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Effect of C/N ratios on nitrogen removal and microbial
communities in the anaerobic bafﬂed reactor (ABR) with
an anammox-coupling-denitriﬁcation process
Chongjun Chen, Min Zhang, Xuliang Yu, Juan Mei, Ying Jiang, Yaoqi Wang
and Tian C. Zhang

ABSTRACT
Effects of different C/N (NO–2N) ratios on nitrogen removal and microbial community structure were
investigated using an anaerobic bafﬂed reactor (ABR). Results indicated that the C/N ratio exerted an
important effect on nitrogen removal in the anammox-coupling-denitriﬁcation process associated
with the ABR. When the C/N ratio was 1.29, the ABR could achieve the highest total nitrogen (TN)
removal efﬁciency of 99.9%. Most of TN was removed in the 1st and 2nd compartment, accounting
for about 81.0–97.6% of total TN removal. The nitrogen removal resulted from the interaction among
anammox, heterotrophic denitriﬁcans, and other microbes within the ABR. The contribution of
anammox to nitrogen removal varied from 6.8% to 32.4%. High-throughput MiSeq sequencing
analyses revealed that the C/N ratio was one of the most important factors regulating the microbial
community structure, and the predominant phylum changed from Proteobacteria to Chloroﬂexi with
the elevated C/N ratio. In addition, the Candidatus Brocadia was the major anammox bacterium, and
its percentage varied from 1.0–2.9% at day 9 to 2.8–9.1% at day 46.
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INTRODUCTION
Anaerobic ammonium oxidation (anammox) is a lithoautotrophic biological conversion process to remove nitrogen
by oxidizing ammonium to N2 using nitrite as the electron
acceptor and use CO2 as carbon source under the anoxic
condition (Lackner et al. ; Tang et al. ). Compared
with the traditional nitriﬁcation/denitriﬁcation process, the
anammox process combined with partial nitriﬁcation can
save 50–60% aeration, 100% cost for adding organic
carbon, and 90% operation cost (Volcke et al. ; Tal
et al. ). However, being lithoautotrophic, anammox bacteria grow slowly (the maximum speciﬁc growth rate ¼
0.0027 h–1 and doubling time ¼ 10–12 days) (Jetten et al.
; Wr et al. ), and often are outcompeted by heterotrophic denitriﬁers (Wang & Kang ; Dapena-Mora et al.
doi: 10.2166/wst.2018.516
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; Molinuevo et al. ). In addition, the anammox process could only remove about 90% of the inﬂuent nitrogen
as ammonia/nitrite and left about 11% of nitrogen as nitrate
in the efﬂuent (Zhang et al. ).
Up to now, several processes have been developed to
achieve nitrogen and chemical oxygen demand (COD)
removal synchronously (Tang et al. ; Hien et al. ),
such as partial nitriﬁcation-anammox processes, completely
autotrophic nitrogen removal over nitrite (CANON), single
stage nitrogen removal using the anammox and partial nitritation (SNAP), simultaneous partial nitriﬁcation anammox
and denitriﬁcation (SNAD) and oxygen-limited autotrophic
nitriﬁcation/denitriﬁcation (OLAND). However, these combined systems may be difﬁcult to operate, because several

