
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 6
:3

9:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The impact of te
aKey Laboratory of Beijing for Water Quality

Engineering, Beijing University of Technolog

bjut.edu.cn
bBeijing Drainage Group Co. Ltd, Beijing 10

Cite this: RSC Adv., 2020, 10, 37194

Received 7th July 2020
Accepted 31st August 2020

DOI: 10.1039/d0ra05908k

rsc.li/rsc-advances

37194 | RSC Adv., 2020, 10, 37194–3
mperature and dissolved oxygen
(DO) on the partial nitrification of immobilized
fillers, and application in municipal wastewater

Jiawei Wang,a Hong Yang, *a Xuyan Liu,a Jiawei Wangb and Jiang Changb

To achieve the stable partial nitrification of municipal wastewater, activated sludge with high ammonia-

oxidizing bacteria (AOB) content and low nitrite-oxidizing bacteria (NOB) content were immobilized in

a polyvinyl alcohol filler. The effects of different levels of dissolved oxygen (DO) on the activity of AOB

and NOB in the filler with temperature changes at the initial ammonia concentration of approximately

100 mg L�1 were investigated. At 25 �C, when the DO concentration was greater than 5 mg L�1, the O2-

limiting condition inside the filler was destroyed as the demand for oxygen in AOB was certain, and

resulted in enhanced NOB activity. At 15 �C, the DO concentration was not a key factor in determining

the NOB activity due to the negative effect of temperature on NOB activity. The immobilized filler

reactor of municipal wastewater achieved a nitrite accumulation rate (NAR) of >86.7 and >82% at 24–

26 �C and 14–16 �C, respectively. Low temperatures did not deteriorate the stable partial nitrification

performance. The total nitrogen (TN) removal efficiency of the immobilized filler reactor was 21.7–26.1%

and 10.3–15.3% at 24–26 �C and 14–16 �C, respectively. The TN removal efficiency and NAR in

municipal wastewater were higher as compared to simulated wastewater, indicating that the organic

carbon in municipal wastewater enhanced nitrate reduction by denitrification. High-throughput

sequencing analysis showed that denitrifying bacteria and nitrifying bacteria were identified as the

predominant bacteria genera, while the dominant species of NOB was Nitrobacter. This study is a viable

approach to promoting partial nitrification in municipal WWTPs.
1. Introduction

Compared to the traditional biological nitrogen removal
processes in wastewater treatment plants (WWTPs), the partial
nitrication process has the advantages of low oxygen demand
for nitrication, producing less sludge and reducing the
chemical oxygen demand (COD) depletion for denitrication.1,2

Partial nitrication is achieved by controlling the operational
parameters such as dissolved oxygen (DO),3,4 free ammonia
(FA),5,6 free nitrous acid (FNA),7 solids retention time (SRT)8 and
temperature.9 Achieving the stable nitrite accumulation via
controlling these parameters lead to a stable inhibition or
washout of nitrite-oxidizing bacteria (NOB) while retaining
ammonium-oxidizing bacteria (AOB). For example, partial
nitrication is achieved in the SHARON (single reactor high
activity ammonia nitrogen removal nitrite) process at high
ammonia nitrogen concentrations (500–1500 mg L�1) mainly
through high pH, high FA and high temperature.9 In the acti-
vated sludge system of municipal WWTPs, stable suppression
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of NOB was achieved at low ammonia concentrations (40–
60 mg L�1) via low DO control or the FA/FNA treatment pathway
to achieve high nitrite accumulation.10–12 However, the partial
nitrication of low ammonia concentrations in the activated
sludge systems is currently achieved by controlling the DO
concentration, causing a negative impact on the ammonia
oxidation efficiency.13,14 In summary, achieving partial nitri-
cation in the activated sludge systems has the disadvantages of
complicated processes and low ammonia oxidation efficiency.

