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a b s t r a c t

A successful enhanced biological phosphorus removal (EBPR) was observed in both anaerobic-
aerobic sequencing batch reactor (An-Ox SBR) to induce growth of phosphorus accumulating
organism (PAO) and anaerobic-anoxic (An-Ax) SBR to induce growth of denitrifying PAO (DPAO).
Although the EBPR performance of An-Ox SBR was higher by 11.3% than that of An-Ax SBR,
specific phosphorus release rates in the An-Ax SBR (22.8 ± 3.5 mg P/(g VSS·hr)) and the An-Ox
SBR (22.4 ± 4.8 mg P/(g VSS·hr)) were similar. Specific phosphorus uptake rates under anoxic
and aerobic conditions were 26.3 ± 4.8 mg P/(g VSS·hr) (An-Ax SBR) and 25.6 ± 2.8 mg P/(g
VSS·hr) (An-Ox SBR), respectively, which were also similar. In addition, an analysis of relationship
of poly-β-hydroxyalkanoates (PHA) synthesized under anaerobic conditions with phosphorous release
(Preleased/PHAsynthesized) and of PHA utilized under anoxic and aerobic conditions with phosphorous
uptake (Puptaked/PHAutilized) verified that biological activities of EBPR per unit biomass between
DPAO and PAO were similar. An analysis of the specific denitrification rate of DPAO showed that
NO−3 -N can be denitrified at a rate that does not substantially differ from that of an ordinary denitrifier
without additional consumption of organic carbon when the PHA stored inside the cell under anaerobic
conditions is sufficiently secured.

Introduction

In Korea, the effluent quality criteria of total phosphorus
(TP) in wastewater treatment plants (WWTPs) has been
strengthened from 2 mg/L to 0.2, 0.3, and 0.5 mg/L as of
2012 to protect the water quality of major rivers (Ministry
of Environment in Korea, 2009). The characteristic of
Korean sewage with an unfavourable C/N/P ratio due to the
lack of organic substrate led to a difficulty to meet a strin-
gent effluent limitation. Because of the tougher regulations
and the unfavourable C/N/P ratio for biological nitrogen
(N) and P removal, plant modification mostly adopted the
chemical P removal. However, increased operating costs
and complexity of chemical sludge in biological plants are
the drawbacks of the chemical P removal.

∗Corresponding author. E-mail: envzyun@korea.ac.kr

The use of denitrifying phosphorus accumulating or-
ganism (DPAO) would be an alternative to attain an
appreciable removal of both N and P biologically in weak
sewage. It had been demonstrated experimentally that
genera of PAO could grow and uptake phosphorus in the
anoxic zone (Kapagiannidis et al., 2013; Kim et al., 2013;
Lanham et al., 2011; Oehmen et al., 2010; Podedworna
and Zubrowska-Sudol, 2012; Schuler and Jenkins, 2003).
DPAO in the biological nutrient removal (BNR) system is
capable to remove N and P simultaneously because DPAO
utilizes NO−3 -N as an electron acceptor, and also do not use
organic substances in the anoxic zone (Flowers et al., 2009;
Kerrn-Jespersen and Henze, 1993; Oehmen et al., 2010).

The primary difference between PAO and DPAO is
utilization of the electron acceptor. Ordinary PAO uses
oxygen in an aerobic condition, while DPAO utilizes
nitrate under an anoxic condition. As a result, the system

http://www.jesc.ac.cn


jes
c.a

c.c
n

Journal of Environmental Sciences 26 (2014) 1340–1347 1341

utilizing DPAO can not only reduce the oxygen require-
ment to oxidize poly-β-hydroxyalkanoates (PHA) in the
aerobic zone, but to save the chemical oxygen demand
(COD) utilization. The maximum aerobic P uptake ability
of DPAO is approximately 60% of that of PAO (Hu et
al., 2001), although Kuba et al. (1994, 1996) suggested
that overall performance of P removal capability of both
species in BNR system is similar. DPAO seems a relatively
“weaker” microbial group than ordinary heterotrophic
PAO. Although the microbiological aspects of DPAO are
still not fully understood, DPAO has an advantage for
simultaneous removal of both N and P with a minimized
COD utilization. According to Brdjanovic et al. (1998),
DPAO could remove 4–5 g NO−3 -N per g P without
COD utilization. Further, Murnleitner et al. (1997) and
Kuba et al. (1996) suggested that DPAO produced 20%–
30% less sludge than PAO. The possible advantages of
DPAO in weak sewage are not fully investigated in detail
because of the limited understanding on DPAO. Therefore,
the objective in this study was to examine biochemical
characteristics of PAO and DPAO sludges experimentally
with an operation of two identical lab-scale SBRs.

1 Materials and methods

1.1 Reactor configuration and operating conditions

Using a PLC (programmable logic controller), the oper-
ation cycle for the anaerobic-anoxic (An-Ax) SBR for
DPAO growth was set as follows: fill (0.5 hr); anaer-
obic stage (2.5 hr); anoxic stage (4 hr); settling (0.5
hr); and decanting (0.5 hr). The operation cycle for the
anaerobic-aerobic (An-Ox) SBR for the PAO growth was
set similarly: fill (0.5 hr); anaerobic stage (2.5 hr); aerobic
stage (4 hr); settling (0.5 hr); and decanting (0.5 hr). The
inflow for both reactors was fed to 3.4 L per cycle at every
8-hr interval; thus, the daily total inflow was 10.2 L. In
the An-Ax SBR, an external electron acceptor had been
added with 15 mg NO−3 -N/L to the initial anoxic period.
For the oxic condition in the An-Ox SBR, aeration was
supplied to maintain oxic dissolved oxygen (DO) level of

2–3 mg/L. The solid retention time of the An-Ax SBR was,
on average, 27 days, whereas the An-Ox SBR operated for
an average of 25 days. Mixed liquor suspended solid of the
An-Ax SBR was 2180 mg/L, and the An-Ox SBR had an
average of 2580 mg/L.

