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a b s t r a c t 

Reliable and accurate oxygen-input control, which is critical to maintaining efficient nitrogen removal 

performance for partial nitritation-anammox (PN-A) process, remains one of the main operational dif- 

ficulties. In this study, a novel, yet simple system (a simple process for autotrophic nitrogen-removal, 

SPAN) with precise oxygen-input control was developed to treat ammonium-rich wastewater via PN-A 

process. SPAN brings oxygen to biomass by circulating water and creating water spray (shower) at the 

water-air interface, and effectively balances the activities of core functional microorganisms through pre- 

cise oxygen-input control. The oxygen-input rate is decided by the water circulation rate and shower rate 

and is measurable and predictable. Therefore, the required amount of oxygen for ammonium oxidation 

can be precisely delivered to the biomass by adjusting the circulation rate and shower rate. The results 

of two parallel SPAN reactors demonstrated that during long-term operation, the required oxygen input 

was precisely and reliably controlled. More than 99% of NH 4 
+ -N and 81% - 85% of total nitrogen were 

stably removed, with anammox bacteria contributing to more than 96% of total nitrogen removal. Anam- 

mox bacteria were efficiently enriched to the highest level among the key nitrogen-converting microbial 

groups, both in terms of abundance (8.17%) and nitrogen-conversion capacity, while ammonium oxidizing 

bacteria were well controlled to provide sufficient ammonium-oxidizing capacity. Nitrite oxidizing bac- 

teria were maintained stable (relative abundance of 1.08%-1.88%) and their activity was effectively sup- 

pressed. This study provided a novel technology, SPAN, to precisely control oxygen input in PN-A system, 

and proved that SPAN was effective and reliable in achieving long-term high-efficiency nitrogen removal. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Among the biological nitrogen removal alternatives, single-

tage partial nitritation-anammox (PN-A) process has arisen as

ne of the most attractive ones during the last two decades

 Sliekers et al., 2002 ; Third et al., 2001 ). Single-stage PN-A has

dvantages including lower aeration demand, no external organic

arbon requirement, and lower excess sludge yield ( Lackner et al.,

014 ; Li et al., 2017b ), making it a promising part of energy-neutral

r even energy-positive municipal/ wastewater treatment scheme.
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he single-stage PN-A process, as described by Eq. (1) ( Third et al.,

001 ), consists of two autotrophic nitrogen conversion processes

n a single reactor: ammonium-oxidizing microorganisms, mainly

mmonium-oxidizing bacteria (AOB), oxidizing roughly half of

he ammonium (NH 4 
+ ) to nitrite (NO 2 

−), and anammox bac-

eria converting the rest of NH 4 
+ and NO 2 

− to dinitrogen gas

 Daverey et al., 2013 ). The successful application of PN-A relies

n efficient retention of anammox bacteria and AOB, and stable

nteractions between them. Simultaneously, the undesired aero-

ic nitrite-oxidizing bacteria (NOB), which compete with anammox

acteria for nitrite and AOB for oxygen ( Agrawal et al., 2018 ), must

e well suppressed. 

Oxygen is one of the most vital controlling parameters in PN-A

rocess: it not only serves as a necessary electron acceptor for both
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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AOB and undesirable NOB, but also acts as an inhibitor for anaer-

obic anammox bacteria ( Agrawal et al., 2018 ; Kuai and Verstraete

1998 ). Thus, in practical application, the stability of PN-A systems

relies on reliable and accurate control of oxygen input, while im-

proper oxygen-input control leads to the imbalance of microbial

communities (overgrowth of NOB and inhibition of anammox bac-

teria) and deterioration of nitrogen removal performance (accumu-

lation of NH 4 
+ , NO 2 

− or NO 3 
−) ( Lackner et al., 2014 ; Lotti et al.,

2014 ). 

0 . 85 O 2 + NH 

+ 
4 → 0 . 435 N 2 + 1 . 3 H 2 O + 1 . 4 H 

+ + 0 . 13 NO 

−
3 (1)

However, reliable and accurate oxygen-input control via con-

ventional oxygen-input control methods through diffused aera-

tors, mechanical aerators, and combined aerators remains one of

the main operational difficulties for the treatment of side-stream

wastewater using PN-A process ( Lackner et al., 2014 ), let alone for

the even more challenging treatment of mainstream wastewater.

Both diffused aeration and surface aeration are commonly used

aeration techniques ( Mueller et al., 2002 ). The innermost controller

of the conventional oxygen-input control strategy is dissolved oxy-

gen (DO) cascade control, which indirectly estimates the relation-

ship between oxygen input and oxygen demand and controls oxy-

gen input based on the DO concentration and the airflow rate

( ̊Amand et al., 2013 ). This is not always reliable and largely re-

sults in a gap between the oxygen demand and the actual oxy-

gen input for PN-A process, which is sensitive to the accuracy of

oxygen-input control ( ̊Amand et al., 2013 ; Lackner et al., 2014 ).

In PN-A systems, the efforts to reduce this gap via conventional

oxygen-input control methods mostly rely on adding other param-

eters such as oxidation–reduction potential (ORP), pH, and nitrogen

concentrations into the control strategy ( Lackner et al., 2014 ). This

can be misleading as these parameters alone cannot directly re-

flect the actual oxygen input and do not always provide a good

correlation with biomass activity or substrate depletion. For in-

stance, DO concentration could remain within the target control

range when oxygen input is higher than the demand of AOB be-

cause of the oxygen consumption by other microbes ( Lackner et al.,

2014 ; Li et al., 2016 ). Thus a gap between the oxygen demand and

the oxygen input always remains. On the other hand, the inca-

pability of precise oxygen-input control necessitates complex on-

line aeration control strategies including pH-based aeration con-

trol, ammonia-based aeration control, and fixed-DO control, etc.

