
water

Article

Effect of Aeration Rates and Filter Media Heights on
the Performance of Pollutant Removal in an Up-Flow
Biological Aerated Filter

Jiehui Ren 1 , Wen Cheng 1, Tian Wan 1,*, Min Wang 1 and Chengcheng Zhang 2

1 State Key Laboratory of Eco-hydraulic in Northwest Arid Region, Xi’an University of Technology,
Xi’an 710048, China; rjh_xaut@163.com (J.R.); wencheng@xaut.edu.cn (W.C.); wangmin@xaut.edu.cn (M.W.)

2 College of Computing, Georgia Institute of Technology, Atlanta, GA 30301, USA; 18710761170@163.com
* Correspondence: wantian@xaut.edu.cn; Tel.: +86-029-823-2721

Received: 24 August 2018; Accepted: 7 September 2018; Published: 14 September 2018
����������
�������

Abstract: The biological aerated filter (BAF) is an effective biological treatment technology which
removes the pollutants in municipal wastewater secondary treatment. However, we still know little
about the interaction between the pollutants removal and microbes within the BAF. In this study,
we used an up-flow BAF (UBAF) reactor to investigate the relationships between the pollutants
removal and microbial community structure at different aeration rates and filter media heights.
The microbial community of biofilm was analyzed by Illumina pyrosequencing. Our results showed
that the UBAF achieved a better removal efficiency of chemical oxygen demand (COD), NH4

+-N,
NO3

−-N, and total phosphorus (TP) at an aeration rate of 65 L/h. In addition, the COD and NH4
+-N

removal mainly occurred at 0–25 cm height of filter media. The microbial community structure in the
UBAF demonstrated that the relative abundance of the Planctomycetes and Comamonadaceae at 10 cm
height of filter media were 11% and 48.1%, respectively, proportions significantly higher than those
under others treatments. Finally, the changes in relative abundance of Proteobacteria, Planctomycetes,
and Nitrospirae likely explained the mechanism of nitrogen and phosphorus removal. Our results
showed that suitable conditions could enhance the microbial community structure to achieve a high
pollutants removal in the UBAF.

Keywords: aeration rates; filter media; microbial community; pollutants removal; up-flow biological
aerated filter

1. Introduction

During the past two decades, the biological aerated filter (BAF) began to substitute the traditional
activated sludge process for the wastewater treatment in municipal wastewater [1,2]. The BAF exhibits
a large number of advantages, such as filtration of solids, organic matter, and nutrient removal,
which occur in the same reactor [1–3]. The BAF systems also enhance the biomass and pollutants
loading capacity, reduce the biomass residence time, improve the environmental shock resistance,
and reduce sludge production [1]. The BAF are relatively compact, easy to operate, and may be more
efficient in carbonaceous and ammonia removal than activated sludge system [4]. Therefore, the BAF
possesses broad application prospects in wastewater treatment.

The recent research on the BAF focuses mainly on optimizing of the removal efficiency and the
mechanism of pollutants removal [3,5]. In that context, the aeration usually occupies half of the total
energy consumption in the biological treatment process [6,7]. Moreover, it plays an essential role
in BAF operation by controlling supply of oxygen for microbial degradation at low turbulence and,
consequently, interferes in the microbial activity [8,9]. Thus, an appropriate aeration rate reduces
the energy costs of the BAF [5,8–10]. Abu Hasan et al. [9] reported that the aeration rate also
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influenced ammonia removal and effective microbes in the BAF system. Tao et al. [5] optimized the
reactor structure and explored the chemical oxygen demand (COD), total nitrogen (TN), and NH4

+-N
removal at different filter media heights by setting a non-aeration zone at the bottom of the reactor.
Yang et al. [11] studied the pollutants removal using combined UAF–UBAF system, the COD and
NH4

