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Abstract 11 

The electrochemical oxidation of organics in paper mill wastewater belonging to Halfa industries 12 

(Tunisia) was performed by galvanostatic electrolyses using electro-Fenton (EF) process. The effect 13 

of several operating parameters, such as applied current density, electrodes material, air pressure and 14 

the presence of sodium chloride (NaCl) was evaluated. In particular, carbon felt (CF), modified 15 

carbon felt (MCF) and gas diffusion electrode (GDE) were used as cathode while Ti/IrO2-Ta2O5 and 16 

Boron Doped Diamond (BDD) as anode. Total Organic Carbon (TOC) measure was chosen as 17 

reference parameter to assess the extent of the treatment. The experimental results show that, by 18 

adopting the optimal set of operative conditions, EF can allow a high removal of TOC. It was shown 19 

that better performances can be achieved increasing the complexity of the treatment, by using 20 

sufficiently long electrolysis time or BDD as anode, MCF or GDE as cathode or the addition of NaCl. 21 
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1. Introduction 26 

The pulp and paper mill industry is characterized by an intensive use of water and by the generation 27 

of a large volume of wastewater (up to 60 m3/ton of paper produced [1]), harmful for the biotic 28 

compartment [2] and characterized by an high level of chemical oxygen demand [3]. These effluents 29 

present suspended solids, heavy metals and sulphur compounds along with lignin and its derivatives 30 

[4]. Due to the presence of recalcitrant substances, paper mill wastewater have a very low 31 

biodegradability, resulting in a reduced effectiveness of biological processes [5]. Hence, advanced 32 

oxidation processes are necessary for the treatment of the embedded organic compounds. According 33 

to literature, electrochemical treatments are some of the most interesting and effective processes for 34 

treating wastewater contaminated by resistant organic pollutants [6, 7]. In particular, intensive 35 

research efforts were devoted to the study of electrochemical advanced oxidation processes (EAOPs), 36 

including anodic oxidation (AO), both direct and mediated [8], using conventional and modified 37 

anodes [9], and electro-Fenton (EF) with homogeneous and heterogeneous catalyst [10, 11]. 38 

However, in spite of the fact that the effectiveness of electrochemical methods has been largely 39 

proved for synthetic wastewater, less studies were devoted to the treatment of real wastewater. In 40 

particular, the utilization of EAOPs for the treatment of pulp and paper mill wastewater has been 41 

attempted by various authors [12–18]. Studies were focused mainly on the synergy with physical 42 

processes [12], direct electrochemical oxidation [13, 14] and electrocoagulation [16, 17] or on 43 

coupled electrochemical processes [11, 19, 20] while slightly less attention has been devoted to the 44 

optimization of the sole EF process, even if it is one of the most mature EAOPs [21]. 45 



 
 

In EF process, H2O2 is produced by oxygen reduction (eq. 1) at cathode usually consisting of 46 

carbonaceous materials and hydrogen peroxide reacts with catalytic amounts of Fe2+ to generate the 47 

•OH radicals in the solution (eq. 2) [22]. 48 

 49 

O2 + 2H+ + 2e− → H2O2          (1) 50 

 Fe2+ + H2O2 → Fe3+ + HO− + •OH          (2) 51 

 52 

These formed •OH reacts rapidly with organics, leading to their oxidation (eq. 3 and 4): 53 

 54 

Organic pollutants + •OH→ oxidation intermediates      (3) 55 

Intermediates + •OH→CO2 + H2O+ inorganic ions       (4) 56 

 57 

The advantages of this process with respect to conventional Fenton process is the continuous electro-58 

generation of H2O2 and the cathodic regeneration of Fe2+ from cathodic reduction of Fe3+. However, 59 

the performances of EF are usually limited by the low solubility of oxygen that leads to slow mass 60 

transfer of oxygen to the cathode, thus giving rise to slow generation of hydrogen peroxide. In 61 

previous works it was shown that it is possible to minimize such problem by using various approaches 62 

[23] such as the use of innovative cathodes, including gas diffusion electrodes (GDEs) [11, 22] and 63 

modified carbon felts (MCF) [22, 24, 25]; jet-cells [26]; microfluidic cells [23, 27, 28]; and, 64 

pressurized reactors [24, 29, 30]. 65 

In this work the treatment of a real paper mill wastewater was performed by EF using various kinds 66 

of cathodes (namely, carbon felt, MCF and GDE) and anodes (Ti/IrO2-Ta2O5 and Boron Doped 67 



 
 

