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Abstract 
In this study, a novel laboratory-scale synchronous enhanced biological phosphorus removal and semi-nitritation (termed as 
EBPR-SN) combined with anammox process was put forward for achieving nutrient elimination from municipal wastewater 
at 27 ℃. This process consisted of two 10 L sequencing batch reactors (SBRs), i.e. EBPR-SN SBR followed by Anammox 
SBR. The EBPR-SN SBR was operated for 400 days with five periods and the Anammox SBR was operated starting on period 
IV. Eventually, for treating municipal wastewater containing low chemical oxygen demand/nitrogen (COD/N) of 3.2 (mg/
mg), the EBPR-SN plus Anammox system performed advanced total inorganic nitrogen (TIN) and P removal, with TIN and 
P removal efficiencies of 81.4% and 94.3%, respectively. Further analysis suggested that the contributions of simultaneous 
partial nitrification denitrification, denitrification, and anammox to TIN removal were 15.0%, 45.0%, and 40.0%, respec-
tively. The enriched phosphorus-accumulating organisms (PAOs) in the EBPR-SN SBR facilitated P removal. Besides, the 
EBPR-SN SBR achieved P removal and provided stable anammox substrates, suggesting a short sludge retention time (SRT 
12 d) could achieve synergy between ammonia-oxidizing bacteria and PAOs. These results provided an alternative process 
for treating municipal wastewater with limited organics.
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Abbreviations
AOB  Ammonia-oxidizing bacteria
C/N  Carbon/nitrogen
COD  Chemical oxygen demand
DN  Denitrification
DO  Dissolved oxygen
EBPR-SN  Enhanced biological phosphorus removal and 

semi-nitritation
FNA  Free nitrite acid
GAOs  Glycogen-accumulating organisms
Gly  Glycogen
MLSS  Mixed liquor suspended solids
N  Nitrogen
NAR  Nitrite accumulation ratio
NOB  Nitrite-oxidizing bacteria
OHO  Ordinary heterotrophic organisms
P  Phosphorus
PAOs  Phosphorus-accumulating organisms
PHAs  Polyhydroxyalkanoates
PHB  Poly-b-hydroxybutyrate
PHV  Poly-b-hydroxyvalerate
PRA  Phosphorus release amount
PUA  Phosphorus uptake amount
SBR  Sequencing batch reactor

SPND  Simultaneous partial nitrification 
denitrification

SRT  Sludge retention time
TIN  Total inorganic nitrogen
WWTP  Wastewater treatment plants

Introduction

Insufficient carbon source in raw municipal wastewater 
and high aeration energy consumption are common prob-
lems in traditional biological nitrogen (N) and phosphorus 
(P) elimination processes. Consequently, novel process 
should be established to efficiently utilize the organics of 
raw municipal wastewater and reduce the demand for aera-
tion. For N removal, anammox bacteria have been found 
to reduce ammonium using nitrite as electron acceptor, 
which provides a way to remove N from wastewater with-
out using organic carbon sources [1, 2]. Except for limited 
organics being used by anammox bacteria for cell synthe-
sis, the anammox process is expected to conserve nearly 
100% of organics. Consequently, carbon sources are recy-
cled in anammox process. Besides, low aeration costs and 
little sludge discharge are also two excellent advantages of 
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anammox-based process [3]. Apart from N, P is another 
main contributor for eutrophication. Therefore, both N and 
P should be eliminated from wastewater. Nevertheless, most 
anammox-based processes do not combine with P elimina-
tion [4]. With regard to P elimination, enhanced biologi-
cal P removal (EBPR) was considered to be the efficient 
process [5]. Phosphorus-accumulating organisms (PAOs) 
release stored polyphosphate and take up carbon sources 
to store as polyhydroxyalkanoates (PHAs) under anaerobic 
environment. In the following aerobic stage, PAOs utilize 
the PHAs as electron donor to perform excess P uptake [6]. 
Overall, on one hand, carbon sources are recycled through 
anammox process, and on the other hand, carbon sources 
are consumed through EBPR [7, 8]. Both N and P elimina-
tion is probable by combining anammox with EBPR to treat 
municipal wastewater using insufficient organics.

To date, some researches have been done for combining 
anammox with biological P elimination, such as EBPR fol-
lowed by one-stage anammox treating municipal wastewater 
[9, 10], hydroxyapatite recovery in a single anammox reactor 
[11], and the combination of simultaneous nitritation, anam-
mox, and denitrification with denitrifying P removal [12]. 
Nevertheless, these studies integrated nitritation and anam-
mox in one reactor, resulting in negative effect on anammox 
bacteria growth in an aerobic environment. Anammox bacte-
rial activity has been shown to be inhibited at low dissolved 
oxygen (DO) level (0.25–2%  O2 saturation), even irrevers-
ibly with higher level (> 20%  O2 saturation, approximate 
1.5 mg/L at 35 °C) [13]. Furthermore, nitrite-oxidizing bac-
teria (NOB) will oxidize  NO2

− in single-stage anammox sys-
tem [14], leading to the destruction of anammox. In view of 
this, the combination of nitritation/anammox with EBPR in 
two separate reactors might be an alternative process. Hence, 
this study attempted to combine EBPR with semi-nitritation 
(SN) in one reactor while leaving anammox as an independ-
ent anaerobic reaction, supposing the EBPR reactor achieved 
not only P removal but also SN, and the effluent  NO2

−/NH4
+ 

was suitable for a subsequent anammox processes. In this 
system, anammox bacteria grew in an anaerobic environ-
ment, which was beneficial to maintain anammox activity. 
Besides, it is expected to save energy on aeration, due to the 
simultaneous achievement of SN and EBPR in one reactor.

