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� Stable partial nitrification was achieved by controlling aeration time at 2.5 h.
� PHB can be used as a proper carbon source for post-anoxic denitrification.
� The faster growth rate of AOB than NOB was the main reason for achieving nitrite accumulation.
� The secondary SOP release was negligible at low ammonia loading.
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a b s t r a c t

Recently, it was found that excess phosphorus removal could be induced by aerobic/extended-idle
regime. In this study, an anoxic period was introduced after the aeration to realize simultaneous nitrogen
and phosphorus removal. The results demonstrated that stable partial nitrification could be achieved by
controlling the aeration duration at 2.5 h because it could not only obtain a desirable ammonia oxidation
to nitrite but also avoid the extensive aeration converting nitrite to nitrate, and moreover, the accumu-
lated poly-3-hydroxybutyrate still remain in a relative sufficient concentration (1.5 mmol C g�1 VSS),
which could subsequently served as internal carbon source for post-anoxic denitrification. The nitrite
accumulation ratio was observed to have relatively high correlation with biological nutrient removal.
Over stages with stable high-level nitrite accumulation, the process achieved desirable and stable nitro-
gen and phosphorus removal efficiencies averaging 95% and 99% respectively. Fluorescence in situ
hybridization analysis showed that the faster growth rate of the ammonia oxidizing bacteria than the
nitrite oxidizing bacteria was the main reason for achieving nitrite accumulation. In addition, the second-
ary phosphorus release was negligible and the process maintained excellent nutrient removal under low
influent ammonia nitrogen.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Excess N and P have long been viewed as major factors causing
eutrophication. As to N removal, almost all wastewater treatment
plants worldwide achieve N removal by alternately exposing a pop-
ulation of bacteria that includes both nitrifiers and denitrifiers to
oxic conditions for nitrification and anoxic conditions for denitrifi-
cation (Lee et al., 2010). With respect to P removal, enhanced bio-
logical phosphorus removal (EBPR) processes which are
conventionally conducted by alternating anaerobic and aerobic
conditions and exploited the ability of certain microorganisms to

accumulate P in excess of metabolic requirement and to store it
as the intracellular biopolymer polyphosphate (poly-P), are widely
applied for real wastewater treatment (Chen et al., 2004; Mullan
et al., 2006). In order to achieve simultaneous N and P removal,
some wastewater treatment processes such as anaerobic/anoxic/
aerobic process have been developed. The EBPR systems with cyclic
changes of anaerobic and aerobic (and/or anoxic) conditions have
an economical advantage of lower sludge production and less use
of chemicals, and play an increasingly important role in controlling
eutrophication from all over the world (Oehmen et al., 2007).

However, there exist some contradictions which limit system
efficiency. First of all, the circulating nitrate was reported as an
inhibiting factor to anaerobic P release and could lead to reduced
efficiency of biological P removal (BPR) (Barker and Dold, 1996).
Secondly, the enrichment of nitrifying bacteria needs relatively
long sludge retention time (SRT) and exerts negative influence on
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P removal because only relatively short SRT can lead to desirable
EBPR performance (van Loosdrecht et al., 1998). On the other hand,
denitrifying bacteria tend to compete with phosphate accumulat-
ing organisms (PAOs) for the limited dissolved oxygen (DO) in
low strength wastewater (Ahn et al., 2002).

