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Hydrothermal oxidation in supercritical water (SCWO) is a unique and potential treatment technology 

for wastewater with high concentration of organics. In this process, oxidants and supercritical water 

dissolved organic molecules make  inorganic compounds more soluble, thus creating ash-free 

inorganics from organic species at the bottom of SCWO reactor. This inorganic residue is very reactive 

and can easily dissolve into some inorganic chemical species in solvents. Electrocoagulation (EC) is a 

process that metal anode electrodes are dissolved into the electrolyte solution when electrical current 

passes through the electrodes. Electrochemical dissolution of aluminium (Al) anodes in EC reactor 

produces Al ions, which can be used to recover dissolved phosphate residue from acid solutions. In 

this study, electrochemically gained Al ions were used in the recovery of phosphate from SCWO 

residue. Process parameters such as reaction time, current density and pH were investigated using Box-

Behnken design (BBD) as a Response Surface Methodology (RSM).  Optimum operating conditions 

were evaluated, and the results showed accurate validities between the observed and predicted values. 

 

 

Keywords: Supercritical water oxidation, sludge destruction, Box-Behnken design, mixed industrial 

sludge 

 

 

1. INTRODUCTION 

Industrial sludge, can be defined as a fluid waste that contains 0.5-10% of solid content, and is 

one of the major  problems in industrial wastewater treatment plants [1-6]. The amount of industrial 

sludge is increasing by the growing use of industrial wastewater treatment technologies and the 

demand to meet discharge standards. Most of the wastewater treatment plant sludge (WWTPS) are 

dewatered using expensive techniques and subsequently discharged to landfills. However, many new 

regulations forbid disposal of organic waste to landfills [7,8]. Therefore, new methods for disposal of 
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sewage sludge must be found. Supercritical water oxidation (SCWO) with addition of oxidant can 

offer an effective and fast destruction method for organic and inorganic hazardous waste contents of 

the sludge or wastewater in a very short time [9-11]. In SCWO, organic carbon; organic and inorganic 

nitrogen; halogenated organic and inorganic species; sulphated organic and inorganics are transformed 

into carbon dioxide, nitrogen gas (N2), their corresponding acids and sulphuric acid (Fig. 1). In the 

literature, several studies have shown that SWCO can effectively treat various type of organic waste 

[12-18]. Metals in the untreated sludge can be oxidised to their highest valency, in which they make 

various complexes in SCWO residues. Phosphorous present in industrial wastewater may directly pass 

into the generated sludge if non-effective phosphorus removal technologies are used during wastewater 

treatment. Phosphate is essential for all living elements, agricultural and industrial developments, and 

is obtained from limited natural or chemical resources. Also, discharging phosphate in wastewaters to 

the receiving media can cause serious environmental problems such as eutrophication. Therefore, 

recovery of phosphate from wastes has become an issue of concern. The recovery of phosphorous does 

not only help in avoiding nutrient enrichment of receiving streams but is also a good alternative for use 

as either a fertilizer or a raw material by the related industries [19-21]. 

 

 
 

Figure 1. Schematic presentation of SCWO process. 

 

Electrocoagulation (EC) process provides a simple, comparatively shorter treatment time and is 

economical for the treatment of wastewater without adding any chemicals [22-26]. In EC, metal 

electrodes are dipped in the electrolyte solution and dissolution of the anode occurs when electrical 

current passes through the electrodes, generating hydroxide ions (OH
-
) and H2 gas by reactions at 

anode and cathode, respectively. The multiple electrochemical reactions that simultaneously occur at 

the anodes and cathodes are given by Eq 1-4 (Fig. 2-a). Dissolved Al
3+

 ions from anodes can react with 

dissolved    
   ions in SCWO residue as well as OH

-
 to form solid       and         according to 

complex precipitation kinetics (Eq 5-6). Other metal ions dissolved in the residue may react with 

phosphate ions (Eq. 7). As shown in Eq. (6) superfluous Al
3+ 

could be co-precipitated as        , 

with the concurrent formation of        thus, electrochemically generated precipitate is a mixture of 

     ,         and         if other metal ions are present. Formation of these chemicals depend 
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on many factors including pH range [22-30]. Therefore, an inorganic residue from the SCWO enables 

phosphates recovery from the sewage sludge due to precipitation reactions (Fig. 2-b).  

