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• Conflict resolution of simultaneous 
sludge production with enhanced P- 
uptake. 

• A2/O and OSA process integration for 
nutrient removal and sludge reduction. 

• Novel configuration resulted in 25% less 
Sludge and 3.46 times P-enrichment.  
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A B S T R A C T   

The pinnacle of all the efforts of nutrient removal is practically put-down the moment biological cells are lysed, 
hydrolyzed or digested causing subsequent reappearance of assimilated nitrogen and phosphorus in any bio-
logical process. While sludge reduction requires high SRT, the enhanced phosphorus assimilative uptake de-
mands low SRT. A novel reactor configuration for enhanced sludge and phosphorus removal was put to test by 
incorporating a side stream anaerobic reactor to an Anaerobic-Anoxic-Aerobic (A2O) SBR with a pre-anoxic 
chamber and an influent receiving inlet anaerobic reactor. The reactor was operated at the average and 
lowest range of prevailing carbon/phosphorus (C/P) ratio of 50 and 15 in the sewage. The phosphorus enrich-
ment was 0.0469–0.135 mgTP/mgVSS resulting in 1.76–5.05-fold increase from cellular content by virtue of 
maintaining sludge recycle from SBR aeration tank to side stream anaerobic reactor from 3.78 to 9.78 (average 
4.4–8.2) gVSS/gVSS present in the reactor. However, the sludge was also reduced from 3% to 51% on an average 
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basis during the same recirculation regime. This novel configuration consists of an inlet anaerobic reactor, one 
pre-anoxic chamber and one intermittent oxic anoxic reaction SBR and a side stream anaerobic reactor. The first 
anaerobic reactor at inlet followed by pre-anoxic chamber was provided for increased ortho-p released and 
nitrification respectively and a side stream anaerobic reactor for sludge reduction through sludge fasting 
mechanism. The EBPR and lesser sludge growth were two conflicting parameters reconciled to the extent that if 
sludge recycled up to 6.41 gVSS/gVSS the sludge growth would be reduced by 25% and phosphorus enrichment 
could be attained up to 3.46 times the stoichiometric value. Any further recirculation would reduce the sludge 
further but at the expense of enhanced phosphorus uptake as released phosphorus from side stream anaerobic 
reactor also recycled back to main SBR causing looping and at more than 6.41gVSSrecycled/gVSS it nullified the 
enhanced effect.   

1. Introduction 

Phosphorous is the major nutrient contributing to the increased 
eutrophication of lakes and streams. The assimilative phosphorous 
removal through increased sludge production is the sustainable process 
of phosphorous removal. Together with the concern towards phos-
phorus, sludge generation is one of the major challenges of wastewater 
management (Khursheed and Kazmi, 2011). The efforts of nutrient 
removal are practically put-down the moment biological cells are lysed, 
hydrolyzed or digested during sludge reduction within the reactor; 
causing reappearance of assimilated nitrogen and phosphorus as 
mentioned above. Therefore, the phenomenon of in-place sludge 
reduction along with assimilative phosphorus removal is contradictory. 
High SRT required for carbonaceous oxidation, ammonia oxidation and 
sludge reduction, while low SRT for enhanced phosphorus assimilative 
uptake (Ge et al., 2015; Li et al., 2016; Wang and Zhen, 2019). 

Further, there is requirement of carbon source for denitrification 
from the same pool; while PAOs and aerobic heterotrophs also compete 
for same substrate in order to produce PHA/PHB in enhanced phosphate 
uptake and aerobic oxidation. Therefore, emphasis on in-place sludge 
reduction creates a unique or rather conflicting situation in simulta-
neous removal of organics, nitrogen, phosphorus, and biomass. None-
theless, simultaneous removal of organics, nitrogen, and phosphorus 
depends on extent of reconciliation of above-mentioned conflicts. 

In the Anaerobic-Anoxic-Aerobic (A2O) process the MLSS during 
aeration is recycled into the anoxic reactor, causing minimal amount of 
nitrate fed to the inlet anaerobic reactor. It eliminates any chance of the 
oxidation of generated VFA by denitrifiers and competes with PAOs 
(Henze, 2008). The University of Cape Town (UCT) process and its 
modified form has a common inlet anaerobic reactor and the entering 
substrate interferes with the absolute fasting conditions. The Phostrip 

process consists of a side stream anaerobic rector where phosphorus is 
released in solution and recovered through chemical precipitation 
(Metcalf and Eddy, 2003). The oxic settling anaerobic (OSA) process is 
similar as in the form of cyclic anaerobic treatment given to the acti-
vated sludge in a side stream anaerobic reactor, however the settled 
sludge from this anaerobic reactor is returned to pre-anoxic chamber for 
uncoupling of metabolism resulting in less sludge growth (Chudoba 
et al., 1992a, 1992b). 

Therefore, the present reactor arrangement consisting of incorpora-
tion of OSA to A2/O process creates a new configuration “Reactor for 
Enhanced Sludge and Phosphorus Removal”; which is tested to find 
the extent to resolve the conflict of “Simultaneous in-place sludge 
reduction with EBPR”. 

The synthesized biomass normally contains 2–3% phosphorus (by its 
dry weight). However, in case of enhanced biological phosphate 
removal (EBPR) it could be 2 to 5 times over the normal assimilation 
(Seviour et al., 2003; Oehmen et al., 2007). EBPR is achieved through 
the growth of phosphorus accumulating organisms (PAO). Since, phos-
phate can only be taken by microbes in ortho form therefore incorpo-
ration of anaerobic treatment is essential within the aerobic treatment 
sequence. Moreover, conversion of substrate to volatile fatty acids (VFA) 
is also essential for storage of Poly-β-Hydroxy Alkenoate (PHA) products 
including polyhydroxy butyrate (PHB) and polyhydroxy valerate (PHV) 
(Oehmen et al., 2007). The anaerobic–anoxic phosphorus removal 
phenotype termed as denitrifying phosphate accumulating organisms 
(DPAOs) is another microorganism mediated form of EBPR which 
consume less oxygen and produce less sludge (Kim et al., 2013). As re-
ported approximately 6–9 mg of readily biodegradable COD (rbCOD) 
preferably in the form of volatile fatty acids (VFAs), is required for 
biological removal of 1 mg of phosphorus (Mulkerrins et al., 2004). 
Municipal wastewaters are seldom contained with required amount of 
rbCOD in the form of VFAs. Due to increasing cost of chemicals, their 
supplementation is uneconomical and the focus has now been shifted to 

