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Abstract: In this study, we present a microwave-assisted method for recycling and recovering critical
minerals from LED e-waste. This new approach uses microwave irradiation to convert first the plastic
lens of LED into a brittle charred residue that encapsulates the LED chip. This residue is then
mechanically separated from the metallic pins (Fe, Ni, Ag), which remain intact. Further calcination
of the charred residue in air exposes the materials making up the LED chip, which contain critical
metals (e.g., Ga, As, In, Y, Au). A follow up two-step acid treatment using aqua regia and hot
concentrated HCl, selectively leaches out the other metals ultimately resulting in gallium enrichment.
The proposed combination of microwave heating with acid treatment improves significantly the
recovery of Ga and provides a practical approach to remediate LED e-waste.

Keywords: LED; e-waste; microwaves; metals; recycling

1. Introduction

Light-Emitting Diodes (LEDs) are light sources based on a semiconducting LED chip and
constructed of two pins (a cathode and an anode), a reflectivity cavity, a gold wiring, and a plastic
lens that covers the device (Figure 1). When voltage is applied, light is emitted, with the color dictated
by the band gap of the semiconductor used in the device. LED lighting is energy-efficient and long-
lasting, offering an environmentally responsible and sustainable technology. Its popularity stems
from its ability to lower environmental impact while providing reliable performance. While LEDs
have not yet been officially classified as electronic waste (e-waste), manufacturers proactively advise
proper disposal. Although, currently, there is not a strong impetus to recycle LEDs, that might change
shortly because of the following. First, consumers may replace LEDs sooner and before they seize to
work due to rapid technological developments towards better performance at a lower cost. As a
result, consumers may consider purchasing LED lights in the same way they do other electronic
devices, replacing them well before their lifetime expires. This market trend is predicted to
significantly increase LED production as well as LED waste in the environment. Second, LEDs are
manufactured using a number of metals, including the more common iron and copper but also more
valuable ones, such as aluminum, silver, gold, and more importantly gallium, arsenic, and indium
among others. As the rates of production and use increase, critical metals like gallium, arsenic, and
indium used in semiconductor manufacturing could be depleted within the next two decades. Based
on the above reasoning, regulators and other government agencies are expected to introduce LED
recycling programs to both reduce the environmental impact of LED waste and preserve the supply
of critical metals essential for semiconductor manufacturing [1-5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Schematic of the primary components of an LED.

Current methods proposed for LED recycling include manual segregation, solvent dissolution,
acid leaching, thermal treatment, or combinations thereof. Manual segregation typically involves
mechanical processes such as prying, cutting, and cracking to separate the various components of the
device [6, 7]. Dissolution employs solvents that dissolve some materials [8, 9], while leaching uses
acids to extract valuable metals from the LED components [5, 10-13]. Thermal treatment, on the other
hand, involves heating to high temperatures to facilitate decomposition followed by separation [7,
10, 14, 15]. Despite the effectiveness of these techniques, separating the LED components is often a
labor-intensive and complex process that can jeopardize the benefits of recycling. The intricate
structure of LEDs, which integrates multiple materials in compact designs, adds to the challenge of
efficient disassembly and recovery. Given these challenges, researchers are actively searching for
new, innovative and more sustainable methods for recycling LEDs.

Microwave treatment of e-waste has emerged as a fast and eco-friendly method, particularly
suitable for recycling e-waste that contains both plastics and metals, including printed circuit boards,
cell phones, CDs, and copper cable wires. Microwave irradiation selectively heats the metal due to
its high conductivity, while the surrounding plastic undergoes pyrolysis, breaking down into gases,
oils, and char. As the metal heats up during microwave treatment, it loosens up from the plastic
matrix, enabling easy separation and recovery. Hence, this process has been explored for several
applications including metal recovery from e-waste [16-25]. However, no studies have reported the
use of microwave technology for processing LED e-waste to date [21, 22]. Herein, we demonstrate
for the first time microwave-assisted recovery of critical and valuable metals from LED e-waste. The
microwave process is remarkably fast, completing in under a minute. After microwave treatment, the
LED components can be separated easily, reducing the need for intensive manual labor and
minimizing the use of solvents or chemicals to dismantle the device components. Furthermore, the
process is suited for batch processing, suggesting that it is appropriate for large-scale operations.
Microwave-assisted separation holds significant promise in recycling LEDs, where speed and
recovery efficiency are crucial. It has the potential to further streamline recycling processes,
enhancing both effectiveness and sustainability.

