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a b s t r a c t
The treatment of rural domestic sewage in China requires a process with low operational cost and 
easy maintenance. Thus, the effect of aeration intensity and aeration pattern on the treatment effect 
of bioreactor needs to be well investigated. In this study, the pollutant removal performance and 
hydrodynamic behavior of a compact biofilm reactor (purification tank) under different aeration 
conditions were studied. The results show that the gas rising velocity of 0.066 m s–1 led to a bet-
ter pollutant performance and hydrodynamic behavior, compared with the velocity of 0.013 and 
0.120 m s–1. Particularly, the increased nitrogen removal efficiency reduced the bubble size and 
increased turbulence between the gas–liquid phases took place at this medium aeration intensity. 
Besides, under the multistage A/O pattern with step-feed, the average effluent concentrations of 
NH4

+–N and total nitrogen were 3 and 14 mg L–1, respectively, which are lower than national dis-
charge standards of pollutant for municipal wastewater treatment plant (GB18918-2002). The step-
feed operation in the second anaerobic zone of the purification tank could well solve the problem of 
insufficient carbon source, and strengthen the nitrogen removal function. Overall, the experimental 
study and hydrodynamic modeling provide the direction for the application of a full-scale purifica-
tion tank in rural China.

Keywords:  Biological wastewater treatment; Domestic sewage; Rural China; Purification tank; 
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1. Introduction

In 2010, the population of China’s rural areas has 
reached 660 million [1]. The daily discharge of domestic 
sewage has reached more than 30 million tons, and the ratio 
of treated rural domestic sewage is only 7% [2]. The organic 
matter, nitrogen, phosphorus, and other pollutants in this 
domestic sewage seriously threaten the rural ecological 

environment security, because of the lack of investment 
and people’s weak awareness of environmental protec-
tion. Due to the imbalance development of rural areas in 
China, the emission of wastewater and the concentration 
of pollutants vary greatly. Hou et al. [3] summarized the 
data of rural domestic sewage of 11 provinces and cities 
in China and reported that the emission fluctuated in the 
range of 15 and 116 L (person d)–1, with an average value 
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of 60 L (person d)–1. The chemical oxygen demand (COD), 
total nitrogen (TN) and total phosphorus varied from 
62 to 1,200 mg L–1, 11 to 151 mg L–1 and 0.3 to 14 mg L–1, 
respectively.

Thus, rural domestic sewage has the characteristics 
of scattered discharge sources, large fluctuation of water 
quality and quantity, etc. Therefore, the decentralized treat-
ment process with low operational cost and easy mainte-
nance should be selected for the treatment of rural sewage 
[4,5]. As a compact biofilm reactor, the purification tank 
is a very suitable technology for in-situ treatment of rural 
domestic sewage, which has the advantages of good impact 
resistance, solid–liquid separation and simple installation. 
This technology has become a new concept of domestic 
sewage treatment [6,7].

The effect of aeration intensity and aeration pattern on 
the treatment effect of bioreactor is particularly significant. 
The aeration intensity is represented by the air-flow rate, 
which is not only one of the important limiting factors of 
microbial activity, but also one of the vital energy consump-
tion indicators of domestic sewage treatment. Because the 
purification tank is for decentralized rural domestic sewage 
treatment, it makes sense to control the aeration rate to save 
the operation cost. Besides, the aeration pattern has a great 
influence on the removal of nitrogen in domestic sewage 
treatment [8]. At present, the purification tank can effectively 
remove organic matter [9]. In order to prevent the occur-
rence of eutrophication, nitrogen removal of rural domestic 
sewage is needed to be considered, but there is quite a little 
research on this aspect. Compared with the traditional A2/O 
process, the multistage A/O process has the advantage of 
low energy consumption [10]. At present, there is no report 
about the application of the multistage A/O process in the 
purification tank.

