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Abstract

:

The amount of waste electrical and electronic equipment (WEEE) has been intensely increasing over the recent decades. In this view, the efficient recovery of metals from WEEE will allow a secure supply of raw materials and will contribute to a circular economy. Among many factors currently affecting the contribution of recycling, is the lack of suitable technologies for WEEE treatment in an environmentally friendly way. Current trends in eco-friendly technologies applied for gold, silver, copper, and tin recovery by electrowinning are reviewed in this paper. In addition, a case study on the perspectives of tin electrowinning has been evaluated. Tin can be present in rather high quantities in WEEE; moreover, its price is about three times higher than that for copper. The electrorecovery of tin has been carried out in cooperation with JSC “Elektronikos perdirbimo technologijos”. The eco-friendly process based on electrowinning from citric acid-containing leachates is elaborated. The citrate-based solutions have been chosen because citric acid is considered to be an environmentally friendly component. A high deposition rate and current efficiency have been achieved at a deposition potential −0.85 V at 60 °C. However, additional steps would be beneficial to diminish the interference of metals present in the scraps, such as Pb(II) and Cu(II), on tin electrorecovery.
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1. Introduction


The amount generated by waste electrical and electronic equipment (WEEE) is increasing dramatically, especially in economically developed countries where markets are overwhelmed by huge quantities of new electronic goods. In order to control the environmental problems, a number of EU directives has been issued [1]. In this view, the efficient recovery of metals from WEEE will allow a secure supply of raw materials and will contribute to a circular economy. Advanced circular economy systems and sophisticated recycling technologies build the backbone for the development of a resource efficient and sustainable society [2]. Recycling is also regarded as a tool that improves sustainability due to the potentially lower environmental impacts of secondary material provision in comparison with production from primary raw materials. Sustainable recycling has many advantages that include energy efficiency, less influence on air, soil, and water, etc. The full spectra of environmental parameters are included in life cycle assessments [2]. Furthermore, the diverse range of materials found in WEEE makes it difficult to give a generalized material composition for the entire waste stream in order to design different recycling chains for the same group of waste.



The key factors that currently limit the input of recycling to meet demands for raw materials can be summarized as: (1) recycling of many materials from end-of-life products and waste streams is currently not economically feasible; (2) there is a lack of suitable environmentally friendly technologies for collection and separation of valuable metals; (3) some materials are embedded in products that are in use for long time periods (e.g., buildings or wind turbines); and (4) the demand for many metals is growing [3].



The presence of precious metals in WEEE such as Au, Pt, and Pd and trends in the market prices of metals, makes it economically attractive to recycle metals from WEEE, i.e., it is wiser for e-waste to be treated to recover these precious metals. In addition, evaluating the results obtained in [4], it is evident that the percentage of precious metals in WEEE has decreased a few times during last 20 years. This fact suggests that the elaboration of new technologies for metal recovery from WEEE with relatively small percentages of valuable metals is required.



There are a number of WEEE treatment routes comprising mechanical shredding following the various chemical leaching processes to obtain the metals via reduction [5]. Recovery of leached metal via the electrowinning technique is one of the alternative ways for metal recovery. In most cases, this method does not require additional chemicals (“chemical-free”) and can be considered an eco-friendly method for metal recovery.



The set-up used for electrowinning is simple in nature. Namely, a bath resistant to chemicals with anodes and cathodes submersed in a solution with current passing through the electrodes as a fundamental process unit. Besides ores, electrowinning is also used to recover valuable metals from electronic and galvanic industrial waste. The most common metals recovered using electrowinning are gold, silver, copper, cadmium, and zinc due to their relative value.



Actually, tin is also a valuable metal and its price is approx. three times higher than that for copper. The electrowinning of Sn is an attractive refining process because its electrochemical equivalent is relatively higher (6.2 × 10−4 g/C) than that for Cu (3.3 × 10−4 g/C) and Zn (3.5 × 10−4 g/C), and it is comparable with the electrochemical equivalent for Au (6.8 × 10−4 g/C). Therefore, in this paper a brief review on electrowinning of metals is provided. In addition, the case study of tin electrowinning from citrate-based baths has been carried out, and the perspectives of its industrial application are discussed here. The citrate-based solutions have been chosen since citric acid is considered an environmentally friendly component. It is food-safe, easily biodegradable, requires lower acid concentrations, and does not generate toxic fumes or hazardous waste [6]. The elaborated process of electrowinning of tin might be implemented by small and medium enterprises because of the relatively simple and affordable technologies for electrolysis and the usage of non-hazardous chemicals.




