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Abstract

In advance manufacturing, the Rare Earth Element application has increased with
time. The study has focused on the extraction and recycling method of the critical
material by mitigating sustainability challenges. It investigates the potential of an
innovative recycling method called hydrometallurgy and focuses on chemical
separation stages. The study refers to multiple stages of acid leaching tests and
optimises REE extraction that can also mitigate environmental impact. The recycling
of REE can control the waste management of electronic gadgets and manage carbon
footprint. The main focus of the study is to recycle critical materials and implement
them in advanced manufacturing processes. It collects multiple data by maintaining a
triangular research method. It is the research strategy of the qualitative research method
to get hypothetical data by analysing several studies. The researcher gathered
theoretical information from Google Scholar, scientific articles, scientific websites,
journals, books and ProQuest. In the result section, reviewing the secondary data and
decided that the leaching test of hydrometallurgy is the most efficient method to extract
REEs. However, this process has some inherent limitations. Besides this it is cost
effective and has less environmental impact.

Key words: Rare Earth Elements (REE), Rare Earth Oxide (REO), Recycling,
Advanced Manufacturing, Electronic Waste (E-waste), Hydrometallurgy, Acid
Leaching, Green Technology, Supply Chain Resilience, Sustainable Production,
Separation Techniques, Secondary Resources, Industrial By-products,
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Chapter 1: Introduction

Rare Earth Elements play an integral role in advanced manufacturing that involves
communication, electrical vehicles, state-of-the-art materials, and use as renewable
energy. This material is used in our daily life. Due to the unique magnetic, catalytic
and phosphorescent properties of these materials, they become extremely essential to
our world of technology (Balaram, 2019). Rare Earth Elements are critical to use in
advanced technology ranging from televisions and cell phones to LED lights and wind
turbines. Based on these properties this material has gained Global attention.

1.1 Background

In the last two to three decades, the explosion and application of Rare Earth Elements
have increased in different technologies such as DVD, Computer memory,
rechargeable batteries, autocatalytic converters, mobile phones, LED lighting,
superconductors, glass additive, fluorescent material, solar panels, phosphate binding
agent and magnetic resonance imaging agent. In this study, we are going to use the
Hydrometallurgical method to separate REEs from waste material. It is effective and
can generate a significant amount of REE from chemical waste. Consequently, the
traditional method of this recycling process is hydrometallurgy. However, the
recycling methods are complex and developing with the refined technology. For the
research paper, hydrometallurgy is suitable due to its being a less complex method and
its use of aqueous chemical solutions to recycle the critical material. In this study, the
chemical reactions and stages of hydrometallurgy are discussed.
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Figure 1: Economically mineable of REE in different countries (Source: Pathapati et al., 2023)



These are consumed this way for different applications at an unprecedented rate. It is
a very essential ingredient in all high-technology gadgets. Balaram (2019) reported a
different country name that reserves REE such as Brazil, India, Russia, China and
Vietnam. These are the geometrical sources that help supply REE throughout the
world.

The extraction process of REE has several stages. Stopic and Friedrich, (2021)
represent in their research that hydrometallurgy includes technologies that derive from
the science of geochemistry and it is extracted into an aqueous solution by using
different methods. Hydrometallurgy is used for extraction for metal recovery from
concentrates, ores and secondary material. Stages for extraction of Rare Earth Elements
are leaching under atmospheric pressure, autoclave treatment under high pressure,
bioleaching, microwave dissolution, dry digestion, acid banking, filtration,
neutralisation, solvent extraction, purification of solution and anionic exchange resin,
cementation, precipitation, crystallisation, electrocoagulation, reduction in the aqueous
phase, aqueous electrolysis, electrochemical deposition with molten salt electrolysis
and ultrasonic spray pyrolysis.
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Figure 2:The combined process of the hydrometallurgical and pyrometallurgical processes for REE production
(Source: Created by author)



The combination treatment process helps to extract this critical material by following
multiple stages. From the figure, it can be understood that REEs come from ore, and
waste materials concentrated in the solution. At the initial stage remove impurities and
then the solution was performed as neutralization. The production of Rare Earth
Elements was reached with the addition of sodium carbonate. The rare earth oxide
(REOs) was manufactured from thermal decomposition above 850 degrees Celcius. At
the final stage, the molten salt electrolysis performs as a special reactor for the
production of mixtures of REE. Depending on the hydrometallurgical operation it is
adjusted to strict environmental regulations and reaches zero waste concept. This
initiative helps to bring green metallurgy with a circular economic strategy. The
hydrometallurgical operation is beneficial for this extraction process due to its
ecological transparency, reduced energy consumption, and no flue and gas dust
formation. In this process, economical recycling of waste materials is used which also
helps to mitigate the wastage of products. Moreover, this process has little limitation
due to the formation of wet residue, loss of basic metals, low reaction velocity and
small-grained powders that are more suitable for the leaching process which are unable
to be used in the hydrometallurgical method.

1.2 Aim of the study

To analyse the recycling of Rare Earth Elements in advanced manufacturing.

1.2.1 Objectives

e To analyse the feasibility of recycling REEs for mitigating waste generation in
the production process

e To examine the development of the supply chain resilience of REE by
mitigating primary dependency production

e To investigate the high-quality production process of REE to meet the needs of
the advanced manufacturing process.

e Torecommend guidelines for responsible REE recycling practices and develop
sustainable production pattern

1.2.2 Problem definition

The extraction process of REE is inefficient for a high recovery rate and consumes high
cost. Several existing methods are not optimised for this critical material that contains
multiple REEs in concentration. The economic feasibility of the recycling process is
hindered by factors such as fluctuating market prices for both recycled and primary



source REE, and competition with cheaper materials (Rhodes, 2019). Increasing the
global demand for these critical elements may create supply chain vulnerabilities, and
geopolitical tension that disrupt the availability of REE.

1.2.3 Research question

e How to analyse the feasibility of recycling REEs for mitigating waste
generation in the production process?

e What is the process that helps to develop supply chain resilience of REE by
mitigating primary dependency production?

e How to investigate the high-quality production process of REE to meet the
needs of the advanced manufacturing process?

e What are the recommendations for responsible REE recycling practices that
provide sustainable production patterns?

1.3 Limitation

There are very few scientific articles available related to this project and the time
constraint was also an essential limiting factor that disrupted the analysis method for
several extraction processes of REE. Beyond this limitation, this study helps to present
an ecological method to extract REE from waste material and ores (Stopic and
Friedrich, 2021). These steps may be associated with achieving the requirements of
REE in the advanced manufacturing process. The hydrometallurgical and pyro
metallurgical processes help to extract REE through an organic process by producing
less flue, dust and harmful reactors.

1.4 Individual responsibility and effort during the project

This project is a group task, so the responsibility of this study is also taken by the group
members. The authors select scientific articles, databases and review journals by
themselves to reach the research objectives. All the secondary sources were searched
by the individual masters’ student and the collected data to achieve final conclusion.
The main highlighted source of this scientific research was the supervision of the
project supervisor. The student has access to the institution's library and facility to use
the internet to collect authentic data from websites.



1.5 Study environment

The study follows a secondary qualitative method to evaluate and analyse existing data.
Google Scholar, ProQuest, scientific journals, books and authentic internet websites
are the main sources to collect data regarding the analysis of rare earth elements
extraction process. In adherence, the supervisor helps to find the exact way to complete
this thesis with regular supervision through online meetings.

The difficulties of the rare earth element (REE) extract process demand the assessment
of varied methodologies. As a consequence, the subsequent chapter discusses and
warrants the methods of research used within this research.

