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Abstract

:

Electronic waste (e-waste) management and recycling are gaining significant attention due to the presence of precious, critical, or strategic metals combined with the associated environmental burden of recovering metals from natural mines. Metal recovery from e-waste is being prioritized in metallurgical extraction owing to the fast depletion of natural mineral ores and the limited geographical availability of critical and/or strategic metals. Following collection, sorting, and physical pre-treatment of e-waste, electrochemical processes-based metal recovery involves leaching metals in an ionic form in a suitable electrolyte. Electrochemical metal recovery from e-waste uses much less solvent (minimal reagent) and shows convenient and precise control, reduced energy consumption, and low environmental impact. This critical review article covers recent progress in such electrochemical metal recovery from e-waste, emphasizing the comparative significance of electrochemical methods over other methods in the context of an industrial perspective.
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1. Introduction


E-waste is very heterogeneous in nature, consisting of various systems containing diverse categories of metal, plastics, and ceramics, which are therefore considered potential secondary resources. PCBs are valuable sub-systems of e-waste, which often contain more than sixty different chemical elements [1]. E-waste management and recycling are critical to environmental sustainability and reducing carbon emissions. According to the Global-E-waste-Monitor 2020 report by the United Nations University (UNU) and the United Nations Institute for Training and Research (UNITAR) and the International Solid Waste Association (ISWA), 53.6 million metric tonnes (Mt) of e-waste were generated globally in 2019, up 9.2 Mt from the previous five years, and only 17.4% of e-waste was formally collected and recycled [2]. At the Plenipotentiary Conference 2018, the highest policy-making body of the International Telecommunication Union (ITU), there was a proposal to bring the global e-waste recycling target up to 30% by 2023. Therefore, the recycling of e-waste is gaining prominence in order to reduce the increasing load on the environment and landfill sites. Recycling e-waste not only involves the recovery of metals but also involves the other ingredients. It is equally important to note that a single recycling strategy cannot be applied to all e-waste all over the world. However, to increase the widespread feasibility of recycling of e-waste, processes should focus on the minimal release of toxic and hazardous substances along with adhering to an economically viable operational cost.



Leachate solutions from the acid digestion of e-waste contain multiple metal ions that vary highly from one lot to the other, which poses great challenges in the selective recovery of metals in pure forms. Electrochemical processes (electrodeposition/electrowinning) involve selective metal recovery with reduced solvent and energy consumption from the leachate solution of e-waste [3,4,5,6,7]. Both electrowinning and electrorefining are the primary methods for metal purification (e.g., Cu, Zn, Co, Au, and so forth), from an aqueous solution containing a high metal ion concentration, at the industrial scale. In addition, the electrochemical method reduces the use of environmental pollution reagents [8]. Electrodeposition uses the selective reduction potential of each metal ion, where constant potential is applied to electrode surfaces immersed in leachate (electrolyte) solution, in order to reduce metal ions. Moreover, conducting electrodeposition in an aqueous electrolyte solution at a large scale is always preferred due to inexpensive water solvent and the smaller environmental and fire hazards compared to an organic solvent-based electrolyte solution. Despite the advantages of electrodeposition in aqueous solvent, the low breakdown voltage (Ebreakdown = 1.23 V, H2O) of water limits its usage, in terms of width of the accessible potential window. Therefore, non-aqueous solvents (e.g., dimethyl sulfoxide, dimethylformamide, propylene carbonate) and ionic liquids, and their higher breakdown voltage, are employed in selective metal electrodeposition.



Regarding metal recovery, prior to any electrochemical processes, it is very important to ensure that the metals considered are in a soluble ionic form [9]. A metal leaching processes step is required, which depends on the particle size of the grinded waste as well as on the lixiviant nature, concentration, treatment time, temperature, pH, solid–liquid ratio, agitation, and redox potential. These have been reviewed elsewhere [10,11,12].



To add to the complexity of e-waste recycling, it should be noted that there is a lack of standard processes for the measurement of e-waste’s metal content. This leads to great variations from one study to the other but can lead to some metal being totally overlooked in some reports (such as refractory metals—Ta, Nb, Mo, W, or Re), as they are not dissolved or are only a little dissolved during the leaching steps. However, some efforts are on-going to resolve this issue [13].



Efficient electrochemical recovery of pure metals from e-waste leachate highly depends on the quality and uniformity of metal ions (e.g., single metal ions) in the leachate. The presence of multiple metal ions in the leachate is however inevitable due to the very nature of e-waste, which incorporates wide range of metals that have fairly diverse properties. Therefore, to improve the quality and purity of metal electrodeposition from e-waste, leachates with multiple metal ions are chemically processed to obtain leachate with single metal ions. To that end, metal ions are selectively transferred and preconcentrated from the leachate into aqueous, non-aqueous, or ionic liquid systems to conduct electrodeposition in the respective latter medium. Metal recovery through the electrodeposition of metals in ionic liquids (ILs) from e-waste is employed to achieve high selectivity and low operating temperature conditions [14]. Electrochemical metal recovery using ionic liquid involves transferring the metallic ions from the leachate into ionic liquid systems for electrolysis.



Overall, electrochemical approaches in metal recovery have several advantages such as uniformity in metal deposition, high purity, automation, easy control, cost effectiveness, and relatively fast processing time. Electrodeposition can be applied over non-uniform complex electrode surfaces. However, the electrodeposition of metals suffers from the following limitations: (i) adsorption of non-electroactive particles on the electrode; (ii) problems associated with over-potential measurements; (iii) current density variability throughout the electrode surface due to surface roughness at the macro-, meso-, and microscales; and (iv) nucleation rates distribution between growth steps. Alloy formation and impurity trapping during metal electrodeposition in leachate solution are also inevitable. Therefore, suitable pH adjustments and further chemical treatments are applied to widen potential reduction gaps among various metal ions to enable the deposition of the only targetted metal from leachate. Moreover, when the electrodeposited metal thickness remains thin (not exceeding 1 µm), problems associated with over-potential and current distribution are minimal. However, thicker and maximum electrodeposited metals are desired in the metal recovery processes for industrial applications and for the compensation of economic recovery costs. Thus, thicker metal dispositions have the problems of non-uniformity and the inclusion of non-electroactive molecules as impurities, e.g., hydrogen inclusion into the deposits [15,16]. It is important to know that the electrochemical process as the potential of improving the quality of recovered metals by reducing impurities, which adds significant value to the recovered materials. Calculating the cost and energy consumption of metal recovery using electrochemical processes and comparing them to other methods requires information about the cost of the chemicals involved (including their disposal/recycling), human capital, as well as the time and quality of therecovered material, which can vary a lot from one place or metal to another. However, the minimum viable smelting operation in pyrometallurgy requires an annual throughput of 30 kt/year, and the capital investment is around USD 15 million, while the electrochemical recovery processes involves 20 kt/year with the capital investment around USD 6.8 million [17,18,19]. Furthermore, by considering the quality of the recovered metal, the electrochemical process known as electrowinning leads to copper deposits of up to 99.99% purity in contrast to the precipitation process and pyro metallurgical smelting, which only results in the 85–90% and 50–75% purity ranges, respectively [20].



Electrochemical approaches based on metal recovery from e-waste have also some other limitations that are associated with the very nature of e-waste recycling processes. The recovery of a smaller concentration of target metal in leachates and the use of hazardous and corrosive lixiviants (e.g., CN− for gold recovery) are very serious concerns for the industry as well as for the environment. Hence, the effective sorting and pre-treatment of e-waste are very critical to overcome downstream processing challenges and costs. Figure 1 shows an overview of the metal recovery processes and pre-treatment steps for e-waste using pyrometallurgy, hydrometallurgy, and bio-hydrometallurgy. The electrochemical process follows the leaching step of hydrometallurgy. The metal recovery strategy for e-waste by electrodeposition depends on the types of metal, their combinations, the hydrometallurgical extraction process, and the lixiviants used. However, by employing the simultaneous electro-oxidation of metal from e-waste in the anodic half-cell and electrochemical reduction of dissolved target metal ions in cathodic half-cell, electro-oxidative leaching and metal deposition are able to be conducted simultaneously. In the next section, the nature and proportion of metals in e-waste (e.g., printed circuit boards) that can be recovered through electrochemical approaches, as well as the associated processes’ limitations are critically reviewed from both an academic and industrial outlook.




