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ABSTRACT

This study investigates the effects of chemical phosphate precipitation on the performance
of a sequencing batch reactor (SBR) operated in anaerobic—aerobic mode. Supernatants
enriched with 50% phosphorus were removed from the SBR (i.e. sidestream) system at the
end of the anaerobic stage and were placed into a reaction-sedimentation basin to recover
the phosphorus. Results indicate that phosphorus removal efficiency increased from 95.26 to
97.22% during the first 40d and then declined over the next 20d. Intracellular polyphos-
phate (poly-P) storage remained low during sidestream stripping. The sludge was not domi-
nated by organisms that accumulate poly-P, as confirmed by the low anaerobic
phosphorus;eicase/ HAC ptake Tatios, the phosphorus content in the sludge, and the high
ratios of volatile suspended solids of mixed liquor to suspended solids of mixed liquor.
These results imply the possibility of changes in population structure given the low level of
intracellular poly-P storage during long-term stripping. Intracellular poly-P content may be
considered a factor that affects biological phosphorus removal in the future work.
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1. Introduction

Phosphorus (P) is an important non-renewable
resource. Much P exists in municipal wastewater and
it is a main cause of eutrophication [1] in China. To
limit P discharge in effluents from municipal waste-
water treatment plants in China, discharge require-
ments are increasingly stringent.

P can be removed from wastewater by chemical
removal, biological treatment, or a combination of
both. As an alternative to chemical removal, biological
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processes are cost-effective and environment-friendly.
Biological phosphorus removal from wastewaters is
dependent upon the polyphosphate accumulating
organisms (PAOs) under particular operational condi-
tions by accumulating P in cells in the form of poly-
phosphate (poly-P) granules. This accumulation is
beyond the normal metabolic requirements of these
organisms. Therefore, net P is removed from the
wastewater through the discharge of waste-activated
sludge with high poly-P content [2-5]. However, the
system of enhanced biological phosphorus removal
(EBPR) can be unstable and unreliable; thus, meeting
discharge regulations can be difficult. P recovery can
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effectively remove P gradually. To meet the P require-
ments in effluent, the biological treatment must be
supported by chemical precipitation if the chemical
oxygen demand (COD)/P ratio is low or if the concen-
trations of nitrogen and P are high in the influent
[6,7]. Thus, increasing numbers of wastewater treat-
ment plants integrate chemical precipitates into biolog-
ical treatment [8-10].

P recovery is mainly used to treat excess sludge
and in the stream of return sludge in the system of
biological P removal. Supernatants from disposed
excess sludge are typically treated further in wastewa-
ter treatment plants, and this process increases the
load on treatment plants, as well as the total costs of
wastewater treatment [11-13]. Another alternative to P
recovery involves sidestream removal from the anaer-
obic part of the activated sludge [14]. A portion of the
supernatants enriched with P is removed from main-
stream biological treatment by chemical precipitation.
As a result, the phosphate load on the processes of
biological treatment and waste sludge disposal is alle-
viated, and P can be recovered. In the sidestream pro-
cess, P removal is much lower than the requirements
for acetate in a mainstream process [15].

The sidestream process combines both biological
and chemical P removal processes [16]. The first exam-
ple of this is the Phostrip process [8]. The biological-
chemical P and N removal (BCFS) process [8] was
developed to enhance the efficiency of the combined
processes of chemical and biological P removal. Barat
[17] reported that the BCFS process can meet effluent
requirements and maximize the release and recovery
of anaerobic phosphate. However, the process of strip-
ping P affects nitrification, and poly-P concentration in
the sludge decreases. This phenomenon can induce
significant problems in the treatment of downstream
sludge. Szpyrkowicz [7] noted that the fraction of
poly-P in the sludge decreases as a result of lime dos-
ing; however, the enzymatic system of the biological
luxury uptake is reversible when chemical dosing is
stopped. In Hao’s study [18], P concentration in the
effluent was not affected by regular P recovery. Bio-
logical P activity may have been negatively affected
by the reduced efficiency of P removal, which was in
turn induced by the stimulation of dynamic inflow.

