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Abstract The growing demand for -electronic
devices and the consequent rise in electronic waste
underscore the urgent need for sustainable manage-
ment strategies, particularly for flat panel displays
(FPD). This review provides a comprehensive over-
view of advanced FPD treatment methods that inte-
grate chemical and biological methods, highlighting
their potential to advance circular economy prac-
tices. The study identifies key target groups in FPD
recycling along with their specific requirements, and
offers a detailed characterization of FPD, focusing on
the composition of display materials, such as indium-
tin oxide (ITO) and various organic compounds.
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Current recycling technologies are reviewed in detail,
covering both conventional pretreatment methods and
emerging biotechnological solutions. Special empha-
sis is placed on metal dissolution through hydromet-
allurgical and biometallurgical processes, followed by
recovery techniques employing chemical and biologi-
cal methods. The paper also addresses critical ana-
Iytical challenges associated in characterization and
monitoring of FPD recycling processes. By integrat-
ing biological and chemical approaches, this study
outlines a promising route toward more efficient,
environmentally friendly, and economically viable
FPD recycling, offering valuable guidance for future
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technological development and policy development,
fully in line with circular economy principles.

Keywords E-waste recycling - Flat panel
display recycling - Biotechnological methods -
Indium recovery - Organic material removal

1 Introduction

In 2022, the global production capacity for Flat Panel
Displays (FPD) amounted to 327 million m? referring
to the total surface area of glass substrates (approxi-
matelly 409,000 t), which represents an increase of
more than 25% over five years (231 million m? in
2017) (Sherif 2025). This trend reflects the growing
demand for screens in the electronics industry, from
smartphones and laptops to televisions and indus-
trial displays. During the same year, global e-waste
reached a record of 62 Mt and is projected to rise to
82 Mt by 2030. FPD represent a significant share of
this total, although they are not always easily distin-
guishable from other categories of e-waste. Never-
theless, it is estimated that discarded liquid crystal
displays (LCD) screens and monitors alone generate
tens of millions of tons of waste annually. Within the
overall e-waste stream, about 10% (5.9 Mt) originates
from used screens and monitors, and 5 Mt is a group
of small information technology (IT) and telecom-
munication equipment (mobile phones, GPS devices,
personal computers). But LCD screens are also pre-
sent in small equipment such as video cameras or
toys, and this group constituted the largest category of
e-waste in terms of 20 Mt in 2022. It is also evaluated
that only 22.3% of generated e-waste are documented
as formally collected and recycled (Baldé et al. 2024).

According to the Platform for Accelerating the
Circular Economy (Report, 2019), if current trends
continue, global e-waste could double to 120 Mt per
year by 2050. Among the various types of e-waste,
monitors represent the second-largest group and are
produced in vast quantities annually. Considering that
worldwide organic light emitting diode (OLED) sub-
strate production capacity reached 67.6 million m? in
2023, the volume of this type of waste is expected to
increase further (Laricchia 2025). Focusing solely on
screens, the Europe FPD market (e.g., smartphones,
tablets etc.) accounted for 23% of global TV sales in
2021. This equates 213.5 million units sold, making
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Europe the largest TV market in the world (www.
etnews.com 2022).

In addition to their large quantities, FPD are a rich
source of valuable metals such as In, Ge, and Ga. In is
found in displays at concentrations of approximately
250 mg/kg, what is 10-100 times higher than its
concentration in natural ores (Yoo et al. 2022). The
EU region is the main consumer of finished products
containing In, with an estimated cumulative addition
of around 500 t of In to urban waste (Ciacci et al.
2019). Future demand projections indicate substantial
growth, with expected increases by 2050 relative to
2010 of 225% for In, 224% for Ga, and 2130% for Ge.
Current estimates suggest that only 25% of global In
demand for solar cells can be met, posing a signifi-
cant challenge to the energy transition (Zheng et al.
2023).

In the EU, the total amount of electrical and elec-
tronic equipment placed on the market in 2021 was
13.5 Mt, yet only 4.9 Mt of e-waste were collected,
representing just 36% of the total produced. Most
of e-waste continues to be landfilled. In recycling
remains a significant challenge, with less than 1%
currently recovered from End-of-Life (EoL) products
(Talens et al. 2018). Moreover, according to the Euro-
pean Chemical Society, e-waste in landfills accounts
for 70% of toxic metal effluent, posing a considerable
threat to environmental protection. Recent findings
also suggest that metal-containing landfills may act as
hotspots for the spread of antibiotic resistance genes
in non-hospital environments (Lachka et al. 2023).
All these data highlight the insufficient recycling
rates of In and other metals from FPD, which are
classified as a Critical Raw Materials (CRM) by the
European Commission. As a readily available source
of critical metals crucial for the European economy,
FPD waste requires a comprehensive and sustainable
approach to recycling. This need becomes even more
pressing considering the urgent requirement to estab-
lish a closed loop for In and other metals in Europe,
ensuring raw material independence.

Here we aim to summarize current practices in
FPD recycling and to highlight emerging biotechno-
logical approaches that could enhance recycling rates,
improve metal recovery, and enable the production
of other commercially attractive products beyond
metals, such as bacterial cellulose. The application
of various bacterial processes and their integration
with existing technologies holds great promise for the


http://www.etnews.com
http://www.etnews.com

Rev Environ Sci Biotechnol (2026) 25:13

Page 3 of 41 13

future recovery of metals from e-waste, fully in line
with circular economy principles.

The primary producers of most FPD panels are
East Asian countries (the Republic of Korea, Japan,
Taiwan, and China) but used FPD devices are gener-
ated worldwide. Depending on the type of FPD and
the brightness intensity used, display lifespan ranges
from 1 to 11 years. For example, LCD typically last
around 50,000 h, or approximately 5 years, which is
half the lifespan of LED displays. Mobile phones, by
contrast, have a service life of only 1-3 years (Wang
et al. 2021; Samsung 2025). Nevertheless, given cur-
rent consumer lifestyle and the frequent replacement
of electronic gadgets with newer-generation models
(e.g., mobile phones, tablets), the actual lifespan of
these devices is often considerably shorter.

The EU’s transition to a climate-neutral economy
by 2050 is accompanied by a continuous increase
in the production (or import from Asian countries)
of equipment components in strategic sectors. This
includes placing products on the EU market, using
them, and eventually decommissioning and recycling
them in the following years. Despite numerous stud-
ies in recent years, a complete recycling cycle has yet
to be developed for many components that contain
critical metals. In addition to Li, Co, Mn, and Ni from
Li-ion batteries, Nd, Dy from permanent magnets,
and Ga and Te from solar panels, In is also identi-
fied as a metal for which improved recycling rates are
urgently needed in the EU. Currently, most In recy-
cling takes place in facilities that produce indium-tin
oxide (ITO), primarily from spent ITO sputtering
targets and In-bearing electronic scrap, resulting in
a closed-loop recycling system (Zhang et al. 2015;
Ober 2017; Tolcin 2017). As ITO production is heav-
ily concentrated in Japan, China, and the Republic of
Korea, together accounting for about 90% of global
ITO production capacity, In recycling from EoL
products within the EU is essentially non-existent
(Graedel et al. 2011; Ober 2017; Frenzel et al. 2017,
QUMEC 2020).

FPD pose significant challenges for recycling due
to their complex composition but also offer great
opportunities because of the presence of valuable
materials and their recovery potential. Circular econ-
omy strategies for FPD should focus on optimizing
the lifecycle of displays by reducing resource inputs,
extending product lifespans, and ensuring effective
EoL recovery. Circular economy activities for FPD

comprise a complementary structure of initiatives,
challenges, and needs that involve all stakeholder and
target groups (Fig. 1). Manufacturers of FPD, con-
sumers (end users), retailers and distributors, recy-
cling and waste management companies, repair and
refurbishment service providers, policymakers and
regulators, research and development institutions,
and educational organizations form a complex web
of connections and dependencies within the circular
model for FPD. Figure 1 illustrates the stakeholder
structure in the central Europe for FPD, showing
flows, gaps and stakeholders’ functions. The EU’s
main challenge in this framework is the gaps in the
FPD recycling system. One of the main limitations
is the low FPD collection rates, reaching only ~ 14%
in some countries (e.g., France) (Horta et al. 2020).
As a result, more that over 60% of potentially valu-
able materials are lost because a large proportion of
waste never reaches official collection points. Accord-
ing to Eurostat, the recycling rate for old electronics
remains low, with an estimated 25-50% of Europeans
keeping their old, unused devices at home. In 2017
alone households stored 800 million mobile phones,
or about 70,000 t (Romagnoli et al. 2022).

Limited availability of the waste stream, com-
bined with the dispersion and low concentration of
In in FPD, and the complexity of its recovery tech-
nologies, constitutes a significant technical and eco-
nomic barrier to realistic implementation. Further-
more, the EU remains heavily dependent on primary
In imports. This, coupled with the lack of dedicated,
scalable industrial technologies for In recovery from
ITO layers, and the ambitious EU policy on critical
raw materials (CRM) and the development of strate-
gic sectors (renewable energy, electric mobility, avia-
tion, digital technologies), indicates a gap between
regulatory declarations and recycling practice. There-
fore, improving the monitoring of FPD streams and
developing targeted In recovery technologies that will
enable a realistic closure of the In cycle remains a key
need for the EU.

For above mentioned reasons, there is an urgent
need to increase public awareness and build public
trust across the EU regarding the proper handling of
e-waste and the importance of recycling devices that
remain forgotten in drawers. Table 1 outlines the most
important challenges and identifies selected target
groups within the FPD circular economy.
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Fig. 1 Key stakeholders and issues related to FPD management

2 Flat panel displays characterization
2.1 Composition of FPD

FPD represent a diverse group of screen technologies,
ranging from classic LCD and LED (Light Emitting
Diodes) to more modern OLED and QLED (Quan-
tum Dot LED). LED is an improved version of LCD,
but both technologies use similar structural layers
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(polarizers, electrodes, RGB filters), differing primar-
ily in their backlighting systems and operating effi-
ciency. A classification of FPD based on dominant
technology and material characteristics is presented
in Tables 2 and 3.

LCD consist of two parallel glass plates with
transparent electrodes positioned between them, a
liquid crystal layer sandwiched between the elec-
trodes, and a colour filter attached to the outer
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Table 1 Challenges in FPD recycling considering the main target groups

Target group

Challenges

Manufacturers

Consumers

Recycling industry

Researchers

Educators

Use of non-toxic, sustainable, and recyclable materials

Minimization of hazardous substances (e.g., Pb, Hg, Ca, As)

Effective design strategies for modularity and ease of disassembly to facilitate repairs, upgrades, and FPD
recycling

Applying advanced technologies to incorporate recycled or organic materials into new displays without compro-
mising performance

Partnerships with recycling companies for EoL product recovery

Access to clear information on the environmental impact and recyclability of FPD products
Incentive programs (e.g., buy-back or trade-in options) to encourage responsible disposal of old devices
Clear, simple and available recycling opportunities

Implementing advanced technologies to recover rare and valuable materials from FPD (e.g. In, REE (Rare Earth
Elements))

Development of systems to efficiently separate and process toxic components (e.g., Pb, Hg) from FPD

Collaboration with manufacturers to close material loops by supplying secondary raw materials

Work on effective and environmentally friendly recycling techniques in metal separation from glass

Optimizing metal concentration techniques in the leachate, ensuring cost-effective recovery

Separation of metals from the leachate

Collaboration opportunities with industry stakeholders to pilot innovative solutions, e.g., in the field of biotech-
nology

Platforms to share findings with industry, policymakers, and the public

Raising awareness about the need to recycle FPD and WEEE (Waste from Electrical and Electronic Equipment),
as well as promoting lesser-known and under-publicized green solutions within society

Curricula that incorporate sustainability and circular economy principles into engineering and design education

High quality education with the interdisciplinary approach necessary for complex solution in line with circular

economy principles

surface of the electrodes (Fig. 2). Additionally, the
structure includes display glass, a reflective mirror,
and a polarizing layer tightly adhered to the glass.
Polarizers typically consist of a layer of iodine-
doped polyvinyl-alcohol (PVA, C,H,O) sandwiched
between two protective sheets of tri-acetyl-cellulose
(TAC, C4yH5,0,;) (Dodson et al. 2012; Song 2022).
LCD monitors use cold cathode fluorescent lamps
(CCFLs) for backlighting, whereas LED displays use
light-emitting diodes. CCFLs use a gas discharge in
a mercury-filled tube to generate ultraviolet radiation,
which is converted into visible light by a phosphor
coating [https://www.cevians.com/lcd-backlighting-
history-applications-and-types/?utm_source=chatg
pt.com], while LEDs generate light at the p—n junc-
tion of semiconductor materials (e.g., GaN/InGaN).
LED backlights are thinner than CCFLs, offering bet-
ter performance and enabling thinner panel designs
(Anandan 2008).

