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 Wastewater reclamation involving a sequencing batch reactor (SBR) has 

received more attention recently due to its high nutrient removal efficiency, 

cost-effectiveness, and low footprint. This study attempts to develop a stable 

and applicable activated sludge SBR for simultaneous carbon and nutrient 

removal from industrial wastewater. The derived-filed data were explored by 

response surface methodology (RSM) to identify the impact of operational 

variables on the SBR performance. Optimum conditions were obtained at 4000 

mg/L MLSS, 100: 8: 2 COD: N: P ratio, 40 min/h aeration time, and 40 h cycling 

time, which resulted in the removal of 82.53% chemical oxygen demand 

(COD), 89.83% TKN, 87.23% PO4
3--P, and 73.46% NO3

--N. Moreover, the sludge 

volume index (SVI) and mixed liquor volatile suspended solids (MLVSS)/mixed 

liquor suspended solids (MLSS) ratio were 64.8 mL/g and 0.8, respectively. The 

maximum nitrification rate was calculated as 113.9 mg/L.d, which increased 

with the rise of the initial ammonium concentration. The specific 

denitrification rate (SDNR) was estimated in the range of 0.003-0.07 mgNO3
-
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-N/mg MLVSS.d, depicting the high potential of the SBR reactor to eliminate 

nitrate by granular sludge. Accordingly, the removal efficiency of the 

optimized system revealed a notable capability towards meeting 

environmental regulations.  

 

1. Introduction 

Industrial wastewater treatment requires more 

effective remediation schemes than conventional 

municipal wastewater treatment systems. 

Industrial wastewaters are distinctively different in 

terms of the manufacturing process and their 

capacity to contaminate water bodies with toxic 

pollutants. Nutrients such as nitrogen and 

phosphorus are the significant elements in 

effluents that threaten aquatic organisms and 

human beings [1,2]. Moreover, untreated 

wastewaters containing nutrients provide the 

opportunity for excessive algal growth leading to 

oxygen depletion, water quality reduction, 

unpleasant odor, and eutrophication [3]. 

Furthermore, high nitrate concentrations in 

wastewaters can form carcinogenic substances, 

such as nitrosamines and nitrosamides, and should 

receive more attention to decrease their harmful 

concentrations [4]. Conventional technologies 

such as chemical flocculation, ozonation, 

polymeric membranes, and adsorption may be 

efficient and practical for removing dye and other 

pollutants in wastewaters. But these processes 

have not been suggested for the treatment of high-

strength wastewater due to their low absorbent 

capacity, secondary pollution, and high cost [5-8]. 

As a comparison, biological treatment methods are 

less expensive and more effective, especially for the 

removal of nitrogen, phosphorus, and 

carbonaceous substances [9]. Biological nitrogen 

removal consists of two steps: nitrification and 

denitrification. Ammonia is converted into nitrite 

and subsequently into nitrate under the aerobic 

state in the nitrification process, which is followed 

by denitrification where nitrite or nitrate is 

converted into gaseous nitrogen under an anoxic 

condition [10]. The simultaneous nitrification and 

denitrification (SND) process is an emerging 

method for nitrogen removal, which not only saves 

on the cost of a second anoxic tank and uses more 

simplified technology [11]. The application of 

granular sludge in biological wastewater treatment 

has recently been suggested [12-14]. The microbial 

aggregates of different bacterial species in large, 

more compact, and dense granules facilitate the 

removal process. Their unique features, including 

high settling velocities and biomass retention, high 

activity, and ability to resist the high loading rates, 

have been widely reported in the literature [15,16]. 

The sequencing batch reactor (SBR) under 

alternating aerobic/anaerobic conditions seeded 

with flocculating sludge is appropriate for the 

formation of granules because of its less rigid 

operation, low operating costs, and high removal 

of nitrogen and phosphorus [15]. Although 

numerous studies have mentioned the outstanding 

potential of the SBRs for carbon, nitrogen, and 

phosphorus (CNP) removal, the present study 

succeeded in not only performing the remarkable 

simultaneous CNP removal but also improving the 

nitrification and denitrification rates. RSM could be 

the best choice to model and optimize the 

wastewater treatment process in the SBRs. Central 

composite design (CCD), as an optimization tool of 

RSM, is useful for building a quadratic model for the 

response variable. It conveniently reduces the need 

for repetitive experimentation, notably in designing 

experiments; on the other hand, it evaluates the 

interaction of factors affecting the treatment 

efficiency and provides the optimal condition 

[17,18]. However, the main objectives of the 

current investigation were (1) evaluation of SBR 

performance for COD and nutrient removal from 

industrial wastewater using RSM; (2) appraisal of 

interactive effects of four independent variables, 

namely mixed liquor suspended solids (MLSS) 

(mg/L), chemical oxygen demand: nitrogen: 

phosphorus (COD: N: P) ratio, aeration time 

(min/h), and cycling time (h), and six dependent 

variables, i.e., removals of COD, total Kjeldahl 

nitrogen (TKN), PO4
3-, and NO3

-, sludge volume 

index (SVI), and mixed liquor volatile suspended 

solids (MLVSS)/ mixed liquor suspended solids 

(MLSS) ratio; and (3) quantification of nitrification 

and denitrification rates. 
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2. Materials and methods   

2.1. Wastewater characterization and seeding 

sludge 

Raw industrial wastewater was retrieved from an 

equalization tank in an industrial wastewater 

treatment plant in Amol, Iran. Table 1 summarizes 

the characteristics of the industrial wastewater. 

