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under the dissolved oxygen (DO) control (1.0-1.5→1.5-2.0 mg/L), in terms of sludge volume index (SVI: 194→57 mL/gVSS), median-particle-size (D50 : 99.6→300.5 μm), extracellular
polymeric substances (EPS) (105.62→226.18 mg/g VSS) and proteins/polysaccharides (PN/PS)
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91.79%-94.10%) dominated the superior DPR performance, while glycogen accumulating organisms (GAOs) (mainly Competibacter, contribution ratio: 82.61%-86.89%) was responsible
for deteriorative TN and PO4 3− removals. The optimal HRTA and R assembled around 5-6.5
hr and 300%-400% based on the PHA utilization and DRP performance, and the oxic zones
also contributed to PO4 3− removal although it showed low dependence on DO concentration
and oxic retention time (HRTO ).
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Introduction
Denitrifying phosphorus removal (DPR) process, driven by
denitrifying phosphorus accumulating organisms (DPAOs),
has been considered as a promising way to achieve simultaneous nitrogen and phosphate removals from low carbon/nitrogen (C/N) ratio wastewaters (Chen et al., 2011;
Kim et al., 2013). Comparing with phosphorus accumulation
organisms (PAOs) in traditional enhanced biological phosphorus removal (EBPR) systems, DPAOs could utilize the external carbon source to store poly-β-polyhydroxyalkanoates
(PHA) anaerobically and oxidize intracellular PHA with nitrate
(NO3 − ) or nitrite (NO2 − ) rather than oxygen (O2 ) as electron acceptor for phosphorus (PO4 3− ) uptake under the anoxic condition, revealing its unique advantages in saving 30% energy requirement and reducing 50% sludge production with the same
carbon source as electron donor (Kuba et al., 1996; Zhang et al.,
2020c).
Previous studies have shown DPAOs can be enriched either
in single sludge systems (e.g. UCT (Ge et al., 2010) and DEPHANOX (Kapagiannidis et al., 2011)) or two-sludge systems
(e.g. A2 NSBR (Zhao et al., 2016) and A2 /O-BAF (Chen et al.,
2011)), however, the latter benefited from the separation of
sludge retention time (SRT) have been proved to be more favorable in operation and application than the former. Recently,
a new two-sludge DPR system was developed by the integration of anaerobic-anoxic-oxic (A2 /O) and moving bed biofilm
reactor (MBBR) (Zhang et al., 2020b), where ammonia (NH4 + )
was nitrified in the MBBR by creating longer SRT for nitrifiers
with low specific growth rates and then DPAOs efficiently utilized the produced NO3 − or NO2 − for DPR in the A2 /O reactor under shorter SRT. Specifically, the MBBR was composed
by three stages combining with the advantages of activated
sludge and biofilm, which specialized ammonium-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB) effectively
and showed outstanding nitrifying performance (Zhang et al.,
2019) than conventional two-sludge systems.
To better achieve the popularization and application of
A2 /O-MBBR, the impacts of hydraulic retention time (HRT)
(Zhang et al., 2020d) and nitrate recycling ratio (R) (Zhang et al.,
2020a) on the DPR characteristics have been investigated previously. As the fundamental control parameters referring to
the actual design and operation, the two factors played vital roles in process reliability and stability (Wang et al., 2009;
Zhang et al., 2016a). For example, HRT related to the effective anaerobic/anoxic/oxic reaction time and R changed the
electron acceptor concentration, which directly led to contradictions among the DPR performance, infrastructure cost
and power consumption (Wang et al., 2011). Furthermore, in
most wastewater treatment plants (WWTPs), the variation of
HRT was actually realized through the adjustment of anaerobic/anoxic/oxic volume ratio (VAn /VA /VO ), where the aeration
control in the oxic zone was another important factor to minimize operating costs (Zhang et al., 2013). Considering the economic operation, it’s necessary to elucidate the combined effect of VAn /VA /VO ratio and R for future process optimization.
The main objectives of the present study were: (1) to investigate the combined effects of VAn /VA /VO ratio and R on
the overall carbon, nitrogen, and phosphorus removals; (2) to

analyzed the sludge characteristic and microstructure related
to DPR granule transformation with or without aeration control; (3) to elucidate the micro metabolic mechanism by evaluating the evolution and contribution of functional bacteria
(e.g., PAOs, glycogen accumulating organisms (GAOs), AOB and
NOB); (4) to reveal the optimal operation parameters based on
the correlation analysis between VAn /VA /VO ratio, R and nutrient removals.

1.

Materials and methods

1.1.

