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ABSTRACT: The energy transition will have significant mineral
demands and there is growing interest in recovering critical metals,
including rare earth elements (REE), from secondary sources in
aqueous and sedimentary environments. However, the role of clays
in REE transport and deposition in these settings remains
understudied. This work investigated REE adsorption to the clay
minerals illite and kaolinite through pH adsorption experiments
and extended X-ray absorption fine structure (EXAFS). Clay type,
pH, and ionic strength (IS) affected adsorption, with decreased
adsorption under acidic pH and elevated IS. Illite had a higher
adsorption capacity than kaolinite; however, >95% adsorption was
achieved at pH ∼7.5 regardless of IS or clay. These results were
used to develop a surface complexation model with the derived
binding constants used to predict REE speciation in the presence of competing sorbents. This demonstrated that clays become
increasingly important as pH increases, and EXAFS modeling showed that REE can exist as both inner- and outer-sphere complexes.
Together, this indicated that clays can be an important control on the transport and enrichment of REE in sedimentary systems.
These findings can be applied to identify settings to target for resource extraction or to predict REE transport and fate as a
contaminant.
KEYWORDS: geochemical modeling, circular economy, energy transition, critical minerals, EXAFS

1. INTRODUCTION
The rare earth elements (REE) have traditionally been viewed
as geological tracers since they can be fractionated by a number
of geochemical and mineralogical processes.1 More recently,
there has been significant interest in REE due to their role in
clean energy technologies including electric vehicles and wind
turbines. Currently, REE are predominantly produced from
carbonatite ores and ion adsorption clay deposits2 but forecasts
have suggested that these deposits may not be able to meet
future demand, leading to potential shortages, thereby
impacting the supply of raw materials required to address
climate change.3 Additionally, increased mining of REE from
primary sources will result in significant environmental and
ecological impacts.4 Consequently, increased attention is being
given to non-traditional, secondary sources from aqueous and
sedimentary environments such as: (i) acid mine drainage
(AMD) and mine tailings;5,6 (ii) formation waters including
geothermal and petroleum brines;7,8 (iii) oil sand tailings;9 and
(iv) coal and coal fly ash.10,11 Recovery of REE from these
sources promises to have lower environmental footprints and
capital costs, while also contributing to the circular economy
by using waste as the REE source.12 Moreover, their global

distribution reduces domestic supply concerns13 which can
assist nations in attaining mineral security: critical for achieving
many of the United Nations’ Sustainable Development Goals
(SDGs).14 Sourcing REE from secondary sources can greatly
reduce the material requirements and environmental impacts
compared to mining ore deposits15 and can convert a waste
stream into an asset, reducing ecological and social
impacts.16,17 Additionally, their recovery can be part of
environmental remediation strategies.18−20

Exploration and recovery of REE from secondary sources,
however, are in their infancy. Therefore, elucidating the
mechanisms of REE transport and enrichment and identifying
settings that may host economically recoverable abundances
are crucial for exploration and the development of suitable
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extraction processes. A common factor among these sources is
the association of REE with clay minerals and fine-grained
sediments. For example, the shales of the Iberian Pyrite Belt
could be a significant source of REE to AMD waters,21 where
their transport at neutral to basic pH conditions is dominated
by particulate phases including clays.22 Analysis of a global data
set of REE in sedimentary strata revealed that fine-grained
clastic rocks are more enriched in REE than carbonates,
evaporites, and sandstones,23 while REE concentrations in
formation waters of Saskatchewan, Canada were highest in
formations predominantly composed of fine-grained clastics.24

Clay and detrital minerals are commonly the major REE-
bearing phases in coals and can be transferred into their ashes
following combustion.25,26 Although the importance of the
relationship between REE and clay minerals is well established
for secondary sources, surprisingly, there is a dearth of
information regarding the binding behavior of REE to clay
mineral surfaces in aqueous settings. Clay minerals have high
specific surface areas and surface functional group concen-
trations and are ubiquitous in natural environments. Therefore,
the adsorption of REE to clay minerals may be an important
control on REE transport and enrichment, given that clay
minerals comprise a significant component of particulate
matter in rivers, are among the most important solid-phase
carriers for trace elements,27 and are the main constituent of
most marine sediments.28

