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A B S T R A C T   

Clay minerals are the main carriers of rare earth elements (REE) in weathered crust elution-deposited rare earth 
(WED-RE) ores. The clay mineral-water interface reaction is among the most important interactions controlling 
the aggregation and transportation of REE(III) ions. Yet long-term experiments of interactions between REE(III) 
ions and clay minerals are scarce in the literature. Here, two typical clay minerals that commonly occur in WED- 
RE ores, namely tubular halloysite (7 Å) and platy kaolinite, were immersed in a La solution for 3 consecutive 
years. The specimens' characteristics were systematically determined using X-ray diffraction (XRD), transmission 
electron microscope (TEM), infrared spectroscopy (IR), and X-ray photoelectron spectroscopy (XPS). The partial 
rehydration of tubular halloysite (7 Å) was observed, with the resulting rehydrated halloysite characterized by 
lattice fringes having d(001)-values of ~1.000 and 0.830 nm, whose distribution features demonstrated that the 
partial rehydration happened initially at the outermost layers of the halloysite (7 Å). By contrast, both the 
morphology and structure of kaolinite remained intact after its 3-year-long immersion in the La solution. For 
both immersed halloysite and kaolinite, the La existed as inner-sphere complexes, outer-sphere complexes, and 
hydroxide particles adsorbed on the surface of minerals. However, La(III) ions partially penetrated the interlayer 
of halloysite but did not enter that of kaolinite. Accordingly, the intercalation of La(III) in halloysite may 
facilitate the rehydration of halloysite (7 Å). These experimental results provide novel insight into the conditions 
for rehydrating tubular halloysite (7 Å), and indicate a new possible state of REE(III) in WED-RE ores, both of 
which help us to better understand the geochemical behavior of REE and clay minerals in WED-RE ores.   

1. Introduction 

Weathered crust elution-deposited rare earth (WED-RE) ore, also 
called ion-adsorption clays (Kynicky et al., 2012) or regolith-hosted ion- 
adsorption deposits (Borst et al., 2020), is one type of the most impor
tant resources of rare earth elements (REE) around the world (Chakh
mouradian and Wall, 2012). The WED-RE ores now provide over 20% of 
global REE consumption (Borst et al., 2020; Garcia et al., 2017; Li et al., 
2019b). In WED-RE ores, clay minerals such as tubular halloysite and 
platy kaolinite are the primary hosts of REE (Sanematsu and Watanabe, 

2016), which exist as exchangeable trivalent ions in the clay minerals 
(Borst et al., 2020). 

The WED-RE ores are formed by the chemical weathering of various 
bedrocks (e.g., granite) (Bao and Zhao, 2008; Sanematsu and Watanabe, 
2016) and are widely distributed in warm and moist regions, predomi
nantly in southern China (Kynicky et al., 2012; Sanematsu and Wata
nabe, 2016; Xie et al., 2016), as well as parts of Thailand (Sanematsu 
et al., 2013), Laos (Sanematsu et al., 2011), Vietnam (Yaraghi et al., 
2019), Malaysia (Yaraghi et al., 2020), Brazil (Vieira et al., 2019), and 
Madagascar (Ram et al., 2019). In these regions, rainfall is abundant (e. 
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g., annual rainfall >1500 mm in south China) (Li et al., 2017; Woo et al., 
1997), leading to the intense chemical weathering of various rocks 
(Sanematsu and Watanabe, 2016; Viers et al., 2007), with the depth of 
the weathered profile reaching 60 m in some WED-RE ores (Sanematsu 
and Watanabe, 2016). 

Water (e.g., rainwater) is a key ingredient for REE mineralization in 
WED-RE ores. Being a solvent that is often involved in rock erosion re
actions (e.g., the alteration of silicates) (Viers et al., 2007), water greatly 
influences the weathering of the earth's surface by dissolving ions from 
rocks (Dodds and Whiles, 2020). This dissolution and alteration release 
trivalent REE(III) ions from various accessory minerals (e.g., bastnaesite, 
xenotime, and allanite) (Bao and Zhao, 2008) and transform the rock- 
forming minerals (e.g., feldspar and mica) into clay minerals (Galán 
and Ferrell, 2013; Lanson et al., 2002; Lu et al., 2016). In this way, the 
abovementioned process provides the sources of ore-forming materials 
(i.e., the exchangeable REE(III) ions) and their carriers (i.e., clay min
erals) of this type of REE ore. Furthermore, water can influence the 
surface properties of clay minerals (Schoonheydt and Johnston, 2013) 
and is associated in weathered crusts with the geochemical behavior of 
exchangeable REE(III) ions, such as their migration, adsorption, and 
desorption (Li et al., 2020; Nesbitt, 1979; Schoonheydt and Johnston, 
2013; Sanematsu and Watanabe, 2016) (Chi et al., 2012; Tian et al., 
2010), all of which are the vital processes for REE enrichment. 

