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ABSTRACT

Intermittently aerated membrane bioreactor is a process that combines an intermittently
aerated bioreactor with a membrane. A membrane bioreactor can achieve complete
separation between solids and liquids, and improve nitrogen removal because the reactor
contains bacteria relevant to nitrifying and denitrifying. This paper is an investigation into
removal efficiencies on two operation factors (aeration on/off times and hydraulic retention
times (HRTs)). Permeate concentrations of T-N and T-P in 60 min-on/60 min-off were 19.6
and 4.41 mg/L, respectively, and permeate concentrations of T-N and T-P in 30 min-on/
30 min-off were 22.7 and 4.56 mg/L, respectively. Accordingly, we found that 60 min-on/
60 min-off was superior to 30 min-on/30 min-off. This was due to the high mixed liquid
suspended solid concentration and the sufficient aerobic/anoxic time for the reaction. In the
experiments with HRTs of 6, 9, and 12 h, the removal efficiency of organic matter was
above 90% under all conditions. However, the HRT of 6 h was the best condition for
removal efficiencies of T-N and T-P, due to high chemical oxygen demand loading rates per
unit time of the influent.

Keywords: Intermittently aerated membrane bioreactor; Membrane bioreactor; Nutrient
removal; Aeration on/off time; Hydraulic retention time

1. Introduction

Membrane bioreactor (MBR) processes have many
advantages such as reducing the process size because
they do not require a sedimentation tank and disinfec-
tion process. Also, the process operates for long

sludge retention times (SRTs) due to the maintenance
of whole microbes in the reactor and steady removal
of solids regardless of settling ability [1,2]. Intermit-
tently aerated bioreactor (IABR) processes have shown
high and stable removal capability of nitrogen and
phosphorus in treatments with high loading rates of
nutrients (e.g. livestock and night soil) [3,4].
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An intermittently aerated membrane bioreactor
(IAMBR) is a more advanced process than MBR and
IABR in the removal of both organic matter and nutri-
ents [5]. It has been reported that IAMBR successfully
achieved nitrification and denitrification without
installing an additional tank and reduced surplus bio-
logical sludge production due to a shorter aeration
time compared to that of MBR [6,7]. Zhang et al. [8]
reported that intermittently aerated sequencing batch
reactors (IASBRs) have been found to efficiently
remove nitrogen through partial nitrification followed
by denitrification (PND). Hence, the intermittent aera-
tion process has potential for greater removal, if
operation factors are well optimized.

Most studies about IAMBR have been indepen-
dently accomplished with MBR [9,10], IABR [11], or
membrane fouling [12]. Nah et al. [13] researched the
nitrogen removal of IAMBR, only for long hydraulic
retention times (HRTs) of above 10 h, even though the
removal efficiency increases with shorter HRTs. Lim
[14] researched nitrification through removal capacity
and micro-organism structure analysis according to
aeration on/off times in IAMBR. However, the result
mainly showed microbial structure and treatment
performance with a constant anoxic/oxic time of 60/
90 min and the HRT of 8.4 h without considering vari-
ous conditions of IABR. Pan et al. [15] reported that
IASBRs could greatly removenitrogen using slaughter-
house wastewater than sequencing batch reactor
(SBR). Guo et al. [16] reported that an airlift intermit-
tent circulation membrane bioreactor enhanced the
removal of COD, T-N, and PO3�

4 -P. These researches
proved that intermittent aeration could improve the
removal capability of nitrogen and phosphorus; how-
ever, the removal efficiency of IAMBR has not been
reported.

Therefore, the current paper attempts to find
proper operating conditions of IAMBR by observing
various permeate concentrations including nitrogen
and phosphorus under different aeration on/off times
and HRTs.

2. Experimental protocols

Three reactors (Fig. 1) were simultaneously operated
with an effective volume of 6 L (reactor’s volume of
10 L) and a submerged hollow-fiber membrane [16].
Synthetic wastewater flowed in at the aeration off time
and the permeate flowed out at the aeration on time.
Operations of the inflow/outflow line and blower were
automatically controlled by a timer and mixed liquid
was removed from the reactor once a day for adjusting
SRT. A pressure gage was installed onto the permeate

line to measure transmembrane pressure. Stirring speed
of mixing the biomass and substrate was 60 rpm.

Feedwater for IAMBR was based on the results of
water quality of the influent for an aeration tank in
the domestic wastewater treatment facility [15].
Feedwater was composed of glucose (C6H12O6) for
organic matter, ammonium sulfate ((NH4)2SO4) for
nitrogen, potassium phosphate (KH2PO4) for phospho-
rus, sodium bicarbonate ((NH4)2SO4) for alkalinity,
and magnesium sulfate (MgSO4∙7H2O), iron chloride
(FeCl3∙6H2O), calcium chloride (CaCl2∙2H2O), and
manganese sulfate (MnSO4∙H2O) for inorganic matter.

