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ABSTRACT 

This work focuses in the use of Fenton reagent and UV-irradiation, in a lab-scale 

experiment, for the treatment of real dye wastewater coming from a Spanish textile 

manufacturer. 

Response surface methodology (RSM) and a 23 factorial design were used to evaluate 

the effects of the three independent variables considered for the optimization of the 

oxidative process: temperature, Fe (II) and H2O2 concentrations, for a textile wastewater 

generated during a dyeing process with chemical oxygen demand (COD) of 1705 mg·L-1 

O2 at pH = 3. Wastewater degradation was followed in terms of COD decrease.  

In the optimization, the correlation coefficients for the model (R2) were 0.985 and 0.990  

for Fenton and photo-Fenton treatments respectively. Optimum reaction conditions at 

pH = 3 and temperature = 298 K were [H2O2] = 73.5 mM and [Fe(II)] = 1.79 mM.  

The combination of Fenton, Fenton-like and photon-Fenton reactions has been proved 

to be highly effective for the treatment of such a type of wastewaters, and several 

advantages for the technique application arise from the study. Under these conditions, 

120 min of treatment resulted in a 62.9 % and 76.3 % decrease in COD after Fenton and 

photo-Fenton treatments respectively.  
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1. Introduction 

Textile mills are major consumers of water with high average water consumption [1] 

and consequently one of largest groups of industries causing intense water pollution. 

Generated wastewaters collect different effluents from different manufacturing unitary 

operations: from raw material preparation processes (i.e., desizing, scouring and 

bleaching), as well as from dyeing, soaping, softening, etc. These complex operations, 

subjected to frequent changes as a result of shifting consumers preferences, are the 

cause of the variable volume and the wide diversity of chemical products found in these 

wastewaters. Though their characteristics depend on the specific operations performed, 

they commonly present suspended solids, high temperature, unstable pH, high chemical 

oxygen demand (COD), low biological demand (BOD) and high colourisation. 

These effluents, produced in great quantities, contain appreciable levels of organic 

compounds which are not easily amenable to chemical or biological treatment [2,3] and 

can be very dangerous to environmental life [4]. Moreover, adsorbable organic halogens 

(AOX) are formed as a result of the use of bleaching chemicals [5].  

Such wastewaters composition would cause serious impacts when encountering natural 

areas. High contents of organic matter originate depletion of dissolved oxygen, which 

has an adverse effect on the marine ecological system and the whole ecosystem [6].  

As said before, a particularity of most of the textile effluents is their high levels of 

COD. In order to overvome this problem, a typical practice in textile and paper industry 

is the previous use of hydrolysis in basic media, in order to decrease initial COD levels. 

[7, 8].  
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In this frame, textile industry is confronted with the challenge of effective wastewater 

remediation. 

A varied range of methods have been developed for textile wastewater treatment at 

laboratory, pilot or full scale. The most widely used are coagulation-floculation, foam 

flotation, membrane filtration, biological treatment and chemical processes [9-11]. 

However, most of these methods are quite inefficient or are not suitable when working 

with toxic and/or non biodegradable textile wastewaters [12].  Therefore, destructive 

treatment methods for the remediation of recalcitrant or hazardous pollutants are 

currently under investigation. In this direction and taking advantage of high oxidative 

power of the ·OH radical (2.8 V versus NHE), several advanced oxidation processes 

(AOPs) such photocatalysis, Fenton and photo-Fenton has been used in the remediation 

of textile wastewaters [13-15]. 

The effectiveness of these processes has a special interest and constant development 

[16]. Moreover, it makes possible the achievement of high reactions yields with a low 

cost treatment. 