The activated sludge (MLSS of 15000-30000 mg/L), 

as inoculum, was obtained from the same 

industrial wastewater. 

Table 1. Characteristics of industrial wastewater. 

Component 
Range 

(mg/L) 

Average ± SD 

(mg/L) 

pH 6.35-7.2 6.79 ± 0.30 

TS* 2670-3150 2908 ± 192.61 

TSS 250-642 424.44 ± 125.89 

VSS 160-402 257.33 ± 58.63 

TCOD 1683-2500 2120.72 ± 339.54 

SCOD 1140-1670 1419.11 ± 173.32 

TBOD 1120-1740 1481.56 ± 249.21 

TKN 1.9-13.3 4.75 ± 3.61 

NO3
--N 1.6-9.1 3.79 ± 2.67 

PO4
3--P 5.61-15.345 8.82 ± 2.79 

*Total solids (TS), total suspended solids (TSS), volatile 

suspended solids (VSS), total COD, and soluble COD.  

2.2. Experimental design and mathematical model 

Design-Expert software (Stat-Ease Inc., version 7.0) and 

CCD were employed to determine the experimental runs and 

optimum conditions. Four independent variables (A: MLSS, 

B: COD: N: P ratio, C: aeration time, and D: cycling time) 

were selected within the experimental design. The variables 

in coded and actual units are shown in Table 2 with their 

corresponding range and level. The experimental design 

consists of 2k factorial points accompanied by 2k 

axial points and a center point with six replications 

[9]. Consequently, 30 experiments (= 2k + 2k + 6) 

were conducted in this case, where k is the number 

of factors. Moreover, removals of COD, TKN, PO4
3-, 

and NO3
-, as well as the amounts of SVI and 

MLVSS/MLSS ratio, were considered as responses. 

Eq.1 represents the empirical second-order 

polynomial model: 

Y = β0 +∑βixi +∑βiixi
2 +∑∑βijxixj + ε

k

j=2

k−1

i=1

k

i=1

k

i=1

 (1) 

Where Y is the predicted response and xi, xj,…, xk 

represent the input variables. In addition, xi
2; xj

2;…; 

xk
2 are the square effects of the parameters, while 

xixj, xixk, and xjxk denote the interactional effects of 

the variables. β0 shows the intercept, whereby βi (i 

= 1,2. . . , k), βii (i = 1,2. . . , k), and βij (i = 1,2. . .,k; j 

= 1,2. . . ,k) symbolize the linear effect, square 

effect, and the interaction effects, respectively. 

Also, ε denotes the random error in the system. The 

p-value with a 95% confidence level was considered 

to evaluate the effectiveness of the model terms. 

The analysis of variance (ANOVA) was used to show 

the differences among the studied variables and 

their impact on the responses. 

Table 2. Experimental ranges of the independent variables. 

Variables 
Range and level 

-α -1 0 +1 + α 

A: MLSS, mg/L 1000 2000 3000 4000 5000 

B: COD:N:P 100/2/0.5 100/4/1 100/6/1.5 100/8/2 100/10/2.5 

C: Aeration time, min/h 35 40 45 50 55 

D: Cycling time, h 12 36 60 84 108 

2.3. Operation of bioreactor  

The lab-scale SBR was fed with 1 L industrial 

wastewater (Figure 1). Aerated activated sludge 

was transferred to the system according to the 

experimental design with concentrations that 

varied between 1000 mg/L to 5000 mg/L. 

Furthermore, the activated sludge was aerated by 

an air diffuser embedded at the bottom of the 

bioreactor. The NH4
+ and PO4

3- concentrations were 

adjusted less than the required amount based on 

the design parameters (Table 2). Therefore, the 

essential quantities of nutrients were added to the 

system to provide an appropriate condition for the 

activated sludge microorganisms. On the other 

hand, the programmable timer was utilized to 

control the operating condition automatically. The 

industrial wastewater was treated sequentially in 

aerobic and anaerobic conditions in 12-108 h cycles, 

including 35–55 min/h for the aeration and 5-25 

min/h for an anoxic state, in which the sludge 

gradually settled. The parameter variations were 

monitored before and after each experimental run. 

In addition, the excess sludge was removed from 
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the system to provide a constant concentration of 

biomass. The SBR reactor was operated at ambient 

temperature (25°C ± 2), and the pH of the 

wastewater was adjusted at 7. 

 
Fig. 1. Sequencing batch reactor. 

2.4. Analytical methods 

The amounts of COD, TKN, MLSS, MLVSS, SVI, PO4
3-, 

and NO3
- were detected by the standard methods 

[19]. The colorimetric closed reflux coupled with the 

thermo-reactor system (Aqualytic, AL32, and 

Germany) was conducted for the COD 

measurement. The absorbance of COD samples 

was measured using a spectrophotometer 

(Aqualytic, Pcespectro, Germany) at a wavelength 

of 600 nm. The PO4
3- and NO3

- concentrations were 

analyzed at a wavelength of 210 and 340 nm, 

respectively, by a UV-spectrophotometer. The SVI 

was monitored to show the settling capability of 

the activated sludge. The pH was measured by a 

digital, portable pH meter (Hach, HQ40d, 

Germany). 