2. Brief Review on Experimental Set-Up for Electrowinning


2.1. Cathode Configurations


Electrowinning is a heterogeneous process. Therefore, the rate of mass gain on the electrodes depends on the total area of the electrodes. Hence, a number of attempts have been made to increase the specific area of the cathodes or to increase the “area of cathode per volume of solution” ratio. The simplest and conventional way to increase the mentioned ratio is the usage of a series of anodes and cathodes arranged in a “sandwich” configuration, where cathodes and anodes are typically arranged in alternating order on either side of the cathode compartments (see Figure 1). Increasing the metal concentration and solution flow rate has the largest effect on the metal deposition rate (particularly for copper) [7].



Another option for cathode configuration is spiral-wound electrodes. Theoretically, for any scale-up, the spiral electrode maintains a high specific surface area and low internal resistance [8]. In a cell with the spiral cathodes, a sufficient amount of metal ions is supplied to the cathode surface at very low concentrations of the metal. This high mass transport of ions to the cathode surface enables the cell to operate outside of the mass transport limited regime of conventional electrowinning cells [9].



The most interesting material for cathodes applied to electrowinning processes might be metal foams. The characteristics of Cu foams (see Figure 2) for electrowinning have been comprehensively studied in [10].



Using various electrochemical methods, it was determined that the rate-limiting step in copper deposition is the diffusion. The main processes occurring on the electrode are the charging-up of the double electric layer, charge transfer in the electrochemical reaction, and diffusion. The specific electrochemically active area of Cu foam has been estimated from electrochemical impedance spectroscopy (EIS) data, and based on the values of the double electric layer. It was shown that this area could be 7–14 times higher than that for a plane electrode. In addition, based on the EIS data, it was determined that the charge transfer resistance of the Cu foam electrode is 1.5–1.7 times lower than that of a Cu plane electrode, which results in an increase in the charge transfer rate by approximately 2 times. Based on the analysis of the diffusion impedance and chronopotentiometry data, it was found that Cu2+ mass transfer and the copper deposition rate was up to 3 times faster on the foam surface in comparison with a flat one having the same geometric area under the same deposition potential range.



Other types of cathodes can be used for the treatment of wastewater containing copper ions and various surfactants. In the case of anionic surfactants, the negatively charged hydrophilic parts can electrostatically attract positively charged metal ions, leading to the interference of electrolytic metal recovery [11]. Additionally, if nonionic surfactants coexist with the anionic surfactant in the wastewater, they will attract each other with their hydrophobic tails. The mixed anionic and nonionic surfactants may inhibit the mass transfer of metal ions and reduce the metal deposition rate per electrode area unit. Therefore, the use of steel wool as cathodes with enhanced active surface areas is attractive for electrowinning applications [12]. On the steel wool cathodes (Figure 3) metals could be rapidly recovered from dilute solutions with an acceptable current efficiency in comparison to a parallel-plate reactor, e.g., the time of copper recovery was shortened up to 40 min [13].



Another type of electrodes for electrowinning are powder cathodes. The use of powder materials makes it possible to combine the advantages of fibrous electrodes with their enhanced surface with the advantages of compact cathodes including low cost and reprocessing simplicity. Powder cathodes may be made not only of iron or titanium, but also of more electro-negative metals such as aluminum or magnesium. In turn, the use of these powders in the Au-containing solutions makes it possible to extract precious metal by electrowinning and cementation simultaneously [14].




2.2. Solutions for Electrowinning


Electrowinning is often combined with leaching of WEEE [15,16,17]. Different solutions for leaching and for electrowinning have been tested and briefly discussed in [18]. An evolving interest has grown in organic acids as leaching agents due to their biodegradability and stability under leaching conditions. The examples of organic acids used in previous studies to substitute the strong toxic leaching agents and reduce the environmental pollution include: ascorbic acid, citric acid, succinic acid, oxalic acid, formic acid, phosphoric acid, acetic acid, DL-malic acid, and L-tartaric acid [19,20].