Abbreviations1 

A2/O Anaerobic-anoxic-aerobic1 

ATP Adenosine triphosphate 
bCOD Biodegradable Chemical Oxygen Demand 
BOD Biochemical Oxygen Demand 
CAS Conventional Activated Sludge 
C/N Carbon/Nitrogen 
C/P Carbon/Phosphorus 
COD Chemical Oxygen Demand 
DPAO Denitrifying Phosphate Accumulating Organisms 
EBPR Enhanced Biological Phosphate Removal 
GAO Glycogen-Accumulating Organisms 
HRT Hydraulic Retention Time 
MBR Membrane Bioreactor 
MLSS Mixed Liquor Suspended Solids 
MLVSS Mixed Liquor Volatile Suspended Solids 

ORP Oxidation-Reduction Potential 
OSA Oxi-Settling Anaerobic 
OUR Oxygen Uptake Rate 
PAO Phosphate Accumulating Organisms 
PHA Polyhydroxy Alkenoate 
PHB Polyhydroxy butyrate 
rbCOD Readily Biodegradable COD 
SBR Sequential Batch Reactor 
SOUR Specific Oxygen Uptake Rate 
Sp. SUR Specific Substrate Utilization Rate 
SRT Solid Retention Time 
TN Total Nitrogen 
TP Total Phosphorus 
TSS Total Suspended Solids 
UCT University of Cape Town 
VFA Volatile Fatty Acid 
VSS Volatile Suspended Solids  
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on-site VFA production through waste activated sludges (WAS) acido-
genic fermentation (Zhang et al., 2013, Gao et al., 2011). The production 
of VFAs and soluble COD (sCOD) under alkaline conditions was signif-
icantly higher than those at other pH values. Under anaerobic conditions 
bacteria release phosphate and synthesize PHB by using carbonaceous 
compounds; COD removal, nitrification, and phosphate uptake take 
place in the aerobic step (Seviour et al., 2003) and denitrification occurs 
under anoxic conditions (Metcalf and Eddy, 2003). 

Oxic settling anaerobic (OSA) is the cyclic treatment of anaerobic 
followed by aerobic process which ensures minimum sludge generation/ 
reduction through biological uncoupling of metabolism by virtue of 
reduced anabolism and enhanced catabolism. The (Chen et al., 2003; 
Chen et al. 2001a; Chen et al. 2001b; Chudoba et al., 1992a, 1992b; Guo, 
et al.2020; Semblante et al., 2016). The uncoupling results in restricted 
ATP formation consequently reduced biomass growth, during simulta-
neous substrate oxidation (Guo, et al. 2020). The bacterial growth de-
pends on availability of energy after its utilization for different 
requirement of a living cell including cell maintenance. The high SRT 
causing long sludge age primarily results in more energy consumption 
for maintenance, which leaves less energy for cell synthesis (Semblante 
et al., 2014; Khursheed et al., 2017). The process of sludge reduction 
during OSA are explained by three prominent approaches for secondary 
maintenance; as proposed by Chudoba (Chudoba et al., 1992a, 1992b; 
Wentzel et al., 2000); another by Chen (Chen et al. 2001a, 2003, 2001b) 
and third by Khursheed et al. (2015) on the basis of SOUR gradient 
between fasting and feasting conditions. The Chudoba reported about 
38%–54% less sludge on the basis of uncoupling as described above 
(Chudoba et al., 1992a, 1992b) consists of an anaerobic reactor in the 
return sludge line of a CAS reactor. Chen et al. (2003) cited low ORP of 
− 250 mV in the anaerobic reactor and consequently lower biomass 
respiratory activity as the reason of sludge reduction to 36% during the 
process of sludge fasting/feasting in comparison to 58% at +100 mV 
ORP in the CAS process. The lysis cryptic growth due to increase in 
soluble COD in the anaerobic reactor caused low sludge yield in the OSA 
process (Saby et al., 2003). Khursheed et al. (2015) further substantiated 
the phenomenon of reduced excess sludge production in OSA process 
from 3% to 51% (average = 14.6–39.8%), due to SOUR gradient created 
between fasting and feasting conditions due to increased energy uptake 
during prolonged fasting. 

2. Material and methods 

The new laboratory scale configuration consisted of three chambered 
sequencing batch reactor (SBR) namely; aeration tank of 8 L effective 
volume, 3.68 L (volume Vn) anaerobic digestion chamber at the inlet, 2 
L pre-denitrification anoxic chamber divided equally by a baffle and a 2 
L side stream anaerobic reactor. The overall size of the reactor was 410 
× 245 × 262 mm excluding side stream anaerobic reactor. Four cycles of 
6-h duration were maintained per day in order to attain 1 day HRT. The 
experimental set up, cycle time details and sludge recirculation 
arrangement are shown in Figs. 1 and 2. Fig. 1 (a) shows SBR reaction 
cycle and Fig. 1 (b) shows both MLSS recirculation (Qr) to anoxic 
chamber and settled sludge recirculation to side stream anaerobic 
reactor, Fig. 2 (a) and (b) comprised of schematic diagram of reactor and 
its labeled picture respectively. 

