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This work was focused on the study and application of boron-doped diamond (BDD)/air-diffusion cell 

for the decolorization of Acid Red 1 (AR1) as an azo dye using electro-Fenton (EF) and photoelectro-

Fenton (PEF) as electrochemical advanced oxidation techniques. The experiments were conducted on 

treatment of 100ml of 300 mg/l AR1 solution in 0.05M Na2SO4 at pH 3.0 with 0.50mM Fe2+ under an 

applied current density of 16.6 to 66.6 mA/cm2. The results indicated that the better performance of the 

PEF method for color removal at 33.3mA/cm2 after 12 minutes of electrolysis revealed 96.7% of 

discoloration in the PEF method and 95.2% of discoloration in the EF technique. The evolution of 

carboxylic acids (oxalic (OXL) and oxamic (OXM) acids) as degraded AR1 products by EF and PEF 

was also examined using HPLC. Results showed that the carboxylic acids were accumulated and 

destroyed by generated hydroxyl radicals. Because of the slow reaction of BDD (•OH) with Fe(III)–

oxalate and Fe(III)–oxamate complexes, carboxylic acids were reduced to a final concentration of 35.9 

mg/l and 0.7 mg/l after 240 minutes. The evolution of SO4
2- and NH4

+ as released inorganic ions 

during azo dye degradation was determined by ion chromatography, and results showed that the 

released SO4
2- and NH4

+ were completely released, accumulated and decay by intermediates and 

reached to 98.2 mg/l and 42.5 mg/l for EF, and 98.2 mg/l and 6.5 mg/l for PEF at 240 minutes, 

respectively.The results demonstrated that the EF system was able to generate and accumulate a 

sufficient amount of  H2O2 to adequately treat AR1 solution by EF and PEF, and the higher rate of 

mineralization in PEF was related to a synergistic effect in the generation of free radicals to destroy 

organic dyes and UVA light. Therefore, these finding show that the PEF technique is the most effective 

treatment method to quickly destroy and mineralize azo dye-contaminated wastewater. 
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1. INTRODUCTION 

Azo dyes are organic compounds and refer to a class of synthetic dyes composed of nitrogen as 

the azo ―N=N― functional group or chromophore in their molecular structures [1]. These organic 

compounds are mainly produced in developing nations such as China, India, Korea and Argentina. 

These dyes are the most commonly used group of dyes in the textile industry [2, 3]. Moreover, these 

are extensively used in printing, paper manufacturing, cosmetics, leather, fiber, paint, and food 

industries. These organic compounds not only possess coloring functions but also show antimicrobial 

activity [4].   

Azo dyes based on benzidine and aromatic amine are classified as carcinogenic and cause 

several types of human and animal tumors, birth defects, or other reproductive harm [5]. A research 

has shown that exposure to azo dyes increases bladder cancer risk [6]. Some azo dyes degrade under 

reductive conditions and have the potential to release aromatic amines [7]. The carcinogenic activation 

mechanisms for azo dyes such as production of toxic amines and oxidation of azo dyes with structures 

containing free aromatic amine groups result in the formation of bio-recalcitrant natural toxics that are 

dangerous to humans as well as other animals [8, 9]. Therefore, the European Commission has adopted 

a proposal to restrict the use of dyes containing aromatic amines, as well as azo dyes.   

 Accordingly, many studies have been performed for the determination and degradation of the 

azo dyes from the industrial wastewater through photocatalytic treatment [10],  electrochemical 

oxidation [11], EF and PEF treatments [12-15] and anaerobic-aerobic sequential processes [16, 17]. 

Among these methods, EF and PEF treatments as fast, efficient and cost-effective techniques are the 

most environmentally friendly processes for the degradation of organic pollutants and pharmaceuticals 

[18]. 

Acid Red 1 (AR1; disodium;5-acetamido-4-hydroxy-3-phenyldiazenylnaphthalene-2,7-

disulfonate) as an aryl azo naphthol compound is directly used in the  wool–polyamide fibre and textile 

Printing [19-21]. It can be utilized in the leather and cosmetics industries, and it can also be employed 

to make the color amylum and ink. These extensive applications of AR1 in industries result in its 

presence in natural water resources and getting into drinking water from natural sources. Therefore, 

this study was conducted in the application of BDD for EF and PEF decolorization of Acid Red 1. 