Experimental system

As showing in Fig. 1a, the A2 /O reactor (working volume: 28 L)
was separated by baffles and evenly divided into eight chambers, including anaerobic zone (AN), anoxic zone (A1 -An ) and
oxic zone (O). Mechanical stirrers were installed in each chamber to keep a complete mixing of sludge and water, while
porous stone diffusers fed by the blower were set in the last
two chambers. As such, the VAn /VA /VO ratio could be changed
by adjusting different agitator and aeration zones (Fig. 1b). Unlike the traditional A2 /O, the oxic zones for nitrogen gas expelling can be much shorter due to the exclusion of nitrification (Zhang et al., 2013), and better DPR performance was
achieved in the longer anaerobic/anoxic zones. Meanwhile,
in the middle settler (working volume: 15 L), settled sludge
(sludge recycling ratio: 100%) was returned to the A2 /O reactor and waste sludge was regularly discharged to maintain a
shorter SRT (10±2 days).
The subsequent MBBR (working volume: 10.5 L), consisting
of three identical chambers (N1 , N2 , and N3 ), was packed with
cylinder polypropylene carriers to complete high-efficient
NH4 + oxidation. The carriers (size: 5 mm × 3 mm, filling ratio: 45%; density: 960-1,000 kg/m3 ; effective porosity: 98%; specific surface area: 1,500 m2 /m3 ) fluidized in the chambers for
the fully contact among substrate, dissolved oxygen (DO) and
microorganism, enriching AOB and NOB easily under a longer
SRT (>50 days) (Ahmed et al., 2019; Zhang et al., 2019). The nitrate acting as electron acceptor was recycled to the A2 /O reactor, and the nitrate recycling ratio varied around 200%-500%
(Fig. 1b) to optimize the DPR performance. The flow rates of influent, sludge return, and nitrate recycling were controlled by
peristaltic pumps (Shenchen Co., Ltd., China).

1.2.

Wastewater and experimental schedule

Domestic wastewater was taken from a septic tank at
Yangzhou University (Yangzhou, China), and the influent
characteristics were as follows: COD, 232.30-282.35 mg/L; TN,
55.82-71.53 mg/L; NH4 + , 49.53-69.40 mg/L; NO3 − <1.0 mg/L;
NO2 − <0.30 mg/L; and PO4 3− , 4.54-6.95 mg/L, which was a typical low C/N ratio (3.82±0.50) wastewater. The seed sludge
of A2 /O reactor was collected from the Tangwang WWTPs
(Yangzhou, China) with better nutrient removal performance
and sludge settleability (Sludge Volume Index, SVI: 180-200
mL/g VSS) (Zhang et al., 2020d). The MBBR finished the natural
biofilm formation within 18 days without additional inoculation sludge (Zhang et al., 2019).
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Fig. 1 – Schematic diagram (a) and operation mode (b) of the A2 /O-MBBR system.

The experimental system lasted for 300 days and was
divided into eight successive phases (Phase I-VIII) based
on the combined regulation of VAn /VA /VO ratio (equal to
the HRTAn /HRTA /HRTO ratio) and R, where DO in the oxic
zones was also adjusted to strengthen sludge bioactivity in
Phase V-VIII (Table 1, Fig. 1b). Throughout the test, the system was operated at room temperature (22±3°C) using low
C/N ratio wastewater with constant hydraulic retention time
(HRTA2/O =10 hr, HRTMBBR =3.75 hr) and sludge return ratio
(r=100%). The average volatile suspended solids in the A2 /O
reactor (VSSA2/O ) and MBBR (VSSMBBR ) was 2580-3350 mg/L and
2088-2390 mg/L, respectively. Moreover, at the end of Phase I
(Day 35), Phase IV (Day 150), and Phase VIII (Day 300), tested
sludge of the A2 /O reactor was analyzed to elucidate the transformation of sludge microstructure (Table 1).

carriers in the MBBR was calculated by weighing method
(Zhang et al., 2019). Temperature and DO were monitored using DO/pH meters (WTW pH/Oxi 340i, Germany). Freeze-dried
sludge was regularly prepared for the PHA analysis by a gas
chromatographer (Agilent 6890N) with an Agilent DB-1 column (Oehmen et al., 2005). For sludge characteristic analysis,
laser particle size analyzer (BT-9300ST, Dandong, China) was
used to measure particle size, while the sludge microstructure was further compared by scanning electron microscopy
(SEM) coupling energy dispersive spectrometry (EDS) (Hitachi,
S-4800, Japan). Extracellular polymeric substances (EPS) including protein (PN) and polysaccharides (PS) was also extracted and quantified using the Anthrone method and LowryFolin method (Zhang et al., 2020d; Zou et al., 2015).

1.4.
1.3.

Distribution analysis of functional bacteria

Analytical methods

COD was measured using a COD quick-analysis apparatus (LH-3C, Lanzhou, China). NH4 + , NO3 − , NO2 − , TN, PO4 3− ,
VSS, and SVI were analyzed according to standard methods
(Association, 1995), during which the biomass of suspended

Fluorescence in situ hybridization (FISH) combining a digital imaging microscope (OLYMPUS-DP72, Japan) with the software Image-Pro Plus 6.0 was conducted to characterize the microbial community evolution. The A2 /O sludges at the end of
each phase (Day 35, Day 80, Day 128, Day 150, Day 175, Day 215,

72

journal of environmental sciences 104 (2021) 69–83

Table 1 – Operation parameters of the A2 /O-MBBR system under different phases.