The study was carried out in a virtual learning environment, making use of online
databases and institutional access to peer-reviewed articles. Because of the global
nature of the subject, special care was taken to draw on international policies,
environmental regulations, and technological applications in different regions. The
study also explored the socio-economic impact of the extraction and recycling of REE
by looking at case studies of developed and developing nations. The fact that the study
was carried out online meant that there was room to collect a wide range of
multidisciplinary articles. The ethical rules were strictly applied to maintain credibility
and reliability of the second-level data utilised. Overall, the online environment was
conducive to a systematic and intensive investigation of the recycling of REE within
advanced manufacturing environments.



Chapter 2: Methods

Different kinds of methods can be established in this research paper, such as analytical,
experimental, quantitative and empirical methods. All the methods provide authentic
data to the research and help to explore the recycling processes of Rare Earth Elements.
This chapter represents the method that this research follows to reach the research
objectives. The advantages and disadvantages of the chosen method are discussed in
this chapter.

2.1 Alternative methods

This research paper needs deep observation to reach the conclusion; based on this
requirement, the study can follow the analytical method. An analytical method is an
essential process that determines the composition of REEs contained in waste material.
Ambroz et al., (2022) reported that the analytical method includes effective monitoring
steps that ensure REES are actively recovered and impurities are removed. This process
can also help to optimise the purity of REE products and observe the
leaching, separation and purification stages. The analytical method is authentic but it
is a time-consuming process. The time constraint of this thesis paper is a negative
factor in implementing this method. The analytical method needed an inductively
coupled plasma mass spectrometry (ICP-MS), which is a highly sensitive technique to
find the elemental composition in REE (Van Acker et al., 2023). Additionally, X-ray
fluorescence (XRF) can be used to measure the composition rate of the critical
elements. This paralogical method includes another technique called Scanning Electron
Microscopy (SEM), which delivers high-resolution images of the critical materials that
can be used to analyse the composition and morphology of the surface. Contradictorily,
Gkika et al., (2024) research narrates that the analytical method leaves a negative
impact on the environment due to the involvement of the chemical process, and it is
expensive too, to obstruct its widespread application.

Due to the complex waste stream, that process leaves a negative impact, but according
to Li et al.,, (2022) mention bioleaching microorganisms used to extract REEs.
Similarly, O’Connell-Danes et al., (2024) added that using designed molecules to bind
the critical elements without leaching a harmful impact on the environment. Including
this information, the experimental method ensures its amplitude towards this research.
The experimental method includes Hydrometallurgy to determine the best leaching
agent by using the aqueous solution to reach REE forms (Xi et al., 2021).
Hydrometallurgy is considered a method to produce solar-grade silicon (SOG-Si) due



to its low cost in removing impurities from MG-Si and providing a traditional leaching
technique in the recycling process. Consequently, pyrometallurgy is another method to
extract REEs using high temperatures. The experiment method has precise and
accuracy issues that mitigate the effectiveness of this recycling process (Gkika et al.,
2024). The presence of other elements can interfere with analytical results, which
makes it difficult to deliver accurate output. The recycling method is expensive and
needs several experiments to get a final result. Hazardous Chemicals are involved in
this experiment, which is tough to manage and dispose of. So, this method becomes
complex for one person to accomplish.

In this research paper, there is another method that can be implemented to reach the
conclusion, which is the quantitative method. This process helps to optimise
multifaceted stages of REE recycling, such as solvent extraction, leaching and
preparation. By maintaining these factors, REE concentrations, reaction rates, and
extraction appreciates can be measured through the parameter and maximise recovery
rate. The quantitative analysis includes a precise measurement of REE yields. This
effectiveness helps to deliver advanced recycling techniques and quantify the purity of
recovered REE. Jouini et al., (2022) reported in the research paper that the quantitative
method can be used to assess the environmental impact that includes the consumption
of energy, water and chemicals as well as the generation of emissions and waste.
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Figure 3:Social and environmental impact of REE extraction (Source: Jouini et al., 2022)

Based on this analysis, it can be considered as an efficient analysis method for getting
accurate results regarding REE extraction operation. Depending on the survey



questionnaire, the researcher can get information about the cost of materials, labour,
revenue and energy generation from the recovered REEs. According to Gkika et al.,
(2022), quantitative analysis is not sufficient to capture economic and environmental
complexities in the REE recycling process. This method is time-consuming to quantify
the full environmental impact and chemical usage for long-term economic viability in
REE extraction. In adherence, accurate quantitative data interpretation is a
complicated method for one participation. Furthermore, the REE extraction process is
a still developing field, so there is a lack of standardization in quantitative testing due
to its cost and complexity. So, that may create inconsistencies between several studies
and data accuracy issues. Therefore, the quantitative method should be avoided in this
study to prevent accuracy issues.

There is another tentative method for the extraction of REEs, which is the empirical
method. It helps to determine the effectiveness of several separation techniques and
optimise the parameters such as temperature, reagent concentration and PH. It
evaluates the efficiency of recycling technology and determines its viability. Han and
Xu, (2021) present several limitations regarding this method as it is complicated due
to physical and chemical processes, and the resources of this method are intensive.
They also stated that due to the difference in the geochemical behaviour of Rare Earth
Elements, chemical reactions deliver insignificant data in the changing atmospheric
conditions. Based on this limitation, the empirical method suitability for this thesis
decreases.

2.2 Chosen methodology

This study followed a triangular methodology to achieve the research goal. Triangular
is a qualitative research study to analyse the validity of the combined information at
one place from different sources (Sileyew, 2019). This research paper has used multiple
sources for collecting data to enhance the credibility of the study. It is the way of
validation that a continuous research has performed by collecting data on the same
topic from different research and implicates multiple types of sample methods. This
research paper mainly focuses on literature reviews collected from Google
Scholar, ProQuest, Scientific articles, books, journals and papers. The qualitative
research method offers a depth of understanding and provides flexibility to explore an
unexpected insight (Rahman et al., 2021). The adaptability of this research method is
valuable to reach the research aim and understand the phenomena. For the study, the
qualitative research method emphasizes the understanding of environmental and social
factors that influence people's experiences and improve interventions and policies.
Recycling Rare Earth Elements is a complex method for exploring particular data, so



the qualitative method is well suited for enhancing the multiplicated and complex
concept to reach all queries regarding the rare material extraction. Moreover, this
method is suitable to deliver a holistic view of this research topic by giving particular
extraction methods names and theoretical data of understanding.

2.3 Preparation and data collection

Analysing all methodologies shows that data collected from authentic sources is more
suitable than data collected from experimental and quantitative methods due to time
constraints. The study followed a qualitative methodology that played a vital role in
this research by delivering unique insight that the quantitative method could not
capture. In this research, 27 research papers are reviewed, and 13 literatures are
critically reviewed to establish a strong comprehensive understanding. In this analysis,
only 8 literatures are helpful to understand the several methods of REE extraction with
the authentic data set. As per Tamayo-Soriano et al., (2024), Hydrometallurgy is the
most used method in REES' recycling. Beyond this process, there are several methods
such as- “Ultrafast electrothermal process based on flash Joule heating (FJH),
Hydrometallurgical and pyrometallurgical process, Microwave (MW) treatment and
mechanochemistry, Thermal decomposition of mineral, leaching process,
Hyperspectral sensors analysis and Spectral analysis, and Inductively Coupled
Plasma Mass Spectrometry can be implemented.