A significant percentage of rainwater becomes groundwater (Saxton 
and Rawls, 2006; Zhang, 2011). This groundwater generally persists 
over several years in weathered crusts (Gleeson et al., 2016; Zhang, 
2011) and is closely related to the migration and accumulation of REE in 
the WED-RE ores (Huang et al., 2021; Li et al., 2020). Moreover, clay 
minerals undergo a structural transformation when exposed to water 
over the long term, which may influence the transformation of ions in 
those weathered crusts. For example, Joussein et al. (2006) found that, 
under the combined action of cations and water for 3 months, the 
spheroidal halloysite (7 Å) formed halloysite (10 Å) with a higher cation 
exchange capacity (CEC) than halloysite (7 Å) (Joussein, 2016; Yaraghi 
et al., 2020). The occurrence of halloysite (10 Å) in WED-RE ores could 
lead to greater enrichment of REE ions (Ram et al., 2019). Nevertheless, 
in the WED-RE ores, halloysite with a tubular morphology is the 
dominant form present (Li and Zhou, 2020; Ram et al., 2019). In fact, 
this tubular halloysite together with platy kaolinite are the paramount 
carriers of exchangeable REE(III) in the WED-RE ores (Kynicky et al., 
2012; Li and Zhou, 2020; Ram et al., 2019). Yet how water affects the 
structure of these clay minerals and the geochemical behavior of REE 
(III) over a long-time span is still unclear. 

In this work, tubular halloysite (7 Å) and platy kaolinite were 
immersed by La(III) aqueous solution for 3 years. La(III) ions served as a 
model REE(III) ion because of their similar chemical properties to REE 
(III) ions (Bau, 1999; Henderson, 1984). The morphology and structure 
of immersed halloysite and kaolinite, and the chemical state of La on 
these samples were systematically characterized, by using X-ray 
diffraction (XRD), transmission electron microscope (TEM), infrared 
spectroscopy (IR), and X-ray photoelectron spectroscopy (XPS). Inter
estingly, the rehydration of tubular halloysite (7 Å) in La(III) solution 
was observed in our study. This rehydrated halloysite affected the 
immobilization of La(III) in turn. These results shed new light on the 
stability and structure of halloysite (7 Å) and enhance the understanding 
of the REE(III) geochemical behavior in weathered crusts as affected by 
clay minerals. 

2. Materials and methods 

2.1. Materials and the immersion experiment 

Halloysite (Hal) was collected from Linfen, Shanxi Province, China, 
and was purified by handpicking it and via its repeated sedimentation 
(Du et al., 2018). This Hal material generally included both halloysite (7 
Å) and halloysite (10 Å) (Du et al., 2018); to exclude the latter's 

occurrence, the material was heated in an oven at 60 ◦C and sieved a 
200-mesh size. Kaolinite (Kaol) was collected from Maoming, Guang
dong Province, China. Exactly 2.000 g of Hal or Kaol was homoge
neously mixed into 2.000 L of La(III) aqueous solution, and then both 
suspensions were sealed under atmospheric pressure and placed in 
laboratory for 3 years without any agitation. The temperature is the 
same as the room temperature in Guangzhou, which ranges from ~11 ◦C 
to ~34 ◦C from winter to summer. 

The La(III) aqueous solution was prepared using La(NO3)3 of 
analytical grade, obtained from Shanghai Macklin Biochemical Co., Ltd. 
Its concentration was 1 × 10− 4 mol/L, similar to the mean concentration 
of various cations in groundwater (Huang et al., 2013). The solution's pH 
was 5, corresponding to that of typical WED-RE ores (Estrade et al., 
2019; Yang et al., 2019). Ultra-pure water (18.25 MΩ cm− 1) was used 
throughout the experiment. 

