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Abstract  

In this research, the ozonation process has been used as a supplementary stage of purification to reduce 

the amount of chemical oxygen demand and remove bacteria, especially E. Coli, from the effluent of the 

paper industry. Box-Behnken Design statistical method is used to optimize the treatment conditions. In 

this method, the effect of three variables governing the ozonation process, including the initial pH of the 

effluent, the amount of input ozone (mg/min) O3 and the duration of ozonation (min) t, was investigated. 

The results showed that the amount of input ozone and pH had the greatest impact on reducing COD (up 

to about 80%). Also, the maximum efficiency of the ozonation process for the complete removal of E. 

Coli was seen in acidic conditions with high amounts of ozone and increasing the duration of ozonation. 

According to the results, it was found that ozone in molecular form and by direct attack in acidic 

environments played a role in the destruction of pollutants. Design Expert software was used to determine 

the optimal conditions, minimize residual COD and maximize the efficiency of the ozonation process. 

The values of pH=5.2, ozone amount (131mg/min) and duration (23 min) are predicted to reach the 

lowest residual COD value (48 mg/L) and the highest efficiency (100% removal of E. Coli). According to 

the investigations carried out in this research, it can be concluded that the use of ozonation process to 

reduce COD and effectively remove E. Coli from the waste water of paper industry is a promising 

complementary method. 
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1. Introduction 

Ozone is an effective and environmentally friendly 

oxidant agent with a very high redox potential of 2.07 V, 

which has been used for years to degrade pollutants in 

paper production wastewater (He et al., 2016). 

Wastewater from the paper industry has a high 

concentration of salts, total suspended solids, chemical 

oxygen demand
1
, color, nutrients, and toxic compounds 

(such as chlorinated organic compounds, surfactants, and 

metals). Therefore, the effluent from such industries has 

severe effects on receiving waters. In this process, 

factors such as ozone amount, contact time, pH and even 

temperature are considered as ozonation variables. As 

each industry is unique in its production methods, 

technology and chemical usage, it is difficult to measure 

pulp and paper effluent characteristics (De Azevedo et 

al., 2019). 

Therefore, the identification of papermaking effluent 

can be achieved by measuring extreme fluctuations in 

various parameters such as pH, conductivity, color, 

biochemical oxygen demand
2
 and COD. Considering the 

complexity of paper industry effluents, one of the most 

serious challenges is to pursue an effective treatment 

because biological processes are generally not able to 

remove these compounds (Gupta et al., 2015). In this 

article, an attempt has been made to optimize the use of 

ozone and the effect of improving ozone treatment on 

the amount of COD and microbial load of the effluent 

from the paper mill that is ready to enter the sewage 

network of the industrial town. 

 

2. Materials and Methods 

Ozone is produced by a generator (with high voltage 

ionization of pure oxygen) and enters the ozone reactor 

on the spot. All experiments have been performed in a 

semi-continuous reactor (continuous with respect to 

ozone and discontinuous with respect to effluent) with a 

volume of 700 cc. The ozone generator produces up to 

20 grams of ozone per hour. When the ozonation reactor 

is filled with wastewater to the volume of 500 cc, ozone 

gas enters the reactor in the form of small bubbles 

through diffusers and is in contact with the wastewater 

solution for different periods of time, and the ozonation 

process is carried out. The schematic of the equipment 

used for the experiments is shown in Fig. 1. To check the 

effect of ozonation process, determination of remaining 

COD and E. Coli reduction rate were used as ozonation 

efficiency. All experiments were performed at room 

temperature. 

 

 

                                                 
1
 Chemical Oxygen Demand (COD) 

2
 Biochemical Oxygen Demand (BOD) 

 

Fig. 1. Schematic of waste water ozonation 

 

Table 1. Conditions of experiments designed using 

BBD method and related results 

Run pH t (min) 

O3 

(mg/ 

min) 

Response1 

Residual 

COD 

(mg/L) 

Response2 

Efficiency 

(%) 

1 5 5 100 50 100 

2 7 25 50 200 80 

3 5 15 50 120 100 

4 7 25 150 50 100 

5 7 5 50 250 80 

6 9 15 50 300 40 

7 5 15 150 50 100 

8 9 25 100 100 60 

9 9 15 150 50 60 

10 5 25 100 50 100 

11 7 15 100 150 100 

12 7 5 150 50 80 

13 7 15 100 100 100 

14 9 5 100 150 50 

15 7 15 100 110 100 

 

 

3. Results and Discussion 

The conditions of experiments designed using the BBD 

method and its results are shown in Table 1. 

