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ABSTRACT

A new modified sequencing batch reactor (SBR) was proposed to treat wastewater. The mod-
ified SBR consists of 4 tanks with different anaerobic/anoxic/aerobic function. The organic
substrate degradation and nitrification could occur sequentially in the different tank of the
modified SBR. The dominant microorganisms grew in different tank to avoid the impact of
high organic loadings. The results showed that the modified SBR was a high efficient reactor.
The average NHþ

4 -N and total nitrogen removal efficiency was 98 and 52, respectively. The

ratio of influent NHþ
4 -N/TN was equal approximately to TN removal efficiency, indicating

that the TN removal efficiency was affected by the influent NHþ
4 -N concentration. The longer

anaerobic time was favored for the nitrogen removal. The optimal anaerobic time should be
set at 1 h. The optimal ratio of aerobic/anaerobic time (TO/A) was 0.5.
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1. Introduction

The nitrogen and phosphate from wastewater
promotes the eutrophication of lakes, rivers, and
coasts, resulting in severe effects on the environment.

Eutrophication is a major water quality problem all
the world, which can cause algal blooms and disrupt
the normal function of aquatic ecosystems [1].
Nitrogen and phosphorus removal from wastewater is
one of the key strategies for preventing eutrophica-
tion. Stricter regulations have been applied to reduce
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eutrophication regarding nitrogen and phosphate
discharge limit from wastewater.

The nitrogen removal from wastewater is of
increasing importance. Various physiochemical and
biological methods have been proposed to remove
nitrogen compounds from wastewater. Biological nitri-
fication and denitrification processes are usually used
for wastewater treatment. These methods are applied
much more frequently than physiochemical methods,
due to their effectiveness and relatively low costs
[2,3]. There are two key steps involved in nitrogen
compounds removal from wastewater by nitrification
and denitrification. Nitrification consists of a two-step
mechanism that firstly ammonia is converted to
nitrite, and secondly nitrite to nitrate using autotroph-
ic bacteria such as Nitrosomonas and Nitrobacter spe-
cies [4]. Denitrification includes heterotrophic and
autotrophic processes. Biological nitrogen removal
(BNR) processes have many types such as the
sequencing batch reactor (SBR), the anaerobic/anoxic/
oxic (A2O) process, and the University of Cape Town
process, etc [2,3,5,6]. The A2O process is used most
widely among these BNR processes, which is a single
sludge system consisting of sequential anaerobic/
anoxic/aerobic phases. So far, some processes have
achieved a high denitrification rate using the addition
of an external carbon source. However, some prob-
lems from nitrifying bacteria being introduced in
irregular amounts and concentrations have prevented
substantial removal of total nitrogen [2]. Autotrophic
ammonium oxidizing organisms are often out
competed by other heterotrophic organisms due to
their slow growth rates, which may affect the nitrifica-
tion rate. The ammonia oxidation rate is also strongly
affected by a variety of environmental factors, includ-
ing dissolved oxygen (DO), pH, temperature, and
substrate concentration. The immobilization of
nitrifying bacteria using natural or synthetic materials
as the support media can overcome these problems.
These supporting materials must satisfy some require-
ments, including nontoxicity, retention of cellular
survive, and stability in the medium. Immobilization
of bacteria results in a relatively smaller reactor and
provide some protection against temperature or toxic
shocks [7].

The nitrogen removal could be achieved by three
methods: (1) nitrate denitrification by providing
anoxic or anaerobic phase, (2) operation at low DO
concentration to encourage simultaneous nitrification
and denitrification (SND), and (3) cyclic aeration (on/
off) during the reaction phase [8]. It is very useful to
combine both nitrification and denitrification in the
same phase to reduce the carbon source requirement
in treating municipal wastewater [9]. The conventional

biological nitrogen removal involves separate aerobic
and anoxic phases in separate reactors [10–12]. The
SND has gained significant attention since the nitrifi-
cation and denitrification occurs in one reactor under
low DO condition [13]. Nitrogen removal via SND has
been recognized as one strategy for saving energy
consumption in biological wastewater treatment
process [14].

