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• A novel single-stage deammonification
system by immobilized AOB and
ANAMMOX was developed.

• The start-up time of deammonification
could be shortened to 10 days with
only 0.4 g-VSS L−1 biomass.

• The micro-profiles of DO and pH in gel
layers confirmed excellent spatial gel
structure.

• The microbial community distribution
studied by FISH analysis was
corresponded to the micro-profiles of
DO and pH.
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In this study, a quick start-up of one-stage deammonification in an immobilized aerobic ammonium oxidizing
bacteria (AOB) and anoxic ammonium oxidizing (ANAMMOX) bacteria up-flow reactor (IAAR) was successfully
achieved.With the aid of gel layers, AOB and ANAMMOX bacteria had excellent spatial distribution, theoretically
meeting dissolved oxygen requirements for the simultaneous processes of aerobic and anaerobic ammoniumox-
idizing. The results indicated that an IAAR containing 0.4 g-VSS L−1 immobilized biomass achieved a nitrogen re-
moval rate (NRR) of 0.53 kg-N m−3 d−1 after only 10 days of operation and subsequently reached a maximum
nitrogen removal rate (NRRmax) of 3.73 kg-N m−3 d−1. The micro-profiles of DO and pH were measured using
microelectrodes to help understand the stratification of the microbial processes inside the gel layers. The distri-
bution of AOB and ANAMMOX bacteria within the gel layers was verified using fluorescence in situ hybridization
(FISH) analysis. The community distribution in the FISH three-dimensional images closely corresponded to the
micro-profiles of DO concentration and pH, enabling rapid adaptation and stable operation of the reactor seeded
with a quite low quantity of biomass.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrogen is among the major sources of pollution in water bodies.
Fixed nitrogen such as ammonium, nitrite, and nitratemust be removed
i 200092, PR China.
to avoid eutrophication and the high frequency of algal blooms in the
environment. The treatment methods of wastewater containing nitro-
gen included physical, chemical, and biological processes. Although
chemical treatment such as advanced oxidation processes are consid-
ered highly effective, the operational expense is high (Cai et al., 2018;
Luo et al., 2018; Min et al., 2018; Xiao et al., 2018; Yang et al., 2017).
The most widely applied method for biological ammonium removal is
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a nitrification/denitrification (N/DN) system that converts ammonium
into nitrogen gas. Recently, the Partial Nitrification-ANAMMOX (PN/A)
process has become a subject of extensive interest because of its high ef-
ficiency and low cost in nitrogen removal (Deng et al., 2016; Jetten et al.,
1998; Yan and Hu, 2009). The PN/A process is a new autotrophic nitro-
gen removal processwith two steps: First, aerobic ammoniumoxidizing
bacteria (AOB) oxidize ammonium to nitrite, and second, anaerobic am-
monium oxidizing (ANAMMOX) bacteria combine this nitrite with re-
sidual ammonium, forming nitrogen gas and some nitrate under a low
dissolved oxygen (DO) concentration (Lackner et al., 2014). Compared
to conventional nitrogen removal, the PN/A process can save up to
60% aeration energy and does not require the addition of an organic car-
bon source (Tokutomi et al., 2011; Van Kempen et al., 2001).

However, one-stage autotrophic deammonification has two limita-
tions that make it difficult to use in engineering applications. First, the
growth rate of ANAMMOX bacteria is very slow (Strous et al., 1998),
and consequently ANAMMOX bacteria is easily washed out of the sys-
tem. It is more difficult to retain a sufficient amount of ANAMMOX bac-
teria than AOB in a practical one-stage reactor (Strous et al., 1997).
Mostly, an ANAMMOX system requires at least 90 days to complete
start-up (van de Graaf et al., 1996). Second, the ANAMMOX activity is
susceptible to some extraneous factors. It can be easily inhibited by
low concentrations of DO and high concentrations of nitrite (Egli et al.,
2001; Strous et al., 1999a). Because ammonium and nitrite as a sub-
strate are needed for the ANAMMOX reaction, ammonium has to be
partially oxidized to nitrite aerobically. When AOB and ANAMMOX
bacteria grow together in one reactor, the remaining DO from the
nitritation step can affect the anaerobic metabolism of the ANAMMOX
bacteria. Thus, it is important to maintain the ANAMMOX bacteria and
control or at least monitor the DO at low levels in the one-stage system
(Corbalá-Robles et al., 2016; Gonzalez-Martinez et al., 2016; Morales
et al., 2015; Xu et al., 2015).

