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Abstract : A batch and a continuous type experiments were conducted to test the conditions for simul-
taneous phosphorus release and uptake, and denitrification, taking place in one process. The bacteria able to
denitrify as well as to remove phosphorus were evaluated for the application to biological nutrient removal
(BNR) process.

In the batch-type experiment, simultaneous reactions of phosphorus release and uptake, and also denitrifi-
cation were observed under anoxic condition with high organic and nitrate loading. However the rate and
the degree of P release were lower than that occurred under anaerobic condition,

BNR processes composed of anaerobic-anoxic-oxic(AXO), anoxic-anaerobic-oxic(XAQ) and anoxic-oxic(XO)
were operated in continuous condition. The anoxic reactors in each process received nitrate loading. In the
AXO process, P release in anaerobic reactor and the luxury uptake in oxic reactor proceeded actively
regardless to nitrate loading. However in XAO and XO processes, P release and luxury uptake occurred
only with the nitrate loading less than 0.07 kgNO:-N/kgMLSS-d. With higher nitrate load, P release
increased and the luxury uptake decreased. Therefore, it appeared that the application of denitrifying
phosphorus-removing bacteria (DPB) to BNR process must first resolve the problem with decrease of luxury
uptake of phosphorus in oxic reactor.
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INTRODUCTION

Conventional secondary biological treatment
systems take up phosphorus from liquid for
biomass synthesis during BOD oxidation. Phos-
phorus, required in intracellular energy transfer
becomes an essential cell component. For this
reason, phosphorus s taken up in an amount
related to the stoichiometric requirement for
biosynthesis. Typical phosphorus content of mic-
robial solids is 1.5 to 2% on a dry weight basis.
However the content may increase up to 4-12%
in biological phosphorus removal process where
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sequential anaerobic and aerobic conditions are
allowed.

The mechanism of biological phosphorus
removal process is well understood; influent
organic is converted to acetatc or other short-
chain fatty acids under anaerobic condition, or it
can be accumulated in body cells as poly-
hydroxy-alkanoates(PHA). The energy for this
process comes from ATP hydrolysis, and as a
result, orthophosphate is released from cells.
Now in aerobic condition, the organism may
uptake phosphorus much higher than the amount
released in anaerobic condition for the re-
synthesis of intracellular polyphosphate. Finally
phosphorus removal is achieved by obtaining
P-rich sludge in the aeration tank. New cells are
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produced then by the PHA stored within cells
with oxygen as an electron acceptor, leaving
carbon dioxide and water the final products.
Likewise, conventional P treatment concept is
understood as the repetition of anaerobic con-
dition without electron acceptor and aerobic
condition with oxygen as an electron acceptor. It
s known that if nitrate or oxygen is introduced
in anaerobic condition, the P release is inhibited

so that P uptake 1s lowered in the following

aerobic."” This is why the UTC and VIP

) utilize extra denitrification

1
processes reactor,
reactor to recetve return sludge before it is
introduced to anaerobic reactor,

7 confirmed that phosphorus

Recent studies”
uptake and denitrification can take place in
anoxic conditions with presence of nitrate. DPB
may utilize PHB as a carbon source with nitrate
as an electron acceptor for the removal of
phosphorus and nitrogen. Kerrn-Jepersen, ‘et al.,”’
and Bortone, et al.,” also detected in their BNR
systems the presence of both denitrifying phos-
phorus accumulating organisms(DPAQO) and phos-
phorus accumulating organism(PAQO). Though,
most researches so far have focused on the
tuxury P uptake and denitrification in anoxic
condition, but still little is known about the
mechanism and conditions for simultaneous P
release/uptake  and  denitrification, and the

application to BNR process.

METHODOLOGY

Batch Type Experiment

A Dbatch-type experiment was undertaken to
test whether or not P release and luxury uptake
can take place simultaneously in anoxic condi-
tion. The influent was synthesized by adjusting a
real wastewater to a TCOD level of 700 mg/L

and SCOD level of 550 mg/L with glucose.
Soluble phosphate (S-P) and nitrate were also
added 1nto the real wastewater to the levels
aimed for each phase.