2.2. Analytical methods 

The wet halloysite (Hal-3yrwet) and kaolinite (Kaol-3yrwet) that un
derwent the 3-year-long immersion were measured by XRD, using a 
diffractometer of the Rigaku Corporation (Japan) with Cu Kα radiation 
(λ = 0.154 nm) generated at 40 kV and 250 mA. The specimens were 

Fig. 1. XRD patterns of Hal, Hal-3yrwet, and Hal-3yrdry (a); XRD patterns of 
Kaol, Kaol-3yrwet, and Kaol-3yrdry (b). 
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investigated from 3◦ to 70◦ (2θ) with a scanning speed of 4◦ per minute. 
Next, both Hal-3yrwet and Kaol-3yrwet were dried at 60 ◦C (hereon Hal- 
3yrdry and Kaol-3yrdry, respectively) and were measured again by XRD. 

The TEM images, high-resolution TEM (HRTEM) images, high-angle 
annular dark-field scanning transmission electron microscopy (HAADF- 
STEM) images, and energy-dispersive X-ray (EDX) spectroscopy were all 
collected using a FEI Talos F200s field-emission TEM operating at an 
accelerating voltage of 200 kV. The Hal, Hal-3yrwet, and Hal-3yrdry were 
ultrasonically dispersed in ultra-pure water for 6 min, respectively, and 
then two droplets of each suspension were dropped onto a carbon- 
coated copper grid to prepare the specimens for their TEM observa
tion. The specimens of Kaol and Kaol-3yrwet were prepared using Leica 
EM UC7 Ultramicrotome, by following the method of Liu et al. (2019). 

Fourier transform infrared spectroscopy (FTIR) of Hal, Hal-3yrdry, 
Kaol, and Kaol-3yrdry were recorded by a Bruker Vertex 70 IR spec
trometer. The specimens were prepared by mixing 0.9 mg of each 
sample and 80 mg of KBr, followed by pressing the mixtures into pellets. 
A pure KBr pellet was measured as the background. All spectra were 
collected over 64 scans in the range of 4000–400 cm− 1 at a resolution of 
4 cm− 1. Meanwhile, attenuated total internal reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) of the concentrated sus
pensions was conducted using the same IR spectrometer, but equipped 
with a multibounce horizontal ATR accessory and flow cell (Pike 
Technologies) (Liu et al., 2016), to reveal the structural characteristics 
of Hal-3yrwet and Kaol-3yrwet. 

The La chemical state of Hal-3yrdry and Kaol-3yrdry were respectively 
characterized by a K-Alpha X-ray photoelectron spectrometer (Thermo 
Fisher Scientific, UK) with a monochromatic Al K X-ray source (excita
tion energy = 1468.6 eV). The spectra were collected from 0 to 1350 eV, 
with an X-ray spot size of 400 μm. The binding energies were corrected 
relative to the carbon 1 s signal at 284.8 eV. 

3. Results 

3.1. Structure and morphology of halloysite and kaolinite before and after 
their aging 

The XRD patterns of Hal, Hal-3yrwet, and Hal-3yrdry are shown in 
Fig. 1a. For Hal, its d-values were 0.737, 0.443, 0.360, 0.168, and 0.149 
nm (Fig. 1a), corresponding to the (001), (100), (002), (210), and (300) 
reflections of halloysite (7 Å), which suggests high-purity halloysite was 
used in this study. In the XRD pattern of Hal-3yrwet, a weak shoulder 
peak appeared at ~1.000 nm, which was ascribed to the (001) reflection 
of halloysite (10 Å) (Du et al., 2018). The low intensity of the (001) 
reflection at ~1.000 nm suggested the minority of halloysite (10 Å) in 
Hal-3yrwet, with halloysite (7 Å) in the majority. The weak (001) 
reflection at ~1.000 nm disappeared in Hal-3yrdry (Fig. 1a) due to the 
dehydration of halloysite (10 Å). Compared with the (100) reflection of 
Hal, Hal-3yrwet, and Hal-3yrdry, the intensity of the (100) reflection in 
Hal-3yrwet was diminished. For both halloysite (7 Å) and halloysite (10 
Å), their peak at 0.443 nm was ascribed to the (100) reflection; this 
suggested the reduced intensity arose from the orientation during 
specimen preparation rather than the presence of halloysite (10 Å). 