The combination of nitritation/anammox and EBPR in 
two separate reactors have several advantages, while the 
application of integrating nitritation/anammox with EBPR 
in municipal wastewater treatment is still a challenge. The 
first challenge was how to achieve stable SN, as stable SN 
(or nitritation) being difficult to maintain in municipal waste-
water due to its low ammonium concentration [15]. Previous 
studies have shown that low DO [16] and real-time control 
[17] are effective strategies for achieving nitritation. On one 
hand, the critical point of the real-time control strategy is 
to stop aeration before  NH4

+ being completely oxidized, 

preventing  NO2
− from being further oxidized due to lack 

of aeration. On the other hand,  NH4
+ will be residual from 

SN, as a result of real-time control concept. Therefore, low 
DO and residual  NH4

+ were expected to maintain SN. The 
second challenge was the contradiction in sludge reten-
tion time (SRT) between nitrifying bacteria and PAOs, i.e. 
PAOs require short SRT, while nitrifying bacteria need rela-
tively long SRT (e.g. 13 ± 4 days for PAOs and 15 ~ 32 days 
for nitrifiers) [18, 19]. Indeed, the nitrifying bacteria are 
classified into ammonium-oxidizing bacteria (AOB) and 
NOB, and the SRT of NOB is longer than that of AOB 
(e.g. 15 days for AOB and 32 days for NOB at 29 ± 1 ℃) 
[19]. As a result, this study try to use a relative short SRT 
(12 ~ 15 days) to satisfy the growth of PAOs and AOB while 
washing out NOB. Besides, low DO (< 1.5 mg/L) was ben-
eficial for maintaining AOB but unfavorable for NOB [20]. 
In addition, low DO is favorable for the growth of PAOs. In 
summary, this study attempted to use the combination of 
low DO, residual  NH4

+, and short SRT strategies to achieve 
simultaneous EBPR and SN in one reactor.

The aim of this study was to investigate the feasibility of 
the process of combining synchronous EBPR and SN with 
anammox (EBPR-SN plus Anammox) to treat municipal 
wastewater with COD/N ratio of 3.2. The performance of 
N and P removal was evaluated through long-term (400 d) 
operation. Furthermore, P removal mechanisms were ana-
lyzed via detecting nutrient transformation stoichiometry in 
typical cycles, and the strategies of nitritation, as well as N 
elimination pathway, were stated. In addition, the potential 
application of the EBPR-SN plus Anammox process were 
analyzed.

Materials and methods

Experimental set‑up and operation process

Figure 1 shows the operational mode and experimental 
device of the EBPR-SN plus Anammox system. Two labo-
ratory-scale SBRs (effective capacity of 10 L for each one), 
which made up of methyl methacrylate, were used as the 
reactors. The EBPR-SN SBR applied anaerobic/aerobic 
operational mode. Per cycle of EBPR-SN reactor was 6 h, 
i.e. 2 h anaerobic (including 20 min feeding), 3 h aerobic, 
30 min settling, 5 min discharging, and 25 min idle. The 
exchange ratio was 50% and 5 L domestic wastewater was 
pumped to reactor every cycle, with hydraulic retention time 
(HRT) of 10 h. pH and DO were real time detected using 
the 3420 Multi-Parameter Meter (WTW Company) during 
each cycle. In particular, residual  NH4

+ was maintained in 
the end of aeration by supplying low aeration rate (0.8 L/
min) and fixed aeration time, with DO increasing from 0.3 to 
1.5 mg/L in aerobic phase. More details about the EBPR-SN 
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SBR are shown in Table 1. Anammox SBR started combin-
ing with EBPR-SN SBR on period IV (day 214), owing to 
stable SN being obtained in EBPR-SN reactor. Per cycle of 
Anammox SBR was also 6 h, i.e. 4 h anaerobic (including 
9 min feeding), 1 h settling, 5 min discharging, and 55 min 
idle. Exchange ratio was 50% and 5 L of EBPR-SN effluent 
was pumped into Anammox reactor in each cycle, resulting 
in Anammox SBR HRT of 8 h. The water temperature was 
controlled at 27 ℃. 

As shown in Table 1, the EBPR-SN SBR was operated 
for 400 d, dividing into five operation periods: nitritation 
start-up (period I, 1 ~ 47 d), SN achievement (period II, 
48 ~ 176 d), nitritation deterioration and recovery (period 
III, 177 ~ 213 d), the combination of EBPR-SN and Anam-
mox (period IV, 214 ~ 325 d), stable operation of EBPR-
SN plus Anammox (period V, 326 ~ 400 d). In addition, for 
demonstrating robust performance, a starvation condition 
was carried out (day 287 ~ 313). In starvation period, the 
operation of two SBRs was all stopped.

Wastewater and seeding sludge

Municipal wastewater was the influent of EBPR-SN reac-
tor, which was collected from a septic tank in the resi-
dential area of Beijing University of Technology (Bei-
jing, China). The major nutrient concentrations were as 

follows: chemical oxygen demand (COD) 143 ~ 239 mg/L, 
 NH4

+ 42.8 ~ 86.1 mg N/L,  NO2
− < 1.0 mg N/L,  NO3

− < 
1.0 mg N/L, TIN 43.3 ~ 86.4 mg N/L, COD/N ≤ 3.5, and 
 PO4

3− 4.2 ~ 7.4 mg P/L. The effluent of EBPR-SN reactor 
was pumped into Anammox reactor through a middle tank. 
Additionally, in period IV, sodium acetate (58 mg/L COD) 
was added to the influent for enriching PAOs.

