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Abstract
Anammox process is considered as a promising technology for removing total nitrogen from low-strength ammonium
and phenol-containing wastewater. However, it is still a challenge for the anammox process to treat high-strength
ammonium and phenol-containing wastewater. A completely separated partial nitritation and anammox (CSPN/A) pro-
cess was developed to remove total nitrogen from high-strength phenol-containing wastewater. About 92% of COD,
100% of phenol, and 82.4% of total nitrogen were successfully removed at a NH4

+-N concentration of 200 mg L−1 with
a phenol/NH4

+-N mass ratio of 0.5 in the CSPN/A process. Furthermore, a shock loading of 300 mg phenol L−1 with a
phenol/NH4

+-N mass ratio of 1.5 led to a complete failure of partial nitritation, but the performance was rapidly
recovered by the increase of NH4

+-N concentration. Although the activities of ammonium-oxidizing bacteria and
anammox bacteria were severely inhibited at a phenol/NH4

+-N mass ratio of 1.5, the enrichment of efficient phenol
degraders in the CSPN stage could strengthen the performance robustness of partial nitritation and anammox process.
Therefore, this study presented a new insight on the feasibility of the anammox process for treating high-strength
ammonium and phenol-containing wastewater.

Keywords Partial nitritation . Anammox process . Phenol . Ammonium-oxidizing bacteria . Performance robustness . Phenol
degraders

Introduction

Phenol and ammonium were identified as the two major com-
pounds in the coal gasification wastewater (Gai et al. 2008;
Zhuang et al. 2016). Conventional biological nitrogen remov-
al process not only consumed a lot of energy (Ma et al. 2016)
but also was susceptible to the toxicity of phenol (Lauchnor
and Semprini 2013). The partial nitritation/anammox (PN/A)
process was considered as one of the most feasible methods
for treating ammonium-containing wastewater (Li et al.
2017). Currently, almost 100 full-scale PN/A installations
were in operation or under construction/planning in the world
(Lackner et al. 2014). The anammox process was suitable to
remove nitrogen from low-strength phenol-containing waste-
waters and not necessarily to remove nitrogen from wastewa-
ters containing high-strength phenol. The adverse effect of
phenol on the anammox activity was observed when the con-
centration was less than 200 mg phenol L−1 (Yang et al. 2013).
Subsequently, the anammox activity was severely suppressed
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when the phenol concentration was about 300 mg L−1 (Pereira
et al. 2014). Therefore, the anammox technology was a prom-
ising strategy for efficiently removing nitrogen from phenol-
containing wastewater, but a stable partial nitritation stage
prior to the anammox reaction was essential to treat high-
strength phenol-containing wastewater (Li et al. 2011b).

Because the ammonium-oxidizing bacteria (AOB),
nitrite-oxidizing bacteria (NOB), and anammox bacteria
were easily affected by the changes of environmental con-
ditions (Liu et al. 2017b), the partial nitritation and
anammox process for treating high-strength phenol-con-
taining wastewater was challenging to control. Firstly, an
enrichment of AOB could be established by the suppres-
sion of NOB, but the tolerance of AOB and NOB to
phenol toxicity might differ (Gao et al. 2017). Secondly,
there were some potential inhibitory factors on the perfor-
mance of the anammox process treating phenol-containing
wastewater, such as high sensitivity of anammox micro-
organisms to environment conditions (Jin et al. 2013;
Pereira et al. 2014). Although the anammox bacteria
could adapt over an extended period to phenol-
containing wastewater at low phenol/NH4

+-N mass ratio
(Toh and Ashbolt 2002), the performance robustness was
weakened by the unstable partial nitritation. Therefore, a
more stable and controllable environment for AOB and
anammox bacteria in the phenol-containing wastewater
treatment process was critical.

This study aimed to develop a completely separated
partial nitritation and anammox (CSPN/A) process to re-
move nitrogen from phenol-containing wastewater.
Firstly, the effect of phenol/nitrogen (phenol/N) mass ratio
on the activities of AOB, NOB, and specific anammox
activity (SAA) was investigated. Furthermore, the perfor-
mance and recovery of CSPN/A process treating phenol-
containing wastewater were evaluated. Finally, the analy-
sis of the microbial community structure and activities in
the CSPN/A process were correspondingly discussed.

Materials and methods

Experimental setup and operation

The schematic diagram of the experimental setup is
shown in Fig. 1. A laboratory-scale CSPN/A system was
made up of two reactors, one continuous membrane bio-
reactor (MBR) for completely separated partial nitritation
(CSPN) and a sequencing batch reactor (SBR) for the
anammox reaction. The CSPN reactor was composed of
a cylindrical reactor with a working volume of 2.5 L and a
submerged membrane module with a nominal pore size of
0.2 μm and surface area of 0.21 m2. The CSPN reactor
was operated at a dissolved oxygen (DO) of 0.5 mg L−1

and pH of 8.0. The temperature and hydraulic retention
time (HRT) in the CSPN reactor were set at 35 ± 2 °C and
24 h, respectively. The working volume of the SBR was
1.6 L. The effluent of CSPN reactor was stripped with
nitrogen gas in a sealed container with an exhaust pipe
at the top. After flushing with nitrogen gas, the solution
pH was adjusted to 6.8–7.0. The final concentration of
ammonium, nitrite, nitrate, and phenol were measured as
the influent quality of anammox stage. Subsequently, the
effluent was pumped into the SBR which was operated at
a temperature of 35 °C and a HRT of 17.3 h.

The operation of CSPN/A process was divided into
three phases. During the start-up period (phase I, 1–
125 days), the influent concentrations of NH4

+-N and phe-
nol were 200 and 100 mg L−1, respectively. During the
phenol shock period (phase II, 137–161 days), the influent
phenol concentration was increased to 300 mg L−1 in the
CSPN reactor. During the recovery period (phase III, 172–
206 days), the influent concentration of NH4

+-N was in-
creased to 600 mg L−1 in the CSPN reactor, but the effluent
of CSPN reactor was equally split into two streams. One
stream was pumped into the initial anammox reactor. The
other stream was pumped into a control anammox reactor
that was not exposed to phenol.

