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Abstract: As photovoltaic (PV) installations expand globally, effective recycling of end-of-
life crystalline silicon solar cells has become increasingly important, including the recov-
ery of valuable metals such as silver (Ag) and aluminium (Al). Traditional nitric acid-
based chemical leaching methods, although effective, present environmental challenges
due to the generation of hazardous nitrogen oxide (NOx) emissions. To address these con-
cerns, this study investigated alternative hydrometallurgical leaching strategies. Two se-
lective treatments (NaOH for Al, and NHs + H202 for Ag) and one simultaneous treatment
(HNOs + H202) were evaluated for metal recovery efficiency. All methods demonstrated
high recovery efficiencies, achieving at least 99% for both metals within 60 min. The in-
vestigated methods effectively suppressed NOx emissions without compromising leach-
ing efficiency. These findings confirm that hydrometallurgical leaching techniques incor-
porating hydrogen peroxide can achieve efficient and environmentally safer recovery of
silver and aluminium from solar cells, providing valuable insights into the development
of more sustainable recycling practices for photovoltaic waste management.

Keywords: solar cell recycling; photovoltaic waste management; hydrometallurgical
leaching; silver; aluminium; NOx-free processes

1. Introduction

The transition from fossil fuels to renewable energy systems has led to a rapid global
increase in photovoltaic (PV) installations [1]. Although advances in optoelectronic [2]
and absorber materials [3] continue to be reported, PV remain particularly based on crys-
talline silicon (c-Si) technologies [4]. They have dominated the market with an 80-90%
share over the last 40 years and thus will lead the domination of PV waste stream as well
[5]. In the European Union, ¢-5i modules waste is predicted to be 80-87% of overall PV
wastes during 2020-2050 [6]. It is estimated that globally, photovoltaic wastes will exceed
60-78 million tonnes by 2050 [5,7]. A typical PV panel is dominated by glass but their
embedded solar cells contain highly valuable and resource-intensive materials such as
silver (Ag), silicon (5i), and aluminium (Al), which are increasingly targeted in recycling
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efforts [8,9]. Mechanical, thermal, and chemical methods are employed to delaminate PV
module in order to remove an encapsulating polymer for the separation of glass, solar
cells, and metal ribbons [10]. Then, chemical approaches are utilised for the leaching of
silver and aluminium from the surface of silicon solar cells [11]. Silver paste consisting of
approximately 90% of silver is screen printed onto the front side of the cell in the form of
fine conductive fingers and busbars [12]. Aluminium is typically applied to the entire rear
surface of the cell, serving as the back contact field [13]. Silver, though present in small
quantities (approximately 0.05% by weight), accounts for a major fraction of a cell’s value
due to its high price and critical role in the metallization of c-Si cells [14]. Aluminium
found in metal frame and solar cells is also of economic interest, with the added benefit of
being easily and energy efficiently recyclable [15]. Silver and aluminium represent the
highest economic value among recoverable materials from waste photovoltaic modules,
accounting for approximately 47% and 26%, respectively [16].

Unlike whole module recycling, which also addresses recovery of glass, solar cell
recycling focuses specifically on high value recovery of metals. Hydrometallurgical ap-
proaches have gained attention due to their potential for effective metal recovery from
solar cells [17-28]. Single step or multistep approaches are employed to leach silver and/or
aluminium from solar cells with selective one metal in solution or both. Traditional
method frequently relies on nitric acid (HNOs) due to its strong oxidising capacity and
high selectivity for silver. Leaching typically involves immersing shredded or pretreated
solar cells in HNOs (1-4 M) at elevated temperatures (60-90 °C) to dissolve silver into
solution [12,17,19,23,26,28]. It is often followed by treatment with hydrochloric acid (HCI)
to form silver chloride (AgCl) [18,29,30]. The efficiency of this process is high, with re-
ported silver recovery yields exceeding 95%; however, this method has a major drawback
in generating hazardous nitrogen oxides (NOx), contributing significantly to environmen-
tal pollution [17,18,27,30].