The SBR is a widely used process for biological
nutrient removal (nitrogen and phosphorus) from
wastewater [15–17]. SBR has become increasingly
popular in engineering applications for industrial
wastewater treatment, such as poultry processing
wastewater, brewery wastewater etc. [18,19]. One of
the advantages of SBR process is its ability to treat
wastewater in only one tank such as carbon substrate
degradation, nitrogen and phosphorus removal [20–
22]. Using one single SBR for treatment industrial
wastewater, it is very difficult for the effluent quality
to meet the discharge limits in China due to high
COD and nitrogen concentrations [23].

SBR process is noted for its operational flexibility
[24–26]. The SBR can remove both nitrogen and phos-
phorus in alternate anoxic/anaerobic/aerobic condi-
tions [27–30]. The SBR process is normally operated
on a fixed schedule of five phases, including loading,
anoxic–anaerobic treatment, aerobic treatment, sedi-
mentation, effluent extraction. Each phase has a fixed
time without considering process requirements. This
would not result in a highly efficient operation.
Furthermore, a wrong timing may result in serious
process problem [31]. The problem of SBR control is
drawing increasing attention since the pioneering
work of Oles started [32].

The flexibility of SBR requires a higher level of
process control and automation management. An
important characteristic of SBR is the special phase
control on batch mode and step timing. The drawback
of SBR is the intermittent operation with various
sequences for carbon, nitrogen, and phosphorus
removal. The SBR performance can be improved by
the process development [33,34].

CASS and CAST processes were invented by Gora-
nzy, based on SBR. However, these processes still had
some disadvantages, especially considering phospho-
rus removal. A new modified SBR was proposed to
overcome the disadvantages of the above reactors,
which had different construction and operational
mode compared with the previous MSBR described
by Wu [35].

In this study, a novel modified SBR process
(Fig. 1), which consisted of anaerobic/anoxic/aerobic
phases, was introduced to remove nitrogen from
wastewater. The objective of this study was threefold.
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Firstly, the performance of a modified SBR reactor
was analyzed. Secondly, the relationship between

NHþ
4 -N and TN removal was investigated. Thirdly,

the relationship between anaerobic time and TN
removal was investigated.

2. Materials and methods

2.1. Experimental reactor

Experiments were carried out in a modified SBR
reactor. The reactor was about 300m3, which was
9.6m length, 8m width, and 4.8m depth (4m effective
water depth and 0.8m high freeboard). It can treat
urban wastewater of 500m3 every day. The hydraulic
retention time (HRT) was 14 h. The air flow rate from
the compressor was 28m3h�1. The water temperature
was controlled at about 15˚C in the reactor. The
sludge retention time (SRT) in the reactor was main-
tained at 30 days by periodic waste sludge discharge.
The DO and pH were continuously monitored by the
sensors. The construction scheme of the modified SBR
reactor is shown in Fig. 1. The seed sludge was
3,000mg MLSS/L collected from the excess activated
sludge of a conventional activated sludge process of a
local wastewater treatment plant in Wuhan, China.
The wastewater was fed into the reactor by a pump
controlled with an electrode level switch. The
discharge was carried out automatically using electric
valves. Air was supplied by an electromagnetic
blower controlled by a DO meter (OXY4150, Dalian,
China).

2.2. Operating mode

The work cycle of the modified SBR reactor was
6 h, consisting of main body phase 1 (120min), transi-
tional phase 1 (60min), main body phase 2 (120min),

and transitional phase 2 (60min). During the main
body phase 1, the influent was firstly added into A
tank, then subsequently flowed through B and C tank
with final effluent from D tank which was being used
as a clarified tank in the main body phase 1 and tran-
sitional phase 1. The A, B, and C tank were supplied
separately with alternating anoxic/anaerobic/aerobic
condition. The influent could also be added into B
and C tank according to operational requirement.
During the transitional phase 1, the influent was
added into the aerated C tank with the effluent from
D tank. At the same time, the B tank stopped mixing
and aeration to settle 1 h for the coming action as a
clarified tank in the coming main body phase 2 and
transitional phase 2.

