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tent aeration was applied to develop a robust nutrient removal system aimed to achieve
high energy saving and removal efficiency. The results showed higher correspondence of P-
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with longer interval periods compared to continuous-aeration. Increasing the intermittent-
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aeration duration from 25 to 50 min, resulted in higher process performance where the

Intermittent aeration

system exhibited approximately 30% higher nutrient removal. This study indicated that

Dissolved oxygen

nutrient removal strongly depends on reaction phase configuration representing the impor-

PAO

tance of aeration pattern. The microbial community examined the variation in abundance

Polyhydroxyalkanoate

of bacterial groups in suspended sludge, where the 50 min intermittent aeration, favored
the growth of P-accumulating organisms and nitrogen removal microbial groups, indicating
the complications related to nutrient removal systems. Successful intermittently aerated
process with high capability of simple implementation to conventional systems by elemental retrofitting, is applicable for upgrading wastewater treatment plants. With aeration as a
major operational cost, this process is a promising approach to potentially remove nutrients
in high competence, in distinction to optimizing cost-efficacy of the system.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
There is a developing worldwide awareness for nutrient control with strict regulations that has resulted in employment
of substantial adjustments and advancements in wastewater
treatment plants (WWTPs) (Oehmen et al., 2007). Biological
nutrient removal processes comprising of anaerobic, aerobic
∗
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and anoxic compartments by sludge recirculation are used
in removal of organic matters and nutrients from wastewater (Díez-Montero et al., 2016). Commonly, this sequence is
required for growth and proliferation of phosphorus accumulating organisms (PAOs), that are responsible for Phosphorus (P) removal, along with nitrogen removing microorganisms for sequential nitrification and denitrification processes (Lee et al., 2007). Understanding the mechanism of Enhanced Biological Phosphorus Removal (EBPR) process grows
into complicated scenario in interaction with simultaneous
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nitrogen (N) removal. The EBPR process is mainly based on the
PAOs to release phosphorus during anaerobic phase and then
take up more phosphorus and transform it into polyphosphate during aerobic phase. The aerobic energy is generated
from aerobic/anoxic heterotrophic oxidation of anaerobically
stored polymeric substances (polyhydroxyalkanoates (PHAs)).
While nitrification takes place by oxidization of ammonia
into nitrate/nitrite in presence of electron acceptor, indicating the presence of various microbial groups (Ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB)) in
the complex nutrient removal process. Providing anoxic conditions in alteration with anaerobic phase, tend to increase
the occurrence of denitrifying PAOs (DPAOs) beside denitrifying bacteria (DNB), capable of utilizing nitrate/nitrite as electron acceptor for simultaneous denitrification and phosphorus uptake causing less evident anaerobic phosphorus release
(Wang et al., 2009; Shi and Lee, 2006).
However, mainly in conventional systems including SBR
reactors, the biological nitrogen removal takes place by predenitrification in the fill/anaerobic phase. Therefore, denitrifiers take up the available readily biodegradable COD, resulting in lower substrate availability for PAOs, increased microbial competition and higher operational cost (Li et al.,
2008; Zhang et al., 2016). Therefore, stability and reliability
of EBPR may be problematic due to external disturbance of
excessive nitrate loading to anaerobic phase (Oehmen et al.,
2007). In addition, aeration as a crucial factor for nutrient
removal and odor control, is accompanied with high equipment cost and energy consumption (Luo et al., 2002). Intermittently aerating the system in aerobic phase, on the other
hand, allows simultaneous nitrification, denitrification and
P-removal with lower aeration rate requirement in a single reactor. Intermittent-aerated SBR reactor, decreases the
readily biodegradable chemical oxygen demand (rbCOD) requirement and microorganism competition. In the aeration
phase, in high DO levels, ammonium-nitrogen is oxidized
to nitrate/nitrite by aerobic nitrifiers. In the following low
DO stages, anoxic denitrifiers reduce nitrate/nitrite to N2
gas. Therefore, minimum nitrogen removal takes place in
fill/anaerobic phase, allowing PAOs to store the carbon source
as PHA internally (Li et al., 2008). Concurrently, in aeration period, PAOs (DPAOs) utilize the available DO or nitrate to take
up phosphorus from wastewater (Chen et al., 2014).
Moreover, applying anoxic phases, with a possibility of
DPAOs co-action, saves 40% in organic carbon and 25% in oxygen requirement, along with reduced sludge production Ji and
Chen (2010). Conceivably, intermittent aeration in SBR reactor
reduces energy consumption while maintaining or rather enhancing effluent compliance (Dotro et al., 2011).
However, to achieve the highest prosperity of intermittent
aeration and minimum energy requirement, comprehensive
investigation on phosphorus and nitrogen conversions in sequential anaerobic/aerobic stages to develop a well-operated
process is required. Having outlined the intermittent aerated
nitrogen removal systems in literature, most studies (Hanhan
et al., 2011; Lee et al., 2007; Li et al., 2008; Zheng and Long,
2008; Wang et al., 2009; Lim et al., 2007), have limited consideration on the synergic effect of intermittent aeration on simultaneous N and P- removal performance, microbial community structure, bacterial abundance and shifts in a sin-

