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[bookmark: _Hlk2003069]Abstract:
Increased environmental awareness has necessitated the development of a simple and environmentally friendly method for metal recovery from waste printed circuit boards (WPCBs). Deep eutectic solvents (DESs) are environmentally friendly and non-aqueous lixiviants that can leach metal oxides to replace mineral acids. In this study, three choline chloride (ChCl)-based DESs were synthesized, using ethylene glycol, oxalic acid (OA), and glycolic acid (GA) as the hydrogen bond donors in the eutectic mixtures. The time-dependent leaching yields and saturated loading capacities of the DESs to typical metal oxides and Ag were evaluated. Considering the leaching performances, a simple and environmentally friendly method for metal recovery from WPCBs was established, based on two-stage DES leaching processes. The research object was the mixed metal powder collected from the mechanical processing of WPCBs. The results indicated that 90.35% of Zn, 87.47% of Pb, and 16.77% of Cu were removed from the mixed metal powder after calcination by leaching of the ChCl-GA DES and precipitation of the oxalic acid solution. When the residue was subjected to ChCl-OA DES leaching, Cu was recovered by diluting ChCl-OA DES with water. Specifically, 74.93% of Cu was separated in the form of CuC2O4·2H2O with a purity of > 98 wt.%. The Sn remaining in the aqueous solution was efficiently recovered by the addition of reduced Fe powder, and the recovery yield of Sn in the recovery product was 51.29%. Finally, the advantages of a simplified and environmentally friendly process framework, are highlighted by a comparison of the recovery strategy for WPCB proposed in this study with conventional pyro- and hydro-metallurgical approaches.
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1. Introduction
With rapid advancements in electronic technologies, exponentially increasing amounts of waste printed circuit boards (WPCBs) are being produced yearly. Every year, more than 5 million tons of WPCBs accumulate as municipal solid waste worldwide [1], and this aggregation is gradually becoming a worrying issue [2]. Until now, most WPCBs have been treated by incineration and landfilling. However, these operations adversely affect the environment. For example, toxic chemicals such as dioxins, furans, polybrominated organic pollutants, and polycyclic aromatic hydrocarbons are produced by WPCB incineration, which may lead to air pollution [3]. Moreover, the landfilling of WPCBs is associated with the leaching of heavy metals, which then pollute the soil and groundwater [4]. Notably, WPCBs are attractive resources in terms of metal sustainability and mineral value. In particular, the proportion of Cu in WPCBs is 13 - 26 times that in the primary ores [5], and the contents of precious metals such as Ag, Au, and Pt in WPCBs are dozens of times those in their concentrates [6]. Therefore, the recycling of WPCBs can help mitigate the environmental impact associated with their disposal and increase resource utilization [7]. WPCBs typically implemented pyro- or hydrometallurgical route to recover the valuable metals at an industrial scale [8]. These processing routes are complicated and involve multiple steps. Moreover, these approaches are environmentally unfriendly and may not be in line with strict environmental regulations. For example, toxic gases are generated during the pyrolysis of WPCBs, and the pyrometallurgical processes are characterized by low recovery yields [9]. Hydrometallurgical processing routes involve the consumption of large volumes of chemicals [10]. Mineral acids and strong oxidants are used for leaching; precipitants are used for separation; and organic solvents are used for the for solvent extraction of metals. A massive stream of hazardous solid residues and wastewater is generated in these processes, which must be treated before being discharged [11]. Consequently, it is necessary to develop simple and environmentally friendly processing schemes to realize metal recovery from WPCBs.
Deep eutectic solvents (DESs) are environmentally friendly solvents that have attracted considerable interest since their advent in 2003. Representative DESs include eutectic mixtures in which carboxylic acids or alcohols act as hydrogen bond donors (HBDs) and quaternary ammonium salts act as hydrogen bond acceptors (HBAs) [12]. Owing to the strong and complex hydrogen bonding network formed in DESs, their melting points are lower than those of the parent compounds, and thus, DESs can exist in the liquid form at room temperature [13]. DESs enable the dissolution of metal oxides through the proton attack and exhibit leaching selectivity to certain metal oxides through the formation of specific complexes [14]. Moreover, DESs are ecologically friendly, non-toxic, low-cost, and readily biodegradable [15,16], which make them superior alternatives to conventional solvents. In recent decades, the use of DESs as replacement mineral acids for recycling waste has been widely explored, e.g., for Li and Co recovery from spent batteries [17,18] and rare earth recovery from spent fluorescent lamps [19]. However, research on the use of DESs for metal recovery from WPCBs remains limited, potentially because the compositions of various sources of WPCBs are more complicated than those of the abovementioned types of waste [20].
[bookmark: _Hlk140767856]In this study, the WPCB were first treated by dismantling, crushing, and sorting for the pre-separation of mixed metals and non-metal materials. The mixed metal powder was then subjected to calcination, the metallic component of WPCBs are reported to mainly consists of CuO (> 50%) and smaller proportions of Cu2O, Fe2O3, ZnO, SnO2, and PbO after calcination [21]. Three types of environmentally friendly DESs were synthesized via mixing and heating, where choline chloride (ChCl) was used as the HBA and the HBDs were ethylene glycol (EG), oxalic acid (OA), and glycolic acid (GA), as typical di-hydroxyl, di-carboxyl, and hydroxyl–carboxyl ligands, respectively. These ligands were selected owing to their low costs, which render their use in large-scale industrial processes viable. The time-dependent leaching behaviors and saturated loading capacities of the abovementioned metal oxides and Ag (representing the precious metal group) by the three DESs at 50 ℃ were explored. Considering the leaching performance of the DESs, a simple and environmentally friendly method for metal recovery from WPCBs was established and evaluated. The key advantage of this method lies in its simplified approach for targeted metal recovery, achieved by the simple addition of water into the DESs. This stands in stark contrast to the complex steps typically involved in conventional metal recovery processes. Furthermore, the environmentally friendly nature of this method is noteworthy, as the chemicals used in the study are non-toxic and readily biodegradable. This significantly reduces the environmental impact and potential risks associated with metal recovery processes. The advantage in terms of the process complexity and environmental impacts of this method was highlighted by a comparison with pyro- and hydro-metallurgy on metal recovery of WPCBs.

