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ABSTRACT 

 
This study aimed to investigate the application of electro-activated persulfate processes to provide maximum 

total organic carbon (TOC) removal from the leachate nanofiltration concentrate with minimum energy 

consumption. Electro-activated persulfate processes were evaluated in terms of operating parameters of 
oxidant/chemical oxygen demand (COD) ratio, applied current, pH, and reaction time. Response surface 

methodology and central composite design were applied for statistical analysis and optimization of process 

parameters. Estimated TOC removal efficiencies by the model under optimum conditions were 58.65% and 
61.07% for electro-peroxymonosulfate (EPM) and electro-peroxydisulfate (EPD) processes, respectively; 

while energy consumption was 1.87 and 5.81 kWh/m3, respectively. TOC removal efficiencies in 

experimental studies performed to verify model conformity were 56.91% and 58.43% for EPM and EPD 

processes, respectively. The conformity of the estimated and actual removal efficiencies shows that the central 

composite design is a suitable tool in determining the optimum conditions to achieve maximum TOC removal 

with minimum cost. Since the TOC removal efficiencies obtained by EPM and EPD processes were very 
close to each other, the EPM process with lower energy consumption is more advantageous. 

Based on the experimental results, a mathematical model was developed, and the nickel inhibition constants 

(KNi) were found to be 8.75 mg/L. 
Keywords: Nanofiltration concentrate, TOC, energy consumption, electro-activated persulfate, CCD. 

 

 

1. INTRODUCTION 

 

Landfilling is one of the most preferred solid waste disposal techniques worldwide due to the 

economic benefits it provides. Leachate from landfilling of solid waste needs to be treated 

because of the high pollutant concentration and its variable composition depending on the landfill 

age and depth, waste type and particle size, climatic conditions, compaction degree, operation 

model, and hydrology of the landfill and geological formations (Antony et al., 2020; Kjeldsen et 

al., 2002; Xiao et al., 2017; Xie et al., 2010; Zhang et al., 2019). Leachate contains heavy metals, 
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xenobiotic components, resistant organic compounds as well as high concentrations of organic 

and inorganic pollutants and poses a threat to the environment and human health (Morello et al., 

2016; Qi et al., 2012; Zhang et al., 2013). Therefore, it must be treated efficiently before 

discharged to the receiving environment. Nowadays, advanced wastewater treatment technologies 

are integrated into physical, chemical, and biological processes that are applied for leachate 

treatment. Among these advanced wastewater treatment technologies, pressure-driven 

membranes, and membrane bioreactors (MBRs) that are effective in nitrification and ammonia-

nitrogen removal with air are the leading ones (Ahmed and Lan, 2012). Integrated system 

applications using pressure-driven membranes such as nanofiltration (NF) or reverse osmosis 

(RO) following MBRs have become widespread to meet the discharge standards determined by 

the regulations (He et al., 2015). However, the most important limiting factor in integrated 

membrane systems used in leachate treatment is the occurrence of high volumes of membrane 

concentrate flows. Membrane concentrate volume occurs in the range of 13-30% of the volume of 

leachate fed to the membrane system (Long et al., 2017). Leachate membrane concentrates 

contain high concentrations of refractory organic pollutants and salinity due to leachate (Zhang et 

al., 2019). They also contain hydrophilic organic materials and humic substances fractions with 

low biodegradability (Clarke et al., 2015; Zhang et al., 2013). Therefore, the treatment of 

membrane concentrates is of great importance. 

Recycling membrane concentrate to the landfill site is considered as the cheapest and most 

convenient disposal metho d. However, in aged landfills, the rate of degradation significantly 

decreases with recycling application, resulting in the accumulation of resistant organic pollutants 

and increased salinity (Morello et al., 2016). Thus, electrical conductivity increases while 

biological activation decreases (Talalaj and Biedka, 2015). This high conductivity occurring in 

the leachate adversely affects the entire filtration system. Besides recycling, other techniques used 

for the treatment of leachate membrane concentrates are evaporation (Xie et al., 2010), membrane 

distillation (Xingxing et al., 2015), electrodialysis (Li et al., 2015), coagulation (Long et al., 

2017), and advanced oxidation processes (AOPs) (Cui et al., 2018; El Kateb et al., 2019). 

