


jes
c.a

c.c
n

ISSN 1001–0742 Journal of Environmental Sciences Vol. 24 No. 4 2012

CONTENTS
Aquatic environment
Comparison of conventional and inverted A2/O processes: Phosphorus release and uptake behaviors

Rong Qi, Tao Yu, Zheng Li, Dong Li, Takashi Mino, Tadashi Shoji, Kochi Fujie, Min Yang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 571
Distribution of heavy metals in sediments of the Pearl River Estuary, Southern China: Implications for sources and historical changes

Feng Ye, Xiaoping Huang, Dawen Zhang, Lei Tian, Yanyi Zeng · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 579
Removal of arsenate and arsenite from aqueous solution by waste cast iron

Nag-Choul Choi, Song-Bae Kim, Soon-Oh Kim, Jae-Won Lee, Jun-Boum Park · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 589
Effect of artificial aeration on the performance of vertical-flow constructed wetland treating heavily polluted river water

Huiyu Dong, Zhimin Qiang, Tinggang Li, Hui Jin, Weidong Chen · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 596
A 60-year sedimentary record of natural and anthropogenic impacts on Lake Chenghai, China

Fengyu Zan, Shouliang Huo, Beidou Xi, Jingtian Zhang, Haiqing Liao, Yue Wang, Kevin M. Yeager · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 602
Preparation and application of amino functionalized mesoporous nanofiber membrane via electrospinning for adsorption of Cr3+ from aqueous solution

Ahmed A. Taha, Junlian Qiao, Fengting Li, Bingru Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 610
Removal of phosphate ions from aqueous solution using Tunisian clays minerals and synthetic zeolite

Noureddine Hamdi, Ezzeddine Srasra · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 617

Atmospheric environment
Impacts of continuously regenerating trap and particle oxidation catalyst on the NO2 and particulate matter emissions emitted from diesel engine

Zhihua Liu, Yunshan Ge, Jianwei Tan, Chao He, Asad Naeem Shah, Yan Ding, Linxiao Yu, Wei Zhao · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 624
Dry deposition velocity of total suspended particles and meteorological influence in four locations in Guangzhou, China

Leifu Chen, Shaolin Peng, Jingang Liu, Qianqian Hou · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 632
Synthesis, characterization and experimental investigation of Cu-BTC as CO2 adsorbent from flue gas

Jiangkun Xie, Naiqiang Yan, Zan Qu, Shijian Yang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 640
Aerosol effects on ozone concentrations in Beijing: A model sensitivity study

Jun Xu, Yuanhang Zhang, Shaoqing Zheng, Youjiang He · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 645
Measurement of air exchange rates in different indoor environments using continuous CO2 sensors

Yan You, Can Niu, Jian Zhou, Yating Liu, Zhipeng Bai, Jiefeng Zhang, Fei He, Nan Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 657
Influence of different weather events on concentrations of particulate matter with different sizes in Lanzhou, China

Xinyuan Feng, Shigong Wang· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 665

Terrestrial environment
Sorption of chlorophenols onto fruit cuticles and potato periderm

Yungui Li, Yingqing Deng, Baoliang Chen · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 675
Effects of urea and (NH4)2SO4 on nitrification and acidification of Ultisols from Southern China

Deli Tong, Renkou Xu · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 682
Health risk assessment of heavy metals in soils and vegetables from wastewater irrigated area, Beijing-Tianjin city cluster, China

Yanchun Wang, Min Qiao, Yunxia Liu, Yongguan Zhu· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 690
PCDD/Fs in soil around a hospital waste incinerator: comparison after three years of operation

Xiaodong Li, Mi Yan, Jie Yang, Tong Chen, Shengyong Lu, Jianhua Yan · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 699
Dissolved organic sulfur in streams draining forested catchments in southern China

Zhanyi Wang, Xiaoshan Zhang, Zhangwei Wang, Yi Zhang, Bingwen Li, Rolf Vogt · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 704

Environmental biology
Ammonium-dependent regulation of aerobic methane-consuming bacteria in landfill cover soil by leachate irrigation

