
 

 

 

Abstract—The present work the removal of synthetic waste 

water containing reactive red 196 and disperse red 163 aqueous 

solution was studied by plug flow electro-oxidation reactor using 

Pt/Ti as anode and cathode. A response surface methodology was 

applied to evaluate the single and combine effect of dye 

concentration current and flow rate. The statistical model analysis of 

variance (ANOVA) was applied to test the adequacy of model 

constructed. The model response of color removal (%) and power 

consumption was examined. The ANOVA results showed that the 

model was adequate to represents variations of response. The value 

of R2 and adjusted R2 of color removal are 96.83% and 93.98% 

respectively and are 96.64% and 95.09% for power consumption 

respectively. The electro-oxidation of synthetic wastewater achieved 

removal efficiency of 46 to 68% and power consumption of 54 to 84 

kWh/kg dye. The graphical model showed that flow rate strongly 

affect the color removal and power consumption at all range. On the 

other hand applied current and flow rate affect the color removal and 

power consumption effectively in some region. The optimization of 

electro-oxidation treatment was determined for the minimization of 

power consumption at final concentration of 300 ADMI. The 

predicted power consumption and experimental power consumption 

were 75.9 and 78.0 kWh/kg dye respectively. 

 

Keywords—Electro-oxidation, Response surface, Optimization, 

Synthetic wastewater. 

I. INTRODUCTION 

HE textile dyeing and finishing industries effluents have 

been characterized by strong color, high toxicity and 

contains large amount of non-biodegradable chemicals 

such as volatile aromatic carbon which can cause severe 

health problems [1]. Reactive dyes most commonly used for 

cotton dyeing, has a low fixation rate and are highly soluble in 

water. The low fixation of reactive dye results in strong 

effluent color, which is not easily removed by conventional 

methods and chemical precipitation. On the other hand, 

Disperse dye has low solubility in water and can be easily 

decolorize by chemical coagulation compare to reactive dye 

[2]. Disperse dye similar to reactive dye requires a large 

amount of water for application and wash off [3]-[4].  

At present, conventional technologies for textile wastewater 

treatment are chemical coagulation, biological oxidation and 
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activated carbon adsorption [5]. As mention above chemical 

coagulation methods cannot efficiently remove reactive 

dyestuffs. Biological oxidation methods failed to remove color 

due to the toxicity of most commercial dyes [6]. Carbon 

adsorption methods despite providing efficient color removal 

for various textile wastewaters are very expensive compare to 

the other methods [6].  

In recent years, the electro-oxidation of textile wastewater 

has received great attention due to its ability to oxidize toxic 

and non-biodegradable wastewater [7]. Furthermore, real 

textile wastewater contains high NaCl concentration to carry 

out electrochemical process without adding electrolyte to 

increase organic strength [8]. Unlike electro-coagulation 

process, the main oxidizing reagent is electron which results in 

no electrode consumption and no sludge produced. Many 

researches on electro-oxidation of various textile dyes have 

been studied in the literature [9]-[12]. 

To date, mathematical model for electro-oxidation process 

is hard to achieve due to the complex chemical reactions 

involve are not completely known. Moreover, the interaction 

between factors cannot be determined by varying the 

independent factor while kept the others constant. This 

conventional experiment method requires many experiment 

trials, which are time consuming. Response surface 

methodology (RSM) was proved to effectively for optimizing 

the process variables when the interactions between variables 

are present [13]. With RSM, the response of interest can be 

determined with a minimum number of trials and 

mathematical model in terms of input parameters can be 

achieved.  

In the present study electro-oxidation of synthetic textile 

wastewater containing both disperse red 163 and reactive red 

196 was investigated. The initial dye concentration (mg/l), 

waste water flow rate (L/hr) and applied current (A) were 

selected for the input parameter. The central composite design 

(CCD) and RSM has been applied to model the response of 

color removal (%) and power consumption (kWh/kg Dye). 

The mathematic regression equations have been developed for 

model simulations. The models were analyzed and 

optimization approach for minimum power consumption was 

determined. 
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II.  MATERIALS AND METHODS 

A. Synthetic wastewater preparations 

 Synthetic wastewater was prepared by adding reactive red 

196 and disperses red 163 equally by mass in the range of 20-

30 mg/l was completely mixed in tap water by stirring the 

synthetic wastewater. In order to create conductivity for 

electro-oxidation process (500 mg/l)  Na2SO4 and (500mg/l) 

NaCl was added. The synthetic waste water was stocked and 

then fed continuously as in Fig.1. 

 
Fig.1: DC-power supply; 2: synthetic wastewater feed stock: 3: 

influent feed pump; 4: PFR reactor; 5: electrodes; 6: effluent line for 

sample. 

B. Electro-oxidation reactor 

The Electro-oxidation process was performed in a plug flow 

model with effective working volume of 2 L (5 x 50 x 8 cm). 

