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A B S T R AC T

Profi les of chemical oxygen demand (COD), dissolved oxygen (DO), ammonia nitrogen 
(NH4

+–N), nitrate nitrogen (NOx–N) and phosphorus (P) were established in a cycle of a four-
phased Bio-Denipho process. Based on a unit-fl ow model and the ASM2d, organics degradation, 
nitrifi cation and denitrifi cation, and phosphorus removal processes were analysed. A switch 
function has been introduced to address the difference in DO concentrations between the core 
of biomass fl ocs and their outer-layers or the bulk suspensions. The calculations indicate that 
approximately 68% of the denitrifi cation and nitrogen removal resulted from reactions within 
the anoxic cores of the biomass fl ocs, where DO was around 0.1 mg l−1 or less. This proved to be 
important mechanisms to phosphorus removal in the model for the four phased ditches. The 
analyses provide an insight in the nitrifi cation, denitrifi cation, and phosphorus removal mecha-
nisms in such operation system, which is useful for the system diagnosis and optimisation.

Keywords:  Activated sludge; Phased isolation ditch; ASM2d model; Bio-Denipho; Nitrifi cation; 
Denitrifi cation; Phosphorus removal

1. Introduction

Nutrient contamination of natural water resources 
from wastewater effl uent disposal is an increasingly 
problematic issue [1]. Tight regulation of effl uent nutri-
ent concentrations requires high effi ciency nitrogen (N) 
and phosphorus (P) removal. N removal is achieved via 
nitrifi cation and denitrifi cation processes. Convention-
ally these two processes can be either facilitated sequen-
tially through separate zones within a treatment train 
like the anaerobic, anoxic and aerobic process (A2/O) 
[2], or by employing temporally sequentially phased 

isolation ditches for creating anaerobic, anoxic and aero-
bic conditions such as Bio-Denipho process [3]. Recent 
scientifi c studies suggest, however, that simultaneous 
nitrifi cation and denitrifi cation (SND) may occur in cer-
tain treatment systems [3–6]. Dissolved oxygen (DO) 
gradients within microbial fl ocs may create two types 
of zones within each of these fl ocs, favourable for nitrifi -
ers and denitrifi ers respectively [7]. Heterotrophic nitri-
fi ers and aerobic denitrifi ers may also convert ammonia 
directly into gaseous nitrogen [6]. In the same time, the 
variation of oxygen concentration in corresponding 
zones creates mechanisms for phosphorus removal in 
such system by phosphorus accumulating organisms 
(PAOs) [8].
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In activated sludge processes, parameters such as 
hydraulic retention time (HRT), solid retention time 
(SRT), mixed liquor volatile suspended solids (MLVSS), 
organic loading (indicated by chemical oxygen demand 
(COD)), DO, temperature (T), and pH may all poten-
tially infl uence the physical and biochemical aspects of 
the treatment processes [7–11]. However, DO plays a 
basic role in the controlling of these two processes [2].

In the phased isolation process, the parameters can be 
optimised by adjusting operation conditions much eas-
ily than other conventional activated sludge processes 
[3,8,9,11]. There is a periodic and alternative oscillation 
of organics and DO which is designed to create favour-
able zones or optimal mechanisms within a ditch [3,12]. 
The previous studies showed that the cycle length of 
the sequencing phases and ammonia set point are two 
important process control parameters [12]. Most of the 
previous studies focused mainly on the general treat-
ment removal effi ciencies through assessment of infl uent 
and effl uent concentrations of COD, N and P [3,6,7,13]. 
However, information on the profi les of DO, COD, 
NH4

+–N, NOx–N, P showing the variation of operating 
variables in each phase within a complete operation 
cycle has been scarce [8]. In this study, we address this 
defi ciency by presenting complete profi les of all these 
parameters through measurements; in the same time, an 
explanation on the variation of NH4

+–N, NOx–N and P 
has also been provided using the ASM2d [14] based on a 
unit fl ow concept.