Aluminium recovery from solar cells often involves alkaline leaching, with sodium
hydroxide (NaOH) as a common reagent. The amphoteric nature of aluminium allows it
to dissolve readily in NaOH solutions, typically in concentrations ranging from 0.5 M to
4 M and temperatures between 40 and 80 °C [17,29,31]. This method is favoured for its
selectivity and low environmental impact, and aluminium can be subsequently recovered
by pH-controlled precipitation [31]. While this method is efficient for aluminium recovery,
it results in hydrogen gas evolution, presenting potential safety concerns and requiring
controlled ventilation or gas capture systems [29]. Nitric acid can also be used for the
leaching of aluminium from solar cells, although its effectiveness is generally lower com-
pared to alkaline solutions [19,26]. Aluminium dissolution in nitric acid typically occurs
at higher acid concentrations and temperatures, contributing to dissolution of both metals
during single step leaching processes [17,23,24]. Sequential leaching processes combining
NaOH and HNO:s have also been proposed, with NaOH used to extract aluminium first,
followed by nitric acid treatment to dissolve silver [17,29,31]. While this approach en-
hances metal selectivity and recovery, the primary drawback of nitric acid remains, i.e.,
the generation of environmentally hazardous nitrogen oxides, which necessitate careful
gas handling and mitigation systems. Several NOx-free approaches have previously been
explored for the leaching of silver from crystalline silicon solar cells, including methods
employing sulfuric acid (H2SO4) with sonication [25] or organic solution such as CsHi0Os
combined with hydrogen peroxide (H202) [32]. While these methods effectively eliminate
NOx emissions, potential limitations related to operational costs or process complexity
persist.

In this context, our study presents novel hydrometallurgical recycling approaches for
solar cells. By utilising alternative reagents, our methods enable the effective leaching of
silver and aluminium while avoiding the generation of nitrogen oxides. Ammonia with
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hydrogen peroxide (NHs + H20O2) was chosen for selective leaching of silver from the solar
cells. It is an environmentally friendly leaching method suitable for specific metals such
as silver, but not aluminium. Metallic silver does not dissolve in plain ammonia, but in
the presence of an oxidant like H20, it is readily leached by forming a soluble diammine
silver (I) complex. Operating under mild, basic conditions, this method offers an effective
alternative to acid-based processes without generating nitrogen oxide emissions [33,34].

A universal method for simultaneous silver and aluminium recovery was also ap-
plied. Nitric acid is extensively reported in the literature as an effective leaching agent for
these metals. However, its use is commonly associated with the generation of NOx. The
incorporation of hydrogen peroxide into the leaching system not only enhances oxidative
dissolution but also mitigates NOx emissions by promoting the reoxidation of intermedi-
ate nitrogen species to nitric acid. H2O2 acts as an oxidant and oxygen source in acidic
media and can react with nitric oxide (NO) or nitrogen dioxide (NO2) to regenerate nitric
acid in situ [35]. In a nitric leach, any NO or NO2 emitted from metal dissolution is imme-
diately oxidised by H202 back into HNOs. Nitric acid is regenerated, reducing the amount
of fresh acid needed. This approach offers a more controlled and environmentally sustain-
able alternative for metal recovery from various multilayer products, including photovol-
taic solar cells.

This study aims to present NOx-free hydrometallurgical leaching approaches for re-
covering silver and aluminium from crystalline silicon solar cells, introducing methods
not previously reported in photovoltaic recycling literature. By performing these alterna-
tive strategies, the research contributes to the development of more sustainable PV recy-
cling technologies.

2. Materials and Methods

The solar cells used in this study were obtained from frameless Solitek Solid Pro 300
W M.60 glass/glass PV module. The pretreatment was carried out to obtain the solar cells
for the trials. First, the junction box was manually removed from the back side of the mod-
ule. Then, the module was cut into smaller segments using an angle grinder to allow in-
sertion into an electric muffle furnace. Thermal treatment was applied at 500 °C for one
hour in ambient air. This method is sufficient to achieve effective separation of the module
layers such as glass, solar cells, and metal ribbons [36]. Following thermal delamination,
encapsulated solar cells were manually separated and collected for hydrometallurgical
treatment aimed at silver and aluminium recovery.

Due to the mechanical cutting performed during sample preparation, the solar cells
were already fragmented into smaller pieces. However, certain fragments remained rela-
tively large and were further reduced in size by manual crushing using a porcelain mortar
and pestle. The material was not pulverised to a fine powder, as fractionation was not
required for this stage of the study.

Two distinct hydrometallurgical leaching approaches were applied to the crushed
solar cells. All leaching trials were performed in a self-made laboratory reactor (max. vol-
ume 3 L) equipped with integrated controlled heating and stirring functions.