Previous studies suggest that P recovery from the
anaerobic portion of the activated sludge is beneficial
and stimulates the removal of nutrients by a biological
treatment system to a certain degree. Nevertheless, the
potential negative effects of P recovery on a biological
treatment system must be investigated further. In this
study, therefore, a sequencing batch reactor operated
in anaerobic—aerobic mode (AO-SBR) is adopted,
and a portion of supernatants enriched with P is
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stripped for phosphate recovery in the anaerobic
stage. This study examines the effects of sidestream P
recovery on the system of biological P removal in the
above-mentioned operating mode.

2. Materials and methods
2.1. Experimental setup

The experiments were conducted in an AO-SBR
under a working volume of 10 L. The SBR system
operated continuously with a cycle time of 8 h (filling:
1min, anaerobic: 120 min, aerobic: 210 min, settling:
135 min, and drawing: 15 min) under a temperature of
20+1°C. After each cycle, 5 L of the effluent was
exchanged with 5 L of influent. The resultant hydrau-
lic retention time was 16 h. The sludge was removed
from the reactor at the end of the aerobic phase to
control solid retention time (SRT) for approximately
11d. Oxygen concentration in the aerobic phase was
maintained at above 2mg/L. System pH, which fluc-
tuated between 7.1 and 8.3, was recorded as it is. A
schematic diagram of the experimental setup is
depicted in Fig. 1.

2.2. Experimental procedure

The experiments were conducted in two opera-
tional periods, each of which lasts for 60 d.
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Fig. 1. Schematic of the SBR system with sidestream
chemical precipitation.
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(D The sidestream stripping phase lasted from 1 to
60 d. Five liters of supernatants enriched with P
were separated from the SBR system and placed
into a chemical basin for chemical P precipita-
tion (ferric chloride was used as a coagulant)
after a settling phase of 30 min at the end of the
anaerobic stage. After chemical precipitation,
the clear supernatants on top of the basin were
returned to the SBR for the subsequent aerobic
stage. With chemical precipitation, the average
efficiency of P removal exceeded 96%, and no
more than 1mg/L residual ferric was returned
to the SBR system to prevent the ferric iron
from affecting the biological treatment as
reported in previous studies [16,19-23].

(I)  The recovery phase started upon the termination
of the stripping operation, that is, on the 61st
day, and it lasted until the 120th day. This phase
determines whether the AO process can replen-
ish its P removal capacity without stripping.

Hydrochloric acid (HAc), COD, orthophosphate
(PO} -P), and pH were measured in samples collected
every 15 or 30min during detailed cycles. The P
content in the sludge was monitored every 3 d. At the
end of the aerobic phase, total phosphate (Pt), mixed
liquor suspended solids (MLSS), and mixed liquor
volatile suspended solids (MLVSS) were measured.
Once a day, coagulation/flocculation experiments
were conducted. The samples of sludge and liquid
were taken simultaneously. For most samples,
replicate analyses were carried out.

2.3. Wastewater composition

Synthetic wastewater containing sodium acetate
(organism cultures in activated sludge), ammonia, and P
were pumped into the reactor in the first minute of the
anaerobic treatment. The reactor contained the following
at the beginning of the cycle: CH;COONa (400 mg/L as
COD basis), NH,Cl (20 mg/L as NH; -N basis), KH,PO,
(10mg/L as PO; -P basis), 180 mg/L of MgSO,7H,0,
14 mg/L of CaCl,-2H,0, and 0.5 mL of nutrient solution
per liter. Each liter of the nutrient solution consisted of
the following compounds [24]: 10 g of ethylenediamine-
tetraacetic acid, 1.54 g of FeSO,7H,0, 0.15g of H3BO;,
0.03 g of CuSO,4-5H,0, 0.18 g of K1, 0.12 g of MnCl,-4H,0,
0.06 g of Na,MoO42H,0, 0.12g of ZnSO,7H,0O, and
0.15 g of CoCl,-6HO.

2.4. Analytical methods

PO?[-P, COD, MLSS, MLVSS, and sludge volume
index (SVI) were all analyzed according to standard
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methods [25]. Dissolved oxygen was measured using
HACH-HQ40d (USA). Once a week, the activated
sludge was microscopically analyzed using an OLYM-
PUS-BX51 microscope.

