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Abstract 9 

The improvement in the treatment efficiency of diluted effluents is one of the great 10 

challenges faced by electrochemical technology nowadays. In the present work, it is 11 

aimed to develop an electrochemical cell for the simultaneous concentration and 12 

degradation of ionic organic pollutants. This combined cell (so called EDEO device) 13 

integrates the concentration of the organic by electrodialysis (ED) with its electro-14 

oxidation (EO). For the particular case of the 2,4-dichlorophenoxyacetic acid (2,4-D), the 15 

performance of the cell has been tested with two anode materials (boron-doped diamond, 16 

BDD and mixed mineral oxides, MMO) and with two supporting electrolytes in order to 17 

explore four combinations that are expected to cover a wide range of possible actual 18 

scenarios. Results demonstrate that the combined EDEO process exhibits a degradation 19 

rate and a mineralization current efficiency markedly higher than the equivalent EO 20 

device when working with MMO anodes, either with NaCl or with Na2SO4. It was 21 

checked that the use of a BDD anode clearly increases the efficiency and the rate of the 22 

treatment due to the formation of strong oxidants. In this case, the effect of working with 23 
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the combined EDEO in the rate of 2,4-D degradation is negligible because the 2,4-D 24 

transport rate becomes comparable to the degradation rate, being the combined process 25 

unable to generate a concentration greater than that accounted in the single EO device.  26 

 27 
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1. Introduction  48 

 49 

The treatment of wastewater containing pesticides and organochlorine compounds has 50 

recently attracted a growing commitment from the scientific community because of their 51 

high toxicity and persistent character [1-6]. Despite the fact that the use of many of these 52 

hazardous compounds has been forbidden or restricted, an intensive or inappropriate use 53 

in the past, an inappropriate storage or transportation and even some accidental spills are 54 

still causing serious problems. Due to their high water solubility and adverse effect, even 55 

at very low concentrations, organochlorine compounds become hazardous pollutants in 56 

aquatic ecosystems.  57 

A specific example of organochlorine pesticide widely used in the past in gardens and 58 

faring to control broadleaf weeds is 2,4-dichlorophenoxyacetic acid (2,4-D). The World 59 

Health Organization (WHO) considers this pesticide as moderately toxic and several 60 

degradation technologies have been evaluated for its degradation, including fenton-61 

related technologies [7, 8], photocatalytic degradation [9] or electrochemical technologies 62 

[10, 11]. 63 

One of the main limitations that degradation technologies must overcome is the low 64 

concentration in which pollutants are usually found in the environment. For the particular 65 

case of electrochemical degradation technologies, it is well assumed that the lower the 66 

concentration of the pollutant, the poorer is the efficiency of the degradation process, due 67 

to the appearance of mass transfer limitations and the occurrence of competing oxidation 68 

reactions (as it is the case of oxygen evolution) [12-14].  69 

To face the challenge of increasing the efficiency of degradation technologies, several 70 

alternatives have been explored. One of the most applied is the combination of 71 

electrochemical advanced oxidation processes with UV irradiation or ultrasound 72 
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sonication, in order to improve either the activation of oxidants or the mass transfer of the 73 

pollutant to the anode surface [15-18].  Among these strategies, photoelectrocatalytic 74 

technologies have received a special attention lately due to their good results obtained in 75 

the degradation of organic compounds, as this technology combines photogeneration of 76 

strong oxidants (such as hydroxyl radicals) along with the photoactivation of the 77 

electrogenerated oxidants [19].  78 

Another option consists of coupling concentration technologies, as it is the case of 79 

membrane separation techniques, with electrochemical or advanced oxidation processes 80 

to concentrate the pollutant prior to its degradation [20-22]. In all these cases, either the 81 

cost of the equipment and/or the energy requirements are increased due to the necessity 82 

of additional equipment and energy sources different from electricity.  83 

Based on these limitations, our research group presented a system for the simultaneous 84 