In aqueous environments, REE speciation and mobility are
controlled by both the geochemical properties of the fluids and
reactive particles and surfaces in the system, each of which has
important implications for transport, enrichment, and recovery.
In natural waters, REE are generally heavy REE (HREE)
enriched, with concentrations typically being exceptionally low,
less than tens of μg/L;29 however, they can be over three to
four orders of magnitude higher in AMD waters,30 reaching the
tens of mg/L range.31 REE typically remain dissolved under
acidic pH conditions, whereas at circumneutral and alkaline
pH, adsorption and/or coprecipitation with Fe oxyhydroxide,22

Al hydroxide,31 Mn oxide,32 or clay mineral28 phases can
control REE speciation. Geochemical modeling techniques,
such as surface complexation modeling, can be used to predict
the speciation and adsorption of ions in the presence of
charged ligands,33,34 which can be used to assess their mobility
in solution. Previous studies have used this approach to
investigate the aqueous complexation of REE with anions
including phosphate,35 hydroxide,36 chloride,37 fluoride,38

sulfate,39 and carbonate.40 More recently, surface complexation
models (SCMs) have been developed to predict REE
adsorption to environmental media including bacteria,41,42

hydrous ferric oxide (HFO),32 amorphous hydrous manganese
oxides (HMO),43 basaluminite,44 and schwertmannite.45

Previously developed SCMs for REE binding to clay minerals
considered the adsorption of Eu;46−49 however, it can behave
differently than the rest of the REE due to its reduction from
Eu3+ to Eu2+ under certain conditions. Additionally, it is
important to determine whether adsorbed ions exist as inner-
or outer-sphere complexes, since ions bound as outer-sphere
complexes are more easily leachable through ion exchange
reactions.50

In this study, the adsorption of REE to two clay minerals
(illite and kaolinite) and their coordination environment was
probed through surface complexation modeling coupled with
extended X-ray absorption fine structure (EXAFS) analyses.
The REE Pr, Dy, and Yb were selected as a proxy for all REE as

they represent a range of light REE (LREE) to HREE and are
not fractionated relative to other REE, unlike La, Ce, Eu, or Y.
Thermodynamic stability constants for each REE-clay system
were derived from pH edge adsorption experiments and
utilized in predictive geochemical modeling to assess the ability
of clay minerals to adsorb REE in competitive multisorbent
systems. Finally, EXAFS curve fitting was performed to
constrain the coordination environment of the adsorbed REE
to each clay mineral. This work is focused on the role of clay
minerals in the transport and deposition of REE in aqueous
and sedimentary environments, with less of a focus on ion
adsorption clay deposits as they have been well characterized
in previous studies.51 This work advances the understanding of
REE adsorption to clay minerals, which can aid in the
identification and exploration of potential secondary sources
and the development of effective recovery strategies, also
allowing for the prediction of the transport and fate of REE in
contaminated environments.

2. MATERIALS AND METHODS
2.1. Clay Preparation and Adsorption Experiments.

Samples of kaolinite (KGa-2) and illite (IMt-2) were obtained
from the Clay Mineral Society, Source Clays Repository
(Purdue University, Indiana) and were prepared based on the
methods described by Hao et al.52 Briefly, the clays were
pulverized, then passed through a 100-mesh (0.149 mm) sieve,
washed three times with 0.1 M sodium nitrate to homogenize
the interlayer ions, frozen at −20 °C for 12 h, and freeze-dried.
These clays have been characterized in previous studies
including the derivation of the pKa values,53,54 surface area,55

and point of zero net proton charge (pHPZNPC).
52

Adsorption experiments followed previously developed
methods,54,56 where 1 ppm solutions of the metal of interest
were prepared in either 0.01 or 0.56 M NaCl as the
background electrolyte, covering a range of freshwater to
seawater ionic strength conditions. The clay mineral of interest
was suspended in each metal solution to obtain a 1 g L−1

mixture. Aliquots of 10 mL were partitioned into poly-
propylene centrifuge tubes and pH adjusted to cover a range of
3−9 using HCl or NaOH, as necessary. Samples were allowed
to equilibrate for 24 h, filtered through 0.2 μm nylon
membranes, and analyzed by inductively coupled plasma
mass spectrometry (ICP-MS/MS). The adsorbed fraction was
calculated based on eq 1:

= [ ] [ ]
[ ]

adsorbed fraction
REE REE

REE
initial final

initial (1)

where [REE]initial is the measured concentration of the solution
prior to the addition of clay particles, and [REE]final is the
measured concentration of the solution following adsorption.

