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Abstract

With the continuous expansion of rare earth resource development, the large-scale accu-
mulation of ionic rare earth tailings (IRETs) has exerted pressure on both environmental
and resource management. Due to their inherent low reactivity, unstable composition,
and potential environmental risks, their widespread engineering application faces many
challenges. To achieve the resource utilization of this solid waste, scholars in recent years
have conducted extensive research on their application in silicate materials. This study
systematically reviews the existing research. Given that the trace rare earth oxides in IRETs
exhibit excellent mineralization effects and that IRETs contain a significant amount of clay
minerals, IRETs can be feasibly applied in the production of silicate materials, including
clinker, tiles, ceramics, glass-ceramics, and geopolymers. The research findings aim to
provide technical support and practical guidance for the large-scale resource utilization of
IRETs, promoting their application in silicate material production. This study identifies the
common issues found in the research and provides recommendations for the high-value
and large-scale resource utilization of IRETs in the future.
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1. Introduction

Over the past few decades, the global mining industry has rapidly developed to meet
the growing demand for metals and mineral resources. The processes of mining and mineral
extraction consume vast amounts of natural mineral resources while generating large
quantities of tailings [1]. Tailings refer to the crushed rocks and mineral fragments discarded
after the separation of target minerals from gangue minerals [2]. The extensive exploitation
of primary mineral resources has led to the depletion of high-grade deposits, shifting the
mining focus toward lower-grade ores. Meanwhile, the increased amount of mining waste
has compelled the industry to address escalating environmental challenges [3].

China possesses some of the world’s richest rare earth resources [4]. The Bayan Obo
Mine stands as the global leader in light rare earth element (REE) production, while south-
ern China—particularly Jiangxi Province, where ionic REE deposits were first discovered
in the late 1960s [5]—holds abundant reserves of these unique minerals. Traditionally used
in metallurgy, petroleum refining, glass manufacturing, and defense, ion adsorption-type
rare earth materials now also play a vital role in advanced applications such as glass ceram-
ics and cutting-edge materials. Their importance has grown significantly with the rapid
development of high-tech industries, particularly in functional advanced materials [6-10].
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At present, ionic rare earth deposits have been found in many countries, including
Vietnam, China, Malaysia, Myanmar, Thailand, Laos, the Philippines, the United States,
and Madagascar. The distribution of global weathering crust, ionic rare earth deposits, and
related projects is shown in Figure 1 [11].
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Figure 1. Distribution of the global weathering crust, ionic rare earth deposits, and related projects [11].

The major processed/refined pure REE producers in terms of quantity are China (69%),
the USA (12%), Burma (11%), and Australia (5%) (U.S. Geological Survey, 2023) [12]. Since
the late 1980s, China has dominated the REE market in the supply of both raw ores and
processed /purified products. Over the past decade, China alone has accounted for around
70-90% of global production [13-16]. Currently, China produces about 80% of the world’s
REEs, particularly through the mining of ion adsorption clay deposits. These are also
referred to as regolith-hosted clay or weathered-crust elution deposits, which supply over
95% of the heavy REEs [17-20]. The large REE production results in a significant amount
of ionic rare earth tailings (RETs). Therefore, we investigated the treatment of the large
volume of IRETs in China.

Rare earth tailings (RETs) represent a major byproduct of rare earth mining operations.
Their long-term stockpiling not only consumes valuable land but also creates ecological
risks. With the growing emphasis on resource circularity and sustainable mining practices,
finding productive uses for RETs has become an important research focus. Recent studies
highlight their promising applications in silicate materials, particularly as substitutes or
functional additives. Given their inherent mineral reactivity and fine particle size, as well
as their high contents of 5iO,, Al;O3, etc., these tailings can comprise silicate materials
such as clinker, geopolymer, ceramic, and glass.

In this paper, Section 2 introduces the types and origins of RETs, including the types of
rare earth ore, production of RETs, and their characteristics and hazards. Section 3 includes
the application of IRETs, such as in clinker, bricks, geopolymer, ceramics, glass-ceramics,
and so on. Further investigations are proposed in Section 4.

This review mainly focuses on utilizing a large volume of RETs in preparing silicate
materials, such as building materials, and primarily cites research publications published
from 2000 to 2025. The authors searched numerous electronic databases, including Google
Scholar, Elsevier, Science Direct, Research Gate, Scopus, and CKNI. A total of 988 published
papers on RET applications were initially identified using the following search terms: rare
earth elements, ion adsorption-type rare earth tailings, ionic rare earth tailings, ionic rare
earth ore, construction materials, cementitious materials, silicate materials, and chemical
composites. Article selection was based on the titles and abstracts of the most relevant
literature available, including review papers and research articles [12].
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2. Introduction to IRETs
2.1. Ionic Rare Earth Ore

Ion adsorption deposits are a unique type of REE deposit in which the REEs are
adsorbed onto clay mineral surfaces within the weathering profiles of certain rocks [21,22].
Most known deposits of this type are located in southern China, particularly within the
weathered profiles of REE-enriched granites in provinces such as Hunan, Jiangxi, Fujian,
and Guangdong [23]. Unlike conventional rare earth deposits, these ores contain REEs
adsorbed as ions onto clay minerals—a unique characteristic that offers several distinct
advantages. Research has shown that these ionic rare earth ores require simpler extraction
processes and feature lower radioactivity levels compared to other rare earth sources,
making them particularly valuable as critical materials in high-tech applications [21,24].
Recognizing both the strategic importance and limited supply of ionic rare earth materials,
China has classified them as protected mineral resources. These ionic rare earth ores
primarily consist of quartz, kaolinite, and other clay minerals, and their characteristic
chemical compositions are detailed in Table 1 [25-30].

