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 In this study the degradation of an azo dye, Methyl Red, which is used in textile industry, using 
Fenton reaction was studied and optimized by a chemometrics method. Fenton oxidation is one 
of the Advanced Oxidation Processes (AOPs), in which hydroxyl radicals are generated from 
Fenton’s reagents (Fe2+, H2O2). The effects of various experimental parameters in this reaction 
were investigated using Central Composite Design (CCD) method. The experimental design 
was done at five levels of operating parameters. 28 experiments, with 4 factors and 5 levels for 
each factor were designed. These factors (or variables) include [Fe2+], [H2O2], [oxalate] and the 
reaction time. A full-quadratic polynomial equation between the percentage of dye degradation 
(as the response) and the studied parameters was established. After removing the non-
significant terms from the model, response surface method was used to obtain the optimum 
conditions. The optimum ranges of variables were: 0.1 - 0.4 mM for [Fe2+], 13.5-22 mM for 
[H2O2], 1.5-2 mM for [Oxalate], and 115-125 min for the reaction time. Also the results of 
extra experiments showed that these optimized values can be used for real samples and yield to 
high values for the response. 

© 2013 Growing Science Ltd.  All rights reserved.
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1. Introduction 

1.1. AZO DYES 

    There are many branches of industries, i.e. textile, painting, leather, printing, paper production, 
food technology, photography etc., which use various colorants (synthetic dyes)1,2. The release of 
such coloured wastewaters into the environment is a dramatic source of aesthetic pollution, 
eutrophication and perturbations in aquatic life3. The presence of these synthetic dyes can also make 
problems within the use and reuse of water streams, distribute the beautiful appearance of waters and 
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    In recent years, Advanced Oxidation Processes (AOPs) have attracted attentions for the destruction 
of these dyes. In AOPs methods, highly reactive hydroxyl radicals, which have one unpaired electron 
and are very strong oxidizing agents are produced. 

    Fenton’s oxidation is one of the AOPs methods, in which hydroxyl radicals are generated from 
Fenton’s reagents1. Fenton reaction is already in use for industrial wastewater purification processes. 
It is well-known that, the most important characteristic of heterogeneous Fenton processes is the 
formation of OH radicals, which are highly oxidative, nonselective, and able to decompose many 
organic compounds. It is also well-accepted that the advantages of heterogeneous Fenton processes 
are complete mineralization of organic compounds at ambient temperature and easy separation of the 
heterogeneous catalysts from the treated wastewater. Because of these advantages, a lot of effort has 
been made in developing heterogeneous Fenton catalysts containing Fe2+ ions. The Fenton system 
uses ferrous ions as catalysts that react with hydrogen peroxide, producing hydroxyl radicals with 
powerful oxidizing abilities 5. 

    Generated hydroxyl radicals may then react with ferrous ions, for instance, to form ferric ions, or 
with the organics. The oxidation products are usually low molecular weight compounds that are often 
more easily biodegradable or, in some instances, the organic compounds reduced to carbon dioxide 
and water, among other inorganics 13. 

    The Fenton reaction has many various advantages in the degradation of pollutants, for example its 
reagents are environmentally safe, cheap and easy to obtain and use. The appropriate pH range for 
this reaction is 2.0–4.0 and the best pH is 3 14, 15. 

    As mentioned above, the Fenton reaction is used for the treatment of azo dyes wastewaters. This 
reaction can be effective on the degradation of so many azo dyes. The rate of •OH generation and the 
characteristics of these dyes can influence on the percentage of decolorization16.  

    So it is obvious that the concentration of iron salt and H2O2 have an important effect on the dye 
removal percentage. In addition, in this study the salt of sodium oxalate is also used to catalyze the 
removal reaction.  

1.3. Optimization 
 

    Optimizing refers to improving the performance of a system, a process, or a product in order to 
obtain the maximum benefit from it. The term optimization has been commonly used in analytical 
chemistry as a means of discovering conditions at which a procedure produces the best possible 
response 17.  

    In order to optimize the effective variables on decolourisation of Methyl Red, two methods can be 
used: one-variable-at-a-time method and experimental design techniques. In the first method it is 
necessary to do many experiments, spend much time and materials.  

    There is also a premier problem with this method. Here the interactions between the parameters are 
ignored and this can lead to incorrect optimized values for the variables and after doing many 
experiments we cannot claim that the best results are obtained. Therefore, it is obvious that a reliable 
and trusty method is required to gain the true optimized values. The experimental design is a method 
which can lead to this goal18-20.  

