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A B S T R A C T   

Weathered crust elution-deposited rare earth (WED-RE) ores are important rare earth element (REE) resources 
around the world. In these ores, the REE are believed to mainly exist as exchangeable REE(III) ions on the 
surfaces of clay minerals, such as tubular halloysite and platy kaolinite. However, the mechanisms underlying the 
sorption and desorption of REE(III) ions on clay minerals in the environment of weathered crusts remain 
ambiguous. In this study, the sorption/desorption characteristics of Eu(III) ions onto halloysite and kaolinite 
were investigated. The results revealed that Eu(III) was adsorbed onto both clay minerals through inner-sphere 
complexation and outer-sphere complexation, where the former was the primary sorption mechanism. Halloysite 
displayed a higher sorption capacity for Eu(III) than kaolinite in a weakly acidic environment (pH 4–6). The 
desorption efficiency increased with the increasing concentration of NH4

+ ions. When the NH4
+ concentration 

was 0.002 mol/L, which is similar to the typical cation concentration of groundwater/rainwater, the amount and 
rate of Eu(III) desorption from halloysite were lower than those from kaolinite. The desorption of Eu(III) ions 
from the two clay minerals is proposed to be governed by the attraction between the outer-sphere complexes and 
clay minerals when the NH4

+ concentration is 0.002 mol/L. Therefore, halloysite has a higher sorption capacity 
and stronger retention capacity for Eu(III) than kaolinite, which suggests that halloysite may play a greater role 
in REE(III) enrichment in WED-RE ores than kaolinite owing to the similar chemical properties of REE(III) ions. 
The fundamental results obtained in this study afford new insights into the migration of REE and the role of clay 
minerals in REE enrichment during ore formation.   

. 

1. Introduction 

Rare earth elements (REE) are crucial materials for manufacturing 
numerous high-tech products with diverse applications in medical, de-
fense, aerospace, renewable energy, and automobile industries (McLel-
lan et al., 2013; Dutta et al., 2016; Yin et al., 2017). The demand for REE 
has been increasing rapidly every year (Dutta et al., 2016), and 
approximately one-quarter of the global REE supply is derived from 
weathered crust elution-deposited rare earth (WED-RE) ores (Su, 2009; 

Li et al., 2017), which are also called ion adsorption deposits (IAD) 
(Estrade et al., 2019). In particular, over 80% of the supply of heavy rare 
earth elements (HREE), the most valuable and sought-after REE (Ram 
et al., 2019), is sourced from WED-RE ores (Li et al., 2017). Although the 
REE grade in WED-RE ores generally is relatively low (Tian et al., 2010; 
Chakhmouradian and Wall, 2012; Li et al., 2017), their accessibility by 
opencast working and facile extraction process through ion exchange 
(Chakhmouradian and Wall, 2012) make these ores play an important 
role in the global REE market. 

WED-RE ores were commonly formed by the weathering of various 
bedrocks (Bao and Zhao, 2008), and the REE are predominantly present 
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as exchangeable ions (Chi and Tian, 2008; Tian et al., 2010; Xiao et al., 
2016, 2017). These REE(III) ions are easily extracted by using various 
electrolyte solutions, such as NaCl, (NH4)2SO4, and MgCl2 (Moldoveanu 
and Papangelakis, 2013; Estrade et al., 2019; Borst et al., 2020). The 
minerals in WED-RE ores mainly include clay minerals and unweathered 
rock-forming minerals (e.g., quartz and feldspar). The occurrence of 
exchangeable REE(III) ions is associated with the abundant clay min-
erals in WED-RE ores (Bao and Zhao, 2008), in which the total REE 
concentration was more than twice that in their bulk samples (Liu et al., 
2016a; Zhou et al., 2018). The clay minerals in WED-RE ores are pri-
marily composed of tubular halloysite and platy kaolinite (Yang, 1987; 
Bao and Zhao, 2008; Chakhmouradian and Wall, 2012; Kynicky et al., 
2012; Li et al., 2017; Ram et al., 2019). Compared to quartz and feldspar, 
halloysite and kaolinite exhibit large specific surface area (SSA) and 
high cation exchange capacity (CEC), which are beneficial for the 
sorption of REE(III) ions. Thus, these clay minerals are considered to be 
excellent carriers for the exchangeable REE(III) ions in WED-RE ores 
(Chakhmouradian and Wall, 2012). 