Because of these limitations, the abilities to sustain a sufficient
amount of ANAMMOXbacteria in a PN/A process reactor and to stop ni-
trification of nitrite are the primary focus in the development of a stable
and high-efficiency autotrophic nitrogen removal system. In traditional
one-stage partial nitritation-ANAMMOX reactors, such as the Complete
Autotrophic Nitrogen removal Over Nitrite (CANON), Oxygen-Limited
Autotrophic Nitrification/Denitrification (OLAND) and DEMON® sys-
tems, the aggregated granular sludge as the carrier of two bacteria has
been proven to be successful (Gonzalez-Martinez et al., 2016; Varas
et al., 2015). However, the aggregate size affects the settling properties
and influences the efficiency of the microbial nitrite production and
consumption. Although larger cell aggregates can be easily retained
because of their own weight, both lower AOB activity and lower
ANAMMOX activity have been observed with larger aggregates or
sludge agglomeration (Lv et al., 2016). Currently, some researchers
have immobilized AOB and ANAMMOX biomass in small gel beads. By
this means, the reactor can be started and operated at high nitrogen
loading rates with a low possibility of nitrite inhibition and biomass
loss (Isaka et al., 2008; Isaka et al., 2013). Gel immobilization is an effec-
tive means for preventing biomass from being washed out, promoting
hyper-concentrated cultures, and solving the shortage of seeding sludge
(Zhu et al., 2014). Usingmicroelectrodes, the diffusion coefficient in the
naturally aggregated granular has been proven to be less than one-third
of that in immobilized gel carriers (Ali et al., 2015). The engineering ap-
plication of the gel immobilization process is evidenced by its current
employment at 40 wastewater treatment plants (WWTPs) in Japan
(Isaka et al., 2013). Although gel immobilization shows great potential
in nitritation and ANAMMOX processes, the minimal biomass concen-
tration that is necessary for successful start-up of the deammonification
process has not been studied thus far.

The objective of this study was to investigate the feasibility of
removing ammonia nitrogen using a very low concentration of
immobilized AOB and ANAMMOX bacteria in a novel one-stage reactor.
The nitritation-ANAMMOX system combined with gel immobilization
similar to an artificial biofilm can be easily constructed and provides
an ideal DO concentration for both bacteria at the start point, which is
different from previously reported one-stage reactors. Short-term ex-
periments were completed to evaluate the influence of the different
AOB and ANAMMOX biomass concentrations on the nitrogen removal
performance between the immobilized biomass and non-immobilized
biomass. Then, long-term operation experiments under a different ni-
trogen loading rate were completed. Community distribution patterns
and detailed spatial gradients of DO concentration and pH in the gel
layers were obtained through two in situ analyses: microelectrode
measurements and fluorescence in situ hybridization (FISH) analysis.
We aimed to contribute to promoting practical application of the
immobilized AOB and ANAMMOX bacteria reactor (IAAR) in wastewa-
ter treatment.

2. Materials and methods

2.1. AOB and ANAMMOX biomass

TheAOBbiomass for the inoculationwas obtained froma lab-scale cy-
lindrical nitritation sequencing batch reactor (Nitritation-SBR) already in
operation for 11 months. The phylogenetic classification of effective bac-
terial sequences from the Nitritation-SBR samples at the genus level is
summarized in Fig. S2, demonstrating that “Nitrosomonas” represented
23.8% of the relative abundance. The ANAMMOX biomass used for inocu-
lation originated from a continuous anoxic ammonium oxidizing mem-
brane reactor (ANAMMOX-MBR) reactor that had steadily worked for
more than 1 year. The phylogenetic classification of the effective bacterial
sequences from the samples in the ANAMMOX-MBR reactor at the genus
level is summarized in Fig. S2, demonstrating “Candidatus Jettenia” rep-
resented 18.7% of the relative abundance. The enriched ANAMMOX (vol-
atile suspended solids (VSS) at 1.1 mg L−1) and AOB biomass (VSS at
2.1 mg L−1) was collected and rinsed three times in a 3% phosphate-
buffered saline (PBS) (pH 7.6) to remove residual substrate. Then, the
sludge was centrifuged at 8000 rpm for 3 min, and the concentrated bio-
mass was used for immobilization.

2.2. Immobilization procedure

The immobilization method included two steps as shown in Fig. 1.
During the first step, ANAMMOX biomass and AOB biomass were dis-
persed into smallfloccules and dilutedwith the culturalmedium. Equiv-
alent volumes of 6% sodium alginate (SA) solution and two biomass
concentrates were completely mixed in two beakers, respectively. Dur-
ing the second step, 100 mL of a mixed liquid of ANAMMOX biomass
and gel was gradually poured into a rounded glass container and uni-
formly spread at the bottom of the container. Then, the container with
the mixed liquid was filled with CaCl2 solution (4%), which formed a
thin gel layer 0.9–1.1mm in thickness. The obtained solutionwas stored
at 26 °C for 12 h for cross linking to obtain a stable SA immobilized layer
in an anaerobic operating incubator. After step 1 and step 2, the first
ANAMMOXgel layer was completed and rinsed three timeswith deion-
izedwater. The procedure of the production of the second AOB gel layer
was similar to that of the ANAMMOX gel layer. The only difference was
that the 12-h cross linking was completed without using an anaerobic
operating incubator. The finished AOB gel layer was fixed on the
upper surface of the first ANAMMOX gel layer. These two gel layers
were similar to two thin pancakes clamped together, ensuring that the
AOB layer has sufficient contact area to directly transfer the substrate
to the ANAMMOX layer.