The seeding sludge of EBPR-SN reactor was complete 
nitrification flocculent sludge taken from an aeration tank 
in the Gaobeidian wastewater treatment plant (WWTP) 
(Fig. 2a). The mixed liquor suspended solids (MLSS) main-
tained 2576 ± 198 mg/L during the operation. The Anam-
mox SBR granular sludge was taken from a reactor treating 
ammonium-rich wastewater (Fig. 2b). The MLSS of Anam-
mox SBR was 1090 ± 39 mg/L.

Analytical methods

The water samples were filtered via the 0.45 mm filter papers 
for the determination of  NH4

+,  NO2
−,  NO3

−,  PO4
3−, and 

chemical oxygen demand (COD), based on standard meth-
ods [21]. Freeze-dried biomass was used to detect polyhy-
droxyalkanoates (PHAs) and glycogen (Gly). PHAs were 
calculated by the sum of poly-b-hydroxybutyrate (PHB) 
and poly-b-hydroxyvalerate (PHV), which were measured 
using a gas chromatography (Agilent-6890 N) according to 

Fig. 1  a Operational mode. 
b Experimental device of the 
EBPR-SN plus Anammox

Table 1  Operation parameters 
of EBPR-SN SBR

a Average ± standard deviation

Period I
(1 ~ 47 d)

Period II
(48 ~ 176 d)

Period III
(177 ~ 213 d)

Period IV
(214 ~ 325 d)

Period V
(326 ~ 400 d)

COD/N 3.0 ± 0.4a 2.6 ± 0.6 2.3 ± 0.3 3.7 ± 0. 6 3.2 ± 0.4
T (°C) 15 ~ 18 18 ~ 27 19 27 27
SRT (d) 15 15 15 15/12 12
DO
(mg/L)

0.5 ~ 1.0 0.4 ~ 1.0 2.0 ~ 3.4/0.2 ~ 0.7 0.3 ~ 1.5 0.3 ~ 1.5
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previous method [22] (detailed procedure available in sup-
plementary material). Gly was determined according to pre-
vious method [23]. The microbial morphology of sludge was 
observed using digital imaging system (OLYMPUS CX31, 
Japan).

Calculations

Simultaneous partial nitrification denitrification (SPND) 
efficiency was the N loss during aeration in EBPR-SN SBR, 
based on the following calculation:

where Ae.NH4
+, Ae.NO2

−, and Ae.NO3
− were N concentra-

tions in aerobic ending (mg N/L). Ana.NH4
+, Ana.NO2

−, 
and Ana.NO3

− were N concentrations in anaerobic ending 
(mg N/L).

In order to explore the N removal pathways, the contri-
butions of anammox, SPND, and denitrification to N elimi-
nation were evaluated based on the following calculations, 
respectively:

where Ae.TIN was TIN concentration of EBPR-SN 
reactor at the end of aerobic (mg N/L). Ana.TIN was N 

(1)SPND efficiency (%) =

(

1 −
Ae.NO−

2
− Ana.NO−

2
+ Ae.NO−

3
− Ana.NO−

3

Ana.NH+
4
− Ae.NH+

4

)

× 100%,

(2)
AMX.Re∕TIN.Re (%) =

AMX.Inf.TIN − Eff.TIN

Inf.TIN − Eff.TIN
× 100%,

(3)

SPND.Re∕TIN.Re (%) =
Ana.TIN − Ae.TIN

Inf.TIN − Eff.TIN
× 100%,

(4)

DN.Re∕TIN.Re (%) = 1 − AMX.Re/TIN.Re

− SPND.Re/TIN.Re × 100%,

concentration of EBPR-SN reactor at the end of anaerobic 
(mg N/L). Inf.TIN stands for TIN concentration of EBPR-
SN reactor in influent (mg N/L). Eff.TIN was TIN concen-
tration of Anammox SBR in effluent (mg N/L). AMX.Inf.
TIN stands for TIN of Anammox SBR in influent (mg N/L).

Results and discussion

N removal performance

The purpose of period I (1 ~ 47 d) was to achieve nitritation 
from full nitrification in EBPR-SN SBR. Throughout period 
I, influent concentrations of  NH4

+ and chemical oxygen 
demand (COD) were 62.1 mg N/L and 184 mg/L, respec-
tively (Fig. 3a). Effluent nitrite accumulation ratio (NAR) 
((NAR = △NO2

− /(△NO2
− + △NO3

−), where △NO2
− and 

△NO3
− were the increased concentrations during the aero-

bic phase) gradually increased from 12 to 100%, indicat-
ing that nitritation was achieved in a short time. NAR was 
maintained at an average of 97.2% (Fig. 3a) in period II 
(48 ~ 176 d), illustrating that stable nitritation was obtained. 
Stable nitritation was achieved by combining the following 
strategies: (1) Low DO (0.4 ~ 1.0 mg/L). It was reported that 
AOB obtained a higher oxygen affinity compared to NOB 
under low DO condition [24]. The strategy has been suc-
cessfully applied in previous studies [16]; (2) Short SRT 
(15 d). Due to the shorter SRT of AOB compared to NOB, a 
relative short SRT was beneficial to flush out NOB [25]; (3) 
Maintenance of residual  NH4

+. For the purpose of achiev-
ing SN, at the end of each aeration cycle, residual  NH4

+ was 

Fig. 2  Microscopic observation (4 × 10) of sludge in EBPR-SN SBR (a), and Anammox SBR (b)
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maintained by controlling 3 h of aeration (Fig. 3a). Due to 
the presence of residual  NH4

+ reducing the risk of excessive 
aeration, maintaining stable nitritation was more reliable 
through SN rather than full nitritation.

