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Abstract 15 

Commercial copper (Cu) is obtained by a hydro-pyrometallurgical process, where the Cu anodes obtained 16 

in the furnaces (Cu > 99.5%) are enriched up to 99.99% in “cathodes” by electrorefining at an electrolysis 17 

plant. During this process, some impurities accumulate in the electrolyte, mainly arsenic (As), which 18 

decrease the quality of the Cu cathode. For this reason, the electrolyte is sent to an electrolyte cleaning 19 

plant (ECP) for its purification. Electrolyte sludge (ES) is produced in the last stage of purification and is 20 

recirculated back to the furnace due to the high Cu content. This recirculation involves a severe problem of 21 

As accumulation in the industrial process. The objective of this work was to develop a procedure to fully 22 

dissolve the ES, removing the As and recovering its Cu content. The ES dissolution process was optimised 23 

(dissolution efficiency > 99%) in H2SO4 (1.4 M)/HNO3 (1.8 M) medium using a 1:20 g mL–1 solid-to-liquid 24 

ratio. As was removed from the ES solution by its precipitation as iron (III) arsenate, with high efficiency 25 

(more than 70%). After As removal, the Cu can be precipitated as copper sulphate, which is used in several 26 

applications. 27 

 28 
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 30 

1. Introduction 31 

The demand for copper (Cu) minerals has increased quickly over the last 50 years, and it is expected to 32 

keep growing due to the essential role of Cu in modern technologies. Worldwide refined Cu production 33 

reached 24 Mt in 2019, and it involves a large amount of waste and wastewater generation (ICSG, 2020). 34 

In recent decades, the manufacturing industry has tried to develop policies to reduce the environmental 35 

impact and to achieve sustained economic growth, following the current strategic lines aimed at ensuring 36 

the implementation and development of the "Circular Economy" through the efficient use of raw materials 37 

and residues. Therefore, policies on waste management must be directed apply the hierarchy established 38 

by normative: prevention, reduction, reuse, and recycle. A proper waste valorisation represents an excellent 39 

management alternative producing economic and environmental benefits. For this, industries have 40 

introduced effective resource management consisting of recycling, reusing, and valorisation of these ones, 41 
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reducing the production cost and decreasing risks for the environment and human health (Khan et al., 2021, 42 

2020; Liao et al., 2019).  43 

Atlantic Copper S.L.U, located in Huelva (Spain), is one of the biggest manufacturers of ultrapure Cu 44 

cathodes (> 99.99% Cu) in Europe, producing more than 3∙105 t y–1 (Atlantic Copper, 2017). During Cu 45 

electrorefining, the concentrations of the raw material impurities, such as As, Sb, Bi, Ni, etc., gradually 46 

increase in the electrolyte, which negatively affects the quality of the Cu cathode; therefore, the impurities 47 

must be removed. For this, a fraction of the electrolyte is continuously sent to an electrolyte cleaning plant 48 

(ECP) to reduce the level of impurities, especially As, and to recover a significant fraction of the Cu that is 49 

not electrodeposited in the cathode (“decopperising”). 50 

The electrolyte cleaning process involves three stages by electrowinning in liberator cells (Artzer et al., 51 

2018; Wesstrom and Araujo, 2012). Firstly, the Cu concentration is reduced from 45 g L–1 to 25 g L–1, 52 

providing a B-grade Cu cathode (> 99.97% Cu), which is commercialised. Secondly, the Cu concentration 53 

is further reduced to around 10 g L–1. Finally, in the third step, the remaining Cu, and most of the As, is 54 

removed from the solution in the electrolyte sludge (ES). In the Huelva factory, about 1300 t of ES are 55 

produced annually. The final treated electrolyte is returned to the electrolyte tank for reuse. 56 

Currently, the ES is sent to a flash smelting furnace (FSF) to recover its Cu content (≈ 60%), but this causes 57 

the accumulation of As during the industrial process, generating problems during liquid effluent treatment. 58 

Fig. 1 shows the procedure developed in this work for As-free Cu recovery, which consists of dissolving 59 

the ES by acid digestion, and then the As removal from the obtained dissolution (ES wastewater) by 60 

precipitation with iron as ferric arsenate. Finally, the As-free solution may be used in two different ways: 61 

Cu is recovered as copper (II) sulphate pentahydrate (CuSO4∙5H2O) and returned to the industrial process 62 

or it is valorised in commercial applications, such as agriculture. On the other hand, the resulting industrial 63 

wastewater stream, with low pollutant content, can be sent to an effluent treatment plant (ETP) for final 64 

treatment before it is released into the environment. The novelty of the proposed procedure is the 65 

combination of different chemical processes (digestion, precipitation, and crystallisation) applied to the ES 66 

to achieve As removal and Cu recovery. Currently, this waste is a recirculating waste of the Cu metallurgy 67 

process, of which no treatment is known for the separation of both elements. 68 
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Fig. 1. Flowchart of the electrolyte sludge (ES) and the proposed treatment. 