Phase

Duration
(day)

VAn /VA /VO

HRTAn /HRTA /HRTRO(%)

DOb (mg/L)

VSSA2/O c
(mg/L)

VSSMBBR d
(mg/L)

Other
parameters

I
II
III
IV
V
VI
VII
VIII

1–35a
36-80
81–128
129–150a
151–175
176–215
216–260
261–300a

1:6:1
1:6:1
2:5:1
2:6:0
3:4:1
3:4:1
2:4:2
2:4:2

1.25:7.50:1.25
1.25:7.50:1.25
2.50:6.25:1.25
2.50:7.50:0
3.75:5.00:1.25
3.75:5.00:1.25
2.50:5.00:2.50
2.50:5.00:2.50

1.0–1.5
1.0–1.5
1.0–1.5
0
1.5–2.0
1.5–2.0
1.5–2.0
1.5–2.0

3350 ± 20
3215 ± 18
3120 ± 25
2580 ± 15
2930 ± 22
3150 ± 25
3216 ± 19
2975 ± 20

2088 ± 10
2250 ± 12
2245 ± 15
2390 ± 20
2130 ± 10
2225 ± 16
2305 ± 25
2282 ± 12

C/N=
3.82 ± 0.50
HRTA2/O = 10
hr HRTMBBR =
3.75 hr
Temperature=
22 ± 3°C
sludge
recycling
ratio= 100%

a
b
c
d

200
300
400
400
200
300
400
500

Sampling dates for sludge characteristic analysis and nitrifier quantification;
DO concentration of oxic zones in the A2 /O;
Average VSS in the A2 /O;
Average VSS in the MBBR.

Day 260, and Day 300) were collected for PAOs and GAOs analysis, while the nitrifier quantification (Day 35, Day 150, and
Day 300) (Table 1) was compared under different DO controls.
Moreover, the MBBR biofilm samples (Day 35, Day 150, and Day
300) were also conducted to exhibit the distribution of AOB
and NOB. The FISH probes involved in this study were EUBmix
(comprising EUB338, EUB338-II, and EUB338-III) for most Bacteria, PAOmix (comprising PAO462, PAO651, and PAO846) for
most Accumulibacter, Acc-I-444 for Cluster I of Accumulibacter,
Acc-II-444 for Cluster II of Accumulibacter, GAOmix (comprising
GAO431 and GAO989) for most Competibacter, and DFImix (comprising TFO-DF218 and TFO-DF618) for Cluster I of Defluviicoccus; NSO190 for β-proteobacterial AOB specific, NSO1225 for
Nitrosomonas, Ntspa662 for Nitrospira, and NIT3 for Nitrobacter
(Wang et al., 2019; Zhang et al., 2020d). The abundance quantitation was estimated according to the proportion of surface
area containing the target probes relative to the total area covered with EUBmix probes (Oehmen et al., 2010b; Tenno et al.,
2018).

2.

Results and discussions

2.1.

Carbon removal performance

As showing in Fig. 2a, efficient COD removal (88.97%-93.08%)
was obtained as the VA /VO decreasing from 6:1 to 4:1, but COD
removal dropped to 82.82% under the volume ratio of 2:6:0.
In Phase IV, the effluent COD was 43.66 mg/L due to COD release in the middle settler (Fig. 2b), which was much higher
than other phases (20.10-28.39 mg/L). During Day 129-150,
sludge loss led to the decline of VSS (2580±15 mg/L) (Table 1)
and higher COD effluent when the oxic zone was removed.
Particularly, in Phase I-III and Phase V-VIII, the anaerobic
COD removal efficiency (REAN ) presented obvious differences
(Fig. 2b) although the total COD removal showed no significant
change. From the view of HRTAn (Table 1), REAN increased from
57.26% (HRTAn =1.25 hr) to 63.37% (HRTAn =2.50 hr), 73.54%
(HRTAn =3.75 hr) but decreased to 64.53% (HRTAn =2.50 hr), indicating the correlation between REAN and HRTAn . It was reported that REAN only reached to 60%-67% in the UCT or A2 N

processes (Peng & Ge, 2011), revealing the advantages for solving carbon-limited problem in the A2 /O-MBBR system.
As the main function for COD transformation in the anaerobic zone, the higher PHA, the more energy for DPR (Hu et al.,
2002; Zhang et al., 2020a). HRTAn also exerted favorable effect on the PHA synthesis (Fig. 2c), which increased from
105.70 mgCOD/L (Phase I-II, 1.25 hr) to 118.25 mgCOD/L (Phase
III-IV, 2.50 hr), 138.12 mgCOD/L (Phase V-VI, 3.75 hr), coinciding with the variations of REAN (Fig. 2b). The prolonged
HRTAn from 1.25 to 3.75 hr resulted in anaerobically synthesized PHA amount (PHAAN ) improving by 1.31 times, providing sufficient electron donors for DPR (Wang et al., 2011).
Meanwhile, R showed positive correlation with PHA transformation and contributed to different utilization efficiency in
the anoxic zones (Fig. 2c), which exhibited an upward trend
from 43.87% (Phase I, R=200%) to 64.98%-72.27% (Phase III-IV,
R=400%) but dropped to 50.37% (Phase V, R=200%). It was interesting that although the PHA utilization efficiency rose back to
80.42%-81.34% at R=300%-400% in Phase VI-VII, the downward
trend (75.08%) occurred at R=500% in Phase VIII. According to
Chen et al. (2011), it implied that the system was being operated under the unfavorable conditions where the denitrification rate of COD achieved its peak value as R exceeded 400%.