Table 1. Main chemical compositions of ionic rare earth raw ore/wt.%.

Samples SiO, AlL,Os3 K,O Fe, O3 Na,O MgO Others

Ore A 62.18 25.12 5.57 4.89 0.24 0.30 \

Ore B 66.93 22.23 4.88 4.87 0.18 0.27 0.67
Ore C 58.83 29.38 6.34 4.05 0.17 0.39 0.87
Ore D 65.8 222 0.90 2.69 0.01 0.34 8.06
Ore E 72.49 16.22 2.86 2.09 0.55 0.14 5.65
Ore F 56.9 154 4.35 8.72 3.85 2.01 8.77
Ore G 76.4 11.9 4.63 0.51 3.54 0.03 2.99
Ore H 759 12.88 4.80 1.10 3.38 0.12 1.82
Orel 68.89 17.24 6.38 2.58 0.35 0.24 4.32

Ore A: Jianghua Rare Earth Mine in Hunan Province, China; Ore B: Liutang mining area in Chongzuo City,
Guangxi Province, China; Ore C: Zhongfang mining area in Longyan City, Fujian Province, China; Ore D: Kata
Beach Granite area in Phuket, Thailand; Ore E: Besar Island Group in Johor, Malaysia; Ore F: South of Antsirabe,
central Madagascar; Ore G: Dabu deposit, Jiangxi Province, China; Ore H: Shitouping granites, southern Jiangxi
Province, China; Ore I: Mosuoying Granite, Panxi Area, Southwest China.

Ion adsorption clay deposits also have global potential. In 2020, a significant new
clay-hosted ionic REE deposit was discovered at Mt. Clere in Australia, and additional
occurrences have been identified in Southeast Asia and Japan [31]. The clay minerals in
these deposits are primarily composed of kaolinite, along with varying proportions of
illite, halloysite, montmorillonite, vermiculite, and chlorite. Additionally, Fe-Mn oxides
can play a crucial role in REE enrichment, particularly for cerium (Ce). In relatively
oxidized environments, Ce3* is converted to Ce*", forming insoluble precipitates within
the Fe-Mn oxides or Ce-bearing minerals. This process leads to the accumulation of Ce in
the upper weathered layers [13]. These REE-rich deposits form through the weathering
of granitic bedrock under subtropical conditions. While currently mined only in China,
similar deposits have been identified in other subtropical regions, including Southeast Asia,
Madagascar, the Sierra Nevada (USA), Brazil, and Myanmar [17,20,32-38].

2.2. Production of IRETs

Since the 1970s, ion adsorption-type rare earth extraction has progressed through
three generations: barrel leaching, heap leaching, and in situ leaching [39]. Heap leaching
improved upon barrel methods with a higher throughput, simpler operation, and reduced
labor costs. However, unregulated early-stage mining generated substantial RET accumula-
tions [40—43]. To mitigate the ecological damage from the earth-moving practices of earlier
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methods, the 1980s introduced in situ leaching—now the dominant approach. By preserv-
ing topsoil and vegetation, it remains the most sustainable extraction technique [42]. RET
chemistry varies regionally due to ore types, processing methods, and disposal practices
(Table 2). For comparison, in Table 2, Tailings A represent Bayan Obo’s tailings [44], while
B [45] and C [46] are characteristic IRETs.

Table 2. The main chemical composition of RETs/wt.%.

Samples Fe SiO, Al,O3 TiO, K,O Na,O CaO MgO
Tailings A 15.9 25.38 8.84 25.07 \ \ 8.75 2.16
Tailings B 1.66 57.25 23.60 0.04 3.88 0.19 0.038 0.10
Tailings C 49 47.13 32.76 0.75 342 0.08 0.02 0.42
Samples MnO LayOs3 Nd,O3 Nb,O5 SO;3 Cey 03 Others L.O.I
Tailings A 171 095 1.89 3.94 272 252 \ \
Tailings B \ \ \ \ 4.69 \ \ 12.87
Tailings C \ \ \ \ 0.08 \ 0.34 10.1

Tailings A: Bayan Obo, Inner Mongolia Province, China; Tailings B: Ganzhou City, Jiangxi Province, China;
Tailings C: Ganzhou City, Jiangxi Province, China; L.O.I: Loss on ignition.

