
Combined electrodialysis and electrocoagulation as treatment for 

industrial wastewater containing arsenic and copper 

Henrik K. Hansen(1), Jorge Leiva(1), Andrea Lazo(1), Claudia Gutiérrez(1), 

Adrián Rojo(1), Luis Borzone(1), Marcela E. Hansen(1), Pamela Lazo(2) 

(1) Departamento de Ingeniería Química y Ambiental, Universidad Técnica Federico Santa

María, Valparaíso, Chile. +56 32 2654030, henrik.hansen@usm.cl 

(2) Instituto de Química y Bioquímica, Facultad de Ciencias, Universidad de Valparaíso, Chile

1. Introduction

Wastewater produced by mining activities often exceeds the limiting concentrations of different 

contaminants established by local authorities. For this reason, in Chile a treatment to lower the 

concentrations of the contaminants in order to fulfill the limits established by Chilean standard D.S. Nº90/00 

is necessary [1]. Currently, the used treatment to reduce the concentration of inorganic contaminants in 

mining wastewater is based on the addition of chemical reagents, such as lime slurry that facilitates the 

precipitation of the different metals by an pH increase of the wastewater, together with an eventual 

flocculant and coagulant addition. This procedure generates high economical costs due to the reagent 

consumption and the large volume of generated sludge, which requires further processing. Moreover, 

processes for recovery of valuable metals are not implemented and the waste is only disposed [2-4]. 

Electrodialysis is a technique used to transport, separate and concentrate ions, by means of an electrical 

field [5]. In this process, the electrical energy generates the migration of ions across ion exchange 

membranes [6]. When an electrical field across the membranes is applied, anions will be transported to the 

anode and the cations will be moved to the cathode [3, 7-8]. On the other hand, electrocoagulation is a 

process used to remove suspended or dissolved contaminants from aqueous solutions. This technique is 

based on the application of an electrical current between either iron or aluminum electrodes submerged in 

the solution to be treated. In the case of iron electrodes, the applied current oxidizes and dissolves the anode, 

ferrous ions in solution are then oxidized by oxygen or other oxidants producing iron oxides and hydroxides 

(HFO) that form flocs on which arsenic and other contaminants are adsorbed and/or co precipitated. It is 

possible to remove these flocs from the solution by a separation method, obtaining a clean solution [2, 4, 

9-10]. The main factors affecting electrocoagulation are (i) surface area of electrodes, (ii) types of

electrodes, (iii) current density, (iv) pH of the solution, (v) oxidant, (vi) mixing in coagulation process.

The main objective of this research is to study a new technology combining electrodialysis (ED) and 

electrocoagulation (EC) to remove the inorganic contaminants arsenic and copper present in wastewater 

from a copper smelting process, applying electrochemical processes at a low voltage. In this process, first 

arsenic and copper is removed from the wastewater by ED including copper recovery, and then the arsenic 

is precipitated as a low volume solid waste by EC - produced by the same current used to generate the ED. 

The process is evaluated in a batch setup, and the variables studied are the treatment time and the current 

density. 

2. Experimental

The combined electrodialysis and electrocoagulation cell is shown in Figure 1 and its main feature is to 

carry out the electrodialysis and electrocoagulation processes simultaneously in a batch process. The cell 

is formed by 4 sections and two electrodes are used, one of stainless steel (cathode) placed in section 1 and 

other of carbon steel (anode) placed in section 4, in this later section ferrous ions are generated, thus 

producing the electrocoagulation. 
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The purpose of the reactor set-up is to achieve the 

separation of Cu and As from the wastewater that 

contains both elements as main components, by 

means of Cu and As transportation to sections 2 and 

4 respectively, removing the largest amount of As 

by electrocoagulation. The experimental cell has 

four sections each of them with a different 

function.  

Section 1: In this section a stainless steel cathode 

with an effective area of 0.00245 m2 is placed. The 

section contains a solution of sulfuric acid 0.5 

mol/L and also an ionic exchange membrane is 

placed to avoid the flow of cations to the cathode 

as well as Section 2. 