To determine the total iron, samples were imme-
diately filtered using a 0.22 um filter membrane and
then acidized by HAc (1 M) prior to atomic absorp-
tion spectroscopy. Pr was converted to PO; -P
through digestion with potassium persulfate; then,
the method for PO} -P determination was applied.
The SVI value of the sludge mixture, which evaluates
the settleability and compressibility of the sample,
was measured using a 100mL cylinder after 30 min
of settlement.

The optimal condition of phosphate precipitation
was determined with the aid of Design-Expert 8.0 soft-
ware. The molar ratio of ferric iron to phosphate is
1.40:1, and stirring intensity is 275 r/min with 30s and
60 r/min with 18 min for coagulation and flocculation,
respectively. Precipitation time is 20 min.

3. Results and discussion

The laboratory-scale SBR utilized synthetic waste-
water as the feed for the anaerobic—aerobic cycles.
During the sidestream P stripping experiments, the
biomass activity was stabilized. The average P
removal efficiency exceeded 95.26%, and the P level in
the effluent was 0.37 mg/L. The PAO phenotype was
clearly displayed. Then, the sidestream stripping
experiments were conducted under similar operational
conditions.

3.1. Studies of the system cycle
3.1.1. P release and uptake ratios

Table 1 summarizes the rates and ratios obtained
on different days in the two periods. P release rate
declined gradually from the 1st d to the 40th d under
anaerobic conditions until sidestream stripping was
terminated. This decline accompanied the reduced
phosphate concentration in the anaerobic stage during
Period I (Fig. 2(a)). As a result of sidestream stripping,
intracellular poly-P storage decreased. At the end of
the aerobic phase, P was completely removed in all
tests except in those conducted on the 40th d. In this
case, P release declined sharply and immediately.
Therefore, the P released in the anaerobic stage was
18.81 mg/L. The concomitant uptake of aerobic P was
incomplete, given the high P concentration of 3.27
mg/L in the effluent (Fig. 2(a)).

Nevertheless, the uptake rate of aerobic P
increased in the nine cycles of the first three days.



3014

Table 1
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Variations in P release and uptake rates and Prejease/ HACyptake in different periods

15 21 40 71 84 96 102 114

Time (d) 0 3
Anaerobic P release rate (mg/g VSS/h) 2413  11.36
Aerobic P uptake rate (mg/g VSS/h) 13.69 16.18
Pretease/ HACyptake (P mmol/C mmol) 0.41 0.46
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Fig. 2. Cycles of P transformation during the different periods.

Biological P removal improved to some extent in the
early days of Period I, thus, additional phosphate
accumulated in the system to satisfy the demand for
excessive P absorption. This trend may be a short-term
adaptive response to sidestream stripping to maintain
the energy balance in cells. For every three cycles, 150
mg of P was added to the SBR system in the influent.
In the following two cycles, the stripped P was

quickly replenished during short-term stripping. The
P in the sludge maintained its balance, and biological
removal preceded chemical precipitation. The addi-
tional P was thus removed by the interaction of bio-
logical and chemical effects.

This study examined whether the AO-SBR could
restore P removal activity in Period II when sidestream
stripping was terminated. According to Fig. 2(b), the
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uptake rate of aerobic P was significantly lower than
that of the process without sidestream stripping. The
average P concentration was 5.18+1.11mg/L in the
effluent. This value indicates that biological P removal
was ineffective even after side-stream stripping had
been terminated for 60 d. Furthermore, the amount of
anaerobic P released in the liquid gradually increased
as the P release rate increased (Table 1). Moreover, the
uptake rate of aerobic P on the 114th d was half that of
the process without sidestream stripping approxi-
mately 60 d after stripping was terminated. The deteri-
oration in P removal suggests that PAO activity was
reduced because of P stripping.

