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eco-friendly pretreatment
processes for high-purity silicon recovery from
end-of-life photovoltaic modules†

Suhwan Kim, ‡a Junkee Kim,‡bc Seyeon Cho,a Kwangmin Seo,b Byoung-Uk Park,d

Hae-Seok Leec and Jongsung Park *a

This study examines the efficacy of photovoltaic (PV) recycling processes and technologies for the recovery

of high-purity silicon powder from waste solar modules. In order to facilitate the simplification of complex

processes, such as the conventional nitric acid dissolution, solvent and ultrasonic irradiation, and solvent

dissolution, a variety of mechanical separation processes have been established. These processes are

designed to enhance the efficiency and effectiveness of the aforementioned processes. And a novel

method for separating EVA from recycled Si powder was devised, which studied the WGS process using

aqueous solutions of H2O, HNO3, and NaCl with different specific gravities. The WGS process using NaCl

solution demonstrated superior performance, removing over 94% of the EVA, requiring less energy input

and producing 73% less CO2 emissions compared to the thermal process. These technologies facilitate

the transition towards a circular economy and bolster the implementation of carbon-neutral initiatives.
1. Introduction

The world strives to achieve a carbon-neutral society in response
to the climate change crisis and to fulll the common goals of
realizing a sustainable society (SDGs) while preserving the
Earth's ecosystem (biodiversity conservation).1–3 Green tech-
nologies can solve global issues such as carbon neutrality, net
zero, and the circular economy. Proactive environmental
management technologies benet human society and the
natural environment.4,5 They are essential to solve future envi-
ronmental problems beyond the current post-processing envi-
ronmental problems. The development of genuinely carbon-
neutral green technologies is required to transition from an
existing advanced economy to a circular economy. Efforts to
minimize the environmental impact of the technology appli-
cation process are urgently needed.6–8

Green climate technologies help mitigate climate change
and promote sustainable development. These technologies
include renewable energy technologies such as solar, wind,
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hydropower, and sustainable energy sources without green-
house gas emissions.9,10 In particular, solar technology is
a renewable energy source that does not deplete natural
resources. It is an essential component of carbon-neutral poli-
cies to reduce carbon emissions and mitigate climate
change.11,12 Additionally, it is cost-effective, accessible, and
reliable for resilient and sustainable energy systems. It gener-
ates electricity without emitting greenhouse gases or other
harmful pollutants, reducing carbon emissions and mitigating
the effects of climate change.13–15 This corresponds to the core
technology at net zero. Existing solar panel recycling technolo-
gies use simple landlls,16 pyrolysis,17,18 chemical processes,19,20

and physical methods21–23 known as universal recycling and
reuse methods. These technologies involve crushing or pulver-
izing panels while dismantling the frame and junction box,
retaining the glass, and sorting them into individual materials.
This results in low economic feasibility because all constituent
materials are mixed.24,25

This study employs a circular economy-compatible and eco-
friendly physical method, which separates the remaining glass
from the panel aer dismantling the aluminum frame and
junction box, as well as the sandwich (encapsulating material)
that connects them. This method, unlike general crushing
methods, allows for the recovery of glass with high purity (95%)
and can ensure the production efficiency of recycled materials.

However, using a recycling method that allows the recovery
of raw materials by selecting valuable metals, such as silicon,
copper, and silver, presents a challenge. Micronized glass and
encapsulating materials such as ethylene vinyl acetate (EVA) are
mixed aer the crushing or grinding. Moreover, with the
RSC Adv., 2024, 14, 31451–31460 | 31451
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development of solar cells and module technologies that
prioritize power generation efficiency, bifacial modules (G2G)
and BIPV modules are gaining26,27 market share, along with
advanced Si solar cells such as PERC, TOPCon, and HIT cell
technologies.28,29 Due to this paradigm, further development of
solar recycling technology requires supplementation and
changes in new processes and technologies for large-scale
processing and production. Glass separation technology is
considered the most important in recycling existing screen-
printed PV modules. Additionally, encapsulant removal or
sorting technology, including EVA, must be upgraded during
the crushing, grinding, and sorting processes.