 

(a) 

 

 
(b) 

Figure 2. a) Main reactions (Eq 1-7) may occur in EC reactor with Al electrodes for SCWO residue 

leach solution (M represents metal ions that may be present in the residue)  

b) The mechanism of phosphate recovery by electrocoagulation  

 

Phosphate removal by EC have been studied by many researchers. These papers mostly 

investigated various EC process parameters effecting removal rate, such as current density, time, initial 

concentration, temperature, pH of the solution, salt concentrations and electrolyte type [31-34].  

Phosphate recovery from different environmental samples by EC were also explored in recent research 

papers. Phosphate removal and recovery from dairy manure using EC process with four different 

electrode materials was evaluated by Zhang et al, 2016. Their results showed EC with low carbon steel 

electrode achieved the highest P recovery (96.7%). In another study, phosphorous recover as struvite 

from synthetic wastewater using magnesium-air fuel cell EC was investigated [35]. The result showed 

that the rate determining step behind struvite recovery process was Mg electrode dissolution rate, 

which increased with current density. Other effective parameters were found as Mg:P dosage ratio and 

pH. Furthermore, they reported that electrochemically formed Mg and P can be precipitated as struvite, 

which is a slow-releasing fertilizer for the recovery of phosphorous from wastewater. Huang et al 2017 

[36] studied the feasibility of phosphate recovery from anaerobic sludge supernatant using EC. Their 

study focused on comparison between EC and chemical precipitation and the effect of EC process 

parameters such as solution pH, reaction time, alkalinity and reagent dosage on the recovery of 

phosphate were studied. 
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The literature studies focusing on phosphorous removal from SCWO residue are very limited in 

literature. In the present study, phosphate in SCWO residue was extracted in acidic environment then 

recovered by precipitation using electrochemically in situ generated aluminium ions in an 

electrochemical cell. Factorial experiments are generally used in this area of research to obtain more 

precise results, due to the multiple factors influencing the process. The reaction parameters such as 

time, pH, current density and energy consumption were investigated using Box-Behnken design 

(BBD) as a Response Surface Methodology (RSM), to evaluate the optimum operating conditions for 

the recovery of    
   ions. The novelty of this study is based on electrochemical recovery of 

phosphate from SCWO residue of mixed industry sludge containing inorganic salts and hazardous 

substances. Also, the demand for new phosphate resources and recovery of phosphate has become an 

interesting area of research, since phosphate is a vital substance in many industrial and agricultural 

activities.  

 

2. MATERIAL AND METHODS 

2.1. Chemicals and Analytical Methods 

Sludge samples were collected from mixed industrial wastewater treatment plant and treated 

using SCWO with H2O2 as an oxidant source. The main characterisation of the sludge sample and 

results of the SCWO treatment of sludge are given in another scientific study [37]. Total solids and 

phosphate content of raw mixed sludge sample were determined as 6.5% and 208 mg/L, respectively.   

The semi-quantitative energy dispersive spectrometric (EDS) analyses were conducted using a 

Scanning Electron Microscope (SEM) with EDS module, (Philips XL 30 SFEG) to identify    
   ions 

on three different selected surface areas (SSA) of SCWO residue and EC participate samples. FTIR 

analyses of EC participates were conducted with Perkin Elmer Spectrum-100 to investigate surface 

structure and aid identification of surface reaction species. Energy consumptions of the EC process at 

each experimental condition were calculated using the following equation [38-40];  

 

V

IUt
E        (8) 

 

Where; E is used energy (kWh/m3), I is current intensity (A), U is voltage (V),  t is time (h), V is 

treated solution volume  (m3) 
 

2.2. Experimental Set-up and Procedure  

Schematic representation of SCWO and EC reactors (65x65x105 mm) used for the 

electrochemical recovery of    
   ions are schematically given in the Fig. 3a and b, respectively. Total 

P recovery route was designed in two steps: The first step involved SCWO process (Oxidant rate 2, 

