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Abstract

ab Article Information

Rare Earth Elements (REE) are critical minerals for the global energy “ransition and for fulfilling
Sustainable Development Goals (SDGs), such as SDG 7 (Clean Energyj.tiowever, the traditional su-
pply chain, focused on primary deposits, faces significant geopolitical:and environmental challenges.
In this context, ion-adsorption clay (IAC) deposits have emerged &s the main research route for a
more sustainable REE production, aligned with the 2030 Agendea. . Despite this relevance, there has
been no systematic analysis of the scientific production ori.tiiis ‘opic in an integrated manner, from
the perspective of the entire 2030 Agenda. The objective of this swdy is to fill this gap by mapping the
synergies and trade-offs between global REE-IAC resear:h and the 17 SDGs, and contextualizing this
trend with Brazil's emergence as a strategic industrial glayzr. To this end, a bibliometric and systematic
review analysis was conducted using the Scopus and \eb of Science databases, covering the period
from 1973 to 2024. Keyword co-occurrence analysis and thematic clustering were processed using
VOSviewer. This analysis was supplemented bya survey of active exploration projects in Brazil, based
on technical and governmental reports. The sesults demonstrate an exponential growth (R? = 0.98) in
research starting from 2015, the year the SCGs were launched. This period accounts for 91.5% of all
historical literature on the topic. The cluster analysis reveals that the intellectual structure of the field is
dominated by two pillars: the demand (or »ustainability (Cluster 1, centered on sdg) and the geological
solution (Cluster 2, centered on ion{adsorption clay). The research field proves to be mature, actively
addressing the challenges of watermianagement (SDG 6, Cluster 8) and toxicity. On the global stage,
Brazil stands out as the 5th largast publisher. More importantly, the practical survey identified 24 active
IAC projects in the country, itieitding the commercial operation of Serra Verde (GO) and the advanced
projects in Pogos de Caldas (VIG), such as Caldeira and Colossus. It is concluded that the SDGs act
as the main driver of inrfovation in IAC research. Brazil demonstrates a unique convergence between
innovation policy (alijnaa with SDG 9), the global scientific trend, and industrial execution. The country
is using IAC deposits as a strategic solution to overcome the environmental challenges of its traditional
deposits (associated with Th/U), positioning the country as the main Western hub for REE-IAC produc-
tion and a strategic supplier for the sustainable energy transition.
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1. Introduction

The global energy transition towards a low-carbon economy
has driven an unprecedented demand for strategic minerals,
notably the Rare Earth Elements (REE; Balaram, 2019; Jowitt
& McNulty, 2021; Beard et al., 2025). Essential in green
technologies such as wind turbines and electric vehicles, the
demand for these elements is expected to increase by up to
90% by 2040 (Depraiter & Goutte, 2023; IEA, 2024). This high-
demand scenario occurs in a context of high geopolitical risk,
given that the global supply chain is massively concentrated
in China, which holds the majority of the world’s reserves,
production, and refining (USGS, 2022; EC, 2023; Grohol &
Veeh, 2023; IEA, 2024; Silva et al., 2024; Lins et al., 2025;
USGS, 2025). To navigate these vulnerabilities, it is essential to
distinguish between ‘criticality’ — the intersection of economic
importance and supply risk — and the pursuit of ‘strategic
autonomy,” which drives policy frameworks like the EU’s
Critical Raw Materials Act to ensure security of supply through
diversified and resilient value chains (EC, 2023).

Driven by the need for such strategic resilience, global
exploration has pivoted toward new sources, particularly ion-
adsorption clay (IAC) deposits (Collerson et al. 2025), the central
theme of this work. These regolith-hosted deposits are formed
through the supergene weathering of diverse parent lithologies,
such as granites (Sanematsu and Kon, 2013), metamorphic
rocks (Huang et al., 2021), and syenites (Ntomb et al., 2024;
Wang et al., 2024). Due to the unique enrichment processes
in the weathering crust, IAC deposits currently account for
more than 20% of global REE production and, crucially, for
approximately 95% of the world’s production of Heavy Rare
Earth Elements (HREE), which are vital for the manufacturing
of high-performance permanent magnets (Zhou et ai\2020;
Collerson et al. 2025).