The exchangeable REE(III) ions accumulate on clay minerals through 
sorption (Borst et al., 2020), which is proposed to be a key process in the 
formation of WED-RE ore. The REE(III) ions released from REE-bearing 
minerals undergoing chemical erosion subsequently migrate with the 
rainwater/groundwater (Nesbitt, 1979; Bao and Zhao, 2008; Sanematsu 
and Watanabe, 2016) and could be adsorbed on the clay minerals mainly 
through outer-sphere complexation (Yamaguchi et al., 2018; Borst et al., 
2020). However, several cations in the rainwater/groundwater, such as 
Na+, Mg2+, and NH4

+ (Huang et al., 2013; Zhang et al., 2015), can 
exchange with some of the REE(III) ions adsorbed on the surfaces of clay 
minerals (Moldoveanu and Papangelakis, 2013; Estrade et al., 2019; 
Borst et al., 2020), resulting in their desorption. As a result of this 
sorption and desorption of REE(III) ions on clay minerals, the REE 
concentrations vary with the depth in weathered crusts (Chi and Tian, 
2008). Therefore, the enrichment of exchangeable REE(III) ions is gov-
erned by the processes of sorption and desorption (Chi and Tian, 2008; 
Tian et al., 2010). 

Previous studies have investigated the sorption of REE(III) ions on 
halloysite and kaolinite through laboratory experiments (Coppin et al., 
2002; Yang et al., 2019). The ionic strength of a liquid in the environ-
ment is believed to be a key factor influencing the fractionation of REE 
(III) ions during their sorption on clay minerals. In a high-ionic-strength 
environment (e.g., 0.5 mol/L NaNO3), clay minerals (e.g., kaolinite, 
montmorillonite, and halloysite) favor the accumulation of HREE 
compared with light rare earth elements (LREE), due to the competitive 
sorption of Na+ ions and its steric effect (Yang et al., 2019). However, in 
a low-ionic-strength environment (e.g., 0.01 mol/L), the influence of 
clay minerals on the fractionation of REE(III) ions is almost negligible 
(Yang et al., 2019). Because the total ionic concentration in rainwater/ 
groundwater is typically very low (e.g., 0.002–0.004 mol/L) (Huang 
et al., 2013; Zhang et al., 2015; Estrade et al., 2019), the fractionation of 
REE(III) ions due to the sorption by clay minerals (i.e., halloysite and 
kaolinite) in weathered crusts could be negligible and their sorption 
characteristics should be very similar. On the other hand, the pH value 
affects the sorption coefficients of REE(III) ions on clay minerals, with 
the sorption capability increasing with increasing pH (Bradbury and 
Baeyens, 2002; Coppin et al., 2002; Yang et al., 2019). This phenomenon 
is associated with the surface properties of the clay minerals (e.g., the 
deprotonation of the surface hydroxyl groups as pH increases) (Bradbury 
and Baeyens, 2002; Tertre et al., 2006; Lu et al., 2016). 

The surface reactions of clay minerals such as sorption processes, are 
determined by their surface properties and structure (Schoonheydt and 
Johnston, 2013; Matusik, 2016). Halloysite and kaolinite possess 
distinct morphologies and structures although both of them are kaolin- 
group minerals and have a similar chemical composition and layered 
structure composed of AlO2(OH)4 octahedral sheet and SiO4 tetrahedral 
sheet (Joussein et al., 2005; Yuan et al., 2015). Ordinarily, kaolinite has 
a pseudohexagonal platy morphology with diameters ranging from 

submicron to several microns (Keller, 1978; Aparicio et al., 2009). In 
contrast, halloysite has a tubular morphology (Banfield and Eggleton, 
1990; Li et al., 2019) with the particle length and width ranging widely 
from 0.02 to >30 μm and from 50 to 200 nm, respectively (Joussein 
et al., 2005). These differences in structure between tubular halloysite 
and platy kaolinite result in various sorption efficiencies for REE(III) 
ions (Yang et al., 2019). As speculated in previous studies, REE(III) ions 
are adsorbed onto clay minerals (e.g., halloysite, kaolinite, and mont-
morillonite) through inner-sphere complexation and/or outer-sphere 
complexation (Takahashi et al., 2000; Coppin et al., 2002; Yang et al., 
2019). However, these experiments involved the co-sorption of 15 REE 
(III) ions (Coppin et al., 2002; Yang et al., 2019), which rendered it 
difficult to comprehensively characterize the individual elements using 
spectroscopic methods (e.g., X-ray photoelectron spectroscopy (XPS)) 
owing to their low sorption amounts. Therefore, the sorption mecha-
nisms for the two clay minerals have not been well established to date. 

In addition to sorption, desorption is another vital yet poorly char-
acterized process underlying the formation of WED-RE ores. Due to the 
economic incentive, almost all of the previous studies focused on the 
extraction of REE(III) ions from the WED-RE ores, such as developing 
suitable extractants for REE(III) ions and optimizing the extraction 
processes. For example, several monovalent or divalent cations (e.g., 
NH4

+, Na+, and Mg2+) have been investigated as efficient extractants for 
REE(III) ions (Moldoveanu and Papangelakis, 2013; Estrade et al., 
2019), and the extraction efficiency of REE(III) has been reported to 
increase with increasing electrolyte solutions concentration (Moldo-
veanu and Papangelakis, 2012; Chen et al., 2020) and also changes with 
pH (Li, 2014; Xiao et al., 2015). However, the desorption characteristics 
and mechanism of REE(III) ions from halloysite and kaolinite remain far 
from understood. 