 69 

There have been no previous studies describing As removal from ES. Most research has been focused on 70 

other co-products, such as slag, dust, or anode slime (Demopoulos, 2014; Min et al., 2015; Schwartz et al., 71 

2017). In addition, there have been some investigations of As removal from waters for human consumption 72 

and/or industrial wastewater (Jain and Singh, 2012; Litter et al., 2010), and the methods used to reduce the 73 

As concentration in the solutions were precipitation, adsorption (Cao et al., 2021; Chen et al., 2015; Hao et 74 

al., 2018), the use of ion exchange resins (Balaji et al., 2005; Lenoble et al., 2004), and the use of newly 75 

developed methods, such as electrocoagulation or membrane treatment (Nidheesh and Singh, 2017; Song 76 

et al., 2017; Zouboulis and Katsoyiannis, 2018). Nevertheless, the United States Environmental Protection 77 

Agency (EPA) designated As removal by co-precipitation with ferric ions in a liquid effluent as “the best 78 

demonstrated available technology (BDAT)” for As disposal (Rosengrant and Fargo, 1990). For that 79 

reason, this method has been the most researched in the last decades (Demopoulos, 2014; Fujita et al., 80 

2008a; Le Berre et al., 2007; Schwartz et al., 2017; Zhang et al., 2019). The precipitation reaction can be 81 

expressed as the following: 82 
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 4H3AsO4(aq)
 + 4FeSO4(aq)

+ O2(g)+ 6H2O (aq)↔ 4FeAsO4∙2H2O(s) + 4H2SO4  (aq)  Eq. 1 

 83 

Considering the above facts, the central objective of this study was to remove the As from the dissolution 84 

of ES coming from the ECP, generating a final solution more suitable for recovering the dissolved copper 85 

sulphate. Firstly, ES dissolution tests were carried out. Then, the removal of As by precipitation with Fe 86 

was studied. The final solutions were analysed using various analytical techniques to determine the 87 

precipitation efficiency (PE) of the main elements, especially As and Cu, and the physical–chemical 88 

characteristics of the formed solids were studied. 89 

2. Materials and methods 90 

2.1. Materials 91 

The ES employed in this research was collected from Atlantic Copper S.L.U in 2017. Six sampling 92 

campaigns were organised (one per week) with the aim of analysing the possible temporal variability in the 93 

characteristics of the ES. After collection, the samples were dried at 60 ºC to constant weight. 94 

All iron reagents [FeCl3, Fe2(SO4)3∙7H2O, FeSO4∙7H2O], arsenic reagent [As2O5∙3H2O] and alkaline agents 95 

[Ca(OH)2 and Mg(OH)2] employed in this work were of analytical grade (purity > 95%) and from Merck 96 

Company. The concentrations of the acids used were the following: 96% H2SO4 and 65% HNO3. In 97 

addition, the oxygen used had a purity of > 99.5%. 98 

2.2. Experiments 99 

2.2.1. Dissolution of the electrolyte sludge (ES) 100 

The dissolution of the ES was performed in acid medium by using sulphuric acid (H2SO4). The influence 101 

of temperature, the solid-to-liquid ratio, and the type of oxidising agents (air, oxygen and HNO3) were 102 

studied. Firstly, the dissolution of ES was done applying a mixture of sulphuric acid (H2SO4) and nitric 103 

acid (HNO3) solution, in which the solid-to-liquid ratio, molar concentration, temperature and reaction 104 

time, were changed and then the influence of using other oxidising agents (air and oxygen) was 105 

investigated. 106 

The ES dissolution experiments with H2SO4 and HNO3 were carried out in an uncovered reaction vessel 107 

with a volume of 1 L (see Fig. S1a). These experiments simulated different conditions: 1) solid-to-liquid 108 
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ratios of 1:10 and 1:20 g mL–1 were used; 2) the H2SO4 and HNO3 concentrations used ranged from 0.9 to 109 

2.7 M and from 1.0 to 1.8 M, respectively; 3) the temperature and reaction time were 24, 50, and 80 ºC and 110 

12 and 2.5 h, respectively. A summary of these experiments is shown in Table S1 of the supplementary 111 

material, to note that the experiments with a solid-to-liquid ratio of 1:10 g mL-1 were not included in this 112 

table because the results obtained were not relevant. The solution was continuously agitated with a magnetic 113 

stirrer (500 rpm). Finally, the experimental solution was filtered to separate the obtained phases. The solid 114 

was rinsed with water and dried until a constant weight was obtained. 115 

The experiments with air or O2 were carried out in a 1 L reaction vessel (1 L beaker) covered with a lid 116 

with holes through which a thermocouple and air/O2 channels were introduced (2 L min–1 and 8 L min–1, 117 

respectively) (see Fig. S1b). In the experiment with air, different concentrations (2, 4, 6, and 10 M) of a 118 

H2SO4 solution were used (see Table S1). When O2 was used, the experiment was performed with a 2 M 119 

H2SO4 solution. In both experiments, the solution was heated to 80 ºC and continuously agitated with a 120 

magnetic stirrer at 500 rpm. Finally, the solution was filtered to separate the solid from the liquid phase. 121 

The solid phase was rinsed with water and dried at 60 ºC to constant weight. 122 

The tests were codified as “X-Y-Z-W-R”, where “X” is the oxidising agent used to dissolve the sludge (N 123 

is nitric acid, O is oxygen, and A is air), “Y” represents the concentration of HNO3 (M) or the gas flow of 124 

air or oxygen (in L min–1), “Z” is the concentration of H2SO4 used, “W” is the time (h) and temperature 125 