The growing attractiveness of IAC deposits«lies in their
operational and environmental advantages~Ceinpared to
traditional hard-rock deposits. In these depasits, REE ions
are adsorbed onto the surface of clay mirierais, allowing their
recovery through a simple ion-excharige* leaching process
with saline solutions at room tempeiature (Moldoveanu and
Papangelakis, 2025). This methog>avoids the use of harsh
acids and energy-intensive beneiiciation processes, resulting
in lower costs, less waste ganeration, and, consequently, a
lower environmental impagt,<configuring a more sustainable
production alternative wiien’ compared to primary deposits
(Wall et al., 2017; Esttadeet al., 2019). However, sustainability
must be treated as a ¢onditional outcome of mining practices
rather than an inherent property of ion-adsorption clays (Yang
et al., 2013). While the IAC extraction route is strategically
aligned with the energy transition due to its lower carbon
footprint, environmental trade-offs such as leaching, water
contamination, and land degradation are well-documented
concerns, especially in historical operations in Southern China
and Southeast Asia (Yang et al., 2013). Therefore, ensuring
that IAC production effectively contributes to a green economy
requires the identification of environmental hotspots and the
application of rigorous Life-Cycle Assessment (LCA) to mitigate
local impacts (Bailey et al., 2020; Zapp et al., 2022).

Such advantages align the exploitation of IAC deposits
directly with the Sustainable Development Goals (SDGs),
established by the UN as a global action plan for challenges such
as climate change and environmental degradation (UN, 2015).

Although the literature often highlights the positive contributions
of REE production to SDG 7 (Affordable and Clean Energy)
and SDG 11 (Sustainable Cities and Communities) (Bonfante
et al. 2021), the value chain of IAC deposits has much broader
interactions. Research advancement on this source touches
upon multiple aspects of the 2030 Agenda, from industrial
innovation (SDG 9) to water management (SDG 6) and
responsible consumption (SDG 12), indicating a systemic and
complex relationship that goes beyond the final applications of
the product. The synergy between IAC mining and the 17 SDGs
is far from static. In practice, it demands a constant negotiation
between the drive for economic and tecitnical efficiency and the
ethical weight of environmental impacs tjed to extracting critical
minerals (Yang et al., 2013; Bailey, ¢t 2., 2020).

Despite this relevance, a critical gap is identified in the
literature: although IAC depositaZare increasingly recognized
for their sustainable poteritial, analyses of this relationship
tend to be piecemeal or.iecused on specific objectives, such
as SDG 7 (Energy) or SRG 9 (Innovation). There is, however,
no systematization (hagt analyzes the scientific production on
the topic in an integrated manner from the perspective of the
complete set of4 ~SDGs. Therefore, the central objective of this
study is to filltais'gap through an integrated analysis of scientific
publications oi1 IAC-type deposits, correlating the advancement
of knowretige with the entirety of the 2030 Agenda. This study
mapg-tire’ synergies and the trade-offs between global REE-
IACwesearch and the 17 SDGs, providing a systemic overview
onhow these minerals act as critical drivers for sustainable
u¢velopment (Bonfante et al., 2021). By identifying how
technological development impacts sustainable progress, this
scientific contribution delivers a robust framework to support
public policies that prioritize strategic autonomy and high-
standard mineral exploitation in Brazil and worldwide.

2. Materials and Methods

To analyze the scientific landscape regarding REE deposits
of the IAC type, a systematic and bibliometric literature review
was conducted. The procedure was structured in three stages:
(1) definition of the search strategy and data collection; (2)
application of inclusion and exclusion criteria for document
selection; and (3) data extraction and analysis (Figure 1).

2.1. Data Sources and Search Strategy

Data collection was performed in October 2025, using the
Scopus (Elsevier) and Web of Science (Clarivate Analytics)
databases. The choice of these two databases is justified by
their broad coverage of the global scientific literature, rigorous
indexing, and advanced search functionalities, being widely
considered the standard for bibliometric analyses (Butu et al.,
2023). The search was conducted using the following keywords
and Boolean operators: (“rare earth elements” OR “REE”) AND
(“ion-adsorption clay” OR “IAC”) AND (“sustainable development
goals” OR “SDG”). The initial search returned 851 publications.
The databases were unified using the Xplore Dados tool.

2.2. Screening and Selection Criteria
The initial dataset was subjected to a screening process,

including duplicate removal, a temporal filter, and inclusion
and exclusion criteria by document type to ensure the



relevance and quality of the final portfolio. The identification
of duplicates for exclusion was performed automatically, using
DOI as the distinction criterion, ensuring the uniqueness of
each document in the database, resulting in 20 excluded files.
Next, files with a publication year registered as 2025 (ahead
of print publications) were removed to maintain consistency
with the defined analysis period. Finally, the selection was
refined based on document type. Only “Research Articles”
(Articles) and “Review Articles” (Reviews) were included.
Other publication types, such as “Editorials”, “Notes”, “Errata”,
“Conference Abstracts”, and “Letters to the Editor”, were
excluded as they did not align with the scope of analyzing
primary scientific production.