520
o
C, 250 bar) and the resulting solid residue was dissolved in 0.1M HCl solution according to 

literature studies [41,42]. The mixture of 25 mL, 0.1 M HCl solution and 0.5 g of SCWO residue were 

agitated at 300 rpm for 60 min at room temperature and then total phosphate concentration was 
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determined by colorimetric method (Standard Methods 4500P) [43]. In the colorimetric method, 

samples were first, oxidized with strong acids to convert the available phosphates to orthophosphate 

prior to analysis. Average initial total phosphate concentration was measured as 411 mg/L. In the 

second step involving EC process, acid dissolved SCWO residue was placed in the EC reactor and 

total phosphate ions were recovered by precipitation with electrochemically generated Al
+3

 or OH
-
 

ions. Initial pH was adjusted according to experimental conditions using diluted NaOH. Recovery of 

   
   was calculated from total P concentrations of samples taken from the EC reactor at different 

time intervals.  

EC reactor (250 cm
3 

of active volume) used in the experimental study consists of a pair of 

rectangular shape electrodes made of Al (total active area of 36 cm
2
). Aluminium electrodes were 

cleaned with acidic solution and dried after each experiment. The distance between each electrode was 

30 mm. The leach solution of SCWO residue was placed in this EC reactor and electrodes were 

connected to a digital DC power supply (0–5 A and 0–30 V, NETES 3306D) in monopolar-parallel 

mode as shown in Fig. 3-b.  

The EC process parameters were varied as follows: initial current intensity (10 – 36 and 25- 

62.5 A/m2), pH (3 – 4 and 5-6) and reaction time (10 - 65-120 min.). After each trail, the collected 

liquid samples were centrifuged at 5000 rpm for 3 minutes to separate flocs and subsequently filtered. 

The filtration residue was dried at 105
o
C for 1 hour and analysed for. 

 

 
(a) 

Dissolving 

SCWO 

residue 

with 0.1 M 

HCl 

 

 

 

 
(b) 

 

Figure 3. Schematic diagram of pilot reactor for SCWO with H2O2 and collection of SCWO residue 

(P:250 bar; T:520
o
C, t:180 sec. n: 2) (a); EC experimental set-up (b) (C:208 mg/L, Al 

electrode).         

 

2.3. Experimental Design       
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To obtain a detailed understanding of the process, experiments with numerous input 

independent variables require to be conducted. This can be a tedious process and often time wasting. 

Therefore, the used Response Surface Methodology (RSM) is applied to define the complex 

experiment conditions[44-46].  

In this study, the Box-Behnken Design (BBD) method based on the effects of the independent 

variables on the responses and interactions between different variables, was applied to further evaluate 

the experimental data. This method requires 3 levels of each factor, that are usually located in each 

block within all combinations and the other factors are kept at the central  [44-46]. These values can be 

solved using the following the second-order polynomial model equation used for each response (y):  

      ∑     
 
  ∑       

  
  ∑       

 
             (Eq.8) 

where, β0, βi, βii and βij are the regression coefficients for intercept, linear, quadratic and 

interaction terms, respectively;  

xi, and xij are the independent variables.  

In this study, initial pH (x1), current density (x2) and reaction time (x3) were used as three 

blocks for the 3 BBD factors. The fixed responses in this process are recovery of phosphate (y1) and 

energy consumption (y2). The levels of original and coded factors for operating parameters are given in 

Table 2. Each response was solved from a second-order polynomial model using MINITAB software 

(version 18). The coefficient of determination (R2) exhibited polynomial model characteristics. The 

statistical significance of the model was also controlled by Fisher F-test and results evaluated by P-

value and F-value.  