Phase 1 was set for 550 mg/L SCOD, 10
mg/L S-P and 23 wmg/L nitrate-nitrogen in
influent levels, and phase II had same SCOD
and S-P levels and 5 mg/L nitrate-nitrogen. Two
nitrate levels were tested to simulate anoxic and
anaerobic conditions. In phase Iil, influent COD
was down to 200 mg/L and nitrate-nitrogen level
was made 26 mg/L to examine N and P
behavior in low C/N ratio.

Organic and nitrogen loading were ranged
from 0.02-0.06 gCOD/gMLSS and 0.0006-0.003
gNO; -N/gMLSS, and an activated sludge from a
pilot-scale municipal wastewater treatment plant
was used for seeding material.

Continuous feeding experiment. Continuous
experiment was undertaken to find out optimum
nitrate loading for simultaneous P release/uptake
and denitrification under anoxic condition and to
examine the applicability of DPB to a BNR
process. Figure 1 shows the reactor configuration
of each process used in the continuous expe-
riment. Process A is the typical A,/O process
including anaerobic-anoxic-oxic reactor and used
to examine N and P behaviors in the anaerobic-
anoxic process. Process B and C consist of
anoxic-anaerobic-oxic and anoxic-oxic reactors
and were used to test N and P behavior in
anoxic and anoxic-anaerobic conditions, respec-
tively, Hydraulic retention  times (HRTs) for
each process are listed in Figure 1. The treatment
loading for individual process was 40L/day, and
sludge retention time (SRT) was set to 6 days.
Mixed liquor suspended solid (MLSS) concent-
ration of each process was controlled approxi-
mately 3,500 mg/L.

Table 1. Operating conditions and characterastics of influent for batch type experiment

Phase SCOD PO, -P NO;-N COD loading | NOs-N loading
(mg/L) (mg/L) (mg/L) . (gCOD/gMLSS) | (gNO3-N/gMLSS)
I 550 10 23 0.0652 0.0030
I 550 12 5 0.0621 0.00056
m 200 4 26 0.0226 0.0029

ENVIRONMENTAL ENGINEERING RESEARCH /VOL. 10, NO. §, 2005



Phosphorus Release and Uptake According to Nitrate Loading in Anoxic Reactor of BNR Process

259

Clarifier
Influent(Q) .
———p | Anaerobic Lyl  Anoxic gt Aerobic > —
(HRT 2hr) (HRT 2hn) (HRT 6hr) Effluent
RAS(0,70)
Process B
lNOJ—N
Clarifier
[nfluent(Q) X
Anoxic Anaerobic Aerobic —
> (HRT 2hr) > (HRT 2hr)*' (HRT 6hr) > Effluent
RAS (0.7Q)
Process C
lNOS-N
Influent(Q) ' Clarifier
Anoxic 5 Aerobic e ol
(HRT 4hr) (HRT 6hr) Effluent
RAS (0.7Q)
Figure 1. Schematic diagram of various BNR processes.
Table 2. Characteristics of influent for continuous feeding experiment
TCODecr SCODcr TKN NH,"-N T-P S-P COD/TKN COD/T-P
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) ratio ratio
700 480 55 37.4 12.68 7.3 8.72 37.85
Table 3. NO;-N Loading in anoxic basin of BNR processes at different phases
Phase I 11 [11 Y
NO:-N(mg/L.) in included NO;'-N
anoxic basin conc. in RAS 10 20 40
NOs3;-N Loading in
anoxic basin 0.02 0.065 0.13 0.19
(kgNO; -N/kg.MLSS - d)

Table 2 lists the influent composition and
Table 3
reactors of each process. At phase I, nitrate-N

shows nitrate-N loading in anoxic
was loaded only with the return sludge from the
second settling tank of municipal wastewater
I, III, iV,

concentrate KNO; solution was loaded by pump,

treatment plant. In phase and
thus to minimize phosphorus dilution effect in
anoxic reactor. The final nitrate-N concentration
in anoxic reactor ranged from 10 mg/L to 40

mg/L.

RESULT AND DISCUSSION

Batch Type Experiment

Figure 2 shows the changes of S-P and
nitrate concentrations by time courses. At phase
I with high organic and nitrate-N content, P
release occurred from activated sludge resulting
in 18 mg/L S-P concentration. As denitrification
proceeded nitrate-N  concentration began to
decrease and so did the P concentration. This

indicates that sequential P release and uptake,
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Figure 2. Time course of soluble phosphorus and
nitrate in batch test.

and denitrification were undertaken in anoxic
condition.

