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Abstract: There were three main issues of long start-up period, nitrate build-up and sludge loss
during the operation of combined partial-nitritation anammox (CPNA). To fully start up the CPNA
reactor, the fast achievement of partial-nitritation (PN) was the first step. Firstly, the PN process was
successfully achieved within 22 days by 2 mg·L−1 hydroxylamine (NH2OH) addition and online
intermittent aeration control at 0.2~0.3 mg·L−1 dissolved oxygen (DO). Then, a novel strategy of
adding anoxic stirring phase between feeding and aeration period during CPNA operation was
applied. It was shown effective to control nitrate build-up since the mole ratio of NO3

−-N production
and NH4

+-N removed (MNRR) was mostly below 15%. Also, the procedure adjustment was proven
useful to alleviate sludge loss by sustaining filamentous bacteria that could act as biomass framework
and reduce nitrate substrate. The filamentous denitrifying bacteria could cause sludge bulking.
The total nitrogen removal rate (TNRR) varied from 0.20 to 0.45 kg·m−3

·d−1 during CPNA operation.
In Stage III, after adding anoxic stirring phase, the abundance of nitrogen transformation functional
microorganism’s nitrite oxidizing bacteria (NOB) was below 1.6%, which was one order of magnitude
lower than Anammox and ammonia oxidizing bacteria (AOB).

Keywords: CPNA; start-up; nitrate build-up; sludge loss

1. Introduction

Since the first discovery of autotrophic anaerobic ammonium oxidation (anammox) in early
1990s [1], the research and application of anammox–based technologies have been widely reported [2].
The single–stage anammox systems such as combined partial–nitritation anammox (CPNA) require
much lower investment costs and skips of adjusting two reactors, making it the most frequently adopted
anammox process. However, there were three main issues during the operation of CPNA, namely
long start-up period, nitrate build–up and sludge loss. The slow-growth physiological characteristics
of anammox bacteria makes the anammox inocula scarce, affecting the start-up duration. Lackner
et al. [1] investigated the practical engineering of Anammox installations and found that 50% of
wastewater treatment plants (WWTPs) had experienced nitrate build-up which lasted up to several
weeks. Some of them even confronted nitrate build-up repeatedly [3]. The investigation of full-scale
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Anammox plants also showed that about 45% of them confronted the sludge retention, settling or
solids separation problems, which lasted up to 21 days [1]. The study at the WWTP Strass, Austria
experienced significant sludge concentration decrease and severe loss of solids [4].

The most effective way to fast start up CPNA system is to inoculate fresh or preserved anammox
sludge [5]. But the scarcity of anammox inoculation makes this approach impractical. Besides, trying
to shorten the start-up period of partial-nitritation (PN) with conventional activated sludge and then
established CPNA process could be also an alternative for CPNA fast start-up. Fast start-up of partial
nitritation can be realized by high dissolved oxygen (DO) supply [6] or high free ammonia (FAN) [7],
but the operation was not always stable and reliable. PN was stably achieved within 20 days by
10 mg·L−1 hydroxylamine (NH2OH) addition in aerobic granules under high DO concentration (above
5 mg/L) [8]. The study by Li et al. [9] also showed that 4.5 mg·L−1 NH2OH addition with 1.0 mg·L−1

DO could reduce the start-up period of PN to 19 days. However, NH2OH’s effect on floccular sludge
under low DO condition was scarcely reported, especially with low NH2OH dosage.

To alleviate the nitrate build-up, NOB inhibition should be executed. The conventional methods
to inhibit NOB were DO control, FAN and free nitrous acid (FNA) inhibition, but these methods have
limitations or defects in engineering applications. For example, low DO [10] was reported to greatly
inhibit AOB, but only slightly inhibited NOB, making DO control less effective for rapid start-up of
partial nitrification process. The concentrations of FAN and FNA were significantly affected by substrate
(ammonium or nitrous nitrogen), pH and temperature (T). Bacteria may adapt to high-intensity FAN
or FNA [11]. NH2OH, as one of the intermediates of anammox, was shown an inhibitory effect on
NOB [12] without adverse effects on AOB or anammox. By 20 mg·L−1 NH2OH dosing and a 40-day
sludge retention time (SRT) control, the effluent nitrate of CPNA declined drastically from more than
500 mg·L−1 to 65 mg·L−1 [13]. However, NH2OH could reduce the particle size of sludge, causing
sludge loss. The typical sequencing batch reactor (SBR) cycle for one-stage CPNA process is feeding
→aeration→stirring→sedimentation→discharge [13,14]. Under this operational procedure, process
instabilities included nitrate build-up and sludge loss were reported in both lab-scale reactors and
WWTPs [1,14,15]. To change this adverse condition, operational procedure adjustment could be a
promising choice.