However, in period III (177 ~ 213 d), the effluent nitrate 
increased to 1.1 mg/L on day 177. Over the next 14 days 
(177–191 d), NAR dropped to 7.9% and nitritation stopped 
completely (Fig.  3a). It was observed that temperature 
decreased from 27 ℃ to 19℃, resulting in DO increasing 
from 0.4 ~ 1.0 mg/L to 2.0 ~ 3.4 mg/L with a consistent aero-
bic rate (Fig. S1). The reason for increased DO was due to 
the fact that microbial activities decreased with the decrease 
of temperature, resulting in the decrease of DO requirement 
for microorganisms, in turn causing the increase of DO in 
liquid. Under high DO condition, NOB activity was higher 
than AOB and the nitritation performance was gradually 
destroyed. In order to quickly re-establish nitritation, DO 
was adjusted to 0.2 ~ 0.7 mg/L by decreasing aeration rate 
to 0.4 L/min. Over the next 17 d, NAR gradually increased 
to 100%, indicating that nitritation could be recovered by 
reducing DO. The results suggested that stable nitritation 
relied on low DO, and the EBPR-SN SBR was heated to 27 
℃ in the next periods to avoid the increase of DO.

The  NO2
−/NH4

+ ratio in EBPR-SN SBR effluent was 
stable during period IV (214 ~ 325 d), with an average of 
1.13 (Fig. 3a), being close to the theoretic ratio (1.32) for 
anammox reaction [26]. A high NAR (99.39%) was also 
maintained in the reactor. The effluent was fed into the fol-
lowing Anammox reactor through a middle tank. The final 
effluent TIN was 13.0 mg N/L, which mainly consisted 
of  NO3

− (Fig. 4a), with TIN removal efficiency of 79.4% 
(Fig. 4b). The generated  NO3

− to reactive  NH4
+ ratio (0.58) 

was higher than the theoretical value (0.26) produced by 
anammox bacteria (Fig. 4a), resulting in excess nitrate in 
the Anammox SBR effluent. The excess nitrate was gener-
ated by NOB, because NOB could compete for  NO2

− with 
anammox bacteria, and DO used for NOB could be obtained 
from the air when decanting the EBPR-SN SBR. Previous 
studies also indicated that NOB can compete with anammox 
bacteria for  NO2

− when substrates  (NH4
+ and  NO2

−) become 
limiting [27].

In period V (326 ~ 400 d), the influent of EBPR-SN SBR 
was municipal wastewater, with COD and TIN concentra-
tions of 218 mg/L and 68.1 ± 5.9 mg N/L, respectively, with 
COD/N ratio of 3.2. Stable nitritation was obtained with 
a NAR of 98.4% (Fig. 3a). The  NO2

−/NH4
+ in EBPR-SN 

SBR effluent was relatively stable, with  NO2
−/NH4

+ of 
1.09 (Fig. 3a), providing appropriate substrates for anam-
mox bacteria. The Anammox SBR effluent TIN and  NH4

+ 
were 12.6 ± 3.4 and 2.6 ± 1.6 mg N/L (Fig. 4a), respectively. 
Taken together, TIN removal efficiency of EBPR-SN plus 
Anammox process was 81.4% (Fig. 4b). The 83.0% of TIN 
in the Anammox SBR effluent was  NO3

−. The reason for 
excess  NO3

− was same to period IV. The EBPR-SN plus 
Anammox process still had potential to further enhance the 
N removal efficiency by getting the observed concentration 
of  NO3

− closer to the theoretical value that the anammox 
reaction could produce.

The contributions of EBPR‑SN SBR and Anammox 
SBR to TIN removal

To better understand the fate of N during the process, the 
contributions of different pathways to TIN removal were 
calculated.

The TIN was removed by Anammox SBR and EBPR-
SN SBR (Fig. 4). The TIN was removed through the anam-
mox pathway in the Anammox SBR. As in the EBPR-SN 
SBR, TIN was removed through two pathways: On one 
hand, the  NOX

− that remained from the last cycle was 
removed through denitrification (DN) at the beginning of 
the anaerobic phase, using influent organic matters as elec-
tron acceptors. On the other hand, TIN loss was observed in 
the aerobic phase of EBPR-SN SBR. The average TIN loss 
was 9.2 mg/L in period IV and period V (Fig. S2), which 
exceeded the need of N assimilation [28]. This indicated that 
not only nitrification occurred in the reactor but also DN 
occurred in the aerobic phase. Generally, the occurrence of 
TIN removal during aeration was simultaneous nitrification 
denitrification (SND). In this study, nitritation was main-
tained, which resulted in SND being achieved through the 
nitrite pathway (using  NO2

− as electron acceptor), suggest-
ing that this should be defined as simultaneous partial nitrifi-
cation denitrification (SPND). More details about SPND are 
shown in Fig. 5a (TIN loss) and Fig. S2. The typical cycle 
of EBPR-SN SBR also showed that TIN was lost during the 
aerobic phase (Fig. 5a). Due to the occurrence of SPND, 
carbon sources were metabolized efficiently and improved 
the TIN removal efficiency of the system. The SPND in the 
EBPR process merits further study.