2. Methods

2.1. The wastewater treatment plant (WWTP) and the
Bio-Denipho system

The Beishiqiao wastewater treatment plant 
(WWTP) is located in Xi’an, China, with a capacity of 
120,000 m3 d−1. The WWTP consists of a grit and aero-
bic chamber (GAC), a Bio-Denipho process, and sec-
ondary settling tanks as shown in Fig. 1(a). The HRT 

and SRT are 4.75 h and 18 d respectively, and MLSS of 
about 4200 ± 200 mg l−1. The typical wastewater qual-
ity is listed in Table 1.

The four-phased Bio-Denipho process is illustrated 
in Fig. 1(b). There is an “anaerobic selector” (DO ≤ 0.1 
mg l−1) prior to a two-channel ditch. The selector con-
ventionally used for fi lamentous bacteria control [3], 
was also for promoting an environment for PAOs to 
accumulate excessive amounts of phosphorus in the 
Bio-Denipho system [8,15,16]. The system of ditches is 
a continuous fl ow, activated sludge system designed for 
biological nitrogen and phosphorus removal. The ditches 
are aerated by brush aerators and the mixed liquor 
in each channel is circulated by hydraulic propellers. 

Fig. 1. (a) Simplifi ed fl ow chart of Beishiqao WWTP; the 
numbers denote: 1 – 25 mm screen; 2 – pumping station; 
3 – 10 mm screen; 4 – grit and aerobic chamber; 5 – anaerobic 
selector; 6 – oxidation ditch; 7 – secondary setting tank; 8 – 
disinfection tank; 9 – sludge thickening tank. (b) Illustration 
of the four-phased Bio-Denipho process. Note: BO: Brushes 
in operation, BS: brushes on standby.

Table 1
Typical wastewater quality in Beishiqao WWTP

 Infl uent
after screen

Exit of grit and 
aerobic chamber

Anaerobic
selector (fi lter)

Effl uent of oxidation 
ditch (fi lter)

Effl uent of secondary 
settling tank (fi lter)

COD (mg l−1) 624 (144) 360 (135) 94.40 27.20 25.80

TN (mg l−1) 49.21 44.78 24.04 6.62 4.98

NH4
+–N (mg l−1) 43.61 38.74 17.50 1.47 1.19

NOx–N (mg l−1) 1.40 2.54 3.43 3.22 2.42

PO4
3−–P(mg l−1) 4.64 3.80 9.63 0.23 0.39

TP (mg l−1) 8.03 4.08 9.91 0.34 0.60
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 The removal of nutrients is performed in phased isola-
tion ditches with intermittent operations, in which brush 
aeration operation is so controlled that alternating zones 
for nitrifi cation and denitrifi cation and phosphorus 
releasing and accumulating within the two parallel chan-
nels are created through periodic variation of infl uent 
pathway and aeration state. The running time for phases 
A, B, C, and D are 50, 70, 50, and 70 min respectively, 
with a cycle of 240 min.

2.2. Analytical methods

Analyses of DO, COD, total nitrogen (TN), NH4
+–

N, NOx–N, total phosphorus (TP), and orthophosphate 
(PO4

3−–P) were carried out following the Standard Meth-
ods [17]. One fi xed sampling point was selected in one 
channel of the ditch (Fig. 1(b)). Triplicate samples (3 × 1 l)
were taken from the sampling point at 10 min intervals 
within a cycle of the operation. DO and T were mea-
sured in situ, and samples were fi ltered before analysis. 
SRT was 18 d. T was 25 ± 1°C, with a pH of 7.8 ± 0.5 dur-
ing the experimental period.

2.3. Model calculation

Variation of DO, COD, NH4
+–N, NOx–N, and P in an 

operation cycle in the ditch was conducted based on the 
ASM2d [14,18], in which the processes of oxygen con-
sumption, carbon degradation, nitrifi cation, denitrifi ca-
tion, and phosphorus removal were calculated based on 
the proposed fundamental processes.

Characterization of wastewater and biomass were 
determined based on measurements and the previ-
ous studies [14–18]. Procedures for the fractionation of 
organic matters, N, P and conversion factors are listed in 
Table 2; the values and stoichiometric coeffi cient of the 
kinetic parameters follow the procedures of Henze et al.
[14] for the best fi t to the analytical data, specifi cally 
for the fi rst two phases where evident treatment char-
acteristics of anoxic and aeration were observed. Model 
calculations were made at 0.1 min time intervals in the 
simulation process.

