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Abstract 

Wastewater discharge from textile sector has raised certain concerns, resulting in an 

unavoidable trade-off between industrial growth and environmental degradation. According to 

statistics, textile sector generates 200-350 m3 of wastewater per ton of finished product which 

results in higher COD ranging from 300-10,000 mg/L. Advanced Oxidation Processes (AOPs) 

are effective treatment methods for degradation of the recalcitrant wastewater. These processes 

involve the formation of hydroxyl radical which is highly oxidative and non-selective for most 

of the organic pollutants. However, high chemical consumption simultaneous with high energy 

requirements limits their industrial applications. Thus, in order to trade-off chemical 

consumption and energy equipment, electrocoagulation is identified a viable approach. In 

electrocoagulation, difference in electric potentials is utilized to generate coagulants which can 

remove color and other recalcitrant organic contaminants. It not only renders the consumption 

of chemicals but also reduces the sludge formation and thus reduces the operating cost of the 

process. Therefore, keeping these aspects in view, this study aims at treating dye laden 

wastewater through electrocoagulation using Iron (Fe) as electrode material.  Congo red, an 

azo dye, was used as probe pollutant and central composite design was used to design and 

optimize the process conditions. The key parameters include initial dye concentration, pH and 

electrode distance were used to study their effects on decolorization and COD removal. 

According to experimental results, pH and electrode spacing were most significant factors with 

maximum COD and degradation efficiency of 90% and 97% respectively. Furthermore, the 

results showed that acidic conditions and inter electrode spacing have significant contribution 

towards overall performance of electrocoagulation and further process optimization may 

enhance the viability of this process due to the possibility of zero water discharge and 

reusability of dye in the textile sector. 
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1.  Introduction and Literature Review: 

Wastewater discharged from textile industries has been one of the major problem for 

environmental contamination in many regions of the world. The chemical effluents generated 

within textile production sector are disposed as wastewater containing suspended solids and 

possess strong color due to the presence of residual dyes, high temperature, pH, turbidity and 

highly toxic chemicals. After getting discharged from the textile industry, wastewater gets 

mixed with fresh water reservoirs such as lakes and rivers. Therefore, pollutants in wastewater 

imparts daunting effects on aquatic environment due to reduction of oxygen supply within  

water[1]. Hence, there is a growing need for the removal of dye effluents from wastewater in 

order to ensure a healthy aquatic environment.  

Various treatment techniques such as chemical coagulation/flocculation, advanced oxidation 

processes (AOPs), adsorption and biological treatment have been utilized for the removal of 

dye pollutant from wastewater. These processes have advantages as well as some limitations 

are observed simultaneously. Advanced Oxidation Processes such as electro-fenton oxidation, 

photo-catalysis, UV, ozonation, and sonolysis are the areas of great interest for wastewater 

treatment but these processes are complicated and high energy consumption possess major 

disadvantages[2]. Adsorption is another useful technique for wastewater treatment but it has 

complex regeneration process and high sludge disposal cost[3]. As textile effluents have low 

biodegradability at high concentration, it is necessary to perform pretreatment on wastewater 

before employing biological treatment[4]. Chemical coagulation is an economical method for 

treatment of dye wastewater through the use of okra mucilage as coagulant. However issues 

like adverse effects of chemicals, production of secondary pollutants within the process and 

high chemical utilization are major drawbacks faced in this process [5]. So, there is a growing 

need to develop more efficient and economical treatment methods that should consume less 

chemicals and installation space.    

One of the most efficient treatment methods is electrocoagulation due to its numerous 

advantages. In electrocoagulation, difference in electric potentials is applied to generate 

coagulants which eliminate color and other recalcitrant organic contaminants. 

Electrocoagulation not only consumes less  chemicals but also reduce sludge formation and 

operating cost of the process[6]. Moreover, electrocoagulation provides efficient rate of 

pollutant removal it is a simple process with less addition of chemicals. In recent years, 

electrocoagulation has been adopted for treatment of landfill leachate wastewater[7], paint 

manufacturing wastewater[8], tannery wastewater[9], paper mill wastewater[10] and removal 
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of various components such as arsenic[11], chromium[12] and phosphate[13],[14] from 

wastewater.  

The basic mechanism of electrocoagulation includes the formation of coagulants in order to 

remove suspended solids, metals and dissolved solids from wastewater. If metal electrode is 

being utilized then metallic ions are generated at anode while hydrogen gas is released from 

the cathode side. Different types of ionic species such as M(OH)+2, M2(OH)2
+4 and M(OH)4

-1 

are formed when these metallic ions remain in contact with water.  These intermediate species 

are finally converted into M(OH)3 known as coagulants after reacting with water. The overall 

procedure of coagulant formation can be described as follows: 

 

 

M                     M+3 + 3e-       (1) 

 

M+3 + H2O                      M (OH)2
+1 + H+    (2) 

 

M (OH)2
+1 + H2O                     M (OH)+2 + H+   (3) 

 

M (OH)+2   + H2O                    M (OH)3  + H+   (4) 

 

Here M in these equations is type of metallic electrode used in electrochemical processes. 

Usually Fe(OH)3 and Al(OH)3 are coagulants which possess large surface area and high density 

for azo dyes. Settling time for the sludge is normally 24h in comparison with reaction time of 

1 hour. So, as an alternative of the settling process, filtration technique has been used in order 

to separate sludge and suspended solids from treated wastewater. 

Various research has been done using coagulation process for the removal of dye pollutant 

from textile wastewater. Verma et al. used Fe-Al composite electrode for textile wastewater 

containing dye solution comprising of reactive black 5 and disperse blue 3 along with various 

chemical additives. Through composite electrode, 90%  of %COD was achieved[15]. Can et 

al. studied the use of poly aluminum chloride (PAC) and alum as chemical coagulant in 

Combined Electrocoagulation process (CEC). He concluded that 80% of %COD was achieved 

in CEC as compared to 23% in direct EC[16].Similarly, GilPavas et al. used sequential 

chemical coagulation-electro-oxidation (CC-EO) method for the removal of dye pollutant from 

industrial textile wastewater and investigated the  effects of different operating parameters such 

as pH, conductivity and current density. At optimum conditions in sequential CC-EO process, 

93% and 100% of %COD and %Decolorization was achieved respectively[17]. Moreover, 

Alinsafi et al. proved that biodegradability of reactive dye like Drimarene K2LR CDG Blue 

can be increased by employing electrocoagulation by using Aluminum electrodes. Around 
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38.2% and 90.7% of %COD and %Decolorization was achieved by performing EC 

process[18]. From the extensive literature survey, it can be assessed that few studies have been 

focused on treatment performance of dye wastewater, with less emphasis have been employed 

on control factors involving initial concentration of dye, for COD removal and decolorization. 

