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The effect of different carbon source on the efficiency of enhanced biological phosphorus removal (EBPR) from synthetic
wastewater with acetate and two ratios of acetate/starch as a carbon source was investigated. Three pressurized pure
oxygen sequencing batch reactor (POSBR) experiments were operated. The reactors (POSBR1, POSBR2 and POSBR3)
were developed and studied at different carbon source ratios of 100% acetate, 75% acetate plus 25% starch and 50%
acetate plus 50% starch, respectively. The results showed that POSBR1 had a higher phosphate release-to-uptake ratio and,
respectively, in a much higher phosphorus removal efficiency (93.8%) than POSBR2 (84.7%) and POSBR3 (77.3%)
within 30 days of operation. This indicated that the phosphorus removal efficiency decreased the higher the starch
concentration was. It was also found that POSBR1 produced more polyhydroxyalkanoates (PHAs) than the other reactors.
Based on the effect of the carbon source on the PHA concentration and consumption, the conditions of POSBR1 were
favourable for the growth of polyphosphate-accumulating organisms and therefore, beneficial for the biological

phosphorus removal process.
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Introduction

In the last 30 years, nutrient enrichment has been recog-
nized as a major threat for the condition of marine ecosys-
tems and resources. Among the large array of nutrients in
wastewater, phosphorus compounds are considered a
major cause of eutrophication. The most effective and
most commonly used method for phosphorus removal is
biological treatment. The primary characteristic of
enhanced biological phosphorus removal (EBPR) systems
is the alternating condition of anaerobic and aerobic envi-
ronments to stimulate the growth of phosphorus-accumu-
lating organisms (PAOs), which are capable of storing
volatile fatty acids (VFAs) as internal storage compounds,
polyhydroxyalkanoates (PHAs), under anaerobic condi-
tions.[1] The energy required for this assimilation comes
from intracellular degradation of polyphosphate, which is
then released into the mixed liquor. Under subsequent aer-
obic conditions where external carbon substrates are
absent, bacteria use the stored PHAs to produce energy
for cell growth and maintenance as well as uptake of
phosphate from the liquid to build up polyphosphate.[2]
The biochemical mechanisms of EBPR have been studied
in detail by many authors.[1—5] In this study, a sequenc-
ing batch reactor (SBR) process was carried out using

pressurized pure oxygen to treat wastewater. Pure oxygen
aeration technology gained rapid development with many
advantages, such as high oxygen transfer ratio, low-
energy consumption, increased efficiency without large
facilities, high efficiency of sewage treatment, resistance
to shock loading, less excess sludge, etc.[6,7]

One of the key points in EBPR systems is the carbon
source used by PAOs. Modelling efforts to explain the
EBPR mechanism have mostly used VFAs as a fermented
substrate, such as acetate and propionate,[8—10] and
rarely other carbon sources. Ochmen et al. [11] suggested
that propionate as a carbon source could be more benefi-
cial for obtaining the desirable level of PAOs in the
sludge, but with acetate as a carbon source good phos-
phate removal efficiency and the highest PHAs production
would be attained as well.[12,13] Pijuan et al. [13] also
concluded that propionate as a carbon source could be
used to provide selective advantage for PAOs. Rustrian
et al. [14] observed that acetate and butyrate are equally
good carbon sources for phosphorus removal.

Other organic substrates, apart from VFAs, that can
also be utilized anaerobically by PAO-enriched sludge
include various carboxylic acids, sugars and amino acids.
[15] Puig et al. [16] reported that the treatment
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performance using ethanol as carbon source was close to
that with propionate and slightly lower than that with ace-
tate. Several studies have demonstrated that good phos-
phorus removal efficiency can be achieved if glucose, a
mixture of glucose and peptone or a mixture of glucose
and acetate is supplied as the carbon source.[12,17,18] In
contrast, starch has not been widely used in EBPR pro-
cesses and the phosphate removal was observed to be
maximum 66% in synthetic phosphate wastewater with
starch as the carbon source.[19]

When the amount of biodegradable organic substrate
is limiting, extra substrate can be added. The choice of the
carbon source depends on the economics of the process as
well as on the phosphorus removal effectively. For this
reason, the present study investigated the potential of
using starch as the carbon source for biological phospho-
rus removal via SBR processes using pressurized pure
oxygen with different acetate/starch ratios. Three experi-
ments were conducted, and the factors affecting the
removal rate were discussed. We based this research on
laboratory phosphorus removal systems with different aer-
ation times described previously.[20]