On the other hand, when influent nitrate
concentration was as low as 5 mgN/L, only P
release was observed but P uptake was not
detected. Likewise, in phase Il when influent
organic was low rather than nitrate, P uptake
was undertaken but not P release. As a result, it
is possible to obtain simultaneous P release “and
uptake, and denitrification under anoxic condi-
tions in biological nitrogen and phosphorus
removal process, and the most important factors
for the reaction appears as the organic and
nitrate concentrations in the influent.

Regarding the P release rate, 1t took 90

minutes for phase | case to release phosphorus
to 18 mg/L concentration, whereas it took only
30 minutes for phase II case for the same P
concentration released. In the phase I, reactions
of P release/uptake and denitrification were
undertaken simultaneously, but in phase II, only
P release and denitrification took place. This
may be explained by the possible competition
between the organisms related to phosphorus
release and denitrification process.

The experimental results from each phase are
applicable to the theories of biological phos-
phorus removal. In phase II where sufficient
organic was provided with no electron acceptor,
the organic loading was converted to acetate by
fermentation and the acetate was finally accu-
mulated as PHA in cells via acetyl CoA. The
energy for the conversion of acetate to acetyl
CoA was provided by ATP hydrolysis and
soluble phosphate was released as a result.

When acetyl CoA 1s converted to PHA, there
is no energy source required but reduction equi-
valent such as NADH: is used instead. NADH;
1s provided by acetyl CoA during the reactions
through TCA (tri carboxylic acid) cycle with
oxygen as an electron acceptor.g’w)

The theory can be applied to the phase I, that
was undertaken in anoxic conditions with high
organic load. The organic in the phase I case
functioned as extracellular carbon source to be
converted to acetyl CoA. The part of NADH;
from TCA cycle was used for PHB production,
and the other part used nitrate nitrogen as
electron acceptor to produce ATP, thus the extra
ATP production resulted in the decrease of
polyphosphate cleavage. This may explain that
why in phase I, denitrification increased but P
release decreased. In phase III, the lack of
organic source caused the utilization of PHA,
the internal carbon source to be consumed for
denitrification and ATP production.

As a result, theoretical biological metabolism
can properly explain the possibility for simul-
taneous reactions of denitrification and luxury P
uptake under anoxic condition.
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Continuous Feeding Experiment

Figure 3 describes P concentration changes in
the whole systems of each process based on the
various nitrate loading in anoxic basin. The
reason for low P release in the early exper-
mental period was that influent pH levels were
lowered to 5.5 from glucose degradation under
the room temperature. The pH levels were then
controlled to neutral range after providing
temperature control device.

In case of process A, that followed typical
A*/O process (AXO), influent S-P concentration
was 10 mg/L and the level increased to 40-
47mg/L. in anaerobic reactors of each phase as a
result of P release. P levels decreased slightly in
anoxic reactors to 36-40 mg/L, then luxury
uptake was followed in oxic reactors resulting
the final P concentration around 1 mg/L, regard-
less the nitrate loading.

In process B, P concentration In anoxic
reactor for phase I and II ranged 34-36 mg/L as
a result of P release, and the concentration
remained similar in anaerobic reactor. In the
oxic reactor, luxury P uptake removed most P
content in the liquid to less than 1 mg/L. The
result revealed the fact that simultaneous P
release and denitrification take place under
anoxic condition. When nitrate loading becomes
high however, such as in phase IIl and IV, S-P
concentrations in anoxic reactor were 24 mg/L
and 14 mg/L and in oxic reactor were 5 mg/L
and 12 mg/L. This indicated that process A with
AXO configuration performed better P removal
than process B, with XAO configuration.

Likely to process B, process C also showed
low P uptake in oxic reactor resulted from high
nitrate loading. It 1s thus resulted that with
sufficient carbon source and nitrate-nitrogen used
as an electron acceptor, simultaneous P release
and denitrification take place by DPB and this
may increase nitrogen removal rate in BNR
process. However it also affects P uptake in
oxic condition causing negative point of this
process.

