Application of selectrodialysis for the removal of As from metallurgical process waters: recovery of Cu and Zn
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ABSTRACT
In this work, selectrodialysis (SED) was used to separate arsenic (As(V)) from copper (Cu(II)) and (Zn(II)) of acidic metallurgical process streams by integrating non-selective and selective membranes. The separation process is determined by the chemical speciation of the involved elements. In this case, As(V) is mainly present as anionic species (H2AsO4-), while Cu(II) and Zn(II) are mainly present as cationic species although partially complexed as neutral complexes (CuSO4 and ZnSO4). A lab set-up was used to conduct the experimental tests with different type of standard and mono-selective ion-exchange membranes. The results obtained showed that by SED configuration it was possible to recover around 80±0.2 % of Cu(II), 87±0.2 % of Zn(II) and 95±0.3 % of As(V) from the feed solution to the rich-product streams with an energy consumption of 2.6±0.2 kWh/kg CuSO4+ZnSO4. Furthermore, a Cu/Zn-rich stream with a purity of both divalent cations of 99.8 % (0.02 % of As(V)) was achieved by means of SED. Overall, the results herein gathered suggest that SED is an efficient separation technology for Cu(II) and Zn(II) recovery from mining and metallurgical acidic streams.
Keywords: monovalent selective cationic membrane; circular economy; valorization; arsenic removal; metal recovery.

1. INTRODUCTION
Nowadays, large number of concentrated aqueous streams, containing high loadings of strong electrolytes (acids and bases) and metallic and non-metallic species among others, are widely produced on process industries (chemical, metallurgical, mining). One clear example is the non-ferrous metallurgical industry where pyrometallurgical (dry way) or hydrometallurgical (wet way) routes produce different process streams characterized by the problems described previously [1]. A significant source of both solid and liquid wastes is generated in the leaching and purification (e.g. electro-winning) stages. 
Usually, sulfuric acid solutions are produced in the electro-wining reactors. These solutions are rich in specific metals, such as Cu and Zn. However, due to the presence of toxic impurities (As, Se, Sb, Bi) they could not be recycled to the production process nor sent to another non-ferrous metals facility for metal recovery [2]. The main issue associated to any recovery option is the presence of toxic and non-valuable non-metals. These impurities are accumulated in the electro-winning closed circuits as acidic electrolytes. Metals concentrated streams, containing high amount of impurities, are purged to reduce them, assure the quality requirements and produce metals [3–4]. Those industries face two challenges: a) reduce pollution load (e.g. toxic metallic and non-metallic species), and b) valorize valuable species (e.g. strong acid and bases and metallic species) before being discharged to the medium. Achieving both challenges will reduce their environmental impact and will contribute to the fulfillment of the circular economy paradigm [5,6]. Currently, these metal-processing effluents represent a threat for the aquatic bodies due to the toxic contaminants (e.g As or Se). For this reason, an appropriate treatment is required, following the environmental regulations, before their final disposal. Generally, acidity metallic and non-metallic species could be treat by different physico-chemical techniques including: chemical neutralization and precipitation, coagulation–flocculation or adsorption, among others [7–13]. In all the described alternatives, the potential recovery or valorization of valuable components has not been considered.
Recently, efforts directed to the separation and recovery of metals from sulfuric acid streams, containing non-metallic contaminants as alternative route for metal recovery using ion-exchange membrane technology have been described [14]. A hybrid electrodialysis (ED) configuration, using an in-situ complexation reaction step using ethylenediaminetetraacetic acid (EDTA) was used for the selective removal of metallic species (Ag+, Zn+2, Cu+2, Cd+2) reporting removal efficiencies higher that 95 % after 90 min of treatment [15]. Cifuentes et al. [16,17] studied the separation and concentration of copper from arsenic and antimony acid solutions using ED taking benefit of the aqueous speciation. In that case, Cu was present as cationic species (Cu+2) and arsenic was present as anionic form (H2AsO4-) [17]. In a second stage, a copper electro-winning cell based on reactive electrodialysis (RED) was used to recover cooper in the cathode as copper powder (Cu(s)) free of arsenic [18].