The computational fluid dynamics (CFD) method has 
been demonstrated to be a useful tool for understand-
ing flow behavior with short analyzing time compared 
with experiments [11]. Two main approaches are used in 
CFD: the Eulerian approach that regards the dispersed 
phase as interpenetrating continua, and the Lagrangian 
approach that treats the dispersed phase as discrete enti-
ties [12–14]. Díez et al. [15] established CFD models to 
investigate the multiphase flow in sequencing batch reac-
tor (SBR) by means of hybrid methods. Kulisiewicz et al. 
[16] employed a coupled experimental and numerical 
approach to investigate the granulation process of activated 
sludge in the biological purification of wastewater in SBR. 
Wang et al. [17] applied CFD to simulate hydrodynamics 
information in an expanded granular sludge bed reactor 
used for biohydrogen production. Ren et al. [18] aimed 
at developing hydraulic and CFD models to describe the 
hydrodynamics of the up-flow anaerobic sludge blanket 
reactors. These results show that CFD is more and more 
widely used in analyzing the characteristics of bioreac-
tor. Thus, CFD can be used to predict the change of the 
flow pattern in the purification tank, so as to optimize the 
air-flow rate and aeration pattern in the purification tank.

Effects aeration intensity and aeration pattern on the 
removal of various pollutants were studied by experimental 
means. Specifically, the removal performance of pollutants 
under three different gas rising velocities was compared, 

and the nitrogen removal effect under the multistage A/O 
process was investigated. On the other hand, the 3-D tran-
sient gas–liquid two-phase flow CFD model was established 
to describe the hydrodynamic characteristics of the puri-
fication tank at different gas rising velocities. These stud-
ies provide a reference for the practical application of the 
purification tank in treating rural domestic sewage in China.

2. Methods and materials

2.1. Set-up of bioreactor

According to the treating efficiency, there exist two 
types of purification tanks: a tank for a single household 
(anaerobic and aerobic pattern) and a tank for advanced 
nitrogen removal (multistage A/O pattern). The purifica-
tion tank for a single household was designed to treat the 
sewage from 5 people’s households, as shown in Fig. 1a, 
consisted of two anaerobic zones and one aerobic zone. 
The volume in the primary anaerobic zone, secondly anaer-
obic zone, aerobic zone and settling zone were 14.5, 12.5, 
11.5 and 5.0 L, respectively. The lab-scale tank for advanced 
nitrogen removal, as shown in Fig. 1b, consisted of two anaer-
obic zones and two aerobic zones with 10 L for each zone.

To increase the surface, strength and corrosion resistance 
of the biofilm in the purification tank, a porous corrugated 
plate was used as the biofilm carrier with a specific surface 
area of 70 m2 m–3 and a filling volume of 60% of each zone. 
Wastewater gravely flew from inlet to outlet in the biore-
actor, because the static pressure difference was kept in an 
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Fig. 1. Schematic diagram of lab-scale purification tank for single 
household (a) and advanced nitrogen removal (b).
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anaerobic zone. There was no back-mixing between differ-
ent zones. The volume of lab-scale experimental equipment 
is 1/66 that of the full-scale purification tank.

2.2. Operation of bioreactor

Before the operation of the bioreactor, the formation 
of aerobic and anaerobic biofilm was firstly performed. 
For aerobic biofilm, the activated sludge from a wastewater 
treatment plant in Tianjin was put into the aerobic zone of 
purifying tank with continuous aeration. One-third of the 
supernatant was replaced with a feeding solution (compo-
nent shown in Table 1) each day. After about a week, the 
brown aerobic biofilm on the surface of the porous corru-
gated plate was basically formed. Meanwhile, the anaerobic 
biofilm was formed by immersing the porous corrugated 
plate in the anaerobic zone of purifying tank. The sewage 
from Teda Campus of Tianjin University of Science and 
Technology was fed in an anaerobic zone and one-third 
of the supernatant was replaced with a feeding solution 
each day. After about one month, uniform black anaerobic 
biofilm was formed on the surface of the corrugated plate.

