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Crystallization, replacement, and redox pathways
governing rare earth carbonate and phosphate
formation
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Rare earth elements are critical raw materials for modern technologies and the global shift toward
sustainable energy. Yet, their extraction and separation remain environmentally challenging due to
complex geochemical behavior and limited understanding of mineral formation mechanisms. This study
integrates recent experimental advances to elucidate the fundamental processes controlling the
crystallization and transformation of REE-bearing carbonates and phosphates. REE carbonate formation
from aqueous solutions follows a non-classical pathway involving amorphous precursors and metastable
intermediates that gradually transform into stable hydroxycarbonates such as kozoite and bastnasite. The
kinetics, polymorph selection, and resulting morphologies are governed by the ionic potentials of the
REES* cations, temperature, and dehydration dynamics. Mineral replacement reactions between REE-
bearing fluids and common host minerals like carbonates (calcite, aragonite, dolomite, siderite) and
phosphates (vivianite), proceed through coupled dissolution-precipitation, producing pseudomorphic
textures. The extent and texture of these transformations are controlled by epitaxial relationships,
porosity generation, and local equilibrium conditions. Redox-driven processes, particularly Ce3*-Ce**
and Fe®*-Fe®' oxidation in siderite and vivianite, promote formation of secondary oxides (cerianite,
hematite) that influence REE mobility and sequestration. In fluorine-bearing environments, transient
fluocerite stabilizes and subsequently transforms epitaxially into bastnasite, demonstrating the chemical
and structural controls governing ore mineralization. Finally, we explore sustainable REE recovery using
waste-derived sorbents such as eggshell calcite. Experiments show temperature-dependent REE uptake
and complex phase transformations, offering insights for circular-economy approaches to resource
recycling. Collectively, these results establish a unified mechanistic framework linking REE mineral
formation, transformation, and recovery. By bridging natural ore-forming processes with green chemistry
strategies, this study advances understanding of REE geochemistry and supports the development of
environmentally sustainable extraction and recycling technologies.

pillar of green energy technologies; electric vehicles, solar
cells, and generators of wind turbines all require significant
quantities of REEs.”> This essential role has led to a

encompassing the 15

lanthanides, are fundamental strategic raw materials critical
to modern civilization and the transition to a sustainable
future." Their unique optical, magnetic, and catalytic
properties make them indispensable components in a vast
array of high-technology devices, including mobile phones,
computers, catalysts, and permanent magnets.” They are the
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continuously growing global demand, placing immense
pressure on mining industries to secure supply chains.

Despite their name, REEs are relatively abundant in the
Earth's crust, with minable concentrations being the primary
limitation. Natural REE abundances are strongly influenced by
the odd-even atomic number effect described by Harkins' rule,
resulting in the characteristic sawtooth patterns of REE
distributions in geological materials." Crystallisation and
geochemical processes can reshape how primary REE abundance
patterns are expressed in mineral systems, leading to local
fractionation effects and characteristic anomalies during mineral
growth and replacement.
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The global REE landscape is dominated by China, which has
supplied over 80% of the world's REEs during the last decades,
creating geopolitical concerns and market volatility." While other
countries like Australia, Russia, India, Brazil, and Vietnam hold
significant reserves, the concentration of processing capacity in
China underscores a critical supply risk. This imbalance is
exacerbated by the fact that natural deposits rarely contain
REEs in the exact ratios required by modern technology; for
instance, high-demand elements like Dy and Nd are often
less abundant in ores than lower-demand LREEs like Ce and
La. This disconnection between natural occurrence and
market needs, often termed the “rare earth crisis”, fuels the
urgency for finding new deposits, improving recycling, and
understanding ore formation to optimize processing.*

The challenges extend beyond geopolitics and mineralogy
to the very chemistry of REEs. The chemical similarity of
the lanthanides arises from the effective shielding of their
4f electrons, which do not participate strongly in bonding.
This shielding effect leads to the systematic decrease in
ionic radii across the series known as the lanthanide
contraction.” Conventional separation techniques rely on
thousands of stages of solvent extraction, a process that is
not only energy-intensive but also generates vast quantities
of toxic and radioactive waste.® This environmental footprint
poses a significant societal challenge and contradicts the
green ideals of the technologies they enable. Therefore, any
advancement in understanding the natural processes that
fractionate REEs, such as their preferential partitioning into
specific minerals during crystallization or their differential
mobility in hydrothermal fluids, can provide foundational
insights for developing cleaner, more efficient industrial
separation methods.

The primary economic sources of REEs are carbonatites
and associated alkaline igneous rocks, which host minerals
like Dbastnésite (REECO;F), monazite (REEPO,), and
xenotime (YPO,).® These deposits are magmatic or
hydrothermal in origin and are typically enriched in light
REEs (LREEs: La, Ce, Pr, Nd), while heavy REEs (HREEs: e.g.,
Tb, Dy, Ho) are less abundant but often more critical. The
formation of these deposits is a complex interplay of
magmatic and hydrothermal processes, where fluids rich in
ligands like F, CI, and SO,>” mobilize, transport, and
ultimately precipitate REEs into economic concentrations.””
Key minerals in this paragenetic sequence can include
fluocerite (REEF;),'° hypothesized as a precursor to
fluorocarbonates and  cerianite  (CeO,),"" though its
formation pathways remain poorly constrained.

Beyond primary deposits, secondary sources formed by
weathering (such as laterites, bauxites, and placer deposits)
offer alternative resources. Furthermore, the pressing need
to diversify supply has catalyzed research into
unconventional and secondary sources. These include the
recycling of electronic waste (e-waste), of which less than
20% is currently recycled, as well as the potential extraction
of REEs from coal fly ash, sedimentary phosphate deposits,
deep-sea sediments, and iron phosphate ores."> For
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example, the recent discovery of a major REE-phosphate
deposit associated with apatite in the Kiruna iron mine,
Sweden,  highlights the growing importance  of
understanding the genetic link between phosphorous, iron,
and REE mineralization. Effectively harnessing these
alternative resources requires a deep geochemical
understanding of how REEs are hosted, released, and could
be re-concentrated within these complex matrices.