A novel ED-based configuration has appeared recently as a separation process of double charge ions from single charge ions named selectrodialysis (SED). It consists of conventional ED in which one monovalent selective cation or anion exchange (MVC or MVA) membrane is placed between the standard anion (AEM) and cation exchange (CEM) membranes. It is important to highlight that in all the published works until now the same SED configuration based on a MVA between two standard ones (AEM-MVA-CEM) has been used. Zhang et al. [19] applied SED configuration as a separation process of sulfate and chloride ions from synthetic wastewater, being the sulfate purity over 85 % with 50 % of current efficiency. Reig et al. [20] integrated a SED configuration with a bipolar membranes ED for industrial process brines treatment, obtaining the separation of chloride ions from sulfate ones (reaching almost 80 % and 91 % purity of chloride and sulfate rich streams, respectively) and producing its respective acids (HCl and H2SO4) and base (NaOH). Zhang et al. [21] and Tran et al. [22,23] applied SED for phosphate recovery and pre-concentrate processes, such as crystallization [21].
The aim of this work is to evaluate the use of SED for the separation and concentration of metals (Cu(II) and Zn(II)) from sulfuric solutions containing also high levels of arsenic (As(V) as H2AsO4-) to produce three streams: i) one rich in Cu/Zn, ii) a second one rich in As and iii) a third one almost ions-free (Cu(II), Zn(II) and As(V)), using a MVC membrane. The recovery of Cu(II) and Zn(II) could be enhanced as an effective resource process as well as development of the circular economy concept on the metallurgical industry [5,6]. Furthermore, the monovalent/divalent ion separation, energy consumption and faradaic yield will be studied with membranes configurations. Moreover, the membrane configuration used AEM-MVC-CEM, represents an innovation as there are at present no published studies using MVC combined with AEM and CEM membranes.
2. MATERIALS AND METHODS
2.1. Reagents
As model system, synthetic acid liquid streams containing Cu(II), Zn(II) and As(V) mimicking the effluent generated in the metallurgical industry were prepared, providing a final pH close to 2.
Anhydrous copper sulfate (CuSO4), zinc sulfate monohydrate (ZnSO4·H2O), sulfuric acid (H2SO4) and sodium sulfate (Na2SO4) were purchased from Panreac. Sodium arsenate dibasic heptahydrate (>98 %, Na2HAsO4) was supplied by Sigma-Aldrich. 
2.2. Selectrodialysis set-up
The SED lab mode equipment used was a conventional ED set-up, PCCell ED 64-004 from PCCell GmbH (Germany), with a cell of 11×11 cm. The SED configuration in the stack consisted of a monovalent selective cation exchange membrane (MVC) between a standard anion exchange membrane (AEM) and a standard cation exchange membrane (CEM) following the sequence AEM-MVC-CEM. The membranes, with an active membrane area of 64 cm2 per membrane, were supplied by Fujifilm Manufacturing Europe B.V (Netherlands) (CEM and AEM Type 2) and PCCell GmbH (Germany) (PC SK and PC SA) companies.
Figure 1 shows the scheme of the SED process designed for the separation of Cu(II)/Zn(II) and As(V) from sulfuric acid streams by means of 3 cell trios. This configuration was used for Fujifilm membranes (standard and MVC) and for the combination of Fujifilm and PCCell membranes (standards PCCell and MVC Fujifilm). 
Additionally, the SED system was also composed by 4 streams: electrode rinse, feed solution, Cu/Zn-rich product and As-rich product. The SED lab-scale scheme used in this work is also described elsewhere [20].
2.3. SED operational conditions and experimental methodology
The initial volume of each stream was 1L pumped at 90-100 L/h (electrode rinse stream) and 15-20 L/h (feed solution, Cu/Zn-rich and As-rich products). Constant voltage of 7 V was applied for all the experimental tests (voltage drop of 1.5 V for each cell trio (4.5 V) plus 2.5 V across the electrode compartment) [24], whereas current density varied up to 4 A ~ 0.63 kA/m2 (5 A was the upper limit allowed by the power cell, Manson HCS-3202, Hong Kong). 