3.1.2. Anaerobic Prejeqse/ HAC ptake Tatio

The ratio of anaerobic Prejease/ HACyptake is @ good
indicator of the relative populations of PAOs and of
glycogen-accumulating organisms (GAOs) [26-29].
Increased proportions of PAOs can maximize the
amount of P released per acetate obtained. An increase
in GAOs in the sludge can lower the uptake ratio of P
release to acetate because less P is transformed for the
same amount of acetate taken up. The factors affecting
Pretease/ HACyptake Tatio include pH [30,31], SRT [32],
and temperature [33,34]. During the experiments, the
temperature remained constant at 20+1°C, and the
SRT was controlled for approximately 11 d, which is
beyond the range that affects the competition between
PAOs and GAOs. In this competition, PAOs are advan-
tageous over GAOs at pH>7.0. Acetate uptake rate
remained nearly constant between 7.0 and 8.5 [31,35].
In this study, pH fluctuated between 7.1 and 8.3. Thus,
the Prejease/ HACprake Tatio can reflect the relative lev-
els of PAOs and GAOs in the proposed system.

Without sidestream operation, the Prejease/ HACyptake
ratio of the sludge was 0.41 P mmol/HAc C mmol,
which is within the range of values (0.37-0.50 P mmol/
Cmmol) reported in the studies on PAO metabolic
models [36-38]. This value indicates an almost
complete uptake of aerobic P (PO, -P concentration in
the effluent <0.5mg/L). After nine cycles with side-
stream stripping, P removal improved on the third day
of Period I, with a high Prejease/ HAC ptake ratio of 0.46.
On the contrary, P release was low and HAc uptake
increased from the 40th d to the 60th d of Period I.
The resultant Prejease/ HACyptake ratio, 0.05, is lower than
the theoretically predicted ratios. This finding suggests
that the GAOs in the sludge competed for HAc utiliza-
tion but did not contribute to P release. EBPR activity
deteriorated during Period I, and the Prejease/ HACyptake
ratios ranged from 0.46 to 0.05. These values are in
accordance with the cycles of P transformation on the
3rd, 9th, 21st, and 40th d.
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Throughout Period II, similar operational condi-
tions were maintained in the system without stripping
for 60 d. However, the high P concentration in the
effluent and biological P removal was unchanged. In
this period, the Prejease/ HACptake Tratio was distinctly
low (0.03-0.20 P mmol/C mmol). This range of values
is similar to the values reported in studies on reactors
with an abundance of GAOs [5].

The diminished Poly-P content and the decreased
ratio of anaerobic Prejease/ HACptake, indicated that the
sludge was not dominated by PAOs [27,28,39-41].
Thus, the results with sidestream stripping suggest
that the possibility of population shift from the PAO
phenotype to the GAO phenotype.

3.2. P and COD remouval

The reactor was monitored daily by measuring the
COD and the P in the effluent. Fig. 3 shows the phos-
phate and COD concentrations in the effluent of the
AO-SBR during the two periods. In Period I, the aver-
age COD concentration in the effluent was approxi-
mately 29.01 +5.60 mg/L, with a removal efficiency of
85.70 +3.15%. The corresponding values for Period II
were 31.22+5.33 mg/L and 83.58 +3.46%. In this per-
iod, the overall efficiency of COD removal was main-
tained at 87.08 +3.26% in the AO-SBR system without
sidestream stripping. The level of COD in the effluent
was maintained at 30.12 +5.55mg/L in both periods,
thus indicating that unlike the AO-SBR system, side-
stream stripping had little effect on COD removal
The results suggest that the effect of such operating
conditions on COD removal is insignificant.

By contrast, P removal improved slightly in the
first 40d of Period 1. The average efficiency of P
removal increased from 95.26 to 97.22%. The level of P
in the effluent was 0.14 = 0.16 mg/L, which shows that
sidestream stripping benefited the biological treatment
to some extent. The supernatants that were eliminated
from the coagulation/flocculation process were
returned to the AO-SBR for the downstream biological
process. The chemical precipitates could not mix with
the activated sludge because they were isolated from
the basin and were thus recovered as either iron phos-
phate or its compounds. Therefore, half of the anaero-
bic supernatants enriched with P were removed as
chemical precipitants. Given these findings, sidestream
stripping is thus a potential method of P recovery.