2. Metals in E-Waste That Can Be Recovered Electrochemically


Metals in e-waste can be categorized into three major categories: base metals, precious metals, and rare earth elements (REEs). Base metals constitute a large fraction ~30 wt% e.g., Fe, Cu, Al, Ni in e-waste. Precious metals constitute around 0.1–1 wt%, e.g., Au, Ag, Pd, and Ir, and rare earth elements, e.g., La, Dy, Nd, Pr, Gd, Sc, and Y, are present even in smaller wt% fraction [10,21,22,23,24]. Apart from the above categories, metals are also classified as critical or non-critical, considering potential threat in their supply and procurement for essential high-tech product development. Although the classification is country dependant, typical critical metals include In, Co, Ga, W, Ta, and most rare earth elements [9]. Toxic metals such as arsenic, mercury, antimony, cadmium, or lead are also found in ewastes, sometimes even in large amounts (solder), which creates complexity in e-waste treatment, disposal, recovery, and recycling. Major devices found in e-waste are computers, laptops, mobile phones, flat screens, batteries, lighting LEDs, LCDs, fluorescence lamps, cathode ray tubes, PCBs, etc.



Metals present (%wt average) in e-waste (PCB) as reported in literature [25] and their appropriate medium for electrochemical recovery are reported in Table 1. Aqueous and non-aqueous media are the common electrolytic media used in electrodeposition techniques for metal recovery. The aqueous medium’s higher ionic mobility and conductivity make it ideal for depositing metals such as Au, Ag, Fe, Cu, Ni, Co, Zn, W, and Cr [26]. However, it does not deposit metals such as Al, which has a greater negative redox potential of −1.67 V and is also water sensitive, which may quickly lead to the building of a passivation oxidation layer on its surface, slowing or even stopping its electrodeposition in aqueous solutions [27]. Ionic liquids have emerged as promising solvents for addressing this issue [28]. Hence, metals such as In, Ga, Ta, Pd, Ir, Gd, La, and Pr have previously been electrodeposited in ionic liquid media [29]. Na and Ca metals are even more difficult to recover electrochemically, requiring the use of molten salt media for their recovery.



Table 2 shows some metals of particular interest present in various components of e-waste [10,30]. It is indeed very important to know the composition of e-waste before employing any given recycling and metal recovery strategy. Hence, metal profiling is a prerequisite for a proper cost analysis of metal recovery and e-waste recycling. E-waste are therefore categorized and separated according to their content and value based on metallic composition. Generally, more focus is given by the industry to the recovery of gold, silver, and copper due to their abundance in e-waste and their established recovery processes. Indeed, the recovery of rare earth elements remains challenging due to their lower amounts and associated recovery/separation costs. To make it economically viable, there is yet a need for new technologically and economically efficient processes steps to preconcentrate rare earth elements during the physical and mechanical pre-treatment of e-wastes.
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Table 1. Metals present (% average) in e-waste PCB reported in literature. Ionic liquid full names and abbreviations are as such: n-butyl-n-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSA), 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSA), 1-Ethyl-3-methylimidazolium chloride (EMIm Cl), 1-Ethyl-3-methylimidazolium—tetrafluoroborate (EMIM Cl-Bf4), 1-Butyl-3-methylimidazolium tetrafluoroborate (BMIM Bf4).
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	Metal Content w/w
	[31]
	[32]
	[33]
	[34]
	[35]
	[36]
	[37]
	[38]
	[39]
	[40]
	[41]
	[42]
	[43]
	[25]
	Aver.
	Stand. Dev.
	Medium
	Electrolyte





	Cu (%)
	19
	20
	22
	12.5
	26.8
	15.6
	19.6
	28.7
	27.6
	14.6
	12.5
	19.19
	28
	14.2
	20.0
	5.8
	Aqueous
	CuSO4, potash alum and H2SO4 [44]



	Al (%)
	4.1
	2
	–
	2.04
	4.7
	–
	2.8
	1.7
	–
	–
	2.3
	7.06
	2.6
	–
	3.2
	1.7
	Ionic liquid
	AlCl3 and EMIm Cl [45]



	Pb (%)
	1.9
	2
	1.5
	2.7
	–
	1.35
	3.9
	1.3
	–
	2.9
	2.4
	1.01
	–
	2.5
	2.1
	0.8
	–
	–



	Zn (%)
	0.8
	1
	–
	0.08
	1.5
	0.16
	2.1
	–
	2.7
	–
	–
	0.73
	–
	0.18
	1.0
	0.9
	Aqueous
	ZnCl2 and sulphuric acid [44]



	Ni (%)
	0.8
	2
	0.3
	0.7
	0.47
	0.28
	0.38
	–
	0.3
	1.6
	0.39
	5.35
	0.26
	0.41
	1.0
	1.4
	Aqueous
	NiSO4, NiCl2 and boric acid [46]



	Fe (%)
	3.6
	8
	3.6
	0.6
	5.3
	1.4
	11.4
	0.6
	2.9
	4.7
	3.2
	3.56
	0.08
	3.08
	3.7
	3.0
	Aqueous
	FeCl3 and HCl [47]



	Sn (%)
	1.1
	4
	2.6
	4
	1
	3.2
	3.6
	3.8
	–
	5.6
	1.4
	2.03
	–
	4.79
	3.1
	1.4
	Aqueous
	SnCl2 (NH4)3-citrate [48]



	Sb (%)
	–
	–
	–
	–
	0.06
	–
	–
	–
	–
	–
	–
	–
	–
	0.05
	0.05
	0.007
	–
	–



	Cr (%)
	–
	–
	–
	–
	–
	–
	0.005
	–
	–
	0.35
	–
	–
	–
	–
	0.18
	0.2
	Aqueous
	CrO3 and H2SO4 [49]



	Na (%)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.48
	0.48
	N/A
	–
	–



	Ca (%)
	–
	–
	–
	–
	–
	–
	1.13
	–
	1.4
	–
	–
	–
	–
	1.69
	1.4
	0.2
	–
	–



	Ag (ppm)
	5210
	2000
	–
	300
	3300
	1240
	500
	79
	–
	450
	–
	100
	135
	317
	1239.2
	1654.0
	Aqueous
	Ag salts and KCN [50]



	Au (ppm)
	1120
	1000
	350
	-
	80
	420
	300
	68
	–
	205
	–
	70
	29
	142
	344
	376.9
	Ionic liquid
	K [Au (CN)2] and EMIM TFSA [51]



	Pt (ppm)
	–
	–
	–
	–
	–
	–
	–
	0
	–
	–
	–
	–
	–
	–
	0
	N/A
	Ionic liquid
	H2PtCl6 and BMIM BF4 [52]



	Cd (ppm)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	1183
	1183
	N/A
	–
	–



	K (ppm)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	180
	180
	N/A
	–
	–



	In (ppm)
	–
	–
	–
	–
	–
	–
	500
	–
	–
	–
	–
	–
	–
	–
	500
	N/A
	–
	–



	Mn (ppm)
	–
	–
	–
	–
	–
	–
	9700
	–
	4000
	–
	–
	–
	–
	81
	4593.6
	4836.9
	–
	–



	Se (ppm)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	21
	21
	N/A
	–
	–



	As (ppm)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	11
	11
	N/A
	–
	–



	Mg (ppm)
	–
	–
	–
	500
	–
	–
	1000
	–
	–
	–
	–
	–
	–
	–
	750
	353.5
	–
	–



	Pd (ppm)
	–
	50
	–
	–
	–
	–
	–
	33
	–
	220
	–
	–
	–
	–
	101
	103.4
	Ionic liquid
	PdCl2, AgCl and EMIM Cl-BF4 [53]



