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Abstract: With the growing demand of rare earth elements, the recovery of rare earth elements is
a major issue for researchers in related fields. Adsorption technology is one of the most effective
and popular recovery methods. Therefore, the adsorption mechanism of Yttrium (Y), Neodymium
(Nd), and Lanthanum (La) atoms on the kaolinite (001) and (00 T) surfaces was examined by density
functional theory (DFT). The most stable adsorption sites on the kaolinite (001) surface for Y atoms
was the bridge site, and the hollow site was the most favorable adsorption site for Nd and La atoms
with high adsorption energy. However, the adsorption energies of kaolinite (OOT) surface sites for
Y, Nd, and La atoms were much lower than the (001) surface sites, indicating that the adsorption
capability of the hydroxylated (001) surface is stronger. The effects of coverage on adsorption position,
energy, and structures were entirely investigated on top, bridge, and hollow sites of the kaolinite (001)
surface from 0.11 to 1.0 monolayers (ML). The adsorption energy of Y, Nd, and La atoms on three
kinds of sites increased with increasing of the coverage implied the stronger capability of surface
adsorption. The recovery capability of kaolinite for the rare earth atoms was in the order of La > Nd
>Y. The changes in the atomic structure, charge density, and electron density of states for Y, Nd, and
La/kaolinite (001) before and after adsorption were also analyzed in depth.
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1. Introduction

As a strategic resource, rare earth elements (REEs) have always been used in the
fields of metallurgy, medicine, the chemical industry, and agriculture [1,2]. The improved
technology has created a growing demand for REEs. Recently, there has been an increased
recognition that the recovery of REEs is of great significance owing to the consideration
of ensuring the current and future supply of REEs [3]. It is well known that various
approaches (e.g., biological treatment, chemical precipitation, and adsorption) have been
geared towards the recovery of REEs [4,5]. Araki et al. [6] and Alakhras et al. [7] used the
surface template polymerization technique to create an adsorbent with high selectivity
for lanthanides. Chio et al. [8] used radiation-induced grafting of acrylic acid (AAc) onto
polyethylene (PE) films to adsorb Lanthanide. However, the adsorption ability of the above
materials was weak in practical application. Clay minerals are attractive in comparison
with the above materials because they are widespread, easily mined, and inexpensive [9,10].
Some studies have indicated that clay minerals can show good adsorption behavior for
metals, organic substances, and other materials [11,12]. Consequently, clay minerals were
used as adsorbents for the recovery of REEs from aqueous wastes [13,14].

Kaolinite is a widespread and abundant clay [15,16] that has always been regarded as a
potential adsorbent because of its cation exchange capacity and higher adsorption capacity.
Therefore, many researchers have carried out a host of experimental studies to use kaolinite
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as an adsorbent for the recovery of REEs. In 1984, Laufer et al. [17] studied the adsorption
behavior of Cerium (IV) from ceric ammonium nitrate using natural and modified kaolinite,
and the result implied that Ce could be adsorbed either as a monomeric species or as a
polymeric hydroxy cation. Aja et al. [18] investigated the recovery of Nd onto kaolinite,
and the results showed that kaolinite has a large capability for Nd atoms. Coppin et al. [19]
discussed the adsorption behavior of REEs on kaolinite, and they found that the adsorption
capacity of REEs was large in comparison with light rare earth elements due to selective
adsorption. Wan et al. [20] studied kaolinite as an adsorbent to absorb the rare earth ions Y,
Ga, Nd, and La in highly acidic solution and found that heavy REEs can be enriched in
kaolinite under corrosive acid. Xiao et al. [21] investigated the adsorption thermodynamics
of REEs on kaolinite, and the results implied that the adsorption properties of La, Nd, and
Y on kaolinite conform to the Langmuir isotherm model. The above experimental results
clarified that kaolinite can be used as a favorable and economical adsorbent to recycle REEs,
and its adsorption effect is remarkable. However, the above studies on the adsorption
mechanism at an atomic level were not clear due to the limitation of the experiments.
The geometry information about how the REE atoms adsorbed on the kaolinite and other
interaction behavior at an atomic level was still worthy of further exploration.