2.3. Data Extraction and Analysis

The final set of publications, after applying all criteria,
was exported containing complete information on authorship,
affiliation, year, source, keywords, and citations. Data analysis
was performed with the aid of the VOSviewer software (version
1.6.20), a tool for constructing and visualizing bibliometric
maps (Van Eck & Waltman, 2010). Keyword co-occurrence
networks were generated to identify the main research
themes, and co-authorship networks were generated to
analyze country collaboration. Descriptive statistical analyses
and the creation of complementary graphs were performed
using Microsoft Excel software.

3. Results
3.1. Analysis of Scientific Production

The analysis of scientific production was structuredia tisree
stages. Initially, the temporal evolution of publications.2nd the
geographical distribution of contributions were “examined,
based on the authors’ country of affiliation anasthe journals
that published the most. Next, the intellectual structure of the
field was analyzed through keyword co-ogelt’ence networks.
Finally, the global scientific landscap¢, Wwas contextualized
with the national reality, through a syinvey of active rare earth
exploration projects in Brazil.

3.1.1 Temporal Evolution of Gclentific Production

The analysis of the-“hibliometric portfolio (Figure 2),
comprising 811 documernits (articles and review articles),
reveals the evolution of interest in the topic between 1973 and
2024. The time series can be segmented into three distinct
periods, reflecting different research phases.

The first period, from 1973 to 2006, is characterized by
scarce and inconsistent research activity. It begins with the
firstindexed publication in 1973 (n=1) and accumulates only 35
publications over more than three decades, with an average
of approximately 1 article per year. The second period, from
2007 to 2014, shows initial growth. In the 7 years comprising
this period, there is a consolidation of interest in the topic.
Scientific production became continuous and growing, starting
with 5 publications in 2008 and reaching a first peak of 19
publications in 2013. A total of 65 articles were published in
this phase, indicating the field was gaining momentum.

The third period, from 2015 to 2024, is marked by
exponential growth in scientific production. The year 2016,

with 24 publications (n=24), acts as an inflection point, initiating
a growth trajectory that intensifies from 2018 (n=21). The
magnitude of this phase is evidenced by the fact that 80.4%
of all identified literature on the topic, 651 out of 810 articles,
were published in this period. The last four years (2021-2024)
alone account for 63.8% (n=517) of all publications in the
time series, culminating in the most productive year, 2024,
with 182 articles. The moving average visually corroborates
this transition, from an almost zero base to a phase of rapid
acceleration, reaching a value of 163 in 2024.

The exponential nature of this growth is illustrated in detail
in Figure 3. The regression analysisxdemonstrates that an
exponential curve, defined by the eduation y = 9.914g{0-2964
fits the annual data with a very high{degree of precision. This is
confirmed by a coefficient of detarmination (R?) of 0.9851. An
R? value so near to unity provites strong statistical evidence
for how quickly and consisfeitly the scientific community has
ramped up its focus on thiz field over the past ten years.

This value, very.closa/to 1, statistically validates the rapid
and continuous acCeleration of the scientific community’s
interest in the topic’during this last decade.

3.1.2. Contribution by Country

Accerting to author affiliation, Figure 4 details the
contribltions by country/organization, considering a minimum
of SwUdblications. China is the absolute leader in scientific
production, with 128 documents and 5,096 citations. Following
are the United States (n=45 documents; 3,160 citations) and
Australia (=42 documents; 2,480 citations), followed by India
(n=23, 627 citations). Brazil appears as the fifth country with
the highest number of publications on the topic (n=17); the
relevance of this production is underscored by the number of
citationsreceived, totaling 800, indicating that national research
is actively consumed and referenced by the global scientific
community. Other countries with relevant contributions (n>10)
include France (n=16), the United Kingdom (n=14), Canada
(n=12), Russia (n=11), and Spain (n=10).

3.1.3. Most Cited Journals

Figure 5 presents the 10 journals with the highest
cumulative number of citations for their articles on the topic,
highlighting the channels of greatest scientific influence.
The journal Ore Geology Reviews emerges as the source of
greatest combined impact and productivity, leading the list with
41 documents that have accumulated a total of 2,809 citations.

A relevant observation is the presence of journals that,
despite not having a large volume of articles, show extremely
high impact, suggesting the publication of seminal articles
or comprehensive reviews. Noteworthy are the International
Journal of Coal Geology (3 documents, 1,195 citations) and
the Japanese Journal of Applied Physics (1 document, 1,052
citations).