Materials and methods
Batch-scale reactor

The experiments were carried out in a laboratory-scale
pressurized oxygen aeration sequencing batch reactor
(POSBR) with a working volume of 14 L previously
described.[20] Briefly, the microorganism inoculum (aer-
obic sludge) was obtained from the Eastern Municipal
Wastewater Treatment Plant in Ube City, Yamaguchi,
Japan. Three reactors were operated in three cycles of 8 h
per day. Each cycle consisted of 3 h anaerobic period,
2.5 h aerobic period, 2.5 h sludge setting and supernatant
replacement. The reactor was operated at 21 °C £ 1 °C,
and pH was not controlled but was kept in the alkaline
range during the whole operation period.[21] The reactors
were continuously stirred but anaerobic or aerobic condi-
tions were maintained by gassing with nitrogen during the
anaerobic period and using oxygen during the aerobic
period. The entire installation is sealed except for a small
inlet with a spanner valve on top of the reactor. The nitro-
gen and oxygen gases circulate from the upper part of the
reactor to the pump, while the gas strikes the aerator at the
bottom of the device, resulting in the production of many
bubbles. For a schematic diagram see.[20]

Synthetic media

After each cycle was completed, the upper supernatant
liquid (7 L) was discharged and an additional 7 L concen-
trated fresh medium was added to the reactor. The compo-
nents of the synthetic wastewater were as follows: NH4ClI
(100.8 mg/L), peptone (5 mg/L), NaH,PO42H,O

(75.5 mg/L), KCl (72 mg/L), NaHCO; (225 mg/L),
MgS0,4-7H,0 (180 mg/L), CaCl,-H,O (14 mg/L), yeast
extract (5 mg/L) and mineral salts solution 0.3 mL/L.[22]
The mineral salts solution was composed of FeCl;-6H,0O
(1500 mg/L), H3BO3; (150 mg/L), CuSO4-5H,0 (30 mg/
L), KI (180 mg/L), MnCl,-4H,O (120 mg/L),
Na;Mo0,4:2H,0 (60 mg/L), ZnSO4-7H,O (120 mg/L),
CoCl,-6H,0 (150 mg/L) and EDTA (10 g/L).[23] At
loading, the chemical oxygen demand (COD) and phos-
phate-phosphorus (PO4-P) amount in the reactor were
400 mg/L and 15 mg/L, respectively. Three POSBRs
were conducted with different carbon sources as given in
Table 1: POSBR1 (100% acetate), POSBR2 (75% acetate
+ 25% starch) and POSBR3 (50% acetate 4+ 50% starch).
Sampling was performed at the beginning of the anaerobic
period and at the end of the anaerobic and aerobic phases
to analyse the wvariation of phosphate concentration,
respectively. During the last cycle of each POSBR, about
10 mL of the wastewater was extracted every 0.5 h to
investigate the treatment performance within the
operation.

Analytical methodology

Liquid samples were taken from each POSBR and ana-
lysed for VFAs, PO4-P, PHAs, oxidation—reduction
potential (ORP), mixed liquor suspended solid (MLSS)
and mixed liquor volatile suspended solid (MLVSS).
VFA was determined by gas chromatography GC-8APF
with flame ionization detector (FID), Shimadzu, Japan.
MLSS and MLVSS were quantified according to the stan-
dard methods.[24] All the samples were filtered through a
0.45 pum membrane filter. The concentration of PO4-P
was determined colourimetrically by using Toluidine
Blue. Filtered sludge samples were completely lyophi-
lized to measure the content of PHA. Extraction and esti-
mation of PHA were performed according to the modified
method of Shi et al.[25] The pH and ORP of the samples
were measured using a HORIBA pH meter, D-51 and D-
52 (Horiba Co. Ltd., Tokyo, Japan), respectively. The DO
concentrations were estimated using a HACH LDO™
HQq analyser (Hach Corp., CO, USA).

Results and discussion
PO P removal performance of POSBRs

The experiments involved three POSBR systems operated
at steady state and differing only in the organic carbon

Table 1. Different carbon sources in POSBRs.

