalent (Mg2þ, Ca2þ etc.) cations. Poly-P: polyphosphate, VFA: volatile fatty acid, ATP: adenosine triphosphate, NADH: nicotinamide
adenine dinucleotide, PHA: polyhydroxyalkanoate, TCA: tricarboxylic acid.
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poly-P plays a significant role in P-storage reservoirs (one consti-
tute of nucleic acids) and in energy storage (for ATP formation)
(Kulakovskaya et al., 2012; Serafim et al., 2002).

The poly-P content in sludge is an important parameter to study
at a fundamental level including its role in the metabolism of
specific PAO and the niche differentiation of different PAO clades.
Moreover, reliable quantification of the poly-P content is of great
importance to understand process performance and nutrient re-
covery potential of wastewater treatment systems. To investigate
the effect of poly-P on the metabolism of different types of PAO
clades in laboratory studies and modelling approaches (Saia et al.,
2017), reliable methods for the determination of poly-P are
needed. During the application of EBPR in full-scale wastewater
treatment systems or nutrient reclamation facilities, the P-removal
capacity of the process can be indicated by the level of poly-P
content. Poly-P also shows the potential for P-recovery using bio-
logical and/or chemical, physical methods. To facilitate future
studies and optimization of full-scale processes, developing simple
and user-friendly methods are required for quantification of
intracellular poly-P.

For a comprehensive evaluation of a technique, several elements
in terms of reliability, cost, complexity, and pre-treatment steps
should be considered. The development of fast, simple, and feasible
poly-P analytical and quantitative tools is impending. For this, re-
searchers need to elucidate the nature of the biochemistry, and the
roles and dynamics of various phosphorus-containing molecules
in vitro and in vivo. Table 1 summarizes the principle, advantages,
and disadvantages of techniques related to poly-P quantification.
The reported techniques have their limitations for poly-P quanti-
fication. In general, conventional P-analysis methods involve
fastidious extraction and pre-treatment procedures (Hupfer et al.,
2008), includes conversion of poly-P to ortho-P through chemical
digestion, followed by ortho-P analysis. On the other hand, due to
the strong acid (perchloric acid, and nitric-sulfuric acid etc.) used
during the digestion process, all forms of P can be converted to
ortho-P, resulting in overestimation poly-P amount. Most chemical
fractionation methods are laborious and not efficient at separation
of poly-P, organic P and precipitated P. Glycogen plays a role in
maximal P-release in biological methods (Brdjanovic et al. 1997,
1998; Welles et al., 2015), and for this complicated experimental
systems are needed (Acevedo et al., 2012). Biological methods have
the potential of releasing poly-P from the cells but there is a need
for methods that uncouple the energy consumption from the
consumption of reduction equivalents. Biological methods can be
achieved by creating conditions where cells will use the poly-P for
maintenance properties by inducing ATP consuming processes.
Anaerobic metabolism of PAOs relies on the hydrolysis of internally
stored poly-P for ATP generation. Microorganisms exposed to
adverse environments, consume more energy in order to resist the
environmental stress conditions, thus inducing greater P-release
from EBPR cultures. Fig. 1a depicts the mechanism for two potential
methods (i.e. EDTA treatment and acetic acid (HAc) presence at low



Table 1
Summary of poly-P analysis techniques. The contents were modified based on Tarayre et al. (2016) and Majed et al. (2012b).

Techniques Advantages Disadvantages Cost Reference

Chemical
analysis

Conventional analysis Quantitative Non-specific
Fastidious pre-treatment
procedures

Low APHA (2005)

Extraction - ortho-P
analysis

Quantitative
Possible to characterize different poly-P fractions

Possible poly-P loss and
composition changes
Fastidious extraction and pre-
treatment procedures

Low (Aravind et al., 2015; Majed et al.,
2012b)

Extraction-purification
methods

Quantitative
Applicable for unicellular organisms

Cell damage
Unknown if it is applicable for
mixed cultures

Low Bru et al. (2017)

Extraction-chloroform/
isoamyl alcohol addition-
staining

Quantitative
Sodium phosphate glass type 45 as the specific
standard
Specific dye of Toluidine blue
Less time consuming (~3.5 h)

Fastidious procedures
Cell damage (boiling at 100 �C
for 2 h)
Lack of proper protocols for
EBPR experiments
Expensive staining reagent

High (Mukherjee and Ray, 2015)

High-performance liquid
chromatography

Sensitive separation and determination of linear
poly-P up to a chain length of 35
Analysing up to 80 samples once with a low
relative standard deviation of below 1.5%

Non-quantitative Low Baba et al. (1985)

