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Abstract 1 

This study aimed at understanding the influence of the generation of oxidants in a 2 

heterogeneous way at boron-doped diamond (BDD) anode (anodic oxidation (AO)) or 3 

homogeneously in the bulk (electro-Fenton (EF)) during treatment of a textile industry 4 

wastewater. Both processes achieved high TOC removal. A yield of 95% was obtained by 5 

combining EF with BDD anode during 6 h of treatment. The EF process was found to be 6 

faster and more efficient for discoloration of the effluent, whereas AO was more effective to 7 

limit the formation of degradation by-products in the bulk. An advantage of AO was to treat 8 

this alkaline effluent without any pH adjustment. Operating these processes under current 9 

limitation allowed optimizing energy consumption in both cases. However, using BDD anode 10 

led to the formation of very high concentration of ClO3
-/ClO4

- from Cl- oxidation (even at low 11 

current density), which appears as a key challenge for treatment of such effluent by AO. By 12 

comparison, EF with Pt anode strongly reduced the formation of ClO3
-/ClO4

-. Operating EF at 13 

low current density even maintained these concentrations below 0.5% of the initial Cl- 14 

concentration. A trade-off should be considered between TOC removal and formation of toxic 15 

chlorinated by-products.  16 

 17 

Keywords: Anodic Oxidation, Electro-Fenton, Mineralization, Dye, Perchlorate  18 

  19 
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1. Introduction 20 

Effluents from textile and tannery industry contain large amounts of dyes [1–3]. The 21 

discharge of such effluents in the environment presents several critical drawbacks, including 22 

the impact on the color of water bodies and critical effects related to the acute and long-term 23 

toxicity of some dyes [4]. The textile industry consumes more than 10 billion liters of water 24 

per day as well as 800 000 tons of dyes, of which 120 000 tons end up in wastewaters [4]. 25 

These very specific effluents contain high concentrations of dyes as well as other organic and 26 

mineral compounds depending on the dyeing process. Biological treatments are usually not 27 

suitable because of the low biodegradability of dyes, low N content, high salinity and high pH 28 

of these effluents [5]. Strong adverse effects were also observed from the discharge of these 29 

effluents in municipal wastewater due to their toxic effects on the biomass of conventional 30 

activated sludge process [6]. Therefore, advanced processes have to be developed for on-site 31 

treatment of these hazardous effluents [5,7]. 32 

Coagulation and electro-coagulation have been widely studied for the treatment of textile 33 

wastewater [7,8]. For example, electro-coagulation was able to remove 99% of turbidity but 34 

only 79% of chemical oxygen demand (COD) from a textile industry effluent (not enough for 35 

meeting environmental standards) [1]. Moreover, such treatment involves only a transfer of 36 

pollutants from the liquid to the solid phase and the generated sludge represents an additional 37 

waste to manage. Conventional oxidation processes using ozone or Fenton process have also 38 

been applied. While the removal of the color is very fast, an important issue is usually related 39 

to the recalcitrance of some degradation by-products [9–12]. A pH adjustment step is also 40 

often required for optimization of these processes [13,14]. 41 

Electrochemical advanced oxidation processes (EAOPs) are emerging processes presenting a 42 

crucial advantage related to their non-selectivity for the full mineralization of organic 43 

pollutants [15–22]. They are based on the generation of hydroxyl radicals (OH), the second 44 
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most powerful oxidant known [23]. Electro-Fenton (EF) and anodic oxidation (AO) are the 45 

two most popular EAOPs [15]. The AO process is based on the generation of OH from water 46 

oxidation (Eq. 1) at the surface of anode material with high overpotential for oxygen 47 

evolution reaction [24,25]. Other oxidant species can also be generated depending on 48 

electrode materials and ions in the solution. For example, active chlorine and persulfates can 49 

be generated in effluents containing Cl- and SO4
2- ions [15]. The EF process is based on the 50 

formation of OH from electrochemical generation of the Fenton’s reagent (Fe2+ and H2O2) 51 

(Eq. 2) by (i) the two electron reduction of dissolved O2 on carbonaceous cathode materials 52 

and (ii) the one electron reduction of Fe3+ to Fe2+ at the cathode [26,27]. By using a suitable 53 

anode material, formation of OH at the surface of the anode can also enhance the oxidation 54 

power of the EF process [18,28]. 55 

M + H2O  M(•OH) + H+ + e–      (1) 56 

Fe2+ + H2O2  Fe3+ + •OH + OH–       (2) 57 

Several studies have reported the possibility to use EAOPs for the degradation and 58 

mineralization of a large range of organic compounds, including dyes [7,29–32]. However, 59 

there is a lack in treatment of real wastewaters by EAOPs [33]. Therefore, further 60 

development of EAOPs still requires addressing several challenges such as (i) the 61 

optimization of the process for a specific application, (ii) the understanding of reaction 62 

mechanisms in complex real effluents and (iii) the evaluation of the formation of toxic by-63 

products generated during the process [15,20,34]. Particularly, it is important to well 64 

understand the different advantages and drawbacks of the different EAOPs. The •OH are 65 

generated in a different way during AO and EF. They are homogeneously generated in the 66 

bulk solution in the EF process, while they are generated and accumulated at the surface of 67 

the anode in the AO process [16,18,22,25,35]. Therefore, the aim of this study was to 68 

compare AO and EF processes for the treatment of a real effluent from the textile industry. 69 
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The different behaviors in terms of degradation and mineralization kinetics of organic 70 

compounds were emphasized. Moreover, the evolution of chlorate (ClO3
-) and perchlorate 71 