Fan Lü, Pinjing He, Min Guo, Na Yang, Liming Shao· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 711
Steady performance of a zero valent iron packed anaerobic reactor for azo dye wastewater treatment under variable influent quality

Yaobin Zhang, Yiwen Liu, Yanwen Jing, Zhiqiang Zhao, Xie Quan · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 720
Identification of naphthalene metabolism by white rot fungus Armillaria sp. F022

Tony Hadibarata, Abdull Rahim Mohd Yusoff, Azmi Aris, Risky Ayu Kristanti · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 728

Environmental health and toxicology
Inhibition of ROS elevation and damage to mitochondrial function prevents lead-induced neurotoxic effects on structures and functions

of AFD neurons in Caenorhabditis elegans
Qiuli Wu, Peidang Liu, Yinxia Li, Min Du, Xiaojuan Xing, Dayong Wang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 733

Environmental catalysis and materials
Photodegradation of Norfloxacin in aqueous solution containing algae

Junwei Zhang, Dafang Fu, Jilong Wu· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 743
Synthesis of TiO2 nanoparticles in different thermal conditions and modeling its photocatalytic activity with artificial neural network

Fatemeh Ghanbary, Nasser Modirshahla, Morteza Khosravi, Mohammad Ali Behnajady · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 750
Preparation of FexCe1−xOy solid solution and its application in Pd-only three-way catalysts

Jianqiang Wang, Meiqing Shen, Jun Wang, Mingshan Cui, Jidong Gao, Jie Ma, Shuangxi Liu · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 757
Dechlorination of chlorophenols by zero valent iron impregnated silica

Praveena Juliya Dorathi, Palanivelu Kandasamy · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 765
Photocatalytic degradation of perfluorooctanoic acid with β-Ga2O3 in anoxic aqueous solution

Baoxiu Zhao, Mou Lv, Li Zhou · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 774

Serial parameter: CN 11-2629/X*1989*m*210*en*P*27*2012-4

http://www.jesc.ac.cn


jes
c.a

c.c
n

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ISSN 1001-0742

CN 11-2629/X

www.jesc.ac.cn

Available online at www.sciencedirect.com

Journal of Environmental Sciences 2012, 24(4) 571–578

Comparison of conventional and inverted A2/O processes: Phosphorus release
and uptake behaviors

Rong Qi1, Tao Yu1, Zheng Li1, Dong Li1, Takashi Mino2,
Tadashi Shoji 2, Kochi Fujie3, Min Yang1,∗

1. State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Beijing 100085, China. E-mail: qirong@rcees.ac.cn

2. Department of Socio-Cultural Environmental Studies, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan
3. Graduate School of Environment and Information Sciences, Yokohama National University,Yokohama, Kanagawa 240-850, Japan

Received 11 May 2011; revised 28 June 2011; accepted 04 July 2011

Abstract
Two full-scale systems operated in parallel, a conventional A2/O system consisting of anaerobic, anoxic and oxic compartments in
succession and an inverted system consisting of anoxic, anaerobic and oxic compartments without internal recycle, were compared in
terms of their phosphorus removal performance, with an emphasis on phosphate (P) release behaviors, using both operational data and
simulation results. The inverted system exhibited better long-term phosphorus removal performance (0.2 ± 0.3 vs. 0.7 ± 0.7 mg/L),
which should be attributed to the higher P release rate (0.79 vs. 0.60 kg P/(kg MLSS·day)) in the non-aerated compartments. The P
release occurred in both the anoxic and anaerobic compartments of the inverted system, resulting in more efficient P release. Although
the abundances of the ‘Candidatus Accumulibacter phosphatis’ population in the two systems were quite similar ((19.1 ± 3.27)%
and (18.4 ± 4.15)% of the total microbe (DAPI stained particles) population in the inverted and conventional systems, respectively,
by fluorescence in situ hybridization (FISH)), the high-concentration DAPI staining results show that the abundances of the whole
polyphosphate accumulating organisms (PAOs) in the aerobic ends were quite different (the average ratios of the poly-P granules to
total microbes (DAPI stained particles) were (45 ± 4.18)% and (35 ± 5.39)%, respectively). Both the operational data and simulation
results showed that the inverted system retained more abundant PAO populations due to its special configuration, which permitted
efficient P release in the non-aerated compartment and better P removal.

