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Abstract 

Developing a sustainable raw materials supply chain is crucial for establishing an industrial ecosystem aligned 

with the goals of the European Green Deal, emphasizing energy conservation, and reducing environmental 

impacts in metal production, especially critical metals. However, the recycling rate of strategic and precious metals 

remains low due to the complex mixture of metals in end-of-life (EoL) products, posing extraction challenges. 

According to the WEEE Directive (2012/19/EU), photovoltaic (PV) panels are categorized as Waste Electrical 

and Electronic Equipment (WEEE), requiring at least 85% collection and a minimum of 80% recycling. Recycling 

materials from solar panels is vital for achieving circular economy objectives and reclaiming elements like silver 

(Ag), lead (Pb), and silicon (Si). These metals are listed as strategic and precious by the EU commission due to 

their economic importance and high supply risks. This study investigates ultrasonic-assisted acid leaching for 

efficiently recovering Ag from EoL solar wafers and preparing Si for vacuum refining. Various leaching agents 

are investigated for this purpose, followed by vacuum refining of Si from wafers to achieve high-purity Si.  

Introduction 

Since the early 2000s, the installation of solar panels has increased rapidly, with global capacity now exceeding 1 

terawatt (TW). Close to 95% of the installed solar panels utilize crystalline silicon photovoltaic (c-Si PV) 

technology, due to their relatively high efficiency, long term stability and low price. These panels have a lifespan 

of about 25 years, which means that a significant portion of the panels installed in the past few decades will soon 

reach their end-of-life (EoL). To prevent the disposal of EoL PV panels to landfills, it is crucial to develop efficient 

and sustainable recycling procedures before the quantities of EoL c-Si PV panels become unmanageable [1-3]. 

Additionally, c-Si PV panels contain several critical/strategic metals, such as aluminum (Al) and silicon (Si), as 

well as silver (Ag), which have a very high market value. Effective recycling procedures will reduce dependence 

on imported raw materials, prevent over-exploitation, and enhance the circularity and overall sustainability of 

solar panels. 

Recent studies have introduced hydrometallurgical methods for the recovery of these valuable materials, focusing 

particularly on the use of various leaching agents. Jung et al. (2016) employed a 5 mol/L HNO3 solution for 

leaching, followed by other agents to sequentially extract Ag, Cu, and Pb from solar panels. Their method achieved 

high purities for Ag and demonstrated a commercially viable process for recovering multiple metals [4]. Similarly, 

Luo et al. (2021) achieved high leaching efficiencies for Ag and Al using HNO3, alongside effective Pb removal 

[5]. Theocharis et al. (2022) combined thermal treatment with hydrometallurgical processes, using H2SO4 and 

HNO3 for leaching to recover both Si and Ag from EoL PV panels [6]. Further advancements include the use of 

different leaching agents, as demonstrated by Yang et al. (2017) who explored the use of methanesulfonic acid 

(MSA) combined with hydrogen peroxide (H2O2) as a leaching agent for Ag extraction from crystalline silicon 

(c-Si) solar cells. Their research demonstrated that MSA-rich solutions facilitated effective Ag recovery, with the 

process achieving high purity Ag through subsequent electrometallurgical method [7]. Another study investigated 

a new technique that utilizes low-concentration sulfuric acid (H₂SO₄) with ultrasonication to peel Ag grid from 

the Si solar cells. This method eliminates the need for secondary precipitation or electrodeposition, streamlining 

the recycling process and improving overall Ag recovery [8]. These developments highlight the critical role of 

selecting appropriate leaching agents and recycling methods in enhancing the sustainability and efficiency of EoL 

PV panel management.  

There is extensive research on vacuum refining processes for Si in its molten form [9-11]; however, the vacuum 

refining specifically for crystalline silicon (c-Si) wafers has not been reported yet. In this study, we explore 

combinations of ultrasonic-assisted acid leaching and vacuum refining methods to recover Ag and Si from solar 

wafers, streamlining the recycling process and improving overall Si recovery.  