The reasons for sludge loss include poor sedimentation of filamentous sludge, abnormal operation
of sedimentation tank and excessive foaming caused by aeration [1,4]. In addition, the accumulation of
nitrite or ammonia can exhibit toxic inhibition on sludge, resulting in the disintegration of flocculent
sludge. Besides, filamentous bacteria could accommodate well to the low chemical oxygen demand
(COD) and DO environment in the CPNA system [16]. The overgrowth of these microorganisms
led to sludge bulking and sludge loss. In the study of Wang et al. [17], the massive proliferation of
filamentous bacteria, i.e., Haliscomenobacter and Ignavibacterium in the CPNA process were found when
the high concentration of nitrate was accumulated, resulting in a severe sludge loss. The accumulated
nitrate offered substrate for denitrifying filamentous bacteria, which facilitated their growth, causing
filamentous bulking. Besides, the chemical reagents addition could also cause sludge loss. For example,
Wang et al. [13] studied the nitrate build-up recovery of the CPNA system by NH2OH dosing, they found
the sludge concentration decreased from 3.36 g·L−1 to 2.82 g·L−1 in the lab-scale study. Sludge loss was
also found in full-scale Anammox installations, i.e., at the WWTP Zürich (1400 m3), voluminous and
fluffy sludge flocs were formed when the mixed liquid volatile suspended solids (MLVSS) was lower
than 2.0 mg·L−1, the sedimentation was impaired by small bubbles of N2, resulting in sludge loss [14].
Sludge aggregation and biofilm formation are the most important measures to prevent sludge loss.
Therefore, the control of sludge loss can be realized by cultivating a granular sludge system with good
sedimentation [18] or adding carriers to form a biofilm system or installing a membrane module [19].
In addition, adding flocculants such as nano flocs, or adopting sludge retention devices such as
cyclone separator, drum screen could be alternative measures. However, these methods are hindered
by technical challenges or incremental costs, and are often impractical. The sludge loss can also be
controlled by prolonging the sedimentation duration or conducting multiple periodic sedimentation
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before drainage. So, the onsite adjustment of SBR procedures could possibly be a practical approach.
In the fields of software and online process monitoring equipment, more online control systems were
applied in WWTPs for accurate control, which improved the operational performance and reduced the
costs [13,15].

To solve the above mentioned three operational issues during the CPNA life cycle respectively,
this study aims to control nitrate build-up and sludge loss by adding anoxic stirring stage in the
SBR operational procedures and adjusting online control modes. And also realize fast start-up of PN
for the CPNA by NH2OH addition as well. Meanwhile, the evolution of microbial community was
investigated in the CPNA process.

2. Materials and Methods

2.1. Lab-Scale Reactor Setup and Its Operation

2.1.1. Set-Up

The schematic diagram of the CPNA is shown in Figure 1a. A cylindrical reactor made of Plexi
glass, with an effective volume of 15.0 L (φ 250 mm × H 400 mm), was designed [13]. The reactor was
maintained at 33 ± 1 ◦C with a water jacket system (SC-15, SCIENTZ, Ningbo, China). A black shading
fabric was wrapped around the outside of the reactor to prevent light from reaching the AOB and
Anammox bacteria and to inhibit the growth of photosynthetic microorganisms that could produce
oxygen. The sludge and substrates were fully mixed by a mechanical stirrer, which was installed in
the middle of the reactor and controlled by a programmable logic controller (PLC) system (S7-300,
SIEMENS, Munich, Germany). The DO, pH and ORP probes are all bought from HACH (Loveland,
USA). All of them are connected to the PLC system. The stirrer was consisted of three steel impellers
with diameter of 5 cm. The stirring speed was controlled at 150 rpm to mix the substrates completely
and drive produced N2 out.
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2.1.2. Influent and Seeding Sludge

The SBR was fed with synthetic wastewater by an influent diaphragm pump (DP-35, XINXISHAN,
Shanghai, China). Synthetic wastewater contained mainly NH4Cl and NaHCO3 with the molar ratio
of 1:2, and the ammonia concentration was controlled at the range of 60~600 mg·L−1. The mineral
elements and trace elements in the influent were listed in Table S1.

The seeding sludge for Stage I was the mixture of activated sludge in the anaerobic, anoxic and
oxic tanks of Qinghe Reclaimed Wastewater Treatment Plant in Beijing. The sludge was washed by
PBS (pH = 7.0) and tap water three times, respectively, to remove the remaining substrate and the
buffering solution before added to the reactor. The final MLSS in the beginning of the reactor was
around 8.0 g·L−1. In Stage II, both air flow and aeration time was controlled, trying to transform PN
to Anammox. In Stage III, 3.5 L (MLSS = 10.0 g·L−1) anammox sludge was inoculated in the reactor,
resulting in a final MLSS of 6.9 g·L−1.

2.1.3. Experimental Operation

The CPNA was operated in an SBR mode. Its operational pattern was demonstrated in Figure 1b.
In each SBR cycle, 5 L of synthetic wastewater was pumped into the reactor during the feeding
period. Then the stirrer was operated for a certain period (Figure 1b-2) without aeration to remove
the remained nitrite or nitrate in CPNA, differing from normal operation [13,14] without this period.
The reaction periods (Figure 1b-3) of intermittent and continuous aeration control mode were different.
The start/stop of aeration pump (HAILEA® V-10, Guangdong, China) was controlled by a timer in
the intermittent mode. And this period consisted of several sub-cycles including aeration period
and stirring period. However, in continuous aeration control mode, it was operated by aeration
continuously. The DO protection logic, which meant to stop aeration once the DO concentration was
higher than the threshold, and then continued to aerate when the DO concentration was lower than
the setting value, was contained in both of the two control modes. The operation termination and
end of reaction stage were controlled by an ammonium online sensor (Ammolyt® Plus Set, WTW,
Munich, Germany), which was used to indicate the completion of ammonia oxidation and anammox.
A 30-min anoxic stirring, 30-min settling, 5-min discharge and idle (Figure 1b-4–7) were the following
operational periods.

To shorten the start-up period of partial nitritation, realize the Anammox transformation,
and investigate the CPNA operational stability, the total operation period of this study was divided
into three operational stages (Table S2):

Stage I (Day1–22), Partial nitritation. Under intermittent aeration control mode (Figure S1a),
2 mg N/(L·d) NH2OH was added to the reactor on day6–10 and day16–21 to accelerate the start-up of
partial nitritation, respectively.

Stage II (Day23–73), Anammox transition. Various DO concentrations and different stirring
periods combined with online intermittent aeration control (Figure S1a) were applied to transform PN
system to a mixed biomass consisted of AOB and Anammox biomass. No NH2OH dosing was carried
out in this stage.