In 2023, global demand for REEs reached approximately 271,000 tons, reflecting an annual
growth rate of 6%. This upward trend is expected to continue, with demand projected to rise to
305,000 tons by 2025 [12]. However, REE extraction generates significant waste; depending on
ore grade and processing methods, producing 1 ton of REE product can yield 2000-20,000 tons
of leaching waste (Gregoir and van Acker, 2022) [12,47]. The Bayan Obo Mine, currently the
world’s largest REE producer, has accumulated roughly 200 million tons of REE-bearing tailings
across a 12 km? area since the 1960s. Similarly, Sweden'’s Kiruna (LKAB) iron mine—another
site with substantial REE content—has historically produced ~700 million tons of tailings, with
8 million tons added annually [48,49]. Extracting 1 ton of rare earth oxides from China’s ion
adsorption-type rare earth deposits in Ganzhou adds 2000 tons of RETs [50]. Compounding
the problem, frequent rainfall and acid rain in these areas intensify the environmental risks
posed by heavy metals leaching from the tailings [51].

2.3. Mineralogical Composition and Particle Size Distribution of IRETs

IRETs are primarily composed of quartz and clay minerals, offering the dual potential
for recovering residual rare earth ions and repurposing the clay content. Figure 2 is a
comparison of the XRD patterns of raw IRETs, and Figures 3 and 4 characterize the IRETs’
microstructure and particle size distribution, respectively. It can be seen that the main
mineral components of IRETs are quartz (SiO;) and kaolinite (Al4[SisO10](OH)s).
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Figure 2. XRD patterns of IRETs from Ganzhou City, Jiangxi Province, China [51].
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Figure 3. Images of IRETs with different particle size ranges (a) and particle size distribution of IRETs
(b) from Hunan Province, China [52].

Figure 4. (a) Photograph and (b) SEM image of IRETs; (c,d) SEM images of IRETs at 750 °C [43].
2.4. Hazards of IRETs

In production, a considerable amount of RETs are deposited behind dams or in dry
stacks. RETs pose significant environmental risks owing to their high concentrations
of leachable metals, which can contaminate surrounding ecosystems [53]. Additionally,
REEs are often associated with radioactive elements like thorium (Th) and uranium (U),
which can accumulate in tailing dams over time [54]. Another concern is the generation
of dust from uncovered tailing sites—fine particles can travel kilometers away, spreading
contaminants [12]. Since tailings are already finely ground, they present a much greater
leaching risk compared to unprocessed ore. The reduced particle size increases the surface
area and suspension, accelerating the metal release into the environment. For example,
studies have shown that decreasing the particle size from 1.14 to 0.25 mm can enhance
cerium (Ce) leaching efficiency by 30% in red mud [12,55].

Untreated tailing accumulations pose significant landslide and mudslide risks to
mining regions and adjacent areas [56]. The extraction process leaves residual sodium
chloride and ammonium sulfate reagents in the tailings, contaminating groundwater
and rivers [57]. Additionally, leachates from these ores contain AP+, FeZ*, Cd?*, Pb**,
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Zn%*, Mn?*, and Cu?* [58]—a problem exacerbated by southern China’s acid rain, which
accelerates heavy metal leaching under acidic conditions [51]. Addressing RETs has thus
become an urgent environmental priority.

2.5. Significance of Utilizing IRETs

In recent years, IRETs have gained recognition as significant emerging pollutants due
to their environmental persistence and ecological risks [59,60]. In subtropical regions, IRETs
pose particular environmental challenges such as leaching and erosion. Millions of tons of
such tailings in South China have caused significant ecological damage to the surrounding
areas [17]. Heavy metals migrate from IRETs via two natural pathways: atmospheric
deposition (air) and rainfall leaching (water). Key factors controlling the heavy metal release
from these tailings include chemical speciation, rainfall pH, ammonia nitrogen content,
and mineral properties. Rainfall as the primary driver was related to four key mechanisms:
(1) The large water volume from rainfall exerts stronger leaching and transport effects
than atmospheric deposition. (2) Acid rain lowers the tailings” pH, increasing heavy metal
solubility. Even weakly acidic precipitation can mobilize bioavailable metal fractions, with
acid rain elevating Cd, Zn, Cu, and Pb leaching by >70% [51]. (3) Rainfall’s physical
force rapidly transports metals from tailing surfaces into runoff. (4) Metals migrate not
only to surface water via runoff but also infiltrate groundwater, where their mobility and
dispersion intensify. During these processes, water-mediated desorption, dissolution, and
mineral weathering (including redox reactions) further promote heavy metal release [51].
Because IRETs threaten the environment during the production of REEs, the consumption
of IRETs is crucial to achieving the sustainability of the rare earth industry.

3. Application of IRETs in Silicate Materials

IRETs exhibit fine particle size; stable mineral structure; low radioactivity; and abun-
dant active components such as silicon, aluminum, and iron [61]. Aligned with green
mining initiatives, researchers have increasingly utilized these tailings in silicate materials
to achieve both resource recovery and environmental benefits [62]. Their applications span
cement clinker production, supplementary admixtures, and geopolymer precursors.