Initial feed solution contained 47.0 mM Cu(II), 146.8 mM Zn(II) and 31.6 mM As(V) adjusted at pH 2.3, mimicking a real effluent from a metallurgical industry. Initial concentration was required in the Cu/Zn-rich and As-rich streams to do not damage the membranes when current was applied. Therefore, 300 mM H2SO4 was prepared as initial solution in both streams in order to have enough sulfate concentration for Cu(II) and Zn(II) to produce CuSO4 and ZnSO4 respectively in the Cu/Zn-rich stream. Finally, in the electrode rinse compartment, a 100 mM Na2SO4 solution was used to keep the electroneutrality in the stack. 
During the experimental process, samples were taken from the 4 streams of the SED set-up for the concentration quantification of the ions studied (Cu, Zn, As and SO4). Additionally, pH and conductivity were measured using a pH-meter (supplied by Crison Instruments) and an on-line conductivity meter (linked on PCCell ED mode), respectively.
2.4. Speciation of the model Cu-Zn-H2SO4-As solutions
Chemical speciation of the prepared solution was carried out using the Hydra-Medusa code [25] and the molar fraction species distribution diagrams are summarized in Figure 2. The rectangular area indicates the pH values expected for metallurgical process streams.
At the conditions of acidity (pH=2.3) the expected dominant species for Cu and Zn are presented as mixtures of cationic forms (Cu+2 (>70 %) and Zn+2 (>50 %)) and neutral forms (CuSO4 (30 %), ZnSO4 (30 %)) and only for Zn(II) a 20 % is present as anionic form Zn(SO4)2-2 (Figure 2a-b). For As(V), it appeared as a combination of H2AsO4- (60 %) / H3AsO4 (40 %) (Figure 2c). Finally, for the case of S(VI) is present as SO4-2 (40 %) dominant specie and the rest as a mixture of complexed forms Zn(SO4)2-2 (25 %), ZuSO4 (20 %), CuSO4 (10 %) and HSO4- (5 %) (Figure 2d). 
2.5. Analytical methodologies 
Samples containing Cu, Zn, As, Na and SO4 were acidified (1 % HNO3) before determination. The acidified samples (concentration levels about mg/L) were quantified by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (Perkin Elmer Optima 8300, PerkinElmer INC, USA), whereas lower concentrations (ppb levels) were analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Perkin Elmer Elan 6000, Perkin-Elmer SCIEX, USA).
The ICP-OES Optima 8300 used for Cu (327.393 nm), Zn (213.857 nm), As (188.979 nm), Na (589.592 nm) and S (181.975 nm) determination was a bench-top, dual-view with two solid-state SCD detectors, delivering superior detection limits and true simultaneous measurements. On the other hand, the instrumental operating parameters applied for the determination of As µg/L concentrations (mass-to charge ratio (m/z=75) to the detector) by ICP-MS were as followed: cross-flow nebulizer, HF-resistant Scott-type chamber, 3-stage vacuum system, dual-stage discrete dynode electron multiplier detector, 40.68 MHz frequency, 1500 W power and argon flow 16 L/min. 
2.6. Data analysis: monovalent/divalent ion separation, energy consumption and faradaic yield
The effectiveness of the SED process, separation of divalent (Cu+2/Zn+2) from monovalent (As(V) as H2AsO4-) ions, was calculated as the purity of each ion in the final product streams (Cu/Zn-rich and As-rich) according to Equation (1):
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where C denotes the concentration of each ion (mmol/L) at time “t” or at initial time “0”. According to this estimate, the purity value ranges between 0 and 100, values close to 100 indicate a high retention of different ions than “a” in the evaluated compartment and a high selectivity of ion “a”; and values close to zero meaning the opposite case [26].
Membrane selectivity could be obtained following the equation proposed by Zhang et al. [27]:
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where A and B are the ions of interest passing through the membrane. If B ions are more retained at the diluate side, then a more positive value is obtained. Otherwise, when A ions are more retained, a more negative value is achieved [27].
