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Abstract
In addition to many other well-documented factors, local conditions are rudimentary conditions of sharp change observed 
in wastewater characteristics from place to place. The monitoring of 3 million liters per day-capacity full-scale Sequencing 
Batch Reactor (SBR) at Roorkee (India) drew attention to the processes involving simultaneous nitrification and denitrifica-
tion (SND) and biological phosphorous removal (BPR) undergoing with the variations in influent wastewater, particularly 
the readily biodegradable chemical oxygen demand (rbCOD). Regular monitoring of all the units revealed that the nutrient 
removal efficiencies were 94.9 ± 3.6% Chemical Oxygen Demand (COD) (17.9 ± 7.7 mg/L in effluent), 95.4 ± 2.7% Bio-
chemical Oxygen Demand  (BOD5) (6.0 ± 2.2 mg/L in effluent), 95.4 ± 1.6% Total Suspended Solids (TSS) (9.4 ± 2.1 mg/L 
in effluent), 96.7 ± 2.6% Ammonia-N (0.7 ± 0.5 mg/L in effluent), 69.1 ± 11.5% Total Nitrogen (TN) (9.7 ± 3.0 mg/L in efflu-
ent), 31.3 ± 24.9% orthophosphate (1.8 ± 0.7 mg/L in effluent) and 42.0 ± 15.3% Total Phosphorus (TP) (3.6 ± 1.8 mg/L in 
effluent) and achieved < 50 MPN/100 mL fecal coliform in the final effluent after disinfection. Anoxic tri-sectional selector 
and an aeration tank constituted one SBR followed by the other, availed 76.4 ± 9.2% SND at rbCOD/COD of 0.12 ± 0.04 and 
showed linear relationship at R2 > 0.8, and COD/TN of 12.3 ± 4.7. The study clarifies the degree of variations in key factors 
included in design guidelines for laying out an optimized treatment system for COD, Nitrogen, and Phosphorus removal in 
the Indian scenario.
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Abbreviations
ATP  Adenosine triphosphate
bCOD  Biodegradable chemical oxygen demand
BOD5  Biochemical oxygen demand
bpCOD  Biodegradable particulate chemical 

oxygen demand
BPR  Biological phosphorus removal
C/N  Carbon to nitrogen ratio
C/P  Carbon to phosphorus ratio
DO  Dissolved oxygen
EBPR  Enhanced biological phosphorus 

removal
FC  Fecal coliforms
GAOs  Glycogen accumulating organisms
HRT  Hydraulic retention time
MLD  Million liters per day
MPN  Most probable number
nbCOD  Non-biodegradable chemical oxygen 

demand
nbpCOD  Non-biodegradable particulate chemical 

oxygen demand
nbsCOD  Non-biodegradable soluble chemical 

oxygen demand
ORP  Oxidation–reduction potential
PAOs  Polyphosphate accumulating organisms
PCOD  Particulate chemical oxygen demand
PHA  Polyhydroxyalkanoates
PHB  Poly-β-hydroxy butyrates or polyhy-

droxy butyrates
Poly-P  Polyphosphates
rbCOD  Readily biodegradable chemical oxygen 

demand
sbCOD  Slowly biodegradable chemical oxygen 

demand
sBOD  Soluble biochemical oxygen demand 

(filtered from 0.45 µm sieve)
SBR  Sequential batch reactors
sCOD  Soluble chemical oxygen demand (fil-

tered from 0.45 µm sieve)
SND  Simultaneous nitrification and 

denitrification
SRT  Solid retention time
STP  Sewage treatment plant
SV30  Sludge volume in mL/L (after 30 min)
TC  Total coliforms
TCOD/or COD  Chemical oxygen demand
TKN  Total kjeldahl nitrogen
TN  Total nitrogen
TP  Total phosphorus
TSS  Total suspended solids
UBOD  Ultimate biochemical oxygen demand
VFA  Volatile fatty acids
VSS  Volatile suspended solids

Introduction

A comprehensive data of total organic matter present in the 
wastewater can be achieved by characterizing TCOD into 
various fractions. Additionally, the major characteristics 
of wastewater can be studied based on COD fractionations 
following ATV-A. (2000) guidelines, and subsequent mod-
ifications (Płuciennik-Koropczuk and Myszograj 2019). 
The TCOD of wastewater, segregated in fractions, can be 
calculated as the sum of rbCOD (metabolism), nbsCOD 
(observed in the treated effluent), bpCOD (i.e., sbCOD) 
(adsorption, hydrolysis, and metabolism) and nbpCOD 
(regarded in the sludge production) as g  O2  m−3 (Choi 
et al. 2017; Płuciennik-Koropczuk and Myszograj 2019). 
The substantial the amount of rbCOD, the faster the nitrate 
reduction rate (Metcalf and Eddy 2003; Khursheed et al. 
2018). It has been investigated in different studies that 
C/N is an essential factor in biologically removing the 
nutrients (N and P) from domestic wastewaters, however, 
readily biodegradable content in the TCOD, in particular, 
directly affects the nutrient removal efficiency (Khursheed 
et al. 2018). Denitrifying bacteria require an optimum car-
bon source for succeeding in excellent denitrification, and 
therefore, they have to contend with other heterotrophs. 
Lesser C/N ratio in the influent effects in a rapid carbon 
discrepancy and consequences in unstable SND (Zhao 
et al. 2008; Phanwilai et al. 2020).