As electrocoagulation can be applied on laboratory scale, effects of operating parameters and 

process optimization are essential for process development.          

In the present research, treatment of azo dye pollutant Congo Red (CR) in wastewater has been 

performed through electrocoagulation. For electrocoagulation, Iron sheets were used as 

cathode and anode in the process. For experimental design, Response Surface Methodology 

(RSM) is a statistical experimental design method which is used in order to identify control 

variables for process optimization. Under RSM, Central Composite Design (CCD) technique 

is employed in order to design the process conditions and investigating the effects of 

independent variables such as pH, initial concentration of dye and inter-Electrode distance on 

selected responses including decolorization and Chemical Oxygen Demand (COD).  
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CHAPTER 2: 

MATERIALS AND 

METHODS 

 

 

 

 

 

 

 
 
 

 

 

 



 

6 

 

2. Material and Methods 

2.1 Chemicals  

Congo Red (Dye content ≥35%), with a molecular weight of 697 g/mol and λmax of 497 nm, 

was obtained from Sigma Aldrich, USA. In various experiments, NaOH (Pellets, 99% purity) 

and H2SO4 (98% purity, AR Grade), acquired from Merck KGaA, Darmstadt, Germany and 

Sigma Aldrich were used to control the initial pH of the reaction media. Anhydrous Sodium 

sulphate (Na2SO4, 99% purity) was also purchased from Sigma Aldrich. Acetone (99% purity, 

AR Grade, Merck KGaA Pvt. Ltd, Darmstadt, Germany) and HCl (37% purity, AR Grade, 

Sigma Aldrich, USA) were utilized for electrode cleaning.  All the chemicals were of analytical 

grade and used as received.    

2.2 Pre-treatment of Electrodes 

 Iron Sheets with dimension of 7cm×6cm and effective surface area of 42cm2 were selected as 

electrode materials. Electrodes were initially cleaned with sand paper to remove corrosion from 

the surface. Later, Iron electrodes were submerged in Acetone for 20 minutes and then soaked 

in 3.0M HCl solution for 20 minutes for removal of grease and other impure particles from 

iron electrodes. Afterwards, electrodes were washed, rinsed with distilled water and dried for 

electrocoagulation experiments. 

 

 

2.3 Experimental Set-up and Experimentation 

 

Fig.1 shows the schematic diagram of batch electrocoagulation (EC) system. Experiments 

were conducted in a 500mL Pyrex glass beaker with two iron rods used as electrode materials. 

Electrodes were connected in parallel to a DC Power Supply (Dazheng, PS-605D, China), with 

current and voltage range of 0-2A and 0-80V respectively, in order to provide electric potential. 

For each experiment, 0.5 L of CR solution was taken and initial pH of the reaction media was 

set at desired values with H2SO4 (1 M) or NaOH (0.5 M) solution. The distance between 

electrodes was varied between 2 to 4 cm and constant mixing was done by using magnetic 

stirrer at 170 rpm. After 1 h, the power supply was turned off and solution was given sufficient 

time of 0.5 h for sludge settlement.  Later, the supernatant was filtered and analyzed for 

decolorization, COD removal and iron content while sludge was analyzed for functional group 

analysis. All experiments were conducted at room temperature.  
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Fig. 1  Schematic Diagram of EC cell: (1) DC supply, (2) Magnetic Bar, (3) Dye polluted 

wastewater sample, (4) Magnetic stirrer. 
 

2.4 Analytical Procedure 

The initial absorbance of wastewater was measured by scanning the dye solution through UV-

vis Spectrophotometer (Optima SP-3000). Decolorization (%) was calculated using following 

equation: 

 

     Decolorization(%) = 
𝜆𝑜−𝜆

𝜆𝑜
× 100     (5) 

Where λo is the initial absorbance of azo dye before treatment process while λ is final 

absorbance of treated sample.  

 

Chemical Oxygen Demand (COD) was measured by closed reflux colorimetric method after 

digestion of samples in COD thermal reactor. COD removal % was calculated as follows: 

 

                         1001(%) 









−=

o

f

COD

COD
COD                              (6) 

Where CODƒ is the final COD value of treated sample while CODo is the initial COD of 

wastewater sample. The iron content of the treated samples were measured through flame 
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atomic absorption spectroscopy (Shimadzu AA-6800). The instrumental parameters were 

tuned according to manufacturer’s recommendations. The flame was composed of acetylene 

(gas pressure 15kg/cm2) and air (gas pressure 1 kg/cm2). For determining iron content in treated 

samples, stock standard iron solutions of 2mg/L, 5mg/L and 10mg/L were prepared for 

comparative study and iron concentrations of optimized samples were measured. Deuterium 

(D2) lamp was used as radiation source. Distilled water was used after performing each iron 

content analysis in Flame Atomic absorption Spectrophotometry for washing purposes. 

Subsequently, current efficiency(ϕFe) of Fe dissolution, described as a ratio of weight amount 

of Fe present in the solution or flocs at time t, mFe, over that produced by anodic dissolution 

based on Faraday’s Law as three electrons are generated per single Fe ion formed, can be 

calculated as: [19] 

Φ𝐹𝑒 =
𝑚𝐹𝑒

𝑀𝐹𝑒 ×
60𝐼𝑡
3𝐹

                                             (7) 

Where MFe is the molar mass of Iron, I is amount of constant current supplied in the process, t 

is the total duration of electrocoagulation and F is the Faraday constant. 