[bookmark: _GoBack]On the other hand, the SED process efficiency was determined using energy consumption and faradic yield concepts. Energy consumption was calculated as kWh per kilogram (kg) of product (mixture of CuSO4 and ZnSO4) by means of Equation (3):
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where Vcell (V) and I (A) are the voltage and current applied in the ED stack, respectively, t (h) is the operation time, vtank and Cproduct are the tank volume (L) and the product concentration (kg/L) at initial time “0” and at time “t”, respectively. 
Finally, faradic yield for the mixture of Cu+2/Zn+2 was calculated according to Equation (4):
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where z is the ion charge, F is the Faraday constant (96500 C/mol), Ci and Ci,0 are the ion concentrations at time “t” and initial time “0” (mol/L) respectively, vtank is the tank volume (L), I is the current applied (A), t is the operation time (s) and n is the number of cell trios used (3 in this case). 
Data are reported as the mean ± standard deviation (SD) of triplicate determinations.
3. RESULTS AND DISCUSSION
During the experimental stage, a deconcentrated feed solution and two products were obtained: a concentrated CuSO4/ZnSO4 solution (in the Cu/Zn-rich stream) and a NaH2AsO4 solution (in the As-rich stream). On the other hand, in the electrode rinse compartment, concentration remained constant during the assays. To check its evolution in each stream, on-line conductivity was measured over time since, depending on the membrane disposition inside the stack, ions may move from one compartment to another one. Considering the membrane disposition used in this work (see Figure 1), the conductivity evolution for each stream was as follows: Firstly, electrode rinse conductivity remained almost constant as this stream had not any interaction with the others streams. Secondly, the conductivity of the As-rich stream increased during the experimental time (NaH2AsO4-rich solution). The conductivity of the As-rich stream increased, due to all ions that arrived to this compartment stayed on it (using Fujifilm membranes conductivity varied from 113.0±4.3 to 127.0±5.7 mS/cm, while with the combination of MVC Fujifilm and standard PCCell membranes varied from 103.6±0.5 to 119.3±2.4 mS/cm). Anions (SO4-2 and H2AsO4-) arrived from the feed compartment through the AEM, while monovalent cations (Na+ and H+) arrived from the Cu/Zn-rich one through the MVC. Finally, feed and Cu/Zn-rich streams conductivity decreased over time. The feed conductivity evolution is explained due to the fact that all ions introduced in this compartment migrated to subsequently compartments when electric current is applied. In this case, anions (SO4-2 and H2AsO4-) migrated to the As-rich compartment through the AEM, while cations (Na+, Cu+2, Zn+2 and H+) migrated to the Cu/Zn-rich one through the CEM and consequently the ionic conductivity of the stream decreases (23.7±2.5 to 0.9±0.4 mS/cm and 23.5±2.2 to 1.2±0.7 mS/cm for Fujifilm membranes and for the combination of MVC Fujifilm and PCCell membranes, respectively). Besides, the conductivity of the Cu/Zn-rich stream also decreased, but it was not losing all ions. In this case, cations (Na+, Cu+2, Zn+2 and H+) arrived from the feed compartment to this stream through the CEM, anions (SO4-2) stayed on it because of the membrane disposal, and monovalent cations (Na+ and H+) migrated to the next compartment through the MVC. Then, only divalent cations stayed in the Cu/Zn-rich compartment joining the sulfate ions. The conductivity evolution by Fujifilm membranes was 130.2±3.7 to 28.6±2.7 mS/cm, while using the combination of MVC Fujifilm and PCCell membranes was 107.0±2.9 to 30.7±2.2 mS/cm).
The ionic migration flux is not the only phenomenon that takes place inside the stack when electrical potential is applied, there exist undesired transports of ions through membranes that reduce the process efficiency [28,29]. Due to current intensity applied, an electro-osmosis or water migration flux is created because of migration of water solvating the ions through the ion-exchange membranes. Moreover, two more mass transport phenomena appear after a period of operation: (i) ion diffusion from the concentrate compartment to the diluate one due to differences on concentrations between both compartments (diffusion flux or back diffusion); (ii) while water is transported from the diluate compartment to the concentrate one due to the increase of the differences on osmotic pressure between both compartments (osmosis flux).
