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a b s t r a c t s

The incomplete denitrification due to insufficient carbon resource in the wastewater treatment plants
(WWTPs) resulted in low nitrogen removal efficiency, which has become a widespread problem in China
and all around the world. Reducing the requirement of carbon source by manipulating the nitrogen
removal pathway from conventional nitrification-denitrification to partial nitrification-denitrification is
considered as an efficient solution. In this article, the feasibility of combining free nitrous acid (FNA)
sludge treatment and DO control to achieve partial nitrification-denitrification in a continuous flow
system (aerobic-anoxic-oxic process) using real sewage was assessed. The nitrite pathway was rapidly
established in the experimental reactor within 23 days by simultaneously lowering DO concentration in
aerobic zone to 0.5mg/L and treating 30% of the activated sludge per day from the reactor in the FNA
sludge treatment unit with FNA concentration of 1.2mg N/L and exposure time of 18 h. The nitrite
oxidizing bacteria (NOB) were efficiently washed out and the partial nitrification process could maintain
stable in the experimental reactor even after cease of FNA treatment and increase of DO concentrations in
the main stream to 1.5mg/L, with an average nitrite accumulation rate of above 78%. In contrast, the
nitrite accumulation rate was just around 58% during low DO concentrations phase and declined quickly
to below 1% after the DO concentrations were increased to 1.5mg/L in the control reactor which only
utilized single strategy of DO control to achieve nitrite pathway. Moreover, a better sludge settleability
and nitrogen removal performance could also be realized in the experimental reactor. The results of
nitrifying bacteria activities and quantities detection demonstrated that although NOB activities in both
reactors were effectively inhibited, a certain amount of NOB (6.26� 106 copies/g MLSS) were remained in
the control reactor and multiplied rapidly as the DO concentration increased, which might break down
the partial nitrification. Furthermore, the quantity results of nitrogen cycling related functional genes
showed that the increment of the ratio of nitrate reduced bacteria to total bacteria was 0.35% larger than
that of nitric oxide bacteria in the control reactor, while those two ratios increased similarly by 1.11% and
1.12% in the experimental reactor, respectively, which might be one potential cause of reduction in N2O
emission of nitrite pathway achieved by FNA-based technologies.

© 2019 Elsevier Ltd. All rights reserved.
nvironmental Sciences, Chi-

.

1. Introduction

Nitrogen pollution in aquatic ecosystems is a severe problem
worldwide, especially in developing countries like China. By the
end of 2017, there are still more than 30% lakes in China in the state
of eutrophication mainly caused by nitrogen pollution, despite lots
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of projects to improve water environment have been lunched since
2015 (Huang et al., 2019). One of the most outstanding source of
nitrogen pollution is the effluent fromwastewater treatment plants
(WWTPs) and it was reported that approximately 50% ofWWTPs in
China did not meet the nitrogen discharge standard (Zhang et al.,
2016). The high nitrogen concentration in the effluent is primarily
caused by the low carbon/nitrogen ratio (C/N) in the influent in
most WWTPs in China; for example, the C/N ratios are only 3.3 and
4.0 on average in Shanghai and Beijing, respectively (Hao et al.,
2015; Jin et al., 2014; Sun et al., 2016). Insufficient carbon source
in the influent leads to incomplete denitrification and resultant
effects on nitrogen removal efficiency. Although addition of
external carbon sources (e.g. methanol and acetic acid) could
supplement complete denitrification, it raises operating costs of
WWTPs and production of greenhouse gases and excessive sludge
(Luo et al., 2015; Ma et al., 2015). Considering these drawbacks,
pathway altered from conventional nitrification-denitrification to
partial nitrification-denitrification is a promising process, which
could not only reduce approximately 40% carbon demand for
denitrification, and 25% oxygen consumption for nitrification, but
also reduce the production of greenhouse gas and excessive sludge
(Ge et al., 2014; Liu et al., 2017). The key to achieve nitrite pathway
is to selectively eliminate nitrite-oxidizing bacteria (NOB) and
retain ammonia-oxidizing bacteria (AOB) in activated sludge (Sinha
and Annachhatre, 2006; Winkler and Straka, 2019). Many ap-
proaches have been investigated to achieve nitrite pathway, such as
oxygen (DO) concentration control, sludge treatment by free
nitrous acid (FNA, i.e. HNO2), high temperature, and sludge reten-
tion time control (Peng and Zhu, 2006; Regmi et al., 2014a; Wang
et al., 2014). Among those technologies, DO concentration control
and FNA sludge treatment, are increasingly regarded as effective
and promising technologies for achieving nitrite pathway.

The advantages of lowDO strategy are obvious, mainly including
cost savings by reduction of aeration rate, dispense with extensive
additional equipment and structures. However, its deficiencies
cannot be neglected, which limited the wide application of the sole
method of low DO. Firstly, the established nitrite pathway by low
DO is prone to instability and is fragile to process disruptions, be-
sides the long establishment periods (Ma et al., 2009;Massara et al.,
2017; Xue et al., 2009). Secondly, some general problems, including
inefficiency of ammonia oxidation, depression of sludge settle-
ability, and the increase of greenhouse emission, were difficult to
avoid as the consequences of low DO in the system (Noda et al.,
2003). Thus, some researchers conclude that the low DO strategy
need to be coupled with other nitritation selection factors (e.g. free
nitrous acid inhibition) to establish stable nitrite pathway in
practice (Blackburne et al., 2008b).