2.1. Selective Leaching of Aluminium with Sodium Hydroxide (NaOH) and Silver with
Ammonia and Hydrogen Peroxide (NHs+ H20:)

2.1.1. Aluminium Leaching with Sodium Hydroxide (NaOH)

A total of 100 g of crushed solar cells was immersed in 2 L of sodium hydroxide so-
lution (50 g/L concentration), by a solid/liquid ratio of 1:20. The reaction was carried out
at a temperature of 40 °C. After 30 min of leaching, a portion of the samples was removed
for interim analysis, while the remaining solar cells continued leaching for another 30 min.
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After, the samples were removed, rinsed with distilled water, and dried in an oven at 105
°C for 2 h.

2.1.2. Silver Leaching with Ammonia and Hydrogen Peroxide (NHs+ H202)

Dried samples from the first step were subjected to silver leaching. A 1 L solution
was prepared consisting of 125 mL of 25% NHs, 750 mL of distilled water, and 125 mL of
35% H20:, achieving a solid/liquid ratio of 1:10. The leaching process was conducted at
room temperature without external heating. Due to the high reactivity of hydrogen per-
oxide, it was divided in four equal portions of 31.3 mL each: the first was added at the
start, and the remaining three were added at 15 min intervals. As with aluminium leach-
ing, some samples were removed after 30 min and the rest after 60 min, followed by wash-
ing and drying at 105 °C for 2 h.

2.2. Simultaneous Leaching of Aluminium and Silver with Nitric Acid and Hydrogen Peroxide
(HNOs3+ H202)

In the second approach, both metals were leached simultaneously. A total of 100 g of
crushed solar cells was immersed in 1 L of mixed acid solution comprising 200 mL of 65%
nitric acid, 600 mL of distilled water, and 200 mL of 35% hydrogen peroxide, maintaining
a solid/liquid ratio of 1:10. The leaching was conducted at 50 °C. Hydrogen peroxide was
again added gradually in four equal portions of 50 mL each: the first at the start of the trial
and the others at 15 min intervals. Sampling, washing, and drying procedures were con-
sistent with the previous trials.

To evaluate leaching efficiency, the surface structure of the solar cells, chemical com-
position, and extracted products were analysed using a ZEISS EVO MA10 scanning elec-
tron microscope (SEM) with a Bruker XFlash 6/10 EDS detector, employing energy-dis-
persive X-ray spectroscopy (EDS). Analyses were performed on the front and back sur-
faces of untreated solar cells to establish baseline elemental concentrations. The silver con-
tent was assessed by analysing silver fingers on the front side, while aluminium was eval-
uated from the back surface layer. Samples taken after 30 and 60 min of leaching were
analysed under identical conditions. Leaching efficiency (E) was calculated based on the
relative reduction in elemental content observed via SEM-EDS and is expressed as a per-
centage:

Co— Gt
E=——x100% (1)
Co
where Co is the initial atomic percentage of the element (Ag or Al) on the surface prior to
leaching and C: is the atomic percentage of the same element after a specified leaching
time.
This approach provides a direct estimate of how much of the target metal has been

removed during the metallurgical treatment process of the solar cells.

3. Results
3.1. SEM-EDS Analyses of Untreated Solar Cells

Initial SEM-EDS analyses of untreated solar cell surfaces are presented in Figures 1
and 2. Figure 1 shows the elemental composition of the front side silver fingers, clearly
illustrating the differences between the silver-coated (No. 1/yellow) and non-coated areas
(No. 2/green) of the cell surface. Peaks and atomic percentage distributions confirm a
dominant presence of silver (Ag) on the metallic fingers, while the non-coated regions
primarily consist of silicon (5i).
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Figure 1. Front side of solar cell before leaching: (a) SEM image, (b) EDS spectra, (c) elemental con-

centration.

Figure 2 presents the elemental composition of the back side of solar cells, confirming
that Al is the dominant element, as expected due to its use as the back surface contact
layer. The clear coverage of aluminium confirms the suitability of this surface for the tar-
geted leaching tests.
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Figure 2. Back side of solar cell before leaching: (a) SEM image, (b) EDS spectrum, (c) elemental

concentration.

