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Abstract

This study emphasizes the role of magnetic separation as a novel pretreatment strategy
for the recovery of indium from ITO coatings in LCD screen glass. Previous studies have
primarily focused on the magnetic separation of leaching residues. In this work, a reverse
approach is proposed, and for the first time, magnetic separation was systematically applied
prior to leaching. Our results demonstrate that indium accumulates in the ferromagnetic
fraction, indicating its association with Fe-rich phases. In addition to Fe, the behavior of Sr
and Si was also evaluated, providing a broader understanding of elemental distribution
within LCD glass. This finding offers new insights into the distribution and mobility of
indium during hydrometallurgical processing and highlights magnetic separation as a
valuable step for improving recovery efficiency. To establish optimal leaching conditions,
preliminary experiments were performed on ground LCD glass using sulfuric acid at
three concentrations (0.1, 1, and 5 M) and two temperatures (21 ◦C and 65 ◦C) for both
coarse (>1 mm) and fine (<1 mm) particle fractions. All residues and solid-state analyses
were performed using the XRF method. Acid molarity was found to be the dominant
factor controlling indium dissolution, with 5 M H2SO4 selected as the most effective
leaching medium. Statistical evaluation further clarified the dissolution trends of these
elements and confirmed the significance of magnetic separation in enhancing the efficiency
of indium recovery.

Keywords: indium; ferromagnetic fraction; LCD; leaching; magnetic separation; recycling;
sulfuric acid

1. Introduction
Indium is a strategically important metal, primarily utilized in the form of indium

tin oxide (ITO) in liquid crystal displays (LCDs), touchscreens, flat panel displays (FPDs),
and photovoltaic (PV) panels [1–3]. FPD (including touchscreens, smart windows, laptop
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monitors, and television screens) represents the largest application segment, accounting
for approximately 60% of global indium consumption, predominantly in the form of
ITO [4]. ITO, typically composed of 90:10 or 95:5 weight ratios of indium oxide to tin oxide,
combines high electrical conductivity with excellent optical transparency [5,6], making it
the material of choice for transparent electrodes in LCDs and smart window technologies.
Industrially, ITO is most commonly produced by sputtering or electron-beam evaporation,
yielding the material in powder form [7]. Despite its critical role in modern electronic and
energy technologies, indium is a finite and unevenly distributed resource [8,9]. Its primary
production as a byproduct of zinc ore mining not only limits global supply but also imposes
significant environmental and economic burdens. With global digitalization and renewable
energy expansion intensifying demand for displays and PV modules, pressure on primary
indium sources continues to mount. This growing demand underscores the importance of
developing sustainable secondary supply chains based on e-waste recycling. The indium
concentration in certain waste streams, such as end-of-life PV panels or discarded LCD
screens, can exceed that in primary ores, positioning the urban mining of e-waste as a
viable and sustainable alternative. For instance, the indium content in LCD screen glass
is typically 100–300 mg In/kg [10,11], but values can reach up to 1400 mg In/kg when
the polymer film attached to the screen is removed before processing [12]. In contrast,
primary sources such as sphalerite or chalcopyrite ores typically contain only 10–20 mg
In/kg [11,13]. Table 1 presents the average indium content in various electronic equipment
and PV.

Table 1. Content of indium in electronic devices and PV.

Type of
Equipment

LCD
TV LG LCD Panels LCD

Laptops
LCD

Mobile Phones
LCD

Panels
LCD

Monitors CIGS Panel

In, mg/kg 28.7–91.6 53–130 405 906 160 480 131.9
References [14] [15] [16] [17] [2] [18] [19]