Chemical methods such as AOPs have been involved in researches especially in the last decade 

and they provide effective oxidation of recalcitrant organic compounds, toxic substances, and 

microorganisms in the leachate and lead an increase in the BOD5/COD ratio (Li et al., 2016; 

Wang et al., 2016; Antony et al., 2020). The mechanism of AOPs is the oxidation of pollutants to 

the final mineralization products of CO2, H2O, and inorganic ions by forming highly reactive 

oxygen species such as hydroxyl and sulfate radicals (Chemlal et al., 2014; Primo et al., 2008). 

Compared to conventional methods, the advantages of AOPs are trace amount of the sludge 

formation, effectiveness even in low pollutant concentrations, no active substance selection, and 

the success in full mineralization (Arslan-Alaton et al., 2017; Baiju et al., 2018; Babuponnusami 

and Muthukumar, 2014). 

Sulfate radical-based advanced treatment processes are rarely used in leachate treatment 

similar to hydroxyl radical-based ones though they provide effective pollutant removal in water 

and wastewater treatment due to the high oxidation efficiency of radicals (Asha et al., 2017; Xue 

et al., 2020). Generally, sulfate radicals (SO4
.) are produced from the activation of 

peroxymonosulfate (PMS) or peroxydisulfate (PDS). Many agents have been applied to provide 

PMS and PDS activation such as transition metals (Zhang et al., 2015; Zhou et al., 2020, 2018), 

heat (Y. Liu et al., 2018; Qi et al., 2017; Tan et al., 2013), base (Furman et al., 2010; Guo et al., 

2014), ultraviolet (UV) (Guan et al., 2018; Liu et al., 2013), and ultrasound (US) (Hou et al., 

2012; Takdastan et al., 2018). Activation of PMS and PDS with Fe2+ is carried out according to 

Eq. (1) and Eq. (2), respectively. 
 

𝐻𝑆𝑂5
− +  𝐹𝑒2+ → 𝐹𝑒3+ + 𝑆𝑂4

.− + 𝐻𝑂−                                                                                        (1) 
 

𝑆2𝑂8
2−+ 𝐹𝑒2+ → 𝐹𝑒3+ + 𝑆𝑂4

.− + 𝑆𝑂4
2−                                                                                         (2) 
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Iron is widely used as a transitio n metal to obtain sulfate radicals due to its low-cost and non-

toxicity. However, the slow regeneration after the conversion of Fe2+ ion to Fe3+ is a disadvantage 

of this process (Zhang et al., 2013). This problem is solved by cathodic reduction of Fe3+ ions in 

the electro-regeneration process (Eq. (3)). 
 

𝐹𝑒3+ +  𝑒− → 𝐹𝑒2+                                                                                                                       (3) 
 

The reaction of the sulfate radicals with organic substances in wastewater is given in Eq. (4). 
 

𝑆𝑂4
.− + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒𝑠 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝐶𝑂2 +  𝐻2𝑂                                 (4) 

 

In the advanced oxidation processes based on sulfate radicals, it is necessary to keep the 

reaction times long for high removal of the resistant pollutants (Ghauch and Tuqan, 2012; Lee et 

al., 2012; Liang et al., 2007, 2004; Xue et al., 2020; Yang et al., 2010), which is a cost-increasing 

factor. However, electrochemical processes play an active role in the removal of many different 

resistant and toxic pollutants (Cui et al., 2014, 2009; Lv et al., 2019a, 2019b) from leachate and 

its concentrated wastewater (Fernandes et al., 2017; Mandal et al., 2017; Silveira et al., 2015) in a 

much shorter time. One of the most important parameters in the electrochemical process selection 

is electrical energy cost. Electrochemical processes with high performance require high electrical 

energy. Therefore, the cost of electrical energy consumption passes forward the cost of process 

operation and chemicals used. In many studies that remove pollutants using electrochemical 

processes, the electrical energy cost has been calculated and taken into account in the evaluation 

of process performance. Liu et al. (2018) found that the electrical energy consumption for 

tetracycline hydrochloride degradation by the stand-alone electrochemical process and 

electrochemical processes combined with persulfate was 54.38 and 11.48 kWh/m3, respectively. 