The conventional approach to separating EVA from waste PV
panels has been through the use of chemical and delamination
methods, primarily involving the combustion of the EVA to
facilitate its removal. The chemical methods employed include
solvent and ultrasonic irradiation,30 solvent dissolution,31 and
chemical etching.32 Additionally, electrothermal heating33 and
pyrolysis techniques34 have been explored as potential avenues
for EVA removal through combustion. Nevertheless, these
conventional techniques are either exceedingly time-consuming
or inherently awed due to their tendency to generate delete-
rious emissions and waste products. Therefore, it is imperative
to develop new technologies that are comparatively more rapid
Fig. 1 Schematic diagram of the Si powder upcycling process for EoL P

31452 | RSC Adv., 2024, 14, 31451–31460
than existing processes and which minimize the emission of
harmful substances and carbon dioxide.

In this study, two processes were employed to remove EVA
from reclaimed Si powder: thermal and wet gravity separation
(WGS). The thermal process eliminates polymer components
like EVA but consumes high energy and emits CO2 emissions.
The wet gravity separation process uses an aqueous NaCl solu-
tion to exploit the specic gravity difference between silicon and
EVA, resulting in efficient separation. TheWGS process employs
the specic gravities of the materials to be separated to facilitate
their centrifugation. As a consequence, it is a technology that
can effectively separate EVA from reclaimed Si powder with
minimal chemical usage and the generation of minimal
harmful substances. This was veried using TGA, FT-IR, and
SEM/EDSmeasurements. The CO2 emission amounts of the two
processes were also calculated.

2. Experimental section
2.1. Recycling of EoL PV modules

The entire process for recycling and reclaiming Si powder from
end-of-life (EoL) PV modules is shown in Fig. 1. The details of
each process are listed in Table 1. First, an automatic machine
separated the aluminum frame, electrical wires, and junction
box from the PV module. Then, the back sheet on the rear side
V modules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Process overview and details for PV recycling and reclaiming Si powder

Process Schematic Technical details

Dismantling process

The process of dismantling the aluminum frame that protects the solar
panel from external shock and the junction box that connects the electrodes
to the outside
Separate the frame by pushing it out from inside the module using
a hydraulic press jig and remove the junction box using a blade

Sealant removal process

A process to remove the sealant that bonds the panel and frame as a pre-
treatment process for the separation process
To prevent damage during the subsequent process due to the sealant
attached to the windshield, remove it by cutting it using three blades at
different angles

Backsheet removal
(grinding) process

A grinding process removes the back sheet on the back side of PV modules
by a grinding machine

Glass separation process

A partial heating process that separates the remaining layers (EVA/Si solar
cell/EVA layers) except the front glass of the solar panel with a blade
Enter the heated blade into the interface between the glass and EVA and cut

Crushing process

A shredding process to select solar cells encapsulated in EVA and valuable
materials within the module by inserting the separated module sandwich
into a rotary cutter mill
Samples are crushed between the rotational speed and high precision of the
rotary cutter mill
Different crushing shapes are derived using differences in the physical
properties of module constituent materials

Sorting process (particle
separation)

Sorting process using particle size differences in shredded materials
Separating small particle size powder-type solar cells and metals (copper
ribbon + solar cells in powder foam + EVA)

Sorting process (specic
gravity separation)

By vibration + air blow, materials with light specic gravity are affected by
the air blow, and materials with heavy specic gravity (copper ribbon) are
selected by the vibration

Wet gravity separation

The thermal process eliminates the EVA contained in Si powder through
heat energy
Wet gravity separation separates EVA contained in Si powder by specic
gravity differences in various solutions
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of the PV modules was ground using a mechanical grinder to
make the following recycling process more accessible. A hot
blade, i.e., a specially built machine with a T-blade, was
employed to separate the cover glass and solar cells. Aer this
process, the Si solar cells remained attached to the EVA. In the
hot-blade process, six hot knives were inserted between the
cover glass and EVA/Si solar cells to achieve EVA-attached Si
solar cells. Then, the Si solar cells with EVA were shredded using
an in-house shredding machine, converting them to powder. To
recover high-purity Si, thermal and wet gravity separation (WGS)
processes were employed to remove the remaining shredded
EVA mixed with Si powder.

