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HIGHLIGHTS

« Substantial phosphate (P) released in the 1-h static phase without stirring.

« Simultaneous nitrification-denitrification was found in aerobic stage of R1, R2.

« Rate of denitrification driven by glycogen was higher than endogenous decay rate.
« Denitrifying P removal was determined in post-anoxic stage of R2.

« Excellent nutrient removal could be achieved via static/aerobic/anoxic regime.
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An innovative static/oxic/anoxic (SOA) activated sludge process characterized by static phase as a substi-
tute for conventional anaerobic stage was developed to enhance biological nutrient removal (BNR) with
influent ammonia of 20 and 40 mg/L in R1 and R2 reactors, respectively. The results demonstrated that
static phase could function as conventional anaerobic stage. In R1 lower influent ammonia concentration
facilitated more polyphosphate accumulating organisms (PAOs) growth, but secondary phosphorus
release occurred due to NO, depletion during post-anoxic period. In R2, however, denitrifying phospho-
rus removal proceeded with sufficient NO, . Both R1 and R2 saw simultaneous nitrification-denitrifica-
tion. Glycogen was utilized to drive post-denitrification with denitrification rates in excess of typical
endogenous decay rates. The anoxic stirring duration could be shortened from 3 to 1.5 h to avoid second-
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Post-anoxic
Simultaneous nitrification—denitrification ary phosphorus release in R1 and little adverse impact was found on nutrients removal in R2.
Glycogen © 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrogen (N) and phosphorus (P) are two key elements acceler-
ating water eutrophication. Therefore both N and P removal is of
vital significance for water pollution control. Biological nutrient re-
moval (BNR) is considered to be the most economical and sustain-
able technique to meet increasingly rigorous discharge
requirements. Polyphosphate accumulating organisms (PAOs) are
enriched by recirculating the activated sludge through anaerobic
and anoxic/aerobic conditions. PAOs take up carbon sources, par-
ticularly volatile fatty acids (VFAs) anaerobically and store them
as poly-p-hydroxyalkanoates (PHA) via polyphosphate (poly-P)
hydrolysis and glycolysis (Carvalho et al., 2007). Subsequently,
PAOs oxidize PHA via the TCA cycle to provide energy for growth,
glycogen replenishment, P uptake, and poly-P storage (Smolders
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et al., 1995). Biological N removal is achieved through nitrification
and denitrification. In the nitrification process, ammonium is con-
verted to nitrite by ammonium oxidizing bacteria (AOB, nitrita-
tion) and nitrite is oxidized to nitrate by nitrite oxidizing
bacteria (NOB, nitritation). Denitrification is the process of nitrate
reduction into nitrite and then into molecular nitrogen, which is
performed by a functional group of heterotrophs that use oxidized
nitrogen as the electron acceptor in respiration (Zhou et al., 2011).

Generally, Anoxic stage is located upstream of the aerobic zone
in most BNR wastewater treatment plants (WWTPs), e.g., anaero-
bic/anoxic/oxic (A%/0) process. High mixed liquor recycle (MLR)
rates are required to bring nitrate and/or nitrite to the anoxic zone
since denitrification depends on aerobic ammonia oxidation. High
denitrification rates (DNRs) can be achieved with the pre-anoxic
regime given the supply of readily biodegradable carbon, which,
however, is accompanied with such disadvantages as higher en-
ergy costs from MLR flows (Coats et al., 2011), dissolved oxygen
(DO) return from the aerobic, and dilution of influent carbon
(Winkler et al., 2011).
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Post-anoxic denitrification, with anoxic zone located down-
stream of aerobic zone thus eliminating the MLR pumping, has
been one of the research hotspots recently. Post-anoxic sequencing
batch reactors (SBRs) employed by Coats et al. (2011) and Winkler
et al. (2011) and continuous post-anoxic membrane bio-reactors
(MBRs) operated by Bracklow et al. (2010) and Vocks et al.
(2005) exhibited excellent BNR performance. Furthermore, exter-
nal carbon source was not needed to add in these post-anoxic pro-
cesses, since post-anoxic denitrification could be driven by both
PHA and/or glycogen (Vocks et al., 2005). Such a configuration
would eliminate the need for external carbon augmentation and
also potentially improve overall total nitrogen removal (Coats
et al., 2011). Moreover, Xu et al. (2011) transferred part of the
anaerobic mixed liquor to the post-anoxic zone for providing car-
bon source thus enhancing denitrifying P removal, and N was re-
moved partially in the aerobic zone via simultaneous
nitrification—denitrification (SND). Although promising results
could be obtained in this modified post-anoxic configuration, the
additional underflow pumping required increased operational
costs.