EBPR governs the prominent characteristic of uptake 
of organic matter and release of phosphorus in anaerobic 
states, and uptake of excess phosphorus under subsequent 
aerobic conditions (Seviour et al. 2003). High phosphorus 
is accumulated in the sludge by PAOs. Polyphosphates 
are reduced to supply ATP obligatory for the formation of 
PHB, and the degradation of polyphosphates is achieved 
by the discharge of  PO4-P, Mg, Ca, and K. (Davis 2013; 
Rosigkeit et al. 2021). The rbCOD concentration in the 
influent predicts more accurately the performance of bio-
logical nutrient removal, consists of complex soluble COD 
that can be fermented to VFA; therefore, initial rbCOD/
TP ratio is a better indication of the EBPR’s process and 
performance than the total COD to P ratio (Barnard et al. 
2017). Hence, influent parameters like C/N, rbCOD/TCOD 
(/or rbCOD/sCOD), and rbCOD/TP play an essential role 
in enhancing the SND and BPR as observed in the study 
(Sager 2016; Majed and Gu 2019).

Limited literature is available based on investigating 
the influence of wastewater characteristics on the nutri-
ent removal process's efficiency in SBRs, so novel findings 
in the present study may be helpful for further researches 
in this field (Gajewska et al. 2015). Even the effect of an 
anoxic selector on the SND and EBPR process has been 
lesser explored to date (Albertson 2002). As the main 



International Journal of Environmental Science and Technology 

1 3

features concerning the activated sludge microbial diversity 
are the possible substrate composition of the incoming sew-
age and the ongoing significant operational variations in 
the treatment plant (Mielczarek 2012; Shchegolkova et al. 
2016; Xu et al. 2019), therefore, this study aims to observe 
the influence of wastewater characteristics on Nitrification, 
Denitrification, and Biological Phosphorus removal in SBR 
and the role of internal storage products during these mech-
anisms. Concomitantly, the sludge biomass and wastewater 
microbiome were considered critically important.

The main objectives of this study include detailed perfor-
mance evaluation of 3 MLD full-scale pre-anoxic selector 
attached sequencing batch reactor installed near IIT, Roor-
kee, and observing the role of influent wastewater param-
eters, i.e., rbCOD/TCOD, rbCOD/sCOD, COD/TN, BOD/
TKN or sBOD/TKN, rbCOD/TN on SND efficiency and 
TN Removal and rbCOD/TCOD, rbCOD/sCOD, rbCOD/
TP, COD/TP, sBOD/TP, and BOD/TP on TP and orthophos-
phate removal (biological phosphorus removal) in the plant. 
Regular monitoring of all the units in the SBR plant was 
performed from 13th August to 29th January (170 days). The 
study focused on identifying wastewater characteristics as an 
essential key factor/parameter for designing an optimized 
advanced SBR technology concerning biological nutrients 
(N and P) removal.

Materials and methods

This 3-MLD SBR has been set up in close vicinity to the 
residential area near the IIT, Roorkee campus, Uttarakhand 
(India). The essential features of this institutional STP are 
the deodorization system's additional odor control for sump 
well, pre-treatment units, and advanced tertiary treatment 
facility (Fibre Disc filtration and ultraviolet radiations and 
chlorine dosing for disinfection) [Fig. 1, Table S2 (Sup-
plementary Material)]. The onsite monitoring of various 

parameters was performed in the bio-selectors and aeration 
tanks of the 3-MLD SBR Plant.

Physicochemical parameters’analysis

Onsite monitoring of DO, pH, ORP, and  SV30 are executed 
regularly in the bio-selectors and aeration tanks of the 3 
MLD SBR Plant. To determine the DO, temperature, and 
pH in the aeration tanks and selectors, a portable DO meter 
(Hach 110Q multimeter, Hach, USA) and pH meter (HQ11d 
pH Meter, Hach) was used (Srivastava et al. 2021b). ORP 
was measured by the convenient ORP meter (HQ11d ORP 
Meter, Hach). Complete performance evaluation of the 
plants for COD, sCOD,  BOD5,  sBOD5, TSS, VSS,  NH4-N, 
 NO3-N, TN,  PO4-P, TP, Total Coliforms, Fecal Coliforms, 
and Sludge operational parameters were performed accord-
ing to Standard Methods (APHA 2005). The rbCOD was 
determined using the modified flocculation filtration method 
prescribed by Wentzel et al. (2000).  SV30 was measured 
using the measuring cylinder and timer (Srivastava et al. 
2021a). Grab samples of 0.5L were used for analyzing 
the parameters mentioned above, according to Standard 
Methods (APHA 2005). Regression analysis of all the vari-
ables was performed using the Microsoft Excel spreadsheet 
application.

Wastewater characteristics

The design quality of raw sewage for the SBR plant is shown 
in Table 1. The ratio between VSS to TSS was found around 
0.53 ± 0.05. The overall SRT of the plant was approximately 
15 days. The designed flow rate and HRT were 3.2 MLD and 
18.11 h. The raw wastewater pH was 7.2 ± 0.3, and finally, 
treated effluent after disinfection was 7.4 ± 0.2 (Table S1, 
Supplementary Material). Regular sampling and analysis 
were conducted for five and a half months in this plant. The 
average daily flow rate was 1877 ± 573  m3/d.