[bookmark: _Hlk2001543]2. Experimental
2.1 Materials
ChCl (99%) was purchased from Sinopharm. EG (99%), OA (99%), and GA (98%) were obtained from J & K Scientific, BDH Laboratory, and Sigma-Aldrich, respectively. Individual metal powders of CuO, Fe2O3, SnO2, PbO, ZnO, Ag, and Fe with a purity of 99.99% were provided by Yingtai Metal Material Co. (Shandong, China). Cu2O (99%) was purchased from J & K Scientific. The metal powders were ground to a particle size of 200 mesh (< 75 μm). All chemicals were stored in sealed bottles at 50 ℃ before use.
The mixed metal powder from mechanically treated WPCBs was provided by Zhengyang Machinery Equipment Co., Ltd. (Zhengzhou, China). Raw WPCBs were pre-processed by auto-dismantling to remove the electronic components. Subsequently, the WPCB motherboards were subjected to primary crushing using a biaxial shredder, secondary crushing using a hammer mill, and tertiary crushing using a high-speed turbine pulverizer. The mixed metal powders were separated from the non-metallic powders using an electrostatic separator, and a high-gradient magnetic separator was used to remove the paramagnetic components (Fe and Ni). According to a technical report from Zhengyang Machinery Equipment Co., Ltd., the content of non-metallic materials, e.g., resin, and ceramics, in the mixed metal powder after purification was < 3%, and Cu, Fe, Zn, Sn, and Pb accounted for > 94% of the total metal contents. The mixed metal powder was placed in a porcelain crucible without a lid and subjected to calcination in air at 1100 ℃ for 10 h using a muffle furnace. Next, the mixed metal oxide powders were grounded to 200 mesh and stored in a sealed container.

2.2 DES preparation
The DESs were synthesized through a simple procedure of mixing and heating. ChCl was weighed out with individual EG, OA, and GA in molar ratios of 1:2. The reagents were stirred with a glass rod to ensure complete mixing and then loaded into sealed glass containers. The containers were placed in an oven, the synthesis temperature was maintained at 50 °C, and the synthesis time was three days. Eventually, clear and homogeneous transparent liquids of the DESs were obtained. 