Additional details regarding the clay preparation and
adsorption experiments are available in Supporting Informa-
tion.

2.2. XAS Analysis and Data Processing. The speciation
and coordination environment of yttrium (Y), used as a proxy
for the lanthanides, was investigated using X-ray absorption
spectroscopy (XAS) at the Hard X-ray Microanalysis (HXMA)
beamline of the Canadian Light Source (CLS: Saskatoon,
Saskatchewan, Canada). The Y K-edge (17038 eV) was probed
since the K-edge of Pr, Dy, and Yb is outside the energy range
of the beamline, their respective L-edge energies are less
sensitive and more susceptible to interferences from more
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abundant elements, and there is a larger amount of
crystallographic data available for modeling Y EXAFS data.
Y-loaded clay samples were prepared in a manner similar to the
adsorption edge experiments at pH 6.5 and an ionic strength of
0.01 M, representing circumneutral conditions. Wet clay
samples were secured to sample holders using Kapton tape
and oriented 45° to the incident beam. Data collection was
carried out similar to Alam et al.57 and curve fitting of the
EXAFS component of the XAS data was completed using
WinXAS.58 Additional information regarding XAS data
collection and analysis can be found in Supporting
Information.

3. RESULTS AND DISCUSSION
3.1. Rare Earth Element Adsorption to Clay. Based on

the pH edges, REE adsorption was influenced by pH, ionic
strength, and clay mineralogy (Figure 1A−F). pH played the
greatest role in REE adsorption, with a stronger impact on
adsorption for kaolinite than illite. A lower degree of
adsorption was observed below pH 5, but progressively
increased as a function of rising pH, with >95% adsorption
achieved at approximately pH 7. This trend has been attributed
to an increasingly negative surface charge of the sorbent due to
progressive deprotonation of surface sites which provides a
locus for cation adsorption as pH rises59 and has been
observed for REE adsorption to schwertmannite,45 basalumin-
ite,44 Bacillus subtilis,41 HFO,60 and HMO.32,61

Ionic strength also had an impact on REE adsorption, with a
higher ionic strength resulting in decreased REE adsorption to
the clay minerals. At pH 3, the 0.56 M ionic strength
experiments had approximately 50% less adsorption of each
REE for illite and 40% less for kaolinite compared with the
0.01 M ionic strength experiments. The effect of ionic strength
diminished once the pH increased above 7, where adsorption

was greater than 95% in all systems. Hao et al.53 attributed the
decrease in adsorption to clay minerals as ionic strength
increased to a decrease in the clay particle’s electrostatic field.
However, Coppin et al.62 and Alessi and Fein63 postulated that
at high ionic strength, site occupancy by monovalent cations
hinders the adsorption of divalent and trivalent ions.

Illite had a higher REE adsorption affinity than kaolinite at
both ionic strength conditions considered, similar to a trend
observed by Hao et al.54 for Cd adsorption. The adsorption
affinity of each clay studied is largely driven by their structural
configuration, with illite being composed of two tetrahedral
sheets fused to an octahedral sheet, while kaolinite only
contained one tetrahedral sheet, resulting in a higher
concentration of surface functional sites and cation exchange
capacity for illite.64

3.2. Surface Complexation Modeling. SCM is grounded
in thermodynamics and is composed of a system of balanced
reactions for which there are corresponding mass action (K)
constants for the formation of aqueous and surface complexes
and the precipitation of solid phases.65,66 Surface complexation
models have been developed and widely applied to study both
the protonation of reactive surface sites on bacterial cell walls
and mineral surfaces,67,68 the adsorption of various ions,69−71

and to predict metal adsorption in multicomponent systems.56

Despite their difficulty to develop, they have more applicability
than empirical adsorption models because they can account for
changing environmental conditions including pH, ionic
strength, the presence of competing species, the sorbent to
sorbate ratio, and changes in the aqueous speciation of a
metal.72