gle reactor. In studies on intermittent aerated SBRs for nitrogen removal (Habermeyer and Sánchez, 2005; Shimabukuro
et al., 2004; Mansouri et al., 2014; Hu et al., 2011), approximately 90% of total nitrogen removal efficiency was achieved
with anoxic to aerobic duration ratio of 2 (4 hr/2 hr) and
1(3 hr/3 hr), while limiting the ratio to 0.5 resulted in a decrease of efficiency down to 70%. Although, not only the ratio but the reaction duration coordinates to nitrogen removal.
An anoxic to aerobic ratio of 1 but with 30 min of aeration
showed only 35% of total nitrogen (TN) removal due to incomplete nitrification. Very few studies have focused on effect
of aeration pattern with various high/low DO durational sets
on biological phosphorus removal, PAOs/DPAOs mechanism
and microbial performance, metabolic models accompanied
with nitrification and denitrification processes. In particular,
in a study by Lu et al. (2007) intermittent aerobic-anaerobic
strategy indicated a slower aerobic PAO decay, glycogen and
poly-phosphorus consumption compared to anaerobic and
anoxic storage. Yet, there was a need of evaluating nitrogen
removal and linking the P and N-profile performance combined. In a recent study, a combination of intermittent aeration and granulation on nitritation sludge was investigated
for simultaneous nitrogen and phosphorus removal. The results indicated a high P and N-removal efficiency and lower
energy consumption. Correlation of high nutrient removal
with abundance of related phosphorus and nitrogen removing organisms were detected (Wu et al., 2020). The monitoring and determination of microbial community structure
more effectively declares the system performance and nutrient removal mechanism. Furthermore, it assists in perceiving
the bacterial community dynamics and characterization during the nutrient removal operation (Li et al., 2019). Yet, limited studies, evaluated the relative abundance of key functional group systematically, in variation of aeration patterns
as the alternating sole operating factor for nutrient removal
processes. The objective of this study was to create favorable
conditions in a single-sludge simultaneous nitrification, denitrification (SND)/P-removal process to facilitate aerobic and
anaerobic microorganism growth and metabolism in absence
and presence of electron accepters by applying intermittent
aeration and non-aeration time periods without adding considerable operational complexity. Not only the aeration pattern but the aeration duration has been taken into account
with a constant aerobic/anoxic duration ratio to assess the
effect of oxygen availability on biological nutrient removal
system.
In this study, the performance of three SBRs were examined at different aeration patterns of: continuous (EBPRCONT ),
50 and 25 min on/off intermittent aeration/non-aeration intervals (EBPRINT ) at constant DO concentration of 2 mg/L and
200 min aerobic hydraulic retention time (HRT). Synchronous
nitrification, denitrification and P-removal feasibility evaluation, P and N profile performance, aerobic kinetics and bacterial structure were conducted. Potential drawbacks and improvement alternatives were inspected and clarified in case of
aerobic and anoxic phases and possible occurred processes. In
addition, nutrient removal was evaluated by the contribution
of the key functional microbial groups through microbial analysis for identification of relative abundance on phylum, class
and genus levels for different EBPR samples.
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Fig. 1 – -a schematic diagram b- the cyclic periods of SBRs for EBPR process.

1.

Material and methods

1.1.

SBR operation

Three sequencing batch reactors (EBPRCONT , EBPRINT-50 ,
EBPRINT-25 ) with 5 L working volume and internal diameter
of 25 cm indicated in Fig. 1a were operated for EBPR process.
The reactors were seeded with returned activated sludge
(RAS) from Humber treatment plant in Ontario, Canada. The
reactors were maintained at 21 ± 1 °C and operated with a
cycle time of 6 hr. The 6 hr cycle in EBPRCONT consisted of
15 min feeding, 90 min anaerobic, 200 min reaction (aerobic) followed by 40 min settling and 15 min decanting. For
EBPRINT-50 and EBPRINT-25, the 200 min of reaction phase was
divided by 50 min and 25 min of aeration and non-aeration
phases, respectively, as shown in Fig. 1b. 1-liter of synthetic
wastewater was pumped into the reactors during the feeding
phase with a hydraulic retention time (HRT) of 10–15 hr and
a solid retention time (SRT) of approximately 25 days. The
substrate COD concentration for each SBR was in the range
of 300–350 mg/L containing acetate as the sole carbon source
fed to the system. During the aerobic period, the air pumped
was regulated by on-line dissolved oxygen (DO) detector
from the bottom of the reactors to keep the DO level in the

proper range for each stage of process. Control processing
system was used for setting up a constant DO level of 2 mg/L
throughout the experiment. pH, ORP and oxygen concentration was monitored online by the control processing device.
The mixing speed was controlled in a range of 50 to 100 r/min
for maintaining the DO concentration, reducing the speed
with each DO outstrip with a deviation of ±0.5 mg/L. The
SBRs were constantly mixed during the anaerobic and aerobic
phases, while no mixing took place in settling and decanting
phases, where the wastewater from sequential anaerobic and
aerobic phase precipitated out in settling phase. The reactors
were routinely monitored through regular sampling for VFA,
polyhydroxybutyrate (PHB) and glycogen through each cycle.
Chemical analysis such as total suspended solids (TSS) and
volatile suspended solids (VSS) were measured on samples
from the end of aerobic phase.

1.2.

Synthetic feed composition

The synthetic wastewater used for this study to stimulate
the High-P influent wastewater, approximately contained (per
liter): 0.85 g NaAc.3H2 O (400 mg COD/L) as carbon source,
107 mg NH4 C1 (28 mg N/L), 75.5 mg NaH2 PO4 .2H2 O (15–
20 mgP/L), 90 mg MgSO4 .7H2 O, 14 mg CaCl2 .2H2 O, 1 mg
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yeast extract, and 0.3 mL nutrient solution. The nutrient solution contained, per liter: 1.5 g FeCl3 .6H2 O, 0.15 g H3 BO3 ,
0.03 g CuSO4 .5H2 O, 0.18 g KI, 0.12 g MnC12 .4H2 O, 0.06 g
Na2 MoO4 .2H2 O, 0.12 g ZnSO4 .7H2 O, 0.15 g CoCl2 .6H2 O, and 10 g
EDTA as used by (Smolders et al., 1994). The pH of feed was adjusted at 7.5 ± 0.1. After the synthetic wastewater preparation
including the above components, the solution was maintained
at 4 °C, prior to injection to reactors with an average COD, TN,
and TP of 400, 28 and 15 mg/L, respectively. The feeding took
place from the bottom of the reactors for a uniform distribution of feed.

1.3.

