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Abstract: Response surface methodology was applied for optimizing indigo carmine (IC) dye removal by 
electrochemically produced ferrate (VI). Box-Behnken design was employed in this study, and design parameters were 
pH, Fe (VI) dose and initial dye concentration (Co). R2 and adjusted R2 values were very high that indicated very good 
accuracy for the employed model. Optimum operational conditions were: 4.08-7.69 for pH, 24-118.83 mg/L for Fe (VI) 
dose and 60.68-99.13 mg/L for complete removal of IC. Produced by electrochemical method Ferrate (VI) provides high 
effectiveness for IC dye-containing synthetic wastewater. 
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1. INTRODUCTION 

Textile industries consume large amount of fresh 
water during its unit processes and the water is 
contaminated by toxic chemicals. Especially, dyeing 
process during manufacturing facilities has the biggest 
risk to the environment due to high concentrations [1]. 
Discharging this type of wastewater directly into the 
surface waters causes negative effects on the flora and 
fauna.  

Dyes have been commonly used in textile, paper 
and pulp, dyeing, tannery, printing, photographic, and 
coating industries. Frequently, the dye wastewaters 
cover dye pigments, non-biodegradable organic and 
inorganic substances. When dye wastewaters are 
discharged to the aquatic bodies, they hinder the 
biological processes such as photosynthesis, blocking 
light penetration in the water of lakes and rivers [2]. 

Indigo carmine (IC) is a fairly toxic dye which is 
used primarily in the production of denim textile. The 
contact with indigo may cause some irritations on skin 
and eye. Also it can cause harm to cornea and 
conjunctiva. It is known that IC dye is cancer-causing 
chemical and can cause acute toxicity. It has also been 
proved that the dye causes tumour when it is 
consumed [3]. For those reasons, release of IC without 
any treatment into the aquatic bodies is harmful and 
causes such diseases. However, since IC has 
symmetrical structure and strong stability, it is difficult 
to be degraded. Thus, recent researches take 
cognizance of the removal of IC dye-containing 
wastewaters. The technologies used for the 
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degradation of IC and other dyes consist of adsorption 
[4-8], aerobic bioreactors [9] and advanced oxidation 
processes such as electrooxidation [10-12], 
photocatalysis [13-21] and electrocoagulation [2, 22]. 
Although those methods seem to be efficient 
technologies, physical adsorption and coagulation 
transfer the contaminants from wastewater to other 
environment which resulted sludge production and 
advanced oxidation processes are expensive 
technologies. Additionally, dye wastewater requires 
treatment with new techniques due to its high 
concentration of organic compounds and toxicity. 
Ferrate (VI) is capable of decomposing many toxic 
dyes to low-toxic products, and also of disinfecting 
wastewater. Its application is effective even by very low 
(0.005–0.04 mg/L) doses of ferrate (VI). Unlike dry 
salts, the ferrate (VI) solution is not stable. Ferrate (VI) 
is expensive chemical, when a multi-stage synthesis is 
used to obtain them. All these disadvantages can be 
overcome when preparing ferrate (VI) by 
electrochemical method [23-25]. So that 
electrosynthesized ferrate (VI) is a promising 
technology for the treatment of water and wastewater 
due to its high oxidizing power and coagulant effect. 
These properties make ferrate (VI) very effective during 
the degradation processes. Ferrate (VI) can provide 
high degradation efficiency or it provides complete 
mineralization of contaminants without producing toxic 
by-products [26-32]. 

Response surface methodology (RSM) is a group of 
mathematical and statistical methods used for the 
optimization of output variables which are affected by 
many input factors [33]. It can be also used for the 
evaluation of interaction between individual variables. 
Recent studies have shown that RSM could be useful 
for the optimization of factors influenced on the 
processes [34-36]. RSM has been applied effectively 
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for the removal of many pollutants by advanced 
oxidation processes [37-40]. 

In this study, degradation of highly toxic IC dye by 
electrochemically produced ferrate (VI) ion was 
investigated. RSM was used for optimization of the 
process according to color and chemical oxygen 
demand (COD) removal efficiencies relative to the key 
parameters, such as initial dye concentration, pH and 
ferrate (VI) dose.  

2. MATERIALS AND METHODS 

2.1. Chemicals 

IC (dye content 95%) and sodium hydroxide 
(anhydrous pellets and with 98% purity) were supplied 
from Sigma-Aldrich. Buffers were used to adjust pH 
values: C8H5KO4-HCl solution (pH 4); KH2PO4-NaOH 
solution (pH 7); Na2B4O7.10H2O-NaOH solution (pH 
10). Indigo dye containing synthetic wastewater was 
prepared as follows: 150 mg IC dye was added to 1% 
NaOH solution and 5% sodium thiosulfate solution 
mixture and completed to 1000 ml. Initial COD value of 
the prepared solution was 320 mg/L and initial color 
value was 130 pt-co. 