2.3 Metal oxide and Ag leaching experiments
To explore the time-dependent leaching behaviors of the DESs, 0.01 mol of the DESs (2.84 g, 3.2 g, and 2.92 g of ChCl-EG, -OA, and -GA DESs, respectively) and individual metal powder containing 0.001 mol of metals, i.e., CuO (0.08 g), Cu2O (0.07 g), Fe2O3 (0.08 g), ZnO (0.08 g), SnO2 (0.15 g), PbO (0.22 g), and Ag (0.11 g), were weighed and added to 10-mL vials. These vials were placed on a heating plate at 50 °C, and the mixtures were agitated through magnetic stirring at 100 rpm. The vials were extracted in time intervals of 1 h over the 8 h overall process. The sampled DESs were filtered using syringe filters (pore size of 0.45 μm, RephiQuik). To quantify the saturated loading capacities of the ChCl-OA DES to metals, an excess of metal oxide powder was added to 0.01 mol of DESs. The DESs were sampled and filtered after two weeks. The metal concentrations in the leachates were analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5110, Agilent Technologies) after digestion using a thermos-reaction (HI-839800, Hanna Instruments) and dilution. The leaching efficiencies (E) by DESs were calculated as
		(1)
where CDES is the metal concentration in the DES leachate (g/dm3); VDES is the volume (dm3) of the DES used for leaching; and mini is the initially added metal mass (g), which is determined by dissolution in a hot HNO3 solution. The distribution ratios (D) of the metal oxides in the liquid and solid in the leaching process can be expressed as
	 	(2)
The separation factor (β) of the metal oxides (1) to other metal oxides (2) by leaching was defined as 
	 	(3)

2.4 Recovery method 
The mixed metal powder (5 g) was treated by calcination and then leached by the ChCl-GA DES (42 g ChCl + 45.6 g GA) at 50 ℃ while stirring at 100 rpm for 2 h. After filtration, 1 mol/dm3 aqueous OA solution with nine times of the volume was added to the filtrate, and Zn-rich oxalate was obtained as blue precipitate after standing for 2 h. The filter residue was leached using the ChCl-OA DES (42 g ChCl + 54 g OA) at 50 ℃ for 8 h while stirring at 100 rpm, followed by filtration. The residue after filtration, which was prepared using sprayed gold, underwent analysis via scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDX, Hitachi S-4800). The filtrate was diluted 10 times with deionized water, and the blue precipitate of CuC2O4·2H2O was separated after 2 h. Subsequently, 1 g Fe powder was added to the filtrate, and the dark yellow precipitate of Sn-rich oxalate was separated after standing for 2 h. The recovery products were washed with deionized water three times and then dried in an oven at 50 ℃ overnight. The recovery experiments were repeated once. The phase compositions of the mixed metal powder before and after calcination and the obtained recovery products were determined by X-ray diffraction (XRD, D8, Bruker) at a scan speed of 0.5°/min. The metal contents were measured by ICP-OES after digestion and appropriate dilution. Assuming that the recovery products are all metal oxalate, the recovery yields of the metals (RM) and purity (wt.%) of CuC2O4·2H2O can be expressed as in Eqs. (4) and (5), respectively:
		(4)
		(5)
where subscript M indicates the metal elements (Cu, Fe, Zn, Sn, and Pb), and subscript tot represents the metal contents in the mixed metal powder after calcination. The other minor metal impurities in the WPCBs were not monitored.

3. Results and discussion
3.1 Synthesis of DESs
Three DESs were prepared, where ChCl was adopted as the HBA and EG, OA, and GA as the HBDs. The chemical structures of the materials are shown in Fig. 1a. All the materials were solid at 50 ℃ except EG. Figure 1b shows the appearance of the synthesized DESs at different incubation times. The ChCl-EG and -GA DESs melted within a day, whereas the ChCl-OA DES required two days for complete melting. The temperature at the vial bottom decreased in all cases, reflecting the endothermic process of the DES melting to liquid. Although all the DESs could exist as homogeneous liquids at room temperature, the subsequent leaching experiments were conducted at 50 ℃ considering the higher viscosity of ChCl-OA DES at lower temperatures [22]. 
[image: ]
Fig. 1 (a) Chemical structures and melting points (m.p.) of choline chloride (C5H14ClNO), ethylene glycol (C2H6O2), oxalic acid (C2H2O4), and glycolic acid (C2H4O3). The melting point data were extracted from the CRC Handbook of Chemistry and Physics [23]. (b) Appearance of DESs at different incubation times at 50 ℃.