OLED represent one of the most advanced and
promising technologies for eco-friendly lighting solu-
tions and vibrant colour display panels (Mandal et al.
2024). The structure of an OLED typically includes

several layers: an anode, a Hole Injection Layer
(HIL), a Hole Transport Layer (HTL), a Light-Emit-
ting Layer (LEL), an Electron Transport Layer (ETL),
an FElectron Injection Layer (EIL), and a cathode.
Light is emitted when electrons and holes are injected
into the LEL from the electrodes and recombine. The
colour of the emitted light depends on the specific
emitter molecules used. QLED technology utilizes
quantum dots, nanoparticles that emit light in spe-
cific colours depending on their size. When combined
with LED backlighting, this technology delivers vivid
colours, high brightness, and a wide tonal range in
images (Bavarva and Bavarva 2018).

FPD are a key carrier of In, which is mainly used
in the form of ITO as a transparent conductor in
screens. Due to the growing production of electronic
devices, FPD have become one of the largest consum-
ers of this valuable metal. As shown in Fig. 3, FPD
manufacturing is the largest In application group,
encompassing touch screens, smart windows, and dis-
plays (e.g., laptops, monitors, and TV screens).
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Table 2 The metal
composition of FPD
demonstrates significant
inter-manufacturer
variability, even for devices
of the same type (Zhang
et al. 2017; De la Torre
et al. 2018; Willner et al.
2021; Qin et al. 2021;
Trading econimics 2025;
LME 2025)

NA, Not available; Si
comes from SiO,

Fig. 2 Schematic composi-
tion of LCD

2.2 ITO characteristics

Metals (mg/kg) LCD monitors/screens TV LED screen Metal price  Average

($/kg) value of LCD
(YD)
In 300—1400 NA 354 106495
Te 0.17 0.005 83 0.01
Ge 0.06 0.06 2000 0.12
Tl 0.09 0.81 4100 0.37
Cd 0.26 1.96 4.35 0.01
Co 2.46 1.56 33 0.081
Mn 15.62 9.54 2.3 0.036
Cr 100—2875 129.5 10 1-28
Cu 109.9—-200 104.55 10 12
Ni 77.07 78.27 15 1
Pb 8.11 25.46 2 0.016
Sr 570.6—370,000 1455 6 34
Sn 93-900 NA 35 3-31
Zn 26.3—6700 25.96 3 0.08-20
Fe 200—3600 NA 0.13 0.02-0.4
Si 254,000—689,700 NA 3 -
TAC
Polarizer
TAC

Glass substrate

_ Alignment layer

T

IS GEND GEND GEND GEND GEND GEED GEND GEND
ey Alignment layer

Glass substrate

TAC
Polarizer

TAC

technologies due to its superior properties, such as
relatively low electrical resistivity, environmental

ITO is one of the most widely used transparent stability, high transparency to visible light, electric
electroconductive materials in various electronic conduction, thermal reflectivity, excellent adhesion
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Fig. 3 The use of In in different applications (CRM list 2020)

to substrates, stable chemical properties, and ease
of patterning (Alam and Cameron 2001; Kim et al.
2010, p. 20; Li et al. 2011; Amato et al. 2017). ITO
is a mixture of In(IIl) oxide (In,O;) and tin(IV)
oxide (Sn0O,), typically composed of 80-90% In,0;
and 10-20% SnO, by weight (Yoo et al. 2022). The
preparation of an ITO layer involves its evaporation
onto glass, followed by etching to form the desired
pattern. A polymer layer, sealing resin, and spac-
ers are then applied, and the glass sandwich is filled
with liquid crystal material. The transparent elec-
trode pattern is created on the substrates by coating
both the front and rear glass surfaces with a very
thin layer of ITO. Depending on the FPD type, man-
ufacturer, and the thickness of the ITO layer, the In
content in FPDs varies greatly, ranging from 56 to
5600 mg/m? (Lee et al. 2013). The glass plates are
typically coated with an ITO layer between 0.1 and
0.3 pum thick (Kim 2005). For example, in industri-
ally shredded LCD glass, the In concentration was
found to be 200 mg/kg glass (Yang et al. 2013),
330 mg/kg glass in LCD TVs (Yen et al. 2016),
or 530 mg/kg glass in PC monitors (Savvilotidou
et al. 2015). The average content of In is assumed
in the range 100-300 mg In/kg (Wang 2009; Zhang
et al. 2015), but values can reach up to 1400 mg In/
kg when the polymer film attached to the screen is
removed before processing (Silveira et al. 2015).

In addition to In, various types of FPD contain
a range of other valuable or potentially hazardous
metals. Backlight units (BLUs) in LCDs, especially
those using cold cathode fluorescent lamps (CCFL),
contain rare earth elements such as Y and Eu, as
well as Hg. LED displays, particularly those used in
BLUs, often include Ga, In, and Al in the form of
GaN and InGaN semiconductors (Table 3). OLED
panels are composed of approximately 85% organic
material and glass (OLEDWorks 2025). Although
considered more environmentally friendly due to
the absence of mercury, OLED still contain metal-
lic components such as Al (used in cathode lay-
ers), and rare metals like Ir or Pt in phosphorescent
emitters (Yoon and Teets 2021; Kang et al. 2021).
QLED displays incorporate quantum dots typically
based on cadmium selenide (CdSe) or, in Cd-free
alternatives, InP. Therefore, QLED displays may
contain Ca, Se, In, P, and Zn, depending on the
specific quantum dot formulation (Yu et al. 2022;
Wang et al. 2023). Metal concentrations in FPD
vary significantly depending on the device type,
technology, and manufacturer. Details regarding the
composition of FPD are provided in Tables 2 and
3. Although some of the elements listed in Table 2
have high unit prices, e.g., Ge at $2000/kg or Te
at $83/kg, their trace concentrations in LCD mean
that the raw material value per ton for these metals
is usually very low (in the order of dollars or cents
per ton). The real value in the FPD stream comes
from metals with higher concentrations, e.g., Cu,
but primarily In, which determines the profitability
of LCD recycling. Based on the average In content
in an LCD panel of 100-300 mg In/kg (Silveira
et al. 2015) and a price of $354/kg (Trading eco-
nomics 2025) this translates to a value in the range
of $35-106/t of waste, which is significantly higher
than the sum of the other elements (~$10-85/t)
listed in Table 2. This makes In a key metal in FPD
recycling.

2.3 Characteristics of organic compounds in FPD

A typical FPD contains a wide array of organic com-
pounds (Table 4), which, depending on their origin,
include both synthetic and natural compounds. When
classified by their chemical characteristics, these
compounds fall into various chemical classes, includ-
ing acrylate polymers, biphenyl derivatives, cellulose

@ Springer
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Table 4 Chemical diversity of synthetic and natural organic compounds in devices with liquid crystal display (LCD) technology

Chemical class

Selected examples

Potential application areas

Source

Acrylate polymers

Biphenyl derivatives

Cellulose derivatives

Organobromides

Organophosphates

Polyamides
Polyesters

Polyolefins

Proteins

Vinyl polymers

Miscellaneous resins

Acrylic resin, polyacrylamide,
poly(butyl acrylate), poly(methyl
methacrylate)

Biphenyls/bicyclohexyls, cyano-
biphenyls, fluorinated biphenyls,
and analogues

Carboxymethyl cellulose, triacetyl
cellulose, ethyl cellulose,
hydroxypropyl cellulose

Polybrominated diphenyl ethers

Bisphenol-A bis(diphenyl phos-
phate), resorcinol bis(diphenyl
phosphate)

Aromatic polyamides

Polybutylene terephtalate,

polycarbonate, polyester resin,
polyethylene terephthalate

Polyethylene, polypropylene

Casein, gelatin, silk fibroin

Polystyrene, polyvinyl alcohol,
polyvinyl chloride, polyvi-
nylidene chloride

Acrylonitrile butadiene styrene,
cyclic olefin copolymer, epoxy
resin, melamine resin, polyimide
resin, polyurethane resin

Front cover and back cover of
monitors

LCM alignment layer

LCD screen

Optical diffuser in direct-lit back-
light unit

UV sealant in the LCD panel
assembly

LCM

LCM alignment layer
Polarizer film

Flame retardants in plastics

Flame retardants in plastics

LCM alignment layer

Front cover and back cover of
monitors

LCD screen

Optical diffuser in direct-lit back-
light unit

Plastic optical foils

Support frames

Diffuser sheet
Insulating strips

LCM alignment layer
Photopolymer material for dyed
color filters

Back cover of monitors
Internal cables

LCM alignment layer
Plastic optical foils
Polarizer film

Anisotropic conductive adhesive
film

Color photoresists material for
color filter film

Front cover and back cover of
monitors

LCM alignment layer

UV sealant in the LCD panel
assembly

Peng (2003); Kim (2005); Juchneski
et al. (2013); Lee et al. (2022)

Liang et al. (2021); Tao et al. (2022)

Mori et al. (1999); Yan et al. (2001);
Suzuki et al. (2015); Wang et al.
(2025)

Peeters et al. (2014)
Peeters et al. (2014)

Akiyama et al. (2000)

Kim (2005); Juchneski et al. (2013);
Ardente et al. (2014); Ferella et al.
2017)

Ferella et al. (2017)

Sugiura (1993); Hou and Jeng
(2020)

Costa et al. (2003); Ardente et al.
(2014); Ferella et al. (2017); Kang
et al. (2021); Tang et al. (2023)

Kim et al. (2003); Juchneski et al.
(2013); Li et al. (2024)

derivatives, polyesters, proteins, vinyl polymers, and
others.

Among the organic compounds in FPD, plastics
and resins dominate due to their exceptional utility,
which stems from a wide range of physicochemi-
cal properties (Peeters et al. 2014, 2015). The front

and back covers, as well as the plastic housing that
encases and protects the internal components of
monitors, are made from various synthetic polymers.
These include acrylate polymers (e.g., poly(methyl
methacrylate)), polyesters (e.g., polycarbonate,
polyethylene terephthalate), vinyl polymers (e.g.,
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polystyrene), and several miscellaneous resins (e.g.,
acrylonitrile butadiene styrene) (Juchneski et al.
2013; Ardente et al. 2014; Peeters et al. 2015; Ferella
et al. 2017).

The use of plastics in electronic devices is inex-
tricably linked to the inclusion of various additives,
particularly flame retardants (Liu et al. 2022; Mensah
et al. 2022), which are crucial for reducing flamma-
bility and slowing the spread of fire. These additives
predominantly fall within the category of organic
compounds. Following the ban on widely used bromi-
nated flame retardants (Zhang et al. 2016; Altarawneh
et al. 2019), such as polybrominated biphenyls and
hexabromocyclododecane, that are now classified as
persistent organic pollutants, modern FPD primar-
ily incorporate organophosphates (e.g., bisphenol-
A bis(diphenyl phosphate), resorcinol bis(diphenyl
phosphate)) or alternative organobromides (e.g., cer-
tain polybrominated diphenyl ethers) (Peeters et al.
2015, 2014).