3.1. Preparation of Clinker

IRETs are rich in reactive components such as 5iO; and Al,O3, which can form hydra-
tion products under alkali activation, thus exhibiting certain cementitious properties. When
properly activated, IRETs participate in silicate hydration or form secondary cementitious
phases, with studies demonstrating their ability to enhance volumetric stability while re-
ducing the carbon footprint of cement products [63]. Experiments have demonstrated that
the tailings enhanced the formation of early-strength and durable mineral phases in clinker
(Figure 5), and the newly produced cement exhibited high strength (Figure 6) [64]. Some
studies found that the tailings containing residual REEs and metal oxides exhibit chemical
reactivity after the appropriate thermal treatment and alkali activation and perform well as
binders in geopolymer systems. By co-activating the ion-adsorbed type with coal gangue
and fly ash, synergistic activity can be achieved, improving overall utilization efficiency.
IRETs exhibit favorable mineralizing effects during clinker burning, especially in promoting
the formation of C3S and lowering the sintering temperature. Thermogravimetric analysis
showed that trace elements such as Ce and La in the tailings react with lime and silicates at
high temperatures to form stable minerals, enhancing the density and strength potential
of clinker minerals [65-69]. IRETs can be applied in the production of limestone calcined
clay cement, acting as clay, and high temperature treatment enhances the pozzolanic ac-
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tivity of RETs owing to the transformation of clay minerals and the formation of reactive
silica-alumina phases [45].

.

2 C-S-H or C-A-S-H

It

Figure 5. SEM images of cement mortar with 0% (a) and 12% (b) IRETs after 28 d curing [64].
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Figure 6. Uniaxial conpressive strength (a) and bending strength (b) of cement mortar with IRETs
(0~12%) [64].

3.2. Preparation of Bricks and Tiles

Since tailings are primarily composed of SiO;, Al,O3, and CaO, various types—such as
iron ore tailings and IRETs—have been utilized in the production of bricks, tiles, and other
prefabricated components [70,71]. This method not only enables large-scale consumption
of solid waste, reducing the risks associated with tailing dams, but also generates economic
benefits. Previous studies have shown that two types of IRETs can be used to produce
ceramic vitrified tiles through dry pressing and sintering, with bending strength and
sintering shrinkage being regulated by the types and amounts of fluxing agents added [72].
Furthermore, by adjusting the proportions of black clay, sand, talc, wollastonite, and bauxite,
the performance of ceramic vitrified tiles—including bending strength and shrinkage—can
be further enhanced [73,74].

IRETs are a silicate-rich mineral with high SiO, and Al,O3 content, with quartz as the
primary mineral (40-50% content). Kaolinite is the next most abundant mineral. Theoreti-
cally, IRETs can be used as a ceramic raw material in the production of building ceramics,
but due to the high content of alkali metal oxides such as potassium and sodium, as well
as a significant amount of iron—titanium compounds in the tailings, using them in large
quantities in vitrified brick bodies can reduce the brick’s resistance to high-temperature
creep, narrow the firing range, and cause defects such as bubbles and deformation. There-
fore, there has been limited research in China on the application of rare earth tailings in
the ceramic industry, and no reports have been published on the large-scale production of
building ceramics using tailings [73].
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3.3. Preparation of Geopolymer

Geopolymers are three-dimensional inorganic polymers synthesized from aluminum
and silica-rich materials through alkali activation. A wide range of solid wastes—including
tailings, red mud, fly ash, and blast furnace slag—can be used to produce geopolymers,
which have proven effective in immobilizing municipal solid waste incineration fly ash
(MSWIFA), heavy metals, and other pollutants [75-77]. The mechanical properties of RET-
based geopolymers are highly dependent on the alkaline activator concentration, curing
temperature, and liquid-to-solid ratio.

As illustrated in Figure 7, RET-based geopolymers form a dense structure, with tailing
particles encapsulated within the solid gel phase. Given that RETs are a specific type of
tailing with a high heavy metal content, their stabilization via geopolymerization offers a
viable solution for safe storage in tailing dams [78]. Previous studies have demonstrated
that grinding and calcination enhance the reactivity of RETs, enabling the synthesis of
geopolymers with improved strength. The addition of sodium silicate provides 81032’,
which readily reacts with [AlO4]™ to form gel structures, thereby enhancing the mechanical
performance [79,80]. To further optimize RET-based geopolymers, a response surface
methodology has been employed to study the effects of the Si/ Al ratio, alkaline activator
type and concentration, and RET content [81,82]. The optimal sample was prepared using
the “KOH + silica gel powder” as an alkaline activator [81].
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Figure 7. Production of rare earth tailing-based geopolymers: methods, properties, and
microstructure [78].

Another study has shown that these produced geopolymers effectively immobilize
heavy metals such as Pb?* and Cd?* [43]. Figure 8 shows that heavy metals predominantly
reside in the silicate glass phase or exist in an atomically dispersed state within the glass
network, rather than in crystalline form. As revealed by the TEM elemental mapping of
the geopolymers (Figure 8a), Pb and Cd exhibit homogeneous distribution throughout
the geopolymer matrix alongside Si and Al. This confirms the uniform incorporation of
heavy metals into the entire geopolymer matrix, aligning with findings by Hu et al., who
reported that RET-optimized geopolymers exhibit exceptional heavy metal immobilization
performance. The immobilization mechanisms involve the participation of Pb?* /Ba®* in
the polycondensation of the Si/ Al gel phase. These ions bond with either Si/ Al or oxygen
atoms within the -[T-O-T]- structural units (where T = Si or Al), forming PbO/BaSiO3 com-
pounds fixed within the framework, thereby achieving heavy metal stabilization (Figure 9).
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Figure 8. Transmission electron microscopy images showing the elemental mapping of RET-
based geopolymers (a,b) and the immobilization mechanism of heavy metals in RET-based
geopolymers (c) [43].
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Figure 9. Immobilization of Pb2+ and Ba2+ in RET-based geopolymer [78].