The significant impact of this single publication in the
Japanese journal is attributed to the seminal review by Kishi et
al. (2003) on the development of multilayer ceramic capacitors
(MLCCs). The study addresses the challenge of replacing
noble metals with nickel electrodes, establishing a predictive
model where the ionic radius of rare earth dopants determines
their site occupation in the BaTiOs lattice. This control is
fundamental to maintaining the reliability and insulation



resistance of the components, providing the theoretical basis
for the miniaturization of electronics with dielectric layers
thinner than 2 pm.

The list of the 10 most cited journals also reveals the strong
interdisciplinary connection of the topic with sustainability and
the energy transition. High-impact, broad-scope journals, such
as Journal of Cleaner Production (9 documents, 833 citations),
Renewable & Sustainable Energy Reviews (8 documents,
817 citations), and Science of the Total Environment (7
documents, 752 citations), feature prominently. Completing
the list are journals focused on geosciences and engineering,
such as Minerals Engineering (12 documents, 1,158 citations),
Chemical Geology (15 documents, 1,053 citations), and
Hydrometallurgy (11 documents, 961 citations).

3.2. Keyword Co-occurrence Network

The co-occurrence analysis of Author Keywords is a
bibliometric technique that helps to understand the structure,
progress, and main research interests in a given domain.
The analytical process required a prior step of cleaning
and normalizing the keyword database extracted from the
publications. A total of 4,117 keywords were obtained from the
selected publications. Of these, 4,036 terms were observed to
have a frequency of less than 5 times, a value corresponding
to 98% of the total. In contrast, a core of 81 keywords had
a frequency of 5 or more occurrences, this being the set of
terms used for the present analysis.

Table 1 details the 10 most frequent terms of this thematic
core, their occurrences, and their total link strength. The
analysis allows for the identification of two key terms ¥aor
the study: “ree” (rare earth elements) with a total of{407
occurrences, and “sdg” (Sustainable Development “Gcoais)
with 122 occurrences. This frequency validates the_strong
intersection between the two themes in the studieqg"dataset.

To identify the intellectual structure ofatihe research
field, a clustering analysis was performed~on, the keyword
co-occurrence network, using the VQ&Viewer clustering
algorithm. This method groups terms thawfrequently appear
together, indicating research sub-themes. The analysis
identified 10 main thematic clusterg¥Figure 6).

The analysis of the cluster “Content allows for the
identification of the following ttianlatic nuclei

Cluster 1 (Red): Sustainakilicy Framework and SDGs. This
is the largest thematic cluster, grouping all the central terms
of the 2030 Agendag-sueh as “sdg” (n=122), “sustainability”
(n=36), “sustainable deivelopment” (n=19), “circular economy”
(n=16), and “climate change” (n=10). It also includes the
disaggregation into specific SDGs, such as sdg 2 (Zero
hunger), 3 (Good health and well-being), 4 (Quality education),
7 (Affordable and clean energy), 11 (Sustainable cities and
communities), 12 (Responsible consumption and production),
and 14 (Life below water).

Cluster 2 (Green): Geology and Genesis of IAC Deposits.
This cluster focuses on geological aspects, containing
terms such as “ion adsorption clay” (n=29), “weathering”
(n=17), “regolith hosted deposits” (n=15), “geochemistry”
(n=15), “kaolinite” (n=5), “halloysite” (n=9), and “south
china” (n=13), indicating the key geographical region for the
study of these deposits.

Cluster 3 (Blue): Rare Earth Elements and Impacts. This
cluster is anchored on the term ‘ree” (n=407) and connects it

to terms like “recovery” (n=21), “heavy metals” (n=9), “toxicity”
(n=8), and “uranium” (n=9), reflecting research on REE
recovery and the penalty elements (impacts) associated with
them.

Cluster 4 (Yellow): Processing and Extractive Metallurgy.
This group is focused on the chemical extraction processes,
including “leaching” (n=10), “adsorption” (n=38), “ion exchange”
(n=8), “solvent extraction” (n=13), and “precipitation” (n=6).

Other smaller clusters reveal frontier topics related to
specific applications and impacts. Cluster 7 (Orange) focuses
on applications and life cycle, addressing “electric vehicles”
(n=7), “e-waste” (n=7), and “life cycle assessment” (n=5).
Cluster 8 (Brown), in turn, connectsydirectly to Cluster 1
(SDGs), focusing on “sdg 6” (n=16), “water quality” (n=5), and
“groundwater” (n=6).