Electron ionization mass
spectrometry

Highly selective/sensitive (1e10 ng/ml)
No preparation steps
Possibly to characterize different poly-P fractions

Destructive
Standard required
Lack of proper protocols for
EBPR experiments or pure
cultures of PAOs

High (Choi et al., 2000; Rao et al., 2009)

Raman
spectromicroscopy

Quantitative
Simple preparation
Applicable for microbial consortia study

Weak Raman signal which
requires an adapted device
Interferences from impurities
and fluorescence

High (Majed et al. 2009, 2012a)

Nuclear magnetic
resonance spectroscopy

Non-destructive
Non-invasive
Possible to study different forms and species of P
Applicable for liquid/solid samples

Tagged substrates required
Frequency of interferences
Non-specific to the poly-P
measurement but
phosphodiester linkages

High Günther (2011)

X-ray Quantitative; powerful combination with EM
Minimal preparation of samples
Possible to combine with X-ray fluorescence
spectromicroscopy to study the poly-P repartition
inside the cells

Destructive
Excessive preparation
Possible loss of poly-P during
preparation

High (Baxter and Jensen, 1980; Diaz et al.
2008, 2009; Hupfer et al., 2008)

Microscopy/
Staining

DAPIa Highly sensitive Non-quantitative
Destructive
Expensive staining reagent
Non-specific to poly-P
Possible to stain other polymeric
substances e.g., DNA and lipids

High (Aschar-Sobbi et al., 2008; Serafim
et al., 2002)

EMb Possible to locate poly-P inside the cells
Possible to observe poly-P granules inferior to
100 nm

Non-quantitative
Complicated sample preparation

High Gu et al. (2008)

Biochemical
analysis

Gel electrophoresis Semi-quantitative
Effective to separate poly-P with different chain
lengths
Possible to measure the poly-P size

Destructive
Poly-P extraction required
Poly-P must be solubilized

Low (Clark and Wood, 1987)

Enzyme assays Quantitative
Sensitive
Applicable to assess the metabolism of poly-P
extracts

Destructive
Complex samples preparation
Complex enzymatic reaction
Less simple than with simple
chemical reagents

Low (Ault-Rich�e et al., 1998; Clark et al.,
1986; Ohtomo et al., 2008)

Proteic affinity Quantitative
Possible to locate poly-P by an
immunocytochemical method
High resolution when combining with EM

Complex sample preparation
Specific antibodies for poly-P

Low Saito et al. (2005)

Biological
analysis

Poly-P depletion Quantitative
Non-destructive
Non-invasive.

Time-consuming
Laborious due to many cycles
Less accurate

Low (Acevedo et al., 2012; Brdjanovic
et al., 1998; Welles et al., 2015; Zhou
et al., 2008)

a DAPI: 40 ,60-Diamidino-2-Phenylindole.
b EM: Electron microscopy.
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pH) of stress-induced energy consumption for poly-P quantification
by uncoupling HAc uptake and P release. Previous studies (Liu et al.,
1996; Mino et al., 1998) have shown that VFA uptake at low pH
causes an uncoupling effect, which can uncouple the P-release from
the VFA uptake and thereby allow rapid release of all biologically
available poly-P. A low pH leads to an accumulation of HAc in the
cells and subsequent pH decrease, which the cell activity tries to
counteract by producing extra energy in the form of ATP. An
alternative method is the use of a compound that affects membrane
integrity (such as ethylenediaminetetraacetate, EDTA) and thereby
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disrupts the proton motive force, which the cells try to restore by
ATP usage derived from poly-P.

The current study focusses on two different methods for poly-P
quantification: (i) HAc addition; (ii) EDTA presence. The principle of
poly-P quantification relies on uncoupling P release and HAc up-
take, which arise from environmental stresses. The objectives of
this study were 3-fold, (1) to develop easily-performable, non-
destructive, and cost-effective methods to quantify poly-P; (2) to
optimize the experimental procedure, including EDTA concentra-
tion, reaction time and pH; (3) to define and validate the protocol
for poly-P quantitation using different sludge types.