3. Results and discussion 

3.1. Analysis of variance (ANOVA) 

The results of the experimental runs are presented 

in Table 3. Also, Table 4 shows the ANOVA results 

for all responses and the four variables in coded 

values. The model significance was determined 

according to the p-value, which was less than 

0.0001 for all the dependent variables, indicating 

the significant relationship between the model and 

the actual data. The coefficient of determination 

(R2) for the dependent variables was in the range 

of 0.93 to 0.99, which confirmed the statistical 

significance of the model. Since the p-values were 

lower than 0.05, the lack of fit values were not 

statistically substantial. Generally, the lack of fit 

results varied from 0.0937 to 0.1176 for the NO3
- 

and PO4
3- removal, respectively, which depicted 

that the model was statistically significant.  

3.2. Process analysis 

3.2.1. COD removal 

As shown in Table 4, AB, AC, BC, BD, CD, A2, B2, and 

D2 are the significant model terms that affect the 

COD removal, while A, B, C, D, AD, and C2 are 

excluded from the model because of their high p-

value (≥0.05). Figure 2a shows the interaction 

effect of MLSS and the COD: N: P on the COD 

removal. The maximum COD removal (85.6%) is 

obtained in the lowest and highest amount of MLSS 

and COD: N: P (2000 mg/L and 100:8, respectively), 

which elucidate that the appropriate amounts of 

MLSS can adapt and resist the shock loading of the 

substrate [20]. According to Figure 2b, the 

maximum COD removal of 86.83% is achieved in 

the lowest values of MLSS and the highest aeration 

time (2000 mg/L and 50 min/h, respectively). These 

results are favorable for wastewater treatment 

because of the low sludge treatment process 

required. As shown in Table 3, the COD removal 

changes in the range of 78.62 % to 92.59 % except 

for runs 7 and 8, which illustrate the removal of 

71.78 % and 57.99 %, respectively. Figure 2c depicts 

the interaction effects of the COD: N: P ratio and 

aeration time with the maximum removal of COD 

(89.92 %), which is observed at the aeration time 

of 50 min/h and the low ratio of COD: N: P (100: 4: 

1). It is necessary to mention that dissolved oxygen 

(DO) has a considerable role in the production of 

extracellular polymeric substances (EPS), which 

can accelerate the organic material oxidation 

through the simulation of biomass to flocculate 

[19]. Hence, the flocculated microbial community 

can increase the trend of substrate consumption 

that leads to high COD removal efficiency [21]. As 

shown in Figure 2d, the maximum COD removal 

(91.32%) is detected in the highest values of COD:  
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Table 3. Experimental conditions and the response of SBR bioreactor. 

Run Variables Responses 

A: 

MLSS 

(mg/L) 

B: 

COD:N:P 

C: 

Aeration 

time 

(min/h) 

D: 

Cycling 

time 

(h) 

COD 

removal, 

(%) 

TKN 

removal, 

(%) 

PO4
3- 

removal 

(%) 

NO-
3

 

removal 

(%) 

SVI 

(mL/g) 