In 2024, the global annual production of refined indium was approximately 920 tons [20].
It is predicted that indium, along with gallium, selenium, and tellurium, is one of the el-
ements whose demand will increase up to 40-fold [21] in long-term forecasts until 2050.
The main application sector for indium includes panel displays and screen manufacturing
(≈60%) [4], where indium is used as ITO. The rapid expansion of electronics production and
consumption continues to drive a steady increase in the demand for indium contained in
FPDs, highlighting the urgent need for efficient recycling strategies for this waste stream.
Given the nano-layered ITO coatings present on glass substrates [22,23], acid leaching is
the most widely applied approach for releasing In3+ ions. The leaching efficiency was
tested against various acid media using HCl [24,25], aqua regia [26,27], H2SO4 [27–30],
HNO3 [31], or their combinations. These media have been shown to achieve an efficient
dissolution of indium from ITO layers. Among them, H2SO4 remains one of the most widely
employed leaching agents due to its unique combination of competitive advantages, i.e.,
high dissolution efficiency of the In2O3 phase, relatively low cost, moderate corrosivity,
and compatibility with downstream indium separation and recovery processes [14,15,32].
These attributes make sulfuric acid particularly suitable for integration into closed-loop
recycling schemes for ITO-bearing waste, where leaching is followed by selective indium
recovery steps. The results obtained using sulfuric acid are promising—the recovery ef-
ficiency reaches 95–100% under appropriately optimized conditions of temperature, acid
concentration, and reaction time. For example, Pu et al. [30] achieved 96.5% indium recovery
using a pressure leaching technique with 2 M H2SO4 for 2 h at 135 ◦C. Similarly, studies on
the optimization of leaching conditions showed 99.5% efficiency of indium solubilization
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under optimal operating parameters, including a leaching step of 30 min at 70 ◦C in the
presence of 0.4 N H2SO4 and a pulp density of 50% (w/v) [28]. Even a 100% indium recovery
in a one-step leaching process with 2 M H2SO4 at 80 ◦C in just 10 min has been reported [12].
Qin et al. [33] also confirmed the effectiveness of sulfuric acid in indium leaching from
spent ITO targets, achieving a 99% leaching rate with a concentration of 5.3 mol/L and a
temperature of 87 ◦C. H2SO4 remains a key leaching medium, providing compatibility with
subsequent downstream separation, purification, and recovery steps. Processes such as
solvent extraction [34], precipitation [35], cementation [25], and membrane separation pro-
cesses (e.g., nanofiltration, reverse osmosis, membrane distillation, forward osmosis) [36] are
employed, enabling efficient indium recovery rates of 95–99%. For example, H2SO4 proved
to be an effective medium for leaching indium from TFT–LCD panels when combined with
solvent extraction. Using H2SO4 at a 1:1 (v/v) concentration, an optimal liquid-to-solid
ratio of 1:1, and solvent extraction with D2EHPA in 4 M HCl, a final indium extraction
efficiency exceeding 97% was achieved [34]. Also, Lahti et al. [37] applied 1 M H2SO4 for
leaching crushed LCD panels, obtaining an average yield of 97.4%. The downstream process
included ultrafiltration to remove organic material, nanofiltration as a concentration step,
liquid–liquid extraction for indium purification, and cementation, resulting in a 95.5% pure
indium product with a 69.3% overall yield. These high efficiencies highlight the technical
feasibility of transforming e-waste into a sustainable secondary indium resource. Table 2
presents an overview of the reagents used, recovery efficiencies, and supporting techniques
applied for indium recovery.

Table 2. Examples of reagents, recovery efficiencies, and supporting techniques applied for
indium recovery.

Applied Reagent Efficiency, % Supporting Technique References

HCl/HNO3 60.0 Microwave [24]
HCl/H2SO4 99.0 Acid leaching–sulfide precipitation–zinc cementation [25]
Aqua regia 65.0 Sonication technique [26]

HCl 99.3 High temperature, samples ground in a ball mill [27]
HCl 96.8 Ultrasonic wave [38]

H2SO4 96.4 One-step leaching, precipitation [12]
H2SO4 98.2 Samples ground in a ball mill [27]
H2SO4 99.5 Pressure leaching technique [28]
H2SO4 83.5 Mechanical stirrer, ozone [29]
H2SO4 96.5 Pressure leaching technique [30]
H2SO4 90.0 Using DEHPA, TBP, and Cyanex 272 or Cyanex 923 [31]

H2SO2/H2O2 100.0 Pressure leaching technique, 5% wt/vol Amberlite™ resin [32]
H2SO4 99.0 Cold isostatic pressing, sintering processes [33]
H2SO4 97.0 Solvent extraction [34]
H2SO4 97.4 Membrane filtration [37]

Sodium tripolyphosphate
(Na5P3O10) 95.0 Pressure oxidative leaching, precipitation, solvent

extraction and cementation [35]

Pre-treatment is a key step in the process of indium recovery from waste materials, as
it directly affects the efficiency of subsequent leaching. Dismantling and separating glass
layers from polymers (e.g., polarizers), followed by cutting and comminution, are the basic
steps to obtain fractions with the desired particle size. Fine particles greatly increase the
availability of the reaction surface and indium concentration [18,24]. However, alternative
non-crushing approaches—such as ultrasonic treatment, pyrolysis, or thermal shock—can
also achieve high performance while reducing energy consumption [24,38]. In parallel
with these pre-treatment strategies, magnetic separation has become a well-established and
increasingly applied technique in WEEE recycling [39–42]. Its main advantage lies in the
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ability to efficiently remove ferromagnetic components, thereby simplifying downstream
processing and improving the quality of recovered fractions. Moreover, in studies on LCD
waste streams, residual solids after acid leaching, when treated by magnetic separation,
allow the isolation of ferromagnetic fractions while concentrating the remaining elements
(In, Sn, Gd) in a magnetic solid [43,44].