The XRD patterns (Fig. 1b) of Kaol before and after the aging process 
(i.e., 3-year-long immersion) were nearly the same. Almost all re
flections were indexed to be kaolinite, having a d001-value of 0.716 nm. 
The weak peak at 1.000 nm was the typical (001) reflection of illite 
(Drits et al., 2010), an impurity commonly existing in natural kaolinite. 
Similar to Hal-3yrwet, Kaol-3yrwet also displayed some reflections of 
reduced intensity due to the orientation, such as those at 0.446, 0.436, 
0.418, 0.385, 0.256, 0.249, 0.238, 0.234, and 0.229 nm. 

The TEM and HRTEM images of Hal-3yrwet are shown in Fig. 2. The 
(001) layer stacks of Hal-3yrwet were slightly disordered, as indicated by 
the FFT pattern and the HRTEM (Fig. 2a and b). Notably, Fig. 2b shows 

Fig. 2. (a) TEM image of Hal-3yrwet and 
the inset is the fast Fourier transform 
(FFT) pattern of the yellow rectangle in 
(a); (b) HRTEM image of the yellow 
rectangle in (a); (c) a schematic diagram 
of distribution features of the enlarged 
layers in rehydrated tubular halloysite; 
(d) TEM image of Hal-3yrwet; (e) and (f) 
the magnification of the yellow rect
angle and square, respectively. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   
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the lattice fringes of ~1.000 and ~0.830 nm in Hal-3yrwet (Fig. 2b), 
which demonstrated the formation of partially hydrated halloysite, 
consistent with the XRD analysis results in Fig. 1a. It should also be 
noted that the lattice fringes of 1.000 nm always appeared at the 
outermost layers of halloysite nanotubes and those of 0.830 nm 
appeared near the outermost layers of the nanotubes (Fig. 2b and c). 
Meanwhile, there were also some layers with the d(001)-value of 1.280 
nm at the outermost layers of the halloysite (Fig. 2d). Moreover, Fig. 3a 
shows the lattice fringes of ~3.000 nm, which could have originated 
from the interlayer's La-bearing particles (Fig. 3b and d). In addition to 
the interlayer, La-bearing nanosized particles were also found distrib
uted on the surface of halloysite (Fig. 3c and e). 

After drying the Hal-3yrwet, the lattice fringes of ~0.830 and ~1.000 
nm disappeared in Hal-3yrdry (Fig. 4a), which corresponded to the 
disappearance of the (001) reflection of halloysite (10 Å) in Hal-3yrdry 
(Fig. 1a). By contrast, no significant differences in the structure and 
morphology of Hal and Hal-3yrdry were found (Fig. 4a and d). 

Cross-sectional HRTEM images of Kaol-3yrwet and Kaol appear in 
Fig. 4. They suggested these two samples had the same mineralogical 
structure, both having the d(001)-value of 0.716 nm. These results further 
indicated that the microstructure of kaolinite went largely unchanged 

during its long-term immersion, in agreement with the XRD analysis 
results (Fig. 1b). 

3.2. IR results 

The ATR-FTIR spectra of wet Hal (Halwet), Hal-3yrwet, wet Kaol 
(Kaolwet), and Kao-3yrwet are shown in Fig. 5a. The assignments for each 
of their corresponding vibrational modes observed are compiled in 
Table 1, based on previous reports (Frost and Vassallo, 1996; Tan et al., 
2015; Yang et al., 2012; Yariv and Shoval, 1976; Yuan et al., 2008). In 
the OH stretching region of Halwet, there were two IR vibration bands at 
3695 and 3621 cm− 1, which arose from the coupled stretching vibra
tions of nonequivalent inner-surface OH groups and the stretching vi
brations of single inner hydroxyl groups, respectively (Madejová et al., 
2017). Nevertheless, some new bands, such as the OH stretching of 
inner-surface hydroxyl groups at ~3682 cm− 1 and ~3658 cm− 1, 
appeared in Hal-3yrwet. Evidently, when compared with the ATR-FTIR 
spectra of Halwet and Hal-3yrwet, the intensity of the band at 3697 
cm− 1 in Hal-3yrwet increased (Fig. 5a). For Kaolwet, in addition to that 
detected at 3694 and 3620 cm− 1, there was also a vibration band at 
3654 cm− 1 (Fig. 5a), similar to previous research (Chen et al., 2017). In 

Fig. 3. HRTEM (a) and HAADF (b) images of interlayer's La-bearing particles in Hal-3yrwet; (c) HAADF image of La-bearing particles on the surface of halloysite in 
Hal-3yrwet; (d) and (e) the EDS results of spot #1 and spot #2, respectively. 
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the ATR-FTIR spectrum of Kaol-3yrwet, this band (at 3654 cm− 1) split 
into two vibration bands (~3666 and 3656 cm− 1). 