2. Materials and methods

2.1. Sludge sources and characterization

To compare the reliability and availability of the proposed
methods, flocculent sludge (FS) and granular sludge (GS) samples
were harvested from lab-scale and full-scale reactors treating do-
mestic sewage (4 different types of samples). The samples included
GS (Sample 1) and FS (Sample 2) collected from PAO-enriched lab-
scale EBPR system; Sample 3 was aerobic GS collected from a full-
scale Nereda plant (Epe, NL), and Sample 4 was FS collected from a
local Waste Water Treatment Plant (WWTP) Harnaschpolder in the
Netherlands. After collection of the fresh granules for GS samples
from the lab-scale SBR reactors or WWTP, the granules were
instantly and gently rinsed for 2e3 times using tap water (for
2e3min each time) on a fine sievewith a mesh aperture of 0.1mm.
Afterwards, a piece of quantitative filter paper was put beneath the
fine sieve for 5min to absorb excessive moisture. Following this,
the wet granules were harvested. Fresh sludge for the flocculent
samples was firstly centrifuged at 3000 rpm and the supernatant
was decanted. Then, the pellets were rinsed using the same amount
of tap water as decanted supernatant for 2e3min. Finally, we ob-
tained the mixture of biomass pellets and tap water, which was
sparged with air for mixing.

2.2. Procedures for poly-P determination

The procedures for detecting and quantifying poly-P are shown
in Fig. 2. The whole process consists of three stages: (I) Optimiza-
tion of pre-treatment conditions, (II) Protocol optimization and
improvement, (III) Demonstration and validation using WWTP
sludge. Stage I includes three steps: Step (1) assessed the sensitivity
of granular biomass to stress conditions. The physical pre-
treatment resulted in destabilizing the compact structure,
thereby making the biomass more sensitive to environmental
stress. Step (2) involved the optimization of the concentration of
EDTA and verification of its biodegradability. EDTA is as an ideal
aminopolycarboxylic acid chelating agent for this test, because it
binds with cations (calcium, magnesium) and therefore it avoids
chemical precipitation of released ortho-P. The function of EDTA in
P-release in this studywas not only to stress the bacteria, but also to
avoid complete disintegration of the bacteria. Hence, three
different levels of EDTA (from low to high concentrations of 0.1%
[3mM],1% [30mM] and 1.5% [50mM]were examined to determine
the suitable EDTA concentration for the experiments. Previous
studies have reported that EDTA can be utilized as a carbon source
specially by enriched bacterial cultures (N€ortemann, 1999; Thomas
et al., 1998). Details of the procedures are listed under Section 2.3.
To demonstrate its biodegradability in the present study, we also
compared P-release with the EDTA addition under anaerobic and
aerobic conditions using GS. Finally, Step 3) involved the assess-
ment of the effects of undissociated HAc concentrations on P-
release by adjusting pH.
In stage II, P-release was investigated by the two methods
developed from stage I (with optimized EDTA concentration and
pH), using two types of PAO-enriched sludge (GS and FS). A general
concern of these tests was potential cell lysis of themicroorganisms
exposed to the extreme conditions, e.g., presence of VFA at low pH,
EDTA or other adverse environments. Cell lysis could disrupt the
stress-induced P-release response and thereby result in under-
estimated poly-P levels. To prevent poly-P underestimation as a
consequence of cell lysis, it was important to assess whether the
cells were still active. However, the extent of cell lysis during batch
tests is difficult to evaluate. To demonstrate the bacteria were still
alive, an aerobic P uptake test was performed after the anaerobic
test (Stage II). In the final stage (Stage III), the sludge collected from
full-scale installations treating domestic sewage was used to
further demonstrate the feasibility of the protocol.

2.3. Optimization of physical and chemical pre-treatment and EDTA
treatment

Due to the compact matrices of GS, the granules were first
treated using combined physical methods (i.e. mechanical grinding
and sonication) to evaluate the effect of the pre-treatment as
described next. For each test, 0.15 g fresh wet granules were added
to a 50ml-Falcon tube containing 20ml tap water. Then the sludge-
water mixture was homogenized for 10 s at 800W (Labgen tissue
homogenizer, Cole-Parmer, USA) and then subjected to pulsed
sonication on ice for 1min at 36W. EDTA was then added to the
mixture with final concentrations of 0.1%,1% and 1.5% (w/v). Finally,
air or N2 were sparged to maintain aerobic or anaerobic conditions,
respectively for 3 h. Solution pH was kept constant at pH of 8.0
using 0.1M NaOH. Samples were taken at 0 and 3 h, respectively for
ortho-P measurement. For the control tests, the same procedures
were carried out without EDTA addition.