This system used a microfiltration membrane with
a pore size of 0.1 μm, surface area of 0.01 m2, inner
diameter of 0.27 mm, and outer diameter of 0.41 mm.
The material of the microfiltration membrane was
hydrophilic polyethylene hollow fiber [17]. The
detailed influent concentrations and experimental
conditions in two experimental steps are shown in
Table 1.

Samples were collected after MLSS concentrations
were constantly maintained. COD was determined by
dichromate reflux method, T-N, NHþ

4 -N, NO�
3 -N,

T-P, and PO3�
4 -P were measured by DR-4000 spec-

trometer, and suspended solid (SS) was determined
gravimetrically.

3. Results and discussion

3.1. DO profile in a cycle

As shown in Fig. 2, investigating the DO variation in
aeration 60 min-on and 60 min-off, DO concentration
increased to 3.8 mg/L within 20 min after aeration
started and maintained at approximately 4 mg/L up to
the end of aeration on time. Also, DO concentration
dropped to 0.05 mg/L within 10 min after aeration

Fig. 1. Schematic diagram of an IAMBR.
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stopped and was maintained at approximately
0.01 mg/L. This result showed that DO concentration
was appropriate for nitrification and denitrification.

3.2. Effects of aeration on/off time

This paper compared the results between Run 1
(60 min-on/60 min-off) and Run 2 (30 min-on/30 min-
off). Aeration on and off times were fixed based on
the previous study [18] which presents that the same

time interval of aeration on and off times (e.g. 30 min-
on/30 min-off and 60 min-on/60 min-off) could be
achieved by the improved removal of nutrients in
intermittently aerated biological treatment.

MLSS concentrations of Run 1 and Run 2 were fixed
around 2,600–3,400 mg/L and 2,200–2,600 mg/L,
respectively, at 18 d after the start-up. MLVSS
concentrations were around 2,100–2,500 mg/L and
1,600–2,000 mg/L at Run 1 and Run 2, respectively.
Accordingly, the F/M ratio of 0.18 (g COD/g MLVSS d)

Table 1
Concentration of influent and experimental conditions of reactor

Experiment 1 Experiment 2

Run 1 Run 2
60/60Aeration on/off (min/min) 30/30 60/60

HRT (h) 9 6 9 12
OLR (g-COD/d) 3.2 4.8 3.2 2.4
NLR (g-TN/d) 0.72 1.08 0.72 0.54
PLR (g-TP/d) 0.0495 0.132 0.495 0.066
SRT (d) 30
COD (mg/L) 190–210(200)
NHþ

4 -N (mg/L) 35–45(40)
NO�

3 -N (mg/L) <4.0
PO3�

4 -P (mg/L) 5–6(5.5)
C/N ratio (COD/T-N) 4.5
Flux (L/m2 h) 20 15 10
pH 7 ± 0.5
Temperature (℃) 23 ± 2
DO (mg/L)
Aeration on 5–6
Aeration off <0.05

Fig. 2. DO profile in a cycle.
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at Run 1 was lower than that of 0.22 (g COD/
g MLVSS d) at Run 2, in spite of the same COD loading
rate of the influent. Fig. 3 shows the permeate concen-
trations and removal efficiencies of Runs 1 and 2. The
removal of Run 1 was greater than that of Run 2. T-N
and T-P concentrations (average removal efficiency) of
permeate were 17.1–22.2 mg/L (56.4%) and 3.31–
5.33 mg/L (19.8%) in Run 1, respectively, and 20.3–

24.9 mg/L (49.6%) and 3.66–5.44 mg/L (17.1%) in Run
2, respectively. The reason for these results is that the
lower F/M ratio was maintained at higher MLSS con-
centrations in the reactor, and the anoxic condition
(<0.1 mg DO/L) of Run 1 carried on well at aeration off
time, 50 min for Run 1 and 20 min for Run 2 during the
anaerobic state. Also, COD concentrations of the perme-
ate showed stable removal efficiencies under the two
conditions, 96.1% for Run 1 and 94.9% for Run 2.

