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a  b  s  t  r  a  c  t

An  intermittently  aerated  moving  bed  membrane  bioreactor  (MBMBR)  was  developed  and  crucial  param-
eters affecting  nitrogen  removal  from  wastewater  by  simultaneous  nitrification  and  denitrification  via
nitrite were  investigated,  without  strict  control  of  solids  retention  time.  Changes  in the  microbiological
community  and  distribution  in  the  reactor  were  monitored  simultaneously.  The  intermittent-aeration
strategy  proved  effective  in  achieving  nitrition  and  the  chemical  oxygen  demand  (COD)  to  total  nitrogen
(TN)  ratio  was  an important  factor  affecting  TN removal.  In  the  MBMBR,  the  nitrite  accumulation  rate
eywords:
oving bed membrane bioreactor
itrogen removal
hort-cut simultaneous nitrification and
enitrification
mmonia-oxidizing bacteria
itrite-oxidizing bacteria

reached  79.4%  and  TN  removal  efficiency  averaged  at 87.8%  with  aeration  2  min/mix  4 min  and  an  influ-
ent  COD/TN  ratio  of  5.  Batch  tests  indicated  that  under  the  intermittently  aerated  mode,  nitrite-oxidizing
bacteria  (NOB)  were  not  completely  washed  out  from  the reactor  but NOB activity  was  inhibited.  The
intermittently  aerated  mode  had  no  effect  on the  activities  of  ammonia-oxidizing  bacteria.  Fluorescence
in  situ  hybridizations  (FISH)  results  also  suggested  that  NOBs  remained  within  the  system.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Simultaneous nitrification and denitrification (SND) means that
itrification and denitrification occur concurrently in the same
eaction vessel under identical operating conditions. SND has
ecome an attractive technology for nitrogen removal, due to its
otential to eliminate the need for separate tanks, required in
onventional treatment plants, inducing a simplified and smaller
esign. The traditional biological nitrogen removal processes

nvolve the oxidation of ammonium (NH4
+–N) to nitrate (NO3

−–N)
nitrification) and then reduction with an organic carbon source
chemical oxygen demand, COD) to nitrogen gas (N2) (denitrifica-
ion). Both nitrification and denitrification involve nitrite (NO2

−–N)
s an intermediate. Hence, if SND is accompanied by the inhibition
f the second step of nitrification (oxidation of nitrite to nitrate),

heoretically many advantages over conventional SND could be
chieved, including: (1) a 25% reduction in aeration and 40% reduc-
ion of COD demand during denitrification, (2) 63% higher rate
f denitrification, (3) 300% lower biomass yield during anaero-

∗ Corresponding author.
E-mail address: yangshuai1125@hotmail.com (S. Yang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.045
bic growth, and (4) no apparent nitrite toxicity effects for the
microorganisms in the reactor [1]. This is of particular interest
when biologically removing nitrogen from wastewater with a low
COD/TN ratio.

However, the difficulty in removing nitrogen via nitrite lies in
achieving specific inhibition or removal of the nitrite oxidizing-
bacteria (NOB; those that oxidize nitrite to nitrate) while retaining
ammonia oxidizing-bacteria (AOB; those that oxidize ammonia to
nitrite), thereby attaining nitrition. At present, most studies achieve
nitrition by controlling a number of operational parameters, such as
the free ammonia (FA) concentration, the free hydroxylamine (FH)
concentration, the pH, the temperature, and the dissolved oxygen
(DO) concentration, which have effects on the transient build-up of
the nitrite ion [2,3]. Many studies have claimed to achieve nitrition
but some crucial problems have not been resolved. For example,
(1) the SHARON process was the most mature process for achieving
nitrition, but because of its strict operational conditions (30–40 ◦C,
solids retention time (SRT) 1–3 d), it can only be used for a few spe-
cial wastewater treatments (e.g., sludge-digestion liquid) and is not
suitable for municipal wastewater and most industrial wastewater
[4].  (2) Low DO concentration would not only affect the rate of nitri-

fication but could also result in sludge bulking [5].  (3) If NOBs cannot
be washed out rapidly from the system, they may adapt to the high
FA level because of aberrance and, thus, SRT selection remains a
problem.