2.4. Anaerobic P-release batch test by EDTA treatment or acetate
addition under various low pH conditions

After physical and chemical treatment, the optimum concen-
tration of EDTA for the following anaerobic phosphate release test
was chosen. Given that the prevailing pH of anaerobic phase affects
anaerobic metabolism (Mulkerrins et al., 2004), it is important to
understand the behaviour of P release at various pH values during
acetate addition. For each test 2 g of wet GS was transferred into a
bottle which was filled with 80ml of tap water; or 80ml of FS was
transferred after rinsing it (as described in Section 2.1). Then the
mixture was continually sparged with N2 to maintain the strictly
anaerobic conditions. The carbon source (CH3COONa$3H2O) was
quickly added to obtain a final concentration of 860mg/L (400mg/L
COD, 6.3mM) (Welles et al., 2015). For the EDTA test, the final
concentration of EDTA was 1% (w/v, 30mM) and the pH was
maintained at 8.0. For acetate addition tests, the pH was manually
controlled at various low pH conditions (4.8, 5.5, 6.0, 6.5, and 7.0)
using 1M HCl during stage II. For Stage III, the pH values were 4.8,
and 7.0. Samples for ortho-P measurement were collected at 0, 1.5,
3, 6, 9, 12, 21, 24, and 30 h.

2.5. Aerobic P uptake batch test for bioactivity study

At the end of anaerobic P-release, GS or FS was immediately
washed for three times with a buffer containing 120mg P/L phos-
phatewithout carbon source under anaerobic conditions. Liquid pH
was controlled at 7.0 (Zhou et al., 2008). Subsequently, all the
groups were instantly sparged with air for 2 h. Initial and final
samples were collected for ortho-P concentration detection.



Fig. 2. Flow chart of experimental design for anaerobic phosphate release test by using granular and flocculent sludge.

C. Feng et al. / Water Research 169 (2020) 115228 5
2.6. Chemical analysis

Samples for the determination of soluble components were
immediately filtered using membrane filters with a pore size of
0.45 mm. The sludge samples were collected for the analysis of total
suspended solids (TSS) and volatile suspended solids (VSS). The
measurements of TSS, VSS, total phosphorus (TP), and ortho-P
(PO4

3eP) were carried out according to the standard ammonium
molybdate spectrophotometric methods (APHA, 2005). Samples
were digested using Potassium Peroxodisulfate to convert various
forms of phosphorus among biomass and bulk liquid to ortho-P for
TP measurements. TSS and VSS were determined by triplicate to
calculate the phosphate release per g TSS/VSS. Cations including Ca,
Mg, Al, and Fe were detected by ICP-MS (XSeries II, Thermo Sci-
entific, Germany). Acetatewas measured by the gas chromatograph
(Agilent 6890, USA). Three replicates were performed for each
analysis.
2.7. PHREEQC program modelling theory

Phosphorus in sludge is composed of poly-P, assimilation, and
chemical precipitant. pH is a key factor that influences the P for-
mation. At low pH, precipitated forms in sludge matrix (in partic-
ular for GS) could be solubilized under the conditions of the tests;
while at high pH, released ortho-P could precipitate. Besides, EDTA
addition may release chemically precipitated P (e.g., ferric or
aluminium phosphates) due to the chelating function of EDTA on
cations (Zou et al., 2017). To clarify whether the chemical precipi-
tation formation or re-dissolution would occur in batch tests,
model predictions or simulations were performed using PHREEQC
program (version 3.1.4) (Parkhurst and Appelo, 1999), which can
serve as a theoretical guide for the effects of reaction conditions by
examining saturation-index (SI). SI is defined as:
SI¼ log
IAP
KSP

Where IAP is the free ionic activities product and KSP is the ther-
modynamic solubility product. SI can be selected as an indicator of
equilibrium and the thermodynamic basis for crystallization reac-
tion. The solution is in equilibrium (SI¼ 0), undersaturated (SI< 0),
or supersaturated (SI> 0) (Parkhurst and Appelo, 1999; Song et al.,
2002).

3. Results and discussion

3.1. Effect of EDTA presence on P release under anaerobic and
aerobic conditions using PAO - enriched granular sludge

The presence of EDTA causes P release regardless of aerobic or
anaerobic conditions (as shown in Fig. 3a) thus supporting the
hypothesis that EDTA has a stressful effect on PAOs. The initial
ortho-P concentration was 0.9± 0.1mg P/g TSS. Under aerobic
conditions, substantial P release occurred in the EDTA addition
tests, where the P release amount rose in the tests with increased
EDTA addition, ranging from 1.3 to 10.4mg P/g TSS. The P-release
amounts under anaerobic conditions were slightly higher than
those observed under aerobic conditions, ranging from 5.5 to
12.0mg P/g TSS. The results indicated that in general anaerobic
conditions were the most favorable for increased P release. How-
ever, under the most favorable conditions (anaerobic with EDTA),
the soluble P concentration at the end of the tests accounted for
only 7%e20% of TP, and thus we did not observe a substantial P-
release in the duration of the test, suggesting that the EDTA could
not be utilized by PAOs as a substrate. Furthermore, more phos-
phate was released from mechanically pre-treated PAO sludge (i.e.
grind and sonication) under aerobic conditions, indicating that
under these conditions, EDTA penetrated the cell wall of bacteria