However, previous studies have consistently treated magnetic separation as a final
stage conducted after leaching. In this configuration, magnetic separation functions merely
as an operation for removing dissolution residues rather than as a process step capable
of influencing the leaching behavior itself. To date, no studies have systematically exam-
ined whether the preliminary removal of ferromagnetic phases—potentially associated
with Fe oxides—could affect the subsequent selectivity of indium leaching. Moreover, it
has remained unclear whether indium coexists with the magnetic fraction to an extent
that would justify implementing magnetic separation prior to leaching. To the best of
our knowledge, the present work directly addresses this knowledge gap by providing a
systematic analysis of the direct application of magnetic separation prior to leaching, the
behavior of indium during this step, and its potential distribution between magnetic and
non-magnetic fractions and its association with ferromagnetic fractions. Addressing this
unexplored aspect has therefore become a central objective of the present study.

The aim of this study was to evaluate the efficiency of chemical leaching of indium
from LCD glass layers using sulfuric acid under various process conditions, with particular
emphasis on magnetic separation as a novel pretreatment. Magnetic separation enabled
the differentiation of ferromagnetic and non-magnetic fractions, clarifying the behavior of
In, Fe, Sr, and Si. The influence of acid concentration, temperature, and particle size on
In leaching efficiency was also evaluated. Statistical analyses were employed to elucidate
dissolution trends and to confirm the significance of magnetic separation.

2. Materials and Methods
2.1. Sample Preparation

Mobile phones equipped with LCDs were manually disassembled, and the individual
screen components—specifically the glass layers—were carefully separated for further
processing. Manual disassembly was performed following standard practices reported
in the LCD recycling literature [45,46]. While no specific cleaning step was applied, the
subsequent grinding process ensured material homogenization, and potential organic
residues do not interfere with sulfuric acid leaching or XRF analysis. The ITO-coated glass
layers were then subjected to a two-stage mechanical comminution process. In the first
stage, the material was coarse-crushed using a hammer crusher; in the second stage, it was
finely ground in a ball mill. The ground material was subsequently dry-sieved into the
following three particle size fractions (AS 200, Retsch GmbH, Haan, Germany): <1 mm,
1–1.5 mm, and >1.5 mm. Due to the minimal mass of the 1–1.5 mm fraction, it was combined
with the >1.5 mm fraction. For the leaching experiments, the following two size classes
were selected: (i) undersize fraction—particles smaller than 1 mm (<1 mm), (ii) oversize
fraction—particles larger than 1 mm (>1 mm). It should be noted that the >1 mm fraction
originated from coarse crushing in the hammer mill and consisted predominantly of large
fragments (approximately 3 × 1 cm). Three representative samples from each fraction were
analyzed before and after leaching using a handheld X-ray fluorescence spectrometer (Delta
Professional, Evident, Atlanta, GA, USA) equipped with a Rh X-ray tube (up to 40 kV, 4 W)
and a Silicon Drift Detector (SDD). The average compositions of the major components of
the selected two fractions of LCD glass samples are shown in Table 3.
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Table 3. Percentage composition of the main elements in LCDs’ glass by XRF.

Elements In Sn Sr Ca Ba S V Fe

Fraction < 1 mm,
mg/kg 250 ± 8 877 ± 16 26,943 ± 363 25,386 ± 237 18,586 ± 262 2173 ± 218 1185 ± 12 3657 ± 60

Fraction > 1 mm,
mg/kg 227 ± 11 4463 ± 90 57,908 ± 1110 14,762 ± 120 11,433 ± 235 4138 ± 197 294 ± 4 14,181 ± 208

2.2. Leaching Experiments

Preliminary leaching of ITO layers from ground LCD materials was carried out using
sulfuric acid (Penta, Czech Republic; purity 96%) as the leaching agent. Experiments were
performed under the following process conditions: temperatures of 21 ◦C (ambient) and
65 ◦C; acid concentrations of 0.1 M, 1 M, and 5 M; and a solid-to-liquid ratio of 1:5 (w/v),
based on literature precedents [12,31,34,46]. Two particle size fractions of glass samples
(<1 mm and >1 mm) were tested. For each run, 20 g of material was placed in a 300 mL
glass beaker, and 100 mL of H2SO4 at the designated concentration was added. For the
>1 mm fraction, 30 g of material and 150 mL of acid solution were used to compensate
for the larger bulk volume. All beakers were placed in a Multitron Standard orbital
shaker (Infors HT, Bottmingen, Switzerland) and agitated at 80 rpm under the specified
temperature conditions. Leaching was conducted in independent single-cycle experiments
with durations of 1 h, 2 h, 4 h, and 24 h. After leaching, the solid residues were separated
from the solution, dried, and analyzed by XRF to assess changes in indium content. For
each experiment, the final indium concentration in the solid samples was calculated as the
average value of three randomly collected residues from each particle size fraction (<1 mm
and >1 mm). These initial tests were designed to identify the most favorable and efficient
leaching conditions in terms of acid concentration, temperature, and reaction time. These
parameters provided a basis for subsequent experiments performed on fractions obtained
after magnetic separation, ensuring that the influence of magnetic pre-treatment on indium
recovery in leaching could be reliably assessed. The following steps of the experiment are
shown in Figure 1.