Diamond), at various current densities in both conventional and pressurized cells, in order to evaluate 68 

in depth the EF process for the removal of organics by such wastewater. 69 

 70 

2. Experimental 71 

2.1. Electrolysis system 72 

Two different systems were used to carry out the electrolyses. System (I) was an undivided 73 

conventional three-electrode glass cell equipped with i. a gas bubbler; ii. a SCE reference electrode; 74 

iii. a carbon felt (CF); a modified carbon felt (MCF) or a gas diffusion electrode (GDE) cathode; iv. 75 

and a Ti/IrO2-Ta2O5 (DSA® from ElectroCell AB) or a BDD (Condias) anode. System (II) was made 76 

up of a stainless steel (AISI 316) cell with a cylindrical geometry, previously showed in detail [29]. 77 

Briefly, the high pressure cell was equipped with a gas inlet/outlet, electrical connections for the 78 

electrodes (CF or MCF as cathode and DSA® as anode), a pressure gauge and a dip tube connected 79 

to an external valve that was used to withdrawal the liquid sample. System (II) was pressurized by air 80 

(99.999% purity, supplied by Air Liquide) and the operating pressure was controlled by a pressure 81 

reducer. All the experiments were carried out under galvanostatic mode using an Amel 2549 82 

potentiostat/galvanostat at room temperature. The electrolytic solution, i.e. the treated sample, of 50 83 

mL was continuously stirred by using a magnetic stirrer (600 rpm). The surface area of both cathode 84 

and anode electrode was 2.8 cm2; the current densities were computed as the ratio between the current 85 

intensity and the geometric wet surface area. Experiments were repeated at least twice in order to 86 

check the reproducibility of the data. 87 

 88 

2.2 Chemicals 89 

The paper mill effluents samples used were taken from Halfa industries (Tunisia) where the 90 

wastewater is discharged. The typical characteristics of the raw wastewater are given in Table 1.  91 



 
 

As synthetic catalyst 0.5 mM of ferrous sulphate heptahydrate, (FeSO4.7H2O, in analytical grade from 92 

Fluka) was used. Sulfuric acid from Sigma–Aldrich was added in solution to adjust pH to the target 93 

value. The paper mill wastewater was filtered using a vacuum filtration apparatus equipped with a 94 

dry paper membrane (0.45µm average diameter pores). 95 

 96 

Table 1. Characteristics of paper mill wastewater as received. 97 

Parameter                                                                                                      Value 

Color                                                                                                              brown 

pH                                                                                                                   6.6 

conductivity (mS/cm)                                                                                     3.14 

TOC (mg/L)                                                                                                    115 

 98 

2.3. Instruments and analytical procedures 99 

During the experiments, bulk samples were taken from the reactor at regular intervals and analysed 100 

with a Shimadzu TOC-L analyser. With respect to the initial value (TOC0), the percentage of TOC 101 

removed at time t was calculated as follows: 102 

%(𝑇𝑂𝐶) =
TOC! − 𝑇𝑂𝐶(𝑡)

𝑇𝑂𝐶!
∗ 100 103 

The instantaneous value of the current efficiency (CE) was determined similarly to [31]. Briefly, 104 

CE(t) is the ratio of the current of electrons theoretically needed for the observed oxidation (TOC0-105 

TOC(t)) and the actual amount of energy provided to the cell:  106 

𝐶𝐸(𝑡) =
𝐹𝑛𝑉(𝑇𝑂𝐶! − TOC(t))

𝑀𝐼t
 107 

where I is the potentiostatic applied current for the time span t, F the Faraday constant (96485.33 C 108 

mol-1), V the treated volume. Organic content is always considered as an equivalent amount of glucose 109 



 
 

(in terms of carbon atoms), so that n and M are the 24 moles of electrons exchanged during the 110 

oxidation of a mole of glucose and its molecular weight, respectively. 111 

 112 

3. Results and discussion 113 

3.1 First electrolyses in the absence of Fe(II) 114 

First electrolyses were performed in the absence of iron under galvanostatic conditions with a carbon 115 

felt cathode and a DSA® anode (Ti/IrO2-Ta2O5) with a stirring rate of 600 rpm, a current density of 116 

20 mA cm-2, pH =3, with 50 mL of a real paper-mill wastewater. In the absence of Fe(II), oxidation 117 

of organics takes place mainly directly at DSA®-anode surface and indirectly by means of cathodic 118 

produced H2O2 [32]. As shown in Fig. 1, a quite low abatement of TOC occurred in this case, thus 119 

showing the poor efficacy of both DSA® anode and H2O2 for the oxidation of organics present in this 120 

real wastewater. In particular, after 60 min a very slow abatement was recorded. As an example, at 121 

carbon felt cathode after 1 and 5 h the removal of TOC was about 13 and 16 %, respectively. Since 122 

the generation of hydrogen peroxide is expected to strongly depend on the nature of the cathode [26, 123 

