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a b s t r a c t

The two-stage aeration operational mode was used in an aerobic granular sludge (AGS)  sequencing 
batch reactor, under different high and low aeration time distribution. Obtained results showed that 
the introduction of the low aeration stage provided a good denitrification environment, alleviat-
ing the competition for nutrients between heterotrophic aerobic microorganisms. This method had 
quickly realized the process of short range simultaneous nitrification and denitrification (SSND), 
the total nitrogen removal rate increased from 40% to about 75%. The ratio of PN/PS rose from 1.27 
to the highest value of 1.81, which improved the mass transfer efficiency in a single particle and 
enhanced the stability of AGS. Furthermore, it was known from the results of confocal laser scan-
ning microscope (CLSM) and high-throughput pyrosequencing and phylogenetic assignment that 
the nitrite-oxidizing bacteria (NOB) were not completely washed, but rather stored in dead cells, in 
the inner layer of AGS. Consequently, this method could save the energy needed for aeration and 
improve the nitrogen removal performance and stability of AGS.
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1. Introduction

Aerobic granular sludge (AGS) aggregates with 
numerous types of strains that are embedded in a matrix 
of extracellular polymeric substances (EPS), inorganic 
compounds and various minerals. Compared to the acti-
vated sludge process, AGS has high biomass retention, 
good settling property and efficient nutrient removal, in 
a single reactor [1–3]. AGS has a hierarchical structure, 
which forms anoxic and anaerobic zones in the micro-
environment of a single particle, achieving simultane-
ous nitrification and denitrification (SND) [4]. However, 
in the operation of a conventional AGS reactor, nitrogen 
removal under aerobic conditions is not sufficiently high 

and the stability is very poor, which limited the develop-
ment of granular sludge [5].

EPS, secreted by microbes during growth and lysis [6], 
which could maintain the structure of the granules [7] and 
contribute to sludge stability. Proteins (PN) and polysac-
charides (PS) are the main components of EPS, containing 
multiple functional groups, which could change the sludge 
surface properties and hydrophobic forces. In addition, For 
AGS, a slight change in the concentration of DO led to a 
change in the EPS value, causing the stability of the gran-
ular sludge to be damaged. For example, a previous study 
reported that granular sludge developed at 100% saturation 
became unstable when oxygen saturation was decreased to 
40% [8]. However, high aeration may not be a necessary 
condition for sludge granulation [9]. Wan and colleagues 
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[10] successfully developed AGS at DO values close to 2 
mg/L (25% saturation) by adding nitrate to the system, 
thus, stable aerobic granular sludge can also be produced 
under moderate DO conditions. In that sense, granular 
sludge formation could benefit from SND, which is com-
monly observed in the granulation process [11]. Under the 
low concentration of DO, the SND process was easier to be 
realized, therefore, the low concentration of DO was ben-
eficial to the stable operation of AGS. Additionally, some 
studies had shown that high aeration is beneficial to the for-
mation of granular sludge. On the one hand, high aeration 
could reduce the mass transfer resistance between media, 
increasing the transfer efficiency of nutrients and oxygen 
between the water and the sludge [12]. On the other hand, 
the high shear force could promote the secretion of extra-
cellular polymers, and Appropriate hydraulic shear force 
was necessary to maintain the stable operation of AGS [13].
In summary, under appropriate conditions, AGS could be 
operated steadily regardless of the high dissolved oxygen 
concentration or low dissolved oxygen concentration, and 
enhanced performance in many aspects.

In this study, a two-stage aeration mode was employed. 
First, low aeration was used to stabilize the DO at about 
0~2 mg/L, thereby increasing the denitrification efficiency 
and enhancing the denitrification capacity. Subsequently, 
aeration was increased to 5~7 mg/L, to improve the over-
all nitrification performance and maintain particle stabil-
ity. The impact of micro-organisms, EPS level and other 
aspects of the two-stage aeration on the granular sludge 
was analyzed, aiming to make a theoretical contribution 
to the process of AGS denitrification.