Analytical method

Standard methods (APHA 2005) were used to determine Total
solids (TS), volatile solids (VS), TSS, VSS, total chemical oxygen demand (TCOD) and soluble chemical oxygen demand
(SCOD). pH was measured by a digital pH meter (hach HQ440d
multi). Phosphate, nitrate, nitrite and ammonia were simultaneously determined through ion chromatography by Thermo
ScientificTM DionexTM IntegrionTM HPICTM system. In advance to all IC measurements, samples were properly diluted
with deionized water and passed through a membrane filter
(0.45 μm). For confirming PAO enrichment and evaluation in
the reactors, initially samples were analyzed for particle size
distribution using aqueous liquid module (ALM) in LS 13 320
Particle Sizing Analyzer, later on samples were analyzed using
PCR. Earth Microbiome Project benchmarked protocols (http:
//www.earthmicrobiome.org/emp-standard-protocols/) were
used for DNA extraction and amplification. Mechanical and
enzymatic lysis along with phenol-chloroform extraction and
clean-up was performed using MoBio PowerMag soil DNA
isolation kit for DNA extraction, where the primers used
included 515FB (5 -GTGYCAGCMGCCGCGGTAA-3 ) and 806RB
(5 - GGACTACNVGGGTWTCTAAT-3 ). Standard gel extraction
kits were utilized for purifying the final product after amplification, polymerization, and separation (Qiagen, Netherland). Accordingly, the product was quantified with the QuantiT PicoGreen dsDNA Assay Kit (ThermoFisher). The resulting PCR products were sequenced using the Illumina MiSeq
personal sequencer (Illumina Incorporated, San Diego CA) at
the McMaster Genomics Facility, Ontario, Canada. The volatile
fatty acid was assayed by an SRI gas chromatography (GC)
equipped with a flame ionization detector (SRI instrumentation, Torrance, USA) and MXT-wax column (Restek, Bellefonte,
PA). PHB was extracted from cellular biomass and quantified
with gas chromatography using the following procedure. Primarily, 10–15 mg of lyophilized biomass were collected and
2 mL of acidified methanol (3% sulphuric acid) as well as 2 mL
of chloroform were added in a glass vial. After gentle mixing,
the cocktail was heated at 100 °C for 3.5 h, cooled down to
room temperature afterwards. 1 mL of deionized water was
added later on and the mixture was vortexed for 1 min and
allowed phase separation to occur. The lower organic phase
was tested for PHB quantification using SRI gas chromatography equipped with a flame ionization detector (SRI instrumentation, Torrance, USA) and MXT-wax column (Restek, Bellefonte, PA.). The temperature program was as follows: 1 min
80 °C, 10 °C min−1 , 180 °C for 4 min. Results were compared
with standard curves obtained using PHB standards (Sigma

Aldrich). Benzoic acid was used as an internal standard to increase accuracy. Intracellular glycogen was determined via digestion and hydrolysis to glucose where glucose is analyzed
enzymatically (Sigma–Aldrich PGO enzyme kit, Saint Louis,
Missouri, USA). Sample absorbance is measured at 425 nm using a Spectronic spectrophotometer.

1.4.

Mass balances analysis

In this study the nitrogen removal was primarily associated
with three pathways of denitrification, microbial assimilation,
and nitrogen loss in the SBR reactors. Based on following
equations the mass balance was analyzed for all three systems:
N removal = N denitrification + Nmicrobial assimilation
+ N nitrogen loss

(1)

N removal = (Ninf − Neff )/Ninf

(2)

N denitrification = (NA−inf − NA−eff )(R + r + 1)/Ninf

(3)

N microbial assimilation =

VSSwaste ∗ f VSS ∗ Vwaste ∗ f

(4)

ss


N
biomass

/(Ninf ∗ Q )

N nitrogen loss = N removal − N denitrification
− N microbial assimilation

(5)

Where N removal is the total nitrogen removal, Ninf (mg/L)
and Neff (mg/L) are the influent and effluent total nitrogen
concentrations, respectively, NA-inf (mg/L) and NA-eff (mg/L) are
the total nitrogen concentrations in influent and effluent of
reaction phases, R and r are nitrate recycle ratio and sludge
return ratio, VSS (mg/L) is the waste sludge concentration,
fN/biomass is nitrogen fraction in sludge with a 0.1 mgN/mgVSS
assumption and fVSS/SS is VSS/MLSS and Q (L/day) is inflow
rate (Zhang et al., 2016).

2.

Result and discussion

2.1.

Removal of COD and Nitrogen

The performance of the three reactors in nutrient removal
with synthetic substrate is given in Table 1. Mainly intermittent strategies, tend to decrease PAOs aerobic decay rate,
glycogen and Poly-P usage rate leading to long-term storage
of EBPR sludge (Wang et al., 2015). In case of nitrogen removal,
intermittent aeration has reported to enhance simultaneous
nitrification and denitrification (SND), increase efficiency in
organic carbon utilization for denitrification and improve denitrifiers abundance in the system (Sun et al., 2017). Yet, as
shown in the table, EBPRINT-25 , despite its intermittent aeration, projected a lower removal performance in case of nitrogen and phosphorus in comparison to continuous-aerated reactor. At 25 min on/off intervals, the effluent contained high
concentrations of nutrients not reaching the emission standards. Due to invaded anaerobic conditions and availability
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Table 1 – Process performance for EBPRCONT ., EBPRINT-50 and EBPRINT-25

pH
COD (mg/L)
TN (mg/L)
Orthophosphate
(mg/L)
NH4 + -N (mg/L)
VSS (mg/L)

EBPRCONT.
Effluent
concentration

Removal
efficiency

EBPRINT-50
Effluent
concentration

Removal
efficiency

EBPRINT-25
Effluent
concentration

Removal
efficiency

7.51
45±10.7
8.1±0.5
2.55±0.5

84%±3%
71%±3%
83%±3%

8.27
31.2±4.3
5.4±0.6
1.35±0.3

91%±1%
81%±4%
91%±3%

7.86
33.7±3.3
14.01±0.3
5.55±1.2

90%±1%
50%±2%
63%±8%

2.1±0.7
45±2

93%±2%
-

1.8±0.5
40±4

93%±1%
-

2.32±0.4
51±3

92%±3%
-

of electron acceptors in this stage in EBPRINT-25 , processes requiring oxygen, including carbonaceous oxidation, nitrification and enhanced biological phosphorus uptake, occurred.
This led to inefficient anaerobic performance of PAOs. Due
to high dissolved oxygen concentration, the remaining NO2 N and NO3 -N from the preceding cycle were not removed by
means of denitrification, resulting in an accumulation of nitrate/nitrate in the system.
The SBRs were operated for 50 days at an influent COD concentration between 340 to 370 mg/L with a rather stable COD
removal. The COD removal mainly took place in the anaerobic
phase where in EBPRINT-50, COD concentration at the end of
anaerobic phase mainly correlated with the effluent COD. The
COD concentration in effluent was an average of 45, 31 and
33 mg/L with COD removal efficiency of 84%, 91% and 90% for
EBPRCONT , EBPRINT-50 and EBPRINT-25 , respectively. Although, a
high and stable COD removal indicated an acceptable organic
removal performance in all reactors, a rather higher COD removal in intermittent reactors may be due to the efficient use
of organic matters and carbon source for denitrification and
phosphorus release. In alternating aerobic/anoxic stages the
anaerobic COD is sufficiently utilized and stored as intracellular carbon source (Wang et al., 2009; Gong et al., 2020). The
observed yield (Yobs ) of all systems were estimated based on
a solid and COD mass balance by integrating total biomass
wastage and COD removed as given in equation 6.
Y

obs=

Vwaste .VSSwaste
Q. (SCODinf −SCODeff ).t

(6)