dx.doi.org/10.1016/j.jhazmat.2011.08.045
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yangshuai1125@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2011.08.045
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DO concentration is a key factor affecting nitrition. Under low
O concentration, AOBs have been suggested to out-compete
OBs, based on the higher oxygen affinity of AOBs compared with
OBs [6].  Cecen and Gonenc [7] reported that nitrite accumula-

ion reached a considerable degree at DO to FA concentration ratios
ower than 5 during nitrification, and the formation of nitrate was
nhibited. No nitrite occurrence was encountered when this ratio
xceeded 5, which implies that oxygen limitation leads to nitrite
ccumulation. Also, some processes allow for simultaneous nitro-
en oxidation and reduction, likely to occur via nitrite at low DO
oncentrations, such as the OLAND process and the CANON pro-
ess [8,9]. Many factors could affect the selection of DO, such as the
mmonium–nitrogen concentration, COD/TN ratio, oxygen mass
ransfer resistance, amongst others. Too low DO may  affect the rate
f nitrification, while overly high DO may  affect the accumulation
f nitrite and result in energy waste.

In recent years, some reports have indicated alternating aer-
bic and anoxic conditions resulting from intermittent aeration
ay  induce nitrition [10,11]. Yoo et al. [12] achieved nitrogen

emoval utilizing SND via nitrite in a proposed intermittently aer-
ted cyclic activated – sludge single-reactor process, and suggested
ome dominative parameters for effective operation. Nowak et al.
13] reported that under anoxic conditions, the decay rate of AOB
as zero, while the decay rate of NOB was invariable, almost equal-

ng that under aerobic conditions. In theory, intermittent aeration
n the bioreactor has a high probability of resulting in a low DO
ondition, which would benefit the multiplication of AOB and the
ccumulation of nitrite. The inhibition of the second step of nitri-
cation (oxidation of nitrite to nitrate) was achieved because of
he lag-time in nitration [1].  Also, the anoxic condition caused by

ixing time would be beneficial to denitrification via nitrite.
The aim of this study was to achieve nitrogen removal by SND

ia nitrite in an intermittently aerated moving bed membrane
ioreactor (MBMBR), without strict control of SRT. Some domi-
ative parameters for effective operation were selected and the
itrification characteristics investigated. We  adopt a two-step nitri-
cation model to evaluate the behavior of both AOB and NOB in
he intermittently aerated conditions. Temporal variations in the

icrobiological community and distribution in the reactor were
imultaneously monitored.

. Materials and methods
.1. Experimental set-up and operating conditions

Fig. 1 shows a schematic of the experimental apparatus.
he reactor was made of plexiglas, with a working volume of

ig. 1. Schematic of the experimental apparatus. (1) Wastewater reservoir, (2)
alance-box, (3) MBMBR, (4) membrane module, (5) air pump, (6) rotameter, (7)
acuum gauge, (8) peristaltic pump, (9) agitator and (10) timer.
 Materials 195 (2011) 318– 323 319

30 L. Temperature was  thermostatically controlled at 25 ◦C. A
balance-box with a float-ball valve was used to control the water
level. Polypropylene hollow-fiber membranes (Hangzhou Kaihong,
China) with a pore size of 0.1 �m and a filtration area of 0.4 m2 were
used. A piece of clapboard with holes was fitted into the MBMBR
to divide the reactor into two  sections, with a volume ratio of 4:1.
Carriers (30% v/v) were placed into the larger section and the mem-
brane module was fixed in the smaller one. A nonwoven carrier was
used in the MBMBR. The density of the carriers was  0.27 g/cm3 and
the effective specific surface area was 900 m2/m3. The clapboard
was  added to avoid the suspended carriers accumulating around
the membrane module. The intermittently aerated mode was  actu-
alized through the modulation of the air pump and the agitator
intermittently controlled by a timer-controlled power supply sys-
tem. During the aerobic phase, the specific aeration demand per
membrane area (SADm) was  0.75 m3/m2 h.

The MBMBR  was  maintained in continuous operation for about
6 months. The variations in operational parameters are summa-
rized in Table 1. The SRT was maintained at 15 days by periodically
removing sludge mixed liquor.