 

Figure 1. Schematic diagram of sequential stages of the experimental procedure, leaching and
magnetic separation.

2.3. Magnetic Separation Analysis

Before performing the final leaching experiments, magnetic separation was introduced
as an additional step to assess the influence of removing ferromagnetic and paramagnetic
components on subsequent chemical leaching (Figure 1). The crushed LCD samples were
divided into two size fractions. The >1 mm fraction was processed using the laboratory
magnetic separator LSV (Sollau, Velky Orechov, Czech Republic), a compact version of
the multi-stage drum VMSV. The magnetic drum operates with a surface induction of up
to 1.2 T, which enables an efficient retention of ferromagnetic and weakly paramagnetic
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particles. The separator was operated with a feed rate of 50 g per pass, and a total of
approximately 200 g of material was processed per experiment through multiple passes to
ensure complete separation into ferromagnetic and non-magnetic fractions. The <1 mm
fraction was processed using the laboratory matrix magnetic separator MX-L (Sollau,
Czech Republic). This separator employs a stainless-steel wool matrix magnetized by
permanent neodymium magnets with a field intensity of up to 0.8 T. The fine fraction was
dispersed in water at a solid concentration of 10% (w/v) and passed through the matrix
by gravity. A total of approximately 100 g of material was processed through multiple
cycles to achieve complete separation. Magnetic and paramagnetic particles were retained
in the matrix, while diamagnetic material was discharged. The matrix was manually
cleaned after each separation cycle. Following magnetic separation, all fractions were
subjected to chemical leaching under identical conditions (5 M H2SO4 at 21 ◦C and 65 ◦C)
as described in Section 2.2 to allow direct comparison with the results obtained prior to
magnetic separation.

2.4. Statistical Analysis

Statistical evaluation was applied to clarify the dissolution patterns of In and its ac-
companying elements (Fe and Sr) and to determine the significance of magnetic separation
as a preparatory step. Also, to verify the effects of acid concentration, temperature, and
particle size on In leaching. R software version 4.4.1 [47] was used for plotting, correlation,
and statistical analyses. Exploratory factor analyses were conducted using PCA for extrac-
tion, followed by Oblimin rotation, to identify the dominant variables influencing indium
recovery using the psych package [48].

3. Results and Discussion
3.1. Effect of H2SO4 Concentration and Temperature

Figure 2 presents the indium concentration in the solid phase during the leaching
of ground glass particles (<1 mm and >1 mm) at 21 ◦C and 65 ◦C. In all experimental
conditions, indium concentrations decreased with increasing leaching time. This trend
confirms that sulfuric acid efficiently dissolves indium from the ITO layers after more
than one hour of leaching, with the effect being particularly pronounced at higher acid
concentrations and elevated temperatures.

Figure 2. Changes in indium concentration during leaching of LCD glass at different acid concen-
trations, 0.1 M, 1 M, and 5 M: (a) 21 ◦C, fraction > 1 mm; (b) 65 ◦C, fraction > 1 mm; (c) 21 ◦C,
fraction < 1 mm; (d) 65 ◦C, fraction < 1 mm.
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Coarser fractions (>1 mm) were leached to evaluate the potential to minimize energy-
intensive grinding processes. Since mechanical pre-treatment on an industrial scale involves
substantial operational and maintenance costs, this study examined whether effective
indium extraction could be achieved without fine grinding. The efficiency of indium
leaching from ITO layers exhibited a strong dependence on the concentration of sulfuric
acid used (Figure 2). Higher H2SO4 concentrations (1 M and 5 M) markedly increased
the amount of dissolved indium compared with the low-acid condition (0.1 M) for both
<1 mm and >1 mm fractions. These results confirm that acid concentration is a key factor
influencing extraction efficiency, consistent with previous literature. Our results indicate
that it is possible to reduce In’s concentration in fraction < 1 mm from 250 mg/kg to
25 mg/kg after 1 h using 5 M H2SO4 and to 8 mg/kg after 24 h at 65 ◦C (Figure 2c,d). Similar
results were reported by Shuster and Ebin [14]. Also, Silveira et al. [12] showed the influence
of sulfuric acid concentration (0.1 M, 0.5 M, 1 M) on the efficiency of indium dissolution from
LCD screens, achieving the best results using H2SO4 1 M and obtaining an average indium
concentration of 554 mg/kg, significantly higher than in the case of 0.1 M (250 mg/kg).
It was confirmed [28] that acid concentration and temperature are the most important
parameters of the indium leaching process. Higher temperatures favored the extraction
of indium from the LCD material, as reported in many studies [12,28,49,50]. The effect of
higher temperature (65 ◦C) was evident for both <1 mm and >1 mm fractions. Notably,
for the coarser fraction (>1 mm) leached with 1 M H2SO4, the highest extraction efficiency
was achieved (Figure 2b). Indium concentration in the solid fraction was comparable with
the results for 5 M acid, which resulted in an In concentration of 50 mg/kg after 1 h in
the solid material. Even at ambient temperature (21 ◦C), fine grinding (<1 mm) enabled
nearly complete indium removal, leaving only 3 mg/kg in the residue with 5 M sulfuric
acid, compared with 27 mg/kg for the >1 mm fraction.