In order to investigate concurrent enhanced biological phosphate 
removal and reduced sludge production by a novel reactor configura-
tion, the settled SBR sludge was recycled (Qrs) to a side stream anaerobic 
reactor at the rate of 0.25, 0.5, 0.75 and 1.0 L/cycle for 0.5 h/cycle after 
end of decantation resulted in 1, 2, 3 and 4 L MLSS/d flow rate as given 
in Table 1 (Figs. 1 and 2). The synthetic wastewater was used as given by 
Khursheed et al. (2015) by maintaining C/N ratio from 6.9 to 8.4 (7.54 
± 0.23), rbCOD/sbCOD ratio from 0.209 to 0.259 (0.248 ± 0.008) and 

C/P from 38.8 to 58.2 (46.4 ± 4.23) including orthP/TP ratio of 
0.22–0.3. The C/P ratio was maintained at higher value of 18.2–20.2 
(19.12 ± 0.62) in the last stage of the study by enhancing the orthP/TP 
ratio of 0.88. The MLSS recirculation to anoxic chamber at the ratio of 
(Qr/Q) of 4 was also maintained during aeration in order to achieve 
optimum nitrogen removal through denitrification in pre-anoxic 
chamber as per the findings of Khursheed et al. (2018). The entry of 
Qr to anoxic chamber prevents the detrimental effect of nitrate/nitrite 
(as other electron acceptor) in anaerobic reactor (Reddy, 1998). The 
reactor was operated in 5-stages with respect to sludge recycle to side 
stream anaerobic reactor and the feed characteristics as mentioned in 
Table 1. The influent (Q) was received in the anaerobic chamber then to 
the main SBR via anoxic chamber. The recycled settled sludge (Qrs) from 
SBR to a 2 L side stream anaerobic reactor (Qrs) also re-joined SBR via 
anoxic chamber. 

The sludge was wasted daily from the reactor at varying rate (Vwn). 
All chemical investigations were done according to Standard Methods 
(APHA, 2005). For the determination of readily biodegradable COD, the 
method modified by Wentzel et al. (2000) was used. The Stoichiometric 
TP cellular uptake was calculated as 0.0267 times the sludge (VSS) 
growth in the reactor. The resulting enhanced TP content was calculated 
as ratio of TP uptake/sludge growth while increase in TP content was 
sludge phosphorus enrichment against stoichiometric value. 

Khursheed et al. (2015) described in detail the mechanism of excess 
sludge reduction by maintaining fasting/feasting condition to the 
exposed biomass through alternate oxic and anaerobic cycles for the 
OSA process in the side stream anaerobic reactor coupled SBR. The mass 
of settled sludge (Xs, settled sludge active VSS concentration) was 
recirculated to the side stream anaerobic reactor (Qr) was Qrs Xs mg 
VSS/d out of the mass of total sludge (VX) in mgVSS present in aeration 
tank. This resulted in recirculation rate ((Qrs Xs)/(V X)) of settled sludge 
from aeration tank to anaerobic side stream reactor in mgVSS/mgVSS.d. 
However, the recirculation ratio (Rs) of settled sludge to total sludge 
from aeration tank to side stream anaerobic rector was (Qrs Xs)/(V X) 
(HRTn) in mgVSS/mgVSS. Since, HRTn is (Vn)/Qrs, the resulting Rs was 
(Vn Xs)/(V X). The Rs value expresses the mass of the main SBR sludge 
subjected to anaerobic fasting, in order to fulfill the main requirement of 
OSA process consequently the new rector configuration. Where, Xs and 
Qrs were settled sludge VSS (active) conc. and recirculation rate to side 
stream anaerobic reactor in L/d. V and X were aeration tank volume and 
MLVSS (active) concentration. Vn and HRTn were volume and HRT of 
side stream anaerobic reactor. 

3. Results and discussion 

3.1. Enhanced biological phosphorus removal (EBPR) 

The EBPR in SBR with OSA depends on mass of VSS fermented in 
inlet anaerobic reactor and the HRT or SRT of the VSS in the reactor, 
since the fermentation of active sludge depends on these two main 
factors apart from many others. The key to EBPR is growth of PAOs 
which are normally present in mixed culture. Since, phosphate can only 
be taken by microbes in ortho form therefore anaerobic treatment is 
essential for it; moreover, conversion of substrate to VFA is also essential 
for storage of PHA products. The VFA thus produced in the anaerobic 
reactor expectedly facilitated EBPR during this phase of study. The pa-
rameters under discussion were TP, Ortho-P and Poly-P in influent, 
effluent and during different conditions namely; aerobic, anoxic and 
anaerobic wherever required. Consequent upon the reactor operation 
under the influence of sludge recirculation (Qrs), the phosphate removal 
during the study period are shown in Table 2 and Fig. 3 (a), which shows 
temporal variations in influent effluent values during the study and 
Fig. 3 (b) shows TP uptake and sludge recycle at different C/P values 
during the study period. 

It was observed that in each stage the reactor took time to reach a 
steady state with respect to TP removal. Particularly during stage 1 this 1 Only frequently used. 
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Fig. 1. (a) Reaction cycle showing durations of filling of SBR through inlet anaerobic reactor followed by pre-anoxic chamber, then alternate aerobic and anoxic 
operation of SBR and (b) Scheme of sludge recirculation (Qr) to pre-anoxic chamber during SBR operation and settled sludge recirculation through side stream 
anaerobic reactor to pre-anoxic chamber for OSA operation. 
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Fig. 2. (a) Schematic diagram of SBR with inlet anaerobic reactor, pre-anoxic chamber and side stream anaerobic reactors and (b) Picture of experimental set up.  
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time was more than 20 days. The phosphate removal is always inde-
pendent of its initial concentration rather it depends on the growth of 
biomass in assimilative form and to a little extent it also removed 
through precipitation (Khursheed et al., 2022). Therefore, instead of its 
percent removal the actual TP uptake in to the sludge is considered more 
appropriate parameter of performance evaluation. Fig. 3 (b) shows TP 
uptake at each C/P ratio for the whole study period and Table 2 shows 
average variation in each stage. Fig. 3 and Table 2 show that the total 
phosphorus removal increased progressively from 42.6% to 76.1%. The 
highest rate was observed in stage 2 when the sludge recirculation to 
side stream anaerobic reactor was 6.41 gVSS/gVSS. The corresponding 
TP uptake into sludge was also highest at 3.46 times enrichment with 
respect to the stoichiometric value. The phosphorus enrichment in the 
form of increase in TP uptake receded in subsequent stages maintained 
at higher Rs except stage 5. Fig. 3 (b) also mentions average observed TP 
uptake when no anaerobic recirculation was observed, the average C/P 
ratio was 50.3 and the average TP uptake was 2.43 mg/L (σ ± 0.27). At 
the same time, TP uptake based on anticipated stoichiometric sludge 
growth calculated based on yield coefficient Yt mentioned by Khursheed 
et al. (2015) is also plotted (Avg. Obs TP uptake No recycle (C/P = 50.3) 
for the sake of wider choice of comparison. 