In this study, Eu(III) ions were used as model REE(III) ions due to 
their similar chemical properties, such as their similar chemical species 
in the weakly acid and low ionic-strength aqueous solution (Bau, 1999). 
The sorption and desorption of Eu(III) ions onto halloysite and kaolinite 
were comprehensively characterized using inductively coupled plasma 
mass spectrometry (ICP-MS) and XPS. The results revealed the charac-
teristics and reaction mechanisms of the sorption and desorption of Eu 
(III) ions by the clay minerals, which are very significant to understand 
the potential important role of halloysite and kaolinite in the REE(III) 
enrichment, the geochemical behaviors of REE(III) ions in the weathered 
crusts, and the formation of WED-RE ores. 

2. Experimental 

2.1. Sample characterization 

The tubular halloysite (Hal) and platy kaolinite (Kaol) used in this 
study were collected from Linfen, Shanxi Province, China, and Maom-
ing, Guangdong Province, China, respectively. The physical sedimen-
tation method (Du et al., 2018) was used to purify the tubular halloysite. 
The chemical compositions (mass %) of the samples measured by X-ray 
fluorescence spectroscopy were shown in Table 1. Both the samples were 
sieved through a 200-mesh sieve. 

2.2. Sorption experiments 

All sorption experiments were conducted in 50-mL polypropylene 
copolymer centrifuge tubes. For each experiment, the sample (30.0 mg) 
and Eu(III) solution (20.0 mL) with 0.01 mol/L NaNO3 as background 
electrolyte (Yang et al., 2019) were mixed in the centrifuge tubes, which 
was then placed on a shaker (200 rpm and 25◦C) for 24 h. The initial 
concentration of Eu(III) was from 0.03 to 9.16 mg/L. The initial pH in 
the batch sorption experiments was 4.0, 5.0, or 6.0, similar to that in 
WED-RE ores (Bao and Zhao, 2008), which was adjusted using NaOH 
and/or HNO3 solution. The Eu(III) ions used in the batch sorption ex-
periments were obtained by dissolving Eu2O3 (99.9%) in HNO3 
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(Bradbury and Baeyens, 2002). Then supernatant and solid clay min-
erals (Hal/Eu and Kaol/Eu) were collected for further analysis by 
centrifugation at 11000 rpm for 5 min. 

Similarly, for the sorption kinetics experiments, the sample (30 mg) 
and Eu(III) solution (20 mL) were mixed in 50-mL centrifuge tubes, 
which were then placed on a shaker (200 rpm and 25◦C) for 0.08, 0.33, 
0.67, 1, 2, 12, or 24 h. The initial pH value was 5 and the initial Eu(III) 
concentration was 4.90 × 10− 5 mol/L. All supernatants were collected 
by centrifuging at 11000 rpm for 2 min. Ultra-pure water (18.25 MΩ/ 
cm) was used throughout the experiments and all reagents were pur-
chased from Shanghai Aladdin Biochemical Technology Co. Ltd. 

2.3. Desorption experiments 

Desorption experiments were conducted using Hal and Kaol pre- 
adsorbed with Eu(III) (hereinafter denoted Hal-Eu and Kaol-Eu, 
respectively), which were prepared by mixing the corresponding sam-
ple (3 g) and Eu(NO3)3 solution (30 mL) into 50-mL centrifuge tubes at 
pH 5. The concentration of the Eu(NO3)3 solution was 2.63 × 10− 3 for 
Hal and 1.34 × 10− 3 mol/L for Kaol. The suspensions were shaken at 
200 rpm for 24 h then centrifuged at 11000 rpm for 5 min to obtain Hal- 
Eu and Kaol-Eu. The separated samples were dried in an oven at 60◦C 
then sieved through a 200-mesh sieve prior to use in the desorption 
experiments. 

Batch desorption of Eu(III) from Hal-Eu or Kaol-Eu was studied using 
(NH4)2SO4 solution, which is one of the most common extractants 
(Moldoveanu and Papangelakis, 2013). The sample (100 mg) samples 
and (NH4)2SO4 solution (30 mL) were mixed in 50-mL centrifuge tubes 
and placed on a shaker (200 rpm and 25◦C) for 24 h. The concentrations 
of the (NH4)2SO4 solution were 0.001, 0.01, and 0.1 mol/L. The 
desorption efficiency of REE(III) increases with the increasing concen-
tration (NH4)2SO4, it is not sensitive to (NH4)2SO4 concentration in the 
range 0.1–2.5 mol/L (Moldoveanu and Papangelakis, 2013). About 
98.5% exchangeable REE(III) ions were extracted by ~0.15 mol/L 
(NH4)2SO4 with the solid/liquid ratio of 1 g/mL (Li, 2014), which in-
dicates almost exchangeable Eu(III) ions on Hal-Eu and Kaol-Eu were 
desorbed when (NH4)2SO4 concentration is 0.1 mol/L. The supernatants 
for the subsequent analysis were collected by centrifuging the reaction 
suspensions at 11000 rpm for 5 min. 