 

Table 2. Range of operating parameters for original and coded factors  

 

Variables Code Real values of coded level 

  -1 0 +1 

pH  x1 3 4.5 6 

Current Density (A/m
2
) x2 10 36.25 62.5 

Reaction Time (t/min) x3 10 65 120 

 

 

3. RESULTS AND DISCUSSION  

3.1. Analysis of Box-Behnken Design Experiments  

Process parameters were optimized by Box-Behnken design experiments model with some 

operational parameters (initial pH, current density and reaction time) for recovery of    
   and energy 

consumption. Table 3 presents the Box-Behnken design for initial pH (x1), current density (x2) and 

reaction time (x3) for fifteen experimental trials. A full second-order polynomial (quadratic) model in 

Equation 8 was used to calculate phosphate recovery (y1) and energy consumption (y2). The BBD 

suggested second order polynomial model for coded factors of y1 (   
   recovery rate, %), y2 (Energy 

consumption, kwh/m
3
) and their respective operating variables are given below (Eq. 9-10): 
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A plot of    
    recovery (%) and energy consumption E (kWh/m

3
) obtained from the second-

order regression model versus the observed value showed a straight line (plots are not given here). The 

regression coefficients (R
2
) for recovery of    

    (%) and energy consumption E (kWh/m
3
) removals 

were calculated as 0.911 and 0.931, respectively, this shows accurate validity between dependent 

variables and the independent variables of the quadratic model. 

 

Table 3. Box-Behnken design with three experimental factors for the measured and model predicted 

values of total P recovery (%) and energy consumption E (kWh/m
3
) 

 

Run 
pH 

(x1) 

Current 

Density 

J (A/m
2
) 

(x2) 

Reaction 

Time 

t (min) 

(x3) 

y1,    
    Recovery Rate 

(%) 

y2, Energy Consumption 

kWh/m
3
 

Experimental Predicted Experimental Predicted 

1 3 36.25 10 45.41 55.47 2.197 0.542 

2 6 36.25 120 99.72 95.73 15.14 14.94 

3 4.5 10 10 49.33 49.28 1.656 4.395 

4 4.5 36.25 65 99.32 99.32 3.958 4.530 

5 4.5 36.25 65 99.36 99.32 3.534 4.530 

6 4.5 36.25 65 99.21 99.32 3.675 4.530 

7 6 36.25 10 78.53 80.63 1.174 -1.547 

8 3 62.50 65 99.86 101.52 22.42 19.64 

9 4.5 62.50 120 99.97 93.95 41.40 39.87 

10 4.5 10 120 99.33 105.37 1.656 1.232 

11 3 10 65 88.12 88.46 0.781 0.647 

12 6 10 65 89.56 97.12 0.741 -1.441 

13 4.5 62.50 10 98.94 86.827 2.101 3.735 

14 3 36.25 120 99.61 103.58 14.88 17.03 

15 6 62.50 65 99.82 110.18 14.87 17.55 

 

The ANOVA was used to show the significance and adequacy of the model. The ANOVA of 

regression parameters for the predicted response surface quadratic model, EC phosphate recovery rate 

and energy consumption are given in Table 4.  

 

Table 4. ANOVA results of the predicted response surface quadratic model 

 

Process Model R
2
 

Adjusted 

R
2
 

Adjusted 

Sum of 

Squares 

Adjusted 

Mean 

Square 

F-Value P-Value 

Electrocoagulation 

Recovery Process 

   
   

Recovery Rate 
0.911 0.844 4265.03 710.84 13.64 0.001 

Energy 

Consumption 
0.931 0.878 1691.15 281.858 17.84 <0.001 

 

F values of regressions, defined as the ratio of mean square of the regression were found to be 

high enough for both calculations as shown in Table 4.  Similarly, P-values were determined to be less 
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than 0.0001 for the second-order polynomial fitting demonstrating that the model is statistically 

significant. 

Furthermore, the P value was investigated to assess the model validity. Values of P less than 

0.05 imply that the model terms are significant, while the values higher than 0.1 show that the model 

terms are insignificant. Phosphate recovery rate and energy consumption by EC showed F-values of 

13.84 and 17.84, respectively, according to ANOVA analysis given in Table 5-6.  