2. Materials and Methods

All chemicals and solvents were purchased from Sigma-Aldrich. Experiments were conducted
using a household microwave oven (frequency 2.45 GHz, wavelength ca. 12 cm). Microwave
treatment was carried out in a fume hood. LEDs of various colors-white, warm, red, pink, orange,
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yellow, green, and blue-were employed. The LEDs, each measuring 3 cm in size, were composed of
three primary components: a plastic lens, an LED chip, and metallic pins (Figure 1).

For the process, 10 to 20 LEDs were placed in a silica ceramic crucible and subjected to irradiation
in a household microwave oven at 700 W under ambient air while rotating for 1 min. This microwave
treatment resulted in the charring of the plastic lenses, which encapsulate the LED chip, while leaving
the metallic pins intact. Subsequent mechanical separation of the components involved hand scraping
to detach the charred plastic lenses followed by magnetic separation using a hand magnet to remove
the metallic pins. The recovered metallic pins, referred to as PNLED, were both attracted by a magnet
and they were conductive. The charred plastic residue was further treated by calcination in air at 800
°C for 1 hour, resulting in its complete removal from the chip, which we refer to as SMLED. Since the
amount of SMLED is 0.1 mg per LED, approximately 400 LEDs were processed, in order to collect
sufficient SMLED material. The complete process is illustrated in Figure 2.

Figure 2. Microwave irradiation of LEDs placed in a silica ceramic crucible causes ignition, leading to the
formation of residue consisting of metallic pins and brittle charred plastic lenses (A-C). Manual separation using
hand abrading and attraction by a magnet easily extracts the magnetic and conductive metallic pins (D, E),
referred to as PNLED. The brittle charred plastic lenses encasing the LED chip material can be easily detached
(F), and can be further processed through calcination in air to obtain SMLED (G).

The structure and elemental composition of all samples were studied using complementary X-
ray diffraction (XRD) and X-ray fluorescence (XRF) techniques. XRD patterns were obtained using a
glass holder (for pins) or a background-free silicon wafer (for powders) with Cu Ka radiation (A =
1.54 A) from a Bruker Advance D8 diffractometer. Samples were scanned from 2-80° 20, in steps of
0.02° (26), at a rate of 0.2 s per step [26]. Elemental analyses were carried out using a home-built
Energy-Dispersive XRF spectrometer. Photons emitted from an annular 2! Am source were used for
sample excitation, while a Si(Li) crystal was used for the detection of fluorescent X-rays. Spectral
analysis was carried out using the WinQxas software package developed by the International Atomic
Energy Agency (IAEA, Vienna, Austria). Metallic pins were analyzed directly with no sample
pretreatment. Quantitative analysis was performed using a custom fundamental parameters code
developed specifically for the spectrometer. Powder samples were measured in the form of 1.25-cm-
diameter pellets, prepared by mixing certain amount of finely ground sample with microcrystalline
cellulose. Elemental quantification was based on calibration curves obtained for each analyte from
sets of standard pellets prepared by mixing high-purity reagents with microcrystalline cellulose.
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3. Results and Discussion

Due to their high conductivity the presence of the metallic pins in the LEDs, is key to the process.
Since they are good conductors, they heat up rapidly in the microwave and the temperature increase
initiates the recovery process. The size of the LED, being one-fourth of the microwave's standing
wave wavelength, aligns with the peak of highest intensity in the wave (Figure 3A). This resonance
enhances the interaction between the microwaves and the LED, amplifying the heating and
separation processes [23, 25]. This intense heating causes thermal expansion of the metallic pins
(PNLED), weakening their bond with the surrounding plastic lens and, thus, facilitating their
separation. The plastic lens deteriorates into a brittle char under the high temperatures generated by
the microwaves (Figure 3B), further softening the bonds and making the mechanical separation
easier. During the initial stages of the microwave exposure, the LED chip deflagrates leaving the pin’s
cavity empty (Figure 3C, D). The brittle char encases the LED chip, allowing for easy separation from
the metallic pin's reflective cavity. Finally, the char residue is calcined in air, exposing SMLED
material. The resulting materials (PNLED and SMLED) are analyzed using complementary X-ray
techniques-XRD for structural characterization and XRF to determine the elemental composition of
the samples.
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Figure 3. The size of the LED corresponds to one fourth of the microwave’s standing wave wavelength at
maximum intensity (A). This results in a strong interaction with microwaves, leading to the formation of a brittle
charred plastic lens loosely attached to the metallic pins (B). The brittle charred plastic lens encases the yellow
semiconducting LED chip material, which deflagrates from the reflective cavity towards the plastic lens during
the initial stages of microwave treatment (C). As a result, the cavity within the metallic pins is left empty, devoid

of any semiconducting material (D). Photos (C) and (D) were taken using a magnifying loupe.

