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1 - Introduction and Context

Indium is a soft, malleable metal with a silvery-white appearance, commonly associated with
high-tech applications. As an essential component in the production of modern electronic
devices, indium’s role in technological advancement has grown substantially. It is most
commonly found as indium tin oxide (ITO), a transparent conductive coating used in a range of
devices like touchscreens, flat-panel displays, LEDs, and thin-film solar cells.

Indium’s importance stems from its unique combination of properties: transparency,
conductivity, and ease of application in thin films. The rise of consumer electronics, particularly
smartphones and laptops, has exponentially increased the demand for ITO. Additionally,
indium’s role in sustainable energy technologies—such as photovoltaic cells and next-generation
semiconductors—has positioned it as a key material in the global transition to a low-carbon
economy.

However, indium is a relatively rare metal. Most of the world’s indium is produced as a
byproduct of zinc and lead mining, making its supply dependent on the demand for these base
metals. As a result, global production is constrained by the availability of these primary metals,
leading to supply risks. The increasing reliance on indium for modern technologies has raised
concerns about its future availability and sustainability.
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2 - Global Indium Reserves

The estimated global indium reserves are difficult to quantify precisely because indium is not
mined as a primary resource but is rather a byproduct of zinc, lead, and tin mining. However, the
most commonly cited figures estimate global indium reserves to be between 15,000 to 20,000
metric tons.

Here is a breakdown of some key regions and countries where indium reserves are most
concentrated:

o China: China holds the largest share of global indium reserves, with estimates suggesting
that around 60-70% of the world's indium is found in Chinese zinc deposits. This gives
China a significant role in the global indium market.

o Canada: Canada is also an important player in terms of indium reserves, primarily from
its zinc and lead mining operations. Canadian indium reserves are estimated at several
thousand metric tons, with Teck Resources being a major producer.

o Japan and South Korea: Although Japan and South Korea are not major sources of
primary indium reserves, they have well-developed indium recycling programs and
import zinc ores to extract indium.

o Peru and Bolivia: These South American countries also have substantial zinc and lead
mining operations where indium is a byproduct. The total reserves in this region are
estimated to be several hundred metric tons.

o United States: The U.S. has small, largely untapped indium reserves. There is limited
production of indium, and most of its consumption is met through imports.

These reserves are dependent on the ongoing production of zinc, as indium is mainly recovered
from zinc smelting residues. The availability of indium could fluctuate with changes in zinc
demand, mining operations, and the growth of indium recycling initiatives. Additionally, as
technology improves, new methods of extraction (like direct lithium extraction) could
potentially tap more indium from sources not currently being exploited.
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3 - Depletion Timeline
Estimating the depletion timeline for indium depends on several factors, including current

consumption rates, recycling efforts, and technological advancements in extraction. Let's
break this down:

Current Consumption of Indium:

e The current global consumption of indium is estimated to be around 700 to 800 metric
tons per year, although this number fluctuates based on demand, particularly from the
electronics and renewable energy sectors.

Global Reserves of Indium:

e As mentioned, the estimated global reserves of indium are between 15,000 to 20,000
metric tons.

Depletion Calculation:

If we assume:
1. 15,000 metric tons of total global indium reserves.
2. An annual consumption of 800 metric tons (assuming no change in demand or supply).
o The depletion timeframe would be: 18.75 years

In this scenario, at current consumption rates, indium reserves could theoretically be depleted
in approximately 19 years.

Factors Affecting Depletion:
1. Increasing Demand:

o  With the rise in demand for indium in touchscreens, solar cells, LEDs, and other
electronics, the consumption of indium is expected to grow. If demand increases
substantially (say by 5-10% per year due to growth in tech sectors like electric
vehicles and renewable energy), the depletion timeline could shorten.

2. Recycling Efforts:

o Recycling plays an increasingly important role in extending the supply of indium.
Currently, indium recycling is estimated to contribute about 25-30% of total
supply. As recycling technologies improve, this could significantly reduce the
reliance on primary indium reserves.
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3. New Discoveries and Extraction Methods:

o Technological advancements in extraction (e.g., from lower-grade ores or
alternative sources) could increase the available reserves. Additionally,
improvements in secondary extraction from zinc byproducts or innovations in
direct lithium extraction may uncover new sources.

4. Substitution Technologies:

o Research into substitutes for indium in applications like ITO (indium tin oxide)
coatings could also slow the rate of consumption. For example, materials like
graphene or silver nanowires are being explored as alternatives in displays and
solar cells.

Conclusion:

At the current rate of consumption, and without considering any changes in demand,
technological innovations, or recycling efforts, indium reserves could last for about 19 to 25
years. However, the timeline is likely to extend with increased recycling efforts, better extraction
technologies, and potential substitutes. Conversely, rising demand for high-tech applications
could shorten the depletion timeframe if no significant alternatives or additional reserves are
found.
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4 - Global Indium Production

Indium is a relatively rare metal, primarily produced as a byproduct of zinc, lead, and tin mining.
Known for its unique combination of properties, such as transparency, conductivity, and ease of
application in thin films, indium plays a crucial role in modern technology, especially in
consumer electronics, renewable energy, and advanced semiconductor industries. However,
despite its growing demand, indium's global supply is constrained by its limited natural reserves
and dependence on base metal extraction processes. This situation raises concerns about the
sustainability and future availability of this essential material.

The global production of indium is estimated to be around 700 to 800 metric tons per year,
though it can fluctuate depending on the activity in the zinc and lead mining sectors. The metal is
not mined as a primary resource but is instead recovered from the residues of zinc ore
processing, where indium is present in trace amounts. Due to the small quantities of indium in
these ores, large volumes of material must be processed, making the extraction of indium both
energy-intensive and costly.

Geographically, the production of indium is concentrated in a few countries, with China leading
the charge. China produces more than half of the global supply, accounting for around 400 to
500 metric tons annually, primarily through its large zinc refining operations. Companies such as
Zhuzhou Smelter Group and Yunnan Tin Company are major players in China's indium industry,
making the country the most significant contributor to the global indium market.

Following China, Canada is a notable producer of indium, contributing approximately 65 to 70
metric tons per year. Canada's indium production comes from zinc and lead mining operations,
with Teck Resources operating one of the largest indium-producing mines in the country. While
South Korea and Japan do not produce raw indium in large quantities, they are world leaders in
refining and recycling indium. These countries process indium from imported zinc ores and e-
waste, contributing an additional 70 to 80 metric tons annually through advanced refining
techniques.

Smaller quantities of indium are also produced in Peru, Bolivia, Belgium, and other nations,
though their contributions are modest, typically totaling around 50 to 60 metric tons annually.
These countries refine indium as a byproduct of base metal mining operations, adding to the
global supply chain.

Given its dependence on zinc production, indium's availability is vulnerable to fluctuations in the
zinc market. Moreover, geopolitical factors and trade policies in key producing regions,
particularly China, further influence the global supply of indium. The increasing reliance on
indium for high-tech applications, coupled with supply constraints, underscores the need for
greater recycling efforts and the exploration of alternative materials to meet future demand.

In summary, while indium is indispensable in modern technology, its production is limited by its
rarity and the complexities of its extraction process.

6
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5 - Indium Extraction and Refining Processes

Indium, while indispensable to modern technologies, is not mined as a primary resource. Instead,
it is extracted from the residues of zinc, lead, and tin mining, particularly from zinc ores, where it
occurs in trace amounts. The process of extracting indium is intricate and requires multiple steps
from concentration to purification to yield usable forms of the metal. This section provides a
detailed overview of the methods used to isolate and refine indium, outlining the challenges and
technical intricacies involved.

Primary Sources of Indium

Indium is typically found in sphalerite (zinc sulfide ores), a mineral that contains trace amounts
of the metal. Because indium is not the primary target in mining operations, it is often recovered
as a secondary byproduct from the processing of zinc ores. This dependency on other mining
operations adds an element of unpredictability to indium’s availability, as its extraction is
contingent on the demand for base metals like zinc and lead.

The Extraction Process
The isolation of indium from zinc ores involves several key steps:

o Zinc Refining: During the refining process, indium accumulates in the residues left after
zinc is extracted. These residues, or dross, contain indium alongside other metals and
require further treatment to isolate the indium.

o Solvent Extraction: A widely used method for indium recovery, solvent extraction
involves treating the indium-rich residues with chemicals that selectively bind to indium.
This allows for its separation from other metals present in the residue.

o Electrolysis: To obtain high-purity indium metal, the extracted indium is subjected to
electrolysis. In this process, indium ions are reduced at the cathode, producing metallic
indium with a high degree of purity.

The extraction of indium from zinc is an energy-intensive and costly process, primarily because
of the small amounts of indium present in the ore. Large volumes of ore must be processed to
recover even small quantities of indium, which adds to the complexity of its production.
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The Role of Recycling in Indium Supply

Given the increasing demand for indium, recycling has become an essential component of the
global supply chain. The majority of recycled indium comes from end-of-life electronic products
such as flat-panel displays, touchscreens, and other devices containing indium tin oxide (ITO).
The recycling process involves several stages:

o Collection and Dismantling: Electronic waste is collected, and devices containing ITO
coatings are dismantled.

o Shredding and Pulverizing: The materials are shredded into smaller particles to expose
the indium layers.

o Chemical Leaching: The shredded materials are treated with solvents or acids to
dissolve the indium. Hydrometallurgical processes are then used to recover indium from
the solution.

o Purification: The indium is further purified through additional solvent extraction and
electrolysis to yield high-purity indium metal.

