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Abstract 15 

The degradation of Acid Red 1 (AR1) azo dye by solar photoelectro-Fenton-like (SPEF-like) 16 

process involving continuously electrogenerated hypochlorous acid (HClO) and 17 

photoregenerated Fe(II) to yield hydroxyl radicals, has been studied. The assays were made 18 

in a flow plant included a filter-press cell equipped with a Ti|Ir–Sn–Sb oxide anode, to 19 

oxidize Cl− ion to HClO, and a stainless-steel cathode. The cell was coupled to a compound 20 

parabolic collector (CPC) photoreactor, in series with a reservoir containing 6 L of solution. 21 

The influence of the added Fe2+ concentration, current density and initial AR1 content over 22 

the performance of the SPEF-like process was systematically studied. The best treatment for 23 

0.196 mM AR1 solutions in 35 mM NaCl and 25 mM Na2SO4 at pH 3.0 was achieved in the 24 

presence of 0.40 mM Fe2+ under a current density of 15 mA cm-2, which yielded total color 25 

removal at 120 min and 74% COD decay at 480 min, with 25% of average current efficiency 26 

and 0.076 kWh (g COD)-1 of energy consumption. The SPEF-like process was compared 27 

with anodic oxidation with electrogenerated active chlorine (AO-HClO), electro Fenton-like 28 

(EF-like) and photoelectro-Fenton-like (PEF-like) processes, and it was found that the 29 

oxidation power decreased in the sequence: SFEF-like > PEF-like > EF-like > AO-HClO. 30 

Ion-exclusion HPLC analysis of electrolyzed solutions revealed the formation of maleic and 31 

oxalic acid as final short-chain linear carboxylic acids. 32 

Keywords: Active chlorine; Anodic oxidation; Azo dye; Photoelectro-Fenton process; 33 

Hydroxyl radical; Water treatment  34 
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1. Introduction 35 

 Large volumes of wastewater are daily produced worldwide as a result of a vast number 36 

of industrial activities. Among them, textile industry stands out due to the high water demand 37 

for the dying processes (Holkar et al., 2016). Discharge of sewages into water bodies causes 38 

a considerable aesthetic and chemical impact that may affect the aquatic life (Willets and 39 

Ashbolt, 2000). These effluents contain different types of chemicals like acids, salts, 40 

surfactants and organic dyes, which become hazardous even at low concentrations (Barredo-41 

Damas et al., 2006; Nidheesh et al., 2018). 42 

 Azo dyes are ubiquitous in the textile industry. They contain one or more azo groups (-43 

N=N-) linked to aromatic rings that contain functional groups such as -OH, -CH3 and -SO3- 44 

in their structure (Robinson et al., 2001; Waring and Hallas, 2013). Azo dyes are toxic, 45 

mutagenic and carcinogenic compounds that originate severe ecological problems (Allen, 46 

1995; Medvedev et al., 1988; Nidheesh et al., 2018). Due to their resistance to 47 

biodegradation, conventional biological and physicochemical treatments have not shown 48 

good removal efficiencies for these persistent organic pollutants (POPs) (Martínez-Huitle et 49 

al., 2015; Espinoza et al., 2016; dos Santos et al., 2018). Acid Red 1 (AR1) is a commonly 50 

used azo dye (see formula and chemical characteristics in Table SM-1). It is included in the 51 

list of eleven non-biodegradable azo dyes with great resistivity towards conventional 52 

methods for wastewater treatment, which at high concentrations can be toxic and mutagenic 53 

(Daud et al., 2010, 2011; Thomas et al., 2014). Therefore, more efficient degradation 54 

methods are needed to prevent its hazardous impact on living beings. 55 

 Electrochemical advanced oxidation processes (EAOPs) have emerged as a prominent 56 

option to remove POPs, showing good performance for the mineralization of textile dyes by 57 
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the in-situ generation of strong oxidants via direct and indirect pathways (Panizza and 58 

Cerisola, 2009; Sirés et al., 2014; Brillas and Martínez-Huitle, 2015; Martínez-Huitle et al., 59 

2015; Thiam et al., 2015; Holkar et al., 2016). The main oxidant produced in the EAOPs is 60 

the hydroxyl radical (•OH), with a high standard redox potential (E°= 2.87 V/SHE) and non-61 

selectiveness, thus showing great ability to eliminate a wide variety of POPs (Panizza and 62 

Cerisola, 2009; Sirés and Brillas, 2012; Sirés et al., 2014; Brillas and Martínez-Huitle, 2015).   63 

 Among the EAOPs, the Fenton-based treatments have recently received great attention. 64 