+-N removal reached to 90% and 89.0% of removal, respectively. However, they failed to study the
mechanism of phosphorus removal. Removal of biological nitrogen occurs in two stages of treatment:
Aerobic nitrification and anoxic denitrification [4]. Polyphosphate bacteria absorbed the phosphorus
and removed under aerobic conditions. Some researchers also used a combination of processes or
methods including Fe2+ to effectively remove phosphorus [4,12,13]. In the BAF system, the biofilm
plays an essential role in the mechanism of pollutants removal. To access and analyze the microbial
community in wastewater, previous researches applied several methods, such as: Polymerase Chain
Reaction, Denaturing Gradient Gel Electrophoresis (DGGE) [14], Terminal-Restriction Fragment Length
Polymorphism (T-RFLP) [15], and pyrosequencing of 16S rRNA gene sequences [16]. Nowadays,
many researchers analyzed the functional microbes structure using 454-pyrosequencing analysis [11,14].
The functional microbial community also helps to understand the mechanism of pollutants removal.

Several studies already investigated the pollutants removal efficiency and optimized the operation
in the BAF [5,12]. However, few studies explored the effects of aeration rates and filter media heights
on the pollutants removal and microbial community in the BAF system. Additionally, phosphorus
removal has always been one of the critical restrictions to the application of BAF. Suitable aeration
rates not only achieved higher nitrogen removal efficiency but also significantly increasing phosphorus
removal. Moreover, in the BAF system, the study of pollutants removal at different filter media heights
becomes increasingly important for the practical application of the BAF.

Based on that, we built an up-flow BAF (UBAF) reactor to investigate the relationships between
the pollutants removal and microbial community structure at different aeration rates and filter media
heights. Our study aimed (i) to assess the effect of aeration rates on COD, nitrogen, and phosphorus
removal efficiency; (ii) to explore the pollutants removal mechanism at different filter media heights;
(iii) to analyze the microbial community structure at different aeration rates and filter media heights
using Illumina pyrosequencing; and (iv) understand the relationship of pollutants removal and
microbial community in the UBAF reactor.

2. Materials and Methods

2.1. Description of the Up-Flow BAF System

An up-flow BAF reactor is presented in Figure 1. The reactor was designed with a height of
1470 mm and a diameter of 350 mm. The UBAF reactor included a support zone of 200 mm, formed
by an accumulation of cobble with a diameter of 10–30 mm and a height of 200 mm. The upper layer
of the support zone consisted of ceramist material with an effective diameter of 3–5 mm and a void
ratio of 0.43. The height of filter media layer was 850 mm. The perforated plate was used to ensure the
distribution of the water and air inside the reactor at the bottom of the support zone. The top of filter
media layer was set to a water zone of 150 mm. Six sampling ports were designed along the depth
of the reactor at 100–150 mm intervals. The air was introduced into the reactor via air compressor,
which was installed at a 150 mm depth. A flow meter (LZB-4, Yin Huan, Changzhou, China) was
used to determine the aeration rate. A mechanical diaphragm pump (GM0090PR9 (6) MNN, Nan
fang Pump, Hangzhou, China) was applied to pump the synthetic wastewater into the bottom of
the reactor.
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Figure 1. Experimental schematic of laboratory-scale up-flow biological aerated filter (UBAF) system. 
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collected from the secondary sedimentation tank (Xi'an third wastewater plant, Xi'an). The activated 
sludge was cultivated after collection as following: Firstly, we cultivated sludge in a 60 L water tank 
fed with C6H12O6 (800 mg/L), NH4Cl (35 mg/L), KNO3 (8 mg/L), K3PO4 (8 mg/L), Ca2+ (20 mg/L), Mg2+ 
(25 mg/L), Na+ (110 mg/L), and Fe3+ (1.5 mg/L) at 20 ± 3 °C; then, aerated them with air compressor 
for 6 h every day to obtain the target object. Finally, the activated sludge was cultivated for one week 
with daily replacement of the nutrient medium.  

During both phases of start-up and biofilm culture in the UBAF reactor, the ratio of carbon, 
nitrogen, and phosphorus source in the experimental wastewater was 100:5:1 (C: 200 mg/L; N: 15 
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trace elements concentration of Ca2+, Mg2+, Na+, and Fe3+ in experimental wastewater were 20 mg/L, 
25 mg/L, 110 mg/L, and 1.5 mg/L, respectively. The pH level in synthetic wastewater ranged between 
7 and 9. 