29], the electrolyses were repeated using two cathodes more effective for the cathodic conversion of 124 

oxygen to H2O2: 125 

• A modified carbon felt obtained by addition of a carbon black/polytetrafluoroethylene 126 

(CB/PTFE) mixture on the carbon felt (MCF), which allows, according to the literature, to 127 

increase the generation of H2O2 and the removal of organics by EF [33]. 128 

• A gas diffusion electrode GDE characterized by a thin and porous structure which favours the 129 

percolation of the injected gas across its pores to contact the solution at the carbon surface. 130 

These electrodes possess a large number of active surface sites leading to a very fast O2 131 

reduction and large accumulation of H2O2 [22, 34–36]. 132 



 
 

As shown in Fig. 1, the abatement of TOC slightly increased replacing CF with MCF and GDE, 133 

as a result of the higher generation of H2O2. However, in all cases, a very small removal of TOC 134 

occurred. 135 

 136 

Figure 1. Electrochemical treatment of pulp and paper mill wastewater with DSA® anode and 137 

different carbonaceous cathodes in the absence of Fe(II) under amperostatic conditions with i = 20 138 

mA cm-2. Cathode: carbon felt (CF), modified carbon felt (MFC) and gas diffusion electrode (GDE); 139 

Anode: DSA®; V = 50 mL; pH = 3; stirring rate = 600 rpm. 140 

 141 

3.2 EF process 142 

3.2.1 Effect of the nature of the cathode 143 

In order to evaluate the performance of EF process, some electrolyses were repeated using carbon felt 144 

as cathode and DSA® as anode at 20 mA cm-2 in the presence of Fe(II) 0.5 mM. As shown in  Fig. 2, 145 

when Fe(II) was added to the solution, the removal of TOC after 5 h increased from 16 % to about 146 

24 % thus demonstrating that EF process is useful for the oxidation of organics present in paper mill 147 

wastewater. An initial fast abatement occurred (17 % after 30 min) with a very high current efficiency 148 

(close to 50 % after 0.5 h), followed by a very slow abatement (24 % after 5 h) coupled with a drastic 149 

decrease of the CE (about 7 % after 5 h) (Fig. 2). It seems reasonable to assume that in the first part 150 



 
 

of the electrolysis, the oxidation involves the organics that are more easily oxidizable, while the 151 

second part of the process involves the oxidation of more resistant organics. 152 

It has been shown in the literature that the performances of the EF process depend strongly on the 153 

nature of the cathode. For this reason, the electrolyses were repeated using MCF and GDE. Indeed, 154 

the use of a MCF cathode allowed an increase of the TOC removal (29 % after 5 h). A further higher 155 

abatement of TOC was achieved using a GDE (about 40 % after 5 h), according to the fact that this 156 

cathode gives rise to a higher generation of H2O2. As a consequence, the nature of the cathode affected 157 

also the CE that, after 5 h, increased from about 7 to 13 % replacing the carbon felt with the GDE, 158 

while intermediate results were achieved using MCF. 159 

  160 

Figure 2. Electrochemical treatment of paper mill wastewater with DSA® anode and different 161 

carbonaceous cathodes in the absence and presence of Fe(II) under amperostatic conditions with i = 162 

20 mA cm-2. Fig. 2A and 2B report the TOC removal and the current efficiency (CE) (%), 163 

respectively. Cathode: carbon felt (CF), modified carbon felt (MFC) and gas diffusion electrode 164 

(GDE); Anode: DSA®; V = 50 mL; pH = 3; stirring rate = 600 rpm; [Fe2+] = 0.5 mM when present. 165 



 
 

 166 

  167 

Figure 3. Effect of current density on the removal of TOC of pulp and paper mill wastewater with 168 

DSA® anode at MCF (Fig. 3A) and GDE (Fig. 3C) and on the current efficiency (Fig. 3B for MCF 169 

and 3D for GDE). Anode: DSA®; V = 50 mL; pH = 3; stirring rate = 600 rpm; [Fe2+] = 0.5 mM when 170 

present. 171 

 172 

3.2.2 Effect of the current density 173 

It has been shown that the performances of EF process can strongly depend on the adopted current 174 

density i [32]. Indeed, the increase of the current density can enhance the generation of H2O2 in the 175 

absence of mass transfer limitations. First experiments were performed at MCF at 10, 20 and 40 mA 176 

cm-2. The increase of the current density resulted in a slight enhancement of the TOC abatement (Fig. 177 



 
 