1.2 Synthetic wastewater

Table 1 presents the influent characteristics of synthetic
wastewater. Propionic acid (HPr) was the major substrate.
Various forms of nitrogenous components were used as
nitrogen sources. P was supplied by KH2PO4. For an ef-
fective comparison of the test results through the selective
cultivation by DPAO and PAO, the influent with the same
C/N/P ratio was supplied into both the An-Ax SBR and the
An-Ox SBR. The reason for using HPr was that it could
possibly exclude glycogen accumulating organism, which
has been known to inhibit enhanced biological phosphorus
removal (EBPR), and selectively cultivate PAO and DPAO
(Lopez-Vazquez et al., 2009; Oehmen et al., 2006). For the
N in the An-Ax SBR, 10 mg/L of NH+4 -N was injected into
the influent, accounting for microbial synthesis. For NO−3 -
N, the KNO3 reagent was used to externally supply as a
concentration of 15 mg/L so that the DPAO could use as
an electron acceptor in the anoxic condition. For the N in
the An-Ox SBR, 25 mg/L of NH+4 -N was injected into the
influent so that the TN concentration of the An-Ax SBR
would be equal to that of the An-Ox SBR.

1.3 Chemical analysis

The analysis, which was based on standard methods
(APHA et al., 2005), was performed in terms of the COD
(total, soluble), NH+4 -N, TP, PO3−

4 -P, TSS, and VSS. NO−2 -
N and NO−3 -N were measured by ion chromatography
(IC-80, Dionex, USA). The analysis of TN was conducted
using a DR4000 (Hach Co., USA). Samples were taken
regularly from both SBRs. The P contents of the biomass
were also measured to identify the extent of the EBPR.

1.4 Batch experiments

Batch tests were conducted for measuring specific phos-
phorus release rate (SPRR), specific phosphorus uptake
rate (SPUR) and specific denitrification rate (SDNR). The

Table 1 Composition of the influent synthetic wastewater

Chemicals Concentration

Carbon source CH3CH2COONa 0.15 g/L (150 mg COD/L)
KNO3 (An-Ax SBR) 7.21 g/L (15 mg NO−3 -N/L)

Nitrogen source NH4Cl (An-Ax SBR) 0.038 g/L (10 mg NH+4 -N/L)
NH4Cl (An-Ox SBR) 0.095 g/L (25 mg NH+4 -N/L)

Phosphorus source KH2PO4 0.0175 g/L (6 mg PO3−
4 -P/L)

Trace metal solution* 0.1 mL/L of influent

* FeCl3·6H2O 1.5 g/L, MnSO4·5H2O 1.5 g/L, ZnSO4·5H2O 0.1 g/L, CaCl2·2H2O 0.1 g/L, and (NH4)6Mn7O24·5H2O 0.1 g/L.
An-Ax SBR: anaerobic-anoxic sequence batch reactor; An-Ox SBR: anaerobic-aerobic SBR.
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mixture of anoxic and aerobic sludge was used for the
batch experiment. After 120 days when stable EBPR
performance was observed in the An-Ax SBR and the
An-Ox SBR, sludge was collected from the both SBRs.
200 mg/L of HPr was added as a sole carbon source. For
2.5 hr, anaerobic condition was maintained for P release.
Subsequent to anaerobic condition, air and nitrate were
injected for anoxic and aerobic conditions, respectively,
to determine the anoxic and oxic P uptake rate. DO was
maintained to 2–3 mg/L. 20 mg/L of nitrate was added as
electron acceptor for DPAO.

SDNR test was performed to evaluate denitrification
ability of DPAO. As a control experiment, a conventional
SDNR test of the activated sludge (from Jungnang wastew-
ater treatment plant in Seoul, Korea) was conducted with
the injection of 200 mg/L of HPr and 30 mg/L of nitrate
in anoxic condition. For SDNR test of DPAO sludge, 500
mg/L of the An-Ax sludge was collected from the An-
Ax SBR. For PHA utilization as internal carbon source,
P release was induced under anaerobic condition for 2
hr. Subsequent to anaerobic condition, about 30 mg/L of
nitrate was added as electron acceptor for DPAO without
external COD addition. SCOD and nitrate concentration at
every 30 min were measured.

1.5 PHA and glycogen

The PHA analysis was conducted according to the method
proposed by Comeau et al. (1988). The PHA was calculat-
ed from the sum of poly-β-hydroxybutyric acid (PHB) and
poly-β-hydroxyvaleric acid (PHV). For the pretreatment
of the sample, 50 mL of sample was first centrifuged
and, then the sample was dried at room temperature and
then was frozen and stored. Thereafter, 2 mL of 3%
H2SO4, 2 mL of chloroform, and 0.75 g of 0.3% benzoic
acid (internal standard: benzoic acid) were mixed with
20 mg of sludge. The prepared sample was transferred
to a Pyrex test tube (15 mL) with a Teflon-lined cap,
and after heating for 3.5 hr at 100◦C, 2 mL of a denser
chloroform layer was transferred to a Pyrex test tube (10
mL), and 0.5 mL of distilled water was added. Finally, after
3 min of centrifugation (1500 ×g), the chloroform layer
was transferred to the gas chromatography (GC) vial and
measured using the GC equipment. The GC analysis used
a DB-WAX column (length of 15 m, diameter of 0.52 mm)
(Mega bore J&W Scientific Co. capillary column, USA).