Such processes are based on the •OH production via Fenton’s reaction between Fe2+ and 65 

electrogenerated hydrogen peroxide (H2O2) in acidic media (Galia et al., 2016; Lanzalaco et 66 

al., 2017). The most common Fenton-based EAOPs are electro-Fenton (EF), photoelectro-67 

Fenton (PEF) and solar photoelectro-Fenton (SPEF), which have shown high effectiveness 68 

for the remediation of wastewater containing POPs (Sirés and Brillas, 2012, 2017; Brillas, 69 

2014; Pérez et al., 2017; Coria et al., 2018). 70 

 The presence of chloride ion in textile wastewater allows the production of active 71 

chlorine, namely HClO and/or ClO−, during the Fenton-based treatments, thereby competing 72 

with the •OH to attack the pollutants. Active chlorine is formed by anodic oxidation of Cl− 73 

ion via reactions (1)-(3). The predominant species depends on the solution pH, which 74 

eventually determines the oxidation power of the treatment. The most powerful species is 75 

HClO (E° = 1.49 V/SHE), prevalent at pH between 3 and 8, followed by Cl2(aq) (E°=1.36 76 

V/SHE). In contrast, the weakest species is ClO− (E° = 0.89 V/SHE), which prevails beyond 77 

pH 8 (Trasatti, 1987). 78 

2Cl−    Cl2(aq)  +  2e−        (1) 79 

Cl2(aq)  +  H2O    HClO  +  Cl−  + H+      (2) 80 
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HClO    ClO−  + H+   pKa = 7.45     (3) 81 

 Kishimoto and Sugimura (2010) reported the Fenton-like reaction between HClO and 82 

Fe2+ to produce •OH in the bulk solution according to reaction (4), where the classical 83 

Fenton’s reaction is mimicked upon replacement of H2O2 by HClO. It is important to 84 

highlight that only a limited number papers have focused on this Fenton-like process for the 85 

destruction of POPs (Candeias et al., 2009; Kishimoto and Sugimura, 2010, 2013; Coledan 86 

2018). In earlier work, Aguilar et al. (2017) reported an electrochemical approach to this 87 

process, producing anodically the HClO through the oxidation of Cl− on a Ti|Ir–Sn–Sb oxide 88 

electrode via reactions (1) and (2). There was evidence of the EF-like process during the 89 

oxidation of the Acid Yellow 36 azo dye, attaining good results in terms of color removal 90 

and TOC decay. 91 

HClO  +  Fe2+    Fe3+  +  •OH  +  Cl−      (4) 92 

 As in classical EF, the Fenton-like reaction (4) can be propagated from Fe2+ regeneration 93 

by cathodic reduction via reaction (5) (Panizza and Oturan, 2011): 94 

Fe3+  +  e−    Fe2+         (5) 95 

 This EF-like process avoids the use of a gas diffusion cathode, commonly employed to 96 

electrogenerate hydrogen peroxide, and a more simple and cheaper platinized Ti or a 97 

stainless-steel plate can be utilized instead. Furthermore, by-products such as Fe(OH)2+ and 98 

Fe(III)-carboxylate are produced in such EF-like treatment, decreasing its effectiveness. 99 

These Fe(III) by-products can be photoreduced to Fe(II) upon irradiation with a source of 100 

UVA light through reactions (6) and (7) in the so-called PEF-like process, enhancing the 101 

mineralization of organic pollutants (Sirés et al., 2014; Aguilar et al., 2017; Xu et al., 2019). 102 
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Fe(OH)2+  +  hν    Fe2+  +  •OH       (6) 103 

Fe(OOCR)2+  +  hν    Fe2+  +  CO2  +  R•      (7) 104 

 A disadvantage of PEF is that the use of UVA lamps entails an additional electric energy 105 

consumption. This is overcome in the SPEF process, since sunlight is utilized as an 106 

inexpensive and renewable energy source. The SPEF treatment of POPs with 107 

electrogenerated H2O2 and Fe2+ has been widely studied, showing excellent performance 108 

(Thiam et al., 2015; Pérez et al., 2017). However, the performance of a SPEF-like process 109 

involving electrogenerated HClO and photoregenerated Fe(II) has not been evaluated yet. 110 

Hence, EF-like, PEF-like and SPEF-like processes seem good alternative methods to 111 

conventional EF, PEF and SPEF when the solutions contain chloride, as is the case of 112 

industrial textile wastewater. 113 

 This work reports the degradation of AR1 azo dye by SPEF-like process with anodically 114 

produced HClO and photoregenerated Fe(II) at pH 3.0 to yield •OH. The trials were carried 115 

out in a 6 L pre-pilot plant composed of an FM01-LC filter-press flow cell, with a Ti|Ir–Sn–116 

Sb oxide anode and a stainless-steel cathode, connected to a compound parabolic collector 117 