After the biofilm was formed, the real domestic sewage 
was fed into the tank for a single household and the tank 
for the advanced nitrogen removal separately. In terms of 
the purification tank for a single household, three gas rising 
velocities were successively compared (0, 0.013, 0.066 and 
0.120 m s–1) in bioreactors, which were calculated by dividing 
the gas flow rate by the surface area of each zone. The con-
tinuous water feeding was adopted with a water flow rate 
of 15 L d–1, so the hydraulic retention time for the primary 
anaerobic zone, secondly anaerobic zone and aerobic zone, 
settling zone was 23, 20, 18 and 8 h, respectively. The water 
temperature was room temperature ranging between 20°C 
and 25°C. The influent domestic sewage was collected 
from the Teda Campus of Tianjin University of Science and 
Technology. The average water quality indexes of domes-
tic sewage are shown in Table 1. The operating period for 
each gas rising velocity lasted for one week. The water 
quality of each zone in the purification tank was daily 
sampled and analyzed.

After the gas rising velocity was fixed, the purifica-
tion tank for the advanced nitrogen removal was designed 
for the rural region that needs the requirement for the 

strict discharged nitrogen content. The first and third 
zones belonged to the anaerobic zone and the second 
and fourth zones were aerobic zones. Each zone owned 
the same volume of 10 L. The gas rising velocity was 
controlled to be 0.066 m s–1. The influent domestic sew-
age was collected from the Teda Campus of Tianjin 
University of Science and Technology (Table 1). The con-
tinuous water feeding was adopted with a water flow 
rate of 15 L d–1 for three weeks. Then, in order to enhance 
the nitrogen removal efficiency, the step-feed operation 
was conducted that two parts of influent were separately 
pumped into first and secondary anaerobic zones at a 
ratio of 2:1 for three weeks. The water quality of each zone 
in the purification tank was daily sampled and analyzed.

2.3. Physicochemical analysis

Dissolved oxygen (DO) was measured using a DO meter 
(850A, Thermo Electron Co., USA). Turbidity was ana-
lyzed using a turbidity meter (AQ2010, Thermo Electron 
Co., USA). Biochemical oxygen demand (BOD5) was deter-
mined using BOD detecting instrument (CY-II, Guangdong 
Medical Appliance Co., China) and COD was measured 
using a COD analytical instrument (COD-571, Shanghai 
Precision Scientific Instrument Co., China).

2.4. CFD mathematical model

2.4.1. Model geometry and computational mesh

The geometry of the lab-scale purification tank was set 
to be the length of 0.526 m, the width of 0.406 m and the 
height of 0.405 m. A total of 15 aerators were set, evenly dis-
tributed at the bottom of the purification tank. The top of the 
reactor was believed to be an air outlet. A schematic of the 
lab-scale purification reactor and its computational meshes 
for the 2D and 3D geometries are shown in Fig. 2.

Both geometries were created in ANSYS®-Design 
Modeler and the meshes were established in ANSYS®-
Meshing. Computational meshes comprised of quadrilateral 
and triangular elements were built, for the 3D model. A total 
of 354,497 nodes and 240,239 grids were set up as shown 
in Fig. 2b.

2.4.2. Eulerian-Eulerian model

FLUENT software offers 4 models of multiphase flow: 
VOF model, mixture model, Eulerian model and wet steam 
model. The VOF model, mixture model and Eulerian model 
all belong to Eulerian calculation methods for dealing with 
multiphase flows. Compared with the VOF model, the mix-
ture model and Euler model are suitable for the calculation 
of gas–liquid two-phase flow with volume concentration 
greater than 10%. Considering the accuracy of the model, 
the Euler model was selected in this study.