(ClO4
-) generated from oxidation of chloride was monitored since it is an important issue that 72 

should be further taken into consideration for integration of EAOPs in a real wastewater 73 

treatment system. 74 

2. Material and methods 75 

2.1 Chemicals 76 

All chemicals were HPLC or analytical grade. Sulfuric acid (98%) and nitric acid (65%) were 77 

provided from Fluka. Chemical reagents for determination of chemical oxygen demand 78 

(COD) were obtained from Sigma Aldrich (K2CrO7 and Ag2SO4) or Merck (Hg2SO4). Iron 79 

(II) sulfate heptahydrate (FeSO4•7H2O, 99.9%) and potassium hydrogen phthalate (C8H5KO4, 80 

99.95%) were obtained from Merck. Dilutions and solutions were prepared with ultra-pure 81 

water produced by a Milli-Q system (resistivity > 18.2 MΩ cm at 25 °C). The dye wastewater 82 

was obtained from a textile industry in Ivory Coast. Various dyes were provided by the textile 83 

industry in order to identify the main dye contained in the effluent. 84 

2.2 Electrochemical reactor 85 

An undivided cylindrical open batch reactor was used for performing electrochemical 86 

processes. The total volume of the treated solution was 230 mL and it was maintained under 87 

continuous magnetic agitation. Experiments were performed under galvanostatic conditions 88 

using a DC power supply (Hameg, HM8040-3). 89 

For the AO process, plate electrodes were placed face to face with an inter-electrode distance 90 

of 2 cm. The anode was a boron-doped diamond (BDD) thin film deposited onto a niobium 91 

(Nb) substrate from Condias (6 × 4 cm2), while the cathode was stainless steel AISI 304 92 
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obtained from Goodfellow (6 × 4 cm2). The influence of the solution pH (3, 8 and 13.4) of the 93 

effluent was studied by adjustment of the initial pH with sulfuric acid.  94 

For the EF process, a carbon felt obtained from Mersen (16 × 5 cm2) was used as cathode and 95 

placed on the inner wall of the cylindrical reactor. The anode was placed at the center of the 96 

reactor, using either a Pt (noted EF/Pt process) or a BDD anode (noted EF/BDD process). A 97 

concentration of 0.1 mM of iron (II) was added to the solution as catalyst (since iron was not 98 

present in the raw effluent) and air was continuously bubbled in the solution in order to 99 

provide sufficient dissolved oxygen for production of hydrogen peroxide at the cathode. This 100 

reactor setup was similar to the one reported in previous studies [21,22,28,36]. All EF 101 

experiments were performed at initial pH of 3 (adjusted with sulfuric acid) in order to avoid 102 

precipitation of iron. 103 

The conductivity of the effluent was sufficient to perform the EAOPs without addition of any 104 

additional salt. 105 

Experiments were repeated twice and mean values were used to build the graphs. 106 

 107 

2.3 Total organic carbon (TOC) analysis 108 

TOC analyses were performed in order to monitor the mineralization rate of the organic 109 

matter of the treated solution. Analyses were carried out using a TOC-L from Shimadzu with 110 

the non-purgeable organic carbon method. Calibration was performed using potassium 111 

hydrogen phthalate in the range 0.20 – 20 mg L-1. Analyses were repeated 2 times, or 3 times 112 

if the coefficient of variation was above 2.0%. 113 

 114 

2.4 Chemical oxygen demand (COD) analysis 115 
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Samples were mixed with the digestion solution (containing K2CrO7, H2SO4, Ag2SO4 and 116 

Hg2SO4) and incubated at 148 °C for 2 h in a Spectroquant® TR 420 digester (Merck). 117 

Analysis was then performed using a Spectroquant® Nova 60 photometer (Merck).  118 

2.5 Current efficiency and energy consumption 119 

Current efficiency (CECOD) for COD removal was calculated using the Eq. 3. 120 

CECOD (%) = 
(஼ை஽బ ି ஼ை஽೟) ி ௏

଼ ூ ௧
∗ 100       (3) 121 

where COD0 is the initial COD (mg L-1), t is the treatment time (s), CODt is the COD at time 122 

of treatment t, I is the current intensity (A), V is the volume of the solution (L) and F is the 123 

Faraday constant. 124 

Current efficiency for Cl- oxidation to ClO3
- and ClO4

- (CEClOx) was calculated using the Eq. 125 

4. 126 

CEClOx (%) = ቀ
଺ [େ୪୓య

ష] ி ௏

ூ ௧
+  

଼ [େ୪୓ర
ష] ி ௏

ூ ௧
ቁ ∗ 100       (4) 127 

where [ClO3
-] and [ClO4

-] are the amount of chlorate and perchlorate generated (in M) and 6 128 

and 8 represents the number of electrons involved in the oxidation of Cl- to ClO3
- and ClO4

-, 129 

respectively. 130 

Electrical energy consumption (EC) per kg of TOC removed was calculated according to the 131 

Eq. 5. 132 

EC (kWh (kg TOC)-1) =  
ଵ଴଴଴ ௎ ூ ௧

(்ை஼బ ି ்ை஼೟) ௏
      (5) 133 

where U is the cell potential (V) and TOC is the total organic carbon (mg L-1) at time 0 and t 134 

(h), respectively. 135 

EC per m3 of treated water was calculated according to the Eq. 6. 136 
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EC (kWh m-3) =  
௎ ூ ௧

