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Abstract 
 The energy transition will require significant mineral resources, and there is growing 
interest in recovering rare earth elements (REE) from unconventional secondary sources including 
those from low-temperature and sedimentary environments. Such sources include acid mine 
drainage and mine tailings, geothermal and formation waters, oilsands tailings, and coal and coal 
ashes. Extraction of secondary REE sources can have environmental and economic advantages 
over mining primary ore deposits, involving reusing waste or as a part of a remediation strategy, 
contributing to the circular economy. However, the development of exploration and recovery 
processes from these secondary sources are still in their infancy, and a broader understanding of 
the enrichment mechanisms is required before we will have the ability to identify and predict 
settings which best support REE extraction. Among these sources, a unifying factor is the role of 
clay minerals since they play a key role in the transport and deposition of REE in each of these 
settings.  
 The adsorption of three REE (Pr, Dy, and Yb) to the common clay minerals illite and 
kaolinite was investigated through surface complexation modelling (SCM) coupled with extended 
x-ray absorption fine structure (EXAFS). We found that REE adsorption was affected by pH, ionic 
strength, and clay mineralogy. Under acidic conditions, illite had a higher adsorption capacity than 
kaolinite. Adsorption increased with pH, with nearly 100% adsorption at pH ~7 regardless of ionic 
strength or clay type. The results were used to develop a SCM to calculate the relative adsorption 
affinity of REE to common surface functional groups on phases including hydrous ferric and 
manganese oxides, humic acid, and bacteria. The model indicated that at lower pH, humic acid 
and hydrous ferric oxide dominated REE speciation with clays became increasingly important 
from circumneutral to basic pH values. EXAFS modelling of the Y K-edge showed the presence 



of both inner sphere Y-Y and Y-Si and outer sphere Y-O complexation. Together, these results 
demonstrate that clay minerals play a significant role in the transport and enrichment of REE in 
sedimentary systems.  
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Introduction 
The rare earth elements (REE) have traditionally been used as geological tracers since they can be 
fractionated by a number of geochemical and mineralogical processes (Henderson, 1984). More 
recently, there is 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 deposits (Dushyantha et al., 2020) but forecasts have 
suggested that these deposits may not be able to meet future demand, leading to potential shortages 
(Gielen and Lyons, 2022). Additionally, increased mining of REE from primary sources will result 
in significant environmental and ecological impacts including REE contamination (Golroudbary 
et al., 2022). Consequently, increased attention is being given to  low-temperature and sedimentary 
environments as secondary sources of REE such as: (i) acid mine drainage (AMD) and mine 
tailings (Royer-Lavallée et al., 2020; León et al., 2021a); (ii) coal and coal fly ash (Seredin and 
Dai, 2012; Blissett et al., 2014); (iii) oil sand tailings (Roth et al., 2017); and (iv) formation waters 
including geothermal and petroleum brines (e.g. Quillinan et al., 2018; Smith et al., 2017). 
Recovery of REE from these sources promises to have lower environmental footprints and capital 
costs, while also enhancing the circular economy by using waste as the REE source (Dang et al., 
2021). Moreover, their global distribution reduces domestic supply concerns (Pawar and Ewing, 
2022) helping nations attain mineral security which is critical for achieving many of the United 
Nations’ Sustainable Development Goals (SDGs) (Franks et al., 2022).  

Exploration and recovery of REE from secondary sources are only in early stages. 
Therefore, determining the setting and mechanisms of REE transport and enrichment is crucial for 
exploration and the developing suitable extraction processes. A common factor among these 
sources is the association of REE with clay minerals and fine-grained sediments. For example, 
REE concentrations in formation waters of Saskatchewan were greatest in formations 
predominantly composed of fine-grained clastics relative to those with a high carbonate content 
(Bishop et al., in review). Similarly, analysis of a global dataset of REE in sedimentary lithologies 
indicated that REE are more enriched in fine-grained clastic rocks including shales and siltstones 
compared to carbonates, evaporites, and coarser grained clastic lithologies (Bishop and Robbins, 
in review). In coals, detrital and clay minerals are major REE-bearing phases that control their 
abundance in ashes (Dai et al., 2021; Fu et al., 2022). Additionally, the shales of the Iberian Pyrite 
Belt could be a significant source of REE to AMD waters (León et al., 2023) where their transport 
at neutral to basic pH conditions is dominated by particulate phases including clays (Olías et al., 
2018). The importance of the relationship between REE and clay minerals is well established for 
secondary sources, but surprisingly, there is a dearth of information. regarding the binding 
behavior of REE to clay mineral surfaces. Clay minerals comprise a significant component of 