3.2. Indium Leaching Efficiency

Indium leaching efficiencies are presented in Figure 3. Increasing grinding intensity
did not substantially improve indium dissolution from the glass material. After 24 h of
leaching with 5 M H2SO4, the differences in residual indium content between the particle-
size fractions did not exceed 10%. For the fine fraction (<1 mm), leaching efficiencies of 98%
and 95% were obtained at 21 ◦C and 65 ◦C, respectively, after 24 h in 5 M acid (Figure 3c,d).
Under the same conditions, the coarser fraction (>1 mm) reached efficiencies of 88% and
89%, respectively. Notably, high leaching efficiencies (77–90%) were already achieved after
just 1 h of treatment with 5 M H2SO4, depending on particle size and temperature.

From an industrial perspective, these findings suggest that extensive comminution
may not be strictly necessary, provided that leaching parameters—such as acid concen-
tration, temperature, and contact time—are carefully optimized. This aligns with the
observations of Silveira et al. [12] and Houssaine Moutiy et al. [28], who demonstrated
that indium leaching efficiency depends more strongly on acid concentration and tem-
perature than on particle size alone. Similarly, Yang et al. [31] reported that high surface
exposure achieved through basic mechanical shredding—without removing polarizing
films from the glass prior to shredding—was sufficient to obtain nearly complete indium
dissolution in 1 M H2SO4 within less than 8 h at room temperature. Moreover, the use of
higher acid concentrations consistently enhanced indium recovery, confirming that acid
concentration is a more critical factor than particle size for rapid and effective leaching.
Even for the coarse fraction, indium recovery at 5 M H2SO4 reached >88%, indicating that
surface area limitations are likely mitigated by high proton availability and reaction kinetics
at elevated molarity. Vučinić et al. [50] demonstrated that during indium recovery from
LCD glass with a particle size of 10 × 10 mm, temperature was a critical factor; higher
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temperatures, combined with shorter leaching times, markedly improved indium extrac-
tion efficiency. It should be noted, however, that their leaching process was assisted by
ultrasound, which substantially modifies mass transfer dynamics and accelerates leaching
kinetics. Under these conditions, they achieved an indium leaching efficiency of up to
98% using an H2O:HCl:HNO3 mixture (6:2:1, v/v/v) at 40 ◦C for 40 min. The observed
increase in leaching efficiency with temperature and acid concentration may be attributed
to the intensification of surface reactions between H+ ions and the LCD matrix, leading to
a loosening of the silica network and facilitated metal release. Under milder conditions,
the process could be partially limited by reagent diffusion through the reaction product
layer or the remaining glass phase, which may indicate a shift from chemical to diffusion
control. Similar effects were reported by Cao et al. [51] and Swain et al. [52], emphasizing
the importance of glass surface reactivity and diffusion barriers in the leaching kinetics of
LCD materials. Selection of an appropriate processing strategy for indium recovery should
begin at the comminution stage, where a balance must be struck between energy-intensive
grinding and chemical process optimization. Grinding to fine particle sizes increases en-
ergy costs and dust generation, while moderate fragmentation combined with optimized
leaching conditions (e.g., ≥1 M H2SO4, T ≥ 60 ◦C, t ≥ 1 h) may provide a more sustainable
compromise, both economically and environmentally. Furthermore, the relatively high
leaching efficiency observed for fractions > 1 mm (compared to fractions < 1 mm) may
be due to differences in the morphology and degree of release of the metalliferous phase,
where larger particles may contain more exposed or fractured reactive phases and exhibit
better leaching efficiency. According to the observations of Crundwell [53] and Winardhi
et al. [54], mineral phase morphology and release can significantly determine leaching
kinetics, sometimes to a greater extent than particle size alone, suggesting the need for
more detailed consideration of this phenomenon in future analyses and interpretations of
the processes. Therefore, it should be noted that the presented study presents certain limita-
tions that should be carefully addressed in further work, including modeling of long-term
leaching kinetics, characterization of particle surface and morphology, and variations in
glass composition. These factors can significantly influence mass transport mechanisms,
surface reactions, and ultimately the efficiency of the indium leaching process.