To calculate the dynamic treatment process, a “unit 
fl ow” model was proposed in the channel by assum-
ing a plug-fl ow, so that a dilution factor of the infl u-
ent with respect to circulation around the channel at 
a cross-section in a unit volume can be calculated. 
According to the fl ow rate, the change of variables 
with time within the unit fl ow can be calculated based 
on the ASM2d. The unit fl ow approach, in principle, 
is similar to that of “tanks-in-series” [18], except that 
a fl owing unit rather than series of reactors was con-
sidered. The circulation time around the channel was 

10 min at the recirculation rate of 25:1. In the model 
simulation, values for the stoichiometric coeffi cients 
and stoichiometric parameters, as well as values for 
the kinetic parameters are directly taken from the rec-
ommended values of ASM2d [14] except for reduction 
factor for anoxic activity of PAOs (ηNO3). In this study, 
a value of 0.2 for ηNO3 gives the best fi t to the analytical 
data (see later).

The basic modelling approach is similar for all the 
four phases. A brief illustration for Phase A is pre-
sented in Fig. 2. Since the circulation time of fl ow in 
the channel is known (T = 10 min), the whole fl ow 
may be viewed as a unit fl ow around the channel at 
the average speed or as N series of unit fl ow at a small 
time interval (Δt = 0.1 min, thus N = 100). For each unit 
fl ow, we have

QC QC rQ ti t i t t irr, ,Qt i− ΔQC rQi t t rr+ Δ  (1), or

C C ti t i t t irr, ,t i ΔC ri t t rr+ Δ  (2)

r vi ir vr j ji
j

∑ ρ
 

(3) (see also Ref. [14])

where the Ci = the concentration of component i in 
ASM2d, such as SF, SNH4, Xs etc.; Q = the fl ow rate; ri =
reaction rate of the component i; vij = the stoichiometric 
coeffi cients and ρj = the process rate. Note that when 
So2 (or DO) was calculated for a unit fl ow at the posi-
tion of brush an extra amount of DO input was incor-
porated according to DO diffusion capacity of the 
brush into Eq. (1).

The values of initial concentrations of each compo-
nents C0,i at t = 0 (starting point of a complete cycle of 
the four phases) were taken from the measurements 
at the cross section of entrance. The values of concen-
trations of each component Cinf,i at the cross section of 
entrance of infl uent (Fig. 2) at other times was calcu-
lated using Eq. (4):

Q C Q Q Ci iQ iiC nf, ,i Q f ,Q C)Q+ Q C iQ CCC C= (  (4)

where Qinf = infl uent fl ow rate to the ditch; Cinf,i = the 
concentration of component i of infl uent (to the ditch). 
Qc = the circulation fl ow (Fig. 2) and Cc,i = the concen-
tration of component i in neighbouring fl ow unit in the 
upstream. Cent,i = the concentration of component i at 
entrance cross section.
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3. Results

3.1. DO

The measured profi le of DO for each phase was 
presented in Fig. 3(a). The differences in DO profi les 
are resulted from the infl uent fl ow pattern, the brush 
operation state, and consumption rates of DO as well. 
In phase A, DO was low (0.2–0.3 mg l−1), a typical anoxic 
condition. A small but immediate up-surge of DO from 
0.3 to 0.5 mg l−1 was observed in phase B. This condi-
tion stayed for 40 min, then the DO increased gradually 
up to 3 mg l−1. In phase C, DO was high (2–3 mg l−1). 
In phase D, with the infl uent switched back to channel 
1 with a controlled brush operation, DO fi rst dropped 
to a low value, then gradually increased before turning 
down to a low value again. The simulation was carried 
out according to the actual operation status of brushes 
by assuming an aeration capacity of a brush to the best 
fi t for the measured DO at corresponding points.