While recycling offers a sustainable method for increasing indium supply, it is not without
challenges. The amount of indium in each electronic device is typically very small, making it
difficult to recover economically. Additionally, separating indium from other metals in electronic
components is a complex and labor-intensive process.

Conclusion

The extraction and refining of indium are highly dependent on the production of other base
metals, particularly zinc. The process is not only complex but also energy-intensive, with
significant environmental impacts due to waste generation and high energy requirements. As
demand for indium continues to rise, particularly for use in consumer electronics and renewable
energy technologies, recycling will play an increasingly important role in meeting global supply.
However, the industry faces ongoing challenges related to the economic viability of recycling
and the technological complexity of the extraction process.
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6 - Indium Extraction from Zinc Deposits

The extraction of indium is primarily a byproduct of zinc mining, where indium occurs in trace
amounts in the zinc sulfide mineral sphalerite. Given the global reliance on zinc production for
the extraction of indium, this process has become one of the most crucial means of meeting the
world's demand for this valuable metal. Despite the relatively small concentrations of indium
found in zinc ores, the widespread production of zinc makes it a key source for indium recovery.
However, this method is not without challenges, as the extraction process is both energy-
intensive and requires the processing of large volumes of ore to recover meaningful quantities of
indium.

Key Steps in the Extraction Process

o Mining and Crushing: The process begins with the mining of zinc ores that contain
indium. Once mined, the ore undergoes crushing, which reduces the rock to smaller
particles. This is a critical step in allowing for the concentration of valuable minerals,
including zinc and indium, as it facilitates the separation of the desired materials from
waste rock.

o Concentration: Following the crushing process, the zinc-rich ore is concentrated through
a technique known as flotation. Flotation is a widely used method in mining operations
where valuable minerals are separated from waste material by exploiting their different
surface properties. In this case, the flotation process helps to isolate zinc minerals, which
may contain indium, from the surrounding waste rock. This step increases the
concentration of indium in the ore before it moves to the smelting stage.

o Smelting: After concentration, the zinc-rich ore undergoes smelting, a high-temperature
process that extracts zinc from the concentrate. Indium, which is present in trace
amounts, does not get separated during this stage and instead accumulates in the residues,
or dross, that remain after zinc is removed. These residues serve as the primary source of
indium, which can then be further processed to recover the metal.

o Indium Recovery from Residues: Once zinc has been extracted and the indium-rich
residues have been collected, the next step is to isolate the indium from the other
materials present in the dross. This is achieved through a series of chemical and
metallurgical processes:

o Leaching with Acid: The residues are treated with acid to dissolve indium and
other metals present in the material. This creates a leachate solution that contains
dissolved indium along with other base metals.

o Solvent Extraction: The leachate is then subjected to solvent extraction, a
process in which chemicals selectively bind to indium, separating it from other
metals in the solution. This step is crucial in isolating indium and preparing it for
further purification.
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o Precipitation: Once the indium has been separated, it is often precipitated out of
the solution in the form of indium hydroxide. This solid material is then roasted,
which converts it into indium oxide.

o Final Refinement: The indium oxide is further refined to produce metallic
indium. This is often done through electrolysis, a process where electrical current
is passed through an indium-containing solution, reducing indium ions to their
metallic form. Electrolysis yields high-purity indium, which is ready for use in
various high-tech applications, such as electronics, solar cells, and advanced
semiconductors.

Cost and Energy Considerations

The extraction of indium from zinc ores is an inherently costly and energy-intensive process. The
small concentrations of indium present in the ore mean that large volumes of material must be
processed to recover even modest amounts of the metal. Moreover, the multiple stages involved
in the refining process, from acid leaching to electrolysis, require significant energy input,
particularly during the smelting and electrolysis phases. The high temperatures needed for
smelting, combined with the energy demands of electrolysis, contribute to the overall cost of
production, making indium an expensive material to extract relative to its concentration in zinc
ores.

Despite these challenges, the extraction of indium from zinc ores remains the most viable source
of global indium supply. The widespread production of zinc ensures a steady, if somewhat
constrained, availability of indium. However, any downturns in zinc production, due to
fluctuations in market demand or geopolitical factors, can have a direct impact on the global
supply of indium, potentially leading to shortages and price increases.

The Importance of Efficient Recovery

Given the low concentrations of indium in zinc ores and the high costs associated with its
extraction, efficiency in recovery is essential. Innovations in refining techniques, such as
improvements in solvent extraction processes and advances in electrolysis, are critical to
enhancing the yield of indium from zinc smelting residues. Additionally, ongoing research into
more sustainable and energy-efficient methods of indium recovery, such as bioleaching (the use
of microorganisms to extract metals), could help reduce the environmental impact and lower the
costs associated with indium production.

Conclusion

The extraction of indium from zinc ores represents the cornerstone of the global indium supply
chain. This multi-step process, from mining and crushing to the final refining of metallic indium,
is essential in meeting the growing demand for this critical metal. While the energy-intensive and
costly nature of the process poses challenges, the widespread availability of zinc ensures a
steady, if constrained, source of indium.

10
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7 - Recycling Indium from Electronics

As global demand for indium continues to rise, driven by its critical role in consumer electronics,
renewable energy technologies, and advanced semiconductors, the need for recycling has
become more pressing. Indium, primarily extracted as a byproduct of zinc mining, is in limited
supply, making the recycling of indium from end-of-life electronics essential to help close the
gap between supply and demand. Recycling not only helps reduce the environmental footprint of
indium production but also addresses the increasing amounts of electronic waste (e-waste)
generated by obsolete devices. One of the significant drivers of this e-waste crisis is the
commercial practices employed by electronics manufacturers, such as blocking updates and
deliberately "bricking" devices to push consumers toward buying new products.

The Importance of Indium in Electronics

Given the explosive growth of consumer electronics, the demand for ITO has surged, making the
recovery of indium from these devices critical. As electronics become obsolete and are
discarded, they present an opportunity to recover indium through recycling processes.

The global usage of indium is distributed across several key industries, with the majority being
used in electronics and renewable energy applications. The breakdown of indium usage by sector
is as follows:

o Touchscreens for smartphones, tablets, and other devices:

o Indium Tin Oxide (ITO), used for touchscreens, accounts for the largest share
of indium consumption globally. Approximately 50-60% of the global indium
supply is used in the production of touchscreens for smartphones, tablets, and
other devices.

o Flat-panel displays including televisions and monitors:

o ITO is also essential in flat-panel displays, such as televisions and computer
monitors, and this sector consumes around 20-25% of the global indium supply.

o LEDs:

o Indium is used in the manufacturing of LEDs, though its consumption in this
sector is smaller compared to touchscreens and displays. LEDs account for
approximately 5-10% of global indium consumption.

o Thin-film solar cells:

o Indium plays a crucial role in thin-film solar cells, particularly CIGS (copper
indium gallium selenide) solar cells. This sector consumes about 5-10% of the
global indium supply, and its share is expected to grow as the demand for
renewable energy increases.

11
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The Recycling Process for Indium

The recycling of indium from e-waste involves several stages, each designed to recover indium
from discarded electronics, such as flat-panel displays and solar panels. These stages are
essential to extracting indium, which is typically present in very small quantities, making the
process both technically and economically challenging. The key steps involved in indium
recycling are as follows:

Step 1 - Collection and Dismantling

The collection and dismantling of e-waste is the critical first step in the process of recycling
indium, a vital component found in many modern electronic devices. Given the increasing
demand for indium, driven by its use in consumer electronics, renewable energy technologies,
and advanced semiconductors, effective recycling begins with the recovery of indium-containing
materials. These materials primarily include Indium Tin Oxide (ITO) coatings found in flat-
panel displays, touchscreens, solar panels, and other electronics that have reached the end of
their useful life.

Collection of E-Waste

The collection phase is where the recycling process begins, and it is particularly focused on
gathering e-waste from devices that contain ITO coatings. The types of devices that typically
contain indium include:

o Flat-panel displays: Televisions, monitors, and laptop screens all utilize indium tin
oxide coatings for their display technology, making them key targets for indium recovery.

o Touchscreen devices: Smartphones, tablets, and other touch-enabled electronics rely
heavily on ITO for their functionality. As the global usage of these devices has soared, so
has the amount of electronic waste generated when these products become obsolete.

o Solar panels: Thin-film solar panels, especially those based on CIGS (Copper Indium
Gallium Selenide) technology, contain indium. As solar panels reach the end of their
lifecycle, they provide an important source of indium for recycling.

o Other consumer electronics: Various other devices, including LEDs and some
semiconductors, contain trace amounts of indium that can be recovered through
recycling.