Fig. 1  The layout of the 
full-scale 3 MLD SBR STP 
comprising all units
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Design of aeration tank and multi‑cell selector

In the full-scale SBR, there are two aeration basins, and each 

basin consists of a tri-compartmented anoxic selector. The 
design parameters of the aeration tank and selector are given 

in Table 2. The wastewater from the sump well (collection 
well) joins the first compartment of the pre-anoxic selector, 
where it mixes with the RAS. Then, after passing from the 
other two selector zones/compartments (partially anaerobic 
cum anoxic), the wastewater moves towards the SBR aera-
tion basin. The water remains in the selector for 60 min as 
per the design conditions. The filling and the aeration pro-
cess lasts for 120 min, and settling (45 min) and decanting 
(75 min) occur in the next 120 min of a cycle.

Total nitrogen balance

Mass balance calculations to be carried out mathematically 
for nitrogen balance in the plant. The following equation is 
being used:

where

The mass of total nitrogen in the dissipated sludge (kg/d) 
was computed by the product of daily sludge wasted in L/d 

(1)Mass of Influent TN = Mass of Effluent TN +Mass of TN denitrified +Mass of TN wasted with sludge

(2)Total Nitrogen = Ammoniacal - N + Nitrites + Nitrates + Organic - N.

Table 1  General designed and actual wastewater characteristics in 3 
MLD full-scale SBR plant

Parameters Designed quality Actual quality

pH 5.5–9.0 7.2 ± 0.3
Total COD (mg/L) 450 401 ± 129
BOD5 (mg/L) 200 163 ± 57
TSS (mg/L) 407 237 ± 79
TKN (as N) (mg/L) 34 33 ± 9
TP (as P) (mg/L) 7 6.1 ± 2.4

Table 2  (A) SBR Aeration Tanks design; (B) Selector Design

S. no Parameters Values (Unit)

(A) SBR aeration tanks design
 a Number of basins 2 (numbers)
 b Average flow rate 133.33  (m3/hr)
 c Total average flow = average flow + recycle flow 3.2 (MLD) = 3 + 0.2 (MLD)
 d Number of basins receiving flow simultaneously 1 (numbers)
 e Provided volume of SBR 2414.448  m3

(length = 24.3 m 
width = 9.2 m 
depth = 5.4 m)

 f Total hydraulic retention time (HRT) 18.11 (hours)
 g Solids retention time provided (SRT) 15.18 (days)
 h Food/microorganisms (F/M) 0.089  (d−1)

(B) Selector design
 a Recirculation flow 25%
 b Capacity of return activated sludge (RAS) and surplus activated sludge 

(SAS) pumps
35  (m3/hr)

 c Design flow 168.33  (m3/hr)
 d Volume provided 168.91  m3

(side water depth = 5.4 m 
length = 9.2 m 
width = 3.4 m)

 e Number of sub-compartments per basin 3 (numbers)
 f Hydraulic retention time provided at design flow 60.0 (minutes)
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(q wasted), MLSS of the wasted sludge, and a fraction (%) 
of total nitrogen contained in the sludge wasted. The fraction 
was around 1.6–2.7% in the sludge.

To estimate the denitrified part of TN, an indirect way 
was applied by deducting the Mass of TN in wasted sludge 
and the Mass of TN in the effluent from the Mass of TN in 
the influent wastewater. The incoming wastewater’s flow rate 
‘Q’ is 1.88 ± 0.6 MLD, while ‘q waste’ is a wastage flow rate 
of approximately 5.84 ×  103 L/d with six cycles per day in 
the two SBR tanks. All the masses are taken as Kg/d, and 
mixed liquor suspended solids (MLSS) concentration in g/L.

Microscopic analysis for identification of protozoa, 
PHBs, and polyphosphates

Microscopic analysis for protozoa, metazoan, filamentous 
and foaming organisms, bacteria, sludge floc morphology 
was observed at 10, 20, 40, and 100 ×  magnifications. 
Qualitative microscopic observations were carried out in 
a mixed liquor sample of the aeration tank. Aliquots of 25 
µL sludge were examined under phase contrast (Radison 
RXLr5) illumination at 40 ×  and 100 ×  magnifications 
(Bhatia et al. 2017). Brightfield microscopic observations 
for PHBs and polyphosphates were obtained after staining 
the samples (USEPA 1987; Dulekgurgen et al. 2003a, b; 
Ong et al. 2014; Sharma and Dhingra 2015). PHB gran-
ules and polyphosphates globules identification is being 
carried out using Sudan Black B dye (Sudan Black B for 
staining PHB and Safranin O for counter-staining) and 
Neisser staining (Methylene blue and crystal violet for 
staining poly-P and Bismark Brown for counter-staining), 
respectively, at 100 ×  magnification with immersion oil on 
the sludge samples from aeration tank and anoxic selector 
compartments. Brightfield micrographs/images were cap-
tured using a Light microscope (Optika microscope, Italy) 
connected with a personal computer containing software, 
‘PROVIEW.’

Results and discussion

Observation‑based on the influence of wastewater 
and quantitative analysis

The overall performance evaluation of STP is presented in 
Table 3. The plant was efficient in removing COD, BOD, 
 NH4-N, TN, TSS, and Fecal coliform and achieved the latest 
effluent standards requirements (NGT 2019). The nutrient 
removal performance is described in detail in Sects. 3.2, 3.3, 
and 3.7, corresponding to the variations in readily biode-
gradable COD demand of bacteria.