Inoculum and synthetic wastewater

The inoculum of the CSPN reactor was activated sludge ob-
tained from a full-scale municipal wastewater treatment plant
(SBR process, treatment capacity 50,000 t day−1) in Hefei,
China. The concentrations of mixed liquid suspended solids
(MLSS) and mixed liquid volatile suspended solids (MLVSS)
were 4.6 and 2 g L−1, respectively, in the CSPN reactor. The
inoculated sludge of the SBR was collected from a high-rate
anammox reactor with a maximum nitrogen removal rate of
0.36 kgNm−3 day−1. The seed sludge was brick red anammox
granular sludge with SAA of 73.20 ± 1.04 mg NH4

+-
N g−1 VSS day−1. The dominant anammox genus of sludge
was Candidatus Kuenenia with a relative abundance of
39.31%. The inoculum concentrations of the SBR were
4.86 g MLSS L−1 and 2 g MLVSS L−1, respectively. The
CSPN reactor was fed with the wastewater containing (mg
L−1) NH4Cl (382–2293), phenol (100–300), MgSO4·7H2O
(300), KHCO3 (400–600), CaCl2·2H2O (180), KH2PO4

(25), and 1 mL of micronutrients I and II. The composition
of micronutrients I and II was previously described by Yang
and Jin (2012).

The effect of phenol/N ratio on the activities of AOB,
NOB, and SAA

The effect of phenol/NH4
+-N mass ratio on the maximum

NH4
+-N depletion rates of the activated sludge that was not
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acclimated with phenol was assessed in batch assays. Phenol
concentrations of 0, 5, 10, 15, and 100 mg L−1 were respec-
tively dosed to the beakers filled with activated sludge of
1.5 g VSS L−1 and incubated at 30 °C in a shaker. The activ-
ities of AOB were calculated based on the NH4

+-N depletion
rate (mg NH4

+-N g−1 VSS day−1). Similarly, the shock of
phenol/NO2

−-N mass ratio on the maximum NO2
−-N deple-

tion rate of the activated sludge was also elucidated. The con-
centrations of NO2

−-N and activated sludge were set at
15 mg L−1 and 1.5 g VSS L−1 in the beakers with phenol
concentrations of 0, 5, 10, 15, and 100 mg L−1, respectively.
The activity of NOB was measured by NO2

−-N depletion rate
(mg NO2

−-N g VSS−1 day−1). The effect of phenol/NH4
+-N

mass ratio on the specific anammox activity (SAA) of non-
acclimated to phenol sludge was operated using 250 mL se-
rum bottles with sludge concentration of 1.5 g VSS L−1. Both
the concentrations of NH4

+-N and NO2
−-N were initially con-

trolled at 50 mg L−1. The serum bottles were incubated with 0,
20, 50, and 100 mg phenol L−1, respectively. The mixing rate
and temperature were controlled at 150 rpm and 35 °C, re-
spectively, and all tests were performed in duplicate. The
NH4

+-N depletion rate was assessed to calculate the SAA of
the sludge and was expressed as mg NH4

+-N g VSS−1 day−1.
The activity tests were carried out as previous studies
(Dapena-Mora et al. 2004; Tang et al. 2009; Wu et al. 2016).

Phenol utilization rate of sludge

The substrate utilization rate (SUR) of phenol was used to
evaluate the phenol depletion rate of the sludge in the CSPN

reactor. The concentration of phenol was controlled at
20 mg L−1 with a mass ratio of phenol to sludge of 1:40.
The details of SUR tests were carried out as described by
Wang et al. (2017). All SUR tests were performed in triplicate.

Other analytical methods and statistical data analysis

The concentrations of COD, NO3
−-N, NO2

−N, NH4
+-N,

MLSS, and MLVSS were determined according to the
Standard Methods (APHA 2005). The activities of AOB,
NOB, and SUR of sludge taken from the CSPN reactor
and SAA of sludge taken from the anammox reactor were
also detected in the end of each phase. The concentration of
phenol was monitored following the method described in
Wang et al. (2017), with the high-performance liquid chro-
matography system (1260 Infinity; Agilent Inc., USA). The
sludge taken from the CSPN reactor (MBR) was used to
analyze the microbial community structure. The PCR
primers used were V4 universa l pr imers (515F:
G T G C C A G CMG C C G C G G TA A a n d 8 0 6 R :
GGACTACHVGGGTWTCTAAT). The high-throughput
sequencing was performed using the Illumina Miseq plat-
form (Illumina, Inc., San Diego, CA, USA). All analysis
workflow was performed by Sangon Biotech Co., Ltd.
(Sangon, China). The effect of phenol/N mass ratio on the
sludge activity among the test and control groups, including
the activities of AOB, NOB, and SAA of sludge, was statis-
tically assessed by a one-way ANOVAmethod using Origin
version 9.1 (OriginLab Corporation, USA).

Fig. 1 Schematic diagram of
experimental setup
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Results and discussion

Effect of phenol/N mass ratios on the activities
of AOB, NOB, and SAA of sludge

The effect of phenol/N mass ratio on the activities of AOB,
NOB, and SAA of sludge are shown in Fig. 2. The results
indicated that the activity of AOB decreased from 115
(control group) to 35 mg NH4

+-N g−1 VSS day−1 at a
phenol/N ratio of 0.17. Furthermore, it was completely
inhibited by the increase of phenol/NH4

+-N mass ratio
from 0.33 to 1.67. The phenol/NH4

+-N mass ratio had a

significant impact on the activity of AOB (p = 0.0232, <
0.05). For the NOB, the bacterial activity showed a better
tolerance to phenol than the AOB. The activities of NOB
were around 90 mg NO2

−-N g−1 VSS day−1 in the control
group. There was no evident decrease of NOB activity
when the phenol/NO2

−-N mass ratio was increased from
0 to 0.67 (p = 0.7771, > 0.05). Moreover, the activity of
NOB was gradually decreased to around 80 and 55 mg
NO2

−-N g−1 VSS day−1 at a phenol/NO2
−-N mass ratio of

1.33 and 3.33, respectively. No statistically significant dif-
ference of NOB activity was observed between phenol/
NO2

−-N mass ratio at 0 and 1.33 (p = 0.0573, > 0.05),
while the difference between the ratios of 0 and 3.33 was
significant (p = 0.0075, < 0.05). Therefore, the partial ni-
tration was easily inhibited because the AOB was more
sensitive to the toxicity of phenol than NOB. Liu et al.
(2005) reported that 20 mg L−1 phenol decreased the
SUR of AOB by half while the SUR of NOB was only
decreased by 10%. As demonstrated by Guo et al. (2017),
AOB was more sensitive to phenol stress than NOB due to
a DO concentration imbalance in the bulk liquid. Phenol
would reduce the NH4

+-N oxidation rate, and the con-
sumption of nitrite was not affected (Toh and Ashbolt
2002). For the anammox bacteria, the maximum SAA of
140 mg NH4

+-N g−1 VSS day−1 was obtained at the control
group. When the phenol/NH4

+-N mass ratio was increased
from 0 to 2, the SAA of sludge was reduced by 20% as
compared to the control group and remained at 100 mg
NH4

+-N g−1 VSS d−1. There was no significant difference
of SAA of sludge between the phenol/NH4