12
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The collection of e-waste typically involves centralized collection systems, where consumers,
businesses, or municipalities can drop off discarded electronics. These collection points can

include:

o Recycling centers: Dedicated e-waste recycling facilities are established in many cities
to collect discarded electronics. These facilities often partner with local governments or
private companies to manage the volume of e-waste.

o Manufacturer take-back programs: Many electronics manufacturers have begun
offering take-back programs, where consumers can return old devices to the
manufacturer for proper disposal or recycling. These programs are becoming increasingly
popular as manufacturers recognize their role in mitigating e-waste.

o Retail drop-off points: Some retailers also offer e-waste collection services, allowing
consumers to return their old devices for recycling when purchasing new ones.

The success of the collection phase is critical, as the availability of indium for recycling depends
on the volume of e-waste gathered and sent for processing. Effective collection strategies are
key to maximizing the recovery of indium and other valuable materials from electronic devices.

Dismantling of E-Waste

Once e-waste is collected, the next step in the recycling process is dismantling, where electronic
devices are broken down to isolate the components that contain indium tin oxide. Dismantling is
a critical phase as it prepares the devices for material recovery, ensuring that indium-rich parts
are properly separated from other components. This process can be carried out through two
primary methods:

Manual Dismantling

o

Labor-Intensive but Precise: Manual dismantling involves workers
disassembling electronic devices by hand to extract components that contain
indium. This method allows for greater precision in separating valuable
materials, such as ITO-coated glass and electronic circuitry, from non-recyclable
parts.

Component Separation: During manual dismantling, technicians remove the
ITO-coated glass from flat-panel displays, separate touchscreens from their
casings, and isolate circuit boards and other electronic components. These isolated
materials can then be processed for further indium recovery.

Effective for Complex Devices: Manual dismantling is particularly useful for
complex devices where automated systems may struggle to separate delicate parts
without causing damage. It is often used for devices like smartphones, where
components are tightly integrated.

13
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Mechanical Dismantling

o

Efficient but Less Precise: Mechanical dismantling uses automated systems to
break down devices on a larger scale. These systems shred or crush electronic
devices into smaller pieces, allowing for faster processing. However, this method
is less precise than manual dismantling and can sometimes result in the mixing of
indium-containing components with other materials, complicating further
separation.

Shredding: In mechanical dismantling, devices are typically passed through
shredders that break them into smaller parts. The shredded materials are then
sorted into categories such as metals, plastics, and glass, with ITO-coated glass
being one of the key materials targeted for indium recovery.

Magnetic and Density Separation: After shredding, additional processes such as
magnetic separation or density-based sorting are employed to separate metals
from non-metals, which helps in isolating indium-containing materials.

Isolating ITO-Coated Materials

The primary focus of the dismantling process is to extract the components that contain indium
tin oxide, such as the glass from displays and touchscreens. The careful handling of these parts
is essential because indium is usually present in very thin layers on the glass or electronic
components. Key targets for dismantling include:

o

ITO-coated glass: Found in flat-panel displays, touchscreens, and some solar panels, this
glass is a key source of indium. Once removed from the devices, the glass can be further
processed to extract the indium.

Electronic circuitry: Indium is also found in smaller quantities in certain types of
electronic circuitry. Dismantling helps separate these components so that the indium can
be recovered in subsequent processing steps.

The dismantling phase ensures that these ITO-containing components are isolated and ready for
the next step in the recycling process—shredding, leaching, and indium recovery. By carefully
separating these materials, the recycling process maximizes the yield of indium while
minimizing contamination from other materials.

14
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Challenges in Collection and Dismantling

Despite its importance, the collection and dismantling phase of indium recycling faces several
challenges:

o Collection Inefficiencies: Many e-waste collection systems are still underdeveloped,
particularly in regions without strong recycling infrastructure. This limits the volume of
devices that are recovered and sent for indium recycling.

o Complexity of Modern Electronics: As electronics become smaller and more complex,
dismantling becomes more difficult. Many modern devices are designed in such a way
that replacing or removing components is challenging, which complicates the dismantling
process.

o Costs: Manual dismantling is labor-intensive and time-consuming, leading to higher
costs. On the other hand, while mechanical dismantling is faster, it may not yield the
same level of precision, resulting in lower indium recovery rates.

Step 2 - Shredding

After the collection and dismantling phases of indium recycling, where Indium Tin Oxide
(ITO)-containing materials such as flat-panel displays, touchscreens, and other electronics are
separated, the next critical steps in the process are shredding and pulverizing. These steps are
vital to preparing the materials for the subsequent chemical recovery of indium by breaking
down the components into smaller, manageable sizes that expose the indium-rich layers
embedded in the materials. Shredding and pulverizing aim to maximize the surface area of
indium in the ITO layers, making the later recovery process more efficient and productive.

Shredding: Reducing the Size of Materials for Processing

Once the ITO-containing materials have been dismantled, the next step is shredding. Shredding
is the process of mechanically breaking down large electronic components into smaller, more
manageable pieces. This is done for several key reasons:

o Improving Material Handling: By reducing the size of the collected components,
shredding makes it easier to handle and transport the materials through the subsequent
stages of recycling. Large displays, touchscreens, and circuit boards are often bulky, and
shredding these components ensures that they can be processed more efficiently.

o Enhancing Access to Indium: ITO layers in flat-panel displays and touchscreens are
typically applied as thin coatings on glass or other substrates. Shredding these materials
exposes the inner layers, allowing for easier access to the indium contained within. As
the shredded pieces become smaller, the surface area of the ITO coatings is more fully
exposed, which is critical for improving the effectiveness of later recovery processes.

15
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o Preparation for Separation Processes: Shredding is also important for preparing the
material for magnetic or density-based separation processes. These methods are used
to separate metallic components from non-metallic ones after shredding, allowing for
further refining of the materials and making it easier to isolate indium-rich parts.

The shredding process typically involves feeding the dismantled electronic components into
industrial shredders. These shredders use powerful cutting or crushing mechanisms to break
down the materials into smaller pieces, often reducing them to millimeter-sized fragments. The
resulting shredded material, composed of glass, metal, and plastic, is then ready for the next
phase—pulverizing.

Step 3 - Pulverizing: Maximizing Surface Area for Indium Recovery

After shredding, the ITO-coated materials are subjected to pulverization. Pulverizing takes the
smaller fragments created during shredding and further reduces them into even finer particles.
The purpose of pulverizing is to expose as much of the indium surface area as possible. This is a
critical step because:

o Increased Surface Area: Pulverizing creates fine particles, which greatly increases the
surface area of the indium tin oxide coatings in the material. The more surface area that
is exposed, the more efficient the subsequent chemical recovery process will be. This is
because larger surface areas allow for greater interaction between the ITO particles and
the chemicals used to dissolve and extract indium during the leaching process.

e Maximizing Indium Yield: Since indium is present in extremely thin layers on glass and
other substrates, pulverizing ensures that these thin coatings are fully accessible. By
turning larger chunks into fine particles, the recycling process can extract more indium
from the material, minimizing waste and improving overall yield. Without pulverizing,
much of the indium could remain trapped in the substrate, reducing the amount that can
be recovered.

o Homogenizing the Material: Pulverizing also helps to homogenize the shredded
material, making it easier to handle in the chemical extraction phase. By breaking down
the particles into a uniform size, the recycling process ensures that each particle can be
evenly treated with leaching agents, leading to more consistent and effective indium
recovery.

The pulverizing process is typically carried out using industrial pulverizers, which can grind
materials down to very fine sizes. The degree of pulverization depends on the specific needs of
the chemical recovery process, but it usually aims to create particles that are small enough to be
efficiently processed without causing excessive material loss.
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Importance of Shredding and Pulverizing in the Recovery Process

The combination of shredding and pulverizing is essential to the efficiency and success of
indium recycling. Without these preparatory steps, the indium contained in ITO layers would
remain largely inaccessible, trapped within the large and bulky components of electronic devices.
Shredding and pulverizing address several key challenges:

o Reducing Waste: By maximizing the surface area of indium for recovery, shredding and
pulverizing help to reduce material waste. More indium can be extracted from the same

volume of e-waste, which reduces the amount of non-recoverable material that must be
discarded.

o Cost-Effectiveness: Effective shredding and pulverizing improve the cost-effectiveness
of the recycling process. By breaking down materials into manageable sizes, these steps
reduce the amount of time and resources needed to extract indium. The finer the material,
the easier and faster it is to process during chemical extraction, leading to lower costs for
recyclers.

o Enhancing Recovery Rates: The ability to recover more indium from each device
increases the overall recovery rate for recycling programs. Shredding and pulverizing
ensure that the maximum amount of indium is available for extraction, contributing to the
sustainability of the recycling process and helping to meet growing global demand for
indium.

Challenges in Shredding and Pulverizing

Despite its importance, the shredding and pulverizing stages come with their own set of
challenges:

o Energy Consumption: Shredding and pulverizing are both energy-intensive processes,
particularly when handling large volumes of e-waste. Industrial shredders and pulverizers
require significant amounts of energy to operate, which can contribute to the overall
environmental impact of the recycling process. Energy-efficient machinery and methods
are being developed to address this issue, but it remains a concern for recyclers.

o Material Loss: During shredding and pulverizing, there is always a risk of material loss,
particularly when working with fragile components such as thin ITO-coated glass.
Careful control of the shredding and pulverizing processes is required to minimize
material loss and ensure that as much indium as possible can be recovered.

o Dust and Hazardous Materials: Pulverizing can generate dust and fine particles,
which may include hazardous materials such as heavy metals, depending on the type of e-
waste being processed. Proper containment and filtration systems are necessary to
prevent the release of these particles into the environment and to protect workers
handling the materials.
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Step 4 - Chemical Leaching

After the e-waste containing Indium Tin Oxide (ITO) has been shredded and pulverized, the
next critical step in indium recycling is chemical leaching. This process involves using solvents
or acids to dissolve the indium from the ITO layers embedded in the materials, allowing it to be
recovered for further purification and reuse. Chemical leaching is a key part of the broader
hydrometallurgical process, which is widely used in the mining and recycling industries to
extract valuable metals from ores and electronic waste.