Fig. 3. (a) Effects of the presence of EDTA and sludge physical pre-treatment on the
phosphate release using EBPR granular sludge under aerobic and anaerobic conditions.
Tests were carried out right after dosing EDTA (Initial: 0 h) and ended after 3 h (Final)
without the addition of acetate. Solution pH was controlled at 8.0. (b) EDTA addition
effects on the P-release and acetate concentration during anaerobic phosphorus
release tests, 1% (w/v, 30mM) EDTA concentration.
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and resulted in P-release. Differences arising from mechanical
treatment also imply that the robust and compact matrix of aerobic
granules plays significant roles in protecting the cells against the
stressful conditions due to the extracellular polymeric substances,
particularly exopolysaccharides (Lin et al., 2010). However, under
anaerobic conditions for the mechanical treatment group, pre-
treatment showed no substantial influences on P release. More
specifically, final P concentrations (at 3 h) were 12mg P/g TSS with
both 1% and 1.5% EDTA tests. Given that there were no significant
differences in P-releasewith the high level of EDTAunder anaerobic
conditions with or without pre-treatment, 1% EDTA without pre-
treatment was selected as the optimal condition to carry out the
subsequent batch tests.
In agreement with previous studies (Brdjanovic et al., 1998;

Hesselmann et al., 2000), typical curves of P release and acetate
consumption were obtained under anaerobic conditions in our
study (Fig. 3b). Generally, EDTA treatment significantly boosted the
anaerobic P-release. It was observed that GS with the EDTA treat-
ment (GS þ EDTA þ Acetate) showed a higher P-release capacity,
characterized by the final P-release amount of 31.1 ± 0.8 mg P/g TSS
(70.0 ± 0.2 mg/L) within 24 h, which was 1.8 fold of the amount
released in the no EDTA test (GS þ Acetate). Also, acetate uptake
was incomplete and stopped within 3 h with the presence of EDTA.
This led to a higher ratio of P-release and acetate uptake (P/HAc) up
to 0.93 P-mol/C-mol for the EDTA addition than the control test (up
to 0.57 P-mol/C-mol) and typical P/HAc ratios as high as 0.75 P-mol/
C-mol (Schuler and Jenkins, 2003) of highly enriched PAO cultures.
The increased P/HAc ratio demonstrated a significant contribution
of poly-P in the anaerobic conversions, attributing to stressful ef-
fects of EDTA on anaerobic P-release of PAOs. In addition, the results
indicated that the EDTA treatment successfully uncoupled P
depletion from the acetate uptake. According to the anaerobic
metabolism of PAOs, internally-stored poly-P were hydrolyzed for
ATP generation (Fig.1). Thus, the cultures resisting environmentally
stressful conditions require more energy, thus inducing more P
release from EBPR cultures. In this regard, the released P using 1%
EDTA is considered as a fraction of poly-P.

3.2. P release from PAO enriched granular sludge with acetate
addition at different pH values

In order to investigate the influence of un-dissociated acetic acid
on the anaerobic metabolism of P-release of PAOs, the sludge was
exposed to HAc at different pH values ranging from 4.8 to 7.0. Ac-
cording to pKa value of HAc (pKa ¼ 4.8), the ratios of [HAc]/
([HAc] þ [A�]) were 0.50, 0.16, 0.06, 0.02 and 0.01 under pH values
of 4.8, 5.5, 6.0, 6.5 and 7.0, respectively. Seemingly phosphate
concentration increased linearly during the first 3 h for the tests
with pH conducted at all pH values (Fig. 4a). Subsequently, the
concentration gradually rose to different maximum levels in indi-
vidual tests. Previous literature has reported that pH presents
substantial influences on the amount and specific rate of P release
(Boswell et al., 1999; Liu et al., 1996). HAc of approximately
4.2e6.1mM was still detected after 30 h, indicating that in these
tests VFA did not become limiting. Fig. 4b shows the sludge specific
P-release amount under anaerobic conditions at the different pH
values as well as the release ortho-P to total P fraction. An increase
in phosphate concentrationwas observed under low pH conditions.
In particular, the highest P concentration of around 48.5± 2.4mg P/
g TSS (84.5± 4.2mg P/L, 98% of TP) was detected at a pH of 4.8. The
corresponding fractions at pH 5.5, 6.0, 6.5 and 7.0 represented
approximately 86%, 78%, 71% and 66% of TP in PAO-enriched
granular sludge (w/w), respectively. As reported previously
(Boswell et al., 1999; Liu et al., 1996; Smolders et al., 1994), acidic
conditions (pH lower than 6.5) inactivate the acetate metabolism
thereby inhibiting P release when exposure time is shorter than
1.5 h. Similarly, Boswell et al. (1999) found that anaerobic P-release
(at 30 �C for 30 h) continuously increased with pH incrementally
increasing from 5.0 to 8.0. However, our study indicated that low
pH enhanced the P release even at pH 4.8. These differences are
attributed to toxification arising from undissociated HAc at low pH,
which allowed undissociated HAc to penetrate the cell membrane
freely at such a high rate that it became toxic (Smolders et al., 1994).
In this case, PAOs were forced to pump out the excess HAc, which
could consume more energy, finally resulting in massive P-release
at low pH.