Kim et al. (2020) stated that when current density increases from 5 to 20 mA/cm2 in phenol 

removal with electro-assisted persulfate/nano-Fe0 process, energy consumption correspondingly 

increases from 1 to 14 kWh/m3. By comparing the energy consumption of different processes for 

carbamazepine removal, Han et al. (2019) found that the lowest consumption was 0.0788 kWh/m3 

with the ACF-E/Fe3+/PDS (an activated carbon fiber combined with electrolysis and Fe3+/PDS) 

process. Cao et al. (2016) consumed 4.34 kWh/m3 of energy with the electrooxidation process for 

COD and ammonia nitrogen removal from wastewater. Ding et al. (2020) expended 5.4 kWh/m3 

of energy by the electrooxidation process for ammonia removal from industrial wastewater. 

Mohajeri et al. (2018) determined the energy consumption as 128 kWh/m3 for COD and color 

removal from leachate by electrooxidation. Mohebrad et al. (2018) studied the removal of anionic 

surfactants by electrochemical processes using different electrodes and they determined the 

energy consumption for stainless steel, aluminum, titanium, and galvanized steel electrodes as 4, 

3.68, 12, and 4.48 kWh/m3, respectively. Dindas et al. (2018) performed 58.7% TOC, 93.9% total 

phosphate, 82.8% TSS, and 74.4% turbidity removals from the food industry wastewater by 

sequential electro-Fenton and electrocoagulation processes with an energy consumption of 31.26 

kWh/m3. As the high-energy cost is among the factors that limit the use of electrochemical 

processes, the optimization of electrical energy cost is required. 

In this study, treatment and energy consumption of toxic leachate nanofiltration concentrate 

including highly resistant organic pollutants by electrochemically assisted peroxydisulfate and 

peroxymonosulfate processes were investigated. The chemical treatability and cost analyzes of 

processes conducted with two different chemicals that generate sulfate radicals were optimized 

with central composite design. The effective operating parameters on TOC removal with EPD and 

EPM processes were determined. The energy costs required for TOC removal by both processes 

were determined and optimized by central composite design. 
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2. MATERIALS AND METHODS 

 
2.1. Leachate Nanofiltration Concentrate Characterization 

 

Leachate nanofiltration (NF) concentrate samples were obtained from the Istanbul 

Kömürcüoda Landfill Site Leachate Water Treatment Plant nanofiltration unit. In the facility, 

after biological treatment, membrane filtration is applied to the leachate subjected to the 

nitrification-denitrification processes. Ultrafiltration and nanofiltration membranes are used for 

membrane filtration. The nanofiltration effluent, which meets the discharge standards of the 

Water Pollution Control Regulation, is discharged to the receiving environment and the 

concentrate is sent to the sanitary landfill. The schematic representation of the leachate treatment 

plant of the Istanbul Kömürcüoda Landfill Site is given in Figure 1.  

 

 
 

Figure 1. General flow chart of the treatment plant 

 

Concentrate samples obtained from the nanofiltration unit of the treatment plant were stored 

at +4°C in the laboratory to prevent biological and chemical reactions. The analyzes applied in the 

characterization studies were carried out according to the standard methods (APHA, 2005). The 

characterization of leachate nanofiltration concentrate is given in Table 1.  

 

Table 1. Characterization of leachate NF concentrate wastewater 
 

Parameter 

 
Range Mean Value 

pH 7.8-8.1 7.95 

COD, mg/L 5100-5400 5250 

TSS, mg/L 110-135 122.5 

Conductivity, mS/cm 15.41-16.85 16.13 

Chloride, mg/L 7250-7320 7285 

Color, Pt/Co 9380-9500 9440 

 

2.2. Experimental Study 

 

Experimental studies were carried out in a laboratory-scale cylindrical Plexiglas reactor with a 

diameter of 9 cm and a height of 13 cm. In the reactor, 4 monopole electrode sets consisting of 

two anodes and two cathodes were placed 1.5 cm away from each other. The electrodes consist of 

four parallel iron plates having a wide of 6 cm, a height of 11.5 cm, and a thickness of 0.1 cm. No 

electrolyte solution was used due to the high concentration of chloride in concentrate samples. 