Over the decades, multiple computer simulations based on the DFT method have
been proved scientific and credible for studying adsorption at a molecular level [22,23]. For
instance, Zhang et al. [24] studied Ca and K atoms adsorbed on the kaolinite surface by DFT
calculations and the Monte Carlo method. The adsorption behavior of CO; on a pristine
or doped kaolinite (001) surface was also studied by the DFT method [25]. Especially,
Lanthanum (La), Neodymium (Nd), and Yttrium (Y) have caught much attention with
their increasing applications in advanced new materials for their unique physical and
chemical properties [26,27] and high partition in the earth’s crust [28]. The present paper
was written from the perspective of the microscopic level, and Y, Nd, and La atoms were
chosen as the main research object to analyze the adsorption characteristics of REEs on
kaolinite, which could provide theoretical support for the adsorption of Y, Nd, and La
atoms on the hydroxylated (001) surface and the tetrahedral (001) surface. Moreover, the
binding positions, binding energies, and the electron transfer between REEs and atoms of
kaolinite were also obtained.

2. Method of Calculations

The adsorption behavior and geometric configuration of Y, Nd, and La atoms were
calculated by the Vienna ab-initio simulation package [29] based on density functional
theory (DFT). The generalized gradient approximation (GGA) formulation with the Perdew—
Burke-Ernzerhof (PBE) functional was used to calculate the exchange and correlation
functional between electrons. REE electrons were treated using the effective core potentials,
which introduce some degree of relativistic correction into the core of REE elements in
calculation. Using a plane-wave pseudopotential and periodic boundary conditions to
solve the Kohn-Sham DFT equation, the electron was treated by quantum mechanics. The
electron—ion interaction was described by the project augmented wave (PAW) method,
which takes the exact shape of the valence wave functions into account [30]. O 252p4,
H 1s!, Al 3s23p2, Si 3523p2, Y 4d'5s2, Nd 4f*6s2, and La 5d16s? were regarded as the
valence electrons. The selection of the k-point adopts the Monkhorst-Pack scheme with
the I" point as the center. In the process of structural optimization and static calculation,
a (3 x 3 x 1) k-point grid was used for p (2 x 2) and p (3 x 3) surface cells. The cutoff
energy of plane-wave basis was set to 400 eV. The criterion of energy convergence in the
optimization of atomic geometries and SCF energy was set to 1 x 10~# eV, and 0.02 eV/A
for the atomic force.

The existing experimental data [31-33] and calculated results [34-40] of kaolinite
with the crystal structure of Al;Si;Os (OH)4 often consist of two different surfaces of
aluminosilicate as a perfect 1:1 layer structure [34,41]. One side consists of a gibbsite-
type sheet and the other is a silica sheet [42]. In the present paper, the optimal structural
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parameters for bulk kaolinite were as follows: a = 5.155 A, b=5155 A, c = 7405 A,
a =75.14°, = 84.12° and y = 60.18°, corresponding with the experimental results and
the other calculated data [43]. The kaolinite surface can be divided into the hydroxylated
(001) surface and the tetrahedral (001) surface. The kaolinite (001) and (001) surfaces
modeled a periodically repeated slab composed of six kaolinite layers with a vacuum
thickness of 20 A, respectively. REE atoms were placed on the hydroxylated (001) surface
and the tetrahedral (001) surface, respectively. Dipole correction and spin polarization
were considered to minimize the possible inaccuracies between periodic images of the
slabs. According to kaolinite surface symmetry, different initial positions (top site (T1-T3);
bridge site (B;—By); hollow site (H;—H4)) on the kaolinite (001) and (top site (T,—T); bridge
site (B3—Bs); hollow site (Hs)) on the (OOT) surfaces would be examined. Four hollow, two
bridge, and three top adsorption sites on the kaolinite (001) surface and one hollow, three
bridge, and three top adsorption sites on the kaolinite (001) surface were examined, as
shown in Figure 1. Especially, we used surface unit cells of p (3 x 3) to calculate adsorbate
coverages of 0.11 and 0.33 ML, and the coverages of 0.25, 0.5, 0.75, and 1.0 ML were
calculated using surface unit cells of p (2 X 2).