2.5 Experimental Design and Response Surface Methodology 

The operating variables which were considered in electrocoagulation process are pH, initial 

concentration of dye, inter-electrode distance, concentration of electrolyte, electrode surface 

area and voltage. However, the independent variables for electrocoagulation of azo dye are pH, 

inter-electrode distance and initial concentration of dye as they have a direct effect on the 

responses and these variables were considered for process optimization and attain maximum 

achievable results of desired responses involving operating parameters. Moreover, the 

selection of these parameters was based on the ability to impart major impacts on 

electrocoagulation process. The experiments were designed using Design Expert (Stat-Ease, 

Inc, Version 10.0.1) software. Response Surface Methodology was used to explore the control 

variables along with their individual and combined effects on multiple responses. Response 

Surface Methodology consists of various statistical and mathematical methods which relates 

model fitness based on predicted data and experimental values relative with experimental 

design. In order to achieve desired objective, linear or quadratic polynomial functions are 

implemented to illustrate desired system and explore experimental conditions involving 

operating parameters until process optimization is configured [20]. Central Composite Design 

from Response Surface Methodology (RSM) was used as a suitabtat model of optimization in 

order to observe the behavior of responses by investigating selected variables at three different 
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levels. Central Composite Design (CCD) is a competitive statistical design that was chosen for 

the process optimization in which 20 set of experiments were designed.  The experiments were 

based upon face centered central composite design involving three numeric factors with six 

replicas of central points simultaneous with fourteen factorial and axial points. The 

experiments were run in order to find the optimal measurements of responses that were chosen 

as COD reduction and decolorization. The response can be expressed in an equation of second-

order model as follows: 

 

                       𝑌 = 𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑋𝑖

2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑗=1

𝑘
𝑖=1 + 𝜀         (8)               

 

In equation (7) Y is the measurement of the response. βo is the constant co-efficient while βi, 

βii and βij are the co-efficients of linear, quadratic and second order terms respectively. Xi and 

Xj can be termed as variables. Values of co-efficients are very significant in order to estimate 

the importance of operating variables in each response. Negative co-efficient of independent 

variables implies that increase in operating variable shows a decreasing trend of particular 

response values.  Table 1 shows the levels and ranges of independent variables along with the 

coded values. 

Table 1: Ranges and Levels of Independent Variables 

Variables  Parameters  Levels 

  -1 0 -1 

A Dye Con. (mg/L) 500 750 1000 

B Inter-Electrode       

Distance (cm) 

2 3 4 

C pH 3 6 9 
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3. Results and Discussion 

3.1 Model Development and Statistical Analysis 

In order to investigate the effect of independent variables(initial concentration of dye 

pollutant(mg/L), Inter Electrode Spacing (cm) and pH) on responses including COD 

reduction(%) and decolorization(%), 20 set of experiments were carried out as designed by  

Response Surface Methodology (RSM). Under RSM, Central Composite Design (CCD) 

method was employed with 8 factorials, 6 axials, and 6 center points values were recommended 

by the software. CCD method is a significant statistical tool that is commonly used in order to 

form second order response surface statistical model in process optimization studies[21]. CCD 

is considered as an efficient substitute of full factorial design as it manages to provide accurate 

statistical data by initiating less number of experiments[22]. The complete design matrix 

involving all values of responses (COD(%) and Decolorization(%)) integrated from the RSM 

model are presented in Table 2. Based on the experimental results, second order polynomial 

model was developed to predict the performance of the process. The functions of both 

responses that have been selected for this electrocoagulation process are given in equations (9) 

and (10). 

 

       COD Reduction (%) =Y1=51.91-8.30A+0.25B-12.86C+ 0.26AB +2.07AC +2.56BC- 

                 12.98A2- 5.69B2+27.05C2    (9) 

 

     Color removal (%) =Y2=98.12-0.44A+0.13B-0.67C-0.29AB-0.16AC-0.04BC+1.09A2- 

                    2.56B2+0.93C2       (10) 

 

Where A is the initial concentration of dye, B is the inter-electrode spacing and C is the initial 

pH of solution. The main purpose of developing this empirical model was to adequately 

illustrate the interaction of independent variables on the responses[23]. Based on the results as 

provided in Table.2, The observed efficiencies of COD reduction and decolorization were 

varied between 13.6% - 86.3% and 96%- 100% respectively. 
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Table 2 Factors and Responses from RSM 

Run Initial Conc. Of Dye  Electrode Spacing  pH 

Experimental Values 

Color Removal COD Reduction 

  mg/L cm    % % 

1 1000 (+1) 2(-1) 9(+1) 97 36.23 

2 750(0) 4(+1) 6(0) 96 39.41 

3 750(0) 3(0) 6(0) 97.87 55.60 

4 750(0) 3(0) 6(0) 98.12 51.42 

5 750(0) 3(0) 3(-1) 100 85.42 

6 750(0) 3(0) 6(0) 98.3 51.51 

7 750(0) 3(0) 9(+1) 98 67.53 

8 750(0) 3(0) 6(0) 98.13 59.74 

9 500(-1) 3(0) 6(0) 100 44.32 

10 1000(+1) 4(+1) 3(-1) 98 63.10 

11 750(0) 3(0) 6(0) 98.26 51.22 

12 1000(+1) 4(+1) 9(+1) 96 45.24 

13 500(-1) 2(-1) 3(-1) 98.2 86.36 

14 750(0) 3(0) 6(0) 98.21 51.90 

15 500(-1) 2(-1) 9(+1) 97 50.00 

16 500(-1) 4(+1) 3(-1) 98.5 84.09 

17 500(-1) 4(+1) 9(+1) 98 56.82 

18 750(0) 2(-1) 6(0) 95.02 48.05 

19 1000(+1) 3(0) 6(0) 98.32 28.57 

20 1000(+1) 2(-1) 3(-1) 98 65.48 

 

 

Quadratic regression model is selected as highly significant model since they have very low 

levels of probability (p<0.01). The significance and validation of coefficient associated with 

each operating parameter can be calculated from the p-values that are listed in Table.3. From 

Table.3 it is evident that model Y1 terms A, C, A2and C2 have significant effects on COD 

reduction efficiency while model Y2 terms A, C, A2 and C2 have a significant effect on the 

color removal efficiency of the process. It can be also concluded from the table that Y1 term 

B2 and Y2 term AB considered as marginally significant on COD reduction and Color removal 

efficiencies respectively as their p-values less than 0.1 but less than 0.05 (0.05<p<0.1). 
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Table 3 Regression estimate of selected model for COD reduction and Color removal 

Relationship Factors Co-efficient prob>F Remarks 

COD Reduction (Y1) 