concentration and degradation of ionic pesticides, and successfully performed a proof of 85 

concept of this device for the particular case of the degradation of 2,4-D [23]. In that 86 

work, it was confirmed that it is possible to improve the degradation rate of 2,4-D by 87 

using a combination of electrodialysis (ED) and electro-oxidation (EO) in a combined 88 

electrochemical cell (EDEO), which exhibited a removal rate from 2.3 to 2.5 higher than 89 

that observed for an equivalent electro-oxidation cell. The designed device consisted of 90 

an electrodialysis cell with an ad-hoc arrangement of the membranes, allowing the mixing 91 

of the concentrate and the electrode rinsing solutions and, thus, the simultaneous 92 

concentration and electrochemical degradation of the pollutant. 93 

Based on these preliminary but promising results, the present work describes a 94 

comprehensive work about the performance of this technology with two different 95 

supporting electrolytes (sulphate and chloride) and two anode materials (mixed mineral 96 
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oxides, MMO and boron-doped diamond, BDD) trying to shed light on the operational 97 

mechanisms. The main aim of the present work is to explore the applicability and the 98 

possible bottlenecks for the future development of this technology for the treatment of 99 

wastewater containing ionic organic pollutants.  100 

2. Materials and methods 101 

2.1. Experimental  102 

The installation setup employed in this work was described in detail elsewhere [23]. It 103 

consists of a commercial electrodialysis cell provided by PCCell (Germany) equipped 104 

with MMO (titanium coated with mixed metal oxides, IrO2–RuO2) as both anode and 105 

cathode. The electrodes have a square grid-shaped geometry, of 7.5 x 7.5 cm and a 106 

thickness of 0.2 cm. In order to explore the applicability of the process, a similar mesh 107 

coated by a BDD layer (3D-mesh Diachem® diamond electrode supported on niobium) 108 

was acquired from Condias GmbH (Germany). The surface area of both electrodes was 109 

calculated using a Rexcon DS3 silver 3D scanner equipped with EZScan 8 and the 110 

Geomagic Wrap 2015 software, resulting a ratio of 1.5 of surface/geometric area. To 111 

maintain uniformity with previous works, the current densities presented here are referred 112 

to the geometric area of the electrodes.  113 

The ion exchange membranes (ASTOM Corp) have a square geometry of 11x11 cm and 114 

a thickness of 0.17 mm for cationic and 0.14 mm for anionic. The anion exchange 115 

membranes were saturated prior to their use by immersing them into a solution of 500 mg 116 

dm-1 of 2,4-D for 48 hours. 117 

The synthetic wastewater was prepared with 2,4-D (Alfa Aesar) with concentrations of 118 

100 mg dm-3 and a concentration of 3000 mg dm-3 of sodium chloride or sodium sulphate 119 

(Sigma Aldrich). The initial concentration of 2,4-D was selected to work under conditions 120 
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at which mass transfer limitations are expected. Before starting the experiments, the 121 

electrodes were polarized for 15 min at 300 A m-2 with a Na2SO4 solution of 5000 mg dm-122 

3 at pH 2 and subsequently rinsed several times with deionized water.  123 

ED tests were performed at constant voltage and at discontinuous mode of operation to 124 

characterize the behaviour and the transport of the pollutant through the anion exchange 125 

membrane. The same volume of concentrate and diluate was used (V = 1L).  126 

EO and EDEO tests were conducted in continuous mode and at constant current (I = 1 A, 127 

j = 177.8 A m-2). In this case, continuous mode avoids the formation of a high 128 

concentration gradient between both compartments (and consequently an excessive cell 129 

potential), meanwhile galvanostatic is the most common mode of operation when 130 

working in electro-oxidation processes.  131 

EO tests were performed without ion exchange membrane (IEM) and with a total volume 132 

in the system of 2L. EDEO tests were conducted with two membranes, a cation IEM 133 

facing the cathode and an anion IEM facing the anode. This way, there were two 134 