Nitrate/nitrite existing in anaerobic phase could inhibit P re-
lease (Kuba et al., 1994). Free nitrous acid (FNA) generated from ni-
trite accumulated in aerobic phase could impair the metabolism of
PAOs, thus inhibiting aerobic P uptake (Pijuan et al., 2010; Saito
et al., 2004; Zhou et al., 2011). In addition, secondary P release
might occur in post-anoxic period due to nitrite/nitrate depletion
(Winkler et al., 2011). Hence, differing influent ammonia concen-
trations (transformed to different nitrite/nitrate contents) may
have impacts on P elimination efficiencies, which, nonetheless,
were hardly reported specifically in post-anoxic denitrification
researches.

According to enhanced biological phosphorus removal (EBPR)
theory, a conventional anaerobic phase was set in post-anoxic con-
figurations mentioned above to promote P release regardless of
sequencing or continuous reactors (Bracklow et al., 2010; Coats
et al., 2011; Vocks et al.,, 2005; Winkler et al,, 2011; Xu et al,,
2011). In this study, however, considerable P release was observed
in static phase. Compared to anaerobic phase, static phase means
the absence of stirring. Excess P uptake was detected in subsequent
aerobic phase, followed by which was anoxic phase. In this post-
anoxic phase denitrification was found without exogenous carbon
source addition.

Therefore, two static/oxic/anoxic (SOA) SBRs under different
influent ammonia loads were investigated. This work focused on
understanding of the potential BNR performance of the novel con-
figuration under different influent ammonia concentrations with
anaerobic stage replaced by static stage. The specific objectives
were to: (1) speculate microbial metabolic mechanism in static
phase, compared to traditional anaerobic phase; (2) evaluate P up-
take rate with inhibitory effect of FNA and simultaneous nitrifica-
tion-denitrification in aerobic phase; (3) confirm the internal
carbon source utilized to drive post-denitrification and internal
carbon availabilities associated with denitrification rate; (4) assess
the possible secondary P release or denitrifying P uptake due to dif-
ferent influent ammonia loadings and avoidance of secondary P
release.

2. Methods
2.1. Experimental setup

Activated sludge obtained from a wastewater treatment plant
in Changsha, which operates oxidation ditch process, was inocu-

lated into two SBRs, R1 and R2, each with a working volume of
1.8 L. Each 8-h cycle of both reactors consisted of 1 h static phase,

2.5 h aerobic phase, 3 h anoxic phase, 0.5 h settling/decanting, and
1 hidle. At the beginning of each cycle, 1.2 L wastewater was fed to
both reactors. SRT was maintained at 20 days by wasting 30 mL of
mixed liquor at the end of anoxic phase of each cycle in each reac-
tor. The pH was not controlled throughout the study. Synthetic
wastewater was fed from the bottom of the reactor in the first
8 min of the static period. During slowly addition, the wastewater
mixed with activated sludge. After addition, the activated sludge
would settle slowly without stirring. The aeration was supplied
at the bottom of the reactor by an air pump through diffusers,
and the concentration of dissolved oxygen (DO) was maintained
at 2-5 mg/L during aerobic stage. The anoxic mixing was accom-
plished by mechanical stirrers with stirring speed of 200 rpm. Both
the aeration and anoxic mixing were automated using digital
timers.

The reactors were started up as described above, and the two
systems were gradually stabilized after the acclimatization of
22 days. Then the investigations were conducted on the two reac-
tors over the steady-state periods.

2.2. Wastewater source and composition

Both reactors in the experiment were fed with synthetic waste-
water. The main influent contents of the two reactors were both
350 mg/L COD, 12 mg/L PO~ -P, 5 mg/L MgSO,, and 5 mg/L CaCl,
with the difference of 20 mg/L influent ammonia nitrogen (NH} -
N)in R1 and 40 mg/L NH;-N in R2. Additionally, the trace elements
were described in Wang et al. (2008).