( Klaus et al., 2017 ), and complex aeration control instruments such

as online probes (probes measuring NH 4 
+ , NO 2 

− and NO 3 
− con-

centrations, DO concentration, pH, conductivity, etc.), distributed

control systems (to receive signals and send commands), and mod-

ulating control valves ( Christensson et al., 2013 ; Lackner et al.,

2014 ; Qiu et al., 2020 ). According to a survey on full-scale PN-

 inst allations treating side-stream wastewater, aeration control is

one of the main operational difficulties: 30% of the surveyed plants

experienced NH 4 
+ accumulation (oxygen input < oxygen demand)

lasting for several days to three weeks, and 50% of the surveyed

plants experienced NO 2 
− and NO 3 

− build-up (oxygen input > oxy-

gen demand) generally lasting up to several days for NO 2 
− accu-

mulation and several weeks for NO 3 
− accumulation ( Lackner et al.,

2014 ). Thus, the establishment of a more reliable, easily accessi-

ble, and precise oxygen-input control method is required for the

oxygen-sensitive PN-A process. 

Therefore, in this study, a novel, yet simple system with precise

oxygen-input control (a Simple Process for Autotrophic Nitrogen-

removal, SPAN) was developed to treat ammonium-containing

wastewater via PN-A process. In SPAN system, the activities of core

functional microorganisms are effectively maintained as desired to

achieve stable and efficient nitrogen removal performance. This is

realized in two ways: 1) the required amount of oxygen is pre-

cisely delivered to the microorganisms based on theoretical oxygen
emand rather than parameters like DO concentrations; and 2) de-

igning the reactor to accommodate biomass at a nearly zero-DO

one away from the oxygen-rich section in the reactor, which re-

uces the oxygen inhibition on anammox bacteria and maximizes

he suppression of NOB by limiting the oxygen availability. In SPAN

eactor, the oxygen transfer from atmospheric air to wastewater is

chieved through creating a disturbance at the air-water interface

y circulating/spraying wastewater. The SPAN system consists of a

ylindrical reactor, three pumps for filling, drawing, and wastewa-

er circulation, and timers for controlling the pumps. In SPAN reac-

or, biomass is located at the bottom of the reactor, and DO in the

astewater at the top of the reactor is delivered to the biomass

ia wastewater circulation. DO is depleted by AOB in the biomass

o oxidize NH 4 
+ to NO 2 

−, thus creating a nearly zero-DO zone at

he bottom of the reactor allowing the minimization of oxygen in-

ibition on anammox bacteria and maximization of suppression of

OB. The oxidized NO 2 
− and the rest of NH 4 

+ are converted to N 2 

y anammox bacteria in the biomass. The DO-depleted wastewa-

er is circulated back to the top of the reactor thus creating an

xygen gradient difference to allow the natural diffusion of oxygen

rom the air into water. If necessary, the oxygen transfer rate can

e enhanced through creating disturbance at the air-water inter-

ace by creating water spray on the water interface (simulating a

hower). Oxygen input is the function of the water circulation rate

nd the shower rate, and the oxygen input at various circulation

ates/shower rates can be measured aforehand using clear water

ithout biomass in an identical reactor. The theoretical oxygen de-

and for oxidizing about half of NH 4 
+ to NO 2 

− by AOB is calcu-

ated according to Eq. (1) based on the incoming NH 4 
+ -N. In this

ay, oxygen input is precisely controlled to meet the demand by

ontrolling the water circulation rate and the shower rate. There-

ore, the activities of the core functional microorganisms are effec-

ively balanced through precise oxygen-input control and reactor

esign: AOB get just enough oxygen to oxidize ammonium, NOB

vergrowth is suppressed because the delivered oxygen is advan-

ageously depleted by AOB ( Guisasola et al., 2005 ), and oxygen-

nhibition on anammox is minimized. Therefore, stable and effi-

ient nitrogen removal can be maintained in SPAN system. 

In this study, two identical lab-scale SPAN reactors (R1 and R2)

ere set up and operated to verify the effectiveness of SPAN. The

esearch aims were to investigate: 1) the long-term nitrogen re-

oval performance at various oxygen inputs; 2) the capacities of

he key nitrogen-conversion pathways to monitor the evolution of

he key nitrogen-converting guilds, and 3) the dynamics of the mi-

robial communities in one of the reactors (R1) through metage-

omic analysis. 

. Materials and methods 

.1. Design and operation of SPAN 

Two identical reactors, R1 and R2, were set up as SPAN reactors

nd run parallelly under the same conditions to confirm the effec-

iveness of the novel SPAN technology ( Fig. 1 ). These two reactors

ere previously operated using conventional oxygen-input control

ethods. The SPAN reactor had an effective volume of 2.6 L and

 height/diameter ratio of 11.5. Three peristaltic pumps were used,

.e., an influent pump, an effluent pump, and a pump for circu-

ating water and creating shower via a by-pass line if necessary

 Fig. 1 ); all pumps were controlled by programmable timers. The

ump for water circulation drew water from the top of the re-

ctor and delivered the water to the bottom of the reactor. With

he water circulation rates in this study, the PN-A biomass, which

as in a suspended growth form, resided only at the bottom part

f the reactor ( Fig. 1 ). The reactors were used to treat synthetic

astewater and were run as sequencing batch reactors (SBRs). One
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Table 1 

The operating conditions of R1 and R2. 

Day 1–82 83–358 359–431 

Stages 1 2 3 

Influent NH 4 
+ -N (mg/L) 200 300 300 

NLR (mg N/L/d) a 77 115 231 

Circulation rate/shower rate (mL/min / mL/min) 70/0 70/0, 150/0, 300/0 b 200/88 

Oxygen input (mg O 2 /d) 314 314, 454, 858 1290 

a nitrogen loading rate. 
b day 83–158: 70/0; day 159–260: 150/0; day 261–358: 300/0. 
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Fig. 1. Simplified scheme of the SPAN system (shower was used only in Stage 3). 
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N H + 2 O 2 → N O + 2 H + H 2 O (6) 
BR cycle included a 5-minutes fill phase, a 340-minutes reaction

hase, a 10-minutes settling phase, and a 5-minutes draw phase.

astewater circulation and the operation of the shower only hap-

ened during the reaction phase. The temperature was maintained

t 30 °C by placing the reactors in a light-blocked thermostatic

abinet. The operation of the reactors was divided into three stages

epending on the increasing nitrogen loading rate (NLR) ( Table 1 ).

n Stage 1, the nitrogen removal performance of SPAN reactors with

recise oxygen-input control to meet the oxygen demand was in-

estigated. In Stage 2, the reactors were operated under various

ater circulation rates to examine the nitrogen removal perfor-

ance with lower or greater oxygen input than oxygen demand. In

tage 3, the reactors were operated to examine the effectiveness of

PAN technology with the addition of shower. 