3.3. Overview of REE Expipration Projects in Brazil

To contextualize the.global scientific research with the
national practical (eglity, a survey of active Rare Earth
Element projects(iziyBrazil was conducted. The search was
carried out op~ ¢fficial websites of exploration companies
and subseguwiitly confirmed in their technical reports (such
as Prelimifhary Economic Assessment - PEA), with the initial
objective,of identifying projects focused on ion-adsorption
clay AAE) type deposits.

THe survey indicates sector growth in Brazil, with strong
participation from international companies and increasing
vdiuation in the financial market (Melfi et al., 2016; Heider and
Siqueira, 2024), while also reporting the development of new
extraction and processing technologies, particularly focused
on ionic clays, aimed at improving energy efficiency and
reducing environmental impact.

Currently, the country has 37 active rare earth projects
distributed across several states (Figure 7), 24 of which
are focused on ionic clays. Minas Gerais leads with 18
initiatives, including the Caldeira (Meteoric Resources)
and Colossus (Viridis Mining) projects in the Pocos de
Caldas Alkaline Complex (PCAC). Goias stands out for its
more advanced-stage projects: Pela Ema (Serra Verde),
in commercial operation since 2024, and Carina (Aclara
Resources), which inaugurated its pilot plant in 2025. Other
states such as Bahia (Monte Alto and Campo Grande),
Amazonas (Ema and Apui), and Piaui (Corrente) also
have relevant initiatives, demonstrating the geographical
diversity of Brazil’s REE potential.

4. Discussion

The bibliometric analysis and the project survey reveal a
transformation in the REE sector over the last decade, driven
by a convergence of geopolitical, economic, and, above all,
sustainability forces. The following discussion integrates
the presented results to interpret global trends and Brazil's
emerging strategic role.

4.1. The 2015 Milestone: Sustainability as a Driver of
Global Research.

The most significant result of the temporal analysis (Section
3.1.1) is the exponential growth in rare earth research starting
from 2015 (Figure 2). This surge in publications aligns with



the UN’s launch of the SDGs in 2015, a strong indicator that
the global sustainability agenda has shifted from a peripheral
concern to the primary catalyst for research in the field.

The keyword analysis (Section 3.2) corroborates this
hypothesis, as Cluster 1 is formed by words like “sdg”,
“Sustainability”, and “2030 agenda”. The second cluster,
formed by terms referring to economic geology, such as
“regolith hosted deposits” and “geochemistry”, places ion-
adsorption clay deposits in the spotlight for achieving the
SDGs, given that these deposits account for more than 20%
of global REE production and approximately 95% of the global
production of heavy rare earths (Zhou et al. 2020; Collerson et
al. 2025). In this type of deposit, recovery and beneficiation are
simpler due to the REE ions being adsorbed onto the surface
of clay minerals (Sanematsu and Watanabe, 2016), thereby
transforming it into a strategic alternative to the demand for
mining aligned with the 2030 Agenda.

4.2. The Structure of the Research: Genesis, Proces-
sing, and Impact Assessment

The analysis of publication journals and thematic clusters
demonstrates that research on IAC is correlated on two
parallel fronts; Figure 8 illustrates this dynamic. On one hand,
“ion adsorption clay” is strongly linked to the terms of its own
cluster (Green), which define the Genesis and Geology of the
deposit, including terms like “geochemistry”, “weathering”,
“regolith hosted deposits”, “kaolinite”, and “south china”. The
formation of these regolith-hosted deposits is governed by a
complex mineral-system framework, where the distribution
and concentration of REEs are primarily constrained by the
composition of the parent rock and the intensity of cheiical
weathering (Sanematsu and Watanabe, 2016; Li anc\.Znou,
2020; Russo et al., 2025). IACs are formed through the
supergene weathering of diverse parent lithologies,/such as
granites (Sanematsu and Kon, 2013), metemerphic rocks
(Huang et al., 2021), and syenites (Ntombwet al., 2024;
Wang et al., 2024). The geochemical pracess initiates with
the breakdown of primary REE-bearirg“minerals, typically
silicates or phosphates, releasing REE, ions into soil solutions
during weathering (Sanematsu andyKon, 2013; Li and Zhou,
2020; Russo et al., 2025). These ions migrate through the
regolith profile and are subtequently adsorbed onto the
negatively charged surfaces'4f/secondary clay minerals, such
as kaolinite and halloysite; through ion-exchange mechanisms
(Li and Zhou, 2020; Russe’et al., 2025). The vertical evolution
of the weathering crutt is decisive for the economic viability
of these deposits, as specific horizons become selectively
enriched in Heavy Rare Earth Elements (HREE; Zhou et al,,
2020). This demonstrates the research effort to understand
where and how these deposits form, with a focus on Chinese
geological provinces, which host the majority of these deposits
(Van Gosen et al., 2017).