2.3. Analytical methods

All samples were immediately filtered through a Whatmann
GF/C glass microfiber filter (1.2 um) to analyze NH;-N, nitrite
nitrogen (NO,-N), nitrate nitrogen (NO;-N), total nitrogen (TN),
soluble orthophosphate (SOP) and MLVSS according to standard
methods (APHA, 1998). TOC was determined by using a TOC ana-
lyzer (Shimadzu TOC-500, Japan). The determinations of poly-3-
hydroxybutyrate (PHB), poly-3-hydroxyvalerate (PHV), and poly-
3-hydroxy-2-methylvalerate (PH2MV) were indicated in Wang
et al. (2008), and the total PHA was calculated as the sum of mea-
sured PHB, PHV, and PH2MV. The examination of the presence of
intracellular poly-P granules was carried out with 4, 6-diamidi-
no-2-phenylindole (DAPI) according to the method described by
Liu et al. (2001), and examined using a two-photon laser confocal
microscope (FV1000). Poly-P granules are stained dark blue and
DNA of microbial cells are stained light blue.

3. Results and discussion
3.1. The microbial metabolic mechanism in static period

Generally, stirring for 1-2 h after wastewater addition is oper-
ated as conventional anaerobic zone, where poly-P is hydrolyzed
by PAOs and substantial SOP release into the system. However,
comparable SOP release was encountered in the static stages of
R1 and R2 (Fig. 1) with the release rates of 15.15 and 13.30 mg-
P/(g-VSS h), respectively. Montil et al. (2005) found that anaerobic
P release rates were 5-30 mg-P/(g-VSS h). P release rates in the sta-
tic periods of R1 and R2 were advantageous compared to the var-
iation ranges of that in conventional anaerobic zone. The results
indicated that PAOs could take up VFAs quickly without stirring
and exhibited a rapid P release, suggesting that static phase could
still facilitate the favorable proliferation of PAOs. Intracellular
poly-P was stained dark blue through DAPI staining. According to
poly-P staining, there were large proportions of cells stained dark
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Fig. 1. Variations of SOP, TOC, glycogen, PHA, NH; -N, NO, -N and NO; -N during a typical cycle in R1 (a, c¢) and R2 (b, d).

blue in activated sludge sampled at the end of aeration from R1
and R2 after DAPI staining, respectively, elucidating dominant
poly-P containing cells in both systems. As noted, more dark blue
area in poly-P staining of R1 was found than in R2, which sug-
gested more PAOs in R1 than in R2 to some degree, consistent with
higher P release rate in R1.

Similar to traditional anaerobic period, the static phase also wit-
nessed glycogen degradation and PHA synthesis with the P release
(Fig. 1). The stoichiometries among P release (P..), VFA uptake
(VFAyp), PHA syntheses (PHAgy,), glycogen degradation (Glygeg)
and the percentages of PHB, PHV and PH2MV in PHA reported by
other researchers and in the present static phase were compared
in Table 1. As described in Table 1, the stoichiometries calculated
in static phase were comparable to that reported in traditional
anaerobic phase, indicating that PAOs in static period exhibited
similar metabolism way performed in conventional anaerobic

stage and that static period functioned as anaerobic period. The ra-
tios of glycogen degraded in static phase for reducing power to
synthesized PHA were 0.46 and 0.58 C mmol per C mmol PHA in
R1 and R2, respectively. Arun et al. (1988) and Carvalho et al.
(2007) demonstrated that the ratio within or above a range of
0.28-0.36 would be indicated a successful enhanced biological
phosphorus removal (EBPR). Nonetheless, a relatively more PHV
accompanied with a bit PH2MV was determined in static stage
with acetate as sole carbon source. Propionyl-CoA (polymerized
with actetyl-CoA to yield PHV) could be synthesized via reductive
TCA cycle (dark dash lines in Fig. 2) + succinate-propionate path-
way (dark solid line in Fig. 2) by PAOs with acetate as carbon
source (Kortstee et al., 2000). Some PAOs rely more on glycogen
possibly, and reductive TCA cycle could consume excess reducing
equivalents (Oehmen et al., 2010). As shown (Table 1), when P,/
VFA,, was lower (0.15-0.45) and Glygeg/VFAyp (0.68-0.78) was
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Table 1
Comparisons of stoichiometries and percentages of PHB, PHV and PH2MV in PHA between the static period and conventional anaerobic period (acetate as carbon source)®.

