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Anodic Fenton treatment (AFT) has been extensively applied for water remediation. In general, three 

different bench-scale divided (salt bridge or ion membrane) reactors have been focused to treat small 

volumes (90-350 mL) and low concentration (20-400 M) of organic pollutants in short treatment 

periods (2-40 min). The best experimental condition of AFT was found by performing several trails with 

different H2O2 concentrations continuously added. In this work a modified AFT reactor is proposed: a 

divided electrochemical flow cell (7.58x10-3 m s-1) separating the catholyte from the anolyte by a treated 

cation permeable membrane. This electrochemical process has been focused to treat 2L of aqueous 

solutions of 1 mM acid orange 7 (AO7), 0.5 mM methylene blue (MB), and 0.12 mM reactive black 5 

(RB5). The stoichiometric amount of H2O2 required was added in a single dose at the beginning of the 

electrolysis. At 40 min of electrolysis, a near complete discoloration of all dye solutions and COD 

reductions of 85%, 84% and 76% for AO7, MB and RB5 were obtained, respectively. Additionally, an 

industrial textile effluent (300 ppm COD) was successfully oxidized in 40 minutes of electrolysis, 

lowering 95% of the initial COD using the proposed AFT reactor. The energy requirements were low 

for the treatment of all the synthetic dye solutions (≤0.041 kW h m-3) and for the oxidation of the 

industrial wastewater (0.075 kW h m-3). Furthermore, the AFT electrochemical reactor allows an 

economic cogeneration of H2 (19.85 kW h kg-1 H2) together with the treatment of textile effluents. 

 

 

Keywords: Anodic Fenton treatment; Azo dyes; Catalytic H2O2 activation; H2 production; Textile 

industry wastewater 

 

 

1. INTRODUCTION 

Anodic Fenton treatment (AFT) was first documented 20 years ago [1]. The chemistry behind 

AFT is the generation of highly reactive free radicals (probably a mixture of OH●/HO2
●) through a 
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catalytic process carried out in a divided electrochemical reactor. This configuration allows a better 

control of the chemistry of the catholyte and anolyte. At the anolyte side, Fe2+ ions can be 

electrogenerated from a sacrificial iron or stainless steel (SS) anode (Eq. 1), while H2O2 is externally 

added to the anolyte. 

 

𝐹𝑒 − 2𝑒− → 𝐹𝑒2+    (1) 

 

The advantage of this approach is that the H2O2 is activated by Fe2+ cations and the strong oxidant 

(OH●/HO2
●) is formed in the anolyte. Although the existence of hydroxyl radical is not settled 

satisfactorily [2, 3] it is accepted that the main OH● production from the chemical interaction between 

H2O2 and Fe2+ could be described by Eq. 2 [4]: 

 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒(𝑂𝐻)2+ + 𝑂𝐻•  (2) 

 

Such free radicals are effective in destroying organic matter because they are reactive 

electrophiles that react rapidly with almost all electron-rich chemical compounds without any specific 

selectivity. The oxidation power of such radicals offers a great potential for water remediation. 

 

In the catholyte side, H2 is produced from H2O reduction on a carbon cathode surface (Eq. 3): 

 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−   (3) 

 

The AFT approach was extensively applied on bench scale reactors for pesticide and herbicide 

abatement. The first AFT experiments were carried out in a pair of half-cells connected by a salt-bridge 

[1, 5]. Thereafter, the two half-cells were connected by either cationic [6, 7] or anionic [8-17] exchange 

membrane. Under the same approach, an H-type divided (anionic membrane) flow cell was also tested 

[12, 14, 16]. In general, the anode and cathode were made of iron plate (20-30 cm2) and carbon, 

respectively. In all cases, the electrolysis current was controlled at 0.01-0.10 A to vary the Fe2+ delivery 

rate, while H2O2 was delivered at different volumetric velocities to maintain a desired [Fe2+]/[H2O2] ratio 

in the anolyte. AFT was focused to small volumes (90-350 mL) and low concentrations (20 - 400 M) 

of pesticides/herbicides. For a given organic pollutant concentration in the anolyte, the best experimental 

condition of AFT was found by performing several trails with different [Fe2+]/[H2O2] ratios. Short 

treatment periods (2-40 min) were obtained to completely remove the parent compound and some of 

their primary byproducts. The oxidation of the target organic pollutant followed a first (or second) order 

kinetics degradation during the AFT. Therefore, the rate constant of the reaction is used to assess the 

treatment efficiency. One of the latest published works on AFT was proposed for an azo dye oxidation 

at low energy consumption. In this respect, the AFT was coupled to a microbial fuel cell (MFC). Each 

electrochemical system consisted of two half-cells separated by a cationic membrane. The energy 

required for the AFT was taken from the MFC [18]. Main results showed that under these conditions the 