Based on the finding that free nitrous acid (FNA, i.e. HNO2) is a
strong biocidal agent that can cause cell lysis of many kinds of
bacteria inwastewater treatment system (Wu et al., 2018) and has a
higher biocidal impact on NOB than AOB, the nitrite pathway was
successfully established in a sequencing batch reactor (SBR)
through selective elimination of NOB by treating 22% of the sludge
from the bioreactor daily within a relative short establishment
period of 15 days, with no impact on ammonia oxidation efficiency
(Wang et al., 2014). In addition, nitrite pathway achieved by this
method could also contribute to the reduction of N2O emission
(Wang et al., 2016b), improvement of sludge settleability (Li et al.,
2016; Wang et al., 2013). However, as the FNA treatment unit was
required to be constantly presented to maintain the elimination
effect of NOB in main stream, consumption of considerable dosage
of nitrite and production of large amounts of nitrite-containing
wastewater from wash of treated sludge before return to main
stream could offset the benefits that nitrite pathway brought (Nan
et al., 2019;Wang et al., 2014). Moreover, although therewere some
reports about successful achievement of nitrite pathway using FNA,
most of whichwere carried out in uncontinuous flow systems using
simulated wastewater (Duan et al., 2018; Wang et al. 2014, 2016b;
Zhou et al., 2011). A further investigation on the FNA based tech-
nology, which conducts in more representative continuous flow
systems using real sewage and conforms better with the real situ-
ation in practice, is lacked.

Therefore, a combined strategy of DO control and FNA sludge
treatment might facilitate the stable nitrite pathway, which in-
tegrates merits of both technologies. The aim of this study is to
investigate the feasibility of combining FNA sludge treatment and
DO control to establish stable nitrite pathway. To be more repre-
sentative and practical, the experiment was conducted in contin-
uous flow systems including two 70 L anaerobic-anoxic-oxic (AAO)
reactors receiving real sewage, with one as a control and the other
as the experimental reactor equipped with FNA sludge treatment
unit. The optimal conditions in FNA treatment unit, including FNA
concentration and expose time, for establishment of nitrite
pathway were first determined by batch tests. The DO concentra-
tions in aerobic zone were maintained at a low value of 0.5mg/L as
the sludge was treated in the FNA treatment unit and then the DO
concentrations were revised upward to 1.5mg/L after stable nitrite
accumulation was achieved. The fluctuations of nitrifying bacteria
activities, sludge settleability and nitrogen cycle bacteria pop-
ulations were investigated, and nitrite accumulation ratio, along
with the nitrogen removal performance in the two AAO reactors
were assessed and compared during the entire experiment.

2. Materials and methods

2.1. Determination of optimal conditions for FNA treatment unit

To conduct this test, a serious of reactors with aworking volume
of 1 L were set up and the activated sludge was obtained from the
secondary settler in a WWTP in Beijing. The activities of AOB and
NOB were tested immediately before FNA treatment. Then, 7 L of
the sludge was divided evenly into seven identical reactors (1 L per
reactor) and nitrite stock solution (50 g N/L) was added to each
reactor to produce the final FNA concentrations of 0.0, 0.4, 0.8, 1.2,
1.6, 2.0 and 2.4mgN/L, respectively. Temperature was maintained
at 25.0± 0.5 �C, and pHwasmaintained at 6.0± 0.1 using NaOH and
HCl solutions. Sludge samples were collected from each reactor
every 6 h for 30 h and the activities of AOB and NOBweremeasured
and expressed as the percentages of their activities prior to FNA
treatment. The optimal conditions for FNA treatment unit in the
following experimental reactor were determinated on the results of
tests described above, under which conditions NOB activity would
be undetectable while AOB activity would still remain as high as
possible in possibly short exposure time.

2.2. Reactor set-up and operation

2.2.1. Reactor set-up
Two identical continuous flow reactors made of polymethyl

methacrylatewith aworking volume of 70 L were used in this study
and each was connected to a secondary sedimentation tank which
had a working volume of 18.9 L (Fig. 1). One reactor severed as a
control (R1) and the other as an experiment reactor (R2) with an
FNA treatment unit. The FNA unit was an enclosed cylindrical
reactor with a working volume 10 L and equipped with a magnetic
stirrer, a temperature and pH control system. The mainstream part
of R1 and R2 was divided into ten equal compartments using
removable baffles (each with a volume of 7 L). The first two com-
partments and the following two compartments, equipped with a
mechanical mixer each, were established as anoxic zones and
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anaerobic zones, respectively. The last six compartments were
established as oxic zones equipped with aeration device.
2.2.2. Reactor operation and monitoring
The experiment was carried out in a WWTP in Beijing and the