2.2.
Simultaneous nitrogen and phosphorus removal
performance
NH4 + oxidation mainly took place in the MBBR, so the
VAn /VA /VO ratio played a negligible effect on NH4 + removal
(Fig. 3a) even though the oxic DO concentration in the A2 /O reactor changed from 1.0-1.5 mg/L to 1.5-2.0 mg/L (Table 1). The
average NH4 + removal efficiency was 97.91%-99.40% with the
effluent of 0.53-0.92 mg/L though the effective retention time
of MBBR was 3.75 hr (Table 1). Comparing with a sequencing
batch biofilm reactor, NH4 + removal was only 78%-80% under
a longer HRT of 4.27 hr (Jin et al., 2012). The MBBR showed excellent nitrification performance, and it was attributed to the
unique three-stage operation and enriched nitrifying bacteria
with longer SRT (Zhang et al., 2019).
Unlike NH4 + removal, TN removal was strongly affected
by VAn /VA /VO and R in the A2 /O-MBBR system (Fig. 3a). At
VAn /VA /VO of 1:6:1 (Phase I-II), TN removal improved from
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Fig. 2 – Comparison of carbon removal under different phases (a: Influent, effluent and removal efficiency of COD; b: COD
variation along the reactor; c: PHA utilization in the anoxic zones).

68.86 to 75.93% when R increased from 200% to 300%. Although
VAn /VA decreased to 2:5 (Phase III), TN removal further enhanced to 81.28% at higher R of 400%. At VAn /VA /VO of 2:6:0
with R=400% (Phase IV), TN removal kept at 80.21% during Day
129-142 but sharply declined to 59.90% with the maximum TN
effluent of 24.07 mg/L owing to the sludge loss. However, when
the oxic zone was regained under the similar HRTA of 5.00
hr (Table 1), TN removal gradually rose up to 71.57% (Phase

V, R=200%), 75.06% (Phase VI, R=300%), and 79.44% (Phase VII,
R=300%), but decreased to 70.17% when R further increased to
500% (Phase VIII). The reason might be that higher R brought
excessive DO and NO3 − to the anoxic zones, which inevitably
suppressed DPAOs activity and deteriorated the TN removal
(Chen et al., 2015).
Obviously, HRTAn was not only positively correlated with
COD consumption and PHA synthesis (Fig. 2), but also linked

74

journal of environmental sciences 104 (2021) 69–83

Fig. 3 – Comparison of nitrogen and phosphorus removals under different phases (a: Influent, effluent and removal
efficiency of NH4 + and TN; b: PO4 3− variation and DPR potential assessment).

with the amount of anaerobic PO4 3− release (Fig. 3b). When
HRTAn increased from 1.25 to 3.75 hr, anaerobic PO4 3- reached
to 22.3-24.5 mg/L (Phase I-II), 29.4-30.2 mg/L (Phase III-IV), and
36.7-38.9 mg/L (Phase V-VI), respectively. The higher PO4 3−
release was suspected to be related to the more proportion
of VAn which favored the accumulation of PAOs or DPAOs
(Wang et al., 2009). However, under the same VAn /VA /VO ratio (2:4:2) and HRTAn (2.50 hr), the anaerobic PO4 3- declined
from 37.2 mg/L (Phase VII) to 28.5 mg/L (Phase VIII) when R
increased from 400% to 500%, which was consistent with the
adverse impact of higher R on TN removal (Fig. 3a). On the
other hand, HRTA as the critical functional zone for DPR directly influenced the TN and PO4 3− removals. At the same R
of 300% in Phase II (HRTA =7.50 hr) and Phase VI (HRTA =5.00
hr), TN and PO4 3− removals decreased from 75.93%, 90.16%

to 73.06%, 84.35%. Fortunately, at R of 400% in Phase III (2:5:1,
HRTA =6.25 hr) and Phase VII (2:4:2, HRTA =5.00 hr), TN (79.08%80.44%) and PO4 3− (97.12%-97.80%) removals basically unchanged, suggesting the appropriate match of VAn /VA /VO ratio and R. In particular, the VAn /VA /VO ratio of 2:6:0 (Phase IV)
completely deteriorated the PO4 3− removal (75.20%) owing to
the sludge loss and secondary PO4 3− release, indicating that
the short oxic zone of A2 /O reactor was indispensable for the
residue PO4 3− uptake (Zhang et al., 2016a).
Furthermore, the lack of NO3 − cannot meet the demand of
PO4 3− absorption and restrained DPR capacity, where the ratio of NO3 − /PO4 3− (referring to the DPAOs activity and DPR
potential (Zhang et al., 2020b)) was 0.57-0.72 mg/mg at lower
R of 200%. It meant that absorbing 1 mg PO4 3− only removed
0.57-0.72 mg NO3 − in the anoxic zone, which was lower than
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Table 2 – Mechanism comparisons of granulation formation based on the DO control.