2A), but in a strong decrease of the current efficiency (Fig. 2B). As an example, after 5 h at 10 mA 178 

cm-2 a decrease of TOC of about 27% was achieved with a CE of 16 %; when the electrolysis was 179 

repeated at 50 mA cm-2, the removal of TOC after 5 h increased to about 32 %, but a very low current 180 

efficiency of about 4 % was obtained. Hence, at current densities higher than 10 mA cm-2, the kinetic 181 

of the cathodic reduction of oxygen is limited by the mass transfer of oxygen to the cathode and an 182 

increase of the current density resulted mainly in an enhancement of cathodic competitive processes, 183 

such as the hydrogen evolution (eq. 5) and the cathodic reduction of H2O2 to H2O (eq. 6), and, 184 

possibly, in a faster anodic oxidation of H2O2 to oxygen (eq. 7). 185 

 186 

2 H+ + 2 e-® H2          (5) 187 

H2O2 + 2 H+ + 2 e-® 2 H2O         (6) 188 

H2O2 ® O2 + 2 H+ + 2e-          (7) 189 

 190 

Since the higher abatement of TOC were obtained using a GDE cathode (see previous paragraph), 191 

the effect of i was evaluated also using a GDE cathode at 20 and 50 mAcm-2. However, also in this 192 

case, the increase of i resulted in a very small change of TOC removal (Fig. 3C) and in a drastic 193 

decrease of CE (Fig. 3D) which, after 5 h, respectively were of about 12 and 5 % at 50 and 10 mA 194 

cm-2. 195 

 196 

3.2.3 Effect of the nature of the anode 197 

The anodic mineralization of many organic pollutants can take place only at high anodic potentials 198 

with simultaneous oxygen evolution, in order to avoid a decrease of the anode activity [11]. It has 199 

been shown in literature that the anodic oxidation of organics strongly depends on the nature of the 200 

anode [8, 11]. According to a simplified mechanism, proposed by Comninellis [37], selective 201 



 
 

oxidation to stable compounds occurs with metal oxide anodes (MOx) forming a so-called higher 202 

oxide MOx+1 (chemisorbed hydroxyl radicals) such as IrO2, while combustion occurs with 203 

physisorbed hydroxyl radicals, generated as an example at PbO2 and Boron Doped diamond (BDD) 204 

anodes. In particular, many authors have reported that BDD anodes are the more effective anodes for 205 

the mineralization of many organic pollutants. Hence, the electrolyses of the adopted paper mill 206 

wastewater were repeated at 20 mA cm-2 using BDD as anode. 207 

As shown in Fig. 4, the replacement of DSA® with a BDD anode allowed to enhance the removal of 208 

TOC from about 40 to 85 % after 5 h. Furthermore, the final CE increased from about 12 to 22 %. 209 

The higher performances achieved with BDD are due to the fact that in this case both EF and anodic 210 

mineralization cooperate effectively to the oxidation of organics and that the utilisation of BDD anode 211 

allows to remove effectively also very resistant organics present in paper mill wastewater. Indeed, 212 

Klidi and co-authors have recently shown that such kind of wastewater can be effectively treated by 213 

direct anodic oxidation using BDD anode, with removal rates directly related to the applied electrical 214 

power [14]. In order to evaluate the effect of current density also on this coupled process, the 215 

electrolyses with BDD were repeated at 50 mA cm-2. As shown in Fig. 4, the removal further 216 

increased as a result of the higher charge passed. However, the CE decreased strongly in the last part 217 

of the electrolysis, thus showing that both EF and anodic oxidation at this high current density are 218 

partially under the kinetic control of the mass transfer of oxygen to the cathode for EF and of organics 219 

to the anode for anodic oxidation. 220 



 
 

  221 

Figure 4. Effect of anode on the removal of TOC of paper-mill wastewater with DSA® anode at MCF 222 

(Fig. 4A) and on the current efficiency (Fig. 4B). Anode: DSA® or BDD; V = 50 mL; pH = 3; stirring 223 

rate = 600 rpm; [Fe2+] = 0.5 mM. 224 

 225 

3.2.4 Effect of treatment duration 226 

In the previous paragraph, it has been shown that the adoption of BDD anode is necessary in order to 227 

enhance TOC removal for the investigated real wastewater in a limited time (such as 5 h). However, 228 

the utilization of BDD anode results in a dramatic increase of investment cost, due the very high cost 229 

of BDD, and in significant enhancements of operative costs, due to the high cell potentials caused by 230 

the very high anodic potentials required by BDD anode for the mineralization of organics [38, 39]. 231 