real wastewater with low C/N ratio and seed sludge were collected
from the primary sedimentation tank and the secondary settler,
respectively. Main characteristics of the wastewater are listed in
Table 1. The operation of both R1 and R2 was divided into three
phases with respect to different operating conditions. Phase I is a
baseline phase and operation conditions of the two reactors were
identical. The influent flow velocity was 7.0 L/h, making a hydraulic
retention time (HRT) of 10 h in both reactors. The sludge retention
time (SRT) was maintained at 15 d by controlling sludge wastage.
The internal and external recycle ratios were 2.0 and 0.7, respec-
tively. The mixed liquor suspended solids (MLSS) concentration
was 3000± 500mg/L. DO concentrations were maintained at
approximately 1.5mg/L in the aerobic zone using an on/off airflow
switch. After the stable states were reached in Phase I, DO in the
aerobic zone of both R1 and R2were lowered to 0.5mg/L in Phase II.
Other operational conditions of the two reactors were still identical
across control and treatment as well as along Phase I and Phase II
expect that an FNAunit was added to R2. The operation processes of
R2 were as follows: 21 L mixed liquor (30% of the total reactor
volume) was collected from the last aerobic chamber over 1 h every
day, and condensed to 10 L, resulting in a MLSS of approximately
6000mg/L. The condensed sludge was treated in the FNA unit
under the optimal conditions determinated in Section 2.1. There-
fore, the average sludge treatment frequency was 0.3 reactor vol-
ume per day. After the treatment, 10 L of FNA-treated condensed
sludge was transferred to a sludge storage unit and then recircu-
lated to the first anoxic chamber of R2 within 1 h. After operations
of R1 and R2 were stabilized in Phase II, DO concentrations in the
aerobic zone of both R1 and R2 were brought to 1.5mg/L in Phase
III. The FNA treatment unit was removed from R2 and operational
conditions therefore identical as that of R1, which were as the same
as those in Phase I. The operation temperature was maintained at
25.0± 0.5 �C and the pH was monitored but not controlled during
all the phases. The ammonium, nitrite, and nitrate concentrations
Fig. 1. Schematic diagram of the control
in the influent and effluent from both reactors were measured
every two days. Sludge samples were taken from R1 and R2 at the
beginning and end of each phase for DNA extraction and deter-
mination of nitrifying bacteria activities, sludge settleability and
nitrogen cycle bacteria populations. In addition, the mixed liquor
suspended solids (MLSS), mixed liquor volatile suspended solids
(MLVSS) concentrations and sludge volume index (SVI) were
determined every week.
2.3. DNA extraction and quantification of nitrogen cycle bacteria
and functional genes

10mL of each sludge sample was cold-dried and used for mi-
crobial genomic DNA extraction in triplicate using a FastDNA SPIN
Kit for Soil (MP Biomedicals) according to manufacturer's in-
structions. The concentration of the total extracted DNA was
measured using a NanoDrop, ND-1000 spectrophotometer
(Thermo Scientific NanoDrop products, Wilmington, DE, USA). The
abundances of nitrogen cycle bacteria and functional genes
including AOB, NOB (Nitrobacter and Nitrospira), and functional
genes involved in denitrification processes were determined by
real-time PCR on a CFX96TM Real-Time PCR system (Bio-Rad Lab-
oratories, USA) with a SYBR method. Each reaction was performed
in a total reaction mixture of 25 mL containing 9.5 mL nuclease-free
water, 12.5 mL SYBR® Premix Ex Taq™ II (TAKARA, Dalian, China),
0.5 mL of each primer, and 2 mL of DNA. The PCR amplification and
detection program consisted of initial denaturation at 95 �C for 30 s,
followed by 40 cycles of 5 s at 95 �C, 45 s at according annealing
temperatures, and 30 s at 72 �C. AOB were targeted by the amoA
function gene (amoA). Total bacteria, Nitrobacter and Nitrospira
were targeted by 16S rRNA genes. The functional genes involved in
denitrification processes, nitrate reductase genes, nitrite reductase
genes, and N2O reductase genes, were targeted by narG and napA,
nirS and nirK, and nosZ, respectively. The primers used in qPCRwere
listed in Table 2. Tenfold serial dilutions of a known copy number of
the plasmid DNA were subjected to real-time PCR to generate an
external standard curve. Results with efficiency and correlation
coefficients of above 95% and 0.98, respectively, were employed.
Triplicate data assays were performed for the decimally diluted
(R1) and experimental system (R2).



Table 1
Main characteristics of the wastewater.

Items pH NH4
þ-N (mg/L) NO3-N (mg/L) NO2-N (mg/L) TN (mg/L) COD (mg/L)

Average value 7.2± 0.2 50.28± 4.93 0.53± 0.21 0.08± 0.02 62.31± 4.76 365.2± 40.5

Table 2
Primer sets for amplification of target genes.