Liquid crystal (LC), from which LCD technology
derives its name, consists of various organic mol-
ecules, commonly referred to as liquid crystal mon-
omers (LCM), characterized by their nematic and
thermotropic behaviours (Lee and Cooper 2008; Lee
et al. 2011). To meet the key requirements of LCD, a
mixture of different LCM is typically required, which
is why several commercial mixtures are used, some-
times containing more than 20 distinct compounds
(Tarumi et al. 1997; Kirsch and Bremer 2000).
Although LCM are chemically diverse, they are gen-
erally aromatic-based polymers, typically deriva-
tives of biphenyl. Three major groups are commonly
identified: biphenyls/bicyclohexyls, cyanobiphenyls,
fluorinated biphenyls, and their analogues (Liang
et al. 2021; Tao et al. 2022).

The mixture of LCM is enclosed by an alignment
layer on each side (Hoogboom et al. 2006), which
ensures their macroscopic uniform alignment and is
chemically even more diverse than external moni-
tor subassemblies. Potential polymers used for the
organic alignment layer include a range of synthetic
polymers, such as acrylate polymers (e.g., poly-
acrylamide) (Lee et al. 2022), polyamides (e.g., aro-
matic polyamides) (Akiyama et al. 2000), and vinyl
polymers (e.g., polystyrene, polyvinyl alcohol) (Costa
et al. 2003; Kang et al. 2014), as well as synthetic cel-
lulose derivatives (e.g., ethyl cellulose, hydroxypro-
pyl cellulose) (Mori et al. 1999; Yan et al. 2001), and
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natural polymers, such as proteins (e.g., silk fibroin)
(Hou and Jeng 2020).

In recent years, LCM have been increasingly
recognized as emerging environmental pollutants
released from waste FPDs. Comprehensive chemical
screening of discarded LCD panels revealed the pres-
ence of 64 different LCM out of 93 targeted, includ-
ing 19 biphenyl analogues, 6 cyanobiphenyls, and 39
fluorinated biphenyls (Liang et al. 2021). Concentra-
tions in waste panels reached several milligrams per
gram of material, with fluorinated and biphenyl-type
monomers contributing over 90% of the total load.
Based on these findings, the global direct release of
LCM from LCD waste was estimated at 1.07-107 kg
per year, with projections of significant growth as
LCD disposal increases (Liang et al. 2021).

Environmental monitoring has further confirmed
LCM contamination in air, dust, sediments, and even
human serum, demonstrating their persistence, bioac-
cumulation potential, and toxicological relevance (Ge
et al. 2023). Field studies in China and other regions
have identified LCM in soil, river sediments, and
atmospheric particles near e-waste recycling sites,
suggesting their mobility and environmental transport
(Tao et al. 2022; Yao et al. 2023; Xie et al. 2024).
Laboratory and in vivo studies additionally highlight
their potential to induce oxidative stress, endocrine
disruption, and developmental toxicity in aquatic and
terrestrial organisms (He et al. 2024b, a; Cheng et al.
2024). Finally, reviews of their chemical properties
emphasize that halogenated and cyano-substituted
LCM are particularly problematic due to their high
stability and low biodegradability, qualifying them as
candidates for persistent organic pollutants (Li et al.
2018; Su et al. 2022; Wang et al. 2024).

3 Overview of recycling technologies

LCD are now being outpaced by other display tech-
nologies but have not been entirely left behind.
Among FPD, LCD still hold the highest market share
and are widely used in notebooks, organizers, mobile
phones, pocket calculators, measuring and control
instruments, electronic games, TVs, audio—video
equipment, PC monitors, and many other devices
(Fontana et al. 2020). LCD can be broken down into
several key components: metallic parts (Al and Fe),
plastic casings, optical foils, the light guide (made of
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Fig. 4 Schematic representation of possible pathways for processing FPD and In recovery on a laboratory scale—three approaches
within the recycling chain: pyrometallurgical, hydrometallurgical and biometallurgical

poly(methyl methacrylate), PMMA), printed circuit
boards (PCBs), cables, the backlight (e.g., CCFLs),
and the glass panel (the primary functional part)
(Forte 2014). Recycling these materials involves a
disassembly step aimed at removing hazardous com-
ponents (e.g., CCFLs) and recovering valuable ones
(such as PCBs, metallic fractions, and plastic cas-
ings) for further treatment (Buchert et al. 2012). As
discussed in Sect. 2.2, In content in FPD end prod-
ucts varies widely due to technological differences
between display types and generations, product struc-
ture, and application specifics (Horta Arduin et al.
2020; Xiao et al. 2026). This results in strong chemi-
cal heterogeneity of the material and dispersion of In
in the waste. Therefore, pretreatment is crucial for
concentrating In and increasing recovery. Although
pretreatment increases initial operating costs, it can
improve the profitability of In recovery by increas-
ing the In concentration in the feedstock and reducing
the volume subjected to leaching and extraction pro-
cesses (Savvilotidou et al. 2019; Becci et al. 2024).
Mechanical recycling technologies are well-devel-
oped, but the recovery of In from FPD remains a
challenge. This difficulty applies not only to In, but
also to other critical metals, such as Ga, Ge, and rare
earth metals, due to their low concentration, disper-
sion within electronic components, and the diversity
of products, which exhibit varying concentrations and
material heterogeneity. Furthermore, these products
are neither designed nor assembled with recycling
principles in mind (Willner et al. 2021). The main
challenge lies in developing cost-effective recycling
solutions for materials that are integrated into alloys,

composites, or tightly packed within material struc-
tures, which complicates disassembly. In recent years,
numerous studies on In recovery from FPD have been
published; however, most have been conducted only
at the laboratory scale, and a fully developed recy-
cling technology is still lacking (Fontana et al. 2020).
Figure 4 presents possible ways of FPD waste pro-
cessing and In recovery, including three approaches
in the recycling chain: pyrometallurgical and hydro-
metallurgical processes, and, as a promising alterna-
tive, the biometallurgical approach.

Indium recovery from LCD panels has been inves-
tigated using various methods, including dissolution,
extraction, separation, and purification (Zhang et al.
2015; Amato and Beolchini 2018), leaching pro-
cesses (Rocchetti et al. 2015; Fontana et al. 2020; Qin
et al. 2021), and solvent extraction (Ruan et al. 2012;
Pereira et al. 2018). Literature data indicate that
hydrometallurgical treatment is the most frequently
used method for recovering In from waste panels
(Zhang et al. 2015; Fontana et al. 2020).

The primary focus of research into recycling tech-
nologies for FPD waste has been on the recovery of
inorganic components, particularly rare earth metals
(e.g., Ce, Eu, Ga, Ge, In) (Ruiz-Mercado et al. 2017;
Zheng et al. 2023) and other inorganics identified by
the European Commission as CRMs (Horta Arduin
et al. 2020). However, it is essential to recognize that
a variety of organic compounds are crucial for the
functionality of electronic devices, and their recycling
should not be neglected.

The development of recycling technologies gener-
ally involves the following steps:
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e Pretreatment aimed at improving the collection of
the ITO layer from FPD before metal dissolution
processes;

e metal dissolution, targeting the extraction of all
desired metals from FPD waste;

e metal recovery, using various methods to separate
metals from the mixtures obtained after leaching/
bioleaching, and production of specific valuable
products.

3.1 Pretreatment
3.1.1 Conventional methods

Several pretreatment methods have been tested to
improve the collection of the ITO layer from FPD
glass prior to metal dissolution processes. These
methods can be classified into mechanical, thermal,
and magnetic approaches, each with distinct advan-
tages and limitations.

3.1.1.1 Mechanical Pretreatment Stegpiefi et al.
(2017) highlighted the importance of the initial pro-
cessing of LCD screens, which includes disman-
tling and crushing prior to acidic leaching. This step
helps minimize metal encapsulation in organic layers,
thereby enhancing the recovery of metals such as In.
Traditional mechanical separation technique include
brushing, mechanical exfoliation with a negative-pres-
sure dry polisher (Wang et al. 2017), and mechanical
stripping (Zhang et al. 2017). Lahtela et al. (2019)
found that brushing with sanding abrasion effectively
removed ITO layers from LCD glass and enabled the
recovery of 96.2% In. Size reduction is another com-
mon pretreatment step conducted prior to leaching.
Three different milling technologies (cutting, blade,
and rod milling) were tested, and In was found to be
concentrated in the finest fraction (<212 um), with
the best results obtained after rod milling (around 51
wt% of <212 um fraction after 30 min of milling in
wet conditions, yielding 276.6 ppm of In) (Ferella
et al. 2017). However, increasing milling time can
reduce In leaching efficiency, as the average particle
size of waste LCD panels initially decreases but later
increases due to the agglomeration of smaller particles
among each other (Lee et al. 2013). For example, non-
crushing methods have been tested in three different
ways: i) leaching of upper LCD glass after cutting it
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into 4x4 cm pieces (Zhang et al. 2017), ii) electri-
cal disintegration to separate the two glass substrates,
thereby enabling higher leaching capacity for In from
ITO compared to conventional grinding (Dodbiba
etal. 2012), iii) direct leaching of 5 x5 cm LCD scraps
(Fontana et al. 2015). The rate of In dissolution from
unground samples was found to be higher due to dif-
ferences in vibration frequencies between the vitrified
surfaces of LCD waste and the ITO thin-film, which
cause detachment of the In-rich ITO layer (Fontana
et al. 2020).

3.1.1.2 Thermal Pretreatment Thermal processes
are used as a pretreatment to remove organic compo-
nents (plastics, binders) from shredded LCD, prepar-
ing the material for subsequent hydrometallurgical
processes (Fig. 4). Pyrolysis, a thermal decomposition
process, is widely used for FPD recycling and typically
conducted at elevated temperatures (around 450 °C) in
the absence of oxygen (Wang and Xu 2016; Fontana
et al. 2020; Eluri et al. 2025). However, key challenges
arise during this process. Polyimide alignment layers
can experience significant thermal degradation, lead-
ing to the formation of potentially toxic byproducts
through interactions with liquid crystal monomers
(Zhu et al. 2021). Certain liquid crystal monomers,
particularly fluorinated biphenyls, represent persistent
organic pollutants that can be released during pyroly-
sis, posing environmental and health risks (Liang et al.
2021; Yang et al. 2024). Lahtela et al. (2019) tested
heat and plasma treatment prior to mechanical brush-
ing but found that these thermal pretreatments did not
improve the yield or purity compared to direct brush-
ing alone. However, laser treatment caused the ITO
layer to evaporate rather than mechanically remove
it, making it a potentially promising option for metal
recovery through gas capture systems. To address the
challenges associated with pyrolysis, innovative pre-
treatment strategies such as alkaline or acidic hydroly-
sis can precede thermal treatment to improve separa-
tion (Cuvilas and Yang 2012), while co-pyrolysis with
biomass materials has shown promise in enhancing
efficiency and reducing harmful emissions (Shen et al.
2018).

Pyrometallurgy is generally less suitable for direct
FPD recycling compared to hydrometallurgy or com-
bined pyro-hydrometallurgical methods. FPD con-
tain specific components like In and rare earth ele-
ments (e.g., Eu, Gd), which are highly dispersed in
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electronics, and pyrometallurgy is most suitable for
sources with relatively high concentrations of target
metals (Sun et al. 2017; Battelle 2023). Therefore,
most studies on In recovery from FPD, are still only
at a laboratory scale (Fontana et al. 2020) and are
focused on more precise and selective hydrometallur-
gical methods with higher recovery purity.

3.1.1.3 Magnetic Pretreatment Magnetic separa-
tion has emerged as a valuable pretreatment method
for In recovery from LCD waste. Recent findings by
Willner et al. (2025) demonstrate that despite In being
non-magnetic, it accumulates predominantly in ferro-
magnetic fractions, suggesting its association with Fe-
bearing phases in the LCD matrix. In coarse fractions
(> 1 mm), In was exclusively detected in the magnetic
fraction at 244 mg/kg with extremely elevated Fe con-
tent (450,055 mg/kg), while remaining undetectable in
non-magnetic counterparts. Similarly, in fine fractions
(<1 mm), In was present only in the magnetic portion
(71 mg/kg). This indicates that In is likely entrapped
within ferromagnetic phases in the original material,
rather than being co-precipitated during leaching as
previously suggested by Toache-Pérez et al. (2020,
2022). These findings highlight magnetic separation
as a promising pre-concentration step that can enhance
downstream hydrometallurgical processing efficiency.