Despite a lack of operational error, EBPR efficiency
deteriorated suddenly after 40 d of stripping. In this
situation, P concentration in the effluent also increased
to 536+1.27mg/L. During Period II, the system
continued to operate poorly given the same influent
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Fig. 4. Variations in SVI, MLSS, and P content (%) in the AO-SBR at various periods.

substrate and under the same operating conditions as
the system without stripping. To recover P in side-
stream, half of the volume of the anaerobic superna-
tants was used in this study. The available P with
which PAOs replenish their intracellular poly-P pools
was reduced, thereby inhibiting biological P removal.
This result suggests that even the partial P that was
liberated by PAOs in anaerobic conditions is stripped
by chemical precipitates, thus limiting P accumulation
in the subsequent aerobic condition. As a result, the
entire metabolism process of P is restrained in the
PAOs. Given these findings, the effects of intracellular
poly-P on P removal efficiency merit further research.

To maintain the balance between chemical and bio-
logical P removal, a suitable deprivation ratio must be
determined for P recovery and EBPR in anaerobic—
aerobic SBRs in the future.

3.3. Sludge characteristics
3.3.1. Variations in MLVSS/MLSS, and P/MLSS ratios

The ratio of MLVSS to MLSS can be a rough indi-
cator of inorganic matter storage, assuming that the
intracellular poly-P, in the form of poly-P granules, is
non-volatile. In the experiments without sidestream
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(b)

Fig. 5. Microscopy images (100x) of activated sludge during different periods: (a) Without stripping, (b) 15th d, (c) 40th d,

and (d) 60th d.

stripping, MLVSS was 2,858 +154mg/L, and the
MLVSS/MLSS ratio was 0.77 = 0.03. This low MLVSS/
MLSS ratio suggests that PAOs were dominant in the
sludge. During Periods I and II, MLSS and MLVSS
fluctuated from 2,200 to 3,630 mg/L and from 1,900 to
2,830mg/L, respectively, at the end of the aerobic
phase. The corresponding MLVSS/MLSS ratio was
0.85+0.02, which was relatively higher than that of
the sludge that did not undergo sidestream stripping.
A portion of P was removed as a chemical P com-
pound; thus, the biosynthesis of intracellular poly-P
was insufficient.

In Period I, the P content [42] in the sludge (based
on MLSS) decreased with continuous stripping and
remained at a low level (0.95-2.21%) (Fig. 4). This
trend is comparable with that of typical activated
sludge, which has a normal P content of 2.3%. Fur-
thermore, the maximum phosphate concentration in
liquid gradually declined from 55.29 to 32.6mg/L
(from the Oth d to 10th d), 31.25 to 20.42mg/L (from
11th d to 40th d), and 19.63 to 9.59 mg/L (from 41st d
to 60th d) in the anaerobic stage. By contrast, no
significant release of anaerobic P was observed after
40d of stripping. These findings indicate that the stor-
age of intracellular poly-P content in the PAOs is defi-
cient as a result of continuous stripping. The stored

energy pool of the PAOs was insufficient under anaer-
obic conditions, and P uptake was restrained in the
sequent aerobic stage. These results are consistent
with previous observations [43] that poly-P content in
anaerobic—aerobic activated sludge is limited without
EBPR.

During the recovery period, P concentration in the
sludge gradually increased to 4.44% along with ortho-
phosphorus release (39.42mg/L) in the anaerobic
stage. The intracellular poly-P pool apparently recov-
ered during biological treatment. When sidestream
stripping was terminated for 60 d, however, effluent P
concentration remained high, and EBPR could not be
recovered. This finding suggests that PAOs may have
been washed out of the system. Although microbial
population structure was not investigated in this
study, the metabolic model predictions of PAOs,
Pretease/ HAcuptake Tatios, low poly-P content, and low
MLVSS/MLSS ratios confirm that PAOs were not
dominant in the sludge.