2.3. Reactor and experimental method

Fig. S1 shows a schematic of the IAAR for the single-stage
deammonification process. The volume of the reactor was 500 mL,
and the packing rate was approximately 12% (6% ANAMMOX gel and



Fig. 1. Schematic of the immobilization procedure.
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6% AOB gel). The reactor was provided with a thermostatic jacket and
the temperature was maintained at 35 ± 1 °C. The reactor was contin-
uously agitated at 90 rpm by a magnetic stirrer under a dark condition
for 24 h. Temperature, DO, and pH sensors were installed on the lid of
the IAAR for real-time monitoring. Small bubbles of air were supplied
via a strip air sparger below the AOB gel layer. A CANON-MBR reactor
was established to retain the suspended granular biomass by mem-
brane, which served as a performance comparison. The volume of the
CANON-MBR reactor was 500 mL, and the agitation rate and tempera-
turewere the same as those of the IAAR. The effective area of the hollow
fiber membrane module was 200 cm2 and its pore size was 0.2 μm.

The experimental design is shown in Fig. 2. Short-term and long-
term tests of the IAAR were conducted in this study. Three IAARs and
three CANON-MBRs were used for the short-term tests. IAAR-1, IAAR-
2, and IAAR-3 were inoculated with 0.4, 0.8, and 1.2 g-VSS L−1 AOB
and ANAMMOX biomass concentration that was immobilized in the
two gel layers (see in Fig. S3). For comparison, MBR-1, MBR-2, and
MBR-3 were inoculated with 0.4, 0.8, and 1.2 g-VSS L−1 AOB and
ANAMMOX biomass concentration that was suspended granular. All
the biomass for the inoculations was obtained from two cultivation re-
actors as previously mentioned. The concentrations of NHþ

4−N were
Fig. 2. Experimental design for effects of the initial biomass concentration on the performance
CANON-MBR.
set s 80 mg L−1 with a DO level of approximately 0.5 mg L−1 during
the 7-day operation, which resulted in a nitrogen loading rate of
0.67 kg-N m−3 d−1. The effects of the initial biomass quantity on the
two types of reactors were examined. The long-term influent loading
rate of the IAAR and CANON-MBR is provided in Table 1. The biomass
concentrations in IAAR-L1 and IAAR-L2 were 0.4 g-VSS L−1 and 1.2 g-
VSS L−1. Meanwhile, MBR-L with a biomass concentration of 1.2 g-
VSS L−1 was used for comparison under the same conditions. The nitro-
gen loading rate of IAAR increased from 0.6 to 4.1 kg-Nm−3 d−1 during
Phases I, II, and III. The DO concentration was maintained at a certain
value of 0.5, 1, or 3mg L−1 by controlling the air flow rate. The basalme-
dium in both reactors contained 2000 mg L−1 of NaHCO3, 27 mg L−1 of
K2HPO4, 84 mg L−1 of MgSO4·7H2O, 24 mg L−1 of CaCl2·2H2O,
51 mg L−1 of NaCl, and 1 ml L−1 of trace element solution I and
1 ml L−1 of trace element solution II (van de Graaf et al., 1996).

2.4. Analytical methods

Samples from the influent and effluent were collected on a daily
basis and immediately filtered through a 0.45-μm polyether sulfone
membrane filter (Anpel Company, China). NHþ

4−N was measured
of denitrification between IAAR (immobilized AOB and ANAMMOX bacteria reactor) and



Table 1
Conditions of long-term tests for IAARs and CANON-MBR.

Phase Period
(day)

Influent NH4
+ − N

(mg L−1)
DO
(mg L−1)

Nitrogen loading rate
(kg-N m−3 d−1)

HRT
(day)

I 1–14 61 ± 4.6 0.5 ± 0.5 0.612 ± 0.02 0.1
II 15–32 183 ± 5.1 1 ± 0.5 1.834 ± 0.04 0.1
III 33–93 410 ± 9.7 3 ± 0.5 4.083 ± 0.03 0.1
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using colorimetric methods according to Standard Methods
(APHA1995). NO−

2 −N and NO−
3 −N were analyzed using ion chroma-

tography (ICS-1000, Dionex, USA) with an AS-20 column, an AG-20
guard column, and a 150 mg L−1 injection loop (Xia et al., 2011).
Mixed liquor suspended solids (MLSS) and VSS were determined
using a weight method. Nitrogen removal rate per biomass (BNRR)
was calculated as the ratio of the nitrogen removal rates to the VSS of
the biomass.