Fortunately, it is possible to circumvent limits exerted by tradi-
tional simultaneous N and P removal theories. Dirck et al. (2001)
and Carucci et al. (2001) mentioned that since the bacteria encoun-
ter external substrates feast and famine periods. The regime can in-
duce the bacteria to store external substrates as internal storage
compounds in the feast period which hereby can take up available
substrate very fast and utilize it to gain a more balanced growth.
Studies on sequencing batch reactor (SBR) process for wastewater
treatment have shown that the build-up of internal electron do-
nors as storage compounds is of great importance for N removal
(van Loosdrecht et al., 1997; Beun et al., 2000; Third et al., 2003).
Therefore, storage compounds can be served as internal carbon
sources for post-anoxic denitrification. Although the endogenous
denitrification efficiency is low due to the limited carbon sources
(Vocks et al., 2005), the limited internal carbon sources can be used
to satisfy the need of denitrification via nitrite. In comparison to
the conventional nitrate pathway, the nitrite pathway not only im-
proved the total nitrogen (TN) removal by about 20% but also re-
duced aeration costs by 24% (Ma et al., 2009). Reports of stable
nitritation processes from activated sludge have appeared fre-
quently in the literatures and several process parameters, includ-
ing DO concentration, temperature, SRT and aeration pattern,
have been found to inhibit or wash out nitrite oxidizing bacteria
(NOB) selectively to achieve sustainable partial nitrification to ni-
trite (Pollice et al., 2002; Ruiz et al., 2003). However, reliable termi-
nation of nitrification at nitrite (nitritation) has been proved
difficult in the treatment of domestic wastewater, and controlling
duration of aeration seems to be an ideal option for stable partial
nitrification (Blackburne et al., 2008; Guo et al., 2009).

Recently, it has been reported that BPR could be achieved with-
out specific anaerobic phase in activated sludge system if the idle
period is extended properly (Wang et al., 2008, 2012). Though
BPR can be well achieved during the aerobic period of aerobic/ex-
tended-idle regime, the system’s denitrification capacity was com-
paratively weak and the TN removal efficiency was low. Therefore,
an anoxic period is needed after the aerobic phase to realize thor-
ough denitrification. The aim of this paper is to develop a process
combining BPR with denitrification via nitrite driven by storage
compounds to achieve simultaneous N and P removal. In this re-
spect, an anoxic period is performed after the aerobic phase to real-
ize thorough denitrification, and aeration duration control was
used to realize sustainable partial nitrification to nitrite. The nitrite
accumulation ratio and the ammonia oxidizing bacteria (AOB) and
NOB population sizes were monitored. The impact of the nitrite
accumulation ratio on P and N removal performance was assessed.
Additionally, the mechanism of achieving nitrite accumulation was
also discussed.

2. Materials and methods

2.1. Sequencing batch reactor operation

Seed sludge was inoculated into a SBR with a working volume of
42 L. Each cycle consisted of approximately 240 min aerobic peri-
od, 150 min anoxic period, 28 min settling, 2 min decanting, and
60 min idle periods. 30 L supernatant was discharged at the end
of settling phase, and 30 L refresh wastewater was introduced dur-
ing the first 2 min of aerobic period. The DO was supplied by an air
compressor through an air diffuser inside the reactor during aero-
bic period and a magnetic stirrer was used to attain sound liquid

mixing during anoxic phase. Temperature inside the reactor was
maintained at 23 ± 3 �C with a thermostatic heater and pH was
kept about 7.0. The SRT was maintained at approximately 10 d
by withdrawing the sludge at the end of the anoxic period.

2.2. Wastewater and sludge

The wastewater was collected from septic tank effluent in a lo-
cal residential district. It was characterized by 260–350 mg L�1

COD, 20–30 mg L�1 NHþ4 ; 8–12 mg L�1 PO3�
4 : In addition, the waste-

water had typical volatile fatty acid contents of 90–160 mg L�1

acetic acid, 80–120 mg L�1 propionic acid and a few other acids.
Its pH level was about 7.0.

The seed sludge was obtained from the first wastewater treat-
ment plant in Changsha, PR China. The initial concentration of
mixed liquor suspended solids (MLSS) was about 4000 mg L�1.

2.3. Experiment plans and operational conditions

To understand more clearly how the aeration duration affected
N removal and to determine an appropriate aeration time that not
only contribute to partial nitrification but also accumulate enough
concentration of internal storage compounds, the experiments on
the achievement, destruction and recurrence of the nitrite pathway
were performed in seven stages. The duration of aeration was
shortened from the normal 4 to 2.5 h over the first three stages,
and was further shortened to 1.5 h during Stage IV and V. Then
in Stage VI, the aeration duration was return to 2.5 h. The varia-
tions of aeration duration along with the seven phases are summa-
rized in Table 1. During the whole experimental period, anoxic
time was maintained at 2.5 h and each cycle was kept at 8 h. The
idle time was correspondingly extended along with the decease
of the aeration time.

