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Abstract

Rare Earth Elements (REES) are critical components in various high-tech industries due to their unique
chemical and physical properties. The extraction of REEs from mineral ores presents significant
technical challenges due to their low concentrations and the complexity of the ores. This review
explores recent advances in extraction techniques for REEs, focusing on innovations in
hydrometallurgical and pyrometallurgical processes, environmentally friendly extraction methods, and
emerging technologies. The paper synthesizes current research findings, highlights the advantages and
limitations of different techniques, and discusses future directions for improving the efficiency and
sustainability of REE extraction.
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Introduction

Rare Earth Elements (REEs) are a group of 17 elements, including the 15 lanthanides plus
scandium and yttrium, which are essential for numerous high-tech applications such as
electronics, renewable energy technologies, and defense systems. Despite their name, REES
are relatively abundant in the Earth's crust, but their extraction is challenging due to their
dispersed occurrence and the complexity of the ores. Traditional extraction methods often
involve environmentally damaging processes, highlighting the need for more efficient and
sustainable techniques. This review provides a comprehensive overview of the recent
advances in extraction techniques for REEs from mineral ores, examining both established
and emerging technologies.

Objective of the study
The objective of this study is to review recent advances in extraction techniques for rare
earth elements from mineral ores, focusing on improving efficiency and sustainability.

Hydrometallurgical processes

Hydrometallurgical processes involve the use of aqueous chemistry to extract metals from
ores, concentrates, or recycled materials. These processes are widely used for REE extraction
due to their ability to selectively separate and recover individual elements. Acid leaching is
one of the most common methods for extracting REEs from ores. This process involves
dissolving the REE-containing minerals in strong acids such as hydrochloric acid (HCI) or
sulfuric acid (H.SO4). Recent advancements have focused on optimizing acid concentration,
temperature, and leaching time to improve extraction efficiency. For instance, research by
Zhang et al. (2015) M demonstrated that a two-stage leaching process with HCI and H,SO,4
can achieve higher REE recovery rates from bastnasite ore. Alkaline leaching, using agents
such as sodium hydroxide (NaOH), is another method used for REE extraction, particularly
from phosphate ores. This technique has gained attention due to its lower environmental
impact compared to acid leaching. Studies by Xie et al. (2014) [ showed that alkaline
leaching can effectively extract REEs from monazite with high selectivity and reduced acid
consumption. Solvent extraction involves the separation of REEs from leach solutions using
organic solvents. This method is highly selective and can achieve high purity levels of
individual REEs. Recent developments have focused on identifying more efficient and
environmentally friendly solvents.
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For example, ionic liquids have emerged as promising
alternatives to traditional organic solvents, offering
advantages such as low volatility and recyclability. Research
by Abreu and Morais (2014) BI highlighted the effectiveness
of ionic liquids in selectively extracting REEs from
leachates. lon exchange is a process where REEs are
separated from solutions using ion-exchange resins. This
method is particularly useful for recovering REEs from low-
concentration solutions. Advances in ion exchange have
focused on developing resins with higher selectivity and
capacity for REEs. A study by Chen et al. (2016)
demonstrated the use of functionalized resins to achieve
high recovery rates of REEs from complex leach solutions.

Pyrometallurgical processes

Pyrometallurgical processes involve high-temperature
treatments to extract metals from ores. These processes are
typically used for extracting REEs from refractory minerals
that are difficult to process using hydrometallurgical
methods. Smelting involves heating the ore to high
temperatures in the presence of a reducing agent to produce
a metal or metal oxide. For REEs, smelting is often
combined with other techniques to improve recovery rates.
Recent research has focused on optimizing smelting
conditions and integrating smelting with hydrometallurgical
processes to enhance overall efficiency. Studies by Guo et
al. (2018) ! have shown that combining smelting with acid
leaching can significantly increase REE recovery from
refractory ores. Chlorination is a pyrometallurgical process
that uses chlorine gas to convert REEs in ores to their
chloride forms, which can then be extracted using
hydrometallurgical methods. This technique is particularly
effective for processing high-grade ores. Advances in
chlorination have focused on improving reaction kinetics
and reducing chlorine consumption. Research by Reddy et
al. (2017) 6 demonstrated that using a combination of
chlorination and solvent extraction can achieve high-purity
REE products. Carbothermic reduction involves reducing
REE oxides with carbon at high temperatures to produce
REE metals. This process is typically used for producing
REE alloys. Recent developments have aimed at optimizing
reduction conditions to improve yield and purity. Studies by
Liu et al. (2019) [l have explored the use of advanced
carbon materials, such as graphene, to enhance the reduction
process and achieve higher efficiencies.

Environmentally friendly extraction methods

The environmental impact of traditional REE extraction
methods has led to the development of more sustainable and
environmentally friendly techniques. These methods aim to
reduce the use of hazardous chemicals, minimize waste, and
lower energy consumption. Bioleaching involves using
microorganisms to leach REEs from ores. This method is
environmentally friendly and can be conducted at ambient
temperatures. Recent research has focused on identifying
and optimizing microorganisms capable of effectively
leaching REEs. A study by Brierley (2010) 81 demonstrated
that certain strains of bacteria and fungi can selectively
leach REEs from low-grade ores, offering a sustainable
alternative to conventional methods. Phytomining uses
plants to extract REEs from soil or mine tailings. The plants
accumulate REEs in their biomass, which can then be
harvested and processed to recover the metals. This
technique has gained attention due to its low environmental
impact and potential for rehabilitating contaminated sites.
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Research by Chaney et al. (2007) ! showed that certain
hyperaccumulator plants can effectively concentrate REEs
from soil, providing a novel approach to REE extraction.
Supercritical fluid extraction uses supercritical fluids, such
as supercritical CO., to extract REEs from ores. This
method offers advantages such as reduced use of hazardous
solvents and lower energy consumption. Advances in this
field have focused on optimizing extraction conditions and
developing suitable chelating agents for REEs. Studies by
Reverchon and De Marco (2006) [ highlighted the
potential of supercritical CO: for extracting REEs with high
selectivity and efficiency.

Conclusion

The extraction of Rare Earth Elements from mineral ores is
a complex and challenging process, requiring advanced
techniques to achieve high efficiency and sustainability.
Recent advances in hydrometallurgical and
pyrometallurgical processes, along with the development of
environmentally friendly extraction methods and emerging
technologies, have significantly improved the extraction
efficiency and reduced the environmental impact of REE
production. Continued research and innovation are essential
for further enhancing the sustainability and cost-
effectiveness of REE extraction, ensuring a stable supply of
these critical elements for high-tech industries and
contributing to global efforts in climate change mitigation.
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