85% of 400 mL of 2 mM AO7 was oxidized in the MFC assisted-AFT process with 2 mM H2O2 in 20 

min.  The complete chemical oxidation of AO7 involves 102e- reaction; however, color is expected to 
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be removed at an early stage of oxidation. In all the aforementioned AFT works, this approach was 

efficient in eliminating the parent compound. However, a moot point of this approach is that the 

efficiency of the AFT can be evaluated in another way, such as considering the H2O2 consumed during 

organic oxidation. In other words, the fraction of the organic conversion (or the fraction of the H2O2 

consumed) also provides a measure of AFT efficiency.  

From the literature search (Scopus), after 2012 there are no more reports published and focused 

to the AFT. The objective of this study is to analyze the performance of a modified AFT reactor and its 

application to economically treat several synthetic solutions of azo-dye, including an industrial textile 

effluent. The originality of this proposed approach entails the following features: a) the divided 

electrochemical reactor is a potentially scalable flow cell, b) the reactor separator (treated cation 

membrane) allows  a low energy consummation during the wastewater treatment, c) there is no need to 

perform several trails with different [Fe2+]/[H2O2] ratios to find out the best experimental conditions. 

The stoichiometric amount of H2O2 required was added in a single dose at the beginning of the 

electrolysis, d) the AFT allows an economic cogeneration of H2. 

 

 

2. EXPERIMENTAL 

2.1 Solutions and Chemicals. 

All chemicals were of reagent grade quality obtained from Sigma-Aldrich or JT Baker. Different 

concentrations of H2O2 were prepared from a 30% commercial H2O2 using distilled water. The rest of 

the aqueous solutions were prepared using laboratory tap water with the chemical composition indicated 

in Table 1. The synthetic dye solutions were prepared using industrial dyes such as acid orange 7 (AO7), 

methylene blue (MB) and reactive black 5 (RB5), supplied by Ciba Specialty Chemicals, and their 

properties are presented in Table 1.  

 

Table 1. Main experimental conditions 

 
Chemical composition of the tap water. 

Ion Na+ Mg2+ Ca2+ K+ Cu2+ Fe2+ Cl- SO4
2- PO4

3- Total 

Alkalinity 

as CaCO3 

ppm 130 5.5 3.2 2.6 <0.02 0.013 188 2.16 <0.001 65 

pH 7.5 

Required energy to oxidize the dyes by means of electro Fenton/like-Fenton developed in the electrochemical 

reactor divided by a treated membrane. 2.0 L of anolyte containing dye + 0.05 M Na2SO4, pH 2. Applied 

potential 0.40 V; N/A = not available, MW = molecular weight, WW = industrial wastewater sample. 76 -95 

% COD abatement. 

Dye mM Condensed Formula MW 

λ 

max 

(nm) 

Cell 

current 

(mA) 

Initial 

COD 

(ppm) 

mM 

H2O2 

added 

Energy (kW 

h m-3) 

AO7 1.0 C16H11NaO4S 350.3 483 310 520 40.8 0.041 

RB5 0.12 C26H21Na4N5O9S6 999.8 597 300 130 10.8 0.040 

MB 0.50 C16H18ClN3S 373.9 661 210 215 23.4 0.028 

WW N/A N/A N/A 515 565 300 80 0.075 
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An industrial wastewater sample from a dying bath effluent (cloudy blue color, high quantity of 

solids in suspension, pH 12, COD = 5500 mg L-1, and 1915 mS cm-1) was provided by a Mexican textile 

industry (Zacatepec, Morelos State) for the degradation in the modified AFT electrochemical reactor.  