The value ranges of treatment parameters were determined according to the preliminary studies. 
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The pH of the samples was adjusted using 6 N NaOH or 6 N H2SO4 before the experimental 

studies, the predetermined amount of oxidant was added to the solution. Then the processes were 

started by applying the electrical current. Peroxymonosulfate and peroxydisulfate were used as 

oxidants. Analytical-reagent grade chemicals were used in this study. All experiments were 

conducted under the conditions of oxidant/COD ratios of 0.5–2.5 w/w, current values of 0.25-3.25 

A, pH range of 3–7, and reaction times of 5–45 min. After the oxidation process, the samples 

were centrifuged at 40 rpm for 4 minutes to precipitate the particles. 

  

2.3. Experimental design and statistical analysis 

 

Response surface methodology and central composite design were applied to achieve 

maximum total organic carbon (TOC) removal efficiency with minimum energy consumption.  

The purpose of the response surface methodology and central composite design is to optimize the 

experimental parameters and evaluate the relationships between independent variables and system 

responses. Process optimization was conducted in three analytical steps (determination of factors 

and variables with the help of preliminary studies, analysis of variance and drawing response 

surface graphs, optimization within the framework of the appropriate model). Design Expert 

11.0.1.0 software was used for the statistical design and data analysis of the experiments. The 

value ranges of operating parameters in the full factorial central composite design (CCD) model 

with 4 independent variables and 5 different levels applied for each process were determined by 

preliminary experimental studies. The independent variables of the processes were selected as 

oxidant/COD ratio (A), current (B), pH (C), and reaction time (D) while the system responses 

were TOC removal (Y1) and energy consumption (Y2). The aim was to provide maximum 

removal efficiency with minimum energy cost. The number of tests performed for each process 

was 30 (=2k+ 2k + 6; k: number of independent variables). The independent variables and their 

levels are given in Table 2. 

 

Table 2. Coded and actual values of variables of the design of experiments for EPM and EPD 

process 
 

EPM 

Symbol Factor 
Coded variables 

-2 -1 0 1 2 

A Oxidant/COD ratio 0.5 1 1.5 2 2.5 

B Current (A) 0.25 1 1.75 2.5 3.25 

C pH 3 4 5 6 7 

D Reaction Time (min.) 5 15 25 35 45 

EPD 

Symbol Factor 
Coded variables 

-2 -1 0 1 2 

A Oxidant/COD  ratio 0.5 1 1.5 2 2.5 

B Current (A) 0.25 1 1.75 2.5 3.25 

C pH 3 4 5 6 7 

D Reaction Time (min.) 5 15 25 35 45 

 

3. RESULTS AND DISCUSSION 

 

The quadratic polynomial response surface model was applied to analyze the agreement of the 

experimental results with the predicted values. The regression equations obtained for TOC 

removal and energy consumption (ENC) from the leachate nanofiltration concentrate with the 
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applied electro activated persulfate processes are given below. Coefficients that are insignificant 

with respect to the ANOVA results were removed from the equations. 
 

𝑻𝑶𝑪 𝒓𝒆𝒎𝒐𝒗𝒂𝒍𝑬𝑷𝑴 = +53.49 + 7.02𝐴 + 7.96𝐵 + 2.89𝐶 + 2.22𝐷 − 3.21𝐴𝐵 + 2.34𝐵𝐷 +
1.95𝐵2 − 3.20𝐶2                                                                                                                            (5) 
 

𝑬𝑵𝑪𝑬𝑷𝑴 = +11.37 + 1.65𝐴 + 7.46𝐵 + 4.34𝐷 + 0.8885𝐴𝐵 + 2.85𝐵𝐷 − 1.66𝐴2 + 1.20𝐵2  (6) 
 

𝑻𝑶𝑪 𝒓𝒆𝒎𝒐𝒗𝒂𝒍𝑬𝑷𝑫 = +56.65 + 7.52𝐴 + 5.15𝐵 + 3.17𝐷 − 3.72𝐶2                                         (7) 
 

𝑬𝑵𝑪𝑬𝑷𝑫 = +12.08 + 0.9984𝐴 + 8.68𝐵 + 4.74𝐷 + 3.16𝐵𝐷 − 1.00𝐴2 + 1.65𝐵2                    (8) 
 

The statistical evaluation of the model was carried out by Analysis of Variance (ANOVA) 

and the ANOVA results are given in Table 3. High F value and low p-value obtained in ANOVA 

indicate the importance of the related term. To verify that the model is statistically significant, the 

p-value should be less than 0.05 to conclude whether the F value is sufficiently high or not. 