A major impediment to more efficient exploration and
exploitation across all deposit types is a fundamental lack
of understanding of the physicochemical conditions that

govern REE mobility and mineral crystallization
mechanisms. A substantial body of experimental and
spectroscopic ~ work®*™®®  has  established that the

interaction of REEs with carbonate and phosphate minerals
such as calcite, vaterite, and monazite is dominated by
lattice and near-surface incorporation processes rather than
classical surface sorption. Studies combining EXAFS, TRLFS,
AFM, and diffraction methods have shown that trivalent
REEs substitute for Ca?" in calcite and vaterite, often
inducing local structural distortions, modified coordination
environments, and specific charge-compensation
mechanisms, particularly for the larger light REEs.
Incorporation has been demonstrated to occur not only
during crystal growth, but also under recrystallization and
polymorphic phase-transformation conditions, such as the
vaterite-to-calcite transition, which proceeds via coupled
dissolution-reprecipitation pathways and results in full
transfer of incorporated REEs into the newly formed phase.
These studies further highlight the strong influence of
solution chemistry (e.g., alkali ions, nitrate) on
incorporation kinetics, defect formation, and retention
efficiency. Together, this work provides an atomistic and
thermodynamic foundation for understanding REE solid-
solution formation in carbonate systems. However, the
crystallization pathways of REE-carbonates like bastnésite
are known to involve complex, multi-step dehydration
sequences and metastable intermediates, processes highly
sensitive to temperature, fluid chemistry, and ionic radii.”®
Similarly, the roles of host carbonate minerals like calcite,
dolomite, aragonite, siderite, and phosphates like apatite,
vivianite in recrystallization and replacement reactions
during hydrothermal and metasomatic events are key to
understanding ore genesis but are not fully elucidated.

This review paper therefore aims to analyze the current
state of knowledge on the fundamental mechanisms
controlling the formation of REE-bearing minerals, with a
particular focus on carbonates. We will address the precise
crystallization pathways from aqueous solution, examining
the sequence from amorphous precursors through
metastable phases to the stable bastnisite. Furthermore, we
will explore the factors affecting the kinetics and
mechanisms of mineral replacement reactions, where
common crustal minerals such as calcite, dolomite, and
siderite are transformed into REE ore minerals through
fluid-rock interactions. By integrating insights from

This journal is © The Royal Society of Chemistry 2026
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experimental studies of these processes under well-controlled
hydrothermal conditions, we seek, in the long-term, to build
a unified model that clarifies the complex paragenetic
sequences observed in natural deposits. This fundamental
understanding is critical for developing predictive exploration
models, optimizing mineral processing and REE separation
techniques, and innovating new recycling methodologies to
secure a sustainable supply of these critical elements.

To investigate these processes, our experimental program
has followed a bottom-up approach, gradually increasing
system complexity. We first studied the crystallization of REE-
carbonates from simple solutions containing only CO;>” and
REE®*'. We then examined how trace REEs influence CaCO;
crystallization, revealing their role during nucleation and
growth. Building on these results, we explored replacement
reactions in which REE-bearing fluids interact with common
carbonate minerals (ie., calcite, aragonite, dolomite),
considering both single- and multi-REE systems. Finally, we
extended our experiments to more complex scenarios,
including replacement reactions coupled to redox
transformations and the influence of additional ligands such
as fluorine, an element commonly associated with bastnésite,
that may open alternative reaction pathways. Together, this
experimental work provides a mechanistic framework for
understanding how REEs interact with carbonate and
phosphate hosts across increasing levels of complexity,
thereby establishing the basis for developing sustainable,
green chemistry strategies for their recovery and recycling.

2. Crystallization from solution:
general pathways and mechanisms

Precipitation of REE carbonates from solution underpins
many extraction and separation processes. Detailed
knowledge of the kinetics and intermediate metastable
phases enables more efficient recovery, selective fractionation
of REEs, and tailoring of particle morphologies for
advanced applications in catalysts, ceramics, magnets, and
optical materials.

The crystallization of REE carbonates from aqueous solution
follows a consistent non-classical pathway dominated by the
initial precipitation of metastable amorphous precursors."*®
These nanoscale, hydrous phases (general formula
REE,(CO3);-xH,0, where x = 4-5) form instantaneously upon
mixing REE®* and CO;*-bearing solutions under high
supersaturation conditions (Fig. 1), similarly to Ca-Mg
carbonates.”” > The subsequent transformation kinetics and
selected crystallization pathways are principally governed by two
factors: the ionic potential (charge density, Z/r) of the specific
REE®" cation and the reaction temperature.

Transformation proceeds through a series of dehydration
and crystallization steps. At lower temperatures (<60 °C), the
amorphous precursor typically crystallizes into hydrated
phases, most commonly the octahydrate lanthanite-type
structure (REE,(CO3);-8H,0) or a lower hydrate tengerite-type
structure (REE,(CO;);-2-3H,0).**** The stability of these
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Fig. 1 (a) Transmission electron microscopy image of amorphous Nd
carbonate consisting of hydrated nanoparticles formed directly from
aqueous solution upon mixing COs2"- and Nd>*-bearing aqueous
solutions. (b) Spherulitic Nd-kozoite produced by transformation of
the amorphous Nd carbonate. The surrounding massive material
consists of amorphous Nd carbonate.

hydrated crystalline phases decreases with increasing
temperature. Under hydrothermal conditions (7 = 95 °C), the
system evolves toward anhydrous hydroxycarbonates,
primarily the orthorhombic polymorph REECO;(OH) (kozoite;
Fig. 1) and its hexagonal dimorph REECO;OH)
(hydroxylbastnisite),"*® via progressive dehydration and
dissolution-reprecipitation reactions.

The crystallization of these solids from solution is often
characterized by two different processes: spherulitic growth

Fig. 2 Spherulitic growth of (a) La-kozoite after La-lanthanite at 21 °C;
(b) Pr-kozoite at 35 °C crystallised directly from an amorphous Pr
carbonate; (c) La-hydroxylbastnasite formed after La-kozoite via
dissolution-recrystallisation; (d) Dy-kozoite formed after Dy-tengerite
via dissolution-recrystallisation.