The electrowinning of gold and silver in many cases is an important way to obtain pure metals using cyanide-based solutions of Au, and in some cases of Ag. This process had been used safely for many years, but currently the application of the cyanide-based methods is restricted in many countries. In this paper, we review some alternative solutions for gold and silver electrowinning.



Attempts have been made to implement thiosulfate-based leaching technology for industrial Au production, as it may reduce the use of cyanide. The electrowinning of leachate was carried out at rather high constant current density of ~12 A/m2. However, the drawback of this approach is the low recovery efficiency of Au, because some amount of Au is cemented on the anodes when the electrolytic bath is off [21].



In addition, the obtained results revealed that, when an excess of thiosulfate is present in the electrolyte, cathodic side reactions, such as hydrogen evolution or thiosulfate decomposition, occur. This leads to the electrodeposition of gold layers having smaller grains and rougher surfaces in comparison with sulfite-based electrolytes. Consequently, sulfite can represent a better-controlled electroreduction reaction, resulting in the formation of finer grains, and purer and more even layers of gold [22]. A selective recovery by electrowinning of Au and Cu was described in [23]. The process was carried out from the solutions obtained from the leaching of printed circuit boards of mobile phones in an ammonia solution containing thiosulphate ions.



Another alternative method for Au recovery is electrowinning of leachates obtained during leaching of gold-containing raw materials in acidic solutions of thiourea. However, if leachate contains gold at low concentrations, the electrowinning process is uneconomical. Instead, the process in which Au is specifically adsorbed in the form of gold–thiourea complexes onto activated carbon and eluted by dilute acidic thiourea solutions containing alcohol can be adopted. Such eluates contain 5–50 mg dm−3 of Au or more, which can then be recovered by electrowinning [24].



Gold and silver recovery by electrowinning from various electronic connector waste was studied in [25]. Thus, from the solution containing ~100 mg/L of Au and Ag, the metals were successfully recovered by electrowinning with high yields (89.95% for Au and 87.98% for Ag) after 1.5 h of electrolysis. Such an effective process could be achieved due to a copper cathode, which favors reduction processes for both noble metals. The only issue when using a copper electrode is its proneness to react with thiourea and decompose it. This will lead to a 20% decrease in thiourea concentration at the end of the process, whereas it was possible to achieve 95% recovery on a graphite cathode within 1.5 h at room temperature.



The recovery of Ag by electrowinning is also considered in the case of treatment of spent batteries. Thus, an environmentally friendly process for recycling of such batteries was developed in [26]. A high electrowinning rate and recovery efficiency (98.5%) of ultra-pure Ag (≥99.9%) was achieved under optimized operating potentials. The elaborated process can be considered as a sustainable technology for precious metal recovery from scraps containing silver oxide batteries.



One of the effective way to recover Cd from metallic mixtures is the hydrometallurgical process described in [27]. Sulfuric acid is often used as the most common agent to dissolve base metals, and in this case, it is possible to regulate different levels of impurities. Namely, it is possible to selectively leach Cd and Zn from a mixture of Cd, Zn, Cu, and Pb. After the leaching, Cd and Zn dissolve and remain in the filtrate, while Cu and Pb are precipitated and can be separated by filtration. Then, the metallic Cd will be obtained by cementation with zinc dust. In order to remove any co-precipitated Zn, electrowinning can be performed.



Currently, high purity tin is generally produced by an electrolytic method using an acidic tin solution such as from leachates based on sulfuric acid [28], alkaline solutions [29], or a mixture of fluorosilicic acid and sulfuric acid [30]. Notably, Sn can be separated from sulfuric acid leachate containing Cu by its precipitation in the form of SnO2 at a pH of 3, and the pure Cu can be recovered by electrowinning [31]. Citric acid-based solutions are very promising for metal leaching and electrowinning due to its biodegradability. Citrate ions form stable complexes with many metals and it is widely used for metal and alloy electrodeposition, including electrowinning of metals after treatment of WEEE (e.g., Cu [32], Ni [33], Sn [34], Pb and Zn [35], Sn-Zn [36], Cu-Sn [37], FeCoNiCr [38]). The agents facilitating metals leaching are EDTA [39] and H2O2 [40], which can also be used for electrowinning.