The paper helps to delve into the “how” and “why” behind the phenomena and delivers
a detailed insight towards the researcher’s experience, motivations and perspective. It
allows the prevention of complex issues regarding the investigation by gaining a
different understanding of this context. The qualitative method explores hypotheses to
generate emerging trained and allows flexibility to adjust their approach to discover
new information regarding Rare Earth Element recycling. This theoretical research
delivered adaptability and flexibility to enable researchers to adjust their approaches
for discovering new information. With the help of a descriptive literature review, the
concept, debates and theories for recycling REEs become familiar and mitigate the lack
of research for pinpoint areas. It helps to justify the research and ensure it contributes
meaningful segregation.



Sl Title of Article Author name Adopted technology

no.

Rare earth elements from waste Deng et al., 2022 | Ultrafast electrothermal
process based on flash Joule
heating (FJH)

2. Separation and recycling potential of | Patil et al., 2022 | Hydropettulurgucal and
rare earth elements from energy pyromelurgical process
systems: feed and economic viability
review

3. Green and Sustainable Rare Earth | Cherkezova- Microwave (MW) treatment
Element Recycling and Reuse from End- | Zheleva et al., | and mechanochemistry
of-Life Permanent Magnets 2024

4, Geochemical Occurrence of Rare Earth | Pyrgaki et al., | Thermal decomposition of
Elements in Mining Waste and Mine | 2021 mineral
Water

5. A comparative study on recent | Pathapati et al., | Leaching process
developments for individual rare earth | 2023
elements separation.

6. Estimating rare earth elements at various | Gadea et al., | Hyperspectral sensors
scales with bastnasite indices for [ 2024 analysis and  Spectral
Mountain Pass analysis

7. Hydrochloric acid leaching study of rare | Amine et al., | Inductively Coupled Plasma
earth  elements from  Moroccan | 2019 Mass Spectrometry
phosphate

8. Acid Leaching of La and Ce from | Tamayo-Soriano | Hydrometallurgy
Ferrocarbonatite-Related REE Ores etal., 2024

Table 3.2: Critically reviewed literature

Having a clear methodology in hand, the following chapter highlights the theoretical
underpinning and body of knowledge on the recycling of REE and supply chain
resilience.
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Chapter 3: Theory

3.1 Summary of Literature Review and State-of-art

The Rare Earth Element extraction process is a complicated method. It has found
several applications in metallurgical processes in recent decades due to its unique
physical and chemical properties. The use of these elements helps to develop advanced
manufacturing processes. This paper helps to balance the life cycle sustainability
assessment and exact dimensions for recycling methods of REE from primary and
secondary sources. Different types of recovery methods for REE help to meet the
current and future demand. The primary sources of Rare Earth Elements are several
minerals and secondary sources of this are electronic waste, industrial waste, coal ash
etc. The State-of-art of the study is to analyse the recycling process of Rare Earth
Elements. The theoretical literature helps to find the exact way of extracting REE at a
low cost and also makes abundant changes in advanced manufacturing. Duchna and
Cieslik, (2022) have presented in their study the growing demand of these elements for
new technology throughout the world. Therefore, it needs to maintain a proper supply
chain which is a highly developed economy and participation in the development of
advanced manufacturing.
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Figure 4: REE consumption in worldwide (Source: Duchna and Cieslik, 20222)

3.2 Chosen topic

REE recycling is an essential method for building a resilient advanced manufacturing
process. It mitigates supply chain vulnerability, promotes circular economy and
minimises environmental impacts (Gkika et al., 2024). For example, strong magnets,
which are used in electric vehicles, turbines, and electronic gadgets, come from REEs.
The resources of the critical elements are not evenly distributed throughout the world,
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which creates geopolitical tension. The recycling of REE can mitigate the reliance on
areas with high constraints of REE. Due to the supply restrictions, REE became
commercially scared, but the product demand has increased in regional markets. REEs
have significant corporate social responsibility issues for different multinational
organisations regarding Human Rights issues, safe labour conditions, environmentally
harmful features and production, as well as not fully solved hierarchy waste.

3.2.1 Feasibility of recycling REEs from Waste

The total contents of REE in secondary resources from waste are less than those in REE
minerals, and the recycling process is still extremely low in excavating the quest to
accomplish a circular economic program.

Deng et al., (2022) provide an example in their research paper that CFA is a by-product
of coal combustion, and the annual rate of it is 750 million tons worldwide and 500
parts per million (ppm) content of REE that is usually smaller and highly dependent on
CFA feed. In the extraction procedure, HNO3 is used to extract REE ranging from 1.6
to 93.2% from the U.S power plants. The externality of CFA depends on some factors
such as phosphate, oxides, appetite and glass faces.

Patil et al., (2022) evaluated that the recycling of Rare Earth Elements can be promoted
by political influence and enhance positive economic development. European market
of REE import minerals that develop competitive and healthy recycling processes. At
the initial stage, the primary mining prospects in the EU have the potential to open
REE mines in Norway and Sweden that help to mitigate the need for
recycling. Recycling and mining are both important to fulfil the increasing demand for
this critical element. Due to the complexity and different factors of feed separation
technology, the REE extraction process is complex and consumes energy systems.

12
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Figure 5: Recycling roots of permanent magnets (Source: Cherkezova-Zheleva et al., 2024)

Cherkezova-Zheleva et al., (2024) stated that the extraction process of REEs from
permanent magnets is complicated and leaves an environmental impact compared to
the primary resources of REE. It has huge potential for development and reaches a
high recovery rate with high environment and economic standards by following green
rules such as reducing zero chemicals, less energy consumption, mitigating waste
emissions, and less formation of toxic particles. From a recent study, it can be assumed
that hydrometallurgical and pyrometallurgical approaches are both time and energy-
consuming and costly. Additionally, it left a large environmental footprint due to the
usage of chemicals. For intense hydrometallurgical processes, leaching is a stage where
solvent extraction helps in Nd separation. Moreover, leaching is the main stage that
extracts REE components of NdFeB, and magnets need highly concentrated acids in
this process, such as H.SO4, HCL, and HNO3, as per the reaction requirement.

Establishing a robust collection system for electronic waste, including the collection
sector, a drop of point, and building partnerships with manufacturers that can help to
facilitate the collection of REEs. A robust collection of REEs needs proper
infrastructure for efficient recycling. Without proper infrastructure, it is not possible
to extract critical materials from electronic waste often, it ends up in landfills and
expertise to develop hazardous materials safely. The extraction needs to include a
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designated centre and also a convenient drop point that collaborates with the
manufacturer and ensures segregation and draining of electronic waste (Pyrgaki et al.,
2021). It is the initial step that reduces environmental harm and explores the recovery
of valuable material from scratch of electronics. Extracting and recycling facilities are
the backbone for getting critical elements and controlling e-waste management
(Pershaanaa et al., 2024). It plays a pivotal role in recovering valuable material from
discarded electronic products which ensures that hazardous components are disposed
of safely. Upgrading and establishing of these encouraging facilities are important to
reduce the harmful footprint towards nature and develop environmental health. It is
equipped for recycling plants not only aggregate to recover the real materials but also
prevent pollution, promoting a circular economy and conserving natural resources. In
the recycling process, there are four different technologies implemented to ensure the
efficiency and safe recovery of the materials.
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Figure 6:Production rate of REE in different countries (Source: Pathapati et al., 2023)

The key technologies are mechanical shredding and separation, the hydrometallurgical
process, the pyrometallurgical process, automation, and robotics. Pyrgaki et al.,
(2021) discussed in their research paper that at the initial stage, the mechanical
shredding machine shreds into small pieces of waste material like plastic, metals, and
glass and separates those through magnetic separation and eddy current separation. The
second method is a hydrometallurgical process, a popular chemical method that uses
chemical solutions to recycle valuable elements such as silver, gold, and copper and
minimize environmental impact. Another process is known as the pyrometallurgical
process uses high-temperature techniques to recover metal from waste by
accompanying emissions and controlling air pollution. The last REE extraction method
Is the automation process that develops precision, work safety, and efficiency while
laborers are involved with hazardous materials.
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3.2.2 High-Quality Production Process of REE

The high-quality production process of rare Earth elements is an essential part of
advanced manufacturing due to the increasing demand and multifaceted approach. Ore
processing and mining are the current production landscapes that deliver high-quality
critical materials.