Processes

DO control

Sludge
settleability

Particular size

Sludge microstructure

EPS composition

Reference

EBPR system

1.8–2.2 mg/L

100 mL/gVSS

0–400 μm (> 70%)

-

Yang et al., 2013

0.8–1.0 mg/L

400–800 μm (> 70%)

40 L/hr

150–200
mL/gVSS
25.5 mL/gVSS

0.10 ± 0.05 mm

Compact, rounded
shape, smooth surface
Loose, changeable
shape, rough surface
-

100 L/hr

13.7 mL/gVSS

1.92 ± 0.78 mm

35 mL/gVSS

421 μm

SNDPR system

5.0–7.0 mg/L
250 L/hr
0.8–1.2 mg/L

30 mL/gVSS

-

A2 /O-MBBR

1.0–1.5 mg/L

194 mL/gVSS

107–140 μm

0 mg/L

229 mL/gVSS

135 μm

1.5–2.0 mg/L

57 mL/gVSS

149–295 μm

Laboratory-scale
SBR

PNSPR system

the AAO-BCO process (0.78-1.23 mg NO3 − ) (Zhang et al., 2016a)
and A/O-SBR system (0.89 mg NO3 − ) (Zhou et al., 2010), leading to a waste of HRTA (5.00-7.50 hr) and higher PO4 3- effluent (2.24-4.26 mg/L). With respect to other phases of R=300%400%, NO3 − /PO4 3− can be as high as 1.34 mg/mg in Phase
VII (Phase II, 0.94 mg/mg; Phase III, 1.22 mg/mg; Phase VI,
1.19 mg/mg) (Fig. 3b). By contrast, at R of 500% in Phase VIII,
NO3 − /PO4 3− decreased to 1.21 mg/mg, proving the downward nutrient removal (TN: 70.17%; PO4 3− : 73.18%) induced
by higher R. Based on these, high R (above 500%) should be
avoided for the actual economic operation.

2.3.

Sludge characteristic and microstructure

As mentioned in Fig. 3a, the oxic zone of A2 /O reactor played
important roles in keeping stable nutrient removals even
though it didn’t involve nitrification, so the VAn /VA /VO ratio
was adjusted back to 3:4:1 in Phase V (Table 1) to recover the
sludge bioactivity. With the shift of DO concentration from
1.0-1.5 mg/L to 1.5-2.0 mg/L, the sludge characteristic and microstructure showed unexpected transformation (Fig. 4). Obviously, VSS was negatively affected by R due to the dilution effect, where the peak (3.38 g/L) and trough (2.94 g/L) occurred at
R=200% (Phase I) and R=500% (Phase VIII), respectively. However, the particular operation in Phase IV (2:6:0) resulted in
remarkable biomass loss in VSS, falling from 3.09 g/L to 2.32
g/L although it quickly recovered during 10 days in Phase V
(Fig. 4a). Interestingly, as the watershed of sludge settleability,
SV and SVI were both improved significantly in Phase V-VIII
than Phase I-III. During the 300 days’ operation, SV sharply decreased from 45% to 12% while SVI dropped from 194 mL/gVSS
to 57 mL/gVSS in addition to Phase IV (SV: 34%→78%; SVI:
163→229 mL/gVSS). The results further confirmed the importance of oxic zone in improving the sludge bioactivity by stripping nitrogen gas (Zhang et al., 2013). Additionally, DO exerted
positive influence on the sludge particle size (Fig. 4a), which

-

174.6 mg/gVSS
PN/PS=1.25
Cells were glued by EPS 336.1 mg/gVSS
PN/PS=3.34
Porous structure with
283.38 mg/gVSS
majority bacilli
PN/PS=5.47
13.5–34 mg/gVSS
PN/PS=0.12–0.19
More bacilli with
124.40 mg/gVSS
filamentous bacteria
PN/PS=2.24
Less cocci and bacilli
105.62 mg/gVSS
with gloomy surface
PN/PS=1.52
More compact and
226.18 mg/gVSS
integrated cocci without PN/PS=3.46
filamentous bacteria

Wang et al., 2015

Zhang et al., 2017
He et al., 2020
This study

exhibited a notably upward trend from 107 μm (Phase I), 140
μm (Phase III) to 149 μm (Phase V) and 295 μm (Phase VIII),
excluding the decline value of 135 μm in Phase IV.
To further explain the micro mechanism, three special time
nodes (Day 35, Day 150, and Day 300) under DO control were
compared in terms of particle size, EPS component, SEM image
and X-ray spectrum (Fig. 4b - i). Firstly, the median-particlesize (D50 ) was 99.6 μm, 128.2 μm, and 300.5 μm, respectively
(Fig. 4b), and the results coincided with the particle size variation in Fig. 4a. In our previous study (Zhang et al., 2016b), D50
was only 168.53 μm without DO control, implying the feasibility of strengthening granular sludge. Secondly, the EPS production (including PN and PS) descended from 124.40 mg/gVSS to
105.62 mg/gVSS but rose up to 226.18 mg/gVSS, where the total
amount on Day 300 increased by 45.00%, 53.29% than that on
Day 35 and Day 150 (Fig. 4c). The higher EPS promoted the close
connection between small particles and accelerated the granulation process (Zhang et al., 2017). Thirdly, the PN/PS ratio
responsible for sludge aggregation (Liu & Tay, 2004) peaked on
Day 300 (3.46>2.24 (Day 35)>1.52 (Day 150)), agreeing well with
the particle size and settling property (Fig. 4a). Fourthly, SEM
images (× 7000) (Fig. 4d, 4f, 4h) showed the micromorphology
evolution of granular sludge, where more compact and integrated cocci without filamentous bacteria were observed on
Day 300 (Fig. 4h). Comparing with Day 35 (Fig. 4d), not only
cocci and bacilli but also filamentous bacteria faded away with
gloomy surface (Fig. 4f), demonstrating the decreased bioactivity induced by the lack of DO on Day 150 (Fig. 2-3). Finally, Xray spectrum analysis exhibited the different elemental compositions (such as C, O, Na, P, and Al) (Fig. 4e, 4g, 4i), but the
major P content in favor of sludge settleability reached up to
12.35% on Day 300 (vs. 5.63% on Day 35 and 2.08% on Day
150) and showed better P uptake capacity, which was similar to EBPR systems (5%-15%) but much higher than conventional activated sludge process (1%-2%) (Yuan et al., 2012; Zou
& Li, 2016).
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Fig. 4 – Comparison of A2 /O sludge characteristic (a: sludge settleability; b: particle size; c: EPS concentration and
composition) and SEM image coupling typical X-ray spectrum (d-e: Day 35; f-g: Day 150; h-i: Day 300).

