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a b s t r a c t

Rural sewage pollution has become a serious obstacle to the development of rural areas in China. To
overcome this problem, economic, efficient, stable, and low-consumption technologies are urgently
needed. To this end, new equipment based on the New Integrated Self-Reflux Rotating Biological Con-
tactor (NISRRBC) was developed for rural sewage treatment in this study. In the development process,
the optimal operating parameters were determined to be 5 r/min disk rotation speed, 8 h hydraulic
residence time (HRT), 40% submergence diameter of the disks (SDD), and 200% reflux ratio through
orthogonal test. Then, two laboratory-scale simulations were conducted with 0% reflux as a control group
and 200% reflux as a test group, and the sewage purification efficiency, sludge yield, microorganism, and
microenvironment characteristics of the biofilm were investigated. The results indicated that reflux of
sludge and nitrification liquid enhanced the NO3

�-N concentration and biomass of NISRRBC, thereby
improving the pollutant removal efficiency. Compared to 0% reflux, the removal rates of COD, SS, NH4

þ-N,
and TN increased by 5.25 ± 4.18, 5.49± 0.64, 5.67± 2.68, and 32.63 ± 3.67%, respectively, at 200% reflux.
The COD, SS, NH4

þ-N, and TN concentrations in the effluent were 15.34 ± 7.29, 5.32 ± 2.33, 1.70± 2.47, and
12.73± 3.94mg/L, respectively. At 200% reflux, the biofilm formed a favorable gradient for microenvi-
ronmental conditions and functional flora, thus facilitating the removal of pollutants in sewage. The
operating results of the pilot-scale NISRRBC indicate that the effluent meet the Class B Discharge stan-
dard of pollutants for municipal wastewater treatment plants (GB, 18918e2002). Overall, NISRRBC is one
of the priority choices for rural sewage treatment owing to its low sludge yield, integrated design
concept, and simple operation mode.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In China, there are more than 2.5 million natural villages and
800 million farmers. In recent years, with the development of the
social economy, rural living standards have gradually improved,
and water pollution has become more serious (Wang et al., 2008;
ollution Control Technology,
inese Academy of Sciences,

ollution Control Technology,
inese Academy of Sciences,
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Zhang et al., 2015). However, most of villages do not have drainage
channels and sewage treatment systems, and direct and disorderly
emissions are observed everywhere in China (Li et al., 2018; Song
et al., 2018). Moreover, to a large extent, the discharge of sewage
poses a significant pollution risk to nearby water systems and
groundwater, which can negatively affect the health of local resi-
dents (Xia et al., 2017). A survey conducted by Ma et al. (2016)
showed that contaminated water is responsible for 88% of ill-
nesses and 33% of deaths in villages in China. Thus, it is clear that
rural sewage pollution has become a serious obstacle to the
development of rural areas in China (Wang et al., 2011). Accord-
ingly, the development of effective sewage treatment technology
for rural areas is a key problem that needs to be solved urgently
(Deng and Wheatley, 2016; Li et al., 2018).

Rural sewage is characterized by wide distribution, large
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Abbreviation

COD Chemical Oxygen Demand
DGGE Denaturing Gradient Gel Electrophoresis
DO Dissolved Oxygen
EPS Extracellular Polymeric Substance
ft Degree of freedom of sum of squares of total

deviation
fej Degree of freedom of the sum of squared deviations

within the group
Fj Level of significant difference in column j
HRT Hydraulic Residence Time
Ki Sum of the corresponding experimental results when