Column desorption experiments were conducted using a quartz tube 
with a diameter of 2 cm (Fig. 1). The pre-adsorbed samples (1.00 g) and 
quartz sand (2.00 g) were mixed homogeneously to increase the hy-
draulic conductivity and avoid blocking the flow of the (NH4)2SO4 so-
lution. This mixture was then packed into the column and 0.001 mol/L 
(NH4)2SO4 solution was pumped upward through the column continu-
ously at a rate of 1 mL/min, which was controlled by a peristaltic pump. 
For the first 30 min, the eluate at the column outlet was collected into 
15-mL centrifuge tubes continuously with a collection time of 3 min per 
fraction. At the end of this period, one sample of the eluate was collected 
every 10 min with a collection time of 3 min per fraction in the middle of 
the 10 min. 

2.4. Characterization methods 

X-ray diffraction (XRD) patterns of halloysite and kaolinite were 
recorded on a Bruker D8 Advance diffractometer (Mannheim, Germany) 
with a Ni filter and Cu Kα radiation (λ = 0.154 nm) generated at 40 kV 
and 40 mA (Du et al., 2018). The XRD patterns were measured from 3◦ to 
70◦ (2θ) at a scanning rate of 3◦/min. 

The SSA of the samples was measured using a Micromeritics 
ASAP2020 system at liquid‑nitrogen temperature and calculated using 
the multiple-point Brunauer-Emmett-Teller (BET) method. The samples 
were outgassed at 120◦C for 12 h prior to the measurements. 

Scanning electron microscopy (SEM) images of halloysite and 
kaolinite were obtained using a JEOL JSM 7610F field-emission scan-
ning electron microscope. Transmission electron microscopy (TEM) 
images were recorded on an FEI Talos F200S field-emission transmission 
electron microscope operating at an accelerating voltage of 200 kV. 
Halloysite and kaolinite were ultrasonically dispersed in ethanol for 6 
min, and then two droplets were loaded onto a carbon-coated copper 
grid to prepare the specimens for TEM measurement. 

The Eu(III) concentration was measured by ICP-MS on a Thermo-
Scientific iCAP Qc with a precision of better than 5%. The Hal/Eu and 
Kaol/Eu samples obtained from the sorption experiments at pH 5 were 
characterized using a Thermo Fisher Scientific (UK) K-Alpha X-ray 
photoelectron spectrometer with a monochromatic Al Kα X-ray source 
(excitation energy = 1468.6 eV). The XPS analysis chamber was evac-
uated to ultra-high vacuum (the pressure of 5 × 10− 8 mbar or lower) 
prior to the analysis. Spectra were collected from 0 to 1350 eV using an 
X-ray spot size of 400 μm with a pass energy of 100 eV for wide scan and 
30 eV for individual elements. The binding energies were corrected 
relative to the carbon 1 s signal at 284.8 eV (; Liu et al., 2016b). The 
adsorbed amounts (mass%) of Eu on the Hal/Eu and Kaol/Eu samples 
detected by XPS were calculated using the following equation: 

Q =
NEu × MEu
∑

Ni × Mi  

where Q is the adsorbed amount (mass %) of Eu, i denotes an element 
detected by XPS (e.g., Eu, Si, Al, and O), and N and M are the atomic 
content of the corresponding element and its atomic mass, respectively. 

3. Results and discussion 

3.1. Structural characteristics of Hal and Kaol 

The XRD patterns of Hal and Kaol revealed that both samples 

Table 1 
Chemical compositions of Hal and Kaol (%).  

Sample Al2O3 SiO2 CaO Fe2O3 MgO K2O Na2O TiO2 IL (loss on ignition) 

Hal 37.64 43.72 0.44 0.31 0.08 0.10 0.11 0.22 16.89 
Kaol 36.48 47.69 0.08 0.69 0.11 0.65 0.07 0.36 13.47  

Fig. 1. Diagram of the column desorption experiment.  

J. Zhou et al.                                                                                                                                                                                                                                    



Applied Clay Science 216 (2022) 106356

4

possessed high purity and crystallinity (Fig. 2a). The peak at approxi-
mately 11.7◦ with a d-value of 0.74 nm in the XRD pattern was assigned 
to the typical (001) reflection of the halloysite (7 Å). The broad reflec-
tion at approximately 0.72–0.76 nm is attributable to the tubular 
morphology (Fig. 2b and c), small crystal size, and a high degree of 
disorder (Joussein et al., 2005). As shown in the TEM images, the length 
of the tubes ranged from approximately 0.2–2.0 μm, while the external 
and internal diameters were approximately 30–70 nm and 10–30 nm, 
respectively. The d001-value of Kaol (Fig. 2c) is was approximately 0.72 
nm (Fig. 2a). The diameter of Kaol ranged from sub-micrometers to 
several micrometers (Fig. 2d and e), which is in good agreement with 
that reported kaolinite in weathered crusts (Zhou et al., 2018). The SSA 
of Hal (68.14 m2/g) was almost five times larger than that of Kaol 
(13.89 m2/g). 