+-N mass ratio
of 0 and 1 (p = 0.1243, > 0.05). The SAA of sludge was
decreased to 100 mg NH4

+-N g−1 VSS day−1 at the phenol/
NH4

+-N mass ratio of 2, which was significant when com-
pared to the SAA of sludge at the control group (p =
0.0232, < 0.05). The batch test performed by Yang et al.
(2013) showed that 672 mg L−1 phenol brought out 50%
inhibition on anammox. The inhibition of anaerobic am-
monia oxidation by phenol might be attributed to the phe-
nol toxicity which had significant impact on cell mem-
brane, improving the cell membrane permeability
(Beristain-Cardoso et al. 2009). However, the tolerance
of anammox bacteria to phenol was higher than the AOB
and NOB, which indicated that the anammox process was
feasible to be applied in phenol-containing wastewater
treatment. The control of partial nitritation was the key step
for treating phenol-containing wastewater by anammox
treatment, which also played an important role in the re-
duction of phenol concentration and decline of phenol/
NH4

+-N mass ratio at the anammox stage. In order to re-
duce the toxicity of phenol on the AOB, the aeration and/or
dilution methods could be used while the microbial com-
munity structure of anammox process was hampered
(Lauchnor and Semprini 2013; Li et al. 2011a; Miao et
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al. 2018). Therefore, the complete separation of partial
nitritation and anammox reaction might be favorable for
controlling the different microbial structure dynamics
against phenol toxicity.

Long-term operation of CSPN/A process
at a phenol/NH4

+-N mass ratio of 0.5 (phase I)

Variations of NH4
+-N, NO2

−-N, NO3
−-N, and COD concen-

tration in the CSPN/A process at phase I are shown in Fig. 3.
Correspondingly, the average removal efficiencies of NH4

+,
phenol, COD, and TN in the CSPN/A system are shown in
Table S1. The influent concentrations of NH4

+-N and phenol
were maintained at 200 and 100 mg L−1, respectively, with
corresponding nitrogen loading rate of 0.2 kg N m−3 day−1

and phenol loading rate of 0.1 kg m−3 day−1. In the CSPN
reactor, the effluent concentrations of NH4

+-N, NO2
−-N, and

COD were about 94.08 ± 24.61, 80.24 ± 23.22, and 105.07 ±
36.26 mg L−1, respectively, from days 15 to 25. Since day 28,
the effluent of CSPN reactor was treated by the anammox
reactor. From days 115 to 125, the effluent concentrations of
NH4

+-N, NO2
−-N, and COD were about 80.44 ± 8.80, 79.38

± 12.38, and 12.04 ± 40.44 mg L−1, respectively, in the CSPN
reactor. Evidently, NO2

−-N accumulation and phenol removal
could be rapidly carried out in the CSPN reactor. The ratio of
NO2

−-N to NH4
+-N reached around 1.05. Between days 86

and 125, the concentrations of NH4
+-N and NO2

−-N were
about 4.7 and 6.4 mg L−1 in the effluent of anammox reactor,

and the corresponding removal efficiency of total nitrogen
(TN) reached about 82.4%. Thus, the CSPN/A process was
successfully started within 15 days and operated stably for
more than 100 days with 100 mg phenol L−1. This time was
shorter than the start-up period of previous studies such as
23 days (Liang et al. 2011), 36 days (Wyffels et al. 2004),
and 67 days (Huang et al. 2016).

At the end of phase I, the activity of AOB only decreased
from 133.60 ± 4.53 to 122.24 ± 2.45mgN g−1 VSS day−1, and
the SAA of sludge slightly decreased from 73.20 ± 1.04 to
57.37 ± 2.20 mg N g−1 VSS day−1. Furthermore, the NOB
activity was completely suppressed in the CSPN reactor.
Although the repression of NOB could be achieved by limit-
ing the DO (Wu et al. 2016), the control level was high. In
the CSPN reactor, the oxygen diffusion was easier to con-
trol due to high concentration of sludge and complete
mixing. Because organic compounds promoted the hetero-
trophic nitrifying bacteria which competed with NOB for
nitrite (Li et al. 2016), the proliferation of heterotrophic
nitrifying bacteria was limited by the lower COD/N ratio
(Wang et al. 2016). Consequently, the CSPN reactor could
efficiently remove phenol and suppress the proliferation of
heterotrophic nitrifying bacteria in the anammox reactor,
providing a high-quality effluent for feeding the anammox
bacteria. The heterotrophic nitrifying bacteria would com-
pete with anammox bacteria for nitrite (Chen et al. 2016;
Qin et al. 2017), and the membrane filtration of CSPN
reactor not only avoided the loss of AOB but also
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minimized the populations’ competition in the anammox
reactor.

Shock of phenol concentration (phase II)
and the recovery performance (phase III)
of the CSPN/A process

Variations of NH4
+-N, NO2

−-N, NO3
−-N, and COD concentra-

tions in the CSPN/A process at phases II and III are shown in
Fig. 4. When the CSPN reactor was subjected to a shock con-
centration of 300 mg phenol L−1 at phase II, the phenol/NH4

+-
N ratio was increased from 0.5 (phase I) to 1.5 g phenol g−1 N
(phase II) in the CSPN reactor. The effluent concentration of
NH4

+-N rapidly increased to about 166.5 mg L−1 and almost no
NO2

−-N was detected. Consequently, the concentration of
NH4

+-N increased to about 169.60 ± 11.91 mg L−1 in the efflu-
ent of anammox reactor from days 153 to 161. The total nitro-
gen removal was completely lost in the anammox reactor.
Interestingly, the activities of AOB and NOB, and the SAA of
sludge were completely suppressed, but the SUR of sludge was
significantly increased from 193.02 ± 1.75 (phase I) to 436.71
± 10.73 mg phenol g−1 VSS day−1 (phase II) (as shown in
Table 1). The shock of phenol concentration of 300 mg L−1

did not cause an accumulation of phenol in the effluent of
CSPN reactor. Pereira et al. (2014) indicated that the depletion
of phenol (300 mg L−1) would increase the growth of
denitrifying bacteria which could degrade aromatic com-
pounds. Xu et al. (2016) observed that the relative abundance

of AOB and denitrifying bacteria denoted opposite variations
when phenol/NH4

+-N ratio increased from 0.27 to 1.35, rang-
ing from 30.1 to 17.5% and 7.6 to 18.2%, respectively.
Therefore, the growth of heterotrophic bacteria would compete
with AOB for oxygen at low DO concentra t ion
(Giustinianovich et al. 2016; Liang et al. 2014; Zhang et al.
2012). Furthermore, the inhibition of partial nitritation resulted
in the long-term lack of nitrite in the anammox reactor. The
populations’ competition for a nitrite among three anammox
bacteria was also found in the nitrite-limited bioreactor, contrib-
uting to the decrease of three species (Zhang et al. 2017). In the
starvation experiment, the death and decay rates of anammox
bacteria were 0.011 and 0.015 day−1, respectively, and the death
of anammox bacteria was the main cause of decreased activity
under starvation conditions (Wang et al. 2018). Pereira et al.
(2014) found that nitrogen removal efficiency of anammox was
still around 90% at 200 mg L−1 phenol with phenol/NH4