Figure 1. (a-c) Top view of kaolinite (001) surface with three top adsorption sites (T;—T3), two bridge
adsorption sites (B1-B,), and four hollow adsorption sites (H;—Hy). Top view of kaolinite (001)
surface with (e) three top adsorption sites (T4—Tj), (f) three bridge adsorption sites (B;—Bs), and
(g) one hollow adsorption site (Hs). Side view of the initial relative position model between Y (Nd
or La) and kaolinite (001) surface (d) and (OOT) surface (h) before adsorption. Here, white spheres,
red spheres, yellow spheres, purple spheres, and dim grey spheres represent hydrogen, oxygen,
aluminum, and silicon, Y (Nd or La) atom, respectively.

3. Results and Discussions

The adsorption energy (E,qs) was often used to evaluate the adsorption stability of
REE atoms on kaolinite, and E, 45 was the average adsorption energy of REE atoms on the
kaolinite (001) and (001) surface, defined as the following equation:

1
Eads(G)) = w [Esubstrate + NREESEREES - EREEs/substrate] (1)
S
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Here, Nrgg was the number of REE (REEs = Y, Nd, and La) adatoms adsorbed
on the slab at the considered coverage ® (® was defined as the ratio of the number
of adsorbed atoms to the optimum adsorption sites on the surface of kaolinite) [44].
EREEs/substratesr Esubstrate - and Erggs were the total energy of the adsorption system of
REE atoms and the kaolinite surface, the clean kaolinite surface, and free REE atoms,
respectively. The greater the absolute value of adsorption energy, the more stable the
adsorption, according to the above formula. All three kinds of high-symmetry adsorp-
tion sites of kaolinite (001) and (001) surfaces were considered, respectively, as shown in
Figure 1.

As shown in Figure 2a—d, the three highly symmetrical adsorption sites were the
stable site of Y, Nd, and La atoms adsorbed on the kaolinite (001) surface. According to the
calculated results, the bridge site was the favorite adsorption site for Y atoms, followed
in the order of reducing stability by the hollow and top site. Meanwhile, the most stable
among all possible adsorption sites for Nd atoms was the hollow site, followed by the
bridge and top site of the kaolinite (001) surface. The hollow site was also the most stable
adsorption site for La atoms, followed by the top site and bridge site. We calculated the
E.gs (Table 1) of Y, Nd, and La atoms on three kinds of adsorption sites of the kaolinite (001)
surface at different coverages (from 0.11 to 1 ML). As listed in Table 1, the adsorption energy
of the bridge site was always larger than the top and hollow site for Y atoms. The minimum
and maximum adsorption energies of Y atoms on the three kinds of adsorption sites were
at 0.11 ML and 1.0 ML, respectively. The adsorption energy increased with increasing the
coverage of Y atoms at three kinds of adsorption sites. Meanwhile, the hollow site was
more stable than the top and bridge sites for Nd and La atoms from 0.11 to 1.0 ML. The
adsorption energies of Nd and La atoms on top, bridge, and hollow sites ranged from
94.2 to 166.3 kJ /mol, 126.9 to 189.4 k] /mol, 166.3 to 227.8 k] /mol, 151.91 to 221.1 k] /mol,
and 168.2 to 232.7 k] /mol, respectively. Similarly, the low coverage (© = 0.11 ML) had
the minimum adsorption energy and the high coverage (® = 1.0 ML) had the maximum
adsorption energy. The quality for Y, Nd, and La atoms on three kinds of adsorption sites
displayed a modestly increasing tendency from 0 to 1.0 ML, respectively. In the coverage
range of 0 < © < 1.0 ML, the increasing adsorption energy implied a tendency to form
REE islands on the kaolinite (001) surface. The adsorption energy indicates the interaction
between the oxygen atom in the adsorption active center and the adsorbed rare earth atom.
The higher the adsorption energy, the easier the atom is adsorbed [20,45]. The above results
showed that kaolinite can be used as an adsorbent to recover rare earth atoms, and the
order of recovery ability of different rare earth atoms on kaolinite was La > Nd > Y.