3.4. Preparation of Ceramics

Solid wastes such as iron tailings can be utilized in ceramic production [83,84]. Given
the significant role of REEs in ceramic modification, RETs also show promise for incorpora-
tion into functional ceramics. Previous studies have systematically reviewed the properties
and applications of rare earth-mineral composites in functional ceramics, demonstrating
that optimal rare earth doping can substantially enhance material performance. Specifically,
rare earths can either introduce lattice defects by substituting cations in the ceramic matrix
or form distinct phases at the grain boundaries [85,86].

For instance, a novel far-infrared radiating ceramic material was synthesized using
iron ore tailings, where the addition of Ce significantly improved the far-infrared emission
properties of the tailing-based ceramic system [87]. Given the abundance of RETs in south-
ern China, researchers have proposed using IRETs for ceramic production as a sustainable
disposal method [88]. Additionally, they have been successfully employed in celadon
production, with formulations containing up to 75% IRETs [89]. Other researchers [90] used
rare earth tailings with a large amount of La,O3 (16.54%) to replace limestone for produc-
tion of the calcium-based matte glaze surface. The study indicates that as the replacement
content of rare earth tailings increases, the whiteness of the glaze surface becomes higher
while the glossiness decreases. Moreover, the glaze surface becomes increasingly rough
as the content of rare earth tailings increases [90]. A high-quality matte glaze—achieving
68.5% whiteness and 18.0% gloss—has also been developed using RETs combined with
potash feldspar, quartz, calcite, kaolinite, and other raw materials [90].
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RET-based ceramsite represents another important application of IRETs. Experimental
results indicate that sintering temperature and steam curing conditions critically influ-
ence the performance of these ceramsites [91,92]. Furthermore, porous ceramics, such as
foamed ceramic thermal insulation panels, can be fabricated from IRETs, meeting industry
performance standards [93,94], as illustrated in Figure 10.

L b s

-
P_. “!.1.‘.{.:’-}- -._:A -

AT

Figure 10. Images of sample cross-sections at different temperatures ((a): 1125 °C; (b): 1150 °C;
(c): 1200 °C) [93].

3.5. Preparation of Glass-Ceramics

The rapid expansion of the mining and power industries has led to significant environ-
mental concerns about the accumulation and discharge of solid wastes. In this context, the
conversion of solid wastes into high-value glass-ceramics has emerged as a promising solu-
tion, gaining recognition in academic circles for its potential to address both environmental
and ecological challenges. Glass-ceramics, characterized by their exceptional mechanical
strength, toughness, corrosion resistance, and wear resistance, offer a wide range of appli-
cations in mechanical manufacturing, chemical production, and power generation [95,96].

Previous studies on Bayan Obo RETs have revealed that REEs play a crucial role in de-
termining glass-ceramic properties. Notably, Ce** exhibits high electric field characteristics
that enhance the stability of glass network structures. Increasing the CeO, content facilitates
the rearrangement of metal ions within the glass system, promoting aggregate formation
that effectively limits crack propagation. Furthermore, Ce** contributes to glass phase
densification, significantly improving the material’s acid corrosion resistance (Figure 11).
The microstructural alterations triggered by Ce** doping are illustrated in Figure 12 [97].
The experimental data reveal an inverse correlation between CeO; concentration and the
crystallinity of glass-ceramics. Progressive incorporation of CeO; leads to the nucleation
of particulate aggregates, whose population density exhibits dose-dependent augmenta-
tion. Notably, these aggregates serve as effective obstacles for crack propagation, causing
discernible path deflection and termination phenomena. While rare earth incorporation
maintains invariant effects on both crystalline phase composition and morphological char-
acteristics, the observed aggregate formation is presumably attributable to the mechanisms
of rare earth-mediated metallic ion accumulation.

Bayan Obo RETs have been successfully incorporated into conventional glass formula-
tions to develop novel glass-ceramic materials [98]. Researchers have also employed mi-
crowave heating—an eco-friendly, low-carbon approach—to produce nanocrystalline glass-
ceramics from these tailings (Figure 13). This method not only enhances flexural strength
and thermal stability but also enables the rapid production of high-performance tailing-
based nanocrystalline glass-ceramics [99]. While IRETs have been used in glass-ceramic
production through sintering processes (with tailing proportions reaching 20% [100]), their
applications are limited compared to the Bayan Obo RETs, indicating a need for further
research to expand their utilization in this field.
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Figure 11. Hardness (a) and acid-resistance (b) of glass-ceramics with different ratios of CeO, [97].
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Figure 12. Surface topography of glass-ceramics with increasing total CeO, contents (secondary
electron images for (a,c,e), and backscattered electron images for (b,d,f)) [97].

Figure 13. Nanocrystalline glass-ceramic microstructure after microwave (a) and conventional
(b) heating [98].
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3.6. Other IRET Applications

Beyond their applications in ceramics, glass-ceramics, and geopolymers, IRETs show
potential for other uses, including as novel functional pigments with excellent near-infrared
reflectance, acid/alkali resistance, and thermal stability [101]. Since these tailings still
contain significant amounts of REEs, their recovery has become a current research priority,
offering both environmental protection and resource security benefits.