Fig. 4 shows the variation of NHþ
4 -N and NO�

3 -N
in a cycle (Fig. 3(a) and (b)) and the removed concen-
tration of nitrogen compounds every 10 min in a cycle
(Fig. 3(c) and (d)) for Runs 1 and 2. NHþ

4 -N concentra-
tions decreased by nitrification during the aerobic
state and increased by the supply of influent in the
anoxic state. For Run 1, nitrification was completed at
approximately 50 min after aeration was started, then
NO�

3 -N continued to increase up to 60 min. However,
NO�

3 -N was suddenly removed by denitrification up
to 100 min, and it showed little removal of NO�

3 -N
from 100 min up to the end of the anoxic state. For
Run 2, there was a lower nitrification rate than that in
Run 1 during the aerobic state, due to the feeding time
of 30 min, and nitrate-nitrogen was less removed than
in the Run 1 anoxic state. These results showed that
the reaction times for both nitrification and denitrifica-
tion were insufficient because the residue of DO
affected the next condition.

Fig. 3. Permeate concentrations and removal efficiencies of
COD, T-N, and T-P. *% is efficiency and conc. is concentra-
tion, and so forth.

Fig. 4. Track study and removal rate of nitrogen compounds in a cycle: (a) and (c) for 60 min-on/60 min-off, (b) and (d)
for 30 min-on/30 min-off.
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In conclusion, nitrogen removal for Run 1 was
higher than that for Run 2 and denitrification rates
showed significant differences between the two
conditions.

As shown in Fig. 5, phosphorus release and uptake
were not properly achieved during the anoxic and
aerobic states. However, the PO3�

4 -P concentration at
Run 1 (Fig. 5(a)) is lower than that at Run 2 (Fig. 5(b)),
due to the sufficient reaction time and the lower
NO�

3 -N concentration despite a long SRT for Run 1.
PO3�

4 -P removal rate was low between 100 and
120 min for Run 1, but for Run 2 it remained constant
during the cycle. The reason that the PO3�

4 -P concen-
tration in the reactor was higher than influent
condition for Run 2 was ortho-P accumulation during
the operation.

The nitrogen mass balance was estimated to prove
removal pathways and quantities with respect to aera-
tion on and off times from the reactor. Nitrogen load-
ing was 0.72 g/d. The permeate accounted for 38%,
sludge wasting for 9%, and denitrification for 53% in
nitrogen removal for Run 1. For Run 2, the permeate
accounted for 43%, sludge wasting for 7%, and deni-
trification for 47% at the same loading. The results
indicated that Run 1 presented a better condition for
denitrification. According to the results, sufficient
retention time for the reaction in Run 1 is a conceiv-
able driving force of stable denitrification and
P-release.

3.3. Effects of hydraulic retention time

HRTs of 6, 9, and 12 h were investigated to esti-
mate the daily treatment volume and stability accord-
ing to the high loading rate of influent. HRT was fixed
at the longer or shorter time than 9 h, which was an
ordinary operational condition of real plant.

MLSS at HRTs of 6, 9, and 12 h decreased to
3,500–3,900 mg/L, 2,800–3,200 mg/L, and 2,100–

2,400 mg/L, respectively. F/M ratios were 0.31
(g COD/g MLVSS d) for the HRT of 6 h, 0.23 (g COD/
g MLVSS d) for the HRT of 9 h, and 0.24 (g COD/
g MLVSS d) for the HRT of 12 h, and COD loading
rates per day were 4.8, 3.2, and 2.4 g/d for the HRT of
6, 9, and 12 h, respectively.

Removal efficiencies and permeate concentrations
of pollutants are shown in Fig. 6 for the three HRTs.
Removal efficiency of COD was above 96% and the
permeate concentration was below 8 mg/L. Hence, the
removal of organic matters was high under all condi-
tions. However, removal efficiencies of T-N and T-P
were the highest at the HRT of 6 h, which indicated
that removal efficiencies increased as HRT decreased.
Also, even though the loading rates of T-N and T-P in
the influent were the highest, the permeate concentra-
tions of nutrients were the lowest at the HRT of 6 h.
These results showed a trend contrary to the general
outcomes of the biological nutrient removal (BNR)
process because the higher loading rate of the influent
organic matters at the anoxic state enhanced the nitro-
gen removal capability and the entire phosphorus
assimilation. In addition, phosphorus removal was

Fig. 5. Track study of ortho-P concentration in a cycle: (a) 60 min-on/60 min-off and (b) 30 min-on/30 min-off.

Fig. 6. Removal efficiency and permeate concentrations of
COD, T-N, and T-P.
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lower than nitrogen removal because organic matter
in feedwater was preferentially exhausted to convert
nitrate-nitrogen into N2 gas. Thus, IAMBR appears to
be able to compact the existing process compared to
other MBR or BNR for treatment of the same
wastewater volume because it can be operated at low
HRTs.