Materials and Method 

Fractured c-Si wafers used in the leaching experiments were supplied from Group Comet, Belgium. The ultrasonic 

bath (VWR® USC, 45kHZ frequency) was filled with tap water, and the bath temperature was pre-adjusted to 

45℃. Table 1 shows experimental parameters for ultrasonic-assisted leaching. Leaching experiments were 

performed in a 150 mL vertical glass reactor containing 50 mL of diluted nitric acid (HNO₃) or hydrochloric acid 



(HCl). HCl (37%) and HNO₃ (65%) were supplied from EMSURE®. A thermometer was used to monitor the 

temperature during the experiment. Samples from the leaching and vacuum refining processes were dissolved in 

a mixture of concentrated HF and HNO₃, then diluted with 5% HNO₃, and analyzed using an Agilent 8900 Triple 

Quadrupole ICP-MS with an SPS 4 Autosampler. 

Table 1: Experimental parameters for ultrasonic-assisted leaching. 

Sample Leaching 

Agent 

Acid 

concentratio

n (mol/L) 

Solid to 

liquid ratio 

(w/v) 

Temperature 

(oC) 

1 HCl 1 1/10 45 

2 HCl 1 1/20 45 

3 HCl 3 1/10 45 

4 HCl 3 1/20 45 

5 HNO3 1 1/10 45 

6 HNO3 1 1/20 45 

7 HNO3 3 1/10 45 

7 HNO3 3 1/20 45 

 

The XRD patterns of the c-Si wafers and the leached c-Si wafers were recorded in the 2θ range of 10–75° using 

CuKα radiation with a Bruker D8 Advance and LynxEye detector. Morphological investigations of the c-Si wafers 

and the leached c-Si wafers were carried out using a Scanning Electron Microscope (SEM, Zeiss Ultra 55). The 

elemental compositions of the c-Si wafers and the leached c-Si wafers were determined by Glow Discharge Mass 

Spectrometry (GDMS, Astrum Nu Instrument, UK). 

Vacuum refining experiments of c-Si wafers were conducted in a vacuum induction furnace, consisting of a water-

cooled copper coil inside a cylindrical hollow furnace. The operating temperature (1600 or 1700ºC) was measured 

using a Type C thermocouple, covered with a protective alumina sheet, and placed inside an elongated graphite 

cover. The leached c-Si wafers were placed in graphite crucibles, protected by graphite felt and a mica sheet to 

prevent contact with water from the coil. After reaching temperature, samples were taken with quartz tubes every 

30 minutes during the vacuum process, starting at t=0 min.  

Results and Discussion 

1.  Characterization of the c-Si wafers 

The composition of c-Si wafers was determined using GDMS analysis and the chemical composition of the c-Si 

wafers was cross-verified through ICP-MS analysis. Table 2 shows the composition of -Si wafers, providing the 

mass percentages of each metal identified in c-Si wafers.  

Table 2: Chemical composition analysis of the c-Si wafers determined by GDMS and ICP-MS. 

Eleme

nts 

Composition 

(%wt.) - GDMS 

Composition 

(%wt.) - ICP 

Si 93.152 97.54 

Al 5.43 1.53 

Ag 1.35 0.914 

Pb 0.022 0.0134 

B 0.019 - 

Others 0.017 0.01 

 

The presence of Al, Ag, and Pb, as well as small amounts of B, was detected by analyses. Figure 1 illustrates the 

SEM micrographs of the front and back of the c-Si wafers, along with the corresponding elemental mapping, and 

XRD analysis of the c-Si wafers.  

The wafer front side is shown to Ag grids clearly attached to the surface. The c-Si wafer back side is shown with 

Al back contact grids. The size of the Si wafer pieces varied from a few cm2 to mm2. Figure 1 shows SEM images 

of the boundary between the Ag grid and Al grid and Si. The top portion of the images displays the random 

pyramid texturing of the c-Si wafer.  

 



The XRD peaks in Figure 1 correspond to the Si phase and match the JCPDS card No. 39-1346. The peak positions 

at 28.40° ˂111˃, 47.20° ˂220˃, 56.05° ˂311˃, 69.10° ˂400˃, and 76.30° ˂331˃ are indexed to the Si phase. The 

peaks at approximately 38° ˂111˃, 44° ˂200˃, and 65° ˂220˃ are indexed to the Al and Ag phases.  