The Leaching Process: Dissolving Indium from E-Waste

Once the ITO-containing materials have been reduced to fine particles through shredding and
pulverizing, the indium must be separated from the rest of the materials. This is done through
leaching, a chemical process in which the shredded materials are treated with specific solvents
or acids designed to selectively dissolve the indium from the other components. The purpose of
leaching is to break the chemical bonds that hold the indium within the ITO layers and convert
the indium into a soluble form that can be extracted from the e-waste.

o Solvent or Acid Leaching: The most common method for dissolving indium from ITO is
the use of sulfuric acid or other proprietary solvent extraction solutions. Sulfuric acid is
particularly effective in breaking down the ITO coatings on glass or plastic substrates,
allowing the indium to dissolve into the solution.

o Submersion in a Chemical Bath: During the leaching process, the pulverized materials
are submerged in a chemical bath. This bath contains the acids or solvents that react with
the indium. The process may be conducted in large leaching tanks or reactors where the
shredded materials are fully immersed and agitated to ensure that the leaching agents
have contact with as much of the indium-containing material as possible.

o Chemical Reaction: As the indium in the ITO layers comes into contact with the acids or
solvents, a chemical reaction occurs that dissolves the indium into the solution. The
indium in ITO is typically present as indium oxide (In203), and the leaching agents
convert it into a soluble indium compound, such as indium sulfate, which can then be
separated from the remaining materials. The speed and efficiency of the dissolution
depend on factors such as the concentration of the acid, temperature, and agitation of the
chemical bath.

Hydrometallurgical Processes for Indium Recovery

The use of hydrometallurgical processes in indium recycling is essential for achieving high
recovery rates of indium from e-waste. Hydrometallurgy is a branch of extractive metallurgy that
focuses on using aqueous chemistry to extract metals from ores or waste materials. In the context
of indium recycling, the hydrometallurgical approach involves using a series of chemical
reactions to dissolve, separate, and purify indium from the e-waste. Some of the common
processes involved include:
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Sulfuric Acid Leaching: Sulfuric acid is one of the most commonly used leaching agents
for dissolving indium from ITO. The acid reacts with the indium oxide in the ITO layers
to form soluble indium sulfate. The reaction typically takes place in large leaching tanks,
where the shredded and pulverized materials are constantly stirred to ensure thorough
mixing and dissolution of indium.

Proprietary Solvent Extraction Methods: In addition to sulfuric acid, proprietary
solvent extraction methods may be used to extract indium from e-waste. These methods
involve specialized solvents that selectively bind to indium ions and separate them from
other metals present in the solution. The exact composition of these proprietary solvents
varies depending on the recycling facility and the specific nature of the e-waste being
processed.

Hydrometallurgical Optimization: The efficiency of the hydrometallurgical process can
be optimized by adjusting various parameters such as temperature, pH, acid
concentration, and leaching time. For example, higher temperatures can accelerate the
dissolution process, while careful control of the pH ensures that the indium is selectively
extracted without dissolving other unwanted materials.

Creating an Indium-Rich Solution

The primary goal of the leaching process is to create an indium-rich solution that can be further
processed to recover metallic indium. This solution contains dissolved indium compounds
(such as indium sulfate) as well as other dissolved metals and byproducts. The next steps in the
recycling process will focus on purifying this solution to separate the indium from other metals
and contaminants.

o

Selective Dissolution of Indium: One of the advantages of using sulfuric acid or
proprietary solvents is that they are designed to selectively dissolve indium from the ITO
layers without dissolving large amounts of other metals. This selectivity is important
because it reduces the complexity of the subsequent purification steps. In some cases,
however, small amounts of other metals, such as tin, may also dissolve into the solution
and need to be separated during purification.

Separation of Solids: After the leaching process is complete, the remaining solid waste
(which includes non-indium materials such as glass, plastic, and metals) is separated from
the indium-rich solution. This separation is typically done through filtration or
centrifugation, where the solid particles are removed, leaving behind the liquid solution
that contains dissolved indium.

Handling Leaching Byproducts: During the leaching process, small amounts of
byproducts, such as tin compounds or other metals, may also dissolve into the solution.
These byproducts need to be carefully managed and separated from the indium-rich
solution to ensure that the final recovered indium is of high purity. The handling of these
byproducts is a crucial part of the overall recycling process, as improper management can
result in contamination of the indium or environmental hazards.
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Challenges in the Leaching Process
Despite its effectiveness, the chemical leaching process also presents several challenges:

o Chemical Waste and Environmental Concerns: The use of strong acids and solvents,
such as sulfuric acid, creates the potential for hazardous chemical waste. If not properly
managed, the leftover acidic solutions and dissolved contaminants can pose
environmental risks, such as soil and water contamination. Recycling facilities must
implement strict waste management practices to neutralize and safely dispose of these
chemicals after indium recovery is complete.

o Energy and Resource Intensive: The leaching process requires substantial energy
input, especially if the leaching is carried out at elevated temperatures or under high-
pressure conditions to speed up the dissolution of indium. Additionally, the need for large
quantities of acid or solvent can make the process resource-intensive, especially if
recycling large volumes of e-waste. Optimizing energy and chemical usage is key to
making the leaching process more sustainable.

o Efficiency of Recovery: While chemical leaching is an effective method for dissolving
indium, the efficiency of the process depends on a variety of factors, including the
concentration of indium in the materials, the type of e-waste being processed, and the
specific leaching conditions. In some cases, the indium recovery rate may be lower than
desired, necessitating further refinement of the process to improve overall yield.

Conclusion

The chemical leaching process plays a central role in the recovery of indium from e-waste,
transforming shredded and pulverized materials into an indium-rich solution through the use of
acids or solvents. By selectively dissolving indium from ITO coatings, leaching ensures that the
valuable metal can be separated and purified for reuse in new electronics and renewable energy
applications. Despite its challenges—such as chemical waste generation and energy demands—
leaching remains one of the most effective ways to extract indium from discarded electronics.
Moving forward, innovations in hydrometallurgical techniques and better waste management
practices will help to make this process more efficient and sustainable, ensuring a stable supply
of indium for the global economy.
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Step 5 — Purification and Electrolysis

After the indium has been dissolved into solution during the chemical leaching process, it must
undergo further purification to separate it from other metals and contaminants present in the
solution. The goal of this phase is to obtain high-purity indium metal, which can then be reused
in various high-tech applications, including consumer electronics, renewable energy, and
semiconductors. Two key steps—solvent extraction and electrolysis—are employed to achieve
this purification and recovery of metallic indium.

1. Solvent Extraction: Isolating Indium from Other Metals

Once indium has been dissolved into the leaching solution, it is still mixed with other metals and
impurities that were also present in the shredded e-waste. These other metals may include tin,
zinc, and lead, depending on the composition of the original materials. To isolate indium and
achieve a high-purity product, the next step is solvent extraction.

o Selective Binding of Indium: In the solvent extraction process, specialized chemicals
known as extractants are used to selectively bind to indium ions in the solution. These
extractants are chosen for their ability to preferentially target indium over other metals.
The solvent extraction method relies on the different chemical affinities of metals in the
solution, allowing the extractant to "grab" indium ions while leaving other metal ions
behind.

o Phase Separation: Once the extractant binds to the indium ions, the solution is allowed
to separate into two phases—an organic phase (containing the extractant and indium)
and an aqueous phase (containing other dissolved metals). The indium-rich organic phase
is then physically separated from the rest of the solution. This step is critical because it
concentrates the indium while removing other impurities.

o Stripping the Indium: After the indium has been transferred to the organic phase, it
must be recovered. This is done by stripping the indium from the extractant using
another chemical process, typically involving a dilute acid. This transfers the indium back
into a new aqueous solution, but this time it is in a much purer form, having been
separated from the other metals.

o Optimizing Solvent Extraction: The efficiency of solvent extraction can be optimized
by adjusting parameters such as the pH of the solution, temperature, and the
concentration of the extractant. These adjustments ensure that the indium is extracted
with minimal contamination from other metals and that the overall recovery rate is
maximized.

