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ABSTRACT

Fed with three different kinds of influent, i.e. sodium acetate-based synthetic wastewater,
synthetic wastewater with 10-mg L−1 Ca2+ ions, and raw domestic wastewater, respectively,
compact of different influent wastewater on aerobic granulation was investigated in three
sequencing batch reactors (corresponding to R1–R3) operating in an alternating anaerobic/
oxic/anoxic mode. As a result, denitrifying phosphorus removal granules with an average
diameter above 600 μm were successfully cultivated within 42 d when inoculated with
flocculent sludge. The granules showed some characteristics, e.g. low in moisture content,
high in specific gravity, and specific oxygen uptake rate. Reactors’ performance throughout
operation presented that effluent concentration of COD was always lower than 40-mg L−1;
TN, NHþ

4 -N, and TP was often lower than 1-mg L−1. In addition, cycle test displayed that
efficiencies of COD, NHþ

4 -N, TN, and TP removal in R1–R3 reached up to 90.25, 92.98,
92.96%; 99.29, 99.57, 91.70; 90.83, 92.80, 89.56%; 94.06, 96.76, 90.71%, respectively, the
maximal specific phosphorus release rate was 14.34, 8.32 and 2.32 mg P g MLVSS−1 h−1 in
R1–R3, respectively, and the maximal specific phosphorus uptake rate was
14.13 mg P g MLVSS−1 h−1 in R1 and 2.34 mg P g MLVSS−1 h−1 in R2, respectively.

Keywords: SBR; Granular sludge; Denitrifying phosphorus removal; Denitrifying phospho-
rus-accumulating organisms; A/O/A mode

1. Introduction

In conventional biological nutrient removal pro-
cesses, nitrogen is removed by aerobic nitrification
and anoxic denitrification [1], while phosphorus
removal is achieved by anaerobic phosphorus release
and aerobic phosphorus uptake under anaerobic/aero-
bic conditions [2]. Thus, simultaneous nitrogen and

phosphorus removal can be only accomplished by
cooperation of nitrifying and denitrifying bacteria,
polyphosphate-accumulating organisms (PAOs) [3,4].
However, both denitrification and phosphorus release
require organic carbon source, resulting in the com-
petition for organic carbon in influent [5,6]. Therefore,
the phosphorus removal rate often decreases when
organic carbon available is not enough [7].
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Denitrifying polyphosphate-accumulating organ-
isms (DNPAOs) are a group of micro-organisms
which can perform denitrification and phosphorus
removal simultaneously using the same carbon source
[8]. DNPAOs can take up external carbon substrates
and store them as polyhydroxyalkanoates in the cells
under anaerobic conditions, and use nitrate/nitrite
instead of oxygen as an electron acceptor to remove
phosphorus under anoxic conditions [9,10]. The cell
yield decreases by 20–30% for DNPAOs are 40% less
efficient in generating energy [11]. Therefore, the
utilization of DNPAOs offers many advantages in
simultaneous nitrogen and phosphorus removal
[12,13].

Aerobic sludge granules have been developed
widely for the following excellent attributes, regular,
smooth and nearly round in shape, excellent settleabil-
ity, dense and strong microbial structure, high bio-
mass retention, ability to withstand at high organic
loading, and tolerance to toxicity [14–17]. It’s been
reported that simultaneous nitrogen and phosphorus
removal can be obtained in the layered oxic/anoxic/
anaerobic conditions within granules due to the
limited oxygen penetration depth inside [11,14,16].

Denitrifying phosphorus removal sludge granules
have been reported cultivated in sequencing batch
reactor (SBR), and had a good performance in bio-
physical and chemical characteristics and nutrients’
removing capacities. [11,18,19].

In this work, three different kinds of wastewater—
normal synthetic wastewater, synthetic wastewater
with 10-mg L−1 Ca2+ ions, and domestic wastewater—
were fed into R1–R3 under anaerobic/oxic/anoxic
(A/O/A) mode to investigate effects of different
influent wastewater on the culture of denitrifying
phosphorus removal granules. Some biophysical and
chemical characteristics of obtained granules as well
as COD and nutrients’ removal performance during
the granulation process in R1–R3 were studied.
Mechanism of aerobic granulation was also discussed
to contribute to further studies of granulation of
denitrifying phosphorus removal sludge.