The Platinum coated titanium was used as cathode and anode 

having working dimension of 40 x 5 cm. Three electrode 

plates were placed with a space of 5 mm in parallel for the 

experiment. The electrodes were connected with power supply 

(GPR-6060D) to provide electrical energy. The synthetic 

wastewater was flowed continuously to the reactor. The initial 

and final concentration was measured in ADMI unit using DR 

6000 UV-Vis spectrophotometer with RFID. The removal 

efficiency was calculated by following equation: 
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When using Cia initial dye concentration (ADMI) and Cif final 

dye concentration (ADMI). The color removal in fraction can 

be determined by equation 1. 

C. Electro-oxidation experiments 

 The concentration of effluent wastewater was measured 

until steady state condition was achieved. The flow rate of 

synthetic wastewater was between 6.5 and 11.5 L/hr, current 

was varied between 1.0 and 1.5 A and the initial concentration 

was varied between 20 and 30 mg/l. The response of energy 

consumption was calculated using the following equation: 
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Using following terms, current I (A), cell voltage U (V), initial 

dye concentration Ci (mg/l) and synthetic wastewater flow rate 

Q (L/hr). The power consumption (kWh/kg dye) can be 

determined by equation 2. 

D. Experimental design for RSM 

In the present study, experiment runs were proposed by 

RSM model using central composite design (RSM). Design 

Expert 9.0 software were used to create graphical models for 

the color removal (%) and power consumption (kWh/kg dye) 

responses. The proposed 16 experimental runs covering the 

coding factor shown in table 2 were obtained. The α value of 

1.682 was chosen to achieve rotatable designs for constant 

prediction of all points [13]. The statistical significance of 

models was analyzed by analysis of variance (ANOVA) for 

testing adequacy of the model. The optimum condition for 

desired response was predicted and being tested in the last 

section of this study. 
TABLE II 

SYMBOL AND CODED FACTOR FOR THREE-LEVEL RSM DESIGN 

Factor symbol Coded factor 

-1 0 +1 

 

Concentration 

(mg/l) 

 

1x  

 

22 

 

25 

 

28 

Applied current 

(A) 
2x  1.1 1.25 1.4 

Flow rate (L/hr) 
3x  7.5 9 10.5 

 

III. RESULTS AND DISCUSSIONS 

A. Statistical analysis and modeling 

 In Electrochemical oxidation process, variables such as 

current density, flow rate and effluent concentration 

significantly affected the removal efficiency of target pollutant 

[14]. In order to study the single and combined effect of these 

variables response surface and regression method were 

applied. The Plug flow reactor runs were conducted in CCD 

experiments. The response models for color removal and 

power consumption are given in table 2. 

 The CCD experimental design can be applied to create the 

regression model. The second order polynomial equations of 

the output response in terms of input variables can be written 

as: 
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    (3) 

 The regression model result for the responses (presented in 

table 2) regardless of the significant model terms are 

presented in following equations: 
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TABLE III 

DESIGN RSM OF RESPONSE AND PREDICTED VALUES 

 

Run order 

Initial dye concentration 

(x1, mg/l) 

Applied 

current (x2,A) 

Flow rate 

(x3, L/hr) 

 

Color removal % 

 

Power consumption        (kWh/kg dye) 

    actual predicted actual predicted 

1 22 1.10 7.5 65.10 63.09 65.53 67.23 

2 28 1.10 7.5 60.00 60.80 54.13 53.96 

3 22 1.40 7.5 67.90 68.33 84.97 84.80 

4 28 1.40 7.5 62.50 61.69 72.53 74.31 

5 22 1.10 10.5 51.00 51.01 58.83 58.43 

6 28 1.10 10.5 47.80 46.57 51.10 51.64 

7 22 1.40 10.5 61.60 60.00 66.10 68.45 

8 28 1.40 10.5 50.00 51.21 64.77 64.43 

9 20 1.25 9.0 60.45 61.95 72.13 72.67 

10 30 1.25 9.0 53.00 52.63 57.67 58.14 

11 25 1.00 9.0 50.70 51.76 54.37 52.64 

12 25 1.50 9.0 60.00 60.07 80.00 78.17 

13 25 1.25 6.5 69.00 69.56 73.57 73.26 

14 25 1.25 11.5 50.00 50.58 57.40 57.55 

15 25 1.25 9.0 57.59 56.50 63.67 65.41 

16 25 1.25 9.0 55.50 56.50 68.07 65.41 

 

TABLE IV 

ANOVA RESULT FOR COLOR REMOVAL  

source DFa ANOVA parameter 

SSb MSc F-Value P-value 

Model 9 666.6 74.07 33.97 <0.0001 

Residual 10 21.8 2.18 - - 

Lack-of-fit 5 15.25 3.05 2.33 0.1877 

Total 19 688.4 - - - 

R2 = 96.83%; adjusted R2= 93.98% 

 
TABLE V 

ANOVA RESULTS FOR POWER CONSUMPTION 

source DFa ANOVA parameter 

SSb MSc F-Value P-value 

Model 6 1393.2 232.2 62.38 <0.0001 

Residual 13 48.39 3.72 - - 

Lack-of-fit 8 19.35 2.42 0.42 0.8701 

Total 19 1441.6 - - - 

R2 = 96.64%; adjusted R2 = 95.09% 
a Degree of freedom. 
b Sum of squares. 
c Mean square. 