In this context, the immobilized ller can x bacteria in the
ller to ensure that the bacterial density of the immobilized
ller system is higher than that of the activated sludge system.15

Isaka et al.16 achieved partial nitrication using high tempera-
tures in the immobilized ller reactor at the inuent ammonia
concentrations of 710–1340 mg L�1. Rongsayamanont et al.17

achieved partial nitrication in the immobilized ller reactor at
room temperature (24–26 �C) with inuent total ammonia
nitrogen concentrations of 625 mg L�1 by controlling DO and
FA concentrations. These studies highlighted that the partial
nitrication of immobilized cells was achieved by controlling
DO and high temperatures at high inuent ammonia concen-
trations. However, there have been few reports on the partial
nitrication of municipal wastewater with immobilized llers at
different temperatures.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The structure (a) and photograph (b) of the immobilized filler.
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To achieve stable partial nitrication of municipal waste-
water at different temperatures, activated sludge with high AOB
content and low NOB content was immobilized in a polyvinyl
alcohol carrier. Through experiments at different DO concen-
trations, we investigated the effects of DO levels on the activities
of AOB and NOB in immobilized ller at different temperatures.
Subsequently, we investigated the partial nitrication charac-
teristics of the immobilized ller at the synthetic wastewater
and municipal wastewater. The removal of total nitrogen (TN)
and COD in the immobilized ller reactor was evaluated. High-
throughput sequencing was used to investigate the changes in
the microbial population in the immobilized ller aer the
partial nitrication of municipal wastewater.

2. Materials and methods
2.1. Preparation of inoculated sludge

A continuous-ow reactor (Fig. 1(a)) with a working volume of
95 L was used to cultivate activated sludge extracted from the
return sludge in the Gao Bei Dian WWTP in Beijing, China. The
inoculated sludge with high AOB content and low NOB content
was cultivated through continuous sludge discharge and a FA
inhibition strategy based on our previous research.18 The pH
was adjusted to 7.6–7.8 using a Programmable Logic Controller
(PLC) equipped with a pH probe and Na2CO3 (pH buffer, alka-
linity source). Continuous aeration was supplied through
a perforated tube using an air pump. The DO concentration was
at 0.8–1.0 mg L�1 through a DO probe by a solenoid valve OFF/
ON through PLC control. The temperature was controlled at 24–
26 �C using a heat exchanger to heat the water via PLC control.
Hydraulic residence time (HRT) was maintained at 4.0 h.

The inoculated sludge oxidized 87% of oxidized ammonia,
which was converted to nitrite without further oxidation to
nitrate. The number of active NOB cells in the inoculum
determined the partial nitrication enhancement in the
immobilized ller. In this study, Nitrosomonas belonging to
AOB in the inoculated sludge was 12.48%, while Nitrospira and
Nitrobacter affiliated with NOB in the inoculated sludge were
not detected because the copy number of the sample was lower
than the detection limit (Fig. 1(b)).

2.2. Preparation of immobilized inoculated sludge

The materials used to prepare the immobilized llers included
calcium carbonate (CaCO3), powdered activated carbon (less than
120 mesh), anhydrous sodium sulfate (Na2SO4), boric acid
Fig. 1 Schematic diagramof (a) the cultivation reactor and (b) bacterial
community distribution in the inoculated sludge.

This journal is © The Royal Society of Chemistry 2020
(H3BO4), and PVA (degree of polymerization 2200, degree of
alcoholysis 20–99%). All the above materials were of analytical
purity. The PVA powder was dissolved in water at a temperature of
95 �C and mixed to form a 20% (w/w) PVA solution. Aer cooling
to 37 �C, the 0.5 L inoculated sludge aer centrifugation was
mixed with the 0.5 L PVA solution to a 1 L mixture. The sludge
concentration (dry weight) was 5% (w/w) of the total mixture.
Subsequently, CaCO3 (18.32 g L�1) and powdered activated
carbon (38.30 g L�1) were added.19 The encapsulating solution was
evenly coated on the stainless steel cylindrical carrier (length 500
mm, diameter 12 mm) and then placed in a saturated boric acid
solution to complete the cross-linking. Finally, the ller was
removed from the stainless steel carrier and cut into small
cylinders with a growth degree of 5 mm. The barrel-shaped
immobilized ller (Fig. 2) with a diameter of 15 mm, a height of
5 mm, and a thickness of 1–2 mm can be more widely applied
with the small ball-shaped ller, used in most studies.16,17,20–22
2.3. Experimental setup for the immobilized ller

The reactor (Fig. 3) with an effective volume of 15 L was oper-
ated at the lling rate of 6% (v/v). The temperature was
controlled at 24–26 �C and 14–16 �C using a heat exchanger to
heat the water via PLC control. The immobilized ller tests were
carried out in synthetic wastewater experiments and municipal
wastewater experiments.