 

2.2. Electrodes and Cell. 

The electrochemical cell was a parallel plate reactor divided by a Nafion 117 membrane as 

described elsewhere [22], as depicted in Fig. 1. It was made of four blocks of acrylic and the inner blocks 

were machined to form the compartments of the catholyte and anolyte, each of almost 700 mL. Both 

electrodes were made of mesh (0.20 m  0.21 m, with 7 threads per cm) of commercial carbon steel. Four 

gaskets (made of sheets of silicon rubber) were set between blocks and the membrane to avoid leaks.  

 

 

 

 

Figure 1. (a) Schematic representation of the electrochemical reactions expected in the reactor; (b) 

Catholyte compartment and Fe-cathode (0.20 m  0.21 m); (c) Hydraulic circuit (4 L in total) and 

flow cell. 
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A schematic representation of the electrochemical reactions expected in the reactor are shown in 

Fig. 1a.  The geometry of the catholyte compartment with the Fe-cathode is shown in Fig. 1b (without 

endplate). The Fe-anode and its endplate were identical in the anolyte compartment. To improve the 

evacuation of the H2 produced from the Fe-cathode, catholyte and anolyte compartments were 

pressurized with 0.60 m water columns and both electrolytes were continuously pumped (1.5 L min-1, 

0.00758 m s-1 on the electrodes surfaces) through the electrochemical reactor. The hydraulic circuit (4 

L) and the flow cell are depicted on Fig. 1c.  

 

2.3. Membrane Treatment. 

The Nafion® 117 membrane was boiled to increase its conductivity in the following three 

solutions [23]: (1) 3% H2O2 for 1 h, (2) 0.5 M H2SO4 for 3 h and (3) deionized water for 3 h. After this 

procedure, the membrane was activated and ready to be used. 

 

2.4. Measurements. 

The electrochemical experiments were controlled using a BK precision power d. c. supply (model 

1786 DC). The electrical charge was integrated from tabular data (current vs. time) taken manually from 

the power supply display. The quantitative analysis of H2O2 was carried out following the procedure of 

the permanganate method [24]. The absorbance was measured as a function of the wavelength using a 

Hach spectrophotometer DR/4000 UV-Vis. The H2 was collected under water in a graduated cylinder at 

room temperature (25°C) and atmospheric pressure (1 atm). The number of H2 moles was estimated 

based on the volume of H2 electrogenerated using the ideal gas law. The H2 production was always a 

linear function of the charge (e.g. [H2] = slope x charge) under the conditions studied. For each experiment 

the experimental slope (ES) was evaluated by the linear least square method. The current efficiency (𝜙 ) of 

the hydrogen production is linked to the theoretical slope (TE) according to Eq.4. 

 

𝜙(%) = (𝐸𝑆 𝑇𝐸⁄ ) ⋅ 100  (4) 

 

TE was calculated using the law of Faraday: 

 

𝑚 = (1 𝑛𝐹)⁄ 𝑞  (5) 

 

Where m is the amount (in moles) of H2 produced, n is the number of electrons, F is the Faraday 

constant (96 485 A s mol-1) and q is the electrical charge (A s). The energy efficiency () of the cell was 

evaluated with the Eq.6. 

 

Φ(%) = 𝐸(𝐻𝐻𝑉 𝐸𝐶𝑒𝑙𝑙)  ⋅ 100⁄   (6) 

 

Where EHHV = 1.481 V, the higher heating-value voltage [25]. The energy consumption (𝐸, in 

kWhm-3) for wastewater treatment can be calculated from Eq.7, taking into account the electrolysis time 
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(𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠, in h), assuming an average cell current (𝐼𝐶𝑒𝑙𝑙, in A), cell voltage (
CellE , in V) and the volume 

of catholyte (𝑉𝐴𝑛𝑜𝑙𝑦𝑡𝑒, in m3). 

 

𝐸 = (𝐸𝐶𝑒𝑙𝑙)(𝐼𝐶𝑒𝑙𝑙 )(𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠)/𝑉𝐴𝑛𝑜𝑙𝑦𝑡𝑒  (7) 

 

The COD was estimated as an indicator of the amount of organic matter in the samples. The 

COD was analyzed by a HACH® procedure using standard reagents and standard method that involves 

the digestion of the aqueous sample followed by the spectrophotometric determination of COD 

(DR/4000 UV-Vis). 