2.5. Microsensor analysis

Depth profiles of DO concentration were measured with an Ox-10
glass microelectrode sensor (Unisense, Denmark). The sensor tip was
composed of solid glass and covered by a silicone membrane with a di-
ameter of 10 μm. DO profiles were converted to concentration using a
two-point calibration (100% and 0% O2) (Fenchel and Glud, 2000;
Thompson et al., 2003). A Unisense pH glass microelectrode was used
to measure the depth profiles of the pH in the gel layers, and was con-
nected to a high-impedance millivolt-meter (Unisense, Denmark)
with a reference electrode. Specification of the electrodes and the
datalogger is illustrated in detail elsewhere (Vorenhout et al., 2004).
The pH electrode was calibrated in standard buffer solutions (pH = 4
and 7) before use. To measure the inner DO concentration and pH, the
sensors were carefully inserted into the gel layers at a constant speed.
The temperature of the solutions and layers was maintained at 35 °C
throughout the microelectrode measurements.

2.6. DNA extraction and high-throughput pyrosequencing

In this study, inoculated biomass samples from the Nitritation-SBR re-
actor and ANAMMOX-MBR reactor from the CANON reactor were col-
lected and stored at −80 °C for subsequent molecular processing.
Genomic DNA of each sample DNA was extracted and purified using a
bacterial genomicmini extraction kit (Sangon, China). TheDNAwas qual-
ifiedusing aQubit 2.0DNAdetection kit (Sangon, China) and the qualified
DNA was high-throughput pyrosequencing sequenced by the Sangon
Company (Sangon, China) (Liang et al., 2015). The PCR primers were
V3-V4 universe primers 341F/805R (341F: CCTACGGGNGGCWGCAG;
805R: GACTACHVGGGTATCTAATCC) (Herlemann et al., 2011; Hugerth
et al., 2014). Operational taxonomic units (OTUs)weredefinedby cluster-
ing at 3% variation, which is assumed to correspond to the genus level.
The Shannon diversity index was processed using mothur (http://www.
mothur.org/), and the sequences were compared to the reference micro-
organisms available in the Silva database (http://www.arb-silva.de).

2.7. Fluorescence in situ hybridization

The samples harvested from the two gel layers in IAAR-L1 during
phase III were fixed with 4% (w/v) paraformaldehyde in PBS (8.0 g of
NaCl, 0.2 g of KCl, 1.15 g of Na2HPO4, KH2PO4, and 0.2 g L−1 of distilled
water and a pH of 7.2) at 4 °C for 12 h (Isaka et al., 2007). Samples
were washed three times with 0.5 M PBS, re-suspended in the 0.5 M
PBS, andmaintained at 4 °C for 3 days. To characterize the in situmicro-
bial community structure of the AOB and ANAMMOX bacteria in the
two gel layers, samples were directly cut to a mini cube using high-
profile disposable microtome blades (size: 2 × 2 × 2 mm). The gel
cube was covered by Teflon-coated glass slides. The ANAMMOX bacte-
rial population in the gel layers was determined using the ROX-
labeled oligonucleotide probe Amx368 (Pavlekovic et al., 2009). The
AOB population in the gel layers was determined using the AMCA-
labeled oligonucleotide probe NSO190. The total bacterial population
in the gel layers was determined using the FAM-labeled oligonucleotide
probe EUB338. (Jetten et al., 2003; Mobarry et al., 1996; Okabe et al.,
1999) The hybridized samples were observed using a Nikon A1R
Spectral Confocal Microscope (Nikon, Tokyo, Japan). The confocal mi-
croscope was coupled to a Z-stage piezo-controller. Z-series scanning
was completed every 20 μm up to a Z-depth of 2000 μm using a Nikon
10 × objective lens. A three-dimensional (3D) model image of the mi-
crobial community in the two gel layers was made using the NIS–
Elements AR software (4.20).