The glycogen analysis was conducted according to the
method proposed by Smolders et al. (1994). After 50 mL
of sample was centrifuged and lyophilized, 5 mL of 0.6
mol/L HCl was added to 20 mg of sludge, transferred to a
Pyrex test tube (10 mL) with a Teflon-lined cap, and was
heated for 6 hr at 100◦C. The heated sample was air-cooled
and centrifuged again. From the centrifuged sample, 1 mL
of supernatant from the Pyrex test tube was transferred to
a high performance liquid chromatography (HPLC) vial
and processed. A Bio-Rad Aminex ion-exclusion column

was used; the injection volume was 50 µL, and the carrier
solution used 0.008 mol/L H2SO4 and helium gas. The
flow rate was adjusted to 0.6 mL/min, and the detector
temperature was set to 35◦C.

2 Results and discussion

2.1 EBPR performance

Figure 1 shows the behaviors of the SCOD, PO3−
4 -P,

and NO−3 -N concentrations, and the changes in PHA and
glycogen after the stabilization (100 days of operation).
Average MLVSS in the An-Ax SBR and the An-Ox SBR
was 2600 and 3280 mg/L, respectively. For the changes
in SCOD, there was almost no difference between the two
reactors. The removal efficiencies of TP in the An-Ox SBR
and the An-Ax SBR were 86.5% and 75.2%, respectively
(Table 2). Better EBPR performance was observed in the
An-Ox SBR.

Meanwhile, the analysis of PHA and glycogen can be
considered as an important factor to verify the EBPR
performance of the PAO and DPAO. PHA is used as the
critical energy source that accumulates phosphate under
anoxic or aerobic conditions after the PAO or DPAO con-
verts volatile fatty acid (VFA) into PHA under anaerobic
conditions (Mino et al., 1994; Smolders et al., 1994).
Additionally, because glycogen provides reducing power
when the PAO or DPAO synthesizes VFA into PHA under
anaerobic conditions (Smolders et al., 1994), it was also
analyzed and illustrated along with PHA (Fig. 1). PHA
increased with the release of phosphate under anaerobic
conditions. As PHA decreased in the anoxic or aerobic
condition, only phosphate accumulation occurred in the
An-Ox SBR (nitrification here, but it is not relevant to
denitrifying EBPR), whereas the P uptake as well as the
denitrification occurred simultaneously in the An-Ax SBR.
In both reactors, glycogen, as the reducing power for PHA
synthesis, tended to decrease under anaerobic conditions
and recover under the anoxic or the aerobic conditions.
This result means that the process continues to repeat when
glycogen is used as the reducing agent to convert the VFA
to PHA through the PAO or DPAO during the anaerobic
period, and glycogen is recovered during the anoxic or
aerobic conditions.

Table 2 outlines the mass balance of the An-Ax
SBR and the An-Ox SBR after stabilization at each
reaction step. In the An-Ax SBR operating under al-
ternating anaerobic-aerobic conditions, 408.1 mg soluble
COD (SCOD) was consumed under anaerobic condition,
accounting for approximately 70% of the entire SCOD re-
moved. This means that most carbon energy was consumed
under anaerobic condition for P release, and then a part
of it was used for the denitrification. Influent P (21.4 mg
PO3−

4 -P) released up to 152.8 mg at the end of anaerobic
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Fig. 1 Enhanced biological phosphorus removal (EBPR) under the influent-anaerobic-anoxic conditions of An-Ax SBR and the influent-anaerobic-
aerobic conditions of An-Ox SBR.

Table 2 Mass balance of An-Ax SBR and An-Ox SBR

Influent
Anaerobic Anoxic

Effluent
∆M

g SCOD/g (N+P)
Start∗ End Start∗∗ End Anaerobic Anoxic Total

An-Ax SBR

Q (L/cycle) 3.4 5.9 5.9 6.0 6.0 3.5 – – –

3.42
SCOD (mg/cycle) 502.5 578.0 169.9 169.9 168.0 105.7 –408.1 –1.9 –410.0
NH+4 -N (mg/cycle) 32.0 42.5 36.6 36.6 27.6 14.7 –5.9 –9.0 –14.9
NO−3 -N (mg/cycle) 0.0 4.0 0.0 95.0 10.2 5.6 –4.0 –84.8 –88.8
PO3−

4 -P (mg/cycle) 21.4 27.5 152.8 152.8 11.4 5.3 +125.3 –141.4 –16.1

Influent
Anaerobic Aerobic

Effluent
∆M

g SCOD/g (N+P)
Start∗ End Start End Anaerobic Oxic Total

An-Ox SBR

Q (L/cycle) 3.4 5.9 5.9 5.9 5.9 3.4 – – –

5.96
SCOD (mg/cycle) 511.0 585.5 180.0 180.0 175.8 104.3 –405.5 –4.2 –409.7
NH4-+N (mg/cycle) 79.6 80.3 62.5 62.5 1.8 1.1 –17.8 – 60.7 –78.5
NO−3 -N (mg/cycle) 0.0 18.8 0.0 0.0 46.6 26.3 –18.8 +46.6 +27.8
PO3−