Where Vwaste is the total volume of wasted sludge as well as
sample collection volume (L); VSSwaste is the total volatile suspended solids concentration of wasted sludge (mg/L); sCODinf
and sCODeff are the influent and effluent sCOD concentrations (mg/L); t is the time intervals between sample collection
and analysis (day). Net microbial growth rate affects the Yobs ,
where rapid cell growth requires less energy for maintenance
and higher energy portion for growth, indicating Yobs as an
important constituent on magnitude of microorganism production which is influenced by various factors. Higher yield
coefficient is associated with a more efficient substrate uptake for higher energy production, maximum biomass synthesis and lower portion of maintenance (Low and Chase, 1999).
Moreover, adenosine triphosphate (ATP) synthesis in anaerobic metabolism, indicates the magnitude of Yobs . ATP as an
important element in catabolism (substrate oxidation pro-

cess) and anabolism (biomass synthesis) reactions is mainly
used as an energy source in lack of oxygen or substrate
(anaerobic and anoxic conditions) and is rebuilt aerobically
with microbial growth (Coma et al., 2013). Higher production
of ATP as an energy source in microorganism metabolism
pathways, result in higher yield coefficients (Sherrard and
Schroeder, 1973). The Yobs was estimated at 0.19, 0.18 and 0.26
gVSS/gsCOD for EBPRCONT , EBPRiNT-25 and EBPRINT-50 , respectively. The estimated yields were lower than typical biomass
yield reported in literature of 0.3-0.6 gVSS/gCOD in EBPRCONT
and EBPRiNT-25 . This matter may be associated to rather long
SRT and high biomass concentration in anaerobic conditions
(Díez-Montero et al., 2016).
For reaching a high nitrogen removal, balancing the aerobic and anoxic duration for complete SND is suggested. Insufficient aeration period, restricts complete ammonia oxidation and decreases denitrification efficiency (Sun et al.,
2017). NH4 + -N removal remained stable at higher than 90%
with a loading rate of 30 g NH4 + -N /Lday for continuous and
EBPRINT-50 . With intermittent aeration, EBPRINT-50 reached a
rather stable ammonia effluent concentration of 1.8 considering the 25-30 mg/L of average ammonia influent concentration. On the other hand, EBPRINT-25 showed very low TN removal, leaving <10 mg/L of nitrogen in WW effluent. Based
on the nitrogen mass balance analysis from equations 1-5,
only 37.5% and 40% of TN removal in EBPRCONT and EBPRINT-25
accounted by denitrifying phosphorus removal pathway (N
denitrification ) respectively. However, by increasing the interval
duration to 50 minutes in EBPR INT-50 , N denitrification reached
54% of the total nitrogen removal. This indicates higher DPAO
abundance, denitrifying performance and simultaneous nitrification and denitrification (SND) in longer duration interval
resulted in lower nitrogen loss and higher TN removal efficiency. High abundance of DPAOs along with aerobic PAOs,
decreases the COD requirement as compared to only aerobic
systems, with savings in aeration (Oehmen et al., 2007). In addition, approximately 5 to 18% of TN removal was a contribution to nitrogen assimilation by biomass with a feasibility of
SND at different levels in all reactors. A phase study of a typical operational cycle at different aeration patterns is shown
in Figure 2. In EBPR INT-50 , NH4 -N concentration drastically decreased in second aeration period and reached 1.4 mg/L by the
end of cycle. NO3 -N and NO2 -N concentrations started to rise
from the first aeration period, with a lower detection of NO2 -N
than NO3 -N.
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Fig. 2 – NH4 -N, NO3 -N, NO2 -N and DO profiles during a cycle at day 28 for: a. EBPRINT-50 b. EBPRINT-25.

By applying a controlling system, DO surpass from 2 mg/L
in the 50-min intermittent reactor, through aeration period
was negligible. Moreover, due to DO drop in non-aeration periods to almost anaerobic conditions, nitrification was unable
to occur which enhanced denitrification process, while the
high DO phases fostered nitrification. On the other hand, in
EBPRINT-25 system, during the first aeration period, the DO increased to 2 mg/L and remained in high concentrations in the
following non-aeration phase. Therefore, due to oxygen availability, post-denitrification in non-aeration phases were not as
effective. Studies have further suggested that, oxygen is not
rapidly consumed in lack of carbon source (Weon et al., 2011).
In other words, time is required for change of aerobic phase to
anoxic phase, when there is limited simple organic substrate
(VFA) available. Therefore, in this case, 25 min appears to be
insufficient for phase shift. When the 25-min aeration/nonaeration was applied to reaction phase, a rather significant
and rapid NH4 -N reduction took place in the first three aeration periods which was equal to 81% ammonia removal. However, in the fourth aeration phase, there was very limited ammonia removal, leaving 2.7 mg/L in the effluent. This matter
resulted in an upward trend in NO3 -N concentration during
each cycle, causing 4.12 mg/L of nitrate recycled into next cycle. Because of remaining nitrate from previous cycles, predenitrification took place in the anaerobic zone.
Considering the SND efficiency equation: ηSND = Ni − (Ne +
Nbiomass )/Ni (7) where:
Ni is the nitrogen fed to reactor, Ne is the nitrogen in the
effluent and Nbiomass is the nitrogen in the withdrawn sludge.
It was found that SND efficiency for EBPRINT-25 only reached
49.3% while EBPRCONT and EBPRINT-50 achieved 70.3% and 81%,