Hence, in the following, the possible utilization of EF process with cheap anodes such as DSA® will 232 

be investigated in order to obtain high the bases of the results presented in the previous TOC removals 233 

by working with cheap DSA® anode and focusing on other operating parameters such as the time 234 

passed, the pressure and the possible addition of NaCl. 235 

First, a series of electrolyses was performed increasing treatment time up to 12-16 h using both CF 236 

and MCF cathodes at 20 mA cm-2. As shown in Fig. 5A, for CF a removal of TOC of about 50 % was 237 

achieved after 16 h. However, for MCF a quite good removal of 70 % was achieved after 12 h, thus 238 



 
 

showing that EF can be effectively used for the treatment of investigated paper mill wastewater, if 239 

enough reaction time is allowed. In particular, the CE after 12 h was about 3 and 6 % at CF and MCF 240 

(Fig. 5B), thus showing that a large part of the charge passed is dissipated for side-processes because 241 

of the high resistance of the residual organics. Experiments at MCF were repeated at 40 and 60 mA 242 

cm-2. At 40 mA cm-2, a slight increase of the TOC removal was achieved, while at 60 mA cm-2 a 243 

decrease of the TOC abatement was observed as a result of the higher impact of the cathodic reduction 244 

of hydrogen peroxide to water (see eq. 6) expected at these high current densities (and cathode 245 

potential), as discussed above. 246 

  247 

Figure 5. Effect of time on the removal of TOC from paper-mill wastewater with DSA® anode at CF 248 

and MCF (Fig. 5A) and on the current efficiency (Fig. 5B). Anode: DSA®; V = 50 mL; pH = 3; 249 

stirring rate = 600 rpm; [Fe2+] = 0.5 mM. 250 

 251 

On overall, the increase of current density resulted in lower final current efficiencies: while at 20 mA 252 

cm-2, after 12 h the CE was about 6 %, it decreased to 3.5 and 1.5 % at 40 and 60 mA cm-2, 253 

respectively. 254 

 255 

3.2.5 Effect of the pressure and of the addition of sodium chloride 256 



 
 

It has been recently shown that the utilization of pressurized air or oxygen can allow to enhance 257 

dramatically the generation of hydrogen peroxide at carbonaceous cathodes and accelerate the EF 258 

process [29, 33]. As an example, a maximum concentration of about 0.8 and 30 mM of H2O2 was 259 

achieved at carbon felt with air fed at room pressure and 30 relative bar, respectively [30]. The 260 

generation of hydrogen peroxide was, further, improved using both MCF cathode and pressurized air 261 

[33]. For EF, it was shown that the treatment of water contaminated by model organic pollutant such 262 

as Acid Orange 7 and maleic acid is accelerated using pressurized air [30]. Ltaïef and co-authors have 263 

also shown that the EF treatment of water solutions of caffeic acid strongly improved using 264 

pressurized oxygen both in the presence of homogeneous and heterogeneous catalysts [40]. However, 265 

in the case of water solutions of a very resistant organic pollutant such as 3-chlorophenol the removal 266 

of COD was very low also using pressurized oxygen [40]. Here, the effect of the pressure was 267 

evaluated for a real wastewater coming from a paper mill industry using system (II), 1 and 10 bar and 268 

both CF and MCF cathodes for 16 h at 20 mA cm-2. 269 

As shown in table 2, at CF cathode the utilization of 10 bar allowed to increase the final removal of 270 

TOC from 48 (entry 1) to 58 % (entry 2). However, at MCF cathode a very small effect of the pressure 271 

was observed at 20 mA cm-2 (entries 3 and 4), while at 60 mA cm-2, a higher final removal was 272 

obtained at 10 bar. Hence, it can be assumed that for the organics present in the investigated 273 

wastewater, at least at MCF and at adopted operating conditions, the mineralization of organics seems 274 

not to be limited in a relevant way by the cathodic step of H2O2 generation. 275 

 276 

Table 2. Effect of pressure and NaCl addition on the removal of TOC of paper-mill wastewater with 277 

DSA® anode at CF or MCF cathode.a 278 

Entry Cathode Current density 

(mA cm-2) 

Pressure 

(bar) 

TOC removal 

(%) 



 
 

1 CF 20 1 48 

2 CF 20 10 58 

3 MCF 20 1 83 

4 MCF 20 10 81 

5 MCF 60 1 72 

6 MCF 60 10 84 

7* MCF 20 1 91 

* addition of 1 g L-1of NaCl. 279 

aAnode: DSA®; V = 50 mL; pH = 3; stirring rate = 600 rpm; [Fe2+] = 0.5 mM. 280 

 281 

A widely adopted electrochemical route for the treatment of wastewater contaminated by organic 282 

pollutants is the indirect oxidation by active-chlorine electrogenerated by anodic oxidation of 283 

chlorides (eq. 8). In this process, the anodic oxidation of chlorides at suitable anodes gives rise to the 284 

formation of chlorine, hypochlorous acid and/or hypochlorite, depending on pH (eqs. 9 to 11), which 285 

can oxidize the organics near the anode and/or in the bulk (see eq. 11 in the case of alkaline medium) 286 