2. Materials and methods

2.1. Reactor set-up

The AGS sequencing batch reactor (AGSBR) experi-
mental device was shown in Fig. 1. The reactor was made 
of plexiglass, with an effective volume of 6 L, bottom 
diameter of 16 cm and a height of 32 cm. The inlet was 
equipped with an inlet pump, whereas the outlet allowed 
water flow by gravity. The air diffuser was designed at 
the bottom of the reactor, through the air pump for aer-
ation, with an air flow meter that can be used to adjust 
the amount of aeration. Externally, the reactor also has 
an outfall, with the effluent ratio of 60%, which means 
that the volume of discharged water accounted for 60% 
of the total volume. In addition, the reactor was equipped 
with pH and DO on-line monitoring equipment that can 
display and record using the WTW instrument. The pH 
of the reactor was not controlled, whereas the pH value 
of the effluent was maintained between 7.5 and 7.9. Inoc-
ulated AGS is the result of a long-term SBR laboratory 
operation, and the obtained sludge had a concentration of 
4000 mg/L, with a mixed liquor volatile suspended sol-
ids/mixed liquor suspended solids (MLVSS/MLSS) ratio 
of approximately 0.7, average particle size of about 3 mm 
and good settling performance.

The reactor was operated with a fixed cycle time of 12 
h. The experiment was divided into 3 parts that were per-
formed in parallel, R1: the low aeration time was 1 h, and 

the high aeration time was 11 h; R2: the low aeration time 
was 2 h, and the high aeration time was 10 h; R3: the low 
aeration time was 3 h, and the high aeration time was 9 h. 
When the low aeration time was 4 h, and the high aera-
tion time was 8 h, after the reactor had been running for 15 
cycles, the disintegration of AGS appeared, and the denitri-
fication performance decreased greatly, so we stopped the 
operation of the reactor. 

The AGS was fed with synthetic wastewater, which 
contained approximately 300 mg COD/L, added as 
CH3COONa; 100 mg NH4

+-N/L, added as NH4Cl; 3 mg 
P/L, added as KH2PO4, the concentration of CaCl2·2H20 was 
100~120 mg/L and MgSO4·7H20 was 180~200 mg/L. Addi-
tionally, NaHCO3 was added to maintain alkalinity.

2.2. Analytical methods

All samples were filtered with a 0.45 lm filter prior to the 
analysis. NH4

+-N, NO2
–-N, NO3

–-N, MLSS and MLVSS were 
measured according to standard methods [14]. The average 
particle size was measured by laser particle size analyzer. 
The sludge microstructure and morphology were examined 
by scanning electron microscopy (SEM). Fluorescence in 
situ hybridization (FISH) was employed to determine the 
composition of the sludge. Samples were pretreated, then 
fixed and hybridized, as reported by Aoi et al. [15]. The 
probes used in the present study included EUB338, for the 
detection of most bacteria, NSO190, for ammonia oxidizing 
bacteria (AOB), Nit3, for nitrite oxidizing bacteria (NOB), 
fluorescein isothiocyanate (FITC), for extracellular proteins, 
Hoechst 33342, for live bacteria, and propidium iodide (PI), 
for dead bacteria (Table 1). Treated samples were detected 
by a confocal laser scanning microscope (CLSM; 156 Olym-
pus FV1000, Japan). EPS extraction was performed as pre-
viously described [16,17]. Moreover, the determination of 
PN was based on the Bradford assay [18], whereas PS were 
determined using the anthrone-sulfuric acid colorimetric 
assay [19]. Besides, the particle size of the granular sludge 
used in the experiment was large and the internal structure 
was mature, the boundary between the inner layer and the 
outer layer was very obvious, so the outer part and the deep 
color inner part can be easily stripped.

Fig. 1. Aerobic granular sludge Sequencing Batch Reactor: (1) 
Influent tank; (2) influent pump; (3) Air pump; (4) Air flow me-
ter; (5) Air diffusor; (6) Dissolved oxygen electrode; (7) pH elec-
trode; (8) WTW monitor; (9) outfall.
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2.3. Calculations

AGS (3500 mg/L) with pH of 7.5~8.0, was submitted to 
a small test (Fig. 2), at the temperature of 23°C. Due to AGS 
adsorption, SND, COD adsorption and the removal process 
being very short, liquid samples for testing were taken every 
5 min in the first 30 min of the small test, to calculate the 
removal rates of COD, NO2

–-N, NO3-N (VrCOD, VrNO2
–-N, 

VrNO3
–-N) and the adsorption rate (Vads) by test data. The 

small test device is shown below, whereas the conditions of 
the small test are shown in Table 2.

According to the law of conservation of mass [20], the 
incoming COD was considered to be transformed into three 
fractions: COD adsorbed into biomass, oxidized COD and 
residual soluble COD in the outlet:

CODinlet = CODadsorpted + CODoxidised + CODoutlet (1)

COD was supposed to be oxidized under anoxic or aerobic 
conditions:

CODoxidatised = CODanoxic + CODaerobic (2)

According to the small experiment and formulas (1) and (2), 
the rate of denitrification could be calculated using COD.