Fig. 5b displays the FTIR spectra of Hal, Hal-3yrdry, Kaol, and Kaol- 
3yrdry. Hal and Hal-3yrdry each had two bands at 3695 and 3620 cm− 1 in 
the OH stretching region. The spectrum of Hal-3yrdry closely resembled 
that of Hal (Fig. 5b), illustrating that these two samples had very similar 
structures. The FTIR spectra of Kaol and Kaol-3yrdry revealed four 
resolved bands at 3695, 3669, 3654, and 3620 cm− 1 in the OH stretching 
region (Fig. 5b). Similarly, Kaol and Kaol-3yrdry had the same pattern of 
FTIR spectra, thus demonstrating the same structure of these two 
samples. 

3.3. The XPS spectra of La 

The characterization of chemical species of La 3d5/2 onto the Hal- 
3yrdry and Kaol-3yrdry is depicted in Fig. 6 and summarized in Table 2. 
The spin-orbit component can be split via multiplet splitting (Fig. 6). The 
peak with higher binding energy was the satellite of La 3d5/2, resulting 
from the bonding and antibonding states between the 3d94f0 and 3d94f1L 
configurations (Suga et al., 1996). Three conspicuous features in the La 
3d5/2 spectra of Hal-3yrdry and Kaol-3yrdry (Fig. 6) indicated three 
different chemical species of La. 

The peaks at 836.79 and 837.40 eV in the La XPS spectra of Hal- 
3yrdry (Fig. 6a) were similar to the XPS characteristics of La-bearing 
zeolites (Grunert et al., 1993), in which La3+ ions exchanged Na+ ions 
and entered into the extra framework cages of zeolite (Tian et al., 2006). 
La(III) ions in the zeolites exist as free ions (i.e., outer-sphere complexes) 
and complexes with Al(Si)-OH (Lee and Valla, 2017). Therefore, the 
peaks at 836.79 and 837.40 eV in the XPS spectrum of Hal-3yrdry were 
associated with the inner-sphere complexes and outer-sphere com
plexes, respectively. Similarly, the peaks at 836.84 and 837.43 eV in the 

La XPS spectrum of Kaol-3yrdry (Fig. 6b) corresponded to inner-sphere 
complexes and outer-sphere complexes. 

Further, another peak with low binding energy at 835.50 eV in the 
XPS spectrum of Hal-3yrdry had a spin-orbit splitting (∆E) of 3.59 eV, 
this being rather close to the distinguishing feature of the compound La 
(OH)3 or LaO(OH) (Li et al., 2019a), which suggested the La-bearing 
particles in Fig. 3 were La hydroxides. Similarly, for Kaol-3yrdry, the 
binding energy at 835.62 eV with the spin-orbit splitting of 3.60 eV was 
also ascribed to La hydroxides particles. As suggested by previous 
research (Fleisch et al., 1984; Fleming et al., 2010), the LaO(OH) par
ticles generally formed from the dehydration of La(OH)3. 

4. Discussion 

4.1. Chemical state of La(III) on the halloysite and kaolinite 

The XPS results (Fig. 6), there revealed three different chemical 
states of La in the samples: outer-sphere complexes, inner-sphere com
plexes, and La hydroxides. Previous REE(III) adsorption experiments 
found that halloysite and kaolinite could primarily adsorb REE(III) ions 
via the outer-sphere complexation and inner-sphere complexation 
(Coppin et al., 2002; Yang et al., 2019), of which the latter was the 
predominant adsorption mechanism (Yang et al., 2019). As seen in 
Table 2, the atomic ratio between inner-sphere complexes (836.84 eV) 
and outer-sphere complexes (837.43 eV) of La(III) was 1.545 for Kaol- 
3yrdry; however, the ratio was just 0.790 for Hal-3yrdry, which means the 
outer-sphere complexes were the primary La species compared with 
inner-sphere complexes in Hal-3yrdry. This specular ratio in Hal-3yrdry is 
likely associated with the structural changes of Hal; i.e., the trans
formation of halloysite (7 Å) to halloysite (10 Å), after the 3-year-long 
immersion in La(III) aqueous solution. 