The MBMBR  was  inoculated with activated sludge taken from
the secondary settling tank of a municipal wastewater treatment
plant (Chun-liu, China). Synthetic wastewater fed to the reactor
consisted of sodium acetate, NH4Cl, KH2PO4 and mineral solu-
tion containing MgSO4 7H2O (25 mg/L), CaCl2·2H2O (22 mg/L),
FeSO4·2H2O (20 mg/L) and NaCl (25 mg/L). The initial influent con-
tained 400 mg  COD/L, 30 mg  NH4

+–N/L and 4 mg  PO4
3+–P/L. The pH

in the reactor was maintained at 7.6–8.5.

2.2. Analytical methods

COD, ammonia nitrogen (NH4
+–N), nitrate nitrogen (NO3

−–N),
nitrite nitrogen (NO2

−–N), mixed liquor suspended solid (MLSS),
mixed liquor volatile suspended solid (MLVSS), and sludge volume
index (SVI) were analyzed according to standard methods for the
analysis of water and wastewater [14]. A certain amount of carriers
were taken out from the bioreactor and placed into a beaker with
deionized water of 500 mL.  The carriers were then stirred with a
magnetic stirrer for 60 min  to wash out the biomass fixed within
the carriers. The suspension was  dried and weighed to calculate
the concentration of the biofilm in the MBMBR. DO and pH in the
reactor were measured by a DO meter (YSI 55/12 FT, USA) and a pH
meter (Sartorius PB-10, Germany), respectively (Aqualytic). TN was
determined based on the sum of NH4

+–N, NO2
−–N and NO3

−–N,
rather than an independent TN test.

2.3. Fluorescence in situ hybridization

The composition and spatial structure of the microbial com-
munity in the reactor (including the biofilm and the suspended
biomass) were analyzed by fluorescence in situ hybridizations
(FISH). FISH were performed according to the method described by
Hibiya et al. [15]. The microbial samples were dispersed into indi-
vidual cells by ultrasonication, and placed in a hybridization well
on a gelatin-coated microscopic slide. NSO190 targeted halophilic
and halotolerant �-proteobacterial AOB [16]. Ntspa662 and Nit3
are specifically used to target Nitrospira and Nitrobacter [17,18].
After hybridization, the microbial samples on the slides were exam-
ined using an epifluorescence microscope (OlympusBX51, Japan)
together with the standard software package supplied with the
instrument (version 4.0).
2.4. Batch tests

A series of batch tests were conducted to assess the nitrifica-
tion characteristics under the intermittently aerated mode. Here,
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suspended biomass and biofilm were used for batch tests together,
with the ratio of the two  fractions adopted according to the state
at that time in the bioreactor. The activated sludge sample was
centrifuged at 3000 rpm for 10 min, washed three times and then
diluted to about 3000 mg/L with deionized water. Sodium acetate,
NH4Cl and KH2PO4 were added to the mixed liquor to give the
desired concentrations of COD, NH4

+–N and PO4
3+–P. During batch

tests, the solution pH was  maintained at 7.5–8.5 using NaHCO3. Liq-
uid samples were intermittently removed to analyze COD, NH4

+–N,
NO2

−–N and NO3
−–N.

Test a: The initial COD and NH4
+–N concentrations were

125 mg/L and 50 mg/L, respectively. An appropriate amount of car-
bon source was  added every 60 min  to maintain the COD at about
100 mg/L to explore the characteristics of nitrification with the
COD/TN ratio ranging from 2.5 to 5.

Test b1:  The initial NH4
+–N concentration was  40 mg/L, with-

out carbon source addition. The intermittently aerated mode was
adopted during the test in order to compare with test b2.

Test b2:  The initial NH4
+–N concentration was 40 mg/L with-

out carbon source addition. The continuously aerated mode was
adopted during the test.