2.4. Batch experiment

To examine the secondary P release during anoxic period under
low influent NHþ4 ; batch experimental was conducted in three
identical reactors with working volumes of 2 L each. Seed sludge
was taken from the parent SBR at the end of the anoxic phase
but before settling. Three types of synthetic medium were added
to the 3 reactors, all of the medium contained 300 mg L�1 COD
(acetate) and 10 mg L�1 PO3�

4 ; while NHþ4 in the reactors were 15,
25 and 40 mg L�1, respectively. The duration of aeration in batch
experimental was maintained at 1.5 h.

2.5. Analytical methods

Sludge samples from the reactors were immediately filtered
through a Whatmann GF/C glass microfiber filter (1.2 lm). The fil-
trate was analyzed for total phosphorus (TP), dissolved organic car-
bon (DOC), TN, NHþ4 ; NO�2 ; NO�3 and the filter was assayed for MLSS,
mix liquor volatile suspended solids (MLVSS), poly-3-hydroxybu-
tyrate (PHB) and sludge TN content.

TN, NHþ4 ;NO�2 ;NO�3 ; soluble orthophosphate (SOP), MLSS and
MLVSS were measured according to Standard methods (APHA,
1998). DO was measured by WTW Oxi 3210 SET 3 with DO probes
(WTW company, Germany). DOC was determined by using a TOC
analyzer (Shimadzu TOC-500, Japan) after membrane filtration
(0.45 mm cellulose nitrate filter). In addition, Energy Dispersive
Spectrometer (EDS, QUANTA 200, USA) has also been used to deter-
mine nitrogen content of dried activated sludge. 10 mL of activated
sludge has been collected for freeze drying over 24 h and the sam-
ples were tested by EDS afterwards.

PHB was measured according to Oehmen et al. (2005) in a GC
system operated with a Hewlett Packard 5890 column (30 m
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length � 0.53 mm id � 1.00 lm film). Fluorescence in situ hybrid-
isation (FISH) detailed in Ma et al. (2009) was used to analyze
the microbial composition of the sludge during the steady state
operation. Sludge samples taken from the aerobic period at various
times were analyzed by FISH for both AOB and NOB. FISH quanti-
fication was performed by Image-pro plus 7.0 Software, the rela-
tive abundance of interested bacteria was determined as the
mean percentage of all bacteria.

3. Results and discussion

3.1. Achievement, destruction and recurrence of the nitrite pathway

Fig. 1a shows the profiles of influent and effluent NHþ4 ; and
effluent NO�2 and NO�3 concentration during the long-term opera-
tion. Fig. 1b demonstrates the nitrite accumulation ratio (the ratio
of nitrite to the sum of nitrate and nitrite), NOB population size,
sludge volume index (SVI) and aeration time during the whole
experimental period. Fig. 1c shows the profiles of NHþ4 ; TN and
SOP removal efficiencies during the entire course of the experi-
mental study.

In Stage I, when the aeration time was controlled at 4 h, the
effluent NHþ4 concentration was as high as 10 mg L�1, the nitrite
accumulation ratio was just 11% and the NOB population was
about 2.8%. During this stage, the accumulation of nitrite was less
than that of nitrate. Then in Stage II, the aeration time was adjusted
to 3.5 h, the nitrite accumulation ratio gradually increased to 23%
at day 50, 3% higher than the nitrate accumulation ratio. In the
meantime, the NOB population reduced to 2.1% at the end of Stage
II. During Stage III, the aeration time was further shorten to 3 h, at
day 120 the nitrite accumulation ratio was increased to 30% and
the NOB population was reduced to 1.4%.

During Stage IV, the aeration time was reduced to 2.5 h, nitrite
accumulation ratio increased slowly from the initial 30% to approx-
imately 66% in the first 20 d (2 SRTs), and then increased rapidly
reaching over 90% on day 140 and stabilized at an average value
of 97% subsequently. The NOB population reduced to 0.8% at day
140, and further reduced to 0.4% at the end of Stage IV. As shown
in Fig. 1b, the NOB population decreased from 2.8% to 0.3% from
day 1 to 140.