particulate matter in rivers, are amongst the most important solid-phase carriers for trace elements 
(Viers et al., 2009), and they are the main constituent of most marine sediments (Machado et al., 
2005). Moreover, given that clay minerals have high specific surface areas and surface functional 
group concentrations, and are ubiquitous in natural environments, the adsorption of REE to clay 
minerals may be an important control on REE transport and enrichment. 

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 have important implications for transport, enrichment, and recovery. REE are typically 
dissolved under acidic pH conditions, whereas at circumneutral and alkaline pH, adsorption and/or 
co-precipitation with Fe oxyhydroxide (Olías et al., 2018), Al hydroxide (Ayora et al., 2016), Mn 
oxide (Liu et al., 2018), or clay minerals (Machado et al., 2005) commonly control REE speciation. 
Geochemical modelling techniques, such as surface complexation modelling (SCM) can be used 
to calculate and predict the speciation and adsorption of ions in the presence of charged ligands 
(Fein et al., 1997; Fowle and Fein, 1999). More recently, SCMs have been developed to predict 
REE adsorption to environmental media including bacteria (Ngwenya et al., 2009; Martinez et al., 
2014), amorphous iron-oxyhydroxides (i.e. hydrous ferric oxide HFO ; Liu et al., 2018), 
amorphous hydrous manganese oxides (HMO; Pourret and Davranche, 2013), basaluminite 
(Lozano et al., 2019a), and schwertmannite (Lozano et al., 2020). Previously developed SCMs for 
REE binding to clay minerals considered the adsorption of Eu, however it behaves differently than 
other REE due to its reduction from Eu3+ to Eu2+ in under certain conditions (Bradbury and 
Baeyens, 2002, 2005, 2009; Bradbury et al., 2005). Additionally, it is important to determine 
whether adsorption complexes exist as inner- or outer-sphere, since ions bound as outer-sphere 
complexes are more easily leachable through ion exchange reactions (Mukai et al., 2020).  

In this study, the adsorption of praseodymium (Pr), dysprosium (Dy), and ytterbium (Yb), 
representing a range of light to heavy REE, to two clay minerals (illite and kaolinite) was probed 
through SCM coupled with extended X-ray absorption fine structure (EXAFS). Thermodynamic 
stability constants for each REE-clay system were derived from pH edge adsorption experiments 
and utilized in predictive geochemical modelling to assess the ability of clay minerals to adsorb 
REE in competitive multi-sorbent systems. Finally, EXAFS curve fitting was performed to 
constrain the coordination environment of the adsorbed REE to each clay mineral. Our work is 
solely focused on the role of clay minerals in the transport and deposition in aqueous and 
sedimentary environments, as ion adsorption clay deposits are well characterized (Sanematsu and 
Watanabe, 2016). The work advances the understanding of REE adsorption to clay minerals which 
can aid in the identification potential secondary sources and development of effective recovery 
strategies.   

Materials and Methods  
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, USA) and were prepared based on 
the methods described in Hao et al. (2018). Clay mineral samples were pulverized using a mortar 
and pestle, then passed through a 100-mesh (0.149 mm) sieve. To homogenize the surface and 