Figure 3. Indium leaching efficiency in coarse and fine fractions, under different conditions, after 1 h
and 24 h, at: (a) 21 ◦C, >1 mm; (b) 65 ◦C, >1 mm; (c) 21 ◦C, < 1 mm; (d) 65 ◦C, <1 mm.

Further research is needed to assess the threshold particle size below which no signifi-
cant increase in leaching efficiency is observed, particularly for mixed or layered FPD. The
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choice of downstream separation and purification methods is equally critical to achieving
high product purity and enabling the recirculation of process solutions, thereby further
reducing operating costs and minimizing environmental impact. In this context, in addi-
tion to conventional solvent extraction and ion exchange, membrane separation processes
appear particularly promising within the indium recycling chain. These technologies
offer high retention rates for indium (>98%) and other metals (e.g., Ga, Ge, Mo, Sn, Sr),
while enabling the recovery of up to 80% of water and more than 95% of purified acid
for reuse [36]. It should be emphasized that the use of high-concentration acids (e.g., 5 M
H2SO4) is associated with the risk of acidic wastewater generation, environmental chemical
pollution, and infrastructure corrosion. Therefore, the recovery of acids is a significant
factor in the recycling chain, and reusing the acidic solution in subsequent leaching cycles
reduces reagent consumption and associated emissions [55]. Furthermore, it is possible to
use membrane or ion-exchange techniques that can significantly reduce the environmental
impact of acids [56]. Preliminary leaching experiments determined that the most effective
indium recovery was achieved using 5 M H2SO4. Therefore, in further studies, preceded
by magnetic separation, sulfuric acid at this concentration was used.

3.3. Magnetic Separation—Analysis of Input Material

The wet magnetic separation proved effective in concentrating elements into the
studied fractions. The magnetic fraction > 1 mm demonstrated significantly higher concen-
trations of Fe, In, and Sr compared to the non-magnetic fraction (Table 4). This substantial
enrichment, particularly the 3190-fold increase in iron content, confirms the successful sep-
aration of ferromagnetic components. The indium distribution is particularly noteworthy,
as this critical element was exclusively detected in the magnetic fraction, suggesting its
association with iron-bearing compounds in the LCD matrix. This finding has significant
implications for indium recovery strategies from electronic waste, as magnetic separation
can effectively pre-concentrate this valuable element prior to chemical processing.

Table 4. Concentration of metals in different fractions of LCD materials after magnetic separation.

Sample–Fraction Input to
the Leaching

In,
mg/kg

Fe,
mg/kg

Sr,
mg/kg

Si,
%

1: >1 mm magnetic 244 +/- 7 450,055 +/- 4697 9327 +/- 165 18.0 +/- 0.30
2: >1 mm non-magnetic <LOD* 141 +/- 10 2732 +/- 34 22.61 +/- 0.21

3: <1 mm magnetic 71 +/- 4 31,678 +/- 257 8904 +/- 114 19.1 +/- 0.20
4: <1 mm non-magnetic <LOD* 280 +/- 10 4010 +/- 44 22.2 +/- 0.19

<LOD*-limit of detection.

The magnetic separation of the fine fraction (<1 mm) showed different characteristics
compared to coarser materials. The magnetic fraction contained enriched concentrations
of Fe, In, and Sr, while the non-magnetic fraction exhibited substantially lower values
(Table 4). The enrichment factors were considerably lower than observed for coarser frac-
tions (>1 mm), with iron showing only a 113-fold concentration difference compared to
the non-magnetic fraction. The indium distribution exhibited different behavior in the fine
fraction (<1 mm). Indium was present in the magnetic fraction; however, its concentration
was significantly lower overall, at 71 mg/kg, compared to the fraction > 1 mm, and was at
undetectable levels in the non-magnetic fraction. This enrichment suggests that fine grind-
ing may have liberated indium-bearing phases, making them less exclusively associated
with magnetic components.
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3.4. Magnetic Separation—Analysis of Magnetic Fractions

Figure 4 presents the extraction efficiency of Fe and In from magnetic coarse and fine
fractions (>1 mm and <1 mm). In both cases, indium and iron exhibited a clear trend of
progressive dissolution, and the temperature markedly influenced both leaching kinetics
and yields. At 65 ◦C, the > 1 mm fraction reached nearly complete Fe extraction (97%) and
full In recovery within 24 h (Figure 4b), compared to 91% and 89%, respectively, at 21 ◦C
(Figure 3a), confirming the high leachability of In bound to magnetic carriers. In the fine
magnetic fraction < 1 mm, Fe recovery increased from 50% at 21 ◦C to 95% at 65 ◦C after
24 h. Indium leaching was particularly accelerated at elevated temperature, with almost
complete dissolution within 4 h at 65 ◦C, while residual In (11–24 mg/kg) remained in
solids even after 24 h at 21 ◦C.