the horizontal number is i in any column
MLSS Mixed Liquid Suspended Solids
NH4

þ-N Ammonium Nitrogen
NISRRBC New Integrated Self-Reflux Rotating Biological

Contactor

NCBI National Centre for Bio-technology Information
NO3

�-N Nitrate Nitrogen
ORP Oxidation-Reduction Potential
PCR Polymerase Chain Reaction
Pj Significant test level of column j
RBC Rotating Biological Contactor
Ri Range
Sej Intra-group deviation squared sum
ST* Total deviation squared sum
St Squared deviation between groups
SDD Submergence Diameter of the Disks
SEM Scanning Electron Microscope
SS Suspended Solids
T Temperature
TN Total Nitrogen
Ve Intragroup variance
Vj Variance between groups
WWTP Wastewater Treatment Plant
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pollution range, small amount of sewage, intermittent discharge
(Haase et al., 2011; Guo et al., 2014). Rural sewage treatment de-
mands technology that is characterized by low investment, small
equipment size, simple management, and stable operation.
Rotating Biological Contactor (RBC) is the equipment that facilitates
utilization of a small area, anti-load impact, and low-power con-
sumption for decentralized wastewater (Abdel-Kader, 2013; Zha
et al., 2018). Through axis rotation, the biofilms of RBC are alter-
nately exposed to the wastewater and air, through which oxygen
from air and pollutants from sewage are also alternately transferred
into the biofilms (Singh and Mittal, 2012; Hassard et al., 2015).
Previous studies found that the aerobic zone was detected in the
upper 50e100 mm of the biofilm and the anaerobic zone was
detected close to the disc (Kubsad et al., 2004; Di Palma and
Verdone, 2009). This oxygen gradient distribution facilitates the
growth of different functional microorganisms in biofilms.
Research on the spatial structure of such functional bacteria in the
biofilm clearly showed that aerobic nitrifiers were located at the
top of the biofilm and anammox bacteria were exclusively present
in the lower half of the biofilm. In addition, aerobic bacteria such as
Nitrosomonas and Nitrospira and anaerobic bacteria were detected
in biofilms of RBC (You et al., 2003; Duque et al., 2014). The for-
mation of microenvironment andmicroorganism functional zoning
provides a basis for pollutant removal. Moreover, such conditions
are formed only by the slow rotation of the axis. Therefore, from the
perspective of investment, operation, and management, RBC is a
technology worthy of extensive promotion in rural sewage treat-
ment. However, biofilm formation is difficult in the early stage of
RBC operation, which hinder its widespread application. Moreover,
TN removal efficiency is usually lowwhen conventional RBC is used
for rural sewage treatment because the quality and quantity of rural
sewage fluctuate significantly (Guo et al., 2014).

In theory, through the reflux of sludge and nitrification liquid in
the sedimentation zone, biomass and some NO3

�-N can be supple-
mented for the biological reaction zone while reducing the
remaining sludge emissions, so as to effectively treat rural sewage
(Wu et al., 2015). Equipment based on the New Integrated Self-
Reflux Rotating Biological Contactor (NISRRBC, patent number:
ZL2013106896386) have been developed to deal with the problems
of slow biofilm hanging, low biofilm biomass, low TN removal ef-
ficiency, and difficulty in the disposal of residual sludge in the
treatment of rural sewage by biological turntable. However, the
operating parameters of NISRRBC still need to be optimized, and
the mechanism of the increased reflux affecting the biofilm for-
mation process in the original system remains unclear.

To provide technical support for China's rural sewage treatment,
in this study, orthogonal tests of operating parameters including
rotation speed, hydraulic residence time (HRT), submergence
diameter of disks (SDD), and reflux ratio were conducted, and two
laboratory-scale simulation devices established based on NISRRBC.
Under optimal operating conditions, sewage purification efficiency,
sludge yield, and the microorganism and microenvironment char-
acteristics of the biofilm were respectively compared for reflux
ratios of 0% and 200%. A pilot-scale NISRRBC (patent number:
ZL2013106896386) was continuously operated to verify its effect in
practical applications. The objectives of this study were to deter-
mine the optimal operating parameters, analyze the characteristics
of the biofilmmicroenvironment and functional microorganisms in
NISRRBC after increased reflux, elucidate the mechanism of
NISRRBC in purifying rural sewage, and then provide technical
support for China's rural sewage treatment.