3. Results and discussion

3.1. Start-up experiments

The effects of initial biomass concentration in the six one-stage
deammonification reactors were investigated and the results are
shown in Fig. 3. For IAAR-1, IAAR-2, and IAAR-3, the AOB and
ANAMMOX biomass was immobilized into gel layers as described in
Section 2.3 with biomass concentrations of 0.4, 0.8, and 1.2 g-VSS L−1,
respectively For comparison, reactors MBR-1, MBR-2, and MBR-3
contained the mixed ANAMMOX and AOB aggregated biomass without
immobilization and were also operated using the same initial biomass
concentrations. All six reactors were operated at 35 ± 1 °C with the
same nitrogen loading rate (NLR) of 0.67 kg-N m−3 d−1 for 7 days.
The stoichiometric ratios of the produced nitrate to consumed ammonia
in the six reactors ranged from 10% to 14%, near the 11% of the optimal
deammonification process (Strous et al., 1998). As shown in Fig. 3, the
nitrogen removal rate (NRR) of all the immobilized biomass reactors
exceeded all the NRRs of the non-immobilized biomass reactors after
7 days of operation. IAAR-3's NRR rapidly increased from 0.04 kg-
N m−3 d−1 to 0.35 kg-N m−3 d−1 during the initial 4 days, whereas
for MBR-3 it slowly increased to 0.12 kg-N m−3 d−1. The NRR of IAAR-
3 reached 0.57 kg-N m−3 d−1 on the last day, which is the highest
NRR among the six reactors. The NRR of MBR-1 remained at a very
low level (0.07 kg-N m−3 d−1) until the end of test, whereas the NRR
of IAAR-1 increased from 0.002 kg-N m−3 d−1 to 0.502 kg-N m−3 d−1.
The final NRR of IAAR-1 with the lowest immobilized biomass concen-
tration was still higher than that of the final NRR (0.47 kg-N m−3 d−1)
of MBR-3 with the highest non-immobilized biomass concentration.
During the initial 5 days, the NRRs of the immobilized and non-
immobilized biomass were in direct proportion to the initial biomass
concentration: a higher initial biomass concentration resulted in a
higher NRR (Fig. 3). Notably, the difference in the NRRs of all the non-
immobilized reactors increased at the end of the 7-day operation. In
contrast, the difference in theNRRs of the immobilized biomass reactors
gradually decreased. IAAR-1, IAAR-2, and IAAR-3 containing the
immobilized biomass reached the same NRR of approximately 0.5 kg-
N m−3 d−1 after the 7-day operation. Fig. 3(B) shows the comparison
of all the reactors' NRRs and biomass concentration unit. Under the
same loading rate, the highest BNRR (nitrogen removal rate per bio-
mass) was obtained by IAAR-1 (1.25 g-N g-VSS−1 d−1) with the lowest
biomass concentration. The BNRR of IAAR-3 (0.48 g-N g-VSS−1 d−1)
was higher than that of MBR-3 (0.38 g-N g-VSS−1 d−1) at the end of
the 7-day operation. The BNRRs of the non-immobilized biomass
(MBR-1, MBR-2, andMBR-3) were in proportion to their initial biomass
concentration. However, the BNRRs of the immobilized biomass (IAAR-
1, IAAR-2, and IAAR-3) were inversely proportional to their respective
initial biomass concentration. The short-term data of the NRRs illus-
trated that the performances of the IAARs were better than that of the
MBRs under the same biomass concentration. Combining NRRs with
BNRRs, the immobilization method used in this study can enhance the

http://www.mothur.org
http://www.mothur.org
http://www.arb-silva.de


Fig. 3. Nitrogen removal rates (A) & Nitrogen removal rates per biomass (B) in six reactors containing different quantity of immobilized and non-immobilized AOB and ANAMMOX
biomass under the same conditions during 7-days operation. Error bars indicate the range of standard deviations (SD) derived from triplicate measurements.

Fig. 4. Concentration of N species in IAAR-L1 (A), IAAR-L2 (B) and MBR-L (C) during about 94-days operation. Variation of NLR and NRR in three reactors (D).
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activity of a low biomass concentration of AOB and ANAMMOX during
the start-up period.

3.2. Long-term experiments

Continuous experiments of IAAR-L1 (0.4 g-VSS L−1), IAAR-L2 (1.2 g-
VSS L−1), and MBR-L (1.2 g-VSS L−1) were conducted for 94 days, as
shown in Fig. 4. Initially, for the first 14 days, three reactors were oper-
ated with an average NLR of 0.61 kg-N m−3 d−1 under a hydraulic re-
tention time (HRT) of 0.1 day. The DO concentration was maintained
at approximately 0.5 mg L−1 by controlling the air flow rate during
phase I. This low DO concentration (0.5 mg L−1) during the start-up
stage was helpful for the activation of ANAMMOX bacteria, and could
reduce the possibility of nitrite inhibition. Fig. 4(A), (B) and (C) show
that IAAR-L1 and IAAR-L2 had a similar nitrogen removal performance
and bothwere better than that ofMBR-L. During phases II and III, the de-
crease in ammonium concentration in theMBR-L effluentwas obviously
slower than that of IAAR-L1 and IAAR-L2. The concentration of ammo-
nium in IAAR-L1 and IAAR-L2 was 18.4 and 9.3 mg L−1 on day 25, re-
spectively, meanwhile MBR-L effluent's ammonium concentration was
69.4 mg L−1. The ammonium concentration in MBR-L's effluent slowly
decreased from 311.3 mg L−1 to 32.5 mg L−1 from day 33 to day 77,
whereas IAAR-L1's ammonium concentration decreased to 32.1 mg L−1

