
Introduction

The nitritation-anammox single-stage autotrophic 
nitrogen-removal process has the potential for broad 
application in the treatment of wastewater with a low 
carbon/nitrogen ratio [1-2]. In existing technologies, 
nitritation and its coupling with anammox are rate-limiting 
steps in the whole process and are critical breakthrough 
points for increasing the processing capacity [3-5]. 

The key to achieving an effective nitritation process 
is to enrich ammonia-oxidizing bacteria (AOB) while 

inhibiting nitrite oxidizing bacteria (NOB). This enables 
AOB to have a competitive advantage and to achieve 
nitrite accumulation. Researchers have conducted 
numerous studies on ways to achieve nitritation, and 
have achieved nitrite accumulation by controlling one or 
more parameters, e.g., pH, dissolved oxygen (DO), free 
ammonia (FA), or free nitrous acid (FNA) [6-8]. However, 
NOB are highly adaptive and gradually resume their 
activity after the system has operated for a certain period. 
This makes it difficult to maintain long-term stability of 
the nitritation process.

DO is a critical factor used to achieve efficient and 
stable operation of the single-stage reactor. Low DO has 
a reversible inhibitory effect on anammox, whereas the 
inhibitory effect of high DO is irreversible [9-10]. Liu 
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Abstract
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[11] and Vlaeminck et al. [12] controlled DO within a low 
range (0.2-1.0 mg/L) to facilitate the anammox process. 
However, it is very difficult to harmonize the contradictory 
DO demands of AOB and anaerobic ammonia-oxidizing 
bacteria (AAOB). Stable nitrite accumulation is essential 
to the operation of the autotrophic nitrogen removal 
system. In view of the aforesaid contradictory DO 
demands, Persson [8] and Gilbert et al. [13] achieved 
sludge granulation to enable a gradient distribution of DO 
in the granules. This led to the formation of aerobic and 
anaerobic microenvironments on the surface and in the 
interior, respectively, providing suitable dissolved oxygen 
conditions for symplastic growth of AOB and AAOB.

Tests proved that a gradient distribution of DO in 
granules simultaneously satisfied the antagonistic DO 
demands of AOB and AAOB while maintaining large 
amounts of biomass. However, because AAOB grows at 
an especially slow rate, adjusting the control parameters 
usually has an impact on the quantities and structures of 
microflora in the system. This can disrupt the microflora 
balance within the granular sludge, which is more difficult 
to restore than in flocculent sludge [14]. Consequently, the 
autotrophic nitrogen removal system would fail to maintain 
efficient and stable performance of nitrogen removal. 
Therefore, stricter requirements must be imposed on 
control of the operating parameters, such as loading, pH, 
and DO. To date, there are no effective control strategies 
for such parameters.

This study focuses on a stable startup process and 
operating strategy of a single-stage autotrophic nitrogen-
removal system. Regular flocculent-activated sludge 
was inoculated and rapidly granulated in an SBR reactor 
under non-real-time control conditions. Based on the 
characteristics of ammonia nitrogen consumption and 
nitrite nitrogen accumulation, a control method for 
parameters (DO and pH) was established to achieve 
stable nitritation. Nitritation was coupled with the 
anammox process, and a control strategy for the single-
stage autotrophic nitrogen removal system was proposed 
according to the differences in physiological properties 
among AOB, AAOB, and NOB. Based on this control 
strategy, stable operation of the single-stage autotrophic 
nitrogen-removal system was achieved, and the advantages 
of granule-enriched anammox biomass for the nitrogen-
removal system will be discussed.

Material and Methods

Reactor and Operational Strategy

The SBR reactor was made of acrylic resin and had 
a working volume of 2.5 L, and a height/diameter ratio 
of 2.7. The exchange ratio (VEffluent/VReactor) was fixed and 
maintained at 0.5. During the experiment, the reaction 
temperature was kept near 25-30ºC. The aeration rate was 
controlled by a gas rotameter. An overhead mechanical 
stirrer was used in the reactor at a fixed speed of  
100 r/min.

The SBR was inoculated with 1.5 L of activated sludge 
collected from the Tangxunhu domestic sewage treatment 
plant in Wuhan, Hubei. The mixed liquid suspended solids 
(MLSS) value of the seeded sludge was 8-9 g/L.