21



RCIME

RELIABILITY CENTERED MAINTENANCE ENGINEERING

2. Electrolysis: Converting Indium Ions into Metallic Indium

After solvent extraction, the indium is now in a much purer aqueous solution, but it is still in
ionic form—meaning that it exists as dissolved indium ions (In**) rather than solid metallic
indium. To convert these ions into usable indium metal, the solution undergoes electrolysis, a
process that uses an electric current to reduce the indium ions to their metallic state.

o Electrolytic Cell Setup: The electrolysis process takes place in an electrolytic cell,
which consists of two electrodes (a cathode and an anode) submerged in the purified
indium solution. The indium ions in the solution are positively charged, so they are
attracted to the negatively charged cathode during the electrolysis process.

o Reduction of Indium Ions: When an electric current is passed through the solution, the
indium ions are reduced at the cathode, meaning they gain electrons and are transformed
into metallic indium (In). The reduction reaction is as follows:

In**+3e —In (metal)

o This reduction causes indium metal to deposit onto the cathode in high-purity form.
Over time, a layer of pure indium metal accumulates on the cathode, while the other
metals and impurities remain in solution or are deposited at the anode.

o High-Purity Indium Production: The indium metal that forms on the cathode is
typically of very high purity (often exceeding 99.99%), making it suitable for reuse in
demanding applications such as touchscreens, flat-panel displays, LEDs, and thin-film
solar cells. The purity of the indium is essential for these applications, as impurities could
negatively impact the performance and reliability of electronic components.

22



RCIME

RELIABILITY CENTERED MAINTENANCE ENGINEERING

3. Key Considerations in Electrolysis

4. Advantages of Electrolytic Indium Recovery

The combination of solvent extraction and electrolysis is widely regarded as one of the most
effective methods for producing high-purity indium metal from recycled e-waste. The main
advantages of this approach include:

o

High Purity: Electrolysis can achieve indium purity levels of 99.99% or higher, making
it suitable for even the most demanding applications in the electronics and renewable
energy sectors.

Scalability: Electrolytic cells can be scaled up to handle large volumes of indium
solution, making this method suitable for industrial-scale recycling operations. This
scalability allows recyclers to process significant amounts of e-waste and recover large
quantities of indium.

Environmental Benefits: Electrolysis is a relatively clean process compared to

traditional pyrometallurgical methods of metal refining, which involve high-temperature
smelting and produce large amounts of greenhouse gases. Electrolytic refining generates
fewer emissions, making it a more environmentally friendly option for indium recovery.

5. Challenges in Electrolysis and Purification

Despite its many advantages, the solvent extraction and electrolysis processes are not without
challenges:

o

Energy Consumption: Electrolysis requires a significant amount of electrical energy to
drive the reduction of indium ions. While the process is effective, it can be energy-
intensive, particularly when recovering large amounts of indium. Improving energy
efficiency in electrolysis is a key area of research in metal recycling.

Impurities: Even though solvent extraction removes most impurities, small amounts of
other metals (such as tin or zinc) may still be present in the solution. These impurities can
affect the quality of the indium deposit if not properly managed. Ensuring that the
electrolyte is free from contaminants is crucial for producing ultra-high-purity indium.

Cost: While effective, the combination of solvent extraction and electrolysis can be
relatively costly due to the need for specialized chemicals, energy, and equipment.

Reducing these costs through technological advancements or more efficient process
designs will be important for improving the economic viability of indium recycling.
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6. Conclusion

The process of producing high-purity indium metal from recycled e-waste relies heavily on
two key stages: solvent extraction to isolate indium from other metals in solution and
electrolysis to convert indium ions into metallic form. These processes ensure that indium can be
recovered at very high purity levels, making it suitable for reuse in modern technologies such as
touchscreens, LEDs, and solar cells.

While solvent extraction and electrolysis offer significant benefits in terms of purity and
scalability, they also present challenges related to energy consumption, costs, and the
management of impurities. However, ongoing advancements in these techniques are helping to
make indium recycling more efficient and environmentally friendly, supporting a sustainable
supply of this critical material for future applications.
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Challenges in Indium Recycling

Despite the importance of recycling in maintaining indium supply, the process faces several
significant challenges:

1. Low Concentrations in Electronics

o

One of the biggest hurdles in recycling indium is the small amount of indium
present in each electronic device. For example, the indium in a typical flat-panel
display is only a thin layer, and recovering economically viable amounts of
indium requires processing large volumes of e-waste. This low concentration of
indium in each device makes the recycling process difficult and often not cost-
effective without large-scale collection efforts.

2. Complexity of Separation

o

The separation of indium from other materials in electronic components is a
highly complex and labor-intensive process. Many electronic devices contain
numerous metals and materials, including copper, tin, and glass, which must be
separated from the indium before recovery can begin. The intricacies of
separating ITO from other components increase both the time and cost involved in
the recycling process.

3. Environmental and Economic Costs

o

While recycling indium offers a way to reduce the need for primary extraction,
the recycling process itself can be environmentally demanding. The chemical
leaching and solvent extraction processes used in indium recycling involve the
use of harsh acids and solvents, which, if not properly managed, can pose
environmental risks. Additionally, the energy-intensive nature of electrolysis adds
to the overall carbon footprint of indium recycling.

Economically, the costs of recycling can outweigh the benefits, particularly if the
volume of e-waste collected is insufficient to justify the expensive and energy-
consuming processes involved. As a result, recycling facilities must operate at
scale to make the process viable, which can be challenging depending on regional
regulations and recycling infrastructure.
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The Role of Recycling in Future Indium Supply

Despite these challenges, recycling will play an increasingly important role in securing indium
supply as primary sources become more constrained and demand continues to rise. Several
factors point to the growing importance of indium recycling:

Sustainability

o As industries and consumers shift towards more sustainable practices, there is increased
pressure to minimize the environmental impact of raw material extraction. Recycling
indium reduces the need for new mining operations, lowering the carbon footprint and
mitigating the environmental degradation associated with traditional mining techniques.

Circular Economy

o Recycling indium contributes to the concept of a circular economy, where materials are
reused and repurposed rather than disposed of after use. This reduces waste and ensures
that valuable metals, such as indium, can be recovered and reintroduced into the
production cycle, supporting long-term sustainability.

Technological Innovation

o Research into more efficient and cost-effective recycling technologies continues to
evolve. For instance, advances in hydrometallurgical processes, such as using bioleaching
(where microorganisms are used to extract metals), may one day offer more sustainable
methods of indium recovery. Innovations in automated dismantling and improved solvent
extraction techniques also hold promise in reducing the economic and environmental
costs of indium recycling.

Conclusion

Recycling indium from electronics is an essential strategy for ensuring the continued availability
of this critical metal in an era of increasing demand and constrained primary supply. Although
the recycling process faces significant technical, economic, and environmental challenges, it
remains a vital component of the global indium supply chain. As technology and infrastructure
evolve, recycling will become an even more critical factor in meeting future indium needs while
reducing the environmental impacts of extraction. By improving collection systems, advancing
recycling technologies, and addressing the economic viability of the process, the global supply of
indium can be better sustained through recycling efforts.
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8 - Environmental Impact and Sustainability

The extraction, refining, and recycling of indium present several environmental challenges. As
indium is primarily obtained as a byproduct of zinc, lead, and tin mining, its production is tied to
the environmental costs of base metal mining, including energy consumption, waste generation,
and water usage. The growing demand for indium, particularly in consumer electronics and
renewable energy applications, underscores the need to address these environmental concerns
and explore more sustainable extraction and refining methods.

This section delves into the environmental impact of indium production, highlighting the
challenges posed by traditional extraction processes and the opportunities that exist for
enhancing sustainability through improved techniques and recycling.

Energy Consumption

One of the most significant environmental challenges in indium production is the energy-
intensive nature of the extraction and refining processes. Both the initial extraction of zinc ores
and the subsequent refinement of indium require substantial energy input. The key areas where
energy consumption is most pronounced include:

o Smelting: The smelting process, used to extract zinc from its ore, requires very high
temperatures, typically exceeding 1,000°C. Indium accumulates in the residues left after
zinc is removed, but the energy required to maintain the high temperatures necessary for
smelting contributes significantly to the overall environmental footprint of indium
production.

o Electrolysis: Once indium has been isolated through solvent extraction, further refining is
typically done through electrolysis, where electrical current is used to reduce indium ions
to their metallic form. This process also demands large amounts of energy, contributing
to the carbon footprint of indium production.

o Multiple Processing Stages: The complexity of indium recovery, including leaching,
precipitation, and electrolysis, means that each step requires additional energy. The
cumulative effect of these energy demands increases the environmental impact of indium
production.

Given these high energy requirements, the indium industry faces significant pressure to adopt
more energy-efficient extraction and refining methods. One potential solution lies in the
development of new technologies that reduce the energy needed for both smelting and
electrolysis, such as lower-temperature processes or alternative refining techniques that minimize
energy consumption.
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Waste Generation

The extraction of indium is inherently linked to the production of waste, particularly during the
zinc refining process. Large quantities of slag, tailings, and residues are generated as byproducts
of zinc smelting, and indium is often present in these waste materials. Key waste-related
challenges include:

o

Toxic Substances in Waste: The residues generated during zinc refining can contain toxic
substances, including heavy metals like cadmium and lead, as well as sulfur compounds.
These materials, if not properly managed, can pose significant environmental risks,
particularly in terms of soil and water contamination. For example, improper disposal of
slag and tailings can lead to leaching of these toxic substances into nearby ecosystems,
causing long-term environmental damage.

Slag Management: The slag produced during zinc smelting is a major source of waste in
indium extraction. While indium can be recovered from this slag, the management and
disposal of slag that does not contain recoverable materials is an ongoing environmental
issue. Without proper handling, slag can contribute to environmental degradation.