Target gene Primer Nucleotide sequence (50e30) Reference

16S rRNA 341F CCTACGGGAGGCAGCAG Muyzer et al. (1993)
534R ATTACCGCGGCTGCTGG

Ammonium monooxygenase (amoA) amoA-1F GGGGTTTCTACTGGTGGT Rotthauwe et al. (1997)
amoA-2R CCCCTCKGSAAAGCCTTCTTC

16S rRNA Nitrobacter sp. FGPS872 TTTTTTGAGATTTGCTAG Degrange and Bardin (1995)
FGPS12690 CTAAAACTCAAAGGAATTGA

16S rRNA Nitrospira sp. NSR 1113F CCTGCTTTCAGTTGCTACCG Dionisi et al. (2002)
NSR 1264R GTTTGCAGCGCTTTGTACCG

Nitrate reductase (narG) narG1960m2f TAYGTSGGGCAGGARAAACTG Henry et al. (2004)
narG2050m2r CGTAGAAGAAGCTGGTGCTGT

Nitrate reductase (napA) napA3F CCCAATGCTCGCCACTG Smith et al. (2007)
napA3R CATGTTKGAGCCCCACAG

Nitrite reductase (nirK) nirK 1F GGMATGGTKCCSTGGCA Braker et al. (1998)
nirK 5R GCCTCGATCAGRTTRTGGTT

Nitrite reductase (nirS) nirS cd3AF GTSAACGTSAAGGARACSGG Throback et al. (2004)
nirS R3cd GASTTCGGRTGSGTCTTGA

N2O reductase (nosZ) nosZF CGYTGTTCMTCGACAGCCAG Enwall et al. (2005)
nosZ 1622R CGSACCTTSTTGCCSTYGCG
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standard plasmids, samples, and negative controls.

2.4. Analytical methods

All wastewater samples were passed through a 0.45-mm filter
before analysis. NH4

þ-N, NO2
�-N, and NO3

�-N were measured by a
continuous flow analytical system (Seal AA3, Norderstedt, Ger-
many) in triplicate. DO, pH, and temperature were measured using
a MultiLine® Multi 3630 IDS (WTW Company, Germany). MLSS of
the activated sludgeweremeasured according to standardmethods
(Association, 2005). And the activities of AOB and NOB were
measured by a Respirometer (Strathtox, Strathkelvin, UK) according
to methods described in previous articles (Hao et al., 2009; Manser
et al., 2006).

3. Results and discussion

3.1. Determination of the optimal conditions of the FNA treatment
unit

To determine the optimal conditions for the FNA treatment unit
to establish nitrite pathway in the main-stream bioreactor, batch
tests were conducted to evaluate the inactivation of AOB and NOB
under different FNA concentrations and exposure times. The
remaining activities of AOB and NOB following FNA treatment were
shown in Fig. 2. A general decrease in the activities of both AOB and
NOB could be observed after FNA treatment. The activities of AOB
were 54.5% and 39.3% as the FNA concentrations were 0.8 and
1.2mgN/L with an exposure time of 18 h, however, the NOB ac-
tivities were both almost undetectable under the same treatment
conditions. These results are consistent with previous studies that
NOB is more sensitive to FNA than AOB (Kim et al., 2012; Zhou et al.,
2011). Moreover, the results illustrated that FNA exposure time
were also a crucial factor influencing the activities of AOB and NOB
and should be took into consideration when utilized to establish
nitrite pathway through FNA sludge treatment. For instance, under
the same FNA concentration of 0.8mgN/L, NOB activities dropped
from 25.0% to undetectable, respectively, when exposure time
increased from 12 to 30 h. Thus, considering operational efficiency
and cost, an FNA concentration of 1.2mgN/L and an exposure time
of 18 h were selected as the optimum conditions for subsequent
bioreactor experiment in this study, under which conditions NOB
were completely inactivated while AOB still maintained the ma-
jority (52.50%) of their activities. Different treatment temperatures,
properties and microbial community structures of used sludge
could contribute to different optimum FNA conditions in other re-
ports (Coats et al., 2017; Duan et al., 2018; Wang et al., 2014; Zhou
et al., 2011). For instance, an FNA concentrations of 1.82mgN/L and
an exposure time of 24 h were used to effectively eliminated NOB
(Wang et al. 2016a, 2016b) and a higher FNA concentrations of
3.64mgN/L deteriorated the settling properties of the sludge and
caused significant loss of biomass during the long-term operation
of the mainstream reactor. In the other article of them (Wang et al.,
2017a), an FNA concentration of 1.9mgN/L and an exposure time of
24 h were reported to be favorable conditions and a lower FNA
concentration of 1.1mgN/L could lead to poorer performance on
NOB elimination (Wang et al., 2017b).

