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a b s t r a c t
Under normal temperature and sufficient carbon source conditions, with simulated sewage as the 
treatment object, the characteristics, and advantages of phosphorus removal in the two-stage sequenc-
ing batch reactor (SBR) dephosphorization and denitrification process were investigated through 
comparative analysis. The phosphorus removal characteristics of the single-stage enhanced biological 
phosphorus removal-sequencing batch reactor (EBPR-SBR) were also discussed. Results showed that 
the phosphorus removal grade SBR1 of the two-stage SBR phosphorus removal and denitrification 
system has similar anaerobic phosphorus release and aerobic phosphorus uptake processes to the 
single-stage SBR. However, the phosphorus removal efficiency of the SBR1 system with low sludge 
age and high organic load is higher than that of the single-stage SBR system. The rate of specific phos-
phorus release of the fast phosphorus-releasing segment (0–0.5 h) and the rate of specific phosphorus 
absorption of the fast phosphorus-absorbing segment (0–1 h) of the SBR1 system are 1.43 and 1.79 
times higher than those of the single-stage SBR system, respectively. The effluent total phosphorus 
(TP) of the single-stage EBPR-SBR system can be no higher than 1.0 mg/L but not 0.5 mg/L. Phosphorus 
release occurs in polyphosphate-accumulating organisms at the beginning of EBPR-SBR system sed-
imentation, and the rate of phosphorus release increases over time. The rate of phosphorus release is 
constant after 40 min of sedimentation. The average rate of phosphorus release is 0.0138 mg P/L min. 
The final effluent TP of the two-stage SBR phosphorus removal and denitrification system may not be 
affected by the fluctuation of the effluent phosphorus concentration of the phosphorus removal grade 
SBR1. Thus, the TP can be easily and stably kept equal to or lower than 0.5 mg/L.

Keywords: �Two-stage SBR; Single-stage SBR; Phosphorus-rich sludge; Phosphorus release; EBPR; 
Sedimentation time

1. Introduction

In light of the increasingly stringent sewage discharge 
standard, the principal contradiction concerning urban sewage 
treatment has shifted from the removal of organic pollutants 

to that of nitrogen and phosphorus pollutants. Biological 
phosphorus and nitrogen removal remains the most eco-
nomical, effective, and widely applied sewage treatment 
technology at present. However, the corresponding biologi-
cal phosphorus and nitrogen removal techniques extensively 
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used in engineering practice are inherently problematic in 
such aspects as incompatible sludge ages between nitrify-
ing bacteria and polyphosphate-accumulating organisms 
(PAOs), competition for carbon source in denitrification and 
phosphorous release, and effect of the nitrate component 
in the anaerobic zone on phosphorous removal, making it 
difficult for the system to remove phosphorus and nitrogen 
effectively at the same time [1–5]. Moreover, the effluent total 
phosphorus (TP) of the enhanced biological phosphorus 
removal (EBPR) system fails to meet the first-level A stan-
dard of the existing national standard (GB18918-2002; that 
is, TP ≤ 0.5 mg/L) because of the phosphorus release effect of 
phosphorus-rich sludge and inevitable existence of a small 
amount of phosphorus-rich sludge particles in the effluent 
[6]. After comprehensively analyzing the status quo of the 
phosphorus and nitrogen removal process and related prob-
lems at home and abroad, the present study considered the 
environmental protection requirements of biological phos-
phorus and nitrogen removal, as well as the flexible oper-
ating characteristics of the sequencing batch reactor (SBR) 
process, and proposed the serial and multistage phospho-
rus and nitrogen removal mode of a two-stage SBR, which 
was proven to be effective in processing PAOs and nitrifying 
bacteria in two separate reactors by controlling the sludge 
age. This analysis provides a solution to the contradiction 
between phosphorus and nitrogen removal. The procedures 
targeting phosphorus, organics, and nitrogen removal are 
optimized. To achieve better effluent quality, the phosphorus 
and nitrogen removal efficiency of the two-stage SBR process 
is increased by a factor compared with the traditional sin-
gle-stage SBR. The effluent TP of the novel system can be sta-
bilized at <0.5 mg/L. This study adopted comparative anal-
ysis to investigate the phosphorus removal characteristics 
and strengths of the two-stage SBR phosphorus and nitrogen 
removal process. The phosphorus removal characteristics 
of the single-stage enhanced biological phosphorus remov-
al-sequencing batch reactor (EBPR-SBR) were also discussed.