2. Materials and methods

2.1. Laboratory-scale NISRRBC

The laboratory-scale NISRRBC comprised a regulation pool
(volume: 50 L), a bioreactor zone (effective volume: 45.50 L), a
reflux zone (volume: 10.50 L), and a solid liquid separation zone
(volume: 5.92 L) (Fig. 1). The total volume of the NISRRBC was
111.92 L. Eighteen discs of 1 cm thickness and 40 cm diameter were
arranged on a single shaft at distances of 5 cm. Staple geotextile
(2.4mm Thickness, 0.07e0.2mm equivalent pore diameter, and
1.0� (10-10) vertical filtration coefficient) was attached to the
surface of each disc. The influent flow was 35mL/min in the early
stage of NISRRBC operation (30 d). When the NISRRBC operates
stably, the influent flow will be changed by the setting of hydraulic
residence time (HRT). The seed sludge was from a full-scale WWTP
in Beijing. The sewage was passed through the regulation pool and
treated with RBC. The water quality of the influent is listed in
Table S1. During the operation, the sludge and nitrification liquid
were returned to the front of the RBC at a certain ratio. In the
orthogonal test of determining reflux ratio, reflux is mainly
controlled by peristaltic pump (BT600-2J, Longer, China). When
reflux ratio is determined, reflux during laboratory/pilot-scale
NISRRBC is designed as self-reflux based on the driving principle



Fig. 1. Chart of lab-scale NISRRBC (1 - Regulation pool; 2 - Motor; 3 - Reflux line; 4 - Pump; 5 - Rotating biological reactor; 6 - Disc; 7 - Reflux zone; 8 - Reflux canister; 9 eReflux
disc; 10 - Solid liquid separation zone; 11 - outlet).
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of waterwheel to further save energy consumption. The sludge and
nitrification liquid relied on the reflux canister set on the reflux disc
for reflux. The amount of reflux was regulated by the effective
volume and quantity of reflux canister (Fig. 1).
2.2. Orthogonal test of operating parameters

RBC performance is mainly affected by factors such as rotation
speed, HRT, and the submergence diameter of the disks (SDD)
(Paola et al., 2018; Rana et al., 2018). In this study, reflux ratio was
another important factor determining NIRRBC performance. Thus,
an orthogonal test of L9 (3/4) was designed. These four factors were
denoted by the letters A, B, C, and D, with each factor having three
levels indexed from one to three: rotation speed (A: 3, 5, and 8 r/
min), HRT (B: 4, 6, and 8 h), SDD (C: 30, 40, and 50%), and reflux
ratio (D: 100, 200, and 300%), as shown in Table S2. The range
method was used for the results of the orthogonal test. Ki, Ri, and Pj
were respectively calculated in accordance with Liu et al. (2009).
2.3. Scanning electron microscope (SEM) observation

At different operating periods (0, 30, 120, and 240 d), a 1 cm
square of the NISRRBC biofilm was cut for SEM observation. First,
the biofilm was fixed with 2.5% glutaraldehyde impregnation at
4 �C for 12 h. After washing with phosphate buffer three times
(15min each time), the biofilm was immersed in 30, 50, 70, 85, 95,
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and 100% ethanol for dehydration. The dehydrated biofilm was
swapped with isopentyl acetate twice (15min each time), and then
the sample was dried at the critical point of CO2 (HCP-2, Hitachi,
Japan). The dry samples were then observed via scanning electron
microscopy (S-3000N, Hitachi, Japan) after being sprayed with gold
using an ion sputter instrument (E�1010, Hitachi, Japan).

