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C/N ratio effect on oily wastewater 
treatment using column type 
SBR: machine learning prediction 
and metagenomics study
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The sequencing batch reactor has emerged as a promising technology in treating wastewater; 
however, its application in the treatment of generated water still needs to be explored. This research 
gap led to the investigation of various carbon-to-nitrogen (C/N) ratios in a column-type sequencing 
batch reactor (cSBR). The resulting data and model demonstrated that augmenting the SND process 
with an external carbon source is effective until the C/N ratio reaches 15, ultimately eliminating 
nitrogen in the produced water. Conversely, a reduced C/N ratio can limit the ability of polyphosphate-
accumulating organisms to incorporate carbon into polyphosphate synthesis, thereby decreasing 
phosphorus removal efficiency within the cSBR. When the C/N ratio ranged from 6 to 8, and the mixed 
liquor suspended solids concentration was high, the average phosphate removal was approximately 
55%, compared to only around 25% when the C/N ratio was less than 6.

Keywords Coastal wastewater, Sequencing batch reactor, Stress intensity, Artificial neural network, 
Interactive effect, Circular economy

Excess nutrients in aquatic systems, resulting from sewage discharge or industrial pollutants, can lead to eutrophi-
cation and acidification. In order to treat the excess nutrients, especially the nitrogen fraction of the wastewater, 
simultaneous nitrification and denitrification (SND) has emerged as a promising  technology1. Both heterotrophic 
and autotrophic nitrifiers are essential in typical SND systems. Autotrophic nitrifiers, such as Nitrosomonas 
(ammonia-oxidizing bacteria) and Nitrobacter (nitrite-oxidizing bacteria), have been found to consume a sig-
nificant amount of alkalinity during oxidation of  ammonia2,3. The nitrifiers thrive in situations with high levels 
of dissolved oxygen (DO), often above 1.0 mg/L, which is ideal for their growth. Heterotrophic nitrifiers, such as 
Paracoccus and Thiosphaera, are commonly found in habitats characterized by abundant organic carbon and low 
quantities of DO (less than 1.0 mg/L)2,3. In order to facilitate the cellular synthesis and proliferation of ammonia-
oxidizing bacteria (AOB), a minimum carbonate alkalinity of 45 mg/L as  CaCO3 is necessary for nitrification, 
and a pH in the range of 7–8 is  desirable4,5. These microorganisms govern denitrification and nitrification in the 
SND processes. These microorganisms possess the capacity to denitrify, aiding in maintaining the balance of 
alkalinity in SND systems, even if heterotrophic nitrification leads to a decrease in  alkalinity6,7.

The widespread industrialization demand for oil and natural goods necessitates a better understanding of the 
strain that produced water places on traditional treatment  methods8. In recent years, sequencing batch reactors 
(SBRs) have advanced due to their robust nature and smaller footprint compared to conventional treatment 
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methods. Wastewater now often contains varying amounts of recalcitrant compounds, making it more challeng-
ing to treat. Machine learning offers the potential to understand this complexity and develop efficient models for 
future  predictions9–11. Past studies have prompted reevaluating strategies to enhance the overall SND process in 
column-type sequencing batch reactors (cSBRs). Establishing the optimal carbon-to-nitrogen (C/N) ratio values 
is crucial for improving the SND process in these  reactors12–16.

The development of more accurate and efficient treatment schemes will help reduce costs. This work intro-
duces an aerobic cSBR to address the existing research gap in the treatment of produced  water17. In the cSBR 
process, denitrifying organisms can be protected by influent organics, which can take the form of intracellular 
carbon during the initial anaerobic phase, aiding in nutrient removal during  denitrification18. Over the past few 
decades, the focus has been on low C/N ratio wastewater for denitrification, often overlooking the rate-limiting 
step of nitrification. Nitrification, a well-established process in SBRs, is facilitated by nitrite-oxidising  bacteria19. 
However, these bacteria’ low production and high environmental vulnerability restrict their overall efficiency 
in  nitrification20. Introducing an external carbon source that supports the SND process by converting ammonia 
to nitrogen can address the shortcomings of heterotrophic  nitrification21. However, controlling the dosage of 
external carbon is challenging and relies on variables such as recirculation rate and DO content. Moreover, the 
utilization of external carbon sources leads to higher operational expenses and an increase in sludge  generation22. 
Although the addition of external carbon sources may increase the cost of treatment in terms of procuring 
additional chemicals and also requiring regular monitoring since these carbon sources are required to be added 
in such a way that a desired C/N ratio is maintained, carbon is a vital electron donor for effective heterotrophic 
denitrification to take  place23,24. External carbon enhances the performance of biological treatment systems by 
providing microorganisms with energy, hence accelerating the decrease of denitrification processes and chemi-
cal oxygen demand (COD). Microorganisms utilize carbon to catalyze the conversion of nitrates  (NO3−) into 
inert nitrogen gas  (N2) by denitrification, hence reducing total nitrogen (TN) levels in the treated effluent. This 
capability is crucial for complying with stringent nitrogen discharge limitations, which are more prevalent due 
to their significant environmental impact on the bodies of water where they are  discharged23–26. Therefore, nitri-
fication efficiency can be improved by incorporating heterotrophic nitrification into cSBR, which may require 
an additional carbon source that can be converted into intracellular  carbon27. Heterotrophic nitrification not 
only aids the SND process but also leaves more energy available for other processes. In the past decade, it has 
been reported that heterotrophic nitrifying bacteria, such as Acinetobacter, Thauera, and Pseudomonas, possess 
phosphate-accumulating  capabilities17. This suggests that intracellular carbon can transform during nitrification, 
contributing to the overall SND process. However, an insufficient carbon supply reduces nitrification, while an 
excess can inhibit the activity of endogenous functional  microorganisms17. The presence of abundant organic 
carbon may favor the growth of heterotrophic bacteria over nitrifying bacteria. Heterotrophic bacteria, utilizing 
organic carbon, may outcompete nitrifiers for resources, decreasing nitrification  rates28.

The primary objective of the present study is to determine the efficiency of SND under varying operational 
parameters and to develop a biological mechanism for SND in column-type cSBRs by utilizing intracellular 
carbon sources as functional genes during the SND process. The results indicate that cSBRs supplemented with 
external carbon sources are highly effective in achieving a robust SND process. However, it was also observed 
that high C/N ratios inhibit both heterotrophic and autotrophic nitrifiers in produced water. The findings provide 
detailed insights into the interdependence between intracellular carbon and the SND process, suggesting a viable 
nitrogen removal pathway in the treatment of produced water. This work contributes to a deeper understand-
ing of the role of external carbon sources in the SND process, potentially enhancing the efficiency of produced 
water treatment.