In the simulation, the mixing of gas–liquid two-phase 
flow in the purification tank was analyzed. The deforma-
tion of a single bubble and the fragmentation and coales-
cence of multiple bubbles were not considered. The bubbles 
were assumed to be rigid spheres, and there was no interac-
tion between particles. In this study, a transient CFD model 

Table 1
Influent quality parameters of real domestic sewage used in the 
experiment

Parameters Tank for single 
household

Tank for the advanced 
nitrogen removal

COD (mg L–1) 376.3 316.4
BOD5 (mg L–1) 228.9 155.0
Turbidity (NTU) 138.3 61.2
pH 7.3 7.9
NH3–N (mg L–1) 48.7 61.7
NO3

–N (mg L–1) 2.1 0.2
TN (mg L–1) – 85.5
Temperature (°C) 17–22 16–23
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was adopted, in which water was set as the primary phase 
and gas as the secondary phase.

2.4.3. Governing equations

For gas–liquid two-phase flow, the two-fluid model 
assumes that each phase in the two-phase flow field is a 
continuous medium. Two phases of gas and liquid are full 
of the whole flow field at the same time. The flow parame-
ters of each phase are discontinuous on the phase interface. 
There are mass, momentum and energy equations between 
phases on the interface Eqs. (1)–(3), as well as the supplemen-
tary equations of phase interface heat transfer, mass trans-
fer equation, interface stress equation, physical equation 
and thermodynamics state equation.

Continuity equation:
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where the angular code representing the phase (k = g rep-
resents the gas phase here, k = l represents the liquid phase), 
and uk represents the velocity vector of each phase. Pk is the 
pressure scalar of each phase; I is the unit tensor; T is the 
shear stress tensor; gk is the acceleration vector of gravity; 
ek is specific internal energy.

2.4.4. Solver settings

Due to the complex flow patterns in the purifica-
tion tank, the standard k-ε turbulence model was chosen. 
The experiment adopted Euler multiphase flow mathe-
matical model. The set of governing equations for the 3D 
unsteady models was solved with the finite volume method, 
performing a pressure-velocity coupling and using the 
phase-coupled SIMPLE algorithm. The turbulent kinetic 
energy adopted the first-order upwind scheme, the gradi-
ent adopted the least-squares cell-based scheme, and the 
pressure interpolation adopts the PRESTO! scheme and the 
momentum and volume Fraction were discretized using 
the QUICK scheme. A convergence criterion of 10–3 (relative 
error) for all scaled residuals was established.

3. Results

3.1. Effects of gas velocity on pollutant removal performance

3.1.1. Organic matter removal performance

The changes of COD in each zone of the purification 
tank under different gas rising velocities in the aerobic tank 
are shown in Fig. 3a. Since two anaerobic zones had the 
pre-treatment function for COD degradation, for example, 
the macromolecular particulate matter being hydrolysis fer-
mented, the COD removal efficiency by the first two anaero-
bic zones was about 65% with effluent COD of 110 ± 6 mg L–1 
for the subsequent zone. Moreover, it can be found that the 
COD removal was still weak when the subsequent zone 
was in an anaerobic condition (Fig. 3a).

Once the aeration was introduced, it can be seen that the 
COD degradation ability was continuously increased along 
with the augmentation of aeration intensity. Specifically, 
COD was slightly degraded to 84 mg L–1 at the gas rising 
velocity of 0.013 m s–1, however it was greatly removed at 
the air velocity of 0.066 m s–1 with an effluent COD con-
centration of 41 mg L–1. Finally, it is indicated the larger 
air velocity of 0.120 m s–1 cannot greatly contribute to the 
higher removed COD amount.

b)

a)

Fig. 2. Three-dimensional computational domain: (a) reactor 
schematic diagram and (b) computational grid.
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The BOD5 changes of each zone in the purification 
tank under different gas rising velocities were shown in 
Fig. 3b. The changing trend of BOD5 was similar to that of 
COD. Along with the increase of gas rising velocity in the 
aerobic tank, effluent BOD5 concentration dropped rap-
idly, when the gas rising velocity of aeration increased to 
0.066 m s–1, the dissolved oxygen concentration in the aer-
obic tank reached 3.15 mg L–1 and effluent BOD5 arrived 
at 9 mg L–1, meeting discharge standards of pollutant for 
municipal wastewater treatment plant [19]. Subsequently, 
due to the limitation of biological treatment technique, 
the BOD5 could not be greatly degraded although the 
increase of gas rising velocity up to 0.120 m s–1.