3.3.2. Sludge sedimentation

SVI, which is an indicator of sludge settleability,
varied at different operational periods as shown in
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Fig. 4. The SVI declined gradually from 284.72 to
53.87mL/g during stripping in Period I. The SVI then
remained at approximately 52.43 +9.78 mL/g during
residual operation in Period II, thus indicating that the
stripping process significantly enhances sludge settlea-
bility. With stripping, high floc diameters (Fig. 5(c)
and (d)) in the form of compact aggregates simulta-
neously improved with reduced SVI in AO-SBR. The
result suggests that the settleability of the sludge sam-
ples with stripping was higher than that of sludge
samples without stripping.

4. Conclusions

In short-term operations, sidestream stripping ben-
efits biological P removal and chemical P recovery.
Throughout the entire process, sludge settleability is
significantly enhanced. During the later days of strip-
ping, however, the reduced concentration of intracel-
lular poly-P collapses EBPR, and it cannot be
recovered even if sidestream stripping is terminated
for 60 d. Another contributor to EBPR collapse is the
dominance of GAOs rather than PAOs. Therefore, lev-
els of intracellular poly-P storage should be regarded
as an important factor that affects the performance of
EBPR systems.

Acknowledgment

This study was financially supported by the
National Natural Science Foundation of China (No.
51278406).

References

[1] A.A. Ahmad, A. Idris, Release and recovery of phos-
phorus from wastewater treatment sludge via struvite
precipitation, Desalin. Water Treat. (2013) 1-8.
doi:10.1080/19443994.2013.813101

[2] Y.Q. Liu, Y. Liu, J.H. Tay, Y.T. Hung, Biological phos-
phorus removal processes, Environ. Bioeng. 11 (2010)
497-521.

[3] T. Mino, M.C.M. van Loosdrecht, ].J. Heijnen, Microbi-
ology and biochemistry of the enhanced biological
phosphate removal process, Water Res. 32(11) (1998)
3193-3207.

[4] R]. Seviour, T. Mino, M. Onuki, The microbiology of
biological phosphorus removal in activated sludge sys-
tems, FEMS Microbiol. Rev. 27(1) (2003) 99-127.

[5] A. Oehmen, P.C. Lemos, G. Carvalho, Z. Yuan, ]. Keller,
L.L. Blackall, M.A. Reis, Advances in enhanced
biological phosphorus removal: From micro to macro
scale, Water Res. 41(11) (2007) 2271-2300.

[6] L. Szpyrkowicz, F. Zilio-Grandi, Seasonal phosphorus
removal in a Phostrip process—I. Two-years’ plant
performance, Water Res. 29(10) (1995) 2318-2326.

J. Lv and L. Yuan | Desalination and Water Treatment 54 (2015) 3011-3019

[7] L. Szpyrkowicz, F. Zilio-Grandi, Seasonal phosphorus
removal in a phostrip process—II. Phosphorus frac-
tionation and sludge microbiology during start-up,
Water Res. 29(10) (1995) 2327-2338.

[8] S. Yeoman, T. Stephenson, J.N. Lester, R. Perry, The
removal of phosphorus during wastewater treatment:
A review, Environ. Pollut. 49(3) (1988) 183-233.

[9] J.A. Oleszkiewicz, J.L. Barnard, Nutrient removal tech-
nology in North America and the European Union: A
review, Water Qual. Res. J. Can. 41(4) (2006) 449-462.

[10] K. Kato, N. Murotani, H. Matsufuji, M. Saitoh,
Y. Tashiro, Chemical removal and recovery of phos-
phorus from excess sludge in a sewage treatment
plant, Environ. Technol. 27(5) (2006) 501-510.

[11] X.Z. Li, Q.L. Zhao, Efficiency of biological treatment
affected by high strength of ammonium-nitrogen in
leachate and chemical precipitation of ammonium-nitro-
gen as pretreatment, Chemosphere 44(1) (2001) 37—43.

[12] ].D. Doyle, S.A. Parsons, Struvite formation, control
and recovery, Water Res. 36(16) (2002) 3925-3940.

[13] P. Battistoni, A. De Angelis, P. Pavan, M. Prisciandaro,
F. Cecchi, Phosphorus removal from a real anaerobic
supernatant by struvite crystallization, Water Res. 35
(9) (2001) 2167-2178.