+-N of
approximately 2. Yang et al. (2013) reported that 50 mg L−1

phenol with phenol/NH4
+-N of 0.19 caused 89% inhibition on

nitrogen removal in anammox reactor. Therefore, the long-term
absence of nitrite was the main reason for the suppression of
anammox bacteria. The performance failure of CSPN process
could not be attributed to the toxicity of phenol, but the shift of
microbial community structure was caused by the increase of
phenol/NH4

+-N ratio in the CSPN reactor.
Subsequently, the influent concentration of NH4

+-N in the
CSPN reactor was increased to 600 mg L−1 with the phenol/
NH4

+-N ratio decreasing to 0.5 g phenol g−1 N at phase III.
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The activated sludge in a SBR reactor recovered the nitrogen
removal efficiency in 52 days after stopping the addition of
30 mg L−1 of 2,4-dichlorophenol (Lim et al. 2012). Toh and
Ashbolt (2002) found that nearly 30 days were required for
recovery of partial nitritation when dosing of 250 mg L−1 phe-
nol. The inhibition of 715 mg L−1 phenol shock needed
3 weeks to be overcome (Kim et al. 2011). Since day 191,
the effluent concentrations of NO2

−-N and NH4
+-N was about

264.6 and 254.4 mg L−1 at the mass ratio of NO2
−-N to NH4

+-
N of 1.05. At the phenol concentration of 300 mg L−1, the
CSPN reactor only spent 19 days to reestablish a stable per-
formance. The activity of AOB was 144.36 ± 3.67 mg NH4

+-
N g−1 VSS day−1 at the end of phase III, which was higher
than that of phase I. The shock of phenol concentration caused
the inferiority of AOB to the oxygen utilization while the
toxicity of phenol on the AOB. Therefore, the high concen-
tration of phenol could be rapidly degraded by the efficient
phenol degraders in the CSPN reactor, but the control of phe-
nol/NH4

+-N ratio played an important role for the recovery of
AOB activity.

For the anammox reactor, although the HRTwas extended
to 34.6 h at phase III, the anammox bacteria were still irre-
versibly suppressed. In the control anammox reactor, the total
nitrogen removal efficiency was more than 80% with the ef-
fluent NH4

+-N, NO2
−-N, and NO3

−-N concentrations of about
19.60, 25.33, and 36.74 mg L−1, respectively. The SAA of
sludge in the control anammox reactor was around 75.42 mg
NH4

+-N g−1 VSS day−1 at the end of experiment. There was
an increasing consensus that the anammox activity was se-
verely inhibited by high concentration of nitrite (Bettazzi et
al. 2010; Jaroszynski et al. 2011). Egli et al. (2001) pointed out
that the anammox bacteria would be completely deactivated
when the concentration of nitrite was more than 185 mg L−1.
Jetten et al. (1998) observed a complete inhibition of the
anammox process when the concentration of nitrite was
higher than 280 mg L−1. At phase III, the influent concentra-
tion of nitrite was around 194.23 mg L−1 in the anammox
reactor which could operate stably. The results indicated that
the CSPN/A process was completely feasible to treat the
wastewater containing 300 mg L−1 of phenol and
600 mg L−1 of NH4

+-N.

Analysis of microbial community structure

The microbial community structure in the CSPN reactor at
genus level is displayed in Fig. 5. The results showed a strong
shift of microbial community structure among the three
phases. In phase I, the relative abundances of dominant genera
were Pseudofulvimonas (14.66%), Gemmatimonas (14.57%),
Nitrosomonas (9.99%), Aquimonas (6.14%), Zoogloea
(3.77%), Thauera (3.23%), and Truepera (2.69%). Among
of them, the genus Pseudofulvimonas existed in the treatment
of ammonium and high organic containing wastewater (El-
Fadel et al. 2018). Gemmatimonas genus was able to metab-
olize a restricted range of substrates, such as benzoate,
methoxy, and hydroxybenzoate (Braga et al. 2015).
Nitrosomonas genus belonged to AOB which could oxidize
ammonium (Liu et al. 2017a). Zoogloea genus was widely
reported as phenol degrader under anaerobic conditions
(Braga et al. 2015). Thauera genus was regarded as
denitrifying bacteria, which could degrade nitrite and phenol
(Garrity et al. 2005). As one of the most abundant genera,
Aquimonas was found in a nitritation air-lift reactor under
long-term HRT (Ali et al. 2016). Truepera genus exhibited
positive relationships with degradation of aromatics (Zhang
et al. 2015). Evidently, the dominant bacteria were phenol
degrading and ammonium oxidizing bacteria, indicating that
the microbial community structure was responsible for
degrading phenol and oxidizing ammonium at the phenol/
NH4

+ ratio of 0.5.
After the shock of 300 mg phenol L−1 at phase II, the

relative abundances of Thermomonas, Thauera, Arenimonas,
and Brevundimonas increased to 19.50, 13.88, 11.74, and
9.73%, respectively. On the contrary, the relative abundance
percentage ofGemmatimonas and Nitrosomonas decreased to
2.1 and 0.16%. Thauera was reported as denitrifying bacteria
and phenol degrader (Garrity et al. 2005; Shinoda et al. 2004);
however, there was still no denitrification due to complete
inhibition of ammonium oxidation. Moreover, the abundance
of Thauera increased with the higher loading of phenol, which
indicated its strong tolerance to phenol toxicity. Thermomonas
and Arenimonas, affiliated to denitrifying bacteria (Jia et al.
2016; Remmas et al. 2016), and Brevundimonas, which could

Table 1 The activities of AOB,
NOB, and SUR of sludge in the
CSPN reactor and SAA of sludge
in the anammox reactor

Reactor Activity* Seed Phase I Phase II Phase III

CSPN AOB 133.60 ± 4.53 122.24 ± 2.45 0 144.36 ± 3.67

NOB 53.71 ± 1.93 0 0 0

SUR 202.32 ± 1.84 193.02 ± 1.75 436.71 ± 10.73 383.41 ± 9.02

Anammox SAA 73.20 ± 1.04 57.37 ± 2.20 0 0

Control 130.10 ± 2.61 – – 75.42 ± 5.07

*AOB activity, mg NH4
+ -N g−1 VSS day−1 ; NOB activity, mg NO2

− -N g−1 VSS day−1 ; SUR, mg phenol g−1

VSS day−1 ; SAA, mg NH4
+ -N g−1 VSS day−1
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degrade aromatic compounds, sorely appeared at phase II.
There was lack of nitrite and nitrate for the heterotrophic
denitrifying bacteria, thus the denitrifying function was sup-
pressed. Thermomonas, Arenimonas, and Brevundimonas
were mainly responsible for organic degradation when the
concentration of phenol increased to 300 mg L−1. The reduc-
tion of the relative abundance of Gemmatimonas could be
attributed to the increase of heterotrophic bacteria which could
compete for substrate uptake. The decrease of the relative
abundance of Nitrosomonas was related to its poor tolerance
to phenol toxicity (Lauchnor and Semprini 2013).