3.2. Performance of reactors with and without FNA treatment unit

3.2.1. Establishment and stabilization of nitrite pathway
The operation of the control reactor (R1) and experimental

reactor (R2) were divided into three phases, and the nitrogen
concentrations and the nitrite accumulation rate (NAR) were
shown in Fig. 3. In the baseline phase, Phase I, the DO concentra-
tions in R1 and R2 were maintained at 1.5mg/L, and nitrite was not
accumulated in both reactors. In Phase II, DO concentrations was
decreased to 0.5mg/L in R2 and the FNA treatment unit was added
to treat 30% of the total sludge per day under the optimal conditions
determined in Section 3.1. The NAR raised rapidly during the FNA
treatment period and reached to around 75% at Day 53 and main-
tained stable during Day 54e60. By contrast, the NAR in R1
increased to 58.84% at Day 83 and remained stable in the following
week in Phase II. It took 23 days for R2 to establish stable nitrite
pathway, 30 days shorter than that of R1. Moreover, the average
value of NAR at stable stage of R2 in Phase II was also higher than
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that of R1, which were 76.95± 1.91% and 58.12± 1.11%, respectively.
The establishment time and NAR are two significant parameters to
evaluate technologies to establish nitrite pathway (Kouba et al.,
2017; Liu et al., 2017). Compared to previous reports, the FNA
sludge treatment plus low DO technology emerges its advantage on
the aspect of shortening establishment time. For instance, the
establishment time were 60, 67, and 40 days, respectively, as the
methods of low DO, free ammonia treatment and aerobic duration
control were utilized to establish nitrite pathway in other re-
searches (Regmi et al., 2014b; Yan et al., 2018; Zhang et al., 2018).
The combined restrain effect of FNA and low DO on the metabolism
and multiplication of NOB in this article might be attributed to the
shorter establishment time (Pedrouso et al., 2017; Wen et al., 2017).
In the last phase, the FNA treatment unit was removed from R2, and
the DO concentrations in R1 and R2 were increased to 1.5mg/L. As
consequence, the NAR in R1 dropped rapidly from56.63% on Day 95
to 37.55% on Day 97, and continued to decline quickly to 0.58% on
Day 121 and stayed at the same level with baseline phase until to
the end of the experiment. The result was similar to other reports
using oxygen limited methods to establish nitrite pathway that as
the DO concentrations increased, the nitrite pathway was easy to
destroy (Guo et al., 2009; Liu and Wang, 2013). Another study also
reported that as the DO concentration raised from 0.3 to 2.0mg/L,
the nitrite accumulation vanished (Guo et al., 2009). The quick
vanishing of nitrite accumulation might be because that NOB were
not completely washout in the reactor and the remained ones
revived and outcompeted AOB under high DO concentration as
NOB multiplied faster than AOB (Reino et al., 2016; Sinha and
Annachhatre, 2006). By comparison, the nitrite accumulation
remained stable in R2 during Phase III, with a high NAR at
78.41± 5.66% on average.
3.2.2. Nitrogen removal performance
To assess the nitrogen removal performance of reactors with

and without FNA treatment, the NH4
þ-N concentrations in influent,

NH4
þ-N, NO3

�-N and TN concentrations in effluent, and TN rate in R1
and R2 were analyzed and compared all along the three phases
Fig. 2. Relative activities of AOB and NOB at diffe
during the entire experimental period (Fig. 4). In Phase I, the
operation conditions of R1 and R2 were identical and were repre-
sentative WWTPs in China (Zhang et al., 2016). As shown in Fig. 4,
the total nitrogen concentrations were relatively high in the efflu-
ence of R1 and R2, and the main nitrogen form was NO3

�-N. This
problem is alsowidespread in ChineseWWTPs that low C/N ratio in
the influent normally contribute to poor nitrogen removal perfor-
mance in traditional nitrification-denitrification process principally
caused by inefficient denitrification in the anaerobic zone due to
insufficient carbon source (Han et al., 2016; Hao et al., 2015; Zhang
et al., 2018). As DO concentrations decreased to 0.5mg/L in Phase II,
the TN removal rate increased accordingly as nitrite accumulation
and reached the highest value at Day 83 when the nitrite pathway
was successfully established and remained stable in the following
week, with an average of 61± 2.02%. The improvement of TN
removal rate in this phase might be because that as the nitrite
pathway took place in R1 and alleviated the demand for carbon
source to some extent (Bao et al., 2017; Ge et al., 2014). However,
the ammonia removal rate decreased as DO concentration was
brought down to 0.5mg/L, which was consistent with previous
studies that low DO concentrations could facilitate nitrite accu-
mulation, but it decreased the activity of AOB and therefore failed
to achieve high ammonia removal efficiencies (Ciudad et al., 2005;
Kappeler and Gujer, 1992; Kwak et al., 2012; Wen et al., 2017).
Similar to R1, NH4

þ-N concentrations in the effluent also increased
after DO concentration decreased to 0.5mg/L in R2. To enhance
ammonia oxidation rate and to improve TN removal efficiencies
further, the DO concentrations were reset to 1.5mg/L after the ni-
trite pathwaywas successfully established in R1 and R2. The NH4

þ-N
concentrations gradually decreased after DO concentrations
increased to 1.5mg/L in R1, while the nitrite pathway was
destroyed as shown in Fig. 3, and the NO3

�-N and TN concentrations
increased accordingly. Thus, the highest TN removal rate achieved
in R1 was 61± 2.02% when the nitrite pathway was successfully
established under low DO of 0.5mg/L and a higher DO of 1.5mg/L
could easily destroy the nitrite pathway. In comparison, the NH4

þ-N
and TN concentrations decreased in R2 and meanwhile the nitrite
rent FNA concentrations and exposure times.



Fig. 3. Nitrite concentrations and nitrite accumulation ratio in the effluent of the control reactor (R1) and experimental reactor (R2).