(CPC) photoreactor, operating in recirculation batch mode. The influence of catalyst (Fe2+) 118 

concentration, current density (j) and initial AR1 concentration on the performance of the 119 

SPEF-like process was assessed. Comparative trials by anodic oxidation with 120 

electrogenerated HClO (AO-HClO), EF-like and PEF-like processes were made to clarify 121 

the role of reaction (4) in the presence of Fe2+. Generated carboxylic acids were identified by 122 

ion-exclusion high-performance liquid chromatography (HPLC). The effect of j on the 123 

accumulation of HClO from Cl− oxidation at the Ti|Ir–Sn–Sb oxide anode was also assessed. 124 
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2. Materials and methods 125 

2.1. Chemicals 126 

 Commercial Acid Red 1 was supplied by Sigma-Aldrich and used as received. The 127 

electrolytic solutions were prepared with deionized water. Na2SO4 and NaCl were purchased 128 

from Karal and used as supporting electrolytes, FeSO4⋅7H2O was supplied by Fermont and 129 

used as catalyst. Chemicals used for analysis were of analytical grade purchased from Sigma-130 

Aldrich. 131 

2.2. Electrochemical system 132 

 The pre-pilot plant used in this work, designed and constructed by ourselves, has been 133 

described elsewhere (Pérez et al., 2017). It was composed of an FM01-LC electrochemical 134 

flow reactor coupled to a CPC photoreactor and a stirred tank that contained 6 L of solution, 135 

which was recirculated through the system by a centrifugal pump. The solution first reached 136 

the electrochemical reactor, then the photoreactor and finally, it was sent to the reservoir. The 137 

FM01-LC reactor was equipped with a Ti|Ir–Sn–Sb oxide plate as the anode, prepared as 138 

reported in earlier work (Aguilar et al., 2018), and a stainless-steel plate as the cathode. Both 139 

electrodes had a geometric area of 64 cm2 and the interelectrode gap was of 0.55 cm, where 140 

a Type-D turbulence promoter was positioned (Rivera et al., 2015). All trials were carried 141 

out at constant j provided by a BK Precision 1621A DC power supply, which displayed the 142 

voltage between the electrodes. 143 

 Duplicated trials were comparatively performed by AO-HClO, EF-like, PEF-like and 144 

SPEF-like using solutions containing AR1 in 35 mM NaCl + 25 mM Na2SO4 as background 145 

electrolyte at initial pH of 3.0. This pH value was selected because it has been found as the 146 

optimal for Fenton-based processes (Sirés et al., 2014). The AO-HClO and EF-like runs were 147 



Manuscript Ref.: CHEM66229 
 

8 
 

made in the dark, covering the system with an opaque cloth. The PEF-like experiments were 148 

conducted using a 15-W black light UVA lamp with λmax = 365 nm, which irradiated the 149 

CPC photoreactor locked in a black box. The SPEF-like assays were performed in clear and 150 

sunny days during the spring of 2019. The average daily UV solar irradiance was measured 151 

at a weather station located at the University of Guanajuato and was around 55 W m-2. The 152 

effect of Fe2+ concentration, applied j and AR1 content on the performance of the latter 153 

treatment was assessed. 154 

2.3. Apparatus and analytical methods 155 

 The solution pH was adjusted to 3.0 with a 10% (v/v) H2SO4 solution, as determined 156 

using a Hanna HI991300 pH-meter. Samples were withdrawn at different time intervals and 157 

further degradation inside the vials was immediately prevented by adding a 10% (v/v) NaOH 158 

solution until alkaline pH values were reached. The resulting solutions were filtered with 159 

0.45 µm PTFE syringe filters before analysis. The decolorization of AR1 solutions was 160 

monitored from the absorbance decay (at λmax = 506 nm, according to the absorption 161 

spectrum of the dye) measured on a Perkin Elmer Lambda 35 UV/Vis spectrophotometer. 162 

The percentage of color removal was then calculated from Eq. (8): 163 

% Color removal = 𝐴𝐴0−𝐴𝐴𝑡𝑡
𝐴𝐴0

100          (8) 164 

where A0 is the initial absorbance and At is that at electrolysis time t. The solution COD was 165 

measured by the closed reflux dichromate titration method (APWA, AWWA, WEF, 1992). 166 

 Produced carboxylic acids were detected and quantified by ion-exclusion HPLC using a 167 

Perkin Elmer Flexar LC fitted with an Agilent Hi-Plex H 8 mm, 300mm × 7.7 mm (i.d.), 168 

column at room temperature and coupled with a Flexar photodiode array detector set at λ = 169 
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210 nm. These analyses were carried out by injecting 20 µL of sample into the LC, being 170 

eluted with a 4 mM H2SO4 solution as mobile phase at 0.6 mL min-1 (Pérez et al., 2017). 171 