through the first 11 days during phase III. Fig. 4(D) shows that IAAR-L1
and IAAR-L2 had a similar NRR trend during phases I and II. Based on
Fig. 4(A) and (B), the effluent ammonium concentration of IAAR-L1
was not as stable as that of IAAR-L2 under a high loading rate (phase
III). As the effluent ammonium concentration of IAAR-L1 suddenly in-
creased, the NRR of IAAR-L1 decreased four times on day 51, 67, 73,
and 81, respectively. The NRR of IAAR-L2 only had two small fluctuations
after the increase in the loading rate. This indicated that the IAAR with a
higher immobilized biomass concentration could obtain a more stable
NRR under a high NLR. When the NLR and DO concentration increased
at the beginning of every phase, the nitrite concentration of all three re-
actors increased to different levels the following days. The effluent nitrite
concentration of IAAR-L2 increased from 2.6 to 13.4 mg L−1 and the
effluent nitrite concentration of MBR-L increased from 22.5 to
59.5 mg L−1 during the first two days of phase III. This suggested that
the adaptation time to the loading increase in the AOB biomass was
shorter than that of the ANAMMOX biomass. Unlike the gradual increase
in the specific activity for AOB, the ANAMMOX activity slowly increased
and maximized when the influent ammonium concentration was sup-
plied at a high level (Choi et al., 2018). The quick nitrite accumulation
(greater than 50 mg L−1) likely influenced the activity of the
ANAMMOX bacteria, which induced the low NRR of MBR-L (Strous
et al., 1999b). The nitrite concentration in IAAR-L1's and IAAR-L2's efflu-
entwas obviously lower than that ofMBR-L, whichmeans the special gel
structure slowed the nitrite accumulation. However,MBR-L took 72 days
to reach nearly the same NRR (3.19 kg-N m−3 d−1) as IAAR-L2 with the
same initial biomass concentration. However, IAAR-L2 reached this NRR
in only 37 days. The results show that the non-immobilized bacteria in
the CANON-MBR reactor required a longer time than the immobilized
biomass in IAAR to adapt to a change in influent loading and DO
concentration.
Table 2
Comparison of the performances on different types of complete autotrophic nitrogen removal r
stage Nitrogen removal using ANAMMOX and Partial nitritation, MCR: Moving carrier reactor,

Reactor Carrier Initial VSS (g-VSS L−1) Start-up time (d)

SBBR Activated carbon fibers 3 80
MCR Gel 0.72 58
SBBR Combined packing 2.26 50
MBBR AnoxKaldnes 1.25 50
SBR None 6.4 35
MCR Gel 4 7
IAAR Gel 0.4 10
3.3. Comparison of start-up performances

It is interesting to compare the start-up times and removal efficiency
of different one-stage deammonification reactors with our results. The
criteria for a successful start-up of a one-stage autotrophic denitrification
reactor in this studywas defined as follows: the target NLR of the reactor
is approximately 0.5 kg-Nm−3 d−1 because the NLR for one of the earli-
est full-scale one-stage autotrophic denitrification reactors in Hattingen,
Germany, was designed for approximately 0.5 kg-N m−3 d−1 (Lackner
et al., 2014). Based on our experimental results, the lowest biomass con-
centration of 0.4 g-VSS L−1 (IAAR-L1) was able to meet the criteria of a
successful start-up and accomplished an NRR of 0.5 kg-N m−3 d−1 in
10 days. Table 2 lists the start-up performance of different types of
single-stage autotrophic nitrogen removal reactors and the start-up
time to meet the NRR of 0.5 kg-N m−3 d−1 (The start-up time is the
days to reach the NRRmax if the NRR of the reactor could not meet
0.5 kg-N m−3 d−1) (Chen et al., 2012; Kowalski et al., 2018). Deng
et al. achieved start-up in 50 days via the sequencing biofilm batch reac-
tor with an NRRmax of 0.39 kg-N m−3 d−1 (Deng et al., 2016). Qiao et al.
developed a moving carrier reactor (MCR) co-immobilizing 0.72 g-
VSS L−1 partial nitrifying and ANAMMOX biomass. They started up
deammonification in 58 days with an NRRmax of 1.69 kg-N m−3 d−1

(Qiao et al., 2013). The start-up time of the MCR developed by Isaka
et al. is nearly shorter than ours (7 days after nitritation biomass started
up). They used approximately 4 g-VSS L−1 biomass for the start-up
(Isaka et al., 2013). At the same time, the NRRmax (1.4 kg-N m−3 d−1)
of their MCR was still lower than that of IAAR (3.73 kg-N m−3 d−1). In
comparison tomany recent studies, the deammonificationperformances
obtained by immobilized gel reactors such as the MCR and IAAR are sig-
nificantly higher, approximately ten times higher, than that obtained in
an SBR, MBBR, and SBBR. TheMBR as a parallel reactor without immobi-
lization in our study took more than 22 days to complete the start-up
and reached 0.52 kg-N m−3 d−1. Of particular note, the NRRmax and
BNRRmax of the IAAR is apparently the highest and the ANAMMOX bio-
mass concentration (0.4 g-VSS L−1) required for the start-up of the com-
plete autotrophic nitrogen removal reactor is the lowest. Based on the
comparison result, this suggests that the IAARhas thepotential to reduce
the amount of seed sludge for reactor start-up in a future engineering
application.