  

Figure 1: SEM micrographs of (a) the front and (b) back of the c-Si wafer, along with the corresponding 

elemental mapping and (c) XRD analysis of the c-Si wafers. 

 

2. Ultrasonic-assisted leaching behavior of the c-Si wafers. 

2.1 Leaching of c-Si wafers with HCl  

This section investigates the effect of acid concentration and solid-to-liquid ratio removal rate on Ag, Al, B and 

Pb from c-Si wafers.  Figure 2 illustrates the concentration of (a) Ag, Pb, B, and (b) Al in the solution after 8 hours 

ultrasonic-assisted leaching using 1 mol/L and 3 mol/L solutions, with solid-to-liquid ratios of 1/10 and 1/20. 

  

Figure 2: Concentration of (a) Ag, Pb, B, and (b) Al during ultrasonic-assisted leaching using 1 and 3 mol/L 

solutions, with solid-to-liquid ratios of 1/10 and 1/20 for 8 hours leaching. 

Using solid-to-liquid ratios of 1/10 with 1 mol/L and 3 mol/L HCl solutions, the surfaces of the c-Si wafers were 

observed to adhere to one another during the leaching. To address this, a 1/20 solid-to-liquid ratio was tested and 

compared to the 1/10 ratio. A smaller amount of Ag extraction was observed with the 1/20 ratio, during which a 

significant amount of Ag precipitated as AgCl₂, as indicated in Equation 1. Notably, the amount of Ag extracted 

at the 1/20 ratio was relatively higher than at the 1/10 ratio. This can be attributed to the fact that AgCl₂ tend to 

precipitate more readily at the 1/10 ratio, due to the increased availability of surface area (i.e., more c-Si wafers) 

for precipitation. As anticipated, the concentrations of Al, Ag, Pb, and B decreased as the quantity of c-Si wafers 

was reduced. With the increase in HCl concentration from 1 mol/L to 3 mol/L, the extraction of B increased, while 

no significant effect was observed in the extraction of Al, Ag, or Pb. Figure 3 presents the effect of time on 

extraction of Al, Ag, Pb and B using 3 mol /L of HCl acid solution with solid-to-liquid ratio of 1/10 and 1/20.  
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Figure 3: Concentration of (a) Ag, Pb, B, and (b) Al during ultrasonic-assisted leaching using 3 mol /L of HCl 

solution with solid-to-liquid ratios of 1/10 and 1/20, as a function of leaching time. 

Ag extraction was observed, with prolonged leaching durations. A possible reaction mechanism for the dissolution 

of Ag is illustrated in Equation 1, where Cl⁻ reacts with Ag⁺ to form AgCl. 

2 Ag + 2 HCl = 2 AgCl + H2     (ΔGo
45 = -75.23 kJ)                                                                                        (1)       

The sudden increase in Ag⁺ concentrations around 4-5 hours could be due to the dissolution of AgCl and the shift 

in equilibrium toward more Ag⁺ and Cl⁻ ions in the solution, as explained by Le Chatelier’s Principle. Additionally, 

with extended leaching durations, the extraction of Al, Ag, and B increased slightly, while the extraction of Pb 

increased significantly. Al, Si, Pb, and B also form chloride compounds, which are soluble in aqueous solutions. 

2.2 Leaching of c-Si wafers with HNO3  

This section investigates the effect of acid concentration, and solid-to-liquid ratio on extraction of Ag and Al from 

c-Si wafers.  Figure 4 presents the concentration of (a) Ag, Pb, B, and (b) Al in the solution after ultrasonic-assisted 

leaching for 8 hours using 1 and 3 mol/L HNO3 solutions, with solid-to-liquid ratios of 1/10 and 1/20. 