interlayer ions, the clays were subjected to three washes in a 0.1 M sodium nitrate solution (ACS 
certified, Fisher Scientific). Each wash cycle was allowed to equilibrate for 3 h followed by 
centrifugation at 10,000 g for 2 min, with fresh solution used for each wash cycle. Finally, the 
clays were frozen at -20°C for 12 h and subsequently freeze dried.  
 Adsorption experiments followed methods similar to Bishop et al. (2019). Stock solutions 
of Pr, Dy, and Yb were prepared by diluting 1000 part per million (ppm) certified standards (NIST 
SRM; Spex Certiprep) to 1 ppm of the REE of interest in 18.2 MΩ·cm water with either 0.01 M 
or 0.56 M NaCl (Fisher Scientific). Clay minerals (kaolinite or illite) were suspended in the REE 
solution to obtain a 1 g L-1 mixture and 10 mL volumes were partitioned into 50 mL polypropylene 
centrifuge tubes and pH adjusted to cover a range of 3 to 9 using small aliquots of 0.1 M NaOH or 
HCl (Trace metal grade, Fisher Scientific), as required. Samples were then rotated at 40 rpm for 
24 hours. The equilibration time was sufficient to achieve equilibrium for REE adsorption to clay 
particles (Coppin et al., 2002). All glass and plasticware were acid-washed in 10% v/v HCl for a 
period of 24 hours followed by rinsing three times with 18.2 MΩ·cm ultra-pure water before use.   
 Following the equilibration period, the final pH of each sample was measured then filtered 
through a 0.2 µm nylon membrane and diluted 1:10 in 2% HNO3 (Trace metal grade, Fisher 
Scientific). The concentration of REE in each solution was determined by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS/MS; Agilent 8800 Triple Quadrupole, Environmental 
Geochemistry Laboratory, University of Alberta) in no gas mode with a 2 ppm Lu internal 
standard, calibrated by a series of 11 external standards covering a range of 30 parts per trillion 
(ppt) to 1 ppm, using commercially available ICP-MS standards (NIST SRM; Spex Certiprep). 
Following analysis, the adsorbed fraction was calculated based on Equation 1: 

                                       𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴𝑓𝑓 =  [𝑅𝑅𝑅𝑅𝑅𝑅]𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− [𝑅𝑅𝑅𝑅𝑅𝑅]𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
[𝑅𝑅𝑅𝑅𝑅𝑅]𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

                                        (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.  
  
XAS Analysis and Data Processing 
 The speciation and coordination environment of yttrium (Y), used as a proxy for the 
lanthanides, was investigated by synchrotron based 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 the Pr, Dy, and Yb is outside the energy 
range of the beamline, their respective L-edge energies are less sensitive and susceptible to 
interferences from more abundant elements, and there is a larger amount of crystallographic data 
available for modelling Y XAS data. XAS experiments were performed in a manner similar to 
Alam et al. (2020) using a double Si (111) crystal monochromator detuned to 40% to reduce the 
influence of higher-order harmonics with data collected in fluorescence mode by a 16-element 
solid state Ge detector. REE-loaded clay samples were prepared following the pH edge 
experiments at pH 6.5 and an ionic strength of 0.01 M, representing circumneutral conditions 
where >95% of the Y would be adsorbed to the clay. Following the 24 h equilibration period, 
samples were centrifuged to form wet pellets and secured to sample holders using Kapton tape 
oriented 45° to the incident beam. The energy steps for the scans were 10 eV with a 1s dwell time 



in the pre-edge region, 0.5 eV with a 1s dwell time in the XANES region, and 0.05k with a 3s 
dwell time in the EXAFS region. A minimum of three scans were performed for each sample to 
improve the signal to noise ratio. The XAS data was processed using the ATHENA software 
(Ravel and Newville, 2005) for energy alignment and background subtraction. Based on the 
selected structural models, ATOM software (Ravel, 2001) was used to generate a FEFF7 input 
code. The theoretical EXAFS scattering amplitudes were then calculated using FEFF7.02 (Rehr 
and Albers, 2000) and EXAFS curve fitting was performed using WinXAS (Ressler, 1997).  

 
Results and Discussion 
Rare Earth Element Adsorption to Clay 

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 REE adsorption was observed under acidic pH values but it 
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 rises (Konhauser et al., 2020). The trend has been observed for a range of 
environmental surfaces, including: bacteria (Fein et al., 2001), clay minerals (Bachmaf and 
Merkel, 2011), biochar (Alam et al., 2018), and ferrihydrite (Dzombak and Morel, 1990; Tian et 
al., 2017) and for REE adsorption to schwertmannite (Lozano et al., 2020), basaluminite (Lozano 
et al., 2019a), Bacillus subtilis (Martinez et al., 2014), HFO (Liu et al., 2017), and HMO (De Carlo 
et al., 1997; Liu et al., 2018). 