Ion transport inside the SED stack follows the same rules as for ED, however selective transport between monovalent and divalent ions through selective membranes arises. Zhang et al. [19] postulated that charge differences and/or hydrophilicity difference between monovalent and divalent ions, size exclusion, or other membrane or ions characteristics might be the reason of the membrane selectivity. 
Additionally, concentration evolution for each ion (Cu, Zn, As, SO4) in each stream (feed, Cu/Zn-rich, As-rich and electrode rinse) was studied by using Fujifilm membranes (standard and MVC) or combination of standards PCCell and MVC Fujifilm membranes in the SED stack. These results are discussed below.
3.1. Copper and zinc concentration profiles
Copper and zinc evolution concentration profiles are shown in Figure 3 and Figure 4, respectively. As it can be seen, copper and zinc were initially present only in the feed compartment. As experiments evolve, both ions were transferred to the Cu/Zn-rich stream. 80±0.2 % and 87±0.2 % of the initial Cu(II) and Zn(II) respectively, were transferred from the feed solution to the Cu/Zn-rich stream after 210 min of operation (Figure 3a-b and Figure 4a-b). After that time, Cu(II) and Zn(II) concentration in the Cu/Zn-rich stream decreased, due to Cu(II) and Zn(II) transfer to the As-rich stream (Figure 3c and Figure 4c), obtaining the 16±0.1 % and 10±0.2 % of Cu(II) and Zn(II), respectively. The copper and zinc transport to the As-rich compartment was not desired (divalent ions were crossing the MVC membrane), although it happened due to the arising ion concentration gradient in this compartment. Then, back diffusion and osmosis water flux transport phenomena gained more importance than ion migration and electro-osmosis [30]. These two mass transfer phenomena (back diffusion and osmosis) diminished the desired effect of increasing the Cu(II) and Zn(II) concentration on the Cu/Zn-rich stream and increased the energy requirements of the process. Figure 3d shows that only 0.2±0.01 % of the initial Cu(II) was transported to the electrode rinse compartment, whereas around 3±0.2 % of Zn(II) was transported towards the electrode rinse compartment (Figure 4d). In both membrane type SED configurations, the MVC membranes next to the cathode did not allow the divalent cation transport through them. This electrode rinse compartment behavior was described previously by Reig et al. [31], although using different membranes configuration.
3.2. Arsenic concentration profile
Simultaneously to copper and zinc evolution, arsenic ion (as H2AsO4-) was transferred, principally from the feed compartment to the As-rich one. As shown in Figure 5, 95±0.25 % of the initial arsenic of the feed solution was transported through the AEM to the As-rich solution (Figure 5c), whereas only 1 % migrated to the Cu/Zn-rich stream (Figure 5b) and 0.05 % to the electrode rinse compartment (Figure 5d). This fact demonstrated the high selectivity of the CEM and MVC to restrict the arsenic migration to the Cu/Zn-rich process stream. Nevertheless, the arsenic transference did not start until approximately 120 min of operation. Then, during 300 min it was possible to achieve an almost zero arsenic ion concentration in the feed compartment (Figure 5a), while concentrating it in the As-rich stream (Figure 5c). This fact happened due to the sulfate ions migration in the SED stack. 90±0.75 % of the SO4-2 ions (major specie at pH 2.3 as shown in Figure 2d) were transported during the first 210 min of operation from the feed compartment to the As-rich one, while after that time sulfate concentration in this stream remained constant (Figure 6c). Then, sulfates were transported faster than arsenic ions. The higher selectivity of AEM for SO4-2, a double charge ion, in comparison to arsenic, mainly present as a as single charge anion (H2AsO4-) (Figure 2c). Following equation 2 (A as arsenic ions and B as sulfate ions), membrane selectivity could be calculated in order to obtain the selectivity value, being -0.93±0.04 using Fujifilm membranes and -0.96±0.05 by using MVC Fujifilm configuration. The more negative value concludes that SO4-2 ions could pass through the AEM easily. Moreover, this fact could be also explained by two more parameters: the higher concentration and diffusion coefficient value of SO4-2. Sulfate diffusion coefficient is higher than the arsenic one (10.7x10-10 and 9.05x10-10 m2/s for the SO4-2 and H2AsO4-, respectively) [32–34], indicating that sulfate diffusion could happen first. 
