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New Scenario for Enhancing Phosphorus Removal in SBRs-AA and
SBRs-AO Systems during Winter Season

Sa'ad Abu-Alhail Al-Khalil & Ahid Zuhair Hamody
Department of Civil Engineering, College of Engineering, University of Basrah, Basra city ,61004, Iraq

ABSTRACT: This paper deals with new scenario for enhancing phosphorus removal in pilot plant SBRs
(AA) and SBRs (AO) through improvement of PAOs and DNPAOSs during winter season when temperature
range from 8C to 10C .It is observed that the SBRs (AQ) can get acceptable phosphorus removal efficiency
(PRE) after 39 day of its operation. This acceptable phosphorus removal efficiency (PRE) can be achieved in
the SBRs (AA) after 79 days. This means that the improvement of phosphorus accumulating organisms PAOs
can be reached with short time period than that of denitrifying phosphorus accumulating organisms at winter
Season. The experimental results showed that denitrifying phosphorus accumulating organisms DNPAQOSs can
immediately get a good phosphorus removal during aerobic condition more than anoxic condition. Phospho-
rus accumulating organisms PAOs can get low phosphorus removal during anoxic condition. Therefore, there
are two different Accumulibacter enriched in SBRs (AA) and SBRs (AO). Scanning electron micrograph
(SEM) is used in this study whereas SEM analysis showed that Accumulibacter is prevailing in SBRs (AA)
and SBRs (AO) whereas there is long-rod morphology. The scenario proposed in this study was confirmed to

be effective in increasing the enrichment of Accumulibacter at winter season.

1 INTRODUCTION

As phosphorus is the limiting nutrient in algal
blooms, phosphorus removal from wastewater,
hence, has become an important need to protect pub-
lic health and reduce ecological risk. In order to meet
a stringent limit for phosphorus, enhanced biological
phosphorus removal (EBPR) is generally regarded as
an economical and environmentally friendly tech-
nology for the removal of phosphorus from
wastewater due to its advantages relative to conven-
tional chemical precipitation method such as ferric
chloride and aluminium oxide. The discharge of nu-
trient materials (i.e., nitrogen and phosphorus) from
wastewater to soil and waters may adversely affect
water resources in some ways, especially potential
contributions to eutrophication. Nitrogen and phos-
phorus polluted surface waters often need to be pre-
treated prior to use in drinking water systems, such
as Tigers River, Euphrates River, and Shatt AL-
Arab, Irag. In EBPR process, a group of bacteria are
generally enriched through sequential anaerobic-
aerobic conditions, known as polyphosphate accu-
mulating organisms (PAQ) responsible for phospho-
rus removal. During the anaerobic period, PAO take
up carbon sources, particularly volatile fatty acids
(VFA) such as acetate and propionate, stored them

as poly-B-hydroxyalkanoates (PHA), supplied with
energy from the hydrolysis of polyphosphate (poly-
P) (resulting in the release of phosphorus from the
cells of PAO) and glycolysis of glycogen. In the sub-
sequent aerobic period, PAO take up phosphorus in
excess of the anaerobic release to store them as poly-
P, usually called luxury phosphorus uptake, simulta-
neously accompanying the growth of biomass and
the regeneration of glycogen, with the required ener-
gy from the oxidation of PHA stored in cells of PAO
under the anaerobic condition [1, 2]. There is no in-
formation available on the running performance of
EBPR system at even lower temperature such as
around 10 C°, often presenting in winter. Thus, a
new strategy for obtaining microorganisms responsi-
ble for phosphorus removal (i.e., PAO and denitrify-
ing phosphorus accumulating organisms at 8-11C°
was developed in this study. This proposed strategy
was performed using two lab-scale EBPR reactors,
which was operated under both anaerobic-aerobic
and anaerobic-anoxic conditions.This results ob-
tained from this study, linking running performance
with microbial population, may serve as a new sug-
gestion for the design and operation of EBPR sys-
tem, especially during winter season.