During the main body phase 2, the influent was
firstly added into C tank, subsequently flowed
through D and A tank with final effluent from B tank
which was being used as a clarified tank in the main
body phase 2 and transitional phase 2. The C, D, and
A tank were supplied separately with alternating
anoxic/anaerobic/aerobic condition. The influent
could also be added into D and A tank according to
operational requirement. During the transitional phase
2, the influent was sent into the aerated A tank with
the effluent from B tank. At the same time, the D tank
stopped mixing and aeration to settle 1 h for the
coming action as a clarified tank in the coming main
body phase 1 and transitional phase 1.

2.3. Influent composition

The experiments were conducted using urban
wastewater. The influent wastewater was obtained
from a local wastewater treatment plant in Wuhan,
China, which treated urban wastewater of 60,000m3/d.
The average influent composition of BOD5, COD,

NHþ
4 -N, TN, and TP was 135, 234, 17, 25, and 5mg/L,

respectively.

2.4. Analytical methods

The pH value was measured using a pH meter
(HACH, Germany). The measurement of the mixed
liquor suspended solids (MLSS), total nitrogen (TN),
oxidized nitrogen (NO�

3 -N and NO�
2 -N), NHþ

4 -N, and
total phosphorus (TP) was carried out using a spectro-
photometer (DR-5,000 HACH, Germany). The BOD5,

MLSS, MLVSS, TN, TP, NHþ
4 -N, NO�

3 -N, and NO�
2 -N

content was analyzed according to standard methods
[36]. The chemical oxygen demand (CODCr) was
measured with an oxidizer K2Cr2O7 [37]. A dissolved
oxygen meter (OXY4150, Dalian, China) connected to

Fig. 1. Construction scheme of the modified SBR reactor.
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a controlling computer was used to determine the
dissolved oxygen (DO) concentration online. The
microbe species in the activated sludge was observed
using an optic microscope.

3. Results

3.1. NHþ
4 -N, TP, TN, COD removal

The reactor was acclimatized for about 60 days
prior to monitoring. All the results were obtained at
steady state in the reactor. The changes of NHþ

4 -N,
TP, TN, and COD during one anaerobic and aerobic
cycle in the modified SBR were observed for one year.
In the anaerobic phase, the COD decreased slowly
within 60min, and the phosphorus release was
observed. In the aerobic phase, the COD decreased
quickly within 30min, the phosphorus uptake was
observed. It was inferred that the internally stored
PHA was oxidized for cell growth, phosphorus
uptake, and glycogen synthesis due to no external
carbon source. In the aerobic phase, the TP and

NHþ
4 -N concentrations decreased quickly with the

increase in NO�
3 -N concentration. The NO�

2 -N concen-

tration was less than 0.02mg/L showing that the
NO�

2 -N was not accumulated in the modified SBR. At
the end of aerobic phase, the TP concentration
decreased to the lowest, while the NO�

3 -N concentra-

tion increased to the highest. The pH in the modified
SBR was up from 7.1 to 7.5 between the beginning
and end of anaerobic phase. The pH decreased
rapidly from 7.5 to 7.1 within 1 h when aerobic phase
started. It was inferred that the pH decrease was due
to the production of H+ by nitrification with low
neutralization capacity of wastewater.

NHþ
4 -N, TP, TN, and COD removal efficiency was

summarized as follows. The average effluent COD
and removal efficiency was 35mg/L and 85 %. The

effluent NHþ
4 -N was about 1.4mg/L during most of

the operational period. The average NHþ
4 -N removal

efficiency was more than 98%. The effluent TN and
removal efficiency was below 12mg/L and 52%.
Although the effluent TN concentration had met the
discharge limits (20mg/L) in China, TN removal
efficiency was not satisfied. The average effluent TP
and removal efficiency was 0.75mg/L and 85%.