Advances in the aeration equipment and oxygen 
uptake rate controls have facilitated SBRs to success-
fully contend with conventional activated sludge pro-
cesses (USEPA 1999). The enhanced SBR technologies 
have gained attention globally for biological nutrients 
(N and P) removal (Dutta and Sarkar 2015). A com-
parative description among different sewage treatment 
plants with similar treatment processes is presented in 
Table S6 (Supplementary material). Ghehi et al. 2014 
evaluated a lab-scale enhanced SBR performance on 
synthetic wastewater. At C:N:P of 100:5:1, 50:5:1, and 
25:5:1, they observed > 89% COD removal, > 59% TN 
removal, and 22–98% TP removal that can be compared 
with this study at an average COD:TN:TP of 65.7:5.5:1. 
Showkat and Najar (2019) have performed their analysis 
on 16.1 MLD full-scale SBR over domestic wastewater, 
and 63.8% COD, 64.9%  NO3-N, and 68.4% TP removal 
were observed. Mahvi et al. 2004 worked on continu-
ous flow SBR in Tehran, Iran, and observed 93.0–94.9% 
COD, 96.8–97.7% BOD, 57.9–71.4% TN, and 38.5–55.9% 
TP removal. Their results were quite similar to this study 
(pre-anoxic selector attached SBR) on domestic waste-
water. In the pilot-scale SBR plant of Magdum et  al. 
2015, the selector-phase biological study was carried out, 
and excellent TP removal (97.6%) was observed along 
with > 90% COD and > 88% TN removal in their plant. 

Table 3  Summary of the performance evaluation of the SBR plant

S. No Parameters Influent wastewater Finally 
treated 
effluent

Units

1 pH 7.2 ± 0.3 7.4 ± 0.2
2 Alkalinity 350 ± 30 260 ± 20 mg/L
3 Color Grey Colorless
4 Odor Foul Odorless
5 COD 401 ± 129 17.9 ± 7.7 mg/L
6 sCOD 140 ± 45 10 ± 6 mg/L
7 BOD 163 ± 57 6 ± 2 mg/L
8 sBOD 63 ± 28 3.1 ± 1.5 mg/L
9 NH4-N 21.8 ± 5.8 0.7 ± 0.5 mg/L
10 NO3-N 0.8 ± 0.8 5.6 ± 1.8 mg/L
11 TKN 32.8 ± 9 4.2 ± 2.9 mg/L
12 TN 33.6 ± 9 9.7 ± 3.0 mg/L
13 PO4-P 2.7 ± 1.0 1.8 ± 0.7 mg/L
14 TP 6.1 ± 2.4 3.6 ± 1.8 mg/L
15 TSS 237 ± 79 9.4 ± 2.1 mg/L
16 VSS 127 ± 5 4.9 ± 1.5 mg/L
17 TC 3,600,000 ± 80 5400 ± 10 MPN/100 mL
18 FC 160,000 ± 13 35 ± 9 MPN/100 mL
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According to Magdum et al. 2015, selecting the phases as 
anoxic, anaerobic, and aerobic in a single tank reactor for 
a definite time interval helps the biology achieve efficient 
nutrient removal.

After the basic wastewater characteristics and analysis, 
thorough wastewater characterization was performed to 
estimate the various portions (fractions) of total COD in 
the 3 MLD SBR plant (Fig. 2). Table S3 (Supplementary 
Material) shows the methodology used to determine differ-
ent COD fractions in the plant. Wastewater characterization 
of 3 MLD SBR, IITR, resembles the wastewater charac-
teristics reported by Rossle and Pretorius (2001). Table 4 
gives us an estimated range of different COD fractions in 
reported studies.

COD,  BOD5, and TSS removal

The full-scale SBR plant designed for 3.2 MLD flow (aver-
age flow of 3 MLD and Recycle discharge of 0.2 MLD) 
was operated under HRT of 18.1 h for  BOD5, COD, and 
TSS removal during the study period. The plant achieved the 
targeted design quality of treated wastewater for BOD and 
TSS ≤ 10 mg/L and COD ≤ 50 mg/L. There was no chemical 

addition except chlorine (bleaching powder) for disinfec-
tion. The plant has shown excellent results since commis-
sioning and has attained reasonably low values of operat-
ing parameters in the effluent (Figure S1, Supplementary 
Material). COD,  BOD5 and TSS removal were 94.9 ± 3.6%, 
95.4 ± 2.7%, and 95.4 ± 1.6%, respectively, in the 3-MLD 
SBR plant.

Nitrogen removal, the effect of C/N, and the effect 
of variations on the denitrification rate and TN 
removal

The overall nitrification of ammonia was 96.7 ± 2.6%; total 
nitrogen removal was 69.1 ± 11.5%. During the sampling 
period, the plant runs efficiently with total nitrogen in efflu-
ent achieved ≤ 10 mg/L. Figure S2 (Supplementary Mate-
rial) shows the temporal variation in ammonia, nitrate, and 
total nitrogen (TN) in the influent and effluent of the plant. 
Figure 3 illustrates the effect of the C/N ratio on the total 
nitrogen removal and denitrification rate of the plant.