	Co(ppm)
	–
	–
	–
	–
	–
	–
	300
	–
	–
	–
	–
	400
	–
	–
	350
	70.7
	–
	–



	Ti (ppm)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	400
	–
	–
	400
	N/A
	Ionic liquid
	TiCl4 and BMIM TFSA [54]



	Total metals (%)
	31.9
	39.3
	30.1
	22.6
	40.2
	22.2
	46.5
	36.1
	35.3
	30.1
	22.5
	39.1
	31.1
	27.6
	32.4
	7.3
	–
	–
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Table 2. Rare earth metals and other critical metals present in various components of e-waste.
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	Components of E-Waste
	Rare Earth Metals/Critical Metals
	Amount (~ppm)





	LEDs, CRT/fluorescence lamps, batteries
	La
	91



	CRT/fluorescence lamps, batteries
	Ce
	72



	Electric gas lamp
	Th
	6



	Speakers/magnets, batteries/fluorescence lamps
	Pr
	



	Speakers/magnets
	Gd
	



	Speakers/magnets/batteries
	Nd
	–



	Speakers/magnets/capacitors
	Dy
	–



	CRT/fluorescence lamps
	Eu
	



	LEDs, CRT/fluorescence lamps
	Tb
	10



	CRT/fluorescence lamps
	Y
	10



	Discharge lamps
	Sc
	55



	LEDs
	Ga
	35



	PCBs/capacitors and some high-power resistors
	Ta
	–









3. Electrodeposition: Principle and Mechanism


In this section, we briefly cover the principal mechanism and underlying Equations (1) and (2) for electrodeposition, which are very important in the next section discussing electrochemical approaches for metal recovery. The electrodeposition process is conventionally conducted in a three-electrodes electrochemical cell set up comprising of a reference, a working, and a counter electrode. The working electrode can act as the cathode, and the counter electrode works as the anode. In electrodeposition, metal ions (Mn+), dissolved in a liquid phase (aqueous, organics, or molten salts), are reduced to form a metal electrodeposit, also called a cathodic deposit (M0), at the cathode by applying an external electrical potential [55] (Equation (1)).


   M  n +   + n  e −  ↔   M  



(1)







This reversible electrochemical reduction–deposition is governed by its equilibrium potential (Eeq), which depends on the chemical activities of the metal ions (aMn+) and the deposited metallic atoms (aM) and follows the Nernst equation (Equation (2)):


   E  e q   =  E 0  +   R T   n F   l n   a    (  M  n +   )  o x   a  ( M )  r e d    



(2)




where R is the ideal gas constant (R = 8.314 J K−1 mol), T is the temperature in Kelvin, F is the Faraday constant (F = 96,485.339 C mol−1), and E0 is the normal electrode potential measured as the individual electrode potential of the reversible electrode in standard conditions (concentration of 1 M or 1 bar pressure for gases, temperature of 298 K) [56,57]. Figure 2 shows a schematic representation of the electrodeposition process (A) and its detailed mechanism (B). As shown in Figure 2B, the electrodeposition process for recovering valuable metals consists of four intermediate stages: (i) the potential induced metal ion transport from the electrolyte to the cathode; ii) the stripping of the ion hydration layer at the cathode–solution interface; (iii) the metal atom clustering by the electron transfer from the cathode to the adsorbed metal ions; and (iv) the growth of metal clusters and transformation into the bulk aggregations [16,58].



The electrodeposition of metals primarily depends on electrical potential and electron current distribution at the electrode, as uniform current distribution leads to homogeneous metal deposition of uniform thickness. The current distribution at the electrode relies on the metal ion transport property toward the electrode, the polarization at the electrode, the geometry of the electrochemical cell, the position and shape of electrodes in the cell, the properties of the electrolyte, and the electrolyte/electrode interface. Figure 3 shows the effect of different current distributions (primary, secondary, and tertiary) on the electrodeposit thickness over the electrode surface. The current distribution over the electrode affects the thickness distribution of the electrodeposited metals that subsequently controls the local current density on the electrode’s surface. The current and resistance of the electrolyte from anode to cathode determines the primary current distribution. The secondary current distribution is controlled by the resistance of the electrolyte path and the reaction overpotential. The tertiary current distribution depends on the movement of ions between the cathode and the solution through the diffusion layer. Thus, these three current distributions play critical roles at different extents in the overall cathodic electrodeposition process.



Overpotential (OPD) and underpotential (UPD) deposition refer to electrodeposition at different potentials than the equilibrium (Nernst) potential for the reduction of the target metal ions [59]. Overpotential is the potential difference (voltage) between thermodynamically determined reduction potential and the potential at which the redox event is experimentally observed. It arises due to a concentration gradient of the reactants, or the products, in the bulk electrolyte and at the electrode surface, which is usually due to a slow mass transport while the cell reaction proceeds. UPD occurs at a less negative potential compared to the equilibrium potential for the reduction of the metal. In this case, a metal is deposited onto another metal substrate more easily than it can be deposited onto itself. UPD arises when the electrodeposited metal has a stronger interaction with the electrode‘s metal surface than with itself.




4. The Various Approaches for Electrochemical Recovery of Metals


4.1. Potential Controlled and Current Controlled Electrodeposition


Potential controlled electrodeposition, known as the potentiostatic process, applies a constant voltage in which the current density may change as a function of time. It is widely used for fundamental research since the potential is the driving force that can determine which electrochemical reaction occurs, hence enabling highly selective metal recovery. By contrast, current controlled electrodeposition, known as the galvanostatic process, imposes a constant current and therefore a constant electrochemical reaction rate, regardless of the reactions that occur [60]. The co-deposition of different metal species could simultaneously occur under the constant current density in complex systems, such as in e-waste leaching solutions. To avoid such co-deposition, one must be careful to have a sufficient excess of metal ions to be deposited near the cathode compared to the current density employed. Current controlled electrodeposition is mostly used for electrocrystallization to obtain large crystals [60] as well as in electrodeposition at the industrial scale because of its easy-to-control energy consumption [61]. Thus, we can conclude that the potential controlled electrodeposition is an important approach in the recovery of high purity metals from the complex leaching solution. For example, the precious metal Pd could be selectively recovered from waste multilayer ceramic capacitors (MLCCs) using the potential controlled electrodeposition method [62]. The reduction potentials of all of the leached-out metals were widely different in the HNO3 leaching solution, with Cu2+, Pd2+ and Pb2+ being prominent. The authors studied the electrodeposition behaviour of Pd at a titanium electrode and investigated the effect of agitation speeds by calculating the thickness of the diffusion region. Figure 4 shows the linear sweep voltammogram (LSV) curves of the simulated solution with respect to HNO3, Pd2+, and Cu2+ in HNO3, which confirms the reduction of Pd2+ into metallic Pd at −0.13 V. Overall, high-purity Pd metal (>99%) was obtained with a recovery rate of 99.02% under optimal conditions (applied potential of 0.25 V, agitation speed of 240 rpm, and 0.5 M HNO3).



Selective recovery of metals (e.g., Cu) could only be achieved by current controlled electrodeposition for specific leaching systems. In such cases, and using constant direct current (DC), the recovery efficiency of Cu from e-waste could reach as high as 95% with a Cu purity higher than 99%, in an ammonia-based electrolyte [63,64]. This is mainly due to the selective extraction of Cu by ammonium ions during the initial leaching process. Similarly, the current controlled electrodeposition method was used to selectively reduce Fe2+ in the leachate derived from an aqueous solution containing a mixture of Fe2+ and Nd3+, obtained from the leaching of wasted permanent magnets (Nd-Fe-B) [65]. The reduction potential of Fe2+ was selectively adjusted by changing the pH of the medium through the addition of ammonium sulfate ((NH4)2SO4) and sodium citrate (Na3Cit). The resulting solution was therefore enriched in a Nd3+, depleted in Fe2+, and was further treated with a Na2SO4 solution to precipitate (NdNa)(SO4)2.