2339

C. Chen et al.

|

Different C/N ratios inﬂuenced the anammox process in ABR

factors such as pH, oxidation-reduction potential (ORP), dissolved oxygen (DO) need to be controlled (Bi et al. ;
Zhang et al. ) while anammox bacteria and heterotrophic denitriﬁers often compete for substrate in the
reactor. Therefore, the current knowledge gap concerning
the improvement of anammox-based systems is how to
reduce mutual competition-induced negative inﬂuence
while simultaneously promoting synergetic performance
between anammox and denitriﬁcation bacteria. It is hypothesized that such an improvement can be achieved by
controlling the growth of anammox bacteria and heterotrophic denitriﬁers in different spaces (zones) of a single
reactor. To prove this hypothesis, we conducted this work
with an anaerobic bafﬂed reactor (ABR), and evaluated
the effects of C/N ratios on the microbial communities
and performance of different zones of the ABR.
Historically, the ABR was initially developed at Stanford
University by McCarty and his co-workers to treat high
strength wastewater (Bachmann et al. ; Barber &
Stuckey ). Conceptually, the ABR has several advantages over well-established systems such as the up-ﬂow
anaerobic sludge blanket (UASB) and the anaerobic ﬁlter,
including better resilience to hydraulic and organic shock
loadings, longer biomass retention times, lower sludge
yields, and the ability to partially separate between the various phases of anaerobic catabolism (Barber & Stuckey
). A typical ABR is usually divided into four or ﬁve
equal compartments ( Jin et al. ). Bacteria within the
reactor settle because of gas production and ﬂow characteristics (Sponza & DemiRden ). More importantly, the
ABR can partially separate different trophies with different
compartments (e.g. zones for digestion, or anammox or
denitriﬁcation) while it makes the entire system function
for removal of organic carbon and nitrogen. In other
words, if one controls the different microorganisms in
each of ABR’s compartments and makes them function in
sequence for nitrite denitriﬁcation þ anammox þ nitrate
denitriﬁcation, nitrogen could be removed by an anammox-coupling-denitriﬁcation process within the ABR.
Examining the microbial community structures of the
novel process is quite necessary to understand the complex
interactions occurring in the ABR. Because wastewater with
different C/N ratios would signiﬁcantly inﬂuence the
environment (e.g. aerobic or anaerobic) and different
microbial communities in different compartments, we used
pyrosequencing to provide signiﬁcant insights into the evolution of microbial community structure in the ABR system.
Pyrosequencing developed by illumine MiSeq sequencing is
a high-throughput method that can generate a huge amount
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of DNA reads through a massively parallel sequencing-bysynthesis approach (Hu et al. ). The method has been
used to identify the key microorganisms involved in
complex sludge samples of laboratory-scale nitritation–
anammox sequencing batch reactor (SBR) (Liang et al.
), denitriﬁcation and anammox reactor (SFDA) (Wang
et al. ), ABR anammox reactor (Chen et al. ) and
suspended-growth anoxic anammox reactor (Liu et al. ).
Based on these arguments, the objectives of this study
were to: (1) evaluate the performance of the ABR anammox
reactor under different nitrite and nitrate strength with
various COD/NO–2N ratios; (2) assess the stability of the
anammox and denitriﬁcation process in different compartments under different COD/NO–2N ratios; and (3) analyze
the contribution of different kinds of functional bacteria to
nitrogen and COD removal using MiSeq pyrosequencing.

MATERIALS AND METHODS
Chemicals and reagents
Glucose (C6H12O6, 98%, CAS: 50-99-7), ammonium sulphate
((NH4)2SO4, 98%, CAS: 7783-20-2) and sodium nitrite
(NaNO2, 98%, CAS: 7632-00-0) used in the this study were
all purchased from Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China. The substrate was weighed and dissolved
in distilled water for synthetic wastewater.
Experimental setup and operation
Reactor design
An ABR (Figure 1) made of PVC was used in this study. It
had a length of 37.5 cm, a width of 8 cm, a height of
33 cm and a water level of 26.5 cm with the working
volume of 6.36 L. The ABR was divided into ﬁve equalvolume compartments, and had an up-ﬂow area to downﬂow area of 4:1 and a bafﬂe angle of 45 near the bottom
of the reactor. The ABR was sealed to ensure the anaerobic
environment. Gas generated in every compartment was
collected and passed through a water-sealed bottle for
exhaustion. The whole reactor was covered with black plastic ﬁlms to evade the light. The ﬂow rate of the inﬂuent was
precisely controlled by peristaltic pump (BT101S, Longer,
Baoding, China). The reactor was kept in a water bath to
maintain the temperature at 30 ± 1  C (Graaf ).
In order to ensure the sequential occurrence of ‘nitrite
denitriﬁcation, anammox and nitrate denitriﬁcation’ in ﬁve
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Schematic diagram of the ABR system. The height of sampling ports in the upper part of the reactoris the same as that of the bafﬂes along the direction of water ﬂow.