Key words: phosphate release and uptake; A2/O process; inverted A2/O process; activated sludge model
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Introduction

The A2/O process, consisting of anaerobic, anoxic and
oxic units in succession, has been widely used because
of its capability for simultaneous removal of nitrogen and
phosphorus (Barnard et al., 1975, 1976; Rabinowitz and
Marais, 1980; Mino et al., 1998), with an internal recycle
ratio as high as 100%–300%, and sludge return ratio of
approximately 100%. The interference with phosphate (P)
release by the carry-over nitrate in the returning sludge,
however, has been found to affect phosphorus removal
efficiency, because several heterotrophic bacteria may con-
sume the fermentable chemical oxygen demand (COD) for
energy and growth using nitrate as an external electron
acceptor (Venter et al., 1978; Hascoet and Florentz, 1985).
It has been estimated that for 1 mg NO3

−-N recycled to
an anaerobic reactor, 8.6 mg fermentable COD will be
consumed (Henze et al., 2008), which will lead to substrate
competition between denitrification and P release. To

* Corresponding author. E-mail: yangmin@rcees.ac.cn

avoid this influence and improve the phosphorus removal
performance, several modified systems were investigated,
i.e., the University of Cape Town (UCT) system, five-stage
Bardenpho process and Biological-chemical phosphorus
removal (BCFS) system (van Loosdrecht et al., 1998;
Tchobanoglous et al., 2002). However, these processes
have also been known for their relatively high energy con-
sumption and complex configuration (Baeza et al., 2004).
To reduce energy consumption and prevent the potential
interference of nitrate with P release, a so-called inverted
A2/O process was developed by canceling the internal
recycle and reversing the positions of the anaerobic and
anoxic units (Zhang and Su, 1999; Zhang and Gao, 2000).
Since then, the inverted A2/O process has been applied in
several sewage treatment plants in China.

In the inverted A2/O process, the influent is distributed
into the anoxic and anaerobic units with a defined ratio
(usually 20%/80% or 30%/70%). Under optimal condi-
tions, carry-over nitrate is removed in the anoxic tank,
and then P can be released adequately in a subsequent
anaerobic tank without nitrate interference. Aerobically,

http://www.jesc.ac.cn
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the P uptake by the polyphosphate accumulation organisms
(PAOs) is enhanced because these microbes are under
“starvation” conditions. While the influence of influent dis-
tribution on phosphorus and TN removal performance has
been discussed (Gao et al., 2005; Liu et al., 2010a, 2010b),
studies regarding the P release behavior in inverted systems
have been minimal, and the improvement in phosphorus
removal performance compared to conventional systems
has not yet been verified at the full-scale level.

In this study, parallel full-scale conventional and invert-
ed A2/O systems in a sewage treatment plant located in
north China were compared in terms of their P release and
uptake behaviors. The fluorescence in situ hybridization
(FISH) technique was used to quantify PAOs, and the 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) high-
concentration staining method was used to quantify the
intercellular poly phosphate (poly-P) particles in activated
sludge (Wong et al., 2005). At the same time, the activated
sludge model (ASM) was employed to simulate the two
systems, particularly focusing on the P release and uptake
behaviors. This will be the first comprehensive study on the
phosphorus removal performance of a full-scale inverted
A2/O system.