While traditional hydrometallurgical methods (leaching/solvent extraction) for REE
recovery have primarily emphasized energy efficiency and scalability, more research is
needed to address wastewater treatment, solid waste management, and comprehensive
environmental impact assessments [102]. Recent advancements include an innovative
supergravity-assisted green recovery technology that can produce high-purity REEs with-
out additives, hazardous waste, or secondary pollution [103]. Additionally, researchers
have developed an efficient bioleaching method that achieves remarkable leaching effi-
ciencies exceeding 80% for La, Ce, Pr, Nd, and Sm, while maintaining environmental
sustainability [104].

3.7. Summary and Outlook

In summary, IRETs have significant practical value and can be used to prepare typical
silicate materials such as cement, ceramics, and glass, yielding products that meet industry
standards. Table 3 summarizes the RETs and their applications in previous studies. It is
evident that RETs are extensively utilized primarily in China. No research or applications
were identified in other countries on Google Scholar. This may be attributed to China’s
substantial reserves of ionic rare earths and its status as one of the most technologically
advanced nations in rare earth extraction. Another possible reason is that other countries
process relatively small volumes of rare earth ore, not yet requiring the large-scale utiliza-
tion of rare earth tailings. Furthermore, Jiangxi, China, has the largest IRET reserves, and
the utilization of RETs in Jiangxi is also the most extensive.

In terms of chemical composition, as shown in Table 3, the distinctive feature of
the IRETs produced in Jiangxi is their high SiO, content, which can reach 60% to 80%,
while the Al,O3 content can reach approximately 14% to 30%. This provides a valuable
material basis for the production of silicate materials. Regarding mineral composition,
IRETs are primarily quartz, kaolinite, feldspar, etc. Therefore, RETs can replace kaolinite
and other clay materials in the production of clinker, ceramics, and other silicate materials.
In addition, some research institutes use RETs with relatively high total rare earth oxide
(TREO) content [97-100]. Given the high value of rare earth elements, more research should
be conducted on the recovery and extraction of REEs from tailings [105-108] before using
them to produce silicate materials.
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Table 3. List of RETs and their applications in previous studies.

T Major Chemical Compositions of RETs (%) :
Ref. Talh{‘g ) P Application Mixtures Pmdlfc.t lon Results
Location CaO SiO, ALO; Fe;03 TiO; KO NaO F TREO Conditions
At >1400 °C, RETs significantly promote the diffusion of
[67] Jiangxi, China  0.34 75.5 153 24 — 2.21 0.45 — 0.049 Clinker Replace clay 1300~1450 °C particles and the crystal growth of ore, improving the
rock phase structure of clinker.
. o RETs promote the decomposition of calcium carbonate
[68] S1ch}1an, 987 4988 1175 449 — — — — 0.28 Clinker Ref lace clayoby 1300 1450 ¢ and lower the mineral formation temperature of cement
China 0% and 7.5% 30 min :
clinker.
Exploring
Yunnan Replace dlav b carbonate REEs greatly accelerate the formation rate of minerals
[69] China ’ 046 6275 16.29 72 — — — — >0.10 Clinker p 50% vy decomposition and reduce the decomposition temperature of cement
? temperature in raw meal.
cement
Southern Mixed with 1000~1150 °C REEs remaining in tailings can promote the firing of
[71] China 326 4616 2029 1318 207 422 0.12 — 0.02~0.07 Red floor tiles porcelain clay, 60 min . green bodies and improve the ceramic properties of the
quartz, etc. product.
o High levels of fluxing components such as K,O and
- 7215176 212 041 026 028 - >0.02 . 45~75% RET R Na,O in RET No. 2 lower the firing temperature and
Ganzhou, Ceramic mixed with 1140~1230 °C, . L
[72] Jiangxi, China trified til Kaolin. sand 10 mi increase the glass phase content, resulting in reduced
&y vitrined tries bl::)k t;fcar;t(/: min flexural strength. Combining the two types of tailings
017 6875 1851 306 068 73 112 017 >0.01 , efc. performs well.
Mainly RET, High proportions of K, Na, Ti, and Fe act as a strong flux,
Ganzhou, Ceramic mixed with 1150~1200 °C, promoting the formation of a liquid phase at a lower
73] Jiangxi, China 01 6674 1842 275 076 615 063 - - vitrified tiles black mud, 20 min temperature to fill the voids, thereby improving the
sand, talc, etc. density of the green bodies.
Western Metakaolin Cjiu:esdhalt) 6f0 rC When the Si/ Al molar ratio was 1.875, Na/Al molar ratio
[78] Sichuan, 20.282 24253 7459 3172 0275 2595 0992 6.633 >3.147 Geopolymer (MK), silica roc;m cur: do fgr 1.0, and RET content 20 wt.%, the 7 d compressive
China fume, NaOH 13 and7d strength of the RET-based geopolymer was over 35 MPa.
Pretreat (750 °C,
Water glass as 2h) RET; The Na/Al molar ratio has the greatest effect on the
[79] Jiangxi,China 009 616 2486 195 — 441 039  — >0.05 Geopolymer the alkali 85 C curing for compressive strength of geopolymers. The main
tivat 12 h followed substance involved in the geopolymerization reaction in
activator by 7 d room RETs is kaolinite.

curing
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Table 3. Cont.