compartments of the ABR, anaerobic sludge collected
from a municipal wastewater treatment plant (WWTP)
was inoculated into the 1st and 5th compartment,
and the laboratory cultured anammox sludge was
inoculated into the 2nd, 3rd and 4th compartment. The
sludge in each compartment of the ABR had a mixed
liquid suspended solids (MLSS) of 8.9 ± 2.7 g · L1
and mixed liquor volatile suspended solids (MLVSS) of
8.3 ± 3.1 g · L1.

Table 1

|

Characteristics of feed solution during the entire experimental period

Experimental phase

I

II

III

IV

V

days (d)

1–10

11–22

23–34

35–46

47–57

NHþ
4 -N

1

70

60

50

40

30

NO–2N (mg L1)

(mg L )

110

120

130

140

150

COD (mg L1)

180

180

180

180

180

C/N(NO–2N)

1.64

1.50

1.38

1.29

1.20

a

1

Trace element solution I

1 mL L

Trace element solution IIb

1 mL L1

Trace element solution I ¼ EDTA 15 g L1 and FeSO4 5 g L1.

a

Synthetic wastewater and experimental procedure
Initially, the ABR was fed with synthetic wastewater
with COD, nitrite and ammonium (made with C6H12O6,
(NH4)2SO4 and NaNO2) together with 1 mg · L1 trace
element solutions I and II (Table 1) (Graaf ). As
shown in Table 1, the process operation was divided into
ﬁve phases. During the whole experimental period, the
COD concentration in the inﬂuent was maintained at
180 mg · L1. The total nitrogen (TN) (by adding nitrite
and ammonium) was 180 mg · L1, but the ratio of nitrite
to ammonium varied in the ﬁve phases, leading to the
C/N(COD/NO–2N) ratios of 1.64, 1.50, 1.38, 1.29 and 1.20
in phases I‒V, respectively.
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Trace element solution II ¼ EDTA 15 g L1, ZnSO4 · 7H2O 0.43 g L1, CoCl2 · 6H2O
0.24 g L1, MnCl2 · 4H2O 0.99 g L1, CuSO4 · 5H2O 0.25 g L1, Na2MoO4 · 2H2O 0.22 g L1,
b

NiCl2 · 6H2O 0.19 g L1, Na2SeO4 · 10H2O 0.21 g L1, H3BO4 0.014 g L1[23].

Analytical methods
Water sampling and analytical methods
The inﬂuent and efﬂuent samples of the ABR were collected
every two days. COD, ammonium, nitrate, and nitrite nitrogen were analyzed according to the standard methods
(APHA ) using ultraviolet spectrophotometer (DR6000,
Hach, USA). TN concentration was the sum of ammonium,
nitrate and nitrite concentration. All the analyzes were
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and paired-end sequenced (2 × 250) on an Illumina MiSeq
platform according to the standard protocols at Majorbio
Bio-Pharm Technology Co., Ltd (Shanghai, China).

Mass balance calculations
Processing of sequencing data
Ammonium was barely removed by anammox process. The
ratio of nitrite consumption, ammonium consumption to
nitrate production was 1.32:1:0.26. The equation for contribution of anammox process to nitrogen removal θA is:
θA ¼

ð1 þ 1:32  0:26Þ Ammoniumremoval
TNremoval

(1)

where Ammoniumremoval and TNremoval are the average
removal amount of ammonium and TN in the phase,
respectively. The contribution of denitriﬁcation process to
nitrogen removal θD is:
θD ¼ 1  θA

(2)