 Active chlorine was measured by the standard N,N-diethyl-p-phenylenediamine (DPD) 172 

colorimetric method using the above UV/Vis spectrophotometer set at λ = 515 nm (APWA, 173 

2005). 174 

3. Results and discussion 175 

3.1. Influence of current density on the accumulation of active chlorine 176 

 A first series of trials was carried out to assess the ability of the electrochemical system 177 

the produce active chlorine (HClO at pH 3.0) through Cl− oxidation by reactions (1) and (2). 178 

The experiments were made with the FM01-LC reactor coupled to a stirred tank containing 179 

6 L of a 35 mM NaCl + 25 mM Na2SO4 solution at pH 3.0. A high flow rate of 3.2 L min-1 180 

was used to avoid stagnant zones inside the FM01-LC reactor (Rivera et al., 2015). Fig. SM-181 

1 shows the influence of j from 5 to 20 mA cm-2 on the accumulation of active chlorine. It 182 

can be observed that the concentration of accumulated HClO increased with raising j, 183 

attaining 0.44, 0.64, 1.90 and 2.22 mM after 360 min of electrolysis at 5, 10, 15 and 20 mA 184 

cm-2, respectively. However, low current efficiencies of 8%, 7%, 12% and 11% were 185 

obtained, which can be related to the simultaneous O2 evolution, the •OH-mediated or direct 186 

oxidation of HClO to produce ClO3− and ClO4− ions (Thiam et al., 2015; Steter et al., 2016; 187 

Aguilar et al., 2017), the partial Cl2 stripping from the solution, and the cathodic reduction 188 

of active chlorine (Vacca et al., 2013). 189 

 The electrogenerated active chlorine in the pre-plant with the Ti|Ir–Sn–Sb oxide anode 190 

in the presence of Cl− ion at pH 3.0 is then expected to be a relevant oxidant to promote the 191 
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degradation of AR1 azo dye and its intermediates by AO-HClO, EF-like, PEF-like and SPEF-192 

like processes (Aguilar et al., 2017), as discussed in the next subsections. 193 

3.2. Effect of Fe2+ concentration on the SPEF-like process 194 

 To ascertain the influence of catalyst concentration on the SPEF-like process, 6 L of 195 

0.196 mM AR1 (4.06 mM COD) solutions with 35 mM NaCl + 25 mM Na2SO4 and 0.1-0.50 196 

mM Fe2+ were electrolyzed in the plant at j = 15 mA cm-2 and volumetric flow rate of 3.2 L 197 

min-1 for 480 min. The electrolyses were run at that current density because of the good 198 

accumulation up to 1.90 mM HClO, which ensures the continuous occurrence of the Fenton-199 

like reaction (4). The fixed flow rate prevented the appearance of stagnant zones, both in the 200 

FM01-LC electrochemical reactor (Rivera et al., 2015) and the CPC (Pérez and Nava, 2018), 201 

aiming at an excellent performance of the system (Pérez et al., 2017; Coria et al., 2018). 202 

 Fig. 1a shows the percentage of color decay versus electrolysis time for the above assays. 203 

As can be seen, the presence of a higher Fe2+ concentration caused a gradual deceleration of 204 

the decolorization process, more significantly at contents ≥ 0.30 mM. The quicker loss of 205 

color in the absence of catalyst suggests that active chlorine produced via reactions (1) and 206 

(2) was the main oxidant to break the azo bond, whereas the heterogeneous hydroxyl radical 207 

M(•OH) generated via reaction (9) also occurring at the Ti|Ir–Sn–Sb oxide anode surface 208 

(Aguilar et al., 2018, 2019) had a smaller relevance. Upon Fe2+ addition, HClO was partly 209 

consumed from reaction (4) and hence, a lower content of this oxidant was available to attack 210 

the azo dye and its oxidation products, yielding a slower decolorization. 211 

M  +  H2O    M(•OH)  +  H+  +  e−       (9) 212 
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 Fig. 1b depicts the normalized COD decay with time at the different Fe2+ concentrations 213 

studied. As can be seen, COD removal was upgraded with increasing catalyst content and 214 

thus, at 0.10, 0.20, 0.30 and 0.40 mM Fe2+ it was finally abated by 59%, 61%, 68% and 74%, 215 

respectively. These values were much higher than 29% obtained in the absence of Fe2+ ion 216 