(ºC) of the experiment (where A is 12 h and 24 ºC, B is 2.5 h and 50 ºC, and C is 2.5 h and 80 ºC), and “R” 126 

indicates if the sample was a replica. For example, N-1.6-1.8-A is a sample with HNO3 as the oxidising 127 

agent (1.6 M) and the use of 1.8 M of H2SO4, with an experimental time of 12 h at 24 ºC, and A-2-4-C-R 128 

is a sample using air as the oxidising agent (2 L min–1 ) and 4 M of H2SO4, with an experimental time of 129 

2.5 h at 80 ºC, and it is a replicated sample.  130 

2.2.2. Arsenic removal 131 

To study the elimination of As, two solutions were used for the experiments. One solution, named the 132 

artificial solution, contained 10 g L–1 of the As prepared in the laboratory using arsenic (V) oxide hydrate 133 

[As2O5∙3H2O], and the second solution was obtained by fully dissolving the ES. In Table S2 of the 134 

supplementary material, a summary of the experimental conditions for As removal is shown.  135 
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The experiments for As precipitation were carried out in three stages by gradually increasing the pH since 136 

protons are released during the formation of FeAsO4∙2H2O, which then decreases the pH and inhibits 137 

scorodite formation (see Eq. 1).The precipitation of FeAsO4∙2H2O occurs at a pH of between 1.5 and 3.0, 138 

according to the literature consulted.(Droppert et al., 1996; Fujita et al., 2009a). In stage I, the Fe source 139 

was added, and the reaction proceeded for 3 h. The As precipitation reaction reaches equilibrium at a final 140 

pH that is lower than the initial pH. To favour the precipitation of As, the equilibrium (Eq. 1) should be 141 

moved to the right by decreasing the acidity (stage II). This is achieved by adding an alkaline agent up to a 142 

pH around 2.5, reaching newly the equilibrium (pH ≈ 1.5) after around 3 h. Then, the pH is increased to 143 

around 3 by another alkali addition (stage III), reaching a final pH of around 2 after equilibrium. 144 

Arsenic removal using an artificial solution 145 

Experiments with artificial solution focused on looking for the most suitable method for the synthesis of 146 

FeAsO4∙2H2O. In experiment E1-A, As removal with two compounds as Fe3+ sources [FeCl3 and 147 

Fe2(SO4)3∙7H2O] and a As/Fe molar ratio of 1.5 without pH adjustment was carried out. The As 148 

precipitation experiments were done under continuous stirring (400 rpm) at 85 ºC for 6 h. In experiment 149 

E1-B, FeSO4∙7H2O was employed as the Fe2+ source. In this experiment, air was injected at a rate of 1–2 L 150 

min–1 to oxidise the Fe2+ into Fe3+ under similar experimental conditions as experiment E1-A. 151 

In experiments E2 and E3, the precipitation was performed through three stages of pH adjustment using 152 

Ca(OH)2 or Mg(OH)2 , respectively. Ferrous sulphate was used in both experiments as the Fe source, with 153 

air used as the oxidising agent. The experimental conditions were the same as those used in experiment E1-154 

B, except the reaction time that in E2 and E3 was 3 h for each stage. In stage I, pH adjustment was not 155 

necessary because the solution pH was around 1.5, but in stages II and III, the pH was adjusted to around 156 

2 and 2.5, respectively. These experimental conditions are summarised in Table S2 of the supplementary 157 

material. The equipment used in the As removal experiments consisted of an air pump, a flowmeter, a 158 

mechanical stirrer, a heating plate with temperature control, a beaker with a lid used as the reaction vessel, 159 

and a thermal jacket. 160 
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Arsenic removal from the ES solution  161 

Experiments E4 and E5 for As removal were carried out in three stages of pH adjustment using Ca(OH)2 162 

and Mg(OH)2 as alkali reagents, respectively, following the same methodology of previous experiments 163 

(E2 and E3) (see Table S2). However, in both experiments, an initial stage was performed in which the pH 164 

was increased from an initial value of less than 0.5 (pH of the ES solution) to 1.5 to achieve the ferric 165 

arsenate precipitation (Droppert et al., 1996; Fujita et al., 2009a). 166 

2.3. Analytical techniques of characterisation 167 

The solids obtained from both ES dissolution and As removal experiments were subjected to different 168 

analytical techniques for their physicochemical characterisation. 1) X-ray fluorescence (XRF) (Panalytical 169 

sequential spectrometer, AXIOS model) was used to determine the major elements. 2) X-ray diffraction 170 

(XRD) with a Panalytical X’Pert Pro diffractometer and X'Pert HighScore Plus software was used to 171 

identify the mineral phases. 3) Thermogravimetric analysis (TGA) and differential scanning calorimetry 172 

(DSC) were used to study the thermal behaviour of the samples using a METTLER-TOLEDO TG/DSC2 173 

thermobalance coupled to an inductively coupled plasma mass spectrometer (ICP-MS) (NETZSCH QMS-174 

403 Aëolos Quadro) to determine the composition of the residual gases. 4) Scanning electron microscopy 175 

(SEM) (QUANTA-Fei 200) equipped with an energy dispersive spectrometer (EDS) was employed to 176 

study the morphology and microstructure of the solids. 5) The trace elements were analysed by ICP-MS 177 

(Perkin Elmer Sciex ELAN 9000) and inductively coupled plasma optical emission spectroscopy (ICP-178 