Thermal processing was performed to remove the shredded
EVA from the reclaimed Si powder. The EVA was fully carbon-
ized at around 500 °C. Hence, the thermal process temperature
© 2024 The Author(s). Published by the Royal Society of Chemistry
was approximately 10% higher at 550 °C. The thermal process
was executed at a ramp rate of 10 °C min−1 using a furnace.
WGS was performed as follows: reclaimed Si powder (0.5 g) was
mixed with 13 ml of D. I. water, HNO3, and a 15 wt% NaCl
aqueous solution. Aer centrifugation at different revolutions
per minute (RPM) for various times, the separated components
were allowed to oat to the top for 10 min. The material oating
in the upper layer was discarded, and the settled material was
washed with D. I. water and dried.
2.2. Characterization of separation processes

A thermogravimetric analyzer (TGA, TGA N-1000, SCINCO) was
used to evaluate the thermolysis characteristics of the samples
in a nitrogen atmosphere at a temperature increase rate of 10 °
RSC Adv., 2024, 14, 31451–31460 | 31453
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C min−1. To identify polymers or other organic components
remaining in the samples before and aer pretreatment,
Fourier transform infrared (FT-IR, US/Spectrum to FT-IR, Per-
kinElmer) measurements were made at 500–4000 cm−1, and
Raman spectroscopy (i-Raman Plus, BW TEK) was performed at
250–300 cm−1 equipped with a laser at a wavelength of 532 nm
and a ber optic probe. The crystallinity of the thermal or WGS
powder was examined by X-ray diffraction (XRD, Ultima IV,
Rigaku), eld-emission scanning electron microscopy (FE-
SEM), and energy dispersive spectroscopy (EDS, MIRA3 LM,
TESCAN) to determine the morphology and composition ratios
of the metal components.
3. Results and discussion
3.1. Reclaiming of Si powder from EoL PV modules

The aluminum (Al) frame and junction box were rst removed
to recycle the PV modules and reclaim Si in powder form, as
described in Table 1, and this is a simple method that uses
automated equipment. Aer removing the junction box and Al
frame, the PV modules (Fig. 2(a)) were placed in the equipment
(Fig. 2(b)) for back-sheet removal. The back-sheet removal
equipment consisted of a module transfer unit and a three-
stage back-sheet removal unit. The back-sheet was ground
using six T-cutters arranged in a zigzag arrangement (Fig. 2(c)),
and these T-cutters grinded polymeric back sheet. The PV
module processed by back removal is shown in Fig. 2(d). The
process was carefully controlled to only grind back sheet layer,
and not grind Si solar cells. The gure shows that the back-sheet
attached to the PV modules was almost completely removed
during this process, and the Si solar cell was not grinded by the
process. This is because the purpose of the recycling processes
is reclaiming Si for EoL module, so that Si loss by this process
must be minimized. Also, this process has another
Fig. 2 Process overview of the back-sheet, (a) Al flame and junction box
cutter of the back-sheet removal equipment and (d) PV module after ba

31454 | RSC Adv., 2024, 14, 31451–31460
advantageous that it prevents TiO2 particles contained back
sheet for following Si reclaiming process, and allows the
recovery of high-purity silicon powder. Hence, it needs to be
removed in advance.