The average TN in the effluent was 9.7 ± 3.0 mg/L. It 
was observed that the COD:TN ratio was independent with 
TN Removal % and effluent TN values and represented 

Fig. 2  Wastewater characterization of 3 MLD SBR- (a) soluble and particulate fractions of COD, b bars showing different COD fractions ana-
lyzed in the SBR plant

Table 4  COD fractions in municipal raw wastewater

* Municipal wastewater (primary effluent of domestic and industrial origin)

Location of incoming wastewater rbCOD (Ss)
%

nbsCOD (Si)
%

bpCOD (sbCOD) (Xs)
%

nbpCOD (Xi)
%

Reference

Flawil, Switzerland 10–20 7–11 53–60 7–15 Kappeler and Gujer (1992)
Istanbul, Turkey 9 4 77 10 Sozen et al. (1998)
Zielona Góra, Poland 50.0–61.7 2.2–6.0 22.0–34.4 8.0–16.2 Płuciennik-Koropczuk et al. (2017)
South Africa 20–25 8–10 60–65 5–7 Ekama et al. (1986)
Kielce, Poland 24–32 8–11 43–49 11–20 Henze et al. (2002)
South Africa 8–25 4–10 50–77 7–20 Rossle and Pretorius (2001)
India (3 MLD SBR STP, IIT 

Roorkee)
11.7 ± 4.0 3.2 ± 3.1 70.6 ± 10.5 14.6 ± 12.4 Present study
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statistically insignificant linear decreasing functions 
(p > 0.05). However, at COD:TN ratios < 11, the TN in the 
effluent was < 10 mg/L. According to Pochana and Keller 
(1999); Ge et al. 2010 and Sadowski (2015), entire deni-
trification can be attained at a COD:TKN ratio of 7, which 
is also observed in the present study. Generally, at least a 
value of 9 is obligatory for accomplishing biological nutri-
ent removal (Pochana and Keller 1999; Curtin et al. 2011). 
The optimized COD:TN range in which the best TN removal 
of ~ 82.5% was observed at COD:TN of 9.13.

To carry out the denitrification process during biological 
treatment, the presence of readily biodegradable organic car-
bon is an indispensable factor (Randall et al. 1992; Gajewska 
et al. 2015). Under anaerobic/anoxic conditions, the denitri-
fication capacity of nitrates is evaluated by the requirement 
of available carbon source, which is managed by the readily 
biodegradable fraction of COD (Tas et al. 2009). Opera-
tion data from 3 MLD SBR showed the effects of the influ-
ent rbCOD:TN ratios on the effluent Nitrate concentrations 
operating in SND mode (Fig. 3), and the relationship showed 
a decreasing linear trend. However, it lacked the statistical 
significance as p ≥ 0.05. But, it can be observed that higher 
rbCOD specifically is needed to achieve denitrification and 
which strongly influences SND performance (Pochana and 
Keller 1999; Jimenez et al. 2010). In this STP, also higher 
rbCOD:TN ratio above 2.0 showed higher SND (> 80%). 
Like rbCOD:TN ratio, the  BOD5:TKN and  sBOD5:TKN 
ratio also showed effects on denitrification rates and TN 
removal in the plant, but the relationships lacked statisti-
cal significance (p ≥ 0.05). Still, it was interpreted that at a 
higher  BOD5:TKN ratio above 6.0, more than 80% denitri-
fication was achieved, and when the  BOD5:TKN fraction 
dropped below 2, lesser denitrification was attained (Jimenez 
et al. 2010). Even at higher values of  sBOD5:TKN > 3.0, bet-
ter and consistent TN removal was observed in the plant, and 
effluent TN reached the stabilized results of 8.1 ± 2.2 mg/L, 
while at lower values of  sBOD5:TKN < 1.6 showed higher 
TN in effluent 11.1 ± 3.9 mg/L (Fig. 3).

Relationship with rbCOD (readily biodegradable 
COD) and simultaneous nitrification 
and denitrification undergoing in the plant

Denitrifiers are recognized to struggle in search of carbon 
supply amid other heterotrophs; a lesser C/N ratio in the 
incoming wastewater outcomes in a quick carbon shortage, 
originating unstabilized SND (Kim et al. 2008; Zhao et al. 
2008). SND in the SBR plant was 76.4 ± 9.2%, where aver-
age ammonia from the influent wastewater was removed 
from ~ 21.8 to ~ 0.7 mg/L in the effluent. At the same time, 
nitrate observed in the influent and effluent was ~ 0.9 mg/L 
and ~ 5.6 mg/L, respectively. Detailed analysis of 3 MLD 

SBR, IIT Roorkee, was performed to analyze the relationship 
between rbCOD/TCOD (%) and SND (%) (Fig. 4). Figure 4a 
can be considered as statistically significant (p < 0.05 and 
R2 > 0.8, Table 5). This signifies that there is a dependency 
between rbCOD fraction in total COD of influent wastewater 
and simultaneous nitrification and denitrification (%).

Total nitrogen balance

In the SBR, a typical total nitrogen (TN) balance has been 
observed (Fig. S3, Supplementary Material). The TN in the 
inlet 79.4 ± 26.1 kg/d gets distributed in three parts during 
biological treatment; (a) some quantity of it went to the dis-
sipated sludge: 13.5 ± 7.3% (9.7 ± 4.1 kg/d) (b) some part left 
untreated in the effluent: 30.2 ± 11.3% (22.4 ± 7.3 kg/d), and 
(c) the remaining (most significant part) found is released as 
 N2 gas via denitrification: 56.3 ± 14.7% (47.3 ± 24.5 kg/d) 
(Srivastava and Kazmi 2020). According to primary treated 
water, the removal of nitrogen by incorporation in sludge 
during domestic wastewater treatment varies from 8 to 20%, 
and noticeable outcomes were observed in the study attrib-
uted to ~ 13.5% removal by assimilation (Srivastava and 
Kazmi 2020). After biological treatment, the quality of the 
sludge showed excellent settling features, i.e., SVI < 50 mL/g 
and  SV30 of 250–350 mL/L.

