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Abstract  

Produced water is the largest waste stream in the oil and gas industry. It is a mixture of inorganic and 

organic pollutants. The harmful effects of discharging untreated produced water on the environment and 

public health is a challenging concern. Nowadays, the integration of advanced oxidation process and 

biological treatment is of interest to the researchers. Investigating the relationship between AOP 

pretreated effluent and subsequent bioreactor performance can help to optimize these systems. In this 

research, biological treatment was first examined without pretreatment, and it was found that biological 

degradation alone is incapable of treating the sample, so the integrated method of electro fenton-

biological treatment was studied. Electro fenton performed the pretreatment and bioreactor did the final 

treatment. Synthesized MCNT-Ce/WO3/GF cathode and the MWCNT/GO/Fe3O4 heterogeneous catalyst 

were used in the electro fenton process. BTEX removal test - as a produced water simulant - was done 

using aerobic granules bioreactor, electro fenton and their combination, respectively. After optimizing the 

pH and time variables, in order to study the interactive effects of temperature, catalyst load, applied 

current and electrodes distance, a Box-Behnken experimental design and response surface methodology 

were used to optimize the performance of proposed system. The experiment carried out in the calculated 

optimal conditions for the electro-fenton degradation process (temperature 30 °C, catalyst load 250 mg/L, 

current density 170 mA/m2 and electrode distance 1.5 cm). The BOD/COD ratio and COD removal was 

found to be 0.41 and 56.5%, respectively. In these conditions, effluent entered the granular bioreactor and 

the final COD removal of the sample was done up to 94%. Real produced water was fed into the electro-

fenton reactor and its effluent was introduced to the aerobic granular bioreactor, results showed that 

integrated electro fenton-bioreactor removes organic pollutants up to 92.7 0.2% and keeps the 

characteristics of the treated produced water within the environmental standard range. 
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Table 1. Analysis of produced water samples 

Sample 3 Sample 2 Sample 1 Average Parameters 
1660 1050 1350 1356 COD mg/L 
310 350 390 350 BOD mg/L 
0.19 0.33 0.29 0.26 BOD/COD 
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Fig. 1. Electro-fenton reactor pilot schematic 
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Table 2. Experimental ranges and levels in the experimental design

Factors 
Range and level

-1 0 +1 

A- Temperature ºC 10 25 40 

B- Catalyst load g/L 0.2 0.4 0.6 

C- Applied current mA/m2 60 180 300 

D- Distance between electrodes in cm 1 2 3 

.

 

ac-9906
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mm
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1 Mixed Liquor Suspended Solids (MLSS)
2 Biochemical Oxygen Demand (BOD)
3 Total Dissolved Solids (TDS) 
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Fig. 2. Schematic diagram of the experimental bioreactor device 

 
Fig. 3. Schematic diagram of integrated electro fenton-bioreactor system 
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Fig. 5. A, B, C, D, E) SEM images of MCW/GF and F) TEM image of MCNT-Ce/WO3/GF 
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Fig. 6. XPS spectra, MCW/GF electrode, a) C1s, b) O1s, c) Ce3d and d) W4f 
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Fig. 7. Contact angles of A) GF, B) MCW/GF

(AGF(BMCW/GF

 

 4O3XRD results of GO/MWCNT/FeFig. 8. 
nanocomposite catalyst 

XRD

4O3GO/MWCNT/Fe

pH

pH

1

MWCNT/GO /4O3Fe

pH

pH

 
1 Point of Zero Charge (PZC) 

COD

ANOVA

 

Fp

2R

 2R2R

 

ANOVA

ABCD2D

 

 
2 Expert Design
3 Coefficient of Variation (C.V%) 



 dx.doi.org/10.22093/wwj.2022.364085.3290 

 

                                   Water and Wastewater 

                                      Vol. 34, No. 1, 2023 

Fig. 9. Effect of pH and reaction time on degradation rate 
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Table 3. Results of the analysis of variance (ANOVA) 

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

Model 7830.05 14 559.29 114.04 < 0.0001 Significant 

A-Temperature 872.46 1 872.46 177.90 < 0.0001  

B-Catalyst load 313.70 1 313.70 63.97 < 0.0001  

C-Applied current 88.45 1 88.45 18.04 0.0008  

D-Electrode distance 6159.15 1 6159.15 1255.88 < 0.0001  

AB 1.66 1 1.66 0.3393 0.5695  

AC 2.00 1 2.00 0.4083 0.5332  

AD 16.48 1 16.48 3.36 0.0881  

BC 5.93 1 5.93 1.21 0.2901  

BD 7.02 1 7.02 1.43 0.2513  

CD 0.2601 1 0.2601 0.0530 0.8212  

A² 2.06 1 2.06 0.4208 0.5270  

B² 4.51 1 4.51 0.9201 0.3537  

C² 17.24 1 17.24 3.52 0.0818  

D² 82.80 1 82.80 16.88 0.0011  

Residual 68.66 14 4.90    

Lack of fit 62.26 10 6.23 3.89 0.1011 Not-significant 

Pure error 6.40 4 1.60    

Sum of squares 7898.71 28     

Std. Dev. 2.21 
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C.V. % 4.92 
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Fig. 10. Effect of temperature and catalyst load on degradation efficiency 
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Fig. 11. Effect of applied current and catalyst load on degradation efficiency 

 
Fig. 12. Effect of electrode distance and applied current on degradation efficiency 
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Fig. 13. Scanning electron microscope (SEM) images of aerobic granule structure 

Fig. 14. Bioreactor performance in integrated system 
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Fig. 15. GC-MS chromatograms of untreated and treated samples under optimal conditions 
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