In Fenton’s processes, the reactions related to generation of hydroxyl radicals and Fe2+ 

ion recovery, are the following:  

 

Fe2+ + H2O2 → Fe3+ + •OH + -OH               k = 76.5 L·mol-1·s-1          (1) 

Fe3+ + H2O2 ↔ FeOOH2
+ + H+            Keq = 3.10·10-3                                (2)  

FeOOH2+ → HO•
2  +  Fe2+              k = 2.70·10-3 s-1                                         (3) 
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Fe3+  +  HO•
2  → Fe2+ + O2 + H+             k < 2.00·103  L·mol-1·s-1                 

(4) 

The rate of contaminants degradation can be considerably increased when ultraviolet 

light is simultaneously irradiated in the photo-Fenton’s process [11]. Under irradiation, 

ferric ion complexes produce extra HO· radicals and the recovery of Fe (II) which will 

further react with more H2O2 molecules in Fenton reaction (equation (1)):  

 

Fe3+ + H2O → FeOH2+ + H+                                                                                      (5) 

FeOH2+    h   Fe2+ + HO·              λ ≤ 410 nm                                                   (6) 

 

Fenton processes depend on various variables, such as pH, temperature, source of light 

and the H2O2 and Fe2+ concentrations. The level of these variables is the key in the 

COD decrease and elimination of different organic compounds.  

However, most of the literature studies on Fenton reagent treatment of textile 

wastewaters report decolourization efficiencies, but not COD removal or mineralization. 

Moreover, in these studies each variable was treated individually, while the other 

variables remain constant. 

This high number of influential variables makes suitable using experimental design 

techniques. These techniques provide a systematic way of working that allows 

conclusions to be drawn about the variables or its combination, that are most influential 

in the response factors while carrying out the minimum possible number of 

experiments. Among these experimental designs, we can find the central composite 
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design (CCD), Doehlert matrices, Box-Behnken designs and three-level full-factorial 

designs [17]. 

We can find in literature some papers that use statistical design of experiments to 

develop optimal AOPs for wastewaters treatment. Several authors have studied the 

degradation of pulp and paper wastewaters [18,19] and textile wastewaters [20-22]. 

However, most of these papers are related to synthetic effluents.  In consequence, the 

goal of the present work has been to identify, by using response surface methodology, 

optimum reaction conditions to degrade a real dye wastewater. As could be seen from 

obtained results, this wastewater could be successfully treated using Fenton and photo-

Fenton reactions. 

 

2. Experimental 

2.1 Textile wastewater 

The textile wastewater used in this study was collected from a textile industry located in 

Catalonia (North East of Spain). Particularly, this firm is dedicated to dyeing cotton 

fibres. This textile wastewater had  a COD = 1705 mg·L-1 O2, Total organic carbon 

(TOC) = 621 mg·L-1 C, supended solids (SS) = 33.18 mg·L-1, colour index = 1.412 cm-1 

and pH = 7.4. 

It was stored at 4 º C before use. 

 

2.2. Chemicals 
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Iron sulphate (FeSO4·7H2O, Merck 99,5 %) and hydrogen peroxide (H2O2 Panreac 33 

% (w/v)) were used to obtain hydroxyl radical, HO·. 

Concentrated sulphuric acid and sodium hydroxide solutions were used to achieve 

desired pH values in working solutions.  

Deionized water, from a Millipore Milli-Q system, was used to prepare all solutions. 

 

2.2. Reactors and light sources 

All Fenton’s and photo-Fenton’s experiments were carried out using a cylindrical Pyrex 

thermostatic cell of 150 ml of capacity. The reaction mixture consist in 100 ml of textile 

wastewater and necessary FeSO4·7H2O and H2O2. During all the treatment, solutions 

were stirred and temperature maintained at the required level [23]. 

As artificial source of light was used a 6 W Philips black light fluorescent lamp, which 

basically emits at 350-400 nm. The intensity of the incident UVA light, measured with a 

uranyl actinometer, was 1.38 x 10-9 Eienstein s-1. 

 

2.3. Analytical methods 

Chemical Oxygen demand (COD, (mg·L-1 O2)) was measured using the closed-reflux 

colorimetric method [24] with a HACH DR/2000 spectrophotometer. 

Total Organic carbon (TOC, (mg·L-1 C)) was determined with a Shimadzu TOC-VCSH 

analyser with a solution of potassium phthalate as standard of calibration.  
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H2O2 consumption was measured using the KI titration method [25]. Remaining H2O2 

was removed with sulphite [26]. Any remaining sulphite was removed by bubbling O2.  

 

3. Results and discussion 

3.1. Operational conditions 

The performance of Fenton’s system depends of different variables like pH [11], initial 

Fe (II) and H2O2 dosage [27] and temperature [28]. Obviously a great number of 

experiments would be needed if all these variables were considered in the experimental 

design. If the role of these variables is previously known it will be possible to simplify 

the experimental analysis. 