2.2. Electrolytic System and Experimental 
Procedures 

In our study, ferrate (VI) synthesis was conducted in 
an electrolysis cell made of plexiglass material with the 
dimensions of 12x7x5 cm. Electrodes were high purity 
iron plates with the dimensions of 10x5x0.2 cm. Active 
electrode surface area was 156 cm2. NaOH was used 
to provide highly alkaline media. Current was supplied 
by DC power source. Details for optimal conditions of 
ferrate (VI) synthesis and its stability report can be 
found in our previous study [41]. All experiments were 
conducted using Box-Behnken experimental design: 
different ferrate (VI) doses (24, 72 and 100 mg/L as Fe 
(VI)), initial dye concentrations (20, 60 and 120 mg/L) 
and pH values (4, 7 and 10). After synthesis of ferrate 
(VI), desired amount of ferrate (VI) was dosed to indigo 
containing solution, and then pH was adjusted to the 
mentioned values with the buffer solutions: C8H5KO4-
HCl solution (pH 4); KH2PO4-NaOH solution (pH 7); 
Na2B4O7.10H2O-NaOH solution (pH 9). The initial pH of 
the IC solution was 11.5 ±0.2. Rapid and slow mixing 
was applied for 30 seconds and 20 minutes, 
respectively. After mixing procedure, sedimentation 
took placed for one hour in the process. The 
supernatant was taken from the treated solution and all 
samples were filtered through 0.45 µm membrane 

filters for the COD and color measurements. All 
experiments were performed at the room temperature. 

2.3. Analytical Methods 

COD was determined according to Standard 
Methods. Color was measured via HACH Lange DR 
2800 spectrophotometer. Ferrate (VI) concentration 
was measured by HACH Lange DR 5000 UV-VIS 
spectrophotometer at a pre-determined wave length of 
505 nm.  

2.4. Mathematical and Statistical Procedures 

In this study, the design of experiments was 
prepared using Box-Behnken model and three input 
factors were selected (A: pH, B: Fe (VI) dose, C: initial 
dye concentration) for the optimization of indigo dye 
degradation by ferrate (VI) ion according to the two 
different responses (R1, color removal and R2, COD 
removal).  

The removal efficiencies were fitted to a general 
function indicating the interaction between dependent 
and independent variables using second-order 
polynomial equation. The employed model of the 
second order polynomial is:  

R = βo + ∑βiXi + ∑βiiXi
2 + ∑βijXiXj         (1) 

Where R is the response which is predicted by the 
model, Xi and Xj are independent input factors, βo is the 
intercept, βi is a linear coefficient, βii is a quadratic 
coefficient and βij is the interaction coefficient.  

To determine the influence of selected parameters 
on the process efficiency for indigo dye removal, 
different levels were chosen for each parameter. The 
selection of operating levels is summarized in Table 
S1. 

Design expert, version 8.0.4.1 (STAT-EASE Inc., 
Minneapolis, USA) was used for the preparation of 
experimental design and the analysis of obtained data. 
The analysis of variance (ANOVA) was run for 
prediction of the statistical parameters. 

3. RESULTS AND DISCUSSION 

3.1. Design of Experiments and ANOVA Report 

Table 1 shows the summary of experimental 
planning and each response from the point of the 
efficiencies on color and COD removal.  
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The ANOVA analysis indicates the significance of 
each parameter and also significance of the interaction 
between variables. ANOVA results can be seen in 
Table 2.  

Probability value (Prob>F), F-value (Fisher variation 
ratio) of the model and adequate precision are the main 
points presenting the significance and acceptability of 
the model employed in the study. According to the 

Table 1: Experimental Plan for Box-Behnken Design and Responses in each Experiment 

Run Real pH Real Fe(VI) dose (mg/L) Real Co (mg/L) R1, Colour removal (%) R2, COD removal (%) 

1 7 72 60 98.95 80 

2 7 120 100 99.09 92.3 

3 4 72 100 97.59 85.7 

4 7 72 60 99.73 80.95 

5 10 120 60 92.5 51.26 

6 4 120 60 97.9 85.71 

7 7 72 60 98.68 85.39 

8 4 24 60 98.42 72.63 

9 7 72 60 99.21 84.28 

10 10 72 100 93.54 67.19 

11 7 24 100 98.79 80.43 

12 7 120 20 91.37 33 

13 4 72 20 87.06 50.6 

14 10 72 20 99.13 33.47 

15 7 24 20 99.13 81.7 

16 10 24 60 99.9 85.07 

17 7 72 60 98.95 87.3 

Table 2: ANOVA Results for Response Surface Quadratic Model 

R1, Color removal R2, COD removal 

Factor Sum of 
squares 

F-ratio p-value  
(Prob>F) 