Section 2: In this section copper recovered from 

wastewater charged in section 3 will be accumulated.                     Figure 1. Experimental cell. 

This is carried out using a cation exchange membrane between sections 2 and 3 that allows the flow of 

cations (in this case preferably Cu+2 due to the conditions of wastewater). Initially the section will be 

charged with sulfuric acid 0.5 M.   

Section 3: In this section wastewater to be treated will be charged, with a pH initially set to 2.0. 

Section 4: In this section an anode of carbon steel with an effective area of 0.00663 m2 is placed, this anode 

will be oxidized in the process producing ferrous ions, which will be later used in the electrocoagulation 

process. This section also contains a solution of NaCl 4 g L-1 to increase the electrical conductivity and 

NaOH 5% is used to adjust the pH at 6.5 of the solution. In this section ions from the charged solution of 

section 3 are accumulated, and the arsenic electrocoagulation is produced. Arsenic flows as 𝐻2𝐴𝑠𝑂3
−

,

𝐻2𝐴𝑠𝑂4
−

, 𝐻𝐴𝑠𝑂4
−2

 y 𝐴𝑠𝑂4
−3

 to Section 4 due to the ion exchange membrane that separate this section

from section 3. An aeration system formed by a glass ring connected to a compressor was used to produce 

the oxidation of ferrous ions and to maintain the stirring. 

The width and height of the cell are 9 and 10 cm, respectively. The solution volume charged in each section 

was 450 mL for experiments in Series 1 and 400 mL for experiments in Series 2. The membranes were 

Membrane International Inc, cation exchange membrane corresponds to CMI-7000 and anion exchange 

membrane corresponds to AMI-7001. The average area between electrodes was 0.00454 m2. The DC-power 

supply was Extech model 382285. Two testers model UT60 Series from Uni-Trend International Limited 

were used for electrical current and cell voltage measurements during experiments. A pH-meter, Orion 

model 370 was used to adjust the solution pH. To filter the samples a vacuum pump model 2522 from 

Welch, Büchner funnel, Kitasato flask and filter paper grade Nº131 (Advantec) were used. Samples were 

analyzed in accordance to Chilean Official Standard Nch 2313/10.Of96. An Atomic Absorption 

Spectrophotometer Varian model Spectr AA 55 was used. 

The synthetic wastewater was prepared by dissolving 3.158 g/l of CuSO4·5H2O and 14.047g/l of NaAsO2 

(both analytical grade) in distilled water. Sulfuric acid 97.9% (J.T. Baker) or sodium hydroxide NaOH (0.5 

M) prepared by dissolving sodium hydroxide pellets extra pure 98% (Loba Chemie) were used to adjust

the pH of the solutions.

Table 1 shows the obtained results for the experiences realized with synthetic wastewater. The experiments 

in set 1 and 2 were realized with current densities of 300 and 225 A m-2, respectively. Each experimental 

set was divided in experiences with different duration to obtain the concentration as a function of time with 

a fixed value of current density. The samples were taken from sections 2, 3 and 4 at the end of each 

experiment. Moreover, the current and cell voltage were measured. 

Table 1. Experimental conditions and results 

1 2 3 4

Cation exchange 

membrane
Anion exchange 

membrane

6 [cm] 5.5 [cm] 6 [cm]
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Air inlet

5.5 [cm]

Seal
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3. Results and discussion

The experiments are shown in Table 1 and were carried out for a sufficiently long period in order to achieve 

a current value near to zero. The Series 1 was conducted with 300 Am-2 and it was formed by four 

experiments with a maximum duration of two hours, while the Series 2, included three experiments carried 

out with a current density of 225 Am-2 and a maximum duration of 2.45 hours. It was possible to observe 

an increase in copper and arsenic removal in section 3 over treatment time. For both values of current 

densities, 225 and 300 Am-2, a copper removal of 99.99% was achieved for treatment times over 2 hours. 

In the case of the arsenic removal only values close to 67% cases were achieved, in both cases. 