 

Color removal in percentage 
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          (4) 

Power consumption  
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            (5)      

(5)The actual and predicted values of the responses are shown 

in table 3. These values as well as the model regression 

equation (4) and (5) were used to construct graphical models 

and statistical parameter for the ANOVA as shown in table 4 

and table 5. 

The adequacy of the responses was evaluated by analysis of 

variance (ANOVA). The results presented in table 4-5 shows 

statistical data for validating the precision of the model. The 

significance of the regression can be determined by F-value  

 

 

 

and P-value. The F-value of color removal and power 

consumption were 33.97 and 62.38, respectively. The large 

number of F-value indicates that the regression models suitably  

 

include variations of response range. Furthermore, relation 

between P-value and F-value can be used to show whether F-

Value is large enough to include the model variations. The P-

value less than 0.05 indicate that the model terms are 

significant at the 95% level of significance. 

Moreover, the value of model coefficient of determination 

(R
2
) showed that R

2
 and R

2
-adj values ware 96.83% and 

93.98% for color removal model. However the values for 

power consumption model were 96.64% and 95.09%, 

respectively. The values of R
2
 more than 80% are desired for 

good fit of model points.  

B. Interpretation of the graphical model 

Fig. 2 presents the response surface effect of current and 

initial dye concentrations on the color removal of disperse red 

163 and reactive red 196 dye synthetic wastewater. The effect 

of current on removal of reactive dye and disperse dye are 

known to be the most important parameter [15]. 

 In Fig. 2.as the dye removal increased with increase applied 

current. The effect of Initial dye concentration strongly affect 

removal efficiency at higher current 1.3-1.5 A (green region) 

but barely effect the removal efficiency at low current 1.0-1.1 

A (dark blue region). Fig. 2 b. presents the effect of current and 

flow rate on color removal. The color removal are strongly 

influenced by flow rate of synthetic wastewater but were almost 

independent of applied current. Fig. 2.c similar to fig. 2.b 

synthetic wastewater flow rate strongly affects the color- 

Removal while color removal slightly increase as initial 

concentration increases. The graphical model showed same 

trends for selected initial dye concentration, applied current and 

flow rate. The color removal was ranged from 46 to 68% and 

final concentration of effluent ranges from 265 to 540 ADMI. 
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Fig. 2. The effect of input parameter on color removal:  (a) Flow rate 

10.5 L/hr. (b) Initial dye concentration 28 mg/l. (c) applied current 

1.25 A. 
 

Fig.3. the effect of initial concentration, applied current and 

flow rate on the power consumption was presented. The 

graphical model exhibit same trends for each fixed value. Fig 

3.a investigates the effect of initial concentration and flow rate. 

Flow rate affect power consumption as the flow rate increases 

the power consumption decreases while initial concentration 

affect the power consumption at low flow rates 6.5 to 7.5 L/hr 

as shown in red region. Fig. 3.b presents the effect of initial 

concentration and applied current on power consumption. The 

model graph shows a linear trend as the applied current 

increases the power consumption increase. On the other hand, 

power consumption decreases as the initial concentration 

increases. Fig. 3.c showed that applied current affect the power 

consumption at low flow rate 6.5 to 7.5 L/hr (Red region) but 

barely affect power consumption at low flow rate 10.5 to 11.5 

 L/hr (light blue region).The model showed that the influence 

of flow rate on power consumption was not strong compare to 

fig. 3.a. The power consumption ranges from 51 to 84 kWh/kg 

dye were achieved for the experiments. 

    C. Optimization of operating conditions 

Operating cost is the response that must be considered prior 

to implement treatment method [16]. In order to select 

optimum condition for electro-oxidation treatment minimum- 

 
Fig. 3. The effect of input parameter on power consumption: (a) 

applied current 1.4 A. (b) Flow rate 6.5 L/hr . (c) Initial dye  

concentration 22 mg/l. 
 

power consumption (kWh/kg dye) is desired. Moreover, the 

final concentration of wastewater effluent cannot exceed laws 

and regulations for each country such as Taiwan (400 ADMI), 

America (200-600 ADMI). Thailand’s current law and 

regulations on wastewater treatment did not include 

enforcement on ADMI color standard. However, the 

department of industrial work of Thailand has proposed 
notification of Ministry of Industry; Subject on wastewater 

treatment color standard must not exceed 300 ADMI. In 

present study, the final concentration of 300 ADMI was 

selected due to the future implemented regulation in Thailand. 

The results of predicted and experimental parameter were 

shown in table 6 
 

TABLE VI 

OPTIMUM VALUES FOR MINIMIZING  

Variables unit Optimum values 

Initial dye concentration  mg/l 22.6 

Applied current  A 1.29 

Flow rate  L/hr 7.86 

Predicted final concentration ADMI 300 

Experimental final concentration ADMI 313 

Predicted power consumption  kWh/kg dye 75.9 

Experimental final  power 

consumption 

kWh/kg dye 78.0 
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