Stage III (Day74–272), CPNA operation. To accelerate the Anammox transition process, a quantity
of anammox sludge was added to the SBR system. The reactor was then operated under continuous
aeration mode (Figure S1b). No NH2OH dosing was carried out in this stage.

The CPNA was operated over 300 days with 35 d, 70 d and 210 d in each stage. The reactor was
equipped with a PLC for automatic operation and NH4

+-N, DO, oxidation-reduction potential (ORP),
pH and T data acquisition through online probes. The designed logic program of the real-time control
for the SBR operation is shown in Figure S1.
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2.2. Activity Analysis of AOB, NOB and Anammox

The activities of AOB, NOB and Anammox were determined by batch tests of our previous
studies [13,20]. A working volume of 1 L reactor was used for aerobic batch test to evaluate the
ammonia reduction, nitrite accumulation and nitrate production, which could reflect activities of AOB
and NOB comprehensively. 0.5 L of the mixed liquor were collected from the SBR with approximate
100 mg·L−1 of ammonium for the aerobic batch tests. The water temperature was controlled at 33 ± 1 ◦C
and DO was always kept above 4.0 mg·L−1. Water samples were taken every 10 min and filtered
through 0.45 µm micropore polyether sulfone (PES) membrane (Membrana, Wuppertal, Germany).
The filtrates were used to determine concentrations of ammonium, nitrite and nitrate. Sludge samples
were collected at the end of each batch test.

Anammox activity batch test was conducted in the SBR directly. Through the manual control
on PLC system, the SBR was maintained in the mixing stage with the ammonium concentration of
50 mg·L−1. Nitrite stock solution (NaNO2, Sino pharm Chemical Reagent Co., Ltd., Shanghai, China)
was added to the SBR to obtain the initial nitrite concentration of 30 mg·L−1. Water samples were taken
every 30 min and filtered through 0.45 µm micropore polyether sulfone (PES) membrane (Membrana,
Wuppertal, Germany). The measurements of water and sludge samples were the same as those in the
aerobic batch test. The three activities RAOB, RNOB and RAnammox (g N·(g MLVSS·d) −1) for functional
bacteria AOB, NOB and Anammox were calculated as follows,

RAOB = (CNH4
+

-N, inf − CNH4
+

-N, eff)/(t·CMLVSS) (1)

RNOB = (CNO3
−

-N, eff − CNO3
−

-N, inf)/(t·CMLVSS) (2)

RAnammox = [(CNH4
+

-N, inf + CNO2
−

-N, inf) − (CNH4
+

-N, eff + CNO2
−

-N, eff)]/(t·CMLVSS) (3)

here, C represents the concentration, inf represents influent, eff represents effluent, t is the time.

2.3. Sludge Sampling, High-Throughput Sequencing and Quantitative Real-Time PCR

Activated sludge samples were collected from the SBR during the mixing state on day 2, 33, 56, 77,
109, 208 and 269, respectively, to investigate the evolution of microbial community. The samples were
stored at −20 ◦C before DNA extraction.

0.5 mL sludge sample was firstly centrifuged at 10,000 rpm for 10 min, then the pellet was used
for the DNA extraction by FAST DNA Spin Kit for Soil (MP Biomedicals, Southern California, CA,
USA) according to the manufacturer’s instructions. DNA extraction of each sample was conducted
in duplicate, and the corresponding DNA extracts were then merged together for further analysis.
Extracted genomic DNA was detected and quantified using 1% agarose gel electrophoresis and
NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA), respectively, and then stored at −80 ◦C
before use.

PCR primers 515F/806R targeting bacteria and archaeal 16S rRNA V4 region were selected for
the microbial community analysis [21] in activated sludge samples taken on day 2, 33, 56, 109 and
269, respectively. The high throughput sequencing was conducted by Sango Co., Ltd., in Shanghai
through the small-fragment library construction and pair-end sequencing using the Illumina Miseq
sequencing system. The sequencing reads were assigned to each sample according to the unique
barcode, and pair-end reads were merged using FLASH and filtered with QIIME quality filters [22,23].
PCR chimeras were filtered out using UCHIME [24]. Clean sequences were deposited into the NCBI
sequence read archive (SRA) database under the project number of PRJNA487973. The taxonomic
classification of the sequences in each sample was carried out using RDP Classifier at the cutoff of
50% [25], and then operational taxonomic units (OTUs) with an abundance below 0.01% were removed.

7 nitrogen transformation functional genes including nitrification (amoA, hao, nxrB, NSR),
anammox (hzsA, hzo) and denitrification (narG) were quantified on day 2, 33, 56, 109, 208 and 269,
respectively. The detailed procedure was referred to our previous study [17]. The main nitrogen
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processes and the corresponding functional genes were in Figure S4. The primers and annealing
temperature used in this study and their corresponding mechanisms were summarized in Table S3.
The detailed information of q-PCR for each target gene was shown in Table S4.

2.4. Analysis of Physical-Chemical Parameters

Water samples were collected and analyzed regularly to evaluate nitrogen removal performance of
the CPNA process. Concentrations of NH4

+-N, NO2
−-N, NO3

−-N, total nitrogen (TN) and MLSS were
determined according to the standard methods [26]. The NH4

+-N concentrations, pH, DO, ORP and
temperature in the SBR were real-time monitored with online sensors. The particle size distributions of
the activated sludge were measured with a Malvern Mastersizer 2000 (Malvern Co., Worcestershire,
UK). Sludge property was observed with a scanning electronic microscopy (SEM) (SEM, Quattro C,
thermoscientific) equipped with EDAX (Element, AMETEK).