2.4. Microelectrodes analysis

Microelectrodes (Unisense Piocammeter PA2000, Denmark)
were used to measure dissolved oxygen (DO) and oxidation-
reduction potential (ORP) in NISRRBC at different layers of the
biofilms. The tip diameter of the DO and ORP microelectrodes was
10 mm (De la Rose and Yu, 2006; Han et al., 2012). The measure-
ments were taken in a chamber, with a dynamic water level
(Fig. S1), filled with water from the same NISRRBC. Water flow was
controlled via two groups of solenoid valves between the mea-
surement chamber and NISRRBC. A cycle comprising the highest
and lowest water levels consumed 40 s–the time taken for one
rotation of the discs in NISRRBC. Amature biofilmwas affixed to the
rounded and pierced platform at a 45� angle (Fig. S1b). The DO
concentration in the chamber was set in agreement with the DO
concentration of the bioreactor zone. During the measurement, the
microelectrodes were controlled to fixedly penetrate different
layers of the biofilm by a Faraday Cage. The level of water in the
chamber fluctuated (up and down) consecutively every 20 s. The
data were recorded every second using Sensortrace Basic soft
(Unisense, Denmark).

2.5. PCR-DGGE and phylogenetic analysis

According to the principle of denaturing gradient gel electro-
phoresis (DGGE), total DNAs with the same length but different
sequences can be separated. Each band corresponds approximately
to a dominant microbial community member, with more bands
Fig. 2. Schematic diagram and pho
suggesting higher diversity (Hesham et al., 2011). To prepare total
DNA extracts, 200 mL biofilms in the Outer, Middle, and Inner layers
were harvested via centrifugation (4 OC, 10min, 12000 r/min) and
then suspended in a 200 mL (0.01M) potassium phosphate buffer
(pH 7.2). Isolation of the total DNA was accomplished using Mag-
netic System-16 (TanBead, Taiwan) (Gao et al., 2011). Primers
F357GC and R518 were used to amplify the segment of eubacterial
16S rDNA (Zhou et al., 2013). Polymerase chain reaction (PCR)
products generated from each sample were separated on an 8%
acrylamide gel with a linear denaturant gradient increasing from
30% to 60% at 60 �C and 70 V for 960min. Digital images were
captured using a Fluor-S MultiImager (Bio-Rad, USA) and analyzed
with Quantity One Software (Bio-Rad, USA). Prominent DGGE
bands were excised for sequencing using ABI 3730XL capillary se-
quencers (Biomed, Beijing, China). Homology of sequence searches
were conducted using the GenBank server of the National Centre
for Bio-technology Information (NCBI) and the BLAST algorithm. A
phylogenetic tree including representative sequences of each band
and related sequences from the previous NCBI database was con-
structed using the neighbor joining algorithm in MEGA version 6.1.
2.6. Pilot-scale study of NISRRBC

A pilot-scale NISRRBC was operated at Shunyi district, Beijing,
China. The schematic diagram and photos of the pilot-scale
NISRRBC are shown in Fig. 2. The volume of the regulation pool
was 0.36m3 and the effective volume of the NISRRBC was 0.58m3.
The operating parameters of the pilot-scale NISRRBC were set ac-
cording to the results of the laboratory-scale NISRRBC. The seed
sludge was from a full scale WWTP in Beijing. The raw wastewater
from village drainage was pumped into the regulation pool after
removing large-particle solid debris. The water quality of the
influent is shown in Table S3. This pilot-scale NISRRBC has currently
been operating for one year (July 2017eJuly 2018).
tos of the pilot scale NISRRBC.



Table 1
Optimal operation parameter analysis.