 ௏
         (6) 137 

2.6 UV-vis absorbance analysis 138 

UV-vis absorbance analyses were performed in order to follow the discoloration of the 139 

effluent, which indicates the degradation of the dyes. Analyses were performed 668 nm (i.e. 140 

maximum of absorbance of the effluent in the visible region). Full UV-vis spectra were also 141 

recorded in order to better understand the evolution of the nature of organic compounds 142 

during the treatment. 143 

2.7 Ion chromatography 144 

Ion chromatography was used for analysis of the main anions in the effluent (Cl- and SO4
2-) as 145 

well as for monitoring the formation of ClO3
- and ClO4

- during the treatment. Analyses were 146 

performed with a Dionex ICS-1000 equipped with a conductivity detector DS6, an ASRS 300 147 

suppressor, an anionic column AS4A-SC (4 mm × 250 mm) and an injection loop of 25 L. 148 

The mobile phase was 1.8 mM sodium carbonate (Na2CO3) and 1.7 mM of sodium 149 

bicarbonate (NaHCO3). Elution was carried out in isocratic mode with a flow rate of 2 mL 150 

min-1.  151 

3. Results and discussion 152 

3.1 Characterization of the effluent   153 

The effluent treated in this study was directly sampled from wastewaters of the textile 154 

industry TEX-CI Gronfreville located at Bouaké (Ivory Coast). Physicochemical 155 

characteristics of the effluent are reported in Table 1 and they are compared to national 156 

regulations and recommendations from the World Health Organization. High organic loading 157 
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and a very alkaline pH make this effluent very difficult to treat by most of the conventional 158 

techniques without a pH adjustment. 159 

Another important characteristic of this effluent was the high concentrations of sodium, 160 

chloride and sulfate ions. They come from the addition of sodium hydroxide (NaOH), sodium 161 

chloride (NaCl), sodium hydrosulfite (NaଶSଶOସ) and sodium hypochlorite (NaClO) during the 162 

various steps of the textile industry (bleaching, mercerization, desizing, dyeing). The presence 163 

of these salts resulted in a high conductivity, which was suitable for application of the 164 

electrochemical process without further addition of any additional salt.  165 

The UV-vis absorbance spectrum of the effluent is presented in Fig. 1. Two significant 166 

absorbance peaks were observed in the visible region, at 624 and 668 nm. These peaks are 167 

ascribed to the chromophore groups of a dye. The effluent spectrum was then compared with 168 

the spectrum of various individual dyes used by the textile industry (Fig. 1 and Fig. SI-1). The 169 

comparison allowed for identification of Bezathren Dark Blue (BDB) as the main dye 170 

contained in the effluent. Chemical structure of this anthraquinone-based dye is provided in 171 

Fig. SI 2; it is an aromatic compound containing two anthraquinone units and two amino 172 

(chromophore) groups [37]. Besides, for a similar value of absorption in the visible region, the 173 

absorbance of the effluent in the UV region was much higher than for BDB dye. It was 174 

ascribed to the presence of organic additives absorbing in the UV region such as detergents, 175 

surfactants, binders or thickener used by the textile industry. These results highlight that this 176 

kind of effluent is a complex mixture of organic and inorganic compounds that is difficult to 177 

treat using conventional treatment methods. 178 

 179 

 180 
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Table 1 – Main physicochemical characteristics of the textile effluent under study and 181 

discharge limitations 182 

Parameters  

(unit) 
Values 

National 

regulation 

(Ivory Coast) (a) 

 World Health 

Organization(b)  

pH 

Conductivity (mS/cm) 

COD (gO2/L) 

TOC (g/L) 

SS (g/L) 

[Na+] (g/L) 

[Cl-] (g/L) 

[SO4
-] (g/L) 

Color 

 

13.40 

9.31 

1.10 

0.45 

0.15 

1.07 

0.44 

0.18 

Blue 

 

5.5-9.5 

 

0.50 

 

0.05 

 

0.05 

 

Colorless 

 

6.5-9.5 

0.4 

0.25-0.50 

 

0.05 

0.15 

0.15 

0.5 

Colorless 

(a) Ivory Coast recommendations for effluent discharge in the environment [38] 183 

(b) World Health Organization recommendation for effluent discharge in the environment 184 

[39] 185 

 186 
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 187 

Figure 1 – Comparison of the UV-vis spectrum of raw effluent (black line) and 188 

solution of Bezathren Dark Blue (BDB) dye (red line). 189 

 190 

3.2 Comparison of EF (homogeneous) and AO (heterogeneous) processes for 191 

mineralization of organic compounds in textile wastewater 192 

The first objective of this study was to compare the effectiveness of the different EAOPs (AO 193 

with BDD anode (AO/BDD), EF with Pt anode (EF/Pt) and EF with BDD anode (EF/BDD)) 194 

for the removal of TOC. The evolution of TOC in the solution was monitored in order to 195 

follow the mineralization kinetic of organics in the solution (Fig. 2a). After 6 h of treatment at 196 

200 mA (current density of 8.3 mA cm-2), 52%, 75% and 95% of the initial TOC was 197 

removed from the solution by using EF/Pt, AO/BDD and EF/BDD, respectively. The higher 198 

efficiency of EF/BDD was explained by formation of a larger amount of OH coming from 199 

both water oxidation at the BDD surface and Fenton’s reaction in the bulk. However, it is 200 

interesting to notice that OH are not generated in the same way during EF (homogeneously in 201 
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the bulk) and AO (heterogeneously at the anode surface) processes. The next objective was 202 

therefore to understand the impact on the mineralization kinetics.  203 

Linear regression analysis of mineralization kinetics highlighted different behaviors. 204 