3.2. Effect of settled sludge recirculation to side stream anaerobic reactor 

The stoichiometric TP removal mentioned above was calculated 
based on 2.67% TP content in the sludge. The above Fig. 4 shows initial 
increase then decrease in phosphate uptake. Fig. 4 shows that the 
maximum uptake was obtained at 2 L/d Qrs sludge flow to the side 
stream anaerobic reactor resulting in 6.41 gVSS/gVSS recirculation 
ratio. The recycling of settled sludge to the side stream anaerobic reactor 
caused the release of phosphorus from the cell (VSS) in ortho form. This 
released ortho P rejoins the main SBR thereby reducing the actual 
removal of TP from the wastewater. The released orthoP varied from 
0.019 to 0.053 mgOrthoP/mg VSS. The maximum average sludge 

recycling of 10.06 gVSS/gVSS was maintained in the last stage of reactor 
operation, however any further increase would have caused more 
leaching of TP than its uptake. The third and fourth stages of the oper-
ation at a recirculation rate of more than 8 and 9 were analyzed 
respectively as shown in Fig. 4 and Table 2. Fig. 3 (b) and Fig. 4 reveals 
that out of the two conflicting factors of EBPR and onsite sludge 
reduction any further anaerobic decimation of sludge from 2 L/d would 
reduce TP uptake despite continued enhancement in TP content of the 
sludge. Table 2 and Fig. 4 provides data on the effects of sludge recir-
culation ratio on TP removal, TP content of sludge, sludge TP enrich-
ment in terms of increase with respect to stoichiometric uptake, and 
release of ortho P to the solution due to recycling to the side stream 
anaerobic reactor. The phosphorus enrichment under different stages of 
operation was 0.047–0.135 mgTP/mgVSS (4.7–13.5% phosphorus in 
the sludge) as against stoichiometric value of 0.0267 mgTP/mgVSS 
resulting in 1.76–5.05-fold increase in phosphorous content. 

The dry sludge samples (taken randomly) were analyzed and their 
contents further confirmed the assimilation of nitrogen and phosphorus, 
as shown in Table 3. The measured values of N and P content in dry 
sample (unenhanced nutrients) were 0.119 (±0.008) mgN/mgVSS in 
comparison to 0.124 mgN/mgVSS and 0.080 (±0.019) dry mgP/mgVSS 
in comparison to experimentally observed in SBR of 0.074 (±0.013) 
mgP/mgVSS respectively are generally in agreement with each other. 

3.3. Effect of C/P ratio 

Nutrient removal processes depend on quantity and quality of carbon 
sources to achieve desired efficiency (Che, 2011). The nitrogen removal 
efficiency not only depends on C/N ratio but also on rbCOD/sbCOD ratio 
(Khursheed et al., 2018). Since biological phosphorus removal only 
occurs in assimilative form, the presence of higher C/P determines the 
ability of the system to grow more biomass and consequently to assim-
ilate more or to remove more phosphorus. Generally, it is considered 
that a C/P ratio measured as BOD:P ratio greater than 20 is required to 

Table 1 
Reactor operation stages and feed characteristics.  

Stage MLSS (Xs) recirculation to side stream 
anaerobic reactor 

C/P 
Ratio 

C/N 
Ratio 

rbCOD/ 
sbCOD 
Ratio 

Inf TCOD 
(mg/L) 

Inf bCOD 
(mg/L) 

Inf BOD 
(mg/L) 

Inf TN (mg/L 
as N) 

Inf TP (mg/ 
Las P) 

Qrs (L/ 
d) 

1 0.25 L/cycle 48.86 7.51 0.248 456.7 304.5 190.3 40.5 6.23 
2 0.5 L/cycle 42.97 7.56 0.248 460.1 306.7 191.7 40.5 7.14 
3 0.75 L/cycle 46.98 7.54 0.250 460.3 306.8 191.8 40.7 6.53 
4 1.0 L/cycle 42.94 7.54 0.248 462.8 308.5 192.8 40.9 7.19 
5 0.5 L/cycle 19.12 7.66 0.244 463.6 309.0 193.2 40.4 16.17 

*Settled MLSS (Xs) recirculation/cycle @ 4cycles/d and 0.5 h/cycle. 

Table 2 
Effect of sludge recirculation ratio on TP removals, ortho-P removal, TP content of sludge and % change in the TP content.  

Stage Qrs, L/ 
d (±σ) 

C/P 
Ratio 

Sludge VSSS Recy 
Ratio, g/g 

Yobs/ 
Yt 

Inf TP, 
mg/L 

Inf. 
Ortho P/ 
TP 
Ratio 

% TP 
Rem 

Enhanced TP content, 
mgP/mgVSS 

Increase in TP 
uptake 

Ortho-P released in 
anaerobic, mgP/mgVSS 

1 1.0 48.9 4.36 0.84 6.23 0.30 42.6 0.047 1.76 – 
± σ 1.03 1.08 0.09 0.11 0.09 12.1 0.016 0.61 – 

2 2.0 42.8 6.41 0.75 7.14 0.23 76.1 0.092 3.46 0.019 
± σ 3.82 0.73 0.07 0.73 0.09 11.5 0.024 0.89 0.002 

3 3.0 47.6 7.63 0.61 6.53 0.22 69.3 0.076 2.86 0.036 
± σ 5.88 1.34 0.08 0.78 0.13 6.4 0.010 0.39 0.003 
3.0 44.8 8.44 0.51 6.95 0.22 63.44 0.052 1.95 0.034 
± σ 6.07 0.27 0.08 0.80 0.13 8.87 0.01 0.38 0.001 

4 4.0 43.1 8.24 0.59 7.19 0.28 59.4 0.078 2.93 0.029 
± σ 2.67 1.59 0.08 0.35 0.11 11.3 0.017 0.64 0.003 
4.0 44.2 10.06 0.50 7.04 0.28 64.53 0.036 1.36 0.053 
± σ 4.58 0.76 0.08 0.62 0.11 11.06 0.01 0.31 0.002 