2.3.1. Synthetic wastewater experiments. The synthetic
wastewater experiments were divided into batch tests and
continuous ow tests. Batch tests were conducted to investigate
the effects of DO concentration and temperature on the activity
of AOB and NOB within the immobilized ller. The DO levels for
each temperature were varied at 3.0, 4.0, 5.0 and 6.0 mg L�1 and
Fig. 3 Schematic of the immobilized filler reactor.
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Table 1 Wastewater characteristics

Items Range Average

COD/mg L�1 102.32–177.50 143.58
TN/mg L�1 42.75–56.79 48.23
NH4

+–N/mg L�1 35.27–50.81 42.70
NO2

�–N/mg L�1 0.15–0.36 0.31
NO3

�–N/mg L�1 0.75–3.15 1.75
pH 7.6–8.2 7.8

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 6
:3

9:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were determined using a DO probe. The pH was adjusted to 7.6–
7.8 using a PLC equipped with a pH probe and pH buffer.
Initially, approximately 100 mg L�1 NH4

+–N was added to the
reactor with aeration for 2 h at different DO levels.

Continuous ow tests were conducted to investigate the
partial nitrication of the immobilized ller in synthetic
wastewater; synthetic wastewater with 40–60 mg L�1 NH4

+–N
was used as the inuent. The DO concentration was controlled
at the optimumDO level determined from batch tests using PLC
equipped with a DO probe and an ON/OFF air blower. The pH
was adjusted to 7.6–7.8 using a PLC equipped with a pH probe
and pH buffer. The tests were run for 40 days. The temperature
was 24–26 �C with HRT of 1.0 h in Phase I, and the temperature
was 14–16 �C with HRT of 2.0 h Phase II. The reactor was fed
with stock solutions containing NH4Cl (nitrogen source),
KH2PO4 (phosphorus source) and trace element stock solution
consisting of 1.8 mg L�1 MgSO4$7H2O, 1.8 mg L�1 FeSO4$7H2O,
0.5 mg L�1 ZnSO4$7H2O, 0.5 mg L�1 MnCl2$4H2O, 0.6 mg L�1

CoCl2$6H2O, 0.6 mg L�1 CuSO4$5H2O and 0.2 mg L�1

NiCl2$6H2O.
2.3.2. Municipal wastewater experiments. Aer the

continuous ow tests, the inuent of the immobilized ller
reactor changed from synthetic wastewater to municipal
wastewater. Themunicipal wastewater was the effluent from the
primary sedimentation tank of Gao Bei Dian WWTP (Beijing,
China). The experiments were run for 55 days and the DO
concentration was consistent with continuous ow tests. The
temperature was 24–26 �C with HRT of 1.0–1.5 h in Phase I and
the temperature was 14–16 �C with HRT of 3.0 h in Phase II. The
main wastewater characteristics are shown in Table 1.

2.4. Analytical methods

In each batch experiment, samples were collected from the
reactor every 20 minutes. NH4

+–N, NO2
�–N, NO3

�–N, TN were
determined according to standard methods.23 The COD was
measured with a 5B-3F type COD rapid measuring instrument
(Lianhua technology).

The nitrite accumulation ratio (NAR) in the continuous ow
experiments was calculated according to eqn (1):
NAR ¼
�
NO2

� �N
�
eff
���

NO2
� �N

�
eff
� �

NO2
� �N

�
inf

�
þ

37196 | RSC Adv., 2020, 10, 37194–37201
where [NO2
�–N]inf is the inuent NO2

�–N concentration (mg
L�1), [NO2

�–N]eff is the effluent NO2
�–N concentration (mg

L�1), [NO3
�–N]inf is the inuent NO3

�–N concentration (mg L�1)
and [NO3

�–N]eff is the effluent NO3
�–N concentration (mg L�1).