Ore and mining processing

As per the research it has found, Bastnaesite is the ore, found in veins and contained in
complex carbonate silicate. According to Gadea et al., (2024), the Rare Earth Oxides
consist of 75% of Bastnaesite minerals and are mostly found in the world's mountain
passes in California. It is a complicated ore containing 60% carbonate mineral, 20%
barite, 10% silica, and 10% fluoro carbonate of Rare Earth Elements. The largest
known occurrence of the critical metal is located in the Baotou complex deposit in
China. The main REE ore is Bastnaesite contain 73% REO and 69.4% monazite.
Bastnaesite is abundant as monazite and has an average grade of ore of 5-7% and
28.32% Fe. Other major minerals in this ore are barite, silicates, fluorite, and calcite.
In adherence, the total receive of REO contains ore deposited in these three regions and
36 million tonnes which constitutes 80% of this world. A small number of this product
is collected from Northern Vietnam. For instance, Dong Pao deposit of barite, iron,
fluorite, manganese and hydroxides with REO contents between 5-14%. In this
mineral, where fluoride and bastnaesite sites are interlocked, the contamination of best
nice is observed below 15um.

Elements | Presence in the mineral Bastnaesite (%0)
La 33.3

Ce 49.2

Pr 4.3

Nd 12.0

Sm 0.8

Eu 0.1

Gd 0.2

Th 160 ppm
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Dy 310 ppm
Ho 50 ppm
Er 35 ppm
Tm 8 ppm
Yb 6 ppm
Lu 1 ppm
Y 0.1

Table 3.1: Chemical composition of Bastnaesite mineral

Separation and Extraction

There is a method to get REEs from ore called acid leaching, is the stage of
Hydrometallurgy. Based on an examination of the chemical process, REEs have been
extracted efficiently. The acid-leaching taste is one of the efficient methods that help
extract critical metal by using non-magnetic fractions of minerals. The experiment was
completed in Erlenmeyer flasks under a magnetic stirring with a solid and liquid
material ratio of 1/6 and the screening speed should be 400 RPM. As per Tamayo-
Soriano et al., (2024), research paper, the first series consisted of a leaching experiment
using several acid solutions such as HCL, H2SO4, H3PO4, and HNOs. Consequently, in
the second series the experiment was performed with the dissolution of Ce and La as
per the time convenient, and the heat was evaluated. In this process, HCL and HzPO4
were used and the best result was in the first series. Finally, in the third series, it is
accomplished by using HCL at temperature difference to determine the activation
process of energy in an agueous medium.
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Figure 7: Extraction percentage of La and Ce using a different acid solution (Source: Amine et al., 2019)

Consequently, Amine et al., (2019) already documented that the Leaching test has been
carried out with distinct concentrations of HCL, H3PO4, and H>SOs4. The main
objective of this process is to determine the concentration of the acid solution that
dissolved REEs and compare the leaching trials with the extracted amount of that
critical material. It helps to demonstrate the best result with hydrochloric acid (HCL).
This process is the best extraction process where 50% of extraction is determined
within 1 hour and leaching with phosphoric acid (HsPOs) is permitted by obtaining
extraction near 50% as well. This result has reached a high concentration of 2.3 M. On
the other hand, the extraction process with sulphuric acid (H2SOa4) only delivered 45%
of the critical elements.

Tamayo-Soriano et al., (2024) derived some equations in their paper regarding the acid
test and also presented the HSC software test report. The principal reaction of Rare
Earth Elements experiment with sulphuric acid during the leaching tests the reaction
gives free energy obtained from the software. The chemical compound separated from
the formula of the particle,

2CeP04+3H,S04=Ce»(S04)*+2H3P04

2LaP04+3H2S04=Lay(S04)3+2H3P04

From the result of HSC software tests, the maximum high quality of Ce and La
dissolved when the treatment was completed with HCL and HzPO4 and developed the
following chemical reactions:

CePO4+3HCL=CeCl3+H3P0O4
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LaPO4+3HCL=LaCl3z+H3PO4

CePO4+H3PO4=CeH2P0O4*

LaPO4+H3POs=LaH2PO4*+ +HPO4*

In the above reaction, species can predominate under a selective condition with a
particular acid that is used in the Medusa software test to check La and Ce molar
concentration and explore chemical analysis. The temperature of this reaction was 25
degrees Celsius and the molecules were found as CeCI?>* and LaCI?*.

So, the reaction can be rewritten as

CePO4+3HCL=CeCl2+ +2CI" +H3PO4

LaPO4+3HCL=LaCl,+ +3Cl" +H3PO4

From this reaction, the dissolution of La and Ce is thermodynamically possibly
considered in the present work and gives efficient results to extract REEs.

3.2.3 Improvement of supply chain resilience of REE

Supply chain resilience of Rare Earth Elements is an integral part of advanced
manufacturing. To mitigate primary dependency production, it needs a comprehensive
strategy to increase the availability of these critical minerals. Geopolitical
considerations play a vital role in mitigating the REE crisis and exploring the usage of
high-quality products.

Increasing the demand for critical minerals is forcing a focus on supply chain
efficiency. In the past few decades, the critical minerals market size has doubled to 320
billion US dollars which helps to understand the importance of this product in advanced
manufacturing. Based on the availability, China has a long strategy and asymmetric
advantage in a critical mineral field that can help to boost the supply of this product.
As per the report of Goldman Sachs, China contains 85 to 90% of global REE mines
and 92% of the global production of REE magnets. This country focuses on refineries
and can recycle 68% of Cobalt, 65% of Nickel, and 60% of lithium for this world
(Goldmansachs.com, 2025). For this reason, most of the electronic components such
as electric vehicles, and battery cells are made in China. 75% of battery
components, 57% of the world's electric vehicles, and 71% of battery cells are
manufactured in this country. Using advanced technology such as blockchain helps to
increase transparency and traceability, tracking the flow of critical minerals from the
mine.

Blockchain technology is an important tool that leverages supply chain management

by using transparent logs, immutable ledger, and traceability features. The features of
blockchain help to mitigate internal obstacles and prevent product loss. Blockchain is

18



an ethical technology that helps to maintain minors' working conditions, ensure the
traceability of products, working hours, and sustainable processing of ore. REEs are
used for the production of electronic devices and PVs that can be traced by their origin
and attract an efficient chain from supplier to manufacturer. Blockchain technology is
a game changer in increasing the supply chain efficiency of REEs. It delivers
transparent and immutable records for ethical mining and observes the movement of
labor practice. It also provides a safe environment for the worker with proper
equipment and tools and being paid fairly. All the features of blockchain are
accountable for their action and make history for future development. The solution
belongs to a certified authority to verify the quality of manufacturing
products, authenticity, and resources.
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Figure 8:Managing the flows and stocks of REE (Source: Hsu et al., 2024)

The geopolitical issue is one of the main disrupted elements that create obstructions in
the supply chain. With the growing demand for electronic vehicles, green technology,
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and wind turbines, the need for REESs increasing as well. To mitigate this challenge the
demand and supply of critical material has to be maintained and new methods for
depositing REEs. The critical materials market dynamic influences the occurrence of
EOS, during this period, the critical material crisis happens due to the high price.
Manufacturers are focused on mitigating this reliance issue and enhancing the
flexibility of supply for this product. By considering, the market dynamic this
component needs a sustainable recovery from the recycling method.