(i.e., under AO-HClO conditions). This is a clear evidence of the progressive improvement 217 

of •OH production in the bulk from reactions (4)-(6), which can yield a larger oxidation of 218 

the organics. Nevertheless, when the catalyst concentration was further increased up to 0.50 219 

mM Fe2+, COD abatement became poorer, only being reduced by 50%. This suggests that 220 

the excess of Fe2+ promoted a large acceleration of the parasitic reaction (10) causing its 221 

consumption by •OH, leading to a decrease of the process efficiency (Sirés and Brillas, 2012, 222 

2017; Sirés et al., 2014). 223 

Fe2+  +  •OH    Fe3+  +  OH−       (10) 224 

 From the above COD measurements, two important parameters like the average current 225 

efficiency (ACE) and the energy consumption (EC) were calculated (Brillas et al., 2017). 226 

The ACE (in percentage) was determined according to Eq. (11):  227 

% ACE = (∆COD)t𝐹𝐹𝑉𝑉s
8𝐼𝐼𝐼𝐼

100           (11) 228 

where F is the Faraday constant (96,485 C mol-1), Vs is the solution volume (L), (COD)t is 229 

the experimental COD decay (g O2 L-1), 8 is the oxygen equivalent mass (g eq-1), I is the 230 

current intensity (A) and t is electrolysis time (s) at which sample was taken. The EC value 231 

was calculated from Eq. (12):  232 

EC (kWh (g COD)−1 = 𝐸𝐸cel𝑙𝑙𝐼𝐼𝐼𝐼
(△COD)t𝑉𝑉s

           (12) 233 
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where Ecell accounts for the average cell potential (V). 234 

 Fig. 1c shows the evolution of ACE with time for the above trials. The highest ACE was 235 

obtained at 0.40 mM Fe2+, with a value as high as 123% at the beginning of the SPEF-like 236 

process, thereby dropping down to 25% at 480 min. That catalyst amount can then be 237 

considered as the optimal to ensure the best treatment of AR1 solutions. Lower, but gradually 238 

increasing ACE values up to 58%, 72% and 82% were attained when employing 0.10, 0.20 239 

and 0.30 mM Fe2+, respectively. It is important to notice that the use of 0.50 mM Fe2+ caused 240 

a strong decay of the initial ACE, whose value was 41%, still superior to 30% determined in 241 

AO-HClO (without catalyst). This behaviour confirms the increasing formation of •OH from 242 

Fenton-like reaction (4), sustained by reactions (5) and (6), thus upgrading the ACE values 243 

up to 0.40 mM Fe2+; in contrast, the detrimental effect of reaction (10) affected the efficiency 244 

in the trial with 0.50 mM Fe2+. At the beginning of the treatment at 0.40 mM Fe2+, the ACE 245 

values greater than 100% found can be explained by: (i) The combined effect of reactions 246 

(1), (2) and (4), along with (ii) the crucial contribution of photochemical reactions (6) and 247 

(7) promoted by UVA light, which allow the destruction of refractory complexes and the 248 

continuous photoregeneration of Fe2+ catalyst, and (iii) the low current density employed (j 249 

= 15 mA cm-2). The fast decay of ACE as the electrolysis was prolonged, as observed in all 250 

the trials of Fig. 1c, can be justified by the loss of organic load with generation of more 251 

refractory by-products (Sirés et al., 2014; Coria et al., 2018). 252 

 Fig. 1d highlights, as expected, that EC rose at longer electrolysis time and it became 253 

lower as greater COD abatements were achieved. The lowest final EC was found for the 254 

optimum trial at 0.40 mM Fe2+, only requiring 0.076 kWh (g COD)-1 to achieve 74% COD 255 

decay. In the absence of Fe2+ (i.e., AO-HClO process), the final EC was as high as 0.198 256 
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kWh (g COD)-1, related to 28% COD removal, which corroborated the greater oxidation 257 

ability of the SFEF-like process. It is important to highlight that the direct photolysis of the 258 

AR1 azo dye under solar irradiation was completely ineffective, in agreement with other 259 

studies that reported the high stability of this class of dye against solar irradiation and other 260 

conventional physicochemical methods (Daud et al., 2010, 2011; Thomas et al., 2014). 261 

3.3. Influence of current density on the SPEF-like process 262 

 Current density is a key operational variable because it determines the production of 263 

active chlorine from reactions (1) and (2). To clarify its effect on the degradation of AR1 by 264 