CrystEngComm, 2026, 28, 1453-1469 | 1455


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce01083g

Open Access Article. Published on 10 2026. Downloaded on 15-03-26 02.57.08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

and coupled dissolution-recrystallisation (Fig. 2). Both
transformation mechanisms are strongly governed by the
difference in solubility products (Ky,) between the reactant
and the product. For example, amorphous precursors, being
highly disordered and hydrated, usually have a significantly
higher solubility than its crystalline counterparts.'® A large
AKsp, (Ksp amorphous = Kop crystalline) Creates a strong driving
force for rapid transformation. When this difference is
maximized, typically under conditions that induce fast
precursor breakdown (e.g., high temperature, rapid heating
rate), the localized release of ions generates extreme
supersaturation with respect to the crystalline phase. This
promotes non-equilibrium spherulitic growth via continuous
nucleation at advancing growth fronts,*>*¢18724

Spherulitic growth is a nucleation-driven growth
mechanism that results in spherical or dumbbell-shaped
polycrystalline nanoaggregates® (Fig. 1b and 2a and b). It is
usually initiated by the rapid dissolution of the amorphous
precursor'®?®  or crystalline hydrated phases like
lanthanite.”*™*® The predominance of this mechanism during
REE-carbonate crystallization is intrinsically linked to the
stability and dissolution kinetics of the initial amorphous
phase, which are governed by the dehydration energy of the
REE’* ion and, in turn, by its ionic potential.**>® This trend
is further reinforced by a gradual reduction in hydration
coordination number from 9 to 8, which produces more
compact and rigid hydration shells in the heavier REEs,
slowing water-exchange kinetics, and enhancing the kinetic
stabilization =~ of amorphous and weakly hydrated
intermediates. The overall progression from a disordered,
hydrated solid to a crystalline carbonate is thus a function of
competing factors: the rate of water loss from the
coordination sphere of the REE®*" ion versus the rate of ion
reorganization into a more thermodynamically stable
crystalline phase. Heavier REEs, with their higher ionic
potentials and stronger hydration shells, form longer-lived
amorphous and intermediate phases and therefore require
more energetic conditions (higher temperatures) or longer
reaction times to crystallize into anhydrous end members
compared with lighter REEs."**® The rate of heating can also
result in quicker approach to the supersaturation level
required to promote non-equilibrium nucleation-driven
processes.'® As a result, the final structure and morphology
of the crystalline product are not intrinsic properties of the
mineral phase alone but are dictated by the dehydration
kinetics of the precursor. The rate at which water is released
governs the evolution of supersaturation, thereby controlling
whether crystallization proceeds via classical growth or
through spherulitic growth. Residual water remaining around
the REE®*" cation due to incomplete dehydration can enter
into the crystalline structure, influencing not only
morphology but also polymorph selection, and may even
affect the stability of REE oxides formed at high temperatures
after decarbonation. Experimental work®® demonstrated that
heavier REEs can even retain part of their original hydration
shells up to temperatures close to 1000 °C.
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When the solubility difference (AK,,) between reactant
and product phases is small, as typically occurs during
transformations between crystalline intermediates of
comparable stability (e.g,, transformation of kozoite to
hydroxylbastnisite), the thermodynamic driving force is
lower and reaction kinetics are slow. Under these
circumstances and similarly to the vaterite-calcite
transformation in the CaCO; system,'”'®?? dissolution-
reprecipitation becomes the dominant transformation
mechanism. This process involves the progressive
dissolution of the metastable phase into solution, followed
by the heterogeneous nucleation and growth of the more
stable, less soluble phase. The interface-controlled nature of
this mechanism promotes gradual equilibration, with ion-
by-ion addition to crystal surfaces facilitating Ostwald
ripening and the development of large, well-faceted,
euhedral morphologies'” (Fig. 2¢ and d).

2.1. Effect of REE during the crystallisation from solution of
CaCo,

Recent experimental work has shown that REE also strongly
influence the early stages of CaCO; formation. Terribili et al
(2024)*° demonstrated that the presence of REE*" ions slows
down nucleation and growth kinetics of CaCOs3, with the degree
of inhibition scaling with both concentration and ionic potential
(Fig. 3). At high concentrations of heavier REEs, poorly ordered
REE-Ca-carbonate precursors were detected before the
crystallization of calcite and vaterite, similarly to the highly
hydrated amorphous phases observed by Vallina et al. (2015).'
These precursors, consisting of nanometer-sized spheres,
temporarily reduce the effective concentration of Ca*', CO,>",
and REE® in solution, thereby lowering supersaturation levels
and affecting the subsequent crystallization kinetics. Their
transient stability highlights a nonclassical crystallization
pathway,®" where amorphous phases can play a decisive role in
dictating the kinetics and polymorph outcome.

Results show that REEs inhibit the formation of calcite
and favor vaterite relative to the pure system (Fig. 4). While
vaterite maintained its wusual spherulitic morphology
(Fig. 4a), it developed surface defects (roughness, pits, and
imperfections) that became more pronounced with
increasing REE concentrations and atomic mass. Calcite, by
contrast, showed much stronger morphological modifications
(Fig. 4b and c). Instead of well-formed rhombohedra, it often
exhibited irregular surfaces, edge and corner distortions, and
nanodomain textures on the (104) face. These features could
be attributed to preferential adsorption of REE** ions on
specific crystallographic sites and subsequent structural
incorporation,** which locally inhibit growth and generate
nonclassical architectures.®® Together, these observations
suggest that REEs act both by stabilizing amorphous
intermediates and by perturbing classical crystal growth,
ultimately reducing crystallization rates and producing
crystals with complex morphologies. During subsequent
transformation to calcite, REEs would be redistributed via

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Normalized turbidity graphs obtained wusing UV-Vis
spectrophotometry showing the effect of multiple REEs during the
crystallization of CaCOs. The graphs show (a) the CaCOs system with La +
Nd, (b) La + Dy, (c) Nd + Dy, and (d) La + Nd + Dy. All REEs solutions have
equimolar concentrations, with total combined concentrations of REEs
ranging from 0 to 0.3 mM.

coupled dissolution-reprecipitation processes, consistent
with previous observations for Eu-bearing systems.>*

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 SEM images of (a) vaterite crystallized in the presence of REEs
(La + Nd + Dy 0.06 mM) showing high surface roughness. (b) Surface
of calcite crystals (La + Nd + Dy 0.3 mM); (c) details of calcite (104)
face obtained in the La + Nd + Dy 0.3 mM experiments.

3. Interaction of REEs with Ca-Mg-Fe
carbonates

In hydrothermal environments, the mobility, concentration,
and eventual mineralization of REEs are strongly influenced
by their interactions with Ca-Mg-Fe carbonate minerals (e.g.,
calcite, aragonite, dolomite, siderite).>> These reactions
commonly proceed via coupled dissolution-precipitation,
with successive generations of REE carbonates and
phosphates evolving toward increasingly stable assemblages
as fluid-rock equilibration progresses. Such experimental
findings carry important implications for natural systems,
offering valuable insights into the mechanisms that govern
the formation of economic REE deposits, particularly
hydrothermal carbonatites where bastnésite represents the
principal ore mineral.

