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Abstract 9 

This work presents a novel approach of wastewater treatment technology that consists of 10 

a combined electrodialysis / electro-oxidation process, specially designed to allow 11 

increasing the efficiency in the oxidation of ionic organic pollutants contained in diluted 12 

waste. Respect to conventional electrolysis, the pollutant is simultaneously concentrated 13 

and oxidized, enhancing the performance of the cell due to the higher concentration 14 

achieved in the nearness of the anode. A proof of concept is tested with the ionic pesticide 15 

2,4-D (2,4-dichlorophenoxyacetic acid) and results show that the efficiency of this new 16 

technology overcomes that electrolysis by more than double, regardless the supporting 17 

electrolyte used (either NaCl or Na2SO4). Moreover, the removal rate of 2,4-D when using 18 

NaCl was found to be more efficient, due to the best performance of the electrode material 19 

selected (DSA®) towards the formation of oxidants in chloride supporting electrolyte. 20 

These results open the way for overcoming the efficiency limitations of electrochemical 21 

treatment processes for the treatment of solutions with low concentrated ionic pollutants.  22 

Keywords: ionic pollutant; electrodialysis; electro-oxidation; integrated process; high 23 

efficiency 24 

 25 

 26 

 27 

 28 



2 
 

1. Introduction  29 

The research efforts devoted to the development of environmental applications of 30 

electrochemical technologies has notably increased within the last decades (Rodrigo et 31 

al., 2014; Feng et al., 2016). For the particular case of pesticide removal, many studies 32 

have been conducted in the recent years, looking for operation conditions or combination 33 

of processes that helps to attain high degradation efficiencies (Muff et al., 2009; 34 

Fontmorin et al., 2012; Kukurina et al., 2014; Souza et al., 2016) in the depletion of these 35 

hazardous species. 36 

Despite these important efforts, several drawbacks need still to be overcome. The most 37 

important are the diffusion limitations found for the treatment of low concentrated wastes. 38 

It is well-known that the higher the concentration of pollutant, the higher is the current 39 

efficiency of the electrochemical treatment processes (Panizza et al., 2001b; Martínez-40 

Huitle and Ferro, 2006; Panizza and Cerisola, 2009; Scialdone, 2009). Thus, mass transfer 41 

control is expected when low concentrated wastes are treated, limiting the maximum 42 

removal rate and thus lowering the current efficiency due to the appearance of parasitic 43 

reactions, such as oxygen evolution (Panizza et al., 2001a; Comninellis et al., 2008; 44 

Martín de Vidales et al., 2012).  45 

Another important drawback is the necessity of a minimum conductivity in the target 46 

waste, in order to avoid the necessity of application of excessively large cell potentials, 47 

which would increase unnecessarily the cost of the treatment. This drawback is typically 48 

solved in research studies with the addition of high concentrations of salts (Martínez-49 

Huitle et al., 2015). This is not a good practice for real applications because, in a certain 50 

way, added salts can also be considered as pollutants, with much lower hazardousness but 51 

with a much higher persistence.   52 

This work presents the proof of concept of a new electrochemical process designed to 53 

face both drawbacks for the treatment of ionic pesticides. It consists of an electrodialysis 54 

cell in which the concentration and the abatement of the ionic pesticide is performed 55 

simultaneously due to an ad hoc arrangement of the ionic exchange membranes by a 56 

combination of electrodialysis and electro-oxidation (EDEO process). In this process, the 57 

supporting electrolyte is concentrated together with the pesticide, being the latter oxidized 58 

in the concentrate compartment and thus overcoming the two drawbacks previously 59 

exposed. To validate this proof of concept, the behavior of the selected pesticide (2,4-60 
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dichlorophenoxyacetic acid, 2,4-D) in the electrodialysis cell is first studied. Next, it is 61 

demonstrated that the 2,4-D removal in the integrated system clearly overcomes the 62 

performance of a conventional electro-oxidation process.  63 

 64 

2. Materials and methods 65 

The experiments were conducted in an electrodialysis setup described elsewhere (Llanos 66 

et al., 2014). It basically consists of an electrodialysis cell equipped with DSA ® 67 

(Industrie de Nora) as both anode and cathode and auxiliary equipment (pumps, tanks, 68 

measuring devices). The membranes were provided by Astom Corp. The anion exchange 69 

membrane (a standard grade AMX) has a thickness of 0.14 mm, an IEC between 1.4 – 70 

1.7 meq g-1 and an electric resistance of 2.4 Ω cm2. The cationic exchange membrane (a 71 

standard grade CMX) has a thickness of 0.17 mm, an IEC of 1.5 – 1.8 meq g-1 and an 72 

electrical resistance of 3 Ω cm2.  73 

In order to study the simultaneous concentration and removal of 2,4-D, three cell 74 

configurations were proposed as shown schematically in Fig. 1, using as model of waste 75 

to be treated a solution containing 100 mg L-1of 2,4-D and 3000 mg L-1of  NaCl or 76 