The log K values (Table 1) were calculated from the results
of the pH edges using FITEQL v4.0,73 which incorporated
previously derived protonation models for illite and
kaolinite53,54 and aqueous complexation of anions. Further

Figure 1. pH edges for each REE-clay system (A−C: illite; D−F: kaolinite) displaying the percent of REE adsorption as a function of pH at ionic
strengths of 0.01 M (solid line, closed circle) and 0.56 M (dotted line, open circle). Circles represent the experimental data, while the lines
represent the best fit FITEQL model.
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details on the development of the SCM are in Supporting
Information. A non-electrostatic model (NEM) provided a
good fit for the data in each system, which is consistent with
previous studies which have found that NEMs sufficiently
explain REE adsorption to charged surfaces.44,49 The models fit
the data well for illite across the entire experimental pH range
(Figure 1). However, kaolinite adsorption was overpredicted
between pH 3.5 and 5, and underpredicted below pH 3.5 for
Pr and Yb. The model also underpredicted REE adsorption at
acidic pH values for the 0.56 M ionic strength experiments.
Adsorption to both the structural (XLH) and amphoteric
(XOH) sites provided a suitable fit for REE adsorption to illite
at each ionic strength, with the exception of Pr adsorption at
0.01 M ionic strength, which only invoked adsorption to the
XLH site. REE adsorption to kaolinite was best modeled by
invoking adsorption only to the XLH site.

The mass action constants for Pr, Dy, and Yb adsorption are
similar to those reported for Eu adsorption onto the structural
site of illite (1.9).47 The utility of these binding constants is in
predicting the speciation and binding affinity of REE in the
presence of competing charged surfaces and under changing
solution conditions and are applied to assess the relative
affinities of clay minerals in a competitive setting described in
the Section 3.4.

3.3. Synchrotron XAS. The Fourier transformed (FT)
EXAFS spectra were similar for both illite and kaolinite, with a
peak at 1.9 Å, attributed to the first O shell, and a second peak
at ∼2.9 Å, which corresponded to outer shell Y−Si
coordination (Figure 2). The EXAFS fits for the first shell
invoked Y−O bonding at 2.24−2.39 Å with an overall
coordination number of 11.5 for illite and 10.2 for kaolinite
(Table 2), larger than the aqueous Y coordination of 8 which

had a similar Y−O bond distance of 2.35 Å.74 This is indicative
of outer-sphere complexation since the Y retains a full
hydration sphere and is bound to the clay surface by
electrostatic forces between water molecules and oxygens on
the surface of the clay mineral.75 Conversely, the second shell
displays Y−Y and Y−Si bonding with notably smaller
coordination numbers which can be attributed to the
hydrolysis of edge and basal hydroxyl groups in the clay
structure with increasing pH and is indicative of inner-sphere
complexation.76,77 Together, these results indicate that Y can

Table 1. Log K Values for Each Clay-REE System Calculated
by FITEQL Modeling for 0.01 and 0.56 M Ionic Strengths

clay ionic strength (M) site Dy Pr Yb

illite 0.01 XLH 1.562 1.586 1.752
XOH 0.289 N/A 0.253

kaolinite XLH 0.533 0.455 0.976
illite 0.56 XLH −0.413 −0.743 −0.377

XOH 1.593 0.951 1.917
kaolinite XLH −0.589 −0.906 −0.358

Figure 2. k3 weighted EXAFS results of the Y K-edge for adsorption to llite (A) and kaolinite (B). Corresponding phase-shifted Fourier transform
EXAFS data for illite (C) and kaolinite (D). Orange lines represent the experimental data, and the dotted blue lines display the EXAFS curve fits.