Another parameter to be considered to evaluate the significance level of the related term is the 

sum of squares. The significance of the variables increases as the value of the sum of squares 

increases. The model can be evaluated as significant in cases where the "Probe>F" value is less 

than 0.05 at the 95% probability level, and if it has values less than 0.0001, the model can be 

evaluated as statistically highly significant. Among the terms that are expressed as significant, the 

term with a higher F value and a lower p-value is more significant. Considering the F values and p 

values, it can be interpreted that the models developed for both TOC removal and energy 

consumption have a high level of significance. F value and p-value of lack of fit indicate that lack 

of fit is not significant relative to the pure error. 

Considering the coefficients calculated to check the model fit (determination coefficient (R2), 

adjusted R2) can be explained by the model (Table 4). Besides, the adjusted determination 

coefficients also have high values and show the significance of the models. The adjusted R2 value, 

which is close to R2 value, confirms the coefficient of determination. This means that the model 

does not have many terms and the sample size is large enough (Zhang et al., 2011).  

 

Table 4.  The fitting statistics of quadratic models 
 

Process Model R2 Adjusted R2 Predicted R2 

EPM TOC removal 0.9602 0.9230 0.8394 

ENC 0.9879 0.9765 0.9371 

EPD TOC removal 0.9339 0.8721 0.7327 

ENC 0.9768 0.9552 0.8764 

 

Graphical Pareto analysis provides information in determining the effect value of factors. 

With the help of the equation given below, the contribution value of each parameter on TOC 

removal and energy consumption of EPM and EPD processes was calculated. 
 

𝑃𝑖 =
𝑏𝑖

2

∑ 𝑏𝑖
2 × 100 (𝑖 ≠ 0)                                                                                                                  (9) 

 

In this equation, bi is expressed as the numerical coefficient effect of the i factor. 

Graphical Pareto analysis is given in Figure 2. In the Pareto analysis, the effect degrees of the 

parameters with low effect were neglected. Linear factors are more effective on TOC removal 

with EPM and EPD processes, and oxidant/COD ratio and applied current value are the most 

effective parameters for both processes (Figure 2). Linear parameters are also more effective in 

energy consumption, but unlike TOC removal, the most effective linear parameters are reaction 

time and applied current. The results obtained by Pareto analysis are consistent with the results of 

ANOVA. 
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Table 3. ANOVA results of the response surface model of EPM and EPD processes 
 

EPM process EPD process 

Source SS Df MS F-Value P-Value Remark  SS Df MS F-Value P-Value Remark 

Model (TOC removal) 3764,68 14 268,91 25,83 < 0.0001 S Model (TOC removal) 2728,40 14 194,89 15,13 < 0.0001 S 

A-Oxidant/COD ratio 1183,01 1 1183,01 113,62 < 0.0001 S A-Oxidant/COD ratio 1359,01 1 1359,01 105,49 < 0.0001 S 

B-Current (A) 1521,63 1 1521,63 146,14 < 0.0001 S B-Current (A) 636,54 1 636,54 49,41 < 0.0001 S 

C-pH 200,10 1 200,10 19,22 0,0005 S C-pH 5,80 1 5,80 0,4503 0,5124 NS 

D-Reaction Time 

(min.) 
118,37 1 118,37 11,37 0,0042 S D-Reaction Time (min.) 240,67 1 240,67 18,68 0,0006 S 