3.3. Separation of Cu(II)/Zn(II) from sulfuric acid effluents containing As(V) and deconcentration of the initial feed solution
Based on the above discussion, H2AsO4- ion was not transferred to the As-rich compartment until 210 min of operation from the feed solution (Figure 5a). This fact could hinder the operational condition on the SED system for separating and concentrating Cu(II) and Zn(II) from As(V) for a metallurgical industry effluent, because after 210 min, the As-rich compartment started to receive undesired Cu and Zn ions (see Figure 3c and Figure 4c). Therefore, if the purpose had been to obtain the highest As(V) concentration in the As-rich stream, with minimum Cu(II) and Zn(II) impurities, an optimal operating time would have defined. In the current work, the completely desalination of the feed stream was desired. Consequently, 300 min was considered the operation time to achieve an almost complete desalination of the feed stream, while separating Cu(II) and Zn(II) from As(V) and concentrating them at the same time. Figure 7 describes the global SED process scheme using (a) standard and MVC Fujifilm membranes and (b) standard PCCell and MCV Fujifilm ones. As it can be seen in both cases, a deconcentrated feed stream was obtained: 0.19, 0.30 and 4.21 mM of Cu(II), Zn(II) and As(V) respectively for the Fujifilm membranes experiments and 0.17, 0.37 and 5.09 mM of Cu(II), Zn(II) and As(V), respectively, for the membranes combination (PCCell and Fujifilm) trials. As an average, removal efficiencies of 80, 87 and 95 % for Cu(II), Zn(II) and As(V), respectively, were reached after 300 min of operation. These values are in concordance with reported data by Velizarova et al. [35], being 84 and 95 % the removal efficiency for Cu(II) and As(V) respectively, after 14 operation days, using ED and Cr as a competitive ion. Mohammadi et al. [36] proved that ED is a feasible technology to remove around 95% of Cu using different types of membranes. 
Beside, in this study, results are also in good agreement with already published works using other membrane technologies for the separation of heavy metals. For example, Juang and Shiau [37] obtained around 100 % and 95 % of rejection for Cu+2 and Zn+2 from synthetic wastewater, at pH range from 8.5 to 9.5, using chitosan-enhanced ultrafiltration membrane (YM10). Landaburu-Aguirre et al. [38] reached rejection coefficients up to 99 % for Zn removal by micellar-enhanced ultrafiltration (MEUF) using the anionic surfactant sodium dodecyl sulfate (SDS) to metal molar ratio (S/M) above 5. Ujang and Anderson [39] evaluated low-pressure composite reverse osmosis (RO) membranes (sulfonated polysulfone) for the removal of Cu+2 and Zn+2, achieving an overall rejection above 95 % at a pressure of 450 kPa and feed pH between 3 to 5 at 25°C, and a 40 % recovery with the presence of EDTA as the chelating agent. Qdais and Moussa [40] compared the removal efficiency of heavy metals (Cu+2 and Cd+2) form synthetic wastewater by means of RO and nanofiltration (NF) processes (membrane material of polyamide in both stacks), observing that RO was able to treat wastewater with an initial concentration of 500 mg/L and decreasing the ion concentrations about 3 mg/L (99.4 % removal), whereas the average removal efficiency of NF was 97 % (concentration in the permeate of 13 mg/L). Figoli et al. [41] reported that NF would be suitable for the removal of As(V) from synthetic water using two commercial NF spiral-wound membrane modules (N30F by Microdyn-Nadir and NF90 by Dow Chemical). In all the range of As feed concentration studied, the NF-90 membrane showed a higher As rejection (97 %) than N30F membrane (between 74 and 79 %). However, in the studies aforementioned, the content of metals and As ions were much lower than in the current study and in any case was possible to achieve the separation factors reported in this study.