[14] E. Levlin, B. Hultman, Phosphorus Recovery From
Phosphate Rich Side-streams in Wastewater Treatment
Plants, Polish Swedish Seminar, Gdansk March 23-25,
2003, Polis-Swedish report No. 10: 47—46.

[15] G.J.F. Smolders, M.C.M. van Loosdrecht, ].J. Heijnen,
Steady-state analysis to evaluate the phosphate
removal capacity and acetate requirement of biological
phosphorus removing mainstream and sidestream pro-
cess configurations, Water Res. 30(11) (1996) 2748-2760.

[16] D.W. de Haas, M.C. Wentzel, G.A. Ekama, The use of
simultaneous chemical precipitation in modified acti-
vated sludge systems exhibiting biological excess
phosphate removal, Water SA 26(4) (2000) 439-452.

[17] R. Barat, M.C.M. van Loosdrecht, Potential phospho-
rus recovery in a WWTP with the BCFS process: Inter-
actions with the biological process, Water Res. 40(19)
(2006) 3507-3516.

[18] X.-D. Hao, M.C.M. Loosdrecht, Model-based evalua-
tion of struvite recovery from an in-line stripper in a
BNR process (BCFS), Water Sci. Technol. 53(3) (2006)
191-198.

[19] T. Clark, J.E. Burgess, T. Stephenson, A K. Arnold-Smith,
The influence of iron-based co-precipitants on activated
sludge biomass, Process Saf. Environ. Prot. 78(5) (2000)
406-410.

[20] S. Philips, K. Rabaey, W. Verstraete, Impact of iron
salts on activated sludge and interaction with nitrite
or nitrate, Bioresour. Technol. 88 (2003) 229-239.

[21] J. Li, Effects of Fe(Ill) on floc characteristics of acti-
vated sludge, ]J. Chem. Technol. Biotechnol. 80(3)
(2005) 313-319.

[22] Y. Liu, H. Shi, W. Li, Y. Hou, M. He, Inhibition of
chemical dose in biological phosphorus and nitrogen
removal in simultaneous chemical precipitation for
phosphorus removal, Bioresour. Technol. 102(5) (2011)
4008-4012.

[23] L.E. De-Bashan, Y. Bashan, Recent advances in remov-
ing phosphorus from wastewater and its future use as
fertilizer (1997-2003), Water Res. 38(19) (2004)
4222-4246.


http://dx.doi.org/10.1080/19443994.2013.813101

J. Lv and L. Yuan | Desalination and Water Treatment 54 (2015) 3011-3019

[24] T. Saito, D. Brdjanovic, M.C.M. van Loosdrecht, Effect
of nitrite on phosphate uptake by phosphate accumu-
lating organisms, Water Res. 38(17) (2004) 3760-3768.

[25] AW.W.A. Apha, WPCF, Standard Methods for the
Examination of Water and Wastewater, 20th ed.,
American Public Health Association, Washington, DC,
2005.

[26] A.M. Saunders, A. Oehmen, L.L. Blackall, Z. Yuan,
J. Keller, The effect of GAOs on anaerobic carbon
requirements in full-scale Australian EBPR plants,
Water Sci. Technol. 47(11) (2003) 37—43.

[27] CM. Lépez-Vazquez, C.M. Hooijmans, D. Brdjanovic,
H.J. Gijzen, M.CM. van Loosdrecht, A practical
method for quantification of phosphorus- and glyco-
gen-accumulating organism populations in activated
sludge systems, Water Environ. Res. 79(13) (2007)
2487-2498.

[28] Z. Zhang, H. Li, J. Zhu, L. Weiping, X. Xin, Improve-
ment strategy on enhanced biological phosphorus
removal for municipal wastewater treatment plants:
Full-scale operating parameters, sludge activities, and
microbial features, Bioresour. Technol. 102(7) (2011)
4646-4653.

[29] A. Muszynski, M. Lebkowska, A. Tabernacka,
A. Miltobedzka, From macro to lab-scale: Changes in
bacterial community led to deterioration of EBPR in
lab reactor, Cent. Eur. J. Biol. 8(2) (2013) 130-142.