Fig. 7 shows the results of NHþ
4 -N and NO�

3 -N
variation (Fig. 7(a) and (b)) and removed concentra-
tion rates in a cycle (Fig. 7c–e). NHþ

4 -N concentrations
at the beginning of the aerobic state for the HRT of
6 h were the highest because of the higher nitrogen
loading rate. However, nitrification was completed at
50 min as under other conditions, indicating that nitri-
fication occurred successfully even if the HRT was
only 6 h. For NO�

3 -N variation, denitrification was not

completely achieved during the anoxic states under all
conditions. However, NO�

3 -N concentrations at
120 min of the anoxic state were 0.9–2.1 mg/L,

Fig. 7. Track study and removal rate of ammonium and nitrate-nitrogen in a cycle: (a) NHþ
4 -N, (b) NO�

3 -N, (c) HRT 6 h,
(d) HRT 9 h, and (e) HRT 12 h.

Fig. 8. Track study of ortho-P in a cycle.
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5.85–6.64 mg/L, and 9.65–13.76 mg/L for HRTs of 6,
9, and 12 h, respectively, showing the lowest nitrate
concentrations and the almost complete denitrification
at the HRT of 6 h due to the highest COD loading rate
despite the high conversion of ammonium nitrogen to
NO�

3 -N.
Fig. 8 shows the variation of PO3�

4 -P concentrations
in a cycle. P uptake and release at aerobic and anoxic
states were not almost achieved for HRTs of 9 and
12 h. However, much phosphorus was removed at the
HRT of 6 h, showing the low concentration in a reac-
tor, even though the P loading rate was the highest
because the high COD loading rate led to the increase
of assimilation for phosphorus removal. Also, a rise in
the P concentration between 100 and 120 min mainly
occurred at the HRT of 6 h as the NO�

3 -N concentra-
tion dropped below 5 mg/L (approximately 2 mg/L)
and NO�

3 -N did not disturb P-release. However, for
HRTs of 9 and 12 h, little variation of the P concentra-
tion occurred because of the relatively high NO�

3 -N
concentration above 5 mg/L, and consequently,
NO�

3 -N disturbed P release and uptake.
Nitrogen loading for the HRT of 6 h was 1.08 g/d.

This was much greater than 0.72 g/d for HRT of 9 h
and 0.54 g/d for the HRT of 12 h. However, removed
nitrogen from the reactor was 0.299 g/d (27.7%) in the
permeate, 0.054 g/d (5.0%) in wasted sludge, and
0.680 g/d (63.0%) in denitrification. For the HRT of
9 h, removed nitrogen was 0.271 g/d (37.7%) in the
permeate, 0.048 g/d (6.6%) in sludge waste and
0.382 g/d (53.0%) in denitrification. For the HRT of
12 h, removed nitrogen was 0.228 g/d (42.3%) in
permeate, 0.035 g/d (6.5%) in sludge waste, and
0.261 g/d (48.4%) in denitrification. The operation of
IAMBR at the HRT of 6 h showed the best perfor-
mance for T-N and T-P removal in spite of the highest
T-N and T-P loading rates. Overall, the results in this
study indicated that high COD loading and MLSS led
to effective nitrogen and phosphorus removal even at
high loadings of influent according to the short HRT.

4. Conclusions

The overall conclusions from the results presented
in this study can be summarized as:

On two conditions of aeration on and off times,
Run 1 (60 min-on and 60 min-off) was a better condi-
tion than Run 2 (30 min-on and 30 min-off) for stable
removal of nutrients because it operated in a lower F/
M ratio due to higher MLSS concentration in the reac-
tor. In addition, nitrification and denitrification rates
for Run 1 were higher, implying that the aerobic and
anoxic times were sufficient according to the DO

profile as well as low F/M ratio. Also, PO3�
4 -P concen-

trations in a reactor at Run 1 were lower in the reactor
due to the same reason with nitrogen removal.

From the results for HRTs of 6, 9, and 12 h, even
though the loading rates of T-N and T-P were the
highest at the HRT of 6 h, the permeate concentrations
of nutrients were the lowest. Nitrification in a track
study successfully occurred in all HRTs despite the
high initial loading of ammonium nitrogen at the HRT
of 6 h. In the terms of denitrification, the HRT of 6 h
also showed the almost complete denitrification com-
pared to other conditions. Moreover, much phospho-
rus was removed at the HRT of 6 h, showing the
lower concentration in a reactor, even though the P
loading rate was the highest. These results showed a
trend contrary to the general results that removal effi-
ciency is better as HRT is longer. It is because the
higher loading rate of organic matters at the anoxic
state increased nutrient removal. Also, P-release was
most successfully achieved since 100 min at the HRT
of 6 h among the three conditions because NO�

3 -N
concentration in a reactor was low enough (approxi-
mately 2 mg/L) not to disturb P-release.
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