respectively. This indicates a high nitrate/nitrite availability
in effluent due to nitrification followed by incomplete denitrification with 25-min time intervals, indicating that short
aeration, may hamper complete denitrification in the following non-aeration period. Besides, pH values for intermittent reactors with an inclination to increase due to air stripping, support the complete nitrification process. The nitrification performance was determined by ammonium uptake
rate (AUR) measurement according to method described by
Lee and Oleszkiewicz (2003). The AUR was determined 8.84
and 12.27 mg NH4 -N/L.hr for two aerobic stages of EBPRINT-50
and an average of 14.4 mgNH4 -N/L.hr for four aeration periods
in EBPRINT-25 with the fourth aeration period having the lowest
rate. It should be noted that the AUR of both intermittent aerated systems were consistently greater than continuous aerated system with 6.9 mg NH4 -N/L.hr of removal rate. Generally, intermittent aeration by providing alternating sequence
of aerobic and anoxic conditions within the same tank, increases the possibility of SND and luxury phosphorus uptake
(Chung et al., 2006). Results of studies conducted on alternating aerobic/anoxic treatment processes (Fulazzaky et al., 2015)
(Kantartzi et al., 2010), have further justified the capability of
high nitrogen removal by reducing nitrate to nitrogen gas during denitrification process. However, during the non-aeration
periods, due to incomplete denitrification in EBPRINT-25 , the
nitrate production rate only reached 5.26 mgNO3 -N/L.hr that
is 48% lower compared to EBPRINT-50 , indicating 25 min nonaerated periods are insufficient for complete denitrification
to take place. In SBR reactors for minimizing operational period and energy requirement, there shall be a coordination
between aeration duration and reaction cycle in intermit-
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tent aeration. Short aeration durations and excessive number of cycles, results in high energy input and increased effluent TN concentration (Sun et al., 2017). By implying the calculations proposed previously (Dytczak et al., 2007; Lee and
Oleszkiewicz, 2003), in EBPRINT-50 nitrification rates were 9%
and 10% higher than those in EBPRINT-25 and EBPRCONT respectively. The higher nitrification rate in 50-min intermittent condition is likely related to the effect of phenomenon called feast
(anaerobic/anoxic)/famine (aerobic) where it generates a distinctive position for bacterial groups with anaerobic organic
carbon uptake capability such as PAOs. In efficient external
substrate feast/famine, bacteria rapidly take up and store substrate as internal storage compounds in the feast mode and
utilize the stored slowly biodegradable polymers to gain more
balanced growth and preserve energy source for nitrification
and denitrification means (Third et al., 2003; Chen et al., 2013).
Moreover, in the anoxic condition, although the ammonia is
present, the autotrophic microorganisms are neither capable
of taking up ammonia due to oxygen scarcity nor storing it
as an energy source. This increases the possibility of higher
stress and damage to biomass and bacterial metabolism during the anoxic phase. This matter increases the nitrate requirement due to additional substrate needed for repair process. Therefore, more oxidation of ammonia to nitrite and
conversion of nitrite to nitrate takes place to fulfill the nitrate
requirement for repair purposes resulting in an average higher
nitrification rate in EBPRINT-50 . In addition, in anoxic phase, the
COD is reduced which decreases the competition with heterotrophs for ammonia uptake. These circumstances of intermittent aeration in 50-min intervals lead to high nitrification rate. However, short aerobic/anoxic intervals in EBPRINT-25
resulted in an incomplete conversion of nitrate/nitrite to nitrogen gas in anoxic periods, leading to average lower nitrification rates in aeration phases (Lee and Oleszkiewicz, 2003).
Therefore, nitrate was the dominant compound of effluent nitrogen in case of 25 min intermittent aeration. Correspondingly, in an intermittent aerated activated sludge system, sufficient aeration is required for complete nitrification and controlled non-aeration stage is essential for complete denitrification, thus, DO concentration and aeration duration, concurrently affect nitrogen removal (Sun et al., 2017).

2.2.
Evaluation of Phosphorus removal performance in
EBPRCONT and EBPRIA
All the results in this study were collected from SBR reactors
at steady-state conditions. For an optimum performance, a
stable NH4 + -N removal along with biological phosphorus removal is desired. As normally expected, the VFAs were taken
up in fill/anaerobic phase simultaneously with phosphorus release, PHB production and glycogen degradation. However, as
shown in Fig. 3 it was observed that by the end of anaerobic phase, EBPRINT-50 consumed almost all VFA, while residual VFA were available in EBPRCONT and EBPRINT-25 . Availability of nitrate and oxygen in low levels in this phase, limits
the PAOs performance regarding concurrent anaerobic VFAuptake and P-release. According to the metabolic model proposed by Smolders et al. (1994), the process of VFA uptake
and its conversion to acetyl-CoA requires energy in form of
ATP, while the following PHA production requires NADH2 for
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redox balance purposes, with two sources of NADH2 production; tricarboxylic acid cycle (TCA) and glycogen degradation
(Wang et al., 2012). On day 28 of experiment, the PHB production/VFA uptake ratio was detected in the SBRs with a value of
1.18, 1.04 and 1.43 for EBPRCONT , EBPRINT-25 and EBPRINT-50 respectively. In EBPRINT-25 with lower VFA uptake, slightly lower
PHB production and PHB production/VFA uptake ratio was
achieved. Lower production ratios in 25 min intermittent intervals, implies that the majority of energy requirement for
PHA production was achieved through polyphosphate hydrolysis, therefore, lower P-release was observed.
As featured, by maintaining the DO level at 2 mg/L, the
anaerobic PHB production decreased in EBPRINT-25 , in comparison to EBPRINT-50 . Due to electron acceptor availability in
the anaerobic period of EBPRINT-25 and potential competition
of other microorganisms, such as denitrifiers, PAOs stored
less polymeric substances. Additionally, in the reaction phase,
residual VFA presence in the initial aeration period, caused
low PHB consumption. However, with VFA total uptake by the
second aerobic stage, PHB degradation drastically increased as
a fuel for microbial growth and phosphorus removal.
The phosphate removal efficiencies through the course of
50 days, were 83%±3%, 91%±3% and 63%±8% for EBPRCONT ,
EBPRINT-50 and EBPRINT-25 , respectively, which showed approximately 25% higher performance with 50 minutes of intermittent intervals rather than 25 min. Since the aeration/nonaeration phases occurred in the same SBR reactor, for a better understanding, the temporal P-profile and carbon sources
with time were investigated, as shown in Fig. 3. In this study,
with constant 2 mg/L of DO concentration in aeration phases,
25 min aeration/non-aeration appeared to be insufficient to biologically remove phosphorus from synthetic wastewater. The
primary factors affecting the P-removal performance were
known to be insufficient reaction time, variation in DO concentration and carbon source. Yet, the effect of residual NO−
3
N from previous cycle on DO concentration and P-release of
-N:PO34 -P and
PAOs is considerable. Therefore, an optimal NO−
3
N/COD ratio were found to facilitate in flourishment of phosphorus removing organisms (Li et al., 2020). A TP and TN removal of 50% and 54% in EBPRINT-25 showed an apparent negative effect of imbalance ratio on process performance. In a
study conducted by (Osada et al., 1991), an increase of N/COD
ratio higher than 0.31, negatively impacted TP removal by
dropping to 49.8%. However, Liu et al. conducted an experiment using novel Modified Ludzack-Ettinger (MLE) process
with implementation of intermittent aeration and reached
76% of nitrogen removal at 0.62 N/COD ratio at low temperatures along with high TP removal. Yet the high P-removal
was temporary in MLE configuration as in longer operational
time, the PAOs could potentially be washed out through sludge
wasting (Liu and Wang, 2017). In this study, by maintaining
N/COD ratio at approximately 0.07–0.1, the major impact in
EBPRINT-25 was the nitrate/phosphate ratio imbalance. Considering the EBPRINT-25, in anaerobic phase, VFAs were partially taken up, due to inefficient PAO performance, caused
by anaerobic nitrate availability, disrupted PHB production,
glycogen consumption and phosphorus release. In the subsequent reaction phase with alternative aerobic/anoxic phases,
PHB was consumed and glycogen was regenerated, however,
there were gradual P-uptake in the first aeration period with
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Fig. 3 – PHB, VFA transformation, carbon and phosphorus concentration in A. EBPRCONT B. EBPRINT-50 and C. EBPRINT-25.