.2. Determination of oxygen input 

Oxygen input (mg O 2 /d) was calculated according to

q. (2) ( Baquero-Rodríguez et al., 2018 ). 

xygen input = 

t 

∫ 
0 

k L a × ( C s − C t ) × V × dt (2) 

here k L a is the volumetric oxygen transfer coefficient (1/s), C t is

he DO concentration at time t, C s is the oxygen saturation con-

entration, and V is the volume of the reactor. C t was measured

nd recorded using a DO sensor (FDO925, WTW, Germany) and a

ortable meter (Multi3620, WTW, Germany). At the bottom of the

eactor where the biomass resided, C t was constant at 0 (Figure

1), so C t was set as 0 during the calculations. C s was measured us-

ng saline water (the same salinity of 0.22% as that in the reactor)

t 30 °C. k L a was determined using the dynamic method according

o Eq. (3) and (4) ( Garcia-Ochoa and Gomez 2009 ; Rodgers et al.,

006 ; Zhan et al., 2006 ). 

dC 

dt 
= k L a × ( C s − C t ) (3) 

n 

(
C s − C t 

C s − C 0 

)
= −k L a × t (4) 

here C and C 0 are the DO concentration and DO concentration at

ime 0, respectively. 

k L a values under various circulation rates and shower rates

ere determined in an identical reactor using saline water (0.22%,

ame with that in the reactors) with the absence of biomass.

irstly, DO in the saline water was removed by flushing dinitrogen

as, and then the saline water was circulated at the set circulation

ate and shower rate. The DO concentrations during the tests were

ecorded and were used to calculate k L a . Because the temperature

f the saline water was inevitably reduced to lower than 30 °C by

he cold dinitrogen gas, k L a was determined at 20 °C and adjusted

o at 30 °C as per Eq. (5) ( Lee 2017 ; Vogelaar et al., 20 0 0 ). 

 L a ( T ) = k L a 20 θ
T −20 (5) 

here k L a(T) is k L a value at temperature T , k L a 20 is k L a at temper-

ture 20 °C, and θ is the theta factor (1.008 was used in this study

 Lee, 2017 )). 
.3. Calculation of theoretical oxygen demand and actual oxygen 

onsumption for nitrogen conversion 

The theoretical oxygen demand (mg O 2 /d) for nitrogen removal

as calculated based on Eq. (1) , i.e., 1.94 mg O 2 is needed to re-

ove 1 mg NH 4 
+ -N. The oxygen consumption (mg O 2 /d) by PN-A

nd by the production of NO 3 
−-N via full nitrification was consid-

red. The actual oxygen consumption (mg O 2 /d) by PN-A was cal-

ulated based on Eq. (1) : the production of 1 mg N 2 -N from NH 4 
+ -

 requires 2.23 mg O 2 . The calculation was made based on the

otal nitrogen (TN) removal instead of NH 4 
+ -N removal or NO 3 

−-

 production because part of NH 4 
+ -N was oxidized to NO 3 

−-N by

itrification. The oxygen consumption (mg O 2 /d) by full nitrifica-

ion was calculated using Equation 6: 4.57 mg O 2 is needed to

roduce 1 mg NO 3 
−-N (NO 3 

−-N produced by nitrification = (mea-

ured NO 3 
−-N) – (NO 3 

−-N produced by PN-A), and NO 3 
−-N pro-

uced by PN-A was calculated based on Eq. (1) ). 

+ − + 

4 3 
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2.4. Synthetic wastewater and seeding sludge 

Synthetic wastewater mimicking ammonium-rich wastewater

with high N/COD ratio, which was made from tap water ac-

cording to Qiu et al. ( Qiu et al., 2019 ), mainly contained 200 -

300 mg/L NH 4 
+ -N, 40 - 60 mg/L COD with N/ COD ratio of 4, 706

- 1059 mg/L NaHCO 3 (NH 4 
+ -N/HCO 3 

− of 1.7), 170 mg/L CaCl 2 •

6H 2 O, 111 mg/L KH 2 PO 4 , 58 mg/L MgSO 4 • 7H 2 O, and trace ele-

ments. The two reactors were originally inoculated with one liter

of suspended sludge taken from another PN-A reactor. The biomass

maintained a form of suspended-growth flocs during the whole

operation of the two reactors. On day 1, when the two reactors

were operated as SPAN reactors, the sludge concentrations were

1340 ± 28 mg VSS /L in R1 and 1230 ± 14 mg VSS /L in R2

(the small difference was due to the previous operation using con-

ventional oxygen-input control methods; VSS: volatile suspended

solid). 

2.5. Estimation of nitrogen removal by anammox bacteria in SPAN 

reactors 

In this study, nitrogen removal by anammox bacteria was esti-

mated using Eqs. 7–9 : 

Nitrogen removal by anammox bacteria 

= measured total nitrogen removal 

−nitrogen removal by heterotrophic denitrification (7)

Nitrogen removal by heterotrophic denitrification 

= COD consumption by heterotrophic denitrifiers 

for denitrification / ( S F / S NO 3 − − N ) (8)

COD consumption by heterotrophic denitrifiers for denitrification 

= total measured COD consumption − COD consumption by 

heterotrophic denitrifiers for biomass growth 

− COD consumption byaerobic heterotrophs (9)

where, in Eq. 8 , S F /S NO 3- - N 
is the ratio of readily biodegrad-

able organic matters ( S F ) to nitrate plus nitrite nitrogen (S NO 3- –N ).