2 MATERIAL AND METHODS
2.1 Experimental reactor

Two lab-scale sequencing batch reactors (SBR)
with a working volume of 3.3 L (see Fig.1) were
conducted for phosphorus removal, one operated
with a sequence of anaerobic-aerobic conditions and
anaerobic-anoxic. The cycle time consisted of a 0.5h
filling period, a 2h anaerobic period, a 4h aerobic or
anoxic period, a 1h settling period and a 0.5h decant
period. In each cycle, 1.9 L of synthetic wastewater
(composition detailed in Table.1) was fed to the re-
actor during the filling phase, resulting in a 13.9 h of
hydraulic retention time (HRT) and an effluent of the
same amount as influent (1.9 L) was discharged at
the end of one cycle. In the AA reactor, sodium ni-
trate solution was pumped in the first 1 min of the
anoxic period to provide anoxic condition. Volumes
of 330 mL and 115 mL mixed liquor were removed
per day from AO reactor and AA reactor, to maintain
the solids retention time (SRT) at 10 and 20 days, re-
spectively. Air was supplied at a flow rate of 1.5
L/min to maintain the dissolved oxygen (DO) at
greater than 2 mg/L during the aerobic period. The
pH in two reactors was maintained at 7.0+0.2, with
the addition of 0.5 M HCI or 0.5 M NaOH when the
pH was above or below this setpoint. Two reactors
were operated at room temperature, ranging from 8°C
to 11°C. Two reactors responsible for the PAO and
denitrifying phosphorus accumulating organisms' en-
richment were operated for 80 days.

2.2 Batch tests

For the batch tests, 0.5 L of activated sludge was
taken from both the AA and AO reactor at the end of
aerobic and anoxic conditions at 80 days, and was
immediately washed twice with the nutrient solution
(see Tablel) not containing the basic medium. The
activated sludge treated from AA reactor responsible
for anoxic phosphorus removal was divided into two
parts and filled into two 1L test devices, One part
was operated with an anaerobic-aerobic mode and
the other in the form of anaerobic-anoxic condition.
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Fig.1 Schematic diagram of SBR system

Table 1. composition of inlet wastewater

Feeds Weight g/L nutrient Weight g/L
CH3COO 41.00 Feclz-6H,0 1.50
KH2PO4 7.04 H3BO3 0.15
(NHa4),S 18.84 CuS0O4-5H, 0.03
Cacl, 0.85 Kl 0.18
MgSO4-7 7.20 Mncl;-4H, 0.12
Nutrient 0.60mL/L NazMoOy4-2 0.06
Notes: COD:P=20:1; ZnS04-7H> 0.12
pH:7.0+0.2. Cocl,-6H20 0.15
EDTA 10.00
3 RESULTS

The EBPR performance of anaerobic-aerobic and
anaerobic-anoxic systems was investigated through-
out the enrichment to PAO and denitrifying phos-
phorus accumulating organisms during winter sea-
sons.

3.1 Performance of AA and AO reactor

The phosphorus removal performance throughout
the microorganisms acclimatization process in the
both EBPR reactors, namely AA and AO proposed
in this study, at low temperature (8~11C) over the 80
days' time period is shown in Fig.2. During the AO
reactor operation under anaerobic-aerobic condition,
a stable phosphorus removal performance was pre-
sented after 40 days, as given by the variation of
phosphorus concentration in the effluent, while the
AA reactor reached the similar stable-state phase af-
ter approximately 80 days running under anaerobic-
anoxic condition. At the same operation parameters,
each reactor responded differently throughout the
PAO and denitrifying phosphorus accumulating or-
ganisms enrichment experiments, which denitrify-
ing phosphorus accumulating organisms acclimati-
zation to attain stable state required one times time
more than PAO, indicating the higher activities of
PAO at low temperature than denitrifying phospho-
rus accumulating organisms . At the stable-state
phase, both the AA and AO reactors exhibited a
good phosphorus removing performance and the ef-
fluent phosphorus concentrations were both less than
0.5 mg P/L. Consistently, the stable concentrations
of MLSS, MLVSS, phosphorus release and uptake
and the constant ratios of MLVSS to MLSS and
phosphorus release to phosphorus uptake were also
observed both in the AA and AO reactors.The
amount of phosphorus stored in the microorganisms
such as PAO and denitrifying phosphorus accumu-
lating organisms can be generally implied according
to the ratio of MLVSS to MLSS, and the lower the
ratio, the greater amount of phosphorus may be
stored in microbes responsible for phosphorus re-
moval. At the end of acclimatization of PAO and
denitrifying phosphorus accumulating organisms in
the two reactors, the average MLVSS and MLSS
concentrations were 2.6 g/L and 3.7 g/L, 3.5 ¢g/L and
4.5g/L, respectively, exhibiting that their ratios were