5 2.0 19.1 5.53 0.76 16.17 0.88 48.7 0.135 4.94 0.012 
± σ 0.62 1.24 0.08 0.16 0.24 2.3 0.017 0.63 0.002  
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achieve lower phosphorus concentrations in the effluent (Metcalf and 
Eddy, 2003). The component bCOD was taken as C and, NH4

+ as N, 
resulting in bCOD/NH4

+ (as C/N) and bCOD consisting of rbCOD and 
sbCOD (in the ratio of rbCOD/sbCOD). Considering worst to average 
substrate constitution the C/P was kept at an average value of 50, and 
high value of 15. However, the actual carbon/phosphorus ratio (C/P) 
values maintained in the reactor were from 38.8 to 58.2 (46.4 ± 4.23). 

The C/P ratio was intended to be maintained at higher value of 15 in the 
last stage of the study also varied from 18.2 to 20.2 (19.12 ± 0.62). It 
was expected that the TP removal will be poor at lower C/P ratio, but the 
purpose of operation at lower C/P ratio (19.12) was to study the effect of 
higher TP content by virtue of higher Ortho P concentration in the 
reactor. This deliberate step was taken to see the extent to which EPBR 
could be achieved with higher ortho-P content which is similar to the 

Fig. 3. Temporal variations in (a) influent and effluent values of phosphates including distribution of ortho and poly phosphates, (b) Observed and stoichiometric 
values of TP uptake with reference to C/P ratio and settled sludge recirculation through side stream anaerobic reactor (Qrs). 
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release of ortho P from poly P during substrate fermentation in anaer-
obic process. 

Corsino et al. (2020) observed simultaneous sludge reduction (64%), 
the removal of nitrogen (90%) and phosphorous (97%) at the phos-
phorus uptake rate 48.6 mgPO4

3--P/gVSS/h in an integrated anaerobic 
reactor in the mainstream of a pre-denitrification-MBR. The simulta-
neous high phosphorous removal at low sludge growth was cited due to 
the oxidation of low molecular weight compounds produced during 
bacterial lysis as secondary substrate by PAO. However, when Ortho-P 
was more in the influent 14.39 mg/L in stage 5 out of 16.17 mgTP/L 
as against 1.64 mg/L in stage 2 out of 7.14 mgTP/L, the corresponding 
increase in P uptake shoot up to 0.135 mgTP/mgVSS in stage 5 (5.05 
times enrichment)as against 0.0092 mgTP/mgVSS in Stage2 (3.46 times 
enrichment). Table 2 clarifies this phenomenon further as to how TP 

uptake depends on Ortho-P concentration and the same was achieved by 
virtue of anaerobic treatment given to influent. Khursheed et al. (2015) 
found similar trends on those occasions when SOUR study was per-
formed as shown in Fig. 4. It can be concluded that sludge recycle ratio 
shall be more if Ortho-P is less for high TP uptake. 

3.4. VFA production and ortho-P release in inlet anaerobic reactor 

The process of VFA sequestration is energy intensive, which is being 
released by the production of ATPs out of release of ortho-P from poly-P 
(Lanham et al., 2013; Welles et al., 2016). The rbCOD mainly consisted 
of VFAs present in digested anaerobic liquors (Vongvichiankul et al., 
2017). Therefore, sludge samples taken from time to time were sub-
jected to ortho-P and rbCOD determination as given in Table 4. The 
concentration of VFA as rbCOD given above reflects when converted to 
equivalent concentration in the SBR varied from 3.4 to 21.3 mg/L (9.7 
± 4.9). For the corresponding enhanced TP content in the present study, 
it amounted to 0.8–7.84 mg rbCOD VFA/mg of enhanced phosphorus 
uptake (3.4 ± 1.98), which was much less than the reported values of 
about 6–9 mg of rbCOD preferably in the form of VFA/mg of phosphorus 
(Mulkerrins et al., 2004). The concept of inability of PAOs to directly 
utilize carbon sources other than VFAs is no more valid and experi-
mental evidences suggest that PAOs appear to have mechanisms to 
directly use unfermented non-VFA substrates by heterotrophic bacteria, 
nevertheless the extent of overall phosphorus removal capacity is yet to 
establish (Lanham et al., 2013; Welles et al., 2016). Similarly, the 
released Ortho-phosphate to acetate-uptake ratio are conflictingly re-
ported by researchers from 0.2 to 0.73 mg PO4–P/mg COD (Welles et al., 
2016). Table 4 shows mgOrthoP released/mgrbCOD as VFA in the range 
of 0.33–0.76 (0.58 ± 0.11), which also shows existence in lower range 
than the required value. 

3.5. PHB production 

Han et al., (2012) and many more have already established that 
heterotrophs store polymers like PHA/PHB in the cell. This storage is 
mediated by a coenzyme HSCoA. Formation of HSCoA requires energy, 
which comes through hydrolysis of Poly-P from ATP during anaerobic 

Fig. 4. Average TP uptake in every stage in relation to C/P ratio and settled sludge recirculation ratio (Rs) through side stream anaerobic reactor.  

Table 3 
Calculated and measured nutrients in sludge on dry basis.  