The aeration time was gradually decreased to 1.5 h during day
181–240. Nitrite accumulation ratio maintained at above 60% in
the first 10 d, and then gradually decreased to about 5% in the fol-
lowing 50 d. The corresponding NOB population increased from
0.2% (day 180) to 2.8% by the end of Stage V.

To resume high nitrite accumulation, the aeration time was re-
sumed to 2.5 h during day 241–300. As shown in Fig. 1b, nitrite
accumulation ratio maintained at 15–30% in the first 20 d (2 SRTs)
before rapidly increased to above 90%, confirming the lag phase in
Stage IV.

The experimental results demonstrated that N removal via ni-
trite can be achieved in activated sludge system by controlling
the aeration time at 2.5 h. Under the above aeration duration, the
nitrite pathway can be established in 2 SRTs through the elimina-
tion or substantial reduction of the NOB population. The nitrite
pathway can be destructed by applying duration of aeration more
than 3.5 h or less than 1.5 h, and 2 SRTs is required for the recur-
rence of the nitrate pathway.

3.2. Impact of nitrite accumulation on nutrient removal performance

A summary of the performance parameters in the reactor dur-
ing Stage IV is shown in Table 2. As shown in Table 2, over stages
with stable high-level nitrite accumulation, the average NHþ4 re-
moval efficiency was over 95% under the influent N load of
0.067 ± 0.015 g NHþ4 g�1 VSS d�1. The effluent NHþ4 concentration
was lower than 1 mg L�1, and for the end of stages IV and VI lower
than 0.5 mg L�1.

Fig. 1 shows a clear correlation between the nitrite accumula-
tion ratio and the TN removal efficiency. The TN removal efficiency
in aerobic period increased with the increase of the nitrite accumu-
lation ratio. During Stage IV, the TN removal efficiency increased
from 77% to 83% when nitrite accumulation ratio rose from 61%
to 96%, representing a relative increase of 6%. During Stage IV
and VII, when the level of nitrite accumulation ratio was the high-
est, so was the TN removal efficiency. In contrast, in Stage VI when
the nitrite pathway was destructed, the worst N removal was de-
tected despite a similar wastewater composition. This clearly dem-
onstrates the benefits of the nitrite pathway in enhancing the N
removal performance.

In addition, the nitrite accumulation ratio was also associated
with SOP removal. This treatment process without anaerobic phase
which was necessary for EBPR could achieve a desirable SOP re-
moval. As shown in Fig. 1 and Table 2, during high-level nitrite
accumulation stages, the SOP removal efficiency was maintained
over 99%. The effluent SOP concentration maintained at low level
(lower than 0.5 mg L�1) under an influent SOP concentration of
10 ± 2 mg L�1. When nitrite accumulation ratio decreased quickly
in Stage V and VII, the SOP removal efficiency was correspondingly
decreased from 99% to 75%. The performance of SOP removal final-
ly deteriorated with the decrease of nitrite accumulation ratio.

The concentration variations of SOP, NHþ4 ;NO�2 ;NO�3 ; PHB, Gly-
cogen, DO and DOC in a cycle of Stage I (a, b), IV (c, d) and VI (e,
f) are illustrated in Fig. 2. As shown in Fig. 2c, SOP concentration
rose to 30 mg L�1 rapidly during the first 15 min of the operation,
indicating that the start-up of the aerobic zone might serve as
anaerobic phase because during this period the DO level remained
very low. These results were consistent with those gained by Wang
et al. (2012). Moreover, most of the SOP was removed along with
the accumulation of N, and SOP concentration decreased from 30
to 0.4 mg L�1 from 15 to 300 min.