compartments in the EDEO trials, one diluate and a second one (1L each) that mixes 135 

concentrate and electrode rinsing solution. In both cases, the same total flow rate was fed 136 

and purged to and from the system: 60 mL every 10 minutes during the first hour and the 137 

same volume every five minutes during the rest of the tests. For EDEO tests, this total 138 

volume was divided into 10 mL fed to the concentrate and 50 mL fed to the diluate. This 139 

is equivalent to a specific charge of 2.78 Ah L-1 for the first hour and of 1.39 Ah L-1 for 140 

the rest of the tests. The different modes of operation of the cell are schematically 141 

presented in a Figure appended as supplementary material (Fig. sup.1). All tests lasted 4 142 

hours, resulting in a total mass of 2,4-D and TOC fed to the system (including the mass 143 

initially loaded in all compartments) of 452 mg and 196.3 mg, respectively. 144 
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Calculation of MCE and power consumption 145 

Considering the following reaction for the total mineralization of 2,4-D (Eq. 1), 146 

mineralization current efficiency (MCE, %) can be calculated by Equation 2 [24] 147 

C8H6Cl2O3  +  13 H2O → 8 CO2  +  2 Cl-  +  32 H+  +  30 e-  (1) 148 

𝑀𝐶𝐸, % =
𝑚𝑇𝑂𝐶·𝑛·𝐹

𝐼·𝑡·96
· 100     (2) 149 

where mTOC is the mass of TOC degraded (g), n the number of electrons needed for the 150 

complete mineralization (n=30), F the Faraday constant (96500 C mol-1), I the intensity 151 

(A), t the time (s) and 96 the mass of carbon atoms per molecule of 2,4-D (g mol-1). 152 

Obviously, there is not a direct 30 e- transfer, being this parameter used only for 153 

comparison purposes. The power consumption (PC, kWh kg-1 TOC) has been calculated 154 

by Equation (3) 155 

𝑃𝐶, 𝑘𝑊ℎ 𝑘𝑔−1 𝑇𝑂𝐶 =
𝐼·𝑉

𝑚𝑇𝑂𝐶
     (3) 156 

where V is the average applied voltage (V) and mTOC is the mass of TOC removed 157 

throughout the test. At this point, it is worth noting that both parameters have been 158 

calculated as discontinuous process, as the stationary state was not reached in none of the 159 

tests presented in the present work.  160 

2.2. Analytical techniques  161 

For the measurement of 2,4-D it was used the Agilent 1100 HPLC equipped with a UV 162 

detector (280 nm) and a Phenomenex Gemini 5 μm C18 column. The mobile phase 163 

consists of 60% acetonitrile and 40% water with 2% acetic acid at a flow rate of 0.4 cm3 164 

min-1, an oven temperature of 25 ° C and an injection volume of 20 μL. The total organic 165 

carbon quantification was made with the Multi N / C 3100 Analytik Jena equipment.  166 
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3. Results and discussion 167 

3.1.Transport of 2,4-D through electrodialysis cell 168 

As a first step, the electro-migration of the pollutant within the electrochemical cell was 169 

characterized by two consecutive electrodialysis tests performed with the same IEM. 170 

Figure 1 shows the evolution of the concentration of 2,4-D in both diluate and concentrate 171 

compartments within these consecutive tests. 172 

 173 

Fig.1. Evolution of 2,4-D concentration throughout two consecutive ED tests in 174 

discontinuous mode at 10V using NaCl as supporting electrolyte.  Full symbols – 175 

concentrate; empty symbols – diluate; □ I use, ○ II use. 176 

 177 

As it can be observed, the dilution is clearly lower than the concentration throughout the 178 

first ED test. This situation changes in the second test, being the concentration attained 179 

much closer to the dilution reached in the other compartment. Taking into account that 180 

the volume of concentrate and diluate was equal (1 L each) and that no reaction can take 181 

place in both diluate and concentrate compartments, the only plausible explanation for 182 

this behaviour is the adsorption of 2,4-D on the anion exchange membrane. This 183 
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phenomenon was described and explained in our previous work [23], where the 184 

adsorption capacity of 2,4-D by this anion exchange membrane was determined to be 185 