Material and methods
Sample collection and lab scale setup
A lab scale-column type SBR was established with a practical volume of 3.31 L, internal diameters of around 
75mm, and a height of approximately 750 mm (Fig. 1). The reactor was inoculated with sludge from the nearby 
wastewater treatment plant aeration tank situated in Al Khobar (Dammam). The system was allowed to get 
acclimatized, after which the experimental trials were carried out. The temperature of the reactor’s was retained 
at 25 ± 2 °C along with a surface aeration system to uphold 2–2.5 mg/L of DO throughout the operational run 
phase. The feeding and the decanting were controlled with the help of a PLC (program logic circuit) system oper-
ated at different time phases so that hydraulic retention time (eff. HRT) reached the optimum value of 53–13 h.

The volumetric exchange ratio was kept at 45%, increasing retention time to 21 h. The three ports at 25%, 50%, 
and 75% were also controlled using a PLC system, and mixed liquor suspended solid (MLSS) values were main-
tained at 3.2–3.5 g/L during the entire study thereby making solid retention time (SRT) of around 30–40 days. 
The grab samples from the 50% port were collected during the research and at different phase change intervals 
when the sludge settled down after the decanting phase. Diluted-produced water was fed to the reactor (initially 
1 in 8, 1 in 6, 1 in 4, and 1 in 2) with different C/N ratios with municipal wastewater. External carbon sources 
such as starch and acetate, ammonium chloride as nitrogen sources, and dihydrogen potassium phosphate as 
phosphorus sources were used with micronutrients dissolved in distilled water. Earlier, researchers proposed 
that the carbon-to-nitrogen ratio directly influences the efficacy of nitrogen removal in constructed wetland 
 systems29. Zhi and Ji noted that when the carbon-to-nitrogen ratio exceeded 6, there was no build-up of  NO2–N 
or  NO3–N, suggesting that denitrification was fully  occurring30. Another study also observed that increasing the 
organic carbon source facilitated higher nitrogen  removal31. Hence, the role of the C/N ratio in influencing the 
SND process has been explored in this work. The COD concentration in the rector was 450–550 mg/L, thereby 
maintaining the C/N ratio as 2, 6, 10, and 15, respectively. The sludge was taken at the end of each cycle to avoid 
the hypoxia effect that indirectly interfered with nitrification activity. The sludge underwent centrifugation for 5 
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min at a speed of 11,000 rpm. It was then rinsed two times with a solution of 0.9% sodium chloride and thereafter 
kept at a temperature 4 °C. As mentioned above, the anaerobic culture was kept in the dark phase for 2 h and 
rewashed. The autotropic nitrification activity deducts the values obtained for total ammonia oxidation activity 
with heterotrophic nitrification. The initial run was made with an eff. HRT of 53 h with a fill time of 0.26 h, react 
time of 52 h, settle time of 0.49 h, and decant time of 0.25 h. The eff. hydraulic retention time (HRT) was gradu-
ally lowered from 53 to 40 h (fill time of 0.26 h, React time of 39 h, settle time of 0.51 h, and Decant time of 0.23 
h), 35 h (fill time of 0.26 h, React time of 34 h, settle time 0.51 h and decant time of 0.23 h), 22 h (fill time of 0.26 
h, React time of 21 h, settle time 0.5 h and decant time of 0.24 h), 8 h (fill time of 0.26 h, React time of 17 h and 
settle time 0.5 h and decant time of 0.24 h) and finally 13 h (fill time of 0.26 h, React time of 12.5 h and settle 
time 0.08 h and decant time of 0.16 h). The samples were collected after each run during the different phases of 
operations. The experiments were conducted in triplicates to minimize experimental mistakes. Figure 2 displays 
the schematic diagram of the experimental setup.

Analytical methods
All the samples were tested in triplicate with COD, biochemical oxygen demand  (BOD5), MLSS, nitrate, 
phosphate, mixed liquor volatile suspended solids (MLVSS) measurements, and Sludge volume index SVI was 
measured using standard  methods32. The measurement of COD was conducted using the comparative reflux 
method during each phase of the operation. The BOD was measured using a conventional setup of setting up 
different dilution bottles and measuring the  DO33. The DO pH was measured using a Hach multiparameter 
fitted with probes (Hach, HQ30d). MLSS and MLVSS values were determined using the conventional method 
mentioned in the standard procedure 34. The macronutrient used in the study has a composition in the ratio of 
 MgSO4:  CaCl2 as 20:1 and trace nutrients such as  FeCl3·6H2O, 0.1  MnCl2·4H2O, 0.04  CuSO4·5H2O, 0.2  H3BO3, 
0.2 KI, 0.2  CoCl2·6H2O, 0.2  Na2MoO4·2H2O, 0.3  ZnSO4·7H2O, and 8 Ethylenediaminetetraacetic acid (EDTA); 
and 235 mg/L  NaHCO3 was used for alkalinity attainment. pH was adjusted to the neutral range using 2 M HCl. 
Table 1 shows the aerobic and nitrogen removal studies from various literature, whereas the table represents the 
TN in the cSBR at different C/N ratios (Table 2).

The intracellular carbon transformation efficiency of phosphate-accumulating and glycogen-accumulating 
organisms  was estimated using Eq. 1.

It is understandable that heterotrophic systems initially take up the COD and lead to intracellular carbon 
using glycogen and phosphate accumulating organisms. where a (nitrite conc. in influent tank) =  NO2

−–N, b 
(nitrate conc. in influent tank) =  NO3–N, subffix in is for influent , anab. For different phases, c = COD.

(1)EC =

(

1−
(1.71(ain − aanae)+ 2.86(bin − banae))

cin − canae

)

× 100%

Fig. 1.  Lab-scale setup of column-type sequencing batch reactor.
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The contributions of polyphosphate-accumulating organisms (PAO) and Glycogen Accumulating Organisms 
(GAO) to the intracellular carbon transformation are determined as follows:

(2)CODheterogenous = COD× (1− EC)

(3)CODphosphate accumulating organism =
PRA

0.5× (CODin − CODaer)

Fig. 2.  Schematic diagram of experimental setup.