Tailings and Acid Mine Drainage: Tailings—the fine-grained waste materials left over
after mineral processing—can be a significant source of environmental pollution. In some
cases, tailings can lead to acid mine drainage, where sulfuric acid is produced when
sulfur-bearing minerals in the tailings are exposed to water and air. This acidic runoff can
leach heavy metals into surrounding water bodies, harming aquatic ecosystems and
contaminating drinking water supplies.

To mitigate these waste-related issues, the industry is exploring sustainable waste management
practices that include better containment of tailings and slag, treatment of contaminated water,
and the development of closed-loop systems that minimize waste generation by recycling
materials back into the production process.
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Water Usage and Contamination

The production of indium, particularly through acid leaching and other chemical extraction
methods, consumes significant amounts of water. Water is used in various stages of the
extraction process, including:

e Leaching: During the extraction of indium from zinc residues, acid leaching is used to
dissolve indium and other metals into solution. This process requires large amounts of
water, particularly in areas where water resources may already be scarce, putting
additional pressure on local water supplies.

o Wastewater Generation: The acid leaching process generates wastewater that can contain
harmful chemicals and dissolved metals. If not properly treated, this wastewater can
contaminate nearby water sources, leading to environmental pollution and posing risks to
human health.

e Impact on Local Communities: In regions where water scarcity is a significant issue, the
high water consumption required for indium extraction can lead to conflicts with local
communities. These communities may rely on the same water resources for agriculture,
drinking, and daily life, creating tension between mining operations and local
populations.

To address these challenges, the industry is looking for ways to reduce water usage and improve

wastewater treatment. This includes the development of more efficient leaching processes that
require less water and the implementation of water recycling systems within mining operations.
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Recycling for Sustainability

One of the most promising avenues for reducing the environmental impact of indium production
is recycling. By recovering indium from end-of-life products, such as flat-panel displays and
solar cells, the need for primary extraction from zinc ores can be reduced, leading to lower
energy consumption, reduced waste generation, and less water usage.

o Energy and Resource Savings: Recycling indium from electronic waste requires
significantly less energy than extracting it from raw ores. By reusing materials that are
already in circulation, recycling reduces the overall demand for new mining operations,
helping to conserve natural resources.

o Waste Reduction: Recycling also minimizes the amount of waste generated during
indium production. By recovering indium from discarded electronics, the industry can
decrease its reliance on zinc smelting and the associated waste products, such as slag and
tailings.

o Sustainable Supply: As demand for indium continues to rise, recycling offers a
sustainable way to meet this demand without putting additional pressure on the
environment. By building a circular economy where indium is continuously reused and
recycled, the industry can reduce its environmental footprint while ensuring a steady
supply of this critical material.

Sustainability Innovations

In addition to recycling, there are several emerging technologies and innovations aimed at
making indium extraction more sustainable:

Conclusion

The environmental impact of indium production is a significant concern due to the energy-
intensive nature of the extraction and refining processes, the generation of toxic waste, and the
high water consumption involved in these activities. However, there are opportunities to mitigate
these environmental effects through the adoption of more sustainable practices. Recycling plays
a key role in reducing the reliance on primary extraction, while innovations such as bioleaching
and more efficient solvent extraction offer the potential for a more environmentally friendly
approach to indium production.

As global demand for indium continues to grow, driven by its critical role in modern technology,
the industry must focus on reducing its environmental footprint. By embracing sustainable
practices and investing in innovative technologies, the indium industry can work towards a more
sustainable future while meeting the needs of a rapidly evolving global market.
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9 - Breakdown of Global Indium Production

The global production of indium is highly concentrated, with a few key countries dominating
both the extraction and refinement processes. Indium is primarily obtained as a byproduct of
zince, lead, and tin mining, making its production geographically tied to regions with significant
base metal mining operations. However, geopolitical factors, trade policies, and environmental
regulations heavily influence indium supply, making the global market for this critical metal
susceptible to fluctuations and risks.

This section provides an in-depth breakdown of the key countries involved in indium production,
the geopolitical dynamics that affect its supply, and the importance of refining and recycling in
maintaining a steady global flow of indium.

9.1. - China: The World’s Largest Producer of Indium

China dominates the global indium market, accounting for more than 50% of the world’s total
indium output. This leadership is a direct result of its expansive zinc refining operations, where
indium is extracted as a byproduct. Over the years, China’s control over indium production has
become a strategic asset, making it a pivotal player in the global supply chain for this critical
material. Several factors contribute to China’s position as the world’s top indium producer,
including its industrial infrastructure, geopolitical strategies, and environmental policies.

Major Smelters: Key Drivers of China's Indium Production

China’s indium production is closely linked to its massive zinc refining industry. The country is
home to some of the largest zinc smelters in the world, including:

o Zhuzhou Smelter Group: One of the largest non-ferrous metal smelters in China,
Zhuzhou plays a critical role in the production of indium. As a byproduct of its zinc
refining operations, Zhuzhou’s output of indium contributes significantly to both
domestic and global supplies.

o Yunnan Tin Company: Another major player, Yunnan Tin Company, is renowned not
only for its production of tin but also for its zinc refining capabilities, where indium is
extracted from zinc residues. The company is a key contributor to China’s dominance in
indium production.

These smelters produce indium as a byproduct of zinc refining. Indium accumulates in the
residues left after zinc extraction and is further processed to isolate and purify the metal. With
China’s significant zinc output, the country is able to recover large quantities of indium from
these refining operations, ensuring a steady supply to meet global demand.
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Geopolitical Influence: Indium as a Strategic Asset

China’s control over indium production extends beyond its industrial capacity; it also leverages
this control in the geopolitical arena. The country’s trade policies and strategic use of export
restrictions on critical materials, such as indium, have far-reaching implications for global
markets:

o Export Restrictions: China has historically imposed export quotas and restrictions on
indium and other rare metals, limiting the amount available for international trade. By
controlling the flow of indium to the rest of the world, China can influence global supply
and demand, driving up prices or restricting availability in certain regions.

o Global Trade Leverage: These restrictions allow China to use indium as a bargaining chip
in global trade negotiations. As indium is a critical material for industries such as
electronics, semiconductors, and renewable energy, countries that rely on a stable supply
of indium are vulnerable to Chinese trade policies. This gives China considerable
leverage, as any shifts in policy or export restrictions can lead to price volatility and
supply shortages in other regions, particularly in countries with high-tech industries that
depend on a consistent flow of indium.

The geopolitical significance of indium is further amplified by the global shift towards
renewable energy and advanced technologies, sectors that are heavily reliant on indium for
applications such as thin-film solar cells and semiconductors. By maintaining tight control over
its indium production and exports, China ensures it remains a key player in the international
landscape of critical materials.
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Environmental Regulations: Balancing Growth and Sustainability

Despite its leadership in indium production, China faces growing environmental challenges
related to its mining and refining operations. The production of indium, particularly through zinc
refining, generates significant waste and pollution, prompting the Chinese government to take
action:

o Stricter Environmental Regulations: In response to both domestic and international
pressure, China has introduced stricter environmental regulations aimed at reducing the
ecological impact of its metal refining industry. These regulations target waste
management, emissions reduction, and the cleanup of polluted mining sites. The
implementation of these rules has forced zinc smelters to adopt cleaner technologies and
more sustainable practices, which could potentially slow down indium production as
companies adjust to the new regulatory framework.

o Impact on Smelters: As these environmental policies are enforced, they may have a direct
impact on the output of zinc smelters. Smelters that fail to meet the new environmental
standards may face fines, production shutdowns, or stricter oversight, all of which could
affect their ability to maintain previous levels of zinc—and therefore indium—
production. This, in turn, could reduce China’s overall indium output, tightening global

supply.

o Green Technology Push: Despite the challenges posed by environmental regulations,
China’s emphasis on green technologies has bolstered its role in both the primary
production and recycling of indium. The country is heavily investing in renewable energy
technologies, such as solar energy, where indium plays a critical role in the production of
thin-film solar cells. China’s drive to become a global leader in green energy has led to
increased demand for indium domestically, encouraging both more efficient primary
production and the recycling of indium from electronic waste.

The Chinese government’s focus on electronics recycling also complements its environmental
efforts. With a large domestic market for consumer electronics, China has the potential to
recover significant quantities of indium from end-of-life devices. This shift towards recycling not
only reduces the environmental impact of mining but also provides a more sustainable source of
indium to meet growing demand, both domestically and internationally.
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Conclusion

China’s dominance in the global indium market is underpinned by its vast zinc refining
operations, strategic geopolitical positioning, and evolving environmental policies. The country’s
major smelters, including Zhuzhou Smelter Group and Yunnan Tin Company, are pivotal to
global indium production. At the same time, China’s export restrictions on indium have made it a
critical player in global trade, influencing prices and availability worldwide.

However, the Chinese indium industry is also facing significant challenges as the government
implements stricter environmental regulations. These regulations, while aimed at reducing
pollution and waste, may affect the output of zinc smelters and, by extension, the country’s
indium production. Nevertheless, China’s push toward green technologies and its investment in
recycling provide a pathway for maintaining its leadership in the indium market while addressing
sustainability concerns.