3.1.2 A perspective technology: application
of bacterial processes

Although significant progress has been made toward
developing more environmentally friendly pretreat-
ment methods within traditional processes, microbial
biotechnological processes may offer a more sustain-
able alternative with a reduced carbon footprint and
transformation capacity of new persistent organic pol-
lutants, such as fluorinated biphenyls into more bio-
logically accessible intermediates (Zhu et al. 2024;
Li et al. 2025). While no studies have yet investigated
the use of bacterial processes for removing organic
material from FPDs, we conducted a comprehensive
literature review and summarize here several promis-
ing bacterial strategies for this purpose.

The remarkable metabolic diversity of microorgan-
isms, particularly chemoorganoheterotrophs, posi-
tion them as strong contenders to replace pyrolysis in
recycling the organic compounds found in FPD. Inter-
estingly, despite the wide array of organic compounds

present in a typical FPD, as listed in Table 4, nearly
all are biodegradable, including synthetic organic
compounds (Table 5). This biodegradability likely
stems from the structural resemblance between syn-
thetic organics and naturally occurring molecules,
enabling microorganisms to utilize existing enzymes
for their degradation (Ru et al. 2020; Ali et al. 2021).

While the innate biodegradation potential of
microorganisms is undeniably valuable, the recy-
cling of organic substances can still be optimized.
One approach involves employing microbial consor-
tia, which act synergistically as different taxa per-
form distinct steps of biotransformation, enabling
the breakdown of complex molecules that a single
species could not manage alone. Another promising
avenue lies in the bioengineering of biodegradation-
capable strains, focusing particularly on enhancing
their enzymes. Moreover, genetic engineering could
extend the ability to degrade synthetic organic com-
pounds to other microorganisms, further broadening
their application (Pant 2014; Han et al. 2022; Golzar-
Ahmadi et al. 2024).

A promising perspective strategy for the degrada-
tion and subsequent utilization of organic compounds
in FPD waste recycling may involve the application
of acetic acid bacteria (AAB). AAB, Gram-negative
and obligate aerobes of the family Acetobacteraceae,
are among the most renowned industrial bacteria,
with the genera Acetobacter, Gluconacetobacter,
Gluconobacter, and Komagataeibacter being par-
ticularly prominent (Raspor and Goranovic 2008;
Saichana et al. 2015). While their name reflects only
their ability to convert glucose and ethanol into ace-
tic acid, AAB oxidize various sugars and alcohols
incompletely, yielding a spectrum of organic acids
such as arabonic, butyric, galactonic, gluconic, lac-
tic, pyruvic, and succinic acids (Mamlouk and Gullo
2013; Zhang et al. 2023). Furthermore, they hold eco-
nomic importance due to their lesser-known ability to
produce extracellular polysaccharides, most notably
bacterial cellulose (BC), which forms a gelatinous
membrane, the pellicle, on the surface of liquid cul-
ture (Gullo et al. 2018), as well as acetan and acetan-
like polysaccharides (Tréek et al. 2021).

The potential use of organic compounds from
e-waste, often considered to have little remaining
economic value, can be well illustrated at least as a
partial substitute of expensive synthetic organic mate-
rial by organic compounds recovered from LCD
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Table 5 (continued)

83

Kawai and Hu (2009); Halima (2016)

Key reviews

The biodegradation of polyvinyl alcohol begins
with oxidation, where polyvinyl oxidase

Biodegradation outline

Alcaligenes, Bacillus, Geotrichum, Penicillium,

Microorganisms

Chemical class
Vinyl polymers

Springer

Pseudomonas, Sphingomonas, Sphingopyxis,

Streptomyces

(secondary alcohol oxidase) targets one or two

neighboring hydroxyl groups, converting them

into monoketones or diketones

The resulting carbonyl structures are then hydro-

lyzed: monoketones by aldolase-type enzyme
and diketones by p-diketone hydrolase

waste and use it for revalorization to BC-material.
While BC and plant cellulose are chemically identi-
cal, BC is distinguished by its absence of impurities,
such as hemicellulose, lignin, and pectin, as well as
its superior physicochemical properties, including a
high degree of crystallinity and polymerization, pro-
nounced hydrophilicity, enhanced tensile strength,
excellent biocompatibility, and remarkable biodeg-
radability (Gorgieva and Tréek 2019; Naomi et al.
2020). However, the high production costs of BC,
often significantly exceeding those of conventional
plant cellulose, pose a major obstacle to its broader
application (Islam et al. 2017).

A key factor driving these costs is the reliance
on expensive synthetic growth media, which typi-
cally use glucose as a carbon source alongside vari-
ous costly nutrient. While these media significantly
enhance BC yields, their high-cost limits BC’s range
of applications. This issue has long been recognized,
and the development of cost-effective yet efficient
growth media is one of the most thoroughly reviewed
topics in the field (Velasquez-Riafio and Bojaca 2017,
Islam et al. 2017; Hussain et al. 2019; Ul-Islam et al.
2020; Swain et al. 2022; El-Gendi et al. 2022; Patel
et al. 2023). Waste materials, such as agricultural,
food and beverage, municipal, and textile wastes,
are frequently proposed as alternatives to synthetic
media, offering a dual benefit: reducing production
costs and addressing the environmental challenge of
waste disposal.

Among newer waste types, e-waste particularly
in its shredded dust (or powder) form, emerges as a
promising yet underexplored option for BC produc-
tion. While microorganisms and their biotechnologi-
cal processes are often viewed primarily as alterna-
tive recycling methods, they also provide an added
benefit, the generation of valuable microbial prod-
ucts. For example, integrating shredded dust e-waste
into existing growth media could lower costs while
maintaining efficiency. BC-producing AAB are an
excellent case in point, as they could potentially uti-
lize organic compounds from e-waste as an alterna-
tive, low-cost carbon source for producing versatile
and widely applicable BC (Fig. 5).

Due to the intrinsic presence of numerous enzymes
that enable various microorganisms to biodegrade
organic compounds in FPD, as highlighted in Table 5,
AAB naturally demonstrate potential for growth on
e-waste. The first group of organic compounds that
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Epy-

Fig. 5 Conceptual framework for valorising organic materi-
als from electronic waste into bacterial cellulose for diverse
applications. This organic material recovery and conversion

AAB could exploit as a carbon source includes vari-
ous cellulose derivatives. As cellulose-producing
organisms, much like plants, AAB not only carry
the cellulose synthase operon but also a suite of
additional genes essential for cellulose biosynthe-
sis, including those encoding different cellulases
(Tonouchi 2016). Among these, at least two cellu-
lases have been identified in AAB: carboxymethyl
cellulase (CMCase) (Husemann and Werner 1963)
and f-glucosidase (Tonouchi et al. 1997). CMCase,
an endo-1,4-p-glucanase, is thought to play a role in
remodeling cellulose microfibrils, such as by reduc-
ing tensional stress (Tonouchi 2016). This cellulase
is particularly efficient at hydrolyzing water-soluble
forms of cellulose, including carboxymethyl cellu-
lose, hydroxyethyl cellulose, and cellodextrin (Ito
et al. 2004).

Treatment for Degradation of
erganics separationj L organic materiaIJ

H }

1@
| L

D’\) = ﬂ — G
. . Bacterial cellulose
E-Waste Collection Transfer production
' & \
i
T
YU
Storage Utilization
. J

represent the first step in a comprehensive e-waste recycling
process, with metal recovery following in subsequent stages
(not shown)

Through hydrolytic cleavage, AAB could metab-
olize not only cellulose derivatives but also other
hydrolyzable organic compounds (or their break-
down products) present in FPD. Many biodegradable
polymers owe their degradability to the abundance
of various hydrolyzable bonds, which are targeted
by diverse hydrolases such as esterases (e.g., lipases
and phosphatases), glycosidases, and proteases (Shah
et al. 2014). These enzymes are widely distributed
across microorganisms, including AAB. In general,
non-hydrolyzable polymers are considered less biode-
gradable than their hydrolyzable counterparts (Naran-
cic and O’Connor 2019).

Since some organic compounds in FPD, such as
biphenyl derivatives and organobromides, require
dehalogenation, AAB with specific dehalogenases
could effectively carry out this biodegradation step.

@ Springer
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Zhurenko et al. (2003) reported a case of dehalogena-
tion in Gluconobacter oxydans IBRB-2 T, where the
bacterium used 2.4,5-trichlorophenoxyacetic acid as
its sole carbon and energy source, initially producing
phenoxyacetic acid, followed by methyl-2,6-dioxo-
4-hexenoic acid. Additionally, ’ene’ reductase from
G. oxydans can perform a different type of dehalo-
genation—debromination of organic compounds,
such as bromoesters (Nakano et al. 2019).

In addition to the specific, enzyme-facilitated
degradation of organic compounds from FPD, AAB
may also indirectly affect these compounds, particu-
larly plastics and resins, by secreting organic acids
such as acetic and gluconic acid. It is well established
that organic acids formed through the oxidation of
carbohydrates are highly active in the biodegrada-
tion process. Moreover, these acids lower the pH of
the liquid medium in which the bacteria are cultured,
which could further accelerate the surface erosion of
various organic polymers (Ali et al. 2021). A possi-
ble mechanism through which organic acids enhance
the bioavailability of both synthetic and natural poly-
mers is acid hydrolysis (Olivato et al. 2012; Hocker
et al. 2014). The organic products produced by the
action of these acids, combined with the low pH of
the growth medium, are more readily absorbed and
utilized by microorganisms as a carbon source, even
by those lacking the specific enzymes for biodegrada-
tion, which would otherwise prevent them from uti-
lizing these compounds (Ali et al. 2021).

AAB are an excellent example, as their applica-
tion in recycling e-waste extends beyond organic
compounds in FPD. They can also play a role in the
initial steps of bioleaching valuable metals. The solu-
bilization of various metals is driven by organic acids,
primarily acetic and gluconic acid, that AAB secrete
into their growth medium (Mishra et al. 2023; Golzar-
Ahmadi et al. 2024). Recent studies provide numer-
ous examples of bioleaching involving AAB, with
most research focusing on the genera Acetobacter
(Groudeva et al. 2007; Shin et al. 2015; Jadhav et al.
2017; Qu et al. 2019; Kiskira et al. 2021), Glucono-
bacter (Bellenberg et al. 2021; Abhilash et al. 2022;
Aston et al. 2022; Schueler et al. 2024; van Wyk et al.
2024), and Komagataeibacter (Hopfe et al. 2017,
2018; Horta Arduin et al. 2020; Beeler et al. 2024).

AAB demonstrate effectiveness in both direct and
indirect bioleaching approaches: in the direct method,
microorganisms are inoculated into the leaching

@ Springer

medium alongside e-waste, while in the indirect
method, e-waste is added only after the bacteria have
been growing in the medium for a specific period
(Qu et al. 2019; Kiskira et al. 2021; Schueler et al.
2024). Additionally, AAB can be employed solely as
producers of organic acids. In such cases, the growth
medium is centrifuged, and the resulting supernatant
(cell-free spent medium) is used to treat e-waste (Jad-
hav et al. 2017; Qu et al. 2019; van Wyk et al. 2024).
A unique bioleaching strategy involving BC-produc-
ing AAB utilizes kombucha cultures, which combine
acetogenic AAB with yeast and lactic acid bacteria
(LAB). In this setup, metal solubilization is achieved
through the production of acetic and gluconic acid
by AAB and lactic acid by LAB (Hopfe et al. 2017,
Beeler et al. 2024).

3.2 Metal dissolution
3.2.1 Hydrometallurgical methods

Hydrometallurgical techniques represent a fundamen-
tal approach for extracting metals such as In from var-
ious feedstocks using aqueous solutions. This section
focuses on the application of acidic leaching systems
for the dissolution of In, particularly from ITO, in
which In,O; is the primary In-bearing phase. Empha-
sis is placed on the influence of the type of leaching
agent, acid concentration, temperature, reaction time,
and other operational parameters on leaching effi-
ciency. The discussion also addresses differences in
leaching kinetics and complexation stability, as well
as the role of oxidative additives in enhancing metal
recovery.