Generally, the efficiency of electrodeposition can be evaluated from the aspects of current density, current efficiency (the proportion of current used for metal deposition), and the speed of mass transfer [66]. The operating parameters in the process, such as the initial concentration of metal salts, the composition of electrolytes, the voltage, the flow rate, the pH, and the temperature all significantly affect the efficiency of electrodeposition [67]. Among these parameters, the voltage plays a critical role in the recovery of valuable metals from the solution due to its correlation with the current density. Hence, by employing the Taguchi method, Peng et al. (2014) demonstrated that the voltage is the most influential parameter and that it more highly affects the recovery efficiency of nickel when compared to pH or the initial concentration of nickel salts. This is shown in Figure 5, where the contribution percent of voltage is up to 61.21% for the electrodeposition of Ni, which is much higher than parameters, ca. the initial ion concentration, boric acid, and pH. Meanwhile, the voltage has a small influence on the energy consumption, with only a 6.82% contribution [68].



However, optimizing other parameters such as pH, initial concentration, or flow rate is needed to maximize recovery efficiencies when using relatively lower voltage. For instance, the Cu2+ recovery efficiency could be increased from ~85% to ~95% at a constant voltage of 3.6 V when the pH was adjusted from 8.0 to 2.5, which is comparable to the recovery efficiency (~97%) at under 4.8 V with the pH value of 8 [69]. This can be attributed to the fact that a low pH environment can enhance the ion transport efficiency with low ohmic resistance and that it is beneficial to reduce the copper species into metallic Cu0. This was further confirmed by X-ray photoelectron spectroscopy (XPS) analysis [69].




4.2. Pulsed Current/Voltage Electrodeposition


In pulsed current/voltage electrodeposition, the current or potential changes periodically, respectively. It generates a constant current or voltage during the on-time (Ton) pulse, which is followed by a pause when switched to the off-time (Toff) pulse. Figure 6 shows the typical pulse–current waveform in the case of a pulsed current electrodeposition [70].



For any given electrolyte, the peak current/voltage and the on-time and off-time pulses are the most important parameters to optimize to control the structure of the deposits [71]. Compared to conventional DC electrodeposition, Toff brings the biggest advantage to pulsed electrodeposition toward complete deposition, as it creates extra time to fill the depletion region with additional metal ions at the electrode surface [72]. Moreover, due to the presence of Toff, the pulsed electrodeposition favours the initial growth of metal nuclei, increases the nuclei population density, and reduces their sizes distribution resulting in a fine grained deposit with uniformly small crystals [70]. The pulsed current electrodeposition can, for example, be used to obtain ultrafine zinc powders with the high recovery efficiency (88–92%) by optimizing the Ton and Toff parameters [73]. Moreover, the pulsed electrodeposition is suitable for recycling valuable metals occurring in low concentration. Hence, it was reported that, in combination with the pulsed current method and the static cylindrical electrodes, most of the silver in electroplating wastewater could successfully be recovered (>99%). Meanwhile, more than 95% of the present cyanide could be removed via the electro-oxidation process at the anode [72,74]. It is also worth noting that the total energy consumption of the pulsed electrodeposition is lower than when using conventional DC methods.




4.3. Electrowinning and Electrorefining


Electrodeposition is the fundamental process for electrowinning and electrorefining during metal recovery. In electrowinning, a direct current is applied between the anode and cathode electrodes so that the targeted metal species can be reduced at the cathode and extracted in their metallic form [75]. During this process, some electrochemical oxidation reactions can simultaneously happen at the anode, which usually comprises of the oxygen evolution reaction (2 H2O = O2 + 4H+ +4e−) [16].



Figure 7 shows a schematic description of electrowinning (A), including its current density–cell voltage dependence (B). It should be noted that the polarizations of these cathodic and anodic reactions have a significant influence on electrowinning’s total energy consumption. Hence, a previous study revealed that the oxygen evolution reaction, in the case of industrial Cu electrowinning recovery, accounts for up to 70% of the total energy consumption [76]. Meanwhile, the concentration of metallic ion in solution gradually decreases as the electrowinning reaction progresses, which reduces current efficiency and increases the energy consumption. Thus, reducing the polarization of the involved reactions has been widely studied for industrial electrowinning.



To that effect, it has been reported that the addition of Fe2+ ions can largely reduce the energy consumption needed for copper recovery from wastewater when compared to that without any Fe2+ ions [75]. A further study indicated that iron oxidation occurs at the anode instead of the oxygen evolution at the anode, thus strongly decreasing the cell voltage, ca. from 1.9 V to 0.7 V. Moreover, the authors applied a small potential to achieve selective Cu deposition through electrowinning. The latter process can also be used to efficiently recover bismuth (Bi) or antimony (Sb) with high purity (>95%) from spent electrolytes by using a cation exchange membrane [77,78].



Regarding electrorefining Figure 8 shows its schematic description (A) as well as its current density / cell voltage dependence (B). Electrorefining differs from electrowinning in that now the anode of the former consists of unrefined metals containing many impurities. During the electrorefining process, the anode gets partially dissolved into the solution via its direct or indirect electrooxidation, while some of these electroleached metal ions are selectively deposited into their pure forms onto the cathode [79]. Based on this principle, some electronic waste solids/powders can be packed together (for cohesion and electrical conductivity) and used as the anode where the base metals (e.g., Cu, Zn, Sn, Ni) are oxidized, and can then be electrowinned into their purified forms at the cathode. Meanwhile, remaining and unoxidized precious and/or rare earth metals are enriched in the anode material [80,81]. However, if too many different metals are involved, it creates numerous difficulties to enable a selective metal deposition at the cathode. For instance, since Mn is an active material exhibiting a fast dissolution during anodic oxidation, it is not suitable when mixed with copper for the latter conventional electrorefining. To address this issue, some authors proposed a method combining purification and electrorefining that enable the recovery of high purity Mn at the cathode [79]. To that end, an ion exchange is first performed that removes low concentration metals ions (Cu, Zn, Co, Cd, Ni) from the anolyte. It is then followed by Mn electrorefining at the cathode. As a result, the purity of the resulting Mn was in excess of 99.99%.




4.4. Aqueous Electrolytes Based Electrochemical Methods


Aqueous solutions have been widely used as electrolytes for electrodeposition in the above studies, due to their ability to be more easily handled and deployed at the industrial scale. Nevertheless, several challenges still persist that need to be solved in order to further improve its selectivity and the associated metal recovery economic effectiveness. As previously mentioned, hydrogen evolution is the main side reaction during metal ion reduction at the cathode in aqueous electrolytes, which results in low current efficiency and high energy consumption [82]. To improve this efficiency, one must optimize the aforementioned operating parameters, including the initial metal concentration, the electrolyte composition, the pH, and so forth [67]. More recently, a sono-electrochemical strategy, which uses sound waves in conjunction with the electrochemical process, was proposed to efficiently recover valuable Pd, Pb, and Ga metals from their aqueous solutions [83]. When compared to the lone electrochemical process at constant voltage, the reduction ratio of the selected metals showed a significant increase with the assistance of ultrasounds, depending on the megasonic frequency that was used (shown in Figure 9). This may be ascribed to the increased temperature in a highly reduced environment under sonication. Indeed, the high-power density of sonicator can induce violent oscillations of the hydrogen bubbles surrounding the cathode, which then can generate a large number of hydrogen radicals as the temperature rises. Other effects could also play some role, such as accelerated mass transfers that can be both ion and frequency dependent [84].