Linear 

Model 51.91   
A -8.29 0.002 Significant 

B 0.25 0.8637  
C -12.86 <0.0001 Significant 

Quadratic 

A2 -12.98 0.0008 Significant 

B2 -5.69 0.0652 Marginally Significant 

C2 27.05 <0.0001 Significant 

Interaction 

AB 0.26 0.875  
AC 2.07 0.229  
BC 2.56 0.1432  

Color removal (Y2) 

Linear 

Model 98.12   
A -0.44 0.0051 Significant 

B 0.13 0.321  
C -0.67 0.0003 Significant 

Quadratic 

A2 1.09 0.0009 Significant 

B2 2.56 <0.0001 Significant 

C2 0.93 0.0026 Significant 

Interaction 

AB -0.29 0.0623 Marginally Significant 

AC -0.16 0.2632  
BC -0.04 0.79  

 

Mathematical model equations that are developed after adjusting the function to experimental 

values may not give accurate results[24]. In order to check the validation of empirical models 

developed through RSM, a statistical technique Analysis of Variance (ANOVA) was 

employed. The validation of a model can be done through five parameters, namely the Prob > 

F of the model, the lack of fit test, adequate precision, Adjusted Regression Co-efficient (Adj. 

R2) and the regression coefficient (R2). The values of Prob > F indicates if the empirical model 

is significant enough, lack of fit signifies the fitness of the model.  Adequate Precision 

measures the signal to noise ratio. Regression co-efficient determines the effect of selected 

parameters on the whole model and Adjusted R2 is advance form of Regression Co-efficient 

that has been adjusted for the number of predictors in the model. 

If the value of "Prob > F" is less than 0.0500, it indicates that model terms are significant. Non- 

significance Lack of fit model is usually good since we want the model to be fit. Adequate 

Precision of greater than 4 is desirable whereas if the values of R2 and Adj. R2 are close, it 

defines the accuracy of the model. As from Table 4, models of COD and decolorization have 
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fulfilled the criteria and can be used to predict the performance of the process. Moreover, the 

adequacy of models for both responses can be assessed by creating a diagnostic plot between 

predicted values and actual values that were obtained through experimentation. The plots 

indicate that the data points lie very close to the diagonal line which shows the minimum 

residual for the prediction of each selected response. Fig 2 (a) –(b) shows the plot of actual vs 

predicted values of COD reduction and Color removal efficiencies respectively. Therefore, 

after the evaluation of Annova analysis and adequacy of models. the results showed an efficient 

agreement between experimental and theoretical data

.  

 

 
(a)                  (b) 

 

 

 

Fig. 2 Actual vs predicted values plot for testing Adequacy of developed regression models  

describing (a) COD reduction (b) Color Removal Efficiency of EC Process 
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Table 4. ANOVA analysis for %COD and %Decolorization for EC process 

Response Source SS a Df b MS c F-value d Prob>F 

COD 

Reduction 

Model 4507.11 9 500.79 24.10 < 0.0001 

Linear 2311.91 11 210.17 17.69 0.0027 

Quadratic 148.41 5 29.68 2.50 0.1689 

Interaction 2224.82 8 278.10 23.41 0.0015 

Residual 207.82 10 20.78   

Lack of fit 148.41 5 29.68 2.50 0.1689 

Pure error 59.41 5 11.88   

Total 4714.93 19    

Adequate Precision = 18.982 

R2=95.62%; adjust R2= 91.61% 

Color 

Removal 

Model 25.55 9 2.84 18.89 < 0.0001 

Linear 20.36 11 1.85 78.51 < 0.0001 

Quadratic 1.39 5 0.28 11.75 0.0086 

Interaction 19.48 8 2.43 103.27 < 0.0001 

Residual 1.50 10 0.15   

Lack of fit 1.39 5 0.28 11.75 0.0086 

Pure error 0.12 5 0.024   

Total 27.05 19    

Adequate precision = 15.642 

R2=94.44%; adjust R2= 89.44% 

 

 
 a SS= sum of squares 
b Df= Degree of freedom 
c MS= Means square 
d F-value= Value of variance 

 

 

3.2 Pareto Analysis 

Graphical Pareto Chart and analysis is another significant technique to validate model selection 

and demonstrate the contribution of operating variables to understand the obtained output value 

of selected responses [25]. In this study, this graphical tool is selected in order to obtain the 

percentage contribution of each control factor on COD reduction and Color removal efficiency 

which were considered as desired responses. The equation of pareto analysis can be expressed 

as follows:[26] 

     𝑃𝑖 =  
𝑏𝑖

2

∑ 𝑏𝑖
2 × 100 (𝑖𝑓 𝑖 ≠ 0)                         (11) 
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Here bi shows the estimation of significance of operating parameters as indicated by second-

degree polynomial equation. According to Fig. 3, interaction effect of pH (C2) has most 

significant influence of 62.12% on COD reduction efficiency. Similarly, interaction effect of 

Inter-electrode distance (B2) has most substantial contribution on Color removal efficiency 

with 69.89%. Linear effect of initial concentration of dye (A) in COD reduction efficiency can 

be expressed as 5.85% while its quadratic effect can be calculated as 12.67% in Color removal 

efficiency. Out of all variables, Interactive effect of all correlative variables (AB, BC and AC) 

have weak percentage contribution in both COD reduction and color removal efficiency as 

Interactive contribution within COD reduction efficiency was obtained as 0.01%,0.35% and 

0.56% from AB, BC and AC respectively. In color removal efficiency, interactive effect of AB 

is marginally significant than rest of correlative effects (AC and BC) with percentage 

contribution of 1% while AB and AC effect in color removal efficiency are 0.27% and 0.02% 

respectively. On the basis of pareto chart, it is configured that pH induce most significant 

contribution on COD removal and Decolorization[27, 28]. Additionally, Inter-electrode 

spacing also plays an important role on the COD removal along with pH of the solution[29]. 