2.5. Two-step nitrification model

A two-step nitrification model describing the batch tests (test b1
and test b2), with and without aerobic mode control, was adopted
to evaluate the nitrition experiments [19]. Nitrification was split
into two  sub-processes: ammonium oxidation and nitrite oxida-
tion, which is a different approach from other models (e.g., ASM
[20]), where nitrification is considered as a single-step process. We
use the model equations as follows:

Monod-based growth kinetics for AOBs:

�AOB = �MAX
AOB

SNH4

Ks,NH4 + SNH4

So

Ko,AOB + So
(a)

Monod-based growth kinetics for NOBs:

�NOB = �MAX
NOB

SNO2

Ks,NO2 + SNO2

So

Ko,NOB + So
(b)

where �AOB, �NOB represent growth rate of AOB and NOB, respec-
tively (d−1); SNH4 represents ammonium–nitrogen concentration
(mg  N/); SNO2 represents nitrite–nitrogen concentration (mg N/L);
Ks,NH4 and Ks,NO2 represent substrate half saturation constants with
respect to ammonium and nitrite, respectively (mg N/L); Ko,AOB and
Ko,NOB represent oxygen half saturation constants of AOB and NOB,
respectively (mg  O2/L); SO represents oxygen concentration (mg
O2/L).

The key assumptions in the model include:

(1) Denitrification was  not considered in the model because no
carbon source was  added during the test.

(2) Ammonification was not included in the model; only inorganic
nitrogen was  considered.

(3) The assimilation of ammonium for cellular growth was not
included in the model because the growth of heterotrophic
bacteria was  not considered in the model and the influence of
cellular assimilation of ammonium would be the same for both
nitrifying bacterial groups, hence not favoring either group.

(4) Decay or lysis of bacteria was  not considered in the model
because the decay rates of AOB and NOB were assumed to
be identical, thus not favoring either group predicted by this
model.
The default model parameters are shown in Table 2. According
to Blackburne et al. [21], in the model, the higher mass transfer
affected the Ks value used for AOBs compared with the Ks value
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Table 2
Default model parameters.

Model parameter Value Reference

Ks,AOB 0.75 mg N/L [22]
Ks,NOB 0.15 mg N/L [23]
Ko,AOB 0.03 mg  O2/L [19]
K 0.4 mg  O /L [19]
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�MAX
AOB 0.65 days−1 [21]

�MAX
NOB 0.65 days−1 [21]

or NOBs, which was chosen as a value corresponding to the situ-
tion where mass transfer effects are largely ignored. Ammonium
ust diffuse from bulk liquid into flocs before being used by AOBs,
hereas, nitrite is produced within flocs and therefore has a much

maller diffusion distance before reaching the NOBs.

. Results and discussion

.1. Performance of the MBMBR

.1.1. Organic substance removal
Fig. 2 presents the variations in COD concentration and its

emoval efficiencies in the intermittently aerated MBMBR  for the
ntire experimental period. The bioreactor performed well on
rganic carbon removal. The effluent COD concentration averaged
4.9 mg/L and COD removal efficiencies averaged 93.2%. The results

ndicate that changes in aerobic duration and COD/TN ratio in the
nfluent exhibited virtually no influence on COD removal.

.1.2. Nitrogen removal
The long term operational period for the two  systems com-

rised two steps. The first step was the start-up period, with the
BMBR  aerated continuously to evaluate the system performance

n complete aerobic condition (phase I). During the second step, the
ntermittently aerated mode was adopted to investigate the effect
f aerobic duration/anoxic duration on NH4

+–N and TN removal
fficiencies (phases II–IV). In order to elucidate the extent of short-
ut nitrification, the nitrite accumulation rate (NAR) was  defined
s follows:

AR = effluent NO2
−–N

effluent NO2
−–N + effluent NO3

−–N
×  100% (c)

Fig. 3 illustrates the variations in NH4
+–N and TN concentrations

s well as their removal efficiencies in the MBMBR  throughout the
+
xperiment. It can be seen that in phase I, the NH4 –N removal

fficiency averaged 97.0% and the average effluent NH4
+–N concen-

ration was 1.25 mg/L. The influent NH4
+–N was  almost completely

emoved, whereas the average TN removal efficiency was  only

Fig. 2. COD concentrations and removal efficiencies in the MBMBR.
Fig. 3. NH4
+–N, NO2

−–N, NO3
−–N, TN concentrations and removal efficiencies in

the MBMBR.