Phosphorus removal, the effect of C/P, 
and the impact of variations

TP and  PO4-P in influent were 6.1 ± 2.4  mg/L and 
2.7 ± 1.0  mg/L and TP and  PO4-P in effluent were 
3.6 ± 1.8 mg/L (removal 42.0 ± 15.3%) and 1.8 ± 0.7 mg/L 
(removal 31.3 ± 24.9%), respectively (Fig. S4, Supplemen-
tary Material). In biological phosphorus removal systems, 
PAOs uptake organic substrate, PHB formation occurs by 
sequestering rbCOD and exogenous BOD, and  PO4-P is 
released in anaerobic conditions. PAOs take up rbCOD in 
the form of VFA in the anaerobic phase, VFAs got converted 
into PHA (or PHB) through hydrolysis of glycogen, which is 
the only means of energy for PAOs, intended for this mecha-
nism (Mino et al. 1998). At the same time, PHB degrada-
tion occurs in the aerobic zone; PAOs uptake phosphate and 
form polyphosphates in cells during the oxic condition, and 
biological phosphorus removal occurs. Therefore, the C/P 
ratio in the wastewater is considered an important parameter 
regarding biological phosphorus removal in the treatment 
plants (Isaacs and Henze (1995)). The rbCOD concentra-
tion in the influent COD predicts the biological phospho-
rus removal process’s performance more accurately than 
the complex soluble COD that can be fermented to VFA 
(Broughton et al. 2008). The variations in different C/P 
ratios and effluent TP and  PO4-P in the effluent are shown 
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in Fig. 5. The total and soluble phosphorus removal can be 
found dependent on rbCOD/TP, and BOD/TP ratios of the 
influent (p < 0.05) but statistically insignificant (R2 < 0.8).

Relationship with readily biodegradable COD 
and biological phosphorus removal undergoing 
in the plant

The fraction of rbCOD to TP is an improved implication 
of the biological phosphorus removal process performance 
besides the total COD:TP ratio suggested in classic mod-
els (Broughton et al. 2008). In the EBPR process, the solu-
ble readily biodegradable fraction of COD gets fermented 
to VFA in the anaerobic zone (Majed and Gu 2019). The 
examined stoichiometry requisite of carbon for an elemental 
quantity of phosphorus to be removed has subsisted in the 
range of 10–20 mg rbCOD/mg P eliminated (Barnard et al. 
2017). Elevated rbCOD/P ratios, i.e., 40–50 mg rbCOD/
mg P, have been perceived to be related to GAO-controlled 
diversity, and smaller ratios < 10–20 mg rbCOD/mg P have 
been related with PAO led-community (Broughton et al. 
2008). In 3 MLD SBR plant mg rbCOD/mg TP ratio was 
on an average 9.6 ± 4.8 and mg COD/mg TP and mg  BOD5/
mg TP ratio were observed as 81.8 ± 37.2 and 33.3 ± 14.5, 
respectively. Because of the rbCOD/TP ratio’s unfulfilled 
requirement of 10–20, TP Removal was 42.0 ± 15.3%, and 
EBPR was only 17.8 ± 17.3%. Enhanced uptake is being 
ascertained after excluding the 1/100th part of mg BOD/L 
from Total Phosphorus removed, i.e., exceeded from  PO4-P 

uptake by ~ 2.67% of cell biomass. Figure 6 exhibits the 
effect of rbCOD/TCOD (%) and rbCOD/sCOD (%) on the 
total phosphorus and orthophosphate removal of the plant 
and showed dependency based on statistical analysis, but R2 
was obtained as < 0.8.

Zone-wise,  PO4-P removal is illustrated in figure S7 (Sup-
plementary Material). The release of phosphate is observed 
as 26.4% in the anoxic selectors, and then a reduction in the 
aeration tanks was observed as 52.9%, which showed uptake 
of 26.5%. Return Activated Sludge (RAS) in nitrifying pro-
cesses planned to eliminate ammonia includes consider-
able nitrate concentrations that are not suited to two-stage 
(anoxic-aerobic) EBPR systems. In the following circum-
stances, prerequisites must be taken care of for denitrifying 
the return solids to circumvent negotiating the anaerobic 
zone’s integrity, which might be fulfilled by having one or 
more anoxic phases (Minnesota Pollution Control Agency 
2006). Other than the requirements of rbCOD:TP ratio, the 
necessary conditions of EBPR are VFA to TP ratio should 
be more than 7, and pH supposed to be between 8.0–8.5 
and 7.0–7.5, for anaerobic and aerobic zones, respectively, 
for efficient EBPR process (Mino et al. 1998). ORP in the 
anaerobic, anoxic, and aerobic zones should cover the range 
of − 100 mV to − 200 mV, − 50 mV to + 50 mV, and + 100 
to + 300 mV, respectively (Burkhardt 2012). Acid formation 
from the fermentation of rbCOD occurs at an ORP of − 100 
to − 250 mV (Goronszy 1992; Goronszy et al., 1996). Even 
the sludge’s phosphorous content should be reasonably more 
significant than the stoichiometric value, and P content in 
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the 3 MLD SBR sludge was only 1.95 ± 0.80% of MLSS in 
the plant.