Factor Sum of 
squares 

F-ratio p-value  
(Prob>F) 

Model 194.44 7.87 0.0063 (significant) Model 5631.78 40.74 <0.0001 (significant) 

A: pH 2.10 0.77 0.4107 A: pH 415.44 27.05 0.0013 

B: Fe (VI) 
dose 

29.57 10.77 0.0135 B: Fe (VI) 
dose 

414.14 26.96 0.0013 

C: Co 18.97 6.91 0.0340 C: Co 2011.37 130.96 <0.0001 

AB 11.83 4.31 0.0765 AB 549.67 35.79 0.0006 

AC 64.96 23.66 0.0018 AC 0.48 0.031 0.8652 

BC 16.24 5.91 0.0453 BC 917.18 59.72 0.0001 

A2 23.14 8.43 0.0229 A2 534.51 34.80 0.0006 

B2 0.74 0.27 0.6186 B2 7.68 0.50 0.5024 

C2 24.85 9.05 0.0197 C2 720.03 46.88 0.0002 

Residual 19.22   Residual 107.51   

Lack of fit 18.59 39.33 0.0020 (significant) Lack of fit 70.18 2.51 0.1980 (not significant) 

Pure Error 0.63   Pure Error 37.34   

Cor Total  213.67   Cor Total 5739.30   
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ANOVA report, the model F-values of 7.87 and 40.74 
imply the model’s significance, and values of "Prob > 
F" less than 0.0500 specify that the terms of the model 
are significant. In our case; B, C, AC, BC, A2 and C2 for 
color removal and A, B, C, AB, BC, A2, and C2 for COD 
removal are significant terms of the model (see Table 
2).  

The correlation factors R2 are equal to 0.9813 and 
0.91 for COD and color removal, as seen in Table 3. 
Model parameters for two responses (color and COD 
removal) are summarized, as well (see Table 2). High 
R2 values state that the total variation could be 
depicted by the model established in the present study 
phrasing a sufficient quadratic fit. 

When second order polynomial model is considered 
(eq. 1), following expressions were obtained according 
to RSM: 

Color removal (%) = 99.28 - 1.92xB + 1.54xC - 
4.03xAxC + 2.01xBxC - 2.32xA2 - 2.41xC2       (2) 

COD removal (%) = 78.37 - 7.21xA - 7.20xB + 15.86xC 
- 11.72xAxB +15.14xBxC - 11.27xA2        (3) 

Where A is pH, B is Fe (VI) dose and C shows initial 
dye concentration.  

3.2. Graphical Elucidation of the Model 

3.2.1. Color Removal Efficiency 

Experimental results fitted the employed model with 
high R2 value and were close to predicted values. They 
indicate that R2 and adjusted R2 values for the model is 
satisfactory (see Figure S1 in supplementary 
materials). 

Figure 1 demonstrates the effect of different factors 
on the process in terms of color removal efficiency. As 

seen in Figure 1, color removal efficiency increased 
after pH value (A) had become closer to the reference 
point (0). Then the efficiency decreased, while the pH 
value became distant from the reference point. This 
situation indicates that the efficiency increases from 
acidic values through neutral values of pH, and then 
color removal efficiency decreases with increasing pH. 
The range of applied Fe (VI) doses (B) supplied 
efficient removal in color, as the efficiency was above 
95% for all doses. The change of Fe (VI) dose between 
selected ranges seemed not providing accurate 
difference on color removal.  

The effect of initial dye concentration (C) can be 
seen in Figure 1. According to Figure 1, color removal 
efficiency increased with increase of initial dye 
concentration until the reference point, and there was 
slight increase after reference point, too. But further 
increase of initial dye concentration until the maximum 
point (+1) caused decrease in color removal efficiency. 
This means, that the efficiency increases with 
increasing dye concentration until certain point, only.  

Figure 2 shows 3D graphics of the model. The 
effect of Fe (VI) dose on color removal efficiency at a 
constant initial dye concentration of 60 mg/L for 
different pH values was predicted. Color removal 
efficiency showed an increment with regard to 
increasing pH up to neutral values, and then the 
efficiency displayed decreasing trend in alkaline values. 
Fe (VI) dose role in color removal was insignificant, as 
far as high color removal efficiencies (>95%) were 
obtained in all applied Fe (VI) doses, as seen in Figure 
2a.  