In this direction, it is known that the performance of such a complex reactive system is 

clearly pH dependent, particularly in Fenton-like and photo-Fenton reactions, with the 

maximum catalytic activity around pH =2.8 [29]. For higher pH values, low activity is 

detected because of decrease of free iron species due to ferric oxyhydroxides 

precipitation, formation of different complex species and break down of H2O2 to O2 and 

H2O. However, taking into account that different samples could exhibit optimal 

performance at different pH values, we tried Fenton’s experiments at pH range between 

2.0 and 4.0 and room temperature (298 K), in order to decide the best operating pH for 

our textile wastewater. 

The treatment time was 120 min and the H2O2 and Fe (II) concentrations in these 

preliminary experiments were 2500 mg·L-1 (73.5 mM) and 100 mg·L-1 (1.79 mM), 

respectively. These doses are in accordance with stoichiometric requirements for COD 
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removal [23] and to prevent precipitation of ferric oxyhydroxides. The initial COD for 

textile wastewater was 1705 mg·L-1 O2. 

Fig. 1 shows that highest COD removal was obtained at a pH between 2.5 and 3.0. As 

said before, for higher pH values ferric oxyhydroxides precipitation occurs and free iron 

species decrease [30]. For pH’s below 3 the activity decrease is due to the inhibition of 

complexation of Fe (III) with H2O2 and the photoactivity of Fe (II) species present in 

solution [31].  

Consequently, the variable pH will be fixed at a value of 3 units.  

 

3.2 Experimental design and statistical analysis 

In this study, after the exploratory runs, to find the optimum conditions for degradation 

of textile wastewater under Fenton’s and photo-Fenton’s conditions, a central composite 

design (CCD) was applied, because of simple models (linear or quadratic) can be related 

to response factor (COD in our case). CCD is very commonly used form of response 

surface methodology (RSM) [32]. The second-order polynomial response equation was 

used to attain interaction between dependent and independent variables. 

 

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11X1
2 + b22X2

2 + b33X3
2                                             (7) 
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where, Y is the % COD removal, Xi represents the three independent variables 

(Temperature, H2O2 and Fe (II) concentrations), and the b values represent regression 

coefficients.  

A three level CCD consisting of 17 experiments was employed in this work.  This 

method consisted in defining a low, central and high level, denoted as -1, 0 and +1 

respectively (Table 1). Also, this design requires experiments outside the experimental 

range to allow the prediction of the response functions outside the cubic domain 

(denoted as ± 1.68; Table 1) [19]. The ranges of these values can be seen in Table 1 and 

were:  T (K) = [298; 333]; (ii) H2O2 concentration (mM) = [55.1; 91.9]; and (iii) Fe(II) 

concentration (mM) = [0.895; 2.68]. 

The best operating range of temperature was chosen taken into account an expected 

increase in reaction efficiency with increasing temperature, the maximum temperature 

at what effluent was collected and accounting for the fact that higher temperatures can 

lead to H2O2 decomposition and loss of Fe (II) by precipitation [33]. H2O2 and Fe (II) 

range of operation were chosen taken into account stoichiometric requirements [34] and 

interference of too high iron and peroxide concentrations. These interferences could 

lead to a low efficiency of the process [35]. 

Table 2 presents results under dark Fenton and photo-Fenton conditions at pH = 3 and t 

= 120 min. treatment. Three of the experiments were conducted at the central points. 

For such replicates (runs 15-17), COD removal lies between 60.1 and 61.2 % in dark 

Fenton treatment and between 73.6 and 74.9 % in photo-Fenton treatment. 

By using the Modde software (Umetrics), the following quadratic model for the 

experimental response was obtained:  
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Y1 (% COD removal, after 120 min. Fenton treatment) = 60.70 (±3.75) -1.14 (±1.76)X1 

+2.63(±1.76)X2  +8.87(±1.76)X3  -2.48(±1.94)X1
2  -7.25(±1.94)X2

2 -13.49(±1.94)X3
2 -

0.11(±2.30)X1·X2  +0.14(±2.30)X1·X3  +1.11(±2.30)X2·X3                                        (8) 

Y2 (% COD removal, after 120 min. photo-Fenton treatment) = 74.46 (±3.74) -1.10 

(±1.75)X1  + 3.27(±1.75)X2  + 10.64(±1.75)X3  -4.06(±1.93)X1
2  -9.98(±1.93)X2

2 -17.25 

(±1.93)X3
2  +0.09(±2.29)X1·X2 +0.14(±2.29)X1·X3  +1.89(±2.29)X2·X3                 (9)           

         

From equations (8) and (9) we predicted COD removal efficiencies. The obtained 

results are presented in Table 3. As it can be seen from these results, good agreements 

between experimental and predicted values for COD removal are obtained.  