After the anaerobic release test, the sludge was washed under



Fig. 4. (a) Effects of pH on anaerobic phosphate release. The arrows indicate the acetate addition point. (b) Maximum P-release amount at different pH values. (c) Initial and final
phosphate concentration under aerobic conditions for bioactivity verification. Error bars show standard deviations (n¼ 3).
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anaerobic conditions in a phosphate buffer (containing 120mg P/L
and no VFA or COD) and subjected to aerobic conditions (for 2 h) to
test the aerobic uptake activity and thereby the cell integrity. As
shown in Fig. 4c and 5% of phosphate was taken in at pH of 4.8,
while the corresponding proportion accounted for 12%e16% in
other tests. The uptake of phosphate suggested that the metabolic
activity of PAOs was still present and that cells were not dis-
integrated. On the basis of the results, pH of 4.8 and 7.0 were chosen
to conduct the subsequent tests.
3.3. Comparison of two strategies to uncouple P release and HAc
uptake: acetate addition at low pH and EDTA treatment

To further demonstrate the feasibility of the two methods, i.e.,
acetate addition at low pH and the presence of EDTA, P-release tests
were carried out using granular and flocculent EBPR sludgewithout
mechanical pre-treatment. As demonstrated above, treatments
with pH 4.8, pH 7.0, pH 8.0 (as a positive control for aerobic uptake
activity), with addition of 1% EDTA (pH 8.0) versus control (without
adjusting pH), were used to evaluate the level of P release. Fig. 5a
and b shows the batch tests of PAO enriched granular and flocculent
EBPR sludge. Under stressful conditions (both pH 4.8 and EDTA
addition), spherical granules were largely intact after 30 h, further
indicating the robust structure of aerobic granular sludge. Fig. 5c
and e depict the anaerobic phosphate release into the solution in
the five groups using granular sludge during 30 h. After sparging
with N2 gas, phosphate was immediately released into the solution
by the PAO-enriched cultures. In Fig. 5c, the released phosphate
initially presented a linear increase for 3 h. Afterwards, the phos-
phate concentration rose gradually to a stable level. After 9 h the
phosphate profiles in all the tests became stable, except for the
phosphate profile from the test conducted at pH 4.8. The EDTA
treatment presented the highest initial specific P-release rate,
reaching 21.9mg P/(g TSS�h), presumably underlying the stronger
stressful effects of EDTA presence on the anaerobic P release
behaviour of PAOs. With respect to the phosphate release amount
(Fig. 5e), at pH 4.8, the phosphate concentration in the solution
accounted for 96% of TP after 30 h, indicating that the amorphous
phosphate precipitate dissolved into the solution. The highest
released P concentration was 68.4± 2.7mg P/g TSS (90± 1.8mg/L),
which was 2.2 folds of that in the control test. Final P concentra-
tions resulted from EDTA treatment were the second highest,
representing 54.5± 2.1mg P/g TSS (69.5± 3.5mg/L, 78% of TP). In
agreement with P-release results of GS, phosphate was released
from cells instantly by flocculent sludge, particularly EDTA tests
witnessed the highest P release rate of 16mg P/g TSS�h within 3 h
(Fig. 5d and f). EDTA treatment resulted in the highest phosphate
release, but it took a longer time to release phosphate (over 9 h) in
comparison with GS. To further identify the negative impact on
sludge activity, a P-uptake test under aerobic conditions was per-
formed after the anaerobic release tests (Fig. 5g and h). The results
illustrate that PAOs were still active after an EDTA-exposure of 30 h,
because partial phosphate for EDTA group was taken up by PAOs in
granular sludge, in line with disrupted HAc uptake after 3 h in
Fig. 3b. A quite small fraction of phosphate (0.653mg P/g TSS) was
taken in with pH at 4.8, which inhibited the PAOs’ activity at low
pH. Overall, P-release and uptake tests demonstrated that the EDTA
treatment was superior and can be an effective way of uncoupling
acetate uptake and P-release.