Fig. 4. Long-term performance of nitrogen removal in the control reactor (R1) and experimental reactor (R2).
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pathway was remained as DO concentrations increased to 1.5mg/L
(Fig. 4). The best and stable TN removal performance in R2 was
acquired in Phase III for more than 100 days with an average value
of 76± 4.15%, which increased by 20% and 15%, respectively,
compared to that of Phase I and in stable nitrite pathway stage in
R1. Although the TN removal ratemight be little lower than those of
in other reports that used simulationwastewater and other kinds of
reactors, the TN concentrations in the effluence were lower than
the strictest wastewater discharge standard in China (15mg/L for
TN, the Grade I-A Discharge Standard) (Wang et al., 2014; Zhou
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et al., 2011).

3.3. Changes of sludge settleability and nitrification bacterial
activities and populations

The variations of sludge volume index (SVI), relative activities of
AOB and NOB, and the abundance of AOB (amoA) and NOB groups
(Nitrospira and Nitrobacter) were determined to verify the effects of
low DO and FNA treatment on sludge settleability and nitrifying
bacteria during establishment of nitrite pathway. Fig. 5 showed that
the relative activities of NOB dropped rapidly from 96.21% to
19.72%, and then to 5.12% as DO concentration decreased from1.5 to
0.5mg/L on Day 29, 59 and 95, respectively, in R1. In contrast, the
relative activities of AOB decreased slightly from 92.25% to 86.17%
and finally to 79.51% under the same conditions. The disparity
between activities of AOB and NOB under low DO concentrations
might contribute to the stable nitrite accumulation rate and
achievement of nitrite pathway at Phase II in R1, which was also
demonstrated in previous studies (Liu and Wang, 2013; Ma et al.,
2009). However, the decline rate of NOB populations was smaller
than that of NOB activities, which were 94.67% and 70.28%,
respectively. Although low DO concentration of 0.5mg/L in R1 is
unfavorable to NOB growth and activity, it was difficult to wash out
most of the NOB from the system (Liu et al., 2018; Yan et al., 2018).
The certain amount of NOB remained in the system multiplied
rapidly from 6.26� 106 to 2.80� 107 copies/g MLSS as the DO
Fig. 5. Variations of sludge settleability and nitrification bacterial activities and pop-
ulations of the control reactor (R1) and experimental reactor (R2). The populations
(copies/g MLSS) and relative abundance (%) of AOB and NOB were plotted in the pie
charts.
raised from 0.5mg/L to 1.5mg/L at Phase III in R1 (Table S1),
accompany with a rapid rise in NOB activities from 5.12% to
103.25%, which resulted in the decrease of nitrite accumulation and
destruction of nitrite pathway (Fig. 3). In R2, the addition of FNA
unit led to the decrease in AOB activities as DO concentration
decreased from 1.5mg/L to 0.5mg/L compared to R1, however, the
obvious disparity between activities of AOB and NOB could still be
observed. The relative activities of AOB and NOB under low DO
concentration of 0.5mg/L at the end of Phase II were 55.32% and
2.12%, respectively. Unlike to R1, there was no significant difference
(P> 0.05) between decline rate of NOB populations and NOB ac-
tivities. Moreover, no increase of NOB activities and populations
could be observed as the DO concentration raised from 0.5mg/L to
1.5mg/L.

The deterioration of sludge settleability could be clear observed
in the control reactor using low DO as the single strategy to
achieved nitrite pathway, with SVI increased from 104 to 156mL/g
as DO concentration decreased from 1.5mg/L to 0.5mg/L. The
results were consistent with previous researches that employed
DO control as the only or mainly selection factor to established
nitrite pathway. Ma et al. reported a negative impact of nitrite
pathway realized by controlling the DO concentration at
0.4e0.7mg/L on the sludge settleability (Ma et al., 2009). Shaopo
et al. also found that low DO (<1.0mg/L) could lead to poor sludge
settleability in a cyclic activated sludge technology (CAST) system
(Shaopo et al., 2011). The overgrowth of filamentous microor-
ganisms (Thiothrix spp., Type 021N and Type, 1851) under low DO
concentrations might contribute to the poorer sludge settleability,
which need further investigation though (Ma et al., 2013; Martins
et al., 2003). Similar to the previous report (Ma et al., 2009), the
SVI in R1 decreased to 98mL/g on Day 199, comparable (P> 0.05)
to that in the baseline phase (Phase I), as DO concentrations were
turned back to 1.5mg/L in Phase III. In the contrast, the SVI
decreased slightly from 108mL/g to 81mL/g as the combined
strategy of low DO and FNA sludge treatment were implied in R2,
which indicated that the deterioration of sludge settleability
caused by low DO was eliminated. It was reported that particle
size (d50) of the sludge decreased from around 185 to 50mm
following FNA treatment (Wang et al., 2013) and SVI positively
correlated significantly (P< 0.05) with floc size (Jin et al., 2003),
which might lead to good sludge settleability after FNA treatment.
On the other hand, biocidal effect of FNA could cause increasement
of extracellular polymeric substances (EPS) (Wang et al., 2019;
Zahedi et al., 2018), especially the content of protein, which was
recognized to be favorable for sludge settling (Chen et al., 2001;
He et al. 2017, 2018). A good sludge settleability was maintained in
the following experiment in R2, which agreed with the results of
previous studies that used the strategy of FNA sludge treatment to
achieve nitrite pathway (Wang et al. 2013, 2014). They found that
SVI in the experimental reactor was approximate to that in the
control reactor and the sludge settleability was not significantly
affected by FNA treatment.