Alternatively, many studies have reported that it is feasible to shape granular sludge via DO control (Table 2), such
as EBPR system (DO: 0.8-1.0, 1.8-2.2 mg/L) (Yang et al., 2013),
laboratory-scale SBR (DO: 40, 100 L/h) (Wang et al., 2015b), partial nitritation and simultaneously phosphorus removal (PNSPR) system (DO: 5.0-7.0 mg/L) (Zhang et al., 2017), and si-

multaneous nitrification and DPR (SNDPR) system (DO: 0.8-1.2,
1.0-1.5 mg/L) (He et al., 2020). With respect to the sludge settleability, particular size, sludge microstructure and EPS composition, the main reasons of DPR granulation were summarized as follows. (i) The stronger hydraulic shear force caused
by higher DO and longer HRTO provided favorable conditions
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Fig. 4 – Continued

for the formation and maintenance of stable granule (Liu &
Tay, 2015), and larger particle size (increasing from 99.6, 128.2
μm to 300.5 μm (Fig. 4b)) was gradually shaped to protect
the higher hydraulic pressure, where the similar microscopic
mechanism triggered by hydraulic selection of shorter HRT
has also been proved in the A2 /O-MBBR system (Zhang et al.,
2020d). (ii) More compact and integrated sludge structure resulted in lager surface area and benefited to the substrate
transmission with the P content of DPR sludge climbing to
12.35% on Day 300 (Fig. 4i), which enhanced the sludge settling
velocity (Wang et al., 2015b). (iii) To protect microorganisms
from the harsh environment of higher DO, more EPS (226.18
mg/gVSS) was inspired and PN/PS ratio soared up to 3.46
(Fig. 4c), contributing to polymeric interaction and biogranulation (Seviour et al., 2012; Wang et al., 2014). (iV) Aeration
not only improved sludge settling but also guaranteed stable PO4 3− removal (Fig. 3b), although longer anaerobic/anoxic
zone in the A2 /O reactor facilitated DPR and avoided sludge
bulking (Zhang et al., 2016b). Nevertheless, the oxic zone of
A2 /O reactor was indispensable for long-term stable operation
and the DO control indeed transformed sludge microstructure
although the feasibility in real application still need to be investigated.

2.4.

Microbial characteristic and functional contribution

The variations of main functional bacteria (PAOs, GAOs, AOB,
and NOB) under different phases in the A2 /O reactor were
quantified using the FISH analysis (Table 3), where some representative FISH images of PAOs and GAOs in Phase I, IV and
VIII were shown and compared (Fig. 5a-l). In Phase I, PAOs
targeted by PAOmix belonging to Accumulibacter accounted for
4.45% with 3.39% belonging to Cluster I and 1.06% belonging
to Cluster II, and the similar proportion of 4.17% was GAOs
with Competibacter and Cluster I of Defluviicoccus (responsible for nitrite accumulation (Wang et al., 2019)) accounted for
3.01% and 1.16%, respectively. Under the impact of increasing
R and optimized VAn /VA /VO (Phase II-III), PAOmix (mainly Cluster I of Accumulibacter) rose up to 12.10% (Day 80) and 24.97%
(Day 128), while GAOs reduced to 3.27% (Day 80) and 2.22%
(Day 128), proving the superior DPR performance (Fig. 3). Particularly, PAOs (7.48%) and GAOs (7.61%) maintained a confrontational situation on Day 150, conforming to the deteriorative DPR removals (TN: 59.90%, PO4 3− : 75.20%) (Fig. 3) and
depressed sludge bioactivity (Fig. 4).
However, when the oxic zone of A2 /O reactor was restored
in Phase V-VII, Cluster I of Accumulibacter improved signifi-
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Table 3 – Microbial evolution of dominant bacteria in the A2 /O reactor and MBBR under different phases.
Percentage
(%)

A2 /O

PAOs

GAOs

AOB

NOB
MBBR
N1

AOB

NOB
MBBR
N2

AOB

NOB
MBBR
N3

AOB

NOB

Cluster I of
Accumulibacter
Cluster II of
Accumulibacter
Competibacter
Cluster I of
Defluviicoccus
β-proteobacterial
AOB
Nitrosomonas
Nitrobacteria
Nitrospira
β-proteobacterial
AOB
Nitrosomonas
Nitrobacteria
Nitrospira
β-proteobacterial
AOB
Nitrosomonas
Nitrobacteria
Nitrospira
β-proteobacterial
AOB
Nitrosomonas
Nitrobacteria
Nitrospira