3.2. Sorption of Eu(III) on Hal and Kaol and their mechanisms 

The sorption characteristics of Eu(III) on Hal and Kaol were inves-
tigated at various pH values of 4.0, 5.0, and 6.0. Fig. 3 exhibits the 
sorption isotherms fitted by the well-known Freundlich and Langmuir 
models (Goldberg et al., 2007). The higher correlation coefficient (R2, 
>0.9) for the Freundlich model suggests that the sorption isotherms 
were better fitted by this model than by the Langmuir model. These 
results imply the sorption of Eu(III) ions on the heterogeneous surfaces 
of Hal and Kaol (Ng et al., 2002). The sorption amount of Eu(III) was 
higher for Hal than for Kaol (Figs. 3 and 4). In addition, the pH exerted a 
significant influence on the sorption behavior of Eu(III) on Hal (Fig. 3), 
with the sorption amount increasing by 53.55% from 3.38 to 5.19 mg/g. 
In contrast, the sorption amount for Kaol increased by only 13.76% from 
1.89 to 2.15 mg/g. The increase in the sorption amounts with increasing 
pH was ascribed to the deprotonation of hydroxyl groups on the surfaces 
of the minerals (Bradbury and Baeyens, 2002; Coppin et al., 2002), 
implying the interaction between Eu(III) ions and hydroxyl groups. 

Fig. 4 shows the Eu(III) sorption kinetics on Hal and Kaol, which 
were well-fitted by pseudo-second-order kinetic models, with R2 values 
of 0.99995 and 1, respectively. The sorption amounts at equilibrium for 
Hal and Kaol were 4.2 and 1.6 mg/g, while the sorption efficiencies were 
approximately 84% and 32%, respectively (Fig. 4b). These results 
demonstrate the difference in sorption capacity between the two 

minerals. The sorption reactions reached equilibrium within 20 min and 
the rate of Eu(III) sorption was faster for Hal than for Kaol (Fig. 4b). 

The XPS spectra of these samples were recorded after sorption to 
examine the chemical state of the Eu on Hal and Kaol. Fig. 5 displays the 
Eu 3d5/2 spectra obtained for Hal/Eu and Kaol/Eu, which demonstrated 
that the Eu(III) ions had been adsorbed onto both samples. According to 
the XPS results, the elemental contents (atom %) were as follow: Hal/Eu, 
14.83% Al, 18.21% Si, 66.91% O, and 0.05% Eu; Kaol/Eu, 14.89% Al, 
18.03% Si, 67.06% O, and 0.02% Eu. Thus, the adsorbed amounts (mass 
%) of Eu on Hal/Eu and Kaol/Eu were calculated to be approximately 
0.38% and 0.15% respectively, which were similar to the results of the 
sorption experiment (Fig. 3). 

Table 2 lists the multiplet peak parameters of Eu 3d5/2 on Hal/Eu and 
Kaol/Eu. In the Eu 3d5/2 spectrum of Hal/Eu, two peaks were observed 
at different binding energies (Fig. 5a). The presence of multiple peaks at 
different binding energies generally indicates different chemical states 
of Eu, such as Eu(NO3)3 (1136.4 eV) and Eu2(CO3)3 (1135.5 eV) (Mer-
cier et al., 2006). The binding energies of Eu 3d5/2 photoelectron peaks 
from some different chemical species were summarized in Table S1. 
Thus, the peaks at 1134.46 and 1137.40 eV for Hal/Eu suggested the 
presence of two distinct chemical species. The former was attributed to 
the inner-sphere complexes of Eu (Kowal-Fouchard et al., 2004; Fan 
et al., 2009), originating from the reaction between the aluminum hy-
droxyl groups of halloysite and Eu(III) ions (Bradbury and Baeyens, 
2002, 2009; Wang et al., 2015); while the latter was ascribed to the 
outer-sphere complexes of Eu (Kowal-Fouchard et al., 2004). Similarly, 
the peaks at 1134.48 and 1137.69 eV in the Eu 3d5/2 spectrum of Kaol/ 
Eu (Fig. 5b) were assigned to the inner-sphere complexes and outer- 
sphere complexes, respectively. Therefore, the main Eu(III) sorption 
mechanisms on Hal and Kaol were inner-sphere complexation and outer- 
sphere complexation. 

