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Abstract: The aim of this study was to investigate the hydrothermal leaching of silver and aluminum
from waste monocrystalline silicon (m-Si) and polycrystalline silicon (p-Si) photovoltaic panels (PV)
from both cells and metal ribbons using mild HNOj; solutions. Prior to leaching, pretreatment
was applied to remove the fluoropolymer backsheet and thermally degrade the ethyl vinyl acetate
(EVA) polymer. Several hydrothermal parameters were investigated, such as the liquid-to-solid (L/S)
ratio, HNOj concentration (N), time (t) and temperature (T). Based on preliminary tests, the HNO;
concentration was set in the range of 1-2 N to reduce hazardous waste effluents. The response surface
methodology (RSM) was applied to optimize the hydrothermal leaching parameters. It was found
that processing time was the most important factor for Ag leaching, followed by HNOj3 concentration
and L/S ratio, while the processing temperature (100-140 °C) was not a statistically significant factor.
Aluminum leaching was efficient under most hydrothermal conditions. For comparison, leaching
was also applied at lower temperatures of 25-45 °C for prolonged times; however, lower efficiencies
were observed. Under the optimal hydrothermal conditions, Ag can be completely leached, while
Al dissolution was favored at hydrothermal conditions compared with lower temperature leaching.
Silver leaching efficiency was 100% under hydrothermal conditions; however, under conventional
lower temperature conditions, it was 80.7-85.3% for m-Si and p-Si waste panels. Under conventional
lower temperature conditions, Al leaching efficiency was 56.6-61.3% for p-Si and m-Si waste panels.

Keywords: crystalline silicon PV panels; silver; recycling; e-waste; response surface methodology

1. Introduction

Due to the unprecedented worldwide increase in photovoltaic (PV) installations and
considering the typical lifetime of PV panels of 25 years, there is a growing concern about
emerging PV waste in the near future. It is estimated that 60-78 million tonnes (Mt) of PV
waste will be generated worldwide by 2050, while in the EU-27 alone, PV waste will be
14.3-18.5 Mt. First-generation crystalline silicon (c-Si) modules have had a 80-90% market
share over the last 40 years and will thus dominate the PV waste stream. Of these c-Si
panels, 51% of the PV market share is covered by polycrystalline silicon (p-Si) and 41% is
covered by monocrystalline silicon (m-5i) [1,2]. In the EU-27, c-Si panel waste was 90%
until 2019 and is predicted to be 80-87% during 20202050 [3]. Thus, research on PV panel
recycling should primarily focus on c-Si panels due to their large volume compared with
other panel technologies.

Crystalline silicon PV modules consist of various types of materials such as glass,
polymer layers of ethyl vinyl acetate (EVA), crystalline silicon cells, copper and silver
metal contacts, a polymer backsheet and an aluminum frame. This layered design hinders
the reuse of modules and restricts recycling options. The mass of a typical PV module
is more than 90% glass, polymers and the aluminum frame [4,5]. However, there are
also components in smaller proportions that require more attention, such as silver, tin,
lead and other metals. Of these finite materials, silver and tin will be depleted in the
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next 50 years, while other metals will last for another 50-500 years [2,6]. Although Ag
is present in tiny amounts in PV panels, it contributes significantly to the revenue from
recycled panel materials due to its high economic value [2]. According to Tao et al. [7],
Ag represented 35.2% of the economic value derived from material recovery from a Si
module in 2019. In the EU-27, the economic value of Ag will represent 17.6% of the total
revenue from recycled materials by 2040, although its mass share in the accumulated PV
waste (considering all PV technology waste) will be only 0.05% [3]. The average quantity
of Ag in a PV panel is estimated at approximately 10 g per square meter. According to
US resources, the Ag content should surpass 700 g/t when mined to be profitable as a
primary product. As a result, Ag recovery from PV panel waste is becoming increasingly
important [8-10]. Initially, research on PV panel recycling focused on silicon, glass and
aluminum recovery [11,12]; however, more recent studies also aim at silver leaching and
recovery [5,13].