 

 

2. MATERIALS AND METHODS  

2.1. Electrochemical measurements 

A cylindrical electrochemical cell was used for EF experiments which opened and undivided a 

150 ml Pirex® glass cell vessel (DOT Scientific Inc., USA) with a double jacket that circulated water 

to keep the solution at a constant temperature. Carbon-polytetrafluoroethylene air-diffusion (GDE) as 

cathode (PTFE, geometric area of 3 cm2, E-TEK, Somerset, NJ, USA) and BDD (geometric area of 3 

cm2, Adamant Technologies SA, La Chaux-de-Fonds, Switzerland) as anode were utilized in the 

electrochemical cell. Before the electrochemical measurements, a polarization in a 0.05 M Na2SO4 

(99%, Merck, Germany) solution at 150 mA/cm2 for 3 hours allowed the cleaning and simultaneous 

activation of the anode and cathode. The distance between the electrodes was 2 cm. The outer face of 
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the cathode was in contact with the solution which was fed with air pumped at a rate of 500 ml/min for 

continuous production of H2O2 as the following electrochemical reaction based on reduction of oxygen 

[22]: 

 

O2 (g) + 2 H+ + 2 e− → H2O2                             (1) 

 

The treatment process was accomplished at a current density range from 16.6 to 66.6 mA/cm2, 

which was supplied by a DC power supply (HP 6552A, Agilent, USA), a The dye aqueous solution 

was introduced at a concentration of 300 mg/l in the reservoir and recirculated at a flow rate of 0.2 

ml/h using a plant centrifuge pump (1/3 HP Electric Pump, Vektek, USA). The pH was adjusted to the 

same initial pH (pH 3.0) by the addition of H2SO4 (97%, Merck, Germany). The 0.5mM Fe2+ 

(FeSO4·7H2O, ≥99.0%, Sigma-Aldrich) as catalyst was added to the solution before starting the 

electrolysis. The EF process was accomplished in a 4-hour reaction, and the treated solutions were 

continuously stirred with a magnetic bar at a stirring speed of 750 rpm. For the photoelectro-Fenton 

process under UVA irradiation, a fluorescent black light blue lamp (TL/6 W/08, λ range 320–400 nm 

with λmax = 360 nm, Philips) located at 6 cm above the solution was used, yielding a photoionization 

energy of 5 W/m2, which was determined with a UVA radiometer (CUV 5 from Kipp & Zonen, The 

Netherlands). 

 

2.2. Characterizations 

At room temperature, UV-Vis spectrophotometry (UV-Vis 1800, Shimadzu, Kyoto, Japan) was 

used for determination the H2O2 concentration at  light absorption of the titanic-hydrogen peroxide 

complex at λ = 408 nm [23]. During the oxidation reactions, aliquots of samples were regularly 

withdrawn for analysis, neutralized at pH 8 to quench the action of produced oxidants, and the samples 

were filtered through PTFE (0.45 µm, Thomas Scientific, New Jersey, USA) membrane filters. A color 

removal rate evaluation was performed using UV-Vis spectroscopy at 478 nm. The TOC of the 

solutions was immediately measured by injecting 50 µL samples into the TOC analyzer (VCSN, 

Shimadzu, Kyoto, Japan) that an accuracy of ±1% was obtained by any injections in the analyzer. The 

concentration of produced carboxylic acids was determined by reversed-phase HPLC coupled to a 

photodiode array detector set at λ = 212 nm. 

The ion-exclusion high performance liquid chromatography (HPLC; 600 

Waters Pharmaceutical Division, Milford, MA, USA) was used for the evaluation of the generated 

carboxylic acids which consists of a photodiode array detector (DAD; 996 Waters, Milford, MA, USA) 

at λ = 210 nm and was equipped with a Aminex HPX-87H  column (BIO-RAD, Hercules, 300 × 7.8 

mm, 9 μm, CA, USA). The column temperature was 35°C, the mobile phase consisted of 4mM H2SO4 

and the flow rate was 0.6 ml/min.  For quantification of the produced inorganic nitrogen ions, the ionic 

chromatography with LC coupled to a Shimadzu CDD 10Avp conductivity detector was applied. The 

NH4
+ content was determined in 25 mM boric acid (≥99.0%, Sigma-Aldrich), 4.5 mM tartaric acid 

(≥99.5%, Sigma-Aldrich), 1.5 mM 18-crown-6 (99.0%, Sigma-Aldrich) and 2.0 mM 2,6- 
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pyridinedicarboxylic (99.0%, Sigma-Aldrich) solution at 1.0 ml/min as mobile phase [24].The NO3
−  

and SO42
− concentrations were evaluated with circulating a mobile phase composed of 2.5 mM 

phthalic acid (997%, Merck, Germany) and 2.5mM tris(hydroxymethyl)aminomethane (≥99.0%, 

Sigma-Aldrich) at 1.5 ml/min [24]. 