MLVSS/MLSS 

1 2000 100/4/1 40 36 81.09 80.81 48.92 65.21 65.93 0.65 

2 4000 100/4/1 40 36 92.59 80.39 61.58 71.30 59.39 0.54 

3 2000 100/8/2 40 36 90.73 96.42 61.38 80.12 69.65 0.57 

4 4000 100/8/2 40 36 87.54 96.59 46.5 83.24 71.55 0.72 

5 2000 100/4/1 50 36 90.34 91.49 60.54 60.37 68.33 0.73 

6 4000 100/4/1 50 36 88.19 84.47 40.13 68.18 47.91 0.67 

7 2000 100/8/2 50 36 71.78 99.13 46.81 52.31 40.36 0.72 

8 4000 100/8/2 50 36 57.99 92.05 47.94 57.25 50.32 0.74 

9 2000 100/4/1 40 84 92.50 80.81 59.18 62.15 54.00 0.72 

10 4000 100/4/1 40 84 88.06 85.44 40.67 68.36 67.00 0.77 

11 2000 100/8/2 40 84 91.44 84.94 65.50 79.84 59.00 0.68 

12 4000 100/8/2 40 84 89.24 89.81 56.46 81.52 56.00 0.84 

13 2000 100/4/1 50 84 89.59 75.00 44.00 71.15 77.95 0.66 

14 4000 100/4/1 50 84 90.64 78.00 49.01 65.47 84.57 0.68 

15 2000 100/8/2 50 84 62.23 47.00 40.00 71.10 93.79 1.59 

16 4000 100/8/2 50 84 84.45 75.00 46.02 75.84 69.47 0.72 

17 1000 100/6/1.5 45 60 78.62 94.58 57.84 61.17 70.70 0.67 

18 5000 100/6/1.5 45 60 79.31 98.02 32.59 75.34 50.24 0.71 

19 3000 100/2/0.5 45 60 79.40 54.78 25.09 66.23 46.55 0.68 

20 3000 100/10/2.5 45 60 78.99 97.18 37.18 74.35 67.01 0.69 

21 3000 100/6/1.5 35 60 80.86 94.41 93.13 75.11 71.53 0.74 

22 3000 100/6/1.5 55 60 87.02 90.16 91.94 65.75 93.11 0.70 

23 3000 100/6/1.5 45 12 88.84 97.45 77.33 67.20 72.62 0.68 

24 3000 100/6/1.5 45 108 92.89 77.52 83.12 79.12 74.26 0.80 

25 3000 100/6/1.5 45 60 84.13 93.72 76.26 71.12 77.80 0.69 

26 3000 100/6/1.5 60 60 83.32 92.73 73.59 70.25 72.40 0.67 

27 3000 100/6/1.5 60 60 86.56 93.77 73.83 70.56 71.50 0.67 

28 3000 100/6/1.5 60 60 83.46 93.77 76.59 71.12 75.00 0.71 

29 3000 100/6/1.5 60 60 80.13 94.46 73.22 72.15 82.00 0.71 

30 3000 100/6/1.5 60 60 85.90 92.27 75.81 71.94 78.00 0.73 

Table 4. ANOVA results for the process responses. 

Response Modified equations with significant terms p-value R2 Adj. 

R2 

SD Mean CV PRESS 

COD, % 
Y= 83.92 – 3.44 AB – 2.89 AC – 6.68 BC 

+6.24 BD + 6.15 CD -1.23 A2 – 1.17 B2 + 1.49 

D2 

<0.0001 0.97 0.94 1.86 83.93 2.21 165.27 

TKN, % 

Y= 93.45 + 3.27 B – 1.47 C -4.84 D – 1.16 AC 

+1.79 AD – 1.87 BC – 2.71 BD – 3.29 CD + 0.81 

A2 – 7.83 B2 – 1.22 D2 

<0.0001 0.99 0.98 1.24 88.17 1.41 144.75 

PO4
3-, % 

Y= 75.01 – 6.23 A + 2.61 B + 2.71D + 4.45 AB – 

8.63 AC – 9.66 AD -6.20 BC -2.70 BD + 8.73 

CD – 7.74 A2 – 11.26 B2 + 4.09 C2 

<0.0001 0.99 0.98 2.43 59.59 4.07 724.20 

NO3
-, % 

Y= 71.19 + 3.12 A + 1.99 B – 2.97 C+ 3.43 D – 

1.09 AB + 0.76 AC – 5.24 BC + 0.99 BD + 

4.44 CD – 0.74 A2 + 0.69 D2 

<0.0001 0.99 0.97 1.18 70.01 1.69 119.28 

SVI, mL/g 

Y= 76.02 – 5.90 A + 4.33 B + 4.36 C – 5.38 AB 

– 4.06 AC + 5.34 AD – 4.60 BD + 7.38 CD – 

3.75 A2 – 4.67 B2 + 1.71 C2 

<0.0001 0.96 0.92 3.57 68.65 5.20 677.22 

MLVSS/MLSS 

Y= 0.70 + 0.018 A + 0.0087 B – 0.009 C + 

0.024 AB + 0.013 AC + 0.044 AD – 0.029 BC 

– 0.031 BD – 0.034 CD 

<0.0001 0.93 0.88 0.02 0.70 2.52 0.01 
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N: P ratio and cycling times equal to 100:8:2 and 84 

h, respectively. He, et al. [22] reported the 

simultaneous removal of nitrogen and phosphorus 

by the aerobic granular SBR. The removal efficiency 

for NH4
+-N, COD, and total inorganic nitrogen 

(TIN) was calculated as 86.53%, 95.05%, and 

73.47%, respectively, in the COD: TIN ratio of 9.4 

and is in agreement with the findings of the current 

research. The increase of cycling time in the 

present study caused the enhancement of COD 

removal efficiency. In fact, the residual COD 

concentration in a high cycling time could be 

transferred into the aerobic zone to be promptly 

ingested by aerobic microorganisms, which 

subsequently improves the COD removal efficiency 

[23]. Similar results were expressed by Xu et al. 

[24], who referred to the increase of COD removal 

in an expanded granular sludge blanket (EGSB) 

reactor as a result of MLSS enhancement. 

Furthermore, Desireddy and Sabumon [16] 

investigated the combined process of simultaneous 

nitrification, denitrification, and phosphorus 

removal in a sequencing batch airlift reactor. The 

removal of TN, PO4
3--P, and COD were monitored 

as 90.6%, 83.2%, and 90.1%, respectively. 

Moreover, Hayati, et al. [25] reported the overall 

removal efficiency of the Birjand municipal 

wastewater stabilization ponds as 76.16% for BOD5 

and 67% for COD.  
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Fig. 2. The 3D plot for COD removal: (a) COD: N:P ratio and MLSS, (b) MLSS and aeration time, (c) COD: N: P ratio 

and aeration time, and (d) COD: N: P ratio and cycling time. 
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3.2.2. Total Kjeldahl nitrogen removal 

According to Table 4, the significant model terms 

are B, C, D, AC, AD, BC, BD, CD, A2, B2
, and D2, while 

the p-values larger than 0.1 (A, AB, C2) are 

insignificant. The interactions among the 

independent variables and their impacts on the 

ammonium removal are presented in Figure 3. The 

TKN removal varies between 54.78% to 99.13% and 

the maximum TKN removal is achieved in an MLSS 

concentration of 2000 mg/L, COD: N: P ratio of 100: 