When the phenol/NH4
+-N ratio was decreased to

0.5 g phenol g−1 N at phase III, the relative abundance of
Nitrosomonas was recovered to 2.55% in the CSPN reactor.
Luteimona (30.89%), Thauera (14.17%), Gemmatimonas
(11.46%), and Pseudomonas (8.31%) became the dominant
phenol degraders at phase III. Emergent heterotrophic
denitrifying bacteria, such as Thermomonas (0.31%), were
suppressed when the partial nitritation was reestablished.
These findings were in accordance with the aforementioned
results obtained from the changes of AOB, NOB activities and
SUR for phenol. Thereby, the efficient phenol degraders and
phenol/NH4

+-N ratio in the CSPN reactor played a key role to
maintain the performance robustness of the anammox reactor.
Moreover, the recovery of AOB and suppression of NOB
could be carried out by controlling phenol/NH4

+-N ratio at
0.5 with 300 mg phenol L−1 and 600 mg NH4

+-N L−1.
Likewise, Thermomonas, dominating at phase II for denitrifi-
cation, was severely suppressed, but the relative abundance of
Thauera, Gemmatimonas, and Pseudomonas increased with
the increase of phenol loading rate, which ensured the fast
degradation rate of phenol. Denitrifying bacteria, such as
Thauera and Pseudomonas, also appeared in the anammox

reactor after the addition of phenol which could degrade phe-
nol and alleviate its toxicity (Beristain-Cardoso et al. 2009;
Pereira et al. 2014). Although the inhibition of anammox by
phenol was reversible at a concentration of 50 mg phenol L−1

(Yang et al. 2013), the irreversible inhibition of SAA was
observed when phenol was completely eliminated. As dem-
onstrated in the present study, the potential impact of nitrite on
the anammox reactor performance was remarkable. Although
nitrite was the substrate of anammox bacteria, nitrite concen-
trations above a certain range would clearly have an inhibitory
effect on anammox bacteria (Jin et al. 2012). Isaka et al.
(2007) found that anammox was inhibited when nitrite con-
centration was more than 280 mg L−1. Moreover, 50% inhi-
bition of anammox activity was observed when the nitrite
concentration increased to 400 mg L−1 (Lotti et al. 2012). As
a result, the CSPN reactor could make the partial nitritation
operated possible at 300 mg L−1 phenol, and the control of
phenol/NH4

+-N ratio was an important parameter to maintain
the performance robustness of CSPN/A process treating phe-
nol and ammonium containing wastewater.

Conclusion

The CSPN/A process could efficiently remove total nitrogen
from the synthetic high-strength wastewater containing
300 mg L−1 of phenol and 600 mg L−1 of NH4

+-N.
Although the tolerance of anammox bacteria to phenol was
higher than the AOB and NOB, the inhibition of AOB at
phenol/NH4

+-N ratio of 1.5 g phenol g−1 N caused a long-
term lack of nitrite in the anammox reactor that was responsi-
ble for the suppression of anammox bacteria. Therefore, the
high phenol concentration was not the limiting factor for the
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anammox process, but the control of phenol/NH4
+-N ratio

was necessary to make the operation of the CSPN/A system
possible at a phenol concentration of 300 mg L−1.

Acknowledgments This work was supported by the CAS Key
Laboratory of Urban Pollutant Conversion, University of Science and
Technology of China (KF201702), National Science Foundation of
China (51208164), and Project of Science and Technology in Anhui
Province of China (1501041130).

References

Ali M, Chai LY, Min XB, Tang CJ, Afrin S, Liao Q, Wang HY, Peng C,
Song YX, Zheng P (2016) Performance and characteristics of a
nitritation air-lift reactor under long-term HRT shortening. Int
Biodeterior Biodegrad 111:45–53. https://doi.org/10.1016/j.ibiod.
2016.04.003

APHA (2005) Standard methods for the examination of water and waste-
water, 21rd edn. USA, Washington DC

Beristain-Cardoso R, Texier AC, Alpuche-Solís Á, Gómez J, Razo-Flores
E (2009) Phenol and sulfide oxidation in a denitrifying biofilm re-
actor and its microbial community analysis. Process Biochem 44:
23–28. https://doi.org/10.1016/j.procbio.2008.09.002

Bettazzi E, Caffaz S, Vannini C, Lubello C (2010) Nitrite inhibition and
intermediates effects on Anammox bacteria: a batch-scale experi-
mental study. Process Biochem 45:573–580. https://doi.org/10.
1016/j.procbio.2009.12.003

Braga JK, Motteran F, Silva EL, Varesche MBA (2015) Evaluation of
bacterial community from anaerobic fluidized bed reactor for the
removal of linear alkylbenzene sulfonate from laundry wastewater
by 454-pyrosequence. Ecol Eng 82:231–240. https://doi.org/10.
1016/j.ecoleng.2015.04.083

Chen CJ, Sun FQ, Zhang HQ, Wang JF, Shen YL, Liang XQ (2016)
Evaluation of COD effect on anammox process and microbial com-
munities in the anaerobic baffled reactor (ABR). Bioresour Technol
216:571–578. https://doi.org/10.1016/j.biortech.2016.05.115

Dapena-Mora A, Campos JL, Mosquera-Corral A, Jetten MSM, Méndez
R (2004) Stability of the ANAMMOX process in a gas-lift reactor
and a SBR. J Biotechnol 110:159–170. https://doi.org/10.1016/j.
jbiotec.2004.02.005

Egli K, Fanger U, Alvarez PJJ, Siegrist H, van de MEERJR, Zehnder
AJB (2001) Enrichment and characterization of an anammox bacte-
rium from a rotating biological contactor treating ammonium-rich
leachate. Arch Microbiol 175:198–207. https://doi.org/10.1007/
s002030100255