The equation (2) was used to calculate the percentage of dye removal (removal efficiency) 

based on color absorbance at 478 nm [25]: 

Decolourization (%) = 
𝐶0− 𝐶

𝐶0
 × 100                       (2) 

Where C0 and C (mg/l) denote the concentrations of dye before and after adsorption. 

TOC values were used for calculating the amount of mineralization current efficiency (MCE) 

according to the equation (3) [26]: 

 

 MCE (%) = 
(ΔTOC) 𝑒nFVs 

4.32 × 107 mlt 
 ×100                             (3) 

 

where (ΔTOC)exp  denotes the TOC decay (mg/l) at time t (hour),  F is the Faraday constant 

(96487 C/mol), V corresponds to the treated solution volume (L), 4.32 × 107 is a conversion factor to 

homogenize units (600 s/h × 12000 mg C/mol), I is the applied current (A), m is the number of carbon 

atoms in the molecule (16 carbon atoms in this case). n is number of electrons that consumed the total 

mineralization of each molecule (84) required for the theoretical total mineralization of its anion form 

was taken as the following reaction [24]:  

 

C16H10N2O7S2 
2− + 39 H2O → 16 CO2 + 2 NO3

− + 2 SO4
2− + 88 H+ + 84 e−                       (4) 

 

2.4. Preparation the dye wastewaters 

For studying the applicability of the PEF method for treatment of real samples, the wastewater 

from textile industrials (South China's Guangdong Province) was provided, and utilized for the 

preparation of the 0.05 M Na2SO4 pH 3.0. Five different dyes were added to the wastewater to ensure 

the presence of dye contaminants in the wastewater, containing AR1, Acid Red 18 (AR18), Allura Red 

AC (ARAC), Ponceau 4R (P4R) and 1,10-phenanthroline-ferrous chelate (PFC). All the dye is 

provided in analytical grade from Sigma-Aldrich. AR18, ARAC, P4R and PFC have the maximum 

absorption wavelength of 505-508 nm [27-29]. 

 

 

3. RESULTS AND DISCUSSION  

3.1. UV–vis absorption spectra  

The removal of azo dye by anodic oxidation with the electrogenerated H2O2 (AO-H2O2), EF 

and PEF in the 150 ml cell was studied by electrolyzing 300 mg L−1 of the AR1 in 0.05 M Na2SO4 at 

pH 3.0, at a current density of 33.3 mA/cm2 and 35 °C, with the addition of 0.5 mM Fe2+ for the 

electrochemical advanced oxidation processes. As observed from Figure 1,  the UV–vis spectra of the 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220249 

  

5 

initial dye solution diluted 1:6 depicts a weak shoulder at 420 nm and maximum absorption at 482 nm 

which is characteristic of AR1 [30], and is attributed to an equilibrium with  of the two tautomeric 

forms of azo dyes, including azo and hydrazone forms. The azo-hydrazone tautomeric form contains 

hydroxyl groups and involves the hydrogen bonding with an azo group [31]. Accordingly, a maximum 

visible wavelength of 508 nm was used for the decolorization of AR1 by the EF and PEF processes. 

 

 

 

Figure 1. UV–vis absorption spectra of the initial AR1 solution diluted 1:6. 

  

3.2. Decolarization of the AR1 solution under EF and PEF processes 

The current density is an important variable in electrochemical advanced oxidation processes 

due to its ability to regulate the generated oxidants such as •OH and BDD(•OH) [32]. Studies have been 

shown that the treatment has been performed based on the capability of H2O2 accumulation in the 

BDD/GDE cell, correlating with the electrogenerated H2O2 and anodic oxidation (AO-H2O2) [33]. 