3.41±0.24 mg cm-2.  186 

Taking into account this behaviour, the following tests were performed with saturated 187 

anion exchange membranes, thus avoiding the influence of the degree of saturation of the 188 

membrane on the degradation results and the confusion between the amount of 2,4-D 189 

degraded and the mass of pollutant adsorbed.  190 

3.2. EO and EDEO performance with MMO anode 191 

Figure 2 shows the influence of the cell configuration (EO vs. EDEO) on the 2,4-D and 192 

TOC removal (Figure 2.a) and on the mineralization current efficiency (MCE) at 177.8 193 

A/m2 using NaCl as supporting electrolyte and MMO anode.  194 

 195 

Fig. 2. Influence of the intensity and cell configuration on the 2,4-D and TOC removal 196 

rate (a) and efficiency (b) at 177.8 A/m2 using NaCl as supporting electrolyte and MMO 197 

anode;  □ 2,4-D, ○ TOC. Full symbols: EDEO; Empty symbols: EO 198 

 199 

As it can be observed, the removal efficiency considerably improves for both 2,4-D 200 

(161.52 vs 43.18 mg at 240 min) and TOC (30.30 vs 3.35 mg at 240 min) by using the 201 

integrated system with respect to the conventional EO configuration. This means that, by 202 
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concentrating and oxidizing at the same time, not only a higher removal efficiency of the 203 

pollutant can be achieved but also a higher degree of mineralization. This higher 204 

mineralization rate of EDEO system is clearly observed in Figure 2.b, in which the 205 

mineralization current efficiency of the EDEO system is approximately nine times higher 206 

at the end of the test than the equivalent MCE for the EO cell (7.05% of EDEO vs. 0.78% 207 

of EO). 208 

It is commonly accepted that the electrochemical oxidation of an organic pollutant 209 

follows a pseudo-first order kinetics as it mainly takes place in the nearness of the anode 210 

surface, either by direct or by mediated oxidation [25-29]. This implies that mass transfer 211 

control is expected at low concentration of the organic, being the maximum rate of the 212 

process directly proportional to the concentration of the target pollutant [30]. Moreover, 213 

it is well assumed that the kinetics of the mediated oxidation of an organic molecule by 214 

the active chlorine species electrochemically produced follows a pseudo-first order 215 

kinetics with respect to the pollutant concentration, once the concentration of the oxidant 216 

reaches a stationary value [31-33]. This implies a higher degradation rate for higher 217 

concentration of the pollutant, not only at the nearness of the electrode but also in the 218 

bulk. This fact All this together explains the higher rate of 2,4-D removal in the case of 219 

the combined process compared to the single electro-oxidation. The values of MCE (far 220 

lower than 100% in both cases) are consistent with systems in which the transport of the 221 

pollutant to the anode surface is controlling the rate of the process due to the low 222 

concentration of pollutant (mass transfer control) [34]. Thus, the higher concentration 223 

obtained in the EDEO system once again implies a higher value of the MCE, that is, a 224 

more efficient use of the charge passed through the system. It is worth noting that the 225 

higher MCE also implies a greater degree of mineralization and, consequently, a more 226 

limited formation of undesirable reaction intermediates. 227 
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Figure 3 shows the evolution of 2,4-D and TOC removed (Fig. 3.a), together with the 228 

values of MCE (Fig. 3.b) for the case of working with MMO electrodes and sulphate as 229 

supporting electrolyte. 230 

 231 

Fig. 3. Influence of the intensity and cell configuration on the 2,4-D and TOC removal 232 

rate (a) and efficiency (b) at 178 A/m2 using Na2SO4 as supporting electrolyte and 233 