3.4. In situ spatial distribution of DO and pH

The DO concentration and pH of the steady state AOB-ANAMMOX
gel layers with an average thickness of 2400 ± 50 μm under the same
NLR were measured using a microelectrode of a 100-μm step size
(Fig. 5) during phase III. As shown in Fig. 5, the DO concentration grad-
ually decreased from 3.0 to 0.3 mg L−1 between 0 μm and 1200 μm in
the AOB gel layer and remained extremely low between 1200 μm and
2400 μm in the ANAMMOX gel layer. The DO concentration was less
than 1 mg L−1 across over one-half of the AOB gel layer. After penetrat-
ing through the AOB gel layer, the DO concentration was nearly zero
across the entire ANAMMOX gel layer. The nitrite transferred from the
AOB part and the strict anaerobic condition in the ANAMMOX layer en-
abled the inside ANAMMOX bacteria to efficiently work. Fig. 5 shows
eactors. MBBR: Moving bed biofilm reactors, SBR: Sequencing batch reactor, SNAP: Single-
SBBR: Sequencing Batch Biofilm Reactor.

NRRmax (kg-N m−3 d−1) BNNRmax (g-N g-VSS−1 d−1) Reference

0.088 0.029 Chen et al. (2012)
1.69 2.34 Qiao et al. (2013)
0.39 0.17 Deng et al. (2016)
0.6 0.48 Kowalski et al., (2018)
0.51 0.08 Joss et al. (2009)
1.4 0.35 Isaka et al. (2013)
3.73 9.32 Our study



 DO            pH

Fig. 5. Steady state concentration profiles of DO and pH in AOB-ANAMMOX gel layers at
3 mg L−1 in the IAAR-L1. Dashed line represents a liquid-gel interface. Error bars
indicate the range of standard deviations (SD) derived from triplicate measurements.
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that the pH ranged from 7.14 to 7.74 in the AOB gel layer and from 7.69
to 8.37 between 1200 and2400 μm.Tang et al. reported that thehigh ac-
tivity of ANAMMOX resulted in high production of acidity and the pH
obviously increased. Meanwhile, Yan and Hu reported that the high ac-
tivity of AOB resulted in high consumption of acidity and the pH quickly
decreased (Tang et al., 2009; Yan and Hu, 2009). The great change in pH
across the gel layers corresponded to the highNRRavg (the averageNRR)
of 3.17 kg-N m−3 d−1 during phase III, illustrating the high activity of
the nitritation and ANAMMOX reactions in the gel layers. Themicrosen-
sor data shown in Fig. 5 suggests that 3 mg L−1 of liquid DO concentra-
tion below the AOB gel layer was the most appropriate amount for the
IAAR-L1 with a 0.4 g-VSS L−1 biomass concentration. The low DO con-
centration in the AOB part could not ensure the normal reaction of am-
monium oxidization, which may explain the low nitritation rate and
poor ANAMMOX performance. According to Liu et al., when the size of
aerobic granules is greater than 0.5 mm, DO becomes a major limiting
factor of metabolic activity of AOB over a substrate (Liu et al., 2012).
Vlaeminck et al. showed that the activity and abundance of ANAMMOX
bacteria is directly proportional to the size of the granules and the activ-
ity and abundance of AOB is inversely proportional (Vlaeminck et al.,
2010). At the same time, a high DO concentrationwould cause a high ni-
trite accumulation and nitrite inhibition of ANAMMOX biomass (Qiao
et al., 2013; Vlaeminck et al., 2010). As we can see in Fig. 4(C), the
CANON-MBR with non-immobilized biomass could result in problems
of the nitrite accumulation and low NRR every time the NLR and DO
level increased.
3.5. In situ FISH analysis

To explain the spatial distribution of the AOB and ANAMMOX
bacteria during the steady state of phase III, AOB-ANAMMOX gel
layers from IAAR-L1 were analyzed using FISH analysis on day 80
under a Nikon A1R Spectral, as shown in Fig. 6. FISH was performed
using a FAM-labeled probe EUB338 (blue) for most members of
Eubacteria. FISH results showed large amounts of ANAMMOX bacte-
ria (red) in the upper layer of the gel cube, whereas more AOB distri-
bution (green) was detected in the lower layer of the gel cube. These
results are, to the authors' knowledge, the first reported 3D recon-
struction of a model of an in situ microbial community in two gel
layers via confocal microscopy.