The possible approach of SOP removal was similar to the re-
moval of organic matters and part of N. During the extended-idle
period, when external substrates were no longer available, poly-P
and PHB became the main energy sources for the subsistence of
microorganisms. Therefore, in the feast period, after experiencing
the famine period, microorganisms excessively took up SOP into
cells and transformed it to poly-P. Therefore, SOP concentration
rapidly decreased after a moderate rise at the beginning of the cy-
cle and finally maintained a low level at the end of the anoxic per-
iod. The gradual decrease of SOP concentration in the anoxic period
was partly attribute to the SOP required for the growth of microor-
ganisms but mainly due to denitrifying phosphorus removal,
which occurs due to the capacity of PAOs to use nitrate and/or ni-
trite as an electron acceptor for SOP removal instead of oxygen un-
der anoxic conditions (Oehmen et al., 2007). This indicated that the
degree of denitrification decided SOP removal in anoxic period and
further affected SOP removal efficiency of the system.

Table 1
Experiment plans and operational conditions.

Parameter Stage I Stage II Stage III Stage IV Stage V Stage VI Stage VII

Time (d) 1–60 61–90 91–120 121–180 181–210 211–240 241–300
Aeration time (h) 4 3.5 3 2.5 2 1.5 2.5

H.-b. Chen et al. / Chemosphere 92 (2013) 1349–1355 1351
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3.3. Nitrogen removal via nitrite pathway

3.3.1. The partial nitrification achieved by controlling aeration
duration

The nitrite accumulation under low DO condition is usually ex-
plained by the difference in oxygen saturation constant between
AOB and NOB (Ma et al., 2009). The oxygen saturation constant
values of AOB and NOB are 0.03 and 0.4 mg L�1, respectively
according to Blackburne et al. (2008). In other words, the

oxygen-binding capacity of NOB is weaker than that of AOB, and
oxygen limitation therefore influences the activity of NOB more
enormously than that of AOB.

It is observed from Table 3 that at the beginning of the Stage I,
the community structure of the activated sludge was that the num-
ber of NOB was nearly equal to that of AOB. However, 140 d later,
AOB became dominant bacteria, while the number of NOB gradu-
ally decreased. Additionally, on the 180th d, NOB had been almost
washed out from the system.
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Fig. 2 shows a strong dependency of the nitrite accumulation on
aeration duration. As shown in Fig. 2d, DO inside the reactor expe-
rienced a rapid decline in the initial 15 min (from 3.6 to
0.75 mg L�1) and then rose gradually to 3.7 mg L�1 during the
remainder of the aerobic period.

According to Guo et al. (2009), partial nitrification could be
achieved by controlling aeration duration, which avoided the
extensive aeration converting nitrite to nitrate. In this study,
partial nitrification was achieved when aeration duration was con-
trolled at 2.5 h because it fully met the requirement for achieving a
desirable ammonia oxidation rate while accumulating nitrite other
than nitrate. The results presented in Fig. 2 show that nitrite
accumulation occurred mainly from 60 to 150 min, while nitrate

Table 2
Summary of the performance parameters in the reactor during Stage IV.

Item Max Min Average

N influent concentration (mg L�1) 41 38 40
N effluent concentration (mg L�1) 1.5 0.3 0.6
N removal efficiency (%) 99 96 98
TN influent concentration (mg L�1) 49 41 45
TN effluent concentration (mg L�1) 3.0 0.9 1.4
TN removal efficiency (%) 84 77 81
SOP influent concentration (mg L�1) 12 8 10
SOP effluent concentration (mg L�1) 0.7 0.2 0.4
SOP removal efficiency (%) 99 98 99
MLSS (mg L�1) 4490 3785 4120
MLVSS (mg L�1) 3217 2796 2966
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accumulation was detected mainly during 30–60 min and after
150 min. The results suggest that in the initial 150 min (especially
from 60 to 150 min) AOB was the dominant bacteria and the activ-
ity of NOB was inhibited, but after 150 min aeration the activity of
NOB became more stronger than that of AOB and NOB turned into
the dominant bacteria. This means that aeration less than 2.5 h will
lead to an insufficiency ammonia oxidation, while the extensive
aeration exceeding this duration will convert the accumulated ni-
trite to nitrate. Therefore, the aeration duration of 2.5 h is the opti-
mum option because it could not only obtain a desirable ammonia
oxidation to nitrite but also avoid the extensive aeration convert-
ing nitrite to nitrate.