Study Glygeg/VFAyp (mmol-C/mmol-C)  PHAgy,/VFAy, (mmol-C/mmol-C)  Pe/VFA,p, (mmol-P/mmol-C)  PHB (%) PHV (%) PH2MV (%)
R1 0.68 £0.08 1.22 £0.09 0.36 £ 0.06 728+239 255%1.75 1.7+0.74
R2 0.77 £ 0.06 1.14+£0.13 0.30+0.07 715263 275+184 1.2zx0.56
Pereira et al. (1996) 0.69 147 0.16 714 28.6 0
Winkler et al. (2011) 0.71 1.11 0.15 77.3 22.7 0
Liu et al. (1997) 0.78 1.47 0.45 75.8 20.0 <4.2
Yagci et al. (2003)" 051 1.20 091 38 7 5

Yagci et al. (2003)° 0.48 1.24 0.96 89 9 2
Smolders et al. (1994) 0.50 1.33 0.48~0.71 90 10 0
Lu et al. (2006) 0.46 1.26 0.62 94 6 0
Filipe et al. (2001) 0.53 1.30 0.57 88 12 0

@ Results of R1 and R2 are the averages and their standard deviations calculated from a long time operation.

b Operated with COD/TP ratio (mg-COD/mg-P) of 11.4.

¢ Operated with COD/TP ratio (mg-COD/mg-P) of 6.7.

( )
1
"\ Succinate-propionate
pathway(dark solid line):
Reductive TCA cycle(dark producing propionyl-CoA
dash line): consuming AN ol
reducing power > /7\'
\_ J

Fig. 2. The putative metabolic mechanism of PAOs in static phase.

higher, PHV/PHA was higher (20.0-28.6) (Liu et al., 1997; Pereira
et al., 1996; Winkler et al.,, 2011). However, when P, /VFA, was
higher (0.48-0.96) and Glygeg/VFAyp Was lower (0.46-0.53), PHV/
PHA was lower (6-12). Therefore, it could be speculated that dom-
inant PAOs in static phase relied more on glycolysis than on poly-P
hydrolysis for energy, thus producing excessive reducing power,
which, subsequently, was consumed to balance reductive poten-
tials through reductive TCA cycle, and then propionyl-CoA was
produced via succinate-propionate pathway. Contrasted to R2,
lower Glyqeg/VFA,p and higher Pro)/VFA,, suggested more PAOs in
R1, which was consistent with poly-P staining (more dark blue
area in the sample from R1 than R2 through poly-P staining),
resulting in relatively more poly-P hydrolysis than glycogen degra-
dation. Additionally, the reason for higher PHAgy,/VFA,p in R1 than
R2 might be that ordinary denitrifiers in R2 competed against PAOs
for VFAs to reduce the remaining nitrate in static phase from the
last cycle, leading to less carbon source available for PHA synthesis.
The higher SOP release rate of R1 than R2 might be attributed to
both more PAOs in R1 and inhibitory effect of remained nitrate
in R2. Kuba et al. (1994) reported that the existing nitrate could in-
hibit anaerobic P release and thus EBPR activity, which only oc-
curred after nitrate depletion (<1 mg/L). However, the inhibitory
effect of remaining nitrate was limited, since only a small residue
flowed into the next circulation.

3.2. Aerobic phosphorus uptake and simultaneous nitrification and
denitrification (SND)

As shown (Table 2), glycogen was replenished with oxidation of
PHA. The contents of glycogen regenerated and PHA oxidized were
much higher than that reported in Coats et al. (2011) due to higher
influent VFA loadings in R1 and R2. Conversely, lower glycogen
synthesis per C mmol PHA oxidized may suggest more PAOs in
the two reactors, resulting in more energy from PHA oxidation
used for P uptake and poly-P storage in addition to glycogen
replenishment. As noted, this ratio of R1 was lower than that of
R2, indicating more PAOs proliferating in R1, consistent with the
conclusions in static phase.

Aerobically, PAOs in R1, R2 took up SOP from wastewater rap-
idly, contributing to respective SOP of 0.72, 2.29 mg/L as aeration
ceased although the SOP in R1, R2 was 50.10, 44.95 mg/L respec-
tively when aeration was started up (Fig. 1). The SOP uptake rate
of R1 was superior to that of R2 (6.65 vs 5.67 mg-P/(g-VSS h)), sug-
gesting more dominant PAOs in R1 than R2. The reason for that
was inhibitory effect of FNA probably, considering that the only
discrepancy of test set between R1 and R2 lay in the difference
of influent ammonia loadings, which would yield different FNA
contents. FNA could impair ATP synthesis, enzyme expression
and restrain activities of enzymes via nitric oxide (NO), product
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Table 2

Aerobic metabolic transformation and internal carbon required and consumed for post-denitrification in one cycle®.