According to the stoichiometry in ASM2 ( Henze et al., 20 0 0 ),

the ratio of S F /S NO 3- –N was calculated based on the yield coeffi-

cient of heterotrophic denitrifiers ( Y H , 0.5 g COD/g COD with ni-

trite or nitrate as the electron acceptor): S F /S NO 3- –N = 2.86/(1-

 H ) = 2.86/(1–0.5) = 5.72 g COD/g NO 3 
−-N, which means

that 5.72 g COD is required for the complete denitrification

of NO 3 
−-N (without considering COD consumption for biomass

growth). 

According to Eq. (7) , an underestimation of nitrogen removal by

heterotrophic denitrification would lead to an exaggerated contri-

bution of anammox bacteria to nitrogen removal, though anam-

mox bacteria were acutally the dominant nitrogen removal mi-

croorganisms in SPAN reactors. The underestimation of nitrogen

removal by heterotrophic denitrification was avoided by assuming

that COD consumption by heterotrophic denitrifiers for denitrifi-

cation was equal to the total measured COD consumption, which

means that the estimated COD consumption by heterotrophic den-

itrifiers for denitrification Eq. (9) and consequently, the calcu-

lated nitrogen removal by heterotrophic denitrification ( Eq. (8) ,

were higher than the actual levels. So in the estimation, COD con-

sumption by aerobic heterotrophs and COD consumption by het-

erotrophic denitrifiers for biomass growth were both neglected

Eq. (9) . 
.6. Analytical procedures 

Prior to analysis, effluent wastewater samples were pre-treated

y filtration (pore size 0.45 μm). A Konelab analyzer (Thermo Sci-

ntific, USA) was used to measure the concentrations of NO 3 
−-N,

O 2 
−-N, and NH 4 

+ -N. Standard methods were employed to deter-

ine VSS and COD concentrations ( APHA, 1998 ). pH was deter-

ined using a pH meter (Multi3620, WTW, Germany). The salin-

ty was determined using a salinity electrode and a portable me-

er (Extech DO700, FLIR Commercial Systems, USA). In order to in-

estigate the maximum capacities of the main nitrogen-converting

athways, the nitrogen-conversion capacities of aerobic ammo-

ium oxidation (AAO, mainly by AOB), anaerobic ammonium ox-

dation (anammox), aerobic nitrite oxidation (ANO, by NOB), and

eterotrophic denitrification were tested in triplicate according to

iu et al. ( Qiu et al., 2019 ) (NOB activity tests were the same as

hose of AOB tests except that only NO 2 
− instead of NH 4 

+ was

upplied). 

.7. Metagenomic high throughput sequencing 

Biomass samples (5 mL) were collected on day 1, day 57, day

21, day 247, day 351, and day 388 for metagenomic sequenc-

ng (Sangon Biological Engineering, China). The DNA extraction

ethods were provided in supplementary information. Illumina

iSeq platform was used for high-throughput sequencing to pro-

uce 150 bp paired-end reads. The raw reads were quality fil-

ered by trimming the adaptor sequences and ambiguous nu-

leotides, removing short reads ( < 35 bp), and excluding low-

uality sequences (quality score < 20) using Trimmomatic (ver-

ion 0.36). The cleaned sequences (Table S1) were assembled into

ontigs using IDBA_UD (version 1.1.2) with default parameters.

pen reading frames (ORFs) were predicted from contigs using

rodigal (version 2.60). ORFs longer than 100 bp were translated

nto protein sequences. CD-HIT (version 4.6), SAMtools (version

.1.18), and Bowtie2 (version 2.1.0) were used to remove the re-

undant sequences and determine gene abundance. Taxonomic an-

otation was conducted by searching the reads against the NCBI Nr

atabase with the E-value cut-off of 10 –5 . The relative abundance

as calculated based on total detected sequences. The reported se-

uences were deposited in the GenBank under the accession num-

er PRJNA606508. 

. Results and discussion 

.1. Determination of the oxygen input 

k L a values at various water circulation rates and shower rates

ere determined (Figure S2 and Table S2) and based on k L a values

he oxygen input was calculated. Then, a non-linear surface regres-

ion analysis was conducted to investigate the empirical, quantita-

ive correlation of the oxygen input to the water circulation rate

nd shower rate. This was described by Eq. (10) (R 

2 = 0.96) and

ig. 2 . Based on the equation, the oxygen input was predicted at

arious water circulation rates and shower rates. 

xygen input , mg O 2 /d = −214 . 6 + 351 . 1 e A + 2 . 8 e B + 1555 e A + B 

(10)

here A = −e 
25 . 8 −C 

42 . 8 , B = −e 
−15 . 5 −S 

123 . 3 , C is the water circulation rate

mL/min), and S is the shower rate (mL/min). 

Good agreement was observed between the predicted oxygen

nput and the measured oxygen input (Figure S3). Eq. (10) and

ig. 2 indicate that the increased water circulation rate will de-

iver more oxygen into the SPAN system, and the contribution of

hower with water circulation can introduce much more oxygen
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Fig. 2. Heatmap showing the dependence of the oxygen input on the water circu- 

lation rate and shower rate. 
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han simply employing water circulation. For instance, at the wa-

er circulation rate of 300 mL/min, oxygen input of 858 mg O 2 /d

as achieved, while 1290 mg O 2 /d was achieved at the water cir-

ulation rate of 200 mL/min and the shower rate of 88 mL/min

Figure S3). The introduction of the shower improved the k L a value

y creating more disturbance at the water-air interface and thus

mproved the oxygen transfer. Therefore, from the perspective of

inimizing the amount of circulated wastewater, the circulation-

hower mode is a better choice than the circulation-only mode. 