Therefore, the TIN was removed through DN, SPND, and 
anammox pathways. In period IV, 34.7% of the TIN was 
removed by anammox (Fig. 4b). The contributions of SPND 
and DN were 17.4% and 47.9%, respectively (Fig. 4b). In 
period V, SPND.Re/TIN.Re showed a decreasing trend 
due to the decrease of influent COD/N ratio, with an aver-
age value of 15.0% (Fig. 4b), which was consistent with 
previous study that the amount of available carbon was a 
crucial factor for SND efficiency [29]. The contribution of 

Fig. 3  Nutrient removal in EBPR-SN SBR. a N variation, includ-
ing influent (Inf.), effluent (Eff.), effluent  NO2

−/NH4
+, NAR. b COD 

removal performance, including COD in influent, end of anaerobic, 
effluent (Inf.COD, An.COD, and Eff.COD), and COD removal effi-
ciency (Re.COD). c P removal performance, including P in influent, 
end of anaerobic, effluent (Inf.P, An.P, and Eff.P), and P removal effi-
ciency (Re.P)

◂
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DN to TIN elimination was stable, with average value of 
45.0% (Fig. 4b). The contribution of anammox was 40.0% 
(Fig. 4b). The TIN removal efficiency of this process could 
be enhanced by promoting the contribution of anammox. 
Contribution of anammox to N elimination could be fur-
ther improved by decreasing the contributions of SPND and 
DN. The contribution of SPND would be reduced with a 

decreasing influent COD/N ratio, and the contribution of 
DN would be reduced with the increase of exchange ratio of 
EBPR-SN SBR. The anammox pathway would play a more 
important role in TIN removal under the aforementioned 
conditions. Therefore, the EBPR-SN plus Anammox sys-
tem possessed potential for treating low-COD/N ratio (< 3.2) 
municipal wastewater.

Fig. 4  a N removal in the EBPR-SN SBR coupled with Anammox 
SBR, including influent TIN (Inf.TIN), the EBPR-SN SBR effluent 
TIN (EBPR-SN Eff.TIN). Anammox SBR influent  NH4

+,  NO2
−, and 

 NO3
− (AMX.Inf.); effluent TIN,  NH4

+,  NO2
−, and  NO3

− (Eff.). The 

generated  NO3
− to reactive  NH4

+ ratio of Anammox SBR  (NO3
−/

NH4
+). b The contributions of SPND (SPND.Re/TIN.Re), denitrifi-

cation (DN.Re/TIN.Re), and anammox (AMX.Re/TIN.Re) to TIN 
removal
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P removal performance

The COD/N was 3.0 during period I (1 ~ 47 d) (Table 1). In 
the first 15 d, P removal efficiency was 92.0%. In the next 32 
d, P removal efficiency fluctuated between 10.2% and 98.0% 
(Fig. 3c). The residual  NOx

− from the last cycle increased 
from 10.2 to 14.0 mg N/L over 32 d (Fig. 3a). More carbon 
sources were required to metabolize the residual  NOx

− by 
ordinary heterotrophic organisms (OHO). As a result, the 
carbon sources were reduced for the anaerobic phase so that 
the synthesis of PHAs was reduced [30], then affecting the 
P removal. P removal efficiency further decreased from 37.6 
to 6.2% over the course of period II (48 ~ 176 d) (Fig. 3c). 
This was for the same reason as in period I. In period III 
(177 ~ 213 d), P removal efficiency slightly increased from 
6.9 to 26.5%, since the production of  NOx

− decreased along 
with decreasing DO concentration. The carbon sources used 
for denitrifying the residual  NOX

− reduced. Therefore, car-
bon used for PAOs synthesis PHAs increased.

In period IV (214 ~ 325 d), the EBPR-SN SBR began to 
enrich PAOs and enhance P removal. According to previ-
ous study, PAOs were successfully enriched when carbon 
sources were added [29]. Consequently, from day 214 to 249, 

the influent COD gradually increased from 200 to 250 mg/L 
by adding sodium acetate to the raw municipal wastewater 
(Fig. 3b), with P removal efficiency increasing from 11.4% 
to 71.4%. From day 250 to day 325, the influent COD and 
TIN were 257 mg/L and 68.9 mg N/L, respectively, with 
COD/N ratio of 3.7. From day 250−272, P removal effi-
ciency exceeded 90.0% (Fig. 3c). But in the next 5 d, the P 
removal efficiency dropped to 68.7% (Fig. 3c). Meanwhile, 
the sludge concentration increased from 2571 mg/L on day 
269 to 2840 mg/L on day 275, indicating that the sludge 
(mainly consisting of heterotrophic bacteria, such as PAOs) 
grew faster with higher influent COD. Therefore, the SRT 
was adjusted from 15 to 12 d starting on day 278. In the 
remaining 48 d (4 SRTs) of period IV, the average removal 
efficiency was 94%, and  PO4

3− concentration averaged at 
0.37 mg P/L in effluent (Fig. 3c). P removal performance 
was stable and efficient, indicating that PAOs were enriched 
and EBPR was occurring. Although the microbial com-
munity of this study was not analyzed, previous study has 
demonstrated that PAOs were enriched successfully using a 
similar method [29]. The results demonstrated that adequate 
carbon sources and short SRT (12 d) could facilitate the 
achievement of EBPR in a SN reactor.