2. Materials and methods

2.1. Experimental device

The experiment involved two SBR systems, namely, 
single-stage and two-stage. Three identical SBRs made of a 
polymethyl methacrylate, which were shaped like a cylinder 
upper part and a circular truncated cone lower part. The total 
height of the reactor was 55 cm and the inner diameter of the 

cylinder was 19 cm. The effective volume of the reactors was 
12 L. In addition to a small abrasive sandy head installed as a 
microporous aerator for aeration, the reactors were provided 
with small air pumps for oxygenation and blending, as well 
as temperature-controlling devices.

2.2. Experimental water and methods for water quality analysis

The experimental water was artificially synthesized sew-
age, with its alkalinity and pH adjusted by the addition of 
NaHCO3 and its N and P contents adjusted by the addition 
of quantified NH4Cl and KH2PO4. To determine how the 
concentration and biochemistry of organics in effluent affect 
them separately and optimally cultured heterotrophic PAOs 
and autotrophic nitrifying bacteria, two kinds of artificially 
synthesized sewage were selected. The conditions of the 
selected sewage are provided in Table 1.

In Table 1, “Sewage 1” has a chemical oxygen demand 
(COD) that is nearly equal to that of urban swage with a 
moderate to high concentration [7], in which soluble starch 
and peptone are macromolecular organics with a low biodeg-
radation rate. In “Sewage 2”, one of the major constituents is 
NaAc. “Sewage 2” is biochemically superior to “Sewage 1”, 
and its COD is equal to that of urban sewage with a moderate 
to low concentration [7].

Methods for water quality analysis: Nitrate nitrogen was 
analyzed by the thymol crystal spectrophotometry method, 
COD was assessed by potassium dichromate compressed 
digestion method, and other indicators were examined by 
national standard methods [8].

2.3. System startup

During system startup, the sludge inoculated in the three 
SBRs of both single-stage and two-stage systems were a mix-
ture of settled sludge in the aeration tank of Changchun FAW 
Sewage Treatment Plant and some anaerobic sediment mud 
from Nanhu Lake of Changchun. In the reactors, the water 
filling ratios were set as 0.5. The system temperature was 
kept at 23°C to 25°C.

For the single-stage SBR, “Sewage 1” in Table 1 was 
adopted as influent and introduced to undergo nitrogen 
and phosphorous removal. The practical operation involved 
the following procedures: short-term sewage influent/
anaerobic stirring/aerobic aeration/hypoxic stirring with 
added methanol solution/short-term aeration/precipitation, 
sludge discharge, water discharge, and idleness. The sludge 

Table 1
Test water quality

Item Major components COD/
(mg/L)

TN/
(mg/L)

NH4
+–N/

(mg/L)
NO3

––N/
(mg/L)

TP/
(mg/L)

pH

Sewage 1
With soluble starch, peptone and beef extract as 
the major constituents (at a mass ratio of 3:1.25:1), 
added with a little nutritive salt

480~640 80~102 65~86 »0 6.5~11.9 7.3~8.0

Sewage 2
With NaAc and soluble starch as the major 
constituents (at a mass ratio of 1.34:1), added 
with a little beef extract and nutritive salt

330~430 26~113 25~110 »0 7.0~18.0 7.5~8.2
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concentration (MLSS) was maintained at 4,200–4,400  mg/L 
and the sludge age was approximately 15  d in the system. 
Alkalinity and carbon source sufficiency were guaranteed in 
the nitration and denitrification sections, respectively. The 
time for anaerobic stirring, aerobic aeration, and hypoxic 
stirring was regulated in a real-time manner based on the 
tested experimental data. Aeration quantity was adjusted 
as necessary. One to two cycles were operated every day. As 
the number of acclimatization cycles increased, the nitrogen 
and phosphorus removal performance of the system was 
improved. When the system was stabilized, the color of the 
sludge in the reactors changed from ash black at the begin-
ning of acclimatization to brownish-yellow.

The two-stage phosphorus and nitrogen removal system 
is composed of two SBRs (SBR1 and SBR2, or S1 and S2) con-
nected in series. One operating cycle is illustrated in Fig. 1.