3.1. Mineral replacement reactions in REE-Ca-Mg-carbonate
systems

The hydrothermal interaction between REE-bearing aqueous
solutions and common Ca-Mg carbonate minerals (calcite,
aragonite, dolomite) is translated into a complex, multi-stage
mineralization process characterized by pseudomorphic

CrystEngComm, 2026, 28, 1453-1469 | 1457
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replacements (Fig. 5 and 6). The general reaction pathway is
fundamentally = governed by
mechanisms, where the host carbonate dissolves, increasing
the local concentration of CO;*  ions at the fluid-mineral
interface, increasing supersaturation levels and promoting

dissolution-precipitation

the crystallization of less-soluble REE-bearing carbonate
phases.>**® The replacement proceeds centripetally, ie., from
the grain periphery inward (Fig. 6), often preserving the original
morphology of the host crystal while completely transforming
its composition.

A key finding across these studies is the consistent,
temperature-dependent crystallization sequence observed for
light REEs (La, Pr, Nd): lanthanite [REE,(CO;);-8H,0] —
kozoite [orthorhombic REECO;(OH)] — hydroxylbastnésite
[hexagonal REECO;(OH)]**** (Fig. 7). This progression
reflects a pathway of increasing thermodynamic stability and
dehydration. The ionic radius of the REE®" cation exerts a
primary control on polymorph selection. Larger ions (La®,
Pr’’, Nd*') readily facilitate this full sequence, while smaller,
heavier REEs like Dy®" destabilize the low-temperature
lanthanite and end-member hydroxylbastnésite structures;
consequently, Dy-systems culminate in kozoite as the final
stable phase. A notable exception occurs in the Dy-aragonite
system, where the hydrated phase tengerite [Dy,(COj3)3-2-
3H,0] precipitates as an intermediate phase before
transforming to kozoite, highlighting the additional influence
of the host mineral's chemistry and dissolution kinetics.***”

The kinetics of replacement are strongly influenced by
temperature and the chemistry and structure of the host
mineral. While at ambient conditions, the process remains
incomplete even over months, even mild hydrothermal
conditions (e.g., >80 °C) can drastically accelerate the
reactions, enabling complete replacement within days. The
host mineral's solubility and dissolution rate are critical;
aragonite (logK,, = -8.34),>” being more soluble than calcite
or dolomite, also has a higher dissolution rate,*® leading to
higher initial supersaturation and faster nucleation of REE
phases compared to dolomite (log Ky, = —18.14) and calcite
(log K,p, = —8.48). This difference in kinetics can also influence
the morphology of the secondary products, often resulting in
finer-grained or spherulitic textures on aragonite.

The reaction pathways and final mineral assemblages can
become significantly more complex in systems involving
REE
concentrations, and individual chemical behaviors of each

multi-component solutions, as the ionic radii,
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REE
carbonate
crust

Dolomite

Fig. 6 SEM images showing the progressive replacement of dolomite
grains in polished sample pucks. The sequence highlights the
advance of the reaction interface and the formation of secondary
REE-carbonate phases that progressively consume the original
dolomite crystals.

REE compete during crystallization.’® Experiments using
solutions with equal concentrations of La, Ce, Pr, Nd, and Dy
resulted in the formation of relatively homogeneous (La, Ce,

Fig. 5 SEM images illustrating the initial stages of dolomite single-crystal replacement by REE carbonates. A thin surface precipitate layer first
develops on dolomite and progressively thickens until the grain is completely covered by the newly formed REE-carbonate phase.
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Fig. 7 Different REE-bearing carbonates growing on the surfaces of Ca-Mg carbonates during the solution-mediated replacement reactions: (a)
Nd-kozoite replacing dolomite at 165 °C; (b) spherulitic La-kozoite on dolomite at 80 °C; (c) of La-lanthanite replacing aragonite at 21 °C: (d) Ce-
kozoite replacing dolomite grains at 50 °C; (e) Dy-kozoite on calcite at 220 °C; (f) La-hydroxylbastnasite on dolomite at 220 °C.

Pr, Nd, Dy)-kozoite solid solutions, with the REE ratios in the
solid phase mirroring those in the aqueous solution.*® In
contrast, experiments utilizing solutions with REE
concentrations normalized to a Post-Archean Australian
Shale (PAAS) standard, which is Ce-dominated, revealed a
pronounced partitioning of REEs during replacement. This
process resulted in chemically zoned crystals (Fig. 8) and the
discrete crystallization of Ce-rich phases (Fig. 9 and 10). In
PAAS systems, lighter REEs (La, Ce) were preferentially
incorporated into the early overgrowths (Fig. 8), forming
crystal cores, while heavier REEs (Nd, Dy) became
concentrated in the rims, producing concentric zoning within
individual crystals and across the replacement corona. This

Fig. 8 SEM-BSE image and corresponding EDS elemental map of an
aragonite grain reacted at 165 °C for 72 h in PAAS solution. The maps
reveal compositional zoning within a kozoite crystal, with lighter rare
earth elements concentrated in the core and heavier rare earth
elements enriched along the outer margins.

This journal is © The Royal Society of Chemistry 2026

fractionation reflects kinetic controls: the lower ionic
potential of the light REE*" ions promotes faster dehydration
and incorporation relative to the heavier REE®" ions.
Although lighter REE carbonates are generally considered
more soluble than their heavier analogues,*' the literature
reports conflicting trends.””** Such discrepancies likely
reflect the complexity of crystallization pathways, where
different transient or nanoscale polymorphs, each with

Fig. 9 SEM-BSE image and corresponding EDS elemental map of an
aragonite grain reacted at 210 °C for 24 h in PAAS solution. The
mapped area reveals a secondary replacement of REE-carbonate
phases by cerianite, resulting in symplectic textures that overprint the
earlier replacement of aragonite by REE carbonates. The distribution of
cerianite delineates the boundaries between pre-existing spindle-
shaped kozoite crystals, suggesting preferential nucleation and growth
along crystal interfaces during late-stage mineralization.
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Lighter REE (La) in the centre,
heavier (Nd) in the rims.