3.2 Leaching performance
To evaluate the leaching efficiencies of the DESs to metal oxides, the leaching yields to CuO, Cu2O, Fe2O3, ZnO, SnO2, PbO, and Ag by aqueous HCl and DESs as lixiviants were plotted over time, as shown in Fig. 2a. The HCl solution exhibited the best leaching performance, and more than 80% of the metal oxides could be leached by the HCl solution in 3 h [24]. The leaching yields by ChCl-EG DES were low, with one fifth of the metal oxides leached within 8 h. The leaching efficiencies of the ChCl-OA DES to metal oxides except Fe2O3 were satisfactory (more than 60% in 8 h) [25]. The ChCl-GA DES exhibited leaching selectivity to ZnO, and its yield was considerably higher than that of the other metal oxides. Table S1 summarizes the separation factors of ZnO to other metal oxides leached by HCl and the ChCl-OA and -GA DESs. In general, higher separation factors indicate superior separation performances of the metal oxides dissolved in the liquid with the other metal oxides that remain undissolved in the solid form by leaching. The separation factors of ZnO to CuO and Cu2O by the ChCl-GA DES were > 7 and > 4, respectively, higher than those associated with HCl and ChCl-OA, especially in the initial stage of leaching. Ag exhibited poor dissolution and was almost insoluble in the HCl solution and DESs. Compared with the HCl solution, the DESs were more effective in promoting metal separation owing to their selective leaching property, although the leaching yields for the DESs were lower than those using HCl solution. It is worth noting that the DES composed of ChCl with OA exhibits high leaching effectiveness for the mixed metal powder, whereas the metal powder can not be effectively dissolved by OA molecules in the aqueous system because the formed metal oxalate precipitated on the powder surface and inhibited further leaching in the powder interior [26]. 
[bookmark: _Hlk140072659][image: ]
Fig. 2 (a) Leaching yield (%) to metals using HCl and the ChCl-EG, -OA, and -GA DESs as a function of time at 50 ℃. The concentration and volume of the aqueous HCl solution were 2 mol/dm3 and 5 dm3, respectively, and 0.01 mol of DESs were used. (b) Appearance of CuO-bearing aqueous HCl (left) and ChCl-OA (medium) and -GA (right) DES media after 8-h leaching.

[bookmark: _Hlk140221632][bookmark: _Hlk140221510]Figure 2b (please see the upper left corner of Figure 2) shows the appearance of CuO bearing HCl, ChCl-OA, and -GA DES media. Images of other metal oxides are not shown because they were either colorless or exhibited the same color as the HCl and DES solutions. The CuO-bearing HCl solution was blue, typical of Cu2+ in aqueous environments. The CuO-bearing ChCl-OA and -GA DESs were bright yellow, with slight differences in the color depth. The distinctive yellow color of the CuO-bearing DESs was attributable to the formation of [CuCl4]2− [27], which has been previously demonstrated in high Cl− media through extended X-ray absorption fine structure analyses [28]. This metal speciation in the DESs was the most likely reason for the leaching selectivity exhibited by the DESs to metal oxides.
Furthermore, the saturated loading capacities of the metal oxides were examined to evaluate the leaching performance by DESs. As shown in Fig. 3, the more acidic ChCl-OA and -GA DESs had considerably higher loadings of metal oxides than the ChCl-EG DES, potentially because a higher acidity was required to break the metal-oxide bonds acting as oxygen acceptors to promote leaching [29]. The saturated loading capacities for ZnO by the ChCl-OA and -GA DESs were 84.8 mg/g and 67.7 mg/g, respectively, consistent with the results of Zumer et al. [25]. In particular, the saturated loading capacity of ZnO was the highest among the studied metal oxides, potentially because of the formation of strong Zn complexes in the DESs [28]. Shak et al., who compared the stability constants of different metals with Cl−, suggested that Zn-Cl complexes are more stable than other metal complexes [30]. The order of saturated loading capacities by the ChCl-OA DES was ZnO > Cu2O > PbO > CuO > SnO2 > Fe2O3, consistent with previously reported results [31,32]. SnO2 and Fe2O3 were more stable and difficult to dissolve owing to their higher charge and higher Lewis acidity values [33]. In addition, although the amounts of hydroxyl (-OH) and carboxyl groups (-COOH) in the ChCl-GA DESs were half the sum of those in the ChCl-EG and -OA DESs, the saturated loading capacities of the ChCl-GA DESs to metal oxides were more than half the sum of those of ChCl-EG and ChCl-OA, as shown in Fig. 3. This result suggested that the metal speciation in the DESs was related to not only the media acidity and concentration of Cl−, but also the anions from the deprotonated HBD used as a ligand [34].

[image: ]
Fig. 3 Saturated loading capacities to metal oxides using ChCl-EG, -OA, and -GA DESs at 50 ℃. The red arrows indicate that the saturated loading capacity of ChCl-GA is half the sum of those of ChCl-EG and -OA. 