Day Sludge N content Sludge P content Increase in TP 
uptake 

gN/gVSS gP/gVSS gP(Obs)/gP(S) 

Stoich. Obs 
(Dry) 

Obs Stoich. Obs 
(Dry) 

Obs Obs 
(Dry) 

83 0.124 0.124 0.093 0.0267 0.077 3.48 2.88 
88 0.124 0.132 0.083 0.0267 0.072 3.11 2.70 
92 0.124 0.12 0.087 0.0267 0.086 3.26 3.22 
98 0.124 0.13 0.089 0.0267 0.092 3.33 3.45 
102 0.124 0.114 0.065 0.0267 0.056 2.43 2.10 
110 0.124 0.103 0.054 0.0267 0.058 2.02 2.17 
122 0.124 0.124 0.078 0.0267 0.086 2.92 3.22 
128 0.124 0.11 0.069 0.0267 0.068 2.58 2.55 
131 0.124 0.116 0.084 0.0267 0.082 3.15 3.07 
141 0.124 0.108 0.061 0.0267 0.06 2.28 2.25 
151 0.124 0.122 0.068 0.0267 0.068 2.55 2.55 
162 0.124 0.115 0.057 0.0267 0.055 2.13 2.06 
180 0.124 0.122 0.110 0.0267 0.104 4.11 3.90 
188 0.124 0.128 0.116 0.0267 0.106 4.34 3.97 
194 0.124 0.118 0.112 0.0267 0.115 4.21 4.31 
199 0.124 0.117 0.108 0.0267 0.1 4.04 3.75 
Avg. 0.119 0.083  0.080 3.12 3.01 
± σ 0.008 0.020  0.019 0.762 0.720  
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decimation of substrate. The PHB was therefore determined in the 
sludge samples as given in Table 5. Fig. 5 (a) shows TP uptake, increase 
in TP uptake and its enhanced content in sludge with progressive in-
crease in PHB found in the sludge. Fig. 5 (b) shows all above parameters 
in relation to sludge recycle ratio (Rs). Figs. 4 and 5 (b) are very close to 
each other, in other words phosphorus enhancement and PHB increase 
were observed only up to 6.41 mgVSSrecycled/mgVSS. Rodgers and Wu 
(2010) quantified three PHB production rates of 70, 156 and 200 
mg/gVSS.h under aerobic conditions, followed by anaerobic conditions, 
and under aerobic conditions on return with the supply of energy from 
polyphosphate conversion to orthophosphate respectively. 

It can be summarized that EBPR can be successfully achieved by 
anaerobic treatment of aerobic sludge and sludge can be enhanced to 
9.2% (13.5% provided high ortho form of P made available at nearly the 
same recirculation rate) of the cell as VSS as compared to normal content 
of 2.67%. However, it is the TP mass uptake which ultimately matters 
and the maximum observed uptake was 4.57 mgP/L at 6.41 gVSS/gVSS 
recycle ratio corresponding to the Qrs of 2 L/d. Further increase in 
recycle ratio deteriorated TP uptake despite enhancement in TP content 
of the sludge. 

3.6. Excess sludge reduction in the reactor 

In present reactor configuration excess sludge reduction by biolog-
ical uncoupling of metabolism through the OSA process was observed. 

The overall observed Yield Coefficient (Yobs) during the OSA process 
conditions was calculated on the basis of daily sludge growth per unit 
daily bCOD removed and compared with stoichiometric yield coefficient 
(Yt) subject to SRT (θx) in order to evaluate sludge reduction potential. 
The Yobs is the yield based on active VSS growth while Yobs(Gross) is 
the observed yield inclusive of growth based on non-biological VSS also. 
In this study all growths are excluding non-biological VSS. Similarly, the 
observed yield coefficients (Yobs) was also compared to stoichiometric 
yield (Yt). The C/N ratio and rbCOD/sbCOD ratio of 7.5 and 0.25 
respectively were maintained and the MLSS was also recirculated to 
preanoxic chamber at the rate of Qr/Q of 4 as per the findings of 
Khursheed et al. (2018). As mentioned above the recirculation flow rates 
of settled sludge and corresponding sludge recirculation ratio to the side 
stream anaerobic reactor and observed gross (overall), active observed 
and stoichiometric biomass growth rates during entire study period are 
plotted in Fig. 6 (a) and (b). Fig. 5 (a) gives complete picture of all forms 
of yield coefficients at different sludge recycle ratios at C/P values 
during the study period. Fig. 6 (b) shows trend of sludge reduction at 
increasing sludge recycle values. 

Both gross and active observed growth rates experienced steady 
decline due to sludge recirculation. The average growth yields Yobs 
(gross), Yobs and Yt at Qrs of 1 L/d, 2 L/d, 3 L/d, 4 L/d at C/P ratio of 
46.4 and Qrs of 2 L/d only at C/P ratio of 19.1 were Yobs(gross) 0.26 
(±0.024), 0.23 (±0.010), 0.19 (±0.027), 0.20 (±0.028), 0.24 (±0.021), 
Yobs 0.18 (±0.020), 0.16 (±0.016), 0.14 (±0.017), 0.13 (±0.016), 0.16 

Table 4 
Ortho-P released and VFA as rbCOD produced in inlet anaerobic reactor.  

Stage Day TP uptake 
(Obs) 

Enhanced TP 
content 

Increase in TP 
uptake 

Released Ortho-P 
(mg/L) 

Ortho-P released 
Mass/cycle 

Ortho-P releaseda 

(mg/L) 
rbCOD 
(mg/L) 

Ortho-P released/ 
rbCOD  

95 5.17 0.084 3.14 73.56 36.78 4.60 102.02 0.72  
96 5.06 0.089 3.32 80.58 40.29 5.04 112.79 0.71  
97 5.12 0.087 3.27 72.18 36.09 4.51 100.91 0.72  
98 5.28 0.089 3.35 67.83 33.91 4.24 98.30 0.69 

3 105 3.31 0.063 2.37 53.01 39.76 4.97 95.05 0.56  
112 3.23 0.061 2.28 60.82 45.61 5.70 143.04 0.43  
122 3.25 0.078 2.93 55.83 41.87 5.23 170.13 0.33  
128 3.14 0.069 2.58 60.02 45.02 5.63 128.62 0.47 

4 130 3.45 0.080 3.00 41.04 41.04 5.13 86.86 0.47  
139 3.14 0.059 2.21 34.03 34.03 4.25 56.10 0.61  
147 3.05 0.066 2.46 38.27 38.27 4.78 79.41 0.48  
148 3.22 0.050 1.87 21.64 21.64 2.71 28.44 0.76  
155 3.11 0.044 1.66 21.92 21.92 2.74 33.90 0.65  
160 3.14 0.058 2.15 32.87 32.87 4.11 64.03 0.51  
162 3.22 0.057 2.14 34.86 34.86 4.36 56.66 0.62 

5 168 7.18 0.132 4.95 28.57 14.28 1.79 56.71 0.50  
175 7.11 0.115 4.32 38.19 19.09 2.39 68.57 0.56  
182 7.42 0.134 5.01 46.53 23.27 2.91 82.43 0.56  
195 7.41 0.115 4.31 22.68 11.34 1.42 35.26 0.64  
200 7.35 0.124 4.64 17.70 8.85 1.11 32.13 0.55  
201 7.63 0.127 4.76 25.12 12.56 1.57 40.83 0.62  
206 7.84 0.120 4.49 19.39 9.70 1.21 27.53 0.70  

a Corresponding Concentration in the main SBR. 