By balancing its economic, geopolitical, and environmental goals, China is likely to remain the
world’s largest producer of indium for the foreseeable future, shaping the global supply of this
critical material and influencing its role in high-tech industries.
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9.2. - Canada: A Major Contributor to Indium Supply

Canada is another significant producer of indium, primarily through its zinc and lead mining
operations. Although Canada’s contribution to global indium production is much smaller than
China’s, it plays a key role in diversifying the global supply. Key elements of Canada’s indium
production include:

o

Teck Resources: One of the largest mining companies in Canada, Teck Resources
operates the Trail Smelter, which is a major source of indium. The company extracts
indium as a byproduct of its zinc and lead mining activities, particularly in the Red Dog
Mine and other large-scale operations. Teck Resources has been a reliable supplier of
indium for global markets, particularly to North American and European consumers.

Environmental Stewardship: Canada’s approach to indium production is heavily
regulated by environmental laws that aim to reduce the ecological footprint of mining
activities. The country has invested in sustainable mining practices, including initiatives
to lower emissions and manage waste. These efforts align with global trends toward
sustainability and make Canada a more environmentally responsible producer of indium.

Economic and Geopolitical Stability: Canada benefits from a stable political environment
and favorable trade relationships with major industrialized countries, including the
United States and Europe. This stability ensures a relatively steady and predictable
supply of indium, even in times of global geopolitical tension.
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9.3. - South Korea and Japan: Leaders in Refining and Recycling

While South Korea and Japan are not major producers of raw indium, they are world leaders in
the refinement and recycling of indium. These countries import zinc ore and residues from other
regions, particularly from China and Canada, and refine indium for their advanced electronics
and semiconductor industries. Key factors that make South Korea and Japan central to the
indium market include:

o

Advanced Refining Techniques: Both countries have developed highly efficient refining
processes that allow them to extract indium from zinc residues with a high level of purity.
In particular, Japan is known for its cutting-edge solvent extraction and electrolysis
technologies, which enable the production of high-purity indium used in applications
such as semiconductors, flat-panel displays, and solar cells.

Indium Recycling: Japan and South Korea are global leaders in the recycling of indium
from end-of-life electronics, such as flat-panel displays and touchscreens. Companies like
Dowa Holdings Co. Ltd. in Japan have pioneered e-waste recycling technologies,
enabling the recovery of significant quantities of indium from discarded devices. South
Korea also excels in this area, focusing on the sustainable recovery of critical materials to
reduce reliance on primary mining operations.

Demand from High-Tech Industries: Both countries are major players in the global
electronics and semiconductor markets, driving demand for indium. The proximity of
refining and recycling facilities to major manufacturing hubs helps ensure a reliable
supply of indium for domestic industries, while also contributing to global exports.
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9.4. - Other Key Producers: Peru, Bolivia, and Belgium

Several smaller countries also contribute to global indium supply, though their output is much
more modest compared to the major producers. These countries include:

o

Peru and Bolivia: Both of these South American nations produce indium as a byproduct
of their base metal mining operations, particularly from zinc and tin. While their
contributions to global supply are relatively small, they help diversify the supply chain
and provide an alternative to reliance on larger producers like China.

Belgium: Belgium plays a role in refining indium, importing zinc residues from other

countries and refining them for use in European industries. Although its output is limited,
Belgium is a key supplier to regional markets, particularly in Europe.
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Geopolitical Factors and Trade Policies

The production and trade of indium are heavily influenced by geopolitical factors and trade
policies in key producing regions. As a byproduct of zinc, lead, and tin mining, indium supply is
subject to fluctuations in base metal production, which can be affected by a range of factors,
including:

o

Geopolitical Tensions: The concentration of indium production in a few key countries,
particularly China, makes the global supply vulnerable to geopolitical tensions. Trade
disputes, export restrictions, and political instability can all disrupt the supply chain,
leading to shortages and price volatility.

Trade Policies: Export restrictions, tariffs, and trade agreements play a crucial role in
shaping the global indium market. China, in particular, has imposed export quotas and
duties on indium, which have contributed to supply constraints and higher prices for
consumers in other parts of the world. Meanwhile, countries like Canada and South
Korea benefit from free trade agreements that facilitate the flow of indium and related
materials.

Environmental Regulations: Increasing environmental regulations in major producing
countries are likely to impact indium production in the coming years. Stricter controls on
mining practices, waste management, and emissions are expected to increase the cost of
production and may reduce output in some regions. At the same time, these regulations
could drive innovation in sustainable mining and refining practices, ultimately leading to
a more environmentally friendly indium supply chain.

Supply Vulnerabilities and Future Outlook

Indium production is closely linked to the production of zinc, meaning that any fluctuations in
the zinc market can have a direct impact on indium supply. Key vulnerabilities include:

o

Zinc Market Fluctuations: Since indium is a byproduct of zinc smelting, any downturns
in zinc mining and production can lead to reduced indium output. A decrease in global
zinc demand, for example, could indirectly result in indium shortages, putting upward
pressure on prices.

Environmental and Social Challenges: As environmental concerns become more
prominent, the global mining industry faces increasing scrutiny over its practices. Indium
production, like other mining activities, may be affected by regulatory changes, public
opposition to mining projects, and the need for more sustainable extraction methods.

Despite these challenges, the future outlook for indium production remains positive, with strong
demand growth expected across several sectors, including consumer electronics, renewable
energy, and semiconductors. Innovations in recycling, improved refining techniques, and a
growing emphasis on sustainability will likely play a key role in securing indium supply for the

future.

38



RCME

RELIABILITY CENTERED MAINTENANCE ENGINEERING

Conclusion

The global production of indium is concentrated in a few key countries, with China, Canada,
South Korea, Japan, and several smaller producers contributing to the world’s supply.
Geopolitical factors, trade policies, and environmental regulations heavily influence the
availability and price of indium, making it a metal with both high demand and significant supply
risks. As the world continues to rely on indium for high-tech applications, ensuring a stable and
sustainable supply will require innovations in both extraction and recycling, as well as
international cooperation to mitigate the impact of geopolitical and environmental challenges.
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10 - Market Outlook and Future Projections

The global demand for indium is expected to grow significantly over the next decade, driven by
several key industries:

Consumer Electronics: Indium is critical for the production of touchscreens, flat-panel displays,
and other electronic devices that use ITO coatings. As the market for smartphones, tablets, and
laptops continues to expand, the demand for indium will rise in parallel.

Renewable Energy: Indium is an essential material in thin-film photovoltaic cells used in solar
energy production. As the global transition to renewable energy accelerates, the demand for
indium in solar technologies is expected to increase sharply.

Semiconductors and Advanced Technologies: Indium is used in advanced semiconductor
materials, such as indium gallium arsenide (InGaAs), which are crucial for the development of
next-generation electronics, including high-speed transistors and photodetectors for
telecommunications and aerospace applications.

Supply Constraints: Despite growing demand, indium supply is constrained by its dependence on
zinc production. Any downturns in the zinc market could lead to indium shortages, which would
put upward pressure on prices. To mitigate this, industries are focusing on recycling and
exploring alternative materials to reduce reliance on indium.

Overall, the market outlook for indium is positive, with strong demand growth expected across

multiple sectors. However, challenges related to supply security and environmental impact must
be addressed to ensure a sustainable future for indium production.
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11 - Challenges and Innovations

Supply Chain Risks: Indium’s supply chain is vulnerable to fluctuations in zinc production, as
well as geopolitical risks in key producing countries such as China. Any disruptions in zinc
mining or trade restrictions could lead to indium shortages.

Technological Challenges: The current technology for recycling indium from electronics is still
evolving. The recovery rates are low due to the complexity of separating ITO from other
materials in electronic devices. Innovations in recycling technology are needed to improve
efficiency and make the process more economically viable.

Indium Substitutes: Research is ongoing into potential substitutes for indium, particularly for
ITO in electronic displays. Alternatives such as carbon-based nanomaterials, conductive
polymers, and graphene are being explored. While these materials show promise, they are not yet
commercially viable on a large scale.

Sustainability Innovations: New extraction technologies, such as bioleaching (using
microorganisms to extract metals) and more efficient solvent extraction processes, are being
developed to reduce the environmental footprint of indium production. These innovations could
help lower the energy consumption and waste generated during the refining process.
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12 - Global Supply Chain and Key Players

The global indium supply chain is dominated by a few key companies that lead the production,
refining, and recycling of this critical material. These companies play pivotal roles in extracting
indium as a byproduct of zinc mining, as well as in the recovery of indium from electronic waste
(e-waste). Below is an in-depth look at the major players in the indium industry and their
contributions to global supply.

1. Zhuzhou Smelter Group (China)

Zhuzhou Smelter Group is one of the largest non-ferrous metal smelters in China and a leading
producer of indium. As a major zinc refiner, Zhuzhou plays a critical role in the global indium
market, with indium being recovered as a byproduct of its zinc smelting operations.

o Zinc Refining: Zhuzhou’s large-scale zinc refining capacity allows it to recover
significant amounts of indium, making it one of the top indium producers worldwide.

o Strategic Influence: The company’s operations, coupled with China’s control over
indium export policies, give Zhuzhou significant leverage in global supply, affecting both
availability and pricing.

