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Abstract: Due to environmental and human health concerns, the need for cleaner 17 

techniques able to extract and recover metals from mining process solutions has been 18 

increasing. In this work, the use of electrodialysis for recovering cobalt, magnesium, 19 

manganese, and chromium ions from an acid multicomponent solution generated in the 20 

nickel laterite processing was evaluated. Values of percent extraction above 98% were 21 

obtained for Co2+, Mn2+, and Mg2+ ions. For Cr3+, the greatest percent extraction obtained 22 

was 83%. The results of percent concentration of the species showed the same trend: for 23 

Cr3+ ions, it was significantly lower than the others. Such difference in the transport of 24 

the metals through the membranes may have occurred due to the lower molar 25 

concentration, lower diffusion coefficient, and greater Stokes radius of chromium ions. 26 

Thus, the transfer of Cr3+ was hindered by the presence of other cationic species. This 27 

was also evidenced by the results of current efficiency and energy consumption associated 28 

with each species in solution. Lastly, the results of solution pH throughout the 29 

experiments and the final condition of the membranes, which were analyzed by 30 

SEM/EDS, indicated that the water dissociation phenomenon occurred at their surfaces.  31 

Keywords: Electrodialysis; ion-exchange membrane; hydrometallurgy; metal recovery; 32 

nickel ore.   33 
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1. Introduction 34 

 35 

In recent decades, the exploration of nickel from laterite ores has shown a strong 36 

increase due to the nickel depletion in the sulfide deposits. Besides, the obtaining of cobalt 37 

as a secondary source is favored in the nickel laterite processing due to its greater content 38 

compared to sulfide ores and because cobalt is mostly located on the laterite ore surface, 39 

which facilitates its extraction. This is advantageous since cobalt is a valuable metal 40 

traditionally obtained from nickel mining [1,2]. 41 

The nickel laterite ore processing is conventionally conducted via a 42 

hydrometallurgical route [1,3,4], which may involve high-pressure acidic leach (HPAL 43 

process) or Caron process, though atmospheric leaching and heap leaching may represent 44 

lower cost alternatives. After leaching, separation and purification steps are usually 45 

carried out by means of precipitation, solvent extraction and electrowinning. During the 46 

nickel refining stage, solvent extraction is one of the few viable commercial techniques 47 

for separating nickel and cobalt present in the leachate because these metals present 48 

similar properties, such as density and standard reduction potential [5,6]. However, this 49 

technique presents risks for the environment and human health, mainly due to the storage 50 

of great amounts of flammable/toxic organic compounds, increasing its investment and 51 

operating costs [7–9]. Hence, the search for alternative or complementary methods for 52 

extracting and refining metals from solutions generated in the solvent extraction stage has 53 

been encouraged to overcome the above-mentioned limitations. 54 

In the last years, some routes involving multiple stages of solvent extraction have 55 

been proposed [5,10,11], allowing an effective recovery of nickel. However, the extract 56 

solutions generated in each stage may contain several other metals of economic interest, 57 

as recently showed by Aliprandini et al. [10,12]. The authors proposed a feasible route 58 

using solvent extraction to obtain nickel from the sulfuric acid leaching liquor; in the last 59 

stage of the process, two solutions were generated: a Ni-rich raffinate and an organic 60 

phase containing significant amounts of magnesium, cobalt, manganese, and chromium. 61 

Among these metals, magnesium and cobalt are elements of great economic relevance 62 

and have been considered as critical metals; they are mostly used in emerging 63 

technologies but face the threat of an abrupt interruption of their supply. Therefore, the 64 

recovery of such metals is of great interest. In this case, electrodialysis may be used as a 65 

method to concentrate and recover these valuable metals from the extract solution of the 66 
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solvent extraction process, improving the nickel processing and favoring the circular 67 

economy. 68 

Electrodialysis (ED) is an environmentally friendly technique that allows the 69 

separation of ionic species through ion-selective membranes that are arranged in parallel 70 

between two electrodes positioned at the extremities of the system. Under the application 71 

of an electric field, cationic species migrate towards the cathode, whereas anionic species 72 

migrate towards the anode. Theoretically, cation-exchange membranes (CEM) allow only 73 

the passage of cations, whereas anion-exchange membranes (AEM) allow only the 74 

passage of anions. Thus, from an initial electrolytic solution, two types of solutions are 75 

generated: one more concentrated and another more diluted than the initial one [13,14]. 76 