According to Liang et al., (2024), deficiency of the bio-leaching process is used in
recycling REEs from different e-waste streams. Researchers have successfully reached
the aim of extracting critical elements from electronic waste, such as fluorescent lamps,
where phosphorus is used. Using levulinic acid, the efficiency of the leaching process
increased and extracted 98.7% of the product. In adherence, Gluconobacter Oxydans
has represented to extract REEs and spent fluid catalytic cracking with the help of
leaching process. In the development context, to enhance the cost-effectiveness and
sustainability of the bio-leaching process, researchers used agricultural waste as a
substrate for fermentation. It shows that oxidants generated from potato waste enhance
the leaching process effectiveness in REE recovery. As per the techno-economic
analysis, a corn stover plant has a 20% lower total cost than a potato wastewater
plant. Biochemical technology is a green technology that offers an alternative to
conventional hydroelectrical methods for

F\‘ii\‘.lf.nnr;;arl}snw

Dismantling, crushing, - 2
: S
grinding, and screening e

® O REEs

Leachate

: Electronic waste E-waste particles

Bioleaching reactor

Key factors influencing
Temperature, particle size, pH value, medium
composition, and microbial species.

Figure 9: Bioleaching process to recover REEs (Source: Liang et al., 2024)

recovering critical materials from e-waste. By harnessing the power of biology, the
microorganism can play a dynamic role in reducing energy consumption and mitigating
the use of hazardous chemicals. The efficiency of this advanced chemical process
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depends on several factors such as microbial strains, process parameters and type of
e-waste. Depending on this result, future research must focus on optimising the
biological condition and improving microbial consolidation to become specific
regarding the e-waste stream. Focusing on the potential synergies between sustainable
technology and biology like bio-reduction or biosorption that associate to increase
efficiency and recover selective Rare Earth Elements from e-waste.

In advanced technology, the hydrometallurgical technique played a vital role in
extracting and purifying these critical elements. E-waste physical enrichment and
separation is a hard process that consumes a lot of money and time. The principles of
the leaching process, preparing a solvent extraction, adopted innovative and eco-
friendly approaches that enhance the way of recycling these critical elements and
provide a circular and sustainable economy. The demand for REE continuously grows,
and it will be critical to ensure its stable and environmentally responsible supply.

3.2.4 Literature gap

The topic of recycling Rare Earth Elements is an experimental method that needs a
clear explanation of laboratory scale. Many studies have focused on the small-scale
recycling process but have not been able to optimise the scalability of this method for
industrial use. This process may help to enhance the reliability of the REE recycling
technique. Most of the studies documented a lack of comprehensive life cycle
assessment or environmental sustainability that compares the environmental and cost
impact on recycling versus new material mining. However, the study may feel the gap
by delivering the economic model and provides chemical reactions of several stages
for the hydrometallurgical method.

Theory-based insights form the basis of practical evaluation. The following chapter
presents evidence from the analysis of the literature and tested data.
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Chapter 4: Result

4.1 Result of the study

This qualitative study analysis reflects the feasibility of recycling rare earth elements
to prevent waste generation in production. From the analysis, REEs are found in low
concentrations and chemically similar. Evaluating the cost-effectiveness and efficiency
of multiple separation techniques is crucial. Based on the findings, the environment-
friendly technology, such as the acid-leaching test, is the most advanced separation
method that should be assessed (Netl.doe.gov, 2025). In this study, water stream
characterization has been completed to understand the composition of REE. According
to Gkikaet al., (2024), rare earth elements can be collected from electronic waste, spent
magnets and industrial byproducts. Differentiation in waste composition has
influenced recycling efficiency. Fluctuation of the price can also influence the
electronic viability of the recycling process. From the finding, it can be

understood that the uses of REE play a vital role in green technology to establish a
strong incentive for improving sustainable recycling solutions. Technological
advancement is continuously developing and improving cost-effectiveness for the
entire recycling process. As per Liang et al., (2024), electronic waste contains the most
valuable element. Depending on various high-tech applications, it is possible to recover
those REEs, and it is a sustainable resource. This review provides an overview of the
occurrence of critical elements in electronic waste and discusses both emerging green
technology and conventional technology for their recovery. In advance manufacturing,
the uses of the critical material are rapidly growing, and conventional methods are
adapted for the physical separation of these. Apart from this, it can be identified that
hydrometallurgy is the most powerful separation method, while innovative approaches
such as supercritical fluid extraction, ionic liquid extraction and the biological
extraction process are used. All of these methods are environmentally sustainable and
deliver a clear insight regarding the extraction. The study also focused on both primary
and secondary resources of REEs and decided that while the second resource is more
effective and easily available, the primary resources can be overlooked due to
expensive extraction methods. The primary source of critical elements is natural ore,
which is not easily available. However, secondary sources like electronic waste,
industrial by-products and industrial residues are easily available, and a cost-effective
recycling process can be adopted. This research paper has identified several methods
of recycling, and the most powerful recycling method is hydrometallurgy. This
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separation method includes a leaching agent and optimises the entire process to
increase overall efficiency and sustainability of REE recovery from electronic waste.

4.2 Analysis

The study also focuses on the supply chain of the rare earth element and mitigating
primary production deficiency, including a multifactor approach. The study has
highlighted geographical diversification to reduce reliance on a single dominant and
produce by developing and exploring REE in different locations. It involves processing
and mining interest structure in countries with untapped REE reserves. To achieve the
primary resources of the critical elements forming strategic partnership with the nation
and maintain REE potential. The demand for the critical elements has increased in the
present situation. Investigating the high-quality production process of rare earth
elements to achieve the demand of advanced manufacturing is a complicated
endeavour. It needs a deep dive into the supply chain system from mining or recycling
to the final processing. This paper documented the separation technique of REE;
however, the most common and effective method is the hydrometallurgy acid leaching
process that delivered 50% recycling material, and it is the highest number of returns.
This advanced preparation technology uses traditional solvent extraction and manages
chromatography to achieve the highest amount of REEs.

The Global production of critical elements is dominated by China, which meets 70%
of world supply (Ibcmrt.com, 2025). This supply poses to the global supply chain
especially due to the geopolitical division and export restrictions. The connection of
supply chain effort comes from multiple sources, including the extraction and recycling
of REEs through conventional sources.