Figure 4. Indium and iron leaching efficiency from coarse and fine magnetic fractions under different
conditions: (a) 21 ◦C, >1 mm; (b) 65 ◦C, >1 mm; (c) 21 ◦C, <1 mm; (d) 65 ◦C, <1 mm.

Studies by Toache-Pérez et al. [43,44] demonstrated that, following acid leaching of
LCD waste, subsequent magnetic separation of the solid residues could lead to partial
association of indium with ferromagnetic phases. Although indium is not inherently
ferromagnetic, its presence in the magnetic fraction was attributed to the co-precipitation
or co-sorption onto Fe-bearing phases (such as iron oxides or hydroxides) formed during
leaching. This indicated that Fe could act as a carrier for In, explaining its measurable levels
in the magnetic fraction. However, our study shows that In is probably entrapped within
ferromagnetic phases in the original material, and co-precipitation or co-sorption during
leaching is not necessarily the reason why it can be found in magnetic fractions. This finding
emphasizes the importance of considering magnetic pre-treatment in designing efficient
indium recovery strategies. In the coarse magnetic fraction (>1 mm), Sr concentrations
increased relative to the input during leaching, reaching the highest values after 4 h at 65 ◦C
(Figure 5). This indicates that Sr was not effectively leached, but rather became enriched
in the solid residue, most likely due to the preferential dissolution of Fe- and In-bearing
phases, which reduced the overall mass and led to a relative concentration effect. In the fine
magnetic fraction (<1 mm), Sr showed a similar tendency toward enrichment, confirming
its low solubility and persistence in the solid phase.
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Figure 5. Changes of strontium content in residues after leaching of magnetic fractions at 21 ◦C and
65 ◦C for coarse and fine fractions.

In the case of silicon, an interesting behavior of this element has been observed
(Figure 6). In both fractions, Si percentages in the solid phase increased during the early
leaching stages, reflecting preferential dissolution of other phases (Fe and In). Next, af-
ter long-term leaching (24 h), the percentage of Si in the residues decreased, compared
to the values achieved in the earlier stages of leaching or compared to the input value.
This behavior reflects a two-step mechanism. At early leaching stages, the removal of
mobile modifiers (alkali/alkaline earth cations like Na, Ca, B, or Fe, In) from the glassy
network reduces the overall mass of the residue, resulting in an apparent enrichment
of Si expressed. At prolonged contact times in acid, however, the silicate network itself
undergoes hydrolysis and bond cleavage (Si–O–Si), leading to the dissolution of silica into
the leachate in the form of monomeric silicic acid (H4SiO4) [57–60], which explains the
final decrease in Si concentration in residues after 24 h. Additionally, difficulties with the
filtration of post-leaching solutions indicate the presence of dissolved silica. However, for a
full understanding of the underlying mechanisms and the behavior of Si during leaching,
further experimental investigations are required.

3.5. Magnetic Separation—Analysis of Non-Magnetic Fractions

Figure 7 shows the leaching efficiency of Fe and In from the non-magnetic fractions
(>1 mm and <1 mm). Indium was undetected in the input of the coarse non-magnetic frac-
tion > 1 mm (Table 4) and remained unreleased across all leaching experiments, confirming
its association with the magnetic fraction. Measurable indium (9 mg/kg) was present
initially in the fine fraction and fully dissolved within 2 h at 65 ◦C (Figure 7d) and within
24 h at 21 ◦C (Figure 7c), indicating a higher leachability of indium due to the increased
surface area and finer particle size. Iron showed strong variability in both fractions, with a
decrease at early stages and partial recovery at longer times, suggesting reprecipitation or
matrix redistribution.
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Figure 6. Changes of silicon content in residues after leaching of magnetic fractions at 21 ◦C and
65 ◦C for coarse and fine fractions.

Figure 7. Indium and iron leaching efficiency from coarse and fine non-magnetic fractions under
different conditions: (a) 21 ◦C, >1 mm; (b) 65 ◦C, >1 mm; (c) 21 ◦C, <1 mm; (d) 65 ◦C, <1 mm.