Moreover, the selective recovery of metals from a solution containing complex mixtures of metal species (especially in the case of e-waste) is the most difficult problem to solve because of the Mn+/M couples’ close redox potentials values [85]. Thus, to ensure such desired selectivity and to obtain high purity metals, one of the more feasible strategies is first to remove some of the metal species from the considered complex solutions through chemical precipitation, solvent extraction, or ion exchange [79,86,87,88]. Interestingly, Mecucci and Scott used a combination of chemical leaching, precipitation and electrodeposition in order to selectively recover Sn, Cu, and Pb from scrap printed circuit boards (PCBs) [88]. First, nitric acid (HNO3) was used as the leaching reagent to dissolve Cu, Pb, and Sn from the PCBs. Sn was then precipitated in its H2SnO3 solid form by using an initial concentration of HNO3 greater than 4 mol L−1. NaOH was then added to neutralize the remaining HNO3 and allow for a better electrodeposition. Finally, the residual Cu2+ and Pb2+ were deposited separately as metallic Cu and PbO2, onto the cathode and the anode, respectively, by using a suitable applied potential (shown in Figure 10). Notably, HNO3 and NaOH can be regenerated due to the production of hydrogen and hydroxide ions during water splitting.



Even more advanced, a recent combined electroleaching/electrodeposition method has led to a significant improvement in efficient metal recovery. It consists of: (i) a selective electrooxidation to control the metal ion specie that is generated at the anode; (ii) the simultaneous electroreduction of the corresponding metal ion at the cathode [89]. It is worth noting that a separator between the anode and cathode is essential to control metal migration and to prevent the deposited metal layer from wearing off because of the anodic solids. Generally, anodic electroleaching can be completed by means of direct or indirect electrooxidation. In direct electrooxidation, the anode is composed of raw materials containing different metals to be oxidized directly without the help of additional leaching reagents [90,91]. For example, the direct electrooxidation method was used to selectively leach Sn and Pb from a waste solder alloy under optimised conditions (0.5 M H2SO4, 60 A m−2 and flow rate of 45 mL min−1). In this method, up to 82 wt% Pb was recovered as PbSO4 (Pb + SO42− → PbSO4 + 2e−) at the anode, and the Sn2+ that had leached from the waste solder was reduced into its pure metal form onto the cathode (Sn2+ + 2e− → Sn) [90]. If one now deals with Copper (Cu) and antimony (Sb), that can berecovered from e-waste (RAM memory and integrated chips circuits, their recovery involves a leaching step in a solution of 0.5 mol dm−3 hydrochloric acid (HCl) and 0.074 mol dm−3 ferric chloride (FeCl3) at a 1:10 solid/liquid (w/v) ratio followed by an electrodeposition in an aqueous solvent. Under these conditions, 96 wt% of the copper was electrochemically recovered from the leachate solution [23]. Antimony could also berecovered from the leachate solution as an antimony precipitate (81 wt% in purity) through pH modification (by adding NaOH pellets).



In contrast, indirect electrooxidation is a process used to perform selective anodic metal leaching using in situ generated oxidants (e.g., Cl2, H+, Fe3+). Hence, some authors conducted the indirect electrooxidation process with an Fe3+/Fe2+ redox couple to selectively recover high-purity Cu (99.9%) from waste PCBs while precious metals (Au and Ag) were enriched in the anodic sludge [92]. Considering the factors of current efficiency, deposit composition, and energy consumption, they optimized the flow rate to 400 mL/min, therefore, achieving 75% metal extraction from waste PCBs.



Alternatively, a one-step slurry electrolysis was used, combining the in situ metal leaching from CPU sockets using the mixed HCl-NaCl-H2O2 system. This resulted in the enrichment of Au species in the electrolyte, as well as high purity Cu to electrodeposite at the cathode (Figure 11) [19,81]. By optimizing the operating conditions (4 M HCl, 75 g L−1 pulp density and 80 mA cm−2 for 4 h), they achieved a Cu recovery efficiency of 96.67% with high Cu purity (98.16 wt%). Similarly, the Au recovery efficiency reached 95.73% under the following optimised conditions: 4 M HCl, 100 g L−1 pulp density, 70 mA cm−2 for 4 h). In short, we believe that this combination of electroleaching and electrodeposition is one of the most promising directions for future research, because: (i) it enables an efficient and selective recovery of high purity valuable metals from complex system, and; (ii) its scale up toward industrial capacity showed promising insights.




4.5. Non-Aqueous Electrolytes Based Electrochemical Methods


When compared to aqueous electrolytes, metal recovery through electrodeposition from non-aqueous electrolytes has shown the unparalleled advantages of wide electrochemical windows and high stability. Such non-aqueous electrolytes include conventional organic solvent (e.g., dimethylsulfoxide, dimethylformamide), molten salts (e.g., LiCl-KCl, LiF-CaF2), ionic liquids [93,94], and deep eutectic solvents (DESs) [95,96,97]. If one except the classical organic solvents, other non-aqueous electrolytes are usually costly as they are custom made and must be synthesized in their pure form. However, despite purification efforts, these solvents often come with impurities, resulting of the multi-step synthetic and purification process steps. The presence of such metal ions impurities may affect the electrodeposition of targeted metal ions in a regressive way. In this section, special attention will be paid to ionic liquids and deep eutectic solvents, which hold wider application prospects because of their unique set of favorable properties, when compared to other media, such as low melting temperature, non-volatility, and high thermal stability [98]. Accordingly, their use has resulted in the cathodic deposits of precious metals (e.g., Pt, Pd, Rh), rare earth elements, and other metals (e.g., Ta, Zr, Gd) that cannot be achieved through electrolysis in aqueous solutions [28]. Notably, an ionic liquid system (n-hexyl-trimethyl ammonium bis(trifluoromethyl-sulfonyl)amide, [N1116][TFSA] and tri-n-butylphosphate, TBP) was used to extract indium (In) from used liquid crystal displays (LCDs) followed by direct potential controlled electrodeposition for the recovery of In metal [93]. Electrochemical quartz crystal microbalance (EQCM) analyses indicated the formation of an In deposit on the cathode at −0.81 V (vs. Fc/Fc+) via a single-step three-electron reduction process. The authors also reported combined electroleaching and electrodeposition processes in ionic liquids to selectively recover high purity Pt from used membrane electrode assemblies (MEA) from proton exchange membrane fuel cells (PEMFCs) [89].



In another report, using the selected 1-butyl-3-methyl imidazolium chloride (BMIM Cl)/1-butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (BMIM TFSI) system, a Faradaic yield of up to 100% was obtained with a leaching rate of 3.3 mg∙h−1∙cm−2 (which is comparable to the leaching rate of 4.0 mg∙h−1∙cm−2 in aqua regia) for a cathodic Pt deposition at −1.3 V (vs. Ag+1/Ag). This occurred without any electrolyte degradation (shown in Figure 12). Moreover, even various ionic liquids such as (1-butyl-3-methylimidazolium chloride salt), (1-butyl-3-methylimidazole tetrafluoroborate), (1-ethyl-3-methylimidazole chloride), and (1-butyl-3-methylimidazolium hexafluorophosphate) have been used in combination with an additive agent (NaCl) and an oxidising agent H2O2 in order to leach copper from e-waste PCBs [99].



For copper, the ionic liquid-based electrolyte solution of CuSO4 –NaCl-H2SO4-[(1-butyl-3-methylimidazolium hexafluorophosphate)] has been reported for its recovery with a good yield (92.65 wt%) through slurry electrolysis using graphite and titanium as positive and negative plates, respectively.



Regarding the electrodeposition in deep eutectic solvents, they can exhibit significantly different properties in comparison to those obtained when using aqueous solutions. Indeed, if it was reported that the deposition rates of nickel in aqueous and deep eutectic solvents are similar (despite the differences in the viscosity and the conductivity of these two systems), the nickel deposits from deep eutectic solvents was more prone to form nanocrystals having lower surface roughness and higher hardness than the microcrystals obtained using aqueous solutions [97].



In the case of batteries, a recent work combining both IL and DES allowed for the better separation of all of the metallic elements involved [100]. First a liquid–liquid extraction step was reported using N,N,N′,N′-Tetra-n-octyldiglycolamide (TODGA) as an extractant dissolved in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. A 99% total of manganese could be recovered in this single step. Cobalt recovery (90%) was then performed using tri-hexyltetradecylphosphonium chloride. Finally, for the recovery of nickel and lithium, DES based on lidocaine and carboxylic acid was used to allow the retention of lithium in the solution and the extraction of nickel. However, the exploration of electrodeposition in ionic liquids or deep eutectic solvents is still in its infancy. Several key issues that impede the practical applications of these solvents have yet to be solved, hence representing promising fields of future research. First, the physical and chemical properties of these liquids might change when they are exposed to moisture for a long time [101]. Moreover, the electrochemical behavior of metals in ionic liquids and DES remains poorly understood in published works. Furthermore, there is still a lack of knowledge on their environmental impact. Finally, their cost of can be much higher than that of an aqueous electrolyte.