On the other hand, the same “ion adsorption clay” node
projects directly to Cluster 5 (Purple), connecting to the entire
vocabulary of Processing and Extractive Metallurgy, such as
“leaching”, “adsorption”, “ion exchange”, “precipitation”, and
“solvent extraction”. This connection emphasizes that while
the ion-exchange leaching process with saline solutions
occurs at room temperature and avoids harsh acids, research
is heavily focused on optimizing reagent consumption to
ensure that the process maintains its operational advantage

(Moldoveanu and Papangelakis, 2025). Equally important is
the connection with Cluster 4, which links IAC deposits to
REE (“ree”, “lanthanide”) and penalty elements like “uranium”,
bringing up critical issues of “toxicity” and “heavy metals”.
This link reflects the documented reality that sustainability is
a conditional outcome; if not properly managed, the leaching
of IACs can lead to severe environmental trade-offs, such as
groundwater contamination and land degradation, as seen in
historical operations in Southern China (Yang et al., 2013).
Finally, the connection with Cluster 7 (Light Green), specifically
with “LCA”, demonstrates that the research has advanced to
a maturation phase where the “green‘ootential of IACs must
be rigorously quantified to identify enzironmental hotspots and
validate them as a truly sustainatile)jalternative to traditional
primary deposits (Bailey et al., 2020; Zapp et al., 2022).

The multidisciplinary naturesof the topic is reflected in
the analyzed publication (¢iiannels. Research focused on
genesis and geology (Cluster 2) finds its main vehicle in high-
impact geosciences jousrals, such as Ore Geology Reviews
and Chemical Gediogy. In parallel, studies on processing
and metallurgy, (Ciyster 5) are predominantly published in
elite engineeringwjournals, such as Hydrometallurgy and
Minerals Engirieering. The high frequency of citations in
journals witt“an environmental scope, such as Journal of
CleanesFroduction and Science of the Total Environment,
also gorroborates the importance of impact assessment and
riskwiitigation (Clusters 4 and 8).

4+3. Convergence in Brazil: Strategic Policy, Innovation,
and Commercial Vanguard

In this global scenario, Brazil emerges with a unique
prominence. The geographical analysis (Figure 4) positions
the country as the fifth largest global scientific contributor.
REEs are classified by the federal government as “future-
bearing” substances and priorities in the Plan for Science,
Technology, and Innovation for Strategic Minerals (MME, 2011;
MCTIC, 2018). As detailed in official documents, this plan was
conceived in direct alignment with the SGDs, aiming to use
REEs as vectors for national development. The strategy seeks
to add value to mineral commodities, promote innovation, and
position the country competitively in the global market. This
is reflected in the contribution to a broad set of objectives,
including SDG 7, by providing vital inputs for the energy
transition (wind turbines, electric vehicles); SDG 9 (Industry,
Innovation, and Infrastructure), by materializing targets 9.5
and 9.b of strengthening research and adding value; and SDG
12 (Sustainable Production), by seeking routes with lower
waste generation. The development of this supply chain is
therefore seen as fundamental for economic growth (SDG 8)
and for increasing Brazilian participation in high-technology
exports (SDG 17).

The result of this strategic policy is the synergy observed
in the field projects (Section 3.3), where the promotion of
innovation (SDG 9) meets industrial practice. The advancement
in research on the unique geology of IAC deposits in alkaline
complexes, such as those at Pogos de Caldas (Guarino et
al., 2021), is not a purely academic exercise. On the contrary,
this research attracted significant international private
capital (Meteoric Resources and Viridis Mining) and fostered
university-industry partnerships, resulting in the Caldeira and
Colossus projects (Brasil Mineral, 2024b). This demonstrates



the precise execution of target 9.5 (“strengthen scientific
research”), transforming frontier geological knowledge into
technological capacity and attracting foreign investment.

In practice, Brazil’s current trajectory follows the exact path
that global research highlights as essential for the future of the
sector. The country is applying this innovation to develop an
REE source that is intrinsically more aligned with the pillars
of sustainability, notably SDG 12 (Sustainable Production),
by aiming for lower waste generation, and at the same
time bypassing the main technological and environmental
bottleneck (Th/U management) of national primary deposits.
The commercial operation of the Pela Ema project (Serra
Verde) since 2024 (Brasil Mineral, 2024a) and Aclara’s pilot
plant (2025) in Goias are concrete proof that the country is
converting the global scientific trend into industrial reality. By
prioritizing value-added products (SDG 9.b) and improving the
national trade balance (SDG 17), Brazil is carving out a role
as the primary REE-IAC production hub outside of Asia, an
evolution that directly addresses the global demand for a more
secure and diversified mineral supply.