4 -P (mg/cycle) 20.8 28.0 191.8 191.8 10.0 2.8 +163.8 –181.8 –18.0

The mass balance was analyzed with 15 data sets and calculated on average.
* Influent with recycled Q to the next cycle, ** including external NO−3 -N feed (95.0 mg NO−3 -N/0.1 L).

condition. After anaerobic condition, 100 mL of stock
nitrate solution added as an electron acceptor for DPAO. At
the end of anoxic conditions, PO3−

4 -P decreased drastically
from 152.8 to 11.4 mg. Approximately 94% of NO−3 -N was
also removed, clearly demonstrating the phenomenon of
denitrifying EBPR through DPAO.

In the An-Ox SBR, 405.5 mg SCOD was removed under

anaerobic condition, whereby a portion of SCOD was used
for the removal of residual NO−3 -N left behind from a
previous cycle, while the majority of SCOD was used for P
release. P release under anaerobic condition increased up
to 191.8 mg, which was 8.8-fold higher compared to the
influent. Under aerobic condition, P uptake occurred with
nitrification, and a typical PAO-related EBPR phenomenon
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was observed. According to the calculation using mass
balance, the amount of carbon source used by the An-Ox
SBR to remove 1 g phosphorus was 174% higher than
that used by the An-Ax SBR. We attribute this to the
increased consumption of carbon source during the process
of denitrification of NO−3 -N that is formed through the
nitrification of PAO.

2.2 Stoichiometry and operating parameters

According to Smolders et al. (1994) and Filipe et al.
(2001), PHV, rather than PHB, is synthesized inside the
cell when HPr used as a carbon source because propionyl-
CoA produced by degradation of HPr is mainly used to
synthesize PHV. In this study, the ratio of PHV/PHA at
the end of anaerobic condition (150 min from an initiation
of the batch experiment) was 78.5%, and as a result, the
synthesis and utilization of PHV were higher than that of
PHB in the DPAO system using HPr as a sole substrate.
Such a result, combined with the results of research
showing that growth of glycogen accumulating organism
can be excluded when HPr is used as a substrate (Mino et
al., 1994; Hood and Randall, 2001), led to an assumption
that although PAO or DPAO can synthesize PHV inside
the cell during the anaerobic process using HPr, glycogen
accumulating organism cannot grow because it is not
capable of PHV synthesis despite its ability to store PHB.

Figure 2 shows the behaviors of PHB, PHV, and glyco-
gen in conjunction with changes in the concentrations
of SCOD, PO3−

4 -P, and NO−3 -N under alternating An-
Ax conditions. The batch test took for 150 min under
anaerobic conditions; then, NO−3 -N was injected to induce
anoxic conditions, and the operation lasted for 200 min. As
17 mg/L of NO−3 -N is injected from the outside and denitri-
fication occurs simultaneously, PO3−

4 -P is accumulated at a
high rate; therefore, it was confirmed that PHV synthesized
as an energy source inside the cell is consumed at a rate
similar to that of adsorption of P. Glycogen was recovered

under anoxic conditions.
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Fig. 2 Batch test result for simultaneous N and P removal under
anaerobic-anoxic condition.

The comparative-analytical methods based on the con-
centration behaviors in two SBR reactors are prone to error
to lead a decisive conclusion that a PAO microorganism
group has a higher EBPR efficiency than a DPAO microor-
ganism group (Fig. 1). Accordingly, as shown in Table 3,
various operating parameters were estimated and dynamic
values per unit biomass were compared to investigate

Table 3 Stoichiometry and operating parameters in An-Ax SBR and An-Ox SBR

This studya Data cited from references

An-Ax SBR An-Ox SBR An-Ax SBR An-Ox SBR

SPRR (mg P/(g VSS·hr)) 22.8 ± 3.5 22.4 ± 4.8 7.0–30.0b 5–32.5b

SPUR (mg P/(g VSS·hr)) 26.3 ± 4.8 25.6 ± 2.8 6.0–18.5b 5.7–20.8b

PHA synthesis in anaerobic condition (mmol-C/g VSS) 5.1 ± 1.5 5.0 ± 0.9 – –
PHA degradation in anoxic or aerobic condition (mmol-C/g VSS) 4.9 ± 1.2 4.8 ± 1.5 – –
Glycogen degradation in anaerobic condition (mmol-C/g VSS) 2.0 ± 0.9 1.5 ± 0.7 – –
Glycogen synthesis in anoxic or aerobic condition (mmol-C/g VSS) 2.5 ± 0.5 2.0 ± 0.2 – –
Preleased/PHAsynthesized (mmol-P/mmol-C) 0.07 ± 0.02 0.07 ± 0.03 0.18c 0.21c

Puptaked/PHAutilized (mmol-P/mmol-C) 0.09 ± 0.03 0.09 ± 0.01 0.10c 0.09c

PHAsynthesized/Glycogenutilized (mmol-C/mmol-C) 2.6 ± 0.8 3.3 ± 0.5 3.8c 5.2c

Cell yield (g VSS/g SCOD) 0.18 ± 0.05 0.23 ± 0.07 0.18d 0.38e

SPRR: Specific P release rate; SPUR: specific P uptake rate.
aEach value indicates average ± standard deviation; bMamais and Jenkins, 1992; Kuba et al.,1997; Brdjanovic et al., 1998; Petersen et al., 1998; Monti
et al., 2007; cAhn et al., 2002; dKuba et al., 1996; eSmolders et al., 1995.
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EBPR activities between the two actual microorganism
groups. The calculation of SPRR and SPUR, representative
parameters to characterize the EBPR process, revealed that
there were no significant differences between the An-Ax
SBR and the An-Ox SBR. This means that EBPR activity
of DPAO is not significantly different from that of PAO,
even though the removal efficiency of TP was higher in the
An-Ox system than in the An-Ax system.