DNA extraction and polymerase chain reaction (PCR)
In this study, microbial community structure was determined
on days 9 (Phase I) and 46 (Phase IV) using 16S rRNA gene
Illumina MiSeq. The sludge samples (A for day 9 and B for
day 46) were collected from the sludge sampling port of
each compartment in the ABR. All the samples were stored
at 70  C until DNA extraction. Microbial DNA was
extracted from sludge samples using the E.Z.N.A.® Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA) according
to manufacturer’s protocols. The V3-V4 region of the bacteria
16S ribosomal RNA gene were ampliﬁed by PCR (95  C for
3 min, followed by 27 cycles at 95  C for 30 s, 55  C
for 30 s, and 72  C for 40 s and a ﬁnal extension at 72  C for
10 min) using primers 338F (50 -ACTCCTACGGGAGGCAGCAG-30 ) and 806R (50 -GGACTACHVGGGTWTC TAAT-30 ),
where barcode is an eight-base sequence unique to each
sample. PCR reactions were performed in triplicate 20 μL
mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of
2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of
FastPfu polymerase, and 10 ng of template DNA.
Illumina MiSeq sequencing
Amplicons were extracted from 2% agarose gels and puriﬁed
using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) according to the manufacturer’s instructions and quantiﬁed using Quanti Fluor™-ST
(Promega, USA). Puriﬁed amplicons were pooled in equimolar
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Raw fastq ﬁles were demultiplexed, quality-ﬁltered using
QIIME (version 1.9.1) with the following criteria: (i) the
300 bp reads were truncated at any site receiving an average
quality score <20 over a 50 bp sliding window, discarding
the truncated reads that were shorter than 50 bp; (ii) exact
barcode matching, two nucleotide mismatch in primer
matching, reads containing ambiguous characters were
removed; and (iii) only sequences that overlap longer than
10 bp were assembled according to their overlap sequence.
Reads which could not be assembled were discarded.
Operational units (OTUs) were clustered with 97%
similarity cutoff using UPARSE (version 7.1 http://drive5.
com/uparse/) and chimerical sequences were identiﬁed
and removed using UCHIME. The taxonomy of each 16S
rRNA gene sequence was analyzed by RDP Classiﬁer
(http://rdp.cme.msu.edu/) against the SILVA (SSU123)16S
rRNA database using a conﬁdence threshold of 70%
(Amato et al. ). Analyses for rarefaction curves, and calculation of richness estimators (Ace and Chao1) and diversity
indices (Shannon and Simpson) were performed using the
MOTHUR program (Schloss et al. ). All the raw reads
have been deposited at NCBI Sequence Read Archive
(SRA) database under the accession number of SRR131988.

RESULTS AND DISCUSSION
Reactor performance
Overall nitrogen and COD removal
Figure 2 shows the variations of nitrogen concentrations in
the inﬂuent and efﬂuent. Figure 3 shows the COD removal
efﬁciency in the ABR. In Phases I‒IV, the nitrite removal
efﬁciency was always higher than 98% at C/N ratios about
1.64‒1.29. However, the efﬂuent nitrite concentration
increased to 18 mg · L1, and the removal efﬁciency
decreased to 87.3 ± 0.3% in Phase V at the C/N ratio of
1.20. On the contrary, the removal efﬁciency of ammonium
increased from 39.6 ± 14.4% in Phase I to 87.6 ± 6.8%,
94.2 ± 4.7%, 100% and 100% in Phases II–V, respectively.
The average ammonium concentration of the efﬂuent was
44.5 mg · L1, 6.8 mg · L1 and 2.8 mg · L1 in Phases II and
III, and was nearly zero in Phases IV and V. Unfortunately,
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bacteria was suitable to cultivate at 30 ± 1  C, the sudden
decrease of temperature caused a sharp drop in anammox
activity (Graaf ). The efﬂuent nitrate was below detection
limit in Phase I, and increased to 2‒5 mg · L1 in Phases II‒V.
However, the efﬂuent nitrate concentration increased dramatically to 13.1 mg · L1 on day 41. From Phase I to
Phase II, the average TN removal efﬁciency of the ABR
increased from 79.2% to 94.7%, and became stable above
96.8% in Phases III and IV. In addition, the TN removal efﬁciency decreased to 88.5% in Phase V at the C/N ratio of 1.2.
When the C/N ratio was 1.29 in Phase IV, the ABR could
achieve the highest TN removal efﬁciency at 97.5%.
The inﬂuent COD concentration was controlled at
180 mg · L1, and the efﬂuent COD concentration was
always below 12 mg · L1 with the removal efﬁciency
always above 97% during the whole experimental period.
Meanwhile, the COD removal efﬁciency increased slowly
from 97.0% to 99.6% from Phase I to Phase IV, and
achieved the highest in Phase IV. Same as the TN removal
trend, the COD removal efﬁciency decreased dramatically
to 84.9% on day 41. There were two main causes for these
results: (1) the low temperature (under 15 C) signiﬁcantly
decreased the activity of denitrifying bacteria (the optimum
temperature is 30  C) (Angar et al. ); and (2) the low
temperature (under 15 C) signiﬁcantly decreased the activity
of anammox bacteria, which caused a lower nitrate production from anammox process (Ren et al. ). However,
the COD removal was associated with the nitrate production
from anammox process by nitrate type denitriﬁcation.
Nitrogen removal performance of each compartment in
the ABR