The nitrite accumulation rate (NAR) was calculated by Equation (1) to analyze the nitrite build-up.

NAR =
NO−2eff

NO−2eff + NO−3eff

× 100% (4)

The MNRR in each SBR cycle was determined by Equation (2) to identify the nitrate build-up.

MNRR =
NO−3eff −NO−3inf

NH+
4inf −NH+

4eff

× 100% (5)

In Equations (1) and (2), NO2
−

eff, NO3
−

eff, NH4
+

eff were the effluent NO2
−-N, NO3

−-N and
NH4

+-N concentrations in the SBR cycles, mg/L, while NO3
−

inf and NH4
+

inf were the influent NO3
−-N

and NH4
+-N concentrations, mg/L.

2.5. Statistical Analysis

The results of chemical parameters and the genes copy concentrations were visualized through
Origin 2019b (OriginLab, Northampton, MA, USA). A heat map of the top 10 genera in each sample
based on relative abundance percentage was built using Excel 2019 (Microsoft, Redmond, WA, USA).

3. Results

3.1. Performance of Reactor Start-Up and Nitrogen Removal

3.1.1. Start-Up of PN

As shown in Figure 2a, in Stage I, under intermittent aeration control mode, with the addition of
2 mg·L−1 NH2OH on Day 6–10, the produced nitrate declined and more ammonia was oxidized to
nitrite, indicating the inhibition of NOB and promotion of AOB. The NAR of 50% indicated the success
of PN. While during day 11–15 without NH2OH addition, the nitrite concentration decreased and
the effluent nitrate increased immediately. This phenomenon indicated that the inhibition effect of
NH2OH on NOB was reversible, which was in accordance with results of Wang et al. [13]. The second
dosing of NH2OH on Day 16–21 caused the same nitrogen species variations trends as that on Day
6–10. However, stable nitrite production was maintained with an average NAR of 80% (Figure 2b).
Theoretically, around 50% NH4

+-N to nitrite conversion [27] was enough for PN, which could further
shorten the start-up period by NH2OH addition and online control. To fully start up the CPNA reactor,
the fast achievement of PN was the first step, which could save the time for start-up of CPNA on
the whole.
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NAR (b), TNRR and HRT (c) during the whole operational stages of SBR.

3.1.2. Nitrogen Removal

The total nitrogen removal efficiency (TNRE) in the Stage II and Stage III were 0~40% and
78%~90%, respectively. Correspondingly, the TNRR were also very low in Stage II (0~0.04 kg·m−3

·d−1),
indicating the difficulty in transforming the PN biomass to anammox system by DO and aeration
control. With the inoculation of anammox in the beginning of Stage III, the TNRR for the whole stage
was around 0.20~0.43 kg·m−3

·d−1.
In Stage II, although higher hydraulic retention time (HRT) was applied, less than 40% TNRE

(Figure 2b) was achieved under various DO concentrations and different stirring periods. There were
several denitrifying bacteria from the WWTPs’ inoculation, which could perform denitrification with
the organics of dead cells or soluble microbial products (SMP) as the carbon source. So, the higher
TNRE could be mainly contributed by denitrification. After around 70 days’ transition, no apparent
anammox activity occurred in the system by DO concentration and online control.
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During the first 7 days in Stage III, certain amount of nitrite was added to the system in each
SBR cycle to ensure the normal growth of anammox bacteria. With the increase of influent NH4

+-N
concentration, the effluent nitrate showed a stable rising trend (Figure 2a). In each SBR cycle,
approximately 20 mg·L−1 nitrate was produced. The normal value of MNRR calculated by CPNA
equation was 15% [28], and values higher than 15% indicated nitrate build-up. Countermeasures
should be taken when the MNRR value exceeded 20% [14]. The MNRR values in Stage III were mainly
less than 15%, some were even less than 10%, meaning an effective control of NOB and nitrate build-up.
Compared with the study of Wang et al. [13], the key point for achieving higher TNRE and less nitrate
build-up in this study was the adjustment of SBR operational procedure. The addition of stirring
period between feeding and aeration paved the way to denitrification with the organics offered by
bacteria debris and the residual nitrate as substrates. Besides, this stirring period alleviated the DO
inhibition on Anammox bacteria, contributing to higher TNRE and TNRR.

3.1.3. Activity of AOB, NOB and Anammox

The activities of functional bacteria including AOB, NOB and Anammox were plotted in Figure
S2. The AOB activity increased significantly from 0.15 to 0.35 kg N·kg MLVSS−1

·d−1 in the first two
intermittent aeration stages, and further increased to 0.4 kg N·kg MLVSS−1

·d−1 in the beginning
of continuous aeration stage (Stage III), and remained stable subsequently. The higher DO supply,
NH2OH addition [20] and mesophilic temperature facilitated its increase in the first two stages. In Stage
III, although continuous aeration mode was applied, lower DO concentration limited AOB activity
increase. The NOB activity was one order of magnitude lower than that of AOB. With 2 mg·L−1 NH2OH
addition in Stage I, the NOB activity was reduced to zero in Stage II and recovered until day 129 under
low DO concentration and continuous aeration conditions. The NOB activity variations on Day 1 to
Day 56 proved that the NH2OH inhibition had a lag influence on NOB, and the inhibition effect would
last for a period of time. Due to the inoculation of Anammox sludge, the Anammox activity began to
appear in Stage III. The Anammox and AOB activities were 13.8 and 22.2 times of NOB activity in this
stage, making them dominant microorganisms in the CPNA reactor. The Anammox activity did not
change a lot in Stage III because no environmental parameters or operational procedures were adjusted.