 
 

Fig. 3 Graphical Pareto Plot of independent variables on selected responses 

 

3.3 Perturbation Plots 

Perturbation Plots is another efficient graphical method which is implied in order to compare 

the effect of control factors at the specific point in design space. In perturbation plots, responses 

are plotted by changing values of one factor within selective range while other factors are held 
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constant. The significance of operating factor with respect to selected response is determined 

by observing the steepness of the curvature of respective factor. In this study, the plots are 

selected within center of space (Initial concentration of dye (A) = 750 mg/L; Inter-Electrode 

Spacing (B)= 3 cm; pH (C) = 6). Hence, two Perturbation plots were obtained since the only 

two responses that were considered are COD reduction and Color removal efficiency. It can 

be seen from Fig.4 that both Color removal efficiency and COD reduction are sensitive to all 

the factors that are involved in this study. However, initial concentration of dye is the only 

factor that has been less sensitive in both response as compared to remaining factors. In COD 

reduction efficiency, pH (C) factor imparts most important effect on response since steeper 

lines with curvature shows the sensitivity to the change in factor. However, inter-electrode 

spacing (B) implies deepest effect on the sensitivity of other response called Color removal 

efficiency. Thus, it can be concluded from the perturbation plots that pH (C) and inter-electrode 

distance (B) has most significant effect on COD reduction and Color removal efficiency 

respectively while initial concentration of dye (A) is less sensitive in both responses. Previous 

studies also proves the validation of perturbations plots regarding the contribution of pH and 

inter-electrode distance as more significant operating parameters on COD reduction and color 

removal efficiency in electro-coagulation process[30, 31].  

 

 

 
(a) 

                                                                         

(b) 
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Fig. 4  Perturbation Plots at center point of design space for (a) COD reduction efficiency 

(b) Color removal efficiency. *Where A, B and C represents Initial concentration of dye 

(mg/L), Inter-electrode spacing (cm) and pH 

 

3.4 Effect of Operating Parameters 

The effects of three operating parameters namely initial pH of solution, Inter-electrode spacing 

and initial concentration of dye were studied using RSM. RSM is a statistical design method 

used to study the effect of selected parameters over the selected responses such as % 

decolorization and % COD removal.  The effects of operating parameters on required 

responses are investigated by three-dimensional response surface plots. 3D response surface 

plots give a clear analysis about interactive effects of variables as compared to conventional 

two-dimensional plots. The trend of individual operating variable on %Decolorization and 

%COD are explained separately. The main findings of these contour plots are presented in 

Table 5.  

Table 5. Effect of operating parameters on %COD and %Decolorization 

Operating parameters Responses 

Initial concentrations of dye  pH Inter-electrode distance COD Decolorization 

(mg/L)  (cm) (%) (%) 

Effect of pH   

500 3-9 3 

89.15-59.1 

(decrease) 
101.79-100.06 

(decrease) 

500-1000 3 3 

89.15-68.59 

(decrease) 

101.79-100.52 

(increase) 

1000 3-9 3 

68.59-46.65 

(decrease) 
100.52-98.86 

(decrease) 

Effect of Inter-electrode distance 

500  9  2-4  

50-56.82 

(increase)  

97-98 

(increase)  

500-1000 9 2 

50-36.23 

(decrease) 

97-97 

(No effect) 

1000 9 2-4 

36.23-45.24 

(increase) 

97-96 

(decrease) 

Effect of Interelectrode distance (If I.E distance of 3cm is included since its optimum value is 3cm)                                               

500 9 2-3 

50-59.35 

(increase) 

97.12-99.71 

(increase) 
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500 9 3-4 

59.35-56.82 

(decrease) 

99.71-97.91 

(decrease) 

1000 9 2-3 

36.23-47.04 

(increase) 

96.49-98.85 

(increase) 

1000 9 3-4 

47.04-45.24 

(decrease) 

98.85-96.49 

(decrease) 

 

 

3.4.1 Effect of initial pH 

Based on the findings of experimental results along with statistical methods such as ANOVA 

and perturbation plots, initial pH seems to show significant contribution to electrocoagulation 

process. Fig. 5 (b-c) and Fig. 6 (b-c) shows the effect of initial pH on %COD and 

%Decolorization respectively. As observed, higher %COD and %Decolorization were 

achieved if pH of the solution was acidic and decreased when initial pH was gradually changed 

from acidic to basic. As reported in Table 5, change of pH value from 3 to 9 at fixed inter-

electrode distance (3cm) and initial concentration of dye (500mg/L), %COD decreases from 

89.15% to 59.1%. %Decolorization shows the similar decreasing trend from 101.79% to 100% 

if pH increases from acidic to basic medium. Similarly, at higher concentration of dye 

(1000mg/L) , availability of electron is reduced and %COD decreases from 68.59% to 46.65% 

if pH is increased from 3 to 9. The inter-electrode distance has been kept fixed at 3cm. 

%Decolorization also shows decreasing trend from 100.52% to 98.86% in similar conditions. 

These results are also supported by the study of Khorram et al. [32] in which maximum %COD 

and %Decolorization was achieved at acidic pH of the solution. Parsa et al.[33] also removed 

91% of dye content and 87% of %COD when EC is employed for treatment of Acid Brown 14 

from wastewater. The higher values of selected responses at lower pH value can be described 

due to formation of monomeric species which serves as efficient coagulants for treatment of 

dye enriched wastewater [34].  In acidic solutions, these monomeric iron anions are present in 

large amount. When electric potential is applied on iron electrode, redox reaction occurs in 

which iron is oxidized at anode and converted to Fe+3 ions while hydrogen gas is liberated 

along with hydroxyl ions at cathode. Redox reactions can be explained in the following 

equations: [35] 
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Anodic reaction: 

Fe (s)  Fe+3(aq) + 3e-        (12) 

Cathodic reaction: 

2H2O   H2(g) + 2OH-        (13) 

After generation of Fe+3 ions, it produces various monomeric coagulants along with hydroxides 

as their concentration is largely dependent on the pH of the solution. The forthcoming reactions 

for the generations of monomeric species and hydroxides can be described as follows: 

 

Fe+3 + H2O   Fe (OH)+2 + H+     (14) 

 

Fe (OH)+2 + H2O          Fe (OH)2
+ + H+     (15) 

 

Fe (OH)2
+ + H2O          Fe (OH)3 + H+     (16) 

 

The high COD reduction efficiency can be related to the presence of monomeric species like 

Fe (OH)+2, Fe(OH)2
+, Fe (OH)4

-  and Fe(OH)3. Fe(OH)3 has an efficient coagulant capacity in 

the treatment of Congo red dye as it possesses large surface area to absorb dye molecules 

regarded as pollutants [36]. When pH of solution is shifted to basic condition, these monomeric 

species are converted to complex polymeric molecules such as Fe2(OH)2
4+ and Fe6(OH)15

3+ 

due to presence of large number of hydroxyl groups. Fe(OH)3 is generally dissolve at higher 

pH values due amphorism phenomenon and therefore it possess poor solubility when solution 

is basic. This phenomenon is also observed by Daneshever et al. [37] in which it is stated that 

complex species like Fe(OH)4
- holds poor tendency to form coagulants due to its dissolving 

nature. Besides investigating the significant influence of initial pH on the selected responses, 

Table.5 also shows that dye concentration  has inverse effect on %COD and %Decolorization. 