El-FadelM, Sleem F, Hashisho J, Saikaly PE, Alameddine I, Ghanimeh S
(2018) Impact of SRTon the performance ofMBRs for the treatment
of high strength landfill leachate. Waste Manag 73:165–180. https://
doi.org/10.1016/j.wasman.2017.12.003

Gai HJ, Jiang YB, Qian Y, Kraslawski A (2008) Conceptual design and
retrofitting of the coal-gasification wastewater treatment process.
Chem Eng J 138:84–94. https://doi.org/10.1016/j.cej.2007.05.032

GaoMM,DiaoMH,Yuan SS,WangYK, XuH,WangXH (2017) Effects
of phenol on physicochemical properties and treatment perfor-
mances of partial nitrifying granules in sequencing batch reactors.
Biotechnol Rep 13:13–18. https://doi.org/10.1016/j.btre.2016.12.
002

Garrity G, Brenner DJ, Kreig N, Staley J (2005) Bergey's manual of
systematic bacteriology vol. 2 part C. The Alpha-, Beta-, Delta-,
and Epsilonproteobacteria. Springer, New York

Giustinianovich EA, Campos JL, Roeckel MD (2016) The presence of
organic matter during autotrophic nitrogen removal: problem or

opportunity? Sep Purif Technol 166:102–108. https://doi.org/10.
1016/j.seppur.2016.04.012

Guo Q, Shi ZJ, Yang CC, Huang M, Xu JL, Xu YQ, Ni WM, Jin RC
(2017) Individual and combined inhibition of phenol and thiocya-
nate on microbial activity of partial nitritation. Environ Sci Pollut
Res 24:14207–14217. https://doi.org/10.1007/s11356-017-9024-3

Huang XW, Urata K, Wei QY, Yamashita Y, Hama T, Kawagoshi Y
(2016) Fast start-up of partial nitritation as pre-treatment for
anammox in membrane bioreactor. Biochem Eng J 105:371–378.
https://doi.org/10.1016/j.bej.2015.10.018

Isaka K, Sumino T, Tsuneda S (2007) High nitrogen removal perfor-
mance at moderately low temperature utilizing anaerobic ammoni-
um oxidation reactions. J Biosci Bioeng 103:486–490. https://doi.
org/10.1263/jbb.103.486

Jaroszynski LW, Cicek N, Sparling R, Oleszkiewicz JA (2011)
Importance of the operating pH inmaintaining the stability of anoxic
ammonium oxidation (anammox) activity in moving bed biofilm
reactors. Bioresour Technol 102:7051–7056. https://doi.org/10.
1016/j.biortech.2011.04.069

Jetten MSM, van de Pas-Schoonena KT, Schalk J, van Dongen UGJM,
van de Graafa AA, Logemann S, Muyzer G, van Loosdrecht MC,
Kuenen JG (1998) The anaerobic oxidation of ammonium. FEMS
Microbiol Rev 22:421–437. https://doi.org/10.1016/S0168-
6445(98)00023-0

Jia SY, Han HJ, Zhuang HF, Hou BL (2016) The pollutants removal and
bacterial community dynamics relationship within a full-scale
British gas/Lurgi coal gasificationwastewater treatment using a nov-
el system. Bioresour Technol 200:103–110. https://doi.org/10.1016/
j.biortech.2015.10.005

Jin RC, Yang GF, Yu JJ, Zheng P (2012) The inhibition of the Anammox
process: a review. Chem Eng J 197:67–79. https://doi.org/10.1016/j.
cej.2012.05.014

Jin RC, Zhang QQ, Yang GF, Xing BS, Ji YX, Chen H (2013) Evaluating
the recovery performance of the ANAMMOX process following
inhibition by phenol and sulfide. Bioresour Technol 142:162–170.
https://doi.org/10.1016/j.biortech.2013.05.022

Kim YM, Cho HU, Lee DS, Park D, Park JM (2011) Influence of oper-
ational parameters on nitrogen removal efficiency and microbial
communities in a full-scale activated sludge process. Water Res
45:5785–5795. https://doi.org/10.1016/j.watres.2011.08.063

Lackner S, Gilbert EM, Vlaeminck SE, Joss A, Horn H, van Loosdrecht
MCM (2014) Full-scale partial nitritation/anammox experiences—
an application survey. Water Res 55:292–303. https://doi.org/10.
1016/j.watres.2014.02.032

Lauchnor EG, Semprini L (2013) Inhibition of phenol on the rates of
ammonia oxidation by Nitrosomonas europaea grown under batch,
continuous fed, and biofilm conditions. Water Res 47:4692–4700.
https://doi.org/10.1016/j.watres.2013.04.052

Li HQ, Han HJ, Du MA, Wang W (2011a) Inhibition and recovery of
nitrification in treating real coal gasification wastewater with mov-
ing bed biofilm reactor. J Environ Sci (China) 23:568–574. https://
doi.org/10.1016/S1001-0742(10)60449-4

Li XM, Xiao Y, Liao DX, Zheng W, Yi T, Yang Q, Zeng GM (2011b)
Granulation of simultaneous partial nitrification and Anammox bio-
mass in one single SBR system. Appl Biochem Biotechnol 163:
1053–1065. https://doi.org/10.1007/s12010-010-9108-8

Li JZ, Meng J, Li JL, Wang C, Deng KW, Sun K, Buelna G (2016) The
effect and biological mechanism of COD/TN ratio on nitrogen re-
moval in a novel upflow microaerobic sludge reactor treating
manure-free piggery wastewater. Bioresour Technol 209:360–368.
https://doi.org/10.1016/j.biortech.2016.03.008

Li X, Huang Y, Yuan Y, Bi Z, Liu X (2017) Startup and operating char-
acteristics of an external air-lift reflux partial nitritation-
ANAMMOX integrative reactor. Bioresour Technol 238:657–665.
https://doi.org/10.1016/j.biortech.2017.04.109