The species of Eu(III) in solution is dominated by Eu3+ ions coordi-
nated with 8 or 9 water molecules in weakly acidic environments with 
pH values ranging from 4 to 6 (Bau, 1999; Diaz-Moreno et al., 2000; 
Tanaka et al., 2008; Bradbury and Baeyens, 2002; Borst et al., 2020). 
Both halloysite and kaolinite have numerous hydroxyl groups on their 
surface, e.g., the aluminol surface (Yuan et al., 2008). Moreover, the two 
minerals possess permanent negative charges resulting from isomor-
phous substitution (e.g., Al3+ replaces Si4+ in the tetrahedral sheet) 

Fig. 2. XRD patterns of Hal and Kaol (a); SEM (b) and TEM (c) images of Hal; SEM (d) and TEM (e) images of Kaol.  
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(Joussein et al., 2005) and variable charges due to surface breakage and 
defects (Bergaya et al., 2013). Thus, the sorption processes were the 
interaction between the Eu3+ ions and the surfaces of halloysite and 
kaolinite. 

The content ratios between the inner-sphere complexes and outer- 
sphere complexes for Kaol/Eu and Hal/Eu are approximately 3:2 and 

Fig. 3. Eu(III) sorption isotherms fitted by Freundlich (a) and Langmuir (b) models under different pH values (4.0, 5.0, and 6.0), I = 0.01 mol/L NaNO3, S:L = 1.5 
g/L. 

Fig. 4. (a) Sorption kinetics of Eu(III) onto Hal and Kaol fitted by pseudo- 
second-order model and the inset is the magnification of the sorption kinetics 
at time 0–2.5 h. (b) Sorption ratio of Eu(III) onto halloysite and kaolinite with 
increasing time and the inset is the magnification of the sorption ratio at time 
0–2.5 h. pH = 5, I = 0.01 mol/L NaNO3, S:L = 1.5 g/L. 

Fig. 5. Survey spectrum of Hal/Eu (a) and Kaol/Eu (b) in the pH value of 5; the 
insets show their Eu 3d5/2 spectra. 
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~ 3:1, respectively, based on the area ratios of the two corresponding 
peaks (Table 2). These data implied that the inner-sphere complexation 
between the aluminum hydroxyl groups and Eu3+ ions was the primary 
mechanism of Eu(III) sorption on both Hal and Kaol. The differences in 
the influence of pH on the sorption (Fig. 3) by the two minerals and in 
their sorption capacity primarily resulted from the inner-sphere 
complexation due to their different microstructures and surface prop-
erties, such as the larger SSA and more OH groups of halloysite than 
kaolinite (Yang et al., 2019). Kaolinite possesses a platy morphology 
with a considerable number of aluminum hydroxyl groups at the edges 
and surface defects of the particles, whereas halloysite has a distinct 
nano-sized tubular morphology and its internal surface contains 
numerous aluminum hydroxyl groups (Yuan et al., 2008), in addition to 
the hydroxyl groups at the edges and surface defects of particles. 
Moreover, outer-sphere complexation accounted for approximately 40% 
and 25% of the Eu(III) adsorbed on Kaol and Hal, respectively (Table 2). 
Thus, although the sorption amounts by outer-sphere complexation 
were lower than those by inner-sphere complexation, outer-sphere 
complexation still plays an important role in the Eu(III) sorption by 
these minerals. 

As mentioned above, REE have similar geochemical properties, and 
commonly migrate and accumulate together as a group (Henderson, 
1984). Similar to Eu, all of the REE species in a weak acidic solution 
predominantly exist as hydrated REE3+ ions (Bau, 1999). Therefore, 
halloysite has a higher sorption capacity for REE(III) ions than kaolinite 
and the inner-sphere complexation is the primary sorption mechanism. 
However, Borst et al. (2020) thought the occurrence of REE(III) in WED- 
RE ores was outer-sphere complexes according to the results of syn-
chrotron X-ray absorption spectroscopy, which is different from the re-
sults of sorption experiments. This discrepancy might be due to the 
difference in sorption conditions between weathered crusts and pure 
clay minerals. For example, the Eu(III) concentration in the sorption 
experiment is far higher than the REE(III) concentration in the rainwater 
or groundwater. Meanwhile, the pH in the deeper horizon of weathered 
profiles commonly is higher than that in the upper horizon, which in-
dicates the clay minerals in the deeper horizon could have a higher 
capacity for REE(III) sorption, according to sorption results. 

3.3. Eu(III) desorption from clay and its implications 

Besides sorption, desorption is another important process governing 
REE(III) migration and enrichment in weathered crusts. Fig. 6a shows 
the batch desorption results of Eu(III) from Hal-Eu and Kaol-Eu under 
various extractant concentrations. After exposure into (NH4)2SO4 solu-
tion at concentrations of 0.001, 0.01, and 0.1 mol/L for 24 h, the 
desorption amounts of Eu(III) were 0.10, 2.12, and 2.63 mg/g for Hal-Eu 
respectively and 0.19, 0.88, and 0.94 mg/g for Kaol-Eu, respectively 
(Fig. 6a). Thus, the desorption efficiency increased with the increasing 
concentration of NH4