At this point, analysis of variance (ANOVA) was used to test the suitability of the 

model (Table 4).  In the ANOVA test, the F-ratio value obtained for the percentage of 

COD removal is higher than the Fisher’s F-value (F9,7 = 3.80), and so one can conclude 

that the model fitted well. Moreover, the quality of the fit of the polynomial model was 

expressed by R2 (correlation coefficient). From R2 = 0.985 in Fenton treatment and R2 = 

0.990 in photo-Fenton treatment, we can say that 98.5 % and 99.0% of the response 

variability is explained by the model and the model does not explain only 1.5 and 1.0 % 

of variation respectively. From these values, we can state that a good correlation was 

obtained, indicating a good fit by the model, for which at least R2 = 0.80 is suggested 

[36]. 



 

12 

 

After checked model suitability, next point was the identification of significant 

variables and/or interactions, according to Student’s t-test. It can be seen in Table 5 the 

obtained results. From these results, we can affirm that X2 (H2O2) and X3 (Fe (II)) 

concentrations have a positive effect on the response (P values smaller than 0.05 for 95 

% confidence level) in both treatments. Also X1
2 (T2) had a slightly negative effect. 

However, X1 (T) was negligible, in accordance with the fact that this variable is only 

important in the first stages of Fenton’s reactions [28]. Fe (II) concentration has a 

stronger effect than H2O2 concentration.  

Subsequently, a MODDE software to produce response surface plots was used. In 

figures 2 and 3, the response surface plots were presented as a function of H2O2 and Fe 

(II) concentrations; temperature was kept constant at 298 K and pH was maintained at 3 

according to obtained results in section 3.1.  

From figures 2 and 3, it can be concluded that the key parameter for the removal of 

COD, is the Fe(II) concentration. The effect of H2O2 is also important, but to a lower 

extent. H2O2 and Fe (II) concentrations affect positively the COD removal. However, 

when one moves towards higher Fe (II) or H2O2 concentrations, a detrimental effect in 

COD removal can be seen. The detrimental effect can be related with the scavenging of 

radicals, as it is shown in the following equations (10-12):  

 

H2O2 + HO·  → HO·2  +  H2O                             

(10) 

Fe(II) + HO· → Fe(III) + OH-                             

(11) 



 

13 

 

Fe(II) + HO2· → Fe(III) + HO2
-                                                                                    (12) 

 

However, significant Fe(II) and H2O2 concentrations are needed to take place Fenton’s 

reactions. The worst results are obtained at [Fe (II)] = 0.29 mM (the lowest level of Fe 

(II) used). 

From these plots and the aforementioned comments, optimum conditions for the 

removal of COD were: pH =3; T = 298 K; [Fe(II)] = 1.79 mM and [H2O2] = 73.5 mM. 

Taking into account these conditions, an additional experiment was performed. As it 

can be seen in Fig. 4, a 62.9 % decrease in COD under Fenton treatment and 76.3% 

decrease under photo-Fenton treatment were obtained. This figure shows that in the first 

minutes of reaction no significant differences exist between both treatments, in terms of 

COD decrease. This fact can be explained by considering that the initial COD decrease 

is mainly due to dark Fenton reaction, which is faster than photo-Fenton reactions [37]. 

When increasing reaction times, important differences exist between the two treatments. 

UVA radiation improves COD removal. This fact is due to photolysis of ferric aquo-

complexes producing extra HO· and the recovery of Fe (II) which will further react with 

more H2O2 molecules in Fenton reaction. Moreover, photoassisted process can also 

drive ligand-to-metal charge transfer in the potentially photolabile complexes formed by 

Fe (III) and organic compounds [29]. 