3.2. Dissolved COD

Results of COD measurements are presented in 
Fig. 3(b), a different feature is observed for each phase, 
although the magnitude of concentration variation is 
not so large. In phase A, there was a periodic variation 
of COD accompanying the mixed liquor hydraulic circu-
lation in the channel (~10 min). In phase B, the COD con-
stantly decreased. In phase C, there was a slight COD 
increase due to the resumption of infl ow of infl uent in 
channel 2. In comparison, COD increased evidently 
at the beginning of phase D and then declined. In the 
ASM2d model simulation, dissolved organic mater (or 
dissolved COD) was composed of fermentation prod-
ucts (SA), fermentable and readily biodegradable organic 
substrates (SF), and inert organic matter (SI).

3.3. NH4
+–N

Fig. 3(c) presents a distinct measured profi le of NH4
+–

N at each phase. The phase A was featured with a sharp 

Fig. 2. An illustration of unit fl ow model for Phase A (see 
also Fig.1 (b)).

Fig. 3. Variables in the four-phased Bio-Denipho process as 
function of time. Solid legends: analytical data; solid lines: 
calculated values based on modifi ed ASM2d; broken lines: 
calculated values based on the ASM2d. (a) DO; (b) dissolved 
COD; (c) NH4

+–N; (d) NOx–N; (e) PO4
3−–P.
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increase of NH4
+–N. In phase B, however, the NH4

+–N 
plummeted to a very low level. It should be noticed that 
NH4

+–N was maintained at low concentrations across 
phases C and D, where the mixed liquor exited from the 
ditch for clarifi cation.

3.4. NOx–N

NOx–N versus time is presented in Fig. 3(d). Since 
the T was high, the NOx–N was largely in the form of 
nitrate, for little nitrite accumulation in the nitrifi cation 
process [4]. In phase A, there was an evident continuous 
decrease of NOx–N to a low concentration. In contrast, 
the NOx–N in phase B gradually increased. Interestingly, 
the NOx–N in phases C and D, however, was relatively 
stable at low concentrations.

3.5. Phosphorus

In Fig. 3(e), a high rate of phosphorus release was 
observed in the phase A, with a higher rate of phos-
phorus uptake by biomass in phase B. It is likely that 
the fastest microbial phosphorus removal occurred 
within this short period, with only the slow rate of 
phosphorus release and uptake proceeding in phases 
C and D.

4. Discussions

From Fig. 3(a–e), the variables of DO, COD, NH4
+–N, 

NOx–N, PO4
3−–P exhibited distinctive profi les as func-

tion of reaction time within each phase. These features 
are the refl ection of the consequences of the related bio-
chemical reaction processes under each of the concrete 
conditions. A brief discussion based on the rates of the 
fundamental reaction processes for organics degrada-
tion, nitrifi cation–denitrifi cation, phosphorus removal 
in the ASM2d [12,18,19] would be benefi cial to a bet-
ter understanding of treatment mechanisms behind the 
data profi les.

Simulated values of COD, NH4
+–N, NOx–N, PO4

3−–P 
based on the ASM2d were presented in Fig. 3(b–e) (bro-
ken lines). A large deviation between the simulated val-
ues and the analytical data was seen for NOx–N, PO4

3−–P. 
This deviation is likely due to the oxygen gradients 
within biomass fl ocs, which is believed to be partially 
responsible for SND in some activated sludge processes 
[7]. Most likely there is a difference in oxygen contents 
within the biomass fl ocs and the bulk water of the mixed 
liquor. Here, we introduce a fraction coeffi cient (α) to 
differentiate the fraction of the organisms within the 
core of biomass fl ocs under lower oxygen contents from 
those outside the fl ocs or in bulk liquor (Fig. 4).

The concentration of DO within the biomass fl ocs 
can be calculated by the equation below following the 
similar approach in the model:

S S
k

S kO OS O

O Ok2 2,f OS
2 2Ok

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
2

 
(5)

where SO ,f2  = oxygen concentration within the biomass 
fl ocs; SO2  = oxygen concentration in the bulk mixed 
liquor; kO2  = dissolved oxygen diffusion limiting coef-
fi cient (=0.10). Therefore, for each process component, 
the total rate is:

r rS SrrTrr O2 ,f O2
× + ×α rSrr× + ( )α

 (6)

where rT = total reaction rate for each component; rSrr O2 ,f  =
reaction rate of organisms within fl ocs; rSrr O2 = reaction 
rate of organisms in bulk or outside the fl ocs.