MMO anode; □ 2,4-D, ○ TOC. Full symbols: EDEO; Empty symbols: EO 234 

 235 

As observed, the rates of 2,4-D and TOC removal do not reach the values observed for 236 

the case of NaCl. As it has been discussed in literature, the degradation of organics by 237 

MMO anodes occurs at a higher rate when NaCl is used instead of Na2SO4 [23, 25, 35, 238 

36] because of the production of active chlorine species, as expressed by equations 4 to 6 239 

[37-39]. On the contrary, the production of peroxodisulfate from sulfate by MMO anodes 240 

is not effective, being the degradation of 2,4-D mainly due to direct oxidation mechanisms 241 

[40]. Although a lower degradation rate is obtained when using sulphate as electrolyte, it 242 

is worth mentioning that the potential formation of hazardous chlorinated by-products 243 

can be produced when chloride is used as electrolyte, as it is well described in literature 244 

[41]. Nevertheless, it is not the aim of the present work to evaluate the formation of 245 

chlorinated by-products but to test the performance of the new concept of EDEO cell in 246 

the most common working conditions. 247 
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2Cl‾ → Cl2 + 2e‾      (4) 248 

Cl2 + H2O ↔ HClO + Cl‾ + H+      (5) 249 

 HClO ↔ ClO‾ + H+                       (6) 250 

 251 

In any case, it is important to point out that although the system is less efficient in sulphate 252 

medium, the degradation rate and MCE of the EDEO system clearly improves the results 253 

of the electro-oxidation process. Regarding 2,4-D degradation, the total mass of 2,4-D 254 

degraded at 240 min was 80% higher in the EDEO system (58.5 mg of EDEO vs. 32.6 255 

mg of EO). In the case of MCE, the total mineralization reached within 240 min was more 256 

than ten times higher in the EDEO system (13.24 mg of EDEO vs. 1.03 mg of EO system). 257 

As commented for NaCl, the greater rate and efficiency of the process is explained by the 258 

higher concentration of pollutant in the EDEO process. In this case, this higher 259 

concentration enhances the transport of the pollutant to the anode surface and, 260 

consequently, the rate of the direct oxidation mechanisms. 261 

3.3. Performance with BDD anode and comparison of anode materials 262 

As demonstrated in the previous section, the performance of the EDEO system clearly 263 

overcomes a conventional electro-oxidation process in terms of degradation rate and 264 

MCE of 2,4-D. To explore the applicability of the process with a different anode material, 265 

a mesh with a BDD layer, an anode material that has exhibited an outstanding behaviour 266 

in the degradation of a wide spectra of organic molecules [42], was produced ad hoc by 267 

an external manufacturer (CONDIAS GmbH). Thus, Figure 4 shows the compared 268 

performance of EDEO and EO systems in terms of 2,4-D abatement and incineration rate 269 

(Fig. 4.a) and MCE (Fig 4.b), working with NaCl as supporting electrolyte.  270 
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 271 

Figure 4. Influence of the intensity and cell configuration on the 2,4-D and TOC 272 

removal rate (a) and efficiency (b) using NaCl as supporting electrolyte and BDD 273 

anode; □ 2,4-D, ○ TOC. Full symbols: EDEO; Empty symbols: EO 274 

 275 

The first important point to be highlighted from these data is the higher 2,4-D removal 276 

rate and MCE with BDD, compared to that obtained for MMO (364 mg of BDD vs. 161 277 

mg of MMO at 240 min for EDEO). This result is in agreement with the high performance 278 

of diamond-based anodes for the production of oxidants as it is the case of chlorine-based 279 

oxidant species or hydroxyl radicals, due to the non-active nature of its surface [43-45].  280 

On the contrary, a somehow unexpected result is the similar performance of EO and 281 

EDEO systems regarding the removal of 2,4-D. To explain this result, it is important to 282 

notice that the EDEO system is based on two stages: 1) the transport of 2,4-D through the 283 