0.70 and 0.78, respectively. These results implied
that a higher amount of phosphorus was stored in the
AO sludge than AA sludge per gram of biomass.A
typical key phosphorus biochemical transformation
responsible for EBPR was observed both in the AA
and AO reactors through a cycle batch test per-
formed at the end of acclimatization study, as given
in Fig2, Fig.3, Fig4 and Fig.5, strongly suggesting
that PAO and denitrifying phosphorus accumulating
organisms were predominant in their respective re-
actors proposed in this study. However, a significant
difference in the amount of phosphorus release and
uptake per MLSS between AO sludge and AA
sludge was monitored (see Fig.2), probably due to
the fact that Accumulibacter exhibits a different
metabolic process based on the different running
modes, namely anaerobic-aerobic and anaerobic-
anoxic. For AO sludge, the anaerobic phosphorus re-
lease rate and aerobic phosphorus uptake rate were
19.46 mg P/ (g MLSS) and 24.74 mg P/ (g MLSS),
respectively, both higher than the phosphorus release
rate and anoxic phosphorus uptake rate of AA
sludge, which were 13.56 mg P/ (g MLSS) and
17.33 mg P/ (g MLSS), respectively. These results
demonstrated the PAO and denitrifying phosphorus
accumulating organisms phenotypes responsible for
phosphorus removal from wastewater. Although the
significant difference existing in the amount of
phosphorus release/uptake between PAO and denitri-
fying phosphorus accumulating organisms was ob-
served, the ratio of the phosphorus release to the
phosphorus uptake (0.786) in AO sludge was quite
consistent with that in AA sludge (0.782), further
suggesting that both PAO and denitrifying phospho-
rus accumulating organisms were dominant in their
respective reactor at the end of enrichment period.
This explanation was also demonstrated by the linear
relationship between the amount of COD consump-
tion and that of phosphorus release under anaerobic
condition, as given in Fig.3 (discussed later).

3.2 Anaerobic-Aerobic batch test with denitrifying
phosphorus accumulating organisms sludge

The phosphorus release and uptake capacities of
denitrifying phosphorus accumulating organisms
during two different cycles (anaerobic-aerobic and
anaerobic-anoxic) at the end of acclimatization
phase were investigated through two batch tests pro-
posed here. Typical profiles (variation of carbon, ni-
trogen and phosphorus with time) monitored in these
batch tests are shown in Fig.4. Under the anaerobic
conditions, sodium acetate was mostly taken up,
which was accompanied by phosphorus release, ad-
ditionally showing a good correlation between sodi-
um acetate uptake and phosphorus release here (see
Fig.3). The phosphorus anaerobic release rate of de-
nitrifying phosphorus accumulating organisms ob-
tained here was 13.56 mg P / g MLSS lower than
that of PAO (19.46 mg P / g MLSS), likely due to

the less amount of Accumulibacter enriched in AA
reactor compared to AO reactor (see Fig.6). After a
two hours anaerobic phase, denitrifying phosphorus
accumulating organisms sludge exhibited a good
phosphorus uptake performance both under anoxic
and aerobic conditions. The phosphorus uptake rates
obtained in these batch tests were 17.33 mg P / g
MLSS in anoxic mode and 17.76 mg P / g MLSS
under aerobic condition, indicating that denitrifying
phosphorus accumulating organisms was able to
immediately used oxygen as the electron acceptor
when exposed to aerobic condition, as evidenced by
the rapidly phosphorus uptake rate (see Fig.4). Con-
currently, residual sodium acetate from anaerobic
phase was completely consumed by the denitrifying
bacteria or by the heterotrophic bacteria. Obviously,
nitrate added in the anoxic phase was removed from
wastewater by the denitrifying phosphorus removing
bacteria, namely Accumulibacter, with the function
of simultaneous denitrificaiton and phosphorus re-
moval.

3.3 Anaerobic-anoxic batch test with PAO sludge

Two batch tests similar to those conducted in sec-
tion 3.2 were performed to compare the phosphorus
uptake capacity of PAO from AO reactor in anaero-
bic-anoxic and anaerobic-aerobic modes at the end
of acclimatization phase. This result obtained in the-
se batch tests are shown in Fig.5. During a 2 h an-
aerobic phase, a good performance of both phospho-
rus release and sodium acetate uptake was present
for PAO sludge from the AO reactor, as also illus-
trated in Fig.3, where the phosphorus release rate
was 19.46 mg P / g MLSS and the sodium acetate
uptake rate was 61.49 mg COD / g MLSS, both
higher than that of denitrifying phosphorus accumu-
lating organisms (13.56 mg P / g MLSS, 47.56 mg
COD / g MLSS, as shown in Fig.4). In contrast with
denitrifying phosphorus accumulating organisms
(see Fig.4), however, a significant difference of
phosphorus uptake performance of PAO between
aerobic and anoxic was clearly present in Fig.5.
Here, the aerobic phosphorus uptake rate was 24.74
mg P / g MLSS, while that was 4.86 mg P / g MLSS
in anoxic condition, suggesting that the phosphorus
uptake ability of PAO sludge was inhibited when
exposed to anoxic condition, as also evidenced by
the less nitrate reduction in this batch test.
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3.4 SEM analysis