 

 

Figure 4: Concentration of (a) Ag, Pb, B, and (b) Al during ultrasonic-assisted leaching using 1 and 3 mol/L 

HNO3 solutions, with solid-to-liquid ratios of 1/10 and 1/20, and (c) removal rate of Al, Ag, Pb and B from solar 

panels at 8 hours, calculated based on GDMS results. 
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With the change in solid-to-liquid ratio from 1/10 to 1/20, the extraction of Al, Ag, Pb, and B decreased. Increasing 

the acid concentration from 1 mol/L to 3 mol/L of HNO₃ had no significant effect on the extraction of Al, while 

slightly increasing the extraction of Ag and Pb, and sharply increasing the extraction of B.  

A possible reaction mechanism for the leaching of Ag is illustrated in Equation 2, resulting in the formation of 

the soluble compound AgNO3. The reaction is as follows: ΔGo
 values calculated by HSC Chemistry 10. 

Ag + 2 HNO3 → AgNO3 + 2 NO2 + 2 H2O                (ΔGo
45 = -53.23 kJ)                                             (2) 

Figure 4 (c) illustrates the removal efficiencies of Al, Ag, Pb, and B from c-Si wafer, as determined by GDMS 

analysis of the c-Si wafer. Under all conditions, the removal efficiencies of Al, Ag, and B ranged between 99.4% 

and 100%. There was no significant variation in the removal rates of these elements across different conditions, 

apart from Pb. As the acid concentration increased and the solid-to-liquid ratio changed from 1/10 to 1/20, the 

removal rate of Pb decreased. This behavior can be attributed to the oxidation of Pb in the presence of high 

concentrations of HNO₃. Figure 5 illustrates the leaching efficiency of Al, Ag, Pb, and B as a function of leaching 

time, calculated based on the GDMS analysis of the c-Si wafer. 

 

Figure 5: Leaching efficiency of Al, Ag, Pb, and B as a function of leaching time, calculated based on the 

GDMS analysis of the c-Si wafers. 

The leaching efficiency of Al, Pb, and B increased from approximately 70% to 99%, while the leaching efficiency 

of Ag increased from 90% to 99% with increasing leaching time. 

3. Microstructural and Morphological Investigation of the c-Si Wafers 

This section investigates the morphology and microstructure of the leached c-Si wafers. Figure 6 presents SEM 

micrographs of the (a), (d) boundary where Ag grid was removed through HCl and HNO3 leaching, respectively, 

along with (b), (e) elemental mapping of the SEM micrographs and (c) (f) porous structures of the area of the 

leached Ag grid.  

 

Figure 6: SEM analysis of the leached solar wafer, (a), (d) boundary where Ag grid was removed through HCl 

and HNO3 leaching, respectively, along with (b), (e) elemental mapping of the SEM micrographs and (c) (f) 

porous structures of the area of the leached Ag grid. 
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The boundary between the Si surface and the leached Ag grid area is clearly visible. Based on elemental mapping 

analysis, this region was oxidized after the leaching process. Additionally, small amounts of Ag and Al were 

detected in this area. Elemental mapping confirms that the Ag content was significantly reduced in the Ag grid 

areas. Tiny pores are visible along the leached Ag grid area. Figure 7 illustrates the XRD analysis of the leached 

c-Si wafers with (a) HCl and (b) HNO3.  

  

Figure 7: XRD analysis of the leached c-Si wafers with (a) HCl and (b) HNO3. 

As indicated by the XRD analysis of the leached c-Si wafers, Al and Ag phases were not detected under any 

conditions.  

4. Vacuum Refining of the c-Si Wafers  

Post-leaching, approximately 99% of Al, Ag, Pb, and B were successfully removed from the c-Si wafers. However, 

due to adhesions during leaching, small amounts of Al and Ag were still present in certain areas of c-Si wafers 

and the surface of c-Si wafers was found to be oxidized, with the SiNx phase still present. To further refine the c-

Si wafers, vacuum refining of 200 grams of leached solar wafers was conducted at 1600°C and 1700°C. Figure 8 

illustrates the refined c-Si wafer at (a) 1600oC and (b) 1700oC and (c) SEM micrographs of the refined c-Si wafer 

at 1700oC. 