Na2SO4. The first arrangement is a conventional electrodialysis configuration (ED) in 77 

which an anion exchange membrane was placed between two cation exchange 78 

membranes to form 3 compartments: a diluate, a concentrate and an electrode rinse. This 79 

configuration can attain the concentration of the pesticide in one stream and a waste with 80 

a much lower concentration in the other. 81 

 82 

Fig. 1 83 

 84 

The second configuration (namely electrochemical oxidation, EO) does not involve the 85 

use of membranes and the oxidation of the pollutant takes place in only one compartment. 86 

The third set up brings the novelty of combining the previous two configurations by 87 

performing simultaneously electrodialysis and electro-oxidation in the same cell (EDEO 88 

process). In this case, two membranes were used in order to obtain two compartments: a 89 

dilute compartment and a mixed compartment in which the electrode rinse and the 90 

concentrate are brought together. In this way, it is possible to improve the degradation 91 
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process and to favor the direct and indirect oxidation mechanisms. The anionic membrane 92 

was previously saturated by immersing it in a concentrated 2,4-D solution (500 mg L-1) 93 

during 48 h in EDEO tests in order to avoid the contribution of adsorption in the removal 94 

of 2,4-D during the EDEO tests. 95 

At this time, it is worth mentioning that ED is usually operated at constant voltage 96 

meanwhile EO is commonly performed under galvanostatic conditions. In the present 97 

work, ED tests were performed to characterize the transport of 2,4-D through the anionic 98 

membranes and to evaluate its behavior in the ED cell. For this, the most simple and 99 

common mode of operation was selected for ED trials: discontinuous mode and constant 100 

voltage. Conversely, EO and EDEO tests were run under galvanostatic conditions (typical 101 

of EO processes) and at continuous mode. This mode of operation was selected mainly 102 

for two reasons: 1) a real treatment plant is expected to be operated at continuous mode; 103 

2) with this mode of operation the formation of excessive concentration gradients between 104 

both compartments is avoided, allowing to operate the tests throughout sufficient time to 105 

observe noticeable differences between the two configurations proposed.  106 

To run the system in continuous mode, volumes of 50 mL from the diluate compartment 107 

and 10 mL from the concentrate compartment were replaced every ten min during the 108 

first h. After this (and until the end of the experiments) the same volumes were replaced 109 

every five min. It has to be mentioned that in the case of using NaCl as supporting 110 

electrolyte, the volumes added after the first h needed to be doubled due to the higher 111 

reactivity of the DSA electrodes in chloride media. This dissimilar feeding flow rate 112 

allows working with similar 2,4-D concentrations with both supporting electrolytes. An 113 

average applied electric charge of 0.64 Ah L-1 was passed to the runs with NaCl as 114 

supporting electrolyte and 1.08 Ah L-1 to the synthetic wastes with Na2SO4. 115 

High performance liquid chromatography system used was an Agilent 1100 equipped 116 

with an UV detector (280 nm) and column Phenomenex Gemini 5 μm C18. It used a 117 

mobile phase that consisted of 60% acetonitrile and 40% water to 2% acetic acid with a 118 

flow rate of 0.4 mL min−1, an oven temperature of 25 ºC, and volume injection of 20 μL. 119 

 120 

 121 

 122 
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3. Results and discussion  123 

First, conventional electrodialysis tests were performed in order to characterize the 124 

mobility of the pesticide and the driving force needed to achieve the maximum allowable 125 

transfer rate in ED. Therefore, Fig. 2 shows the evolution of 2,4-D concentration in both 126 

diluate and concentrate compartments for cell potentials ranging from 1.0 to 10.0 V. 127 

Fig. 2 128 

 129 

At 1.0 V there is no ionic mobility, which means that this cell voltage is not high enough 130 

to promote the transport of 2,4-D through the anionic membrane. As the potential 131 

increases, so does the mass transfer, being able to dilute the synthetic wastewater from 132 

100 mg  L-1 down to approximately 10 mg L-1 and concentrate it from 100 up to 130 mg 133 

L-1. No significant differences were found between the results obtained in the tests carried 134 

out at 5.0 and 10.0 V.  135 

Hence, ED can be used to treat waste polluted with 2,4-D. However, a noteworthy 136 

difference between the degree of dilution and the degree of concentration should be 137 

pointed out in both ED tests. This difference does not depend on the cell voltage applied 138 

and it has be explained in terms of the adsorption of 2,4-D onto the anionic membranes, 139 

which is compatible with the behavior of the pesticide during the first 40 min of 140 

experiments. As it can be observed, during this time the concentration of the concentrate 141 

compartment remains practically the same, while the concentration of the dilute 142 

decreases. To confirm this hypothesis, batch 2,4-D adsorption tests were conducted by 143 

immersing membranes into 2,4-D solutions, revealing that the membrane has a capacity 144 

to retain up to 3.41±0.24 mg cm-2 of 2,4-D.  145 

The adsorption of 2,4-D onto the anionic membranes may hinder the analysis of its 146 

degradation throughout the EDEO tests, as the removal of this pollutant would be a 147 

combination of both oxidation and adsorption mechanisms. For this reason, the EDEO 148 

tests were performed with anionic membranes previously saturated in pesticide, as 149 

described in the experimental section. Fig. 3 shows the amount of 2,4-D removed by EO 150 

and by EDEO, as well as the influence of the supporting electrolyte in the removal rate. 151 

