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Introduction 

The global use of Electric and Electronic Equipment (EEE) has been steadily increasing in our everyday life and 

over the years, across different sectors. This trend inevitably leads to a growing Waste from Electric and Electronic 

Equipment (WEEE), and if left untreated or mismanaged, it may represent a serious environmental concern due to 

its content of hazardous components. However, WEEE also represents a valuable secondary source of Critical 

(CRMs) and Strategic Raw Materials (SRMs) (Grohol and Veeh 2023). Among them, Printed Circuit Boards 

(PCBs), which represent the core of EEE, are rich in copper (Cu), a strategic element accounting for approximately 

40 %(w/w). PCBs might also contain Platinum Group Metals (PGMs), and other CRMs which are essential for 

strategic sectors such as renewable energy and e-mobility(Carrara et al. 2023). Directive 2012/19/EU on WEEE 

focuses on collection targets, standards for treatments, and recycling rates, in order to fight illegal recycling routes 

as well as improve material recovery from huge amount of waste. 

 Through proper treatment and recovery processes, metals can be efficiently extracted from WEEE, offering 

both significant environmental advantages and substantial economic benefits by reducing the need for primary 

mining and supporting a more circular economy (Kumari and Samadder 2022). Each recycling treatment starts 

with proper collection, dismantling and grinding. Then different metallurgical treatments can be performed: 

pyrometallurgy, biometallurgy, and hydrometallurgy. Among the available treatments, hydrometallurgy is a 

versatile technique, which include several steps, namely (1) leaching, (2) separation and concentration, and (3) 

effective recovery (Diallo et al. 2025). The second step is characterized by different techniques, among which 

solid-liquid metal capture. This technique is particularly advantageous due to its high recovery efficiency, rapid 

extraction time, strong enrichment capability, operational simplicity, and low cost. Moreover, it can be performed 

using a wide range of sorbents with diverse properties, including silica- and carbon-based materials, green 

alternatives, and polymeric compounds (Chen et al. 2022).  

 This study focuses on the solid-liquid metal capture by means of a waste-derived alkali-activated based 

materials, exploiting its main characteristics and properties, which describe it as a strong sorbent material. Waste-

derived sorbent material was contacted with metal solution for a fixed time, then separation occurred via 

centrifuge. The liquid phase was analyzed, before and after being contacted with the solid, via Inductively Coupled 

Plasma -Optical Emission Spectroscopy (ICP-OES), while the solid sorbents were characterized using Scanning 

Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX), and X-ray Diffraction (XRD). 

 

Materials and methods 

The waste-derived alkali-activated material, Z8 in the following, has been obtained by mixing white ladle slag 

(Calcetek) with selected retarding admixtures following a procedure developed by Opigeo srl (European Patent 

extension demand n°. 25179514.2.). The material was used in powder form, maximizing in this way the surface 

to volume ratio. 

 The metal chosen for this study was Cu, thus Copper (II) nitrate trihydrate, Cu(NO3)2 ∙ 3H2O, provided by 

Sigma Aldrich, was dissolved in water to obtain the desired copper ionic concentration. 50 mL of the resulting 

initial copper solutions, ranging from 1 mM to 300 mM, were contacted with the 2 g of the sorbent material in 

order to study the sorbent capacity and behaviour. 

 The experiments were conducted in batch at room temperature for 90 minutes under stirring conditions 

(450 rpm). After the defined capture time (90 min) solid and liquid phases were separated through centrifuge, and 

the liquid phase was analysed by ICP-OES. The captured Cu2+ amount (q90) was calculated with Equation (1):  
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 Where C0 (mmol/L) and 𝐶90 (mmol/L) are respectively the initial and the final (at time t = 90 min) copper 

concentration, V (L) is the volume of the solution and W (g) is the mass of the sorbent.  

 



Results and Conclusion 

The waste derived alkali activated sorbent exhibits a three-dimensional aluminosilicate network, where the 

structural complexity is due to Si/Al ratio. X-ray Diffraction (XRD) analysis revealed a largely disordered 

framework, dominated by amorphous calcium aluminosilicate hydrate gel, with additional crystalline phases 

including calcite, hydroxy-ettringite, quartz, tricalcium aluminate, and periclase. 

 Batch uptake experiments demonstrated that Z8 achieves high copper removal efficiency across all tested 

initial concentrations, reaching 100% uptake for solutions up to 100 mM (Figure 1). At higher concentrations, the 

uptake approached a plateau, indicating saturation of the available capture sites. The captured copper was 

quantified using ICP-OES, confirming the sorbent’s high capacity. 

 

 
Figure 1. Cu2+uptake (q90) and uptake efficiency as a function of initial content of metal 

 Post-uptake XRD analysis revealed that, at higher initial copper concentrations, characteristic phases of the 

pristine material disappeared, while a new copper-containing phase, gerhardtite (hydroxy-copper nitrate), was 

formed. These observations suggest that surface precipitation is the dominant mechanism governing copper 

capture at high concentration, with the structural properties of Z8 facilitating efficient metal immobilization. SEM-

EDX characterization further confirmed the presence of copper on the sorbent surface. 

 

 Overall, these results highlight the potential of waste-derived alkali-activated materials as efficient, low-

cost sorbents for metal recovery from WEEE, supporting more sustainable and circular strategies for the 

management of critical raw materials in the e-waste value chain. 
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