With “Sewage 1” in Table 1 also adopted as influent, S1 
worked at high load but low sludge age. The slow-growing 
autotrophic nitrobacteria were inhibited and eliminated so 
that PAOs became the dominant bacteria in the system and 
constituted the phosphorus removal stage of the system. The 
actual practice includes the following procedures: short-term 
sewage influent/anaerobic stirring/aerobic aeration/precipi-
tation, sludge discharge, water discharge, and idleness. The 
MLSS of the system was maintained at 3,100–3,500 mg/L and 
the sludge age was 5–7 d. The quality of both influent and 
effluent was inspected weekly. The anaerobic stirring time 
and aeration quantity and time in the aerobic section were 
adjusted as necessary. Two to three cycles were operated 
every day. As the number of acclimatization cycles increased, 
PO4

3−–P in outlet water gradually decreased, but NOx
−–N 

remained approximately zero. After the system was stabi-
lized, the color of the sludge in the reactors changed from ash 
black at the beginning of acclimatization to brownish-yellow.

S2 treated the effluent from S1. The system operated at 
low load and high sludge age. Nitrobacteria and denitrifying 
bacteria were cultivated as the dominant bacterial flora that 
constituted the nitrogen removal stage. The system operation 
involved the following procedures: short-term influent and 
stirring/aerobic aeration/anaerobic stirring with added meth-
anol solution/short-term aeration/precipitation, water dis-
charge, and idleness. Alkalinity and carbon source sufficiency 
were guaranteed in the nitration and denitrification sections, 
respectively. During system operation, no sludge was dis-
charged. Aerobic aeration and hypoxic stirring time were 
adjusted based on the tested experimental data, whereas aer-
ation quantity was adjusted as necessary. Two to three cycles 
were operated every day. As the number of acclimatization 

cycles increased, the nitrification and denitrification rates of 
the system were slowly improved. After the system was sta-
bilized, the MLSS in the reactor was 7,000–7,300  mg/L and 
the color of the sludge changed from ash black at the begin-
ning of acclimatization to brownish-yellow. Computed as per 
the sludge quantity discharged from the system in everyday 
water samples, the sludge age of the system was >50 d.

The experimental results showed that, when “Sewage 1” 
and “Sewage 2” in Table 1 were selected for the experiment, 
the sludge age of the phosphorus removal stage (S1) was 
approximately 5–7 d, whereas that of the nitrogen removal 
stage (S2) was >50 d. In both stages, heterotrophic PAOs and 
autotrophic nitrobacteria were maintained in two reactors 
to ensure overwhelming growth to improve phosphorus 
removal and denitrification, respectively. The main differ-
ence between the two stages is that, when “Sewage 2” with 
better biochemical properties was adopted as the influent, 
S1 had a significantly higher phosphorus-removing load. 
Under the same operating conditions (water filling ratios 
>0.5 in both cases) and PO4

3−–P removal rate >95%, the aver-
age influent load of phosphorus increased from 29.87 g P/
m3  d when “Sewage 1” was adopted as the influent to 
52.51  g  P/m3 d. The phosphorus removal properties of the 
single-stage and two-stage systems were compared based 
on the typical periodic experimental results.

3. Results and discussion

3.1. Comparison and analysis of the phosphorus removal efficiency

The typical periodic test results of the phosphorus 
removal procedure in single-stage SBR and two-stage S1 
with “Sewage 1” as the water inlet after the system opera-
tion became stable are provided in Tables 2 and 3. As shown 
in Table 2, for the periodic effluent, the COD is 510.1 mg/L, 
total nitrogen (TN) is 87.3 mg/L, NH4

+–N is 60.6 mg/L, TP is 
10.1 mg/L, initial value of MLSS in the reactor is 4,360 mg/L, 
and sludge age is approximately 15 d (no TN in the table). 
The periodic operation process is as follows: The short-term 
and centralized influent (for 2–3 min, including stirring and 
water sampling) is followed by the 180 min anaerobic period, 
422 min aerobic period (with TP is being 0.42 mg/L when the 
aerobic period lasted 120 min; as nitrification was necessary, 
aeration was prolonged), and 150  min hypoxic stirring (no 
experimental data about the hypoxic process in the table). 
The COD load of the influent is 0.61 kg/m3 d. The influence 
in Table 3 has nearly the same water quality as that in Table 
2, with the COD being 540.0 mg/L, NH is being 86.0 mg/L 
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Fig. 1. Operation process of two-stage SBR in a cycle.
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(with no peptone addition, TN in the water ≈ NH4
+–N), and 

TP being 10.8 mg/L. The initial value of MLSS in the reactor 
is 3,360 mg/L, and the sludge age is approximately 6 d. For 
the operating cycle, the short-term and centralized influence 
is followed by the 180 min anaerobic period and 90 min aero-
biotic period. The COD load of the influent is 1.44 kg/m3 d.