Behavior of arsenic 

In Figure 2 the removal percentage of arsenic in section 3 over time is presented, for the two values of 

current density, the increase in the treatment time produces an increase in arsenic removal showing a linear 

relation. When the maximum percentages of arsenic removal were compared, a value of 67.30% for 2 hours 

of treatment was obtained with 300 Am-2, while with 225 Am-2 a 66.4% of removal was obtained. 

Experimental conditions 

Series Exp. 
Time 

h 

Current 

density 

A m-2 

Current 

 A 

Volume of each 

section mL 

Initial [Cu+2] 

mg L-1 

Initial Mass 

Cu+2 mg 

Initial [As] 

mg L-1 

Initial mass of 

As 

mg 

1 

1 2.01 

300 1.36 450 814 366 7664 3449 
2 1.50 

3 1.00 

4 0.50 

2 

5 2.45 

225 1.02 400 819 328 7794 3118 6 1.63 

7 0.82 

Results for copper 

Series Exp. 

Section 2 Section 3 Section 4 

[Cu+2] 

mg L-1 

Final 

mass mg 
 % 𝑟𝑒𝑐𝑖.𝐶𝑢,2 

[Cu+2] 

mg L-1 

Final 

mass mg 
% 𝑟𝑒𝑚𝑖.𝐶𝑢

[Cu+2] 

mg L-1 

Final 

mass mg 
 % 𝑟𝑒𝑐𝑖.𝐶𝑢,4%𝐶𝑢𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑎𝑔.

1 

1 739 333 91.0 <1 <1 99.99 <1 <1 <1 ? 

2 720 324 88.5 16 7 98.0 <1 <1 <1 ? 

3 507 228 62.3 208 93 74.5 <1 <1 <1 ? 

4 224 101 27.6 451 203 44.6 <1 <1 <1 ? 

2 

5 778 311 94.8 <1 <1 99.99 <1 <1 <1 ? 

6 639 256 78.0 98 39 88.1 <1 <1 <1 ? 

7 354 142 43.3 326 130 60.2 <1 <1 <1 ? 

Results for arsenic 

Series Exp. 

Section 2 Section 3 Section 4 

[As] 

mg L-1 

Masa 

final mg 
 % 𝑟𝑒𝑐𝑖.𝐴𝑠,2 

[As] 

mg L-1 

Final 

mass mg 
 % 𝑟𝑒𝑚𝑖.𝐴𝑠

[As] 

mg L-1 

Final 

mass mg 
 % 𝑟𝑒𝑐𝑖.𝐴𝑠,4%𝐴𝑠𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑎𝑔. 

1 

1 57 25 <1 2507 1128 67.3 881 396 11.5 55.1 

2 67 30 <1 4464 2009 41.8 923 416 12.0 28.8 

3 57 25 <1 5694 2562 25.7 802 361 10.5 14.5 

4 30 13 <1 7122 3205 7.1 486 219 6.3 <1 

2 

5 76 31 <1 2622 1049 66.4 914 366 11.7 53.6 

6 67 27 <1 5026 2010 35.5 603 241 7.7 26.9 

7 41 16 <1 6424 2570 17.6 587 235 7.5 9.5 
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Figure 2. Arsenic removal percentage from section 3 over time, for the two series of current density. 

The most of environmental standards indicates an arsenic concentration limit for wastewater discharges to 

marine and inland waters of 1 mg L -1 [1], however, is not possible to obtain this value with the studied 

procedure. 

To estimate the necessary time of removal to achieve a value of concentration of 1 mg L-1, the method of 

least squared was used. Thus, a time of 3.3 hours for 330 Am-2 and 4.0 hours for 225 A m-2 was obtained. 

Furthermore, section 2, where copper solution was stored, should not have a high percentage of arsenic at 

the end of experiments. Table 1 shows the arsenic concentration over time for the two series. It is noted 

that for both values of density current, the concentration was lower than 80 mg L-1, less than 1% of the total 

mass of arsenic charged in section at the start of each experiment, for this reason, the movement of arsenic 

to section 2 was related to diffusion phenomena and the permeability of the membrane. Section 4 has the 

function to store the biggest quantity of arsenic as possible, arsenic anions migrate to this section by 

dissociation of arsenous acid (As(III)) and arsenic acid (As(V)), depending on pH of the solution [11]. 