 152 

Fig.3 153 
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 154 

From the analysis of the results shown in Fig. 3a, it can be stated that the average removal 155 

rate of EDEO system is 2.5 times than of EO when using Na2SO4 as supporting electrolyte 156 

(53.53 mg 2,4-D in EO vs. 133.65 mg in EDEO after 480 min of electrolysis). A similar 157 

behavior is observed when using NaCl as supporting electrolyte (Fig. 3b), showing 158 

removals of 2,4-D of 138.4 mg for EO and 320.79 mg for EDEO after the same 159 

electrolysis time. This means an increase in the efficiency of more than double. Hence, 160 

as expected, the removal efficiency increases when the concentrate and the electrode rinse 161 

share the same compartment because the efficiency of anodic oxidation depends on the 162 

mass transfer of pollutants from the bulk to the anode surface or its vicinity (Sharma et 163 

al., 2007). It is well-known that the electrolysis of diluted wastes fits well to a pseudo-164 

first order kinetic and this means that the higher the concentration of pollutant, the higher 165 

is the efficiency expected (Cañizares et al., 2004a, b). Electrochemical processes occur at 166 

the nearness of the electrodes (direct on the surface and mediated near to it) and, for this 167 

reason, when the concentration of the pollutant decreases mass transfer control is 168 

expected, causing a decrease in the degradation efficiency due to the appearance of 169 

competitive oxidation reactions (Martin de Vidales et al., 2012, 2017). Thus, it is 170 

consistent that the use of concentrated solutions leads to the removal of higher amounts 171 

of pollutants per unit of charge applied (Hamza et al., 2009; Cavalcanti et al., 2013; Da 172 

Silva et al., 2014; Madsen et al., 2015; Moreira et al., 2015). 173 

Moreover, in comparing Fig. 3a and b, it can be concluded that the nature of the 174 

supporting electrolyte highly affects the degradation kinetics, being the removal rate 175 

higher in the case of using NaCl, even when applying a lower specific charge as 176 

previously described in the experimental section. This result is explained on the basis of 177 

the reactivity of the DSA® in chloride media. Thus, it has been previously demonstrated 178 

that the removal of target compounds and mineralization occur more rapidly using NaCl 179 

compared to Na2SO4 (Sharma et al., 2007; Kümmerer, 2009; Thiam et al., 2014) due to 180 

the formation of active chlorine species produced by direct oxidation of chloride at the 181 

anode (Eq. (1) to (3)) (Cotillas et al., 2016; Llanos et al., 2016). Thus, the higher 182 

concentration reached in the EDEO configuration near to the anode surface also enhance 183 

the mediated oxidation mechanisms and so the overall degradation rate. 184 

2Cl‾ → Cl2 + 2e‾      (1) 185 
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Cl2 + H2O ↔ HClO + Cl‾ + H+      (2) 186 

 HClO ↔ ClO‾ + H+                       (3) 187 

This is not the case when the electrolyte support is sulfate because DSA® anodes are not 188 

effective in the oxidation of sulfate to peroxosulfate. In this case, mediated processes are 189 

not as favored as in the other case but even that, the EDEO process is much more efficient 190 

that the single electrolysis. 191 

Apart from the higher degradation rate with both anodes in chloride media, it is worth 192 

mentioning the potential formation of chlorinated by-products as it has been widely 193 

reported in literature (García et al., 2013; Antonin et al., 2015; Garcia-Segura et al., 2015). 194 

This matter will be studied in detail in future works. 195 

4. Conclusions 196 

The main conclusion of this work is that the EDEO cell permits the concentration and 197 

simultaneous degradation of an ionic organic pesticide in a single electrochemical cell. 198 

This novel approach more than doubles the removal rate of 2,4-D compared to a 199 

conventional EO cell working at the same experimental conditions. This configuration is 200 

directly applicable to the removal of several ionic pollutants, overcoming the limitation 201 

of efficiency characteristic of electrochemical treatment processes that work under mass 202 

transfer control.  203 

 204 
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Figure Captions 329 

 330 

Fig. 1. Schematic plot of the electrodialysis-electrolysis set up and the three proposed 331 

configurations. AEM: anion exchange membrane; CEM: cation exchange membrane; C: 332 

concentrate; D: diluate; ER: electrode rinse; CM: conductimeter 333 

 334 

Fig. 2. Influence of the applied voltage in the time course of 2,4-D concentration in 335 

discontinuous electrodialysis tests. Full symbols: concentrate. Empty symbols: diluate. 336 

●10.0 V;  5.0 V;▲ 1.0 V.  337 

 338 

Fig. 3. Influence of cell configuration in the time-course of 2,4-D removed. a) Na2SO4 as 339 

supporting electrolyte; b) NaCl as supporting electrolyte. ●EDEO; □ ED; Current density: 340 

177.77 A m-2 341 
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