The next step was separating the front cover glass and the Si
solar cells (Fig. 3(a)). For this, a hot-knife process was employed.
In the hot-blade process, six hot knives were inserted between
the cover glass and EVA/Si solar cells, resulting in EVA-attached
Si solar cells aer the process and the front cover glass in full, as
shown in Fig. 3(b). The front glass and Si solar cells with EVA
were successfully separated through this process, facilitating
the curled Si solar cells as shown in Fig. 3(b). This process is
advantageous because it generates signicantly less CO2 than
the thermal annealing process, which applies heat to whole PV
panels to burn the EVA layer to separate Si solar cells and the
front glass. Subsequently, the curled Si solar cells were crushed
by a rotary cutter mill cuts and crushes the Si solar cells into
powder (Fig. 3(c)). Finally, vibration and air blowing process
were conducted to separate Cu ribbon scrap and light weight Si
powder as shown in Fig. 3(d). Through these processes, Si
powder was successfully obtained from the EoL PV modules. It
can be claimed that these processes are composed of fewer
carbon emission processes and efficiently recycle large amounts
of EoL PV modules to achieve a circular economy and carbon
neutrality.

Following these processes, the as-reclaimed Si powder con-
taining shredded EVA was obtained. As mentioned earlier,
minimizing polymeric impurities in Si powder is crucial to
using it as a base material for high-value upcycled products
such as SiC or SiNx. For this purpose, the amount of polymer
EVA in the as-reclaimed Si powder was analyzed aer shredding
and separation using TGA, FT-IR, SEM, and EDS. As shown in
the TGA analysis results in Fig. 4(a), the reclaimed Si powder
exhibited mass loss in two regions at 265–400 and 400–500 °C,
removed PVmodule, (b) automatic transfer PVmodules, (c) image of T-
ck-sheet removal process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Process overview of hot-knife, crushing, and sorting, (a) hot-knife equipment, (b) recovered front cover glass and curled Si solar cells after
the hot-knife process, (c) crushing and sorting process, and (d) final products after whole recycling processes.
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which showed the same weight loss pattern of EVA as in our
previous report.21 The percentages of mass loss in each region
were respectively 6.1% and 21.8% for a total mass loss of 27.9%.
The reclaimed Si powder contained approximately 27.9%
Fig. 4 (a) TGA, (b) FT-IR, (c) SEM, and (d) EDS measurement results of r

© 2024 The Author(s). Published by the Royal Society of Chemistry
polymer components. No further mass loss was observed at
temperatures above 500 °C. FT-IR measurements of the
reclaimed Si powder showed various stretching bonds with
oxygen or hydrogen, conrming the presence of polymeric
eclaimed Si powder.

RSC Adv., 2024, 14, 31451–31460 | 31455
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Fig. 5 (a) TGA, (b) FT-IR, (c) SEM, and (d) EDS measurement results of reclaimed Si powder after the thermal process.
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components (Fig. 4(b)). SEM/EDS measurements conrmed
that the Si content was greater than 94 wt%, followed by Ag, Sn,
and Cu. However, in the case of Cu, the content was the lowest
because it had already separated into Cu ribbons during the
reclamation of the Si powder (Fig. 4(c and d)). These metals can
be removed by leaching in the HNO3 process. Therefore,
removing Ag, Sn, and Cu is not discussed further.
3.2. Thermal process

In this study, two processes were employed to remove the
shredded EVA from the reclaimed Si powder: (i) thermal and (ii)
wet gravity separation (WGS). First, a thermal process was
employed to remove the shredded EVA from the reclaimed Si
powder. The initial assessment found that EVA was fully
carbonized at around 500 °C, as shown in Fig. 4(a). Thus, the
thermal process was conducted at a slightly higher temperature
of 550 °C for 10 min in air to remove EVA efficiently. Thermal
processing eliminates polymers through heating, which is
simple and does not require specialized equipment. However, it
has disadvantages, including the need for thermal energy input
for heating and the generation of CO2 due to polymer
carbonization.