Table 2. EXAFS Fit Results for Y Adsorption to Illite and
Kaolinitea

clay shell path CN (±0.5) R (±0.02 Å) DW (15−20%)

Illite 1st Y−O 5.3 2.25 0.0022
Y−O 6.2 2.39 0.0019

2nd Y−Y 0.6 3.55 0.0095
Y−Si 2.8 3.03 0.0070

kaolinite 1st Y−O 4.7 2.24 0.0022
Y−O 5.5 2.39 0.0019

2nd Y−Y 0.5 3.55 0.0095
Y−Si 2.3 3.01 0.0070

aCN: coordination number. R: radial distance. DW: Debye−Waller
Factor.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c00974
Environ. Sci. Technol. 2024, 58, 7217−7227

7220

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00974/suppl_file/es4c00974_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00974/suppl_file/es4c00974_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00974?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00974?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00974?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00974?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


participate in both inner- and outer-sphere complexation with
the clay surface.

Our interpretation is supported by previous work that
demonstrated that REE adsorption to clay minerals can form
both inner- and outer-sphere complexes. Stumpf et al.77

determined that Eu can form both types of complexes with
kaolinite and illite clays using time-resolved laser fluorescence
spectroscopy (TRLFS), and Finck et al.78 showed that Y
formed inner-sphere complexes with hectorite by way of
EXAFS. In terms of natural ion-adsorption clays, Mukai et al.50

suggested that the adsorption of REE to kaolinite forms inner-
sphere complexes based on findings from electron microscopy
and leaching experiments. In contrast with our work which
identified second shell Y−Si inner-sphere complexation,
EXAFS analysis by Borst et al.75 indicated that Y retains a
full hydration sphere when adsorbed to kaolinite and is present
as an outer-sphere complex, and the absence of Y−Al and Y−Si
suggested a lack of inner-sphere complexation. Inner-sphere
REE complexes have been found for other media including
bacteria (Pantoea agglomerans),42 basaluminite from an AMD-
affected environment,79 and Fe and Mn oxyhydroxides.80

At higher pH and ionic strength, desolvation of REE ions
can lead to inner-sphere complexes forming on either aluminol
(Al−OH) or siloxane (Si−O−Si) surfaces or terminal OH
ligands.75 Coppin et al.62 suggested that at higher ionic

strength, REE adsorption takes place on amphoteric sites,
leading to the formation of inner-sphere complexes to
compensate for the variable charge, whereas at lower ionic
strength, adsorption may form outer-sphere complexes.
Additionally, Stumpf et al.77 indicated that inner-sphere Eu
complexation can begin at lower pH values at higher ionic
strength. Here, both types of complexes were found to form
under low ionic strength conditions.

The coordination environment has important implications
for the design of extraction processes. It has been shown that
ions bound as outer-sphere complexes are more easily
leachable than inner-sphere complexes and can be recovered
through relatively simple ion-exchange processes.50 However,
the results here indicate that an additional step may be
required to recover the more tightly bound inner-sphere
complexed REE.

3.4. Predictive Geochemical Modeling. Since REE
speciation in natural waters can be influenced by complexation
with organic and inorganic ligands, predictive geochemical
modeling was undertaken to assess the relative REE binding
affinities for environmental media, which included humic acid,
B. subtilis, HMO, HFO, and clay minerals. These phases were
selected as they represent common surfaces or organic acids in
aqueous environments whose ability to adsorb REE has been
previously studied. Aqueous speciation was calculated using

Figure 3. Results of the predictive geochemical modeling to identify the dominant REE species across a pH range of 3−9. (A) Modeling with an
equivalent number of sites (5 × 10−5 mol/L) for each ligand. (B) Modeling with an equivalent mass (0.25 g/L) of each sorbent.
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the SpecE8 module in Geochemist’s Workbench (Community
Edition, Version 15) utilizing the Thermoddem_V1.0.3.4
database which includes REE-carbonate, -hydrolysis, and
-chloride complexes.81 The database was modified to include
protonation and REE binding constants for kaolinite and illite
at 0.01 M ionic strength from this study, HFO,60 HMO,43,82 B.
subtilis,33,41 and humic acid.83 The humic acid Model VI
invokes two sites for metal adsorption; however, only the
binding constant for the composite “A” site, primarily
composed of weak acid ligands such as carboxyl groups, was
considered as the composite “B” site, comprising stronger acid
ligands like phenol groups, is not well constrained. The relative
REE adsorption affinity of each sorbent was modeled using two
different scenarios: (1) equivalent site concentrations (5 ×
10−5 mol/L) and (2) equivalent masses of each sorbent (0.25
g/L) using realistic site proportions. Each model was run at 25
°C in a 0.01 M NaCl solution across a pH range of 3−9, with
an initial total metal concentration of 1 ppm (one of either Pr,
Dy, or Yb) assuming that the solution was in equilibrium with
atmospheric CO2.