The input material (feed), leaching conditions
and In yield achieved under different treatments are
summarized in Table 6. Chemical leaching is a fun-
damental step in initiating the recovery process and
is performed by contacting the (pretreated) material
with an appropriate leaching agent. For In leaching,
acidic leaching solutions are commonly used (i.e.
HCI, H,SO,, HNO;, or mixtures thereof). It has been
found that HCI and H,SO, provide better yields than
HNO; (Virolainen et al. 2011; Fontana et al. 2015;
Yang et al. 2016). The leaching kinetics of In in 1 M
HCI are much faster than in 1 M HNO;. Moreover,
the stability constants of In-chloride complexes are
higher than those of In-nitrate complexes, resulting
in higher leaching efficiency with HCI compared to
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HNO; (Yang et al. 2016). The basic steps of In leach-
ing in HCI can be summarized as follows:

In,0; + 6HCI — 2InCl, + 3H,0 1)
InCl; + 6H,0 — [In(H,0) )™ + 3CI- ©)
SnO, + 4HCl — SnCl, + 2H,0 3)
SnCl, + 2CI" — [SnClg]*” )

In,05;Sn0, + 10HCI — 2InCl; + SnCl, + 5H,0
&)

The extraction of In(IIl) follows the order
HNO;>H,SO,>HCI at low aqueous acidities below
2 M (Sato and Sato 1992), however, this order is
reversed at higher acidities (Virolainen et al. 2011).
The leaching efficiency of In in other two inor-
ganic acids compared with HCI can be ranked as
HC1>H;PO,>HCIO, (Zhang et al. 2020). The leach-
ing of ITO in HCl, as shown in Eqgs. 1-5 (Swain et al.
2016), involves the conversion of In,O; into InCl;,
which dissolves as the trivalent hexa-aquo-complex
[In(H,0)¢]*". Similarly, SnO, is leached as SnCl,,
which dissolves as the divalent hexa-chloro-com-
plex [SnClG]z‘ (Fontana et al. 2020). The addition of
catalysts such as MnO, or H,0, has been shown to
enhance dissolution via a redoxolysis process (Zeng
et al. 2015; Swain et al. 2016; Argenta et al. 2017).
Acid concentration, reaction temperature, solid-to-
liquid ratio, particle size of the samples, reaction
and agitation time, catalysts, more efficient trans-
formations and dissolution of metal ions have been
the main mechanisms regulating reaction conditions
(Zheng et al. 2023).

In addition to inorganic acids, some organic acids
have also been used for In leaching. These include
malic acid (1 M with 5% H,0,), with a leaching yield
of 70.9% (Argenta et al. 2017); citric acid, with a
yield of 98.9% (Lopez-Yafiez et al. 2019); oxalic acid
with maximum In yield of 95.45% (Li et al. 2020);
and EDTA and RTA, with a relatively low yield
of >80% (Hasegawa et al. 2013). Compared to min-
eral (inorganic) acids, organic acids are milder, less
toxic, more selective, more biodegradable under aero-
bic/anaerobic conditions, and easier to control dur-
ing metal extraction. Oxalic acid, in particular, has

demonstrated high leaching efficiency from LCDs
because it maintains the proton concentration at levels
optimal for In release while limiting the dissolution of
other non-target metals (Cui et al. 2019; Zheng et al.
2023).

Increasing temperature generally enhances In
leaching. Yang et al. (2016) reported that in 1 M
HNO;, In leaching required 4 days to reach equilib-
rium at 20+2 °C, whereas it reached equilibrium
in approximately 8 h at 80+2 °C. This indicates an
endothermic (AH > 0) reaction process, explained by
differences in standard enthalpies. However, the main
disadvantage of high temperatures is the increased
solubility of other materials, such as SiO, (Eq. 6), and
the formation of crud in subsequent solvent extraction
processes (Ritcey 1980; Yang et al. 2016). The opti-
mal temperature range for acid leaching of In from
LCD displays is 60-90 °C (Li et al. 2009, 2020; Roc-
chetti et al. 2015). Moreover, the leaching efficiency
of In and Sn at 75 °C and 100 °C was found to be
almost the same (Swain et al. 2016). In the case of
oxalic acid solvent, the optimal temperature was
90 °C, yielding a maximum In leaching efficiency of
95.45%. Temperatures above 90 °C were not recom-
mended due to boiling and decomposition of the acid
into CO, and H,0. A decreasing trend in maximum
leaching efficiency was observed at lower tempera-
tures, respectively 94.41% at 80 °C and 83.29% at
70 °C (Li et al. 2020). A similar temperature (90 °C)
was also the best for In leaching in 1 M solutions of
both malic and citric acids (Argenta et al. 2017).

SiO,(s) + 2HCl — H,SiO, 6)

Kang et al. (2014) noted that low metal concentra-
tions in leachate solutions can be addressed by syn-
thesizing zeolites, which help concentrate metal ions.
In addition to In, other metals, such as rare and pre-
cious metals, are also targets of recovery technolo-
gies. Toache-Pérez et al. (2022, 2020) proposed an
efficient and eco-friendly method for recovering Gd,
Pr, Zn, Er, and Sn from LCD screen waste. Using
ultrasound-assisted leaching and magnetic separation,
recovery rates reached 87% for Gd and 85% for Pr,
with magnetic residues enriched in Fe, Gd, and Pr.
Subsequent metal recovery from leachates yielded
85% Gd, 87% Pr, 91% Zn, although lower values were
observed for Er (12%) and Sn (25%). The Toache-
Pérez et al. (2022) study showed improved results,
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Table 6 Summary of extraction processes and recovery outcomes

Material source Extraction method Process conditions In recovery Source
Unground waste LCD Inorganic and organic acid 1 M H,SO,, >90% Schuster and Ebin (2021)
screens leaching 1 M HNOj, organic acids

LCD screens from computer Sulfuric acid leaching
monitors and laptop
screens

LCD powder Citrate leaching with hydra-
zine as reducing agent

Waste Liquid Crystal Dis-  Sulfuric acid leaching after

play (LCD) panel hydrothermal pretreat-
ment
TV and computer LCD Sulfuric acid leaching with
panel waste, membrane filtration

Waste LCD displays(14% Hydrochloric acid leaching
polarizing film, 86% glass
substrate)

LCD screens Sulfuric acid leaching

Discarded FPD, major LCD  Sulfuric and hydrochloric
acid leaching

Waste LCD panels Organic acid leaching
Waste LCD panel Hydrochloric acid leaching
Spent LCD screens Siderophore desferrioxam-

ine E leaching

Waste LCD panels Ultrasound-assisted acid
leaching

Crushed LCD displays (16 ~ Physical-chemical four step
cm?) process

Non crushing LCD Utrasound-assisted hydro-
chloric acid leaching

-citric, glycolic, L-ascor-
bic, maleic and DLtar-
taric);3—168 h

0.4 N H2S04; 50% (w/v);  99.5%
30 min

1 M citrate, 0.2 M N,H,, 98.9%
pH 5, Solid-to-liquid
ratio 20 g/L, pH: 5, using
NaOH; 16.6 h

0.5 M H,SO,, 70-80 °C, 97.25%
Solid-to-liquid ratio 1:2 g/
mL; 40 min

1 M H,SO,, 80 °C, Solid-  94.1-99.8%
to-liquid ratio 200 g/L;

2 min

6N HCl, room tempera- 90%
ture, Solid-to-liquid ratio
3mL/g,6h

0.2 M H,SO,, 50% w/v, 78%

T=70 °C, t=30 min,
back-extraction with 1 M
and 5 M HCI
1 M H,S0,, 20 °C, back- -
extraction with HCI
0.5 M oxalic acid, 99.5%
30-90 °C, Solid-to-liquid
ratio 50 g/L; 15-90 min
0.5MHClat80°Cor2M >90%
HCl at 55 °C

5 M DFOE, 25 °C, Solid-to- 32%
liquid ratio 1 g/L, pH 5.5;
Over 90 days

0.75 M H,SO,, 300 W of 80%
ultrasound, pH 3, extrac-
tion 20% DEPHA, 2 M
HCl

Mixture of 1:5 (v/v) ethyl 84%
acetate and ultrapure
water at 180 °C with a
solid/liquid (S/L) ratio
70 g/L, after soft acid
microwave-assisted
extraction (0.25 M HCI,
S/L ratio 20 g/L, 3 cycles
of 30 s at 850 W micro-
wave); 60 min

0.8 M HCl, 300 W ultra- 96.8%
sonic waves at room
temperature, 1 h

Houssaine Moutiy et al.
(2020)

Lépez-Yaiez et al. (2019)

Cao et al. (2020)

Lahti et al. (2020)

Fontana et al. (2015)

Fortin-Lecomte et al. (2022)

Yang et al. (2016)

Cui et al. (2019)

T11és et al. (2022)

Zheng et al. (2024)

Zhang et al. (2023)

Martelo et al. (2025)

Zhang et al. (2017)
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Table 6 (continued)

Material source Extraction method

Process conditions

In recovery  Source

TV, PC, mobile LCD Acid leaching

Aqua regia (HCI/HNO3, 99,3%

Gabriel et al. (2020)

3:1),0.5 M H2S04,2 h;
6 M HCIL, 60 °C,4 h

with recovery rates of 93% Er, 99% Gd, 72% Sn, and
97% In. This method outperformed conventional pro-
cesses and demonstrated effective co-extraction of
elements like Sn under optimized conditions.

3.2.2 Biometallurgical methods

Biometallurgy, based on green and environmentally
friendly bacterial activity, offers processes that oper-
ate at lower temperatures, consume less energy, and
have a smaller carbon footprint compared to tradi-
tional metallurgical technologies. The primary pro-
cess used for metal dissolution is bioleaching, which
employs specific acidophilic microorganisms to
extract metals from low-grade ores or waste materi-
als. One of the main advantages of bioleaching is the
reduction of toxic waste and energy consumption,
as the process occurs at near-ambient temperatures
and requires minimal energy input (Brierley 2008;
Johnson 2018). Furthermore, bioleaching allows for
the selective recovery of metals, reducing the risk
of contamination and enabling more efficient use of
secondary raw materials (Isildar et al. 2017; Rendén-
Castrillén et al. 2023). For e-waste such as FPD,
bioleaching holds particular promise due to the abil-
ity of microorganisms to dissolve difficult-to-reach
metals such as In under milder and more sustainable
conditions than those used in traditional hydrometal-
lurgical techniques (Yaashikaa et al. 2022).

Although relatively few studies have focused spe-
cifically on FPD bioleaching, some published results
are already available. It has been demonstrated that
bioleaching of spent FPD is feasible and can achieve
high In recovery efficiencies from ITO (55-94%,
depending on experimental conditions). This indi-
cates that bacteria could play a leading role in the
development of new green technologies for LCD
recycling.

Existing bioleaching approaches for recovering
metals from waste FPD can be categorized into three
main groups:

a) Application of chemoautotrophic bacteria

b) Application of heterotrophic microorganisms

c¢) Hybrid bioleaching combining autotrophic and
heterotrophic microorganisms

a) Application of chemoautotrophic bacteria.

To bioleach metals from FPD waste, pure cultures
or consortia of A. thiooxidans and A. ferrooxidans
were most often tested. In these studies, adaptation
was found to be a crucial step, resulting in higher
recovery efficiency. Adapted bacterial cultures were
able to grow under higher pulp densities, tolerate
higher concentration of toxic metal ions, and attach
more effectively to solid particles, which supported
higher bioleaching efficiency (Willner et al. 2021;
Khezerloo et al. 2023). Bioleaching efficiency varied
depending on the target metal, e.g., In was recovered
with efficiencies ranging from 55 to 100%, Sn with
efficiency approximately 90% and Ga with 75-83%
efficiency. Very high efficiencies were found for
Ni and Cu, ranging from 97 to 100% and 83-100%,
respectively. Strontium was the most challenging
metal, with the bioleaching efficiencies ranging from
5to 15%. A low pH below 3 was maintained through-
out all processes. A summary of existing results is
shown in the Table 7.