2. Materials and methods

2.1. Reactor operation

Investigation was carried out in three SBRs with a
relatively low height/diameter (D/H) of 6.3 and a
working volume of 7 L. 3.5 L of influent wastewater
was fed into each reactor at the start of every cycle.
The hydraulic retention time was 16 h. Air was

introduced by a fine-bubble pump fixed at the bottom
of each reactor. Stirring speed was set at 300 rpm. The
test was carried out at room temperature of 18–25˚C
during the operation. Dissolved oxygen (DO) was con-
trolled above 5-mg L−1 in the oxic phase. Influent pH
of synthetic wastewater was adjusted to 7–8, and was
6–8 in raw domestic wastewater without control.

R1–R3 were operated on a 8-h cycle, operation
time was changed by steps according to settleability
and reactors performance, in general, consisting of
5 min of feeding, 180 min of anaerobic phase,
180–140 min of oxic phase, 90–148 min of anoxic
phase, 20–2 min of settling time, and 5 min of effluent
discharge periods.

2.2. Inoculated sludge and feeding composition

Activated sludge inoculated to start up SBRs was
obtained from Shahu Wastewater Treatment Plant
operated with an A2O process configuration; therefore,
inoculated sludge had certain capacity to SNPR at the
beginning of start-up period. The collected seed
sludge was evenly inoculated into R1–R3 after one-
day acclimatization with normal synthetic wastewater.
The initial inoculated sludge in R1–R3 had a mixed
liquor suspended solids concentration of approxi-
mately 5,000 mg L−1.

R1 was treated with sodium acetate-based synthetic
wastewater with the following composition (per liter):
300–350 mg COD, 8–14 mg TP, 40–50 mg NHþ

4 -N, and
1-mL trace solution per 15-L influent. R2 was the same
in composition as R1 with 10-mg L−1 Ca2+ ions (with
CaCl2 as the ions’ provider) additionally. R3 was treated
with domestic wastewater from an urban residence in
Chagang District, Wuhan University. The trace solution
contained as follows (per liter): 0.9-mg FeCl3, 0.15-mg
H3BO3, 0.18-mg KI, 0.03-mg CuSO4·5H2O, 0.06-mg
MnCl2·4H2O, 0.12-mg ZnSO4·7H2O, 0.15-mg CoCl·7H2O,
0.06-mg Na2MoO·2H2O, and 10-mg EDTA.

2.3. Analytical methods

COD, NHþ
4 -N, NO�

3 -N, NO�
2 -N, TN, and TP were

measured according to the standard methods for the
examination of water and wastewater [20]. The pH
and DO were measured by pH meter (pHS-25) and
DO meter (YSI5000). The granular sludge morphology
was analyzed by electronic microscope. Moisture con-
tent and specific gravity were measured by weighting
method [21]. SOUR was measured by breathing
method [22].
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3. Results and discussion

3.1. Granules attributes

Disperse inoculated activated sludge with loose
structure and no filamentous bacteria on the surface
developed into fine particles gradually during the
start-up period. As a result, compact, plump granules
with smooth surface, and close structure, in spherical/
ellipsoidal shape and yellow/brown-yellow in color
were obtained at the end of process.

Table 1 shows some biophysical and chemical
characteristics of granules in R1–R3. As shown in
Table 1, granules obtained in R1–R3 performed
excellent attributes in average diameter, moisture
content, specific gravity, and SOUR than reported
activated sludge, which had a typical diameter of

70 μm, moisture content higher than 99%, specific
gravity of 1.002–1.006, and average SOUR of
8-mg O2 g MLVSS−1 h−1 [23–25], which suggested that
granules in R1–R3 were much compact in structure,
dense in microbial content, and strong in organisms’
activity than inoculated activated sludge.

We could also learn from Table 1 that, although
sludge granules cultivated in R2 had the largest
diameter size and was the lowest in moisture content
and the highest in specific gravity, granules in R3 was
much higher in SOUR than that in R1 and R2. There-
fore, we could be convinced that the different influent
wastewater in R1–R3 led to the different exhibition
attributes of granules. Acetate-based synthetic
wastewater was more favorable to bigger, denser, and
more compact granules since soluble organic carbon
was abundant and easy to absorb, while raw domestic
wastewater acclimatized microbial activity due to its
complicated composition.

3.2. COD removal

COD removal performance during the start-up per-
iod in R1–R3 is shown in Fig. 1. The average removal
efficiencies of COD in R1–R3 were 90.67, 90.95, and
80.19%, respectively, while the average effluent COD
were 31.1, 28.6, and 27.4 mg L−1 over the whole opera-
tion process. COD removal rate changed slightly in R1
and R2, but fluctuated about 20% in R3.

