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Abstract: This study was conducted to recover valuable metals (silicon and silver) using acid
leaching and substitution reactions with copper powder from the pulverized solar cell separated
from the PV ribbon. Leaching experiments were conducted according to nitric acid concentration
by molar solution as 1M, 2M, and 3M using an ultrasonic cleaner at a reaction temperature of 60 °C
for the leaching times of 30 to 120 minutes. Si phases were detected at all leaching reaction times, it
was confirmed that the aluminium was removed effectively if the nitric acid leaching time was more
than 30 minutes, and silicon with a purity above 99% could be recovered. The silver was precipitated
by adding copper, which has greater reducibility than Cu, Al, Si, Pb, and Sn. When the addition of
copper powder was 0.75 and 1.0 g, precipitate was produced 0.23 and 0.55 g, respectively. The
optimal condition for the recovery of silver by the addition of copper powder was 1 g, where is
recovery rate reached 93.3%.

Keywords: solar cell; recoverys; silicon; silver; leaching

1. Introduction

The solar power generation market has been growing rapidly worldwide over the past few years
due to increased energy demand, expanded government support, increased interest in environmental
pollution, etc., and solar module installations are increasing exponentially in line with this trend [1,2].
As of 2019, the cumulative solar cell installation worldwide exceeds 500 GW, and the total cumulative
installation volume is expected to exceed TW by 2023 [3,4]. This market expansion has allowed it to
produce electricity at a much lower price than other energy production methods in regions with
favorable climatic conditions [4]. However, the lifetime of solar modules is 20-30 years, and most of
the modules that were initially installed have reached the end of their lifespan and are currently being
partially scrapped and demolished [5,6]. The generation of waste solar modules is expected to exceed
1.7 million tons after 2030 [6-9]. The European Union (EU) revised the Waste Electrical and Electronic
Equipment (WEEE) directive in 2012 in preparation for the renewable energy waste that will increase
in the future, and classified waste solar modules as electrical and electronic waste [10,11]. In general,
more than 95% of solar modules installed around the world are crystalline silicon-based modules and
are composed of glass, aluminum frames, solar cells, PV ribbons, ethylene vinyl acetate (EVA)
encapsulant, junction boxes, etc. [12]. Of these, the high-purification process cost of polysilicon used
in solar cell manufacturing accounts for more than 30% of the solar module manufacturing cost and
expensive silver is used for the front part of the solar cell [13-15]. In addition, it has been reported
that when evaluating the environmental impact of the process of collecting the raw materials (2N
grade silicon) required for solar cell manufacturing from quartz and sand through life cycle
assessment (LCA), silicon per m? has the second highest global warming potential [16]. Therefore, in
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this study, a study was conducted to effectively recover silicon and silver by utilizing acid leaching
and substitution reactions from solar cells.

2. Materials and Methods

2.1. Experimental materials

In this study, PV ribbon attached to solar cells and cells with glass, and aluminum frames were
used and removed from EVA (ethylene vinyl acetate) encapsulation materials, junction boxes, etc.
SEM-mapping analysis was performed on the front and back of solar cell that were mounted and
polished as shown in Figure 1a,b. The PV ribbon was removed from the solar cells and analyzed
separately (Figure 1c). The PV ribbon is the copper ribbon coated with tin and lead alloy. The solar
cell separated from the PV ribbon was pulverized into a fine powder using a high alumina mortar
and pestle. An analysis was conducted to identify the components of the powder by XRD and XRF
analysis are shown in Figure 2 and Table 1. It was detected that the powder of the solar cell consisted
of silicon and aluminum according to the results of the XRD analysis. XRF analysis revealed that the
powder contained 89.74 wt.% Si, 10.17 wt.% Al and a small amount of 0.074 wt.% Ag.
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Figure 1. SEM image of solar cell. (a) front side, (b) back side, (c) PV ribbon.
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Figure 2. XRD pattern of the solar cell powder.
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Table 1. The composition of the solar cell pulverization powder by XREF.