Nitrogen components were supposed to be transformed 
via assimilation by biomass, nitrification and denitrification. 
Hence, overall nitrogen balance becomes:

N-NH4inlet + N-NOxinlet = Ngas + N-NOxoutlet 

+ Nassimilation + N-NH4outlet (3)

The Nassimilation value was considered negligible. Conse-
quently, in this experiment, the total nitrogen removal rate 
can be calculated from Eq. (3):

RTN  = {1 –[N–NH4outlet + N–NOxoutlet/(N–NH4inlet 

+ N–NOxinlet)]} × 100  (4)

2.4. Microbial sampling and phylogenetic assignment

In this study, AGS had a larger particle size and the gap 
between the inner and outer layers was noticeable, meaning 
that the outer layer (light color) could be easily separated 
from the inner layer (deep color) through artificial means. 
After taking the AGS out of the reactor, we rinsed the AGS 
3–5 times with PBS buffer, then soak the AGS in PBS buffer 
and shake the particles for about 5 min, at this point, AGS 
structure was relatively loose, we could break the particle 
by the knife and tweezers, the inner and outer layers of AGS 
could be separated.

DNA was extracted from each sample according to a 
previously published method [21]. The extracted DNA was 
used for high-throughput pyrosequencing and phyloge-
netic assignment (Sangon, China).

3. Results and discussions

3.1. Effect of two-stage aeration of AGS on nitrogen removal

3.1.1. Analysis of ammonia oxidation 

According to Fig. 3, it can be seen that the effluent 
ammonia nitrogen concentration was basically 0 mg/L, 
meaning that the ammonia nitrogen removal was approx-
imately 100%. Moreover, the increase in low aeration time 
led to a decrease in nitrification rate, which indicates that 
the high and low aeration time allocation has some effect 
on ammonia nitrogen removal. Additionally, the system had 
stable nitrification overall, in spite of the nitrification activ-
ity being inhibited in the low aeration stage. This might be 
because the long-term presence of nitrifying bacteria in the 
system was advantageous, although inhibited in hypoxic 
sections, nitrifying bacteria can rapidly recover their activ-
ity in the late high aerobic section. We can see from Fig. 4 
that the introduction of low aeration stage was beneficial to 
the formation of anoxic environment, and which had little 
influence on aerobic nitrification process. As the low aera-
tion stage created an almost anoxic environment, the outer 

Table 1
Information relevant to FISH and dyes

Probes and 
dyes

Sequence (5’-3’) Specificity

EUB338 GCTGCCTCCCGTAGGAGT Most bacteria
NSO190 CGATCCCCTGCTTTTCTCC Ammonia-

oxidizing 
b-Proteobacteria

NIT3 CCTGTGCTCCATGCTCCG Nitrobacter spp.
FIYC – Extracellular 

protein
Hoechst 33342 – live bacteria
PI – dead bacteria

Fig. 2. small test device diagram.

Table 2
small test conditions

Number Wastewater conditions Inflatable 
type

Measurable 
data

1 300 mg COD/L; Air VrCOD
2 300 mg COD/L; Nitrogen Vads
3 300 mg COD/L;  

60 mg NO2
–-N/L

Nitrogen VrNO2
–-N

4 300 mg COD/L; 
60 mg NO3

–-N/L
Nitrogen VrNO3

–-N
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aerobic bacteria (aerobic heterotrophic bacteria and nitri-
fying bacteria) were inhibited to a certain extent, whereas 
denitrifying bacteria in the internal hypoxic areas could use 
sufficient carbon sources. Fig. 4 shows the organic concen-
tration curve, which was detected in the typical cycle of 
three stages, after entering the high aeration stage, COD was 
reduced, causing the inhibition of outer heterotrophic bacte-
ria, and thereby ensuring the activity of nitrifying bacteria.