At this point a punctual TOC measure was performed after 62.9 % decrease in COD 

under Fenton treatment and 76.3% decrease under photo-Fenton treatment. We obtained 

a 58.1 and 70.4 % TOC reduction respectively. According to this, the remaining H2O2 is 

an important parameter that needs to be determined. Its value is needed in order to know 
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the reactions performance and when Fenton’s reactions are employed connected to a 

biological treatment. As can be seen in Figure 5, where is represented remaining H2O2 

vs. time, under optimal conditions for the dark Fenton and photo-Fenton reactions, a 

2500 mg·L-1 H2O2 concentration (73.5 mM) is sufficient to degrade textile wastewater. 

The remaining H2O2 at the end of the treatments (120 min) is very low.    

 

4. Conclusions 

As can be seen from obtained results, textile wastewater can be successfully degraded 

under Fenton’s and photo-Fenton conditions. This degradation depends on several 

variables. After preliminary runs, that demonstrated that pH should be maintained at 

three units, an empirical relationship between COD removal and independent variables 

was obtained.  This relationship followed a second-order polynomial equation and the 

optimization procedure produced high and significant R2 and R2
adj values for both 

treatments, giving good accordance between the model and experimental data. These 

values were: 0.985 and 0.965 for Fenton treatment and 0.990 and 0.978 in the case of 

photo-Fenton treatment. 

Among the studied variables, it can be seen that the largest effect in COD removal 

efficiency is due to Fe (II) concentration. Also, reaction could be carried out efficiently 

at room temperature.  

In summary, the optimal reaction conditions to degrade this real dye wastewater were: 

pH =3; T = 298 K; [Fe (II)] = 1.79 mM and [H2O2] = 73.5 mM. Under these conditions 

and with a 120-min treatment, it was possible to remove 62.9% and 76.3% COD in 

Fenton and photo-Fenton treatments, respectively. In addition, we can say that response 
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surface methodology (RSM) was an appropriate technique to optimize the operating 

conditions and maximize real dye wastewater removal. 
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Figure Legends 

Fig. 1 Effect of initial pH on the COD removal from textile wastewater, for a treatment 

time of 120 min., [H2O2] = 73.5 mM, [Fe(II)] = 1.79 mM and T = 298 K. 

 

Fig. 2 Response surface for the removal of COD from textile wastewater  after 120 min. 

Fenton treatment, as a function of [H2O2] and [Fe(II)] at T = 298 K and pH =3. 

 

Fig. 3 Response surface for the removal of COD from  textile wastewater after 120 min. 

photo-Fenton treatment, as a function of [H2O2] and [Fe(II)] at T = 298 K and pH =3. 

 

Fig. 4 Evolution of COD removal under optimal conditions (T = 298 K, pH =3, [H2O2] 

= 73.5. mM and [Fe(II)] = 1.79 mM), for Fenton and photo-Fenton treatments. 

 

Fig. 5 Residual H2O2 level as a function of time for  textile wastewater, under optimal 

conditions for the dark Fenton and photo-Fenton reactions (T = 298  K, pH =3, initial 

[H2O2] = 73.5 mM and [Fe(II)] = 1.79 mM). 
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Table 1 

Levels of the parameters studied in CCD statistical experiment. 

Variable              Coded Variable  

 -1.68 -1 0 +1 +1.68 

T (K) 286 298 315.5 333 345 

[H2O2]/(mM) 42.55 55.1 73.5 91.9 104.5 

[Fe(II)]/(mM) 0.29 0.895 1.79 2.68 3.29 
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Table 2 

Central Composite design matrix. Response factor results (%COD removal, after 

Fenton and photo-Fenton treatments). 

    % removal % removal 

Run 

No. 