DPAO activity was not critically considered in European
sewage because relatively sufficient COD existed within
sewage for biological N and P removal. Since not only
DPAO portion in PAO was small, but also the DPAO
activity was less than 60% of ordinary PAO, the first IWA
model (ASM2d) which included DPAO contribution in
BNR had adopted a correction factor (η) of 0.6 to account
a reduction factor for anoxic activity (Henze et al., 1999).
Similar results for synthesis and consumption of PHA
per unit biomass and the decomposition and recovery of
glycogen were obtained in both reactors. This means that
EBPR capability is not largely different between PAO and
DPAO as demonstrated by the results of SPRR and SPUR.
On the other hand, the amount of PHA synthesized with
the consumption of 1 mmol-C glycogen showed a slightly
higher result in the PAO operating system than DPAO.

2.3 Denitrification by DPAO

From a process design point of view, the major advantage
of DPAO is anoxic reduction of nitrate without an addition
of external carbon energy. In the reactor system, it looks
like autotrophic denitrification because no wastewater
COD is needed in the reaction zone, but in reality it more
resembles heterotrophic endogenous denitrification. Since
anaerobically synthesized PHA is used for the internal
carbon source, DPAO do not need external carbon energy
for denitrification. Figure 3a shows the batch test result
to evaluate the denitrification ability of DPAO. In order to
determine the SDNR of DPAO sludge in organic-limiting
condition, phosphate in the sludge was induced to release
completely under the anaerobic condition for 2.5 hr. As
a control experiment, SDNR measurement with activated

sludge taken from Jungnang wastewater treatment plant
in Seoul, Korea, performed with a sufficient SCOD for
denitrification. Figure 3b presents the plot of the control
test.

SDNR of DPAO sludge and activated sludge was
4.6 and 6.7 mg NO−3 -N/(g VSS·hr), respectively. Typ-
ical heterotrophic denitrification rate in full-scale pre-
denitrification process have widely ranged from 1.7 to 17.5
mg N/(g VSS·hr) (Bradstreet and Johnson, 1994; Burdick
et al., 1982; Henze, 1991), and autotrophic denitrification
rates using elemental sulfur have range from 4.2 to 8.4 mg
N/(g VSS·hr) (Batchelor and Lawrence, 1978). Moreover,
the denitrification rate with endogenous carbon was report-
ed in the range from 0.63 to 2.5 mg N/(g VSS·hr) (US
EPA, 1993). The result shows that the value of SDNR of
DPAO was higher than the endogenous denitrification rate,
but within the lower range of heterotrophic denitrification.
It means that denitrification ability of DPAO is excellent.

2.4 Settling characteristics of DPAO sludge

The settling characteristic of mixed liquor solids is the
important parameter when designing the secondary settling
tank for liquid-solids separation. Figure 4a shows the
sludge interface of 30-min settling in the An-Ax and
the An-Ox sludges. SVI of the An-Ax sludge was 134
mL/g, while the An-Ox sludge showed relatively low 86
mL/g. Although DPAO sludge showed relatively poor SVI
values, both sludge showed a clear liquid-sludge interface
(Fig. 4b).

Average effluent TSS concentration in the An-Ax SBR
and the An-Ox SBR was 0.9 mg/L and 0.7 mg/L, re-
spectively. In general, extended non-aerated condition such
as anaerobic and/or anoxic condition could deteriorate
the sludge settling property, hence Henze et al. (2008)
suggested that An and/or Ax portion in BNR system should
be lower than 60% of total reactor volume. However, the
SVI along with effluent TSS data suggested that the An-Ax
sludge exhibited tolerable sludge settleability. Although
it seems logical to speculate the deterioration of sludge
settleability in the An-Ax sludge without aeration, a further
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Fig. 3 (a) Specific denitrification rate (SDNR) result of denitrifying phosphorus accumulating organism (DPAO) sludge without COD addition after
2-hr anaerobic condition for PHA synthesis, and (b) SDNR result of activated sludge with 200 mg/L of COD addition in the anoxic sludge.
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investigation to characterize the anoxic sludge settling
properties will be needed.

3 Conclusions

The comparative study between PAO and DPAO was
conducted to operate two lab-scale SBR units with
propionate-based synthetic wastewater. For entire operat-
ing days, the An-Ax SBR for the growth of DPAOs and the
An-Ox SBR for the growth of PAOs exhibited successful
EBPR performance. Although EBPR performance was
better in the An-Ox sludge, SPRR and SPUR of both
SBRs was similar, clearly demonstrating that biological
activity per unit biomass was little difference each other.
The SDNR test to investigate the denitrification ability of
DPAO shows that DPAO significantly contributed to nitrate
reduction at the anoxic condition. From the mass balance,
the significant amount of anoxic P uptake with denitrifi-
cation was successfully accomplished in the An-Ax SBR.
Although the SVI value of An-Ax sludge was about 35%
higher than An-Ox sludge, DPAO sludge showed a clear
liquid-solids interface.