 
Figure 1 – pH edges for each REE-clay system (A-C: illite; D-F: kaolinite) displaying the 
percent REE adsorption as a function of pH at 0.01 M (solid line, closed circle) and 0.56 M 
(dotted line, open circle) ionic strengths. Circles represent the experimental data while the lines 
represent the best fit FITEQL model. 

Ionic strength affected REE adsorption, with higher ionic strengths 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 to 
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. (2019) 
attributed the decrease in proton adsorption to clay minerals as ionic strength increased to a 
decrease in the clay particle’s electrostatic field. However, Coppin et al. (2002) and Alessi and 
Fein (2010) 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. (2020) 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 contains one 
tetrahedral sheet, resulting in a higher concentration of surface functional sites and cation exchange 
capacity for illite (Sposito et al., 1999).  
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Surface Complexation Modelling 
A SCM 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 (Fein, 2006; Flynn et al., 2014). Surface complexation modelling has been 
developed and widely applied to study both the protonation of reactive surface sites on bacterial 
cell walls and mineral surfaces (e.g. Schad et al., 2019; Warchola et al., 2017) and the adsorption 
of various ions (Boyanov et al., 2003; Borrok and Fein, 2005) and have been used to predict metal 
adsorption in multi-component systems (Bishop et al., 2019). 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 (Alessi et 
al., 2019).  

The thermodynamic binding constants for each REE-clay systems were calculated from 
the results of the pH edge adsorption experiments using least-squares optimization implemented 
in FITEQL v4.0 (Herbelin and Westall, 1999). Site concentrations and pKa values for both clay 
minerals in 0.01 M ionic strength solutions were previously reported (Hao et al., 2019) (Table 1). 
Hao et al. (2019) derived a linear relationship between K values and ionic strength and based on 
these values, the K values for 0.56 M ionic strength was calculated (Hao et al., 2020). Hao et al. 
(2019, 2020) invoked a two-site model to describe proton adsorption to each clay, involving an 
amphoteric surface functional group (≡XOH) and a permanently charged structural functional 
group (≡XLH). The binding of each REE to the clay surface sites is given as: 

 
≡ 𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑅𝑅𝑅𝑅𝑅𝑅3+ ↔ 𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅2+ + 𝑋𝑋+           (2) 
≡ 𝑋𝑋𝑋𝑋𝑋𝑋 +  𝑅𝑅𝑅𝑅𝑅𝑅3+ ↔ 𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅2+ + 𝑋𝑋+           (3) 

 
Accordingly, the mass action equations for the adsorption reactions are given in Equations 4 and 
5: 
 

𝐾𝐾𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅 =  
�≡𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅2+�∙ 𝛼𝛼𝐻𝐻+
[≡𝑋𝑋𝑋𝑋𝑋𝑋]∙ 𝛼𝛼𝑅𝑅𝑅𝑅𝑅𝑅3+

                                                            (4) 

𝐾𝐾𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅 =  
�≡𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅2+�∙ 𝛼𝛼𝐻𝐻+
[≡𝑋𝑋𝑋𝑋𝑋𝑋]∙ 𝛼𝛼𝑅𝑅𝑅𝑅𝑅𝑅3+

                                            (5) 

 
where 𝐾𝐾𝑋𝑋𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐾𝐾𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅  are the stability constants for each adsorption reaction, and α is the 
activity of the aqueous species.  

Clay Ionic 
Strength 
(mol/L) 

XLH 
pKa 

XLH Site 
Concentration 

(mol/L) 

XO- XOH XOH Site 
Concentration 

(mol/L) 

Total Site Concentration 
(mol/L) 

Illite 0.01 -5.917 5.53E-05 -10.119 9.734 8.48E-05 1.40E-04 
Illite 0.56 -5.236 4.56E-05 -10.216 9.407 7.83E-05 1.24E-04 
Kaolinite 0.01 -10.026 1.02E-04 -7.274 5.346 2.32E-05 1.25E-04 



Kaolinite 0.56 -9.21 1.96E-05 -6.01 4.492 1.84E-05 3.80E-05 

Table 1 - Modelling parameters including the pKa site concentration values for the kaolinite 
and illite structural (XLH) and amphoteric (XOH) sites used in the development of the SCM 
derived from (Hao et al., 2019, 2020). 