The ammonia removal rate (ARR) was calculated according
to eqn (2):

ARRð%Þ ¼
�
NH4

þ �N
�
inf

� �
NH4

þ �N
�
eff�

NH4
þ �N

�
inf

� 100% (2)

where [NH4
+–N]inf is the inuent NH4

+–N concentration (mg
L�1), [NH4

+–N]eff is the effluent NH4
+–N concentration (mg L�1).
2.5. High-throughput 16S rRNA gene sequencing

Sample 1 and sample 2 were obtained from the immobilized
ller reactor of municipal wastewater experiments on day 1 and
day 55, respectively. Two samples were analyzed using high-
throughput sequencing to investigate the microbial pop-
ulation changes inside the ller aer long-term partial nitri-
cation (SinoGenoMaxCorp, China). Samples were prepared for
DNA extraction and the extracted DNA was supplied for PCR
amplication of 16S rRNA in the V3–V4 region. The bacterial
16S rRNA gene sequences were aligned using the National
Center for Biotechnology Information (NCBI) database. For the
sequencing data, the MEGAN soware was used to analyze the
16S rRNA genes of environmental microorganisms, and the
obtained sequences were classied according to certain
thresholds to obtain multiple sequence clustering into opera-
tional taxonomic units (OTUs). Diversity analysis was per-
formed according to the OTUs. The results of the analysis were
visualized to make the information easier to interpret.
3. Results and discussion
3.1. Effects of DO levels on the activities of AOB and NOB in
immobilized ller at different temperatures

Batch tests were performed on the samples at different
temperatures and DO levels to investigate the effect of DO
concentration on partial nitrication. The bacterial density in
the ller was signicantly larger than that in the activated
sludge, according to the Monod equation, the DO consumption
in the ller was signicantly greater than that of the bacteria in
the activated sludge. Furthermore, a concentration gradient
existed in the immobilized ller due to DO entering the
immobilized ller via molecular diffusion. Consequently, the
dissolved oxygen concentration in the solution was kept high to
ensure that the dissolved oxygen in the ller enabled nitrica-
tion. The DO concentrations in the batch tests were 3, 4, 5, and
6 mg L�1.
�
NO2

� �N
�
inf��

NO3
� �N

�
eff
� �

NO3
� �N

�
inf

�� 100% (1)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 shows the variation in the partial nitrication perfor-
mance in samples at different DO levels at 15 �C and 25 �C. As
shown in Fig. 4(a), the ammonia oxidation ability increased at
25 �C with an increase in DO concentration. Previous studies
demonstrated that the ammonia-oxidizing activity increased at
high bulk DO concentrations.24 However, the ammonia oxida-
tion efficiency did not vary signicantly when DO increased
from 5 mg L�1 to 6 mg L�1. Similarly, the ammonia oxidation
efficiency did not increase at 15 �C as the DO concentration
increased from 4 mg L�1 to 6 mg L�1 (Fig. 4(c)). These ndings
indicate that AOB inside the entrapped ller had a limited
demand for oxygen at a limited substrate concentration. When
the DO concentration was greater than 4 mg L�1, compared
with 25 �C, the ammonia oxidation efficiency did not increase
signicantly with increasing DO concentration at 15 �C. This
indicates that when the temperature was reduced, the demand
for DO was reduced due to the reduced AOB activity inside the
ller. Isaka et al.21 found that AOB cultivated in a gel carrier had
a low affinity for ammonium, leading to incomplete nitrica-
tion at 10 �C.

As shown in Fig. 4(b), at 25 �C, the amount of nitrite
formation was 26.5 mg L�1 at the DO concentration of 6 mg L�1,
which was larger than the amount of nitrate formed at the DO
concentrations of 3, 4 and 5 mg L�1 (4.7 mg L�1, 6.3 mg L�1 and
13.8 mg L�1). The DO concentration inside the immobilized
ller was determined by the DO transfers via molecular diffu-
sion and the internal oxygen consumption. When the ller
contains a large number of AOB, the consumption of DO due to
Fig. 4 The partial nitrification performance at different DO: (a) changes in
at 25 �C, (c) changes in ammonia concentration at 15 �C, and (d) chang