67.6% and the effluent TN concentration averaged 13.67 mg/L.
The NAR was  only 4.5%, which indicates that the nitrification
was  full-range nitrification and the main product was nitrate.
In phase II, the intermittently aerated mode (aeration 2 min/mix
2 min) was adopted, the effluent NH4

+–N concentration showed a
slight increase and averaged 2.53 mg/L, while the average NH4

+–N
removal efficiency decreased to 94.0%. The average TN removal effi-
ciency increased to 69.5% and the NAR increased to 49.1%. Although
the TN removal was  not significantly improved, the nitrite accu-
mulation was  achieved gradually under the intermittently aerated
mode, which indicates that the intermittently aerated mode was an
effective approach to controlling the nitrification to stop at nitri-
tion. With the adjustment of the intermittent time, for phase III
(aeration 2 min/mix 4 min), the TN removal efficiency averaged
87.8% and the average effluent TN concentration was 5.43 mg/L,
which indicates that lengthening the mixing time is effective in
improving TN removal. The NAR increased to 79.4% and the aver-
age effluent NO3

−–N concentration was  only 0.35 mg/L. At the
same time, the change in anoxic duration did not have an obvi-
ous influence on NH4

+–N removal, with the NH4
+–N removal

efficiency averaging 91.8% and the average effluent NH4
+–N con-

centration being 3.49 mg/L. In order to explore the performance
of the short-cut nitrification at a lower COD/TN ratio, the influent
NH4

+–N concentration was  increased to 57 mg/L during phase IV.
The NH4

+–N removal efficiency decreased to 80.3% and the average
effluent NH4

+–N concentration was  11.32 mg/L. In this phase, aera-
tion 2 min/mix 4 min  could not supply sufficient DO concentration
for NH4

+–N removal. Simultaneously, the TN removal efficiency
deceased to 65.5%, with an average effluent TN concentration of
19.8 mg/L, which indicates that the carbon source was  insufficient
for denitrification at a low COD/TN ratio of 3.8. The NAR increased

to 93.3% due to the high nitrogen load. It can be concluded that
the intermittent aeration time is an important factor for achiev-
ing short-cut nitrification and that the COD/TN ratio is another key
factor for achieving TN removal. In the MBMBR, aeration 2 min/mix
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Fig. 4. NH4
+–N, NO2

−–N, NO3
−–N and COD profiles during test a.

 min  is a suitable duration for simultaneous COD and TN removal
t an influent COD/TN ratio of 5.

.2. Specific nitrification rate test

In order to explore the characteristics of nitrification and TN
emoval under the intermittently aerated mode, batch test a was
arried out on day 137. It can be seen from Fig. 4 that the profile
f NH4

+–N declined progressively with time during the whole test
nd the average nitrification rate was 4.55 mg/L h. At the end of
he test, the nitrite was 6.53 mg/L but nitrate was  only 0.71 mg/L,
hich indicates that intermittent aeration is an effective approach

or achieving nitrition. It is also noted that from 0 to 60 min, as the
OD/TN ratio changed from 2.54 to 1.24, nitrite rapidly increased to
.95 mg/L. At the 61st min, the COD/TN increased to 2.91 as carbon
ource was added. From 61 to 120 min, the COD/TN changed from
.91 to 1.28 and the nitrite concentration increased to 4.28 mg/L. In
he second 60 min  reaction, the accumulated nitrite concentration
as 1.33 mg/L, which was less than that during the initial 60 min

eaction (2.95 mg/L). A similar situation could also be observed in
he subsequent reaction. In other words, with a gradual decrease
n the NH4

+–N concentration, the average COD/TN ratio increased

nd most of the nitrification product (nitrite) could be simultane-
usly removed. This observation suggests that under intermittent
eration, the COD/TN ratio remains an important factor affecting
N removal.

ig. 6. FISH micrographs of microbial samples, with a CY3-labeled NSO190 (red) probe,
uspended biomass sample taken on day 12 and (B) suspended biomass sample taken o
eader  is referred to the web  version of the article.)
Fig. 5. NH4
+–N, NO2

−–N, NO3
−–N, COD, �AOB and �NOB profiles for test b1 (a) and

test b2 (b).