2.3 Operation of The Up-Flow BAF 

The operation of the UBAF consisted of three phases: (i) Reactor start-up; (ii) biofilm culture; 
and (iii) simulation experiment. Firstly, the rapid method of activated sludge was used during the 
phases of reactor start-up and biofilm formation. The domesticated activated sludge (a week) was 
diluted to 5000 mg/L on MLSS and fed to the filter media above 30 cm in the UBAF reactor. Then, the 
reactor was let to stand for one day. Later on, the reactor operated at an aeration rate of 80 L/h for 
three days. At every night, the supernatant was drained from the system, and an equal volume of 
synthetic wastewater (C:N:P = 100:5:1) was fed to the UBAF reactor. Next, the reactor began to feed 
continuously at a small waterflow of 5 L/h and gradually reached the design flow rate (12 L/h) after 
a week. In addition, the reactor was continuously fed with synthetic wastewater (C:N:P = 100:5:1) 
until the COD, NH4+-N removal in the effluent achieved steady-state. Finally, the experiment was set 
up to studying the removal efficiency of pollutants at different aeration rates and filter media heights. 
The COD, NH4+-N, NO3−-N, and TP in samples were analyzed to study the pollutants removal in the 
UBAF reactor. The aeration rates were set at 40 L/h to 90 L/h, the waterflow rate was kept at 12 L/h, 
and the HRT was kept at 5 h. The reactor operated at room temperature (12 ± 3 °C). 

Figure 1. Experimental schematic of laboratory-scale up-flow biological aerated filter (UBAF) system.

2.2. Inoculated Sludge and Synthetic Wastewater

The UBAF reactor received synthetic wastewater. The synthetic wastewater was composed of tap
water with a mixed of C6H12O6 (carbon source), NH4Cl and KNO3 (nitrogen source), K3PO4.3H2O
(phosphorus source), and Ca2+, Mg2+, Na+, and Fe3+ (trace elements source). Inoculated sludge was
collected from the secondary sedimentation tank (Xi’an third wastewater plant, Xi’an). The activated
sludge was cultivated after collection as following: Firstly, we cultivated sludge in a 60 L water tank
fed with C6H12O6 (800 mg/L), NH4Cl (35 mg/L), KNO3 (8 mg/L), K3PO4 (8 mg/L), Ca2+ (20 mg/L),
Mg2+ (25 mg/L), Na+ (110 mg/L), and Fe3+ (1.5 mg/L) at 20 ± 3 ◦C; then, aerated them with air
compressor for 6 h every day to obtain the target object. Finally, the activated sludge was cultivated
for one week with daily replacement of the nutrient medium.

During both phases of start-up and biofilm culture in the UBAF reactor, the ratio of carbon,
nitrogen, and phosphorus source in the experimental wastewater was 100:5:1 (C: 200 mg/L; N: 15 mg/L;
P: 3 mg/L). In order to analyze the performance of the UBAF reactor, the synthetic wastewater in
the simulation of experimental phase was based on the contamination levels of domestic wastewater.
The carbon, nitrogen and phosphorus concentrations of experimental wastewater were 200–300 mg/L,
34–48 mg/L (NH4

+-N: 30–40 mg/L; NO3
−-N: 4–8 mg/L), and 4–6 mg/L, respectively. The trace

elements concentration of Ca2+, Mg2+, Na+, and Fe3+ in experimental wastewater were 20 mg/L,
25 mg/L, 110 mg/L, and 1.5 mg/L, respectively. The pH level in synthetic wastewater ranged between
7 and 9.

2.3. Operation of The Up-Flow BAF

The operation of the UBAF consisted of three phases: (i) Reactor start-up; (ii) biofilm culture;
and (iii) simulation experiment. Firstly, the rapid method of activated sludge was used during the
phases of reactor start-up and biofilm formation. The domesticated activated sludge (a week) was
diluted to 5000 mg/L on MLSS and fed to the filter media above 30 cm in the UBAF reactor. Then,
the reactor was let to stand for one day. Later on, the reactor operated at an aeration rate of 80 L/h
for three days. At every night, the supernatant was drained from the system, and an equal volume of
synthetic wastewater (C:N:P = 100:5:1) was fed to the UBAF reactor. Next, the reactor began to feed
continuously at a small waterflow of 5 L/h and gradually reached the design flow rate (12 L/h) after
a week. In addition, the reactor was continuously fed with synthetic wastewater (C:N:P = 100:5:1) until
the COD, NH4