 

 

3. RESULTS AND DISCUSSION 

3.1 Required H2O2. 

Although the interactions of the soluble iron cations with H2O2 produce a strong oxidant (which 

identity is still controversial), the chemistry behind the Fenton related process is one of the most difficult 

set of chemical/electrochemical reactions. Therefore, the predictions of the main 

chemical/electrochemical reactions are a challenging task [19- 21]. However, in a simplified mechanism 

the catalytic activation of H2O2 (each mole gains 2e-) can be described by the following reaction: 

 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂   (8) 

 

The Eq. 8 should be the basis to evaluate the AFT efficiency. The AFT was carried out in a 

divided electrochemical flow cell where the catholyte and anolyte were separated by a cation permeable 

membrane. In the anolyte two main tasks were performed: a) the catalytic activation of H2O2 and b) the 

degradation of several synthetic azo dyes effluents (containing AO7, MB and RB5) and an industrial 

textile effluent. While in the catholyte (pH 0), an effective electroproduction of H2 was carried out. 

 

Catalytic activation of H2O2 (pH 2) was performed in the absence of organic pollutant, a desirable 

quantity of H2O2 was added in a single dose before the start of electrolysis. As soon as the electrolysis 

begins, the iron anode spontaneously produces Fe2+, Eq. 9 

 

𝐹𝑒 − 2𝑒− → 𝐹𝑒2+    (9) 

 

However, at a sufficiently positive anode potential Fe2+ can be oxidized to Fe3+, according to Eq. 

10: 

 

𝐹𝑒2+ − 𝑒− → 𝐹𝑒3+    (10) 

 

H2O2 is catalytically activated by the interactions of soluble iron cations (Fe2+/Fe3+). Following 

a complex Fenton chemistry, a mixture of strong oxidants (probably a mixture of OH●/HO2
●) is 
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generated. From a practical point of view, the H2O2 activation (Fenton and Fenton-like reaction) can be 

simplified to represent the near-stoichiometric generation of a strong oxidant from de available H2O2, 

Eq. 8. 

 

Therefore, the sum of the electrochemical reactions of the proposed AFT, such as the 

conventional cathodic generation of H2 and the proposed anodic generation of Fe3+, gives the following 

global reaction: 

 

2𝐻+ + 2𝐹𝑒2+ → 𝐻2 + 2𝐹𝑒3+  (11) 

 

Fig. 1a shows a schematic representation of the expected electrochemistry in the AFT 

electrochemical system using a cathode and an anode made of iron. The required energy for driving the 

reaction (11) is 148.4 kJ mol-1. Thus, it is 88.7 kJ mol-1 less than the energy consumed in a conventional 

PEM electrolyzer. 

 

Under this approach, a desirable quantity of an organic compound in the anolyte can be degraded 

by the stoichiometric H2O2 activated. This fact allows estimating both: the kinetics and the theoretical 

assessment of the oxidation of dye compounds. The complete theoretical oxidation of AO7 is a 68-

electron oxidation reaction, Eq. 12: 

 

𝐶16𝐻11𝑂4𝑁2𝑆𝑁𝑎 + 32𝐻2𝑂 − 68𝑒− → 16𝐶𝑂2 + 68𝐻+ + 𝑁𝑎𝐻𝑆𝑂4 + 2𝑁𝐻3 (12) 

 

Considering the latter suppositions, the stoichiometric oxidation of AO7 by catalyzed H2O2 in 

the anolyte is given by Eq. 13: 

 

𝐶16𝐻11𝑂4𝑁2𝑆𝑁𝑎 + 34𝐻2𝑂2 → 16𝐶𝑂2 + 𝑁𝑎𝐻𝑆𝑂4 + 2𝑁𝐻3 + 36𝐻2𝑂  (13) 

 

Following the same suppositions as above, the theoretical oxidation of MB and RB5 are 

represented by Eq. 14 and Eq. 15, respectively: 

 

𝐶16𝐻18𝑁3𝑆𝐶𝑙 + 39𝐻2𝑂2 → 16𝐶𝑂2 + 𝐻2𝑆𝑂4 + 3𝑁𝐻3 + 𝐻𝐶𝑙 + 42𝐻2𝑂 (14) 

 