With this modifi cation of the ASM2d, it was 
found that, when α is at 0.68 a best fi t can be obtained 
(Fig. 3(b–e), solid lines). Relevant average rates of reac-
tions mechanisms for each phase were calculated and 
presented in Table 3.

4.1. Phase A

The phase A at low DO concentration (0.2–0.3 mg l−1) 
(Fig. 3(a)), is dominantly an anoxic “denitrifi cation” and 
phosphorus releasing process. From Table 3, the larg-
est organic carbon consumption or degradation comes 
from the two processes of denitrifi cation with ferment-
able and readily biodegradable organic substrate (SF), 
and the consumption of fermentation products (SA) of 
cell internal storage of poly-hydroxy-alkanoates (PHA) 
by PAOs.

A higher rate of “de-nitrifi cation” by the anoxic het-
erotrophic growth on SF and SA, and a low rate of conver-
sion of ammonia to NOx–N by suppressed autotrophic 
growth under the condition (Table 3) lead to the reduc-
tion of NOx–N. The increase of NH4

+–N was resulted 
from the combined effect of a low rate of ammonia deg-
radation and accumulation of infl uent NH4

+–N.

Fig. 4. Proposed confi guration of biomass fl ocs.

Outer-layer
rO2

Core

rO2,f SO2,f SO2 SO2



 

Ta
bl

e 
3

A
ve

ra
ge

 r
ea

ct
io

n 
ra

te
s 

(g
 h

−1
·m

−
3 )

 o
f S

F, 
S A

, N
O

x–
N

, N
H

4+
–N

 a
nd

 P
O

43−
–P

 in
 e

ac
h 

of
 th

e 
fo

u
r 

ph
as

es
 b

as
ed

 o
n 

m
od

ifi
 e

d
 A

SM
2d

 
S F

S A
S N

H
4

S N
O

3
S P

O
4

1
2

3
4

1
2

3
4

1
2

3
4

1
2

3
4

1
2

3
4

1
41

.2
36

4.
5

30
1.

1
21

8.
2

0.
4

3.
6

3.
0

2.
2

2
40

2.
0

17
8.

1
23

0.
6

30
5.

9
4.

0
1.

8
2.

3
3.

1

3
67

.1
79

.7
23

.2
26

.0
0.

7
0.

8
0.

2
0.

3

4
−1

45
.6

−
41

2.
2

−
43

9.
0

−
64

8.
4

−2
.0

−
5.

7
−

6.
0

−
8.

9
−

0.
4

−1
.0

−1
.1

−1
.6

5
−3

0.
4

−
48

.1
−7

.0
−9

5.
1

−1
.3

−2
.1

−
0.

3
−

4.
2

−
0.

4
−

0.
6

−
0.

1
−1

.2

6
−

49
7.

2
−1

78
.6

−7
0.

1
−1

69
.1

−
6.

8
−2

.5
−1

.0
−2

.3
−

65
.2

−2
3.

4
−9

.2
−2

2.
2

−1
.2

−
0.

4
−

0.
2

−
0.

4

7
−1

06
.5

−
45

.5
−1

.1
−2

4.
7

−
4.

7
−2

.0
0.

0
−1

.1
−1

4.
0

−
6.

0
−

0.
1

−3
.2

−1
.3

−
0.

6
0.

0
−

0.
3

8
−2

55
.5

−1
08

.2
−3

7.
7

−9
1.

4
25

5.
5

10
8.

2
37

.7
91

.4
7.

7
3.

2
1.

1
2.

7
2.

6
1.

1
0.

4
0.

9

9
10

.6
10

.6
10

.6
10

.6
3.

3
3.

3
3.

3
3.

3

10
−3

79
.2

−
87

.3
−3

2.
5

−2
40

.7
15

1.
7

34
.9

13
.0

96
.3

11
−3

8.
1

−1
43

.7
−

61
.5

−1
11

.4

12
−9

.3
−3

.6
−2

.5
−

6.
5

−1
33

.1
−

51
.7

−3
5.