Fig. 5 shows the characteristics of the reclaimed Si powder
aer thermal processing. The TGA analysis in Fig. 5(a) indicates
no mass loss, thus suggesting 100% polymer removal through
the thermal process at 550 °C for 10 minutes. FT-IR, Raman
spectroscopy, XRD, SEM, and EDS analyses were conducted to
31456 | RSC Adv., 2024, 14, 31451–31460
corroborate the results of the polymer removal by thermal
processing. FT-IR measurements showed that other than the
two C–H stretching vibration peaks in the range of 2850–
2950 cm−1 (Fig. 5(b)), which can be found on a typical Si wafer
or silica, other organic peaks were almost eliminated.35,36

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) measurements aer the thermal
process showed no signicant change in the existing metal
content (Fig. 5(c and d)). The prominent peaks of Si, which
accounted for the most signicant proportion, were conrmed
by the XRD results (Fig. S1(a)†). Therefore, the thermal process
efficiently removed the shredded EVA in the Si powder by
applying heat.
3.3. Wet gravity separation

Second, the WGS process was employed to remove the shredded
EVA from the reclaimed Si powder effectively. The wet process
typically refers to acid leaching, which initially extracts the
target metal from the ore into the ionic phase (dissolution) and
is followed by precipitation and reduction. The WGS process
has the advantage of not requiring a thermal budget compared
to the thermal process and minimizing the amount of carbon
dioxide produced.37 The WGS process was designed using the
difference in the specic gravity of EVA, which accounted for the
highest proportion of polymer components and Si. Considering
that Si and EVA have specic gravities of 2.42 and 0.9,38,39 using
a solution with a specic gravity value between the two
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Specific gravity values of Si, EVA, and solutions used for
specific gravity separation

Si EVA H2O

NaCl solution

HNO3 (60%)10 wt% 15 wt%

Specic gravity 2.42 0.9 0.99 1.072 1.107 1.37
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materials would have caused Si to sink. EVA would oat to the
top and could be separated aer centrifugation. Therefore, the
reclaimed Si powder was mixed in liquids of different specic
gravities and separated using centrifugation. Three different
liquids were employed: H2O with a specic gravity of 0.99, HNO3

(60%) with a specic gravity of 1.37, and an aqueous solution of
NaCl (10 and 15 wt%) with a specic gravity of 1.072 and 1.107
as listed in Table 2. H2O was chosen because it does not pollute
the environment, does not react with other substances in the
silicone powder, and is easy to dispose. The subsequent
consideration of NaCl solution was prompted by its potential to
enhance the specic gravity of H2O while exhibiting no antici-
pated reactivity with Sn, Ag, and Cu in the solar cell. The utili-
zation of HNO3 was ultimately deemed appropriate due to its
ability to dissolve and separate the metals.

Fig. 6 illustrates the characteristics of the Si powder aer
WGS with different solutions at 5000 rpm for 10 min. First, TGA
measurements were conducted to determine the weight loss of
the reclaimed Si powder aer WGS using different solutions. As
observed in Fig. 6(a), in the case of deionized (D. I.) water alone,
the decrease in mass occurred in the temperature range of 330,
420, and 500 °C, with a total reduction of approximately 20%
compared to the reclaimed Si powder without the WGS process.
The results obtained using D. I. water did not show signicant
separation performance.

In the WGS process using nitric acid, the polymer or residual
metal components were dissolved in nitric acid and precipi-
tated together, resulting in poor separation capability. The total
mass reduction increased by more than 4% compared to the
reclaimed Si powder. In particular, the mass reduction in the
relatively high-temperature range of 380–500 °C increased by
approximately 8%, resulting in a total mass loss of 32.5%. Using
Fig. 6 Results of (a) TGA, (b) FT-IR, and (c) Raman spectroscopy measu
solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a 15 wt% aqueous solution of NaCl, the mass loss was approx-
imately 0.5% up to 450 °C and ∼3.4% between 450 and 500 °C.
The total mass loss was 3.8%, indicating that the residual
polymer components were successfully separated (Table S1†).

FT-IR measurements aer the wet separation pretreatment
agreed with the TGA results and showed that the NaCl aqueous
solution resulted in the most signicant decrease in other
organic transmittance values below 2750 cm−1 (Fig. 6(b)).
Raman spectroscopy measurements revealed no peaks other
than the Si–O–Si peak at 515–520 cm−1 and the Si–OH peak at
900–970 cm−1.40 In the case of HNO3, the peaks broadened and
sharpened because of poor separation. The poor separation
performance of HNO3 was also conrmed by Raman spectros-
copy measurements, as evidenced by the NO3

− symmetry
stretch at 1052 cm−1 (Fig. 6(c)).