 

Table 5. ANOVA results for  response surface quadratic model of phosphate recovery  by EC 

 

Source DF Adjusted SS Adjusted MS F-Value P-Value Remark 

Model 6 4265.03 710.84 13.64 0.001 Highly Significant 

  Linear 3 2799.92 933.31 17.90 0.001 Highly Significant 

    x1 (pH) 1 149.81 149.81 2.87 0.128 Not Significant 

    x2 (J) 1 652.43 652.43 12.52 0.008 Significant 

    x3 (t) 1 1997.69 1997.69 38.32 <0.001 Highly Significant 

  Square 1 593.32 593.32 11.38 0.010 Significant 

    x3 (t)*x3 (t) 1 593.32 593.32 11.38 0.010 Significant 

  2-Way Interaction 2 871.79 435.89 8.36 0.011 Significant 

    x1 (pH)*x3 (t) 1 272.43 272.43 5.23 0.052 Not Significant 

    x2 (J)*x3 (t) 1 599.36 599.36 11.50 0.009 Significant 

Error 8 417.02 52.13        

  Lack-of-Fit 6 417.01 69.50 11365.40 <0.001 Highly Significant 

  Pure Error 2 0.01 0.01        

Total 14 4682.05           

 

Table 6. ANOVA results for the response surface quadratic model for energy consumption by EC 

 

Source DF Adjusted SS Adjusted MS F-Value P-Value Remark 

Model 6 1691.15 281.858 17.84 <0.001 Highly Significant 

  Linear 3 1273.56 424.519 26.87 <0.001 Highly Significant 

    x1 (pH) 1 8.73 8.729 0.55 0.479 Not Significant 

    x2 (J) 1 721.25 721.254 45.66 <0.001 Highly Significant 

    x3 (t) 1 543.57 543.572 34.41 <0.001 Highly Significant 

  Square 1 31.06 31.058 1.97 0.198 Not Significant 

    x3 (t)*x3 (t) 1 31.06 31.058 1.97 0.198 Not Significant 

  2-Way Interaction 2 386.53 193.267 12.24 0.004 Significant 

    x1 (pH)*x3 (t) 1 0.41 0.412 0.03 0.876 Not Significant 

    x2 (J)*x3 (t) 1 386.12 386.123 24.44 0.001 Highly Significant 

Error 8 126.37 15.796        

  Lack-of-Fit 6 126.28 21.046 451.28 0.002 Highly Significant 

  Pure Error 2 0.09 0.047        

Total 14 1817.52           
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Matching P-values were determined to be 0.001 and <0.001, respectively, implying that the 

model is statistically significant. Also, significances of interaction effects for process parameters 

investigated by ANOVA analysis are given in Table 5-6 for phosphate recovery and energy 

consumption, respectively.  

 

3.2 Experimental Results  

 
Figure 4. 3D surface plots for the recovery of PO4 (%) and energy consumption (kWh/m

3
) for EC 

process with Al electrodes (C= 208 mg/L) (a) Effect of initial pH and reaction time (J: 10 

(a

) 

(b) 

(c

) 
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A/m
2
) (b) Effect of current density and reaction time (pH: 3) (c) Effect of initial pH and current 

density (t: 65 min) 

 

 
(a) 

 
(b) 

 

Figure 5. Pareto charts showing the effects of model factors for phosphate recovery and energy 

consumption.  

 

The response surface contour plots are given in Fig.4. These graphical representations 

originated from the models of Eqs. (9) and (10).  As can be seen from the Fig. 4, phosphate recovery 

increased with increase in reaction time. The pH was positively affected at initial reaction times, but 

low pH value and longer reaction time resulted into higher     
            rate. This is ascribed to 

formation of more aluminium phosphate than aluminium hydroxide since Al
3+

 ions occur at lower pH 

[47-48] that freely react with     
   ions (Fig. 4a). All current values (at pH 3) showed low recovery 

rate at shorter reaction time, while higher reaction time increased recovery rates for all current 

densities used. This is ascribed to the formation of OH- ions, that co-precipitated as Al(OH)3, as pH 

value increases towards 6 [47-49]. It may also be due to formation metal hydroxides which adsorb 

phosphate ions and helps in coagulation of    
   ions as flocs. These reactions increase the recovery 

rate of phosphate ions. (Fig. 4 b).    
   recovery was also increased for all pH values at 65 minutes of 

EC reaction time. In general, recovery of    
    increased with pH and a similar trend was observed 

with current density (Fig. 4b-c). Energy consumption was also increased with increased current density 

and reaction time, this is not surprising because operation time and current density are directly 

proportional to energy consumption (Fig. 4 a,b,c). The cost of energy consumption for EC process was 

calculated in the range of 0.741-41.4 (kWh/m
3
) depending on current density and reaction time.  