The A. ferrooxidans bioleaching system showed
better metal extraction results than A. thiooxidans,
especially for Sn, indicating the specific role of iron
and A. ferrooxidans in Sn recovery (Willner et al.
2021). On the other hand, bioleaching with A. fer-
rooxidans was also associated with the formation of
a passivation layer (jarosite or sulphur) on the surface
of the powder, resulting in reduced metal recovery
(Pourhossein et al. 2021).

Non-contact bioleaching enhanced leaching yields
up to 100% from EoL LEDs (Pourhossein et al. 2022).
This study demonstrated that the presence or addi-
tion of extrapolymeric substances not only adsorbed
metal ions but also increased diffusion barriers, thus
diminishing the transfer of metal ions from LEDs into
bioleaching solution over an extended period.
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Table 7 Application of autotrophic bacteria for metal recovery from FPD by bioleaching

FPD type Organism

Efficiency (%)

Duration (days) Process

Source

LCD A. thiooxidans 100 In, 10 Sr 15
A. ferrooxidans, A. 55.6 In, 90.2 Sn In 35
thiooxidans Sn 14
A. ferrooxidans, A. 94.7 In, 98.2 Sn 35
thiooxidans
A. thiooxidans 100 In 6
A. ferrooxidans, A. 100 In, 15 Sr, 60 Al 18
thiooxidans
Adapted acidophilic 50 In 10
consortium
LED A. thiooxidans 100 Cu, 100 Ni, 75 Ga 10
A. ferrooxidans 83 Cu, 97 Ni, 83 Ga 15
OLED A. ferrooxidans 100 In, 5 Sr 15
MPTS*  A. ferrooxidans 100 In 10

Adapted bacteria, initial
pH 2.6, pulp density
1.6%, initial sulphur
concentration 7 g/l

Jowkar et al. (2018)

Adapted bacteria,
9 K medium, 2.5%
pulp density, 9 K
medium+2 g elemen-
tal sulphur

Adapted bacteria, 1%
pulp density, 30 °C

Willner et al. (2018)

Willner et al. (2021)

Bacterial consortium
enriched from aerobic
activated sludge, 15 g/l
LCD

6% pulp density, one-
step, initial pH 2

Xie et al. (2019)

Khezerloo et al. (2023)

Adapted bacteria, Pulp
density 32.5 g/l, one
step, initial pH 1.8

Constantin et al. (2024)

Contact/noncontact,
single step, multistep

Pourhossein et al. (2022)

Pourhossein and Mousavi
(2019)

Adapted bacteria, indi-
rect bioleaching (step
wise—biogenic ferric
iron added several
times), biogenic ferric
ion addition 4-5 mg/l,
pulp density 20 g/l

Adapted bacteria, 9 K
medium, ferrous sul-
phate 13 g/1, solid con-
tent 3 g/l, elemental
sulphur 5.6 g, initial
pH 1.1

Adapted bacteria, 9 K
medium, one step,
initial pH 2

Pourhossein et al. (2021)

Rezaei et al. (2018)

*MPTS mobile phone touch screen

Moreover, several specific features were observed
when bacteria were used. For example, A. thiooxidans
has been found to secrete organic compounds, some
initially identified as polypeptides and amino acids,
and others as metabolites such as phosphatidylinosi-
tol. This compound evidently enhances elemental sul-
fur oxidation by acting as a wetting agent, which can
significantly affect bioleaching efficiency (Bobadilla
Fazzini et al. 2011).

b) Application of heterotrophic microorganisms.

@ Springer

In studies by Cui et al. (2021, 2020), the hetero-
trophic microscopic fungi Aspergillus niger was used
to recover In from LCD monitors. The fermentation
broth obtained after 15 days of cultivation was used
as the bioleaching agent, eliminating the need for
direct contact between the ITO powder and fungi.
Upon addition of the broth, 100% of In was recovered
within 90 min at 70 °C. Bioleaching with A. niger
did not alter the crystal or surface structure of ITO
glass powder, unlike leaching with strong inorganic
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acids. Therefore, the glass residues from fermenta-
tion broth bioleaching could potentially be reused
as raw materials for LCD production. The addition
of low concentration of oxalic acid (0.5 M) during
bioleaching simulations also resulted in very high In
leaching efficiency (100%). Another available study
applying bioleaching by heterotrophic bacteria was
conducted by Golzar-Ahmadi and Mousavi (2021).
They extracted Ag, Mo, and Cu with efficiencies of
100%, 57%, and 41%, respectively, over 12 days using
organic acids produced by Bacillus foraminis.

¢) Hybrid bioleaching combining autotrophic and
heterotrophic microorganisms.

In hybrid bioleaching, authotrophic and hetero-
trophic microorganisms were combined to bioleach
metals from LED displays. In the first step, bio-
genic ferric iron produced by A. ferrooxidans was
used over a period of 10 days. In the subsequent
second step, spent medium containing glycine and
methionine, produced by Bacillus megaterium. was
applied, lasting 4 days. Metals such as Sn, Ni, Cu,
Al, Ga, Pb, Cr, and Fe were dissolved during the
first step. In the following heterotrophic bioleach-
ing by B. megaterium, the remaining Ni, Cu and Ga,
along with 93% of Au and 91% of Ag, were recov-
ered (Pourhossein et al. 2021).

The main challenges facing the further develop-
ment of biometallurgical methods for FPD treat-
ment can be grouped into three categories (Fig. 6):

— Industrial scale: most biometallurgical research
is conducted at the laboratory scale, and further
research and optimization are needed to scale up
these methods for industrial application.

— Process time: biometallurgical processes are usu-
ally slower than traditional chemical methods,
which may limit their efficiency in industrial set-
tings.

— Material complexity: FPD contain a mixture of
various materials and metals, making the selective
recovery of In and other metals using microorgan-
isms more difficult.

However, there are promising solutions and
rapidly developing trends that may accelerate the
implementation of green technologies in FPD recy-
cling. These include: a) the development of hybrid
approaches and the integration of biometallurgy with
other techniques, such as mechanical or chemical

preconcentration, to enhance the efficiency of metal
recovery; b) research on microorganisms through
genetic engineering, which could enable the develop-
ment of strains optimized for the selective recovery of
metals; c¢) collaboration with industry and the estab-
lishment of pilot recycling plants utilizing biometal-
lurgy to evaluate the practical effectiveness of these
methods.

3.3 Metal recovery from generated solutions
3.3.1 Chemical methods

Solvent extraction plays an important role in the
recovery of metals from diluted solutions. This tech-
nique involves using organic solvents to selectively
strip target metals from aqueous solutions. It is based
on the different solubilities of metals in two immisci-
ble liquids, typically an aqueous solution (polar) and
an organic solvent (non-polar). In the study by Pereira
et al. (2018), solvent extraction using 30% di-(2-eth-
ylhexyl)phosphoric acid (D2EHPA) resulted in a final
In concentration after stripping that was 236 times
higher than the initial concentration, i.e. 7712 mg/L.
Organophosphate compounds such as Cyanex 272
(Gupta et al. 2007), bis-2,2-ethylhexyl phosphate
(DEHPA) (Virolainen et al. 2011; Yang et al. 2013),
2-ethylhexyl phosphonic mono-2-ethylhexyl ester
(Kang et al. 2011), and a mixture of four trialkyl
phosphates (Cynaex 923) (Sato and Sato 1992) have
also been tested for In extraction, especially in earlier
studies. Except from Cyanex 272, all other extractants
were found to selectively extract In from acidic chlo-
ride or sulfate media (Yang et al. 2016). Fontana et al.
(2015) employed an aqueous biphasic system (ABS)
for In extraction. Using a PEG—(NH,),SO,~H,0 sys-
tem and 1,10-phenantroline as a ligand for In-ions,
In was extracted from a 6 mol/L. HCI solution. It was
found that 80-95% of In could be recovered in the
“bottom phase” of the ABS, with a 30% (110 ppm)
increase in In concentration compared to the initial
concentration before extraction (85 ppm). Accord-
ing to De la Torre et al. (2018), the solution obtained
after solvent extraction and stripping was evapo-
rated, and In was precipitated with a 95% yield. The
resulting indium sulfate was subsequently calcined at
700 °C for 2 h to produce the corresponding oxide.
After leaching, solvent extraction plays a criti-
cal role in separating REEs. Gergoric et al. (2017)
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BIOMETALLURGICAL DEVELOPMENT FOR FPD RECYCLING

CHALLENGES

Industrial Scale

Most research remains at lab-
scale — industrial translation
needed

Process Time

Longer treatment times
compared to chemical
methods

Material Complexity

FPDs contain diverse materials
that hinder selective recovery

Hybrid Technologies

Industrial Cooperation & Pilot Plants

Collaboration and pilot testing for real-world
validation

Genetically Engineered Microorganisms

Optimized microbes for selective metal
recovery

Combining biometallurgy with
mechanical/chemical pre-processing

Fig. 6 Summarization of main challenges and possible solutions in the application of biometallurgy in FPD treatment

demonstrated that 0.3 M D2EHPA in hexane pro-
vided high separation factors between heavy and light
REEs, with no extraction of B or Co. Complete REE
extraction was achieved using 0.9-1.2 M D2EHPA
in hexane or octane. Aliphatic diluents proved more
effective than aromatic ones, and efficient metal strip-
ping was achieved with>2 M HCI. Additionally, the
application of D2EHPA for In extraction has been
optimized by Yang et al. (2014), where the solvent
extraction process was tailored to maximize yield
from initial leaching operations. This approach dem-
onstrates that solvent extraction can recover not only
In but also other co-leached metals. In addition to In,
tin (Sn) represents another valuable metal for recov-
ery from ITO-coated LCD screens, where it is present
mainly as SnO, (~10 wt%). Several hydrometallurgi-
cal studies have demonstrated effective strategies for
tin extraction and separation. Souada et al. (2018)
showed that ultrasound-assisted sulfuric acid leach-
ing enables rapid and almost quantitative dissolution

@ Springer

of the ITO layer. At 60 °C with 18 mol/L H,SO,,
nearly 100% In yield and high dissolution efficiency
of tin were achieved within only 3—4 min, whereas in
the absence of ultrasound, the recovery was limited to
about 70%. A more recent study by Qin et al. (2023)
optimized the leaching of tin from mechanically acti-
vated ITO glass. Using a Box—Behnken experimen-
tal design, the maximum tin recovery of 87.6% was
obtained under optimal conditions (6 mol/L H,SO,,
108 min, 88 °C, particle size 0.035 mm). The authors
also confirmed that mechanical activation improves
the reactivity of the glass surface and facilitates the
release of Sn** ions into the leachate. However, selec-
tive leaching strategies can be employed to separate
In from tin during the leaching stage itself. Xu et al.
(2024) proposed a process for selective leaching of
In from ITO using H,SO, in the presence of H,O,.
Under optimal conditions (H,SO, concentration
of 2.0 mol/L, L/S ratio of 4.0 mL/g, temperature of
80 °C, time of 5 h), In,O5 was effectively dissolved,
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while most of the tin remained in the leach residue
in the form of H,SO,-stable SnO,. The addition of
H,0, during acid leaching oxidized tin from valence
state+2 to+4, thereby forming H,SO,-stable SnO,,
which limited the co-dissolution of tin with In. The
tin leaching efficiency decreased with increasing
H,0, dosage.

Cementation is another method used to separate
metal ions in aqueous solutions based on differ-
ences in electrochemical potential. Rocchetti et al.
(2016) studied In extraction by cementation from
sulfate solutions using Zn powder (2-100 g/L of Zn).
Almost all In transferred to the solid phase at pH 3
within 10 min. The final purity was 62%, although
the presence of major impurities (i.e., Al, Ca, and
Fe) increased with longer cementation times. Li et al.
(2011) developed a comprehensive hydrometallurgi-
cal process that combines acid leaching, removal of
tin from the leach solution by sulfide precipitation,
and deposition of sponge In by zinc cementation. Dur-
ing leaching with an initial concentration of 100 g/L
H,S0, at 90 °C for 2 h, 99% of In was leached, while
only approximately 8% of tin was dissolved (Li et al.
2011). Tin in the leach solution was subsequently
reduced to 10 mg/L by sulfide precipitation under
H,S partial pressure of 101.3 kPa and 100 g/L. H,SO,
at 60 °C for 10 min, with indium loss being less than
1%. Chemical analysis of the sulfide residue showed
tin content (as SnO, and SnS) of 66.17% and remain-
ing In of 3.11%, with tin removal and In loss calcu-
lated at 100% and 0.47%, respectively.