3.4. Dynamics of functional genes related to nitrogen cycling

To investigate the changes of nitrogen cycling bacteria during
nitrite pathway establishment by independent low DO treatment
and low DO with FNA sludge treatment, the dynamics of corre-
sponding functional genes were analyzed. The proportions of the
quantified genes to total bacterial 16S rRNA gene copy number and
the alterations after the nitrite pathway establishment in R1 and R2
were calculated and presented in Fig. 6. The functional genes
relevant to ammonia oxidation (amoA) increased by 2.14%, while
the nitrite oxidation bacteria (Nitrospira and Nitrobacter, NOB)
decreased by 0.09% in R1, respectively. The results were consistent



Fig. 6. Dynamics of bacteria and functional genes related to nitrogen cycling.
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with the changes of functional bacteria copy number in sludge that
AOB were largely reserved (decreased slightly from 4.30� 107 to
2.96� 107 copies/g MLSS) while NOB were washed out (decreased
dramatic from 2.11� 107 to 6.26� 106 copies/g MLSS) during the
nitrite pathway establishment (Fig. 5, Table S1). It was a consensus
that the AOB remained and NOB were washed out during the
achievement of nitrite pathway regardless of which methods were
applied (Blackburne et al., 2008a; Liu et al., 2018). However, the
combined method of low DOwith FNA sludge treatment used in R2
exhibited the advantage on washing out NOB and resulted in a
larger decrement in proportion of 0.75% than that of R1. The copy
numbers of remained NOB in R1 and R2 at the end of Phase II were
6.26� 106 and 3.40� 105 copies/g MLSS (Fig. 5, Table S1), with the
relatives abundances of Nitrobacter being 17.14% and 1.78%,
respectively, which indicated that the combined strategy of low DO
with FNA sludge treatment could eliminate Nitrobacter more
effectively than low DO alone. The advantage of combined strategy
of low DO and FNA treatment on washing out NOB, especially
Nitrobacter, might be one of the contributing factors to the stable
nitrite pathway in R2. Moreover, functional genes involved in
reducing nitrate to nitrite (narG and napA) decreased by 0.25% in R2
during the establishment of nitrite pathway, while the number of
that in R1 was 0.05%. The reduction of nitrate to nitrite is a major
step that theoretically consumes 40% carbon source of the entire
denitrification demands, and the decline of nitrate reduction could
divert more surplus carbon source to bacteria participating in the
rest of nitrogen reduction process, and therefore improve the total
nitrogen removal performance (Qian et al., 2019; Zielinska et al.,
2016). Meanwhile, denitrifying bacteria that harbored nitrite
reductase genes (nirS and nirK) were also enriched in both R1 and
R2 during the establishment of nitrite pathway, with the increase
were 0.97% and 1.11%, respectively. It could be noticed that R2
depleted more nitrate reductase genes and enriched more nitrite
reductase genes than R1 simultaneously. This might be because
that treatment of sludge in FNA unit combined with low DO in the
main steam selectively remained denitrifiers that could only reduce
nitrite and eliminated denitrifiers that could only reduce nitrate
(Focht and Chang, 1975; Lu et al., 2014). It was agreed with our
previous study that the abundance of family Rhodocyclaceae,
including a majority of genera that could use nitrite as an electron
acceptor, such as Thauera, Zoogloea, and Dechloromonas, increased
slightly after FNA treatment (Jiang et al., 2018). The directional
selection and selective optimization of the combined strategy of
low DO and FNA treatment on denitrifying microbiology commu-
nity might be another contributing factor to the stable nitrite
pathway process in R2, which required further investigated though.
In addition, the achievement of nitrite pathway also facilitated the
enrichment of N2O reductase genes (nosZ), which reduces N2O to
N2. In R1, the portion of nosZ genes increased by 0.6%, significantly
smaller (P< 0.05) than the increment of nitrite reductase genes.
The significant difference between the increment of these two
kinds of functional genes might be one of the potential causes that
enhance the emission of N2Owhen lowDOwas applied as the main
selected factor to achieve nitrite way reported in previous studies
(Law et al., 2011; Mampaey et al., 2016; Wunderlin et al., 2012). By
comparison, similar amount of nitrite reductase genes (1.11%) and
oxide reductase genes (1.12%) were enriched in R2, which might be
explained the observations in some reports that N2O emission was
not increased as FNA-based technologies were used to establish
nitrite pathway (Wang et al. 2013, 2014, 2016b). However, there
were also article reported that N2O emission increased in a nitrite
pathway system with FNA treatment on account of nitrifier deni-
trification (Duan et al., 2018). Hence, more and further researches
are required to draw firm conclusions.