SPEF-like process, several trials were carried out by electrolyzing a 0.196 mM dye solution 265 

with 35 mM NaCl + 25 mM Na2SO4 and 0.40 mM Fe2+ as optimum catalyst concentration, 266 

at j values of 5, 10, 15 and 20 mA cm-2. 267 

 Fig. 2a clearly evidences an enhancement of the percentage of color removal as j became 268 

higher. This can be explained by the greater amount of active chlorine produced, as shown 269 

in Fig. SM-1, simultaneously increasing the •OH content via Fenton-like reaction (4). At 5 270 

and 10 mA cm-2, 89% and 98% of decolorization percentages were attained after 240 min of 271 

electrolysis, respectively, whereas at higher j values of 15 and 20 mA cm-2, more than 97% 272 

color removal was already achieved at 120 min. 273 

 Fig. 2b shows the expected rise of the normalized COD decay with increasing j, reaching 274 

final values of 50%, 56% and 74% at 5, 10 and 15 mA cm-2. However, a lower COD 275 

abatement was obtained at 20 mA cm-2 (61%) as compared to the latter trial, which can be 276 

associated with the quicker increase in rate of (i) the O2 evolution reaction, (ii) the •OH-277 

mediated and direct oxidation of active chlorine, and/or (iii) the parasitic reaction (10). 278 
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 Fig. 2c highlights that similar initial ACE values around 120% were determined at the 279 

beginning of the processes at j between 5 and 15 mA cm-2, which decayed to 80% at 20 mA 280 

cm-2 because of the higher acceleration of side reactions, as stated above. The ACE value 281 

always decayed monotonically at longer time, more rapidly with increasing j, which can be 282 

associated with the quicker formation of more recalcitrant by-products upon the action of 283 

greater amounts of generated oxidants (mainly HClO and •OH). This behavior is also evident 284 

from the profiles of EC presented in Fig. 2d, whose values progressively rose with increasing 285 

j due to the associated greater Ecell (see Eq. (12)), varying between 0.023 and 0.140 kWh (g 286 

COD)-1 within the j range from 5 to 20 mA cm-2. 287 

 The above findings allow concluding that under the present experimental conditions 288 

using an optimum Fe2+ catalyst concentration (0.40 mM), the SPEF-like process performed 289 

better at j = 15 mA cm-2, since it yielded the largest COD abatement of 74% with a relatively 290 

low EC of 0.076 kWh (g COD)-1. These were considered the best conditions, being kept in 291 

subsequent assays. 292 

3.4. Effect of Acid Red 1 concentration on the SPEF-like process 293 

 The influence of the AR1 concentration between 0.096 mM (2.03 mM COD) and 0.385 294 

mM (8.12 mM COD) on the performance of the SPEF-like treatment was assessed. Fig. 3a 295 

shows that using 0.40 mM Fe2+ as catalyst and operating at j = 15 mA cm-2, total 296 

decolorization of 0.096 and 0.196 mM dye solutions was reached in 120 min of electrolysis, 297 

whereas the solution with 0.385 mM AR1 needed much longer time, around 480 min. This 298 

is not surprising because a constant amount of oxidizing agents is expected to be produced 299 

under the same electrolytic conditions and then, the oxidation of AR1 and its by-products 300 

became slower at greater organic load. This trend can also be observed in Fig. 3b for the 301 
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corresponding COD removals, where increasing reductions of 41%, 74% and 87% were 302 

obtained at the end of the assays of 0.385, 0.196 and 0.096 mM AR1, respectively. This 303 

behavior is opposite to the change of ACE shown in Fig. 3c, which decreased progressively 304 

as dropping the dye content. Note that an initial ACE value as high as 196% was found at 305 

0.385 mM, decaying down to 66% at 0.096 mM. That means that a higher organic load 306 

promotes a larger interaction between the organic molecules and the oxidants (HClO and 307 

•OH), which increases the efficiency although at the expense of a longer time needed for a 308 

given COD removal (Sirés et al., 2014). This tendency fully agreed with the lower EC value 309 

obtained as the AR1 concentration became higher, as shown in Fig. 3d. 310 

3.5. Comparative degradation of Acid Red 1 by EF-like and PEF-like treatments 311 

 Once studied the performance of the SPEF-like treatment of AR1 solutions in chloride 312 

medium at pH 3.0, comparative EF-like and PEF-like treatments of 6 L of solutions 313 

containing 0.196 mM of dye with 35 mM NaCl + 25 mM Na2SO4 and 0.40 mM Fe2+ were 314 

also carried out at j = 15 mA cm-2. 315 

 Fig. 4a depicts the change of color removals in these trials, as well as those obtained in 316 

the analogous AO-HClO and SPEF-like treatments already presented in Fig. 1a. As can be 317 

seen, a slightly quicker color removal occurred in EF-like as compared to AO-HClO, both 318 

processes yielding a slightly faster decolorization than PEF-like process. A substantially 319 

slower color removal can be observed in SPEF-like treatment. This behavior suggests a pre-320 

eminent control of color removal in AO-HClO by active chlorine production, with a smaller 321 

contribution of M(•OH) formed from reaction (7). In EF-like process, the amount of 322 

homogeneous •OH formed from Fenton-like reaction (4) slightly accelerated the dye 323 

removal. However, when larger •OH contents were generated induced by photoreaction (6) 324 
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upon irradiation with UVA light, the faster consumption of active chlorine by this radical 325 

caused a loss of performance in PEF-like process. This was even more evident in SPEF-like 326 

process, since the greater UV intensity of sunlight enhanced the rate of reaction (6). 327 