In order to maximize Ag leaching efficiency, the operating parameters of temperature,
time, L/S ratio and HNOj3 concentration should be optimized. This can be accomplished
with appropriate statistical techniques, such as the response surface methodology (RSM)
with a Box-Behnken design (BBD) [14]. This design investigates the effects of the parame-
ters on silver leaching by simultaneously differentiating all parameters under consideration,
instead of differentiating one parameter at a time. Thus, possible interactions between
factors can be identified. The Box-Behnken design effectively avoids the realization of the
complete experimental design, which would otherwise make the process more demanding
in terms of time and resources, without losing any information on the effects of the parame-
ters on the process. In this design, three levels of each factor are defined: low, middle and
high [14,15]. Among the response surface designs, BBD is slightly more efficient compared
to the central composite design, and is much more efficient than the three-level full factorial
design [16]. This approach (RDM-BBD) is currently missing from the literature to optimize
Ag leaching from waste PV panels.

The traditional acid-leaching process involves leaching metals from various matrices
in non-pressurized hot water using mainly inorganic acids. In this process, the reaction
temperature should be low in order to avoid water evaporation (<80-90 °C). The low
leaching temperature requires a long reaction time, as well as a high acid concentration, to
ensure complete leaching; however, this increases costs and environmental load [17-19].
Nonetheless, conventional acid leaching has been extensively applied to leach metals from
waste PV panels [8,13].

Some studies also considered the leaching of Al along with Ag from PV cells [20,21].
Due to the high value of Ag, the main focus should be on this metal. The literature on
the recycling of PV panels focuses on Ag recovery from cells, ignoring the ribbons [5,22].
However, significant amounts of Ag are adhered to the metal ribbons, and should be
recovered and not lost. Currently, there is little research on Ag recovery from metal
ribbons [21]; thus, this research gap should be filled. In previous studies, the most used
method for Ag recovery from solar cells was etching or leaching in an acidic solution based
on nitric acid (HNO3) at concentrations of 2.3-14 N and temperatures of 25-80 °C. These
experiments were performed in various vessels, with or without agitation [9,22]. Other
studies used electrowinning of Ag with methanesulfonic acid solution as the electrolyte [23].

In contrast with traditional leaching methods, the hydrothermal leaching process
is not limited by the boiling point of water at 100 °C. Using pressurized hot water as
the solvent and with elevated temperatures, the hydrothermal method can efficiently
leach metal ions from various matrixes. The high temperature accelerates the process,
shortens the reaction time, and decreases the required acid concentration [24,25]. In this
way, hydrothermal leaching is more efficient and environmentally friendly than traditional
leaching methods [25,26]. Although hydrothermal leaching is a potential leaching method,
so far, the process has not been utilized for PV waste, leaving a significant research gap
to be filled. Hydrothermal metal leaching has been efficiently utilized for other types
of waste, such as lithium-ion battery cathode materials [25], electroplating sludge [26]
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and copper anode slime [27]. The efficient recovery of precious metals from waste PV
panels under mild conditions is necessary to reduce the environmental impact and achieve
financial benefits.

The present study fills this research gap using weak leaching agents to avoid the
generation of hazardous waste effluents. Several hydrothermal experiments were per-
formed, investigating the influence of four parameters on leaching efficiency: liquid to
solid ratio (L/S), HNOj concentration (N), time (t) and temperature (T). To efficiently plan
the experiments, the response surface methodology (RSM) with a Box-Behnken design
was used.

The objectives of this study were: (i) to leach Ag and Al from both PV cells and
ribbons, (ii) to investigate the influence of four parameters (L/S, HNO3, t and T) on the
hydrothermal leaching of Ag and Al, (iii) to compare hydrothermal with conventional
leaching and (iv) to investigate the influence of milling and agitation on leaching efficiency.

2. Literature Review

Table 1 summarizes the leaching conditions used in various studies on Ag leaching
from PV panels. These conditions refer to low-temperature acid leaching; there are no
reported studies on hydrothermal leaching from waste PV panels. The most common
method for Ag recovery from solar cells was etching/leaching in acidic solution using nitric
acid (HNO3). Various pretreatment techniques were applied for EVA removal, followed
with milling and sieving. As seen in Table 1, the optimized HNOj3 concentration varies
from 2.3 to 14 N, the temperature ranges from 25 to 80 °C and the time varies from 2 h to
complete dissolution.