In recent years, electrodialysis has been often used as a separation technique in several 77 

industrial fields, because it allows the recovery of valuable ionic species, it does not 78 

require addition of further chemicals, it is operated at ambient temperature and without 79 

pressurization, and its impact on the environment is minimal if compared to other 80 

techniques [15–17]. A schematic drawing of a typical electrodialysis system is shown in 81 

Figure 1. 82 

 83 

Figure 1 - Typical electrodialysis system with cation-exchange membranes (CEM) and 84 
anion-exchange membranes (AEM). 85 

 86 

It is important to avoid operating the electrodialysis system under conditions of 87 

intense concentration polarization to guarantee its viability. Concentration polarization 88 
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occurs if the applied current density is equal or greater than the limiting current density 89 

(ilim) of the membrane/electrolyte system [18,19]. This undesirable phenomenon may lead 90 

to the deposition of organic (fouling) and inorganic substances (scaling) at the membrane 91 

surface, increasing the membrane resistance and energy consumption of the process 92 

[20,21]. Thus, before operating electrodialysis, the limiting current density must be 93 

determined by using one of the widely known techniques for this purpose, which is the 94 

construction of curves of electric current versus membrane voltage, also known as 95 

current-voltage curves (CVC) [22,23].  96 

Considering the need to improve the nickel laterite processing and the advantages of 97 

using electrodialysis for treating electrolytes, the present work aims at evaluating the ED 98 

application as a complementary method in the solvent extraction stage of nickel laterite 99 

processing. The solution treated herein was based on the extract phase obtained by 100 

Aliprandini et al. [10,12], which contained Co2+, Mn2+, Mg2+, Cr3+, H+ and SO4
2- species. 101 

The electrodialysis was conducted in batch mode and its performance was evaluated in 102 

function of percent extraction and percent concentration of the species, in addition to the 103 

pH and conductivity of the solutions throughout the test. Current efficiency and energy 104 

consumption associated with each ionic species at several moments of the experiment 105 

were also determined. The condition of the membranes after the electrodialytic process 106 

was evaluated by means of SEM/EDS.  107 

 108 

2. Experimental 109 

2.1. Electrodialysis bench system configuration 110 

A laboratory-scale electrodialysis stack was used to treat the synthetic sulfate 111 

solution simulating an acidic waste from the nickel laterite processing. The experiments 112 

were carried out in a six-compartment cell, each compartment presenting dimensions of 113 

(40x40x10) mm, made of acrylic, and connected to three 0.5 L reservoirs. The 114 

intermembrane distance between the compartments was 10 mm, for evaluating the ion 115 

transfer in a less turbulent system. The stack configuration was electrode/cathode-AEM-116 

CEM-AEM-CEM-AEM-electrode/anode. Commercial heterogeneous ion-exchange 117 

membranes (Hangzhou Iontech Environmental Technology Co., Ltd., China) were 118 

positioned between the compartments. The cation-exchange membranes (IONSEP-HC-119 
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C, also known as HDX100) have sulfonic acid as fixed groups attached to the membrane 120 

matrix, whereas the anion-exchange membranes (IONSEP-HC-A, also known as 121 

HDX200) present quaternary amine groups. The main characteristics of both membranes 122 

are shown in Table 1. The electrodes positioned at the side compartments of the system 123 

were made of titanium coated with titanium and ruthenium oxides (70RuO2/30TiO2). 124 

Both electrodes and the membranes had an effective area of 16 cm2. A power supply was 125 

connected to the electrodes.  126 

 127 

Table 1 - Main characteristics of HDX100 and HDX200 membranes provided by the 128 

supplier [18]. 129 

Parameter HDX100 HDX200 Unit 

Ion group attached - SO3
-  - NR3

+ - 

Water content 35-50 30-45 % 

Ion exchange capacity 
≥ 2.0 ≥ 1.8 

mol·kg-1 

(dry) 

Surface resistance (measured in 0.1 

mol·L-1 NaCl) 
≤ 20 ≤ 20 ohm·cm2 

Permeselectivity (0.1 mol·L-1 KCl/0.2 

mol·L-1 KCl) 
≥ 90 ≥ 89 % 

Burst strengh ≥ 06 ≥ 0.6 MPa 

Dimensional change rate ≤ 2 ≤ 2 % 

Water permeability ≤ 0.1 (< 0.2 

MPa) 