In the extraction process through the hydrometallurgical technique, it plays a vital role
in getting pure REEs from electronic waste and also helps in physical separation and
enrichment. With the help of leaching solvent extract REEs by adopting an innovative
approach. The hydrometallurgical process is also eco-friendly and more sustainable in
the circular economy. As the demand for critical elements continues to grow, the
development of the hydroelectrical process is immediate and ensures a stable and
environmental response in the supply chain of these critical materials. This process has
divined the characteristics of metal by dissolving it in water however, each process is
tailored to the material. It is the way a particular metal can be converted into the host
rock as per the consumer's need. Based on the analysis, the study has established that
the hydrometallurgical process with hydrochloric acid gives the most satisfactory result
in rare art element extraction or recycling.
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al., 2023)

By reviewing the qualitative sources, the study has highlighted some challenges
towards modern technology that has been an enquiry and culminating for continuous
growth of usage of critical element. The primary resources such as monazite, xenotime
and bastnasite 78% dominated by China. Due to the exotic exploitation, the future
availability of these products may face issues as per global concerns. The recycling of
End-Of-Life products contains these rare elements and waste streaming in mining. The
logical method also includes secondary resources, which is the best alternative for
getting these rare elements. Among the frequently used processes, metallurgy has
become one potential method due to high selectivity and simple use and maintenance.
The study briefly highlights the update of extraction and separation technology through
acid tests. Hydrochloric acid (HCL), Phosphoric acid (H3PO4) and sulphuric acid
(H2SOg4) are used in the REES' extraction process. As per the previous research of
Tamayo-Soriano et al., (2024), H,SOs is the less effective acid that extracts the critical
materials; on the other hand, hydrochloric acid and phosphoric acid are the most
effective acids that deliver 50% of materials during the recycling process in the acid-
reaching method. The acid leaching process is efficient and economical towards green
method and enhance opportunity of extraction of REEs from secondary resources.
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Figure 11: Stages of the hydrometallurgical process from primary resources (Source: El Ouardi et al., 2023)

Hydrometallurgy is the process of recovering valuable metals from secondary and
primary resources (Asadi Dalini et al., 2021). In recent decades, the metallurgical
industry has been searching for alternatives to the hydrometallurgical method, as it has
some inherent advantages associated with hydrometallurgy. Many years ago, this
process, including leaching, solvent extraction, precipitation, and resin ion exchange,
was implemented to extract copper from waste material. Hydrometallurgy is an
application that uses an aqueous solution for metal recovery from ores (Han et al.,
2024). In the present decade, this method holds the position of concentrated technology
to extract REES from concentration and is readily extracted by an appropriate aqueous
solution. This method essentially has low air pollution potential from the sulphur
mineral that comes from ores.

Recent technological developments in hydrometallurgical recovery prove that
hydrochloric acid (HCl) and phosphoric acid (HsPO.) are the best leaching reagents
used to recover rare earth elements (REES). Extract recoveries of lanthanum (La) and
cerium (Ce) were 50% after one hour under laboratory conditions using 2.3 M HClI,
which validates the high reactivity and compatibility of the acids to recovery under
large-scale plant conditions. For comparison, sulphuric acid (H.SO4) only achieved
around 45% recovery under the same conditions. The evidence confirms the contention
that acid leaching, especially utilizing HCI, is not just efficient but also scalable with
regards to secondary sources of REE like e-waste and phosphates

Environmental advantages further support the option of acid leaching in the recycling
of REE. The thermodynamic suitability of Ce and La dissolution under HCI and H;PO4
conditions has been confirmed by computer-based chemical modelling (e.g., Medusa
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and HSC tools), which has demonstrated effective pathways of separation and
negligible formation of toxic by-productsThese reactions are carried out best at ambient
temperatures (25°C), minimizing energy consumption compared to pyrometallurgical
methods. Another area of utmost importance is the environmental and economic
sustainability of recycling of REE from waste streams like coal fly ash (CFA). The
content of 500 ppm of the REES has been reported by Deng et al. (2022) in U.S. power
plant CFA. Extraction of 1.6% to over 90% of the feed was achieved by the leaching
process using HNOsThe variability here emphasizes the need to adjust leaching
parameters to waste characteristics to achieve optimal yields at a cost that remains
affordable.

Hydrometallurgy continues to be the most industrially developed and ecologically
sound method. Asadi Dalini et al. (2021) and Han et al. (2024) highlight its minimal
potential for air pollution and suitability for primary and secondary sources. With
procedures like leaching, solvent extraction, and ion exchange, the method allows the
recovery of valuable metals, including the REES, to a very high purity with minimal
environmental disturbance China has a strategic lead within the supply chain in REE
production, holding over 85% of the world's mining and 92% of the world's magnet
manufacturing. Concentration makes supply chains around the world vulnerable to
geopolitical and trade hazards. Recycling from electronic waste, magnets, and by-
products of industry then presents a distributed sourcing option that strengthens
national security and reduces dependency on material sources

High-quality manufacturing procedures are vital in applications of advanced
manufacturing. As indicated by Gadea et al. (2024), bastnaesite, a key REE-bearing
mineral, contains greater than 70% of REOs and is best suited for refining. Nonetheless,
recycling techniques like hydrometallurgy provide similar or even greater purity if
optimized. For example, leaching HCI-concentrated NdFeB magnets results in
neodymium that can be recycled back into high-performance magnets, eliminating the
necessity of new ore excavation. New recycling technologies are under trial to enhance
recovery and sustainability further. Techniques like microwave-assisted leaching, flash
Joule heating, and bioleaching are promising, although they are yet to be firmly
established at commercial scale. These combined with conventional hydrometallurgy
could open the way to greater efficiency at reduced cost to the environment. Overall,
evidence from the case studies and data subjected to review substantiates the perception
that recycling of REE via hydrometallurgical methods of acid leaching by HCI or
HsPO. is technologically achievable, eco-friendly, and cost-effective. These results
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directly contribute to the study's overarching goal of confirming that recycling of REE

can match the quality and sustainability requirements of contemporary sophisticated
manufacturing systems.

Findings highlight key trends and lacunas in recycling of REE. These are discussed
further and put in context within the subsequent discussion chapter.
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Chapter 5: Discussion

By reviewing all the secondary resources, in chapter 2, it has been identified that the
current commercial recycling method for getting REEs has increased the rate and
mitigated the environmental footprint. Depending on hydrometallurgy, it becomes
easy to achieve the highest recovery of valuable material such as Cobalt, Nickel, and
lithium compared to the pyrometallurgical method. Both types of recycling processes
involve high temperatures (Pyrometallurgy) and high use of chemicals
(Hydrometallurgy), which create environmental issues and operational costs.
Recycling of the critical element practice has established a sustainable production
pattern and set recommendations for encompassing environmental, economic and
social considerations. For mitigating the environmental impact through the
hydrometallurgical process, the chemical consumption should be reduced. By
analysing different testing methods, the study has offered a greater idea to develop a
closed-loop hydrometallurgical system that reuses and recycles water and chemicals.
Additionally, the leaching test should be utilised with an environment-friendly agent,
e.g., organic acid and bioleaching, to replace the use of strong mineral acid (Ghosh et
al., 2023).

Therefore, advanced emission control technology should be implemented to mitigate
air pollution and utilise the slag and by-products coming from industrial waste. Apart
from this, it can be understood that implementing blockchain technology has led to
tracking valuable material throughout the supply chain from mining to recycling. This
process helps to promote transparency and recycling activity. Moreover, this recycling
needs a lot of investment to improve the extraction technology, and it is the segment
that people need to focus on.