Table 1.  Aerobic and nitrogen removal studies.

S. no Nature of waste Carbon to nitrogen ratio Dissolved oxygen (mg/L) Aerobic phase (hours)
Ammonia–nitrogen 
removal rate (mg /Lh) References

1 Sewage  < 3–4 1 2.5 8.8 35 

2 Sewage  < 3–4 0.5 3 7.3 36 

3 Sewage  < 3  < 1 3 7.2 37 

4 Sewage  < 3–3.5  < 1.5 3 9.3 38 

5 Synthetic 3–17 3–4 1.33 9.6–12 39 

6 Produced water 2–15 2–3 1 7–11 This study
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To establish the removal of TN in different phases of operation in cSBR using different nitrogen conditions, 
Ammonia–nitrogen, nitrate–nitrogen, and nitrite–nitrogen were analyzed to understand the SND process using 
Eq. 5.

where a = TN (mg/L) is represented with subfix in-influent and eff-effluent during the different operation phases 
and b = ammonia–nitrogen.

Scheme of operation for sequencing batch reactors
The wastewater generated on the KFUPM campus at Dhahran University was used for treatment. A pilot scale 
column type cSBR was constructed using the Perspex material in all joints and sealed for any leakage. The 
Column-type reactor had a working volume of 3.31 liters and interior diameters of 75 mm. The column-type 
reactor has a height of 750 mm, as shown in Fig. 2. An air pump (EK8560, 6W) was used to maintain the aeration 
supply. The pump was coupled to the diffuser system at the reactor’s bottom. This was carried out to ensure the 
DO content remained at 2–3 mg/L. The entire configuration was designed to function with a logic controlled by 
a programmed controller, i.e., a programmable logic controller system, in conjunction with solenoid and gate 
valves. The system was allowed to stabilize, after which experimental trials were carried out. At the beginning, 
the cycle period was established as 24 h and will progressively decrease to 6 hours by the conclusion of the trial. 
The influent port was made to connect with a solenoid valve with a sewage capacity of 12 liters. The solenoid 
valve is positioned at the topmost portion to allow it to work under gravity-driven flow. All the samples were 
collected at a port located at 50% of the tank’s height, ensuring an equal volume interchange. Another port was 
located at a vertical position of 25% within the tank, specifically designed for sampling, collecting, and removing 
excess sludge. The sample and treatment procedures were conducted at ambient temperature. Table 3 illustrates 
the operational conditions of cSBR at different C/N ratios.

DNB sequencing
The collected samples from cSBR sludge were sent to Al Borg Diagnostics, Riyad, Saudi Arabia, for further 
analysis. The polymerase chain reaction was conducted by adding 30ng of DNA template and 16S rRNA 
(16S-V3-V4) fusion primers. The PCR products were purified using Agencourt AMPure XP beads, diluted in 
an Elution Buffer, and then labeled to form a library. The library’s size and quantity were evaluated using the 
Agilent 2100 Bioanalyzer. Furthermore, specific libraries were subjected to sequencing using the DNB platform.

(4)CODGlycogen accumulating organism =
COD− CODOHO − CODPAO

CODin − CODaer

(5)SND =
ain−aeff

bin−beff
× 100%

Table 2.  Total nitrogen in the cSBR at different C/N ratios.

Carbon to nitrogen ratio Phase
The average value of total 
nitrogen in influent (mg/ L)

The average value of total 
nitrogen in effluent (mg/ L) Total nitrogen removal (%)

Simultaneous nitrification 
denitrification (%)

2 Aerobic 25.2 20.3 20.3 14

6 Aerobic 12.5 10.3 13.6 15

10 Aerobic 12.4 3.2 74.6 78

15 Aerobic 12.5 2.4 67.4 65

Table 3.  Operational conditions of cSBR at different C/N ratios.

S. no

Parameters Phase-I Phase-II Phase-III Phase-IV Phase-V Phase-VI

Period (days) 0–10 10–19 19–25 25–46 45–68 68–75

1 Cycle/eff. HRT (hr) 53 40 35 22 17 13

2 Chemical oxygen demand (mg/L) loading rate (kg COD/m3/
day) 0.32 0.44 0.55 1.63 2.5 4.5

3 NO3
− (mg/L) 2.4 2.8 3.2 3.3 3.4 3.7

4 P–PO4
3− (mg/L) 0.65 0.79 0.86 0.96 1.02 1.23

5 Sludge volume index (mL/g/MLSS) 90–110 102 112 61–70 60–89 74–80

6 Mixed liquor suspended solids (g/L) 2.0–3.0 3.0–3.1 3.1–3.2 3.2–3.3 3.3–3.4 3.4–3.5

7 Granule size (mm) – 0.5–1.4 1.2–1.23 1.1–2.4 2.1–3.2 2.4–1.6

8 Integrity coeff. (%) – – – 89 94 82
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Bioinformatics analysis
Pre‑processing of raw reads
Metagenomic raw data obtained are pre-processed to produce clean reads using the Fqtools module of iTools, 
check v.0.25, cutadapt v.2.6, and read v1.0. The raw reads are denoised by removing adapter and linker sequences, 
reads with a phred quality score of less than 25, low complexity reads, and reads with ambiguous base (N base). 
FLASH (Fast Length Adjustment of Short reads) v1.2.11 software was used to merge paired-end reads with a 
minimum overlapping length of 15 bp and the mismatching ratio of overlapped region <  = 0.1 for connecting 
the Tags.

OTU clustering
Clustering the Tags into an Operational Taxonomic Unit (OTU) with a sequence similarity of 97% was conducted 
using the USEARCH v7.0.1090 software to obtain unique OTU representative sequences. Chimeras from the 
reads are checked and removed using UCHIME v4.2.40. The OTU abundance table was calculated by mapping 
tags to OTU representative sequences using USEARCH GLOBAL. The taxonomic annotation was generated 
by aligning OTU representative sequences against the Ribosomal Database Project database with a sequence 
identity cut-off of 60% using RDP classifier v2.2 software. OTU abundance table was utilized to perform OTU 
profile analysis and diversity analysis. The taxonomic annotation data were used to calculate species abundance 
in different levels of hierarchy consisting of Phylum, Class, Order, Family, Genus, and Species, and they were 
further used for functional annotation and species abundance analysis.