 Fig. 4b illustrates that for times longer than 240 min, COD depletion decreased in the 328 

sequence: AO-HClO < EF-like < PEF-like < SPEF-like, attaining 29%, 52%, 70% and 74% 329 

abatement, respectively, at the end of such processes. This trend suggests that: (i) the 330 

homogeneous •OH in EF-like process is more effective than active chlorine to oxidize the 331 

by-products formed, most of them probably being chloroderivatives coming from the 332 

concomitant attack of active chlorine. Such intermediates are difficulty destroyed in AO-333 

HClO, yielding the poorest COD removal; (ii) the UVA light provided by the lamp or 334 

sunlight in the photoassisted Fenton-based EAOPs not only photoregenerates Fe2+ with •OH 335 

production from reaction (6), but can also photolyze photoactive intermediates like Fe(III) 336 

complexes, reaction (7), enhancing the COD decay (Brillas et al., 2009; Sirés et al., 2014; 337 

Aguilar et al., 2017); and (iii) the greater UV intensity of sunlight can explain the slightly 338 

superior performance of SPEF-like process over PEF-like one at times greater than 240 min. 339 

The larger COD decay found in the latter process at shorter times could be due to the faster 340 

photolysis of some by-products absorbing at a wavelength near 360 nm, as supplied by the 341 

UVA lamp. 342 

 Fig. 4c confirms that the highest ACE values were achieved at the beginning of the PEF-343 

like and SPEF-like treatments, reaching values of 199% and 123%, respectively. These high 344 

ACE can be ascribed to the combined action of electrogenerated HClO and the 345 

photoregenerated Fe(II) via reaction (6). In contrast, at the end of these trials, ACE was 346 

reduced down to 24% and 25%, being slightly greater for SPEF-like. A much better 347 



Manuscript Ref.: CHEM66229 
 

17 
 

performance of both photoassisted processes due to the photolysis of intermediates as 348 

compared to EF-like one can also be observed in Fig. 4c. For the latter process, a much slower 349 

ACE decay, from 36% to 18%, occurred, indicating a smaller influence of the destruction of 350 

the recalcitrant intermediates on its performance. In the case of the less powerful AO-HClO, 351 

a more pronounced ACE decay, from 30% to 9.6%, took place because intermediates were 352 

more slowly removed only from the attack of M(•OH), without the additional attack of 353 

homogeneous •OH formed from Fenton-like reaction (4) in EF-like treatment. According to 354 

this behaviour, the lowest final EC values were 0.080 and 0.076 kWh (g COD)-1 for PEF-355 

like and SPEF-like assays, respectively. The use of the latter process is then advisable for 356 

treating wastewater containing Cl−, since the energy consumption of the former one grew up 357 

to 0.300 kWh (g COD)-1 if the electrical power of the UVA lamp was also considered. 358 

3.5. Identification of generated carboxylic acids 359 

 The generated carboxylic acids during the AR1 degradation were identified by ion-360 

exclusion HPLC analysis of the solutions treated as described in Fig. 4. Any acid was 361 

detected in the photoassisted processes, whereas final oxalic and maleic acids were found in 362 

AO-HClO and EF-like treatments. Maleic acid is expected to be formed from the oxidation 363 

and cleavage of the aromatic rings of the azo dye, whereas oxalic acid is a final by-product 364 

that is produced upon degradation of long-chain aliphatic carboxylic acids (Sirés et al., 2014; 365 

Brillas and Martínez-Huitle, 2015). In the presence of iron ions, these acids are mainly in the 366 

form Fe(III)-carboxylate complexes. 367 

 Fig. 5 shows a low accumulation of maleic acid, attaining 0.37 and 0.13 mg L-1 at the 368 

end of the AO-HClO and EF-like treatments, respectively. Higher concentrations of oxalic 369 

acid, i.e., 1.73 and 1.55 mg L-1, were finally obtained. Note that both acids were more largely 370 
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accumulated in AO-HClO, confirming the action of •OH generated from Fenton-like reaction 371 