It is observed that if dye concentration is kept at 500mg/L at constant inter-electrode spacing 

(3cm) under acidic conditions, 89.15% of %COD was achieved. However, when amount of 

initial concentration of dye pollutant is increased to 1000mg/L, %COD diminishes 

significantly up to 68.59% under similar conditions (Inter-electrode spacing=3cm; initial 

pH=3). The reason behind this decreasing trend is due to the fact that since current density in 

each experimental run is constant as equal number of amperes has been provided using DC 

supply, Faraday’s law states that equal amount of Fe+3 can be passed into the dye polluted 

solution if current density is constant [38]. Consequently, the amount of coagulants formed in 

each experimental run are same in number. Therefore, it can be observed that the coagulants 
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of Fe+3 ions which are formed at higher concentration have poor tendency to capture dye 

particles. %Decolorization also shows similar decreasing trend as of %COD if amount of dye 

concentration is enhanced [39].  

 

 

3.4.2 Effect of Inter-electrode spacing 

Besides initial pH of the wastewater sample, statistical analysis also identifies that inter-

electrode spacing plays a significant effect on desired responses. The ranges of Inter-electrode 

spacing used in this study are 2-4 cm. The effect of inter-electrode spacing on %COD and 

%Decolorization are shown through 3D contour plots of Fig. 5 (a-b) and Fig.6 (a-b) 

respectively. Through observation, it is concluded that rate of %dye removal initially increases 

if distance between two electrodes is increased between 2 and 3cm. This statement is also 

supported by Table.5 in which if initial concentration of dye and pH are fixed at 500mg/L and 

9 respectively and inter-electrode spacing is altered between 2-3cm, %COD increases 

considerably from 50-59.35%. Similarly, %Decolorization also increases from 97.12-99.71% 

within same conditions. This result is also supported by Huda et al. [40] in which EC study 

was implemented on landfill leachate and high values of %COD and %Decolorization were 

achieved if distance between electrode were kept around 3cm. To support this finding, Yoriya 

et al. interpreted that  ionic transport in EC process takes place due to  electric field generated 

between two electrodes. The decrease in inter-electrode distance increases electrode pore size 

as a result of which the capability of oxide formation and chemical dissolution process 

improves at the same time. Hence, the large dissolution of iron electrodes is observed[41]. 

However, if inter-electrode spacing is further increased beyond 3cm, %COD and %Color 

decreases. Table.5 indicates that %COD and % Decolorization decreased from 59.35-56.82% 

and 99.71-97.91% respectively if inter-electrode spacing is enhanced from 3-4cm with fixed 

pH (9) and initial concentration of dye (500mg/L). Similar trends were observed if fixed 

concentration of dye is changed to 1000mg/L. This decreasing trend is due the fact that at far 

distance of inter-electrode spacing, the pore size is decreased. The decrease in pore size might 

have been caused due to increased voltage drop which raises the  power consumption along 

the path of current provided in the electrolytic solution that is used in the EC system[42]. 

Electric potential between the electrodes decreases if the spacing between the electrodes is 

increased. This phenomenon is also observed during performing experimental runs, whereby 

increase of inter-electrode spacing enhances the voltage of EC process. Therefore, by 

managing optimum distance between electrodes, the energy consumption and operating cost 
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could be managed economically. The inter-electrode spacing also influences the current 

density distribution as current density decreases with decrease  in inter-electrode spacing due 

to low internal resistance[43]. However, if the inter-electrode distance is established below 

2cm, rate of %COD and %Decolorization declines because transfer of solid and fluid material 

is hindered. Due to this obstruction, the resultant solid particles and bubbles generated between 

two electrodes causes higher electrical resistance[44]. It is also observed that along with effect 

of inter-electrode spacing, %COD and %Decolorization can also be affected by initial 

concentration of dye concurrently. Table.5. suggests that if initial concentration of dye is varied 

at 500mg/L-1000mg/L while other operating parameters are kept constant (Inter-electrode 

spacing=4cm ; pH=9), %COD decreases from 56.82% to 45.24%. This significant decrease in 

%COD by increasing dye concentration is due to high voltage drop which is caused by internal 

resistance of solution. The ohmic resistance of solution is increased if cathode is moved further 

away from anode. The ohmic resistance of electrolyte R can be expressed as following eq. 

17:[45] 

           

𝑅 =  
𝑑

𝐴

1

𝑘
     (17) 

Where “d” denotes the distance between two electrodes, “A” is surface area of electrodes while 

“k” is the conductivity of solution. According to Ohm’s law, Conductivity of a solution is 

decreased if voltage is boosted. Hence, solution with higher concentration of dye has weaker 

conductivity as compared to lower concentration of dye. According to eq. (17), lower 

conductivity of a solution generates higher voltage drop which decreases %COD due to 

boosted resistance of solution [46]. 