𝐶26𝐻21𝑂19𝑁5𝑁𝑎4𝑆6 + 76𝐻2𝑂2 → 26𝐶𝑂2 + 4𝐻2𝑆𝑂4 + 5𝐻𝑁𝑂3 + 2𝑁𝑎2𝑆𝑂4 + 80𝐻2𝑂 (15) 

 

3.2 H2O2 Catalytic Activation. 

The catalytic activation of H2O2 by the electrogenerated iron ions was indirectly studied in the 

electrochemical reactor at room temperature using a flow rate (catholyte and anolyte) of 7.58x10-3 m s-

1. The anolyte and the catholyte consisted of 0.05M Na2SO4 (pH 2 fixed with H2SO4) and 1 M H2SO4, 

respectively. The amount of the strong oxidants produced by the H2O2 activation was evaluated 
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indirectly by measuring the concentration difference between the initial and the remaining H2O2 in 

solution ([△H2O2]). The H2O2 activation rate (AR) was computed as [△H2O2]/t. The performance of the 

untreated cation membrane at 1.0 V (1.0 A) and the chemically treated cation membrane at 0.4 V (0.57 

A) for the H2O2 AR at different H2O2 concentrations is reported in Fig. 2 and 3, respectively (symbols 

represent experimental data).  

In both cases, almost 90% of the initial H2O2 was activated at quasi constant rate (2 mM min-1) 

following a pseudo zero-order kinetic degradation, represented by a continuous line. The dashed lines 

represent the actual H2O2 catalytic activation. There was no apparent effect of the H2O2 initial 

concentration on its AR. Although the H2O2 AR was not significantly different for the chemically treated 

and untreated cation membrane, the energy required for H2O2 activation increases as a function of the 

initial H2O2 concentration. The energy required to activate 70 mM H2O2 (2L) using the treated cation 

membrane was approximately 60% lower (1.6 W h mol-1 H2O2) compared to 4.1 Wh mol-1 H2O2, when 

using the untreated cation membrane in 35 min of electrolysis.  

 

 

 

Figure 2. AR of H2O2 for 73 mM (), 51 mM (), 42 mM (◼), 26 mM () and 20 mM (♦) of H2O2 in 

the reactor working with an untreated membrane at 1.0 V (1.0 A). The solid line represents a 

pseudo zero-order kinetic with constant rate (2 mM min-1), while dashed line represents the actual 

H2O2 catalytic activation.  
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3.3. Oxidation of Synthetic Azo Dyes. 

The oxidation of the synthetic azo dyes AO7, MB and RB5 (Table 1) was investigated 

individually in the anolyte compartment of the electrochemical reactor at room temperature using a flow 

rate (catholyte and anolyte) of 7.58x10-3 m s-1. The degradation studies were conducted for 40 min 

treating 2 L of aqueous solutions of 1.0 mM AO7, 0.5 mM MB, and 0.12 mM RB5. The main 

experimental conditions are described in Table 1. According to the Eq. 13 the complete oxidation of 1.0 

mM AO7 (with an initial COD = 520 ppm) requires 34 mM H2O2. Similarly, the theoretical H2O2 

requirement for complete oxidation of 0.5 mM of MB and 0.12 mM RB5 was estimated using equations 

(14) and (15) as 19.5 mM and 9.12 mM of H2O2, respectively. 

 

 
 

Figure 3. AR of H2O2 for 80 mM (), 60 mM () and 40 mM (◼) of H2O2 in the reactor working with 

a treated membrane at 0.4 V (0.57 A). The solid lines represent a pseudo zero-order kinetic with 

constant rate of 2 mM min-1, while dashed lines represent the actual H2O2 catalytic activation.  

 

However, in the present study the oxidations were carried out using a 20% excess of the required 

concentration of H2O2 for each azo dye to compensate for transfer limitations. Therefore, the oxidations 

of AO7, MB and RB5 were carried out in the presence of 40.8 mM, 23.4 mM, and 10.8 mM of H2O2, 

respectively. 