≤ 0.2 (< 0.035 

MPa) 
mL·h·cm-2 

 130 

The tests were performed in galvanostatic mode to evaluate the ion transfer in distinct 131 

conditions, including in the overlimiting current region. The current density applied to 132 

the system was 80% of the initial limiting current density of the membranes/electrolyte 133 

system, which was determined by constructing current-voltage curves of both 134 

membranes, as described in references [14,24]. For this, platinum wires were placed at 135 

the interfaces of the cation- and anion-exchange membranes facing the diluted and 136 

concentrated solutions. Platinum wires were connected to voltmeters for measuring the 137 

potential drop near the surface of both membranes under increasing applied current 138 

densities.  139 
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Electro-pumps were used to allow the circulation of the solutions (80 L.h-1). A 140 

schematic representation of the electrodialysis system is shown in Figure 2, whereas the 141 

real ED system used is shown in Figure 3. 142 

 143 

Figure 2 - Schematic representation of the ED system used. 144 

 145 

Figure 3 - Electrodialysis system with the dilute (DIL), concentrate (CON), and 146 
electrodes (ELE) compartments, the power supply, and the voltmeters. 147 

 148 
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2.2. Experimental procedure  149 

Three reservoirs were used to feed the six-compartment cell. The solutions were 150 

pumped independently from the reservoirs to the stack (compartments), forming a closed 151 

system for each solution. Thus, the objective was to obtain two solutions: a concentrated 152 

one containing the ions of interest and another more diluted than the initial solution. The 153 

reservoir connected to the two compartments where the solution would be desalted was 154 

labeled diluted solution (DIL). The dissociated ions in the DIL solution would migrate to 155 

the adjacent compartments that were labeled concentrated solution (CON). The electrode 156 

compartments (ELE) were filled with a salt solution to maintain the electrical 157 

conductivity of the system. The experiment was performed in duplicate and the relative 158 

errors between the concentration values were below 5%. 159 

The pH and electrical conductivity of all reservoirs were monitored throughout the 160 

experiment. When the electrical conductivity of the diluted solution decreased down to 161 

0.8 mS.cm-1, the diluted solution was replaced with a new working solution, and the 162 

experiment was reconducted. Each renewal of the diluted solution was named “batch”.  163 

At the end of each batch, the diluted solution was forwarded to chemical analyses, 164 

whereas the solution from the concentrate compartment was analyzed only at the end of 165 

the experiment, after all batches. The performance of electrodialysis was assessed in 166 

function of percent extractions and percent concentrations of the main ionic species in 167 

solution (Co2+, Mn2+, Mg2+, Cr3+, and SO4
2-), as shown in Equation (1) and Equation (2), 168 

respectively. In the equations, 𝐶0
𝑗
 and 𝐶𝑡

𝑗
 are the concentration of an ion j in the initial 169 

state and at a given time, respectively. As percent extractions were calculated with data 170 

on the diluted solutions after each batch, the values obtained were lower than 100%. For 171 

percent concentrations, the values obtained were greater than 100% because they were 172 

determined using data on the concentrate compartment after all batches, which means 173 

they were accumulative.  174 

 175 

 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = (1 −

𝐶𝑡
𝑗

𝐶0
𝑗
) . 100 (1) 

 176 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) = (

𝐶𝑡
𝑗

𝐶0
𝑗

− 1) . 100 (2) 

 177 

Another electrodialysis test was conducted in a single batch using the same working 178 

solution, electrode solution, and ED apparatus described in section 2.1, to determine the 179 

energy consumption and the current efficiency of the main ionic species.  This test was 180 

conducted until the conductivity of the diluted compartment reached 0.8 mS.cm-1. 10 mL 181 

samples were collected every 4 h from the solutions of the DIL and CON compartments 182 

and forwarded to chemical analyses; with data of pH and chemical composition of the 183 

aliquots, speciation diagrams were constructed with the aid of Hydra-Medusa software 184 

[25] for each sample. Then, the concentrations of the main ionic species present in the 185 

aliquots were determined. With data on the ionic species at different moments, Equation 186 

(3) and Equation (4) were used to determine the current efficiency and the energy 187 

consumption, respectively, associated with each ionic species. In the equations, 𝜂𝑗  is the 188 

current efficiency of an ion j, z is its charge, F is the Faraday constant, 𝑛𝑗  is the number 189 

of mols of the ion j transferred from the diluted to the concentrated compartment, N is the 190 

number of cell pairs, I is the electric current, t is time, U is the electric potential and 𝑚𝑗  191 

is the mass of the transported species j from the diluted to the concentrated compartment. 192 

 
𝜂𝑗 =

𝑧. 𝐹. 𝑛𝑗

𝑁. ∑ 𝐼. Δt𝑡
𝑡=0

 (3) 