P Major Chemical Compositions of RETs (%) .
Ref. 1ailing - - Application Mixtures Production Results
Location CaO SiO, ALO; Fe,03 TiO; KO NaO F TREO Conditions
Metakaolin Cured at 50 °C
[81] Jiangxi China 004 7264 1487 332 019 681 042 013 >0.02 Geopolymer alkaline for 24 hbefore - The optimal sample was prepared using the "KOH +
activators room ;udred for silica gel powder” as alkaline activator.
Sichuan I;/ilﬁzkf—i?i\u;’ ?;rf (2:1 }? tbfz(zor(é When the Si/ Al molar ratio was 2.5, NaOH solution
[82] China ’ 20.887 24409 7585 3.218 — — — 6.574 >3.345 Geopolymer alkaline ’ room cured for concentration 25 mol/L, and RET content 38.22%, the 3 d
activators 34 compressive strength of the geopolymer was 58.84 MPa.
Tunesten Beautiful ceramic can be made by leveraging the
Ganzhou ragvi complementary nature of tungsten tailings and RETs in
[88] Jiangxi Chi;1 0.7 496 3096 285 02 377 0.18 — — Ceramic & B t:y o 1200 °C terms of composition, as well as the coloring effect of
angxy a Sii?lhi ;’ certain elements in RETS; the firing rate is also relatively
& high.
High-RET content (>75%) celadon was developed. The
Ganzhou A special porcelain was white and delicate, with a smooth glaze
[89] Jiangxi Chi;la 0.2 7675 1399 085 — 4.34 0.32 — 0.02 Ceramic mal’?erial 1300-1340 °C surface and a color-changing effect, which was due to the
& special effect produced by the multiple trace REEs
contained in the RETs.
15 wt.% RET,
[90] Npt 4754 672 317 157 0.09 0.07 33 015 17.34 Ceramic potassium 1300 °C, 20 min Preparation of a mz(i)tte glaze with a whiteness of 68.5%, a
mentioned feldspar, quartz, gloss of 18.0%, and a smooth glaze surface.
calcite, etc.
Temperature is inversely proportional to the water
absorption rate and porosity of expanded clay
1000~1080 °C, aggregates, and directly proportional to their density and
[91] Jiangxi, China  0.09 61.6 30.6 2.79 — 441 0.39 — 0.02 Ceramic AL O3, quartz Al/Si of crushing strength. Increasing the Al/Si causes the water
0.66~0.30 absorption rate and porosity of expanded clay aggregates
to first decrease and then increase, while their density
and crushing strength first increase and then decrease.
After curing for 12 h at 70 °C, the compressive strength
Cement. lime of the expanded clay aggregate can reach 4.8 MPa. Tests
[92] Jiangxi,China 009 616 306 195 — 441 039  — — Ceramsite gypsum, Al 40~70°C on the leaching oy of the elXpanded clay apggate
powder indicate that the heavy metal concentrations in the

leachate are all below the limit values, making it suitable
for use as a water treatment filter material.
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Table 3. Cont.

Major Chemical Compositions of RETs (%)

Ref. 1ailing - : Application Mixtures Production Results
Location CaO SiO, ALO; Fe,03 TiO, K,O Na,O F TREO Conditions
Polished brick
waste, low- The lightweight foamed ceramic material prepared using
Ganzhou, . temperature o . 60 wt.% RETSs exhibits excellent performance, with a bulk
31 Jiangxi, China 023 6977 1665 24 0-56 642 092 o o Ceramic sand, black 1150 °C, 30 min density of 0.31 g/cm® and compressive strength of 5.63
ceramic mud, MPa, meeting the requirements for practical application.
talc, etc.
Sichuan Kaolin tailings, A high-performance porous ceramic material with a
[94] China ’ 987 49.88 1175 449 — 4.36 2.59 — TRE,050.083 Ceramic feldspar, silicon 1140 °C, 20 min porosity of 73.5%, water absorption rate of 1.5%, and
carbide flexural strength of 1.72 MPa can be produced.
Melted at
. 1450 °C for 3 h,
Bavan Obo Class- 1\/}; 1}’Oa5a};§1é)azro molded, The hardness, densification, and acid-resistance of
[97] yen ! 172 36.7 602 2159 — 14 3.24 393 REO 4.14 . L ane annealed at glass-ceramics was improved by the addition of Ce**,
China ceramics (chemical o .. .
600 °C for 2 h, beneficial to the performance improvement.
grade)
nucleated and
crystallized
Melted at
. 1450 °Cfor3h  The results showed that microwave heating had a higher
Chemical . : . 1
and then cast heating rate than conventional heating. Tailing-based
Bayan Obo, Glass- reagents, such - - - ; .
[98] . 172 36.7 602 2159 — 14 3.24 3.93 REO 4.14 . . into a metal nanocrystalline glass-ceramics with excellent properties
China ceramics as Si0, and . N
Ca0 mold, can be prepared in a short processing time by
microwaved for microwave heating.
crystallization
Melted at
1450 °C for 2 h,
o molded,
1(‘)_‘70 wt% preheated at The RET is a series of effective nucleating agents. The
00 Bayan Obo, Glass- tailing, pure o L . :
[99] . 2595 1767  3.68 21.9 — 046 136 1385 TReO3.80 . : 900 °C, grain size of the crystallized glass decreases with
China ceramics chemical . - s
annealed at increasing the tailing content.
components
around glass
transition
temperature
Melting
Not Class- Pure chemical (1480~1500 °C, RETs can be used to produce glass-ceramics with an
[100] mentioned 1835 1.78 — 9.37 — — — 13.32 >21.21 ceramics components 1.5h); attractive appearance and excellent performance. The
P crystallization RET content can reach more than 20%.
(1140 °C, 2 h)