.2. Performance of SPAN 

.2.1. Nitrogen-removal performance 

The performance of the two SPAN reactors (R1 and R2) ran

n parallel is shown in Fig. 3 . Because similar performances were

chieved in the two reactors, so only the results of R1 were dis-

ussed in detail. In Stage 1 (day 1- day 82), the two reactors were

perated at a water circulation rate of 70 mL/min (oxygen input

f 314 mg O 2 /d) and fed with 200 mg NH 4 
+ -N/L at an NLR of

7 mg N/L/d. At this NLR, the theoretical oxygen demand for PN-

 to convert all the NH 4 
+ -N was 389 mg O 2 /d (Figure S3). In R1,

round 86% of NH 4 
+ -N was removed (Figure S4), while the av-

rage NO 2 
−-N and NO 3 

−-N concentrations were 0.2 mg N/L and

5 mg N/L, respectively, leading to a final TN removal efficiency

f 68%. 

The ratio of NO 3 
−-N production to NH 4 

+ -N consumption can

ndicate how well the NOB suppression is controlled: larger than

he theoretical value of 0.13 ( Eq. (1) ) indicates certain NO 3 
−-N pro-

uction by NOB; the larger the ratio is, the more NO 3 
−-N is pro-

uced by NOB. The ratios of the two reactors showed a gradual de-

line to 0.23 ( Fig. 4 ), indicating NOB-suppression. A small amount

f COD in the influent (40 mg/L) was removed, leaving effluent

OD of around 23 mg/L in R1 ( Fig. 4 ). The biomass in the two re-

ctors was gradually enriched to roughly 20 0 0 mg VSS/L from the

riginal level, suggesting the efficient biomass retention of SPAN

ystem ( Fig. 4 ). No intentional sludge discharge was conducted and

he effluent VSS concentration was about 20 mg/L, which means

ludge retention time (SRT) was 67 - 107 days. During this stage,

he initial anammox capacities (55 mg N/L/d) were far less than

hose of AAO (424 mg N/L/d) and ANO (292 mg N/L/d) ( Fig. 5 ). The

ifferences in nitrogen conversion capacities between R1 and R2

ere caused by previous operation before they were run as SPAN

eactors. But still, stable nitrogen removal efficiency was achieved

ithout NO 

−-N build-up. These results proved that regardless of
3 
he low anammox capacity and high NOB capacity, stable nitrogen

emoval was reliably achieved in the SPAN reactors by controlling

he oxygen input to meet the oxygen demand. 

In Stage 2, NH 4 
+ -N concentration in the influent was increased

o 300 mg N/L (NLR was 115 mg N/L/d), and the theoretical oxy-

en demand for PN-A to convert all NH 4 
+ -N was 583 mg O 2 /d. To

xamine the nitrogen removal performance of SPAN with less or

ore oxygen input than the oxygen demand, the reactors were op-

rated under various water circulation rates: 70 mL/min during day

3–158 (oxygen input 314 mg O 2 /d); 150 mL/min during day 159–

60 (oxygen input 454 mg O 2 /d), and 300 mL/min during day 261–

58 (oxygen input 858 mg O 2 /d). With a less oxygen input than the

xygen demand (day 83–158), the effluent NO 3 
−-N concentrations

nd NO 2 
−-N concentrations remained at the same level as those in

tage 1, while the NH 4 
+ -N concentrations rose to 97 mg N/L in R1,

hich led to the deterioration of NH 4 
+ -N removal efficiency to 68%

Figure S4), and TN removal efficiency to 50% ( Fig. 3 ). During day

59–260, the water circulation rate was increased from 70 mL/min

o 150 mL/min which enhanced the oxygen input to 454 mg O 2 /d.

he effluent NO 3 
−-N concentrations and NO 2 

−-N concentrations

oughly remained unchanged, but the effluent NH 4 
+ -N concentra-

ions decreased to 60 mg N/L, which improved the TN removal ef-

ciency to 64% ( Fig. 3 ). These results indicate that with a smaller

xygen input than the theoretical oxygen demand, stable nitro-

en removal performance was maintained using SPAN, but the im-

rovement of TN removal efficiency was restricted by the shortage

f oxygen to oxidize NH 4 
+ . The water circulation rate was further

ncreased from 150 mL/min to 300 mL/min during day 260 - 358

o the oxygen input of 858 mg O 2 /d exceeded the oxygen demand

f 583 mg O 2 /d. With an excessive amount of oxygen, the efflu-

nt NH 4 
+ -N concentrations immediately decreased to mostly less

han 10 mg N/L in the two reactors. NH 4 
+ -N removal efficiencies

f more than 96% were achieved in R1 except during day 280 -

03 when the circulation pump malfunctioned (Figure S4). NO 3 
−-

 concentrations in R1 increased and then leveled off at about

4 mg N/L, while NO 2 
−-N concentrations mostly remained less

han 0.5 mg/L ( Fig. 3 ). NO 3 
−-N concentrations resulted from the in-

reased nitrogen removal by anammox and the enhanced NOB ac-

ivity due to the excessive oxygen input. Overall, stable TN removal

fficiency of about 75% in R1 was achieved with excessive oxygen

nput. Around 65% of the influent COD was consumed leading to an

verage effluent COD of 21 mg/L in Stage 2 ( Fig. 4 ). Taken together,

n SPAN reactors, stable nitrogen removal was achieved with less

r more oxygen input than the theoretical oxygen demand. When

xygen input was less than the theoretical oxygen demand, the TN

emoval efficiency was low due to the shortage of oxygen to oxi-

ize NH 4 
+ -N. When the oxygen input was more than the theoret-

cal oxygen demand, TN removal efficiency was immediately im-

roved, though NO 3 
−-N concentration increased to a higher but

ontrollable level. 