OTU profile analysis
The relative abundance of OTU in each sample is calculated in terms of bacteria, and the OTU rank curve was 
plotted, showing the abundance of the species according to rank in decreasing order using R v3.1.1 software.

Alpha diversity analysis
Alpha diversity analysis is carried out to evaluate the diversity of species in the sample. This was carried out 
by computing the Chao1 richness estimator (Chao1), abundance coverage-based estimator of species richness 
(ACE), Shannon–Weaver diversity index (Shannon), and Simpson diversity index (Simpson) using MOTHUR 
v.1.31.2 software.

Species abundance analysis
The GraPhlAn software was used to make a circular representation of multi-level species taxonomic classification 
of the microbial community within a sample. The phylogenetic tree of the species found in the sample was 
predicted using FastTree v2.1.3 package from R software using the maximum likelihood (ML) algorithm.

Functional annotation
The functional annotation of the microbial community of the sample was predicted based on marker gene 
sequence profiling from the 16S rRNA data using PICRUSt2 v2.3.0 software (Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States). The function prediction is based on the homology 
and assigning enzyme commission number. The metabolic pathway databases, including KEGG, MetaCyc, and 
COG (Clusters of orthologous groups of proteins), are utilized for studying metabolism at the subsystem level. 
The OTU taxonomic annotation data was used to categorize functional genes according to relative abundance 
at different levels. Further, the predictions are represented as histograms generated by R software.

ANN model development for prediction of COD removal and SND process prediction
Artificial neural network (ANN) modeling using MATLAB2016a was implemented to model the study and 
correlate the operational parameters with the COD and TN removal. TN removal indicates the simultaneous 
conversion of ammonia to nitrate by nitrification and then the conversion of the formed nitrate to nitrogen gas 
via denitrification. Out of all the operating parameters, aeration time, C/N ratio, and phosphate concentrations 
were found to profoundly impact COD and TN removal, as per various pieces of literature. The optimal C/N ratio 
for nitrogen and COD removal depends on the specific wastewater treatment process, the microbial community 
present, and the characteristics of the wastewater. Balancing the C/N ratio is crucial to ensuring efficient and 
effective removal of nitrogen and organic matter in wastewater treatment systems. Adjusting the C/N ratio by 
adding carbon or nitrogen sources can help optimize treatment performance based on the system’s specific 
 requirements40. Similarly, phosphate can enhance COD removal by providing extra carbon for microbial growth 
in some cases, but excessive levels can increase biomass production, potentially offsetting the benefits. Regarding 
TN removal, phosphate can compete with nitrate and nitrite, aiding in their reduction, yet high phosphate 
levels may interfere with phosphorus removal  processes40,41. Hence, effective phosphate control is crucial to 
optimizing its wastewater treatment  impact42. Found that intermittent aeration significantly improved TN and 
COD removal in an animal food plant wastewater treatment system.  However43, it was observed that high 
aeration rates led to sludge disintegration and poor COD removal efficiency using an  SBR44 demonstrated that 
continuous aeration enhanced COD removal but negatively affected nitrogen removal in aquaculture effluent 
treatment. Thus, aeration can positively affect COD and TN removal, but the specific impacts depend on the 
wastewater characteristics and treatment system design.

Based on the above literature survey, it was observed that aeration,  CODinfluent/TNinfluent, and phosphorous 
had both positive and negative impacts on COD and TN removal. Hence, these three parameters were chosen 
as the input parameters, and COD and TN removal were selected as the target parameters for the ANN model. 
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The data from our study, comprising the input and output parameters, were stored in the workspace as two 
separate variables. The feedforward backpropagation technique was applied as the training function, and 
the Levenberg–Marquardt algorithm was chosen to train the data. The Levenberg–Marquardt algorithm was 
used to train the weights and biases of ANN because of its efficiency in optimizing the network’s parameters. 
This algorithm combines gradient descent and Gauss–Newton methods, making it well-suited for nonlinear 
optimization problems like training  ANN45–47. It adapts the learning rate during training, which helps it converge 
quickly while avoiding some of the pitfalls of other optimization algorithms. Its focus on minimizing the error 
between the predicted and actual outputs of the network makes it a popular choice for fine-tuning ANN 
parameters to improve model  performance47–49.

The number of neurons in the hidden layer varied from 5 to 20. The best network was chosen based on the 
high correlation coefficient (R) value and Mean squared error (MSE)  values47,50. A sensitivity analysis of the 
best-fitted model was conducted to determine the relative influence of aeration time, C/N ratio, and phosphate 
concentrations on COD and TN removal. The process used for the sensitivity analysis has been described 
 elsewhere47,51. Furthermore, the COD and TN removal efficiency was predicted for different data sets where 
experimentation was not carried out. This data set was used to study the interactive effect of any two parameters 
on COD and TN. The ANN can be regarded as a mathematical model. ANNs are a computational methodology 
that draws inspiration from the structure and functionality of biological neural networks in the human brain. 
These networks comprise interconnected nodes, sometimes known as neurons, arranged in layers. These layers 
include an input layer, one or more hidden layers, and an output layer. In addition, the ANN model was trained, 
tested, and verified using MATLAB during its development.

Furthermore, the objective of the ANN model was not to build a mathematical model but rather to enhance 
the operating conditions of the SND process to achieve optimal performance. The sensitivity analysis conducted 
using the ANN aimed to determine the parameter (C/N, phosphate, or aeration duration) significantly influenced 
COD and TN elimination. The ANN modeling involved varying the number of neurons from 5 to 20 and training 
the network to maximize the R and minimize the MSE values.

The maximum R-value and minimum MSE value were obtained when the number of neurons in the hidden 
layer was 10. Variations of R values with the change in the number of neurons in the hidden layer have been 
depicted in Fig. 3a and the optimized ANN architecture in Fig. 3b.