OES) (Varian 735-ES) in the Activation Laboratories (Actlabs) from Canada, accredited in the norm 179 

ISO/IEC 17025:2017. 180 

To ensure the repeatability of the experiments, two replicates of each were performed. When required, 181 

quality control (QC) of the analytical techniques was performed by measuring several certified reference 182 

materials (CRMs), duplicates, and blanks. 183 

3. Results and discussion 184 

3.1. ES dissolution 185 

The ES sample used in the experiments contained a high Cu concentration (54±1%), but it also had As 186 

(10±1%) and S (7±1%) in minor proportions. Copper was present mainly as Cu metal (Cu) and cuprite 187 

(Cu2O). In addition, another significant Cu fraction was associated with As, forming domeykite (Cu3As). 188 
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The S content was also associated with Cu as poitevinite (CuSO4·H2O), see Fig. 2. Other elements, such as 189 

Bi, Fe, Ni, Pb, Sb, and Zn, were found at concentrations below 1%. 190 

 

Fig. 2. Mineral phases of the ES. 

 191 

The dissolution percentage of the components present in the ES, focusing on Cu and As, was studied 192 

through several experiments described in the materials and methods section. The results are presented in 193 

Fig. 3. In addition, the chemical composition of the obtained solution can be seen in Fig. S2 of 194 

supplementary material. 195 

Similar results were obtained in the starting batch experiments and their replicates; therefore, only one of 196 

them are shown in Fig. 3a. The ES was not completely dissolved when air or O2 was used (A-2-2-C and O-197 

8-2-C, respectively). The dissolution efficiency, in mass, of the whole ES sample in these experiments was 198 

32% and 65%, respectively, when 2 M H2SO4 was used. By using air, the Cu and As dissolved fractions 199 

were about 30% and 5%, respectively, while about 75% of Cu and 33% of As was reached with oxygen. 200 

The dissolution efficiency for the rest of the elements depends on the chemical solubility of each metal. 201 

For example, about 60% of Ni was dissolved in both experiments. To point out that S was fully dissolved 202 

in the three experiments (see Fig. 3a), and this can be explained by considering that S is in the ES as 203 

poitevinite (CuSO4·H2O), see Fig. 3b. 204 

On the contrary, the ES was fully dissolved in a solution of 1.4 M H2SO4 and 1.8 M HNO3 for 2.5 h at 50 205 

ºC (N-1.8-1.4-B) (see Table S1 of the supplementary material), achieving a dissolution efficiency of the 206 
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ES of around 99.95%. Fig. 3a shows that the dissolution efficiency of almost all major elements was about 207 

100%, while the dissolution efficiency of Ni was around 80%. Therefore, this dissolution method was 208 

employed to obtain the ES solution used in the As removal experiments. The ES solution obtained in 209 

experiment N-1.8-1.4-B was mainly composed of S (≈ 46 g L–1), Cu (≈ 36 g L–1), and As (≈ 5.2 g L–1). 210 

Furthermore, the solutions presented concentrations of Bi, Sb, Ni, and P (100–250 ppm) and Fe, Pb, Te, 211 

and Zn (< 20 ppm) as trace elements (see Fig. S2 of the supplementary material). 212 

To analyse the relationship between the elements with higher concentrations and the undissolved minerals 213 

from the ES, the mineralogy of the ES and the obtained final solids after acid attack was determined by 214 

XRD. In Fig. 3c, the proportion of undissolved mineral phases for A-2-2-C and O-8-2-C is shown. In 215 

experiment A-2-2-C, the dissolution of cuprite, copper metal, and domeykite was around 23%, 63%, and 216 

less than 1%, respectively, whereas in O-8-2-C, more than 90% of Cu2O and Cu and around 80% of Cu3As 217 

were dissolved. In both experiments, CuSO4∙H2O was completely dissolved. 218 



 

 

11 

 

Fig. 3. Dissolution efficiency (%) of the major elements contained in the ES matrix by using different 
dissolution methods. (a). Fraction of dissolved mineral (%) in the experiments (b). Mineral phases 

presented in the undissolved ES (c). 

 219 

3.2. Time evolution of the experiments  220 

The evolution of the experiments over time was evaluated by measuring the pH and oxidation–reduction 221 

potentials (ORPs). Fig. 4a shows the evolution of pH versus time, while Fig. 4b presents the correlation 222 
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between pH and ORPs. In experiments E2 and E5, Ca(OH)2 was used as neutralising to increase the pH, 223 

while Mg(OH)2 was added in experiments E3 and E4 (see Table S2). 224 

For experiments E3 and E4, the pH decreased in the first 60 min (stage I), and after that no significant 225 

changes were observed (Fig. 4a). In stage II, alkali was added until obtaining a pH of around 2.3, and then 226 

the pH continuously decreased for 180 min. In stage III, the pH increased to around 2.9, and from this time 227 

the same trend as in the previous stages was observed. As can be seen, the pH changes are similar in both 228 

solutions when Mg(OH)2 was used as the basic agent (Fig. 4a) since Mg(OH)2 does not interfere with the 229 

formation of ferric arsenate (solid). 230 

On the other hand, experiments E2 and E5, in which Ca(OH)2 was used to increase the pH, did not show 231 

the same patterns as experiments E3 and E4 due to in E2 and E5 experiments, a secondary reaction between 232 