3.2. Sludge Loss

3.2.1. Sludge Loss

The biomass characteristics including ML(V)SS, settling volume index (SVI), particle size
distribution (PSD) curves were shown in Figure 3. In the first two stages, the MLSS declined
59.38% and 36.48%, separately. The SVI increased from 57.00 to 63.78 mL·g−1 and from 63.78 to
76.00 mL·g−1. Both the MLSS decrease and SVI raise represented significant biomass washout rate
of 0.17 and 0.04 g·L−1

·d−1 (Figure 3b), indicating serious sludge loss. The inocula for Stage I were
performed to DO around 4.0 mg·L−1 before put into this reactor. But the DO supply was far less
with only 0.2~0.3 mg·L−1 during the operation in PN. The adaptation of inocula to the new low DO
environment caused bacterial death and sludge loss. Besides, NH2OH was reported to reduce the
sludge particle size [29]. Smaller biomass size caused a lower settling velocity value, resulting in a
higher SVI. Moreover, sludge bulking caused by the overgrowth of filamentous bacteria [30] could
also affect the SVI. The study by Ma et al. [31] showed the accumulation of nitrite deteriorated the
sludge settleability. While the average nitrite concentration and NAR in Stage II were 67.97 mg·L−1

and 93.13%, respectively. Higher nitrite concentration and NAR could be the main reasons for SVI
increase and sludge loss.
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Figure 3. The sludge concentration, SRT, SVI (a), MLSS dynamic variations (b), and laser particle size
distribution (c) of the SBR biomass.

Compared with the first two stages, good sludge settleability included the increased MLSS and
decreased SVI, at the beginning of Stage III, which was mainly benefitted from anammox biomass
addition. During Day 73~146, the MLSS declined and the SVI increased. The unadaptability
of inoculated microorganisms led to the death of bacteria and sludge disintegration, affecting
the sludge concentration in this period, which was the same as the above description in Stage I.
Besides, the filamentous bacteria could also contribute to the sludge loss which would be discussed
below. Subsequently, the MLSS was stabilized at around 4 mg·L−1 on Day 146~280 with an average
MLVSS/MLSS ratio of 79.5%, which could be the combined effects of microbes and operation control.
Due to the addition of stirring step (anoxic operation) in the SBR operational procedure, the accumulation
of nitrate in the CPNA system was less. Therefore, during the long-term operation of the CPNA,
the amount of nitrate substrate that could be exploited by denitrifying filamentous bacteria [32] was
reduced, thus reducing the sludge loss caused by filamentous sludge bulking.

3.2.2. Sludge PSD and Morphology

The sludge PSD curves shifted to the left from Stage I to Stage II (Figure 3c), representing a
decline of sludge particle size. It can be calculated from Table S5 that with comparison to Stage I,
the median aggregate size in Stage II reduced by 30.42%, and its shape of PSD increased up to 1.32
times of that in Stage I. These findings were in accordance with a previous study [29]. In their research,
when 15 mg·L−1 NH2OH was added to nitrifying cultures in 6-h batch tests, a 20–40% decrease in
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the median aggregate size, up to 2.3 times broaden the shape of particle size distribution and more
dispersed microcolonies were found. So, in Stage I, NH2OH addition mainly contributed to the particle
size decrease. Differently, in Stage II, the high nitrite concentration and lower biomass size together
contributed to the higher SVI and lower MLSS. The data in Table S5 showed an increase in sludge
particle size to some extent in Stage III as shown in Figure 3c. The spans in this stage was much
higher than Stage I and II, indicating a much wider shape of particle size distribution (Figure 3c,
Table S5). Finally, the sludge in the SBR was a mixture of flocs and granules, and the MLSS remained
stable (around 4.0 g·L−1), incorporating roughly 210–250 µm large granules and 75–90 µm small flocs,
respectively. The decrease of sludge particle size will affect the sedimentation rate and cause sludge
loss. Besides, it also affected the nitrogen removal performance. A simulation by Hao et al. [33]
confirmed that decrease in sludge particle size would cause considerable loss of nitrogen removal and
nitrite accumulation. Probably, the nitrogen removal performance was related to the microbes’ activity
at different sludge particle sizes. For example, a higher Anammox activity was measured in granules
with diameters above 500–1000 µm [34]. By size fraction, Gilbert et al. [35] found the highest anammox
abundance in the range of 100–315 µm and they confirmed that both the measured nitrogen conversion
rates and the detected functional microorganisms’ abundances decreased with increasing size fraction.
The study by Choi et al. [36] also showed that granules larger than 100 µm in the SBR increased the
TNRR. So, in this study, with the stabilization of sludge concentration and the PSD, the TNRR of Stage
III was significantly higher than that of the first two stages (Figure 2c).

SEM was used to investigate the surface changes of activated sludge throughout the experiment.
As was shown in Figure S3, on day 2 of Stage I, the surfaces of biomass were mainly consisted of
Bacilli and Brevibacterium. Bacterial cells were surrounded by fine strands of supportive connective
tissue, and some dead cells were shown. These may be associated with the autolysis of bacteria in
the reactor. On day 16 of Stage I, after a short period of NH2OH addition, the surface of biomass
became much looser. In Stage II of anammox acclimation, the quantity of microbes increased in
Figure S3c,d. Besides, fine strands of supportive connective tissue were also found. There were some
obvious slime or gel substances observed in Figure S3e, which were probably extracellular polymeric
substances (EPS). Jia et al. [19] performed a study on structure and composition of EPS to elucidate
factors for the anammox aggregation property. The results showed that slime secreted from Anammox
cells may easily formed the gel network to aggregate for their higher viscosity to the sludge surface.
Also, large amounts of hydrophobic groups of protein in EPS promoted the microbial aggregation.
The tightly bound EPS concentrations in CPNA sludge were in the range of 107.82~350.51 mg·L−1,
which increased as the operational period grew. In sum, slime and tightly bound EPS were closely
related with sludge morphology, and could be used as the indicators for anammox microbial survival
ability. On day 113 and day 136 in Stage III, filamentous bacteria were found (Figure S3f,g) because
low DO concentration and less nutrient (C and P) facilitated the growth of filamentous bacteria [37].
Besides, some denitrifying bacteria belonged to filamentous bacteria, which could also help remove
nitrogen [38]. Similar to Figure S3g,h some slime or gel substances were also observed in both in Figure
S3g,h. On Day 269, except few filamentous bacteria, SEM observations showed the granules with a
high degree of compactness, explaining the higher TNRR in Figure 2c.