IEM and 2) the degradation of 2,4-D in the concentrate. As discussed in the previous 284 

paragraph, the degradation rate of 2,4-D has markedly increased when using BDD as 285 

anode material. As the system is operated in continuous mode, the degradation rate (mg 286 

min-1), varies with time until a steady state is reached. On the other side, although the rate 287 

of transport of 2,4-D in the EDEO system depends on the applied voltage and the 288 

concentration gradient, an average value could be approximately calculated from the 289 

slope of the diluate stream in Figure 1. Thus, the value of the calculated degradation rate, 290 
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for both EO and EDEO systems, the approximate estimation of transport rate of 2,4-D 291 

and the ratio between the degradation rates of EDEO and EO processes are gathered in 292 

Figure 5 (Fig. 5.a for BDD Fig 5.b for MMO). 293 

 294 

Fig. 5. Time course of degradation rate of EO (dotted bars) and EDEO (stripped bars) 295 

with (a) BDD and (b) MMO in NaCl media. The ratio between degradation rates of 296 

EDEO and EO systems is included as full triangles (secondary axis). Dashed line: 297 

estimation of the average transport rate of 2,4-D (0.97 mg min-1). 298 

 299 

As it can be observed, the degradation rates of both processes decrease for higher times, 300 

which can be explained by the lower concentration of 2,4-D in the electrode 301 

compartments. At the beginning of the test with BDD, it can be clearly observed that the 302 

degradation rates of EDEO and EO processes are almost equal, meanwhile the transport 303 

rate is lower than the degradation rate of both systems. As it can be observed from the 304 

evolution of the ratio between the degradation rates of both process, the rate of the EDEO 305 

process becomes to be appreciably higher than the EO only when the transport rate 306 

becomes higher than de degradation rate (ratio of 1.02 at 0 min; ratio of 1.22 at 240 min). 307 

These results exhibit a limitation in the applicability of EDEO process to systems in which 308 

the transport rate is higher than the degradation rate.  309 

As observed in Fig. 5.b, the degradation rate was lower when the system was run with the 310 

MMO anode, being in this case the transport rate large enough to increase the 311 
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concentration of the electrode compartment of EDEO process and, thus, to give a higher 312 

rate of this configuration compared to the EO system. This behaviour is clearly observed 313 

when analysing Figure 5.b. Although the rate of both processes (EO and EDEO) is almost 314 

equal at the very beginning of the test, the EDEO process clearly overcomes the behaviour 315 

of the EO process, as the transport rate is higher than the degradation rate throughout the 316 

entire run (except for the point at t=0). In this case, the rate of EDEO process is from 3.7 317 

(at 30 min) to 4.8 times (at 240 min) higher than the degradation rate of the EO system. 318 

In line with these results, the rate of TOC degradation and MCE (Figure 4.b) of both 319 

processes is much similar than in the case of MMO anodes. Just for times greater than 50 320 

min, it can be stated that the MCE of EDEO system is higher than that measured for EO. 321 

This latter increase in the MCE of the EDEO can be explained because of the lower 322 

volume of the electrode compartment in the EDEO system, which implies a higher 323 

concentration of the reaction intermediates and, consequently, a greater efficiency of 324 

mineralization.  325 

Next, the results obtained using sulphate as supporting electrode and BDD as anode are 326 

gathered in Figure 6. 327 

 328 

Fig. 6. Influence of the intensity and cell configuration on the 2,4-D and TOC removal 329 

rate (a) and efficiency (b) using Na2SO4 as supporting electrolyte and BDD anode;  EO 330 
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b) EDEO; Full column: 2,4-D;  Grid column: TOC □ 2,4-D, ○ TOC. Full symbols: 331 