Ca and SO4 ions is produced forming calcium sulphate which precipitates simultaneously with ferric 233 

arsenate (Demopoulos, 2014; Zhang et al., 2019). The possible differences in the pH behaviour with time 234 

in experiments E2 and E5 are due to the lower sulphate concentration in the used artificial solution in E2. 235 

In stage I, pH slowly decreases until the end of the stage in E2, while for E5 pH decreases during 120 min, 236 

and then no significant change was observed (see Fig. 4a). For stage II, the pH decreased faster in 237 

experiment E5 than in experiment E2. In the last stage of experiment E5, the pH rapidly decreased in the 238 

first 120 min, and then no significant changes were observed, while a continuous decrease was observed in 239 

experiment E2 (Dabekaussen et al., 2001; Fujita et al., 2009b). 240 

A good linear relationship between the ORP and pH was observed (Fig. 4b), as would be expected 241 

considering the Nernst equation, which sets up the logarithmic relationships between the ORP and H+ 242 

concentration, suggesting a linear correlation between both parameters. This phenomenon was observed 243 

during the experiments (Fig. 4b), where the ORP increased with decreasing pH value. 244 
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1  

Fig. 4. (a) Changes in pH with reaction time and (b) changes in the oxidation–reduction potential 

(ORP) with the pH of the solution. 

 245 

In relation to the change in element concentrations, it is worth noting that Fe and As decreased following 246 

the same tendency (Fig. S3), showing that these elements precipitate together. Other major elements such 247 

as Cu, Ca, Mg, and S showed different behaviour in each experiment. On the one hand, in experiments E2 248 

and E5, the S concentration decreased due to the addition of Ca(OH)2 since Ca and S precipitate, forming 249 

calcium sulphate. On the other hand, in experiment E3, no significant changes were observed in the S 250 

concentration, while the concentration of Mg increased, indicating that it does not precipitate (see Fig. S3 251 

of the supplementary material). In experiment E4 (Fig. S3), the Cu, Mg, and S concentrations decreased 252 
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with time, suggesting that these elements could co-precipitate. Besides in the experiment E5, the Cu content 253 

decreased indicating this could also co-precipitate. 254 

3.3. Precipitation efficiency (PE) 255 

Fig. 5 shows the precipitation efficiency (PE), or the removing efficiency, of the major elements contained 256 

in the ES solution as a function of time. It is important to note that this study was not performed in the E1-257 

B experiment (no pH adjustment), but the final As and Fe PEs were calculated, finding that around 65% of 258 

As and 35% of Fe were removed from the solution. 259 

In experiments E2 and E5, where Ca(OH)2 was used as an alkaline agent, the PE of As and Fe increased 260 

with time, removing up to 99.5% of As and 91% of Fe in experiment E2 (artificial solution), while for 261 

experiment E5 (ES solution) the removal of As and Fe was lower, with around 70% removal for both 262 

elements. This can be due to the high concentrations of Cu and SO4 ions in the solution, which probably 263 

interfere with and inhibit ferric arsenate formation (Fujita et al., 2008b; Gomez et al., 2011a). The PE of 264 

Cu was around 50% in experiment E5, confirming that the Cu co-precipitates with As and Fe, which is a 265 

problem for the next Cu recovery stage. Furthermore, the PE for Ca and S in both experiments was higher 266 

than 90%, but it is important to note that in experiment E5 before the As removal stages, a pH adjustment 267 

was made to 1.5, where Ca and S precipitated as CaSO4∙2H2O, resulting in a PE of greater than 80% for 268 

both elements. 269 

In experiments E3 and E4, where Mg(OH)2 was used as alkalinising agent, the PE of As and Fe increased 270 

over time, similar to the observed trend in experiments E2 and E5, precipitating more than 99.5% of As 271 

and 91% Fe in experiment E3 (artificial solution), while the PE of As and Fe in experiment E4 (ES solution) 272 

was about 70%. This behaviour is similar to the experiment with Ca(OH)2; therefore, the decrease in PE of 273 

both elements is probably due to the high content of Cu and SO4 ions, which could interfere with ferric 274 

arsenate formation (Fujita et al., 2008b; Gomez et al., 2011a). In addition, the PE of S in experiments E3 275 

and E4 was about 50% in both cases, suggesting the co-precipitation of sulphur with the solid FeAsO4.  276 
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Fig. 5. Precipitation efficiency (PE) (%) as a function of time for both types of experiments: E2–E3 for 

the artificial solution and E4–E5 for the ES solution. 

 277 

3.4. Characterisation of the obtained precipitates 278 

The physicochemical characteristics of the precipitated phases in the As removal experiments using the 279 

artificial solution and different Fe3+ sources [E1-A1: FeCl3 and E1-A2: Fe2(SO4)3∙7H2O] are shown in Table 280 

S3 of the supplementary material. The solids obtained in these experiments were mainly composed of ≈ 281 

35% As and ≈ 23% Fe, which is similar to the composition found in FeAsO4, but the diffraction patterns 282 

indicated that these solids were in the amorphous form.  283 

However, scorodite (≈ 96% FeAsO4·2H2O) was synthesised in experiment E1-B, according to the XRD 284 

analysis (Fig. S4 of the supplementary material), where Fe2+ was used. The concentrations of the major 285 

elements of the obtained solid are presented in Table 1, showing a high concentration of As (39.0±0.1%) 286 

and Fe (24.0±0.1%), but also a minor proportion of S (< 0.05%). In addition, the losses on ignition (around 287 