3. Results


3.1. Methodology of Experiments


Two leachates of base metals (“L1” and “L2”) were prepared on the premises of JSC Elektronikos Perdirbimo Technologijos (EPT) throughout WEEE treatment. Namely, leachates “L1” and “L2” were obtained after treatment of telecommunication boards and random access memory (RAM) cards, respectively. It should be noted that the scrap had been shredded up into 1–5 mm size pieces. Then, the leaching was carried out in the rotating reactor RRM 7 (producer EMAK, Turkey). The load of 7 kg of scrap was treated for 2 h at 60 °C in the leaching solution with a total volume 12 L, which contained 200 g/L citric acid and 10 g/L ammonium persulfate at pH 3.2–6.5. The pH of the solutions had been adjusted using sodium hydroxide.



In addition, for comparison, a reference solution (“Ref”) containing citric acid (200 g/L) and Sn (II) (20 g/L) at pH 3.5 was prepared and evaluated (see Table 1).



The composition of the leachates was determined using inductively coupled plasma optical emission spectroscopy, ICP-OES, using a Perkin Elmer Optima 7000 DV spectrometer (Waltham, MA, USA). The composition of leachates is provided in Table 1. The main difference between “L1” and “L2” arise from the Cu(II) concentration, which is comparable with Sn(II) for the last case.



The electrochemical studies at a lab scale were carried out in a standard 3-electrode cell using a programmable potentiostat/galvanostat AUTOLAB PGSTAT 302N (Metrohm, Utrecht, the Netherlands).



All potentials were recorded and presented vs. a saturated Ag/AgCl/KCl electrode. The stainless steel (type 304) plates served both as the anode and cathode. In the last case, the working area was 4 cm2. After electrolysis, the deposits were evaluated by SEM equipped with EDS for structural and compositional analyses.




3.2. Perspectives of Tin Electrowinning from Citrate-Based Solutions


The cathodic current densities for Sn electroreduction from the “Ref” solution were rather high at the potentials more negative than −0.7 V at 60 °C (see Figure 4).



Furthermore, the electrowinning of tin under potentiostatic conditions at −0.85 V can be considered as optimal, because a high deposition rate (0.0035 g cm−2 min−1) and current efficiency (86%) were achieved. Under these conditions, the current increased sufficiently with deposition time (Figure 5).



The rise of apparent current density during electrodeposition was triggered by the formation of a coarse crystalline deposit on the cathode, as shown in Figure 6. The growing of such crystallites increases the active area of the cathode, therefore the current increased under potentiostatic deposition conditions.



The solution “L1” obtained after treatment of WEEE contained a similar concentration of Sn(II) as the “Ref” solution, namely ~20 g/L (see Table 1). However, irrespectively of the pH, the obtained cathodic current densities were essentially lower, almost 10 times, than in the “Ref” solution, as is shown in Figure 7.



The metal deposition rates from leachate “Ll” throughout the studied range of pH was also ~10 times lower. The elemental analysis of the deposits obtained at −0.85 V showed that the main component in the deposits was lead (see Table 2).



This means that Pb inhibited the electroreduction of Sn(II) in the citrate solutions, although at pH 3.2 the content of Sn was essentially increased up to 30.8%, compared to higher pHs. Further studies are needed in order to find the optimal conditions for electrowinning from the given leachate, i.e., when the electrodeposits ratio of Sn to Cu and Pb content would be closer to their concentration ratio in the solution.



The leachate “L2” was obtained from the selected leaching of WEEE, namely from the waste of printed circuit boards, and therefore it contains essential contents of Cu(II) and Sn(II), and the content of Sn(II) is higher than Cu(II) (see Table 1). As shown in Figure 8, in this case, the cathodic current strongly depends on temperature, and at 60 °C the currents were 2–3 times higher than those obtained at 20 °C. Therefore, performing electrowinning at elevated temperatures will be beneficial for the process. The potentiostatic conditions were also applied in this case. The deposition at higher cathodic potentials (−0.85 V and higher) led to the formation of crumble powder from the electrode, which is an unacceptable result from a practical point of view.