Aqueous complexation of REE by anions was considered by using previously determined 
hydrolysis (Klungness and Byrne, 2000) and chloride (Luo and Byrne, 2001) stability constants 
(Table S1). Carbonate complexation was not incorporated as the adsorption of REE to clays does 
not depend on the presence of aqueous inorganic carbon species (Coppin et al., 2002).  

The derived thermodynamic mass action constants determined by the FITEQL modelling 
for each clay at both ionic strength conditions are shown in Table 2. A non-electrostatic model 
(NEM) provided a good fit for the data in each system. This approach is consistent with previous 
studies that have found that NEMs sufficiently explain REE adsorption to charged surfaces 
(Bradbury and Baeyens, 2002; Lozano et al., 2019a). The models fit the data well for illite across 
the entire experimental pH range. However, kaolinite adsorption was overpredicted between pH 
3.5 and 5, and underpredicted below pH 3.5 for Pr and Yb. The model also under-predicted REE 
adsorption at acidic pH values for the 0.56 M ionic strength experiments. Adsorption to both the 
structural (XLH) and amphoteric (XOH) groups 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 modelled by invoking 
adsorption only to the XLH site.  
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 
Table 2 - Log K values for each clay-REE system calculated by FITEQL modelling for 0.01 M 
and 0.56 M ionic strengths. 

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) (Bradbury and Baeyens, 2009). 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 in the section “Predictive 
Geochemical Modelling”. 
 
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 to 2.39 Å with an overall coordination number of 11.5 for illite and 10.2 for kaolinite (Table 
3), larger than the aqueous Y coordination of 8 which had a similar Y-O bond distance of 2.35 Å 
(Díaz-Moreno et al., 2000). 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 (Borst et al., 2020). 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 (Stumpf et al., 2002, 2007). These 
results indicate the Y can participate in both inner- and outer-sphere complexation with the clay 
surface. 

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

Clay Shell Path CN (±0.5) R (±0.02Å) 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 

Table 3 - EXAFS fit results for Y adsorption to illite and kaolinite. CN: coordination number. 
R: radial distance. DW: Debye-Waller Factor. 
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This is supported by previous works which demonstrated that Y adsorption to clay minerals 
can form both inner- and outer-sphere complexes. Stumpf et al. (2002) 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. (2017) showed that Y formed inner-sphere complexes with 
hectorite by way of EXAFS. In terms of natural ion-adsorption clays, Mukai et al. (2020) suggested 
that the adsorption of REE to kaolinite forms inner-sphere complexes based on findings from 
electron microscopy. In contrast with our work which identified second shell Y-Si inner-sphere 
complexation, EXAFS analysis by Borst et al., (2020) indicated Y retains a full hydration sphere 
when adsorbed to kaolinite and present as an outer-sphere complex. Additionally, 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) (Ngwenya et al., 2009), 
basaluminite from an AMD-affected environment (Lozano et al., 2019b), and Fe and Mn 
oxyhydroxides (Ohta et al., 2009). 

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 (Borst et al., 2020). Coppin et al. (2002) 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. (2002) 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, where they are likely being bound to both the clay 
interlayers and surface.  

The coordination environment has important implications for designing 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 (Mukai et al., 2020). However, the results here indicate that an additional step may be 
required to recover the more tightly bound, inner-sphere complexed REE.  

 
Predictive Geochemical Modelling   

Predictive geochemical modelling 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 representative of common surfaces or organic acids in 
aqueous environments whose ability to adsorb REE has been previously studied. Aqueous 
speciation was calculated using the SpecE8 code in Geochemist’s Workbench (Community 
Edition, Version 15) utilizing the Thermoddem_V1.0.3.4 database which includes REE-carbonate, 
-hydrolysis, and -chloride complexes (Blanc et al., 2012). The database was modified to include 
protonation and REE binding constants for kaolinite and illite from this study, HFO (Liu et al., 
2017), HMO (Tonkin et al., 2004; Pourret and Davranche, 2013), Bacillus subtilis (Fein et al., 
1997; Martinez et al., 2014), and humic acid (Pourret et al., 2007). Only the humic acid binding 
constant for the “A” site was considered as the “B” site is not well constrained. Full model 