Table 5 
PHB values in relation to phosphorus uptake and enhanced P-content.  

Stage Day Recycle Ratio PHB mgPHB/mgVSS TP uptake (Obs) Enhanced TP contenta Increase in TP uptakeb   

(gVSSrecyl/gVSS) (mg/L)  (mgP) (mgP/mgVSS) (mgP/mgVSS) 

1 6 3.57 138.17 1.94 2.34 0.033 1.24  
7 4.74 73.53 1.08 1.28 0.019 0.70  
53 5.26 304.35 5.32 3.42 0.060 2.24 

2 77 5.36 315.51 4.11 2.65 0.051 1.89  
78 4.78 136.89 7.43 3.49 0.059 2.22 

4 147 9.86 228.39 7.09 3.05 0.066 2.46  
148 7.58 244.63 3.78 3.22 0.050 1.87 

5 200 5.13 343.84 7.49 7.35 0.124 4.64  
201 6.72 289.47 10.49 7.63 0.127 4.76  

a TP uptake/sludge growth. 
b Enhanced TP content/0.0267. 
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(±0.017) and Yt 0.22 (±0.008), 0.21 (±0.009), 0.22 (±0.008), 0.21 
(±0.005), 0.21 (±0.005) respectively. As mentioned earlier Khursheed 
et al. (2015) observed the phenomenon of reduced excess sludge pro-
duction in OSA process from 3% to 51% (average = 14.6–39.8%), at 
sludge recirculation from the SBR to a side stream anaerobic reactor of 
3.78–9.78 gVSSrecycled/gVSS. In addition to the earlier identified rea-
sons of sludge reduction namely; uncoupling of anabolism and catabo-
lism (Chudoba et al., 1992a, 1992b) and ORP (Chen et al. 2001a, 
2001b), the specific oxygen uptake rate (SOUR) gradient between sludge 

recycles and no recycle condition is reported as other possible reason. 
The SOUR gradient is the ratio of [(SOUR)aeration-(SOUR)set-

tling]/[(SOUR)aeration-(SOUR)anaerobic] difference between fasting when 
sludge came out of inlet anaerobic reactor and feasting conditions dur-
ing aeration, and the SOUR difference between aeration and termination 
of settling in the absence of any sludge recycle. During prolonged fasting 
(in anaerobic) a high demand of energy does exist, therefore, when 
sludge enters aeration phase and experience feasting conditions (in 
aeration) increased energy uptake takes place. The increased cell 

Fig. 5. (a) EBPR with progressive increase in PHB, (b) EBPR in relation to sludge recycle ratio to the side stream anaerobic reactor.  
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maintenance also validated the effect of SOUR gradient in direct pro-
portion (Khursheed et al., 2015, 2017). 

The DPAOs use nitrate and/or nitrite as an electron acceptor for P 
removal instead of oxygen and PHAs in the anoxic chamber existing 
between anaerobic and aerobic regimes resulting in simultaneous 

denitrification and P removal with 20–30% lower cell yield (Kim et al., 
2013). The fasting microorganisms consumed stored energy during 
uncoupling replenish their consumed energy on their return to aerobic 
feasting environment. This uncoupling leave either less or no energy for 
growth resulting in significantly lowered biomass growth by about 

Fig. 6. (a) Temporal variations in observed yield coefficient in comparison to maximum and stoichiometric growth at different C/P ratios, (b) Sludge reductions for 
varying sludge recycle rate and ratio to side stream anaerobic reactor. 
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38%–54%. (Chudoba et al., 1992a, 1992b). The controlled ORP of − 250 
mV in the anaerobic reactor resulted in 36% less sludge growth (Chen 
et al., 2001a, 2003, 2001b). 

On the analogy of proportional relationship between the specific 
biomass growth rate (μ) and the specific substrate utilization rate (q), 
Lawrence and McCarty (1970) described that sludge yield (Ys) decreased 
with increased SRT (θx) with reference to maximum theoretical or true 
yield (Ym). The observed yield (Ys) and maximum or true yield (Ym or 
YG) in relation to Sp. SUR for maintenance requirement (qm or mp) was 
also reported by Pirt (1975). The preference of energy utilization by the 
microorganisms for cell maintenance was established by Low and Chase 
(1999) while quantifying the biomass production per unit volume, 
which is the sum of the substrate utilized by anabolism and the biomass 
for their maintenance requirements. Khursheed et al. (2015, 2017) 
substantiated sludge reduction to the increased maintenance due to 
anaerobic stress and gave relationship between observed reduced sludge 
growth (Yobs) due to sludge recirculation Rs (settled sludge recirculation 
ratio to side stream anaerobic reactor) during the OSA and stoichio-
metric value (Yt) without OSA in terms of Yobs/Yt. However, the process 
of increased sludge reduction with higher recirculation to side stream 
anaerobic reactor may not be continuing as further sludge reduction 
would cause overloading food to microorganism ratios and ultimately 
bCOD reduction would expectedly be hampered. But the peak anaerobic 
stress causing breakdown of the process was not obtained during the 
study as it was not within the stated objectives. 

3.7. Combined effect of A2/O and OSA coupling in a single rector 

The present reactor configuration under study is coupling of A2/O 
and OSA; and therefore, novel in its present form as it delivers the 
conflicting achievement of EBPR and reduced sludge growth as 
mentioned in the introduction. 