Results and discussion
Effects on the overall performance
Different characteristics like COD,  BOD5, and nutrients were characterized using different C/N ratios. The 
performance improves during the initial operation phases, and the system stabilizes. The values of COD were 
reported to increase initially and then started to fall as we went on increasing the C/N ratio, a maximum of 
65.6% during 75 days of run. These contribute to the fact that external carbon sources can facilitate endogenous 
heterotrophs and organic degradation, but excess can reduce efficacy. It will also release secondary phosphorus 
in the anoxic phase. It is evident that as we increase the C/N ratio up to 10, the  NH4

+–N and TN removal 
increases, suggesting that the external carbon source enhances the SND process. The previous studies on sewage 
mainly focused on low carbon content and low DO to reduce the nutrients in the aerobic phase and help in 
endogenous denitrification. Autotropic denitrification primarily supplements with nitrifiers to achieve good 
efficacy. However, it is interesting to understand that low DO and slower nitrifier growth will result in lower 
nitrification. During this study, aeration was applied in a phased manner to enhance the development of nitrifiers; 
hence, higher C/N showed promising results and helped in the degradation of  NH4

+–N. The intracellular carbon 
transformation and nutrient removal were observed using control of phase manner operation parameters. In the 
aeration phase, a C/N ratio of 6 showed a high  EC of around 95% due to the leftover nitrates of the previous run. It 
may also be due to the fact that phosphate-accumulating organisms are the main reason for intracellular carbon 
transformation, using glycogen as an energy source and lowering the energy spent to convert external carbon into 

Fig. 3.  (a) Variation of R values with the change in the number of neurons in the hidden layer, and (b) the 
architecture of the optimized neural network.
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polyhydroxyalkanoates. Under different C/N ratio variations in the cSBR assisted with external carbon sources, 
it could enhance organic uptakes. Likewise, if C/N goes beyond 10, the hydrolysis becomes limited, and further 
increase will decrease the conversion of external carbon source. It is also essential to understand that conversion 
usually occurs in the aerobic phase and differs from the sewage treatment process.

The results show significant intracellular carbon conversion for absorption with the non-significant 
contribution of phosphate-accumulating organisms. The results also attributed that a higher C/N ratio can help 
enhance the denitrifying absorption. It is evident from Table 2 that a higher C/N ratio facilitated TN removal. 
It is a well-known fact that low C/N ratio often leads to scarcity of carbon with respect to nitrogen. As a result, 
nitrogen becomes the limiting factor, which in turn affects microbial activity, thereby decreasing COD and 
nitrogen  removal52,53. However, at a higher C/N ratio of 15, there was a slight fall in TN removal. It is also essential 
to understand that increasing the C/N ratio will promote nitrification, which reverses the canonical theory of 
eutrophication for nitrification. As we go on, increasing the C/N ratio will help enrich heterotrophs and reduce 
the nitrifiers for ammonia and oxygen. The C/N ratio reaches 3, and the removal of TN in the anaerobic phase 
by an external carbon source shows a positive trend, enhancing denitrification. It is also essential to understand 
that when the C/N ratio reaches 10 in different stages of the aerobic cycle, it will be the main contributor to TN 
removal, thereby enhancing SND by 78%. The SND process considered by previous studies with a low C/N ratio 
showed low efficiencies attributed to ammonia assimilation under the low DO. Thus, indulgences of different 
phases, like anoxic and aerobic phases, for gradient DO will help in granule formation, which helps achieve a high 
rate of SND process overall. In the current study, we varied the external carbon source as a C/N ratio and found 
that organic carbon enhances the SND process until overdosing occurs. The higher SND process by autotrophic 
nitrifiers might be attributed to its inhibition and encourage nitrification at a high C/N ratio. The external carbon 
source enhances the SND process in different phases of cSBR operation, especially at C/N of 10, having an SND 
of around 78%. Microbial culture shows that C/N maintained at a certain level helps in intracellular carbon 
transformation and further enhancement in the SND process.

Effects of nitrite on the overall performance
After 75 days of operation, the pollutant removal efficiency varied under different anoxic nitrite concentrations 
in the cSBR system. The COD and nutrient removal in the various process phases were studied for 75 days. The 
results revealed that under different nitrite stresses, the C/N ratio and external carbon source had minimal effect 
on the TN removal. Also, the system’s non-inhibitory nitrite at the start of each phase cycle shows high efficacy 
of phosphorus during 75 days of operation. But when the C/N ratio exceeds 10, the phosphorus reduces, i.e., the 
TP removal rate at 30 mg/L shows nitrite stress was about 69%. The variation observed during this study, like 
nitrite, increased the  NH4

+–N, thereby decreasing  NO3
−–N concentration, and hence an increase in  NO2–N was 

observed. They might be attributed to the non-inhibitory nitrite stress intensity, helping the SND process. It is 
also worth noting that high nitrite helps denitrification and dampens nitrification.

Effect of alkalinity and pH
The alkalinity and pH of the wastewater play a vital role in nitrification. Nitrifying bacteria, which are responsible 
for the conversion of ammonia to nitrate, are highly sensitive to pH, and they tend to work best when the pH 
ranges from 7 to  84. During the nitrification process,  H+ ions are released, which tends to bring down the value 
of pH thereby making it acidic. At acidic pH conditions, the performance of the nitrifying bacteria is severely 
inhibited and affects the performance of the entire system. However, if there is sufficient alkalinity in the system, 
the change in pH is restricted. Hence, maintaining the alkalinity becomes crucial for the effective operation of 
the cSBR. The observed pH and alkalinity in the influent and effluent of cSBR over the entire period of operation 
have been shown in Fig. 4.

It was observed that the pH values dropped in the effluent for most of the cases. This may be attributed to 
the release of  H+ ions during  nitrification23,24,52. However, in the initial phase and final stage of operation, there 
was an increase in pH. This might be because the production of oxidized pyridine nucleotides and ammonium 
during dissimilatory  NO3− reduction and respiratory denitrification raises the  pH54. Furthermore, there is a 
possibility that the alkalinity of the effluent, which is an indication of its ability to neutralize acids, can also 
affect the pH oscillations that occur throughout the nitrification process. It is possible to achieve a rise in pH 
by counterbalancing the reduction in pH that is generated by nitrification. The typical values of stoichiometric 
conversion ratio of carbon to P-uptake were seen to lies in between 60:1 .This can be accomplished if the alkalinity 
concentration is sufficiently increased. On the other hand, there was a consistent drop of alkalinity in the effluent, 
which indicates the successful nitrification of ammonia, which in turn led to the formation of various organic 
 acids55. The average value of alkalinity in the influent was 358 ± 16 mg/L as  CaCO3, and that in the effluent was 
238 ± 31 mg/L as  CaCO3. The values indicate that there was sufficient alkalinity in the system to resist the fall 
in pH.