1
−9

3.
2

13
−1

.2
−9

.9
−

8.
0

−
6.

4
−

0.
4

−2
.8

−2
.3

−1
.8

14
−

4.
4

−3
.6

−
4.

4
−

4.
9

−1
3.

1
−1

0.
7

−1
3.

2
−1

4.
7

−1
.2

−1
.0

−1
.3

−1
.4

15
2.

9
2.

9
2.

9
2.

9
0.

9
0.

9
0.

9
0.

9

16
85

.9
86

.1
86

.3
86

.2

17
5.

7
6.

0
3.

6
3.

8

18
−

8.
9

−
89

.6
−

66
.3

−
53

.0
8.

8
88

.1
65

.2
52

.1
0.

0
−

0.
4

−
0.

3
−

0.
3

19
0.

4
0.

4
0.

4
0.

4
0.

1
0.

1
0.

1
0.

1

To
t

−3
88

.0
−7

6.
7

8.
2

−3
58

.8
−2

46
.1

−
66

.7
0.

7
−2

65
.4

−2
.7

−9
2.

0
−

65
.5

−
58

.7
−9

2.
8

44
.5

40
.3

5.
5

68
.3

−7
5.

9
2.

1
−2

3.
9

N
ot

e:
 1

 –
 A

er
ob

ic
 h

yd
ro

ly
si

s;
 2

 –
 A

no
xi

c 
hy

d
ro

ly
si

s;
 3

 –
 A

na
er

ob
ic

 h
yd

ro
ly

si
s;

 X
H

: (
4 

– 
G

ro
w

th
 o

n 
S F; 

5 
– 

G
ro

w
th

 o
n 

S A
; 6

 –
 D

en
it

ri
fi c

at
io

n 
w

it
h 

S F; 
7 

– 
D

en
it

ri
fi c

at
io

n 
w

it
h 

S A
;

8 
– 

Fe
rm

en
ta

ti
on

 o
f S

F; 
9 

– 
Ly

si
s)

; X
PA

O
: (

10
 –

 S
to

ra
ge

 o
f P

H
A

; 1
1 

– 
A

er
ob

ic
 s

to
ra

ge
 o

f P
P;

 1
2 

– 
A

no
xi

c 
st

or
ag

e 
of

 P
P;

 1
3 

– 
A

er
ob

ic
 g

ro
w

th
; 1

4 
– 

A
no

xi
c 

gr
ow

th
; 1

5 
– 

Ly
si

s 
of

 P
A

O
; 1

6 
– 

Ly
si

s 
of

 P
P;

 
17

 –
 L

ys
is

 o
f P

H
A

); 
X

A
U

T: 
(1

8 
– 

A
er

ob
ic

 g
ro

w
th

; 1
9 

– 
Ly

si
s)

.



J. Duan et al. / Desalination and Water Treatment 40 (2012) 24–32 31

High rate release of phosphorus (SPO4) by PAOs from 
poly-phosphate (PP) and lysis of PP resulted in an accu-
mulation of (SPO4). This observation agrees with previ-
ous study that phosphorus release occurs under anoxic 
condition with suffi cient organic food supply [20]. In 
simulation, a value of 0.2 for ηNO3 of PAOs, instead of 
0.6 (recommended by ASM2d), produced a best fi t to the 
analytical data of NOx–N, PO4

3−–P. The ASM2d recom-
mended value (0.6) would have overestimated the rate 
of uptake of PO4

3−–P by anoxic storage of PP in the Bio-
Denipho treatment system. This may be due to very low 
oxygen concentrations close to zero, which lead to a sup-
pressed anoxic storage of PP.

4.2. Phase B

In this phase, growth of heterotrophic organisms 
(XH) on SF accounted for most of the organics consump-
tion (Table 3). This consumption rate is greater than that 
of aerobic and anoxic hydrolysis. In addition, due to 
no replenishment of organics from infl uent the organ-
ics contents (COD) declined. Furthermore, there was no 
organic overloading for the nitrifi cation process under 
the condition.