When the H2O2 concentration reaches a steady state which corresponds to the production rate from 

reaction (1) is equal to the rate of its destruction via reactions (5) and (6) that evidence of oxidation of 

the electrogenerated H2O2 to O2 at the BDD anode with the generation of hydroperoxyl radical (HO2
•) 

as a weak oxidant [34]: 

 

H2O2 → HO2
• + H+ + e−                            (5)  

HO2
• → O2 (g) + H+ + e−                          (6) 

 

The current density effect was investigated for the degradation of a 300 mg/l AR1 solution in 

0.05 M Na2SO4 at pH 3.0 through both EF and PEF treatments with 0.50 mM Fe2+ under applied 

current density from 16.6 to 66.6 mA/cm2. Measurements showed that there was no remarkable change 

in pH value in treatment time up to 240 minutes, and the slight decrease in pH value from 3.0 to 

2.9−2.95 in the treatment process is related to the generation of acidic products like carboxylic acids 

[35], it was continuously adjusted to its initial value (pH 3.0) through adding small amounts of 0.5 M 

NaOH. Furthermore, the AR1 and its conjugated products can react with the resulting BDD (•OH), 

which is limited by their mass transfer to the anode, demonstrating that mass transfer controls the AO-
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H2O2 process [36]. Results from Figure 2 show that the removal efficiency is increased with increasing 

current which is related to the enhancment of H2O2 concentration, and indicates the great effect of 

current density on the enhancement of the rate of electrochemical processes in reactions (1) and (5). 

Mainly, the efficiency of EF process depends on the concentration of Fe2+ due to the concentration of 

hydroxyl radical as the main oxidizing agent in the EF process. As a consequence, production of more 

oxidant ●OH because of the faster cathodic formation of H2O2 leads to the acceleration of reaction (7), 

which results in large amounts of BDD(●OH) as a consequence of Fenton's reaction (8) [37]. 

 

Fe2+ + H2O2
 + H+→ Fe3++ •OH + H2O             (7) 

BDD (H2O) → BDD (•OH) + H+ + e−                 (8) 

 

Moreover , the addition of a small quantity of Fe2+ can increase the removal of H2O2 through 

the Fenton’s reaction (7) to generate the powerful oxidizing agent of  •OH [38].  As seen from Figure 2, 

76.7% discoloration is observed for EF at 16.6 mA/cm2 after 12 minutes of electrolysis which is 

enhanced to 81.7% under PEF. There is the better performance of PEF method for color removal at 

33.3 mA/cm2 after 12 minutes of electrolysis which indicated 96.7% of discoloration in PEF method 

and 95.2% of discoloration in the EF method. The slight acceleration to decomposition of H2O2  under 

light irradiation may be attributed to the increase the regeneration rate of Fe2+ from the photolysis of 

hydroxy complex Fe(OH)2+, and the main role of Fe(III) species at pH 3 in enhancement of Fenton’s 

reactions (7) and (9) that it can produce more •HO through its photolysis [39]. 

  

 Fe(OH)2+ + hν → Fe2+ + •OH                             (9) 

 

The results demonstrate that the electro-Fenton system is able to generate and accumulate a 

sufficient amount of  H2O2 to adequately treat a solution with 100 mg/l TOC of AR1 by EF and PEF. 

 

 

 
 

Figure 2. Effect of current density on removal efficeiny of a 300 mg/l AR1 solution in 0.05M Na2SO4 

of pH 3.0 at 35°C through  (a) EF and (b) PEF treatments with 0.50 mM Fe2+ under applied 

current density from 16.6 to 66.6mA/cm2. 
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Table 1 shows the results of the analyses of the kinetic mechanisms of both processes by 

different kinetic equations and the result shows a good correlation with the pseudo-second-order 

kinetic model which is represented by the term of ln (C0/C) versus time. The obtained pseudo- second-

order rate constant well-known apparent discoloration rate constant  (k2), the correlation coefficient for 

linear regression (R2) are summarized in Table 1 . It reveals that an increase in the current leads to an 

almost linear increase in the k2 value which is correlated with the reaction of and •OH, and overall 

reaction rate is limited by reactions (1) and (7) because of linear generation of H2O2 during the both of 

the EF and PEF treatments [40, 41]. 