Acknowledgments

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea funded by the Ministry of Education, Science and
Technology (2012-0002231)

r e f e r e n c e s

Ahn, J., Daidou, T., Tsuneda, S., Hirata, A., 2002. Transformation of
phosphorus and relevant intracellular compounds by a phosphorus-
accumulating enrichment culture in the presence of both the
electron acceptor and electron donor. Biotechnol. Bioeng. 79(1),
83–93.

APHA (American Public Health Association), AWWA (American Water
Works Association), WEF (Water Environment Federation), 2005.
Standard Methods for the Examination of Water and Wastewater
(21st ed.). Washington DC, USA.

Batchelor, B., Lawrence, A.W., 1978. Autotrophic denitrification using
elemental sulfur. Jour. Water Poll. Control Fed. 50, 1986–2001.

Bradstreet, K.A.J., Johnson, G.R., 1994. Study of critical operational
parameters for biological nitrogen reduction at a municipal wastew-
ater treatment plant. In: Proc. of Water Environment Federation
67th Annual Conference & Exhibition. Water Environment Fed-
eration. 669–680.

Brdjanovic, D., van Loosdrecht, M.C.M., Hooijmans, C.M., Mino, T.,
Alaerts, G.J., Heijnen, J.J., 1998. Effect of polyphosphate limitation
on the anaerobic metabolism of phosphorus-accumulating microor-
ganisms. Appl. Microbiol. Biotechnol. 50(2), 273–276.

Burdick, C.R., Refling, D.R., Stensel, H.D., 1982. Advanced biological
treatment to achieve nutrient removal. Jour. Water Poll. Control
Fed. 54(7), 1078–1086.

Comeau, Y., Hall, K.J., Oldham, W.K., 1988. Determination of poly-
β-hydroxybutyrate and poly-β-hydroxyvalerate in activated-sludge
by gas-liquid-chromatography. Appl. Environ. Microbiol. 54(9),
2325–2327.

Filipe, C.D.M., Daigger, G.T., Grady, C.P.L., 2001. A metabolic model
for acetate uptake under anaerobic conditions by glycogen accu-
mulating organisms: Stoichiometry, kinetics, and the effect of pH.
Biotechnol. Bioeng. 76(1), 17–31.

Flowers, J.J., He, S.M., Yilmaz, S., Noguera, D.R., McMahon, K.D.,
2009. Denitrification capabilities of two biological phosphorus
removal sludges dominated by different ‘Candidatus Accumulibac-
ter’ clades. Environ. Microbiol. Rep. 1(6), 583–588.

Henze, M., 1991. Capabilities of biological nitrogen removal processes
from waste-water. Water Sci. Technol. 23(4-6), 669–679.

Henze, M., Gujer, W., Mino, T., Matsuo, T., Wentzel, M.C., Marais,
G.V.R. et al., 1999. Activated sludge model No.2d, ASM2d. Water
Sci. Technol. 39(1), 165–182.

Henze, M., van Loosdrecht, M.C.M., Ekama, G.A., Brdjanovic, D.,
2008. Biological Wastewater Treatment: Principles, Modelling and
Design. IWA Publishing, London, UK.

Hood, C.R., Randall, A.A., 2001. A biochemical hypothesis explaining
the response of enhanced biological phosphorus removal biomass

http://www.jesc.ac.cn


jes
c.a

c.c
n

Journal of Environmental Sciences 26 (2014) 1340–1347 1347

to organic substrates. Water Res. 35(11), 2758–2766.
Hu, Z.R., Wentzel, M.C., Ekama, G.A., 2001. External nitrification in

biological nutrient removal activated sludge systems. Water Sci.
Technol. 43(1), 251–260.

Kapagiannidis, A.G., Zafiriadis, I., Aivasidis, A., 2013. Comparison
between aerobic and anoxic metabolism of denitrifying-EBPR
sludge: Effect of biomass polyhydroxyalkanoates content. New
Biotechnol. 30(2), 227–237.

Kerrn-Jespersen, J.P., Henze, M., 1993. Biological phosphorus uptake
under anoxic and aerobic conditions. Water Res. 27(4), 617–624.

Kim, J.M., Lee, H.J., Lee, D.S., Jeon, C.O., 2013. Characterization
of the denitrification-associated phosphorus uptake properties of
“Candidatus Accumulibacter phosphatis” clades in sludge sub-
jected to enhanced biological phosphorus removal. Appl. Environ.
Microbiol. 79(6), 1969–1979.

Kuba, T., van Loosdrecht, M.C.M., Brandse, F.A., Heijnen, J.J., 1997. Oc-
currence of denitrifying phosphorus removing bacteria in modified
UCT-type wastewater treatment plants. Water Res. 31(4), 777–786.

Kuba, T., van Loosdrecht, M.C.M., Heijnen, J.J., 1996. Phosphorus and
nitrogen removal with minimal COD requirement by integration
of denitrifying dephosphatation and nitrification in a two-sludge
system. Water Res. 30(7), 1702–1710.