+-N removal in the effluent achieved steady-state. Finally, the experiment was set up
to studying the removal efficiency of pollutants at different aeration rates and filter media heights.
The COD, NH4

+-N, NO3
−-N, and TP in samples were analyzed to study the pollutants removal in the
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UBAF reactor. The aeration rates were set at 40 L/h to 90 L/h, the waterflow rate was kept at 12 L/h,
and the HRT was kept at 5 h. The reactor operated at room temperature (12 ± 3 ◦C).

2.4. Chemical Analysis

The samples were collected to analyze the pollutants removal at the influent, effluent,
and different filter media height in the UBAF reactor. The DO, pH, and temperature in the water
samples were detected with an HQ d Portable Meter (HQ30d, HACH, New York, NY, USA).
Before conducting other measurements, the water samples were filtered through qualitative filter paper
(Xinxingϕ12.5cm, Hangzhou, China). The levels of NH4

+-N and NO3
−-N were determined using

a UV spectrophotometer (DR5000, HACH, New York, NY, USA) at 420 nm for NH4
+-N, 220 nm and

275 nm for NO3
−-N according to standard methods. TP was measured using an ammonium molybdate

spectrophotometric at 700 nm. COD was analyzed using the standard potassium dichromate method
with a Speed Digester (DRB200, HACH, New York, NY, USA).

2.5. Microbial Community Analysis

Biofilm samples at the different aeration rates (40 L/h, 65 L/h, 90 L/h) and filter media
heights (10 cm, 40 cm, 70 cm) were collected when the UBAF reactor had a relatively stable
operation. The Power Biofilm™ DNA Isolation kit for biofilm (MOBIO, Carlsbad, CA, USA) was
used to extract the DNA. The extracted steps reference the instructions of manufacturer. Biofilm
samples were firstly weighed out 0.02 g to 0.2 g and place it into a 2 mL collection tube using
a pipette tip so that removing excess liquid. Next, breaking the cell wall and DNA purification
were carried out according to operation steps on the kit. Nano Drop Spectrophotometer (DC2000,
Thermo Scientific, Waltham, MA, USA) and Electrophoresis (DYY-6C, Beijing, China) were used to
detect the extracted DNA concentrations and purity. The DNA samples were stored at −20 ◦C until
further analysis. Then, the gene amplification of DNA was performed via the polymerase chain
reaction (PCR) (2720, ABI) using the primers 515F (5′-GCACCTAAYTGGGYDTAAAGNG-3′) and 907R
(5′-TACNVGGGTATCTAATCC-3′) which corresponded to the V4 domain of bacterial 16S rRNA genes.
After that, the amplified DNA was sequenced in Illumina Hiseq 2000 platform from Shanghai Personal
Biotechnology Co., Ltd (Shanghai, China).

2.6. Statistical Analysis

SPSS 22.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for statistical analyses.
Pearson correlation analysis was performed to determine the relationships between the pollutants
removal, aeration rates, and filter media heights. The significance levels used were p < 0.05 * and
p < 0.01 **. R presented the correlation coefficient.

3. Results and Discussion

3.1. Performance of UBAF Reactor

3.1.1. The Effect of Aeration Rates of COD Removal

Figure 2 shows the levels of COD, NH4
+-N, NO3

−-N, and TP removal at various aeration rates
in the UBAF reactor. In Figure 2a, the average concentration of COD in influent and effluent were
257.47 ± 17.99 mg/L and 23.38 ± 9.34 mg/L, respectively. The effluent concentration of COD was
50 mg/L based on the China standard limit. The COD removal efficiency did not show apparent
fluctuations (R = 0.169, p = 0.464) with the increase in aeration rates (from 40 L/h to 90 L/h).
The average removal efficiencies of COD at aeration rates of 40 L/h, 65 L/h and 90 L/h were 89.49%,
91.86%, and 90.61%, respectively. The small difference in COD removal efficiency could be interpreted
simply by different degree of denitrification which consumes organic carbon. The result was consistent
with previous research [3,5,8]. Tao et al. [5] found that COD removal efficiency reached to 89.38 ± 1.04%
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in the reactor. Hasan et al. [3,9] showed the insignificant effect of different aeration rates (Q ≥ 3 L/h).
Thus, the UBAF reactor demonstrated a good treatment efficiency on COD removal.
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3.1.2. The Effect of Aeration Rates of Nitrogen Removal