3.1.2. Analysis of nitrogen accumulation

As seen in Fig. 5, the two-stage aeration method caused the 
nitrite accumulation rate increased significantly, from about 
5% to about 85.34%. With the low aeration time lengthened, 
the nitrite accumulation rate also increased to a certain degree. 
This may be because the introduction of the low aeration stage 
caused a high amount of COD to be used in the denitrification. 
In the high aeration stage, COD was completely consumed 
and the DO concentration was high, as we can know that from 
Fig. 4, which inhibited the internal hypoxia of the AGS, basi-
cally stopping the denitrification process, which ultimately led 
to the accumulation of NO2

–-N. Due to the limitation of DO 
concentration, nitrification occurs mainly in the high aeration 
stage. Moreover, with the increase in the duration of the low 

aeration stage, it is possible to shorten of the overall nitrifica-
tion time during a 12 h cycle, which may be favorable for the 
accumulation of nitrogen. Since the autotrophic nitrifying bac-
teria in the reaction system are mainly AOB and NOB, and the 
rate of specific growth is mainly affected by microbial intrinsic 
parameters and substrate concentration, which is consistent 
with the two-factor limited Monod equation [22,23], the rate 
of specific growth of AOB and NOB bacteria was deduced by 
the formula:

µ µ
ρ

ρx x
x

x x

DO

DO DO

S
K S K

=
+ +











,max  (5)

In Eq. (5), μx was the specific growth rate of nitrifying 
bacteria (AOB or NOB), d–1; μx,max was the maximum specific 
growth rate of nitrifying bacteria, d–1; Sx was the concentra-
tion of NH4

+-N or NO2
–-N, mg/L; Kx was the saturated con-

stant of the substrate, mg/L; KDO was the saturated constant 
of dissolved oxygen, mg/L; and ρDO was the concentration 
of dissolved oxygen in the reactor, mg/L.

As evidenced by Eq. (5), when the concentration of 
NH4

+-N is higher than Kx , μAOB mainly depends on the value 
of ρDO, and when ρDO (about 2 mg/L) > KDO, μAOB reached 
the maximum. Due to the SND process,the concentration of 
NO2

–-N in the initial reaction was very low, that is, Sx was 
almost zero, and AOB had a small oxygen saturation con-
stant (0.3 mg/L), whereas NOB had a large oxygen saturation 
constant (1.1 mg/L) [24] leading to μAOB > μNOB. In the entire 
reaction system, AOB achieved a greater degree of advantage 
(AOB activity increased), whereas NOB was at a disadvan-
tage (NOB activity was inhibited). At the same time, the SND 
process reduced nitrate nitrogen to nitrite nitrogen, which 
led to the rapid nitrite accumulation. When the low aeration 
time was increased, resulting in a greater advantage of AOB, 
the accumulation of nitrous oxide was further enhanced.

3.1.3. Analysis of denitrification performance

After 60 days of culture, the three reactors were basi-
cally stable and the relevant data were measured. The 
denitrification performance parameters of AGSBR are 
listed in Table 3. The total nitrogen removal rate of the three 
reactors increased to different degrees, and the total nitro-
gen removal rate of R2 was the highest, increasing from 
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about 40% to about 75%, visibly improving the denitrifi-
cation performance. This can be explained by the fact that 
the low aeration stage creates a better denitrification envi-
ronment, resulting in a significant increase in the activity 
of denitrifying microorganisms in the granular anoxic 
zone. Furthermore, even on the surface of the particles, the 
low aeration stage facilitates the use of sufficient carbon 
sources for denitrification, forming an adequate carbon 
storage for the high aeration stage, to ensure the stability 
of the denitrification [25]. The denitrification rate of nitrite 
in the three reaction systems was the most significant, and 
the rate (VrNO2

–-N) of R2 was increased from about 1.45 
mg/(gLVSS·h) to about 10.03 mg/(gLVSS·h), whereas the 
denitrification rate of NO3

–-N in R1–R3 was only slightly 
increased, which indicated that the main denitrification 
process in the system was short-range denitrification. This 
could be because the concentration of NO2

–-N in the sys-
tem, which is the main substrate of denitrification, is high, 
and, therefore, the denitrification rate is greatly improved. 
It is noteworthy that the removal rate of total nitrogen did 
not increase with the increase in low aeration time, which 
may be because of the decrease in the rate of ammonia 
oxidation in the low aeration stage, resulting in a limited 

concentration of nitrogen and a decrease in total nitrogen 
removal rate. Compared with other stages, R2 had the 
highest removal rate of TN and NO2

–-N,which had the 
highest efficiency, and R2 had lower risk of particle insta-
bility than R3