Study Aerobic period Post-noxic period
Glycogen PHA Glycogen NO, -N Glycogen Glycogen Glycogen Glycogen utilized/
synthesized oxidized synthesized/PHA reduced required utilized required/ NO, -N reduced
(mmol-C/g- (mmol-C/ oxidized (mmol-C/ (mg-N/g- (mmol-C/g- (mmol-C/g- glycogen (mmol-C/mg-N)
VSS) g-VSS) mmol-C) VSS) VSS) VSS) utilized (%)

R1 1.79£0.14 1.66 £ 0.10 1.08 + 0.06 1.85+£0.09 0.17 £0.01 0.92 +0.08 18.0+£0.93 0.50 £ 0.07

R2 1.89+0.17 1.61+£0.12 1.17 £0.09 3.10+0.14 0.26 + 0.02 0.85+0.07 30.3+1.42 0.27 £ 0.04

Winkler et al. (2011) - - - 0.32 0.03 0.17 17.0 0.54

Coats et al. (2011) 0.67 0.42 1.60 1.80 0.16 0.55 29.3 0.31

2 Data of R1 and R2 are the averages and corresponding standard deviations calculated from a long time monitoring.

of FNA reduction, thus affecting the metabolism of PAOs (Zhou
et al,, 2011). FNA could generate from nitrite accumulated in aero-
bic phase and would have inhibitory effect on aerobic P uptake of
PAOs (Pijuan et al., 2010; Saito et al., 2004). The FNA concentration
was calculated using the formula Sy_no, /(K x 10PH), with the K,
value determined using the formula K, = e(-23%%(T* 273)) for 3 given
temperature T (°C) (Anthonisen et al., 1976). The fluctuation of FNA
during the whole cycle in R1 and R2 was illustrated in Fig. 3. Saito
et al. (2004) concluded that 0.5 x 10~ mg-HNO,-N/L FNA could af-
fect aerobic P uptake of PAOs severely, and Pijuan et al. (2010)
found that 50% inhibition (ICso) of the activity would be imposed
on PAOs for aerobic P uptake when FNA reached 0.52 x 1073 mg-
HNO,-N/L. Fig. 3 shows that FNA fluctuated from 0.25 to
0.42 x 1073 mg-HNO,-N/L in the aerobic stage of R2 from 2nd h
to 3rd h while FNA varied from 0.03 to 0.16 x 10> mg-HNO,-N/L
in R1, which indicated that PAOs in R2 suffered more inhibitory ef-
fect from FNA due to higher influent ammonia concentration.
Ammonia was oxidized to nitrate and/or nitrite with the aera-
tion proceeding. As shown (Fig. 1), the amount of ammonia nitro-
gen reduced was much more than that of NO, (nitrite + nitrate)
produced, therefore simultaneous nitrification-denitrification
(SND) was considered. In aerobic period, ammonia nitrogen would
be mainly transformed to three forms: NO, N, via SND and assim-
ilated nitrogen (assimilated N), of which assimilated N was calcu-
lated according to cell formula (CsH;NO,), where N percentage is
accounted for 12% (Bruce and Perry, 2001). The sludge discharged
was equivalent to the regenerated biomass in each cycle since the
whole biomass in both systems maintained balanced, and the
assimilated N in each cycle could be calculated in accordance with
the discharged mixed liquor (30 mL), MLVSS and N percentage in
cell formula. N, formed through simultaneous nitrification and
denitrification was obtained by taking into account deduction of
NO, formed and assimilated N from ammonia nitrogen reduced.
As summarized in Table 3, N removal through SND was 2.05 and
4.91 mg/L in R1, R2, corresponding to 14.7% and 17.8% TN removal,
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Fig. 3. Variation of FNA during the whole cycle of R1, R2.

respectively. The simultaneous nitrification-denitrification rates
(SNDRs) were respective 0.27, 0.65 mg-N/(g-VSS h) in R1, R2. The
diffusional limitation of oxygen in the sludge floc may explain
the SND. Satoh et al. (2003) found that nitrification and denitrifica-
tion could occur in different floc zones synchronously. Possibly
there existed aerobic denitrifying bacteria. Noted that the concen-
trations of nitrite in both R1 and R2 reached maximum in the mid-
dle stages of aeration, which is consistent with that reported by
Winkler et al. (2011). It was difficult to explicate that nitrite was
further oxidized to nitrate or directly reduced to N, or both, which
was a complicated process involved with ammonia oxidation bac-
terias (AOBs), nitrite oxidation bacterias (NOBs) and denitrifiers.
AOBs and NOBs are primarily selected by concentrations of oxygen,
ammonia, and nitrite, respectively, but factors affecting competi-
tions of such interspecies as Nitrosomonas oligotropha and Nitroso-
spira are not clear (Nielsen et al., 2010).