Kuba, T., Wachtmeister, A., van Loosdrecht, M.C.M., Heijnen, J.J., 1994.
Effect of nitrate on phosphorus release in biological phosphorus
removal systems. Water Sci. Technol. 30(6), 263–269.

Lanham, A.B., Moita, R., Lemos, P.C., Reis, M.A., 2011. Long-term
operation of a reactor enriched in Accumulibacter clade I DPAOs:
performance with nitrate, nitrite and oxygen. Water Sci. Technol.
63(2), 352–359.

Lopez-Vazquez, C.M., Oehmen, A., Hooijmans, C.M., Brdjanovic, D.,
Gijzen, H.J., Yuan, Z.G. et al., 2009. Modeling the PAO-GAO
competition: Effects of carbon source, pH and temperature. Water
Res. 43(2), 450–462.

Mamais, D., Jenkins, D., 1992. The effects of MCRT and temperature
on enhanced biological phosphorus removal. Water Sci. Technol.
26(5-6), 955–965.

Ministry of Environment in Korea, 2009. Enforcement regulations of
sewerage and drainage law. 2009–283, Seoul, Korea.

Mino, T., Satoh, H., Matsuo, T., 1994. Metabolisms of different bacterial-

populations in enhanced biological phosphate removal processes.
Water Sci. Technol. 29(7), 67–70.

Monti, A., Hall, E.R., van Loosdrecht, M.C.M., 2007. Kinetics of
phosphorus release and uptake in a membrane-assisted biological
phosphorus removal process. J. Environ. Eng. 133(9), 899–908.

Murnleitner, E., Kuba, T., van Loosdrecht, M.C.M., Heijnen, J.J., 1997.
An integrated metabolic model for the aerobic and denitrifying
biological phosphorus removal. Biotechnol. Bioeng. 54(5), 434–
450.

Oehmen, A., Saunders, A.M., Vives, M.T., Yuan, Z.G., Keller, H., 2006.
Competition between polyphosphate and glycogen accumulating
organisms in enhanced biological phosphorus removal systems
with acetate and propionate as carbon sources. J. Biotechnol.
123(1), 22–32.

Oehmen, A., Carvalho, G., Freitas, F., Reis, M.A.M., 2010. Assessing the
abundance and activity of denitrifying polyphosphate accumulating
organisms through molecular and chemical techniques. Water Sci.
Technol. 61(8), 2061–2068.

Petersen, B., Temmink, H., Henze, M., Isaacs, S., 1998. Phosphate uptake
kinetics in relation to PHB under aerobic conditions. Water Res.
32(1), 91–100.

Podedworna, J., Zubrowska-Sudoł, M., 2012. Nitrogen and phosphorus
removal in a denitrifying phosphorus removal process in a sequenc-
ing batch reactor with a forced anoxic phase. Environ. Technol.
33(2), 237–245.

Schuler, A.J., Jenkins, D., 2003. Enhanced biological phosphorus removal
from wastewater by biomass with different phosphorus contents,
part III: Anaerobic sources of reducing equivalents. Water Environ.
Res. 75(6), 512–522.

Smolders, G.J.F., Vandermeij, J., van Loosdrecht, M.C.M., Heijnen, J.J.,
1994. Stoichiometric model of the aerobic metabolism of the
niological phosphorus removal process. Biotechnol. Bioeng. 44(7),
837–848.

Smolders, G.J.F., van Loosdrecht, M.C.M., Heijnen, J.J., 1995. A
metabolic model for the biological phosphorus removal process.
Water Sci. Technol. 31(2), 79–93.

US EPA (United States Environmental Protection Agency), 1993. Process
design manual for nitrogen removal. Cincinnati, EPA/625/R-93-
010.

http://www.jesc.ac.cn


Editorial Board of Journal of Environmental Sciences
Editor-in-Chief

Hongxiao Tang                   Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China

Associate Editors-in-Chief
Jiuhui Qu                            Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China
Shu Tao                               Peking University, China
Nigel Bell
Po-Keung Wong

Editorial Board
Aquatic environment
Baoyu Gao
Shandong University, China
Maohong Fan
University of Wyoming, USA
Chihpin Huang  
National Chiao Tung University
Taiwan, China
Ng Wun Jern
Nanyang Environment & 
Water Research Institute, Singapore
Clark C. K. Liu
University of Hawaii at Manoa, USA
Hokyong Shon
University of Technology, Sydney, Australia
Zijian Wang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhiwu Wang
The Ohio State University, USA
Yuxiang Wang
Queen’s University, Canada
Min Yang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhifeng Yang
Beijing Normal University, China
Han-Qing Yu
University of Science & Technology of China
Terrestrial environment
Christopher Anderson
Massey University, New Zealand
Zucong Cai
Nanjing Normal University, China
Xinbin Feng
Institute of Geochemistry, 
Chinese Academy of Sciences, China
Hongqing Hu
Huazhong Agricultural University, China
Kin-Che Lam
The Chinese University of Hong Kong
Hong Kong, China
Erwin Klumpp
Research Centre Juelich, Agrosphere Institute
Germany
Peijun Li
Institute of Applied Ecology, 
Chinese Academy of Sciences, China