If one now considers molten salts, the rare earth element neodymium (Nd) can electrochemically be recovered from NdFeB magnets using molten salt electrolysis [102]. During the process, the solid NdFeB material is directly placed in an anodic compartment with molten fluorinating agents (e.g., AlF3, ZnF2, FeF3 and Na3AlF6), which coverts Nd from a the magnetic alloy into NdF3 salt melt [103,104]. The Nd3+ ions from the molten salt can then be electrodeposited at the cathode. Additionally, the rare earth elements Nd and Pr, which can also be found in permanent magnets, can successfully be recovered through an electrorefining process in molten fluorides [105]. Figure 13 shows the composition of the cathodic deposits and the current efficiency as a function of the applied currents. With an increase in the applied current, the Nd and Pr content shows almost no change, but the Fe content increased rapidly. In this electrorefining process, a permanent magnet is selectively oxidized and is dissolved into molten LiF-CaF2 salts, and the free rare earth ions are directly reduced into their metallic form at the cathode. The molten salt electrolyte-based electrochemical recovery eliminates the additional oxide or halide conversion steps of the hydrometallurgical processes. Table 3 summarizes metal recovery from e-waste using electrochemical approaches, electrodeposition, and electrowinning.




4.6. Electrodeposition in Supercritical Fluids


Pushed by the unique properties of supercritical fluids (SCFs), such as tunability, low viscosity, enhanced mass transport, lack of surface tension, and simple separation of reagents and products, electrochemistry in SCFs has gained an ever increasing attention over the past forty years [106,107,108,109,110]. Bartlett and co-workers published a comprehensive review in 2014 elaborating on both the practical and scientific aspects of electrodeposition in supercritical fluids (SCFED), where various metals of interest for e-wastes like Cu, Ag, and Ge were covered [111]. A range of different substances have been used as SCFs for electrodeposition, including carbon dioxide (CO2), water (H2O), ammonia (NH3), and more recently, Argon (Ar) or hydrofluorocarbons (HFCs), some of which have accessible critical conditions and large deposition windows [112]. However, the key challenges of such electrodeposition approaches along with their significant advantages lie in the complications arising from pressurized reactor designs, difficulties due to the removal or replacement of electrodes as well as low dielectric constants and the poor solubility of ionic species for some SCFs [109,113]. To the best of our knowledge, SCFED has not yet been implemented as an industrial process by the e-waste recycling industry. Therefore, we focus here on the most recent advance in the field of SCFED since 2015 in order to anticipate their possible applications for metal recovery from e-waste.



For SCFED studies, supercritical CO2 (ScCO2) is not ideal as a non-aqueous medium because of its low dielectric constant (ε < 1.8), thus leading to the low solubility and dissociation of ionic species and its resulting low conductivity [114]. To overcome this issue, some approaches were proposed that primarily concerned the implementation of microelectrode systems, the use of highly hydrophobic supporting electrolytes, and the addition of polar co-solvents [109]. The latter two approaches, so-called modified single-phase ScCO2, are prefered, especially for larger scale production [110]. Pt electrodeposition was studied using dimethyl(1,5-cyclooctadiene)platinum as a precursor from a ScCO2-based electrolyte with the addition of acetonitrile (co-solvent) and tetrabutylammonium tetrafluoroborate (supporting electrolytes) [115]. The authors demonstrated that platinum was potentiostatically electrodeposited with the formation of the agglomerates being made of densely packed nanoparticles [115]. Furthermore, the successful electrodepositions of copper and silver using a similar SCFED technique have also been reported [116,117].



HFCs are however more useful for SCFED media thanks to their accessible critical conditions, more polar nature, and higher dielectric constant, so that the addition of a polar co-solvent is not necessarily needed [110]. Champion et al. synthesized some hexahalide salts that incorporated trivalent metal ions from group 3 as well as lanthanides and showed their enhanced dissociation in HFCs solvents [118]. A variety of supporting electrolytes were reported, such as [N(nC4H9)4][Al(OC(CF3)3)4], [N(nC4H9)4][FAP], and [N(CH3)4][FAP] ([FAP]− tris(pentafluoroethyl)trifluorophosphate), which not only provide high electrical conductivity in supercritical CH2F2 but also meet the requirements imposed by different precursors and process parameters [119]. Bartlett et al. reported a common approach to the SCFED for a range of p-block elements from supercritical CH2F2 in the presence of tetrabutylammonium chloride as the electrolyte [120]. With anionic and dianionic chlorometallate salts, the deposition of elemental Ga, In, Ge, Sn, Sb, Bi, Se, and Te was demonstrated [120]. The electrodeposition of protocrystalline Ge films onto TiN electrodes with [GeI3]− as precursor was also reported by analogous means [121]. When templates such as metal coated anodic aluminium oxide membranes were used for SCFED, tellurium [122] and tin nanowires [123,124] were fabricated with a high-quality crystalline structure.



Although more and more of the valuable metals that can be found in e-waste have now been verified to electrodeposit in SCFs, the precursors used in these SCFED experiments were all pure and handpicked reagents that met several stringent criteria, including good solubility and stability in low-polarity SCFs, electrodeposition at accessible potentials, exemption from undesirable electrochemistry, or fouling at the counter electrode [111]. Hence, regarding real life leachates from e-waste processing, the challenge of conversion from a miscellaneous metallic solution to highly effective reagents for SCFED must be investigated. Once this is solved, we believe that the combination of SCFED with e-waste recycling can have a promising future, not only because it provides a more environmentally friendly approach to metal recovery from e-waste without generating acidic electrolyte effluent, but also because it permits the synthesis of value-added nano-structured electrodeposits that can find potential usage for microelectronic components, optical and catalytic applications, chemical and biochemical sensors, etc. [123,125,126,127,128].




4.7. Electroplating with the Aid of Supercritical Fluids


Compared to conventional electroplating, electroplating in SCFs (SCFEP) can offer additional advantages including a lack of hydrogen production, grain refinement, higher coating hardness, shorter fabrication times, and better coverage [129]. Unlike SCFED conducted in a single SCF phase, SCFEP was normally studied in emulsified SCFs consisting of an aqueous electrolyte and a SCF. With the aid of a small amount of surfactant, Au film [129], Co film [130], Co-Ni alloy coating [131], Cu-Ni alloy coating [132], and Ni-SiC nanocomposites [131] were fabricated in emulsified ScCO2 baths, and they all displayed smaller grain sizes, smoother surfaces, and enhanced mechanical properties. Furthermore, the use of ultrasound was reported to replace the role of the surfactant in electroplating processes, and the resulting Cu film [133], Ni coating [134], Ni-Co alloy coating [135], and Ni-Co-P alloy film [136] all exhibited superior tribological and anti-corrosive properties to those same materials that had been fabricated using either a regular ScCO2 or a conventional method. However, some undesired by-products, such as carbonic acid, are inevitably produced in emulsified ScCO2, so noble gases (e.g., Ar) were tested for ultrasound-assisted SCFEP, and the resulting Cu films had finer grains, a better aesthetic finish, and enhanced mechanical and corrosion behavior [137,138]. It can thus be inferred that one can take advantage of SCFEP to recover metals and fabricate metal or alloy coatings from e-waste leachates as long as a proper conversion of the leachates can be achieved. Table 4 summarizes the advantages and disadvantages of electrochemical processes during metal recovery.