Fig. 6 illustrates the simulated and calculated SI values which
could be used to simulate the possibility of chemical precipitation
formation of ortho-P at high pH and the dissolution of intrinsic



Fig. 5. (a, b) Anaerobic phosphate release tests using PAO enriched granular sludge (GS) or flocculent sludge (FS). (c, d) Anaerobic phosphate release concentration during 30 h at
different pH with acetate addition or EDTA presence. The arrows indicate the acetate addition point. (e, f) Maximum phosphate released and the fraction in total phosphate in five
groups. (g, h) The initial and final phosphate concentration under aerobic conditions. Error bars show standard deviations (n¼ 3).
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Fig. 6. Saturation index (SI) calculation and simulation for the phosphate release tests at variable pH with acetate addition or the EDTA presence: (a) granular sludge, (b) flocculent
sludge.
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chemical precipitation in the sludge at low pH. At pH 4.8, the SI
values of phosphate precipitants were lower than zero, ranging
from�3.6 to�11, indicating the aqueous phasewas undersaturated
and the chemical precipitant can dissolve into the aqueous phase.
At low pH, PO4

3� could be released along with cations such as Mg2þ

and Ca2þ, which are responsible for sludge P precipitation (Latif
et al., 2017). Regarding the EDTA treatment, the SI value of
FePO4:2H2O was �8.3. SI values for other chemical precipitants
were above and near zero, indicating that the chemical precipitants
may occur under these reaction conditions. However, the phe-
nomenon of dissolution or chemical precipitation largely depends
on the ion concentration in the supernatant and the composition of
chemical precipitants in the sludge. Although sludge matrix
composition is unknown, the relevant counter ions (Ca, Mg, Al and
Fe) were observed at a very low level in the initial and final samples
for acetate or EDTA addition for two kinds of sludge (Table A1 in
Supplementary Information). Therefore, it was speculated that the
influence of chemical precipitants was relatively small on P-release
determination. Meanwhile, it should be noticed that the EDTA
method has limitations to study the P-release behaviour of sludge
samples which were subjected to chemical precipitation. Because
of the chelating effects of EDTA on chemical P precipitation (Zou
et al., 2017), poly-P values may be overestimated. In this regard,
the sludge samples were recommended to be taken from EBPR
plants without chemical addition to precipitate P.

3.4. Application of the proposed methods using real sludge samples
from WWTPs

To further demonstrate the capability of the proposed methods,
two kinds of sludge samples were taken from WWTPs, i.e. GS-
WWTP and FS-WWTP. Fig. 7a and b presents results for the P-
release under anaerobic conditions during a period of 30 h. In line
with the aforementioned results, a higher P-release rate for both
sludge samples was witnessed with EDTA treatment compared
with other groups. Particularly, P-release rate for EDTA groups was
up to 13.4mg P/(g TSS�h) within 3 h; while the corresponding data
in other groups were 2.3e10.8mg P/(g TSS�h). The final P-release
amounts after 30 h are displayed in Fig. 7c and d. As the figures
indicate, the presence of EDTA resulted in the maximum P release
for both granular sludge and floc sludge, representing 29 and
31mg P/g TSS, which were 1.8e2.5 fold the values from control
tests. Notably, FS is more sensitive than GS, given that the P-release
amount and rate at pH 4.8 were lower than other tests, which is
likely associated with toxic effects of over intracellular acid
accumulation.
3.5. Feasibility of two methods and suggestions for future
experiment

Comparison of the two methods indicates that the observed P-
release in the tests with 9 h exposure to EDTA (1% w/v, 30mM) at
pH 8 is considered to be the biological available poly-P. The EDTA
treatment resulted in the highest P-release amount and highest
release rate less than 9 h in most sludge types with an exception for
GS samples from a lab-scale SBR system for which the highest P-
release was observed with extremely-high fraction of 98% TP. In
accordance with the previous study (Zhang et al., 2013), this pre-
sent study showed that the TP contents in GS or FS from EBPR
systems took a fraction of 4%e14% of the dry solids. Poly-P repre-
sented the main formwith a content ranging from 77% to 89% of TP
by the EDTA treatment, leaving 8e16mg P/g TSS, which is consid-
ered as a minimal organic bound P content associated with active
biomass. Finally, aerobic activity tests confirmed that the bacteria
were still active and that the P-release is not caused by cell
disintegration.