 193 

 
𝐸𝑗 =

∑ 𝑈Δ𝑡. 𝐼Δ𝑡. Δ𝑡𝑡
𝑡=0

𝑚𝑗
 (4) 

 194 

2.3. Working solutions 195 

The synthetic solution to be treated, or working solution, was prepared based on the 196 

leaching liquor from the nickel laterite processing obtained by Aliprandini et al. [10,12]. 197 

The authors reported the composition of the final solutions obtained by a multiple-stage 198 

solvent extraction route. The final raffinate obtained by the authors presented 2.52 g.L-1 199 
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of nickel. The organic phase (extract) contained 0.050 g.L-1 of cobalt, 0.152 g.L-1 of 200 

chromium, 6.160 g.L-1 of magnesium, and 0.360 g.L-1 of manganese. Hence, the synthetic 201 

solution treated herein, by electrodialysis, simulated the sulfuric stripping solution from 202 

the last liquid-liquid extraction step. It was assumed that all the metals were reextracted 203 

from the organic phase.  204 

The working solution was prepared with CoSO4.7H2O, MnSO4.H2O, MgSO4.7H2O, 205 

Cr2(SO4)3, and distilled water. The pH of the working solution was adjusted to 1.8, which 206 

is the pH value of the stripping solutions in industries [11]. The electrical conductivity of 207 

the working solution was 28 mS.cm-1. The solution of the electrodes compartment was 208 

prepared with sodium sulfate (Na2SO4) and distilled water. The initial composition of the 209 

working and electrodes solutions is shown in Table 2. 210 

 211 

Table 2 - Initial composition of the working and electrodes solutions. 212 

 Ion concentration (mg.L-1) 

 ELE DIL CON 

Co2+ - 41 41 

Mg2+ - 4735 4735 

Mn2+ - 308 308 

Cr3+ - 183 183 

Na+ 9700 - - 

SO4
2- 23000 27100 27100 

λ (mS.cm-1) 40 28 28 

pH 1.8 1.8 1.8 

 213 

2.4. Analytical methods 214 

The analyses of cationic species were performed by atomic emission spectrometry 215 

by coupled plasma (ICP-OES), model Agilent 710. The analyses of sulfate (SO4
2-) were 216 

carried out by ion chromatography (Metrohm 850 Professional IC AnCat-MCS and 858 217 
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Professional Sample Processor). The pH of the solutions was measured with a Lovibond 218 

Sensodirect 150 meter, and the electrical conductivity with a Tecnal model meter 219 

Tec-4MP.  220 

 221 

2.5. SEM/EDS analysis  222 

After the electrodialysis experiments, the membranes from the diluted compartment 223 

were rinsed with distilled water, dried for 24h at 60°C in vacuum oven, and their surfaces 224 

were analyzed using a Scanning Electron Microscope (Phenom ProX) and a Back 225 

Scattered Electron Detector (BSE), equipped with Energy-Dispersive X-ray 226 

Spectroscopy (SEM/EDS) at 5 kV of accelerating voltage. The SEM/EDS analyses were 227 

carried out for at least three regions of each membrane to evaluate their overall physical 228 

structure and the occurrence of scaling. 229 

 230 

3. Results and Discussion 231 

3.1. Evaluation of ionic species in the initial working solution and the pH throughout the 232 

electrodialysis test 233 

A speciation diagram was constructed with the aid of Hydra-Medusa software [25] 234 

using the composition of the initial working solution (Table 2), for visualizing the ionic 235 

species present in the solution as a function of pH. The speciation diagram is shown in 236 

Figure 4. 237 
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 238 

Figure 4 - Speciation diagram constructed with the composition of the initial working 239 
solution. The vertical/dashed line indicates pH 1.8. 240 

With composition data of the main ionic species in the working solution shown in 241 

Figure 4 (at pH 1.8), the anionic and cationic equivalent charges (Qeq) were determined. 242 

This property was calculated by the product of the concentration (Cj) of the anionic or 243 

cationic species and their charge (zi), as expressed by Equation (5) [26,27]. For the 244 

anionic and cationic species, the obtained equivalent charge was 3.5x10-1 Eq.L-1 and 245 

3.6x10-1 Eq.L-1, respectively, which is in accordance with the electroneutrality 246 

requirements. 247 

 Qeq =  ∑|zj|Cj (5) 

  Figure 4 also indicates that the metals were present in the free form mainly at pH 248 

below 4. Solid species, such as CoCr2O4 and Cr2O3, begin to be formed above this value, 249 

which could affect the electrodialysis performance. For this reason, the pH of the 250 

solutions was monitored during the ED test.  251 

The pH profile in each compartment throughout the electrodialysis is shown in Figure 252 