In section 3.2.3 the discussion has been done that China's overwhelming control in the
REE market, processing 85% to 90% of global mines and 92% of global REE
production, it built a significant primary dependency risk for the rest and making the
supply chain vulnerable due to the potential disruption and geopolitical decisions.
Political issue is the major disruption factor in the critical elements supply chain
(Kanike, 2023). This dependency builds a strategic vulnerability for another country,
especially for the industry. In recent decades, the growing demand for REE has created
a critical mineral market size and has also created a necessity to meet the needs for
advanced manufacturing. The dynamic nature of the critical elements market and the
potential of the end of the supply crisis led to the high price, which creates supply chain
instability.
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Diversifying REE mining and production outside of China mitigates the primary
dependency. Additionally, find the limitations and risks associated with the primary
mining, which strongly advocate for developing robust recycling and implementing
different e-waste streams. The recycling capability of China for another mineral, such
as Cobalt, Lithium and Nickel, serves as an example. Advanced technology such as
blockchain is a significant tool that enhances REE supply in resilience and establishes
a feature of transparent log (Chadly et al., 2023). In the development context, the
supply chain of the critical material has to be maintained with traceability and
transparency and allowing stakeholders to track the flow of materials from mining to
manufacturing. Maintaining accountability is an effective way that promotes ethical
sourcing and mitigates product losses. Enabling the tracking of miners' working
conditions, sustainable processing and working hours, is potentially addressing and
developing consumer preferences.

Initially, it needs to actively seek and develop alternate sources of REE mining and
process those materials outside China. Prioritising and developing the scaling of a
sustainable critical material needs to focus on the recycling process. It includes
advanced hydrological and bio-leaching techniques. Implementing blockchain
technology, the ethical practice has been improved and continues to support the
research to extract critical material (Wilson et al., 2024). It's extract from alternative
sources rather than using the recycling method. The influence of geopolitical factors
causes instability in the REE supply chain.

Manufacturing is a spectrum that can play a vital role in improving the recycling
process of rare earth elements. In the development context, the design of the product
can be simplified with fewer REE-containing components to make the process easier
and facilitate the recycling process. The organizations which are involved in recycling
rare earth elements should focus on collaboration with research institutions and
universities. People can search the ways in their learning, and can get positive results
through the research process. Additionally, invest in a pilot project to check new
recycling technology and scale up industrial applications with time. The recycling
industry can establish a partnership with other industries to get waste material easily
and create a more integrated, efficient recycling ecosystem. Managing procurement
policies that are beneficial for the supplier and create a market demand for secondary
sources of REE. Implement employee development training to convey to them the
importance of REE recycling and properly handling e-waste.

In conclusion, that takes have represented a clear view regarding the critical mineral
for advanced technology. Supply chain is heavily dependent on a single notion, that
increasing demand. The proposed solution emphasises a multifaceted approach for
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diversification and technological innovation. The advanced recycling process is a
sustainable source of REE for the future. The collected secondary data support the
notion that REE recycling is no longer a peripheral activity but secures a sustainable
supply chain for advanced manufacturing. Mitigating technology and economic
challenges in REE recycling through continued innovation and strategic investment by
reducing geopolitical risk and promoting atmospheric sustainability. This process
helps to ensure a long-term availability of critical material.

It is crucial to emphasize how recycling of Rare Earth Elements (REEs) can be
improved to achieve the quality standards of sophisticated manufacturing. Although
the recovery of REEs by current recycling processes like hydrometallurgy and
bioleaching is promising, maintaining purity and quality of the recycled REEs is a must
to reuse them in high-performance applications (Binnemans, et al., 2013). Advanced
manufacturing industries like renewable energy, electric vehicle, and aerospace require
materials that have exacting technological specifications. It is, therefore, crucial to
enhance the refining process and insert quality control measures into recycling to make
the recovered materials meet the specified requirements. Further, enhancing design for
disassemblability and standardisation in the manufacturing of products can go a long
way in making recycling easy and enhancing material recovery. Primary dependency
on China can be addressed by not just diversifying the sourcing of REEs but also by
developing indigenous capabilities that combine recycling with local supply chains.
Industrial symbiosis, where waste from one segment becomes a raw material to
another, can enhance access to secondary sources of REEs and facilitate a circular
economy. It is through government policies and procurement practices that a market is
created for recycled REEs and ethical sourcing is incentivized (Kang, et al., 2023).
Training and sensitization of workers and public education programs can enhance the
efficiency and safety of recycling and collection of e-wastes. Further, technological
solutions like automated sorters, Al-based material classification, and blockchain-
enabled traceability must be prioritized to enhance transparency of operation and
traceability of materials. These are measures that are complementary to the research
focus by enabling a resilient and sustainable supply chain, minimizing the generation
of waste, and ensuring rigorous quality of production. It is the combination of
technological innovation, policy formulation, and circularity of practices that will drive
the recycling of REEs from the periphery to the centrality of sustainable sophisticated
manufacturing.
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The chapter brings together key conclusions on sustainable recovery of REE. The
study's concluding chapter summarizes results versus goals and identifies ways
forward.
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Chapter 6: Conclusion

6.1 Summary of the conclusion chapter

The theoretical perspective of the Rare Earth Element recycling process in advanced
manufacturing has played an integral role in emphasising the urgent need, which is an
innovative step. It is efficient and environment-friendly, and able to reach the growing
demand. The study is actively exploring several chemical and physical methods to
move towards a sustainable and circular approach, which is coupled with
environmental and economic assessment for these critical materials. The extraction of
REE has maintained modern technology, which follows advanced manufacturing and
green energy. The supply of this critical material has increased and mitigated
geopolitical risk. Reducing environmental impact, recycling of REES is crucial for
preventing radiance on primary mining and promoting the circular economy.
Moreover, rising demand and potential supply shortages have created in critical
material sector, which is increasing the economic incentive for providing efficient
recycling technology. An efficient recycling method can also prevent the REE balance
problem and produce sufficient material as needed in advance of manufacturing.

6.2 Linking with objectives

o Feasibility of the recycling process of REE to prevent waste

Recycling of critical elements helps to prevent waste, is feasible and enhances the
significance of environmental sustainability and improves supply chain
security. Consequently, significant economic and technical challenges exist in going
into research and development when the innovative recycling technology has been
implemented with supportive policies and infrastructure. It helps to develop a clear
path towards a higher REE recycling rate and develop a circular economy. The
economic viability has developed as the primary source of the critical elements and has
become a constraint and environmental cost of mining, for further internalised. The
recycling process has grown as a secondary source of rare earth elements and reduces
the dependency on limited primary sources, which mitigates geopolitical risk which
has associated with the supply chain. The recycling process of rare earth elements
maintains a principle of circular economy and keeps the valuable material for use
longer and minimises waste.

o Supply Chain Resilience of REE by preventing dependency on production
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The recycling of critical elements is a critical pathway for increasing supply chain
resilience by mitigating dependency on primary production. It has continued to
develop technology and sheep towards a circular economy, which is a significant
method to unlock the full potential of recycling critical elements. It helps to ensure a
more sustainable and secure supply of these materials. The natural sources of REE
mining are geographically concentrated and environmentally damaging. The recycling
method offers a diversifying supply, reduces reliance, and recovers REES from
electronic waste, which requires to development of new mining projects. Additionally,
the developing domestic recycling sources are also capable of empowering the nation
and providing a secure portion as secondary sources of REEs. The increasing demand
for the critical element is driving towards green technology and making the recycling
process economically attractive. It is valuable material extracted from waste and can
reduce the cost which build new economic opportunities. It is a stable supply of
recycling and delivers a buffer against price fluctuations in primary production.