Fig. 4. TEM and HRTEM images of Hal-3yrdry (a and b), Hal (c and d), Kaol-3yrwet (e), and Kaol (f).  
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The d(001)-value of 1.280 nm in the Hal-3yrwet, which is significantly 
larger than that for the interlayer with a monolayer of water molecules 
(d(001)-value of 1.000 nm) (Jemai et al., 1999; Joussein et al., 2006), 
indicates that La(III) ions migrated into the interlayer of halloysite. In an 
aqueous solution environment, La(III) ions always form hydrated ions, 
whose coordination number of water molecules commonly is 9 for the 
first hydration shell (D'Angelo et al., 2011; Duvail et al., 2007). The 
average La-O distance of the first hydration shell was approximately 
0.252–0.259 nm (D'Angelo et al., 2011; Duvail et al., 2007), suggesting 
the hydrated La(III) ions have a diameter over 0.500 nm and could give 
rise to the lattice fringe of ~1.280 nm (Figs. 2d and 7). Moreover, the 
occurrence of an interlayer La hydroxides (Fig. 3b) also implies the La 
(III) ions can enter into the interlayer of halloysite. 

For halloysite (10 Å), Yariv and Shoval (1976) found the in-phase 
coupled O-H stretching vibration at ~3700 cm− 1 shifted to 3688 or 
3685 cm− 1 when cations (e.g., Cs+ and Rb+) entered into the interlayer. 
Likewise, the OH stretching vibration at 3682 cm− 1 in Hal-3yrwet 
(Fig. 5a) shifted from 3695 cm− 1, pointing to the presence of interlayer 
La(III) ions. That red shift was mainly driven by the hydrogen bonds 
(Joseph and Jemmis, 2007) between the interlayer La(III), water 

Fig. 5. ATR-FTIR patterns (a) of Halwet, Hal-3yrwet, Kaolwet, and Kaol-3yrwet; FTIR patterns (b) of Hal, Hal-3yrdry, Kaol, and Kaol-3yrdry.  

Table 1 
Positions and assignment of the IR vibration bands.  

Position (cm− 1) Assignments 

470 Deformation of Si-O-Si 
538 Deformation of Al-O-Si 
697 Perpendicular Si-O stretching 
755 Perpendicular Si-O stretching 
795 Symmetric stretching of Si-O 
913/914 O-H deformation of inner hydroxyl groups 
937 O-H deformation of inner-surface hydroxyl groups 
1008/1009 in-plane Si-O stretching 
1031/1032 in-plane Si-O stretching 
1088/1091 in-plane Si-O stretching 
1101/1098 perpendicular Si-O stretching 
1113/1114/1118 perpendicular Si-O stretching 
3620/3621/3624 O-H stretching of inner hydroxyl groups 
3654/3656/3658 O-H stretching of inner-surface hydroxyl groups 
3666/3669 O-H stretching of inner-surface hydroxyl groups 
3682 O-H stretching of inner-surface hydroxyl groups 
3694/3695/3697 O-H stretching of inner-surface hydroxyl groups  
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molecules, and OH groups. The weakened and lengthened bond of the 
OH stretching vibration at ~3697 cm− 1 caused by hydrogen bonds could 
also have intensified the band at 3697 cm− 1 (Fig. 5a) (Joseph and 
Jemmis, 2007). Recently, Hillier et al. (2016) observed the bands near 
3670 and 3653 cm− 1 in prismatic halloysite, also arising from the 
hydrogen bonds (Madejová et al., 2017), which supports our inference 
that the band near 3658 cm− 1 (Fig. 5a) was also due to hydrogen bonds. 

Accordingly, undergoing long-time immersion, La(III) ions were not 
only adsorbed on the surface of tubular halloysite by inner-sphere 
complexation and outer-sphere complexation, but they also penetrated 
the interlayer of tubular halloysite (Fig. 7). These interlayer La(III) ions 
mainly existed as outer-sphere complexes, accounting for the higher 
content of outer-sphere complexes than inner-sphere complexes 
(Table 2). Notably, the extent and scale of the intercalation corre
sponding to the lattice fringes of ~1.280 and 1.000 nm is difficult to 

assess, because of the small and selective field of view for TEM obser
vation. Finally, since other REE(III) ions have similar chemical proper
ties to La(III) ion but a smaller radius than it, the results of our study 
suggest REE(III) ions can move into the interlayer of tubular halloysite, 
which thereby suggests a new possible state of REE(III) occurrence in 
WED-RE ores. 