COD, nitrogen, and phosphorus metabolism potential under different C/N ratio
In SBR, the degradation of organic matter, quantified as COD, and the elimination of nitrogen and phosphorus 
largely depend on the metabolic functions of microorganisms in the activated sludge biomass. The C/N ratio in 
the influent wastewater is a crucial determinant that significantly impacts the various processes occurring within 
the conventional activated sludge process (ASP). Therefore, it is critical to investigate the impacts of different 
C/N ratios on these  parameters56,57.
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COD metabolism
Microorganisms favor carbon over nitrogen utilization in wastewater with a high C/N ratio. This preference 
leads to the efficient removal of COD due to the higher carbon content in the wastewater. The surplus carbon 
is a source of energy and raw materials for the proliferation of heterotrophic bacteria responsible for degrading 
organic  matter40,58,59. A low C/N ratio signifies an elevated nitrogen level compared to carbon within the incoming 
wastewater. In such cases, microorganisms may experience carbon limitation, resulting in reduced efficiency of 
COD removal. Optimizing the performance of the activated sludge process may require supplementary carbon 
sources or modifications to the C/N  ratio59,60.

Total nitrogen metabolism
Nitrification and denitrification mechanisms mainly facilitate the nitrogen removal process in an activated sludge 
system due to the high C/N ratio. An elevated C/N ratio fosters the process of nitrification, which involves the 
transformation of ammonium  (NH4

+) into nitrate  (NO3
−). Using carbon as an energy source is a crucial aspect of 

the nitrification process facilitated by nitrifying bacteria. The nitrification process can be carried out significantly 
efficiently, given the abundant carbon availability resulting from the elevated C/N  ratio40. However, a reduced 
C/N ratio promotes denitrification, which converts nitrate to nitrogen gas  (N2), eliminating nitrogen. Nitrate 
serves as an electron acceptor for denitrifying bacteria when oxygen is restricted. In an environment with a low 
C/N ratio, the limited availability of carbon stimulates the process of  denitrification61. However, in a system 
exhibiting a more excellent C/N ratio, a larger carbon pool can function as an organic carbon substrate for 
denitrifying microorganisms. The excess carbon in the environment aids denitrification by serving as a crucial 
source of energy and carbon substrate for the denitrifying bacteria. As a result, an increased C/N ratio has been 
observed to stimulate denitrification rates, ultimately resulting in enhanced TN  elimination40,62.

Phosphorus metabolism
The primary driver of biological phosphorus removal in an activated sludge process is the PAO, which is 
influenced by a high C/N ratio. In an environment with a high C/N ratio, PAOs exhibit efficient carbon uptake 
and intracellular storage as polyphosphate, thereby improving the removal of phosphorus from  wastewater40,63. A 
reduced C/N ratio can hinder the capacity of PAOs to integrate carbon into polyphosphate synthesis, ultimately 
leading to decreased phosphorus removal effectiveness within the SBR. Optimal removal of phosphorus may 
require the inclusion of supplementary carbon sources or modifications to the C/N  ratio40,64,65. It is crucial to 
consider that the efficacy of an activated sludge system (ASP) and the interplay among COD, nitrogen, and 
phosphorus elimination are impacted by multiple variables, such as temperature, hydraulic retention time, DO 
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concentrations, and the particular microbial community composition present in the activated sludge system. 
Thus, a holistic comprehension of these variables, combined with consistent surveillance and enhancement, is 
imperative to attain the intended results in wastewater treatment.

Understanding the role of phosphate, COD, and pH in the SND process.
Maintaining a balanced environment in microbial cultures is essential, especially in processes involving carbon 
and phosphorus metabolism, where nitrogen plays a critical role. Nitrogen is necessary for synthesizing 
proteins and nucleic acids, which are fundamental components of microbial cells. However, excessive nitrite 
concentrations can lead to toxicity in microbial cultures. High levels of nitrite can disrupt the microbial 
metabolism and impact cell viability. Nitrite toxicity can result in the dissociation of cell proteins because it can 
react with proteins, altering their structure and function. This can interfere with essential cellular processes and 
lead to cell damage or death. A high concentration of nitrite also dampens the electron transfer and substrate 
movement. Understanding stress conditions helps develop a model and the behavior of microbial cultures under 
toxic conditions and process efficiency. The microbial culture association, in either case, either increases or 
declines, which will help us predict the effluent COD removal efficiency and nutrient removal performances. It is 
also to understand that high nitrite stress intensity will favor denitrification and shorten the cycle of nitrification, 
which overall depends upon the bacterial community anyway. The nitrogen metabolic conversion pathway 
during the acceptance of electrons in biomass shows a decline in the  NO3 and  NO2

− and a rise in ammonia 
concentration. These results might be attributed to a decrease in microbial culture to convert ammonia to 
 NO2

− and  NO2
− to  NO3

−.

Prediction using ANN modeling, sensitivity analysis, and interactive effect study
The predicted vs. actual values of the optimized ANN network during the model’s training, validation, and test-
ing have been provided in Fig. 5a. The high R-value of 0.999 for training data sets, more than 0.98 for testing 
and validation data sets, and 0.994 for the complete dataset indicated that the model was a perfect fit. The MSE 
value for the complete dataset was also found to be as low as 6.84. It can be seen from Fig. 3a that the number 
of neurons in the hidden layer is 10, and the tansig function was used. The weights connecting the input layer 
neurons to the neurons in the hidden layer (IW) and weights connecting the neurons within the hidden or out-
put layers (LW) have been provided in Table 4. The values of IW and LW in ANN are essential for the network’s 
performance. These weights encode the knowledge and patterns learned from the training data, determining 
the strength of connections between neurons and shaping how information flows through the network. Input 
weights help the network assign significance to different input features, allowing it to focus on relevant informa-
tion while filtering out noise. Layer weights within hidden layers enable the network to approximate complex, 
nonlinear functions and capture intricate relationships in the data. Properly tuned weights are crucial for the 
network’s generalization to unseen data, its optimization during training, and its overall model performance.

Fig. 5.  (a) Fitting of training, validation, test, and all data sets vs the predicted data set obtained from the 
optimized artificial neural network model, and (b) influence of individual parameters on the removal of COD 
and TN.