[11, 21]. 287 

 288 

2 Cl-→  Cl2(aq)  +  2 e-         (8) 289 

Cl2(aq)  +  H2O  →  HClO  +  H+  +  Cl-       (9) 290 

HClOD  H+  +ClO-         (10) 291 

Organics  +  ClO-®  intermediates  ®  CO2  +  Cl-  +  H2O   (11) 292 

Here, the indirect oxidation of EF coupled with electro-generated active chlorine was studied with a 293 

series of test in the presence of NaCl (1 g L-1) performed at Ti/IrO2-Ta2O5 anode and MCF cathode. 294 

As shown in table 2, the addition of NaCl allowed to increase significantly the removal of TOC (see 295 



 
 

entries 3 and 7), thus showing that this kind of wastewater can be effectively treated by a coupled 296 

approach consisting in EF and oxidation by electro-generated active chlorine. 297 

 298 

 299 

 300 

4. Conclusions 301 

The treatment of a real paper mill wastewater by EF process was widely investigated. It was found 302 

that the performances of the process, in terms of removal of TOC and of current efficiency (CE), 303 

dramatically depends on the adopted operative conditions: 304 

• quite high abatements of TOC were achieved by long electrolyses using proper cathodes; 305 

• the performances of the process are improved using MCF or GDE cathodes with respect to 306 

that achieved at carbon felt; 307 

• the removal of TOC can be drastically improved coupling the EF with a suitable anodic 308 

process such as the direct anodic oxidation at BDD anode or the electro-generation of active 309 

chlorine in the presence of NaCl; 310 

• at MCF cathode, the utilization of pressure at low current densities does not give important 311 

improvements of TOC removal or CE; 312 

• the optimal current density depends on the adopted cathode. 313 

In conclusion, this work has shown that EF process can be effectively used for the removal of organics 314 

by real paper mill wastewater at suitable operating conditions and sufficient treatment duration. 315 

 316 

Acknowledgments 317 



 
 

The Tunisian authors acknowledge partial financial support from the University of Gabes (Tunisia). 318 

Università di Palermo is acknowledged for financial support. 319 

 320 

References 321 

1.  Thompson G, Swain J, Kay M, Forster CF (2001) The treatment of pulp and paper mill 322 

effluent: A review. Bioresour Technol 77:275–286 . doi: 10.1016/S0960-8524(00)00060-2 323 

2.  Haq I, Kumar S, Raj A, et al (2017) Genotoxicity assessment of pulp and paper mill effluent 324 

before and after bacterial degradation using Allium cepa test. Chemosphere 169:642–650 . 325 

doi: 10.1016/j.chemosphere.2016.11.101 326 

3.  Krishna KV, Sarkar O, Venkata Mohan S (2014) Bioelectrochemical treatment of paper and 327 

pulp wastewater in comparison with anaerobic process: Integrating chemical coagulation 328 

with simultaneous power production. Bioresour Technol 174:142–151 . doi: 329 

10.1016/j.biortech.2014.09.141 330 

4.  Bouiri B, Amrani M (2010) Elemental chlorine-free bleaching halfa pulp. J Ind Eng Chem 331 

16:587–592 . doi: 10.1016/j.jiec.2010.03.015 332 

5.  Garcia-Segura S, Ocon JD, Chong MN (2018) Electrochemical oxidation remediation of real 333 

wastewater effluents — A review. Process Saf Environ Prot 113:48–67 . doi: 334 

10.1016/j.psep.2017.09.014 335 

6.  Martínez-Huitle CA, Panizza M (2018) Electrochemical oxidation of organic pollutants for 336 

wastewater treatment. Curr Opin Electrochem 11:62–71 . doi: 10.1016/j.coelec.2018.07.010 337 

7.  Brillas E, Martínez-Huitle CA (2015) Decontamination of wastewaters containing synthetic 338 

organic dyes by electrochemical methods. An updated review. Appl Catal B Environ 166–339 

167:603–643 . doi: 10.1016/j.apcatb.2014.11.016 340 



 
 

8.  Panizza M, Cerisola G (2009) Direct and mediated anodic oxidation of organic pollutants. 341 

Chem Rev 109:6541–6569 . doi: 10.1021/cr9001319 342 

9.  Subba Rao AN, Venkatarangaiah VT (2014) Metal oxide-coated anodes in wastewater 343 

treatment. Environ Sci Pollut Res 21:3197–3217 . doi: 10.1007/s11356-013-2313-6 344 