In Stage 3, the NLR was increased to 231 mg N/L/d ( Table 1 ),

hich meant theoretically 1166 mg O 2 /d of oxygen was required

or PN-A process to remove all NH 4 
+ -N. Together with the wastew-

ter circulation rate of 200 mL/min, a by-pass creating shower at

he rate of 88 mL/min was introduced to provide an oxygen input

f 1290 mg O 2 /d. With higher NLR, the biomass concentrations in-

reased to 2350 mg VSS/L in R1 ( Fig. 4 ). The effluent NH 4 
+ -N grad-

ally decreased to less than 1 mg N/L achieving removal efficien-

ies of more than 99% (Figure S4). The effluent NO 2 
−-N concentra-

ions first slightly rose to around 2 mg N/L and then decreased to

 until the end of this stage. Impressively, effluent NO 3 
−-N concen-

rations significantly decreased in both reactors, with only 55 mg

/L in R1, which meant only 16 mg NO 3 
−-N /L was produced by

OB (PN-A produced 39 mg NO 3 
−-N /L according to Eq. (1) ) and

he NOB activity was almost completely suppressed. This caused

he decrease of NO 3 
−-N-production/ NH 4 

+ -N-consumption ratio to
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.18 in R1 ( Fig. 4 ). As a result, a high average TN removal efficiency

f 81% was achieved ( Fig. 3 ). At the end of this stage, TN removal

fficiencies of 82% and 85%, which were close to the maximum

heoretical level of 87%, were maintained in R1 and R2. Many PN-

 systems, where conventional oxygen-input control methods were

sed under similar conditions with this study, have been reported.

n a PN-A reactor, an average TN removal efficiency of 65.6% was

chieved with an average DO level of 0.33 mg/L and aeration rates

f 0.5–0.6 L/min ( Li et al., 2017a ). In a continuous stirred tank re-

ctor PN-A system, TN removal efficiencies ranged 70% - 81% de-

ending on the effectiveness of aeration control based on DO con-

entrations ( Liu et al., 2017 ). Results of other PN-A systems where

xygen input was controlled based on DO concentrations had TN

emoval efficiencies of 61% (DO = 0.5 - 0.6 mg/L) ( Zhang et al.,

010 ), 43% (DO = 0.3 mg/L) ( Xiao et al., 2015 ), and 60% - 90%

DO = 0.5 - 1.5 mg/L) ( Zheng et al., 2016 ). In PN-A systems where

H-based aeration control method was used to control oxygen in-

ut, TN removal efficiencies were 75% (average value), 78% (av-

rage value), and 67% −85% in an integrated fixed film activated

ludge reactor, an SBR, and a moving bed biofilm reactor, respec-

ively ( Graham and Jolis, 2017 ; Klaus et al., 2017 ). The nitrogen

emoval performances of the two SPAN reactors were stabler and
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igher than the reported PN-A systems using conventional oxygen-

nput control methods. 

COD removal, which remained at approximately the same level

s that in Stage 2 ( Fig. 4 ), was used to estimate the contribution

f anammox bacteria to nitrogen removal (Section 2.5). Anammox

acteria were estimated to contributed more than 98%, 96%, and

7% to TN removed in Stage 1, Stage 2, and Stage 3 of both R1

nd R2, respectively (Figure S4). Overall, with precise oxygen-input

ontrol, high TN removal efficiency and NH 4 
+ -N removal efficiency,

hich were close to the maximum theoretical values, were stably

chieved in the SPAN reactors. These results proved the extremely

igh efficiency and reliability of SPAN technology in removing ni-

rogen from ammonium-rich wastewater. 

.2.2. Nitrogen-conversion capacities of the key pathways 

Capacities of four key nitrogen-converting pathways were mea-

ured by ex-situ activity tests, i.e., AAO (mainly by AOB), ANO

mainly by NOB), anammox, and heterotrophic denitrification. The

apacities based on the unit volume of the reactor (mg N/ L/d),

hich indicate the dynamics of the key nitrogen-converting guilds

nd suggests the nitrogen-conversion potential, are shown in Fig. 5 .

he results of capacities based on unit biomass weight are shown

n Figure S5. Similar nitrogen-conversion capacities of the four

athways were observed in R1 and R2, so only the results of R1

re discussed in detail. ANO capacities showed an initial rapid de-

rease in both reactors, followed by a slight decrease to 277 mg N

 L/d in R1, while in some of the reported studies, a significant

ncrease of NOB activities was observed leading to the accumu-

ation of nitrate ( Joss et al., 2011 ; Liu et al., 2017 ; Wang et al.,

015 ). The capacities of AAO first decreased and then gradually

ncreased to higher levels of 448 mg N/ L/d in R1. The AAO ca-

acities gradually exceeded those of ANO in both of the two reac-

ors, suggesting that in SPAN reactors, AOB were not restricted by

he oxygen-input control and were able to effectively over-compete

OB. Another factor that contributed to the suppression of NOB

as the temperature of 30 °C, which led to a higher oxygen affin-

ty of AOB than NOB and encouraged the growth of anammox

acteria ( Qiu 2019 ; Tomaszewski et al., 2017 ; Vannecke and Vol-

ke, 2015 ). This helped AOB and anammox bacteria compete with

OB for oxygen and nitrite, respectively, and assisted in the sup-

ression of NOB ( Agrawal et al., 2018 ). These results prove that

ith precise oxygen-input control in SPAN reactors, efficient and

table nitrogen-removal was still achieved, even with high NOB ac-

ivity (comparable with AOB activity). In Stage 1 and Stage 2, het-

rotrophic denitrification capacities were much lower than those
f the other three pathways, and increased to 166 N/ L/d in Stage

 due to a higher NLR. In Stage 1, due to the low NLR, the anam-

ox capacities remained stable at 55 mg N/ L/d in R1. Along with

he stepwise increase of NLR to higher levels in Stage 2 and Stage

, anammox capacities rapidly exceeded those of all other three

athways and increased to the final levels of 821 mg N/ L/d in

1, which was higher than the reported value of 680 mg N/ L/d

 Wang et al., 2015 ). The enhanced anammox activities demon-

trated that SPAN was effective in retaining and enriching anam-

ox bacteria, especially compared with the reported studies where

 rapid decrease of anammox activity was observed ( Liu et al.,

017 ; Wang et al., 2015 ). The high anammox capacity together

ith the oxygen-input control accounted for the extremely high

itrogen-removal performance in Stage 3. These results prove that

n SPAN reactors, anammox activity was efficiently and rapidly

nhanced to the highest one among the key nitrogen-conversion

athways, especially with a higher NLR; AOB activity was also im-

roved and over-competed the activity of NOB which was effec-

ively suppressed. 