 

3.3. Mineralization of AR1 solution 

 Degradation of the by-products generated during the reaction of AR1 and •OH can be 

evaluated by solution TOC degradation. Further measurements were carried out to determine the 

BDD(•OH), •OH and UVA light effect on treatment of 300 mg/l AR1 solution at 66.6 mA/cm2 using 

AO-H2O2, EF and PEF methods. In AO-H2O2 method, no catalyst is added to the solution, and 

heterogeneous hydroxyl radicals (BDD (•OH)) and reactive oxygen species like HO2
• are formed by 

H2O and H2O2 oxidation as equations (8) and (5), respectively [42]. Therefore, BDD(•OH)  and HO2
• 

can destroy the organics, and the other reactive oxygen species like (H2O2) have a much smaller effect 

on organic destruction [43]. In EF process, Fe2+ is added to the solution, and hydroxyl radicals are 

formed through the reaction (7). BDD(•OH) and •OH as oxidizing agents react at the dyes and 

complexes of Fe(III) [44]. In the PEF process, as expected light irradiation can help effectively to 

degradation of organic pollutants by additional photo-oxidation  because it accelerates regeneration 

Fe2+ from reaction (9) and photodecarboxylated of Fe(III)-carboxylate complexes according to the 

equation (10) [37]:  

 

Fe(OOCR)2+ + hν → Fe2+ + CO2 + R*        (10) 

 

As seen from Figure 3, the solution is gradually removed by AO-H2O2, and 81.7% TOC 

removal is achieved in 240 minutes, illustrating the BDD(•OH) reaction with intermediates. In the EF 

process, 89.9% TOC removal is observed in 240 minutes. The mineralization is accelerated because of 

high oxidation efficiency of •OH. As seen, TOC is mineralized by the PEF method up to 93.7% after 80 

minutes, whereupon the rate of mineralization is very low due to formation of products that are slowly 

degraded mostly by the •OH created in the Fenton electrochemical cell as  reaction (7) and in a smaller 

value by BDD(•OH) produced from reaction (8) [35]. So, 98.1% TOC reduction is attained only after 

240 minutes of PEF treatment. The results show that the higher rate of mineralization in PEF related to 

a synergistic effect in more generation of free radicals to destroy organic dyes and UVA light where the 

radicals' contribution in the oxidation mechanism corresponds to dye elimination, and oxidation 

products are more quickly destroyed upon UVA light irradiation according to the reaction (10), and 

resulted to extra regeneration of Fe2+ in treatment system [45]. 
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Figure 3. Removal efficeiny of TOC for electrolysis of 150 ml of  300 mg/l AR1 solution using AO-

H2O2, EF and PEF method at 66.6 mA/cm2 in 0.05 M Na2SO4, pH 3.0 at 35 °C. 

 

 

Moreover, the relative oxidation power of the electrochemical advanced oxidation processes 

was analyzed using a pseudo first-order kinetic model as given by Lagergren as following equation 

because of the exponential decay for the removal of TOC in Figure 3 [46]: 

 

ln(TOC/TOC0) = −kTOC t                                  (11) 

 

Table 1 shows that the best fit is found for up to 80 minutes for PEF, as well as up to 80 

minutes for both of EF and AO-H2O2. The obtained value for kinetic constant for TOC removal as an 

apparent rate constant for TOC removal (kTOC), slope and its R2 are also presented in Table 1. It can be 

found that the kTOC values in  66.6 mA/cm2  of PEF is 3.3-fold higher than EF and 4.9-fold higher than 

AO-H2O2, corroborating the synergistic effect of •OH and UVA light on the degradation process of 

organic pollutants [47]. The similar behavior is also observed for MCE in Figure 4 so that the MCE 

slowly mineralized from 26.0% at 15 minutes to 8.4% at 240 minutes under AO-H2O2 process, 

whereas the higher removal rate is observed for EF process from 36.0% to 9.0% from 15 to 240 

minutes. In PEF process, the MCE value is dropped from 45.7% at 40 minutes to 27.7% at 80 minutes, 

and reaches 10.2% at 240 minutes. In all processes, Figure 4 highlights a drastic decrease of MCE 

value with prolonging electrolysis which is associated with the continuous loss of organic matter and 

the generation of more recalcitrant by-products which rarely reacted by BDD(•OH) and •OH [48]. In 

the PEF process, this observation is more pertinent when the treatment time is more than 80 minutes 

because of the very low rate of TOC reduction to complete mineralization. 
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Figure 4. Evolution of MCE for electrolysis of 150 ml of  300 mg/l AR1 solution using AO-H2O2, EF 

and PEF method at 66.6 mA/cm2 in 0.05 M Na2SO4, pH 3.0 at 35 °C. 

 

 

Table 1. Apparent discoloration rate constant and kinetic constant for TOC removal achieved for the 

decolonization  of 150 ml of 300 mg/l AR1 in 0.05 M Na2SO4 of pH 3.0 using AO-H2O2, EF 

and PEF methods.  