The integration of Brazil into this high-technology value chain
is underpinned by the global demand for components such as
the MLCCs previously detailed (Section 3.1.3), as well as fuel
cells, wind turbines, and traction motors (EC, 2023), which
require precise control of REE dopants to ensure electronic
reliability, efficiency, and miniaturization. More than just a boost
to local industry, Brazil’s push into IAC research and exploration
represents a direct effort to diversify a market currently centered
in China. As China controls most global reserves and refining
capacity (Beard et al., 2025), Brazil's scientific and geological
progress is an important step toward breaking this concentratan
and securing the global supply chain.

As highlighted by the National Council for Scientitic*and
Technological Development (CNPq), the race for ‘REEs is
essentially a race for scientific-technological «garninance;
therefore, by mastering the extraction and.nrecessing of
these elements, Brazil will transcend the relenof a mere ore
exporter. Advancing this sector will help stabkiiize the national
trade balance while turning Brazil into @ ajor participant in
the effort to diversify global supply»chains. This transition
moves the world toward a more alaiiced market, ensuring
that technological independencesisno longer restricted to a
single nation (CNPq, 2025).

4.4. The Systemic Relationship with the SDGs: Syner-
gies and Trade-offg

The cluster analysis reveals that the connection between
REE-IAC and sustainability is systemic and complex. Cluster
1 groups several SDGs, reflecting the multiple facets of this
mining. The simpler beneficiation of IAC (Moldoveanu and
Papangelakis, 2025) contributes positively to SDG 12, by
reducing waste generation (target 12.5). It is important to
recognize that sustainability is not an intrinsic feature of ion-
adsorption clays. Instead, it should be viewed as a result that
depends on the specific mining methods and environmental
standards applied during extraction (Yang et al., 2013).

While the IAC extraction route is strategically aligned
with the energy transition due to its lower carbon footprint,
environmental trade-offs such as leaching, water
contamination, and land degradation are well-documented
concerns. Historical operations in Southern China,

characterized by surface mining and heap-leaching, resulted
in severe local environmental damage where the production of
just 1 ton of rare-earth oxide generated 2,000 tons of tailings
and 1,000 tons of contaminated wastewater (Yang et al., 2013).
These practices required massive remediation efforts, with
costs in regions like Ganzhou estimated at 38 billion RMB — a
figure that drastically outweighs the industry’s annual profits.

To ensure that IAC production effectively fulfills its
promise of being a “green” alternative, the identification
of environmental hotspots is essential (Zapp et al., 2022).
Meta-analyses of LCA studies demonstrate that the chemical
extraction and solvent separation siages are the primary
drivers of environmental impact.( Although IACs avoid
energy-intensive roasting, they_ present toxicity risks that
must be managed, particularly-regarding the subestimation
of natural radioactivity (NORN Sources like Thorium-232
can present an environmenial impact up to six times higher
than reported in standard LCAs (Bailey et al., 2020). This
contribution to SDG 1z:ig significant when considering that
while REEs are essential for SDG 7 and SDG 11 as key
components of Clean energy technologies, the process
of obtaining t#iem generates conflicts such as complex
managemeripoiradioactive tailings.

IAC dépusits, therefore, represent a strategic route
as they~itigate the main productive conflict (waste) of
traditioival deposits. Nevertheless, the scientific community
maintgins significant attention on SDG 6 (Clean Water),
as, evidenced by Cluster 8 (“water quality”) and Cluster 4
(“loxicity”). The field has clearly matured, with research now
pivoting toward advanced solutions like phytoremediation
with organic amendments to mitigate environmental
footprints. Recent studies by Janot et al. (2025) show that
REEs have a high affinity for organic phases, which reduces
their bioavailability and toxicity in post-mining environments,
aligning innovation (SDG 9) to ensure the protection of water
resources and terrestrial ecosystems (SDG 15).

The integration of the IAC value chain into the 2030 Agenda
necessitates a lifecycle perspective that encompasses
the principles of the circular economy, fulfilling Target 7.a
and SDG 11. While technological readiness for rare-earth
magnet recycling has progressed, practical recovery from the
‘urban stock’ still faces significant economic barriers and low
global recycling rates (Depraiter & Goutte, 2023; Ormerod et
al.,, 2023). In this context, the first rare-earth supermagnet
recycling laboratory in the Southern Hemisphere is expected
to begin operations by late 2026 in Pogos de Caldas, southern
Minas Gerais, as a result of a partnership between Viridis
Mining and lonic Rare Earths Limited, with lonic contributing
proprietary technology for the separation of rare-earth oxides
from materials (Brasil Mineral, 2024c; Assis, 2025). Bridging
the gap between primary extraction from IACs and secondary
recovery is essential to achieve Target 12.5, ensuring
that demand for green technologies does not result in an
unmanaged burden of electronic waste.