To sum up, these results demonstrated that SPAN technology

as outstanding in several ways. Firstly, the oxygen input can

e precisely and reliably controlled to meet the oxygen demand,

hich can not be guaranteed in PN-A systems using conventional

xygen-input control methods as mentioned above ( Lackner et al.,

014 ). Secondly, the reliable and precise oxygen-input control can

e realized simply by adjusting the wastewater circulation/shower

ate without using complex online control systems such as fixed-

O aeration control, pH-based aeration control, and ammonia-

ased aeration control ( Klaus et al., 2017 ). Similar with surface aer-

tion, SPAN system does not have diffuser clogging problem which

appens to diffused aeration systems ( Mueller et al., 2002 ). Thirdly,

n SPAN reactors, the activities of the key microbial guilds can be

asily and effectively controlled in the desired way, i.e., to enhance

he anammox activity, maintain the AOB activity, and suppress the

OB activity. PN-A systems using conventional oxygen-input con-

rol methods are vulnerable to the loss of anammox biomass, DO-

aused inhibition on anammox bacteria ( Lackner et al., 2014 ), ni-

rite accumulation and nitrate accumulation due to reduced anam-

ox activity and enhanced NOB activity ( Daverey et al., 2013 ;

i et al., 2017a ). Thus, strategies including the above-mentioned

eration control, maintaining a high FA concentration, SRT control,

nd even re-inoculation (replacing the sludge), have to be used to

uppress NOB overgrowth ( Agrawal et al., 2018 ; Joss et al., 2011 ;

ang and Gao 2016 ). Fourthly, high nitrogen removal efficiencies

lose to the maximum theoretical levels can be maintained during

ong-term operation, while unstable nitrogen removal efficiencies

f 60% −81% were achieved in reported PN-A systems using con-

entional oxygen-input control methods ( Graham and Jolis, 2017 ;

laus et al., 2017 ; Li et al., 2017a ; Liu et al., 2017 ; Zhang et al.,

010 ). 

.3. Microbial community structure in the SPAN 

Biomass samples from R1 were taken on day 1, 57, 121, 247, 351,

nd 388 for metagenomic analysis and to gain microbial insights

nto the SPAN reactor. 

.3.1. Community structure in the SPAN reactor 

Fourteen phyla with relative abundance higher than 1% were

etected (Figure S6). The relative abundance of the most abundant

hylum Proteobacteria, which the phylum AOB belong to ( Li et al.,

017b ), gradually increased from the initial 25.3% to 38.8%. Planc-

omycetes was the second most abundant phylum, and its rela-

ive abundance also showed a gradual increase from 6.0% to 16.7%,

xcept for a decrease during day 57 - day 121. The six reported
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anammox genera including Candidatus Scalindua, Candidatus Jet-

tenia, Candidatus Brocadia, Candidatus Anammoxoglobus, Candida-

tus Kuenenia , and Candidatus Anammoximicrobium , are all affili-

ated with the phylum Planctomycetes ( Ali et al., 2015 ). The rela-

tive abundances of three phyla, i.e., Chloroflexi, Firmicutes , and Ver-

rucomicrobia , decreased to a lower level. The phylum Nitrospirae

which includes the NOB genera Nitrospira , slightly varied between

1.0% and 1.4%. This agrees with the ANO capacities ( Fig. 5 ) and

proves the well-controlled NOB-suppression with precise oxygen-

input control in SPAN. The relative abundances of other phyla gen-

erally remained stable. 

At the species level, 17 species with relative abundances of

higher than 1% were detected in R1 (Figure S7). Candidatus Jet-

tenia caeni, one of the identified anammox species, gradually in-

creased from 0.06% to the highest abundance of 7.1%. The relative

abundance of Nitrosomonas europaea , an AOB species, remained at

0.16% - 0.74% except on day 57 when the relative abundance tem-

porarily increased to 2.70%. Six species, Paracoccus versutus, Sulfu-

ritalea hydrogenivorans, Leptolyngbya valderiana, Planctomycetaceae

bacterium SCGC AG-212-F19, Caldilinea aerophile , and Zavarzinella

formosa also displayed a rising trend to 1.0% −2.2%. Among them,

Paracoccus versutus have the ability to convert NO 3 
− into molecular

nitrogen ( Baker et al., 1998 ). The relative abundance of Pedosphaera

parvula, Ignavibacterium album, Chlorobi bacterium OLB4, and Chlo-

roflexi bacterium OLB14 all displayed a peak value around day 57,

then decreased and leveled off at the level of less than 1% on day

351 and day 388. The other species generally had the highest rel-

ative abundances in Stage 1 and gradually reduced to the lowest

level on day 388. 

3.3.2. Dynamics of nitrogen-converting species in the SPAN reactor 

Five key nitrogen-converting microbial microorganisms were

detected including anammox, AOB, NOB, comammox (complete ni-

trification by a single microorganism ( van Kessel et al., 2015 )), and

AOA ( Fig. 6 ). Among these guilds, the total relative abundance of

anammox bacteria had the most outstanding increase from 0.61%

to the highest value of 8.17% and the increase happened mainly af-

ter day 121 ( Fig. 6 (a)), which agrees with the results of the capac-

ity tests ( Fig. 5 ). This proves that with precise oxygen-input con-

trol and nearly zero DO in the sludge (Figure S1), the slow-growing

anammox bacteria were effectively retained and enriched in SPAN

reactor, which is a considerable challenge for the reactors equipped

with conventional oxygen-input control methods, partly due to in-

hibition caused by DO ( Jin et al., 2012 ; Ma et al., 2016 ). Four

anammox species were detected ( Fig. 6 (b)), among which Candi-

datus Jettenia caeni was the dominant anammox species achieving

the highest relative abundance of 7.13%, while Candidatus Kuene-

nia stuttgartiensis, Candidatus Brocadia sinica, and Candidatus Bro-

cadia fulgida had relative abundances of less than 0.5%. The max-

imum relative abundance of anammox bacteria in this study was

higher than the reported values of 3.4% (at phylum level), 0.5%,

and 1.5%, in suspended growth PN-A sludge flocs ( Li et al., 2017a ;