This journal is © The Royal Society of Chemistry 2020
ammonia oxidation reaction leads to an O2-limiting condition
inside the ller. The O2-limiting condition inhibits the activity
of NOB inside the ller. According to Fig. 4(a), as the concen-
tration of DO increased, due to the demand for oxygen in AOB,
the O2-limiting condition inside the ller was destroyed.
However, the nitrate concentration increased from 8.8 mg L�1

to 13.8 mg L�1 during the last 10 min of the batch experiment
(25 �C and DO ¼ 5 mg L�1), which was different from the rst
100 min. Consequently, the ammonia concentration was
reduced to a low level in the last 10 minutes, causing AOB to
have less oxygen demand than in the rst 100 minutes, which
resulted in more DO for NOB. As shown in Fig. 4(d), under DO
concentrations of 3, 4, 5, and 6 mg L�1, the nitrate concentra-
tion at 15 �C increased by 2.8 mg L�1, 5.9 mg L�1, 8.3 mg L�1,
and 10.5 mg L�1 without any sudden increase in the nitrate
concentration. This indicated that DO was not a key factor in
determining the NOB activity due to the negative effect of
temperature on NOB activity at low temperatures. AOB activity
was more affected by temperature than NOB activity, but the
ammonia oxidation efficiency was approximately 4 times the
nitrate oxidation efficiency at 15 �C. This indicated that the
immobilized ller achieved partial nitrication at low
temperatures.

Rongsayamanont et al.22 suggested that the number of active
NOB cells and bulk DO concentration are the key decisive
factors for enhancing partial nitrication by immobilized cells.
However, by increasing the AOB content of the immobilized
ller to increase the internal oxygen consumption of the ller,
ammonia concentration at 25 �C, (b) changes in nitrate concentration
es in nitrate concentration at 15 �C.

RSC Adv., 2020, 10, 37194–37201 | 37197
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the O2-limiting condition inside the ller can be achieved so
that NOB can be suppressed at low ammonia concentrations.
On the other hand, high ammonia oxidation efficiency due to
high AOB content was important for maintaining partial nitri-
cation at low temperatures.
Fig. 6 The performance of the immobilized filler in municipal
wastewater: (a) partial nitrification characteristics; (b) COD removal; (c)
TN removal.
3.2. Nitrite pathway by synthetic wastewater

The DO concentration for the continuous ow experiment was
maintained at 4.5–5.0 mg L�1, which was the optimum
concentration at different temperatures by the batch experi-
ment results. During the overall operation period, the immo-
bilized ller reactor achieved stable partial nitrication of
synthetic wastewater. As shown in Fig. 5(a), in Phases I and II,
the inuent ammonia concentration was 40–60 mg L�1 and
effluent ammonia concentration was <4 mg L�1, while ARR was
>92.7%, indicating that the immobilized ller achieved the
effective removal of ammonia. The NAR of the immobilized
ller reactor was 88.1–90.5% at 24–26 �C, which was slightly
higher than the ratio at 14–16 �C (80.2–83.2%). This phenom-
enon indicated that the ammonia oxidation rate was more
sensitive than the nitrite oxidation rate at lower temperatures.25

Fig. 5(b) shows the TN concentration of the inuent and
effluent every 5 days. The TN removal efficiencies of the
immobilized ller reactor were 13.7–15.0% and 7.3–9.9% at 24–
26 �C and 14–16 �C, respectively, which indicated that the
denitrication reaction appeared in the reactor. NO2

�–N was
found to be produced in a denitrication upow sludge bed.26

This partial denitrication (NO3
�–N / NO2

�–N) is a possible
way to promote partial nitrication in the immobilized ller.
Rongsayamanont et al.22 observed that the TN loss rate was 9–
11% in the partial nitrication by the entrapped-cell-based
reactor. Under substrate limiting conditions as within the
ller, soluble microbial products were produced substantially
and can become the source of organic carbon for the denitri-
cation reaction.27 On the other hand, the DO gradient from the
outside to the interior of the immobilized ller was conducive
for the formation of aerobic, anoxic, or anaerobic microenvi-
ronments, and provided suitable environmental conditions for
the proliferation of the denitrifying bacteria.28
Fig. 5 The performance of the immobilized filler in simulated
wastewater: (a) partial nitrification characteristics; (b) TN removal.