3.2. Relationship between NHþ
4 -N and TN removal

3.2.1. Analysis of NHþ
4 -N and TN in the influent

Influent NHþ
4 -N and TN concentration was

measured continuously, as shown in Fig. 2. The

influent NHþ
4 -N and TN fluctuated in a wide scope

between 10–20mg/L NHþ
4 -N and 17–30mg/L TN,

respectively. From Fig. 2, it can be seen that the

average influent NHþ
4 -N concentration was 17mg/L,

the average influent TN concentration was about
24.8mg/L. So, it could be inferred that the average

ratio of influent NHþ
4 -N to TN was 68%.

3.2.2. Analysis of NHþ
4 -N and TN in the reactor

The NHþ
4 -N and TN concentration in the C tank

was measured continuously at the end of aerobic

phase, as shown in Fig. 3. By analyzing NHþ
4 -N and

TN concentration in the C tank for many times, the

NHþ
4 -N and TN fluctuated in a small scope between

1.5–2.13mg/L NHþ
4 -N and 17.3–20.5mg/L TN,

respectively. As seen in Fig. 3, the average NHþ
4 -N

and TN concentration was 1.9 and 19mg/L in the C
tank at the end of aerobic phase. Therefore, it could

be inferred that the average ratio of the NHþ
4 -N to TN

was 10% in the reactor, that is, the residual 90% TN
consisted of organic nitrogen, NO�

3 , and NO�
2 .

3.2.3. Analysis of NHþ
4 -N and TN in the effluent

The NHþ
4 -N and TN concentration in the effluent

was measured continuously, as shown in Fig. 4. By
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Fig. 2. Influent NHþ
4 -N and TN concentration.
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Fig. 3. NHþ
4 -N and TN concentration in the reactor.
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analyzing effluent NHþ
4 -N and TN concentration for

many times, the effluent NHþ
4 -N and TN fluctuated in

a small scope between 0.7–1.9mg/L NHþ
4 -N and

11–13mg/L TN, respectively. From Fig. 4, the average

effluent NHþ
4 -N and TN concentration was about 1.4

and 11.8mg/L. Therefore, it could be inferred that the

average ratio of the effluent NHþ
4 -N to TN was 12%.

On the base of the above results, it was inferred
that the value of the influent NHþ

4 -N/TN ratio (68%)

minus the effluent NHþ
4 -N/TN ratio (12%) was equal

approximately to TN removal efficiency. TN removal

in the reactor was in fact equal to the influent NHþ
4 -N

removal. The influent organic nitrogen was approxi-
mately equal to the effluent organic nitrogen, showing
that organic nitrogen removal in the reactor was poor.
The TN removal efficiency was affected by the

influent NHþ
4 -N concentration.

3.3. Effect of anaerobic time on TN removal

The experimental results showed that the average
TN removal efficiency was 50, 55, 67, and 70% with
the anaerobic time of 20, 45, 60, and 90min,
respectively. The relationship between the TN removal

efficiency and anaerobic time was shown in Fig. 5.
From Fig. 5, two simulation curves were obtained
through mathematic analysis showed in the following
Eqs. (1) and (2). The result showed that the Eq. (1)
was better than Eq. (2) in accuracy.

y ¼ �0:5x2 þ 9:7xþ 40 R2 ¼ 0:9531 ð1Þ

y ¼ 15:217LnðxÞ þ 48:41 R2 ¼ 0:9196 ð2Þ

3.4. Effect of anaerobic time on NHþ
4 -N concentration

The relationship between NHþ
4 -N concentration in

the reactor and anaerobic time was showed in Fig. 6.
A simulation curves was obtained through mathe-
matic analysis, showed in Eq. (3). The experimental

results showed that the average NHþ
4 -N concentration

in the reactor could be improved by the increase of

anaerobic time. If the average NHþ
4 -N concentration in

the reactor could be improved, it would result in the
increase of the TN removal efficiency according to the
above conclusion.

y ¼ 0:3344LnðxÞ þ 0:4093 R2 ¼ 0:9899 ð3Þ

3.5. Mass balance analysis on influent and effluent
nitrogen

Nitrogen compositions consist of NHþ
4 -N, NO�

2 -N,
NO�

3 -N and organic nitrogen. To analyze nitrogen

balance, the following calculation was performed.
In the influent, the average NHþ

4 -N concentration
was 17mg/L, the average NO�

2 -N concentration was
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4 -N and TN concentration.