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:22950  | https://doi.org/10.1038/s41598-024-72490-0

www.nature.com/scientificreports/

The relative influence of aeration, phosphate, and  CODinfluent/TNinfluent ratio on COD and TN removal was 
obtained from sensitivity analysis. The results of the sensitivity analysis are shown in Fig. 5b. It was observed 
that the  CODinfluent/TNinfluent ratio had a more significant impact on TN removal, while phosphate had a more 
profound effect on COD removal. Aeration had the most significant impact and almost equally affected COD 
and TN removal.

The interactive effect of different operating parameters on COD and TN removal has been shown in Fig. 6. 
Contour plots illustrated the impact of varying two variables simultaneously on COD and TN removal efficien-
cies, revealing optimal conditions for the SND process in cSBRs. It was observed from Fig. 6a that a  CODinfluent/
TNinfluent ratio of 5–8 favored COD removal. A higher  CODinfluent/TNinfluent ratio is associated with higher COD 
content. At an aeration time of 13.5 h, sufficient oxygen may not be available for the degradation of the excess 
 COD66. Also, it was observed that there was an increase in COD removal with the increase in phosphate concen-
tration. This is predominantly because phosphate availability can affect the growth and metabolism of microor-
ganisms. Phosphate concentrations must be adequate for microbial energy production, enzyme synthesis, and 
cell growth. Low phosphate can inhibit microbial activity and reduce the efficiency of COD  removal67. However, 
there was a drop in COD removal when the phosphate concentration was around 10–14. An increase in the 
 CODinfluent/TNinfluent ratio at low phosphate concentrations negatively affected TN removal (Fig. 6b). In the SND 
system, phosphorus availability is crucial in optimizing denitrification efficiency. Phosphate acts as a micronu-
trient and influences the activity of denitrifying bacteria. When phosphate concentrations are low, phosphorus 
can be limited, affecting the growth and activity of  denitrifies68. As a result, denitrification may become less 
efficient, reducing TN removal.

Furthermore, the  CODinfluent/TNinfluent ratio and phosphate concentration can influence the microbial 
community structure in SND systems. Higher  CODinfluent/  TNinfluent ratios and lower phosphate concentrations 
may favor the growth of heterotrophs or other less efficient microorganisms in  denitrification41. These 
microorganisms may have different metabolic preferences or lower denitrification capabilities, ultimately 
impacting the TN removal efficiency. However, as phosphate concentration increased, TN removal increased. 
This is not only because phosphate favors microbial growth, but in the presence of high phosphate, there may 
be a prevalence of PAO, facilitating  denitrification40. In Fig. 6c, it was observed that there was a decrease in 
COD removal with an increase in aeration time. In the SND process, low DO becomes the limiting factor for 
the nitrification of ammonia. However, when excess aeration is provided, and there is an abundance of DO, the 
growth of denitrifying bacteria gets affected. This results in low nitrate removal, thereby accumulating nitrate in 
the system. At the same time, the COD, which the denitrifying bacteria should utilize, also remains in the effluent. 
As a result, there was a decrease in COD removal and excess  aeration69. In Fig. 6d, it was observed that the low 
 CODinfluent/TNinfluent ratio favored TN removal at low aeration, while at high aeration, the high CODinfluent/
TNinfluent ratio favored TN removal. Usually, at a low  CODinfluent/TNinfluent ratio, nitrifying bacteria are dominant. 
Since down aeration time may lead to common DO conditions in the system, denitrifying bacteria may also be 
present.

As a result, high TN removal was observed at low  CODinfluent/TNinfluent
40. However, at high aeration times, 

COD may be degraded by heterotrophic bacteria, and there is less COD available for the complete denitrification 
of  nitrates40. Hence, a high  CODinfluent/TNinfluent ratio is required. In Fig. 6e and f, the observation was that an 
increase in phosphate positively affected both COD and TN removal when the  CODinfluent/TNinfluent ratio was 
maintained at 7. This suggests that adding more phosphate to the system improved the removal of COD and TN 
when the  CODinfluent/TNinfluent ratio was kept at 7. A decrease in COD removal was observed in Fig. 6c, with an 
increase in aeration. However, TN removal increased with the rise in aeration (Fig. 6f). The COD may be due to 
the complete nitrification of ammonia during the aerobic  phase59.

The ANN model was further optimized to find the ideal condition for COD removal and TN removal and the 
optimum condition for simultaneous high COD and TN removal. It was found that maximum COD removal of 
65.28% was predicted when the  CODinfluent/TNinfluent ratio was 9.5, phosphate concentration was 13 mg/L, and 

Table 4.  Weights are obtained from the optimized artificial neural network model where the number of 
neurons in the hidden layer is 10.

Weights connecting the input layer 
neurons to the neurons in the hidden 
layer (IW)

Weights connecting 
neurons within the 
hidden or output layers 
(LW)

 − 2.68252 0.751519 1.744131  − 0.83958 0.78905

2.56534  − 0.71827 2.266862  − 0.41082 0.675335

1.808683  − 2.4215  − 1.23108  − 1.49478  − 1.01845

 − 2.15009  − 0.12028  − 2.85194  − 0.30509  − 1.7872

0.057387  − 2.67363  − 1.68768 1.126993 0.838934

 − 0.40719  − 2.49671 2.867081 0.34737  − 1.59513

0.264869  − 0.88353 1.108538  − 1.55332  − 0.85437

 − 3.4714  − 1.23674  − 0.66028  − 0.37147 2.027799

1.234707 0.679719  − 2.0494 0.464208 0.046964

0.954095 1.76462  − 2.31033 0.663435 0.499344



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22950  | https://doi.org/10.1038/s41598-024-72490-0

www.nature.com/scientificreports/

aeration time was 4.7 h. Similarly, the highest TN removal of 86.02% was expected to occur when the  CODinfluent/
TNinfluent ratio was 4, phosphate concentration was 10.5 mg/L, and aeration time was 4.7 h. These findings are in 
line with the Fig. 6 and our earlier discussions. Consequently, the COD removal was also predicted to be around 
63.7% at the abovementioned conditions. Furthermore, at this condition, optimum removal of COD (63.7%) 
and TN removal (86.02%) was also obtained. Hence, the optimum conditions for the current system’s operation 
were predicted to be a  CODinfluent/TNinfluent ratio of 4, phosphate concentration of 10.5, and aeration time of 4.7 h.