5. The pH of the electrode solution showed a lower variation over the test compared to 253 

the other solutions, remaining virtually constant. The pH in the diluted compartment 254 

increased up to 2.7, whereas in the concentrate compartment it decreased down to 1.5. 255 
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This may be explained by the intense transport of H+ ions through the CEM since the 256 

working solution was acidic and protons are transferred intensively by the Grotthuss 257 

mechanism [28]. Besides, H+ ions present a lower Stokes radius and greater diffusion 258 

coefficient than the other species, intensifying their migration. Data on the diffusion 259 

coefficient and Stokes radius of the main ions present in the solutions are shown in 260 

Table S1 of the Supplementary Material [29,30].  261 

 262 

Figure 5 - pH profile of solutions in the ELE, DIL, and CON compartments throughout 263 
the electrodialysis test. Vertical lines delimit each batch. 264 

 265 

Note that as the test was conducted and the concentration of the diluted solution 266 

decreased in all batches, a sharp increase in its pH was verified, mainly during the last 10 267 

hours of each batch. This may have occurred due to the lower competition between 268 

protons and other ions to cross the CEM, which enhanced its migration to the concentrated 269 

compartment. Another hypothesis is the occurrence of intense water dissociation at the 270 

diluted side of the cation-exchange membrane because as the concentration of the diluted 271 

solution decreased, the limiting current density of the membrane/electrolyte system also 272 

decreased [21,31]. The current density applied to the ED unit was constant over the test. 273 

Hence, the membrane/electrolyte system operated at overlimiting conditions during the 274 

last hours of each batch., which means that an intense concentration polarization occurred 275 
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at the membranes. This may have led to water dissociation at the cation-exchange 276 

membranes, which generated H+ and OH- ions [32]. The intense transport of H+ ions 277 

through the CEM and the accumulation of OH- ions on its diluted side may have been 278 

responsible for the pH increase of the diluted solution. Water dissociation may also have 279 

occurred at the surface of the AEM, as will be shown in the evaluation of current 280 

efficiency (Section 3.3). The hypothesis of the operation under overlimiting current 281 

regimes can be confirmed by evaluating the total potential of the electrodialysis stack 282 

throughout the test, which is shown in Figure 6. Note that the total stack potential 283 

remained below 10 V until approximately the first 30 h of each cycle. In the last 10 h, the 284 

potential reached the maximum limit of the power supply (33 V); at that moment, the 285 

scarcity of ions in the diluted solution promoted an increase in its resistivity, and 286 

consequently, the total potential. When the diluted solution from the DIL compartment 287 

was changed to start a new batch, the total potential returned to values below 10 V. As 288 

shown in Figure 5, this behavior was similar to the pH profile of the diluted compartment. 289 

 290 
Figure 6 - Stack total potential during the assay. The vertical lines delimit the batches.  291 

 292 

 293 
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3.2 Electrical conductivity, percent extraction, and percent concentration 294 

The limiting current density of the membranes/electrolyte system was determined by 295 

constructing current-voltage curves for the CEM and AEM; the standard error between 296 

the duplicate curves was between 1-3%. The ilim obtained for the anion- and the cation-297 

exchange membrane was 9.2 mA.cm-2 and 8.3 mA.cm-2, respectively. Hence, the current 298 

density initially applied to the electrodialysis test was 80% of the limiting current density 299 

of the CEM (6.6 mA.cm-2) since its value was lower than the ilim of the AEM.  300 

The electrodialysis test was performed over 136h because, after this period, the 301 

electrical conductivity of the CON solution remained constant due to diffusion 302 

limitations. Three batches were completed, and the duration of each one increased 303 

throughout the test, which may be explained by the increase of the concentration gradient 304 

between the DIL and CON solutions. 305 

The conductivity variation throughout the electrodialysis test is presented in Figure 306 

7. As verified, the final conductivity of the DIL solution was 0.8 mS.cm-1 at the end of all 307 

batches. In the concentrated reservoir, the conductivity reached 61.3 mS.cm-1 at the end 308 

of the experiment, which means the conductivity increased by 119% after 136h of ED. 309 

This result can be associated with the ions recovery since the electrical conductivity is 310 

proportional to the concentration of ions in the solution. After 125h, no remarkable 311 

increase in the conductivity of the CON solution occurred. This may have occurred after 312 

the third batch due to the considerable concentration gradient between the compartments 313 

and the tendency of diffusion of ions from the CON to the DIL solution.  314 
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 315 