3.3.2. Storage compounds driving denitrification via nitrite
As shown in Fig. 2a, in Stage I almost all NHþ4 and SOP were re-

moved. SOP concentration decreased from 12 to 0.4 mg L�1. By the
end of the aerobic period (240 min), PHB declined to a low concen-
tration (0.8 mmol C g�1 VSS), while glycogen maintained a high le-
vel (3.78 mmol C g�1 VSS). Due to the low PHB concentration, nitrite
and nitrate accumulated during aeration time could not be largely
denitrificated despite the high glycogen level. Besides, it was ob-
served from Fig. 2a that the extensive aeration gradually converted

nitrite to nitrate after 150 min aeration, and nitrate increased by
more than 5.5 mg L�1 while nitrite decreased from 8.1 to 2.3 mg L�1

at the end of the aerobic period, which implies that partial nitrifica-
tion could not be achieved through 240 min aeration.

The concentration variations of SOP, NHþ4 ;NO�2 ;NO�3 ; PHB, gly-
cogen, DO and DOC during a cycle in Stage IV were illustrated in
Fig. 2c and d. It was observed that by the end of the aerobic phase,
about 98% of NHþ4 was depleted, and a considerable nitrite accumu-
lation (4.2 mg L�1) and a relatively small accumulation of nitrate
(1.8 mg L�1) were detected. Along with the consumption of DO
and DOC, PHB was rapidly accumulated during the first 30 min
(feast period) of the operation, and gradual decrease afterwards
accompanied with the nitrification and denitrification. About
0.66 mmol C g�1 VSS PHB was consumed in the anoxic phase, while
just a little glycogen consumption was detected. Dirck et al. (2001),
Carucci et al. (2001) and Carta et al. (2001) reported the similar
phenomenon that acetate was consumed fast at the beginning of
the process and simultaneously stored as internal storage com-
pounds. During the anoxic phase, the concentration of PHB contin-
ued decreasing to the initial level by the end of this process, and
correspondingly nitrate and nitrite were almost completely re-
moved. This phenomenon indicated that PHB driven denitrification
of nitrate and nitrite.

It was observed from Fig. 2e that in the aerobic period, with the
decrease of NHþ4 , nitrite increased by 2.2 mg L�1 and nitrate
slightly increase to 1.5 mg L�1. Along with the rapid consumption
of DOC during the first 30 min, PHB reached its peak value of
2.66 mmol C g�1 VSS and then declined. After 90 min aeration,
PHB still remained relatively high level of 1.75 mmol C g�1 VSS.
In anoxic zone, nitrite and nitrate accumulated during aeration
phase were largely removed which justified that this PHB concen-
tration was desirable for the treatment process. Fig. 2e shows that
at the end of the aeration phase, the concentrations of SOP and
NHþ4 were 6.1 and 6.8 mg L�1 respectively, suggesting that aeration
time was not long enough for nutrient removal. Therefore, the
operational procedure of Stage VI was proven to be inappropriate
for nitrite accumulation.

Table 3
Shift of nitrifying bacterial community structure in the reactor.

Time (day) AOB (%)
(probe-NSO1225)

NOB (%)

Nitrobacter
(probe-NIT3)

Nitrospira
(probe-NTSPA662)

Seed inoculum 2.9 ± 0.4 0.9 ± 0.3 1.9 ± 0.4
58 3.3 ± 0.6 0.7 ± 0.2 2.2 ± 0.4
100 4.1 ± 1.1 <0.5 1.6 ± 0.3
116 5.7 ± 1.3 N.D 1.1 ± 0.2
180 6.7 ± 1.6 N.D <0.5
206 5.8 ± 1.4 N.D <0.5
240 1.2 ± 0.3 1.0 ± 0.3 2.6 ± 0.5
298 3.8 ± 0.7 N.D <0.5

N.D: No detect.
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Aeration time is a key factor in controlling this treatment pro-
cess. The criterion for an applicable aeration time was that it
should not only maintain partial nitrification but also help bacte-
rial to remain desirable PHB concentration. 2.5 h of aeration is an
appropriate duration for the process because when the system
achieved an almost complete ammonia oxidization, the accumu-
lated PHB still remain in a relative sufficient concentration
(1.5 mmol C g�1 VSS), which could subsequently served as an
internal carbon source for denitrification via nitrite.