EDEO; Empty symbols: EO 332 

 333 

The first remarkable result to be taken into account is the higher 2,4-D degradation rate 334 

and MCE than in the case of using MMO anodes. This better performance of the process 335 

can be explained in terms of the ability of BDD anodes to form peroxodisulfate from 336 

sulphate ions, according to Equation 7 [46]. Peroxodisulfate is relatively stable but it 337 

behaves as a strong oxidant, capable to degrade a wide spectra of organic molecules [47], 338 

once it is activated by the addition of iron(II) salts [48, 49], UV irradiation [50] or 339 

electrochemically by the hydroxyl radicals formed at the BDD anode from by water 340 

oxidation [46, 51]. In this latter case, the use of BDD anodes may activate 341 

peroxodisulfate, increasing its capacity of degrading organic matter, as it is schematically 342 

represented by Equation (8). Moreover, it has been recently demonstrated that the 343 

electrochemically activated peroxodisulfate may enhance the production of hydroxyl 344 

radicals and inhibit the oxygen evolution reaction, producing a greater concentration of 345 

hydroxyl radicals [51]. All together results in a higher rate in the degradation of organics.  346 

2SO4
2- → S2O8

2- + 2e‾      (7) 347 

BDD- S2O8
2- → Reactive species      (8) 348 

Moreover, once again the performances of both EDEO and EO systems becomes closer. 349 

As it was the case of NaCl, the higher degradation rate, due to the formation of 350 

peroxodisulfate, explains the similar behaviour of EDEO and EO systems: the 351 

degradation rate is higher than the transport of 2,4-D through the electrodialysis 352 

membranes at the first stage of the tests so the EDEO process is not able to produce a 353 
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higher concentration, and therefore a greater degradation rate, than the electro-oxidation 354 

process.  355 

Regarding power consumption, Table 1 gathers the values of the power consumption per 356 

unit of TOC removed, all of them calculated for 30% of TOC removal (with respect to 357 

the total TOC fed to the system). The value of kWh m-3 order-1, recently used as an 358 

interesting figure of merit for the calculation of power consumption of electrochemical 359 

degradation technologies [52], has not been used here due to the low percentage of TOC 360 

removal under the conditions tested. 361 

Table 1. Power consumption in the mineralization of 30% of TOC 362 

Electrode System Electrolyte 
Electric consumption per 

mass (kWh kg-1 TOC) 

Average 

voltage (V) 

BDD 

EO 
NaCl 320.2 5.4 

Na2SO4 342.1 7.1 

EDEO 
NaCl 293.2 7.1 

Na2SO4 395.5 9.3 

 363 

As it can be observed, the effect of EDEO process in the specific power consumption 364 

becomes negligible due to the higher voltage required when the membranes are placed 365 

inside the electrochemical cell. It is expected that, in future developments of the 366 

technology, the higher rate in TOC degradation will overcome the higher voltage required 367 

in the EDEO system. 368 

According to these findings, the transport rate of the pollutant through the anion IEM is 369 

found to be a bottleneck for the advance of the technology. Hence, to be further 370 

developed, the experimental design and working conditions of EDEO system should 371 

assure enough transport rate to permit the concentration of the pollutant in the electrode 372 

compartment and, as a consequence, to allow higher degradation rates.  373 
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4. Conclusions 374 

The present work explores the range of applicability of a combined 375 

electrodialysis/electro-oxidation cell (EDEO cell) for the simultaneous concentration and 376 

degradation of 2,4-D. The following main conclusions can be drawn from this work: 377 

- The EDEO cell is capable of simultaneously concentrate and degrade a model 378 

ionic organic pollutant (2,4-D). 379 

- The rate of removal of 2,4-D and TOC is greater when using a MMO anode and 380 

EDEO cell, with respect to the equivalent EO equipment. 381 

- The mineralization current efficiency of the EDEO system is greater than the EO 382 

device in all the scenarios tested in the present work. 383 

- The degradation rate of 2,4-D is not improved by the EDEO set up if the rate of 384 

degradation is higher than the transport rate of the pollutant through the 385 

membranes (case of BDD anode in the present work). Thus, the transport rate of 386 

the organic pollutant is the bottleneck for the future development of the combined 387 

technology. 388 
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