Table 1. The adsorption energy E, g5 (kJ]/mol) of REEs (REEs =Y, Nd, and La) adsorbed on the (001)
surface of kaolinite at different coverages.

Y Nd La
Site

Top  Bridge Hollow Top  Bridge Hollow Top  Bridge Hollow

ML 0.11 109.6 137.5 108.6 94.2 126.9 132.7 166.3 151.9 168.2
ML 0.25 128.8 141.3 128.8 103.8 140.4 141.3 169.2 154.8 172.1
ML 0.33 129.8 147.1 132.7 146.1 149.0 151.9 170.2 159.6 176.0
ML 0.5 146.1 153.8 137.5 152.9 148.1 155.8 221.1 180.8 226.9
ML 0.75 152.9 155.8 146.1 156.7 159.6 176.9 224.0 215.4 226.0
ML 1.0 156.7 165.4 149.0 166.3 164.4 189.4 227.8 221.1 232.7

Furthermore, the adsorption energy and geometric equilibrium of rare earth element
atoms onto the (001) surface of kaolinite were also investigated. With respect to the Y atom
adsorbed on the (001) surface, a Y atom adsorbed on the bridge and hollow adsorption site
was energetically stable with the adsorption energy of 41.3 and 42.3 k] /mol, respectively
(Figure 2e,f). Similarly, La and Nd atoms adsorbed on three adsorption sites had an
adsorption energy of below 48.1 k] /mol, as listed in Table 2. Compared with Table 1, the
adsorption energy of kaolinite (001) surface for REE atoms was weak. Consequently, the
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adsorption characteristics of REE atoms on the (001) surface of kaolinite with different
coverages were mainly discussed in the present paper.

Figure 2. Top (a) and side (d) view of adsorbed Y (Nd or La) atoms on the top sites of kaolinite (001)
surface, adsorbed Y (Nd or La) atoms on the (b) bridge sites, and adsorbed Y (Nd or La) atoms on
the (c) hollow sites. Top (e) and side (h) view of Nd atoms adsorbed on the top site (Figure S1) of
kaolinite (OOT) surface, adsorbed La (Y) atoms on the (f) bridge sites and adsorbed Nd (Y) atoms on
the (g) hollow site. Here, adsorbed Y, Nd, and La atoms are colored dim grey for clarity.

Table 2. The adsorption energy Eads (kJ/mol) of REEs (REEs = Y, Nd, and La) adsorbed on the (001)
surface of kaolinite.