14%) agree with the theoretical mass loss (about 15.5%) associated with the loss of the crystallisation water 288 

of FeAsO4·2H2O (Gomez et al., 2011b; Gonzalez-Contreras et al., 2010; Le Berre et al., 2008). The 289 
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scorodite was probably formed by arsenic precipitation with ferrous ions in the presence of oxygen, 290 

following Eq. 1 (Fujita et al., 2008a, 2008c; Min et al., 2015). 291 

Furthermore, thermogravimetric analysis was performed to determine the thermal behaviour of the formed 292 

scorodite. In Fig. S5 of the supplementary material, 2 thermal events were observed at 220 ºC and 960 ºC. 293 

Water was detected in the first event due to the dehydration of scorodite, following Eq. 2 (Gomez et al., 294 

2011b; Gonzalez-Contreras et al., 2010; Le Berre et al., 2007), while O2 was detected in the second event, 295 

suggesting the decomposition of iron arsenate anhydro (Cervando and Viraca, 2013; Cheng et al., 2019), 296 

according the chemical Eq. 3. 297 

FeAsO4∙2H2O (s)→ FeAsO4(s) + 2H2O(g) Eq. 2 

2FeAsO4 (s)→ Fe2O3(s)
 + As2O3(g) + O2(g)

 Eq. 3 

According to the amount of mass lost (15.4%) in the first event, the solid is composed of 99% 298 

FeAsO4·2H2O, corresponding to an As concentration of around 32%, which is in line with the results 299 

obtained from the XRF and XRD analysis. On the other hand, the mass loss in the second event could not 300 

be determined because the event did not finish. 301 

Finally, the SEM analysis showed that sample E1-B presents a homogeneous morphology formed by 302 

particles mainly composed of As and Fe (point 1 of Fig. S6, supplementary material). Its composition (see 303 

table, Fig. S6) and its bipyramidal octahedral structure confirm that these particles are scorodite, with a size 304 

of around 20 µm. 305 

 Exp. ID As Bi Ca Cu Fe O Pb S Sb LOI 

A
rt

if
ic

ia
l 

so
lu

ti
o
n

 

E1-B 39.0 ± 0.1 <DL <DL <DL 24.0 ± 0.1 22.9 ± 0.1 <DL 0.03 ± 0.01 <DL 14.2 ± 0.2 

E2 20.8 ± 1.1 <DL 11.0 ± 0.6 <DL 15.0 ± 1.0 32.0 ± 1.0 <DL 10.0 ± 1.0 <DL 10.8 ± 1.1 

E3 36.0 ± 1.9 <DL <DL <DL 24.0 ± 0.3 24.0 ± 1.0 <DL 1.0 ± 0.8 <DL 15.1 ± 0.1 

E
S

 

so
lu

ti
o
n

 

E4 30.2 ± 1.9 2.7 ± 0.5 <DL 7.7 ± 3.4 22.6 ± 1.4 25.3 ± 0.1 0.16 ± 0.03 2.15 ± 0.01 1.23 ± 0.7 7.8 ± 1.2 

E5 10.9 ± 1.2 0.02 ± 0.01 19.0 ± 0.2 0.6 ± 0.2 10.3 ± 0.1 38.8 ± 0.1 <DL 15.4  ± 0.5 0.12 ± 0.02 4.6 ± 1.7 

 

Table 1. Average concentrations (%) of the major elements of the formed precipitates in the As removal experiments. 

LOI=loss on ignition; Detection limit (DL=0.01%). Standard uncertainty (1 σ) was calculated as the standard 

deviation of the mean, 𝝈 = 𝑺𝒙/ (𝒏)𝟏/𝟐, where n=3. 

 306 
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The obtained precipitate of E2 contained As (20.8±1.1%), Fe (15.0±1.0%), Ca (11.0±0.6%), and S 307 

(10.0±1.0%) as major elements (Table 1), being gypsum (≈ 50%, CaSO4∙2H2O) and scorodite (≈ 36%) the 308 

main mineral phases presented (Fig. S4 of the supplementary material). The presence of gypsum was 309 

expected when calcium hydroxide was used as a neutralising agent due to the precipitation of calcium 310 

sulphate dihydrate as a secondary product (Demopoulos, 2005; Droppert, 1996), according to Eq. 4. The 311 

experimental mass ratio (Ca/S = 1.10) was slightly lower than the theoretical value for gypsum (Ca/S = 312 

1.25), according to the consulted literature (Demopoulos, 2005; Dutrizac and Jambor, 2007; Gomez et al., 313 

2011a), this could be due to small incorporation of S (as SO4) in the structure of the scorodite as a result of 314 

SO4 → AsO4 substitution, forming Fe(AsO4)1–x (SO4)x∙2H2O (Demopoulos, 2005; Dutrizac and Jambor, 315 

2007; Gomez et al., 2011a; Singhania et al., 2005). 316 

Ca(OH)2(s) + H2SO4(aq)
 → CaSO4∙2H2O(s) Eq. 4 

On the other hand, the proportion of scorodite determined by XRD indicated lower content of As and Fe 317 

than that provided by the XRF analysis. This suggests that part of the As and Fe of the sample does not 318 

form crystalline scorodite, and therefore that part is associated with the amorphous XRD phase 319 