Metagenomics study of sludge culture
The pre-processing of raw sequence from sequencing to produce clean data with 68,590 read pairs. After denois-
ing and clustering the paired-end reads, 302 OTUs and 47,862 clean tags were obtained. The relative abundance 
of each OTU in the sample was computed. The OTU rank curve is shown in Fig. 7. The alpha diversity analysis 
was carried out to estimate the richness of species within a sample with the help of Chao1 (302), ACE (302), 
Shannon (3.241), and Simpson (0.096) indices. The estimated Chao1 and ACE indices were equal to the observed 
OTU number (Sobs = 302), and the Shannon and Simpson indices were low, implying that the diversity of 
the sample was low. The circular representation of the taxonomic classification in terms of phyla, order, and 
family of the microbial community present in the sample has been made using GraPhlAn software (Fig. 8). 
Pseudomonadota, Actinomycetota, and Bacteroidota were the top phylum present in the sample. Pseudomon-
adota (Proteobacteria) was the dominating phyla comprised of classes Alphaproteobacteria, Betaproteobacteria, 

Fig. 6.  Interactive effect of  CODinfluent/TNinfluent and phosphate on (a) COD and (b) TN removal, the interactive 
effect of  CODinfluent/TNinfluent and aeration time on (a) COD and (b) TN removal, and the interactive effect of 
aeration time and phosphate on (a) COD and (b) TN removal.
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and Gammaproteobacteria. To study the evolutionary relationship among the microbial community found in 
the sample, a phylogenetic tree was built using the maximum likelihood method (Fig. 9). The tree infers the 
neighboring clade of the Pseudomonadota is Bacillota (Firmicutes) and Chlamydia, which has a close relation 
with the phylum Verrumicrobiota. The relative abundance of functional genes was predicted from taxonomic 
annotated data associated with the metabolic pathway databases KEGG, MetaCyc, and COG using PICRUSt2 
software. Based on the KEGG metabolic pathways, amino acid metabolism followed by carbohydrate and cofac-
tor, vitamin metabolism showed more abundance (Fig. 10a). In the case of the COG database, amino transport 
and metabolism were predicted as the significant category followed by the genes involved in general function 
(Fig. 10b). Among the MetaCyc metabolic pathway prediction (Fig. 10c), even though function shown as Oth-
ers with unknown function amino acid biosynthesis and biosynthesis of the cofactor, prosthetic groups, carrier, 
vitamin, and nucleotide and nucleoside biosynthesis formed the primary category (Fig. 7).

Future scope and prospective
The system described in this study could effectively remove TN through the SND process. The removal of COD 
was slightly on the lower side in the current system and further optimization studies was also be carried out to 
improve COD removal. Additionally, it is essential to evaluate the system’s effectiveness in removing emerging 
contaminants and assess its performance in eliminating these substances. The system has the potential to treat 
wastewater containing high ammonia and phosphate. Domestic wastewater from households, agricultural 
wastewater from farming activities, and industrial wastewater from various industries (food processing, chemical 
manufacturing, and textile production are rich in ammonia and phosphates. Ammonia can come from organic 
waste decomposition and nitrogen-containing compounds, while phosphates often originate from detergents, 
fertilizers, and chemical discharges. These nutrients pose environmental risks if improper treatment leads to 
eutrophication and water quality degradation. Hence, implementing the current system for such wastewater 
treatment processes is crucial to mitigate the impact of high ammonia and phosphate levels and protect the 
receiving water bodies. The study shows that the system can effectively remove TN through SND in the presence 
of high phosphate and organic loading. Hence, this system can act as an innovative approach to treating domestic 
wastewater, agricultural run-off, and other industrial wastewater with high ammonia and phosphate loading. 
Furthermore, the C/N ratio had a more profound impact on TN removal than COD removal, while phosphate 
had a more profound effect on COD removal.

Fig. 7.  Operational taxonomic unit (OUT) rank curve (relative abundance of each OTU in the sample).
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Conclusion
To create a viable biological mechanism for SND in cSBR, the primary goal of this study is to analyze SND 
efficiency with variation in various operational parameters and to involve intracellular carob sources as functional 
genes throughout the SND process. Although the addition of external carbon sources often leads to increased 
operation and maintenance costs, excess sludge production, and chemical usage, it was observed that a higher C/N 
ratio could achieve better nitrogen removal. The findings suggested that improving the denitrifying metabolism 
may be facilitated by a greater C/N ratio. The external carbon source improves the SND process in all phases of 
cSBR operation at a C/N of 10, where SND is 78%. It is also essential to know that the aerobic cycle’s C/N ratio is 
the main factor in nitrogen elimination and boosts SND by 78% when it reaches 10. The outcomes showed that 
phosphate-accumulating organisms did not considerably aid the primary intracellular carbon conversion for 
metabolism. Nonetheless, the results showed that a greater C/N ratio improves the denitrification process. After 
75 days of operation, non-inhibitory nitrite at the start of each phase cycle increases phosphorus efficiency. When 
the C/N ratio is greater than 10, phosphorus decreases; the TP removal rate at 30 mg/L nitrite stress was 69%. Cell 
carbon conversion was found to be significantly affected by phosphate-accumulating organisms. Residual nitrates 
caused a 95% EC with a C/N ratio of 6. Higher C/N ratios improved nitrification and denitrification. However, a 
C/N ratio of 15 demonstrated a small negative effect on TN removal. These insights underscore the importance 
of optimizing the C/N ratio and phosphate concentration to enhance the performance of the SND process in 
wastewater treatment systems. Implementing this system could significantly mitigate the environmental impact 
of high ammonia and phosphate levels in various wastewater streams, including domestic, agricultural, and 
industrial sources.

Fig. 8.  Taxonomic classification in terms of phyla, order, and family of the microbial community 
representation.
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Fig. 9.  Phylogenetic tree predicted using ML method by FastTree software.

Fig. 10.  The relative abundance of genes is categorized based on the subsystem in the metabolic pathways (a) 
KEGG database prediction, (b) COG database prediction, and (c) MetaCyc metabolic pathway prediction, 
inferring the majority of functional genes involved in amino acid biosynthesis, transport and biosynthesis of the 
cofactor, prosthetic groups, carrier, and vitamin and carbohydrate metabolism.
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Data availability
The data that support the findings of this study are available from [Isam H Aljundi]. Still, restrictions apply to 
the availability of these data, which were used under license for the current study and are not publicly available. 
However, data are available from the authors upon reasonable request and with permission of [Isam H Aljundi].
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