3.3. Post-anoxic denitrification in two reactors

Fig. 1 shows that the concentrations of glycogen declined as the
NO, concentrations decreased and that post-anoxic denitrification
slowed down with the consumption of glycogen during anoxic per-
iod. Especially in the bottom half of the anoxic stirring, NO, reduc-
tion was hardly driven with the balance of glycogen contents.
Moreover, PHA stored in static phase was nearly balanced after
2.5h aeration. Therefore, it could be proposed that glycogen,
regenerated in aerobic phase, was later consumed for denitrifica-
tion, consistent with that reported by Coats et al. (2011) and Win-
kler et al. (2011). In order to assess the availabilities of glycogen for
post-denitrification, the utilization of glycogen for NO, reduction
was summarized in Table 2. 2.86 mg-COD/mg-NO5-N and no cells
growth was assumed according to Winkler et al. (2011), and
1.14 mg-COD/mg-NO, -N was calculated. As described in Table 2,
compared to glycogen required for NO, reduction, less than half
of glycogen was consumed to drive denitrification. The comparable
NO, was reduced in R1 and Coats et al. (2011) but the glycogen uti-
lized in Coats et al. (2011) was nearly half that in R1. Note that the
higher ratio of glycogen to NO, -N reduced, the less percentage of
glycogen actually used for denitrification, since additional glycoly-
sis was needed for energy to maintain and survive. Theoretically,
denitrification was employed for energy supply. Lower NO, reduc-
tion per g VSS provided insufficient energy, therefore more extra
glycogen hydrolysis would be needed for survival and then lower
percentage of glycogen for denitrification was calculated, which,
however, could not explain the comparable percentage of glycogen
for denitrification with 1.85 mg-NO, -N/g-VSS reduction in R1
compared to 0.32 mg-NO, -N/g-VSS quoted from Winkler et al.
(2011), suggesting that denitrification was driven by complicated
consortia with various denitrification capabilities under different
environmental conditions, thus leading to distinctive results.

As shown (Table 4), the denitrification rates of R1, R2 were 0.92,
0.98 mg-N/(g-VSS h) (corrected to 20 °C, DNRyg) respectively in
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Table 3
Simultaneous nitrification and denitrification in aerobic phase®

Reactor MLVSS (mg/L) Nitrogen distribution (mg/L) SNDR (mg-N/(g-VSS h)) SND/TN (%)
Oxidized NHj -N Formed NO, -N Assimilated N SND
R1 2970+29 13.47 £ 1.04 5.50+0.63 5.94 +0.06 2.05+0.36 0.27 £ 0.05 14.7 £0.71
R2 3007 +23 26.83 +1.55 15.96 +1.27 6.01 £ 0.05 491 +0.58 0.65 £ 0.08 17.8+0.87
4 Mean values of R1 and R2 are presented with standard deviations calculated from a long time monitoring.
Table 4
P uptake (release) rates and denitrification rates in anoxic stages of R1 and R2?.
Reactor Effluent SOP (mg/L) SOP uptake (release) rate (mg-P/(g-VSS h)) Effluent nitrogen (mg/L) Post-DNR(mg-N/(g-VSS h))
NHj-N NO, -N NO5-N T (°C) DNR DNRyg
R1 3.98+0.63 (0.62 £0.05) 0.57 £ 0.04 0 0 24.5+0.6 1.03 £0.08 0.92 +0.06
R2 0.91 £ 0.06 0.18 £0.02 0.58 £ 0.07 0 6.03 £0.79 24.5 +0.6 1.10+0.10 0.98 £ 0.07

@ Results reported are the averages and corresponding standard deviations calculated from a long time monitoring.