Figure 4 compares the P release rates in the
anoxic reactors of process B and C, and the

Process A
70
& influent s-p - hase-| Phase- i '
60 " A Anaerobic S-—PIL ’ Fh&@é“‘” ﬁhase"‘w
— ‘0 Anoxic 5P . PO 0
= 50 .0 Aerobic S~P * & Adm[j &AAA &
o . A
£ 40 é%a% gﬁ M QJDB%EF fOfn |
= s o P
4] w ] Sk
£30 1 37 g 5 ]
o ﬂ 0
a 20 A A o a‘_“l. :
t
® 1 ﬂ%—wwﬁ-h_ﬂmﬁrﬁi
0 o0 T8y fsteaseet et
40 50 60 70
sze(Days)
Process B
60 “Minfluent S-P
e | O aoxes.p | Phase-| , Hhase-lli
4 Anaerobic S-P | 4 A Pha@ewll Phase—IV
- O Aerobic S-P | A A
"‘a 40 | A % g\h[:] % ﬁ[] O A
E & A “op @
G 30 | LYl a & AEIA 0o
S = O o
S 20 f%, A~ Oy
o N )
n‘.. a0 Opm %
\ 10 v ." ..S
0 o3¢3) Po @ |
0 10 20 30 40 50 60 70
Time(Days)
Process C
60 ——- e '
® Infivent 5-p  Phase—} J Phase—Ii
O Anoxic 8—P - 3
50 ! & aerobic 5-p o Phase-|l Phase—1V
- W oo
B 40 m] o U 0 5
E G [__rr] B 5 - 0o
) 30 M Hn e
c o £ b H
S 20 i ; 9 7| oc
o ; 5 = H 0
& | 21 Om |
10 Eggiqrghpp"-ﬁ' - qtﬂl
: m =
0 o o oD 5 °l

0 10 20 30 40 50 60 70
Time{(Days)

Figure 3. Variation of soluble phosphate concentration
in anaerobic, anoxic and oxic reactor of
BNR processes.

anaerobic reactor of process A, based on the
nitrate loading. Phosphorus release rate in the
process B and C followed similar trend with
process A within the less than 0.07 kgNO;-N/
kg-MLSS-d nitrate loading, but decreased to the
half level then stopped in the higher nitrate
load.

Figure 5 shows the P uptake rate in the oxic
reactors of process B and C, and in the anoxic
and oxic reactors of process A. The uptake rates
in the process B and C are higher than the
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Figure 4. .Phophorus release rate according to NO3'-N
loading at different BNR processes.
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Figure 5. Phophorus uptake rate according to NO;-N
loading at different BNR processes.

release rate in figure 4, resultmg tn a good P
removal performance. However in process A, the
P uptake rate in the anoxic condition appeared
as very low but high in the oxic reactor. It may
conclude that in BNR process with sufficient
organic support, P release can take place regard-
less to the configuration of reactors (either anoxic-
anaerobic, anaerobic-anoxic, or anoxic), but P
uptake occurs much faster and actively in the
oxic reactor coming after anaerobic reactor, not
anoxic reactor. As 1t was mentioned, in anoxic
conditions the competition between the orga-
nisms related to P release and to denitrification,
and the utilization of nitrate for ATP synthesis
resulted in the decrease of P uptake.

Figure 6 describes total-N removal rate for
each process. It appears that process B and C
performed better than process A. Soluble P
concentrations of effluent from each process are
plotted in Figure 7, showing denitrification and
P release may occur up to the 0.07 kgNOj-
N/kg-MLSS-d  nitrate  loading under anoxic
condition.
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Figure 6. T-N removal efficiency.
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Figure 7. Influent and final effluent phosphorus
concentration according to NO;-N loa-
ding at different BNR processes.

CONCLUSION

The conditions for simultaneous reactions of
phosphorus release and uptake, and denitrifica-
tion were found from the batch-type experiment,
that the organic and nitrate loading should be
kept as high as 0.0652 KgCOD/KgMLSS and
0.003 KgNO;-N/Kg-MLSS, respectively. Under
the anoxic condition, P release took place shar-
ply but the total amount of P released was less
than that in anaerobic condition. Luxury P
uptake was also relatively slow. In continuous-
type experiment, nitrate loading did not affect P
release and uptake in the anoxic reactor of AXO
process. However, in the XAO and AO pro-
cesses, nitrate loading higher than 0.07 kgNO;'-
N/kg-MLSS-d inhibited P uptake in oxic reactor
leaving increase in P release. Therefore it con-
cludes that in BNR process where carbon source
1s sufficient, P release may take place actively
disregarding the process configuration, but opti-
mum P uptake occurs where aerobic condition
follows anaerobic condition.
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