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 Hydrometallurgy plays a pivotal role in recovering precious metals (PMs) from a range of waste streams, 
including end-of-life products. Within the expansive metals recycling industry, the most prominent enterprises use 
leaching processes that employ harsh chemical solutions, such as hydrochloric acid, nitric acid, sulfuric acid, and 
various cyanide compounds. While these aggressive chemicals are cost-effective, they also pose significant 
toxicity risks to both human health and the environment. However, as waste accumulates across nations, there is 
a growing demand for more sustainable approaches to PM recovery. Local enterprises are increasingly seeking 
efficient methods that use non-toxic, less aggressive chemical reagents, reflecting a growing recognition of the 
importance of environmentally friendly practices in recovering precious metals. This shift towards safer, 
innovative solutions is not only beneficial for ecological preservation but also aligns with the economic interests 
of communities motivated to capitalize on local waste resources. 
 However, recycling PMs in an environmentally friendly way faces several issues: (i) the economic 
feasibility of materials recycling from waste, given the continuous rise in chemical prices. (ii) wastes are treated, 
and metal recovery is carried out mainly by large companies due to a lack of local SMEs, resulting in high logistics 
costs and a CO2 footprint. (iii) Development of SME-oriented eco-friendly technologies. (iv) Deficient 
infrastructure for e-waste chemical treatment due to low funding and investment. (v) Illegal or semi-legal e-waste 
trade outside the EU countries. 
 Thus, the recycling of PMs remains an area still undergoing significant development, with innovative 
techniques being explored and refined. Similarly, the treatment of wastewater generated during the recovery 
process is still in its early stages, as researchers strive to develop effective methods to manage and purify this by-
product, minimizing environmental impact while enhancing the recovery of valuable materials.  
 This work aims to develop a protocol for treating wastewater generated by acidic leaching processes. 
Regardless of the leaching solutions used, the concentrations of base metals—such as copper, tin, lead, aluminium, 
zinc, nickel, iron, and others—are notably high, often ranging from hundreds of milligrams per liter to several tens 
of grams per liter (g/L). Methods for removing heavy metals can be broadly categorized into several techniques: 
adsorption, chemical precipitation, electrochemical reduction, ion exchange, liquid membrane separation, 
cementation, and solvent extraction. One of the simplest methods for reducing metal concentrations in wastewater 
is precipitation. This process results in the formation of insoluble compounds, such as hydroxides, carbonates, or 
phosphates. The precipitated metal compounds can then be dissolved in acids, such as sulfuric acid (H₂SO₄) or 
citric acid, and subsequently electroplated. 
 The leaching solutions contain ligands, such as Cl-, OH-, or citrates, that can enhance metal solubility during 
alkalization. These ligands form a soluble complex with the metal, effectively "shielding" it from precipitating out 
by reducing the concentration of “free” metal ions, Men+. Therefore, the solubility of a metal in such solutions is 
enhanced and governed by the chemical species present and by competing equilibrium reactions. The machine 
learning procedure was used to determine the solubility of base metals as a function of pH (Fig.1) and to identify 
conditions that reduce their concentration to permissible levels. In this model, the solubility, S, of specific metals 
is calculated as the sum of the maximum concentrations of all species at a given pH value. 
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 where MeLi means a soluble complex compound of a certain metal. 
The term "maximal concentration" refers to applying the solubility product condition in calculations; i.e., the 
concentration of Men+ is determined from the solubility constant of a less soluble compound. 
 Fig. 1 shows samples of machine-learning data on the maximum permissible concentrations (MPC) or 
lower limits for particular metal ions under Lithuanian legislation, and on the alkalization of wastewaters with and 
without phosphates or carbonates. The MCP is equal to the solubility of the corresponding salts. In this work, we 
used the permissible metal concentrations specified by Lithuanian legislation (Register of legal acts, 2006). The 
permissible range pH is 6.5-8.5. For Al, Zn, or Cu, simply increasing the pH of wastewater with NaOH is 
insufficient. However, phosphates or carbonates can effectively precipitate these metals within the permissible pH 
range. The discussion also includes methods to remove metals such as Pb and Sn from Aqua Regia, HCl, and 
citrate-based wastewaters.  



 
 

  

  

  

Fig. 1. Machine-learning-assisted prediction of total dissolved metal concentration as a function of pH for (a) Al³⁺, 
(b) Zn²⁺, (c) Ni²⁺ , and (d) Cu²⁺ in representative leaching media. Curves represent calculated equilibrium solubility 
including complexed species (MeLᵢ). Red dashed lines indicate maximum permissible concentrations (MPC) under 
Lithuanian environmental legislation. The intersection between modelled solubility and MPC defines the 
operational pH window required for regulatory compliance. 
 
Table 1 shows that wastewater, after recovering precious metals, can be effectively treated by chemical 
precipitation. As a result, the final solution (after a three-fold dilution) contains only trace amounts of copper and 
zinc, while most of the base metals are successfully precipitated. 
 
 Table 1. Experimental data on the composition of wastewater before and after chemical precipitation.  

 Concentration of metals, mg/L 
 Pb Sn Cu Al Zn Ni 
Initial solution 37.92 234.9 94940 472 6068 829 
Final solution - - 0.37 - 0.39 - 

 
The model further indicates that the addition of phosphate or carbonate ions promotes the formation of less soluble 
salts, enabling effective precipitation within the regulatory window. These predictions were experimentally 
validated. Initial wastewater contained 94,940 mg L⁻¹ Cu and 6,068 mg L⁻¹ Zn. After controlled precipitation and 
threefold dilution, Cu and Zn concentrations decreased to 0.37 and 0.39 mg L⁻¹, respectively, while Pb, Sn, Al, 
and Ni were reduced below detection limits (Table 1). 
The combined modeling–experimental approach provides a simple, scalable solution for wastewater purification 
in PM recycling. The protocol allows regulatory compliance without extending pH beyond permissible limits, 
making it suitable for practical implementation in decentralized recovery systems 
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