Ce* oxidizes to Ce* ,
combines with oxygen to form
cerianite (Ce0,)

2 The smaller molar volume
of cerianite (23.86
cm3/mol) compared to
kozoite (45.59 cm3/mol)
creates porosity.

Fluid can once again react
with the REE carbonate
core, releasing previously
immobilized REEs back into
solution, creating the
vermicular intergrowths.

Fig. 10 Schematic diagram depicting the proposed mechanism for
the development of symplectic textures during the interaction of Ce-
bearing REE fluids with Ca-Mg carbonate minerals. The diagram
summarizes the sequence of mineral replacement and phase evolution
inferred from experimental observations.

distinct solubility products and growth kinetics, influence
observed solubility behavior.

A key concept governing the efficiency and completeness
of  dissolution-reprecipitation  reactions is  partial
equilibrium.**™® This state arises when a newly precipitated
REE-rich phase (e.g., kozoite or lanthanite) forms a coherent,
impermeable crust on the surface of the dissolving host Ca-
Mg carbonate.’***%” The crust acts as a physical barrier,
isolating the reactive parent mineral from the bulk solution
and thereby halting the reaction before full replacement is
achieved. The driving force for this armoring effect is often a
pronounced positive molar volume change; for example, the
molar volume of REE-carbonates such as lanthanite (=220.32
em® mol™)*® is significantly larger than that of the replaced
calcite (=~36.93 cm® mol™).*® Precipitation directly at the
fluid-mineral interface can thus rapidly generate a
passivating layer that seals the surface. From this framework,
two contrasting scenarios can emerge:

(i) Full replacement despite kinetic slowing: experimental
evidence'® shows that complete replacement of Ca-Mg
carbonates can occur, even when intermediate REE-
carbonates possess large molar volumes. In these cases,
rapid, defect-rich crystallization via spherulitic growth
produces a porous reaction rim rather than a dense barrier.
Although porosity slows down transport, it preserves fluid
pathways to the reaction front, thereby enabling full
replacement.

(ii) Halted replacement due to epitaxial overgrowths
(Fig. 11): when the overgrowth phase shares close structural
compatibility with the host (d-spacing mismatch typically

<10%),>>" epitaxial relationships minimize interfacial
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Fig. 11 SEM images showing the epitaxial overgrowths of kozoite on
(@ and b) calcite and (c and d) aragonite single crystals. On calcite,
kozoite nucleates and grows with a single, well-defined
crystallographic orientation. In contrast, epitaxial growth on aragonite
can occur in three distinct crystallographic orientations.

energy and promote coherent growth along specific
crystallographic directions.”>*® Such epitaxial encapsulation
preserves the host core and inhibits further reaction.
Importantly, epitaxial control can be transient: oriented
overgrowths are often metastable and may later transform
into more stable, randomly oriented phases. Examples
include metastable kozoite (REECO;OH) epitaxies on
calcite,®®  dolomite, or pseudohexagonally twinned
aragonite.”” Upon transformation into hydroxylbastnisite or
cerianite, epitaxial coherence is lost, porosity develops, and
the reaction front advances, its extent governed by the
relative molar volumes of the phases involved.

Thus, the persistence of partial equilibrium depends on
the interplay between structural compatibility, which favors

This journal is © The Royal Society of Chemistry 2026
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epitaxial stabilization, and chemical driving forces, which
favor transformation. The breakdown of epitaxial coherence
marks a critical shift from interface-controlled growth toward
transport- or supersaturation-controlled growth, allowing the
system to progress toward full thermodynamic equilibrium.*”
In natural settings, the preservation of epitaxial textures
provides a diagnostic record of specific physicochemical
conditions, such as moderate temperatures and evolving
fluid compositions, that modulate dissolution kinetics and
reprecipitation pathways.

3.2. Redox-driven replacement reactions: the role or Ce

In both single- and multi-REE systems, the starting pH of the
aqueous solution prior to the beginning of the dissolution of
the host Ca-Mg carbonates is =5.1. Once the host starts
dissolving and being replaced by REE carbonates, the pH of
the aqueous solution increases towards a value of ~8.0-8.2 at
near-equilibrium conditions. At this higher pH, Ce*" ions
become increasingly hydrolyzed, forming Ce-hydroxo
complexes. These are more easily oxidized, and under
hydrothermal conditions Ce®" is oxidized to Ce"", as the latter
achieves a stable, noble-gas-like electron configuration
([Xe]4f°).>>>* This process, which is kinetically favored by
temperature, has two critical consequences: first is the
nucleation and growth of a dense and insoluble (K, =
-59.3)>° oxide, cerianite (Ce*'0,),*® due to the inability of
Ce*" to form carbonate solids. This oxidation is intrinsically
coupled with decarbonation (e.g., CeCO30H() — CeOy) +
COyg + H'aq) *+ €), in which CO, gas and H' ions are
released, causing a drastic local acidification of the aqueous
solution, promoting further dissolution of any carbonate
phases and thus sustaining the reaction front. The oxidation
of Ce*" produces crystalline CeO, nanoparticles, which act as
transient, highly reactive intermediates during carbonate
replacement.*”*>® Subsequent aggregation and coarsening
of these nanoparticles leads to polycrystalline cerianite and
the development of porous replacement textures. The large
difference between the molar volume of the REE carbonates
(e.g., 44.76 cm® mol™ for kozoite; 44.02 cm® mol™ for
bastnisite)*® compared to cerianite (23.86 cm® mol ")*®
results in an increase in porosity, increasing the reactive
surface area, which can accelerate subsequent alteration
processes. This way, in hydrothermal conditions (e.g., =165
°C), the crystallisation of cerianite leads to the dissolution of
pre-existing REE carbonates (kozoite, bastnisite) until the
Ce*" oxidation to Ce*" is completed.