3.1.2. Nitrogen removal performance

The effects of aeration intensity on the NO3
––N and 

NH4
+–N concentrations were shown in Fig. 3c and d. The 

anaerobic condition did not change the nitrogen concen-
tration. Along with the increase of gas rising velocity in the 
aerobic zone, the effluent NH4

+–N concentration was greatly 
reduced. Specifically, when the gas rising velocity reached 
0.066 m s–1 in the aerobic zone, the NH4

+ removal efficiency 
reached 80% with the effluent NH4

+–N concentration of 
11 mg L–1. The higher gas rising velocity of 0.120 m s–1 fur-
ther increased NH4

+ removal efficiency to 94% with the 
effluent NH4

+–N concentration being 3 mg L–1.
Accompanied by the decrease of NH4

+, the NO3
––N con-

centration correspondingly increased, especially up to 

16 and 32 mg L–1 at high gas rising velocities of 0.066 and 
0.120 m s–1 (Fig. 3d). The difference of reduced NH4

+–N 
and produced NO3

––N concentration was calculated to 
be 30 and 23 mg L–1 at gas rising velocity of 0.066 and 
0.120 m s–1, respectively. This means that more NH4

+ was 
removed at the gas rising velocity of 0.066 m s–1.

3.2. Effects of aeration pattern on pollutant removal performance

3.2.1. Removal performance of multistage A/O pattern

Fig. 4 shows the change of COD concentration in differ-
ent zones of the purification tank under a multistage A/O 
pattern. The first anaerobic reaction zone (A1) contributed 
to the COD removal efficiency of 34% and 38% at 6 and 
21 d, respectively. Then the first aerobic reaction zone (O1) 
further increased the COD removal efficiency to 82% and 
86% at 6 and 21 d, respectively. After these two zones, the 
COD concentration did not significantly change. Finally, 
the effluent COD concentration reached 20 and 18 mg L–1 at 
6 and 21 d, respectively, which is far lower than 50 mg L–1 
in the national standard (GB18918-2002). Compared with 
the former anaerobic–aerobic pattern, the multistage A/O 
pattern with an aerobic process maintained a high COD 
treating efficiency.

Fig. 4b–d shows the concentration changes of NH4
+–N, 

NO3
––N and TN in the different zones of the purification 

tank under a multistage A/O pattern. It can be seen that the 
first anaerobic zone (A1) did not greatly change nitrogen 
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+–N (c) and NO3

––N (d) concentrations in different zones of purification tank under 
three gas rising velocities.
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concentration. After the first aerobic zone (O1), the average 
NH4

+–N concentration decreased to 20.9 mg L–1, while the 
average NO3

––N concentration increased up to 30.5 mg L–1, 
and the concentration of TN slightly changed. After the sec-
ondary anaerobic reaction zone (A2), the average NO3

––N 
concentration decreased to 19.3 mg L–1, and the TN con-
centration decreased to 36.4 mg L–1, which was caused by 
the denitrification process. Finally, and the average effluent 
NH4

+–N concentration arrived at 2 mg L–1, which was lower 
than the discharge standards of pollutant for municipal 
wastewater treatment plant (GB18918-2002), and its aver-
age removal efficiency reached 95%. However, the average 
effluent NO3

––N concentration (30.3 mg L–1) and TN concen-
tration (34.9 mg L–1) was relatively high due to the lack of 
carbon sources in the wastewater from the second anaero-
bic zone. Therefore, it is very necessary to provide carbon 
sources for the advanced nitrogen removal process.

3.2.2. Removal performance of multistage 
A/O pattern with step-feed

Fig. 5 shows the time variation of COD concentration 
and its removal efficiency in each zone under multistage 
A/O pattern with step-feed. It can be observed that most 
COD content decreased at the first A1, its removal efficiency 
reaching 81% and 84% at 6 and 21 d (Fig. 5a). The effect of the 

subsequent second stage A/O was not obvious. The step-feed 
operation was not found to stimu late the increase of COD 
in the second anaerobic zone, which means that it can be 
strongly used by the biofilm in this zone. Finally, the efflu-
ent COD concentration was reduced to about 12 mg L–1 with 
the COD removal efficiency of around 95%.