The XRD pattern of PNLED reveals characteristic reflections corresponding to the silver coating,
as shown in Figure 4. This confirms the presence of a silver layer on the surface of the pins.
Complementary XRF analysis identifies additional elements (Table 1), notably iron and nickel, which
are absent in the XRD pattern. Among the latter, iron is present in a larger fraction and consistent
with the observed magnetic properties of the metallic pins. The silver coating, on the other hand,
accounts for the excellent conductivity of the pins. The detection of only silver in the XRD pattern is
due to the nature of the coating. Silver, being a heavy polyelectronic element with a high atomic
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number, produces intense reflections in the XRD analysis, overshadowing signals from lighter
elements like iron. Furthermore, the iron core is buried beneath the thin silver coating, reducing its
contribution to the diffraction pattern. This combination of structural and compositional information
illustrates the dual functionality of the metallic pins, with the iron core imparting magnetic behavior
and the silver coating ensuring better conductivity. The magnetic properties of iron are not a critical
factor in LED performance but may provide indirect benefits, such as electromagnetic compatibility
in circuits and easy magnetic mounting and alignment of LED components. However, the primary
reason for using iron in LEDs is its cost, as it is relatively inexpensive and readily available, making
it a practical choice for manufacturers.

PNLED  Aglll
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Figure 4. XRD pattern of PNLED.

Table 1. Elemental concentrations (% w/w) determined by XRF spectrometry.

Element PNLED SMLED SMLEDH SMLEDHH

Fe 61.0 26.7 36.8

Ni 37.0

Cu 10.8 0.3

Ga 25 34 6.0

As 1.3 327*

Sr 406* 92%* 704*
Y 0.2 0.3

Zr 202* 161* 0.1

Ru 269* 138*

Rh 39*

Ag 1.0 1.5 0.6 614*
In 570* 142*

Sn 2.0 1.3 0.5
Ba 185* 40*

La 140* 158* 994*
Ce 224* 265*

Gd 344* 567*

Au 1.0 1.5

Pb 426* 403* 443*

! Values denoted with * are given in ppm. SMLEDH refers to the first acid treatment, while SMLEDHH refers to
the second acid treatment.
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The XRD pattern of SMLED shown in Figure 5 exhibits sharp reflections corresponding to {3-
Gax0s [27-29] and As20s [30, 31], confirming the presence of gallium and arsenic as expected for a
GaAs based LED. Additionally, crystalline silica reflections are observed [32]. These reflections are
due to impurities introduced from the ceramic crucible during the microwave treatment. While the
crucible is initially composed of amorphous silica, it undergoes localized crystallization near hot
spots. These hot spots form because of microwave radiation interacting with metallic parts of the LED
that come into contact with the crucible. The complete XRF composition of SMLED is detailed in
Table 1. In addition to Ga and As, elements including In, Au, Ag, Y, Ce, Sn, Pb, and Cu are present.
Indium is used as dopant in GaAs. Yttrium and cerium come from the thin phosphor coating, which
enhances light conversion efficiency. The presence of gold is due to the Au wires used for electrical
connections, ensuring reliable conduction in the device, whereas the presence of Ag is due to silver
coatings used as reflectors inside the LED to enhance light output by increasing reflectivity. Lead and
tin come from the solder, which facilitates secure electrical contacts. Lastly, copper serves as the
metallic substrate, contributing to effective thermal dissipation and cooling of the LED chip.

312

SMLED
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10 20 30 40 50 60 70 80
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Figure 5. XRD pattern of SMLED.