excess of typical endogenous decay rates (0.2-0.6 mg-N/(g-VSS h)
reported by Kujawa and Klapwijk, 1999). Post-denitrification rates
reported by other researchers were 0.31-0.95 (Winkler et al., 2011)
and 0.67-0.88 mg-N/(g-VSS h) (Coats et al., 2011) (both corrected
to 20 °C), both of which were lower than that in the present exper-
iments. The reason might be more VFA taken up for PHA synthesis
and thus more glycogen regenerated in aerobic periods of R1 and
R2 (Table 2). The DNR of 2.2 mg-N/(g-VSS h) was found in the
post-anoxic reactors (Vocks et al., 2005), where influent COD was
up to 834 mg/L, much higher than in our reactors. Glycogen, driver
of denitrification, was not depleted post-anoxically and remained
steady before anoxic stirring ceased despite of remaining nitrate
in R2, leading to halt of denitrification, which suggested that the
anoxic phase was seemingly too long due to that glycogen in the
bottom half of anoxic phase became nearly stable and denitrifica-
tion tended to halt. This phenomenon may be attributed to the
consortia’s inability to completely utilize glycogen reserves. Lopez
et al. (2006) and Lu et al. (2007) collectively observed that full
depletion of glycogen did not occur even during starvation tests
that lasted days. However, the very incomplete utilization of glyco-
gen pools in anoxic period guaranteed sufficient glycolysis in static
phase of next cycle for reducing equivalents or EBPR performance
would deteriorate.

Denitrification is generally considered a 4-step process
(NO; —» NO; — NO — N,0 — Ny). Reduction from nitrate to nitrite
and reduction from nitrite to N, are often discussed in terms of
denitrifying capabilities of denitrifiers. The denitrifiers in the EBPR
plants belong to Betaproteobacteria and Gammaproteobacteria in
the genera Thauera, Azoarcus, Zoogloea, Curvibacter, Accumulib-
acter and Competibacter, etc. (Nielsen et al., 2010), and different
denitrifiers possessed different denitrifying capabilities. Type I
Accumulibacter was capable of nitrite and nitrate reduction, but
type Il Accumulibacter was only able to reduce nitrite (Oehmen
et al., 2010). Regarding to GAOs, Kong et al. (2006) and Burow
et al. (2007) concluded that Competibacter sub-group 6 was capa-
ble of nitrate and nitrite reduction, while sub-groups 1, 4 and 5
were able to reduce nitrate only and Competibacter sub-groups 3
and 7 as well as Defluviicoccus Cluster I were unable to denitrify.
Additionally, reduction abilities of these microorganisms were im-
pacted by such environmental conditions as temperature, pH, car-
bon source, etc. Therefore, the evolution of nitrite was influenced
by complex factors. Nitrite was firstly increased and subsequently
declined in anoxic phase (Carvalho et al., 2007; Winkler et al.,
2011). However, continuous decline of nitrite was found in anoxic
period of R2, which suggested that the first-step reduction rate was
lower than that of the second step but which specific microorgan-
isms involved in the first or/and second step required further iden-

tification. Denitrifying PAOs was responsible for partial NO, reduc-
tion in R2 because NO, was reduced with P uptake. In anoxic stage
of R1, however, post-denitrification was detected without P elimi-
lation, consistent with the phenomena reported by Vocks et al.
(2005), who supposed that the denitrification could not be linked
directly to denitrifying PAOs and another species of bacteria was
responsible for the observed phenomena, and this species could
possibly be part of the PAO-group. Additionally, some sub-groups
of Competibacter could participate in NO, reduction of R1 and R2
(Burow et al., 2007; Kong et al., 2006).