AB 164,48 1 164,48 15,80 0,0012 S AB 0,2500 1 0,2500 0,0194 0,8911 NS 

AC 0,3906 1 0,3906 0,0375 0,8490 NS AC 26,01 1 26,01 2,02 0,1758 NS 

AD 2,18 1 2,18 0,2090 0,6541 NS AD 0,3600 1 0,3600 0,0279 0,8695 NS 

BC 34,52 1 34,52 3,31 0,0887 NS BC 54,02 1 54,02 4,19 0,0585 NS 

BD 87,89 1 87,89 8,44 0,0109 S BD 3,80 1 3,80 0,2951 0,5949 NS 

CD 6,89 1 6,89 0,6618 0,4287 NS CD 6,00 1 6,00 0,4659 0,5053 NS 

A² 0,0466 1 0,0466 0,0045 0,9475 NS A² 1,05 1 1,05 0,0813 0,7794 NS 

B² 103,90 1 103,90 9,98 0,0065 S B² 12,67 1 12,67 0,9832 0,3371 NS 

C² 281,52 1 281,52 27,04 0,0001 S C² 378,97 1 378,97 29,42 < 0.0001 S 

D² 0,1925 1 0,1925 0,0185 0,8937 NS D² 10,03 1 10,03 0,7782 0,3916 NS 

Residual 156,18 15 10,41 
   

Residual 193,25 15 12,88    

Lack of Fit 93,69 10 9,37 0,7496 0,6744 NS Lack of Fit 116,34 10 11,63 0,7564 0,6702 NS 

Pure Error 62,49 5 12,50 
   

Pure Error 76,90 5 15,38    

Cor Total 3920,86 29 
    

Cor Total 2921,65 29     

Model (ENC) 2132,74 14 152,34 87,23 < 0.0001 S Model (ENC) 2664,08 14 190,29 45,13 < 0.0001 S 

A-Oxidant/COD ratio 65,12 1 65,12 37,29 < 0.0001 S A-Oxidant/COD ratio 23,93 1 23,93 5,67 0,0309 S 

B-Current (A) 1333,99 1 1333,99 763,83 < 0.0001 S B-Current (A) 1807,73 1 1807,73 428,68 < 0.0001 S 

C-pH 0,1794 1 0,1794 0,1027 0,7530 NS C-pH 0,1964 1 0,1964 0,0466 0,8321 NS 

D-Reaction Time 

(min.) 
451,24 1 451,24 258,38 < 0.0001 S D-Reaction Time (min.) 538,22 1 538,22 127,63 < 0.0001 S 

AB 12,63 1 12,63 7,23 0,0168 S AB 8,32 1 8,32 1,97 0,1805 NS 

AC 0,0009 1 0,0009 0,0005 0,9827 NS AC 0,3014 1 0,3014 0,0715 0,7929 NS 

AD 6,24 1 6,24 3,57 0,0782 NS AD 2,77 1 2,77 0,6579 0,4300 NS 

BC 0,0005 1 0,0005 0,0003 0,9864 NS BC 0,1322 1 0,1322 0,0313 0,8619 NS 

BD 129,87 1 129,87 74,36 < 0.0001 S BD 160,26 1 160,26 38,00 < 0.0001 S 

CD 0,1600 1 0,1600 0,0916 0,7663 NS CD 0,0058 1 0,0058 0,0014 0,9709 NS 

A² 75,26 1 75,26 43,09 < 0.0001 S A² 27,50 1 27,50 6,52 0,0220 S 

B² 39,26 1 39,26 22,48 0,0003 S B² 74,30 1 74,30 17,62 0,0008 S 

C² 0,7170 1 0,7170 0,4105 0,5314 NS C² 1,52 1 1,52 0,3613 0,5568 NS 

D² 0,7170 1 0,7170 0,4105 0,5314 NS D² 1,52 1 1,52 0,3613 0,5568 NS 

Residual 26,20 15 1,75    Residual 63,25 15 4,22    

Lack of Fit 22,68 10 2,27 3,23 0,1039 NS Lack of Fit 56,95 10 5,69 4,51 0,0550 NS 

Pure Error 3,51 5 0,7027    Pure Error 6,31 5 1,26    

Cor Total 2158,94 29     Cor Total 2727,34 29     

SS: Sum of Squares, MS: Mean Square, S: Significant, NS: Not Significant 
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Figure 2. The Pareto curve for TOC removal and energy consumption by EPM and EPD 

processes 

 

The graphs showing the conformity of the experimental data and the estimated values 

calculated with the regression equations obtained by the model are given in Figure 3. The graphs 

drawn for both processes give the first-order line. The R2 values of the graphs obtained for TOC 

removal by EPM and EPD processes were 0.9602 and 0.9339, respectively while the R2 values of 

the graphs for energy consumption were 0.9879 and 0.9768, respectively. High R2 values indicate 

that the experimental data are in agreement with the model results.  