POSBRI1 POSBR2 POSBR3
CH3COONa (mg/L) 586 440 293
Soluble starch (mg/L) - 93 186




source added at the beginning of the anaerobic phase: one
was fed with acetate and the others with different combi-
nations of acetate/starch ratios, to explore the effect of the
substrate type on the phosphorus removal performance. In
Figure 1(a)—(c) the time course of phosphate concentra-
tions at the beginning of the anaerobic period, at the end
of the aerobic and anaerobic phases during 30 days with
alternating aerobic—anaerobic conditions is compared for
the three different carbon sources. For the three opera-
tions, there was no obvious fluctuation in the phosphate
removal; the phosphate removal performance and phos-
phate release during the anaerobic period increased with
the increase in operation time and the final phosphate
removal efficiencies under each condition were 93.8%
(POSBR1), 84.7% (POSBR2) and 77.3% (POSBR3),
respectively. After 24 days, POSBR1 showed substantial
phosphate removal and eventually high EBPR was
achieved (Figure 1(a)). POSBR2 and POSBR3 did not
achieve excellent removal performance like that of
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POSBR1 during the operation, although the efficiency
increased. Acetate as a sole carbon source enhanced the
performance of phosphate removal most significantly.
Moreover, the phosphate removal activities with the other
two carbon sources were lower than that with acetate.
These results agree with the previous reports that VFAs,
such as acetate, would produce more reliable EBPR per-
formance than other organic substrates.[26,27] A clear
relationship between the carbon source and the PO,4-P
removal efficiency was observed under POSBR condi-
tions, and significant differences in the removal efficien-
cies were noted as the starch concentration varied.

The number of times that the concentration of MLVSS
increased compared to the initial value in three experi-
ments is shown in Figure 1(d). Compared with the initial
volume, the final microorganism concentrations were
2.16 times (POSBRI1), 1.91 times (POSBR2) and
1.79 times (POSBR3) as much as those of the initial
MLVSS. The net increments of MLVSS were 1.16, 0.91
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and 0.79 times for the three conditions, respectively. The
observed phosphate content of the biomass (mg P/mg
MLVSS) decreased as the starch concentration increased
for the three POSBRs, declining from 22.3% to 19.1%
and 15.8%. These values were consistent with the phos-
phorus removal efficiencies and close to the previously
reported values of 15%,[28] 17.5% [5] and 18% [29] for
synthetic substrates, and consequently resulted in the bio-
mass populations being dominated by PAOs.

Treatment performance

The ORP and temperature of wastewater and phosphate
removal performance of one cycle on day 30 are shown in
Figures 2 and 3.

The biological phosphorus removal process consists of
two treatment steps: biological phosphorus release and
phosphorus removal. The ORP is defined in terms of the
ratio of the total oxidizing power to the total reducing
power of the wastewater. Figure 2 shows that the ORP
readings of POSBR1 decreased rapidly in the first 3 h until
a reading of about —429 mV was attained. The final ORP
in the anaerobic period was decreased to —374 mV and

—307 mV in POSBR2 and POSBR3, respectively. The
strongly negative ORP was required during the anaerobic
phase (biological phosphorus release) for the break-down
of the polyphosphates and the absorption of VFAs by
phosphate-accumulating bacteria. In addition, the aeration
period induced the available oxygen supply and, thus,
increased the DO concentration. A corresponding increase
in ORP was expected, as oxygen is a driving force of
ORP. The ORP of the three POSBRs approached to 200,
183 and 112 mV in the last 2.5 h, respectively, and could
produce the oxidative state for phosphate uptake. The aer-
ation was responsible for the phosphate removal taking
place, and it was necessary to ensure a fairly oxidative
environment. The lowest and highest ORP values were
obtained in POSBRI1 and there was a better reduction and
oxidation environment during the whole process, which
might be beneficial for PAOs accumulation and phosphate
removal.