When water is introduced, given that PAOs can signifi-
cantly release phosphorus and absorb the organics, the TP 
concentration at 0 min of a cycle is higher than half of that 
in the influent in both Tables 2 and 3 when the water filling 
ratio is 0.5. However, the COD concentration in the mixed 
solution is lower than half of the COD concentration in the 
influent.

The ammonia–nitrogen concentration varies significantly 
in Tables 2 and 3 at 0 min because the single-stage SBR works 
as per synchronous removal of phosphorus and nitrogen, in 
which the ammonia–nitrogen concentration in the mixture 
obtained from the previous cycle is really low before water is 
introduced into the reactor and some of the organic nitrogen 
undergoes ammonification during short-term water supply. 
Therefore, in Table 2, after the dilution of the influent, the 
ammonia–nitrogen concentration (33.5  mg/L) at 0  min is 
slightly higher than half of that in the influent (60.6 mg/L). 
When targeting phosphorus removal, S1 nearly inhibits 
all of the nitrifying bacteria (with NOx

−–N  <  2  mg/L at the 
end of the aerobiotic period) by controlling the sludge age. 
During its operation, the ammonia–nitrogen concentration 
in the liquid mixture slightly decreases because of the assim-
ilation and weak nitrification effects. This finding explains 
the insignificant difference in ammonia–nitrogen concentra-
tion at 0 min (80.7 mg/L) after the dilution of the influent in 
Table 3 and the influence of that cycle (86.0 mg/L).

As shown in Tables 2 and 3, both cycles exhibit sat-
isfactory phosphorus removal, and their actual effective 

phosphorus release periods are 180 and 150 min and actual 
effective phosphorus absorption periods are 120 and 90 min, 
respectively. The phosphorus release and absorption rates 
initially increase and subsequently decrease in both cycles. 
To facilitate the analysis, we define the first 0.5 h (0–30 min) 
of anaerobic stirring as the fast phosphorus-releasing period 
and the first 1  h (0–60  min) of aerobic aeration as the fast 
phosphorus-absorbing period.

After the calculation, the specific phosphorus release 
rates of the fast phosphorus-releasing period of the cycles 
shown in Tables 2 and 3 are 4.79 and 6.83 mg P/g MLSS h 
and the corresponding specific phosphorus absorption 
rates of the fast phosphorus-absorbing period are 3.39 and 
6.08  mg  P/g  MLSS  h, respectively. Apparently, with the 
same water filling ratio and nearly identical influent qual-
ity, although the S1 phosphorus removal system with low 
sludge age and single-stage SBR phosphorus and nitrogen 
removal system with high sludge age have similar anaerobic 
phosphorus release and aerobiotic phosphorus absorption 
processes and can well remove phosphorus, the S1 phospho-
rus removal system with low sludge age and high organic 
load has significantly better phosphorous removal efficiency 
than the single-stage SBR phosphorus and nitrogen removal 
system with high sludge age. Moreover, its specific phospho-
rus release and absorption rates in the fast phosphorus-re-
leasing and phosphorus-absorbing periods are 1.43 and 1.79 
times higher than those of the single-stage system with sig-
nificantly reduced total effective phosphorus-releasing and 
phosphorus-absorbing times. This finding can be attributed 
to the high organic load (low sludge age) that inhibits the 
survival of nitrifying bacteria in S1 while providing a favor-
able growing environment for PAOs so that PAOs are signifi-
cantly more active and denser in S1 than in the single-stage 
SBR system with higher sludge age.