1 Materials and methods

1.1 Targeted systems and water sampling

The sewage treatment plant studied consists of a con-
ventional and inverted A2/O system, respectively, each of
which has a treatment capacity of 200,000 m3/day. The
influent distribution ratio of the inverted A2/O was stable
(30% to the anoxic tank and 70% to the anaerobic one).
The sludge return ratio was approximately 100% for both
systems during the sampling period. The detailed descrip-
tions of the two systems are shown in Fig. 1 and Table 1.
As shown in Table 1, the conventional system was a little
larger than the inverted one. From February to July 2009,
mixed liquor samples were taken weekly from the two ends

Table 1 Details of the inverted and conventional A2/O systems

Flow rate (m3/day) Unit Volume Depth HRT
(m3) (m) (hr)

Inverted 200000 Anoxic 3060 6 1.5
Anaerobic 5034 6 2.4
Aerobic 19986 6 9.6

Conventional 200000 Anaerobic 3221 6 1.5
Anoxic 6441 6 3
Aerobic 22544 6 10.8

and the middle of each unit for water quality monitoring,
and activated sludge was characterized monthly by taking
samples from the ends of the aerobic and anaerobic units.
After sampling, samples were immediately transported to
the laboratory for analysis. The determination of COD,
biological oxygen demand (BOD), mixed liquor suspended
solids (MLSS) and phosphate species followed standard
procedures (APHA, 1998). Routine data during 2007–
2009 were kindly provided by the plant. The operating
conditions, such as sludge retention time (SRT) and influ-
ent distribution were also monitored.

1.2 FISH analysis and high-concentration DAPI stain-
ing

The FISH analysis was conducted according to Amann
et al. (1995). Briefly, activated sludge samples were
fixed for 3 hr with 4% paraformaldehyde at 4°C and
stored in a 1:1 (V/V) mixture of phosphate-buffered saline
(PBS, pH 7.4) and ethanol at –20°C. Following son-
ication on ice for about 3 min, a 3-µL sample was
placed in the wells of a slide and immobilized for 3
hr. The slides were then dehydrated for 5 min using
50%, 80% and 98% ethanol, respectively. PAOmix probes
(PAO462: CCGTCATCTACWCAGGGTATTAAC 5′–3′,
PAO651: CCCTCTGCCAAACTCCAG 5′–3′, PAO846:
GTTAGCTACGGCACTAAAAGG 5′–3′, Crocetti et al.,
2000) were commercially synthesized and 5’ labelled
with fluorescein isothiocyanate (FITC) for hybridization.
Following the hybridization and washing procedures,

Aerobic chamber

Anoxic

Anaerobic

Anaerobic

Anoxic

Aerobic

Aerobic

Clarifier

Clarifier

Influent

Influent branch

Return sludge Discharge 

Effluent

Internal recycle

Effluent

Return sludge
Discharge

Inverted A2/O process

A2/O processQ = 400000 tons/day

Fig. 1 Configuration of the inverted A2/O and conventional A2/O systems.
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Table 2 COD fractions relative to the total COD in the effluent of grit
chambers

Name Symbol Percentage (%)

Total COD TCOD 100
Inert soluble COD S I 1.0 ± 0.2
Readily biodegradable soluble COD S S –
Volatile fatty acids, VFA, in COD S A 20 ± 3.3
Fermentable, readily biodegradable COD S F 12 ± 1.2
Slowly biodegradable particulate COD XS 55 ± 6.8
Inert particulate COD XI 12 ± 1.4

Table 3 Major parameters of the inverted and conventional A2/O
systems

Feb 2009–Jul 2009
Inverted Conventional

Q (ton/day) 200000
CODin (mg/L) 440 ± 130
CODeff (mg/L) 59 ± 17* 37 ± 12
BOD5in (mg/L) 236 ± 65
BOD5eff (mg/L) 7 ± 1 6 ± 1
Total phosphorusin (mg/L) 5.47 ± 0.46
Total phosphoruseff (mg/L) 0.29 ± 0.25 0.71 ± 0.64
NO2

−-N(mg/L) 10.4 ± 3.7 3.48 ± 0.57
NO3

−-N (mg/L) 6.36 ± 2.0 10.39 ± 2.36
MLSS (mg/L) 2881 ± 356 3803 ± 350
SRT (day) 8.65 ± 2.48 13.56 ± 3.20
Influent distribution 3:7 /

* Value was affected by residual nitrite (10.4 ± 3.7 mg N/L).

the fluorescence-hybridized cells were analyzed with an
epifluorescence microscope (Axioskop2 mot plus, Zeiss,
Germany) equipped with a cooled CCD camera. The pro-
portion of PAOs was calculated with the software provided
by Zeiss (Axio Vision 4.1). At least 40 views were obtained
for each sample and averaged to obtain the final result. The
ratio of PAOs to total bacteria was then given by dividing
the FISH result with the DAPI count.