1(20) 2(45) 3(60) 4(90)

Anaerobic time (min)

0

10

20

30

40

50

60

70

80

90

100

T
N

 r
em

ov
al

 e
ff

ic
ie

nc
y 

(%
)…

…
…

…

TN removal efficiency x2(TN removal efficiency)

y = -0.5x
2
 + 9.7x + 40

R
2
 = 0.9531

1(20) 2(45) 3(60) 4(90)
0

10

20

30

40

50

60

70

80

90

100

T
N

 r
em

ov
al

 e
ff

ic
ie

nc
y 

(%
)…

…
…

…

Anaerobic time (min)

TN removal efficiency log(TN removal efficiency)

y = 15.217Ln(x) + 48.41

R
2
 = 0.9196

Fig. 5. Relationship between the TN removal efficiency and anaerobic time. X= 1, 2, 3, and 4 according to anaerobic time
20, 45, 60, and 40min.

J. Li et al. / Desalination and Water Treatment 51 (2013) 3691–3699 3695



0.01mg/L, the average NO�
3 -N concentration was

0.2mg/L, and the average TN concentration was 25mg/
L. Therefore, it could be inferred that the influent organic

nitrogen concentration was 7.6mg/L. NHþ
4 -N/TN was

68%, NO�
2 -N/TN was about 0, NO�

3 -N/TN was 2%,

and organic nitrogen/TN was 30%.
In the effluent, the average NHþ

4 -N concentration was
1.4mg/L, the average NO�

2 -N concentration was 0.08mg/
L, the average NO�

3 -N concentrations was 5.6mg/L, and

the average TN concentration was 12mg/L. Therefore, it
could be inferred that the effluent organic nitrogen

concentration was 4.92mg/L, NHþ
4 -N/TN was 12%,

NO�
2 -N/TN was about 0, NO�

3 -N/TN was 47%, and
organic nitrogen/TN was 41%.

The influent organic nitrogen concentration was
7.6mg/L, the effluent organic nitrogen concentration
was 4.92mg/L. It showed that the ability of organic
nitrogen removal was poor in the modified SBR. TN
removal was mainly from NHþ

4 -N removal. It showed

that the influent NHþ
4 -N/TN ratio was equal

approximately to TN removal efficiency.
Influent nitrogen compositions were showed in Fig. 7.

Effluent nitrogen compositions were showed in Fig. 8.

3.6. Effect of aerobic/anaerobic time ratio on nitrogen
removal

Every tank in the reactor was aerated intermit-
tently. The ratio of aerobic/anaerobic time (i.e., TO/A)
affected nitrogen removal efficiency. The relationship
between TO/A and nitrogen removal efficiency was
investigated. TO/A was adjusted four times for finding
the optimal TO/A. The reactor was operated steadily
seven days at various TO/A. To simplify object, TO/A

of tank C was analyzed. The operational conditions of
four various TO/A were shown in Table 1.

The nitrogen removal efficiency at various TO/A

was shown in Fig. 9. The nitrogen removal efficiency
was 0.66, 0.63, 0.57, and 0.5 with various TO/A at 0.5,
2.6, 3.5, and 5.0, respectively.

4. Discussion

The modified SBR had a special structure
consisting of 4 tanks with anaerobic/anoxic/aerobic
function. By controlling the operational conditions,
organic substrate degradation and nitrification could
occur sequentially in every tank of the modified SBR.
The dominant microorganisms grew in respective
tank, which avoided the negative impact of high
organic loadings on nitrification and maintained
system stability.

4.1. NHþ
4 -N removal

NHþ
4 -N removal efficiency was up to 98%. The

impossible reason was that the longer aerobic time
resulted in the nitrifying bacteria from the activated
sludge growth well, which could convert most of

NHþ
4 -N to NO�

3 -N.