3.2. Effect of two-stage aeration on microorganisms in AGS

3.2.1. Analysis of the changes of EPS in AGS

Numerous reports have shown that EPS plays a signifi-
cant role in the stability of AGS [26,27]. In this experiment, 
we mainly considered the PN and PS concentrations in EPS, 
and it can be seen from Table 3 that, through the culture of 
two-stage aeration, the PN/PS value was improved, which 
led to better hydrophobicity of the particles, thus improv-
ing the integrity of the granular sludge. Results revealed 
that, with the increase of EPS, the particle size was also 
obviously improved. Two-stage aeration may stimulate the 
microbial secretion of EPS, so that small particles can be 
more easily combined to form large particles, which leads 
to a larger zone for internal aerobic denitrification and pro-
vides a relatively stable structure. By artificially stripping 
the particles, we preliminarily explored the EPS values on 
the inside and outside of the particles in the R2 and the ini-
tial culture stage. Obtained results show that the PS value 
of the outside was higher than the inside, and the PS value 
was essentially unchanged overall. However the PN value 
of the outside was significantly higher than the initial cul-
ture stage, which shows that the outer microbes secreted 
numerous PN during the operation, which resulted in the 
increase of particle size and improved stability of the par-
ticles. In many studies, PN acts as a vehicle for the trans-
port of substances between cells, increasing the ability of 
the cells to acquire energy and nutrients. The increase in 
PN also further improves the mass transfer efficiency of 
nutrients. Similar conclusions were drawn by means of 3D 
fluorescent staining (Fig. 6) of PN, which showed that the 
outside PN value was higher than in the inner layer. After 
two-stage aeration mode of culture, PN value was signifi-
cantly improved in AGS, helping maintain the stability and 
mass transfer of particles, which ensured that the area of the 
anoxic zone increased in the high hydraulic shear.
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Fig. 5. Curve of the influence of the distribution of high and low 
aeration time on the accumulation rate of nitrogen.

Table 3
Experimental data

Data R1 R2 R3

Initial Stable Initial Stable Initial Stable

VrNO2
–-Na 1.39±0.35 7.35±0.23 1.45±0.15 10.03±0.21 1.13±0.22 8.92±0.11

VrNO3
–-Na 0.78±0.21 2.48±0.09 0.88±0.12 3.39±0.33 1.01±0.38 3.27±0.27

RTN (%) 37.32 64.89 40.44 75.51 39.42 70.21
PNb 89.43±2.27 148.65±5.34 94.78±4.78 175.47±6.88 88.57±4.73 170.54±9.45
PSb 67.89±5.71 94.47±8.91 70.11±9.42 99.48±3.61 69.81±7.81 94.38±2.32
PN/PS 1.32 1.57 1.35 1.76 1.27 1.81
Size (mm) 2.94±0.54 4.02±1.02 3.07±0.99 4.97±0.65 3.02±0.44 5.14±0.76
VSS/SS 4000/2800 4520/3100 4600/3200 5150/3600 5200/3600 6150/4300

aVrNO2
–-N and VrNO3

–-N unit were mg /(gLVSS·h).
bPS and PN unit were (mg/g LVSS)
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3.2.2. Analysis of microbial community change of AOB and 
NOB in AGS

The AGS of the initial stage and the R2 stabilization 
phase were tested by FISH, following the separation of 
the inside and outside of the granules by artificial means. 
The resulting fluorescence images are presented in Fig. 
7, which shows that the number of bacteria outside was 
higher than the inside. This could be because the 3D 
structure of the granular sludge causes a certain degree of 
mass transfer resistance, and the inner layer was mainly 
composed of holes, which are formed by cell endogenous 
respiration and autolysis [28]. FISH images were roughly 
analyzed using a counting software (Image-Pro Plus 
5.1, Media Cybernetics, USA). The ratio of the number 
of outer AOB to the total number of bacteria increased 
from about 1.3% to about 3.5%, whereas the proportion 
of NOB was almost unchanged, accounting for only 1% 
of the total bacteria. This result confirms that the specific 
growth rate of AOB was higher than NOB, to the advan-
tage of nitrifying bacteria. The number of bacteria in the 
inside was significantly improved, but the proportion of 
AOB was very small (only about 1%), which shows that 
AOB (autotrophic aerobic microorganisms) were basi-
cally distributed on the surface of the aerobic layer, and 
rarely inside. It is worth noting that NOB was distrib-
uted inside of AGS, when NOB are at a disadvantage for 
a long time, they might lose their activity and became 
stored inside the particles.

The AGS was treated by the similar method and directly 
stained for live and dead cells using fluorescent dyes (Fig. 8). 
The obtained image shows that the number of living cells 

initial phase

bilization phase

Fig. 6. 3D fluorescence picture of extracellular protein (The 
 detection thickness is about 180 μm).

 

initial phase

 

 R2 stabilization phase

Fig. 7. FISH picture of AGS (Green represents the total bacteria, 
red represents AOB bacteria, and purple represents NOB bac-
teria).