At the same time, the DAPI high-concentration staining
method described in a previous study (Wong et al., 2005)
was used to determine the abundance of poly-P granules
in the activated sludge. Cells were fixed onto a glass slide,
stained with a freshly prepared DAPI solution (50 µg/mL)
at room temperature for 10 min, rinsed thoroughly with
water, and then air-dried. Observation of poly-P particles
was performed using the same method as FISH. The ratio
of poly-P particles was then given by dividing the DAPI
high-concentration staining result with the DAPI count
obtained during FISH analysis.

1.3 Activated sludge model

The full-scale plant mathematic model was constructed
by AQUASIM software (EAWAG, license number: 251)
based on ASM2d (Henze et al., 2000). Whole biologi-
cal tanks were considered as CSTR, while the settling
compartment was set as an ideal location for solid-liquid
separation without biochemical reaction. ASM2d without
chemical precipitation of phosphate was employed to mod-
el the biochemical reactions in both systems. Sensitivity
analysis was used for parameters estimation.

The effluent from the aerated grit chamber was analyzed
according to the standard Dutch STOWA guidelines for

wastewater characterization (Roeleveld and van Loos-
drecht, 2002). The soluble COD fraction was measured
after flocculation with Zn(OH)2 and filtration with a 0.45
µm filter membrane (Millipore, USA) as recommended in
the STOWA protocol. The weekly measured total COD
was fractionated into model components as shown in Table
2.

2 Results and discussion

2.1 Long term performance of the two systems

The average soluble COD, TN and phosphate in the
effluents of the inverted and conventional A2/O systems
in 2007–2008 were (42.7 ± 8.3) and (41.5 ± 7.91) mg/L,
(21.7 ± 4.3) N and (16.5 ± 3.5) N mg/L, (0.2 ± 0.3) and
(0.7 ± 0.7) PO4

3−-P mg/L, respectively. The two systems
showed similar COD removal performance, but different
TN and phosphorus removals. The above data were in
accordance with previous lab-scale studies (Zhou, 2001;
Wang, 2008).

The water quality parameters during February to July,
2009 are shown in Table 3. The average soluble COD in the
effluent of the inverted A2/O systems was higher than the
conventional system, which was due to the accumulation
of NO2

−-N in the inverted system. Considering the oxygen
demand of NO2

−-N, the calibrated COD removal perfor-
mances of two systems were 89% and 92%, respectively,
which was in accordance with the result of 2007–2008.
P removal performance of each system was not inhibited
by the nitrite accumulation during the sampling period
with the maximum concentration 12 mg/L, in accordance
with phenomena reported in a previous study (Zeng et
al., 2011). Again, the inverted system exhibited better
phosphorus removal performance (0.29 ± 0.25 vs. 0.71 ±
0.64 mg/L).

2.2 P release and uptake behaviours

Variations of P concentrations along the reactor lengths
were determined from February to July, 2009, and the
results are shown in Fig. 2. Because the two systems are
different in sizes, the length percentage (the ratio of the
distance between the inlet and the sampling point to the
total length of the system) was used to represent the reactor
length.

As shown in Fig. 2, the P release occurred in the anoxic
compartment (average, (21.9 ± 8.2) P mg/L), and contin-
ued in the anaerobic one (average, (20.2 ± 9.1) P mg/L)
of the inverted A2/O system taking into consideration the
dilution ratios in the two reactors (dilution ratio: 1.3 in the
anoxic compartment and 2.0 in the anaerobic one). Then
the P uptake occurred along the aerobic compartment.
On the other hand, the P release occurred mainly in the
anaerobic compartment in the conventional system, with a
P concentration of (19.02 ± 0.96) P mg/L. The P concen-
tration in the anoxic unit was almost constant at (4.61 ±
0.96) P mg/L, which was lower than that in the anaerobic
compartment taking into consideration the dilution factor
of 2.5. Thus the P release stopped in this reactor. Therefore
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P release occurred in the whole non-aeration compartment
(3 hr) of the inverted A2/O system, but only occurred in
the anaerobic compartment (1.5 hr) of the conventional
one. This might have led to the difference of the P release
rate (the P release amount in a day divided by the amount
of activated sludge) of the two systems (0.79 and 0.60
kg P/(kg MLSS·day) for the inverted and conventional
systems, respectively). Thus the inverted system exhibited
better phosphorus removal performance because of the
higher P release rate of activated sludge in the system (Lie
et al., 1997; Thomas et al., 2003; Oehmen et al., 2007).