3.4. Secondary P release and denitrifying P uptake

In the present research secondary P release was determined in
R1 due to the depletion of NO, before anoxic stirring ceased,
resulting in 3.98 mg/L effluent SOP and 67.6% removal rate despite
the SOP as low as 0.72 mg/L at the end of aeration. In R2, however,
P uptake was encountered in anoxic period when NO, was gradu-
ally reduced during the whole anoxic period, decreasing SOP from
2.29 mg/L at the beginning of stirring to 0.91 mg/L of SOP in the
effluent, i.e. simultaneous N and P removal in anoxic phase. It is
speculated that SOP was assimilated by the DNPAOs using NO,
as the electron acceptor, and denitrifying phosphorous removal oc-
curred in the anoxic zone (Xu et al., 2011). Secondary P release oc-
curred due to NO, depletion in anoxic phase of R1 with the release
rate of 0.62 mg-P/(g-VSS h) (Table 4), which was significantly low-
er than that in other reports (2-5 mg-P/(g-VSS h)) (Oehmen et al.,
2005; Smolders et al., 1995; Wentzel et al., 1989). The reason was
probably that PAOs also relied on glycolysis except poly-P hydroly-
sis for energy without external carbon source addition in anoxic
phase because glycogen declined slightly anoxically with the sec-
ondary P release in R1 (Fig. 1), although substantial poly-P stained
by DAPI could be available. The denitrifying P removal rate was
0.18 mg-P/(g-VSS h), substantial lower than that reported by Carv-
alho et al. (2007) (8.37 mg-P/(g-VSS h)). This discrepancy could not
be solely attributed to the small amount of SOP entering the anoxic
period adversely influencing denitrifying P uptake, because the
location of anoxic stage was different. The higher denitrifying P up-
take rates mentioned above were achieved through pre-anoxic
stirring but the experiments herein were post-anoxic. One of
advantages of the former was that the sufficient PHA with high
reductive potential synthesized in anaerobic phase could be uti-
lized as electronic donator to drive denitrifying P elimination di-
rectly. Nonetheless, relatively less internal carbon source was
remained available in post-anoxic phase for denitrification since
PHA in aerobic phase was used for P uptake, microorganism
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Fig. 4. Biological nutrients removal during stage 1, 2 of the two reactors.

growth and then glycogen replenishment. The contents of PHA
leveled off in anoxic period of R1 and R2, suggesting PHA did not
participate in post-denitrification. Thus smaller amounts of glyco-
gen replenished aerobically were involved in post-denitrification.
Therefore, denitrifying P uptake was driven slowly and incom-
pletely. Especially when glycogen inclined to stable after 1.5 h stir-
ring, denitrifying P removal ceased, consistent with NO, reduction
performance with the same reason. As noted, the corresponding
pre-denitrification rate measured by Carvalho et al. (2007) above
was 6.3 mg-N/(g-VSS h), much higher over that in this post-anoxic
configuration. Regardless, the post-denitrification rates were en-
ough to reduce NO, to meet discharge requirements. Therefore,
post-anoxic denitrification was advantageous over pre-anoxic
denitrification because mixed liquor recycle was eliminated in
the former format.

3.5. BNR performance of two reactors with shortened anoxic phase

Since secondary P release was attributed to NO, depletion,
could secondary P release be avoided if stopping anoxic stirring be-
fore NO, was completely reduced in R1? Actually, the concentra-
tions of TN, SOP were both very low with 1.5 h anoxic stirring in
R2, and glycogen pools in the bottom half of anoxic stirring tended
to steady, contributing to little P and N elimination. Therefore,
duration of anoxic period of the two reactors was shortened to
1.5 h, but the static and aerobic periods were still conducted for
1 and 2.5 h, respectively. The two reactors was both operated for
another 100 days (i.e. 121-220 days, equivalent to 5 SRTs), named
as stage 2, and the initial run (1-120 days) was stage 1. The nutri-
ents removal performances of the two reactors during stage 1 and
2 were described in Fig. 4.

As shown (Fig. 4), in stage 2 both reactors obtained excellent P
and N removal efficiencies. The SOP effluent in R1 was as low as
0.72 mg/L, which suggested that secondary P release could be
avoided until the remained nitrate was 0.92 mg/L at the end of stir-
ring. The SOP effluent in R2 was 0.96 mg/L, comparable to 0.91 mg/
L in stage 1 of R2 due to the nearly half of denitrifying P uptake in
the bottom half of anoxic period. The effluent TN of R2 in stage 2
was 7.81 mg|/L, a little higher than that in stage 1 (6.61 mg/L), cor-
responding to 80.7% TN removal rate. The results indicated that
1.5 h stirring was suitable for P and N removal performance. Actu-
ally, 3 h anoxic phase was operated for better insight into effects of
influent ammonia loads on P removal and further interrogation of
evolutions of internal carbon sources (i.e. PHA and glycogen) driv-
ing denitrification and denitrifying P uptake in post-anoxic period.

4. Conclusion

The investigation focused on understanding of a novel post-an-
oxic BNR process. Excellent nutrient removal could be achieved in
this configuration. P release in static phase, aerobic P uptake, sec-
ondary P release or denitrifying P uptake in anoxic phase were im-
pacted by influent ammonia loadings. SND was found in R1, R2.
Post-denitrification was driven by glycogen, and denitrifying P up-
take was found in R2. Anoxic duration was shortened from 3 to
1.5 h because secondary P release occurred due to NO, depletion
in R1 and denitrification nearly ceased in the bottom half of anoxic
stirring in R2.
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