Figure 3 shows the PHA, VFA and phosphate profiles
during the complete cycle in the three sets of POSBR
experiments conducted with different carbon sources.
Under anaerobic conditions, VFA was taken up, biomass
polyphosphate was degraded and phosphate was released
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Figure 2. ORP and temperature of wastewater during one cycle on day 30: POSBR1 (a),[20] POSBR2 (b) and POSBR3 (c).
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Figure 3. VFA, PHA and PO4-P concentrations during one cycle on day 30: POSBRI1 (a),[20] POSBR2 (b) and POSBR3 (c).

to the bulk solution, while PHA was synthesized in the
biomass. When oxygen was present and in the absence of
organic substrate, PHA was used as an energy source to
take up the phosphate. Under these conditions, PAOs not
only produced new biomass but also restored the storage
pool of polyphosphate during the aerobic period. In
POSBRI1, the VFA was readily consumed during the
anaerobic phase. Because of the hydrolysis and acidifica-
tion of starch, the amount of VFA increased in the early
period of the anaerobic stage and gradually decreased for
POSBR2 and POSBR3. By comparison, the anaerobic
phosphate release and PHA production decreased with
increasing starch concentration in the feed. The results
showed that for the PAOs, more PHA accumulated and
phosphate was released in the anaerobic stage, while a
higher concentration of phosphate was taken up in the aer-
obic period. The PHA storage was in accordance with the
PO,4-P release because the energy for PHA formation was
produced by polyphosphate hydrolysis.[12] Petersen et al.
[30] found that the increase of PHA in the biomass

increases the phosphate uptake and subsequent polyphos-
phate formation. This explains the increasing PO4-P
uptake and polyphosphate storage observed in the three
POSBR operations corresponding to the PHA storage
level.[20] The total amount of PHA produced from
POSBR3 was minor when compared with the other two
operations. Randall et al. [31] observed only marginal
EBPR using starch as the carbon source. For the three dif-
ferent carbon source experiments in this study, the higher
concentration of starch might result in low PHA accumu-
lation and consumption, thereby limiting the amount of
phosphate uptake and preventing good EBPR efficiency
from being maintained.

Furthermore, the phosphate removal performance is
influenced by other factors. The phosphate uptake capac-
ity was shown to be dependent on the biomass concentra-
tion: release of phosphate increased during active growth
and uptake occurred when cells reached the stationary
growth phase.[32] Sidat et al. [33] reported that high bio-
mass concentration resulted in uptake of phosphate during
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the entire duration of the experiment leading eventually to
good phosphate removal performance, which is in accor-
dance with our experiments. The operation under
POSBRI1 conditions had the highest increment of microor-
ganism concentration compared with the other two opera-
tions. The accumulation and consumption of PHA might
directly influence the phosphate removal, whereas high
PHA utilization rates would stimulate the multiplication
rate of PAOs. The more viable polyphosphate organisms
there are in the sludge, the higher the PO4-P removal
capacity of that sludge is. On the other hand, when assess-
ing the overall efficiency of a biological treatment pro-
cess, it is very important to take into account the
temperature dependence of biological reaction rate con-
stants.[34] Temperature affects not only the metabolic
activities of the microbial population, but also the gas-
transfer rates, the settling characteristics of the biological
solids etc.[35] In studies performed by Panswad et al.,[1]
the PAOs were found to be lower range mesophiles or per-
haps psychrophiles. It was indicated that temperature
could be used as a tool to control the PAOs reproduction.
Optimal phosphorus release and uptake of an EBPR sys-
tem were observed around 20 °C and it was beneficial for
PAOs dominating among the microorganisms present.

Taken together, the results from our study showed
that from a practical point of view, if the goal is to
remove phosphorus from wastewater, acetate leads to the
best process performance (POSBR1), with a higher yield
of PHA production. For cost considerations, however,
the application of starch as a carbon source sparingly
with acetate, such as in POSBR2, could also achieve
effective phosphate removal. Therefore, according to the
results presented and the fact that ethanol is cheaper than
acetate, propionate or other staple carbon sources such
as starch, should be considered as an alternative carbon
source if a carbon surplus in a wastewater treatment
plant is needed.

Conclusions

The obtained results demonstrated that the type of carbon
source used was extremely important for phosphate
removal. Most excellent phosphate removal efficiency
was attained with acetate as a carbon source: highest
phosphate release amount, highest PHA and polyphos-
phate storage and highest PAOs reproduction during the
operation cycle. The carbon source fed to the microbial
culture widely affects not only the PHA accumulation but
also the phosphate removal performance and microorgan-
ism population. Due to the strong influence of the carbon
source combination with oxygen conditions on the PHA
concentration, the PHA storage mainly seemed to regulate
the phosphate release and uptake. The fair EBPR perform-
ances achieved with different combinations of acetate and
starch proved that using acetate plus starch as a carbon

source could be considered an economically promising
strategy for supporting phosphate removal from
wastewaters.
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