37198 | RSC Adv., 2020, 10, 37194–37201
3.3. Nitrite pathway by municipal wastewater

3.3.1. Performance of partial nitrication. The feasibility of
the achievement of the partial nitrication process at different
temperatures was investigated. During the rst 4 d of operation,
because the 1.0 h of HRT was not long enough for effective
ammonia oxidation, the ammonia in the reactor effluent was
maintained at 9.50 to 13.58 mg L�1 (Fig. 6(a)). Considering that
the organic carbon of the inuent could lead to a decrease in the
ammonia oxidation efficiency, partial nitrication in municipal
wastewater was achieved by increasing HRT.27

Fig. 6(a) shows the partial nitrication performance during
the operation period, including HRT, NAR and ARR. Partial
nitrication was achieved at both high and low temperatures,
the ARR was higher than 93.3%, and the NAR was higher than
82.3%. Although the complex wastewater environment affected
the biochemistry reaction inside the immobilized ller, the
ammonium oxidation process was still capable of being
completed in a shorter time as compared to other studies on
partial nitrication by the activated sludge.23,29,30High ammonia
oxidation efficiency was achieved due to the high AOB content
in the ller (Fig. 7). The key to achieving the partial nitrication
of municipal wastewater at low temperature was maintaining
Fig. 7 Bacterial community distribution in the immobilized filler: (a)
denitrifying bacteria; (b) nitrifying bacteria; (c) heterotrophic bacteria
with the ability to degrade organic carbon.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Diversity assessment for each sample

Sample ACE Chao1 Shannon Simpson

1 540 623.06 135 611.12 3.90 0.15
2 556 426.77 164 238.52 4.04 0.11
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high ammonia oxidation efficiency. Moreover, the NAR was
>82.3% for the entire operation period inmunicipal wastewater,
which was slightly higher than the ratio in synthetic wastewater
(>80.2%). The reason for the higher NAR in the municipal
wastewater was that the organic carbon in municipal waste-
water enhanced nitrate reduction by denitrication (more
details can be found in Section 3.4).

3.3.2. Performance of COD and TN removal. The COD
removal efficiency and the TN removal efficiency at different
temperatures in municipal wastewater are shown in Fig. 6(b)
and (c). Partial COD removal and TN removal were observed
within the immobilized ller reactor. The reason for the COD
removal was associated with the heterotrophs and denitrifying
bacteria in the reactor. Heterotrophs in the reactor were divided
into heterotrophs in the inuent and heterotrophs in the ller.
Due to the low content of the heterotrophic bacteria in the ller,
its contribution to the removal of COD can be ignored (Fig. 7).
Yang and Su31 observed that due to the presence of heterotrophs
in municipal wastewater, the aeration of municipal wastewater
reduced 5.80–11.21 mg L�1 of COD concentration per hour at
25 �C. Therefore, the denitrication in the ller was the main
approach to removing COD.

During municipal wastewater experiments, the TN removal
efficiencies of the immobilized ller reactor were 21.7–26.1%
and 10.3–15.3% at 24–26 �C and 14–16 �C, respectively, which
were higher than the efficiency in synthetic wastewater. This
indicated that the organic carbon in municipal wastewater
promoted denitrication in the immobilized ller, consistent
with the results obtained by other authors.32,33 Sabba34 proposed
that higher bulk ammonia concentrations, higher nitrite
concentrations, lower dissolved oxygen, and greater biolm
thicknesses result in higher N2O emissions in nitrifying bio-
lms. However, in this study, N2O emissions were not the main
reason for TN removal due to the characteristics of the immo-
bilized ller and the low inuent ammonia concentration. The
high content of denitrifying bacteria in the ller (Fig. 7) also
proved that TN removal was mainly through denitrication.
Signicantly, when the temperature decreased from 25 to 15 �C,
the COD removal efficiency and TN removal efficiency
decreased while the ARR did not decrease. The possible reason
for this phenomenon was that the heterotrophic bacteria were
more sensitive to temperature reduction than the autotrophic
bacteria.
3.4. High-throughput sequencing for microbial diversity
analysis

The abundance estimators ACE and Chao1 were used to reect
the microbial abundance, while the Shannon and Simpson
indices characterized the diversity of microbial components.
The values for Chao1, Shannon, Simpson and ACE in the sludge
and ller are shown in Table 2. Higher values of ACE and Chao1
indicate that the bacteria in the immobilized ller aer the
operation were abundant. The high Shannon index and low
Simpson index in sample 2 indicate that the abundance and
diversity of the bacteria in the immobilized ller increased aer
This journal is © The Royal Society of Chemistry 2020
municipal wastewater experiments due to the changes in the
wastewater characteristics.