 

initial phase

 

R2 stabilization phase

Fig. 8. Fluorescence picture of AGS (Green represents the living 
cells, red represents dead cells).
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in the outside was greater than the number of cells inside, 
at any phase. The ratio of the inner cells to the total cells 
(the sum of the live and dead cells) increased from about 
21.3–47.2%, indicating that the two-stage aeration method 
increased the particle size, but the mass transfer efficiency 
inside the particles was not significantly affected. Due to 
the PN increase between and in the cells, the transfer effi-
ciency of nutrients was improved in AGS, which ensured 
the proper functioning of the inner cells.

3.2.3. Analysis of microbial community change of AGS

Sludge samples from the initial phase (number 
1) and R2 stabilization phase were analyzed through 
high-throughput pyrosequencing, to estimate changes in 
microorganism. Sludge samples from the R2 stabilization 
phase were cut into outer sludge (number 2) and inner 
sludge (number 3) by artificial method. As seen in Fig. 9, 
the biological diversity of AGS was improved by the two-
stage aeration operation. All three samples contained a 
large number of Proteobacteria and Bacteroidetes bacteria. 
Planctomycetes was a type of microbial species involved 
in anaerobic denitrification [29]. Their proportion of the 
total bacteria increased from the original 2.78–17.70% (out-
side 0.47%, inside 17.24%), which increased the internal 
anaerobic zone, providing a good anaerobic denitrification 
environment and resulting in the rapid proliferation of 

microorganisms, ultimately improving the denitrification 
capacity. At the same time, it could be seen that AGS has 
the potential to remove hydrocarbons.

In domestic wastewater treatment, AOB mainly 
belong to the genera Nitrosomonas and Nitrosospira, 
whereas NOB mainly belong to the genera Nitrobacter 
and Nitrospira [30]. Moreover, the genera Paracoccus and 
Thauera are known as common denitrifying bacteria 
[31,32]. Nitrosospira and Nitrospira were not detected in 
this study, and the four genera that were present in the 
total bacteria are listed in Table 4. After the two-stage aer-
ation operation, the number of AOB and NOB increased 
from 0.33% and 0.28% to 4.45% and 0.55%,respectively, 
which confirmed the previous analysis of nitrification 
performance. The introduction of the low aeration stage, 
reduced the AOB, NOB and heterotrophic competition 
for nutrients, while sustaining the growth of AOB, which 
resulted in the AOB/NOB increase, the ratio is from the 
initial 1.2 to 8.1, ensuring the stability of nitrification and 
rapid realization of short-range nitrification. It is worth 
noting that there was a significant difference in the num-
ber of NOB in the outer and inner layers of AGS in R2. 
Considering the information in Fig. 6, it may be that NOB 
was not washed out of the system, but rather stored in 
dead cells in the AGS inner layer, becoming a part of the 
internal nucleus structure.

As the number of denitrifying bacteria was greatly 
improved, there was a large number of denitrifying bac-
teria in the outer layer of AGS, which may imply that the 
outer layer also had an oxygen-deficient zone in the low 
aeration stage, mainly due to the low aeration and high aer-
ation stages using a carbon source for denitrification. Con-
sequently, due to AGS mass transfer resistance in the inner 
layer, nutrient transport rate was slow, mainly in the low 
and high aeration stages of denitrification.

4. Conclusions

The introduction of the low aeration stage was benefi-
cial to the proliferation of denitrifying bacteria in the exter-
nal anoxic zone of AGS, alleviating the competition for 
nutrients between heterotrophic aerobic microorganisms, 
nitrifying bacteria and denitrifying bacteria, increasing 
the ratio of AOB/NOB. Therefore, the short-range simul-
taneous nitrification and denitrification process could be 
achieved quickly. Moreover, two-stage aeration increased 
extracellular PN, which provided a basis for stability and 
good mass transfer of AGS.

Fig. 9. Microbial community composition at the phylum level of 
the AGS, based on the 16S rRNA gene sequences.

Table 4
Shares of four genus in total bacteria Unit:%

Number AOB NOB Paracoccus Thauera Denitrifying bacteriab AOB/NOB

1 0.33 0.28 6.76 10.34 17.10 118
2 2.32 0.09 14.24 4.88 19.12 2577
3 2.13 0.46 8.59 5.13 13.72 463
2+3 4.45 0.55 22.83 10.01 32.84 809

cShare of denitrifying bacteria is the sum of Paracoccus and Thauera.
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