Table 1. Leaching conditions for Ag dissolution from PV panels.

Reference Leaching Agent Temperature (°C) Time (h)
[9] 3N HNO;3 50 3
[22] 90:10 methanesulfonic acid (99 wt.%):H,O, (30 wt.%) 25 4
[5] 2.3 N HNO; 55 2
[21] 5N HNO;3 80 1
[13] 13.8 N HNOj; 25 2
[8] 2.6 N HNO; 60 until complete dissolution

After successful leaching of Ag, the recovery of metallic Ag was achieved with electro-
chemical precipitation when the concentration in the solution was high enough [9], or with
chemical precipitation and subsequent reduction of the silver. For the electrochemical silver
precipitation, Oliveira et al. [5] processed 50 mL of leached solutions using a platinum
plate (7 cm x 2 cm), a steel plate (7 cm x 2 cm) with a density of 60 A/cm?, and a space
between the electrodes of 30 mm for 1 h. For the chemical precipitation of Ag, 37% HCl was
used. Then, AgCl was converted to Ag metal powder, first reacting with an aqueous NaOH
solution (2% wt.) while stirring at 200 rpm for 1 h, followed with the addition of H,O,
(30% wt.) and a further reaction for 0.5 h. The recovered Ag metal powder was manufac-
tured into an ingot using a thermal torch [22]. Alternatively, high purity Ag powder can
be obtained with ammonia dissolution using a hydrazine hydrate reduction of the AgCl
precipitate [28].

Various Al leaching conditions are also found in the literature. Theocharis et al. [20]
reported that the use of 3 N HNOj for 2 h at 25 °C could quantitatively leach Al from PV
powder and flakes. However, Chen et al. [21] leached 76% of Al using 5 N HNOj for 1 h
at 80 °C, as the complete dissolution of Al was not possible due to Al-5i alloy formation.
Since HNOj can also leach Ag, if Ag is to be electrowon, the simultaneous extraction of Al
and Ag should be avoided. In this case, selective dissolution of Al can be accomplished
with HySO,4 (12 M, 3 h, 25 °C) [20,29].
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3. Materials and Methods

The raw materials in this research were waste monocrystalline silicon (m-Si) and poly-
crystalline silicon (p-Si) PV panels, collected from local PV trading/installation companies
located in Chania and Heraklion, Greece, as described in [10]. Specifically, the p-Si panel
(series SYP230S) was manufactured by Risen Energy Co. Ltd. and the m-Si panel (series
ESP 60) was manufactured by ExelGroup Ltd. The operational lifetime of the panels was
complete due to external damage caused by extreme weather conditions. However, their
multilayered structure was not destroyed. The panels were stored in the laboratory until
used in the experiments. Figure 1 shows pieces of m-Si and p-5Si panels after removing the
aluminum frames.

Figure 1. Pieces of: (a) m-Si and (b) p-Si panels after removing the aluminum frames.

3.1. Composition of c-Si Photovoltaic Modules
3.1.1. Pretreatment

The panels were initially dismantled and the aluminum frames, junction-boxes and
cables were removed. Then, the panels were manually shredded with scissors and cutters
into small pieces of approximately 4 x 4 cm?. Before further treatment, the backsheets
were manually removed. The backsheets consisted of layers of superposed fluorinated
and terephthalate polymers (either polyvinyl fluoride or Tedlar film, and polyethylene
terephthalate or PET, in the sequence: Tedlar, PET, Tedlar) [30].

The manual method was selected after preliminary thermal treatment tests. Some
pieces with and without the backsheet were thermally treated with a Nabertherm furnace
in an oxidizing atmosphere (600 °C 30 min). It was observed that a significant amount of
ash was generated in the pieces with the fluoropolymer backsheet; however, almost no
ash was generated in the pieces without the backsheet [31]. Thus, to avoid hazardous gas
emissions of hydrofluoric acid and fluorinated compounds, and to ensure ease of handling,
it was decided to manually remove the backsheet before further treatment [30]. During
manual handling, it was observed that for some panel pieces, the back film was easily
removed by hand, while for other pieces, a vise and saw were necessary. This could be due
to non-uniform degradation of the EVA film due to weather conditions, as the backsheet
was attached to an EVA film [32]. Thus, the possible degradation of EVA by weathering
may facilitate the delamination of the backsheet, explaining why detachment was easier for
some panel pieces.