The values of NH4
+-N and NO3

−-N represent the main components of nitrogen and reflect the
removal and transformation of nitrogen. In Figure 2b,c, the aeration rates had a negative correlation
with the NH4

+-N (R = −0.524, p = 0.014) and NO3
−-N (R = −0.232, p = 0.312) removal. The removal

efficiencies of NH4
+-N and NO3

−-N reached 55.48% and 86.89%, respectively, at lower aeration rate
(40 L/h). The effluent concentrations of NH4

+-N and NO3
−-N were 18.03 mg/L and 1.59 mg/L,

respectively. However, when we increased the aeration rate to 65 L/h, the average removal efficiencies
of NH4

+-N and NO3
−-N changed little. At an aeration rate of 90 L/h, the removal efficiencies of

NH4
+-N and NO3

−-N reduced to 46.48% and 59.43%, respectively, with effluent concentrations of
20.71 mg/L and 3.0 mg/L for these two components. NH4

+-N removal presented lower values than
those obtained from previous studies [3,5,9]. The nitrogen removal might be related to the biomass
loss. Because the high aeration rate could result from the lower density of microbes in the reactor
caused by the sludge run off in the BAF system. In the other hand, the microbial community structure
determined the nitrogen removal efficiency.

3.1.3. The Effect of Aeration Rates of Phosphorus Removal

Obviously, the aeration rates had a significantly positive correlation (R = 0.873, p = 2.39 × 10−7)
with TP removal efficiency in Figure 2d. The lower aeration rate removed 20.50% of TP. Under an
aeration rate of 65 L/h, the TP removal significantly increased and reached 49.56 ± 5.45%. When the
aeration rates increased to 90 L/h, The TP removal increased 56.74± 3.44% and was higher than at other
aeration rates. Phosphorus removal mainly relates to the biomass production in the UBAF. The higher
aeration rate might make more biomass split away off the ceramic surfaces and discharge with effluent
water. Wang et al. [12] showed that the traditional BAF only achieved the phosphorus removal efficiency
of 9.3%. Thus, TP removal in our study was higher than in previous research [12,13]. In addition,
the TP concentrations in influent maintained at 6.50 ± 0.57 mg/L. The effluent concentrations were
5.61± 0.62 mg/L, 3.22± 0.42 mg/L, and 2.92 ± 0.51 mg/L at different aeration rates (from 40 L/h to
90 L/h), respectively. This TP concentration represented values in effluent higher than the standard
discharge value (0.5 mg/L), as required by the Emission Standard of Pollutants, in China. Phosphorus
hardly achieves this discharge standards by only relying on the traditional BAF process [12]. The result
was consistent with previous research [12,17]. Then, to improve removal of phosphorus, some researchers
achieved partial precipitation of phosphorus by dosing the Fe2+ or Fe3+ into the BAF [17]. In the future,
we would further analyze the effect of aeration on the biomass suspension characteristics in order to
understand the removal mechanism of TP.

3.2. Pollutants Removal at Different Filter Media Heights

3.2.1. The COD Removal at Different Filter Media Heights

Figure 3 shows the results of COD removal at different filter media heights. The COD removal had
a significantly positive correlation (R = 0.910, p = 1.60 × 10−7) with the filter media heights. The COD
removal mainly occurred at the bottom of filter media layer. COD removal efficiency at 0–25 cm height
of filter media reached 81.9 ± 3.60%, 73.34 ± 1.46%, and 81.22 ± 3.41% at aeration rates of 40 L/h,
65 L/h, and 90 L/h, respectively. However, at 25–85 cm height of filter media, the removal efficiency
only reached lower values, 7.59%, 18.52%, and 9.39% at aeration rates of 40 L/h, 65 L/h, and 90 L/h,
respectively. These changes in removal efficiency likely reflected the differences in the organic matter
concentration at different heights. The layer at 25–85 cm height concentrated lower levels of organic
matter when compared with the bottom of filter media layer. The high organic matter condition might
lead to the microorganism abundance increasing, similar to the findings in previous studies [11,18].
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Figure 3. COD removal along with the height of the filter media layer.