Throughout the entire start-up period of AA and
AO reactors, the different phosphorus removal per-
formance observed in the two reactors could be due
to the variations in the microbial population. For
this, the techniques of scanning electron micrograph
(SEM) was adopted here to obtain a better under-
standing of the microbial community shift both in
AA and AO reactors during the acclimatization
phase. From SEM images (see Fig.6), it is clear that
significant differences in microbial morphologies
were observed between the seed sludge from A20
and the AA or AO sludge from EBPR systems stud-
ied here. Long-rod morphology microbes were
abundantly enriched both in the AA and AO reac-
tors, while seed sludge has a higher proportion of
cocci or short-rod morphology microorganisms.
Similar microbes were enriched in the two reactors

during the acclimatization process suggested that the
long-rod morphology of Accumulibacter responsible
for phosphorus removal may preferably take up so-
dium acetate, as supplied in the influent in this
study, regardless of the types of electron acceptors.

G

(B) AO sludge, x5000
Fig.6 SEM images of activated sludge at the end
of activation period

4 DISCUSSION
4.1 Operational Strategy of Phosphorus Organisms

The strategy of enrichment PAO and denitrifying
phosphorus accumulating organisms under anaero-
bic-aerobic and anaerobic-anoxic mode respectively
was developed based on the previous reports that
Accumulibacter, a known PAO, contains two differ-
ent types: one is capable of not only aerobic phos-
phorus uptake by using oxygen as the electron ac-
ceptor, but also anoxic phosphorus uptake by using
nitrate, namely denitrifying phosphorus accumulat-
ing organisms , and the other only using oxygen in-
stead of nitrate as the electron acceptor for phospho-
rus removal [3, 4], and that temperature seems to be
one of the most important influence factors on
wastewater systems containing EBPR in practical
operation, particularly at low temperature [panswad
et al.2003].It can be observed from Fig.1 that both
AO and AA reactors operated in anaerobic-aerobic
and anaerobic-anoxic conditions respectively con-
firmed the phenotypes of PAO and denitrifying
phosphorus accumulating organisms responsible for
phosphorus removal and reached the similar stable-
state, as evidenced by the effluent phosphorus con-
centrations, MLSS, MLVSS, the ratio of
MLVSS/MLSS, phosphorus release rate and uptake
rate and their ratio. The AO and AA reactors reached
the stable-state after 40 days and 80 days respective-



ly, suggesting the higher activities of PAO to low
temperature than denitrifying phosphorus accumulat-
ing organisms , probably due to the fact that the
amount energy generated from the oxidative phos-
phorylation with NO3- is about 40% lower than that
with O2 [Ahn et al.2002]. The ratio of MLVSS to
MLSS from 0.86 (3.6/4.2) of the start-up phase
(namely, seed sludge collected from an aerobic basin
within an A20 process) decreased to 0.70 (2.6/3.7)
of stable-state phase in AO reactor and to 0.78
(3.5/4.5) in AA reactor, which are in agreement with
the reports [Lu et al.2006], indicating that the higher
amount of phosphorus was stored in PAO or denitri-
fying phosphorus accumulating organisms than in
seed sludge, suggesting that this strategy studied
here dramatically promoted the growth of PAO and
denitrifying phosphorus accumulating organisms in
their respective reactor.The specific phosphorus re-
lease and uptake rates for PAO were estimated to be
19.46 and 24.74 mg P/ g MLSS both higher than that
for denitrifying phosphorus accumulating organisms
, 13.56 and 17.33 mg P/ g MLSS, respectively. This
was likely due to the following two reasons: (1) the
energy produced by PAO with oxygen was higher
than that of denitrifying phosphorus accumulating
organisms with nitrate [Ahn et al.2002]; (2) the size
of denitrifying phosphorus accumulating organisms
was bigger than that of PAO, causing the limited
transfer of carbon, nitrogen and phosphorus to the
active biomass [Zeng et al.2003]. Indeed, SEM con-
ducted in this study showed that denitrifying phos-
phorus accumulating organisms grow with the ag-
gregation of biomass into similar granules, while
PAO grow with flocs. Overall, these results obtained
here demonstrated that the operational strategy at
low temperature proposed in this study is rather ef-
fective in acclimatization of PAO and denitrifying
phosphorus accumulating organisms in EBPR sys-
tems, therefore providing a practical strategy for sta-
ble-state operation of this process at low temperature
such as in winter.