3.1.2. Thermal Pretreatment of End-of-Life Si PV Panels

After removing the white backsheet, the panels were thermally treated to eliminate
the EVA layer and thus separate the PV panels into glass, silicon cells and metal ribbons.
The decomposition of the adhesive resin was carried out using a Nabertherm furnace in an
oxidizing atmosphere. The samples were heated at 600 °C for 20 min.

After the thermal pretreatment, the panels were separated by screening with sieves
of different sizes into glass, cells and metal ribbons. The glass was easily recovered and
recycled. The separated cells, as well as the metal ribbons, were subjected to hydrother-
mal treatment.
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3.1.3. Characterization of PV Panel Components

The separated cells and metal ribbons were separately milled with a Fritsch Pul-
verisette 19 mill equipped with a sieve of 0.5 mm and then subjected to X-ray fluorescence
analysis (XRF, Spectro Xepos with software X-Lab Pro 4.0 and Turbo Quant screening
method, Kleve, Germany) to determine their chemical composition. The results are pre-
sented in Table 2.

Table 2. Chemical composition of cells and ribbons.

Element (% w/w) p-Si Cell m-Si Cell p-Si Ribbon m-Si Ribbon
Si 64.46 +0.22 65.18 £ 0.31 2.78 +0.09 4554 0.13
Al 6.16 £+ 0.05 9.87 + 0.07 5.50 & 0.05 5.59 4+ 0.03
Cu 0.25 £ 0.02 0.93 £0.01 38.83 £0.11 48.51 £ 0.34
Ag 1.13 £0.02 1.37 £0.01 4.62 +0.06 6.22 +0.04
Sn 0.10 £ 0.03 0.28 £ 0.01 8.57 £ 0.06 10.68 £ 0.09
Pb 0.13 £ 0.03 0.35 £ 0.01 9.98 £ 0.05 10.13 + 0.07

The gravimetric determination of the panel components was also carried out, taking
into account EVA volatilization (Table 3). To ensure homogeneity and representativeness in
each sample, a PV laminate of 15.8 x 15.8 cm? was quartered and the mass of glass, solar
cells, metal ribbons and EVA was determined. Since significant amounts of silver were also
found in the metal ribbons (Table 2), both cells and ribbons were used in the subsequent
treatment. The proportion of cells to ribbons (Table 3) remained the same in all samples.

Table 3. Gravimetric determination of panel components.

Material p-Si m-Si

(% wlw) Panel Panel
glass 88.35 £ 0.18 89.37 £0.23
cell 5.25 £ 0.08 51+0.20

ribbons 1.16 £0.01 0.98 +0.01
EVA 523 £0.11 4.56 £ 0.03

Losses due to milling were also calculated. For this reason, cells and ribbons were
mixed in the proportions below (Table 3) and then milled. The resulting ground sample (a
mixture of both cells and ribbons) was subjected to XRF analysis.

3.2. Experimental Design: Response Surface Methodology

Four different parameters (independent variables) of the hydrothermal leaching pro-
cess were initially investigated: (i) temperature, (ii) time, (iii) L/S ratio and (iv) HNOs3
concentration. The effects of the independent variables on the leaching yield (dependent
variable) were evaluated. In order to create an environmentally friendly process, low acid
concentrations, short reaction times and relatively low reaction temperatures were used.
The experimental design was performed with Minitab software and the input settings are
presented in Table 4. All experiments were duplicated.
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Table 4. Response surface methodology with a Box-Behnken experimental design.