+ ions. There are still some active sites on Hal-Eu 
and Kaol-Eu. In the suspension, NH4

+ ions with low − ΔHhydation (322 
kJ/mol) (Moldoveanu and Papangelakis, 2012) could be adsorbed onto 
the surfaces of the clay minerals to form strong electrostatic bonds, 
whereas Eu(III) ions with high − ΔHhydation (3508 kJ/mol) form 
comparatively weak bonds on the surfaces (Miller et al., 1982; Moldo-
veanu and Papangelakis, 2012). Therefore, the Eu(III) ions are easily 
displaced from the clay minerals by the NH4

+ ions at a 3:1 NH4
+:Eu(III) 

stoichiometry (Moldoveanu and Papangelakis, 2012). 
Compared to batch desorption, column desorption is more realistic 

for simulating the conditions of weathered crusts (Allen et al., 1995), 
and the results are shown in Fig. 6b and c. In the case of Hal-Eu, the 
desorption rate decreased from approximately 4.54 to 5.00 × 10− 3 μg/ 
(g⋅min) with increasing time (Fig. 6b). The rate decreased rapidly during 
the first stage of the experiment (0–40 min) and then more slowly during 
the second stage (40–220 min). The final desorption amount of Eu(III) 
was approximately 0.05 mg/g, ~91% of which occurred during the first 

Table 2 
Eu 3d5/2 binding energy (eV) and area ratio of the Eu(III) Hal/Eu and Kaol/Eu.  

Sample Atomic content 
(%) 

Binding energy 
(eV) 

Area ratio between former and 
latter peaks 

Hal/Eu 0.05 1134.46, 
1137.40 

~ 3:1 

Kaol/ 
Eu 

0.02 1134.48, 
1137.69 

~ 3:2  

Fig. 6. (a) Amount of Eu(III) desorption under the NH4
+ concentration of 0.2, 

0.02, and 0.002 mol/L in batch desorption. The desorption rate and total 
amounts of desorption from Hal-Eu (b) and Kaol-Eu (c) with increasing time in 
column desorption. 
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stage (Fig. 6b), suggesting that the desorption of Eu(III) from Hal-Eu 
primarily took place within the first 40 min. 

Similarly, the Eu(III) desorption rate also decreased with increasing 
time for Kaol-Eu, changing from 15.94 to 0.17 μg/(g⋅min) (Fig. 6c), 
which was higher than that observed for Hal-Eu. The desorption rate 
also decreased rapidly during the first stage of the experiment (0–40 
min) and more slowly during the second stage (40–220 min). The final 
desorption amount (0.34 mg/g) for Kaol-Eu was higher than that for 
Hal-Eu, in accordance with the batch desorption results (Fig. 6a). 
Nevertheless, only 74% of the desorption occurred during the first stage, 
indicating that Hal-Eu reached its desorption equilibrium more rapidly 
than Kaol-Eu (Fig. 6c). 

The desorption is an exchange reaction between the Eu(III) ions on 
the surfaces of the clay minerals and the NH4

+ ions in the extraction 
solution, which is influenced by the reactant concentration, tempera-
ture, and nature of the reactant (Connors, 1990). In general, a high 
reactant concentration should facilitate the desorption reaction and lead 
to a high amount of desorption (Connors, 1990), such as the higher 
desorption amounts of Eu(III) from Hal-Eu than that from Kaol-Eu as the 
NH4

+ concentration was 0.2 or 0.02 mol/L (Fig. 6a). But the Kaol-Eu 
displayed a higher amounts of Eu(III) desorption than Hal-Eu when 
NH4

+ concentration was 0.002 mol/L (Fig. 6a). According to the sorp-
tion characteristics, the exchangeable Eu(III) on Hal-Eu and Kaol-Eu did 
not reach their highest sorption amounts, which indicates they still 
could have some active sites to adsorb NH4

+. Consequently, the NH4
+

concentration would decrease in extracting solution, giving rise to the 
inverse desorption phenomenon when NH4

+ concentration was 0.002 
mol/L. 

In addition, this reaction should be closely associated with the 
interaction force between the clay minerals and Eu(III) ions. As 
demonstrated by the sorption results, Eu(III) adsorbed on the halloysite 
and kaolinite were inner-sphere complexes and outer-sphere complexes. 
The outer-sphere complexes generally have a weaker affinity with clay 
minerals than inner-sphere complexes (Goldberg, 2013), which suggests 
the desorption of outer-sphere complexes should occur first. The 
desorption amounts (Fig. 6) imply that the desorbed Eu(III) ions are 
dominating outer-sphere complexes at the NH4

+ solution of 0.002 mol/ 
L. Although Hal-Eu has more exchangeable Eu(III) ions than Kaol-Eu, 
the desorption rate of Eu(III) from Hal-Eu was much lower than that 
from Kaol-Eu in the column desorption experiment (Fig. 6b), which 
could be related to the steric effect of halloysite tubes. Compared to the 
batch desorption experiment, column desorption provided enough NH4