only 6% of phosphorus removal. As generally known, nitrate
availability in anaerobic phase inhibits P-removal and PHA
storage. Three hypothesis were proposed by literature on the
negative influence of nitrate in EBPR process: 1. EBPR activity inhibition by nitrate, where it inhibits the anaerobic Prelease. 2. Concurrent P-release and P uptake due to availability of electron donor (substrate) and electron acceptor (nitrate)
in conjunction through anaerobic condition. 3. Nitrate presence may further, trigger the ordinary heterotrophic bacteria
(OHO) performance in nitrogen reduction by using the available COD for PAOs growth (Guerrero et al., 2012). While on the
other hand, several studies have demonstrated the capability of DPAOs in achieving nitrogen and phosphorus removal
(Chao et al., 2020). Condition of anaerobic/anoxic/aerobic systems require a proper PAO population, capable of coexisting with denitrifiers for carbon source and nitrate availability without inhibition (Zheng et al., 2014), which lacked in
EBPRINT-25 . Yet, with inefficient denitrifying phosphorus organism performance, since DPAOs possess nitrate reduction
ability, the inhibitory effect was considerably lower on Prelease. Therefore, despite nitrate accumulation the phos-

phorus removal was not totally deteriorated, but reduced by
25%.

2.3.
Potential complications associated with Intermittent
aeration
Simultaneous removal of phosphorus and nitrate occurs by
two different pathways: 1. internal PHB utilized for P-uptake
and denitrifiers for nitrate conversion to N2 gas, or 2. internal
PHB as carbon source and nitrate as electron acceptor utilized
by DPAOs for phosphate uptake in lack of oxygen (Chung et al.,
2006). Studies have suggested DPAOs capability in taking up
phosphorus with utilization of nitrate as the electron acceptor for PHB oxidation under anoxic conditions. Therefore, the
intermittent aerated systems with anaerobic/aerobic/anoxic
zones have higher phosphate uptake rate (PUR) compared to
continuous aerated reactor. With 50 min intermittent intervals, during the non-aeration phases (anoxic phase) with limited available short chain acids, DPAOs degrade PHB as energy
source and utilize nitrate as electron acceptor, resulting in
rapid simultaneous denitrification and P-uptake (Wang et al.,
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2009). DPAOs are beneficial for simultaneous nitrogen and
phosphorus removal by means of lower carbon and aeration
demand. However, relatively low denitrifying P-uptake suggests the dominance of aerobic PAO metabolism rather than
the DPAOs. Results obtained from intermittent aerated reactors propose that longer interval periods may select for more
DPAO activity (Roots et al., 2020). In case of phosphorus removal, in this study, even the limited phosphate uptake in
anoxic phases of EBPRINT-50 did not adversely affect total phosphorus removal due to long enough aerated stage for completion of P-removal. With an influent phosphate-concentration
of 15–20 mg/L, and a consequent anaerobic P-release, majority of phosphorus was removed in the subsequent first
50 min aeration with 68% of initial P-removal. The concentration of phosphate initially increased by a very limited measure during the following non-aeration (anoxic) phase, yet, the
P-uptake continued to occur. The uptake rate observed during the aerobic phase were higher than anoxic phase due to
substrate scarcity. Higher P-uptake in EBPRINT-50 is in correspondence with higher PHB synthesis and glycogen degradation, comparing to continuous aerated reactor. Glycogen as
the reducing power source for anaerobic VFA uptake and the
key energy source of GAOs, decreased in anaerobic phase in
EBPRINT-50 with a degradation rate of 0.6 C-mmol/gVSS, which
is in the range reported for PAOs metabolism. In case of nitrogen removal, EBPRINT-50 , showed a rather higher TN removal
compared to continuous and shorter intermittent aeration duration, yet, it didn’t reach its highest removal potential. The
length of each anoxic phase in each cycle is impacted by the
DO concentration in the aerobic phase which reduces the actual anoxic duration due to oxygen availability. As shown in
Fig. 2, potential higher nitrogen removal wasn’t reached with
50 min intervals, due to availability of residual DO in anoxic
phases. Slow decrease of DO concentration, consequently affects the denitrification rate and overall performance of nitrogen removal in the intermittent aeration. A proposed solution for gaining high nitrogen removal, is to apply lower DO
concentrations combined with a balanced intermittent aerated mode to SBR system (Sun et al., 2017). Since DO concentration in aerobic phase directly affects the actual anoxic
duration in intermittent aeration process. Based on a study
conducted by (Lochmatter et al., 2013), in constant high DO
aeration without control, issues regarding N-removal was observed due to availability of ammonium in the aeration phase,
although high orthophosphate removal was observed, with
88% removal efficiency. By controlling the DO concentration
in the same continuous aeration pattern, N-removal increased
from 60% to 65%. Implementation of alternating high and low
DO periods in the study, remarkably improved denitrification
and increased N removal by 10% yet, approximately 25% of
denitrification took place in feeding phase, which is dependent on the NOx − concentration by end of cycle. The results
from this study agreed with a study by (Chen et al., 2011) with
an increase of 15% in N-removal by switching from continuous
SND to alternating nitrification denitrification (AND), however
phosphorus was not focused for treatment.
By decreasing the intervals to 25 min, lower phosphate uptake confirmed the insufficient process duration in which considerable concentrations of organic compounds remained under anoxic condition. In this case, the DPAOs activity signif-
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icantly decreases and phosphate release takes place by PAOs
while ordinary heterotrophs are responsible for denitrification
process. As shown in Fig. 4, in one cycle, high nitrate concentration in anaerobic phase and residual VFA presence in reactions phase, results in less PHB oxidization for cell growth
and phosphorus release along with gradual nitrate and substrate consumption after reduction of nitrate to a certain level
in anoxic phase (Akin and Ugurlu, 2004). A glycogen concentration of 4.01 c-mmol/gVSS in EBPRINT-25 , with a slight increase in glycogen content suggests a shift towards GAOs. In
EBPRINT-25 , lower P-removal efficiency was due to the loss of
P and N-removal activity by incomplete phosphorus uptake
and denitrification process. This phenomenon caused high
nitrate concentration and phosphorus accumulating bacteria
with high PHA content to move into settling phase. While in
settling phase, nitrogen gas is produced by the possibility of
either using the stored PHA in PAOs as the electron donor for
denitrification or nitrogen removal by DPAOs without the presence of soluble COD Endogenous nitrification may conjointly
occur in this phase. This phenomenon called as rising sludge
due to gas production, intensifies the biomass floatation, followed by biomass loss in the decant phase. PAOs as critical
part of biomass are washed away, proceeding to a decrease
in nutrient removal efficiency (Tayà et al., 2011). The occurrence of rising sludge was avoided in EBPRINT-50 with limited
polymeric substance storage at the end of aerobic phases, due
to high P-removal efficiency. This indicates the importance of
settling performance as an integrated section of nutrient removal in SBR systems. Principally, from literature it is concluded that the highest nutrient removal is achieved when
nitrification, denitrification and P-removal as the three major
processes are all active, in the reaction (aerobic/anoxic) period, yet the rates of each process and their advantage over
one another in the aerated and non-aerated phases indicates
the process performance efficiency (Lochmatter et al., 2013).