Table 2
Experimental results of single-stage SBR in a typical cycle

Indicator/
(mg/L)

Anaerobic stirring period/min Aerobiotic aeration period/min

0 30 60 90 120 150 180 0 30 60 90 120 170 220 270 321 370 422

COD 218.2 92.1 80.3 73.0 62.4 57.1 53.9 53.9 43.5 35.9 33.5 32.5 31.5 31.2 30.7 30.5 30.5 30.4
TP 8.86 19.3 21 22.0 22.2 22.4 23.0 23.0 13.7 8.21 2.61 0.42 – – – – – –
NH4

+–N 33.5 34.8 34.3 35.0 36.1 36.0 35.0 35.0 34.8 34.2 33.2 30.7 27.7 22.5 17.3 12.3 8.84 4.78
NO3

––N 0.55 0.03 0.02 0.02 0.04 0.01 0.01 0.01 0.70 1.82 3.14 6.03 12.1 17.3 22.9 26.7 30.5 32.8
NO2

––N 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.14 0.16 0.15 0.15 0.16 0.02 0.17 0.09 0.04 0.02

Table 3
Experimental results of SBR1 for two-stage system in a typical cycle

Indicator/
(mg/L)

Anaerobic stirring period/min Aerobiotic aeration period/min

0 30 60 90 120 150 180 0 15 30 45 60 90

COD 210.3 90.4 65.4 54.3 45.7 43.3 42.1 42.1 38.2 35.4 33.1 32.4 32.0
TP 8.42 19.9 22.4 24.1 24.5 25.0 25.0 25.0 19.4 13.2 8.89 4.56 0.11
NH4

+–N 80.7 82.2 81.3 82.2 82.2 82.3 82.1 82.1 81.2 80.1 78.4 76.8 75.3
NO3

––N 0.45 0.23 0.21 0.12 0.10 0.03 0.02 0.02 0.13 0.23 0.24 0.31 0.34
NO2

––N 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.14 0.16 0.35 0.78 1.53
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3.2. Comparative analysis of the phosphorus removal effect

In engineering practice, sewage from the bioreaction 
tank usually undergoes plain sedimentation and is subse-
quently discharged in the form of a supernatant. For the 
stably working EBPR system, PO4

3−–P in the supernatant is 
approximately 0  mg/L at the end of the aerobiotic period. 
By this time, the active sludge in the liquid mixture of the 
system is phosphorus-rich sludge, in which the phosphorus 
content can be 4% to 7% of its dry weight [9] or even >10% 
in several cases [10,11]. This finding indicates that, for the 
EBPR system, appropriate sedimentation after the aerobi-
otic period can effectively reduce the suspended solids (SS) 
concentration in the water and the TP concentration in the 
effluent at the same time. By contrast, as the sedimentation 
period is prolonged, PAOs may utilize the residual organics 
and internal carbon source in the reactor to release phospho-
rus and increase the TP concentration in the water [11–14]. 
Given such phenomena, reasonable sedimentation time 
before discharge constitutes an important factor affecting 
the final phosphorus removal effect of the EBPR system. In 
the present study, a comparative experiment on the phos-
phorus removal effect of the single-stage EBPR-SBR system 
(represented by S1 in the two-stage system) and two-stage 
SBR phosphorus and nitrogen removal system during the 
influent stage of “Sewage 2” in Table 1 was conducted.

3.2.1. Comparative analysis of varying P concentrations in 
predischarge liquid mixture with sedimentation time

Fig. 2 presents S1 of a typical cycle in the two-stage sys-
tem (with PO4

3−–P is being 64.91 mg/L at the end of the 2 h 
anaerobic stirring and COD being 31.5 mg/L and PO4

3−–P is 
being 0.14 mg/L at the end of the 80 min aerobiotic period) 
and varying TP and PO4

3−–P concentrations in the predis-
charge supernatant with sedimentation duration. PO4

3−–P 
in the figure is detected from the water sample after filter-
ing and sludge–water separation, whereas TP is measured 
directly from the liquid mixture after sampling is done.

Based on Fig. 2, under the present experimental condi-
tions, the following conclusions can be drawn from the stably 
operating EBPR-SBR system:

•	 Effluent TP, which reaches its minimum value of 0.89 
mg/L after 20  min of sedimentation, can be no higher 

than 1.0 mg/L but not 0.5 mg/L. This conclusion is con-
sistent with the research summary of Qiu Shenchu et al. 
[6], which reported the inevitable results of the phos-
phorus-rich sludge particles in the effluent and the 
phosphorus release effect of phosphorus-rich sludge 
during sedimentation. If the phosphorus content in 
the phosphorus-rich sludge of the system is 6%, efflu-
ent PO4

3−–P is 0.2 mg/L, and phosphorus-releasing effect 
of sludge during sedimentation is neglected, then SS 
in post-sedimentation effluent must be no higher than 
5 mg/L so that the first-level A standard (or TP ≤ 0.5 mg/L) 
can be met. This standard is difficult to achieve in the sys-
tem separating solid from liquid through sedimentation 
[6]. Furthermore, when the contribution of the phospho-
rus-releasing effect is considered, it is nearly impractical 
to control TP to be ≤0.5 mg/L in the effluent.