 



 

23 

 

 
(a)          (b) 

 
(c)

 

Fig. 5 Three-dimensional response surface plots of %COD reduction between (a) electrode 

spacing and initial concentration of dye (b) electrode spacing and pH (c) pH and initial 

concentration of dye 
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(a) 
  (b) 

 

 
    

 

    

(c) 

Fig. 6 Three-dimensional response surface plots of %Decolorization between (a) electrode 

spacing and initial concentration of dye (b) electrode spacing and pH (c) pH and initial 

concentration of dye 
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3.5 Optimization including desirability and kinetic analysis  

Optimization of operating parameters is an essential part in process development as basic 

purpose of present work was to find optimum conditions that yields maximum %COD and 

%Decolorization. In order to pursue numerical optimization, desirability function approach 

was utilized. Since the optimum values of three operating values were different, desirability 

function is an efficient method in order to attain maximum output values of selected responses 

like %COD and %Decolorization. For %COD, highest and lowest achievable value was 

considered as 28.57% (minimum experimental value) and 91.82% (maximum theoretical 

value) respectively. Same procedure was implied for %Decolorization as 95.02% was selected 

since it is minimum experimental value while 100% was selected as it was the maximum value 

that has been achieved successfully by experimentation. In Design Expert Software, the values 

of operating parameters (Inter-electrode distance, pH) were kept in range while initial dye 

concentration were targeted as 1000 mg/L in order to find out optimum conditions at highest 

concentration of Congo red dye. The %COD and %Decolorization were set at maximum. The 

experiment which possess highest amount of desirability was selected to validate the optimum 

conditions. Table.6 shows the optimum conditions with the predicted and actual values 

performance of the electrocoagulation. At operating conditions of 3, 2.8 cm and 1000 mg/L of 

initial pH, inter-electrode spacing and initial dye concentration respectively, the experimental 

results yielding %COD and %Decolorization are close in agreement to predicted results which 

confirms the validity of model. The economic values are an important factor in optimization 

for electrocoagulation process. Electrical energy consumption and current are very important 

economical parameters in EC process. Electrical consumption can be calculated as follows: 

[47] 

 

e= V × I × t    (18) 

   Where E is the electrical energy (Wh) consumed in EC process. V is the cell voltage provided 

through DC supply, I is the amount of current in the process and t is the electrolysis time. It 

has been observed that if EC process is set up when electrode spacing is greater than 3cm it 

accumulates considerable amount of voltage. Since current and time of electrocoagulation 

process is constant, if voltage in the process, the energy consumption of EC process also 

increases considerably. In order to calculate electrical energy consumed for removal of 1g of 

dye pollutant, following relationship is employed: 

 

       E=
𝑒

𝐶𝑜−𝐶
    (19) 
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Where E (Wh/g) is the total electrical energy consumed for removal of 1g of dye pollutant 

while Co and C are the COD concentration of initial sample and treated sample respectively. 

 By employing Electrocoagulation process, maximum %COD of 89% was achieved and 

%Decolorization was 97% under optimum conditions. The good agreement between predicted 

and actual values also validates the assigned model. Fig.7 shows the behavior of %COD and 

%Decolorization with the respect to electrolysis time by using optimum values of controlled 

parameters. It can be easily observed from the trend that %COD and %Decolorization of dye 

enriched wastewater increases by decreasing electrolysis time under optimum conditions. With 

increase in electrolysis time, soluble monomeric species like Fe (OH)3, which is considered to 

be efficient coagulant, is converted into polymeric coagulants which have poor capability to 

coagulate with the dye pollutant. Moreover, pH within the electrocoagulation process increases 

with the passage of time as compared to initial pH due to constant inclusion of hydroxyl group 

in dye solution and this gradual increase of pH plays significant role  in poor tendency for the 

removal of dye pollutant. 

 

 
Fig. 7  EC Performance with respect to electrolysis time (pH=3; I.E Spacing= 3cm; Initial 

concentration of dye=1000 mg/L) 
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Table. 6 Values of numerical optimization 

Initial pH 

Inter-electrode 

Spacing 

(cm) 

Initial 

Concentration 

of dye 

(mg/L) 

%COD %Decolorization 

Pred. Exp. Pred. Exp. 

3 3 1000 87 89 100 97 

 

 

The kinetic study for the removal of dye pollutant from wastewater can be expressed with the 

following zero-order, first-order equation and second order reactions (eq. (20-22)): [48] 

 

Zero-Order Reaction: 

     (
𝑑𝐶

𝑑𝑡
) = −𝑘𝑜     (20) 

 

First-Order Reaction: 

 

     (
𝑑𝐶

𝑑𝑡
) = −𝑘1𝐶     (21) 

 

Second-Order Reaction: 

     (
𝑑𝐶

𝑑𝑡
) = −𝑘2𝐶2    (22) 

 

Where C represents the COD value of the solution whereas k0,k1,k2 represents the kinetic rate 

constants of zero-order, first-order and second-order reactions respectively while t represents 

the reaction time.  

 

After integrating the preceding equation, following equations are obtained: 

 

     𝐶𝑡 = −𝑘0𝑡 +  𝐶𝑜    (23) 

      

     𝑙𝑛𝐶𝑡 = −𝑘1𝑡 +  𝑙𝑛𝐶𝑜    (24) 

 

     
1

𝐶𝑡
= 𝑘2𝑡 +  

1

𝐶𝑜
     (25) 
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Where Co and Ct shows the initial COD of dye enriched wastewater solution and concentration 

of treated solution at any time respectively.  

The regression-based analysis including zero-,first- and second-order kinetic analysis was 

conducted for the removal of COD from wastewater solution. The results are presented in 

Fig.8. It is observed that zero-order kinetic model (Fig. 10(a)) has regression co-efficient 

R2=0.984, which gives much higher value as compared to regression co-efficients of first-order 

kinetics (R2=0.981) and second-order kinetics (R2=0.7891). After obtaining the regression co-

efficients through graphical representation, it can be concluded that zero-order kinetic model 

fits the reaction more efficiently than other applied kinetic models. The rate order of zero order 

kinetics k0= 0.0058 s-1 was calculated from the resultant slope. This result is also supported by 

the kinetic study of Cortes et al. in which it is concluded that zero order kinetic model perfectly 

fits the kinetic degradation of acid blue 9 by using TiO2/UV advanced oxidation process.[49] 
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Fig. 8 Graphical Plots of a) Zero-order b) First-order and c) Second-order Kinetic Models 

for COD reduction under optimum parameters (Initial Concentration of dye=1000mg/L ; 

Initial pH=3 ; Inter-electrode distance=2.8 cm) 

 