5. Industrial Perspective


Electrodeposition-based metal recovery can lead to selective metal reduction and deposition. However, this is hindered by the multi-metal nature of leachate solutions obtained from e-waste, which leads to the co-deposition of other metals along with the targeted one. Hence, to achieve high purity metal recovery, it is required to perform selective metal leaching using selective lixiviants. Such leachate, containing only targeted metals, can be obtained following efficient sorting and physical separation process steps followed by one or more selective leaching steps. Moreover, further leachate processing is required in case of non-selective leaching, where multiple metal ions are dissolved and collected in the same leachate solution, in order to improve purity in subsequent recovery processes.



To demonstrate the economic feasibility, Lister et al. (2016) provided a technical-economic comparison of electrochemical recovery (ER) and hydrometallurgical processes from the point of view of capital equipment (CAPEX) and operating expenditures (OPEX) [139]. The estimated CAPEX for ER process was USD 405.98 per ton of e-waste, which was lower than the USD 653.46/ton of hydrometallurgical processes. Furthermore their study showed that the OPEX of the ER process is low since the electrolytes can be regenerated and kept within the cycle loop, and the largest OPEX contribution comes from the e-waste feedstock. Thus, it is very important to develop more efficient e-waste collection strategies to further improve its economic viability. Furthermore, other methods such as life cycle and Biwer–Heinzle analyses have been developed to assess environmental impacts. For example, on the basis of a tool for the reduction and assessment of chemical and environmental impacts (TRCI) and for international reference life cycle data (ILCD), Li et al. (2019) conducted a comparative life cycle analysis to give quantitative insight into the environmental performance of the pyrometallurgical, hydrometallurgical, and ER processes used for the precious metal recovery from e-waste [19]. Their results showed that the ER process outperforms the other two processes with reduced environmental impact. Indeed, with most of the oxidants used in electrolytes for the ER process that can be effectively recycled, the main environmental impact contributors are the hydrochloric acid, the hydrogen peroxide, and the sulfuric acid inputs.



Some other challenges however remain for electrochemical processes that impede its large-scale and industrial application in metal recovery, such as the low current densities or efficiencies of metal electrodeposition and poor selectivity in the case of complex leaching solutions [83,89]. Moreover, some toxic products (e.g., Cl2, NOx) may be generated in some specific electrolyte systems and conditions. It is not only difficult to control the environmental impacts associated with the electrodeposition process, but the metallic deposits can also be redissolved because of the strong oxidizing nature of the toxic products generated at the anode [89,140]. To address this issue, it is highly desirable to develop either less hazardous and regenerable electrolyte systems instead of hazardous Cl− and NO3− containing reagents or new strategies for preventing the evolution of toxic products. For instance, cation exchange membranes can be used to prevent chloride migration from the cathodic chamber to the anodic one [77]. Moreover, electrodeposition from a dilute metallic solution also suffered from seriously low current efficiency, which leads to a limited mass transfer accompanied by numerous side reactions, especially in high acidic systems. In this regard, a proper electrochemical cell design with a high electrode surface area, a fast electrolyte flow rate or with an electrode movement is essential to facilitate mass transfers during electrodeposition. Recently, a tubular EMEW® cell was employed to enable a selective and efficient recovery of low concentrated copper and tellurium ions from a HCl leaching solution [3]. Therefore, a significant amount of future research in this field should be devoted to eliminating these limitations and to optimizing the ER process.



Finally, leaching chemical(s) and electrolytes must be chosen carefully. For example, leachates from e-waste contain metal ions dissolved in either an acidic or basic solution, which later require treatments that can negatively affect OPEX. Additionally, precious metals, e.g., gold or silver, are often present in leachate solutions as soluble metal cyanide coordination complexes. Hence, highly toxic electrolyte systems comprising CN− create an environmental burden and severe health hazards to human being and can be the cause of major OPEX contributions or liabilities. Therefore, an electrolyte system should be selected to be as safe as possible while also not increasing the associated OPEX (nor CAPEX).



The limitations of electrochemical processes should be addressed before translating metal recovery using electrodeposition to an industrial scale. Indeed, metal recovery from e-waste is quite expensive, especially when strictly following environmentally conducive requirements, including using less hazardous and less toxic chemicals. Therefore, e-waste recycling processes should be economically viable for their widespread implementation. Industrial facilities for metal recovery from e-waste should adopt integrated combined pyro-, hydro-, and electrometallurgical processes. There are only a few important industrial facilities that recover metals from e-waste: (i) Umicore, which is an integrated smelting and refining facility; (ii) the Noranda process in Quebec; (iii) Rönnskär’s smelters in Sweden; (iv) Kosaka’s recycling plant in Japan; (v) the Kayser recycling system in Austria; (vi) the Metallo-Chimique N.V plants in Belgium and Spain; and (vii) the Solvay hydrometallurgy plant in La Rochelle [141]. Often, these processes are made to be economically viable because the CAPEX was able to be reduced thanks to the reuse or the conversion of an already depreciated plant or facility. It is worth mentioning that most of such industrial facilities, except Solvay’s, recover base metals (Cu, Zn, Sn, Ni), precious metals (Au, Ag, Pd, Pt, Ir, Ru, Rh), and critical elements (In, Ga), but the extraction of rare earth metals still remains challenging, possibly due to their relatively lower amounts or concentration in waste and further loss of rare earth metals in the separation and pre-treatment steps. Therefore, developing efficient rare earth metals recovery processes that are viable for industrial facilities represent an important and necessary goal to achieve while also considering their strategic and commercial relevancies.




6. Conclusions


Electrochemical processes-based metal recovery from e-waste use much less solvent (minimal reagent) and show convenient and precise control, reduced energy consumption, and low environmental impact. Since the total amounts of metal constitute up to 40 wt% in e-waste (in the case of PCB) with the goal to minimize waste, it is ideally necessary to fully and efficiently recover copper, aluminium, ferrous, precious and critical metals (including rare earth elements) in an economically viable way. These metals are, however, present in very different concentrations with, for example, copper that is found in e-waste in concentrations up to 10–27 wt%, precious metals in concentrations of less than 1 wt%, and rare earth metals at even smaller amounts. Hence, although the recovery of precious metals and rare earth metals is critical due to their strategic importance and intrinsic value, their dispersion and overall small concentrations in e-waste represent a phenomenal challenge to render any recovery process economically viable. Therefore, metal profiling in e-waste is key to assure a balanced spreadsheet after recovery and recycling, and thus for each new e-waste batch received.