Notably, the convergence observed in Brazil between
IAC research and national strategic goals materializes the
commitments to SDG 9, 12, and 17 (MCTIC, 2018). This
development aligns with Target 9.5, aiming to increase R&D
spending to 2.00% of the GDP and strengthen scientific
research by reaching 3,000 researchers per million
inhabitants. Through Target 9.b, Brazil seeks to support
domestic technology and industrial diversification, adding



value to commodities. These efforts are intrinsically linked
to Target 12.5, prioritizing the substantial reduction of waste
through recycling and reuse, and Target 17.11, which focuses
on increasing national exports and global development
partnerships. By integrating advanced processing with circular
strategies, the IAC sector can reduce the global environmental
footprint while fostering strategic autonomy through resilient
value chains (Ormerod et al., 2023).

5. Conclusion

The present analysis has demonstrated, through an
integrated bibliometric methodology, that the research
landscape for REE has been fundamentally reconfigured
since 2015. This study significantly advances the initial
mapping of Brazil’'s REE potential conducted by Heider &
Siqueira (2024) by identifying a fundamental paradigm shift
within the scientific community. Our analysis reveals that
research has moved beyond a narrow focus on mineral
extraction toward the systemic management of social and
environmental impacts, a transition explicitly catalyzed by
the 2030 Agenda. The exponential growth in publications
since 2015 confirms that the SDGs now act as the primary
catalyst for innovation in the sector (Cluster 1), positioning
ion-adsorption clay (IAC) deposits (Cluster 2) as the
preferential geological route for a production model aligned
with global sustainability standards.

The intellectual structure of the field reveals a mature
research area that no longer treats sustainability as an
inherent property of the deposit, but as a conditional
outcome of rigorous technological and ethical management.
It was demonstrated that critical challenges, such as vater
quality (SDG 6) and toxicity (Cluster 4), have been*moved
to the forefront of the scientific agenda, treated as_central
drivers for innovation (SDG 9) and LCA. Furtheimore, the
integration of circular economy principles, ingluding magnet
recycling and waste reduction (SDG 12), has emerged as
an essential requirement to ensure that the'XEE-IAC supply
chain provides a truly “green” alternative to traditional
primary deposits (Ormerod et al., 2C23; Bailey et al., 2020).

Finally, the study highlights thatiSraziloccupiesavanguard
position in this global transitiorisJiie country demonstrates
a unique convergence betwean/political strategy, scientific
demand, and industrial execition, with 24 active IAC projects
transitioning from frontier\kriowledge to commercial reality.
By prioritizing the IAC, redte, Brazil is not only overcoming
the technological and‘environmental bottlenecks associated
with traditional Th/U-bearing deposits but is also positioning
itself as the primary Western hub for sustainable REE
production. In alignment with the perspective of the CNPq,
this progress signifies that the race for REEs is essentially
a race for scientific-technological dominance. Therefore, by
mastering the extraction and processing of these elements,
Brazil transcends the role of a mere ore exporter, acting
strategically to rebalance the global geopolitical scale and
diversify a highly concentrated supply chain. This study
provides the strategic groundwork for aligning mineral policy
with the high environmental standards required by the global
energy transition. By grounding these policies in SDG 9
and Target 9.b, nations can foster a more equitable market
where technological independence is no longer a monopoly,
but a shared global reality.
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1. Search criteria - Database: Web of Science + Scopus

(TS= (“rare earth elements” OR “REE”) AND (“ion-
adsorption clay” OR “IAC”) AND (“sustainable
development goals” OR “SDG”) AND (LA= (English)
OR (Portuguese)) AND (DT= (Article) OR (Review))
AND (PY=1973-2024)
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FIGURE 1. Flowchart of the methodological procedures used to obtain the results.
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FIGURE 2. Annual publications and growth trend of works extracted from the Scopus and Web of Science databases.
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TABLE 1. Top 10 most cited term@r occurrence, and total link strength
o
4 Keyword Occurrences Total link strength
%)
N
1 OQ ree 407 411
)
-
2 C)C) sdg 122 19
a

E adsorption 36 63
4 sustainability 36 61
5 jon adsorption clay 29 51
6 lanthanide 21 33
7 recovery 20 36
8 recycling 19 36
9 sustainable development 19 31
10 leaching 17 38
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