10.  Ganiyu SO, Zhou M, Martínez-Huitle CA (2018) Heterogeneous electro-Fenton and 345 

photoelectro-Fenton processes: A critical review of fundamental principles and application 346 

for water/wastewater treatment. Appl Catal B Environ 235:103–129 . doi: 347 

10.1016/j.apcatb.2018.04.044 348 

11.  Martínez-Huitle CA, Rodrigo MA, Sirés I, Scialdone O (2015) Single and Coupled 349 

Electrochemical Processes and Reactors for the Abatement of Organic Water Pollutants: A 350 

Critical Review. Chem Rev 115:13362–13407 . doi: 10.1021/acs.chemrev.5b00361 351 

12.  Chanworrawoot K, Hunsom M (2012) Treatment of wastewater from pulp and paper mill 352 

industry by electrochemical methods in membrane reactor. J Environ Manage 113:399–406 . 353 

doi: 10.1016/j.jenvman.2012.09.021 354 

13.  El-Ashtoukhy ESZ, Amin NK, Abdelwahab O (2009) Treatment of paper mill effluents in a 355 

batch-stirred electrochemical tank reactor. Chem Eng J 146:205–210 . doi: 356 

10.1016/j.cej.2008.05.037 357 

14.  Klidi N, Clematis D, Delucchi M, et al (2018) Applicability of electrochemical methods to 358 

paper mill wastewater for reuse. Anodic oxidation with BDD and TiRuSnO2 anodes. J 359 

Electroanal Chem 815:16–23 . doi: 10.1016/j.jelechem.2018.02.063 360 

15.  Gao WJ, Liao BQ, Chen A, et al (2012) Integrated thermophilic submerged aerobic 361 

membrane bioreactor and electrochemical oxidation for pulp and paper effluent treatment – 362 

towards system closure. Bioresour Technol 116:1–8 . doi: 10.1016/j.biortech.2012.04.045 363 

16.  Khansorthong S, Hunsom M (2009) Remediation of wastewater from pulp and paper mill 364 



 
 

industry by the electrochemical technique. Chem Eng J 151:228–234 . doi: 365 

10.1016/j.cej.2009.02.038 366 

17.  Asaithambi P (2016) Studies on various operating parameters for the removal of COD from 367 

pulp and paper industry using electrocoagulation process. Desalin Water Treat 57:11746–368 

11755 . doi: 10.1080/19443994.2015.1046149 369 

18.  Wang B, Kong W, Ma H (2007) Electrochemical treatment of paper mill wastewater using 370 

three-dimensional electrodes with Ti/Co/SnO2-Sb2O5 anode. J Hazard Mater 146:295–301 . 371 

doi: 10.1016/j.jhazmat.2006.12.031 372 

19.  Altin A, Altin S, Yildirim O (2017) Treatment of kraft pulp and paper mill wastewater by 373 

electro-fenton/electro-coagulation process. J Environ Prot Ecol 18:652–661 374 

20.  Bilgili MS, Engin GO, Erkan HS, et al (2017) Optimization of paper mill industry 375 

wastewater treatment by electrocoagulation and electro-Fenton processes using response 376 

surface methodology. Water Sci Technol 76:2015–2031 . doi: 10.2166/wst.2017.327 377 

21.  Oturan MA, Rodrigo MA, Brillas E, et al (2014) Electrochemical advanced oxidation 378 

processes: today and tomorrow. A review. Environ Sci Pollut Res 21:8336–8367 . doi: 379 

10.1007/s11356-014-2783-1 380 

22.  Brillas E, Sirés I, Oturan M a. (2009) Electro-fenton process and related electrochemical 381 

technologies based on fenton’s reaction chemistry. Chem Rev 109:6570–6631 . doi: 382 

10.1021/cr900136g 383 

23.  Panizza M, Scialdone O (2018) Electro-Fenton Process. Springer Singapore, Singapore 384 

24.  Pérez JF, Schiavo B, Sáez C, et al (2017) Effect of pressure on the electrochemical 385 

generation of hydrogen peroxide in undivided cells on carbon felt electrodes. Electrochim 386 

Acta 248:169–177 . doi: 10.1016/j.electacta.2017.07.116 387 



 
 

25.  Yu F, Zhou M, Yu X (2015) Cost-effective electro-Fenton using modified graphite felt that 388 

dramatically enhanced on H2O2 electro-generation without external aeration. Electrochim 389 