2.4.

Mechanism of functional species for nutrient removal

In this study, sequential batch mode reactor for biological
phosphorus removal coupled with simultaneous nitrification
and denitrification under intermittent aeration was investigated. A diversity of active populations of microorganisms
as shown in Fig. 5 were effective in nutrient removal process. The phosphorus removal took place with cooperation
of PAOs and DPAOs in the intermittent aerobic and anoxic
phases. DPAOs, Denitrifying GAOs (DGAOs), AOB, NOB, DNB
and ordinary heterotrophic bacteria (OHO) participated in nitrogen removal through simultaneous nitrification and denitrification, cell growth and electron acceptor requirements
(Li et al., 2019). The phylogenic classification of functional
groups at genus level results consist of PAOs, DPAOs, GAOs,
AOB, NOB and DNB. Nitrosphira and Nitrosomonas were the
abundant NOB and AOB identified respectively which were
mainly responsible for ammonia removal in the reactors.
Candidatus_Accumulibacter and Aeromonas were identified as
the enriched PAOs for EBPR process in acetate-fed system,
with 4.5% and 6.1% increase by mode change to EBPRINT-25
and EBPRINT-50 respectively, compared to EBPRCONT . Moreover,
DPAOs, Pseudomonas and Dechloromonas in genus level were
identified with high abundance of 8 to 12% in all reactors.
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Fig. 4 – Nitrate, Nitrite, and phosphate cyclic period profile in EBPR process with 25 minutes’ aeration/non-aeration intervals.

Fig. 5 – Conceptual model and microbial population dynamics in different aeration patterns at phylum, class and genus
levels.
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Despite the potential activity of DPAOs, P-uptake in anoxic
phases of EBPRINT-25 were considered negligible. This is associated to nitrate competition between conventional denitrifiers and DPAOs (Díez-Montero et al., 2016). As indicated,
the higher PAO and DPAO abundance was not in accordance
with higher TP removal performance mainly in EBPRINT-25 , due
to a 5% increase in GAOs availability. Competition between
PAOs and GAOs as one of the main challenges in biological Premoval, enhances the competition for available short chain
fatty acids, although DNB, GAOs, PAOs and DPAOs all compete
for VFAs. Besides PAO-GAO competition, availability of nitrate
in anaerobic zone in high concentrations in EBPRINT-25 , triggered higher competition for VFA consumption between DNB
and PAOs. However, there was a 6% increase in DNB population
by aeration mode change from continuous to intermittent,
due to accumulation of NO3 -N in 25-minute intervals, nitrogen removal failed to reach higher levels similar to EBPRINT-50
system.

2.5.