Meanwhile, a compact coating formed on the steel cathode (see Figure 9) when the electrodeposition was carried out at lower cathodic potentials (−0.6 V) with a deposition rate of 1.27 × 10−4 g·cm−2·min−1.



However, in this case, the ratio of metals in the electrodeposits differed from the ones in the solutions (see Table 3), i.e., under the given deposition conditions Cu was the dominant element in the electrodeposit, while Sn(II) was dominant in the solution. Therefore, future studies will be directed to found the optimal conditions of electrowinning from such leachates in order to obtain electrodeposits with a higher content of Sn.





4. Conclusions


The electrowinning of various metals from the leachates obtained in the course of WEEE chemical treatment by environmentally friendly approaches was reviewed and discussed, including essentials on the configuration of cathodes and solutions for technological processes.



The perspectives of tin electrowinning from citrate-based solutions were assessed as a case study. The tin electrodeposition from a citric acid solution is a rather effective process: the deposition rate of 0.0035 g·cm−2·min−1 and the current efficiency of 86% can be achieved under potentiostatic conditions (E = −0.85 V) and a temperature of 60 °C.



However, the presence of Cu(II) and Pb(II) inhibited the deposition rate of tin. Hence, Sn content decreased significantly in the deposits compared to the ratio of Sn(II) concentration to concentrations of Cu(II) and Pb(II) in the solution. Therefore, further studies would be directed to find the optimal conditions for electrowinning from the leachates in order to achieve the ratio of Sn content to Cu and Pb contents in the deposits closer to their concentration ratios in the solution.
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Figure 1. Arrangement of cathodes and anodes in “sandwich” configuration. 
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Figure 2. SEM image of 3D copper foam. 
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Figure 3. An example of stainless steel wool cathodes. 
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Figure 4. Cathodic polarization curve of Sn electroreduction at 60 °C from the “Ref” solution (g/L): Sn(II)—20; citric acid—200. 
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Figure 5. Chronoamperogram of Sn electrodeposition at E = −0.85 V and 60 °C from the citrate solution. Content of the solution as indicated in Figure 4, substrate—Cu electrode. 
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Figure 6. SEM image of Sn electrodeposit obtained at E = −0.85 V and 60 °C from the solution “Ref”. 
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Figure 7. Cathodic polarization curve on Sn electrode at 60 °C and scan rate 5 mV/s from the leachate “L1”. 
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Figure 8. Cathodic polarization curve on Cu electrode at 20 °C and 60 °C from the leachate “L2”; potential scan rate 5 mV/s, pH 6.5. 
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Figure 9. SEM image of electrodeposit obtained at E = −0.6 V and 60 °C from the solution “L2”. 
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Table 1. The composition of investigated solutions. Leachates “L1” and “L2” are obtained after treatment of WEEE.
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Composition of g/L




	
Solution

	
Tag

	
Pb

	
Sn

	
Cu

	
Al

	
Zn

	
Ni






	
Sn–citric acid

	
“Ref”

	
-

	
20

	
-

	
-

	
-

	
-




	
leachate

	
“L1”

	
1.63

	
20.38

	
0.02

	
0.06

	
0.10

	
0.09




	
leachate

	
“L2”

	
1.36

	
4.80

	
2.29

	
0.02

	
0.031

	
0.10
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Table 2. The composition of deposits obtained at −0.85 V and 60 °C from leachate “L1”at various pHs.
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Metal

	
Content of Elements in the Deposit at Various pHs, wt.%




	
6.5

	
4.3

	
3.2






	
Al

	
0.26

	
0.18

	
0.31




	
Cu

	
0.18

	
0.46

	
0.52




	
Pb

	
88.3

	
92.0

	
68.4




	
Sn

	
11.23

	
7.40

	
30.8
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Table 3. The composition of deposits obtained at −0.60 V and 60 °C from leachate “L2” at pH 6.5.
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	Metal
	Content in the Electrodeposit, wt.%





	Cu
	88.6



	Al
	0.9



	Sn
	1.3



	Pb
	9.2
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