Table 1 shows the distribution of dissolved oxygen (DO) concentrations at different filter media
heights. DO concentrations in influent and effluent were significantly higher those at the filter media
layer, and distributed in the range of 8.0–9.21 mg/L. In addition, as the aeration rates increased,
the DO concentration of the filter media layer presented a decreasing then increasing trend. The DO
concentration was determined by oxygen diffusion from bubbles to water and oxygen consumption by
microbes in the BAF. The lower DO concentrations at an aeration rate of 65 L/h could be interpreted by
the higher abundance and activity of aerobic microbes under this condition. Thus, the COD removal at
an aeration rate of 65 L/h was differed from the aeration rates of 40 L/h and 90 L/h. According to the
results in Section 3.1, we found that the aeration rates could achieve a higher pollutants removal.

Table 1. The distribution of dissolved oxygen (DO) concentrations at different aeration rates and filter
media heights (Unit: mg/L).

Aeration Rates Influent 10 cm 25 cm 40 cm 55 cm 70 cm Effluent

40 L/h 8.59 1.96 2.42 1.81 1.70 2.76 8.60
65 L/h 8.67 0.95 1.35 1.13 0.90 1.71 8.56
90 L/h 9.03 1.63 2.76 2.91 3.85 4.95 8.99

3.2.2. The Nitrogen Removal at Different Filter Media Heights

Figure 4 shows the results of NH4
+-N and NO3

−-N removal at different filter media heights.
NH4

+-N removal had a significantly positive correlation (R = 0.933, p = 1.73 × 10−8) with the filter
media heights in Figure 4a. At 0–25 cm height of filter media, the filter removed more NH4

+-N than
those observed under other filters. At 25–85 cm height of filter media, when filter media heights
increased by 15 cm, the rate of NH4

+-N removal remained constant that were 5.02%, 4.15%, and 3.56%
at different aeration rates, respectively. The results were mainly related to the supply of DO and
the distribution of organic matter. However, the NO3

−-N removal showed a significantly negative
correlation (R = −0.817, p = 3.52 × 10−5) with the filter media heights and differed from the NH4

+-N
removal in Figure 4b. The removal efficiency of NO3

−-N reached 94.85 ± 3.95% at filter media height
of 0–10 cm. At 10–25cm height of filter media, NO3

−-N removal efficiency did not change. NO3
−-N

removal tend to decrease at 25–85 cm height of filter media. The NO3
−-N removal occurred as result

of the biological denitrification process in the UBAF. The low DO concentrations (less than 0.5 mg/L)
induced to the denitrification process [4]. Table 1 also showed that DO concentrations at the bottom of
filter media remained lower than that observed under other layers. Therefore, the DO distribution
likely explained the NO3

−-N removal. In addition, aeration rate did not affect the removal of nitrogen
at different filter media heights significantly. The aeration rates of 40 L/h and 65 L/h removed NH4

+-N
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and NO3
−-N more efficiently than the aeration rate of 90 L/h. Previous researches with BAF system

also reported similar results of NH4
+-N and NO3

−-N removal [19].
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3.2.3. The Phosphorus Removal at Different Filter Media Heights

Figure 5 shows the TP removal at different filter media heights. The TP removal had a poor
correlation (R = 0.231, p = 0.357) with the filter media heights. The amount of TP removal oscillated
as the filter material increased, whereas, the removal efficiency at high aeration rates reached higher
values. The result related to the biomass loss. The low aeration rate removed only 10.98 ± 9.53% of TP
removal in effluent. The reduction of TP removal occurred at 25–45 cm and 55–85 cm heights of filter
media. When the aeration rate increased to 65 L/h, TP removal significantly improved but reduced at
25–40 cm height of filter media. Under an aeration rate of 90 L/h, TP removal continued to increase.
The removal efficiency essentially remained unchanged at 55-85 cm height of filter media. The highest
removal efficiency reached 56.74± 3.44%. These results revealed that the higher aeration rate promoted
TP removal, which suggested that the high aeration rate might reduce the microbial biomass loss.
Therefore, we further investigated the diversity and evenness of the microbial community.
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3.3. Diversity and Evenness of the Microbial Community