The interaction of host Ca-Mg carbonates with Ce-bearing
REE is frequently translated into double-replacement
reactions. The initial step involves the replacement of the
host by metastable Ce**-bearing REE carbonate phases (e.g.,
lanthanite, kozoite, bastnasite). Then, the solution-mediated
oxidation of Ce®" to Ce*" results into a new replacement
reaction, where the Ce**-carbonate undergoes in situ
decarbonation and oxidation to form the final, stable
cerianite phase.*®*® The crystallization of cerianite is a

This journal is © The Royal Society of Chemistry 2026
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critical sink for Ce and can also incorporate other REEs with
similar ionic radii, such as Dy*', as impurities.>® However,
the extent and completeness of this entire reaction pathway
is dependent on the fluid's initial chemistry and temperature.
While the initial REE/(Ca + Mg) ratio controls the saturation
state and kinetics of the first replacement reaction of the
host Ca-Mg carbonate by REE carbonates, the Ce/REE ratio
dictates the extent of the secondary replacement. A high Ce/
REE ratio promotes the complete dissolution of the Ca-Mg-
REE carbonates and the crystallisation of cerianite, creating
highly porous pseudomorphs, with the concomitant
liberation of non-Ce REEs back to the aqueous solution. A
lower Ce/REE ratio may result in the partial preservation of
trivalent REE- and/or Ca-Mg-carbonate phases.

The partial replacement of REE carbonates by cerianite
generates intricate symplectic textures (Fig. 9 and 10),
observed as fine-scale, vermicular intergrowths of Ce*'-rich
oxides within a matrix of other REE carbonates. These
textures are common in metamorphic rocks that have
experienced high PT conditions® and have been also
observed in REE-bearing deposits.”® In our experimental
system, these are a direct consequence of the large
differences in molar volume and solubility between the
parent and product phases. The dissolution of kozoite/
bastnisite (molar volume =~ 45-47 cm® mol™)*® and
precipitation of denser cerianite (molar volume =~ 23.86
em® mol™)*® creates significant porosity (Fig. 10). This
porosity allows the reactive fluid to infiltrate further,
initiating replacement at the boundaries between pre-
existing carbonate crystals. This process is fluid-mediated,
driven by interfacial dissolution-precipitation, where Ce*"
from the solution reacts with the carbonate, releasing CO,
and other REE*" back into the fluid. The resulting texture
often preserves a “ghost” of the original kozoite/bastnasite
crystal morphology, defined by the cerianite that nucleates
along its margins and fractures.*® Furthermore, the
oxidation of Ce®" already incorporated within the kozoite/
bastnésite structure can lead to a solid-state exsolution
process, where the smaller Ce*" ion becomes incompatible
with the carbonate lattice, migrating to form nanoscale
cerianite nuclei. These symplectites represent a dynamic,
open-system process of element remobilization and re-
concentration at the micro- and nanoscale, highlighting
that high-grade REE mineralization may involve multiple
episodes of dissolution and reprecipitation even after the
initial carbonate ore has formed.

Among the REEs, Eu is also redox-active, but its redox
behavior differs fundamentally from that of Ce. Reduction of
Eu®" to Eu** requires strongly reducing conditions and does
not lead to the formation of an insoluble Eu(u) oxide under
hydrothermal conditions. Instead, Eu** behaves chemically
similarly to Ca®* or Sr*", resulting in enhanced mobility and
a strong tendency for lattice substitution rather than discrete
mineral precipitation. At low concentrations, Eu*" would be
incorporated into carbonate lattices.’*** Under specific
replacement conditions, however, Eu>" may form a carbonate
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phase with an aragonite-type structure.”® In contrast to the
oxidation of Ce** to Ce**, which produces insoluble CeO, and
drives decarbonation and replacement reactions, Eu
reduction would promote solid-solution formation, not
generating a comparable mineralogical sink.

3.3. Double oxidation and transient REE-carbonate
replacement processes

In some hydrothermal environments, coupled oxidation
reactions can destabilize thermodynamically stable REE-
carbonates, meaning that even phases considered
thermodynamically stable, like bastnisite, may appear only
transiently before being dissolved or replaced. Maddin et al.
(2024)°° investigated the hydrothermal interaction of siderite
(FeCO3) with multi-component REE-bearing fluids (La, Ce, Pr,
Nd, Dy), highlighting the critical role of redox reactions in
controlling the mineral replacement pathway. The
experiments revealed that oxidation of Fe*" to Fe’" (triggering
goethite/hematite formation) and Ce*" to Ce*" (resulting in
cerianite formation) both release protons into solution. This
progressive acidification lowers carbonate stability, triggering
decarbonation reactions. As a result, REE carbonates (kozoite,
bastnisite) that may crystallize initially (Fig. 12 and 13) are
subsequently dissolved. Ultimately, hematite and cerianite
remain as the stable end products, while REEs are either
remobilized or trapped in oxides.

Fig. 12 SEM images and EDS elemental map showing the transient
replacement of the siderite host by kozoite in equal-concentration
experiments conducted at 165 °C for 24 h.
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Fig. 13 SEM-BSE image of a siderite grain undergoing replacement by
bastnasite in equal-concentration experiments at 205 °C for 24 h. EDS
elemental map reveals an almost homogeneous distribution of REEs,
indicating uniform incorporation during the replacement process. The
matrix consists of nm-sized grains of cerianite and hematite.

This transient stabilization of REE-carbonates is highly
sensitive to both redox conditions and REE availability
(Fig. 14). While at lower temperatures, a passivating goethite
layer can suppress carbonate replacement, creating a partial
equilibrium state, at hydrothermal conditions, dissolution
accelerates, allowing for kozoite and bastnisite crystallization
before they are destabilized by ongoing Fe and Ce oxidation.
The molar volume contrast between cerianite and the REE-
carbonates further enhances replacement, as cerianite's
smaller volume facilitates pore formation and continuous
fluid access. Ultimately, the interplay between Fe and Ce
redox transformations not only governs the pace of carbonate
breakdown but also dictates whether REEs in hydrothermal
fluids are transiently sequestered in carbonate phases or
locked in oxides.

These findings highlight the importance of coupled redox
reactions in natural systems where REE-rich fluids interact
with  Fe**-bearing carbonates, such as carbonatite-
associated ore deposits.”" The transient ecrystallization
and subsequent dissolution of REE-carbonates under

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 Schematic diagram depicting the proposed replacement mechanisms during the REE-bearing fluid interaction with siderite. The diagram
summarizes the sequence of mineral replacement and phase evolution inferred from experiments conducted at 50, 165, and 205 °C, highlighting

temperature-dependent reaction pathways and secondary phase formation.

oxidating conditions help explain the coexistence of
metastable REE phases with hematite-cerianite assemblages

Fig. 15 SEM images illustrating the morphologies of (a) of La- and (b)
Nd-fluocerite crystals formed after fluorite (CaF,); (c and d) progressive
replacement of the fluocerite surfaces by REE-carbonates; (e and f)
subsequent replacement of fluocerite into Nd-bastnasite at 200 °C
forming pseudomorphic crystalline nanoaggregates.