3.5. Implications for wastewater treatment

Nitrogen removal via nitrite pathway in the mainstream is
regarded as a promising technology to fulfill the increasing demand
of energy saving and resource-recovering wastewater treatment
processes. Achieving stable nitrite pathway is one of the major
bottlenecks for its wider practical applications. An approach with
great prospects that could establish stable nitrite pathway is
approached in this study. By treating sludge with FNA in side-
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stream and controlling DO concentrations in mainstream simulta-
neously, a long-term stable nitrite pathway is achieved in a
continuous process treating real sewage. Compared to previous
reports that combined FNA sludge treatment and DO control to
achieve nitritation, the following differentia are lying in our re-
searches. First of all, the FNA treatment unit and the low DO
(0.5mg/L) is not required constantly presented in this system. The
FNA treatment was stopped and DO concentrations were increased
to 1.5mg/L when stable nitrite pathway was achieved. One of the
advantages of casing FNA sludge treatment is that the operational
costs could be largely decreased by significant reduction of FNA
consumption and nitrite-containing water production from
washing FNA treated sludge, and appropriate treatment of the
latter should be seriously considered in practical applications. To
reduce this part of costs, a decrease of sludge treatment frequencies
from 1/4 to 1/8 (Wang et al., 2016a) and a low sludge treatment
frequency of 1/16 (Wang et al., 2017b) were implied by previous
researches, leading to no significant loss of the mainstream reactor
performance. Previous studies have revealed that the FNA-based
approach is economically favorable due to significant savings in
aeration energy, methanol addition and sludge handling, despite
the additional costs of FNA treatment (Duan et al., 2018;Wang et al.
2016a, 2017a). And the strategy proposed in this study could further
promote the favorableness in economy. Another advantage of cas-
ing FNA sludge treatment is reducing the potential NOB adaptation
to FNA treatment, whichwas reported in recent studies (Coats et al.,
2017; Duan et al., 2019) and resulted from resistance to FNA
treatment of NOB. Combining of appropriate NOB-controlling
strategies (FNA treatment and low DO) could potentially cope
with the NOB adaptation challenge in this study (Duan et al., 2019).
On the other hand, the advantages of increasing DO concentrations
to 1.5mg/L after the nitrite pathway is achieved are including
avoidance of ammonia oxidation inefficiency and sludge settle-
ability depression, which were reported to be a generally defect of
nitrite pathway achieved by low DO (Wunderlin et al., 2012; Zhou
et al., 2008). However, the deficiency of stopping FNA treatment
and increasing DO concentrations in the reactor cannot be
neglected too. The risks of destruction of nitrite pathway in the
mainstream could increase, with the presence of a slight amount of
NOB (mainly Nitrospira) and lack of any suppressing forces (FNA or
low DO). The breakdown of nitrite pathway did not occur in this
studymight be contributed from 1) the vastmajority of NOB (>99%)
were washed during the establishment of nitrite pathway under
combined selective pressures of FNA and low DO (Fig. 5, Table S1),
and moreover, most of the remained NOB are Nitrospira (>96%)
which were reported demonstrating no superiority over AOB under
a high DO (Gilbert et al., 2014; Regmi et al., 2014b; Wang et al.,
2016a); 2) apart from acclimation and optimization of nitrifying
bacterial community, the combined strategy of FNA treatment and
low DO could also acclimate and optimize the denifying bacterial
community through enriching nitrite and nitrous oxide reduction
denitrifiers and eliminating nitrate reduction denitrifiers simulta-
neously (Fig. 6), which enhanced the stability of nitrite pathway
against fluctuation of environmental factors. The other difference
between this study and previous studies is that a more represen-
tative continuous wastewater treatment process (AAO process) and
real wastewater were used in this study, which might be closer to
the actual situation andmore instructive to practical applications of
this technology, but it could lead to reactor performance not as
good as the sequencing batch reactor using synthetic wastewater.
For instance, a NAR of more 80% was achieved in an SBR treating
synthetic wastewater containing ammonium at 57mg of N/L
without organic carbon (Wang et al., 2016a) and a less N2O mission
was observed (Wang et al., 2016b). At last, it is worthy of note that a
longer experiments period in pilot-scale or full-scale tests are
required to fully verify the stability of the established nitrite
pathway and the feasibility of this strategy.
4. Conclusions

The feasibility of combining FNA sludge treatment and DO
control to establish nitrite pathway in a continuous flow system
using real sewage was assessed, and the reactor performance and
dynamics of functional bacteria related to nitrogen cycling were
investigated and compared.

The following conclusions were drawn.

C An FNA concentration of 1.2mgN/L and an exposure time of
18 h were optimum conditions to simultaneously inactivate
NOB completely and maintain AOB.

C The stable nitrite pathway was successfully established
through combining FNA sludge treatment and DO control
with the majority of NOB washout.

C An average nitrite accumulation rate of 78%, and an average
total nitrogen removal rate of 76% were achieved in a
continuous flow system at DO concentration of 1.5mg/L us-
ing real sewage, which increased by 20% and 15%, respec-
tively, compared to baseline phase and stable nitrite pathway
phase in control reactor established by only low DO control.

C The nitrite pathway established by combining FNA sludge
treatment and DO control showed better sludge settleability
and process stability than that established by DO control
merely as DO concentration raised from 0.5mg/L to 1.5mg/L.

C The nitrification and denitrification bacteria communities
were acclimated and optimized during the establishment of
nitrite pathway with elimination of NOB and nitrate reduced
bacteria and enrichment of AOB and nitrite reduced bacteria
and nitric oxide bacteria.
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