Y Nd La

Site
Bridge Hollow Top Hollow Bridge Hollow

Eags 41.3 423 36.5 43.2 43.2 48.1

Table 3 shows the calculated geometries for REE atoms’ adsorption on the optimal
adsorption sites of the kaolinite (001) surface at coverages of 0.25, 0.5, 0.75, and 1.0 ML,
including the vertical height hirggs-a1 between the adsorbed REE atoms and the aluminum
atomic layer on the kaolinite (001) surface, the average REE-O bond length Ra, as well
as the changed ratio of interlayer distances (Adjj). The changes in Ad;; were calculated
according to the formula Adjj = (djj—do)/dp [46], where d;; was the distance between the
ith and jth layers of kaolinite along the [1] vector direction after relaxation, and dy was
the ith and jth layers in initial kaolinite. As listed in Table 3, the vertical height hrpgs a1 Of
REE atoms to the kaolinite (001) surface decreased gradually with the increase in coverage
at all types of adsorption sites, and we found that the higpgs a1 of the Y adsorbed on the
bridge site and the La and Nd adsorbed on the hollow site were shorter than the other
adsorption sites at all coverages (0 < ©® < 1.0 ML), respectively. The shorter firggs o] means
stable adsorption. The above results meant the binding site was more stable than the other
two kinds of adsorption sites for Y atoms and the hollow site had a larger capability than
the other two kinds of sites for La and Nd atoms. Finally, the significant changes in the
interlayer distances of the substrate kaolinite were caused by REE atoms adsorbing on the
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(001) surface. In addition, Table 3 shows the bond length Ra of REE atoms between O atoms
of the kaolinite (001) surface at different coverages. After Y atoms were adsorbed on the
bridge site, the Y-O bond length varied from 2.49 A to 2.45 A at different coverages, and
the shorter bond length means it is more stable than the other two kinds of sites for Y atoms.
When Nd atoms were adsorbed on the hollow site, the bond lengths of Nd—O varied from
2.44 A to 2.42 A in the coverage range of 0 < ® < 1.0 ML. Similarly, the La-O bond length
changed from 2.45 A to 2.42 A when increasing the coverage range. The above results
mean the hollow site has more adsorption capability for Nd and La atoms. Meanwhile, the
data of bond lengths indicated the length recovery of the kaolinite (001) surface for three
REE atoms with increasing coverage, which is consistent with the adsorption energy. In
particular, when REE atoms were adsorbed on the three high adsorption sites, the value of
Ad, was positive with increasing coverage, which meant that the layer spacing between
the first and the second layer of the kaolinite (001) surface expanded and became larger with
increasing ®. However, the value of Ady3 was from 2.12% to —0.55% and 0.21 to —7.14%
with increasing © values, respectively, which meant the second interlayer contracted and
became smaller with increasing Nd coverage. Interestingly, the value of Ady3 decreased
from 3.87% to —4.18%, and then increased to 1.63%, indicating that the space between the
second and third layers first contracted and then expanded for Y in the hollow site. The
interlayer spacing change of kaolinite reflects the change of H- bonding between layers
caused by the adsorption of REE atoms, which makes the structure of kaolinite relax back
to its “ideal” bulk value.

Table 3. The vertical height (hrggs.a1), the bond length (Ra), and the changed ratio of interlayer distances (Adjp and Ady3)
after REE atoms were adsorbed on kaolinite (001) surface.

Y Nd La
Phase )
Top Bridge  Hollow Top Bridge  Hollow Top Bridge  Hollow

0.25 ML 3.42 3.32 3.44 3.43 3.24 3.15 3.33 3.34 3.10
o 0.5ML 3.42 3.29 3.43 3.42 3.17 3.09 3.32 3.34 3.08
RgEs-a1 (A) 0.75 ML 3.39 3.15 3.42 3.42 3.13 3.07 3.1 3.26 2.98
1.00 ML 3.38 3.10 3.42 3.40 3.10 2.95 292 3.26 2.93
0.25 ML 2.57 2.49 2.52 2.49 2.45 2.44 2.45 2.49 2.45
o 0.5ML 2.53 2.47 2.53 2.49 2.45 2.44 2.45 2.48 2.43
Ra (A) 0.75 ML 2.50 243 242 2.48 2.44 2.42 242 2.46 2.42
1.00 ML 2.57 2.45 2.59 2.48 2.43 2.42 2.45 2.52 2.42
0.25 ML 1.95 211 1.83 2.10 2.23 2.23 1.83 1.81 1.95
Adyy (%) 0.5 ML 3.45 3.21 2.53 2.13 2.10 2.11 2.59 2.34 1.86
1237 0.75 ML 2.23 4.10 248 3.84 3.85 2.35 2.70 3.18 3.10
1.00 ML 4.82 3.70 2.68 4.05 2.11 3.26 3.70 2.52 2.88
0.25 ML 3.77 1.73 3.87 212 0.21 1.98 3.36 3.22 2.25
Adys (%) 0.5 ML 1.52 1.93 5.16 215 0.71 2.02 2.04 —6.72 1.25
BAo 0.75 ML 10.2 7.14 —4.18 —0.32 —5.32 2.25 —3.82 1.01 0.81
1.00 ML 12.6 12.34 1.63 —0.55 —7.14 1.62 2.90 1.25 0.81