3.3. Abundances of Functional Bacteria and Genes Related to Nitrogen Transformation

To explore the underlying reasons for nitrogen transformation process, key genes and relative
abundance of functional bacteria including AOB, NOB and Anammox were determined as shown in
Figure 4. According to the results of high-throughput sequencing analysis, Nitrosomonas, Nitrospira and
Candidatus Kuenenia were the dominant genera of AOB, NOB and Anammox, respectively. The relative
abundance of Nitrosomonas increased significantly from 0.07% to 17.58% during the whole CPNA
operational stages. Nitrosomonas and Ca. Kuenenia eventually became dominant bacteria in the CPNA
reactor. Nitrosomonas and Ca. Kuenenia were the sole genus of AOB and Anammox in the CPNA reactor,
respectively. After the addition of anammox sludge, the relative abundance of Ca. Kuenenia decreased
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to 12.93% on day 269. The abundance of Nitrospira increased in Stage I, but decreased significantly
in Stage II and early period of Stage III, which indicated that the effect of NH2OH on Nitrospira was
delayed. However, the inhibition effect of NH2OH on NOB was evident and the NAR increased
rapidly (Figure 2b). In the last period of Stage III, the relative abundance of Nitrospira increased, and
this showed that long period of low DO and nitrite shortage could be conducive for Nitrospira growth,
which is consistent with others study [39].
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Figure 4. The abundances of nitrogen conversion functional bacteria and genes abundance.

As shown in Figure 4, the numbers of functional genes and functional bacteria were consistent
with the bacteria activities. The functional genes of AOB including amoA and hao increased dramatically
on day 33 because of NH2OH addition. The NH2OH addition rapidly increased hao encoding NH2OH
oxidoreductase. Correspondingly, the abundance of Nitrosomonas increased from 0.07% to 1.73% on
day 33 due to NH2OH addition. The enhancement of AOB was achieved by both NH2OH and DO and
substrate supply. The NOB functional genes (nxrB and NSR) were relatively low, with the abundances
of 8.17 × 1010–9.42 × 1011 and 7.72 × 108–5.49 × 1011, respectively. Nitrobacter, a typical NOB, was under
the detection limit (0.003%) in all samples, while Nitrospira as the predominant NOB (0–1.55% in
abundance) was significantly affected by NH2OH addition. The nxrB abundance was much higher in
the first two stages compared with Stage III, in addition, after the NH2OH addition, its abundance
was not reduced, thus the decrease of nxrB abundance during day 109~208 was mainly caused by
DO shortage. With a high nitrite and DO affinity and low growth rate, Nitrospira (k-strategist) would
win the competition against Nitrobacter with a lower nitrite and DO affinity and higher growth rate
(r-strategist) [39], thus Nitrospira could survive in the CPNA system. The nxrB was one of the functional
genes of Nitrobacter, so its abundance could be affected by DO variations. However, as the functional
gene of Nitrospira, NSR abundance was decreased on day 16 after the first time of NH2OH addition.
From day 33~56, although higher DO was supplied, the abundance of NSR declined by nearly 95%,
and was further dropped by 4.72 × 109 on day 208. Even on day 269, this value was less than 5% of
that on day 33. It showed that the effects of NH2OH on different genus of NOB were distinct, NH2OH
addition could not inhibit Nitrobacter, while it could inhibit Nitrospira for a long time. Compared with
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the Anammox functional gene hzsA, another gene hzo encoding N2H4 oxidoreductase in Anammox,
could be detected even at low values in the first two stages. Besides, the abundance of hzo was an
order of magnitude higher than hzsA in stage III. Although the Anammox activity did not change
much in Stage III, its functional genes’ abundances declined due to the adaption of Anammox to the
new micro-aeration environment.