3.3 Metal recovery from WPCBs by DESs
3.3.1 Recovery by two-step DES leaching
Figure 4 shows the proposed method for selective metal recovery from WPCBs, based on two-step leaching by the ChCl-OA and -GA DESs. First, the raw WPCBs were treated by mechanical processing, including dismantling, crushing, and sorting. Because the mechanical treatment of the WPCBs is not the focus of this study, the details are not presented here. The collected mixed metal powder was heated in air at 1100 °C for 10 h. The mixed metal powder was subjected to calcination for three reasons. First, the small amount of residual resin could be removed by calcination. Second, calcination helped convert the metals to their oxide forms, as indicated by a study on WPCB pyrolysis [35], and the metal oxides could be more easily dissolved than metals or alloys. Third, the metal speciation was rendered consistent, given that the same metals existed in different alloys and components before the calcination. 
The mixed metal powder obtained after calcination was leached by the ChCl-GA DES for 2 h. The underlying mechanism of the ChCl-GA DES leaching to metal oxides can be formulated (Eq. 6).
		(6)
[bookmark: _Hlk140844789]where A− is the coordinated Cl− or deprotonated HBD, and it is important to note that the chemical coordination numbers (x, y, z) and metal complexes can vary for different metal oxides. The leaching process involves the availability of protons from the HBD (GA or OA in this study) in the DES. These protons effectively attack the crystal structure of metal oxides and facilitate the dissolution of metal oxides. Additionally, the Cl- anions provided by HBA (ChCl), can play a crucial role in stabilizing the leached metal ions by forming metal-chloro complexes [36][37]. As demonstrated in Figure 2b, the distinctive yellow color observed in Cu-bearing DES demonstrated the presence of CuCl42- as the predominant Cu. The deprotonated HBD as coordinating anions can likely participate the formation of metal complexes in DES media. However, it is worth noting that the species of other metals in DESs, such as Pb, Sn, could not be identified through visual detection based on color or through ultraviolet-visible (UV-Vis) absorption spectroscopy due to their spectroscopic silence [38].
The powder was allowed to be leached by the ChCl-GA DES for 2 h to ensure the low dissolution of metal oxides other than ZnO. In particular, the high separation factors of ZnO with metal oxides (Table S1) facilitated the separation of ZnO from other solid metal oxides. After filtration, the metals in the leachate could be recovered as the precipitate of the Zn-rich oxalate through the addition of OA solution to the ChCl-GA DES. The reactions in this process could be expressed as follows:
		(7a)
		(7b)
[bookmark: _Hlk140844854]where the subscripts DES, aq, and s represent the DES media, aqueous media, and solid, respectively. The residue was subjected to ChCl-OA DES leaching, in which Cu and part of the Fe and Sn were dissolved. All the precious metals remained in the insoluble matter after filtering, and thus, this part was termed the precious-metal-rich residue. When water is added to the filtrate, CuCl42- ions as the dominant Cu species in the ChCl-OA DES, would dissolve in the water and subsequently convert to Cu2+ ions. Simultaneously, the OA ligands dissolved in aqueous solution could also undergo conversion to form C2O42- ions. In this aqueous environment, Cu2+ ions can interact with the C2O42- ions, leading to the formation of CuC2O4·2H2O with an extremely low solubility product (Ksp = 4.43 × 10−10) in an aqueous solution [23]. Fast-settling blue solid precipitation observed is attributed to the formation of CuC2O4·2H2O when introducing water into DES systems. The chemical reactions of Pb recovery were similar to those of Cu. The dissolved Fe3+ and Sn4+ remained in the high-concentration OA solution, potentially in their oxalate complex forms as [Fe(C2O4)3]3− [39] and [Sn(C2O4)3]2− [40], respectively. The reduction of Fe3+ and Sn4+ from aqueous raffinate was achieved by introducing Fe powder. The Sn-rich oxalate precipitation involved the following reactions:
		(8a)
		(8b)
The mixed metal before and after calcination and the recovery products obtained using the proposed strategy were characterized. Figure 5 shows the corresponding images and XRD patterns (for phase analysis), and Fig. 6 shows the metal flow map from the mixed metal powder after calcination to the recovery products. Detailed information about the metal content in each recovery product is presented in Table S2 of Supplementary Material. The recovery yields of the studied metals were not restricted by the saturated loading capacities of the DESs according to the results shown in Fig. 3.
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Fig. 4 Processing route for metal recovery from WPCBs by mechanical treatment and DES leaching 