Fig. 5  The typical cycle of 
period IV (Day 279). a Varia-
tions of N, P, COD, PHAs, Gly, 
and FNA concentrations in the 
EBPR-SN SBR. b Variations of 
N in the Anammox SBR
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After the enrichment of PAOs in period IV, the influ-
ent was municipal wastewater without adding carbon 
source in period V (326 ~ 400 d), with COD/N of 3.2. As 
shown in Fig. 3c, in EBPR-SN SBR,  PO4

3− in influent and 
effluent were 5.6 ± 0.9 and 0.3 ± 0.2 mg P/L, respectively, 
with removal efficiency of 94.3%, indicating an advanced 
P removal performance. The advanced P elimination per-
formance was attributed to the enrichment of PAOs in 
last period; then PAOs promoted the utilization of carbon 
sources for synthesizing endogenous carbon sources in 
anaerobic phase. The COD was 58 mg/L in anaerobic end-
ing, which was close to the COD concentration in aerobic 
ending (37 mg/L), indicating that high utilization efficiency 
of influent COD (73.2%) was reached in the anaerobic phase.

The mechanism of P removal

To reveal the reasons for advanced P elimination, nutrient 
transformation stoichiometry during the typical cycle of day 
279 was calculated for the mechanism analysis (Fig. 5a).

At anaerobic stage, P release amount to PHAs produc-
tion ratio and Gly consumption to PHAs production ratio 
were 0.58 mmol P/ mmol C and 0.34 mmol C/ mmol C, 
respectively, which were consistent with PAOs models 
(0.19 ~ 0.625 mmol P/mmol C and 0.385 mmol C/ mmol 
C, respectively [31]). But the Gly consumption/PHAs pro-
duction was much less than Gly-accumulating organisms 
(GAOs) (0.5 mmol C/ mmol C [32], 0.628 mmol C/ mmol 
C [23]), illustrating that PAOs were responsible for PHA 
transformation, whereas the contribution of GAOs to the 
PHAs synthesis was limited. At aerobic stage, Gly produc-
tion/PHAs consumption and P uptake amount (PUA)/Gly 
production were 0.73 mmol C/mmol C and 0.90 mmol P/ 
mmol C, respectively, which were predicted by PAO model 
(0.68 ~ 2.13 mmol C/ mmol C and 0.96 mmol P/ mmol C, 
respectively [33, 34]). PUA/CPHAs (0.65 mmol P/mmol C) 
exceeded model value (0.41 mmol P/ mmol C [33]), indicat-
ing that per mmol PHAs could consume extra  PO4

3−. This 
indirectly explained that excess P absorption was achieved 
using merely 1.41 mmol C/L of PHAs.

According to the results of mechanism, the reasons of 
ideal P elimination were as below: (1) the storage of PHAs 
was mostly conducted by PAOs rather than GAOs; (2) 
requirement of PHAs for  PO4

3− absorption was lower than 
model value.

Overall, the results of nutrient removal performance and 
mechanisms suggested that the TIN removal mainly relied 
on anammox and DN, and the SPND also played a limited 
role. The contributions of anammox, DN, and SPND to TIN 
removal were 40.0%, 45%, and 15%, respectively. Besides, 
advanced P removal performance was attributed to the stor-
age of PHAs which was mostly conducted by PAOs rather 
than GAOs. According to mechanisms and typical cycles, 
COD, N, and P removal schematic diagram and mass bal-
ance are described in Fig. 6.

It was worth mentioning that there was 27 days’ star-
vation period (287 ~ 313 d) during period IV. The results 
showed that both EBPR-SN SBR and Anammox SBR could 
recover removal performance in the first day of restart opera-
tion, indicating robustness of the process.

Nutrient variations in typical cycles

In order to deeply investigate the process before and after 
enrichment of PAOs, typical cycles in period II and period 
IV were selected for analysis. The typical cycles of day 169 
and day 279 were chosen.

On day 167, the P concentration remained constant dur-
ing both anaerobic and aerobic phases, with concentration 
of approximate 6 mg P/L (Fig. S3a), suggesting PAOs being 
inhibited. On day 279, the variation in P concentration was 
quite different than that on day 167. P released rapidly and 
peaked at 29.26 mg P/L, with PHAs being synthesized and 
Gly being consumed (Fig. 5a). In the subsequent aerobic 
phase, P was almost completely consumed. The effluent P 
concentration was 0.4 mg P/L. Meanwhile, PHAs decreased 
from 1.58 to 0.17 mmol/L. It was also found that merely 
1.8 mg N/L nitrite was produced in first hour,  NO2

− mainly 
being produced in last 2 h. The concentration of generated 
 NO2

− and remaining  NH4
+ were 17.9 and 14.4 mg N/L, 

respectively, with NAR being 97.8%. Then, effluent was fed 

Fig. 6  The schematic diagram 
and mass balance of the EBPR-
SN plus Anammox process
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into Anammox reactor. Figure 5b shows the typical cycle 
of Anammox SBR. At the end of feeding,  NH4

+,  NO2
−, and 

 NO3
− were 5.2, 7.1, and 6.6 mg N/L, respectively. At the 

end of reaction,  NH4
+,  NO2

−, and  NO3
− were 0.9, 0, and 

9.3 mg N/L, respectively. This illustrating that  NH4
+ and 

 NO2
− decreased by 4.3 and 7.1 mg N/L, respectively, while 

 NO3
− increased by 2.7 mg N/L. Based on the theoretic value 

of anammox reaction, consumption of 4.3 mg N/L  NH4
+ 

should produce 1.1 mg N/L  NO3
− and consume 5.6 mg N/L 

 NO2
−. But the results showed that consumed  NO2

− was 
7.1 mg N/L. An additional 1.5 mg N/L of  NO2

− was con-
sumed which could be oxidized to  NO3

−. This meant that 
2.6 mg N/L of  NO3

− would be expected, which was very 
approximate to the measured  NO3

− values (2.7 mg N/L), 
suggesting that additional 1.5 mg N/L  NO2

− was exactly 
oxidized to  NO3

− by NOB rather than anammox bacteria. 
The result of typical cycle was consistent with long-term 
performance.