Samples
Phase I
Day 35

Phase II
Day 80

Phase III
Day 128

Phase IV
Day 150

Phase V
Day 175

Phase VI
Day 215

Phase VII
Day 260

Phase VIII
Day 300

3.39

10.78

22.92

6.23

9.75

13.45

19.64

12.32

1.06

1.32

2.05

1.25

1.57

1.12

1.23

1.48

3.01
1.16

2.32
0.95

1.18
1.04

5.75
1.21

3.01
1.23

1.34
1.45

0.95
0.78

8.42
1.27

0.35

-

-

0.04

-

-

-

0.12

0.28
0.38
0.61
3.35

-

-

0.11
0.13
0.19
1.42

-

-

-

0.06
0.07
0.23
2.08

0.75
5.89
0.56
4.25

-

-

0.38
3.03
0.76
3.97

-

-

-

0.98
8.68
0.74
3.80

1.37
7.29
0.73
6.42

-

-

0.71
4.69
0.26
5.14

-

-

-

0.75
8.95
0.93
8.42

0.32
10.25
0.23

-

-

0.18
8.83
0.32

-

-

-

0.08
10.85
0.62

“-”: Not tested.

cantly from 7.75% (Day 175) to 19.64% (Day 260) with a relative stable content of Cluster II of Accumulibacter (1.12%-1.57%),
but GAOs gradually lost the competitiveness and declined to
1.73%, revealing the feasibility of DPR recovery based on the
optimization of R and VAn /VA /VO . Although higher R of 500%
on Day 300 (Table 1) made the DPR performance worse again,
the results strongly demonstrated that PAOs were inhibited
and cannot compete with GAOs when the NO3 − loading exceeded the denitrification potential (Zhang et al., 2020a), resulting in the adverse functional microbial shift of decreased
PAOs (20.87%→13.80%) and increased GAOs (1.73%→9.69%).
Based on the long-term variations of TN and PO4 3− removals, the functional contributions of PAOs, GAOs to DPR
performance were further discussed (Fig. 5m). Cluster I of Accumulibacter can utilize NO3 − as electron acceptor for DPR
(Oehmen et al., 2010a; Zeng et al., 2016), and the change
tendency revealed the intrinsic interaction mechanism. For
example, in Phase I-III and Phase IV-VII, the linear relationship between functional bacteria (regression coefficients
R2 ≥0.98, p<0.01) and TN removal (R2 ≥0.98, p<0.01) fitted better than PO4 3− removal (excluding the inactive data on Day
175) (R2 ≥0.89, p<0.01), but these all achieved the peak values on Day 128 (22.92% .vs. 81.28% and 97.80%) and Day 260
(19.64% .vs. 79.48% and 97.12%). Accordingly, the maximum
percentage of Cluster I of Accumulibacter contributed to DPR
was 91.79%-94.10% while Cluster II of Accumulibacter always
kept a low level of 1.06%-2.05% (Table 3). It’s worth noting

that PAOs sharply dropped with GAOs dominated by Competibacter on Day 150 (5.75%) and Day 300 (8.42%), which led
to adverse TN (81.28%→64.95%; 79.44%→70.17%) and PO4 3−
removals (97.80%→75.23%; 97.12%→73.18%) (Fig. 3), revealing
the oppressive contribution of Competibacter (82.61%-86.89%)
to deteriorative DPR performance under higher R condition
(R=500%).
Moving on to AOB and NOB in the A2 /O reactor, AOB
summed up to 0.63% on Day 35 with 0.35% belonging to βproteobacterial AOB and 0.28% belonging to Nitrosomonas, while
NOB in terms of Nitrobacteria and Nitrospira accounted for
0.38%, 0.61%, respectively (Table 3). On Day 150, AOB and NOB
were further filtrated by benefiting from the short SRT running
mold (Zhang et al., 2020e), and the corresponding percentages dropped to 0.15% and 0.32%. Unexpectedly, AOB (0.18%)
and NOB (0.30%) still kept a low level even under the longterm impact of higher DO (Phase V-VIII at 1.5-2.0 mg/L for
150 days’ operation), implying the nature of A2 /O sludge with
no nitrification owing to the separation of functional bacteria in the two-sludge system (Zhang et al., 2020d). By contrast, AOB and NOB in the MBBR were highly enriched due to
the plug-flow mode (Zhang et al., 2019) and hardly affected by
HRTAn /HRTA /HRTO ratio and R on Day 35 and Day 300, where
the total content varied around 10.55%-12.48% (N1 ), 13.64%14.43% (N2 ), and 17.22%-19.97% (N3 ), respectively (Table 3). On
Day 150, the proportions declined to 5.59% (N1 ), 9.63% (N2 ),
and 14.47% (N3 ), and the possible reason could be owing to
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Fig. 5 – FISH results of dominant bacteria (a-b, e-f, i-j: Total bacteria and targeting bacteria of PAOmix on Day 35, Day 150, Day
300, respectively; c-d, g-h, k-l: Total bacteria and targeting bacteria of GAOmix on Day 35, Day 150, Day 300, respectively; m:
Functional contribution to DPR performance).
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Fig. 6 – Correlation analysis based on volume ratio and nitrate recycling ratio (a-c: COD and PHA; d-h: TN and PO4 3− ).

the suppression of AOB and NOB caused by higher effluent
COD (Fig. 2a-b) (Berg et al., 2009), although the total abundance
was higher than a pilot nitrifying MBBR (AOB: 6.5%-7.0%, NOB:
2.3%-3.8%) (Young et al., 2017).