Precipitation of In from LCDs as In hydrox-
ide is also a viable alternative. Silveira et al. (2015)
achieved 99.8 wt% In precipitation at pH 7.4 using
ammonium hydroxide (NH,OH). However, other
elements (e.g., aluminum) with similar properties to
In may co-precipitate, which is a drawback of this
method (Zheng et al. 2023).

Another promising alternative to traditional
organic solvents in the extraction phase is the use
of ionic liquids (ILs), which are non-flammable and
non-volatile (e.g. Deferm et al. 2016; Alguacil and
Loépez 2020). However, ILs have some disadvan-
tages, such as high cost and high viscosity, which
can lead to slow mass transfer and prolonged con-
tact times to reach equilibrium (Fontana et al.
2020). For example, Cyphos IL104 phosphonium
ionic liquid, diluted in toluene, achieved 98.9% In
recovery from LCD leachate (Dhiman and Gupta

2020), while betainium bis(tri fluoromethylsulfonyl)
imide ([Hbet][Tf2N]) yielded 98.6% recovery (Luo
etal. 2019).

Electrochemical  separation (electrowinning),
although rarely reported, is another potential tech-
nique for recovering In from LCDs. Its effectiveness
depends on factors such as electrolyte composition
and the presence of complexing agents in leachates
(Grimes et al. 2017). Choi et al. (2014) used an elec-
trochemical technique to recover ITO from obsolete
TFT-LCD panels but found that the In could not be
reused directly due to an unsuitable ratio of In and
Sn. Conversely, the use of a three-stage cylindrical
mesh electrode electrolysis system is a promising
technology for the recovery of In from LCDs, achiev-
ing a 98% total In recovery (Grimes et al. 2017). Xu
et al. (2023) proposed an efficient method for waste
ITO target recycling based on electro-deoxidation in
molten chlorides. Thermodynamic analysis showed a
wide potential window of 2.26 V for the co-reduction
of In,O5; and SnO, at 750 °C in the molten NaCl-KCl
system. After 3.0 h of electrolysis at a constant cell
voltage of 3.0 V, the waste ITO target was completely
reduced to the corresponding metallic products, with
recovery percentages of tin reaching 92.6%. In case
of supercritical fluid separation, the optimal recovery
conditions were found to be a temperature of 300 °C
and a water content of 60% in the water—ethanol
mixture, allowing for 85.7% In recovery in just 4 h
(Argenta et al. 2017). Extraction methods and condi-
tions reported by various authors, including some of
those mentioned above, are summarized by Zheng
et al. (2023). A less detailed comparison was also
presented by Zhang et al. (2020).

Furthermore, advanced techniques such as mem-
brane filtration offer enhanced metal ion concentra-
tion from leachates, setting the stage for more effi-
cient subsequent extraction processes, as examined
by Lahti et al. (2020). The integration of adsorption
technologies, using materials like functionalized chi-
tosan for the selective binding of metal ions, can fur-
ther enhance recovery of a wide range of elements
present in LCD screens.

In conclusion, the chemical extraction of met-
als from leachate solutions generated during the
recycling of LCD screens involves a comprehen-
sive suite of processes, ranging from acidic leaching
and solvent extraction to innovative biotechnologi-
cal approaches. Each method holds potential for the
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recovery of metals such as In and other REEs, thereby
contributing to a more effective recycling framework
that addresses the urgent need for sustainable metal
recovery from e-waste.

3.3.2 Biological methods

3.3.2.1 Biosorption and Bioaccumulation One of
the biological routes for recovering In and other met-
als from leachates following the FPD leaching process
is the use of biosorption or bioaccumulation. The key
difference between these two processes lies in their
underlying mechanisms. While biosorption involves
the adsorption of metal ions onto the surface of the
biomass, bioaccumulation primarily entails the accu-
mulation of metal ions within the cells (Fig. 7).

Bioaccumulation often occurs in two steps: a rapid
initial step in which metal ions adsorb onto the bio-
mass surface (similar to biosorption), followed by
a slower transport step into the cell. Biosorption is
a metabolism-independent process that is fast and
reversible, usually with a higher capacity compared
to bioaccumulation. In contrast, bioaccumulation is
slow, metabolism-dependent, and thus energy-requir-
ing, with a capacity that typically represents only
0.5-2% of the dry cell weight. However, from a tech-
nological perspective, simpler definitions are often
used: biosorption refers to processes involving non-
living biomass, while bioaccumulation applies to liv-
ing cells (Kadukova and Vircikov4 2005; Sedlakova-
Kadukova 2022).

Several studies have applied biosorption/bioac-
cumulation to recover In, Sn and other metals from
solution, however, model solutions are predominantly
used. Very high bioaccumulation rates were observed
for the Gram-negative bacterium Shewanella algae.
Ogi et al. (2012) found that this bacterium was able
to accumulate 100% and 54% of In from InCl; model
solutions with initial concentrations of 11.4 and
107.2 mg/l, respectively, at pH values between 2.3
and 3.9. After drying the In-loaded bacterial biomass
(from the highest tested In initial concentration of
107.2 mg/l), they obtained dried biomass containing
approximately 5.4% (w/w) In, which was 474 times
higher than the In concentration in the initial solu-
tion. Subsequent heating of the biomass at approxi-
mately 800 °C for 2 h yielded a powder containing
40% In (w/w), which is 4300 times the concentration
of In(IIT) in the initial solution. The authors did not
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Fig. 7 Comparison of basic characteristics of three biological
processes suitable for recovery of In and other metals from lea-
chates after FPD leaching (M; symbol for metal)

observe the reduction of In(Ill) to In(0). Similarly,
Saitoh et al. (2017) observed high (100%) bioaccu-
mulation of In by S. algae biomass from synthetic
solution with an initial concentration of 100 mg/L at
pH values ranging from 2.3 to 3.5. High In recovery
was also reported for the psychrophilic yeast strain
Cryptococcus laurentii (Rusinova-Videva et al. 2020).
The authors studied the bioaccumulation of various
metals from synthetic solutions with initial concentra-
tions of 20 mg/L, achieving recovery in the range of
12-16 mg/g of dry biomass at an optimal pH of 5.
Although most studies have used InCl; model solu-
tions to study In recovery, Saitoh et al. (2017) found
that the bacterium S. algae exhibits high selectivity
for collecting In from leachate obtained by leaching
LCD monitors with dilute HCI solution. Similarly,
Maeda et al. (2022) confirmed the high selectivity
of S. algae for In recovery from spent LCD monitor
leachate via pH adjustment. The only study reporting
tin bioaccumulation investigated the utilisation of the
living biomass of cyanobacterium Spirulina platensis
for the biotemplated synthesis of functional materi-
als (Tao et al. 2014). Although the authors did not
directly address bioaccumulation or biosorption, their
results provide evidence of tin sequestration on the
Spirulina surface through the complexation of Sn**
ions with hydroxyl groups associated with alginate.
Biosorption studies using non-living biomass for
In recovery from solutions is very rare. Pennesi et al.
(2019) studied In biosorption using biomass from the
brown alga Ascophyllum nodosum, examining both
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naturally occurring biomass and waste products from
biomass processing in biostimulant production. They
found that In biosorption is pH-dependent, with an
optimum at pH 3. The maximum biosorption capac-
ity was found to be 48 mg/g for the processed waste
biomass and 63 mg/g for the natural biomass. Acid-
pretreated and urea-modified wheat straw have been
investigated for their tin biosorption capacity. The
maximum sorption capacities, calculated using the
Langmuir isotherm model, were 47.8 and 64.1 mg/g
for the respective materials (Raza et al. 2014).

3.3.2.2 Bioreduction and production of nanoparti-
cles Another biological approach suitable for the
recovery of In and other metals from FPD leachate
is bioreduction. Bioreduction is one of the biopre-
cipitation mechanisms that leads to the reduction of
metallic ions, often forming solid particles. In general,
solid precipitates form on the surface of microorgan-
isms or in solution, based on the interaction between
organisms and metals (Fig. 7) (Sedlakova-Kadukova
2022). However, in specific cases where bioactive
compounds capable of acting as capping agents are
present (sometimes the same molecules responsible
for reduction), nanoparticles are formed (Kadukova
2016). Biological methods of nanoparticle formation
have been summarized in various review articles (e.g.
Villagran et al. 2024; Cardoso et al. 2025; Bokolia
et al. 2025); therefore, it is not the aim of the present
paper to review them.

Biological methods can result in the formation of
several types of In, Sn or other metals containing nan-
oparticles. In biosynthetic processes, the formation
of multiple nanoparticle types is commonly observed
rather than the production of a single, uniform type.
For instance, in the case of In, at least three dis-
tinct types of In-containing nanoparticles have been
reported. The first type is indium oxide (In,O5) nano-
particles, which have received significant attention
due to their unique properties, such as high conduc-
tivity, stability at elevated temperatures, and strong
interactions with target gases including ethanol,
ammonia, and carbon monoxide. Their formation has
been demonstrated using various plant extracts, such
as Aloe vera (Kulkarni et al. 2024), Boerhavia diffusa
(Rozina et al. 2023), and Aerva javanica (Ali et al.
2023). Another type of In-containing nanoparticles is
the sulfide form. Leaves of Mimosa pudica served as a
template in a hydrothermal method for the production

of biomimetic sulfur-deficient indium sulfide (In,S5)
nanoparticles by Carrasco-Jaim et al. (2019), which
were applied in photocatalytic hydrogen produc-
tion. Another suitable reagent for In, ;;S, nanoparti-
cle preparation was castor oil, used in a microwave-
assisted process (Lethukuthula et al. 2023). A large
group of In-containing nanoparticles comprises com-
plex alloys or composites, such as AglnSe, produced
by Pseudomonas aeruginosa (Cakici et al. 2023),
In,03-Sn0O, synthesized using acacia gum (Shanti
Sree et al. 2019), Cu-In-S produced by Antarctic
yeast Filobasidium stepposum (Arriaza-Echanes et al.
2024), and InSnO, synthesized using toddy palm
from Borassus flabellifer (Merugu and Gothalwal
2021) or almond gum (Shanti Sree et al. 2021).

In the case of tin bioreduction and nanoparticle
synthesis, a variety of organisms and their extracts
can act as both reducing and stabilizing agents. For
example, extracts of Garcinia cambogia (Jafeesh
et al. 2023), jujube fruit (Ziziphus jujuba) (Honar-
mand et al. 2019), kabuli chickpea seeds (Cicer ari-
etinum) (Kundu et al. 2020), and Terminalia chebula
seeds (Gautam et al. 2024) have been employed for
the biosynthesis of SnO, nanoparticles. Furthermore,
SnO,, silver—tin oxide (Ag—SnO,), and Ag-Bi-SnO,
nanoparticles have been synthesized using metha-
nolic seed extracts of Caesalpinia bonduc (Siddique
et al. 2022). The use of various biological extracts
in tin nanoparticle synthesis has been comprehen-
sively reviewed in previous studies (e.g., Ahmad et al.
2021). SnO, nanoparticles exhibit enhanced photo-
catalytic, antioxidant, and antimicrobial activities and
have been successfully applied in the photocatalytic
degradation of organic dyes, the suppression of path-
ogenic fungi in agricultural crops, and the fabrication
of various sensors.