    Experimental design is used to decide which factors influence on the properties of the chemical 
process or desirable product. Response Surface Methodology (RSM) is a statistical method being 
useful for the optimization of chemical reactions and/or industrial processes and widely used for 
experimental design .Whenever multiple system variables may influence the outputs; RSM can be 
utilized to assess the relationship between dependent (response) and independent variables as well as 
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to optimize the relevant processes21,22. RSM employs a low-order polynomial equation in a 
predetermined region of the independent variables, which are later on analyzed to locate the optimum 
values of independent variables to obtain the best (highest) response. Process optimization by RSM is 
faster for gathering experimental research results than the rather conventional, time consuming one-
factor-at-a-time approach 23, 24.  

    In this research, finding optimal conditions for effective factors on degradation of Methyl Red, by 
Fenton reaction using an experimental design method (Central Composite Design (CCD)) was 
investigated.  

2. Experimental 
 
2.1. Instruments 
 

    The solutions were shaked by a MTOPO magnetic stirrer model MS3300 and the absorbance of the 
solutions were measured by a PG-mode T80 UV-Vis double-beam spectrophotometer (Japan) 
utilizing a 1-cm quartz cell. Variation of solution pHs was measured by a pH-meter BEHINEH (UK). 

2.2. Reagents 
 

    Methyl Red (Mw= 269.31 gr/mol), FeSO4.7H2O (Mw=278 gr/mol), H2O2 (a=30% v/v, d=1.11 
kg/m3) and Na2C2O4 (Mw= 134 gr/mol), were used in analytical grade (Merck) and all of the solution 
were prepared with fresh distilled water.  

    The solution of Fe2+ ion was prepared several times during a day and was used immediately to 
prevent the exchange of Fe2+ ion to Fe3+ ion.  

    To adjust the final pH of the solutions, the solutions of H2SO4 (0.01M) and NaOH (0.01M) were 
prepared and used. 

2.3. Statistical Software 
 

    Essential Regression and Experimental Design for Chemists and Engineers (EREGRESS), as MS 
Excel Add-In software, was used to design the experiments and to model and analyze the results. 

2.4. Design of Experiments (DOE) 
 

    By using CCD method, 28 experiments (including 4 repetitions at central point) were designed. 
The factors (variables) were: [Fe 2+], [H2O2], [oxalate] and the reaction time. Although the initial 
concentration of Methyl Red might be important, but as mentioned, this factor was spotted at the 
constant value of 0.015 mM. This value for the dye concentration was selected from calibration curve 
of Methyl Red (the middle point of the linear range in spectrophotometeric determination). For each 
factor, 5 levels were defined. These values are coincided on the codes: -2, -1, 0, +1 and +2 and are 
shown in Table 2. 

Table 2. The variables and values used for CCD 
High(+2) +1 0 -1 Low(-2) Name Variable 

1 0.75 0. 5 0. 25 0 [Fe2+ ] /mM F1 
22 16.5 11 5.5 0 [H2O2 ] /mM F2 
2 1.5 1 0.5 0 [Oxalate] /mM F3 

125 95 65 35 5 Time/min F4 
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Response = b0 + b1*F1 + b2*F2 + b3*F3 + b4*F4 + b5*F1*F1 + b6*F2*F2 + b7*F3*F3       
+ b8*F4*F4+ b9*F1*F2 + b10*F1*F3 + b11*F1*F4 + b12*F2*F3 + b13*F2*F4 + b14*F3*F4   

(2)

 

    In this equation F1, F2, F3 and F4 show the variables and the b0-b14 are the coefficient values 
obtained by multiple linear regression (MLR).  

Table 3. The coded values designed by CCD and responses 
Run [Fe2+ ] [H2O2] [Oxalate] Time % Degradation

1 -1 -1 1 -1 70.10
2 1 1 1 1 60.53 
3 -1 1 1 -1 83.09 
4 1 1 -1 -1 49.03 
5 0 0 0 0 60.00 
6 -1 -1 1 1 70.75 
7 1 1 1 -1 71.20 
8 0 0 -2 0 39.24 
9 1 -1 -1 -1 39.57 
10 0 0 0 2 74.48 
11 -1 1 -1 -1 63.08 
12 0 2 0 0 69.33 
13 -1 1 -1 1 79.41 
14 -1 -1 -1 1 70.19 
15 0 0 0 0 61.25 
16 0 0 2 0 69.57 
17 0 0 0 -2 78.42 
18 1 -1 -1 1 35.93 
19 -2 0 0 0 52.15 
20 0 0 0 0 61.29 
21 0 -2 0 0 50.14 
22 -1 1 1 1 77.33 
23 1 -1 1 -1 35.16 
24 -1 -1 -1 -1 74.38 
25 2 0 0 0 14.65 
26 1 1 -1 1 72.50 
27 1 -1 1 1 57.41 
28 0 0 0 0 66.67 

 