8: 2, aeration time of 50 min/h, and the cycling 

time of 36 h. It should be noted that since the 

nitrifiers are slow-growing bacteria, they need 

more aeration time to complete the nitrification 

process [26]. Zhang et al. [27] evaluated the 

capacity of the biofilm reactor for nitrogen removal 

from low-carbon municipal wastewater and 

declared the increase of nitrogen removal with the 

rising of aeration time. Although the low aeration 

time restricted the nitrification bacteria from 

oxidizing the ammonium concentration, a long 

aeration period can cause the accumulation of 

nitrate in the bioreactor [28]. The comparison of 

different plots in Figure 3 demonstrates the 

increase of TKN removal as a response to an 

increase of MLSS and reduction of the cycling time. 

The maximum TKN removal for AB, AC, AD, and BC 

is 94.86%, 96.96%, 99.35%, and 95.56%, 

respectively.  

  

 

(a) (b)  

  

 

(c) (d)  

Fig. 3. The 3D plot for TKN removal: (a) MLSS and aeration time, (b) MLSS and cycling time, (c) COD: N: P ratio and 

aeration time, and (d) COD: N: P ratio and cycling time. 
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High TKN removal confirms that the nitrification 

and denitrification processes occur efficiently in 

the SBR reactor. In addition, Figure 3d illustrates 

that the moderate range of the COD: N: P ratio can 

improve the trend of ammonium removal. In fact, 

the amount of carbon and nitrogen in influent 

wastewater should be balanced to provide the 

energy for autotrophic nitrifiers and heterotrophic 

denitrifiers to remove ammonium [29,30]. Akhbari 

et al. [31] assessed the combined removal of 

carbon and nitrogen in the SBR. Their results 

showed the efficiency of 99% and 71% for the 

removal of COD and NH4
+-N, respectively, which 

support the findings of 94.86% to 99.35% TKN 

removal in the current study. 

3.2.3. Phosphorus removal 

According to the ANOVA results presented in Table 

4, the model terms A, B, D, AB, AC, AD, BC, BD, CD, 

A2, B2, and C2 are found to be significant. To simplify 

the model, insignificant terms such as C and D2 are 

excluded from the equation. The SBR was fed with 

industrial wastewater containing 5, 10, 15, 20, and 

25 mg/L of phosphorus concentrations. The 

interactions of independent parameters on the 

phosphorus removal are presented in Figure 4. The 

highest phosphorus removal was detected as 

93.13% in experimental run 21 (Table 3) at an MLSS 

concentration of 3000 mg/L and COD: N: P ratio of 

100: 6: 1.5. Therefore, the increase of influent 

phosphorus concentration and aeration time 

promoted the phosphorus accumulating organisms 

(PAOs) to store more phosphorus. Figure 4a 

illustrates the effects of MLSS concentration and 

COD: N: P ratio on phosphorus removal. The 

maximum removal of phosphorus (76.27%) is 

obtained at the low value of MLSS (2500 mg/L). The 

COD: N: P ratio at the midpoint value of 100:6:1.5 is 

desirable for industrial wastewater treatment. 

Figure 4b also depicts the collective effects of MLSS 

concentration and the cycling time on the removal 

percentage of phosphorus. The maximum 

phosphorus removal was 87.18% in the low value of 

MLSS and the highest cycling times of 2000 mg/L 

and 84 h, respectively. According to the obtained 

results, the low amount of MLSS in the bioreactor is 

very significant because the sludge bulking and SVI 

enhancement occur as a result of a high amount of 

MLSS [32]. The effect of MLSS in the performance 

of the modified A2O process was investigated by 

Fan et al. [20]. Their results demonstrated that the 

increase of MLSS to 2000 mg/L led to total 

phosphorus (TP) removal, while it was depleted at 

the MLSS of 2000-4000 mg/L, which confirmed the 

output of this study. Another literature [33] 

reported the decline of 80% phosphorus removal 

efficiency and 37% phosphorus release as a result 

of the MLSS increment. 

Figure 4c shows the interaction of COD: N: P ratio 

and aeration time on phosphorus removal. The 

highest phosphorus removal is observed at the 

COD: N: P ratio of 100: 6: 1.5 and the lowest 

aeration time of 40 min/h to achieve 81.03 % of the 

phosphorus removal. Moreover, Figure 4d displays 

the maximum percentage of phosphorus removal 

equal to 91.44%, which is observed in the highest 

value of aeration time and cycling time as 50 min/h 

and 84 h, respectively. The midpoint value of the 

COD: N: P ratio in all the experiments is found to be 

the most suitable condition to achieve the 

maximum removal of nutrients. It can be 

speculated that the high C: N ratio fluctuates the 

distribution of substrates and microbial 

communities by increasing glycogen accumulating 

organisms (GAOs) and PAOs competition, which 

the dominance of GAOs finally occurs. Hence, the 

higher COD: N ratio causes the excessive growth of 

GAOs and reduction of phosphorus removal [34]. 