+

ions to exchange the Eu(III) ions. But the final desorption amount of Eu 
(III) from Hal-Eu was still lower than that from Kaol-Eu (Fig. 6b and c), 
which indicates the difference in electrostatic attraction between Eu(III) 
and two clay minerals. Although halloysite and kaolinite possess the 
similar chemical composition and are both composed of octahedral 
sheet and tetrahedral sheet (Joussein et al., 2005; Yuan et al., 2015), the 
former has a tubular morphology due to the misfit of the two sheets, 
which give rise to some differences in the crystal structure (e.g., lattice 
parameters) between the two minerals (Singh, 1996; Detellier and 
Schoonheydt, 2014). These differences may gives rise to the slightly 
stronger attraction between tubular halloysite and outer-sphere com-
plexes of Eu(III) than that for platy kaolinite, resulting in a higher rate 
and amount of desorption from Kaol-Eu than Hal-Eu (Fig. 6). 

As mentioned above, REE have similar geochemical properties dur-
ing geological processes and typically migrate and accumulate together 
as a group (Henderson, 1984). Similar to Eu, all of the REE species in a 
weak acidic solution predominantly exist as REE(III) ions (Bau, 1999). 
Moreover, in weathered crusts, the mean concentration of cations (e.g., 
Na+, Mg2+, NH4

+, K+, and Ca2+) is generally 0.002–0.004 mol/L in 
rainwater/groundwater (Edmeades et al., 1985; Huang et al., 2013; 
Zhang et al., 2015), which is similar to the NH4

+ concentration in the 
column desorption experiments. These cations have low − ΔHhydation (e. 
g., 406 kJ/mol for Na+) and can also establish strong electrostatic bonds 
like the NH4

+ ion (Miller et al., 1982; Moldoveanu and Papangelakis, 

2012). Thus, as implied by the desorption results (Fig. 6b and c), the 
tubular halloysite could have a lower rate and amount of REE(III) 
desorption than platy kaolinite in weathered crusts. This means, very 
likely, that the tubular halloysite has a stronger retention capacity 
(Fig. 6) for exchangeable REE(III) ions than platy kaolinite in the 
weathered crusts. Furthermore, the tubular halloysite has a higher 
adsorption capacity (Fig. 4). In addition, the occurrence of hydrated 
halloysite (i.e., halloysite (10 Å)) in weathered crusts could also lead to 
the increasing sorption of REE ions (Ram et al., 2019). Moreover, a 
greater REE recovery has been reported when halloysite is present in the 
weathered crusts (Burcher-Jones et al., 2018). In this sense, the hal-
loysite may play a more important role in REE enrichment than kaolinite 
in WED-RE ores and deserves more research attention in the future. 
Notably, the contribution of halloysite and kaolinite on REE(III) accu-
mulation in WED-RE ores depends on their content, although halloysite 
has a higher capacity for enriching REE(III) ions than kaolinite. 

4. Conclusions 

In this study, the sorption and desorption of Eu(III) on halloysite and 
kaolinite were investigated to elucidate the geochemical behaviors 
(accumulation and migration) of REE(III) ions in WED-RE ores. The 
obtained results reveal that the tubular halloysite has a higher sorption 
capacity for Eu(III) ions than kaolinite. The amounts of Eu(III) adsorbed 
onto the halloysite and kaolinite increased as the pH increased from 4.0 
to 6.0. Two Eu species were adsorbed on the surface of both minerals 
through inner-sphere complexation and outer-sphere complexation. 
Inner-sphere complexation between aluminum hydroxyl groups and Eu 
(III) ions is the primary mechanism of Eu sorption on both clay minerals. 

The Eu(III) ions were easily desorbed by exchange with NH4
+ ions 

and the desorption amount increased with increasing (NH4)2SO4 con-
centration. Halloysite displayed higher desorption amounts of Eu(III) 
than kaolinite when NH4

+ concentrations were 0.2 or 0.02 mol/L, but 
lower desorption amount when the NH4

+ concentration was 0.002 mol/ 
L. The desorption rate of Eu(III) from kaolinite was higher than that from 
the halloysite at NH4

+ concentration of 0.002 mol/L. Moreover, the 
desorption occurred more easily from kaolinite than halloysite, which 
was likely determined by the attraction between the outer-sphere 
complexes and the clay minerals. 

The tubular halloysite has a higher sorption capacity and stronger 
retention capacity for Eu(III) than platy kaolinite in the environment of 
weathered crusts, indicating that halloysite could be more favorable for 
Eu(III) enrichment than kaolinite. Considering the expected similar 
sorption and desorption characteristics of REE(III) ions, the tubular 
halloysite may make a larger contribution to the sorption and retention 
for REE than platy kaolinite in WED-RE ores. These fundamental results 
provide novel insights into the enrichment and migration of REE and the 
role of clay minerals in REE enrichment during ore formation. 
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