Since leachates from e-waste usually contain multiple dissolved metals ions with similar physical and chemical properties, they may lead to purification difficulties during metal recovery and additional OPEX. Furthermore, one must not overlook the high variability in the composition of e-waste when going from one lot to another. Electrochemical methods such as electrodeposition and electrowinning bring possible responses to the selective recovery of metal ions from leachate with multiple ions at a selected applied potential, as it relies on redox potential of metal ions for reduction—electrodeposition. The limiting aspects of these electrochemical methods are the adsorption of non-electroactive species on the electrode from the electrolytes, non-uniform potential, and inhomogeneous current distribution over the electrode surfaces. The limiting parameters of electrodeposition leads to the co-deposition of unwanted metals. Therefore, fine control of limitations is necessary to achieve high purity metals from the leachates derived from e-waste in an economically viable way. Further research on efficient sorting tools, selective and efficient leaching process and specific metal recovery processes that consider environmental and cost–benefit aspects, are required to address the current challenges of low recovery yield and high incurring cost and the operational feasibility of e-waste recycling technology.
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Figure 1. Scheme of metal recovery from e-waste (printed circuit boards) [9]. 
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Figure 2. Schematic representation of electrodeposition process (A) and mechanism details (B). 
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Figure 3. The effect of different current distributions (primary, secondary, and tertiary) on the electrodeposit thickness over the electrode surface. Reproduced with permission [16]. Copyright 2007, Wiley. 
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Figure 4. The linear sweep voltammogram (LSV) curves of the simulated solution, a Pd2+ solution, Ca u2+ solution, and HNO3. Reproduced with permission [62]. Copyright 2020, Elsevier. 
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Figure 5. The contribution percent of the parameters (voltage, concentration, boric acid, and pH) of electrodeposition on Ni recovery and energy consumption. Reproduced with permission [68]. Copyright 2014, Elsevier. 
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Figure 6. The typical pulse–current waveform showing Ton and Toff for one cycle. Reproduced with permission [70]. Copyright 2008, Elsevier. 
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Figure 7. Schematic description of electrowinning process (A) and current density–cell voltage dependence for the electrowinning of copper (B). Reproduced with permission [16]. Copyright 2007, Wiley. 
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Figure 8. Schematic description of electrorefining process (A) and current density–cell voltage dependence for the electrorefining of copper (B). Reproduced with permission [16]. Copyright 2007, Wiley. 
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Figure 9. Reduction ratio of Pd2+, Pb2+, and Ga3+ metal ions over 60 min in Ar-saturated solution (with or without 500 kHz or 1 MHz sonication). Reproduced with permission [83]. Copyright 2016, Elsevier. 
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Figure 10. The LSV curves for 0.01 M Cu(NO3)2 + 0.5 M NaNO3, 0.01 M Pb(NO3)2 + 0.5 M NaNO3, 0.01 M Cu(NO3)2 + 0.01 M Pb(NO3)2 + 0.5 M NaNO3, 0.01 M H2SnCl6 + 1.5 M HCl at a scan rate of 5 mV s−1. Reproduced with permission. [88] Copyright 2002, Wiley. 
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Figure 11. Schematic diagram of the electrodeposition process in HCl-NaCl-H2O2 system. Reproduced with permission [81]. Copyright 2019, Elsevier. 
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Figure 12. Effect of the applied potential on the leaching rate of platinum and the corresponding Faradaic yield in runs conducted at Q = 55 C∙cm−2. Reproduced with permission [89]. Copyright 2018, Creative Commons. 
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Figure 13. The composition of cathodic deposits and current efficiency as a function of applied currents. Reproduced with permission [105]. Copyright 2020, Elsevier. 
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Table 3. Summary of metal recovery from e-waste using electrochemical approaches, electrodeposition, and electrowinning.
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	Target Metals for Recovery from E-Waste/Leachates/Feeds
	Electrolyte Used in Electrochemical Approaches
	Metal Purity % and (Recovery %)
	Operating Parameters
	Ref.





	Cu2+ and Pd2+ ions from e-waste MLCCs
	HNO3
	Pd purity >99% and recovery 99.02%
	−0.25 V, agitation speed of 240 rpm and 0.5 M HNO3
	[62]



	Fe2+ and REE ions from permanent waste magnets (Nd-Fe-B)
	(NH4)2SO4 and (Na3Citrate)
	REEs recovery (93.7% Nd, 3.1% Dy and 2.6% Pr) with high purity of 99.4%
	pH value of 3.5~4.5, current density of 25 mA cm−2 at the anode
	[65]



	Zn2+, Cu2+, and various metal ions from flue dusts
	NaOH
	Recovery of 88–92% of Zn
	Pulse current electrolysis at Ton = 15 ms and Toff = 10 ms
	[73]



	Low concentrated Ag+ ions in electroplating wastewater
	Silver electroplating rinse
	
	
	



	Wastewater (200 ± 10.0 mg L−1 and 150 ± 10.0 mg L−1 cyanide at pH 10.0 ± 0.5)
	NaCl addition of

0.05 mol L−1 at

room temperature
	99% of Ag
	Voltage (4.0 V), frequency (800 Hz), duty cycle (50%) pH 9.5 ± 0.5, aeration rate of 100 L h−1, and stirring speed of 1000 rpm with
	[72]



	Spent electrolytes with Bi, Sb, and Cu ions
	Catholyte: NaCl and H2SO4 for Bi, HCl for Sb

Anolyte: H2SO4
	Bi 97% and Sb 96% purity
	−0.1 V and −0.25 V (vs. Ag/AgCl) at 10 mA cm−2 for Bi and Sb, respectively.
	[77]



	Nd, Pr, and Fe components from rare-earth permanent magnet (REPM) wastes
	Molten LiF-CaF2 salts
	~80% and ~20% purity of Nd and Pr, respectively. Fe impurity increases from 0 to 1% with the increase of applied current (0.1–0.3 A)
	REE elements were directly reduced into metallic form at cathode.
	[105]



	Electrowinning of Cu2+
	Ammonical alkaline solutions containing Cu(I) ions and an ammonium salt of sulfate or chloride or nitrate
	
	The cathode current efficiency during the copper electrodeposition ~90% for chloride, ~80% for sulfate, and ~30% for nitrate salt electrolyte
	[82]



	Sonoelectrochemical recovery of Pd2+, Pb2+, and Ga3+
	Pd(NO3)2-HNO3 electrolyte for Pd
	~100% palladium reduction ratio at condition of 120 min with acoustic field of 1 MHz sonication
	+0.987 V vs. Ag/AgCl (sat. KCl) for Pd2+ reduction using Pt mesh as working electrode and counter electrode
	[83]



	
	PbCl2-CH3COONH4 electrolyte for lead
	~60% lead reduction ratio at condition of 120 min with acoustic field of 1 MHz sonication
	0.126 V vs. Ag/AgCl (sat. KCl) for Pb2+ reduction using copper sheet as working electrode and Pt mesh counter electrode
	



	
	GaCl3-NaCl electrolyte for gallium.
	~75% gallium reduction ratio at condition of 120 min with acoustic field of 1 MHz sonication
	−0.530 V vs. Ag/AgCl (sat. KCl) for Ga3+ reduction using vitreous carbon rod as working electrode and Pt mesh counter electrode,
	



	Sn and Pb recovery from waste solder alloy
	(0.5 M H2SO4, 60 A m−2 and flow rate of 45 mL min−1)
	82 wt% Pb is recovered as PbSO4 at the anode;

Sn is recovered as cathodic deposit
	
	[90]



	Cu and Au recovery from CPU sockets
	Electroleaching/electrodeposition
	Cu recovery efficiency of 96.67% with high Cu purity (98.16%);

Au recovery efficiency 95.73%
	Operating conditions (4 M HCl, 75 g L−1 pulp density, 80 mA cm−2 and 4 h) for Cu and (4 M HCl, 100 g L−1 pulp density, 70 mA cm−2 and 4 h) for Au.
	[81]



	Selective In recovery from spent LCDs using ionic liquid extraction and electrodeposition
	[N1116][TFSA] and [TBP]
	In 81.46 wt%,

Ni 3.34 wt%,

Zn 15.20 wt%,
	Potentiostatic electrodeposition of extracted [In(TBP)33+]

in [N1116][TFSA] at −1.0 V on a platinum quartz crystal electrode, Overpotential E/V vs. Pt QRE
	[93]



	Pt recovery from spent membrane electrode assemblies
	(BMIM Cl)/(BMIM TFSI) system
	-
	Pt deposition at −1.3 V (vs. Ag+1/Ag)
	[89]
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Table 4. Advantages and disadvantages of electrochemical processes during metal recovery.
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	S.N.
	Electrochemical Processes
	Advantages
	Disadvantages





	1
	Potential controlled electrodeposition
	Highly selective metal recovery
	Thickness non-uniformity



	2
	Current controlled electrodeposition
	Electrocrystallization to obtain large crystals
	Thickness non-uniformity, co-deposition of different metal species



	3
	Pulsed current electrodeposition [70]
	Fine control on electrodeposit structure
	Pulse rectifier costly



	4
	Pulsed voltage electrodeposition [70]
	Fine control on electrodeposit structure
	Pulse rectifier costly



	5
	Electrowinning and electrorefining
	Large areas and thicker deposition
	Hydrogen embrittlement, hydrogen evolution



	6
	Aqueous electrolyte-based
	Inexpensive and plenty
	Hydrogen embrittlement, hydrogen evolution



	7
	Non-Aqueous electrolyte-based
	Large window stability, selective deposition
	Costly and metal ions impurities



	8
	Supercritical fluid-based electrodeposition
	Tunability, enhanced mass transport and selectivity
	Pressurized reactor designs
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