Synthetic wastewater was used as influent in this study. 
The pH was controlled (7.8-8.2) by dosing with NaHCO3. 
The synthetic wastewater was supplemented with mineral 
medium. We used synthetic medium containing COD 
(300 mg/L), NH4

+-N (20 mg/L), TP (5 mg/L), KH2PO4 
(0.025 g/L), CaCl2·2H2O (0.3 g/L), MgSO4 (0.2 g/L), and 
FeSO4 (0.0065 g/L), and 1 mL/L trace element solution 
(as described in Wei et al., 2015) [15]. The NH4

+-N 
concentration was increased to 200 mg/L to develop the 
nitrification process, and COD gradually was reduced to 
zero during this process.

Analysis Methods

The pH, DO, and ORP parameters were measured 
with a portable and recordable probe (HACH, HQ40d). 
Measurements of ammonium, nitrite, nitrate, SS, and VSS 
were performed using standard methods (APHA 2005) 
[16]. The particle size distribution in random samples 
of granular sludge from the reactor was analyzed using 
a laser particle-size analyzer (Mastersizer 2000, Melvin 
British Company). Color photomicrographs (NIKON 
Mia2000 E200-F, Japan) were used for observation of 
sludge morphology. 

Quantitative PCR

A quantitative PCR system (Agilent Technologies, 
USA) was used to determine the distributions (in triplicate) 
of microbes in the SBR reactor. The gene sequences of 
AOB, NOB, AAOB, and DNF rRNA were tested as 
described by Persson et al. [8].

Results and Discussion

Aerobic Granulation Process

Strategies for Sludge Granulation

We found that when the organic loading was high, 
partial filamentous bacteria in the sludge served as the 
framework for granulation, thereby accelerating the 
formation of granules [17]. In this study, within 17 d 
after startup of the SBR system, organic loading was 
maintained at 2.0 kg COD/(m3·d), which facilitated the 
formation of microbial aggregates, and COD removal 
efficiency was maintained at 90% or above (Fig. 1).  
On Day 17 when the sludge expanded due to aeration 
failure, the organic loading was down-regulated to  
1.2 kg COD/(m3•d), after which point the system gradually 
resumed. Organic loading was maintained at this level 
during the subsequent incubation process.

The sedimentation time for the sludge in the reactor 
was gradually reduced from an initial 20 min to 5 min. 
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The hydraulic screening action not only eliminated the 
dispersed, flocculent sludge from the reaction system, 
improved the systemic sedimentation properties (Fig. 1), 
and promoted the formation of the granular sludge, but 
it also stimulated changes in cell surface properties that 
facilitated the formation of biological flocs [18], thereby 
further promoting sludge granulation.

According to the study results of Zheng and Kenji 
Furukawa et al. [19-20], a shorter reaction cycle could 
lead to more frequent discharge of cells. Moreover, the 
hydraulic screening action enabled microorganisms with 
excellent sedimentation properties to remain in the system, 
and created suitable growth conditions for sludge granules. 
Within 1-10 d, the hydraulic retention time (HRT) was set 
at 8 h. Excessive aeration resulted in serious degradation 
of organic components into inorganic compounds, so the 
HRT was adjusted to 6 h, after which the MLSS in the 
system sustained a steady increase.

As shown in Fig. 1, during days 1-17 the system operated 
continuously with stable COD and ammonia-nitrogen-
removal efficiency, both of which were maintained at 
90% or above. During the sludge expansion stage, when 
the removal efficiencies started dropping, the aeration 
rate was adjusted to 0.6 L/min, DO was maintained at  
1.5 mg/L, the effluent exchange ratio was reduced, and 
fresh sludge was replenished expediently. Afterward, the 
SVI of the system was maintained at 170 mL/g or below, 
sludge expansion was obviously alleviated, and MLSS 
quickly resumed a normal level of 2,600-3,200 mg/L. The 
reactor resumed stable removal efficiency on Day 28.