Based on recent findings, biological routes show
great promise for a variety of applications compared
to traditional nanoparticle production methods, and
this is not solely due to their environmentally friendly
nature. Although direct comparisons between the
effects of biologically and chemically or physically
produced nanoparticles are still rare in the scientific
literature, some relevant studies do exist. Several
authors have reported that biologically prepared silver
(Ag) nanoparticles exhibit different biological effects
compared to chemically prepared ones. For exam-
ple, when biologically prepared nanoparticles were
applied to soil ecosystems, they triggered very low to
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negligible levels of antibiotic resistance in soil bacte-
ria, in contrast to chemically prepared nanoparticles
or ionic Ag forms (Sedlakova-Kadukova et al. 2025).
Similarly, different effects were observed on the
immune system (Demeckova et al. 2025). Improved
characteristics have also been reported for biologi-
cally produced In-containing nanoparticles. Kulkarni
et al. (2024) found that the electrical sensitivity of gas
sensors containing biologically produced In,O; nano-
particles was significantly higher compared to those
produced by traditional synthesis methods. Likewise,
Carrasco-Jaim et al. (2019) reported threefold higher
photocatalytic hydrogen production rates for indium
sulfide nanoparticles synthesized with biological
agents compared to those synthesized without them.
In case of tin containing nanoparticles, Kundu et al.
(2020) reported superior CO sensing performance
of biosynthesized SnO, nanoparticles compared to
sol—gel- or sonochemically-derived tin oxides operat-
ing under similar conditions.

Bioreduction thus represents a promising biologi-
cal approach for the recovery of In and other metals
from FPD leachate. It is capable of producing various
types of In-containing nanoparticles (oxides, sulfides,
and complex alloys), which often exhibit superior
properties compared to those synthesized through
conventional methods.

4 Analytical challenges

Metal analysis in FPD is essential for understanding
the composition and performance of the materials
used in their fabrication. Analyzing the metallic ele-
ments in these displays supports quality control, fail-
ure analysis, and ensures product reliability. Detect-
ing trace amounts of metals such as In, Sn, Ag, or Cu
requires highly sensitive instruments. Solutions for
this application include techniques such as ICP-MS
(Inductively Coupled Plasma Mass Spectrometry)
and ICP-OES (Inductively Coupled Plasma Opti-
cal Emission Spectrometry), which are commonly
used to detect trace metals. However, achieving the
required sensitivity and accuracy remains a challenge
due to potential matrix effects or contamination.
Among the methods of atomic spectrometry, ICP-
OES (Profumo et al. 2008; Cummings et al. 2016; Hu
et al. 2021) and ICP-MS (Su et al. 2018; Werner et al.
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2019) are the most frequently used techniques for the
quantitative analysis of technology-critical elements.

X-ray Fluorescence (XRF) Spectroscopy is a non-
destructive technique widely used in FPD manufac-
turing to quickly assess the elemental composition of
thin metal layers. Another useful technique is Auger
Electron Spectroscopy (AES), a surface-sensitive
method that provides information about the elemen-
tal composition of the outermost atomic layers of
the FPD. Electron Probe Micro-Analysis (EPMA),
an electron microscopy-based technique, is used for
the quantitative analysis of metallic elements in FPD.
Another highly sensitive technique is Secondary Ion
Mass Spectrometry (SIMS), widely used in metal
analysis of FPD due to its surface sensitivity. Glow
Discharge Optical Emission Spectroscopy (GDOES)
is particularly useful for analyzing thin metal coat-
ings or films in FPD, as it provides depth profiles of
metal layers. Energy Dispersive X-ray Spectroscopy
(EDS) provides both qualitative and semi-quantitative
data and is capable of analyzing small areas, making
it ideal for defect analysis. EDS is often coupled with
Scanning Electron Microscopy (SEM) for elemen-
tal analysis (Wang et al. 2014; Cho and Kim 2024).
When the FPD sample is scanned with an electron
beam, the emitted X-rays are characteristic of the ele-
ments in the sample. EDS is typically used for local
metal analysis in FPD, especially for examining
defects or specific areas of interest.

Time-of-Flight Secondary Ion Mass Spectrometry
(TOF-SIMS) can analyze very small areas, down to
the nanoscale. As a variation of SIMS, TOF-SIMS
provides mass analysis of secondary ions based on
their time-of-flight, allowing for very high mass reso-
lution and sensitivity. This technique is particularly
valuable for analyzing the distribution of metals and
organic materials in FPD at the nanoscale. Atomic
Absorption Spectroscopy (AAS) is a method often
used to detect specific metal elements by measuring
the absorption of light by free atoms. This technique
is precise and accurate for certain metals, and is espe-
cially effective for measuring elements like Pb, Hg,
and other heavy metals that may be present as con-
taminants or in specific FPD components. While less
commonly used than other advanced techniques, AAS
remains valuable for its simplicity, precision and cost-
effectiveness in routine analysis.

Laser-induced breakdown spectroscopy (LIBS) is
useful for analyzing LCD pellet samples from mobile
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Table 8 Analytical techniques used in quantitative FPD analyses

Elements FPD type

Analytical technique Reagents used for digestion

Source

Cd, Pb, Hg, Cr, Ni, Cu, Zn, As, LCD
Sn, Al, Fe

ICP-MS

Te, Ge, Tl, Cd, Ba, Co, Mn, Cr, LCD, LED, ICP-MS
Cu, Ni, Pb, Sr, Zn

Al, As, In, Sr, Ba, Ca, Si LCD ICP-OES
In LCD LIBS, ICP-OES
Al, Zn, Cu, As, Mo, Ag, In, LCD ICP-MS
Sn, Fe
In, Sn, Si LCD ICP-AES
C,N, O, In, Sn, Al OLED EDX
In Sn Al Fe Cr Ni Zn LCD ICP-OES
Pd, Pt, Au, Ge, Co, Ta, Ag, W, LCD XRF
In, Mg, Nb,Y
Y LCD ICP-MS

100 mg of sample, Savvilotidou et al. (2014)
10 mL of mixed HNO; and HCl

and at a ratio of 1:5
Aqua Regia Willner et al. (2021)

0.25 g of sample, mixture of
HNO3/HCIO4/HF/HCI

0.20 g of sample, 5 mL of 65% Andrade et al. (2019)
HNO; and 2 mL of 40% HF

Parsa et al. (2024)

Aqua Regia Schuster and Ebin (2021)
H,SO, Souada et al. (2018)
- Filella and Rodushkin (2018)
100 g of the prepared LCD Cho and Kim (2024)

glass granules in 100 cm?

12 M HCl at 90 -C

- Charles et al. (2020)

Digest phosphor in 1:1 HC1 Charles et al. (2020)
acid volume/sample mass

ratio of 40 ml/g

phones to determine In content, with detection limits
ranging from 0.3 to 0.5 mg/kg (Andrade et al. 2019).
Table 8 presents the most commonly used analytical
techniques for the determination of metals in FPD.

Metal analysis in FPD presents numerous ana-
Iytical challenges due to the need for high sensi-
tivity, accuracy, and spatial resolution, combined
with the complexity of multilayered materials. FPD
consist of complex multilayer materials, includ-
ing glass, polymers, organic compounds, and vari-
ous thin metal films (Parsa et al. 2024). One of the
main problems in analyzing such complex materi-
als is matrix interference. Matrix effects, where one
component in a sample interferes with the analysis
of another, make it difficult to measure specific met-
als accurately. To overcome this, advanced matrix-
matched standards or internal standards are used to
correct for matrix effects on measurement accuracy,
particularly in ICP-MS or XRF (X-ray fluorescence)
analyses. The use of certified reference materials
further helps validate and verify the accuracy of the
results.

Another challenge in FPD analysis is the char-
acterization of thin films and nanomaterials used
in these devices (Charles et al. 2020). Modern FPD

incorporate ultra-thin layers of metals, often on the
nanometer scale, such as ITO layers in LCDs or thin
Ag layers in OLEDs. Analyzing these thin films,
especially their thickness and uniformity, without
damaging the sample is particularly difficult. This
often necessitates mechanical or chemical separa-
tion of the relevant material layers. Techniques such
as X-ray Photoelectron Spectroscopy (XPS) and Sec-
ondary Ion Mass Spectrometry (SIMS) are commonly
used for surface and thin-film analysis; however, pre-
cise control during these procedures is essential to
avoid altering the metal layers. Sample preparation for
metal analysis in FPD is also a significant challenge
due to the diversity of materials involved (organic,
inorganic, and metals) and the structural complexity
of the displays. Cutting, dissolving, or otherwise pre-
paring these layers for analysis, without losing metals
or altering their state, can be problematic.

All analytical techniques have inherent limita-
tions, particularly with respect to elemental interfer-
ence and overlap. Some metals used in FPD produce
overlapping spectral lines or signals in techniques
like XRF or ICP-OES (Optical Emission Spectros-
copy), complicating accurate elemental identifica-
tion. In ICP-MS, analysts must also consider isobaric
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interferences, particularly those associated with the
argon carrier gas. These interferences are often miti-
gated using a collision or reaction chamber. Although
high-resolution instruments and deconvolution algo-
rithms can help resolve overlapping peaks, the com-
plexity of the resulting spectra remains a challenge.

When determining elemental content at the ultra-
trace levels, stringent conditions are required. Con-
tamination during sample preparation or analysis can
significantly skew results, especially in the sensitive
environment of FPD manufacturing, where strict
cleanroom conditions are standard. Even trace con-
tamination from metals in the laboratory environment
can distort outcomes. Therefore, working in clean
environments and employing specialized sample
preparation techniques, such as acid cleaning or dry
etching, can help minimize contamination. However,
controlling all potential sources of contamination
remains difficult.

In some cases, only specific regions of a display
need to be analyzed for metal content, such as when
detecting localized impurities or assessing the uni-
formity of metal distribution. Achieving high spatial
resolution in such cases is challenging. Techniques
like Scanning FElectron Microscopy with Energy-
Dispersive X-ray Spectroscopy (SEM-EDX) provide
high spatial resolution but may lack the sensitivity
required for trace-level analysis, leading to trade-offs.

5 Conclusions

The increasing demand for FPD in consumer elec-
tronics, coupled with their complex material com-
position, presents significant challenges for the
recycling and recovery of valuable elements. Future
EU actions should focus on increasing the efficiency
of FPD collection and improving the monitoring
of these waste streams to reduce In dispersion and
enhance the availability of secondary raw materials.
In parallel, it is crucial to develop and implement
dedicated, scalable technologies for In recovery
from ITO layers, which will enable genuine closure
of the In cycle and reduce the EU’s dependence on
primary imports. Effective study of FPD recycling
also relies on advances in analytical chemistry, with
a need to develop faster, greener, and more selec-
tive methods for identifying and quantifying criti-
cal and hazardous elements. Regarding recycling
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technology, the future viability of In recovery from
FPD depends on the development of optimized and
selective pretreatment strategies that offset higher
upfront costs by effectively concentrating In, reduc-
ing process volumes, and enabling economically
scalable recovery routes. Existing pretreatment
methods suffer from several disadvantages, such as
particle agglomeration and toxic compound produc-
tion. Magnetic pretreatment appears promising, as
In accumulates in the ferromagnetic fraction bound
to Fe-containing materials. Efficient pretreatment
combined with hydro- or biometallurgical processes
shows the greatest promise, as these approaches
reduce waste volume, increase process selectivity
and purity of the products. Biometallurgical meth-
ods themselves, including bioleaching for In disso-
lution, biosorption for selective recovery from solu-
tion, and bioreduction for nanoparticle production,
offer an efficient and environmentally friendly basis
for future technology. The future of FPD recycling
lies in the development of scalable, low-energy, and
selective processes applicable to diverse material
streams. Biological methods, due to their flexibil-
ity and lower ecological footprint, hold significant
promise for next-generation recycling technolo-
gies and may play a key role in building a resilient,
circular supply chain for critical materials. A par-
ticularly promising yet underexplored area is the
microbial degradation of organic components in
FPD. Displays contain complex organic molecules
designed for durability, yet their environmental fate
remains poorly understood. Understanding micro-
bial interactions with these materials can bridge a
clear gap between materials science and environ-
mental microbiology, supporting more sustainable
and circular display recycling technologies. This is
especially important as the goal extends far beyond
degradation to converting organic components into
useful products such as platform chemicals, bio-
based additives, or precursors for new materials.
Such approaches could improve end-of-life manage-
ment of electronic waste while reducing reliance on
virgin resources and helping to assess environmen-
tal and toxicity risks associated with transformation
products.
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