Overall, the phosphorus removal changes in the 

range of 25.09% to 93.13%.  
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(a) (b) 

  
(c) (d) 

Fig. 4. The 3D plot for phosphorus removal: (a) MLSS and COD: N: P ratio, (b) MLSS and cycling time, (c) COD: N: P 

ratio and aeration time, and (d) aeration time and cycling time. 

3.2.4. Nitrate removal 

The ANOVA results for NO3
- removal are presented 

in Table 4. The following are significant model 

terms: variables A, B, C, and D; the interactive 

terms AB, AC, BC, BD, and CD; and the second-

order effects of A2, D2. The insignificant model 

terms of AD, B2, and C2 are excluded. The 

interaction effects of the variables on the NO3
- 

removal are illustrated in Figure 5. The maximum 

NO3
- removal (83.24%) is obtained when the MLSS 

concentration value is set at 4000 mg/L, COD: N: P 

ratio of 100: 8: 2 at an aeration time of 40 min/h, 

and cycling duration of 36 h. The NO3
- removal 

varies between 52.31% to 83.24% depending on the 

experimental conditions. Sayadi, et al. [35] 

recorded the highest NO3
- removal in the range of 

81.49-89.8% on the eighth day of the experiment. 

According to Figures. 5a and 5b, the enhancement 

of MLSS concentration (4000 mg/L) cause an 

increase in the NO3
- removal efficiency. Moreover, 

Figures. 5a and 5d show that the highest NO3
-

removal efficiency is achieved while the COD: N: P 

ratio is set at 100: 8: 2, demonstrating that the rich 

carbon source leads to a higher denitrification 

performance and lower nitrogen content in the 

effluent. Generally, the rate of denitrification 

process attributes to the type of carbon source, 

substrate bioavailability and biodegradability, and 

COD: TN ratio [36]. However, the insufficient 

supply of organic carbon in the low COD: TN ratio 

leads to incomplete denitrification, which Ge et al. 

[37] expressed in their study of the anoxic 

denitrification process under various COD: N ratios. 

The increase of the COD: N ratio from 1 to 25 
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developed the denitrification rate and accelerated 

the trend of nitrate removal, which was consistent 

with the obtained results in the present study. The 

maximum NO3
- removals in the combined effects 

of AB, AC, BC, and BD were 74.22%, 75.56%, 

80.95%, and 78.05%, respectively. The optimum 

conditions for the aeration and cycling times were 

50 min/h and 84 h, respectively, as given in Figures. 

5b-d. Although the negative impact of the high 

aeration time on nitrate removal was completely 

obvious, the present study demonstrated that the 

aeration time of 50 min/h was the optimum value 

to obtain the high nitrate removal, which was in 

accordance with He et al. [28] who reported the 

reliable nitrogen removal performance in the high 

aeration time. 

  
(a) (b) 

  
(c) (d) 

Fig. 5. The 3D plot for nitrate removal: (a) MLSS and COD: N: P ratio, (b) MLSS and aeration time, (c) COD: N: P ratio 

and aeration time, and (d) COD: N: P ratio and cycling time. 

 

3.2.5. Sludge volume index 

The interaction effects of all the variables on SVI 

were significant except for the effect of D and D2. 

The SVI results varied between 46.55 mL/g to 93.79 

mL/g in all the experiments (Figure 6). The 

maximum and minimum SVI values in the 

experimental runs were15 and 19, respectively. 

Regarding the obtained results, the high value of 

nitrogen in the wastewater was an effective 

parameter on the granule formation that caused 

the activated sludge to be deformed and expand in 

the bioreactor. In reverse, the activated sludge was 
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compacted, and the settlement speed improved in 

the low nitrogen concentration. Based on Figure 

6a, the high value of MLSS is desirable to get 60.93 

mL/g of SVI, which is in agreement with Akhbari et 

al. [31], who reported the minimum SVI value as 

71.69 mL/g when the MLSS concentration and HRT 

were 10000 mg/L and 6 h, respectively. 

Furthermore, the lower SVI is achieved while there 

is a rise in the MLSS concentration and a decline in 

the cycling time. The low SVI in Figure 6b is observed 

in the highest MLSS concentration and the 

moderate aeration time of 4000 mg/L and 45 

min/h, respectively. It is noteworthy to mention 

that the low aeration time can upgrade the growth 

rate and settle ability of biomass such as 

heterotrophs and filamentous bacteria. In other 

words, the reduction of aeration time mitigates the 

hydraulic shear force that leads to easily and 

rapidly sludge settling [28,38]. Azizi et al. [39] 

demonstrated that a low rate of aeration (30 L/h) 

was effective enough to reach a high removal in an 

SBR bioreactor. These results were similar to the 

observed results in the current study, showing a low 

aeration rate to be more suitable for industrial 

wastewater treatment. In addition, the optimum 

cycling time for decreasing the SVI was 36 h 

(Figures. 6c and 6d). Overall, the SVI values for AB, 

AC, AD, and BD were 60.93, 66.39, 60.24, and 61.58 

mL/g, respectively. 