3.2. Selective Leaching of Aluminium and Silver
3.2.1. Aluminium Leaching

Aluminium leaching with NaOH was employed as a first step for selective metal re-
moval. The leaching effectiveness of aluminium from the back side of the solar cells was
assessed by visual inspection and SEM-EDS analysis. Before leaching, the back surface
was fully covered with an aluminium layer. After placing the solar cells into a NaOH
solution, visible gas evolution of hydrogen (Hz2) occurred as a result of the reaction be-
tween aluminium and sodium hydroxide:
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ALO:s + 2NaOH + 3H:0 — 2Na[Al(OH)4] @)

2Al +2NaOH + 6H:0 — 2Na[Al(OH):] + 3H: 3)

This exothermic reaction caused a slight temperature increase, reaching approxi-
mately 44 °C. It is important to highlight that due to hydrogen’s flammability and poten-
tial explosiveness, adequate ventilation or gas capture and subsequent decontamination
are recommended for safe scale-up or industrial implementation.

After 30 min, primary visual inspection showed partial removal of aluminium from
the surface—some areas were clean of aluminium, while others were still covered with
the metal layer. Extending the reaction time to 60 min further reduced aluminium cover-
age. The metallic silicon surface after the trial was visible; then the solar cells were re-
moved from the solution and washed. However, longer exposure was avoided as it initi-
ates a reaction between NaOH and Si under the following reactions:

SiO2 + 2NaOH — Na25i0s + H20 4)

Si +2NaOH + H20 — Na2SiOs + 2H> (5)

Longer exposure would lead to silicon etching, which is undesirable in the context of
this study. Thus, a leaching duration of approximately 60 min was determined as optimal
to effectively remove the aluminium back contact while minimising potential etching of
silicon wafer.

3.2.2. Silver Leaching

The second step involved selective removal of silver from the front side of the solar
cells using ammonia combined with hydrogen peroxide (NHs + H202). This chemical mix-
ture reacts with silver, forming stable silver-ammonia complex ions.

When the solar cells were immersed in the solution, the reaction started quickly and
visibly, leading to noticeable bubbling and an increase in solution temperature from the
initial room temperature (22 °C) to approximately 43 °C within the first 23 min. This tem-
perature rise was caused by the chemical reaction among metallic silver, ammonia, and
hydrogen peroxide, forming soluble silver-ammonia complexes according to the follow-
ing reaction:

2Ag + 4NHs + H202 — 2[Ag(NH:).]OH (6)

After the first 30 min of reaction, visual inspection under a microscope showed sig-
nificant removal of silver from the cell surface. The previously continuous silver fingers
appeared mostly dissolved, leaving behind faint metallic traces in some locations.
SEM-EDS analyses conducted after drying the samples provided additional confirmation,
clearly demonstrating that the majority of silver was removed after 30 min of trial; how-
ever, some traces of silver could be observed (Figure 3).
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Figure 3. SEM-EDS mapping image of solar cell front side after 30 min in NHz + H202.

Continuing the leaching for an additional 30 min (60 min total) resulted in nearly com-
plete removal of silver from the surface, as confirmed by SEM-EDS analysis (Figure 4). This
further improvement illustrates slightly improved effectiveness of longer exposure.
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Figure 4. Front side of solar cell after 60 min leaching in NHs + H202: (a) SEM image, (b) EDS spec-

trum, (c) elemental concentration.

In addition to the high efficiency of silver dissolution, this ammonia-based method
offers the advantage of avoiding harmful NOx emissions, providing a safer alternative to
conventional nitric acid-based silver leaching methods. Furthermore, the formation of the
silver-ammonia complex not only helps dissolve silver but also prevents silver reprecipi-
tation on the silicon surface, maintaining high purity of recovered materials and simpli-
fying downstream processing.

3.3. Simultaneous Leaching of Aluminium and Silver with Nitric Acid and Hydrogen Peroxide

The third method aimed to leach aluminium and silver simultaneously using a solu-
tion of nitric acid combined with hydrogen peroxide. According to the literature, nitric
acid is commonly used to remove metals from solar cells due to its strong oxidising prop-
erties, which help dissolve metallic layers effectively. These properties make nitric acid
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one of the most preferred leaching agents in hydrometallurgical solar cell recycling. In
this study, hydrogen peroxide was included to specifically prevent the formation of NOx
(in the case of concentrated acid, mainly NO2; and in the case of diluted nitric acid, mainly
NO), which are typically generated when nitric acid alone is used.