This journal is © The Royal Society of Chemistry 2026

in natural  hydrothermal environments, providing
mechanistic insights into both REE mobility and ore
formation processes.

3.4. Fluorine-controlled pathways to bastnasite

Experimental research has demonstrated that in Ca-Mg-
REE-CO;-F systems, fluocerite (REEF;) can also act as a key
transient precursor in the hydrothermal formation of REE
fluorocarbonates like bastnaesite.”? Fluocerite forms during
the reaction of fluorite with La-, Ce-, and Nd-bearing
solutions usually at hydrothermal conditions but even at
near-ambient temperatures (e.g:, 30-90 °C). Subsequently,
in carbonate-bearing solutions, this mineral transforms into
bastnisite (Fig. 15). The kinetics of fluocerite formation is
strongly affected by the REE®" ionic radius, with lighter REEs
(La) crystallising rapidly, while heavier REEs (Nd) exhibit
sluggish nucleation at low temperatures. Activation energies
for nucleation (E, ~ 81-96 k] mol™") and crystallisation (E, ~
72-90 kJ mol™") reveal that REE ionic potential exerts strong
control on precursor stability and crystal morphology,
ranging from small, rounded fluocerite crystals in La systems
to more euhedral hexagonal prisms for Nd (Fig. 15).

Upon carbonation, fluocerite undergoes solution-mediated
pseudomorphic replacement, producing bastnésite as the
dominant product, often accompanied by kozoite in Nd
systems or cerianite in Ce systems.®> The transformation
initiates through nanocrystalline crusts (~50 nm thickness)
on fluocerite surfaces (Fig. 15), which coarsen with time and
temperature. Structural similarities between fluocerite and
bastnidsite (hexagonal/trigonal symmetry, lattice misfits <
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Fig. 16 SEM photomicrographs showing the nanocrystalline solids
obtained in experiments during the interaction of vivianite crystals with
REE-bearing aqueous solutions. (a) Initial replacement of vivianite by
newly formed crystals; (b) growth of giniite crystals on the surface of
the vivianite and early stages of growth of rhabdophane on the surface
of giniite; (c) rhabdophane spherulitic nanoaggregates covering the
surface of the host crystals; (d) monazite and rhabdophane aggregates.

1.5%) promote epitaxial overgrowth, lowering
interfacial energy and stabilising the newly nucleated phase.
In Ce-bearing systems, temperature-dependent double-
replacement reactions are possible (i.e., fluorite — fluocerite
— Ce-bastnasite — cerianite), with cubic cerianite (111)
planes also growing epitactically on fluocerite (001) surface
despite moderate misfits (~8%). The reaction pathway is
further governed by thermodynamic and structural
constraints: bastnisite possesses larger molar volume (42.52
em?® mol™)*® than fluocerite (32.99 cm® mol™),*® leading to
partial isolation of the precursor by product rims and
retarding reaction front progression. In contrast, the Ce** —
Ce*" oxidation that produces cerianite reduces molar volume
and induces porosity, creating skeletal crystal textures and
enhancing fluid access.

Collectively, these findings highlight fluorine as a
mechanistic driver of REE mineralisation, lowering REE*"
desolvation energies and enabling bastnidsite nucleation
under mild hydrothermal conditions (<100 °C). Fluocerite
emerges as an essential intermediate phase,®® capturing REEs
from solution and transferring them into stable carbonate or
oxide hosts via epitaxially controlled growth, sometimes
combined with redox transformations (in the case of Ce).
This framework explains the presence of some fluocerite
remains in natural carbonatite deposits,'***°® refines
models of REE ore genesis, and informs strategies for REE
recovery and material design.

3.5. Redox-controlled mineral replacement of Fe phosphates

Maddin et al. (2025)°” demonstrated that the replacement of
vivianite (Fe>';(PO,),-8H,0) by REE phosphates is strictly
dependent on solution-mediated oxidation processes. Under
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reducing conditions, vivianite is highly insoluble and more
stable than REE phosphates such as rhabdophane,
REE(PO,)-0.6H,0 and monazite, REEPO,, so replacement
cannot occur. When Fe*' is oxidized to Fe', vivianite is
destabilized, dissolved, and phosphate is released into
solution, thereby creating the conditions required for REE
phosphate precipitation at the fluid-mineral interface
(Fig. 16). Without this solution-mediated oxidative step, the
dissolution-recrystallisation pathway is both kinetically and
thermodynamically inhibited, making oxidation the essential
driver of the transformation.®”

Once initiated, the replacement proceeds
pseudomorphically: vivianite is progressively consumed and
substituted by REE phosphates (Fig. 16 and 17).
Rhabdophane typically forms first,°® later transforming into
monazite as the system evolves toward thermodynamic
stability. The process is accompanied by precipitation of Fe*"
phosphates and oxides in the surrounding medium, a clear
indicator of its redox-driven nature. By linking vivianite
destabilization to Fe oxidation, Maddin et al. (2025)*” (Fig. 17),
provide a mechanistic explanation for how REE phosphates form
in natural environments where fluctuating redox states both
mobilize Fe and enhance REE availability. These results
clarify the geochemical controls on phosphate-hosted REE
mineralizations and emphasize that redox gradients
can determine whether REEs are sequestered into stable
phosphate phases or remain mobile in solution.

4. Turning waste into REE-source:
eggshells as sustainable sorbents for
REE recovery

The recovery of REEs increasingly relies on sorbent materials
that are both effective and environmentally benign. Biogenic
and waste-derived sorbents such as coal fly ash and its
derivatives, clay and nanoclay materials (e.g., bentonite),
biochar, diatomite and other carbonate hosts have shown
significant promise for metal recovery and water
decontamination in recent studies, with ongoing work
examining  synthesis,  modification  strategies, and
mechanisms of uptake and regeneration (e.g., biowaste-
derived green sorbents; fly ash as trace metal adsorbent;
municipal waste fly ash-derived zeolites; clay nanomaterials;
broader assessments of carbon- and inorganic-based
sorbents).®*””* For example, REEs can be extracted from coal
fly ash using mild biodegradable acids and subsequently
precipitated as oxalates, demonstrating how industrial waste
can be valorized within a green chemistry framework.””
Similar approaches using natural sorbents emphasize ion
exchange and dissolution-precipitation mechanisms that
avoid reliance on aggressive mineral acids,”® while opening
pathways for sustainable REE capture from aqueous
solutions.