Environ Sci Pollut Res (2019) 26:33917–33926 33925

https://doi.org/10.1016/j.ibiod.2016.04.003
https://doi.org/10.1016/j.ibiod.2016.04.003
https://doi.org/10.1016/j.procbio.2008.09.002
https://doi.org/10.1016/j.procbio.2009.12.003
https://doi.org/10.1016/j.procbio.2009.12.003
https://doi.org/10.1016/j.ecoleng.2015.04.083
https://doi.org/10.1016/j.ecoleng.2015.04.083
https://doi.org/10.1016/j.biortech.2016.05.115
https://doi.org/10.1016/j.jbiotec.2004.02.005
https://doi.org/10.1016/j.jbiotec.2004.02.005
https://doi.org/10.1007/s002030100255
https://doi.org/10.1007/s002030100255
https://doi.org/10.1016/j.wasman.2017.12.003
https://doi.org/10.1016/j.wasman.2017.12.003
https://doi.org/10.1016/j.cej.2007.05.032
https://doi.org/10.1016/j.btre.2016.12.002
https://doi.org/10.1016/j.btre.2016.12.002
https://doi.org/10.1016/j.seppur.2016.04.012
https://doi.org/10.1016/j.seppur.2016.04.012
https://doi.org/10.1007/s11356-017-9024-3
https://doi.org/10.1016/j.bej.2015.10.018
https://doi.org/10.1263/jbb.103.486
https://doi.org/10.1263/jbb.103.486
https://doi.org/10.1016/j.biortech.2011.04.069
https://doi.org/10.1016/j.biortech.2011.04.069
https://doi.org/10.1016/S0168-6445(98)00023-0
https://doi.org/10.1016/S0168-6445(98)00023-0
https://doi.org/10.1016/j.biortech.2015.10.005
https://doi.org/10.1016/j.biortech.2015.10.005
https://doi.org/10.1016/j.cej.2012.05.014
https://doi.org/10.1016/j.cej.2012.05.014
https://doi.org/10.1016/j.biortech.2013.05.022
https://doi.org/10.1016/j.watres.2011.08.063
https://doi.org/10.1016/j.watres.2014.02.032
https://doi.org/10.1016/j.watres.2014.02.032
https://doi.org/10.1016/j.watres.2013.04.052
https://doi.org/10.1016/S1001-0742(10)60449-4
https://doi.org/10.1016/S1001-0742(10)60449-4
https://doi.org/10.1007/s12010-010-9108-8
https://doi.org/10.1016/j.biortech.2016.03.008
https://doi.org/10.1016/j.biortech.2017.04.109


Liang ZW, Han ZY, Yang SY Liang XQ, Du P, Liu GF, Yang Y (2011) A
control strategy of partial nitritation in a fixed bed biofilm reactor.
Bioresour Technol 102:710–715. https://doi.org/10.1016/j.biortech.
2010.08.054

Liang YH, Li D, Zhang XJ, Zeng HP, Yang Z, Zhang J (2014) Microbial
characteristics and nitrogen removal of simultaneous partial nitrifi-
cation, anammox and denitrification (SNAD) process treating low
C/N ratio sewage. Bioresour Technol 169:103–109. https://doi.org/
10.1016/j.biortech.2014.06.064

Lim JW, Ng SL, Khor SM, Seng CE (2012) Inhibitory effect of 2,4-
dichlorophenol on nitrogen removal in a sequencing batch reactor.
Korean J Chem Eng 29:886–890. https://doi.org/10.1007/s11814-
011-0267-2

Liu YQ, Tay JH, Ivanov V,Moy BYP, Yu L, Tay STL (2005) Influence of
phenol on nitrification by microbial granules. Process Biochem 40:
3285–3289. https://doi.org/10.1016/j.procbio.2005.03.018

Liu HY, Zhu LY, Tian XH, Yin YS (2017a) Seasonal variation of bacterial
community in biological aerated filter for ammonia removal in
drinking water treatment. Water Res 123:668–677. https://doi.org/
10.1016/j.watres.2017.07.018

Liu QF, Singh VP, Fu ZM, Wang J, Hu L (2017b) An anoxic–aerobic
system for simultaneous biodegradation of phenol and ammonia in a
sequencing batch reactor. Environ Sci Pollut Res 24:11789–11799.
https://doi.org/10.1007/s11356-017-8840-9

Lotti T, van der Star WRL, Kleerebezem R, Lubello C, van Loosdrecht
MCM (2012) The effect of nitrite inhibition on the anammox pro-
cess. Water Res 46:2559–2569. https://doi.org/10.1016/j.watres.
2012.02.011

Ma B, Wang SY, Cao SB, Miao YY, Jia FX, Du R, Peng YZ (2016)
Biological nitrogen removal from sewage via anammox: recent ad-
vances. Bioresour Technol 200:981–990. https://doi.org/10.1016/j.
biortech.2015.10.074

Miao YY, Peng YZ, Zhang L, Li BK, Li XY, Wu L, Wang SM (2018)
Partial nitrification-anammox (PNA) treating sewage with intermit-
tent aeration mode: effect of influent C/N ratios. Chem Eng J 334:
664–672. https://doi.org/10.1016/j.cej.2017.10.072

Pereira AD, Leal CD, Dias MF, Etchebehere C, Chernicharo CAL, de
Araújo JC (2014) Effect of phenol on the nitrogen removal perfor-
mance and microbial community structure and composition of an
anammox reactor. Bioresour Technol 166:103–111. https://doi.org/
10.1016/j.biortech.2014.05.043

Qin YJ, Cao Y, Ren JY, Wang TY, Han B (2017) Effect of glucose on
nitrogen removal and microbial community in anammox-
denitrification system. Bioresour Technol 244:33–39. https://doi.
org/10.1016/j.biortech.2017.07.124

Remmas N, Melidis P, Katsioupi E, Ntougias S (2016) Effects of high
organic load on amoA and nirS gene diversity of an intermittently
aerated and fed membrane bioreactor treating landfill leachate.
Bioresour Technol 220:557–565. https://doi.org/10.1016/j.biortech.
2016.09.009

Shinoda Y, Sakai Y, Uenishi H, Uchihashi Y, Hiraishi A, Yukawa H,
Yurimoto H, Kato N (2004) Aerobic and anaerobic toluene degra-
dation by a newly isolated denitrifying bacterium, Thauera sp. strain
DNT-1. Appl Environ Microbiol 70:1385–1392. https://doi.org/10.
1128/AEM.70.3.1385-1392.2004

Tang CJ, Zheng P, Mahmood Q, Chen JW (2009) Start-up and inhibition
analysis of the Anammox process seeded with anaerobic granular

sludge. J Ind Microbiol Biotechnol 36:1093–1100. https://doi.org/
10.1007/s10295-009-0593-0

Toh S, Ashbolt N (2002) Adaptation of anaerobic ammonium-oxidising con-
sortium to synthetic coke-ovenswastewater. ApplMicrobiol Biotechnol
59:344–352. https://doi.org/10.1007/s00253-002-1007-7

Wang B, Peng YZ, Guo YY, Yuan Y, Zhao MY, Wang SY (2016) Impact
of partial nitritation degree and C/N ratio on simultaneous sludge
fermentation, denitrification and Anammox process. Bioresour
Technol 219:411–419. https://doi.org/10.1016/j.biortech.2016.07.
114