Figure 7 - Behavior of the electrical conductivity during electrodialysis. Vertical lines 316 

delimit each batch. 317 
 318 

Aliquots were collected from the DIL compartment at the end of each batch to be 319 

analyzed by ICP-OES and ion chromatography, whereas the solution in the CON 320 

compartment was analyzed only at the end of the electrodialysis test. The results are 321 

presented in Table S2 (Supplementary Material). With concentration data of the main 322 

ions present in the diluted solution after each batch, the percent extractions of each ion 323 

were determined by Equation (1), and the results are shown in Figure 8. With data of 324 

concentrations of ions in the concentrated solution at the end of the electrodialysis test, 325 

the percent concentrations were determined by Equation (2), as shown in Figure 9. 326 
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 327 

Figure 8 - Percent extraction for the main ionic species in the solution after each 328 
electrodialysis batch. 329 

 330 

Figure 9 - Percent concentration for the main ionic species in the solution at the end of 331 
the electrodialysis test. 332 
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According to Figure 8, the values of percent extraction of Co2+, Mn2+, Mg2+, and 333 

SO4
2- were similar, reaching values above 98% after all batches. Conversely, the percent 334 

extraction of Cr3+ ions showed lower values after all batches, reaching values up to 83%. 335 

As Cr3+ ions have the greatest charge if compared to the other metals in solution, a greater 336 

migration of this ion was expected, due to the higher attraction between ions and fixed 337 

charges of the CEM [33–35]. The opposite behavior may have occurred due to the size 338 

of Cr3+ ions; they have the greatest Stokes radius among the metal ions in the solution and, 339 

consequently, the lowest diffusion coefficient (Table S1 – Supplementary Material). 340 

Besides, it is known that the transfer of trivalent ions through ion-exchange membranes 341 

is a complex phenomenon because their high charge density leads to an important 342 

hydration shell [36]. This may also be related to the selectivity of the CEM; 343 

Dalla Costa et al. [37] showed that membranes with sulfonic acid present lower affinity 344 

to trivalent cations, such as chromium (III) and iron (III), than to other ions. Hence, the 345 

HDX100 membrane may be more selective to the other ions in solutions than to Cr3+.  346 

According to Figure 9, the values of percent concentration obtained for the cations 347 

were 178% for Co2+, 145% for Mn2+, 164% for Mg2+, and 79% for Cr3+. The low percent 348 

concentration obtained for Cr3+ ions can also be explained by its lower diffusion 349 

coefficient and concentration than the other metals, besides the selectivity of the 350 

membrane to bivalent ions. At the end of electrodialysis, sodium ions were present in the 351 

concentrated solution. As the initial working solution did not contain sodium ions 352 

(Table 2), their presence in the concentrated compartment may be explained by the 353 

migration of these ions from the electrode compartment towards the concentrated one. 354 

Thus, anionic species containing sodium, probably in the form of NaSO4
-, present in the 355 

cathode crossed the AEM towards the anode and accumulated in the concentrated solution 356 

(see Figure 2). Sodium was not considered in the evaluations of percent extraction and 357 

percent concentration because it was not present in the initial working solution. 358 

Moreover, it can be noted in Figure 8 and Figure 9 that the percent extraction of the 359 

metal ions does not correspond to their percent concentrations. Two hypotheses could be 360 

established: (1) a portion of metal ions may have been adsorbed in the membranes, or (2) 361 

a significant transfer of solvent (water) occurred through the membranes. For evaluating 362 

the first hypothesis, the membranes were analyzed after electrodialysis. 363 

Figure S1 (see the Supplementary Material) shows the visual aspect of the 364 

membranes from all the compartments before and after electrodialysis. CAT, CCAT, 365 

CANO, and ANO refer to the membranes facing the cathode, the concentrated solution 366 
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at the cathodic side, the concentrated solution at the anodic side, and anode, respectively. 367 

As verified, the images suggest the formation of precipitate inside the membranes, 368 

especially the AEM, which was confirmed by the SEM/EDS analysis shown in Figure 369 

10. 370 

 371 

 372 
Figure 10. Backscattered electron images obtained by scanning electron microscopy for 373 

the (A) CEM and (B) AEM after electrodialysis: (I) indicates the spots at which the 374 

presence of magnesium was detected by EDS, (II) and (IV) are ion-exchange particles 375 
and (III) reinforcement fibers. 376 

 377 

According to Figure 10, the SEM images did not indicate considerable damages in 378 

the structure of the membranes after electrodialysis. The presence of nitrogen in region 379 