3.3.3. Nutrient removal under low ammonia nitrogen concentration
The influent NHþ4 concentration is particularly important to

post-anoxic processes because it determines anoxic nitrite and ni-
trate availability. Low influent NHþ4 can lead to the untimely deple-
tion of nitrate during anoxic period and then cause secondary P
release (Barnard et al., 1998).

Fig. 3 illustrates the concentration profiles of NO�3 , NO�2 ; NHþ4 ;
SOP in a cycle under different influent NHþ4 concentration (15, 25
and 40 mg L�1, respectively). As presented in Fig. 3, the process
maintained excellent TN and SOP removal even under low influent
NHþ4 (15 mg L�1), the TN and SOP removal efficiencies were 95%
and 97%, respectively. The accumulations of nitrite and nitrate both
experienced the ultimate value at 180 min (30 min after the anoxic
phase was began) and then gradually decreased to the initial level.
Though incomplete aerobic SOP uptake was observed, denitrifying
P removal in the anoxic period was detected. The secondary SOP
release during the idle period was negligible because nitrate was
denitrified along with the time and no untimely depletion of ni-
trate was happened. It was noted that the denitrification was end
at the same time despite of the difference of nitrite and nitrate
accumulation. Therefore, by controlling aeration time at 2.5 h can
not only achieve thoroughgoing denitrification but also avoid the
secondary SOP release.

4. Conclusions

Post-anoxic denitrification via nitrite driven by storage com-
pounds (PHB) was successfully achieved in a SBR operated as aer-
obic/anoxic/extended-idle regime by controlling aeration time at
2.5 h. The aeration duration of 2.5 h could not only obtain a desir-
able ammonia oxidation to nitrite but also avoid the extensive aer-
ation converting nitrite to nitrate. The results indicated that this
treatment process could achieve desirable and stable TN and SOP
removal efficiencies averaging 95% and 99% respectively. Microbial
analysis demonstrated that the nitrite pathway is established
through the substantial reduction of the NOB population in the
system. In addition, the process maintained excellent nutrient re-
moval even under low influent ammonia nitrogen of 15 mg L�1.

Acknowledgements

This material is based upon work supported by the project of
National Natural Science Foundation of China (NSFC) (Nos.
51078128 and 51278175) and International Science & Technology
Cooperation Program of China (No. 2012DFB30030-03).

References

Ahn, J., Daidou, T., Tsuneda, S., Hirata, A., 2002. Characterization of denitrifying
phosphate-accumulating organisms cultivated under different electron
acceptor conditions using polymerase chain reaction-denaturing gradient gel
electrophoresis assay. Water Res. 36, 403–412.

APHA (American Public Health Association), 1998. Standard Methods for the
Examination of Water and Wastewater, 20th ed. Washington, DC, USA.

Barker, P.S., Dold, P.L., 1996. Denitrification behaviour in biological excess
phosphorus removal activated sludge system. Water Res. 30, 769–780.

Barnard, J.L., Fothergill, S., 1998. Secondary phosphorus release in biological
phosphorus removal systems. In: WEFTEC Conference Proceedings, vol. 1,
Orlando, FL, USA, pp. 475–485.

Beun, J.J., Verhoef, E.V., van Loosdrecht, M.C.M., Heijnen, J.J., 2000. Stoichiometry
and kinetics of poly-b-hydroxybutyrate metabolism under denitrifying
conditions in activated sludge cultures. Biotechnol. Bioeng. 68, 496–507.

Blackburne, R., Yuan, Z.G., Keller, J., 2008. Demonstration of nitrogen removal via
nitrite in a sequencing batch reactor treating domestic wastewater. Water Res.
42, 2166–2176.

Carta, F., Beun, J.J., van Loosdrecht, M.C.M., Heijnen, J.J., 2001. Simultaneous storage
and degradation of PHB and glycogen in activated sludge cultures. Water Res.
35, 2693–2701.