From the results of XRD aer the WGS process, dominant
peaks of Si were conrmed in the samples using DI water and
NaCl aqueous solutions, similar to the thermal process.
However, when HNO3 was used, the separation did not occur
properly, and many minor peaks were observed below 55 °C
(Fig. S1(b)†). The EDS measurement results showed a trend
similar to the separation performance. When HNO3 was used,
the Ag, Sn, and Cu contents were higher than when other
solutions were used, compared to the Si content. It is presumed
that the separation occurred when the metal components were
dissolved and settled in the nitric acid. When D. I. water and
NaCl aqueous solutions were used, the Si content was over 98%,
conrming high separation performance (Fig. S2†).

Based on these results, the optimal conditions using
aqueous NaCl solution were investigated. To optimize the
process, the concentration of the NaCl aqueous solution was
reduced to determine whether the number of chemicals could
be further reduced, and the centrifuge rotation speed and
rotation time were adjusted.

In Fig. 7 and Table 3, TGA measurements showed that the
centrifugation speed and time were higher for a higher
concentration of NaCl aqueous solution, and better separation
results were achieved. For the 10% NaCl aqueous solution, the
4000 rpm condition showed a considerable variation in the total
weight loss values with rotation time. The 4000 rpm–10 min
condition showed slight separation compared to the reclaimed
Si powder. The 5000 rpm–10 min condition showed the best
rements of reclaimed Si powder after the WSG process using different
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Fig. 7 TGA results after wet separation pretreatment with aqueous NaCl solutions at concentrations of (a) 10 and (b) 15 wt%.

Table 3 Weight loss temperature and percentage according to the concentration of NaCl aqueous solution and centrifugation speed and time

Experimental condition Weight (mg)

Weight loss temperature (°C) and percentage

Total 1st 2nd 3rd

NaCl 10 wt% 4k rpm_10 min 10.686 23.298% 271.9–389 (3.937%) 389–460 (9.635%) 460.6–524.1 (9.726%)
NaCl 10 wt% 4k rpm_20 min 10.422 11.052% 297.9–462.6 (8.061%) 466.6–521.5 (2.991%)
NaCl 10 wt% 5k rpm_10 min 10.256 5.444% 304.6–378.8 (0.999%) 391.7–453.2 (2.124%) 457.2–515.3 (2.321%)
NaCl 10 wt% 5k rpm_20 min 10.826 8.001% 306.7–526.2 (8.001%)
NaCl 15 wt% 4k rpm_10 min 11.1 12.395% 297.3–383.5 (2.162%) 389.7–457.3 (4.885%) 461.9–525.4 (5.348%)
NaCl 15 wt% 4k rpm_20 min 10.878 8.424% 312–464.7 (2.527%) 465.8–527.4 (5.897%)
NaCl 15 wt% 5k rpm_10 min 10.907 3.808% 307.3–450.4 (0.465%) 451.5–513.3 (3.343%)
NaCl 15 wt% 5k rpm_20 min 10.786 4.322% 305.2–453.1 (1.529%) 455.8–514.0 (2.793%)
Reclaimed Si powder 18.29 27.936% 265.0–399.1 (6.112%) 408.7–540.3 (21.824%)

Table 4 A comparison of the generation of CO2 in thermal versus WGS process

Usage amount
CO2 emission
factor (kg CO2 per kg)

Thermal process
CO2 generation

WGS process CO2

generation

Water (5000 rpm, 10 m) 24.19 L 0.01 — 0.24
NaCl solution (15 wt%) 3.63 kg 0.06 — 0.21
Centrifugation (5000 rpm, 10 m) 19 kW h 0.5 — 9.5
Thermal process (550 °C) 55 kW h 0.5 27.5 —
Total (kg CO2 per kg) 27.5 9.95
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separation performance of 5.4%. The 15 wt% NaCl aqueous
solution showed a weight loss difference of more than 10% even
at 4000 rpm–10 min compared to the 10 wt% solution. Similar
to the results for the 10 wt% NaCl aqueous solution, the best
weight loss of 3.8% was obtained at 5000 rpm for 10 min. Even
with a slight difference of 0.1 in the specic gravity between the
two solutions, separation performance varied signicantly.