e High-quality REE production to meet the needs of advanced

manufacturing

Meeting the high-quality production of critical elements needed for advanced
manufacturing requires a continuous effort across the value chain. It ensures the
sustainable and ethical Sourcing, separation technology and innovative extraction
Technology refining and establishes a Brazilian supply chain that addresses the critical
material balance problem. By analysing the study, it has been found that the
hydrometallurgy technique has played a vital role in supporting the growth and
advanced manufacturing, which also delivers a clean energy technology. Advanced
manufacturing has increased the demand for critical materials with a lower
environmental footprint that influence ethical Sourcing. The traditional mining and
processing have significant environmental consequences that are associated with
improving and scaling up rare or elementary processes.
6.3 Recommendation

In advanced manufacturing, the recycling of Rare Earth Elements should be prioritised
due to the opportunity of green technology and frame REE recycling within a closed
loop system. Enhancing the resource efficiency, the economic viability and waste
reduction should be the secondary resources of the critical element. Analyse the flow
of industrial process and supply chain, it can be recognised as a leverage point for
intervention and establish a clear optimisation for material recovery. It is
interconnected with technical, environmental and economic factors that can influence
Rare Earth Element recycling. The recycling process should adopt a holistic approach
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and maintain a perspective level. It involves analysing and influencing the entire life
cycle of the critical containing product. From material selection and design to use the
end-of-life management, a holistic approach can be suitable for the extraction process.
Additionally, the process can drive innovation in REE extraction and separation
technology, which can explore novel chemical processes like pyrometallurgical and
hydrometallurgical techniques. The bio-based method and the advanced technology
may establish a clear membrane for separating the solvent. Analyse the economic drive
and can take initiative to support the critical element recycling through advanced
manufacturing. It includes examining the role of the market, international agreements
and government regulation that can take responsibility to meet the need of REE. The
integration of ethical and social perspectives may establish a discussion of REE
recycling that includes a social impact and develops a primary element of production.
The ethical implications of resources influence the potential for recycling and can
contribute to a sustainable supply chain. Boosting recycling of REE using new
technologies, quality control, and policy incentives is crucial to achieve sustainable and
high-performance manufacturing. Minimizing reliance on primary sources and
optimizing circular practices ensures supply chain resilience. Implementation of
innovation through ethical sourcing will make REEs a key part of future manufacturing
sustainability. The conclusion reiterate the relevance of eco-friendly recycling of REE.
The next chapter describes areas of research and technological development to pursue.
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Chapter 7: Future scope

7.1 Futuristic scope

The future scope of REE recycling for advanced manufacturing is essential and
brightens the future needs. It will be prioritised by technological innovation and move
towards a circular economy. A significant environmental and social benefit will
increase economic viability. The recycling process transitioned from a niche to the
cornerstone of the REE supply chain. Developing the recycling prospect helps to ensure
the continued growth and development of the advanced manufacturing industry
throughout the world. In the future perspective on advanced manufacturing, it will rely
on robust and efficient recycling of the critical elements. It helps to drive a supply
security concern, a technology breakthrough and environmental responsibility. In the
sector of innovation and significant growth, these robust changes played a significant
role. Overcoming challenges that influence collaborative effort and investment will be
crucial to unlocking the full potential of steering and REE recycling for the critical
material. The future of the rare earth element recycling in advanced manufacturing is
poised for substantial growth. It will be driven by enhancing demand, environmental
concerns, supply chain risk, and technological advancement. The future research will
focus on the development of more efficient and environmentally friendly methods and
an innovative solvent extraction technique to recover and separate individual critical
elements from complex waste. It will increase the adoption of circular economy
principles by designing products for easier recycling and material recovery, including
REEs, and it will create a closed loop system for reducing REE’s primary resources.
Noting the bright future of REE recovery from recycling, the concluding critical
appraisal analyses the project's strength, weaknesses, and overall contribution to the
subject.
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Chapter 8: Critical review

The recycling of critical elements from advanced manufacturing waste is a critical and
multi-factor topic which encompasses significant challenges. REE are mostly in
disciplinable and numerous in advanced manufacturing that include permanent magnet,
phosphorus, alloys and catalyst. Demand for the technology for geo-political and
environmental concerns associated with the critical element mining. The extraction
process of the critical element involves using the aqueous solution to extract REE from
the waste. The advanced innovation has focused on developing environmental friendly
and selective leaching agents such as ionic liquids and organic acids. It is a high-
temperature method that can recover from certain waste streams and requires
significant energy to generate hazardous byproducts. The hybrid approaches
established a combination of pyrometallurgical and hydrometallurgical steps that are
also being explored. Depending on the innovative method, the selective extraction
process maintains continuous chromatography. The flash joule heating shows promise
for efficient and high-purity REE recovery. The biotechnology approaches also use
micro- and leaching to separate REE under an efficient investigation. The diverse range
of Rare Earth Elements contain product needs a tailored recycling method to develop
a universal and cost-effective solution. It is a primary mining and especially REE
concentration for complex material matrices. The process has established a melting and
efficient collection system for the end-of-life product, which contains a significant
logistical hurdle. Depending on the literature, it can be understood that the separation
system influences the quantity of the REE during extraction. Implementation of design
principles has facilitated the recovery and disassembly of REE from the end-of-life
product. It needs a collaboration between the manufacturer, policy maker and recycler.
It helps to develop a method to track the clarity and recycling of the critical element to
ensure the quality and facilitate the integration process of the supply chain. The
blockchain technology has established a potential solution that improves traceability of
the recycling process for Rare Earth Elements. The recycling process of advanced
manufacturing is not merely environmentally imperative but also establishes a strategic
necessity for the sustainable and secure supply. The significant technological
challenges are ongoing research that increases industrial interest and provides an
outlook that promises. A concentrated effort involves collaboration and innovation for
the supportive policies to translate towards a circular economy in advanced
manufacturing.
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Appendix 1: Table 1. Name of REEs, their usage and country

availability

ELEMENT USES COUNTRY

Allanite In the production of Computers, smartphones and | USA, Russia, Canada and
other electronic devices, Norway

Apatite Manufacturing of various Chemicals, including | China, the United States,

phosphoric acid

Morocco, Vietnam, and Russia

Bastnaesite

Manufacturing catalysts, ceramic products, glass,
magnets and leasers

USA, Vietnam and China

Eudialyte

Ore of zirconium, Gemstone and geochronometer

Canada, Greenland Russia, and
Brazil

Fergusonite In producing renewable energy, automotive sector [ Norway, Canada, United
and making electronic devices States, Russia, China
Gittinsite Work as mineral detector and collector Canada, Quebec
Limoriite In iron ore and Water treatment process Australia,  Brazil,  United
States, India, Russia, China
Kainosite Catalyst in chemical production, Glass production | Norway, Russia, Sweden,
and modern electronics Austria, the United States and
Italy
Loparite In the aerospace industry Russia
Monazite In nuclear energy and in modern electronics India, Australia, Brazil,
Vietnam, Malaysia and China
Mosandrite In the production high performance magnets and | Norway
ceramics
Parasite Create wearable electronics without batteries United States, South Korea,
and Japan
Pyrochlore Nuclear waste immobilization, catalyst and thermal | Brazil, Canada, Russia,
barrier coating Australia, and China
Rinkite In high-tech applications Greenland, Russia and Canada
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Streenstrupine

In manufacturing high-strength magnets, catalysts
and the Aerospace industry

Greenland

Synchysite In making speakers, hard drives, electronic gadgets, | China, USA, Vietnam and
Automotive and Aerospace industry Canada

Xenotime Apply to nuclear reactors and in manufacturing | Norway, Sweden, Australia,
Electric vehicles, wind turbines etc. Brazil and the USA

Zircon In refrigerator lining, used in valve seats, pump seal | Australia, South Africa, China,

and bearing

Vietnam
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