4.2. Partial rehydration of tubular halloysite (7 Å) 

Generally, halloysite in weathered crusts has two forms: dehydrated 
halloysite (i.e., halloysite (7 Å), Al2(OH)4Si2O5) (Chen et al., 2020; 
Estrade et al., 2019; Yang et al., 2019) and hydrated halloysite (i.e., 
halloysite (10 Å), Al2(OH)4Si2O5⋅2H2O) (Estrade et al., 2019; Li and 
Zhou, 2020; Li et al., 2020; Ram et al., 2019). Both are considered the 
end-members of a continuous series of hydration states (Joussein et al., 
2006; Slansky, 1985). In halloysite (10 Å), one layer of water molecules 
between the multilayers gives rise to a d001-value of 1.000 nm (Jemai 
et al., 1999; Joussein et al., 2006). Halloysite (7 Å) is easily obtained 
through the loss of those interlayer water molecules under a dry air and/ 
or mildly hot environment, and this dehydration is deemed to be an 
irreversible process (Joussein et al., 2005; Yuan et al., 2015; Yuan, 
2016). Once the interlayer water is lost, it cannot be restored by treat
ment with water (Giese, 1988; Joussein et al., 2006). For example, 
Joussein et al. (2006) immersed tubular halloysite (7 Å) in water for 3 
months but its structure did not change significantly. 

Intriguingly, our results demonstrated that partial rehydration of 
tubular halloysite (7 Å) could occur, to form partially hydrated halloy
site in La(III) solution, as implied by the weak shoulder peak at ~1.000 
nm in the XRD pattern (Fig. 1) and the lattice fringes of ~0.830 and 
~1.000 nm in the HRTEM images (Fig. 2) of Hal-3yrwet. The lattice 
fringe of ~1.000 nm was due to the presence of interlayer water mole
cules, including two types of them located at 3 Å and 3.4 Å from the 
hydroxyl surface over the octahedral sheet (Jemai et al., 1999; Joussein 
et al., 2006). The lattice fringes of ~0.830 nm (Fig. 2b) generally 
belonged to an intermediate product, in which the water molecule was 
inserted between vacant octahedral site and ditrigonal cavity of the 
tetrahedral sheet (Joussein et al., 2006). Moreover, the distribution 
features of the lattice fringes with d(001)-value of 1.000 nm and 0.830 nm 
(Fig. 2c) indicate that the rehydration initially occurs at the outermost 
layers of halloysite (7 Å) and then extends to its internal surface. 

Despite the reason for the rehydration of halloysite (7 Å) being 
largely unclear at this stage, it is very likely relevant to the interactions 
between the adjacent layers of a halloysite nanotube. Based on an ab 
initio simulation of kaolinite structure, Benco et al. (2001) found that 
the kaolinite structure had the lowest total energy as its d001-value is 
0.740–0.780 nm, which implies weak interactions between layers; 
further, those with the d001-value of ~0.740 nm could be easily inter
calated by small molecules such as water molecules (Benco et al., 2001). 
Their finding concurs with the rehydration reported here for tubular 
halloysite (7 Å) (d001-value of 0.737 nm) but not kaolinite (d001-value of 
0.716 nm) (Fig. 1a). Besides, the structural stress induced from the misfit 
of the tetrahedral and octahedral sheets may be another possible factor 
influencing the intercalation (Deng et al., 2002). For tubular halloysite 
with the spiral structure, the curvature decreases from the innermost 
layer to the outermost layer (Ferrante et al., 2015). Consequently, the 
structural stress in the layer dominated by cation–cation Coulomb 
repulsion (e.g., Si-Si in the tetrahedral sheet) (Singh, 1996), is slightly 
weaker in the outermost than innermost layer. This difference in the 
structural stress of the layer at different positions of the halloysite 
nanotube may explain why the rehydration initially occurred at the 
outermost layers. 

That La(III) induced intercalation of halloysite (7 Å) is highly rele
vant for the ionic properties, e.g., radius and hydration energy. Previous 
studies have pointed out that interlayer cations (e.g, Ca2+) are generally 
considered to play a key role in the hydration process of halloysite 
(Bailey, 1990; Joussein et al., 2006). Joussein et al. (2006) discussed 

Fig. 6. XPS spectra of Hal-3yrdry (a) and Kaol-3yrdry (b).  