 

Figure 8: The refined c-Si wafer at (a) 1600oC and (b) 1700oC and (c) SEM micrographs of the refined c-Si 

wafer at 1700oC. 

Various phases were identified in all solidified Si samples. Figure 9 presents the SEM micrographs of the refined 

c-Si wafer.  Higher concentrations of Al and Ag were observed at the grain boundaries after the cooling of the 

refined c-Si wafer. Ag and Al formed an intermetallic phase and Ag exhibited dissolution in the Si phase, and Si 

was not detected at the grain boundaries. To assess the refining rate of the c-Si wafer, samples were taken every 

30 minutes. Figure 9 presents the chemical composition of the refined c-Si wafer at different times and 

temperatures (1600°C and 1700°C).  
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Figure 9: Chemical composition of the refined c-Si wafer at different times and temperatures (1600°C and 

1700°C). 

As seen from Figure 9, the purity of the refined c-Si wafer stays approximately the same with time at the different 

temperatures, with the exception of Ag removal at 1700 oC. Figure 10 shows the change in standard vapor pressure 

of Ag, Al and Si at 1600oC and 1700oC. As can be seen in Figure 10, Si tends to evaporate alongside the impurities, 

Ag and Al. This concurrent evaporation of Si itself (as Si and SiO) leads to little change in overall purification 

with respect to aluminium. 

 

Figure 10: The change in standard vapor pressure of Ag, Al and Si at 1600oC and 1700oC (adapted J. Safarian 

and M.Tangstad, 2012). 

At 1700°C, starting with a relatively higher concentration of Ag in the Si melt allowed the refining effect to be 

more observable. The Ag content exhibited a declining trend, decreasing from 2.2 wt.% at a 30-minute holding 

time to below detectable levels, indicating the effectiveness of the refining process in removing Ag. The slight 

increase in Ag content observed at the 90th minute is attributed to sampling variability and the limited sample 

amount analyzed via ICP.  

Conclusion 

In this study, laboratory-scale ultrasound-assisted leaching experiments were conducted to evaluate the 

effectiveness of the leaching process in removing Ag, Pb, and Al from broken Si-based PV-wafers. Following the 

leaching process, vacuum refining was employed to evaporate any remaining impurities, oxide content and SiNx 

phase on the surface of c-Si wafers. The experiments provided valuable insights into the role of ultrasound and 

vacuum in removing Ag and Al grids from the surface of c-Si wafers. Refining of c-Si wafer was achieved from 

93.15 wt.% to more than 99.80 wt.% through a combination of leaching and vacuum refining, with primary 

contribution from leaching. The key findings of this study can be summarized as follows: 



1) In the leaching experiments, two different solid-to-liquid ratio (1/10, 1/20) and acid concentration 

(1mol/L, 3 mol/L), leaching time (1-8 hours) and two different acid type (HCl, HNO3) were examined. 

Regardless of the solid-to-liquid ratio and acid concentration, these experiments consistently resulted in 

Si purity exceeding 99 wt.%.  

 

2) HCl and HNO₃ exhibit different behaviors in leaching of silicon PV wafers. In HCl leaching, Ag 

precipitates as AgCl₂, which can be separated through filtration, with some AgCl₂ also precipitating on 

the surface of the c-Si wafers. In contrast, Ag is fully dissolved in HNO₃. Under all conditions of HNO₃ 

leaching, the removal efficiencies of Al, Ag, and B ranged from 99.4% to 100%, with no significant 

variation in the removal rates across different conditions, except for Pb. This exception is likely due to 

the oxidation of Pb in the presence of high concentrations of HNO₃. 

 

3) Different vacuum refining temperatures (1600 and 1700oC) and durations (30, 60, 90 and 120 min.) were 

investigated with the aim to volatilize impurities (Ag and Al). At 1700°C, vacuum refining effectively 

reduced the Ag content in the Si melt, decreasing from 2.2 wt.% at 30 minutes to undetectable levels. 

The concurrent evaporation of Si- and Al species resulted in negligible refining efficiency for aluminium 

from the liquid at both treatment temperatures. 
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