Fig. 5b–d shows the concentration changes of NH4
+–N, 

NO3
––N and TN in each reaction zone of the purifica-

tion tank multistage A/O pattern with step-feed. It can be 
observed that the nitrogen removal performance of the 
first A1 and O1 zones was strengthened. After the first O1 
zone, the NH4

+–N and TN removal efficiency reached 77% 
and 25% after 6 d, which was great larger than those with-
out step-feed. Besides, this stable nitrogen removal perfor-
mance could be maintained after 21 d. Moreover, due to 
the carbon source provided into the A2 anaerobic zone, the 
nitrogen removal efficiency was enhanced. The concentra-
tions of NO3

––N and TN further decreased, and the aver-
age concentrations of NH4

+–N, NO3
––N and TN were 3, 11 

and 14 mg L–1, respectively, which are all lower than the 
discharge standards of pollutant for municipal wastewa-
ter treatment plant (GB18918-2002). It can be concluded 
that the step-feed operation in the second anaerobic zone 
of the purification tank can well solve the problem of 
insufficient carbon source, and strengthen the nitrogen 
removal function.

Fig. 4. Change of COD (a), NH4
+–N (b), NO3

––N (c) and TN (d) concentration and their removal efficiencies in different zones 
of purification tank under multi-stage A/O mode.
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3.3. Visualization of the flow pattern under 
different gas rising velocities

3.3.1. Gas velocity distribution

In this simulation, a lab-scale purification tank for a 
single household was used as the research object to evalu-
ate the flow pattern under different gas rising velocities. 
The gas-phase velocity vector diagram under different aer-
ation velocities in the whole purification tank is shown in 
Fig. 6. Air bubbles between the aerator and the bottom of the 
biofilm carrier tended to be in a divergent state under the 
aeration condition. Specifically, it can be seen that the gas 
distribution started to be uniform at the gas rising velocity 
of 0.066 m s–1. Therefore, the divergence started to be uni-
form, being beneficial to increase the contact of gas–liquid 
phases. When the bubbles passed through the packing area, 
they were blocked and cut by the biofilm carrier, resulting 
in the breaking of large bubbles, increasing the gas–liquid 
contact area and improving the oxygen transfer efficiency. 
In the experiment, when the rising velocity of dissolved 
oxygen in wastewater was 0.066 m s–1, the DO concentration 
increased to be 3 mg L–1. When the rising velocity increased 
to 0.120 m s–1, the gas velocity vector graph was similar 
to that at 0.066 m s–1.

3.3.2. Liquid flow field

The liquid phase flow field in the purification tank 
with different gas rising velocities is shown in Fig. 7. In 

the process of simulation, the main influence factor of the 
liquid flow field is the disturbance in the process of bub-
bles rising inside of biofilm carrier. As the top surface of 
the purification tank is set as the escape exit, only the gas 
phase can escape. Therefore, when the liquid phase was 
brought to the top surface by bubbles, it will fall back under 
the action of gravity and form reflux between the aerator 
and water surface.

By comparing the flow charts under different gas ris-
ing velocities, when there was no aeration in the tank, a 
breakpoint appeared in the flow chart inside the bio-
film carrier, indicating that the liquid phase distribution 
was not uniform. When the gas rising velocity arrived at 
0.013 m s–1, the flow uniformity became better, but no eddy 
current was formed. Furthermore, when the gas velocity 
further increased to 0.066 m s–1, the fluid in the purification 
tank had the best hydrodynamic behavior being uniform. 
This phenomenon indicates that the gas velocity in the 
purification tank played an important role in the flow field 
distribution in the tank. The velocity of 0.120 m s–1 con-
tributed to a smaller vortex at the top of the purification 
tank relative to the velocity of 0.066 m s–1. This is probably 
because the excessive gas rising flow velocity gave a strong 
shock to the liquid flow, which made the vortex smaller 
that could not be observed at the bottom of the packing. 
Since the vortex at the bottom of the biofilm carrier was 
more favorable for the renewal of the biofilm attached to 
the carrier, so the gas rising velocity of 0.066 m s–1 was 
suggested to be adopted.