In the non-magnetic fraction > 1 mm, strontium remained essentially stable across
all conditions (Figure 8), while Si content exhibited only minor fluctuations (Figure 9),
reflecting the inert nature of the silicate matrix and its acid-resistance. However, in
fractions < 1 mm, Sr concentrations increased markedly at elevated temperatures, pointing
to an enhanced release of elements from associated phases. Si content varied moderately,
reflecting partial structural destabilization of the glass matrix during prolonged leaching.
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Figure 8. Changes of strontium content in residues after leaching of non-magnetic fractions at 21 ◦C
and 65 ◦C for coarse and fine fractions.

Figure 9. Changes of silicon content in residues after leaching of non-magnetic fractions at 21 ◦C and
65 ◦C for coarse and fine fractions.

3.6. Relationship Between in and Fe in LCD Glass Residue

Figure 10 shows a significant positive correlation between the concentrations of In and
Fe in the leached LCD glass residues after magnetic separation, which varied under different
conditions (time, fraction size, and temperature). The linear trend indicates that indium is
closely associated with Fe-rich phases, irrespective of particle size, leaching temperature,
or time. Variability between coarse and fine fractions, as well as between experimental
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conditions, reflects differences in leaching progress, but the overall proportionality confirms
the coupled behavior of In and Fe during the process.

Figure 10. The relationship between the concentrations of In and Fe in the leached LCD glass after
magnetic separation.

Factorial analysis was conducted on the In concentrations found in LCD glass residues,
which were subjected to various leaching conditions. These conditions included tempera-
ture, particle size, leaching time, and sulfuric acid concentrations. The analysis captured
a total variance of 97%, which is almost evenly distributed between the first and second
factors, as illustrated in Figure 11. Notably, a strong correlation was observed between the
0.1 M H2SO4 and Factor 1, while Factor 2 was closely associated with 5 M H2SO4. The
strongest separation effect was obtained for 5 M H2SO4, which confirms the dominant role
of acid concentration in controlling the extraction process.

Figure 11. Factorial analysis for In leaching by different sulfuric acid concentrations from LCD glass.
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A second factorial analysis was conducted on the concentrations of In, Fe, and Sr
obtained from LCD residues after leaching with 5 M H2SO4 under various conditions,
including temperature, particle size, leaching time, and magnetic separation. This analysis
accounted for a significant portion of the total variance, specifically 99% and the PCA
plot (Figure 12) shows a clear separation of the fraction samples after magnetic separation.
Factor 1 explained 65% of the variance and was primarily associated with changes in the
concentrations of two metals, In and Fe, throughout the leaching experiment, which are
strongly correlated and indicate their relationship with the magnetic fraction. Additionally,
a distinct scatter pattern was observed in the variance space for samples subjected to
magnetic separation, which supports the magnetic treatment’s effectiveness. Factor 2 is
related exclusively to changes in Sr concentrations, which has almost half the influence
of Factor 1. Finally, the point pattern confirms the key role of magnetic separation in
controlling the distribution of elements in LCD glass.

Figure 12. Factorial analysis of the In, Fe, and Sr leaching by sulfuric acid.

4. Conclusions
This study investigated the distribution and leaching behavior of In, Fe, Sr, and Si in

LCD glass waste using a combined magnetic separation–sulfuric acid leaching approach.
Our results provide direct experimental evidence that ferromagnetic carriers represent the
primary In reservoir in LCD glass waste. The key findings were the following:

• magnetic separation prior to leaching clearly demonstrated that indium accumulates
in ferromagnetic fractions, confirming its association with Fe-bearing phases.

• the coarse magnetic fraction (>1 mm) showed the highest In concentration (244 mg/kg)
together with extremely elevated Fe content (450,000 mg/kg), whereas In was unde-
tected in the non-magnetic counterpart.

• In the fine fraction, In was present in the magnetic part (71 mg/kg) but absent in the
non-magnetic residue, further supporting an Fe-controlled distribution.

• Sr remained largely immobile and accumulated in solid residues during leaching,
indicating low solubility and minor interaction with Fe- and In-bearing phases.

• Si exhibited partial mobility, showing initial enrichment followed by depletion during ex-
tended leaching, suggesting glass matrix restructuring and possible secondary reactions.
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• Leaching tests confirmed that 5 M H2SO4 at 65 ◦C yields the highest In dissolution
efficiency.

• Particle size showed limited influence, implying potential for reduced energy use in
mechanical pretreatment.

Overall, these findings highlight the importance of coupling magnetic separation with
optimized leaching conditions to support sustainable indium recycling from electronic
waste streams. Future research is necessary to optimize magnetic separation for fine particle
fractions and implement acid recycling strategies, together with scale-up considerations, to
facilitate industrial application potential.
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