The response surface graphs are given in Figures 4-7. In response surface graphs, while one 

variable is kept constant in the center, the other two variables take values between the specified 

limits. It can be seen from the 3-D plots drawn for TOC removal from the leachate nanofiltration 

concentrate by EPM and EPD processes that the TOC removal efficiency increases as the reaction 

time and the amount of applied current increase. Reaction time and applied current directly affect 

PS activation. According to Faraday's law, Fe2+ formation, which acts as a catalyst and coagulant 

agent, increases depending on the increase in reaction time and applied current in the system. 

Organic matter removal takes place through two different mechanisms, namely coagulation and 

oxidation. On one hand, Fe2+, which increases in the medium due to the current, activates a higher 

amount of PS, thus more sulfate radicals are formed, and on the other hand, organic substances 

precipitate with the formed Fe hydroxides.  

The effect of oxidant dose on EPM and EPD processes can be seen in Figures 4-7. As the 

amount of oxidant given to the medium increases, more sulfate radicals are formed, thus the TOC 

removal efficiency increases. The formed amount of sulfate radicals is too high at long reaction 
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times, high current values, and high oxidant doses. Therefore, the excess sulfate radicals in the 

medium react with each other instead of reacting with the organic matter, persulfate formation 

occurs again or reacts with the persulfate in the medium, and sulfate anion formation is observed 

(Akbari et al., 2016). However, the parameter ranges selected in this study were at a level that 

would not generate excess sulfate radicals in the medium. It is seen from the figures that the pH 

value in the range of 4-6 has a low effect on TOC removal, and the optimum pH value is around 5 

in both processes. This situation can be explained in two ways; the Fe-based coagulation 

mechanism is active in the pH range of 4-9 and is independent of pH in this range. Secondly, 

sulfate radicals are active under acidic conditions (pH <7) (Ahmadi et al., 2015; Ahmadi and 

Ghanbari, 2016).  

When the 3-D plots drawn for energy consumption in TOC removal from leachate 

nanofiltration concentrate by EPM and EPD processes are examined, it is seen that the pH and 

oxidant/COD ratio does not have a significant effect on the energy consumption of both processes 

while the reaction time and applied current have a significant effect. In EPM process; ENC value 

increased from 1.55 kWh/m3 to 8.875 kWh/m3 as applied current increased from 1 A to 2.5 A 

whereas other variables were kept constant (oxidant/COD ratio:1, pH:4 and reaction time:15 

min). Similar with the effect of applied current, ENC value increased from 1.55 kWh/m3 to 4.14 

kWh/m3 as reaction time increased from 15 min. to 35 min as the other variables were kept 

constant with the values of oxidant/COD ratio of 1, current 1 A, and pH 4. But ENC value was 

determined to be nearly constant as the value of as pH increased from 4 to 6 or oxidant/COD ratio 

increased from the value of 1 to 2.  In EPD process; ENC value increased from 1.625 kWh/m3 to 

10.25 kWh/m3 as applied current increased from 1 A to 2.5 A whereas other variables were kept 

constant (oxidant/COD ratio:1, pH:4 and reaction time:15 min). Similar with the effect of applied 

current, ENC value increased from 1.624 kWh/m3 to 5.19 kWh/m3 as reaction time increased 

from 15 min. to 35 min as the other variables were kept constant with the values of oxidant/COD 

ratio of 1, current 1 A, and pH 4. As can be seen in EPM process ENC values were determined to 

be nearly constant as the value of as pH increased from 4 to 6 or oxidant/COD ratio increased 

from the value of 1 to 2.  This can be explained by the fact that applied voltage and reaction time 

are taken into account for calculating energy consumption of the process. Energy consumption is 

directly proportional to the applied voltage and reaction time.  Görmez et al. (2020) stated that the 

cost of the process increased as the value of current increased in electro/FeII/persulfate oxidation. 

Cui et al. (2018) concluded that reaction time has a significant effect on energy consumption. 