Test NO. Factor A Factor B Factor C Factor D TN Removal Rate (%)

Rotation speed (r/min) HRT (h) SRD (%) Reflux rate (%)

1 1 (3.00) 1 (4.00) 1 (40.00) 1 (100.00) 42.15
2 1 2 (6.00) 2 (50.00) 2 (200.00) 51.48
3 1 3 (8.00) 3 (60.00) 3 (300.00) 46.57
4 2 (5.00) 1 2 3 51.64
5 2 2 3 1 52.35
6 2 3 1 2 71.07
7 3 (8.00) 1 3 2 53.25
8 3 2 1 3 42.18
9 3 3 2 1 43.16
K1 46.73 49.01 51.80 45.89
K2 58.35 48.67 48.76 58.60
K3 46.20 53.60 50.72 46.80
R 12.16 4.93 3.04 12.71
Order 2 3 4 1
St 644.59
ft 8.00
Sj 283.10 45.46 14.26 301.78
fj 2.00 2.00 2.00 2.00
Vj 141.55 22.73 7.13 150.89
ST* 644.59
Sej 0.00
fej 0.00
Se 14.26
fe 2.00
Ve 7.13
Fj 19.85 3.19 1.00 21.16
Pj 0.05 0.24 0.50 0.05
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2.7. Other analyses

Chemical oxygen demand (COD) was measured by Method
5220D, using the Hach COD Digestion Solution. Ammonium nitro-
gen (NH4

þ-N), total nitrogen (TN), and mixed liquid suspended
solids (MLSS) were analyzed according to the respective standard
methods (APHA, 1998). Temperature (T), Dissolved oxygen (DO),
and pH were regularly measured with a WTW-Multi 340i analysis
instrument (made in Germany), with CellOx325 probes and SenTix
41-3 pH Electrodes.
3. Results and discussion

3.1. Optimal operating parameters analysis

During the orthogonal test, all batches of parallel tests were
executed for 100 d, and the TN removal rate was set as the only
reference index. The results of L9 (3/4) orthogonal test are sum-
marized in Table 1. According to the results, the influencing factors
can be listed in the following order: RD> RA> RB> RC. This phe-
nomenon suggests that, in this study, reflux ratio was the most
important factor affecting the TN removal of NISRRBC, followed by
the rotation speed of the disks. Each factor had a certain difference
in the effect of TN removal at different levels. The orders of the
levels were K2>K1>K3 for factor A (rotation speed), K3>K1>K2 for
factor B (HRT), K1>K3>K2 for factor C (SDD), and K2>K3>K1 for
factor D (reflux rate). Thus, the optimal operating parameters of
NISRRBC in this study were rotation speed of disks: 5 r/min, HRT:
8 h, SDD: 40%, and reflux ratio: 200%. However, rotation speed and
reflux rate are more important than HRT and SDD to the operating
efficiency of NISRRBC (Pj¼ 0.05). The results indicate that the
removal efficiency of TN can be effectively improved only when the
nitrification and denitrification reactions reach a certain equilib-
rium. The rotation speed directly determines the residence time of
biofilm in the gas and water phases, and proper rotation speed can
ensure distribution and mass transfer of oxygen and pollutants in
the biofilm. Meanwhile, reflux of the nitrification solution provides
proper nutrients for microorganisms in biofilms, thereby signifi-
cantly improving the efficiency of denitrification.
3.2. Operating efficiency of laboratory-scale NISRRBC

The COD, SS, NH4
þ-N, and TN removal efficiency of laboratory-

scale NISRRBC under optimal operating parameters are shown in
Fig. 3; NISRRBC with 0% reflux ratio was set as control group. The
results show that the removal efficiency of NISRRBC is more stable
and better with reflux than without reflux. In the control, the
removal rates of COD, SS, NH4

þ-N, and TN were 88.05± 3.17,
88.06 ± 3.00, 91.61± 3.26, and 41.58± 5.50%, respectively. Under
200% reflux, the removal rates of COD, SS, NH4

þ-N and TN improved,
especially that of SS and TN. For the 200% reflux ratio, the removal
rates of COD, SS, NH4

þ-N, and TN were up to 93.30± 7.35,
93.55± 3.64, 97.28± 5.94, and 74.21± 9.17%, respectively. The
average COD, SS, NH4

þ-N, and TN concentration of effluent were
15.34± 7.29, 5.32± 2.33, 1.70± 2.47, and 12.73± 3.94mg/L,
respectively. These results show that the removal efficiency of COD,
SS, NH4

þ-N, and TN increased by 5.25± 4.18, 5.49± 0.64, 5.67± 2.68,
and 32.63± 3.67% following the increase of the reflux of nitrifying
liquid by 200%.