 

The spectra of the initial dye solutions were recorded before treatment (diluting 100 times each 

test solution) and at the end of the electrolysis (40 min) without any dilution. These spectra are shown 

in Fig. 4, 5 and 6 for AO7 (COD 520 ppm), MB (COD 215 ppm), and RB5 (COD 130 ppm), respectively.  
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At 40 min of electrolysis, COD reductions of 85%, 84%, and 76% were recorded for AO7, MB, and 

RB5, respectively. All the dye samples exhibited near complete discoloration. The COD removal 

efficiencies were better or comparable to the earlier reported values for each of AO7 [26, 27, 28], MB 

[29, 30, 31], and RB5 [32, 33] for such a short electrolysis time.  

The energy consumption for the removal of AO7 at 0.40 V (0.310 A) was estimated (Eq. 7) as 

0.041 kW h m-3. Similarly, removal of MB, at 0.40 V (0.210 A), and RB5, at 0.40 V (0.300 A), required 

0.028 kW h m-3 and 0.04 kW h m-3 energy consumptions, respectively. The low energy consumption in 

the process is attributed to the modified cation membrane that improves the overall performance of the 

AFT electrochemical reactor.  

 

 

 

Figure 4. Initial absorbance spectrum recorded from a synthetic industrial effluent containing 1 mM 

AO7 (COD = 520 ppm) + 0.05 M Na2SO4 (pH 2) (abs 1.97 at λmax = 483 nm). Final absorbance 

spectrum recorded (without dilution) from a treated solution initially containing 1 mM AO7 + 

40.8 mM H2O2 (COD = 520 ppm) + 0.05 M Na2SO4 (pH 2) + a treated membrane at 0.4 V (0.310 

A) (abs 0.074) at 40 min of electrolysis (COD = 78 ppm). 
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The raw effluent from the dying bath (with a large amount of total suspended solids, pH 12, and 

COD 5500 ppm) was first pretreated through filtration and its pH was adjusted to 2 to prevent the 
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volume of the diluted wastewater (0.05 M Na2SO4, COD = 300 ppm) were systematically oxidized at 

0.40 V (0.565 A) for 40 min using different concentrations of H2O2 in the AFT electrochemical reactor. 

The spectra of the samples post electrolysis at initial concentrations of H2O2 equal to 22, 44, 61 and 80 

mM are shown in Fig. 7a along with a control sample in the absence of H2O2. It is evident that the degree 

of color removal increased with increasing H2O2 levels.  

 

 
 

Figure 5.  Initial absorbance spectrum recorded from a synthetic industrial effluent containing 0.5 mM 

MB (COD = 130 ppm) + 0.05 M Na2SO4 (pH 2) (abs 1.88 at λmax = 661 nm). Final absorbance 

spectrum recorded (without dilution) from a treated solution initially containing 0.5 mM MB + 

23.4 mM H2O2 (COD = 130 ppm) + 0.05 M Na2SO4 (pH 2) + a treated membrane at 0.4 V (0.210 

A) (abs 0.219) at 40 min of electrolysis (COD = 34 ppm). 

  

 

The final COD values, at 40 min of electrolysis, were recorded as 147, 50, 34 and 14 ppm with 

22, 44, 61 and 80 mM H2O2, respectively. The levels of COD were reduced exponentially (Fig. 7b) with 

P-value of 0.0003 that indicates a statistically highly significant correlation. As a result, the COD 

removal can be modeled as: 

 

ln(𝐶/𝐶0) = −𝑚[𝐻2𝑂2 ]  (16) 

 

The slope (m) of the linear regression of a plot of the concentration of H2O2 (mM) vs. ln(C/C0), 

from Eq.16, was calculated as 0.038±0.002 mM-1; where C0 and C are the initial (300 ppm) and final 

0

0.5

1

1.5

2

2.5

340 440 540 640 740 840

A
b

s
o

rb
a

n
c
e

l/nm

initial (diluted 
100 times)

final



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

63 

COD concentrations recorded at the end of the electrolysis for different H2O2 concentrations. The energy 

requirement for the 95% COD removal for this industrial diluted textile effluent was estimated as 0.075 

kW h m-3. This energy requirement is much lower compared with those reported earlier [34]. 

 

 

 
 

Figure 6. Initial absorbance spectrum recorded from a synthetic industrial effluent containing 0.12 mM 

RB5 (COD = 215 ppm) + 0.05 M Na2SO4 (pH 2) (abs 0.501 at λmax = 597 nm). Final absorbance 

spectrum recorded (without dilution) from a treated solution initially containing 0.12 mM RB5 

+ 10.08 mM H2O2 (COD = 215 ppm) + 0.05 M Na2SO4 (pH 2) + a treated membrane at 0.4 V 

(0.300 A) (abs 0.007) at 40 min of electrolysis (COD = 35 ppm). 