    The analysis of variance (ANOVA) and least squares techniques were used to evaluate the 
statistical significance of the constructed models. The ANOVA consists of determining which 
factor(s) significantly affect the response, using a Fisher’s statistical test (F-test). The significance 
and the magnitude of the estimated coefficients of each variable and all their possible interactions on 
the response variable(s) are determined. Effects with a confidence level less than 95% (effects with a 
p-value higher than 0.05) were discarded and pooled into the error term and a new analysis of 
variance was performed for the reduced model. Note that the p-value represents a decreasing index of 
the reliability of a result. Four replicates of the central points were performed to estimate the 
experimental error. In order to show the fitness of the model, regression coefficient (R) maybe be 
used. However, the adjusted regression coefficient (Radj) and the prediction regression coefficient 
(Rpred) is better criteria than the absolute regression coefficient (R). Since the regression coefficient 
(R) always decreases when a regression variable is eliminated from the model, in statistical modelling 
the Radj, which takes the number of regression variables into account, is usually selected.  
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Table 5. The results of 5 repetitions of optimum conditions 
Run [Fe 2+] 

/mM 
[H2O2]/

mM 
[Oxalate]/

mM 
Time/
min 

Blank 
Absorbance 

Sample 
Absorbance 

% 
Degradation 

1 0.25 17.75 1.75 120 0.109 0.002 81.65 
2 0.25 17.75 1.75 120 0.113 0.023 79.64 
3 0.25 17.75 1.75 120 0.115 0.021 81.73 
4 0.25 17.75 1.75 120 0.110 0.019 82.72 
5 0.25 17.75 1.75 120 0.112 0.02 82.14 

     

The relative standard deviation (RSD) of these repeated experiments was estimated for the responses 
to study the precision of the experiments and closeness of the responses (Eq. (4) and Eq. (5)).     

s = 	ඨ൫xi − x൯ଶn − 1 	= 1.178 

(4)

 RSD% = ୱ୶ 		∗ 100 = 1.44%																		   
(5)

 

3.3. Effect of Variables 
 

3.3.1. Effect of [Fe 2+]  

    With increasing the [Fe 2+], an increasing pattern is observed in the percentage of dye degradation; 
but increasing of the [Fe 2+] more than a specific limit, can lead to fix or decrease the percentage of 
dye degradation. Because with the increasing of [Fe 2+], an increasing pattern in the •OH generation 
takes place; but the generation of •OH in high values, can cause the undesirable reactions between 
•OH and present H2O2 in the solution. 

3.3.2. Effect of [H2O2]  

    According to Eq.(C.2) and Figure 4 it is obvious that there is an interaction between the two 
factors [H2O2] and [Fe 2+]. In low concentrations of [Fe 2+], the [H2O2] has no significant effect on the 
percentage of dye degradation; but with increasing the concentrations of [Fe 2+], the effect of [H2O2] 
on the percentage of dye degradation increases (in the form of a linear function).  

3.3.3. Effect of [oxalate]  

    According to Eq.(C.2) and Figure 4 there is no interaction between the concentrations of oxalate 
and other factors. Increasing the concentration of sodium oxalate (as a catalyst), in the form of a 
linear function, can lead to increasing the percentage of dye degradation.    

3.3.4. Effect of time  

    According to Figure 4 two ranges are gained as optimized values for the factor of time (5-10 min 
and 115-125 min). But it is clear that the second range (115-125 min) has led to higher responses than 
the other range (5-10 min). Therefore the second range is selected as the best value of time in this 
reaction.  

3.3.5. Interaction parameters 

    The Eq. (3) and the response surfaces (Figure 4) show that the only important existent interaction 
between the four effective above factors, is the interaction between [Fe 2+] and [H2O2]. Other 
interactions were non-significant or low-significant which are discarded from the main equation.  
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3.4. Real Sample 
 

    After gaining the optimized values for the effective variables and testing them with extra 
experiments, these experimental qualifications were applied on a real sample which was derivative 
from the waste water of a local textile factory (Urmia, Iran).  

    The results showed that the optimum values have been achieved by CCD and response surface 
method and that could lead to acceptable responses. Figure 5 represents the spectrum of real sample 
before and after treatment by the proposed method. The degradation percentage 76.45 %( using Eq. 
(B)) was achieved for removal of Methyl Red in real sample.   

 

Fig. 5. Comparison between the spectrum of real sample before using Fenton reaction (blank) and 
after using Fenton reaction(sample) 

4. Conclusion 
 

    In order to obtain the optimized conditions for removal of Methyl Red from a textile wastewater, 
28 experiments (including 4 repetitions of central points) using CCD method were designed.  The 
optimized values were: 0.1 - 0.4 mM for [Fe2+], 13.5-22 mM for [H2O2], 1.5-2 mM for [Oxalate], and 
115-125 min for the reaction time.  These conditions were applied on a real sample and an acceptable 
response was achieved (76.45 % for dye removal). 
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