3.3.2 Mixed metal powders before and after calcination
[bookmark: _Hlk126400177]As shown in Figs. 5a and b, the mixed metal powder before calcination was red and included a small amount of silver-white solids with non-uniform particle sizes, classified as solders. The mixed metal powder appeared as a homogeneous black solid after calcination. The XRD analysis of the initial samples indicated the presence of Cu as the dominant phase along with Cu–Sn and Cu–Fe alloys. Moreover, several unidentified signals were observed because of the complex components of WPCBs [41]. The XRD patterns of the samples subjected to calcination displayed strong diffraction peaks corresponding to CuO. Other metal oxide phases, namely Cu2O, Fe2O3 and ZnO, were identified, along with several unassigned weak peaks. Table 1 summarizes the metal mass and distribution in weight. The metal distribution of the WPCBs in this study was similar to that reported by Ghodrat [42]. Cu accounted for > 60 wt.%, followed Pb, Sn, Fe, and Zn in the mixed metal powder before calcination. Although Pb-related phases were not identified in the XRD patterns, the metal analysis showed that Pb in the mixed metal powder before and after calcination accounted for 14.87 wt.% and 7.67 wt.%, respectively. The loss of more than half of the mass of Sn and Pb after calcination was likely attributable to their low melting points.

Table 1 Metal mass (g) and distribution in weight (wt.%) of the mixed metal powder before and after calcination. The values in the parentheses following numerical values represent the corresponding standard deviations in duplicate experiments.
	Metals
	Initial
	Calcination

	
	Mass (g)
	Distribution (wt.%)
	Mass (g)
	Distribution (wt.%)

	Cu
	2.82 (0.08)
	62.53
	2.62 (0.09)
	75.07

	Fe
	0.26 (0.01)
	5.76
	0.20 (0.02)
	5.73

	Zn
	0.25 (0.01)
	5.54
	0.23 (0.00)
	6.59

	Sn
	0.51 (0.04)
	11.31
	0.17 (0.01)
	4.87

	Pb
	0.67 (0.12)
	14.86
	0.27 (0.02)
	7.74



3.3.3 Zn-rich oxalate
Figure 5c shows that the XRD measurements of the collected blue precipitate matched the reference patterns for the CuC2O4·2H2O, ZnC2O4·2H2O, and PbC2O4·2H2O phases, and no significant impurity phases related to Fe, Sn, and Pb were detected. The metal analysis (Fig. 6) evidenced the presence of 90.35% of Zn, 16.77% of Cu, and 80.47% of Pb. The Fe and Sn contents were below the detection limit of ICP-OES and could not be quantified, although the time-dependent leaching results (Fig. 2) showed that approximately 20% of SnO2 and Fe2O3 could be dissolved by the ChCl-GA DES in 2 h. The significant inhibition of the dissolution of Fe and Sn could potentially be attributed to the competing effect of the Cu and Zn components with high contents and leaching reactivities. Notably, the coexistence of Cu in Zn-rich oxalate is undesirable because it can decrease the subsequent recovery yields of Cu. According to the results of the ChCl-GA leaching, Cu2O was more easily leached than CuO. Therefore, the calcination temperature and time should be optimized to inhibit the formation of Cu2O and minimize the amount of Cu in the Zn-rich oxalate. Moreover, the recovery of Zn and Pb must be comprehensively considered because of their lower usefulness than those of other metals. 

3.3.4 Precious-metal-rich residue
Instead of the initially added black solid of mixed metal powder after calcination, a small amount of blue precipitate was observed on the filter paper (Fig. 5d). SEM images and the corresponding EDX spectra of the precious metal rich residue are given in Figure S1 of Supplementary. Microscopic morphology revealed that the particles of precious metal rich residue were predominantly spherical in nature. EDX spectra showed a major presence of Cu (> 99%) with a minor amount of Fe. The identification of CuC2O4·2H2O as the Cu compound was deduced from the blue color observed in the filter papers, as the reaction of the protons in the DES with the metal oxides formed a small volume of water, resulting in a small amount of Cu precipitation. To investigate the presence of precious metals, Ag was selected as a representative due to the sample preparation involving sprayed gold. However, regrettably, EDX analysis did not detect the presence of Ag in the precious metal-rich residue. The contents of precious metals in the original PCBs were found to be extremely low, comprising less than 0.33% of the metallic composition. This rarity of precious metals may explain their absence in the current residue. To improve the chances of detecting and characterizing these precious metals form the precious metal rich residue, it is suggested to optimize the experimental conditions to generate a reduced amount of CuC2O4·2H2O and to use a larger quantity of adopted mixed metal powder for leaching experiments.