Liu et al., 2017 ; Xiao et al., 2015 ), and was even higher than 4.8%

in the mixture of biofilms and flocs and 5.0% in biofilms ( Liu et al.,

2017 ; Nhu Hien et al., 2017 ). The relative abundance of NOB, which

ranked the second-highest guild except in Stage 1 when AOB

showed a higher relative abundance, generally remained stable and

slightly increased from around 1.08% to 1.88% during day 1 - 247,

and then gradually decreased to 1.43% on day 388. This agrees with

the results of the ANO capacities. Five NOB species that are phylo-

genetically affiliated to two genera Nitrospira and Nitrobacter were

detected ( Fig. 6 (c)). The relative abundance of the most abundant

species, Nitrospira sp. OLB3, remained between 0.29% and 0.72%.

These results prove that without using complexed control strate-

gies, NOB were effectively suppressed from proliferating and were

restricted to produce NO 

−-N (only 16 mg N/L was produced by
3 
OB). AOB first experienced an increase from 1.14% on day 1 to

.65% on day 57 and then dramatically decreased to 0.42%, which

robably resulted from the inhibition of high NH 4 
+ -N concentra-

ions in Stage 2. Thereafter, the AOB abundance gradually recov-

red to 0.79% on day 388. The low relative abundance of AOB was

he result of precise oxygen-input control, which meant that only

he required amount of oxygen was delivered to and mainly con-

umed by AOB. AOB consumption and precise oxygen-input control

ed to the nearly zero DO levels at the bottom of the reactor in this

tudy (Figure S1). This was the main reason that AOB were able to

row at low DO levels. Though AOB had low relative abundance,

hey had high AAO capacities ( Fig. 5 ) to oxidize NH 4 
+ -N (indicated

y NLR), which means AOB were also well controlled in SPAN re-

ctors. The common Nitrosomonas europaea was the most domi-

ant AOB species showing a similar trend with that of the total

OB and achieved a final relative abundance of 0.39% ( Fig. 6 (d)).

he relative abundance of the other two AOB species, Nitro-

omonas eutropha, and Nitrosomonas communis, mostly remained

elow 0.1%. 

Three newly discovered comammox species were detected,

.e., Candidatus Nitrospira inopinata, Candidatus Nitrospira ni-

rosa, and Candidatus Nitrospira nitrificans ( Daims et al., 2015 ;

an Kessel et al., 2015 ). But they were less abundant ( < 0.1%) and

he relative abundance of the total comammox gradually decreased

rom 0.24% to 0.13% suggesting that they were also well managed

long with the NOB. AOA were the least abundant ones among the

ve key nitrogen-converting guilds with their total relative abun-

ance of around 0.02%. In conclusion, with the precise oxygen-

nput control in the SPAN reactor, anammox bacteria were effi-

iently enriched with higher abundances than other microorgan-

sms, AOB were well controlled to provided sufficient AAO capacity,

nd NOB were maintained stable and effectively suppressed. 

.4. Outlook 

The presented results prove the reliability and high efficiency of

PAN reactor and the effectiveness of precise oxygen-input control

n removing nitrogen from ammonium-rich wastewater. More than

9% of NH 4 
+ -N and more than 81% of TN were stably removed

uring the long-term operation. Energy consumption of SPAN tech-

ology is one of the concerns. Besides the energy-input for feeding

nd withdrawing, the water circulation is the only source of en-

rgy consumption for the SPAN system. The water circulation rates

f 1.2 m/h - 5.3 m/h in SPAN system (corresponding to 70 mL/min

 300 mL/min) were comparable with the internal water recir-

ulation rates of 2.3 m/h - 4.5 m/h in reported PN-A systems

 Li et al., 2017b ; Zhang et al., 2010 ), and less than that of 16 m/h

n another PN-A expanded granular sludge bed reactor ( Wang and

ao, 2016 ). Considering internal water recirculation is only used

o create uniformity and extra energy is needed to supply oxygen

or the reported PN-A systems (but is needless for SPAN system),

nergy-consumption of SPAN system will be comparable with, if

ot less than, the reported reactor configurations. This study aimed

o prove the effectiveness of SPAN concept, so the optimization of

arameters for large-scale applications was not conducted. For ex-

mple, the high height/diameter ratio of the laboratory-scale SPAN

eactor is a major factor that impacts the scalability potential of

his technology, and thus deserves further optimization study prior

o larger-scale applications. Future research work aiming at the re-

uction of energy consumption and field application, such as the

nvestigation of the effectiveness of alternative water circulation

ethods (mechanical stirrer inside the reactor vs. pump above the

eactor), the use of more efficient shower system, and the exami-

ation of the effectiveness of SPAN in the mainstream conditions,

re recommended. 
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. Conclusions 

This study demonstrated the robustness and high efficiency of

PAN and the effectiveness of precise oxygen-input control in re-

oving nitrogen from ammonium-rich wastewater. The quantita-

ive correlation among the oxygen input, the water circulation rate,

nd the shower rate was established. The circulation-shower mode

as proven to be more efficient than the circulation mode in de-

ivering oxygen. More than 99% of NH 4 
+ -N removal and 81% of TN

emoval (up to 85%) were removed. Nitrogen was mainly removed

y anammox bacteria, contributing to more than 98%, 96%, and 97%

f the TN removal in Stage 1, Stage 2, and Stage 3 of both R1 and

2, respectively. The key nitrogen-converting microbial guilds were

ffectively controlled as required both in terms of relative abun-

ance and nitrogen-converting capacities. Anammox bacteria were

fficiently enriched to be the most abundant microorganisms with

 relative abundance of 8.17%, AOB were well controlled to pro-

ide sufficient AAO capacity, and NOB were effectively suppressed

rom proliferating and producing NO 3 
−-N. This study provides a

ew perspective for the precise oxygen-input control and success-

ul operation of PN-A systems. 
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