The first scenario (Figure 3A) determined the relative REE
binding affinity to common environmental surface functional
groups, assuming the same number of proton-active sites for
each functional group. The resulting predictions showed that
in these mixed sorbent systems, adsorption to the HFO strong
site dominated REE speciation across the entire pH range for
each REE, while adsorption to the humic acid “A” site was also
important at acidic pH values. At circumneutral pH, the
binding affinity of the B. subtilis phosphoryl site and the illite
structural site increased, while the B. subtilis carboxyl site,
HMO strong site, humic acid “A” site, and aqueous REE ions
decreased. Above pH 7, kaolinite, illite amphoteric sites (with
the exception of Pr), the HFO weak site, and REE-carbonate
species became increasingly important.

The second scenario (Figure 3B) examined the adsorption
of REE on a mass normalized basis, assuming that the mixed
system included 0.25 g/L of each sorbent and accounted for
the proportions of each sorbent’s functional group types, for
instance, considering that HFO contains 100× more “weak”
sites than “strong” sites. At acidic pH values, HMO and humic
acid were the major Dy and Yb species, while Pr speciation was
dominated by only humic acid (>99%). At circumneutral pH,
HFO, humic acid, illite, kaolinite, and B. subtilis species play a
role, with decreasing proportions of humic acid, B. subtilis, and
illite (only for Pr) occurring with rising pH. Finally, at pH
values >8, HFO and kaolinite adsorbed the majority of REE in
solution. Although illite and kaolinite had the lowest site
concentrations per gram among the sorbents considered, they
still played a notable role in REE speciation. The strong
complexation by humic acid at low pH could be attributed to it
having the highest concentration of sites on a per mass basis.
The modeling also underscored the strong affinity of the HFO
strong site to adsorb REE. In the equivalent mass comparison
modeling (Scenario 2) at circumneutral pH, it had among the
highest REE adsorption despite having approximately 10×
fewer sites than the other sorbents.

The predictive models highlighted the impact of clay
minerals on REE speciation, especially when the pH is greater
than 7, and therefore, they should be considered in
geochemical models focusing on REE transport. In aqueous
environments, REE speciation is a result of the relative stability
of REE complexes, and REE are typically associated with
particulate matter under circumneutral pH conditions.84,85

However, our models may downplay the importance of clay
minerals, since the other sorbents may not be found in as high
abundance in natural systems or be stable across the entire pH
range examined. For example, Fe hydroxysulfate minerals, such
as schwertmannite, a common mineral in AMD, are only stable
from pH 2−4, while ferrihydrite does not precipitate until the
pH is above 5.86 Similarly, humic acids have also been shown
to form insoluble aggregates under acidic pH conditions,87 and
many common bacteria cannot survive strongly acidic or basic
conditions. Since clays are stable across a wide pH range,
competition among other sorbents could be reduced, especially
in more extreme environments such as AMD, at high salinity,
or at low temperatures, where kinetics could control the
precipitation of mineral phases. Under these conditions, clays
could control REE speciation, especially if they form inner-
sphere complexes, as supported by our EXAFS modeling,
which are more difficult to leach and would not be out-
competed by other sorbents, thereby carrying the REE from
source to sink. However, this modeling only considered
adsorption and does not take into account precipitation,
aggregation, or the presence of other species important for
REE transport such as basaluminite or schwertmannite, which
are common in AMD. Similarly, colloids could play a role in
aqueous REE transport. For instance, Munemoto et al.88 found
that colloids >2 μm controlled REE mobility in groundwater,
while von Gunten et al.89 found that the majority of trace
metals in meromictic mine pit lakes were associated with
colloids (<10 kDa).