Fig. 5. Change of COD (a), NH4
+–N (b), NO3

––N (c) and TN (d) concentration and their removal efficiencies in each zone under multi-
stage A/O mode with step-feed.
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a) b)

c) d)

Fig. 6. The gas-phase velocity vector diagram under anaerobic condition (a) and aerobic condition with gas rising velocities of 
0.013 m s–1 (b), 0.066 m s–1 (c) and 0.120 m s–1 (d).

 

a)

c)

b)

d)

Fig. 7. The liquid flow field diagram under anaerobic condition (a) and aerobic condition with gas rising velocities of 0.013 m s–1 (b), 
0.066 m s–1 (c) and 0.120 m s–1 (d).
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3.3.3. Gas content

The distribution of gas content under different gas ris-
ing velocities is shown in Fig. 8. Along with the increase of 
gas rising velocity, the gas phase distribution from the aer-
ator on the cross-section was more extensive, and the gas 
content was higher. It is found that when the gas rising 
velocity reached 0.013 m s–1, the gas content was small and 
there was no obvious gas distribution above the biofilm car-
rier. However, when the gas rising velocity increased up to 
0.066 m s–1, the gas phase could pass through the whole bio-
film carrier and appear at the top of the purification tank. 
Finally, the largest gas rising velocity of 0.120 m s–1 allowed 
the gas to be distributed to the whole system, which might 
possess the strong shear force to the biofilm on the surface 
of the carrier. Shortly, appropriately increasing the rising 
velocity can not only reduce the bubble size and increase 
the turbulence between the two phases but also shorten the 
saturation time of the gas phase.

By analyzing the flow field and gas content distribution 
of gas–liquid two phases, it is concluded that the optimum 
gas rising velocity was 0.066 m s–1. At this velocity, the bub-
ble diverges most evenly between the aerator and the bottom 
of the biofilm carrier, which was conducive to increasing the 
contact time of gas–liquid two phases and improving the 
oxygen transfer efficiency. Besides, at this medium veloc-
ity, the uniformity of the fluid in the purification tank was 
the best, and the vortex formed by the liquid phase was 
more favorable for the renewal of the biofilm attached to 
the biofilm carrier.

4. Discussion

The gas rising velocity that was controlled by the aer-
ation intensity determined the operational cost of the bio-
reactor. First, the aerobic condition is necessary to be used 
in rural sewage treatment to reach the discharge standards 
of pollutant for municipal wastewater treatment plant 
(GB18918-2002). For example, in our study, although pol-
lutants in sewage were treated by two-stage anaerobic 
condition via fermentation and hydrolysis, the secondary 
anaerobic effluent BOD5 was still higher than the stan-
dard limit of 30 mg L–1 and needed to be further degraded.

Furthermore, the aeration intensity should be set at 
an appropriate level. It is reported that the low velocity of 
0.013 m s–1 was not enough to give a high removal efficiency 
of COD and NH3, and the velocity of 0.120 m s–1 was too 
high for the pollutant removal. Most of the pollutant (COD 
and TN) was biodegraded at the medium gas rising veloc-
ity of 0.066 m s–1. For instance, when the gas rising velocity 
increased to 0.120 m s–1, the NH3–N removal rate slowed 
down due to the limitation of the nitrifying bacteria con-
centration and the hydraulic residence time. However, some 
researches indicate that low gas velocity can still bring out 
the high pollutant removal efficiency. For example, the 
up-flow gas velocity was maintained constant at 0.02 m s–1 
in the study of Lochmatter et al. [20], where aeration strat-
egies promoted alternating nitrification and denitrifica-
tion to improve reactor efficiencies of COD, nitrogen and 
phosphate. Unlike our study, the low gas rising velocity in 
their study still contributed to the good treating efficiency, 