Results are consistent with the ones reported by Görmez et al. (2020) and Cui et al. (2018). 
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Figure 3. Regression plots of actual data against predicted values 
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Figure 4. The quadratic response surface plots of TOC removal efficiency by EPM process 

a)Effect of Oxidant/COD ratio and current b) Effect of Oxidant/COD ratio and pH c) Effect of 

Oxidant/COD ratio and reaction time d) Effect of pH and current e) Effect of current and reaction 

time f) Effect of pH and reaction time 
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Figure 5. The quadratic response surface plots of ENC values by EPM process a)Effect of 

Oxidant/COD ratio and current b) Effect of Oxidant/COD ratio and pH c) Effect of Oxidant/COD 

ratio and reaction time d) Effect of pH and current e) Effect of current and reaction time f) Effect 

of pH and reaction time 
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Figure 6. The quadratic response surface plot of TOC removal efficiency by EPD process 

a)Effect of Oxidant/COD ratio and current b) Effect of Oxidant/COD ratio and pH c) Effect of 

Oxidant/COD ratio and time d) Effect of pH  and current e) Effect of current and time f) Effect of 

pH and time 
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Figure 7. The quadratic response surface plot of ENC values by EPD process a)Effect of 

Oxidant/COD ratio and current b) Effect of Oxidant/COD ratio and pH c) Effect of Oxidant/COD 

ratio and time d) Effect of pH and current e) Effect of current and time f) Effect of pH and time 

 

Numerical optimization based on the response surface model was applied to determine the 

optimum operating conditions giving maximum TOC removal and minimum energy 

consumption. The optimized conditions obtained for different alternatives are given in Table 5. It 

can be seen from the table that when the maximum TOC removal efficiency is targeted, the 
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energy consumption increases, and when the minimum energy consumption is targeted, the TOC 

removal efficiency decreases. Optimum conditions for the option where maximum TOC removal 

and minimum energy cost are obtained in the EPM process were determined as 2 for the 

oxidant/COD ratio, 1 A for the applied current, 5.64 for the pH, and 15 minutes for the reaction 

time. Optimum conditions for the EPD process were determined as oxidant/COD ratio 2, applied 

current 1 A, pH 4.55, and reaction time 33.8 minutes. Under optimum conditions, the TOC 

removal efficiencies estimated by the model for EPM and EPD processes were 58.65% and 

61.07%, respectively while the energy consumptions were 1.87 and 5.81 kWh/m3, respectively. 

Experimental studies were carried out under optimum conditions to verify the model conformity 

in three repetitions and TOC removal efficiencies were 56.91 ±1.31% and 58.43±1.71% for EPM 

and EPD processes, respectively. Estimated and actual removal efficiencies were close to each 

other.  

 

Table 5. Optimum conditions for EPM and EPD processes 
 

 Max TOC- min ENC Max TOC- none ENC None TOC- min ENC 

Conditions EPM EPD EPM EPD EPM EPD 

A: Oxidant/COD ratio 2 2 1.99 1.99 1 2 

B: Current, A 1 1 2.5 2.48 1 1 

C: pH 5.64 4.55 5.34 5.15 4 4 

D: Reaction time, min 15 33.8 35 33.8 15 15 

Max removal, % 58.65 61.07 72.57 71.1 31.04 56.03 

ENC, kWh/m3 1.87 5.81 28.45 29.94 1.48 1.71 

 

4. CONCLUSION 

 

The application of electro-activated persulfate processes for TOC removal from the leachate 

nanofiltration concentrate resulted in TOC removal close to 60%. The response surface 

methodology and the central composite design were applied to determine the effects of operating 

conditions on TOC removal and the interaction of operating conditions. Optimum conditions for 

the EPM process were oxidant/COD ratio 2, applied current 1 A, pH 5.64, and reaction time 15 

minutes; while they were oxidant/COD ratio 2, applied current 1 A, pH 4.55, and reaction time 

33.8 minutes for the EPD process. The TOC removal efficiencies estimated by the model under 

optimum conditions were 58.65% and 61.07% for EPM and EPD processes, respectively. TOC 

removal efficiencies of experimental studies were obtained as 56.91% and 58.43% for EPM and 

EPD processes, respectively. Using the response surface methodology, not only the TOC removal 

efficiency is maximized, but also the energy consumption is minimized. Energy consumption 

under optimum operating conditions was calculated as 1.87 and 5.81 kWh/m3 for EPM and EPD 

processes, respectively. Although the obtained TOC removal efficiencies were close to each other 

for both processes, lower energy consumption was occurred due to the low reaction time in the 

EPM process. Since low energy consumption means low energy cost, the EPM process was found 

to be more advantageous than the EPD process.  
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