•	 PAOs release phosphorus right from the beginning 
of sedimentation and are at an increasingly high rate 
over time. After 40 min of sedimentation, the phospho-
rus-releasing rate tends to be a constant value, that is, 
0.0138 mg P/L min. Gao Ming from Jinan University [14] 
conducted a static precipitation test by extracting phos-
phorus-rich sludge from three sewage plants at various 
locations in Shandong Province through the A2O, CAST, 
and oxidation ditch processes. Thus, the phosphorus-
releasing effect of phosphorus-rich sludge during sedi-
mentation is another important and non-negligible factor 
affecting the TP concentration in effluent of the Sewage 
Treatment Plant.

•	 The TP duration curve of the supernatant at 20  min of 
sedimentation exhibits an increasing trend, indicating 
that the TP-increasing effect of phosphorus release from 
the supernatant begins to outweigh the TP-decreasing 
effect of SS removal from sediment after 20 min of sed-
imentation. After 60 min of sedimentation, two synchro-
nized increasing duration curves of PO4

3−–P and TP tend 
to be parallel to each other (at which moment, the differ-
ence between the vertical coordinates of two lines is the 
contribution of SS to TP). Thus, at this time, the SS con-
centration in water becomes stable and further prolong-
ing sedimentation is no longer meaningful for SS removal 
from the water.

•	 When sedimentation lasts for approximately 40  min, 
PO4

3−–P in the supernatant begins to exceed 0.5  mg/L 
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Fig. 2. Variation of supernatant TP and PO4
3–P with sedimentation time before drainage in single and two-stage SBR systems.
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because it is detected after water sample filtering and 
sludge–water separation. This finding indicates that, 
under the present experimental conditions, if filtra-
tion alone is used to eliminate the effect of SS on efflu-
ent TP in the EBPR-SBR system, then the process must 
be completed within 40 min after sedimentation begins. 
However, TP cannot be ensured as being no higher than 
0.5 mg/L because of the phosphorus-releasing effect.

As indicated by the previously presented conclusions, 
on the premise of meeting the sedimentation requirements, 
the EBPR-SBR system should shorten the sedimentation 
process as much as possible and discharge the water and 
sludge in time to weaken the phosphorus-releasing effect on 
effluent TP.

Based on the results presented in Table 2, if the phos-
phorus content in phosphorus-rich sludge is 6%, then the 
SS concentration is 9.83mg/L in the supernatant at this time 
in accordance with the difference between TP and PO4

3––P 
(0.59 mg/L) after 30 min of sedimentation. This finding indi-
cates that, under the present experimental conditions, to 
lower the effluent TP as much as possible (while ensuring 
that SS ≤ 10 mg/L), the ideal total time for sedimentation and 
water/sludge discharge in the EBPR-SBR system should be no 
longer than 30–40 min. Although the sedimentation perfor-
mance of the practical EBPR-SBR system may be entirely con-
sistent with the results shown in Fig. 2, it remains difficult to 
achieve complete sedimentation and water/sludge discharge 
within a short period. The reason is that an engineering-scale 
SBR usually takes approximately 2  h to achieve complete 
sedimentation and water discharge [15]. Moreover, a longer 
time is required when sludge discharge is further included.

Fig. 2 also shows that, under the present experimental 
conditions, for a two-stage SBR system in stable operation, 
after 93  min predischarge sedimentation at the final outlet 
S2, TP in the supernatant decreases from 0.48  mg/L to the 
lowest value of 0.25  mg/L after 15  min of sedimentation, 
whereas PO4

3−–P increases only from 0.09 mg/L at the begin-
ning of sedimentation to 0.13 mg/L. After 240 min of sedi-
mentation, not only PO4

3−–P increases to 0.36 mg/L but also the 
corresponding TP increases to 0.41 mg/L. This finding clearly 
shows that there are nearly no PAOs in the S2 system and the 
active sludge in the system is regular non-phosphorus-rich 

sludge. The phosphorus content in non-phosphorus-rich 
sludge was only 1.5%–2% [6,10]. Thus, the system effluent 
can be easily and stably kept no higher than 0.5 mg/L.