The different influent wastewater would be
responsible for the variation of removal behaviors.
Soluble organic carbon available in R1 and R2 were

Table 1
Characteristics of granules from R1 to R3 treated with
different influent wastewater

Characteristic

On the day 42

R1 R2 R3

Average diametera 800.00 1008.00 598.02
Moisture contentb 97.00 96.70 97.10
Specific gravity 1.016 1.023 1.014
SOURc 26.93 54.97 116.77

aUnits: μm.
bUnits: %.
cUnits: mg O2 g MLVSS−1 h−1. SOUR for inoculated sludge was

13.58-mg O2 g MLVSS−1 h−1.

Fig. 1. COD removal.
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sufficient enough and easy for uptake; however,
domestic wastewater fed into R3 changed more

frequently in influent COD concentration and the
system in R3 was still weak in resistance to impact
loading. The influent COD concentration difference
between R1 and R2 might lead to their slight disparity
of removal performance.

3.3. N removal

Results of ammonia nitrogen and TN removal dur-
ing the start-up period are presented in Fig. 2(a). The
removal efficiencies were often higher than 90% in
R1–R3 and changed slightly over the whole operation
process, except for a decreasing removal rate at the
16th and 21st days due to a sharp increase in the
influent ammonia nitrogen loading. Just as the case in
removal of COD in R3, the ammonia nitrogen removal
rate fluctuated due to its lack of resistance for compact
loading. However, the recovery capacity for ammonia
removal exceeded that of COD as shown in Fig. 1.
Overall, the ammonia nitrogen received an average
removal efficiency of 97.03, 97.35, and 88.43%, and an
average effluent concentration of 1.38, 1.15, and
7.27 mg L−1 in R1–R3, respectively.

As depicted in Fig. 2(b), the variation of TN in
R1–R3 fluctuated frequently over the study period.
The average removal efficiency of R1–R3 increased
obviously from around 60 to 90% at the end of opera-
tion process. A similar trend between TN and ammo-
nia nitrogen removal could be drawn out from
Fig. 2(a) and 2(b). R1 and R2 got a higher removal rate
of 76.86 and 76.39%, and lower effluent TN of 10.79
and 10.56 mg L−1, respectively, compared with 60.34%
and 14.93 mg in R3.

Fig. 2. Ammonia nitrogen and TN removal: (a) ammonia
nitrogen and (b) TN.

Fig. 3. TP removal process.
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Both ammonia nitrogen and TN removal were
enhanced over the culture process, especially that of
TN in R1–R3. However, TN removal process was not
synchronous with ammonia removal during the first
several days since both nitrification and denitrification
were necessary in nitrogen removal process.

3.4. P removal

Although fed with much higher TP loading in R1
and R2 than R3, the removal efficiencies excelled over
the study period, which were 87.39, 84.21, and 74.29%
in average, respectively, corresponding to an effluent

TP concentration of 1.30, 1.69, and 1.09 mg L−1,
respectively. Acetate-based synthetic wastewater
enhanced phosphorus removal in R1 and R2 mainly
for the adequate soluble organic carbon feeding and
speeded enrichment of denitrifying phosphorus-accu-
mulating organisms. However, removal performance
showed no straight difference between R1 and R2,
illustrating that removal of TP remained unaffected
with the addition of 10-mg L−1 Ca2+ ions. Moreover,
the much lower TP loading in R3 led to the lowest
effluent TP. It could be concluded from Fig. 3 that
with the enrichment of DNPAOs, the removal
efficiencies promoted in R1–R3.

Fig. 4. Cycle removal of COD, N, and P.
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Due to a circuit problem at the day 22, TP in
R1–R3 had an acute drop for lack of sludge discharge
as shown in Fig. 3. With the remedy of the operation
mistake, removal capacity for TP resumed soon.

3.5. Cycle performance

Fig. 4 shows cycle nutrient removal performance
in R1–R3 at the end of operation. As shown in Fig. 4,
efficiencies of COD, NHþ

4 -N, TN, and TP reached up
to 90%, higher than that in the start-up period, and
effluent concentrations of nutrients reduced further.

Fig. 4 represents that the amount of increase in
NO�

3 -N in R1–R3 were 75.85, 84.04, and 15.01 mg,
respectively, while the amount of decrease in
NHþ

4 -N were 143.66, 160.91, and 41.87 mg, respec-
tively. According to the stoichiometric formula of
nitrification by U.E.P. Agency [26], nitrate generation
by nitrification could be calculated. Therefore, it is
suggested that 64.85, 73.56, and 26.00 mg of NO�

3 -N
was removed by denitrification in R1–R3 . Therefore,
DNPAOs as well as other denitrifiers inside the
granules were responsible for denitrification jointly.