Mineralization of organic compounds by AO/BDD process clearly followed a pseudo-zero 205 

order kinetic (Eq. 8 and Fig. 2b) (k0 = 50 mg L-1 h-1). In this case, OH are generated and 206 

accumulated in a heterogeneous way, only at the surface of the BDD anode [25]. Therefore, 207 

this kinetic behavior was explained by the high concentration of organic compounds 208 

compared to the current intensity supplied to the system [24,40]. Considering a typical mass 209 

transfer coefficient of organic compounds from the bulk to the electrode surface in such batch 210 

configuration (km = 3.10-5 m s-1), the limiting current density (Eq. 7) was calculated as 40 mA 211 

cm-2 at the beginning of the process [24]. It is also possible to calculate that the process was 212 

operated under current limitation as long as the removal rate of COD was below ≈ 80% (i.e. 213 

almost during the whole 6 h of treatment). During this period, the reaction rate depends only 214 

on current and not on the concentration of organic compounds, thus explaining why a pseudo-215 

zero order kinetic was obtained. 216 

𝑗௟௜௠ = 4 𝐹 𝑘௠ 𝐶𝑂𝐷         (7) 217 

with 𝑗௟௜௠, the limiting current density (A m-2); 𝐹, the Faraday constant; 𝑘௠, the mass transport 218 

coefficient (m s-1) and COD, the chemical oxygen demand (mol m-3)  219 

ௗ ்ை஼(௧)

ௗ௧
= 𝑘଴          (8) 220 

with 𝑘଴, the pseudo-zero order rate constant 221 

By comparison, EF/Pt and EF/BDD processes followed rather a pseudo-first order kinetic 222 

(Eq. 9) for the mineralization of organic compounds (Fig. 2c). The mineralization rate 223 

depends, in this case, on the concentration of organic matter in the solution. The EF/Pt 224 
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process generates OH in a homogeneous way in the bulk. These OH have very short 225 

lifetime, e.g., the reaction rate between two OH (k = 5.5 × 109 mol s-1 L-1) [41] is in the same 226 

order of magnitude than the reaction rate between OH aromatic compounds (k = 108 - 1010 227 

mol s-1 L-1) [41]. Therefore, the promotion of the reaction of OH with organic compounds 228 

(instead of waste reactions) is strongly dependent on the concentration of organic matter in 229 

the solution. 230 

ௗ ்ை஼(௧)

ௗ௧
= 𝑘ଵ ∗ 𝑇𝑂𝐶(𝑡)        (9) 231 

with 𝑘ଵ, the pseudo-first order rate constant 232 

The use of a BDD electrode, as anode in the EF process, strongly increased the mineralization 233 

kinetics (k1 = 0.12 and 0.38 h-1 for EF/Pt and EF/BDD, respectively) due to the higher 234 

contribution of heterogeneous OH, generated on the surface of BDD anode, for 235 

mineralization of organic compounds, compared to Pt anode. Pt is an active anode and 236 

therefore it is not able of accumulating large amounts of OH on its surface. The degradation 237 

of organic compounds take place can only from direct electron transfer, which is a selective 238 

mechanism contributing in a minor way to the mineralization. These results obtained in a real 239 

complex effluent confirm that a detailed mineralization kinetic model of EF-based processes 240 

should take into consideration both homogeneous reactions in the bulk and heterogeneous 241 

reaction at the anode, as proposed by Mousset et al. (2019) [42]. 242 

 243 
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Figure 2 – Comparison of mineralization kinetics of the raw effluent by different 245 

processes at constant current intensity of 200 mA (8.3 mA cm-2), including anodic 246 

oxidation with BDD anode (AO), electro-Fenton process with Pt anode (EF) and 247 

electro-Fenton with BDD anode (EF/BDD) (a). Linear regression analysis of 248 

mineralization kinetics following a pseudo-zero (b) and pseudo-first (c) order 249 

assumption.  250 

 251 

3.3 Comparison of homogeneous (EF) and heterogeneous (AO) processes for 252 

degradation of dyes and evolution of by-products 253 

The evolution of the UV-vis spectrum of the effluent during treatment by the different 254 

processes was then followed (Fig. 3). TOC is a parameter only assessing the mineralization 255 

yield of organic matter. However, the mineralization is a complex process generating several 256 

intermediates products during the degradation of organic compounds. Therefore, the 257 

formation of intermediates and end by-products is also an important phenomenon to be 258 

considered. The evolution of the shape of the UV-vis spectrum provided indications on the 259 

evolution of the nature of organic compounds in this complex effluent. As expected, the 260 

absorbance of the solution decreased during both processes because of the degradation of 261 

dyes. However, different behaviors were observed between EF and AO processes. 262 

A very fast decrease of the absorbance was observed in the visible region (discoloration of the 263 

effluent) during the EF process (Fig. 3a). The color decreased rapidly owing to the fast 264 

reaction of OH generated homogeneously in the bulk with the aromatic structure of BDB 265 

previously identified as the main dye in the effluent. The absolute reaction rate constant of 266 

OH with dyes is usually in the range 109 - 1010 M-1 s-1 [43,44]. The absorbance in the UV 267 

region decreased much less rapidly because of the formation of degradation by-products 268 

absorbing in the UV region. For example, Fig. SI-3 shows the much slower decrease of the 269 

absorbance at 254 nm compared to 668 nm. The highest absorbance remains in the region of 270 
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the lowest wavelengths (220 – 240 nm), most probably due to the formation of short-chain 271 

carboxylic acids (e.g., oxalic acid and formic acid, which have maximum absorbance in this 272 