In the anaerobic zone, VFAs are stored inside the bacte-
rial cell. PAOs use PHAs and PHBs in the aerobic process 
during a lack of exogenous substrates sequestering soluble 
phosphorus as polyphosphates (known as P uptake). This 
uptake is greater than the P released in anaerobic processes 

since substantial additional energy is generated by aerobic 
oxidation of the accumulated carbon compounds than used 
to conserve them in an anaerobic environment (Oehmen 
et al. 2007). Anaerobic long-covered sewer lines contain a 
high amount of VFAs and compensate for the need for a 
complete anaerobic chamber before SBR basins. Wastewa-
ters that are more septic, from collection systems in warm 
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Fig. 6  Relationship between a TP,  PO4-P removal with rbCOD/TCOD (%) and b TP,  PO4-P removal with rbCOD/sCOD (%)

climates and minimal slope, will contain a high concentra-
tion of VFAs (Broughton et al. 2008). But, if fermentation 
could not happen in the collection system, it must occur 
in the anaerobic region so that EBPR can work sound. 
The hydraulic retention times of the anaerobic zone must 
fulfill the limit between 0.5 and 2.0 h (Burkhardt 2012). 
However, RAS’s falling in the anoxic chamber of selectors 
dampens plants' productivity in removing TP biologically. 
If the anoxic selectors could not reach the particular require-
ment, sufficient formation of VFAs might not occur. VFAs’ 
sources were observed inadequate for proper conditions of 
PAOs’ growth and effective EBPR in the 3 MLD SBR plant. 
Although, some fermentation of rbCOD occurred at an ORP 
of − 90 ±  − 24 mV in the third compartment of anoxic selec-
tors of the SBR plant, and ~ 18% EBPR occurred.

Intracellular storage products formation during SND 
and EBPR

The prospectives for PHB to supply electrons for an efficient 
SND process can be observed in SBR plants (Miao et al. 
2015). The slow degradation characteristics of PHB clarify 
that it is a deserving active substrate for the SND process 

(Third et al. 2003; Miao et al. 2015). Internally stored PHBs 
are removed much slowly than the soluble substrate and, 
therefore, can be employed as an electron donor for deni-
trification when exogenous carbon sources are not present 
(Table S4, Supplementary Material) (Third et al. 2003). The 
capacity of heterotrophs to quickly sequester the soluble sub-
strate and conserve it as a slowly biodegradable polymer 
signifies expedient chances in preserving reducing power 
for SND. PHBs were found sufficient as granules within a 
filamentous sludge or inside the large flocs governing SND 
(Fig. 7).

During BPR, PAOs uptake readily degradable organic 
substrate, and PHB formation occurs by sequestering 
rbCOD,  PO4-P is released, and exogenous BOD is consumed 
in anaerobic conditions (takes place inside the anaerobic 
zone of the selector) (Mino et al. 1998). Then, the PAOs 
accumulate those released orthophosphates in their cell as 
poly-P and get energy from stored PHBs during the bio-P 
removal process occurring in aeration tanks (Figure S5, Sup-
plementary Material). PHA, glycogen, and poly-P are the 
storage products for PAOs. PHAs are 0.2–0.5 µm sized gran-
ules that are present in the cytoplasm of the cell enclosed 
by a film (membrane). Frequent PHA preserved by bacteria 
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is Poly-β-hydroxybutyrate (PHB), a lipid-resembling poly-
mer of 3-hydroxybutyrate. However, there are some poly-P 
collecting bacteria (e.g., M. phosphovorus), which do not 
accumulate PHA but preserve trehalose, poly-P, and glyco-
gen (Sathasivan 2009).

The literature suggests that PHB formation has a signifi-
cant role during the processes of SND (a potential substrate 
for denitrification) and EBPR (a potential substrate for 
excess phosphorus uptake by PAOs in the aerobic phase). 
In the 3 MLD SBR plant, some PHBs and poly-P were 
observed in anoxic selectors and aeration tanks’ sludge 
samples. Qualitative microscopic observations were carried 
out in mixed liquor samples of aeration tanks and selec-
tors (Fig. 7). 100 µL sub-samples of sludge were examined 
under 100 ×  magnifications (with immersion oil) as per the 
prescribed Protocol (USEPA 1987).

Protozoa identification

This study substantiated the prospects of attaining granular 
sludge in an anaerobic/aerobic sequencing batch reactor with 
high SND and biological phosphorus removal performance. 
Operational litheness of the SBR (capability to lessen set-
tling time, initial reactor volume, etc.) played a pivotal role 
in promoting compact granular biomass formation and main-
tenance. After staining the samples for PHB, microscopic 
observations revealed that the biomass consisted of a micro-
bial community diverse in terms of morphology, physiology, 
and anaerobic PHB storage.