Acta 163:182–189 . doi: 10.1016/j.electacta.2015.02.166 390 

26.  Pérez JF, Llanos J, Sáez C, et al (2016) Electrochemical jet-cell for the in-situ generation of 391 

hydrogen peroxide. Electrochem commun 71:65–68 . doi: 10.1016/j.elecom.2016.08.007 392 

27.  Scialdone O, Galia A, Sabatino S (2013) Electro-generation of H2O2 and abatement of 393 

organic pollutant in water by an electro-Fenton process in a microfluidic reactor. 394 

Electrochem commun 26:45–47 . doi: 10.1016/j.elecom.2012.10.006 395 

28.  Scialdone O, Galia A, Sabatino S (2014) Abatement of Acid Orange 7 in macro and micro 396 

reactors. Effect of the electrocatalytic route. Appl Catal B Environ 148–149:473–483 . doi: 397 

10.1016/j.apcatb.2013.11.005 398 

29.  Scialdone O, Galia A, Gattuso C, et al (2015) Effect of air pressure on the electro-generation 399 

of H2O2 and the abatement of organic pollutants in water by electro-Fenton process. 400 

Electrochim Acta 182:775–780 . doi: 10.1016/j.electacta.2015.09.109 401 

30.  Pérez JF, Sabatino S, Galia A, et al (2018) Effect of air pressure on the electro-Fenton 402 

process at carbon felt electrodes. Electrochim Acta 273:447–453 . doi: 403 

10.1016/j.electacta.2018.04.031 404 

31.  Vicari F, D’Angelo A, Galia A, et al (2016) A single-chamber membraneless microbial fuel 405 

cell exposed to air using Shewanella putrefaciens. J Electroanal Chem 783: . doi: 406 

10.1016/j.jelechem.2016.11.010 407 

32.  Ma P, Ma H, Galia A, et al (2019) Reduction of oxygen to H2O2at carbon felt cathode in 408 

undivided cells. Effect of the ratio between the anode and the cathode surfaces and of other 409 

operative parameters. Sep Purif Technol 208:116–122 . doi: 10.1016/j.seppur.2018.04.062 410 

33.  Pérez JF, Galia A, Rodrigo MA, et al (2017) Effect of pressure on the electrochemical 411 



 
 

generation of hydrogen peroxide in undivided cells on carbon felt electrodes. Electrochim 412 

Acta 248:169–177 . doi: 10.1016/j.electacta.2017.07.116 413 

34.  Brillas E, Bastida RM, Llosa E, Casado J (1995) TECHNICAL PAPERS 414 

ELECTROCHEMICAL SCIENCE AND TECHNOLOGY Electrochemical Destruction of 415 

Aniline and 4-Chloroaniline for Wastewater Treatment Using a Carbon-PTFE 02-Fed 416 

Cathode Ph bO lq I. 142: 417 

35.  Harrington T (2002) The Removal of Low Levels of Organics from Aqueous Solutions 418 

Using Fe(II) and Hydrogen Peroxide Formed In Situ at Gas Diffusion Electrodes. J 419 

Electrochem Soc 146:2983 . doi: 10.1149/1.1392039 420 

36.  Da Pozzo A, Di Palma L, Merli C, Petrucci E (2005) An experimental comparison of a 421 

graphite electrode and a gas diffusion electrode for the cathodic production of hydrogen 422 

peroxide. J Appl Electrochem 35:413–419 . doi: 10.1007/s10800-005-0800-2 423 

37.  Comninellis C (1994) K Jüttner; U Galla; H Schmieder. Electrochim Acta 39:1857–1862 . 424 

doi: 10.1016/0013-4686(94)85175-1 425 

38.  Sabatino S, Galia A, Saracco G, Scialdone O (2017) Development of an Electrochemical 426 

Process for the Simultaneous Treatment of Wastewater and the Conversion of Carbon 427 

Dioxide to Higher Value Products. ChemElectroChem 4:150–159 . doi: 428 

10.1002/celc.201600475 429 

39.  Cañizares P, Paz R, Sáez C, Rodrigo MA (2009) Costs of the electrochemical oxidation of 430 

wastewaters: A comparison with ozonation and Fenton oxidation processes. J Environ 431 

Manage 90:410–420 . doi: 10.1016/j.jenvman.2007.10.010 432 

40.  Ltaïef AH, Sabatino S, Proietto F, et al (2018) Electrochemical treatment of aqueous 433 

solutions of organic pollutants by electro-Fenton with natural heterogeneous catalysts under 434 

pressure using Ti/IrO2-Ta2O5 or BDD anodes. Chemosphere 202:111–118 . doi: 435 



 
 

10.1016/j.chemosphere.2018.03.061 436 

 437 