T(K) H2O2/(mM) Fe (II)/(mM) COD 

(Fenton) 

COD      

(photo-Fenton) 
1 -1 (298) -1 (55.1) -1 (0.895) 26.2 30.4 

2 +1 (333) -1 (55.1) -1 (0.895) 26.4 30.6 

3 -1 (298) +1 (91.9) -1 (0.895) 31.2 34.5 

4 +1 (333) +1 (91.9) -1 (0.895) 30.9 34.8 

5 -1 (298) -1 (55.1) +1 (2.68) 40.5 46.9 

6 +1 (333) -1 (55.1) +1 (2.68) 41.2 47.4 

7 -1 (298) +1 (91.9) +1 (2.68) 49.9 58.3 

8 +1 (333) +1 (91.9) +1 (2.68) 50.2 59.4 

9 -1.68 (286) 0 (73.5) 0 (1.79) 59.2 68.6 

10 +1.68 (345) 0 (73.5) 0 (1.79) 49.4 58.4 

11 0 (315.5) -1.68 (42.55) 0 (1.79) 38.4 42.9 

12 0 (315.5) +1.68 (104.5) 0 (1.79) 43.2 50.6 

13 0 (315.5) 0 (73.5) -1.68 (0.29) 7.1 7.3 

14 0 (315.5) 0 (73.5) +1.68 (3.29) 39.2 45.1 

15 0 (315.5) 0 (73.5) 0 (1.79) 60.6 74.9 

16 0 (315.5) 0 (73.5) 0 (1.79) 61.2 73.6 

17 0 (315.5) 0 (73.5) 0 (1.79) 60.1 74.7 
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Table 3 

Predicted and experimentally achieved removal efficiencies for each run 

% COD removal (Fenton) % COD removal (photo-Fenton) 

Run No. Actual Predicted Run No. Actual Predicted 

1 26.2 28.3 1 30.4 32.5 

2 26.4 25.9 2 30.6 29.8 

3 31.2 31.5 3 34.5 35.1 

4 30.9 28.8 4 34.8 32.8 

5 40.5 43.5 5 46.9 49.7 

6 41.2 41.7 6 47.4 47.6 

7 49.9 51.2 7 58.3 59.8 

8 50.2 49.0 8 59.4 58.1 

9 59.2 55.6 9 68.6 64.8 

10 49.4 51.8 10 58.4 61.1 

11 38.4 35.8 11 42.9 40.7 

12 43.2 44.6 12 50.6 51.7 

13 7.1 7.6 13 7.3 7.8 

14 39.2 37.5 14 45.1 43.6 

15 60.6 60.7 15 74.9 74.5 

16 61.2 60.7 16 73.6 74.5 

17 60.1 60.7 17 74.7 74.5 
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Table 4 

ANOVA results for % COD removal under Fenton and photo-Fenton treatments 

 Source df SS MS F-ratio P-value

Fenton Model 9 3445.3 382.8 50.46 0.000 

 Residual 7 53.11 7.59   

 Total 16 3498.4 218.65   

 R2 =0.985   R2
adj.=0.965     

Photo-Fenton Model 9 5446.55 605.17 80.51 0.000 

 Residual 7 52.62 7.52   

 Total 16 5499.2 343.7   

 R2 =0.990   R2
adj.=0.978     
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Table 5 

Estimates of the model regression for % COD removal under Fenton and photo-

Fenton treatments 

 Term Estimate Standard error t-value P-value 

 Intercept 60.7 1.59 38.2 0.000 

 X1 -1.14 0.745 -1.53 0.170 

 X2 2.63 0.745 3.53 0.009 

 X3 8.87 0.745 11.91 0.000 

Fenton X1X2 -0.11 0.97 -0.11 0.911 

 X1X3 0.14 0.97 0.14 0.892 

 X2X3 1.11 0.97 1.14 0.291 

 X1
2 -2.48 0.82 -3.02 0.019 

 X2
2 -7.25 0.82 -8.84 0.000 

 X3
2 -13.49 0.82 -16.45 0.000 

 Intercept 74.5 1.58 47.2 0.000 

 X1 -1.10 0.74 -1.49 0.181 

 X2 3.27 0.74 4.42 0.003 

 X3 10.64 0.74 14.4 0.000 

Photo-Fenton X1X2 0.09 0.97 0.09 0.931 

 X1X3 0.14 0.97 0.14 0.891 

 X2X3 1.89 0.97 1.95 0.092 

 X1
2 -4.06 0.82 -4.95 0.002 

 X2
2 -9.98 0.82 -12.2 0.000 

 X3
2 -17.25 0.82 -21.0 0.000 
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Figure 1 
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Figure 2 
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Figure 3 

 



 

30 

 

Figure 4 

 

 



 

31 

 

Figure 5 

 

 