The EBPR in SBR with OSA depends on mass of VSS fermented in 
inlet anaerobic reactor and the HRT or SRT of the VSS in the reactor, 
since the fermentation of active sludge depends on these two main 
factors apart from many others. The results in Table 4 show 0.33–0.76 
(0.58 ± 0.11) mgOrthoP released/mgrbCOD as VFA in rector. The 

sequestering of VFA into PHA/PHB is essentially required for EBPR, the 
progressive increase in PHB from 1.08 to 10.49 mgPHB/mgVSS found 
during different stages of study as shown in Fig. 5 and Table 5. This 
concluded that EBPR was successfully achieved in this novel reactor 
arrangement. 

In present reactor configuration excess sludge reduction by biolog-
ical uncoupling of metabolism through the OSA process was observed. 
During prolonged fasting (in anaerobic) a high demand of energy does 
exist, therefore, when sludge enters aeration phase and experience 
feasting conditions (in aeration) increased energy uptake takes place. 
The increased cell maintenance also validated the effect of SOUR 
gradient (degree of fasting to feasting shift) from 1.043 to 0.465 
(average 0.68 ± 0.15) at VSS recycle ratio of 3.8–9.8 gVSS recycled/ 
gVSS resulted in 3–51% sludge reduction (Khursheed et al., 2015, 2017) 
and low ORP of − 59.4 to − 478.6 mV on reduced sludge growth. 

The novel reactor arrangement thus resulted in sludge reduction by 
25% and phosphorus uptake enhancement by 3.46 times up to 
6.41gVSSrecycled/gVSS and any further increase in sludge recirculation 
deteriorates phosphorus removal or uptake as released phosphorus from 
side stream reactor also recycled back to main SBR causing looping and 
at more than 6.41gVSSrecycled/gVSS it nullified the enhanced effect. 

3.8. Other parameters during treatment process 

Fig. 7 shows the average removal efficiency of all the parameters 
studied during different stages of the reactor operation. Definite trend 
was not observed except reduction in influent TP of 6 mg/L to effluent 
TP from 3.6 to 1.7 and then increase to 2.9 mg/L on increasing the 
sludge recirculation ratio from 0 to 6.4 and then to 8.2 gVSS recycled/ 
gVSS at average C/P ratio of around 50. The optimum C/N and rbCOD/ 
sbCOD ratios of 7.5 C/N and 0.25 ratio respectively was used at the 
MLSS recirculation to influent flow ratio from intermittent aeration SBR 
to pre-anoxic chamber of 4 as per the findings of Khursheed et al. (2018). 
At average wastewater quality in conjunction with the values given in 
Table 1; the TN removal was not more than 83% (76.9% in stage 2 at R 
value of 6.41). All the parameters were found independent of sludge 
recirculation ratio except TP removal as described above. Peak TP 

Fig. 7. Average removal efficiency of all the reactor parameters namely; total COD, BOD, bCOD, NH4+, NO3
− -, TN and TP in all the stages under study.  
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removal of 76.1% was observed at Rs value of 6.41 gmVSSrecy-
cled/gVSS. All the parameters excluding TP were maintained a very high 
level of removal in all the stages. 

3.9. Statistical analysis 

The influence of C/N ratio on phosphorus uptake was examined 
statistically using analysis of variance (ANOVA). The p-values smaller 
than 0.05 indicate statistically significant difference at 95% confidence 
level, [Gao et al., 2019; Sokkanathan et al., 2018]. The total phosphorus 
removal by virtue of cellular uptake at different settled sludge recircu-
lation to side stream anaerobic reactor from 3.5 ± 0.5 to 10.5 ± 0.5 at an 
equal interval of 1.0 was subjected to one factor ANOVA to find the 
statistical significance of the difference between their mean values. The 
results from the statistical analysis have been compiled in tabular form 
as shown in Table 6(a) and (b). Table 6 (a) shows the mean and variance 
of the individual groups. Table 6 (b) shows the ANOVA results, the 
F-Value was obtained as 13.3789 which is far greater that the F-Critical 
value of 2.12. The corresponding p-Value was obtained as 2.62 × 10− 11 

(≪ 0.05), hence null hypothesis can be rejected as the difference be-
tween the means of these groups is statistically significant (Singh et al., 
2020). These results suggest that the samples for each group i.e., we can 
conclude that total P uptake depends on recirculation ratio. 

4. Conclusions 

The sludge recirculation to side stream anaerobic reaction from 3.78 
to 9.78 gVSS recycled/gVSS present resulted in successful sludge 
reduction from 3% to 51%. Low ORP values from − 50 to − 500mV in the 
inlet anaerobic reactor and around − 50 to +100 mV in the pre-anoxic 
chamber may be a cause of lower sludge production. Also, worth 
consideration, the lower OUR in the anaerobic sludge created a SOUR 
gradient which has been cited as an additional reason of lower sludge 
yield. The successful reduced sludge yield under the influence of 
anaerobic stress proved to be effective. The further increase in sludge 
recirculation ratio may eventually cause highly unsustainable f/m ratio. 
EBPR is linked to recirculation ratio of settled sludge to a side stream 
anaerobic reactor from the aeration tank. The phosphorus enrichment 
under different stages of operation was 0.047–0.135 mgTP/mgVSS 
(4.7–13.5% phosphorus in the sludge) as against stoichiometric value of 
0.0267 mgTP/mgVSS resulting in 1.76–5.05-fold increase in phospho-
rous enrichment. Total TP uptake, and its enhanced content in sludge 
was consistent with PHB found in the sludge despite lesser presence of 
3.4 ± 1.98 mgrbCODVFA/(mg of enhanced phosphorus uptake). The TP 
uptake also depends on availability of PO4

3− in ortho form, thus when 
Ortho-P was more in the influent the corresponding increase in P 
enrichment shoot up to 5.05 times in stage 5 as against 3.46 times in 
Stage 2 of reactor operation. 

In summary, sludge reduction by 25% and phosphorus uptake 
enhancement by 3.46 times took place under sludge recirculation to side 
stream anaerobic reactor. Any further increase in settled sludge recir-
culation beyond 6.41gVSSrecycled/gVSS would increase the sludge 
reduction but at the cost of phosphorus removal or uptake. It precisely, 
appeared to be the “point of reconciliation” of these two conflicting 
parameters. 
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