Environmental toxicology and health
Jingwen Chen 
Dalian University of Technology, China
Jianying Hu
Peking University, China
Guibin Jiang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Sijin Liu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Tsuyoshi Nakanishi
Gifu Pharmaceutical University, Japan
Willie Peijnenburg
University of Leiden, The Netherlands
Bingsheng Zhou
Institute of Hydrobiology, 
Chinese Academy of Sciences, China
Environmental catalysis and materials
Hong He  
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Junhua Li
Tsinghua University, China
Wenfeng Shangguan 
Shanghai Jiao Tong University, China
Yasutake Teraoka 
Kyushu University, Japan
Ralph T. Yang
University of Michigan, USA
Environmental analysis and method
Zongwei Cai
Hong Kong Baptist University, 
Hong Kong, China
Jiping Chen
Dalian Institute of Chemical Physics, 
Chinese Academy of Sciences, China
Minghui Zheng
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Municipal solid waste and green chemistry
Pinjing He
Tongji University, China
Environmental ecology
Rusong Wang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China

Editorial office staff

Managing editor
Editors
English editor

Michael Schloter
German Research Center for Environmental Health
Germany
Xuejun Wang
Peking University, China
Lizhong Zhu
Zhejiang University, China
Atomospheric environment
Jianmin Chen
Fudan University, China
Abdelwahid Mellouki
Centre National de la Recherche Scientifique
France
Yujing Mu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Min Shao
Peking University, China
James Jay Schauer
University of Wisconsin-Madison, USA
Yuesi Wang
Institute of Atmospheric Physics, 
Chinese Academy of Sciences, China
Xin Yang
University of Cambridge, UK
Environmental biology
Yong Cai
Florida International University, USA
Henner Hollert
RWTH Aachen University, Germany
Jae-Seong Lee
Sungkyunkwan University, South Korea
Christopher Rensing
University of Copenhagen, Denmark
Bojan Sedmak
National Institute of Biology, Ljubljana
Lirong Song
Institute of Hydrobiology, 
the Chinese Academy of Sciences, China
Chunxia Wang
National Natural Science Foundation of China
Gehong Wei
Northwest A & F University, China
Daqiang Yin
Tongji University, China
Zhongtang Yu
The Ohio State University, USA

Copyright© Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.

Imperial College London, United Kingdom
The Chinese University of Hong Kong, Hong Kong, China

Zixuan Wang      Suqin Liu      Zhengang Mao
Catherine Rice (USA)

Qingcai Feng



JOURNAL OF ENVIRONMENTAL SCIENCES
环境科学学报(英文版)

(http://www.jesc.ac.cn)
Aims and scope
Journal of Environmental Sciences is an international academic journal supervised by Research Center for Eco-Environ-
mental Sciences, Chinese Academy of Sciences. The journal publishes original, peer-reviewed innovative research and
valuable findings in environmental sciences. The types of articles published are research article, critical review, rapid
communications, and special issues.
The scope of the journal embraces the treatment processes for natural groundwater, municipal, agricultural and industrial
water and wastewaters; physical and chemical methods for limitation of pollutants emission into the atmospheric environ-
ment; chemical and biological and phytoremediation of contaminated soil; fate and transport of pollutants in environments;
toxicological effects of terrorist chemical release on the natural environment and human health; development of environ-
mental catalysts and materials.
For subscription to electronic edition
Elsevier is responsible for subscription of the journal. Please subscribe to the journal via http://www.elsevier.com/locate/jes.
For subscription to print edition
China: Please contact the customer service, Science Press, 16 Donghuangchenggen North Street, Beijing 100717, Chi-
na. Tel: +86-10-64017032; E-mail: journal@mail.sciencep.com, or the local post office throughout China (domestic
postcode: 2-580).
Outside China: Please order the journal from the Elsevier Customer Service Department at the Regional Sales Office
nearest you.
Submission declaration
Submission of an article implies that the work described has not been published previously (except in the form of an
abstract or as part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere.
The submission should be approved by all authors and tacitly or explicitly by the responsible authorities where the work
was carried out. If the manuscript accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder.
Submission declaration
Submission of the work described has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis), that it is not under consideration for publication elsewhere. The publication should
be approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried out. If the
manuscript accepted, it will not be published elsewhere in the same form, in English or in any other language, including
electronically without the written consent of the copyright-holder.
Editorial
Authors should submit manuscript online at http://www.jesc.ac.cn. In case of queries, please contact editorial office, Tel:
+86-10-62920553, E-mail: jesc@263.net, jesc@rcees.ac.cn. Instruction to authors is available at http://www.jesc.ac.cn.

Journal of Environmental Sciences (Established in 1989)
Vol. 26 No. 6 2014

Supervised by Chinese Academy of Sciences Published by Science Press, Beijing, China

Sponsored by Research Center for Eco-Environmental Elsevier Limited, The Netherlands

Sciences, Chinese Academy of Sciences Distributed by

Edited by Editorial Office of Journal of Domestic Science Press, 16 Donghuangchenggen

Environmental Sciences North Street, Beijing 100717, China

P. O. Box 2871, Beijing 100085, China Local Post Offices through China

Tel: 86-10-62920553; http://www.jesc.ac.cn Foreign Elsevier Limited

E-mail: jesc@263.net, jesc@rcees.ac.cn http://www.elsevier.com/locate/jes

Editor-in-chief Hongxiao Tang Printed by Beijing Beilin Printing House, 100083, China

CN 11-2629/X Domestic postcode: 2-580 Domestic price per issue RMB ¥ 110.00


	Binder1.pdf
	fm.pdf
	2014-6目录.pdf

	2014260620.pdf
	2014封二.pdf