Effect of free nitrite acid (FNA) on aerobic P uptake

With the increase of  NO2
− in typical cycle, FNA also 

increased. Previous studies have found complete inhi-
bition of aerobic P uptake with FNA concentration of 
1.5 × 10–3 mg/L (equivalent to 20.0 mg  NO2

−–N/L at 20–22 
°C and pH 7.0) [35] and half inhibition at FNA concentra-
tion of 0.52 × 10–3 mg/L (equivalent to 6.9 mg  NO2

−–N/L at 
20–22 °C and pH 7.0) [36]. It was to be questioned whether 
FNA would inhibit aerobic P uptake in this process. There-
fore, FNA concentration was analyzed in typical cycle. Fig-
ure 5a shows that the concentration of FNA increased from 
0.03 × 10–3 to 2.6 × 10–3 mg/L  (NO2

−–N increasing from 
0.2 to18.0 mg/L) during aerobic phase. P uptake mainly 
occurred in the first hour and the corresponding FNA was 
only 0.1 × 10–3 mg/L. In the next 2 h, P was almost com-
pletely removed before FNA increasing to 1.5 × 10–3 mg/L. 
Owing to aerobic P uptake being prior to nitritation, FNA 
would not have a significant effect on aerobic P uptake, and 
it was a reason for EBPR and SN which were able to occur 
in a single reactor. It was due to a large number of hetero-
trophic PAOs that were better able to outcompete nitrifying 
autotrophs for the limited DO [37].

Real‑time indication of pH in EBPR‑SN SBR

Fig. S3b shows the change of pH during a typical cycle in 
EBPR-SN SBR. On day 167, pH increased in the first 40 min 
and then declined in the anaerobic phase. The increased pH 
was due to the denitrification of the remaining  NO2

− from 
the last cycle. The decline in pH might be due to the produc-
tion of short-chain fatty acids during the anaerobic phase 
[38]. During the subsequent aerobic phase, pH increased 
slightly and then dropped. The increase of pH was due to a 

small amounts of COD being degraded by heterotrophic bac-
teria; then aeration blew off  CO2 causing the pH to increase. 
The next decline in pH was due to the production of acid in 
nitritation [17]. On day 279, pH also increased in the first 
10 min and then decreased throughout the anaerobic phase, 
and the decline in pH was greater than that on day 167. The 
greater decline in pH was due to  H+ being generated with 
P release (Eq. 5) [39]. In the subsequent aerobic phase, pH 
increased rapidly and then decreased, and the increase was 
also greater than that of day 167. The larger increase in pH 
was due to aerobic P uptake (Eq. 6) [39]. After P uptake 
being completed, the pH decreased with the generated  H+ 
from nitritation (Eq. 7). The variation of pH could indicate 
the variation of P and N. According to variation of pH, it was 
expected to establish real-time control strategy in the future.

In above equations,  C2H4O2 = PHAs,  HPO3 = poly-P, and 
 C2H4N2 = stored organics.

Application of the EBPR‑SN plus Anammox process 
for treating municipal wastewater with low COD/N

This research established a novel EBPR-SN plus Anammox 
system for achieving nutrient elimination from low COD/N 
(3.2) municipal wastewater. The TIN and P removal efficien-
cies of the EBPR-SN plus Anammox process (81.4% and 
94.3%, respectively) were higher than the related processes 
(52.0% and 71%, [40]; 43.8 ~ 70.0% and 51.6 ~ 90.2%, [41]; 
74.6% and 94.0%, [39]; 77.7% and 94.0%, [29]) which even 
possessed higher COD/N in influent (Table 2). In particular, 
the EBPR-SN plus Anammox process only contained 3 h of 
aerobic time per cycle with low DO (0.3 ~ 1.5 mg/L) (Fig. 
S3b), which provided a considerable saving in energy con-
sumption compared with other works that remove N and P 
with high DO or long aerobic times (240 min aerobic time 
with DO of 2 ~ 3 mg/L, [40]; 330 min aerobic time with DO 
of 2 ~ 5 mg/L, [42]; 180 ~ 430 min aerobic time with DO 
of 3 ~ 4, [41]; 120 min aerobic time with DO of 3 mg/L, 
[39]; and 150 min aerobic time with DO of 1 ± 0.3 mg/L, 
[29]) (Table 2). The carbon sources being mainly stored as 
PHAs by PAOs and the contribution of anammox to TIN 

(5)

Anaerobic P release: 2 C2H4O2 + (HPO3) + H2O

→

(

C2H4N2

)

2
+ PO

3−
4

+ 3 H
+
,

(6)

Aerobic P uptake ∶ C2H4O2 + 0.16 NH+
4
+ 1.2 O2

+ 0.2 PO3−
4

→ 0.16 C5H7NO2 + 1.2 CO2

+ 0.2(HPO3) + 1.44 H2O + 0.44 OH−,

(7)
Nitritation: 2 NH+

4
+ 3 O2 → 2 NO−

2
+ 2 H2O + 4 H+.