To investigate the electron transfer between REE atoms and O atoms of the kaolinite
surface, the Bader charge and the different charge densities of the kaolinite surface before
and after Y atom adsorption at © = 0.25 ML were also calculated and analyzed. Table 4
lists the change in Bader’s charge for the REE adatoms and O atoms on the (001) surface
of kaolinite. Negative (positive) values meant the loss (gain) of electrons. O, O;, O3, Oy,
Os, and Og were the O atoms connected to the REE atoms adsorbed at the top, bridge, and
hollow sites, respectively. It is obvious that the charge transferred from REE atoms to O
atoms of the kaolinite (001) surface. The more electrons gained and lost means the stronger
the bonding effect. Meanwhile, the data of Bader’s charge indicated that the bonding
effect was the strongest as Y was adsorbed at the bridge site, which was consistent with
the adsorption energy. The three-dimensional (3D) electron density difference map, as



Minerals 2021, 11, 856

7of 11

shown in the insets to Figure 3, visualized the electron density transfer between absorbate
and absorbate after adsorption. The blue and yellow areas represent the accumulation
and depletion of electron density upon bonding, respectively. According to Figure 4a, the
electron density around Y adatoms increased while the electron density around O atoms
and H atoms of the surface depleted. This phenomenon indicated that the electron density
is transferred from the O and H atoms on the surface of kaolinite to Y atoms, resulting in
the formation of a covalent bond between Y and the kaolinite surface. The 3D differential
density map of the bridge and hollow site was basically the same as that of the top site.
Therefore, the above analysis was also applicable to the bridge and hollow site. Similarly,
the charge transferred between the adsorbate and the substrate was consistent with the
Bader charge difference analysis.

Table 4. Change in Bader’s charge for the REE adatoms and O atoms on the (001) surface of kaolinite. (Dif. = After — Before,

—> (+) wine—, (—) loste—).

Site Y Nd La
Before After Dif. Before After Dif. Before After Dif.
To Y (Nd or La) 11 10.68 —0.32 14 13.68 —0.32 11 10.46 —0.54
P O1 1.43 1.48 0.05 143 147 0.04 1.43 1.46 0.03
Y (Nd or La) 11 10.54 —0.46 14 13.51 —0.49 11 10.58 —0.42
Bridee O, 1.43 1.45 0.02 1.52 1.53 0.01 1.46 1.53 0.07
8 (@ 1.52 1.56 0.04 147 1.55 0.08 1.50 1.51 0.01
Y (Nd or La) 11 10.55 —0.45 14 13.30 —0.70 11 10.29 —0.71
Oy 1.52 1.54 0.02 1.46 1.52 0.06 1.52 1.59 0.07
Hollow Os 1.44 1.46 0.02 1.48 1.50 0.02 1.45 1.48 0.03
Og 1.43 1.44 0.01 1.45 147 0.02 1.46 1.48 0.02
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Figure 3. The PDOS plots for the Y and the neighboring O atoms bonded to Y at the stable top, bridge, and hollow
adsorption sites on (001) surface: (a—c) free and adsorbed Y at the top, bridge, and hollow adsorption site, respectively;

(d—f) clean and adsorbed kaolinite (001) surface at the top, bridge, and hollow adsorption site, respectively. The insets show

the side view of electron density difference for the Y at the top, bridge, and hollow adsorption sites.
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Figure 4. The PDOS of La atoms adsorbed at a hollow site and neighboring atoms of kaolinite (001)

surface with a coverage of 0.25 ML (a) and 1.0 ML (b).