HNO3 Time Temperature

Run Order N) (min) ©C) L/S
1 15 120 120 10
2 15 75 100 20
3 15 75 120 15
4 2 120 120 15
5 15 75 100 10
6 1 30 120 15
7 1.5 30 140 15
8 15 30 100 15
9 1 75 120 20
10 1.5 120 140 15
11 1 75 100 15
12 15 30 120 20
13 15 75 120 15
14 2 75 120 20
15 15 120 120 20
16 2 30 120 15
17 15 75 140 10
18 2 75 140 15
19 2 75 100 15
20 15 120 100 15
21 15 75 120 15
22 1 120 120 15
23 15 75 140 20
24 2 75 120 10
25 1 75 120 10
26 1 75 140 15
27 15 30 120 10

3.3. Metal Leaching

As previously mentioned, prior to metal leaching the samples were milled. This
facilitated cleavage of the chemical and mechanical bonds between the Ag and Al electrodes
and the Si layer, and made the surface area for the reaction larger. To test the effect of
milling, two samples were prepared: a powder sample (powder size < 0.5 mm) and a flake
sample (random flakes of about 0.5-1 cm?). Preliminary studies on silver leaching were
carried out to screen the optimal conditions by determining the leaching agent (HNO3) and
its concentration range, the temperature and the contact time range. Silver can be easily
dissolved in HNOj as the possible chemical reactions of Ag with HNO3 have negative
values of standard-state free energy (AG), indicating the spontaneous character of the
reactions [33]. Since Ag is a more valuable metal compared to Al, choosing only one type
of acid is considered the most profitable solution.

a.  Hydrothermal leaching

Hydrothermal leaching tests were performed in cylindrical steel reactors (Techinstro,
Nagpur, India) internally coated with PTFE and with a volume of 100 mL (Figure 2).
The sample was mixed with 30 mL of HNOj3 according to the desired L/S ratio and was
hydrothermally treated at 100-140 °C for 0.5-2 h without stirring. The resulting product
was allowed to cool and then filtered with a 0.45 um syringe filter for subsequent metal
analysis with an inductively coupled plasma mass spectrometer (7500 cx ICP-MS, Agilent,
Santa Clara, CA, USA).
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Figure 2. The cylindrical steel reactor (Techinstro) internally coated with PTFE.

b. Low temperature metal extraction

The optimized conditions for hydrothermal leaching were used in the next exper-
imental series. Keeping the HNOj3; concentration at 2 N and the L/S ratio at 1/10, the
experiments were conducted at lower temperatures (2545 °C), increasing the processing
time (2-24 h), while flakes were used as the processing material. The effect of stirring was
also tested in lower temperature experiments since stirring could not be performed with
the hydrothermal reactors.

4. Results and Discussion
4.1. Composition of End-of-Life PV Panels

As seen in Table 2, the silicon content in the cells was 64.5-65.2% (w/w), while the
silver content was 1.1-1.4% (w/w). Cell composition was in good agreement with the report
by Theocharis et al. [20]. The aluminum content of the cells was about 5.5-7.2 times greater
than the silver content. The silver content in the metallic ribbons was much higher, between
4.6% and 6.2% (w/w), which was attributed to the silver band attached to the PV ribbon for
electrical conduction [34].

The mass composition (wt.%) of the panel components (excluding the mass of the
backsheet, which was about 11% of the panel mass) is presented in Table 3, while the losses
due to milling are calculated hereafter. Although the metal ribbons and cells accounted
for 1-1.16% and 5.1-5.2% of the panel mass, respectively, the silver content of the metal
ribbons was comparable to that of the cells due to the higher silver concentration.

The total mass loss due to milling was 8.19% (w/w). The milled sample (the mixture of
cells and metal ribbons) was subjected to XRF analysis and the Ag mass loss in the sample
was calculated to be 30%. In the powder sample, there were negligible mass losses for Si
and Al, but there were significant losses for Cu, Sn and Pb. This could be attributed to the
very fine particles lost in the dust [Cu (75%), Sn (66%), Pb (71%) and Ag (30%)]. Thus, mass
loss due to milling was not proportional for all elements, and Ag loss was significant. This
implies that leaching using panel flakes instead of powder may be preferable.