Moreover, in section 4 the electrocoagulation of arsenic was carried out, due to that, in this section the 

highest recovery of arsenic was expected in addition to its removal by electrocoagulation. 

The percentage of coagulated arsenic is not higher than 55% and is very similar in both cases when the 

electric current in the system approaches to 0. When the percentage of coagulated arsenic is added to the 

percentage of recovered arsenic from section 4 (arsenic from clarified solution), the values are very similar 

to the removal percentages of arsenic from section 3, as expected, for both experiences, because the mass 

of arsenic flowing to section 2 is very little compared to the other quantities. An arsenic mass balance for 

section 4 is shown in Table 2. It can be seen a maximum percentage of coagulated arsenic equal to 82%, 

that indicates that the reaction of oxidation and adsorption over HFO, is not fast enough to remove arsenic 

during the time of treatment. This could be improved with a higher concentration of oxidant (for example, 

pure oxygen), added to a vigorous stirring of solution, or by means of hydrogen peroxide (tested in previous 

electrocoagulation studies) [2, 4], that decrease the oxidation time, by avoiding the gas absorption stage. 

Table 2. Results of mass balance of arsenic in section 4. 

Exp Time, h 
Mass of As flows to 

section 4, mg 
Mass of coagulated arsenic, mg 

Percentage of coagulated arsenic 

flows to section 4, % 

1 2.01 2296 1900 82.8 

2 1.50 1410 994 70.5 

3 1.00 862 501 58.1 

4 0.50 231 12 5.2 

5 2.45 2038 1672 82.0 

6 1.63 1081 840 77.7 

7 0.82 532 297 55.8 
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In Figure 3 is observed the increase of the percentage of recovered arsenic in section 4 (in the clarified) 

until an approximate time of 1 hour, then the recovery tends to a constant value, while the percentage of 

coagulated arsenic increases. It is possible to conclude that the high generation of Fe+2 ions, which are 

further oxidized to Fe+3, produce the greatest quantity of adsorbed arsenic in the HFO. 

Figure 3: Percentage of arsenic in section 3 and 4 in time a) Series 1, b) Series 2. 

Copper behavior 

Table 1 shows the copper removal. When these values are plotted over time, is observed a clear increase in 

copper removal from wastewater when the treatment is applied, as shown in figure 4. In both series of 

experiments, the maximum removal was 99.99%, reaching concentrations lower than 1 mg L-1, at different 

times. With a current density of 300 Am-2 the mentioned value of removal was achieved in 2 hours, whereas 

for 225 A m-2 2.5 hours were needed.  

Figure 4. Copper removal percentage from section 3 over time for series 1 and 2. 
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As mentioned before, the majority of copper in solution is stored in section 2, this is shown in Figure 5, 

where is observed an increase in copper concentration in series 1 and 2 and, in both cases, is not possible 

to reach a concentration of copper of 800 mg L-1. It is important to note that in this section over 90% of the 

initial copper in the wastewater was stored, this implies that the percentage of recovery is significant. 

Figure 5. Copper concentration in section 2, series 1 and 2. 

In section 4, where most of arsenic was found, the concentration of copper was lower than 1 mg L-1, in both 

series.  

4. Conclusions

The application of electrodialysis and electrocoagulation to treat wastewater was possible using one batch 

reactor, achieving the separation of copper and arsenic in addition to the coagulation of arsenic. An 

important factor to take in account is the value of current density used, since, between 225 A/m2 and 300 

A/m2 was observed the decrease in operational time associated with a increase in current density for a 

certain value of removal with a similar energy consumption per unit of mass. 

The study of the behavior of a real wastewater and the application of these techniques to recover heavy 

metals are considered in a next research, mainly due to the presence of other ions in the real wastewater. 

By the other side, the oxidation of arsenic in section 3 is recommended, this oxidation process would 

produce anions that cross the anionic membrane and should be removed by electrocoagulation. 
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