UV region). These final degradation by-products are slowly mineralized because of their 273 

lower reaction rate constants with OH (e.g., absolute reaction rate constant of 1.4  106 M-1 274 

s-1 for oxalic acid) [45,46]. 275 

A much slower discoloration of the effluent was observed during AO/BDD because of the 276 

mass transport limitation of dye from the bulk to the electrode surface (Fig. 3c). The 277 

discoloration kinetics (based on absorbance measured at λmax = 668 nm) followed a pseudo-278 

first order kinetic with k1 = 0.61 h-1 for AO and k1 = 7.3 h-1 for EF/BDD processes. The 279 

decrease of 75% of the absorbance at 668 nm required 2 h of treatment by AO/BDD 280 

compared to only 0.17 h with EF/BDD. This is ascribed to much more favorable mass 281 

transport conditions for reactions of dyes with OH homogeneously formed in the bulk, 282 

compared to reaction with OH heterogeneously generated at the anode surface.  283 

Besides, on the contrary to EF, the shape of the UV-vis spectrum of the effluent remained 284 

similar during the whole treatment using AO/BDD process (Fig. 3b). For instance, the 285 

decrease of the absorbance at 254 nm using AO/BDD process was close to the decrease 286 

obtained at 668 nm (Fig. SI-3 and SI-4). These results indicate that the dye was rapidly 287 

mineralized after its initial degradation step, without accumulation of aromatic by-products. 288 

This phenomenon is tightly related to the specific way to generate OH during AO with BDD 289 

anode. In fact, a large amount of OH is accumulated on the anode surface and direct electron 290 

transfer can also occur for degradation of some by-products such as short-chain carboxylic 291 

acids. Therefore, organic compounds can be rapidly mineralized once reached the anode 292 

surface and only a low amount of by-products are able to diffuse from the anode surface to the 293 

bulk solution. Mediated oxidation in the bulk, based on active chlorine or sulfate radical 294 

species, could also have participated in oxidation mechanisms during AO/BDD [15,24,47]. 295 
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However, the obtained results indicated that homogeneous oxidation of dyes in the bulk was 296 

not very significant during AO/BDD. A complete combustion of organic compounds in the 297 

vicinity of the anode surface seems to be the most consistent oxidation mechanism in this 298 

case. It might be ascribed to (i) lower reaction rate of organic compounds with these oxidant 299 

species and (ii) fast reaction of these oxidant species in the vicinity of the electrode surface 300 

since the AO/BDD process was operated under current limitation. 301 

Overall, both processes present advantages and drawbacks. Homogeneous oxidation in the 302 

bulk during EF with Pt anode allowed for fast degradation of dyes but further intermediates 303 

might be accumulated in the solution. Heterogeneous oxidation at the anode surface during 304 

AO allowed for complete mineralization of organic compounds with low accumulation of 305 

intermediates but slower degradation kinetic of dyes. Therefore, combining EF with a non-306 

active electrode such as BDD appears as an appropriate solution to take advantage of both 307 

ways to generate simultaneously homogeneous/heterogeneous OH for a quick removal of 308 

organic compounds. 309 
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 310 

Figure 3 – Evolution of the UV-vis spectrum of the effluent during treatment by 311 

electro-Fenton process with BDD anode (EF/BDD) (a) and anodic oxidation with BDD 312 

anode (AO/BDD) (b). The slight difference of the spectrum at t = 0 was ascribed to 313 

the different pH of the effluent (i.e. natural pH for AO/BDD and pH 3 for EF/Pt). 314 

Figure (c) represents the comparison of the evolution of the absorbance at λmax = 668 315 
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nm during EF/BDD and AO/BDD. This parameter corresponds to the discoloration of 316 

the effluent. 317 

 318 

3.4 Influence of the current on AO/BDD and EF/BDD process efficiency 319 

The effectiveness for degradation and mineralization of AO/BDD and EF/BDD processes was 320 

then compared at 200 mA (8.3 mA cm-2) and 500 mA (21 mA cm-2) (Fig. 4). For AO/BDD, 321 

increasing the current supply strongly improved both discoloration of the effluent (i.e., 322 

degradation of the dye) and mineralization rate of organic compounds (Fig. 4a and 4b). As the 323 

process was initially operated under current limitation conditions, increasing the generation of 324 

OH strongly increased the effectiveness of the process during the first two hours of treatment. 325 

However, the limiting current density was then reached as soon as the TOC removal rate 326 

reached around 40-50% for I = 500 mA (according to Eq. 7). Therefore, the evolution of TOC 327 

did not follow a pseudo-zero order kinetic since the process was then operated under mass 328 

transport control. The decrease of organic matter in the solution reduced the transport rate 329 

towards the anode and promoted dimerization of OH (Eq. 10). Therefore, the mineralization 330 

rate decreased compared to that observed during the first 2 hours of treatment performed 331 

under current limitation.  332 

2 BDD(OH)  2 BDD + H2O2     (10) 333 

As regards to the EF/BDD process, higher current intensity increased reaction rates of O2 and 334 

Fe3+ reduction, as well as OH formation at the anode. A beneficial effect was therefore 335 

observed on both discoloration of the effluent and mineralization of organic matter (Fig. 4c 336 

and 4d). However, the increase of the concentration of H2O2, Fe2+ and consequently of OH in 337 

the bulk can also promote several parasitic reactions (Eq. 11 – 13). 338 

Fe2+ + OH  Fe3+ + OH-     (11) 339 
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H2O2 + OH  H2O + HO2
       (12) 340 