In Fig. 2, the graphs of the 3D response levels 

obtained from the results of the response of the residual 

COD amount and ozonation efficiency (E. Coli removal) 

in the effluent after ozonation are shown. 

 

 

4. Conclusion 

In this article, the final treatment of the effluent from a 

paper factory was subjected to ozonation process and the 

reduction of COD and E. Coli was well observed. 

Among the parameters of pH, amount of ozone and 

duration of ozonation, parameters of pH and amount of 

ozone have the greatest effect on reducing the amount of 

COD, and all three parameters showed a significant 

effect on reducing the amount of E. Coli. COD and E. 

Coli removal increased at low pH. Therefore, in 

determining the optimal conditions by the experiment 

design software, to minimize the response values of 

COD and E. Coli (increasing the efficiency of the 

ozonation process), acidic environment and high 
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amounts of ozone are predicted. Contrary to the results 

of this research, in most of the similar works, the 

ozonation process has been more effective at high pH to 

remove pollutants and microorganisms. However, in 

general, compared to similar ozonation works the results 

have shown better effectiveness. They have reported 

35% removal of COD using ozone (He et al., 2016), 

while in this study 80% of COD removal was also 

observed.  

             
                    a)                                                   b) 

                 
                    c)                                                       d) 

              
 

                    e)                                                    f) 
Fig. 2. 3D response surface diagram for COD reduction as a function of a) pH and ozone amount (at the 

central value of ozonation duration), b) pH and duration of ozonation (at the central value of ozone 

amount), c) ozone amount and duration of ozonation (in the central value of pH) and for the reduction of 

E. Coli as a function of d) pH and ozone amount (at the central value of the ozonation duration), e) pH 

and ozonation duration (at the central value of the ozone amount) and f) ozone amount and duration 

ozonation (at the central pH value) 
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Fig. 1. Schematic of waste water ozonation 

 

(Covinich et al., 2014, He et 

al., 2016)

 

 

Design Expert

                                                 
1
 In situ 

 

Table 1. Waste water specifications of paper industry 

COD (mg/L) pH 
E. Coli 

(CFU/L) 
300 6.5 5×10

7

 

BBD

RSM

.(Takashina et al., 2018, Shamskilani et al., 

2023)

(Hubbe et al., 2016, Demir and 

Atguden, 2016, Ekblad et al., 2019)

pH

(mg/min)O3

(min)t

BBD

COD

E. Coli

 

E = (CO − Ce)/CO × 100  

COCeEE. Coli

E. Coli(CFU/L)

COD

ANOVA

                                                 
2
 Analysis of Variance (ANOVA) 
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Table 2. Level and type of tested variables 

Level and limits 
Variables 

Level 3 Level 2 Level 1 

25155(min)t

975pH

15010050
O3

(mg/min)
 

BBD

Table 3  Test conditions designed using the BBD method and related laboratory results 

Run pH t (min) 
O3 

(mg/min) 

Response1 
residual COD 

(mg/L) 

Response2 
E. Coli removal 
efficiency (%) 

1 5 5 100 50 100 

2 7 25 50 200 80 

3 5 15 50 120 100 

4 7 25 150 50 100 

5 7 5 50 250 80 

6 9 15 50 300 40 

7 5 15 150 50 100 

8 9 25 100 100 60 

9 9 15 150 50 60 

10 5 25 100 50 100 

11 7 15 100 150 100 

12 7 5 150 50 80 

13 7 15 100 100 100 

14 9 5 100 150 50 

15 7 15 100 110 100 

 
COD

ANOVA

(P-value=0.0008)

%(P-

value<0.05).

)/(

)/(

.)(

                                                 
1
 Adjusted R2 

2
 Predicted R2 

3
 Adequate Precision 

F-valueP-value

P-value

P-value

                                                 
4
 Coefficient of Variation 
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Fig  2  Predicted value of COD response vs. actual value

COD

CA(pH)

 