Furthermore, using both membranes type cases studied in this work, a Cu/Zn-rich stream was obtained (< 0.50 mM As(V)); whereas the As-rich stream contained some amount of Zn+2 (~ 40 mM) and Cu(II) (~ 13 mM) ions. This fact could be due to the feed solution contained higher amount of Cu(II) (47.0 mM) and Zn(II) (146.8 mM) than As(V) (31.6 mM).
3.4. Effectiveness and efficiency of the SED process
Purity of each ion in both product streams (Cu/Zn-rich and As-rich) was calculated in order to evaluate the effectiveness of the SED separation process (Equation 1). Table 1 indicates the values obtained using standard and MVC Fujifilm membranes and using the combination of standard PCCell and MVC Fujifilm. As reported in Table 1, for both membrane types used, the average Cu/Zn-rich stream composition reached was 19.6±1.7, 80.2±1.6 and 0.2±0.1 % of Cu(II), Zn(II) and As(V), respectively. It is demonstrated that it was possible to obtain a Cu/Zn-rich stream with a purity of both divalent cations of 99.8 % by means of SED. On the other hand, purity values in the As-rich stream demonstrated that it was not possible to obtain an As-rich stream free of divalent cations, since the composition of the final solution in this stream was 16.0±0.7, 45.9±1.4 and 38.2±2.1 % of Cu(II), Zn(II) and As(V), respectively. After the purity results discussion, it seems that the membrane type used for the separation of Cu(II) and Zn(II) from As(V), makes no difference on the overall performance.
Moreover, energy consumption and faradic yield values were calculated for each SED case studied to determine the process efficiency. Because SED is an electrical-driven technology, both defined parameters (Equation 3 and Equation 4) can be crucial for the SED industrial scale applicability to separate and concentrate Cu(II) and Zn(II) from As(V). Energy consumption was defined as the energy required to produce one kg of the mixture of CuSO4 and ZnSO4 in the Cu/Zn-rich stream, whereas for the faradic yield calculation, Cu(II) and Zn(II) ions in the same stream were taken into account. Average values of each parameter are summarized in Table 2. As it can be seen, less energy consumption (2.34±0.56 kWh/kg CuSO4+ZnSO4) was required and higher faradic yield (42.50±0.85 %) was achieved when standard and MVC Fujifilm membranes were used, compared with the values obtained using standard PCCell membranes and MVC Fujifilm with an energy consumption of 2.93±0.44 kWh/kg CuSO4+ZnSO4 and faradic yield value of 33.62±2.18 %. Consequently, it seems that Fujifilm membrane could be more suitable for the scaling-up of the SED, due to it less energy consumption and better faradic yield. These values are in agreement with data reported by Peng et al. [42], being the energy consumption of electrolysis (EL) ≈ 3 kWh/kg and ED ≈ 2 kWh/m3 in an EL-ED combination process for the recovery of copper (99.5 %) and water (100 %) from copper-electroplating wastewater.
4. CONCLUSIONS
The current work is the first study carried out on the application of SED in which monovalent selective cation exchange membranes (MVC) were used. It is also the first time that SED is used for the separation and recovery of metals (Cu+2 and Zn+2) from metallurgical acid effluents containing arsenic (H2AsO4-). 
Results demonstrated that it was possible to obtain an almost Cu/Zn-rich pure stream, although an As-rich pure stream was not achieved (As(V) and Zn(II) had almost the same concentration). For this reason, what is proposed for further studies is to recirculate the As-rich stream as feed solution in order to apply SED again and be able to obtain an As-rich stream free of divalent cations (Cu+2 and Zn+2).
Two different types of membrane configurations were used: standard and MVC Fujifilm membrane and a mixture of standard and MVC membranes from PCCell and Fujifilm, respectively. Although similar separation, deconcentration and concentration values were obtained for both membrane types, however better efficiency results were achieved for the Fujifilm membranes configuration. 
Finally, the obtained results suggest that SED is a sustainable alternative process for Cu(II) and Zn(II) resource recovery. Additionally, these findings open new opportunities for the use of SED technology in other industries effluents that can be of interest for recovery of secondary resources.
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