Carucci, A., Dionisi, D., Majone, M., Rolle, E., Smurra, P., 2001. Aerobic storage by
activated sludge on real wastewater. Water Res. 35, 3833–3844.

Chen, Y., Randall, A.A., McCue, T., 2004. The efficiency of enhanced biological
phosphorus removal from real wastewater affected by different ratios of acetic
to propionic acid. Water Res. 38, 27–36.

Dirck, K., Henze, M., van Loosdrecht, M.C.M., Mosbaek, H., Aspegren, H., 2001.
Storage and degradation of poly-b-hydroxybutyrate in activated sludge under
aerobic conditions. Water Res. 35, 2277–2285.

Guo, J.H., Peng, Y.Z., Wang, S.Y., Zheng, Y.N., Huang, H.J., Ge, S.J., 2009. Effective and
robust partial nitrification to nitrite by real-time aeration duration control in an
SBR treating domestic wastewater. Process Biochem. 44, 979–985.

Lee, D.U., Woo, S.H., Svoronos, S., 2010. Influence of alternating oxic/anoxic
conditions on growth of denitrifying bacteria. Water Res. 44, 1819–1824.

Ma, Y., Peng, Y.Z., Wang, S.Y., Yuan, Z.G., Wang, X.L., 2009. Achieving nitrogen
removal via nitrite in a pilot-scale continuous pre-denitrification plant. Water
Res. 43, 563–572.

Mullan, A., McGrath, J.W., Adamson, T., Lrwin, S., Quinn, J.P., 2006. Pilot-scale
evaluation of the application of low pH-inducible polyphosphate accumulation
to the biological removal of phosphate from wastewaters. Environ. Sci. Technol.
40, 296–301.

Oehmen, A., Keller-Lehmann, B., Zeng, R.J., Yuan, Z.G., Keller, E., 2005. Optimisation
of poly-b-hydroxyalkanoate analysis using gas chromatography for enhanced
biological removal systems. J. Chromatogr. A 1070, 131–136.

Oehmen, A., Lemos, P.C., Carvalho, G., Yuan, Z.G., Keller, J., Blackall, L.L., Reis, M.A.M.,
2007. Advances in enhanced biological phosphorus removal: from micro to
macro scale. Water Res. 41, 2271–2300.

Pollice, A., Tandoi, V., Lestingi, C., 2002. Influence of aeration and sludge retention
time on ammonium oxidation to nitrite and nitrate. Water Res. 36, 2541–2546.

Ruiz, G., Jeison, D., Chamy, R., 2003. Nitrification with high nitrite accumulation for
the treatment of wastewater with high ammonia concentration. Water Res. 37,
1371–1377.

Third, K.A., Burnett, N., Cord-Ruwisch, R., 2003. Simultaneous nitrification and
denitrification using stored substrate (PHB) as the electron donor in an SBR.
Biotechnol. Bioeng. 83, 706–720.

van Loosdrecht, M.C.M., Pot, M.A., Heijnen, J.J., 1997. Importance of bacterial storage
polymers in bioprocesses. Water Sci. Technol. 35 (1), 41–47.

van Loosdrecht, M.C.M., Brandse, F.A., De Vries, A.C., 1998. Upgrading of wastewater
treatment processes for integrated nutrient removal – the BCFS process. Water
Sci. Technol. 37 (9), 209–217.

Vocks, M., Adam, C., Lesjean, B., Gnirss, R., Kraume, M., 2005. Enhanced post-
denitrification without addition of an external carbon source in membrane
bioreactors. Water Res. 39, 3360–3368.

Wang, D.B., Li, X.M., Yang, Q., Zeng, G.M., Liao, D.X., Zhang, J., 2008. Biological
phosphorus removal in sequencing batch reactor with single-stage oxic process.
Bioresour. Technol. 99, 5466–5473.

Wang, D.B., Li, X.M., Zheng, W., Wu, Y., Zeng, T.J., Zeng, G.M., 2012. Improved
biological phosphorus removal performance driven by the aerobic/extended-
idle regime with propionate as the sole carbon source. Water Res. 46, 3868–
3878.

H.-b. Chen et al. / Chemosphere 92 (2013) 1349–1355 1355