IV of the AEM may be explained by the amine groups of the ion-exchange particles. The 380 

presence of Mg at the CEM (region I) may be explained by the occurrence of water 381 

dissociation at the membrane surface, as mentioned in Section 3.1. These results are in 382 

accordance with the pH evaluation shown in Figure 5. 383 

Despite the presence of magnesium at the CEM, the disproportionate relation 384 

between the percent extraction and percent concentration of ions is not explained (Figure 385 

8 and Figure 9). Thus, a hypothesis regarding the solvent (water) transfer through the 386 

membranes was also considered. It is well known that ion-exchange membranes used in 387 

electrodialysis are not perfectly permselective, allowing the transport of solvent mainly 388 

by osmosis and electro-osmosis. The osmosis mechanism results from osmotic pressure 389 

created by the difference of ion concentration between diluted and concentrated solutions. 390 
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The electro-osmosis results from the ion solvation when transported through the 391 

membranes [38–40]. As verified in Figure 7, the difference of electrical conductivity 392 

between the diluted and concentrated compartments reached approximately 50 mS/cm-1, 393 

which indicates a large difference in ion concentration, and consequently, a high osmotic 394 

pressure. Besides, electro-osmotic effects are time-dependent [41], which means that 395 

even if the rate of water transport is low, electro-osmosis may play an important role in 396 

long-term assays. In fact, at the end of the test, a higher volume in the concentrated 397 

reservoir was noted, compared to the diluted and electrodes ones. 398 

 399 

3.3 Current efficiency and energy consumption 400 

Another electrodialysis test was conducted in a single batch using the same solutions 401 

and ED apparatus described in Section 2.1. This one-batch test was conducted for 40 402 

hours and aliquots were collected every 4h to be forwarded to chemical analysis, i.e., after 403 

4h, 8h, 12h, 16h, 20h, 24h, 28h, 32h, 36h, and 40h of electrodialysis. This experiment 404 

was performed to evaluate the current efficiency, energy consumption, and percent 405 

extractions of the main ionic species present in the DIL solution in function of time. 406 

Figure 11 shows the results of percent extractions throughout the test.   407 

The percent extraction of Co2+, Mn2+, Mg2+, and SO4
2- showed a behavior virtually 408 

linear throughout the test and reached values greater than 95% (Figure 11). For Cr3+ ions, 409 

the percent extraction remained below 20% until 30h, and then it showed a sharp increase, 410 

reaching 85%. This may have occurred due to the lower selectivity of the cation-exchange 411 

membrane to Cr3+ ions than the other metals, as already mentioned. In electrodialysis, the 412 

migration of ions towards the electrodes occurs since the system seeks the 413 

electroneutrality condition. Firstly, ions presenting small size, high concentration, and 414 

high mobility/diffusion coefficient are preferentially transferred through the membranes. 415 
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 416 

Figure 11 - Percent extraction of the main species during 40h of electrodialysis. 417 

As electrodialysis is conducted, the concentration of these ions in the diluted 418 

compartment decreases; hence, the system adjusts itself and starts to transport ions that 419 

present lower mobility, to guarantee the electroneutrality principle. Note that after 30h, 420 

the bivalent ions achieved values of percent extraction between 70%-80%. Hence, their 421 

low concentration in the diluted compartment allowed the intense transfer of Cr3+ through 422 

the CEM because the competition between bivalent and trivalent ions was not so intense 423 

from that moment. 424 

The current efficiency associated with each species in the solution throughout the 425 

one-batch electrodialysis was calculated by Equation (3) and the results are shown in 426 

Figure 12. 427 
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 428 

Figure 12 - Current efficiency of the main ionic species during 40h of electrodialysis. 429 

 430 

According to Figure 12, the current efficiencies of Mg2+ and mainly SO4
2- were 431 

considerably greater than the other ions. For magnesium, this may be explained by its 432 

greater concentration in solution compared to the other cations (Table 2); hence, it was 433 

preferentially transferred through the cation-exchange membrane. For SO4
2- ions, its 434 

current efficiency was considerably greater because theoretically, it was the only species 435 

that crossed the anion-exchange membrane.  436 

Note that the current efficiency of Co2+ ions remained virtually constant throughout 437 

the experiment, whereas for Mn2+ and Mg2+ ions, the current efficiency decreased until 438 

12h and then they also remained constant. In turn, for Cr3+ ions, an oscillation was verified 439 

until 12h and then it showed a sharp increase, reaching values considerably higher than 440 

the other cations. This behavior agrees with the results of percent extraction of both tests 441 