The rapid reduction of NH4
+–N in this phase is 

mainly due to aerobic growth of autotrophic organisms 
(XAUT) (Table 3). Due to the same reason, concentration 
of NOx–N increased in the mixed liquor. There was a 
low rate of denitrifi cation by XH and noticeable denitri-
fi cation activities by PAOs. It was reported that clearly 
featured sequencing phases are important for nitrifi ca-
tion and denitrifi cation processes in a two stage treat-
ment process [1,16]. However, the transition between 
the phases did not appear to create such a problem for 
nitrogen removal in the Bio-Denipho system.

In the same time, the SPO4 decreased sharply in the 
mixed liquor. This is due to the rapid consumption of 
SPO4 by aerobic cell internal storage of PP under the aero-
bic condition.

4.3. Phase C

In this phase, DO was relatively high. The mixed 
liquid from channel 2 carried over large amount of Xs 
but relatively small amount of SF and SA into the chan-
nel 1. The rates of aerobic and anoxic hydrolysis over-
weighted slightly rate of heterotrophic organism growth 
on SF, resulting in a very small increase of COD.

Model simulation indicated that there was a moder-
ate rate of autotrophic nitrifi cation in this phase result-
ing in a decrease of NH4

+–N. Denitrifi cation here mainly 
relied on heterotrophic organisms denitrifi cation with SF 
and anoxic growth of PAOs. However, the total rate was 
much smaller than that of phase A.

In this phase, the reduction rate of SPO4 was less than 
half of that in phase B by aerobic cell internal storage of 
PP; thus a small net increase rate of SPO4 was observed.

4.4. Phase D

In this phase, high concentrations of organics, NH4
+–

N and PO4
3−–P from infl uent was again switched back to 

channel 1 and the operation of brushes maintained a rel-
atively high DO concentration. From Table 3, the rates of 
COD degradation exceeded the rate of entrapped organ-
ics hydrolysis; however, because of the high input from 
the infl uent accumulation of SF and SA there was a slight 
increase of COD.

The reduction rate of NH4
+–N was smaller than that 

of phase B and C due to a lower DO concentration in the 
mixed liquor and higher organics load in mixed liquor 
due to infl uent input. Compared with phase B and C, 
nitrifi cation rate is smaller and denitrifi cation rate is 
greater.

From the reaction mechanisms, due to the replenish-
ment of phosphorus in the infl uent under the moderate 
aeration condition, phosphate release rate by PAOs was 
higher than phase C. The increased aerobic storage of 
XPP lead to a higher rate of taking-up of SPO4. Thus, no 
accumulation of phosphorus was observed. In addition, 
from model calculation, it appeared that direct infl uent-
fl ow into the channel in this phase provides a proper 
supply of organics for phosphorus uptake by PAOs. It 
has been suggested that biological phosphorus removal 
would be enhanced with the existence of suffi cient 
organics [19–22].

Finally, we comment that the introduction of the 
fraction coeffi cient α for the best fi t to the analytical 
data, especially for NOx–N and PO4

3−–P, indicates that 
anoxic denitrifi cation and phosphorus releasing within 
the biomass fl ocs are important for the Bio-Denipho 
treatment system. It has been reported that up to 50% of 
NOx–N was removed by SND under low DO and inter-
mittent aeration conditions, and 15% under fully aero-
bic conditions, with concurrent oxygen and nitrite and 
nitrate utilization or denitrifi cation occurring in anoxic 
microzones inside activated sludge fl ocs [6]. Fast and 
large variation of DO concentrations from low values in 
an intermittently-aerated cyclic activated-sludge single-
reactor with a high concentration of MLSS may favour 
the SND [16].

5. Conclusions

Profi les of DO, COD, NH4
+–N, NOx–N, TP and 

PO4
3−–P versus time have been established through 

measurements for a four-phased Bio-Denipho process. 
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 A simple hydraulic approach was proposed for analyses 
of the process base on the ASM2d model. Characteristic 
profi les of COD, NH4

+–N, NOx–N and PO4
3−–P at each 

phase was analysed based on the fundamental reaction 
mechanisms. Model simulation indicated that denitri-
fi cation and phosphorus releasing within the biomass 
fl ocs are important for nitrogen removal and biological 
phosphorus removal in the treatment system.
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