2050 Bioprocess and Biosystems Engineering (2020) 43:2039–2052

1 3

removal were the main reasons for advanced nutrient elimi-
nation performance of EBPR-SN plus Anammox process. 
Additionally, in comparison to other systems that use anam-
mox processes combined with P removal [9, 12], the EBPR-
SN plus Anammox system excelled because it maintained 
anammox bacteria activity. Furthermore, comparing with the 
reported simultaneous N and P removal processes contain-
ing many middle tanks and pumps or requiring recycling 
[39], the EBPR-SN plus Anammox process used much less 
equipment, simplifying the setup and reducing cost. The 
EBPR-SN plus Anammox system not only played a role 
in autotrophic N removal but also made full use of influ-
ent carbon sources for achieving nutrient removal. Owing 
to synchronous N and P removal, this system possessed 
great advantages compared with the processes which only 
achieved N removal from municipal wastewater [43–45]. 
Besides, it is known that excessive aeration can destabi-
lize nitritation [46]; instead, this study was able to prevent 
nitritation from excess aeration by achieving SN instead of 
full nitritation. Therefore, more stable nitritation could be 
obtained by residual  NH4

+ protection against excess aera-
tion. The EBPR-SN plus anammox process has potential 
to scale up to pilot-scale and then full-scale application for 
the low COD/N of influent between 3 and 12 in WWTPs 
[47]. The organics available in influent of WWTPs are suf-
ficient for advanced N and P removal when the EBPR-SN 
plus anammox process is applied. Based on the results of 
this study, the scaled-up process would perform well to 
treat wastewater with low COD/N ratio. Due to fluctuating 
COD, TIN, and P concentrations, the application of online 
control strategy will be required to ensue effluent quality. 
The result of typical cycle demonstrated that COD and P 
removal were prior to nitritation, and therefore, controlling 
the  NO2

−/NH4
+ ratio of 1.32 in EBPR-SN SBR effluent via 

online  NO2
− and  NH4

+ probes will not only ensue proper 
ratio of anammox substrates but also achieve high COD and 
P removal and high TIN removal in the subsequent anam-
mox SBR. In scaled-up systems, the organics required by 

PAOs can be obtained from sludge fermentation products in 
WWTPs [48, 49] rather than acetate in this laboratory study.

Compared with conventional nitrification/denitrification 
N removal processes, the EBPR-SN plus anammox process 
saved 60% aeration energy due to N removal via nitritation/
anammox pathway [4]. Furthermore, the aeration cost for 
P uptake would reduce due to simultaneous achievement 
of aerobic P uptake and nitritation in one shared aeration 
condition. Therefore, the potential energy saving of this pro-
cess would be larger. Overall, this study provided a novel 
and economical way for advanced nutrient elimination from 
municipal wastewater with low COD/N. However, for practi-
cal application of the process, many issues need to be inves-
tigated further, such as microbial communities and influence 
factors.

Conclusions

The EBPR-SN plus Anammox process was established for 
N and P removal from municipal wastewater. The EBPR-
SN SBR was started up and stably operated at 27 °C under 
low DO (0.3 ~ 1.5 mg/L) and short SRT (12 days), fol-
lowed by combining with anammox SBR. Finally, with low 
COD/N of 3.2, the effluent concentrations of TIN and P were 
12.6 ± 3.4 mg N/L and 0.3 ± 0.2 mg P/L, respectively, result-
ing in TIN and P removal efficiencies of 81.4% and 94.3%, 
respectively. The contributions of SPND, DN, and anammox 
to TIN removal were 15.0%, 45.0%, and 40.0%, respectively. 
Advanced P removal performance was attributed to the stor-
age of PHAs being mostly conducted by PAOs rather than 
GAOs. EBPR and SN were simultaneously achieved in one 
SBR, suggesting that the synergy of AOB and PAOs could 
be achieved with SRT of 12 d. Stable nitritation resulted 
from the combination of low DO, short SRT, and residual 
 NH4

+. Notably, the aerobic time was only 3 h per cycle with 

Table 2  Comparisons of the 
EBPR-SN plus Anammox 
process with other related 
processes

Process COD/N Aerobic time (min) DO (mg/L) Removal effi-
ciency (%)

References

TIN –

Aerobic granule SBR 10 240 2 ~ 3 52.0 71 [40]
Biofilm SBR 15 330 2 ~ 5 49.5 – [42]
Hybrid SBR 15 270 0 ~ 1.5 71.5 – [42]
Suspended sludge SBR 15 240 0 ~ 1 26.7 – [42]
Fix-bed SBR 3.3 ~ 6.7 180 ~ 430 3 ~ 4 70.0 90.2 [41]
SBR 3.3 ~ 6.7 180 ~ 430 3 ~ 4 43.8 51.6 [41]
A2N SBR 4.03 120 3 74.6 94.0 [39]
SNDPR-SBR 3.5 150 1 ± 0.3 77.7 94.0 [29]
SBR 3.2 180 0.3 ~ 1.5 81.4 94.3 This study



2051Bioprocess and Biosystems Engineering (2020) 43:2039–2052 

1 3

low DO aeration during the whole process, offering a con-
siderable saving in energy consumption.
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