HO2
 + OH  H2O + O2       (13) 341 

Overall, increasing the current accelerates discoloration kinetics and mineralization rates in all 342 

cases. However, it also has strong adverse effects on the energy efficiency of the process 343 

because of the promotion of (i) mass transport limitations for heterogeneous reaction at the 344 

anode and (ii) parasitic reactions of OH generated in the bulk during EF process. This fact 345 

can be highlighted by the calculation of the energy consumption (EC) of the process, which 346 

strongly increases at high currents in both cases (Fig. 5). This figure shows that EC (expressed 347 

as kWh (kgTOC)-1) can be maintained almost constant when operating AO under conditions 348 

of current limitation (experiment at 200 mA), since the mineralization rate remains constant. 349 

Under mass transport limitation (i.e., at higher current densities), EC increases with time 350 

during AO because of the increase of wasting reaction (Eq. 10) when the amount of organic 351 

matter becomes low (Fig. 5a). The increase of the current intensity also has an adverse effect 352 

on cell potential (5.2 and 7.3 V at 200 and 500 mA, respectively), which has a direct impact 353 

on EC according to the Eq. 6. 354 

As highlighted by the Fig. 5b, the EF/BDD process allows for decreasing EC thanks to the 355 

faster mineralization rate ascribed to the formation of oxidant species both at the anode and in 356 

the bulk. For example, after 4 h of treatment, the EC was 90 and 55 kWh (kgTOC)-1 for 357 

AO/BDD and EF/BDD processes, respectively. However, the EC was more affected by the 358 

treatment time in EF than in AO under current limitation since the oxidation rate in the bulk is 359 

a phenomenon depending on the concentration of organic compounds. 360 

At 200 mA, the treatment during 4 h by the EF/BDD process resulted in 78% TOC removal 361 

with an EC value of 18 kWh m-3. This value of EC is in the low range of values reported by 362 

Brillas and Martinez-Huítle (2015) [7] while most of values reported in this review 363 
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correspond to experiments performed on synthetic effluents containing dyes at concentration 364 

in the range 100 – 500 mg L-1. This comparison highlights that the use of BDD anode in EF 365 

process constitutes an efficient approach to remove organic pollutants in a non-selective way.  366 

Similar conclusions were obtained from calculation of the current efficiency based on COD 367 

removal (CECOD). The CECOD calculated after 4 h of treatment by AO/BDD at 200 mA and 368 

500 mA was 51% and 25%, respectively. The decrease of CECOD at high current intensity 369 

directly highlights the increase of wasting reaction (Eq. 10). By comparison, the CECOD after 370 

4 h of treatment by EF/BDD at 200 mA was 78%. This higher value compared to the 371 

AO/BDD process highlights the benefit of the formation of oxidants in the bulk from the 372 

electrochemically generated Fenton’s reagent. 373 

 374 
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Figure 4 – Comparison of mineralization (a, c) and discoloration (at λmax = 668 nm) 375 

(b, d) kinetics during the treatment by anodic oxidation with BDD anode (c, d) and 376 

electro-Fenton with BDD anode (a, b) at 200 and 500 mA.  377 

 378 

 379 

Figure 5 – Evolution with time of the energy consumption for the treatment of the 380 

industrial effluent by anodic oxidation with BDD anode (a) and electro-Fenton with 381 

BDD anode (b) at I = 200 and 500 mA.  382 

 383 

3.5 Influence of initial pH of the effluent on AO process  384 

The EF/BDD process requires operating at an optimal pH of 3 in order to maintain the 385 

concentration of the catalyst Fe2+ in the solution. Inversely, the AO process can operate in a 386 
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wider pH range since •OH are generated from oxidation of H2O. Therefore, the results 387 

presented in Fig. 6 aimed at studying the effect of initial pH of the effluent on the 388 

effectiveness of the AO process. There was not any significant difference in the 389 

mineralization effectiveness obtained at pH 3, 8 and 13.4 (natural pH of the effluent) (Fig. 6). 390 

Protonation / deprotonation of organics in the solution did not significantly impact the overall 391 

mineralization yield. This behavior would also be a key advantage in case of pH fluctuation of 392 

the effluent to treat. 393 

As the initial pH of the solution was 13.4, pH adjustment would represent an important cost 394 

for the EF/BDD process that may strongly counterbalance the lower EC. The AO process 395 

would clearly have the advantage to avoid this pH adjustment step. It is why recent researches 396 

are currently focusing on the development of heterogeneous catalysts for implementation of 397 

EF-like processes in a wider range of pH [48–50]. 398 

 399 

 400 

Figure 6 – Comparison of mineralization kinetics of the effluent at different initial pH 401 

(3, 8 and 13.4, i.e., the natural pH of the effluent) during the treatment by anodic 402 

oxidation (AO) with BDD anode at 500 mA.  403 
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 404 

3.6 Formation of chlorate and perchlorate at BDD anode  405 

One of the most important drawbacks of EAOPs is the formation of ClO3
- and ClO4

- from Cl- 406 

evolution at the surface of anode materials (Eq. 14). Particularly, the conversion of ClO3
- and 407 

ClO4
- occurs is promoted at the surface of BDD anode because it is able to catalyze both 408 

direct electron transfer and OH mediated oxidation, as detailed in Eq. 15 and 16 [35,51]. 409 