3.2.2. Stability of the phosphorus removal process in 
the two-stage SBR

With regard to the EBPR system, its phosphorus removal 
effect remains directly related to the influent quality, sys-
tem operating conditions, and sedimentation duration 
[16,17]. In the present experiment, the TP concentration in 
S1 is also usually affected by the change in system operating 
conditions or fluctuation of influent phosphorus concentra-
tion, so that it is fluctuating in some sense. Nevertheless, 
given that phosphorus is an indispensable component for 
the growth of microorganisms, when the effluent from S1 
undergoes nitrogen removal treatment in S2, the effluent 
TP can still be lower than or equal to 0.5 mg/L with satis-
factory stability. Fig. 3 illustrates the changes in the influ-
ent PO4

3−–P and supernatant TP concentrations of S1 and S2 
after 85 min pre-effluent sedimentation in 58 cycles when 
the two-stage system keeps working stably. Moreover, the 
average PO4

3−–P concentration is 7.24, 12.12, and 16.41 mg/L.
As shown in Fig. 3, in the influent experiment with three 

concentration gradients of PO4
3−–P, after 85 min of sedimen-

tation, although the TP concentration in the S1 supernatant 
fluctuates to some degree and is >1.0 mg/L, the average TP 
is 1.27  mg/L with a fluctuation interval of 1.14–1.51  mg/L 
and fluctuation margin of 0.37  mg/L. However, the super-
natant TP concentration and stability in S2 are significantly 
superior to that in S1 because its average value is 0.23 mg/L 
with a fluctuation interval of 0.18–0.28  mg/L and a fluctu-
ation margin of 0.1 mg/L only. The final effluent TP in the 
two-stage SBR system is free from the effect of fluctuating 
phosphorus concentration in the effluent of S1 and can eas-
ily and stably keep no higher than 0.5 mg/L. This require-
ment is unattainable for the existing regular EBPR systems 
that separate solid from liquid through sedimentation [6].

4. Conclusions

•	 Under ambient temperature and rich carbon source, the 
phosphorus removal grade SBR1 in the two-stage serially 
connected SBR phosphorus and nitrogen removal system 
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Fig. 3. Experimental results of phosphorus removal in the stable operation of the two-stage SBR system.
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and single-stage SBR system exhibit similar anaerobic 
phosphorus-releasing and aerobiotic phosphorus-ab-
sorbing processes, and both of them can achieve a 
satisfactory phosphorus removal effect. However, during 
its operation, the SBR1 system with a low sludge age 
and high organic load has a significantly higher phos-
phorous removal efficiency than the single-stage system. 
Moreover, the specific phosphorus release and absorp-
tion rates of the fast phosphorus-releasing segment 
(0–0.5 h) and phosphorus-absorbing segment (0–1 h) in 
the SBR1 system are 1.43 and 1.79 times higher than that 
in the single-stage system, respectively.

•	 The effluent TP of the single-stage EBPR-SBR system can 
be no higher than 1.0 mg/L but not 0.5 mg/L, which is an 
inevitable result of the phosphorus-rich sludge particles 
in the effluent and the phosphorus release effect of phos-
phorus-rich sludge during sedimentation.

•	 PAOs in EBPR-SBR begin releasing phosphorus right 
after sedimentation is started and at an increasingly 
high rate over time. The phosphorus-releasing rate 
becomes nearly constant after approximately 40 min of 
sedimentation, whereas the average rate at this time is 
0.0138 mg P/L min.

•	 On the premise of meeting the sedimentation require-
ments, the sedimentation duration should be shortened 
as much as possible in the EBPR-SBR system and water 
and sludge should be discharged in time to alleviate 
the phosphorus-releasing effect on effluent TP.

•	 The final effluent TP of the two-stage SBR phosphorus 
and nitrogen removal system can be free from the effect 
of fluctuating effluent phosphorus concentration in S1 
and keep no higher than 0.5 mg/L in an easy and stable 
manner. This is beyond the capacity of existing common 
EBPR systems that separate solid from liquid through 
sedimentation.
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