Moreover, the operation of the NISRRBC tended to stabilize after
approximately 33 d at 200% reflux ratio. In the subsequent opera-
tion, the load did not significantly affect the removal of pollutants.
This substantially differs from the large fluctuation of the reactor
removal rate at 0% reflux. These results also indicate that the reflux
of sludge and nitrification liquid in the sediment area is conducive
to rapid formation of biofilms on the disks. The NO3

�-N in the
bioreactor tank significantly increased with reflux ratio (Fig. S2).
The results show that the average concentration of the NO3

�-N in
the bioreactor tank increased from 6.01mg/L without reflux to
15.18mg/Lwith 200% reflux, and the average concentration of NO3

�-



Fig. 3. Removal efficiency of lab-scale NISRRBC under different operation condition.
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N in the effluent decreased from 21.51mg/L without reflux to
5.03mg/L with 200% reflux. In this study, the C/N was 4.64. Reflux
of the nitrification liquid in the sedimentation zone increased the
concentration of nitrate in the bioreactor zone. In this manner, the
carbon source could more fully participate in the denitrification
reaction (Courtens et al., 2014), thereby improving the removal
effect of TN.

At the same time, the reflux liquid also complemented the mi-
crobial content in the bioreactor. The formation and apparent
characteristics of biofilms at 200% reflux are shown in the SEM
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image (Fig. S3). Compared to the clean geotextile (Fig. S3A), the
structure of the biofilms gradually became dense after 33 d
(Fig. S3B). With extended execution time, the surface of the bio-
films carrier was completely covered by microorganisms and
extracellular polymeric substance (EPS), and only microbial cells
were observed (Figs. S3C and S3D). The increase of NO3

�-N and the
rapid formation of biofilms may be the main reasons for the sig-
nificant improvement of the TN removal rate in NISRRBC.

3.3. Sludge yield coefficient

In order to prevent the sludge from rotting and floating in the
sedimentation tank, and consequently affecting the SS concentra-
tion of the effluent, sludge discharge was conducted every 12 h
when there was no reflux, regardless of the amount of sludge in the
secondary sedimentation tank. After the increase of reflux to 200%,
the sludge discharge frequency of the secondary sedimentation
tank was significantly reduced to once every 20 d. For rural sewage
treatment, if the sludge discharge frequency can be reduced
without affecting the effluent water quality, the operating and
management cost of biological turntables in rural areas will be
significantly decreased. The sludge output presented a decreasing
trend with increasing reflux ratio (Fig. 4). As shown in Fig. 4, the
accumulated sludge discharge was 2482.85 g MLSS (95%e97%)
during operating dates at 0% reflux condition, and the average
sludge discharge was 7.57 g MLSS/d. At 200% reflux, the accumu-
lated sludge discharge was 1662.73 g MLSS (95%e97%) during
operating dates, and the average sludge output was 5.07 g MLSS/d.
The sludge output results indicate that the sludge output decreased
by 33.03% when reflux increased from 0% to 200%. Further, the
sludge discharge frequency exhibited a significantly decreasing
trend during operation. Thus, in our study, the increase of reflux
was found to be beneficial for reducing the amount of sludge and
prolonging the sludge discharge time. This is very important
because the reduction of sludge discharge frequency and discharge
volume not only reduces the pressure of subsequent disposal of the
remaining sludge, but also has significant advantages for the
operation and maintenance of reactors in rural areas.