3.6 Concentration of residual iron post EC Process 

Iron electrode releases ferric ions at anode region during EC process and these ions reacts with 

hydroxyl ions in water in order to form coagulants including Fe(OH)3[50] along with 

polymeric complex species such as Fe(OH)4
- and Fe6(OH)15

+3[51]. However, Fe ions fails to 

form coagulants or complex hydroxyl compounds and remains in the treated solution as 

secondary pollutant[52]. In order to measure iron content within treated solution, samples were 

analyzed under Flame Atomic Adsorption Spectroscopy (Shimadzu- AA6800). Standard iron 

solutions of 2 mg/L, 5 mg/L and 8 mg/L were formed in order to find out the absorbance of 

iron content. Afterwards, iron concentrations of 5 samples were measured  after employing EC 

process. The values of two operating parameters (initial pH and Inter-Electrode spacing) were 

varied  in each experimental run from 3-9 and 2-4cm respectively. However, value of initial 

concentration of Congo red dye was kept constant in all experiments. Table.7 shows iron 

concentration in each experiment that were performed for iron content analysis. It can be 

observed from Table.7 that maximum iron concentration of 7.56 mg/L was measured in acidic 

solution and spacing between electrodes were 2cm. The reason behind maximum content of 

iron in acidic condition is due to the fact that in acidic condition the hydroxyl ions are less as 
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compared to basic conditions. The high iron concentration of Iron can be explained under 

following equation[40]: 

At Anode: 

  Fe(s)   Fe+3 + 3e-1    (26) 

At Cathode: 

  2H+ + 2e-1     H2  (Acidic medium) (27) 

  2H2O    H2(g) + 2OH- (Alkaline medium) (28) 

It can be clearly observed from eq. (27) and eq. (28) that hydroxyl ions are present in higher 

quantity within alkaline medium. Whenever pH of the solution is increased, Iron ions 

precipitates out in the form of coagulants such as Fe(OH)3 and other polymeric species of iron 

coagulants[53]. However, large amount of residual iron are unable to form complex polymeric 

coagulants in acidic conditions due to insufficient hydroxyl ions[54].Apart from initial pH, 

inter-electrode spacing plays an important role on release of iron content. It is also observed 

from Table.7. that the amount of iron content is maximum when inter-electrode distance too 

close. This is due to the fact that if electrode are brought too close to each other, the mass 

transfer between solid and fluid material is obstructed due to high electrical resistance[55]. 

Due to resistance in solid and fluid transfer, concentration of residual iron is increased.  

The minimum concentration of iron were observed as 0.4 mg/L under 6 pH and Inter-electrode 

spacing were set at 3cm. The concentration of iron content in all experiments meets the US-

EPA legislative standards for maximum allowable concentration of iron discharged 

wastewater(8mg/L). However, this treated solution is not entirely safe for drinking purposes 

since National Secondary Drinking Water Regulations (NSDWRs), founded by EPA, has set 

the secondary maximum contaminant level (SMCL) for iron at 0.3 mg/L. Although US-EPA 

states that excess of iron content above 0.3mg/L can only change aesthetic (color, odor and 

taste) effects of water and doesn’t impart adverse consequences on human health. Fig.9 also 

shows graphical plots between iron concentration and values of operating parameters in each 

experimental run. 
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Table.7. Concentration of iron residual against varied operating parameters 

Experiment pH I.E distance Dye 

Concentration of 

iron Absorbance 

EPA 

Standards for 

Iron discharge 

in drinking 

and industry 

effluents 

    cm mg/L Ppm A 
ppm 

1 3 4 1000 0.71 0.012 2-8* [56] 

2 6 3 1000 0.40 0.0069 0.3 [57] 

3 9 3 1000 7.10 0.1202  

4 3 2 1000 7.56 0.1297  

5 3 3 1000 1.02 0.0173  

*EPA Standards are with respect to countries. Therefore, range of standards for Iron discharge is 

calculated 

 

 
 

 Fig. 9. Concentration of Residual with respect to different sequence of experiments 

 

3.7 FTIR Analysis of Standard dye and Residual Sludge 

The peaks in the spectrum of standard dye exhibit different goups present in congo red (a), as 

shown in figure. The characteristic peak at 3458 cm-1 may attribute to the stretching vibrations 

of –OH group and/or N-H which correspond to NH2 group of standard dye[58-60]. The peaks 

appeared within the band range of 1400-1650 cm-1 can be attributed to the aromatic carbon 

vibrations and/or azo group (-N=N-, -N-H)[58-62]. A peak due to C-N stretch vibration of the 

aromatic primary amine can be observed at 1349 cm-1. It may also indicate –CH3 out of plane 
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bending vibrations in the sample[59, 60, 62]. Additional peaks observed within band range of 

1000-1200 cm-1 may indicate the presence of S=O and SO-3 asymmetric and symmetric 

stretching vibration  due to sulfonic salt group. The group of peaks situated in the range 830-

580 cm-1 could be attributed to the aromaticity or benzene rings which corresponds to 

naphthalene substituted rings[58-62].  

A substantial variation in these peaks can be observed in the spectrum of sludge powder (b) 

indicate the degradation of dye pollutant in the presence of coagulant species that are generated 

due to iron electrode material[58, 61]. The intnsity of all peaks appeared in standard dye 

decreased due to the formation of dye-metal complex in the sludge. The stretching vibrations 

of azo group turn to the asymmetric and symmetric bending vibrations of  N-H correspond to 

primary amine[60]. A broadness of peak at 1114 cm-1 confirms the existence of SO3H, which 

may be attributed to the interaction between SO3− and H+. The oxidation of iron forms FeOOH 

and Fe(OH)2 in an aqueous solution which leads to the formation of H+ and SO3H[62]. 

 

Fig. 10.FTIR Spectra of Standard Congo Red dye (a) and Residual Sludge (b) obtained after 

EC process ( pH=3; Inter-electrode spacing= 3cm ; Initial concentration of dye= 1000 mg/L) 
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4. Conclusion  

The performance of electrocoagulation process for the treatment of dye laden wastewater was 

studied. The effects of initial concentration of dye, initial pH and inter-electrode distance were 

investigated on COD reduction and color removal efficiencies. After extensive 

experimentation and statistical analysis, inter-electrode distance and initial pH were considered 

as most significant parameters for COD reduction and color removal efficiency. Under 

optimum conditions (initial pH=3; inter-electrode spacing=3cm; initial concentration of dye= 

1000mg/L) 89% of COD reduction efficiency and 97% of color removal efficiency were 

achieved successfully. The models of second-order polynomials selected for the process were 

able to predict COD reduction and color removal with a good agreement between experimental 

and predicted values. The EC process is viable for the possibility of zero water discharge and 

reuse of dye in various departments within textile sector. 
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