Cl-  ClO-  ClO2
-  ClO3

-  ClO4
-      (14) 410 

ClO3
-  ClO3

 + e-      (15) 411 

ClO3
 + OH  HClO4      (16) 412 

The results presented in Fig. 7 shows the evolution of the concentration of ClO3
- and ClO4

- 413 

during the treatment by AO/BDD and EF/Pt at different current intensities. Fig. 8 shows the 414 

evolution of the CE for oxidation of Cl- to ClO3
- and ClO4

- (CEClOx). On the contrary to CE for 415 

COD removal, increasing the current intensity did not reduce CEClOx. These results are 416 

consistent with the study of Zöllig et al. (2015) on the treatment of urine with BDD anode 417 

[52]. Therefore, a very fast conversion of Cl- to ClO3
- was initially observed at 500 and 1000 418 

mA. Then the concentration of ClO3
- decreased because of its further conversion to ClO4

-. 419 

ClO3
- behaved as an intermediate compound with an evolution of its concentration depending 420 

both on (i) its formation rate from Cl- and (ii) its destruction rate with formation of stable 421 

ClO4
-. Thus, the concentration of ClO3

- started to decrease in the bulk when its destruction 422 

rate was higher than the formation rate. It occurred along the treatment due to the strong 423 

decrease with time of the concentration of Cl- reducing its formation rate. For example, 89% 424 

of the initial concentration of Cl- was oxidized/transformed after 6 h of treatment at 1000 mA. 425 

However, the CE for Cl- oxidation to both ClO3
- and ClO4

- did not significantly decrease over 426 
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time during treatment by AO/BDD at 200 and 500 mA, which is also consistent with the 427 

previous study on the treatment of urine with BDD anode [52]. A decrease was only observed 428 

at the highest current of 1000 mA, for which the concentration of Cl- reached the lowest 429 

values. 430 

It is interesting to notice that the formation of ClO4
- started from the very beginning of the 431 

treatment by AO/BDD. By comparison, Pérez et al. (2012) previously described the evolution 432 

of chlorinated species at BDD anode in synthetic solution containing Cl- and NH4
+ as well as 433 

in real landfill leachates [53]. In this case, the formation of ClO4
- in the synthetic solution 434 

only appeared after 2 hours of treatment at 40 mA cm-2. Similar delay for formation of ClO4
- 435 

was reported during treatment of urine [52]. The rapid formation of ClO4
- without any delay 436 

in the case of this textile effluent under study was most probably related to different 437 

conditions for competitive reactions, such as the absence of N-NH4
+ and the different nature 438 

of organic compounds. For example, high concentrations of NH4
+ in landfill leachates and 439 

urine initially involves competitive reactions of active chlorine with NH4
+ for formation of 440 

mono-, di-, tri-chloramines, N2 or NO3
- [53]. Donaghue et al. (2013) also highlighted that 441 

perchlorate formation might be inhibited from OH scavenging by organic compounds, owing 442 

to the reduction of the availability of OH for reaction with ClO3
 in the vicinity of the 443 

electrode (Eq. 16) [35]. Such inhibition phenomenon was clearly depending on the reactivity 444 

of the organic compound selected as OH scavenger. 445 

The formation rate of ClO4
- at different current intensities can be compared during the first 446 

hour of treatment (during which the concentration of Cl- remains comparable for all 447 

experiments). Compared to the experiment at 200 mA, the concentration of ClO4
- formed at 448 

500 and 1000 mA was multiplied by 3.1 and 8.3, respectively. These values are higher than 449 

the increase of the electric charge consumed, which was multiplied by 2.5 and 5 at 500 and 450 

1000 mA, respectively. These results indicate that using low current intensity slightly reduced 451 
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the formation of ClO4
-. It might be explained by the operation of the process under current 452 

limitation at 200 mA, which favors total OH scavenging by reaction with organic compounds 453 

[35]. However, an additional test showed that further decreasing the current intensity to 50 454 

mA (2.1 mA cm-2) did not further reduced the formation of perchlorate compared to the 455 

experiment performed at 200 mA for a similar electrical charge. By comparison to the study 456 

of Donaghue et al. (2013) [35], much lower inhibition of ClO4
- formation was therefore 457 

observed in this study. The difference might be ascribed to the different pH conditions (4.4 vs 458 

13.4), which was previously reported as an important factor for these reactions [52,54,55], as 459 

well as by the different nature of organic compounds. These results highlight that the 460 

formation of ClO3
- and ClO4

- should always be monitored carefully during the application of 461 

heterogeneous EAOPs using non-active anode materials. They also emphasize the need to 462 

continue further research on ClO4
- formation and competition phenomena at the surface of 463 

these anodes.  464 

The formation of ClO3
- and ClO4

- during the AO/BDD process was then compared with the 465 

EF/Pt process. It is interesting to notice that the formation of ClO4
- remained below the 466 

detection limit during the treatment of this effluent by EF/Pt process (Fig. 7). This 467 

configuration presents the crucial advantage of using an active anode material (Pt) that 468 

reduces the formation of ClO4
- because of the low accumulation of OH at the surface [51]. 469 

For example, the formation of ClO4
- was around 50 times lower when using Pt instead of 470 

BDD anode during treatment at 20 mA cm-2 of drinking water containing 230 mg L-1 of Cl- 471 

[51]. The formation of ClO3
- was also strongly reduced in the configuration EF-Pt. Very low 472 

concentration of ClO3
- was obtained all along the treatment at 200 mA (below 0.5% of the 473 

initial Cl- concentration). Compared to BDD, the absence of oxidation of Cl- by OH at the 474 

anode surface might reduce the formation rate. Moreover, a previous study from Jung et al. 475 