3.4. DO and ORP distribution characteristics in biofilms

At 200% reflux, the DO and ORP concentration profiles at
different layers of the biofilms were determined using the micro-
electrode technique to characterize the micro-environment in the
biofilms of NISRRBC. The results are shown in Fig. 5.
Fig. 4. Sludge yield of lab-scale NISRRBC
At the gas-water interface, slight fluctuations of DO concen-
tration between 7mg/L and 8mg/L were recorded. At this point,
the DO concentration detected by the microelectrode was almost
equal to that of the oxygen content in the gas. As the microelec-
trode pierced the biofilm, changes in DO concentration became
sharp. Inside 5 mm of the biofilms, DO concentration was 6.50mg/
L when the biofilms were immersed in water, and increased to
8.10mg/L when the biofilms were exposed to air. Inside 200 mm of
the biofilms, the DO concentration remained higher than 2mg/L
in both the immersed and exposed states. When the microelec-
trode pierced into 500 mm of the biofilm, the DO concentration
exhibited a gradual change from 1mg/L to 2mg/L. At 1000 mm and
2000 mm of the biofilm, the DO concentration was less than
0.2mg/L.

The results of ORPwere similar to those of the DO concentration.
As shown in Fig. 5, the ORP value at 5 mm below the biofilm surface
with exposure to air and water was greater than 200mV. At greater
depths, the ORP value gradually decreased with lowered exposure
to both air and water, but it was more than 0mV until a depth of
1000 mm in the biofilm. The distribution of the DO in the biofilm
below 2000 mm was less volatile, and the ORP value was less than
0mV.

After increasing the reflux, the microenvironment in the
mature biofilm of NISRRBC presented a heterogeneous structure
from the surface inwards, similar to that reported in previous
studies (Kubsad et al., 2004). In this study, the aerobic zone
extended from the surface to 200 mm into the biofilm. The DO
concentration sharply decreased at 500 mm, and the anaerobic
zone was detected at 1000 mm. The results agree with observa-
tions for conventional RBC (Cantú-Lozano et al., 2015; Wang et al.,
2017). This phenomenon indicates that increasing reflux does not
affect the properties of the biofilm. The number of microorgan-
isms in the bioreactor zone increased with increasing reflux, and
the biofilm on the carrier became denser. Previous studies
considered diffusion and absorption to be the main mechanism of
oxygen transfer in biofilms (Kunkel et al., 2015; Guimer�a et al.,
2016). Meanwhile, estimations of biological oxygen uptake rate
revealed that 85e89% of the oxygen was absorbed by microor-
ganisms during exposure of the discs to air (Ntwampe et al., 2008;
Courtens et al., 2014). The increase of microbial biomass also
increased the oxygen consumption. Meanwhile, the thickness and
density of the biofilm increased, reaching the biofilm limit of
500 mm for the hypoxic state. At 1000 mm, the biofilm was in an
anaerobic state.
under different operation condition.



Fig. 5. Distribution of DO concentration and ORP in different layers of the biofilms in lab-scale NISRRBC under 200% reflux ratio.

Fig. 6. Microbial population distribution characteristics in different layers of the biofilms in lab-scale NISRRBC under 200% reflux ratio.
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3.5. Microbial population distribution characteristics in biofilms

The bacterial community at different layers of the biofilm was
analyzed via the DGGE of PCR-amplified 16S-rDNA gene fragment
(Fig. 6). The bacterial diversity in the Outer lanes was richer than
that in the Middle and Inner lanes (Fig. 6a). The dark bands in the
DGGE profiles (Fig. 6a) reflect the related dominant bacteria at
different layers of the biofilm. The numbers of dominant bands in
the Outer lane were obviously more than those in Inner lane
(Fig. 6a). However, some dominant bands in the Inner lane were



Fig. 7. Removal efficiency of pilot scale NISRRBC.
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similar to those in the Middle and Outer lanes, such as Inner3,
Middle4, and Outer5.