Hence, the results differed depending on the rotation time at
relatively low rotation speeds. Analyzing the overall trend,
the wt% of NaCl and the rotation speed are more signicant
factors than the rotation time. This trend suggests that aqueous
31458 | RSC Adv., 2024, 14, 31451–31460
solutions with sufficient specic gravity differences and rota-
tional speeds are required to separate the attached or mixed
polymers from the reclaimed Si powder. In particular, the EVA
adhering more closely to the cell requires more centrifugal force
for removal. These results demonstrate the suitability of the
WGS process for effectively separating EVA from the reclaimed
Si powder.

Table 4 compares the carbon emissions generated to assess
the relative efficiency of the thermal process, and WGS devel-
oped in this study. The thermal process involved heat treatment
up to 550 °C in a conventional small furnace, whereas the wet
© 2024 The Author(s). Published by the Royal Society of Chemistry
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process was based on centrifugation using a 15 wt% aqueous
solution of NaCl. For both processes, the power and material
volumes were calculated based on the processing of 1 kg of
recycled silicone powder, as shown in Table 4. The CO2 emis-
sions from pretreatment with 1 kg of recycled silicone powder
were approximately 27.5 kg CO2 per kg for the thermal process
and 10 kg CO2 per kg for the WGS process. The thermal process
emitted 2.75 times more carbon dioxide than the WGS process.
Moreover, NaCl is not hazardous to humans or the environment
and does not require specic wastewater treatment. Therefore,
it can be concluded that using NaCl solution to treat the
reclaimed Si powder is a highly environmentally friendly and
efficient process.

4. Conclusion

This study established an efficient PV recycling process, and
a WGS process for reclaimed Si powders was developed. Aer
recycling, the EoL PV modules were successfully treated, and
the reclaimed Si powder was retained for future upcycling. This
study also successfully demonstrated the viability of reclaiming
high-purity silicon powder from solar cell waste modules using
thermal and WGS processes. The thermal process at 550 °C
effectively removed all polymer components, specically EVA,
from the reclaimed silicon powder, as conrmed by various
analytical techniques such as TGA, FT-IR, SEM, and EDS. While
effective, the thermal process has notable drawbacks, including
high energy consumption and signicant carbon dioxide
emissions, making it less environmentally friendly than the
WGS.

The WGS process was evaluated as an effective method for
recycling Si powder from EoL PV modules, focusing on
removing EVA and other polymer components. The process was
tested using DI water, HNO3, and a 15 wt% aqueous solution of
NaCl, with the NaCl solution demonstrating the highest sepa-
ration efficiency. TGA showed a total mass loss of only 3.8%
using the NaCl aqueous solution through process optimization,
indicating the successful removal of more than 96% of the EVA.
FT-IR and Raman spectroscopy analyses conrmed the high
efficiency of the NaCl solution in reducing polymers from the
reclaimed Si powder. These analyses indicate a signicant
reduction in the organic peaks, conrming the effective removal
of EVA and other polymers.

This study highlights the signicant need to develop and
implement eco-friendly recycling technologies in the solar
industry. By advancing methods such as WGS, it is possible to
recover valuable materials with high purity while minimizing
their environmental impacts. These innovations can contribute
to a circular economy, support sustainable development goals,
and promote carbon neutrality. Future studies should optimize
these processes and explore their scalability to handle the
growing volume of solar panel waste effectively.

Data availability

The authors conrm that the data supporting the ndings of
this study are available in the article and its ESI.†
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