COD=-334.37500+145.00000pH+4.37500t-1.30000O3-

0.625000pH*t-4.50000pH*O3+ 0.250000t*O3-

5.00000pH
2
-0.125000t

2
+ 1.20000O3

2 

COD

COD

(Demir and Atguden, 

2016)COD

pH

CODb

CODpH

pH

pH

Gogate and 

Pandit, 2004

.(Demir and 

Atguden, 2016)

pH

COD

pH

ANOVACOD 

Table 4  ANOVA results for predicting COD value with ozonation process 

Source Sum of squares df Mean square F-value P-value  

Model 86148.33 9 9572.04 29.45 0.0008 Significant 

A-pH 13612.50 1 13612.50 41.88 0.0013  

B-t 1250.00 1 1250.00 3.85 0.1071  

C-O3 56112.50 1 56112.50 172.65 < 0.0001  

AB 625.00 1 625.00 1.92 0.2242  

AC 8100.00 1 8100.00 24.92 0.0041  

BC 625.00 1 625.00 1.92 0.2242  

A² 1476.92 1 1476.92 4.54 0.0862  

B² 576.92 1 576.92 1.78 0.2402  

C² 3323.08 1 3323.08 10.22 0.0241  

Residual 1625.00 5 325.00    

Lack of fit 225.00 3 75.00 0.1071 0.9485 Not significant 

Pure error 1400.00 2 700.00    

Cor total 87773.33 14     
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Fig. 3. 3D response surface diagram for COD reduction as a function of a) pH and ozone amount (ozonation
duration at central value), b) pH and ozone duration (ozonation amount at central value) and c) amount of 

 ozone and duration of ozonization (pH in central value) 

CODapH)(

b pHcpH

.(Takashina et al., 

2018, Gogate and Pandit, 2004, Barndõk et al., 2012) 

PH

Gogate and Pandit, 2004

.(Preethi et 

al., 2009, Gogate and Pandit, 2004) 

COD

He et al., 2016

COD

E. Coli

ANOVA

(P-value<0.0001)

a) b) 

c) 
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Fig. 4. Predicted response value of E. Coli removal 
efficiency vs. actual value

E. Coli

 

 
E. Coli Removal Efficiency=-17.50000+ 

38.12500pH+0.375000t+0.300000O3+ 

0.125000pH*t+0.050000pH*O3+0.010000 

t*O3-4.06250pH
2
-0.062500t

2
-0.003500O3

2 

pH

Demir and Atguden, 2016

Gogate and Pandit, 2004

E. Coli

pH

E. Coli

.(Rojas-Valencia, 2011, Altmann et al., 

2014, Irshad et al., 2022)

pH

(OH∙)  (HO2
∙ ) 

(Takashina et al., 2018, Demir and Atguden, 2016)

O3 + R → Rox  
O3 + OH− →  OH∙ + (O2

∙ + HO2
∙ )  

OH∙ + R∙ →  Rox 

pH

Gupta et al., 2019.(Amat et al., 

2005, He et al., 2016, Hubbe et al., 2016, 
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ANOVAColiE.

Table 5. ANOVA results for predicting the efficiency of the ozonation process
(reducing the amount of E. Coli) 

Source Sum of squares df Mean square F-value P-value  

Model 6308.33 9 700.93 140.19 < 0.0001 Significant 

A-pH 4512.50 1 4512.50 902.50 < 0.0001  

B-t 112.50 1 112.50 22.50 0.0051  

C-O3 200.00 1 200.00 40.00 0.0015  

AB 25.00 1 25.00 5.00 0.0756  

AC 100.00 1 100.00 20.00 0.0066  

BC 100.00 1 100.00 20.00 0.0066  

A² 975.00 1 975.00 195.00 < 0.0001  

B² 144.23 1 144.23 28.85 0.0030  

C² 282.69 1 282.69 56.54 0.0007  

Residual 25.00 5 5.00    

Lack of fit 25.00 3 8.33    

Pure error 0.0000 2 0.0000    

Cor total 6333.33 14     

 

 
 

 

 
Fig. 5. 3D response surface diagram for ozonation efficiency (E. Coli reduction) as a function of a) pH and ozone 

amount (ozonation duration at central value), b) pH and ozonation duration (amount of ozone in the central value) and 
c) amount of ozone and duration of ozonization (pH in the central value) 

E. ColiapH)

bpHcpH
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Rekhate and Srivastava, 2020, Wei et al., 2023)

CODE. Coli

pH

 

COD

E. Coli

 
 

Table 6. Optimized conditions with values predicted
by the software 

Response Process condition 

(optimized) 
 

E. Coli 

removal 

efficiency 

(%) 

Residual 

COD 

(mg/L) 

t 

(min) 
pH 

O3 

(mg/min) 
Parameter 

100 48.3 23 5.2 131 Value 

 
 

pH

CODE. ColiBBD

RSMpH

COD

 

E. Coli

BBD

COD

(pH=5.2)(131mg/min)

(23 min)COD(48 mg/L)

E. Coli

pH

(Gogate and Pandit, 2004, Preethi et al., 2009)
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