Sludge Morphology

The SBR was operated for nearly two months under 
aerobic conditions for sludge granulation. The MLSS 
of the seeding sludge decreased from 8,000 mg/L to 
6,980 mg/L after 7 d acclimation. Some tiny dark brown 
granules could be observed during stable operation. After 
sludge expansion on Day 17, the MLSS abruptly declined 
to 1,900 mg/L and the sludge appeared loose. On Day 28, 
the system gradually recovered and the sludge resumed its 
previous morphology (grayish black, small granules). On 
Day 57 the sludge had a more compact, dense structure 
with distinct granular boundaries (Fig. 2). 

At the initial stage, the average particle size of the 
system was 97.478 μm. After 57 d of operation, the average 
particle size increased to 308.214 μm. It is widely accepted 
that if the proportion of granules >200 μm is more than 
10%, then the sludge has been successfully granulated 
[21]. On Day 49, more than 69% of the sludge granules in 
the system were greater than 200 μm, indicating successful 
aerobic sludge granulation in the reaction system.

The Achievement of Partial Nitrification

The saturation constant for oxygen is 0.2-0.4 mg /L for 
AOB and 1.2-1.5 mg /L for NOB [22]. This indicates that 
under low DO, AOB grew faster than NOB, so AOB could 
be enriched by the optimization of operating conditions. 
To investigate the feasibility of achieving stable nitritation 
in the SBR through DO control and the stability of the 
nitritation process, from Day 62 to 83 (Stage I) the aeration 

Fig. 1. Performance of the SBR system in the aerobic granulation stage.
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rate was maintained at 0.4±0.1 L/min. Under the fixed 
oxygen supply mode, COD gradually decreased from 220 
to 110 mg/L and the reactor exhibited excellent nitritation 
performance, so the influent NH4

+-N concentration was 
increased gradually from 30 to 70 mg/L (Fig. 3).

From Day 84-123 (Stage II), the influent NH4
+-N 

concentration was increased to 100 mg/L, while COD 
decreased to zero. At a fixed aeration rate, as NH4

+-N was 
gradually consumed, the nitritation reaction slowed down 
due to reduced substrate concentration. As the DO level 
required for nitration was lower than that for nitritation, the 
DO level in the system quickly increased and the nitrogen 
removal rate of the reactor declined. Thereafter, nitrite 
oxidation occurred, leading to reduced concentration of 
accumulated NO2

--N and to the reduction of DO to the 
“characteristic point” [23] (Fig. 4), which could be used as 
the control point for the nitritation process.

Thereafter, the influent NH4
+-N concentration was 

increased to 200 mg/L. To maintain the nitritation 

reaction, during stage III (Day 123-148) the aeration rate 
was reduced from 0.4 to 0.3 L/min, and nitrite nitrogen 
started accumulating rapidly in the system, reaching  
86.2 mg/L. During Day 142-143, due to aeration failure, 
the aeration rate of the system was reduced to zero, 
nitritation was seriously inhibited, and the NO2

--N 
concentration dropped sharply. After troubleshooting the 
aeration failure, the aeration rate resumed at 0.3 L/min, 
and the NO2

--N accumulation rate increased and stabilized 
at 50%. After 148 days, the NO2

--N/NH4
+-N ratio of 

the system stabilized at 1.32 (Stage IV), providing the 
foundation for subsequent coupling with anammox.

As shown in Fig. 3, during the whole nitritation stage, 
the amount of accumulated NO2

--N slowly increased as 
nitrogen loading rate (NLR) increased. During the late 
phase, due to denitrification in the reactor, the amount 
of accumulated NO2

--N declined. Afterward, as NLR 
continued to increase, the aeration rate and aeration 
time were adjusted and the AOB became the dominant 
microflora. The conversion rate of NH4

+-N to NO2
--N 

reached 95% on Day 142. This finding is in full agreement 
with the results of a study of single-stage nitrogen removal 
in granular sludge, where NOB repression was also related 
to the residual ammonium concentration [14].