(approximately ≈ 14%) found in this sample. 320 

In Fig. 6, it can be seen that the E2 sample presents a heterogeneous morphology formed by two types of 321 

particles: large particles (point 1, Fig. 6) composed of Ca and S, whose tabular crystals correspond to 322 

gypsum, and fines particles (point 2, Fig. 6) composed of As and Fe, whose composition and bipyramidal 323 

octahedral structure suggest that is scorodite. These results confirm the crystal phases identified by XRD 324 

analysis. In addition, the general composition of the E2 sample obtained by EDS analysis showed that this 325 

solid is mainly composed of As, Ca, Fe, and S (see table, Fig. 6), which is in line with the XRF analysis. 326 

The E3 sample [pH adjustment with Mg(OH)2] contained As (36.0±1.9%) and Fe (24.0±0.3%) in greater 327 

proportions, but it also contained less than 1% of S, which is analogous to the composition of the E1-B 328 

sample. In addition, scorodite (≈ 62%) was the only mineral phase identified (see Fig. S4), and this 329 

compound is consistent with the obtained loss on ignition (LOI≈15.1%) that is associated with loss of the 330 

crystallisation water of FeAsO4·2H2O (Gomez et al., 2011b; Gonzalez-Contreras et al., 2010; Le Berre et 331 

al., 2008). However, the proportion of the mineral phase did not correspond to the composition given by 332 



 

 

18 

XRF, meaning that part of As and Fe was found in the amorphous phase (≈38%), which is significantly 333 

high compared to that obtained in the E1-B (≈ 4%) and E2 (≈ 14%) samples.  334 

Moreover, the SEM analysis showed that E3 solid samples presented a homogeneous morphology formed 335 

by particles mainly composed of As and Fe (point 2 of Fig. S6, supplementary material). Its composition 336 

and bipyramidal octahedral structure confirm that these particles are scorodite. The particle size was less 337 

than 10 µm, and aggregates were formed, in contrast to the results obtained for E1-B, where the particle 338 

size was around 20 µm and aggregates were not formed. 339 

The major elements of the solid formed in experiment E4 (ES solution) are shown in Table 1. The E4 340 

sample contained As (30.2±0.4%) and Fe (22.6±1.4%) as major elements and Cu (7.7±3.4%), Bi 341 

(2.7±0.5%), S (2.15±0.01%), and Sb (1.2±0.7%) in minor proportions. The XRD analysis is shown in Fig. 342 

S7 of the supplementary material, where it is observed that the solid did not present mineral phases, being 343 

formed by poorly crystalline ferric arsenate or amorphous ferric arsenate, similar to the obtained ones by 344 

other authors, such as ferric arsenate intermedium [FeAsO4·(2+x)H2O (0<x<1)] (Le Berre et al., 2008; Min 345 

et al., 2015), ferric arsenate sub-hydrate or Phase 4 [FeAsO4∙3/4H2O], and basic ferric arsenate sulphate or 346 

Phase 3 [Fe(AsO4)1–x(SO4)x(OH)x(1–x)H2O (0<x<1)] (Dutrizac and Jambor, 2007; Gomez et al., 2011b; 347 

Swash and Monhemius, 1998). The average experimental mass ratio of As/Fe was 1.33, which is similar 348 

to the theorical ratio of scorodite (As/Fe = 1.34), within the experimental uncertainties (≤ 10%). However, 349 

the loss on ignition (7.8±1.2%) was lower than the theoretical mass loss (about 15.5%) associated with the 350 

loss of the crystallisation water of FeAsO4·2H2O. 351 

On the other hand, the thermogravimetry analysis (Fig. S8 of the supplementary material) was performed 352 

to identify the compounds obtained in E4 according to its thermal behaviour. Four thermal events can be 353 

observed at 155 ºC, 506 ºC, 678 ºC, and 940 ºC. Water was only detected in the first event due to the loss 354 

of crystallised water of some hydrated compound. The second and third thermal events were due to the 355 

decomposition of sulphates, corroborated by the detection of SO2 in the ICP-MS system. The thermal 356 

behaviour suggests that the compound obtained in E4 is analogous to the ferric arsenate sulphate or Phase 357 

3 found by other authors (Dutrizac and Jambor, 2007; Gomez et al., 2011b) in which the decomposition 358 

occurs in three steps: (1) loss of crystallised water at 300–600 ºC; (2) sulphate decomposition at 650–820 359 

ºC; and (3) arsenate decomposition at 820–975 ºC. 360 



 

 

19 

 361 

 

Fig. 6. SEM images of the precipitates obtained in experiments E2, E4, and E5. The table also shows 

the general composition determined by EDS from the image located at the left. 