During the sampling period, the COD consumption in
the anoxic and anaerobic compartments of the inverted sys-
tem was 2000 and 7000 kg/day, respectively, while in the
conventional system, the COD consumption in the anoxic
and anaerobic compartments was 7000 and 4000 kg/day,
respectively. It is clear that the anaerobic compartment in
the inverted system consumed much higher COD, which

might be an important reason for the more efficient P
release.

It has been reported that the P release depends on nitrate
concentrations (Simpkins and McLaren, 1978; Hascoet
and Florentz, 1985). To compare the influence of nitrate
and nitrite (NOx-N) on P release in the two systems, the
P and NOx-N concentrations in the non-aerated compart-
ments were analyzed, and their relationship is shown in
Fig. 3 and Table 4. The NOx-N and P concentrations

Table 4 Slope, correlation coefficient and relevance of P- NOx-N in
each compartment

Unit Statistical Slope, k Correlation
significance coefficient, r

I-Ano P < 0.05 –5.6 –0.84
I-Ana P < 0.05 –4.8 –0.69
C-Ano P < 0.05 –0.4 –0.48
C-Ana P < 0.05 –1.1 –0.88
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had high relevancies in both anaerobic and anoxic com-
partments of the inverted system (rI-ano, rI-ana > 0.8), and
the impacts of NOx-N on P release were significant as
indicated by the high k values (kI-ano = –5.6, kI-ana = –
4.8), suggesting that the denitrification in the anoxic unit
is important. In the conventional system, however, high
relevance (rC-ana > 0.8) was still observed between NOx-
N and P, while the impact of NOx-N on P release was less
significant (kC-ana = –1.1) in the anaerobic compartment.
The low relevance between NOx-N and P in the anoxic
compartment was because P release stopped in this com-
partment. Thus it is clear that the impact of NOx-N on P
release was more significant in the inverted system.

2.3 Abundance of PAOs and intercellular poly-P gran-
ules

The different responses of activated sludge to NOx-N
concentration changes in the aspect of P release suggested
that the PAOs populations might be quite different in
the two systems. The dominant Rhodocyclus species of
PAOs, namely ‘Candidatus Accumulibacter phosphatis’,
were quantified by FISH using PAO mix as the probe. The
average ratios of PAOs to total microbes (DAPI stained
particles) were (19.1 ± 3.27)% and (18.4 ± 4.15)%, re-
spectively, for the inverted and conventional A2/O systems,
showing that the abundances of the Candidatus Accu-
mulibacter phosphatis population in the two systems were
quite similar and in accordance with previously reported
data (Saito et al., 2004). However, other PAO populations
might co-exist with ‘Candidatus Accumulibacter phos-
phatis’ (Hesselmann et al., 1997; Liu et al., 2001). The
high-concentration DAPI staining method has been used

to quantify the intercellular poly-P granules, i.e., bacteria
accumulating phosphate in the cells as poly-P granules
in the aerobic compartments (Kawaharasaki et al., 1999,
2002). The average ratios of the poly-P granules in the
aerobic ends to total microbes (DAPI stained particles)
were (45 ± 4.18)% and (35 ± 5.39)%, respectively, for the
inverted and conventional A2/O systems, showing that the
difference of the ratios of poly-P granule to DAPI positive
cell in the two processes was statistically significant (p <
0.05). The above results indicated: (1) PAO populations
other than ‘Candidatus Accumulibacter phosphatis’ exist-
ed extensively in the two systems; (2) the inverted system
possessed more abundant PAO populations. Thus it is pos-
sible that the special configuration of the inverted system
permitted more abundant PAO populations, resulting in
better P removal performance.