We studied the chemisorption mechanism of REE atoms binding on the kaolinite sur-
face further. As a typical case, the PDOS at the three adsorption sites of the corresponding
adjacent O and H atoms on the surface of Y and kaolinite (001) before and after adsorption
were also calculated, as shown in Figure 3. Comparing the PDOS of the free and the
adsorbed state Y, it can be clearly seen that the orbital peak energy of the adsorbed Y atom
is significantly lower and broader than that of the free state, and the energy band of the
adsorbed Y atom moved to a lower area and dropped by 0.3, 0.2, and 0.2 eV, respectively,
relative to the Fermi surface. When Y was adsorbed on the top sites, the orbital energy of d
decreased by 0.93 eV. At the same time, new peaks appeared in the s and p orbitals of the H
and O atoms of kaolinite (001), which aligned with the p bonding orbital of adsorbed Y in
the energy range from 0.54 to 1.23 eV (Figure 3a,d). The above results showed that the lone
pair electron of the adsorbed Y atom overlapped with the O 2p orbit and formed a Y-O
covalent bond. As shown in Figure 4b, after the Y atom was adsorbed at the bridge site, the
s orbital decreased by 0.96 eV, and the peak density of the s, p, d orbital state was lower than
that of the top site and hollow site. The energy overlapped between the adsorbed Y and the
surface of kaolinite (001) in the range of 1.29-5.15 eV. As shown in the inset in Figure 3b,
a 'Y atom provided electrons to the two O atoms on the surface of kaolinite, forming two
covalent bonds. Similarly, when the Y atom was adsorbed at the hollow site, three oxygen
bonds were formed.

Figure 4a,b show the PDOS of the most stable REE—La—adsorbed at the hollow
site of the kaolinite (001) surface at @ = 0.25 and ® = 1.0 ML in order to understand the
difference between adsorbing single and multiple REE atoms. Comparing the PDOS of La
atoms with coverages of 0.25 ML and 1.0 ML, it can be clearly seen that the high coverage
Y atom p and d orbitals were significantly lower and wider than the peak value of a low
coverage Y atom. Moreover, the d orbital energy of the adsorbed La atom was reduced by
0.53 eV relative to the Fermi surface. On the other hand, the s and p orbital energies of H
and O atoms moved to lower energy directions, and the p orbital of the O atom divided
into several small peaks at —9.7-2.3 eV, showing its non-locality, which indicated that the
La atom has strong chemical adsorption on the surface of kaolinite. These characteristics
indicated that when multiple La atoms were adsorbed, the p and d orbitals had more charge
transfer and the mutual adsorption was stronger, indicating that the La atoms were more
inclined to bind with the O atoms on the surface of kaolinite, and the covalent properties
of La—O increased with the increase in the coverage.
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4. Conclusions

In this paper, the adsorption mechanism and geometric configuration of REE atoms on
kaolinite (001) and (001) surfaces, as well as the binding positions, binding energies, and
the electron transfer, were investigated by the density functional theory. Compared with the
Eags of REEs adsorbed on (001) and (001) surfaces of kaolinite, REE atoms were more likely
to be adsorbed near the hydroxyl groups on the (001) surface of kaolinite, and we found
that the best adsorption site on the kaolinite (001) surface was the bridge site for Y atoms,
and the hollow site was the favorite adsorption site for Nd and La atoms. Meanwhile,
the hollow site of the kaolinite (001) surface was found to be energetically preferred for
Y and Nd atoms, while the bridge site was the most stable adsorption site for La atoms.
Furthermore, the adsorption behavior of Y, Nd, and La atoms on the kaolinite (001) surface
with different coverages was investigated. According to the above discussion, REE atoms
were mainly adsorbed on the (001) surface of kaolinite through covalent interaction, and the
interaction between REE atoms increased with the increasing of ® values. The adsorption
energy of Y, Nd, and La atoms on three kinds of sites increased with increasing of the
coverage implied the stronger capability of surface adsorption. The recovery capability
of kaolinite for rare earth atoms was in the order of La > Nd > Y. The above results are of
great significance to theoretical studies of the adsorption mechanism of rare earth atoms
on kaolinite (001) and (001) surfaces, which lays a solid foundation for the recovery and
utilization of REEs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/min11080856/51, Figure S1: Structural model of Nd atom adsorbed at top site with increasing of
the coverage range.
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