4.2. Hydrothermal Leaching of c-Si Panels

The hydrothermal leaching of Si panels revealed that the reaction time was the most
important factor for Ag leaching, followed by HNOj3 concentration (within the range of
the tested parameters). Pareto charts of significant factor terms and their interactions in
response to leaching efficiency are shown in Figure 3. These charts show the absolute values
of the standardized effects from largest to smallest. A reference line (dashed) is drawn to
show which effects are statistically significant. The Pareto chart is used for decision-making
as it shows the effects of independent variables on leaching efficiency. The basic principle
of Pareto analysis is based on the 80/20 rule, meaning that 80% of the results come from
20% of the means or causes; thus, few factors (20%) are vital, and many factors (80%) are
insignificant [35,36]. Significant terms are above the dashed red line, while non-significant
terms are below the red line. The L/S ratio was the least important factor for both m-Si and
p-Si panels. In addition, the temperature was not a statistically significant factor for either
sample (m-Si and p-Si) and there were no significant interactions between the parameters.
The analysis of variance of the model is presented in Table S1 (Supplementary Materials).
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Figure 3. Pareto chart of standardized effects of the factors and interactions for Ag leaching from
m-Si and p-Si panels.

Figure 4 presents the interaction between time and HNOj3 concentration regarding
Ag leaching. Ag leaching efficiency increased significantly with increasing leaching time
using 2 N HNOj for p-Si and m-Si. Figure 5 shows other factor interactions. Increasing the
HNOj; concentration and temperature also increased leaching efficiency; however, their
effect was less significant than increasing the hydrothermal processing time. Reducing
the L/S ratio increased the leaching yield, i.e., the concentration of Ag was higher. The
main effects plots of temperature, time, L/S ratio and HNO3 concentration on Ag leaching
are depicted in Figure S1 (Supplementary Materials). The combination of temperatures,
times, HNO3 concentrations and L/S ratio in Ag leaching experiments resulted in leaching
yields ranging from 0.12% to 74% for p-Si, while for m-Si, the efficiency of Ag leaching
ranged between 5.7% and 66.2%. The highest Ag leaching yield was achieved at 2 N HNOj3,
L/S =10,120 °C and 75 min. The lowest yield value was achieved at 1.5 N HNO;, L/S = 15,
100 °C and 30 min. Based on the optimization obtained using mathematical equations
defining the BBD/RSM, the optimized conditions to maximize Ag leaching (i.e., a 100%
yield) through hydrothermal treatment are 2 N HNOj, L/S =10, 140 °C and 2 h leaching,
which was experimentally validated.

Aluminum leaching was also investigated under the same conditions. The main
effects plot for the parameters (HNOj3, time, temperature, and L/S ratio) revealed that Al
leaching increased favorably with processing time and L/S ratio (Figure S2 Supplementary
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Materials), while the other two factors were less significant. Efficient Al leaching was
observed using 1 N HNOj3 under hydrothermal conditions. For m-5Si and p-Si samples, the
efficiency of Al leaching ranged from 23% to 88% and from 29% to 85%, respectively. The
optimized conditions for maximum Al leaching were 2 N HNOj3, L/S = 10, 140 °C and
2 h leaching. In conclusion, Ag is the most valuable metal in PV panel waste; however,
favorable Al leaching can be accomplished under the same conditions.

4.3. Conventional Leaching of Ag at Lower Temperatures

Since the elevated temperature of the hydrothermal process was not a statistically
significant parameter for Ag leaching, further experiments were conducted at lower temper-
atures for comparison. In addition, as time was found to be an important factor, the effect
of extending the leaching time was further investigated. The experiments were conducted
at 25 °C and 45 °C, keeping the HNOj3 concentration at 2 N and the L/S at 10. The effect of
stirring was further investigated.
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The effect of stirring on Ag leaching was significant, with leaching efficiency increasing
by 40% when stirring at 200 rpm (2 N HNOg3, L/S = 10, 45 °C, 2 h); thus, stirring was applied
to all subsequent experiments at 25 °C and 45 °C (Figure 53 Supplementary Materials). The
positive effect of stirring was ascribed to the access of metals to the leaching agent [33].
The effect of temperature is illustrated in Figure 6a for m-Si. It was observed that leaching
with 2 N HNOs for 6 h at 45 °C had 80% efficiency, compared with 63.3% efficient at
25 °C; thus, the temperature of 45 °C was used in subsequent experiments. Next, leaching
was performed at 45 °C for powder and flaked m-Si and p-Si panels. For m-Si panels,
the maximum Ag leaching efficiency from flakes was 76.5% at 6 h; meanwhile, for p-5Si
panels, the leaching efficiency was 78% at 6 h (Figure 6b). Thus, the use of the powdered
sample increased the leaching efficiency by 4.7-5.4%. Complete Ag leaching could not be
achieved under low temperature conditions, even when the reaction time was increased
to24 h (2 N HNO;s, L/S = 10). For 24 h leaching, the Ag efficiency was 80.7% and 85.3%
from m-Si and p-5i waste panels, respectively. However, Theocharis et al. [20] observed
almost total leaching (100%) from PV flakes for 5 h leaching at 25 °C but with a 3 N HNOj3
concentration, while for PV powder, 100% leaching efficiency was achieved at 25 °C, 3N
HNO3, for 2 h. Furthermore, Chen et al. [37] reported 99.4% Ag leaching efficiency at 80 °C
with 5 N HNOj for 1 h.
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Figure 6. The effect of (a) temperature and (b) milling on Ag leaching (2 N HNO3, L/S = 10,
m-Si sample).