  
(a) (b) 

  
(c) (d) 

Fig. 6. The 3D plot for SVI: (a) MLSS and COD: N:P ratio, (b) MLSS and aeration time, (c) MLSS and cycling time, and 

(d) COD: N: P ratio and cycling time . 
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3.2.6. The amount of MLVSS/MLSS 

According to Table 4, the significant model terms 

were A, B, C, AB, AC, AD, BC, BD, and CD. Figure 7 

depicts the interaction effects of four independent 

variables on the MLVSS/MLSS ratio under the batch 

condition. The maximum and minimum 

concentrations of the MLVSS/MLSS ratio are 

observed in the experimental runs 12 and 2, 

respectively. The independent variables of MLSS 

and the COD: N: P ratio had significant impacts on 

the MLVSS/MLSS ratio. The 4000 mg/L of MLSS 

concentration was appropriate to improve the 

MLVSS/MLSS ratio in the wastewater treatment 

system, which was attributed to the higher 

concentration of microorganisms present in the 

aeration tank. Furthermore, the impacts of the 

aeration time and the highest cycling time on the 

MLVSS/MLSS ratio were unavoidable. In fact, the 

long-term operation in the reactor may 

accumulate the biomass content and subsequently 

increase the ratio of MLVSS/MLSS [28].  

  

(a) (b) 

  

(c) (d) 

Fig. 7. The 3D plot for MLVSS/MLSS ratio: (a) MLSS and COD: N: P ratio, (b) MLSS and aeration time, (c) MLSS and 

cycling time, and (d) COD: N: P ratio and aeration time. 
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Additionally, the increase of operational time may 

decrease the rate of MLSS production, which 

eventually leads to the diminution of the 

MLVSS/MLSS ratio. The average value of the 

MLVSS/MLSS ratio was higher than that of Fan et 

al. [40] that was in the range of 0.216 to 0.411, 

which illustrated higher activated sludge activity. 

However, the MLVSS/MLSS ratio reveals the activity 

of activated sludge that depends on the sludge 

age, influent COD, and contact time. It should be 

mentioned that the MLVSS/MLSS value is usually 

0.75 in municipal wastewater [41], which is 

approximately similar to the present study.  

3.3. Optimization of operational conditions 

The optimum condition was obtained according to 

the variables (MLSS, COD: N: P, cycling time, and 

aeration time) and responses (COD%, TKN%, 

NO3
-%, PO4

3-%, SVI, and MLVSS/MLSS). Four points 

within the optimal ranges were chosen, and the 

precision of the models was evaluated in the batch 

system. Then, the actual data were compared with 

the corresponding predicted values. The p-value 

close to one was determined under numerical 

optimization. The results of four experiments in the 

optimum region are shown in Table 5. In the first 

run, the highest p-values (0.840) are detected in 

the MLSS of 4000 mg/L, COD: N: P ratio of 100: 8, 

aeration time of 40 min/h, and cycling time of 40 

h. Moreover, the empirical data is in close 

agreement with the predicted ones. 

3.4. Quantification of nitrification and 

denitrification rate 

The nitrification rate (Nr) determines the fate of 

ammonium, and subsequently, the time period 

needed for nitrogen removal [42]. The calculation 

of Nr is illustrated in Equation (2): 

Nr =
NH4

+ − Ni − NH4
+ − Nf

HRT
 (2) 

where NH4
+-Ni and NH4

+-Nf are the initial and final 

ammonium concentrations, respectively. The 

variation of TKN removal in the SBR reactor is 

illustrated in Figure 8a.  
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steady state (b), and variation of nitrification and 

denitrification rates (c). 

As shown in Figure 8a, the TKN removal is enhanced 

significantly while the TKN loading rate increases 

from 11.53 mg/L.d to 114.99 mg/L.d. However, a 

significant reduction in the trend of TKN removal is 

observed when the cycling time is upgraded from 

1.5 d to 3.5 d. Regarding the TKN loading rate of 
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46.89 mg/L.d with a cycling time of 3.5 d, the TKN 

removal decreases to 21.75 mg/L.d, which is 41.67% 

lower than the same condition at a 1.5 d cycling 

time. Generally, the carbon and nutrient removal 

efficiencies in the SBR systems depend directly on 

the duration of the cycling time and time needed 

for each phase of the process. Although the 

increase of cycle time promotes the nutrient 

removal efficiency, the high influent flow finally 

results in the enhancement of the final cost. 

Therefore, the optimal condition of a system should 

be considered simultaneously from the pollutant 

removal and economic point of view [43].  The 

determination of the denitrification rate (Dr) is 

based on the consumption of nitrate by denitrifiers 

as shown in Equation (3). 

Dr =
NO3

− − Ni − NO3
− − Nf

HRT
 (3) 

where NO3
--Ni and NO3

--Nf are the initial and final 

nitrate concentrations in the bioreactor, 

respectively. Furthermore, the specific 

denitrification rate (SDNR) is measured using 

Equation (4): 