Table 2 
La 3d5/2 binding energy (eV) and relative content of various features of La on 
halloysite and kaolinite.  

Samples La 3d5/2 BE(eV) ∆E (eV) Relative content (%) 

Peak Satellite 

Hal-3yrdry 835.50 839.09 3.59 50.36 
836.79 840.45 3.66 21.91 
837.40 840.82 3.42 27.73 

Kaol-3yrdry 835.62 839.22 3.6 65.24 
836.84 840.53 3.69 21.10 
837.43 840.84 3.41 13.66  
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how Ca2+ and K+ ions affect the rehydration of spheroidal halloysite (7 
Å). The Ca-saturated spheroidal halloysite (7 Å) undergoing a 3-month- 
long immersion could partially rehydrate and form spheroidal halloysite 
(10 Å), whereas there was no discernible change for the K-saturated 
sample (Joussein et al., 2006). This difference was closely associated 
with the ionic radius (0.99 and 1.33 Å for Ca2+ and K+, respectively) and 
hydration energy (− 1515 and − 304 kJ/mol for Ca2+ and K+, respec
tively) of the interlayer Ca2+ and K+ ions. Therefore, the hydration of 
halloysite was probably dominated by the affinity of cations for water 
molecules (Joussein et al., 2006). The La(III) ions have a radius of 1.06 Å 
and a hydration energy of − 3285 kJ/mol (Moldoveanu and Papange
lakis, 2012). Consequently, the La(III) ions have a greater affinity for 
water than does Ca2+ yet a similar ionic radius to Ca2+, which suggests 
the occurrence of interlayer La(III) could facilitate the rehydration of 
tubular halloysite (7 Å). In addition to those hydrated La(III) ions in the 
interlayer with a d(001)-value of 1.280 nm (Fig. 7), the La(III) in inter
layer with the d(001)-value of 1.000 nm might be associated with “hole” 
water, not unlike Ca2+ is (Joussein et al., 2006). 

In the groundwater, there are some cations (e.g., Na+) that have a 
smaller ionic radius than does La(III) (Joussein et al., 2006; Moldoveanu 
and Papangelakis, 2012). Therefore, our results suggest that the rehy
dration of halloysite (7 Å) could be a common phenomenon under the 
long-term effects of contact exposure to groundwater. For example, 
there is more halloysite (10 Å) in the deeper horizon of the weathered 
profile in WED-RE ores (Li and Zhou, 2020). In addition, the rehydration 
of halloysite might be also associated with its formation mechanism and 
environment, resulting in differences in its characteristics, such as the 
morphology and chemical composition (Cavallaro et al., 2018; Joussein 
et al., 2005; Yuan et al., 2019). Given that halloysite (10 Å) typically has 
a higher cation exchange capacity (CEC) than halloysite (7 Å) (Joussein, 
2016; Yaraghi et al., 2020), the occurrence of halloysite (10 Å) should be 
conducive to the enrichment of exchangeable REE(III) ions in WED-RE 
ores (Ram et al., 2019), as well as the deprotonation of clay minerals 
under the influence of pH (Yang et al., 2019). 

5. Conclusion 

After its 3-year-long immersion in La(III) aqueous solution, the 
tubular halloysite (7 Å) was partially rehydrated, forming the hydrated 
halloysite; whereas, such rehydration did not occur for kaolinite. Dis
tribution features of the lattice fringes of 1.000 nm and 0.830 nm 
indicated the rehydration process very likely began at the external 
surface of halloysite (7 Å) at first. The rehydration of tubular halloysite 
in La(III) solution advances our understanding of the stability and 
structure of halloysite (7 Å). 

In rehydrated halloysite, La(III) ions not only existed as inner-sphere 
complexes, outer-sphere complexes, and hydroxide particles adsorbed 
on the surface, but they also entered the interlayer of the mineral. The 
interlayer La(III) ions primarily consist of outer-sphere complexes and so 
they play a pivotal role in halloysite rehydration. Due to the similar 
chemical properties of REE(III) to La(III), the results of this work suggest 
that long-term interaction enables REE(III) ions to penetrate the inter
layer of halloysite with long-term interaction, thereby revealing a new 
possible state of REE(III) occurrence in weathered crusts. 
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