Comparison between this study and works of acti-
vated sludge and granular sludge is shown in Table 2.
Both SPRR and SPUR were relatively low compared
with that in activated sludge because diffusion
resistance of substrate and nutrients exists in the
granular sludge. In addition, PAOs would not act due
to the lack of oxygen inside the granular sludge in the
oxic phase. Although DNPAOs might act in anoxic
zones inside the granular sludge, the anoxic
phosphorus uptake rate is generally lower than the
oxic uptake rate.

It’s highlighted that reported ratios were not
applicable for domestic wastewater-based system,

probably because of the complicated source of
ammonia and organic carbon in R3; therefore, further
study on the compact of raw domestic wastewater on
denitrifying phosphorus removal and related
calculations are required.

After a 42-day operation, the removal efficiencies
of COD, nitrogen, and phosphorus reached up to 90%,
and effluent concentrations reduced further. The
removal capacity of the denitrifying phosphorus
removal granules were greatly enhanced and
maintained.

3.6. Mechanism of granulation

Selective pressure driven hypothesis is favored by
researchers in mechanism of granulation [25]. Only
particles that settle within a given time can be retained
in the reactor, while those with poor settleability are
washed out [25]. Hydraulic shear force is believed to
be another selective pressure contributing to granula-
tion [28].

This work provides selection pressure by steps as
follows:

(1) Reducing settling time from 20 to 2 min. The
complete SBR cycle time is 8 h. The settling
time was set 20 min at the beginning of the
start-up, gradually decreased to 15, 10, 5, and
2 min, thus, selecting particles with good set-
tling properties.

(2) Constant aeration and electrical stirring. Aera-
tion and stirring process created high shear
environments, contributing to micro-organisms
secreting extracellular polymeric substances to
resist damage of suspended cells.

Table 2
Comparison of the denitrifying phosphorus removal from this work with the activated sludge study by Zeng and
AOAGS study by Kishida

Literatures
Ratio of phosphate uptake to NO�

3 -N
consumption by DNPAOsa

Denitrification phosphorus
removal rateb SPRRc SPURc

Zeng [27] –d –d 48.05 17.36
Kishida [11] 2.1 [3] 50 22.32 3.72
R1 2.0* 42.01 14.34 14.13
R2 2.0* 60.95 8.32 9.06
R3 2.0* –d 2.32 2.34

aUnits: g P/g NO�
3 -N.

bUnits: %.
cUnits: mg P g MLVSS−1 h−1.
dNo data.

*An average reported ratio by Kim [8] and Kuba [3].
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(3) A/O/A alternating operation mode. This was
favor to enrichment of DNPAOs and acted as a
source of mass transfer power.

Meanwhile, it’s believed that the addition of cer-
tain concentrations of Ca2+ ions could accelerate aero-
bic granulation since Ca2+ ions worked as the nucleus
during cells coagulation process, promoting formation
of granules [15,29]. The fact that granules in R3 were
fast in granulation speed and bigger in size than in R1
and R2 could also verify the idea.

4. Conclusions

Compact of different influent wastewater on the
culture of denitrifying phosphorus removal granules
was investigated in this work. Following are the main
outcomes:

(1) Denitrifying phosphorus removal granules
with an average diameter above 600 μm were
successfully obtained within 30 d in three SBRs
fed with different influent wastewater, i.e. nor-
mal synthetic wastewater, normal synthetic
wastewater with 10-mg L−1 Ca2+ ions, and raw
domestic wastewater, respectively.

(2) Granules cultivated in synthetic wastewater
were bigger in size and behaved better in
moisture content and specific gravity; however,
granules formed in raw domestic wastewater
were more abundant in microbial species and
well in activities. This work suggested that 10-
mg L−1 Ca2+ ions contributed to the compact
structure, while raw domestic wastewater pro-
moted the microbial density.

(3) Nutrient removal performance was enhanced
with the enrichment of DNPAOs and granula-
tion of aerobic granules since limited oxygen
penetration depth helped to create oxic/
anoxic/anaerobic conditions. Nutrient removal
performance at start-up period and cycle test
revealed efficiencies of COD, NHþ

4 -N, TN, and
TP were 90% or so, the maximal SPRR was
14.34, 8.32, and 2.32-mg P g MLVSS−1 h−1, the
maximal SPUR was 14.13, 9.06, and 2.34-mg
P g MLVSS−1 h−1 in R1–R3, respectively.
Removal of COD, nitrogen, and phosphorus
remained unaffected by 10 mg L−1 Ca2+ ions.
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