2.4 Modeling of the two systems

The phosphorus removal performance of the two systems
in July 2009 was simulated by employing ASM2d (Henze
et al., 1999), and the results are shown in Fig. 4. The
parameter values estimated by the model were validated
with the analytical data. Key factors were sought by
sensitivity analysis.

Stable simulation was performed first for a period of at
least 3 times SRTs for the initial calibration of kinetic and
stoichiometric parameters with pre-months average data.
The calibrated values of the parameters were then used as
defaults for the following dynamic simulation (Fig. S3a,
S4a).

Sensitivity analysis using AQUASIM software showed
that the most sensitive parameters for phosphorus removal
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were polyhydroxyalkanoates (PHA) storage rate constants
(qPHA) and poly-P storage rate constants (qPP) (shown in
Fig. S2). Therefore these two parameters were calibrated
using the measured data, while the other parameters were
employed as default values (Brun et al., 1997; Gernaey
et al., 2004). It is well known that qPHA and qPP, deter-
mining the P release and uptake behaviours, respectively,
could be acquired via ASM calculation (van Veldhuizen
et al., 1999). Figure 4a1 and b1 show that the simulated
results could capture variations of daily measured effluent
P concentrations. Based on the agreement between the
simulated P concentrations and the measured data, the
values of qPHA for the inverted and conventional A2/O
systems were calibrated to be 6.19 and 4.13 g XPHA/(g
XPAO·day), respectively, and the values of qPP were 2.22
g XPP/(g XPAO·day) and 1.54g XPP/(g XPAO·day); these
values were in accordance with the previous studies (6
to 3 g XPHA/(g XPAO·day) for qPHA and 3 to 1.5 g XPP/(g
XPAO·day) for qPP; Smolders et al., 1994; Rieger et al.,
2001). The values of qPHA and qPP in the inverted system
were much higher than those in the conventional system,
which might be related to the higher PAO abundance.

The P and NOx-N concentrations in the non-aerated
compartments in the inverted and conventional A2/O sys-

tems were simulated continuously as shown in Fig. 4
a2 and b2, respectively. It is clear that the P release
behaviour responded sensitively to the variations of NOx-
N concentration in the inverted system, particularly when
the NOx-N concentration was over 3 mg N/L. For the
conventional system, on the other hand, the response of
P release to the variations of NOx-N concentration was
not so significant, and the P release began to be affected
to some extent only when the NOx-N concentration was
over 6 mg N/L. Thus the simulated results also supported
the hypothesis that the PAO populations in the inverted
system were more sensitive to the fluctuations of the NOx-
N concentrations as we observed in Section 2.2. In addition
to the difference in PAO abundances, the difference in
PAO populations may have also contributed to the different
phosphorus removal performance, which requires further
experimental proof.

3 Conclusions

The phosphorus removal performance of a full-scale in-
verted and a conventional A2/O system receiving the same
municipal wastewater was compared using both opera-
tional data and simulated results, and the inverted system
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exhibited better phosphorus removal performance. By can-
celing the internal recycle and reversing the positions of the
anaerobic and anoxic compartments, the inverted system
retained more abundant PAO populations, which permitted
efficient P release.
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Appendix A. Supplementary data

a b

Fig. S1 FISH and High concentration DAPI staining images; (a) in situ hybridization of activated sludge samples with probes PAOmix;
(b) polyphosphate (DAPI) staining images of activated sludge sample taken from end of aerobic unit.
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Fig. S2 sensitive analysis for P removal procedure based on AQUASIM.

Table S1 Multi regression analysis for factors in P removal procedure of inverted and conventional A2/O processes during 3 years monitoring

Factor Inverted A2/O Conventional A2/O

BOD5in / /

CODin / /

TNin –0.13 –0.26
TPin / /

B/C / /

C/N / /

C/P / /

DO / /

SRT / /

Sludge Reflux ratio / /
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