3.4. Evolution in Microbial Communities

High-throughput sequencing results revealed high microbial diversity in the SBR (Figure 5).
The diversity indexes of the microbial community concerned in this study was shown in Table S6.
All of the samples showed better heterogeneity for the higher Shannon index. Based on the OUT
number and chao index, the microbe species in first two stages were higher than Stage III. This is
probably caused by the inoculation of anammox sludge and the following stable operation of CPNA.
The most abundant phyla in the CPNA system were Proteobacteria, Chloroflexi, Armatimonadetes,
Acidobacteria, Firmicutes and Planctomycetes, respectively. Microbial community analysis at the
genus level helped speculate the community function. Despite no COD introduction from influent,
heterotrophs constituted to a small percentage of microorganisms in CPNA reactor, especially in the
first two stages (Figure 5). The microbes in WWTP was their origin. Over time, these heterotrophs
could utilize the soluble microbial products (SMP) excreted by bacteria or the dead cells for growth.
It was reported that unclassified_Anaerolineaceae, which belonged to Chloroflexi phylum, could utilize
glucose and N-acetylglucosamine (a main component of cell wall peptidoglycan of most bacteria)
from autotrophs [32,40,41]. It was also reported to utilize SMP and the nitrate produced by Candidate
Kuenenia (Ca. Kuenenia), to form the biomass framework and to serve as the cellular micro-aggregate
carriers [32,42]. Therefore, the presence of heterotrophs could effectively prevent the accumulation
of SMP and cell decay substances released by autotrophic bacteria such as nitrifying bacteria and
anammox bacteria [40]. Povalibacter, Dokdonella, unclassified_Rhodobacteraceae and Aridibacter were
the most abundant genera in the reactor (Figure 4). All these bacteria are heterotrophs, which
were capable of utilizing complex carbon sources like PAHs and PCB. Dokdonella was responsible
for nitrite transformation in a simultaneous anammox and denitrification system [41]. Besides,
the genus of Truepera, Trichococcus, Armatimonadetes_gp5, Terrimonas are capable of heterotrophic
denitrification [41,43,44]. They may also contribute to the nitrogen removal of CPNA reactor through the
pathway of nitrite or nitrate reduction. In addition, heterotrophs could also facilitate maintaining sludge
integrity, because several genus of filamentous Chloroflexi could serve as carrier of micro-aggregates of
cells and form the framework of granular sludge [42].

Processes 2020, 8, x FOR PEER REVIEW 12 of 17 

 

3.4. Evolution in Microbial Communities 

High-throughput sequencing results revealed high microbial diversity in the SBR (Figure 5). The 
diversity indexes of the microbial community concerned in this study was shown in Table S6. All of 
the samples showed better heterogeneity for the higher Shannon index. Based on the OUT number 
and chao index, the microbe species in first two stages were higher than Stage III. This is probably 
caused by the inoculation of anammox sludge and the following stable operation of CPNA. The most 
abundant phyla in the CPNA system were Proteobacteria, Chloroflexi, Armatimonadetes, 
Acidobacteria, Firmicutes and Planctomycetes, respectively. Microbial community analysis at the 
genus level helped speculate the community function. Despite no COD introduction from influent, 
heterotrophs constituted to a small percentage of microorganisms in CPNA reactor, especially in the 
first two stages (Figure 5). The microbes in WWTP was their origin. Over time, these heterotrophs 
could utilize the soluble microbial products (SMP) excreted by bacteria or the dead cells for growth. 
It was reported that unclassified_Anaerolineaceae, which belonged to Chloroflexi phylum, could utilize 
glucose and N-acetylglucosamine (a main component of cell wall peptidoglycan of most bacteria) 
from autotrophs [32,40,41]. It was also reported to utilize SMP and the nitrate produced by Candidate 
Kuenenia (Ca. Kuenenia), to form the biomass framework and to serve as the cellular micro-aggregate 
carriers [32,42]. Therefore, the presence of heterotrophs could effectively prevent the accumulation 
of SMP and cell decay substances released by autotrophic bacteria such as nitrifying bacteria and 
anammox bacteria[40]. Povalibacter, Dokdonella, unclassified_Rhodobacteraceae and Aridibacter were the 
most abundant genera in the reactor (Figure 4). All these bacteria are heterotrophs, which were 
capable of utilizing complex carbon sources like PAHs and PCB. Dokdonella was responsible for nitrite 
transformation in a simultaneous anammox and denitrification system [41]. Besides, the genus of 
Truepera, Trichococcus, Armatimonadetes_gp5, Terrimonas are capable of heterotrophic denitrification 
[41,43,44]. They may also contribute to the nitrogen removal of CPNA reactor through the pathway 
of nitrite or nitrate reduction. In addition, heterotrophs could also facilitate maintaining sludge 
integrity, because several genus of filamentous Chloroflexi could serve as carrier of micro-aggregates 
of cells and form the framework of granular sludge [42]. 

 
Figure 5. Heatmap of the core genera in the sludge samples on various days. 

The genus of Caldilinea in Chloroflexi phylum, which was also filamentous bacteria, showed a 
higher relative abundance (0.86% on day 2) in Stage I, indicating the contribution of filamentous 
bacteria on SVI increase. The relative abundance of family of unclassified_Saprospiraceae in phylum 
Bacteroidetes from Day 2 to Day 33 increased from zero to 2%. The SVI during this period increased 
from 56.91 to 63.78 mL/g, while the MLSS declined from 7.73 to 3.14 g/L. The study by Xu et al. 
showed that the unclassified_Saprospiraceae could adhere to Chloroflexi and cause sludge bulking [45]. 
The sludge loss could be the results of filamentous unclassified_Saprospiraceae increase. The relative 

Figure 5. Heatmap of the core genera in the sludge samples on various days.



Processes 2020, 8, 1053 13 of 17

The genus of Caldilinea in Chloroflexi phylum, which was also filamentous bacteria, showed
a higher relative abundance (0.86% on day 2) in Stage I, indicating the contribution of filamentous
bacteria on SVI increase. The relative abundance of family of unclassified_Saprospiraceae in phylum
Bacteroidetes from Day 2 to Day 33 increased from zero to 2%. The SVI during this period increased
from 56.91 to 63.78 mL/g, while the MLSS declined from 7.73 to 3.14 g/L. The study by Xu et al.
showed that the unclassified_Saprospiraceae could adhere to Chloroflexi and cause sludge bulking [45].
The sludge loss could be the results of filamentous unclassified_Saprospiraceae increase. The relative
abundance of filamentous bacteria Type 0803 in phylum Chloroflexi in Stage II was 0.64%, which was
much higher than in Stage I (0.09%). Furthermore, the relative abundance of Caldilinea was 0.64% and
0.56% on day 33 and 56 in Stage II, respectively. Both showed effects of filamentous bacteria on SVI
increase. In Stage III, the relative abundance of unclassified_Saprospiraceae was decreased, meaning
the alleviation of sludge bulking caused by this kind of filamentous bacteria. The relative abundance
of unclassified_Anaerolineaceae in Stage III was increased to around 20% (Figure 5). As the carrier of
micro-aggregates of cells, this could be the main reasons for the stable sludge particle size from day
176 to day 272 (Figure 3c).