Element, wt.%
Si Al Ag
89.7483 10.1776 0.0742

2.2. Selective leaching

Currently, various studies have been conducted to recover valuable metals from solar cells, and
studies have been reported to identify the leaching behavior of solar cell components. Aluminum,
which is the most abundant material contained in a solar cell, is reported to have a leaching effect
with sulfuric acid, hydrochloric acid, and nitric acid. However, aluminum has the potential to form
compounds with silicon in sulfuric acid. silver is expected to form AgCl precipitate in hydrochloric
acid [17]. In addition, the copper and lead contained in the PV ribbon are not oxidized in sulfuric acid
[18] and are reported to be soluble in nitric acid [19,20] and hydrochloric acid [21]. In this study, nitric
acid was used as a leaching agent based on the survey contents [17-21], and a method of recovering
high-purity silicon and silver in the recovered solution after leaching was derived.

2.3. Recovering high-purity silicon from solar cells

When 13 g of solar cell was sampled, it was confirmed that the weight of the PV ribbon attached
to the cell surface per unit surface area was 2.5 g, and this was conformed as the standard weight of
the raw material. A leaching experiment was performed using an ultrasonic cleaner (Sae Han
Ultrasonic Co., SH-2340D/40kHz/10L) after adding a raw material into a 100 ml nitric acid solution
prepared by a molar solution. The concentration and time of leaching were set as variables. After the
experiment, the powder solar cell was washed with distilled water and dried at 100 °C for 24 hours.
XRD and XRF analysis were used to determine the chemical composition and phases of samples.

2.4. Recovery of silver from leachate reacted with solar cells

For the selective recovery of silver, a substitution reaction considering the ionization tendency
of the metal (Cu>Hg>Ag) was used. Copper has a stronger oxidation tendency than silver, therefore
powder copper was used as a variable amount according to the calculation. After the addition of
copper powder to the solution, the precipitate was filtered under reduced pressure and dried at 100
°C for 24 hours, and analyzed by XRD and XRF. ICP analysis was used on the solution that reacted
with solar cells.

3. Results and Discussion

3.1. Silicon recovery using nitric acid

Leaching experiments of solar cells were conducted according to nitric acid concentration as the
64.1 ml of nitric acid in 1000 ml of distilled water. After preparing nitric acid solutions by 1M, 2M,
and 3M, leaching experiments were conducted using an ultrasonic cleaner at a reaction temperature
of 60 °C for the leaching times of 30 to 120 minutes. The results of XRD and XRF analysis after leaching
are shown in Figure 3 and Table 2. As the XRD analysis shown in Figure 3, Si phase was detected at
all experimental conditions of the nitric acid concentrations Figure 3a and leaching times Figure 3b.
It is confirmed that the nitric acid concentration increased, and the removal of aluminum, copper,
and lead was effective. When the nitric acid concentration was 3M, the purity of silicon reached above
99% as shown in Table 2. The leaching process is considered according to the below reaction formulas.

2Al(s)+6 HNOs(aq) — 2AI(NOs)3(ag)+3Hx(g) 1)
3Ag(s)+4HNOs(aq) — 3AgNOs(aq)+NO(g)+2H20(1) ()

3Cu(s)+8HNOs(ag) — 3Cu(NOs)2(aq)+2NO(g)+4H20(1) 3)
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Figure 3. XRD pattern of residual powder from solar cell using nitric acid. (a) depending on the nitric
acid concentration, (b) depending on the leaching time.
Table 2. The composition of residual powder from the solar cells using nitric acid, by XRF.
Soluti Element, wt.%
olution
Si Al Cu Pb
1M 95.14 4.34 - 0.52
M 98.87 0.85 0.28 -
3M 99.17 0.83 - -

According to the reaction time, Si phases were detected at all leaching reaction times, it was
confirmed that the aluminum was removed effectively if the nitric acid leaching time was more than
30 minutes, and silicon with a purity above 99% could be recovered as shown in Table 3.

Table 3. The composition of recovered concentrate from solar cells using nitric acid depending on the

leaching time, by XREF.
Time. min Element, wt.%
! Si Al
30 99.86 0.14
60 99.76 0.24
90 99.77 0.23
120 99.56 0.44

3.2. Silver recovery using substitution reaction from leachate

After the leaching experiment, an experiment was conducted to precipitate metals by a
substitution reaction from the leachate filtered through vacuum filtration. Four samples of solution
were prepared for the experiment condition as the nitric acid concentration of 3M at the reaction
temperature of 60 °C for a reaction time of 30 minutes. The four samples were analyzed by ICP-OES
for determining compounds as shown in Table 4. The prepared solutions contained Cu, Al Si, Ag,
Pb, and Sn. The Ag content in the solutions was about 1.8 — 2.5 mg/l according to the sample number.
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Table 4. The chemical compound in the prepared solution, by ICP-OES.
Sample number
El t 1
ement, mg/ 1 : 3 1
Cu 30.224 33.941 30.228 30.552
Pb 1.544 1.609 1.354 1.376
Sn 0.5 0.6 0.4 0.6
Al 11.504 13.126 10.936 11.118
Si 26.0 27.0 23.0 23.0
Ag 1.811 1.831 1.912 2.512