For sequence analysis, 10 (Outer1eOuter10), 8 (Mid-
dle1eOuter8), and 5 (Inner1eOuter5) dominant bands were ob-
tained. Each sequence was submitted to a BLAST search, and the
phylogenetic treewas constructed from sequences in this study and
their closest relative sequences (Fig. 6b).

As shown in Fig. 6b, bacteria affiliated with g-Proteobacteria,
Verrucomicrobia, and Firmicutes were abundant in all layers of the
biofilm. d-Proteobacteria and Bacteroidetes were present in the
Middle and Outer biofilms, and Actinobacteria and Chlamydiae
were only detected in the Outer and Inner biofilms, respectively.

In this study, the bacterial population was analyzed at 10 mm,
500 mm, and 1500 mm inside the biofilm on a freezing microtome
section. The results suggested that the biofilm had a biologically
heterogeneous structure. Moreover, the microbial diversity of the
Inner biofilmwas significantly lower than that of the Outer biofilm.
For example, sequencing results showed that the Inner microbes
were anoxic. The Outer biofilmmicrobes were not only abundant in
population, but also contained aerobic and hypoxic bacteria. These
distribution characteristics of the bacterial population appeared to
be influenced by the microenvironmental characteristics inside
biofilms.

The biologically heterogeneous distribution will enable stable
performance in rural wastewater biological treatment processes
(Kulikowska et al., 2010; Peng et al., 2014). As shown in Fig. 3, when
the reflux ratio increased to 200%, the removal of COD, NH4

þ-N, and
TNwas enhanced. Therefore, it is of great importance to ensure that
the biofilm on the carrier is sufficiently thick when biotrays are
used to treat sewage with large fluctuation characteristics, such as
rural sewage.
3.6. Operating efficiency of pilot-scale NISRRBC

The operating efficiency of pilot-scale NISRRBC is shown in
Fig. 7. The results show that the removal rates of COD, SS, NH4

þ-N,
and TNwere, respectively, 89.21, 88.92, 93.06, and 76%. The average
COD, SS, NH4

þ-N, and TN quantities of the effluent were 37.41± 9.40,
6.27± 1.28, 4.99± 0.95, and 18.67± 1.46mg/L. The effluent of
NISRRBC meet the Class B Discharge standard of pollutants for
municipal wastewater treatment plants (GB, 18918e2002). More
importantly, the NISRRBC discharged sludge only 12 times during
the one-year operating period (Fig. 8). The results of pilot-scale
NISRRBC further prove that the reflux in NISRRBC can not only
satisfy the wastewater discharge standard, but also significantly
reduce the sludge discharge frequency. The reduced sludge
discharge frequency implies that sludge floating due to excessive SS
of effluent can be prevented by avoiding daily sludge discharge
from NISRRBC. Thus, labor cost will be significantly reduced, which
is very important sewage treatment in rural China, where profes-
sional workers are severely lacking. Overall, NISRRBC can be rec-
ommended for rural sewage treatment as an applicable technology.
4. Conclusion

In this study, a new method based on NISRRBC was developed
for rural sewage treatment. According to the results of orthogonal
tests of operating parameters, the optimal operating parameters of
laboratory-scale NISRRBC are as follows: 5 r/min rotation speed of
disks, 8 h HRT, 40% SDD, and 200% reflux ratio. Further, the results
of pilot-scale NISRRBC indicated that the average COD, SS, NH4

þ-N,
and TN concentrations of effluent were 37.41± 9.40, 6.27± 1.28,
4.99± 0.95, and 18.67± 1.46mg/L, respectively, when the COD, SS,



Fig. 8. Sludge yield of pilot scale NISRRBC.
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NH4
þ-N, and TN concentrations of influent were 105e407,

30e102.60, 51.30e88.10, and 66.40e101mg/L, respectively. The
effluent of NISRRBC meet the Class B Discharge standard of pol-
lutants for municipal wastewater treatment plants (GB,
18918e2002). Thus, NISRRBC can be recommended as an appli-
cable technology for rural sewage treatment.
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