Regarding the method of pH treatment, it seems very effective
for GS from the lab-scale SBR with a high P-release amount, ac-
counting for 98% of TP (Fig. 5e), which was even higher than that of
the EDTA treatment. However, this finding suggests that other
phosphate forms have contributed to this number. Considering that
various other forms of P, including ortho-P, inorganic phosphates
(pyro, meta, and poly-P), organic phosphates also exist in the
sludge. For instance, a recent study reported that the P-content in
extracted extracellular polymeric substances (EPS) of EBPR sludge
took an unneglectable fraction of 6.7± 1.1% of TP (Zhang et al.,
2013). Especially, the P-release amount was observed to approach
to that of EDTA test at 9 h, reaching 54± 2mg P/g TSS. However, the
P-release amount gradually increased with a very low release rate
of <1.4mg P/(g TSS�h) after 9 h, which could be attributed to
dissolution of inert precipitates (as supported by the SI) and cell
lysis during the long-time exposure to low-pH treatment, thus
leading to the hydrolysis of long-chain poly-P released from cells.
Overall, EDTA treatment was found effective to quantify the poly-P
concentration based on the kinetic analysis and P release amount.
The method of acetate addition at low pH values depended upon
the sludge types, in which GS due to a robust structure was more
applicable than FS, but the experimental time should be less than
9 h. For further use of the pH treatment method for granular sludge,
it is required to validate if it is applicable to different types of aer-
obic GS.

For confirmation of the results, the poly-P content in the cells
was also estimated using the equation below



Fig. 7. Anaerobic phosphate release with the presence of acetate at different pH values and with EDTA treatment using samples from WWTPs (a, c) granular sludge (GS); and (b, d)
Flocculent sludge (FS). All the tests were conducted in triplicate. The arrows indicate the acetate addition point.
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P cell content (g P/g TSS) ¼ (TSS-VSS)/TSS*1/3.23 (1)

Assuming that the ash content is mainly poly-P
(Mg0.33$K0.33$PO3) (Brdjanovic et al., 1996; Marcelino et al., 2009;
Tay�a et al., 2013). As shown in Table A2, the measured poly-P
contents (0.030e0.123 g P/g TSS) by EDTA treatment for all sam-
ples were much lower than the calculated data (0.070e0.204 g P/g
TSS). In particular, calculated poly-P was even unreasonably higher
than TP, indicating a substantial part of the ash is not poly-P.
Moreover, the results indicate that the method of ash-content
dependent calculation exists limitations. Many factors including
operational conditions (HRT, SRT), sludge types, sludge composi-
tions (e.g. EPS), andmicrobial communities may influence the poly-
P concentration, which should be taken into account for the poly-P
calculations (Welles et al., 2015). However, the EDTA treatment
developed in this study showed robustness which can achieve
excess anaerobic P-release with limited influences of other factors.
4. Conclusions

In this study, practical implementable strategies to quantify the
poly-P content in the PAOs were investigated. The strategies were
based on uncoupling P-release from VFA uptake under extreme
environmental conditions, including: (i) acetate addition at lowpH;
and (ii) the presence of EDTA in the aqueous solution. A protocol
associated with poly-P quantificationwas developed. The proposed
strategies demonstrated improvement in degradation of poly-P and
subsequent release of ortho-P into the bulk liquid.

� Under stressful conditions, poly-P consumption is not stoichio-
metrically limited by the VFA-uptake and therefore full hydro-
lysis of poly-P to ortho-phosphate under anaerobic conditions
can be achieved.
� EDTA treatment is a feasible method to quantify the poly-P
concentration in both flocculent and granular sludge. Exposure
to 1% (w/v) of EDTA at pH 8.0 is optimal for maximized anaer-
obic P-release.

� The recommended experimental time for anaerobic P-release
treatment should not be over 9 h, given that longer exposure at
stressful conditions inhibits the bioactivity of PAOs.

� TP in GS or FS samples of biological phosphate removal system
takes a fraction of 4%e14% of dry solids, and mainly represents
in the forms of poly-P ranging from 77% to 89% of TP as deter-
mined by the EDTA treatment test.
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FS Flocculent sludge
PAO Phosphate accumulating organism
GAO Glycogen accumulating organism
TSS Total suspended solids
VSS Volatile suspended solids
EBPR Enhanced biological phosphorus removal
ATP Adenosine triphosphate
VFA Volatile fatty acid
TCA Tricarboxylic acid
PHA Polyhydroxyalkanoate
HAc Acetic acid
NADH Nicotinamide adenine dinucleotide
Acetyl-CoA Acetyl coenzyme A
SI Saturation index
EPS Extracellular polymeric substances
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