 

a)

c)

b)

d)

Fig. 8. The cloud chart of gas content distribution under anaerobic condition (a) and aerobic condition with gas rising velocities of 
0.013 m s–1 (b), 0.066 m s–1 (c) and 0.120 m s–1 (d).
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probably due to the suspended sludge in their study rather 
than the biofilm in our study. As we know, the mass trans-
fer resistance of biofilm for DO requires a higher aeration 
rate than suspended sludge, so the average DO concentra-
tion can be as high as 2.0 ± 1.16 mg L–1 in a biofilm reactor, 
still with a high and stable mean nitrogen removal rate of 
0.35 ± 0.19 kg N (m3 d)–1 [21].

Regarding the hydrodynamic behavior, the gas ris-
ing velocity also played an important role. Firstly, bub-
bles produced by aeration gather near the aerator and are 
cut and evenly distributed in the whole tank with the help 
of a biofilm carrier. But the weak aeration with a gas ris-
ing velocity of 0.013 m s–1 did not make a strong positive 
effect on the hydrodynamic behavior. Specifically, the gas 
content was small and there was no obvious gas distribu-
tion above the biofilm carrier. This is because the low gas 
velocity was not enough to make the intense turbulent. 
Besides, the bubble size was relatively large, not conducive 
to the contact and mass transfer of gas–liquid two phases. 
When the gas rising velocity increased up to 0.066 m s–1, the 
gas phase could pass through the biofilm carrier. Overall, 
appropriately increasing the rising velocity can not only 
reduce the bubble size, but also increase the turbulence 
between the two phases.

Other researchers also reported the positive effect of gas 
rising velocity on the hydraulic behavior of bioreactor. 
The gas hold-up and overall oxygen transfer coefficient 
for all the fluids were found to be increased with the aug-
mentation of gas rising velocity, because the high gas ris-
ing velocity contributed to the elevated specific interfacial 
area with surface tension and bubble size reduction [22]. 
Devi and Kumar [23] analyzed the flow hydrodynam-
ics and mass transfer mechanisms in a gas–liquid phase 
bioreactor with wide gas rising velocity range of 0.0075–
0.25 m s–1. The volume-averaged velocity magnitude and 
dissipation rate were found to increase with the augmenta-
tion of superficial gas velocity.

In terms of aeration pattern, the multistage A/O process 
was found to be superior to the anaerobic-aerobic pattern 
in a traditional purification tank. Furthermore, the step-
feed operation was able to realize the advanced nitrogen 
removal by reasonable assignment of influent carbon source. 
Specifically, the step-feed allowed the nitrogen removal 
function of the second anaerobic zone to still being strong. 
This phenomenon has been reported in other studies [24]. 
Wang et al. [25] studied a novel four-stage step-feed reactor 
combined with a fluidized bed, where the NH4

+–N removal 
efficiency was 95.7% with the effluent NH4

+–N concentra-
tion less than 8 mg L–1. The study of Zhu et al. [26] showed 
that high TN removal efficiency (more than 95%) could be 
achieved under an influent flow rate distribution ratio of 4 
avoiding the internal nitrate cycle or addition of an external  
carbon source.

5. Conclusions

The pollutant removal efficiency of the purification tank 
could be considerably enhanced with an increase in aera-
tion intensity. But the gas rising velocity was suggested to 
be controlled at a medium level of 0.066 m s–1. The pollut-
ant removal and hydrodynamic behavior both performed 

well under this aeration intensity. Besides, appropriately 
increasing the gas rising velocity could not only reduce the 
bubble size, but also increased the turbulence between the 
gas–liquid phases. For the region having a strict requirement 
for the advanced nitrogen removal, the multistage A/O pat-
tern with step-feed was proposed to conduct, solving the 
problem of insufficient carbon source and strengthening 
the nitrogen removal function.
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