Figure 2

|

Variations of inﬂuent and efﬂuent nitrogen concentrations in the ABR under
different operational phases: (a) ammonium; (b) nitrite; (c) nitrate; and (d) TN.

the removal efﬁciency of ammonium and nitrite decreased to
58.3% and 58.9% on day 41 at the C/N ratio of 1.29 because
of accidental damage of the heating device. The anammox
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The variations of nitrogen in the ﬂow path of the ABR in
response to different C/N ratios were analyzed to investigate
the nitrogen removal performance in the ABR anammox
system (Figure 4). Most of TN was removed in the 1st and
2nd compartment, accounting for about 81.0‒97.6% of total
TN removal. Nitrite was removed in the 1st and 2nd compartments, while ammonium was almost completely removed in
the 2nd compartment. However, almost all the nitrate in
inﬂuent was removed in the 1st compartment. With a
decrease in the C/N ratio, the nitrite removal position was
alerted from the 1st compartment, leading to the 1st or 2nd
compartment interaction, while the ammonium removal
still occurred in the 2nd compartment. The nitrite concentration was lower for anammox in the 2nd compartment at
a higher C/N ratio when most of nitrite was removed by
nitrite type denitriﬁcation in the 1st compartment. However,
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COD removal efﬁciencies in ABR under different operational phases.