4.2 Phosphorus Organisms during Switching Tests

Fig.4 and Fig.5 show the correlation between the
types of electron acceptor and the phosphorus re-
moval performance. For denitrifying phosphorus ac-
cumulating organisms , no considerable difference in
phosphorus uptake rate with nitrate and oxygen as
electron acceptors was observed by switching the
mode from normal anoxic to aerobic, namely that
when denitrifying phosphorus accumulating organ-
isms exposed to aerobic condition it can take up
phosphorus immediately, which agrees well with the
report [Gebremariam et al.2011]. However, the
phosphorus uptake performance of PAO was obvi-
ously inhibited when it exposed to anoxic rather than
aerobic condition. These results obtained through the
switching batch tests suggested that denitrifying
phosphorus accumulating organisms can readily

produce the quality of enzymes for aerobic metabo-
lisms similar to anoxic metabolisms, while PAO
lacks the enzymes required for anoxic metabolisms
using nitrate instead of oxygen as an electron accep-
tor [Martin et al.2011]. From Fig.5, the phosphorus
uptake rate of PAO was very low in anoxic condition
as compared with the aerobic condition. Interesting-
ly, some studies [7, 10] have demonstrated that when
the anoxic phase was extended to 30h rather than 4h,
the phosphorus uptake rate of PAO can be obviously
improved, suggesting that a several hours lag phase
may be existence in phosphorus uptake when PAO
exposed to anoxic condition. From these studies, we
hypothesize that PAO could gradually develop the
required amount of enzymes for anoxic metabolisms
during the lag time, which may be agreement with
the explanation mentioned above (PAO lacks the en-
zymes required for anoxic metabolisms using ni-
trate). Through four batch tests, comparison of the
phosphorus removal performance of PAO between
aerobic and anoxic, and similar comparison to deni-
trifying phosphorus accumulating organisms were
conducted, demonstrating that Accumulibacter has,
at least, two different types, which supports the re-
ports [3, 4] described above. Nevertheless, based on
Carvalho et al. findings [Carvalho et al.2007].

4.3 ldentification of Accumulibacter in AA and AO

Analysis of SEM showed that identical microbial
morphologies (long-rod microbes) were present in
the two reactors at the end of acclimatization period,
suggesting that this kind of Accumulibacter may
display good affinities for sodium acetate as the car-
bon source. Indeed, two different types (rods or
cocci) of Accumulibacter were found by Martin et
al. in two EBPR systems, where one was feed with
sodium acetate and the other with propionate. Simi-
larly, He et al. [He et al.2011] also found the distri-
bution of the different types of Accumulibacter in
one lab-scale reactor and six full-scale reactors both
presenting good phosphorus performance. These
studies may support the hypothesis that different
carbon sources feed to the phosphorus removal mi-
croorganisms could promote the growth of different
types of Accumulibacter, probably regardless of
electron acceptors, which is also partially supported
by the results obtained in this study. Overall, the
combination of chemical analysis with microbial
analysis suggested that Accumulibacter, both PAO
and DNPAOs , with a long-rod morphology was
more preferably enriched with sodium acetate as
compared with other carbon sources such as sodium
acetate.

5 CONCLUSIONS

A new scenario for enhancing phosphorus remov-
al during winter season is investigated in this study.
The results showed the following points;

COD / P ratio of two EBPR systems operated in
anaerobic-aerobic (AA) and anaerobic-anoxic (AO)



modes respectively, from 20:1 to 15:1; with the de-
crease of concentration COD, PO43--P and NO3--N
in the influent from 800 mg/L, 40mg/L and 50mg/L
to 300 mg/L, 20mg/L and 30mg/L, respectively.

Adopting different solids retention time (SRT) for
enrichment of different types of Accumulibacter; no
excess of activated sludge was wasted at the begin-
ning of start-up, and then 10 days SRT for PAO and
20 days SRT for denitrifying phosphorus accumulat-
ing organisms .

Maintaining a high and different MLSS concentra-
tions in AA and AO reactors, based on the metabolic
characteristics of Accumulibacter supplied the dif-
ferent electron acceptors, 4.5 g/L MLSS for AA re-
actor and 3.7 g/L MLSS for AO reactor.

This proposed strategy here was shown to be ef-
fective in achieving a very high enrichment of
Accumulibacter at low temperature by linking chem-
ical analysis with microbial observation. Chemical
analysis of batch tests indicated the existence of two
types of Accumulibacter, which one uses oxygen as
the electron acceptor and the other uses nitrate.
Through microbial observation, a high abundance of
Accumulibacter was present in both AA and AO re-
actors. Although the strategy may not be the unique
method for the enrichment of phosphorus removal
microorganisms at winter, It is recommendable for
the future studies in practical application.
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