As shown in Figs. 5 and 6, the DO spatial distribution and FISH im-
ages demonstrate that the spatial structure of the gel layers established
for the AOB and ANAMMOX biomasses were excellent and could
mediate the DO requirement between nitritation and the ANAMMOX
process in a single-stage reactor. As shown in Fig. 6, the AOB and
ANAMMOX bacteria were evenly distributed within their respective
layers. Compared to natural PN/A process biofilms or aggregates, immo-
bilization technology could enable biomass to be more effectively orga-
nized and to be more efficiently fed in the gel. During phase III, FISH
analysis shows the AOB existed in the gel between 0 μm and 1200 μm,
where the DO concentration ranged from 3.0 to 0.3 mg L−1. At the
same time, the FISH analysis image shows the ANAMMOX bacteria
existed in the gel between 1200 μmand 2400 μm,where the DO concen-
tration ranged from 0.1 to 1 mg L−1. Therefore, the appropriate growth
conditions of the two bacteria resulted in IAAR-L1 reaching a high NRR
(0.76 kg m−3 d−1). Biofilms or aggregates formed in CANON,
DEMON®, or SNAP (single-stage nitrogen removal using ANAMMOX
and partial nitritation processes) systems are based on the hypothesis
that the nitritation reaction occurs in the outer portions of the aggregate
under oxygen-supplied conditions and theANAMMOX reaction occurs in
the inner portions under oxygen-limited conditions (Gonzalez-Martinez
et al., 2016; Nielsen et al., 2005; Third et al., 2001). Forming an adequate
natural biofilm or aggregate with an outside layer and an inside layer
would be prohibitively time-consuming. In contrast, our research con-
structed a good gel structure for two types of bacteria using a few simple
steps. Thus, the start-up time (10 days) for deammonification in our re-
actor is shorter than many other reported processes.

Biomass density and distribution are also important factors in bio-
mass substrate transmission. Because the biomass density and diffusion
ability of substrates in naturally formed granularwere uncontrollable, it
was difficult to mediate the different growth environments between
AOB and ANAMMOX biomass. The low biomass density of AOB in the
out layer could cause a shortage of nitrite and accumulation of DO in
the inner layer. High biomass density and ineffective diffusion of sub-
strates prevented interior ANAMMOX biomass from receiving the ni-
trite and removing nitrogen in the large granular (Furukawa et al.,
2006; Joss et al., 2009; Sliekers et al., 2003). The effective diffusion
coefficients ofNHþ

4−Nat 37 °C in the granular and immobilized biomass
with SA gelwere determined to be 8.6±2.3 × 10−6 cm2 s−1 and 29.0±
6.7 × 10−6 cm2 s−1, respectively (Ali et al., 2015). The higher diffusivity
and homogeneous distribution consequently led to a positive environ-
ment for the retained AOB and ANAMMOX bacterial metabolism in
our study, resulting in a higher NRRmax (3.73 kg-N m−3 d−1) than that
of the granular biomass even at an IAAR biomass concentration of
0.4 g-VSS L−1.
4. Conclusions

An IAAR was developed for a one-stage deammonification process.
Although the IAAR could be easily established using a low quantity of
biomass, the nitrogen removal performance was excellent. The start-
up performances demonstrated that the BNRR of IAAR-1 with a 0.4 g-
VSS L−1 biomass concentration reached 1.25 g-N g-VSS−1 d−1 in
7 days, and the CANON-MBR with a 1.2 g-VSS L−1 biomass concentra-
tion only reached 0.38 g-N g-VSS−1 d−1. IAAR-L1 (0.4 g-VSS L−1)
started up quickly in 10 days and achieved an NRRmax of 3.73 kg-
N m−3 d−1. The CANON-MBR with non-immobilized biomass took
22 days to finish the start-up and required a longer time adapting to
the increase in NLR and DO concentration compared to that of the
IAAR. In situ microelectrode measurement inside the AOB-ANAMMOX
gel layers proved that the double gel layer structure had an ideal
permeation profile of DO concentration andpHunder anNLR of approx-
imately 4.0 kg-N m−3 d−1. Excellent spatial distributions of AOB and
ANAMMOX bacteria were proven in situ by FISH analysis, which
matched the results of the DO distribution. These results indicate that
an IAAR is among the most effective reactor configurations for quick
start-up and stable operation of the deammonification process using a
small quantity of initial biomass (0.4 g-VSS L−1).



Fig. 6. Confocal laser scanning microscope images of cross-section of in situ AOB-ANAMMOX immobilization gel layers on the day 80, showing the microbial community with a FAM-
labeled probe EUB338 of most members of Eubacteria (blue color; 6(d)), a ROX-labeled probe of ANAMMOX bacteria (red color; 6(b)), and an AMCA-labeled probe NSO190 of AOB
bacteria (green color, 6(c)), and an overlay of all these probes (6(a)). Both probes EUB338 and NSO190 hybridized with AOB, resulting in cyan signal. Both probes EUB338 and
Amx820 hybridized with ANAMMOX, resulting in a purple-red signal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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