2. Yunnan Tin Company Limited (China)

Yunnan Tin Company is another major Chinese player in the global indium market. While
primarily known for its tin production, Yunnan Tin also has significant zinc refining operations
that yield indium as a byproduct.

o Multi-Metal Producer: Yunnan Tin’s ability to produce a range of metals, including tin,
zinc, and indium, makes it a versatile contributor to China’s dominance in non-ferrous
metal production.

o Global Reach: As a major producer, Yunnan Tin has a significant impact on global
indium supply, particularly in Asia and other regions dependent on Chinese exports.

3. Korea Zinc (South Korea)

Korea Zinc is one of the largest zinc producers in the world and a key player in the indium
refining and recovery market. Although South Korea does not have significant primary indium
production, Korea Zinc’s advanced refining processes allow it to recover substantial amounts of
indium from imported zinc ores and residues.

o Refining Expertise: Korea Zinc is renowned for its cutting-edge refining technologies,
which allow it to efficiently extract and purify indium from zinc byproducts.

o Regional Influence: The company’s operations are crucial to supplying indium to South
Korea’s high-tech industries, including electronics and semiconductors, ensuring a steady
flow of indium for domestic consumption.
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4. Teck Resources (Canada)

Teck Resources is a major mining company based in Canada and one of the key sources of
primary indium production outside of China. The company’s Trail Smelter is a significant
producer of indium, derived as a byproduct of its zinc and lead mining operations.

o

Primary Indium Production: Teck Resources is one of the few companies that produce
primary indium, making it a vital part of the global indium supply chain, particularly for
North America and Europe.

Sustainability Focus: The company operates under strict environmental regulations,
positioning itself as a more sustainable source of indium in comparison to some other
producers.

5. Dowa Holdings Co., Ltd. (Japan)

Dowa Holdings is a major player in the recycling of indium and other rare metals. Based in
Japan, Dowa has made significant advancements in recovering indium from e-waste, particularly
from discarded flat-panel displays and touchscreens.

o

Pioneers in E-Waste Recycling: Dowa is a global leader in recovering indium from
electronic waste, reducing the need for primary mining and supporting a circular
economy. The company’s Kosaka Smelting and Refining Co. facility is renowned for
its ability to recover indium from end-of-life electronics.

Innovation in Refining: Dowa’s proprietary technologies allow for the extraction of
high-purity indium from recycled materials, making it a key player in the global indium
recycling market.

6. Umicore (Belgium)

Umicore, headquartered in Belgium, is a global materials technology and recycling group that
plays an essential role in the refining and recovery of indium from secondary sources.

o

Recycling Expertise: Umicore’s advanced recycling processes focus on recovering
indium from a variety of electronic components and industrial byproducts. The
company’s commitment to sustainable practices has made it a leader in the European
recycling market.

European Supply Chain: Umicore’s operations help support the European technology
sector by ensuring a reliable supply of recycled indium for use in high-tech applications,
reducing dependency on primary sources.

43



RCIME

RELIABILITY CENTERED MAINTENANCE ENGINEERING

7. Nyrstar (Belgium)

Nyrstar, also based in Belgium, is another major player in the refining of zinc and the recovery
of indium as a byproduct. The company’s operations contribute significantly to the European
supply of indium.

o Zinc Refining: As a leading zinc producer, Nyrstar recovers indium from the zinc
refining process, supplying both regional and international markets with the metal.

o Strategic Location: Nyrstar’s operations in Europe provide a crucial source of indium
for European industries, particularly in the technology and renewable energy sectors.

8. Recylex (France)

Recylex is a French company specializing in the recycling of lead, zinc, and other metals. It has
recently expanded its capabilities to include the recovery of indium from industrial byproducts
and electronic waste.

o Circular Economy Contribution: Recylex plays an important role in Europe’s efforts to
develop a circular economy by recovering valuable materials, including indium, from
waste streams.

o Regional Supply: The company’s operations support regional demand for indium,
particularly in France and neighboring European countries, helping to reduce reliance on
imported materials.

Conclusion: Major Companies Shaping the Indium Market

The global indium market is shaped by a combination of primary producers, refiners, and
recycling specialists. Companies such as Zhuzhou Smelter Group and Yunnan Tin Company
dominate the primary production of indium, particularly in China, while others like Korea Zinc,
Teck Resources, and Dowa Holdings focus on refining and recycling indium to meet global
demand. The involvement of European companies like Umicore, Nyrstar, and Recylex
highlights the growing importance of sustainable practices in the indium supply chain, as these
firms contribute to the recovery of indium from e-waste and other secondary sources.

As global demand for indium continues to rise, driven by the electronics, renewable energy, and
semiconductor industries, these major companies will play an increasingly crucial role in
ensuring the availability and sustainability of this critical material. By advancing recycling
technologies, improving refining processes, and adhering to environmental regulations, these
firms are helping to shape a more resilient and sustainable global indium supply chain.
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13 - Conclusion: The Role and Future of Indium in the Global Market

Indium, a relatively rare and strategically important metal, has become essential in driving
advancements across multiple high-tech sectors. Its primary usage in Indium Tin Oxide (ITO)
for touchscreens, flat-panel displays, thin-film solar cells, and semiconductors highlights its
critical importance. However, as this document has illustrated, the global supply of indium is
constrained by several key factors, including its dependence on zinc production, environmental
impacts, geopolitical considerations, and the complex processes required to extract and refine it.

Global Production and Supply Dynamics

Indium's global production, as detailed in Section 2, is mainly concentrated in a handful of
countries, with China leading the market by producing more than half of the world’s supply.
Other significant contributors include Canada, with companies like Teck Resources playing a
vital role, and South Korea and Japan, which focus on indium refining and recycling rather
than primary production. Smaller producers like Belgium, Peru, and Bolivia provide additional
supply, though their contributions remain modest. The global supply chain is heavily dependent
on zinc and lead mining operations, making indium production vulnerable to fluctuations in the
base metal markets and geopolitical tensions, particularly in China.

Extraction and Refining Processes: Energy-Intensive and Complex

As explained in Sections 3 and 4, indium is typically extracted as a byproduct from zinc ores,
particularly sphalerite. The extraction process involves multiple stages of concentration,
leaching, solvent extraction, and electrolysis, each of which is both energy-intensive and
costly due to the trace amounts of indium present in zinc ores. The need for processing large
volumes of material to obtain small quantities of indium further exacerbates the challenges.
Moreover, the environmental impact of these processes, including waste generation, high
energy consumption, and water usage, underscores the urgent need for more sustainable methods
of extraction and recovery.

Recycling: A Critical Component of Future Supply

The growing demand for indium, coupled with the limited availability of primary sources, has
made recycling a crucial strategy for augmenting global supply. As discussed in Section 5, the
recycling of indium from e-waste, particularly discarded touchscreens, flat-panel displays, and
solar panels, plays an increasingly important role. However, recycling comes with its own set of
challenges, including the low concentrations of indium in individual devices and the complexity
of separating indium from other materials. Despite these hurdles, recycling offers significant
environmental benefits by reducing the need for primary extraction and lowering the overall
carbon footprint of indium production.
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Environmental Impacts and Sustainability Challenges

The environmental impact of indium production is substantial, as explored in Section 6. The
extraction and refining processes generate large amounts of waste, including toxic byproducts
like slag and tailings, which can lead to contamination of soil and water. In addition, the high
energy consumption required for smelting and electrolysis contributes to the industry’s overall
carbon footprint. To address these issues, the industry must focus on innovations in sustainable
extraction technologies and recycling methods. This includes developing more efficient
processes for recovering indium from e-waste and minimizing the environmental damage caused
by mining operations.

The Role of Major Players in the Global Supply Chain

As outlined in Section 10, a few major companies dominate the indium supply chain, including
Zhuzhou Smelter Group and Yunnan Tin Company in China, Korea Zinc, Teck Resources
in Canada, and Dowa Holdings in Japan. These companies are responsible for producing and
refining large quantities of indium, ensuring a stable supply for the global market. In addition,
companies like Umicore and Recylex are leading efforts to recycle indium from e-waste,
highlighting the growing importance of circular economy practices in the indium industry.

Market Outlook and Future Challenges

Looking ahead, as noted in Sections 8 and 9, the demand for indium is expected to rise, driven
by the growth of the consumer electronics, renewable energy, and advanced semiconductor
industries. However, this increased demand will also intensify the challenges related to supply
security and sustainability. Supply chain vulnerabilities, including reliance on zinc production,
geopolitical risks, and environmental regulations, must be addressed to ensure a stable and
sustainable supply of indium. Furthermore, innovations in recycling technologies, alternative
materials, and sustainable mining practices will be essential to meet future demand while
minimizing the environmental impact of indium production.

Final Thoughts

In conclusion, indium is a critical material for the modern technology sector, yet its production
and supply are fraught with challenges. The global indium industry must adapt to these
challenges by investing in sustainable extraction methods, advanced recycling technologies,
and international cooperation to secure a steady supply of this indispensable material. With the
right innovations and policies in place, indium can continue to play a pivotal role in the
development of next-generation technologies while minimizing its environmental impact and
ensuring long-term availability.
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