Several protozoa species were identified in the sludge 
samples (Table S5, Supplementary Material). Protozoa spe-
cies like arcella, vorticella, and opercularia were dominant, 
while filamentous species were lesser in the plant's sludge. 
Lower SVIs, good microbiota (rich in floc-formers), and 

Fig. 7  Brightfield micrographs of the biomass samples: panels (A) 
and (B) are showing PHB granules present inside the sludge flocs and 
filaments, respectively [blue-black cells: PHB (+); pink cells: PHB 

(−)]. Panels (C), and (D) are showing poly-P globules [purple-black 
cells: Poly-P (+); yellow–brown cells: Poly-P (−)]
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excellent effluent characteristics are interrelated (Albertson 
2002). The elemental source for the natural selection of non-
filamentous organisms is the management of the surrounding 
during the primary contact of the influent wastewater, where 
a large amount of  sBOD5 or sCOD is eliminated from the 
solution to the biomass in the midst of or devoid of limited 
oxidation (Albertson 2002). The critical situation depends 
upon the occurrence of DO and the food to microorgan-
isms (F/M) ratio in the anoxic selector compartments. The 
accumulation of nitrates through return activated sludge or 
internal recycling from the nitrifying region (aeration tanks) 
can also contribute constructively in restraining the growth 
of filamentous organisms (Albertson 2002).

Effect of  BOD5/COD on nutrient removal

The ratio of influent  BOD5 to COD impacts nutrient removal 
performance.  BOD5:total COD signifies the biodegradable 
carbon content in wastewater (biochemical oxygen demand) 
from the whole organic matter (chemical oxygen demand) in 
wastewater, which is quite imperative for efficient nutrient 
removal in wastewater treatment plants. Therefore, the eval-
uation of wastewater propensity for biological treatment is 
widely revolving around  BOD5/COD (Gajewska et al. 2015). 
An increasing linear trend but statistically insignificant rela-
tionship was observed between  BOD5 to total COD ratio and 
TN and TP removal in the SBR (Fig. S6, Supplementary 
Material).

Fig. 8  Cycle wise profiles of DO, ORP, nitrate, ammonia oxidation, COD, and orthophosphate removal
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The overall effect of qualitative and quantitative variations 
on plant performance

The temperature varied from 10 °C to 30 °C during the study. 
The average MLSS and MLVSS in the aeration tanks were 7189 
and 3087 mg/L (Aeration tank 1) and 7518 and 3740 mg/L 
(Aeration tank 2). Average influent  NH4-N decreased from 
21.8 ± 5.8 mg/L to 0.7 ± 0.5 mg/L (96.7% removal), and TN 
removal was ~ 69.1%. DO concentration varied up to 2.48 mg/L 
during aeration and from 0.02 to 0.22 mg/L during settling/
decanting. ORP fluctuated between − 66 mV and − 114 mV in 
the anoxic selector compartments and reached ~ 140 mV in the 
peak hours during the aeration phase in the SBR. It ultimately 
attained ≤ 50 mV during the settling and decanting phases 
(Table S1, Supplementary Material). In the third compart-
ment of the selector, ORP reduced to <  − 90 mV, contributing 
to 39.7% denitrification and orthophosphate release of 26.4%. 
The DO and ORP profiles with the COD and nutrient removal 
during one cycle of SBR can be observed in Fig. 8. Figure S7 
(Supplementary Material) illustrates the profiles in the com-
partments of the anoxic selector.

The summary of the results of the carried out analysis of 
statistical significance is presented in Table 5. For the analy-
ses, the F test for dependent samples with the significance 
level p = 0.05 was used. Based on the statistical results, the 
relationships between rbCOD/COD% and SND% can be 
considered as statistically significant (R2 > 0.8 and p < 0.05). 
Though, relationship between rbCOD/sCOD% and SND%, 
rbCOD/TP and effluent TP, rbCOD/TP and effluent  PO4-P, 
BOD/TP and effluent TP, BOD/TP and effluent  PO4-P, 
sBOD/TP and effluent TP, COD/TP and effluent TP, 
rbCOD/COD (or rbCOD/sCOD) and TP removal (or  PO4-P 
removal) can also be expected as dependent functions but 
statistically insignificant (p < 0.05 and R2 < 0.8). So, it can 
be interpreted as, when RAS (15–30 min contact time) from 
aeration tanks goes to these selectors, the microorganisms 
meet a greater amount of substrate (rbCOD) and limited 
DO concentration in the anoxic selector, natural selection 
of foremost floc-formers occurs. Large flocs produce, which 
strengthens the SND efficiency of the plant.

Conclusion

This study concludes four significant contributions of 
an optimized SBR system regarding the variations in the 
quality of municipal wastewater, including (i) pre-anoxic 
selector attached SBR removed > 95% organic mat-
ter, > 96% ammonia, and > 96% TSS and performed well 
to achieve > 76% SND. (ii) A statistically significant result 
(R2 > 0.8 and p < 0.001) was observed between rbCOD/
COD (%) and SND (%), which showed a dependence of 

SND on a readily biodegradable fraction of COD. (iii) 
The rbCOD/TP affects phosphorus removal, and it is an 
active substrate (amid total COD) taken up quickly by 
bio-P removing organisms and stored as PHBs. (iv) PHBs 
and polyphosphates are the slow degrading polymers 
stored within the cells of denitrifiers and some PAOs dur-
ing SND and biological phosphorus removal processes, 
respectively. (v) The pre-anoxic selector intensified the 
sludge settling characteristics, and the presence of pro-
tozoa indicated excellent biomass rich in floc-formers. 
Overall, 3 MLD SBR opens many dimensions regarding 
the dependency of nutrient removal on wastewater qual-
ity via SND and BPR approaches and the advantages of 
selector-based systems. It demands further research over 
its modifications to achieve better phosphorus removal 
(EBPR) together with nitrogen.
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