Wang W, Wu BT, Pan SL, Yang K, Hu ZH, Yuan SJ (2017) Performance
robustness of the UASB reactors treating saline phenolic wastewater
and analysis of microbial community structure. J HazardMater 331:
21–27. https://doi.org/10.1016/j.jhazmat.2017.02.025

Wang QL, Song K, Hao XD, Wei J, Pijuan M, van Loosdrecht MCM,
Zhao HJ (2018) Evaluating death and activity decay of Anammox
bacteria during anaerobic and aerobic starvation. Chemosphere 201:
25–31. https://doi.org/10.1016/j.chemosphere.2018.02.171

Wu J, He CD, van Loosdrecht MCM, Pérez J (2016) Selection of ammo-
nium oxidizing bacteria (AOB) over nitrite oxidizing bacteria
(NOB) based on conversion rates. Chem Eng J 304:953–961.
https://doi.org/10.1016/j.cej.2016.07.019

Wyffels S, van Hulle SWH, Boeckx P, Volcke EIP, van Cleemput O,
Vanrolleghem PA, Verstraete W (2004) Modeling and simulation
of oxygen-limited partial nitritation in a membrane-assisted bioreac-
tor (MBR). Biotechnol Bioeng 86:531–542. https://doi.org/10.1002/
bit.20008

Xu CY, Han HJ, Jia SY, Zhao Q (2016) Influence of phenol on ammonia
removal in an intermittent aeration bioreactor treating biologically
pretreated coal gasification wastewater. J Environ Sci (China) 43:
99–105. https://doi.org/10.1016/j.jes.2015.08.013

YangGF, Jin RC (2012) The joint inhibitory effects of phenol, copper (II),
oxytetracycline (OTC) and sulfide on Anammox activity. Bioresour
Technol 126:187–192. https://doi.org/10.1016/j.biortech.2012.09.
023

Yang GF, Guo XL, Chen SX, Liu JH, Guo LX, Jin RC (2013) The
evolution of Anammox performance and granular sludge character-
istics under the stress of phenol. Bioresour Technol 137:332–339.
https://doi.org/10.1016/j.biortech.2013.03.145

Zhang ZJ, Li YY, Chen SH, Wang SM, Bao XD (2012) Simultaneous
nitrogen and carbon removal from swine digester liquor by the can-
on process and denitrification. Bioresour Technol 114:84–89.
https://doi.org/10.1016/j.biortech.2012.03.006

Zhang XW, Qu YY, Ma Q, Zhang ZJ, Li DX, Wang JW, Shen WL, Shen
E, Zhou JT (2015) Illumina MiSeq sequencing reveals diverse mi-
crobial communities of activated sludge systems stimulated by dif-
ferent aromatics for indigo biosynthesis from indole. PLoS One 10:
e0125732. https://doi.org/10.1371/journal.pone.0125732

Zhang L, Narita Y, Gao L, Ali M, Oshiki M, Ishii S, Okabe S (2017)
Microbial competition among anammox bacteria in nitrite-limited
bioreactors. Water Res 125:249–258. https://doi.org/10.1016/j.
watres.2017.08.052

Zhuang HF, Han HJ, Shan SD (2016) Treatment of real coal gasification
wastewater using a novel integrated system of anoxic hybrid two
stage aerobic processes: performance and the role of pure oxygen
microbubble. Environ Sci Pollut Res 23:11916–11926. https://doi.
org/10.1007/s11356-016-6393-y

Environ Sci Pollut Res (2019) 26:33917–3392633926

https://doi.org/10.1016/j.biortech.2010.08.054
https://doi.org/10.1016/j.biortech.2010.08.054
https://doi.org/10.1016/j.biortech.2014.06.064
https://doi.org/10.1016/j.biortech.2014.06.064
https://doi.org/10.1007/s11814-011-0267-2
https://doi.org/10.1007/s11814-011-0267-2
https://doi.org/10.1016/j.procbio.2005.03.018
https://doi.org/10.1016/j.watres.2017.07.018
https://doi.org/10.1016/j.watres.2017.07.018
https://doi.org/10.1007/s11356-017-8840-9
https://doi.org/10.1016/j.watres.2012.02.011
https://doi.org/10.1016/j.watres.2012.02.011
https://doi.org/10.1016/j.biortech.2015.10.074
https://doi.org/10.1016/j.biortech.2015.10.074
https://doi.org/10.1016/j.cej.2017.10.072
https://doi.org/10.1016/j.biortech.2014.05.043
https://doi.org/10.1016/j.biortech.2014.05.043
https://doi.org/10.1016/j.biortech.2017.07.124
https://doi.org/10.1016/j.biortech.2017.07.124
https://doi.org/10.1016/j.biortech.2016.09.009
https://doi.org/10.1016/j.biortech.2016.09.009
https://doi.org/10.1128/AEM.70.3.1385-1392.2004
https://doi.org/10.1128/AEM.70.3.1385-1392.2004
https://doi.org/10.1007/s10295-009-0593-0
https://doi.org/10.1007/s10295-009-0593-0
https://doi.org/10.1007/s00253-002-1007-7
https://doi.org/10.1016/j.biortech.2016.07.114
https://doi.org/10.1016/j.biortech.2016.07.114
https://doi.org/10.1016/j.jhazmat.2017.02.025
https://doi.org/10.1016/j.chemosphere.2018.02.171
https://doi.org/10.1016/j.cej.2016.07.019
https://doi.org/10.1002/bit.20008
https://doi.org/10.1002/bit.20008
https://doi.org/10.1016/j.jes.2015.08.013
https://doi.org/10.1016/j.biortech.2012.09.023
https://doi.org/10.1016/j.biortech.2012.09.023
https://doi.org/10.1016/j.biortech.2013.03.145
https://doi.org/10.1016/j.biortech.2012.03.006
https://doi.org/10.1371/journal.pone.0125732
https://doi.org/10.1016/j.watres.2017.08.052
https://doi.org/10.1016/j.watres.2017.08.052
https://doi.org/10.1007/s11356-016-6393-y
https://doi.org/10.1007/s11356-016-6393-y

	Performance...
	Abstract
	Introduction
	Materials and methods
	Experimental setup and operation
	Inoculum and synthetic wastewater
	The effect of phenol/N ratio on the activities of AOB, NOB, and SAA
	Phenol utilization rate of sludge
	Other analytical methods and statistical data analysis

	Results and discussion
	Effect of phenol/N mass ratios on the activities of AOB, NOB, and SAA of sludge
	Long-term operation of CSPN/A process at a phenol/NH4+-N mass ratio of 0.5 (phase I)
	Shock of phenol concentration (phase II) and the recovery performance (phase III) of the CSPN/A process
	Analysis of microbial community structure

	Conclusion
	References