3.5. Role of Clays in Alternative Sources of REE. Acid
mine drainage, formation and geothermal waters, oilsands
tailings, and coal and coal waste are emerging as potential
secondary sources of REE and united among these sources is
the role of clay minerals. AMD has received attention as a
source of REE because, due its low pH, it can contain metal
concentrations up to 4 orders of magnitude higher than
unpolluted waters.30,90 Estimates for the total value of the REE
flux in AMD ranges from $5.4 million in the Iberian Pyrite
Belt18 up to $303 million from the Appalachian Basin.91 REE
speciation in AMD is controlled by pH, where they
predominantly occur as a mixture of free ions and sulfate
complexes at low pH.85,90 However, their concentration
decreases with increasing pH due to adsorption onto
particulate matter and coprecipitation with Al and/or Fe at
circumneutral to alkaline pH values.22,91 Clay minerals,
specifically illite and kaolinite, comprise an appreciable
component of the sediment in the Huelva estuary of the
Tinto and Odiel rivers92 and are an important control on REE
transport.93 Moreover, normalized REE patterns between the
waters and rocks in the Iberian Pyrite Belt demonstrate a
geochemical relationship between AMD and shales.21

Groundwater and basinal brines produced as a byproduct of
geothermal energy production or hydrocarbon extraction have
also been touted as possible REE sources. Although these
waters have received less attention than AMD, the mechanisms
controlling REE concentrations are similar, being strongly
dependent on pH, ionic strength, and the presence of
competing anions and cations in addition to fluid temper-
ature.94 Noack et al.29 found that REE concentrations were
higher at lower pH values, with scavenging by clays, oxides,
and/or coprecipitation occurring at neutral and basic pH. In
geothermal waters from western Yunnan, China, REE
concentrations showed a negative correlation with the total
dissolved solids (TDS), while the TDS has a positive
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correlation with temperature.95 This was attributed to REE in
waters with an elevated temperature and TDS being adsorbed
and incorporated into clay-bearing sediments. This inverse
relationship with TDS was also observed by Bishop et al.24 in
formation waters of Saskatchewan, where the highest REE
concentrations were in waters with among the lowest TDS.
Additionally, lithology and the geologic history of the basin can
also be significant factors; Bishop et al.24 also found that REE
concentrations were higher in brines hosted in clastic-
dominated formations with the highest concentrations in
formations with a higher fine-grained component. The higher
REE concentrations in brines also corresponded with shales
and mudstones having the highest REE concentrations in the
Western Canada Sedimentary Basin.23 This relationship could
indicate water-rock interactions with fine-grained materials
being the main source of REE in the brines, which is supported
by leaching experiments from rocks of the Iberian Pyrite Belt,
where REE normalization patterns were transferred from rocks
into solution, indicating water-rock interactions as an
important source of REE to the waters.21 However,
determining the source of the REE could be considerably
more complicated. Quillinan et al.8 observed that while
lithology is important, basinal controls and geologic history
also play an important role in determining brine REE
concentrations. For the transport and accumulation of REE
in marine sediments, REE are typically transported in bulk
from source to sink,96 and clay minerals are the dominant
source of REE to the oceans,97 implying that a source with
elevated REE concentrations could translate to shales and,
subsequently, brines with high REE abundances.

Additional secondary sources from the energy industry have
been studied, including oilsands tailings, coal, and coal waste.
In oilsands tailings from Alberta, Canada, fine tailings with a
high kaolinite content were found to have the highest REE
concentrations compared to the other tailings fractions.9

Similarly, coal and coal waste can also have elevated REE
concentrations.10,98 They have been studied extensively in
recent years and are the most promising of the examples
investigated in this study. The most common REE-bearing
phases in coals include detrital, authigenic, and clay minerals.26