The diversity of the microbes for each sample are listed in Table 2. Libraries with samples were
composed of 433 (40 L/h), 430 (65 L/h), 414 (90 L/h), 413 (10 cm), 476 (40 cm), and 458 (70 cm).
The higher Chao1 and ACE index indicates a rich microbial community [20]. In addition, the Simpson
and Shannon index informed both richness and evenness of microbial community [21]. Larger index
values indicated higher evenness of microbial community. The total numbers of operational taxonomic
units (OTUs) estimated by the Chao 1 estimator were 910 (40 L/h), 962 (65 L/h), and 895 (90 L/h),
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and the ACE estimator were 1340.01 (40 L/h), 1341.49 (65 L/h), and 1277.43 (90 L/h), indicating
that the aeration rate of 65 L/h exhibited more the richness of microbial community. According to
the Shannon index, the microbial community presented its highest evenness at an aeration rate of
65 L/h. The result verified the relevant inferences of nitrogen and phosphorus removal that were
related to the biomass loss in high aeration rate. According to previous results, we found that the
richness of microbial community at an aeration rate of 65 L/h might control removal efficiency of
pollutants. In addition, diversity and evenness of microbial community at different filter media heights
also differed significantly different at different aeration rates. Our findings also showed that at 70 cm
height of filter media the microbial diversity reached its highest evenness, likely a consequence of the
higher dissolved oxygen at the surface of filter media.

Table 2. The richness and diversity of 16S rRNA sequences at different conditions.

Sample OTUs Simpson Chao1 ACE Shannon

40 L/h 433 0.9819 910 1340.01 6.64
65 L/h 430 0.9775 962 1341.49 7.21
90 L/h 414 0.9580 895 1277.43 6.53
10 cm 413 0.9530 943 1362.56 6.72
40 cm 476 0.9646 825 1166.10 6.85
70 cm 458 0.9709 1032 1417.76 7.17

3.4. Comparative Analysis of Microbial Community

3.4.1. The Effect of Aeration Rates on Microbial Community

Figure 6 shows the relative abundance of microbial community at three taxonomic levels (phylum,
class, and genus) at different aeration rates. Proteobacteria corresponded to the most abundant
with abundance ranging between 42.2–50.4%, followed by Actinobacteria (14.5–20.5%), Firmicutes
(12.7–17.6%), Bacteroidetes (10.0–15.3%), and Planctomycetes (3.3–4.4%) in Figure 6a. The aeration rates
had an effect in the microbial community structure, indicating a microbial community structure more
resistant to changes. Our study operated for 15 days at the same aeration rate, which might explain
the similar distribution of microorganisms. The relative abundance of the Proteobacteria and Firmicutes
increased following the changes in the aeration rates, likely compensated by the reduction of the
Planctomycetes relative abundance. Previous research found that species of the Planctomycetes perform
the anammox activity, which could convert directly NH4

+-N into N2 [22]. However, these bacteria
were more sensitive to the changing of dissolved oxygen. Under an aeration rate of 65 L/h, the relative
abundance of Nitrospirae was 3.9%, higher abundance for this group. The presence of Nitrospirae
indicated the existence of nitrite oxidizing bacteria (NOB) as they can oxidize nitrite to nitrate [23].