In addition, alkaline conditions facilitated the 
formation of FA, inhibited NOB activity by reducing the 
needed substrate, and provided a substrate for AOB [24]. 
The particular pH conditions also imposed a considerable 
direct effect on microorganisms. Optimal growth occurred 
at pH 7.0-8.5 for AOB and at pH 6.0-7.5 for NOB. At 
high pH, AOB had greater activity than did NOB, leading 
to selection for nitritation reactions rather than nitration 
reactions. In contrast, the nitritation reaction system could 
be destroyed by low pH. Figure 4 shows that if alkalinity 
were insufficient, the NH4

+-N was almost completely 
oxidized at 135 min, and the pH value started to increase 
afterward.

In consideration of the corresponding DO changes, pH 
and DO were used as parameters to control the reaction 
time, and the nitritation process was controlled by changes 
in initial alkalinity and DO level during the reaction. 
Therefore, adequate alkalinity and a rational oxygen 
supply mode did not inhibit the nitration reaction rate, and 
facilitated the establishment of a stable control process for 
nitritation.

Denitrification Performance 
of the CANON System

Start-up and Stable Operation

During the startup stage of the nitritation process, the 
activity of NOB was inhibited and AOB continuously grew 
and reproduced. This was accomplished by enabling AOB 
and NOB to have different properties by manipulating 
various factors, such as DO, pH, COD, and FA. During the 
initial stage of the autotrophic nitrogen-removal process 
there was a small number of AAOBs in the system. 
Because the doubling time of AOB is more than 10 times 

Fig. 2. Optical microscope photographs (40×): a) 1d after 
seeding, b) 10d after seeding, c) 35d after seeding, d) 56d after 
seeding.

Fig. 3. Variations in influent/effluent concentrations of NH4
+-N, 

NO2
--N, NO2

--N/NH4
+-N and aeration rate in the nitritation 

process.
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that of AAOB, the HRT was extended from 6 to 24 h, 
and 4 mg/L N2H4 was added as an intermediate product 
for stimulating the AAOB growth. These actions led to 
enhanced anammox [25] and rapid AAOB enrichment.

During Days 161-218 (Stage II), the nitrogen removal 
efficiency of the system gradually increased to 75.8% as 
a consequence of AAOB enrichment. The aeration time 
was extended from 130 to 145 min on Day 220 to ensure 
that NO2

--N formation demand was met for the anammox 

process. Accordingly, the effluent NH4
+-N concentration 

decreased rapidly, which allowed the nitrogen removal 
efficiency and the nitrogen removal rate (NRR) to increase 
to 79.5% and 0.18 kgN/(m3·d), respectively (Fig. 5).

To increase the hydraulic loading of the system, during 
Stage III the HRT was shortened to 12 h and the anaerobic 
reaction time was shortened. After this, the conversion 
rate of NH4

+-N and total nitrogen removal efficiency 
decreased. Thereafter, NH4

+-N gradually accumulated in 
the reactor, AAOB activity declined, and the total nitrogen 
removal rate fell to 37.2%. When the aeration time was 
increased to 150 min, the system gradually resumed its 
nitrogen removal performance. The nitrogen removal 
loading and total nitrogen removal rate were stabilized 
at 0.26 kgN/(m3·d) and 84.3%, respectively; higher than 
the total nitrogen removal rate of 74.4±7.1% and 72±9% 
obtained by C.M. Castro-Barros et al. [1] and Peili Lu et 
al. [26] with different types of reactors and conditions.

Performance of a Typical Cycle

Different reactors have different DO demands for 
startup and operation of the CANON process. The 
DO level in an SBR reactor is normally maintained at  
0.5-0.8 mg/L. Helmer-Madhok et al. [27] found that when 
DO was 0-0.7 mg/L, DO was positively correlated with 
the autotrophic nitrogen removal efficiency, and a further 
increase in DO level would destroy the system. Li et al. 

Fig. 4. Time course of parameters and substrates measured in two experimental phases: (a-c) nitritation regulation and (b-d) autotrophic 
nitrogen removal.

Fig. 5. Variation of nitrogen loading rate (NLR), nitrogen 
removal rate (NRR), removal efficiency, and N concentration of 
the autotrophic nitrogen removal process.
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[28] successfully cultured CANON granular sludge in the 
SBR reactor at a DO level of 0.3-0.5 mg /L, and the TN 
removal efficiency reached 63.7%. Figure 4 shows that the 
DO concentration ranged from 0.09 to 0.39 mg/L during 
the CANON process, with a mean value of 0.22 mg/L. 
These are similar to the results for integrated anammox 
processes reported abroad.