Bacterial community population in EBPR

The bacterial structure and the relative abundance of EBPR
samples with different aeration patterns are shown in Fig. 5 on
phylum, class and genus levels, respectively. According to the
taxonomic assignments, the microbial variation, descended
as the aeration pattern was changed to intermittent intervals
with 50 min periods, suggesting the enrichment of phosphorus removing organisms. Proteobacteria, Bacteroidetes and Firmicutes are the most abundant phyla in all samples, accounting for 91.2%, 86.6% and 85.6%, respectively in EBPPRCONT ,
EBPRINT-50 and EBPRINT-25 , while different compositions and
distribution of communities were exhibited in the SBR reactors. High Proteobacteria population as a classified phylum in
intermittent aerated reactors, contributes to nutrient removal
performance, as most PAOs and denitrifiers are classified under this phylum. Concurrently, Bacteroidetes and Firmicutes contribute in denitrification where a few DPAOs belong to the former phylum (Chao et al., 2020). Previous studies have reported
the importance of Chlorobi, Spirochaetae and Chloroflexi phyla in
simultaneous nitrification and denitrification by biodegradation of carbohydrates and cellular materials (He et al., 2018).
Summing up to 5.34% in EBPRINT-50 , these phyla enhanced organic compound degradation and nitrogen removal (Yan et al.,
2019). Moreover, Nitrospirae accounting for 2.4% and approximately 3% of Planctomycetes of phylum in EBPRINT-50 are responsible for autotrophic metabolism, nitrite oxidation and
nitrification. EBPRCONT and EBPRINT-25 consisted of only 1 to
3% of Planctomycetes and Nitrospirae, indicating less nitrification capability.
The predominant classes identified in SBRs were αProteobacteria, β-Proteobacteria, γ -Proteobacteria, Actinobacteria,
Clostridia and Bacteroidia. Change in aeration mode from
continuous to intermittent affected the dominant bacterial
classes of Bacteroidia (49.6%), β-Proteobacteria (19.9%) and γ Proteobacteria (5.1%) from 49.6%, 19.9% and 5.1% to 29.1%, 28.6%
and 12.4% due to variation in oxygen concentration from a
constant value in EBPRCONT to intermittent aerobic/anoxic
phases. Distinguish differences were observed at class level,
with a shift towards β-Proteobacteria, γ -Proteobacteria and Proteobacteria from 30% in continuous aeration to 47.5% in
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EBPRINT-50 , while a decrease in α-Proteobacteria was indicated.
According to Li et al. findings, β-Proteobacteria is more robust to operational changes and adaptable rather than αProteobacteria (Li et al., 2019). Further analysis based on top
genera presented in Fig. 5, showed larger variation comparing to class and phyla. Six dominant genera consisting of Candidatus Accumulibacter phosphatis, Dechloromonas, Acinetobacter,
Terrimonas, Rhodocyclus and Aeromonas were found as phosphorus removing microorganisms in this study. Nitrosomonas
was available as a classified AOB with approximately doubled in abundance with intermittent aeration, moreover, similar abundance of Nitrospira as NOB coincided with stable
nitritation in aerobic/anoxic intervals. The denitrifying bacteria population was diverse in all samples, including various denitrifying bacterial groups and genera such as Zoogloea,
Rhodocyclaceae and Thauera. Moreover, DNB content increased
with implementing intermittent aerobic/anoxic phases and
providing the enrichment of these groups of bacteria under oxygen-limited conditions, including Rhodobacter, Terrimonas, Aeromonas and Azoarcus (Yan et al., 2019). Presence of
Kouleothrix (0.1% to 0.3%) and Caldilinea (0.2% to 0.6%) additionally, is associated with high denitrification in intermittent reactors, where the latter appears to be also effective
in phosphorus removal (Li et al., 2020). The results showed
presence of Rhodocyclus bacteria in acetate-fed SBRs in different levels. EBPRCONT , EBPRINT-50 and EBPRINT-25 consisted of
approximately 1%–2% Rhodocyclus sp. (Zou et al., 2018). Previous studies have reported the dominancy of Rhodocyclus sp.
from β-Proteobacteria in nitrite-fed reactors as electron acceptor (Ahn et al., 2002). Moreover, a study by Chung et al.
(Chung et al., 2006), on characteristics of DPAOs in anaerobicintermittently aerated processes, conducted the presence of
Rhodocyclus-like organisms in significant portion of microbial
population, which plays an important role in simultaneous
phosphate uptake and denitrification in anoxic conditions.
Therefore, the genera Accumulibacter and Dechloromonas belonging to the family of Rhodocyclaceae and Zoogloea are possible denitrifying PAOs with widely apparent relations to nitrate removal, while Acinetobacter a known PAO, has negligible effect on denitrification process as stated in EBPR acclimation (Li et al., 2020)(Wang et al., 2020). Principally, cooperation of Zoogloea and Dechloromonas for denitrification, dephosphorization and nutrient removal capacity enhancement in
addition to endogenous denitrification by Zoogloea, correlates
with direct consumption of nitrate and phosphate in Candidatus Accumulibacter. In this study, the dominant PAOs identified were Candidatus Accumulibacter phosphatis and Aeromonas
while Pseudomonas and Dechloromonas were the main DPAO
identified in denitrification and P-removal in intermittent aerated system. While other available genera in lower abundance, including Thauera and Zoogloea have the potential ability of simultaneous denitrification and phosphorus removal
(Wang et al., 2020). Candidatus Accumulibacter as a well-known
PAO in lab-scale processes, existed with 5% abundance in
EBPRINT-50, while they were hardly detected in continuously
aerated reactor. In the intermittent aerated reactors with prolonging of non-aeration time by 25 min, the abundance of
DPAOs increased due to elongation of anaerobic environment. Pseudomonas as the dominant denitrifying PAO genera changed with aeration pattern with an increase from
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0.6% in EBPRCONT to 2.5% in EBPRINT-50 , performing biological phosphorus removal with nitrate/nitrite as electron acceptor which potentially could compete with denitrifying bacteria
(He et al., 2018). Dechloromonas and Paracoccus, known as DPAO,
capable of degradation of organics in presence of nitrate and
nitrite as electron acceptor, occupied 11.2% and 0.59% respectively, in EBPRINT-50 . EBPRINT-50 with the highest abundance of
these genera, was greatly able to assimilate acetate, produce
and store PHA and accumulate polyphosphate compared to
other two SBRs. This is in accordance with lower DPAO abundance in continuously aerated reactor.
In all SBRs, PAOs and GAOs coexisted and assisted in nutrient removal. Likewise, the lower GAO genera abundance
was closely related to longer aeration/non-aeration periods.
DGAOs under anoxic conditions produce high nitrite accumulation (Ji et al., 2020) as observed in EBPRINT-25 , where these
microorganisms reduce nitrate to nitrite under anoxic conditions, causing partial denitrification to occur. CandidatusCompetibacter (1% to 5%) and Defluviicoccus (0.1% to 0.9%) were
identified as GAOs (Wang et al., 2021) with 4.2% and 0.9% in
EBPRINT-25 , while in EBPRINT-50 the abundance of CandidatusCompetibacter decreased to 1.3% and Defluviicoccus dropped to
nearly undetectable level. These genera were detected with
an increase of 2.9% in population by decreasing the intermittent aeration periods from 50 minutes to 25 minutes, which
is in accordance with higher anaerobic glycogen consumption, lower process performance and limited phosphorus removal. Yet, PAO-GAO competition may reach a stable status
where low P and N-effluent levels are achieved (Zhao et al.,
2019). EBPRINT-25 GAO’s propagation over PAOs, however, did
not entirely deteriorate phosphorus removal, but considerably
decreased the efficiency.

3.

Conclusion

Nutrient removal strongly depended on reaction phase configuration representing the importance of aeration pattern. The
results indicated:
• For reaching a high N-removal, balancing the aerobic and
anoxic duration for complete SND is suggested.
• A proposed solution for gaining high N-removal, is to apply lower DO concentrations combined with a balanced intermittent aerated mode to SBR system, therefore DO level
and aeration duration, concurrently affect N-removal.
• The primary factors affecting the P-removal performance
were known to be insufficient reaction time, variation in
DO concentration and carbon source.
• In SBR reactors for minimizing operational period and energy requirement, a coordination between aeration duration and reaction cycle in intermittent aeration is needed.
Short aeration durations and too many cycles, results in
high energy input and increased effluent TN and TP concentration.
• The highest nutrient removal is achieved when nitrification, denitrification and P-removal as the three major processes are all active in the reaction (aerobic/anoxic) period,
yet their process rates and advantage over one another in

the aerated/non-aerated phases specifies the process performance efficiency.
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