[30] A. Oehmen, M. Teresa Vives, The effect of pH on the
competition between polyphosphate-accumulating
organisms and glycogen-accumulating organisms,
Water Res. 39(15) (2005) 3727-3737.

[31] C.D. Filipe, G.T. Daigger, C.L. Grady Jr., pH as a key
factor in the competition between glycogen-accumu-
lating organisms and phosphorus-accumulating organ-
isms, Water Environ. Res. 73(2) (2001) 223-232.

[32] M. Henze, H. Aspegren, J.L. Jansen, P.H. Nielsen,
N. Lee, Effect of solids retention time and wastewater
characteristics on biological phosphorus removal,
Water Sci. Technol. 45(6) (2002) 137-144.

[33] T. Panswad, A. Doungchai, J. Anotai, Temperature
effect on microbial community of enhanced biological
phosphorus removal system, Water Res. 37(2) (2003)
409-415.

3019

[34] LM. Whang, J.K. Park, Competition between poly-
phosphate- and glycogen-accumulating organisms in
enhanced-biological-phosphorus-removal systems:
Effect of temperature and sludge age, Water Environ.
Res. 78(1) (2006) 4-11.

[35] A. Schuler, D. Jenkins, Effects of pH on enhanced bio-
logical phosphorus removal metabolisms, Water Sci.
Technol. 46(4-5) (2002) 171-178.

[36] Y. Comeau, K.J. Hall, R.E.W. Hancock, W.K. Oldham,
Biochemical model for enhanced biological phospho-
rus removal, Water Res. 20(12) (1986) 1511-1521.

[37] GJ.F. Smolders, J. Van der Meij, M.CM. van
Loosdrecht, J.J. Heijnen, Model of the anaerobic
metabolism of the biological phosphorus removal
process: Stoichiometry and pH influence, Biotechnol.
Bioeng. 43(6) (1994) 461-470.

[38] R.P.X. Hesselmann, R. Von Rummell, S.M. Resnick, R.
Hany, A.J.B. Zehnder, Anaerobic metabolism of bacte-
ria performing enhanced biological phosphate
removal, Water Res. 34(14) (2000) 3487-3494.

[39] A. Oehmen, A.M. Saunders, M.T. Vives, Z. Yuan, ]J.
Keller, Competition between polyphosphate and gly-
cogen accumulating organisms in enhanced biological
phosphorus removal systems with acetate and
propionate as carbon sources, J. Biotechnol. 123(1)
(2006) 22-32.

[40] J.S. Cech, P. Hartman, Competition between polyphos-
phate and polysaccharide accumulating bacteria in
enhanced biological phosphate removal systems,
Water Res. 27(7) (1993) 1219-1225.

[41] CM. Lopez-Vazquez, A. Oehmen, C.M. Hooijmans,
D. Brdjanovic, H.J. Gijzen, Z. Yuan, M.C.M. van Loos-
drecht, Modeling the PAO-GAO competition: Effects
of carbon source, pH and temperature, Water Res. 43
(2) (2009) 450—-462.

[42] G.R. Crocetti, J.F. Banfield, J. Keller, P.L. Bond,
L.L. Blackall, Glycogen-accumulating organisms in
laboratory-scale and full-scale wastewater treatment
processes, Microbiology 148(11) (2002) 3353-3364.

[43] HH. Fang, T. Zhang, Y. Liu, Characterization of an
acetate-degrading sludge without intracellular accu-
mulation of polyphosphate and glycogen, Water Res.
36(13) (2006) 3211-3218.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Experimental setup
	2.2. Experimental procedure
	2.3. Wastewater composition
	2.4. Analytical methods

	3. Results and discussion
	3.1. Studies of the system cycle
	3.1.1. P release and uptake ratios
	3.1.2. Anaerobic Prelease/HAcuptake ratio

	3.2. P and COD removal
	3.3. Sludge characteristics
	3.3.1. Variations in MLVSS/MLSS, and P/MLSS ratios
	3.3.2. Sludge sedimentation


	4. Conclusions
	Acknowledgment
	References