(Figure 8 and Figure 11) and percent concentration (Figure 9) since one can see that the 442 

transfer of Cr3+ ions increased when the concentration of the other cations in the diluted 443 

solution decreased. As discussed, this occurred because of the competition between the 444 

species, since Cr3+ ions presented lower mobility, lower diffusion coefficient, and greater 445 

Stokes radius than the other cations. As the solution was acid, protons were also 446 

responsible for part of the current efficiency, which explains the values different from 447 

100% considering all the species in Figure 12. 448 
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Lastly, the behavior of SO4
2- ions supports our suggestion of water dissociation at the 449 

AEM. Note that its current efficiency increased considerably until 12h; then, it decreased 450 

and remained virtually constant until the end of the test. Hence, when the concentration 451 

of the diluted solution decreased (12h), the limiting current density of the 452 

membrane/electrolyte system also decreased, and it started to operate under overlimiting 453 

conditions. From that moment, water dissociation was intensified at the AEM, and OH- 454 

ions were intensively transported through it, competing with SO4
-2 because hydroxyl ions 455 

have lower Stokes radius and greater diffusion coefficient than sulfate ions (Table S1 – 456 

Supplementary Material). 457 

Figure 13 shows the energy consumption determined for the main ionic species 458 

present in the solution. 459 

 460 

Figure 13 - Energy consumption of the main ionic species during 40h of electrodialysis. 461 

 462 

The high values of energy consumption associated with the transfer of Co2+ ions can 463 

be attributed to its low concentration in the solution, while the inverse behavior was 464 

observed for Mg2+ and SO4
2- ions due to their high concentration. As shown in 465 

Equation (4), energy consumption and the mass of transported species show an inverse 466 

proportion. For Cr3+ ions, its energy consumption decreased considerably as 467 
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electrodialysis was conducted, which confirms that its transfer was intensified throughout 468 

the experiment as the other species migrated to the concentrate compartment. Note that 469 

the decrease in energy consumption of Cr3+ ions was very intense mainly in the first 16 470 

hours, which is the period when the energy consumption of Co2+ and Mn2+ ions increased 471 

before achieving a plateau. The energy consumption of the electrodialysis stack was 472 

calculated considering the migration of all ions in the solution through the membranes; 473 

in 40 hours of electrodialysis, the energy consumption was 145.2 W.h.  474 

 475 

4. Conclusions 476 

 477 

The use of electrodialysis as a complementary technique for the recovery of metals 478 

from solutions from the nickel laterite processing was evaluated. The solution to be 479 

desalted presented magnesium, manganese, cobalt, chromium, and sulfate ions. Three 480 

batches were conducted and the test lasted 136 hours. Values of percent extraction above 481 

98% were obtained for Co2+, Mn2+, Mg2+, and SO4
2-. In turn, considerably lower values 482 

were obtained for Cr3+ ions. The transfer of chromium through the cation-exchange 483 

membrane was hindered because of its greater Stokes radius, lower diffusion coefficient, 484 

and lower selectivity of the cation-exchange membrane to trivalent ions compared to the 485 

other cations in the solution. A variation between the percent extraction and the percent 486 

concentration of the main ions in the solution was verified, which may be explained by 487 

the transfer of solvent (water) through the membranes due to osmotic and electro-osmotic 488 

effects. Such effects should be considered in an eventual scaling-up and may be 489 

minimized by adopting multiple stages. The occurrence of water dissociation at the ion-490 

exchange membranes was suggested by the evaluation of solution pH throughout the 491 

experiment and SEM/EDS analysis. 492 

An electrodialysis test was also conducted in a single batch to evaluate the percent 493 

extraction at several moments of the experiment, in addition to the current efficiency and 494 

energy consumption associated with each species in solution. The results confirmed the 495 

competition between chromium and the other cations for crossing the cation-exchange 496 

membrane; Cr3+ ions began to be intensively transported when the concentration of the 497 

other species decreased in the diluted compartment. The results from the one-batch 498 

electrodialysis also suggested the occurrence of water dissociation at the anion-exchange 499 

membrane. 500 
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Electrodialysis showed to be a promising technique for extracting metals from a 501 

solution from nickel laterite processing and concentrating them for further purification. 502 

The values of percent concentration obtained for the metals were 178% for Co2+, 145% 503 

for Mn2+, 164% for Mg2+, and 79% for Cr3+. The diluted solutions obtained at the end of 504 

the tests may be reused in the process, whereas the concentrated one can be forwarded to 505 

subsequent steps for purifying the metals. 506 
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