When solar cells were placed into the HNOs+ H202solution, the reactions initiated
actively, indicating rapid oxidative interactions between metals and leaching agents. The
main chemical reactions responsible for aluminium and silver leaching are presented be-

low:

Aluminium:
Al +4HNOs — AI(NOs)s+ NO + 2H0 —first stage 7)
2NO + 3H202 — 2HNO:s + 2H20 —second stage 8)
2Al1+6HNO:s + 3H202 — 2AI(NOs)s + 6H20—net reaction )

Silver:

3Ag + 4HNOs -3AgNOs + NO + 2H20—first stage (10)
2NO + 3H202— 2HNO:s + 2H20 —second stage 11)
2Ag + 2HNOQO: + H202 — 2AgNQO:s + 2H20 —net reaction (12)

The samples removed from the solution after the first 30 min showed partial but une-
ven removal of aluminium and silver from solar cells. For Al the initial removal was visibly
uneven, with certain areas of the cell surface showing clear signs of dissolution, while others
remained largely covered by aluminium (Figure 5). SEM-EDS analysis quantified this par-
tial removal, indicating Al leaching efficiency of approximately 79% after 30 min.

Figure 5. SEM-EDS mapping image of solar cell back side after 30 min in HNOs + H202.

Similarly, silver leaching was incomplete after the same duration. Residual metallic
silver was clearly visible under microscopic inspection on the front side metal fingers.
They were more prominent compared to the results from selective Ag leaching with
NHs + H20:, suggesting initially slower leaching.

Extending the leaching duration to 60 min significantly improved the overall leaching
results. SEM-EDS analyses confirmed nearly complete removal of both Al and Ag. After
60 min, silver fingers exhibited minimal remaining Ag content (Figure 6), and Al was
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similarly removed more uniformly from the back surface, demonstrating that a longer re-
action time compensated the lower leaching efficiency at the beginning.
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Figure 6. Front side of solar cell after 60 min leaching in HNOs + H202: (a) SEM image, (b) EDS
spectrum, (c) elemental concentration.

Throughout the entire process, the reaction between the solar cells and the leaching
solution remained active. Importantly, no visible emission of brownish gases was ob-
served, indicating the successful prevention of NOx formation. This method confirmed the
high efficiency of metal removal using nitric acid, while the addition of hydrogen peroxide
eliminated NOx emission.

3.4. Leaching Efficiency

The efficiency of aluminium and silver removal from crystalline silicon solar cells
was quantified using SEM-EDS analysis by assessing the surface elemental composition
before and after chemical treatment. The results are presented in Figure 7.

Leaching efficiency of Ag
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Figure 7. Leaching efficiencies of (a) aluminium and (b) silver.

NaOH demonstrated effective selectivity for aluminium, achieving approximately
82% removal efficiency after 30 min, which improved significantly to nearly complete re-
moval after extending the reaction time to 60 min. The rapid and selective aluminium
dissolution confirms the effectiveness of alkaline leaching under mild conditions, support-
ing previous findings in solar cell recycling [17,29]. Selective silver leaching using an
NHs + H202 solution achieved notably high efficiencies, already within 30 min, reaching
almost complete removal of Ag after 60 min. The simultaneous leaching method utilising
a HNO:s + H20: solution initially showed comparatively lower performance, particularly
for Al (79%) and Ag (65%) after 30 min. This initial lower efficiency could be due to slower
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dissolution kinetics or partial passivation effects on metal surfaces. However, extending
the treatment duration to 60 min significantly improved results, achieving nearly com-
plete aluminium and silver removal exceeding 99% of leaching efficiencies.

Overall, all three methods achieved high leaching efficiencies, but the sequential
treatments (NaOH for Al and NHs + H20: for Ag) provided faster initial metal dissolution.
In contrast, simultaneous nitric acid-based leaching required extended treatment times to
achieve nearly complete efficiencies, although it offered the possibility to extract both met-
als in a single step.

4. Discussion

This study investigated three hydrometallurgical leaching approaches for the recov-
ery of aluminium and silver from crystalline silicon solar cells. While all methods achieved
high overall leaching efficiency, they exhibited differences in terms of reagents employed,
metal selectivity, and reaction behaviour. A comparison of the investigated methods with
those discussed in the literature is presented in Table 1.

Table 1. Comparative overview of leaching approaches for silver and aluminium from solar cells.