TREQ: Total rare earth oxide content.
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From both environmental and economic perspectives, utilizing RETs to produce
cement clinker, ceramics, glass-ceramics, and other products can stabilize the harmful
elements within them through high-temperature melting and other methods, thereby
avoiding the risk of leaching in natural environments and enabling high-value production.
This approach fully leverages the value of RETs. However, this method requires high-
temperature melting, resulting in high energy consumption. Therefore, before industrial-
scale production, economic feasibility studies must be conducted for specific application
scenarios, and improvements must be made to produce aesthetically pleasing, high-value
products under low-energy conditions, ensuring the economic viability of the technology.
Additionally, this utilization method can fully leverage the coloring properties of residual
REEs in RETs, as well as the fluxing properties of other components in RETs, thereby
reducing production costs and enhancing product quality. Among several application
methods, the production of geopolymers is considered the most energy-efficient, as curing
conditions only require 50-85 °C, rather than the over 1000 °C of other methods. However,
due to the low activity of RETs, pre-treatment typically involving grinding and calcination
at 750 °C is necessary to enhance their activity, which also consumes significant energy.

As shown in Table 3, the RETs used for producing glass-ceramics primarily originate
from Bayan Obo. Compared to the IRETs from Jiangxi, this type of RET has a higher CaO
content but lower SiO; and Al,Os contents. Therefore, the appropriate glass system is
typically selected based on the RET’s compositional characteristics, and pure chemical
components are introduced to adjust the raw material composition, thereby achieving the
preparation of microcrystalline glass. It is worth noting that the residual Ce*" in Bayan
Obo RETs was beneficial to performance improvement.

It is worth noting that silicate materials prepared using RETs must comply with
national environmental risk standards for solid waste and silicate products, such as GB/T
30760 [109], GB/T 35605 [110], GB/T 30810 [111], and HJ 557 [112], etc.

In general, it is necessary to thoroughly research the chemical and mineral composition of
specific types of RETs before determining their appropriate application. IRETs can typically be
used as substitutes for clay minerals such as kaolinite, and they can also leverage the unique
properties of residual REEs, such as coloring and reducing firing temperatures, to achieve a
high-value utilization of their quality. RETs with lower Si and Al content are more suitable for
the preparation of clinker, glass-ceramics, and geopolymers, etc.

4. Conclusions

IRETs contain a wide variety of valuable components, representing a secondary re-
source with significant utilization potential. While existing research has made considerable
progress in the recovery and extraction of REEs, effective management of the massive
accumulation of IRETs remains limited. To promote large-scale tailing utilization, this
study reviewed the applications of IRETs in silicate materials, including clinker, ceramics,
glass-ceramics, bricks and tiles, and geopolymers.

In traditional silicate materials such as cement clinker and bricks, IRETs can reduce
sintering temperatures and improve the phase composition of clinker. Given the unique
properties of RETs, particularly their enrichment in readily activated clay minerals, they
are also suitable for geopolymer synthesis. In addition to meeting mechanical performance
requirements, these geopolymers exhibit excellent heavy metal immobilization capabilities.

Furthermore, IRETs have broad applications in high-value-added products such as
ceramic pellets, functional ceramics, and functional pigments, owing to their inherent
content of REEs. REEs, including lanthanum (La), cerium (Ce), and neodymium (Nd),
play a distinctive role in enhancing the performance of glass-ceramics and improving
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the aesthetic and functional properties of ceramics. However, the application of IRETs in
glass-ceramics remains underexplored.

There remain limitations in RET-related research. Firstly, the research is still in its
infancy, with a limited scope that has not yet attracted global attention. This is related
to the scarcity and uneven distribution of rare earth deposits. Global cooperation should
be strengthened to conduct systematic research and planning. Secondly, current research
primarily focuses on the direct industrial utilization of RETs in silicate material production,
whereas studies on the activation mechanisms, reaction kinetics, long-term durability, and
heavy metal leaching behavior of IRETs in such materials remain scarce. These aspects are
critical for the future large-scale application and promotion of RET-based silicate materials.
Additionally, future research should emphasize the co-utilization of IRETs with other
industrial solid wastes, such as steel slag, blast furnace slag, and refining slag, to further
advance the sustainable management of RETs. Lastly, to make the best use of REEs, their
further recovery and extraction from tailings is encouraged before using them to produce
silicate materials.
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