3.3. Characteristics of nitrification with intermittent aeration

To explore the cause for nitrite accumulation under intermittent
aeration, two  parallel batch experiments were carried out on day
141. Test b1 was operated under the intermittently aerated mode
and test b2 was operated under the continuously aerated mode.
It can be seen from Fig. 5 that for test b1, NO3

−–N was very low
throughout the entire test and NO2

−–N accumulated gradually. At
the end of the test, the NAR had increased to 92.2%. On the other
hand, for test b2, the NO3

−–N remained below 2 mg/L during the
first 120 min, then NO3

−–N increased gradually during the subse-

quent 240 min. At the end of the test the NAR was reduced to 59.6%.
This observation indicates that NOBs had not been washed out from
the reactor but remained in the system. However, the activities of
the NOBs were inhibited under the intermittently aerated mode.

 a FITC-labeled Ntspa662 (green) probe and a FITC-labeled Nit3 (green) probe. (A)
n day 137. (For interpretation of the references to color in this figure legend, the
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ence, at the beginning of test b2, the NO3
−–N remained very low

ut with continuous aeration, the activities of the NOBs recovered
radually and the NO3

−–N concentration increased.
The values of �AOB and �NOB during the batch tests are also

resented in Fig. 5. It can be seen that in test b1, �NOB slightly
ncreased during the initial 120 min  but it remained below 0.50.
he NO3

−–N concentration was very low during the test b1. For test
2, during the initial 30 min, the value of �NOB was below 0.50 and
O3

−–N did not accumulate. After about 60 min, the value of �NOB
ncreased to 0.53 and the NO3

−–N concentration began to accumu-
ate simultaneously. Then the value of �NOB increased smoothly
nd reached 0.55 by the end of the experiment. The value of �NOB
n test b2 was clearly higher than that in test b1, implying that
he activities of the NOBs recovered under continuous aeration.
n contrast, the values of �AOB were almost constant during the

hole experiment period for both tests, suggesting that the change
n aeration could not affect the activities of the AOBs. Kornaros
t al. [24] also reported that the AOBs did not exhibit any impact
ollowing the anoxic disturbance, while the NOBs were seriously
nhibited.

.4. The microbiological community and distribution in MBMBR

Suspended biomass samples were taken from the reactor on
ays 12 (Fig. 6A) and 137 (Fig. 6B). To assess the composition of
he biofilm cultured on the non-woven materials in steady state,
ISH was performed with the 16S rRNA targeting oligonucleotide
robes NSO190, Ntspa665 and Nit3. NSO190 targeted halophilic
nd halotolerant �-proteobacterial AOB, Ntspa665 and Nit3 tar-
eted Nitrospira and Nitrobacter, respectively. At the beginning
f the experimental period, without control of aeration, the sus-
ended biomass consisted of AOB reacting with NSO190, and NOB
eacting with Ntspa665 and Nit3. AOB and NOB accounted for
4 ± 5% and 48 ± 5% of the total biomass, respectively. After long
erm control of intermittent aeration, the NOB percentage was
ignificantly reduced, accounting for about 26 ± 5% of the total
iomass (Fig. 6B). The results indicate that under short SRT con-
itions, some NOBs could be washed out from the system but they
ould not be completely eliminated, as a small amount could be
bserved. Combined with the results described in Section 3.3,  one
ay  conclude that under the intermittently aerated mode, short-

ut nitrification was achieved by inhibiting the activities of the
OBs, not by their removal.

. Conclusion

An intermittently aerated MBMBR  was investigated to achieve
ND via nitrite. Results demonstrated that intermittent aeration
as an effective approach to achieve nitrition and the COD/TN ratio

s another key factor affecting TN removal. Batch tests indicated that
nder the intermittently aerated mode, NOBs were not completely
ashed out from the reactor but remained in the system. How-

ver, the activities of NOBs were inhibited and their activities could

ecover under subsequent continuous aeration. The changes in aer-
tion had no effect on the activities of AOBs. FISH results proved
hat NOBs could also be observed in the intermittently aerated
ioreactor.
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