For Al, the leaching efficiency from the m-Si panel was 61.7% at 45 °C for 6 h (vs.
56.6% from p-Si panel) which compares to 44.7% efficiency in the m-Si panel at 25 °C for
6 h. However, for 24 h leaching, the efficiency was 61% at both 25 °C and 45 °C in the
m-Si panel (Figure 54 Supplementary Materials). For the unpulverized sample, the m-Si
panel leaching efficiency was 49% at 45 °C for 8 h (Figure S5 Supplementary Materials).
Complete Al leaching was not achieved under low temperature conditions; however, it
was favored under hydrothermal conditions. In the first case, the dissolution of Al may
be partially inhibited by the formation of an aluminum oxide (Al,O3) layer on the surface
and Al-Si compounds formed during acid treatment [38]. After acid leaching, Al can only
be fully dissolved with NaOH [33]. Chen et al. [37] reported 76% Al leaching efficiency at
80 °C with 5 N HNOs for 1 h; however, Theocharis et al. [20] observed a 100% Al leaching
yield after 2 h leaching at 25 °C with 3N HNOs.

5. Conclusions

PV waste recycling is challenging due to the complexity of the PV structure and the
tiny amounts of multiple elements that co-exist in its various components. In this study,
hydrothermal leaching experiments were planned using response surface methodology
with a Box-Behnken design. The Box-Behnken design effectively avoided the realization
of the complete experimental design, which would otherwise make the process more
demanding in terms of time and resources, yet without losing any information on the
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effects of the parameters on the process. The hydrothermal leaching of Ag and Al was
studied with the aim of developing an environmentally friendly process that could use
weak acids, short leaching times and relatively low reaction temperatures. Before leaching,
the fluoropolymer backsheet was manually removed and thermal degradation of the ethyl
vinyl acetate (EVA) polymer was applied. The optimized hydrothermal process parameters
were L/S =10, 2 N HNO3;, 120 min and 140 °C. Under these parameters, Ag and Al were
efficiently extracted. Since temperature was not a statistically significant parameter, further
experiments were performed at lower temperatures to compare hydrothermal leaching to
conventional low temperature processes. Under the low temperature leaching conditions,
Ag could be leached using stirring and longer reaction times to generate a yield of 80.7-85%,
while Al leaching was insufficient (at 56.6-61% efficiency) due to the formation of Al-Si
compounds. Hydrothermal treatment favors the leaching of valuable metals; furthermore,
it is more efficient and environmentally friendly than traditional leaching methods and
may create financial benefits through the urban mining of PV waste.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13063602/s1. Table S1. Analysis of Variance of the model
(Response surface methodology with a Box- Behnken design) for Ag leaching from (a) m-Si and
(b) p-Si waste panel; Figure S1. The main effects plot for the parameters HNOj3, Time, Temperature
and S/L ratio on Ag leaching from (a) m-Si and (b) p-Si waste panel; Figure S2. The main effects
plot for the parameters HNO3, Time, Temperature and S/L ratio on Al leaching from m-Si waste
panel; Figure S3. The effect of stirring on Ag leaching (p-Si panel, HNO3 2N, S/L=1/10, 2 h, 45 °C);
Figure S4. The effect of temperature on Al leaching (m-Si panel, HNO3 2N, S/L=1/10); Figure S5.
The effect of milling on Al leaching (m-S panel, HNO; 2N, S/L=1/10, 45 °C).
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