 

Method Conditi

on 

Current 

density 

(mA/cm2) 

KTOC × 103 

(min-1) 

R2 K2 (min-1) R2 

AO-H2O2  66.6 8.55 0.9973 Not 

determined 

Not 

determine

d 

EF 0.5 mM 

Fe2+ 

16.6 7.65 0.9955 0.1215 0.9959 

33.3 9.45 0.9973 0.285 0.9968 

50 10.8 0.9961 0.525 0.9942 

66.6 12.6 0.9978 0.645 0.9988 

PEF 0.5 mM 

Fe2+, 

Under 6 

W/cm2 

UVA 

irradiati

on 

16.6 No good 

linear 

correlation 

No good 

linear 

correlation 

0.141 0.9979 

33.3 31.5 0.9968 0.315 0.9998 

50 36 0.9966 0.525 0.9972 

66.6 42 0.9977 0.645 0.9968 

 

Figures 5a and 5b show the results of the study on the effect of applied current density from 

16.6 to 50mA/cm2 on the oxidation/mineralization efficiency of EF and PEF on the AR1 solution. It 

can be found that the TOC decay is gradually increased with increasing current density for EF, 

indicating 68%, 82%, 85.4% and 89.8% mineralization at 16.6, 33.3, 50 and 66.6 mA/cm2 after 240 

minutes, respectively, which is related to an increase in the rate of reactions (1), (7) and (8) and 

destruction of intermediates, as a consequence, more production of BDD(•OH) and •OH. In PEF 

process, TOC is reduced by 92.5% and 93.6% after 160 minutes at 16.6 and 33.3 mA/cm2, 

respectively, and 92.6% and 93.6% after 80 minutes at 50 and 66.6mA/cm2, respectively. The 
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generation of high recalcitrant products leads to prolonged electrolysis and hinders the complete 

mineralization of the solution. The TOC amounts after 240 minutes reach between 97.4% and 98.1%. 

The finding confirms the faster mineralization in PEF in all currents is attributed to photo-oxidation 

and the synergistic action of UVA irradiation and •OH. 

The calculated mineralization constant value (kTOC) for these assays is also summarized in 

Table 1. As observed, there was no linear correlation for 16.6 mA/cm2 of PEF which is related to its 

short activation time. For the EF, a four-fold increase in current density leads to only a 1.6-fold 

increase in the kTOC, it means to loss of relative oxidation power of some oxidizing species (•OH) [43]. 

In PEF, as two-fold increase in current value density leads to only a 1.3-fold increase in the kTOC. 

Figures 6 show the calculated MCE values that confirm the above findings. Therefore, as expected in 

EF experiments, the highest value of MCE at 15 minutes decreased from 65.3% at 16.6 mA/cm2  to 

34.2% at 66.6 mA/cm2 because of the consumption of the excess of created hydroxyl radicals by non-

oxidizing waste reactions, the main loss of BDD(•OH) due to its oxidation to O2 gas through reaction 

(12) [49, 50]. According to Morover, BDD, as a strong oxidant, facilitates the formation of 

peroxodisulfate (S2O8
2-) ions from the oxidation of SO4

2- ions, which are weaker oxidants present in 

electrochemical cells, via reactions (13) and (14) [50]: 

 

BDD(•OH) → BDD + ½ O2 + H+ + e-                    (12) 

2SO4
2− → S2O8

2− + 2e-                                          (13) 

3H2O →O3 + 6 H+ + 6e-                                        (14) 

 

Figure 6 displays the greatest values for MCE between 91.8% at 16.6 mA/cm2 and 44.7% at 

66.6mA/cm2 in PEF process, which is much larger than those obtained in the EF case.  

 

   

 

 

Figure 5.   TOC removal efficiency vs. electrolysis time for removal 300 mg/l AR1 solution in 0.05 M 

Na2SO4 of pH 3.0 at 35 °C through (a) EF and (b) PEF treatments with 0.50 mM Fe2+ under 

applied current density from 16.6 to 66.6 mA/cm2. 
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Figure 6.   Evaluation MCE vs. electrolysis time for treatment of  300 mg/l AR1 solution in 0.05 M 

Na2SO4 of pH 3.0 at 35 °C through (a) EF and (b) PEF treatments with 0.50 mM Fe2+ under 

applied current density from 16.6 to 66.6 mA/cm2. 