parameters are summarized in Table S1. The relative REE adsorption affinity of each sorbent was 
modelled using two different scenarios: (1) equivalent site concentrations (5 x 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, and across a pH range of 3 to 9. The solution was in equilibrium 
with atmospheric CO2 and at an initial total metal concentration of 1 ppm (either Pr, Dy, or Yb). 
For clay minerals, the binding constants for the 0.01 M ionic strength experiments were utilized.  
 
 

 
Figure 3 – Results of the predictive geochemical modelling to identify the dominant REE species 
across a pH range of 3 to 9. A – modelling with an equivalent number of sites (5x10-5 mol/L) for 
each ligand. B – modelling with an equivalent mass (0.25 g/L) of each sorbent.  

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, the 
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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), HFO weak 
site, and REE carbonate 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 sorbents’ functional group types. At low pH values, HMO and humic acid 
dominated Dy and Yb speciation, while Pr speciation was dominated by only humic acid (>99%). 
At circumneutral pH, HFO, humic acid, illite, kaolinite, and B. subtilis each play a role in Pr 
speciation, while humic acid and kaolinite controlled Dy speciation while B. subtilis was also 
important for Yb speciation. HFO and montmorillonite had the highest Yb adsorption at 
circumneutral pH. Finally, at pH values >8, HFO, and kaolinite adsorbed the majority of REE in 
solution. Although illite and kaolinite had among the lowest site concentrations per gram among 
the sorbents considered, they still played a role in REE speciation. The strong complexation by 
humic acid at low pH could be attributed to it having the highest concentration of sites per gram. 
The modelling also underscored the strong affinity of the HFO strong site to adsorb REE. In the 
equivalent mass comparison modelling (Scenario 2) at circumneutral pH, it had among the highest 
REE adsorption despite having approximately 10x 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 (Alibo and Nozaki, 1999; Verplanck et al., 2004). However, these 
models often 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 (Sánchez 
España, 2007). Similarly, humic acids have also been shown to form insoluble aggregates under 
acidic pH conditions (Lan et al., 2022) 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 since the EXAFS modelling 
indicated they can form inner-sphere complexes 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 
modelling 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. (2014) found that colloids >2 µm controlled REE mobility 
in groundwater, while von Gunten et al. (2019) found that the majority of trace metals in 
meromictic mine pit lakes were associated with colloids (<10 kDa). 
   
Role of Clays in Alternative Sources of REE 
 The anticipated increase in global REE demand due to their role in the energy transition 
has led to significant interest in extracting REE from new, secondary sources including AMD, 
formation and geothermal waters, coal waste, and oilsands tailings. A common factor 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 four orders of magnitude higher than 
unpolluted waters (Gimeno Serrano et al., 2000; Stewart et al., 2017). Estimates for the total value 
of the REE flux in AMD ranges from $5.4 million in the Iberian Pyrite Belt, (León et al., 2021b) 
up to $303 million from the Appalachian Basin (Vass et al., 2019b). REE speciation in AMD is 
controlled by pH, where they predominantly occur as a mixture of free ions and sulphate 
complexes at low pH (Gimeno Serrano et al., 2000; Verplanck et al., 2004). However, their 
concentration decreases with increasing pH due to adsorption to particulate matter and co-
precipitation with Al and/or Fe at circumneutral to alkaline pH values (Olías et al., 2018; Vass et 
al., 2019b). Clay minerals, specifically illite and kaolinite, comprise an appreciable component of 
the sediment in the Huelva estuary of the Tinto and Odiel rivers (Galán et al., 2003) and are an 
important control on REE transport (Cuadros et al., 2023). Moreover, normalized REE patterns 
between the waters and rocks in the Iberian Pyrite Belt demonstrate a geochemical relationship 
between AMD and shales (León et al., 2023). 