The REE host in coals can vary, and in bituminous coals, REE
are primarily associated with phosphate minerals, whereas in
lower rank coals, the majority of REE are associated with clay
minerals.99 Similarly, REE in a Pennsylvanian anthracite were
also associated with clay minerals.100 Sequential leaching
experiments of anthracite from the Qinshui Basin, China
indicated that REE were mainly bound to clay minerals and
residual organics.101 Geochemical and statistical analysis of a
compiled global coal ash data set showed that REE in coal
ashes are linked to elements typically associated with detrital
and clay minerals, including Al, Ti, Th, and Zr, indicating clays
may be the main source of REE in many coal deposits.102

Some of the highest concentrations of REE in coal deposits
globally, such as the Fire Clay coals of the Appalachian Basin,
are related to tonsteins: clay rich volcanic layers.103

Accordingly, identifying coal ashes sourced from deposits
with an elevated clay content may be the first step in an
exploration process to find the most suitable ashes for REE
recovery.

In each of these secondary sources, clay minerals play a
crucial role in REE enrichment. Better understanding the
impact of clay minerals in each of these secondary sources has
implications when examining their REE potential since

transport and deposition of REE can be predicted by
incorporating clays into a mineral “system” and including
these derived stability constants. Additionally, the binding of
REE to clays is also an important consideration when
designing recovery processes since REE bound to clay minerals
are typically leached by cation exchange with monovalent
inorganic salts and transferred into solution as soluble sulfate
or chloride complexes.104 The REE can then be recovered as
high purity end-products via solvent extraction, ion-exchange,
or selective precipitation with oxalic acid to produce oxalates
which are subsequently converted to rare earth oxides via
roasting.104 Similarly, there has been significant research into
different processes to recover REE from coal ash which are
significantly more efficient and environmentally friendly than
mining REE from ore deposits.105−107

3.6. Environmental Implications. Currently, China
dominates the global REE supply chain including production
and processing, which has sparked supply concerns and
resulted in their classification as “Critical Minerals” by several
countries who are looking to solidify their own supply
chains.108,109 The current imbalance poses a significant
challenge to advancing sustainable technologies, especially as
demand is anticipated to significantly increase due to the
propagation of REE in sustainable energy technologies
required to reduce the impacts of climate change, such as
wind turbines and electric vehicles.13 The growth of REE
mining is complicated by significant chemical use, energy
requirements, and environmental impacts, such as land and
water degradation, radioactive tailings, human health, and
social issues. For instance, the extraction of 1 tonne (t) of REE
at Bayan Obo, China requires 4.41 t of sulfuric acid, 12.32 t of
sodium chloride, 1.64 t of sodium hydroxide, 1.17 t of
hydrochloric acid, 1.90 t of water, and 38−48 GJ of energy.110

Increased mining has also raised concerns about REE
themselves as contaminants in the environment since they
can affect plants and animals as well as human organs.110

Accordingly, a better understanding of the fate and transport of
REE in the environment is fundamental to ensure that proper
steps are taken to reduce these concerns.

Mining waste is a significant problem for many coal and
metal sulfide deposits but the ability to valorize the waste
presents an opportunity to extract new metals of economic
interest while reducing the impacts of legacy tailings.5 Drainage
from inactive and abandoned coal mines is also a significant
environmental issue, and precipitates formed through AMD
treatment can be processed for REE.30 Similarly, there are
significant concerns about the long-term storage of coal ash
which can have catastrophic environmental impacts, such as
the Kingston Ash Spill in Tennessee.111 Assessing the
economic potential of secondary sources requires a deepened
understanding of the transport and enrichment processes that
lead to elevated REE abundances. Due to the importance of
clay minerals in these environments, it is crucial to better
constrain the interplay between clay minerals and REE. This
study contributes to the growing knowledge of REE complex-
ation and derives thermodynamic binding constants that can
be applied to predict the transport and fate of REE, which may
then be used to assist in discovering and developing new
sources of REE. The insights from the EXAFS are important
for identifying whether REE are readily released from the clays
under varying conditions, which has implications for the source
and for designing extraction processes. Ultimately, economic
considerations and the creation of an efficient, cost-effective
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recovery strategy will dictate whether any of these settings can
become a secondary source of REE, which can alleviate supply
chain concerns and provide the raw materials necessary for the
energy transition.
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