Based on the above results, SMLED has significant potential as a feedstock material for the
extraction of critical metals essential to the electronic industry, including gallium, precious metals,
and rare earths [4, 7, 10, 33-37], thus promoting resource recovery and reducing dependence on
primary raw material sources. Separation and recovery of different metals from SMLED was
explored using a two-step process. In the first step, acid treatment of SMLED with aqua regia (40 mg
per 2mL acid) at room temperature for 24 hours removes Cu, As, In, and Au with 75-100 % efficiency,
and Ag and Sn with 40-60 % efficiency (Table 1, SMLEDH material). Subsequent calcination of the
remaining material at 800 °C in air enhances crystallinity, resulting in a solid with an XRD pattern
similar to a-Gaz20s [38] (Figure 6). Note that no As20s can be seen. Under acidic conditions, 3-Ga20s
converts to a-GaOOH after 24 hours of exposure through dissolution and recrystallization [39]. Heat
treatment at 800 °C dehydrates a-GaOOH, resulting in a-Ga20s3 [40]. In the second step, the crystalline
solid was treated with hot concentrated HCI (25 mg per 2 mL acid) at 100 °C for 2 hours. XRF analysis
confirmed the complete leaching of rare earth elements Y and Ce, leaving behind a small quantity
(approximately 1-1.5 mg) of a Ga-enriched solid (Table 1, SMLEDHH material). The XRD pattern of
the Ga-enriched solid, mounted on a background-free silicon wafer, displays a sharp and intense
(110) reflection (not shown), which is the main peak of crystalline a-Ga20s [41]. Typically, a-Ga20s
(corundum-type) has a dense structure similar to a-Al:Os, which enhances its resistance to acid
dissolution and facilitates gallium enrichment by removing any leachable species. Gallium is not
leached out through this process, as chemically evidenced in the supernatant fractions by the addition
of a gallium-precipitating agent, such as concentrated HF solution (GaFs: Ksp ~ 1022). The addition of
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HF to the supernatant resulting from aqua regia treatment produces a precipitate composed of silver
and tin, as indicated by XRF analysis, most likely due to the formation of insoluble Ag:5nFs, whereas
the addition of HF to the supernatant after HCI treatment yields no precipitate. Overall, the stepwise
application of aqua regia and hot concentrated HCI enables the efficient separation of different
groups of critical elements for recovery or further processing [4, 7, 10, 33-37].
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Figure 6. XRD pattern of SMLED following acid leaching with aqua regia and air-calcination at 800 °C. The 111
and 400 reflections are attributed to residual 3-Ga20s.

For comparison, conventional treatment by direct calcination of the LEDs at 800 °C in air for 1 h
was also performed. This treatment can still separate the components, but it poses significant
challenges of recovery because: (i) thermal heating reduces the recovery efficiency within the
reflective cavity, as some of the LED chip materials deform, adhere, or become trapped, making the
separation and extraction of the chip more difficult. Results obtained using a precision scale with
five-digit accuracy showed that, in the case of microwave treatment, the LED chip is fully recovered,
with a mass remarkably close to the expected value of 0.1 mg per LED, leaving the reflective cavity
completely empty (Figure 3D). In contrast, conventional heat treatment results in only partial
recovery, with an efficiency of 45 % with some material remaining trapped in the cavity (Figure 7).

Figure 7. Unlike microwave treatment, direct calcination of LED fails to sufficiently recover the chip from the

reflective cavity. The photo was taken using a magnifying loupe.

Therefore, microwave treatment achieves 100 % recovery efficiency of the LED chip, while heat
treatment reaches only 45 %; (ii) conventional heat treatment causes severe oxidation of the metallic
pins into iron oxides, which compromises their structural integrity and renders them non-conductive
(Figure 8). Silver can be detected in small amounts using XRF but not in the XRD in this case. When
heated in air at 800°C, the iron core oxidizes, forming a thick iron oxide layer. This layer, along with
the fact that silver is present in small amounts, can completely obscure the detection of silver by XRD.
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Thus, direct heating is less favorable as it does not fully recover the LED chip material and causes
irreversible damage to the metallic pins, ultimately reducing the recovery efficiency of the LED
components.
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Figure 8. XRD pattern of the metallic pins following the direct calcination of LEDs in air at 800 °C. The inset
highlights a heavily oxidized blackish pin, in contrast to the silvery, lustrous pin achieved through microwave

treatment, as well as its lack of conductivity.

4. Conclusions

In this study, we introduce a microwave-assisted, efficient recycling method for Ga, As and other
precious or critical elements present in LED devices. Microwave irradiation transforms the plastic
lens of LED into a brittle char while simultaneously weakening the bond between the semiconducting
chip and metallic pins (Fe, Ni, Ag). This process enables mechanical separation with minimal effort,
reducing reliance on labor-intensive or chemically intensive methods. During the microwave
processing the LED chip penetrates the plastic lens and becomes embedded in the charred residue.
Further calcination of the charred residue produces a solid with all the materials used for the LED
chip including critical elements (e.g., Ga, As, In, Y, Au). A two-step acid treatment, involving aqua
regia followed by hot concentrated HC], effectively leached away several of these metals, resulting
in considerable gallium enrichment as shown by complementary analytical techniques. XRD verified
the crystalline structure of the isolated materials, while XRF provided detailed information into the
elemental composition. The analysis confirmed the successful recovery of key materials, validating
the effectiveness of the proposed recycling approach. The microwave process is efficient and scalable,
making it an attractive option for industrial recycling operations. Its ability to achieve rapid heating
through resonance effects which facilitates component separation in just a minute offers a significant
advantage over traditional methods. All in all, our study demonstrates that the microwave-assisted
approach not only improves recycling efficiency but also represents a sustainable pathway for
managing the growing challenge of LED e-waste.
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