Both AOB and AAOB required suitable alkalinity, and 
the distribution ratios of reaction substrates NH3 and HNO2 
in the liquid phase were also influenced by pH. Therefore, 
it is necessary to adjust the pH carefully to enhance 
anammox without compromising ammonium oxidation 
and thereby increase nitrogen removal performance. Based 
on previous studies of the effects of pH on the CANON 
process, it is preferable to keep pH at 8 [9, 29-30]. 

Fig. 4 shows the conversion status of substrates as well 
as changes in the pH and DO in the reaction system within 
a single cycle. The first 1.5 h of the cycle was the aerobic 
stage. At the end of aeration, the NO2

--N/NH4
+-N ratio was 

1.11, and NO3
--N and TN concentrations remained almost 

unchanged. During the anaerobic stage, pH gradually 
increased to an extent that offset the amount of alkali 
consumed in the nitritation stage. This enabled the system 
to achieve partial acid-alkaline balance, and also reflected 
the resource-saving nature of the CANON process.

Characterization of the Microbial Community

During the late phase of acclimation, the absolute 
abundance of AOB was 7.4% at the nitritation stage (Fig. 
6), indicating considerable enrichment of AOB compared 
with that in the initial seeding sludge (absolute abundance 
0.87%). The absolute abundance slightly decreased during 
the autotrophic nitrogen removal stage. The NOB had a 
high concentration in the seeding sludge, while it sharply 
decreased during the nitritation stage and further declined 
to its lowest level in the CANON stage. The DNF exhibited 
the same patterns of change as the NOB. The absolute 

abundance of AAOB increased by 135-fold during 
the CANON stage, compared with that in the seeding 
sludge. The NOB was not completely eliminated, and 
the microflora in the system exhibited obvious structural 
changes. According to the results from previous domestic 
and international PCR studies [13], it can be seen that the 
AAOB were successfully enriched, and that AOB and 
AAOB became the predominant bacteria in the system.

When AOB and AAOB coexist in the system, AOB 
provides AAOB with reaction substrate and AAOB 
eliminates the substrate inhibition for AOB. However, they 
do compete for the same substrate when FA is insufficient 
in the system [31]. AOB is an aerobe while AAOB is an 
obligate anaerobe, the growth and metabolic processes 
of which are inhibited in the aerobic environment. Thus 
the relationship between the two bacteria is complicated. 
In a CANON system with adequate sludge granulation, 
the DO concentration gradient inside the granular sludge 
enabled the granular sludge to form a layered structure 
with aerobic exterior and anaerobic interior environments. 
This oxidative structure allowed AOB and NOB to coexist 
harmoniously in the same system.

Conclusions

Rapid startup of a nitritation-anammox process was 
achieved in a lab-scale SBR reactor with granular sludge. 
In the presence of ammonium, dissolved oxygen was an 
effective control parameter for suppressing the undesired 
NOB activity. AAOB were shown to grow in the CANON 
system and an organic balance between AAOB and AOB 
was achieved.
1.	 	 Nitrified sludge from a domestic wastewater treatment 

plant was inoculated and successfully granulated after 
57 days of incubation. The NLR of the system was  
0.08 kgN/ (m3•d), and nitrogen removal efficiency 
reached 90% or above. The sludge gradually changed 
to dark brown and more than 50% of the granules 
were larger than 1 mm.

2.	 	 Partial nitritation was stably maintained long-term in 
a granular reactor with an average NH4

+-N/NO2
--N 

ratio of 1.32, when the AOB population had a higher 
affinity for DO than that of the NOB. The microbial 
structure and NO2

--N accumulation rates were 
controlled using a strategy based on influent loads, 
aeration rate, and alkalinity.

3.	 	 Rapid AAOB enrichment and organic balance 
between AAOB and AOB can be achieved in a 
granular reactor under oxygen-limiting conditions. 
The nitrogen removal loading and total nitrogen 
removal rate were about 0.26 kgN/(m3•d) and 84.3%, 
respectively.
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