Groundwater and basinal brines produced as a by-product 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 temperature (Lewis et al., 1998). Noack et al. (2014) found that REE 
concentrations were higher at lower pH values, with scavenging by clays, oxides, and/or co-
precipitation 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 correlation with temperature (Zhang et al., 2016). This was attributed to REE 
in waters with elevated temperature and TDS being adsorbed and incorporated into clay-bearing 
sediments. This inverse relationship with TDS was also observed by Bishop et al. (in review) in 
basinal brines 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. (in review) 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 
(Bishop and Robbins, in review). 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 (León et al., 2023). However, determining the source of REE could be 
considerably more complicated. Quillinan et al. (2018) 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 (Condie, 1991) and clay minerals are the dominant source 
of REE to the oceans (Abbott et al., 2019),  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. The highest concentrations of REE in oilsands tailings from 
Alberta occur in the fine fraction that has a high kaolinite component (Roth et al., 2017). Similarly, 
coal and coal waste can also have elevated REE concentrations (Seredin et al., 2013; Blissett et 
al., 2014). 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 (Fu et al., 2022). The REE host in coals can vary, and in 
bituminous coals, Finkelman et al. (2018) found REE were primarily associated with phosphate 
minerals, whereas in lower rank coals, the majority of REE are found with clay minerals. Similarly, 
REE in a Pennsylvanian anthracite were also associated with clay minerals (Hower and Dai, 2016). 
Analysis of the USGS CoalQual Database has shown a correlation between the total REE and Al 
contents in coal, suggestive of REE partitioning into coal by clay or other detrital components 
(Feng et al., 2020). Sequential leaching experiments of anthracite from the Qinshui Basin, China 
indicated that REE were mainly bound to clay minerals and residual organics (Wang et al., 2019). 
Geochemical and statistical analysis of a compiled global coal ash dataset indicates 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 (Bishop et 
al., 2023). 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 (Hower et 
al., 2015). Therefore, 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 crucial to consider 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 (Moldoveanu and Papangelakis, 2012). The REE can then be recovered as high purity 
end-product via solvent extraction, ion-exchange, or selective precipitation with oxalic acid to 
produce oxalates which are subsequently converted to rare earth oxides via roasting (Moldoveanu 
and Papangelakis, 2012). 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 (e.g. Stoy et al., 2021; Liu et al., 2023; Dardona et al., 2023). 
 
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 (Natural 
Resources Canada, 2022; USGS, 2023). 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 (Pawar and Ewing, 2022). The 
growth of REE mining is complicated by significant chemical use, energy requirements, and 
environmental impacts such as land and water use, radioactive tailings, human health, and social 
issues. For instance, the extraction of 1 tonne (t) of REE at Bayan Obo requires 4.41 t of sulphuric 
acid, 12.32 t of sodium chloride, 1.64 t of sodium hydroxide, 1.17 t of hydrochloric acid, and 1.90 
t of water and requires 38 to 48 GJ of energy (Yin et al., 2021). 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 (Yin et al., 2021). Accordingly, a better understanding of the 
fate and transport of REE in the environment is fundamental to ensure proper steps are taken to 
reduce these concerns. Sourcing REE from secondary sources can drastically reduce the material 
requirements and environmental impacts compared to mining ore deposits (Gaustad et al., 2021). 
The recovery of REE from sources such as AMD waters, formation and geothermal waters, and 
coal waste can convert a waste stream into an asset, reducing ecological and social impacts (Vass 
et al., 2019a; Hedin et al., 2020). Additionally, their recovery can be part of a remediation strategy 
(Pan et al., 2019; León et al., 2021b; Miranda et al., 2022). 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 (León et al., 2021a). Drainage from inactive and abandoned coal mines is also a significant 
environmental issue, and precipitates formed through AMD treatment can be processed for REE 
(Stewart et al., 2017). 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 (Rivera et al., 2015). Assessing the economic potential of each of these secondary 
sources require a greater understanding of the transport and enrichment processes by which they 
formed. Due to the importance of clay minerals in each of these sources, it is crucial to better 
constrain the interplay between clay minerals and REE. This study contributes to the growing 
knowledge of REE complexation in the environment and the thermodynamic binding constants 
can be applied to better determine 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 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. 



 
Conclusions depending on journal. Basically just summarize everything and take half of the last 
section. 
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