the inﬂuent nitrite nitrogen was also suitable for the anammox (nitrite: ammonium ¼ 1.32) in the 2nd compartment
after the denitriﬁcation in the 1st compartment while
the C/N ratio was lower, resulting in the simultaneous
removal of nitrite and ammonium nitrogen by the
anammox-coupling-denitriﬁcation process in the 1st and
2nd compartments (Kumar & Lin ; Kindaichi et al. ).
Mass balance calculations of nitrogen removal in ABR
With the variation of C/N ratios, the nitrogen removal
capacity and the contribution of different phases varied
greatly. The denitriﬁcation process made a major contribution to the nitrogen removal in the whole experiment
(Figure 5). The nitrogen removal contribution of denitriﬁcation decreased from 93.2% in Phase I to 57.9% in Phase III,
and increased from 63.9% in Phase IV to 67.6% in Phase V.
Contrary to the denitriﬁcation contribution, the nitrogen
removal contribution by anammox was 6.8%, 45.6%, 42.1%,
36.1% and 32.4% in Phases I‒IV, respectively. Therefore,
the anammox contribution was highest in Phase II (C/N
ratio of 1.50) and decreased from Phase II to Phase V (C/N
ratio from 1.50 to 1.20). In Phase I, 180 mg/L of COD was
added to the anammox system and the nitrogen removal
contribution of anammox reaction was low. With the gradual adaptation of organic carbon source in ABR reactor,
the anammox reaction gradually enhanced with the removal
efﬁciency up to 45.6%. However, the ratio of nitrite to
ammonium was increased from 2.00 in Phase II to 5.00 in
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Phase V, and ammonium concentration of inﬂuent was
deceased. The limitation of ammonium led to the gradual
decline of anammox contribution for nitrogen removal.
Composition of microbial community
The ABR could achieve the highest TN removal efﬁciency
when the C/N ratio was 1.29 in Phase IV. Therefore, the
sludge from each compartment of the ABR in Phases I
and IV was collected. To investigate the community structure of total bacteria, Illumina MiSeq sequencing was
analyzed, yielding 20,990‒37,329 clustered operational
taxonomic units (OTUs) at a dissimilarity level of 0.03
(Table 2). To compare the bacterial diversity among different
samples, Chao1 estimator and Shannon’s diversity indices
were calculated. Chao1 estimator is deﬁned as a theoretical
lower bound of species richness under a commonly used
multinomial model (Chao et al. ). Shannon’s diversity
indices are combined for both bacterial richness and evenness, and are responsive to rare species in terms of species
richness (Strous et al. ; Murphy et al. ). Chao1
values showed that the variation of C/N ratios decreased
the richness in the 1st compartment while increasing
the richness in the other four compartments. However,
Shannon index showed that the richness in all the
compartments decreased with the variation of C/N ratios.
The effective bacterial sequences in each sample were
assigned to different taxa levels using RDP classiﬁer at
85% threshold. The abundances of different phyla in
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Distribution of nitrogen removal in each compartment of the ABR reactor.

samples from different compartments of the ABR are shown
in Figure 6. In the samples A1 to A5 from Phase I, the
phylum Proteobacteria (22.8‒59.7%) was predominant in
all samples, followed by Chloroﬂexi (15.1‒22.1%) and
Chlorobi (2.5‒24.0%). However, the phylum Chloroﬂexi
(28.0‒54.0%) replaced the Proteobacteria (9.5‒21.5%) as
the dominant population in the ABR in Phase IV, and the
phylum Chloroﬂexi accounted for 3.7‒25.1%. The Chloroﬂexi bacteria were facultative anaerobes frequently found
in anaerobic reactors which may be important for granulation and present in a highly enriched way in anammox
biomass (Cho et al. ). In addition, the Chloroﬂexi bacteria were also found to be able to consume organic
matter in a methane fermentation system (Qiao et al.
). However, the role of Chloroﬂexi bacteria in the
ABR is unknown. The phylum Proteobacteria was highly
represented in samples A1 and B1, which were collected
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from the 1st compartment of the ABR. This result indicated
that denitriﬁcation was always important in the 1st compartment for nitrite and COD removal. The Planctomycetes,
which was related to anammox bacteria, was more enriched
in samples A2 (3.5%), A3 (5.1%) and A4 (2.6%), and
increased to 6.6‒43.1% in Phase IV, B2 (6.6%), B3
(10.2%), B4 (14.9%) and B5 (43.1%), respectively. It was
worth mentioning that the Planctomycetes in sample B5
was dominant, but the underlying reason needs to be further
investigated. Meanwhile, the change of microorganisms in
each compartment was consistent with the proﬁle of nitrogen removal. The denitriﬁcation bacteria always existed
and decreased with a decrease in C/N ratio. However, the
anammox bacteria existed in the 2nd, 3rd and 4th compartment and increased as the C/N ratio decreased.
At the genus level, the Candidatus Brocadia, Candidatus Jettenia, Candidatus Kuenenia were detected in the

2345

C. Chen et al.

Figure 5

Table 2

|

|

|

Different C/N ratios inﬂuenced the anammox process in ABR

Water Science & Technology

|

78.11

|

2018

Total nitrogen removal capacity and contribution rate in different phase.