As a result of ICP analysis, the components of the leachate mostly contained copper, lead,
aluminum, and silver. Taking advantage of the fact that among these metals, the silver was
precipitated by adding copper, which has greater reducibility than Cu, Al, Si, Pb, and Sn. In the
precipitation process, 0.25, 0.5, 0.75, and 1g of copper powder were added to solutions of 1, 2, 3, and
4, respectively, and stirred at room temperature for 30 minutes. As a result of the addition of copper
powder when 0.25 and 0.5g were added, the precipitate was not observed during the experiment.
When the addition of copper powder was 0.75 and 1.0 g, precipitate was produced 0.23 and 0.55 g,
respectively. The produced powder was filtered under reduced pressure and dried, and then XRD,
XRF, and ICP-OES analyses were performed. The analysis results are presented in Figure 4 and Tables
5 and 6, respectively.
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Figure 4. Results of the XRD pattern of the recovered precipitates.

Table 5. The Chemical composition of solid powder in precipitation, by XRF.

Element, wt.%
Cu Ag Al Si
0.75 49.9 48.65 1.23 0.23
1.0 73.88 25.24 0.71 0.17

Cu addition, g
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Table 6. Recovery rate of silver, %.
Powder copper addition, g Weight of Ag in leaching 'VV'elg'h tof Agin Recovery rate of Ag, %
of HNOs, mg/1 precipitation by Cu, ppm
0.75 0.12 0.11 91.7
1 0.15 0.14 93.3

As the result of XRF analysis (Table 5), the solid powder contained when the addition of copper
powder was 075 g, compounds were 49.9 wt.% Cu, 48.65 wt.% Ag, 1.23 wt.% Al and 0.23 wt.% Si, but,
when copper addition was 1 g, compounds were 73.88 wt.% Cu, 25.24wt.% Ag, 0.71 wt.% Aland 0.17
wt.% Si. It was observed that copper addition was increased, copper content in the solid powder
increased 73.88 wt.% which increased about two times, on the contrary, silver content in the solid
powder decreased to 25.24 wt.%.

As a result of XRD analysis (Figure 4) of the recovered solid powder by adding copper powder
into the leachate, silver was determined as the main phase, Cu and CuO phases were detected as the
impurities which were confirmed by XRF analysis.

Based on the results of the ICP-OES analysis, the recovery rate of silver was calculated below
Equation 5 and presented in Table 6. Although, the copper addition includes the increase of copper
content in the precipitate, the recovery rate of silver increased to 93.3% when copper addition was 1
g which is the maximum amount of addition.

Weight of silver in recovered powder after adding copper powder

Sil te = x 100
Fver recovety rate Weight of Silver in nitric adid leachate of solar cells ®)

4. Conclusions

In this study, a study was conducted to recover silicon and silver, which are valuable metals,
using acid solutions and substitution reactions from waste solar cells. In order to effectively recover
silicon and silver, the leaching solutions was selected the acid solution (HNOs). According to the
concentration of the nitric acid solution, when the concentration of the acid was 3M, copper, lead and
others were completely removed from powder solar cell, and the residual silicon could be purified
above 99%. As well, depending on the leaching time, it was found that 30 minutes of leaching time is
enough to purify silicon with the purity of more than 99%. For recovery of silver using substitution
reaction from leachate, there were no products when 0.25 g and 0.5 g of copper powder were added,
but, the precipitate was produced when 0.75 g and 1 g of copper were added.

As aresult of calculating the recovery rate of silver through the weight of silver of the recovered
precipitate and the weight of silver in the leachate, more than 90% of silver could be recovered. The
aluminum was deposited in the leachate due to it's lower reducibility than silver and copper during
precipitation reaction by copper, and it is considered that an appropriate amount of copper powder
needs to be used to effectively use it in the manufacture of modules. In this study, it was achieved
that recovery of silicon with more than 99% purity and the recovery rate of silver reached more than
90%, will contribute to economic and environmental benefits such as reducing the raw material of
solar modules and environmental pollution from waste landfills.
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