Pareto analysis on standardized main coefficients of different factors (t, J, pH) and their two-

factor interactive effects on phosphate recovery and energy consumption of EC reactor are given in 

Fig. 5. These results showed that the most important factors for phosphate recovery and energy 

consumption are reaction time and current density, respectively. Pareto analysis also concludes that the 

relationship between the current density and time is as important as factor J in the system. It has been 

shown that the recovery rate is increased by longer time at lower current density, whereas higher 

current density can result into high recovery rate immediately at initial stages reaction. At high current 
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density and time, it is seen that the Al concentration in the recovery product is dominant. Available 

literature studies also showed that current density and time increased phosphate recovery rate [35-36]. 

The highest recovery rate of phosphate and energy consumption suggested by the surface 

response plots at the optimum experimental conditions are given in Table 5. As can be seen from these 

results, the experimental results, closely agree with predicted values of BBD optimisation. This result 

showed that the RSM is a simple method to optimize the complex process parameters using the 

statistical design of experiments. 

 

Table 5. Comparison between results obtained from optimum condition experiments and the Box-

Behnken design optimization  

 

Conditions 
One factor at a time 

experiment 

Box- Behnken design 

optimization 

pH 4.5 3.11 

Current (A/m
2
) 10 10 

Reaction Time 120 97.14 

Recovery of    
    (%) 99.33 99.17 

Energy Consumption (E=kwh/m
3
) 1.65 0.741 

 

3.3. SEM-EDS and FTIR Analysis of Residues  

Semi- quantitative SEM/EDS analyses was conducted on three different selected surface areas 

(SSA) of solid samples.    
   ions were determined  as % 5.05  0.331 and 5.02  0.012, for SCWO 

residue and EC participate respectively. These results revealed that total the P content of in SCWO 

residue was almost completely recovered by EC (up to %99). Further, FTIR analysis were conducted 

for bulk sample from EC precipitation to investigate the framework structure. In FTIR curves given in 

Fig. 5, the most prominent feature is the strong band in the 1000-1200 cm
-1

 region which corresponds 

to the P-O stretch of the structural    
   groups. The wide-ranging and smooth absorption bands of 

400-800 and 2700-3700 cm
-1

 were related to the Al-O and O-H stretching vibration, respectively 

[49,50]. O-H, Al-O peaks were decreased confirming that Al ions precipitate with OH- ions 

(          ) with longer reaction times (65-120 min) and moderate current densities (10-36.25 

A/m
2
). As can be seen from Fig. 5a, AL-O peaks is very deep showing Al ions were excessively 

dissolved with longer reaction times and higher current density. At the same time, the band observed 

P-O stretch peaks at 1000-1200 cm
-1

 regions corresponds to the of the structural    
   groups showing 

that       appeared at those conditions (Fig. 6). 
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Figure 6. FTIR spectrums of four different EC process residues. (a) pH 3, 65 min., 62.5 A/m
2
 ; (b) pH 

4, 10 min., 62.5 A/m
2 
; (c) pH 6, 120 min., 36.25 A/m

2
;
 
(d) pH 3, 65 min., 10 A/m

2
. 

 

 

 

4. CONCLUSIONS  

In this study, inorganic residue was used to electrochemically recovery phosphate ions from 

supercritical water oxidation (SCWO) residue of mixed industrial sludge. A batch EC reactor was used 

to gain electrochemically dissolved Al ions for formation of mainly aluminium phosphate and other Al 

compounds. The effects of operating conditions such as time, pH, current density and energy 

consumption were investigated using Box-Behnken design (BBD) as a Response Surface Methodology 

(RSM). In addition, optimum operating conditions for the recovery of    
   ions were evaluated. Over 

%99 recovery rate were obtained at optimum experimental conditions with 1.65 kwh/m
3
 energy 

consumption. Box-Behnken design (BBD) results exposed that there are precise validities between the 

(a) 

(b) 

(c) 

(d) 
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observed and predicted values. Therefore, based on this batch scale study results, EC could be used as 

an innovative recovery strategy for industrial wastewater treatment sludge.  
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