Within this context, eggshells have emerged as a versatile,
low-cost sorbent. Composed primarily of biogenic calcite with

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce01083g

Open Access Article. Published on 10 2026. Downloaded on 15-03-26 02.57.08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

Fezv‘\
Fe?* - Fe¥* +e Z

P04 Fe?* > Fe3* +e
r N RhabdophaD
Fe2t REE(PO,)-H,0

Vivianite Fe,?*(PO,),-8H,0

tmnsformsﬂ

Metavivianite
Fe?*Fe,*(PO,),(OH),-6H,0

Fezi>iFestles

Giniite
Fe2*Fe,3*(PO,), (OH),-2H,0

View Article Online

Highlight

Rhabdophane
REE(PO,)-H,0

90 °C

03 swJofsup.y

Rhabdophane Hematite

REE(PO,)-H,0 1 Fe,0;
forming on the A «\s‘
surface of giniite ~ Monazite (\c,§°(
(LREEPO,  gGiniite *°

Fe?*Fe,>*(PO,), (OH),-2H,0

Fig. 17 Schematic diagram depicting the proposed replacement mechanisms during the REE-bearing fluid interaction with vivianite. The diagram
summarizes the sequence of mineral replacement and phase evolution inferred from experiments conducted at 50, 90, and 165 °C, highlighting

temperature-dependent reaction pathways and secondary phase formation.

a minor organic fraction, eggshells are produced in
enormous quantities as food industry waste (~10 Mt
annually).”” They have been investigated to capture light
REEs such as La and Ce at moderate pH,”®®° situating them
as a promising sorbent for both environmental remediation
and critical metal recovery.

Building on this foundation, Rateau et al (2024)%
provided a systematic investigation of REE uptake by eggshell
calcite under controlled hydrothermal conditions. By
exposing eggshell calcite to mixed REE solutions (La, Nd, Dy)
across a temperature range from ambient (~25 °C) to 205 °C
over periods of up to three months, they demonstrated that
the dominant uptake mechanism shifts with temperature. At
low temperatures (<90 °C), REEs were incorporated slowly

Fig. 18 Laser ablation inductively coupled plasma mass spectrometry
analyses illustrating the concentration and spatial distribution of Nd in
eggshell calcite after reaction at 90 °C for (a) 1 day, (b) 3 days, and (c)
11 days. The maps reveal progressive Nd incorporation and
redistribution within the calcite-bearing shell over time.

This journal is © The Royal Society of Chemistry 2026

via diffusion pathways associated with intracrystalline
organics and crystal-boundary networks (Fig. 18). At ~90 °C,
surface precipitation of kozoite was observed as spherulitic
overgrowths on dissolving calcite surfaces. Above ~165 °C,
interface-coupled dissolution—precipitation dominated, with
pseudomorphic replacement of calcite by polycrystalline REE
carbonates, progressing from kozoite toward
hydroxylbastnésite at the highest temperatures. Mineralogical
and microstructural analyses revealed that partitioning
among La, Nd, and Dy varied with mechanism and thermal
regime, underscoring the complexity of REE distribution in
dynamic sorbent systems.

From an application perspective, these results identify
two potential operational regimes. At lower temperatures,
eggshells act primarily as adsorbents/absorbents, favoring
diffusion and surface binding under mild conditions where
energy inputs are limited. At elevated temperatures, they
function as sacrificial templates for REE carbonate
precipitation, allowing both capture and conversion into
stable solid forms. Rateau et al (2024)®" show that
understanding the kinetics and pathways of REE carbonate
formation enables more efficient and selective recovery
using eggshell calcite. Eggshell calcite is not intended to
compete with engineered sorbents or downstream
separation technologies such as flotation or solvent
extraction. Instead, it provides a chemically simple, waste-
derived carbonate system that allows mechanistic
investigation of REE uptake across adsorption, surface
precipitation, and  mineral replacement  regimes.
Hydrothermal conditions were employed to accelerate these
processes and delineate their kinetic and mineralogical
controls; similar mechanisms may operate at
temperatures over longer timescales or in geothermal and
leaching environments. More broadly, their study highlights
the potential of waste-to-resource approaches in green
chemistry, while emphasizing the necessity of detailed
mechanistic understanding to translate laboratory findings
into scalable, sustainable technologies.

lower
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5. Concluding remarks

Rare-earth element mineralisation as carbonates and
phosphates is governed by a combination of processes,
including crystallisation from solution and replacement
reactions within carbonate hosts. Both general pathways are
strongly influenced by fluid chemistry, temperature, redox
state, and mineral reactivity, and together they explain the
complex mineralogical assemblages, textures, and chemical
zoning that characterise many natural REE deposits.
Crystallisation from solution highlights the role of
amorphous precursors and metastable intermediates in
governing phase stability, growth rates, and crystal
morphologies, while replacement underscores the capacity of
hydrothermal fluids to dissolve, reprecipitate, and trap REEs
into more stable carbonate, phosphate and oxide phases.

The study of REE carbonate and phosphate crystallization
from solution has emerged as a critical intersection of
geology, industrial metallurgy, and materials science.
Understanding how REE carbonates crystallise
amorphous precursors, through metastable phases to stable
bastnésite or monazite helps explain natural ore formation
and provides a basis for improving the efficiency and
selectivity of industrial extraction. Such control is vital given
the classification REE as critical elements due to their
indispensable roles in permanent magnets, lasers, catalysts,
pollution control, and clean energy technologies. A persistent
bottleneck has been the lack of detailed knowledge on the
earliest stages of crystallization, but recent advances now
demonstrate how temperature, ionic radius and ionic
potential strongly dictate both phase stability
transformation kinetics. Beyond ore processing, the ability to
steer crystallization pathways offers opportunities for
sustainable recycling from secondary sources and the
selective recovery of REEs from dilute streams. Furthermore,
tailoring REE mineral size, shape and morphology is a key
design feature for creating high-surface-area catalytic or
functional materials in synthetic systems and opens avenues
for designing solids with specific optical, catalytic, or
magnetic properties. In sum, the capacity to control REE
crystallization represents both a scientific challenge and a
technological opportunity, central to securing future supply
chains and expanding applications of these critical elements.
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