Figure 2b illustrates the interaction between color 
removal efficiency and initial dye concentration for 
different pH conditions at constant Fe (VI) dose (72 
mg/L). The presence of higher dye concentrations, 

Table 3: ANOVA Results of the Polynomial Regression Model Established for Oxidation of Indigo Dye by 
Electrosynthesized Fe (VI) 

Parameter R1, Colour removal (%) R2, COD removal (%) 

R2 0.91 0.9813 

Adjusted R2 0.7944 0.9572 

Prob > F 0.0063 <0.0001 

Model F value 7.87 40.74 

Std. Deviation 1.66 3.92 

PRESS 298.44 1181.16 

Adequate precision 10.298 20.626 
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together with neutral and alkaline conditions, was found 
to be more desirable for the indigo dye removal.  

Figure 2c shows the interaction between initial dye 
concentration and Fe (VI) dose at pH 7. Lower Fe (VI) 
doses and higher dye concentrations showed higher 
color removal efficiency (>98%). 

3.2.2. COD Removal Efficiency 

According to Figure 3, COD removal efficiency did 
not change by the variation of Fe (VI) dose as much as 
pH and initial dye concentration. The same behaviour 
with color removal was observed on COD removal. 
When pH value (A) became closer to reference point, 

 
Figure 1: Perturbation plot for colour removal. 

 

 
Figure 2: 3D surface plot for colour removal as a function of (a) Fe (VI) dose and pH; (b) initial dye concentration and pH and 
(c) initial dye concentration and pH. 
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COD removal increased, but the efficiency started to 
decrease, when pH value became distant from 
reference point (0). Initial dye concentration affected 
COD removal more than color removal, as the change 
of efficiency was between 55-85%. However, the trend 
was almost the same with color removal. While initial 
dye concentration was getting closer to the reference 

point, the efficiency was increasing. In contrast to color 
removal (Figure 1), the efficiency continued to increase 
after reference point for a while and then decreased 
until the maximum point. 

As it can be shown in Figure 4a, the response was 
plain surface, which implies that there is no such 

 
Figure 3: Perturbation plot for COD removal. 

 
Figure 4: 3D surface plot for COD removal as a function of (a) Fe (VI) dose and pH; (b) initial dye concentration and pH and (c) 
initial dye concentration and pH. 
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interaction between these variables (Fe (VI) dose and 
pH) on the removal of COD. The change of pH had a 
dominant effect, compared to Fe (VI) dose, on the 
removal efficiency, as the slope was due to pH change, 
while Fe (VI) dose affected the process slightly.  

In Figure 4b, 3D graphic of the model was convex 
surface, and maximum COD removal efficiency was 
obtained in the final region of initial dye concentration 
for the studied values. Through the neutral pH values, 
the removal efficiency increased, and after the neutral 
values there was a decrease through the final region of 
studied pH values.  

Figure 4c shows that there was an interaction 
between Fe (VI) dose and initial dye concentration. 
COD removal efficiency was decreased, while Fe (VI) 
dose increased. Also, middle value of initial 
concentration showed high efficiency on COD removal.  

3.4. Optimization Step 

According to the Design Expert version 8.0.4.1 
software, the desired goal for each condition (pH, Fe 
(VI) dose and initial dye concentration) was chosen as 
“in range”. The programme found 27 solutions, which 
help to achieve optimum conditions for color and COD 
removal with high desirability range of 0.943-1. The 
maximum predicted color and COD removal was 102% 
and 100%, respectively. The ranges of optimum 
operational conditions for each parameter were: 4.08-
7.69 for pH, 24-119.17 mg/L for Fe (VI) dose and 
60.68-99.13 mg/L for initial dye concentration. On the 

other part, the desirability function approach was used 
to maximize both color and COD removal. Initial dye 
concentration was fixed to the middle value (60 mg/L) 
to achieve such a goal. The overlay plot for the optimal 
region is shown in Figure 5. The yellow portion gave 
the allowable values of the two variables (Fe (VI) dose 
and pH) by maximizing removal efficiencies of color 
and COD. According to Figure 5, if the process was 
conducted at pH range of 4.52-7.69 and Fe (VI) dose 
range of 79.55-119.17 mg/L, both color and COD 
removal would be maximized for initial dye 
concentration of 60 mg/L. Also, the calculated values 
for the validation experiments were found to be 
satisfactory (see Table S2 in supplementary material). 

CONCLUSIONS 

Response surface methodology (RSM) is a simple 
way for the optimization of the parameters for dye 
removal from textile waste water. RSM reduces the 
number of experiments. Besides, RSM provides 
important information about interactions between 
operational parameters. In this study, the model 
employed provided high accuracy with high R2 values 
(0.91for color removal and 0.9813 for COD removal). 
Electrochemically produced ferrate (VI) was very 
effective for IC dye removal in terms of color and COD 
removal. 
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