 

 

Along with the electrolysis of the organic pollutants in the anolyte, the AFT simultaneously 

produced H2 by reducing H+ at the carbon steel cathode. The production of H2 was estimated during the 

oxidation of the textile wastewaters. The H2 was electro produced as a linear function of the charge 

passed in the catholyte compartment of the electrochemical reactor, operating at 0.40V (0.58A).  

0

0.1

0.2

0.3

0.4

0.5

0.6

335 435 535 635 735

A
b

s
o

rb
a

n
c
e

l/nm

initial (diluted 
100 times)

final



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

64 

 
(a) 

 
(b) 

 

Figure 7. (a) Absorbance spectra of the untreated diluted industrial effluent and electrolyzed (40 min 

each) industrial effluent with a treated membrane at 0.4 V (0.565 A) with different H2O2 

concentrations. From top to bottom: the first spectrum represents the initial diluted textile 

wastewater without electrochemical treatment, the second, third, fourth and fifth correspond to 

22, 44, 61 and 80 mM H2O2, respectively; (b) COD removal vs. H2O2 concentrations for the 

industrial effluent electrolyzed for 40 min with a treated membrane at 0.4 V and 0.565 A. C/C0 

refers to the ratio of the final COD after electrolysis to the initial COD of the diluted wastewater 

(300 ppm). 
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A production of H2 of 0.192 L was collected in a graduated cylinder with water during the 

electrolysis that lasted 40 min. This volume became moles of H2 considering the ideal gas equation. 

From the plot of moles of H2 vs. charge (not shown) and the law of Faraday (Eq. 4 and 5), the current 

efficiency for H2 production was evaluated as 97%. Using the Eq. 6, the energy efficiency () was 370%. 

This is possible, because the Fe3+electrogeneration (Eq. 2) is a more efficient energy reaction than the O2 

evolution reaction. In other words, the H2 production was using just the 27% of the EHHV value. The energy 

requirements for H2 production are 0.812 W h L-1 (19.85 kW h kg-1 H2). This value is well below the 

energy requirements (53.4-70.1 kW h kg-1 H2) of a typical commercial electrolyzer system [35]. The 

AFT system investigated here provides high oxidation efficiencies (considering the reduction of COD 

and the fraction of H2O2 consumed) of non-biodegradable azo dyes with low energy requirement along 

with the production of H2 as a profitable by-product. 

 

 

4. CONCLUSIONS 

A modified electrochemical reactor is proposed and used for the AFT of azo dyes. For this 

purpose, the catalytic activation of H2O2 was carried out with a chemically treated cation membrane and 

an untreated cation membrane. With an untreated cation membrane, 90% of a wide range of H2O2 

concentrations (from 20 to 80 mM) was rapidly activated at room temperature (with a near constant 

H2O2 AR of 2 mM min-1) by the electrogenerated iron ions at 1.0 V (1.0 A). However, under the same 

experimental conditions the same H2O2 AR (generating a strong oxidant) is obtained. But, in this case, 

the applied energy was reduced 40% when the chemically treated cation membrane was used. 

 

The present study demonstrates that AFT can be applied economically to treat synthetic effluents 

from azo dyes when the stoichiometric amount of H2O2 required is added in a single dose at the beginning 

of the electrolysis. The three azo dyes tested (2 L of aqueous solutions of 1 mM AO7, 0.5 mM MB, and 

0.12 mM RB5) showed near complete discoloration and COD reductions of 85, 84 and 76 %, 

respectively, at 40 min of electrolysis.  The industrial textile effluent, prefiltered and diluted to decrease 

the initial COD concentration to 300 ppm, was oxidized resulting in a 95% COD removal.  The energy 

requirements were low for the treatment of all synthetic dye solutions (≤0.041 kW h m-3) and for the 

oxidation of industrial wastewater (0.075 kW h m-3). Furthermore, the AFT electrochemical reactor 

allows an economic cogeneration of H2 (19.85 kW h kg-1 H2) together with the treatment of textile 

effluents. 
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