The Proteobacteria represents a dominant phylum, which can remove phosphorus and convert
nitrite to nitrate in the wastewater biological treatment [5,16]. Therefore, we performed a further
analysis of the Proteobacteria group. Figure 6b shows the five classes of Proteobacteria at different
aeration rates and filter media heights. Betaproteobacteria predominated at different aeration rates and
filter media heights. The results were consistent with previous research performed by Wang et al. [21]
that reported Betaproteobacteria as the main supplier of protons and electrons during the growth
and metabolism of phase. The aeration rates produced no significant effects on the microbial
community structure.
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3.4.2. The Effect of Filter Media Heights on Microbial Community

Figure 7 shows the microbial community composition at the phylum, class, and genus level at
different filter media heights. The Proteobacteria represents a dominant phylum. The differences of
microbial community distribution at different filter media heights were more obvious than at different
aeration rates. The relative abundance of Proteobacteria (49.6%), Firmicutes (23.1%), and Planctomycetes
(11.0%) peaked at 10 cm height of filter media. Moreover, in the COD test, we observed that the organic
matter removal occurred mainly at 0–25 cm height of filter media. The organic matter distribution
improved the growth and metabolism of microorganisms. According to the Section 3.2.2, we found that
nitrogen mainly removed at the bottom of filter media. The results showed that Planctomycetes could
be responsible for the nitrogen loss and enhance the nitrogen removal. The microbial community is the
primary responsible for the COD and nitrogen removal mechanism. The Bacteroidetes and Chloroflexi
abundance peaked at 40 cm height of filter media. In addition, the relative abundance of Nitrospirae
(4.7%) peaked at 70 cm height of filter media. The result explained why removal efficiency of NO3

−-N
showed a decreasing trend as the filter media heights increased (see Section 3.2.2).

Figure 7b shows the five classes of Proteobacteria at different filter media heights. Betaproteobacteria
predominated at different filter media heights. The results were consistent with the result of different
aeration rates. The relative abundance of the Alphaproteobacteria peaked at 10 cm height of filter
media. The relative abundance of Alphaproteobacteria decreased as the dissolved oxygen increased
(in Table 1), which suggested that the dissolved oxygen concentration promoted bacterial growth.
Figure 7c–e shows the relative abundance of five classes of Betaproteobacteria at different filter media
heights. The relative abundance of Comamonadaceae and Dechloromonas at 10 cm, 40 cm, and 70 cm
heights of filter media responded to 48.93%, 33.73%, and 39.02% of the total microbial abundance,
respectively. These bacterial groups represented the dominant denitrifying bacteria found in our
study [24]. The results explained why nitrogen presented a high removal at the bottom of filter
media. In addition, the relative abundance of Zooglea at different filter media height were 27.90%,
36.69%, and 37.28%, respectively. The bacteria might be more sensitive to the high dissolved oxygen.
Notably, the relative abundance of Dechloromonas at different filter media heights were 0.86%, 6.51%,
and 4.53%, from 10 cm to 70 cm, respectively. The bacteria were not only a denitrifying but also
phosphate-accumulating microorganisms. The result is strictly related to the distribution of dissolved
oxygen and pollutants. Our result showed that the microbial community structure explained the
removal mechanism of COD, nitrogen, and phosphorus. However, it remains unclear which specific
microorganisms played a role in the nitrogen and phosphorus removal. Therefore, further studies are
necessary to explore the specific functional microbes of nitrogen and phosphorus in the UBAF system.
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4. Conclusions

Our study demonstrated a close relationship between the microbial community structure and
pollutants removal. Changes in the aeration rates influenced the nitrogen and phosphorus removal,
but not COD. Specifically, we demonstrated that the continuous operation of an aeration rate of 65 L/h
produced a stable, higher removal efficiency of COD, NH4

+-N, NO3
−-N, and TP. The results showed

that optimizing the aeration rate can achieve efficient pollutant removal in an UBAF. The COD and
NH4

+-N removal occurred mainly at the bottom (0–25 cm) of the UBAF reactor. The presence of
Planctomycetes (anammox bacteria), Nitrospirae (nitrifying), and Proteobacteria (nitrogen and phosphorus
removal bacteria) indicated the presence of both nitrogen and phosphorus removal bacteria in the UBAF.
In addition, we also observed a high relative abundance of the Comamonadaceae and Dechloromonas at
10 cm height of filter media. Our findings suggested these microbes likely responded for the nitrogen
and phosphorus removal. However, the correlation of microbial community and pollutants removal
remains unclear. Future studies should further explore the relationship between microorganisms
and pollutants.
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