    

The waste reactions (12–14) may also occur during the PEF process. In this process, the most 

persistent complexes as by-products under EF conditions can quickly photolysis by UVA light, which 

illustrates the higher oxidation ability of PEF [51]. Therefore, these findings show that the PEF process 

is a successful method to quickly destroy and mineralize dye-contaminated wastewater. 

The degraded AR1 products by EF and PEF were also examined using HPLC. The peaks of 

OXL and OXM acids were identified at HPLC retention times of 7.0 min and 9.39 min, respectively. 

OXL and OXM acids are carboxylic acids and are directly oxidized to CO2  [52]. OXL acid is expected 

to be formed from the cleavage of the aromatic rings of the azo dye. The breaking of aromatic moieties 

containing an NH2 group could result in the formation of OXM acid [52].  

 

 

 
Figure 7. Evolution of detected carboxylic acids (OXL and OXM acid) content under EF process for 

treatment of  300 mg/l AR1 solution in 0.05 M Na2SO4 of pH 3.0 at 35°C  at 33.3 mA/cm2. 
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Figure 7 shows the evolution of detected carboxylic acids under the EF process at 33.3mA/cm2. 

As seen, OXL acid was quickly accumulated and attained its maximum content of 101.5 mg/L at 20 

minutes, denoting that its  Fe(III) complexes was rapidly destroyed by generated hydroxyl radicals 

[52]. The slow reaction of Fe(III)–oxalate complexes with BDD(•OH) leads to slow degradation for 

long period and it was reduced to a final amount of 35.9 mg/l at 240 minutes. OXM acid evolution 

reveals that it was formed in smaller value, with a maximum concentration of 5.1 mg/l at 40 minutes, 

and it was reduced to a final amount of ~0.7 mg/l at 240 minutes because of to the slow reaction of 

Fe(III)-oxamate complexes with BDD(•OH) in EF [47]. 

The evolution of released inorganic ions during the EF and PEF processes for treatment of AR1 

solution at 66.6 mA/cm2  was followed by ion chromatography. The conversion of the initial N (14.6 

mg/L) and initial S atoms (33.33 mg/l) of the AR1 solution into NO3
− and NH4

+ ions, and SO4
2- ions in 

PEF were identified by ionic chromatography, according to reaction (4). The NO3
− ion was 

accumulated to a negligible value (<0.1mg/l). The results of the time-course record of the 

concentration of inorganic ions are displayed in Figure 8. As observed from Figure 8a, the initial S 

atoms as  released SO4
2- were completely released at 120 minutes and reached 90.1 mg/l for EF and 

94.4 mg/l for PEF. Figure 8b exhibits a progressive accumulation of NH4
+ ion with electrolysis time. In 

EF process, there is slow increase of NH4
+ content with time to reach a 62.8 mg/l at 120 minutes. After 

that, it degrades to 42.5 mg/l at 240 minutes. Results of the PEF process show that NH4
+ ion was 

quickly accumulated up to 50.7 mg/l at 40 minutes, and they decayed considerably, down to 6.5 mg/l at 

240 minutes. Therefore, it can be suggested that the decay of NH4
+ by intermediates under the PEF 

treatment, light irradiation can enhance the degradation rate of NH4
+ by photoactivation and 

intermediates [53]. 

 

 

 

 

Figure 8. Time-course record of concentration of inorganic ions (a) SO4
2- and (b) NH4

+ under EF and 

PEF processes for degradation of 300 mg/l AR1 solution in 0.05 M Na2SO4 of pH 3.0 at 35 °C 

at 66.6mA/cm2 

 

Table 2 exhibits the comparison between the obtained results of this study for treatment AR1 
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and other reported PEF treatments of dyes and organic compounds in BDD/GDE cells. As observed, 

by considering the initial concentration of dye, applied current density, power of UVA irradiation, and 

treatment time, the results of this study for treatment AR1 are acceptable and comparable with the 

other reported PEF treatments of dye and organic compounds. 

 

 

Table 2. Comparison between the obtained results of this study with other reported PEF treatment of 

dyes and organic compounds 0.05 Na2SO4 and 0.5 mM Fe2+, pH 3.0 and 35 ºC. 

 

Compound Content of 

Compound 

(mg/l) 

Applied 

current 

(A) 

UVA 

irradiation 

power 

(W/cm2) 

Time 

(minute) 

TOC 

removal 

efficiency 

(%) 

MCE 

(%) 

Ref. 