[image: ]
Fig. 5 Appearance and XRD patterns of the mixed metal powder (a) before and (b) after calcination and the recovery products: (c) Zn-rich oxalate, (e) CuC2O4·2H2O, and (f) Sn-rich oxalate. (d) Images of filter paper before and after filtration by the ChCl-OA DES.

3.3.5 CuC2O4·2H2O
The recorded XRD patterns (Fig. 5e) could be indexed to CuC2O4·2H2O and classified as the orthorhombic β-phase. The metal analysis demonstrated that the recovery yield of Cu reached 74.93%, and the purity of CuC2O4·2H2O was approximately 98.06 wt.%, with minor quantities of Pb. Zn, Fe, and Sn were not observed. 

3.3.6 Sn-rich oxalate
The dark yellow precipitate was subjected to XRD analysis, and the results indicated the formation of Fe, FeC2O4·2H2O, and SnC2O4·2H2O (Fig. 5f). The recovery yields of Sn and Fe were 51.29% and 75.68%, respectively. The recovery yield of Fe was calculated by excluding the mass of the added reduced Fe powder. The nonnegligible mass loss of Sn may be attributable to the following two causes: (1) Partial Sn components remained in the precious-metal-rich residue owing to incomplete dissolution; and (2) the obtained oxalate product SnC2O4·2H2O exhibited higher solubility in the highly concentrated oxalate solution, resulting in the lower recovery efficiencies by precipitation [43].

[image: ]
Fig. 6 Metal flow map from the oxidized mixed metal powder to recovery products. The width of flow represents the metal mass. The values correspond to the recovery yields of targeted metals as the average values in the duplicate experiments. The recovery yield of Fe in the Sn-rich oxalate is calculated by subtracting the mass of additional Fe powder. The metal contents in each recovery product lower than the detection limit of ICP-MS or the recovery rate of < 2% are not shown here.

It is worth noting that the introduction of water into DESs leads to the disruption of their hydrogen bond network, ultimately destroying the DES structure [44]. The attempt to recycle DES through evaporation from the solution containing ChCl and either GA or OA proves to be challenging due to the moisture absorption property, particularly noticeable in ChCl [45]. The incomplete removal of water will significantly adversely affect the leaching performance of the rescued DESs, because the CuC2O4·2H2O can be formed by the existing H2O and then precipitated on the surface of the mixed metal powder. Reducing the usage of ChCl by adjusting the ratio of HBD to HBA may be an effective approach for DES recycling and warrant further investigation. In addition, the recovery of the chemicals employed in this method, including ChCl, GA, and OA, is necessary to be further discussed from a cost perspective.

3.4 Advantages of the recovery strategy for WPCB proposed in this study.
The comparisons of the proposed method with conventional pyro- and hydrometallurgical processes on WPCBs are summarized in Table 2 from the process complexity and environmental impacts point of view. In the pyrometallurgical process, the crushed rare PCBs are liquefied in a furnace or in a molten bath to remove non-metallic constituents, which inevitably produces a large number of toxic gases, such as dioxins and furans [46]. The low distribution ratios of the target metals in the slag phase and metal alloy phase result in their low recovery rate [47]. Generally, pure metal can be obtained followed by the combined electrolytic refining technology [48]. The hydrometallurgical process would also produce a number of hazardous gases, such as NOx and HCl gases, in the concentrated HNO3 and HCl leaching, respectively [49][50]. Although there are almost no gases produced using H2SO4 and OA as leaching agents, they exhibit an extremely poor metal solubilization compared to HNO3 and HCl. For example, Jadhav et al. found that total Cu dissolution by HCl and HNO3 leaching required 22 and 96 hours, respectively, whereas Cu dissolution using H2SO4 and OA for 96 hours only reached 8.8% and 9.89% [46]. Separation of individual metals by hydrometallurgy also requires the additional technology because of the low leaching selectivity of mineral acids, such as the combination of the chemical precipitation, or solvent extraction, which makes the hydrometallurgical process more complicated [51], and the produced solid and liquid wastes need to be treated before discharge [50].
[bookmark: _Hlk140855705]Although the mixed metal powder was subjected to calcination for strengthening the DES leaching processes in the strategy proposed in this work, the re-separation by mechanical processing ensures that the content of non-metallic materials in mixed metal powder is generally < 3%. In addition, it is widely accepted that DES have negligible vapour pressures [52]. Therefore, the gases produced in this method can be neglected in the calcination and DES leaching processes. The metal separation in this study is simple, only by diluting of OA solution for Zn-oxalate precipitation, diluting of water for CuC2O4·2H2O precipitation, and adding Fe for Sn-oxalate precipitation. Most importantly, all the chemicals used in this study are environmentally friendly, non-toxic and readily degradable compared to the mineral acid, toxic precipitant and solvents. Therefore, this study presented a simple and environmentally friendly recovery strategy for WPCB based on mechanical processing and two-stage DES leaching, superior to the conventional pyro- and hydro-metallurgical recovery treatment for WPCBs. However, the proposed method does not exhibit a significant advantage in metal recovery yield at the current experimental condition compared to pyrometallurgy and hydrometallurgy. As a result, the experimental conditions, e.g., the ratio of HBA to HBD in DES,  the appropriate L/S ratio, leaching temperature, and the volume of added water, are needed to be further optimized in the following study. These optimizations are crucial to enhance leaching selectivity, improve the recovery efficiency of valuable metals, and ensure higher purity of the obtained products.