2.5.

DPR optimization based on the correlation analysis

Actually, the DPR optimization was the comprehensive
consideration of macro operational parameters and micro
metabolic mechanism. To confirm the optimal operation pa-
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rameters, the correlation analysis between COD, PHA, TN,
PO4 3− and HRTAn /HRTA /HRTO , R was further explored (Fig. 6),
and several conclusions were drawn as follows:
(i) There’s no obvious correlation among COD removal,
HRTAn /HRTA /HRTO , and R, where the overall performance
almost exceeded 90% (Fig. 6a) when HRTAn (1.25-3.75 hr),
HRTA (5.00-7.50 hr), R (100%-500%) fluctuated over a wide
range, showing the high-efficient utilization of carbon
sources (Zhang et al., 2020b). Even so, PHA transformation
was different and PHAAn showed close relationship with
HRTAn (R2 =0.87, p<0.01) (Fig. 6b), where the optimal HRTA ,
R pointed to 5-6.5 hr and 300%-400% based on the PHA utilization (Fig. 6c).
(ii) Longer HRTAn not only promoted PHAAn but also benefited
PO4 3− An (R2 =0.85, p<0.01) (Fig. 6d), and the more PHAAn
available, the higher driving force for DPR (Wang et al.,
2015a). As the electron donor and electron acceptor in the
functional anoxic zone, well DRP performance required appropriate PHA, R and HRTA (Fig. 6e-f) and the maximal TN
and PO4 3− removals mainly assembled at 6.0-6.5 hr (HRTA )
(Fig. 6e) and 350%-400% (R) (Fig. 6g), respectively, conforming to Fig. 6c.
(iii) Although HRTA , PHA, and R exerted different influents on
DPR, the relevancy with TN removal was more significant
than PO4 3− removal (e.g. HRTA : 0.76>0.53; PHA: 0.83>0.59;
R: 0.47>0.26) (Fig. 6e-g). The main reason was that PAOs
could take up excessive PO4 3− using both O2 and NO3 − as
electron acceptor (Oehmen et al., 2010b), in other words,
the oxic zones of A2 /O reactor also contributed to PO4 3−
removal.
(iv) The oxic zone of A2 /O reactor indeed played vital role in
improving PO4 3− removal, but it showed low dependence
on DO concentration (R2 =0.19, p<0.01) and HRTO (R2 =0.15,
p<0.01) (Fig. 6h) due to the higher bioactivity of PAOs under
the oxic condition (Hu et al., 2003). It proved that the HRTO
could be as long as 2.50 hr (Phase VII-VIII) without the regeneration of AOB and NOB (Table 3), although higher DO
and longer HRTO changed the hydraulic condition and facilitated DPR granulation.
Furthermore, from the view of sludge characteristic, sludge
granulation as a promising biotechnology associating with
good settling property, high biomass retention, strong tolerance to shock and toxicity has been successfully applied to
improve DPR performance (Wang et al., 2015b; Zhang et al.,
2020d), especially in high-strength wastewater treatment
(Khan et al., 2013). More importantly, DPR granules kept stable structural and functional resilience to balance the growth
and competition between PAOs and GAOs (He et al., 2020;
Wang et al., 2015b), contributing to the enrichment of functional dominant bacteria (Table 3, Fig. 5). In short, given
the two-sludge system, preferable nitrification benefited from
three-stage mode operation of MBBR provided sufficient electron acceptor for DPR process via R, and the adjustment of
VAn /VA /VO ratios in the A2 /O reactor offered the potentiality
for flexible and efficient nutrient removal, where DPR granulation by DO control further stimulated the popularization
and application of A2 /O-MBBR process. However, many potential problems still need be addressed to seek the balance be-
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tween advanced nutrient removal and economic benefit, because VAn /VA /VO ratios (including DO control) and R directly
connect to electric consumption in the WWTPs, which should
be focused on and considered in the real application for economic operation.

3.

Conclusions

The VAn /VA /VO (HRTAn /HRTA /HRTO ) ratio and R appeared to
be indivisible in the optimization and application of A2 /OMBBR process. Comparing with COD (88.97%-93.08%) and
NH4 + (97.91%-99.40%) removals, PHA transformation and utilization was strikingly influenced by HRTAn , HRTA , and R,
causing different DPR performance (TN: 68.86%-81.28%, PO4 3− :
58.67%-97.80%). The oxic zone of A2 /O reactor played important roles in keeping stable nutrient removals although it
didn’t involve nitrification, where the particular size, sludge
microstructure and EPS composition were further analyzed to
elucidate DPR granular formation via DO control (0-2.0 mg/L).
FISH results showed the shift of PAOs and GAOs with nitrifier decline (1.72%→0.48%) in the A2 /O reactor, while AOB and
NOB were highly enriched in the MBBR (N1 : 10.55%-12.48%, N2 :
13.64%-14.43%, N3 : 17.22%-19.97%). Based on correlation analysis, the optimal HRTA (5-6.5 hr) and R (300%-400%) linked with
actual application and economic operation were suggested.
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