 362 

The SEM analysis (Fig. 6) shows that the E4 solid presents an amorphous morphology composed of particle 363 

aggregates with sizes of 10–50 µm. These ones are mainly composed of As and Fe and Cu and S in minor 364 

proportions (point 3, Fig. 6). The obtained elemental composition of this sample by EDS agreed with the 365 

XRF results, which showed As, Fe, Cu, and S as the main elements. 366 
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The E5 sample is composed of As (10.9±1.2%), Ca (19.0±0.2%), Fe (10.3±0.1%), and S (15.4±0.5%) as 367 

main elements, whereas Cu, Sb, and Bi are present in proportion lower than 0.5%. The presence of Ca and 368 

S was expected when the neutralisation was carried out using Ca(OH)2, as previously mentioned, due to 369 

gypsum formation (Bluteau et al., 2009; Demopoulos, 2005; Droppert, 1996). In fact, gypsum (≈ 83% 370 

CaSO4·2H2O) was the only mineral phase identified in the E5 sample (Fig. S7 of the supplementary 371 

material), which is in agreement with the Ca and S concentrations provided by XRF, and this was confirmed 372 

by the mass ratio found (Ca/S = 1.23), which is analogous to the theoretical ratio of gypsum (Ca/S = 1.25).  373 

On the other hand, the E5 sample showed a high concentration of As and Fe. The experimental mass ratio 374 

(As/Fe = 1.05) found was lower than the theoretical ratio of scorodite (As/Fe = 1.34), and no evidence of 375 

its existence was found. Hence, the precipitated As and Fe probably form some type of ferric arsenate (≈ 376 

17%), as mentioned for the E4 sample, such as ferric arsenate intermedium [FeAsO4·(2+x)H2O], ferric 377 

arsenate sub-hydrate (FeAsO4∙3/4H2O), or basic ferric arsenate sulphate [Fe(AsO4)1–x(SO4)x(OH)x(1–378 

x)H2O] (Dutrizac and Jambor, 2007; Gomez et al., 2011b; Le Berre et al., 2008). 379 

The SEM analysis of the E5 samples is shown in Fig. 6. The obtained elemental composition of these 380 

samples by EDS agrees with the results obtained by XRF, where the E5 matrix was mainly composed of 381 

As, Ca, Fe, and S. On the other hand, the solid presents a heterogenous morphology, and it is formed by 382 

two types of particles: (1) large particles composed of Ca and S, whose tabular structure correspond with 383 

gypsum (point 5 Fig. 6), verifying the results obtained by XRD, and (2) fine particles composed of As and 384 

Fe that do not have a crystalline structure, these form amorphous aggregates (point 4, Fig. 6) that are 385 

deposited on the gypsum surface. 386 

In agreement with the consulted literature (Fujita et al., 2008b; Gomez et al., 2011a; Singhania et al., 2006), 387 

the formation of amorphous or poorly crystalline ferric arsenate in experiments E4 and E5 using the ES 388 

solution can be due to the incorporation of more than 5% SO4 anions and cations (Cu2+) into the crystal 389 

structure. 390 

4. Practical implications 391 

The removal of As, which is one of the impurities contained in Cu concentrate, has become one of the 392 

current challenges of the pyrometallurgical Cu industry since it negatively affects the Cu cathode. Part of 393 

the As that flows in the process is dissolved in the Cu electrolyte, and its concentration is reduced when it 394 
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is subjected to water treatment in which a solid is formed (ES), which is recirculated due to the high Cu 395 

content. The process proposed in this work focused on the separation of As and Cu through acid dissolution 396 

of the ES and subsequent precipitation of ferric arsenate, obtaining a final liquid effluent with free As and 397 

high Cu content. Therefore, the Cu could be returned in the process without impurities, and the ferric 398 

arsenate could be valorised by using it is in commercial applications such as the electrochemical energy 399 

storage in Li-battery (Anji Reddy et al., 2009; Gomez et al., 2013). In addition, the formation of scorodite 400 

is considered as an alternative for As stabilisation (Rong et al., 2020; Tabelin et al., 2019), keeping its 401 

stability under oxidising conditions in the pH range of 2.0–6.0 (KE and LIU, 2019; Riveros et al., 2001). 402 

The final wastewater stream, with a low concentration of As and Cu, could be sent to an effluent treatment 403 

plant (ETP) for final treatment before its release to the environment. 404 

This procedure could be applied to other acidic liquid effluents that are generated during Cu cathode 405 

production; whose current treatment generates As-rich waste that is considered a hazardous material. 406 

Therefore, the procedure proposed in this work generates a dual benefit. On the one hand, from an 407 

environmental point of view, the decrease in the amount of produced waste and the reduction of the 408 

environmental impact due to potential liquid effluent releases, in our case of study into a very impacted 409 

environment as the Huelva estuary. On the other hand, from an economic point of view, part of the Cu is 410 

recovered, improving the industrial process yield. These facts approach the copper production industrial 411 

process to the aim of the circular economy.  412 

5. Conclusions 413 

The dissolution and subsequent treatment of highly Cu-rich ES with As impurities from the Cu production 414 

industry was developed in this work to decrease the As concentration and to recover the remaining Cu. The 415 

ES was fully dissolved (> 99%) in H2SO4/HNO3 medium using a solid-to-liquid ratio of 1:20 for 2.5 h at 416 

50 rpm. During treatment of the obtained solution, amorphous ferric arsenate was obtained, and the 417 

obtained PE for As was around 70%. In addition, around 50% Cu co-precipitated with the formed solid, 418 

suggesting that it would be more appropriate to perform previously Cu recovery as copper sulphate, which 419 

will also improve the subsequent PE of As. Therefore, more experiments to optimise the As removal 420 

process avoiding Cu co-precipitation, and study the inertisation process and/or the potential applications of 421 

the formed solid are required. 422 
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