Richness and diversity estimators of microbial communities in the ABR

Sample*

Sequence

Chao1

ACE

Shannon

Simpson

A-1

22,959

431

412

3.75

0.061

A-2

21,077

485

501

4.02

0.048

A-3

23,226

573

558

4.19

0.047

A-4

20,990

633

631

4.53

0.033

A-5

21,483

542

548

4.44

0.035

B-1

23,824

355

358

2.62

0.283

B-2

32,022

568

576

3.88

0.078

B-3

23,159

661

642

3.97

0.073

B-4

37,329

668

672

4.42

0.041

B-5

22,020

586

573

2.74

0.228

*α ¼ 0.03. Sample A was obtained at day 7 and Sample B at day 46. A-1 means sample A
from the 1st compartment, while B-5 means from sample B from the 5th compartment.

samples (Figure 7), which was consistent with other sludge
samples from a suspended-growth anoxic anammox reactor
treating low-strength wastewater at low temperatures (Liu
et al. ). The Candidatus Brocadia displayed a low abundance of 1.0‒2.9% in samples A1‒A3 in Phase I (day 9), and
increased to 2.8‒9.1% in samples B1‒B3 in Phase IV (day
46). As the anammox process is mediated by bacteria
belonging to the family Brocadiaceae (Kuenen ), the
anammox activity could be indicated by the abundance of
Brocadiaceae. In a recent study, the Candidatus Brocadia
was detected in a denitriﬁcation–anammox synergistic
reactor (Peng et al. ), an anammox-UASB reactor with
low-strength wastewater treatment (Reino & Carrera ),
an anammox bioﬁlm reactor (Zekker et al. ) and so
on. However, the Candidatus Jettenia dramatically
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increased to 40.4% of all the genus level bacteria in
sample B5 in Phase IV. The exact reason for this sudden
increase is unknown at this stage.
Implications
In this study, the ABR with phase separation was used to
achieve the carbon and nitrogen removal synchronously via
an anammox-coupling-denitriﬁcation process. Based on the
suitable C/N ratio of inﬂuent, the highest TN removal efﬁciency could achieve up to 99.9%. In this ABR, the
inhibition effect of organic compounds on anammox was
reduced, while the removal rate of TN was improved by differentiating treatment processes in different compartments.
Therefore, results of this study provide a new way to maintain
the high activity of anammox and achieve higher TN removal
even if the reactor is under constraint of high organic matter
strength. However, future studies should be carried out for
clarifying the carbon and nitrogen removal of each compartment and for optimizing the ABR’s structure.

CONCLUSIONS
The C/N (NO–2N) ratio exerted an important effect on nitrogen removal through the anammox-coupling-denitriﬁcation
process. When the C/N ratio was 1.29, the ABR could
achieve the highest TN removal efﬁciency of 99.9%. Most
of TN was removed in the 1st and 2nd compartments,
accounting for about 81.0‒97.6% of total TN removal.
Based on the nitrogen balance, the nitrogen removal
resulted from the interaction associated with the
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Abundances of different phyla in samples from different compartments of ABR. Relative abundance is deﬁned as the number of sequences afﬁliated with that taxon divided by
the total number of sequences per sample (%). Phyla with their maximum abundance less than 1% in any sample are regarded as minor phyla.

Figure 7

|

Distribution of different anammox bacteria in samples from different compartments of ABR.

anammox-coupling-denitriﬁcation process. The nitrogen
removal contributed by anammox varied from 6.8% to
32.4%. High-throughput MiSeq sequencing analyses
revealed that the C/N ratio was an important factor
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regulating the bacterial community structure, and the predominant phylum changed from Proteobacteria to
Chloroﬂexi with the elevated C/N ratio. In addition, the
Candidatus Brocadia was the major anammox bacteria
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and its percentage varied from 1.0‒2.9% on day 9 to 2.8‒
9.1% on day 46.
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