4.2. TN removal

From the operational results, the average TN
removal was only 52%. Therefore, TN removal

y = 0.3344Ln(x) + 0.4093

R
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 = 0.9899
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efficiency was poor. The impossible reason was that
the longer aerobic time resulted in more conversion of

NHþ
4 -N into NO�

3 -N. However, the short anaerobic

time could not change more NO�
3 -N into N2, resulting

in a great amount of NO�
3 -N accumulated in

wastewater.
The experimental results showed that the conver-

sion rate of the organic nitrogen to NHþ
4 -N would

become slow after 1 h anaerobic phase. The more the

organic nitrogen was changed into NHþ
4 -N, the higher

the TN removal efficiency would be. If the TN
removal efficiency is expected more than 90%, it can

be realized by improving NHþ
4 -N/TN up to 90%. For

most of urban wastewater, it is not necessary to
achieve TN removal efficiency up to 90%, because it
would probably expend more aerobic time to reach it,
but the increasing rate of TN removal is limited. After
taking into account the phosphorus and TN removal
together, the optimal anaerobic time should be set at
1 h. Under this condition, the reactor efficiency is
higher, the reactor construction cost is lower, and the
reactor power is saved.

4.3. TO/A and nitrogen removal efficiency

The experimental result showed that the nitrogen
removal efficiency would become lower and lower
when the aerobic time was higher than the half of
anaerobic time. The optimal TO/A was 0.5, and the
nitrogen removal efficiency was 66%. The possible
cause was that the anaerobic time was too short to let
denitrification bacteria growth well. The denitrification

bacteria could not synthesize enough poly b-hydroxy-
butyric acid (PHB) inside bacteria, so the denitrification
bacteria could not survive under aerobic conditions.
Furthermore, if the denitrification bacteria were short
of PHB inside bacteria, it would result in self-oxidation
of bacteria. Consequently, the nitrogen removal effi-
ciency became poor when TO/A was over 0.5. When
TO/A was equal to 5, the nitrogen removal efficiency
was 50%. The experimental result showed that the
anaerobic time was very important for denitrification.

5. Conclusions

For municipal wastewater, the experiment
obtained the following results under the proper
dissolved oxygen and anaerobic time conditions.

(1) The modified SBR had a special structure
consisting of four tanks with different anaero-
bic/anoxic/aerobic function. By controlling the
operational conditions, organic substrate degra-
dation and nitrification could occur sequentially
in the different tank of the modified SBR. The
dominant microorganisms grew in respective
tank, which avoided the negative impact of
high organic loadings on nitrification and
maintained system stability.

(2) This reactor was an integrated bioreactor with
flexible management and low operational cost.
The effluent quality of this reactor was very
good. The most effluent NHþ

4 -N concentration

was less than 1.4mg/L. The average NHþ
4 -N

removal efficiency exceeded 98%. The effluent
TN concentrations were less than 12mg/L. The
average TN removal efficiency was 52%. The
average effluent TP concentration was 0.75mg/L.
The average TP removal efficiency was 85%. The
average effluent COD concentration was 35mg/
L. The average COD removal efficiency was 85%.

(3) The influent NHþ
4 -N/TN ratio was equal

approximately to TN removal efficiency. The
influent organic nitrogen was about equal to
the effluent organic nitrogen. TN removal

efficiency was affected by influent NHþ
4 -N.

Table 1
Operational conditions of four various TO/A

Item Condition 1 Condition 2 Condition 3 Condition 4

Water temperature (˚C) 15 15 15 15

Average MLSS 3,000 3,000 3,000 3,000

MLVSS/MLSS 0.48 0.48 0.48 0.48

TO/A 0.5 2.6 3.5 5.0

Fig. 9. Nitrogen removal efficiency at various TO/A.
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(4) The TN removal efficiency could be improved
by the prolonged anaerobic time. The optimal
anaerobic time was 1 h. Under this condition,
the TN removal efficiency achieved 66%; the
effluent TN could meet the discharging limits
in China, and the reactor power was saved.

(5) A longer aerobic time was disadvantageous to
nitrogen removal under the TO/A more than 0.5
condition. The optimal TO/A was 0.5.
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