NOx Leaching

Method Reagents Emission Efficiency Complexity Main Advantages Main Limitations Reference
Traditional 91% (Al) . Well known, rapid, Significant NOx
H Y 1 17,19,24,2
HNOs NO: S g9y (Ag) MPIe universal emission  1/10242]
HzSO4'+ soni- HLSOs No 100% (Ag) High Common acid,  Need sonication, [25]
cation room temperature long (48 h)
CsHi00s+ ) o Eco-friendly, less ~ Higher costs,
O CeH100s; H2O2 No  97.4% (Ag) Moderate hazardous slower kinetics [32]
This stud.y: se- NaOH; NHs; No 99OA> (Al) Moderate Mild conf:htlons, Two-step pr9cess, This study
quential H20O: 99% (Ag) rapid H: formation
This study: 99% (Al) Single step, rapid, Requires careful .
HNOs H M Th
simultaneous NOs; F20: No 99.9% (Ag) oderate effective H20: addition is study

The sequential leaching route demonstrated rapid and selective metal removal under
relatively mild reaction conditions. Aluminium was efficiently dissolved from the back-
side contacts using a NaOH solution, achieving high efficiency (99%) after 60 min. Silver
extraction with NHs+ H2Oz was similarly effective, reaching 98% efficiency at 30 min and
99% at 60 min. This two-step procedure offered precise control over each metal’s dissolu-
tion, reducing the potential for unwanted reactions between reagents and nontarget ele-
ments, and completely avoiding NOx emissions, thus addressing environmental and oc-
cupational safety concerns associated with traditional nitric acid processes.

In comparison, the simultaneous method using HNO:s + H20z sought to simplify pro-
cessing by extracting both metals concurrently. While initially, slower leaching kinetics
were exhibited at 30 min, this approach ultimately provided superior overall metal recov-
eries at 60 min (99% Al and 99.9% Ag). These recovery efficiencies matched or even sur-
passed traditional nitric acid methods frequently reported in the literature [17,21,24]. The
addition of H20: enhanced reaction efficiency and reduced reaction times compared to
conventional processes. Furthermore, it proved effective in suppressing NOx formation,
as no visible gas emission was observed, demonstrating a significant environmental ad-
vantage over leaching with nitric acid alone.

When compared with recent alternative NOx-free silver leaching approaches (H2504
with sonication treatment or CsH100s+ H20z), the developed methods show distinct prac-
tical and operational advantages. Both sequential and simultaneous approaches utilise
readily accessible and cost-effective inorganic reagents and are preferable in duration of
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the process. Conversely, other methods often rely on more complex procedures, costly
processing, or additional purification steps. While alternative NOx-free strategies show
promise, especially in terms of environmental impact, the cost and complexity may limit
their scalability. The present study’s methods provide a balanced solution combining high
efficiency, operational simplicity, and broad accessibility of reagents, which may better
support the large-scale implementation.

Although this study demonstrated the high leaching efficiencies of all three methods,
several limitations should be acknowledged. First, the experimental conditions were
fixed, and further optimisation of variables such as reagent concentration, time, tempera-
ture, and solid/liquid ratio should be investigated for industrial scale implementation.
Second, while SEM-EDS surface analysis effectively quantified leaching performance,
more detailed chemical analyses of leachate solutions could provide complementary in-
sight into metal dissolution dynamics. Third, the recovery of metals from leachate solu-
tions was not addressed in this study, as the concentrations of aluminium and silver were
low and not the focus of this work. However, future studies may explore concentration,
precipitation and, exclusively for silver, chemical or electrochemical recovery strategies
where appropriate.

5. Conclusions

This study evaluated three hydrometallurgical leaching methods for aluminium and
silver recovery from crystalline silicon solar cells. The sequential method applying NaOH
for aluminium followed by NHs+ H2O: for silver provided selective and efficient metal
extraction, reaching 99% for both metals within 60 min. The single step method employing
HNO:s + H20: achieved similarly high efficiencies (99% aluminium, 99.9% silver), despite
a slightly slower initial extraction efficiency. The sequential method stands out for its
rapid and selective leaching under mild conditions, ideal for environmentally conscious
metal recovery, while the simultaneous method offers a simpler alternative suitable for
process streamlining. Both tested approaches successfully prevented NOx emissions and
offer a simple and cost-effective operational procedure. With the projected dominance of
silicon-based photovoltaics in the global market, further development of such efficient,
practical, and environmentally friendly recycling processes remains essential for the sus-
tainable management of photovoltaic waste.
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