The bacterial community was studied at the genus level to
determine the effects of microbial changes on the partial
nitrication characteristics aer the operation of municipal
wastewater. As evident in Fig. 7, Nitrosomonas affiliated with
AOB is the main genus in municipal WWTPs, though Nitrospira
and Nitrobacter affiliated with NOB are also found in WWTPs.10

Aer a 55 d operation of municipal wastewater, the Nitro-
somonas content increased from 4.78 to 5.03%, indicating that
the AOB population could be maintained. The contents of
Nitrospira and Nitrobacter increased from below the detection
limit and 2.15% to 0.01 and 4.01%, respectively. NOB grew
inside because the bacteria were xed in the ller, leading to
NOB competition within the ller. Nitrospira had a signicantly
lower proliferation rate and a better substrate affinity.35 In
contrast, Nitrobacter had a poor affinity due to the substrate,
which can form a competitive advantage through rapid growth
with a high concentration of substrate.36 The proportion of
Nitrobacter in the ller was higher than that of Nitrospira,
indicating that the Nitrobacter in the ller grew faster than
Nitrospira. The growth characteristics of Nitrobacter also explain
why the nitrate production did not increase proportionally
despite an increase in the proportion of Nitrobacter.

Thermomonas and Simplicispira are two kinds of typical
denitricans that can be found in the wastewater treatment
bioreactor.37,38 Thermomonas was the main denitrifying bacteria
in the immobilized ller. The organic carbon in the municipal
wastewater promoted the growth of denitrifying bacteria and
the contents of Thermomonas and Simplicispira increased from
7.24 and 1.78% to 8.54 and 2.42%, respectively. Simon et al.39

reported that Thermomonas mainly utilizes nitrate as an elec-
tron acceptor under acetate conditions. It should be noted that
the growth of Thermomonas due to organic carbon in municipal
wastewater was mainly responsible for the higher NAR in
municipal wastewater as compared to synthetic wastewater.
Shinella and Sphingopyxis are heterotrophic bacteria with the
ability to degrade organic carbon.40,41 The Shinella and Sphin-
gopyxis contents were only 2.89 and 1.75% aer the operation,
indicating that heterotrophic bacteria in the ller were not the
main degraders of organic carbon.
3.5. Implications to municipal WWTPs

This study proposes a promising approach that maintains
stable partial nitrication in municipal wastewater. While the
strategy is demonstrated in a laboratory-scale reactor, the
economic efficiency in actual municipal WWTPs need to be
further improved. The recent studies proposed the use of non-
RSC Adv., 2020, 10, 37194–37201 | 37199
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woven fabric made by waste plastic bottles as packing material
for both up-ow anaerobic sludge bed (UASB) and downow
hanging non-woven fabric (DHNW) reactors to treat organic
matter in sewage water with a good removal effect.42,43 The
proposed packing material with low cost has a promising
capacity as an efficient material that could be used for the
treatment of wastewater. Therefore, choosing reusable or waste-
regenerated immobilized materials can promote the applica-
tion of this strategy in municipal WWTPs.
4. Conclusions

The O2-limiting condition inside the ller and high ammonia
oxidation efficiency are the keys to the partial nitrication of low
concentrations of ammonia at different temperatures. Under
different temperature conditions (13–15 �C and 24–26 �C), the
immobilized ller reactor achieved the ARR of >93.3% and the
NAR of >82.3% in municipal wastewater with COD and TN
removal. The DO gradient from the outside to the interior of the
immobilized ller promoted the diversity of microorganisms. In
addition, the organic carbon inmunicipal wastewater enhanced
nitrate reduction by denitrication. This study investigated the
characteristics of the immobilized ller for the partial nitri-
cation of municipal wastewater at different temperatures, which
might be practically helpful for achieving the partial nitrica-
tion of municipal WWTPs.
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