(2010) highlighted that formation (and accumulation) of active chlorine was a key 476 
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intermediate step for increasing ClO3
- formation rate at Pt anode [55]. Therefore, competitive 477 

reaction of active chlorine with organic compounds might also have reduced the formation of 478 

ClO3
-. The lower pH required for EF experiments (pH 3) also participated to reduce the 479 

formation of ClO3
-. In fact, alkaline pH was reported to be more favorable since HOCl 480 

participate in a lower extent to the formation of ClO3
- than OCl- [55]. Higher formation rate 481 

was obtained at 1000 mA since the chlorine demand might have been reached more rapidly at 482 

high current intensity (because of further formation of active chlorine). For example, ClO3
- 483 

appeared only after 2 h of treatment, most probably because of the preferential reaction of 484 

active chlorine with organic compounds at the beginning of the treatment. Once the chlorine 485 

demand is reached, active chlorine can accumulate in the solution and further reaction to 486 

ClO3
- can occur more easily. However, the CEClOx for Cl- oxidation was still much lower 487 

compared to the AO/BDD configuration at the same current intensity (Fig. 8). Therefore, 488 

using an anode material and operating conditions that prevent the formation of ClO3
- / ClO4

- 489 

would be crucial for application of the EF process. Dimensionally stable anodes (RuO2/IrO2) 490 

might be a suitable low-cost alternative since it is an active material avoiding the 491 

accumulation of hydroxyl radicals at its surface [51]. 492 

Reaction of active chlorine with organic compounds might also lead to the formation of 493 

organochlorinated by products, which are usually considered as toxic compounds. Stripping 494 

of the most volatile compounds might occur [52]. However, using an analytical tool such as 495 

the measurement of adsorbable organic halides (AOX) would be interesting for monitoring 496 

the fate (formation/degradation) of these compounds during the treatment. This issue should 497 

also be taken into consideration for optimization of process operation and assessment of the 498 

suitability of EAOPs for treatment of chloride-containing water. 499 

 500 
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 501 

Figure 7 – Evolution of the concentration of ClO3-  (a) and ClO4- (b) and sum of both 502 

(c) during the treatment of the real effluent by anodic oxidation process (natural pH of 503 
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13.4) with BDD anode at (--) 200 mA (8.3 mA cm-2), (--) 500 mA (21 mA cm-2) and 504 

(--) 1000 mA (42 mA cm-2) and electro-Fenton process (pH 3) with Pt anode at (--505 

) 200 mA and (--) 1000 mA. All molar concentrations were normalized as regards to 506 

the initial concentration of Cl- in the effluent.  507 

 508 

 509 

Figure 8 – Current efficiency for ClO3- and ClO4- formation from Cl- oxidation during 510 

the treatment by anodic oxidation process with BDD anode (natural pH of 13.4) at (-511 

-) 200 mA (8.3 mA cm-2), (--) 500 mA (21 mA cm-2) and (--) 1000 mA (42 mA 512 

cm-2) and electro-Fenton process with Pt anode at 200 (--) 200 mA and (--) 1000 513 

mA. 514 

 515 

 516 

4. Conclusions 517 

This study allowed for understanding the impact of the generation of oxidant species 518 

homogeneously in the bulk (EF) or heterogeneously at the surface of BDD electrode (AO) 519 

during the treatment of a real effluent coming from the textile industry. Both EAOPs achieved 520 

non-selective mineralization of organic compounds in the effluent. However, different 521 

behaviors were highlighted. 522 
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 Faster discoloration (i.e. degradation of dyes) kinetics was obtained by EF compared to 523 

AO thanks to more favorable mass transport conditions for reaction of dyes with OH 524 

homogeneously generated in the bulk. 525 

 Lower accumulation of by-products was obtained during AO because of complete 526 

combustion of dyes in the vicinity of the anode surface where high concentration of OH is 527 

accumulated. 528 

 The mineralization rate was constant with time for AO operated under current limitation 529 

condition (pseudo-zero order kinetic) while it decreased with time (pseudo-first order 530 

kinetic) for EF/Pt and EF/BDD processes. 531 

 A lower EC and higher CE were achieved for EF/BDD compared to AO thanks to 532 

generation of oxidant species from both anodic and cathodic processes. EC increases with 533 

treatment time when mass transport limitations occur.  534 

 Mineralization effectiveness remained constant during AO regardless of the initial pH of 535 

the effluent. 536 

 Using non-active anode material such as BDD involves the formation of large amounts of 537 

ClO3
- and ClO4

-; the inhibition of perchlorate formation under current limitation was lower 538 

than the one expected from studies on synthetic solutions. 539 

 Implementation of the EF process with active electrode (Pt) allowed for a strong decrease 540 

of the formation of ClO3
- and ClO4

-; the conversion even remained below 0.5% of the 541 

initial Cl- concentration when using low current intensity. 542 

An important challenge is to control the evolution of chlorinated inorganic species, while 543 

achieving efficient removal of the organic load. These results highlight that future studies 544 

could focus on (i) the development of electrode materials with low reactivity for conversion 545 

of Cl- to ClO3
- and ClO4

-, (ii) the development of heterogeneous EF-like processes with active 546 
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anodes that could be implemented in a wider pH range, and (iii) the combination of EAOPs 547 

with a post-treatment for the removal of these chlorinated inorganic compounds. 548 
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