[bookmark: _Hlk140844331]Table 2 Comparisons of the proposed method with conventional pyro- and hydrometallurgical processes
	
	Process complexity
	Environmental impacts
	Recovery yields of target metals

	Pyrometallurgy
	Simple but low recovery rate. General combination with electrolytic refining to obtain the pure metals.
	A quantity of toxic gases can be produced from non-metallic components in WPCB incineration and melting.
	Cu: 82.17%
(Pyrolysis- electrowinning)[53]

	Hydrometallurgy
	Relatively complex (other separation methods, such as chemical precipitation, solvent extraction, are required).
	Hazardous gases can be produced during HNO3 and HCl leaching processes, and the effluent generated is harmful to the environment due to the use of mineral acids and toxic solvents.
	Cu: 99.47
(H2SO4-H2O2)[54]
Cu: 96%
Sn: 81%
(Acid/FeCl3 leaching-electrowinning) [55]

	Proposed method in this study
	Simple. The recovery of Zn, Cu and Sn can be achieved only by the addition of oxalic acid, water, and Fe powder, into DESs or aqueous solution.
	The chemical used in this study is non-toxic and readily biodegradable. However, a small number of toxic gases would be generated during the calcination. The chemical precipitation method adopted for metal recovery is effective and is not entirely exempt from having adverse effects on the environment.
	Cu: 85.21%
Fe: 75.29%
Zn: 83.12%
Sn: 22.09%
Pb: 38.67%



4. Conclusions
Three DESs were synthesized by a simple procedure of mixing and heating, using ChCl as the HBA and EG, OA, and GA as the HBDs in the eutectic mixtures, respectively. The time-dependent leaching yields and saturated loading capacities of the three DESs to CuO, Cu2O, Fe2O3, SnO2, PbO, ZnO, and Ag were explored. More than 60% of each metal oxide except Fe2O3 could be effectively leached by the ChCl-OA DES within 8 h. Meanwhile, the leaching yield of ZnO by the ChCl-GA DES was approximately 90% in 2 h, while less than half of the other metal oxides were dissolved. Considering these results, a simple and environmentally friendly strategy for metal recovery from WPCBs was established based on two-step DES leaching. The raw WPCBs were treated by mechanical processing, including dismantling, crushing, and sorting, and the mixed metal powder was collected. The powder was subjected to calcination, followed by ChCl-GA DES treatment. A blue precipitate formed when OA solution was introduced to the ChCl-GA DES. The precipitate contained ZnC2O4·2H2O, PbC2O4·2H2O, and CuC2O4·2H2O, with the recovery yields for Zn, Pb, and Cu being 90.35%, 87.47%, and 16.77%, respectively. The residue was subjected to ChCl-OA DES leaching. Cu was recovered by diluting the ChCl-OA DES leachate with water. Specifically, 74.93% of Cu was precipitated in the form of CuC2O4·2H2O with a purity of 98.06 wt.%. The remaining Sn in the aqueous solution was efficiently recovered by the addition of reduced Fe powder, with the Sn recovery yield being 51.29%. The recovery yields of the target metals and purity of CuC2O4·2H2O could potentially be enhanced by optimizing the experimental conditions.
Compared with the conventional pyro and hydrometallurgical recovery process, the proposed recovery strategy is simple and requires low-cost and environmentally friendly chemicals, e.g., ChCl, OA, GA, and Fe powder, thus the proposed framework can thus promote metal recovery from WPCBs through a facile and green approach.
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