SDNR =
Q × ∆NO3

− − N

V × MLVSS
 (4) 

where Q is the flow rate (L/d) and ∆ NO3
--N is the 

nitrate removal (mg/L). Also, V and MLVSS are the 

bioreactor volume (L) and biomass concentration 

(mg/L), respectively. The impact of the F/M ratio 

on SDNR is plotted in Figure 8b and depicts the 

development of SDNR coinciding with the F/M ratio 

progress. The maximum ratio of SDNR was 

detected for the F/M ratio of 0.92 mg COD/mg 

MLVSS.d, while an increase in the F/M ratio at 1.3 

mg COD/mg MLVSS. d caused a minimum SDNR of 

0.05 mgNO3
--N/mg MLVSS.d, explained by the 

adverse effect of a high organic loading rate, which 

caused the endogenous decay among the active 

biomass and eventually led to NOx release.The 

considerable alterations of SDNR were observed at 

the adjusted range of COD: TN ratios. Although the 

negative effect of a high COD: TN ratio on SDNR is 

obvious because of free nitrous acid (FNA) 

inhibition [44,45], the increase of the COD: TN ratio 

in the present study from 100:4 to 100:8 caused 7-

fold progress in the amount of SDNR in run 7. The 

more available nitrogen source led to the high 

denitrification rate. Corresponding to runs 14 and 

17, the SDNR dramatically increased from 0.009 to 

0.052 mgNO3
--N/mgMLVSS.d, while the COD: TN 

ratio reached 100:6. Similar results were reported 

by Badia et al. [36]; they investigated the impact 

of the SCOD: N ratio on SDNR in the SBR bioreactor 

and declared the linear increase of SDNR with an 

increment of SCOD: N ratio in the range of 3-6.6. 

The nitrification and denitrification rates differed 

significantly (p<0.05) in the various operational 

runs. As can be seen in Figure 8c, the nitrification 

rate is enhanced along with the denitrification 

rate. Since the DO concentration was kept 

constant at 2 mg/L, the reduction of the 

nitrification rate in some operational runs was not 

as result of the low DO, but it can be due to the 

multiple cycling times. The increase in cycling time 

from 1.5 to 3.5 d led to the decrease of the 

nitrification rate to 21.7 mg/L.d, with the influent 

TKN concentration of 164 mg/L. Since the optimum 

cycling time for the SBR function was determined 

to be approximately 1.5 d, the higher cycling time 

might inhibit the activity of nitrifying biomass. On 

the other hand, doubling the TKN concentration to 

172.5 mg/L with a cycling time of 1.5 d resulted in a 

triple-increase in the nitrification rate (113.9 

mg/L.d) despite the relatively low MLVSS 

concentration. A positive tendency was observed 

between the nitrification rate and COD: TN ratio as 

a fundamental parameter. The peak of the 

nitrification rate was detected at the COD: TN ratio 

of 100: 8, which optimized the operational 

condition for ammonium oxidizing bacteria (AOB) 

and nitrite-oxidizing bacteria (NOB). The relatively 

sensible fluctuations occurred at a COD: TN ratio 

lower than 100: 6, which could be associated with 

the severe competition between heterotrophs and 

nitrifiers for the COD uptake that limits the 

proliferation of AOB and NOB [46]. In addition, the 

lower COD: TN ratio probably caused the 

consequent increase of partial nitrification and 

nitrite accumulation [2]. A high denitrification rate 

is acquired when nitrite or nitrate is used as an 

electron acceptor and organic matter as an 

electron donor to reduce nitrate [44]. In addition, 

the rate of denitrification mostly depends on the 

type of carbon source and its degradability and 

COD: NO3
--N ratio [37]. Hence, the largest 

denitrification rate (114.5 mg/L.d) was measured 

when the initial nitrate concentration reached 

172.6 mg/L (Figure 8c). Nevertheless, the 
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denitrification rate drastically dropped to 20 

mg/L.d in the initial nitrate concentration range of 

52.8-61.9 mg/L due to the long adjusted cycling 

time. Similarly, Ge et al. [37] reported the lowest 

specific nitrate reduction rate at 4-8 h, which 

upgraded to 0.029 d at 2-4 h, where the maximum 

specific carbon consumption rate was detected. 

Furthermore, the effect of the COD: NO3
--N ratio 

on the whole denitrification process is not 

negligible so that the low ratio of COD: NO3
--N 

equal to 100: 1 led to the minimum denitrification 

ratio (6.5 mg/L.d), owing to insufficient organic 

matters. As the COD: NO3
--N ratio was modified as 

low as 8, the denitrification rate maximized, which 

was in line with the findings of Ge et al. [37]; they 

discovered the positive relationship between the 

high COD: NO3
--N ratio and nitrite accumulation 

that finally caused the incomplete denitrification. 

In other words, the removal of excess nitrate 

concentration in the anoxic tank requires more 

available COD to maintain and stimulate the 

biomass. Therefore, the lack of COD may disrupt 

the denitrification phenomenon and accumulate 

other intermediates.  

4. Conclusions 

Highly efficient simultaneous CNP removal was 

successfully achieved in the SBR. The maximum 

removals for COD, TKN, PO4
3-, NO3

- and the 

amounts of SVI and MLVSS/MLSS were 92.59%, 

99.13%, 93.13%, 83.24%,46.55 mL/g, and 0.84, 

respectively. The optimum condition of the SBR 

reactor to treat industrial wastewater was 

achieved at an MLSS concentration of 4000 mg/L, 

COD: N: P of 100: 8: 2, the aeration flow rate of 40 

min/h, and 40 h of cycling time. Furthermore, the 

results demonstrated that the SDNR strictly relied 

on the F/M ratio; the nitrification rate depended on 

the influent ammonium concentration and COD: 

TN ratio. The results of the present study could 

expose new scenarios for industrial wastewater 

treatment in further investigations.    
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