Acid Red 1 300   0.2   2 240 98.1 44.7 This work 

Acid Yellow 36   108   0.5    300 360 95  65 [14] 

Acid Red 29 244   0.050   2 180 98 28 [52] 

Acid Red 88 50   1     300 360 98 20 [54] 

Acid Yellow 9     360 95 20 

Orange-G 295   0.2 2 360 98 10 [53] 

Disperse Red 1 100   1   300 240 97 82 [44] 

Disperse Yellow 9 240 96 80 

Cresols  128   1    300 180 98  122 [55] 

Enrofloxacin 158   1    300 300 86 42 [56] 

Mecoprop  634   1    300 540 97 93 [13] 

 

3.4. Applicability performance of PEF for rapid decolorization of  dye-contaminated wastewater 

Four dye-contaminated wastewaters were selected to evaluate the applicability of PEF under 

the identified optimal conditions (0.05 M Na2SO4 and 0.5 mM Fe2+, pH 3.0, 66.6 mA/cm2, 35 ºC and 

each dye concentration of 300mg/l) was studied for the decolorization of four more different dye and 

compound wastewaters (AR18, ARAC, P4R and PFC). Figure 9 shows that the decolorization 

efficiency after 240 minutes reaches about 99.99%, 98.24%, 98.98%, 99.00% and 97.74% for AR1, 

AR18, ARAC, P4R and PFC, respectively.  

Decolorization and mineralization of the organic dyes are more difficult because of 

complex aromatic molecular structures that make them more stable. So, the TOC removal efficiency of 

AR1, AR18, ARAC, P4R and PFC reaches 98.12%, 87.94%, 85.11%, 75.65% and 89.82%, 

respectively. The results indicated that the BEF method can near-completely decolorize the selected 

dyes, and can be applied for the treatment of the textile wastewater. 

 

 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220249 

  

14 

 

 

Figure 9. Application of PEF under the identified optimal conditions (0.05 M Na2SO4 and 0.5 mM 

Fe2+, pH 3.0, 66.6 mA/cm2, 35 ºC and each dye concentration of 300 mg/l) to decolorization of 

AR1, AR18, ARAC, P4R and PFC (a) decolorization efficiency and (b)TOC removal efficiency 

at 240 minutes. 

  

 

4. CONCLUSION  

 This work was conducted on the study and application of the BDD/GDE cell for the 

decolorization of Acid Red 1 based on EF and PEF processes. The measurements were performed on 

the treatment of 100ml of 300 mg/l AR1 solution in 0.05 M Na2SO4 at pH 3.0 with 0.50 mM Fe2+ 

under applied current from 16.6 to 66.6 mA/cm2. The results indicated to the better performance of 

PEF method for color removal at 33.3mA/cm2 after 12 minutes of electrolysis, as it indicated 96.7% of 

the discoloration in PEF method and 95.2% of discoloration in the EF method. The degradation of the 

by-products generated during the reaction of AR1 and •OH was evaluated by solution TOC 

degradation. The evolution of OXL and OXM acids as degraded AR1 products by EF and PEF was 

also examined using HPLC. Results showed that the OXL and OXM acids were accumulated and 

destroyed by generated hydroxyl radicals. The slow reaction of Fe(III)–oxalate and  Fe(III)-oxamate 

complexes with BDD(•OH) caused to slow degradation for long period and OXL and OXM acids  were 

reduced to a final amount of 35.9 mg/l and 0.7 mg/l at 240 minutes. The evolution of SO4
2-  and NH4

+ 

as released inorganic ions during the EF and PEF processes for the treatment of AR1 was determined 

by ion chromatography. The results of the time-course record of concentration of inorganic ions 

showed that the released SO4
2- and NH4

+ were completely released, accumulated and decayed by 

intermediates and reached to 98.2 mg/l and 42.5 mg/l for EF, and  98.2 mg/l and 6.5 mg/l for PEF at 

240 minutes,  respectively. The results demonstrated that the EF system was able  to generate and 

accumulate a sufficient amount of  H2O2 to adequately treat a solution with 100 mg/l TOC of AR1 by 

EF and PEF, and the higher rate of mineralization in PEF related to a synergistic effect in the 

generation of free radicals to destroy organic dyes and UVA light where the radicals contribute to the 

oxidation mechanism, which corresponds to dye elimination, and oxidation products are more quickly 

destroyed upon UVA light irradiation. Therefore, these findings show that the PEF process can be a 
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sucessful method to quickly destroy and mineralize azo dye-contaminated wastewater. 
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