(4) to remove their precursors in the EF-like trial. The fact that these acids were not detected 372 

in PEF-like and SPEF-like treatments can be related to the rapid photodecarboxylation of 373 

their Fe(III) complexes under UVA irradiation via reaction (7), which additionally 374 

photoregenerated Fe2+ that stimulated the •OH production. 375 

4. Conclusions 376 

 The SPEF-like treatment performed in 25 mM Na2SO4 and 35 mM NaCl at pH 3.0 was 377 

able to completely decolorize AR1 dye solutions and largely remove their COD. A catalyst 378 

concentration of 0.40 mM Fe2+ and a current density of 15 mA cm-2 were found as optimal. 379 

The increase of dye content decelerated the decolorization process and COD removal, but 380 

enhanced the ACE and hence, decreased the EC. For 0.196 mM AR1 solutions, SPEF-like 381 

outperformed the other treatments, yielding the total decolorization at 120 min and 74% COD 382 

decay at 480 min, with 25% of ACE and EC of 0.076 kWh (g COD)-1. The ACE values at 383 

short time was greater than 100%, as also found in PEF-like, suggesting the synergistic action 384 

of electrogenerated HClO and UVA photolysis. The oxidation power of EAOPs decreased in 385 

the sequence: SPEF-like > PEF-like > EF-like > AO-HClO. The superiority of EF-like as 386 

compared to AO-HClO can be related to the generation of homogeneous •OH from Fenton-387 

like reaction (4). The photoregeneration of Fe(II) from Fe(III) species, along with the 388 

photolysis of intermediates, explains the superiority of the photoassisted treatments. The 389 

lower energy consumption of SPEF-like process makes it an interesting option for the 390 

treatment of chlorinated wastewater. 391 
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Figure captions 516 

Fig. 1. Influence of catalyst concentration on the change of (a) percentage of color removal, 517 

(b) normalized COD, (c) average current efficiency (in percentage), and (d) energy 518 

consumption per gram of COD with electrolysis time for the SPEF-like treatment of 6 L of 519 

0.196 mM AR1 (4.06 mM of COD) solutions in 35 mM NaCl + 25 mM Na2SO4 at pH 3.0 520 

using an FM01-LC reactor with a 64 cm2 Ti|Ir–Sn–Sb oxide anode and a 64 cm2 stainless 521 

steel cathode at current density (j) of 15 mA cm-2 and volumetric flow rate of 3.2 L min-1. 522 

[Fe2+]0: () 0 mM (i.e., AO-HClO), () 0.10 mM, () 0.20 mM, () 0.30 mM, () 0.40 523 

mM and () 0.50 mM. 524 

Fig. 2. Effect of current density on the time course of (a) percentage of color removal, (b) 525 

normalized COD, (c) average current efficiency (in percentage), and (d) energy consumption 526 

per gram of COD for the SPEF-like treatment of 6 L of 0.196 mM AR1 solutions in 35 mM 527 

NaCl + 25 mM Na2SO4 with 0.40 mM Fe2+ at pH 3.0 using an FM01-LC reactor with a Ti|Ir–528 

Sn–Sb oxide anode and a stainless steel cathode at volumetric flow rate of 3.2 L min-1. 529 

Applied j: () 5 mA cm-2, () 10 mA cm-2, () 15 mA cm-2 and () 20 mA cm-2. 530 

Fig. 3. Influence of initial AR1 dye concentration on the variation of (a) percentage of color 531 

removal, (b) normalized COD, (c) average current efficiency (in percentage), and (d) energy 532 

consumption per gram of COD with electrolysis time for the SPEF-like treatment of 6 L of 533 

AR1 solutions in 35 mM NaCl + 25 mM Na2SO4 with 0.4 mM Fe2+ at pH 3.0 using an FM01-534 

LC reactor with a Ti|Ir–Sn–Sb oxide anode and a stainless steel cathode at j = 15 mA cm-2 535 

and volumetric flow rate of 3.2 L min-1. [AR1]0: () 0.096 mM, () 0.196 mM and () 536 

0.385 mM. 537 
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Fig. 4. Variation of (a) percentage of color removal, (b) normalized COD, (c) average current 538 

efficiency (in percentage), and (d) energy consumption per gram of COD with electrolysis 539 

time for the () AO-HClO, () EF-like, () PEF-like and () SPEF-like treatment of 6 L 540 

of 0.196 mM AR1 solutions in 35 mM NaCl + 25 mM Na2SO4 at pH 3.0 using an FM01-LC 541 

reactor with a Ti|Ir–Sn–Sb oxide anode and a stainless steel cathode at j = 15 mA cm-2 and 542 

volumetric flow rate of 3.2 L min-1. The three latter methods were operated with 0.40 mM 543 

Fe2+ as catalyst. 544 

Fig. 5. Evolution of the concentration of (,) maleic and (,) oxalic acids during the 545 

(,) AO-HClO and (,) EF-like treatments of Fig. 4.546 
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