PCA based on the dominant genera in each sample is shown in Figure 6. From day 2 to 272,
Nitrosomonas become more abundant with the shift of control mode from intermittent aeration to
continuous aeration. Candidatus Kuenenia was remarkably high on day 77, while it decreased due to
the environment adaption as mentioned above. The shifts of functional bacteria (AOB and Anammox)
were consistent with the changes in functional genes. The microbial communities in the samples on day
2, day 33 and day 56 were close and greatly different from the samples on day 77–269. Samples in the
first two stages were closely distributed in the PCA plot, with high abundance of denitrifying bacteria
including Armatimonadetes_gp5, Comamonas, Terrimonas, Ferruginibacter, Trichococcus and Rhodocyclaceae,
which evidenced the previous stating that the TNRE in Stage II was mainly caused by denitrification.
The main functions of the dominant genera in the CPNA process are listed in Table S7. Trichococcus
and Saprospiraceae were filamentous bacteria, which could cause sludge bulking [45,46]. In Stage
III, filamentous bacteria Anaerolineaceae in phylum of Chloroflexi was highly abundant on Day 269,
which supported the observation in the SEM image in Figure S3i. In the end, the dominant bacteria in
the CPNA were AOB and Anammox. Meantime, several heterotrophs (Myxococcales) and filamentous
bacteria (Anaerolineaceae) were also present in the system.
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3.5. The Analysis of NH2OH’s Effect and Possible Sludge Loss Reasons in the CPNA System

In our previous study, the in-situ recovery was successfully achieved from the deteriorated CPNA
system caused by nitrate build-up through NH2OH addition [13]. In this study, the nitrate build-up in
the long-term operation of the CPNA system was avoided by SBR operational procedure adjustment
through adding the anoxic stirring phase between feeding and aeration, which was simple and easy
compared to DO or FAN control. In the anoxic phase, denitrifiers in the inocula could utilize the
influent low COD from real wastewater or the dead cells as electron donor, and the remained nitrate in
the system as the electron acceptor, to remove both organic matters and nitrate simultaneously through
denitrification process. Interestingly, the adjustment of SBR procedure also helped to maintain several
beneficial filamentous bacteria like unclassified_Anaerolineaceae which could act as sludge framework
to keep stable biomass morphology, preventing sludge loss. Compared to normal measurements to
control sludge loss such as chemicals addition, biomass acclimatization or equipment upgrading,
this method was simple, cost-effective, and thus more competent.

NH2OH addition could increase SVI by inhibiting NOB activity and affect the relative abundance
of filamentous bacteria which could act as the sludge framework, resulting in the decrease of sludge
morphology stability, particle size and settling property. Besides, it could also help accelerate the
process of PN as was shown in Figure 2. The accumulated nitrate could serve as denitrification
substrate for filamentous bacteria, which utilized cell decay materials produced by autotrophs. So,
the increase of filamentous bacteria caused sludge settling problems, and finally led to biomass loss.
Besides, the adaption of autotrophic anammox to the microaeration environment in the first few days
of Stage III could also cause sludge loss. The effects of NH2OH addition and possible reasons for
sludge loss in the nitrogen removal system was plotted in Figure S3. Several optional methods to
control sludge loss in CPNA system are to promote the growth of microorganisms that can act as the
sludge framework, do not add toxic chemicals like hydroxylamine, adjust the operation process and
control the mechanical action (aeration, agitation).

4. Conclusions

A start-up of PN, its transition to anammox and the stable operation of CPNA process were
studied in an SBR. The 2 mg/L NH2OH addition contribute to the fast start-up of PN under low DO
conditions for its inhibition effects on Nitrospira and the enhancement of AOB activity. The TNRE in the
stage of PN transition to anammox was mainly contributed by denitrification, indicating the transition
could hardly succeed within 70 days through DO concentration and aeration period adjustments.
The adding of anoxic period to the SBR operationes caused a relatively low NOB abundance during the
stable operation of CPNA, which was less than 1.6%. The introduction of anoxic stirring after feeding
during the operational procedure of CPNA could be favorable for controlling both nitrate build-up
and sludge loss, making it a practical option for stable operation of engineered CPNA plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/9/1053/s1,
Figure S1: The intermittent aeration (t-NH4+-N) control mode (a) and the continuous aeration (DO-NH4+-N)
control mode (b) of the SBR operation; Figure S2: The activities of nitrogen conversion functional bacteria; Figure
S3: Observation of SEM images of the SBR biomass on day 2 (a), day 16 (b), day 29 (c), day 56 (d), day 77 (e),
day 113 (f), day 136 (g), day 200 (h), day 269 (i); Figure S4: Main nitrogen process in CPNA system, of which
the ones considered in this study and their common corresponding functional genes are shown in blue and red,
respectively; Figure S5: The effects of NH2OH addition and possible reasons for sludge loss; Table S1 Compositions
of the synthetic wastewater; Table S2 The diversity indexes of microbial community concerned in this study;
Table S3 Primers of determined genes and their corresponding annealing temperature and mechanisms; Table S4
The detailed information of q-PCR for each target gene; Table S5 The particle size results of activated sludge in
different stages; Table S6 The diversity indexes of microbial community concerned in this study; Table S7 The
main functions of the dominant genera in CPNA process.
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